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Thirty years ago, the group of Baulieu and 
colleagues discovered that certain steroid hormones 
were present in higher amounts in the brain than 
in the plasma, and also found that suppression of 
circulating steroids by adrenalectomy and castration 
did not affect the concentration of pregnenolone, 
dehydroepiandrosterone and their sulfate esters in 
the rat brain. These seminal observations led to the 
concept that the brain, in very much the same way 
as the adrenal cortex, testis, ovary and placenta, 
was capable of synthesizing steroids. These brain 
born steroids, called neurosteroids, have been 
found to exert a vast array of biological activities. 
A number of steroidogenic enzymes have now 
been identified in the central nervous system by 
immunohistochemistry and in situ hybridization, 
and the neuronal and hormonal mechanisms 
regulating the biosynthesis of neurosteroids have 
been partially elucidated. The aim of this Research 
Topic is to celebrate three decades of research on 
neurosteroids by gathering a bouquet of review 
papers and original articles from leading scientists 
in the flourishing field of neurosteroids.
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Thirty years ago, the group of Baulieu and colleagues dis-
covered that certain steroid hormones were present in higher
amounts in the brain than in the plasma, and also found
that suppression of circulating steroids by adrenalectomy and
castration does not affect the concentration of pregnenolone,
dehydroepiandrosterone, and their sulfate esters in the rat brain.
These seminal observations led to the concept that the brain,
in very much the same way as the adrenal cortex, testis, ovary,
and placenta, is capable of synthesizing steroids. These brain
born steroids, called neurosteroids, have been found to exert
a vast array of biological activities. A number of steroidogenic
enzymes have now been identified in the central nervous system
by immunohistochemistry and in situ hybridization, and the
neuronal and hormonal mechanisms regulating the biosynthesis
of neurosteroids have been partially elucidated. The aim of
this Research Topic is to celebrate three decades of research
on neurosteroids by gathering a bouquet of review papers and
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It is now established that the brain and other nervous systems have the capability of form-
ing steroids de novo, the so-called “neurosteroids.” The pioneering discovery of Baulieu
and his colleagues, using rodents, has opened the door to a new research field of “neuros-
teroids.” In contrast to mammalian vertebrates, little has been known regarding de novo
neurosteroidogenesis in the brain of birds. We therefore investigated neurosteroid forma-
tion and metabolism in the brain of quail, a domestic bird. Our studies over the past two
decades demonstrated that the quail brain possesses cytochrome P450 side-chain cleav-
age enzyme (P450scc), 3β-hydroxysteroid dehydrogenase/ 5Δ - 4Δ -isomerase (3β-HSD), 5β-
reductase, cytochrome P450 17α-hydroxylase/c17,20-lyase (P45017α,lyase), 17β-HSD, etc.,
and produces pregnenolone, progesterone, 5β-dihydroprogesterone (5β-DHP), 3β, 5β-
tetrahydroprogesterone (3β, 5β-THP), androstenedione, testosterone, and estradiol from
cholesterol. Independently, Schlinger’s laboratory demonstrated that the brain of zebra
finch, a songbird, also produces various neurosteroids.Thus, the formation and metabolism
of neurosteroids from cholesterol is now known to occur in the brain of birds. In addition,
we recently found that the quail brain expresses cytochrome P4507α and produces 7α- and
7β-hydroxypregnenolone, previously undescribed avian neurosteroids, from pregnenolone.
This paper summarizes the advances made in our understanding of neurosteroid formation
and metabolism in the brain of domestic birds.This paper also describes what are currently
known about physiological changes in neurosteroid formation and biological functions of
neurosteroids in the brain of domestic and other birds.

Keywords: neurosteroids, neurosteroidogenesis, steroidogenic enzymes, neurosteroid function, brain, quail,

domestic birds

INTRODUCTION
Peripheral steroid hormones cross the blood–brain barriers and
act on brain cells through intracellular receptor-mediated mecha-
nisms that regulate several important brain neuronal functions.
Therefore, the brain traditionally has been considered to be a
target site of peripheral steroid hormones. In contrast to this
classical concept, new findings over the past two decades have
shown that the brain itself also synthesizes steroids de novo from
cholesterol through mechanisms at least partly independent of
peripheral steroidogenic glands. Such steroids synthesized de novo
in the brain and other nervous systems are called “neurosteroids.”
Baulieu and colleagues have opened the door to a new research
field of “neurosteroids” from their studies using rodents. In con-
trast to mammalian vertebrates, little has been known regarding
de novo neurosteroidogenesis in the brain of birds.

Birds have always served as excellent animal models for
understanding the actions of peripheral steroids on brain and
behavior. Thus, the investigation of neurosteroid synthesis and
action in birds may be also useful. We therefore character-
ized neurosteroids formed from cholesterol in the avian brain
using the Japanese quail Coturnix japonica. A series of our
studies over the past two decades demonstrated that the quail
brain possesses cytochrome P450 side-chain cleavage enzyme

(P450scc), 3β-hydroxysteroid dehydrogenase/Δ5-Δ4-isomerase
(3β-HSD), 5β-reductase, cytochrome P450 17α-hydroxylase/
c17,20-lyase (P45017α,lyase), 17β-HSD, etc., and produces preg-
nenolone, progesterone, 5β-dihydroprogesterone (5β-DHP),
3β, 5β-tetrahydroprogesterone (3β, 5β-THP), androstenedione,
testosterone, and estradiol from cholesterol (Tsutsui and Yamazaki,
1995; Usui et al., 1995; Tsutsui et al., 1997a,b, 1999, 2003a,b; Ukena
et al., 1999a,b, 2001; Matsunaga et al., 2001, 2002; Tsutsui and
Schlinger, 2001). Schlinger and colleagues also undertook simi-
lar studies in the zebra finch Taeniopygia guttata (Vanson et al.,
1996; Schlinger et al., 1999; Freking et al., 2000; Soma et al., 2004).
Thus, the formation and metabolism of several neurosteroids from
cholesterol appear to occur in the brain of birds.

In addition to mammals and birds, the formation and metabo-
lism of neurosteroids from cholesterol is now well documented in
amphibians (Mensah-Nyagan et al., 1994, 1996a,b, 1999; Beaujean
et al., 1999; Takase et al., 1999, 2002; Inai et al., 2003; Mat-
sunaga et al., 2004; Do-Rego et al., 2007; Bruzzone et al., 2010)
and fish (Sakamoto et al., 2001). Accordingly, de novo neuros-
teroidogenesis in the brain from cholesterol is considered to be
a conserved property across vertebrates (for reviews, see Baulieu,
1997; Tsutsui et al., 1999, 2000, 2003a,b, 2006; Compagnone and
Mellon, 2000; Mellon and Vaudry, 2001; Tsutsui and Mellon,
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2006; Do-Rego et al., 2009). However, biosynthetic pathways of
neurosteroid in birds, as well as other vertebrates may still not
be fully mapped (for a review, see Tsutsui et al., 2006). This
conclusion is supported by the discovery that the quail brain
synthesizes two previously undescribed avian neurosteroids, 7α-
and 7β-hydroxypregnenolone, from pregnenolone (Tsutsui et al.,
2008). Furthermore, cytochrome P4507α catalyzing the conversion
of pregnenolone to 7α-hydroxypregnenolone was identified in the
quail brain (Tsutsui et al., 2008).

This review summarizes neurosteroid formation and metabo-
lism in the brain of domestic birds, in particular the quail, obtained
by a series of our studies and the related studies with the ring
dove (Clark et al., 1999; Tsutsui et al., 1999; Lea et al., 2001), by
the collaboration with the laboratory of Lea at the University of
Central Lancashire, Preston, UK. Based on recent findings, this
review also highlights the current knowledge regarding physiolog-
ical changes in neurosteroid formation and biological functions of
neurosteroids in the avian brain.

BACKGROUND OF THE DISCOVERY OF NEUROSTEROIDS IN
THE AVIAN BRAIN
A great deal was known about the brain as a target site of periph-
eral steroid hormones more than 20 years ago. Steroid hormones
supplied by the peripheral steroidogenic glands regulate several
important brain functions during development which persist into
adulthood in vertebrates. Peripheral steroid hormones cross the
blood–brain barriers, due to their chemically lipid solubility, and
act on brain tissues through intracellular receptor-mediated mech-
anisms that regulate the transcription of specific genes (Fuxe et al.,
1977; McEwen, 1991). By diverse actions on the brain, peripheral
steroids, in particular sex steroids, have profound effects on behav-
ior of vertebrate animals. Birds have contributed significantly to
our understanding of the mechanisms of steroid actions on sev-
eral kinds of reproductive behaviors, such as courtship, copulatory,
aggressive, and parental behaviors. Extensive studies using a vari-
ety of wild and captive, intact and castrated, reproductive and
non-reproductive birds have established a relationship between the
blood level of androgens, estrogens, or progestins and the expres-
sion of typical reproductive behaviors (Ottinger and Brinkley,
1978, 1979; Tsutsui and Ishii, 1981; Balthazart, 1983; Wingfield and
Marler, 1988; Schlinger and Callard, 1991; Wingfield and Farner,
1993).

Gonadal androgens, for instance, act on the brain to influence
several male reproductive behaviors in birds. Castration of adult
male birds leads to decreases or losses of aggressive, courtship,
and copulatory behaviors and replacement therapy with andro-
gens restores these behaviors (Adkins and Adler, 1972; Arnold,
1975; Pröve, 1978; Tsutsui and Ishii, 1981; Ishii and Tsutsui, 1982;
Balthazart, 1983). Many of the brain regions that control a variety
of reproductive behaviors contain a high proportion of cells that
concentrate androgenic hormones in male birds (Arnold et al.,
1976; Korsia and Bottjer, 1989; Watson and Adkins-Regan, 1989).
Therefore, the brain traditionally has been considered to be a tar-
get site of peripheral steroids. In addition to direct steroid actions,
the metabolism of peripheral steroids in brain tissues can result
in biotransformation and the production of biologically active
metabolites. Androgenic action in the brain is often mediated by
the enzymatic activity of cytochrome P450 aromatase (P450arom)

which catalyzes the conversion of androgens to estrogens. Both
cytochrome P450arom and estrogen receptors are expressed in
several brain regions including the hypothalamus and preoptic
area which are involved in the control of reproductive behaviors
in birds (Schlinger and Callard, 1987, 1989a,b,c, 1991; Balthazart
et al., 1990a,b, 1991).

On the other hand, new findings from several laboratories have
established unequivocally that the nervous system itself forms
neurosteroids de novo from cholesterol. This new concept origi-
nated from the observations made by Baulieu and colleagues. They
found that several neurosteroids, such as pregnenolone, dehy-
droepiandrosterone, and their esters, accumulate in high quan-
tities in the brain of several mammalian species (Corpéchot et al.,
1981, 1983; Robel and Baulieu, 1985; Lanthier and Patwardhan,
1986; Robel et al., 1986, 1987; Jo et al., 1989; Mathur et al., 1993).
The brain content of these neurosteroids remain constant even
after the removal of peripheral steroids by procedures, such as
adrenalectomy, castration, and hypophysectomy. Extensive stud-
ies on mammals have established that the brain and other nervous
systems have the capability of forming neurosteroids de novo from
cholesterol (Corpéchot et al., 1981, 1983; Robel and Baulieu, 1985;
Robel et al., 1986, 1987; Jo et al., 1989).

In birds, the new concept of de novo neurosteroidogenesis in the
brain originated from our studies in the 1990s. We demonstrated
that various neurosteroids are formed from cholesterol in the brain
of quail (Tsutsui and Yamazaki, 1995; Usui et al., 1995; Tsutsui et
al., 1997; Tsutsui et al., 1999, 2003a; Ukena et al., 1999; Ukena
et al., 2001; Matsunaga et al., 2001, 2002; Tsutsui and Schlinger,
2001). Independently, Schlinger’s laboratory at the University of
California, Los Angeles, USA also contributed to this area by the
studies using zebra finches (Vanson et al., 1996; Schlinger et al.,
1999; Freking et al., 2000; Soma et al., 2004). The formation and
metabolism of neurosteroids is now known to occur in the brain
of birds in general.

EXPRESSION OF CYTOCHROME P450SCC AND
PREGNENOLONE FORMATION IN THE AVIAN BRAIN
Pregnenolone, a 3β-hydroxy-Δ5-steroid, is known to be the com-
mon precursor of all steroid hormones in peripheral steroido-
genic glands including the gonads and adrenals (Figure 1). The
formation of pregnenolone is initiated by the cleavage of the cho-
lesterol side-chain by cytochrome P450scc, a rate-limiting mito-
chondrial enzyme originally found in peripheral steroidogenic
glandular cells (Figure 1). Therefore, the demonstration of preg-
nenolone formation from cholesterol is essential to establish de
novo neurosteroidogenesis in the brain of birds.

EXPRESSION AND ENZYMATIC ACTIVITY OF CYTOCHROME P450SCC IN
THE AVIAN BRAIN
Tsutsui and Yamazaki (1995) measured the concentration of preg-
nenolone in the brain of adult quail using a specific radioim-
munoassay. The pregnenolone concentration in adult birds was
much higher in the brain than in plasma (Tsutsui and Yamazaki,
1995). The accumulation of pregnenolone in the quail brain
may be largely independent of peripheral steroidogenic glands
because a high level of pregnenolone persisted in the hypophy-
sectomized birds (Tsutsui and Yamazaki, 1995). Subsequently, the
formation of pregnenolone from cholesterol was found in intact
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FIGURE 1 | Pregnenolone formation from cholesterol in the quail brain.

Biochemical analysis of the formation of pregnenolone from cholesterol
using intact mitochondria derived from the quail brain. Incubations were
performed with 200 μM cholesterol, 0.25 mg of mitochondrial protein,
10 mM isocitrate and 10 mM succinate at 41˚C for different times. See
Tsutsui and Yamazaki (1995) for details.

mitochondria derived from the quail brain (Tsutsui and Yamazaki,
1995; Figure 1). To investigate the presence of cytochrome P450scc
in the quail brain, Tsutsui and Yamazaki (1995) carried out West-
ern immunoblot analysis with an antibody against purified bovine
P450scc after SDS-gel electrophoresis of brain homogenates. In
the brain, the antibody against P450scc predominantly recognized
a protein band of electrophoretic mobility in the proximity of
bovine P450scc. A similar result was obtained in the brain of the
ring dove, another domestic bird (Clark et al., 1999; Tsutsui et al.,
1999; Lea et al., 2001), and the zebra finch, a songbird (Freking
et al., 2000). Taken together, these biochemical and immunochem-
ical studies indicate that avian brains possess cytochrome P450scc
and produce pregnenolone from cholesterol (for reviews, see Tsut-
sui et al., 1997a,b, 1999; Tsutsui and Schlinger, 2001; Tsutsui et al.,
2003a).

The presence of cytochrome P450scc and pregnenolone for-
mation in the brain are considered as a conserved property of
vertebrates, because amphibians also possess cytochrome P450scc
in the brain (Takase et al., 1999; Inai et al., 2003), like birds (Tsutsui
and Yamazaki, 1995; Tsutsui et al., 1997a,b, 1999; Clark et al., 1999;
Freking et al., 2000; Lea et al., 2001) and mammals (Corpéchot
et al., 1981, 1983; Robel and Baulieu, 1985; Lanthier and Patward-
han, 1986; Robel et al., 1986, 1987; Hu et al., 1987; Le Goascogne
et al., 1987; Jung-Testas et al., 1989; Jo et al., 1989; Baulieu and
Robel, 1990; Iwahashi et al., 1990; Baulieu, 1991; Papadopoulos
et al., 1992; Mathur et al., 1993; Mellon and Deschepper, 1993;
Compagnone et al., 1995; Kohchi et al., 1998; Ukena et al., 1998).

LOCALIZATION OF CYTOCHROME P450SCC IN THE AVIAN BRAIN
To understand the formation of pregnenolone in the avian brain,
we need to clarify the localization of steroidogenic cells expressing
cytochrome P450scc in the brain. Immunohistochemical studies
of the quail brain using antiserum against cytochrome P450scc
(Usui et al., 1995; Tsutsui et al., 1997a) indicated that clusters
of immunoreactive cells are detected in the hyperstriatum acces-
sorium, the ventral portions of the archistriatum and the corti-
coid area, the preoptic area, the anterior hypothalamus, and the

dorsolateral thalamus. Western immunoblot analysis confirmed
the presence of cytochrome P450scc in the immunohistochem-
ically identified brain regions (Usui et al., 1995; Tsutsui et al.,
1997a). In mammals, glial cells were first accepted to play a role in
neurosteroid formation and metabolism in the brain. Both oligo-
dendrocytes and astrocytes are the primary site for pregnenolone
synthesis (Hu et al., 1987; Jung-Testas et al., 1989; Baulieu and
Robel, 1990; Akwa et al., 1991; Baulieu, 1991; Papadopoulos et al.,
1992). This may be also true for the presence of cytochrome
P450scc in glial cells located in the telencephalic and diencephalic
regions of the quail (Usui et al., 1995; Tsutsui et al., 1997a) and the
ring dove (Lea et al., 2001).

The concept of de novo neurosteroidogenesis in neurons in
the brain had been uncertain in all vertebrates. In the middle
1990s, however we found that the Purkinje cell, a cerebellar neuron,
possesses cytochrome P450scc, and produces pregnenolone from
cholesterol (Usui et al., 1995; Tsutsui et al., 1997a). In immunohis-
tochemical studies, the striking observation in the quail brain was
the distribution of immunoreactive cells in the cerebellar cortex.
The distribution of immunoreactive cell bodies and fibers in the
cerebellar cortex coincided with the location of somata and den-
drites of Purkinje cells (Usui et al., 1995; Tsutsui et al., 1997a).
Western immunoblot analysis also confirmed the presence of
cytochrome P450scc in this neuron (Usui et al., 1995; Tsutsui et al.,
1997a). These findings in birds have provided the first evidence for
the location of cytochrome P450scc in the neuron in the brain. Our
biochemical and molecular studies on mammals and amphibians
further identified the presence of cytochrome P450scc in the Purk-
inje cell (Ukena et al., 1998, 1999b; Takase et al., 1999; Tsutsui and
Ukena, 1999; Tsutsui et al., 2000, 2003b; Inai et al., 2003).

EXPRESSION OF CYTOCHROME P4507α AND FORMATION OF
7α- AND 7β-HYDROXYPREGNENOLONE IN THE AVIAN BRAIN
As mentioned above, pregnenolone formation from cholesterol in
the brain has been documented in birds (Figure 1). In the avian
brain, we recently identified 7α- and 7β-hydroxypregnenolone
as novel pregnenolone metabolites that are not known to
be precursors of progestins, androgens, or estrogens (Tsutsui
et al., 2008; Figure 2). Subsequently, we demonstrated that 7α-
hydroxypregnenolone is converted from pregnenolone through
the enzymatic activity of cytochrome P4507α (Tsutsui et al., 2008;
Figure 2).

IDENTIFICATION, EXPRESSION, AND ENZYMATIC ACTIVITY OF
CYTOCHROME P4507α IN THE AVIAN BRAIN
We initially found that the quail brain actively produces unknown
neurosteroids from pregnenolone. We therefore sought to identify
these avian neurosteroids from the brain of adult quail by using
biochemical techniques combined with high-performance liq-
uid chromatography (HPLC), thin-layer chromatography (TLC),
and gas chromatography–mass spectrometry (GC–MS) analy-
ses (Tsutsui et al., 2008). Quail brain homogenates were incu-
bated with tritiated pregnenolone as a precursor, and radioac-
tive metabolites were analyzed by reversed-phase HPLC. Several
non-radioactive steroids were used as reference standards for
HPLC analysis, and 7α-hydroxypregnenolone and its stereoisomer
7β-hydroxypregnenolone exhibited the same retention time of
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FIGURE 2 | Conversion of pregnenolone to 7α- and

7β-hydroxypregnenolone in the quail brain. (A) HPLC profile of
unknown metabolites of pregnenolone by using a reversed-phase column.
Quail brain homogenates were incubated with 3H-pregnenolone, and the
extracts were subjected to HPLC. The ordinate indicates the radioactivity
measured in each HPLC fraction, and the arrows indicate elution positions
of standard steroids, pregnenolone and 7α- and 7β-hydroxypregnenolone.

(B) Autoradiography of the unknown pregnenolone metabolites (right
column) and standard steroids 7α- and 7β-hydroxypregnenolone (left
column) on TLC under the same condition as in (A). (C) GC–selected ion
monitoring (SIM) mass trace of m/z 386 in the extract from quail brain
homogenates. The arrowheads indicate the retention times of
7α-hydroxypregnenolone and 7β-hydroxypregnenolone. See Tsutsui et al.
(2008) for details.

the radioactive peak under a similar chromatographic condi-
tion (Tsutsui et al., 2008; Figure 2A). The detection of 3H-7α-
and 7β-hydroxypregnenolone was feasible by HPLC because the
radioactive pregnenolone was labeled with 3H at multiple posi-
tions, including the 7α- or 7β-position. The HPLC peak was
collected and subjected to TLC. Quail brain homogenates pro-
duced two metabolites from 3H-pregnenolone corresponding to
the positions of the 7α- and 7β-hydroxypregnenolone standards
(Tsutsui et al., 2008; Figure 2B). The metabolites of pregnenolone
were further analyzed by GC–MS. Based on GC–selected ion
monitoring (SIM) analysis (m/z 386), the metabolites had reten-
tion times that were identical to 7α-hydroxypregnenolone and
7β-hydroxypregnenolone (Tsutsui et al., 2008; Figure 2C).

7α-Hydroxypregnenolone is synthesized from pregnenolone
through the enzymatic activity of cytochrome P4507α (Figure 2).
In order to prove that 7α-hydroxypregnenolone is synthesized in
the brain, it is therefore necessary to show that brain expresses
P4507α. A full length, 2341 bp cDNA prepared from the quail
brain tissue was identified to encode a putative cytochrome P4507α

(Tsutsui et al., 2008). The putative quail P4507α open reading
frame was initiated with a methionine at nucleotide 72 and ter-
minates with a TGA codon at nucleotide 1581, encoding a pro-
tein of 503 amino acids. The enzymatic activity of this putative
quail P4507α was demonstrated using homogenates of COS-7
cells transfected with the putative quail P4507α cDNA (Tsutsui

et al., 2008). HPLC analyses demonstrated that the homogenate
converts pregnenolone to 7α- and/or 7β-hydroxypregnenolone
(Tsutsui et al., 2008). Subsequently, 7α-hydroxypregnenolone
but not 7β-hydroxypregnenolone synthesis was confirmed by
GC–MS (Tsutsui et al., 2008). Although it is still unclear
whether cytochrome P4507α can also convert pregnenolone to 7β-
hydroxypregnenolone, the presence of 7β-hydroxypregnenolone
as well as 7α-hydroxypregnenolone is evident in the quail brain
(Tsutsui et al., 2008; Figure 2).

The production of 7α-hydroxypregnenolone in the brain may
be a conserved property of vertebrates because this neurosteroid
has also been identified in the brain of newts (Matsunaga et al.,
2004) and mammals (Akwa et al., 1992; Doostzadeh and Morfin,
1997; Weill-Engerer et al., 2003; Yau et al., 2003). Recently, a cDNA
encoding cytochrome P4507α was identified in the newt brain tis-
sue (Haraguchi et al., 2010). The homogenate of COS-7 cells trans-
fected with the newt P4507α cDNA also converted pregnenolone
into 7α-hydroxypregnenolone (Haraguchi et al., 2010).

LOCALIZATION OF CYTOCHROME P4507α IN THE AVIAN BRAIN
To understand the localization of cytochrome P4507α in the
avian brain, the biosynthesis and concentrations of 7α- and
7β-hydroxypregnenolone were compared in different regions of
the quail brain in both sexes by HPLC and GC–MS analyses,
respectively (Tsutsui et al., 2008). The two neurosteroids were
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found predominantly in the diencephalon and were very low in
other brain regions (Tsutsui et al., 2008). The biosynthesis and
concentrations of 7α- and 7β-hydroxypregnenolone in the dien-
cephalon were found to be sexually differentiated being much
higher in males than in females (Tsutsui et al., 2008). Such a
sexual dimorphism of cytochrome P4507α only occurs in the dien-
cephalon (Tsutsui et al., 2008). There are similar sex differences in
3β-HSD and cytochrome P450arom in the avian brain (Schlinger
and Callard, 1987; Soma et al., 2004; Tam and Schlinger, 2007).

Tsutsui et al. (2008) further investigated the expression of
cytochrome P4507α by in situ hybridization to identify the cells
producing 7α-hydroxypregnenolone in the quail brain. In the male
diencephalon, the expression of cytochrome P4507α mRNA was
localized in the nucleus preopticus medialis, the nucleus paraven-
tricularis magnocellularis, the nucleus ventromedialis hypothal-
ami, the nucleus dorsolateralis anterior thalami and the nucleus
lateralis anterior thalami (Tsutsui et al., 2008).

EXPRESSION OF 3β-HSD AND PROGESTERONE FORMATION
IN THE AVIAN BRAIN
The biosynthesis of progesterone is performed by 3β-HSD that
catalyzes oxidation and isomerization of Δ5-3β-hydroxysteroids

(pregnenolone and dehydroepiandrosterone) intoΔ4-ketosteroids
(progesterone and androstenedione, respectively). 3β-HSD is
highly expressed in the peripheral steroidogenic glands (Mason,
1993; Figure 3). Thus, the demonstration of 3β-HSD expres-
sion and progesterone production is essential in order to under-
stand the biosynthetic pathway of neurosteroids in the avian
brain.

EXPRESSION AND ENZYMATIC ACTIVITY OF 3β-HSD IN THE AVIAN
BRAIN
Our biochemical and molecular studies have demonstrated the
expression of 3β-HSD and the formation of progesterone in the
brain of adult quail. RT-PCR analysis together with Southern
hybridization showed the expression of 3β-HSD mRNA in the
quail brain in both sexes (Ukena et al., 1999a; Figure 3A). By using
biochemical techniques combined with HPLC analysis, Ukena
et al. (1999a) demonstrated that, in the quail brain, pregnenolone
is converted to progesterone (Figure 3B). The biosynthesis of
progesterone increased with time and was completely abolished by
trilostane, an inhibitor of 3β-HSD (Ukena et al., 1999a; Figure 3B).
These studies indicate that the quail brain expresses 3β-HSD and
converts pregnenolone to progesterone (Figure 3).

FIGURE 3 | Progesterone formation from pregnenolone in the quail brain.

(A) RT-PCR analysis of 3β-HSD mRNA in the quail brain. Upper panel shows a
result of the gel electrophoresis of PT-PCR products for chicken 3β-HSD, and
middle panel shows an identification of the band by Southern hybridization
using digoxigenin-labeled oligonucleotide probe for chicken 3β-HSD. The lane
labeled “No cDNA” was performed without template as the negative control.
Lower panel shows a result of the RT-PCR for chicken β-actin as the internal

control. (B) HPLC analysis of neurosteroids extracted from quail brain slices
after different incubation times with 3H-pregnenolone using a reversed-phase
column. The column was eluted with a linear gradient of 40–70% acetonitrile.
The ordinate indicates the radioactivity measured in each HPLC fraction. The
arrows indicate the elution positions of pregnenolone and progesterone. The
brain slices were also incubated with trilostane, a specific inhibitor of 3β-HSD,
for 60 min and subjected to HPLC analysis. See Ukena et al. (1999a) for details.
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The expression of 3β-HSD and its enzymatic activity were also
found in the brain of zebra finches (Vanson et al., 1996) and ring
doves (Lea et al., 2001). Thus, the avian brain possesses not only
cytochrome P450scc but also 3β-HSD and produces progesterone
de novo from cholesterol. The expression of both 3β-HSD pro-
tein and its mRNA has also been reported in mammalian brains
(Dupont et al., 1994; Guennoun et al., 1995; Sanne and Krueger,
1995; Kohchi et al., 1998; Ukena et al., 1999b). In addition, 3β-
HSD activity has been demonstrated biochemically in the brain
of mammals (Weidenfeld et al., 1980; Akwa et al., 1993; Kabbadj
et al., 1993; Ukena et al., 1999b), amphibians (Mensah-Nyagan
et al., 1994), and fish (Sakamoto et al., 2001).

LOCALIZATION OF 3β-HSD IN THE AVIAN BRAIN
Based on the biochemical analysis, we further analyzed the activity
of 3β-HSD in all brain regions of the adult quail. The enzymatic
activity in the telencephalon and diencephalon was higher than
that in the mesencephalon (Ukena et al., 1999a). The proges-
terone level was also high in the telencephalon and diencephalon
and low in the mesencephalon (Ukena et al., 1999a). It has been
reported that rat 3β-HSD mRNA is expressed in several brain
regions in particular, olfactory bulb, striatum, cortex, thalamus,
hypothalamus, habenula, septum, hippocampus, and cerebellum
(Guennoun et al., 1995). Although the exact site showing 3β-HSD
expression is still obscure in the quail brain, the regional distri-
bution of 3β-HSD reported in the rat brain correlates with that
of cytochrome P450scc in the quail brain. Therefore, sites having
both steroidogenic enzymes can synthesize progesterone de novo
from cholesterol.

EXPRESSION OF 5β-REDUCTASE AND PROGESTERONE
METABOLISM IN THE AVIAN BRAIN
To understand the pathway of progesterone metabolism, we inves-
tigated progesterone metabolites in the brain of adult quail. Bio-
chemical analysis together with HPLC and TLC revealed that the
quail brain produces 5β-DHP from progesterone (Ukena et al.,
2001; Figure 4). We further demonstrated that the quail brain
produces not only 5β-DHP but also 3β, 5β-THP from proges-
terone (Tsutsui et al., 2003a; Figure 4). In birds, 5β-reduction also
represents a route of androgen metabolism in the brain (Massa
and Sharp, 1981; Schlinger and Callard, 1987).

Thus, the progesterone metabolites, 5β-DHP and 3β, 5β-THP,
are produced by the enzymatic activities of 5β-reductase and
3β-HSD, and accumulate in the avian brain as neurosteroids
(Figure 4). In contrast to birds, progesterone is converted to 5α-
DHP and 3α, 5α-THP due to 5α-reductase and 3α-HSD in mam-
mals (for reviews, see Baulieu, 1997; Compagnone and Mellon,
2000).

EXPRESSIONS OF CYTOCHROME P45017α,LYASE AND 17β-HSD
AND ANDROGEN FORMATION IN THE AVIAN BRAIN
Another pathway of progesterone metabolism is mediated
by cytochrome P45017α,lyase which, in addition to con-
verting pregnenolone to dehydroepiandrosterone via 17α-
hydroxypregnenolone, also converts progesterone to androstene-
dione via 17α-hydroxyprogesterone (Figures 5 and 8). Both of
these metabolic pathways was demonstrated in the quail brain

FIGURE 4 | Conversion of progesterone to 5β-DHP and 3β, 5β-THP in

the quail brain. HPLC analysis of neurosteroids extracted from quail brain
homogenates after different incubation times with 3H-progesterone using a
reversed-phase column. The column was eluted with an isocratic elution of
70% acetonitrile. The ordinate indicates the radioactivity measured in each
HPLC fraction. The arrows indicate the elution positions of progesterone,
5β-DHP and 3β, 5β-THP. See Ukena et al. (2001) for details.

using biochemical techniques combined with HPLC analysis, and
by RT-PCR analysis of cytochrome P45017α,lyase mRNA (Mat-
sunaga et al., 2001, 2002; Figure 5). We further demonstrated
that the avian brain expresses 17β-HSD that is needed to convert
androstenedione to testosterone (Matsunaga et al., 2002; Figure 6).

EXPRESSION AND ENZYMATIC ACTIVITY OF CYTOCHROME
P45017α,LYASE IN THE AVIAN BRAIN
In contrast to the presence of cytochrome P450scc, 3β-HSD,
and 5β-reductase, limited information has been available for
cytochrome P45017α,lyase in the brain of birds as well as other ver-
tebrates. We therefore investigated the expression of cytochrome
P45017α,lyase in the brain of adult quail (Matsunaga et al., 2001).
RT-PCR analysis followed by Southern hybridization indicated the
expression of cytochrome P45017α,lyase mRNA in the quail brain
in both sexes (Matsunaga et al., 2001; Figure 5A). Employing bio-
chemical techniques combined with HPLC analysis, the conversion
of progesterone to 17α-hydroxyprogesterone (Matsunaga et al.,
2001) and subsequently to androstenedione (Matsunaga et al.,
2002; Figure 5B) was also found in quail brain slices. Thus, it
appears that the avian brain produces androstenedione from prog-
esterone (Figure 5). The expression of cytochrome P45017α,lyase

in the brain was also detected in mammals (Compagnone et al.,
1995; Strömstedt and Waterman, 1995; Kohchi et al., 1998). There-
fore, the expression of cytochrome P45017α,lyase in the brain is
considered to be a conserved property of vertebrates.

LOCALIZATION OF CYTOCHROME P45017α,LYASE IN THE AVIAN BRAIN
Birds showed clearly a region-dependent expression of
cytochrome P45017α,lyase in the brain (Matsunaga et al., 2001).
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FIGURE 5 | Conversion of progesterone to androstenedione in the

quail brain. (A) RT-PCR analysis of cytochrome P45017α,lyase mRNA in the
quail brain. Upper panel shows a result of the gel electrophoresis of
RT-PCR products for chicken P45017α,lyase, and middle panel shows an
identification of the band by Southern hybridization using
digoxigenin-labeled oligonucleotide probe for chicken P45017α,lyase. The
lane labeled “No cDNA” was performed without template as the
negative control. Lower panel shows a result of the RT-PCR for chicken

β-actin as the internal control. (B) HPLC analysis of neurosteroids
extracted from quail diencephalic slices after 60 min incubation with
3H-progesterone using a reversed-phase column. The column was eluted
with a 30-min linear gradient of 40–70% acetonitrile, followed by an
isocratic elution of 70% acetonitrile. The ordinate indicates the
radioactivity measured in each HPLC fraction. The arrows indicate the
elution positions of progesterone and androstenedione. See Matsunaga
et al. (2001, 2002) for details.

Based on RT-PCR analysis together with Southern hybridiza-
tion, cytochrome P45017α,lyase mRNA was highly expressed in
the quail diencephalon and mesencephalon (Matsunaga et al.,
2001). This result is in agreement with the findings reported in
mammals (Compagnone et al., 1995; Strömstedt and Waterman,
1995; Kohchi et al., 1998). According to Kohchi et al. (1998),
the cytochrome P45017α,lyase mRNA expression was high in the
mesencephalon, but it was very weak in the cerebrum and cerebel-
lum. Strömstedt and Waterman (1995) also found, using RT-PCR
analysis followed by Southern blots, a higher expression of the
cytochrome P45017α,lyase mRNA in the brain stem of rats and
mice. In addition, Compagnone et al. (1995) reported that the rat
embryonic cells expressing cytochrome P45017α,lyase are located in
the mesencephalic region as well as the medulla and spinal cord.

We further characterized the site showing cytochrome
P45017α,lyase expression by in situ hybridization. In the quail
brain, the expression of cytochrome P45017α,lyase mRNA was local-
ized in the preoptic area, the anterior hypothalamus, the dor-
solateral thalamus, the optic tectum and the ventral midbrain
(Matsunaga et al., 2001). In addition to these diencephalic and
mesencephalic regions, the expression was also localized in the
septum, the hyperstriatum accessorium, the ventral portions of
the archistriatum, and the cerebellar Purkinje cells (Matsunaga
et al., 2001). In the cerebellum, only Purkinje cells expressed

cytochrome P45017α,lyase mRNA. Such a regional distribution
of cytochrome P45017α,lyase (Matsunaga et al., 2001) precisely
correlates with that of cytochrome P450scc in the same avian
species (Usui et al., 1995; Tsutsui et al., 1997a). Accordingly, both
steroidogenic P450 enzymes may be co-localized in the several
restricted brain regions. Indeed, cerebellar Purkinje cells possess
both cytochrome P450scc (Usui et al., 1995; Tsutsui et al., 1997a,b)
and cytochrome P45017α,lyase (Matsunaga et al., 2001) in quail. A
similar co-localization of cytochrome P450scc and 3β-HSD has
been obtained in the rat Purkinje cell (Ukena et al., 1998, 1999b;
Tsutsui and Ukena, 1999; Tsutsui et al., 1999, 2000, 2003b; Tsutsui,
2008a,b,c).

EXPRESSION, ENZYMATIC ACTIVITY, AND LOCALIZATION OF 17β-HSD
IN THE AVIAN BRAIN
Androstenedione is a precursor of androgens (Figure 6). To deter-
mine whether androgens are synthesized in the brain indepen-
dently of other steroidogenic sites, such as the gonads or adrenals,
the demonstration of the presence of 17β-HSD, a key enzyme
for androgen biosynthesis, is also required in the avian brain
(Figure 6). To clarify the production of androgens in the avian
brain, therefore, we examined the activity of 17β-HSD, which con-
verts androstenedione to testosterone, using the brain of adult
quail. Employing biochemical techniques combined with HPLC
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FIGURE 6 | Androgen formation from androstenedione in the quail

brain. HPLC analysis of neurosteroids extracted from quail diencephalic
slices after different incubation times with 3H-androstenedione using a
reversed-phase column. The column was eluted with a 30-min linear
gradient of 40–70% acetonitrile, followed by an isocratic elution of 70%
acetonitrile. The ordinate indicates the radioactivity measured in each HPLC
fraction. The arrows indicate the elution positions of androstenedione and
testosterone. See Matsunaga et al. (2002) for details.

analysis, the conversion of androstenedione to testosterone was
found in quail brain slices (Matsunaga et al., 2002; Figure 6).
Based on the biochemical analysis, we further analyzed the activ-
ity of 17β-HSD in all brain regions of the quail (Matsunaga et al.,
2002). A clear difference in 17β-HSD activity among different
brain regions was evident. The enzymatic activity in the dien-
cephalon was higher than those in other brain regions (Matsunaga
et al., 2002), indicating that de novo testosterone synthesis in the
diencephalon is relatively high in birds.

EXPRESSION OF CYTOCHROME P450AROM AND ESTROGEN
FORMATION IN THE AVIAN BRAIN
As mentioned above, the expression of cytochrome P45017α,lyase

and 17β-HSD and the formation of androgens have been demon-
strated in the quail brain (Matsunaga et al., 2001, 2002). On the
other hand, it has been well established that the brain of quail
and other birds possesses cytochrome P450arom, which converts
testosterone to estradiol (Schlinger and Callard, 1987, 1989a,b,c,
1991; Balthazart et al., 1990a,b, 1991; Figure 7). Therefore, not only
androgens but also estrogens may be synthesized directly de novo
in the avian brain. Recent progresses in the studies of physiologi-
cal changes in the expression of cytochrome P450arom and their
regulatory mechanisms are summarized in Section “Physiological
Changes in Neurosteroid Formation and Biological Functions of
Neurosteroids in the Avian Brain.”

In birds, both cytochrome P450arom and estrogen receptors
are expressed in several brain regions including the hypothalamus

FIGURE 7 | Estrogen formation from androgen in the quail brain. HPLC
analysis of neurosteroids extracted from quail diencephalic slices after
60 min incubation with 3H-progesterone using a reversed-phase column.
The column was eluted with a 30-min linear gradient of 40–70%
acetonitrile, followed by an isocratic elution of 70% acetonitrile. The
ordinate indicates the radioactivity measured in each HPLC fraction. The
arrows indicate the elution positions of progesterone, androstenedione,
testosterone, and estradiol-17β. See Matsunaga et al. (2002) for details.

and preoptic area which are involved in the control of reproduc-
tive behaviors in birds (Schlinger and Callard, 1987, 1989a,b,c,
1991; Balthazart et al., 1990a,b, 1991). Therefore, testosterone
produced in these brain regions may be converted to estradiol.
In fact, we detected, biochemically, the formation of estradiol
from progesterone in the quail diencephalon including the hypo-
thalamus and preoptic area (Matsunaga et al., 2002; Figure 7).
Taken together, testosterone is synthesized from progesterone by
cytochrome P45017α,lyase and 17β-HSD in the diencephalon, and
subsequently testosterone is converted to estradiol by P450arom
(Figure 8).

As shown in Figure 8, the production of sex steroids requires
the coordinate action of several steroidogenic enzymes that start
with cholesterol, and then lead to a cascade of reactions that ulti-
mately produce several kinds of neurosteroids. I discuss recent
studies in birds whether sex steroids are synthesized in the brain
independently of other steroidogenic sites, such as the gonads
and/or adrenals, or sex steroid synthesis in the brain is depen-
dent on gonadal and/or adrenal steroids in the following Section
“Physiological Changes in Neurosteroid Formation and Biological
Functions of Neurosteroids in the Avian Brain.”
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FIGURE 8 | Biosynthetic pathway for neurosteroids in the quail brain. The arrows indicate biosynthetic pathways of neurosteroids identified in the quail
brain. See the text for details.

PHYSIOLOGICAL CHANGES IN NEUROSTEROID FORMATION
AND BIOLOGICAL FUNCTIONS OF NEUROSTEROIDS IN THE
AVIAN BRAIN
Physiological changes in neurosteroid formation and biological
functions of neurosteroids are becoming clear in domestic and
other birds. It is well known in birds (Tsutsui et al., 2008) as well as
other vertebrates (Tsutsui, 1931; Iwata et al., 2000) that the loco-
motor activity of males is higher than that of females. As described
in Section “Expression of Cytochrome P4507α and Formation of
7α- and 7β-Hydroxypregnenolone in the Avian Brain,” the quail
brain synthesizes two previously undescribed avian neurosteroids,
7α- and 7β-hydroxypregnenolone, from pregnenolone (Tsutsui
et al., 2008). In view of the sex difference in concentrations of
diencephalic 7α- and 7β-hydroxypregnenolone, it seemed possi-
ble that these neurosteroids play a role in the control of locomotor
activity of males. Because the male quail displays a robust loco-
motor activity rhythm when held under typical light/dark lighting
schemes (Wilson, 1972; Wada, 1979), this bird may serve as an
excellent animal model to demonstrate the biological function
of 7α- and 7β-hydroxypregnenolone. Both neurosteroids were
therefore administered intra-cerebroventricularly to male quail
during night, when their activity is low, to test whether they
affect locomotor activity (Tsutsui et al., 2008). A stimulatory
dose-dependent effect of 7α-hydroxypregnenolone was observed
(Tsutsui et al., 2008). In contrast, 7β-hydroxypregnenolone did
not influence locomotor activity (Figure 2; Tsutsui et al., 2008).

In contrast to males, the locomotor activity and diencephalic
concentration of 7α-hydroxypregnenolone in females were con-
stantly low during the same observation period, i.e., from lights
on to noon (Tsutsui et al., 2008). Thus, increased diencephalic
7α-hydroxypregnenolone may contribute to the higher locomotor
activity in males. The low level of 7α-hydroxypregnenolone syn-
thesis and concentration in the female diencephalon suggests that
this neurosteroid may not play a role in female locomotor activity.
Since other vertebrates also exhibit a clear sex difference in loco-
motor activity (Tsutsui, 1931; Iwata et al., 2000), it is suggested
that sex differences in diencephalic 7α-hydroxypregnenolone may
be a key factor controlling sex differences in vertebrate locomotor
activity.

A ubiquitous property of vertebrates is fluctuation of locomo-
tor activity over the 24-h circadian cycle (Saper et al., 2005). The
endogenous diurnal rhythm of melatonin is known to control the
diurnal locomotor rhythm in vertebrates including birds (Bink-
ley et al., 1971; John et al., 1978; Cassone and Menaker, 1984;
Chabot and Menaker, 1992; Hau and Gwinner, 1994; Warren
and Cassone, 1995), which suggested that melatonin may regu-
late diencephalic 7α-hydroxypregnenolone synthesis, and thereby
influence locomotor activity. This hypothesis was tested in exper-
iments involving melatonin manipulation in male quail (Tsutsui
et al., 2008). A combination of pinealectomy (Px) plus orbital
enucleation (Ex) increased the production and concentration
of 7α-hydroxypregnenolone and the expression of cytochrome
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P4507α in the diencephalon. Conversely, melatonin administration
to Px/Ex quail decreased the production and concentration of 7α-
hydroxypregnenolone and the expression of cytochrome P4507α

in the diencephalon. Further, the inhibitory effect of melatonin
on 7α-hydroxypregnenolone synthesis was abolished by luzin-
dole, a melatonin receptor antagonist (Tsutsui et al., 2008). It is
therefore considered that melatonin acts to reduce cytochrome
P4507α expression through melatonin receptor-mediated mech-
anisms. Melatonin derived from the pineal gland and eyes
therefore appears to act as a potent inhibitory factor of 7α-
hydroxypregnenolone synthesis in the quail. This hypothesis is
supported by earlier studies showing that melatonin treatment
decreases locomotor activity in quail (Murakami et al., 2001;
Nakahara et al., 2003) and other birds (Murakami et al., 2001).

On the other hand, there is evidence for neurosteroidal acti-
vation of territorial behavior in the song sparrow Melospiza
melodia (Soma et al., 1999, 2000). It is known that territorial
behavior of this species is expressed in the non-breeding season,
Although circulating testosterone levels are low in non-breeding
male song sparrows, the androgen precursor dehydroepiandros-
terone is present in blood (Soma and Wingfield, 2001). Because the
brain of zebra finch expresses 3β-HSD and cytochrome P450arom
and produces estrogens from dehydroepiandrosterone (Vanson
et al., 1996; Soma et al., 2004; Tam and Schlinger, 2007), it is
considered that these steroidogenic enzymes may function in
the brain of song sparrow during the non-breeding season to
produce estrogens from dehydroepiandrosterone originated from
the peripheral gland that activate territorial aggression. Because
the brain of zebra finch also expresses cytochrome P450scc and
cytochrome P45017α,lyase (London et al., 2003, 2006, 2010; London
and Schlinger, 2007), dehydroepiandrosterone may also be pro-
duced de novo from cholesterol in the brain of these birds as in
quail. More research is needed to evaluate the function of neu-
rosteroids produced in the brain from cholesterol de novo and the
role of central metabolism of steroids originally coming from the
periphery.

As was detected in zebra finches, song sparrows expressed
3β-HSD and cytochrome P450arom in the brain (Soma et al.,
2003; Pradhan et al., 2008, 2010). Importantly, both steroidogenic
enzymes are subject to seasonal regulation. Cytochrome P450arom
is elevated in the non-breeding season in the brain in keeping with
a role for estrogen activation of aggressive behavior during the
non-breeding season (Soma et al., 2003). 3β-HSD is expressed
and active in the song sparrow brain (Pradhan et al., 2008, 2010).
3β-HSD is also elevated during the non-breeding season. It is
important to clarify the mechanisms that regulate the expression
of these steroidogenic enzymes in the avian brain.

Interestingly, there are several reports showing changes in neu-
rosteroid formation in relation to social interactions. A recent
study showed that within the caudomedial nidopallium marked
changes in estradiol occurred when males were exposed to females
or to conspecific zebra finch song (Remage-Healey et al., 2008).
Estrogens produced in the local brain region are thought to
rapidly strengthen auditory encoding and guide song preference
in a songbird (Remage-Healey et al., 2010). Moreover, changes
in estradiol formation were reduced by exposure to fadrozole, an
inhibitor of cytochrome P450arom, or to glutamate as in quail

hypothalamus (Balthazart et al., 2006). These findings suggest
rapid control of cytochrome P450arom activity by glutamater-
gic inputs (Balthazart et al., 2006). Thus, cytochrome P450arom
is subject to rapid regulation. In quail hypothalamic explants,
cytochrome P450arom undergoes Ca2+-dependent phosphory-
lation that reduces cytochrome P450arom activity within minutes
(Balthazart et al., 2001a,b, 2003). Treatments of these explants
with K+ or with glutamate receptor agonists produce a simi-
lar rapid inhibition of cytochrome P450arom activity (Balthazart
et al., 2001b). These results suggest that the flow of Ca2+ through
voltage-gated Ca2+ channels serves as a key regulatory signal for
rapid estrogen production.

Synaptic estrogen formation in the brain is also becoming clear
in songbirds and other birds (Naftolin et al., 1996; Peterson et al.,
2005) as in mammals (Hojo et al., 2008). Compartmentalization
of cytochrome P450arom within presynaptic boutons is consid-
ered to be crucial for providing sex- and song-specific estrogenic
signals in the songbird brain (Peterson et al., 2005; Remage-Healey
et al., 2009).

MODE OF ACTION OF NEUROSTEROIDS IN THE AVIAN BRAIN
To understand the mode of action of 7α-hydroxypregnenolone
on locomotion, Matsunaga et al. (2004) first found that 7α-
Hydroxypregnenolone acts as a neuronal activator to stimulate
locomotor activity of breeding newts by means of the dopamin-
ergic system (Matsunaga et al., 2004). As described in Section
“Expression of Cytochrome P4507α and Formation of 7α- and
7β-Hydroxypregnenolone in the Avian Brain,” the expression of
cytochrome P4507α mRNA was localized in several diencephalic
regions, such as the nucleus preopticus medialis, the nucleus par-
aventricularis magnocellularis, the nucleus ventromedialis hypo-
thalami, the nucleus dorsolateralis anterior thalami, and the
nucleus lateralis anterior thalami (Tsutsui et al., 2008) in the male
quail brain. In quail (Tsutsui et al., 2008) as in newts (Matsunaga
et al., 2004), 7α-hydroxypregnenolone increased the concentra-
tion of dopamine in the telencephalic region that encompasses the
striatum (Sanberg, 1983; Sharp et al., 1987; Bardo et al., 1990).
In birds, dopaminergic neurons that are located in the mesen-
cephalic region, including the area ventralis and the substantia
nigra, project to the telencephalon notably the striatum (Mezey
and Csillag, 2002; Hara et al., 2007). Interestingly, the telen-
cephalic region is enriched with dopamine D1 and D2 receptors
in birds (Ball et al., 1995; Levens et al., 2000). Accordingly, 7α-
hydroxypregnenolone synthesized actively in the diencephalon, by
acting on dopamine neurons localized in the area ventralis and the
substantia nigra, may induce dopamine release from their termini
in the striatum, and consequently increase locomotor activity in
male quail as in male newts.

The fact that 7α-hydroxypregnenolone acutely increases loco-
motor activity in quail suggests that this neurosteroid may act
through a non-genomic rather than a genomic mechanism. It has
been reported that in rats, the progesterone metabolite 3α,5α-
tetrahydroprogesterone (3α,5α-THP; allopregnanolone) exerts its
effects on locomotion (Wieland et al., 1995) and dopamine
release (Bullock et al., 1997; Rougé-Pont et al., 2002) via a non-
genomic pathway. Allopregnanolone may act through modulation
of GABAA receptors, since allopregnanolone is a potent allosteric
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modulator of GABAA receptors (Paul and Purdy, 1992; Lambert
et al., 1995) and dopaminergic neurons are regulated by GABAer-
gic transmission (Laviolette and van der Kooy, 2001). Whether the
acute actions of 7α-hydroxypregnenolone on dopamine release
and locomotor activity in quail are mediated through GABAA

receptors remain to be determined.
On the other hand, there are several reports showing the mode

of acute actions of estrogen (Tremere et al., 2009; Remage-Healey
et al., 2010; Tremere and Pinaud, 2011). The neuromodulatory role
of estradiol on burst firing of neurons in the caudomedial nidopal-
lium was demonstrated in the songbird (Tremere and Pinaud,
2011). Acute estrogen actions in the zebra finch may be depen-
dent on a membrane-specific receptor. Further study is needed to
demonstrate the molecular mechanisms underlying acute actions
of estrogen in the brain of birds.

CONCLUSION AND FUTURE DIRECTIONS
In conclusion, the quail brain possesses several kinds of
steroidogenic enzymes, such as cytochrome P450scc, cytochrome
P4507α, 3β-HSD, 5β-reductase, cytochrome P45017α,lyase, 17β-
HSD and cytochrome P450arom, and produces pregnenolone,
7α-hydroxypregnenolone, progesterone, 5β-DHP, 3β, 5β-THP,
androstenedione, testosterone, and estradiol from cholesterol
(Figure 8). The brain of other birds, such as ring dove, zebra finch
etc., also produces several neurosteroids. However, the biosyn-
thetic pathway of neurosteroids in the avian brain from cholesterol

may be still incomplete, because we recently found that the quail
brain expresses cytochrome P4507α and actively produces 7α-
and 7β-hydroxypregnenolone, previously undescribed avian neu-
rosteroids (Figure 8). Thus, to complete our knowledge of the
biosynthetic pathway for neurosteroids in the avian brain, further
biochemical studies are needed.

Diurnal and seasonal changes in neurosteroid formation are
becoming clear in birds. Social interactions also change neuros-
teroid formation in birds. Further, several important biological
functions of neurosteroids are also becoming clear in birds. How-
ever, more research is needed to evaluate the function of neuros-
teroids produced in the brain from cholesterol de novo and the
role of central metabolism of steroids originally coming from the
periphery. In addition, it is important to clarify the molecular
mechanisms of the regulation of neurosteroid formation and the
mode of action of neurosteroids in the avian brain.
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It is well recognized that steroids are synthesized de novo in the brain (neurosteroids).
In addition, steroids circulating in the blood enter the brain. Steroids play numerous roles
in the brain, such as influencing neural development, adult neuroplasticity, behavior, neu-
roinflammation, and neurodegenerative diseases such as Alzheimer’s disease. In order to
understand the regulation and functions of steroids in the brain, it is important to directly
measure steroid concentrations in brain tissue. In this brief review, we discuss methods
for the detection and quantification of steroids in the brain. We concisely present the
major advantages and disadvantages of different technical approaches at various exper-
imental stages: euthanasia, tissue collection, steroid extraction, steroid separation, and
steroid measurement. We discuss, among other topics, the potential effects of anesthe-
sia and saline perfusion prior to tissue collection; microdissection via Palkovits punch;
solid phase extraction; chromatographic separation of steroids; and immunoassays and
mass spectrometry for steroid quantification, particularly the use of mass spectrometry
for “steroid profiling.” Finally, we discuss the interpretation of local steroid concentra-
tions, such as comparing steroid levels in brain tissue with those in the circulation (plasma
vs. whole blood samples; total vs. free steroid levels). We also present reference val-
ues for a variety of steroids in different brain regions of adult rats. This brief review
highlights some of the major methodological considerations at multiple experimental
stages and provides a broad framework for designing studies that examine local steroid
levels in the brain as well as other steroidogenic tissues, such as thymus, breast, and
prostate.
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INTRODUCTION
Steroids play many important physiological roles in the brain and
influence brain development, behavior, cognition, neuroplasticity,
and neuroinflammation (Baulieu, 1998; Sakamoto et al., 2001b;
Sorrells and Sapolsky, 2009). In addition to steroids that enter the
brain from the periphery, steroids are synthesized within the brain
itself (“neurosteroids”; Corpéchot et al., 1981). Neurosteroids
can be synthesized de novo from cholesterol or from circulating
inactive precursors (Compagnone and Mellon, 2000; Schmidt
et al., 2008; Do Rego et al., 2009). Because the brain is both a
producer and a target of steroids, it is of great interest and util-
ity to measure endogenous steroid levels in specific brain regions.
Measurement of local steroid levels allows for comparisons among
different brain regions, as well as comparisons between brain and
blood. Such comparisons are useful in determining which tissues
are synthesizing or metabolizing steroids (Schmidt and Soma,
2008; Hojo et al., 2009; Konkle and McCarthy, 2011). Indeed,
the presence of high pregnenolone and dehydroepiandrosterone
(DHEA) concentrations in the brain, and low concentrations in

the plasma, of gonadectomized and adrenalectomized rats was the
first evidence that suggested steroid production in the brain (Cor-
péchot et al., 1981). High local steroid levels, along with studies
of steroidogenic enzyme mRNA, protein, and activity in the brain,
have demonstrated that the brain functions as a steroid-synthetic
organ (Schmidt et al., 2008; Taves et al., 2011).

The conceptual leap that permitted the brain to be consid-
ered a source (rather than merely a target) of steroid hormones
meant that measuring peripheral steroid levels in the blood was
no longer sufficient for understanding steroid actions in the brain.
Determining the steroid level required for induction of a par-
ticular behavior, for example, involves addressing the contribu-
tions of steroids of both peripheral and central origin. To add to
the complexity, peripheral steroids that enter the brain are con-
verted into both inactive metabolites and more potent steroids
(Mellon and Griffin, 2002). Since the expression and activity of
steroidogenic enzymes determines the steroidal milieu of different
brain regions, understanding the distribution and regulation of
steroidogenic enzymes in the central nervous system is a major
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step forward in estimating local steroid concentrations (Do Rego
et al., 2009). Indeed, the majority of papers on this topic have
measured steroidogenic enzymes in the brain, rather than the
products of these enzymes (i.e., the steroids themselves). How-
ever, the aggregate result of steroid synthesis and metabolism in
the brain and steroid uptake from the blood can only be deter-
mined via empirical measurements of steroid concentrations in
discrete brain regions.

Measuring steroids in brain tissue presents a number of tech-
nical challenges. These challenges include: the high lipid content
of brain tissue (requiring good sample preparation to avoid assay
interference; Rash et al., 1980); the high spatial heterogeneity of
the brain (resulting in small tissue amounts; Charlier et al., 2010);
low steroid concentrations, in some cases (Gomez-Sanchez et al.,
2005); ability of steroids to freely diffuse across cell membranes
(due to their hydrophobic nature); unique steroids that are absent
in the periphery (e.g., 17α-estradiol; Toran-Allerand et al., 2005);
and rapid changes in steroid production and metabolism (Balthaz-
art and Ball, 2006). In this brief review, we discuss methodological
considerations that address or reduce these technical challenges,
and we also discuss the interpretation of tissue steroid concen-
trations. For a more general and comprehensive guide to steroid
analysis, we direct readers to the excellent text edited by Makin and
Gower (2010). Although here we focus on steroids in brain tissue,
the general principles discussed are also relevant for the measure-
ment of steroids in various other organs and tissues (Taves et al.,
2011).

SAMPLE COLLECTION
STUDY SPECIES
Building upon the initial description of neurosteroid synthesis
in the mammalian brain (Corpéchot et al., 1981; Le Goascogne
et al., 1987), subsequent work has identified neurosteroid synthe-
sis across vertebrate species, including fish (Forlano et al., 2001;
Sakamoto et al., 2001a; Diotel et al., 2011), amphibians (Mensah-
Nyagan et al., 1996; Takase et al., 1999; Matsunaga et al., 2004;
Bruzzone et al., 2010), and birds (Tsutsui et al., 2000; Soma et al.,
2004; London et al., 2006; Saldanha et al., 2011). The high levels of
steroidogenic enzyme expression and activity (and corresponding
high levels of steroids) in the brains of non-mammalian species
are a major advantage in the study of neurosteroids (Goodson
et al., 2005; Do Rego et al., 2009; Saldanha et al., 2009; Diotel et al.,
2010). In addition, because many birds are diurnal and terres-
trial, they are highly amenable to field work. This allows studies
of neurosteroids in a natural and ecologically relevant context and
studies of how neurosteroids regulate natural behaviors (Soma
and Wingfield, 2001; Soma, 2006; Soma et al., 2008; Newman and
Soma, 2009; Pradhan et al., 2010b). Comparative work has shown
that neurosteroid production is conserved across vertebrates, and
thus appears to be a general characteristic of the vertebrate brain
(Callard et al., 1978), including the human brain (Stoffel-Wagner,
2001; Yu et al., 2002).

INDIRECT MEASUREMENT OF BRAIN STEROID LEVELS
There are several strategies to indirectly assess brain steroid lev-
els. Some of these approaches allow for repeated sampling from
individual subjects, either in different contexts or in real-time

during experiments. One method of indirectly estimating brain
steroid levels involves collecting blood leaving the brain (i.e., from
the jugular vein) and comparing this to blood from another
source (e.g., carotid artery, brachial vein, or heart). If steroid
levels are higher in blood from the jugular vein, then this sug-
gests production of these steroids in the brain (Schlinger and
Arnold, 1992, 1993; Saldanha and Schlinger, 1997; Chin et al.,
2008; Newman et al., 2008b; Charlier et al., 2009; Newman and
Soma, 2011). To our knowledge, this approach has only been
used in studies of songbirds but might prove useful in other
species as well. Clearly, this approach is indirect and cannot reveal
the absolute concentrations of steroids in specific brain regions.
Nonetheless, this approach can be useful for determining rela-
tive changes in whole brain steroid production, and it permits
repeated sampling from subjects. However, note that stress can
rapidly alter steroid concentrations in the jugular blood (Newman
et al., 2008b).

Cerebrospinal fluid (CSF) can also be used to indirectly esti-
mate the neural steroidal milieu (Guazzo et al., 1996). For example,
in humans, CSF steroid levels are altered in patients with neu-
rological diseases such as Alzheimer’s disease (Kim et al., 2003).
However, collecting CSF samples of sufficient volume from small
animals (e.g., mice) is a more difficult obstacle.

Microdialysis allows quantification of changing steroid levels
in a specific brain region (Saleh et al., 2004; Droste et al., 2008;
Remage-Healey et al., 2008). Artificial CSF is perfused into the
brain through a microdialysis probe, and dialysate is collected
across a membrane. This extremely powerful technique can be
used to measure temporal changes in steroid levels at a spe-
cific location in the brain of a freely behaving subject. Another
advantage is that subjects require minimal handling at the time
of sample collection. A disadvantage is that steroid levels are
measured in only a single region at a time. Moreover, steroid
recoveries across the dialysis membrane in vitro are generally
low (often <10%; e.g., Remage-Healey et al., 2008), and this
affects the minimum time windows required for dialysate col-
lection (often 5–30 min) in order to have a detectable amount of
steroid. Steroid recoveries across the dialysis membrane in vivo
are very difficult to estimate, and thus one cannot calculate
absolute steroid levels in the extracellular fluid. Lastly, micro-
dialysis probe insertion causes injury to the brain, which may
induce neurosteroid synthesis (Garcia-Segura et al., 2001; Sal-
danha et al., 2009). This must be considered when interpreting
the results.

Many studies have investigated steroids produced by brain tis-
sue in vitro. These studies can examine steroid synthesis from
radiolabeled precursors, as well as measure endogenous steroid
levels in the conditioned medium and cultured tissue (organ-
otypic brain slices, minces, or dissociated cells; Gomez-Sanchez
et al., 1997; Holloway and Clayton, 2001; Hojo et al., 2004; Kretz
et al., 2004; Munetsuna et al., 2009; Higo et al., 2011). These in vitro
studies are very useful for investigating the regulation and func-
tions of neurosteroids. However, the levels of steroids produced
in vitro cannot directly reveal the levels of steroids in the brain
in vivo (Schlinger et al., 1994; Saldanha et al., 2009). Moreover,
creating brain slices or dissociating cells causes tissue injury and
thus might affect steroid production.
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EUTHANASIA
To directly measure steroid levels in various brain regions of ani-
mals, the brain must be collected after euthanasia of the subjects.
Importantly, the method of euthanasia can affect steroid concen-
trations in the brain. The appropriate method of euthanasia should
minimize stress and discomfort of the subjects as well as min-
imize changes in brain steroid levels. These considerations will
vary depending on the nature of the experiment and the study
species. A further consideration is whether blood should be col-
lected and, if so, whether blood should be collected immediately
before or after euthanasia and how and from where blood should
be collected (Newman et al., 2008b).

Euthanasia is commonly performed by an overdose of an anes-
thetic. This method allows the animal to be subsequently perfused
with saline (to remove blood from the brain; see below). How-
ever, inducing a loss of consciousness via anesthetic requires an
alteration of neural activity (MacLusky, 2009), which might affect
brain steroid levels. The effects of anesthesia on brain steroids
can be specific to the anesthetic agent used. In rabbits, isoflu-
rane or halothane gas anesthesia may rapidly increase plasma
corticosterone and cortisol levels (González-Gil et al., 2006). How-
ever, in rats, carbon dioxide anesthesia for up to 2 min does not
affect plasma corticosterone levels (Hackbarth et al., 2000). To our
knowledge, no studies have examined the acute effects (within
2–3 min) of inhalant anesthesia on brain steroid measurements.
Effects of injectable anesthetics on brain steroids also appear to be
specific to the anesthetic used. For example, brain progestin levels
are increased by injection of chloral hydrate or urethane, but brain
progestin levels are decreased by pentobarbital, ketamine, or clon-
azepam (Korneyev et al., 1993a). Dramatic changes occur within
30 min, and in some cases within 10 min (Korneyev et al., 1993a).
Again, however, we know of no studies examining the acute effects
of injectable anesthetics on brain steroid measurements. Thus,
when necessary and appropriate, anesthesia should be performed
as rapidly as possible and with a method that minimizes changes in
steroid levels. The stressors of handling and transfer into a novel
cage for anesthesia may themselves cause rapid steroid changes.
These stressors can be minimized by regular handling in the days
prior to anesthesia or by administration of anesthesia in the home
cage (e.g., Reburn and Wynne-Edwards, 2000).

Physical euthanasia without anesthesia does not depend on
chemical alteration of nervous system activity (Karmarkar et al.,
2010), and examples include decapitation or cervical dislocation
without prior anesthesia (American Veterinary Medical Associa-
tion, 2007). Loss of consciousness following decapitation is rapid
(within seconds) and humane (Holson, 1992; Rijn et al., 2011),
although some brain electrical activity can be recorded for up to
1 min (Rijn et al., 2011), which could potentially alter steroid levels.
Rapid cooling of brain tissue might prevent such neurochemical
changes, if present.

Euthanasia can also be performed by head-focused microwave
irradiation, which rapidly heats the brain to cause extremely
rapid loss of consciousness while maintaining physical integrity
(Murphy, 2010). Heat inactivation stops enzymatic activity, thus
rapidly halting lipid metabolism (Murphy, 2010) and changes in
protein phosphorylation (O’Callaghan and Sriram, 2004), which
otherwise continue after physical euthanasia. Focused microwave

irradiation is thus potentially useful for preventing continued
steroid metabolism and has been used in a few studies of brain
steroid levels (e.g., Korneyev et al., 1993a,b; Barbaccia et al., 1996;
Concas et al., 2000).

To our knowledge, no studies have directly compared different
methods of euthanasia and their effects on brain steroid levels.
Such data would be very useful for researchers selecting the best
method of euthanasia for an experiment.

PERFUSION WITH PHYSIOLOGICAL SALINE
In some studies, it may be important to remove blood contamina-
tion from the brain. This can be achieved via transcardial perfu-
sion with physiological saline (following anesthesia). For example,
saline perfusion is often performed prior to tissue fixation for
immunohistochemistry. Also, removal of blood contamination
might give a more accurate estimate of steroid concentrations in
the brain tissue (i.e., without steroids in the blood; Taves et al.,
2010). This issue has been experimentally examined in rats, mice,
and songbirds. In neonatal rats and adult mice, saline perfusion
has no effects on brain 17β-estradiol and corticosterone levels,
respectively (Amateau et al., 2004; Little et al., 2008). However,
in adult zebra finches, saline perfusion increases brain corticos-
terone levels, decreases brain DHEA levels, and increases brain
17β-estradiol levels in a region-specific manner, possibly due to
rapid effects of ischemia (Taves et al., 2010). Such steroid changes
might be minimized by perfusion with oxygenated artificial CSF.
Thus, when necessary, perfusion should be performed as rapidly as
possible. Furthermore, because saline perfusion does not cause a
global decrease in brain steroid levels, blood contamination (∼1%
of brain, v/w) does not appear to significantly affect brain steroid
measurements (Taves et al., 2010). Prior to an experiment, vali-
dations should be performed to ensure that saline perfusion does
not affect brain steroid levels.

DISSECTION
For measurement of brain steroid concentrations, nearly all stud-
ies have used gross dissection of tissue blocks that contain brain
regions of interest (e.g., Butte et al., 1972; Caruso et al., 2008; Croft
et al., 2008; Newman and Soma, 2009; Brummelte et al., 2010). To
do this, the brain can be briefly cooled on wet ice, and then a scalpel
blade is used to cut blocks of tissue based on their position relative
to major neuroanatomical landmarks (e.g., midline, ventricles).
Large areas, such as the cerebral cortex or hippocampus, can be
subdivided as appropriate. Typically, tissue blocks are then frozen
on dry ice and stored at −80˚C. Such tissue blocks are relatively
large, which increases the likelihood that steroids will be detectable
in the sample and might also allow a greater number of steroids to
be measured in a single sample. The major disadvantage of gross
dissection is the loss of neuroanatomical specificity. Additionally,
gross dissection by hand could increase the variability in the size
of tissue samples across subjects.

Microdissection of specific brain regions allows for a higher
degree of spatial specificity of brain steroid measurements (Maga-
riños et al., 1989). Recently, microdissection of brain nuclei using
the Palkovits punch technique (Palkovits, 1973; de Kloet, 2006)
has been used for measurement of brain steroid concentrations
(Charlier et al., 2010, 2011). Here, the whole brain is immediately
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frozen on powdered dry ice and stored at −80˚C. The brain is
then covered in an embedding matrix intended for sectioning at
a relatively warm temperature (e.g., Tissue-Tek O.C.T.), and brain
sections (200–500 μm) are cut on a cryostat at −12 to −10˚C.
The sections should be kept frozen at all times. Locations of spe-
cific brain nuclei can be determined using major neuroanatomical
landmarks and a brain atlas. Sections containing nuclei of interest
are mounted onto glass microscope slides, and cannulae (kept at
−10˚C or colder) are used to punch out tissue from the sections.
The sections can then be stained with a Nissl stain to verify the
locations of the punches (Charlier et al., 2010).

Microdissection has several advantages over gross dissection.
Since the whole brain is frozen immediately after removal from
the cranium, the amount of postmortem steroid metabolism is
reduced. Additionally, microdissection allows for more precise
targeting of specific brain nuclei. Finally, tissue samples are of
a uniform size, which reduces between-subject variability in the
amount of brain tissue per sample. A disadvantage of microdis-
section is that the tissue samples can be small (often <1 mg), and
thus ultrasensitive assays are necessary to measure steroids in such
small samples (Charlier et al., 2010). If the assays are also very
precise, then samples need not be measured in duplicate (i.e., can
be measured as singletons), which can be useful when the amount
of sample is limited (Charlier et al., 2011). Note also that inter-
mediate levels of spatial specificity can be achieved using a “brain
matrix”(e.g., Ted Pella, #15007; Soma et al., 2005) or a tissue chop-
per (e.g., Ted Pella, #10180), followed by additional dissection with
a scalpel or cannula.

Regardless of the method used to collect brain tissue, the
amount of steroid in each sample must be corrected for the
amount of tissue (typically wet weight in grams; see below). With
gross dissection, each sample must be weighed on a microbalance.
With Palkovits punch microdissection, however, all samples are
of known thickness and diameter, and thus are of similar weight
(Charlier et al., 2011). For example, when using a 1-mm-diameter
cannula (Fine Science Tools, #18035-01) on 300 μm song spar-
row brain sections, we have empirically determined that one brain
punch has a mean wet weight of 0.245 mg (and protein content of
0.02 mg), with very little variation.

STEROID EXTRACTION
TISSUE HOMOGENIZATION
Once brain tissue samples have been collected, steroids must be
extracted before they can be quantified (Newman et al., 2008a).
This is especially critical in tissues such as brain that have very
high lipid content, since lipids can interfere with steroid mea-
surement (Rash et al., 1980). Prior to steroid extraction, tissue
samples should be homogenized. To reduce potential metab-
olism of steroids in the tissue, tissue homogenization can be
performed in ice-cold water and followed immediately by addi-
tion of an organic solvent such as methanol. Homogenization
can also be performed in a water/methanol solution. Homoge-
nization can be performed with a microcentrifuge tube and fitted
pestle (Charlier et al., 2010), an electric hand-held homogenizer
(e.g., Fisher Scientific PowerGen 125, #3396001; Newman and
Soma, 2009; Taves et al., 2010), or bead mill homogenizer (e.g.,
Omni Bead Ruptor 24, #19-101). We have found that each of these

homogenization techniques results in a similar mean steroid con-
centration, although the bead mill homogenizer increases sample
throughput and appeared to produce less variability across samples
in a pilot study (unpublished results). Bead mill homogenization
also prevents cross-sample contamination. To further ensure dis-
ruption of cells, tissue can be homogenized in lysis buffer (Konkle
and McCarthy, 2011), or homogenized samples can be placed in a
sonicator.

STEROID EXTRACTION
Following tissue homogenization, steroids must be extracted to
separate them from other components of the brain sample, espe-
cially other lipids. Liquid–liquid extraction with organic solvents
(e.g., diethyl ether) has long been used to isolate steroids, and
is still frequently used. However, with liquid–liquid extraction,
steroid recoveries can be low or variable, depending on the sample
type and steroids of interest (Appelblad and Irgum, 2002). Liquid–
liquid extraction can also extract other substances (i.e., other lipids
in the brain; Appelblad and Irgum, 2002). These problems can
impair accurate measurement of steroids in brain tissue samples.
For these reasons, liquid–liquid extraction is being replaced by
solid phase extraction over time (Makin and Gower, 2010), or can
be paired with solid phase extraction (below; Chao et al., 2011).

Solid phase extraction of brain steroids typically involves load-
ing the sample (in an aqueous buffer) onto a primed and equi-
librated sorbent (e.g., silica-bonded C18; Telepchak et al., 2004).
We have found C18 columns with 500 mg packing material (e.g.,
Agilent Bond Elut LRC-C18 OH, #12113045) mounted on a glass
vacuum manifold (UCT #VMF024GL) to be suitable. After col-
umn priming and sample loading are completed, the sample is
thoroughly washed to remove interfering substances (Appelblad
and Irgum, 2002). With the correct wash(es), interfering sub-
stances can be effectively removed, while maintaining high steroid
recoveries (Newman et al., 2008a). The selection of an effec-
tive wash step is dependent on the analyte, study species, tissue
type, and method for steroid quantification (e.g., immunoas-
say, LC–MS/MS). Work in our laboratory, which has focused on
unconjugated steroids, has found that washing with 10 ml deion-
ized water is sufficient for songbird brain samples, but washing
with 10 ml 40% methanol is required for mouse and rat brain
samples (Figure 1). This might be related to species differences
in brain lipid content. Note that 40% methanol also elutes con-
jugated (e.g., sulfated, glucuronidated) steroids (Bélanger et al.,
1990; Wang et al., 1997; Liere et al., 2000). More stringent washes
(e.g., 40% methanol, or deionized water followed by hexanes)
may also be required if extracted steroids are to be separated by
high-performance liquid chromatography (HPLC). After washing,
steroids are slowly eluted off the sorbent into borosilicate glass vials
or tubes. Elution of unconjugated steroids may be performed with
85–100% methanol, ethyl acetate, or one followed by the other
(Bélanger et al., 1990; Wang et al., 1997; Scott and Ellis, 2007;
Wong et al., 2008). Eluting unconjugated steroids with 85–90%
methanol might be useful because 100% methanol can also elute
steroids conjugated to fatty acids (Bélanger et al., 1990; Wang et al.,
1997; Liere et al., 2004). It is critical to use the appropriate grade of
solvents for solid phase extraction (e.g., HPLC-grade, MS-grade).
Finally, solid phase extraction can be automated with robotics
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FIGURE 1 | Solid phase extraction of steroids from increasing amounts

of brain tissue per assay tube. Samples were loaded onto C18 columns and
washed with 10 ml of 0, 10, 20, or 40% methanol (MeOH) in water. Steroids
were then eluted from the C18 columns with 5 ml of 90% MeOH. (A) The
different washes have no effect on measurement of 17β-estradiol (E2) in zebra
finch brain (Taves and Soma, unpublished data). (B) The different washes do
affect measurement of E2 in mouse brain (Taves and Soma, unpublished
data). (C) The different washes also affect measurement of corticosterone in
rat brain (adapted with permission from Brummelte et al., 2010). The methods
for all validations are similar (see Newman et al., 2008a). Briefly, brain tissue
was homogenized in deionized water, and then MeOH was added. The

samples were mixed and then left overnight at 4˚C. The samples were mixed
again and centrifuged (3000 g, 10 min, 2˚C). Supernatants (≤1 ml) were
diluted with 10 ml deionized water and loaded onto C18 columns (500 mg C18,
non-endcapped). Prior to sample loading, the C18 columns were primed with
3 ml ethanol and equilibrated with 10 ml deionized water. After sample loading,
columns were washed with 0, 10, 20, or 40% MeOH (10 ml) and steroids
were eluted with 5 ml 90% MeOH. Eluates were dried in a vacuum centrifuge
and resuspended in assay buffer. All reagents were HPLC-grade. E2 was
measured using an ultrasensitive and specific radioimmunoassay (Beckman,
DSL-4800; Charlier et al., 2010), and corticosterone was also measured using
a radioimmunoassay (MP Biomedicals, cat. 07120103, Washburn et al., 2002).

to increase sample throughput (e.g., Gilson #GX-274 ASPEC or
Hamilton STARlet).

Solid phase extraction gives reliable recovery of very low
steroid amounts from small samples. The combination of high
steroid recovery and high precision make solid phase extraction
an extremely useful tool (Telepchak et al., 2004). It is critical to
routinely check the effectiveness of the extraction procedure. Note
that some brands of C18 columns can show lot-to-lot variation,
and thus it is preferable to extract all the samples from one exper-
iment with columns from the same lot. Furthermore, extraction
performance should not be tested solely with radiolabeled steroids
because this can overlook some problems. The use of only radi-
olabeled steroids ignores the potential co-elution of interfering
substances (originating from the sample itself or from the C18 col-
umn) and damage to the steroid analytes during processing (Scott
and Ellis, 2007). Thus, it is important to routinely check extraction
performance with unlabeled steroid standards (“quality controls”)
and water blanks.

After eluates have been collected, they can be dried at 40–
60˚C (Liere et al., 2000). We have found that drying at 50 or
60˚C reduces drying time without affecting steroid measurement
(Table 1; our unpublished results). Drying is typically done under
a stream of high-purity nitrogen with a sample concentrator (e.g.,

Techne Dri-Block DB-3) or in a vacuum centrifuge (e.g., Thermo
Scientific SPD111V SpeedVac). The dried steroid residue can then
be resuspended for quantification, for example via immunoas-
say. We have found that a small amount of absolute ethanol
improves steroid resuspension into an aqueous buffer (Newman
et al., 2008a),but care must be taken because ethanol (or impurities
therein) can affect some immunoassays (Ocvirk et al., 2009; Char-
lier et al., 2010). Alternatively, after solid phase extraction, steroids
can be separated via chromatography prior to quantification (see
below).

CHROMATOGRAPHIC SEPARATION
CELITE COLUMN CHROMATOGRAPHY
The C18 columns used for solid phase extraction are relatively
short, and although they can separate conjugated steroids from
unconjugated steroids (Liere et al., 2004), they have little abil-
ity to separate different unconjugated steroids from each other
(e.g., separate testosterone from estradiol). In many cases, it is
useful to separate the steroids present in a brain tissue sample
prior to steroid measurement. Steroid separation allows several
steroids to be measured (e.g., via immunoassays) without splitting
the sample, which is useful when the tissue sample is small. Fur-
thermore, with immunoassays, antibody cross-reactivity can be a
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Table 1 | Effect of drying temperature on measured steroid values.

40˚C (%) 50˚C (%) 60˚C (%)

Cortisol 100 114 101

Corticosterone 100 108 113

Progesterone 100 96 103

Samples were dried in a preheated Thermo Scientific SPD111V SpeedVac. Sam-

ples dried at 40˚C (the most common temperature used across many laboratories)

were used as the baseline, and samples dried at 50 and 60˚C are expressed as

a percent of this baseline. Each value is the mean of three samples. Drying at

40, 50, and 60˚C took approximately 3.0, 2.5, and 2.0 h, respectively. Taves and

Soma, unpublished data.

concern (see below), and this concern can be alleviated by steroid
separation prior to assay (e.g., Close et al., 2010).

Celite column chromatography uses columns or cartridges con-
taining celite (highly porous, diatomaceous earth). Samples are
loaded onto celite columns, and then different steroids are eluted
off with different organic solvents. Celite chromatography has suf-
ficient resolving power to separate multiple steroids and has been
used in numerous studies of plasma and brain steroids (Wingfield
and Farner, 1975; Corpéchot et al., 1981; von Schoultz et al., 1990;
Wang et al., 1997; Frye et al., 2000; Dinger and Frye, 2004; Rosario
et al., 2004; Pradhan et al., 2010b). Nonetheless, celite columns
have less resolving power than HPLC or gas chromatography.

HIGH-PERFORMANCE LIQUID CHROMATOGRAPHY
High-performance liquid chromatography is often used to sepa-
rate steroids in a sample. Reversed-phase HPLC using a C18 HPLC
column (e.g., Waters SymmetryShield, 4.6 mm × 250 mm, 5 μm
silica particles) is often used for such purposes, allowing multiple
steroids to be collected and measured, without the need to split the
sample (Figure 2). Furthermore, for immunoassays, HPLC separa-
tion removes potentially cross-reactive steroids, resulting in greater
confidence in immunoassay measurements. HPLC often requires
minimal sample preparation, as steroids need not be derivatized
beforehand. This allows for fraction collection and quantification
by immunoassay (Mensah-Nyagan et al., 1996; Munetsuna et al.,
2009), more extensive purification and analysis (Mensah-Nyagan
et al., 1996; Liere et al., 2000, 2004), or subsequent analysis via
tandem mass spectrometry (Liu et al., 2003; Krone et al., 2010).

GAS CHROMATOGRAPHY
Steroid separation can also be done via gas chromatography, prior
to mass spectrometry (Vallée et al., 2000; Alomary et al., 2001). Gas
chromatography requires some sample preparation, as steroids are
generally derivatized prior to GC/MS analysis. While derivatiza-
tion can greatly increase sensitivity and aid in determination of
steroid structure, it can be a time-consuming process and can
convert conjugated steroids into unconjugated steroids (Soldin
and Soldin, 2009) or even convert cholesterol into steroids (Schu-
macher et al., 2008; Liere et al., 2009). Different conjugated steroids
(e.g., DHEA-sulfate and DHEA-glucuronide) may also be con-
verted into the same form, resulting in conjugate misidentification
(Liu et al., 2003). Additionally, the derivatization process is chal-
lenging to automate, which reduces sample throughput (Krone

et al., 2010). Nonetheless, GC/MS is well suited for the identifica-
tion of novel steroidal compounds (Krone et al., 2010). Further, the
National Institute of Standards and Technology (NIST) GC/MS
database search capability is a powerful tool to aid in the discovery
and analysis of novel steroids.

STEROID QUANTIFICATION
IMMUNOASSAYS
Immunoassays include both radioimmunoassays (RIA) and
enzyme-linked immunosorbent assays (ELISA, also known as,
EIA). Immunoassays are still the most common way to mea-
sure steroids, because of their rapidity, simplicity, sensitivity, and
cost-effectiveness. Furthermore, many RIA and ELISA kits for
steroids are commercially available, contributing to the popularity
of immunoassays. Many commercially available RIA kits can be
modified to greatly increase their sensitivity. For example, we have
modified a double-antibody 125I RIA kit to detect sub-picogram
amounts of 17β-estradiol (Charlier et al., 2010). This modified
assay is also accurate, specific, and precise. Samples are usually
measured in duplicate, requiring the sample to be split in half, but
the high precision of this estradiol assay allows samples to be run
as singletons, which is useful when the sample is limited (Charlier
et al., 2011).

There are some disadvantages associated with the use of
immunoassays. One limitation is antibody cross-reactivity, partic-
ularly with polyclonal antibodies. Antibodies exhibit widely vary-
ing degrees of specificity for their antigen and may bind molecules
other than the target of interest, such as closely related steroids
(Chard, 1995). Several measures can alleviate concerns about anti-
body cross-reactivity: selection of a specific antibody, checking
closely related steroids for antibody binding, and chromatographic
separation of steroids prior to immunoassay.

Another potential problem is that different matrices can
affect antibody binding. Most commercially available steroid
immunoassay kits are designed to measure steroids in unextracted
plasma, serum, or saliva samples, and thus the standards in the
standard curve contain the steroid in an appropriate matrix (i.e.,
similar to serum or saliva). However, when steroids in brain sam-
ples are extracted and resuspended in an aqueous buffer that does
not contain serum or saliva components (e.g., phosphate-buffered
saline with gelatin, PBSG), the antibody can show increased bind-
ing to the analyte (possibly due to reduced matrix interference).
Thus, extracted steroids resuspended in PBSG should be compared
to a standard curve that is also diluted in PBSG. These “matrix
effects” can affect steroid measurements, especially at low steroid
concentrations.

MASS SPECTROMETRY
Mass spectrometry, following either gas or liquid chromatography,
is highly specific and is currently the “gold standard” for definitive
identification of analyte molecules (Alomary et al., 2001; Soldin
and Soldin, 2009; Makin and Gower, 2010). Mass spectrometry
also allows for simultaneous measurement of many steroids in a
single sample, or “steroid profiling” (Liu et al., 2003; Ebner et al.,
2006; Meffre et al., 2007; Soldin and Soldin, 2009; Koren et al.,
submitted). This can now be used to measure both unconjugated
steroids and intact steroid sulfates and glucuronides (Jäntti et al.,
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FIGURE 2 | High-performance liquid chromatography separation of (a)

cortisol, (b) corticosterone, (c) 11-deoxycortisol, and (d)

11-deoxycorticosterone. To separate these glucocorticoids, we used
reversed-phase HPLC (Gilson 322) with a Waters SymmetryShield C18 column
(4.6 mm × 250 mm, 5 μm silica particles). The mobile phase consisted of 50%
HPLC-grade methanol in HPLC-grade water with 0.01% glacial acetic acid
(solvent A; indicated by the solid gray line at top). At 45 min, 5% isopropanol
(solvent B; dashed gray line at the bottom) was added in order to elute the

final peaks more rapidly. The solid black line indicates radioinert steroids
measured with a UV detector, and the dotted gray line indicates 3H-labeled
steroids measured with a radioflow detector (as described in Mensah-Nyagan
et al., 2008; Pradhan et al., 2008, 2010a). Detection of radiolabeled steroids
occurs 1.6 min later than radioinert steroids because of the extra length of
tubing between the UV and radioflow detectors. A fraction collector was then
used to collect glucocorticoids for quantification via enzyme immunoassay
(EIA) or radioimmunoassay (Taves et al., unpublished results).

2010). These characteristics have contributed to the growing use
of mass spectrometry (and tandem mass spectrometry) in steroid
analysis (Mensah-Nyagan et al., 1996; Griffiths et al., 2001; Liere
et al., 2004, 2009; Matsunaga et al., 2004; Wang et al., 2007; Caruso
et al., 2008; Krone et al., 2010).

The sensitivity of mass spectrometry has greatly improved.
Steroids are typically derivatized prior to GC/MS to increase mea-
surement sensitivity, but this has some disadvantages (see above).
Steroids need not be derivatized prior to LC–MS/MS, although
this can be done to increase sensitivity and specificity (Higashi
and Shimada, 2004; Higashi et al., 2005; Higashi, 2006; Hojo
et al., 2009). Since the sensitivity of LC–MS/MS varies for different
steroids, derivatization can be used to aid detection of poorly ion-
ized steroids when they are present in low quantities. A variety of
derivatization methods can be used, depending on the analyte(s)
of interest (Santa, 2011). The method of ion production can also
affect sensitivity (Wang et al., 2007). For some steroids, atmos-
pheric pressure photo-ionization might yield greater sensitivity
than atmospheric pressure chemical ionization or electrospray
ionization (Robb et al., 2000; Guo et al., 2006). Nonetheless, when
the amount of brain tissue is extremely limited (e.g., punch sam-
ples or samples from neonatal rats) the limits of quantification of
mass spectrometry may not be sufficient (Konkle and McCarthy,
2011).

Thus, mass spectrometry provides definitive steroid identifica-
tion, simultaneous multi-analyte quantification and good sensi-
tivity. However, high equipment costs and operating costs and
the need for specific technical expertise are obstacles to using
mass spectrometry for steroid analysis (Makin and Gower, 2010;
Stanczyk and Clarke, 2010).

INTERPRETATION
COMPARING STEROID LEVELS IN THE BRAIN AND CIRCULATION
Many studies directly compare steroid levels in brain tissue with
steroid levels in the general circulation. In subjects that have been

adrenalectomized and/or gonadectomized for a long time, the
presence of a steroid in the brain, but not in the circulation, is
strong evidence for local steroid synthesis (Corpéchot et al., 1981;
Concas et al., 2000; Gomez-Sanchez et al., 2005; Croft et al., 2008;
Higo et al., 2011). Furthermore, in gonad- and adrenal-intact sub-
jects, if tissue steroid levels are higher than circulating steroid
levels, then these data suggest that steroids are locally synthe-
sized, locally sequestered by tissue binding sites, or locally released
from steroid binding proteins in the blood. These alternative pos-
sibilities can be tested, for example, by measuring steroidogenic
enzymes and/or steroid binding sites (Taves et al., 2011). Some
representative measurements of endogenous steroid levels in intact
adult male rats are given in Table 2.

When comparing steroid levels in the brain and circulation,
a critical point is that the use of plasma samples significantly
overestimates steroid concentrations in the blood. Steroid con-
centrations in plasma are roughly twice as high as steroid con-
centrations in whole blood (Taves et al., 2010). Thus, for a more
representative measurement of actual circulating steroid levels, it
is informative to measure steroids in whole blood samples as well
as plasma samples (Figure 3).

Another issue is that most studies measure total steroid lev-
els (free + bound) in brain and plasma samples. In the case of
corticosterone and cortisol, over 90% of these glucocorticoids
in plasma are bound with high affinity to corticosteroid-binding
globulin, and are thus unable to readily enter tissues (Hammond,
1990; Breuner and Orchinik, 2002; Charlier et al., 2009). Since only
free (unbound) steroids are available to enter tissues, plasma free
steroid levels are also informative for comparison to tissue steroid
levels (as in Little et al., 2008; Figure 4).

If local steroid synthesis occurs at low levels or only in spe-
cific cells or subcellular compartments (e.g., mitochondria, pre-
synaptic terminals), then the average tissue steroid concentration
may be similar to or lower than the circulating steroid concentra-
tion (Newman and Soma, 2011). For all of the above reasons, when
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Table 2 | Selected measurements of endogenous steroid levels in adult male rat plasma or serum (ng/ml) and brain tissue (ng/g).

Steroid Plasma/serum Cortex Hippocampus Hypothalamus Cerebellum Whole brain

Pregnenolone n.d.–0.9 0.4–7.0 4.8 11–12 0.4–19 1.7–4.9

Progesterone 0.5–2.2 1.5–7.0 4.6 0.9 0.7–5.3 0.4–0.7

DHEA n.d.–0.1 0.2 0.1 1.5 0.2 0.2–0.3

Testosterone 1.2–4.2 0.1–2.6 4.9 14 2.3–2.4 1.4–2.2

17β-Estradiol n.d.–0.004 0.1 2.3 n.a. 0.02 n.d.

5α-DHT n.d.–0.2 n.d.–0.2 1.9 2.0 0.1 n.d.

Corticosterone 20–54 7.5 44 43 20 4.6–50

All brain steroid measurements were obtained after solid phase extraction. In some cases, steroid extracts were further purified using high-performance liquid chro-

matography, gas chromatography, or thin-layer chromatography. Steroids were quantified using radioimmunoassay or mass spectrometry. DHEA, dehydroepiandros-

terone; 5α-DHT, 5α-dihydrotestosterone; n.d., non-detectable; n.a., not assessed.Values compiled from Butte et al. (1972); Robel et al. (1973); Lanthier and Patwardhan

(1987); Purdy et al. (1991); Korneyev et al. (1993b); Wang et al. (1997); Vallée et al. (2000); Ebner et al. (2006); Meffre et al. (2007); Caruso et al. (2008); Hojo et al.

(2009); Pesaresi et al. (2010).

FIGURE 3 | Corticosterone and DHEA levels in zebra finch plasma,

whole blood, and brain (cTel, caudal telencephalon). For corticosterone,
brain levels are significantly lower than plasma levels but not significantly
lower than whole blood levels. For DHEA, brain and plasma levels are
similar, but brain levels are significantly higher than whole blood levels.
Thus, the use of plasma samples (which overestimate circulating steroid
levels) or whole blood samples can lead to very different interpretations
when comparing tissue steroid levels against circulating steroid levels.
*p < 0.05, ***p < 0.001. Reprinted with permission from Taves et al. (2010).

total steroid levels in brain tissue are similar to or even lower than
total steroid levels in plasma, one cannot exclude the possibility
of local steroid synthesis on the basis of this observation alone.
Other forms of evidence (e.g., steroidogenic enzyme expression)
are useful for interpreting such a pattern of results.

To facilitate comparison of brain and circulating steroid levels,
it is extremely useful to present brain steroid concentrations and
circulating steroid concentrations in comparable units (e.g., ng/g
wet weight for brain, ng/ml for plasma or whole blood). Note that
1 ml of plasma or blood weighs very close to 1 g (Schmidt et al.,
2008; Taves et al., 2010). Some papers use different units for brain
steroid concentrations and plasma steroid concentrations (e.g.,
ng/mg protein for brain, nM for plasma). This practice complicates
the comparison of brain and plasma steroid concentrations.

COMPARING STEROID LEVELS IN DIFFERENT BRAIN REGIONS
Within an individual brain, a comparison of steroid levels in dif-
ferent regions can identify which regions are most active as steroid

producers or targets (von Schoultz et al., 1990; Toran-Allerand
et al., 2005; Little et al., 2008; Newman and Soma, 2009; Char-
lier et al., 2010). This is important in identifying region-specific
effects of experimental treatment. For example, if an experimen-
tal treatment elevates steroid levels in a specific brain region, but
not in other brain regions or circulating blood, this indicates local
steroid production (or accumulation) in that specific region (e.g.,
Little et al., 2008). Comparing steroid levels across brain regions
is somewhat more straightforward than comparing steroid levels
between brain and blood.

EFFECTS OF PERIPHERAL STEROIDS ON BRAIN STEROID LEVELS
Measurement of local steroid concentrations is also useful for
understanding the neural effects of systemic steroids (endogenous
or exogenous). It is generally assumed that increases in systemic
steroid levels result in concurrent increases in steroid levels in
target tissues, but this is not necessarily the case. For example,
in rats, a rise in plasma corticosterone is followed by a rise in
brain corticosterone (as measured by microdialysis), but surpris-
ingly only after a 20-min delay (Droste et al., 2008). Systemically
administered steroids may also be metabolized before reaching
the brain or within the brain itself (Edinger and Frye, 2004), and
some steroids are preferentially excluded from the brain via active
transport by P-glycoprotein in the blood–brain barrier (Karssen
et al., 2001). By measuring steroid levels in target tissues (such
as brain), researchers can test whether a systemic steroid treat-
ment results in locally elevated steroid levels, and whether local
steroid levels are within the physiological range. Furthermore, as
some protein-bound circulating steroids have minimal access to
the brain (Pardridge and Mietus, 1979), systemic steroid treat-
ments that result in supraphysiological levels in the blood may
produce only moderately elevated steroid levels in the brain (e.g.,
Amateau et al., 2004). Finally, note that systemically administered
steroids can regulate the synthesis of neurosteroids (e.g., Soma
et al., 2004).

INADVERTENT INDUCTION OF STEROIDOGENIC ENZYMES IN THE
BRAIN
Injuries to brain tissue can have rapid and enduring effects on
steroidogenic enzyme activities around the damaged brain tissue.
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FIGURE 4 |Theoretical comparison of circulating and tissue steroid

concentrations. (A) If the same amounts of steroid are present in equal
volumes of blood and brain, different interpretations can be made,
depending on how steroids are quantified in blood. In the circulation, the
vast majority of corticosterone is bound to corticosteroid-binding globulin
(CBG; Hammond, 1990). CBG-bound steroids have very limited access to
tissue and limited ability to cross the blood–brain barrier. (B) Corticosterone
concentrations in whole blood are approximately 50% of those in plasma
(Taves et al., 2010), and within plasma, the vast majority of corticosterone is
bound to CBG. In the above theoretical scenario, if whole blood
corticosterone is measured, then circulating levels appear identical to tissue
levels. If plasma total corticosterone is measured, then circulating levels
appear much higher than tissue levels. If plasma free corticosterone is
measured, then circulating levels appear much lower than tissue levels.
Thus, the use of whole blood steroid measurements or plasma free steroid
measurements is highly informative in addition to plasma total steroid
measurements.

For example, aromatase is expressed constitutively in avian and
mammalian neurons (Balthazart et al., 1993; Naftolin et al., 1996;
Saldanha et al., 2000), but neuropil perturbation, such as by
excitotoxicity (Azcoitia et al., 2001), penetrating injury (Garcia-
Segura et al., 1999; Peterson et al., 2001), or anoxia/ischemia
(Garcia-Segura et al., 2001), induces additional aromatase expres-
sion in astroglia around the site of primary damage (Saldanha
et al., 2010). This induction of aromatase occurs in hours and
lasts weeks (Wynne et al., 2008) or months post-injury (Garcia-
Segura et al., 2001). Importantly, this induction occurs in a
cell type that only expresses aromatase in vitro or following

damage to the brain (Schlinger et al., 1994; Zwain and Yen, 1999;
Saldanha et al., 2009). Thus, when experimental techniques that
cause physical damage of neural tissue are used, measured steroid
levels likely reflect a combination of constitutive and induced
estrogen levels. Such techniques could include brain slicing or
dissociation prior to tissue culture, microdialysis probe or can-
nula insertion, saline perfusion, or a delay between euthanasia
and brain freezing. Increases in brain estradiol levels occur within
minutes of insult (Saleh et al., 2004; Taves et al., 2010). Other
steroids might also be altered during routine tissue collection
procedures.

CONCLUSION AND FUTURE DIRECTIONS
Numerous studies have measured steroids in plasma or serum, and
many studies have examined steroidogenic enzyme expression in
the brain. However, far fewer studies have measured steroids in
the brain. For example, many more studies have measured aro-
matase than estradiol levels in the brain. However, measurement
of tissue steroid concentrations is critical to understanding the
numerous roles and regulation of steroid signaling molecules in
the brain. Such measurements involve tissue collection, steroid
extraction, and steroid separation and quantification. At each of
these steps, there are various methodological approaches that may
be used, and the selection of a particular approach necessitates
weighing the costs and benefits of each, with respect to the goals
of the particular experiment. If the results obtained with differ-
ent approaches converge to give the same conclusion, then this is
strong evidence for a given phenomenon. Thus, the use of various
methods within a laboratory or across different laboratories can
be useful.

Improvements in steroid extraction and detection are steadily
increasing our ability to measure extremely small quantities
of steroids (<0.5 pg of steroid in a sample). Improved mea-
surement sensitivity allows for techniques that measure steroids
in samples that are of minimal size (e.g., brain punch sam-
ples, smaller microdialysate samples, CSF samples from human
infants, tumor biopsies), which can improve the spatial and tem-
poral resolution of brain steroid measurements. Laser capture
microdissection gives excellent spatial specificity (de Kloet, 2006),
and improved assay sensitivity might permit use of this tech-
nique for steroid quantification in brain tissue. Similarly, in vivo
microdialysis provides temporal information about brain steroid
changes, and improved assay sensitivity will permit the use of
shorter dialysate collection windows, providing greater temporal
resolution.

In the future, other methods of measuring steroids in the brain
could be useful. For example, immunohistochemistry might allow
for even greater spatial information about steroids in the brain,
particularly at synapses. A few studies have quantified steroids via
immunohistochemistry using specific antibodies in fixed neural
and non-neural tissues (Dornhorst and Gann, 1978; Saalmann
et al., 2007; Tokuda et al., 2011). It is critical that the necessary
controls be run (e.g., pre-absorption controls, tissues lacking the
steroid of interest) to convincingly demonstrate the specificity of
antibody binding in sample tissues.

In addition to quantifying well-known steroids, future studies
will undoubtedly discover novel steroids, steroid conjugates,
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and steroid metabolites. GC/MS is especially suited for such
exploratory analyses (Krone et al., 2010). The need for
identification of novel steroids and steroid metabolites is well illus-
trated by the case of brain estradiol, whose downstream metab-
olism remains unclear (Cornil, 2009; Charlier et al., 2011). Note
that local steroid metabolism is likely to affect local steroid lev-
els (Jäntti et al., 2010; Charlier et al., 2011). Such studies, along
with improvements in steroid profiling and measurement sensi-
tivity, promise to provide a much more detailed understanding of
regional and cellular differences in steroid synthesis, action, and
metabolism in the brain.

ACKNOWLEDGMENTS
We thank Drs. T. D. Charlier, H. B. Fokidis, H. H. Adomat, and
K. L. Schmidt for comments on the manuscript and Drs. C. R.
Overk, S. E. Perez, and E. J. Mufson for providing mouse brain
samples. We also thank L. Bond, E. Ng, and Drs. L. Koren and K. E.
Wynne-Edwards for useful discussions. This work was supported
by grants from the Canadian Institutes of Health Research (CIHR)
and Michael Smith Foundation for Health Research (MSFHR) to
Kiran K. Soma, and from NIH (R01NS042767) to Colin J. Sal-
danha. Matthew D. Taves is a CIHR Canada Graduate Scholar and
Sarah A. Heimovics is a CIHR and MSFHR Postdoctoral Fellow.

REFERENCES
Alomary, A. A., Fitzgerald, R. I., and

Purdy, R. H. (2001). Neurosteroid
analysis. Int. Rev. Neurobiol. 46,
97–115.

Amateau, S. K., Alt, J. J., Stamps, C.
L., and McCarthy, M. M. (2004).
Brain estradiol content in newborn
rats: sex differences, regional hetero-
geneity, and possible de novo syn-
thesis by the female telencephalon.
Endocrinology 145, 2906–2917.

American Veterinary Medical Associa-
tion. (2007). AVMA Guidelines
on Euthanasia. Available at:
http://www.avma.org/issues/animal_
welfare/euthanasia.pdf

Appelblad, P., and Irgum, K. (2002).
Separation and detection of neu-
roactive steroids from biological
matrices. J. Chromatogr. A 955,
151–182.

Azcoitia, I., Sierra, A., Veiga, S., Honda,
S.-I., Harada, N., and Garcia-Segura,
L. M. (2001). Brain aromatase is
neuroprotective. J. Neurobiol. 47,
318–329.

Balthazart, J., Baillien, M., and Foidart,
A. (1993). Brain aromatase and the
control of male sexual behavior.
J. Steroid Biochem. Mol. Biol. 44,
521–540.

Balthazart, J., and Ball, G. F. (2006). Is
brain estradiol a hormone or a neu-
rotransmitter? Trends Neurosci. 29,
241–249.

Barbaccia, M. L., Roscetti, G., Trabuc-
chi, M., Mostallino, M. C., Con-
cas, A., Purdy, R. H., and Biggio, G.
(1996). Time-dependent changes in
rat brain neuroactive steroid con-
centrations and GABAA receptor
function after acute stress. Neuroen-
docrinology 63, 166–172.

Baulieu, E. E. (1998). Neurosteroids: a
novel function of the brain. Psy-
choneuroendocrinology 23, 963–987.

Bélanger, A., Couture, J., Caron, S.,
and Roy, R. (1990). Determination
of nonconjugated and conjugated
steroid levels in plasma and prostate
after separation on C-18 columns.
Ann. N. Y. Acad. Sci. 595, 251–259.

Breuner, C. W., and Orchinik, M.
(2002). Plasma binding proteins as
mediators of corticosteroid action
in vertebrates. J. Endocrinol. 175,
99–112.

Brummelte, S., Schmidt, K. L., Taves, M.
D., Soma, K. K., and Galea, L. A.
M. (2010). Elevated corticosterone
levels in stomach milk, serum, and
brain of male and female offspring
after maternal corticosterone treat-
ment in the rat. Dev. Neurobiol. 70,
714–725.

Bruzzone, F., Do Rego, J.-L., Luu-The,
V., Pelletier, G., Vallarino, M., and
Vaudry, H. (2010). Immunohisto-
chemical localization and biological
activity of 3β-hydroxysteroid dehy-
drogenase and 5α-reductase in the
brain of the frog, Rana esculenta,
during development. J. Chem. Neu-
roanat. 39, 35–50.

Butte, J. C., Kakihana, R., and Noble,
E. P. (1972). Rat and mouse brain
corticosterone. Endocrinology 90,
1091–1100.

Callard, G. V., Petro, Z., and Ryan, K.
J. (1978). Phylogenetic distribution
of aromatase and other androgen-
converting enzymes in the central
nervous system. Endocrinology 103,
2283–2291.

Caruso, D., Scurati, S., Maschi, O.,
De Angelis, L., Roglio, I., Giatti,
S., Garcia-Segura, L. M., and Mel-
cangi, R. C. (2008). Evaluation of
neuroactive steroid levels by liq-
uid chromatography–tandem mass
spectrometry in central and periph-
eral nervous system: effect of dia-
betes. Neurochem. Int. 52, 560–568.

Chao, A., Schlinger, B. A., and Remage-
Healey, L. (2011). Combined liquid
and solid-phase extraction improves
quantification of brain estrogen con-
tent. Front. Neuroanat. 5:57. doi:
10.3389/fnana.2011.00057

Chard, T. (1995). An Introduction
to Radioimmunoassay and Related
Techniques, 5th Edn. Amsterdam:
Elsevier.

Charlier, T. D., Newman, A. E. M.,
Heimovics, S. A., Po, K. W. L.,

Saldanha, C. J., and Soma, K. K.
(2011). Rapid effects of aggressive
interactions on aromatase activity
and oestradiol in discrete brain
regions of wild male white-crowned
sparrows. J. Neuroendocrinol. 23,
742–753.

Charlier, T. D., Po, K. W. L., New-
man, A. E. M., Shah, A. H.,
Saldanha, C. J., and Soma, K.
K. (2010). 17β-Estradiol levels in
male zebra finch brain: combining
Palkovits punch and an ultrasensi-
tive radioimmunoassay. Gen. Comp.
Endocrinol. 167, 18–26.

Charlier, T. D., Underhill, C., Ham-
mond, G. L., and Soma, K. K. (2009).
Effects of aggressive encounters on
plasma corticosteroid-binding glob-
ulin and its ligands in white-
crowned sparrows. Horm. Behav. 56,
339–347.

Chin, E. H., Shah, A. H., Schmidt, K.
L., Sheldon, L. D., Love, O. P., and
Soma, K. K. (2008). Sex differences
in DHEA and estradiol during devel-
opment in a wild songbird: jugu-
lar versus brachial plasma. Horm.
Behav. 54, 194–202.

Close, D. A., Yun, S.-S., McCormick,
S. D., Wildbill, A. J., and Li, W.
(2010). 11-Deoxycortisol is a corti-
costeroid hormone in the lamprey.
Proc. Natl. Acad. Sci. U.S.A. 107,
13942–13947.

Compagnone, N. A., and Mellon,
S. H. (2000). Neurosteroids:
biosynthesis and function of these
novel neuromodulators. Front.
Neuroendocrinol. 21:1–56. doi:
10.1006/frne.1999.0188

Concas, A., Porcu, P., Sogliano, C., Serra,
M., Purdy, R. H., and Biggio, G.
(2000). Caffeine-induced increases
in the brain and plasma concentra-
tions of neuroactive steroids in the
rat. Pharmacol. Biochem. Behav. 66,
39–45.

Cornil, C. A. (2009). Rapid regula-
tion of brain oestrogen synthesis: the
behavioural roles of oestrogens and
their fates. J. Neuroendocrinol. 21,
217–226.

Corpéchot, C., Robel, P., Axelson, M.,
Sjövall, J., and Baulieu, E.-E. (1981).
Characterization and measurement
of dehydroepiandrosterone sulfate
in rat brain. Proc. Natl. Acad. Sci.
U.S.A. 78, 4704–4707.

Croft, A. P., O’Callaghan, M. J., Shaw, S.
G., Connolly, G., Jacquot, C., and Lit-
tle, H. J. (2008). Effects of minor lab-
oratory procedures, adrenalectomy,
social defeat or acute alcohol on
regional brain concentrations of cor-
ticosterone. Brain Res. 1238, 12–22.

de Kloet, E. R. (2006). From punch
to profile. Neurochem. Res. 31,
131–135.

Diotel, N., Do Rego, J.-L., Anglade, I.,
Vaillant, C., Pellegrini, E., Gueguen,
M.-M., Mironov, S., Vaudry, H., and
Kah, O. (2011). Activity and expres-
sion of steroidogenic enzymes in
the brain of adult zebrafish. Eur. J.
Neurosci. 34, 45–56.

Diotel, N., Le Page, Y., Mouriec, K.,
Tong, S.-K., Pellegrini, E., Vail-
lant, C., Anglade, I., Brion, F.,
Pakdel, F., Chung, B.-C., and Kah,
O. (2010). Aromatase in the brain
of teleost fish: expression, regula-
tion and putative functions. Front.
Neuroendocrinol. 31:172–192. doi:
10.1016/j.yfrne.2010.01.003

Do Rego, J. L., Seong, J. Y., Burel, D.,
Leprince, J., Luu-The, V., Tsutsui,
K., Tonon, M.-C., Pelletier, G.,
and Vaudry, H. (2009). Neuros-
teroid biosynthesis: enzymatic
pathways and neuroendocrine
regulation by neurotransmitters
and neuropeptides. Front. Neu-
roendocrinol. 30:259–301. doi:
10.1016/j.yfrne.2009.05.006

Dornhorst, A., and Gann, D. S. (1978).
Immunoperoxidase stains cortisol in
adrenal and pituitary. J. Histochem.
Cytochem. 26, 909–913.

Droste, S. K., de Groote, L., Atkinson, H.
C., Lightman, S. L., Reul, J. M. H. M.,
and Linthorst, A. C. E. (2008). Cor-
ticosterone levels in the brain show
a distinct ultradian rhythm but a
delayed response to forced swim test.
Endocrinology 149, 3244–3253.

Frontiers in Endocrinology | Neuroendocrine Science September 2011 | Volume 2 | Article 39 | 31

http://www.avma.org/issues/animal_welfare/euthanasia.pdf
http://www.frontiersin.org/Endocrinology
http://www.frontiersin.org/Neuroendocrine_Science
http://www.frontiersin.org/Neuroendocrine_Science/archive


Taves et al. Brain steroid measurement

Ebner, M. J., Corol, D. I., Havlíková,
H., Honour, J. W., and Fry, J.
P. (2006). Identification of neu-
roactive steroids and their pre-
cursors and metabolites in adult
male rat brain. Endocrinology 147,
179–190.

Edinger, K. L., and Frye, C. A. (2004).
Testosterone’s analgesic, anxiolytic,
and cognitive-enhancing effects may
be due in part to actions of its
5α-reduced metabolites in the hip-
pocampus. Behav. Neurosci. 118,
1352–1364.

Forlano, P. M., Deitcher, D. L., Myers, D.
A., and Bass, A. H. (2001). Anatomi-
cal distribution and cellular basis for
high levels of aromatase activity in
the brain of teleost fish: aromatase
enzyme and mRNA expression iden-
tify glia as source. J. Neurosci. 21,
8943–8955.

Frye, C. A., Petralia, S. M., and Rhodes,
M. E. (2000). Estrous cycle and sex
differences in performance on anx-
iety tasks coincide with increases
in hippocampal progesterone and
3α,5α-THP. Pharmacol. Biochem.
Behav. 67, 587–596.

Garcia-Segura, L. M., Azcoitia, I., and
DonCarlos, L. L. (2001). Neuropro-
tection by estradiol. Prog. Neurobiol.
63, 29–60.

Garcia-Segura, L. M., Wozniak, A.,
Azcoitia, I., Rodriguez, J. R., Hutchi-
son, R. E., and Hutchison, J. B.
(1999). Aromatase expression by
astrocytes after brain injury: impli-
cations for local estrogen forma-
tion in brain repair. Neuroscience 89,
567–578.

Gomez-Sanchez, C. E., Zhou, M. Y.,
Cozza, E. N., Morita, H., Foeck-
ing, M. F., and Gomez-Sanchez, E.
P. (1997). Aldosterone biosynthesis
in the rat brain. Endocrinology 138,
3369–3373.

Gomez-Sanchez, E. P., Ahmad, N.,
Romero, D. G., and Gomez-Sanchez,
C. E. (2005). Is aldosterone syn-
thesized within the rat brain? Am.
J. Physiol. Endocrinol. Metab. 288,
E342–E346.

González-Gil, A., Silván, G., García-
Partida, P., and Illera, J. C. (2006).
Serum glucocorticoid concentra-
tions after halothane and isoflurane
anaesthesia in New Zealand white
rabbits. Vet. Rec. 159, 51–52.

Goodson, J. L., Saldanha, C. J., Hahn, T.
P., and Soma, K. K. (2005). Recent
advances in behavioral neuroen-
docrinology: insights from studies
on birds. Horm. Behav. 48, 461–473.

Griffiths,W. J., Jonsson,A. P., Liu, S., Rai,
D. K., and Wang, Y. (2001). Electro-
spray and tandem mass spectrome-
try in biochemistry. Biochem. J. 355,
545–561.

Guazzo, E. P., Kirkpatrick, P. J., Goodyer,
I. M., Shiers, H. M., and Herbert, J.
(1996). Cortisol, dehydroepiandros-
terone (DHEA), and DHEA sul-
fate in the cerebrospinal fluid of
man: relation to blood levels and
the effects of age. J. Clin. Endocrinol.
Metab. 81, 3951–3960.

Guo, T., Taylor, R. L., Singh, R. J.,
and Soldin, S. J. (2006). Simul-
taneous determination of 12
steroids by isotope dilution liquid
chromatography-photospray ion-
ization tandem mass spectrometry.
Clin. Chim. Acta 372, 76–82.

Hackbarth, H., Küppers, N., and
Bohnet, W. (2000). Euthanasia of
rats with carbon dioxide – ani-
mal welfare aspects. Lab. Anim. 34,
91–96.

Hammond, G. L. (1990). Molecular
properties of corticosteroid binding
globulin and the sex-steroid binding
proteins. Endocr. Rev. 11, 65–79.

Higashi, T. (2006). Trace determina-
tion of steroids causing age-related
diseases using LC/MS combined
with detection-oriented derivatiza-
tion. Chem. Pharm. Bull. (Tokyo) 54,
1479–1485.

Higashi, T., and Shimada, K. (2004).
Derivatization of neutral steroids to
enhance their detection characteris-
tics in liquid chromatography–mass
spectrometry. Anal. Bioanal. Chem.
378, 875–882.

Higashi, T., Takido, N., and Shi-
mada, K. (2005). Studies on neu-
rosteroids XVII. Analysis of stress-
induced changes in neurosteroid
levels in rat brains using liq-
uid chromatography–electron cap-
ture atmospheric pressure chemi-
cal ionization–mass spectrometry.
Steroids 70, 1–11.

Higo, S., Hojo, Y., Ishii, Y., Komat-
suzaki, Y., Ooishi, Y., Murakami,
G., Mukai, H., Yamazaki, T., Naka-
hara, D., Barron, A., Kimoto, T., and
Kawato, S. (2011). Endogenous syn-
thesis of corticosteroids in the hip-
pocampus. PLoS ONE 6, e21631.
doi: 10.1371/journal.pone.0021631

Hojo, Y., Hattori, T., Enami, T.,
Furukawa, A., Suzuki, K., Ishii, H.,
Mukai, H., Morrison, J. H., Janssen,
W. G. M., Kominami, S., Harada, N.,
Kimoto, T., and Kawato, S. (2004).
Adult male rat hippocampus synthe-
sizes estradiol from pregnenolone by
cytochromes P45017α and P450 aro-
matase localized in neurons. Proc.
Natl. Acad. Sci. U.S.A. 101, 865–870.

Hojo, Y., Higo, S., Ishii, H., Ooishi,
Y., Mukai, H., Murakami, G.,
Kominami, T., Kimoto, T., Honma,
S., Poirier, D., and Kawato, S.
(2009). Comparison between
hippocampus-synthesized and

circulation-derived sex steroids in
the hippocampus. Endocrinology
150, 5106–5112.

Holloway, C. C., and Clayton, D. F.
(2001). Estrogen synthesis in the
male brain triggers development of
the avian song control pathway in
vitro. Nat. Neurosci. 4, 170–175.

Holson, R. R. (1992). Euthanasia by
decapitation: evidence that this
technique produces prompt, pain-
less unconsciousness in laboratory
rodents. Neurotoxicol. Teratol. 14,
253–257.

Jäntti, S. E., Tammimäki, A., Raattamaa,
H., Piepponen, P., Kostiainen, R.,
and Ketola, R. A. (2010). Determina-
tion of steroids and their intact glu-
curonide conjugates in mouse brain
by capillary liquid chromatography-
tandem mass spectrometry. Anal.
Chem. 82, 3168–3175.

Karmarkar, S. W., Bottum, K. M., and
Tischkau, S. A. (2010). Considera-
tions for the use of anesthetics in
neurotoxicity studies. Comp. Med.
60, 256–262.

Karssen, A. M., Meijer, O. C., van der
Sandt, I. C. J., Lucassen, P. J., de
Lange,E. C. M.,de Boer,A. G., and de
Kloet, E. R. (2001). Multidrug resis-
tance P-glycoprotein hampers the
access of cortisol but not corticos-
terone to mouse and human brain.
Endocrinology 142, 2686–2694.

Kim, S.-B., Hill, M., Kwak, Y.-T.,
Hampl, R., Jo, D.-H., and Morfin,
R. (2003). Neurosteroids: cere-
brospinal fluid levels for Alzheimer’s
disease and vascular dementia diag-
nostics. J. Clin. Endocrinol. Metab.
88, 5199–5206.

Konkle, A. T. M., and McCarthy, M. M.
(2011). Developmental time course
of estradiol, testosterone, and dihy-
drotestosterone levels in discrete
regions of male and female rat brain.
Endocrinology 152, 223–235.

Korneyev, A. Y., Costa, E., and Guidotti,
A. (1993a). During anesthetic-
induced activation of the hypothal-
amic pituitary adrenal axis, blood-
borne steroids fail to contribute
to the anesthetic effect. Neuroen-
docrinology 57, 559–565.

Korneyev,A., Pan, B. S., Polo,A., Romeo,
E., Guidotti, A., and Costa, E.
(1993b). Stimulation of brain preg-
nenolone synthesis by mitochon-
drial diazepam binding inhibitor
receptor ligands in vivo. J. Neu-
rochem. 61, 1515–1524.

Kretz, O., Fester, L., Wehrenberg, U.,
Zhou, L., Brauckmann, S., Zhao, S.,
Prange-Kiel, J., Naumann, T., Jarry,
H., Frotscher, M., and Rune, G.
M. (2004). Hippocampal synapses
depend on hippocampal estrogen
synthesis. J. Neurosci. 24, 5913–5921.

Krone, N., Hughes, B. A., Lavery, G.
G., Steward, P. M., Arlt, W., and
Shackleton, C. H. L. (2010). Gas
chromatography/mass spectrometry
(GC/MS) remains a pre-eminent
discovery tool in clinical steroid
investigations even in the era of
fast liquid chromatography tandem
mass spectrometry (LC/MS/MS). J.
Steroid Biochem. Mol. Biol. 121,
496–504.

Lanthier, A., and Patwardhan, V. V.
(1987). Effect of heterosexual olfac-
tory and visual stimulation on 5-
en-3β-hydroxysteroids and proges-
terone in the male rat brain. J. Steroid
Biochem. 28, 697–701.

Le Goascogne, C., Robel, P., Goué-
zou, M., Sananès, N., Baulieu,
E.-E., and Waterman, M. (1987).
Neurosteroids: cytochrome P-
450scc in rat brain. Science 237,
1212–1215.

Liere, P., Akwa, Y., Weill-Engerer, S.,
Eychenne, B., Pianos, A., Robel,
P., Sjövall, J., Schumacher, M., and
Baulieu, E.-E. (2000). Validation of
an analytical procedure to measure
trace amounts of neurosteroids in
brain tissue by gas chromatography-
mass spectrometry. J. Chromatogr. B
739, 301–312.

Liere, P., Pianos, A., Eychenne, B., Cam-
bourg, A., Bodin, K., Griffiths, W.,
Schumacher, M., Baulieu, E.-E., and
Sjövall, J. (2009). Analysis of preg-
nenolone and dehydroepiandros-
terone in rodent brain: cholesterol
autoxidation is the key. J. Lipid. Res.
50, 2430–2444.

Liere, P., Pianos, A., Eychenne, B., Cam-
bourg, A., Liu, S., Griffiths, W., Schu-
macher, M., Sjövall, J., and Baulieu,
E.-E. (2004). Novel lipoidal deriv-
atives of pregnenolone and dehy-
droepiandrosterone and absence of
their sulfated counterparts in rodent
brain. J. Lipid Res. 45, 2287–2302.

Little, H. J., Croft, A. P., O’Callaghan,
M. J. O., Brooks, S. P., Wang, G.,
and Shaw, S. G. (2008). Selective
increases in regional brain glucocor-
ticoid: a novel effect of chronic alco-
hol. Neuroscience 156, 1017–1027.

Liu, S., Sjövall, J., and Griffiths, W. J.
(2003). Neurosteroids in rat brain:
extraction, isolation, and analysis by
nanoscale liquid chromatography-
electrospray mass spectrometry.
Anal. Chem. 75, 5835–5846.

London, S. E., Monks, D. A., Wade, J.,
and Schlinger, B. A. (2006). Wide-
spread capacity for steroid synthesis
in the avian brain and song system.
Endocrinology 147, 5975–5987.

MacLusky, N. J. (2009). Euthanasia
in endocrinology: The choices get
more complex. Endocrinology 150,
2505–2506.

www.frontiersin.org September 2011 | Volume 2 | Article 39 | 32

http://www.frontiersin.org
http://www.frontiersin.org/Neuroendocrine_Science/archive


Taves et al. Brain steroid measurement

Magariños, A. M., Ferrini, M.,
and De Nicola, A. F. (1989).
Corticosteroid receptors and
glucocorticoid content in microdis-
sected brain regions: correlative
aspects. Neuroendocrinology 50,
673–678.

Makin, H. L. J., and Gower, D. B(2010).
Steroid Analysis, 2nd Edn. Dor-
drecht: Springer.

Matsunaga, M., Ukena, K., Baulieu,
E.-E., and Tsutsui, K. (2004). 7α-
Hydroxypregnenolone acts as a neu-
ronal activator to stimulate locomo-
tor activity of breeding newts by
means of the dopaminergic system.
Proc. Natl. Acad. Sci. U.S.A. 101,
17282–17287.

Meffre, D., Pianos, A., Liere, P.,
Eychenne, B., Cambourg, A., Schu-
macher, M., Stein, D. G., and Guen-
noun, R. (2007). Steroid profil-
ing in brain and plasma of male
and pseudopregnant female rats
after traumatic brain injury: analy-
sis by gas chromatography/mass
spectrometry. Endocrinology 148,
2505–2517.

Mellon, S. H., and Griffin, L. D.
(2002). Neurosteroids: biochemistry
and clinical significance. Trends
Endocrinol. Metab. 13, 35–43.

Mensah-Nyagan, A. G., Feuilloley, M.,
Do-Rego, J. L., Marcual, A., Lange,
C., Tonon, M. C., Pelletier, G.,
and Vaudry, H. (1996). Localiza-
tion of 17β-hydroxysteroid dehy-
drogenase and characterization of
testosterone in the brain of the male
frog. Proc. Natl. Acad. Sci. U.S.A. 93,
1423–1428.

Mensah-Nyagan, A. G., Saredi, S., Scha-
effer, V., Kibaly, C., Meyer, L., Mel-
cangi, R. C., and Patte-Mensah, C.
(2008). Assessment of neuroactive
steroid formation in diabetic rat
spinal cord using high-performance
liquid chromatography and contin-
uous flow scintillation detection.
Neurochem. Int. 52, 554–559.

Munetsuna, E., Hojo, Y., Hattori, M.,
Ishii, H., Kawato, S., Ishida, A., Kom-
inami, S. A. J., and Yamazaki, T.
(2009). Retinoic acid stimulates 17β-
estradiol and testosterone synthesis
in rat hippocampal slice cultures.
Endocrinology 150, 4260–4269.

Murphy, E. J. (2010). Brain fixation
for analysis of brain lipid-mediators
of signal transduction and brain
eicosanoids requires head-focused
microwave irradiation: an histori-
cal perspective. Prostaglandins Other
Lipid Mediat. 91, 63–67.

Naftolin, F., Horvath, T. L., Jakab, R. L.,
Leranth, C., Harada, N., and Balthaz-
art, J. (1996). Aromatase immunore-
activity in axon terminals of the
vertebrate brain. Neuroendocrinol-
ogy 63, 149–155.

Newman,A. E. M., Chin, E. H., Schmidt,
K. L., Bond, L., Wynne-Edwards,
K. E., and Soma, K. K. (2008a).
Analysis of steroids in songbird
plasma and brain by coupling solid
phase extraction to radioimmunoas-
say. Gen. Comp. Endocrinol. 155,
503–510.

Newman, A. E. M., Pradhan, D. S.,
and Soma, K. K. (2008b). Dehy-
droepiandrosterone and corticos-
terone are regulated by season
and acute stress in a wild song-
bird: jugular versus brachial plasma.
Endocrinology 149, 2537–2545.

Newman, A. E. M., and Soma,
K. K. (2009). Corticosterone and
dehydroepiandrosterone in song-
bird plasma and brain: effects of sea-
son and acute stress. Eur. J. Neurosci.
29, 1905–1914.

Newman, A. E. M., and Soma, K. K.
(2011). Aggressive interactions dif-
ferentially modulate local and sys-
temic levels of corticosterone and
DHEA in a wild songbird. Horm.
Behav. 60, 389–396.

O’Callaghan, J. P., and Sriram,K. (2004).
Focused microwave irradiation of
the brain preserves in vivo protein
phosphorylation: comparison with
other methods of sacrifice and analy-
sis of multiple phosphoproteins. J.
Neurosci. Methods 135, 159–168.

Ocvirk, R., Bisson, J. M., and Murphy,
B. E. P. (2009). Alcohols which have
been in contact with any plastics
may interfere in radioimmunoassays
of progesterone. J. Steroid Biochem.
Mol. Biol. 113, 150–154.

Palkovits, M. (1973). Isolated removal
of hypothalamic or other brain
nuclei of the rat. Brain Res. 59,
449–450.

Pardridge, W. M., and Mietus, L. J.
(1979). Transport of steroid hor-
mones through the rat blood-brain
barrier. J. Clin. Invest. 64, 145–154.

Pesaresi, M., Maschi, O., Giatti, S.,
Garcia-Segura, L. M., Caruso, D.,
and Melcangi, R. C. (2010). Sex dif-
ferences in neuroactive steroid levels
in the nervous system of diabetic and
non-diabetic rats. Horm. Behav. 57,
46–55.

Peterson, R. S., Saldanha, C. J., and
Schlinger, B. A. (2001). Rapid
upregulation of aromatase mRNA
and protein following neural injury
in the zebra finch (Taeniopygia
guttata). J. Neuroendocrinol. 13,
317–323.

Pradhan, D. S., Lau, L. Y., Schmidt, K.
L., and Soma, K. K. (2010a). 3β-
HSD in songbird brain: subcellu-
lar localization and rapid regula-
tion by estradiol. J. Neurochem. 115,
667–675.

Pradhan, D. S., Newman, A. E. M.,
Wacker, D. W., Wingfield, J. C.,

Schlinger, B. A., and Soma, K.
K. (2010b). Aggressive interactions
rapidly increase androgen synthesis
in the brain during the non-breeding
season. Horm. Behav. 57, 381–389.

Pradhan, D. S., Yu, Y., and Soma, K. K.
(2008). Rapid estrogen regulation of
DHEA metabolism in the male and
female songbird brain. J. Neurochem.
104, 244–253.

Purdy, R. H., Morrow, A. L., Moore,
P. H., and Paul, S. M. (1991).
Stress-induced elevations of γ-
aminobutyric acid type A receptor-
active steroids in the rat brain.
Proc. Natl. Acad. Sci. U.S.A. 88,
4553–4557.

Rash, J. M., Jerkunica, I., and Sgoutas,
D. S. (1980). Lipid interference
in steroid radioimmunoassay. Clin.
Chem. 26, 84–88.

Reburn,C. J., and Wynne-Edwards,K. E.
(2000). Cortisol and prolactin con-
centrations during repeated blood
sample collection from freely mov-
ing, mouse-sized mammals (Phodo-
pus spp.). Comp. Med. 50, 184–198.

Remage-Healey, L., Maidment, N. T.,
and Schlinger, B. A. (2008). Fore-
brain steroid levels fluctuate rapidly
during social interactions. Nat. Neu-
rosci. 11, 1327–1334.

Rijn, C. M. v., Krijnen, H., Menting-
Hermeling, S., and Coenen, A. M. L.
(2011). Decapitation in rats: latency
to unconsciousness and the “wave of
death.” PLoS ONE 6, e16514. doi:
10.1371/journal.pone.0016514

Robb, D. B., Covey, T. R., and Bru-
ins, A. P. (2000). Atmospheric pres-
sure photoionization: an ionization
method for liquid chromatography–
mass spectrometry. Anal. Chem. 72,
3653–3659.

Robel, P., Corpéchot, C., and Baulieu,
E.-E. (1973). Testosterone and
androstanolone in rat plasma and
tissues. FEBS Lett. 33, 218–220.

Rosario, E. R., Chang, L., Stanczyk, F.
Z., and Pike, C. J. (2004). Age-related
testosterone depletion and the devel-
opment of Alzheimer disease. JAMA
292, 1431–1432.

Saalmann, Y. B., Kirkcaldie, M. T.
K., Waldron, S., and Calford, M.
B. (2007). Cellular distribution of
the GABAA receptor-modulating
3α-hydroxy, 5α-reduced pregnane
steroids in the adult rat brain. J.
Neuroendocrinol. 19, 272–284.

Sakamoto, H., Ukena, K., and Tsut-
sui, K. (2001a). Activity and
localization of 3β-hydroxysteroid
dehydrogenase/Δ5-Δ4-isomerase
in the zebrafish central nervous
system. J. Comp. Neurol. 439,
291–305.

Sakamoto, H., Ukena, K., and Tsutsui, K.
(2001b). Effects of progesterone syn-
thesized de novo in the developing

Purkinje cell on its dendritic growth
and synaptogenesis. J. Neurosci. 21,
6221–6232.

Saldanha, C. J., Duncan, K. A., and Wal-
ters, B. J. (2009). Neuroprotective
actions of brain aromatase. Front.
Neuroendocrinol. 30:106–118. doi:
10.1016/j.yfrne.2009.04.016

Saldanha, C. J., Remage-Healey, L.,
and Schlinger, B. A. (2011). Synap-
tocrine signaling: steroid synthesis
and action at the synapse. Endocr.
Rev. 32, 532–549.

Saldanha, C. J., and Schlinger, B.
A. (1997). Estrogen synthesis
and secretion in the brown-
headed cowbird (Molothrus ater).
Gen. Comp. Endocrinol. 105,
390–401.

Saldanha, C. J., Tuerk, M. J., Kim, Y.-
H., Fernandes, A. O., Arnold, A. P.,
and Schlinger, B. A. (2000). Dis-
tribution and regulation of telen-
cephalic aromatase expression in the
zebra finch revealed with a spe-
cific antibody. J. Comp. Neurol. 423,
619–630.

Saldanha, C. J., Walters, B. J., and
Fraley, G. S. (2010). Neurons
that co-localize aromatase- and
kisspeptin-like immunoreactivity
may regulate the HPG axis of the
Mallard drake (Anas platyrhyn-
chos). Gen. Comp. Endocrinol. 166,
606–613.

Saleh, T. M., Connell, B. J., Legge, C., and
Cribb, A. E. (2004). Stroke-induced
changes in estrogen release and neu-
ronal activity in the parabrachial
nucleus of the male rat. J. Stroke
Cerebrovasc. Dis. 13, 24–34.

Santa, T. (2011). Derivatization
reagents in liquid chromatog-
raphy/electrospray ionization
tandem mass spectrometry. Biomed.
Chromatogr. 25, 1–10.

Schlinger, B. A., Amur-Umarjee, S.,
Shen, P., Campagnoni, A. T., and
Arnold, A. P. (1994). Neuronal
and non-neuronal aromatase in pri-
mary cultures of developing zebra
finch telencephalon. J. Neurosci. 14,
7541–7552.

Schlinger, B. A., and Arnold, A. P.
(1992). Circulating estrogens in a
male songbird originate in the brain.
Proc. Natl. Acad. Sci. U.S.A. 89,
7650–7653.

Schlinger, B. A., and Arnold, A. P.
(1993). Estrogen synthesis in vivo
in the adult zebra finch: additional
evidence that circulating estrogens
can originate in brain. Endocrinology
133, 2610–2616.

Schmidt, K. L., Pradhan, D. S., Shah, A.
H., Charlier, T. D., Chin, E. H., and
Soma, K. K. (2008). Neurosteroids,
immunosteroids, and the Balkaniza-
tion of endocrinology. Gen. Comp.
Endocrinol. 157, 266–274.

Frontiers in Endocrinology | Neuroendocrine Science September 2011 | Volume 2 | Article 39 | 33

http://www.frontiersin.org/Endocrinology
http://www.frontiersin.org/Neuroendocrine_Science
http://www.frontiersin.org/Neuroendocrine_Science/archive


Taves et al. Brain steroid measurement

Schmidt, K. L., and Soma, K. K. (2008).
Cortisol and corticosterone in the
songbird immune and nervous sys-
tems: local vs. systemic levels during
development. Am. J. Physiol. Regul.
Integr. Comp. Physiol. 295, R103–
R110.

Schumacher, M., Liere, P., Akwa,
Y., Rajkowski, K., Griffiths, W.,
Bodin, K., Sjövall, J., and Baulieu,
E.-E. (2008). Pregnenolone sul-
fate in the brain: a controversial
neurosteroid. Neurochem. Int. 52,
522–540.

Scott, A. P., and Ellis, T. (2007). Mea-
surement of fish steroids in water—a
review. Gen. Comp. Endocrinol. 153,
392–400.

Soldin, S. J., and Soldin, O. P. (2009).
Steroid hormone analysis by tandem
mass spectrometry. Clin. Chem. 55,
1061–1066.

Soma, K. K. (2006). Testosterone
and aggression: Berthold, birds and
beyond. J. Neuroendocrinol. 18,
543–551.

Soma, K. K., Alday, N. A., Hau,
M., and Schlinger, B. A. (2004).
Dehydroepiandrosterone metab-
olism by 3ß-hydroxysteroid
dehydrogenase/Δ5-Δ4 isomerase
in adult zebra finch brain: sex
differences and rapid effect of stress.
Endocrinology 145, 1668–1677.

Soma, K. K., Scotti, M.-A., New-
man, A. E. M., Charlier, T. D.,
and Demas, G. E. (2008). Novel
mechanisms for neuroendocrine
regulation of aggression. Front.
Neuroendocrinol. 29:476–489. doi:
10.1016/j.yfrne.2007.12.003

Soma, K. K., Sinchak, K., Lakhter, A.,
Schlinger, B. A., and Micevych, P.
E. (2005). Neurosteroids and female
reproduction: estrogen increases 3β-
HSD mRNA and activity in rat
hypothalamus. Endocrinology 146,
4386–4390.

Soma, K. K., and Wingfield, J. C.
(2001). Dehydroepiandrosterone in

songbird plasma: seasonal regula-
tion and relationship to territorial
aggression. Gen. Comp. Endocrinol.
123, 144–155.

Sorrells, S. F., and Sapolsky, R. M.
(2009). The stressed CNS: when glu-
cocorticoids aggravate inflamma-
tion. Neuron 64, 33–39.

Stanczyk, F. Z., and Clarke, N. J. (2010).
Advantages and challenges of mass
spectrometry assays for steroid hor-
mones. J. Steroid Biochem. Mol. Biol.
121, 491–495.

Stoffel-Wagner, B. (2001). Neurosteroid
metabolism in the human brain. Eur.
J. Endocrinol. 145, 669–679.

Takase, M., Ukena, K., Yamazaki,
T., Kominami, S., and Tsutsui,
K. (1999). Pregnenolone, preg-
nenolone sulfate, and cytochrome
P450 side-chain cleavage enzyme
in the amphibian brain and their
seasonal changes. Endocrinology
1936–1944.

Taves, M. D., Gomez-Sanchez, C. E.,
and Soma, K. K. (2011). Extra-
adrenal glucocorticoids and miner-
alocorticoids: evidence for local syn-
thesis, regulation, and function. Am.
J. Physiol. Endocrinol. Metab. 301,
E11–E24.

Taves, M. D., Schmidt, K. L., Ruhr, I.
M., Kapusta, K., Prior, N. H., and
Soma, K. K. (2010). Steroid concen-
trations in plasma, whole blood and
brain: effects of saline perfusion to
remove blood contamination from
brain. PLoS ONE 5, e15727. doi:
10.1371/journal.pone.0015727

Telepchak, M. J., August, T. F., and
Chaney, G. (2004). Forensic and
Clinical Applications of Solid Phase
Extraction. Totowa: Humana.

Tokuda, K., Izumi, Y., and Zorumski,
C. F. (2011). Ethanol enhances
neurosteroidogenesis in hip-
pocampal pyramidal neurons
by paradoxical NMDA recep-
tor activation. J. Neurosci. 31,
9905–9909.

Toran-Allerand, C. D., Tinnikov, A.
A., Singh, R. J., and Nethrapalli, I.
S. (2005). 17α-Estradiol: a brain-
active estrogen? Endocrinology 146,
3843–3850.

Tsutsui, K., Ukena, K., Usui, M.,
Sakamoto, H., and Takase, M.
(2000). Novel brain function:
biosynthesis and actions of neuros-
teroids in neurons. Neurosci. Res. 36,
261–273.

Vallée, M., Rivera, J. D., Koob, G.
F., Purdy, R. H., and Fitzger-
ald, R. L. (2000). Quantification
of neurosteroids in rat plasma
and brain following swim stress
and allopregnanolone administra-
tion using negative chemical ion-
ization gas chromatography/mass
spectrometry. Anal. Biochem. 287,
153–166.

von Schoultz, E., Bixo, M., Bäckström,
T., Silfvenius, H., Wilking, N., and
Henriksson, R. (1990). Sex steroids
in human brain tumors and breast
cancer. Cancer 65, 949–952.

Wang, M.-D., Wahlström, G., and
Bäckström, T. (1997). The regional
brain distribution of the neuros-
teroids pregnenolone and preg-
nenolone sulfate following intra-
venous infusion. J. Steroid Biochem.
Mol. Biol. 62, 299–306.

Wang, Y., Karu, K., and Griffiths, W. J.
(2007). Analysis of neurosterols and
neurosteroids by mass spectrometry.
Biochimie 89, 182–191.

Washburn, B. E., Morris, D. L.,
Millspaugh, J. J., Faaborg, J., and
Schulz, J. H. (2002). Using a com-
mercially available radioimmunoas-
say to quantify corticosterone in
avian plasma. Condor 104, 558.

Wingfield, J. C., and Farner, D. S.
(1975). The determination of five
steroids in avian plasma by radioim-
munoassay and competitive protein-
binding. Steroids 26, 311–321.

Wong, S., Dykstra, M., Campbell, J. M.,
and Earley, R. L. (2008). Measuring

water-borne cortisol in convict cich-
lids (Amatitlania nigrofasciata): is
the procedure a stressor? Behaviour
145, 1283–1305.

Wynne, R. D., Walters, B. J., Bailey, D.
J., and Saldanha, C. J. (2008). Inhi-
bition of injury-induced glial aro-
matase reveals a wave of secondary
degeneration in the songbird brain.
Glia 56, 97–105.

Yu, L., Romero, D. G., Gomez-Sanchez,
C. E., and Gomez-Sanchez, E. P.
(2002). Steroidogenic enzyme gene
expression in the human brain. Mol.
Cell. Endocrinol. 190, 9–17.

Zwain, I. H., and Yen, S. S. C. (1999).
Neurosteroidogenesis in astrocytes,
oligodendrocytes, and neurons
of cerebral cortex of rat brain.
Endocrinology 140, 3843–3852.

Conflict of Interest Statement: The
authors declare that the research was
conducted in the absence of any
commercial or financial relationships
that could be construed as a potential
conflict of interest.

Received: 10 July 2011; paper pending
published: 03 August 2011; accepted: 06
September 2011; published online: 26
September 2011.
Citation: Taves MD, Ma C, Heimovics
SA, Saldanha CJ and Soma KK (2011)
Measurement of steroid concentrations
in brain tissue: methodological consid-
erations. Front. Endocrin. 2:39. doi:
10.3389/fendo.2011.00039
This article was submitted to Frontiers
in Neuroendocrine Science, a specialty of
Frontiers in Endocrinology.
Copyright © 2011 Taves, Ma, Heimovics,
Saldanha and Soma. This is an open-
access article subject to a non-exclusive
license between the authors and Frontiers
Media SA, which permits use, distribu-
tion and reproduction in other forums,
provided the original authors and source
are credited and other Frontiers condi-
tions are complied with.

www.frontiersin.org September 2011 | Volume 2 | Article 39 | 34

http://dx.doi.org/10.3389/fendo.2011.00039
http://www.frontiersin.org
http://www.frontiersin.org/Neuroendocrine_Science/archive


REVIEW ARTICLE
published: 30 November 2011

doi: 10.3389/fendo.2011.00079

Neurosteroid biosynthesis in the brain of amphibians
Hubert Vaudry 1*, Jean-Luc Do Rego1, Delphine Burel 1,Van Luu-The2, Georges Pelletier 2, David Vaudry 1 and
KazuyoshiTsutsui 3

1 Laboratory of Neuronal and Neuroendocrine Differentiation and Communication, INSERM U982, European Institute for Peptide Research, IFRMP23, Regional
Platform for Cell Imaging, PRIMACEN, University of Rouen, Mont-Saint-Aignan, France

2 Research Center in Molecular Endocrinology, Oncology and Genetics, Laval University Hospital Center, Québec, QC, Canada
3 Laboratory of Integrative Brain Science, Department of Biology, Center for Medical Life Science of Waseda University, Waseda University, Tokyo, Japan

Edited by:
Eric W. Roubos, Radboud University
Nijmegen, Netherlands

Reviewed by:
Maria M. Malagon, University of
Cordoba, Spain
Mauro Vallarino, University of Genova,
Italy
María Jesús Delgado, Complutense
University of Madrid, St. Helena

*Correspondence:
Hubert Vaudry , Laboratory of
Neuronal and Neuroendocrine
Differentiation and Communication
(INSERM U982), European Institute
for Peptide Research (IFRMP23),
International Associated Laboratory
Samuel de Champlain, Regional
Platform for Cell Imaging
(PRIMACEN), University of Rouen,
76821 Mont-Saint-Aignan, France.
e-mail: hubert.vaudry@univ-rouen.fr

Amphibians have been widely used to investigate the synthesis of biologically active
steroids in the brain and the regulation of neurosteroid production by neurotransmitters
and neuropeptides. The aim of the present review is to summarize the current knowl-
edge regarding the neuroanatomical distribution and biochemical activity of steroidogenic
enzymes in the brain of anurans and urodeles. The data accumulated over the past two
decades demonstrate that discrete populations of neurons and/or glial cells in the frog
and newt brains express the major steroidogenic enzymes and are able to synthesize de
novo a number of neurosteroids from cholesterol/pregnenolone. Since neurosteroidogen-
esis has been conserved during evolution from amphibians to mammals, it appears that
neurosteroids must play important physiological functions in the central nervous system
of vertebrates.

Keywords: neurosteroids, amphibians, steroidogenic enzymes, brain

INTRODUCTION
Steroid hormones play a crucial role in the development, growth,
and differentiation of the central nervous system (CNS; McEwen,
1992; Compagnone and Mellon, 2000; Sakamoto et al., 2001;
Karishma and Herbert, 2002; Wang et al., 2005; Lazaridis et al.,
2011). Because of their lipophilic nature, circulating steroids
can readily cross the blood–brain barrier, and it has long been
assumed that the adrenal gland, gonads, and placenta were the
sole sources of steroid hormones acting on the brain. However,
in the early 1980s, Baulieu, Robel, and co-workers made a series
of seminal observations which revealed that this view was not
correct. They initially found that the concentrations of several
steroids, including pregnenolone (Δ5P), dehydroepiandrosterone
(DHEA), and their sulfate esters, were much higher in the cen-
tral and peripheral nervous systems than in the plasma (Cor-
péchot et al., 1981, 1983). They then reported that the level
of certain brain steroids remained elevated after adrenalectomy
and castration, and that ACTH treatment, although increasing
plasma Δ5P level, did not affect Δ5P concentration in brain
tissue (Corpéchot et al., 1981, 1983; Robel and Baulieu, 1985;
Cheney et al., 1995). These observations led them to hypothesize
that the brain had the capability of synthesizing de novo biolog-
ically active steroids. In support of this hypothesis, the presence
of steroidogenic enzymes has now been visualized by immuno-
histochemistry and in situ hybridization, either in neurons or
in glial cells, in the brain of various representative vertebrate

species, and the occurrence of the corresponding enzymatic
activities has been ascertained through biochemical approaches
(Mensah-Nyagan et al., 1999; Tsutsui et al., 1999; Compagnone
and Mellon, 2000; Mellon and Vaudry, 2001; Do Rego et al.,
2009).

Concurrently, it has been shown that brain-born steroids
(now called neurosteroids) exert pleiotropic activities in the CNS.
Neurosteroids act either via conventional nuclear receptors or
via allosteric modulation of membrane receptors, e.g., GABAA,
glycine, NMDA, kainate, AMPA, sigma, nicotinic, muscarinic, and
serotonergic receptors (Majewska, 1992; Belelli and Lambert, 2005;
Belelli et al., 2006; Herd et al., 2007).

The amphibian brain is a very convenient model to study neu-
rosteroidogenesis. Firstly, most enzymes of the steroidogenic path-
ways are expressed in the CNS of amphibians. Secondly, the activity
of the steroidogenic enzymes in the brain of amphibians is very
high, thus making it possible to investigate the effects of inhibitory
factors regulating neurosteroidogenesis. Thirdly, because of its rel-
atively small size, the brain of amphibians is particularly suitable
for studying the neuroanatomical distribution of neurosteroid-
producing cells. The present report summarizes the current
knowledge concerning the occurrence, distribution, and biolog-
ical activity of steroidogenic enzymes in the brain of amphibians.
A companion paper describes the neuronal mechanisms involved
in the regulation of neurosteroidogenesis in amphibians (Do Rego
et al., submitted).
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TRANSLOCATOR PROTEIN
Translocator protein (TSPO) is an 18-kDa protein that is part
of the peripheral benzodiazepine receptor complex (Papadopou-
los et al., 2006). TSPO, which is primarily located on the outer
mitochondrial membrane, binds with high affinity cholesterol and
enhances its translocation to the inner mitochondrial membrane
(Papadopoulos et al., 1997; Rupprecht et al., 2009). In the brain of
the European green frog Rana esculenta, the distribution of TSPO
has been determined by immunohistochemistry using polyclonal
antibodies against a synthetic fragment of the human protein (Oke
et al., 1992). TSPO-immunoreactive cells are located in several
nuclei of the telencephalon and diencephalon including the ante-
rior commissure, the lateral and medial pallium, the lateral septum,
the medial amygdala, the anterior preoptic area, the dorsal hypo-
thalamic nucleus, the posterior tuberculum, the suprachiasmatic
nucleus, and the ventral habenular nucleus (Do Rego et al., 1998).
Interestingly, in several of these nuclei, TSPO is co-localized with
the steroidogenic enzyme 3β-hydroxysteroid dehydrogenase (3β-
HSD) supporting the involvement of TSPO in the biosynthesis of
neurosteroids in the frog brain (Do Rego et al., 1998).

STEROID ACUTE REGULATORY PROTEIN
Steroid acute regulatory protein (StAR) is a 30-kDa protein that
plays a major role in the transfer of cholesterol from the outer to
the inner membrane of mitochondria (Stocco, 2001). StAR mRNA
is actively expressed in the brain of mammals including human

(Furukawa et al., 1998; Inoue et al., 2002). In the human frontal
cortex, immunohistochemical studies have shown that StAR and
cytochrome P450 side-chain cleavage (P450scc) co-exist in a dis-
crete population of neurons. The expression of the StAR gene has
also been evidenced in the brain of birds (London et al., 2006) and
fish (Nunez et al., 2005; Lyssimachou and Arukwe, 2007; Arukwe,
2008; Kusakabe et al., 2009). However, up to now, the occurrence
of StAR has not yet been investigated in the frog brain (Do Rego
et al., 2009).

CYTOCHROME P450 SIDE-CHAIN CLEAVAGE
Cytochrome P450scc (CYP11A1), a member of the cytochrome
P450 superfamily of enzymes, is located on the inner mitochon-
drial membrane (Farkash et al., 1986). P450scc is a rate-limiting
and hormonally regulated enzyme that catalyzes the conversion
of cholesterol into Δ5P, the universal precursor of all steroid hor-
mones (Guo et al., 2007; Lavoie and King, 2009; Figure 1). P450scc

was the first steroidogenic enzyme whose presence was detected in
the CNS (Le Goascogne et al., 1987). Since then, the occurrence of
P450scc has been reported in the brain of rodents (Compagnone
et al., 1995a; Ukena et al., 1998; Kimoto et al., 2001) and pri-
mates (Le Goascogne et al., 1989) as well as in birds (Tsutsui
and Yamazaki, 1995; Usui et al., 1995; Lea et al., 2001; London
et al., 2006). In amphibians, the localization of P450scc has been
described in both anurans and urodeles. In the clawed toad Xeno-
pus laevis and the frog Rana nigromaculata, P450scc is particularly

FIGURE 1 | Biochemical pathways for the synthesis of neurosteroids. The
color code is the same as that used in Figures 2–6. Abbreviations for steroids:
B, corticosterone; C, cholesterol; CS, cholesterol sulfate; Δ4,
androstenedione; Δ5P, pregnenolone; Δ5PS, pregnenolone sulfate; DHEA,
dehydroepiandrosterone; DHEAS, dehydroepiandrosterone sulfate; DHDOC,
dihydrodeoxycorticosterone; DHP, dihydroprogesterone; DHT,
dihydrotestosterone; E1, estrone; E2, estradiol; P, progesterone; T,
testosterone; THDOC, tetrahydrodeoxycorticosterone; THP,
tetrahydroprogesterone; 3α-diol, androstanediol; 7α-OH-Δ5P,
7α-hydroxypregnenolone; 7α-OH-DHEA, 7α-hydroxydehydroepiandrosterone;

11-DOC, 11-deoxycorticosterone; 17OH-Δ5P, 17-hydroxypregnenolone; 17OH-P,
17-hydroxyprogesterone. Abbreviations for enzymes: AKR1C,
3α-hydroxysteroid dehydrogenase; CYP7A1, oxysterol 7α-hydroxylase
(cytochrome P4507α); CYP11A1, cytochrome P450 side-chain cleavage;
CYP11B1, 11β-hydroxylase (cytochrome P450C11); CYP17A1, cytochrome
P450 17α-hydroxylase/C17, 20-lyase; CYP19A1, cytochrome P450 aromatase;
CYP21, 21-hydroxylase (P450C21); HSD3B, 3β-hydroxysteroid
dehydrogenase/Δ5-Δ4 isomerase; HSD17B, 17β-hydroxysteroid
dehydrogenase; SRD5A, 5α-reductase; STS, sulfatase; SULT 2, hydroxysteroid
sulfotransferase.
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abundant in the ventral hypothalamic nucleus and the medial pal-
lium (Takase et al.,1999). P450scc-immunoreactivity is also present
in the anterior preoptic area, the dorsal and lateral pallium, the
dorsal striatum, the ventral part of the magnocellular preoptic
nucleus, the optic tectum, the pretectal gray, Purkinje cells in the
cerebellum, and lamina six (Takase et al., 1999). In R. esculenta,
P450scc-immunoreactivity is found in both neurons and glial cells
(unpublished observations). The fact that the concentrations of
Δ5P in the brain of X. laevis (Takase et al., 1999), R. esculenta
(Mensah-Nyagan et al., 1994), and the red-bellied newt Cynops
pyrrhogaster (Inai et al., 2003) are higher than in the plasma and
even the gonads suggests that the P450scc-immunoreactive protein
detected in the brain of these amphibian species actually corre-
sponds to a biologically active form of the enzyme. In support
of this hypothesis, a recent study has shown the conversion of
cholesterol into Δ5P in the newt brain (Takase et al., 2011).

3β-HYDROXYSTEROID DEHYDROGENASE
3β-Hydroxysteroid dehydrogenase/Δ4-Δ5 isomerase (3β-HSD;
HSD3B) is a membrane bound enzyme that catalyzes the conver-
sion of Δ5-3β-hydroxysteroids into Δ4-3-ketosteroids (Figure 1).
This enzyme is thus essential for the biosynthesis of all classes
of steroid hormones including progesterone (P), glucocorticoids,
mineralocorticoids, androgens, and estrogens (Payne and Hales,
2004; Simard et al., 2005). The existence of 3β-HSD mRNA and/or
protein has been documented in the brain of mammals (Dupont
et al., 1994; Guennoun et al.,1995; Sanne and Krueger,1995; Ukena
et al., 1999a) and birds (Ukena et al., 1999b, 2001). In amphibians,
the neuroanatomical distribution of 3β-HSD immunoreactivity
has been described in the CNS of R. esculenta (Mensah-Nyagan
et al., 1994) and C. pyrrhogaster (Inai et al., 2003). In adult frog,
3β-HSD-containing neurons are exclusively located in the dien-
cephalon, namely in the anterior preoptic area and the dorsal
and ventral hypothalamic nuclei (Figure 2). These neurons send
projections in the telencephalon, notably in the nucleus accum-
bens, and in various nuclei of the diencephalon (Mensah-Nyagan
et al., 1994). During early development (stages IV–XII), intense
3β-HSD immunoreactivity is found in the dorsal part of the
anterior olfactory nucleus (Bruzzone et al., 2010). The concen-
tration of P in the frog hypothalamus is about 200-fold higher
than in the plasma (Mensah-Nyagan et al., 1994). Likewise, in
the brain of the toad X. laevis and the newt C. pyrrhogaster, P
levels are higher than in the plasma and gonads (Takase et al.,
1999; Inai et al., 2003) suggesting that brain P does not originate
from steroidogenic glands. Consistent with this notion, incubation
of frog hypothalamic explants or newt brain homogenates with
tritiated pregnenolone ([3H]Δ5P) yields to the formation of vari-
ous newly synthesized steroids including [3H]P (Mensah-Nyagan
et al., 1994; Inai et al., 2003). Taken together, these observations
indicate that 3β-HSD immunoreactivity detected in the brain of
amphibians is biologically active.

CYTOCHROME P4507α
Cytochrome P4507α (P4507α; CYP7A1) is a microsomal enzyme
with broad substrate specificity for sterol metabolites (Gilardi
et al., 2007; Norlin and Wikvall, 2007; Figure 1). One of the

FIGURE 2 | Schematic parasagittal section depicting the distribution of

3β-hydroxysteroid dehydrogenase (3β-HSD)-immunoreactive cell

bodies (stars) and fibers (dots) in the central nervous system of Rana
esculenta (Mensah-Nyagan et al., 1994). The anatomical structures are
designated according to the nomenclature of Northcutt and Kicliter (1980)
and Neary and Northcutt (1983). C, cerebellum; CP, corpus geniculatum
thalamicum; Hyp, hypothalamus; NPv, nucleus of the periventricular organ;
OB, olfactory bulb; OC, optic chiasma; OT, optic tectum; Pal, pallium; Poa,
anterior preoptic area; Pdis, pars distalis; PI, pars intermedia; PN, pars
nervosa; Rh, rhombencephalon; Sep, septum; Teg, tegmental nuclei; TP,
posterior tuberculum.

isoforms of P4507α, CYP7B, is expressed in the brain of mam-
mals (Stapleton et al., 1995) and birds (Tsutsui et al., 2008).
The first evidence for the presence of P4507α in the brain of
amphibians was provided by Matsunaga et al. (2004) who showed
that the brain of the newt C. pyrrhogaster actively converts
[3H]Δ5P into tritiated 7α-hydroxypregnenolone ([3H]7α-OH-
Δ5P). Subsequently, CYP7B was cloned from the newt brain
confirming the occurrence of P4507α in the CNS of amphibians
(Haraguchi et al., 2010). Newt CYP7B-transfected COS-7 cells
can catalyze the conversion of [3H]Δ5P into [3H]7α-OH-Δ5P,
and the enzymatic activity is blocked by the cytochrome P450
inhibitor ketoconazole (Haraguchi et al., 2010). In the newt brain,
CYP7B-immunoreactive cells are primarily located in the ante-
rior preoptic area, the magnocellular preoptic nucleus, and the
tegmental area. Immunoreactive cells are also found in the lateral
and dorsal pallium, the suprachiasmatic nucleus, the ventral hypo-
thalamic nucleus, and the tectum mesencephali (Haraguchi et al.,
2010). Recent studies have shown that the synthesis of 7α-OH-Δ5P
in the newt brain undergoes marked diurnal and seasonal varia-
tions in parallel with changes in locomotor activity (Matsunaga
et al., 2004; Tsutsui et al., 2008, 2010a,b; Haraguchi et al., 2009;
Koyama et al., 2009). The observation that 7α-OH-Δ5P biosyn-
thesis in the newt brain is stimulated by melatonin (Tsutsui et al.,
2010a) and prolactin (Haraguchi et al., 2010) strongly suggests
that these two factors are responsible, respectively, for the diurnal
and seasonal variations in 7α-OH-Δ5P formation. The functional
significance of 7α-OH-Δ5P in the control of locomotor activity is
discussed in a companion paper (Haraguchi et al., 2011).

CYTOCHROME P450 17α-HYDROXYLASE/C17,20-LYASE
The microsomal enzyme cytochrome P450 17α-hydroxylase/C17,
20-lyase (P450C17; CYP17A1) possesses 17α-hydroxylase activity
and can thus convert Δ5P into 17-hydroxypregnenolone (17OH-
Δ5P) and P into 17-hydroxyprogesterone (17OH-P; Figure 1).
P450C17 also possesses 17,20-lyase activity and can thus con-
vert 17OH-Δ5P into DHEA and 17OH-P into androstenedione
(Δ4; Miller, 2008; Figure 1). The search for the existence of
P450C17 in the brain of mammals has led to controversial results
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(Le Goascogne et al., 1991; Mellon and Deschepper, 1993; Com-
pagnone et al., 1995b; Yamada et al., 1997; Hojo et al., 2004).
In contrast, the occurrence of P450C17 has been unequivocally
demonstrated in the CNS of birds (Matsunaga et al., 2001) and
amphibians (Do Rego et al., 2007). In R. esculenta, P450C17

immunoreactivity is essentially located in neurons, notably in
the diencephalon, but a few P450C17-positive glial cells are also
observed in the mesencephalon (Do Rego et al., 2007). Thus, a
dense accumulation of P450C17-immunoreactive neurons is found
in the anterior preoptic area, the ventral hypothalamic nuclei, the
magnocellular nuclei, the posterior tuberculum, the habenular
nuclei, and the nucleus of the periventricular organ. P450C17-
positive neurons are also present in the olfactory bulb, the lateral
amygdala and the medial pallium (Do Rego et al., 2007; Figure 3).
Frog hypothalamic explants are capable of converting [3H]Δ5P
into C2117-hydroxysteroids and C19 ketosteroids such as 17OH-
Δ5P, 17OH-P, DHEA, and Δ4 (Do Rego et al., 2007) indicating that
CYP17 expressed in the brain of amphibians actually possesses
17α-hydroxylase and C17–20-lyase activities.

5α-REDUCTASE
3-Oxo-5α-steroid 4-dehydrogenase, more commonly termed 5α-
reductase (5α-R; SRD5A), is a microsomal enzyme that catalyzes
the conversion of P to dihydroprogesterone (DHP) and the con-
version of testosterone (T) to dihydrotestosterone (DHT; Russell
and Wilson, 1994; Figure 1). In the brain, 5α-R is involved in
the biosynthetic pathway of 3α, 5α-tetrahydroprogesterone (THP)
also called allopregnanolone, a potent allosteric modulator of the
GABAA receptor. 5α-R is also responsible for the formation of
the potent androgen DHT. The occurrence of 5α-reductase in
the brain of mammals, including humans, has long been docu-
mented (Saitoh et al., 1982; Pelletier et al., 1994; Melcangi et al.,
1998; Torres and Ortega, 2003). In amphibians, the ontogeny
of 5α-reductase has been recently investigated in the brain of
R. esculenta (Bruzzone et al., 2010). In the diencephalon, 5α-
R-immunoreactive cell bodies are mainly found in the vascular
plexuses, the epiphysis, the ventral part of the infundibular nucleus
and the preoptic nucleus. In the mesencephalon, positive cells are
located in the anterodorsal and anteroventral nuclei, the interpe-
duncular nucleus, the posterocentral and posterolateral nuclei, the
torus semicircularis, and the central gray layer of the tectum. In
the metencephalon, transient expression of 5α-R occurs in the cor-
pus cerebelli at stage X–XII when hindlimbs are lengthening. In the
rhombencephalon, 5α-R-containing cells are present in the medial

FIGURE 3 | Schematic parasagittal section depicting the distribution of

cytochrome P450C17 (P450C17)-immunoreactive cell bodies (stars) and

fibers (dots) in the central nervous system of Rana esculenta (Do Rego

et al., 2007). For other designations, see Figure 2.

longitudinal fascicle and the superficial layer (Bruzzone et al., 2010;
Figure 4). Interestingly, in the tadpole brain, 5α-R immunoreac-
tivity is found in both bipolar neurons and in glial cells (Vallarino
et al., 2005). Incubation of tadpole brain explants with [3H]Δ5P
leads to the formation of several metabolites including P, 17OH-P,
Δ4, and 5α-DHT (Bruzzone et al., 2010) indicating that biologi-
cally active 3β-HSD, P450C17, and 5α-R are already present in the
CNS of amphibians during development.

3α-HYDROXYSTEROID DEHYDROGENASE
3α-Hydroxysteroid oxidoreductase, also called 3α-hydroxysteroid
dehydrogenase (3α-HSD; AKR1C) is a microsomal enzyme that
catalyzes in a reversible manner the conversion of 5α-DHP and
5α-DHT into THP (allopregnanolone) and 3α-androstanediol,
respectively (Figure 1). 3α-HSD is also involved in the
reversible conversion of dihydrodeoxycorticosterone (DHDOC)
into tetrahydrodeoxycorticosterone (THDOC; Penning et al.,
2000; Figure 1). A single form of 3α-HSD exists in rodents
(Pawlowski et al., 1991) while four isoforms have been character-
ized in humans (Khanna et al., 1995). The distribution of 3α-HSD
mRNA and protein has been described in the brain of human
(Griffin and Mellon, 1999; Steckelbroeck et al., 2001) and rodents
(Khanna et al., 1995; Agís-Balboa et al., 2006), but has not yet
been reported in amphibians. Using an antibody against human
3α-HSD, we have recently observed the existence of 3α-HSD-
immunoreactive neurons in the brain of R. esculenta. Positive cells
are found in the olfactory bulb, the anterior commissure, the ante-
rior preoptic area, the magnocellular preoptic nucleus, the ventral
hypothalamic nucleus, the posterior thalamic nucleus, and the
posterior tuberculum (unpublished observations). We have also
seen that frog hypothalamic explants can synthesize THP from
[3H]Δ5P (unpublished observations), indicating that a bioactive
form of 3α-HSD is actually present in the brain of amphibians.

17β-HYDROXYSTEROID DEHYDROGENASE
17β-Hydroxysteroid dehydrogenase (17β-HSD; HSD17B) is a
bifunctional enzyme that catalyzes the interconversion of 17-
ketosteroids and 17β-hydroxysteroids (Payne and Hales, 2004).
17β-HSD thus plays a pivotal role in the biosynthesis and inactiva-
tion of sex steroid hormones (Figure 1). Twelve isoforms of 17β-
HSD exhibiting different substrate specificity, tissue expression,
and subcellular localization have been characterized in vertebrates
(Luu-The,2001; Luu-The et al., 2006). The occurrence of 17β-HSD

FIGURE 4 | Schematic parasagittal section depicting the distribution of

5α-reductase (5α-R)-immunoreactive cell bodies (stars) and fibers

(dots) in the developing central nervous system of Rana esculenta at

developmental stage XIX–XXV (Bruzzone et al., 2010). For other
designations, see Figure 2.
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has been demonstrated in the brain of mammals (Pelletier et al.,
1995; Hojo et al., 2004) and birds (Nomura et al., 1998; Matsunaga
et al., 2002). In amphibians, immunohistochemical localization
of 17β-HSD has been determined in the CNS of the frog Rana
ridibunda using polyclonal antibodies against type I human pla-
cental 17β-HSD (Dupont et al., 1991). In this species, 17β-HSD
immunoreactivity is found in a discrete population of glial cells.
Positive gliocytes are located in the telencephalon, i.e., the periven-
tricular zone of the medial pallium, and in the rostral region of
the diencephalon (Mensah-Nyagan et al., 1996a,b; Figure 5). The
presence of substantial amounts of T in the brain of both male and
female frogs has been shown by gas chromatography–mass spec-
trometry and by HPLC analysis combined with radioimmunoas-
say (Mensah-Nyagan et al., 1996a,b). In male frogs, castration does
not affect the concentration of T and 5α-DHT in the telencephalon
and hypothalamus (Mensah-Nyagan et al., 1996b). Finally, in vitro
studies have demonstrated that frog telencephalon explants can
convert [3H]Δ5P into [3H]T and [3H]5α-DHT (Mensah-Nyagan
et al., 1996a,b). Altogether, these data provide strong evidence for
the existence of a bioactive form of 17β-HSD in the forebrain of
amphibians and for the biosynthesis of sex steroids from Δ5P by
glial cells of the telencephalon and diencephalon.

CYTOCHROME P450 AROMATASE
Cytochrome P450 aromatase (P450arom; CYP19AI ) is a micro-
somal enzyme that catalyzes the transformation of androgens
into estrogens (Simpson et al., 2002; Figure 1). It has long been
established that aromatization of androgens is required for their
regulatory effects in the CNS (MacLusky and Naftolin, 1981).
Thus, P450arom plays a crucial role in the sexual differentiation of
the brain and in the regulation of reproductive functions (Garcia-
Segura, 2008). The distribution of P450arom has been extensively
investigated in the brain of mammals (Roselli et al., 1985; Balt-
hazart et al., 1991; Abdelgadir et al., 1997) and birds (Balthazart
et al., 1990; Evrard et al., 2004). The occurrence and localiza-
tion of P450arom has also been described in the brain of teleost
fish (Callard et al., 1978; Gelinas and Callard, 1997; Goto-Kazeto
et al., 2004; Diotel et al., 2010). In amphibians, the presence of
P450arom has been reported in the brain of Necturus maculosus
(Callard et al., 1978) and R. esculenta (Guerriero et al., 2000). The
expression of P450arom mRNA in the brain of Pleurodeles waltl
(Kuntz et al., 2004) and X. laevis (Urbatzka et al., 2007) has been
investigated during development. In both species, the P450arom

FIGURE 5 | Schematic parasagittal section depicting the distribution of

17β-hydroxysteroid dehydrogenase (17β-HSD)-immunoreactive cell

bodies (stars) and fibers (dots) in the central nervous system of Rana
esculenta (Mensah-Nyagan et al., 1996a,b). For other designations, see
Figure 2.

gene is expressed from early developmental stages to metamor-
phosis without noticeable differences between males and females.
However, the precise neuroanatomical distribution of P450arom
mRNA or protein has not yet been determined in any amphib-
ian species. Incubation of frog hypothalamic homogenates with
[3H]DHEA induces the formation of estrone sulfate (Beaujean
et al., 1999). Similarly, incubation of frog hypothalamic explants
with [3H]Δ5P yields to the biosynthesis of estradiol (Mensah-
Nyagan et al., 1996a,b). Taken together, these observations indicate
that, in amphibians as in other vertebrate groups, an active form
of aromatase is present in the brain.

HYDROXYSTEROID SULFOTRANSFERASE
Hydroxysteroid sulfotransferase (HST; SULT 2) designates a family
of cytosolic enzymes that transfer the sulfonate moiety from 3′-
phosphoadenosine 5′-phosphosulfate (PAPS) on the 3-hydroxyl
or the 21-hydroxyl group of steroid substrates (Strott, 2002;
Figure 1). The observation that 3-hydroxysteroid sulfonates, such
as pregnenolone sulfate (Δ5PS) and dehydroepiandrosterone sul-
fate (DHEAS), act as allosteric modulators of various receptors
for neurotransmitters, notably GABAA receptors (Majewska, 1992;
Le Foll et al., 1997) indicates that HST plays a critical role in
the bioactivation of certain neurosteroids. Remarkably, while in
mammals, immunohistochemical studies failed to detect HST in
the brain (Sharp et al., 1993), in amphibians, the occurrence of
HST immunoreactivity has been thoroughly investigated in R. ridi-
bunda (Beaujean et al., 1999). Using an antiserum against rat liver
HST, two populations of HST-immunoreactive neurons have been
visualized in the dorsal part of the magnocellular preoptic nucleus
and the anterior preoptic area (Figure 6). These neurons send pro-
jections in various regions of the telencephalon, diencephalon, and
mesencephalon, notably in the medial amygdala, medial pallium,
medial septum, nucleus accumbens, nucleus of the diagonal band
of Broca, anterior thalamic nucleus, posterior thalamic nucleus,
anterior preoptic area, basal optic nucleus, and nucleus reticularis
isthmi (Beaujean et al., 1999). Incubation of frog telencephalon
or hypothalamus homogenates with [3H]Δ5P or [3H]DHEA as
steroid precursors and [35S]PAPS as a sulfate donor yields the
formation of several 3H, 35S-labeled steroids including Δ5PS,
DHEAS, and testostosterone sulfate (TS; Beaujean et al., 1999).
De novo synthesis of 3-hydroxysteroid sulfate is blocked by the
sulfotransferase inhibitor 2,4-dichloro-6-nitrophenol (Beaujean
et al., 1999). These data demonstrate that the brain of amphibians

FIGURE 6 | Schematic parasagittal section depicting the distribution of

hydroxysteroid sulfotransferase (HST)-immunoreactive cell bodies

(stars) and fibers (dots) in the central nervous system of Rana
esculenta (Beaujean et al., 1999). For other designations, see Figure 2.

www.frontiersin.org November 2011 | Volume 2 | Article 79 | 39

http://www.frontiersin.org
http://www.frontiersin.org/Neuroendocrine_Science/archive


Vaudry et al. Neurosteroid biosynthesis in amphibians

expresses HST and has the ability to synthesize the highly potent
neurosteroids Δ5PS and DHEAS.

CONCLUDING REMARKS
Amphibians have been widely used as animal models to investi-
gate neurosteroid biosynthesis in the brain. The neuroanatomical
distribution of most key steroidogenic enzymes has now been
determined in the brain of anurans and/or urodeles. For some
of these enzymes, e.g., 3β-HSD and HST, the immunohistochem-
ical localization in the CNS has been first reported in amphibians.
Biochemical studies have demonstrated that these enzymes are
able to convert radiolabeled steroid precursors such as [3H]Δ5P
or [3H]DHEA into biologically active steroids. The occurrence
of high concentrations of steroids in brain tissue confirms that
amphibians have the ability to synthesize neurosteroids which
are, at least in part, produced independently of steroidogenic
glands. The fact that amphibians and mammals, which diverged
approximately 350 million years ago, have in common the ability

to synthesize de novo biologically active steroids in their brain
supports the view that neurosteroids are playing vital functions
throughout the animal kingdom.
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Neurosteroids are defined as steroids de novo synthesized in the central nervous system.
While the production of neurosteroids is well documented in mammals and amphibians,
there is less information about teleosts, the largest group of fish. Teleosts have long been
known for their high brain aromatase and 5α-reductase activities, but recent data now doc-
ument the capacity of the fish brain to produce a large variety of sex steroids. This article
aims at reviewing the available information regarding expression and/or activity of the main
steroidogenic enzymes in the brain of fish. In addition, the distribution of estrogen, andro-
gen, and progesterone nuclear receptors is documented in relation with the potential sites
of production of neurosteroids. Interestingly, radial glial cells acting as neuronal progeni-
tors, appear to be a potential source of neurosteroids, but also a target for centrally and/or
peripherally produced steroids.

Keywords: neurosteroid, P450SCC, CYP11a1, 3β-HSD, CYP17, aromatase, radial glial cells, zebrafish

INTRODUCTION
Similar to that of other vertebrates, the brain of teleost fishes is a
target organ of sex and adrenal steroids whose effects have been
examined mainly in the context of the neuroendocrine control of
reproduction (Zohar et al., 2009). However, while pioneer stud-
ies documented some 30 years ago that the brain of adult fish
exhibits unusually elevated aromatase and 5α-reductase activ-
ities (Callard et al., 1978), it is only until the last few years
that the capacity of the teleost brain to produce true neuros-
teroids received some attention. As a result, very little is known
regarding the activity and/or sites of expression of other steroido-
genic enzymes, notably those involved in sex steroid synthesis:
CYP11a1 (cytochrome P450 side chain cleavage), CYP17 (P450
17α-hydroxylase/c17,20 lyase), 3β-HSD (3β-hydroxysteroid dehy-
drogenase), 17β-HSD (17β-hydroxysteroid dehydrogenase), and
5α-reductase. In contrast, aromatase that ensures the conversion
of androgens into estrogens, has been the focus of intense research
which has been reviewed recently (Diotel et al., 2010a). As a conse-
quence, the question remained open as to the central or peripheral
origins of aromatizable androgens used as substrates for brain
aromatization (Diotel et al., 2011a). This article aims at reviewing
the current situation regarding steroidogenesis in the brain of fish
and, in particular, highlights the fact that radial glial progenitors
(Pellegrini et al., 2007), which persist in the brain of adult teleosts,
can be privileged sources and targets for neurosteroids.

PRELIMINARY REMARKS REGARDING TELEOST FISH
A common misconception is the idea that fish are ancestors to
tetrapods. While this is true for ancestral fish, it is wrong when it
comes to the largest group of fishes, the teleosts, which comprise
around 30,000 species and include most commercially important
fish or model species such as the medaka or the zebrafish. In fact,

teleosts belong to the Actinopterygian lineage that separated from
the Sarcopterygians some 450 million years ago. While Sarcoptery-
gians, fish with lobed fins, were able to get out of the water to
give birth to primitive tetrapods, early Actinopterygians (ray-fined
fish) remained in the water and diversified to finally give rise to the
enormous group of teleost fishes. Thus, while teleosts share 70% of
their genome with mammals, they diverged from tetrapods long
time ago and thus present some peculiarities that we intend to
highlight in this review.

Another important aspect that also needs to be clarified from
the beginning is that, although fish share with tetrapods a number
of steroidogenic enzymatic pathways, biologically active com-
pounds are not necessarily exactly the same or do not sustain iden-
tical functions according to sex. For example, testosterone is not a
male-specific androgen in teleosts where Δ4 11-oxygenated andro-
gens are acknowledged as the main androgenic steroids mediating
male-specific functions or behavior. These androgens, such as 11-
oxo-testosterone (11KT) or 11beta-hydroxy-androstenedione, are
derived from testosterone and androstenedione (Δ4) after con-
version by 11β-hydroxylase (CYP11B), 11β-hydroxysteroid dehy-
drogenase (11β-HSD), and 17β-HSD. Similarly, teleost fishes pos-
sess unique progestagens, such as 17α,20β-dihydroxyprogesterone,
which plays major functions in final oocyte maturation, meiosis
resumption, and sexual behavior.

Another important feature of teleosts is that they experienced
an additional whole genome duplication unlike other tetrapods.
This duplication, often referred to as 3R (Ravi and Venkatesh,
2008), occurred some 320–350 million years ago. By generating
a large number of extra genes, it is believed that 3R has con-
tributed to the rapid speciation and diversification of teleosts.
As a result, fish often have duplicated genes and this is, among
others, the case of genes of importance for this review such as
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cyp19a1 encoding aromatase or estrogen receptor beta β (ERβ or
esr2a).

Finally, it must be stressed out that the adult fish brain differs
from the mammalian one by its very active ubiquitous neuro-
genesis (Ekström et al., 2001), which is supported by persisting
radial glial cells (RGC; Pellegrini et al., 2007). Furthermore, as
described below, aromatase is only expressed in such radial prog-
enitors, which may also express other steroidogenic enzymes.
Thus, a potential function of neurosteroids in fish brain could
be to modulate this neurogenic process.

DE NOVO STEROID SYNTHESIS IN THE BRAIN OF TELEOSTS
AROMATASE ACTIVITY
In teleost fishes, studies in the 1980s first documented the pres-
ence of high aromatase and 5α-reductase activities in the brain
of adult goldfish (Carassius auratus) and toadfish (Opsanus tau)
of both sexes. These activities vary according to the sex cycle,
and steroid treatments were consistently shown to increase aro-
matase activity (Pasmanik and Callard, 1985, 1988; Pasmanik
et al., 1988). The occurrence of a high aromatase activity was
confirmed in many teleost species (Pasmanik and Callard, 1985,
1988; Borg et al., 1987a,b; Timmers and Lambert, 1987; Timmers
et al., 1987; Andersson et al., 1988; Mayer et al., 1991; Gonzalez
and Piferrer, 2002, 2003; Piferrer and Blazquez, 2005) and was
later found to correspond to expression of a brain-specific aro-
matase form, brain aromatase, generated by one of two duplicated
cyp19a1 genes (see below). The most detailed information was
obtained in the European sea bass showing that brain aromatase
has a high affinity for androstenedione and that the brain maxi-
mum reaction rate (V max: 7.8 pmol/mg protein/h) was four times
higher (P < 0.001) than the ovarian one (2.1 pmol/mg protein/h;
Gonzalez and Piferrer, 2002, 2003).

In the brain of African catfish, the distribution of aromatase
activity was studied in more detail using punches (0.3 mg of
tissue) taken from 500-μm-thick transverse sections incubated
with [19-3H]-androstenedione. The highest activity (3.7 pmol)
was detected in the preoptic region, followed by the caudal hypo-
thalamus and the telencephalon (2.5 pmol; Timmers and Lambert,
1987; Timmers et al., 1987). Similar activities (2.3 pmol) were
found in the most rostral part of the telencephalon and the dorsal
part of the mesencephalon, i.e., in the tectum opticum and torus
semicircularis. A moderate aromatase activity was observed in
other parts of the brain, except for the cerebellum and hindbrain,
in which aromatase activity was hardly detectable (0.1–0.3 pmol).
As detailed below, these data match closely the distribution of
brain aromatase mRNA and protein.

METABOLIC ACTIVITY OF OTHER STEROIDOGENIC ENZYMES
More recently, 3β-HSD activity was reported in the brain of
adult zebrafish (Sakamoto et al., 2001; Diotel et al., 2011a). Bio-
chemical studies combined with HPLC analysis showed that the
zebrafish brain converts pregnenolone into progesterone, indi-
cating 3β-HSD enzymatic activity. This activity could be sub-
stantially inhibited by 10−4 M trilostane, a specific inhibitor
of 3β-HSD (Sakamoto et al., 2001). In another recent study,
zebrafish brain extracts were incubated with [3H]-pregnenolone,
resulting in the identification of aromatizable androgens and a

FIGURE 1 | De novo steroid synthesis by the brain of adult zebrafish.

RP-HPLC analysis of radioactive steroids formed after a 4 h incubation of 14
adult zebrafish brains with [3H]-pregnenolone ([3H]-Δ5P). The ordinate axis
indicates the radioactivity measured in the HPLC eluent. The dashed lines
represent the gradient of secondary solvent (% solution B). The arrows
indicate the elution positions of standard steroids: 17OH-Δ5P,
17-hydroxypregnenolone; 5α-DHP, 5α-dihydro-progesterone; 5α-DHT,
5α-dihydro-testosterone; DHEA, dehydroepiandrosterone; Δ4,
androstenedione; T, testosterone; 17OH-P, 17-hydroxyprogesterone; P,
progesterone; Δ5P, pregnenolone; E1, estrone; E2, 17β estradiol; 3β-diol,
α-Androstane-3β, 17β-diol; THP, tetrahydro-progesterone.

number of other compounds (Figure 1) (Diotel et al., 2011a).
Among the identified steroids figured 17hydroxy-pregnenolone,
dehydroepiandrosterone (DHEA), androstenedione, testosterone,
dihydro-testosterone (DHT), 17β-estradiol (E2), estrone (E1),
progesterone (P), and dihydro-and tetrahydro-P (Figure 1). Based
on these data, it is very likely that the brain of adult zebrafish
exhibits at least the following biologically active enzymes: 3α-
HSD (3α-hydroxysteroid dehydrogenase), 3β-HSD, CYP17 (17α-
hydroxylase/17,20 lyase/17,20 desmolase), aromatase, 17β-HSD,
and 5α-reductase (Diotel et al., 2011a). These data confirmed pre-
vious studies showing the existence of 3β-HSD, aromatase, and
5α-reductase activities in the brain of adult fish (Pasmanik and
Callard, 1985; Sakamoto et al., 2001) and provided new informa-
tion concerning steroidogenic enzyme activities. Figure 2 summa-
rizes the active biosynthetic pathways of neurosteroid formation
in the brain of adult zebrafish.

Confirming these data, a number of studies have demonstrated
the expression of the main steroidogenic enzymes in the brain of
fish, either in adults or in their developmental stages (Mathieu
et al., 2001; Goto-Kazeto et al., 2004; Arukwe, 2005; Menuet et al.,
2005; Lyssimachou and Arukwe, 2007; Tomy et al., 2007; Chen
et al., 2010a; Diotel et al., 2010a,b, 2011a).

EXPRESSION OF THE MAIN STEROIDOGENIC ENZYMES IN
THE FISH BRAIN
CYP11A1: CYTOCHROME P450 SIDE-CHAIN CLEAVAGE
The cholesterol side-chain cleavage enzyme, P450scc, initiates
the biosynthesis of all steroid hormones, by converting the
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FIGURE 2 | Active biosynthetic pathways of neurosteroid formation in

the brain of adult zebrafish (Reproduced from Diotel et al., 2011a with

the kind permission of John Wiley & Sons Ltd.). Cyp11a1 (P450scc),
cytochrome P450 side-chain cleavage; Cyp17, cytochrome P450
17a-hydroxylase/C17, 20-lyase; Cyp19a1b, brain aromatase; 3α-HSD,

3α-hydroxysteroid dehydrogenase; 3β-HSD, 3β-hydroxysteroid dehydrogenase
D5–D4 isomerase; 3β-diol, 5α-androstane-3β, 17β-diol; 5α-R, 5α-reductase;
17β-HSD, 17β-hydroxysteroid dehydrogenase. Full line arrows show active
steroidogenic biosynthetic pathway in the brain of adult zebrafish. Dashed line
arrow show undetermined steroidogenic biosynthetic pathway.

precursor cholesterol into the C21-steroid, pregnenolone (Δ5P).
The cytochrome P450scc is a mitochondrial enzyme encoded by
the Cyp11a1 gene (Lieberman et al., 1984). It cleaves the C-20/C-
22-carbon/carbon, shortening the side chain of the precursor
by six carbon atoms (Lieberman and Lin, 2001). The conver-
sion of cholesterol into pregnenolone occurs in three mono-
oxygenase reactions. Two hydroxylations of the cholesterol side
chain take place, generating first 22R-hydroxycholesterol and 20α,
22R dihydroxycholesterol. Finally, there is a cleavage between car-
bons 20 and 22, leading to the synthesis of pregnenolone and
isocaproic acid.

In zebrafish, cyp11a1 transcripts were detected early during the
development, notably in the yolk syncytial layer. In adults, cyp11a1
mRNAs were reported in the gonads, the interrenal glands, and
the brain (Hsu et al., 2002; Hu et al., 2004). Real time-polymerase
chain reaction (RT-PCR) and whole mount hybridization clearly
showed that the cyp11a1 transcripts were expressed in differ-
ent parts of the zebrafish brain, such as the telencephalon, the
preglomerular area, and the hypothalamus (Hsu et al., 2002). Nev-
ertheless, whole mount hybridization did not allow identifying
precisely the distribution of cyp11a1 mRNA. More recent inves-
tigations in zebrafish brain documented a wide expression of the
cyp11a1 transcripts in the forebrain, spanning from the olfactory
bulbs to more caudal parts of the brain such as the cerebellum. The
cyp11a1 transcripts were notably detected in the subpallium, the
anterior and mediobasal hypothalamus, or also in the optic tectum
(Diotel et al., 2011a; Table 1; Figures 3 and 4). However, cyp11a1
gene expression appeared lower than that of other steroidogenic
enzyme genes.

P450 17α-HYDROXYLASE/C17,20 LYASE: P450C17 (CYP17)
Cytochrome P450 17α-hydroxylase/c17,20 lyase (P450c17) is a
microsomal enzyme involved in steroid synthesis. The P450c17
enzyme is critical for steroidogenesis and exhibits two differ-
ent activities, hydroxylase and lyase. Indeed, P450c17 catalyzes
the hydroxylation of the C21 steroids (pregnenolone and prog-
esterone) at carbon 17 of the steroid D ring (hydroxylase
activity), but also acts upon 17-hydroxyprogesterone and 17-
hydroxypregnenolone, produced by the hydroxylase process, to
split off the side chain from the steroid nucleus (the lyase activity;
Miller et al., 1997).

Expression of P450c17 was first documented in brain extracts of
male and female fathead minnow (Pimephales promelas) by RT-
PCR and southern hybridization technique (Halm et al., 2003).
The expression was about 30 times lower in the gonads than in the
brain (Halm et al., 2003). Later, P450c17 expression was detected
in the brain of different fish species, including the rice field eel (Yu
et al., 2003), black porgy (Tomy et al., 2007, 2009), zebrafish (Wang
and Ge, 2004; Diotel et al., 2011a), and rainbow trout (Vizziano-
Cantonnet et al., 2011). In the tongue sole (Cynoglossus semilaevis),
semiquantitative RT-PCR showed that cytochrome P450c17 was
predominantly expressed in the ovaries and the brain (Chen et al.,
2010a). In zebrafish, P450c17 gene expression was also reported in
gonadal and extra-gonadal tissues (Wang and Ge,2004). This study
notably revealed that cyp17 gene expression is lower in females
than in male zebrafish (Wang and Ge, 2004).

Until recently, the precise sites of cyp17 expression in the fish
brain have not elucidated. Recent studies in zebrafish indicate that
cyp17 mRNA is widely expressed in the brain in a way similar
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Table 1 | Distribution and relative abundance of cyp11a1, 3β-hsd, cyp17, and cyp19a1b mRNAs in the brain of adult zebrafish.

cyp11a1 (P450SCC) 3β-hsd cyp17 cyp19a1b Cyp19a1b

OLFACTORY BULBS

Internal cellular layer (ICL) + ++ ++ +
External cellular layer (ECL) + ++ ++ –

Glomerular layer (GL) + ++ ++ +
SUBPALLIUM

Dorsal part (Vd) ++/− +++ ++ +++
Ventral part (Vv) ++ ++ +++ +++
PALLIUM

Central zone of D (Dc) + ++ ++ –

Lateral zone of D (Dl) + ++ +++ –

Medial zone of D (Dm) + ++ +++ –

Posterior zone of D (Dp) +/− ++ ++ ++
AREA PREOPTICA

Anterior parvocellular preoptic nucleus (PPa) ++ +++ ++ ++++
Posterior parvocellular preoptic nucleus (PPp) +++ +++ +++ ++++
Suprachiasmatic nucleus (SC) +++ ++ +++ +++
Magnocellular preoptic nucleus (PM) ++/− + ++ ++
HYPOTHALAMUS

Ventral zone of the periventricular nucleus (Hv) +++ +++ +++ ++++
Anterior tuberal nucleus (ATN) +++ ++ +++ ++
Lateral hypothalamic nucleus (LH) +++ ++ +++ ++
Cells surrounding laterocaudal ventricular recesses (LR) +++ ++ ++ ++
Cells surrounding posterior ventricular recesses (PR) ++ ++ +++ ++++
Caudal zone of the periventricular hypothalamus (Hc) +++ ++ +++ ++
Dorsal zone of periventricular hypothalamus (Hd) ++ ++ +++ +
Diffuse nucleus of the inferior lobe (DIL) +++ +++ +++ –

Central nucleus of the inferior lobe (CIL) ++ ++ +++ –

MESENCEPHALON

Tectum opticum (TeO) +++ +++ +++ +/−
Torus longitudinal (TL) ++ +++ +++ +
Torus semicircularis (TS) ++ ++ ++/− +
Cerebellum (VCe + Ce) +++ +++ +++ +/−

The following scale was used: +++, high density; ++, moderate density; +, low density; +/−, very low density; –, no mRNA expression; ND, not determined.

to what was described above for the cyp11a1 gene. Indeed, cyp17
mRNAs were detected in the olfactory bulbs, the ventral and dor-
somedial telencephalon, the preoptic area, various nuclei in the
hypothalamus, the optic tectum, and the cerebellum (Diotel et al.,
2011a; Table 1; Figures 3 and 4).

β-HYDROXYSTEROID DEHYDROGENASE/Δ-5-4 ISOMERASE
The 3β-HSD protein is a key steroidogenic enzyme. Through
oxidizing and isomerizing reactions, it mediates the synthesis of
progesterone from pregnenolone, 17-hydroxyprogesterone from
17-hydroxypregnenolone, and also androstenedione from dehy-
droepiandrosterone (DHEA). While 3β-HSD received some atten-
tion in the brain and the pituitary gland of the sarcopterygian
African lungfish (Protopterus annectens) there is virtually no infor-
mation on Actinopterygians, with the exception of zebrafish.
In the African lungfish, 3β-HSD-like immunoreactivity occurs
in cell bodies and fibers in various brain areas, notably in the
pallium, the thalamus, the hypothalamus, the tectum, and the

periaqueductal gray (Mathieu et al., 2001). In the brain of adult
zebrafish, 3β-HSD-like immunoreactivity was detected in the dor-
sal telencephalic areas, the central posterior thalamic nucleus, the
preoptic nuclei, and the posterior tuberal nucleus (Sakamoto et al.,
2001). This 3β-HSD-like immunoreactivity was observed in cells
with neuron-like morphology and in fibers mainly running in the
anterior part of the brain (Sakamoto et al., 2001). This distribution
is in contrast with data obtained from in situ hybridization show-
ing expression in the olfactory bulbs, the ventral and dorsomedial
telencephalon, the preoptic area, various nuclei of the hypothala-
mus, the optic tectum, and cerebellum. It should be noted that, this
distribution is very similar to that reported for other steroidogenic
enzymes such as P450scc, cyp17, 3β-hsd, and aromatase (Figures 3
and 4).

Interestingly, the three steroidogenic enzymes exhibit a simi-
lar overall pattern in most of the brain regions, suggesting their
potential expression in the same cells, or at least the existence of
true neurosteroidogenic brain regions, such as the preoptic area,
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FIGURE 3 | Schematic distribution of cyp11a1, 3β-hsd, and cyp17

mRNA-expressing cells in representative sections taken from the

zebrafish brain atlas (adapted from Wullimann et al., 1996). The
cyp11a1, 3β-hsd, and cyp17 transcripts represented by black dots,
exhibited a roughly similar distribution. Aromatase B-expressing cells are
represented in the left panel (according to Menuet et al., 2005) where cell
bodies are represented by dots, while thin lines figure radial processes.

the hypothalamus, and the cerebellum. Although the wide expres-
sion of 3β-hsd mRNA nicely matches with the distribution of
3β-HSD-immunoreactivity reported by Sakamoto et al. (2001),
i.e., in the telencephalon, the preoptic area, the valvula cerebella,
and the cerebellum, we also detected 3β-hsd transcripts in other
regions, such as the hypothalamus and the optic tectum, and in
neurons surrounding the lateral recess (Diotel et al., 2011a; Table 1;
Figures 3 and 4).

17β-HYDROXYSTEROID DEHYDROGENASE: 17βHSD
The 17β-HSD proteins form a group of key enzymes involved in
the last steps of steroid biosynthesis. These enzymes catalyze the
conversion of 17-ketosteroids, such as D4 and estrone, and that
of 17β-hydroxysteroids, such as testosterone and 17β-estradiol,
by reduction, or oxidation at position C17 of the steroid back-
bone (Lin et al., 1997; Peltoketo et al., 1999; Adamski and Jakob,
2001; Do Rego et al., 2009). In fact, 17β-HSD converts estrone into

estradiol (and vice versa). Because 17β-HSD type 3 exhibits the
highest catalyzing activity is considered that is the main enzyme in
the reduction of androstenedione into testosterone in mammalian
and non-mammalian vertebrates, (Mindnich and Adamski, 2007).
Interestingly, fish have nine types of 17β-HSD and only four of
them (17β-HSD type 1, 2, 3, and 12) have been characterized with
respect to their catalytic activity and expression pattern (Mind-
nich et al., 2004, 2005, 2007; Mindnich and Adamski, 2007, 2009).
In fish, the first 17β-HSD (type 1 homolog) was cloned in the
Japanese eel (Kazeto et al., 2000) and displays substrate specificity
similar to its human homolog. Interestingly, in 1991,extra-gonadal
17β-hydroxysteroid dehydrogenase activity was found in the rain-
bow trout brain (Schulz and Blum, 1991). In zebrafish, 17β-HSDs
are not only expressed in steroidogenic organs linked to repro-
duction, namely testis and ovarian follicles (Mindnich et al., 2005;
Ings and Van Der Kraak, 2006), but also, as RT-PCR experiments
have demonstrated in the brain of both male and female zebrafish
(Mindnich et al., 2004, 2005, 2007). However, the authors reported
loss of 17β-HSD type 2 enzyme activity in zebrafish (Mindnich
et al., 2007). Detailed studies on the precise sites of expression of
17β-HSD in the fish brain are lacking.

5α-REDUCTASE
Also known as 3-oxo-5-α-steroid 4-dehydrogenases, 5α-reductase
is a microsomal enzyme that reduces the C4–C5 double bond of
several steroid substrates (Russell and Wilson, 1994; Do Rego et al.,
2009). For example, 5α-reductase leads to the conversion of testos-
terone into the more potent androgen 5α-dihydro-testosterone
(or also of progesterone into 5α-dihydro-progesterone and
11-deoxycorticosterone into 5α-dihydrodeoxycorticosterone (for
review: Do Rego et al., 2009). It is also important to mention that
aromatase and 5α-reduction are required for the full expression of
testosterone actions in neuroendocrine tissues. Very interestingly,
the brain of teleost fish has been shown to exhibit a high 5α-
reductase activity (Callard et al., 1978, 1980; Pasmanik and Callard,
1985). This intense 5α-reductase activity was notably detected in
goldfish and toadfish (Pasmanik and Callard, 1985, 1988; Pas-
manik et al., 1988). We recently confirmed the existence of a high
5α-reductase activity in the brain of adult zebrafish (Diotel et al.,
2011a; Figure 1).

In teleost fish, 5α-reductase activity was reported to be uni-
formly distributed throughout the brain. In addition, an increase
was shown in brain 5α-reductase activity when fish were reproduc-
tively inactive, which is in sharp contrast to aromatase (Pasmanik
and Callard, 1988). Differing from aromatase activity that is up-
regulated by estradiol or testosterone treatments in reproductively
inactive fish, 5α-reductase activity was unaffected by steroid treat-
ment in both reproductively active and inactive fish (Pasmanik
et al., 1988).

CYP19A1B/AROMATASE B: BRAIN AROMATASE
Aromatase is part of a key enzymatic complex bound to the
endoplasmic reticulum, which also includes the ubiquitous flavo-
protein, NADPH cytochrome P450 reductase (Simpson and Davis,
2001; Diotel et al., 2010a). This enzymatic complex is the last of
the steroidogenic synthetic pathway, and allows the conversion of
aromatizable androgens into estrogens. In the teleost lineage, the
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FIGURE 4 | Distribution of cyp11a1 (P450SCC), 3β-hsd, and cyp17

transcripts in the brain of adult zebrafish. (Reproduced from Diotel et al.,
2011a with the kind permission of John Wiley & Sons Ltd.). Cyp11a1, 3β-hsd,
cyp17, and cyp19a1b mRNAs were detected with antisense probes at the
junction between the olfactory bulbs and the telencephalon (A–D), in the
ventral nucleus of the ventral telencephalic area (E–H), in the posterior part of
the preoptic area (I–L), in the ventral zone of the periventricular hypothalamus

(M–P), in the nucleus of the recessus posterioris (Q–T), and in the cerebellum
(U–X). Note that in (A–H) and (M–P), hybridization was performed on parallel
sections of the same brain. Ce, cerebellum; Hv, ventral zone of the
periventricular hypothalamus; OB, olfactory bulbs; PPp, posterior part of the
preoptic area; PR, posterior recess; Vv, ventral nucleus of the ventral
telencephalic area. Scale bars: 80 μm in A, B, C, D, I, K, M, N, O, and P; 40 μm
in J, L, U, V, W, and X; 20 μm in E, F, G, and H.

3R whole genome duplication (Steinke et al., 2006) led to a large
number of newly duplicated genes, among which cyp19a1 gene
encoding aromatase. In most fish studied, two aromatase genes:
the cyp19a1a gene, coding for aromatase A and mainly expressed
in the gonads, and aromatase B, encoded by the cyp19a1b gene that
is mainly expressed in the brain. Two such genes were identified
in an increasing number of species including the rainbow trout
(Tanaka et al., 1992; Valle et al., 2002), the zebrafish (Chiang et al.,
2001; Kishida and Callard, 2001), the Nile tilapia (Kwon et al.,
2001), the European sea bass (Blazquez and Piferrer, 2004, the
protogynous wrasse, Halichoeres tenuispinis (Choi et al., 2005),
the killifish (Greytak et al., 2005), the orange-spotted grouper
Epinephelus coioides (Zhang et al., 2004), and the rice field eel,
Monopterus albus (Zhang et al., 2008). However, until now, only

one gene, more closely related to ovarian aromatase, has been
reported in the Japanese eel (Ijiri et al., 2003).

In the fish brain, aromatase is the steroidogenic enzyme that
has received most attention. Indeed, a wealth of information is
available regarding aromatase activity, regulation, and expression
in the brain (Pellegrini et al., 2005; Mouriec et al., 2008; Kah et al.,
2009; Diotel et al., 2010a; Le Page et al., 2010). While pioneer
studies as early as 1978 revealed that the brain of adult teleost
fish exhibits strong aromatase activity (Callard et al., 1978, 1990;
Pasmanik and Callard, 1985, 1988), it lasted till 2001 that For-
lano et al. (2006) localized aromatase-expressing cells, using in situ
hybridization and immunohistochemistry. They studied the brain
of the plainfin midshipman (Porichthys notatus), a Batrachoidi-
form toadfish that is being intensively studied for its interesting
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sexual behavior. Aromatase transcripts were detected in the ven-
tricular regions of the hindbrain, notably within the sonic motor
nucleus, but also in the midbrain and in the forebrain (Forlano
et al., 2001, 2006). Strikingly, aromatase expression was found to
be restricted to a peculiar cell-type, the RGC, which was confirmed
in several fish species (Menuet et al., 2003, 2005; Strobl-Mazzulla
et al., 2008; Tong et al., 2009). Consistent with the localization
of aromatase mRNAs, aromatase-positive cells exhibit small cell
bodies localized along the brain ventricles and extending long
cytoplasmic processes that reach the basal surface of the brain
(Forlano et al., 2001, 2006). In addition, aromatase expression
was closely related to that of GFAP (glial fibrillary acid protein, a
well established marker of glial cells, best known for its expres-
sion in mammalian astrocytes (Forlano et al., 2001). Further-
more, aromatase-immunoreactive cells never exhibited neuronal
markers such as HuC/D (Forlano et al., 2001).

The above data were confirmed by a similar study performed in
the rainbow trout where, similarly, aromatase B transcripts were
strongly detected in the periventricular layers of the anterior brain,
in the tel-, di-, and mes-encephalon, in a way similar to the plain
midshipman (Forlano et al., 2001). Main reproduction-related
brain regions, viz. hypothalamus and preoptic area, strongly
express aromatase transcripts. Strikingly, the pituitary gland and
the saccus vasculosus also exhibit a strong hybridization signal
(Menuet et al., 2003). Aromatase antisera from toadfish were suc-
cessfully applied in rainbow trout (Menuet et al., 2003), in which
aromatase-immunoreactive cells were detected in the three dif-
ferent lobes of the pituitary and in, possibly, ependymal, cells
bordering the ventricles of the telencephalon and the ventral dien-
cephalon, with a high expression in the preoptic area and the
hypothalamus (Menuet et al., 2003). Aromatase-immunoreactive
cells exhibit a small, ovoid nucleus, and are located along the ven-
tricles, protruding a short end foot toward the ventricle and a long
radial process ending near the pial surface (Menuet et al., 2003).
Such positive cells were also observed in the torus semicircularis
and in the optic tectum, where cell bodies were localized in the
ependymal wall while their long processes crossed all tectal layers.

More recently, aromatase B and its mRNA were extensively
studied in zebrafish (Goto-Kazeto et al., 2004; Pellegrini et al.,
2005; Tong et al., 2009; Diotel et al., 2010a,b, 2011a; Le Page
et al., 2010). The results clearly showed that aromatase B mRNA
expression is similar to that reported in the plainfin midshipman
and rainbow trout. Brain aromatase transcripts were found in
the periventricular layers of the olfactory bulb, the ventral telen-
cephalon, the preoptic area, the hypothalamus, and in the anterior
and posterior lobes of the pituitary. Interestingly, in the zebrafish
brain, the hybridization signal was distributed not only along
the ventricular layer, but also within the parenchyma, far away
from the nucleus of the radial cells (Menuet et al., 2005; Dio-
tel et al., 2010a,b). With specific zebrafish aromatase B antisera
(Menuet et al., 2005; Pellegrini et al., 2005) the distribution of
aromatase B immunoreactive cells was shown to perfectly match
in situ hybridization data, thereby confirming that aromatase B
expression is restricted to RGC (Menuet et al., 2003; Pellegrini
et al., 2005, 2007; Mouriec et al., 2008; Kah et al., 2009; Diotel
et al., 2010a,b; Le Page et al., 2010; März et al., 2010) This expres-
sion is mainly observed in the olfactory bulbs, the telencephalon,

the preoptic area, and the hypothalamus. However, positive cells
were also detected in the optic tectum, the torus semicircularis,
and around the fourth ventricle (Table 1; Figure 3).

STEROID TARGETS IN THE BRAIN OF FISH
The data mentioned above clearly indicate that not only periph-
eral steroids, but also neurosteroids, affect brain functions. Below,
we will deal with the existing knowledge regarding expression
in the teleost brain of “classical” nuclear steroid receptors for
progesterone, androgens, and estrogen (see also Figure 5).

PROGESTERONE RECEPTORS
Information documenting the expression of progesterone recep-
tors (Pgr), either nuclear or membrane-bound, in the brain of
fish is scarce. In zebrafish, a single nuclear Pgr locus and a
unique full-length pgr transcript were characterized (Chen et al.,
2010b; Hanna et al., 2010). Nuclear Pgr binding assays and dual
transactivation/transcription assays clearly established that prog-
estins, including progesterone, 17-hydroxyprogesterone, dihydro-
progesterone, and 4-pregnen-17,20β-diol-3-one (17,20-β-DHP)
actively and specifically bind and activate zebrafish Pgr (Chen et al.,
2010b; Hanna et al., 2010). According to data in zebrafish, Pgr are
strongly expressed and exhibit a very large distribution within the
brain, suggesting that the central actions of progestagens in fish
probably extend beyond reproductive functions, possibly includ-
ing neurogenesis, neuronal plasticity, and/or neuroprotection.
Figure 5 shows the wide distribution of Pgr in neuroendocrine
but also in non-neuroendocrine regions of the brain. Further-
more, Pgr seem to be expressed not only by neurons but also by
cells lining the ventricle, suggesting a possible expression in RGC
(Hanna et al., 2010). A widespread expression of Pgr was also
documented in an African cichlid, Astatotilapia burtoni, in sim-
ilar reproductive and non-reproductive regions (Munchrath and
Hofmann, 2010). In this species, the Pgr and its mRNA are distrib-
uted throughout the telencephalon and diencephalon, and in some
mesencephalic structures. The authors show that Pgr are especially
located in key brain regions known to modulate social behavior
in other vertebrates, including the proposed teleost homologs of
the mammalian amygdala complex, the hippocampus, the preop-
tic area, and the hypothalamus, and could modulate such social
and sexual behavior (Munchrath and Hofmann, 2010).

Our recent data on Pgr expression in zebrafish clearly show that
Pgr are expressed both neurons and RGC (Diotel et al., 2011b).
Staining sections of transgenic fish expressing green fluores-
cent protein (GFP) in RGC (cyp19a1b:GFP) clearly demonstrated
strong staining of such glial cells. Interestingly, Pgr expression was
stronger in aromatase B RGC than in neurons. Such an observa-
tion suggests that RGC, which are neural stem cells in the brain
of adult zebrafish, could represent special targets for progesta-
gen signaling. Progestagens could indeed modulate the activity
of RGC, by modifying either their proliferative activity or the
fate of the newborn cells. By performing qPCR experiments, we
demonstrated that estrogen treatment led to a significant increase
in Pgr expression, whereas blocking aromatase activity, and thus
reducing estrogen availability, caused a significant decrease of this
expression (Diotel et al., 2011b). Altogether these data show that
Pgr are widely expressed in the teleost brain and regulated by the
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FIGURE 5 | Aromatase and estrogen, progesterone, and androgen

receptors expression in the brain of adult zebrafish. The estrogen,
progesterone, and androgen receptors are represented by red dots in brain
sections taken from the zebrafish brain atlas (adapted from Wullimann et al.,

1996). Data on androgen receptors are adapted from Gorelick et al. (2008).
Aromatase B-expressing cells are represented in the left panel (according to
Menuet et al., 2005) where cell bodies are represented by black dots, while
thin lines figure radial processes.
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estrogenic environment. Furthermore, the stronger expression of
Pgr in estrogen-synthesizing RGC (Diotel et al., 2011b), suggests
a key role of steroids and a probably local action of neurosteroids
on RGC activity.

ANDROGEN RECEPTORS
In teleost fish, the number of androgen receptors (AR for the pro-
tein and ar for the gene) varies according to species. While two
potential sequences were cloned in rainbow trout and Atlantic
croaker (Sperry and Thomas, 1999; Takeo and Yamashita, 1999;
Smolinsky et al., 2010), one of the trout sequences encoded a non-
functional protein. In zebrafish, only one sequence was retrieved,
which binds 5α-dihydro-testosterone, 11-ketotestosterone, testos-
terone, and androstenedione (Jorgensen et al., 2007; De Waal et al.,
2008; Smolinsky et al., 2010). This is consistent with the hypothesis
that three different events are responsible for the observed diversity
of ARs in Actinopterygians: an early whole genome duplication, a
parallel loss of one duplicate in several lineages, and a putative neo-
functionalization of the same duplicate in modern fish (Douard
et al., 2008).

There is only limited data on the distribution of androgen
receptor mRNA or protein in the brain of fish. In the electric
fish (Brachyhypopomus gauderio) AR-immunoreactive cells were
detected in different regions of the brain, mainly in the forebrain
in the telencephalon, the preoptic area, and the hypothalamus,
but also in the hindbrain (Pouso et al., 2010). In this study, the
authors also observed AR-positive cells that possibly contact the
cerebrospinal fluid. Consequently, such liquor-contacting cells are
RGC, whose somata are located along the ventricle. By perform-
ing in situ hybridization, androgen receptor mRNA expression
was found throughout the central nervous system of the plainfin
midshipman fish (Porichthys notatus; Forlano et al., 2010). The ar
transcripts were abundantly detected in the forebrain, the parvo-
cellular and magnocellular nuclei of the preoptic area, the nucleus
preglomerulosus, and the posterior, the ventral, and the anterior
tuberal nuclei of the hypothalamus (Forlano et al., 2010). In this
species many of these nuclei are part of the known vocal and
auditory circuitry. Indeed, ar expression has not only been demon-
strated in the midbrain periaqueductal gray but in the inner ear
(Forlano et al., 2010). Therefore, this particular AR distribution
suggests a role of androgens as modulators of behaviorally defined
vocal, auditory, and neuroendocrine circuits (Forlano et al., 2010).

In zebrafish, in situ hybridization of androgen receptor mRNA
has been performed in the developing and adult brain (Gore-
lick et al., 2008). Androgen receptor transcript were detected in
numerous (neuroendocrine) regions, such as the preoptic area, the
ventricular and periventricular layers of the anterior, mediobasal,
and caudal hypothalamus, and the periglomerular gray zone of the
optic tectum (Gorelick et al., 2008). Interestingly, this distribution
neatly matches that of aromatase B and estrogen receptor (ER for
the protein and esr for the gene) mRNA (see below and Figure 5),
suggesting tight links between AR, ER, and aromatase B expressed
in RGC.

ESTROGEN RECEPTORS
In fish, three distinct zfER have been cloned and characterized:
ERα, ERβ1, and ERβ2, corresponding to esr1, esr2b, and esr2a,

respectively. In zebrafish, estradiol binding assays with the three
different ER isoforms expressed in rabbit reticulocyte lysate
showed that estradiol specifically binds ER, with a dissocia-
tion constant ranging from 0.4 (zfERβ2) to 0.75 nM (zfERα

and zfERβ2). In situ hybridization experiments clearly revealed
a strong expression of each isoform in the anterior and posterior
preoptic area, and in the hypothalamus (Menuet et al., 2002). The
fact that the estrogen receptors mRNAs exhibit (Oakley et al., 2009)
roles of each zfER in estradiol signaling in these neuroendocrine
regions (Menuet et al., 2002). Antisera to fish ER have only been
raised in rainbow trout and only for ERα (Anglade et al., 1994;
Pakdel et al., 1994), showing a strong expression in the ventral
telencephalon, the preoptic area, and the mediobasal hypothala-
mus. Comparing aromatase and esr1 (ERα) expression established
that a strong aromatase signal occurs in regions expressing esr1,
such as the preoptic area and the hypothalamus (Menuet et al.,
2003). Brain cell cultures indicated that glial cells express ERα

(Menuet et al., 2003). In zebrafish, the estrogen receptor isoforms
β1 and β2 are expressed along the brain ventricles in the telen-
cephalon, the preoptic area, and the hypothalamus (Figure 5).
Although this suggests that zfER is present in RGC, no double
stainings were performed to provide evidence for estrogen recep-
tor expression in aromatase B RGC. Given the fact that in vitro and
in vivo experiments clearly established that aromatase B expression
is up-regulated by estrogens (Le Page et al., 2006, 2010; Cheshenko
et al., 2007; Diotel et al., 2010a), it is likely that estrogen recep-
tors are expressed at very low levels in RGC but sufficiently high to
up-regulate aromatase expression. In rainbow trout, ERα is consis-
tently expressed in the dopaminergic neurons of the anteroventral
preoptic region that are responsible for the inhibition of LH release
during vitellogenesis (Linard et al., 1996). On the other hand, in
trout, salmon GnRH does not express ERα (Navas et al., 1995). It
is likely, that similar to mammals, estrogen feedback on GnRH
neuron activity is mediated by kisspeptin-producing neurons.
Kisspeptins have recently emerged as key players in the neuroen-
docrine control of reproduction in mammals (Oakley et al., 2009).
Recent data in zebrafish and European sea bass have demonstrated
that kiss neurons in the mediobasal hypothalamus are targets for
estrogens (Servili et al., 2011).

Recent data document the expression of the plasma membrane-
associated estrogen receptor, GPR30, in the brain of adult fish (Liu
et al., 2009). However, the precise sites of expression have not
been established yet. In the brain of the orange-spotted grouper
(Epinephelus coioides), GPR30 but not nuclear androgen receptor,
revealed a significant increase at 110 days post hatching in the fore-
brain and midbrain during gonadal sex differentiation (Nagarajan
et al., 2011).

RADIAL GLIAL CELLS: A POTENTIAL SOURCE AND TARGET OF
NEUROSTEROIDS?
In mammals (Zwain and Yen, 1999; Sinchak et al., 2003; Lavaque
et al., 2006; Do Rego et al., 2009) and other vertebrates such as
amphibians (Do Rego et al., 2009; Bruzzone et al., 2010) and
birds (Schlinger et al., 1994), steroidogenic enzymes are expressed
in both neurons and astrocytes. In teleosts, there is accumulat-
ing evidence to suggest that typical astrocytes are lacking. This
is not surprising as RGC, from which mammalian astrocytes are
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derived, persist throughout adulthood (Menuet et al., 2005; Pel-
legrini et al., 2007; Diotel et al., 2010a; März et al., 2010), at least
in the forebrain. Therefore, the possibility exists that RGC retain
some ancestral functions of astrocytes, in particular the capacity
to produce neurosteroids.

RADIAL GLIAL CELLS EXPRESS THE TRANSCRIPTS OF THE MAIN
STEROIDOGENIC ENZYMES
Based on immunohistochemistry using an aromatase B antiserum
and tg(cyp19a1b–GFP) transgenic fish that expresses GFP under
the control of the cyp19a1b promoter, there is no doubt that aro-
matase B is expressed in RGC and only in such cells. This conclu-
sion is reinforced by the fact that aromatase B is co-expressed with
well-characterized markers of RGC such as brain lipid-binding
protein, GFAP, and nestin (Diotel et al., 2010a; März et al., 2010).
Thus, all these studies point to RGC as the unique site of aromatase
B expression. However, surprisingly, in contrast to what has been
observed in the brains of the rainbow trout and the plain fin mid-
shipman (Forlano et al., 2001; Menuet et al., 2003), the cyp19a1b
mRNA in the brain of zebrafish has also been detected in high
amounts in the RGC processes and their end feet (Pellegrini et al.,
2005; Diotel et al., 2010a,b, 2011a). In fact, there is a virtually per-
fect overlap between the distribution of aromatase B and that of
the corresponding mRNA in RGC (Menuet et al., 2005; Pellegrini
et al., 2007; Kah et al., 2009; Tong et al., 2009; Diotel et al., 2010a,b;
März et al., 2010). This is further supported by the fact that per-
forming aromatase B immunohistochemistry after cyp19a1b in situ
hybridization clearly showed that cyp19a1b mRNAs, detected in
the brain parenchyma remote from the ventricular layer, were
localized inside the RGC processes and accumulated in the end
feet of RGC at the periphery of the brain (Diotel et al., 2010b,
2011a). These data demonstrate that cyp19a1b mRNAs are trans-
ported inside RGC processes (Menuet et al., 2005; Pellegrini et al.,
2005; Kah et al., 2009; Diotel et al., 2010a,b).

As previously mentioned, cyp11a1, 3β-hsd, cyp17, and cyp19a1b
transcripts are widely expressed in the forebrain, such as at the
junction between the olfactory bulbs and the dorsal telencephalon,
in the pallial and subpallial regions, and in the dorsomedial and
dorsolateral telencephalon (Diotel et al., 2011a). These transcripts
are also present in the preoptic area and the mediobasal hypothal-
amus. In addition, an in situ hybridization signal was observed
in the nuclei surrounding the lateral and posterior recesses, in
the optic tectum, in the valvula, and in the corpus cerebellum.
As appeared from observations on parallel sections (Figure 4),
in most of these regions the overall expression patterns of the
cyp11a1, 3β-hsd, cyp17, and cyp19a1b genes are very similar.

In contrast to the strong cyp19a1b staining, the hybridization
signals generated by the other probes are much lower and con-
sistently appear as small dots that do not necessarily corresponds
to cell somata as shown by nuclear DAPI staining. Thus, cyp11a1,
3β-hsd, and cyp17 mRNAs can occur at sites remote from cell
somata, in a way similar to what has been described for cyp19a1b
mRNAs (Diotel et al., 2011a). Consequently, it is likely that part
of these mRNAs could, similar to cyp19a1b mRNAs, be exported
in processes of RGC. The existence of such mRNA in neuronal
and/or glial processes is well established nowadays (Martin and
Zukin, 2006; Lin and Holt, 2008; Raju et al., 2008). In mammals,

transcripts can be found to form “mRNA granules,” sometimes
considered as remnants of an “ancient RNA world.” Such granules
contain independent translational units, capable of moving within
the cytoplasm and allowing delivery of mRNAs at specific sites of
the cell for later activation. These RNA granules could thus exert a
post-transcriptional control over gene expression (Anderson and
Kedersha, 2009) and play a role in plasticity and regulation (Martin
and Zukin, 2006; Lin and Holt, 2008; Raju et al., 2008).

Aromatase B immunohistochemistry following cyp11a1, 3β-
hsd, and cyp17 fluorescent in situ hybridization, has shown that at
least part of these mRNAs occur in RGC somata and/or in their
processes (Diotel et al., 2011a). Consequently, RGC could express
the whole series of steroidogenic enzymes and thus be genuine
steroidogenic cells. Such data are particularly relevant given the
fact that RGC are well established as progenitors cells in the adult
fish brain. Indeed, RGC are neural “stem cells” that support to a
high degree the active neurogenic activity observed in adults (Pel-
legrini et al., 2007; Kah et al., 2009; Diotel et al., 2010a; März et al.,
2010).

RADIAL GLIAL CELLS ARE TARGETS FOR STEROIDS
It is now well documented that the cyp19a1b gene is up-regulated
by estrogens only in RGC, indicating strong cell specificity
(Menuet et al., 2005; Pellegrini et al., 2005; Le Page et al., 2008,
2010; Mouriec et al., 2008; Diotel et al., 2010a). In vitro studies have
shown that E2 up-regulation of a cyp19a1b-luciferase reporter
gene in the presence of ER can be achieved only in some cell
types such as in the human astrocyte cell line U-251MG. Integrity
of the estrogen-responsive element (ERE) located at −348 bp of
the cyp19a1b promoter is a prerequisite for this estrogenic reg-
ulation (Menuet et al., 2005; Le Page et al., 2008). However, a
short sequence of 20 bp called GxRE and located upstream the
ERE, appears as an important actor of the cell specificity and
regulation by estrogens derived from cyp19a1b (Le Page et al.,
2008). This GxRE motif seems to act as an autonomous cis ele-
ment, by increasing the estrogenic up-regulation of cyp19a1b,
exclusively in the glial cell context (Le Page et al., 2008). When
comparing the distribution of steroid receptors with that of aro-
matase B (Figure 5), it is clear that overlap exists, suggesting
the expression of steroid receptors in RGC, especially in neu-
roendocrine regions. Indeed, estrogen receptors β1 and β2 tran-
scripts are present in the ventricular layers in the subpallial and
pallial regions, the preoptic area, and the mediobasal hypothal-
amus (Figure 5). Thus, the current assumption is that estrogen
receptors are probably expressed at low levels in RGC, but suf-
ficiently high to induce cyp19a1b, due to the gene’s high sensi-
tivity to estrogens. More recently, it was shown that the nuclear
Pgr is induced by estrogens in RGC of zebrafish (Diotel et al.,
2011b).

Similarly, androgen receptors exhibit an overall pattern similar
to that of ERβ in many regions. According (Gorelick et al., 2008),
androgen receptors transcripts are detected in the ventricular layer
in RGC. These data suggest that part of the ar mRNA is expressed
in such cells. The molecular targets of potential androgen receptor
in the RGC remain to be established.

Finally, Pgr were recently shown to be widely expressed in the
brain of zebrafish, in particular in aromatase B RGC (Hanna et al.,
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2010). Consequently, it appears that RGC, at least part of them,
express nuclear estrogen receptors, androgen, and Pgr.

EXPRESSION OF STEROIDOGENIC ENZYMES DURING
DEVELOPMENT
There are limited data regarding the early expression of steroido-
genic enzymes in the brain of fish. In fact, detailed information is
only available for cyp19a1b which expression increases progres-
sively during development. In particular, there is a significant
increase between 24 h post fertilization (hfp) and 48 hpf, which
seems to be linked to a simultaneously increasing ER expression
(Mouriec et al., 2008, 2009b). This basal expression of aromatase
B is thought to be ER-mediated, because it can be blocked by
specific estrogen antagonists (Mouriec et al., 2009b). In rainbow
trout, Vizziano-Cantonnet et al. (2011) demonstrated expression
of cyp11a1, 3β-hsd, cyp17, and cyp19a1b at early stages of brain
development. Interestingly, using genetic monosex populations,
it was shown that cyp11a1, 3β-hsd, and cyp19a1b mRNA levels,
but not those of cyp17, were higher in males than in females
over the period of gonadal sex differentiation (35 to 63 days
post-fecundation), suggesting a function of neurosteroids in brain
sexual differentiation. Furthermore, mRNA levels of the three ER
genes, esr1, esr2a, and esr2b, were also much higher in males than
in females (Vizziano-Cantonnet et al., 2011). In the same line,
Tomy et al. (2007) have suggested that the brain of black porgy
(Acanthopagrus schlegeli), a protandrous hermaphrodite fish, has
the capacity to produce neurosteroids that might be important for
sex changes in the brain.

CONCLUSION AND PERSPECTIVES
Similar to that of mammals, amphibians, and birds, the brain
of teleost fishes emerges as a steroidogenic organ. Thirty years
after the pioneer studies documenting elevated aromatase and
5α-reductase activities in the brain of different species (Callard
et al., 1978), it seems established that a wide variety of neuros-
teroids can be produced from cholesterol. In comparison with
other vertebrates, the remarkable feature of teleost fishes lies in
the fact that the steroidogenic enzymes seem to be preferentially
expressed within RGC. While this is very clear in the case of aro-
matase, this assumption needs to be reinforced in the case of other
enzymes such as cyp11a1, 3β-hsd, and cyp17. Furthermore, while
it is known that 5α-reductase is very active in fish brain, nothing is
known on its sites of expression. Experiments in progress should
identify where 5α-reductase mRNA and protein are expressed.
Indeed, there is good evidence in zebrafish that the brain can
convert testosterone or dihydrotestosterone into 5α-androstane-
3beta, 17beta-diol (betadiol), and that this androgenic compound

can efficiently activate zebrafish ER (Mouriec et al., 2009a) similar
to what was already evidenced in mammals.

We hypothesize that such locally produced steroids act in a way
similar to what has been described for sex steroids in mammals or
fish, acting especially on reproduction, sexual behavior, neuroge-
nesis, brain plasticity, and regeneration (Do Rego et al., 2009). A
key issue will be to examine how all these enzyme expressions and
activities are regulated. In amphibians, recent data suggest that
classical neurotransmitters as well as neuropeptides finely regulate
neurosteroid biosynthesis (Do-Rego et al., 2006; Do Rego et al.,
2009) and this important aspect needs to be examined in fish
as well.

In the brain of adult zebrafish, the main steroidogenic enzymes
mRNAs, cyp11a1, 3β-hsd, cyp17, and cyp19a1b exhibit an over-
all similar pattern, particularly in neuroendocrine brain regions.
Furthermore, parts of the cyp11a1, 3β-hsd, and cyp17 transcripts
are expressed in aromatase B-containing RGC. These data sug-
gest that RGC are true steroidogenic cells in addition of being
neurogenic (Pellegrini et al., 2007; Diotel et al., 2010b; Strobl-
Mazzulla et al., 2010). This fact is particularly interesting given
the fact that the whole steroidogenic chain is expressed in neuro-
genic regions, such as the ventral telencephalon, the preoptic area,
the hypothalamus, and the cerebellum (Diotel et al., 2011a), and
that RGC are neural progenitors (Adolf et al., 2006; Chapouton
et al., 2007; Pellegrini et al., 2007; Kah et al., 2009; Lam et al., 2009;
Diotel et al., 2010a; März et al., 2010). Because radial glial stem
cells appear to be targeted by steroids (i.e., by estrogens, prog-
estagens and, possibly, by androgens) and in view of our recent
demonstration that a steroidogenic environment modulates brain
neurogenesis in adults (Diotel et al., unpublished), it is likely that
one of the functions of these neuroactive steroids is to modu-
late this neurogenic process. In mammals, “neurosteroidogenesis”
occurs in regions of the brain implicated in learning, such as the
hippocampus. This suggests key roles of neurosteroids in cognitive
brain functions (Baulieu, 1997; Tsutsui and Ukena, 1999; Tsutsui
et al., 1999; Compagnone and Mellon, 2000; Mellon et al., 2001;
Do Rego et al., 2009). Similarly, it could be possible that locally
produced steroids in fish act at synaptic and dendritic spine plas-
ticity in order to modulate behavior and/or also brain sex changes,
which is a unique feature of teleost fish among vertebrates (Le Page
et al., 2010). However, the underlying mechanisms are far from
being deciphered and may require years of exciting but promising
research.
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Aromatization of testosterone into estradiol in the preoptic area plays a critical role in the
activation of male copulation in quail and in many other vertebrate species. Aromatase
expression in quail and in other birds is higher than in rodents and other mammals, which
has facilitated the study of the controls and functions of this enzyme. Over relatively long
time periods (days to months), brain aromatase activity (AA), and transcription are markedly
(four- to sixfold) increased by genomic actions of sex steroids. Initial work indicated that
the preoptic AA is higher in males than in females and it was hypothesized that this differ-
ential production of estrogen could be a critical factor responsible for the lack of behavioral
activation in females. Subsequent studies revealed, however, that this enzymatic sex dif-
ference might contribute but is not sufficient to explain the sex difference in behavior.
Studies of AA, immunoreactivity, and mRNA concentrations revealed that sex differences
observed when measuring enzymatic activity are not necessarily observed when one mea-
sures mRNA concentrations. Discrepancies potentially reflect post-translational controls of
the enzymatic activity. AA in quail brain homogenates is rapidly inhibited by phosphoryla-
tion processes. Similar rapid inhibitions occur in hypothalamic explants maintained in vitro
and exposed to agents affecting intracellular calcium concentrations or to glutamate ago-
nists. Rapid changes in AA have also been observed in vivo following sexual interactions
or exposure to short-term restraint stress and these rapid changes in estrogen production
modulate expression of male sexual behaviors. These data suggest that brain estrogens
display most if not all characteristics of neuromodulators if not neurotransmitters. Many
questions remain however concerning the mechanisms controlling these rapid changes in
estrogen production and their behavioral significance.

Keywords: aromatase, sex differences, Japanese quail, preoptic area, phosphorylations, immunohistochemistry,

in situ hybridization, non-genomic control

INTRODUCTION
The sex steroid testosterone (T) plays a critical role in the acti-
vation of male sexual behavior in nearly all vertebrate species
investigated to this date. It was thought for many years that this
behavioral activation was directly related to the production of this
steroid hormone by the testes. However, discrepancies between cir-
culating concentrations of T and behavioral activity have forced
scientists to reconsider this notion (Ball and Balthazart, 2008). It
has now become clear that behavioral effects of T results from
the more or less independent regulation of T synthesis and action
at several different levels in this physiological process. This inde-
pendent and differential regulation of T provides some possible
explanations of these discrepancies between plasma T concentra-
tions and behavior. To exert its behavioral effects, T must first
reach the brain, it must then eventually be metabolized into more
or less active metabolites, bind to specific receptors, and regu-
late either the transcription of specific genes (genomic effects)
or modulate the activity of a variety of intracellular signaling
pathways (non-genomic effects; Ball and Balthazart, 2002, 2008).

Each of these steps is potentially modulated by independent con-
trol mechanisms (Charlier, 2009). For example, access of steroids
to the brain can be influenced by the concentration of binding
proteins present in the plasma (Hammond, 1995; Deviche et al.,
2001; Breuner et al., 2006). In addition, receptor concentrations
can vary independently of the concentration of the ligand and their
transcriptional activity is markedly affected by the presence of a
whole family of proteins known as co-regulators that enhance (co-
activators) or inhibit (co-repressors) transcription (O’Malley and
Tsai, 1992; Smith and O’Malley, 2004; Tetel et al., 2009). All these
processes potentially affect steroid actions in the brain without
changing their concentration in the plasma.

A substantial body of research has also been dedicated to the
intracellular metabolism of T and its implication in the control of
the behavioral effects of this steroid (McEwen, 1981; Balthazart,
1989). One particular aspect of this metabolism that has received
a lot of attention is the transformation of androgens, such as T
into estrogens such as estradiol-17β, a process catalyzed by the
enzyme aromatase. It was discovered around the middle of the
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Twentieth century that many behavioral and physiological effects
of T could be reproduced by injections of estradiol (Beach, 1948).
A plausible explanation for this seemingly paradoxical finding was
provided when it was discovered that T can actually be trans-
formed into estradiol in the brain of mammals including humans
(Naftolin et al., 1972, 1975), a finding that was soon extended
to all classes of vertebrates (Callard et al., 1978a,b). Our labora-
tory has investigated this aromatization process, its control, and
functional significance, in one avian species, the Japanese quail
(Coturnix japonica) for now more than 25 years. In this review,
we would like to (1) briefly summarize the evidence demonstrat-
ing that brain aromatization of T plays a key limiting role in the
activation of sexual behavior in male quail, (2) describe the mech-
anisms that control the activity of this critical enzyme in the male
brain, and finally (3) describe in more detail recent studies that
have analyzed the mechanisms controlling the prominent sex dif-
ference affecting the activity of this brain enzyme. The first two
topics have already been reviewed relatively recently (Balthazart,
1989; Balthazart and Foidart, 1993; Balthazart et al., 2004, 2009b;
Balthazart and Ball, 2006) and will therefore be summarized here
only briefly. The focus of this presentation will be on the sex dif-
ferences affecting these processes since these were investigated and
published much more recently.

BRAIN AROMATASE AND THE CONTROL OF MALE SEXUAL
BEHAVIOR IN QUAIL
In quail like in many other species of birds and mammals, the
activation of male copulatory behavior by T requires the aromati-
zation of this androgenic steroid into an estrogen. This conclusion
is supported by a variety of converging experimental data collected
over almost 30 years based primarily on four types of experimental
procedures:

(a) Aromatizable androgens such as T or androstenedione activate
male sexual behavior in castrates, whereas non-aromatizable
androgens such as 5α-dihydrotestosterone (DHT) or methyl-
trienolone (R1881) have little or no effect (Adkins, 1977;
Adkins et al., 1980; Balthazart et al., 1985),

(b) Behavioral effects of T on sexual behavior in castrated quail
can be mimicked by estrogens such as estradiol or by syn-
thetic estrogenic compounds such as diethylstilbestrol (Adkins
and Pniewski, 1978; Adkins et al., 1980; Schumacher and
Balthazart, 1983; Alexandre and Balthazart, 1986),

(c) Aromatase inhibitors such as androstatrienedione (ATD), 4-
hydroxyandrostenedione (4OHA), Fadrozole, or Vorozole (or
R76713) markedly inhibit or block the activation of male sex-
ual behavior by exogenous T (Adkins et al., 1980; Balthazart
et al., 1990a; Foidart et al., 1994b). Some experiments also
showed that these behavioral effects of aromatase inhibitors
are reversed by the concurrent administration of an estro-
gen (e.g., Adkins et al., 1980). This demonstrates that effects
of aromatase inhibition are specific to the estrogen depletion
and do not result from non-specific toxic effects of the drugs.

(d) Finally, the injection of antiestrogens (tamoxifen or nitro-
mifene citrate, also known as CI-628) that block the access
of estrogens to their specific receptors block T-induced sexual
behavior (Adkins and Nock, 1976; Alexandre and Balthazart,

1986). A large body of evidence thus supports the idea that,
in quail, the action of T on male sexual behavior requires its
aromatization into an estrogen (the aromatization hypothe-
sis; Yahr, 1979) followed by the binding of these estrogenic
metabolites of T to estrogen receptors.

The preoptic area and more specifically the sexually dimorphic
medial preoptic nucleus (POM) is a critical site of T aromati-
zation and estrogen action in relation to the activation of male
copulatory behavior in quail (Panzica et al., 1996; Balthazart and
Ball, 2007). This has been demonstrated by experiments showing
that stereotaxic implantation of aromatase inhibitors or of antie-
strogens within the POM but not in adjacent brain areas blocks
the activation of sexual behavior by peripheral treatment with
exogenous T (Balthazart and Surlemont, 1990).

It should be remembered that all the evidence summarized
above does not exclude an additional subsidiary but nevertheless
significant, contribution of T itself or of its androgenic metabo-
lites (e.g., DHT) to the activation of male sexual behavior in quail
(see Balthazart, 1989; Balthazart et al., 2004 for a detailed sum-
mary of the data supporting this notion). The mechanisms by
which androgens and estrogens synergize to activate behavior are
still not fully understood. Such mechanisms might involve (1) the
interaction of both classes of steroids with their specific receptors
located in the same neurons or in different neurons belonging to a
same functional circuitry, (2) their action on parallel circuits that
finally converge to activate the behavior, (3) their action at differ-
ent loci in the organism (e.g., action of estradiol in the brain and
of DHT on peripheral structures such as the penis in mammals
or the cloacal gland area in quail), or (4) an inhibitory action of
estradiol on DHT catabolism into less active diols (see Ball and
Balthazart, 2002 for additional discussion of this topic).

It is also useful to note here that all effects of estrogens on
brain and behavior are not necessarily mediated by their interac-
tion with intracellular estrogen receptors. A growing number of
effects of estrogens on neuronal membranes have been described
in the last few decades and they appear to be relevant to the con-
trol of male sexual behavior. A detailed discussion of the relevant
evidence is however beyond the scope of the present review (see
Cornil et al., 2006a; Cornil, 2009 for more information especially
as it relates to the control of behavior in quail).

CONTROL OF BRAIN AROMATASE ACTIVITY BY SEX
STEROIDS
Due to the critical importance of T aromatization as a lim-
iting step for the activation of male copulatory behavior, an
extensive amount of the research has been carried out in order
to understand the mechanisms that control preoptic aromatase
activity (AA). It was originally discovered in ring doves (Strep-
topelia risoria) that T markedly increases brain AA (Steimer
and Hutchison, 1981) and this finding was later confirmed in
a variety of avian and some mammalian species (Roselli and
Resko, 1984, 1989; Schumacher and Balthazart, 1986). Our first
study of brain AA in quail confirmed the major induction of
this enzyme activity in the entire preoptic area and hypothala-
mus following T treatment of castrated males and showed that
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gonadectomy reduces the preoptic AA to basal levels (Schumacher
and Balthazart, 1986).

Subsequent studies analyzed the specific localization of this
effect of T by combining a sensitive radio-enzymatic assay of AA
with a dissection of specific brain nuclei by the Palkovits punch
technique (Palkovits and Brownstein, 1983; Schumacher and Balt-
hazart, 1987). This indicated that effects of T on AA (decrease
following castration and increase after treatment with T) were
particularly prominent in the POM but also present and statisti-
cally significant in hypothalamic nuclei such as the ventro-medial
nucleus (VMN) or the tuberal region (Balthazart et al., 1990e).

This study still left a large degree of uncertainty concerning the
localization of aromatase in the brain. However, in the early 1990s,
an immunocytochemical technique was developed that allows the
visualization of the aromatase protein at the cellular level in the
quail brain using an antibody raised against purified human pla-
cental aromatase (Balthazart et al., 1990b,d). A few years later,
quail aromatase was partly cloned (Harada et al., 1992), and a
homologous antibody was produced against a recombinant aro-
matase antigen expressed in E. coli based on the isolated quail
cDNA (Foidart et al., 1995). Analysis of brain aromatase with these
antibodies indicated that, in quail, aromatase-immunoreactive
(ARO-ir) material is found in specialized neurons that are clus-
tered in a few brain nuclei including the POM, the medial part of
the bed nucleus striae terminalis (BSTM), the VMN of the hypo-
thalamus, and the nucleus taeniae of the amygdala (Balthazart
et al., 1990b,d; Foidart et al., 1995). Interestingly, in the preoptic
area, almost all ARO-ir neurons are located within the boundaries
of the POM and their high density precisely defines the boundaries
of the nucleus in agreement with the boundaries defined based on
Nissl-stained material.

Based on the partial quail aromatase sequence, it also became
possible to design specific riboprobes and investigate the neu-
roanatomical distribution of the aromatase mRNA by in situ
hybridization histochemistry. The distribution of the message
was then compared with the distribution of the protein, visual-
ized by immunocytochemistry, and a nearly complete overlap was
identified (Aste et al., 1998a).

Studies were then performed to quantify in a variety of phys-
iological conditions the number of ARO-ir cells in the POM as
well as the amount of aromatase mRNA as assessed either by poly-
merase chain reaction on the entire preoptic area–hypothalamus
or by in situ hybridization (measure of the volume occupied by
dense aromatase mRNA at the level of POM and of the optical
density of this signal).

When considered as a whole, this work indicates that a chronic
treatment of castrated male quail with exogenous T significantly
increases AA as well as the number of ARO-ir neurons in the POM
and the aromatase mRNA concentration measured by RT-PCR
(see Figure 1; Balthazart and Foidart, 1993). This suggests that
the control by T of AA takes place largely at the pretranslational
(presumably transcriptional) level. The observed increase in AA is,
however, slightly higher (sixfold) than the increase in the number
of immunoreactive cells (fivefold), which is itself larger than the
increase in the concentration of ARO mRNA (fourfold). There
are two possible explanations for these differences: either they
reflect different experimental errors associated with the different
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FIGURE 1 | Effects of the treatment of castrated (CX) male quail with

testosterone (T) or with estrogens (E) in combination with

non-aromatizable androgens (A) on aromatase activity (AA), on the

number of aromatase-immunoreactive (ARO-ir) cells and on the

concentration of the aromatase mRNA in the quail preoptic area. All
data are expressed as percent of values obtained in CX birds to allow direct
comparisons. Redrawn from data in Schumacher and Balthazart (1986),
Schumacher et al. (1987), Harada et al. (1992, 1993), Balthazart et al. (1994).

quantification techniques or they indicate that, T also affects the
activity of the enzyme itself by mechanisms that do not depend
on changes in enzyme transcription (modulation of the transla-
tion of existing mRNA molecules into protein and of the activity
of the enzymatic protein.). This question will be revisited in the
following section.

Interestingly, the effects of T on AA appear to be mostly medi-
ated by the interaction of the steroid with androgen receptors in
rats (Roselli and Resko, 1984; Roselli et al., 1987), and in contrast
by an action of locally produced estrogens in birds (Hutchison and
Steimer, 1986). In most species that were studied so far (Hutchi-
son and Steimer, 1986; Roselli et al., 1987; Roselli, 1991) including
quail, there is, however, as is the case for the activation of sexual
behavior, a clear synergism between non-aromatizable androgens
and estrogens in the mechanism that regulates aromatase. This
synergism has been observed in quail at the three different levels
at which aromatase could be studied: the mRNA concentration, the
protein as assessed semi-quantitatively by immunocytochemistry
and the enzyme activity (Schumacher et al., 1987; Harada et al.,
1993; Balthazart et al., 1994; see Absil et al., 2001 for a summary
of these data).

RAPID NON-GENOMIC CONTROLS OF BRAIN AROMATASE
ACTIVITY IN MALE QUAIL
Although T-induced increases in preoptic AA are paralleled by
changes in enzyme concentration that are largely mediated by the
transcriptional action of the steroid, the apparent magnitude of
this effect increases with the progression from DNA transcription
to enzyme activity, suggesting that T may also regulate enzymatic
activity by other means. Indeed, recent work has identified changes
in AA that are much too fast (within minutes) to be possibly have
occurred based on a change in enzyme concentration.

It is well established that the activity of an enzyme can be drasti-
cally affected by post-translational modifications of the enzymatic
proteins such as phosphorylations (e.g., Nestler and Greengard,
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1999). Data scattered in the literature suggested that AA could
be modulated by the presence of divalent cations such as Mg2+
and Ca2+ that are known to affect also phosphorylation processes
(see references in Balthazart et al., 2001) and we therefore hypoth-
esized that the slight discrepancies between effects of T on AA
and on the apparent enzymatic concentration were related to
phosphorylations of the enzyme.

In vitro radioenzyme assays first indicated that AA mea-
sured in homogenates of the quail preoptic–hypothalamic region
is markedly inhibited within 10–15 min after the exposure of
the homogenates to elevated but physiological concentrations of
adenosine triphosphate (ATP), Mg2+, and Ca2+. This inhibition
was prevented by compounds that chelate divalent ions as well
as by kinase inhibitors, strongly suggesting that it is caused by
calcium-dependent phosphorylation processes (Balthazart et al.,
2001, 2003) (see Figure 2A).

Similar rapid inhibitions were also observed in quail preoptic–
hypothalamic explants maintained in vitro, in which the cellular
integrity of the neurons and a large part of their connectivity was
preserved. Exposure of these explants to conditions that increase
intracellular Ca2+ concentration (e.g., a potassium-induced depo-
larization) or thapsigargin, a drug that mobilizes intracellular
pools of Ca2+ resulted in a very rapid (within 5 min) and repro-
ducible inhibition of the enzymatic activity (Balthazart et al.,
2001). Similar results were observed following exposure of the
explants to glutamatergic agonists (the amino acid AMPA or
kainate and, to a lesser extent, N -methyl d-aspartate; Balthazart
et al., 2006) (see Figure 2B).

Other experiments carried out in vivo have similarly identified
rapid changes in AA following visual access or physical (sexual)
interactions of a male quail with a female (Figure 2C) as well as
following exposure to acute restraint stress (Cornil et al., 2005;
Balthazart et al., 2009b; Dickens et al., 2011). These changes are
anatomically specific and related precisely to the situation a bird
has been exposed to (e.g.,AA in POM increases following 5–15 min
of restraint stress but decreases after copulation with a female). The
mechanisms mediating these changes are currently under investi-
gation and may include rapid phosphorylations of the enzymatic
molecule but this remains to be demonstrated. The rapid time-
course of these effects excludes however the possibility that they
could be based on changes in the concentration of the enzyme.

At the functional level, it appears very likely that these rapid
changes in AA also modulate the local concentration of estro-
gen in the brain in vivo and recent work from our and other
laboratories indicates that these rapid changes in local estrogen
concentrations can have a significant functional impact, in partic-
ular on the expression of male sexual behavior. In quail specifically,
we showed that an acute injection of estradiol facilitates within
5–15 min the expression of both appetitive and consummatory
aspects of male sexual behavior (Cornil et al., 2006b). Conversely, a
single systemic injection of a large dose of Vorozole,a non-steroidal
aromatase inhibitor, quickly (15–30 min) reduces most aspects of
sexual behavior in sexually active male quail (Cornil et al., 2006c).
Similar rapid effects of estrogens have been identified in rodents
(Cross and Roselli, 1999; Kow and Pfaff, 2004; Taziaux et al., 2007)
as well as in other birds (e.g., effects on auditory processing in zebra
finch: Tremere et al., 2009; Remage-Healey et al., 2010; Maney and

Pinaud, 2011; Tremere and Pinaud, 2011) and fishes (Remage-
Healey and Bass, 2006). This suggests that such rapid behavioral
effects of estrogens are probably quite general and more research
is definitely warranted to analyze the causes and consequences of
these rapid changes in activity of brain aromatase.

SEX DIFFERENCES IN QUAIL SEXUAL BEHAVIOR
The expression of male-typical copulatory behaviors is sexually
differentiated in quail (Adkins, 1975, 1978; Balthazart et al., 1983):
this behavior (mount and copulation with females) is readily
observed in males in the standardized laboratory conditions but
not in females. It was believed that this behavioral sex difference
was caused by the different endocrine environment present in
adult birds (high T concentrations in males but high concentra-
tions of estradiol and progesterone in females) but work in the
laboratory of Elizabeth Adkins at Cornell University clearly estab-
lished that male-typical copulatory behavior is never exhibited by
females even after treatment with doses of T that are behaviorally
effective in males (Adkins, 1975, 1978; Balthazart and Schumacher,
1983). Furthermore, plasma T concentrations, although higher in
male than in female quail, overlap in the two sexes (Doi et al., 1980;
Balthazart et al., 1983, 1987) and should be sufficient to activate
male-typical copulatory behavior at least in those females that are
at the high end of the natural range of concentrations (Balthazart
et al., 1996a). It is thus the way in which male and female brains
respond to T that is sexually differentiated rather than just the T
concentrations.

This differential response to sex steroids develops during
ontogeny under the influence of estrogenic ovarian secretions in
females during a critical period that ends on day 12 of incubation
(Adkins, 1975; Adkins-Regan et al., 1982; Balthazart and Adkins-
Regan, 2002). This process can be pharmacologically manipulated
in both sexes to obtain in adult birds a male or female behavioral
phenotype irrespective of the genetic sex of the subjects. Specifi-
cally, injections of estradiol benzoate into male embryos demas-
culinizes (i.e., completely suppresses) adult copulatory behavior,
whereas injections of an aromatase inhibitor in female embryos
block demasculinization and lead to adult females that show the
full range of male sexual behavior if exposed to exogenous T (Balt-
hazart and Adkins-Regan, 2002; Balthazart et al., 2009a). During
embryonic life, ovarian estrogens thus block the subsequent abil-
ity of female quail to perform masculine sexual behavior whereas
the male phenotype seems to develop in the absence of hormonal
influences. This pattern of sexual differentiation is based on simi-
lar principles but is opposite of the mammalian pattern, in which
steroids secreted by the male, not the female, play the critical role
in the sexual differentiation of reproductive behaviors. Male rats
are masculinized and defeminized by T secreted by the embryonic
testes, even if T exerts most of its effects on brain and behavior
after being aromatized into an estrogen (Goy and McEwen, 1980;
Cooke et al., 1998).

The reliability of the differential response to T of adult male
or female quail and the ability to fully sex-reverse the behav-
ioral phenotype of adult birds by treating them in ovo with
estradiol or with an aromatase inhibitor contributed to the estab-
lishment of the Japanese quail as a model for the experimen-
tal analysis of sexual differentiation of reproductive behaviors
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FIGURE 2 | Rapid changes in preoptic aromatase activity (AA)

observed in quail brain preoptic area following various in vitro (A,B) or

in vivo (C) manipulations. (A) Aromatase activity is drastically decreased
from its baseline levels (Ctrl, black column) by a 15-min pre-incubation of
hypothalamic homogenates in the presence of ATP, Mg2+, and Ca2+ (0;
white column). This inhibition is completely blocked by a Ca2+-chelatings
agent such as EGTA and by addition of kinase inhibitors such as
staurosporine (STAU) which blocks serine/threonine kinases,
bisindolylmaleimide (BIS) which blocks protein kinase C (PKC) or H89 which
blocks protein kinase A (PKA). (B) Aromatase activity in paired hypothalamic
explants incubated in vitro in which both explants were exposed for 10 min
(between 20 and 30 min) to the glutamate agonist kainate (100 mM); one
explant was first pre-incubated with the non-NMDA glutamate antagonist
NBQX. The kainate-induced in inhibition of activity is completely abolished
by NBQX. (C) Aromatase activity in male quail that were allowed to
copulate for 1, 5 or 15 min with a sexually mature female or were handled
and returned to their home cage. Brains were collected immediately after
the end of the behavior test and AA was quantified in the preoptic
area–hypothalamus. Redrawn from data in Balthazart et al. (2003) (A),
Balthazart et al. (2006) (B), Cornil et al. (2005) (C).

(Ball and Balthazart, 2011). Numerous studies were performed in
an attempt to identify the neuroanatomical or neurochemical fea-
tures that become sexually differentiated under the influence of
embryonic estrogens and control the different behavioral response
of adult birds to T. A large number of brain sex differences were
identified in this context and have been summarized in several
review papers during the last few years (Balthazart et al., 1996a,
2009a; Balthazart and Adkins-Regan, 2002). It must be noted how-
ever that most of these differences appear to relate to a differential
activation by T in males and females so that when both sexes are
exposed to the same endocrine conditions (e.g., gonadectomized
and treated with a same amount of exogenous T), these differences
disappear (see Balthazart et al., 1996a, 2009a for discussion).

The AA in the preoptic area was identified in the mid-eighties
as a potential exception to this rule (Schumacher and Balthazart,
1986) and given the prominent role of preoptic aromatization in
the control of male copulatory behavior, we hypothesized that a
differential aromatization of T was potentially responsible for the
lack of behavioral response to T in females. A large number of
studies were therefore carried out during the next two decades on
the mechanisms that control the preoptic AA in male and female
quail and the rest of this review is focused on a summary of the
results that were gathered in these studies.

SEX DIFFERENCES IN BRAIN AROMATASE IN GONADALLY
INTACT SEXUALLY MATURE BIRDS
In a first study of AA in the quail brain, we measured this enzymatic
activity in both males and females in the hypothalamus–preoptic
area (HPOA; the region extending from the tractus septopallio-
mesencephalicus to the oculomotor nerves) that had been divided
in four equivalent blocks along the rostral to caudal axis. A very
marked sex difference was detected throughout the rostro-caudal
extent of this brain region with males producing two to four
times more estrogens than females depending on the brain area
considered (Schumacher and Balthazart, 1986; see Figure 3A).

Having around that time also identified a sexually dimorphic
nucleus (the volume of the medial preoptic nucleus, POM is sig-
nificantly larger in males than in females) in the preoptic area of
quail (Viglietti-Panzica et al., 1986; Panzica et al., 1987), we won-
dered whether AA would also be sexually differentiated in this
nucleus specifically. The Palkovits micropunch dissection tech-
nique (Palkovits and Brownstein, 1983) was therefore adapted to
the quail brain and a very sensitive AA assay of these micropunched
samples confirmed the presence of a significantly higher AA (±
double) in the POM of males as compared to females (Figure 3B;
Balthazart et al., 1990e). A more recent study confirmed that AA
is higher in the POM of males as compared to females although
the magnitude of this difference was smaller than what had been
reported for the entire preoptic region (female AA = ± 70% of
male AA; Figure 3C) and the sex difference did not reach statistical
significance (Cornil et al., 2011). It should be noted, however, that
multiple hypothalamic and mesencephalic nuclei were included
in that same study and that a statistically significant sex differ-
ence in AA (males > females) was detected in the adjacent bed
nucleus of the stria terminalis, medial part (BSTM; see Aste et al.,
1998b for a full description of this brain nucleus in the avian
brain based specifically on quail material) as well as in the pooled
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FIGURE 3 | Schematic summary of experiments that compared in

sexually mature gonadally intact male and female quail the

aromatase activity in the preoptic area (A) or in the medial preoptic

nucleus specifically (B,C), the number of aromatase-

immunoreactive cells in the POM (D–F) and the density of

aromatase mRNA (G–I) quantified by radioactive in situ
hybridization. All data are expressed in percentage of the corresponding

values in males that are set at 100% to allow direct comparisons. When
serial values were collected along the rostro-caudal axis of the POM,
data are expressed as the percentage of the maximal values in males.
See text for additional explanations. Redrawn from data in Schumacher
and Balthazart (1986) (A), Balthazart et al. (1990e) (B), Cornil et al. (2011)
(C), Foidart et al. (1994a) (D), Balthazart et al. (1996b) (E,F), Voigt et al.
(2011) (G–I)].

results of POM + BSTM (these groups of aromatase-expressing
cells are actually adjacent without any discontinuity). The BSTM
was likely included in the dissections of the preoptic area reported
in our first study (Schumacher and Balthazart, 1986) and the most
recent punch study (Cornil et al., 2011) thus agrees with these
original data.

In 1990, an antibody became available that allowed us to iden-
tify and localize ARO-ir in the quail brain (Balthazart et al.,

1990b,d). Immunocytochemical investigations demonstrated that
ARO-ir cells are essentially located in four dense clusters that
correspond to (1) the POM, (2) the BSTM, (3) the medio-basal
hypothalamus from the level of the dorso-lateral aspects of the
VMN of the hypothalamus to the infundibulum, and (4) the
nucleus taeniae of the amygdala (see also Foidart et al., 1995).

Soon thereafter, semi-quantitative studies were initiated to
investigate whether the sex differences affecting preoptic AA that
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had been previously observed were paralleled by similar differ-
ences in the number of ARO-ir cells in POM (and BSTM). A first
study, providing an estimate of the total number of ARO-ir cells
in the POM failed to detect any substantial sex difference (Male:
3045 ± 250 cells vs. Females: 2747 ± 524 cells, Figure 3D) although
the analysis of the distribution of ARO-ir cells along the rostro-
caudal axis of the POM indicated that males had more ARO-ir
cells than females in the caudal part of the nucleus whereas the
opposite was true in its rostral part (Foidart et al., 1994a).

A second experiment implemented a three-dimensional analy-
sis of these cells to investigate whether the difference in preoptic
AA that had been described was possibly due to a discrete sex dif-
ference in the number of ARO-ir cells that would not be detected in
global counts that considered the entire nucleus (Balthazart et al.,
1996b). The total numbers of POM ARO-ir cells in this study was
shown to be significantly larger (30%) in males than in females
(10584 ± 2080 vs. 7238 ± 1925, no attention should be paid to
absolute numbers, differences between experiments only relate to
the sampling procedure; see Figure 3E for results expressed as per-
centage of male data). The largest difference between males and
females was again localized in the caudal part of the POM (Balt-
hazart et al., 1996b; Figure 3F) but in no case did we find a sex
difference in the number of ARO-ir cells of a magnitude as large
as the difference affecting AA in the preoptic area or in the POM
specifically (two to threefold difference).

The partial (Harada et al., 1992) and then nearly complete
(Balthazart et al., 2003) cloning and sequencing of quail aromatase
also allowed us more recently to prepare in situ hybridization
probes facilitating the visualization and quantification of the aro-
matase mRNA. The distribution of aromatase mRNA matched
very closely with the results of the previous immunocytochem-
ical studies with the densest signal being observed in the POM,
BSTM, and in the medio-basal hypothalamus. Additional weaker
signal was detected in the rostral forebrain, arcopallium, and mes-
encephalic regions (Aste et al., 1998a; Voigt et al., 2007). Quite
surprisingly, the comparative analysis of the hybridization signal in
males and females revealed, however, a complete absence of sex dif-
ference in the optical density of the signal in the POM (Figure 3G)
and medio-basal hypothalamus. A reversed sex difference (female
density higher than male density) was even detected in the BSTM
(Voigt et al., 2007), where we had in contrast detected a higher
level of AA in males than in females (Cornil et al., 2011). Based
on the immunocytochemical results presented previously, we sus-
pected that a differential density of hybridization signal could be
present in discrete areas of the POM. Therefore we also measured
this parameter in a systematic fashion along the rostro-caudal axis
of the nucleus but no reliable sex difference could be detected in
this manner (Figure 3H; Voigt et al., 2007).

The area covered by the dense cluster of ARO-ir cells had been
shown to match precisely the boundaries of the POM as defined in
Nissl staining. As previously mentioned, the POM volume is sex-
ually differentiated (males > females; Viglietti-Panzica et al., 1986;
Panzica et al., 1987) and accordingly the volume defined by the
cluster of ARO-ir cells is larger in males than in females (Balt-
hazart et al., 1996b). This sex difference was also confirmed by
in situ hybridization studies, which identified a significantly larger
volume defined by a dense hybridization signal in males than in

females (Voigt et al., 2007). In an attempt to obtain an estimate
of the total amount of aromatase mRNA present in the male and
female POM, we also calculated the integrated optical density of
the corresponding hybridization signal defined as the product of
the signal optical density by the volume occupied (see Roselli et al.,
2004). This integrated optical density was larger in males than in
females (Figure 3I; effect driven by the volume difference) but
the difference had a small magnitude and was associated with a
substantial amount of inter-individual variance so that it was not
statistically significant (Voigt et al., 2007).

Taken together these results demonstrate the presence of a
reliable (approximately twofold) sex difference in preoptic AA
localized specifically in the sexually dimorphic POM and in the
adjacent BSTM. However this enzymatic sex difference does not
correspond to a large difference in the number of ARO-ir cells in
POM (30% difference in one study, no difference in another) and
a very small or no sex difference could be detected in the density of
aromatase mRNA. Also, very few sex differences have been detected
to date based on the analysis of the distribution of androgen or
estrogen receptors in the quail brain (Watson and Adkins-Regan,
1989; Voigt et al., 2009). These discrepancies between measures
of AA and its expression raise obvious questions concerning the
mechanisms generating the sex difference in enzymatic activity. We
shall return to this question after a description of sex differences
in AA and expression in adults birds exposed to similar endocrine
conditions.

SEX DIFFERENCES IN BRAIN AROMATASE IN
GONADECTOMIZED BIRDS TREATED WITH SEX STEROIDS
Studies of brain AA had been initiated to explain the action of T
on male sexual behavior, but also to test whether sex differences in
AA could be responsible for the difference in behavioral response
to T between males and females. If this were the case, one should
then expect to find a more active AA in males than in females
not only in sexually mature birds but also in gonadectomized sub-
jects treated with a same dose of T (since this is the endocrine
condition in which males show an active copulatory behavior but
females do not; Adkins, 1975; Balthazart et al., 1983; Balthazart
and Adkins-Regan, 2002). The studies of AA, of ARO-ir neurons
and of aromatase mRNA described in the previous section were
therefore carried out also in castrated males and ovariectomized
females that had been treated with identical Silastic™implants
filled with crystalline T that established plasma concentrations of
the steroid similar to those normally observed in sexually mature
males. Results of these studies are summarized in Figure 4.

An initial study of gonadectomized birds treated with 40 mm
long implants filled with T (GNX + T) in which AA was assayed
in the entire HPOA dissected in 4 equivalent blocks along the
rostro-caudal axis had indicated the presence of a very substan-
tial sex difference (two to threefold) affecting AA throughout this
area (see Figure 4A; Schumacher and Balthazart, 1986). A second
experiment published in the same paper suggested, however, that
the magnitude of this sex difference in GNX + T birds was much
smaller than originally thought. The Vmax of the enzyme mea-
sured during incubations of entire HPOA with increasing doses of
substrate was calculated to be 1 pmol/mg protein/h in males and
0.75 pmol/mg protein/h in females.
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FIGURE 4 | Schematic summary of experiments that compared in

gonadectomized sexually mature male and female quail that were

treated with the same dose of exogenous testosterone the aromatase

activity in the preoptic area (A) or in the medial preoptic nucleus

specifically (B,C), the number of aromatase-immunoreactive cells in the

POM detected by immunocytochemistry (D–F) and the density of

aromatase mRNA (G–I) quantified by radioactive in situ hybridization. All

data are expressed as a percentage of the corresponding values in males that
are set at 100% to allow direct comparisons. When serial values were
collected along the rostro-caudal axis of the POM, data are expressed as the
percentage of the maximal values in males. See text for additional
comparisons. Redrawn from data in Schumacher and Balthazart (1986) (A),
Balthazart et al. (1990c) (B), Balthazart et al. (1990e) (C), Cornil et al. (2011) (D),
Foidart et al. (1994a) (E), Balthazart et al. (1996b) (F,G), Voigt et al. (2011) (H,I).

In a subsequent study, we investigated whether different doses
of T would reveal more robust sex differences in the T induction
of AA in males and females. For this purpose, groups of gonadec-
tomized birds of both sexes were treated with T-filled Silastic™im-
plants of various lengths ranging between 2 and 40 mm or with
empty implants as control (Balthazart et al., 1990c). As shown
in Figure 4B, the increasing doses of T increased AA in the
entire HPOA in a dose-dependent manner. This induction was
numerically and statistically larger in males than in females. How-
ever the magnitude of this sex difference was roughly similar

through the range of doses that were tested and never exceed
25–30%.

In two independent studies, AA was also quantified in the POM
of GNX + T males and females that was dissected by the Palkovits
punch technique. These two studies were performed more than
20 years apart, the first one before the precise localization of ARO-
ir neurons had been described (Balthazart et al., 1990e), the second
one much later so that the microdissection could be guided by this
anatomical information (Cornil et al., 2011). Interestingly, both
studies failed to identify a sex difference in AA within this nucleus
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(Figures 4C,D). Together, these studies suggest that the small sex
difference in AA detected in the HPOA of GNX + T birds might
not be located in POM as dissected in micropunches studies and
that the sex difference in AA detected in the POM of sexually
mature birds is no longer present when birds are exposed to the
same endocrine conditions. This conclusion was largely confirmed
by studies analyzing the preoptic aromatase by immunocytochem-
ical detection of the enzymatic protein or by in situ hybridization
of the corresponding mRNA.

Two independent experiments quantified in great detail the
numbers of ARO-ir cells present in the POM of GNX + T males
and females. The first of these studies failed to find any sex dif-
ference in the total number of ARO-ir cells in the POM as well
as in the number of these cells at different rostro-caudal levels
within this nucleus (Foidart et al., 1994a). In the second study,
these cells were quantified in even greater detail by considering
their three-dimensional distribution (Balthazart et al., 1996b). No
sex difference was again detected in the total number of ARO-ir
cells in the entire POM (Figure 4F), in the number of cells at
different rostro-caudal levels (Figure 4G), and in more discrete
locations in the three dimensions (data not shown, see Balthazart
et al., 1996b).

Similar conclusions were reached by quantitative in situ
hybridization in a recent study that analyzed the density and dis-
tribution (volume of dense expression) of the aromatase mRNA
in gonadectomized male and female quail as well as in gonadec-
tomized males treated with exogenous T and in females that had
regrown a fully functional ovary after an unsuccessful ovariec-
tomy so that they were in adulthood laying eggs and exposed to
a full complement of gonadal steroids (estradiol, progesterone,...)
typical of their sex (Voigt et al., 2011). In both sexes, gonadec-
tomy markedly decreased the density of aromatase mRNA in
the POM, BSTM, and medio-basal hypothalamus. Exposure to
gonadal steroids typical of their sex enhanced aromatase expres-
sion in these three nuclei but in no location could a difference
favoring males be identified based on the density of the mRNA.
In particular, the average density of aromatase mRNA in the
entire POM was similar in males and females (Figure 4H) and
the same was true at different rostro-caudal levels throughout the
nucleus (Figure 4I). A reverse sex difference (females > males)
was even identified in the BSTM of these birds as previously seen
in gonadally intact sexually mature birds (Voigt et al., 2007; see
previous section).

Taken together these data lead to the important conclusion
that the sexually differentiated behavioral response to T in quail
is not simply the result of a differential effect of T on AA and
even less on aromatase transcription. Indeed multiple experiments
demonstrate that T always activates in a very reliable manner cop-
ulatory behavior in males but never has this effect in females.
In contrast, the sex difference in AA is usually present although
with a variable magnitude in gonadally intact birds but it is very
variable in birds treated with exogenous T, ranging from being
present and significant like in intact birds to completely missing
(males = females) whereas behavior is still highly different. The
reliable behavioral difference thus cannot be based only on an
unreliable enzymatic difference even if the latter eventually con-
tributes to some extent to the former. This conclusion is actually

consistent with the results of behavioral experiments showing
that treatment of gonadectomized birds with exogenous estra-
diol, which should by-pass the putative bottleneck created by a
more limited aromatization in females, activates sexual behavior in
males but still not in females (Schumacher and Balthazart, 1983).

SEX DIFFERENCES AFFECTING NON-GENOMIC CONTROLS
OF BRAIN AROMATASE
These data also raise an important question concerning the mech-
anisms that control the sex difference in AA reliably observed in
sexually mature birds since this enzymatic difference is not asso-
ciated with a sex difference in aromatase mRNA concentration
nor a significant sex difference in the number of preoptic ARO-ir
neurons. We demonstrated that in males AA is regulated by T via
changes in the transcription of corresponding mRNA but also in
the short-term by non-genomic mechanisms based at least in part
on phosphorylation processes (Balthazart et al., 2004; Balthazart
and Ball, 2006). These post-translational changes potentially cre-
ate a discordance between the amount of enzyme and the actual
enzymatic activity present at a given location and at a given time.
We therefore wondered whether a differential degree of aromatase
phosphorylation in males and females could explain the presence
of sex differences in AA in the absence of sex differences in aro-
matase mRNA concentration. These studies were conducted in
gonadally intact sexually mature birds since it is in these condi-
tions that the most reliable sex difference in AA are detected (see
Konkle and Balthazart, 2011).

A first set of experiments involving the incubation of male or
female HPOA homogenates with increasing concentrations of sub-
strate (tritiated androstenedione) for various durations confirmed
the presence of a significantly higher (about double) enzymatic
activity in males as compared to females. Based on the saturation
analysis, the apparent affinity (K m) of the enzyme for its substrate
was however similar in males and females.

We then tested whether phosphorylating conditions that had
been shown to affect in a rapid manner AA in males had a similar
effect in females. Homogenates of HPOA blocks from adult male
and female quail were prepared in a buffer that did or did not con-
tain EGTA (ethylene glycol tetraacetic acid, a compound chelating
divalent ions) and then pre-incubated for 10 min in the presence
or absence of ATP, Mg 2+, and Ca2+ (ATP–Mg–Ca). AA was then
assayed in these samples. This experiment confirmed (1) the sig-
nificantly higher activity in males as compared to females, (2)
that exposure to a divalent ion chelating agent (EGTA) increases
AA, and (3) that pre-incubation with ATP–Mg–CA significantly
decreases the enzyme activity. Quite interestingly these effects were
not identical in males and females. A three way Analysis of Vari-
ance detected, besides the significant main effects (Sex, EGTA,
ATP–Mg–Ca), significant interactions between the sex of the birds
and the effects of EGTA on the one hand, and of ATP–Mg–Ca
on the other hand (Konkle and Balthazart, 2011). Specifically,
effects of EGTA were more pronounced in males than in females
while effects of ATP–Mg–Ca also had larger amplitude in males as
compared to females (Figure 5).

Additional analysis taking into account the different basal
aromatase in the two sexes (males > females) suggested that
the interaction between Sex and ATP–Mg–Ca only reflects this
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FIGURE 5 | Calcium-dependent changes in aromatase activity in the

male and female quail HPOA. Males and female tissue homogenates
were exposed to 0 or 0.5 mM EGTA combined with the presence or
absence of ATP/Mg2+/Ca2+(ATP), thus creating four different experimental
conditions in each sex. Redrawn form data in Konkle and Balthazart (2011).

differential baseline quite normally associated with a larger magni-
tude of experimental changes. In contrast, however, the interaction
between Sex and EGTA action was still significant when this dif-
ferent basal activity was taken into account thus clearly indicating
that chelating divalent ions markedly increase AA in males but not
or less so in females.

One interpretation of these data is that, in control conditions,
brain AA is suppressed more by Ca2+ and Mg2+ in males than in
females so that the release from this inhibition has more promi-
nent effects in males. This points to a potentially interesting sex
difference in the regulation of aromatase by the intracellular ionic
environment but, returning to the original question that prompted
performance of these experiments, it is clear that this differential
regulation does not explain the higher basal activity of males in
the absence of a differential concentration of aromatase mRNA.
If enzymatic activity is lower in females while they seem to have
a similar amount of aromatase mRNA, one would rather expect
that the enzyme is chronically inhibited more in females than in
males. Additional work will therefore be required to explain this
intriguing discrepancy.

Another experiment also demonstrated that a variety of kinase
inhibitors including genistein (a general tyrosine kinase inhibitor),
staurosporine (a general serine/threonine kinase inhibitor), and
bisindolylmaleimide (a protein kinase C inhibitor) all significantly
block the inhibitory effects of a pre-incubation with ATP–Mg–Ca
on AA in both males and females. There was again a significant
interaction between the sex of the birds and the effects of these
inhibitors but it presumably resulted only from the higher basal
activity in males because the interaction was no longer significant
when male and female data were expressed as percentage of the
control values in their respective sex (see Konkle and Balthazart,
2011 for more detail).

CONCLUSION AND PERSPECTIVES
Since the discovery of an active AA in the brain by Naftolin et al.
(1972, 1975), a tremendous amount of data have been accumu-
lated concerning the functional significance of this enzyme and
the mechanisms controlling its activity. The Japanese quail and
birds in general have always been at the forefront of this progress
because these species display a much higher enzymatic activity

than typical laboratory mammals such as rats and mice and the
analysis of the activity of the enzyme and of its neuroanatomical
distribution is greatly facilitated.

In quail, it has been clearly established that the aromatization
of T into estradiol in the preoptic area is a critical limiting step in
the activation of male copulatory behavior. One of the first neuro-
chemical effects of T in the preoptic area is actually to increase local
AA. With the availability of antibodies against aromatase and the
sequencing of its mRNA allowing preparation of probes for in situ
hybridization, it became possible to analyze the control of aro-
matase at all these levels. These studies revealed that the activation
of AA by T is largely, if not exclusively, explained by an increased
concentration of the corresponding mRNA presumably resulting
from a stimulation of the transcription of the corresponding gene.

Because T never activates male-typical copulatory behavior in
female quail and because initial studies indicated that the preoptic
AA is higher in males than in females, it was suspected that this
differential production of estrogens in the brain could be a critical
factor responsible for the lack of behavioral activation in females.
Subsequent studies revealed, however, that this sex difference in
AA is not reliable when males and females are gonadectomized
and treated with T, and that treating females with estrogens still
does not activate male-typical copulatory behavior. This simplis-
tic explanation of the behavioral difference is thus simply not true
and more work on this topic is therefore required.

This work comparing AA, ARO-ir cells, and aromatase mRNA
in males and females interestingly revealed that sex differences
observed when measuring enzymatic activity are not necessarily
present at the level of the mRNA concentrations. It was hypoth-
esized that these discrepancies could reflect post-translational
controls of the enzymatic activity that were known to take place
in males following phosphorylation processes presumably affect-
ing the aromatase protein itself. Experiments carried out so far
indicate that rapid inhibitions of AA by phosphorylations occur
in females as they do in males but so far the pattern of these effects
does not seem to be able to explain the sex difference in preoptic
AA. Additional work on the actual intracellular concentrations of
Ca2+ in the male and female brains should however be carried out
to determine what are the physiological conditions under which
aromatase operates in vivo.

Additionally, the functional significance of brain AA, especially
in females, and the role(s) of rapid changes in brain estrogens
production are still the subject of active research. In an alternative
avian model, the telencephalic auditory system of the zebra finch, it
has now been shown that the aromatase protein and AA are located
in part at the level of pre-synaptic boutons (Peterson et al., 2005;
Rohmann et al., 2007), that rapid changes in local estrogen concen-
trations (as measured by in vivo dialysis coupled to very sensitive
radioimmunoassay) take place in response to social experiences
(e.g., hearing songs: Remage-Healey et al., 2008) and that these
rapid changes in estrogen concentration have rapid, specific, and
enduring effects (several hours) on the processing and discrimi-
nation of auditory signals (Tremere et al., 2009; Remage-Healey
et al., 2010; Maney and Pinaud, 2011). In quail, we also collected
evidence indicating that rapid changes in estrogen availability that
should result from rapid changes in local AA significantly mod-
ulate the expression of appetitive and consummatory aspects of
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male sexual behavior (Cornil et al., 2006b,c) and similar results
have been observed in rats (Cross and Roselli, 1999) and mice
(Taziaux et al., 2007). Taken together these results demonstrate
that (1) estrogens are produced at the pre-synaptic level, (2) their
production changes rapidly within minutes if not seconds, (3)
their production is altered by changes in the environment and in
neurotransmitter activity, and (4) their action presumably at the
neuron membrane rapidly affects behavioral activity, thus strongly
supporting the idea that estrogens produced by aromatization
in the brain behave like neuromodulators if not neurotransmit-
ters (Balthazart and Ball, 2006; Saldanha et al., 2011). Numerous

questions remain, however, concerning the specific function of
brain estrogens in the control of behavior, sensory physiology, and
sex difference affecting these two processes.
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Locally produced neurosteroids are proposed to have many functions in the central nervous
system.The identification of the steroidogenic acute regulatory protein in steroid-producing
neural cells provides a new tool to understand the sites, regulation, and importance of their
synthesis.
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INTRODUCTION
While the ovary, testes, and adrenal gland generate neuroac-
tive steroids that impact brain function, the central nervous
system (CNS) itself generates smaller levels of steroids (neuros-
teroids) de novo from cholesterol (Corpechot et al., 1983). The
enzymes responsible for steroid synthesis localize to specific cell
types within the CNS, including the two mitochondrial pro-
teins that initiate steroidogenesis, cytochrome P450 side-chain
cleavage (P450scc), and the steroidogenic acute regulatory pro-
tein (StAR/STARD1; Compagnone and Mellon, 2000; King et al.,
2002).

Steroid hormone production begins with the conversion of
cholesterol to pregnenolone by P450scc on the matrix side of the
inner mitochondrial membrane (Bhangoo et al., 2006). Depend-
ing on the cell type, pregnenolone is further metabolized to other
steroids, such as progesterone, allopregnanolone, and estrogen.
The rate at which P450scc generates the steroid is determined by
its access to cholesterol substrate. This access is controlled by StAR,
which catalyzes the delivery of cholesterol from the outer mito-
chondrial membrane to the inner and P450scc (Figure 1; Clark et
al., 1994).

Surprisingly, StAR elicits this intermembrane transfer from
outside the mitochondria, prior to its import into the organelle,
and processing to its mature 30-kDa forms (reviewed in Bhangoo
et al., 2006). This makes its difficult-to-detect 37-kDa “precursor”
the active form of StAR, solely due to its positioning outside the
mitochondria. Import ends StAR activity. Thus, ongoing steroid
synthesis requires ongoing synthesis of StAR.

In summary, the capability and capacity of a cell to make steroid
is identified by the presence of P450scc. The rate and level of
steroid production is marked by the expression level of StAR. Loss

of either protein causes a catastrophic loss of circulating steroids
(Hasegawa et al., 2000; Hu et al., 2002). While most research on
StAR relates to its role in classic endocrine tissues in the gonads
and adrenal gland, recent attention has turned to its importance
in neurosteroid production in the CNS.

EXPRESSION OF StAR IN THE ADULT AND DEVELOPING CNS
The presence of StAR mRNA and protein in the CNS was first
unambiguously demonstrated by Furukawa et al. (1998) and King
et al. (2002) respectively. Subsequent research demonstrated the
conservation of its presence in the brain evolutionarily, such as in
the songbird and the eel (Li et al., 2003; London et al., 2006; Lon-
don and Schlinger, 2007). Other data provide conflicting data for
the expression and extent of expression of StAR in the fish brain
and evidence for very low expression in the CNS of the stingray
(Bauer et al., 2000; Kusakabe et al., 2002; von Hofsten et al., 2002;
Nunez et al., 2005; Nunez and Evans, 2007).

Like P450scc and the enzyme that converts pregnenolone to
progesterone, 3β-hydroxysteroid dehydrogenase (3β-HSD), the
level of StAR in the brain is much lower than in endocrine tis-
sues – approximately 0.1–1% of that found in the adrenal (Guen-
noun et al., 1995; Furukawa et al., 1998). However, StAR itself
is expressed at a level much lower than 3β-HSD, but at least an
order of magnitude greater than P450scc in the rat CNS (Mellon
and Deschepper, 1993; Guennoun et al., 1995; Sanne and Krueger,
1995; Furukawa et al., 1998). Still, local concentrations of neuros-
teroids produced by neural cells can be far greater than that in
serum.

Consistent with its critical role in steroidogenesis, StAR
co-localizes with P450scc in the CNS (King et al., 2002).
Steroidogenic regions marked by StAR and P450scc include
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FIGURE 1 | Mechanism of StAR action. Following synthesis and an
activating phosphorylation (Pi ), StAR catalyzes the movement of cholesterol
(Ch) in the outer mitochondrial membrane to the inner membrane through
an unknown mechanism. There, cytochrome P450scc converts cholesterol
to the steroid pregnenolone (P5), using reducing equivalents supplied by
adrenodoxin reductase via adrenodoxin (not depicted). StAR is then
imported into the mitochondria and processed to smaller forms.

the cortex, hippocampus, hypothalamus, cerebellum, and cranial
nerve motoneurons (Compagnone et al., 1995; King et al., 2002;
Sierra et al., 2003); summarized in (Do Rego et al., 2009). As with
P450scc, StAR is expressed in specific neuronal and astrocyte pop-
ulations. The two proteins co-localize to individual neuronal and
glial cell types within the neonatal and adult brain (Mellon and
Deschepper, 1993; Furukawa et al., 1998; King et al., 2002, 2004a).
Specific cell types in the retina and Schwann cells synthesize both
StAR and P450scc and hence, neurosteroids (Jung-Testas et al.,
1989; Guarneri et al., 1994; Compagnone et al., 1995; Koenig et al.,
1995; Patte-Mensah et al., 2003; Provost et al., 2003; Benmessahel
et al., 2004).

The ability of the brain to synthesize neurosteroids is acquired
early in development (Compagnone et al., 1995; Pezzi et al., 2003;
King et al., 2004a). Embryogenesis marks the time of greatest
neuronal growth and development as well as the peak of neu-
rosteroid production. The developing CNS also expresses StAR in
dividing cells and germinal layers (Sierra et al., 2003). Neona-
tal peaks in StAR, P450scc, and aromatase mRNA in Purkinje
cells and other cerebellar neurons reflect high levels of de novo
synthesis of progesterone and estradiol, which can regulate den-
dritic growth, spine, generation, and synaptogenesis (Sakamoto
et al., 2003; Lavaque et al., 2006; Tsutsui, 2006). Developmental
expression of StAR is also found in the zebra finch (London and
Schlinger, 2007).

REGULATION OF StAR EXPRESSION
In endocrine tissues, trophic hormones like LH and ACTH con-
trol StAR expression and hence, steroid production. The identities
of similar factors that regulate StAR in the CNS remain largely
unknown.

In human SH-SY5Y neuroblastoma cells, gonadotropin-
releasing hormone (GnRH) triples StAR and P450scc levels within
90 min via upregulation of LH (Rosati et al., 2011). As in gonadal
tissues, levels of StAR in differentiated rat primary hippocam-
pal neurons and human M17 neuroblastoma cells also respond
to LH within 30 min (Liu et al., 2007). Whether these hormones

influence StAR in vivo remains unclear, although LH and GnRH
receptors have been identified, for instance, in hippocampal neu-
rons (Lei et al., 1993; Webber et al., 2006; Wilson et al., 2006; Liu
et al., 2007). Recent in vitro and in vivo studies also implicate
a resident lipid, palmitoylethanolamide (PEA). PEA upregulates
StAR and P450scc in the rat brain, rat C6 glioma cells, and murine
astrocytes (Sasso et al., 2010; Raso et al., 2011).

The intracellular mechanism that governs StAR expression
in neural tissue has been shown to involve the cAMP second
messenger pathway as previously observed in endocrine tissues.
Stimulation of the cAMP pathway induces StAR expression and
steroidogenesis in neural cells (Papadopoulos and Guarneri, 1994;
Roscetti et al., 1994; Arakane et al., 1997; Mellon et al., 2001;
King et al., 2002; Jo et al., 2005; Lavaque et al., 2006; Manna
et al., 2006; Karri et al., 2007). In one notable but unexplained
exception, StAR mRNA levels decline with cAMP stimulation
in Schwann cells in spite of increased neurosteroid production
(Benmessahel et al., 2004). A preliminary report with an inflam-
matory model in mice indicates that StAR levels in the spinal cord
as in testicular Leydig cells are derepressed with downregulation
of COX-2, increasing analgesic neurosteroid production (Wang
et al., 2003; Inceoglu et al., 2008). This effect on StAR may require
increased cAMP.

TRANSCRIPTION FACTORS CONTROLLING StAR
EXPRESSION
The trans-acting factors controlling StAR gene expression in the
CNS remain elusive. The effect of PEA is mediated through its
binding of the peroxisome-proliferator activated receptor (PPAR)-
α (Sasso et al., 2010; Raso et al., 2011). As in ovarian theca cells
and mouse K28 Leydig cells, chronic stimulation with retinoic acid
increases StAR and steroid production in GI-1 human glia cells
(Kushida and Tamura, 2009; Lavoie and King, 2009). In contrast,
long-term treatment with retinoid X and retinoic acid receptor
ligand 9-cis-retinoic acid has no effect on StAR gene expression in
rat hippocampal slices (Munetsuna et al., 2009b).

Interestingly, steroidogenic factor 1 (SF-1/NR5A1) and DAX-
1 which are critical in StAR gene regulation in endocrine tissues,
appear to be mostly or entirely uninvolved. This is evidenced by the
very limited number of regions expressing these transcription fac-
tors compared to StAR. Both SF-1 and DAX-1 localize to the rodent
ventral medial hypothalamus (VMH; Guo et al., 1995; Ikeda et
al., 1995, 1996; Shinoda et al., 1995b). In one report, SF-1 was
identified in hippocampal neurons, with expression overlapping
StAR and aromatase (Wehrenberg et al., 2001). Targeted knockout
of the transcription factor disrupts the organization of the ven-
tromedial nucleus (Shinoda et al., 1995a; Ikeda et al., 1996) and
causes increased anxiety-like behavior (Kim et al., 2009). However,
these changes are apparently unrelated to changes in neurosteroid
production (Bhangoo et al., 2006; Kim et al., 2008).

An exciting aspect of neurosteroids is that certain neuros-
teroids such as allopregnanolone exert non-genomic changes pri-
marily through ion channels found in target cells on the order
of seconds to minutes. By implication, neurosteroids should be
synthesized within a similar time frame. However, such rapid
changes in de novo synthesis, while they may exist, have yet to be
demonstrated. Such a change would likely involve translational or
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post-translational regulation of StAR, such as an activating phos-
phorylation of the protein by PKA (Roscetti et al., 1994; Arakane
et al., 1997; Mellon et al., 2001; King et al., 2002; Jo et al., 2005;
Lavaque et al., 2006; Manna et al., 2006). Increases within 5 min
in steroid production have been observed in peripheral tissues,
such as adrenocortical cells (DiBartolomeis and Jefcoate, 1984).
It should be noted that other studies, primarily in birds, describe
rapid (on the order of 5–10 min) changes in the levels of aro-
matase and 3β-HSD activities that result in modest alterations
in the levels of neurosteroids metabolized from steroids obtained
from peripheral sources (Balthazart et al., 2006; London et al.,
2009).

ROLE OF StAR IN THE BRAIN
The multiplicity of regions expressing StAR and P450scc reflects
the roles for a neurosteroids in a variety of CNS functions. By
example, social isolation stress increases StAR expression in the
hippocampus to elevate estrogen levels (Munetsuna et al., 2009a).
Conflicting reports exist as to whether ethanol also increases StAR
mRNA in the cortex and hippocampus (Serra et al., 2006; Boyd
et al., 2010). The hypnotic effect of pentobarbital and antinoci-
ceptive activity at the level of the spinal cord are linked to PEA-
stimulated StAR-dependent allopregnanolone production in mice
(Sasso et al., 2010, 2011). Increased production of StAR and neu-
rosteroids in the spinal cord elicited by select anti-inflammatory
factors are linked to antihyperalgesia (Inceoglu et al., 2008).
Here, we summarize other studies that specifically describe the
involvement of StAR.

SEXUAL FUNCTION
Neurosteroids and the proteins responsible for their synthesis like
StAR and P450scc are found in structures relevant for sexual
behavior and reproduction, such as the amygdala, medial preoptic
area, and VMH (Compagnone et al., 1995; King et al., 2002; Sierra
et al., 2003; King, 2008). The importance of neurosteroid produc-
tion in reproduction is exemplified by the finding that inhibition
of hypothalamic progesterone synthesis blocks the ovulatory LH
surge in female rats (Micevych et al., 2003). The protein is also
found in pituitary gonadotrope LβT2 cells (Lopez de et al., 2007).
StAR may serve a different function than in steroid production in
these cells since they lack P450scc.

Differences in neurosteroids with gender are mirrored by dif-
ferences in StAR. Male rats exhibit higher cerebellar levels of StAR,
P450scc, and aromatase mRNAs and by implication, higher levels
of neurosteroids (Lavaque et al., 2006). The opposite holds true
for StAR in the zebra finch (Mirzatoni et al., 2010).

NEUROPROTECTION
Neurosteroids can be neuroprotective and their synthesis changes
with aging and injury. Similarly, StAR changes with neuronal
insults. For instance, excitotoxic stimuli like kainic acid and
NMDA stimulate the generation of StAR and neurosteroids in the
hippocampus (Kimoto et al., 2001; Sierra et al., 2003). Damage to
the inferior olive elicited by i.p. injection of 3-acetylpyridine ele-
vates StAR, P450scc, and aromatase mRNA levels in cerebellar neu-
rons (Lavaque et al., 2006). The neuroprotective effects of PEA in
murine astrocytes are linked to StAR-dependent allopregnanolone
production (Raso et al., 2011).

Changes in neuroprotection and spinal density in hippocampal
neurons correlate with StAR-dependent production of estrogen.
Knockdown of StAR expression in these neurons reduces estradiol
synthesis, increases cell death, reduces proliferation and causes
alterations in spine densities, synaptic protein levels, and axon
outgrowth in vitro (Fester et al., 2006; Prange-Kiel and Rune,
2006; Prange-Kiel et al., 2006; von Schassen et al., 2006). Given
that GnRH can induce hippocampal estradiol synthesis, changes
in spine density observed with the ovarian cycle may depend
on changes in release of this hormone with the cycle within the
hippocampus (Prange-Kiel et al., 2008, 2009).

Aging also increases StAR levels in the rat brain (Sierra et al.,
2003). These changes may compose a neuroprotective response,
mediated by neurons and astrocytes. Neurodegenerative diseases
further evoke StAR expression. Levels of StAR rise in Alzheimer
disease, notably in hippocampal pyramidal neurons that express
LH receptors (Webber et al., 2006). This rise correlates with a sim-
ilar increase in LH. In Niemann-Pick disease type C model mice,
compromised expression of StAR and consequently, neuroprotec-
tive estradiol by affected cortical astrocytes relate to progression
of the disease (Chen et al., 2007).

StAR-INDEPENDENT STEROIDOGENESIS
It is important to mention that StAR-independent pathways of
intramitochondrial cholesterol transfer do exist, as exemplified in
the human placenta, the only steroidogenic tissue known to not
express StAR (Bhangoo et al., 2006). These pathways also reside
in StAR-positive cell types, but generate fractional amounts of
steroid compared to StAR. These pathways are largely uncharac-
terized, but contribute to basal steroid production and appear to
be unregulated.

Unlike hydrophobic cholesterol, hydroxylated forms of cho-
lesterol (oxysterols) can freely diffuse between mitochondrial
membranes to P450scc without the assistance of StAR. Oxysterol-
dependent steroid production may be important in testicular
development (Hutson, 2006). In the brain, the predominant
oxysterol, 24S-hydroxycholesterol, could conceivably represent
a source of neurosteroids (Lutjohann et al., 1996; King et al.,
2004b).

A role for the peripheral-type mitochondrial benzodiazepine
receptor/translocator protein (PBR/TSPO) alone or in coordina-
tion with StAR has also been proposed (Papadopoulos, 2004).
Endozepines that bind PBR regulate de novo neurosteroid produc-
tion in C6-2B glioma cells (Papadopoulos et al., 1992). Still, this
ubiquitous protein usually exists in the outer mitochondrial mem-
brane as part of the permeability transition pore complex, which
controls mitochondrial integrity (Decaudin, 2004). In fact, PBR
ligands can induce mitochondrial swelling and are pro-apoptotic
(Chelli et al., 2001; Decaudin, 2004). Its knockout is embryonically
lethal, reflecting an essential function beyond steroidogenesis, such
as in apoptosis which also affects steroid production (Papadopou-
los et al., 1997; King et al., 1998). Correspondingly, knockdown
of PBR impairs mitochondrial protein import perhaps secondar-
ily to loss of the electrochemical potential, also crucial to steroid
synthesis (King and Stocco, 1996; King et al., 1999, 2000; Hauet
et al., 2005). Therefore, while PBR may support carom steroid
production, evidence for a direct role is lacking.
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CONCLUSION
Current research supports the presence of StAR as a measure of
the level of neurosteroid production in the CNS and thus, a tool to
probe the importance and regulation of neurosteroids. Factors that
control StAR expression and activation control neurosteroid syn-
thesis. The speed with which StAR and thus, neurosteroid synthesis
occur represents a consideration in models of neurosteroid action.

Knockouts of StAR and P450scc should disrupt neurosteroid
production in the brain and ergo, neurosteroid-regulated func-
tions. Patients with mutations in these proteins present deficits
in gonadal and adrenal steroids that manifest as congenital lipoid
adrenal hyperplasia and non-classical familial glucocorticoid defi-
ciency type 3 (Lin et al., 1995; Metherell et al., 2009; reviewed
in King et al., 2011). The presentation of these conditions in
patients and mouse models can include reproductive defects,
hypoglycemia, and salt wasting. However, an increased inci-
dence of cognitive deficits and brain developmental or behavioral

abnormalities separable from the physiologic phenotype has yet
to be established (Bhangoo et al., 2006; Abdulhadi-Atwan et al.,
2007). One possibility is that the brain adjusts to the permanent
loss of neurosteroids during development. As well, changes in sex-
ual behavior and function could be masked by the overriding effect
of the loss of gonadal sex steroid production.

Still, these findings question the significance of neurosteroids.
More rigorous and sophisticated studies of patients and knock-
out animals are required since many studies using inhibitors
of steroidogenesis point to a vital role for these compounds in
the CNS.
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The enzymatic pathways leading to the synthesis of bioactive steroids in the brain are now
almost completely elucidated in various groups of vertebrates and, during the last decade,
the neuronal mechanisms involved in the regulation of neurosteroid production have
received increasing attention. This report reviews the current knowledge concerning the
effects of neurotransmitters, peptide hormones, and neuropeptides on the biosynthesis of
neurosteroids. Anatomical studies have been carried out to visualize the neurotransmitter-
or neuropeptide-containing fibers contacting steroid-synthesizing neurons as well as the
neurotransmitter, peptide hormones, or neuropeptide receptors expressed in these neu-
rons. Biochemical experiments have been conducted to investigate the effects of neuro-
transmitters, peptide hormones, or neuropeptides on neurosteroid biosynthesis, and to
characterize the type of receptors involved. Thus, it has been found that glutamate, acting
through kainate and/or AMPA receptors, rapidly inactivates P450arom, and that melatonin
produced by the pineal gland and eye inhibits the biosynthesis of 7α-hydroxypregnenolone
(7α-OH- 5Δ P), while prolactin produced by the adenohypophysis enhances the formation
of 7α-OH- 5Δ P. It has also been demonstrated that the biosynthesis of neurosteroids is
inhibited by GABA, acting through GABAA receptors, and neuropeptide Y, acting through
Y1 receptors. In contrast, it has been shown that the octadecaneuropetide ODN, acting
through central-type benzodiazepine receptors, the triakontatetraneuropeptideTTN, acting
though peripheral-type benzodiazepine receptors, and vasotocin, acting through V1a-like
receptors, stimulate the production of neurosteroids. Since neurosteroids are implicated in
the control of various neurophysiological and behavioral processes, these data suggest that
some of the neurophysiological effects exerted by neurotransmitters and neuropeptides
may be mediated via the regulation of neurosteroid production.

Keywords: neurosteroids, glutamate, GABA, melatonin, prolactin, endozepines, vasopressin, neuropeptideY

INTRODUCTION
The regulatory effects of steroid hormones in the central nervous
system (CNS) have long been recognized (McEwen, 1994; Baulieu
et al., 1999; Dubrovsky, 2005; Leskiewicz et al., 2006). Steroids
acting on the CNS originate from two sources: (1) steroids pro-
duced by peripheral endocrine glands, i.e., gonads, adrenal, and
placenta, that have to cross the blood–brain barrier to act on the
brain, are usually designated as neuroactive steroids; (2) steroids
directly synthesized within the CNS, either de novo from choles-
terol or by in situ metabolism of circulating steroid precursors, are
designated by the generic term neurosteroids (Robel and Baulieu,
1985, 1994; Baulieu, 1997, 1998). The capability of the nervous sys-
tem to synthesize steroids was originally discovered in mammals
(Corpéchot et al., 1981, 1983; Lanthier and Patwardhan, 1986)

and was subsequently generalized in other vertebrates including
birds, amphibians, and fish (Mensah-Nyagan et al., 1999; Mellon
and Vaudry, 2001; Tsutsui et al., 2003, 2009; Do Rego et al., 2009;
Diotel et al., 2010) indicating that de novo neurosteroidogenesis is
a conserved property in the vertebrate phylum.

There is growing evidence that neurosteroids play an impor-
tant role as endogenous modulators of neuronal functions and
behavioral processes, and that alterations of neurosteroid con-
centrations may contribute to the pathophysiology of neuronal
disorders (Majewska, 1992; Robel et al., 1999; Rupprecht and
Holsboer, 1999; Lapchak et al., 2000; Lapchak and Araujo, 2001;
Rupprecht et al., 2001; Dubrovsky, 2005; Belelli et al., 2006; Strous
et al., 2006). For instance, in rat, infusion of pregnenolone sul-
fate (Δ5PS) and dehydroepiandrosterone sulfate (DHEAS) into
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the nucleus basalis magnocellularis enhances learning and mem-
ory (Mayo et al., 1993; Robel et al., 1995). Reciprocally, deficit in
cognitive performances in aged rats and mice is correlated with
low Δ5PS and DHEAS levels in the hippocampus (Flood et al.,
1988, 1992; Vallée et al., 1997, 2001; Ladurelle et al., 2000). In
chickens, administration of DHEA and DHEAS enhances learn-
ing and memory (Migues et al., 2002). In humans, DHEA and
DHEAS are considered to play a role in memory both in nor-
mal subjects and aging patients (Sunderland et al., 1989; Nasman
et al., 1991; Strous et al., 2006). More specifically, with regards
to Alzheimer’s disease, decreased levels of several neurosteroids
have been observed in the frontal cortex, hippocampus, amygdala,
striatum, hypothalamus, and cerebellum (Sunderland et al., 1989;
Nasman et al., 1991; Weill-Engerer et al., 2002; Schumacher et al.,
2003). The best known role of neurosteroids is their involvement
in the control of mood disorders. Numerous behavioral inves-
tigations have shown that neurosteroids exert anxiolytic (Hodge
et al., 2002; Strous et al., 2003), anti-depressant (Uzunova et al.,
2003; van Broekhoven and Verkes, 2003), anti-aggressive (Kava-
liers and Kinsella, 1995; Pinna et al., 2008), hypnotic (Lancel
et al., 1997; Damianisch et al., 2001), anti-convulsive (Landgren
et al., 1987; Belelli et al., 1989), and anti-stress actions (Patchev
et al., 1996; Hu et al., 2000). In animal models, an effect of
neurosteroids in eating disorders has been reported (Reddy and
Kulkarni, 1998, 1999; Strous et al., 2006). In particular, DHEA
decreases food intake (Svec and Porter, 1996; Svec et al., 1998),
reduces insulin resistance (Svec and Porter, 1998a,b), and lowers
adiposity (Svec and Porter, 1998a,b; Pham et al., 2000). DHEAS
has also been found to induce a significant decrease in food
intake and body weight (Reddy and Kulkarni, 1999; Kaur and
Kulkarni, 2001). In contrast, allopregnanolone causes hyperpha-
gia in male and female rats (Reddy and Kulkarni, 1999). The
dose-dependent effects of Δ5PS on locomotion of mice placed
in a novel environment show the existence of a possible role of
neurosteroids in adaptation to novelty (Fahey et al., 1995a). Neu-
rosteroids are also involved in the regulation of excitotoxic and
apoptotic processes (Kimonides et al., 1999; Frank and Sagratella,
2000; Manji et al., 2003; Charalampopoulos et al., 2004; Wojtal
et al., 2006). In vivo studies indicate that progesterone, allopreg-
nanolone, and DHEA exert neuroprotective effects in models of
traumatic brain injury (Stein, 2001; Malik et al., 2003; Djebaili
et al., 2004; He et al., 2004) and in focal cerebral ischemia (Malik
et al., 2003; Sayeed et al., 2006). In vitro data also point to the
neuroprotective effects of neurosteroids in models of neuronal
injury against neurotoxic insults inflicted by excitatory amino
acids (Kimonides et al., 1999; Gursoy et al., 2001) and β-amyloid
peptides (Kimonides et al., 1998, 1999; Frank and Sagratella,
2000; Lockhart et al., 2002; Xilouri and Papazafiri, 2006). It
has been demonstrated that neurosteroids play important func-
tions in neurodevelopment and neuronal remodeling, including
neurogenesis (Roberts, 1986; Weaver et al., 1997; Schumacher
et al., 2000; Magnaghi et al., 2001; Young, 2002), axonal and
dendritic growth, and synaptic connectivity (Jones, 1994; Com-
pagnone and Mellon, 1998). In addition to their protective effects
on the brain, neurosteroids can regulate myelin formation and
increase expression of myelin proteins in the sciatic nerve (Koenig
et al., 1995; Murakami et al., 2000; Plassart-Schiess and Baulieu,

2001; Laurine et al., 2003; Melcangi et al., 2003; Iwata et al.,
2005).

The effects of neurosteroids on neuronal activity are mediated
through several distinct categories of receptors. Neurosteroids,
like other steroid hormones, can act at the transcriptional level
through interaction with nuclear receptors (McEwen, 1994; Rup-
precht, 1997; Mo et al., 2004). Neurosteroids may also interact with
plasma membrane G protein-coupled receptors either directly
(Schiess and Partridge, 2005; Tasker et al., 2006) or indirectly
by modulating the binding of neuropeptides to their receptors
(Grazzini et al., 1998; Zwain et al., 2002; Torres and Ortega, 2003).
In addition, neurosteroids can stimulate tubulin polymerization
in cultured neurons by binding to the microtubule-associated
protein-2 (Murakami et al., 2000; Plassart-Schiess and Baulieu,
2001; Laurine et al., 2003; Iwata et al., 2005). However, most of the
actions of neurosteroids are mediated via allosteric modulation
of neurotransmitter receptors, including the GABAA/central-type
benzodiazepine receptor (CBR) complex (Belelli and Lambert,
2005; Belelli et al., 2006; Zheng, 2009), N -methyl-d-aspartate
(NMDA; Mameli et al., 2005; Monnet and Maurice, 2006), kainate
(Costa et al., 2000; Dubrovsky, 2005), α-amino-3-hydroxy-5-
methyl-4-isoxazole-propionic acid (AMPA; Rupprecht and Hols-
boer, 2001; Dubrovsky, 2005), glycine (Jiang et al., 2006; Mitchell
et al., 2007), sigma (Monnet et al., 1995; Maurice et al., 2006),
serotonergic (Kostowski and Bienkowski, 1999; Shannon et al.,
2005a,b), nicotinic (Valera et al., 1992; Bullock et al., 1997), and
muscarinic receptors (Horishita et al., 2005; Steffensen et al.,
2006). For example, the effects of GABA on the GABAA receptor
are allosterically potentiated by progesterone and deoxycorticos-
terone metabolites such as allopregnanolone, pregnanolone, and
tetrahydrodeoxycorticosterone (Majewska et al., 1986; Majewska,
1992; Paul and Purdy, 1992; Bergeron et al., 1996). On the other
hand, Δ5PS and DHEA have been reported to inhibit GABAA

receptor activity (Majewska and Schwartz, 1987; Park-Chung
et al., 1999). Allopregnanolone is a negative modulator of the
NMDA receptors (Wu et al., 1991; Bowlby, 1993). In contrast,
Δ5PS and DHEA potentiate several NMDA-receptor-mediated
responses, and thus act as excitatory neurosteroids (Wu et al.,
1991; Irwin et al., 1992; Fahey et al., 1995b; Compagnone and
Mellon, 1998). At the AMPA and kainate receptors, Δ5PS behaves
as a negative modulator (Rupprecht, 1997; Mellon and Grif-
fin, 2002). It has also been demonstrated that DHEAS acts as a
sigma receptor agonist, Δ5PS as a sigma receptor inverse agonist,
and progesterone as a sigma receptor antagonist (Monnet et al.,
1995).

The biochemical pathways leading to the synthesis of steroids
in the nervous system of vertebrates have now been almost com-
pletely elucidated (Tsutsui and Yamazaki, 1995; Tsutsui et al., 1999;
Compagnone and Mellon, 2000; Do Rego et al., 2009; Diotel
et al., 2011; Vaudry et al., 2011) and it is now firmly established
that neurosteroids regulate neuronal activity (Reddy, 2003, 2010;
Dubrovsky, 2005; Belelli et al., 2006; Strous et al., 2006). Over
the last decade, a number of studies have thus been undertaken
to decipher the neuronal mechanisms involved in the regulation
of neurosteroid production. In the present report, we review the
current knowledge regarding the effects and mode of action of
neurotransmitters, peptide hormones, and neuropeptides on the
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biosynthesis of neurosteroids in the CNS of vertebrates. Remark-
ably, most of these studies have been conducted in the brain of
amphibians and birds. In fact, since the rate of steroid synthesis is
relatively high in the CNS of frog, quail, and zebra finch (Mensah-
Nyagan et al., 1994, 1996; Tsutsui et al., 2006, 2009; Do Rego et al.,
2007a; Schlinger and Remage-Healey, 2011), these animals have
proved to be suitable models in which to investigate the neuronal
mechanisms regulating neurosteroid production.

EFFECT OF GLUTAMATE ON NEUROSTEROID BIOSYNTHESIS
In the quail forebrain, all classes of ionotropic glutamate recep-
tors, i.e., NMDA, AMPA, and kainate receptors, are expressed
in the medial preoptic nucleus, a region which is enriched with
P450arom-containing cell bodies (Cornil et al., 2000), suggest-
ing that these neurons may be regulated by glutamate. Consis-
tent with this hypothesis, incubation of quail hypothalamic frag-
ments with AMPA and kainate, and to a certain extent NMDA,
inhibits P450arom activity (Balthazart et al., 2001a). In mice,
administration of NMDA or glutamate within the nidopallium
provokes a substantial decrease in the local concentration of estra-
diol (Remage-Healey et al., 2008; Cornil, 2009). These observa-
tions indicate that, in birds and mammals, glutamate exerts an
inhibitory action on the formation of neuroestrogens. In the quail
brain, the inhibitory effects of AMPA and kainate are mimicked by
ATP, Ca2+ and Mg2+, and the Ca2+ response is abrogated by PKA,
PKC, and CAMK (Balthazart et al., 2001b, 2003). Since P450arom
possesses several concensus phosphorylation sites in its sequence
(Harada, 1988; Balthazart et al., 2003), it appears that the rapid
inhibitory effect of AMPA, kainate, or NMDA on P450arom activ-
ity can be ascribed to Ca2+-dependent phosphorylation of the
P450arom protein (Balthazart et al., 2001c, 2003).

EFFECT OF MELATONIN ON NEUROSTEROID BIOSYNTHESIS
Measurement of neurosteroid content and/or biosynthesis in the
brain of vertebrates has revealed that marked changes in Δ5P,
7α-hydroxypregnenolone (7α-OH-Δ5P), P, THP, and Δ5PS occur
during circadian and seasonal cycles (Jo et al., 1990; Takase et al.,
1999; Inai et al., 2003; Matsunaga et al., 2004; Tsutsui et al., 2008).
These changes often parallel or mirror variations in plasma mela-
tonin concentrations (Hau and Gwinner, 1994; Warren and Cas-
sone, 1995; Marumoto et al., 1996; Murakami et al., 2001). It has
been shown that melatonin regulates locomotor activity in house
sparrow, Japanese quail, red-bellied newt, ural owl, rock pigeon,
and Sprague Dawley rat (Hau and Gwinner,1994;Warren and Cas-
sone, 1995; Murakami et al., 2001). 7α-OH-Δ5P, in very much the
same as melatonin, regulates locomotor activity in Japanese quail
and red-bellied newt (Matsunaga et al., 2004; Tsutsui et al., 2008),
suggesting that melatonin may control 7α-OH-Δ5P production.
In support of this notion, male quails which exhibit marked diur-
nal variations in locomotor activity also show substantial changes
in brain level of 7α-OH-Δ5P while female quails which do not
show locomotor rhythms have low level of 7α-OH-Δ5P (Tsutsui
et al., 2008). Similarly, it has been found that the synthesis of 7α-
OH-Δ5P in the brain of male newts undergoes marked diurnal
changes with higher levels during the dark phase when locomo-
tor activity of males is high. In contrast, 7α-OH-Δ5P production
in female newts does not change (Haraguchi et al., 2009, 2010;

Koyama et al., 2009; Tsutsui et al., 2010). In male quail, suppression
of endogenous melatonin through pinealectomy (Px) and orbital
enucleation (Ex) causes a significant increase of the expression of
CYP7B mRNA and biosynthesis of 7α-OH-Δ5P (Tsutsui et al.,
2008). ICV injection of melatonin suppresses the effects of Px and
Ex on CYP7B gene transcription and 7α-OH-Δ5P production.
Finally, the melatonin receptor antagonist luzindole abrogates the
inhibitory effect of melatonin on 7α-OH-Δ5P formation (Tsutsui
et al., 2008). Collectively, these data support the contention that, in
male birds, melatonin inhibits the expression of CYP7B and that
the subsequent decrease of 7α-OH-Δ5P in the brain is responsible
for the nocturnal reduction of locomotor activity.

EFFECT OF PROLACTIN ON NEUROSTEROID BIOSYNTHESIS
In male newts, as in many other wild animals, locomotor activ-
ity increases during the breeding season (Iwata et al., 2000).
This hyperlocomotor response is associated with a concomitant
increase in 7α-OH-Δ5P in the newt brain (Haraguchi et al., 2009,
2010). The pituitary hormone prolactin (PRL) exerts pleiotropic
functions in the control of reproduction in urodeles (Polzonetti-
Magni et al., 1995; Kikuyama et al., 2003). In particular, PRL is
involved in migration to water at the breeding season (Chadwick,
1941) and stimulates expression of courtship behavior with rapid
tail vibration by male newts (Toyoda et al., 1993). Indeed, in male
newts, plasma PRL concentration increases during the breeding
season (Matsuda et al., 1990; Mosconi et al., 1994) and it has
been shown that PRL acts centrally to activate courtship behav-
ior (Toyoda et al., 2005), suggesting that PRL may be involved
in the control of 7α-OH-Δ5P synthesis in the brain to increase
locomotor activity during the reproductive period. In support
of this hypothesis, PRL receptor immunoreactivity is observed
in CYP7B-expressing neurons in the anterior preoptic area (Poa)
and the magnocellular preoptic nucleus (Mg) of the newt brain
(Haraguchi et al., 2010). Hypophysectomy markedly reduces brain
concentration and biosynthesis of 7α-OH-Δ5P in breeding male
newts and these effects are suppressed by ICV injection of PRL
(Haraguchi et al., 2010). Reciprocally, ICV administration of newt
PRL antiserum dose-dependently decreases 7α-OH-Δ5P synthesis
(Haraguchi et al., 2010). Taken together, these observations indi-
cate that PRL directly acts on Mg neurons expressing CYP7B to
enhance the biosynthesis of 7α-OH-Δ5P which in turn mediates
the stimulatory effect of PRL on locomotion.

EFFECT OF GABA ON NEUROSTEROID BIOSYNTHESIS
Gamma-aminobutyric acid (GABA) is the major neurotransmit-
ter in the CNS (Krnjevic and Schwartz, 1966; Meldrum, 1982;
Paredes and Agmo, 1992). In mammals, brain nuclei that express
steroidogenic enzymes (Tsutsui et al., 1999; Do Rego et al., 2009)
are innervated by GABAergic nerve fibers (Tappaz et al., 1983;
Sakaue et al., 1988) and are also enriched with GABAA receptors
(De Montis et al., 1981; McDonald and Mascagni, 1996; Bäck-
berg et al., 2004), suggesting that GABA may regulate the activity
of steroidogenic nerve cells. As a matter of fact, pharmacological
studies have shown that administration of the GABA synthesis
inhibitor isoniazid induces an increase of endogenous Δ5P and P
in the rat brain (Barbaccia et al., 1996). In contrast, in rat retinal
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ganglion cells, GABA, acting through GABAA receptors, stimulates
the biosynthesis of Δ5P (Guarneri et al., 1995).

The effect and mechanism of action of GABA in the control
of neurosteroidogenesis has been mainly investigated in non-
mammalian vertebrate models. Indeed, in amphibians as in mam-
mals, a rich GABAergic innervation (Franzoni and Morino, 1989;
Hollis and Boyd, 2005) and a dense accumulation of GABAA

receptor subunits (Aller et al., 1997) have been observed in hypo-
thalamic regions which contain steroidogenic neurons (Mensah-
Nyagan et al., 1994, 1999; Tsutsui et al., 1999; Do Rego et al.,
2009). In the frog Rana esculenta,double labeling experiments have
shown the presence of GABAA receptor α3 and β2/β3 subunit-like
immunoreactivity in 3β-HSD-expressing cell bodies (Figure 1A)
in the Poa, the posterior tuberculum, the nucleus of the periven-
tricular organ, and the ventral and dorsal hypothalamic nuclei
of the hypothalamus (Do Rego et al., 2000) suggesting that, in
amphibians as in mammals, GABA may play a role in the control
of neurosteroid biosynthesis. In agreement with this hypothesis,
GABA has been shown to inhibit in a dose-dependent manner
de novo biosynthesis of various neurosteroids including 17OH-
Δ5P, P, 17OH-P, and DHEA, by frog hypothalamic explants (Do
Rego et al., 2000). The inhibitory effect of GABA on neuros-
teroid production is mimicked by the GABAA receptor agonist
muscimol and is blocked by the selective GABAA receptor antag-
onists bicuculline and SR95531, but is not affected by the GABAB

receptor agonist baclofen (Do Rego et al., 2000). The observation
that bicuculline and SR95531 induce on their own a significant
stimulation of steroid formation suggests that endogenous GABA
exerts a tonic inhibitory control on neurosteroid-producing neu-
rons (Do Rego et al., 2000). These data indicate that GABA
inhibits the biosynthesis of neurosteroids through activation of
GABAA receptors (Figure 1D). Since several neuroactive steroids
are potent allosteric regulators of GABAA receptor function in
amphibians (Le Foll et al., 1997a,b; Hollis et al., 2004) as in mam-
mals (Majewska, 1992; Belelli and Lambert, 2005; Belelli et al.,
2006), these observations reveal the existence of an ultrashort
feedback loop through which certain neurosteroids may regulate
their own production via modulation of GABAA receptor activity
(Figure 1D).

EFFECT OF ENDOZEPINES ON NEUROSTEROID
BIOSYNTHESIS
The term endozepines designates a family of endogenous peptides
that act as natural ligands of CBRs and peripheral-type benzodi-
azepine receptors also called translocator protein (TSPO; Tonon
et al., 2006). The occurrence of endozepines has been reported
in the CNS of all classes of vertebrates including fish (Malagon
et al., 1992b; Matsuda et al., 2007), amphibians (Malagon et al.,
1992a; Lihrmann et al., 1994), birds (Todaro et al., 1991; Rose
et al., 1992), and mammals (Alho et al., 1989; Tonon et al., 1990;
Tong et al., 1991; Malagon et al., 1993). The endozepine family
encompasses diazepam-binding inhibitor (DBI),an 86-amino acid
polypeptide (Guidotti et al., 1983), and its processing products the
triakontatetraneuropeptide (TTN) and the octadecaneuropeptide
(ODN; Ferrero et al., 1984; Slobodyansky et al., 1989). TTN is a
selective ligand of TSPO (Slobodyansky et al., 1989; Papadopou-
los et al., 2006) while ODN acts as an inverse agonist of CBRs

FIGURE 1 | Effect of GABA and the octadecaneuropeptide ODN on

neurosteroid biosynthesis. (A) Immunohistochemical localization of
3β-HSD-like immunoreactivity (red) and GABAA receptor β2/β3 subunit-like
immunoreactivity (green) in the posterior tuberculum (PT) of the frog brain.
3β-HSD-positive neurons that possess GABAA receptor β2/β3 subunits
appear in yellow. (B) Immunohistochemical localization of 3β-HSD-like
immunoreactivity in the dorsal hypothalamic nucleus (DH; green). (C)

Consecutive section to B showing the immunohistochemical localization of
ODN-like immunoreactivity in glial cells bordering the third ventricle (red).
The contours of two 3β-HSD-positive neurons labeled in B are shown. For
details regarding antibodies and immunohistochemical procedures, see
references by Malagon et al. (1992a) and Do Rego et al. (2000, 2001). In
brief, polyclonal antibodies raised in rabbit were used to label
3β-HSD-containing neurons, a mouse monoclonal antibody was used to
label GABAA receptor β2/β3 subunit-expressing cells, and polyclonal
antibodies raised in rabbit were used to label ODN-immunoreactive glial
cells. Scale bars: 10 μm. (D) Schematic drawing depicting the effects of
GABA and ODN on steroidogenic neurons. GABA acting through GABAA

receptors, inhibits the biosynthesis of neurosteroids, while the endozepine
ODN, released by glial fibers, acting as an inverse agonist on central-type
benzodiazepine receptors (CBR), stimulates the biosynthesis of 17OH-Δ5P,
DHEA, 17OH-P, and P. Neurosteroids, released by these neurons, may in
turn modulate allosterically the activity of the GABAA receptor and thus
control their own biosynthesis.
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(Ferrero et al., 1984). Endozepines have been shown to regu-
late steroid secretion by adrenocortical cells (Yanagibashi et al.,
1989; Papadopoulos, 1993; Lesouhaitier et al., 1996, 1998) and
Leydig cells (Papadopoulos et al., 1990, 1991a,b; Garnier et al.,
1993, 1994; Duparc et al., 2003). Concurrently, it has been found
that TTN stimulates Δ5P biosynthesis by isolated mitochondria
from C6 glioma cells (Papadopoulos et al., 1992) indicating that
endozepines may be involved in the regulation of neurosteroid
production.

The distribution of endozepines has been investigated in the
brain of mammals and amphibians by in situ hybridization and
immunohistochemistry. In the rat brain, DBI mRNA is expressed
in various glial cell populations of the ependyma, area postrema,
and cerebellum (Alho et al., 1988; Tong et al., 1991; Bürgi et al.,
1999). In rat, monkey, and human, endozepine immunoreactivity
is found in astrocytes in the arcuate nucleus of the hypothala-
mus, ependymocytes bordering the third ventricle, tanycytes in
the median eminence, pituicytes in the neurohypophysis, and
Bergman cells in the cerebellum (Slobodyansky et al., 1992;
Malagon et al., 1993; Alho et al., 1995; Yanase et al., 2002). In
the frog R. esculenta, DBI mRNA and ODN-like immunoreactiv-
ity are present in radial glial cells of the periventricular systems of
the diencephalon and rhombencephalon (Malagon et al., 1992a;
Lihrmann et al., 1994). Immunolabeling of consecutive sections
revealed that, in the Poa, the dorsal and ventral hypothalamic
nuclei, the nucleus of the periventricular organ, and the posterior
tuberculum of the frog brain, ODN-immunoreactive ependymo-
cytes project toward 3β-HSD-positive perikarya (Do Rego et al.,
2001; Figures 1B,C). These neuroanatomical observations led us
to investigate the possible effects of endozepines on neurosteroid
biosynthesis in the diencephalon of amphibians.

Incubation of frog hypothalamic slices with graded concentra-
tions of human and rat ODN induces a dose-dependent stimu-
lation of the conversion of [3H]Δ5P into Δ4-3-ketosteroids and
Δ5-3β-hydroxysteroids in vitro (Do Rego et al., 2001). The bio-
logical activity of ODN is borne by the C-terminal portion of
the peptide (Do Rego et al., 2007b) whose sequence has been
strongly preserved across vertebrate species (Mocchetti et al., 1986;
Lihrmann et al., 1994; Tonon et al., 2006). The stimulatory action
of ODN on neurosteroid biosynthesis is mimicked by β-carbolines
that act as inverse agonists of CBR, and is blocked by the CBR
antagonist flumazenil (Do Rego et al., 2001). The fact that flumaze-
nil alone inhibits the formation of neurosteroids supports the view
that ODN plays a physiological role as an endogenous positive
modulator of CBR (Do Rego et al., 2001; Figure 1D).

In intact mammalian endocrine cells, TTN stimulates the secre-
tion of glucocorticoids (Yanagibashi et al., 1989; Papadopoulos
et al., 1991a) and testosterone (Garnier et al., 1993; Duparc et al.,
2003). TTN also stimulates steroidogenesis by mitochondria iso-
lated from adrenocortical and testicular Leydig cells (Besman et al.,
1989; Yanagibashi et al., 1989; Papadopoulos et al., 1991a). In
frog adrenal tissue, TTN stimulates corticosterone and aldosterone
secretion in vitro (Lesouhaitier et al., 1996, 1998). Since TSPO
is expressed not only in peripheral organs but also in the CNS
(Braestrup and Squires, 1977; Benavides et al., 1983a,b; Anholt
et al., 1984; Richards and Möhler, 1984; Gehlert et al., 1985), these
observations suggest that TTN may be involved in the regulation

of neurosteroidogenesis. To test this hypothesis, we have investi-
gated the effect of TTN on the biosynthesis of steroids in the brain
of amphibians.

Double labeling experiments have shown the presence of
TSPO-like immunoreactivity in steroidogenic neurons of the frog
Poa and dorsal hypothalamus (Do Rego et al., 1998; Figure 2A).
Exposure of frog hypothalamic fragments to synthetic human
TTN causes a concentration-dependent stimulation of the con-
version of [3H]Δ5P into 17OH-Δ5P and 17OH-P (Do Rego
et al., 1998). The TSPO agonist Ro5-4864 mimics the stimula-
tory effect of TTN while the TSPO antagonist PK11195 inhibits
TTN-induced steroid production. In contrast, the action of TTN
is not impaired by flumazenil, indicating that TTN acts specifi-
cally through TSPO to activate neurosteroid biosynthesis (Do Rego
et al., 1998; Figure 2B).

The fact that ODN and TTN, acting via CBR and TSPO,
respectively, stimulate the formation of a number of neurosteroids
suggests that endozepines should play multiple functions. Indeed,
in vivo studies indicate that endozepines, like neurosteroids, exert
numerous behavioral effects. In particular, endozepines induce
anxiety (Guidotti, 1991; Garcia de Mateos-Verchere et al., 1999),
increase aggressivity (Guidotti et al., 1983; Ferrero et al., 1984;
Kavaliers and Hirst, 1986; Guidotti, 1991), and possess anti-
convulsant properties (Garcia de Mateos-Verchere et al., 1999).
In addition, endozepines are potent anorexigenic neuropeptides
(Garcia de Mateos-Verchere et al., 2001; Do Rego et al., 2007).
Since endozepines and neurosteroids are involved in the control of
the same behavioral processes, it is conceivable that neurosteroids
can mediate some of the neurobiological effects of endozepines.

EFFECTS OF VASOTOCIN AND MESOTOCIN ON
NEUROSTEROID BIOSYNTHESIS
Anatomical studies support the existence of neurochemical com-
munication between steroidogenic neurons on the one hand, and
neurons producing either arginine vasopressin (AVP) and oxy-
tocin (OXT) in mammals or their orthologs arginine vasotocin
(AVT) and mesotocin (MT) in submammalian vertebrates on the
other hand. For instance, in birds, AVT-immunoreactive fibers
innervate aromatase-expressing neurons in the preoptic nucleus
and the lateral septum (Viglietti-Panzica et al., 1994; Balthazart,
1997). In the brain of amphibians, AVT- and/or MT-containing
fibers project in the vicinity of 3β-HSD- and P450C17-positive
neurons (Do Rego et al., 2006; Figure 3A). In addition, the Poa,
the dorsal and ventral hypothalamic nuclei, the suprachiasmatic
nucleus, the posterior tuberculum, the nucleus of the periventric-
ular organ, and the ventral part of the magnocellular preoptic
nucleus of the frog diencephalon that contain the major popula-
tions of steroidogenic neurons are also enriched with AVP and MT
receptor mRNAs. These close neuroanatomical relationships led us
to investigate the possible effects of AVT and MT on neurosteroid
biosynthesis in amphibians.

Static incubation of frog hypothalamic explants with AVT or
MT stimulates the biosynthesis of 17OH-Δ5P, P, 17OH-P, and
DHEA in a concentration-dependent manner (Do Rego et al.,
2006). This stimulatory effect is observed within the first 30-min,
indicating that AVT and MT act at the post-translational level,
possibly by activating phosphorylation of steroidogenic enzymes.
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FIGURE 2 | Effect of the triakontatetraneuropeptide (TTN) on

neurosteroid biosynthesis. (A) Immunohistochemical localization of
3β-HSD-like immunoreactivity (red) and translocator protein (TSPO)-like
immunoreactivity (green) in the anterior preoptic area (Poa) of the frog
brain. 3β-HSD-positive neurons that possess TSPO appear in yellow. For
details regarding antibodies and immunohistochemical procedures, see
reference by Do Rego et al. (1998). In brief, polyclonal antibodies raised in
rabbit were used to label 3β-HSD-containing neurons, and polyclonal
antibodies raised in chicken were used to label the TSPO-expressing cells.
Scale bars: 10 μm. (B) Schematic drawing depicting the effect of TTN on
steroidogenic neurons. TTN, acting through TSPO, stimulates the
biosynthesis of 17OH-Δ5P, DHEA, and 17OH-P.

FIGURE 3 | Effect of vasotocin (AVT) and mesotocin (MT) on

neurosteroid biosynthesis. (A) Immunohistochemical localization of
P450C17-like immunoreactivity (red) and AVT-like immunoreactivity (green) in
the medial amygdala (MA) of the frog brain. AVT-containing nerve endings
are located in close proximity of P450C17-expressing neurons. For details
regarding antibodies and immunohistochemical procedures, see reference
by Do Rego et al. (2006). In brief, polyclonal antibodies raised in rabbit were
used to label 3β-HSD-or P450C17-containing neurons, and a mouse
monoclonal antibody was used to label AVT-immunoreactive fibers. Scale
bars: 10 μm. (B) Schematic drawing depicting the effects of AVT and MT on
steroidogenic neurons. AVT acting through a V1a-like receptor, and MT
acting through an MT receptor, stimulate the biosynthesis of 17OH-Δ5P,
DHEA, 17OH-P, and P.

The mammalian peptides AVP and OXT also induce a dose-related
stimulation of neurosteroid biosynthesis (Do Rego et al., 2006).
Pharmacological studies conducted with specific AVT and MT
agonists and antagonists revealed that the effect of AVT and MT
are mediated through V1a and MT receptors, respectively (Do
Rego et al., 2006; Figure 3B). These observations are in agreement
with the intense expression of V1a and MT receptor mRNAs in the
hypothalamic nuclei that contain neurosteroidogenic neurons (Do
Rego et al., 2006). Interestingly, in frog adrenocortical cells, AVT
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is also a potent stimulator of corticosteroid secretion although,
in this latter case, AVT acts via V2 receptors (Larcher et al., 1989,
1992).

In vertebrates, AVP and related peptides exert a vast array of
biological effects in the CNS (De Wied et al., 1993; Reghunan-
danan et al., 1998). For instance, in mammals, AVP enhances
learning and memory (Alescio-Lautier and Soumireu-Mourat,
1998; Croiset et al., 2000; Engelmann et al., 2000; Engelmann,
2008) and increases aggressivity and anxiety-like behaviors (Ferris
et al., 1997; Everts and Koolhaas,1999; Heinrichs and Domes,2008;
Amikishieva et al., 2011; Mak et al., 2011; Meyer-Lindenberg et al.,
2011). In birds, depending of the species, AVT increases or attenu-
ates aggressive behavior (Goodson et al., 2004, 2009; Dewan et al.,
2011). In amphibians, AVT stimulates vocalization and courtship
behavior (Woolley et al., 2004; Moore et al., 2005; Thompson et al.,
2008; Kikuyama et al., 2009). Certain neurosteroids also affect cog-
nitive and mnemonic functions, aggressiveness and sexual activity
(Frye, 2001; Vallée et al., 2001; Darnaudery et al., 2002; MacKen-
zie et al., 2007; Morrow, 2007). It thus appears that some of the
behavioral effects of AVP/AVT may be ascribed to their stimulatory
action on neurosteroid biosynthesis.

EFFECT OF NEUROPEPTIDE Y ON NEUROSTEROID
BIOSYNTHESIS
Hydroxysteroid sulfotransferase (HST) catalyzes the transfer of
a sulfate moiety from 3′-phosphoadenosine 5′-phosphosulfate
(PAPS, a universal donor of sulfate radical) on the 3-hydroxyl
group of steroids (Klaassen and Boles, 1997; Strott, 2002). While
the presence of HST-containing neurons has been clearly demon-
strated in the amphibian hypothalamus (Beaujean et al., 1999;
Vaudry et al., 2011), the existence of HST in the brain of mammals
is still a matter of debate (Geese and Raftogianis, 2001; Shimada
et al., 2001; Shimizu et al., 2003; Kohjitani et al., 2006). Neuropep-
tide Y (NPY) is one of the most widely distributed biologically
active peptides in the CNS of vertebrates (Allen et al., 1983; De
Quidt and Emson, 1986; Bons et al., 1990; Danger et al., 1990, 1991;
Aste et al., 1991; Hendry, 1993) and NPY, like sulfated neuros-
teroids, exerts a wide range of neurobiological activities (Dumont
and Quirion, 2006).

In frog, the Poa and the magnocellular preoptic nucleus where
HST-positive cell bodies are located (Beaujean et al., 1999; Do Rego
et al., 2009) are abundantly innervated by NPY-immunoreactive
fibers (Danger et al., 1985), suggesting that NPY could play a
role in the regulation of HST-expressing neurons. In support
of this hypothesis, double labeling experiments revealed that, in
the frog diencephalon, numerous NPYergic axon terminals are
apposed onto HST-containing perikarya (Beaujean et al., 2002;
Figure 4A). In addition, the mRNAs encoding the Y1 and Y5 NPY
receptor subtypes are expressed in the Poa and the magnocellu-
lar preoptic nucleus (Beaujean et al., 2002). Incubation of frog
hypothalamic tissue with [3H]Δ5P or [3H]DHEA as steroid pre-
cursors and [35S]PAPS as a sulfate donor leads to the biosynthesis
of [3H, 35S]Δ5PS or [3H, 35S]DHEAS, respectively, confirming
the existence of a biologically active form of HST in the amphib-
ian brain (Beaujean et al., 1999). Synthetic frog NPY (Chartrel
et al., 1991) causes a concentration-dependent inhibition of the de
novo formation of Δ5PS and DHEAS (Beaujean et al., 2002). The

FIGURE 4 | Effect of neuropeptideY (NPY) on neurosteroid

biosynthesis. (A) Immunohistochemical localization of hydroxysteroid
sulfotransferase (HST)-like immunoreactivity (red) and NPY-like
immunoreactivity (green) in the dorsal part of the magnocellular preoptic
nucleus (Mgd) of the frog brain. NPY-containing nerve endings are located
in close proximity of HST-expressing neurons. For details regarding
antibodies and immunohistochemical procedures, see reference by
Beaujean et al. (2002). In brief, polyclonal antibodies raised in rabbit were
used to label HST-containing neurons, and polyclonal antibodies raised in
sheep were used to label NPY-immunoreactive fibers. Scale bars: 20 μm.
(B) Schematic drawing depicting the effect of NPY on steroidogenic
neurons. NPY acting through Y1 receptors negatively coupled to adenylyl
cyclase, inhibits the biosynthesis of Δ5PS and DHEAS.

inhibitory effect of NPY is suppressed by the Y1 receptor antag-
onist BIBP3226 while the Y2 receptor antagonist NPY(13–36) is
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totally inactive (Beaujean et al., 2002). The fact that the Y1 recep-
tor antagonist per se slightly increases the biosynthesis of Δ5PS
and DHEAS reveals that endogenous NPY likely acts as a phys-
iological modulator of the formation of sulfated neurosteroids
(Beaujean et al., 2002). These data, together with the observa-
tion that Y1 receptor mRNA is expressed in the Poa and the
dorsal magnocellular nucleus, provide strong evidence for a Y1-
mediated inhibitory action of NPY on the biosynthesis of sulfated
neurosteroids (Figure 4B).

Neuropeptide Y and sulfated neurosteroids are known to reg-
ulate the same behavioral activities including response to novelty
(von Horsten et al., 1998; Tasan et al., 2009), feeding and sati-
ety (Kalra and Kalra, 2004a,b; Ramos et al., 2005; Beck, 2006;
Ueno et al., 2008), and reproductive behavior (Wehrenberg et al.,
1989). NPY and sulfated neurosteroids are also implicated in the
physiopathology of cognitive disorders, pain, epilepsy, anxiety,
and depression (Engel and Grant, 2001; Rupprecht and Holsboer,
2001; Dumont and Quirion, 2006; Gibbs et al., 2006; Reddy, 2010;
Thorsell, 2010; Nguyen et al., 2011). The fact that NPY reduces
the biosynthesis of sulfated neurosteroids would thus indicate
that some of the neurophysiological activities of NPY could be
attributed to inhibition of HST activity.

CONCLUDING REMARKS
Studies conducted over the last decade have shown that the biosyn-
thesis of neurosteroids is finely regulated by neurotransmitters
(melatonin, GABA), pituitary hormones (prolactin), and various
neuropeptides (ODN, TTN, AVT, MT, NPY). Several projects are
currently in progress and there is little doubt that additional factors
involved in the control of neurosteroid formation will be identified
in the near future. As illustrated in the present report, most of the
studies aimed at identifying the neurochemical regulation of neu-
rosteroid biosynthesis have been conducted in non-mammalian
models, mainly birds and amphibians. It will be now essential to
examine whether the same mechanisms are operating in the brain
of mammals and to look for their potential physiopathological
significance. Little is currently known regarding the molecular

mechanisms implicated in the regulation of neurosteroid biosyn-
thesis. In particular, it has to be determined whether the neu-
roendocrine factors controlling neurosteroid production act at the
transcriptional level to regulate the expression of the genes encod-
ing the steroidogenic enzymes or at the post-translational level,
e.g., to modulate the phosphorylation and thus the activity of
these enzymes. The fact that neurosteroids are usually implicated
in the same biological processes as the neuroendocrine factors
which regulate their biosynthesis strongly suggests that some of
the neurophysiological and behavioral activities of these latter fac-
tors could be mediated by neurosteroids. To test this hypothesis, it
will be necessary to investigate whether specific activities of these
regulatory factors are impaired in conditional KO mice lacking
selectively expression of steroidogenic enzymes in the brain. The
neuroendocrine regulation of neurosteroid biosynthesis by neu-
rotransmitters, neuropeptides, and hormonal factors is currently
an emerging theme that will undoubtedly flourish in the years to
come.
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The transmembrane receptor Notch, a master developmental regulator, controls gliogene-
sis, neurogenesis, and neurite development in the nervous system. Estradiol, acting as a
hormonal signal or as a neurosteroid, also regulates these developmental processes. Here
we review recent evidence indicating that estradiol and Notch signaling interact in devel-
oping hippocampal neurons by a mechanism involving the putative membrane receptor G
protein-coupled receptor 30.This interaction is relevant for the control of neuronal differen-
tiation, since the downregulation of Notch signaling by estradiol results in the upregulation
of neurogenin 3, which in turn promotes dendritogenesis.

Keywords: dendritogenesis, estrogen receptors, G protein-coupled estrogen receptor, G protein-coupled receptor

30, hairy and enhancer of split, neurogenin 3

INTRODUCTION: DEVELOPMENTAL ACTIONS OF ESTRADIOL
Estradiol is a neuroactive steroid that exerts hormonal as well as
local paracrine or autocrine actions in the central nervous system,
during development and in adulthood. Estradiol is produced in the
ovary and in other tissues by the enzyme aromatase, which, in the
brain, is expressed by specific neuronal populations (Roselli et al.,
2009; Azcoitia et al., 2011). Brain aromatase and local estradiol
synthesis participate in the regulation of brain development. For
instance, aromatase is expressed by neural progenitor cells in ver-
tebrates (Mouriec et al., 2008) and it is involved in the regulation
of neural progenitor cell proliferation in the embryonic cerebral
cortex of mice (Martinez-Cerdeno et al., 2006). In addition, many
of the developmental effects of hormonal testosterone on male
brain sexual differentiation are mediated by its local conversion to
estradiol by neurons expressing the enzyme aromatase (MacLusky
and Naftolin, 1981; Roselli et al., 2009). Furthermore, recent evi-
dence indicate that estradiol also participates in the regulation of
brain sexual differentiation in females (Bakker and Brock, 2010;
Brock et al., 2011).

In addition to regulate the proliferation of neural progen-
itor cells (Martinez-Cerdeno et al., 2006), estradiol modulates
the development of postmitotic neurons, affecting the growth
of axons, dendrites and dendritic spines, and the formation of
synapses (Ferreira and Caceres, 1991; Díaz et al., 1992; Duenas
et al., 1996; Beyer and Karolczak, 2000; Woolley, 2000; Blacklock
et al., 2005; Tsutsui, 2006; Miñano et al., 2008; Bender et al., 2010).
These developmental actions depend in many cases of local estra-
diol synthesis (Kretz et al., 2004; Tsutsui, 2006; von Schassen et al.,
2006; Hu et al., 2007; Sasahara et al., 2007).

NOTCH SIGNALING IN NEURAL DEVELOPMENT
Notch is a transmembrane receptor involved in cell to cell com-
munication. The activation of Notch by transmembrane ligands,

Delta-like, and Jagged, results in the cleavage of the molecule
and the release of a Notch intracellular domain that is translo-
cated to the cell nucleus and regulates transcriptional activity (Lai,
2004). Notch signaling controls cell-fate specification, differentia-
tion, proliferation, and apoptosis in developing tissues (Artavanis-
Tsakonas et al., 1999). In the nervous system, Notch signaling reg-
ulates neurogenesis and gliogenesis, not only during development
but also in the adult brain (Louvi and Artavanis-Tsakonas, 2006;
Ables et al., 2011; Pierfelice et al., 2011). In developing neurons,
Notch signaling inhibits neurite outgrowth. In contrast, the inhi-
bition of Notch signaling promotes neurite extension (Berezovska
et al., 1999; Sestan et al., 1999; Salama-Cohen et al., 2005).

The activation of Notch signaling in developing hippocam-
pal neurons in vitro (Figure 1) is associated with an increase in
the expression of the transcription factors hairy and enhancer of
split (Hes) 1 and 5 (Salama-Cohen et al., 2005). Hes transcrip-
tion factors regulate the expression of several genes involved in
cell differentiation. One of such genes is the basic helix-loop-helix
transcription factor neurogenin 3 (Ngn3), which in developing
pancreas is a proendocrine gene that causes the differentiation
of the four endocrine cell lineages (Lee et al., 2001; Rukstalis and
Habener, 2009) and that it is downregulated by Notch signaling via
Hes1 (Lee et al., 2001). Activation of Notch signaling in neurons
also induces a decrease in the expression of Ngn3 (Salama-Cohen
et al., 2006). Ngn3 participates in different developmental events
in the central nervous system. In the developing spinal cord, Ngn3
is expressed in glial precursor cells and it is necessary for the nor-
mal differentiation of mature oligodendrocytes and astrocytes (Lee
et al., 2003). In chick embryos, Ngn3 promotes early retinal neuro-
genesis (Ma et al., 2009). In the hypothalamus, Ngn3 regulates the
differentiation of several neuronal populations, including proopi-
omelanocortin (POMC) and neuropetideY (NPY) neurons, which
play a central role in energy balance and the control of food intake
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FIGURE 1 | Notch signaling represses dendritogenesis in developing

hippocampal neurons by downregulating the expression of

neurogenin 3. The binding of Notch ligands (Delta-like, Jagged) results in
the cleavage of Notch and the release of an active intracellular domain that
is translocated to the cell nucleus where it enhances the transcription of
target genes, such as Hes1, that repress the transcription of Ngn3. Ngn3
encodes for a protein, neurogenin 3, which promotes dendritogenesis.

(Pelling et al., 2011). In hippocampal neurons, Ngn3 promotes the
growth of dendrites and regulates the number of afferent GABAer-
gic synaptic inputs (Salama-Cohen et al., 2006). Therefore, the
activation of Notch in developing hippocampal neurons represses
the process of dendritogenesis by the downregulation of Ngn3
(Figure 1).

CROSS-TALK BETWEEN ESTRADIOL AND NOTCH SIGNALING
Cross-talk between estradiol and Notch signaling has been
detected in breast cancer cells and endothelial cells (Soares et al.,
2004; Sobrino et al., 2009). Furthermore, the estrogenic compound
genistein downregulates Notch-1 in prostate cancer cells (Wang
et al., 2006, 2011). In breast cancer cells, estradiol decreases Notch
transcriptional activity via an estrogen receptor (ER) α-mediated
inhibition of Notch cleavage by γ-secretase (Rizzo et al., 2008).
In turn, Notch-1 activates ERα-dependent transcription in these
cells in the presence or absence of estradiol (Hao et al., 2010).
Therefore, estradiol regulates Notch signaling and Notch signal-
ing regulates estrogen signaling in breast cancer cells. It remains to
be determined whether the cross-regulation of estrogen and Notch
signaling also occurs in other cell types. Given the importance of
Notch signaling for brain development, it is important to explore
whether such interaction takes place in neural cells.

Recent studies have shown that estradiol reduces the levels of
the intracellular transcriptionally active domain of Notch-1 in

FIGURE 2 | Hypothetical model for the estrogenic regulation of Ngn3

and dendritogenesis in primary hippocampal neurons. Estradiol
downregulates Hes genes and upregulates Ngn3, which in turn promotes
dendritogenesis. The effect of estradiol is not imitated by ERα or ERβ

agonists and it is not blocked by ERα or ERβ antagonists. In contrast, G1,
agonist of the putative membrane estrogen receptor GPR30, imitate the
effect of estradiol on Ngn3 expression and dendritogenesis, suggesting
that the action of estradiol is mediated by GPR30.

hippocampal slice cultures (Bender et al., 2010). This suggests
that estradiol may decrease Notch-1 mediated transcription in
hippocampal cells by reducing Notch-1 cleavage (Figure 2). In pri-
mary cultures of mice hippocampal neurons, estradiol decreases
the expression of Hes1 and increases the expression of Ngn3
(Ruiz-Palmero et al., 2011). These findings further indicate that
estradiol downregulates Notch signaling in hippocampal neurons
(Figure 2).

G protein-coupled receptor 30 (GPR30), also known as G
protein-coupled estrogen receptor (GPER), is a putative mem-
brane associated ER (Prossnitz et al., 2008; Olde and Leeb-
Lundberg, 2009; Prossnitz and Maggiolini, 2009; Langer et al.,
2010). GPR30 seems to be involved in the regulation of Notch
signaling in hippocampal neurons, since G1, a ligand of GPR30
that imitates the effects of estradiol in different cell types
and tissues (Terasawa et al., 2009; Zhang et al., 2010) also
imitates the effect of estradiol on Ngn3 expression in hip-
pocampal neurons (Ruiz-Palmero et al., 2011). In contrast, nei-
ther the ERα agonist 4,4′,4′′-(4-Propyl-[1H ]-pyrazole-1,3,5-triyl)
trisphenol (PPT) nor the ERβ agonist 2,3-bis (4-Hydroxyphenyl)-
propionitrile (DPN) affect the expression of Ngn3 in hip-
pocampal neurons (Ruiz-Palmero et al., 2011). In addition,
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1,3-Bis (4-hydroxyphenyl)-4-methyl-5-[4-(2-piperidinylethoxy)
phenol]-1H -pyrazole (MPP) and 4-[2-Phenyl-5,7-bis (trifluo-
romethyl) pyrazolo [1,5-a] pyrimidin-3-yl] phenol (PHTPP),
selective antagonists of ERα and ERβ mediated transcription,
respectively, do not antagonize the effect of estradiol on Ngn3
expression (Ruiz-Palmero et al., 2011). Furthermore, ICI 182,780
(ICI), antagonist of both ERα and ERβ mediated transcription
and agonist of GPR30 (Thomas et al., 2005), not only does not
block, but even imitates, the effect of estradiol on Ngn3 expres-
sion (Ruiz-Palmero et al., 2011). Therefore, estradiol may regulate
Ngn3 levels in hippocampal neurons by a non-canonical mech-
anism, which probably is independent of classical nuclear ER
mediated transcription.

ESTRADIOL PROMOTES DENDRITOGENESIS IN
HIPPOCAMPAL NEURONS BY A MECHANISM INVOLVING
Ngn3
The neuritogenic action of estradiol is mediated by the activa-
tion of the mitogen activated protein kinase (MAPK) cascade
among other signaling mechanisms (Carrer et al., 2003, 2005;
Dominguez et al., 2004; Gorosito and Cambiasso, 2008; Miñano
et al., 2008). Recent studies have assessed whether Notch signaling
is also involved in the neuritogenic actions of estradiol. Estra-
diol promotes dendritogenesis in primary hippocampal neurons

in culture; this effect is imitated by G1 and it is not blocked
by ICI (Ruiz-Palmero et al., 2011). Furthermore, neither G1
nor estradiol promote dendritogenesis in hippocampal neurons
when Ngn3 is downregulated using Ngn3-specific siRNA oligonu-
cleotides (Ruiz-Palmero et al., 2011). Therefore estradiol and G1
may act through common mechanisms to regulate Ngn3 expres-
sion and dendritogenesis by the inhibition of Notch signaling
(Figure 2).

CONCLUSION
The studies reviewed here indicate that estradiol interacts with
Notch signaling in the nervous system. Estradiol regulates dendri-
togenesis in developing hippocampal neurons through the mod-
ulation of Notch signaling and the upregulation of Ngn3 by a
mechanism involving the putative membrane ER GPR30. Fur-
ther studies are necessary to determine whether this mechanism
also operates in other neuronal types. In addition, new experi-
ments are needed to clarify the molecular mechanisms linking
estrogen/GPR30 and Notch signaling in neurons.
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Estradiol has profound actions on the structure and function of the nervous system. In
addition to nuclear actions that directly modulate gene expression, the idea that estradiol
can rapidly activate cell signaling by binding to membrane estrogen receptors (mERs) has
emerged. Even the regulation of sexual receptivity, an action previously thought to be com-
pletely regulated by nuclear ERs, has been shown to have a membrane-initiated estradiol
signaling (MIES) component. This highlighted the question of the nature of mERs. Sev-
eral candidates have been proposed, ERα, ERβ, ER-X, GPR30 (G protein coupled estrogen
receptor), and a receptor activated by a diphenylacrylamide compound, STX. Although each
of these receptors has been shown to be active in specific assays, we present evidence for
and against their participation in sexual receptivity by acting in the lordosis-regulating cir-
cuit.The initial MIES that activates the circuit is in the arcuate nucleus of the hypothalamus
(ARH). Using both activation of μ-opioid receptors (MOR) in the medial preoptic nucleus
and lordosis behavior, we document that both ERα and the STX-receptor participate in the
required MIES. ERα and the STX-receptor activation of cell signaling are dependent on
the transactivation of type 1 metabotropic glutamate receptors (mGluR1a) that augment
progesterone synthesis in astrocytes and protein kinase C (PKC) in ARH neurons. While
estradiol-induced sexual receptivity does not depend on neuroprogesterone, proceptive
behaviors do. Moreover, the ERα and the STX-receptor activation of medial preoptic MORs
and augmentation of lordosis were sensitive to mGluR1a blockade. These observations
suggest a common mechanism through which mERs are coupled to intracellular signal-
ing cascades, not just in regulating reproduction, but in actions throughout the neuraxis
including the cortex, hippocampus, striatum, and dorsal root ganglias.

Keywords: lordosis behavior, estrogen receptor, STX, cell signaling, neuroprogesterone, neurosteroids

INTRODUCTION
Estrogens have broad and profound effects on the structure and
function of the CNS. In the hippocampus, estradiol enhances cog-
nition, and memory and learning (Yildirim et al., 2008; Mamiya
et al., 2009), effects which are in large part due to spinogenesis
that increase synapses (Woolley and McEwen, 1992; Cooke and
Woolley, 2005; Sasahara et al., 2007). In the cortex and substantia
nigra, estradiol has been shown to be neuroprotective (Quesada

Abbreviations: 3β-HSD, 3β-hydroxysteroid dehydrogenase; ADX, adrenalec-
tomized; AGT, aminoglutethimide; AOS, accessory olfactory system; ARH, arcuate
nucleus of the hypothalamus; BIS, bisindolylmaleimide; BNST, bed nucleus of the
stria terminalis; CAV, caveolin; DHPG, (S)-3,5-dihydroxyphenylglycine; DRG, dor-
sal root ganglia; EB, 17β-estradiol benzoate; ER, estrogen receptor; GIRKs, G protein
coupled receptor kinases; GPCR, G protein coupled receptor; GPER, G protein cou-
pled estrogen receptor; IGF-1, insulin-like growth factor 1; IP3K, phosphatidylinos-
itol 3-kinase; LQ, lordosis quotient; MeApd, posterodorsal medial amygdala; mER,
membrane estrogen receptor; mGluR, metabotropic glutamate receptor; MIES,
membrane-initiated estradiol signaling; MOR, μ-opioid receptor; MPN, medial
preoptic nucleus; neuroP, neuroprogesterone; NPY, neuropeptide Y; OVX, ovariec-
tomized; PAG, periaqueductal gray; PDBu, phorbol 12, 13-dibutyrate; PKA, protein
kinase A; PKC, protein kinase C; POMC, pro-opiomelanocortin; TRI, trilostane;
VGCC, L-type voltage gated calcium channels; VMH, ventromedial nucleus of the
hypothalamus.

and Micevych, 2004; Wise et al., 2005; Dubal et al., 2006; Que-
sada et al., 2008), whereas in sensory systems, estradiol modulates
nociception (Bradshaw and Berkley, 2003; Cason et al., 2003;
Chaban et al., 2003, 2004; Chaban and Micevych, 2005; Berkley
et al., 2007; Loyd and Murphy, 2008; Murphy et al., 2009). In the
hypothalamus, estradiol from the ovaries induces the synthesis of
neuroprogesterone (neuroP) that is required for estrogen positive
feedback inducing the luteinizing hormone (LH) surge (reviewed
in Micevych et al., 2009). Recent results from a number of laborato-
ries, including ours, have demonstrated that in addition to classical
nuclear-initiated actions, estrogens act on membrane receptors to
affect cell signaling that underlie many of these actions. This paper
will review studies including those in our laboratory that demon-
strate that membrane-initiated estradiol signaling (MIES) is an
important component of female sexual receptivity measured by
lordosis – a behavior traditionally thought to be dominated by
nuclear estradiol action.

LORDOSIS BEHAVIOR
Sexual behavior in female rats can be distinctly categorized into
proceptive and receptive behaviors. Proceptive behaviors in estrus
female rats include behaviors that primarily attract and solicit
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mounting by male rats such as abrupt hopping and darting
sequences usually accompanied by a crouching posture, and ear-
wiggling (reviewed in Erskine, 1989). Another aspect of female
proceptive behavior is pacing, which is defined as the intermittent
approach and withdrawal of the female from the male (McClin-
tock and Adler, 1978). This component of proceptive behavior
allows the female to control the rate of coital stimulation received
and is a vital factor as it can have positive reinforcing components
on sexual behavior (Bermant and Westbrook, 1966) and induce
a reward state (Erskine, 1985; Paredes and Alonso, 1997). When
experimentally testing sexual behaviors under traditional labora-
tory conditions such as in small encased testing arenas, hopping,
and darting as well as ear-wiggling are commonly observed. How-
ever when rats are in their natural habitat, pacing seems to be the
more commonly observed event.

In contrast to proceptive behaviors, receptive behaviors are
often equally observed in either environment since these behav-
iors are characterized by a consummatory act. When the male rat
has successfully pursued the female rat and subsequently mounted
her from the back, a lordosis reflex is elicited. This reflex is caused
by appropriate hormonal priming and palpation of the female
flanks and perineum by the male. As a result, the female exhibits a
distinct spinal dorsiflexion of the tail, arching of the back, exten-
sion of the neck, and elevation of the hindquarters and rump
to allow for male intromission (Beach, 1948). To quantify sexual
receptivity, a lordosis quotient, which is defined as the number of
lordotic postures displayed by the female divided by the number
of mounts × 100, has been commonly used (Beach, 1948; Beach
and LeBoeuf, 1967).

Sexual receptivity is regulated by a well-defined circuit that
spans the limbic system and hypothalamus to include the pos-
terodorsal medial amygdala (MeApd), bed nucleus of the stria
terminalis (BNST), medial preoptic nucleus (MPN), ventrome-
dial nucleus of the hypothalamus (VMH), and the arcuate nucleus
(ARH). Together these brain regions integrate hormonal infor-
mation, sensory input from the accessory olfactory system (AOS),
and tactile stimulation from the perineum and flanks to elicit the
lordosis reflex. The AOS plays a necessary role in the detection
of relevant olfactory cues during sexual receptivity as its sensory
neurons project to the BNST by way of the MeApd. Together with
somatic sensory cues into the periaqueductal gray (PAG), retic-
ular formation, and vestibular nuclei, these inputs will integrate
and converge to provide descending projections to the spinal cord
to activate medial lying dorsal horn motoneurons to produce the
stereotypic lordotic posture.

HORMONAL PRIMING OF SEXUAL BEHAVIOR
In gonadally intact animals, female rodent sexual receptivity is
induced by the sequential actions of peak estradiol on proestrus
followed by progesterone on the limbic-hypothalamic circuit. This
robust behavior is easily quantifiable and exquisitely sensitive to
exogenous estradiol and progesterone, as seen in studies conducted
with ovariectomized (OVX) animals. In such rats, both estradiol-
only and estradiol + progesterone paradigms have been used to
study the inhibitory and facilitative circuits involved in sexual
behavior and each has been used to garner important information
about the steroid responsiveness of the CNS circuits regulating

lordosis behavior. Since each steroid priming paradigm has inher-
ent advantages, the choice of which to use has been dictated
by the question to be addressed. It is clear from half a century
of investigation that although the behavioral output is similar,
estradiol and estradiol + progesterone priming either activates dif-
ferent circuits or activates the same circuits in a temporally distinct
way. In animals primed with just estradiol, the dose required is
much higher than the dose needed when priming animals with
estradiol + progesterone to obtain sexual receptivity (Pfaff, 1970).
Moreover, when using estradiol-only, repetitive estradiol treat-
ments are required every 4 days to ramp animals to a constant level
of receptivity compared to one big bolus treatment of estradiol fol-
lowed by progesterone (Sodersten and Eneroth, 1981; Bloch et al.,
1987). Following estradiol treatment, sexual receptivity cannot be
facilitated by progesterone for approximately 20 h (Sinchak and
Micevych, 2001).

The interactions between estradiol and progesterone are impor-
tant in the understanding of how estradiol regulates the cell signal-
ing that underlies sexual behavior. It is becoming apparent that the
interaction between steroids of peripheral- and central-origin is
important for this regulation. Endogenous ovarian or exogenous
estradiol dramatically increases neuroP synthesis in the hypothala-
mus (Micevych et al., 2003, 2007). NeuroP synthesis is regulated by
estradiol through a membrane associated estrogen receptor (mER)
that increases free cytoplasmic calcium concentration ([Ca2+]i).
This de novo synthesis of neuroP in the hypothalamus is critical
for regulating the LH surge – the central event of reproduction.
Blocking neuroP synthesis prevents the E2-induced LH surge and
blocking hypothalamic steroid synthesis in cycling rats disrupts
the estrous cycle. While all this has been shown to be important
for the regulation of estrogen positive feedback of the LH surge
(reviewed in Micevych and Sinchak, 2007), the synthesis of neuroP
or activation of classical progesterone receptors does not appear
to affect estradiol-only induced lordosis behavior (Micevych and
Sinchak, 2007). On the other hand, estradiol-only induced procep-
tive behavior is blocked by trilostane (TRI) or aminoglutethimide
(AGT), antagonists of progesterone synthesis, indicating a role for
neuroP in mediating proceptive behaviors (Figure 1; Micevych
et al., 2008). These results are congruent with the long stand-
ing idea that sexual receptivity is primarily driven by estradiol
and proceptivity needs progesterone (reviewed in Barfield et al.,
1984).

We have used both steroid treatments, estradiol-only and
estradiol + progesterone, to study steroid activation of CNS cir-
cuits and our data point to the ARH as the site at which estradiol
initially activates the lordosis-regulating limbic-hypothalamic cir-
cuit (Mills et al., 2004; Dewing et al., 2007). Here, MIES stimulates
a microcircuit involving the neuropeptide Y (NPY) innervation
of the pro-opiomelanocortin (POMC) neurons (expressing β-
endorphin) in the ARH. Activation of NPY-Y1 receptors on
neurons that project to the MPN increases the release of β-
endorphin. As a result, μ-opioid receptor (MOR) neurons in
the MPN that project to the VMH are inhibited, producing a
transient inhibition necessary for full lordosis behavior (Torii
et al., 1996, 1999; Sinchak and Micevych, 2001; Mills et al., 2004).
Subsequently, estradiol induces necessary gene transcription and
translation for the expression of lordosis behavior (reviewed in
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FIGURE 1 | Effects of blocking the synthesis of progesterone and

progesterone receptors in the CNS on sexual behavior. Blocking either
progesterone synthesis (A,B) with aminoglutethimide (AGT) or trilostane
(TRI) or activation of progesterone receptors (C) with RU486 reduces
expression of proceptive behaviors, but has no effect on expression of
lordosis in OVX/ADX rats treated every 4 days with 10 μg 17β-estradiol
benzoate (EB) and then 1 h before the test with EB and drug. Animals were
tested 53–56 h after the initial EB injection for sexual receptivity, as
measured by lordosis quotient (LQ; Beach, 1948; Beach and LeBoeuf, 1967)
and expression of proceptive behaviors (proceptivity scale; Tennent et al.,
1980). Treatments to block progesterone synthesis or progesterone
receptors were delivered subcutaneously and started just before the EB
treatment and on the following mornings before testing. AGT (10 mg per
treatment) blocks P450 side chain cleavage that converts cholesterol to
pregnenolone (A); TRI blocks the enzyme 3β-hydroxysteroid dehydrogenase
(16.5 mg per treatment; 3β-HSD) which converts pregnenolone to
progesterone (B). RU486 (5 mg per treatment) is a progesterone receptor
antagonist (C). Data are means ± SEM of 12 animals. * Represents
significantly less than control treatment within behavior group as
determined by Mann–Whitney, where p > 0.05 (from Micevych et al., 2008).

Micevych and Sinchak, 2007). The integrated response of the
entire limbic-hypothalamic circuit is funneled through the VMH
to descending projections that activate spinal motoneurons inner-
vating muscles responsible for lordosis behavior (Calizo and
Flanagan-Cato, 2003; Sinchak et al., 2010; reviewed in Pfaff et al.,
2008).

MEMBRANE-INITIATED SIGNALING: ESTROGEN RECEPTORS
The current situation with respect to membrane estrogen recep-
tors (ERs) remains unsettled. A number of proteins have been
suggested as ERs, including the classical nuclear receptors ERα and
ERβ, ER-X, STX-activated membrane ER (mER), and GRP30, also
known as G protein coupled estrogen receptor (GPER). Lordosis
behavior is dependent on estradiol priming. To date, a prepon-
derance of evidence points to ERα as the primary ER mediating
reproduction (Rissman et al., 1997; Micevych et al., 2003; Win-
termantel et al., 2006). However, other putative receptors, such
as ERβ, STX-receptor, and GRP30, have been suggested to par-
ticipate in regulating reproduction in different models (Carmeci
et al., 1997; Qiu et al., 2003, 2006; Revankar et al., 2005; Kuo et al.,
2009). These have been recently reviewed (Micevych and Mermel-
stein, 2008; Micevych and Dominguez, 2009) and this review will
focus on their ability to influence lordosis behavior.

ER-X is a novel membrane ER that is expressed primarily in
the cortex during development (post-natal days 7–10) or after
trauma, uterus, and lung plasma membrane microdomains asso-
ciated with caveolin proteins (Pappas et al., 1995; Toran-Allerand
et al., 2002; Toran-Allerand, 2005). Unlike other ERs, it is activated
by estradiol stereoisomers, 17α-estradiol and 17β-estradiol, but
preferentially binds the former, which is inactive at ERα or ERβ.
The ER antagonist ICI 182,780, which is considered a “universal”
ER antagonist, paradoxically activates ER-X. In terms of female
sexual receptivity, ICI 182,780 prevented the estradiol-induced
activation/internalization of MOR. This result suggests that ER-X
is not involved since ICI 182,780 is an agonist at the putative ER-X
and would have facilitated the estradiol action. Ergo, its devel-
opmental profile and its promiscuous binding of both estradiol
stereoisomers make it unlikely that ER-X is the ER responsible for
mediating sexual receptivity.

Recently, estradiol has been shown to stimulate a seven trans-
membrane integral protein, GPR30, expressed throughout the
brain and periphery (Revankar et al., 2005; Prossnitz et al., 2008).
Studies have shown that estradiol stimulation of cells transfected
with GPR30 can be blocked by the ER antagonist ICI 182,780.
However, other results have shown the converse (Thomas et al.,
2007). In our hands, stimulation of GPR30 with the selective ago-
nist, G-1, did not induce internalization of MOR in the MPN or
affect lordosis behavior suggesting that GPR30 does not activate
the ARH – MPN circuit with regards to lordosis behavior (Dewing
et al., 2007). These results are consistent with an inability to detect
ER-X or GPR30 on the cell membrane after surface biotinylation
on primary neuronal cultures.

Interestingly, STX acting on a yet uncharacterized receptor
mimics the actions of estradiol. STX, a diphenylacrylamide com-
pound that structurally resembles 4-OH tamoxifen, is a ligand for
a proposed novel mER (Qiu et al., 2003). This synthetic estro-
gen receptor modulator has been shown to induce activation of
a G protein signaling cascade through phospholipase C/inositol
triphosphate and have estrogenic effects in a system absent of ERα

and ERβ (Roepke et al., 2011). The STX-binding protein binds
stereospecifically to estradiol and is blocked by the classical ER
antagonist ICI 182,780. When microinjected into the ARH of OVX
rats, STX activates the MPN–ARH circuit by inducing internaliza-
tion of MOR, a similar effect is seen with estradiol (Figure 2). STX
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also facilitates sexual receptivity, as measured by a lordosis quo-
tient, in estrogen primed females compared with estrogen alone
females (Christensen et al., 2011). Further evidence for STX action
was obtained by using immortalized ARH neurons, N-38 cells, in
which STX increased [Ca2+]i through the release of intracellular
stores (Kuo, personal communication). How these data align with
various studies that demonstrate the necessity of ERα for repro-
ductive behavior, including MOR internalization, is not readily
apparent and will require further experimentation.

While the dependence of sexual receptivity on ERα appears
clear, how MIES fits into this model is now beginning to emerge.
We and others have identified full length ERα in membrane
fractions (Chaban et al., 2004; Gorosito et al., 2008; Bondar
et al., 2009; Dominguez and Micevych, 2010). In native and
immortalized hypothalamic neurons, the major membrane ERα-
immunoreactive protein is coded for by an alternative splicing
of the ERα gene (Bondar et al., 2009; Dewing and Micevych,
unpublished observations). In addition to the full length ERα

(66 kDa), a prominent 52 kDa ERα immunoreactive protein was
revealed in native hypothalamic and N-38 neurons. PCR experi-
ments demonstrated that the 52-kDa ERα variant was coded for
by an ERα mRNA with a deletion of the fourth exon, ERαΔ4. An
interesting observation had been that MIES-mediated MOR acti-
vation/internalization was temporally constrained in vivo (Dew-
ing et al., 2007). In vitro, estradiol modulated membrane levels
of ERα, providing a mechanism to explain the observation of
temporal constraint of MIES in our lordosis assay (Bondar et al.,
2009; Dominguez and Micevych, 2010). Under estrogen-starved

FIGURE 2 | Comparison of estradiol with STX-induced μ-opioid

receptor (MOR) in the medial preoptic nucleus (MPN). Estradiol, STX, LY
367,385, and control (aCSF) were injected into the arcuate nucleus of the
hypothalamus of OVX rats and then transcardially perfused 30 min later
with chilled 0.9% saline followed by 4% paraformaldehyde in Sorenson’s
buffer. Sections from the arcuate nucleus (ARH) were processed for MOR
internalization using rabbit primary antibodies directed against MOR
(1:24,000; Neuromics). Histogram illustrates the ability of STX to induce
MOR internalization similar to EB, as measured by immunofluorescence
staining intensity in the MPN. Blocking mGluR1a with the antagonist LY
367,385 attenuates STX-induced MOR internalization. * Represents
p < 0.05 compared to control as determined by one-way ANOVA.

conditions, estradiol activated ER-mediated events, suggesting
a population of mER on the cell membrane (Eckersell et al.,
1998; Chaban et al., 2004). Surface biotinylation confirmed ERα

and ERαΔ4 on the cell plasma membrane (Gorosito et al.,
2008; Bondar et al., 2009; Dominguez and Micevych, 2010)
that were transiently increased with estradiol treatment. This
trafficking of ERα and ERαΔ4 to the membrane is depen-
dent on activation of protein kinase C θ (PKCθ) in neurons.
Consequently, this same novel PKC was activated by MIES
in vivo.

Estradiol also regulates the internalization of mER. Internaliza-
tion of agonist bound receptors is a well-described characteristic
of many membrane receptors and is an assay for receptor activa-
tion (reviewed in Sinchak and Micevych, 2003). In hypothalamic
neurons, the appearance of pits in the plasma membrane suggests
endocytic processes (Olmos et al., 1987; Garcia-Segura et al., 1988).
The mechanism of internalization involves phosphorylation by
G protein coupled receptor (GPCR) kinases (GIRKs), binding
of β-arrestin and adaptor/scaffolding proteins, and sequestration
into early endosomes (Dominguez et al., 2009; Micevych and
Dominguez, 2009). As illustrated in Figure 3, once the recep-
tor has released its ligand, the endosomes can either recycle
back to the plasma membrane or fuse with a lysosome lead-
ing to degradation of the receptor or down-regulation (reviewed
in Ritter and Hall, 2009). Thus, internalization is a relatively
quick process and does not diminish the number of receptors.
On the other hand, degradation/down-regulation is a slower
process that, as its name suggests, produces a down-regulation
in receptor number. The two events are related but receptor
internalization is not necessarily coupled to down-regulation. For
example, estradiol-induced MOR internalization did not result
in a change in the total number of receptors (Eckersell et al.,
1998).

In primary hypothalamic neuronal cultures, the rate of mER
internalization increased in parallel with its insertion into the
membrane, suggesting a coupling between receptor activation and
trafficking. Both the number of receptors in the membrane and
their activation/internalization peaked at 30 min while continuous
estradiol treatment reduced the levels of mERα to basal. These data
directly imply that estradiol can significantly increase membrane
levels of the full length and variants of ERα. They also illustrate
another important feature of MIES – that estradiol can temporally
regulate ERα trafficking into and out of the plasma membrane,
recapitulating our in vivo observations (Bondar et al., 2009). Two
hours of estradiol treatment was no longer sufficient to induce the
same levels of trafficking and internalization. By 24 h of estradiol
treatment, internalized (and surface membrane) levels of mERα

were below basal suggesting ER degradation, i.e., down-regulation
(Bondar et al., 2009; Dominguez and Micevych, 2010). Thus, by
regulating the level of ER on the membrane, estradiol controls its
own level of signaling.

MEMBRANE-INITIATED SIGNALING: ESTROGEN RECEPTOR
HAS PARTNERS FOR SIGNALING
Over the years, a common mechanism of MIES has been proposed:
membrane estradiol actions involve interactions of ERs with tra-
ditional cell surface receptors. Two kinds of interactions have been
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FIGURE 3 | Schematic representation of estradiol’s regulation of mER

trafficking. Upon activation by a ligand (E2), membrane ER is internalized
and the agonist-receptor complex is phosphorylated by G protein coupled
receptor kinases (GIRKs). β-arrestins are attached to the receptor along
with adaptor/scaffolding proteins (e.g., caveolin) and rapidly internalized

into early endosomes. At this point, the receptor is either dissociated from
its agonist and recycled back to the plasma membrane or degraded by
fusing with lysosomes. Abbreviations: E2, estradiol; ER, estrogen
receptor; CAV, caveolin; mGluR1, metabotropic glutamate receptor 1;
PKCθ, protein kinase Cθ.

demonstrated. The first is ER interactions with growth factor
receptors such as insulin-like growth factor 1 (IGF-1) receptors
(Toran-Allerand et al., 1988; Fernandez-Galaz et al., 1999; Que-
sada and Etgen, 2002; Quesada and Micevych, 2004) to stimulate
signal transduction. In the hypothalamus, ERα has been reported
to regulate lordosis behavior through an interaction with the IGF-
1 receptor (Quesada and Etgen, 2002). Blocking IGF-1 receptors
abates the neuroprotective effects of estradiol, suggesting that the
neuroprotection actions of estrogen are through the IGF-1 system.
The mechanism by which ER and IGF-1 receptors transduce sig-
naling is still unclear, although there is evidence that ERα, ERβ, and
IGF-1 receptor colocalize in both neurons and glial cells through-
out adult rat brain (Cardona-Gomez et al., 2000). In addition, ERβ

interacts with IGF-1 receptors in the midbrain to provide neuro-
protection for nigrostriatal neurons (Quesada and Micevych, 2004;
Quesada et al., 2007, 2008) and ER co-immunoprecipitates with
IGF-1 and their activation subsequently phosphorylates phos-
phatidylinositol 3-kinase (IP3K; Mendez et al., 2003; Quesada
et al., 2008). Thus emerging data has demonstrated crosstalk
between ER and IGF-1 receptors resulting in stimulation of rapid
signaling cascades.

More recently, another mER association has been discovered
that explains how MIES can be stimulatory or inhibitory by inter-
acting with different metabotropic glutamate receptors (mGluR).
Acting through type I mGluRs, ER can activate MAPK depen-
dent signaling, CREB or release intracellular Ca2+ stores. Acting
through type II mGluRs, ERs can inhibit adenylyl cyclase leading
to reduced influx through L-type voltage gated calcium channels
(VGCC; Boulware et al., 2005; Dewing et al., 2007; Chaban et al.,
2011; reviewed in Mermelstein and Micevych, 2008; Micevych
and Mermelstein, 2008; Micevych and Dominguez, 2009). Such
mER–mGluR interactions have been discovered throughout the
neuraxis, from primary sensory neurons of the dorsal root gan-
glia (DRG) to the hippocampus, striatum, and hypothalamus in
neurons and astrocytes. Estradiol regulation of sexual receptivity
requires the interaction of ERα and mGluR1a, as demonstrated by
a lack of MOR internalization and lordosis behavior following the
blockade of mGluR1a in the ARH of estradiol primed rats (Dewing
et al., 2007). In vivo, ERα was colocalized in mGluR1a expressing
neurons in the ARH and co-immunoprecipitation studies demon-
strated the potential physical interactions of these receptors in
membranes collected from the ARH (Dewing et al., 2008). Further,
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we established that MIES involving ER–mGluR1a was responsi-
ble for estradiol facilitation of neuroP synthesis in hypothalamic
astrocytes (Kuo et al., 2009). Finally, in DRG neurons, MIES atten-
uated ATP-induced Ca2+ influx through VGCC, a cellular event
associated with nociceptive signaling (Chaban et al., 2003; Cha-
ban and Micevych, 2005). In DRG neurons, ERα transactivates
mGluR2/3, which inhibits adenylyl cyclase and PKA blocking the
VGCC (Chaban et al., 2004, 2011; reviewed in Micevych and
Mermelstein, 2008). Together these results demonstrate that by
interacting with different mGluRs, ERα can mediate inhibitory
or excitatory actions of estradiol, which speaks to the global
importance of ER–mGluR interactions mediating MIES.

MEMBRANE-INITIATED SIGNALING: CELLULAR EVENTS
Lordosis behavior depends on an ERα-dependent β-endorphin
projection from the ARH that acts on MOR in the MPN (Micevych
et al., 2003). Interestingly, blocking MIES in the ARH with a
mGluR1a antagonist prevented MOR internalization and com-
pletely abrogated lordosis behavior (Dewing et al., 2007). Fur-
thermore, when mGluR1 was activated in animals primed with a
sub-behavioral dose of estradiol, lordosis was greatly facilitated.
Thus, MIES is involved in both rapid signaling and may partici-
pate in a membrane to nuclear signaling that is important for the
expression of proteins needed for lordosis behavior.

Estradiol activated a number of intracellular pathways in the
ARH, including phosphorylated PKCθ and protein kinase A (PKA;
Dewing et al., 2008). Site-specific blockade of PKC in ARH with
a general PKC inhibitor, bisindolylmaleimide (BIS), significantly
attenuated estradiol-induced MOR internalization in the MPN
(Figure 4). Furthermore, disruption of PKC signaling within the
ARH at the time of estradiol treatment significantly diminished
the lordosis reflex. Even when mGluR1 was activated with an
agonist, (S)-3,5-dihydroxyphenylglycine (DHPG), blocking PKC
prevented MOR internalization. Conversely, activating PKC with
phorbol 12, 13-dibutyrate (PDBu) with and without estradiol-
induced MOR internalization to levels equivalent to estradiol-
only control animals. These data indicate that PKC activation is
downstream of mGluR1a and PKC is a critical step for mem-
brane ERα-initiated mGluR1a-mediated cell signaling. PDBu sig-
nificantly facilitated lordosis compared with rats primed with a
sub-behavioral dose of estradiol. Together with ERα–mGluR1a
co-immunoprecipitation, these findings indicate that ERα transac-
tivation of mGluR1a is necessary for phosphorylation of the novel
Ca2+-independent PKCθ in the ARH (Dewing et al., 2008). This
rapid activation of cell signaling in vivo initiates the pathway lead-
ing to MOR internalization and modulation of lordosis behavior
(Dewing et al., 2007, 2008; reviewed in Micevych and Dominguez,
2009). Interestingly, STX initiates MIES by activating similar cell
signaling cascades to those activated by ERα-induced MIES. Both
activate novel PKCs, PKCδ by STX and PKCθ by estradiol (Qiu
et al., 2003). Additionally, STX-induced [Ca2+]i is blocked by the
antagonism of mGluR1a, suggesting a convergence of signaling by
ERα and STX-activated receptors.

CONCLUSION
Recent observations have begun painting an interesting picture
of steroid signaling in the brain. The idea of MIES has gained

FIGURE 4 | Estradiol-induced μ-opioid receptor (MOR) internalization

in the medial preoptic nucleus (MPN) is dependent on protein kinase C

θ (PKCθ) activation in the arcuate nucleus of the hypothalamus (ARH).

This graph represents two experiments: animals infused with a PKC
inhibitor, bisindolylmaleimide (BIS; 50 nmol, gray bars), and animals infused
with a PKC activator, phorbol 12,13-dibutyrate (PDBu; 25 nmol, black bars).
Animals sacrificed 30 min after EB injections displayed a significant increase
in MOR internalization compared to oil injected animals. Antagonizing with
BIS attenuated this EB-induced MOR internalization in the MPN. PDBu did
not increase the level of internalization above that seen in EB-only treated
animals. However the PKC activator did induced MOR internalization in the
absence of EB treatment suggesting that estradiol and PDBu act through
the same signaling pathway. The mGluR1 antagonist (LY367385) and
agonist (DHPG) were also infused in combination with BIS or PDBu to
determine whether PKC activation was downstream of ER/mGluR1
signaling. These data correlate with behavioral data that show that rats
treated with BIS before EB were less receptive than aCSF-treated,
EB-primed rats, and that PDBu did not induce lordosis behavior in animals
that were not treated with a sub-behavioral dose of EB (2 μg; Dewing et al.,
2008; Yildirim et al., 2008). * = statistical significance at the p < 0.05 level
compared with aCSF + oil group as determined by two-way ANOVA and
post hoc analysis (from Dewing et al., 2008).

widespread support from experiments that demonstrated a rapid
estradiol activation of cell signaling. This was bolstered with obser-
vations that membrane-impermeable constructs, in spite of theo-
retical concerns, would also activate a cornucopia of kinases and
mobilize intracellular stores of calcium. Estradiol acting through
membrane receptors has even shown to activate sexual recep-
tive behavior – a phenomenon long thought to be driven by
direct nuclear actions of estradiol. Membrane ERs appear to
behave like GPCRs since they rapidly activate cellular signaling
systems. These actions require interacting directly or indirectly
with different classes of membrane receptors such as the IGF-1
receptor, the oxytocin receptor, and the mGluRs. Transactivation
of mGluRs provide a mechanism through which estradiol can
produce both facilitation and inhibition of cellular events. The
direction of these events was determined ultimately by which
mGluR was coupled with the ER. Regulation of sexual recep-
tivity necessitated transactivation of the mGluR1a. Significantly,
estradiol controlled its membrane signaling by regulating ER traf-
ficking and internalization of ERα (and ERαΔ4). In addition to
these “post-synaptic” events, in recent years, the idea that the
brain synthesizes neurosteroids has been revived. Thus, neurons
and glial cells have been shown to synthesize sex steroids that
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like other fourth generation (4-G) neurotransmitters (i.e., nitric
oxide, endocannabinoids, and carbon monoxide) are regulated at
the point of synthesis (reviewed in Micevych and Sinchak, 2008).
Neuroprogesterone is an important component of the CNS con-
trol of female proceptive behaviors. Although it remains puzzling
that MIES-activated neuroP synthesis is sufficient to trigger the
LH surge and augment estradiol initiated proceptive behaviors,
we have not been able to demonstrate any actions of neuroP on
sexual receptive behaviors. Regardless, it is clear that the brain can
no longer be considered a passive recipient of steroid information

from the ovaries. Rather, there is a complex interaction of periph-
eral steroids and neurosteroids that regulate cell signaling and
transcription to cause significant biological consequences in brain
function and behavior.
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Neurosteroids represent a class of endogenous steroids that are synthesized in the brain,
the adrenals, and the gonads and have potent and selective effects on the GABAA-
receptor. 3α-hydroxy A-ring reduced metabolites of progesterone, deoxycorticosterone,
and testosterone are positive modulators of GABAA-receptor in a non-genomic man-
ner. Allopregnanolone (3α-OH-5α-pregnan-20-one), 5α-androstane-3α, 17α-diol (Adiol), and
3α5α-tetrahydrodeoxycorticosterone (3α5α-THDOC) enhance the GABA-mediated Cl- cur-
rents acting on a site (or sites) distinct from the GABA, benzodiazepine, barbiturate, and
picrotoxin binding sites. 3α5α-P and 3α5α-THDOC potentiate synaptic GABAA-receptor
function and activate δ-subunit containing extrasynaptic receptors that mediate tonic
currents. On the contrary, 3β-OH pregnane steroids and pregnenolone sulfate (PS) are
GABAA-receptor antagonists and induce activation-dependent inhibition of the receptor.
The activities of neurosteroid are dependent on brain regions and types of neurons. In
addition to the slow genomic action of the parent steroids, the non-genomic, and rapid
actions of neurosteroids play a significant role in the GABAA-receptor function and shift
in mood and memory function. This review describes molecular mechanisms underlying
neurosteroid action on the GABAA-receptor, mood changes, and cognitive functions.

Keywords: allopregnanolone, THDOC, pregnenolone sulfate, GABAA-receptor, premenstrual dysphoric disorder,

mood, cognition

NEUROSTEROID
Sex hormones act through genomic mechanisms through the
intracellular receptors located in the nucleus or cytoplasm. They
act as ligand-activated transcription factors in the regulation of
gene expression. However, metabolites of progesterone and sev-
eral stress hormones act on the membrane bound receptor via a
non-genomic mechanism. The receptor binding to DNA and RNA
synthesis is thus not required (Frye et al., 1992; Baulieu and Robel,
1995; Rupprecht, 2003). While the genomic action of sex hor-
mones requires a time period from minutes to hours and limited
by the rate of protein biosynthesis (McEwen, 1991), the modula-
tion on the membrane receptor is fast occurring event and requires
only milliseconds to seconds (McEwen, 1991). Today it is known
that metabolites of sex and stress hormones act non-genomically

Abbreviations: 3β5β-P, 3β-OH-5β-pregnan-20-one, epipregnanolone; 3β5α-P,
3β-OH-5α-pregnan-20-one, isoallopregnanolone; 3α5α-P, 3α-OH-5α-pregnan-
20-one, allopregnanolone; 3α5β-P, 3α-OH-5β-pregnan-20-one, pregnanolone;
3α5α-THDOC, 3α, 5α-tetrahydrodeoxycorticosterone; 3α5β-THDOC, 3α, 5β-
tetrahydrodeoxycorticosterone; 3β5β-THDOC, 5β-pregnan-3β, 21-diol-20-one;
3α-adiol/3α5α-ADL, 5α-androstane-3α, 17β-diol; 3β-HSD, 3β-hydroxysteroid
dehydrogenase; 3α-OH, 3α-hydroxy; 3β-OH, 3β-hydroxy; CGC, cerebellar gran-
ule cells; CNS, central nervous system; DGC, dentate gyrus granule cells; DHEAS,
dehydroepiandrosterone sulfate; DOC, deoxycorticosterone; EC50, concentration
of drug that produces 50% of maximum response; GABA, γ-amino butyric acid;
LTP, long-term potentiation; MPA, medroxyprogesterone; MPN, medial preoptic
nucleus; nAChRs, nicotinic acetylcholine receptors; NMDA, N -methyl-d-aspartate;
P45021, steroid 21 hydroxylase; P450c17, steroid 17 alpha-hydroxylase/17, 20 lyase;
PMS/PMDD, premenstrual syndrome/premenstrual dysphoric disorder; PS, preg-
nenolone sulfate; sIPSC, spontaneous inhibitory postsynaptic current; TBPS, t -butyl
bicyclophosphorothionate; UC1011, 3β, 20β-dihydroxy-5α-pregnane.

in the CNS and alter neuronal excitability (Majewska et al., 1986;
Paul and Purdy, 1992; Lambert et al., 1995).

The term “neurosteroid” was introduced to describe these
steroid metabolites that modulate neuronal activity (Paul
and Purdy, 1992; Baulieu et al., 2007; Mellon, 2007). The
3α-hydroxy A-ring reduced metabolites of progesterone and
deoxycorticosterone, allopregnanolone (3α5α-P), and 3α, 5α-
tetrahydrodeoxycorticosterone (3α5α-THDOC) were first shown
to modulate neuronal excitability by interaction with the GABAA-
receptor (Majewska et al., 1986). Several other neurotransmit-
ters like the NMDA, nicotinic, muscarinic, serotonergic, adren-
ergic, and sigma 1 receptors are also targets for neurosteroids
(Klangkalya and Chan, 1988; Wu et al., 1991; Valera et al., 1992;
Compagnone and Mellon, 2000; Mellon et al., 2001; Parry, 2001;
Halbreich, 2003; Mellon, 2007). The functional modulation of
the GABAA-receptor by neurosteroids at low concentrations is
believed to induce moderate to severe adverse mood changes in
up to 20% of female individuals (Beauchamp et al., 2000; Fish
et al., 2001). The clinical complex of premenstrual dystrophic
disorders (PMDD; Backstrom et al., 2003; Sundstrom Poromaa
et al., 2003), petit mal epilepsy (Grunewald et al., 1992; Baner-
jee and Snead, 1998), and catamenial epilepsy (Backstrom, 1976)
are among the disorders that may involve neurosteroid action. At
higher doses, neurosteroids may affect learning (Johansson et al.,
2002), act as anxiolytic, anti-aggressive, sedative/anesthetic, and
anti-epileptic agents in both animals and humans (Backstrom
et al., 1990; Paul and Purdy, 1992; Wang et al., 2001; Bjorn et al.,
2002).

As shown in Figure 1, neurosteroids are synthesized in glial
cells and neurons of the central and peripheral nervous system
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from cholesterol or steroidal precursors imported from periph-
eral sources (Schumacher et al., 2000; Baulieu et al., 2007). They
include 3β-hydroxy-Δ5-compounds such as pregnenolone and
dehydroepiandrosterone, their sulfate esters and reduced metabo-
lites of steroid and stress hormones such as the tetrahydroderiv-
ative of progesterone, 3α-hydroxy-5α-pregnan-20-one (allopreg-
nanolone; Baulieu et al., 2007). Progesterone itself is also a neuros-
teroid, and a progesterone receptor has been detected in peripheral
and central glial cells (Schumacher et al., 2000; Baulieu et al., 2007).
At different sites in the brain, concentrations of neurosteroids vary
according to environmental and behavioral circumstances, such as
stress, sex recognition, and aggressiveness. Allopregnanolone can
accumulate in the brain after adrenalectomy and gonadectomy
(Purdy et al., 1991; Corpechot et al., 1993; Cheney et al., 1995).
This indicates that allopregnanolone is synthesized in the brain
via A-ring reduction of progesterone (Celotti et al., 1992; Do Rego
et al., 2009). Table 1 shows concentrations of major neurosteroids
in the plasma and brain.

Pregnenolone sulfate (PS) and dehydroepiandrosterone sul-
fate (DHEAS) are naturally occurring neurosteroids that inhibit
the GABAA-receptor (Paul and Purdy, 1992). PS is synthesized
from pregnenolone by the enzyme sulfotransferase (Figure 1).
Conversion from DHEA to DHEAS is also mediated by sulfotrans-
ferase. DHEA is metabolized from pregnenolone by cytochrome
P450C17 (Mensah-Nyagan et al., 1999). On the other hand, 3β-
HSD is essential for the synthesis of 3β-OH steroids, i.e., 3β-OH-
5α-pregnan-20-one (isoallopregnanolone; 3β5α-P) and 3β-OH-
5β-pregnan-20-one (epipregnanolone; 3β5β-P; Stromstedt et al.,
1993). PS, DHEAS, and 3β-OH steroids act as antagonists on the
GABAA-receptor (Wang et al., 2002; Eisenman et al., 2003) and
can be measured from human blood samples (Hill et al., 2001).

As metabolites of stress hormone deoxycorticosterone (DOC),
3α5α-THDOC and 3α5β-THDOC are also potent modulators of
the GABAA-receptor (Crawley et al., 1986; Majewska et al., 1986;
Gasior et al., 1999; Lambert et al., 2001a). Both steroids have sig-
nificant sedative effects in vivo. 3α5α-THDOC is responsible for
the sedative and anti-seizure activity of DOC in animal mod-
els (Reddy and Rogawski, 2002). DOC can be metabolized from

progesterone and this conversion is mediated by P45021 (Edwards
et al., 2005). The conversion of DOC to 3α5α-THDOC occurs
both in peripheral tissues and in the brain (Reddy, 2003). The
A-ring reduced metabolite of testosterone, 5α-androstane-3α,17β-
diol (3α5α-adiol), acts also as a GABAA-receptor agonist (Frye
et al., 1996).

GABAA-RECEPTOR
GABA mediates most of the inhibitory neurotransmission in the
mammalian brain. GABA-mediated inhibition is crucially in both
short-term and long-term regulation of neuronal excitability. It
has been estimated that approximately 33% of the synapses in the
mammalian cerebral cortex are GABAergic (Purvez et al., 2004).
Two major types of receptors, GABAA- and GABAB-receptors can
be identified in the CNS (Sivilotti and Nistri, 1991; Bormann,
2000). It appears that neurosteroids more or less exclusively tar-
get the GABAA-receptor which is a ligand gated anion-selective
channel (Schofield et al., 1987).

Various isoforms of the GABAA-receptor have been identified
that comprise α1–6, β1–3, γ1–3, δ, ε, π, θ, and ρ1–3 subunits (Amin
and Weiss, 1994; Mehta and Ticku, 1999; Rudolph et al., 2001). In
general, GABAA-receptors are pentameric proteins (Nayeem et al.,
1994) that are built of five subunits which includes two α-subunits,
two β-subunits and one subunit of either the γ-,δ-, ε-,π-, or θ-type
(Farrar et al., 1999; Knight et al., 2000; Klausberger et al., 2001).
A subgroup of GABAA-receptor channels was named as GABAC-
receptor earlier and composed of homo-oligomeric ρ1–3 subunits.
They are pharmacologically distinct from other GABAA-receptor
channels and this difference is illustrated by the insensitivity of ρ

receptor channels to many known modulators such as barbiturates
and benzodiazepine (Amin and Weiss, 1994, 1996).

Immunological, pharmacological, and functional analysis give
the evidence that the α1β2γ2 combination is the most common
GABAA-receptor within the CNS (∼60%), followed by α2β3γ2

(∼15–20%) and α3βnγ2 (∼10–15%, n = 1, 2, or 3; Mohler et al.,
2002, 2004; Fritschy and Brunig, 2003; Wallner et al., 2003). Recep-
tors containing the α4-, α5-, and α6-subnit, as well as the β1-, γ1–3,
δ-, π-, and θ-subunit, form a minor receptor population. Each of

Table 1 | Neurosteroid concentrations in human plasma and brain (mean ± SEM).

Steroids Plasma (nM) Brain (nM)

Follicular Luteal Postmenopausal Luteal

Progesterone 5.0 ± 0.50 (Wang et al., 1996) 34.7 ± 2.40 65 (Bixo et al., 1997) 137 (Bixo et al., 1997)

3α-OH-5β-pregnan-20-one 0.6 ± 0.00 (Sundstrom et al., 1998) 1.1 ± 0.50 – 114 (Bixo et al., 1997)

3α-OH-5α-pregnan-20-one 0.2–0.6 (Wang et al., 1996;

Genazzani et al., 1998)

2–4 (Wang et al., 1996;

Genazzani et al., 1998)

47 (Bixo et al., 1997) 66 (Bixo et al., 1997)

3β-OH-5α-pregnan-20-one 0.3–0.5 (Wang et al., 1996;

Sundstrom et al., 1998))

1.5–3.5 (Wang et al., 1996;

Sundstrom et al., 1998)

– –

3β-OH-5β-pregnan-20-one 0.09 ± 0.08 (Havlikova et al., 2006) 0.26 ± 0.13 – –

Pregnenolone sulfate 11.2 ± 0.6 (Wang et al., 1996) 15.2 ± 0.8 (Bixo et al., 1997) – 100 (Lanthier and Pat-

wardhan, 1986)
Pregnenolone *2.19 (Kancheva et al., 2007) – – –

3α5α-androstane-3α,17β-diol *0.475 (Kancheva et al., 2007) – – –

Data cited from references are inserted as indicated. *Concentration in adult men.
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FIGURE 1 | Biosynthesis of allopregnanolone and pregnenolone

sulfate (PS) from cholesterol within the neuron or glial cell. Enzymes
involved are P450 side-chain cleavage (P450scc), 3α-hydroxysteroid
dehydrogenase (3α-HSD), 3β-hydroxysteroid dehydrogenase (3β-HSD) and

5α-reductase. Transport of cholesterol across the mitochondrial membrane
is enhanced by the steroidogenic acute-regulatory (StAR) protein and the
mitochondrial benzodiazepine receptor (MBR). 5α-DHP represents
5α-dihydroprogesterone.

the α4βnδ, α4βnγ, and the α6β2/3γ2 receptor accounts less than 5%
of all the GABAA-receptor quantity (McKernan and Whiting,1996;
Whiting, 2003a,b). The α6βnδ receptor has a small population in
the cerebellum and the α6β2/3γ2 receptor located exclusively in the
cerebellum (McKernan and Whiting, 1996; Whiting, 2003a,b).

The expression of GABAA-receptor subtypes in the adult brain
exhibits a remarkable regional and neuronal specificity which sug-
gests that individual subtypes are present in distinct neuronal
circuits. The α1β2γ2 receptor is present in most brain areas and

it is localized to interneurons in the hippocampus and cortex
(layer I–IV), and cerebral Purkinje cells (McKernan and Whiting,
1996). The α2β3γ2 receptor is present in cerebral cortex (layer I–
IV), hippocampal formation, amygdale, striatum, olfactory bulb,
hypothalamus, superior colliculi, and motor nuclei (Fritschy and
Brunig, 2003). The α3βnγ2, α3γ2, and α3θ receptors are abun-
dant in the cerebral cortex (layers V–VI), amygdala, olfactory bulb,
thalamic reticular and intralaminar nuclei, superior colliculus,
brainstem, spinal cord, and locus coeruleus. The α4βnδ (n = 1, 2,
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or 3) receptor is presented in the dentate gyrus and thalamus. The
α5β3γ2 receptor is widespread in the hippocampus and dentate
gyrus (Glykys et al., 2008), deep cortical layers, amygdala, olfactory
bulb, hypothalamus, superior colliculus, superior olivary nucleus,
spinal trigeminal nucleus, and spinal cord. The α6β2/3γ2, α6β2/3δ,
and α6β2/3γ2 receptors are found mainly in the cerebellum and
dorsal cochlear nucleus (Fritschy and Brunig, 2003).

PHARMACOLOGICAL RELEVANCE OF GABAA-RECEPTOR SUBUNIT
COMPOSITIONS
Especially the different α-subunits have been attributed to spe-
cific behavioral effects as shown in Table 2. For example, an
enhancement at the α1 subunit has been associated with seda-
tion (Rudolph et al., 1999) and the α2 with anxiolytic action.
Recently, it has been shown that the α5 subunit is important
for sedative tolerance development to benzodiazepines and for
acquisition and expression of associative memory and spatial
learning (Collinson et al., 2002; Crestani et al., 2002; van Rijn-
soever et al., 2004; Yee et al., 2004). In addition, the α4 subunit
is also implicated in the regulation of anxiety (Gulinello et al.,
2001). A concentration-dependent decrease of the α4 subunit is
seen after 4-day application of allopregnanolone to developing
neuronal cells (Grobin and Morrow, 2000). In the hippocampus
and cerebellum, an increase of the α4 subunit can be detected after
withdrawal from chronic exposure and after short-term treatment
of progesterone and allopregnanolone (Smith et al., 1998; Concas
et al., 1999; Follesa et al., 2001; Gulinello et al., 2001). The α6 sub-
unit is highly sensitive to pentobarbital (Thompson et al., 1996)
and neurosteroids (Belelli et al., 2002).

The γ2 subunit is also involved in anxiety regulation, and it
is changed during hormone treatment and pregnancy (Essrich
et al., 1998; Follesa et al., 1998; Concas et al., 1999; Crestani
et al., 1999; Kittler et al., 2000). The δ-subunit is responsible
for tonic conductance and important for neurosteroid modula-
tion on GABAA-receptor (Stell et al., 2003). Interestingly, receptor
knockout studies have revealed that the absence of the δ-subunit
decreases the sensitivity to neurosteroids such as pregnanolone
and alphaxalone, thereby influencing the duration of anesthesia
and the anxiolytic effect of those steroids (Mihalek et al., 1999).
Finally, the ε-subunit reduces neurosteroid and anesthetic mod-
ulation (Davies et al., 1997; Belelli et al., 2002; Thompson et al.,
2002).

Functionally, distinct subunit-specific properties have been
identified in both recombinant and native receptors, supporting

the concept that GABAA-receptor heterogeneity is a major facet
determining the functional properties of GABAergic inhibitory
circuits (Sieghart, 2000; Mohler et al., 2001). In particular, the type
of α-subunit determines the kinetics of receptor deactivation (Ver-
doorn et al., 1990; Hutcheon et al., 2000; Devor et al., 2001), and
the presence of the δ-subunit results in markedly increased agonist
affinity and apparent lack of desensitization (Burgard et al., 1996;
Fisher and Macdonald, 1997; Adkins et al., 2001).

The GABAA-receptor expresses different subunit compositions
in different parts of the brain (Sieghart and Sperk, 2002). The
subunit composition is related to different function of the spe-
cific part of the brain (Korpi et al., 2007; Table 2). This anatomical
diversity constitutes the very basis for the pathogenesis of different
conditions. Steroids interact differently with the GABAA-receptor
depending on the subunit composition (Belelli et al., 2002). The
α5 subunit is localized in high degree in the hippocampus, a key
area for memory and learning, α5 is shown to be important for
learning and memory function (Table 2) since α5-subunit knock-
out mice in comparison with wild-type mice show significantly
better performance in a water maze model of spatial learning
(Collinson et al., 2002). In addition, blockade of the GABAA-
receptor subunit α5 increased learning and memory (Casula et al.,
2001; Maubach,2003). GABAA-receptor activation can inhibit LTP
induction and NMDA receptors, which are involved in the regu-
lation of hippocampal-dependent spatial memory (Riedel et al.,
2003).

Several papers report changes in the GABAA-receptor sub-
unit composition and decreased GABA function after long-term
exposure to GABAA-receptor agonists (Miller et al., 1988; Belelli
et al., 2002). It is well-known that tolerance develops during long-
term GABAA-receptor exposure. Tolerance development is noted
already after 90 min exposure to anesthetic dosages of allopreg-
nanolone. Changes in the α4 subunit of the GABAA-receptor in
thalamus were related to the tolerance development (Birzniece
et al., 2006a). GABA-steroids are positive neurosteroid modula-
tors on the GABAA-receptor (Majewska et al., 1986). Long-term
treatment with GABA-steroids may induce down-regulation of the
GABAA-receptor function in mammalian cultured neurons both
for neuroactive steroids and other GABAA-receptor active drugs
(Yu and Ticku, 1995a; Yu et al., 1996). During pregnancy when
allopregnanolone is high there is a decrease in GABAA-receptor
function and changes in subunit composition of the GABAA-
receptor. Inhibiting the synthesis of allopregnanolone blocked
these changes (Concas et al., 1998). Chronically high cortisol levels

Table 2 | Relationship between behavior disorders/symptoms, brain areas, and subunits of the GABAA-receptor.

Behavior disorders/symptoms Brain region GABAA-receptor subunit

Memory and learning disruption Hippocampus α5 δ

Anxiety and mood disturbance Hippocampus; amygdale α2 α4 β3 δ

Fatigue, sedation, and exhaustion Wide spread α1

Depression induced by stress α1 α3 β1 β2 δ γ2

Eating disorders Hypothalamus α3

Relapse in alcohol abuse β6

Balance and mobility disorders Cerebellum α6 β2 δ

Epilepsy and excitability disorders α1 β3
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and GABA-steroids give irreversible cognitive damages. A reduced
sensitivity to benzodiazepines, alcohol, and GABA-steroid is also
seen in women with PMDD during the luteal phase. Such a change
in GABAA-receptor sensitivity, as measured by reduced sedation
and saccadic eye velocity response to GABA active compounds,
contributes to symptom severity of PMDD patients (Backstrom
et al., 2003). In a rat model of PMDD, allopregnanolone upreg-
ulates the α4 subunit of the GABAA-receptor in hippocampus
parallel to the induction of anxiety (Smith et al., 1998; Gulinello
et al., 2001). In addition, the anxiety induction was blocked if
the animals were treated with α4-antisense (Smith et al., 1998;
Gulinello et al., 2001). With a further developed rat model of
PMDD, the authors addressed that the high risk-taking rats are
those react with anxiety in the PMDD model (Lofgren et al., 2006).

SYNAPTIC AND EXTRASYNAPTIC GABAA-RECEPTORS
The GABAA-receptors can either be synaptic (located within
the synaptic cleft) or extrasynaptic (located outside the synaptic
cleft; Fortin et al., 2004). The synaptic receptors usually contain
γ-subunits and can be rapidly expressed at the neuronal mem-
brane and are sensitive to both benzodiazepines and neurosteroids.
Extrasynaptic GABAA-receptors are in a preferred position to be
activated by the low levels of ambient GABA, due to their high
GABA affinity in contrast to the lower affinity of synaptic GABAA -
receptors (Saxena and Macdonald, 1994; Mody, 2001; Brown et al.,
2002; Farrant and Nusser, 2005). The high-affinity extrasynaptic
GABAA-receptors consist of specific subunit combinations dif-
ferentially expressed in various brain regions. These include the
δ-subunit containing GABAA-receptors of dentate gyrus and cere-
bellar granule cells, cortical and thala mic neurons (Nusser et al.,
1998; Sur et al., 1999; Pirker et al., 2000; Nusser and Mody, 2002;
Stell et al., 2003; Sun et al., 2004; Cope et al., 2005; Jia et al.,
2005; Drasbek and Jensen, 2006), and the α5-subunit containing
GABAA-receptors in CA1 and CA3 pyramidal cells (Sperk et al.,
1997; Caraiscos et al., 2004; Glykys and Mody, 2006). The cur-
rent mediated by these extrasynaptic receptors has been termed
tonic inhibition (Brickley et al., 1996; Farrant and Nusser, 2005),
which is highly sensitive to the extracellular GABA concentra-
tion (GABA). It is enhanced when ambient (GABA) is increased
by blocking GABA transporters, by adding GABA to the aCSF
to mimic that normally present in the extracellular space, or by
preventing GABA degradation (Nusser and Mody, 2002; Stell and
Mody, 2002; Wu et al., 2003; Glykys and Mody, 2006).

The δ-subunit is highly sensitive to GABA and neurosteroids
but not to benzodiazepines (Brown et al., 2002; Smith et al., 2007).
It also appears that specific types of receptor subunit combina-
tions are expressed in the synaptic cleft and extra synaptically. For
example, the α1β2/3γ2, α2β2/3γ2, and α3β2/3γ2 receptors are the
predominant synaptic receptors (Farrant and Nusser, 2005) and
the combinations of α6βnδ, α4βnδ, α1βnδ, and α5βnγ2 receptors,
are predominantly or exclusively extrasynaptic (Nusser et al., 1998;
Fritschy and Brunig, 2003; Glykys and Mody, 2007). In the synapse,
each vesicle is thought to release several thousands of GABA mol-
ecules into the synaptic cleft which leads to a high concentration
of GABA (0.3–1.0 mM) in a time span of 10–100 ms (Mozrzymas
et al., 2003; Semyanov et al., 2004). Furthermore, it is suggested
that there are rather few receptors, from 10 to a few hundreds,

located opposite to the release site (Mody et al., 1994; Nusser et al.,
1997; Brickley et al., 1999).

Synaptically released GABA which act on postsynaptic GABAA-
receptors is termed “phasic” inhibition, whereas the term “tonic”
inhibition refers to a continuous activation of extrasynaptic recep-
tors by ambient GABA (Farrant and Nusser, 2005). The main
feature of phasic inhibition is the rapid synchronous opening of a
relatively small number of channels that are clustered within the
synaptic cleft. This enables a resolution both in time (the release
is triggered by an incoming action potential) as well as in space
(the release is limited and thereby the postsynaptic action, to a
specific synapse. In contrast, tonic inhibition results from ambi-
ent GABA and therefore is relatively constant in both time and
space. Although both modes of action clearly impact upon neu-
ronal information processing at the cellular and network level, the
extent to which each type of inhibition influences brain excitabil-
ity in normal and diseased states is not known. GABA-mediated
tonic conductance is found in granule cells of the dentate gyrus
(Nusser and Mody, 2002; Farrant and Nusser, 2005), thalamocor-
tical relay neurons of the ventral basal complex (Porcello et al.,
2003), layer V pyramidal neurons in the somatosensory cortex
(Yamada et al., 2004), CA1 pyramidal cells (Bai et al., 2001), and
certain inhibitory interneurons in the CA1 region of the hip-
pocampus (Semyanov et al., 2003). Unlike receptors mediating
phasic current, tonically active GABAA-receptors show unusual
high GABA affinity (Saxena and Macdonald, 1996) and be acti-
vated by the low ambient GABA concentrations (nanomolar to
few micromolar; Lerma et al., 1986; Tossman et al., 1986). At
sub-micromolar concentrations, several competitive, and non-
competitive GABAA-receptor antagonists (gabazine, picrotoxin,
and bicuculline) reduced phasic currents, but had no effect on
tonic currents. However, the antagonists blocked both phasic and
tonic currents at high concentrations (Bai et al., 2001; Stell and
Mody, 2002; Semyanov et al., 2003; Yeung et al., 2003; Farrant and
Nusser, 2005).

THE EFFECT OF NEUROSTEROIDS ON THE GABAA-RECEPTOR
The GABAA-receptor can be modulated by a number of therapeu-
tic agents, including benzodiazepines (Sieghart, 1992; Macdonald
and Olsen, 1994), barbiturates (Smith and Riskin, 1991), anes-
thetics, ethanol (Harris et al., 1995), zinc (Smart, 1992), and
neurosteroids (Puia et al., 1990; Hawkinson et al., 1994a; Lam-
bert et al., 2001b). The effect of neurosteroids on the GABAA-
receptor depends on the type of steroids (agonist or antagonist),
the type of receptors (synaptic of extrasynaptic), the subunit
compositions, and the intrinsic structure of the steroid. Recent
studies indicate that the existence of at least two neurosteroid
actions on the GABAA-receptor, namely an agonistic action and
an antagonistic action by the sulfated and 3β-OH steroids. The
agonistic action can further be divided into an allosteric enhance-
ment of GABA-evoked Cl− current and a direct activation of the
GABAA-receptor.

The synaptic currents originates from a short exposure of
high concentrations of GABA that induces receptor desensitiza-
tion (Jones and Westbrook, 1995). As a consequence of this, the
mechanism of neurosteroid modulation at the GABAA-receptor
cannot easily be predicted by studies of currents evoked by low
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concentrations of GABA. It has been shown that allopregnanolone
remarkably increases the decay time of sIPSC (Haage and Johans-
son, 1999; Belelli and Lambert, 2005), which likely depends on a
reduced GABA unbinding rate from the receptor. However, a dif-
ferent mechanism was suggested for the 3α5α-THDOC induced
decay time prolongation. Here it was instead suggested that the
underlying mechanism was altered kinetics of desensitized states
(Zhu and Vicini, 1997). The above explanations for the mecha-
nisms underlying the effects of neurosteroids is based on the idea
that once GABA is bound to the receptor it can enter different
states of which some are open and some are closed (desensitized)
which will determine the shape of the evoked current (Jones and
Westbrook, 1995).

At low-micromolar concentrations of GABA, allopregnanolone
instead increases the activation rate and induces a more prominent
desensitization of GABA-evoked currents (Haage and Johans-
son, 1999). Interestingly, there is also evidence that the effect
of 3α5α-THDOC to prolong the deactivation time (which is the
same as the decay time but is used for externally applied GABA)
depends on the age. The effect on the deactivation of GABA
response in cerebellar neurons is greater in younger rats than
adult rats (Zhu and Vicini, 1997). In summary, we believe that
the prolongation of deactivation and altered receptor kinetics
in terms of entry and exit from desensitized states, are essential
to the allosteric modulation of the GABAA-receptor by neuros-
teroids. Agonistic neurosteroids affect not only the time course
of sIPSC but also the frequency of the sIPSCs. Such an increase
in frequency is due to the presynaptic effect of neurosteroids
(Poisbeau et al., 1997; Haage et al., 2002) by a mechanism that
involves altered presynaptic Ca2+ permeability and activation of
presynaptic GABAA-receptors.

The effect of neurosteroids on the GABAA-receptor can be
attributable to variations in the receptor subunit composition.
The action of allopregnanolone was not influenced by the α-
subunit, when co-expressed with β1- and γ2-subunit in Xenopus
oocytes (Belelli et al., 2006). The GABA responses at α1β1γ2 and
α3β1γ2 receptor are enhanced by low concentration of allopreg-
nanolone (≥3 nM), whereas several folds higher concentrations
are needed to obtain the equivalent response on α2-,α4-, α5-,
or α6-subunit containing receptors. Likewise, the subtypes of
the β-subunit (β1–3) have little action on the effects of neu-
rosteroids (Hadingham et al., 1993; Sanna et al., 1997; Belelli
et al., 2002). The presence of a γ-subunit is not a prerequisite
for the neurosteroid activity. In fact, the efficacy of allopreg-
nanolone action at the binary α1β1 receptor is higher than that
at the ternary α1β1γ2 receptors (Maitra and Reynolds, 1999;
Belelli et al., 2002). Given the γ-subunit have little or no effect
on the maximal GABA-modulation effect of allopregnanolone, it
significantly influences the potency of the steroid with “physio-
logical concentrations” (3–30 nM; Belelli et al., 2002). However,
the inhibition of GABAA-receptor by PS did not vary between
binary and ternary receptor (Wang et al., 2006). The poten-
cies and efficacies of PS to inhibit GABA saturating concen-
tration at the α1β2γ2L and α1β2 receptor were identical (Wang
et al., 2006). On the other hand, δ-subunit when co-expressed
with α4- and β3-subunits, a receptor thought to be naturally
present in the thalamus (Sur et al., 1999) shows high steroid

sensitivity compare to γ-subunit containing receptor (Davies et al.,
1997; Belelli et al., 2002). Receptors incorporating the ε-subunit
are reported to be insensitive to the modulation by pregnane
steroids, not the direct GABA-mimetic effect (Lambert et al.,
2001b).

SYNAPTIC EFFECT OF NEUROSTEROIDS
The brief inhibitory response of neurosteroids by activating
the postsynaptic GABAA-receptor is a phasic response. Synaptic
GABAA-receptors are ternary complexes that commonly incorpo-
rate the γ2 subunit in combination with one α (mainly α1/2/3) and
one β2/3 subunit. However, these receptor isoforms can also be
located extrasynaptically (Farrant and Nusser, 2005). The kinetic
of agonist steroids at synaptic GABAA-receptor has been stud-
ied thoroughly by measuring the sIPSC from neurons in brain
slice. Neurosteroids have little effect on the onset time and peak
amplitude of the sIPSC. Agonist neurosteroids prolong the decay
time constant of IPSC (Majewska et al., 1986; Zhu and Vicini,
1997; Haage et al., 2005). However, this effect is neuron specific. In
hippocampal CA1 neurons, cerebellar granule cells and Purkinje
neurons, neurosteroids prolong the sIPSC at relatively low concen-
tration (in the nanomolar range; Cooper et al., 1999; Vicini et al.,
2002; Harney et al., 2003). On the other hand, micromolar concen-
trations are required to produce equivalent responses in oxytocin
neurons of hypothalamus (Brussaard et al., 1997; Koksma et al.,
2003). Moreover, in the preoptic cells in the hypothalamus, 100 nM
allopregnanolone prolong the spontaneous current (Haage et al.,
2005; Stromberg et al., 2006). This indicates that the neurons in
the same brain region can show heterogeneity. In addition, the
effect of 3α5α-THDOC on GABA-binding kinetic is more pro-
found in the hippocampal CA3 and subiculum than that in CA1
and entorhinal cortex (Nguyen et al., 1995). At higher concen-
trations (>10 μM) which can occur in the brain during partu-
rition (Stoffel-Wagner, 2003), neurosteroids activate the GABAA-
receptor directly (Majewska et al., 1986) in a similar pattern as
barbiturates by interacting with different sites on GABAA-receptor
(Kerr and Ong, 1992). This “GABA-mimetic” effect of neuros-
teroid is sufficient to suppress the excitatory neurotransmission
(Shu et al., 2004).

EXTRASYNAPTIC EFFECT OF NEUROSTEROIDS
The response of neurosteroids at relatively low concentrations
is mediated by the activation of extrasynaptic GABAA-receptors
containing α4, α6, and δ-subunits. Extrasynaptic receptors iden-
tified at the granule cells of the dentate gyrus and cerebellum,
and the relay neurons of the thalamus, are distinct from the
synaptic receptors. Extrasynaptic conductance can have a con-
siderable influence on neuronal excitability (Leroy et al., 2004).
Extrasynaptic receptors exhibit both a high GABA affinity and
reduced receptor desensitization in the continued presence of
the agonist (Fritschy and Brunig, 2003). Such properties ren-
der these receptors ideally suited to sense the low ambient con-
centrations (∼0.5–1 μM) of the extrasynaptic neurotransmitters
(Kennedy et al., 2002). Extrasynaptic receptors containing the
δ-subunit are highly sensitive to neurosteroids in certain brain
region (Wohlfarth et al., 2002). At low “physiological” concentra-
tions (10–100 nM), 3α5α-THDOC selectively enhance the tonic
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conductance, with little or no effect on the phasic conductance
in mouse DGCs and CGCs (Stell et al., 2003; Belelli and Lam-
bert, 2005; Farrant and Nusser, 2005). Tonic inhibition is reduced
in the δ-subunit “knockout” mice, and the residual tonic cur-
rent was insensitive to 3α5α-THDOC (Mihalek et al., 1999; Stell
et al., 2003). However, the extrasynaptic effects of neurosteroids
also reveal regional difference in the CNS. Two hundred fifty
nanomolar 3α5α-THDOC has no effect on the tonic inhibition
in ventrobasalis complex of the thalamus (Porcello et al., 2003).
On the other hand, the tonic conductance of hippocampal CA1
neurons expressing GABAA-receptor with α5 subunit is affected
by 3α5α-THDOC (≥100 nM; Stell et al., 2003; Belelli and Lam-
bert, 2005; Farrant and Nusser, 2005). It is suggested that the
modulation of tonic currents is influenced by local neurosteroid
metabolism. The inhibition of metabolism can greatly enhance
the response of the tonic current in dentate granule cells to
endogenous neurosteroids, but not on the synthetic metaboli-
cally stable ganaxalone (Belelli and Herd, 2003). Neurosteroid
metabolism reveals regional specificity that also contributes to
the regional specificity of the tonic GABAA-receptor mediated
currents. In summary, evidence is emerging that the GABAA-
receptor mediated tonic conductance present in some neurons
may have a considerable influence on neuronal signaling and
network activity (Brickley et al., 2001; Hamann et al., 2002;
Mitchell and Silver, 2003). The high sensitivity of neurosteroids
in extrasynaptic receptor may represent an important target for
neurosteroids.

AGONIST NEUROSTEROIDS ON THE GABAA-RECEPTOR
The structure–activity relationship of neurosteroid actions on the
GABAA-receptor has been summarized in a number of articles
(Laubach et al., 1955; Gyermek et al., 1968; Gyermek and Soyka,
1975; Sear, 1997). The systemic investigation of several isomers
of GABAA-receptor active neurosteroids revealed a couple crucial
structure variations (Figure 2), namely the geometry between ring
A/B; a hydrogen-bond donator in C3 position; a hydrogen-bond
acceptor in C20 position and/or a flexible bond at C17 position
(Purdy et al., 1990; Zorumski et al., 2000; Ragagnin et al., 2007).
The α- and β-configuration refer to constituents below and above
the plane of the steroid backbone. Variation of the core and sub-
stitution in certain positions of the steroid molecules has crucial
consequence on the neurosteroid effects (Figure 2).

Anesthetic steroids typically have a saturated backbone of four
rings, although this is not an absolute requirement for activity.
The four rings form a rigid framework for positioning the hydro-
gen bonding groups in three-dimensional spaces (Figure 2). The
presence of hydrogen-bond donor in the α-configuration at C3
and β-configuration at C17 are critical for the sedative action of
agonist neurosteroids (Purdy et al., 1990; Hawkinson et al., 1994b;
Hogenkamp et al., 1997). These groups are important for the bind-
ing of neurosteroids to a variety of proteins by means of hydrogen-
binding with polar or charged residues (Brzozowski et al., 1997;
Grishkovskaya et al., 2000). Replacing the hydrogen of hydroxyl
with methyl, thus eliminating the ability of the steroid to donate a
hydrogen bond in this region, results in dramatic reduction in
its potency (Upasani et al., 1997). Replacing the steroid skele-
ton with an alicyclic framework like 2-cyclohexylideneperhydro-4,

FIGURE 2 | Features of general structure of the neurosteroid. Figure
shows intact four ring system that often contains hydroxyl side chains as
sterols. Hydroxyl groups are denoted α if they are oriented above the plane
(solid line), and α if they are oriented below the plane (dashed line).
Stereoisomerism and structural modifications were discussed at carbon 3,
5, 6, 7, 17, 20, and 21 positions.

7-methanoindene derivatives give a compound that showed weak
potentiating activity (Burden et al., 2000). When the carbonitrile
is replaced with an acetyl group the derivatives become inactive
(Hamilton, 2002).

The configuration of C5-reduction is important to potency.
Even if steroids with either 5α or 5β conformations are active, spa-
tial difference in this position may affect the pharmacology of the
neurosteroids. Allopregnanolone with 5α-reduction is generally
more potent than its 5β-isomer,pregnanolone,as GABAA-receptor
agonist both in vivo and in vitro. Studies with 3α5α-THDOC and
its stereoisomer 3α5β-THDOC revealed important differences in
potency, efficacy, and regional selectivity at the GABAA-receptor in
favor of 5α-reduction (Gee and Lan, 1991; Mennerick et al., 2004).
5α-steroid, but not 5β-steroids, showed a high degree of enantios-
electivity/enantiospecificity in their action as modulator of the
GABAA-receptor and as anesthetics (Covey et al., 2000). The effi-
cacy of 3β5β-P to inhibit GABAA-receptor is significantly different
from 3β5α-P (Rahman et al., 2006; Wang et al., 2007). 5β-reduced
antagonist neurosteroids cause significant higher inhibition than
the 5α-isomers.

Like pregnan steroids, metabolites of testosterone such as
androstanediol are also modulators of GABA. It was found that
the systemic 3α-androstanediol administration conditions a place
preference more effectively than does systemic administration
of dihydrotestosterone or testosterone (Frye, 2001). Additionally,
plasma concentration of 3α-androstanediol is increased compare
to dihydrotestosterone and testosterone. However, the potency
and efficacy effect of 3α-androstane steroid is lower than those
of 3α-pregnan steroids (Rahman et al., 2006).

ANTAGONIST NEUROSTEROIDS ON THE GABAA-RECEPTOR
Neurosteroids may both enhance and inhibit GABAergic neuro-
transmission (Wang et al., 2002; Mennerick et al., 2004; Rahman
et al., 2006; Stromberg et al., 2006). It has been shown earlier that
3β-hydroxy A-ring reduced pregnane steroids (3β-OH steroids)
and pregnenolone sulfate inhibit GABAA-receptor coupled anion
channels (Wang et al., 2002, 2007; Lundgren et al., 2003; Birzniece
et al., 2006b). 3β-OH steroids and PS, at concentrations that had
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little effect on GABAergic synaptic currents, significantly reversed
the potentiating effect of 3α-OH A-ring reduced steroids (Wang
et al., 2002). Although antagonistic steroids reduced the potentia-
tion induced by 3α-OH steroids, they still acted non-competitively
with respect to the agonistic steroids and inhibited a larger poten-
tiation more efficiently (Wang et al., 2002). Furthermore, 3β-OH
steroids co-applied with GABA alone significantly inhibited GABA
responses at concentrations ≥EC50 (Garrett and Gan, 1998; Maitra
and Reynolds, 1998; Wang et al., 2002; Lundgren et al., 2003). This
direct, non-competitive effect of 3β-OH steroids and PS on the
GABA response was sufficient to account for the apparent antago-
nism of agonist steroids (Rahman et al., 2006). In summary, both
PS and 3β-OH steroids inhibited the GABAA-receptor more effec-
tively under conditions that promoted agonist binding or channel
opening (Wang et al., 2002). The interaction between antagonist
and agonist steroids was due to a use-dependent action of antago-
nist steroids at recombinant and synaptic GABAA-receptors (Wang
et al., 2002).

MECHANISM OF PREGNENOLONE SULFATE AND NEUROSTEROID
SULFATE ESTERS
Sulfated steroids like pregnenolone sulfate and dehydroepiandros-
terone sulfate can produce profound effects on behavior. PS as
an abundant neurosteroid enhances learning (Mayo et al., 1993;
Flood et al., 1995), and antagonizes the impairment of learning
and memory produced by ethanol and scopolamine (Melchior and
Ritzmann, 1996). PS may play a role in cognition and have been
reported as negative modulators of the GABAA-receptor based on
electrophysiological studies and GABA-mediated 36Cl− uptake by
rat brain synaptosomes (Majewska et al., 1990; Demirgoren et al.,
1991). Structure–activity relationships of GABAA-receptor modu-
lation are different for sulfated inhibitory steroids vs. non-sulfated
potentiating steroids (Park-Chung et al., 1999). Potentiation by
non-sulfated steroids requires 3α-stereochemistry. Pregnenolone
by itself is inactive on the GABAA-receptor. In contrast, both 3α-
and 3β-isomers of PS is inhibitory. Although the addition of a
negatively charged sulfate group or hemisuccinate group at the
C3 position converts the neurosteroid from being potentiating to
inhibitory (Park-Chung et al., 1999), a negatively charged group
at C3 is not absolutely essential for inhibition since the non-
sulfated neurosteroid DHEA is also inhibitory. However, DHEA
is less potent than its sulfated derivative DHEAS (Imamura and
Prasad, 1998; Park-Chung et al., 1999). Steroids such as 11-keto
derivative of PS are of particular interest, as it behaves as a posi-
tive, negative, or neutral modulator on the GABAA-receptor. It is
suggested that 11-keto pregnenolone sulfate (11-keto PS) exerts
a dual action on distinct positive and negative steroid modula-
tion sites associated with the GABAA-receptor (Park-Chung et al.,
1999).

Consistent with the idea that PS induces activation-dependent
inhibition on the GABAA-receptor (Wang et al., 2002), another
report revealed that the inhibition of basal inhibitory postsynap-
tic currents (IPSCs) by antagonist steroids was correlated with
the basal decay time of the IPSCs (Eisenman et al., 2003). Analy-
sis of single-channel behavior in the presence of GABA and PS
suggested no difference in the ability of PS to block liganded
closed vs. liganded open receptors (Akk et al., 2001). These results

leave open the possibility that PS may prefer liganded over unli-
ganded receptors, consistent with a model of state-dependence to
PS actions.

An earlier study observed that PS inhibits GABA-gated Cl− cur-
rent by enhancing receptor desensitization and stabilizing desen-
sitized state with prolonged application of low-affinity GABA
agonists to nucleated membrane patched (Shen et al., 2000). Note
that the promotion of desensitization is selective for prolonged
GABA applications (Shen et al., 2000). It is well-known that the
time course of GABA-mediated IPSCs is influenced strongly by
the kinetics of the GABAA-receptor desensitization (Celentano
and Wong, 1994; Jones and Westbrook, 1995). Desensitized states
are thought to buffer receptors in bound conformations that
make it possible for channels to re-open before GABA unbinds.
The fast phase of desensitization limits the open probability of
the channels, influences peak synaptic currents, and contributes
to the fast component of IPSC decay. The slow component of
decay may result from reopening of GABA channels after exit
from desensitized states (Jones and Westbrook, 1995). On the
other hand, recombinant GABAA-receptors composed of defined
subunit combinations also give rise to currents with complex
decay kinetics (Lavoie et al., 1997; Haas and Macdonald, 1999).
In cultured hippocampal neurons, PS decreases the peak current
of the inhibitory autapic currents, enhances the fast and slow
phases of deactivation after brief application of a few millisec-
onds. After longer application (∼100 ms or more), PS enhances
both the fast and slow phases of desensitization of the GABA
current (Shen et al., 2000; Eisenman et al., 2003). Moreover,
PS reduces the agonist steroid evoked prolongation of sIPSC
and reduces channel-opening frequency (Mienville and Vicini,
1989). However, recording the sIPSC of neurons medial preoptic
nucleus (MPN) shows that PS neither affects the peak ampli-
tude nor the decay of sIPSC (Haage et al., 2005). Instead, PS
reduces the frequency of the sIPSC at higher concentration (Haage
et al., 2005). The main effect of PS on the sIPSC time course is
explained by a simplified model that this substance reduce the rate
of desensitization while the agonist steroids assumed to reduce
the unbinding rate of GABA from the receptor (Haage et al.,
2005).

MECHANISM OF 3β-HYDROXYSTEROID AS GABAA-RECEPTOR
ANTAGONIST
According to earlier studies, PS (Woodward et al., 1992), 3β-
OH steroids, or carboxylated steroids (Mennerick et al., 2001)
are more effective against GABA responses gated by high con-
centrations of GABA. In electrophysiological studies, 3β5β-P
antagonized the 3α5β-P induced enhancement of GABA cur-
rent (Maione et al., 1992; Maitra and Reynolds, 1998). On the
other hand, 3β5α-P diminished the inhibitory effects of 3α5α-
P on population spikes evoked in rat hippocampal CA1 stratum
pyramidal (Wang et al., 2000). Studies on the chloride uptake
into synaptosomes in rat cerebral cortex, in hippocampus and
sIPSC in MPN showed that 3β-OH steroids reduced the 3α5α-P
enhanced GABA response (Stromberg et al., 2006). In the pres-
ence of low concentration GABA, some of the 3β-OH steroids
potentiated GABA-evoked chloride ion uptake and prolonged
the decay time, whereas the others had little or no effect on
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GABA stimulated current. Therefore, certain 3β-OH steroids,
namely 5β-pregnane-3β, 20(S)-diol and 3β-OH-5β-pregnane-20-
one have both agonistic and antagonist property (Wang et al., 2002;
Stromberg et al., 2006). Moreover, another study with the Cl−
uptake method has shown that 3β-OH-5α-pregnan-20-one is a
useful antagonist of 3α5α-P enhanced GABA response (Lundgren
et al., 2003). However, in GABAA-receptor expressed in Xeno-
pus oocytes showed that 3β-steroids inhibit GABA response at
near-saturating concentrations (Rahman et al., 2006). It is still
unclear why the effect of 3β-OH steroids varies with different
methods. It is likely that the steroid structure, drug application
time and base line GABA concentration may be responsible for
the discrepancy.

It is suggested that a homologous mutation of the residue at
2′position closest to the cytoplasmic end of the M2 helix to serine
on both the β1 and the β2 subunit, α1V256S and β2A252S, reduced
the desensitization rate of GABA-activation at saturating doses
(Wang et al., 2007). In a receptor complex with reduced desensi-
tization components to GABA-activation (e.g., mutant receptors),
the PS-inhibition was also greatly reduced (Akk et al., 2001).
On the other hand, PS has been shown earlier to increase the
deactivation rate of the GABA-evoked sIPSCs recorded by patch-
clamp techniques at the acutely dissociated neurons from the
MPN area of the rat brain slice (Haage et al., 2005). Recent
studies confirmed the findings that PS increased the fast offset
rate of GABA-activation (Wang et al., 2007). However, the slow
component of the offset time course was decreased by PS in a
dose-dependent manner. The potencies of 5α-pregnan-3β, 20α-
diol and 5β-pregnan-3β, 20β-diol to influence offset time courses
of GABA-activation were significantly lower than PS, in accor-
dance with our earlier findings while PS was significantly more
potent to inhibit both peak and steady-state GABA currents than
3β-OH steroids (Wang et al., 2002, 2006, 2007). PS-inhibition was
already seen at low dose of GABA response (≤EC20; Eisenman
et al., 2003), whereas the inhibition by 3β-OH steroids on the cur-
rent response was first seen at higher end (>EC50) of the GABA
dose-response curve (Wang et al., 2002). Obviously, 5α-pregnan-
3β, 20α-diol and 5β-pregnan-3β, 20β-diol prolonged the fast offset
time course of GABA response, suggesting that the inherent associ-
ation between 3β-OH steroids and receptor has rather high affinity.
However, it was not fully excluded that a more complicated model
of a multivalent interaction between hydrophobic steroids and
receptor is employed. Kinetic properties of 3β-OH steroids have
also been elucidated in acute dissociate neurons from the MPN
area of the hypothalamus (Stromberg et al., 2006). These steroids
have no effect on the activation phase or the maximum amplitude
of 3α5α-P enhanced IPSCs. They rather affect the slow deactiva-
tion phase. A recent report shows that 3β-OH steroids exert their
effect by reducing the 3α5α-P induced prolongation of decay time
constant (tdecay; Stromberg et al., 2006).

DIFFERENTIAL MODULATION OF ρ RECEPTOR CHANNELS BY
NEUROSTEROIDS
The ρ1 GABA receptor is constitutes a dominant inhibitory force
in the retina but is expressed at lower levels throughout the ner-
vous system. Drugs acting on the ρ1 receptor can be useful in
the treatment of a variety of visual, sleep, and cognitive disorders.

Selective antagonists of ρ receptors can prevent the development
of myopia and enhance learning and memory in rats in the Mor-
ris water maze task after intraperitoneal injection (Chebib et al.,
2009). Receptors containing the ρ subunit have been implicated in
apoptosis of hippocampal neurons (Yang et al., 2003) and regula-
tion of hormone release in the pituitary gland (Boue-Grabot et al.,
2000).

Several neurosteroids are shown to modulate the ρ1 recep-
tor channel. Allopregnanolone, 5α-THDOC, and 5α-pregnane-
3α-ol-11,20-dione (alphaxalone) potentiated the GABA-evoked
currents from ρ1 receptor channels and concomitantly
altered the deactivation kinetics by prolonging the decay
time. In contrast, pregnanolone, 5β-pregnane-3,20-dione (5β-
dihydroprogesterone), and 5β-THDOC inhibited the GABA-
elicited currents of the ρ1 receptor channel. In comparison to
GABAA-receptors, the modulation of ρ1 receptor channels by
neurosteroids occurred with relatively high concentrations and
was more prominent in the presence of low concentrations of
GABA. Structural comparison of these six neuroactive steroids
reveals that the key parameter in determining the mode of
modulation for the ρ1 receptor channel is the position of the
hydrogen atom bound to the fifth carbon, imposing a trans-
or cis-configuration in the backbone structure (Morris et al.,
1999).

A study focusing on the electrophysiological effects of
inhibitory steroids on the ρ1 receptor found that steroid inhibitors
could be divided into three major groups based on how mutations
to residues in the M2 transmembrane domain modified inhibition
(Li et al., 2007). A recent study from the same research group (Li
et al., 2010) selected representatives of the three groups (preg-
nanolone, tetrahydrodeoxycorticosterone, pregnanolone sulfate,
allopregnanolone sulfate and β-estradiol) to probe how these
steroids, as well as the non-steroidal inhibitor picrotoxinin, mod-
ify GABA-elicited fluorescence changes from the Alexa 546 C5
maleimide fluorophore attached to residues in the extracellular
region of the GABAA-receptor. The fluorophore responds with
changes in quantum yield to changes in the environment, allow-
ing it to probe for structural changes taking place during channel
activation or modulation. The authors reported that the modula-
tors have specific effects on fluorescence changes suggesting that
distinct conformational changes accompany inhibition (Li et al.,
2010). Results are consistent with the steroids acting as allosteric
inhibitors of the ρ1 GABA receptor and support the hypothe-
sis that divergent mechanisms underlie the action of inhibitory
steroids on the ρ1 GABA receptor.

THE SITE OF NEUROSTEROID AGONIST ON THE
GABAA-RECEPTOR
Neurosteroids bind to GABAA-receptors at a site that is distinct
from the recognition sites for GABA, benzodiazepines, and bar-
biturates. This results in allosteric modulation of GABA bind-
ing or channel gating. The ability of neurosteroids to potentiate
GABA-activated currents recorded from a variety of neurons indi-
cated that most isoforms of the GABAA-receptor should be capa-
ble of binding neurosteroid modulators (Mitchell et al., 2008).
This concept was supported by studies of recombinant GABAA-
receptors with differing subunit composition that revealed a wide
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spectrum of activity for neurosteroids at GABAA-receptors with
some minor variations in efficacy (Puia et al., 1993; Lambert
et al., 1996; Maitra and Reynolds, 1999; Belelli et al., 2002). Neu-
rosteroid modulation lacking subunit selectivity suggested that
neurosteroids are binding to a site that is conserved throughout
most members of the GABAA-receptor family.

Studies using GABAA/glycine-receptor chimeras suggested an
allosteric action of neuroactive steroids at the N-terminal side
of the middle of the second transmembrane domain (M2) of
the GABAA-receptor β1 and/or α2 subunits (Rick et al., 1998).
Electrophysiological studies have confirmed that neurosteroid
agonists enhance Cl−-currents by increasing both channel fre-
quency and channel open duration at GABAA-receptor (Callachan
et al., 1987; Puia et al., 1990; Zhu and Vicini, 1997). Neurosteroid
agonists do not require direct aqueous access to the receptor,
and membrane accumulation is required for receptor modula-
tion (Akk et al., 2005). Hosie et al. (2006) identified two dis-
crete binding sites in the receptor’s transmembrane domains that
mediate the potentiating and direct activation effects of neuros-
teroid agonists at the GABAA-receptor. The potentiating effect
of 3α5α-THDOC is mediated by a cavity formed by the α-
subunit transmembrane domains. On the other hand, the direct
activation of GABAA-receptor by 3α5α-THDOC is mediated by
interfacial residues between α and β-subunits, and is enhanced
by steroid binding to the potentiation site (Hosie et al., 2006).
These profiles indicate that two distinct neuroactive steroid bind-
ing sites may exist; αTHr236 and βTyr284 residues in the trans-
membrane domain initiate direct activation whereas αGln241
and αAsn407 mediate the potentiating response (Hosie et al.,
2006). The neurosteroid potentiation site was further identi-
fied in the α1β2γ2S receptor by mutation of Q241 to methio-
nine or leucine, which reduced the potentiation of GABA cur-
rents by the naturally occurring neurosteroids, allopregnanolone,
or tetrahydrodeoxycorticosterone (THDOC; Hosie et al., 2006,
2007).

In order to address whether the potentiation site for neu-
rosteroids on GABAA-receptors is conserved amongst different
GABAA-receptor isoforms, Hosie et al. (2006) used chimera to
generate 100 models based on an alignment of the transmem-
brane domains of the GABAA-receptor α1 subunit and the nACh
receptor α chain and selecting the 10 best models, revealed that
the potentiation site is associated only with the a subunit and the
activation site is interfacial between the α- and β-subunit.

By using heterologous expression of GABAA-receptors in HEK
cells, in combination with whole-cell patch-clamp recording
methods, a relatively consistent potentiation by allopregnanolone
of GABA-activated currents was evident for receptors composed
of one a subunit isoform (α2–5) assembled with β3 and γ2S sub-
units (Hosie et al., 2009). By introducing mutant αβγ receptors, the
neurosteroid potentiation was dependent on the conserved gluta-
mine residue in M1 of the respective a subunit (Hosie et al., 2009).
Studying wild-type and mutant receptors composed of α4β3δ sub-
units revealed that the d subunit is unlikely to contribute to the
neurosteroid potentiation binding site and probably affects the
efficacy of potentiation (Hosie et al., 2009).

In summary, the neurosteroid potentiation site was likely con-
tained entirely within or on the transmembrane domains of the

α-subunit. The importance of this site for neurosteroid binding
was also confirmed by the functional data on mutant α1 subunit
that reduced the potentiation of GABA responses by many syn-
thetic steroids at α1β2γ2L receptors (Akk et al., 2008; Li et al.,
2009).

THE SITE OF NEUROSTEROID ANTAGONIST ON THE
GABAA-RECEPTOR
It is generally accepted that the sulfate moiety is critical in pro-
ducing a steroid that blocks rather than potentiates GABAA-
receptors (Park-Chung et al., 1999). The fact that an anionic
group is critical gave suggestion to us that the sulfate might actu-
ally interact with residues forming the binding site mediating
antagonism. However, no voltage dependency was observed with
pregnenolone sulfate-inhibition on the GABA response (Majew-
ska and Schwartz, 1987; Majewska et al., 1988; Akk et al., 2001),
which suggests that the charged sulfate moiety does not interact
significantly with the membrane field as PS approaches the transi-
tion state between unbound and unblocked to bound and blocked
(Woodhull, 1973). Therefore, the lack of voltage dependence of
pregnenolone sulfate-inhibition suggests that it is unlikely that
the sulfate moiety interacts with a site deep within the channel
(Akk et al., 2001). Results from our earlier report suggest that
pregnenolone sulfate was a γ2-subunit independent inhibitor at
GABAA-receptors (Wang et al., 2006). However, residues deep
in the channel at the 2′ position in the M2 helix of both α1-
and γ2-subunit were critical for pregnenolone sulfate-inhibition
(Akk et al., 2001; Wang et al., 2002, 2006). Theoretically, a large,
rigid molecule such as a steroid would bind end-on rather than
with its long axis across the channel. It is thus possible that
either the A-ring (where the sulfate moiety is attached) or the
D-ring (the other end of the molecule) would penetrate the Cl−
channel most deeply. The lack of voltage dependence indicates
that the A-ring is unlikely to penetrate to the 2′ position. The
structure of the D-ring of PS is identical to that for many 3β-
hydroxysteroids. Since the inhibitory properties of 5α-pregnan-
3β, 20α-diol and 5β-pregnan-3β, 20β-diol were also reduced
in the α1Mβ2γ2L receptor, we think it is more likely that the
uncharged portions of the steroid molecules interact with the 2′
residue closest to the cytoplasmic end of the M2 helix on the α1

subunit.
The site of action of sulfated neuroactive steroids on GABAA-

receptors remains unclear. Based upon the observation that PS
reduced the apparent affinity of [35S]-TBPS, Sousa and Ticku
(1997) suggested that PS and DHEAS might bind at the picro-
toxin/cage convulsant site. However, a mutation to the transmem-
brane M2 channel domain eliminated picrotoxin sensitivity but
the inhibitory effects of PS and DHEAS persisted (Shen et al.,
1999; Gibbs et al., 2006). The absence of voltage sensitivity or
alteration of single-channel open time argues against a binding
site within the pore. Akk et al. (2001) identified a valine residue
in the channel domain of the α1 subunit that slowed the devel-
opment of PS-inhibition when mutated to serine, but concluded
that this residue is unlikely to be part of the binding site and
likely influences PS action indirectly (Akk et al., 2001). Using
homologous mutation of the residue at 2′ position closest to the
cytoplasmic end of the M2 helix to serine on both α1 and β2
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subunit, namely α1V256S and β2A252S, it was found that effect
of PS is greatly reduced in these two mutant (Akk et al., 2001;
Wang et al., 2006, 2007). This suggests that these two amino
acids are involved in the PS mediated inhibition. However, it is
unclear whether these specific mutations at the cytoplasmic end
of M2 helix exert their effect by altering the allosteric mecha-
nism or by directly altering a binding site. A recent study in C.
elegans identified multiple residues in transmembrane domain 1
(M1), as well as a residue near the extracellular end of the M2
helix, that are critical for low-micromolar inhibition of C. ele-
gans GABAA-receptors by PS (Wardell et al., 2006). This latter
residue is of particular interest, as it is a positively charged argi-
nine that could potentially coordinate with the negatively charged
sulfate of PS. The C. elegans receptor exhibits some pharmaco-
logical differences as compared to mammalian GABAA-receptors
(for example, pregnanolone is inhibitory). So, these results may
or may not be relevant to mammalian receptors; however, it is
notable that an arginine residue is also found in this region of
mammalian GABAA-receptor subunits (Gibbs et al., 2006; Wardell
et al., 2006).

Block of responses to high-efficacy agonists by this sulfated
steroid is greater than block of responses to partial agonists at sat-
urating concentrations. This is called “activation dependant” or
“state dependant inhibition” (Wang et al., 2002; Eisenman et al.,
2003). Picrotoxin, another GABA channel blocker superficially
similar to pregnenolone sulfate in its activation dependence but
the site of action of PS does not require a functional picrotoxin
site for inhibition of GABA responses (Shen et al., 1999). The
GABA receptor antagonist Zn2+ also acts in activation dependant
manner. However, the Zn2+ binding site is located in the interface
between the α- and β-subunit and Zn2+ activity is minimal in
ternary αβγ receptor (Hosie et al., 2003).

GABA-STEROIDS AND THE MOOD CHANGE
Mood disorders are common health problems affecting women,
especially during fertile ages. It is suggested that periods of hor-
monal variability, i.e., menarche (Angold et al., 1999), premen-
strual periods (Soares et al., 2001), postpartum (Kendell et al.,
1981; Chaudron et al., 2001), and perimenopause (Freeman et al.,
2004) increase the risk of mood disorders in certain women.
There are three obvious examples in interaction between mood,
steroids, and CNS, namely PMDD, side effects of oral contracep-
tives and negative mood symptoms encountered during sequential
progestagen addition to estrogen treatment in postmenopausal
women.

An obvious relation between sex steroids and mood changes
are cyclic symptoms related to the menstrual cycle. Estradiol
and progesterone display regular predictable changes during the
menstrual cycle. In parallel with the increase of progesterone, an
increase also occur in serum concentrations of allopregnanolone
and pregnanolone (Wang et al., 1996). Although allopregnanolone
is synthesized in the brain, the major source to its brain con-
centration is the corpus luteum of the ovary (Bixo et al., 1997;
Ottander et al., 2005). Allopregnanolone and progesterone are
produced in parallel at the luteal phase of menstrual cycle (Wang
et al., 1996; Genazzani et al., 1998). In fertile women plasma
levels of allopregnanolone are approximately 0.2–0.5 nmol/L in

the follicular phase and up to 4 nmol/L in the luteal phase.
In the third trimester of a pregnancy, serum concentrations of
allopregnanolone can increase to more than 100 nmol/L (Bicikova
et al., 1995; Luisi et al., 2000). Pregnanolone displays a similar pat-
tern with increase in the luteal phase (Wang et al., 1996; Sundstrom
et al., 1998).

GABA-steroids are positive modulators of GABA responses
on the GABAA-receptor (Majewska et al., 1986). Chemically
they are 3α-hydroxy-5α/β metabolites of progesterone (preg-
nanolone and allopregnanolone), testosterone (3α 5α-androstan-
diol), and desoxycorticosterone (tetrahydro-desoxycorticosterone,
THDOC). GABA-steroids enhance the GABA effect on chloride
flux resulting in increased inhibition of neural activity (Majewska
et al., 1986; Gee et al., 1987; Birzniece et al., 2006b). GABA-
steroids induce sedation and can be used as anesthetic drugs
in human (Carl et al., 1990; Timby et al., 2006). GABA-steroids
are anti-epileptic (Backstrom et al., 1984; Landgren et al., 1987)
and in animal experiments they also possess an anxiolytic effect
similar to benzodiazepines (Wieland et al., 1991). An anxiolytic
effect of allopregnanolone has, however, never been shown in
humans.

Human and animal studies revealed typical GABAA-receptor
agonistic effects of allopregnanolone and pregnanolone at high
doses, i.e., sedation/anesthesia (Carl et al., 1990; Timby et al.,
2006), anti-epileptic effects (Landgren et al., 1998), and anxiolytic
effects in animals (Wieland et al., 1991). However, earlier reports
from human and animal models also indicated that all GABAA-
receptor agonists could induce negative symptoms with anxiety,
irritability/aggressiveness in certain individuals. Strong irritabil-
ity/aggression was induced in 3–6% of individuals and moderate
symptoms are induced in 20–30% (Masia et al., 2000; Weinbroum
et al., 2001). Interestingly, the prevalence of PMDD among women
in reproductive age was in the similar range of 3–8%. The corre-
sponding prevalence of PMS, with milder symptom severity than
PMDD, was 25–35% of women in reproductive age (Sveindottir
and Backstrom, 2000).

It is puzzling why an increase in allopregnanolone during
the menstrual cycle is related to development of negative mood
as allopregnanolone should be anxiolytic agent like benzodi-
azepines. The answer depends on the fact that all GABAA-
receptor agonists such as benzodiazepines, barbiturates, alco-
hol, and allopregnanolone have paradoxical anxiogenic effects
in certain individuals. At low concentrations or doses they
give severe adverse emotional reactions in a subset of indi-
viduals (3–6%) and moderate reactions in up to 20–30% of
individuals. This paradoxical effect is induced by allopreg-
nanolone (Beauchamp et al., 2000; Miczek et al., 2003) ben-
zodiazepines (Ben-Porath and Taylor, 2002), barbiturates (Lee
et al., 1988; Kurthen et al., 1991; Weinbroum et al., 2001), and
ethanol (Cherek et al., 1992; Dougherty et al., 1996; Miczek
et al., 2003). Symptoms induced by these GABAA-receptor active
drugs are depressive mood, irritability, aggression, and other
symptoms known to occur during the luteal phase in women
with PMS/PMDD. A biphasic effect was also observed for
medroxyprogesterone (MPA) and natural progesterone in post-
menopausal women taking hormone therapy. These women felt
worse on a lower dosage of MPA or progesterone than on a
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higher dosage or placebo (Bjorn et al., 2002; Andreen et al., 2005,
2006).

Thus allopregnanolone seems to have a biphasic effect on mood
with an inverted U-shaped relationship between concentration
and effect. In postmenopausal women receiving progesterone, a
biphasic relation between the negative mood symptoms and the
plasma concentrations of allopregnanolone was observed. The
negative mood increased with the elevating serum concentration
of allopregnanolone up to the maximum concentration seen at the
luteal phase. With further increase in allopregnanolone concentra-
tion there was a decrease in symptom severity (Andreen et al.,
2005, 2006). An inverted U-shaped relation between allopreg-
nanolone dosage and irritability/aggression has also been noted
in rats (Miczek et al., 2003).

POSSIBLE EXPLANATIONS FOR THE PARADOXICAL EFFECT
OF GABA-STEROIDS
In this section, possible mechanisms of the biphasic response
curve of allopregnanolone on behavioral parameters are discussed.
The basic idea of so called paradoxical effect where neuros-
teroids show one type of effect at low concentrations and another
type at high concentrations is that an enhanced GABAA-receptor
activity may give an excitatory net effect in certain situations,
instead of the usual inhibitory effect (Backstrom et al., 2011).
The following hypotheses suggest several possible mechanisms
how this can be achieved. In addition, there are no contradic-
tions between the different hypothesis and they may very well act
in parallel.

One explanation is based on that inhibitory neurons are the
most sensitive to GABA-steroids and therefore are the first to be
inhibited at elevated steroid concentrations. This will give a release
of the inhibitory tone at excitatory neurons, a so called disin-
hibition. The idea emphasizes that specific combination of sub-
units determines the receptor sensitivity to neurosteroids (Belelli
et al., 2002; Stromberg et al., 2006). In this context, extrasy-
naptic GABAA-receptors containing the δ-subunit are of interest
because they seem to be more sensitive to GABA-steroids than
other types of subunit combinations (Mody, 2008). A possibil-
ity exists that one type of inhibitory neurons contains GABAA-
receptors with the δ-subunit, while the next in order contains
another subunit, making them less sensitive to GABA-steroids.
It has also been reported that the receptor subunit composition
and sensitivity to GABA-modulators can be regulated by environ-
mental factors such as stress (Biggio et al., 1990; Concas et al.,
1996).

Another idea is based on the finding that GABA-evoked cur-
rents at receptors with the α4β2δ combination are actually inhib-
ited, instead of potentiated, by allopregnanolone (Shen et al.,
2007). During stress allopregnanolone and other GABA-steroids
are produced and give an anxiolytic effect (Bitran et al., 1999).
However, Smith and colleagues showed that female mice reacted
with increased anxiety to stress during puberty (Shen et al., 2007).
In humans, puberty is often a period characterized by mood
swings and anxiety. This research group revealed that allopreg-
nanolone changed from being a positive modulator of the GABAA-
receptor, at the time before and after puberty, to become a negative
modulator at the time of puberty (Shen et al., 2007). They also

reported that the change in effect coincide with an higher expres-
sion of the α4β2δ subunit combination (Shen et al., 2007). The
GABAA-receptor subunit combination that contains the δ-subunit
was known to be very sensitive to GABA-steroids, and is activated
by lower concentrations of allopregnanolone than other receptor
subtypes (Wohlfarth et al., 2002; Liang et al., 2004). Therefore,
the action of allopregnanolone at the α4β2δ receptor provides a
mechanism for the generation of negative mood at puberty. The
proposed hypothesis requires a higher number or proportion of
GABAA-receptors with the type(s) that are inhibited by steroids
also in other conditions when paradoxical steroid effects are seen
(PMDD/PMS). Actually, the α4βδ subunit composition was a key
factor in the progesterone withdrawal model for PMDD (Gallo
and Smith, 1993; Smith et al., 1998).

A third hypothesis is that the paradoxical effect arises when
the Cl− gradient across the membrane of critical neurons favors
an excitatory rather than inhibitory effect of GABAA-receptor
activation. The Cl− gradient across the cell membrane is subject to
active regulation and may also vary between different types of neu-
rons as well as between different compartments within the neuron.
In adult vertebrate neurons, the intracellular Cl− concentration
was usually relatively low and, the GABAA-receptor activation
inhibited neuronal impulse activity. In contrast, during fetal and
early postnatal development, the intracellular Cl− concentration
was comparably high, and thus the GABAA-receptor activation
caused an excitation (Kahle et al., 2008). The intracellular Cl−
concentration is determined not only by passive flux through the
GABAA-receptor and other Cl−-permeable channels, but also by
cation-Cl−-cotransporters, with the major inward transport often
mediated by NKCC1 and the major outward transport by KCC2
(Price et al., 2005, 2009; De Koninck, 2007). In adults, the out-
ward transport mediated by KCC2 dominates, which keeps the
intracellular Cl− concentration low.

However, the intracellular Cl− concentration may be higher
also in the adult brain, which has been demonstrated for the
axon initial segment of cortical neurons (Szabadics et al., 2006;
Khirug et al., 2008) and certain types of neurons in amygdala
(Martina et al., 2001) and substantia nigra (Gulacsi et al., 2003), as
well as in gonadotropin-releasing hormone neurons (Moenter and
DeFazio, 2005) and in presynaptic terminals (Haage et al., 2002).
Interestingly, estradiol was one factor that increased the activ-
ity of NKCC1 under normal physiological conditions and thus
increased the intracellular Cl− concentration (Nakamura et al.,
2004; Galanopoulou, 2008). Intriguingly, estradiol dose depen-
dently increased the mood provoking effect of progestagens in
women (Bjorn et al., 2003), and negative mood effects in women
with PMDD/PMS (Dhar and Murphy, 1990).

Finally, would it be possible to explain the inverted bell shaped
relationship between GABAA-receptor active steroid concentra-
tions and symptoms that has been reported from clinical studies?
The report of Prescott et al. (2006) suggested that at a slightly
more positive Cl− equilibrium potential, a moderate increase in
GABAergic activity gave an increased excitation, whereas a larger
GABAergic activity gave the opposite effect. However, whether an
altered intracellular Cl− concentration in adulthood may explain
the paradoxical effect of GABAA-receptor modulators remains to
be proven.
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THE ROLE OF NEUROSTEROIDS IN BEHAVIORAL DISORDERS
A number of review articles have discussed the important role
of neurosteroids in treating behavioral disorders by interacting
with the GABAA-receptor (Majewska, 1992; Reddy and Kulkarni,
2000; Zorumski et al., 2000; Rupprecht et al., 2001). There are
a few obstacles preventing the clinical use of endogenous neu-
rosteroids. First of all, naturally occurring neurosteroids such as
allopregnanolone have low bioavailability because they are rapidly
inactivated and eliminated by glucoronide or sulfate conjuga-
tion at the 3α-hydroxy group. The second obstacle is that the
3α-hydroxy group of allopregnanolone may undergo oxidation
to a ketone, restoring its activity at nuclear hormone receptors
(Rupprecht et al., 1993). Ganaxalone (3α-hydroxy-3β-methyl-5α-
pregnane-20-one), the 3β-methyl analog of allopregnanolone, is
an example of synthetic neurosteroid that overcomes these limi-
tations (Carter et al., 1997). Like allopregnanolone, ganaxalone is
a positive allosteric modulator of GABAA-receptor (Carter et al.,
1997).

Neurosteroids modulate anxiety and stress level. After an acute
stress stimulus, release of progesterone, pregnenolone, allopreg-
nanolone, and 3α5α-THDOC occur in the blood circulation
(Purdy et al., 1992; Barbaccia et al., 1998; Serra et al., 2000). Allo-
pregnanolone and 3α5α-THDOC have potent anxiolytic activity
in several animal anxiety models (Crawley et al., 1986; Bitran
et al., 1995; Wieland et al., 1995; Reddy and Kulkarni, 2000).
However, the anxiolytic effect of allopregnanolone has not been
shown in human (Wihlback et al., 2006). Recent reports indicated
that allopregnanolone can induce aggression and anxiety at low
concentrations (Fish et al., 2001; Gulinello et al., 2001; Miczek
et al., 2003). Allopregnanolone and cortisol levels are increased
during the examination of PhD students (Droogleever Fortuyn
et al., 2004). Therefore, it is suggested that allopregnanolone has
biphasic effects in certain individuals (Miczek et al., 2003). At low
doses it has an adverse, anxiogenic effect. This effect decreases with
increasing doses of allopregnanolone and the beneficial and calm-
ing property occurs (Beauchamp et al., 2000; Fish et al., 2001).
A major concern with potential new anxiolytics is whether they
suffer the same drawbacks as classical benzodiazepines. Using the
elevated plus-maze paradigm for assessing the anxiolytic activity,
selective effects of neurosteroids have been reported which differ
from diazepam (Rodgers and Johnson, 1998). Synthetic deriv-
ative Co 2-6749 30, which retains a 3β-trifluoromethyl group
that should block metabolism and enhance oral bioavailability,
is selected for clinical development because there is a large sep-
aration between anxiolytic effects and side effects (Gasior et al.,
1999; Vanover et al., 2000). Women with PMDD show often dif-
ficulties in concentration and develop fatigue during the luteal
phase of the menstrual cycle, which is associated with high cir-
culating levels of allopregnanolone (Sundstro and Backstrom,
1999).

Enzymes involving the production of allopregnanolone are
present in the hippocampus (Compagnone and Mellon, 2000).
Using the Morris water maze paradigm, allopregnanolone was
found to inhibit learning (Johansson et al., 2002). Antagonist
neurosteroid 3β, 20β-dihydroxy-5α-pregnane (UC1011), reduced
the negative effect of allopregnanolone on learning in the Morris
water maze (Turkmen et al., 2004). PS infused into the basal

magnocellular nucleus enhanced memory performance, whereas
allopregnanolone disrupted memory (Mayo et al., 1993). Preg-
nenolone, DHEA, and DHEAS increased memory when injected
systemically, centrally or into the amygdala (Flood et al., 1988,
1992; Wolkowitz et al., 1995). There was evidence that the con-
centrations of DHEA and DHEAS decreased in patients suffering
from AD (Sunderland et al., 1989; Nasman et al., 1991; Hillen et al.,
2000). It is promising that certain neurosteroids should be further
explored in the context of prevention and treatment of Alzheimer’s
disease and mild cognitive impairment.

GABA-STEROIDS AND COGNITIVE FUNCTIONS
Chronic stress, stress-steroids, and sex steroids are linked to the
development of dementia (Shumaker et al., 2003; Lupien et al.,
2005; Sandstrom et al., 2005). In women taking postmenopausal
hormone therapy by administration of medroxyprogesterone, a
GABA-steroid precursor, the risk for dementia, and AD doubled
after 5 years of treatment (Shumaker et al., 2003). Medroxyprog-
esterone can induce anesthesia by acting on the GABAA-receptor
(Meyerson, 1967). On the other hand, estrogen has been claimed
to protect against dementia (Henderson et al., 1994). This was,
however, not confirmed in the large Women’s Health Initiative
(WHI) study but estrogen by itself did not increase the risk to
develop dementia (Shumaker et al., 2004). Hormone therapy with
medroxyprogesterone resembles the exposure to stress-steroids
during chronic stress. GABAA-receptor agonists are known to
impair memory. Allopregnanolone can inhibit learning in rats
tested in Morris water maze, an accepted test model for learning
and memory (Johansson et al., 2002). It is well-known that most
GABAA-receptor agonists, e.g., benzodiazepines (Barker et al.,
2004), barbiturates (Mohammed et al., 1987), and alcohol (Saun-
ders et al., 1991; Vincze et al., 2007) impair memory and learning
and increase the risk for permanent damages, although the risk
with low and moderate alcohol consumption is under debate
(Solfrizzi et al., 2007).

The brain and serum concentrations of GABA-steroids vary
with the production of adrenals, ovaries, and testicles (Purdy
et al., 1991; Wang et al., 1996; Bixo et al., 1997; Luisi et al.,
2000). Interestingly, classical stress hormones, cortisol, and cor-
ticosterone, metabolized in a similar way and allotetrahydrocor-
tisol (Allo-THF, 3α-hydroxy-5α-cortisol) interacts also with the
GABAA-receptor (Celotti et al., 1992). Allo-THF enhances the
inhibitory effect of allopregnanolone and has synergic effect on
neuronal inhibition together with allopregnanolone (Stromberg
et al., 2005). That is why neurons are exposed to a stronger
inhibition during acute and chronic stress. During acute stress,
allopregnanolone and THDOC increase in the brain of normal
animals. In animals subjected to chronic long-term stress, allo-
pregnanolone concentrations decreased in cortex at rest. However,
a larger increase of allopregnanolone was observed in cortex
after acute stress in this group of animals than normal con-
trols (Serra et al., 2000). Patients with AD show an increased
glucocorticoid production compared to healthy elderly control
subjects. In addition, an increased 5α-reduction was seen in
patients with AD. Thus an increased glucocorticoid production
can be regarded as an early feature of AD since an enhanced
production of 5α-reduced metabolites of cortisol was established
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(Rasmuson et al., 2001). 3α-OH-5α-reduced metabolites of cor-
tisol interact with the GABAA-receptor and enhance the effect
of GABA-steroids on the GABAA-receptor (Stromberg et al.,
2005).

Chronic stress can impair memory (de Quervain et al., 1998).
Memory impairment is permanent in persons with a chroni-
cally elevated adrenal production of GABA-steroids (Lupien et al.,
2005). Memory impairment was also reported in chronic stress
syndromes, so called “burn-out syndrome.”“Burn-out syndrome”
occurs frequent in patients with AD. The production of corti-
sol and GABA-steroids increased in parallel during stress (Purdy
et al., 1991; Serra et al., 2003; Droogleever Fortuyn et al., 2004).
During chronic stress, long-term exposure to GABAA-receptor
agonist results in similar changes after prolonged exposure to
benzodiazepine and alcohol. Long-term and enhanced activation
of the GABAA-receptor is an important factor in of memory
impairment during stress. The response of cortisol and GABA-
steroids to adrenal stimulation was similar in patients with AD
as chronically stressed animals (Nasman et al., 1991, 1996).
Patients with mild Alzheimer’s disease have a high and non-
suppressible production of cortisol and GABA-steroids (Nasman
et al., 1995).

After long-term exposure to GABA-steroids, down-regulation
of the GABAA-receptor is expected (Yu and Ticku, 1995b; Barnes,
1996). A malfunctioned GABAA-receptor can be an important
factor in the pathogenesis of stress-induced depression, “burn-
out” syndrome and sex-steroid related depression (Drugan et al.,
1989; Wihlback et al., 2006). The down-regulation occurs at dif-
ferent levels in a time dependent manner: (i) desensitization; (ii)
receptor internalization; (iii) receptor subunit degradation; (iv)
altered expression of receptor mRNA (Barnes, 1996). Exposure to
an agonist of the GABAA-receptor may cause changes in recep-
tor mRNA and induce changes of the GABAA-receptor subunit
composition (Smith et al., 1998). In women with PMDD, reduced
benzodiazepine, ethanol, and GABA-steroid sensitivities occur in
the luteal phase, but not in the follicular phase of the men-
strual cycle (Sundstrom et al., 1997, 1998; Nyberg et al., 2004).
In rodents, repeated administrations of GABA-steroids caused
tolerance development (Birzniece et al., 2006a) in terms of GABA-
steroid-induced inhibition on learning (Turkmen et al., 2006).
It is well-known that prolonged exposure to allopregnanolone
altered the function of α4 subunit and α1 subunit (Smith et al.,
1998). In fact, the α4β2γ2 receptor is less sensitive to steroid
modulation than the α1β2γ2 receptor (Belelli et al., 2002). In
an earlier study on tolerance development in rats, acute tol-
erance against allopregnanolone-induced anesthesia developed
after 90 min of exposure and change in GABAA-receptor α4-
subunit expression was observed in thalamus (Birzniece et al.,
2006a).

ALLOPREGNANOLONE AND SUPPRESSED HPA AXIS STRESS
RESPONSES IN LATE PREGNANCY OF RAT
In late pregnancy, hypothalamo-pituitary–adrenal (HPA) axis
responses to stressful stimuli are suppressed (Brunton and Rus-
sell, 2003). Up-regulated opioid peptide produced by nucleus
tractus solitarii (NTS) neurons acts presynaptically on noradren-
ergic terminals in the paraventricular nucleus (PVN) to inhibit

noradrenaline release in response to interleukin-1β (IL-1β) in late
pregnancy (Brunton et al., 2009). Allopregnanolone signals the
pregnancy status of the animal to the brain and stimulates opi-
oid production in the brainstem. Allopregnanolone also act via
GABAA-receptors to enhance GABA action in the PVN. In rat,
allopregnanolone concentration increase greatly in both the cir-
culation and the brain in pregnancy and reach a peak on day
19–20 of pregnancy (Concas et al., 1998; Brunton et al., 2009).
Parvocellular corticotropin-releasing hormone (CRH) neurons in
the PVN are under direct inhibitory GABAergic control (Mik-
los and Kovacs, 2002). 5α-reductase activity is increased in the
hypothalamus in late pregnancy (Brunton et al., 2009), suggest-
ing that the capacity to produce allopregnanolone is increased in
pregnancy. Allopregnanolone may act locally to enhance GABA
action in the PVN or on inputs to the CRH neurons to attenuate
HPA axis responses to stress in late pregnancy. The importance
of allopregnanolone to inhibit HPA axis responses to stress in
later pregnancy has been tested by blocking its production using a
5αR inhibitor, finasteride (FIN). Blocking allopregnanolone gen-
eration with finasteride (FIN) at a dose shown to reduce brain
allopregnanolone content by up to 90% (Concas et al., 1998),
substantially restores HPA axis responses to systemically adminis-
tered IL-1β in late pregnant rats (Brunton et al., 2009). AP appears
to depend upon the actions of endogenous opioids to exert its
suppressive effects on HPA axis activity (Brunton et al., 2009).
Allopregnanolone induces opioid tone (as revealed by naloxone
treatment) over ACTH responses to immune challenge in vir-
gin rats (Brunton et al., 2009). Induction of inhibitory opioid
tone over HPA axis responses to IL-1β by AP treatment occurs
within 20 h, consistent with the rapid increase in pENK-A mRNA
expression in the NTS that has been seen after IL-1β treatment
(Engstrom et al., 2003). The mechanism by which AP upregulates
opioid expression in the NTS is not clear. However, interac-
tion with GABAA-receptors is a possibility (Blyth et al., 2000)
as has been described for CRH and vasopressin gene expres-
sion in the PVN (Bali and Kovacs, 2003) and for hypothala-
mic oxytocin gene expression at the end of pregnancy (Blyth
et al., 2000). It is possible that allopregnanolone-induced opi-
oid tone represents a global mechanism through which HPA
axis responses to other stressful stimuli are restrained in late
pregnancy. This pregnancy adaptation is expected to protect the
fetuses from adverse early life programming by maternal glu-
cocorticoids, although this protection is obviously incomplete
(Brunton and Russell, 2010, 2011). Withdrawal of these mech-
anisms or failure to maintain them appropriately might pre-
dispose the fetuses to disease in later life (Welberg and Seckl,
2001).
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Since the pioneering discovery of the rapid CNS depressant actions of steroids by the
“father of stress,” Hans Seyle 70 years ago, brain-derived “neurosteroids” have emerged
as powerful endogenous modulators of neuronal excitability. The majority of the interven-
ing research has focused on a class of naturally occurring steroids that are metabolites of
progesterone and deoxycorticosterone, which act in a non-genomic manner to selectively
augment signals mediated by the main inhibitory receptor in the CNS, the GABAA receptor.
Abnormal levels of such neurosteroids associate with a variety of neurological and psychi-
atric disorders, suggesting that they serve important physiological and pathophysiological
roles. A compelling case can be made to implicate neurosteroids in stress-related distur-
bances. Here we will critically appraise how brain-derived neurosteroids may impact on
the stress response to acute and chronic challenges, both pre- and postnatally through
to adulthood. The pathological implications of such actions in the development of psy-
chiatric disturbances will be discussed, with an emphasis on the therapeutic potential of
neurosteroids for the treatment of stress-associated disorders.

Keywords: synaptic inhibition, allopregnanolone, HPA axis, anxiety, maternal care

INTRODUCTION
In the 1940s, the Hungarian endocrinologist, Dr. Hans Selye
demonstrated that certain pregnane steroids could induce sedation
and anesthesia on a relatively rapid time scale, a property which
precludes a genomic action (Selye, 1941). The molecular mech-
anism underlying the rapid depressant action of these pregnane
steroids remained unknown until the early 1980s, when Harrison
and Simmonds (1984) demonstrated that a structurally related
synthetic steroidal anesthetic, alphaxalone (5α-pregnane-3α-ol-
11,20-dione), potently enhanced GABAA receptor (GABAAR)
function (a receptor for the main inhibitory neurotransmitter in
the CNS) in a brain slice preparation. Subsequent studies revealed
that certain endogenously synthesized steroids, such as the prog-
esterone (PROG) metabolites 5α-pregnan-3α-ol-20-one (5α3α-
THPROG), 5β-pregnan-3α-ol-20-one (5β3α-THPROG), and the
deoxycorticosterone (DOC) metabolite 5α-pregnan-3α,21-diol-
20-one (5α3α-THDOC), were similarly potent (10–100 nM) posi-
tive allosteric modulators of GABAAR function (Barker et al., 1987;
Callachan et al., 1987; Gee et al., 1987, 1988; Harrison et al., 1987;
Lambert et al., 1987, 2009; Peters et al., 1988). Indeed, the observed
enhancement of GABAAR function by such steroids was consistent
with their behavioral actions (anxiolytic, anticonvulsant, sedative,
analgesic, and anesthetic; Lambert et al., 1995; Gasior et al., 1999;
Rupprecht, 2003). The subsequent demonstration that brain lev-
els of neurosteroids occur within a range known to be active at
the GABAAR led to the proposal that they may act as endogenous
regulators of GABAAR function (reviewed in Lambert et al., 1995).

GABAA receptors are responsible for mediating the major-
ity of fast inhibitory neurotransmission within the CNS and
are the target of a number of clinically significant compounds,
including benzodiazepines (BDZ) such as diazepam and a variety

of structurally diverse general anesthetics and anticonvulsants,
including propofol, etomidate, and members of the barbiturate
class, e.g., thiopentone (Olsen and Sieghart, 2009). This recep-
tor class possesses a pentameric structure, surrounding a central
anion conducting pore. To date, 19 subunits have been identified
(α1–6, β1–3, γ1–3, δ, ε, θ, π, ρ1–3), that are divided into subfam-
ilies based upon their amino acid homology (Olsen and Sieghart,
2008, 2009). These subunits exhibit distinct expression profiles
and allow for the expression of ∼20–30 different GABAAR iso-
forms within the mammalian CNS (Fritschy and Brunig, 2003;
Olsen and Sieghart, 2008). The subunit composition regulates
the pharmacological and biophysical properties of the GABAAR
(Olsen and Sieghart, 2009), in addition to influencing the regional
expression and cellular location (e.g., synaptic or extrasynaptic).
GABAAR isoforms incorporating the γ2 subunit, in combination
with α and β subunits are ubiquitously expressed throughout the
brain (Wisden et al., 1992; Fritschy and Brunig, 2003) and are pre-
dominantly, but not exclusively, located within the synapse, where
they are responsible for mediating “phasic” GABAergic inhibition
(Farrant and Nusser, 2005). In contrast, δ-containing GABAARs
(δ-GABAARs) display a more discrete expression profile, being
primarily prevalent in the cerebellum, dentate gyrus, thalamus,
striatum, and cortex (Wisden et al., 1992; Fritschy and Mohler,
1995) where they are expressed only at peri- and extrasynaptic
locations (Nusser et al., 1998; Wei et al., 2003) and mediate a
“tonic” form of GABAergic inhibition (Farrant and Nusser, 2005).

The apparent sensitivity of native GABAARs to neurosteroid
modulation is influenced by a variety of factors including the sub-
unit composition of the receptor, phosphorylation reactions, and
local metabolism (Belelli and Lambert, 2005). As an example of
the first, evidence from recombinant expression systems indicates
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that δ-GABAARs are significantly more sensitive to modulation by
endogenous neurosteroids, than their γ2-containing counterparts
(Belelli et al., 2002; Brown et al., 2002). However, the preferen-
tial interaction with δ-GABAARs is secondary to GABA acting as
a partial agonist at this receptor subtype, thus allowing for the
magnitude of the steroid response to be significantly greater than
for the homologous γ2-containing receptors (Bianchi and Mac-
donald, 2003). Consequently, neurosteroid modulation of extrasy-
naptic δ-GABAARs has received considerable attention and these
receptors have been proposed to play an important role in medi-
ating the physiological effects of these compounds (Maguire and
Mody, 2009). However, it should be noted that endogenous neu-
rosteroids display neuron-specific actions upon GABAAR function
and that certain synaptic (γ2-containing) GABAARs are similarly
sensitive to physiological neurosteroid concentrations in specific
brain regions (Cooper et al., 1999; Herd et al., 2007; Belelli et al.,
2009).

Recent site-directed mutagenesis studies have revealed that the
activation and potentiation of GABAARs by endogenous neu-
rosteroids are mediated by two discrete groups of amino acid
residues, housed in the GABAAR transmembrane domains (Hosie
et al., 2006). Thus, αT236 and βY284 regulate neurosteroid (i.e.,
5α3α-THPROG and 5α3α-THDOC)-induced GABAAR activa-
tion, whilst αQ241 and αN407 are implicated in the GABA-
modulatory effects of these steroids (Hosie et al., 2006). How-
ever, subsequent studies have suggested the neurosteroid bind-
ing pocket to have a more complex structure with additional
residues, e.g., α1S240 contributing to the modulatory actions of
steroid molecules of different structure (Akk et al., 2008). Of
relevance to the interaction of neurosteroids with δ-GABAARs,
GABA-evoked currents mediated by recombinant α4β3δ recep-
tors in which the critical glutamine residue of the α4 subunit was
mutated (α4Q246L) are insensitive to 5α3α-THDOC. This obser-
vation suggests that the δ subunit does not contribute directly
to the GABA-modulatory neurosteroid binding site (Hosie et al.,
2009).

It has been postulated that the differential accumulation of
neurosteroids within the lipid membrane (due to their lipophilic-
ity) serves to increase their local concentration, and as such, these
steroids may diffuse laterally, through the membrane, to access low
affinity binding site(s) on GABAARs, a proposal consistent with
a putative transmembrane docking site (Akk et al., 2005; Chisari
et al., 2010).

Within the brain, the levels of endogenous steroids derived
from either central, or peripheral sources, are sufficient to mod-
ulate GABAAR function (Paul and Purdy, 1992; Corpéchot et al.,
1993; Mellon and Vaudry, 2001; Mellon and Griffin, 2002). Initial
studies suggested that steroid synthesizing enzymes were primar-
ily expressed in glia (Melcangi et al., 1993). However, it is now
apparent that the enzymes necessary for steroidogenesis are also
expressed in certain neurons (Tsutsui, 2008; Do Rego et al., 2009)
Therefore, as originally postulated, neurosteroids may function as
endocrine messengers, but could additionally act in a paracrine, or
indeed autocrine manner as local neuromodulators to “fine tune”
inhibitory transmission (Agis-Balboa et al., 2006). Interestingly,
the endogenous levels of neurosteroids within the CNS are not
static, but are dynamically regulated in response to a number of

physiological states, including development, stress, puberty, preg-
nancy, and during the ovarian cycle (Purdy et al., 1991; Paul
and Purdy, 1992; Maguire and Mody, 2009; Shen et al., 2010).
A number of psychological conditions, including panic attacks,
major depression, postpartum depression, premenstrual tension,
and schizophrenia, have been associated with perturbations in the
levels of neurosteroids within the CNS (Purdy et al., 1991; Eser
et al., 2006; Smith et al., 2006; Uzunova et al., 2006; Longone
et al., 2008), while treatment with certain psychoactive drugs (e.g.,
ethanol, fluoxetine) can perturb the levels of these neurosteroids
(Uzunova et al., 1998; Sundstrom-Poromaa, 2004; Biggio et al.,
2007).

This review will focus on the impact of endogenous neuros-
teroids upon inhibitory transmission within the CNS in both
physiological and pathophysiological scenarios, with an empha-
sis on their documented and potential role within the stress
neurocircuitry.

THE INFLUENCE OF “LOCAL” NEUROSTEROIDS ON
NEURONAL INHIBITION: PHYSIOLOGICAL RELEVANCE
As noted above and discussed further below, several lines of evi-
dence are consistent with the proposal that GABAAR-mediated
inhibition may be subject to fine tuning by locally produced
steroids. Although a significant proportion of these neurosteroids
are derived from peripheral sources including the adrenal cortex
and the ovaries (Paul and Purdy, 1992), the brain is a steroido-
genic organ, capable of de novo synthesis of these neuromod-
ulators (Purdy et al., 1991; Mellon, 2004; Agis-Balboa et al.,
2006; Do Rego et al., 2009). Thus, the enzymes and mitochon-
drial transporters necessary for the synthesis of GABAAR-active
pregnane steroids are expressed in the CNS. The synthesis of
5α3α-THPROG and 5α3α-THDOC from PROG and DOC respec-
tively, requires two sequential reactions catalyzed by 5α-reductase
and 3α-hydroxysteroid dehydrogenase (3α-HSD; Karavolas and
Hodges, 1990; Figure 1). These key enzymes are expressed within
the CNS in a region-specific manner and often, are co-localized
(Agis-Balboa et al., 2006). Furthermore, the expression of these
enzymes is not limited to GABAergic neurons. Thus, for example
both enzymes are selectively expressed in glutamatergic principal
neurons in the cortex and hippocampus, whilst in the cerebel-
lum and thalamus their co-expression is restricted to Purkinje and
nucleus reticularis thalami (nRT) neurons, which are GABAer-
gic (Agis-Balboa et al., 2006; Tsutsui, 2008). These observations
raise the prospect that the excitability of neurons, which co-
express GABAARs and the steroid synthesizing enzymes may be
self-regulated by the neurosteroid acting in an autocrine manner
(Agis-Balboa et al., 2006; Herd et al., 2007; Figure 2).

Recent experimental evidence lends considerable support to
the notion that locally produced neurosteroids can modulate neu-
ronal excitability. At synaptic and extrasynaptic GABAARs the
effect of these neuromodulators is typically manifest as a prolonga-
tion of the decay time of inhibitory postsynaptic currents (IPSCs)
and an increase in the tonic conductance respectively. The treat-
ment (5 h previously) of mice with the 5α-reductase inhibitor SKF
105111 (17β-17-[bis (1methylethyl) amino carbonyl]; Figure 1)
resulted in a reduction in the decay time of spontaneous IPSCs
(sIPSCs) recorded from cortical neurons, suggesting the presence
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FIGURE 1 | A model for the regulation of neurosteroidogenesis. A
diagrammatic representation of the pathways for the biosynthesis of
5α3α-THPROG from cholesterol. Receptors and signaling mechanisms
potentially regulating steroidogenesis and sites of action of ligands used to
target selective enzymatic pathways are additionally illustrated. In the
proposed model, NMDA receptor activation may stimulate
neurosteroidogenesis on a rapid time scale (Tokuda et al., 2011), possibly via
the Ca2+ induced activation of nNOS and p38 MAPK (Izumi et al., 2008). In
addition, glucocorticoids may regulate neurosteroidogenesis via rapid

non-genomic effects through the activation of Gs-γβ, an effect that stimulates
nNOS (Di et al., 2009). Furthermore, a number of stress-related neuropeptides
(e.g., CRH, AVP), which are known to signal through Gs-coupled receptor
complexes may modulate nNOS activity and thus influence neurosteroid
synthesis. Receptors for these neuropeptides can additionally couple to
Gq-proteins to raise intracellular Ca2+ levels and thus, couple to signaling
cascades similar to those associated with NMDA receptor activation. These
GPCR-dependent signaling pathways may provide a functional regulatory link
between the stress axis and the de novo synthesis of 5α3α-THPROG.

of an endogenous neurosteroid tone in these cells (Puia et al.,
2003). In the hippocampus, CA1 pyramidal neurons are sensitive
to physiologically significant concentrations of 5α3α-THPROG
(100 nM), while the same concentration of the neurosteroid has
no effect upon inhibitory transmission in dentate gyrus gran-
ule cells (DGGCs). However, the metabolically stable synthetic

analog, ganaxolone, enhances inhibitory transmission at low con-
centrations in CA1 neurons and DGGCs (Belelli and Herd, 2003).
Interestingly, 3α-HSD, unlike 5α-reductase, is involved in both
the synthesis and degradation of 5α3α-THPROG (and 5α3α-
THDOC) as the cytosolic isoform catalyzes the reductive forma-
tion of 5α3α-THPROG from 5α-dihydroprogesterone (5α-DHP),
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FIGURE 2 | A model for neurosteroid actions at the GABAA receptor

within the stress neurocircuitry. (A) A diagrammatic representation of the
HPA axis. The release of CRH from the dorsal–medial parvocellular neurons
(mpd) of the PVN is regulated by humoral negative feedback pathways and
neuronal inputs from higher brain structures (e.g., the limbic system and the
forebrain regions). Inputs from the forebrain and the limbic structures do not
directly innervate the PVN, but form polysynaptic connections via a number
of predominantly GABAergic “relay nuclei” (red) surrounding the PVN, such
as the BST mPOA, DH, and peri-PVN (Cullinan et al., 2008). In the proposed
model stress-induced endogenous neurosteroids derived from peripheral
sources (e.g., 5α3α-THDOC) and or synthesized de novo within the CNS
(e.g., 5α3α-THPROG) may act to enhance the GABAergic inhibition in the
PVN and surrounding neurons. Additionally, neurosteroids may modulate
inhibitory transmission within limbic and forebrain regions to influence their
neuronal output and hence HPA activity. (B) Physiological concentrations of
5α3α-THPROG (100 nM) dramatically reduce the frequency of action

currents recorded from WT mpd neurons in a hypothalamic slice preparation
containing the PVN and surrounding structures, thus inhibiting their output
(i.e., CRH release). Local excitatory inputs (e.g., glutamatergic, green),
which are themselves constrained by inhibitory GABAegic neuron (red)
originating in the BST and local hypothalamic nuclei (Herman et al., 2002)
drive the release of neuropeptides from mpd neuron (gray) of the PVN. (C) A
diagrammatic representation of a representative PVN synapse (either
GABAergic or glutamatergic). Neurosteroids (e.g., 5α3α-THPROG)
synthesized following a stressful challenge, may act both at presynaptic or
postsynaptic locations in an autocrine or paracrine fashion respectively to
enhance GABAAR inhibition. Note that at presynaptic terminals due to the
intraneuronal Cl− gradient, GABA may be depolarizing (Trigo et al., 2008) and
thus neurosteroids may act to increase neurotransmitter release. Note that
although extrasynaptic δ-GABAA receptors are absent in the PVN, other
γ2-GABAARs may be expressed extrasynaptically at GABAergic or
glutamatergic synapses.

whilst the membrane-bound isoform promotes the reverse, oxida-
tive reaction (Li et al., 1997). In DGGCs the membrane-bound
3α-HSD isoform is predominant,and the inhibition of this enzyme
with indometacin, or the contraceptive agent Provera (Figure 1),
results in a modest prolongation of miniature IPSCs (mIPSCs) and
an enhancement of the endogenous tonic conductance of DGGCs
(Belelli and Herd, 2003). Collectively, these observations are con-
sistent with the proposal that local metabolism may play a crucial
role in shaping GABAAR-mediated inhibition in a neuron-specific
fashion.

The translocator protein 18 kDa [TSPO; formerly the
mitochondrial benzodiazepine receptor (MBR) or peripheral
benzodiazepine receptor (PBR); Figure 1; Papadopoulos et al.,
2006; Batarseh and Papadopoulos, 2010], is located on the
outer mitochondrial membrane where it functions together with
the steroidogenic acute regulator protein (StAR; Sierra, 2004;
Figure 1) to transport cholesterol into mitochondria, a prereq-
uisite and the rate-limiting step for steroid and neurosteroid
synthesis (Rupprecht et al., 2010). The anxiolytic drug etifox-
ine, in addition to allosterically enhancing GABAAR function,
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activates TSPO to increase the cerebral production of 5α3α-
THPROG, an effect that contributes to the behavioral actions
of the drug (Verleye et al., 2005). Moreover, the selective TSPO
activator, XBD173 (N -benzyl-N -ethyl-2-[7,8-dihydro-7-methyl-
8-oxo-2-phenyl-9H -purin-9-yl] acetamide; Figure 1) enhances
the amplitude and duration of evoked IPSCs (eIPSCs) and mIP-
SCs recorded from neurons of the mouse medial prefrontal cortex
(mPFC), an effect blocked by the 5α-reductase inhibitor, finas-
teride (Rupprecht et al., 2009). Crucially, XBD173 is effective in
tests predictive of an anxiolytic action [i.e., social isolation and ele-
vated plus-maze (EPM) tests], with both actions being blocked by
the TSPO antagonist PK11195 [1-(2-chlorophenylmethylpropyl)-
3-isoquinoline-carboxamide; Figure 1; Rupprecht et al., 2009].
Importantly, in humans XBD173 acts as an effective anxiolytic
agent, without the sedative, or the withdrawal symptoms typi-
cally associated with current therapeutic treatments for anxiety
(Rupprecht et al., 2009).

Certain benzodiazepines (BDZs), such as diazepam and mida-
zolam not only act to enhance GABAAR function, but also to
promote the synthesis of neurosteroids through the activation of
TSPO (Rupprecht et al., 2010; Tokuda et al., 2010; Figure 1). For
example, in a brain slice preparation, midazolam, a BDZ used
clinically to facilitate the induction of anesthesia, increased neu-
rosteroid levels in CA1 pyramidal neurons and inhibited LTP
(Tokuda et al., 2010). Consistent with a neurosteroid involve-
ment, inhibiting neurosteroid synthesis with finasteride treatment,
or inhibiting the GABA-modulatory actions of neurosteroids
with the selective antagonist 17PA [17-phenyl-(3α5α)-androst-
16-en-3-ol; Mennerick et al., 2004] significantly attenuated the
actions of midazolam (Tokuda et al., 2010). Furthermore, in vivo
finasteride pre-treatment blocked the inhibitory effects of mida-
zolam upon contextual fear learning (Tokuda et al., 2010). In
contrast, clonazepam, an anxiolytic, and anticonvulsant BDZ,
does not induce changes to neurosteroid synthesis and has no
effect upon LTP induction. However, when administered with
the TSPO agonist FGIN (2-[2-(4-fluorophenyl)-1H -indol-3-yl),
or together with exogenous allopregnanolone, clonazepam pro-
duced similar effects to midazolam, thus inhibiting LTP induction
(Tokuda et al., 2010). These observations suggest that the unique
effects of certain clinically important BDZs may be mediated
by the dual activation of TSPO and potentiation of GABAAR
function.

PHYSIOLOGICAL AND PATHOPHYSIOLOGICAL ROLE OF
NEUROSTEROIDS: A FOCUS ON STRESS
INHIBITORY REGULATION OF THE STRESS CIRCUITRY
The ability of an organism to adapt to conditions of stress is
essential for survival and involves a number of finely regulated
and highly conserved interconnected systems that maintain phys-
iological homeostasis. The hypothalamic paraventricular nucleus
(PVN) is a key brain region involved in initiating the neuroen-
docrine and autonomic response to stressor exposure (Herman
and Cullinan, 1997). Within the PVN, spinally projecting parvo-
cellular neurons (located in dorsal and ventromedial parvocel-
lular regions), rapidly modulate autonomic output in response
to stress exposure, while neuroendocrine parvocellular neurons
(located in the dorsomedial parvocellular region), project to the

median eminence and initiate activation of the hypothalamo-
pituitary–adrenocortical (HPA) axis (Ulrich-Lai and Herman,
2009). Regulation of the HPA axis is mediated through the inte-
gration of hormonal feedback pathways, e.g., glucocorticoids,
corticotrophin-releasing hormone (CRH), and a complex neuro-
circuitry involving a number of mono- and polysynaptic pathways
(Herman et al., 2003; de Kloet et al., 2005; Ulrich-Lai and Her-
man, 2009; Figure 2A). The PVN receives considerable GABAergic
innervation from local hypothalamic regions (e.g., dorsal hypo-
thalamus, peri-PVN, preoptic area) and areas of the extended
amygdala (e.g., bed nucleus of the stria terminalis, BST), that exert
a substantial inhibitory tone upon the HPA axis (Cullinan et al.,
2008). Forebrain and limbic regions (e.g., hippocampus, amyg-
dala, and prefrontal cortex) do not directly innervate the PVN, but
instead modulate HPA activity via projections to a number of these
GABAergic nuclei surrounding the PVN (Ulrich-Lai and Herman,
2009; Figure 2A). As such, these “relay nuclei” are important sites
of stress integration, located “upstream” of the PVN and it is con-
ceivable that the modulation of inhibitory transmission at this
level by neurosteroids, may play a role in this synaptic integration
(Figure 2A).

Quantitative ultrastructural analysis has revealed that CRH-
releasing parvocellular neurons are the main target for GABAergic
inputs to the medial parvocellular region of the PVN (Miklos
and Kovacs, 2002). Furthermore, dual in situ hybridization stud-
ies have demonstrated the mRNA expression of multiple GABAAR
subunits (α1, α2, β1–3, and γ1, γ2) in the majority of CRH-
releasing neurons (Cullinan, 2000), providing molecular evidence
for a role of GABAAR-mediated inhibition at the level of the
HPA axis. In agreement with this anatomical data, electrophys-
iological recordings from acute hypothalamic slice preparations
revealed that glutamate microinjection into regions surrounding
the PVN elicited postsynaptic potentials sensitive to the GABAAR
antagonist bicuculline in a significant proportion of parvocellular
neurons (Boudaba et al., 1996), while bicuculline also increased
the frequency of action currents in these neurons (Hewitt et al.,
2009). Furthermore, the microinjection of bicuculline into the
PVN in vivo resulted in increased plasma corticosterone levels
(Cullinan et al., 2008; Hewitt et al., 2009), whilst in contrast,
microinjection of the GABAAR agonist muscimol reduced the cir-
culating levels of this steroid (Cullinan et al., 2008). Collectively,
these observations suggest that GABAAR-mediated inhibition is
important for the regulation of HPA axis activity. Given this
prominent role for GABA within the local stress neurocircuitry,
it is conceivable that the rapid elevation of neurosteroid lev-
els that occurs during stress (Purdy et al., 1991), may act as a
brake upon HPA axis activity by enhancing the GABAergic inhi-
bition exerted upon the PVN (Figure 2A). Indeed, the steroid
synthesizing enzymes 5α-reductase and 3α-HSD are expressed
and 5α3α-THPROG immunoreactivity can be detected within the
hypothalamus and extended amygdala respectively (Li et al., 1997;
Eechaute et al.,1999; Gao et al.,2002; Saalmann et al.,2007). There-
fore, locally produced neurosteroids could potentially contribute
to the control of HPA activity.

The following section will discuss the physiological and patho-
physiological roles of endogenous neurosteroids in acute and
chronic stress.
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ACUTE STRESS
Early behavioral studies demonstrated the anxiolytic properties
of pregnane steroids in a variety of animal models of anxiety
(Crawley et al., 1986; Bitran et al., 1995; Carboni et al., 1996).
In addition, the levels of 5α3α-THPROG and 5α3α-THDOC were
rapidly elevated in the rodent hypothalamus and cortex following
exposure to an acute swim stress (Purdy et al., 1991). Interestingly,
adrenalectomy prevented the stress-induced increase in brain lev-
els of 5α3α-THDOC, but not 5α3α-THPROG demonstrating the
de novo synthesis of the latter neurosteroid in response to stress
(Purdy et al., 1991). Similarly, elevated levels of 5α3α-THDOC,
following exposure to an acute swim stress, raised the thresh-
old of pentylenetetrazol (PTZ)-induced seizures in a finasteride-
and indometacin-sensitive manner (Reddy and Rogawski, 2002).
Collectively, these observations suggest that neurosteroids synthe-
sized de novo within the CNS together with those derived from
peripheral sources (i.e., 5α3α-THDOC from the adrenal cortex;
Eser et al., 2005) may play a physiological role in modulating the
stress response.

In electrophysiological recordings made from neonatal mouse
[postnatal (PN) days 18–24] hypothalamus, we find low concen-
trations (10–100 nM) of 5α3α-THPROG to enhance the synaptic
inhibition of neuroendocrine parvocellular neurons of the PVN
and to inhibit their output (Belelli et al., 2009; Figure 2B). In com-
mon, the output of spinally projecting parvocellular neurons is
similarly reduced by low concentrations of 5α3α-THDOC (Wom-
ack et al., 2006). Neuroendocrine parvocellular neurons are known
to activate the HPA axis through the release of CRH (Vale et al.,
1981) and i.c.v. injection of this neuropeptide induces behaviors
closely resembling those associated with stress and anxiety (Owens
and Nemeroff, 1991). Interestingly, the anxiogenic effects of CRH
in rats exposed to the EPM were inhibited in a dose-dependent
manner by pre-treatment with 5α3α-THPROG (Patchev et al.,
1994). Additionally, although having no effect upon basal CRH
release in vitro, 5α3α-THPROG did suppress the methoxamine
[an α1-adrenoreceptor (α1-AR) agonist]-induced release of this
neuropeptide (Patchev et al., 1994). This in vitro observation is
intriguing given that the parvocellular region of the PVN receives
considerable noradrenergic inputs from the nucleus of the soli-
tary tract and the locus coeruleus (Cunningham and Sawchenko,
1988). Both of these structures are believed to trigger responses
to “physical” stressors, an effect that is possibly mediated via a
contribution by α1-ARs (Daftary et al., 2000; Han et al., 2002).

The magnitude and polarity of GABAAR-mediated neurotrans-
mission is critically dependent upon the transmembrane Cl−
gradient. Thus, generally, an increase in the intracellular Cl− con-
centration can shift the GABA-mediated response from neuronal
hyperpolarization (inhibitory) to depolarization (excitatory). The
transmembrane Cl− gradient is maintained by cation-chloride
co-transporters (CCC), with Na+–K+–2Cl− co-transporter 1
(NKCC1) and K+–Cl− transporter 2 (KCC2) being responsible
for the majority of neuronal Cl− uptake and extrusion respec-
tively within the CNS. Crucially the relative functional expression
of these transporters appears not to be static, but dynamically reg-
ulated during certain physiological (e.g., development) and patho-
physiological states (reviewed in Blaesse et al., 2009). Interestingly,
a recent study has suggested that exposure to acute restraint

stress functionally down-regulates KCC2 such that the action
of GABA in neuroendocrine parvocellular neurons shifts from
being hyperpolarizing to depolarizing, thus profoundly weaken-
ing synaptic inhibitory transmission (Hewitt et al., 2009). The
authors postulate that activation of α1-ARs underlies the depo-
larizing shift in the reversal potential for GABA (EGABA), most
likely via the activation of protein kinase C (PKC). The ability
of secondary messenger systems to indirectly and dynamically
modulate the inhibitory tone exerted upon the HPA axis through
changes in KCC2 function may be an important mechanism in
the initiation and termination of the physiological response trig-
gered by stress. Intriguingly, GABAergic transmission (measured
by [35S] t -butylbicyclophosphorothionate (TBPS) binding and
36Cl− uptake), has long been known to be rapidly (within 5 min)
decreased following various forms of acute stress (Sanna et al.,
1992; Barbaccia et al., 1996; reviewed in Biggio et al., 2007),
whereas the subsequent increases in brain and plasma neuros-
teroid levels peaked 30 min after the onset of stress and was
correlated with the restoration of GABAergic transmission and
reduced anxiety-like behavior (Barbaccia et al., 2001). These find-
ings support the proposal that the neuroendocrine and autonomic
responses to a stressor may be modulated by these endogenous
neurosteroids, which in this scenario would act to terminate the
stress response. Nevertheless, although as noted above the enzymes
are expressed within this region (Eechaute et al., 1999), it remains
to be determined whether these neurosteroids are actually pro-
duced de novo, specifically in the PVN and nearby surrounding
regions in response to a stressful challenge.

DOC mediates many of the physiological responses to acute
stress (Reddy, 2006). Thus, it is conceivable that metabolites of
this steroid, e.g., 5α3α-THDOC may contribute to other stress-
induced alterations in inhibitory transmission via their actions on
the GABAAR (Reddy, 2006). Indeed, the exposure of mice to a sin-
gle acute hypoxic challenge increases expression of the GABAAR δ

subunit in the hippocampus and enhances the GABAAR-mediated
tonic conductance of DGGCs (Maguire and Mody, 2007). The
incubation of brain slices for 30 min with 5α3α-THDOC followed
by a 30- to 120-min washout period of the steroid, induced a
similar increase in the tonic conductance of DGGCs (Maguire
and Mody, 2007). The mechanism(s) responsible for this 5α3α-
THDOC-induced up-regulation of δ-GABAARs remain to be
determined. However, the previously reported “glucocorticoid-
like” effects of endogenous neurosteroids (Patchev et al., 1994,
1996) and the GABAAR-dependent modulation of neuropeptide
expression (Cole and Sawchenko, 2002; Bali and Kovacs, 2003;
Brunton et al., 2009) within the PVN may be relevant in this
respect.

CHRONIC STRESS
Exposure to chronic or repeated stress induces significant struc-
tural and functional alterations within the stress neurocircuitry,
which are primarily and initially involved in promoting adap-
tation by allostasis, but in the long term can have deleterious
effects upon brain function (Joels et al., 2007; McEwen, 2010).
Indeed, dysregulation of the HPA axis has been implicated in
the pathogenesis of a number of psychiatric and neurological
conditions including depression, post-traumatic stress disorder
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(PTSD), and Alzheimer’s (Holsboer, 2000; Schule et al., 2009).
Furthermore, the levels of endogenous neurosteroids in plasma
and cerebrospinal fluid (CSF) are altered in patients suffering from
various stress-related affective disorders (Uzunova et al., 2006).

Neurosteroids, chronic stress, and brain plasticity
Chronic stress exposure results in a number of functional and
molecular adaptations including altered dendritic morphology
in stress-related brain regions such as the mPFC (Radley et al.,
2005, 2008; Liston et al., 2006; Goldwater et al., 2009), hip-
pocampus (Woolley et al., 1990; Magarinos and McEwen, 1995),
and amygdala (Mitra and Sapolsky, 2008). These alterations in
dendritic morphology are accompanied by behavioral changes,
including impaired cognitive function (Bodnoff et al., 1995),
increased anxiety (Mitra and Sapolsky, 2008), and abnormal atten-
tional set-shifting (Liston et al., 2006). Interestingly, the observed
stress-induced dendritic remodeling appears to be reversible, pro-
vided animals receive appropriate recovery time following stress
exposure (Radley et al., 2005; Goldwater et al., 2009). Chronic
stress-induced morphological alterations appear to be mediated by
both sex and stress hormones (e.g., estrogen, glucocorticoids) and
are accompanied by changes in synapse formation and receptor
expression (Joels et al., 2007; McEwen, 2010). Thus, the behav-
ioral deficits associated with chronic stress may be a consequence
of network disruption in corticolimbic areas, an effect that may
be contributed by, and secondary to, the remodeling of dendritic
architecture within these brain structures (Goldwater et al., 2009).

Relatively little is known regarding the influence that endoge-
nous neurosteroids have upon the morphological alterations asso-
ciated with chronic stress and major depression. However, the
regenerative potential of 5α3α-THPROG has been explored in
animal models of Alzheimer’s disease, the pathogenesis of which
has recently implicated chronic stress as a significant contribut-
ing factor (Sotiropoulos et al., 2011). The proliferative effects of
neurosteroids have been demonstrated in vitro using cerebellar
granule cells (Keller et al., 2004), rat hippocampal, and human
cortical neural progenitor cells (Wang et al., 2005), raising the
possibility that the regenerative potential of neurosteroids may be
therapeutically beneficial (Wang et al., 2008). In a mouse model of
Alzheimer’s disease (3xTgAD), male adult (3 months old) 3xTgAD
mice displayed significant reductions in cell proliferation in the
hippocampal subgranular zone (SGZ) and behaviorally exhibited
deficits in a hippocampal associative learning and memory task,
i.e., trace eye blinking conditioning (Wang et al., 2010). Intrigu-
ingly, in the 3xTgAD mouse, 5α3α-THPROG, in a dose-dependent
manner, significantly increased cell proliferation in the SGZ to
levels found in corresponding wild type mice, whilst also revers-
ing the cognitive deficits (Wang et al., 2010). Indeed, the survival
of early progenitor cells in the 3xTgAD mouse correlated with
the enhanced memory performance produced by 5α3α-THPROG
treatment, suggesting that early neurogenic deficits may contribute
to the cognitive phenotype associated with Alzheimer’s disease.
Therefore, such neurosteroids may potentially serve as a regenera-
tive therapeutic, to alter the development and progression of such
neurodegenerative diseases (Wang et al., 2010). Indeed, a recent
study has revealed that 5α3α-THPROG restored neural progen-
itor cell survival and associative learning and memory in adult

male 3xTgAD mice that only exhibit intraneuronal amyloid β (Aβ;
i.e., ≤9 months old). By contrast, the neurosteroid was ineffec-
tive in later stages of the disease (at the age of 12 months) when
extraneuronal Aβ plaques become apparent (Singh et al., 2011).
Collectively, these findings indicate that the therapeutic efficacy of
this neurosteroid is dependent upon the stage of AD pathology.

Intriguingly, there appears to be many similarities between the
endocrine (e.g., hypersecretion of glucocorticoids) and neuronal
(e.g., dendritic remodeling) modifications reported in the patho-
genesis of both Alzheimer’s and depression (Lupien et al., 2009).
Thus, it is tempting to speculate that the regenerative potential of
5α3α-THPROG observed by Wang et al. (2010) in a mouse model
of Alzheimer’s disease may also reduce the depressive-like behav-
iors and cognitive deficits associated with prolonged chronic stress
exposure. The ability of neurosteroids to increase cell proliferation
and to restore corticolimbic network function may contribute to
the putative antidepressant actions of certain steroids (Uzunova
et al., 1998). Of interest, in patients suffering from Alzheimer’s
disease the levels of the endogenous neurosteroid 5α3α-THPROG
are reduced throughout the brain, but particularly in stress-related
brain structures such as the hippocampus, amygdala, hypothala-
mus, and frontal cortex (Weill-Engerer et al., 2002). Furthermore,
although CRH induced an increase in plasma 5α3α-THPROG in
patients suffering from Alzheimer’s disease, the neurosteroid lev-
els remained significantly lower than in control patients (Bernardi
et al., 2000). Therefore, it is conceivable that neurosteroids may
be less effective in mediating the physiological responses to stress
in patients suffering from this disease and restoration of normal
levels may prove therapeutically beneficial.

Chronic stress exposure not only induces remodeling of den-
dritic architecture, but additionally alters synapse formation and
the expression of various neurotransmitter receptors (Joels et al.,
2007; McEwen, 2010). Given that endogenous neurosteroids, such
as 5α3α-THPROG and 5α3α-THDOC, are such potent positive
allosteric modulators of GABAAR function, and that GABAARs
have such a prominent influence on the HPA axis, the impact that
chronic stress has upon GABAAR-mediated inhibition within the
brain is of particular interest. The majority of research has focused
upon chronic stress-induced alterations in the excitatory neuro-
transmitter systems, with relatively little attention being given
to the GABAergic system. However, the expression of mRNAs
encoding for certain GABAAR subunits was altered in the rat
hippocampus following the chronic exposure to levels of corti-
costerone achieved during stress (Orchinik et al., 1995), although
the functional significance of this altered expression remains unex-
plored. The impact that stress has upon brain function (e.g.,LTP) is
dependent upon the level of glucocorticoid elevation and the dura-
tion of the stressor exposure, in addition to the brain region under
consideration (Lupien et al., 2009). Nevertheless, in chronically
stressed rats, hippocampal LTP is difficult to evoke (Alfarez et al.,
2003) and this scenario can be mimicked in control non-stressed
animals by the activation of glucocorticoid receptors (GRs), i.e.,
following 20 min pre-incubation of hippocampal slices in corticos-
terone (100 nM; Alfarez et al., 2002). Whether this effect of chronic
stress is associated with an altered expression of GABAARs as
recently described for the hippocampus and mPFC of Alzheimer’s
patients (Rissman et al., 2007; Luchetti et al., 2011), is not known.
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At the level of the PVN, chronic variable stress significantly
increases the number of glutamatergic and noradrenergic termi-
nals apposing CRH-immunopositive cell bodies and dendrites,
whilst having no effect upon the number of GABAergic termi-
nals (Flak et al., 2009). Thus, the balance between excitatory and
inhibitory control of the HPA axis appears significantly altered fol-
lowing chronic stress exposure. Although the number of GABAer-
gic terminals apposing parvocellular neurons was unchanged, a
marked down-regulation of the β1 and β3 GABAAR subunits
was observed following chronic variable stress (Cullinan and
Wolfe, 2000). This effect may indirectly modulate the neuros-
teroid sensitivity of these receptors (Fancsik et al., 2000; Brussaard
and Koksma, 2003; Harney et al., 2003) via documented kinase-
specific interactions with β subunit isoforms (Kittler and Moss,
2003). Electrophysiological recordings from parvocellular neu-
rons derived from rats exposed to chronic variable stress revealed
a reduction in the frequency of mIPSCs, supporting the notion
of reduced GABAergic inhibition of these neurons (Verkuyl et al.,
2004). However, in contrast to the morphological data, a reduction
in the mIPSC frequency with no change to the paired pulse ratio
would suggest a reduction in the number of GABAergic synapses
apposing these neurons (Verkuyl et al., 2004). Clearly, the impact
that these alterations in GABAAR expression in stress–sensitive
brain structures have upon neurosteroid modulation of the stress
response deserves further investigation.

A number of preclinical and clinical studies have implicated
5α3α-THPROG and other 3α-reduced neurosteroids in depression
and attributed the anxiolytic properties of some antidepressants
of the selective serotonin reuptake inhibitors (SSRI) class (e.g.,
fluoxetine or Prozac®) to these endogenous neuromodulators
(Guidotti and Costa, 1998; Eser et al., 2006; Uzunova et al., 2006).
In support, the brain levels of 5α3α-THPROG are significantly
decreased in animal models of depression or PTSD (Serra et al.,
2000, 2008; Pinna, 2010) and similarly the levels of this neuros-
teroid are also reduced in the plasma and CSF of depressed patients
(Romeo et al., 1998; Uzunova et al., 1998). In addition, treatment
with exogenous neurosteroids produces robust antidepressant-like
actions in rodent models of depression (Pinna et al., 2009), while
in humans elevated 5α3α-THPROG levels have been associated
with a reduction in depressive behavior (reviewed in Uzunova
et al., 2006). Intriguingly, animal studies have revealed that acute
treatment with the SSRI fluoxetine normalizes the brain levels of
5α3α-THPROG in a stereospecific manner (Uzunov et al., 1996;
Matsumoto et al., 1999; Serra et al., 2001; Pinna et al., 2004;
Figure 1). Similarly, the CSF levels of this neurosteroid are also
restored in depressed patients following SSRI treatment (Romeo
et al., 1998; Uzunova et al., 1998). The fluoxetine-induced increase
in neurosteroid levels occurs at concentrations significantly lower
than those required to block serotonin reuptake and on a faster
time scale (i.e., ∼30 min) than that associated with the clinical
improvement by classical antidepressants (i.e., 3 weeks; Uzunov
et al., 1996; Guidotti and Costa,1998; Pinna et al., 2004). Therefore,
enhancement of GABAAR-mediated inhibition may contribute to
the anxiolytic actions of this SSRI (Longone et al., 2008). Fluoxe-
tine has been postulated to increase the levels of 5α3α-THPROG
by either potentiating the reduction of 5α-DHP, or by inhibiting
the oxidation of 5α3α-THPROG back to 5α-DHP, possibly via the

modulation of 3α-HSD activity (Uzunov et al., 1996). In support,
Griffin and Mellon (1999) reported that fluoxetine and other SSRIs
(e.g., paroxetine) enhanced the reductive function of recombinant
rat and human forms of 3α-HSD. However, a direct interaction of
SSRIs with 3α-HSD remains controversial as a subsequent study
did not support these findings (Trauger et al., 2002).

Plasma and CSF levels of neurosteroids measured in clinical
studies may not accurately reflect their brain levels, particularly if
such steroids are acting in a paracrine or autocrine manner. Con-
sequently, determining whether alterations in neurosteroid levels
following SSRI treatment reduce depressive behaviors has proved
difficult. However, a number of non-pharmacological antidepres-
sant treatments, including electroconvulsive therapy (ECT) and
repetitive transcranial magnetic stimulation (rTMS), all failed to
alter the levels of 5α3α-THPROG, although they produced clin-
ical improvement of patients suffering from major depression
(Padberg et al., 2002; Baghai et al., 2005). Moreover, although
partial sleep deprivation (PSD) ameliorated symptoms in 60% of
patients suffering from major depression, the concentrations of
neurosteroids were not affected by PSD in either responders or
non-responders (Schule et al., 2003). Similarly, responders and
non-responders to treatment with the antidepressant mirtazapine
exhibited similar neurosteroids levels (Schule et al., 2006). Collec-
tively, although a dysregulation of neurosteroid equilibrium has
been consistently reported in animal models and in humans suffer-
ing from depression, it remains unclear whether the normalization
of neurosteroid levels following fluoxetine treatment is actively
involved in alleviating depressive symptoms, or is simply a phar-
macological by-product associated with clinical improvement, i.e.,
changes in neurosteroid production may reflect distinct proper-
ties of certain antidepressants rather then alleviation of mood
symptoms (Uzunova et al., 2006).

PROGRAMMING OF THE STRESS RESPONSE: A ROLE FOR
NEUROSTEROIDS?
The maturation of the HPA axis is highly sensitive to prena-
tal and postnatal stress, resulting in adverse alterations in the
behavioral and neuroendocrine responses to stress in adulthood.
In the accompanying section we will consider specifically the
role of neurosteroids in animal models of prenatal and postna-
tal stress and their potential relevance to the etiology of stress-
associated pathologies, e.g., depression, Alzheimer’s disease, and
drug addiction.

PRENATAL STRESS
Exposure of the fetal brain to stress, or glucocorticoids, can influ-
ence the development of physiological systems resulting in an
increased susceptibility in adulthood to cardiovascular (Barker,
2002), metabolic (Levitt et al., 2000), and affective disorders (Wel-
berg and Seckl, 2001). Indeed, the exposure of pregnant rats
(gestation day 14, G14) to chronic restraint stress resulted in off-
spring that displayed an anxious-like phenotype both as neonates
(P7) and adults. Intriguingly, these behavioral effects of prenatal
stress (PNS) were attenuated by the concomitant administration
of 5α3α-THPROG to the pregnant dams (G14; Zimmerberg and
Blaskey, 1998). Similarly, Brunton and Russell have explored a
putative role for neurosteroids in a model of social PNS (social
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defeat of a female rat during the last week of pregnancy by
a resident lactating rat). In this model, both male and female
adult offspring displayed exaggerated adrenocorticotropic hor-
mone (ACTH) and corticosterone responses to an acute stress
challenge, i.e., interleukin-1β (IL-1β) administration (Brunton
and Russell, 2010). Interestingly, prior treatment (2 and 20 h before
the IL-1β challenge) with 5α3α-THPROG normalized the exagger-
ated (approximately threefold) ACTH response in female, but not
male adult rats exposed prenatally (i.e., during the last week of
pregnancy) to social PNS (Brunton and Russell, 2011). However,
the testosterone metabolite androstanediol, which also enhances
GABAAR function (Gee et al., 1988; Reddy and Jian, 2010), nor-
malized the HPA response to IL-1β of male PNS rats (Brunton
and Russell, 2011). These observations are consistent with the
proposal that neurosteroidogenesis may be compromised in the
adult brain of rats exposed to PNS. Yet, the mechanism whereby
these neurosteroids restore the neuroendocrine response to IL-1β

administration is currently unclear, although given the prominent
role of GABAAR-mediated inhibition in the stress neurocircuitry
(Cullinan et al., 2008), potentiation of GABAAR function is likely
to contribute. For example, neurosteroid administration to PNS
adult rats may restore HPA sensitivity through a mechanism sim-
ilar to that previously described in dams during the final stage
of pregnancy (Brunton et al., 2009). Thus, during late pregnancy
(pregnancy day 21), the maternal response to an IL-1β challenge
is reduced due to the inhibition of noradrenergic inputs to the
PVN. This effect appears consequent to an increased expression
of enkephalin and presynaptic μ-opioid receptors, an adaptation
that is critically dependent on 5α3α-THPROG (Brunton et al.,
2009). An attractive possibility worthy of investigation is that neu-
rosteroids such as 5α3α-THPROG and androstanediol may induce
similar adaptations in adult PNS rats to normalize the endocrine
response to IL-1β administration (see Brunton and Russell, 2011).
While the specific mechanism whereby 5α3α-THPROG induces
increased enkephalin and opioid receptor expression in pregnant
rats remains to be elucidated, the “glucocorticoid-like” effects
of neurosteroids upon CRH and vasopressin (AVP) expression
within the PVN (Patchev et al., 1994, 1996) and the modulation of
PVN neuropeptide expression by GABAARs (Cole and Sawchenko,
2002; Bali and Kovacs, 2003) warrant further investigation. Of fur-
ther note, the fetal neuroprotective actions of 5α3α-THPROG may
not be exclusively associated with direct effects within the fetal
brain, as elevated maternal levels of this neurosteroid during the
latter stages of pregnancy act to reduce the sensitivity of maternal
HPA axis to stressful challenges, and hence, the exposure of the
fetus to maternally derived glucocorticoids (reviewed in Brunton
and Russell, 2008).

Perturbations in neurosteroid levels have also been reported in
the fetal brain following an acute hypoxic challenge induced by
constriction of the umbilical cord, a response, which may result
from increased 5α-reductase and cytochrome P450scc expression
within the brain (Nguyen et al., 2004). The observed elevation
in central neurosteroid levels in response to hypoxia may repre-
sent an endogenous neuroprotective mechanism in the develop-
ing brain. In agreement, binding studies, using [35S] TBPS have
revealed that by late gestation GABAARs are significantly more
sensitive to 5α3α-THPROG modulation than in the adult brain

(Crossley et al., 2000). In contrast, exposure to chronic hypoxic
stress (induced through the injection of inert microspheres into
the fetal circulation) increased the expression of the neurosteroid
synthesizing enzyme 5α-reductase in most brain regions, but had
no effect upon the amount of 5α3α-THPROG in the fetal brain
after 20 days of hypoxemia (Nguyen et al., 2003). The reduced
capacity of the fetus to synthesize 5α3α-THPROG in response to a
chronic hypoxic challenge may result from a reduction in the sup-
ply of maternally derived 5α3α-THPROG and/or the impaired
metabolism of progesterone to other neurosteroid precursors.
However, the ability of the fetal brain to synthesize other neu-
roactive steroids and the impact that acute and chronic stress
have upon this remains unknown. Collectively, these observations
suggest that neurosteroids such as 5α3α-THPROG may be impor-
tant neuroprotective agents within the fetal brain (reviewed in
Hirst et al., 2009). In this context, it is conceivable that the doc-
umented excitatory and trophic actions of GABA in the prenatal
CNS (Represa and Ben-Ari, 2005) are not incidental to the neuro-
protective actions of neurosteroids. However, it should be noted
that the excitatory actions of GABA, observed during development
have also been associated with neuronal damage (e.g., epilepsy-see
Dzhala et al., 2005).

Few studies have measured changes in brain function associated
with PNS in humans. However, children of mothers who during
pregnancy experienced stress, depression, or anxiety, or who were
treated with glucocorticoids, exhibit increased basal HPA activ-
ity, thus indicating that there are long-lasting alterations affecting
the child’s normal development of the stress response (reviewed
in Lupien et al., 2009). This altered HPA programming may con-
tribute to the increased vulnerability of the progeny to affective
disorders in later life (Bale et al., 2010).

POSTNATAL STRESS
Endogenous neurosteroids have also been implicated in the post-
natal maturation of the HPA axis. The early postnatal period is
crucial in the development and maturation of the HPA axis and is
characterized in rodents, by a period (PN4–14) of marked hypore-
sponsivity (Sapolsky and Meaney, 1986). As this period coincides
with stages of axonal growth, synaptogenesis, and myelination of
key brain circuits, it has been postulated that this hyporesponsive
phenotype protects the developing brain from excessive glucocor-
ticoid exposure. Adverse early life events are known to result in
profound and long-lasting alterations in the mature organism’s
behavioral and neuroendocrine response to stress (Francis and
Meaney, 1999). Specifically, the mother–pup interaction has been
shown to strongly influence the maturation of the stress neuro-
circuitry, as both in rodents and in primates reduced maternal
care is associated with impaired behavioral and neuroendocrine
responses to stress in adulthood (Sanchez et al., 2001). Conversely,
enhanced maternal care increases the ability to cope with stressful
experiences in later life (Francis et al., 1999).

Suggesting a possible role for neurosteroids in the program-
ming of the stress response, 5α3α-THPROG reduced the number
of ultrasonic vocalizations (USVs), a measure of an anxious-like
phenotype, in neonatal (PN7) rat pups previously exposed to
maternal separation (Zimmerberg et al., 1994, 1999), while mater-
nally separated (between PN 2 and 7) neonatal rats displayed a
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reduction in the number of USVs compared to non-stressed con-
trols when exposed to a subsequent maternal separation at PN8
(Zimmerberg et al., 1999). Interestingly, the adaptation exhibited
by maternally separated pups to a subsequent separation corre-
lated with enhanced 5α3α-THPROG levels in the brain following
maternal separation (Kehoe et al., 2000). Thus, it is tempting to
speculate that neurosteroid-induced enhancement of GABAer-
gic inhibition may contribute to this hyporesponsive phenotype.
However, maternally separated rats exhibited a more anxious phe-
notype in response to a novel stressor than their non-stressed
counterparts (Patchev et al., 1997; Zimmerberg et al., 1999). More-
over, for adult rats that have been maternally separated (PN 2–10)
mRNA levels of CRH and GR mRNA were increased and decreased
in the PVN and the hippocampus, respectively. Interestingly, these
behavioral and neuroendocrine alterations were attenuated when
5α3α-THDOC was concomitantly administered during mater-
nal separation, suggesting that these 5α-reduced neurosteroids
may exert persistent stress–protective effects during development
(Patchev et al., 1997). Intriguingly, the level of 3α-HSD mRNA has
been shown to be elevated in the dentate gyrus of male and female
rats at P7, a time coinciding with the stress hyporesponsive period,
further supporting a physiological role for endogenous neuros-
teroids at this stage of development (Mitev et al., 2003). Behavioral
and neuroendocrine dysregulation induced by neonatal mater-
nal separation exhibits differences between genders (Mitev et al.,
2003), although such effects may be additionally dependent on the
maternal separation protocol utilized (Zimmerberg and Kajun-
ski, 2004). Thus, adult male, but not female rats that experienced
maternal separation (PN 5-10) exhibited a more anxious-like phe-
notype on the EPM than their non-stressed counterparts (Mitev
et al., 2003). However, ovariectomized (OVX) female rats exposed
to maternal separation in infancy exhibited an anxious-like phe-
notype on the EPM in adulthood cf control females, suggesting
that peripheral steroids may normally mask the behavioral conse-
quences of neonatal stress in females. Moreover, the concomitant
administration of 5α3α-THPROG during maternal separation
counteracted the behavioral and neuroendocrine consequences
of neonatal stress in both genders (Mitev et al., 2003).

Supporting the notion that abnormal GABAAR function is
associated with exposure to early life adversities, early life stress
induces changes to the expression of GABAARs that occur con-
comitantly with the perturbations of behavior and neuroen-
docrine function described above. These changes in expression
are evident in brain regions that are important for the processing
of “psychogenic” stressors, a function known to be significantly
altered in adulthood by early life stress (Caldji et al., 2003). In
general, offspring receiving good quality maternal care displayed
significantly greater mRNA expression of α1 and β3-subunits in
limbic and forebrain regions in comparison to those that received
low quality maternal care (Caldji et al., 2003). Intriguingly, the
majority of changes observed in GABAAR subunit expression
appeared to be unique to the amygdala, a region important in
the development of fear-related memory (Ehrlich et al., 2009;
Roozendaal et al., 2009). Thus, in the central (CeA), basolat-
eral (BLA), and lateral (LA) amygdaloid nuclei, adult offspring
that had experienced high-quality maternal care expressed sig-
nificantly greater mRNA levels of both γ1 and γ2-subunits, the

latter being important in mediating the majority of actions of
benzodiazepines. However, in the central and basolateral regions
of the amygdaloid nucleus, low-maternal care offspring exhibited
relatively greater levels of α3 and α4 mRNA (Caldji et al., 2003).
How these changes in the levels of subunit mRNAs translate to
perturbations of synaptic/extrasynaptic inhibition, or to changes
in the sensitivity of native GABAARs to neurosteroid modulation
provides scope for future investigations.

Changes in GABAAR subunit expression may also be asso-
ciated with altered localization of GABAergic interneurons in a
manner similar to that described by Grobin et al. (2003) for the
prefrontal cortex following elevated levels of neurosteroids dur-
ing development. Such a scenario in the amygdala, hippocampus,
and prefrontal cortex may severely compromise the ability of an
organism to process and cope with a variety of stressors. In this
regard, it would be of interest to investigate whether the quality of
maternal care influences neurosteroids levels and their actions in
the developing brain. The proposal that extrasynaptic δ-GABAARs
may mediate some of the physiological actions of neurosteroids
may be relevant in this respect (Maguire and Mody, 2009). Thus,
a recent study has indicated maternal care to be compromised
in mice lacking the δ subunit (δ0/0 mice – Maguire and Mody,
2008). Moreover, genetic inactivation of this subunit blunts the
anxiolytic actions of neurosteroids in an acute stress challenge
paradigm in adult mice (Mihalek et al., 1999). Collectively, these
findings raise the intriguing prospect that early life stress may
encode long-lasting changes in network function, contributing to
the loss of the anxiolytic action of neurosteroids in adult δ0/0 mice.
Consistent with this suggestion, the output of neuroendocrine par-
vocellular neurons of the hypothalamic PVN is insensitive to the
inhibitory actions of the neurosteroid 5α3α-THPROG in neonatal
(PN18–P24) mice lacking the δ subunit cf wild type counterparts
(Gunn et al., 2010). However, complicating the interpretation of
these findings, δ-GABAAR are not expressed in the PVN (Wisden
et al., 1992; Gunn et al., 2010). This observation suggests that these
receptors are unlikely to be the direct molecular target of 5α3α-
THPROG within the PVN and caution should be exercised when
directly implicating δ-GABAARs in the actions of neurosteroids
based upon δ “knock out” studies.

In contrast to long periods of maternal separation, short
episodes (∼15 min) induce a neuroendocrine plasticity that is
characterized by reduced stress responses (Plotsky and Meaney,
1993; Avishai-Eliner et al., 2001), enhanced resilience to depressive
behaviors (Meaney et al., 1991), and improved learning and mem-
ory function (Fenoglio et al., 2005). Augmented maternal care in
the early postnatal period (PN 2–P8), results in reduced levels of
CRH expression within the PVN during adulthood. Interestingly,
this effect was associated with a reduction in glutamatergic inner-
vation of neuroendocrine parvocellular neurons during postnatal
development and the increased expression of the transcription
repressor neuron-restrictive silencer factor (NRSF), an adapta-
tion maintained through to adulthood (Korosi et al., 2010). Thus,
the reduced glutamatergic excitation in the postnatally develop-
ing PVN may be important in initiating the reprogramming of
CRH expression, possibly via the induction of genomic and epi-
genetic modifications, which, in turn, would result in increased
stress resilience in later life (Korosi et al., 2010). Whether limbic
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and forebrain stress centers exhibit similar adaptations deserves
further investigation as alterations in the neuronal architecture
of these brain structures could significantly amplify individual
stress vulnerability, or resilience. Moreover, epigenetic adaptations
resulting from specific mother–pup interactions have the poten-
tial to be transmitted across subsequent generations to impact on
their susceptibility to stress exposure (Weaver et al., 2004; Tsankova
et al., 2007; Murgatroyd et al., 2009; Brunton and Russell, 2011;
Curley et al., 2011).

In agreement with animal models of postnatal stress, studies
in human subjects have revealed that early stress has a signifi-
cant negative impact upon brain development and function in
children, which may predispose individuals to develop affective
disorders in adulthood (reviewed in Repetti et al., 2002; McEwen,
2003). Specifically, the timing and severity of early life stress has
been postulated to induce pathophysiological alterations within
the CNS that increases the stress vulnerability of individuals, pre-
disposing them to psychiatric disorders in later life (McGowan
et al., 2009; Neigh et al., 2009). Consistent with this proposal, epi-
genetic reductions in hippocampal glucocorticoid feedback have
been associated with childhood abuse and increased risk of suicide
(McGowan et al., 2009), an effect that is analogous to alterations
in hippocampal GR expression in rats exposed to low quality of
maternal care (Weaver et al., 2004).

Whether in humans early life stress induces alterations of neu-
rosteroid levels, similar to those described for a variety of animal
models is currently not known, but if so they may be of patho-
logical relevance. Indeed, normalization of such levels may be
therapeutically beneficial in a manner similar to that reported
for depressed patients (Uzunov et al., 1996). In this respect, the
recent demonstration that XBD173 stimulates the synthesis of
GABAAR-active steroids and in humans this drug acts as an effec-
tive anxiolytic, suggests that novel therapeutic strategies for the
treatment of early stress-related disturbances may be possible
(Rupprecht et al., 2009).

REGULATION OF NEUROSTEROID SYNTHESIZING ENZYMES;
A ROLE FOR GLUCOCORTICOIDS AND NEUROPEPTIDES?
Although acute stress rapidly elevates brain neurosteroid levels in
rodents (Purdy et al., 1991), the mechanism(s) by which a stressor
induces neurosteroidogenesis is currently unknown. Indeed, rel-
atively little is known regarding the mechanisms responsible for
regulating the activity of steroid synthesizing enzymes and trans-
porters such as TSPO, 5α-reductase, and 3α-HSD within the CNS.
However, a recent study indicates that NMDA receptor activation
can rapidly (within 5 min) increase the levels of neurosteroids
in hippocampal CA1 neurons (Tokuda et al., 2011), possibly sig-
naling via p38 mitogen-activated protein kinase (MAPK), neu-
ronal nitric oxide synthase (nNOS), and calcineurin (Izumi et al.,
2008; Figure 1). Additionally, certain steroid hormones, e.g., cor-
ticosterone and estrogen, as well as the neuropeptide CRH, can
modulate the levels of endogenous neurosteroids in a gender and
steroid-specific manner (Torres et al., 2001; Mitev et al., 2003).
For example, Mitev et al. (2003) have reported corticosterone to
increase 3α-HSD expression in both genders. In contrast, proges-
terone, a precursor of 5α3α-THPROG had no effect upon 3α-HSD
expression in either gender, indicating that the activity of 3α-HSD

is not simply correlated with substrate levels. These observa-
tions suggest that following stress exposure, the resultant elevated
corticosterone levels may increase 3α-HSD expression and conse-
quently, increase the levels of neurosteroids probably via classical
genomic mechanisms. However, glucocorticoids can additionally
exert rapid, non-genomic effects in a number of stress-related
brain structures (Tasker and Herman, 2011), and such actions may
contribute to curtailing HPA activity (Tasker and Herman, 2011).
The molecular mechanism of rapid glucocorticoid signaling, and
the impact of this steroid hormone upon neuronal excitability
appears to be brain region, neuron, and even synapse specific (Di
et al., 2003, 2005, 2009; Karst et al., 2005, 2010; Tasker and Herman,
2011). For example, in magnocellular neurons of the supraoptic
nucleus (SON) and PVN, glucocorticoids activated divergent G-
protein signaling pathways to inhibit and increase the release of
glutamate and GABA respectively, in a synapse-specific manner
(Di et al., 2009). Glucocorticoid-induced endocannabinoid syn-
thesis and retrograde signaling specifically inhibited glutamate
release, while an enhanced GABA release has been associated
with the rapid stimulation of nitric oxide (NO) synthesis (Di
et al., 2009). Rapid glucocorticoid effects are dependent upon
G-protein and protein kinase activation as endocannabinoid syn-
thesis results from Gαs-induced production of cAMP and the
subsequent activation of PKA, whereas the activated Gβγ dimer
leads to activation of nNOS and NO synthesis. Whether such sig-
naling pathways can stimulate neurosteroidogenesis is currently
unknown, although the recent report that NMDA receptor acti-
vation stimulated neurosteroidogenesis via similar downstream
signaling pathways (i.e., MAPK, nNOS; Tokuda et al., 2011) sug-
gests the possibility of an analogous scenario (Figure 1). Further-
more, it is plausible that the impact of an NO-induced increase in
GABA release upon the inhibitory tone exerted on hypothalamic
magnocellular neurons could be further amplified by neurosteroid
potentiation of GABAAR function. Indeed, neurosteroids, such as
5α3α-THPROG, acting at presynaptic GABAARs, typically cause
an increase in synaptic transmission (Haage et al., 2002; Uchida
et al., 2002; Ruiz et al., 2010) due to the excitatory actions of
GABA on presynaptic terminals (Kullmann et al., 2005; Szabadics
et al., 2006; Trigo et al., 2008). Thus, following a stressful challenge,
locally produced neurosteroids may potentially modulate synaptic
transmission via actions at both pre- and postsynaptic GABAARs
(Figure 2C).

Intriguingly, in rodents both CRH and ACTH elevate the
brain and plasma levels of 5α3α-THPROG (Torres et al., 2001).
Similarly, in humans plasma levels of this neurosteroid were
elevated following CRH administration (Bernardi et al., 2000).
These observations are consistent with the proposal that neu-
rosteroids may be implicated in curtailing HPA axis activity.
Although it is unclear whether CRH directly stimulates neu-
rosteroid synthesis (see below on Neurosteroids and Ethanol),
a growing body of evidence indicates that CRH and its related
peptides (i.e., the urocortins) have extra-hypothalamic molecular
targets and, for example, may modulate synaptic transmission in
stress–sensitive regions such as the CeA, mPFC, and BST (Swan-
son et al., 1983; Bale and Vale, 2004; Gallagher et al., 2008).
Thus, it is conceivable that CRH-induced neurosteroidogenesis
may influence neurotransmission in a number of limbic and
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forebrain structures that are important for the processing of stres-
sor information. Moreover, the notion of a physiological role for
CRH-induced neurosteroidogenesis is further supported by the
observation that downstream G-protein coupled signaling path-
ways (e.g., MAPK) associated with activation of CRH systems have
already been implicated in neurosteroidogenesis (Tokuda et al.,
2011; Figure 1).

Interestingly, the dendritic release of various neuropeptides
within the hypothalamus has been proposed as an important
mechanism in the functional reorganization of neuronal networks
(Ludwig and Leng, 2006) and may be involved in the coupling of
the hypothalamic neurohypophysial system and the HPA axis dur-
ing periods of stress (Engelmann et al., 2004). It is conceivable that
other neuropeptides such as oxytocin, AVP, and neuropeptide Y
(NPY), are similarly capable of stimulating or, indeed, inhibiting
neurosteroid synthesis. How these neuromodulators may influ-
ence the coupling of neuronal networks thus warrants further
investigation.

Neuropeptides may not only influence the de novo synthesis of
3α-reduced steroids, but can additionally dynamically modulate
the neurosteroid sensitivity of GABAARs by changing the phos-
phorylation state of the receptor, or associated proteins. For exam-
ple, in magnocellular neurons of the SON, synaptic GABAARs,
while steroid-sensitive during pregnancy, become insensitive to
5α3α-THPROG 24 h after parturition (Brussaard et al., 1997). This
dynamic shift in the pharmacology of the receptor, appeared to be
caused by an oxytocin-induced change in the relative activity of
endogenous phosphatases and PKC, acting to blunt the sensitivity
of GABAARs to the progesterone metabolite (Koksma et al., 2003).
Given that neuropeptide receptors share similar G-protein coupled
signaling pathways, CRH, NPY, and AVP also have the potential to
modulate GABAAR neurosteroid sensitivity. The physiological sig-
nificance of such a scenario has not been explored, although such
studies will be complex as the impact of phosphorylation upon
neurosteroid sensitivity of GABAARs is both kinase and neuron-
specific (Fancsik et al., 2000; Brussaard and Koksma, 2003; Harney
et al., 2003).

NEUROPEPTIDES, NEUROSTEROIDS, AND REWARD
PATHWAYS
There may be a reciprocal relationship between processing stress
and reward information within the brain, as several common brain
structures are critically involved in their regulation. Thus, for
example, the extended amygdala [comprising the BST, the CeA,
and the posterior nucleus accumbens (NAc) shell], may mediate
many of the motivational effects of opposing processes (i.e., the
hedonic positive and negative emotional states that occur at dif-
ferent stages of drug taking), associated with drug dependence
(Koob and Le Moal, 2001). Interestingly, as noted above, the BST
influences HPA activity via projections to the PVN and appears to
be an important structure involved in the integration of stress-
related information originating in limbic and forebrain inputs
(Ulrich-Lai and Herman, 2009). In animal models, acute admin-
istration of drugs of abuse causes activation of the HPA axis, an
effect believed to facilitate drug reward by enhancing the activity
of brain motivational circuits, resulting in the acquisition of drug-
seeking behavior (reviewed in Koob, 2008). In contrast, the HPA

response to drugs of abuse becomes blunted following repeated
administration (Rasmussen et al., 2000; Semba et al., 2004), as high
levels of glucocorticoids may feedback to negatively regulate the
HPA axis (de Kloet et al., 2005; Koob, 2008). Additionally, elevated
glucocorticoid levels associated with repeated HPA axis activation
can “sensitize” extra-hypothalamic CRH systems (e.g., CeA) and
norepinephrine (NE) systems in the BLA, known to be involved
in behavioral responses to stressor exposure (Swanson and Sim-
mons, 1989; Imaki et al., 1991; Makino et al., 1994). As activation
of these extra-hypothalamic stress–sensitive targets characterizes
the withdrawal/negative affect stage of addiction, their dysregu-
lation may underpin at least some of the behavioral responses
associated with chronic drug treatment and withdrawal (Koob
and Kreek, 2007; Koob and Zorrilla, 2010). In agreement, sub-
stantial evidence indicates that extra-hypothalamic CRH systems
are activated during the development of dependence from ethanol
and other drugs of abuse (Koob, 2008). Furthermore, a number
of other anxiogenic (e.g., NE, dynorphin, orexin, AVP) and anx-
iolytic (NPY) neuropeptides have similarly been associated with
the transition to, and maintenance of, drug dependence (reviewed
in Koob, 2008).

As CRH administration induces an increase in the brain lev-
els of 5α3α-THPROG, endogenous neurosteroids may not only
be involved in regulating the activity of the HPA axis, but, given
the close association of the stress and reward systems, they may
additionally act as important modulators of the reward circuitry.
Indirect support for a close association between stress and reward
systems, comes from the clinical studies of drug addiction and
major depression. Thus, Enoch et al. (2010) have recently reported
an increased propensity particularly to cocaine addiction to seg-
regate with specific polymorphisms of the GABAAR α2 subunit
only when associated with a previous history of early life stress.
Further, deep brain stimulation of the NAc significantly improved
clinical ratings of anhedonia, an inability to gain pleasure from
previously pleasurable activities, in patients suffering from forms
of depression resistant to pharmacological treatment (Schlaepfer
et al., 2008) thus, suggesting a dysfunction of the reward circuitry.
Interestingly, 5α-reductase is present in the NAc and the expression
of this enzyme is known to be sensitive to acute stress (i.e., swim
stress) in the mPFC (Sánchez et al., 2008) and to early chronic
psychosocial stress in both the mPFC and NAc (Bortolato et al.,
2011), suggesting that it may play a physiological role in both brain
regions (Bortolato et al., 2011). In support, 5α3α-THPROG influ-
ences dopamine efflux in the NAc (Motzo et al., 1996; Rouge-Pont
et al., 2002). Furthermore, the systemic administration and intra-
accumbal infusion of 5α3α-THPROG in OVX rats significantly
reduced the immobility time in the forced swim test, an animal
model of depression (Molina-Hernandez et al., 2005).

Collectively, these findings are consistent with the proposal
that the NAc may be an important site in mediating the putative
antidepressant actions of neurosteroids. Moreover, the stress–
protective actions of neurosteroids may contribute to such an
effect as the NAc innervates several important stress-related brain
structures including the BST, mPFC, BLA, in addition to several
hypothalamic nuclei (Ulrich-Lai and Herman, 2009).

A significant body of work has investigated a possible relation-
ship between neurosteroids acting at the GABAAR and ethanol.
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Thus, in the final section we will specifically focus on the putative
role of neurosteroids in the actions of alcohol.

ETHANOL AND NEUROSTEROIDS
Neurosteroids have been proposed as important mediators of
ethanol sensitivity and dysregulation of ethanol-induced neu-
rosteroidogenesis has been associated with an increased risk of
alcoholism (Morrow et al., 2006). Thus, a number of studies have
indicated that increased neurosteroidogenesis within the brain
contributes to some of the behavioral and electrophysiological
actions associated with ethanol administration (VanDoren et al.,
2000; Khisti et al., 2003; Sanna et al., 2004; Morrow et al., 2006;
Izumi et al., 2007; Boyd et al., 2010; Figure 1). For example, acute
ethanol treatment in CA1 pyramidal cells has been reported to
stimulate neurosteroid synthesis, resulting in an increase in the
peak amplitude and a prolongation of the decay time course
of mIPSCs recorded from these neurons (Sanna et al., 2004).
Moreover, acute ethanol (60 mM) completely blocked LTP in
rat hippocampal slices, an effect attenuated by inhibition of 5α-
reductase by finasteride, or by the neurosteroid sequestering agent,
γ-cyclodextrin (Izumi et al., 2007; Tokuda et al., 2011). These
observations implicate neurosteroidogenesis in the suppression of
LTP by ethanol. Additionally, acute ethanol application increases
the frequency of mIPSCs recorded from CA1 pyramidal neurons.
However, in contrast to the ethanol effect upon mIPSC kinetics,
this action is not mimicked by a neurosteroid precursor (prog-
esterone) or by CP34 a TSPO “agonist,” suggesting this apparent
presynaptic effect of ethanol to be independent of neurosteroid
production (Sanna et al., 2004). A similar presynaptic effect of
ethanol occurs in the cerebellum (Carta et al., 2004) and amyg-
dala (Roberto et al., 2003; Nie et al., 2004). Interestingly, in the
latter this effect appears to be mediated by the activation of CRH
receptor 1 (CRH R1; Nie et al., 2004).

A role for CRH in ethanol actions is consistent with evi-
dence from animal models demonstrating the activation of extra-
hypothalamic CRH systems in the development of alcohol depen-
dence (Heilig and Koob, 2007; Koob, 2008), although whether
the effects of ethanol in the hippocampus involve CRH is not
known. As noted above, CRH also increases neurosteroid levels,
although the specific mechanisms underpinning such an action
are not fully elucidated (Torres et al., 2001). Interestingly, PKC,
and in particular the PKCε isoform, appears to be an impor-
tant mediator of CRH and ethanol-induced GABA release in
the CeA (Bajo et al., 2008). Additionally, this enzyme influences
the sensitivity of GABAARs to neurosteroids (Hodge et al., 1999;
Fancsik et al., 2000; Brussaard and Koksma, 2003; Harney et al.,
2003). Thus, a PKC-induced reduction in the neurosteroid sensi-
tivity of GABAARs (Brussaard and Koksma, 2003; Harney et al.,
2003 but see Fancsik et al., 2000) following ethanol administra-
tion has been suggested to contribute to an increase in alcohol
consumption as a consequence of the reduced neurosteroid sen-
sitivity (Morrow et al., 2006, also see below). However, the rela-
tionship between alcohol intake and neurosteroids is complex,
being both context and dose-related. Thus, for example, low doses
of 5α3α-THPROG increased while high doses reduced alcohol
intake in C57 mice (Ford et al., 2005). Equally, the progesterone
metabolite reduced alcohol intake in alcohol-dependent rodents,

while promoting ethanol consumption in non-dependent animals
(Morrow et al., 2001). Moreover, tolerance to the ethanol-induced
increase in neurosteroid levels developed in alcohol-dependent
animals (Khisti et al., 2005) and this adaptation may contribute to
the excessive alcohol consumption in such animals (reviewed in
Morrow et al., 2006). Conversely, heightened ethanol sensitivity,
associated with increased neurosteroid levels has been suggested
to prevent excessive alcohol consumption (Morrow et al., 2006).
Thus, restoration of ethanol sensitivity may have a therapeu-
tic advantage for the treatment of alcohol dependence, but this
remains to be tested in humans.

Interestingly, in addition to CRH, other anxiogenic neuropep-
tides have been consistently implicated in the development of
alcohol dependence (Heilig and Koob, 2007). Thus, the poten-
tial of these neuropeptide signaling systems to influence neu-
rosteroidogenesis during the development of alcohol and indeed,
other types of drug dependence, deserves further investigation. An
improved understanding of how neurosteroids and neuropeptide-
mediated signaling systems interact at different levels of the neu-
roaxis may provide insights into the pathology of not only alcohol
dependence, but also that of other drugs of abuse.

SUMMARY AND CONCLUSION
Since the seminal finding that mild stress elevates brain levels of
neurosteroids in rodents (Purdy et al., 1991), a growing body of
evidence has implicated GABAAR-active neurosteroids as impor-
tant mediators of the complex neuronal adaptations underpinning
the response to acute and chronic stress challenges. Moreover,
neurosteroids may represent important but overlooked molecular
players of the early programming of the stress response.

Converging data from the clinic and from animal models
indicates a close association between early life stress experiences
and the development of highly debilitating psychiatric conditions
including anxiety disorders, depression, and drug addiction. Of
relevance to neurosteroids, the impairment of brain signals medi-
ated by GABAARs is associated with early life adversities. However,
the contribution made by these potent, endogenous, GABAAR
modulators to the pathophysiology of these psychiatric conditions
is only now beginning to emerge. This realization is being comple-
mented by a better understanding of the role neurosteroids play
during early neuronal development and of their involvement in
the programming of the stress response. Collectively, this research
suggests that neurosteroids, or drugs that influence neurosteroid
synthesis, may offer a novel therapeutic approach to the treatment
of stress-related disturbances.

Many psychiatric disturbances have a recognized mixed genetic
and environmental basis such that a genetic predisposition does
not always imply an abnormal phenotype in the absence of signifi-
cant environmental challenges, e.g., early life stress. As an example,
polymorphisms of the GABAAR α2 subunit, a protein that is highly
expressed in stress-related neuronal circuits, confer susceptibility
to cocaine addiction, but only when these genetic abnormalities
are coincident with previous traumatic early life stress experiences
(Enoch et al., 2010). Although enzyme expression and function
is known to be sensitive to epigenetic regulation, the molecu-
lar mechanisms governing the neuron-selective expression and
function of the neurosteroid enzymatic machinery are still poorly
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understood. Significant advances in this field of research and
the development of neurosteroid-based therapeutic strategies will
require such mechanisms to be elucidated together with a better
understanding of their sensitivity to environmental influences.
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Steroid hormone, progesterone, modulates neuroendocrine functions in the central ner-
vous system resulting in alterations in physiology and behavior. These neuronal effects
are mediated primarily by intracellular progestin receptors (PRs) in the steroid-sensitive
neurons, resulting in transcription-dependent genomic actions (classical mechanism). In
addition to progesterone, intracellular PRs can also be activated in a “ligand-independent”
manner by neurotransmitters, peptide growth factors, cyclic nucleotides, and neuros-
teroids. Recent studies indicate that rapid, non-classical progesterone actions involving
cytoplasmic kinase signaling and/or extranuclear PRs can result in both transcription-
independent and transcription-dependent actions. Cross-talk between extranuclear and
classical intracellular signaling pathways promotes progesterone-dependent behavior in
mammals. This review focuses on the mechanisms by which progesterone-initiated sig-
naling mechanisms converge with PRs in the brain to modulate reproductive behavior in
female rodents.

Keywords: progesterone, progestin receptors, dopamine, non-classical, signaling, cross-talk

INTRODUCTION
Ovarian steroid hormones, estradiol (E2) and progesterone (P)
regulate cellular functions in the central nervous system resulting
in alterations in reproductive physiology and behaviors in vari-
ous species (Young, 1969; Pfaff, 1980; Blaustein and Olster, 1989;
Meisel et al., 1990; Pfaff et al., 1994; Blaustein and Mani, 2007;
Mani and Portillo, 2010). In addition to reproduction, P plays a
role on other biological functions including aggression, maternal
behavior, learning and memory, mood, and sexual differentiation
(Fraile et al., 1987; Meisel et al., 1990; Flood et al., 1992; Vallee
et al., 1997; Wagner et al., 1998; Numan et al., 1999; Bloch et al.,
2000; Wagner, 2006; Dreher et al., 2007). While P-initiated mecha-
nisms contributing to these physiological effects are actively being
investigated, a wide body of literature exists on P action in repro-
ductive behavior in female rodents. Reproductive behavior can
be manipulated in a predictable fashion by sequential treatment
of E2 and P to an ovariectomized female rodent (Young, 1969;
Pfaff, 1980; Feder, 1984). This behavior can be measured with
a high degree of validity and reliability, and has remained the
model of choice for investigations of mechanisms of P action in
the brain.

NEURAL PROGESTIN RECEPTORS AND CLASSICAL
MECHANISM OF PROGESTERONE ACTION
Although diverse cellular mechanisms have been ascribed to the
P action in the brain, the primary mechanism involves its inter-
action with E2-induced, intracellular progestin receptors (PRs),
which function as transcriptional factors, regulating the expres-
sion of genes and genomic neural networks to initiate, and/or
sustain physiological response (Blaustein and Olster, 1989; Pfaff
et al., 1994). PRs undergo significant conformational change
upon binding by progesterone, leading to their nuclear translo-
cation, dimerization, and DNA binding (Tsai and O’Malley, 1994;

O’Malley et al., 1995; Mani and O’Malley, 2002). When bound to
DNA, PRs interact with basal transcriptional machinery, assisted
by coactivator molecules to initiate chromatin remodeling (Hor-
witz et al., 1996; Katzenellenbogen et al., 1996; McKenna et al.,
1999). Phosphorylation of the coactivators also plays a cru-
cial role in the activation of steroid receptors (Rowan et al.,
2000b).

This classical, genomic P action mediated by PRs has a delayed
onset and is a protracted process. Temporal and functional correla-
tion studies support this delayed action paradigm and suggest that
PRs function as transcriptional mediators to regulate target gene
transcription and affect the neural networks involved in the con-
trol of female reproductive behavior (Pfaff et al., 1994, 2002). The
time course of activation and termination of sexual behavior par-
allels E2-induced increase and decline in PRs in the ventrolateral
region of the ventromedial hypothalamus (VMH) and the preoptic
area (POA) of the brain (Dempsey et al., 1936; Blaustein and Feder,
1980; Parsons et al., 1980; Rubin and Barfield, 1983; Brown et al.,
1987). Studies using PR antagonists, protein and RNA synthe-
sis inhibitors, antisense oligonucleotides to PR, and mutant mice
with targeted deletion of PR gene have highlighted the involve-
ment of PR-mediated genomic mechanism in the mediation of
P-facilitated reproductive behavior (Whalen, 1974; Rainbow et al.,
1982; Meisel and Pfaff, 1984, 1985; Pollio et al., 1993; Mani et al.,
1994c, 1996; Ogawa et al., 1994).

A role for steroid receptor coactivators (SRCs) in PR-mediated
female reproductive behaviors has also been reported. Using anti-
sense oligonucleotides for SRC-1 and cAMP response element
binding protein (CBP), Molenda et al. (2002) and Molenda-
Figueira et al. (2006) demonstrated the requirement of both
the coactivators in P-facilitation of female reproductive behavior.
Apostolakis et al. (2002) have demonstrated a role for SRC-2 in the
PR-mediated female reproductive behavior. Interestingly, a strong
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association between PRs and coactivators, SRC-1 and SRC-2, has
been demonstrated using pull down assays (Molenda-Figueira
et al., 2008; Yore et al., 2010). In addition to the hypothalamus,
coactivators are also expressed in various regions of the brain,
including the hippocampus, amygdala, and dentate gyrus (Ogawa
et al., 2001; Yore et al., 2010).

Multiple PR isoforms have been reported in various P-sensitive
tissues and are a result of transcription from different translational
sites from a single PR gene (Conneely et al., 1989; Kastner et al.,
1990; Kraus et al., 1993). Two major isoforms, PR-A and PR-B,
have been reported in the rat brain. PR-B is a full-length protein
consisting of 933 amino acids, while PR-A lacks 165 amino acids
in the N-terminus. The isoforms have differential expression pat-
terns and are regulated in a region-specific manner in the brain
(Mani et al., 2006; Mani, 2008). Studies in mice in which PR-A
and PR-B have been mutated have established a critical role for
PR-A isoform in the P-facilitation of female reproductive behav-
ior in female mice (Mani et al., 2006). The studies also suggested
that PR-A isoform was necessary, but not sufficient, to mediate
the full magnitude of the behavioral response in the absence of
PR-B isoform (Mani et al., 2006). Interestingly, using antisense
oligonucleotides to PR isoforms, Guerra-Araiza et al. (2009) report
that PR-B was sufficient for P-facilitation of lordosis response in
female rats. Furthermore, antisense oligonucleotides to PR-B or
PR-A + PR-B combination inhibited not only P, but also its ring-
A reduced metabolite 5α-pregnan-3, 20-dione (5α-DHP)-, and 5β,
3β-pregnan-20-one (5β, 3β-Pgl)-facilitated lordosis in E2-primed
female rats (Guerra-Araiza et al., 2009). These reports suggest the
critical importance of PR in general, and PR-B isoform in specific,
in P metabolite-facilitated female receptive behavior in rats.

Progesterone also plays a role in the termination of sexual
behavior during estrous cycle (Sodersten and Hansen, 1977, 1979;
Sodersten and Eneroth, 1981) and pregnancy (Baum et al., 1979).
Rats, hamsters, guinea pigs, and mice, become refractory to repro-
ductive behavior, upon further stimulation by the administration
of P or by E2 and P (Dempsey et al., 1936; Goy et al., 1966;
Carter et al., 1976; Blaustein and Wade, 1977; Morin, 1977; Baum
et al., 1979; Fadem et al., 1979; Blaustein, 1982a; Fabre-Nys and
Gelez, 2007). This effect is generally referred to as postestrous-
refractoriness (Morin, 1977) or sequential inhibition (Blaustein
and Wade, 1977; Blaustein and Feder, 1979b) of P, is believed
to limit the duration of behavioral estrus and is thought to
occur due to P-dependent down-regulation of PRs (Blaustein and
Wade, 1977; Blaustein and Feder, 1979b; Blaustein, 1982a). The
hyposensitivity to P during this period could be attributable to the
inadequate accumulation of occupied nuclear PRs, in response
to P (Blaustein and Feder, 1979a, 1980). Administration of high
pharmacological dose of P, not only re-instated P responsiveness,
but also resulted in an increase in P-occupied hypothalamic PRs
(Blaustein, 1982b). Furthermore, pharmacological agents that pre-
vent degradation of the PRs by inhibiting 26S proteosome activity,
not only stabilized the concentration of PRs within the hypothal-
amus and POA, but also prevented the P-induced refractoriness
in female rats, confirming that the behavioral refractoriness is
causally related to the down-regulation of PRs (Gonzalez-Flores
et al., 2004, 2008; Etgen et al., 2006; Gomez-Camarillo et al.,
2011).

NON-CLASSICAL MECHANISMS OF PROGESTERONE ACTION
While genomic effects characterized by a delayed onset have tradi-
tionally been assumed to be the primary pathway for progesterone
action in the brain, recent studies suggest the involvement of
“non-classical” mechanisms of progesterone action. These non-
classical short-latency effects of progesterone widely affect cell
functioning, through modulation of putative cell surface recep-
tors, ion channels, and mechanisms coupled to cytoplasmic second
messenger signaling cascades, independent of gene transcription
(Schumacher et al., 1999; Beyer et al., 2003; Leonhardt et al.,
2003; Boonyaratanakornkit et al., 2008). Extranuclear rapid and
transient activation has been demonstrated to involve mitogen-
activated protein kinase (MAPK), independent of PR transcrip-
tional activity in mammalian cells in vitro (Migliaccio et al., 1998;
Boonyaratanakornkit et al., 2001). P signaling mediated by G pro-
tein βγ subunits have been shown to activate the downstream
MAPK cascade during meiotic progression in Xenopus oocytes,
demonstrating a biologically important role for G proteins in non-
classical signaling (Blackmore, 1998; Ferrell and Machleder, 1998;
Ferrell, 1999; Lutz et al., 2000). Rapid effects of steroid hormones
have also been demonstrated on the release of LHRH (Ramirez
et al., 1990), dopamine and acetylcholine (Meiri, 1986), release of
excitatory amino acids (Smith et al., 1987), and changes in neu-
ronal activity (Kelly et al., 1977a,b; Havens and Rose, 1988). In
addition to P, several of its ring-A reduced metabolites have been
shown to facilitate lordosis response in ovariectomized, E2-primed
female rats via activation of MAPK pathway (Gonzalez-Flores
et al., 2004, 2009). Others and we have reported the involve-
ment of at least four extranuclear kinase systems, protein kinase A
(PKA), protein kinase C (PKC), calcium and calmodulin kinase II
(CaMKII), and protein kinase G (PKG) in the rapid P effects in the
VMH and POA of the female rat (Beyer and Gonzalez-Mariscal,
1986; Petitti and Etgen, 1989, 1990; Schumacher et al., 1990; Kow
et al., 1994; Chu and Etgen, 1997; Chu et al., 1999; Gonzalez-Flores
et al., 2006; Balasubramanian et al., 2008a,b). Since the initiation
of these non-classical effects occurs rapidly (in seconds or min-
utes) and is triggered at the membrane surface, the classical model
of nuclear PR-mediation is inadequate to account for these effects.

MEMBRANE RECEPTORS UNRELATED TO CLASSICAL PRs
Recent evidence suggest the involvement of two types of novel
membrane proteins unrelated to classical PRs, progesterone mem-
brane receptor component 1 (PGMRC1) and progesterone mem-
brane receptors (mPRs), in P signaling in several reproductive
tissues and in the brain. PGMRC1, unrelated to the classical PR,
was originally isolated from porcine liver membranes (Falkenstein
et al., 1996, 1998; Meyer et al., 1996; Gerdes et al., 1998). Expres-
sion of 25-Dx, a homologous protein in rat (Selmin et al., 1996)
was shown to be upregulated by E2 and down regulated by P in
the VMH of female rat (Krebs et al., 2000). The functional role of
this protein and its downstream signaling pathway remains to be
established.

The mPRs (Mw ∼40 kDa), initially discovered in teleost ovaries,
are G protein coupled receptors (GPCRs) that belong to the
seven-transmembrane adiponectin Q receptor (PAQR) family, and
comprise of at least three subtypes, α, β, and γ.The mPRs local-
ize to the plasma membrane, bind progesterone with high affinity
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(K d ∼5 nM) and are involved in progesterone-mediated induc-
tion of sea trout meiotic maturation (Zhu et al., 2003a,b) and
sperm motility (Tubbs and Thomas, 2008). mPRs are directly
coupled to G proteins and activate pertussis-sensitive inhibitory
proteins (Gi/o), to down-regulate adenylyl cyclase activity (Thomas
et al., 2007). Human analogs of the mPRs, when expressed in
human breast cancer cells, which lack classical PRs, mediate a
rapid and transient P-mediated activation of MAPK, and inhi-
bition of cAMP production. Endogenous mPRα and mPRβ in
human myometrium was also shown to mediate inhibition of
cAMP and to increase myosin light chain phosphorylation result-
ing in myometrial contraction (Karteris et al., 2006). Progestin
upregulation of mPR has been reported to potentiate classical
PR-B transactivation by a mechanism involving Gi proteins and
a reduction in SRC-2 coactivator levels, suggesting a cross-talk
between the membrane and nuclear PRs (Karteris et al., 2006).
Sleiter et al. (2009) have reported the presence of mPRα and mPRβ

message in the medial basal hypothalamus and their involvement
in the negative feedback effects of P on gonadotropin releasing
hormone (GnRH) secretion. Using the PR knockout mice and
GT1-7 cells, the authors demonstrated that these mPR-mediated
P effects inhibit cAMP accumulation (via Gi) and are independent
of the classical nuclear PR isoforms, PR-A and PR-B.

LIGAND-INDEPENDENT ACTIVATION OF PRs
Studies in the past decades have demonstrated that PRs can be
activated by factors other than P (ligand-independent activa-
tion). A number of second messenger molecules, including 3′-5′-
cyclic adenosine monophosphate (cAMP), 3′-5′-cyclic guanosine
monophosphate (cGMP), nitric oxide (NO), and neurotransmit-
ters have been shown to substitute for P in the facilitation of
reproductive behavior in female rats (Mani et al., 1994a,b; Chu
and Etgen, 1997; Gonzalez-Flores et al., 2009). Inhibition of MAPK
signaling pathway results in reduction of P, dibutyryl-cAMP (db-
cAMP)-, prostaglandin E2 (PGE2)-, or GnRH-facilitated female
reproductive behavior in rats (Gonzalez-Flores et al., 2008). These
studies suggest the involvement of multiple signal transduction
pathways in female reproductive behavior.

Over the past several years, studies from our laboratory
have demonstrated that in addition to P, the neurotransmitter
dopamine (DA) can activate neural PRs to facilitate reproduc-
tive behavior (Mani et al., 1994a,b,c). Using PR antagonists,
antisense oligonucleotides and null mutants for PRs, we demon-
strated a critical requirement of classical PRs as transcriptional
mediators in the cross-talk between P and DA-initiated path-
ways in the facilitation of female sexual receptive behavior (Mani
et al., 1994a,b,c, 1996). Studies from our laboratory also demon-
strated that the DA-initiated second messenger signaling cascade
involves the activation of PKA and neuronal phosphoprotein,
dopamine and 3′-5′cyclic adenosine monophosphate (cAMP)-
regulated phosphoprotein-32 (DARPP-32), leading to the alter-
ations in the phosphorylation dynamics and activation of PRs
and/or its coregulators in the hypothalamus (Mani et al., 1996,
2000, 2006; Mani, 2006). Interestingly, using PR-A and PR-B
mutant mice Mani et al. (2006) demonstrated that both PR-A
and PR-B isoforms are essential for the expression of the full
complement of DA-facilitated female reproductive behavior.

Ligand-independent activation of PRs has also been observed
in behaviorally relevant stimuli such as the vaginal–cervical stim-
ulation (VCS; Auger et al., 1996, 1997). Administration of the
progesterone antagonist RU38486 to estradiol-primed female rats
blocked sexual receptive responses to mating stimuli by VCS or
mounting by a male rat, suggesting that the somatosensory infor-
mation provided by the either of the stimuli could be due to ligand-
independent activation of PRs. Induction of the immediate early
gene (IEG)“Fos”was reduced in PR-rich areas like the medial POA
and ventromedial nucleus of the hypothalamus upon RU38486
treatment (Auger et al., 2000). Based on PR immunostaining stud-
ies, Auger et al. (2000) suggest that PRs could be activated differ-
entially by progesterone-dependent or progesterone-independent
mechanisms, possibly leading to different neuronal consequences.

While the precise mechanism of ligand-independent activation
of PRs has remained elusive, several studies suggest the involve-
ment of PR phosphorylation in this mechanism. PKA inhibitors
inhibit PR activation, suggesting that PR-mediated transcription
could be modulated by phosphorylation of PR or other proteins
in the transcription complex (Denner et al., 1990a,b; Rowan et al.,
2000a,b). Growth factor-initiated signaling pathways (EGF and
heregulin) enhance phosphorylation of PRs on distinct amino
acids (Hagan et al., 2011). Enhanced phosphorylation can result
in rapid nuclear translocation of unliganded PRs and nuclear
export of liganded PRs, suggesting that kinase signaling could
regulate PR nuclear sequestration, by altering nucleo-cytoplasmic
shuttling (Labriola et al., 2003; Qiu and Lange, 2003; Qiu et al.,
2003). PR sequestration in the nucleus protects inactive and active
PRs from degradation by the 26S proteosome pathway (Qiu and
Lange, 2003; Qiu et al., 2003). Activated calcium-dependent kinase
2 (Cdk2) mediates transcriptional activation of PR by phos-
phorylating Ser400 moiety in the PR in a ligand-independent
manner (Pierson-Mullany and Lange, 2004). Furthermore, cAMP-
dependent activation of PR does not involve direct phosphoryla-
tion of PR, but involves phosphorylation of SRC-1, to bring about
the functional cooperation of SRC-1 and CREB-binding protein
(Bai and Weigel, 1995; Rowan et al., 2000a,b; Narayanan et al.,
2005).

INTEGRATION OF NON-CLASSICAL AND CLASSICAL
MECHANISMS OF P ACTION
Classical PRs are not kinases, nor do they possess other known
features of signaling molecules, leading to the questions on how
they can interact with signaling molecules in a P-dependent man-
ner and how this interaction can trigger a signaling cascade. The
answers perhaps lie not only in mPR-mediated signaling, but
also in the proline-rich PXXP motif located in the N-terminal
domain of PRs. Studies have implicated c-sarcoma (Src) tyrosine
kinase as a key molecule in mediating P-initiated rapid signaling
(Thomas and Brugge, 1997). Unliganded and liganded classical
PRs have been shown to participate in cytoplasmic or membrane-
associated signaling complexes that activate Src/Ras/Raf/MAPK
signaling pathway in mammalian cells by a direct interaction with
the Src homology 3 (SH3) domain of Src tyrosine kinases through
the PXXP motif. MAPK activation can lead to phosphorylation of
PRs and/or transcriptional coactivators, which can activate tran-
scription directly by binding to progesterone response elements.
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Mutation of the nuclear localization signal of PR, which forces
PR to the cytoplasm, enables P-dependent activation of c-Src
and MAPK confirming that cytoplasmic localization was essential
for c-Src-mediated signaling cascade (Boonyaratanakornkit et al.,
2001).

Progesterone actions appear to involve integration of rapid
membrane and slower genomic actions of P. Rapid non-classical
activation of cytoplasmic signaling pathways by P can alter both
transcription-independent and transcription-dependent actions
(Boonyaratanakornkit et al., 2001; Faivre et al., 2005; Proietti et al.,
2005; Faivre and Lange, 2007; Hagan et al., 2011). Rapid signaling
can enhance transcription of the classical PRs through activa-
tion of signaling cascades that ultimately phosphorylate classical
PRs per se (Denner et al., 1990b) and/or the phosphorylation of
the coactivators (Denner et al., 1990b; Font de Mora and Brown,
2000; Rowan et al., 2000a,b; Xu et al., 2000). Interactions between
membrane-initiated P effects and intracellular classical PRs have
been observed in the facilitation of sexual behavior in female ham-
sters (DeBold and Frye, 1994a,b) suggesting that both classical
and non-classical mechanisms act in concert rather than indepen-
dently. Studies on activation of PRs by growth factors (Zhang et al.,

1994; Etgen et al., 2006), neurotransmitters (Mani et al., 1994a,b,
1996, 2000; Chu et al., 1999) and peptide hormones (Chappell
and Levine, 2000; Gonzalez-Flores et al., 2009) suggest that classi-
cal and non-classical mechanisms are not mutually exclusive and
signals generated at the membranes enhance gene expression reg-
ulated by classical intracellular hormone receptors. Cytoplasmic
second messenger systems have been shown to modulate gene
expression via multiple transcription factors or transcription coac-
tivators (Watters et al., 1997; Watters and Dorsa, 1998). In several
regions of the rat brain lacking the classical PRs, E2 causes a rapid
increase in p-CREB with no concomitant increases in protein or
mRNA levels (Gu et al., 1996; Zhou et al., 1996). P, on the other
hand, appears to have a bimodal effect on the phosphorylation of
CREB, bringing about a rapid decrease followed by an increase (Gu
et al., 1996). These rapid effects on CREB phosphorylation also
appear to be nuclear receptor-mediated since anti-hormones to
ER and PR block the hormonal effects on CREB phosphorylation
suggesting a cross-talk between the distinct signaling pathways. P
has been shown to induce transcription of IEGs containing CRE-
sequences such as c-fos and c-jun (Meredith et al., 1997). These
genes encode the transcription factors, Fos and Jun, that can form

FIGURE 1 | A schematic representation of the cross-talk between

extracellular and intracellular progesterone signaling pathways in

female reproductive behavior. Classical mechanism of action by
progesterone- and ring-A class of progestins, mediated by nuclear PRs,
promotes interactions with coactivators, and plays a predominant role.
Progesterone effects mediated by second messengers (cAMP, cGMP) and
extranuclear signaling kinases (PKA, PKC, CaMKII), activates MAPK signal
transduction cascade, phosphorylation of nuclear transcription factors (TFs),
PRs/PR coactivators, and CREB. Progesterone and progestins, act via the Src
kinase, interact with extranuclear PRs to activate MAPK cascade.
Progesterone acting via the extranuclear PKA/MAPK/DARPP-32 pathway can

cause a decrease in phosphatase activity and an increase in phosphorylation
of PR and/or its coactivators. Mating stimuli (VCS) and dopamine D1 agonist
can stimulate PKA activation. D1 agonist-stimulated PKA-mediated pathway
phosphorylates DARPP-32, which inhibits PP1, leading to the activation of
CREB/PR/coactivators. VCS-stimulated PKA activation can also interact with
MAPK cascade. Neuropeptides, nucleotides, GnRH, and PGE2 can act
through various receptor- and/or second messengers (cAMP, cGMP, NO) and
transmit signals to the nuclear PRs or other TFs. Interactions between the
signal transduction pathways may serve as an amplification mechanism to
converge on nuclear TFs and/or coactivators to regulate gene transcription
and translation to facilitate female reproductive behavior.
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hetero- or homodimers and regulate downstream gene expres-
sion by acting on target AP-1 DNA recognition sequences near
promoter elements. In addition, recent studies have also indicated
that nuclear receptor coregulators could also integrate steroid hor-
mone signaling through CBP (Torchia et al., 1997; Mahajan and
Samuels, 2000; Xu et al., 2000). Functional cooperation between
MAPK cascade-mediated phosphorylation of coactivator SRC-1
and CBP has been demonstrated in the activation nuclear PRs
in vitro (Rowan et al., 2000a).

SUMMARY
Integration of the extranuclear and intranuclear steroid signaling
mechanisms PR activation is essential for neuroendocrine regu-
lation of female reproductive behaviors. The interplay between
the non-classical and classical pathways activated by P could be
a “reinforcing” mechanism to achieve neuroendocrine integration
required for complex behaviors like reproductive behaviors. The
amplification process involving extranuclear signaling perhaps
absolves the necessity for voluminous classic PR expression in the
early stages of P action. A model depicting the interactions is given
in Figure 1. Classical genomic pathway mediated by intracellular
PRs, functioning as transcription factors, induces conformational
changes, nuclear translocation, dimerization, and binding to PREs

in the promoters of target genes. Downstream cytoplasmic signal-
ing cascades can mediate the non-classical mechanisms. Alterna-
tively, a subpopulation of classic PRs localized in the cytoplasm
can lead to the activation of the downstream kinase cascades. A
biologic consequence of the cytoplasmic signaling cascades is to
influence gene transcription.

Multiple intra- and intercellular signaling mechanisms share
signaling components to ensure that the female is in behavioral
estrus at the right time. While the functional role of multiple sig-
naling pathways can be explained by their ability to relay, amplify,
and integrate signals from a variety of extracellular stimuli, the
molecular mechanisms by which this synchronization occurs
remains unclear. It will be critical to understand how extranuclear
signaling mechanisms regulate the equilibrium between transcrip-
tionally active and inactive states of PRs and their coregulators, in
regulating female reproductive behavior. Further insights into the
mechanisms by which the multiple signals converge and reinforce,
neuronal responses to environmental and behavioral events, to
alter steroid hormone effects on female reproductive behavior.
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This review will highlight a variety of mechanisms by which neurosteroids affect sensitivity
to ethanol, including physiological states associated with activity of the hypothalamic–
pituitary–adrenal (HPA) and hypothalamic–pituitary–gonadal (HPG) axes, and the effects of
chronic exposure to ethanol, in addition to behavioral implications. To date, γ-aminobutyric
acid (GABAA) receptor mechanisms are a major focus of the modulation of ethanol effects
by neuroactive steroids. While NMDA receptor mechanisms are gaining prominence in the
literature, these complex data would be best discussed separately. Accordingly, GABAA
receptor mechanisms are emphasized in this review with brief mention of some NMDA
receptor mechanisms to point out contrasting neuroactive steroid pharmacology. Over-
all, the data suggest that neurosteroids are virtually ubiquitous modulators of inhibitory
neurotransmission. Neurosteroids appear to affect sensitivity to ethanol in specific brain
regions and, consequently, specific behavioral tests, possibly related to the efficacy and
potency of ethanol to potentiate the release of GABA and increase neurosteroid concentra-
tions. Although direct interaction of ethanol and neuroactive steroids at common receptor
binding sites has been suggested in some studies, this proposition is still controversial. It
is currently difficult to assign a specific mechanism by which neuroactive steroids could
modulate the effects of ethanol in particular behavioral tasks.

Keywords: ethanol, neurosteroids, behavioral pharmacology, drug discrimination, GABAA receptors

BACKGROUND
In the brain, fast inhibitory electrical signaling is mediated pri-
marily by the family of γ-aminobutyric acid (GABA)A receptors,
making them important modulators of all neural processing.
Harrison and Simmonds (1984) provided the first clear evi-
dence that neuroactive steroids act at specific neurotransmitter
receptors, investigating the ability of alphaxalone (3α-hydroxy-5α-
pregnane l l,20-dione) to potentiate responses at GABAA recep-
tors induced by muscimol in cortical slices. Within 2 years, a
progesterone metabolite (3α-hydroxy-5α-pregnan-20-one, 3α,5α-
THP, allopregnanolone) and a deoxycorticosterone metabolite
(3α,21-dihydroxy-5α-pregnan-20-one, 3α,5α-THDOC, tetrahy-
drodeoxycorticosterone) were shown to be positive modulators
of GABAA receptors (Majewska et al., 1986). That same year,
publications showed that ethanol has direct action at GABAA

receptors (Allan and Harris, 1986; Suzdak et al., 1986). Thus,
the GABAA receptor complex was identified as a membrane-
bound target providing a pharmacological basis for shared sensi-
tivity between neurosteroids and ethanol. The common behavioral
effects of ethanol and neuroactive steroids were compared directly
using drug discrimination procedures (Ator et al., 1993). The
N -methyl-d-aspartate (NMDA) receptor complex, a membrane-
bound ionophore important for excitatory glutamate neurotrans-
mission, was shown to be antagonized by low concentrations of
ethanol (Lovinger et al., 1989). Soon, data was showing that neu-
rosteroids act at NMDA receptors (Wu et al., 1991). Thus, by the
mid-1990s, the stage was set for the suggestion that neurosteroids,
and physiological states that alter circulating neuroactive steroids,
could affect sensitivity to ethanol (Grant et al., 1997).

NEUROACTIVE STEROIDS MODULATE
NEUROTRANSMISSION IN AN ISOMERIC-DEPENDENT
MANNER
Neuroactive steroids are produced in peripheral organs, includ-
ing testes, ovaries, adrenal glands, lung, and liver, but can cross
the blood–brain barrier and be metabolized in the brain. Fur-
ther, neurosteroids are produced de novo in the brain. Whether
of peripheral or central origin, all neuroactive steroids are derived
from cholesterol. The transport of cholesterol to the inner mito-
chondrial membrane, mediated by steroidogenic acute regula-
tory protein (StAR), is the rate-limiting step in steroidogenesis
(Stocco and Clark, 1996). At the inner mitochondrial mem-
brane, the enzyme P450 side-chain cleavage transforms cho-
lesterol to pregnenolone. Neuroactive steroids with activity at
GABAA receptors are metabolites of the precursor steroids deoxy-
corticosterone, progesterone, testosterone, and androstenedione
(Figure 1). Transformation of these precursors, respectively, first
by 5α-reductase and then by 3α-hydroxysteroid dehydrogenase
(HSD) produces 3α,5α-THDOC, 3α,5α-P, and 5α-androstan-
3α-ol-17-one (3α,5α-A; androsterone). Each of these steroids,
in addition to the 5β-reduced pregnane steroid 3α-hydroxy-
5β-pregnan-20-one (3α,5β-P, pregnanolone), positively modu-
lates responses to GABA at GABAA receptors (Puia et al., 1990;
Park-Chung et al., 1999). Specifically, this means that the effi-
cacy of GABA is increased by concentrations of steroid that do
not, by themselves, activate the receptor. In contrast, muscimol
and gaboxadol [4,5,6,7-tetrahydroisoxazolo (5,4-c)pyridin-3(-ol);
THIP] are direct agonists of GABAA receptors because they open
the Cl− channel in the absence of GABA. The pharmacological
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activity of neuroactive steroids depends on their isomeric con-
figuration, which is determined by the steroidogenic enzymes
that are present. Transformation by 5β-reductase and then by
3β-HSD results in neuroactive steroids that have distinct phar-
macological activity resembling neuroactive steroids to which
a sulfate group has been added (Wang et al., 2002). Sulfation
by sulfotransferase enzymes is a low-energy strategy by which
the effects of neuroactive steroids on neurotransmission may be
adjusted (Gibbs et al., 2006). Sulfated or 3β-reduced steroids neg-
atively modulate GABAA receptors (e.g., pregnanolone sulfate,
epipregnanolone sulfate, androsterone sulfate, epiandrosterone
sulfate). Other activity includes negative modulation (e.g., allo-
pregnanolone sulfate, epipregnanolone sulfate) or positive mod-
ulation of NMDA receptor responses (e.g., epiallopregnanolone
sulfate). Thus, sulfation may rapidly and transiently enhance exci-
tatory neurotransmission, as suggested by Wu et al. (1991). The
effects of sulfated steroids on glutamate transmission are hypothe-
sized to regulate sensory processing and memory (Valenzuela et al.,
2007). Overall, steroidogenesis allows for modulation of excitatory
and inhibitory neurotransmission related to endocrine activity
that may be an important regulator of sensitivity to environmental
stimuli and behavior.

In addition to modulating receptor responses, neurosteroids
have been shown to regulate neurotransmitter release. For exam-
ple, pregnenolone sulfate increased glutamate release in neonatal
cerebellar synapses (Zamudio-Bulcock and Valenzuela, 2011) and
cultured hippocampal neurons (Meyer et al., 2002). Likewise, an
increased probability of GABA release after application of preg-
nanolone was observed in studies using spinal motor neurons in
toad embryos (Reith and Sillar, 1997). Haage et al. (2002) reported
increased GABA release in isolated neurons from the medial pre-
optic area of rats after application of allopregnanolone. Thus,
neurosteroids can modulate excitatory and inhibitory synaptic
transmission by modulating receptor activity and neurotransmit-
ter release. However, the efficacious actions of neuroactive steroids
at GABAA receptors are particularly powerful (Park-Chung et al.,
1999).

ETHANOL AFFECTS NEUROACTIVE STEROID AND
NEUROSTEROID CONCENTRATIONS
The ability of neuroactive steroids to modulate sensitivity to
ethanol via GABAA receptors has been reviewed recently (Morrow
et al., 2006; Biggio et al., 2007) and was the topic of a recent sym-
posium on the interactions between stress and ethanol (Morrow
et al., 2009). In addition to potentially sharing common receptor
mechanisms, a major idea explored in these publications was that
acute ethanol increases the release of neuroactive steroids. One
mechanism involves stimulation of the hypothalamic–pituitary–
adrenal (HPA) axis. Stimulation of the HPA axis results in the
release of adrenocorticotropic hormone (ACTH) from the pitu-
itary into circulation. ACTH can then stimulate the expression of
StAR protein and the mitochondrial enzyme CYP11A1 (P450scc)
through a second messenger pathway that involves cyclic adeno-
sine monophosphate. As a result, ACTH promotes the production
of pregnenolone from cholesterol in the adrenal cortex (Lavoie and
King, 2009). As described, pregnenolone can be metabolized to all
other neuroactive steroids depending on which steroidal enzymes

are present (Figure 1). Also shown in Figure 1, hydroxysteroid
dehydrogenase is a key enzyme involved in the production of neu-
roactive steroids, and this enzyme requires nicotinamide adenine
dinucleotide phosphate (NADPH) or nicotinamide adenine din-
ucleotide (NADH) as a co-factor (Krause and Karavolas, 1980).
Because the metabolism of ethanol also requires this co-factor, one
possibility that requires additional investigation is that steroido-
genesis could be altered in the presence of high doses of ethanol
as the necessary co-factors are depleted (Crabb et al., 2004).

Several studies have shown that acute ethanol increases circu-
lating neuroactive steroids (e.g., VanDoren et al., 2000; Porcu et al.,
2010). As mentioned, ethanol appears to have this effect by increas-
ing pituitary release of ACTH in conjunction with vasopressin and
corticotropin releasing hormone (CRH; Lee et al., 2004). Adrena-
lectomy largely eliminates neuroactive steroids that are induced
by ethanol (Porcu et al., 2004), indicating that ACTH stimulates
adrenal production of neuroactive steroids. In rats, HPA axis acti-
vation and de novo synthesis of StAR protein are necessary for
a threshold dose of 1.5 g/kg ethanol to increase GABAergic neu-
roactive steroids in plasma and cerebral cortex (Boyd et al., 2010b).
Ethanol also stimulates de novo steroidogenesis within the brain in
principal excitatory neurons and glial cells (Chisari et al., 2010). In
hippocampal slices from 3-week-old rats, ethanol (50 mM) stim-
ulated GABA release and increased the amplitude of postsynaptic
currents upon application, with a second amplitude increase 20–
30 min after application of ethanol. Because the secondary increase
was blocked by an inhibitor of the enzyme 5α-reductase (finas-
teride), enzymatic conversion of neuroactive steroids appears to
have mediated this effect of ethanol (Sanna et al., 2004). These
data highlight the possibility of indirect effects of ethanol on
GABAergic neurotransmission via steroidogenesis, for which vari-
ability in these processes could account for individual differences
in sensitivity to ethanol.

Species differences in the efficacy of ethanol to increase neu-
roactive steroid concentrations have been reported, but proce-
dural differences make comparison difficult. For example, acute
ethanol increased plasma neuroactive steroids when given by
injection to rodents [mean blood-ethanol concentration (BEC),
212 mg/dl] but did not change, or decreased neuroactive steroid
concentrations following intragastric administration in macaque
monkeys (mean BEC, 125 mg/dl; Porcu et al., 2010). Another con-
found is interactions with innate biological rhythms, as some
neuroactive steroids have a diurnal rhythm, similar to corti-
sol (Weitzman et al., 1971). Porcu et al. (2008) demonstrated
that, in humans, deoxycorticosterone has a diurnal rhythm in
which concentrations are greater in the morning compared to
the evening. In contrast, concentrations of pregnenolone sulfate
were similar in the morning and evening, suggesting that diurnal
activity of specific steroidogenic enzymes could have contributed
to deoxycorticosterone concentrations. Whether ethanol affects
circulating neuroactive steroid concentrations could depend on
the time of day. In one study, young adult men that drank
0.80 g/kg ethanol at 6:00 pm had similar serum concentrations of
allopregnanolone (0.145 ng/ml) and pregnenolone (0.297 ng/ml)
compared to baseline (0.125 and 0.262 ng/ml, respectively; Porcu
et al., 2010). In contrast, Pierucci-Lagha et al. (2006) reported that
when young adult men drank the same dose of ethanol at 11:00
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FIGURE 1 | Neurosteroids modulating GABAergic neurotransmission are

produced by the precursor steroids deoxycorticosterone (3α,5α-THDOC,

allotetrahydrodeoxycorticosterone), progesterone (3α,5α-P, allopregna-

nolone; 3α,5β-P, pregnenolone; 3β,5α-P, epiallopregnanolone; 3β,5β-P,

epipregnanolone), and testosterone (3α,5α-A, androsterone; 3α,5β-A,

etiocholanolone) via the sequential actions of reductase and hydroxy-

steroid dehydrogenase enzymes. Ellipses highlight steroids known to

influence sensitivity to the behavioral or endocrine effects of ethanol. Alcohol
dehydrogenase and 3α-hydroxysteroid dehydrogenase require common
co-factors. Sulfotransferase enzymes adding a sulfate group rapidly alter the
pharmacological activity of neurosteroids. DHDOC, dihydrodeoxycortico-
sterone; HSD, hydroxysteroid dehydrogenase; NADPH, nicotinamide adenine
dinucleotide phosphate-oxidase; NADH, nicotinamide adenine dinucleotide;
scc, side-chain cleavage; StAR, steroidogenic acute regulatory protein.

am, plasma allopregnanolone (0.07 ng/ml) decreased and preg-
nenolone (4.56 ng/ml) increased compared to baseline (allopreg-
nanolone, 0.13 ng/ml; pregnenolone, 4.05 ng/ml). Further studies
of ethanol effects on circulating neuroactive steroids are needed
that include a range of BECs and times of day.

Possible species differences in ethanol sensitivity could relate
to basal levels of neuroactive steroids. For example, basal
pregnenolone was much greater in male cynomolgus mon-
keys (945 pg/ml) compared to humans (297 pg/ml), male rats
(165 pg/ml), or male mice (49 pg/ml), but 3α,5α-THP, 3α,5β-THP,
and 3α,5α-THDOC were much lower in cynomolgus monkeys
compared to rats, mice, and adult men (Porcu et al., 2010).
The relatively high basal pregnenolone concentration observed
in cynomolgus macaques suggests the potential for high concen-
trations of pregnenolone sulfate following sulfation that could
negatively modulate GABAA receptors (Park-Chung et al., 1999)
and potentiate NMDA responses to glutamate (Wu et al., 1991;
Park-Chung et al., 1997). High basal pregnenolone may predict
a lower potency of ethanol in behavioral assays. For example, 30
and 56 mg/kg pregnenolone decreased responding for ethanol and
ethanol consumption in rats (Besheer et al., 2010). Although the
equivalent primate studies have not been conducted, and the levels
of neuroactive metabolites can make interpretation challenging, it
is possible that circulating levels of pregnenolone contribute to
individual and species differences in the effects of ethanol.

GABAA RECEPTOR-MEDIATED INHIBITORY SIGNALING
GABAA receptor-mediated inhibition can be roughly grouped into
two forms, “phasic” and “tonic” inhibition (Cavelier et al., 2005;
Farrant and Nusser, 2005; Glykys and Mody, 2007a). Phasic inhibi-
tion refers to the long known, traditional inhibitory postsynaptic
currents (IPSCs), generated by GABAA receptors in the postsy-
naptic membrane that are transiently activated (hence the term
phasic) by vesicular release of GABA. The phasic nature of IPSCs
is due to the rapid removal of GABA from the synaptic cleft by dif-
fusion and uptake on plasma-membrane GABA transporters, as
well as desensitization of postsynaptic GABAA receptors. Con-
versely, tonic inhibition is a more recently discovered form of
steady state inhibitory current, generated primarily by extrasy-
naptically located GABAA receptors that are persistently activated
(hence the term tonic) by the ambient extracellular concentration
of GABA (Hamann et al., 2002; Cavelier et al., 2005; Farrant and
Nusser, 2005; Glykys and Mody, 2007a,b; Choi et al., 2008; Lee
et al., 2011). The extracellular concentration of GABA that dri-
ves tonic GABAA inhibition is determined by the balance between
GABA release (via vesicle exocytosis and various forms of non-
vesicular release) and GABA uptake by GABA transporters (Rossi
et al., 2003; Glykys and Mody, 2007b; Lee et al., 2010). Accordingly,
the magnitude of tonic GABAA inhibition is increased by blocking
GABA uptake, and decreased by blocking any of the various forms
of GABA release. Conversely, increasing GABA release increases
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the magnitude of tonic GABAA inhibition. Importantly, since a
main source of GABA release is the vesicular release that also gen-
erates phasic IPSCs, the magnitude of tonic GABAA inhibition
often varies in parallel with changes in IPSC frequency (Glykys
and Mody, 2007b).

The GABAA receptor is composed of five trans-membrane sub-
units arranged to form an anion-conducting pore, and the makeup
of subunits, from a family of 19 unique subunits (α1–6, β1–3, γ1–
3, δ, ε, θ, π, and ρ1–3), determines the sub-cellular location of the
receptor (synaptic versus extrasynaptic). The subunit composition
of GABAA receptors also determines their kinetic and pharmaco-
logical properties, including sensitivity to neurosteroids, ethanol,
and other GABAA modulatory compounds. Thus, interpreting the
behavioral impact and interactions of ethanol and neurosteroids
requires an understanding of the subunit properties, and their
distribution pattern in various brain regions.

One consistent and important GABAA receptor theme is that
δ subunits are located exclusively extrasynaptically, and it is such
δ subunit-containing, extrasynaptic GABAA receptors that medi-
ate tonic inhibition (Rossi and Hamann, 1998; Hamann et al.,
2002; Stell et al., 2003; Farrant and Nusser, 2005; Kelm et al.,
2008). The δ subunit is primarily expressed by a limited num-
ber of cell types in a few brain regions, including cerebellar and
hippocampal granule cells, thalamic relay neurons, and possibly
more restrictedly in subsets of cells elsewhere, including non-
granule hippocampal cells and some cortical cells (Wisden et al.,
1992). Thus, tonic inhibition is generally restricted to specific cell
types in particular brain regions. In these brain regions the δ

subunit generally pairs with α4 or α6 subunits, which together
endows the parent receptor with properties idealized for sens-
ing ambient GABA to generate tonic inhibition: a higher affinity
for GABA and less receptor desensitization than other subtypes
of GABAA receptors (Saxena and Macdonald, 1994, 1996). How-
ever, although the δ subunit is solely expressed extrasynaptically
and typically co-assembles with α4 or α6 subunits, the latter sub-
units can also be part of functional, synaptic receptors that do
not contain δ subunits. Thus, while pharmacological or genetic
manipulations of the δ subunit can be unambiguously attributed
to effects on tonic GABAA inhibition, α4- or α6-specific manipula-
tions may affect synaptic transmission (i.e., IPSCs), extrasynaptic
transmission (i.e., tonic inhibition), or both. On the other hand,
the α6 subunit is expressed almost exclusively by cerebellar gran-
ule cells, making actions of α6-specific manipulations attributable
to actions at cerebellar granule cells. Other than the α5 subunit,
which is largely restricted to the hippocampus and cortex, the rest
of the GABAA subunits are more ubiquitously expressed mak-
ing attribution of subunit-specific manipulations to specific brain
region processing more complicated. Finally, although expression
of the δ subunit is restricted to only a few brain regions, because
of the constant nature of the tonic inhibition they generate, tonic
inhibition is significantly more powerful than phasic inhibition,
mediating ∼75% of total inhibition in cells that exhibit tonic inhi-
bition (Hamann et al., 2002). Thus, the δ subunit is potentially a
powerful target for neural modulation.

NEUROSTEROID ACTIONS AT GABAA RECEPTORS
As described in the introduction, at physiologically relevant con-
centrations, neurosteroids can either potently enhance GABAA

receptor function, or, in the case of sulfated neurosteroids, pow-
erfully suppress them. The diversity of neurosteroids combined
with their potency and respective abilities to enhance or suppress
GABAA receptor function enables a powerful fine-tuning of the
GABAA system across behavioral states and across brain regions.
Early behavioral and electrophysiological studies suggested that
the δ subunit played a crucial role in mediating the actions of
neurosteroids, with many studies indicating that the δ subunit
imparted an increased sensitivity to neurosteroids (Mihalek et al.,
1999; Belelli et al., 2002; Wohlfarth et al., 2002; Stell et al., 2003),
although other studies suggested that the δ subunit decreased sen-
sitivity to neurosteroids (Zhu et al., 1996; Hamann et al., 2002).
However, more recent work on recombinant GABAA receptors has
determined that there is a conserved neurosteroid binding site on
α subunits (α1–5; Hosie et al., 2009). Thus, because all GABAA

receptors contain α subunits, neurosteroids are potent modula-
tors of most, if not all, known GABAA receptors, regardless of
subunit makeup. Such studies suggested that earlier data impli-
cating the δ subunit in neurosteroid sensitivity resulted from the
δ subunit increasing neurosteroid efficacy rather than receptor
affinity for neurosteroids. Thus, in principle, systemic neuros-
teroids could impact both phasic and tonic GABAA inhibition
throughout the brain, and selective actions on particular cell types
could be dependent on local synthesis. Nonetheless, in situ studies
showed that very low concentrations of exogenous neurosteroid
(<20 nM) powerfully enhanced tonic GABAA currents but not
phasic GABAA currents in the same preparation, and that knock-
ing out the δ subunit eliminated tonic GABAA current sensitivity
to neurosteroids (Stell et al., 2003). The contrast with data from
recombinant receptors suggests that in situ receptors may behave
differently, and that the δ subunit does affect receptor affinity
in situ. In fact, studies examining GABAA currents in different
brain regions indicate that the sensitivity of both phasic and tonic
GABAA currents to neurosteroids varies across cell types, even
when apparently identical GABAA receptor subunits are involved
(Belelli et al., 2006). Such variability may be due to the phospho-
rylation state of the GABAA receptor and/or local neurosteroid
metabolism, two factors that add further control and complexity
to neurosteroid actions at GABAA receptors. Thus, although the
presence of the δ subunit or specific α, β, or γ subunit may impart
subtle differences to the parent receptor that are physiologically
relevant, it is unlikely that exogenous neurosteroids can be used as
subunit-selective modulators to identify crucial subunits or brain
regions involved in a particular behavioral response. Similarly, if
selective modulation of a specific GABAA subunit (such as genetic
deletion) has a significant impact on a behavioral response to neu-
rosteroids, it should be interpreted with respect to the importance
of the brain region(s) in which the subunit is expressed to the
behavior, rather than to the particular sensitivity of the subunit to
neurosteroids.

ETHANOL ACTIONS AT GABAA RECEPTORS
Ethanol has also long been known to be a potent enhancer of
GABAA receptor-mediated inhibition, but identifying the mech-
anism(s) of action has been controversial, and is clearly even
more complex than for neurosteroid modulation. Several groups
have reported that concentrations of ethanol that are likely to be
achieved during moderate to abusive drinking (5–50 mM) can
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enhance tonic GABAA inhibition via directly increasing the affin-
ity of certain GABAA receptors for GABA, including α6βδ subunits
in cerebellar granule cells, α4βδ subunits in hippocampal granule
cells and thalamic relay neurons, and α1βδ subunits in hippocam-
pal interneurons (Wei et al., 2004; Hanchar et al., 2005; Glykys
et al., 2007). Most of the studies showing direct actions of ethanol
on GABAA receptors have observed this effect in receptors con-
taining the δ subunit, leading to the notion that the δ subunit
containing GABAA receptors are low-dose ethanol receptors (Han-
char et al., 2004; Olsen et al., 2007; Mody, 2008). Unfortunately,
demonstration of direct actions of ethanol on GABAA receptors
has been difficult to replicate, and most researchers, using similar,
nearly identical techniques and preparations have been unable to
show any direct actions of ethanol on GABAA receptors of any
composition (Borghese et al., 2006; Borghese and Harris, 2007;
Botta et al., 2007a,b). Despite intensive efforts, the reasons for
this discrepancy have not yet been elucidated. One factor may
relate, at least in part, to the phosphorylation status of the GABAA

receptor, similar to neurosteroids. In particular, Choi et al. (2008)
determined that enhancement of tonic GABAA currents medi-
ated by GABAA receptors containing α4δ subunits required that
the receptor be phosphorylated by protein kinase (PK) Cδ, and
accordingly, knocking out PKCδ prevented ethanol from enhanc-
ing tonic GABAA currents in hippocampus and thalamus, and
reduced behavioral sensitivity to ethanol. While it is not clear
why the phosphorylation status of the GABAA receptor would be
so starkly different across laboratories, it does provide a poten-
tial mechanism explaining in part the discrepant observations
across laboratories regarding direct actions of ethanol on GABAA

receptor currents. Intriguingly, although PKCδ expression corre-
lates with the GABAA δ subunit expression in hippocampus and
thalamus, it is not expressed in the cerebellar granule cell layer,
where α6δ subunits are expressed. This raises the possibility that
if phosphorylation status explains the discrepant observations of
ethanol-induced potentiation of tonic GABAA currents in cerebel-
lar granule cells, there must be kinases other than PKCδ to serve
that role in the cerebellar granule cell layer.

In addition to the potential direct action of ethanol on some
GABAA receptors, it is widely accepted that ethanol strongly
enhances vesicular release of GABA. As a result, the frequency of
IPSCs increases and, in cells that express extrasynaptic GABAA

receptors, the magnitude of tonic GABAA currents is strongly
enhanced due to the accumulation of vesicular release of GABA in
the extrasynaptic space. This mechanism is observed in many brain
regions, including the cerebellum, ventral tegmental area, substan-
tia nigra, and amygdala, but lacking in others, including cortex,
lateral septum, and thalamus (Kelm et al., 2011). The mecha-
nisms underlying ethanol-induced vesicular GABA release are not
fully understood, but often appears to involve G-protein coupled
receptor systems (Kelm et al., 2011). Thus, regardless of whether
ethanol acts directly on GABAA receptors, ethanol can increase
both the frequency of IPSCs as well as the magnitude of the tonic
GABAA current. Therefore, even if ethanol does not directly affect
δ subunits in a particular brain region or under particular condi-
tions, knocking out (or selectively modifying) the δ subunit could
still strongly influence the response to ethanol, because the lack
of extrasynaptic GABAA receptors will eliminate tonic GABAA

currents that would normally be generated by increased vesicular
release of GABA.

INTERACTIONS BETWEEN NEUROSTEROIDS AND ETHANOL
AT GABAA RECEPTORS
Given that neurosteroids and ethanol converge on GABAA recep-
tors, it is worth considering how they may interact with each other
at the GABAA receptor. Given the more consistent and ubiquitous
direct actions of neurosteroids on GABAA receptors compared to
ethanol, it seems unlikely that the two compounds share a binding
site, and thus will not compete or interact directly. It is, how-
ever, possible that for those GABAA receptors that are directly
modulated by both neurosteroids and ethanol (see above), com-
bined exposure will have a synergistic or other interactive impact.
However, to our knowledge there are no reports of such interac-
tions, and given current controversies about direct actions for both
ethanol and neuroactive steroids, it may be difficult to ascertain
such interactions at the receptor level. Perhaps the most obvious
way in which neurosteroids and ethanol are likely to interact at the
GABAA receptor is via ethanol-induced increase in vesicular GABA
release as described above. It is clear that neurosteroid effects on
GABAA receptors are relatively ubiquitous across receptors with
different subunit compositions. Therefore, it is likely that neuros-
teroids will be active at GABAA receptors in brain regions in which
ethanol increases GABA release. Indeed, there is overlap between
the documented actions of neurosteroids at GABAA receptors and
documented ethanol-induced vesicular GABA release in the cere-
bellum, hippocampus, thalamus, and amygdala (Hamann et al.,
2002; Stell et al., 2003; Carta et al., 2004; Belelli et al., 2006;
Criswell et al., 2008; Kelm et al., 2008, 2011). Accordingly, in those
brain regions, since neurosteroids enhance the actions of GABA
at GABAA receptors and ethanol enhances GABA release, there
will likely be a synergistic interaction if cells in those brain regions
are exposed to both simultaneously. Importantly, since ethanol
increases neurosteroid release both systemically and locally (see
earlier sections), such a synergistic enhancement of GABAA cur-
rents is likely. Irrespective of the cellular/molecular mechanisms
at play, since both neurosteroids and ethanol enhance GABAA

currents, it is likely that they may substitute for each other behav-
iorally. Whereas both tonic and phasic inhibition may decrease the
magnitude and duration of excitatory input, because tonic inhibi-
tion is persistent and distributed, it may increase the threshold of
depolarization required for a cell to fire (Farrant and Kaila, 2007,
p. 70). This leads to the hypothesis that neurosteroids and ethanol
could modulate the threshold for stimulation by sensory input by
enhancing tonic inhibition in brain areas containing δ subunits,
whereas the activity of neurosteroids and ethanol in other brain
areas could affect the magnitude of physiological or behavioral
response to a stimulus.

COMMON RECEPTOR ACTIVITY OF ETHANOL AND
NEUROACTIVE STEROIDS: EVIDENCE FROM BEHAVIORAL
PHARMACOLOGY
Changes in sensory thresholds are a major aspect of sleep, which
involves modulation of thalamocortical excitability (Huguenard
and McCormick, 2007). Ethanol (50 mM) has been shown to
suppress the activity of thalamocortical relay neurons (Jia et al.,
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2008), and as described above, these contain δ subunits. How-
ever, few studies have examined the interactive effects of ethanol
and neuroactive steroids on psychophysical parameters and these
have mainly been restricted to response magnitude or latency,
rather than response threshold. Nonetheless, the idea that the
effects of ethanol on sensorimotor processing are influenced by
neuroactive steroids is not well-supported by the limited data
available. For example, a very high dose of ethanol (5.25 g/kg,
i.g.) administered to rats on post-natal days 4–9 did not alter
the magnitude of startle to a 110-db noise, or the attenuation
of this startle by a preceding 60-db tone (i.e., prepulse inhibition)
compared to vehicle controls when the animals were tested as ado-
lescents or adults (70 days of age; Woolfrey et al., 2005). A single
study of neuroactive steroids in healthy women found that nei-
ther startle magnitude nor prepulse inhibition were affected by
allopregnanolone (0.05 mg/kg; Kask et al., 2009). In contrast, the
magnitude of prepulse inhibition was increased in adult rats by
administration of allopregnanolone (but not pregnenolone sul-
fate) to hippocampal CA1 (Darbra et al., 2011), but decreased by
systemic administration of allopregnanolone (10 mg/kg) during
post-natal days 5–9 (Darbra and Pallarès, 2010). Thus, adminis-
tration of allopregnanolone (Darbra and Pallarès, 2010) but not
ethanol (Woolfrey et al., 2005) to neonates decreased prepulse
inhibition in adulthood, at least at the doses tested. Because none
of these studies examined the interaction between ethanol and
neuroactive steroids, it is unknown whether neuroactive steroids
could have a modulatory role under conditions in which ethanol
decreased arousal and stimulus processing.

Another set of studies measured cortical electrical responses
after presentation of auditory stimuli (event-related potentials,
ERPs). Allopregnanolone and ethanol decreased the amplitude
of ERPs in the cortex and amygdala, consistent with decreased
stimulus efficacy (Slawecki et al., 2000). The same study found
that the combination of sub-threshold doses of allopregnanolone
(5.0 mg/kg) and ethanol (0.50 g/kg) decreased peak amplitudes
in the amygdala, indicative of decreased arousal, but no additive
effects were observed in the cortex. Ethanol vapor inhalation for
14 h/day for 5 weeks did not affect ERPs, but tolerance developed
to the decrease in ERPs produced by allopregnanolone (Slawecki
et al., 2005), suggesting that chronic ethanol exposure caused
molecular adaptations of GABAA receptors (e.g., subunit compo-
sition) resulting in altered neurosteroid pharmacology/sensitivity
(Liang et al., 2009). To our knowledge, there are no studies of
ERPs in humans evaluating the interaction between neuroactive
steroids and ethanol. Overall, these limited data suggest that the
additive effects of ethanol and neuroactive steroids on neural activ-
ity depend on the brain region examined, which could be due to
the localization of ethanol-induced GABA release, or to the pres-
ence or absence of specific GABAA receptor subunits, including
those that mediate tonic inhibition.

A much more extensive body of behavioral data that addresses
common receptor activity of ethanol and neuroactive steroids
includes consummatory behaviors and discriminative stimulus
effects. Neurons within the circuitry mediating contextual, rein-
forcing, or other stimulus properties of ethanol are likely to
regulate ethanol consumption. The threshold at which ethanol-
associated stimuli affect neurotransmission could be modulated

by neurosteroids, thus providing a mechanism by which neuroac-
tive steroids regulate ethanol intake. With regard to consummatory
behavior, compared to vehicle administration, mice administered
the direct GABAA agonist gaboxadol [4,5,6,7-tetrahydroisoxazolo
(5,4-c)pyridin-3(-ol); THIP] at a dose (8 mg/kg) presumably
selective for δ-containing GABAA receptors, showed a selective
decrease in ethanol (not water) intake, and a lower latency to
drink either solution (Ramaker et al., 2011). These data impli-
cate extrasynaptic GABAA receptors in regulating consummatory
behavior generally (Kelley et al., 2005), and further suggest that
tonic GABAA inhibition can selectively regulate ethanol intake.
Thus, the ability of neuroactive steroids to modulate tonic inhi-
bition could make them therapeutically useful for alcohol abuse.
Consistent with this possibility, neuroactive steroids are associ-
ated with the conditioned aspects of consummatory behavior. For
example, anticipation and consumption of food increased plasma
and cerebrocortical allopregnanolone and THDOC (Pisu et al.,
2006). Because Ramaker et al. (2011) did not measure response
thresholds with gaboxadol, nor was there a measure of condi-
tioned stimulus effects that could regulate drinking, the behavioral
processes affected by gaboxadol that underlie the decrease in
ethanol intake are not clear. Gaboxadol-induced tonic currents
in cerebellar granule cells (α6δ; Meera et al., 2011) and thalamic
neurons (Herd et al., 2009) are greatly reduced in δ knockout mice,
indicating that this subunit is important for sensitivity to gabox-
adol. Another study suggested that δ subunits in the striatum
are involved in ethanol drinking. Nie et al. (2011) used viral-
mediated RNA interference to decrease GABAA receptor δ subunit
mRNA and protein approximately two-fold in the medial nucleus
accumbens shell. Eighteen days after infusion, ethanol but not
sucrose intake under intermittent access decreased from an aver-
age of 4.5 g/kg/day to 2.5 g/kg/day. Suppression of δ subunits in
the medial shell was suggested to decrease ethanol-induced poten-
tiation of tonic inhibition in a brain area that mediates ethanol
reinforcement. By extension, variation in δ subunit expression in
the medial shell and perhaps potentiation of tonic inhibition by
neurosteroids could be mechanisms for variation of ethanol effects
within and across individuals.

By far, the greatest amount of data addressing the role of neu-
roactive steroids in sensitivity to ethanol has been obtained using
drug discrimination procedures. In these procedures, a specific
response is reinforced (e.g., pressing the one of two levers results
in food presentation) following administration of a given dose
of a drug such as ethanol, and another response (e.g., pressing
the other lever) is reinforced following administration of vehi-
cle. The animal’s perception of the effect of the drug is the only
cue guiding its choice of which response to perform. Once the
animals reliably respond on the drug-associated lever after train-
ing drug administration, test drugs can be administered. A test
drug may be shown to substitute for the training drug, i.e., pro-
duce responding on the lever associated with the training drug,
indicating similar discriminative stimulus effects. Threshold and
magnitude of response can be dissociated in drug discrimination
data by potency (effective dose, ED50) and efficacy (maximum
responding on the ethanol lever), respectively. Discrimination of
the stimulus effects of drugs can be trained in humans using the
same operant techniques. Drugs that positively modulate GABAA
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receptors, including ethanol, and produce similar discriminative
stimulus effects also tend to produce common subjective effects in
humans (Kelly et al., 2003).

Studies in non-human primates indicate that the discrimina-
tive stimulus effects of a wide range of ethanol doses (1.0–2.0 g/kg)
are mediated largely by GABAA receptors (Grant et al., 2000;
Vivian et al., 2002; Helms et al., 2009). In contrast, the discrimina-
tive stimulus effects of higher doses of ethanol (2.0 g/kg) appear
to involve specific subtypes of GABAA receptors (i.e., zolpidem-
sensitive α1-containing; Helms et al., 2008). The discriminative
stimulus effects of 5 mg/kg pregnanolone are also mediated by pos-
itive modulation of GABAA receptors. For example, in rats trained
to discriminate pregnanolone, high levels of responding on the
pregnanolone-appropriate lever occurred after administration of
benzodiazepines and barbiturates, which are positive modulators
of GABAA receptors. In contrast, the direct agonists muscimol
and gaboxadol produced low levels of pregnanolone-appropriate
responding (Engel et al., 2001). Thus, the discriminative stimulus
effects produced by GABAA receptor agonists and positive mod-
ulators are distinct. Consistent with this conclusion, in animals
trained to discriminate ethanol, the direct agonists muscimol and
gaboxadol do not produce ethanol-like effects (cynomolgus mon-
keys, Grant et al., 2000; mice, Shelton and Grant, 2002). The activ-
ity of gaboxadol as an agonist rather than a positive modulator may
account for its lack of ethanol-like stimulus effects. On the other
hand, if infused directly into the nucleus accumbens or amygdala,
muscimol can substitute for the discriminative stimulus effects of
peripherally administered ethanol in rats (Hodge and Cox, 1998).
Taken together, these data suggest that, although neurosteroids
can directly activate GABA currents at high concentrations (Hosie
et al., 2006), ethanol-like discriminative stimulus effects occur at
lower, positive-modulatory concentrations. Second, interactions
among specific brain regions may contribute to the discriminative
stimulus effects of ethanol. For example, Hodge et al. (2001) found
that allopregnanolone substituted for the discriminative stimulus
effects of systemic ethanol when administered into the nucleus
accumbens but not the hippocampus (CA1). Thus, hippocam-
pal CA1 neurons that are sensitive to neurosteroids may not be
involved in ethanol-like discriminative stimulus effects.

The GABAA receptor subtypes at which neuroactive steroids
produce discriminative stimulus effects similar to ethanol have
not been extensively investigated. In one study, δ subunit knock-
out mice learned to discriminate 1.5 g/kg ethanol, and showed
similar substitution of neuroactive steroids (pregnanolone and
alphaxalone) for the discriminative stimulus effects of ethanol
(Shannon et al., 2004). Thus, δ subunits do not appear to be
necessary for the ethanol-like discriminative stimulus effects of
neuroactive steroids. Zolpidem is an imidazopyridine with selec-
tivity for α1-containing GABAA receptors (Lüddens et al., 1994),
which combine with γ subunits and are purported to be primarily
synaptic, although co-assembly with δ subunits and mediation of
tonic currents has been observed in interneurons of the hippocam-
pus (Glykys et al., 2007). Predominantly, however, α1-containing
receptors are synaptic and therefore mediate phasic GABA neuro-
transmission. In drug discrimination procedures, zolpidem sub-
stituted for the discriminative stimulus effects of pregnanolone in
rats (Engel et al., 2001) but not mice (Shannon et al., 2005a,b),

and no data exist for primates. Zolpidem partially substituted
for ethanol in rats (Sanger et al., 1999) but not mice (Shannon
et al., 2004) and completely substituted for 2.0 g/kg ethanol in
cynomolgus monkeys (Helms et al., 2008). Overall, these data sug-
gest that α1 subunits could mediate the discriminative stimulus
effects of both ethanol and neuroactive steroids under some con-
ditions. However, whether this subunit is involved in the ethanol-
like effects of neuroactive steroids has not been studied. Finally,
using the 5α-reductase inhibitor finasteride, the subjective effects
of ethanol (0.7–0.8 g/kg, BEC, 50–70 mg/dl) were attenuated in
humans, but only in individuals homozygous for the A (but not
the G) allele at the GABAA receptor α2 subunit gene (Pierucci-
Lagha et al., 2005). These data suggest that the subjective effects
of ethanol are enhanced by neuroactive steroids in a select popu-
lation carrying a polymorphism in the α2 subunit of the GABAA

receptor. The role of α2 subunits in the discriminative stimulus
effects of ethanol and neuroactive steroids has not been explored
due to a lack of drugs with appropriate selectivity.

The GABAA receptors mediating the ethanol-like effects of
neuroactive steroids have been studied using pharmacological
antagonism. Ro15-4513 is a partial inverse agonist with high affin-
ity for receptors containing α4,α5, or α6 subunits and lower affinity
for α1, α2, or α3 subunits. This drug is celebrated as a competi-
tive antagonist of the electrophysiological and behavioral effects
of ethanol (Suzdak et al., 1986; Wallner and Olsen, 2008). In
drug discrimination studies, we found that Ro15-4513 antago-
nized the substitution of allopregnanolone and pregnanolone for
the discriminative stimulus effects of ethanol (Figure 2). Antag-
onism of pregnanolone substitution for ethanol was observed
in 6/6 monkeys trained to discriminate 1.0 g/kg ethanol, and
in 3/5 monkeys trained to discriminate 2.0 g/kg ethanol. Ro15-
4513 antagonized allopregnanolone substitution for ethanol in
3/6 monkeys trained to discriminate 1.0 g/kg ethanol, and 4/5
monkeys trained to discriminate 2.0 g/kg ethanol. Among the
monkeys showing antagonism, Ro15-4513 resulted in decreased
potency, but not efficacy, of these neuroactive steroids to sub-
stitute for ethanol. In addition, according to an apparent pA2
analysis (Rowlett and Woolverton, 1996), the estimated affinity
of Ro15-4513 for the receptor population mediating substitution
of pregnanolone (pKB of 5.2–7.0) and allopregnanolone (pKB of
6.1–8.9) overlapped with zolpidem (pKB of 6.3–8.0). These affin-
ity estimates suggest that pregnanolone and allopregnanolone act
at benzodiazepine-sensitive and -insensitive GABAA receptors to
produce discriminative stimulus effects similar to ethanol. Because
the γ subunit is obligatory for benzodiazepine sensitivity and this
subunit is primarily synaptic (Möhler, 2006), these data suggest
that the ethanol-like discriminative stimulus effects of neuroac-
tive steroids are mediated by synaptically located GABAA receptors
that regulate phasic inhibition.

In contrast to the ethanol-like effects of positive modulators of
GABAA receptors, neuroactive steroids that negatively modulate
GABAA receptors, including epipregnanolone and epiallopreg-
nanolone sulfate, might antagonize the discriminative stimulus
effects of ethanol. Our preliminary data indicate that epipreg-
nanolone (0, 10, 17, 30 mg/kg, s.c.) and epiallopregnanolone (0,
17, 30 mg/kg, s.c.) administered 30 min prior to ethanol (0.25–
2.5 g/kg, i.g.) blocked (≤20% ethanol-appropriate) discriminative
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FIGURE 2 | Among male (n = 6) and female (n = 6) cynomolgus

macaques that were trained to discriminate 1.0 or 2.0 g/kg

ethanol, pregnanolone produced ethanol-like discriminative

stimulus effects in all monkeys, which were antagonized when

Ro15-4513 (symbols indicate doses in mg/kg, i.m.) was

administered after pregnanolone, 5 min before the levers

extended into the chamber. Shifts in the dose-response curves of
four monkeys are shown.

effects in only a subset of cynomolgus monkeys. Specifically,
epipregnanolone blocked the discriminative stimulus effects of
ethanol in 1/6 of monkeys trained to discriminate 1.0 g/kg ethanol,
and in 2/6 monkeys trained to discriminate 2.0 g/kg ethanol. In
another study in rats, administration of epipregnanolone (10–
20 mg/kg, i.p.) decreased responses for ethanol measured over
30 min from 40 to 20 (O’Dell et al., 2005). Although preliminary,
these data suggest that neuroactive steroid negative modulators
could block the subjective effects of ethanol and consequently
responding for ethanol, and thus could be therapeutic targets.
However, these data are also consistent with the wide individ-
ual differences in the substitution patterns of neuroactive steroids
(e.g., Bowen et al., 1999; Grant et al., 2008a), the causes of which
are currently unknown. Some possible sources of individual dif-
ferences in the modulation of ethanol effects by neuroactive
steroids could be basal hormone concentration, polymorphisms in
GABAA receptor subunits, basal activity of steroidogenic enzymes,
reproductive state, or the effects of stress on HPA axis function.

Many studies have indicated that physiological concentrations
of the neuroactive steroids allopregnanolone and pregnanolone
substitute for the discriminative stimulus effects of ethanol (Grant
et al., 1996, 1997, 2008a; Bowen et al., 1999). These findings
suggest that endogenous variation in neuroactive steroids could
influence sensitivity to ethanol. Indeed, the potency of 1.0 g/kg
ethanol (Grant et al., 1997) but not 2.0 g/kg ethanol (Green et al.,
1999) to produce discriminative stimulus effects was greater dur-
ing the luteal compared to the follicular phase of the menstrual
cycle in monkeys. During the luteal phase, peak progesterone con-
centration is associated with greater circulating concentrations
of progesterone-derived neuroactive steroids, including allopreg-
nanolone and pregnanolone (Genazzani et al., 1998; Hill et al.,
2005). Although self-reported subjective effects of low ethanol
doses (up to 0.6 g/kg) did not vary across a menstrual cycle in

women (Holdstock and de Wit, 2000), sensitivity to the benzodi-
azepine triazolam was greater during women’s luteal compared to
the follicular phase when measured using a drug discrimination
procedure (Kelly et al., 2001). Despite the absence of menstrual
cycles in males, male and female cynomolgus monkeys show
only minor differences in the ethanol-like discriminative stimulus
effects of neuroactive steroids. For example, the potency of andros-
terone to produce ethanol-like stimulus effects is on average lower
in males compared to females (Grant et al., 2008b). In humans,
subjective effects associated with varying plasma concentrations
of neuroactive steroids could contribute to regulation of ethanol
consumption. For example, change in plasma neuroactive steroid
concentration after consuming 0.80 g/kg ethanol (11:00 am) cor-
related significantly with subjective effects of ethanol including
“liking” (pregnenolone, r = 0.53; allopregnanolone, r = 0.50) and
“want more alcohol” (r = 0.51; Pierucci-Lagha et al., 2006). These
data further suggest that neuroactive steroids produced as a result
of ethanol self-administration could subsequently regulate intake.
By extension, the effects of ethanol may vary with other endoge-
nous (e.g., stress: Droogleever Fortuyn et al., 2004) or disease
states (e.g., premenstrual dysphoric disorder, Bäckström et al.,
2011) associated with altered concentration of, or sensitivity to,
GABAergic neuroactive steroids. Such endogenous conditions
could influence the risk of alcohol abuse.

THE ROLE OF NEUROACTIVE STEROIDS IN CHRONIC
ETHANOL EFFECTS AND ETHANOL WITHDRAWAL
Although naïve individuals differ in sensitivity to the acute effects
of ethanol, a much greater variability in sensitivity to ethanol
occurs within individuals as a result of repeated administra-
tion. Neuroadaptation to chronic ethanol involves decreased
sensitivity to GABA and changes in GABAA receptor subunit
expression and function. These neuroadaptations have additional
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pharmacological consequences including decreased sensitivity to
benzodiazepines and increased sensitivity to some neuroactive
steroids (reviewed by Biggio et al., 2007). Changes in subunit
expression after ethanol or progesterone withdrawal differ between
brain areas (cerebral cortex, cerebellum, and hippocampus are
most often studied), but a relatively consistent result is decreased
expression of α1 and δ subunits and increased expression of α4

and α6 subunits (Mhatre and Ticku, 1992; Rani and Ticku, 2006).
Electrophysiological studies in cultured neurons have confirmed
that the changes in GABAA receptor subunits after chronic ethanol
treatment and withdrawal are associated with changes in receptor
function (reviewed by Kumar et al., 2009). In a report by Shen et al.
(2011), endocytosis of GABAA receptors containing α4 and δ sub-
units was shown to be increased by ethanol treatment in cultured
hippocampal neurons. In another model, rats are administered
high doses of ethanol intermittently (chronic intermittent ethanol,
CIE: 5 g/kg every other day for 5 days, then 6 g/kg/day for 55 days)
and then brain slices are prepared for electrophysiology. The CIE
treatment results in the decreased efficacy of several GABAer-
gic sedative/hypnotic drugs (e.g., ethanol, zolpidem, gaboxadol)
to potentiate tonic currents in hippocampal slices (Liang et al.,
2004, 2009). At the same time, these drugs showed greater effi-
cacy to potentiate phasic (synaptic) currents after CIE. This result
was related to decreased α1 subunits at synaptic sites, decreased
α4, β, and δ subunit protein at extrasynaptic sites, and increased
α4, β, and γ2 subunits at synaptic sites (Liang et al., 2004, 2009).
Notably, similar to the effects of withdrawal from chronic ethanol,
increased α4 subunit expression is observed in the hippocam-
pus after chronic allopregnanolone and withdrawal (reviewed by
Smith et al., 2007). Overall, these data suggest that the neuroad-
aptations to chronic ethanol and neuroactive steroids are similar,
possibly to maintain homeostasis of inhibitory neurotransmis-
sion. Regardless of the mechanisms by which it is accomplished,
i.e., direct receptor action by neuroactive steroids or increased
GABA release by ethanol, positive modulation of GABAA receptors
appears to be a common effect of ethanol and exogenous neuroac-
tive steroids that can result in homeostatic molecular adaptations
to restore GABAergic tone. Such homeostatic adaptations result
in withdrawal following the removal of neurosteroids or ethanol.

The great complexity of results from in vitro studies, in which
differences are commonly found between brain areas, suggests that
in vivo pharmacological studies could inform changes in GABAA

receptor function after chronic ethanol and withdrawal. For exam-
ple, 10 mg/kg alphaxalone induced sleep, as measured by a loss of
righting reflex. After CIE, however, the duration of sleep induced
by alphaxalone was decreased, indicating cross-tolerance (Cagetti
et al., 2003). In contrast, the efficacy of alphaxalone to increase
time spent on the open arms in the elevated plus maze (purport-
edly an anxiolytic effect) was increased after CIE (Cagetti et al.,
2004). In the same study, rats exposed to CIE were sensitized to
the convulsant effect of pentylenetetrazol, as 20–25 mg/kg induced
seizures in this group compared to 40 mg/kg in control rats. This
treatment also resulted in greater sensitivity to the anticonvulsant
effects of alphaxalone. Likewise, the anticonvulsant efficacy and
potency of allopregnanolone (Devaud et al., 1995) and THDOC
(Devaud et al., 1996) was increased by chronic ethanol treatment
in rats (liquid diet, 10–12 g/kg/day for 14 days) and mice (72 h

ethanol vapor inhalation, Finn et al., 2000). These data indicate
that chronic ethanol and withdrawal are associated with increased
sensitivity, rather than cross-tolerance, to the anticonvulsant and
possibly the anxiolytic effects of GABAergic neuroactive steroids.
Thus, data from the limited studies conducted so far suggest that
adaptations to chronic ethanol and withdrawal alter the effects of
neuroactive steroids in a behavior-specific manner likely related
to the GABAA receptor subunits expressed in the brain regions
mediating the behavior that is being studied.

NEUROACTIVE STEROID REGULATION OF THE HPA AXIS AND
INTERACTIONS WITH ETHANOL
Similar to the negative feedback of the HPA axis by glucocorti-
coids, GABA is a primary regulator of hypothalamic responses
to stress. Activity of the HPA axis, beginning with secretion of
CRH, is inhibited by GABA (Calogero et al., 1988). Decreased
GABAergic activity during acute stress (Biggio et al., 1990) results
in stimulation of the HPA axis and increased brain and plasma
concentrations of neuroactive steroids, at least in rodents (Purdy
et al., 1991). A variety of stressors have been shown to increase
plasma and/or brain neuroactive steroids to concentrations that
modulate GABAA receptors in vitro (Belelli et al., 2002). For exam-
ple, swim stress (22˚C, 10 min) in rats increased allopregnanolone
in plasma (<1 ng/ml to 2.5 ng/ml after 70 min) and brain (cerebral
cortex, 2.5 ng/ml to 5 ng/ml after 10 min; hypothalamus,<2 ng/ml
to 4.5 ng/ml after 40 min; Purdy et al., 1991). Similarly, plasma allo-
pregnanolone increased from 1.0 to 1.2 nmol/l during oral defense
for a Ph.D. degree (Droogleever Fortuyn et al., 2004). Increased
neuroactive steroids are proposed to dampen the physiological
impact of the stress and mediate restoration of homeostasis of the
HPA axis (Finn and Purdy, 2007). For example, allopregnanolone
decreased anxiety in response to heat stress and administration of
CRH (Patchev et al., 1994, 1996). A recent report indicated that
physiological concentrations of allopregnanolone, THDOC, and
pregnenolone in cell culture inhibited CRH reporter gene activity
and forskolin-stimulated transcription (Budziszewska et al., 2010).
Overall, these data are consistent with the idea that endogenous
GABAergic neuroactive steroids exert negative feedback on stress
responses. Chronic stress has been proposed to result in adapta-
tions of the HPA axis that increase risk for alcohol abuse (Lovallo
et al., 2000; Biggio et al., 2007). Neuroactive steroids may be a
target for amelioration of HPA axis abnormalities.

The interaction between neuroactive steroids, ethanol, and
chronic stress has been extensively investigated using the social iso-
lation model in which rodents are housed individually after wean-
ing. Compared to group-housed rats, socially isolated rats had
lower cortical and plasma concentrations of pregnenolone, prog-
esterone, THDOC and allopregnanolone, and 32% greater basal
concentration of plasma corticosterone (Serra et al., 2000). After
acute ethanol (1.0 g/kg), however, socially isolated rats had greater
concentrations of plasma and cerebral cortex pregnenolone, prog-
esterone, allopregnanolone, and THDOC compared to group-
housed rats (Serra et al., 2003). The chronic stress of social
isolation therefore down-regulated the basal concentration of neu-
rosteroids, perhaps lowering inhibitory control of the HPA axis,
resulting in greater corticosterone. Furthermore, the efficacy of
ethanol to increase neuroactive steroids was greater following
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social isolation, perhaps related to suppressed basal concentra-
tions. In contrast, following treatment with chronic ethanol (8–
10 g/kg/day for 7 days), the efficacy of ethanol to increase plasma
concentrations of neuroactive steroids was lower compared to con-
trol diet (Boyd et al., 2010a). Insofar as stress substitutes for, and
has additive effects toward, social anxiety induced by ethanol with-
drawal (5 days ethanol diet, restraint stress; Breese et al., 2004), one
hypothesis is that ethanol withdrawal may have effects similar to
stress, and potentiate the increase in neuroactive steroid concen-
tration after acute ethanol. To our knowledge, the effects of ethanol
withdrawal on the efficacy of acute ethanol to alter concentrations
of neuroactive steroids have not been studied.

Sanna et al. (2011) hypothesized that, in socially isolated mice,
ethanol drinking would normalize neurosteroid concentrations.
Data supporting this hypothesis would suggest that increased neu-
roactive steroids resulting from consumption of ethanol might
contribute to reinforcement of ethanol drinking. This hypoth-
esis was previously investigated by Janak et al. (1998), showing
that 3 mg/kg allopregnanolone slightly increased ethanol self-
administration from 0.30 to 0.43 g/kg/30 min session. However,
Sanna et al. (2011) reported that hippocampal allopregnanolone
concentration did not differ between mice consuming ethanol
(group-housed, 3.5 g/kg/2 h session; socially isolated, 4.25 g/kg/2 h
session) or water for 6 weeks, and remained lower in socially iso-
lated (11–13 ng/g) compared to group-housed mice (15–17 ng/g).
Thus, ethanol consumption did not normalize hippocampal
(Sanna et al., 2011) or cerebral cortical (rats, Pisu et al., 2011)
neurosteroids that were suppressed by the chronic stress of social
isolation. However, there may be differences between voluntary
and experimenter-administered ethanol. The proceedings of the
2008 Volterra symposium (Morrow et al., 2009) reported that Big-
gio’s lab observed a two-fold increase in cortical allopregnanolone
in socially isolated rats exposed to intermittent ethanol vapor
for 8 days (BEC, 205 mg/dl at sacrifice; 91% increase in group-
housed rats). It may be that compensatory processes induced by
ethanol-conditioned stimuli during voluntary drinking maintain
neurosteroid homeostasis, similar to neurosteroid regulation by
the anticipation of food (Pisu et al., 2006).

Changes in the expression of GABAA receptor subunits during
chronic stress or ethanol appear to alter GABAA receptor-mediated
tonic currents. As a result, changes in the ability of neuroactive
steroids to modulate tonic currents might influence the threshold
for HPA axis stimulation. In support of this idea, socially isolated
rats showed greater expression of α4 and δ subunits in the hip-
pocampus compared to group-housed rats (Serra et al., 2006),
and greater enhancement of tonic current by gaboxadol (Sanna
et al., 2011). Furthermore, δ subunit mRNA expression and pro-
tein was attenuated by ethanol consumption in socially isolated
mice, in which basal expression was 50% greater than group-
housed mice (Sanna et al., 2011). Whereas social isolation resulted
in approximately 10% greater α4 subunit protein compared to
group-housed mice drinking water, this difference was absent
when the mice drank ethanol, suggesting that ethanol consump-
tion opposed the effects of stress on α4 subunit expression and
peptide up-regulation (Sanna et al., 2011). Ethanol consumption
in socially isolated mice also resulted in electrophysiological effects
of gaboxadol more similar to group-housed mice, consistent with

regulation of α4δ subunits. Additional research is needed, as the
combination of chronic ethanol and associated social stress in
humans could have unique pharmacological consequences that
are significant for the treatment of alcoholism.

Changes in GABAA receptor subunit expression in relation to
ethanol consumption have been studied using a primate model. By
using non-human primates, chronic alcohol intake can be charac-
terized in the absence of confounding variables present in human
post-mortem studies (e.g., reliable measures of intake, multi-drug
histories, nutrition). Studies using monkeys model important
aspects of human alcohol consumption, including alcoholic-like
patterns of intake with high (>100 mg/dl) BECs (Grant et al.,
2008b). After more than 18 months of ethanol self-administration,
previous studies found marked alterations in GABAA and NMDA
receptor subunit mRNA expression in the dorsal lateral prefrontal
cortex (DLPFC) and the orbital frontal (OFC) but not in anterior
cingulate cortex (ACC; Hemby et al., 2006; Acosta et al., 2010).
Specifically, the GABAA receptor subunits α2, α4, β1, β3, γ1, γ2,
γ3, were decreased in the OFC, whereas only α1, α2, γ1, and δ

were decreased in the DLPFC. These data suggest that GABAA

receptor adaptation in response to chronic ethanol drinking dif-
fered between cortical regions of the primate brain, and only
the DLPFC showed changes in the δ subunit. Likewise, the only
change observed with respect to α subunits was lowered expres-
sion, including a decrease in the α4 subtype within the OFC. The
significance of these findings with regard to ethanol and neuroac-
tive steroid pharmacology and effects on the HPA axis requires
further investigation. However, Porcu et al. (2006) found that
the synthetic glucocorticoid dexamethasone suppressed plasma
concentrations of deoxycorticosterone, and that the efficacy of
dexamethasone was negatively correlated with subsequent ethanol
self-administration using the primate model. Thus, lower gluco-
corticoid modulation of neuroactive steroid precursors may be a
risk factor for heavy drinking, particularly among individuals with
GABAA receptor subunit polymorphisms associated with greater
ethanol-like effects of neuroactive steroids (Pierucci-Lagha et al.,
2005).

Inhibition of the HPA axis by GABAergic transmission is diffi-
cult to reconcile with the ability of ethanol, a positive modulator
of GABAA receptors, to activate the HPA axis and increase neu-
roactive steroids in rodents. One possibility is that activation
of the sympathetic nervous system related to ethanol admin-
istration (restraint, needle poke) interacts with the effects of
ethanol to increase neuroactive steroids. Barbaccia et al. (1994)
reported that CO2 inhalation increased neuroactive steroid pre-
cursors (pregnenolone, progesterone) in rat brain, but that the
magnitude of increase was reduced after experience with han-
dling, the experimental context, and the containment apparatus,
twice daily for 5 days. A majority of studies using rats currently
include 1–2 weeks of acclimation to the housing conditions, but
few include daily handling. We measured plasma pregnenolone,
progesterone, ACTH, and deoxycorticosterone in female rats that
were extremely acclimated to the procedures and found no dif-
ference between rats administered 1.0 g/kg ethanol or water (i.g.;
Helms et al., 2010). These rats had >1 year daily handling and
were gavaged 5–7 days/week in which 1.0 g/kg ethanol was admin-
istered on about half the days. Another explanation was recently
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suggested by Boyd et al. (2010a). Compared to rats fed an
isocaloric control diet, rats fed an ethanol liquid diet for 7 days
(8–10 g/kg/day) showed blunted plasma ACTH, progesterone, and
allopregnanolone when injected with 2.0 g/kg ethanol. These data
suggest tolerance develops to ethanol induction of neuroactive
steroids. However, because administering ACTH restored the effi-
cacy of ethanol to increase neuroactive steroids, adrenal respon-
siveness was not impaired by chronic ethanol. Instead, chronic
exposure to ethanol also may alter steroidogenesis. For example,
injection of pregnenolone (50 mg/kg, i.p.) increased allopreg-
nanolone in the cortex of alcohol-preferring P rats, but only if they
had been trained to self-administer ethanol (Besheer et al., 2010).

THE ROLE OF ENDOGENOUS NEUROACTIVE STEROIDS IN
SEX DIFFERENCES IN THE EFFECTS OF ETHANOL
Greater alcoholism risk among males is a robust observation
in humans (Chan et al., 2007; Grant et al., 2007) and non-
human primates (Vivian et al., 2002), suggesting that this sex
difference is caused directly, at least in part, by biological rather
social and behavioral differences. This sex difference is oppo-
site in adult rodents and has been related to gonadal hormones
(Vetter-O’Hagen et al., 2009; Vetter-O’Hagen and Spear, 2011), as
testosterone appears to protect adult male rodents against heavy
ethanol intake. Although contradictory results have been obtained
in studies of both species, the results of human studies gener-
ally contrast with rodent findings to suggest that testosterone is
a risk factor for heavy ethanol drinking. Testosterone is particu-
larly important in the development of male-specific maturation
in rodents and primates (Gupta et al., 1975; Sato et al., 2008).
Although present in adult females, the concentration of circu-
lating testosterone is much greater in adult male rodents (e.g.,
Pluchino et al., 2009) and primates (e.g., Muller et al., 2011), in
whom it is linked to aggressive and reproductive behavior (Sato
et al., 2008). Stålenheim et al. (1998) reported that testosterone
was associated with aggressive and antisocial behavior, which were
more prevalent in alcoholic men with a family history of alco-
holism. Among adolescent males, individuals with ≥3 symptoms
of alcohol abuse had greater testosterone (n = 13, 0.16 nmol/l)
than individuals with ≤2 symptoms (n = 451, 0.11 nmol/l). A
significant positive correlation was found between total alcohol
abuse symptoms and testosterone after adjusting for pubertal
development (Eriksson et al., 2005). In another study using pre-
menopausal females, testosterone was elevated among individuals
with early onset alcohol abuse compared to controls, in contrast
to decreased estradiol, progesterone, androstenedione, and sex
hormone binding globulin (Pettersson et al., 1990). Consistent
with a positive correlation between alcohol drinking and circulat-
ing androgens, a more recent study of post-menopausal women
reported a significant association between testosterone and alco-
hol intake, which had a narrow range around 1.5 drinks per day
(Wayne et al., 2008). In contradiction, however, Onland-Moret
et al. (2005) reported that testosterone concentrations were sim-
ilar amongst post-menopausal women who drank >2.5 drinks
per day and those who abstained, although the androgen DHEA
sulfate was elevated amongst the drinkers. In another correlative
study, alcohol-preferring rats had greater baseline testosterone
compared to alcohol non-preferring rats (Apter and Eriksson,

2003), which is inconsistent with the idea that testosterone pro-
tects against heavy alcohol drinking in male rodents. Few studies
have tested the hypothesis that testosterone is causally related to
ethanol drinking, and these have produced contradictory find-
ings. First, among castrated male albino rats, those treated with
testosterone more rapidly acquired a greater preference for ethanol
compared to those treated with estradiol, progesterone, or oil
control solution (Lakoza and Barkov, 1980). On the other hand,
castrated male Sprague-Dawley rats showed greater ethanol intake
(2.2 g/kg/2 h) compared to sham rats (1.4 g/kg/2 h), which was
decreased on average by testosterone replacement (1.75 g/kg/2 h;
Vetter-O’Hagen et al., 2011). Many procedural differences could
account for these discrepant findings, including “alcoholization”
by Lakoza and Barkov (1980) in which ethanol was administered
intraperitoneally for 2 weeks prior to access to ethanol, and the use
of a sweetened solution by Vetter-O’Hagen et al. (2011). Overall, a
majority of studies suggest that testosterone influences the risk for
heavy drinking, although obviously more work is needed to deter-
mine a causal mechanism. In terms of neurosteroids, one possible
mechanism is metabolism to androsterone.

Androsterone, as reviewed above, has discriminative stimu-
lus effects similar to ethanol (monkeys, Grant et al., 2008a)
and pregnanolone (rats, Engel et al., 2001), and therefore could
increase sensitivity to ethanol via additive pharmacological effects.
Consistent with the distinct pharmacological effects of iso-
mers of neuroactive steroids, 3α,5α-androsterone, but not 3β,5α-
androsterone, is a low-potency but efficacious anticonvulsant
(Kaminski et al., 2005). In one study, male volunteers, who
may have been social drinkers, had high levels of circulating
androsterone in the form of a glucuronide or sulfated conju-
gate (androsterone glucuronide, 45 ng/ml; Hsing et al., 2007),
compared to 97 pg/ml for the non-conjugated form of andros-
terone (Porcu et al., 2010). Fabre et al. (1973) reported that
both androsterone isomers (3α,5α- and 3α,5β-androsterone) were
present in lower concentrations among actively drinking (mean
BEC, 148 mg/dl; 5α, 0.43 mg/24 h; 5β, 0.29 mg/14 h) compared
to abstinent alcoholics (5α, 0.95 mg/24 h; 5β, 0.71 mg/24 h) or
controls (5α, 1.4 mg/24 h; 5β, 0.63 mg/24 h). To our knowledge,
glucuronide or sulfate conjugates of androgens have not been mea-
sured in heavy drinkers. If the older results of Fabre et al. (1973)
are confirmed, lower levels of androgens in alcoholics could indi-
cate that the role of androgens in alcoholism is primarily as a risk
factor and not a regulator of ethanol sensitivity or consummatory
behavior, although once again, only correlative data is available.

Although present in males, progesterone concentration is two-
fold greater in reproductively fertile women (Genazzani et al.,
1998). Progesterone mediates reproductive behavior related to
pregnancy that supports fetal development such as increased con-
summatory behavior (hyperphagia, Douglas et al., 2007). Females
of old-world primates (including humans) have menstrual cycles
that occur over approximately 28–30 days. Following a 10- to
12-day follicular phase, a rapid rise in luteinizing hormone and
estrogen precedes ovulation at mid-cycle (Hotchkiss and Kno-
bil, 1994). In contrast, rodents have a 4-day estrus cycle during
which rising estradiol precedes a surge of luteinizing hormone
that coincides with the onset of proestrus and induces ovulation.
Rodent ovaries produce progesterone and progesterone-derived
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neuroactive steroids (Holzbauer, 1975) such that circulating levels
rise throughout proestrus. Approximately 12 h after the luteinizing
hormone surge, ovulation coincides with peak progesterone which
declines throughout estrus (Goldman et al., 2007). In primates,
progesterone mediates development of the uterine epithelium
prior to menses, but in rodents, progesterone mediates the cellular
composition of the vaginal epithelium.

The duration of exposure to endogenous neuroactive steroids
across the menstrual or estrus cycle may influence subsequent
effects of ethanol. For example, declining progesterone in the
latter half of the primate luteal phase after prolonged (about
1 week) progesterone exposure could enhance the aversive effects
of ethanol withdrawal. Compared to vehicle, twice daily injection
of progesterone (5 mg/kg) to rats maintained on a chronic ethanol
diet increased anxiety during ethanol withdrawal measured using
elevated plus maze (Sharma et al., 2007). Exposure to progesterone
for several days altered the pharmacological activity of allopreg-
nanolone, and GABAA receptor subunit expression (i.e., increased
α4 and δ, decreased α1 subunits; reviewed by Smith et al., 2007;
Maguire and Mody, 2009). Indeed, tolerance to endogenous neu-
roactive steroids during the menstrual cycle and during pregnancy
correlated with changes in GABAA receptor subunit conforma-
tion and function (Turkmen et al., 2011). Differences between
rodents and primates in the time-course of endogenous prog-
esterone concentration during reproductive cycles suggests that
primate studies will provide important translational data about
the influence of fluctuations in endogenous neuroactive steroids
on sensitivity to ethanol, including withdrawal from chronic
ethanol.

Consistent with sex differences in ethanol drinking and alco-
holism susceptibility, males and females differ in symptoms of
ethanol withdrawal (reviewed by Finn et al., 2010). For exam-
ple, compared to males, female rats are susceptible to seizures for
fewer days after ethanol withdrawal (Alele and Devaud, 2007).
Furthermore, withdrawal symptoms are ameliorated by GABAer-
gic neurosteroids differentially in male and female rodents (e.g.,
Devaud et al., 1998). In one study, rats’ amplitude of startle to an
auditory stimulus was slightly enhanced during withdrawal from
ethanol compared to withdrawal from a dextrose diet, but only in
male rats, not sham or ovariectomized female rats. This effect was
attenuated by progesterone (Reilly et al., 2009). In female mice,
the magnitude of handling-induced convulsions during ethanol
withdrawal was increased by finasteride, suggesting modulation by
5α-reduced neuroactive steroids. In contrast, finasteride decreased
the magnitude of handling-induced convulsions in males (Gorin-
Meyer et al., 2007). Sex differences in anticonvulsant effects of
endogenous neurosteroids could relate to basal steroid concen-
trations. In male mice, removal of endogenous neurosteroids by
adrenalectomy increased seizure magnitude during acute ethanol
withdrawal, with no additional effect of gonadectomy. In contrast,
in female mice, both adrenalectomy and gonadectomy were nec-
essary to potentiate handling-induced convulsions during ethanol
withdrawal. In both sexes, treatment with progesterone or deoxy-
corticosterone decreased the severity of convulsions (Kaufman
et al., 2010). The absence of an effect of gonadectomy in males sug-
gests that testosterone and its neuroactive metabolites have little
impact on seizure susceptibility during ethanol withdrawal (Finn

et al., 2010), or perhaps de novo testosterone synthesis in the brain
could be up-regulated to compensate for gonadectomy.

Withdrawal seizures in alcoholics have a relatively low inci-
dence, even among humans undergoing alcoholism treatment
(8–16%; Caetano et al., 1998). A more commonly reported with-
drawal syndrome is anxiety, often comorbid with alcohol depen-
dence in humans (Kushner et al., 2005). Repeated high doses of
ethanol followed by withdrawal from ethanol decrease the thresh-
old for seizures similar to kindling, in which seizure threshold is
reduced by repeated sub-threshold electrical activity (reviewed by
Breese et al., 2005; Rogawski, 2005). Kia et al. (2011) reported
that daily electrical stimulation of the basolateral amygdala, which
elicited convulsions, also eliminated the potentiation of tonic cur-
rents by THDOC in pyramidal neurons of the piriform cortex.
Thus, kindling resulting in basal neural excitation was associated
with decreased efficacy of a neuroactive steroid to enhance tonic
currents. These in vitro data are reminiscent of the reports of cross-
tolerance to alphaxalone-induced sleep after CIE, which includes
daily withdrawal (Cagetti et al., 2003). Basal neurosteroid concen-
trations may regulate seizure threshold via modulation of tonic
currents, and changes in neurosteroid concentrations in alcoholics
that undergo abstinence could represent attempts to maintain
homeostasis of neural excitability.

ETHANOL AND NEUROACTIVE STEROID EFFECTS IN
RELATION TO CHANGES IN GABA NEUROTRANSMISSION
DURING MATURATION
The expression of GABAA receptor subunits is developmentally
regulated. However, the effect of ethanol and neuroactive steroids
on different components of GABA neurotransmission has rarely
been investigated at different maturational stages. In the cere-
bellum and thalamus of rodents, the δ subunit and associated
α subunits (α4/α6) are not expressed at birth (developmentally
equivalent to humans in the third trimester of pregnancy), but they
are progressively expressed over the first month of life (roughly
peaking at puberty). Accordingly, in those brain regions, tonic
GABAA currents, mediated by α4/α6δ containing GABAA recep-
tors, first appear at ∼15 days, and get progressively larger until
adulthood (Brickley et al., 1996; Wall and Usowicz, 1997; Peden
et al., 2008). In contrast, tonic GABAA currents mediated by α4δ

subunits are present at birth in the hippocampus (Holter et al.,
2010). Thus, the role of extrasynaptic GABAA receptors and tonic
inhibition in mediating neurosteroid and ethanol actions may be
broadly developmentally regulated in some brain regions (cere-
bellum/thalamus) but not in others (hippocampus). In addition
to developmental changes in GABAA receptors, there are develop-
mental changes in the transporters that establish the Cl− gradient
which is what makes GABAA receptors inhibitory in the adult
(Wang and Kriegstein, 2009). Accordingly, in the early post-natal
period in rodents (third trimester in humans) GABAA receptors
are excitatory and play a crucial role in maturation of the ner-
vous system (Eilers et al., 2001; Wang and Kriegstein, 2009). Thus,
neurosteroid and ethanol enhancement of GABAA receptors in
the human fetus is likely to be excitatory, and may interfere with
proper brain development. In the case of ethanol, such interfer-
ence may contribute to the brain damage underlying fetal alcohol
syndrome (Costa et al., 2000; Galindo et al., 2005).
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As well as the broad developmental changes in the GABAer-
gic system that likely affect the impact of neurosteroids and
ethanol, there are specific developmental changes in the GABAer-
gic system that may influence responses to neurosteroids and
ethanol. Specifically, GABA neurotransmission appears to be dis-
tinct during puberty (post-natal days 35–45 in mice), which
may contribute to the vulnerability of adolescents to alcohol
abuse and dependence (Grant and Dawson, 1997). Shen et al.
(2010) reported 300 and 700% greater α4 and δ subunit expres-
sion, respectively, on dendritic spine (not shaft) membranes of
CA1 pyramidal cells in pubertal compared to pre-pubertal and
adult female mice. Additionally, whereas allopregnanolone poten-
tiated GABA-induced currents and decreased anxiety in adult
rodents (Finn and Purdy, 2007), allopregnanolone increased anx-
iety and decreased tonic GABA-induced currents (CA1 pyrami-
dal cells) in female mice during puberty. This differential effect
of allopregnanolone was related to a basal outward Cl− cur-
rent at α4βδ receptors during puberty, as opposed to inward
during adulthood (Shen et al., 2007). Pyramidal cells of puber-
tal mice were more sensitive to currents induced by the α4

and δ subunit-selective agonist gaboxadol, consistent with the
unique subunit expression occurring during puberty. Allopreg-
nanolone (30 nM) facilitated long-term potentiation and spatial
learning in pubertal mice, but decreased long-term potentiation
in pre-pubertal mice (Shen et al., 2010). A pattern of ethanol
exposure in rats meant to model binge drinking in adolescence
(3 g/kg/day, 8 days of injections with two intervening saline injec-
tions) heightened HPA axis reactivity to stress (acute ethanol) as
adults (Przybycien-Szymanska et al., 2011). Ethanol exposure dur-
ing the sensitive pubertal period could disrupt the maturation
of stress response systems including neurosteroid regulation of
homeostasis, perhaps altering ethanol sensitivity, and increasing
risk of alcoholism.

FUTURE DIRECTIONS
An area of research needing attention is the contribution of
neurosteroids to ethanol effects on sleep, an essential process
regulating mood and responses to stress that is disrupted in alco-
holism (Brower, 2003). A key brain structure involved in sleep
is the ventrolateral preoptic area of the hypothalamus, which
sends galanin and GABA projections to brainstem arousal nuclei
to maintain sleep, with reverse inhibitory projections maintain-
ing wakefulness (Harrison, 2007). During the first half of a
sleep bout, high doses of ethanol decrease the latency to sleep
onset, increase slow-wave sleep and decrease rapid eye move-
ment (REM) sleep (young adult women; Williams et al., 1983),
whereas the opposite effects are observed in the last half of a
sleep bout (Feige et al., 2006). Sleep deprivation interacts with
ethanol to potentiate daytime sleepiness and performance impair-
ments due to ethanol (Roehrs and Roth, 2001). Both alcoholic
men and women were reported to have more REM sleep, and
less slow-wave sleep, compared to controls, with altered electroen-
cephalograms during non-REM sleep (Gann et al., 2001; Colrain
et al., 2010). A recent study found that moderately intoxicat-
ing doses of ethanol are associated with greater sleep disruption
in women compared to men (Arnedt et al., 2011). It is tempt-
ing to speculate that neuroactive steroids could be a factor in

sex differences in ethanol-induced disruption of sleep. Only a
few studies, however, have investigated neuroactive steroid influ-
ences on sleep. Pregnenolone sulfate (47.5 mg/kg) increased REM
sleep in rats without affecting slow-wave sleep or wakefulness
(Darnaudéry et al., 1999). Administration of 15 mg/kg allopreg-
nanolone per day for 5 days to rats dramatically altered the
timing of sleep stages including decreased non-REM episodes,
decreased latency to non-REM sleep, and increased latency to
REM sleep (Damianisch et al., 2001). The effects of acute allo-
pregnanolone and THDOC are similar, both decreasing sleep
latency and increasing the duration of transition between non-
REM and REM sleep (Müller-Preuss et al., 2002). Likewise,
allopregnanolone (7.5 and 15 mg/kg) decreased the latency to
sleep and increased the time in transition between non-REM
and REM sleep (rats, Lancel et al., 1997). Pregnenolone sulfate
regulated the percentage of REM sleep, but not non-REM or
wakefulness, when infused into the pedunculopontine tegmen-
tum, a component of the reticular formation (Darbra et al.,
2004). In contrast, up to 100 mg/kg dehydroepiandrosterone sul-
fate does not affect sleep cycles, but affects electroencephalograms
associated with non-REM sleep (Schiffelholz et al., 2000). Addi-
tional studies are needed to determine whether neurosteroid
mechanisms are involved in ethanol influences on sleep, and
whether neuroactive steroids could ameliorate sleep deficits in
alcoholics.

SUMMARY
Investigation of the effects of neuroactive steroids has come a long
way since the first realizations of their shared receptor mecha-
nisms with ethanol. These common receptor mechanisms (e.g.,
GABAA, NMDA receptors) mediate neurotransmission in ubiqui-
tous neural pathways regulating excitation and inhibition across
many brain areas. The diversity of neuronal types regulated by
GABA and glutamate and expressing receptors for these neu-
rotransmitters accounts for the multiple behavioral effects of
ethanol and their modulation by neuroactive steroids. Neuroac-
tive steroids appear to be able to modify many of the behaviors
affected by ethanol along a continuum broadly bounded by exci-
tation (anxiety or vigilance, convulsions, perhaps impulsivity)
and inhibition (anxiolysis, decreased seizure threshold, sedation,
ataxia). The endogenous role of neuroactive steroids in regulat-
ing these behaviors provides a window into the abnormalities
observed in alcoholics. The strongest candidates for the endoge-
nous ligands acting at the receptor systems mediating ethanol
effects are neuroactive steroids, although not all of the receptor
systems were covered in this review (e.g., 5-hydroxytryptamine
receptors, sigma receptors). Additional evidence for neuroactive
steroids as endogenous alcohols comes from their common meta-
bolic substrates (Figure 1). Although we have learned much, it
has only been less than 30 years since Harrison and Simmond’s
(1984) study of the anesthetic actions of alphaxalone, and plenty
of work remains to be done. For example, clarifying the func-
tions of neuroactive steroids in maturation is likely to reveal
the mechanisms for abnormalities induced by prenatal alcohol.
It has been 20 years since the initial studies linking neuroactive
steroids to the HPA axis (e.g., Purdy et al., 1991). The HPA axis
may serve as a bridge between peripheral organs, the brain, and
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ultimately behavior to for optimal energy utilization depend-
ing on environmental conditions. Neuroactive steroids may be
a central mechanism by which these environmental conditions
are signaled to the brain, HPA axis, and the rest of the body.

The significance of neuroactive steroids for a variety of physio-
logical and behavioral processes affected by ethanol suggests that
they should continue to be a focus of research for alcoholism
therapies.
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A., Leśkiewicz, M., Steczkowska,
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The existence of a sex difference in Parkinson’s disease (PD) is observed as related to
several variables, including susceptibility of the disease, age at onset, and symptoms.
These differences between men and women represent a significant characteristic of PD,
which suggest that estrogens may exert beneficial effects against the development and
the progression of the disease. This paper reviews the neuroprotective and neuromodula-
tor effects of 17β-estradiol and progesterone as compared to androgens in the nigrostriatal
dopaminergic (NSDA) system of both female and male rodents. The 1-methyl-4-phenyl-
1,2,3,6-tetrahydropyridine (MPTP) mice model of PD and methamphetamine toxicity faith-
fully reproduce the sex differences of PD in that endogenous estrogen levels appear to
influence the vulnerability to toxins targeting the NSDA system. Exogenous 17β-estradiol
and/or progesterone treatments show neuroprotective properties against NSDA toxins
while androgens fail to induce any beneficial effect. Sex steroid treatments show male
and female differences in their neuroprotective action against methamphetamine toxicity.
NSDA structure and function, as well as the distribution of estrogen receptors, show sex
differences and may influence the susceptibility to the toxins and the response to sex
steroids. Genomic and non-genomic actions of 17β-estradiol converge to promote survival
factors and the presence of both estrogen receptors α and β are critical to 17β-estradiol
neuroprotective action against MPTP toxicity.

Keywords: 17β-estradiol, androgens, dopamine, neuroprotection, neuromodulation, sex difference, MPTP, metham-

phetamine

PARKINSON’S DISEASE
SEX DIFFERENCES
Parkinson’s disease (PD) is a neurodegenerative disorder char-
acterized by a progressive and selective loss of dopamine (DA)
cell bodies in substantia nigra (Dauer and Przedborski, 2003).
The death of nigral DA neurons results in striatal DA decrease,
leading to a dysfunction in basal ganglia process, and the appear-
ance of clinical symptoms such as resting tremor, rigidity, and
bradykinesia (Obeso et al., 2008).

Several variables (including susceptibility to the disease, age at
onset, symptoms) support the existence of a sex difference in PD
(Miller and Cronin-Golomb, 2010). While most studies report a
higher predisposition of PD in men (Van Den Eeden et al., 2003;
Wooten et al., 2004; Shulman, 2007), sex is not considered a risk
factor in a few studies (Granieri et al., 1991; de Rijk et al., 1995).
Men have at least a 1.5-fold greater risk than women of developing
PD (Van Den Eeden et al., 2003; Wooten et al., 2004). The age at
onset in women occurs about 2 years later compared to men in
the majority of studies (Twelves et al., 2003; Haaxma et al., 2007),
while no difference has also been reported in one study (Baba
et al., 2005). Moreover, differences in the profile of motor symp-
toms between men and women have also been reported. Total
motor scores on the modified unified Parkinson’s disease rating
scale (UPDRS) do not differ between men and women however,

men have more advanced rigidity and women present with greater
instability scores (Baba et al., 2005). When UPDRS motor scores
were examined as a function of disease progression, sex differ-
ences were not observed in early PD (less than 5 years duration)
however, women have better motor scores than men in advanced
PD (disease duration more than 5 years; Lyons et al., 1998). Not
only do men exhibit more severe parkinsonian motor features
than women but a greater improvement of motor function fol-
lowing levodopa therapy is reported in women (Growdon et al.,
1998; Lyons et al., 1998; Zappia et al., 2005). Haaxma et al. (2007)
found that women have a higher frequency of presentation with
the tremor dominant form of PD, which has been associated with
a slower disease progression. [123I]FR-CIT single photon emis-
sion computed tomography (SPECT) measurements show that, at
symptom onset, women had superior levels of striatal DA binding
than men, suggesting that the development of symptomatic PD
may be delayed by higher physiological striatal DA levels (Haaxma
et al., 2007). In light of these findings, the authors suggested that
the phenotype of PD in women is more benign (Haaxma et al.,
2007). It should be noted however, that differences in disease pre-
sentation, for example, the initial symptom of tremor in women,
was not consistently reported (Baba et al., 2005). Thus, sex differ-
ences represent a notable characteristic of PD, which suggests that
estrogens may exert beneficial effects against the development and
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progression of the disease in women and/or that androgens may
exert destructive effects upon the development and progression of
the disease in men.

INFLUENCE OF ENDOGENOUS AND EXOGENOUS ESTROGENS
Several studies have been conducted to investigate how endoge-
nous estrogen status and estrogen therapy influence the risk of
PD. A longer fertile lifespan (difference between age at menarche
and age at menopause) was associated with a decreased risk of PD
in women with natural menopause (>39 years of fertile lifespan)
compared to the lowest fertile lifespan (<33 years) as reported
among 83,482 women participating in the Observational Study
of the Women’s Health Initiative (WHI-OS; Saunders-Pullman
et al., 2009). A fertile lifespan shorter than 36 years was associ-
ated with an increased risk of PD and an earlier menopause was
more common among women with PD (Ragonese et al., 2004). A
case–control study reported that women with PD had undergone
hysterectomy (with or without unilateral oophorectomy) more
frequently than control subjects (Benedetti et al., 2001), how-
ever data from another report indicated that surgical menopause
was associated with a decreased incidence of PD (Ragonese et al.,
2004). Most findings suggest a beneficial effect of estrogen with
regard to PD risk as the use of either postmenopausal estrogen
(Currie et al., 2004; Popat et al., 2005) or oral contraceptives
(Ascherio et al., 2003; Simon et al., 2009) were associated with
a reduced risk of PD, and women with PD were less likely to use
estrogen therapy (Benedetti et al., 2001); though there are also
data relating that a similar risk exists between women who have
or have not used estrogen therapy (Ascherio et al., 2003). The
use of estrogen therapy on the risk of PD varies depending on
the type of menopause, with increased risk in women with hys-
terectomy (Popat et al., 2005; Saunders-Pullman et al., 2009) and
decreased risk in women with natural menopause (Popat et al.,
2005). No association between exogenous or endogenous estro-
gens exposure on risk of PD has also been reported (Simon et al.,
2009).

In women with PD experiencing regular menstrual cycles a
worsening of parkinsonian symptoms was associated with pre-
menstrual and menstrual periods, when estrogens and proges-
terone are at a low level (Quinn and Marsden, 1986; Kompoliti
et al., 2000; Tolson et al., 2002). A reduction in levodopa effec-
tiveness was also observed before and during the menstruation
period in young PD women (Quinn and Marsden, 1986; Giladi
and Honigman, 1995). Although it was thought that estrogen was
the basis for these symptom fluctuations, a study conducted in
a 5-week period in 10 PD women with menstrual cycles found
that serum estrogens and progesterone levels were not related to
PD severity (Kompoliti et al., 2000). Nevertheless, Horstink et al.
(2003) report fluctuations of dyskinesias, a motor complication
induced by levodopa treatment, as associated with estradiol lev-
els in a young PD woman, with an increase in dyskinesia when
estradiol levels were highest, followed by a diminution of dyskine-
sia and a worsening of parkinsonism in the premenstrual period.
The majority of women with PD report a worsening of parkinson-
ian symptoms during pregnancy and into the postpartum period,
while some women do not experience any deterioration of their
symptoms (Golbe, 1987; Hagell et al., 1998; Shulman et al., 2000;

Robottom et al., 2008). Case reports have documented an increase
in total and motor UPDRS scores during and after pregnancy
(Shulman et al.,2000),with a faster symptom progression than that
observed in the comparison cohort (Robottom et al., 2008). The
substantial variations in estrogen levels during and after pregnancy
were proposed to be implicated in the worsening of parkinsonian
symptoms during these periods (Rubin, 2007; Robottom et al.,
2008).

An amelioration of PD symptoms and dyskinesia was reported
to be present under conditions of estrogen therapy or high levels of
endogenous estrogens (Villeneuve et al., 1978; Session et al., 1994;
Giladi and Honigman, 1995). Postmenopausal women with early
PD using estrogen therapy prior to initiation of levodopa have
lower symptom severity scores (Saunders-Pullman et al., 1999) but
estrogen therapy had no effect at later stages of the disease (Strijks
et al., 1999). Results from double-blind studies reported a reduc-
tion of the dose of levodopa required to improve motor function
in women receiving 17β-estradiol (Blanchet et al., 1999) and an
improvement of motor disability in PD women with motor fluc-
tuations when treated with estrogens (Tsang et al., 2000) whereas
no effect of estrogen on motor function was also observed (Strijks
et al., 1999).

While in some cases conflicting information is reported from
the above human studies, a longer fertile lifespan seems to be con-
sistently associated with a decreased risk of PD, suggesting that
longer exposure to endogenous ovarian steroids exerts a benefi-
cial effect against PD. PD symptoms seem to be modulated by
endogenous variation of steroids as reported by the majority of
women experiencing menstrual cycles and pregnancy. The most
conflicting data comes from the use of estrogen therapy (most
of the studies support a beneficial effect of estrogens) but many
factors could influence the conclusion of these studies. First, a
variety of hormonal therapy compounds are available and the
studies do not always state the specific molecule used by women.
Further, the dose, timing of initiation of treatment and duration
of estrogen therapy can vary substantially. In addition, estrogen
therapy could be used alone or in combination with progestin
and the type of hormone therapy prescribed could differ between
women with a hysterectomy and women with natural menopause.
Indeed, women within the same cohort could have used differ-
ent preparations and doses of estrogen therapy and could have
experienced a different duration of treatment. Taken together, the
results from these studies suggest that exposure to endogenous and
exogenous estrogens seem to influence the risk and symptoms of
PD while further research concerning the exact regimen of hor-
monal therapy will require careful analyses to enable a definitive
conclusion.

ESTROGENS RECEPTOR, STEROIDS, AND PARKINSON’S DISEASE
Estrogens receptor (ER) α and ERβ polymorphism were found
to be unrelated with an increased risk of PD (Maraganore et al.,
2002; Westberg et al., 2004; Li et al., 2009). Alternatively, ERβ

polymorphism is reported more frequently in PD patients with
an early age at onset (Westberg et al., 2004; Hakansson et al.,
2005). A small number of studies have investigated alterations of
neurosteroid synthesis in PD. Reduced levels of allopregnanolone
and 5α-dehydroprogesterone were found in the cerebrospinal
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fluid of PD patients (di Michele et al., 2003). In the substan-
tia nigra, reductions of 5α-reductase protein and mRNA were
observed (Luchetti et al., 2010), which could lead to decreased
synthesis of 5α-dehydroprogesterone and subsequently allopreg-
nanolone (di Michele et al., 2003). Expression of sulfotransferase
2B1, an enzyme catalyzing the conversion of pregnenolone and
dehydroepiandrosterone into their sulfated esters, in the substan-
tia nigra was also downregulated and in the caudate nucleus,
expression of 3α-hydroxysteroid dehydrogenase type 3, an enzyme
catalyzing the synthesis of allopregnanolone, was upregulated
(Luchetti et al., 2010), suggesting a compensatory mechanism in
response to the loss of input from the substantia nigra. The authors
suggest an involvement of neurosteroids in the neurodegenerative
process of PD (Luchetti et al., 2010).

INFLUENCE OF SEX STEROIDS IN EXPERIMENTAL MODELS
OF PARKINSON’S DISEASE
SEX DIFFERENCES AND INFLUENCE OF ENDOGENOUS HORMONES
Two animal models of induced degeneration affecting the nigros-
triatal dopaminergic (NSDA) system are reviewed here as related
to the influence of sex steroids – the 1-methyl-4-phenyl-1,2,3,6-
tetrahydropyridine (MPTP) model of PD and methamphetamine
(MA)-induced DA toxicity. While both agents primarily target
the NSDA system, they differ with regard to their mechanisms of
action. For MPTP, conversion to its active metabolite, 1-methyl-
4-phenylpyridinium (MPP+), is required followed by uptake into
the DA neuron via the DA transporter (DAT). The interaction
of MPP+ with mitochondrial complex 1 results in a disruption
of the respiratory chain and eventual cell destruction. The exact
mechanisms for toxicity resulting from MA remain elusive, but it
is believed to produce a reversal in DAT function thus producing
excessive amounts of DA which have the potential of generating
free radicals and oxidative stress. Studies in these animal models
have shown a greater neurotoxic effect in male than female mice,
as observed by more extensive striatal DA reduction and a greater
decrease in DAT specific binding in striatum (Wagner et al., 1993;
Dluzen et al., 1996; Miller et al., 1998; Yu and Liao, 2000b; Bourque
et al., 2009, 2011). Moreover, the levels of endogenous sex steroids
have been reported to affect the susceptibility of female mice to the
toxin. In female BALB/c mice treated with MA, a greater DA deple-
tion was observed when the toxin was administered at diestrus
(when estrogens levels are low) whereas lower DA loss occurs at
proestrus (when estrogens levels are high; Yu and Liao, 2000b).
This effect of estrous cycle variation seems to be strain depen-
dent since this difference in MA sensibility was not observed in
the C57BL/6J strain of mice (Yu and Liao, 2000b). These ani-
mal models faithfully reproduce the sex differences of PD in that
endogenous estrogen levels appear to influence the vulnerability
to toxins targeting the NSDA system and support a beneficial role
of estrogens against NSDA neurodegeneration.

EFFECTS OF ESTROGENS AND PROGESTERONE IN FEMALE AND MALE
RODENTS
Experimental studies have been conducted in order to investi-
gate the potential beneficial effect of exogenous sex steroid treat-
ments against NSDA toxins. A summary of these studies showing
steroids, dose, toxin, and DA markers investigated is listed in

Tables 1–4. These studies are separated by sex to highlight the
observed sex differences and we refer the reader to the tables for
details and a complete reference to relevant studies. Beneficial
effects of 17β-estradiol and estradiol benzoate on DA concen-
trations against MPTP toxicity in female and male mice (intact or
gonadectomized) are shown when physiological concentrations of
this gonadal steroid are administered prior to the toxin (Tables 1
and 3; Dluzen et al., 2001b; D’Astous et al., 2004b; Liu et al., 2008).
A protective effect of 17β-estradiol or estradiol benzoate against
MA-induced DA loss was also obtained with a pre-treatment in
female mice (Dluzen et al., 2002; D’Astous et al., 2005a). In con-
trast, 17β-estradiol failed to show any protective effect on DA
content in gonadectomized male mice treated with MA (Ander-
son et al., 2005) and produced a severe acute toxicity to MA in
intact male mice (Dluzen et al., 2002). Timing of treatment with
17β-estradiol or estradiol benzoate seems to be critical to reach a
maximal beneficial effect, with at least 24 h required for the pre-
treatment whereas shorter time intervals fail to achieve optimal
protection (Gajjar et al., 2003). In support of this finding are data
showing that treatment with a high dose of 17β-estradiol shortly
prior to and after MPTP injection failed to protect striatal DA
depletion whereas some effects were observed on DAT and tyro-
sine hydroxylase proteins levels (Ookubo et al., 2008). Moreover,
in a study investigating several markers of dopaminergic function,
the time required to obtain maximal protection against MA toxi-
city was observed with a 24-h pre-treatment of estradiol benzoate
while pre-treatments of 30 min or 12 h showed incomplete and
varying degrees of neuroprotection (Gajjar et al., 2003), suggesting
different mechanisms of estradiol action (D’Astous et al., 2004a).
Since estradiol is a neuromodulator of DA metabolism (Sanchez
et al., 2010), investigations of the integrity of DA neurons using
other DA markers to demonstrate the beneficial effect of estradiol
are critical. The DAT and the vesicular monoamine transporter 2
(VMAT2) are both important modulators of DA neurotransmis-
sion (Sotnikova et al., 2006; Guillot and Miller, 2009) and both play
a pivotal role in MPTP and MA toxicities (Gainetdinov et al., 1997,
1998; Fumagalli et al., 1998, 1999). A decrease in DAT and VMAT2
binding in DA neurons of the PD brain is associated with the loss
of DA (Wilson et al., 1996). The protective effect of 17β-estradiol
on DA content observed in MPTP and MA mice has also been
shown on DAT and VMAT2 specific binding (Callier et al., 2001;
D’Astous et al., 2004a, 2005a; Jourdain et al., 2005). Moreover, pos-
itive correlations exist between DA concentrations and DAT and
VMAT2 levels, suggesting that binding to the transporters reflects
the degree of degeneration or protection (Jourdain et al., 2005).

While it has received less attention than 17β-estradiol, the
neuroprotective effect of the other major ovarian steroid prog-
esterone has also been investigated in animal models of PD. Like
17β-estradiol, progesterone shows beneficial effects against MPTP
and MA toxicities (Grandbois et al., 2000; Yu and Liao, 2000a;
Callier et al., 2001; Yu et al., 2002; Morissette et al., 2008). In
contrast to 17β-estradiol, progesterone is neuroprotective in male
mice treated with MA (Yu et al., 2002). Sex differences in the
dose of progesterone used to be effective as a neuroprotectant
against MA are also reported, with male mice requiring lower doses
than females (Yu et al., 2002). Interestingly, co-administration
of 17β-estradiol and progesterone (Morissette et al., 2008), or

www.frontiersin.org September 2011 | Volume 2 | Article 35 | 178

http://www.frontiersin.org
http://www.frontiersin.org/Neuroendocrine_Science/archive


Bourque et al. Sex steroids neuroprotection and neuromodulation

Table 1 | In vivo studies and neuroprotection in female rodents: studies showing protection of DA markers.

Steroid Toxin Species Assay References

ESTROGENS

17β-estradiol

0.5 or 2 mg/kg 30 min before and

90 min after MPTP

MPTP Intact mice DOPAC concentrations (with

2 mg/kg)

Ookubo et al. (2008)

DAT (with 2 mg/kg) and TH

protein levels

Pellet (0.1 mg, 60-day release) for

15 days

MPTP OVX mice DA concentrations Dluzen et al. (1996)

Pellet (0.1 mg, 21-day release) for

14 days

MPTP OVX mice DA concentrations Dluzen et al. (2001b)

Pellet (235 μg/ml) before MPTP and

2 days after

MPTP OVX mice DA, DOPAC, and HVA

concentrations

Miller et al. (1998)

50 μg/kg for 19 days MPTP OVX mice DAT mRNA levels Liu et al. (2004)

Single injection of 10 μg,

co-administered with MPP+
MPP+ Intact rats DA concentrations

TH immunoreactivity

Tomas-Camardiel et al. (2002)

Pellet (0.1 mg, 21-day release) for

14 days

MA Intact and OVX mice DA concentrations Dluzen et al. (2001a, 2002),

Gao and Dluzen (2001b)

Estradiol benzoate

50 μg/kg for 8 days MPTP OVX mice DA, DOPAC, and HVA

concentrations

Liu et al. (2008)

TH immunoreactivity

DAT and TH mRNA levels

48 pg or 0.47 μg for 3 days MA OVX mice (6 weeks) DA concentrations Yu and Liao (2000a), Yu et al.

(2002)

1, 10, or 40 μg 24 h before MA MA OVX mice DA concentrations

DAT and VMAT2 specific binding

Mickley and Dluzen (2004),

D’Astous et al. (2005a)

10 μg 0.5, 12, or 24 h before MA MA OVX mice DA concentrations (at 12 and

24 h)

Gajjar et al. (2003), D’Astous

et al. (2004a)

DOPAC/DA ratio

DAT specific binding (at 24 h)

DAT mRNA levels

PROGESTERONE

0.467 mg for 3 days MA OVX mice DA concentrations Yu and Liao (2000a)

17β-ESTRADIOL BENZOATE + PROGESTERONE

2 days of estradiol benzoate treatment

(0.467 μg) following by 1 day

progesterone treatment (0.467 mg)

MA OVX mice DA and DOPAC concentrations Yu and Liao (2000a)

DOPAC, 3,4-dihydrophenylacetic acid; HVA, homovanillic acid; OVX, ovariectomized; TH, tyrosine hydroxylase.

administration of progesterone following 17β-estradiol treatment
(Yu and Liao, 2000a) does not oppose the beneficial effect of 17β-
estradiol, as has been observed with medroxyprogesterone acetate
(Nilsen and Brinton, 2002).

17β-estradiol clearly shows a neuroprotective capacity when
administered as a pre-treatment, that is, under conditions of a non-
injured brain. Whether 17β-estradiol could retain this capacity
within an impaired dopaminergic system has also been investi-
gated. Estradiol treatment after a MA-induced lesion has been
introduced lacks a protective capacity against MA toxicity in
female mice (Gao and Dluzen, 2001b; Gajjar et al., 2003) and
could even worsen the extent of observed damage (Liu and Dluzen,
2006). This is, in part, consistent with the healthy cell bias of

estrogen’s effect, which proposes that if neurons are healthy at
the time of estrogen treatment, their response to estrogen is ben-
eficial for both survival and neurological functions whereas in
the presence of impaired function, estrogen exposure over time
exacerbates brain injury (Chen et al., 2006; Brinton et al., 2008).
Accordingly, 17β-estradiol can prevent but does not seem to have
the capacity of regeneration nor is it protective under conditions
of an impaired system.

EFFECTS OF ANDROGENS IN FEMALE AND MALE RODENTS
Androgenic compounds have also received attention in order to
investigate their effect in neuroprotective studies. Steroids could
be synthesized in the brain, as supported by the presence and
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Table 2 | In vivo studies and neuroprotection in female rodents: studies showing no protection of DA markers.

Steroid Toxin Species Assay References

ESTROGENS

17β-estradiol

0.5 or 2 mg/kg 30 min before and

90 min after MPTP

MPTP Intact mice DA, DOPAC (with 0.5 mg/kg),

and HVA concentrations

Ookubo et al. (2008)

DAT protein levels (with

0.5 mg/kg)

50 μg/kg for 19 days MPTP OVX mice TH mRNA levels Liu et al. (2004)

Pellet (0.1 mg, 21-day release) for

7 days (7 days after MA)

MA OVX mice DA concentrations Gao and Dluzen (2001b)

Estradiol benzoate

10 μg, 1 injection 0.25, 0.5, 1, or 2 h

after MA

MA OVX mice DA concentrations,

DOPAC/DA ratio

Gajjar et al. (2003)

10 μg, 1 injection at 1 week post-MA MA OVX mice DA and DOPAC

concentrations

Liu and Dluzen (2006)

0.46 μg for 3 days MA OVX mice (4 weeks) DA and DOPAC

concentrations

Yu et al. (2002)

17α-estradiol

Pellet (0.1 mg, 21-day release) for

14 days

MPTP OVX mice DA concentrations Dluzen et al. (2001b)

PROGESTERONE

0.47 μg for 3 days MA OVX mice DA and DOPAC

concentrations

Yu et al. (2002)

ANDROGENS

Testosterone

10 μg, 1 injection MPP+ Intact rats DA concentrations Tomas-Camardiel et al. (2002)

TH immunoreactivity

Pellet (5 mg, 21-day release) for 14 days MA Intact and OVX mice DA concentrations Gao and Dluzen (2001a),

Dluzen et al. (2002)

0.005–50 μg (1 injection), 24 h before

MA

MA Intact and OVX mice DA concentrations Lewis and Dluzen (2008)

DOPAC, 3,4-dihydrophenylacetic acid; HVA, homovanillic acid; OVX, ovariectomized; TH, tyrosine hydroxylase.

distribution of neurosteroidogenic enzymes (Do Rego et al., 2009).
Thus, estradiol and testosterone could be formed in the brain.
Aromatase, the enzyme converting testosterone to estradiol and
androstenedione to estrone, and 5α-reductase, the enzyme con-
verting testosterone into dihydrotestosterone, are present in the
brain (Do Rego et al., 2009). While testosterone is considered
an important precursor of estradiol biosynthesis and could also
be 5α-reduced into dihydrotestosterone (important in testis and
ovary), a direct effect of testosterone by itself is also possible as has
been described in intracrine tissues (Luu-The and Labrie, 2010).
As a result of such testosterone biotransformation it is oftentimes
not certain whether any modulatory effects upon toxicity from this
steroid result from testosterone, its metabolites and/or its possible
conversion into estradiol. To investigate specifically the androgenic
potential in neuroprotective activity, dihydrotestosterone, the
most potent androgen, is a more appropriate compound since
it is not aromatized.

In MPTP-treated male mice, testosterone treatment fails to
show any protective effect (Dluzen, 1996; Ekue et al., 2002), sug-
gesting that testosterone is not biotransformed into estradiol in the

brain, more specifically in the basal ganglia, in adequate concentra-
tions to reach protective levels. The lack of effect of testosterone is
not sex-dependent since this steroid does not protect against MA
toxicity in either female or male mice (Gao and Dluzen, 2001a;
Lewis and Dluzen, 2008). Not only does testosterone lack a neuro-
protective function but further exacerbates DA depletion in male
mice receiving a chronic (Dluzen et al., 2002) or acute (Lewis
and Dluzen, 2008) administration of testosterone. These findings
of an exacerbation of MA-induced DA toxicity with testosterone
are supported by data from the 6-hydroxydopamine rat model
which shows that greater amounts of striatal DA depletion are
obtained in intact versus gonadectomized male rats subjected to
6-hydroxydopamine (Murray et al., 2003; Gillies et al., 2004).
Dihydrotestosterone also lacks any beneficial effect against loss
of striatal DA concentrations in MPTP-lesioned male mice (Ekue
et al., 2002), suggesting that stimulation of androgen receptors was
not effective in inducing a protective effect. Indeed, these studies
show that androgens do not play a protective role but may actu-
ally intensify toxicity in the NSDA pathway. Such effects may be
relatively specific to the NSDA system as testosterone is reported
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Table 3 | In vivo studies and neuroprotection in male rodents: studies showing protection of DA markers.

Steroid Toxin Species Assay References

ESTROGENS

17β-estradiol

1 μg B.I.D. for 10 days MPTP Intact mice DA, DOPAC, and

HVA concentrations

DAT and VMAT2

specific binding DAT,

VMAT2, and TH

mRNA levels

Callier et al. (2000. 2001), Grandbois et al.

(2000), Ekue et al. (2002), D’Astous et al.

(2003, 2004b, 2005b, 2006), Morissette et al.

(2007), Al-Sweidi et al. (2011)

2 μg B.I.D. for 10 days MPTP Intact mice DA, DOPAC, and

HVA concentrations

Jourdain et al. (2005)

DAT and VMAT2

specific binding

DAT, VMAT2, and TH

mRNA levels

1 μg B.I.D. 1, 3, or 5 days before

MPTP and 5 days after

MPTP Intact mice DA, DOPAC, and

HVA concentrations

Morissette et al. (2008)

1 μg B.I.D. for 11 days MPTP Intact mice TH immunoreactivity Tripanichkul et al. (2006, 2010)

1 μg B.I.D. for 11 days MPTP Intact mice DA concentrations Ramirez et al. (2003)

1 μg B.I.D. for 5 days and until 2,

4, or 6 days after MPTP

MPTP Intact mice DA concentrations Ramirez et al. (2003)

0.5 or 2 mg/kg 30 min before and

90 min after MPTP

MPTP Intact mice DOPAC

concentrations

Ookubo et al. (2008)

DAT (with 2 mg/kg)

and TH protein levels

Pellet (0.1 mg, 60-day release)

for 15 days

MPTP GDX mice DA concentrations Dluzen et al. (1996)

100 μg daily for 9 or 16 days MPTP GDX mice TH immunoreactivity Shughrue (2004)

Estrone

2 μg B.I.D. for 10 days MPTP Intact mice DAT specific binding Jourdain et al. (2005)

VMAT2 mRNA levels

PROGESTERONE

1 μg B.I.D. for 10 days MPTP Intact mice DA and HVA

concentrations

Grandbois et al. (2000), Callier et al. (2001),

Morissette et al. (2008)

DAT specific binding

0.47 μg for 3 days MA Intact mice DA and DOPAC

concentrations

Yu et al. (2002)

17β-estradiol + progesterone

1 μg B.I.D. of both 17β-estradiol

and progesterone for 10 days

MPTP Intact mice DA concentrations Morissette et al. (2008)

B.I.D., twice a day; DOPAC, 3,4-dihydrophenylacetic acid; HVA, homovanillic acid; GDX, gonadectomized; TH, tyrosine hydroxylase.

to exert neuroprotective effects in others models (Bialek et al.,
2004).

COMPARISON BETWEEN CLINICAL AND ANIMAL REPORTS
There is a relatively good consistence between clinical and animal
data concerning the neuroprotective activity of ovarian steroids.
Longer exposure to ovarian steroids is associated with a reduce
risk of PD in women as presented in Section“Influence of Endoge-
nous and Exogenous Estrogens.” In animal models, pre-treatment
with both 17β-estradiol and progesterone shows neuroprotec-
tive activity against MPTP and MA, while 17β-estradiol lacks

neuroprotective effect when administered under condition of
impaired NSDA system (see Effects of Estrogens and Progesterone
in Female and Male Rodents).

While animal studies show that 17β-estradiol does not exert
any neuroprotective effect when administered after the lesion,
clinical reports suggest that estrogens can act as a neuro-
modulator of DA system on PD symptoms. Women with
PD experience worsening of their symptoms during periods
of low endogenous steroids exposure and estrogen therapy
has been reported to improve PD symptom (see Influence of
Endogenous and Exogenous Estrogens). To our knowledge no
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Table 4 | In vivo studies and neuroprotection in male rodents: studies showing no protection of DA markers.

Steroid Toxin Species Assay References

ESTROGENS

17β-estradiol

1 μg B.I.D. for 10 days MPTP Intact mice DAT specific binding

(extensive lesion)

Callier et al. (2000)

12 μg 0.75, 2, or 24 h before

MPTP

MPTP Intact mice DA concentrations Ramirez et al. (2003)

0.1, 0.32, or 3.2 μg B.I.D. for

11 days

MPTP Intact mice DA concentrations Ramirez et al. (2003)

0.05 or 0.2 mg/kg B.I.D. for

10 days

MPTP Intact mice DA, DOPAC, and HVA

concentrations

Ookubo et al. (2008)

0.5 or 2 mg/kg 30 min before and

90 min after MPTP

MPTP Intact mice DA and HVA

concentrations

Ookubo et al. (2008)

DAT protein levels (with

0.5 mg/kg)

Pellet (0.1 mg, 21-day release) for

14 days

MA GDX mice DA concentrations Dluzen et al. (2001a, 2002), Gao and

Dluzen (2001a,b)

Pellet (0.1 mg, 21-day release) for

7 days (7 days after MA)

MA GDX mice DA concentrations Gao and Dluzen (2001b)

Estradiol benzoate

0.47 μg for 3 days MA GDX mice DA and DOPAC

concentrations

Yu et al. (2002)

10 μg, 1 injection at 1 week

post-MA

MA GDX mice DA concentrations Liu and Dluzen (2006)

17α-estradiol

1 μg B.I.D. for 10 days MPTP Intact mice DA, DOPAC, and HVA

concentrations

Callier et al. (2000, 2001), Grandbois

et al. (2000), D’Astous et al. (2005b)

DAT specific binding

and mRNA levels

0.1, 0.3, 1, or 3.2 μg B.I.D. for

11 days

MPTP Intact mice DA concentrations Ramirez et al. (2003)

12 μg 0.75, 2, or 24 h before

MPTP

MPTP Intact mice DA concentrations Ramirez et al. (2003)

Estriol

2 μg B.I.D. for 10 days MPTP Intact mice DA, DOPAC, and HVA

concentrations

Jourdain et al. (2005)

DAT and VMAT2

specific binding

DAT, VMAT2, and TH

mRNA levels

Estrone

2 μg B.I.D. for 10 days MPTP Intact mice DA, DOPAC, and HVA

concentrations

Jourdain et al. (2005)

VMAT2 specific binding

DAT and TH mRNA

levels

0.05 or 0.2 mg/kg B.I.D. for

10 days

MPTP Intact mice DA, DOPAC, and HVA

concentrations

Ookubo et al. (2008)

0.5 or 2 mg/kg 30 min before and

90 min after MPTP

MPTP Intact mice DA, DOPAC, and HVA

concentrations

Ookubo et al. (2008)

DAT and TH protein

levels

(Continued)
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Table 4 | Continued

Steroid Toxin Species Assay References

PROGESTERONE

1 μg B.I.D. for 10 days MPTP Intact mice DOPAC concentrations

DAT mRNA levels

Grandbois et al. (2000), Callier et al.

(2001)

0.47 μg for 3 days MA GDX mice (4 weeks) DA concentrations Yu et al. (2002)

ANDROGENS

Testosterone

50 μg testosterone B.I.D. for

10 days

MPTP Intact mice DA, DOPAC, and HVA

concentrations

Ekue et al. (2002)

DAT and VMAT2

specific binding

DAT mRNA levels

Pellet (0.1 mg, 21-day release) for

17 days

MPTP GDX mice DA and DOPAC

concentrations

Dluzen (1996)

Pellet (5 mg, 21-day release) for

14 days

MA Intact and GDX mice DA concentrations Gao and Dluzen (2001a), Dluzen et al.

(2002)

0.005–50 μg (1 injection), 24 h

before MA

MA Intact and GDX mice DA concentrations Lewis and Dluzen (2008)

Dihydrotestosterone

1 or 50 μg B.I.D. for 10 days MPTP Intact mice DA, DOPAC, and HVA

concentrations

Ekue et al. (2002)

DAT and VMAT2

specific binding

DAT mRNA levels

B.I.D., twice a day; DOPAC, 3,4-dihydrophenylacetic acid; HVA, homovanillic acid; GDX, gonadectomized; TH, tyrosine hydroxylase.

study performed in MPTP-treated rodents has investigated the
effect of estrogen treatment on symptoms. In female ovariec-
tomized hemiparkinsonian MPTP monkeys where clear PD symp-
toms are present we have shown that acutely 17β-estradiol and
dehydroepiandrosterone (DHEA, a neurosteroid and precursor
of 17β-estradiol) potentiate the motor response obtained with
a low dose of levodopa the most common treatment for PD
(Belanger et al., 2003, 2006). Moreover, after a long washout
of the acute treatments, a chronic 17β-estradiol treatment in
these hemiparkinsonian MPTP monkeys increased striatal DA
and metabolites concentrations in the intact and lesioned side
while the DAT was only increased in the intact side of these very
extensively denervated monkeys (Morissette and Di Paolo, 2009).
The prodopaminergic effects of estradiol within the NSDA system
were observed on DA release and metabolism, DA receptor, DAT,
tyrosine hydroxylase, and monoamine oxidase (Sanchez et al.,
2010).

MECHANISM OF ACTION OF ESTRADIOL IN FEMALE AND MALE
RODENTS
Dopaminergic system
Sex differences in brain structure and function may affect the
susceptibility to the toxins. Striatal DA concentration shows no
difference between females and males whereas the number of
tyrosine hydroxylase immunoreactive cells in the substantia nigra
pars compacta were observed to be higher in male rodents, with a
sex difference in the topographical distribution (McArthur et al.,

2007a; Gillies and McArthur, 2010). In female rats, nigrostriatal
DA neurotransmission seems to be more regulated by autoreceptor
and transporter mechanisms (Walker et al., 2006). Moreover,
although DAT affinity is observed to be the same in males and
females, in female rodents superior DA uptake and vesicular stor-
age is present (Morissette and Di Paolo, 1993b; Walker et al., 2000;
Bhatt and Dluzen, 2005; Ji et al., 2007; Dluzen et al., 2008), suggest-
ing a greater functional activity of DAT and VMAT2 in females.
Further evidence demonstrating a sex difference in DAT function
has been indicated from data showing that DA responses to MA
infusion in the presence of the DAT inhibitor nomifensine were
not abolished in female striatal tissue whereas the response was
eliminated in males (Kunnathur et al., 2006). The DAT is consid-
ered a critical component of MPTP and MA toxicities since this
transporter is the predominant site by which MA and MPP+ enter
DA cells (Sotnikova et al., 2006). The importance of the DAT in
MA and MPTP toxicities has been revealed in DAT knockout mice
that show no striatal DA neurotoxicity when treated with MA or
MPTP (Gainetdinov et al., 1997; Fumagalli et al., 1998), thus sub-
stantiating that decreased DAT activity is beneficial against toxins.
This finding may seem inconsistent with the decreased suscep-
tibility of female mice to the toxins and the greater efficiency
of their DAT activity. In contrast to the effects resulting from a
decreased number DAT, that is, a reduced potential for uptake
of neurotoxins, a decreased number of VMAT2, has the potential
for increasing toxicity responses to MA and MPTP (Gainetdinov
et al., 1998; Fumagalli et al., 1999; Guillot et al., 2008). With fewer
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VMAT2, there would be increased amounts of MPP+ available
to interact with mitochondrial complex 1, as less sequestering of
MPP+ would occur (Guillot and Miller, 2009). Similarly, the high
amount of extra- and intra-cellular DA release by MA favors the
production of reactive species (Fleckenstein et al., 2007) which
could be sequestered by the VMAT2. Thus, a more efficient DA
uptake as well as sequestering of excessive DA and MPP+ into
vesicular storage via the VMAT2, as reported in females, could
decrease the degree of oxidative stress and favor a more efficient
protection of DA terminals when exposed to toxins that utilize
these transporters (Guillot and Miller, 2009).

Aromatase activity and mRNA expression show no sex differ-
ence in the mouse striatum (Kuppers and Beyer, 1998). However,
a sex difference in the expression and activity of aromatase is
reported in astrocytes, suggesting that astrocytes of females pos-
sess the potential to produce more estradiol than astrocytes of
males (Liu et al., 2007). Moreover, aromatase expression in astro-
cytes is induced following lesion and this aromatase activity has
been shown to be neuroprotective (Garcia-Segura, 2008). Male
rats treated with an aromatase inhibitor show increased suscep-
tibility to a dopaminergic toxin (McArthur et al., 2007b). In
addition, increased vulnerability to MPTP has been reported in
aromatase knockout female mice as compared to ovariectomized
wild-type females, indicating the contribution of extra-gonadal
17β-estradiol synthesis in the neuroprotection of the NSDA path-
way (Morale et al., 2008). The induction of aromatase expression,
and its neuroprotective effect, following lesion seem contradic-
tory with the increase toxicity in female mice when 17β-estradiol is
given after MA and the lack of protective effect when 17β-estradiol
is given shortly after toxins. It should be noted that increased aro-
matase expression seems to be localized close to the lesion site
(Carswell et al., 2005), promoting local synthesis of estradiol, as
compared to systemic administration of 17β-estradiol given after
toxins. Furthermore, the “amount/degree” of the initial lesion
seems to be critical since the capacity for estrogen to enhance
the neurotoxicity response in the previously lesioned MA-treated
mice was more prominent under conditions where less initial
damage was present (Liu and Dluzen, 2006). In addition, the tim-
ing/duration of the initial lesion could also influence the effect of
estrogen on neurotoxicity.

The finding that estradiol protects DAT specific binding in
MPTP- and MA-treated mice could also be considered contra-
dictory since increased susceptibility to toxins is associated with
higher DAT levels. Inconsistencies in the literature have been
reported concerning the effect of estradiol treatment on DAT. Our
group reported that 17β-estradiol treatment in ovariectomized
female rats left the affinity of [3H]GBR 12935 binding unchanged
whereas DAT density increased (Morissette and Di Paolo, 1993a).
A study using [3H]WIN35,428 has also reported unchanged affin-
ity for DAT binding by 17β-estradiol treatment in the striatum of
gonadectomized male rats (Meyers and Kritzer, 2009). In contrast,
decreased DA uptake in ovariectomized female rats treated with
17β-estradiol has been reported using [3H]DA and a decrease of
DAT density measured by [3H]BTCP binding (Attali et al., 1997).
[3H]DA uptake from striatal synaptosomes of ovariectomized rats
was also shown to be dose-dependently inhibited by 17β-estradiol
(Disshon et al., 1998). While the issue regarding these effects of

estrogen upon the DAT remains controversial, a more consistent
result that emerges from studies of several laboratories is that 17β-
estradiol treatment of ovariectomized rats restores DA uptake and
DAT density to levels observed in intact female rats. Ovariec-
tomized female rats treated with 17β-estradiol have equivalent
DA uptake and DAT density as that of intact females not treated
with 17β-estradiol (Attali et al., 1997; Le Saux and Di Paolo, 2006;
McArthur et al., 2007b). Considering that females have a superior
function of DAT and VMAT2 (Morissette and Di Paolo, 1993b;
Walker et al., 2000; Bhatt and Dluzen, 2005; Ji et al., 2007; Dluzen
et al., 2008) and are less susceptible to NSDA toxins than males
(Miller et al., 1998; Bourque et al., 2011), the preservation of a
integral and optimal DA system seems to be important in the
neuroprotection process. In addition, DAT affinity and density
were not modulated by 17β-estradiol treatment in male rodents
(Jourdain et al., 2005; Meyers and Kritzer, 2009) but protection
against MPTP is observed (Bourque et al., 2009). While it has
been suggested that inhibition of the DAT by estradiol could be
an important mechanism for neuroprotection in females (Dis-
shon and Dluzen, 1999), the findings that 17β-estradiol can be
effective as a neuroprotectant against MPTP in both males and
females, in the apparent absence of any effects upon the DAT in
males, suggests alternative or supplementary mechanisms for neu-
roprotection by this gonadal steroid hormone. As one possibility,
there may exist an important interaction among 17β-estradiol,
its binding with ERs and the DAT that contributes to this abil-
ity to display neuroprotection. Specifically, data resulting from
an in vitro study have demonstrated that a physiological con-
centration of 17β-estradiol does not change the membrane and
total DAT levels, whereas estrone and estriol cause removal of
membrane DAT, with a reduction of total cellular DAT content
also being observed with estriol (Alyea and Watson, 2009). Fur-
thermore, 17β-estradiol and estrone, but not estriol, differently
changed the subcellular localization of the ERs (Alyea and Wat-
son, 2009). Despite the reduction in membrane DAT caused by
estrone and estriol, estrone shows some weak protective activity
against MPTP whereas estriol lacks a neuroprotective effect (Jour-
dain et al., 2005) and these two estrogens are weak agonist of
ERs (Kuiper et al., 1997), supporting a close link between affin-
ity for ER binding and a neuroprotective effect. Whereas DAT
knockout mice have shown an important role for the DAT in
MPTP and MA toxicities (Gainetdinov et al., 1997; Fumagalli
et al., 1998), the effect of 17β-estradiol in preserving the affin-
ity and the density of the DAT seems to be an important aspect
of the neuroprotective effect. Furthermore, higher DAT density
has been reported in females than males (Morissette and Di Paolo,
1993b) and females are less affected by toxins than males (Bourque
et al., 2009). Clinical imaging studies in healthy participants have
shown that striatal DAT binding is higher in women than men
(Lavalaye et al., 2000; Staley et al., 2001) and a lower incidence
and prevalence of PD is observed in women. Studies in healthy
postmenopausal women reported that a 6-week period of estro-
gen therapy increases [99mTc]TRODAT-1 binding to DAT in the
anterior putamen (Gardiner et al., 2004), that long-term use of
estrogen therapy increases dopaminergic function (Craig et al.,
2004), and estrogen therapy has been associated with a decreased
risk of PD (Currie et al., 2004; Popat et al., 2005).
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An intriguing sex specific effect of estradiol is observed in
MA-treated male mice. While male rodents demonstrate a neuro-
protective action of 17β-estradiol in response to MPTP (Bourque
et al., 2009) a lack of any apparent beneficial effect from estrogen
is seen in MA-treated mice (Dluzen et al., 2002). MPTP and MA
mechanisms of action differ markedly, with MPTP affecting the
mitochondrial complex 1 (Smeyne and Jackson-Lewis, 2005) and
MA producing excessive amounts of DA release likely leading to
reactive species production (Fleckenstein et al., 2007). The failure
of 17β-estradiol to function as a neuroprotectant against MA in
the male mouse is not readily obvious. A critical component of
MA toxicity is body temperature, which influences the oxidation
process (LaVoie and Hastings, 1999). MA itself produces hyper-
thermia and variations of body temperature have been reported to
influence the extent of degeneration (LaVoie and Hastings, 1999).
While female mice experience reductions of body temperature in
response to estradiol treatment (Gao and Dluzen, 2001b), this
effect was not present in male mice (Dluzen et al., 2002), where
no change in body temperature was observed. The differential
between female and male mice with regard estradiol’s effect on
body temperature could be involved in the sex difference response
to the toxin. Interestingly, MPTP or MPP+ also produce a brief
initial period of hyperthermia in mice, but this is followed by
a more prolonged period of hypothermia (Satoh et al., 1987).
Moreover, mice maintained at 4˚C show a greater accumulation
of striatal MPP+ along with greater depletions of striatal DA as
compared with mice maintained at 22˚C (Moy et al., 1998). Essen-
tially opposite results are obtained with MA, where greater striatal
DA concentration depletions are obtained in mice maintained at
22˚C (Moy et al., 1998) and hypothermia diminished MA-induced
striatal DA toxicity in the rat (Bowyer et al., 1992). Accordingly, the
inability for estradiol to decrease body temperature may represent
a particularly critical variable with regard to moderating MA-, but
not MPTP-, induced striatal DA toxicity in the male mouse.

A critical point to consider is whether developmental effects
of steroids (organizational effects) influence the neuroprotective
response against toxin observed in adults. Anderson et al. (2005)
attempted to address this issue of organizational effects in the MA
model. Briefly, female mice gonadectomized at 3–5 days of age
and immediately treated with testosterone propionate (1.25 mg),
that is, masculinized females, continued to show an estrogen neu-
roprotection response to MA when tested as adults. Male mice
gonadectomized at 3–5 days of age and immediately treated with
sesame oil, that is, feminized males, failed to show an estrogen neu-
roprotection response when tested as adults. Therefore, attempts
to masculinize female mice or feminize male mice did not alter
the sexually dimorphic effect of estrogen (i.e., neuroprotection in
females and no effect in males) upon MA-induced neurotoxicity
responses. These results suggest that the long-term and even orga-
nizational effects of steroids may not necessarily (or adversely)
affect the responses obtained in adults.

Estrogens receptors
The presence of 17β-estradiol within the brain at the time of
injury is a critical component of the neuroprotective effect of this
steroid since post-treatment fails to protect DA neurons (Gajjar

et al., 2003; Liu and Dluzen, 2006). The timing of 17β-estradiol
treatment also seems to influence the extent of this response since
different durations of treatment produce varying degrees of neuro-
protection (Gajjar et al., 2003), with increased effectiveness being
associated with a longer treatment intervals (24 > 12 > 0.5 h),
suggesting that different mechanisms of 17β-estradiol are operat-
ing. Estradiol produces its actions by genomic and non-genomic
effects. Genomic mechanisms involve gene transcription mediated
by activation of nuclear receptors, ERα and ERβ, and require peri-
ods of hours to days to exert their effects (Vasudevan and Pfaff,
2008). Non-genomic actions are defined by rapid effects (within
minutes even seconds) of 17β-estradiol initiated by interaction
with membrane ER and/or G protein-coupled estrogen receptor 1
(GPER1), leading to activation of signaling pathways (Vasudevan
and Pfaff, 2008). Genomic and non-genomic actions of 17β-
estradiol are known to act together to potentiate transcriptional
activity (Vasudevan and Pfaff, 2008). 17β-estradiol can activate
Akt and extracellular signal-regulated kinase (ERK1/2) signaling;
both of which have been implicated in 17β-estradiol neuropro-
tective effects (Bryant et al., 2006; Raz et al., 2008). 17β-estradiol
action can promote the up-regulation of neurotrophic factors such
as brain-derived neurotrophic factor, the anti-apoptotic molecule
Bcl-2 and/or inhibition of pro-apoptotic proteins such as BAD and
Bax (Kipp et al., 2006; Brann et al., 2007). Interactions with growth
factors, such as insulin-like growth factor 1, can also contribute to
the protective effects of estradiol (Garcia-Segura et al., 2010) since
these actions promote survival and have been implicated in the
neuroprotective effect of 17β-estradiol.

Non-genomic actions of 17β-estradiol show sex differences in
the activation of intracellular mechanisms in the mouse brain
(Abraham and Herbison, 2005). Moreover, a sex-related differ-
ence in ERK1/2 activation by 17β-estradiol is reported in male
and female rat astrocytes (Zhang et al., 2002b). Differential distri-
butions of ERs are reported between female and male rodents. ERα

has been detected in the striatum of both female and male rodents
(Merchenthaler et al., 2004; Shughrue, 2004; Rodriguez-Navarro
et al., 2008; Schultz et al., 2009) whereas the levels of ERα, as quan-
tified by Western blot, are higher in the striatum of female mice
(Rodriguez-Navarro et al., 2008). Furthermore, ERα seems to be
primarily associated with the membrane fraction rather than the
nuclear part when extracted from homogenized striatal tissue of
female rats (Schultz et al., 2009). ERβ is not found in the striatum
of male mice but both presence and absence have been reported in
females (Mitra et al., 2003; Merchenthaler et al., 2004; Shughrue,
2004). Both ERα and ERβ are present in female mice substan-
tia nigra pars compacta and striatum (Mitra et al., 2003) but are
absent in male mice (Shughrue, 2004) whereas their presence has
been detected in male rats (Zhang et al., 2002a). In female mice,
the immunoreactivity of ERβ in substantia nigra pars compacta
seems to be more prominent than ERα whereas the opposite seems
true of the striatum (Mitra et al., 2003). GPER1 has been detected
in the striatum and substantia nigra pars compacta with a similar
pattern of distribution between female and male rodents (Brailoiu
et al., 2007; Hazell et al., 2009; Bourque et al., 2011). The litera-
ture seems to be more consistent concerning ERα showing only
species difference between male rats and mice in substantia nigra.
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More discrepancies appear for the distribution of ERβ. Differences
in species, the antibody used and cellular localization (nuclear;
Mitra et al., 2003; Merchenthaler et al., 2004 versus extranuclear;
Mitra et al., 2003) could provide some explanation for the diver-
gent distribution of the ERβ described. Thus, when referring only
to studies with mice, a different distribution seems to be present
between females and males, as ERs are present in female mice sub-
stantia nigra pars compacta but absent in males. ERα has been
detected in the striatum of both female and male mice, whereas
the levels of this receptor seem higher in females. ERβ is not
found in the striatum of male mice but both presence and absence
have been reported in females. Colocalization of ERβ and tyrosine
hydroxylase in substantia nigra pars compacta has been observed
in both female and male rats (Creutz and Kritzer, 2004; Quesada
et al., 2007). Studies combining double-label immunocytochem-
istry for ERβ and tyrosine hydroxylase positive substantia nigra
pars compacta neurons with retrograde tract tracing revealed a
defined topographical organization strongly favoring projection
to the ventral striatum, whereas few ERβ and tyrosine hydroxy-
lase positive substantia nigra pars compacta neurons were found
to project to the dorsal striatum (Creutz and Kritzer, 2004). No
androgen receptor and tyrosine hydroxylase positive substantia
nigra pars compacta neurons were found to project to the stria-
tum (Creutz and Kritzer, 2004). It seems reasonable to postulate
that the sex differences observed in the distribution and levels of
ERs could influence the dopaminergic system and mechanisms
of 17β-estradiol action. It remains to be investigated whether
estradiol activates the same signaling molecules in females and
males and/or if a sexual dimorphism in downstream signaling
proteins is linked with the ERs that are present in the dopaminer-
gic system. Neuroprotective effects of 17β-estradiol against toxins
can involve different signaling pathways between females and
males.

In vitro studies have shown that ERs subtypes (including
GPER1) have different effects in 17β-estradiol-mediated DA efflux
(Alyea et al., 2008) and that ERα and ERβ, but not GPER1, are
associated with the plasma membrane DAT (Alyea and Watson,
2009). Moreover, modulation of tyrosine hydroxylase transcrip-
tion by 17β-estradiol is regulated in opposite directions depending
on the ER subtype (Maharjan et al., 2005). Using ERα and ERβ

knockout male mice, our group and others have investigated
the role of each ER on NSDA markers in the neuroprotective
effect of 17β-estradiol against MPTP toxicity (Morissette et al.,
2007; Al-Sweidi et al., 2011). While ERα and ERβ knockout mice
show normal striatal DA concentrations, DAT specific binding
was increased in ERα knockout mice and normal VMAT2 spe-
cific binding was measured (Morissette et al., 2007; Al-Sweidi
et al., 2011). By contrast, ERβ knockout mice display lower DA
turnover as well as a reduction in striatal DAT and VMAT2 spe-
cific binding (Morissette et al., 2007; Al-Sweidi et al., 2011). Female
ERα knockout mice exhibit higher D1 DA receptor expression
levels and reduced expression of tyrosine hydroxylase and brain-
derived neurotrophic factor in the midbrain of both female and
male ERα knockout mice (Kuppers et al., 2008). Whereas both
ERα and ERβ male knockout mice display normal serum 17β-
estradiol levels, higher levels of testosterone, dihydrotestosterone,

and 3β-diol were measured in ERα male knockout mice (Al-Sweidi
et al., 2011). The highest susceptibility to MPTP was observed in
ERα male knockout mice and the levels of testosterone and 3β-
diol were inversely correlated with the loss of DA concentration
(Al-Sweidi et al., 2011). The significance of these findings remains
to be elucidated, however it is interesting to note that not only
does testosterone fail to induce a neuroprotective effect in MPTP
and MA-treated mice (Dluzen, 1996; Ekue et al., 2002; Lewis and
Dluzen, 2008) but may exacerbate NSDA neurotoxicity responses
as described below in Section “Mechanism of Action of Andro-
gens in Female and Male Rodents.” Exogenous 17β-estradiol does
not protect ERα or ERβ male knockout mice from MPTP tox-
icity, showing that both ERs are necessary for neuroprotection
(Morissette et al., 2007; Al-Sweidi et al., 2011). Moreover, the lev-
els of ERs were not modulated by MPTP lesion (Shughrue, 2004).
In contrast, we have recently reported increased GPER1 levels in
male mice with a moderate MA-induced lesion, while the levels
of this receptor remains unchanged in MA-treated female mice
(Bourque et al., 2011). Thus, the sex difference in ERs distrib-
ution as well as the different roles for each of the ERs in the
DA system could be associated with the sex differences present
in the susceptibility to toxin and also influence their responses to
17β-estradiol.

MECHANISM OF ACTION OF ANDROGENS IN FEMALE AND MALE
RODENTS
In contrast to that of estradiol, there exists relatively little informa-
tion on the mechanisms of testosterone action within the NSDA
system as related to striatal DA toxicity. To a large extent this
disinterest stems from the apparent absence of any neuroprotec-
tant effects of this gonadal steroid. However, with the advent of
data suggesting that this male gonadal steroid may contribute to
an aggravation of toxins that target the NSDA system (Gao and
Dluzen, 2001a; Dluzen et al., 2002; Murray et al., 2003; Gillies
et al., 2004; Lewis and Dluzen, 2008), it might be worthwhile to
re-consider these testosterone effects and mechanisms.

With regard to the NSDA system, treatment of male rats with
the anabolic-androgen steroid, nandrolone decanoate, leads to
decreases in D1-like receptor labeling and an increase in D2-like
binding sites within the caudate putamen (Kindlundh et al., 2001),
which creates a type of hypodopaminergic condition. Moreover,
a reduction in locomotor behavior and rearing are also observed
in these rats treated with nandrolone decanoate (Johansson et al.,
2000). Further support for this attenuation in striatal dopamin-
ergic function by testosterone is provided from data showing
that spontaneous (Dluzen and Ramirez, 1989) and amphetamine-
stimulated locomotor and stereotyped behaviors (Menniti and
Baum, 1981; Savageau and Beatty, 1981; Beatty et al., 1982; Dluzen
et al., 1986) are decreased in the presence of testosterone. More-
over, basal (Dluzen and Ramirez, 1989) and stimulated (Her-
nandez et al., 1994; Shemisa et al., 2006) striatal DA release are
decreased in testosterone treated rodents. Collating these parame-
ters leads to the conclusion that the presence of testosterone is
associated with a generalized reduction in NSDA activity, like that
seen in PD.
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The exact mechanisms involved in producing this testosterone-
dependent reduction in NSDA function are not know, but some
tangential data are available that can provide some perspective.
Testosterone treatment of neuroblastoma cells induces apopto-
sis through activation of a Ca2+ signaling pathway, an effect
that cannot be attributable to conversion into estrogens (Estrada
et al., 2006). With the use of N27 cells, which might represent a
more relevant model for testing toxicity on dopaminergic neu-
rons, it was also demonstrated that testosterone contributes to an
apoptotic cascade, impairing mitochondrial function and increas-
ing oxidative stress to produce a caspase-3-dependent cleavage
which would activate protein kinase Cδ (Cunningham et al.,
2009). Additional work with this model revealed that this testos-
terone effect involved an intracellular androgen receptor and was
not attributable to conversion into estradiol. The fact that, at
least in the rat, androgen receptors are mainly expressed in the
substantia nigra pars compacta versus the substantia nigra pars
reticulata (Kritzer, 1997), combined with data from the cortex of
the mouse that androgen receptors show increased phosphory-
lation levels to testosterone in aged males (Thakur et al., 2000),
provides particularly relevant implications regarding the capac-
ity for testosterone to exert age-related, adverse consequences
within the NSDA system as related to PD. This testosterone-
dependent increase in oxidative stress and free radical production
may, in part, result from modulation of VMAT2 function by
this gonadal steroid. Significantly greater amounts of reserpine-
evoked DA release are obtained from the striatum of orchidec-
tomized mice treated with testosterone versus those not receiv-
ing testosterone (Shemisa et al., 2006). Such results suggest that
testosterone may be working like and/or synergistically with reser-
pine to inhibit VMAT2 function, thereby producing excessive
DA levels available for metabolism to free radicals. Testosterone
produced a non-significant decrease in vesicular DA uptake in
cocaine-treated orchidectomized rats (Chen et al., 2003), and
the VMAT2 of males is more sensitive to the toxic effects of
MA, as substantia nigra VMAT2 mRNA is significantly decreased
in male, but not female, mice receiving either low (20 mg/kg)
or high (40 mg/kg) doses of this NSDA toxin (Bourque et al.,
2011).

Taken together, the capacity for testosterone to induce a gen-
eralized hypodopaminergic state combined with an age-related
enhanced potential for oxidative stress in critical NSDA sites, sug-
gests a role and mechanism for this gonadal steroid in PD. In this
way, the sex difference in the incidence of PD may involve a com-
bination of neuroprotective effects of estrogens within women
and neurodestructive effects of testosterone in men. While much
work remains to be performed on this topic, these bidirectional
sex and hormonal responses to NSDA toxins may comprise a
rewarding direction of investigation to understand the pathology
of conditions like PD.

CONCLUSION
Clinical and epidemiological reports on PD as well as animal mod-
els show a sex difference in neurodegeneration of the NSDA sys-
tem. Most of the experimental studies focused on a 17β-estradiol
neuroprotective effect, showing that low doses, but not high doses,
are effective to protect the NSDA pathway against toxins. Fur-
thermore, increased effectiveness of 17β-estradiol is associated
with a longer treatment interval. While having received less atten-
tion, progesterone shows interesting neuroprotective actions in
both male and female mice and does not oppose the effect of
17β-estradiol on the NSDA system when these two steroids were
co-administered. Androgens lack neuroprotective properties in
NSDA pathway and may even worsen the extent of the lesion.
Genomic and non-genomic actions of 17β-estradiol are impli-
cated in neuroprotection of NSDA system and the presence of
both ERα and ERβ are critical for a beneficial effect. The contri-
bution of GPER1 in the neuroprotective effect of 17β-estradiol in
the NSDA pathway remains to be investigated but recent in vitro
(Gingerich et al., 2010) and in vivo (Lebesgue et al., 2010) studies
have reported a neuroprotective action of GPER1 activation.
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Neurosteroids were initially defined as steroid hormones locally synthesized within the
nervous tissue. Subsequently, they were described as steroid hormone derivatives that
devoid hormonal action but still affect neuronal excitability through modulation of ionotropic
receptors. Neurosteroids are further subdivided into natural (produced in the brain) and syn-
thetic. Some authors distinguish between hormonal and regular neurosteroids in the group
of natural ones. The latter group, including hormone metabolites like allopregnanolone or
tetrahydrodeoxycorticosterone, is devoid of hormonal activity. Both hormones and their
derivatives share, however, most of the physiological functions. It is usually very difficult
to distinguish the effects of hormones and their metabolites. All these substances may
influence seizure phenomena and exhibit neuroprotective effects. Neuroprotection offered
by steroid hormones may be realized in both genomic and non-genomic mechanisms and
involve regulation of the pro- and anti-apoptotic factors expression, intracellular signaling
pathways, neurotransmission, oxidative, and inflammatory processes. Since regular neu-
rosteroids show no affinity for steroid receptors, they may act only in a non-genomic mode.
Multiple studies have been conducted so far to show efficacy of neurosteroids in the treat-
ment of the central and peripheral nervous system injury, ischemia, neurodegenerative
diseases, or seizures. In this review we focused primarily on neurosteroid mechanisms
of action and their role in the process of neurodegeneration. Most of the data refers to
results obtained in experimental studies. However, it should be realized that knowledge
about neuroactive steroids remains still incomplete and requires confirmation in clinical
conditions.

Keywords: neurosteroids, neurodegeneration, neuroprotection

INTRODUCTION
In the century of spectacular medical therapies, there is still a
lack of substance that may protect the brain cells against neurode-
generation. Since the discovery of neurosteroids, scientists have
made a great effort to evaluate their function, including possible
neuroprotective properties. According to most commonly used
definition neurosteroids cover both steroid hormones, which are
synthesized de novo in neurons and glial cells, and their metabolites
acting within the central nervous system (CNS) (Compagnone and
Mellon, 2000) (Figure 1). Hormones may regulate brain function
in an autocrine and paracrine manner via membrane or nuclear
receptors (Baulieu, 1998; Baulieu et al., 2001; Plassart-Schiess and
Baulieu, 2001; Singh, 2006). Regular neurosteroids act as positive
or negative modulators of neurotransmitter receptors: gamma-
amino butyric acid A (GABAA) receptor, N -methyl-d-aspartate
(NMDA) receptor, α-amino-3-hydroxy-5-methylisoxazole pro-
pionate (AMPA) receptor, sigma-1 (σ1), nicotinic, muscarinic,
kainic, serotoninergic and glycine receptors, regulate gene expres-
sion, or signaling cascades (Wojtal et al., 2006; Borowicz et al.,
2008). In this article we review the main neurosteroids, including
pregnenolone (PREG) and pregnenolone sulfate (PREGS), prog-
esterone (PROG), allopregnanolone (ALLO), dehydroepiandros-
terone (DHEA), DHEA sulfate (DHEAS), deoxycorticosterone
(DOC), and tetrahydrodeoxycorticosterone (THDOC).

From the biochemical point of view, PREG is a hormone pre-
cursor, PROG, DOC, and DHEA represent hormones, while ALLO
(a PROG metabolite) and THDOC (a DOC derivative) belong
to neurosteroids, which are entirely devoid of hormonal action.
However, their ketone metabolites may activate hormonal recep-
tors. An additional advantage of regular neurosteroids is better
bioavailability and longer half-life. Synthetic neurosteroids have
even longer half-time, and may be administered orally, in con-
trast to natural steroids (Wojtal et al., 2006; Borowicz et al.,
2008).

Neuroprotection involves mechanisms protecting against neu-
ronal injury or degeneration in the central and peripheral nervous
system. All these processes may be a consequence of acute disorders
(e.g., stroke or nervous system injury) or chronic neurodegenera-
tive processes (e.g., in the course of Alzheimer’s, Parkinson’s, and
Huntington’s disease). The overriding aim is, of course, to pre-
vent the development of a disease, but it is equally important to
limit neuronal dysfunction after the CNS injury and maintain
undisturbed neural function of the brain with the highest possi-
ble cellular integrity. At present, a wide range of neuroprotective
products is available or under investigation. Many of them can
potentially be used in more than one disorder, because most of the
underlying mechanisms of neurodegeneration (in both acute and
chronic disorders) seems to be quite similar.
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Until recently two mechanisms of cell death were known: the
programmed cell death (apoptosis) and unregulated process of
necrosis. Necrosis and apoptosis differ with numerous morpho-
logical and biochemical features. In necrosis, extreme physio-
logical conditions (e.g., hypoxia) lead to damage to the plasma
membrane. The whole cell and intracellular organelles, partic-
ularly mitochondria, swell, and rapture. As a consequence of
loss of membrane integrity, the cytoplasmic contents, including
lysosomal enzymes, are released into the extracellular fluid. This
process ends with cell lysis and is often associated with a vast
tissue damage resulting from an intense inflammatory response
(Majno and Joris, 1995; Kanduc et al., 2002; Van Cruchten and
Van Den Broeck, 2002). Nevertheless, it has been proved that non-
apoptotic forms of programmed cell death may also exist. In fact,
three main types of the programmed death has been distinguished:
1. nuclear (apoptotic); 2. autophagic (lysosomal); and 3. cytoplas-
mic. Autophagic cell death can be activated by Ras genes, while
type 3 (cytoplasmic) was shown to be triggered by stimulation of
the insulin-like growth factor I receptor (IGFIR) or the binding of
substance P to its neurokinin-1. This form, characterized by cyto-
plasmic vacuolization, lack of apoptotic morphology, and lack of
caspase activation, was named paraptosis (Sperandio et al., 2000,
2004, 2010; Leist and Jäättelä, 2001; Yakovlev and Faden, 2004;
Kroemer et al., 2009).

However, accumulating evidences indicate that necrotic cell
death can also be a regulated process. In 2005 the term necroptosis
was introduced to describe a little known yet alternative form of
cell death – the programmed necrosis (Teng et al., 2005; Vanden-
abeele et al., 2010). Necroptosis is defined as a programmed but
caspase-independent cell death that activates autophagy and mor-
phologically resembles necrosis (Degterev et al., 2005; Teng et al.,
2005). Whether this form of cell death should be equated with the
programmed autophagic form remains uncertain. This process, in
fact intermediate between necrosis and apoptosis, develops often
as an answer to hypoxia, reperfusion, and excitotoxicity. These
findings open a possibility to develop new therapeutic strategies
that may extend the window for neuroprotection in such disorders
as stroke, trauma and neurodegenerative diseases. Interestingly,
necrostatin-1 and 5, lately identified specific and potent small-
molecule inhibitors of necroptosis, were shown to block a critical

FIGURE 1 | Schematic synthesis of neurosteroids in the CNS.

step of the cell death process (Yuan et al., 2003; Degterev et al., 2005;
Mehta et al., 2007; Wang et al., 2007). In fact, research on neuronal
death mechanisms may help to develop an effective neuropro-
tective treatment and contribute to a significant improvement in
patient quality of life (Charalampopoulos et al., 2008).

PREGNENOLONE
Pregnenolone, usually considered as a neurosteroid precursor,
exhibited neuroprotective effects against glutamate- and amyloid
β protein-induced neurotoxicity in clonal mouse hippocampal
cell line (HT-22; Gursoy et al., 2001). It also stabilized micro-
tubules (Hsu et al., 2006), enhanced its polymerization and
activated neurite outgrowth in nerve growth factor-pretreated
clonal rat pheochromocytoma cell line of neuronal crest ori-
gin, PC12 (Fontaine-Lenoir et al., 2006), improves myelination
(Koenig et al., 1995). According to Leskiewicz et al. (2008) PREG
reduced the staurosporine- and glutamate-induced LDH release
and diminished the number of apoptotic cells in primary neu-
ronal cortical cultures. Additionally, PREG exerted neuroprotec-
tive effects against kainate-induced cell death in the hippocampus
of gonadectomized rats. The exact mechanism of PREG action
is not clear, however, it may be mediated by estradiol, the main
product of aromatase action. Fadrozole, an aromatase inhibitor,
prevented the neuroprotective effects of both neurosteroids (Veiga
et al., 2003). In patients with Alzheimer’s disease, PREG concentra-
tions were reduced in the striatum and cerebellum. Interestingly,
the negative correlation was shown between PREG and the level of
cortical β-amyloid (Weill-Engerer et al., 2002; Luchetti et al., 2011).
In rat hippocampal slices, PREG inhibited, or enhanced NMDA
response. The former effect appeared in the presence of haloperi-
dol and indicates an indirect σ receptor modulation. The latter
one seems to be dependent on a direct NMDA receptor response
(Monnet et al., 1995) (Table 1).

PROGESTERONE AND DERIVATIVES
Progesterone is produced primarily in females in the ovarian cor-
pus luteum and placenta, while in males it is mostly found in testes
and adrenal glands. However, this hormone may also be synthe-
sized de novo within the nervous system. Initially, it was observed
that brain concentrations of PROG maintained even in gonadec-
tomized rats (Corpéchot et al., 1983). Then, glial cell cultures
were reported to synthesize PROG and express PROG receptors

Table 1 | Leading actions of chosen neurosteroids.

Neurosteroid Seizures Excitotoxicity ND TBI IBI

PREG + +
PROG + + + +
ALLO + + + +
DHEA/DHEAS + +
DOC/THDOC +
Synthetic neurosteroids +

PREG, pregnenolone; PROG, progesterone; ALLO, allopregnanolone; DHEA,

dehydroepiandrosterone; DHEAS, dehydroepiandrosterone sulfate ester; DOC,

deoxycorticosterone; THDOC, allotetrahydrodeoxycorticosterone.
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(Jung-Testas et al., 1989, 1999). The hormone and its derivatives
are positive modulators of GABAA receptors (Borowicz et al.,
2008). PROG is synthesized in human brain at the similar level
in both sexes (Stein and Wright, 2010). Identification of neuro-
protective properties of this steroid began with the observation
of a better recovery of female pseudopregnant rats after the trau-
matic brain injury (TBI; Roof et al., 1993). The authors observed
the inverse correlation between serum PROG concentration and
degree of brain edema after injury (Wright et al., 2001). In male
and normal cycling female rats, administration of PROG (in the
1st, 6th, 24th, and 48th h after TBI) significantly protected animals
against the development of brain edema and cognitive impair-
ment (Roof et al., 1996; Stein, 2001; Wright et al., 2001). It could
be concluded that the positive effect of PROG treatment could be
achieved when the steroid is administered within 24 h after injury,
although the sooner onset of the treatment means the better out-
come. The optimal dose of PROG ranged from 8 to 16 mg/kg
(Roof et al., 1996; Stein, 2008). Furthermore, Shear et al. (2002)
tested 3- and 5-days regimen of PROG administration after TBI
and observed a significant reduction size of injury-induced necro-
sis and diminished cell loss in the dorsomedial nucleus of the
thalamus. The latter process facilitated behavioral recovery of ani-
mals. PROG, used at low physiological doses in ovariectomized
female rats after TBI, reduced alterations in mitochondrial res-
piration and hippocampal cell loss (Robertson et al., 2006). In
another study, treatment with PROG following TBI diminished
production of inflammatory proteins in rats (Pettus et al., 2005).
Roof et al. (1997) confirmed antioxidant effect of PROG. This hor-
mone administered after a TBI episode significantly lowered the
brain concentration of isoprostaglandin, an established marker of
lipid peroxidation.

Advantageous properties of PROG were also observed in mod-
els of the spinal cord and peripheral nerve injury. The hormone
administered for 3 days following the spinal cord injury improved
myelination, increased the level of brain derived neurotrophic
factor (BDNF) mRNA and reduced chromatolysis (De Nicola
et al., 2006), whereas 5-day administration diminished the size
of lesions and prevented secondary neuronal loss (Thomas et al.,
1999). According to Labombarda et al. (2010) PROG significantly
enhanced BDNF neuronal expression, up-regulated growth-
associated protein 43 (GAP-43) necessary for axonal regeneration,
prevented the injury-induced chromatolytic changes of spinal
neurons and increased activity of enzymes crucial for normal neu-
ronal metabolism and neurotransmission, and restored impaired
expression of the Na,K-ATPase subunits and choline acetyltrans-
ferase. On the other hand, Coughlan et al. (2009) found no evi-
dence for neuroprotective relationship between BDNF and PROG.
Administration of PROG following acute spinal cord injury in rats
attenuated the loss of microtubule-associated protein 2, a major
component of the cytoskeleton (González et al., 2009). In addi-
tion, this steroid acts as a promyelinating factor by stimulating
synthesis of myelin proteins and proliferation/differentiation of
oligodendrocyte progenitors (Gonzalez et al., 2005; Labombarda
et al., 2010).

Yu (1989) observed that PROG treatment following motor neu-
ron axotomy attenuated loss of neurons in rats. According to
Koenig et al. (1995) PROG induced myelin repair after cryolesion

of peripheral nerves in mice. The same hormone increased expres-
sion of genes coding crucial myelin proteins in rat Schwann cells
(Désarnaud et al., 1998). In rat peripheral nerves PROG increased
glial cell growth and differentiation, induced synthesis of myelin-
specific proteins in oligodendrocytes, and potentiated the forma-
tion of new myelin sheaths by Schwann cells (Jung-Testas et al.,
1999; Baulieu and Schumacher, 2000).

Progesterone administration following the cortical contusion
injury protected against secondary neuronal loss and facilitated
cognitive recovery in rats (Roof et al., 1994; Asbury et al.,
1998). In the diffused TBI model, administration of physiolog-
ical doses of PROG reduced cell loss, axonal injury, decreased
caspase-3 immunoreactivity, and facilitated the motor and cogni-
tive performance recovery in male and ovariectomized female rats
(O’Connor et al., 2007). In the model of ischemic injury, treatment
with PROG reduced brain cell damage, improved neurological
outcome in rats (Jiang et al., 1996; Chen et al., 1999; Kumon et al.,
2000), and increased survival rate in mice (Gibson and Murphy,
2004). In the study of Jiang et al. (1996) the effects were comparable
either when the hormone was given immediately before or 2 h after
reperfusion. Post-injury administration of PROG in rats with the
brain global ischemia resulted in a significant reduction of cortical
shrinkage and cell loss in the CA1 and CA2 hippocampal sub-
fields. Additionally, the hormone prevented ventricular dilatation
compared with control animals (Moralí et al., 2005). In another
study, application of PROG and ALLO after severe transient fore-
brain ischemia in rats resulted in better functional outcome and
preserved dimensions of hippocampal formation despite pyrami-
dal neurons loss (Moralí et al., 2011). Similarly, in cats after acute
global ischemia PROG reduced cell loss, especially in the CA1/CA2
areas, and caudate nucleus regions (González-Vidal et al., 1998;
Cervantes et al., 2002). In permanent middle cerebral artery occlu-
sion model in rats, this steroid diminished cortical and optionally
subcortical infarct volumes (Alkayed et al., 2000). Both PROG and
ALLO improved behavioral outcome of animals (Sayeed et al.,
2007). Recently, Cai et al. (2008) found that acute neuroprotective
effects of PROG in ischemic brain injury may depend on its antag-
onistic action toward the σ1 receptor and subsequent inhibition
of the NMDA-induced Ca influx. Finally, PROG was investigated
in the ProTECT clinical study. It was observed that patients with
acute TBI, treated with PROG, had a lower 30-day mortality rate
than control individuals (Wright et al., 2006). Similarly, lower mor-
tality and better functional outcomes were found in the PROG
group of patients by Xiao et al. (2008) and Stein and Wright (2010).
At least two third-phase clinical trials are currently run to confirm
neuroprotective properties of this hormone in patients after brain
injury (Stein and Wright, 2010).

Neuroprotective effects of PROG were also shown in ani-
mal models of spinal cord degeneration. Wobbler mice receiving
the hormon presented less pronounced neuropathology, reduced
number of vacuolated cells, preserved mitochondrial ultrastruc-
ture (Gonzalez Deniselle et al., 2002), attenuated motoneuron
degeneration and boosted myelination in Schwann cells and oligo-
dendrocytes in the CNS (Schumacher et al., 2004). According to
Martini et al. (2003) PROG and its derivatives: dihydroproges-
terone (DHP) and tetrahydroprogesterone (THP) may control the
expression of the glycoprotein Po peripheral myelin and protein
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22 (PMP22) via activation of the PROG receptor or GABAA recep-
tor, respectively. Neuroprotective properties of PROG and its two
metabolites were shown by Leonelli et al. (2007) in streptozotocin-
induced diabetic neuropathy model in rats. Chronic (1 month
lasting) treatment with these neurosteroids preserved the nerve
conduction velocity, thermal threshold, intra-epidermal nerve
fiber density, Na(+)K(+)-ATPase activity, and mRNA levels of
myelin proteins (Leonelli et al., 2007).

Neuroprotective action of PROG seem to be partially due to
reduction of cerebral edema that may be achieved via different
mechanisms: protecting or rebuilding the blood–brain barrier
(Duvdevani et al., 1995; Roof et al., 1997), modulating aquapor-
ins (Amiry-Moghaddam et al., 2003), up-regulation of membrane
PROG binding protein 25-Dx, which is co-expressed with vaso-
pressin and regulates brain water homeostasis, and reduction of
the cytotoxic phase of edema (Guennoun et al., 2008; Stein et al.,
2008). Other possible actions of PROG include: down-regulation
of the inflammatory cascade by decelerating cytokine (IL-1; IL-
6; TNFα)-induced reactions, slowing the immune cell activation,
and migration (Arvin et al., 1996; Grossman et al., 2004; Stein,
2008). This neurosteroid limits cellular necrosis and apoptosis by:
1. lowering the concentration of nuclear factor κβ and expres-
sion of its target genes such as IL-1β, C3, iNOS, COX2 (Pettus
et al., 2005; Stein, 2008), 2. reducing excitotoxicity by inhibition of
glutamate receptors, 3. boosting the effects of GABAA, 4 depres-
sion of spontaneous firing of neurons, a possible causative factor
of posttraumatic seizures (Bergeron et al., 1996; Pierson et al.,
2005; Stein, 2008), 5. stimulation of Schwann’s cells via nuclear
receptor to produce myelin, and reducing glial scarring in the
CNS (Koenig et al., 1995; Plassart-Schiess and Baulieu, 2001), 6.
decreasing injury-induced lipid peroxidation and oxidative stress
via inhibition of TNF-α production or up-regulation of antiox-
idant enzymes (Roof et al., 1997; Stein, 2008; Stein and Wright,
2010).

Progesterone activates signaling pathways associated with neu-
roprotection like mitogen activated protein kinase, extracellu-
lar signal regulated kinase (MAPK/ERK), or serine/threonine
protein kinase Akt (Brinton et al., 2008). Nilsen and Brinton
(2002) showed that PROG increased expression of the Bcl-2 anti-
apoptotic gene, which prevented cell death in rat hippocampal
neuronal cultures. In the TBI model in rats, administration of
PROG increased mRNA levels of the Bcl-2 and Bcl-x(L) anti-
apoptotic genes, and their protein derivatives. On the contrary,
the hormone reduced mRNA levels of pro-apoptotic bax and
bad genes, as well as their protein products (Yao et al., 2005).
Additionally, the neurosteroid attenuates release of the proapop-
totic cytochrome c (Stein and Wright, 2010). In cultured hip-
pocampal neurons, PROG attenuated lipid peroxidation induced
by FeSO4 and amyloid β-peptide, as well as lightened eleva-
tion of intracellular Ca2+ concentration following β-amyloid- or
glutamate-induced toxicity (Goodman et al., 1996).

In rats after TBI, administration of ALLO decreased apoptotic
DNA fragmentation and expression of caspase-3 and Bax pro-
apoptotic proteins. Moreover, the neurosteroid improved behav-
ioral outcome of animals similarly to PROG (Djebaili et al.,
2004, 2005). ALLO and PROG protected the rat brain from
post-injury edema. Both neurosteroids reduced production of

pro-inflammatory cytokines (IL-1, TNF-α; He et al., 2004) and
enhanced production of the CD55 protein, a complement conver-
tase inhibitor, which was reported to limit inflammatory processes
after contusion of the cerebral cortex in rats (VanLandingham
et al., 2007). In patients with Alzheimer’s disease, the level of
ALLO in the temporal cortex was significantly lower than in con-
trols, in contrast to PREG and DHEA which concentrations were
increased. This may be explained by altered regulation of neuros-
teroid biosynthetic pathway, blocking ALLO formation (Naylor
et al., 2010). Similarly, the ALLO level was found to be decreased
in Niemann-Pick type. The neurosteroid administration doubled
the animal lifespan and delayed the onset of neurological symp-
toms. Furthermore, ALLO enhanced myelination and reduced
inflammatory processes in brains of Npc1(−/−) mice, a genetic
model of Niemann-Pick type C disease (Griffin et al., 2004;
Ahmad et al., 2005; Mellon et al., 2008; Liao et al., 2009). Callier
et al. (2001) revealed that PROG protected dopaminergic neurons
against MPTP-induced degeneration in rats. Moreover, in MPTP
mice, PROG did not reverse the protective effect of estrogens on
dopamine neurons. In methamphetamine model of Parkinson’s
disease, PROG used at low doses exerted protective action on stri-
atal dopaminergic neurons in gonadectomized male mice, whereas
much higher doses were needed to achieve a beneficial effect in
ovariectomized mice (Bourque et al., 2009).

Higher concentrations of PROG, ALLO, and 5α-DHP were
found in the substantia nigra and nucleus caudate in compari-
son with other brain areas in female control patients. In patients
with Parkinson’s disease, lower concentrations of these neuros-
teroids than in controls were found in the cerebrospinal fluid (CSF;
Luchetti et al., 2011). During further studies the authors observed
reduced mRNA expression of one enzyme synthesizing ALLO in
the substantia nigra, and increased expression of another one in
the caudate nucleus. It seems that disturbed synthesis of ALLO
may result in a dysfunction of endogenous neuroprotective effects
(Luchetti et al., 2011). Similarly, diminished ALLO concentration
and reduced activity of enzymes synthesizing the neurosteroid
were found in patients with multiple sclerosis (Luchetti et al.,
2011). Such phenomenon as NMDA-induced excitotoxicity in P-
19 cell cultures (pluripotent embryonic cells differentiated into
neurons) was attenuated by ALLO and DHEA, while DHEAS
remained less effective in this respect. ALLO prevented the release
of cytochrome c to cytoplasm and Bax protein translocation to
mitochondria. All these processes are considered to be signs of
apoptotic death. Since both neurosteroids enhanced expression of
GABAA receptor subunits, their neuroprotective action seems to
be mediated by enhanced GABA-ergic neurotransmission (Xilouri
and Papazafiri, 2006).

Allopregnanolone appears to play a significant role in the
pathogenesis of Alzheimer’s disease. Reduced levels of this steroid
were found in the patient plasma and prefrontal cortex. Addition-
ally, elevated concentrations of enzymes metabolizing pregnane
steroids were found in brains from early stages of the disease
(Luchetti et al., 2011). In the mouse model of Alzheimer’s dis-
ease PROG treatment improved cognitive functions and reduced
hyperphosphorylation of tau protein. But on the other hand,
PROG antagonized beneficial effects of estrogens in reducing β-
amyloid deposits. It is possible that the sequential therapy with
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estrogen and PROG may bring better results than the treatment
with only one hormone (Pike et al., 2009).

Allopregnanolone prevented apoptotic cell death in the human
NT2 cell line culture in NMDA-induced excitotoxicity (Lockhart
et al., 2002).

Progesterone is widely considered as a pleiotropic drug that
can be markedly effective in the treatment of TBI. At present,
more than 180 articles showed protective activity of PROG in both
experimental animals and humans. Moreover, two independent
phase II clinical trials have revealed that PROG group of patients
had significantly better survival and functional outcomes than
patients given placebo. Currently, phase III clinical trial is con-
ducted in the United States. Nevertheless, in some studies PROG
was not effective or even worsen the prognosis of animals after
TBI or ischemic injury (Murphy et al., 2000; Toung et al., 2004;
Ciriza et al., 2006; Gilmer et al., 2008; Stein, 2008, 2011; Stein
and Wright, 2010). The probable reason of PROG treatment fail-
ure may be advanced age of used animals. Anyway, PROG proved
efficacy and safety in most models of TBI. Surprisingly, medrox-
yprogesterone acetate, a PROG synthetic derivative, may exhibit
quite opposite properties in the CNS than the parent compound.
Medroxyprogesterone did not bring better functional outcome
after TBI, moreover, it blocked the expression of Bcl-2 gene and
estrogen-dependent neuroprotection, increased calcium-induced
toxicity (Stein, 2008).

Anticonvulsive and antiexcitotoxic properties of PROG were
widely examined in animal models and clinical studies. It seems
that antiseizure action of this hormone is not mediated by steroid
receptor since it occurs quickly (within minutes) and is not blocked
by the respective receptor antagonist – RU486. GABAA recep-
tor activation induces neuronal membrane hyperpolarization and
reduces its excitability.

In kainic acid-induced seizures in rats the hormone sig-
nificantly reduced seizures, mortality, and neuronal death in
hippocampus (Hoffman et al., 2003). In the same model in mice,
ALLO protected against seizures and reduced neuronal loss in hip-
pocampal fields, while other neurosteroids – negative modulators
of GABAA receptor (DHEAS, PREGS) – remained ineffective or
even toxic (Leskiewicz et al., 1997). Holmes and Weber (1984)
tested PROG in amygdala-kindled rats and observed kindling
inhibition. Secondary generalization of seizures was prevented
in immature, but not adult animals. In the same model, PROG
and ALLO protected against secondarily generalized seizures,
being ineffective or effective only at toxic doses against focal
seizures. On the other hand, 5α-DHP inhibited both components
of seizures (Lonsdale et al., 2006). Growing evidence suggests
that anticonvulsive and neuroprotective properties of PROG are
mediated by its metabolites 5α-DHP and ALLO, positive mod-
ulators of GABAA receptors (Reddy, 2004; Ciriza et al., 2006;
Verrotti et al., 2010; Stevens and Harden, 2011). ALLO itself pro-
tected against picrotoxin-induced neuronal cell death (Brinton,
1994). Rhodes and Frye (2005) showed that inhibition of 5α-
reductase enzyme (finasteride) attenuated antiseizure activity of
PROG and reduced concentration of ALLO. However, according
to Leskiewicz et al. (2003) ALLO showed no significant anticon-
vulsive action against cocaine-induced kindling in mice, in con-
trast to isopregnanolon and a representative of negative GABAA

modulators – DHEAS. The authors suggest that antiseizure prop-
erties may not depend exclusively on GABAA receptor modulation.
Some other neurosteroids were reported to inhibit seizures.

Both PROG derivatives: DHP and ALLO dose-dependently
protected the kainate-induced loss of hilar neurons and the induc-
tion of vimentin expression in reactive astrocytes (a sign of neural
damage) in ovariectomized rats (Ciriza et al., 2004) (Table 1).

DEHYDROEPIANDROSTERONE AND
DEHYDROEPIANDROSTERONE SULFATE ESTER
Dehydroepiandrosterone and its sulfate ester (DHEAS) were
reported to act as neurotropic or neuroprotective factors, defend-
ing neurons against many harmful events, including excitotoxicity.
Protective properties of DHEA may be related to inhibition of the
NMDA-induced nitric oxide (NO) production in hippocampal
cells or modulation of the calcium/NO signaling pathway. The
action of this hormone can be also mediated by sigma recep-
tors. Additionally, DHEAS was shown to attenuate the destructive
action of glutamate and NMDA on cerebellar granule cells in
rats. Protective effects of both DHEA and DHEAS can be realized
through preventing the mitochondria against intracellular Ca2+
overload (Mao and Barger, 1998). Time- and dose-dependent
neuroprotective action of DHEA was documented in the in vivo
model of global cerebral ischemia in rats. Administration of DHEA
at the dose of 20 mg/kg during 3–48 h after ischemia reduced
neuronal death in the hippocampal CA1 region and ameliorated
ischemia-induced deficits in spatial learning. Whereas, the treat-
ment of DHEA (20 mg/kg, 1 h before or after ischemia) may inten-
sify the ischemia-induced neuronal damage and learning failure.
Moreover, treatment with doses 25–100 mg/kg (for 15 days before
induction of ischemia) led to more pronounced neuroprotective
effects and reduced hippocampal CA1 neuronal injury (Li et al.,
2001). These study may suggest that DHEA, dependently on time
of treatment, exhibits a dual action – it may be either neurotoxic
or neuroprotective, depending on the time of treatment initiation
and duration (Li et al., 2009).

DHEA sulfate significantly inhibited the amplitude of persis-
tent sodium currents, and this result was canceled by the Gi protein
inhibitor, protein kinase C inhibitor, sigma-1 receptor blockers,
but not by the protein kinase A inhibitor. These results suggest
that DHEAS may protect neurons against ischemia by activation
of sigma-1 receptor (Cheng et al., 2008). DHEAS has been also
investigated in the reversible spinal cord ischemia model. The neu-
rosteroid exhibited a preventive effect when it was administered
5 min,but not 30 min after ischemia. The beneficial effect of DHEA
was reversed by bicuculline, the GABAA antagonist, which indi-
cates GABA-ergic mechanism of the neurosteroid action (Lapchak
et al., 2000). Aforementioned results show that DHEA and DHEAS
may provide neuroprotection against ischemia. However, it should
be remembered that DHEA administered during ischemia may be
also neurotoxic.

According Kimonides et al. (1998), DHEA showed a dose-
dependent neuroprotective effect against glutamate excitotoxicity
mediated by NMDA receptors (in vivo and in vitro) or evoked
by AMPA/KA receptor agonists (in vitro). For instance, the neu-
rosteroid prevented hippocampal CA1/2 neurons against toxicity
induced by NMDA infusions. Thus, decreased level of DHEA

www.frontiersin.org October 2011 | Volume 2 | Article 50 | 196

http://www.frontiersin.org
http://www.frontiersin.org/Neuroendocrine_Science/archive


Borowicz et al. Neurosteroid neuroprotection

in aging people may increase vulnerability of the brain to such
a damage. Age-related declines of neurosteroids have been pos-
tulated to play a role in the pathogenesis of neurodegenerative
diseases (Hillen et al., 2000; Brown et al., 2003; Naylor et al., 2008).
Interestingly, DHEA-induced protection against KA-induced exci-
totoxicity in hippocampal hilar neurons was attenuated by letro-
zole, an aromatase inhibitor (Veiga et al., 2003). Taking this
into consideration, neuroprotective effects of DHEA in the hip-
pocampus can be mediated by estradiol (Azcoitia et al., 1998;
Garcia-Segura et al., 2003). It should be stressed that expression
of aromatase in reactive glial cells is induced after brain injury
(Garcia-Segura et al., 2003).

Some results suggest that DHEAS may be a negative modulator
of GABAA receptors. In the study of Czlonkowska et al. (2000),
intracerebroventricularly administered DHEAS induced seizures
in a dose-dependent manner. But on the other hand, DHEAS
(25 mg/kg, i.p.) significantly increased the dose of NMDA nec-
essary to induce clonic convulsions in mice, indicating that the
neurosteroids can protect mice against NMDA-induced seizures
and mortality (Budziszewska et al., 1998). The antiseizure effect
of DHEA was also proved in the iron-induced model of post-
traumatic epilepsy in rats. DHEA at the dose of 30 mg/kg/day
prevented epileptiform electrophysiological activity and attenu-
ated cognitive defects produced by epileptic activity (Mishra et al.,
2010). It is worth mentioning that neurosteroids may serve as
regulators of epileptogenesis. This raises the possibility that exoge-
nously administered neurosteroids or their synthetic analogs could
be clinically effective as antiepileptogenic drugs, e.g., after TBI
(Biagini et al., 2006). In the study of Fiore et al. (2004), DHEA
provided better locomotor recovery, left–right coordination, and
fine motor control in mice after contusive spinal cord injury. Pos-
sibly, these drugs may create a promising novel therapeutic avenue
for the treatment of this dysfunction in humans. Further, DHEA
was reported to reduce the extent of denervation atrophy. The
neurosteroid accelerated axonal regeneration (Ayhan et al., 2003)
and increased the number of myelinated fibers and fiber diameters
after sciatic nerve transection in rats (Gudemez et al., 2002).

According to Frye and Reed (1998), a 3α-Diol metabolite of
another androgen – testosterone – exhibited anticonvulsive effect
against seizures induced in rats by kainate or perforant pathway
stimulation. Moreover, the neurosteroid reduced hippocampal cell
death and improved animal performance in the Morris water
maze. Interestingly, this action was inhibited by GABAA receptor
blockade, therefore it is not clear whether the action of 3α-Diol is
due to enhanced GABA-ergic neurotransmission or to increased
estrogen concentration (Table 1).

DEOXYCORTICOSTERONE AND
ALLOTETRAHYDRODEOXYCORTICOSTERONE
Although there is no literature data on neuroprotective prop-
erties of deoxycorticosterone DOC) and its derivative allote-
trahydrodeoxycorticosterone (THDOC), the two neurosteroids
exhibited anticonvulsive effects in some experimental studies. For
instance, THDOC protected against convulsions induced by the
GABAA receptor antagonists, like picrotoxin, pentylenetetrazole,
or bicuculline, and the glutamate receptor agonists, such as kainic
acid or NMDA. The neurosteroid, administered at relatively high

doses, showed also the anticonvulsive action in the rat model of
amygdala kindling and the maximal electroshock test in mice. In
human studies, decreased serum level of THDOC was found in
women with catamenial epilepsy, which may indicate a role of this
neurosteroid in the pathophysiology of perimenstrual seizures.
The antiseizure effect of THDOC seems to depend on positive
allosteric modulation of GABAA receptor (Reddy, 2009) (Table 1).

SYNTHETIC NEUROSTEROIDS
The main disadvantage of natural neurosteroids is their short bio-
logical half-life. Therefore some modified derivatives were synthe-
sized in order to select drugs, which are not so rapidly metabolized.

Neurosteroid analogs offered mainly a broad spectrum of
anticonvulsive activity in different experimental seizure models.
Therefore, this group of neurosteroids are mostly considered as
a novel class of antiepileptic agents. The overriding example is
ganaxolone, a representative of III generation antiepileptic drugs.

Ganaxolone (GNX, 3α-hydroxy-3β-methyl-5α-prengan-20-
one) is the 3β-methylated analog of ALLO. As the parent com-
pound, GNX is a positive allosteric modulator of GABAA receptors
and increases chloride channel permeability within the GABAA–
benzodiazepine receptor–chloride ionophore complex (Carter
et al., 1997; Monaghan et al., 1997; Nohria and Giller, 2007). The
neurosteroid exhibited effectiveness in a broad range of animal
models of epilepsy, including convulsions induced by pentylenete-
trazole, bicuculline, fluorothyl, cocaine, aminophylline, as well as
in pentylenetetrazole kindling, amygdala kindling, and 6 Hz elec-
trical stimulation (Gasior et al., 2000; Ungard et al., 2000; Reddy
and Rogawski, 2000a,b; Kaminski et al., 2004). Powerful anti-
seizure effects of GNX in the amygdala-kindled model in mice
strongly support the utility of this substance in the treatment of
temporal lobe epilepsy (Reddy and Rogawski, 2010). However,
most data on this neurosteroid was obtained in preclinical models
of catamenial epilepsy. According to Reddy and Rogawski (2009),
GNX treatment (7 mg/kg, sc) significantly reduced the frequency
of spontaneous seizures in rats. These results raise the possibil-
ity that GNX might provide a specific treatment for catamenial
epilepsy in humans. On the other hand, this ALLO analog proved
to be ineffective against NMDA- and strychnine-induced seizures
in mice (Carter et al., 1997; Gasior et al., 1997). In clinical studies,
GNX was shown to be well tolerated in adults and children. In early
phase II studies, GNX was found to be effective in adult patients
with partial-onset seizures and in epileptic children with history of
infantile spasms. Currently, further investigations are conducted in
infants with newly diagnosed infantile spasms, women with cata-
menial epilepsy, and adults with refractory partial-onset seizures
(Rogawski and Reddy, 2004).

It was recently reported that the pretreatment with a new
synthesized analog of ALLO, 3α-hydroxy-21,22-oxido-21-homo-
5α-pregnan-20-on (HOHP), suppressed generalized tonic–clonic
seizures in pentylenetetrazol-induced seizures in mice, and efficacy
of this analog resembled that of GNX (Mareš et al., 2010).

Two synthetic neurosteroids, minaxolone (2β,3α,5α,11α)-
11-(dimethylamino)-2-(ethoxy-3-hydroxypregnan-20-one), and
alfaxalone (5α-pregnan-3α-ol-11,20-dione) seem to be effective
positive allosteric modulators of the α1 glycine receptor (Maksay
and Biro, 2002; Weir et al., 2004). Both analogs proved efficacy
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against pentylenetetrazole- and bicuculline-induced convulsions
in animals. Alphaxalone showed, moreover, a moderate anti-
convulsive activity in the rat model of kindling and maximal
electroshock in mice (Rogawski and Reddy, 2004).

Another synthetic neurosteroid, Co 2-1068 (3β-(4acetylphenyl)
ethynyl-3α,21-dihydroxy-5β-20-one-21-hemisuccinate) was re-
ported to be effective against pentylenetetrazole-, NMDA-, and
cocaine-induced seizures in mice (Gasior et al., 1997).

So far,only fluasterone (DHEF),a novel DHEA analog,was con-
sidered as a candidate for a drug used in the treatment of TBI in
humans. This steroid was reported to improve functional recov-
ery in the rat TBI model. Possible DHEF mechanisms of action
are still unclear and discussed. According to Malik et al. (2003),
this neurosteroid markedly inhibited synthesis of prostaglandin
(PGE2) and interleukin-1βa-induced cyclooxygenase-2 (COX2)
in cultures of rat mesangial, but not cortical or hippocampal cells
(Malik et al., 2003) (Table 1).

CONCLUSION
Neurosteroids may exhibit neuroprotective effects in both central
and peripheral nervous system. These natural and synthetic com-
pounds attenuate the excitotoxicity, brain edema, inflammatory
processes, oxidative stress, and neural degeneration. Additionally,
neurosteroids accelerate and improve regeneration and myelina-
tion. Promising results of preclinical studies directed scientist
attention toward possible profits of neurosteroid treatment in
a wide range of diseases, especially the brain and spinal cord
injury, stroke, Parkinson’s and Alzheimer’s diseases, or epilepsy.
Unfortunately, therapeutic application of natural neurosteroids
was significantly limited by its rapid biotransformation. Only
synthetic analogs of these substances, particularly ganaxolone or
3α-ol-5β-pregnan-20-one, can be considered as potential anticon-
vulsive drugs. In fact, ganaxolone has been already classified to
antiepileptic drugs of III generation. This gives a real hope that
neurosteroids can be also used as effective neuroprotective drugs.
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The brain has traditionally been considered to be a target site of peripheral steroid hor-
mones. In addition to this classical concept, we now know that the brain has the capacity
to synthesize steroids de novo from cholesterol, the so-called “neurosteroids.” In the mid-
dle 1990s, the Purkinje cell, an important cerebellar neuron, was identified as a major site
for neurosteroid formation in the brain of mammals and other vertebrates. This discovery
has provided the opportunity to understand neuronal neurosteroidogenesis in the brain.
In addition, biological actions of neurosteroids are becoming clear by the studies using
the Purkinje cell, an excellent cellular model, which is known to play an important role in
memory and learning processes. Based on the studies on mammals over the past decade,
it is considered that the Purkinje cell actively synthesizes progesterone and estradiol from
cholesterol during neonatal life, when cerebellar neuronal circuit formation occurs. Both
progesterone and estradiol promote dendritic growth, spinogenesis, and synaptogenesis
via each cognate nuclear receptor in the developing Purkinje cell. Such neurosteroid actions
mediated by neurotrophic factors may contribute to the formation of cerebellar neuronal cir-
cuit during neonatal life. 3α,5α-Tetrahydroprogesterone (allopregnanolone), a progesterone
metabolite, is also synthesized in the cerebellum and considered to act as a survival factor
of Purkinje cells in the neonate. This review summarizes the current knowledge regard-
ing the biosynthesis, mode of action, and functional significance of neurosteroids in the
Purkinje cell during development in terms of synaptic formation of cerebellar neuronal
networks.

Keywords: neurosteroids, progesterone, estradiol, allopregnanolone, dendritic growth, synaptogenesis, neuronal

circuit, Purkinje cell

INTRODUCTION
The cerebellar cortex forms relatively simple neuronal networks
compared to those of other brain regions. Therefore, the cere-
bellar cortex has been used as an excellent model system to study
synaptic formation of neural networks in vertebrates, in particular
mammals. It is well known that marked morphological changes
occur in the cerebellum after birth during neonatal life and the for-
mation of the cerebellar cortex completes in the neonate through
the processes of migration of external granule cells, neuronal and
glial growth, and synaptogenesis in the rat (Altman, 1972a,b). It
is important to understand the mechanism underlying synaptic
formation of cerebellar neuronal networks during development
in mammals and other vertebrates.

In the middle 1990s, Tsutsui and colleagues discovered that the
Purkinje cell, an important cerebellar neuron, is a major site for
neurosteroid formation in a variety of vertebrates including mam-
mals (Tsutsui and Yamazaki, 1995; Usui et al., 1995; Ukena et al.,
1998, 1999; Takase et al., 1999; Matsunaga et al., 2001; Sakamoto
et al., 2001a, 2003a; Agís-Balboa et al., 2006, 2007). This was the
first observation of neuronal neurosteroidogenesis in the brain.
This discovery has provided the opportunity to understand neu-
ronal neurosteroidogenesis in the brain. Furthermore, the Purkinje
cell has served as an excellent cellular model for the study of bio-
logical actions of neurosteroids and provided new insights into

the mechanisms underlying the formation of cerebellar neuronal
networks during development.

Here we summarize the biosynthesis and biological actions of
neurosteroids in the Purkinje cell during development in terms
of synaptic formation of cerebellar neuronal networks. We also
describe what are currently known about the mode of action
and the functional significance of neurosteroids produced in the
Purkinje cell.

OVERVIEW OF PURKINJE CELLS AS A MAJOR SITE FOR
NEUROSTEROIDOGENESIS
The identification of neurosteroidogenic cells is essential to ana-
lyze neurosteroid actions in brain function. It is also necessary to
know which neurosteroids are synthesized in specific brain regions
at specific period during development. Such information enables
us to develop hypotheses predicting the potential roles of those
neurosteroids in the brain. Thus, the studies for this exciting area
in “neuroendocrine science” should be focused on the biosynthesis
and biological actions of neurosteroids produced locally in the
identified neurosteroidogenic cells underlying important brain
functions.

The oligodendrocyte was first accepted to be the primary site
for neurosteroid formation in the brain (for reviews, see Baulieu,
1997; Compagnone and Mellon, 2000). Subsequently, astrocytes
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and some neurons were shown to express some steroidogenic
enzymes (Mellon and Deschepper, 1993). Thus, glial cells were
generally accepted to be the site for neurosteroid formation. How-
ever, whether neurons located in the brain produce neurosteroids
was unknown in vertebrates until the middle 1990s. Tsutsui and
colleagues discovered that the Purkinje cell is a major site for neu-
rosteroid formation in birds and subsequently in other vertebrates
including mammals (Tsutsui and Yamazaki, 1995; Usui et al., 1995;
Ukena et al., 1998, 1999; Takase et al., 1999; Matsunaga et al., 2001;
Sakamoto et al., 2001a, 2003a; Agís-Balboa et al., 2006, 2007). From
the past 10 years of research on mammals, the colocalization of sev-
eral kinds of steroidogenic enzymes in the Purkinje cell has been
demonstrated.

In mammals, the Purkinje cell possesses several kinds of
steroidogenic enzymes, such as cytochrome P450 side-chain cleav-
age (P450scc) enzyme and 3β-hydroxysteroid dehydrogenase/Δ5-
Δ4-isomerase (3β-HSD), and actively produces progesterone dur-
ing neonatal life (Furukawa et al., 1998; Ukena et al., 1998, 1999;
Figure 1). 3α,5α-Tetrahydroprogesterone (allopregnanolone), a
progesterone metabolite, is also synthesized in the neonatal cere-
bellum (Tsutsui and Ukena, 1999; Tsutsui et al., 2003b,c, 2004;
Agís-Balboa et al., 2006, 2007; Figure 1). Subsequently, biologi-
cal actions of progesterone (Sakamoto et al., 2001b, 2002, 2003b;
Ghoumari et al., 2003) and the progesterone metabolite allopreg-
nanolone (Griffin et al., 2004) are becoming clear by the studies
on mammals using the Purkinje cell which is known to play an

FIGURE 1 | Neurosteroid formation in the Purkinje cell during

development. The Purkinje cell possesses several kinds of steroidogenic
enzymes. The expression of P450scc remains during neonatal
development and in adulthood, indicating the constant production of
pregnenolone. This neuron also produces actively progesterone due to an
increase of 3β-HSD activity only during neonatal life. Allopregnanolone (3α,
5α-tetrahydroprogesterone) is also metabolized by the enzymes
5α-reductase and 3α-HSD from progesterone during neonatal life.

Estrogen formation in the Purkinje cell also occurs in the neonate because
this neuron further expresses P45017α,lyase and P450arom. See the text for
details. StAR, steroidogenic acute regulatory protein; P450scc,
cytochrome P450 side-chain cleavage enzyme; 3β-HSD, 3β-hydroxysteroid
dehydrogenase/Δ5-Δ4-isomerase; P45017α,lyase, cytochrome P450 17α-
hydroxylase/c17,20-lyase; 17β-HSD, 17β-hydroxysteroid dehydrogenase;
3α-HSD, 3α-hydroxysteroid dehydrogenase; P450arom, cytochrome P450
aromatase.
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essential role in the process of memory and learning. In addi-
tion, this neuron expresses a key enzyme of estrogen formation,
cytochrome P450 aromatase (P450arom), and actively produces
estradiol in the neonate (Sakamoto et al., 2003a; Tsutsui et al.,
2003b; Figure 1). Estradiol may also contribute to important
events in the developing Purkinje cell (Sakamoto et al., 2003a;
Sasahara et al., 2007).

NEUROSTEROIDS PRODUCED IN THE PURKINJE CELL
PREGNENOLONE
Pregnenolone, a 3β-hydroxy-Δ5-steroid, is a main precursor of
steroid hormones. The formation of pregnenolone is initiated by
the cleavage of cholesterol side-chain by P450scc, a rate-limiting
mitochondrial enzyme. The first immunohistochemical study in
quail using an antibody against P450scc reported that the distri-
bution of immunoreactive cell bodies and fibers was coincident
with the location of somata and dendrites of Purkinje cells in the
cerebellum (Tsutsui and Yamazaki, 1995; Usui et al., 1995). West-
ern immunoblot analysis with the P450scc antibody confirmed
the presence of P450scc in the cerebellum (Tsutsui and Yamazaki,
1995; Usui et al., 1995). It is considered that Purkinje cells pos-
sess P450scc, because P450scc immunoreactivity was restricted to
this neuron in the cerebellum (Tsutsui and Yamazaki, 1995; Usui
et al., 1995). These avian findings provided the first evidence for
the location of P450scc in neurons in the brain.

Immunohistochemical studies of the rat cerebellum using an
antibody to P450scc also showed immunoreaction confined to the
somata and dendrites of Purkinje cells (Ukena et al., 1998). The
Purkinje cells were identified by immunostaining with an anti-
body for the inositol trisphosphate (IP3) receptor, a marker for
Purkinje cells (Ukena et al., 1998). P450scc immunoreactivity was
not observed in astrocytes, which were identified by immunoreac-
tion to glial fibrillary acidic protein (GFAP). Interestingly, P450scc
appeared in the rat Purkinje cell at its differentiation, and the
expression of this enzyme persisted during neonatal development
into adulthood (Ukena et al., 1998). In addition to higher ver-
tebrates, Tsutsui and colleagues further identified P450scc in the
Purkinje cell of amphibians (Takase et al., 1999). Taken together,
these findings indicate that Purkinje cells possess P450scc and
produce pregnenolone in vertebrates (Figure 1).

Steroidogenic acute regulatory protein (StAR) was also found in
Purkinje cells (Furukawa et al., 1998; Figure 1). StAR is involved in
the transport of cholesterol to the inner mitochondrial membrane,
in which P450scc is localized, and thus plays a key role in acute
steroid biosynthesis in peripheral steroidogenic glands (Clark
et al., 1994). Therefore, StAR may also contribute to the regulation
of pregnenolone formation in the Purkinje cell (Figure 1).

PROGESTERONE AND ITS METABOLITE
Progesterone is known to be a sex steroid hormone and acts on
brain tissues through nuclear progesterone receptors (PR). Prog-
esterone formation from cholesterol in the Purkinje cells has
been demonstrated in the Purkinje cells, along with 3β-HSD, a
membrane-bound mitochondrial enzyme that is responsible for
the biosynthesis of progesterone from pregnenolone (Ukena et al.,
1999). Tsutsui and colleagues found that Purkinje cells express not
only P450scc (Ukena et al., 1998) but also 3β-HSD (Ukena et al.,

1999; Figure 1). RT-PCR and biochemical techniques combined
with high-performance liquid chromatography (HPLC) analysis
showed the expression of 3β-HSD and its enzymatic activity in
the rat cerebellum (Ukena et al., 1999). Using in situ hybridization
of 3β-HSD mRNA, the site of 3β-HSD expression was localized
in Purkinje cells and external granule cells (Ukena et al., 1999).
Thus, both P450scc and 3β-HSD are expressed in Purkinje cells
(Figure 1). The colocalization of P450scc and 3β-HSD in exter-
nal granule cells is still unclear. The expression of 3β-HSD in
Purkinje cells was also evident in other vertebrates (Tsutsui et al.,
1999; Sakamoto et al., 2001a). Surprisingly, the expression of 3β-
HSD in the mammalian cerebellum increased during neonatal life
(Ukena et al., 1999), unlike P450scc (Ukena et al., 1998). Such an
age-dependent expression of 3β-HSD was confirmed by biochem-
ical studies together with HPLC analysis, indicating an increase of
progesterone formation during neonatal life (Ukena et al., 1999).
Thus, this neuron actively produces progesterone as a product of
an increase of 3β-HSD activity during neonatal life (Ukena et al.,
1999; Figure 1).

Biochemical analysis together with HPLC and thin-layer chro-
matography (TLC) further revealed that the progesterone metabo-
lite allopregnanolone is also found in the mammalian cerebellum
during neonatal life (Tsutsui and Ukena, 1999; Tsutsui et al.,
2003a,b, 2004; Figure 1). The expression of 5α-reductase and 3α-
HSD that metabolize progesterone to allopregnanolone has been
found in the Purkinje cell (Agís-Balboa et al., 2006, 2007; Figure 1).

ESTRADIOL
Estradiol is also known to be a sex steroid and acts on brain tissues.
P450arom is a key enzyme of estrogen formation in peripheral
steroidogenic glands. Tsutsui and colleagues have further demon-
strated the expression of P450arom in rat Purkinje cells during
neonatal life (Sakamoto et al., 2003a; Figure 1). RT-PCR and in situ
hybridization analyses showed that the expression of P450arom
mRNA is restricted to Purkinje cells and external granule cells
in the cerebellum in neonatal rats (Sakamoto et al., 2003a). A
specific enzyme immunoassay for estradiol further indicated that
cerebellar estradiol concentrations in the neonate are higher than
those in prepubertal and adult rats (Sakamoto et al., 2003a). In
addition, a recent study has shown the expression and activity
of cytochrome P450 17α-hydroxylase/c17,20-lyase (P45017α,lyase),
which converts pregnenolone to dehydroepiandrosterone (DHEA)
or progesterone to androstenedione, an immediate precursor of
estrogen formed by P450arom, in the Purkinje cell (Matsunaga
et al., 2001; Figure 1). These studies indicate estrogen formation
in the Purkinje cell during neonatal life (Figure 1). Therefore,
not only progesterone and its metabolite allopregnanolone but
also estrogen may be synthesized in the developing Purkinje cell
(Figure 1).

POSSIBLE ACTIONS OF NEUROSTEROIDS PRODUCED IN THE
PURKINJE CELL
PROMOTION OF PURKINJE DENDRITIC GROWTH, SPINOGENESIS, AND
SYNAPTOGENESIS
It is well known that in the rat marked morphological changes
occur in the cerebellum after birth during neonatal life and the for-
mation of the cerebellar cortex completes in the neonate through
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the processes of migration of external granule cells, neuronal and
glial growth, and synaptogenesis (Altman, 1972a,b). According to
Altman and Bayer (1978), the rat Purkinje cell is prenatally formed
and its maturation starts immediately after birth. Purkinje cells
actively synthesize progesterone during the neonatal period, as the
expression of 3β-HSD and its enzymatic activity increase in neona-
tal rats (Ukena et al., 1999; Figure 1). The progesterone metabolite
allopregnanolone is also synthesized in the cerebellum of neonatal
rats (Tsutsui and Ukena, 1999; Tsutsui et al., 2003b,c, 2004). Thus,
cerebellar development is dramatic during neonatal life, when
cerebellar concentrations of progesterone and allopregnanolone
are high (Tsutsui and Ukena, 1999; Ukena et al., 1999; Tsutsui et al.,
2003b). Therefore, progesterone and/or allopregnanolone may be
involved in the formation of the cerebellar neuronal circuit by
promoting neuronal growth and neuronal synaptic contact.

In vitro studies using cultured cerebellar slices of newborn
rats showed that progesterone promotes dendritic growth and
dendritic spine formation of the Purkinje cell (Sakamoto et al.,
2001b, 2002; Figure 2). A similar result was obtained by in vivo
studies (Sakamoto et al., 2001b, 2002). The stimulatory action
of progesterone on Purkinje dendrites was completely blocked
by a combined administration of the PR antagonist mifepristone
(RU486) in vitro (Sakamoto et al., 2001b, 2002). Furthermore,
in vivo administration of RU486 during the endogenous peak
of progesterone inhibited dendritic growth and dendritic spine
formation of the Purkinje cell (Sakamoto et al., 2001b, 2002).
Electron microscopic analysis further revealed that progesterone
induces an increase in the density of dendritic axospinous synapses
on the Purkinje cell (Sakamoto et al., 2001b, 2002; Figure 2). In
contrast, there was no significant change in the density of den-
dritic shaft synapses after progesterone administration (Sakamoto
et al., 2001b, 2002). The effect of progesterone on Purkinje den-
dritic spine synapses was also blocked by RU486 (Sakamoto et al.,
2001b, 2002). In contrast to progesterone, there was no significant
effect of allopregnanolone on Purkinje dendritic growth, spino-
genesis, and synaptogenesis (Sakamoto et al., 2001b, 2002). These
results indicate that progesterone promotes the dendritic growth,
spinogenesis, and synaptogenesis of Purkinje cells during cerebel-
lar development (Figure 2). To draw a firm conclusion, however,
further study is needed because RU486 is considered to be not a
pure PR antagonist, but rather a PR modulator (Ghoumari et al.,
2003).

Purkinje cells also express P450arom, a key enzyme of estro-
gen formation, highly in the neonate (Sakamoto et al., 2003a).
Estradiol levels in the neonate are higher in the cerebellum than
in the plasma (Sakamoto et al., 2003a). The effect of estradiol
on dendritic growth of Purkinje cells was investigated in both
in vitro and in vivo studies (Sakamoto et al., 2003a). Treatment of
cerebellar cultures with estradiol promoted the dendritic growth
of Purkinje cells in a dose-dependent manner with active doses
being in physiological levels of estradiol measured in the cerebel-
lum (Sakamoto et al., 2003a; Figure 3). A similar morphological
effect was also obtained by the in vivo treatment with estradiol
(Sakamoto et al., 2003a; Figure 3). In contrast, the blockage of
action of endogenous estrogen by a treatment with tamoxifen, an
estrogen receptor antagonist, had reversed effects on the morphol-
ogy of Purkinje cells. Further, estradiol treatment increased the

FIGURE 2 | Schematic model depicting possible actions of

progesterone in the Purkinje cell during development. Progesterone
acts on the Purkinje cell through intranuclear receptor (PR)-mediated
mechanisms that promote dendritic growth, spinogenesis, and
synaptogenesis in this neuron by genomic mechanisms. Thus,
progesterone produced in the Purkinje cell may mediate its actions through
an “intracrine” mechanism. Progesterone may induce the expression of
some neurotrophic factors that directly promote Purkinje dendritic growth,
spinogenesis, and synaptogenesis during neonatal life. Progesterone may
also act on Purkinje cells through the mechanisms mediated by 25-Dx,
which is associated with membrane structures of the endoplasmic
reticulum and Golgi apparatus. See the text for details. StAR, steroidogenic
acute regulatory protein; P450scc, cytochrome P450 side-chain cleavage
enzyme; 3β-HSD, 3β-hydroxysteroid dehydrogenase/Δ5-Δ4-isomerase; PR,
progesterone receptor; PRE, progesterone response element; Golgi, Golgi
apparatus; ER, endoplasmic reticulum.

densities of Purkinje dendritic spines (Sakamoto et al., 2003a) and
spine synapses (Sasahara et al., 2007; Figure 3). These effects were
also inhibited by tamoxifen (Sakamoto et al., 2003a; Sasahara et al.,
2007). Thus, estradiol also promotes the dendritic growth, spin-
ogenesis, and synaptogenesis of Purkinje cells (Figure 3). These
estrogen actions were confirmed by the study using P450arom
knock-out (ArKO) mice (Sasahara et al., 2007) as described in
Section“Functional Significance of Neurosteroids Produced in the
Purkinje Cell.”

On the other hand, DHEA is also known to be an abundant neu-
rosteroid in the mammalian brain (Corpéchot et al., 1981, 1983; Jo
et al., 1989). Compagnone and Mellon (1998) reported a similar
action of DHEA and its sulfate ester (DHEAS) on neuronal growth
using primary cultures of mouse embryonic neocortical neurons.
According to Compagnone and Mellon (1998), DHEA selectively
increased the length of axons and the incidence of varicosities and
basket-like process formations in vitro, whereas DHEAS selectively
promoted branching and dendritic growth in vitro. Therefore,
neurosteroids may play an important role in cortical organiza-
tion in both the mammalian cerebellum and cerebrum during
development.
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FIGURE 3 | Schematic model depicting possible actions of estradiol in

the Purkinje cell during development. Estradiol acts on the Purkinje cell
through intranuclear receptor (ERβ)-mediated mechanisms that promote
dendritic growth, spinogenesis, and synaptogenesis in this neuron by
genomic mechanisms. Both Purkinje cells and granule cells express BDNF
and TrkB, a receptor for BDNF. Estradiol induces the expression of BDNF,
which may act on Purkinje cells and granule cells through TrkB-mediated
mechanisms to promote Purkinje dendritic growth, spinogenesis, and
synaptogenesis. See the text for details. StAR, steroidogenic acute
regulatory protein; P450scc, cytochrome P450 side-chain cleavage enzyme;
3β-HSD, 3β-hydroxysteroid dehydrogenase/Δ5-Δ4-isomerase; P45017α,lyase,
cytochrome P450 17α-hydroxylase/c17,20-lyase; 17β-HSD,
17β-hydroxysteroid dehydrogenase; P450arom, cytochrome P450
aromatase; ERβ, estrogen receptor-β; ERE, estrogen response element;
BDNF, brain-derived neurotrophic factor; TrkB, BDNF receptor.

NEUROPROTECTION OF PURKINJE CELLS
In addition to organizing actions of progesterone as described
above, it has been reported that RU486 protects Purkinje cells from
developmental cell death, although progesterone does not possess
any effect on Purkinje cell survival (Ghoumari et al., 2003). This
protective effect of RU486 is considered to be independent of the
activation of nuclear PR (Ghoumari et al., 2003).

It has been shown that allopregnanolone is involved in Purk-
inje and granule cell survival (Griffin et al., 2004; Figure 2),
although allopregnanolone failed to promote the dendritic growth,
spinogenesis, and synaptogenesis of Purkinje cells (Sakamoto
et al., 2001b, 2002). The Niemann–Pick type C (NP-C) mouse
has been used as an excellent animal model for understanding
the action of allopregnanolone. NP-C is an autosomal reces-
sive, childhood neurodegenerative disease characterized by defec-
tive intracellular cholesterol trafficking, resulting in Purkinje cell
degeneration as well as neuronal degeneration in other regions.
Brains from adult NP-C mice contained less allopregnanolone
than wild-type (WT) brain (Griffin et al., 2004). Administration
of allopregnanolone to neonatal NP-C mice increased Purkinje
cell survival and delayed neurodegeneration (Griffin et al., 2004;
Figure 4).

FIGURE 4 | Summary of possible actions of neurosteroids in the

Purkinje cell during development. The Purkinje cell actively synthesizes
progesterone, allopregnanolone, and estradiol from cholesterol during
neonatal life when cerebellar neuronal circuit formation occurs in mammals.
Progesterone acts on the Purkinje cell through intranuclear receptor
(PR)-mediated mechanisms that promote dendritic growth, spinogenesis,
and synaptogenesis in this neuron by genomic mechanisms. Progesterone
may also promote dendritic growth, spinogenesis, and synaptogenesis via
25-Dx as well as its nuclear receptor in the Purkinje cell in the neonate.
Estradiol acts on the Purkinje cell through intranuclear receptor
(ER)-mediated mechanisms that promote dendritic growth, spinogenesis,
and synaptogenesis in this neuron by genomic mechanisms.
Allopregnanolone is involved in Purkinje cell survival. See the text for
details. PR, progesterone receptor; ER, estrogen receptor.

MODE OF ACTION OF NEUROSTEROIDS PRODUCED IN THE
PURKINJE CELL
MODE OF PROGESTERONE ACTION
To elucidate the mode of action of progesterone, the expression
of PR in the cerebellum was then characterized in neonatal rats.
Interestingly, intranuclear PR-A and PR-B were expressed in the
Purkinje cell (Sakamoto et al., 2001b, 2002, 2003b; Figure 2). It
is therefore considered that progesterone acts directly on Purk-
inje cells through intranuclear receptor-mediated mechanisms to
promote Purkinje dendritic growth, spinogenesis, and synapto-
genesis during neonatal development (Sakamoto et al., 2001b,
2002, 2003b; Figure 2). Such genomic actions of progesterone
may be essential for the formation of cerebellar neuronal circuit
(Figure 4). Thus, progesterone produced in the Purkinje cell may
mediate its actions through an “intracrine” mechanism (Figure 2).
In addition to the central nervous system, progesterone has also
been shown to promote myelination in the peripheral nervous
system via nuclear PR (Koenig et al., 1995; Chan et al., 2000).

Interestingly, Purkinje cells also express the putative mem-
brane PR, 25-Dx, during neonatal life (Sakamoto et al., 2004;
Figure 2). RT-PCR and Western immunoblot analyses revealed
the expressions of 25-Dx and its mRNA in the rat cerebellum,
which increased during neonatal life (Sakamoto et al., 2004). By
immunocytochemistry, the expression of 25-Dx was localized in
the Purkinje cell and external granule cell layer (Sakamoto et al.,
2004). 25-Dx immunoreactivity was associated with membrane
structures of the endoplasmic reticulum and Golgi apparatus in
the Purkinje cell (Sakamoto et al., 2004). Accordingly,progesterone
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may promote dendritic growth, spinogenesis, and synaptogene-
sis via 25-Dx as well as its nuclear receptor in the Purkinje cell
in the neonate (Sakamoto et al., 2008; Figure 2). This protein
is now named “progesterone receptor membrane component-
1” (PGRMC1), and there is now strong evidence that PGRMC1
mediates the anti-apoptotic actions of progesterone in both rat
granulose and luteal cells and it associates with another membrane
protein, such as plasminogen activator inhibitor RNA-binding
protein-1 (PAIRBP1; Engmann et al., 2006; Peluso et al., 2006;
Cahill, 2007). Future study is needed to demonstrate whether
the promotion of Purkinje dendritic growth, spinogenesis, and
synaptogenesis by progesterone is due to both genomic and
non-genomic actions.

It is known that neurotrophins are attractive candidate regu-
lators of Purkinje dendrite and spine development. It has been
reported that neurotrophic factors, such as brain-derived neu-
rotrophic factor (BDNF) and neurotrophin-3 (NT-3), are highly
expressed in the developing cerebellum and are critical for proper
development of Purkinje cells and granule cells (Rocamora et al.,
1993; Ernfors et al., 1994; Schwartz et al., 1997; Bates et al., 1999).
Therefore, progesterone may induce the expression of some neu-
rotrophic factors that directly promote Purkinje dendritic growth,
spinogenesis, and synaptogenesis during neonatal life (for reviews,
see Tsutsui, 2008a,b, 2009; Figure 2).

MODE OF ESTROGEN ACTION
It has been reported that in the neonatal rat, Purkinje cells express
estrogen receptor-β (ERβ; Price and Handa, 2000; Jakab et al.,
2001; Figure 3). Therefore, it is likely that estradiol acts directly
on Purkinje cells through intranuclear ERβ-mediated mechanisms
(Figure 3). This hypothesis was confirmed by the study using the
ER antagonist tamoxifen, which inhibited the effects of estrogen
on Purkinje dendritic growth, spinogenesis, and synaptogenesis
(Sakamoto et al., 2003a; Sasahara et al., 2007). It is known that
this anti-estrogen binds to ERs (ERα and ERβ) and activates tran-
scription via activating protein-1 response elements (Webb et al.,
1995) but blocks transcriptional activation through the classical
estrogen response element and not producing any agonist effect
via this pathway (McDonnell et al., 1995; Paech et al., 1997). Thus,
it is considered that the anti-estrogen tamoxifen blocks transcrip-
tional activation of ERβ in the developing Purkinje cell. On the
other hand, granule cells also express ERβ (Price and Handa, 2000;
Jakab et al., 2001; Figure 3). Involvement of ERβ in the brain func-
tion has also been reported in the rat hypothalamus (Orikasa et al.,
2002; Ikeda et al., 2003).

While ERβ appears to mediate the effects of estradiol on Purk-
inje cell function, other receptors may also mediate the effects of
estradiol on other brain regions, such as hippocampus (Gould
et al., 1990; Woolley et al., 1990; Woolley and McEwen, 1994;
Murphy and Segal, 1996; McEwen et al., 2001) and hypothala-
mus (Pérez et al., 1993). The effect of estradiol on hippocampal
CA1 pyramidal cell dendrite spine density requires the activation
of N -methyl-d-aspartate (NMDA) receptors in adult female rats
(Woolley and McEwen, 1994). Such non-genomic estrogen actions
may lead to alterations in gene expression. Hence, NMDA recep-
tors may also mediate estradiol action in Purkinje cells. Further
studies are needed to draw a firm conclusion.

To understand the mode of action of estradiol, Tsutsui and
colleague further examined the expression of BDNF and NT-3 in
response to estrogen actions in the neonate (Sasahara et al., 2007),
because these neurotrophic factors are known to be critical for
proper development of Purkinje cells (Rocamora et al., 1993; Ern-
fors et al., 1994; Schwartz et al., 1997; Bates et al., 1999). Estrogen
administration to neonatal WT mice or ArKO mice increased the
BDNF level in the cerebellum, whereas the anti-estrogen tamoxifen
decreased the BDNF level in WT mice similar to ArKO mice (Sasa-
hara et al., 2007). BDNF administration to tamoxifen-treated WT
mice increased Purkinje dendritic growth (Sasahara et al., 2007).
In contrast to BDNF, estrogen administration did not influence the
level of NT-3 in the cerebellum (Sasahara et al., 2007). The NT-3
level did not change in ArKO mice as well (Sasahara et al., 2007).
These results indicate that BDNF mediates estrogen action on the
promotion of dendritic growth, spinogenesis, and synaptogenesis
in the Purkinje cell during neonatal development (Figure 3).

Importantly, the gene encoding BDNF contains a sequence
similar to the canonical estrogen response element found in
estrogen-target genes (Sohrabji et al., 1995). In addition, BDNF
increases levels of synaptic vesicle proteins, such as synaptophysin
and synapsin 1, which are reliable markers of synaptogenesis, in
the spinal neurons (Wang et al., 1995). Estrogen increases presy-
naptic and postsynaptic proteins, such as syntaxin, synaptophysin,
and spinophilin, in the CA1 region of the primate hippocampus
(Choi et al., 2003). Furthermore, it has been reported that estro-
gen treatment induces these synaptic proteins in the CA1 region
of hippocampus, and this effect is blocked by CI628, an anti-
estrogen of the tamoxifen type (Brake et al., 2001). The expression
of P450arom mRNA in the cerebellum is restricted to Purkinje
cells and external granule cells in the neonatal rats (Sakamoto
et al., 2003a; Tsutsui, 2006a,b; Tsutsui and Mellon, 2006). Both
Purkinje cells and granule cells express BDNF (Hofer et al., 1990;
Borghesani et al., 2002) and TrkB, a receptor for BDNF (Klein et al.,
1990; Segal et al., 1995; Carter et al., 2002; Figure 3). It is therefore
likely that estrogen induces the expression of BDNF, which acts
on Purkinje cells and granule cells through TrkB-mediated mech-
anisms to promote Purkinje dendritic growth, spinogenesis, and
synaptogenesis during neonatal life (Sasahara et al., 2007; Tsutsui,
2008b, 2009; Figure 3).

FUNCTIONAL SIGNIFICANCE OF NEUROSTEROIDS
PRODUCED IN THE PURKINJE CELL
To demonstrate the functional significance of endogenous estra-
diol in the Purkinje cell during neonatal life, estrogen actions on
dendritic growth, spinogenesis and synaptogenesis in Purkinje
cells were investigated using ArKO mice (Sasahara et al., 2007).
ArKO mice used in the study lack exons 1 and 2 and the proximal
promoter region of the P450arom gene cyp19 (cytochrome P450,
family 19; Honda et al., 1998). Estradiol deficiency in ArKO mice
decreased dendritic growth, spinogenesis, and synaptogenesis in
Purkinje cells in the neonate (Sasahara et al., 2007). In addition,
administration of estradiol to ArKO mice increased Purkinje den-
dritic growth, spinogenesis, and synaptogenesis (Sasahara et al.,
2007). These results indicate physiological actions of endogenous
estrogen on the promotion of dendritic growth, spinogenesis, and
synaptogenesis in the Purkinje cell during neonatal development.
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Neuroprotective and neurotrophic actions of estrogen on other
brain regions have been reported by the studies using ArKO mice
(Azcoitia et al., 1999; Carswell et al., 2005). Neuroprotective effects
of estrogen on dentate gyrus neurons in the hippocampus were
mediated by estrogen-induced insulin-like growth factor-1 (IGF-
1; Azcoitia et al., 1999), similar to neurotrophic effects of estrogen
on Purkinje cells mediated by estrogen-induced BDNF (Sasahara
et al., 2007).

In addition to the analysis of biological actions of endogenous
estradiol using ArKO mice, we need to elucidate the functional
significance of endogenous progesterone in the Purkinje cell dur-
ing neonatal life. To demonstrate the functional significance of
endogenous progesterone, the analysis of progesterone actions on
Purkinje dendritic growth, spinogenesis, and synaptogenesis using
3β-HSD knock-out mice is now in progress.

Progesterone and allopregnanolone have neurotrophic and
neuroprotective effects and may improve cognitive function
in mammals (Schumacher et al., 2003; Frye and Walf, 2008).
Estradiol is also implicated in the cognitive processes of the
mammalian brain (Jacobs et al., 1998; Drake et al., 2000; Hao
et al., 2007). Several regions of the mammalian brain involved
in memory and cognition, such as the cerebellar cortex, hip-
pocampus, amygdala, and cerebral cortex, are rich in ERs (Price
and Handa, 2000; Shughrue et al., 2000; Jakab et al., 2001;
Sakamoto et al., 2003a; Tsutsui et al., 2004; Sasahara et al.,
2007). Thus, it is considered that progesterone, allopregnanolone,
and estradiol alter the processes of memory and cognition
mediated by the cerebellar cortex, hippocampus, and cerebral
cortex.

CONCLUSION AND FUTURE DIRECTIONS
Purkinje cell is a major site for neurosteroid formation in the
brain. This neuron actively synthesizes progesterone and allo-
pregnanolone, a progesterone metabolite, from cholesterol during
neonatal life when cerebellar neuronal circuit formation occurs in
mammals. This neuron also produces estradiol in the neonate.
Both progesterone and estradiol promote Purkinje dendritic
growth, spinogenesis, and synaptogenesis. Allopregnanolone is
also considered to be involved in Purkinje and granule cell survival.
These neurosteroid actions may be essential for the formation of
the cerebellar neuronal circuit as summarized in Figure 4.

The discovery of Purkinje cell as a major site for neurosteroid
formation has improved our understanding of neuronal neu-
rosteroidogenesis and biological actions of neurosteroids in the
cerebellum. This exciting area of research should focus on physio-
logical roles of neurosteroids in the future, because Purkinje cells
play an important role in the process of memory and learning.
Therefore, behavioral studies using neurosteroidogenic enzyme
knock-out animals and electrophysiological studies on the occur-
rence of long-term potentiation and/or long-term depression are
needed.
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Several reviews have so far pointed out on the relevant physiological and pharmacological
role exerted by neuroactive steroids in the central nervous system. In the present review we
summarize observations indicating that synthesis and metabolism of neuroactive steroids
also occur in the peripheral nerves. Interestingly, peripheral nervous system is also a target
of their action. Indeed, as here reported neuroactive steroids are physiological regulators
of peripheral nerve functions and they may also represent interesting therapeutic tools for
different types of peripheral neuropathy.
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INTRODUCTION
Recent studies have shown that peripheral nerves synthesize and
metabolize neuroactive steroids. The term neuroactive steroid
refers to those steroids acting in the nervous system and includes
steroids produced by the nervous system (i.e., neurosteroids) and
hormonal steroids coming from classical steroidogenic tissues
(i.e., gonads and adrenal glands; Melcangi et al., 2008). More-
over, peripheral nerves express receptors for neuroactive steroids
and consequently represent a target for them. Indeed, neuroac-
tive steroids are involved in the regulation of different functions
of peripheral nerves, including Schwann cell proliferation and
myelination (Chan et al., 1998, 2000; Desarnaud et al., 1998, 2000;
Fex Svenningsen and Kanje, 1999; Lubischer and Bebinger, 1999;
Guennoun et al., 2001; Mercier et al., 2001; Azcoitia et al., 2003;
Rodriguez-Waitkus et al., 2003; Tanzer and Jones, 2004; Melcangi
et al., 2005; Magnaghi et al., 2006, 2007).

Peripheral neuropathy is one of the most common disorders
with a prevalence of about 2.4% that rises with aging to 8% in
the general population (England and Asbury, 2004). Peripheral
neuropathy may be inherited, such as those referred to Charcot–
Marie–Tooth (CMT) disease including demyelinating and axonal
variants, or acquired, like for instance those occurring during
aging process, after physical injury, in systemic or metabolic dis-
orders (e.g., diabetes mellitus, vitamin deficiencies, alcoholism,
kidney failure, cancer, etc.), in infections and autoimmune disor-
ders (e.g.,AIDS, hepatitis, Guillain–Barré syndrome, Lyme disease,
rheumatoid arthritis, leprosy, sarcoidosis, syphilis, systemic lupus

erythematosus, etc.), after exposure to toxic compounds and dur-
ing drug treatment (e.g., chemotherapeutic, antiretroviral, anti-
tuberculosis medications, antimicrobial drugs, lithium, etc.). Cur-
rently, therapeutic arsenal for these peripheral neuropathies is
very limited. Therefore, the finding that neuroactive steroids act
as protective agents in different experimental models of periph-
eral neuropathy is highly promising (Leonelli et al., 2006; Mel-
cangi and Garcia-Segura, 2006, 2010; Roglio et al., 2008b; Schu-
macher et al., 2008). At present, corticosteroids are the only
steroids used for clinical management of peripheral neuropathy,
due to their anti-inflammatory actions. However, the design of
a randomized controlled trial for the treatment of mild idio-
pathic carpal tunnel syndrome (CTS) with local injection of
17 alpha-hydroxyprogesterone caproate, a synthetic derivative of
progesterone (PROG), has been recently reported (Milani et al.,
2010).

We will here review the state of the art on the synthesis,
actions, and therapeutic implications of neuroactive steroids in
the peripheral nervous system (PNS).

SYNTHESIS OF NEUROACTIVE STEROIDS OCCURS IN THE
PERIPHERAL NERVES
Peripheral nerves are a source of neuroactive steroids (Mellon and
Deschepper, 1993; Schumacher et al., 2003; Melcangi et al., 2008;
Pelletier, 2010). The first step of steroidogenesis is the transport
of cholesterol from intracellular stores to the inner mitochondrial
membrane, where cytochrome P450 side chain cleavage (P450scc),
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the enzyme that converts cholesterol to pregnenolone, is located.
This transport is facilitated by translocator protein-18kDa (TSPO)
and steroidogenic acute regulatory protein (StAR), two mole-
cules that, together with P450scc, are expressed by Schwann cells
(Benmessahel et al., 2004; Papadopoulos et al., 2006).

Moreover, Schwann cells, as well as dorsal root ganglia
(DRG), also express other steroidogenic enzymes such as 3α-
hydroxysteroid dehydrogenase (i.e., the enzyme converting PREG
into PROG; Koenig et al., 1995; Guennoun et al., 1997; Chan et al.,
2000; Schumacher et al., 2001; Coirini et al., 2003; Rodriguez-
Waitkus et al., 2003; Schaeffer et al., 2010), 5α-reductase (5α-
R), converting PROG and testosterone (T) into dihydroproges-
terone (DHP) and dihydrotestosterone (DHT) respectively, and
3α-hydroxysteroid dehydrogenase, converting DHP and DHT into
tetrahydroprogesterone (THP) and 5α-androstane-3α, 17β-diol
(3α-diol) respectively (Melcangi et al., 1990, 2001a; Yokoi et al.,
1998; Schaeffer et al., 2010). Synthesis of neuroactive steroids in
peripheral nerves has been also confirmed by the assessment of
their levels. For instance, using liquid chromatography tandem
mass spectrometry analysis, levels of PREG, PROG, and its deriva-
tives (i.e., DHP, THP and isopregnanolone), dehydroepiandros-
terone (DHEA), T, and its derivatives (i.e., DHT and 3α-diol)
have been determined in the sciatic nerve of male and female rats
(Caruso et al., 2008a,b, 2010; Pesaresi et al., 2010b). These studies
have shown that local levels of neuroactive steroids in the periph-
eral nerve do not directly reflect plasma levels. In addition, these
studies have revealed that the PNS adapts its local levels of neu-
roactive steroids in response to gonadectomy with sex specificity
and depending on the duration of the peripheral modifications
(Caruso et al., 2010).

PHYSIOLOGICAL CONTROL BY NEUROACTIVE STEROIDS ON
PERIPHERAL NERVES
PERIPHERAL NERVES AS TARGETS OF NEUROACTIVE STEROIDS
Peripheral nerves and Schwann cells not only synthesize and
metabolize neuroactive steroids, but are also targets for these mole-
cules. Classical intracellular steroid receptors, such as PROG (PR),
estrogen, glucocorticoid, and mineralocorticoid receptors, have
been detected in rat sciatic nerve and in Schwann cells (Jung-
Testas et al., 1996; Melcangi et al., 2001b; Groyer et al., 2006).
Also, androgen receptor (AR) expression has been demonstrated
in the endoneurial compartment of rat sciatic nerve (Magnaghi
et al., 1999; Jordan et al., 2002). Through the activation of these
classical steroid receptors, neuroactive steroids such as PROG,
DHP, T, DHT, DHEA, estrogens, and corticosteroids, affect the
development and function of the PNS.

In addition, in the central nervous system, neuroactive steroids
such as 3alpha-hydroxy-derivatives of dihydroprogesterone, dihy-
drotestosterone, and deoxycorticosterone are known to bind to
neurotransmitter receptor channels and to modulate their activity
(Lambert et al., 2003; Belelli and Lambert, 2005; Zheng, 2009).
This mechanism of action also operates in the PNS, since neu-
rotransmitter receptors modulated by neuroactive steroids, such
as GABA-A (i.e., α2, α3, β1, β2, and β3 subunits) and GABA-B
(i.e., GABA-B1 and GABA-B2) receptors, have been identified in
peripheral nerves and Schwann cells (Melcangi et al., 1999; Mag-
naghi et al., 2004a). Moreover, rat sural nerve expresses NMDA

receptor 1 subunit, glutamate receptor 1 (GluR1), AMPA subunit,
and GluR 5, 6, 7 kainate subunits (Coggeshall and Carlton, 1998;
Verkhratsky and Steinhauser, 2000). Schwann cells of mammalian
peripheral vestibular system express GluR 2, 3, 4 (Dememes et al.,
1995; Verkhratsky and Steinhauser, 2000). Finally, the presence
of sigma 1 receptor (i.e., an atypical neuro-modulatory receptor)
in Schwann cells of rat sciatic nerve has been confirmed (Palacios
et al., 2004). Therefore, neuroactive steroids may also regulate PNS
physiology through the modulation of the activity of neurotrans-
mitter receptors and by non-classical steroid receptors, such as the
sigma 1 receptor.

EFFECTS, MECHANISMS OF ACTION, AND INFLUENCE OF SEX
One of best characterized actions of neuroactive steroids in periph-
eral nerves is the regulation of the myelination program. Classical
and non-classical steroid receptors mediate physiological actions
of neuroactive steroids on the proliferation of Schwann cells and
on their expression of myelin proteins and of transcription fac-
tors involved in the regulation of myelination (Figure 1). Indeed,
PROG and its derivatives are able to modulate the expression of
myelin proteins of the PNS, such as glycoprotein zero (P0) and the
peripheral myelin protein 22 (PMP22). Namely, the expression of
P0 in sciatic nerve of adult male rats, as well as that in rat Schwann
cell culture, was increased by the treatment with PROG, DHP, or
THP, while in case of PMP22, only THP was effective (Melcangi
et al., 1999, 2005). Similar effects are also exerted by derivatives of
T. Thus,orchidectomy in adult male rat decreased the expression of
P0 and PMP22 in the sciatic nerve (Magnaghi et al., 1999, 2004b).
The subsequent treatment with DHT or 3α-diol (i.e., two deriva-
tives of T) restored the levels of P0, while in case of PMP22 only
3α-diol was effective (Magnaghi et al., 1999, 2004b). A very sim-
ilar pattern of effects was also evident in cultures of rat Schwann
cells (Melcangi et al., 2005). The mechanism involved in these
effects was different depending on the myelin protein considered.
Thus, observations performed with receptor agonists or antag-
onists suggest that the expression of P0 is under the control of
classical intracellular receptors, such as PR and AR, while a role for
non-classical mechanisms, like the modulation of GABA-A recep-
tor, may be hypothesized in case of PMP22 (Melcangi et al., 2005).
Activation of a classical steroid receptor, such as PR, clearly sug-
gests that the effect of PROG derivatives on P0 expression is due
to a classical steroid genomic effect. This hypothesis is supported
by the finding that putative progesterone responsive elements are
present on P0 gene (Magnaghi et al., 1999) and that a coactivator,
such as steroid receptor coactivator-1 (SRC-1), participates in the
regulation of P0 gene expression by DHP. Indeed, the effect of this
neuroactive steroid on P0 expression in an immortalized cell line
of Schwann cell (i.e., MSC80 cells) stably transfected to over- or
down-express SRC-1 was increased or completely lost, respectively
(Cavarretta et al., 2004). A role for AR in controlling expression
of P0 may be also hypothesized. Indeed, in vivo treatment with an
AR antagonist, such as flutamide, decreased the synthesis of P0 in
rat sciatic nerve (Magnaghi et al., 2004b). Interestingly, inhibition
of AR influenced P0 synthesis in adult age only. This age-linked
effect is different from what we have observed after the in vivo
treatment with mifepristone, where PR antagonist was only able
to decrease the synthesis of P0 at postnatal day 20 (Melcangi et al.,
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FIGURE 1 | Physiological effects of neuroactive steroids in peripheral

nerves.

2003b). A possible hypothesis could be that PROG derivatives
may be necessary for inducing P0 synthesis during the first steps
of the myelination process, while the subsequent intervention of
T derivatives will participate in the maintenance of this process.

At variance to what observed on P0, expression of PMP22 seems
to be under the control of GABA-A receptor. As we observed in
Schwann cell cultures, treatment with antagonist (i.e., bicuculline)
or agonist (i.e., muscimol) of GABA-A receptor abolished or mim-
icked respectively the stimulatory effect exerted by THP on PMP22
(Melcangi et al., 2005).

Expression of P0 and PMP22 is also affected in a sex-dependent
manner. Thus, observations obtained in culture of rat Schwann
cells have indicated that PROG or DHP treatment induced a stim-
ulatory effect on P0 mRNA levels only in male, while THP was
only effective in female cells. Similarly, the expression of PMP22
was stimulated by PROG in cultures from males and by THP in
cultures from females (Magnaghi et al., 2006).

Neuroactive steroids regulate myelination program by affect-
ing also the expression of transcription factors (Figure 1). Data
obtained in culture of rat Schwann cells (Guennoun et al., 2001;
Mercier et al., 2001) have indicated that PROG stimulates the gene
expression of Krox-20, Krox-24, Egr-3, and FosB. Moreover, the
expression of Krox-20 was also stimulated by DHP and THP,
while that of another transcription factor, such as Sox-10, was
only stimulated by DHP (Magnaghi et al., 2007).

P0 and PMP22 play an important role for the maintenance of
the multilamellar structure of PNS myelin (D’Urso et al., 1990).
Therefore, in agreement with the effect exerted on the proteins
of peripheral myelin, PROG is also able to stimulate the synthesis
of myelin membranes (Figure 1). For instance, PROG accelerates
the time of initiation and enhances the rate of myelin synthesis in
Schwann cells co-cultured with DRG neurons (Chan et al., 1998,
2000).

Moreover, also the axonal compartment of PNS neurons is a tar-
get for the action of neuroactive steroids. Thus, PROG affects the
expression of neuronal genes involved in the myelination process
by Schwann cells. For instance, in co-culture of Schwann cells and
DRG neurons two genes, like a small Ras-like GTP-binding protein
(Rap 1b) and phosphoribosyl diphosphate synthase-associated
protein, which are induced in co-cultures during myelin synthe-
sis, were also induced by PROG treatment (Chan et al., 2000;

Rodriguez-Waitkus et al., 2003). Finally, the blockade of PR by
mifepristone during development resulted in axonal impairment
in the sciatic nerve of male rats (Melcangi et al., 2003b).

Neuroactive steroids are also able to affect Schwann cell prolif-
eration (Figure 1). For instance, a stimulatory effect of PROG has
been detected in vitro (Fex Svenningsen and Kanje, 1999; Barto-
lami et al., 2003). Interestingly, also this effect of PROG seems to
be dependent on the sex of the animals. Indeed, PROG increased
Schwann cell proliferation in cultures of segments of rat sciatic
nerve from females, but was ineffective in cultures from males (Fex
Svenningsen and Kanje, 1999). Androgens also affect Schwann
cell proliferation. For instance, the number of terminal Schwann
cells unsheathing the synaptic junction between motor nerve end-
ings and muscles decreased after castration and this effect was
counteracted by T replacement (Lubischer and Bebinger, 1999).

Steroid coactivators, which as previously mentioned participate
in the effects exerted by neuroactive steroids on myelin proteins,
are also able to affect cell proliferation. For instance, cell prolif-
eration in an immortalized line of Schwann cells (i.e., MSC80
cells) overexpressing SRC-1 was slower than in cells in which
the coactivator expression was down regulated (Melcangi et al.,
2005). In contrast, overexpression of another coactivator, such as
steroid receptor RNA activator (SRA), induced an increase in the
proliferation of MSC80 cells (Melcangi et al., 2005).

Finally, metabolites of PROG, such as THP, acting on GABA-A
receptors are also able to influence GABA and glutamate pathways
in Schwann cells (Figure 1). Thus, this neuroactive steroid stim-
ulates GABA synthesis by increasing the levels of glutamic acid
decarboxylase of 67 kDa (Magnaghi et al., 2010) and the activity
of excitatory amino acid carrier 1 and therefore, glutamate uptake
(Perego et al., 2011).

THE LEVELS OF NEUROACTIVE STEROIDS IN PERIPHERAL
NERVES ARE AFFECTED BY PATHOLOGICAL EVENTS
As demonstrated in several experimental models, the levels of
neuroactive steroids present in peripheral nerves are affected by
traumatic injury and pathologies. Namely, in the experimental
model of crush injury the levels of PREG, DHP, and THP present
in the distal portion of injured sciatic nerve were lowered (Roglio
et al., 2008a). The drop of DHP was not explained by a decrease in
the levels of its first substrate (i.e., PROG) that were unchanged,
but by a decrease in the expression of the enzyme 5α-R (i.e.,
enzyme converting PROG into DHP; Roglio et al., 2008a).

Changes in the levels of neuroactive steroids have been also
reported in an experimental model of Charcot–Marie–Tooth type
1 (CMT1A; Caruso et al.,2008b) or of diabetic neuropathy (Caruso
et al., 2008a; Pesaresi et al., 2010b). Interestingly, in these experi-
mental models the levels of neuroactive steroids were affected in
a sex-dimorphic way by the pathology. For instance, as demon-
strated in the sciatic nerve of male and female PMP22 transgenic
rats (i.e., an experimental model of CMT1A) the levels of isopreg-
nanolone and of 3α-diol, which are exclusively detectable in sciatic
nerve of female and male rats respectively, were strongly decreased
(Caruso et al., 2008b). In sciatic nerve of streptozotocin (STZ)-
treated animals (i.e., an experimental model of diabetes inducing
peripheral neuropathy), the levels of PREG, T, DHT, and 3α-diol
were significantly decreased in males but not in females, while
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PROG, THP, and isopregnanolone were decreased only in females
(Pesaresi et al., 2010b).

NEUROACTIVE STEROIDS AS PROTECTIVE AGENTS IN
PERIPHERAL NERVOUS SYSTEM
Neuroactive steroids are not only protective agents in the central
nervous system as extensively demonstrated in several experimen-
tal models (Melcangi et al., 2000a; Lapchak and Araujo, 2001;
McCullough and Hurn, 2003; Ciriza et al., 2004, 2006; Griffin
et al., 2004; Melcangi and Mensah-Nyagan, 2006; Aguado-Llera
et al., 2007; Schumacher et al., 2007; Pesaresi et al., 2010a), but
they are also effective on peripheral neuropathies (Figure 2).

AGING
Aging induces important biochemical (e.g., a decrease in the syn-
thesis of P0 and PMP22) and morphological changes in peripheral
nerves, such as atrophy of the large myelinated fibers, myelin
sheaths increase in thickness and show various irregularities (i.e.,
myelin ballooning, splitting, infolding, reduplication, and remyeli-
nation; Azcoitia et al., 2003; Melcangi et al., 2003a). Neuroactive
steroids, such as PROG or its derivatives, are able to stimulate the
low expression of P0 and PMP22 in the sciatic nerve of aged rats
(Melcangi et al., 1998, 2000c, 2003a). Moreover, they have also clear
beneficial effects on the number and shape of myelinated fibers as
well as on the frequency of myelin abnormalities (Azcoitia et al.,
2003; Melcangi et al., 2003a).

All these effects seem to be a peculiarity of PROG and its deriv-
atives, because neither T nor DHT or 3α-diol were able to influ-
ence the morphological parameters analyzed in these experiments
(Azcoitia et al., 2003; Melcangi et al., 2003a).

PHYSICAL INJURY
Protective and regenerative effects of neuroactive steroids have
been well characterized in experimental models of degeneration
occurring after physical injury of peripheral nerves. For instance,
(1) PROG or DHP, increase gene expression of P0 after nerve
transection (Melcangi et al., 2000b); (2) PREG and PROG coun-
teract the decrease of the amounts of myelin membranes induced
by a cryolesion in the sciatic nerve of the mouse (Koenig et al.,
1995); (3) In guided regeneration of facial nerve of rabbit, PROG
induces an increase in the number of Schwann cell nuclei, of non-
myelinated and myelinated nerve fibers (with increase also in their

FIGURE 2 | Pathological targets of neuroactive steroids in the

peripheral nervous system.

diameters), as well as in the g-ratio of myelinated nerve fibers
(Chavez-Delgado et al., 2005); and (4) In crush injury model, DHP
and/or P counteract biochemical alterations (i.e., myelin proteins
and Na+,K+-ATPase pump) and stimulate reelin gene expres-
sion. These two neuroactive steroids also counteract nociception
impairment, and DHP treatment significantly decreases the up-
regulation of myelinated fibers’ density occurring in crushed
nerves (Roglio et al., 2008a).

Moreover, promising results have been also obtained with other
neuroactive steroids. For instance, T and its derivative, DHT, accel-
erate regeneration, and functional recovery of injured nerves (Yu,
1982; Vita et al., 1983; Jones et al., 2001; Tanzer and Jones, 2004;
Huppenbauer et al., 2005). DHEA is protective after rat sciatic
nerve transection, reducing the extent of denervation atrophy and
inducing an earlier onset of axonal regeneration (Ayhan et al.,
2003). DHEA also promotes a faster return to normal values of sci-
atic function index and increases the number of myelinated fibers
and of fiber diameters after nerve crush injury in rats (Gudemez
et al., 2002). Similar results have been obtained after crush injury
in mice, using 17β-estradiol (Islamov et al., 2002).

CHEMOTHERAPY-INDUCED PERIPHERAL NEUROTOXICITY
Effects of neuroactive steroids have been also evaluated in an
experimental model of chemotherapy-induced peripheral neu-
rotoxicity, such as those due to docetaxel (i.e., a semisynthetic
taxane widely employed as antineoplastic agent for the treatment
of breast, ovarian, and non-small cell lung cancer; Roglio et al.,
2009). We demonstrated that treatment with DHP or P counter-
acted docetaxel-induced neuropathy, preventing nerve conduction
velocity (NCV) and thermal threshold changes, and degeneration
of skin nerves in the footpad. Neuroactive steroids also counter-
acted the changes in gene expression of several myelin proteins,
such as P0, PMP22, myelin, and lymphocyte-associated protein
and myelin basic protein (MBP) induced by docetaxel in sciatic
nerve. Most nerve abnormalities observed during the treatment
with docetaxel spontaneously recovered after drug withdrawal,
similarly to what occurs in patients. However, results of midterm
follow-up experiments indicate that animals treated with DHP or
P show a faster recovery (Roglio et al., 2009).

Neuropathic pain is another important consequence of periph-
eral nerve damage. Indeed, neuroactive steroids exert a beneficial
effect also on this component. For instance, DHP or THP treat-
ment suppresses neuropathic symptoms (allodynia/hyperalgesia)
evoked by antineoplastic drugs such as vincristine (Meyer et al.,
2010) or oxaliplatin (Meyer et al., 2011).

DIABETIC NEUROPATHY
Another experimental model in which protective effects of neu-
roactive steroids have been ascertained is diabetic neuropathy.
Thus, in STZ-treated rats, PROG or its derivatives improve sci-
atic NCV, myelin protein mRNA levels (i.e., P0 and PMP22), Na+,
K+-ATPase activity, thermal threshold, skin innervation density
(Leonelli et al., 2007) and counteract the increase in the number of
fibers with myelin infoldings (Veiga et al., 2006). Androgens, such
as T or its derivatives exert similar effects (Roglio et al., 2007), while
DHEA prevents not only neuronal but also vascular dysfunction
in the sciatic nerve of STZ-rats (Yorek et al., 2002).
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INFLUENCE OF HORMONAL ENVIRONMENT
As recently demonstrated, endogenous glucocorticoids exert a role
in myelination after sciatic nerve injury. For instance, crush injury
performed in adrenalectomized rats affects myelination processes
in term of MBP expression and morphological parameters of
myelin sheaths (Morisaki et al., 2010). Thus, adrenalectomized
animals showed reduced MBP mRNA and protein levels and
decreased myelin thickness in comparison to sham-operated ani-
mals. These alterations were prevented by low-dose corticosterone
replacement.

Recent results have shown that gonadal steroid hormonal envi-
ronment also influences diabetic neuropathy. Interestingly, this
effect is sex-dimorphic. Thus, ovariectomy, but not orchidectomy,
significantly counteract STZ-induced alterations on NCV, Na+,
K+-ATPase activity, and expression of myelin proteins, such as P0
and PMP22 (Pesaresi et al., 2011). The effect of ovariectomy is
associated with an increase in the levels of neuroactive steroids
(e.g., DHEA, T, and DHT) in the sciatic nerve of diabetic rats
(Pesaresi et al., 2011).

These observations, together with the finding that peripheral
neuropathies show sex differences in their incidence, sympto-
matology, and nerodegenerative outcome (Melcangi and Garcia-
Segura, 2010) may have strong implications for the development
of new sex-oriented therapies based on the use of neuroactive
steroids.

NEUROPROTECTIVE EFFECTS BY STEROID RECEPTOR
MODULATORS
An alternative to the use of P, DHP, and THP may be the use of
molecules that target PR and/or GABA-A receptor (Melcangi et al.,
2005). Indeed, it has been demonstrated that the treatment with a
PR antagonist (i.e., onapristone) was able to reduce the overexpres-
sion of PMP22 and to improve CMT phenotype in an experimental
model of CMT1A (i.e., PMP22-transgenic rats; Sereda et al., 2003;
Meyer zu Horste et al., 2007). This opens the possibility of using
selective PR modulators, perhaps in combination with GABA-A
ligands, for the treatment of peripheral neuropathy. Selective estro-
gen receptor modulators may also offer a potential therapeutic
interest since the selective estrogen receptor modulator LY117018
has been shown to enhance functional recovery after injury of the
sciatic nerve (McMurray et al., 2003).

IN SITU INDUCTION OF NEUROACTIVE STEROIDS AS
THERAPEUTIC TOOLS
Another alternative for a therapeutic strategy with neuroactive
steroids themselves, or with specific synthetic ligands of their
receptors, might be the use of pharmacological agents that increase
the synthesis of endogenous neuroactive steroids within the ner-
vous system. For instance, this is possible with ligands of TSPO,
which promoting the translocation of cholesterol to the inner
mitochondrial membrane increase the synthesis of neuroactive
steroids. As reported, a TSPO ligand like SSR180575 was able to
increase the survival of facial nerve motoneurons after axotomy
and the regeneration of peripheral nerves (Ferzaz et al., 2002).
Another TSPO ligand, such as Ro5-4864, exerted a beneficial effect
on morphological parameters of the sciatic nerve of aged male
rats, significantly increasing the total number of myelinated fibers
and decreasing the percentage of fibers with myelin decompaction

(Leonelli et al., 2005). Moreover, Ro5-4864 is effective on STZ-
induced diabetic neuropathy and significantly stimulates the low
levels of PREG, PROG, and DHT observed in the sciatic nerves of
diabetic rats (Giatti et al., 2009). In agreement with the protective
actions of these neuroactive steroids, activation of TSPO coun-
teracted the impairment of NCV and thermal threshold, restored
skin innervation density and P0 gene expression, and improved
Na+, K+-ATPase activity (Giatti et al., 2009).

Etifoxine (i.e., a TSPO ligand used for the treatment of anxiety
disorders) has been demonstrated to activate neuroactive steroid
synthesis (Verleye et al., 2005). In experimental models of periph-
eral nerve lesion, etifoxine treatment improved peripheral nerve
regeneration and functional recovery, increasing axonal growth,
causing a marked reduction in the number of macrophages
and improving recovery of locomotion, motor coordination and
sensory functions (Girard et al., 2008).

Finally, also liver X receptors (LXRs) might be an interesting
therapeutic target (Cermenati et al., 2010). LXRs are ligand acti-
vated transcription factors that belong to the nuclear receptor
superfamily that serving as cholesterol sensors prevent excessive
intracellular accumulation of cholesterol.

As recently demonstrated, sciatic nerve expresses functional
LRXα and β isoforms. Treatment with a synthetic ligand of this
receptors (i.e., GW3965) resulted in an increase of neurosteroido-
genesis in the sciatic levels of diabetic animals. Thus, an increase
of the levels of PREG, PROG, DHP, and 3α-diol and of molecules
and enzymes involved in their synthesis, such as StAR, P450scc,
and 5α-R, as well as of classical LXR targets involved in cho-
lesterol efflux, such as ABCA1 and ABCG1 was observed. These
changes in neurosteroidogenesis machinery were associated with
neuroprotective effects on thermal nociceptive activity, NCV and
Na+, K+-ATPase activity (Cermenati et al., 2010). Interestingly,
recent results have indicated that LXRs may also affect peripheral
myelination opening new perspectives in the treatment of periph-
eral neuropathy. Indeed, knock-out of LXR in mice results in an
alteration of the phenotype of myelin sheaths surrounding axons
(i.e., thinner myelin sheaths), without affecting the diameters and
number of axons (Makoukji et al., 2011).

CONCLUDING REMARKS
Observations here reviewed indicate that the PNS is a target for
the effects of neuroactive steroids. In addition, neuroactive steroids
themselves or pharmacological approaches acting on their recep-
tors or their synthesis might represent potential therapeutic tools
for different forms of peripheral neuropathies. This is extremely
interesting because in many situations there are no effective treat-
ments that can stop or reverse peripheral nerve damage. Thus, a
sustained research and development effort on this experimental
field might permit in a close future a promising translation to
clinical research.
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Dehydroepiandrosterone (DHEA) is synthesized from cholesterol by activity of P450scc
and P450c17, enzymes that we previously characterized in the developing nervous sys-
tem. We describe the localization of P450c17 in the differentiated field of the ventral spinal
cord in different motor neuron subtypes. We show that, during organogenesis, P450c17
activity is regulated along the antero/posterior axis of the spinal cord concomitantly with
the gradient of neurogenesis. To examine whether DHEA may modulate this process,
we measured proliferation and differentiation of ventral neural precursors in primary and
explant cultures. Our results showed that DHEA-induced the expression of class II pro-
tein Nkx6.1, motor neuron precursor Olig-2, and definitive motor neuron marker Isl-1/2.
DHEA also promoted proliferation of ventrally committed precursors in isolated spinal cord
precursor cultures and in whole spinal cord explants. Both the proliferative and inductive
effects of DHEA were dependent on sonic hedgehog signaling. The possibilities that the
effects observed with DHEA were due to its metabolism into androgens or to activation
of NMDA receptors were excluded. These results support the hypothesis that the tight
regulation of DHEA biosynthesis may be a biologic clock restricting the period of ventral
neuronal-precursor proliferation, thus controlling the number of pre-committed neurons in
the developing neural tube.

Keywords: DHEA, neurosteroid, spinal cord, sonic hedgehog, proliferation, induction, neural precursors

INTRODUCTION
The topography of the central nervous system (CNS) results
from an orchestrated control of cell proliferation and motility,
maturation of neuronal and glial cells, axonal growth, and the
establishment of proper synapses. Neural specification and pat-
terning of the CNS are controlled by the combinatory expression
of genes in the neural tube during development, establishing a
code for neuronal identity in restricted specific regions (Ruben-
stein and Beachy, 1998). Sonic hedgehog (Shh) is one of the major
morphogens controlling the expression of these homeodomain
proteins and plays a primordial role in dictating cell fate in neural
tube precursors through a graded signaling activity along the
ventro-dorsal axis (Briscoe et al., 2000; Jessell, 2000; Lee and Pfaff,
2001).

Patterning activity is not the only function of Shh. Mitogenic
activity of Shh has been observed in several tissues and organisms
during their development (reviewed in Ingham and McMahon,
2001; Brito et al., 2002; Marti and Bovolenta, 2002). In addition,
genetic alterations of Shh biogenesis or signal transduction lead to
CNS hyperplasia (reviewed in Litingtung and Chiang, 2000; Ruiz
i Altaba et al., 2002; Wetmore, 2003). In the neural tube, prolifer-
ative effects of Shh have been demonstrated in vitro and in vivo
(Kalyani et al., 1998; Rowitch et al., 1999). However, environmental
cues regulate the ability of precursor cells to proliferate in response
to Shh (Rowitch et al., 1999; Barzi et al., 2010). We proposed that
the neurosteroid dehydroepiandrosterone (DHEA) might be one
such cue controlling the proliferative response of precursors to
Shh.

DHEA is a secreted neurosteroid biosynthesized de novo in the
developing CNS from the sequential action of two cytochrome
P450 enzymes, P450scc and P450c17 (Compagnone and Mellon,
2000). To determine whether DHEA is produced in the regions
where we have found P450c17 expressed and what its bioactivity
may be, we focused our study on the developing spinal cord where
P450c17 expression is first observed.

In this report, we establish a correlation between the expres-
sion and activity of P450c17 and show that P450c17 activity,
and thus most likely DHEA biosynthesis, are regulated along the
antero/posterior (A/P) axis of the developing spinal cord con-
comitantly with the gradient of neurogenesis. DHEA mimicked
Shh signaling to promote the induction of motor neurons and
sustained ventral progenitor proliferation in a Shh-dependent
manner in vitro. The results of this work support the hypothesis
that the tightly regulated biosynthesis of DHEA may be a biologic
clock restricting the period of ventral neuronal-precursor prolifer-
ation and thus controlling the number of pre-committed neurons
in the developing neural tube.

MATERIALS AND METHODS
All experiments were reviewed and approved by the Institutional
Animal Care and Use Committee at the University of California,
San Francisco, CA, USA.

REAGENTS AND CHEMICALS
DHEA, BrdU, poly-d-lysine, progesterone, and streptavidin–
FITC were purchased from Sigma/RBI (St. Louis, MO, USA);
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Collagenase H, insulin–transferrin–sodium selenium supplement,
and the terminal deoxynucleotidyl transferase biotin d-UTP nick-
end labeling (TUNEL) “In situ Cell Death Detection Kit,” Fluores-
cein from Roche Diagnostics (Indianapolis, IN, USA); and bFGF,
Leibovitz’s L15 medium, high-glucose formula of DMEM, and
HAM-F12 medium from Invitrogen/Gibco (Carlsbad, CA, USA).
[3H]pregnenolone was obtained from NEN/Perkin-Elmer Life
Sciences (Boston, MA, USA). The following antibodies were pur-
chased from the Developmental Studies Hybridoma Bank (DSHB,
University of Iowa, IA, USA): anti-Shh (5E1), Isl-1 (40.2D6),
Lim1/2 (4F2), and Pax6. The anti-Shh (5E1), anti-Isl-1 (40.2D6),
and anti-Lim1/2 (4F2) antibodies, developed by Dr. Thomas Jes-
sell, the anti-Pax6 and the anti-Pax7 antibodies, developed by Dr.
Atsushi Kawakami were fully characterized prior to their use in
this paper, Hoechst, Alexa 546-coupled goat anti-mouse, Alexa
350-coupled goat anti-rabbit, neutravidin–Alexa 350, wheat-germ
agglutinin, and the FluoroReporter Mini-biotin protein labeling
kit were obtained from Molecular probes (Eugene, OR, USA). Goat
anti-rabbit coupled to Phycoerythrin was bought from Chemi-
con (Temecula, CA, USA) and goat anti-mouse coupled to FITC
from Jackson ImmunoResearch Laboratories Inc., (West Grove,
PA, USA).

ANALYSIS OF ENZYMATIC ACTIVITY
Embryos were obtained from CD-1 mice (Charles River, Wilm-
ington, MA, USA) at different ages from embryonic day (E) 10
to E16.5 (E0.5 = day of vaginal plug). Spinal cords were dissected
in L15 medium containing 5% heat-inactivated horse serum. The
spine was exposed after removal of the ventral organs. The noto-
chord was peeled off and collected. Mesenchyme surrounding the
spinal cord was carefully removed and collected, as were the dorsal
root ganglia (DRG). The spinal cords were opened dorsally, flat-
tened, and then cut into dorsal (roof plate + alar plate) and ventral
(floor plate + motor columns) segments. Dorsal and ventral halves
at all A/P levels were collected and analyzed separately. The geni-
tal ridges/gonads were collected as a positive control for P450c17
activity. Parts collected from three embryos were routinely pooled
for the analyses and yielded reproducible and significant levels of
DHEA biosynthesis.

The segments analyzed were homogenized in 0.25 M sucrose,
0.5 mM EDTA, and 10 mM Tris–Cl, pH 7.4, at 4˚C and incu-
bated with [3H]pregnenolone for 16 h at 37˚C. Tissues were then
extracted with isooctane:ethyl acetate (1:1, v:v) and dried under
N2 before analysis with thin-layer chromatography (TLC), using
a solvent mix of chloroform:ethyl acetate (1:3, v:v). Radiolabeled
steroids were identified by using steroid standards and a purified
preparation of P450c17-expressing yeast microsomes. Quantifi-
cation of the percent conversion was obtained by using a Storm
phospho-imager (Molecular Dynamics, Amersham Biosciences,
Piscataway, NJ, USA) and Imagequant software. At least three inde-
pendent experiments were performed for each segment and for
each time point.

SPINAL CORD PRECURSORS: PRIMARY CULTURES
Dissections were performed in L15 medium. E10.5 CD-1 mouse
embryos were transected below the otic vesicle and in the center of
the hindlimb bud. The segment of the spinal cord used extended

from the center of the hindlimb bud to three somites rostrally,
and only the ventral and intermediate neural plates were retained.
Dissected segments were mechanically separated from the mes-
enchyme and dissociated with collagenase H (0.045 U/ml). Iso-
lated cells were cultured on poly-d-lysine-coated glass coverslips
at 43,000 cells/cm2 in a serum-free medium (DMEM/F12) con-
taining 50 ng/ml basic fibroblast growth factor (bFGF), 5 μg/ml
insulin, 5 μg/ml transferrin, 3 × 10−8 M selenium, 2 × 10−8 M
progesterone, and, when tested, DHEA at 10−10 M. When stated,
cells were grown in the presence of the 3 μg/ml 5E1 anti-Shh
antibody raised against the N-terminal fragment of Shh.

After various times in culture, ranging from 3 to 45 h, BrdU
(10 μM) was incorporated for 1 h and cells were washed in PBS
and fixed with glycine:ethanol (3:7, v:v) for 45 min at room tem-
perature. DNA was denatured by using 4 M HCl for 10 min. Cells
were washed and immunostained for BrdU (mouse anti-BrdU
antibody used at 1:50), for NeuN (biotinylated mouse anti-NeuN
antibody used at 1:200), for Isl-1 (rabbit anti-Isl-1/2 antibody, gift
from Dr. Pfaff, used at 1:2,000), for Nkx6.1 (rabbit anti-Nkx6.1,
gift from Dr. German, used at 1:4,000), and for Pax6 (DSHB,
used at 1:20). Secondary antibodies were a goat anti-mouse-Alexa
546, a streptavidin–FITC, and a goat anti-rabbit-Alexa 350, which
were used at 1:500, 1:200, and 1:500 respectively. TUNEL analy-
sis was performed by using the “In situ Cell Death Detection Kit”
as described previously (Hagedorn et al., 2000). Total cell number
was determined on each slide after Hoechst or fluorescent-coupled
wheat-germ agglutinin counter-staining.

At least five independent experiments were performed for each
time point. Cells immunopositive for BrdU, NeuN, Isl-1, Nkx6.1,
Pax6, Chx10, Eng-1, or O4 were counted in 10 randomly selected
1 mm2 fields/slide; three slides were counted per treatment and per
experiment. A general factorial multiple analysis of variance was
performed to determine the effects of the time in culture and of
the presence of DHEA in the culture medium, as well as a possible
interaction between these two factors.

HISTOCHEMISTRY
In situ hybridization and immunochemistry in mouse embryos
were performed as described previously (Compagnone et al.,
1995a).

DHEA-producing neurons were identified by using an anti-
P450c17 antibody (gift from Dr. Miller) used at 1:5,000. Motor
neurons were immunodetected with a mouse anti-Isl-1 antibody
at 1:50. When dual or triple labeling was performed, anti-Isl-1 anti-
body was biotinylated. Isl-1 immunoreactive neurons were then
revealed with neutravidin–Alexa 350 used at 1:1,000. V2 interneu-
rons were immunodetected by using an anti-Chx10 antibody (gift
from Dr. Pfaff) at 1:50. The pool of ventrally committed pre-
cursors was immunodetected with an anti-Nkx6.1 antibody (gift
from Dr. German) at 1:4,000, and the dorsally committed neurons
were immunodetected with an anti-Pax6 antibody (DSHB) used at
1:20. Pools of motor neurons were identified by using anti-Isl-1/2
(40.2D6, DSHB) at 1:100, anti-Isl2 (gift from Dr. Pfaff) at 1:2,000,
anti-Lim1/2 (4F2, DSHB) at 1:100, anti-Lim3 (gift from Dr. Pfaff)
at 1:3,000, and anti-HB9 (gift from Dr. Pfaff) at 1:8,000. Secondary
antibodies were an anti-rabbit-Phycoerythrin (Chemicon) and an
anti-mouse-FITC (Jackson ImmunoResearch), both used at 1:200.
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THREE-DIMENSIONAL SPINAL CORD EXPLANT CULTURES
Whole neural tube explants
The assay was performed as previously described (Colamarino
and Tessier-Lavigne, 1995). Spinal cords were removed from E11.5
mouse embryos in L15 medium and, after elimination of the mes-
enchyme, the mid-lumbar, and sacral segments were collected.
Explants were dissected out of the spinal cord, flattened, and
then were cut to approximately 800 μm in length. They were
placed in 0.04 ml collagen beads made fresh from rat-tail ten-
dons, and cultures were carried out in the same medium as the
spinal cord precursor cultures. When specified, 10−10 M of DHEA
or 16-fluoro-5-androsten-17-one (fluasterone) and/or anti-Shh
antibody (3 μg/ml) were added to the culture medium. After 21 h
of culture, BrdU incorporation (10 μM) was carried out for a
pulse of 3 h to permit diffusion of the reagent through the colla-
gen gel. Explants were fixed with 4% paraformaldehyde as stated
earlier. BrdU detection was performed as described earlier and
quantified. Results were obtained from at least four independent
experiments.

INTERMEDIATE NEURAL PLATE EXPLANTS: MOTOR NEURON
INDUCTION ASSAY
Intermediate neural plates were dissected out of E10 mouse neural
tubes following a procedure adapted from that described for
the chick embryo (Roelink et al., 1995; Ericson et al., 1996;
Incardona et al., 1998). Isolated intermediate neural plates were
cut into 100 μm pieces and cultures in collagen gel matrices
as described earlier. Explants were grown in DMEN-F12 1:1
medium containing 50 ng/ml FGF, 5 μg/ml insulin, 5 μg/ml trans-
ferrin, 3 × 10−8 M selenium, and 2 × 10−8 M progesterone for
12 h before receiving the N-terminal fragment of Shh (R&D
System Inc., Minneapolis, MN, USA) at 2–20 nM ±DHEA or
±DHEA, and specific inhibitors of Shh signaling (5E1 antibody
used 3 μg/ml or 1.2 μM cyclopamine (TRC Inc., Toronto, CA,
USA). After 24 h in the experimental medium, explants were rinsed
in PBS and fixed in 4% PFA for 24 h. Explants were processed
for immunocytochemical determination of the expression of class
II and class I homeodomain proteins (Nkx6.1 and Pax7, respec-
tively), Olig-2, and Isl-1/2. Results were obtained from at least
four independent experiments. A minimum of eight different
explants per experimental condition were quantified. The quan-
tification of Nkx6.1, Pax7, Olig-2, and Isl-1/2 immunopositive
nuclei was performed using a computer assisted imaging software
(Slidebook from Intelligent Imaging Innovation,) specialized in
such morphometric analyses. This software allows the recogni-
tion of both in signal intensity and the shape (size) of the object
stained allowing for a reduction of the bias when assessing the
number of nuclei in field containing a high density of stained
nuclei.

STATISTICAL ANALYSIS
Results are presented as means ± SEM. MANOVA and ANOVA
algorithms were used to determine differences among groups
using SPSS software (SPSS Inc., Chicago, IL, USA) and Bonfer-
roni’s post hoc test (significance established at 95%). Asterisks
indicate statistically significance levels, ∗ = p < 0.05, ∗∗ = p < 0.01,
∗∗∗ = p < 0.001.

RESULTS
EXPRESSION OF P450c17 IN THE DEVELOPING MOTOR NEURONS
We previously identified the distribution of P450scc and P450c17,
enzymes crucial for the production of DHEA, in the developing
nervous system (Compagnone et al., 1995a,b). P450c17 expression
is regionally and developmentally regulated in neurons of the CNS,
including those in the position of motor neurons in the spinal cord
(Compagnone et al., 1995a). We therefore asked if the expression
pattern of P450c17 was temporally and regionally regulated within
the different subtypes of neuronal populations in the developing
neural tube. P450c17 was expressed early in development in the
cervical neural tube (E9–E10) and later in the brachial/thoracic
(E10–E11) and in the lumbar (E12.5) segments (data not shown).
At E13.5, P450c17 was expressed at all levels of the developing
spinal cord, with the weakest signal seen at the brachial level
(Figure 1A). P450c17 was observed in both the ventral and dorsal
regions of the spinal cord. In the dorsal region, P450c17 antibody
labeled commissural neurons whose axons crossed the floor plate
ventrally (not shown). In the ventral spinal cord, P450c17 was
expressed in cell bodies and fibers in a ventro-medio-lateral posi-
tion, suggesting that P450c17 could be localized either in precursor
cells migrating out of the sub ventricular zone (SVZ) or in cells

FIGURE 1 | P450c17 expression in the developing spinal cord in the

mouse. (A) Immunostaining of P450c17 in E13.5 sagittal sections of the
spinal cord. (B) Co-expression of P450c17 (green) with Isl-1, Isl2, Lim1/2,
Lim3, and HB9 (red) in an E13.5 transverse section of whole embryo
(thoracic level of the spinal cord). For each marker, an overlay with P450c17
is shown, as well as a high magnification view. P450c17 being a
microsomal protein, its staining is found both in cell bodies and in fibers,
whereas Isl-1, Isl2, Lim1/2, Lim3, and HB9 are nuclear proteins. Asterisks
indicate cells dually labeled. (A–C) Bars equal 100 μm. (D) Schematic
representation of the expression domains of P450c17 in the different
domains of motor neuron subtypes markers.
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that have already acquired a differentiated phenotype but are still
located close to the SVZ boundary. To determine the cellular local-
ization of P450c17 in the ventral spinal cord, we performed dual
immunostaining or dual immuno-hybrido-staining with Nkx2.2
and Nkx6.1, markers for ventrally committed precursors (Jessell,
2000; Lee and Pfaff, 2001). Although P450c17 and Nkx2.2 mRNA
were observed in the same regions in the E10.5 spinal cord, they
were not expressed in the same cells: Nkx2.2 mRNA was generally
expressed in cells clustered in a more medial position than the cells
expressing P450c17 (data not shown). P450c17 co-localized with
Nkx6.1 only in cells migrating in the differentiated field in E10.5
mouse embryos (data not shown), but its expression domain was
not restricted to Nkx6.1 immunopositive cells. P450c17 expres-
sion was also seen in cells in the differentiated field in the position
of motor neurons. To identify the subpopulations of cells in which
P450c17 was expressed, we used Isl-1 as a marker for motor neu-
rons and Chx10 as a marker for V2 interneurons (Jessell, 2000;
Lee and Pfaff, 2001). In E13.5 mouse embryos, we found P450c17
localized in a subset of Isl-1+ motor neurons but not in Chx10+
interneurons (data not shown). In an attempt to further charac-
terize P450c17 expression in motor neuron pools, we used HB9 as
a marker of pre-mitotic motor neurons, Isl-1 as a marker of post-
mitotic motor neurons and Isl2, Lim1/2, and Lim3 as markers for
the different columnar identities (Jessell, 2000). At E13.5, P450c17
was expressed in motor neuron immunopositives for Isl-1 or HB9
pre-mitotic neurons (Figures 1B,C). It co-localized with subsets of
cells immunopositive for Isl2, Lim1/2, and Lim3 (Figures 1B,C).
Our results showed that P450c17 did not segregate with a particu-
lar population of motor neurons, but rather that it was expressed
by motor neurons in the ventro-medio-lateral region of the dif-
ferentiated field (see Figure 1D). This finding suggests that DHEA
may be secreted by this population of neurons and thus may act
on neighboring cells.

P450c17 ACTIVITY IN THE DEVELOPING NEURAL TUBE
To establish a correlation between the protein expression and the
enzymatic activity of P450c17, we performed TLC analysis of
radiolabeled metabolites of [3H]pregnenolone, the substrate of
P450c17 (Figure 2A). Conversion of pregnenolone into DHEA
results from the sequential action of the two enzymatic activi-
ties of P450c17: 17α-hydroxylase and 17–20 lyase activities. Both
activities are represented in Figure 2 as a percent conversion of
pregnenolone into DHEA (Figures 2B,D) and into 17-OH preg-
nenolone (Figures 2C,D). As positive controls, we used gonadal
ridges of similar developmental stages (averaging a basal percent
conversion of pregnenolone into DHEA of 5%, not significantly
modified during embryogenesis) and a preparation of yeast over-
expressing P450c17 (Auchus et al., 1998) or adult male testis
homogenates. To determine whether P450c17 activity was reg-
ulated in the D/V axis of the developing neural tube, we dissected
ventral and dorsal regions of the brachial/thoracic spinal cord
of mouse embryos at different embryonic ages and measured
P450c17 activities (Figures 2B,C). Similarly, to determine if DHEA
biosynthesis was regulated along the A/P axis, we dissected differ-
ent regions of the developing spinal cord at different A/P levels
(cervical, brachial, thoracic, and lumbar) in E10.5–E16.5 embryos
(Figure 2D).

Biosynthesis of DHEA was observed in both the ventral and
the dorsal regions of the spinal cord (Figure 2B), consistent with
P450c17 expression. No DHEA was produced in the mesenchyme
or in the notochord, where P450c17 is not expressed (Figure 2A,
lanes 11–12). No further conversion of DHEA into androgens was
observed in the embryonic nervous system tissue.

In the brachial–thoracic region of the spinal cord, no significant
differences were observed between dorsal and ventral biosynthesis
of DHEA or 17-OH pregnenolone at the different embryonic ages
analyzed (Figures 2B,C). However, DHEA biosynthesis was regu-
lated along the A/P axis during the development of the spinal cord
(Figure 2D). A two-way analysis of variance showed a significant
interaction between the segmental position of the sample analyzed
along the A/P axis and the embryonic age. We thus performed
one-way analysis on the percent conversion of pregnenolone into
DHEA for each of these factors and observed a significant peak of
DHEA biosynthesis traveling along the A/P axis during embryoge-
nesis (Figure 2D, black line). This peak was observed in the cervical
region of the spinal cord at E10.5 (the earliest time point analyzed),
in the brachial region at E11.5, in the thoracic part at E12, and in
the lumbar portion at E12.5. The peak of DHEA biosynthesis was
thus concomitant with the rostro-caudal gradient of neurogene-
sis described in the developing neural tube (Nornes and Carry,
1978). No significant changes were observed in the percent con-
version of pregnenolone into 17-OH pregnenolone (Figure 2D,
gray line). The average peak value of DHEA biosynthesis is about
2.85% (±1.02%), a value comparable to those obtained from the
mouse adult testis, where DHEA serves as precursor for andro-
gens (not shown). These low conversion levels were close to the
sensitivity limit of the technique used but were readily quantifiable
and reproducible, and DHEA production was confirmed by HPLC
(not shown).

These results show that P450c17 expression was associated with
P450c17 activity, and that DHEA was most likely produced in the
ventral and dorsal spinal cord at a time consistent with its poten-
tial role in the modulation of neurogenesis or differentiation of
neural precursors. DHEA is a lipophilic steroidal compound that
can cross the plasma membrane. It may therefore act from a dis-
tance on cells in the SVZ. For the rest of this report we focused our
investigations on the ventral regions of the neural tube in the aim
to determine the role of DHEA.

EFFECT OF DHEA PROLIFERATION AND NEURONAL DIFFERENTIATION
IN ISOLATED SPINAL CORD PRECURSOR CULTURES
DHEA affects proliferation of ventrally committed precursors and
differentiation of motor neurons in vitro
DHEA biosynthesis occurs in the developing spinal cord concomi-
tantly with the gradient of neurogenesis and neuronal differenti-
ation. DHEA may thus modulate proliferation or differentiation
of cells present in the region where it is secreted. To test this pos-
sibility we cultured spinal cord precursors isolated from E10.5
ventral neural tube in a serum-free medium in the presence or
in the absence of DHEA for 3–45 h. We studied the effect of
DHEA at a concentration of 10−10 M, which has proved to be
efficient as previously determined on embryonic neocortical cul-
tures (Compagnone and Mellon, 1998). We first analyzed the effect
of DHEA on proliferation, using BrdU incorporation performed
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FIGURE 2 | Biosynthesis of steroid products derived from P450c17

activity in vivo in the developing spinal cord. (A) Typical TLC plate from
E12.5 embryos. 1: spinal cord (SpC) cervical ventral, 2: SpC cervical dorsal,
3: SpC brachial ventral, 4: SpC brachial dorsal, 5: SpC thoracic ventral, 6: SpC
thoracic dorsal, 7: SpC lumbar ventral, 8: SpC lumbar dorsal, 9: genital ridge,
10: DRG, 11: notochord, 12: mesenchyme, 13: brain. Preg, pregnenolone;
Prog, progesterone. Arrows point to DHEA and 17-OH pregnenolone. (B,C)

Biosynthesis of DHEA (B) and 17-OH pregnenolone (C) was determined in
the ventral (black line) and dorsal portion (gray line) of the brachial–thoracic
segment of the spinal cord sampled at E10.5, E11.5, E12, E12.5, and E14.5.
A general factorial analysis was performed to assess the significance of the
position of the sample along the ventro-dorsal axis and the embryonic age
on either the percent conversion of pregnenolone into DHEA or 17-OH
pregnenolone. No difference was found. (D) Biosynthesis of DHEA (black

line) and 17-OH pregnenolone (gray line) was determined in the cervical,
brachial, thoracic, and lumbar segments of the spinal cord sampled at E10.5,
E11.5, E12, E12.5, E14.5, and E16.5. The results show the average percent
conversion of pregnenolone into DHEA and 17-OH pregnenolone of the
ventral and dorsal measurements that were pooled for subsequent analysis,
as no significant differences were observed between these two groups. A
general factorial analysis showed a significant interaction between the
segmental position along the A/P axis and the embryonic age only on DHEA
biosynthesis (p < 0. 05) but not on 17-OH pregnenolone biosynthesis.
One-way ANOVA showed that the peak of DHEA biosynthesis traveling
along the A/P axis is significant for at least one of the two factors studied
(either position along the A/P axis or embryonic age). Values represent the
means ± SEM of 20 independent measures of samples from pools of three
embryos.

as a 1 h pulse before fixation of the cells. DHEA significantly influ-
enced the dynamics of the culture and increased both the number
and the percent of cells proliferating over time when compared
to control conditions (p < 0.0001, MANOVA). To obtain greater
detail we compared the proliferation of cells cultured in the pres-
ence of DHEA to that of cells cultured in the absence of DHEA
at different time points (every 3–5 h from 3 to 35 h and every
10 h thereafter) by using one-way ANOVA. The number of BrdU-
incorporating cells increased in the presence of DHEA at nearly
all time points examined (Figure 3A). The percentage of cells
incorporating BrdU over the total cell number showed time peri-
ods during which proliferation was very significantly increased in
the presence of DHEA (Figure 3B). Increased BrdU incorpora-
tion was particularly evident in DHEA-treated cultures after 7 h
(with 38.4% ± 1.2 cells in S-phase), 18 h (with 48.3% ± 1.4 cells
in S-phase), and 35 h (with 62.5% ± 7.5 cells in S-phase) as com-
pared to a relatively stable 30% proliferation rate over time in the

control conditions (28.6% ± 1.0, 33.5 ± 0.9, and 36.2 ± 2.7 cells
in S-phase respectively). This pattern of BrdU incorporation
was particularly intriguing and suggestive of active cycling in
the DHEA-treated cultures. Consistent with increased prolifer-
ation in the DHEA-treated culture, the number of cells/cm2

increased over time to a higher extent in DHEA-treated cul-
tures than in control cultures (Figure 3C). In the presence of
DHEA, the growth rate abruptly dropped after 40–45 h in cul-
ture, which was indicative of cell death not seen in the control
condition, where the growth curve had stabilized (Figure 3C).
We then analyzed apoptosis in the culture by using the TUNEL
assay. The apoptotic rate was indistinguishable between the two
culture conditions from 3 to 40 h in culture. After 40–45 h in cul-
ture, a larger number of cells died from apoptosis in the cultures
grown in the presence of DHEA. However, apoptosis did not fully
account for the total number of lost cells at that time, so other
cell death mechanisms may be involved. This result nonetheless
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FIGURE 3 | Effect of DHEA on proliferation of precursor cells isolated

from E10.5 mouse neural tube lumbar region in primary culture. (A)

Number of immunopositive cells for BrdU. Cells were incubated for different
period of time in the absence (control, gray line) or presence of 10−10 M DHEA
(black line) and immunostained for BrdU. Average values are expressed as a
variable of time in vitro, error bars delineate the SEM. A multiple analysis of
variance (MANOVA) was performed to assess the percent variance explained
by the time in culture versus that explained by the presence of DHEA in the
culture medium. Differences between groups for each of these factors were
determined by using one-way ANOVA and Bonferroni’s post hoc test.
Asterisks show significant differences between control and DHEA-treated

cultures at each time point. (B) Percent of BrdU immunopositive cells per
total cell number. Values represent the means ± SEM of five independent
platings. Analyses similar to those in A were performed and asterisks show
the significance level between control and DHEA-treated cultures at each
time point. (C) Effect of DHEA on growth curve and number of apoptotic cells
in primary culture. Cells were cultured in the presence (black line) or absence
(control, gray line) of DHEA. The total cell number was counted after staining
with Hoechst or wheat-germ agglutinin coupled to a fluorochrome and
expressed as a number of cells/cm2. Apoptosis was assessed with TUNEL
analysis and expressed as a number of apoptotic cells/cm2. Values represent
the means ± SEM of five independent platings.

Frontiers in Endocrinology | Neuroendocrine Science February 2012 | Volume 3 | Article 16 | 224

http://www.frontiersin.org/Endocrinology
http://www.frontiersin.org/Neuroendocrine_Science
http://www.frontiersin.org/Neuroendocrine_Science/archive


Galdo et al. DHEA and ventral spinal cord precursors

demonstrated that DHEA does not sustain survival of the cells
over time.

To determine if the proliferating cells were committing to a
motor neuron fate in culture, we studied the expression of Nkx6.1
(a marker of ventrally committed precursors), Pax6 (a marker of
dorsally committed precursors), and Isl-1/2 (a marker of definitive
motor neurons). The presence of DHEA in the culture medium
increased the percentage of Nkx6.1+ cells (Figures 4A,B), but not
that of Pax6+ cells (Figure 4C), at the early time points, with
highly significant differences between the DHEA-treated and con-
trol cultures at 7–10 h and 18–21 h). We were interested to find
that the percentage of Nkx6.1+ cells was increased in DHEA-
treated cells at the same time points when BrdU incorporation was
observed, possibly indicating that Nkx6.1+ cells could incorporate
BrdU. To test this hypothesis, we performed dual immunohisto-
chemistry and found that the percentage of dually labeled cells
for BrdU and Nkx6.1+ cells was significantly higher in DHEA-
treated cultures after 7 h (35.3% ± 1.5) and 18 h (30.4% ± 1.4)
in vitro compared to 21.4% ± 1.7 and 20.4% ± 0.8 in the control
conditions respectively (Figure 4B), indicating that Nkx6.1+ pop-
ulations represented the majority of cells incorporating BrdU at
these time points. At later time points, the percentage of Nkx6.1+
cells incorporating BrdU was reduced in DHEA-treated culture
and did not differ from control conditions, but they still accounted
for about 20% of the cells incorporating BrdU. We were also inter-
ested that the percentage of Isl-1/2+ cells significantly increased in
DHEA-treated culture compared to control cultures with a 8–9 h

delay, as compared to the DHEA-mediated increase observed in
Nkx6.1+ cells. Isl-1/2+ cells represented 30% of the total cell
number after 18 h and 26 h in culture in the presence of DHEA,
as compared to 13 and 15% respectively in control conditions
(Figure 4D), suggesting that the Nkx6.1+ population may have
been further committed into differentiating in motor neurons in
the cultures grown in the presence of DHEA. These experiments
indicate that DHEA promoted proliferation of ventrally com-
mitted precursors and sustained their differentiation into motor
neurons in vitro.

Our results show that BrdU incorporation increased in the pres-
ence of DHEA, even after a long period in culture (the last peak
being observed between 30 and 40 h), but this increase did not
correspond to an increase in the Nkx6.1+ population. Similarly,
although the Isl-1/2+ population was still significantly increased
in DHEA-treated cultures after 30–40 h in vitro, the percent of
motor neurons produced in control conditions increased, reduc-
ing the difference between the two culture conditions. Moreover,
the total number of cells decreased in the culture grown in the
presence of DHEA, thus increasing the percentage of motor neu-
rons that survived the culture conditions rather than being actively
differentiated in vitro. These results indicate that cells produced
during the last peak of proliferation are unlikely to be motor neu-
rons. To identify the possible cell types produced in the cultures by
the last peak of proliferation, we examined the expression of mark-
ers of definitive states of various ventral neurons, including Eng-1
(a marker of committed V1 interneurons) and Chx10 (a marker

FIGURE 4 | Effect of DHEA on the proliferation of committed precursors

in cultures and on the generation of motor neurons in vitro. Cells isolated
from E10.5 mouse neural tube lumbar region were cultured in the presence
(black line) or in the absence (control, gray line) of DHEA for different periods
of time and stained for BrdU and Nkx6.1. (A) Percent of Nkx6.1+ cells. (B)

Percent of dividing Nkx6.1+ cells (dually labeled Nkx6.1 and incorporating

BrdU). (C) Percent of cells expressing Pax6. (D) Percent of Isl-1+ cells. (E)

Percent of other differentiated populations including NeuN+, Eng-1+,
Chx10+, O4+ 30 h after seeding. Values represent the means ± SEM of five
independent platings. Statistical analysis was performed as described in
Figure 3. Inset pictures show a representative staining of Nkx6.1, Pax6,
Isl-1/2, and NeuN. Scale above Nkx6.1 inset = 10 μm.
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of committed V2 interneurons). We also studied the expression
of NeuN (a marker of fully differentiated neurons) and that of
04 (a marker of immature oligodendrocytes) after 30 h in culture
(Figure 4E). DHEA significantly increased the neuronal differen-
tiation as assessed by an increased percentage of NeuN+ cells in
the culture but did not significantly alter the differentiation of
interneuron populations. Similarly, the population of immature
oligodendrocytes was not significantly different in cultures grown
in the presence or in the absence of DHEA. This result indicates
that DHEA may affect not only the proliferation of motor neuron
precursors and the differentiation of motor neurons, but also the
proliferation of other neuronal populations that have yet to be
identified.

The DHEA-mediated increase in neuronal differentiation requires
the Shh pathway
To determine the mechanism by which DHEA increased Nkx6.1+
cell proliferation and motor neuron differentiation, we first exam-
ined the possibility of DHEA’s acting as an agonist of the NMDA
receptor (Bergeron et al., 1996; Compagnone and Mellon, 1998).

We found no inhibition of DHEA-mediated effects by the NMDA
non-competitive agonist MK801 (not shown), which is consistent
with the lack of expression of the NMDA receptor at this early stage
(Maric et al., 2000). We then reasoned that the effects observed
with DHEA recapitulated those observed with Shh (Yamada et al.,
1993; Roelink et al., 1995). As Shh can be synthesized and secreted
in our cultures containing induced floor plate cells, we investi-
gated the Shh signaling pathway to see whether it was involved in
DHEA-mediated effects by using the 5E1 antibody raised against
Shh. 5E1 antibody blocks Shh signal transduction by interfering
with the binding of Shh to Patched (Fuse et al., 1999; Pepinsky et al.,
2000). We chose to study inhibition of motor neuron differenti-
ation in the cultures at a relatively late stage (35 h after seeding)
in order to obtain enough motor neurons in the control condi-
tions to reliably observe inhibition and yet observe a significant
difference between both experimental conditions. The addition
of 5E1 antibody in the control conditions significantly blocked
motor neuron differentiation but did not change the fraction of
BrdU-incorporating cells (Figure 5A). When this antibody was
added to cells grown in the presence of DHEA, we observed a total

FIGURE 5 |The effects of DHEA on proliferation and neuronal

differentiation are dependent upon Shh signaling. Cells isolated from
E10.5 mouse neural tube lumbar region were used. (A) Effect of the
addition of the anti-Shh 5E1 blocking antibody (used at 3 μg/ml) in control
and DHEA-treated cultures grown for 35 h on BrdU incorporation and Isl-1
expression. The DHEA-mediated increase in BrdU incorporation and Isl-1
expression is significant in comparison to the control conditions p ≤ 0.05).

(B) Effect of addition of the 5E1 blocking antibody in control and
DHEA-treated cultures grown for 21 h on BrdU incorporation and Nkx6.1
expression (The effect of DHEA on BrdU incorporation and Nkx6.1
expression is significant in comparison to the control conditions p ≤ 0.05).
Average data from three independent platings are shown expressed as
percent of control values, error bars are SEM. Statistical analysis was
performed as described in Figure 3.
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inhibition of DHEA-mediated effects, not only on motor neu-
ron differentiation but also on BrdU incorporation (Figure 5A).
These findings indicate that the proliferating and differentiating
effects of DHEA are dependent on Shh signaling. As all of these
events were possibly initiated earlier during culture by the DHEA-
mediated increase in Nkx6.1+ cell proliferation, we studied dual
expression of Nkx6.1 and BrdU incorporation in cultures grown
in the presence of 5E1 antibody for a shorter period (21 h after
seeding). Addition of 5E1 antibody had no effect on BrdU incor-
poration or on the Nkx6.1 precursor population in the control
cultures (Figure 5B). In the presence of DHEA, however, addition
of the 5E1 antibody reduced the number of BrdU+, Nkx6.1+, and
dually labeled BrdU/Nkx6.1+ cells to the levels seen in the con-
trol cultures, indicating that: (i) the DHEA-mediated increase in
Nkx6.1+ cell proliferation is dependent on Shh signaling pathway;
and (ii) the proliferation of Nkx6.1+ cells precedes motor neuron
differentiation in our culture system and reduction of this phe-
nomenon leads to a significant reduction of the DHEA-mediated
differentiation of motor neurons in vitro. The use of an unre-
lated antibody had no significant effects on any of these outcomes
(Figure 5B), indicating specificity of the inhibition observed by
5E1.

These results show a primary effect of DHEA on the prolifera-
tion of the Nkx6.1+ population that translates into an increased
differentiation of motor neurons. This effect is clear during the
first 30 h in culture, but then becomes more difficult to follow. In
the late period of culture, increased proliferation does not occur
in the Nkx6.1 population; nonetheless motor neuron differentia-
tion is sustained, although to a lesser extent. This could be due to:
(i) a loss of synchronization in the cell cycle of dividing precur-
sors, making the proliferation and differentiation phases overlap;
(ii) an increased survival of motor neurons in the presence of
DHEA (even though the rate of apoptosis and the total cell num-
ber abruptly drop in the late cultures grown in the presence of
DHEA); or (iii) a possible direct effect of DHEA on the induction
of motor neurons superimposed on the proliferative effects of
DHEA. Because the primary spinal cord precursor culture model
does not allow us to discriminate between possible proliferative
and inductive effects of DHEA in spinal cord ventral progenitor
we have studied this question in more details using other models.

EFFECT OF DHEA IN MOTOR NEURON SPECIFICATION DETERMINED
WITH INTERMEDIATE NEURAL PLATE EXPLANTS
In vivo, induction of class I and class II protein expression in
uncommitted precursors shortly precedes the proliferation of ven-
tral progenitors. Precursors committed to become motor neurons
express Olig-2 and exit the cell cycle (Novitch et al., 2001). The
increase in the proportion of mature motor neurons (Isl-1+)
in our primary cultures with DHEA may derive from the prior
increase in the proliferation of the pool of ventral precursors,
but alternatively it may possibly derive from a direct effect of
DHEA on the induction of the expression of homeoprotein pro-
teins specifying motor neuron development among these cells
(Nkx6.1, Olig-2, and then Isl-1/2). To test this possibility, we iso-
lated intermediate neural plate explants from E10 mouse embryos
and cultured them first for 12 h in a serum-free medium to wash
any residual induction factors, and then for an additional 24 h

in fresh serum-free medium containing either no induction sig-
nal, or DHEA (10−10 M), or different concentrations (2, 7, and
20 nM) of Shh alone or with DHEA (10−10 M). We monitored
the expression of class I homeoprotein Pax7 (Figures 6A,C), class
II homeoprotein Nkx6.1, motor neuron progenitor state marker
Olig-2, and definite post-mitotic motor neuron marker Isl-1/2.
When grown alone, cells in explants expressed low levels of class
II protein Nkx6.1 and high levels of class I protein Pax7. Very
few cells or none expressed Olig-2 or Isl-1/2. In the presence of
DHEA, expression of class I protein Pax7 was reduced whereas
that of class II protein Nkx6.1 was increased to a level comparable
to that of explants grown in the presence of 2 nM Shh. DHEA also
induced expression of Olig-2 and Isl-1/2 (Figures 6A,C). Thus
DHEA exerted a repressive action of class I protein expression
and an activating action of class II protein expression in vitro,
mimicking the action of Shh signaling. In this context, the num-
ber of class II protein expressing progenitors was increased to a
higher extent than that of motor neuron progenitors and defini-
tive motor neurons, suggesting that the extinction of class I and
the increase in class II proteins induced by DHEA may have trig-
gered the cascade of transcriptional repressors that directs motor
neuron generation (Novitch et al., 2001, 2003; Shirasaki and Pfaff,
2002). The addition of DHEA-induced a potentiation of the effects
of Shh alone when present at 2 nM in the cultures (Figure 6C).
DHEA potentiated Shh effects at 7 nM on motor neuron precur-
sor induction (p ≤ 0.0001) but not at 20 nM when Shh activity
peaks and cannot be furthered by DHEA neither on induction
of motor neuron precursors, definite motor neuron nor on the
repression of class I proteins (Figure 6C). The effect of the com-
bination of both signals was not synergic but rather additive and
saturable, suggesting a mechanism involving a saturating mem-
brane process. To study this issue more closely, and as we had
previously observed that the effects mediated by DHEA were Shh-
dependent in our primary culture model, we examined whether
the DHEA-mediated induction of class II protein expression, the
generation of motor neuron progenitors, and the generation of
definitive motor neurons are dependent on the Shh signaling path-
way by using the blocking antibody 5E1 and the Shh antagonist
cyclopamine. In the presence of either 5E1 or cyclopamine, the
induction of Nkx6.1 (not shown), Olig-2, and Isl-1/2 expression
by DHEA was abolished (Figures 6B,C), suggesting that DHEA
mediates its effects through a mechanism dependent on an intact
Shh signaling pathway.

To explore whether this effect was also operative in the DHEA-
mediated repression of class I protein expression, we studied
the expression of Pax7 in the explants treated with DHEA in
the presence of 5E1 or cyclopamine. Neither cyclopamine nor
5E1 blocked the repression of Pax7 expression in DHEA-treated
explants (Figure 6B), indicating that DHEA mediates the repres-
sion of Pax7, and possibly that of other class I proteins, in a manner
independent of Shh signaling. Similarly, the addition of DHEA to
Shh-treated explants did not increase the repression of Pax7 above
the level observed in explants treated with Shh alone.

It appears, from these findings, that DHEA can induce expres-
sion of class II proteins and reduce the expression of class I
proteins, mimicking Shh signaling. However, the DHEA-mediated
induction of class I protein is dependent on the Shh pathway,
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FIGURE 6 |The effects of DHEA on induction of class I and II

homeodomain protein, a motor neuron precursor marker, and a

definitive motor neuron precursor in intermediate neural plate

explants. Intermediate neural plates isolated from E10 thoracic mouse
neural tubes were used. (A) Photomicrograph representative of explants
cultured in control conditions (without inductive factors) in the presence of
2 nM of Shh, in the presence of 10−10 M DHEA, or in the presence of Shh
2 nM and 10−10 M DHEA. We studied expression of Nkx6.1, Pax7, Olig-2, and
Isl-1/2. (B) Expression of Pax7, Olig-2, and Isl-1/2 in the presence of DHEA
alone or with 5E1 (3 μg/ml), a blocking antibody against Shh, or

cyclopamine, an antagonist of Shh signaling. (C) Quantification of (A) is
shown in the table. Data are the number of immunopositive cells per
100 μm2 ± SEM. Quantification of (B) and of all the other conditions tested
is shown in the different graphs representing the number of
immunopositive cells per 100 μm2 ± SEM for Pax7, Olig-2, and Isl-1/2
respectively. A MANOVA analysis was performed to determine the influence
of the dose of Shh used and that of the composition of the culture medium.
Differences between the different medium compositions at every single
dose of Shh were determined by ANOVA and Bonferroni post hoc analysis.
* = p < 0.05, ** = p < 0.001, *** = p < 0.0001.

whereas the DHEA-mediated repression of class I protein expres-
sion occurs independently from Shh. We have also shown that the
DHEA-mediated induction of class II protein expression can trig-
ger expression of motor neuron progenitor protein markers and
expression of definitive motor neurons in vitro.

EFFECT OF DHEA ON CELL PROLIFERATION DETERMINED WITH WHOLE
SPINAL CORD EXPLANTS
To study the effects of DHEA in the context of the whole spinal
cord, we used spinal cord explant cultures isolated from the
lumbo-sacral region of E11 mouse embryos. At this A/P level and
stage, DHEA is endogenously produced at very low levels (see
Figure 2D). Thus the effects observed were due to the exogenous
addition of DHEA in the culture medium for 24 h. We measured

BrdU incorporation in explants grown in the presence or absence
of DHEA (Figure 7). In the control condition, a low but consis-
tent level of BrdU incorporation was observed (Figure 7A). In
this in vitro model, in which the SVZ is exposed, BrdU incorpora-
tion was increased in the presence of DHEA in 80% of the explants
studied (Figure 7A). Increased proliferation was mostly seen in the
SVZ region surrounding the floor plate, and it gradually decreased
from the ventral to the dorsal region of the flattened spinal cord
(Figures 7B,C). In the dorsal spinal cord, no significant differences
were observed between control and DHEA explants (Figure 7B,C).
Only half of the explants grown in the presence of DHEA showed a
low number of BrdU incorporated cells that extended in the dorsal
domain. These observations strongly suggested that the prolifera-
tive response to DHEA depended on the gradient of Shh along the
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FIGURE 7 | Effect of DHEA on cell proliferation in spinal cord explants.

(A) BrdU immunostaining of E11.5 lumbar spinal cord explants cultured in the
absence (Control) or presence of DHEA or its derivative fluasterone, with or
without the 5E1 anti-Shh antibody. Bar = 0.5 mm. (B) Layout of the spinal cord
explant in the collagen matrix. The different regions in which BrdU
incorporation was quantified are shown. (C) Quantification of BrdU
incorporation in the whole explant (Total), central part (∼100 μm around the
floor plate), and ventral and dorsal domains. Results are expressed as a
number of immunopositive BrdU cells/mm2 to correct for different sizes of
explants. (D) Photomicrograph of whole spinal cord explants immunostained
for BrdU (red) and Olig-2 (Green) showing the effect of DHEA on the

expansion of the ventrally committed precursor domain and the dorsal shift of
the Olig-2+ domain. These effects are antagonized in the presence of 5E1,
which also abolished the Shh-mediated induction of Olig-2 expression.
(fp = floor plate, bar = 100 μm). Quantification of the distance and width of
the Olig-2+ motor neuron precursor domain is shown in each experimental
condition. Quantification of the number of the BrdU-incorporating cells in the
ventral committed precursor domain is shown. Values represent the
means ± SEM of three independent platings. One-way ANOVA analysis was
performed to assess significance of the treatment. Significant differences
between groups were determined with Bonferroni post hoc analysis.
* = p < 0.05, ** = p < 0.001, *** = p < 0.0001.
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ventro-dorsal axis of the cord. To confirm this hypothesis, we used
the 5E1 antibody and observed a complete abolition of DHEA-
induced proliferation (Figures 7A–C). In all explants treated with
the 5E1 antibody, the floor plate appeared to be uniformly labeled
(Figure 7A). One possible explanation for this result is the detec-
tion of the monoclonal 5E1 antibody attached to the surface of
floor plate cells. Because 5E1 and BrdU antibodies are both mon-
oclonal antibodies, the secondary antibody used to detect BrdU
in these explants will also bind to the 5E1 antibody when present.
These results show that, in the presence of endogenous secretion
of Shh by floor plate cells, DHEA-induced proliferation of neural
precursors of the SVZ. To assess that this effect was direct, and
not due to the possible metabolism of DHEA in other steroids, we
used a non-androgenic fluorinated analog of DHEA, fluasterone
(Schwartz and Pashko, 1995). As shown in Figure 7, the same Shh-
dependent increase of BrdU incorporation in the ventral SVZ was
seen with fluasterone as with DHEA. The effects observed are thus
directly due to the presence of DHEA.

We then determined whether the ventro-dorsal patterning of
the explants was modified under these conditions by studying
Olig-2 expression. In the presence of DHEA, we observed an
increased proliferation of the ventrally committed neural precur-
sors, which resulted in a dorsal shift of the Olig-2+ motor neuron
precursor domain (Figure 7D). Although some proliferative cells
are observed in the olig-2+ domain, cells expressing Olig-2 do not
incorporate BrdU, consistent with their post-mitotic state. DHEA
also increased the level of Olig-2 expression and the size of the
Olig-2 domain, indicating an increased induction of this pro-
tein expression in a larger number of motor neuron precursors
(Figure 7D). These results show that physiological levels of DHEA
allowed for a sustained proliferation of ventrally committed pre-
cursors in spinal cord explants. As a result of the expansion of
the ventral progenitors, the domain of the motor neuron precur-
sors shifts dorsally. Increased proliferation of ventrally committed
precursors (possibly including Nkx6.1+ precursors) may also con-
tribute to a larger pool of – motor neuron precursors observed in
explants cultured in the presence of DHEA. DHEA-mediated BrdU
incorporation and Olig-2 expression were abolished by adding 5E1
antibody to the culture medium, demonstrating the dependence
of the effects observed on Shh signaling (Figure 7D).

DISCUSSION
This study addresses how DHEA, a neurosteroid produced in the
developing neural tube, may potentiate the biological response
of ventral precursors to Shh. The results establish that DHEA is
biosynthesized in the developing ventral neural tube at the time
of neurogenesis and cell fate determination. In in vitro models,
DHEA modulated the induction of expression of Nkx6.1, a class II
homeodomain protein, as well as expression of the homeodomain
proteins Olig-2, a specific motor neuron precursor marker, and
Isl-1/2, a definitive motor neuron marker. Moreover, DHEA pro-
moted proliferation of ventral neuronal progenitors committed
into the derepression cascade leading to the generation of motor
neurons. Both of these biological actions of DHEA are depen-
dent on Shh. These results support the hypothesis that DHEA
biosynthesis participates in the Shh-mediated induction of ven-
tral neuronal populations and controls the proliferative response

of neuronal progenitors to Shh in the mid-gestation ventral neural
tube in vivo. We found, in addition, that DHEA represses expres-
sion of Pax7, a class I homeodomain protein, in intermediate
neural plate explants in a manner independent from Shh. This
observation remains to be further documented.

DHEA BIOSYNTHESIS IN THE DEVELOPING NEURAL TUBE
In this study, P450c17, an enzyme crucial for the biosynthesis of
DHEA, was expressed in the neural tube in a regulated spatial
and temporal pattern. Expression of P450c17 in the developing
neural tube was first seen at E10 in the differentiated field of the
neural tube in the cervical region. It then extended to all A/P levels
at E13 and became localized in subsets of motor neuron pools.
These results establish that expression of P450c17 correlates with
its activity in the developing neural tube. Moreover, this activity
was regulated along the A/P axis of the neural tube. As P450c17
expression remains detectable several days after the biosynthesis
of DHEA stops, it appears that the regulation of DHEA biosynthe-
sis does not rely solely on transcriptional regulation of P450c17.
Future studies must determine the mechanism regulating the tem-
poral and regional activity of P450c17 among (i) the availability of
specific cofactors, (ii) competition for its rate-limiting substrate,
or (iii) further conversion of DHEA into androgens. The period
of time during which DHEA is biosynthesized in the developing
neural tube corresponds to the period during which neurogen-
esis occurs. Neural progenitors emerging from the SVZ remain
highly proliferative while inductive signals – such as withdrawal
of FGF, retinoic acid, and Shh secretion – dictate cell fate deci-
sions through a transcriptional derepression strategy (Muhr et al.,
1999). As the identity of repressor cascades in the ventral spinal
cord have been largely defined for pathways of motor neuron and
interneuron generation (Briscoe et al., 2001; Muhr et al., 2001),
we focused on determining the biological action of DHEA in the
ventral neural tube by using in vitro models recapitulating ventral
neuron generation.

INDUCTION AND PROLIFERATION: A COOPERATIVE MECHANISM TO
CONTROL THE MN POOL
Motor neurons and ventral interneurons are generated through
a pathway that involves secretion of Shh from the notochord and
floor plate (Patten and Placzek, 2000). Shh has diverse functions in
the developing neural tube through a common signaling pathway
(reviewed in Ingham and McMahon, 2001; Marti and Bovolenta,
2002). Shh signaling is critical for ventral neuronal differentiation.
Dysfunction in the Shh signaling pathway in mice is associated
with defects in ventral neural patterning (Chiang et al., 1996). In
humans, it produces several pathologic conditions, such as holo-
prosencephaly, cyclopia, and impaired development of the neural
tube and limbs, as well as various types of skin and CNS cancers,
including medulloblastoma (reviewed in McMahon et al., 2003;
Roessler and Muenke, 2003). In the neural tube, Shh has a primor-
dial role in dictating cell fate in ventral precursors (Jessell, 2000;
Briscoe et al., 2001; Lee and Pfaff, 2001). Shh is necessary and suf-
ficient to specify ventral neuronal populations, as demonstrated
through genetic ablation of its expression in the mouse (Chi-
ang et al., 1996) and by using chick embryos electroporated with
mutated forms of Shh responsible for human holoprosencephaly
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(Schell-Apacik et al., 2003). An elegant demonstration of dose-
dependent gene activity in response to various concentrations of
purified Shh has led to the interpretation that Shh controls ventral-
ization of the neural tube through graded signals (Roelink et al.,
1995; Ericson et al., 1997). A study of the mouse retina suggested
Shh regulation in cell proliferation (Jensen and Wallace, 1997),
and several other studies have clearly implicated Shh signaling
in the developing mouse cerebellum, where the development of
granule-cell precursors depends on the expression of Shh by Purk-
inje cells (Dahmane et al., 1997; Wallace, 1999; Weshcelard-Reya
and Scott, 1999). Proliferative effects of Shh in the spinal cord
have been shown both in vitro and in vivo (Kalyani et al., 1998;
Rowitch et al., 1999). Rowitch et al. (1999) produced a trans-
genic mouse in which Shh was ectopically expressed in the dorsal
neural tube and persisted beyond the time when normal neuro-
genesis occurred. In that model, the ectopic expression of Shh
produced an increased proliferation of precursor cells only when
induced in the embryo early, at a time when neurogenesis normally
occurs. Ectopic expression of Shh at a later stage did not produce
a proliferative response of precursors still present within its sig-
naling range. It appears, then, that environmental cues participate
in the modulation of the type of response of neural precursors to
Shh signaling. Our experiments indicate that DHEA is capable of
recapitulating Shh signaling by inducing Nkx6.1, Olig-2, and Isl-
1/2 expression in E10 intermediate neural plate explants. While
controlling cell fate decisions in neural precursors in a manner
dependent on Shh, DHEA also controls proliferation of ventral
neuronal-precursors both in isolated primary cultures and in E11
whole spinal cord explants. Evidence that the effects mediated by
DHEA are abolished by antagonists of the Shh signaling pathway
indicate that DHEA mediates its effects in a manner dependent
on the Shh signaling pathway. Based on those findings, we pro-
pose that the time during which DHEA is biosynthesized in vivo
may represent a temporal window of opportunity for ventral
neuronal-precursor to proliferate in response to Shh, and its clos-
ing thus controls the number of pre-committed neurons. During
that period, DHEA may also enhance the bioactivity of Shh in
specifying the same ventral precursors that proliferate in response
to DHEA and Shh into ventral neuronal subtypes, including those
of motor neurons. These observations must be confirmed in an
in vivo model.

An intriguing observation is the fact that DHEA repressed Pax7
expression in a manner independent of Shh signaling. This obser-
vation established in intermediate neural plate explants needs to
be confirmed in models more closely related to the physiology of
the developing dorsal neural tube. Nonetheless, if our observation
was confirmed in models allowing the study of dorsal patterning
under normal BMP signaling, DHEA being produced by commis-
sural neurons, could participate in the control of Pax7 expression
dorsally. In vivo, Pax7 expression is seen in the dorsal cord at the
time when DHEA biosynthesis occurs, thus making the repressing
effects of DHEA possible. But because in vivo inhibition of Shh
biogenesis or signaling is enough to derepress expression of Pax7
in the ventral neural tube (Chiang et al., 1996; Incardona et al.,
1998), it is unlikely that DHEA biosynthesis may be sufficient to
repress Pax7 expression alone. This issue must be studied in greater
details.

MECHANISMS OF ACTION
DHEA is a pleiotropic molecule that has several potential mecha-
nisms of action (review in Compagnone and Mellon, 2000). In the
developing embryo, it is mostly seen as acting either (i) as a weak
NMDA agonist (Compagnone and Mellon, 1998) and GABAA

antagonist (Majewska, 1995) or (ii) as a precursor of androgens,
indirectly acting through the local biosynthesis of androstene-
dione, testosterone, or estradiol after aromatization. Evidence of
a direct action of DHEA lies in our confirmatory results with
fluasterone, which – as fluasterone cannot be metabolized into
androgens or estrogens – eliminate the possibility that the effects
observed could be due to the metabolism of DHEA into andro-
gens or estrogens. The possibility that DHEA-mediated its effects
by inducing NMDA receptor activation was also excluded, and our
results are consistent with the fact that the units forming a func-
tional NMDA receptor are not expressed at this early embryonic
stage (Maric et al., 2000).

Our findings indicate that DHEA mediates motor neuron
induction and ventral neuronal-precursor proliferation through a
signaling pathway dependent on Shh. We can speculate that DHEA
could interact with the Shh signaling pathway at several levels. Five
possibilities need to be further analyzed: (1) DHEA may increase
Shh expression in neural cells (2) DHEA could function as an
agonist of the Shh pathway (3) DHEA may function in parallel
and synergistically to Shh signaling (4) DHEA may function as
an antagonist of BMP signaling (5) DHEA may modulate Shh
range and activity gradient dependent on its lipid modification.
Shh is dually lipid-modified, with palmitic acid at its N-terminus
and cholesterol at its C-terminus (Mann and Beachy, 2004). Even
though DHEA is present in vivo at concentrations in the femto-
to pico-molar range – far below those needed for the interac-
tion between cholesterol and Shh to occur (Porter et al., 1996),
the last hypothesis is appealing because cholesterol modulation of
Shh activity has been proposed to explain the differential effect
of Shh in patterning the spinal cord versus telencephalon. Mice
in which Shh lacks the cholesterol moiety show defect in ventral
neuron specification and ganglionic eminence development in the
telencephalon, while a full spectrum of the ventral cell type is
observed in the spinal cord (Huang et al., 2007). DHEA is pro-
duced in an antero/posterior gradient in the spinal cord at the
time of neural precursor proliferation. Therefore, it may substi-
tute for cholesterol and interact with Shh in the spinal cord at the
time of ventral precursor proliferation and specification. However,
P450c17 expression is posterior to ventral neural precursors pro-
liferation and specification by Shh signaling in the telencephalon
(Compagnone and Mellon, 1998). These hypotheses need to be
tested in other in vitro and in vivo models and are currently under
investigation. In vivo models will require conditional knock-out of
P450c17 enzyme since P450c17 knock-out mice have been devel-
oped and are embryonic lethal prior to gastrulation (Bair and
Mellon, 2004).
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Progesterone is well known as a female reproductive hormone and in particular for its role
in uterine receptivity, implantation, and the maintenance of pregnancy. However, neuroen-
docrine research over the past decades has established that progesterone has multiple
functions beyond reproduction. Within the nervous system, its neuromodulatory and neu-
roprotective effects are much studied. Although progesterone has been shown to also
promote myelin repair, its influence and that of other steroids on myelination and remyeli-
nation is relatively neglected. Reasons for this are that hormonal influences are still not
considered as a central problem by most myelin biologists, and that neuroendocrinolo-
gists are not sufficiently concerned with the importance of myelin in neuron functions
and viability. The effects of progesterone in the nervous system involve a variety of signal-
ing mechanisms. The identification of the classical intracellular progesterone receptors as
therapeutic targets for myelin repair suggests new health benefits for synthetic progestins,
specifically designed for contraceptive use and hormone replacement therapies.There are
also major advantages to use natural progesterone in neuroprotective and myelin repair
strategies, because progesterone is converted to biologically active metabolites in nervous
tissues and interacts with multiple target proteins. The delivery of progesterone however
represents a challenge because of its first-pass metabolism in digestive tract and liver.
Recently, the intranasal route of progesterone administration has received attention for
easy and efficient targeting of the brain. Progesterone in the brain is derived from the
steroidogenic endocrine glands or from local synthesis by neural cells. Stimulating the for-
mation of endogenous progesterone is currently explored as an alternative strategy for
neuroprotection, axonal regeneration, and myelin repair.

Keywords: progesterone, allopregnanolone, progestins, neurosteroids, myelin, multiple sclerosis, oligodendro-

cytes, Schwann cells

INTRODUCTION
Over the past two decades, the pleiotropic effects which steroids
exert throughout the nervous system have become an active
area of investigation in neuroendocrine science. Since the pio-
neering studies of the biosynthesis, mechanisms of action, and
effects of steroids in the brain in the late 1980s and early 1990s,
extensive investigations have improved our knowledge in this field.

Abbreviations: 3α-HSD, 3α-hydroxysteroid dehydrogenases; 3β-HSD, 3β-
hydroxysteroid dehydrogenase; 5α-DHP, 5α-dihydroprogesterone; BrdU, bromod-
eoxyuridine; CMT, Charcot–Marie–Tooth diseases; CNS, central nervous system;
DRG, dorsal root ganglia; EAE, experimental autoimmune encephalomyelitis;
ER, estrogen receptor; GABAA receptors, γ-aminobutyric acid type A receptors;
HRT, hormone replacement therapy; IPSCs, inhibitory postsynaptic currents; LPC,
lysolecithin or lysophosphatidylcholine; MBP, myelin basic protein; MCAO, mid-
dle cerebral artery occlusion; MPA, medroxyprogesterone acetate (Provera); OPC,
oligodendrocyte progenitor cells; OPP, oligodendrocyte pre-progenitors; P0, pro-
tein zero; PLP, proteolipid protein; PMP22, peripheral myelin protein-22; PNS,
peripheral nervous system; PR, progesterone receptor; PRE/GRE, progesterone and
glucocorticoid response element; TBI, traumatic brain injury; TSPO, translocase
18 kDa.

Remarkably, experimental studies have recently translated into
clinical trials (Schumacher et al., 2008; Stein and Wright, 2010;
El-Etr et al., 2011).

With the first observations that steroids regulate the synthesis of
neurotransmitters and the activity of neurotransmitter receptors,
it became evident that their actions in the brain extend well beyond
reproduction and adaptation to stress (Luine et al., 1980; Majewska
et al., 1986). Moreover, estradiol was shown to have marked influ-
ences on synaptic and dendritic spine plasticity (Gould et al., 1990;
McEwen, 2001). Neuroprotective effects of both progestagens and
estrogens were then demonstrated in different experimental mod-
els of nervous system injury, ranging from middle cerebral artery
occlusion (MCAO), excitotoxic neuron death, and traumatic brain
injury (TBI) to spinal cord lesions (Garcia-Segura et al., 2001;
Stein, 2001; Wise, 2002; De Nicola et al., 2009).

Soon after the discovery that some steroids, and in particu-
lar pregnenolone and progesterone, can be synthesized de novo
from cholesterol within the nervous system, these so-called “neu-
rosteroids” were proposed to play a role in myelination (Baulieu,
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1997). This hypothesis was based on the observations that: (1)
progesterone is produced by cultures of glial cells incubated in the
presence of steroid precursors; (2) adding progesterone to mixed
glial cell cultures prepared from neonatal rat brains increases the
proportion of oligodendrocytes, the myelinating cells of the central
nervous system (CNS); (3) oligodendrocytes may express proges-
terone receptors (PR), although this particular point remains to
be clarified as no double labeling with cell-specific markers was
performed (Jung-Testas et al., 1989, 1991). A few years later, it was
demonstrated that progesterone synthesis by Schwann cells, the
myelinating cells of the peripheral nervous system (PNS), plays
an important role in the myelination of peripheral nerves (Koenig
et al., 1995).

The lipid-rich and insulating myelin sheaths, which surround
axons in the vertebrate nervous system, are required for the
rapid saltatory conduction of nerve impulses (Baumann and
Pham-Dinh, 2001; Hartline and Colman, 2007). The impor-
tance of myelin is documented by neurological disorders, ranging
from inherited dysmyelinating diseases characterized by defec-
tive myelin formation, including leukodystrophies and peripheral
neuropathies such as Charcot–Marie–Tooth diseases (CMT), to
acquired demyelinating diseases involving the destruction of exist-
ing myelin sheaths, such as multiple sclerosis. Importantly, recent
research has revealed that myelin, in addition to its role in rapid
nerve conduction, also provides trophic support to axons, essential
for their functional integrity, and the survival of neurons (Yin et al.,
2006; Nave and Trapp, 2008). For this reason, axonal degeneration
and neuron death are common hallmarks of myelin disorders, and
it is urgent to replace lost myelin after nervous tissue lesions.

This review will focus on the role of progestagens in myelin
formation. Initially, the terms “progestagens” or “progestogens”
referred to natural or synthetic steroids which prepare the uterus
for pregnancy. In the light of the multiple functions of proges-
terone, we propose to extend this functional definition to include
the neuroactive metabolites of progesterone. The term“progestin,”
which is not used in a consistent manner in the scientific literature,
will refer here to synthetic progestagens, developed to target the
classical intracellular PR (Schumacher et al., 2007). As a historical
reminder, the term“progestin” initially referred to the ovarian hor-
mone which supports and assists pregnancy, but after its isolation
and identification in 1934, the name progesterone was proposed
for common use in the scientific literature (Stanczyk and Henzl,
2001). Unfortunately, the term progesterone, which should only
designate the “natural” or “bioidentical” hormone, continues to be
used in the medical literature as a generic one for the different types
of natural and synthetic progestagens, thus creating confusion.

MYELINATION AND REMYELINATION IN THE CENTRAL AND
PERIPHERAL NERVOUS SYSTEMS
In the CNS, oligodendrocytes can extend up to 40 processes, each
enveloping an axon stretch with a compact myelin sheath, and
adjacent myelin segments of a same axon may belong to dif-
ferent oligodendrocytes (Baumann and Pham-Dinh, 2001). As
a consequence, the death of a single oligodendrocyte results in
myelin loss and in the interruption of electrical impulses for many
axons. Whereas neuronal regeneration is limited within the CNS,
lost myelin can be replaced after injury or during demyelinating

diseases as part of a natural healing process. This process, named
“remyelination” or “myelin repair,” requires the generation of new
oligodendrocytes from oligodendrocyte progenitor cells (OPC;
Chang et al., 2002; Franklin and FFrench-Constant, 2008). In the
adult brain and spinal cord, OPC are ubiquitous and represent a
large percentage of the total cell population, as much as 9% of cells
in white matter and 3% in gray matter (Nishiyama, 2001; Daw-
son et al., 2003). In response to a demyelinating lesion, adult OPC
start proliferating and are recruited to the demyelinated axons,
where they differentiate into mature, myelin-forming oligoden-
drocytes. The different stages of maturation toward myelinating
oligodendrocytes can be identified by cell type-specific markers
(Figure 1A). Our laboratory has isolated from postnatal day 2
rat brains a very early stage of progenitors, named early PSA–
NCAM+ pre-progenitors (early OPP), which still do not respond
to platelet-derived growth factor-AA (PDGF-AA), a key growth
factor of OPC, but instead proliferate in response to epidermal
growth factor, a growth factor for early neural progenitors (Gago
et al., 2003). As discussed later in more detail, early OPP synthe-
size progesterone and its metabolite allopregnanolone, involved
in a complex autocrine loop controlling their proliferation (Gago
et al., 2004).

It is important to draw here attention to differences between
developmental myelination and myelin repair in the adult CNS.
Although both processes share many similarities, and the study of
developmental myelination contributes to our understanding of
myelin regeneration, there are also divergences concerning the role
of transcription and growth factors. Adult OPC are indeed distinct
from the perinatal ones (Fancy et al., 2011; Huang and Franklin,
2011). Importantly, myelin also regenerates in patients with mul-
tiple sclerosis during the early relapsing/remitting stages, but as
the disease progresses, the remyelination of axons becomes insuf-
ficient and repair fails, possibly because of deficient adult OPC
recruitment and differentiation (Kuhlmann et al., 2008). Stim-
ulating these processes has recently been recognized as a major
therapeutic challenge for demyelinating diseases (Franklin and
FFrench-Constant, 2008).

Reciprocal communication between oligodendrocytes, neu-
rons, and astrocytes plays a key role in the formation of new myelin
sheaths (Talbott et al., 2005; Ishibashi et al., 2006; Simons and Tra-
jkovic, 2006). Thus, steroids may stimulate the myelination and
remyelination of axons directly by acting on oligodendrocytes, or
indirectly via their effects on neurons or astrocytes. However, it is
likely that they act in a concerted manner on multiple neural cell
types.

In the PNS, myelin sheaths are formed by Schwann cells, the
only glial cell type in peripheral nerves. Peripheral and central
myelin also differs in protein content. The two major protein
constituents of CNS myelin are proteolipid protein (PLP) and
myelin basic protein (MBP; Quarles et al., 2006). PLP plays an
important role in myelin membrane stability and sustains axonal
functions (Yin et al., 2006). MBP has many splice variants, which
are developmentally regulated. In adult myelin, the role of the pre-
dominant 18.5 kDa isoform is to maintain the structural integrity
and compaction of the myelin sheaths (Harauz et al., 2009). In
peripheral myelin, the transmembrane protein zero (P0) replaces
PLP as the major protein, although myelin-forming Schwann cells
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FIGURE 1 | Different stages of oligodendrocyte maturation. (A)

Specific markers allow to identify the differentiation status of cells of
the oligodendrocyte lineage (PSA–NCAM, polysialic acid-neural cell
adhesion molecule; PDGFαR, platelet-derived growth factor receptor
alpha; NG2, a membrane chondroitin sulfate proteoglycan; O4 antigen,
cell surface sulfatide; A2B5 and GD3antigens, cell surface gangliosides;
DM20, splice variant of the proteolipid protein; GalC,

galactocerebroside, enzyme involved in cerebroside metabolism; PLP,
proteolipid protein, MBP, myelin basic protein; MOG, myelin
oligodendrocyte protein). (Adapted from Levine et al., 2001; Gago et al.,
2003 and Ghoumari et al., 2005). (B) Schematic presentation of
progesterone synthesis (3β-HSD activity) and metabolism
(5α-reductase and 3α-HSD activities) by oligodendroglial cells at
different stages of their maturation (adapted from Gago et al., 2001).

also express low levels of PLP (Quarles et al., 2006). Besides its role
in myelin structure, P0 is involved in neuron–glial interactions
(Eichberg, 2002). Mutations in the P0 gene are at the origin of
neuropathies collectively known as Charcot–Marie–Tooth disease
type 1B (CMT1B; Shy, 2006). In addition to the major P0 glycopro-
tein, compact PNS myelin contains peripheral myelin protein-22
(PMP22), which accounts for less than 5% of the total protein.
The functions of PMP22 are not completely understood, but the
protein may be involved in myelin assembly and maintenance
(Quarles et al., 2006). Duplication of one PMP22 allele causes
CMT1A, the most common form of inherited neuropathies and
characterized by the demyelination and loss of axons. On the con-
trary, deletion of one PMP22 allele causes a milder neuropathy
with liability to pressure palsies (Suter and Scherer, 2003). Indeed,
different myelin proteins need to be expressed at precise levels

and ratios to ensure not only the correct formation of myelin
sheaths, but also their stability and maintenance. Thus, already
a small change in the ratio of different myelin proteins can lead
to demyelinating peripheral neuropathies (Giambonini-Brugnoli
et al., 2005). The same is true for the CNS, were disturbed myelin
gene dosage results in severe myelin disorders (Karim et al., 2007).
For this reason, myelin genes are qualified as dosage-sensitive.

Whereas PNS and CNS myelin proteins are very different,
myelin lipids are qualitatively very similar and only differ quantita-
tively (Quarles et al., 2006). The steroid cholesterol is a major lipid
constituent of the myelin membrane, representing about 25% of
the total myelin lipids, and this explains why 25% of the total
amount of cholesterol present in the human body is localized
to the brain (Björkhem and Meaney, 2004; Chrast et al., 2011).
All nervous system cholesterol is derived from local synthesis by
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glial cells, as the blood–brain-barrier and the blood–nerve bar-
rier are not permeable to the steroid (Jurevics and Morell, 1995;
Morell and Jurevics, 1996; Jurevics et al., 1998). Thus, choles-
terol may be considered as a typical neurosteroid. In the CNS, the
large amounts of cholesterol required for the synthesis of myelin
are produced by the oligodendrocytes themselves. This has been
demonstrated by selectively inactivating in oligodendrocytes the
expression of the squalene synthase, a key enzyme involved in
cholesterol biosynthesis (Saher et al., 2005). Similarly, peripheral
nerves are hypomyelinated if cholesterol biosynthesis is lacking in
Schwann cells (Saher et al., 2009).

There are other fundamental differences between Schwann cell
and oligodendrocyte myelination. Whereas a single oligodendro-
cyte myelinates portions of multiple adjacent axons, Schwann cells
only myelinate one segment of a single axon. Moreover, in con-
trast to oligodendrocytes, Schwann cells are characterized by a
remarkable plasticity. Whereas remyelination in the CNS requires
the recruitment of progenitor cells and their differentiation into
new oligodendrocytes, Schwann cells have the capacity to dedif-
ferentiate and to assume a phenotype similar to immature cells in
response to injury. This process also represents an essential step in
axonal regeneration, as Schwann cells are a major local source of
growth factors and neurosteroids (Mirsky et al., 2008). Peripheral
axons, in contrast to the limited capacity of regeneration of cen-
tral axons, indeed regrow spontaneously after injury thanks to a
permissive environment and the intrinsic regenerative capacity of
neurons (Chen et al., 2007). Once again in contact with the regen-
erating axons, Schwann cells differentiate and form new myelin
sheaths (Fawcett and Keynes, 1990; Chen et al., 2007). Remyelina-
tion is regulated by axonal signals, which differ between Schwann
cells and oligodendrocytes (Chan et al., 2004; Brinkmann et al.,
2008). Schwann cells only express a myelinating phenotype when
they are in contact with large axons producing threshold levels of
neuregulin-1 type III (Michailov et al., 2004).

In both CNS and PNS, myelin formation is also under the
influence of progesterone, either derived from the steroidogenic
endocrine glands or from local synthesis. A role for progesterone in
myelin formation was first demonstrated in the PNS, and this orig-
inal observation was subsequently extended to the CNS. However,
before discussing the role of progesterone in myelin formation, we
shall examine the different sources of progesterone in the nervous
system.

SOURCES OF PROGESTERONE IN THE CENTRAL NERVOUS
SYSTEM
Progesterone is produced by the corpus luteum of the ovary dur-
ing the proestrous stage of the rodent estrous cycle and during
the luteal phase of the menstrual cycle in women. In pregnancy,
the ovary remains the main source of progesterone in rodents,
whereas in humans, progesterone is mainly produced by the pla-
centa (Arensburg et al., 1999; Tuckey, 2005). Another source of
progesterone are the adrenal glands,where its synthesis is under the
control of adrenocorticotropic hormone (ACTH; Resko, 1969). As
a consequence, the adrenal secretion of progesterone is increased in
response to stress, and progesterone secretion by the adrenal glands
can become comparable to that of the ovaries in stressed rats (Fajer
et al., 1971; Schaeffer et al., 2008). In women, part of the circulating

progesterone is derived from the adrenal glands, whereas in men,
plasma progesterone is exclusively of adrenal origin (Gutai et al.,
1977; Eldar-Geva et al., 1998). Progesterone carried in the blood-
stream is bound to corticosteroid-binding globulin and albumin
(Klieber et al., 2007). Free progesterone easily crosses the blood–
brain barrier and rapidly diffuses throughout the brain and spinal
cord (Pardridge and Mietus, 1979).

However, progesterone is also a neurosteroid, which means
that it is also synthesized within the nervous system. Thus, in
addition to its endocrine mode of signaling, it acts on neural tar-
get cells via autocrine/paracrine mechanisms. The synthesis and
metabolism of neurosteroids in the vertebrate nervous system
have been extensively reviewed (Baulieu et al., 2001; Mellon and
Vaudry, 2001; Do Rego et al., 2009; Pelletier, 2010). Progesterone
synthesis involves conversion of cholesterol to pregnenolone by
the side-chain-cleaving (scc) cytochrome P450scc, located at the
inner mitochondrial membrane (Figure 2). The translocation
of cholesterol from the outer to the inner mitochondrial mem-
brane is mediated by the translocase 18 kDa (TSPO), the former
peripheral benzodiazepine receptor (Papadopoulos et al., 2006;
Rupprecht et al., 2010). TSPO ligands can increase the biosynthesis
of neurosteroids by stimulating the intra-mitochondrial trans-
port of cholesterol, which is a rate-limiting step in pregnenolone
synthesis. Pregnenolone is then converted to progesterone by a 3β-
hydroxysteroid dehydrogenase (3β-HSD), either in cytoplasm or
mitochondria (Cherradi et al., 1995). Multiple 3β-HSD isoforms
have been isolated: six in mice, four in rats, and two in humans
(Simard et al., 2005). However, most studies of 3β-HSD expression
in the nervous system do not distinguish between the different
isoforms and probes or antibodies recognize multiple isoforms.
Progesterone is metabolized by two steroid 5α-reductases to 5α-
dihydroprogesterone (5α-DHP). The type 1 enzyme is expressed
in the rat brain at all stages of development, whereas the type
2 enzyme shows a more restricted distribution (Melcangi et al.,
1998; Patte-Mensah et al., 2004b). The same enzymes also reduce
deoxycorticosterone to 5α-dihydrocorticosterone and testosterone
to 5α-dihydrotestosterone.

5α-DHP is further metabolized by 3α-hydroxysteroid
oxidoreductases (3α-HSORs) to allopregnanolone (3α,5α-
tetrahydroprogesterone) or by not well defined 3β-HSOR activities
to epiallopregnanolone (3β,5α-tetrahydroprogesterone). Whereas
allopregnanolone is a positive allosteric modulator of GABAA

receptors, the effect of epiallopregnanolone is inhibitory (Back-
strom et al., 2005; Belelli and Lambert, 2005; Figure 2). The
3α-HSOR activities involve two types of enzymes: (1) the NADPH-
dependent cytosolic aldo–keto reductases (AKRs), acting in vivo
as 3-ketosteroid reductases and converting 5α-DHP to allopreg-
nanolone; (2) the NAD+-dependent membrane-associated short-
chain dehydrogenases/reductases (SDRs), acting in vivo as 3α-
hydroxysteroid oxidases and converting allopregnanolone back to
5α-DHP (Chetyrkin et al., 2001; Penning et al., 2004; Belyaeva
et al., 2007; Penning, 2011). Whereas rats only have a single ARK
isoform (AKR1C9), also named 3α-HSD because it specifically
converts 3-ketosteroids to 3α-hydroxysteroids, multiple and less
selective ARK isoforms are expressed in humans and mice (Pen-
ning et al., 2003; Ishikura et al., 2004). The epimerization of allo-
pregnanolone to epiallopregnanolone is catalyzed by a 3(α → β)
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FIGURE 2 | Progesterone pathways. Cholesterol is converted to
pregnenolone inside the mitochondria by cytochrome P450scc. Pregnenolone
inside the mitochondria or in the cytoplasmic compartment is converted to
progesterone by the 3β-hydroxysteroid dehydrogenases (3β-HSDs). The
conversion of progesterone to 5α-dihydroprogesterone (5α-DHP) is catalyzed
by two 5α-reductase isoforms. 5α-DHP can be metabolized to

allopregnanolone (3α,5α-tetrahydroprogesterone) by 3α-hydroxysteroid
oxidoreductase (3α-HSORs) activities, involving aldo-keto reductases (AKRs)
converting 5α-DHP to allopregnanolone and short-chain
dehydrogenases/reductases (SDRs), converting allopregnanolone back to
5α-DHP. A 3(α → β) hydroxysteroid epimerase (HSE) catalyzes the
epimerization of allopregnanolone into epiallopregnanolone.

hydroxysteroid epimerase (HSE). It most likely involves two suc-
cessive enzymatic steps: the oxidation of the 3α-hydroxyl group
followed by the reduction of the 3-ketone group to a 3β-hydroxyl
group (Higashi et al., 2004; Belyaeva et al., 2007; Figure 2).

Neural progesterone synthesis was first described in glial cell
cultures prepared from neonatal rat brains (Jung-Testas et al.,
1989). Astrocytes in culture were also reported to synthesize
neurosteroids (Mellon and Deschepper, 1993). On the basis of
these observations, it was assumed that neurosteroids within the
brain would be mainly formed by glial cells. However, it became
rapidly evident that progesterone is also synthesized by CNS neu-
rons. Thus, in the frog hypothalamus, 3β-HSD immunoreactivity
was exclusively found in neurons (Mensah-Nyagan et al., 1994).
In the rat brain, Purkinje neurons were identified as a major
site of progesterone formation, and to express both cytochrome
P450scc and 3β-HSD enzymes (Ukena et al., 1998, 1999). Neu-
rons, astrocytes, and oligodendrocytes isolated from neonatal

rat brains were all shown to express both P450scc and 3β-HSD
enzymes and to produce pregnenolone and progesterone (Zwain
and Yen, 1999). Moreover, expression studies of neurosteroido-
genic enzymes have revealed their wide distribution throughout
the rat brain (Compagnone and Mellon, 2000).

Expression of 5α-reductase type 1 and 3α-HSD mRNA has
been analyzed in detail in the mouse brain, where both enzymes
were shown to colocalize in principal glutamatergic neurons of the
cerebral cortex, hippocampus, olfactory bulbs, and in glutamater-
gic output neurons of the thalamus and amygdala. Both enzymes
are also present in GABAergic output neurons of the striatum
and thalamus as well as in cerebellar Purkinje neurons, consis-
tent with an autocrine/paracrine modulation of GABAA receptor
signaling by locally produced neurosteroids. Surprisingly, none
of the enzymes was detected in astrocytes, considered to be a
major source of neurosteroids (Agis-Balboa et al., 2006). How-
ever, another study reported the presence of the two 5α-reductase
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enzyme isoforms and the unique 3α-HSD (AKR1C9) in neurons,
astrocytes, and oligodendrocytes of the adult rat spinal cord, sug-
gesting that allopregnanolone may also be synthesized by glial cells
(Patte-Mensah et al., 2004b).

The synthesis of progesterone from its direct precursor preg-
nenolone, and its metabolism to 5α-DHP, allopregnanolone, and
epiallopregnanolone, have been analyzed at three major stages
of rat oligodendrocyte maturation described above: early OPP,
OPC, and fully differentiated oligodendrocytes (Figure 1B). In this
study, important differences in progesterone synthesis and metab-
olism were observed between the different developmental stages,
strongly suggesting that progestagens may play an important role
in the generation of new oligodendrocytes and in myelination
(Gago et al., 2001). Both early OPP and OPC, but not the mature
oligodendrocytes produced significant amounts of progesterone.
In contrast, in oligodendrocytes, the conversion of progesterone
to 5α-DHP by the type 1 isoform of the 5α-reductase was highest.
These results indicate that adult oligodendrocytes actively metabo-
lize progesterone derived from the circulation or other neural cells
to 5α-DHP, which may play a role in the regulation of oligoden-
droglial functions and in the maintenance of myelin. They are also
consistent with earlier reports of a very high 5α-reductase activity
in cultured oligodendrocytes and in brain white matter (Melcangi
et al., 1988, 1994; Celotti et al., 1992). The further metabolism
of 5α-DHP to allopregnanolone was about 10 times higher in
the early OPP when compared to the other developmental stages
(Gago et al., 2001).

Extensive mapping of 3β-HSD mRNA in the rat brain by in situ
hybridization revealed its large distribution throughout the brain
in neuronal populations of the olfactory bulb, hypothalamus, sep-
tum, striatum, thalamus, habenula, hippocampus, cerebral cortex,
and cerebellum. Nucleotide sequencing of PCR-amplified cDNA
fragments indicated expression of 3β-HSD isoform 1 (Guennoun
et al., 1995). Another in situ hybridization study of the develop-
mental expression and localization of 3β-HSD in the rat brain
confirmed the wide distribution of the enzyme in neurons the
day of birth and on postnatal days 7, 14, and 70. Quantitative
in situ hybridization analysis within the hippocampus revealed
a decrease in the expression of 3β-HSD mRNA expression with
progressing age, concomitant with a decrease in hippocampal
progesterone levels measured by gas chromatography/mass spec-
trometry (GC/MS; Ibanez et al., 2003a). The enzyme is also
strongly expressed in neurons throughout the rat spinal cord, in
the large ventral horn motoneurons and in the small dorsal horn
neurons (Coirini et al., 2002).

The above described changes in progesterone synthesis and
metabolism during the maturation of oligodendrocytes, and the
age-dependent modifications of hippocampal 3β-HSD expression
and progesterone levels raise the question of the synthesis and sig-
nificance of neurosteroids during brain development. Although
there is strong experimental evidence for an important role of
neuroprogesterone in brain development, data are still fragmen-
tary, and a coherent picture is still missing. It is indeed difficult to
distinguish between the effects of progesterone synthesized by the
brain, placenta, or developing gonads and adrenal glands.

Nevertheless, the synthesis and role of neurosteroids in the
developing CNS are an expanding field of interest and have been

recently reviewed (Tsutsui et al., 2004; Mellon, 2007; Hirst et al.,
2008). Although an exhaustive appraisal of the significance of
neurosteroids during brain development is beyond the scope of
this review, some key observations warrant to be discussed. Inter-
estingly, enzymes involved in the synthesis and metabolism of
progesterone are present in the nervous system from embryonic
life to adulthood, where they are expressed in a region-specific
manner (Compagnone and Mellon, 2000; Mellon, 2007). Thus,
P450scc protein has been detected by immunocytochemistry as
early as embryonic day 9.5 in the rat nervous system (Com-
pagnone et al., 1995). It has been proposed that progesterone
and its reduced metabolites, produced either by the placenta or
within the brain, may have a neuroprotective role during fetal
and neonatal life, when complications or low oxygen can lead to
brain injury with serious long-term consequences for the neonate.
Indeed, both cytochrome P450scc and 5α-reductase enzymes are
upregulated and levels of allopregnanolone are increased within
vulnerable regions of the developing sheep brain in response to
hypoxia (Nguyen et al., 2003; Hirst et al., 2008). Moreover, endoge-
nous 5α-reduced metabolites of progesterone provide resistance to
brain damage, as neuron death in the hippocampus resulting from
hypoxia is markedly increased after infusion of the 5α-reductase
inhibitor finasteride (Yawno et al., 2007).

In cerebellar Purkinje neurons, P450scc expression starts
immediately after their differentiation around birth (Ukena et al.,
1998). During the neonatal period, Purkinje neurons also synthe-
size progesterone and allopregnanolone, and 3β-HSD expression
and activity are highest in the cerebellum between 7 and 14 days of
age (Ukena et al., 1999). At this developmental stage, progesterone
promotes dendritic growth and synaptogenesis in the develop-
ing Purkinje cells via PR signaling (Sakamoto et al., 2001; Tsutsui
et al., 2004). Brain levels of allopregnanolone vary considerably
across development in rats as a result of changes in 5α-reductase
and 3α-HSD expression, with very high levels at birth followed
by steady low levels until adulthood (Grobin et al., 2003; Griffin
et al., 2004). The administration of allopregnanolone to rat pups
at specific stages results in marked changes in cortical cytoarchi-
tecture and in behavior (Grobin et al., 2006). In a mouse model of
Niemann–Pick type C disease, brain 5α-reductase, and 3α-HSD
activities and allopregnanolone levels were markedly decreased
during postnatal life. Importantly, the replacement of allopreg-
nanolone alleviated and delayed some of the neurodegenerative
features of the disease (Griffin et al., 2004).

Important for our purpose is the observation that hypoxia dur-
ing pregnancy also leads to devastating white matter damage, as
OPC and immature oligodendrocytes are particularly vulnera-
ble (Back et al., 2002). A marked rise in allopregnanolone levels
has been observed in dialysate probes of sheep white matter after
hypoxia, and it has been proposed that this response may be part
of endogenous protective mechanisms (Nguyen et al., 2004; Hirst
et al., 2008). As discussed later, progestagens play a key role in
myelin formation during development.

This rapid and non-exhaustive overview of experimental evi-
dence for the local synthesis of neuroprogesterone within the
CNS requires some cautious considerations. Although taken as
a whole, available experimental data provide convincing evidence
that progesterone can be synthesized by neural cells, both in the

Frontiers in Neuroscience | Neuroendocrine Science February 2012 | Volume 6 | Article 10 | 239

http://www.frontiersin.org/Neuroscience
http://www.frontiersin.org/Neuroendocrine_Science
http://www.frontiersin.org/Neuroendocrine_Science/archive


Schumacher et al. Progesterone and myelin

adult and developing nervous system, individual studies often
reveal large gaps, and results should always be interpreted within
their precise context. Thus, the expression and activity of steroido-
genic enzymes are subject to complex regulations, and they may
be expressed and functional in a defined compartment of the
nervous system only under particular conditions, depending on
environmental influences, cellular interactions, the presence of
neurotransmitters or neuropeptides, the developmental stage, or
the integrity of the nervous tissue (Do Rego et al., 2009). It is
also important to be aware of some technical constraints. Thus,
the relevance of studies on the formation of neurosteroids by cul-
tured neural cells isolated from embryonic or newborn animals
needs to be verified in vivo because of the phenotypic plasticity
these cells can exhibit in vitro. Also, although studies limited to
the expression of steroidogenic enzymes by in situ hybridization,
reverse transcriptase-polymerase chain reaction or immunocyto-
chemistry provide valuable information, they do not demonstrate
their functionality.

Additional support for the synthesis and biological significance
of progesterone and its metabolites within the CNS has been pro-
vided by in vivo studies. Thus, elevated levels of pregnenolone and
progesterone can be measured in the male rat CNS after removal
of the steroidogenic endocrine glands by castration and adrenalec-
tomy, consistent with their endogenous production (Coirini et al.,
2002). It could be argued that the long-term persistence of steroids
in the brain of adrenalectomized and castrated animals may simply
reflect retention and accumulation of the lipophilic compounds.
However, a series of studies have demonstrated that levels of preg-
nenolone, progesterone, and allopregnanolone can be increased in
the brains of rats deprived of their steroidogenic endocrine glands
by the administration of TSPO ligands (Korneyev et al., 1993;
Romeo et al., 1993; Serra et al., 1999; Bitran et al., 2000; Verleye
et al., 2005). These findings show that it is possible to stimulate
the synthesis of neurosteroids in the brain.

Importantly, levels of pregnenolone and progesterone were sig-
nificantly increased in the male rat spinal cord in response to
injury, even in castrated and adrenalectomized rats with unde-
tectable plasma levels of the hormones (Labombarda et al., 2006).
Brain levels of progesterone are also transiently upregulated in
response to TBI, in brain regions proximal, and distal to the
lesion site (Meffre et al., 2007a). In the rat spinal cord, 3β-
HSD mRNA expression was upregulated and the conversion of
pregnenolone to progesterone was markedly increased 3 months
after streptozotocin-induced diabetes (Saredi et al., 2005). The
de novo synthesis of neurosteroids has also been demonstrated
in pain pathways, where progesterone and allopregnanolone play
an important role (Mensah-Nyagan et al., 2009). Thus, during
neuropathic pain provoked by sciatic nerve ligature, P450scc was
over-expressed in spinal and supra-spinal pain networks, con-
comitant with an increase pregnenolone and allopregnanolone
synthesis (Patte-Mensah et al., 2004a). Increased levels of prog-
esterone and 3β-HSD expression were also observed within the
brains of dysmyelinating jimpy and shiverer mouse mutants (Le
Goascogne et al., 2000). Taken together, these findings strongly
suggest that increased progesterone synthesis in the CNS may be
part of endogenous neuroprotective mechanisms and may cor-
respond to a physiological response of neural cells to injury and

degenerative conditions (De Nicola et al., 2009). In addition, neu-
roprogesterone synthesis also shows physiological changes, as for
example during the estrous cycle (Soma et al., 2005).

A major limitation for detecting local changes in brain steroid
levels within a particular physiological or pathological context is
the limited sensitivity of the available analytical methods, either
radioimmunoassay or mass spectrometry coupled to either liquid
or gas chromatography (Liere et al., 2000). Indeed, the amount of
brain tissue required to accurately analyze low levels of neuros-
teroids (about 50–100 mg) corresponds to very large numbers of
neural cells (about 35,000 cells per mg), thus precluding the detec-
tion of localized changes (Geisert et al., 2002; Azevedo et al., 2009).
Unfortunately, no analytical procedure allows to measure changes
in neurosteroid levels within small populations of neurons or at
the synaptic level. Similarly, the measure of enzymatic activities
requires the incubation of large amounts of tissue with precursor
steroids.

A particularly sensitive experimental approach to examine the
significance of local changes in brain steroids within a particular
physiological and pathophysiological context is the combination
of electrophysiological recordings with the inhibition or stimula-
tion of neurosteroid biosynthetic pathways. Such studies have in
fact provided strong evidence for an important role of the local
brain metabolism of steroids in the regulation of neuronal func-
tions, and in particular for the role of neurosteroids as endogenous
autocrine/paracrine modulators of GABAA receptors. They also
suggest the presence of endogenous neurosteroid tones within
specific brain regions (Lambert et al., 2009). In most of these
studies, the measure of inhibitory postsynaptic currents (IPSCs)
was used to evaluate the influence of locally synthesized 3α,5α-
neurosteroids on GABAA receptor activity. Thus, the systemic
administration of the 5α-reductase inhibitor SKF105111in mice
reduced the decay of miniature IPSCs recorded from cortical neu-
rons (Puia et al., 2003). The application of the 3α-HSD inhibitors
medroxyprogesterone acetate (MPA = Provera) or indomethacin
to rat hippocampal slices uncovered a neurosteroid tone in dentate
gyrus granule cells, enhancing the activity of both synaptic and
extrasynaptic GABAA receptors (Belelli and Herd, 2003). Dur-
ing postnatal development, TSPO-mediated synthesis of 3α,5α-
reduced neurosteroids within specific lamina of the rat spinal
dorsal horns results in miniature IPSCs with slow decay kinet-
ics. Importantly, this inhibitory neurosteroid tonus is reactivated
in the adult spinal cord in response to peripheral inflammation,
when it is involved in analgesic processes (Keller et al., 2004;
Inquimbert et al., 2008). Stimulation of neurosteroid synthesis
with the selective TSPO agonist XBD173 enhanced both the ampli-
tude and duration of evoked IPSCs recorded from neurons of the
medial prefrontal cortex, and this effect could be blocked by the
5α-reductase inhibitor finasteride (Rupprecht et al., 2009). The
in vivo efficacy of some TSPO ligands at increasing brain levels
of allopregnanolone, a neurosteroid with anxiolytic properties,
has generated interest in their therapeutic potential for the treat-
ment of anxiety disorders (Verleye et al., 2005; Rupprecht et al.,
2009, 2010). However, allopregnanolone displays a broad spec-
trum of psychopharmacological properties. Thus, an increase in its
brain, cerebrospinal fluid, and plasma levels of allopregnanolone
in response to fluoxetine (Prozac®) treatment has been proposed
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to play a role in the antidepressant actions of the drug (Uzunova
et al., 2006).

An interesting example of neurosteroid-dependent neuronal
plasticity and regulation of inhibitory inputs to neurons has been
reported for the auditory midbrain. After selectively blocking the
GABAergic innervation of the central nucleus of the inferior col-
liculus by afferents of the dorsal nucleus of the lateral lemniscus,
enhanced local production of allopregnanolone provided com-
pensation by increasing the efficacy of the other inhibitory inputs
(Saalmann et al., 2006).

Over the past few years, evidence has accumulated that prog-
esterone and its metabolites are also synthesized in the human
nervous system (Stoffel-Wagner, 2001; Weill-Engerer et al., 2002;
Schumacher et al., 2003). The presence of cytochrome P450scc
was first detected in the human brain by immunocytochemistry
(Le Goascogne et al., 1989), and subsequently several studies have
described the presence of cytochrome P450scc mRNA in different
brain regions (Beyenburg et al., 1999; Watzka et al., 1999; Inoue
et al., 2002; Yu et al., 2002). The type II isoform of the human
3β-HSD is largely expressed in different parts of the brain and
spinal cord (Inoue et al., 2002; Yu et al., 2002). Also, the enzymes
necessary for the metabolism of progesterone are present in the
human brain (Steckelbroeck et al., 2001; Stoffel et al., 2003).

SOURCES OF PROGESTERONE IN THE PERIPHERAL
NERVOUS SYSTEM
Progesterone present in the bloodstream also crosses the blood–
nerve barrier and easily reaches neural cells in peripheral nerves
and dorsal root ganglia (DRG). In addition, there is also evidence
for neuroprogesterone synthesis by neurons and Schwann cells in
the PNS. Thus, levels of pregnenolone were found to be higher in
male rat sciatic nerves than in plasma, and they were not reduced
by castration and adrenalectomy, strongly suggesting a local syn-
thesis of the direct precursor of progesterone independent of
glandular sources. Cultured Schwann cells isolated from neona-
tal rat sciatic nerves indeed converted 25-hydroxycholesterol, a
cholesterol metabolite which easily crosses cell membranes, to
pregnenolone (Akwa et al., 1993).

As for the CNS, potential links between neurosteroidogen-
esis and myelination have been reported for the PNS. Thus,
cytochrome P450scc and 3β-HSD mRNA were found to be
markedly upregulated in myelinating cocultures of DRG neu-
rons and Schwann cells, but they were exclusively observed in
Schwann cells (Chan et al., 1998, 2000). It was then shown, by
using different coculture systems, that 3β-HSD expression and
progesterone synthesis by Schwann cells are dependent on the
presence of neurons. Indeed, levels of 3β-HSD mRNA and the con-
version of [3H]pregnenolone to [3H]progesterone were extremely
low in purified Schwann cells prepared from neonatal rat sciatic
nerves. However, 3β-HSD expression and activity were markedly
induced in Schwann cells by the presence of DRG neurons (Robert
et al., 2001). Interestingly, a direct contact with sensory neurons
was not required for the induction of progesterone synthesis in
Schwann cells, but a diffusible neuronal factor was sufficient. This
was demonstrated by using a coculture system in which Schwann
cells and sensory neurons were cultured together, but separated by
a microporous membrane. Interestingly, the induction of 3β-HSD

in Schwann cells by a diffusible neuronal signal was very slow and
became maximal only after 18 days of coculture (Robert et al.,
2001).

Although the diffusible factor has not been identified, it was
neuron-specific as neither the presence of fibroblasts, nor of a
human liver cell line, induced 3β-HSD expression in Schwann
cells. However, although a diffusible neuronal signal was sufficient
to induce progesterone and 5α-dihydroprogesterone synthesis in
Schwann cells, the formation of allopregnanolone required a direct
contact with DRG neurons. Thus, both diffusible and contact-
mediated interactions between Schwann cells and neurons are
involved in the regulation of neurosteroid formation. This is
consistent with the previously reported regulation of Schwann
cell functions by neurons either via direct contact or diffusible
molecules (Bolin and Shooter, 1993).

A role of neurons in the regulation of 3β-HSD expression was
also demonstrated in vivo in the rat sciatic nerve. While 3β-HSD
mRNA was present in the intact nerve, it could no longer be
detected 3 or 6 days after cryolesion, when axons had degenerated.
After 15 days, when Schwann cells established new contacts with
the regenerating axons, the enzyme was again re-expressed. After
nerve transection, which does not allow axonal regeneration, 3β-
HSD mRNA remained undetectable. Importantly, the regulation
of 3β-HSD mRNA after sciatic nerve lesion paralleled the expres-
sion of P0 and PMP22 mRNA, supporting an important role of
locally formed progesterone in myelination (Robert et al., 2001).
As Schwann cells not only synthesize progesterone, but also express
the intracellular PR, the neurosteroid may be part of autocrine reg-
ulatory mechanisms involved in myelination (Jung-Testas et al.,
1996).

Schwann cells are not the only source of progesterone in
the PNS. Indeed, sensory neurons isolated from embryonic rat
DRG also express the 3β-HSD and convert [3H]pregnenolone
to [3H]progesterone. Moreover, when cultured under different
conditions, DRG neurons produced about 5–10 times more prog-
esterone than Schwann cells (Guennoun et al., 1997). Under the
experimental conditions tested, DRG neurons further metabolized
progesterone to 5α-dihydroprogesterone, but unlike Schwann
cells, they did not produce allopregnanolone. Neurons and
Schwann cells purified from the DRG of 6 week-old-male rats
showed a similar pattern of pregnenolone and progesterone
metabolism than cells isolated from 18-day-old embryos. The
activity of the 3β-HSD has been characterized in homogenates
prepared from adult rat sciatic nerves by quantifying the conver-
sion of [3H]pregnenolone to [3H]progesterone. The calculated
K m value of 3β-HSD activity was about 1 μM, thus close to the
values reported for the 3β-HSD type 1 isoform (Coirini et al.,
2003a,b).

The absence of allopregnanolone formation by embryonic
DRG neurons in culture contrasts with immunocytochemical
in vivo observations of the 3α-HSD in both DRG neurons and
Schwann cells. Moreover, allopregnanolone is synthesized in DRG,
and its production is increased in response to sciatic nerve con-
striction injury, consistent with an important role of locally pro-
duced allopregnanolone in the regulation of nociceptive functions.
Thus, during the development of inflammatory pain, increased
formation of allopregnanolone in lamina II of the spinal dorsal
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horn increased synaptic inhibition mediated by GABAA receptors
and limited thermal hyperalgesia, but not mechanical allodynia
(Poisbeau et al., 2005). Furthermore, inhibition of 3α-HSD expres-
sion in DRG exacerbated thermal and mechanical pain perceptions
(Patte-Mensah et al., 2010). Allopregnanolone may be synthesized
de novo from cholesterol within DRG, as a functional P450scc
enzyme is present and upregulated in response to neuropathic
pain (Patte-Mensah et al., 2003).

STIMULATION OF PERIPHERAL MYELINATION BY
PROGESTERONE
A role of progesterone and its local synthesis in myelin repair has
been shown in the regenerating mouse sciatic nerve after cryole-
sion (Koenig et al., 1995; Table 1). In response to local freezing,
axons and their accompanying myelin sheaths rapidly degenerate
within the frozen zone and in the segment distal to the lesion site
by a process known as “Wallerian degeneration.” It is now well
established that the degeneration of peripheral axons in response
to injury is an active process, corresponding to an active axon
destruction program distinct from apoptosis (Coleman and Free-
man, 2010). However, whereas axons degenerate after cryolesion of
the sciatic nerve, the basal lamina tubes remain intact, and provide
an appropriate environment and support for rapid regeneration
of the damaged nerve fibers. In the zone of freeze injury, Schwann
cells start remyelinating the regenerating axons within 1 week, and
after 2 weeks, the myelin sheaths reach approximately one-third of
their final size. During this period, local application of the 3β-HSD
inhibitor trilostane or the PR antagonist mifepristone (RU486) to
the regenerating nerve fibers inhibited their remyelination. The
inhibitory effect of trilostane could be reversed by the simulta-
neous administration of progesterone, thus demonstrating a role
of locally synthesized progesterone in myelin formation. More-
over, myelination of axons was increased when progesterone was
added to DRG explant cultures (Koenig et al., 1995). Later, it was
shown that adding progesterone to cocultures of Schwann cells
and neurons enhances the rate of myelin formation (Chan et al.,
1998).

In myelinating cocultures of Schwann cells and DRG neu-
rons, PR immunostaining was only detected in the neurons, and
adding progesterone to the culture medium induced neuron-
specific genes. These observations suggested that progesterone
may indirectly stimulate Schwann cell myelination by acting on
neurons (Chan et al., 2000). Such an indirect signaling mecha-
nism would not be further surprising, as the formation of myelin
sheaths is tightly controlled by axonal signals in the PNS. It is
however likely that progesterone promotes myelination by acting
on multiple cellular targets, and also directly on Schwann cells.
Progesterone has indeed been shown to activate the promoters of
peripheral myelin genes in purified cultures of Schwann cells iso-
lated form neonatal rat sciatic nerves (Désarnaud et al., 1998). In
this study, Schwann cells were transiently transfected with reporter
constructs in which luciferase expression was controlled by the
promoter regions of either the P0 or PMP22 gene. Expression of
the PMP22 gene is driven by two alternate promoters P1 and P2,
of which only the first is involved in myelination (Suter et al.,
1994). Under our experimental conditions, progesterone stimu-
lated the promoter of P0 and promoter P1, but not promoter

P2, of PMP22. In addition to this promoter selectivity, the effect
of progesterone was steroid-specific, as it could be mimicked by
the selective PR agonist ORG 2058, but neither by estradiol nor
testosterone. Moreover, progesterone activated the myelin gene
promoters when they were transfected into Schwann cells, but
into human T47D breast cancer cells, in spite the fact that this cell
line constitutively expresses high levels of functional PR. Taken
together, the promoter-, steroid-, and cell-specificity suggests that
the transcriptional effects of progesterone on PMP genes may be
of physiological relevance (Désarnaud et al., 1998).

The observation that the selective progestin ORG 2058 stim-
ulated P0 and PMP22 promoter activities is consistent with an
important role of the PR. In primary cultures of purified neonatal
rat Schwann cells, the presence of the PR was indeed detected by
whole cell binding assays with [3H]ORG 2058 and by immunocy-
tochemistry (Jung-Testas et al., 1996). However, in another study,
no significant PR expression and activity could be measured in
rat Schwann cells kept for a long time in culture, as well as in
various Schwann cell lines (Groyer et al., 2006). The discrepancy
between these results could be explained by a tightly regulated
expression of PR in Schwann cells. Thus, steroid receptor expres-
sion in purified Schwann cells decreases with time (unpublished
observation). Also, PR are inducible by estrogen in Schwann cells
cultured together with DRG neurons, but not in purified cultures
of Schwann cells (Jung-Testas et al., 1996; Thi et al., 1998). How-
ever, detecting receptor mRNA, protein or ligand binding is not
sufficient to conclude that a receptor is functional. Indeed, low
levels of steroid receptors may not be sufficient to trigger biologi-
cal activity, and threshold levels of expression may be required for
steroid responsiveness (Okret et al., 1991). Defining the precise
role of the Schwann cell PR in vivo will require its cell-specific and
conditional inactivation.

Another important question is whether the P0 and PMP22
genes are direct targets of progesterone, or whether other PR tar-
get genes mediate the promyelinating effects of the hormone. It
has indeed been proposed that progesterone may indirectly acti-
vate the P0 and PMP22 promoters, as no progesterone response
elements (PRE/GRE) were identified in their sequences (Désar-
naud et al., 1998). However, it is always difficult to exclude the
involvement of responsive DNA sites in the effects of steroids, and
the presence of two sequences within the P0 promoter region pre-
senting about 40% homology with consensus PRE/GRE has been
reported, although their functionality has not been tested (Mag-
naghi et al., 1999). Whatever, in the light of recent advances in our
understanding of PR-dependent regulation of gene expression,
the question of the presence or absence of hormone response ele-
ments within myelin genes or their promoter regions is no longer
relevant. Thus, PR can regulate gene transcription by binding to
very remote cis-regulatory sites and act at long distances (Deblois
and Giguere, 2008). Alternatively, PR may alter gene expression by
non-classical mechanisms, either by tethering with other nuclear
transcription factors or by interacting with extra-nuclear kinases
(Daniel et al., 2009).

Expression of P0 has been shown to be increased by proges-
terone and 5α-dihydroprogesterone treatment in the sciatic nerve
in vivo and in cultured Schwann cells. On the contrary, the expres-
sion of PMP22 was found to be stimulated by the progesterone
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Table 1 | Effects of progestagens on myelination/remyelination.

Effects Treatments Doses Experimental systems Reference

PERIPHERAL NERVOUS SYSTEM

↑ Myelination of axons Progesterone 20 nM DRG explant cultures (rat) Koenig et al. (1995)

↑ Remyelination of axons Progesterone 100 μg local After freeze lesion sciatic nerve (mouse) Koenig et al. (1995)

↓ Remyelination axons Mifepristone 100 μg local After freeze lesion sciatic nerve (mouse) Koenig et al. (1995)

↑ Rate of myelination Progesterone 100 nM Schwann cell and DRG neurons (rat) Chan et al. (1998)

↑ Rate of myelination Promegestone 10 nM Schwann cell and DRG neurons (rat) Chan et al. (1998)

↓ Rate of myelination Mifepristone 100 nM Schwann cell and DRG neurons (rat) Chan et al. (1998)

↑ P0 and PMP22 transcription Progesterone 1 nM and 1 μM Transfected Schwann cells in culture (rat) Désarnaud et al. (1998)

↑ P0 and PMP22 transcription ORG 2058 1 μM Transfected Schwann cells in culture (rat) Désarnaud et al. (1998)

↑ P0 and PMP22 transcription Mifepristone 10 μM Transfected Schwann cells in culture (rat) Désarnaud et al. (1998)

↑ P0 expression Progesterone,

5α-DHP

1 mg, sc

injections

Sciatic nerve (rat) Melcangi et al. (1999, 2003)

↑ P0 expression Progesterone,

5α-DHP

10 nM Schwann cell cultures (rat) Melcangi et al. (1999, 2003)

↑ PMP22 expression Allopregnanolone 1 mg, sc

injections

Sciatic nerve (rat) Melcangi et al. (1999, 2003)

↑ PMP22 expression Allopregnanolone 10 nM Schwann cell cultures (rat) Melcangi et al. (1999, 2003)

↑ PMP22 expression Progesterone 20 mg/kg

(repeated)

Sciatic nerve in vivo (rat) Melcangi et al. (1999, 2003)

↓ PMP22 expression Onapristone 20 mg/kg

(repeated)

Sciatic nerve in vivo (rat) Melcangi et al. (1999, 2003)

CENTRAL NERVOUS SYSTEM

Effects Progestagens Treatments Experimental systems Reference

↑ Number of oligodendrocytes Progesterone 100 nM Mixed cultures brain glial cells (rat) Jung-Testas et al. (1989)

↑ Myelination of axons Progesterone,

Allopregnanolone

20 μM Cerebellar slice in culture (rat, mouse) Ghoumari et al. (2003)

↑ Oligodendrocyte branching Progesterone 100 nM Cultured rat oligodendrocytes (rat) Marin-Husstege et al. (2004)

↑ Proliferation of early OPP Allopregnanolone 10 nM PSA–NCAM progenitors (rat) Gago et al. (2004)

↑ OPC proliferation, differentiation Progesterone 20 μM Cerebellar slice cultures (rat) Ghoumari et al. (2005)

↑ Remyelination of axons Progesterone 20 μM LPC demyelinated brain slices (rat, mouse) Hussain et al. (2011)

↑ Remyelination of axons Nestorone 20 μM LPC demyelinated brain slices (rat, mouse) Hussain et al. (2011)

No effect on axon remyelination Medroxyproge

sterone acetate

20 μM LPC demyelinated brain slices (rat, mouse) Hussain et al. (2011)

↑ OPC proliferation, differentiation Progesterone 16 mg/kg/day

sc

Injured spinal cord (rat) Labombarda et al. (2009)

↑ Remyelination of axons Progesterone sc pellets EB demyelinated cerebellar peduncle (rat) Ibanez et al. (2004)

↓ Demyelination of axons Progesterone

(P)+Estradiol (E2)

P: 25 μg per

injection

Cuprizone demyelinated CC (mouse) Acs et al. (2009)

↓ Demyelination, disease severity Progesterone sc pellets MOG-induced EAE (female mice) Garay et al. (2007, 2009)

↓ Disease severity, inflammation Progesterone sc pellets MOG-induced EAE (female mice) Yates et al. (2010)

↓ Neurological deficits Progesterone 4 mg/kg per

injection

Myelin-induced EAE (male rats) Yu et al. (2010)

↑ Disease severity Medroxyproge

sterone acetate

Oral EAE Arnason and Richman. (1969)

↑ Disease severity, neuron death Progesterone sc silastic

implants

MBP-induced EAE (female rats) Hoffman et al. (2001)

CC, corpus callosum; DRG, dorsal root ganglia; EAE, experimental autoimmune encephalomyelitis; EB, Ethidium bromide, DNA intercalating agent, kills cells but spares

axons; LPC, lysophosphatidylcholine, kills oligodendrocytes but spares axons; Medroxyprogesterone acetate (MPA, Provera): progestin, pregnane, non-selective PR

agonist; Mifepristone (RU486): selective progesterone receptor modulator (SPRM), also antagonist of the glucocorticoid receptor; MOG, myelin oligodendrocyte

glycoprotein; Nestorone: progestin, 19-norpregnane, PR agonist; Onapristone (ZK 98299): selective PR antagonist; ORG 2058: progestin, PR agonist; Promegestone

(R5020): progestin, 19-norpregnane, PR agonist; sc, subcutaneous.
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metabolite allopregnanolone acting via GABAA receptors under
the same experimental conditions (Melcangi et al., 1999, 2003,
2005; Table 1). Adding to the complexity of myelin gene regula-
tion, glucocorticoids have also been shown to activate both P0 and
PMP22 promoters (Désarnaud et al., 2000). As already mentioned,
myelin protein genes are dosage-sensitive and require tightly coor-
dinated expression. It is difficult to understand how this could be
achieved if different genes would be directly and independently
targeted by multiple hormones. It is thus appealing to propose
indirect steroidal influences on myelin formation, involving a mas-
ter regulatory signaling pathway for the coordinated expression of
myelin genes.

In a transgenic rat model of CMT1A overexpressing PMP22,
PR signaling was shown to enhance the disease phenotype. Indeed,
progesterone treatment further increased PMP22 mRNA levels
and had adverse effects on disease symptoms, whereas administra-
tion of the selective PR antagonist onapristone normalizedPMP22
expression and improved the CMT1A phenotype. These data sug-
gest that the Schwann cell PR may be a promising pharmacological
target for the therapy of CMT1A (Sereda et al., 2003). Interest-
ingly, it was then shown that long-term anti-progestin treatment
of CMT1A rats prevents axonal loss, which is characteristic of the
neuropathy, but in the absence of a beneficial influence on myelin.
Thus, Schwann cell defects can result in axon damage independent
of myelin loss (Meyer zu Horste et al., 2007).

STIMULATION OF CENTRAL MYELINATION BY
PROGESTERONE
As reported above, early OPP synthesize progesterone and pro-
duce its reduced metabolite allopregnanolone, a potent positive
allosteric modulator of GABAA receptors. Progesterone indeed
indirectly stimulates the proliferation of early OPP through its
metabolite allopregnanolone via a bicuculline-sensitive mecha-
nism involving GABAA receptors (Gago et al., 2004). Importantly,
the early OPP express GABAA receptors and also synthesize GABA.
These results reveal complex autocrine/paracrine loops in the con-
trol of early OPP proliferation, involving interactive neurosteroid
and GABA signaling (Figure 3).

In organotypic slice cultures of 7-day-old rat cerebellum, prog-
esterone was found to also stimulate the proliferation of OPC at
later stages of maturation, when they become OPC expressing the
chondroitin sulfate proteoglycan NG2 and pre-oligodendrocytes
co-expressing both NG2 and O4 antigens (Ghoumari et al., 2005;
Table 1). Contrary to the early OPP, progesterone stimulated the
proliferation of pre-oligodendrocytes via a PR-dependent mech-
anism, as its mitogenic effect was inhibited by the PR antagonist
mifepristone and could not be mimicked by allopregnanolone,
even at a high concentration (Ghoumari et al., 2005). There
may thus be a developmental shift in mitogenic signaling: allo-
pregnanolone acting via GABAA receptors in early OPP and
progesterone acting via intracellular PR in pre-oligodendrocytes.
However, it remains to be clarified whether progesterone exerts
its mitogenic effects by directly acting on pre-oligodendrocytes in
the cerebellar slices, or indirectly by acting on neurons or astro-
cytes. Myelination is indeed influenced by a crosstalk between
neurons and oligodendrocytes and is dependent on axonal func-
tions (Trapp and Nave, 2008). In this context, it is interesting to

FIGURE 3 | Autocrine regulatory loop regulating the proliferation of

early oligodendrocyte pre-progenitors (early OPP). Epidermal growth
factor (EGF) is a potent mitogen for early OPP. These cells express GABAA

receptors and synthesize GABA, which also stimulates their proliferation.
Moreover, early OPP synthesize allopregnanolone, which at nanomolar
concentrations, increases their proliferation via the modulation of GABAA

receptors. Thus, OPP proliferation is regulated by two interacting autocrine
signaling pathways (3α-HSOR, 3α-hydroxysteroid oxidoreductase; 3β-HSD,
3β-hydroxysteroid dehydrogenase; 5α-DHP, 5α-dihydroprogesterone; GAD,
glutamate decarboxylase; adapted from Gago et al., 2004).

remind the neuroprotective functions of progesterone and allo-
pregnanolone and their regenerative potential (Wang et al., 2008).
Astrocytes are also particularly interesting targets of progesterone,
as progesterone stimulates growth factor production by these cells
via PR signaling (Lacroix-Fralish et al., 2006; Chesik and De, 2010).

Interestingly, between 3 and 7 days in culture, a drop in the
number of the NG2+/O4+ pre-oligodendrocytes in the cerebellar
slice cultures was associated with a marked increase in O4+/GalC+
premyelinating and myelinating oligodendrocytes. This observa-
tion suggests that progesterone may not only stimulate the pro-
liferation of progenitor cells, but also their differentiation into
mature oligodendrocytes (Ghoumari et al., 2003, 2005).

That progesterone indeed promotes the differentiation of OPC
into myelinating oligodendrocytes has been recently demonstrated
in adult male rats after spinal cord injury (Labombarda et al.,
2009). Oligodendrocytes are very sensitive to different types of
insults, and their loss followed by the demyelination of axons
is a hallmark of CNS injury (Lytle and Wrathall, 2007; Siegen-
thaler et al., 2007). Three days after spinal cord transection, the
number of oligodendrocytes was reduced by half, accompanied by
a concomitant marked increase in the number of OPC. Shortly
after injury, progesterone treatment further increased the num-
ber of OPC and stimulated their proliferation as determined
by the incorporation of bromodeoxyuridine (BrdU). The dif-
ferentiation of OPC which had incorporated BrdU during the
first 3 days after injury was examined after 21 days by analyzing
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the colocalization of retained BrdU and myelin-specific markers.
This window-labeling strategy allowed demonstrating that proges-
terone is required for the differentiation of OPC into oligodendro-
cytes (Labombarda et al., 2009). Indeed, in the absence of proges-
terone treatment, OPC failed to differentiate into oligodendrocytes
after spinal cord injury.

A role of progesterone in OPC differentiation and myelin pro-
tein gene expression is a major finding, as compromised remyeli-
nation observed at advanced stages of multiple sclerosis may be
caused by defective OPC maturation, rather than by impaired OPC
recruitment (Franklin and Kotter, 2008). Whether the differenti-
ating effect of progesterone on OPC reflects direct actions or is
indirectly mediated via other cell types remains to be clarified.
Indeed, after spinal cord injury, progesterone not only stimulates
the generation of new oligodendrocytes but has also a benefi-
cial influence on astrogliosis and neuroinflammatory responses
(Labombarda et al., 2011).

Then, the important question arises whether the effects of
progesterone on OPC proliferation and differentiation translate
into increased myelin formation and improved axon remyelina-
tion. The effects of progesterone on developmental myelination
were again investigated in slice cultures of postnatal day 7 (P7) rat
cerebellum (Ghoumari et al., 2003; Table 1). This developmental
stage corresponds to a period of intense myelination and also of
increased local progesterone synthesis in the cerebellum (Notter-
pek et al., 1993; Ukena et al., 1999). Adding 10–50 μM of proges-
terone to the culture medium for 7 days accelerated the process of
myelin formation, evaluated by analyzing MBP immunostaining.
The micromolar concentrations of progesterone used in this study
may seem very elevated, but in this culture system, only part the
hormone penetrates the 350 μM thick cerebellar slices, which are
cultured on top of a microporous membrane and not submerged
by the medium (Ghoumari et al., 2003). As for the stimulation
of pre-oligodendrocyte proliferation, the promyelinating effect of
progesterone involved the classical intracellular PR, as it could
be mimicked by the very selective PR agonist R5020 and blocked
by the PR antagonist mifepristone. Moreover, progesterone treat-
ment did not stimulate myelination in cerebellar slices sampled
from PR knockout mice (Figure 4A). However, this study also pro-
vided evidence for an additional involvement of GABAA receptor
modulation by allopregnanolone: progesterone was metabolized
to allopregnanolone in the cerebellar slices, and preventing its for-
mation with the 5α-reductase inhibitor L685-273 or inhibiting
GABAA receptors with bicuculline decreased the promyelinating
efficacy of progesterone (Ghoumari et al., 2003). Nevertheless, PR
play a key role, as no promyelinating effects of progesterone were
observed in PR knockout mice.

The effects of progesterone on myelin repair can also be tested in
organotypic cultures of cerebellar slices. As already mentioned, it is
always necessary to verify whether signaling mechanisms involved
in the regulation of myelin sheath formation during development
become again operational during the remyelination of axons after
a demyelinating insult. Demyelination can be induced in organ-
otypic slice cultures of the rat and mouse cerebellum by exposing
them to lysolecithin (lysophosphatidylcholine, LPC). This experi-
mental system is useful to test the remyelinating efficacy molecules
and to analyze underlying signaling mechanisms (Birgbauer et al.,

FIGURE 4 | Intracellular progesterone receptors are key limiting factors

in progesterone-driven myelin formation. (A) Role of progesterone
receptors (PR) in developmental myelination. PR is necessary for the
stimulation of myelin basic protein (MBP) expression by progesterone,
analyzed by quantifying MBP immunostaining in organotypic cultures of
cerebellar slices taken from postnatal day 7 mice and cultured for 7 days in
the absence (control) or presence of progesterone (20 μM). (B) PR is also
necessary for the stimulation of myelin repair by the selective progestin
Nestorone (20 μM). Cerebellar slices from postnatal day 10 mice were
cultured for 7 days to allow extensive myelination of axons. The slices were
then demyelinated by treating them overnight with lysolecithin, and they
were cultured for an additional 4 days in the absence (Lyso) or presence of
nestorone before analyzing MBP immunostaining. Cerebellar slices were
taken from wild-type PR+/+ mice, heterozygous PR+/− mice or homozygous
knockout PR−/− mice. Results are expressed as means ± SEM.
***p ≤ 0.001; Newman–Keuls tests after one-way ANOVA when compared
to the corresponding control; ns, non-significant.

2004; Mi et al., 2009; Miron et al., 2010). To determine whether
progesterone also promotes the remyelination of axons, cerebellar
slices taken from postnatal day 10 (P10) rats were cultured for
7 days in vitro to allow axons to become myelinated. They were
then treated overnight with lysolecithin to induce the demyelina-
tion of axons. Four days after lysolecithin-induced demyelination,
immunostaining for the myelin marker MBP still appeared sparse
when slices were cultured in medium without the addition of prog-
estins. However, in slices cultured for 4 days in the presence of
progesterone, there was a marked increase in MBP immunoreac-
tive processes (Hussain et al., 2011). Similarly, when cerebellar
slices were exposed to the potent fourth-generation progestin
Nestorone, designed to selectively target intracellular PR, dense
networks of well-organized myelinated fibers were observed. In
contrast, another progestin used in contraception and hormone
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replacement therapy (HRT), the 17-OH progesterone derivative
MPA had no significant effect on the formation of new myelin
sheaths. This study also revealed that progestins promote the
formation of new myelin sheaths via pleiotropic influences on
the proliferation, migration, and differentiation of OPC (Hussain
et al., 2011).

As for the effect of progesterone on developmental myelina-
tion, remyelination by Nestorone involved PR, as it was observed
in wild-type PR+/+ mice, but not in homozygous knockout PR−/−
mice (Hussain et al., 2011; Figure 4B). Remarkably, the use of
transgenic mice allowed the identification of PR as a limiting
factor for the stimulating effects of progesterone on both develop-
mental myelination and remyelination. Indeed, for both processes,
progesterone was less efficient in promoting the formation of new
myelin sheaths in heterozygous PR+/−when compared to wild-
type PR+/+ mice (Figure 4; Ghoumari et al., 2003; Hussain et al.,
2011). These results provide evidence for PR haploinsufficiency
in myelination and myelin repair, as the target tissues of prog-
esterone in PR+/− mice contain about half of the number of PR
binding sites when compared with PR+/+ mice (Lydon et al., 1995;
Mani et al., 1997). This contrasts with the reproductive functions
of PR, for which decreased PR expression, as observed in PR+/−
mice, does not result in a particular phenotype (Mani et al., 1997).
Moreover, it has been suggested that only part of hypothalamic
PR needs to be activated for maximal levels of sexual receptivity
in female rats (Pfaff and McEwen, 1983).

In vivo, a beneficial influence of progesterone treatment on the
replacement of lost myelin was shown in middle-aged male rats
(9 months old) after toxin-induced demyelination of the caudal
cerebellar peduncle (Ibanez et al., 2003b, 2004). The rationale for
using males in this study was that they have constant low levels
of endogenous progesterone, contrasting with the cyclic varia-
tions in females. Older animals were used because aging markedly
reduces the endogenous capacity of the brain to repair myelin. This
age-related decline in remyelination efficiency has been shown
to result from both an impairment of oligodendrocyte progeni-
tor recruitment and differentiation (Sim et al., 2002). Five weeks
after creating a focal area of demyelination in cerebellar pedun-
cle by the stereotaxic infusion of ethidium bromide, the extent
of spontaneous remyelination was indeed considerably less to
that seen in young 10-week-old males. However, treatment of
the older males with subcutaneous pellets of progesterone, pro-
ducing constant elevated levels of the hormone (about 40 nM),
significantly increased the percentage of myelinated axons. As a
benchmark, progesterone levels in pregnant rodents reach about
600 nM (Meffre et al., 2007b). Although remyelination in the
progesterone-treated animals was not extensive, approximately
20% of the axons within the lesion, it nevertheless constituted
a doubling of the proportion of remyelinated axons when com-
pared to the vehicle-treated control group (Ibanez et al., 2004).
This can be considered as a very encouraging result, given that
remyelination in older animals has proven remarkably refrac-
tory to remyelinating therapeutic approaches (O’Leary et al.,
2002).

It is important not to forget that under normal physiologi-
cal conditions, progesterone does not act alone on target cells,
but often in a cooperative manner with estradiol. This goes back

to pioneering studies in the early 1980s showing that estradiol
treatment increases PR expression in the hypothalamus, and that
the time course of the induction of PR by estradiol parallels the
time course of the induction of behavioral responsiveness to prog-
esterone (Blaustein and Feder, 1979; Parsons et al., 1980). A recent
immunoelectron microscopy study has revealed that the abundant
PR labeling in neurites and glial cells in extra-hypothalamic sites
such as the hippocampus is also strongly dependent on estrogen
priming (Waters et al., 2008). Likewise, in primary cultures of glial
cells prepared from neonatal rat brains, PR expression was upregu-
lated by adding estradiol to the culture medium (Jung-Testas et al.,
1991).

That estradiol can potentiate the promyelinating effect of prog-
esterone has recently been shown in an experimental model
of cuprizone-induced demyelination. Feeding mice the copper
chelator cuprizone leads to the apoptosis of oligodendrocyte and
the demyelination of axons, which are spared (Matsushima and
Morell, 2001). Whereas combined treatment of young male mice
with estradiol and progesterone counteracted the loss of myelin in
response to cuprizone intoxication within the corpus callosum, the
individual application of each steroid only resulted in a moderate
prevention of demyelination (Acs et al., 2009). These observations
strongly suggest that progestagens may protect oligodendrocytes
and promote myelin repair by acting in concert with estrogens, and
they point to an increased efficacy of combined progestagen and
estrogen administration for treating demyelinating conditions.
Thus, future experimental studies on myelination and remyeli-
nation should pay more attention to the combined actions of both
hormones. Progesterone and estradiol may directly exert com-
bined effects on oligodendrocytes. Thus, both steroids promoted
the differentiation of oligodendrocyte progenitors in culture, but
whereas progesterone increased cellular branching, estradiol stim-
ulated myelin sheath formation (Marin-Husstege et al., 2004). In
addition, the cooperation between progesterone and estradiol may
indirectly exert beneficial influences on myelin repair by regulat-
ing energy supply and neuroinflammatory responses via astrocytes
(Kipp and Beyer, 2009).

An important experimental disease model of multiple sclerosis,
which has allowed the evaluation of many medications, is exper-
imental autoimmune encephalomyelitis (EAE; Lassmann, 2008;
Stuve et al., 2010). It can be induced in animals by sensitization
to myelin antigens (active EAE) or by the transfer of autoreac-
tive T cells (passive EAE). Whereas the above described models of
toxin-induced demyelination are valuable to address treatment
effects on myelin repair, EAE models are particularly suitable
for studying treatment effects on autoimmune and inflammatory
responses to demyelination. Beneficial effects on disease severity
in EAE have been mainly studied for the estrogens. These stud-
ies were motivated by the idea that the immunomodulatory and
anti-inflammatory actions of the estradiol may have a beneficial
influence on EAE symptoms (Offner, 2004). When administered
prior to EAE induction, estrogens delay the onset of symptoms and
reduce disease activity. Their immunoprotective effects involve
the α isoform of the estrogen receptor (ER; Liu et al., 2003).
The mechanisms underlying these beneficial effects most likely
involve a wide range of targets and actions. Thus, estrogens have
been shown to inhibit the activity of myelin-reactive T cells and
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inflammatory responses in the brain (Bebo Jr. et al., 2001). A key
role of macrophages and microglia in the modulation of immune
responses by estrogens has been demonstrated by cell-specific ER
disruption (Calippe et al., 2010). More recently, it was shown that
the beneficial effects of ERα ligand treatment on CNS inflamma-
tion, axonal loss, and neurological outcomes can be prevented by
conditional deletion of ERα from astrocytes. In contrast, deletion
of ERα from neurons had no significant effect, pointing to a key
role of ERα signaling in astrocytes (Spence et al., 2011).

In comparison with estradiol, the effects of progesterone in
EAE have attracted much less attention. However, various types
of immune cells express PR, and during pregnancy, progesterone
contributes to the establishment of a protective immune envi-
ronment by modulating multiple immune responses, including a
shift away from the production of Th1 pro-inflammatory to Th2
anti-inflammatory cytokines (De Leon-Nava et al., 2009; Szekeres-
Bartho et al., 2009). Regulation of the Th1/Th2 balance by prog-
esterone may play an important role in multiple sclerosis and may
contribute to the improvement of disease symptoms during preg-
nancy and their post-partum worsening (Confavreux et al., 1998).
Treating female mice with subcutaneous implants of progesterone
starting 1 week prior to EAE induction attenuated disease severity,
and reduced inflammatory responses and demyelination in the
spinal cord (Garay et al., 2007). Importantly, progesterone also
decreased axonal damage and restored the expression of vital neu-
ronal genes (Garay et al., 2009). Whereas estrogens may need to be
administered before the induction of EAE, progesterone treatment
initiated as late as 2 weeks after immunization with myelin protein
peptide still exerted beneficial effects, suggesting a larger thera-
peutic window (Yates et al., 2010; Yu et al., 2010). However, not
all studies have reported beneficial effects of progestagens on EAE
symptoms (Kim et al., 1999; Hoffman et al., 2001). Thus, the syn-
thetic progestin MPA, which in contrast to natural progesterone
failed to stimulate myelin formation in cerebellar slice cultures,
has been reported to increase the severity of EAE (Arnason and
Richman, 1969).

THE SIGNIFICANCE OF PROGESTAGENS IN MULTIPLE
SCLEROSIS
Whereas experimental animal studies point to considerable influ-
ences of steroids, and in particular of progesterone and estradiol,
on demyelinating diseases such as multiple sclerosis, clinical obser-
vations have so far provided insufficient or only indirect evidence.
A strong indirect argument in favor of hormonal influences on
multiple sclerosis is provided by the observed sex differences in
the incidence and course of the disease, and by the pregnancy-
associated changes in the relapse rate. Thus, according to a cross-
sectional study conducted in France, the women–men ratio of
multiple sclerosis is 2.6 (Fromont et al., 2010). Intriguingly, the
gap between sexes in the incidence of the disease has increased over
the last decades (Noonan et al., 2002; Bentzen et al., 2010). The
course of multiple sclerosis is noticeably influenced by pregnancy.
Thus, the rate of relapses is reduced during the last 3 months of
pregnancy, when circulating levels of progesterone and estrogens
are highest, but it is markedly increased during the first 3 months
post-partum, after a drop in sex steroid levels (Confavreux et al.,
1998).

Changes in multiple sclerosis symptoms related to the men-
strual cycle or menopause are not sufficiently documented and
require further evaluation (El-Etr et al., 2011). Also, little is known
about the influence of oral contraceptives or postmenopausal HRT
on the course of the disease. Taken together, clinical observations
point to a protective effect of hormone treatments, but there is
a need for large prospective studies (El-Etr et al., 2011). In 2005,
a double-blind and placebo-controlled study, named Popart’mus,
has been launched to test the combined efficacy of the synthetic
19-nor-progestatif nomegestrol acetate (Lutenyl), taken orally, and
of transdermal estradiol patches, in reducing post-partum relapses
in women with multiple sclerosis (Vukusic et al., 2009).

An important role of perturbed neurosteroidogenesis in
demyelinating diseases has been suggested by a recent study. The
expression of enzymes involved in neurosteroid biosynthesis and
levels of neurosteroids were found to be dysregulated in the white
matter of patients with multiple sclerosis and in a related mouse
EAE disease model. In particular, 3α-HSD expression and brain
allopregnanolone levels were decreased. Importantly, treatment of
EAE mice with allopregnanolone improved behavioral deficits and
neuropathological changes (Noorbakhsh et al., 2011). At the origin
of this discovery was a high-throughput profiling of micro-RNA
in white matter of patients with or without multiple sclerosis.
The analysis revealed in the multiple sclerosis patients a strong
upregulation of three micro-RNAs, specifically involved in the sup-
pression of genes coding for steroidogenic enzymes (Noorbakhsh
et al., 2011).

DISCUSSION OF THERAPEUTIC OPTIONS WITH
PROGESTERONE AND PROGESTINS
An important role of progesterone in the generation of new oligo-
dendrocytes and in the replacement of lost myelin opens new
therapeutic opportunities for demyelinating diseases. Treatment
with a progestin is obviously an option for women with multi-
ple sclerosis, as in the ongoing Popart’mus trial (Vukusic et al.,
2009). However, the administration of a progestin, in combi-
nation with an androgen, may also be considered in men with
multiple sclerosis. Thus, combination of a progestin and an andro-
gen is currently tested for male hormonal contraception. Such
combined treatments indeed provide efficient suppression of sper-
matogenesis, and they are efficacious, reversible, and well tolerated
(Wang and Swerdloff, 2010). Thus, the transdermal administra-
tion of Nestorone and testosterone has been demonstrated to be
safe and effective for the suppression of gonadotropins in men
(Mahabadi et al., 2009). In this study, Nestorone was administered
as a transdermal gel as it is orally inactive (Kumar et al., 2000).

The identification of PR as a therapeutic target for promoting
myelination and myelin repair suggests new therapeutic bene-
fits for contraceptive progestins, and in particular for fourth-
generation 19-nor-progestatifs, specifically designed to specifically
target the intracellular PR (Nestorone, nomegestrol acetate). How-
ever, it is important to call here attention to the fact that not all
synthetic progestins are the same, and that they belong to dif-
ferent classes with very distinct pharmacological properties and
actions (Stanczyk, 2003; Hapgood et al., 2004; Schumacher et al.,
2007, 2008). Thus, whereas Nestorone promotes myelin repair and
has neuroprotective properties, the progestin MPA is devoid of
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such beneficial effects and can even become harmful for neural
cells (Liu et al., 2010; Hussain et al., 2011). Indeed, in contrast to
natural progesterone and Nestorone, the synthetic 17-OH proges-
terone derivative MPA was inefficient in stimulating the formation
of new myelin sheaths in organotypic cultures of cerebellar slices
(Hussain et al., 2011). Likewise, whereas progesterone has a ben-
eficial influence on EAE, the administration of MPA increased
disease severity (Arnason and Richman, 1969).

In addition to progestins currently used for contraceptive
purposes and HRT, selective progesterone receptor modulators
(SPRM), which display different activities in a tissue-specific man-
ner, deserve more attention, and it has become urgent to study their
effects on neural cells (Bouchard et al., 2011).

An important question, then, is whether it is meaningful to
focus on the therapeutic promises of synthetic progestins for the
treatment of demyelinating diseases, or whether the use of nat-
ural (bioidentical) progesterone should be preferred? Progestins
are definitely an option, and an obvious advantage of certain
synthetic compounds is their great selectivity and efficacy. Thus,
due to their high potency, very low doses of some progestins
may be sufficient and may be delivered via long-term sustained-
release delivery systems (Sitruk-Ware et al., 2003). On the other
hand, natural progesterone may offer a better benefit/risk ratio for
prolonged treatments than synthetic progestins. This is strongly
suggested by results of the large French E3N prospective cohort
study, showing that in contrast to HRT with progestins, the use of
natural micronized progesterone is not associated with an increase
in breast cancer or thrombotic risk (Fournier et al., 2008; Canonico
et al., 2010).

Natural progesterone, tested in most experimental preclinical
studies, may also offer a wider range of benefits than the more
selective progestins. Indeed, progesterone exerts multiple benefi-
cial effects on the nervous system, which may not be mimicked
all by synthetic compounds. First, some of the effects of proges-
terone in the nervous system, including its neuroprotective and
psychopharmacological actions, are mediated by its neuroactive
metabolites, and in particular by allopregnanolone (Griffin et al.,
2004; Belelli and Lambert, 2005; Sayeed et al., 2006; Wang et al.,
2008). In contrast, synthetic progestins are not converted to allo-
pregnanolone and no information is currently available in the
literature concerning their metabolism in the brain or other target
tissues (Schumacher et al., 2007). Second, research over the past
years has revealed multiple targets of progesterone in the nervous
system, ranging from the intracellular PR to the recently cloned
membrane PR. Not all the progesterone targets may bind syn-
thetic progestins, initially designed to target the classical PR. For
example, a series of progestins which bind with high selectivity
and affinity to the intracellular PR do not bind to the human
membrane PR α isoform (Thomas et al., 2007). Such considera-
tions may have encouraged the use of natural progesterone in two
recent phase II trials aimed to evaluate the efficacy of progesterone
as a neuroprotective agent in TBI patients (Wright et al., 2007; Xiao
et al., 2008).

There is however a major problem with the use of natural
progesterone. Indeed, first-pass metabolism in the digestive tract
and liver make supplementing with oral progesterone difficult.
One option is the use of micronized progesterone, widely used

in Europe, and in particular in France, since 1980. Micronized
progesterone is natural progesterone, whose average particle size
has been reduced, leading to decreased destruction in the gas-
trointestinal tract, longer half-life, enhanced bioavailability, and
efficacy (Schumacher et al., 2007). Its use is well tolerated, with
mild, and transient sedation as a side effect that can be minimized
by taking the hormone at bedtime (de Lignieres, 1999). However,
even after micronization, a large proportion of orally administered
progesterone is metabolized by the liver. Thus, there is much inter-
est for other routes of progesterone administration. In the above
mentioned neuroprotective trials, progesterone was administered
to TBI patients either intravenously (the Atlanta study: Wright
et al., 2007) or by intramuscular injections (the Hangzhou study:
Xiao et al., 2008). However, these modes of administration are
only suitable for acute treatments, and they are difficult to imple-
ment in emergency cases. An alternative option for the longer-term
treatment of patients with demyelinating diseases is the delivery of
progesterone by transdermal or vaginal gels, allowing the hormone
to reach its target tissues prior to its metabolism by the liver.

Nasal administration of natural progesterone has received
attention as an alternative to specifically target the brain (Costan-
tino et al., 2007). The intranasal route of administration could
offer the possibility of achieving the desired brain concentration of
progesterone required for myelin repair and neuroprotection, and
could offer interesting perspectives both for the efficient acute and
long-term use of natural progesterone (Ducharme et al., 2010).
Thus, intranasally administered progesterone has been shown to
rapidly enhance dopamine levels within specific brain regions (de
Souza Silva et al., 2008).

Although most of the pleiotropic effects of progesterone in the
nervous system have been reported to be beneficial, there may be
a few particular pathological conditions for which progesterone
may exert deleterious effects. This is the case for the hereditary
neuropathy CMT1A, where progesterone further increases expres-
sion of the mutated disease gene PMP22 (Sereda et al., 2003). For
this disease, treatment with a PR antagonist or with a SPRM is a
therapeutic option.

Progesterone present in the brain is either derived from the
steroidogenic endocrine glands or form local synthesis. From this
concept derives another therapeutic option for treating degener-
ative diseases and lesions of the nervous system: stimulating the
synthesis of endogenous progesterone and its metabolites in the
brain. In this regard, TSPO ligands offer new therapeutic promises
(Papadopoulos et al., 2006; Papadopoulos and Lecanu, 2009; Rup-
precht et al., 2010). It has indeed been proposed that TSPO ligands
may be valuable in the treatment of neurological and psychiatric
disorders (Rupprecht et al., 2010). Experimental animal studies
have revealed that TSPO expression is upregulated in EAE and
after cuprizone-induced demyelination. Interestingly, TSPO levels
remains elevated during the period of myelin repair, suggesting
a role of the protein the remyelination of axons (Agnello et al.,
2000; Chen et al., 2004). Moreover, increased TSPO expression
in astrocytes was associated with increased brain levels of prog-
esterone in dysmyelinating mouse mutants (Le Goascogne et al.,
2000).

In conclusion, multiple therapeutic approaches remain to be
further explored for promoting myelin repair with progestagens
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in demyelinating diseases or after injury. The administration of
synthetic progestins and natural progesterone are both interesting
options. An important question is their mode of administration.
Nasal application, easy to implement for efficient delivery of prog-
esterone into the brain, deserves particular attention. Because
natural progesterone is converted in the brain to neuroactive

metabolites, and because the hormone targets multiple signaling
mechanisms, its future use for the treatment of demyelinating
diseases, and other neurological disorders should be considered.
Stimulating the production of endogenous neuroprogesterone in
the nervous system with TSPO ligands offers new perspectives for
remyelinating and neuroprotective interventions.
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Anxiety disorders are the most common psychiatric disorders. They are frequently treated
with benzodiazepines, which are fast acting highly effective anxiolytic agents. However,
their long-term use is impaired by tolerance development and abuse liability. In contrast,
antidepressants such as selective serotonin reuptake inhibitors (SSRIs) are considered as
first-line treatment but have a slow onset of action. Neurosteroids are powerful allosteric
modulators of GABAA and glutamate receptors. However, they also modulate sigma recep-
tors and they are modulated themselves by SSRIs. Both pre-clinical and clinical studies
have shown that neurosteroid homeostasis is altered in depression and anxiety disorders
and antidepressants may act in part through restoring neurosteroid disbalance. Moreover,
novel drugs interfering with neurosteroidogenesis such as ligands of the translocator pro-
tein (18 kDa) may represent an attractive pharmacological option for novel anxiolytics which
lack the unwarranted side effects of benzodiazepines. Thus, neurosteroids are important
endogenous neuromodulators for the physiology and pathophysiology of anxiety and they
may constitute a novel therapeutic approach in the treatment of these disorders.

Keywords: anxiety, neurosteroids, GABAA receptor, sigma-1 receptor, serotonin transporter,TSPO

INTRODUCTION
Anxiety disorders are among the most common mental health
conditions, which cause significant functional impairments, and
frequently turn into chronic clinical conditions (Nutt et al., 2002;
Kessler et al., 2005). Recent epidemiological findings suggest them
as the most frequent class of mental disorders with a high degree
of comorbidity with other medical and psychiatric conditions
(Kessler et al., 2005).

Currently six primary anxiety disorders are identified in DSM-
IV-R: panic disorder (characterized by recurrent panic attacks),
generalized anxiety disorder (characterized by frequent worrying)
posttraumatic stress disorder (the result of a traumatic experi-
ence), obsessive–compulsive disorder (characterized by repetitive
obsessions and the urge to perform specific acts or rituals) and
specific phobia (in which specific stimuli trigger fear and/or anxi-
ety). Both pharmacotherapy and psychotherapy are effective treat-
ments for anxiety disorders. First-line treatments are the selective
serotonin reuptake inhibitors (SSRIs) that display their anxi-
olytic effects after several weeks of treatment (Baldwin and Nair,
2005; Bandelow et al., 2008). On the other hand, benzodiazepines
(BDZs) are fast acting and effective antianxiety agents and the most
commonly used anxiolytic agents. Low levels of γ-aminobutyric
acid (GABA) have been attributed to the occurrence of anxiety
disorders such as panic disorder (Lydiard, 2003; Nemeroff, 2003).
Moreover, BDZs are potent positive allosteric modulators of the

GABAA receptors (Rudolph and Möhler, 2006). In addition, sigma
receptors (in particular sigma-1) and translocator protein (TSPO;
18 kDa) ligands have been identified as promising therapeutic
tools for the treatment of anxiety disorders (Costa et al., 1994;
Kulkarni and Dhir, 2009; Rupprecht et al., 2009; Taliani et al.,
2009).

The term “neurosteroids” (NS), a term introduced by Baulieu
(Baulieu and Robel, 1990; Paul and Purdy, 1992; Compagnone
and Mellon, 2000), indicates steroids that modulate the action
of the central nervous system (CNS), thereby regulating synap-
tic transmission at different targets (rapid non-genomic effect on
presynaptic receptors and long-term genomic action). The most
important effect of NS occur at the GABAA receptor, but NS may
exert various effects at the N -methyl-d-aspartate (NMDA), alpha-
amino-3-hydroxy-5-methyl-4-isoxazole-propionic acid (AMPA),
kainate, glycine, serotonin, sigma type-1, and nicotinic acetyl-
choline receptors (Rupprecht and Holsboer, 2001).

Thus, NS represent promising compounds modulating both
the pathophysiology and the pharmacotherapy of anxiety dis-
orders. Here, we provide a review of the different actions of
NS and discuss the evidence given by pre-clinical and clinical
data. The most extensively studied neurosteroid is the proges-
terone derivative 3α-hydroxysteroid-5α-pregnan-20-one (3α, 5α-
THP, allopregnanolone, Figure 1). In the brain, it is synthesized
from progesterone by the sequential action of two enzymes:
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FIGURE 1 | Biosynthetic pathway of 5α-dihydroprogesterone and 3α, 5α-tetrahydroprogesterone (3α, 5α-THP). The rate-limiting step is the cholesterol
translocation into the mitochondria by the mitochondrial translocator protein (18 kDa; TSPO). The figure shows the chemical structures of the main NS involved
in this pathway.

5α-reductase type I, which transforms progesterone into 5α-
dihydroprogestrerone (5α-DHP) and 3α-hydroxysteroid oxidore-
ductase (3α-HSD), which reduces 5α-DHP into 3α, 5α-THP in a
reversible manner (Dong et al., 2001).

SEROTONINERGIC SYSTEM
Deficient serotonergic neurotransmission in various brain regions
is thought to be involved in the development of depression
and anxiety disorders (Nordquist and Oreland, 2010). In the
1950s, the findings that imipramine, a tricyclic compound, and
iproniazid, and antituberculosis drug, were effective in depres-
sion and anxiety and the observation that both drugs cause
an elevation of extracellular monoamine levels by blocking
monoamine oxidase (MAO) or inhibiting the neuronal sero-
tonin and/or noradrenaline transporter led to the hypothesis
of a “monoamine deficiency” in affective disorders (Coppen,
1967).

Serotonin is involved in a variety of physiological and behav-
ioral functions such as mood, affect, learning, aggression, and
stress response (Ressler and Nemeroff, 2000; Strüder and Weicker,
2001a,b). It is a metabolite of l-tryptophan, converted to 5-
hydroxytryptophan (5-HTP) by the tryptophan hydroxylase,
and thereafter immediately decarboxylated to serotonin by the

aromatic l-amino acid decarboxylase (Strüder and Weicker,
2001a,b; Daubert and Condron, 2010). The serotonin transporter
(SERT; Figure 2A) is responsible for the cellular reuptake of
5-HT.

The development of the SSRIs represents an important advance
in the pharmacotherapy of psychiatric disorders (Baldwin et al.,
2010). SSRIs inhibit the reuptake of serotonin into the presy-
naptic nerve terminal, thereby increasing 5-HT concentrations
in the synaptic cleft and prolonging its activity at postsynap-
tic receptor sites. After several weeks of treatment with SSRIs, a
desensitization of presynaptic 5HT1A receptors may occur (Kinney
et al., 2000). The 5HT1A receptor is a somatodendritic autorecep-
tor. Its activation results in a decreased firing activity along the
serotonergic axon with a consequent enhancement of the sero-
tonergic neurotransmission (Castro et al., 2003; Hensler, 2003).
From the development of the serotonin transporter knockout mice
(Mathews et al., 2004) and the consequent alteration in the 5-
HT homeostasis we have learned, for example, that the density
of the 5-HT receptors may vary. 5HT1A and 5-HT2A receptors are
decreased, while 5-HT1C receptors show an up-regulation (Li et al.,
1999, 2003). Of the 18 serotonin receptor subtypes so far charac-
terized in the CNS (Raymond et al., 2001), the 1A, 2A, and 2C
subtypes are predominantly involved in the modulation of mood
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FIGURE 2 | (A) Schematic model of the serotonin transporter and the molecule structure of serotonin (5-HT). (B) Schematic model of the sigma-1 receptor and
molecule structure of the sigma-1 agonists (+)-N -allylnormetazocine and (+)-SKF-10,047.

and anxiety (Toth, 2003; van Oekelen et al., 2003). For example,
long-term fluoxetine treatment modulates the cannabinoid type-1
receptor action through 5HT1A receptor-dependent mechanisms
(Mato et al., 2010).

Fluoxetine, a selective SSRIs inhibitor is also a modulator of
neurosteroidogenesis in the brain (Pinna et al., 2006). Early studies
by Steiner et al. (1995) and Su et al. (1997) found that fluoxetine
alleviated many symptoms of premenstrual dysphoric disorder,
which specifically correlates with ovarian hormones, including
progesterone. Thus, in line with these observations, fluoxetine,
besides inhibiting serotonin reuptake, increased brain levels of 3α,
5α-THP in fluoxetine-treated rats (Uzunov et al., 1996) and in
CSF and plasma of fluoxetine-treated depressed patients (Romeo
et al., 1998; Uzunova et al., 1998). Moreover, Griffin and Mel-
lon (1999) demonstrated that fluoxetine is able to increase 3α,
5α-THP production by increasing the reduction of its precursor
5α-dihydroprogesterone (5α-DHP) via a direct interference with
the 3α-hydroxysteroid oxidoreductase. Whereas 5α-DHP medi-
ates a genomic action and interacts with intracellular progesterone
receptors (Rupprecht and Holsboer, 1999), 3α, 5α-THP is a potent
positive allosteric modulator of GABAA receptor function (Puia
et al., 1990, 2003; Lambert et al., 2003). Therefore, it may be argued
that the mere blockade of the 5-HT uptake by fluoxetine might
not be sufficient to explain its ability to counteract impulsiveness,
anxiety, panic, and mood disturbances. On the other hand, the
anxiolytic actions of fluoxetine might be explained by its ability to
increase brain neurosteroid content which, in turn, can modulate
GABAergic neurotransmission.

SIGMA-1 RECEPTORS
Sigma receptors were first described as a subclass of the opioid
receptors (Martin et al., 1976). Two different receptors have been
characterized, sigma-1 and sigma-2 receptors that display differ-
ent drug selectivity and molecular mass (Hellewell and Bowen,
1990).

Sigma-1 receptors have been studied in learning and mem-
ory processes, depression and anxiety, schizophrenia and drug
abuse (Figure 2B). They can bind various exogenous ligands of
quite different structural classes, and with different therapeutic
and pharmacological profiles (Cobos et al., 2008). The anxiolytic
activity of sigma-1 ligands was first described in the conditioned
fear stress model, in which the sigma-1 agonist (+)-SKF-10,047
was able to ameliorate conditioned fear stress (Kamei et al., 1996).
Noda et al. (2000) reported that this effect was further enhanced
in association with NS.

Neurosteroids are considered the most probable candidates as
endogenous ligands of the sigma-1 receptor (for a comprehen-
sive review see Monnet and Maurice, 2006). Cross pharmacology
between NS and sigma ligands has been reported and the anti-
depressant/anxiolytic action of NS can be antagonized by sigma
ligands. Su et al. (1988) first described the ability of steroids, in
particular progesterone, to inhibit sigma receptor binding in brain
and spleen homogenates. Specifically, while pregnenolone, dehy-
droepiandrosterone (DHEA) and their sulfate esters act as agonists
of the sigma-1 receptors, progesterone acts as a potent antagonist
(Monnet et al., 1995; Bergeron and Debonnel, 1997; Maurice and
Privat, 1997). Pregnenolone sulfate and DHEA sulfate, but not
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pregnenolone and DHEA, were able to attenuate the conditioned
fear stress response in a dose-dependent manner in mice similar to
the putative sigma-1 receptor agonist, (+)-N -allylnormetazocine
(+)-SKF-10,047 (Noda et al., 2000). These effects were all attenu-
ated by the sigma-1 antagonist NE-100. Phan et al. (1999) have
demonstrated that endogenous NS, in particular progesterone,
can directly modulate sigma-related behavior. In particular, the
efficacy of sigma-1 receptor agonists is inversely correlated with
the concentration of endogenous progesterone.

An important aspect to consider is the concurrent modula-
tion of the hypothalamic-pituitary–adrenal (HPA) axis by NS and
sigma ligands, the biological system that has been most closely
linked to the stress response in mammals. HPA axis activity is con-
trolled by the amygdala and the hippocampus. Stressors acting on
the amygdala stimulate the hypothalamus and potentially the HPA
axis, which in turn results in cortisol production by the adrenal
gland. Cortisol binds to glucocorticoid and mineralocorticoid
receptors in the hippocampus and, through a negative feed-back
loop, suppresses hypothalamic activity, and restores homeostasis.
This negative feed-back is altered in depressed/anxious patients
with a consequent enhancement of HPA axis activity (Rybakowski
and Twardowska, 1999). Stress, in turn, has been implicated to be

involved in the onset and maintenance of psychiatric disorders.
Moreover, psychosocial stressors have been shown to be related to
the onset of anxious episodes. Indeed, the stress- or panic-induced
released of NS has been suggested as an endogenous homeostatic
mechanism for restoring normal activity of the HPA axis (Barbac-
cia et al., 1996; Tait et al., 2002). Naert et al. (2007) have shown
a positive modulation by DHEA, DHEA sulfate of the HPA axis,
which could be explained also by their interaction with sigma-1
receptors (van Broekhoven and Verkes, 2003). Thus, DHEA and
DHEA sulfate rapidly activate the HPA axis through sigma-1 recep-
tors as well as GABAA and NMDA receptors which also control the
HPA axis activity (Whitnall, 1993).

GABAergic SYSTEM
γ-Aminobutyric acid is the most abundant inhibitory neurotrans-
mitter in the CNS (Figure 3A; Schousboe and Waagepetersen,
2007). GABAA receptors are one of the most important targets
for the treatment of anxiety symptoms, because reduced GABAA

receptor function may be related to the pathophysiology of anxiety
(Nikolaus et al., 2010).

Numerous compounds can potentiate the GABA action
through positive modulation of GABAA receptor function.

FIGURE 3 | Structure of the GABAA (A) and the NMDA (B) receptors.

Molecular structure of GABA, and NMDA. DHEA sulphate and pregnenolone
sulphate as positive NMDA receptor modulators, and the SERT inhibitor

fluoxetine. Fluoxetine has been shown to increase the brain and cerebrospinal
fluid content of 3α, 5α THP, a potent positive allosteric GABAA receptor
modulator.
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GABAA agonists, such as BDZs, are widely used for the acute
treatment of anxiety symptoms, such as panic, agitation, tension,
hyperarousal, sensation of lack of control, phobia, insomnia, since
they exert their efficacy much more quickly than SSRIs (Ravindran
and Stein, 2010).

Barbiturates are GABAA agonists as well and have been used in
the past in view of their anticonvulsant, anxiolytic, sedative, and
hypnotic actions. However, due to their serious side effects, such
as a profound depression of CNS activity with the induction of
pronounced sedation and a lethal risk in case of overdose, they are
considered obsolete for the treatment of anxiety disorders (Smith
and Riskin, 1991).

Neurosteroids, in particular 3α, 5α-THP, represent the most
potent endogenous positive allosteric modulator of GABAA recep-
tors, with a BDZ- and barbiturates-like action (Belelli and Gee,
1989; Belelli et al., 1990; Lambert et al., 1995). When administered
systemically, 3α, 5α-THP possesses anxiolytic and anticonvulsant
properties and at the highest doses, sedative and hypnotic actions,
similar to those elicited by other GABAA receptor agonists (Majew-
ska, 1992). The potency of NS at GABAA receptors shows a positive
correlation with their behavioral potencies (Kokate et al., 1994).
A plethora of behavioral and electrophysiological evidence sub-
stantiates the hypothesis that brain 3α, 5α-THP is a physiological
modulator of GABA with permissive action at GABAA receptors
amplifying the GABA gating of Cl-channels and increasing the
frequency and/or duration of openings of the channel (Puia et al.,
1990, 2003; Pinna et al., 2000; Dong et al., 2001). Moreover, con-
centrations in the micromolar range of this NS have been shown
to exert a certain intrinsic agonistic activity even in the absence
of GABA (Puia et al., 1990). Also the isomer 3α, 5β-THP exerts
a comparable positive modulation of GABAA receptors (Baulieu
et al., 2001).

3α, 5α-THP and its isomer bind to specific high affinity sites
expressed on GABAA receptors, which differ from that of BDZs.
While pharmacological activities of BDZs at GABA-gated ion
channels vary with the α-subunit composition and require the
presence of a γ-subunit, such strictly defined prerequisites are not
necessary for the actions of NS. Indeed, NS have high affinity for
different GABAA receptors subtypes, in particular 3α, 5α-THP is
equipotent in facilitating the action of GABA on GABAA receptor
subtypes that are either homo-oligomeric (expressing only β sub-
units) or heteromeric (expressing α and β or α, β, and γ subunits;
Puia et al., 1990; Costa and Guidotti, 1996).

Numerous studies concerning the structure–activity relation-
ship of NS at GABA receptors revealed a stereoselectivity and the
presence of a 3α-hydroxy group of steroids within the A-ring of
these molecules as a critical determinant for their positive allosteric
activity at GABAA receptors (Gee et al., 1988; Blackmore et al.,
1994; El-Etr et al., 1998).

Reduced-NS concentrations have been reported during exper-
imental panic induction with either CCK-4 or sodium lactate
in patients with panic disorders but not in normal subjects,
suggesting a decrease of the GABAergic tone during experi-
mentally induced panic attacks in patients with panic disor-
der (Strohle et al., 2003). On the other hand, increased 3α-
reduced-NS plasma concentrations have been found in panic
disorder patients in the absence of panic attacks (Strohle et al.,

2002; Brambilla et al., 2003), suggesting that a greater GABA
receptor-mediated neuronal activity might represent a compen-
satory mechanism against the occurrence of spontaneous panic
attacks.

Endogenous NS can mediate the actions of alcohol at GABAA

receptors. Indeed, alcohol administration increases the concen-
tration of NS in the brain (Barbaccia et al., 1999). Alcohol with-
drawal symptoms in rats are alleviated by NS (Finn et al., 1995).
Moreover, plasma levels of NS are markedly reduced in alcoholic
patients during the early withdrawal phase, which is accompanied
by increased anxiety and depression scores (Romeo et al., 1996).

Interestingly, it has been shown that 3α, 5α-THP can promote
spontaneous GABA release at the GnRH-producing neurons, sug-
gesting a role in the control of gonadal steroid production and
secretion (Haage et al., 2002).

Pharmacological strategies for the treatment of anxiety are not
completely satisfying so far. BDZs offer the clear advantage of
being safer and better tolerated than barbiturates (i.e., low toxicity
compared with the life-threatening barbiturate toxicity). However,
there is still abuse potential for these drugs, which is a considerable
problem. Besides the abuse, also the well known tolerance liability
(reduction in the potency of BDZs) as well as amnesia and seda-
tion represent important side effects of BDZs. Therefore, chronic
treatment with BDZs is not recommended according to current
guidelines (Licata and Rowlett, 2008).

On the other hand, it has been shown that tolerance toward
anxiolytic effects is not developed by the GABAA receptor modu-
lating NS pregnanolone with intermittent chronic dosing (Kokate
et al., 1994). Therefore, neurosteroidogenic agents that lack BDZ-
like side effects may be a promising strategy in the treatment of
anxiety.

Indeed, NS replacement is a potential therapeutic approach,
but natural NS have poor bioavailability and may be converted to
metabolites with undesired progestational activity. The synthetic
NS ganaxolone (3alpha-hydroxy-3beta-methyl-5alpha-pregnane-
20-one) is an orally active analog of 3α, 5α-THP that is not
converted to the hormonally active 3-keto form. Because of its
longer duration of action, ganaxolone might have greater tolerance
liability. However, clinical trials with ganaxolone in the treatment
of epilepsy have been encouraging and suggest that this NS has a
lower propensity for tolerance than BDZs (Reddy, 2010).

Moreover, an alternative to ganaxolone could be the use of
drugs that stimulate NS biosynthesis. One of these are ligands of
the translocator protein (18 KDa), formerly called mitochondrial
BDZ receptor, such as indoleacetamide derivatives (Romeo et al.,
1992; Auta et al., 1993). Furthermore, drugs acting on the key
enzymes (i.e., 5α-reductase; 3α-hydroxysteroid oxidoreductase)
involved in the biosynthesis of 3α, 5α-THP, such as indomethacin,
fluoxetine, and its congeners (SSRIs) are in part considered as
first choice treatment for anxiety disorders (Romeo et al., 2000;
Guidotti et al., 2001; Pinna et al., 2004). Indeed, some of the
pharmacological actions of SSRIs may depend on their ability
to increase brain NS. Importantly, due to the brain region and
neuron-specific expression of the TSPO (18 kDa) and neuros-
teroidogenic enzymes, the impact of these drugs on NS biosyn-
thesis does not occur throughout the whole brain but is rather
region-specific. Therefore, SSRIs are devoid of certain unwanted
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side effects caused by direct systemic administration of NS (Pinna
et al., 2006).

GLUTAMATE
Anxiety-related disorders are frequently treated with drugs that
target the γ-aminobutyric acid or the serotonergic system. BDZs
and SSRI are the most widely prescribed treatments of these
disorders (Westenberg, 2009). A growing body of evidence sug-
gests that glutamatergic neurotransmission may also be involved
in the biological mechanisms underlying stress response and
anxiety-related disorders.

It is well established that NS regulate gene expression (genomic
effect) and can alter neuronal excitability by interacting with
specific neurotransmitter receptors (Rupprecht and Holsboer,
1999). While 3α, 5α-THP binds to GABAA receptors thereby
increasing the time and frequency of the opening of the Cl-
channel (Majewska et al., 1986), pregnenolone sulfate (PREGS)
has been described as both a positive NMDA receptor mod-
ulator (Figure 3B; Kussius et al., 2009) and negative GABAA

receptor modulator (Mtchedlishvili and Kapur, 2003). Behavioral
studies have shown that the increase of progesterone or prog-
esterone metabolites (such as 3α, 5α-THP) in proestrus female
rats increases the anxiolytic profile in anxiety tests such as the
elevated place maze or the open field test (Frye et al., 2000). In
addiction, systemically injected 3α, 5α-THP showed an anxiolytic
profile similar to benzodiazepines or barbiturates in the mirrored
chamber test in mice (Reddy and Kulkarni, 1997). Thus, NS that
act as positive allosteric modulators of GABAA receptors have been
described as anxiolytic, sedative, and anticonvulsive substances
(Smith, 2002). On the other hand, systemically administered
PREGS showed a biphasic effect on anxiety responses depend-
ing on the dosage applied in different behavioral tests (Melchior
and Ritzmann, 1994; Reddy and Kulkarni, 1997).

TRANSLOCATOR PROTEIN
The TSPO (18 KDa), formerly known as the peripheral or mito-
chondrial benzodiazepine receptor, is the cholesterol carrier from
the outer to the inner mitochondrial membrane, which is the
rate-limiting step of steroidogenesis (Krueger and Papadopoulos,
1990; Batarseh and Papadopoulos, 2010; Rupprecht et al., 2010).
Following cholesterol translocation, pregnenolone, and ring A-
reduced neurosteroids are synthesized, which in turn may enhance
GABA-mediated neurotransmission (Rupprecht and Holsboer,
1999; Rupprecht et al., 2010). Thus enhancing neurosteroidogene-
sis, via TSPO ligands may represent a new strategy in the treatment
of anxiety (for a recent review Rupprecht et al., 2010; Nothdurfter
et al., 2011). A decrease in TSPO expression on platelets or on
lymphocytes has been demonstrated in several anxiety disorders,
such as generalized anxiety disorder (Ferrarese et al., 1990; Rocca
et al., 1991), generalized social phobia (Johnson et al., 1998), panic
disorder (Marazziti et al., 1994), adult separation anxiety disor-
der (Chelli et al., 2008), and posttraumatic stress disorder (Gavish
et al., 1996).

In line with these observations, some TSPO ligands have been
shown to exert acute anxiolytic/anticonflict activity in rodent
models. Serra et al. (1999) have shown that the selective TSPO

ligands such as the 2-phenyl-imidazo[1,2-a]pyridine derivatives
(CB 34, CB 50, and CB 54) were able to increase the brain
concentrations of pregnenolone, progesterone, 3α, 5α-THP and
allotetrahydrodeoxycorticosterone (3α, 5α-THDOC) and that this
increase was associated with a marked anticonflict effect in the
Vogel test. More recently, Verleye et al. (2005) described a positive
interaction of etifoxine, a molecule with anxiolytic-like properties
in rodents (Verleye and Gillardin, 2004), which is also effective
in the treatment of adjustment disorder with anxiety in humans
(Servant et al., 1998). In membrane preparations from intact
male rat forebrain, they demonstrated that etifoxine uncompet-
itively inhibited the binding of the TSPO ligand PK11195. More-
over, in adrenalectomized-castrated (ADX-CX) rats receiving an
anxiolytic-like effective dose of etifoxine increased concentra-
tions of pregnenolone, progesterone, 5α-DHP and 3α, 5α-THP in
plasma and brain of sham-operated animals have been observed.
The authors concluded that following activation of TSPO in the
brain, an increased cerebral production of 3α, 5α-THP may par-
tially contribute to the anxiolytic-like effects of etifoxine. Kita and
Furukawa (2008) investigated the anxiolytic-like effects of AC-
5216, a TSPO ligand, in the social interaction test in mice demon-
strating that the anxiolytic-like effects of AC-5216 require newly
synthesized neurosteroids. Recently the TSPO ligand XBD173
(AC-5216) has indeed been shown to potentiate GABA-mediated
neurotransmission in mouse neocortical slices (Rupprecht et al.,
2009). This could be prevented by the 5α-reductase inhibitor
finasteride, which indicated that its action is mediated through
the generation of GABAergic NS. Furthermore, XBD173 counter-
acted CCK-4-induced panic in rodents and more importantly in
healthy male volunteers without showing BDZs-like side effects
(Rupprecht et al., 2009).

Thus, TSPO ligands may become promising therapeutic tools
for the treatment of anxiety-related disorders without the side
effects of other GABAA enhancing drugs such as BDZs.

CONCLUSION
Neurosteroids are powerful modulators within the CNS and they
affect numerous neurophysiological processes. They exert their
action already at low concentrations and they may act on differ-
ent neurotransmitter pathways. Their ability to modulate different
pathways that also interact with each other makes them interest-
ing candidates for the pharmacotherapy of anxiety disorders, in the
case of comorbidity with other mental diseases such as mood dis-
orders. One goal may be the identification of synthetic NS which
show robust anxiolytic-like activity in view of a clear separation
between anxiolytic-like effects and sedation/ataxia. The new drugs
should have good oral bioavailability. NS apparently have less
abuse potential than benzodiazepines. Decreased abuse liability
together with the lack of interaction with ethanol, might present a
potential advantage over currently available benzodiazepine anx-
iolytics. Moreover, TSPO ligands can promote the production of
steroids, restore neurosteroid-mediated neurotransmission in the
brain, and thus compensate for anxiety states. As TSPO levels have
been found to be reduced in patients affected by anxiety disorders,
the use of ligands to stimulate TSPO steroidogenesis can offer a
novel therapeutic strategy for the treatment of anxiety.
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The pharmacological action of selective serotonin reuptake inhibitor antidepressants may
include a normalization of the decreased brain levels of the brain-derived neurotrophic factor
(BDNF) and of neurosteroids such as the progesterone metabolite allopregnanolone, which
are decreased in patients with depression and posttraumatic stress disorders (PTSD). The
allopregnanolone and BDNF level decrease in PTSD and depressed patients is associated
with behavioral symptom severity. Antidepressant treatment upregulates both allopreg-
nanolone levels and the expression of BDNF in a manner that significantly correlates
with improved symptomatology, which suggests that neurosteroid biosynthesis and BDNF
expression may be interrelated. Preclinical studies using the socially isolated mouse as an
animal model of behavioral deficits, which resemble some of the symptoms observed in
PTSD patients, have shown that fluoxetine and derivatives improve anxiety-like behavior,
fear responses and aggressive behavior by elevating the corticolimbic levels of allopreg-
nanolone and BDNF mRNA expression. These actions appeared to be independent and
more selective than the action of these drugs on serotonin reuptake inhibition. Hence,
this review addresses the hypothesis that in PTSD or depressed patients, brain allopreg-
nanolone levels, and BDNF expression upregulation may be mechanisms at least partially
involved in the beneficial actions of antidepressants or other selective brain steroidogenic
stimulant molecules.

Keywords: allopregnanolone, 5α-reductase type I, selective brain steroidogenic stimulants, GABAA receptors, BDNF,

anxiety, aggressive behavior, PTSD

INTRODUCTION
Impaired neurosteroid biosynthesis has been associated with
numerous behavioral dysfunctions, which range from anxiety-
and depressive-like behaviors to aggressive behavior and changes
in responses to contextual fear conditioning in rodent models
of emotional dysfunction (Pinna et al., 2003, 2004, 2006, 2008;
Uzunova et al., 2004, 2006; Jain et al., 2005; Martin-Garcia and Pal-
lares, 2005; Kita and Furukawa, 2008; D’Aquila et al., 2010; Pinna,
2010). In clinical studies, decreases in the serum, plasma, and cere-
brospinal fluid (CSF) content of neuroactive steroids, including
the progesterone metabolite, allopregnanolone, which is a potent
positive allosteric modulator of the action of γ-aminobutyric acid
(GABA) at GABAA receptors (Puia et al., 1990, 2003; Lambert
et al., 2003, 2009; Belelli and Lambert, 2005), are associated with
several psychiatric disorders such as depression, anxiety spectrum
disorders, posttraumatic stress disorders (PTSD), premenstrual
dysphoric disorder, schizophrenia, and impulsive aggression (Rap-
kin et al., 1997; Romeo et al., 1998; Uzunova et al., 1998; Bloch
et al., 2000; Nappi et al., 2001; Ströhle et al., 2002; Bäckström
et al., 2003; Pinna et al., 2006; Rasmusson et al., 2006; Amin et al.,
2007; Marx et al., 2009; Pearlstein, 2010). Thus, endogenous allo-
pregnanolone exerts the physiological role of regulating emotional

behavior by a potentiation of the inhibitory signal of the neuro-
transmitter GABA at GABAA receptors that are widely distributed
in the glutamatergic neurons of the cortex and limbic areas, such
as the hippocampus and the amygdala.

Allopregnanolone levels in the CSF of patients with PTSD and
unipolar major depression were approximately half of those mea-
sured in the CSF of non-psychiatric patients (Uzunova et al.,
1998; Rasmusson et al., 2006). Post-mortem studies confirmed
that in depressed patients, the decrease of allopregnanolone is
likely induced by a decrease in the expression of 5α-reductase
type I mRNA in the prefrontal-cortex (area BA9) compared with
age- and sex-matched non-psychiatric subjects (Agis-Balboa et al.,
2010; for a biosynthetic representation of allopregnanolone from
progesterone by the action of 5α-reductase, please see Figure 1).
Our clinical studies support the hypothesis of a block in the
synthesis of allopregnanolone in some individuals with PTSD
and depression. This is also shown by the finding that allopreg-
nanolone levels were the lowest among patients with comorbid
PTSD and depression (Rasmusson et al., 2006). Interestingly,
PTSD and major depressive disorder (MDD) are often comor-
bid and share multiple symptoms. Whereas PTSD is defined as a
type of anxiety disorder that can occur as a result of experiencing
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a traumatic event that involved the threat of injury or death, sev-
eral epidemiological studies show that depression diagnosed after
trauma exposure is almost always comorbid with PTSD, which
suggests that comorbid PTSD/MDD may likely be considered as a
more severe PTSD (Breslau et al., 2002).

In depressed patients, treatment with selective serotonin reup-
take inhibitors (SSRIs) including fluoxetine and fluvoxamine nor-
malized CSF allopregnanolone content, which significantly cor-
related with the improvement in depressive symptoms (Uzunova
et al., 1998). These data suggested that a deficit of GABAergic neu-
rotransmission, likely caused by a downregulation of brain allo-
pregnanolone biosynthesis in corticolimbic glutamatergic neu-
rons, should be among the molecular mechanisms considered
in the etiology of depression and PTSD. Upregulation of allo-
pregnanolone biosynthesis appears to be a novel mechanism for
the therapeutic effects of SSRIs (Pinna et al., 2009), at least for
the anxiolytic, antidysphoric, and antiaggressive effects of these
drugs. Likewise, neurosteroidogenic molecules that are unrelated
to the SSRI class of drugs, including the ligands of the 18 kDa
translocase protein (TSPO), which is involved in the transport of
cholesterol across the inner mitochondrial membrane and activa-
tion of neurosteroidogenesis (Rupprecht et al., 2010; Schüle et al.,
2011), have been recently suggested as a new class of anxiolytic
drugs. These drugs exert their anxiolytic effects by increasing the
brain levels of allopregnanolone but unlike benzodiazepines, are
devoid of unwanted side effects, including sedation, tolerance, and
withdrawal symptoms (Serra et al., 1999; Rupprecht et al., 2009;
Schüle et al., 2011). The advantage of a new generation of non-
benzodiazepine anxiolytics for the treatment of PTSD patients lies
in the finding that PTSD patients fail to respond to the pharma-
cological effects of anxiolytic benzodiazepines (Gelpin et al., 1996;
Viola et al., 1997; Davidson, 2004).

Interestingly, parallel investigations by several other labora-
tories have observed that in clinical studies, the brain-derived
neurotrophic factor (BDNF) appears to play an important role
in several psychiatric disorders, including PTSD and depression.
BDNF plays a pivotal physiological role by maintaining trophism
in the adult brain, affecting dendritic spine morphology, branch-
ing and synaptic plasticity, and long-term potentiation (LTP) with
important implications for learning and memory and emotional
behavior (Egan et al., 2003; Nagahara and Tuszynski, 2011). BDNF
expressed in cortical and hippocampal pyramidal neurons can be
released in the surrounding neuropil around cell bodies and den-
drites and thus, becomes available for local utilization (Wetmore
et al., 1994). The synthesis and release of BDNF by these pyramidal
neurons provides evidence for both a paracrine and an autocrine
role for BDNF and establishes a local source of trophic support for
the maintenance of synaptic plasticity in the mature brain (Wet-
more et al., 1994; Waterhouse and Xu, 2009; Cowansage et al.,
2010). Because of these characteristics, BDNF may play an impor-
tant role in the adaptation of corticolimbic areas to stress and to
the action of antidepressants.

In psychiatric patients, BDNF expression was indeed decreased
in both the post-mortem brain and in the blood cells of depressed
patients. Further, the extent of BDNF downregulation positively
correlated with the severity of depressive symptoms (Karege et al.,
2002, 2005; Gonul et al., 2005; Piccinni et al., 2008). The levels

of BDNF in the post-mortem brain of depressed patients were
elevated in antidepressant-treated subjects (Chen et al., 2001;
Aydemir et al., 2005; Gonul et al., 2005; Brunoni et al., 2008;
Piccinni et al., 2008; Sen et al., 2008; Matrisciano et al., 2009).
BDNF expression was also increased when patients were subjected
to transcranial magnetic stimulation, vagus nerve stimulation, or
electroconvulsive therapy (Bocchio-Chiavetto et al., 2006; Lang
et al., 2006).

In protracted stress rodent studies, neurotrophins including
BDNF have been identified as neuroendocrine effectors involved in
the response to stress and in the behavioral dysfunction associated
with anxiety and depression. Protracted stress in rodents induces
morphological changes, such as decreased neurogenesis and neu-
ronal atrophy (Sapolsky, 2000; McEwen et al., 2002; Duman, 2004;
Tsankova et al., 2006). Social deprivation,a condition lacking social
stimuli, for instance might represent a stressful condition trigger-
ing the emergence of dysfunctional emotional behavior charac-
terized by increased emotionality and hypothalamic–pituitary–
adrenal (HPA) axis reactivity in addition to reduced BDNF levels
(Berry et al., 2011). Several antidepressant treatments have been
shown to increase BDNF levels in the brain. Interestingly, antide-
pressant normalization of the stress-induced decrease of BDNF in
mouse models appeared to be associated with long-term treatment
with antidepressants (Nibuya et al., 1995; Shirayama et al., 2002;
Russo-Neustadt et al., 2004; Alfonso et al., 2006). Of note, BDNF
infusion into the hippocampus induces antidepressant-like effects
in animal models of depression (Shirayama et al., 2002). On the
other hand, mice lacking BDNF fail to respond to antidepressants
(Monteggia et al., 2004).

Meanwhile, several preclinical studies observed that fluoxetine,
paroxetine, sertraline, and other SSRIs increase the content of
allopregnanolone in various rodent brain areas (Uzunov et al.,
1996). Using the socially isolated mouse model of behavioral
deficits that resemble symptoms of human anxiety disorders and
PTSD (Pinna et al., 2003, 2004; reviewed in Pinna et al., 2006;
Pinna, 2010 and Pinna et al., 2009), we have shown that corticol-
imbic allopregnanolone levels are decreased in association with
the development of anxiety-like behaviors, resistance to sedation,
and heightened aggression (Pinna et al., 2003, 2006; Nin et al.,
2011). Several reports on the mechanisms by which SSRIs increase
allopregnanolone biosynthesis confirmed the hypothesis that the
behavioral effects of fluoxetine were unrelated to the serotonin
reuptake inhibitory activity of these drugs (Pinna et al., 2003, 2004,
2009).

This review will examine whether neurosteroidogenesis and
BDNF expression are interrelated and whether by elevating
allopregnanolone biosynthesis, antidepressant therapy regulates
BDNF expression.

ALLOPREGNANOLONE AND BDNF BIOSYNTHESIS AND
ACTION IN CORTICOLIMBIC NEURONS
Independent of peripherally-derived progestins, allopregnanolone
may be synthesized in the brain (Baulieu, 1981; Cheney et al.,
1995; Baulieu et al., 2001; Guidotti et al., 2001; Stoffel-Wagner,
2001) from progesterone by the sequential action of two
enzymes: 5α-reductase type I, which reduces progesterone to
5α-dihydroprogesterone (5α-DHP), and is the rate-limiting step
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FIGURE 1 | In the brain, allopregnanolone is synthesized from

progesterone by the sequential action of: (i) 5α-reductase type I (5α-RI),

which reduces progesterone into 5α-dihydroprogesterone (5α-DHP) and

functions as the rate-limiting step enzyme in allopregnanolone

biosynthesis; and (ii) 3α-hydroxysteroid dehydrogenase (3α-HSD), which

either converts 5α-DHP into allopregnanolone (reductive reaction) or

allopregnanolone into 5α-DHP (oxidative reaction).

17β-(N,N -diisopropylcarbamoyl)-androstan-3,5-diene-3-carboxylic acid (SKF
105,111) is a potent competitive 5α-RI inhibitor (Cheney et al., 1995).
S-norfluoxetine stimulates the accumulation of allopregnanolone likely by
targeting 3α-HSD (Griffin and Mellon, 1999). P450 scc, P450 cholesterol
side-chain cleavage; 3β-HSD, 3β-hydroxysteroid dehydrogenase.

enzyme in allopregnanolone biosynthesis (Figure 1); and 3α-
hydroxysteroid dehydrogenase (3α-HSD), which either converts
5α-DHP into allopregnanolone (reductive reaction) or allopreg-
nanolone into 5α-DHP (oxidative reaction; Figure 1).

Allopregnanolone reaches physiologically relevant levels that
modulate GABAA receptor neurotransmission (Puia et al., 1990,
1991, 2003; Majewska, 1992; Pinna et al., 2000; Lambert et al., 2003,
2009; Belelli and Lambert, 2005). Allopregnanolone potently (nM
affinity) induces a positive allosteric modulation of the action of
GABA at GABAA receptors (Puia et al., 1990, 1991; Lambert et al.,
2003, 2009). The physiological relevance of endogenous allopreg-
nanolone is underlined by its facilitation and fine-tuning of the
efficacy of direct GABAA receptor activators and positive allosteric
modulators of GABA effects at GABAA receptors (Pinna et al.,
2000; Guidotti et al., 2001; Matsumoto et al., 2003; Puia et al.,
2003).

Allopregnanolone potentiates GABA responses via two binding
sites in the GABAA receptor that, respectively, mediate the poten-
tiation and direct activation effects of allopregnanolone. Direct
GABAA receptor activation is initiated by the binding of allopreg-
nanolone at a site formed by interfacial residues between the α and
β subunits (Hosie et al., 2006). Binding of allopregnanolone at the
potentiation site located in a cavity within the α-subunit results
in a marked enhancement of GABAA receptor activation (Hosie
et al., 2006).

The localization of enzymes involved in allopregnanolone
biosynthesis in the brain remained unclear until recent investi-
gations in the mouse (Agis-Balboa et al., 2006, 2007; reviewed
in Pinna et al., 2008). In our studies, 5α-reductase and 3α-HSD
were shown to be highly expressed and colocalized in a region-
specific way in primary GABAergic and glutamatergic neurons
(pyramidal neurons, granular cells, reticulo-thalamic neurons,
medium spiny neurons of the striatum and nucleus accumbens,
and Purkinje cells), and were virtually unexpressed in GABAer-
gic interneurons and glial cells (Agis-Balboa et al., 2006, 2007).
Allopregnanolone synthesized in glutamatergic cortical or hip-
pocampal pyramidal neurons or in granular cells of the dentate
gyrus may be secreted in a paracrine manner by which allopreg-
nanolone may reach GABAA receptors located in the synaptic
membranes of other cortical or hippocampal pyramidal neu-
rons (Figure 2, arrow 1). It could also occur in an autocrine
fashion, which would allow allopregnanolone to act locally by

binding post-synaptic or extra-synaptic GABAA receptors located
on the same dendrites or cell bodies of the cortical or hippocam-
pal pyramidal neuron in which allopregnanolone was synthesized
(Agis-Balboa et al., 2006; Figure 2, arrow 2). Allopregnanolone
might also diffuse laterally into synaptosome membranes of the
cell bodies or dendritic arborization of glutamatergic neurons
in which it is produced to attain intracellular access to specific
neurosteroid binding sites of GABAA receptors (Akk et al., 2005;
Agis-Balboa et al., 2006; Figure 2, arrow 3). Allopregnanolone and
5α-dihydroprogesterone (5α-DHP) may also affect intracellular
signaling regulating gene expression, including BDNF expression
(Figure 2, arrow 4).

The pro- and mature-forms of BDNF are synthesized and can
be released from neurons by either a constitutive secretion or
activity-dependent release (Mowla et al., 1999). Mature BDNF
appears to be the most abundant form and that of highest phys-
iological significance in the adult brain (Matsumoto et al., 2008;
Rauskolb et al., 2010). Also, it is widely distributed in the fore-
brain and in most of cortical and limbic regions, including the
cortex and hippocampus (reviewed in Nagahara and Tuszynski,
2011). Upon release, BDNF binds to two different receptors, the
tropomyosin-related kinase receptor type B (TRKB), and the p75
receptor (Soppet et al., 1991). The most widely expressed BDNF
receptor across various brain areas, TRKB is considered highly
significant for BDNF functional actions in adulthood due to its
higher binding affinity with BDNF and brain regional distribu-
tion (reviewed in Nagahara and Tuszynski, 2011). On the other
hand, in the adult brain the BDNF low-affinity p75 receptor is
expressed in basal forebrain cholinergic neurons and in a few
cortical neurons (Lu et al., 1989). Interestingly, while mature
BDNF binds with higher affinity to TRKB receptors, pro-BDNF
has a higher affinity binding for p75 receptors. This difference
in the binding of the two forms of BDNF is pivotal in terms of
function. In fact, whereas the mature form of BDNF, by bind-
ing to TRKB, induces important physiological roles, including
neuronal survival and the activation of several genes such as
the cyclic AMP-response element-binding protein (CREB), the
binding of pro-BDNF to p75 receptors has opposite effects, sup-
porting apoptotic signaling (Koshimizu et al., 2010). The local
release of BDNF in corticolimbic neurons may also regulate
behavior by a rapid action on neurotransmitter systems (see also
Figure 2).
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FIGURE 2 | Allopregnanolone biosynthesis and action on GABAA

receptors located on synaptic membranes of cortical pyramidal

neurons. GABA, after been released from GABAergic interneurons, binds
to and activates post-synaptic and extra-synaptic GABAA receptors.
Allopregnanolone facilitates the synaptic inhibitory action of GABA at
post-synaptic and extra-synaptic GABAA receptors by a paracrine (arrow 1)
or autocrine (arrow 2) mechanism or may access GABAA receptors by
acting at the intracellular sites (arrow 3) of the GABAA receptors. Finally,
allopregnanolone may affect the expression of target genes, including
BDNF, directly (arrow 4) or indirectly (arrow 5) by acting at GABAA receptors.
BDNF may be released and induce rapid effects at synapses via altering ion
channels, or may exert intracellular genomic actions. Modified from Pinna
et al. (2008).

BEHAVIORAL DYSFUNCTIONS ASSOCIATED WITH SOCIAL
ISOLATION
Exposure of mice or rats to protracted social isolation stress for
4–8 weeks induces a decrease in allopregnanolone levels in sev-
eral corticolimbic structures as a result of a downregulation of
the mRNA and protein expression of 5α-reductase type I (Mat-
sumoto et al., 1999; Serra et al., 2000; Pinna et al., 2003; Bortolato
et al., 2011; reviewed in Matsumoto et al., 2007; Pinna, 2010).
5α-reductase is specifically decreased in cortical pyramidal neu-
rons of layers V–VI, in hippocampal CA3 pyramidal neurons
and glutamatergic granular cells of the dentate gyrus, and in the
pyramidal-like neurons of the basolateral amygdala (Agis-Balboa
et al., 2007). However, 5α-reductase fails to change in GABAer-
gic neurons of the reticular thalamic nucleus, central amygdala,
cerebellum, or in the medium spiny neurons of the caudatus and
putamen (Agis-Balboa et al., 2007). The decrease of 5α-reductase
in the above-mentioned brain areas resulted in a reduction of
allopregnanolone levels (Pibiri et al., 2008).

Allopregnanolone biosynthesis appears to be a pivotal bio-
marker of behavioral deficits, including aggression, anxiety-like
behavior, and changes in fear expression induced in rodent models
of depression and anxiety spectrum disorders (Dong et al., 2001;
Pinna et al., 2003, 2006, 2009; Uzunova et al., 2004, 2006; Pinna,
2010). In our laboratory, we have used socially isolated mice to

establish an association between allopregnanolone biosynthesis
and behavioral deficits as well as their reversal following pharma-
cological treatment (Matsumoto et al., 2003; Pinna et al., 2006,
2009; Pibiri et al., 2008; Nelson and Pinna, 2011). In mice socially
isolated for a period of up to 8 weeks,we have demonstrated a time-
dependent increase in aggressive behavior over the first 4 weeks of
isolation accompanied by a time-dependent decrease of corticol-
imbic allopregnanolone levels (Pinna et al., 2003, 2004, 2006, 2008;
Pinna, 2010). Similarly, socially isolated mice exposed to a clas-
sical fear conditioning paradigm showed enhanced conditioned
contextual but not explicitly cued fear responses compared with
group-housed mice (Pibiri et al., 2008; Pinna et al., 2008). The
time-related increase of contextual fear responses correlated with
the downregulation of 5α-reductase mRNA and protein expres-
sion observed in several corticolimbic areas, such as the frontal
cortex, the hippocampus, and the amygdala (Pibiri et al., 2008).
Likewise, social isolation in mice results in anxiety-like behavior
(Pinna et al., 2006; Nin et al., 2011).

Pharmacological treatment with allopregnanolone dose-
dependently decreased aggression in a manner that correlated
with an increase in corticolimbic allopregnanolone content (Pinna
et al., 2003). These antiaggressive effects of allopregnanolone were
confirmed by experiments in which allopregnanolone was directly
infused into the basolateral amygdala, which increased the levels of
basolateral amygdala and hippocampus allopregnanolone (Nelson
and Pinna, 2011).

Allopregnanolone also normalized the exaggerated contextual
fear responses and anxiety of socially isolated mice (Pibiri et al.,
2008). Administration of the potent 5α-reductase competitive
inhibitor SKF 105,111 to normal group-housed mice (Cheney
et al., 1995; Pinna et al., 2000, 2008; Pibiri et al., 2008) rapidly
(∼1 h) decreased levels of allopregnanolone in the olfactory bulb,
frontal cortex, hippocampus, and amygdala by 80–90% (Pibiri
et al., 2008; Pinna et al., 2008) in association with a dose-dependent
increase of conditioned contextual fear responses (Pibiri et al.,
2008). The effects of SKF 105,111 on conditioned contextual fear
responses were reversed by administering allopregnanolone doses
that normalized hippocampus allopregnanolone levels (Pibiri
et al., 2008). The anxiolytic and antidepressant properties of allo-
pregnanolone have been extensively documented by several other
laboratories using various rodent models of abnormal behavior
(Bitran et al., 1991; Wieland et al., 1991; Rodgers and Johnson,
1998; Frye and Rhodes, 2006; Engin and Treit, 2007; Nin et al.,
2008; Frye et al., 2009; Deo et al., 2010).

SSRIs ACT AS SELECTIVE BRAIN STEROIDOGENIC
STIMULANTS AND ABOLISH BEHAVIORAL ABNORMALITIES
Results obtained in our laboratory have suggested that adminis-
tration of a racemic mixture of the R- and S-isomers of fluox-
etine induced increases in corticolimbic allopregnanolone levels
and normalized the righting reflex loss induced by pentobarbi-
tal in mice (Pinna et al., 2003, 2004, 2009). Importantly, at the
doses used, fluoxetine failed to change the behavior and allopreg-
nanolone levels of group-housed mice (Pinna et al., 2003, 2004).
Thus, we hypothesized that fluoxetine could ameliorate the behav-
ioral deficits of socially isolated mice by upregulating corticolim-
bic allopregnanolone levels rather than by inhibiting serotonin
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reuptake. This hypothesis was investigated using the R- and S-
stereoisomers of fluoxetine and norfluoxetine as pharmacological
tools. We expected that these drugs would stereospecifically upreg-
ulate corticolimbic allopregnanolone content but have no stereo-
selectivity with regard to inhibition of 5-HT reuptake. Fluoxetine
dose-dependently and stereospecifically normalized the duration
of pentobarbital-induced sedation and reduced aggressiveness,
fear responses, and anxiety-like behavior at the same submicro-
molar doses that normalized the downregulation of brain allo-
pregnanolone content in socially isolated mice (Pinna et al., 2003,
2004, 2006, 2008, 2009). Interestingly, the S-stereoisomers of flu-
oxetine or norfluoxetine appeared to be three-to-sevenfold more
potent than their respective R-stereoisomers and S-norfluoxetine
was about fivefold more potent than S-fluoxetine. Importantly,
the effective concentrations (EC50s) of S-fluoxetine and S-
norfluoxetine that normalize brain allopregnanolone content are
10- (S-fluoxetine) and 50-fold (S-norfluoxetine) lower than their
respective EC50s needed to inhibit 5-HT reuptake (Pinna et al.,
2003, 2004, 2009; Pinna, 2010). Of note, the SSRI activity of
S or R-fluoxetine and of S or R-norfluoxetine was devoid of
stereospecificity (Pinna et al., 2003, 2004).

These studies have clearly demonstrated that in socially isolated
mice the pharmacological actions of SSRIs are induced by their
ability to act as selective brain steroidogenic stimulants (SBSSs),
which suggests a novel and more selective mechanism for the
behavioral action of this class of drugs.

NEUROSTEROIDS AND NEUROSTEROIDOGENIC
ANTIDEPRESSANTS REGULATE NEUROGENESIS AND
NEURONAL SURVIVAL
Adult neurogenesis in the hippocampus begins by dividing precur-
sor cells originating in the subgranular zone (SGZ). Another brain
structure characterized by intense neurogenesis is the subventricu-
lar zone (SVZ). The differentiation and integration of new neurons
to the adult dentate gyrus plays an important role in plasticity and
represents a fundamental step in hippocampus-dependent learn-
ing/memory processes and possibly affects emotional behavior
(Deng et al., 2010).

A growing number of studies support a role for steroid hor-
mones [progesterone, allopregnanolone, dehydroepiandrosterone
(DHEA) and its sulfated form DHEAS, estradiol, and androgens]
in neurogenesis and cellular survival. Stem cells with multi dif-
ferentiation potential for neuronal phenotypes are influenced by
steroid hormones, such as regulating gene expression by binding to
intracellular steroid receptors, activation of intracellular pathways
involving kinases or intracellular calcium signaling, and modu-
lation of receptors for neurotransmitters (reviewed in Velasco,
2011). Interestingly, steroid hormones can even substitute for
modulate the action of growth factors and also directly influ-
ence self-renewal, proliferation, differentiation, or cell death of
neurogenic stem cells.

Several environmental or internal factors affect neurogene-
sis in the hippocampus, among them social stress, including
protracted social isolation, potently decreases neurogenesis (Dra-
novsky et al., 2011). Likewise, several stress-induced rodent models
of depression show impaired neurogenesis (Coyle and Duman,
2003; Kempermann and Kronenberg, 2003). On the other hand,

environmental enrichment, exercise, learning, and antidepressant
treatments are able to increase the number, differentiation, and
survival of newborn hippocampal neurons (Kempermann and
Gage, 1998; van Praag et al., 1999; Leuner et al., 2004; Dra-
novsky and Hen, 2006). Interestingly, the pharmacological effects
of neurosteroidogenic antidepressants can be abolished by reduc-
ing dentate gyrus neurogenesis (Santarelli et al., 2003; David et al.,
2009), suggesting that the pharmacological effects of antidepres-
sants may include the stimulation of neuronal progenitor cells,
which has been reported in studies with rodent, human, and
non-human primate hippocampus (Kempermann and Kronen-
berg, 2003; Boldrini et al., 2009). The adult amygdala shows signs
of mixed activity-dependent plasticity with reduced numbers of
microglia and a low level of proliferation and limited changes
over time in neuronal and glial immunocytochemical properties
(Ehninger et al., 2011). However, the basolateral amygdala seems
to play a role in antidepressant-mediated hippocampal cell pro-
liferation and survival as demonstrated by studies in rodents in
which only when the basolateral amygdala was lesioned, did flu-
oxetine have a positive effect on hippocampal cell survival and
antidepressant action (Castro et al., 2010).

Glucocorticoids have been shown to exert a primary and per-
missive regulatory role in hippocampal neurogenesis. Whereas
stress-induced increased glucocorticoid levels reduce the prolif-
eration of progenitor cells in the dentate gyrus, the reduction
of their levels following adrenalectomy enhances neurogenesis
(Wong and Herbert, 2004). DHEA and DHEAS also promote
neurogenesis and neuronal survival. Given to rats, DHEA stim-
ulated progenitor cell division and counteracted the suppressive
effects of corticosterone (Karishma and Herbert, 2002). In another
study, DHEA and DHEAS increased neurogenesis in the dentate
gyrus, likely by increasing the concentrations of BDNF. A sin-
gle administration of DHEA or DHEAS changed regional brain
concentrations of BDNF within 5 h (Naert et al., 2007). DHEA
decreased BDNF content in the hippocampus but not in the
amygdala and increased BDNF in the hypothalamus. DHEAS
first decreased BDNF after 30 min post-injection and increased
BDNF after 3 h in the hippocampus. A biphasic increase in
BDNF in the amygdala and decreased BDNF in the hypothala-
mus was also reported (Naert et al., 2007). This work suggests
that DHEA and DHEAS affect BDNF levels by different mecha-
nisms with unclear effects on neurogenesis and neuronal survival.
DHEAS promoted survival of adult human cortical brain tis-
sue in vitro (Brewer et al., 2001). DHEAS was as effective as
the human recombinant fibroblast growth factor (FGF2) in pro-
moting survival of neuron-like cells. DHEAS and FGF2 were
synergistic in increasing cell survival (Brewer et al., 2001). Inter-
estingly, DHEA showed a synergistic effect with antidepressants,
in fact, it can render an otherwise ineffective dose of fluoxetine
capable of increasing progenitor cell proliferation to the same
extent as doses four times higher, which supports a role for
DHEA as a useful adjunct therapy for depression (Pinnock et al.,
2009).

Progesterone and progesterone metabolites, including allopreg-
nanolone, also play a pivotal role on neurogenesis and neuronal
survival. In the dentate gyrus of adult male mice, administra-
tion of progesterone increased the number of cells by twofold,
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likely by enhancing cell survival of newborn neurons (Zhang et al.,
2010). The effects of progesterone appeared to be partially medi-
ated by binding to progesterone receptors, as suggested by the
fact that the 5α-reductase inhibitor finasteride failed to prevent
this effect, which was instead partially blocked by the proges-
terone antagonist RU486 (Zhang et al., 2010). In an in vitro study,
both progesterone and allopregnanolone promoted human and
rat neural progenitor cell proliferation. Allopregnanolone showed
greater efficacy at the same concentration (Wang et al., 2005).
In in vivo studies, allopregnanolone increased BrdU incorpora-
tion in the 3-month-old mouse hippocampal SGZ as well as in
the SVZ (Brinton and Wang, 2006; Wang et al., 2010). These
data suggested that for both neuroprotection and also likely for
neurogenesis, allopregnanolone is the preliminary active agent.
The role of allopregnanolone on neurogenesis was additionally
tested on cerebellar granule cells. Allopregnanolone increased
the proliferation of immature cerebellar granular cells taken
from 6- to 8-day-old pups. This effect was abolished by bicu-
culline and picrotoxin (antagonists of GABAA receptors) and
by nifedipine (dihydropyridine l-type-calcium channel blocker),
which suggested that allopregnanolone increases DNA synthe-
sis through a GABAA receptor-mediated activation (Keller et al.,
2004).

Progesterone synthesized in Schwann cells also exerts impor-
tant effects in the peripheral nervous system by promoting myelin-
ation, likely by an action mediated through progesterone recep-
tors, although allopregnanolone also plays a role. Interestingly,
progesterone stimulated myelin-specific proteins [e.g., protein 0
(P0) and the peripheral myelin protein-22 (PMP-22)] (Désar-
naud et al., 1998; Melcangi et al., 1998, 1999; Notterpek et al.,
1999) and increased the expression of Krox-20, a transcription
factor crucially involved in myelination in the peripheral nervous
system (Guennoun et al., 2001, reviewed in Mellon, 2007). As
mentioned above, some effects on the expression of the myelin
basic protein were likely mediated through allopregnanolone, as
demonstrated by a study in which the use of finansteride to
inhibit 5α-reductase also partially inhibited the effects of prog-
esterone. The involvement of allopregnanolone in myelination
was further demonstrated by the finding that bicuculline inhibited
the effect of allopregnanolone, providing evidence that allopreg-
nanolone was involved in the increased expression of myelin basic
proteins.

Hence, allopregnanolone has pronounced neuroprotective
actions, increases myelination, and enhances neurogenesis and cell
survival. Evidence suggests that allopregnanolone dysregulation
may play a role in the pathophysiology of Alzheimer’s disease and
other neurodegenerative disorders, as demonstrated by data that
allopregnanolone is reduced in the prefrontal and temporal cor-
tex of patients with Alzheimer’s disease compared to cognitively
intact male control subjects and inversely correlated with the neu-
ropathological disease stages. Thus, the normal age-related decline
of allopregnanolone or its decline and that of other neurosteroids
in psychiatric or neurological disorders (e.g., Alzheimer’s disease)
may trigger the subsequent decrease of neurogenesis and decreased
expression of growth factors (Wang et al., 2008). Alternatively, the
restored brain content of allopregnanolone following treatment
with a steroidogenic drugs reverses neurogenesis downregulation

and improves emotional and cognitive function (Santarelli et al.,
2003; David et al., 2009).

RELATIONSHIP BETWEEN BDNF AND ALLOPREGNANOLONE
IN CORTICOLIMBIC NEURONS
Decreased levels of BDNF have been implicated in the mechanisms
underlying the clinical manifestations of PTSD and depression and
also in an impairment of cognitive function in neurologic and psy-
chiatric disorders following protracted stressful events. A hyperac-
tive HPA axis and higher levels of circulating glucocorticoids have
been associated with dysfunctional emotional behavior that can
be normalized by antidepressant treatment (Holsboer and Bar-
den, 1996; Mason and Pariante, 2006). It has been well established
that protracted stressful events affecting emotional behaviors also
decrease the levels of neurotrophins, including BDNF. Both PTSD
and depressed patients express decreased levels of BDNF in the
hippocampus and plasma (Sen et al., 2008). Of note, PTSD and
depression have consistently been associated with decreased hip-
pocampal volume with no differences in total cerebral volume
or functional impairment (Sheline et al., 1996, 2002; Schmahl
et al., 2009; Acheson et al., 2011). Studies aimed at identifying the
functional significance of hippocampal volume loss demonstrated
an association between hippocampal volume decrease and mem-
ory loss (Nagahara and Tuszynski, 2011). Altogether, these studies
suggest that depression and PTSD are associated with hippocam-
pal atrophy. Therapy using neurosteroidogenic antidepressants
resulted in an improvement of PTSD and depressive symptoms
and in a significant improvement in mean hippocampal volume
(Vermetten et al., 2003; Nagahara and Tuszynski, 2011). In sev-
eral studies, these neurosteroidogenic antidepressants have been
reported to upregulate serum and hippocampal BDNF levels in
post-mortem brains, which correlated with improved symptoms
(Chen et al., 2001; Shimizu et al., 2003; Sen et al., 2008). Similar
results were reported in individuals who received electroconvul-
sive therapy (Altar et al., 2003). Thus, these results suggest that
antidepressant-mediated BDNF upregulation may counteract hip-
pocampal atrophy by stimulating dendritic spine arborization and
morphology and neurogenesis.

Several stress models in rodents, including acute or protracted
restrain stress, resulted in decreased expression levels of hippocam-
pal BDNF (reviewed in Smith et al., 1995; Ueyama et al., 1997;
Tapia-Arancibia et al., 2004). Protracted social isolation is also a
powerful stressful condition that would account for several dys-
functional emotional phenotypes associated with reduced expres-
sion of BDNF. For instance, social isolation in mice increased emo-
tionality and HPA axis levels while reducing expression of BDNF
levels (Berry et al., 2011). Isolation of rats at weaning reduced
immobility time in the forced swim test, decreased sucrose intake
and preference, and downregulated both BDNF and activity-
regulated cytoskeletal associated protein (Arc) in the hippocampus
(Pisu et al., 2011). Likewise, a prolonged period of partial social
isolation can modify BDNF protein concentrations selectively in
the hippocampus with no changes in prefrontal cortices and stri-
ata. In this study, housing condition had no effect on basal plasma
corticosterone (Scaccianoce et al., 2006).

Interestingly, plasticity in corticolimbic circuits is a prerequi-
site for triggering extinction of fear conditioning responses (Egan
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et al., 2003; Quirk and Milad, 2010). In these circuits, BDNF medi-
ates plasticity and can be epigenetically regulated in a manner
that correlates with fear extinction (Bredy et al., 2007). Accord-
ingly, mice with a global deletion of one BDNF allele or with a
forebrain-restricted deletion of both alleles show deficits in cogni-
tion, anxiety-like behavior, and elevated aggressive behavior (Rios
et al., 2001). BDNF-restricted knockout mice instead exhibited ele-
vated aggression and social dominance but did not show changes
in anxiety-like behaviors (Ito et al., 2011).

Relying on these reports and on clinical and preclinical studies
from our own group, we hypothesized that in PTSD and depressed
patients who show a decrease of CSF allopregnanolone levels,
antidepressant-induced allopregnanolone level upregulation was
involved in the antidepressant mechanisms underlying the eleva-
tion of BDNF levels. Part of this hypothesis was that allopreg-
nanolone regulates BDNF expression. Studies conducted in our
laboratory in socially isolated mice have shown that a decrease of
corticolimbic allopregnanolone levels is associated with decreased
levels of corticolimbic BDNF mRNA expression (Nelson et al.,
2010). We found that allopregnanolone levels and BDNF mRNA
expression are downregulated in the same brain areas, namely the
medial frontal cortex, hippocampus, and BLA and fail to change
in the cerebellum and striatum (Pibiri et al., 2008; Nelson et al.,
2010).

To test whether these neurochemical deficits were associated
with behavioral dysfunctions (exaggerated contextual fear con-
ditioning and impaired extinction), mice were exposed to a
novel environment (i.e., context, a training chamber) and were
allowed to explore it for 2 min. After this time, they received
an acoustic tone (i.e., conditioned stimulus, CS; 30 s, 85 dB) co-
terminated with an unconditioned stimulus (US; electric foot-
shock, 2 s, 0.5 mA). The tone plus the foot shock were repeated
three times every 2 min. After the last tone + shock delivery, mice
were allowed to explore the context for an additional minute prior
to removal from the training chamber (total of 8 min). On re-
exposure to the context 24 h later, the mice displayed a conditioned
fear response, including sustained freezing behaviors. Freezing
behavior, defined by the absence of any movement except for
those related to respiration while the animal is in a stereotyped
crouching posture (Pibiri et al., 2008), was measured for 5 min
without tone or footshock presentation. Socially isolated mice
also exhibited delayed and incomplete extinction of fear responses,
which was assessed by exposing mice to the conditioning chamber
on five consecutive days. The decrease of corticolimbic allopreg-
nanolone levels and BDNF mRNA expression were also associated
with changes in anxiety-like behavior and aggressiveness, which
were assessed by using an elevated plus maze and the resident–
intruder test, respectively (Pinna et al., 2003, 2006; Nin et al.,
2011).

Of note, in socially isolated mice we further studied the mean of
spine density and the percentage of mature spines in layer III of the
frontal cortex. Spine density was lower for socially isolated mice
along the entire extent of the apical and basilar dendrites. Socially
isolated mice also had a lower percentage of mature spines on
both the apical and basilar dendrites. For the apical dendrite, the
greatest decrease in percentage of mature spines for isolated mice
was in the proximal portion of the dendrite, while for the basilar

dendrite, the greatest decrease in percentage of mature spines was
in the mid and distal portion of the dendrite (Tueting and Pinna,
2002 and manuscript in preparation).

Allopregnanolone treatment or S-norfluoxetine at concen-
trations sufficient to increase the levels of allopregnanolone in
corticolimbic areas normalized BDNF mRNA expression in cor-
ticolimbic areas of socially isolated mice (Martinez et al., 2011).
This treatment also improved dendritic spine morphology and
behavioral deficits. S-norfluoxetine and allopregnanolone treat-
ment induced a reduction of conditioned fear and facilitated fear
extinction (Pibiri et al., 2008; Nelson et al., 2010). These treat-
ments also prevented the reinstatement of fear memory following
extinction, suggesting that allopregnanolone- or S-norfluoxetine-
induced BDNF upregulation in corticolimbic areas strengthens
extinction processing. Importantly, S-norfluoxetine and allopreg-
nanolone actions on conditioned fear responses were mimicked
by a single BDNF bilateral microinfusion into the BLA, which
dose-dependently facilitated fear extinction and abolished the
reinstatement of fear responses in the absence of locomotion
impairment (Martinez et al., 2011). These observations support
the hypothesis that by increasing allopregnanolone levels, SBSS
drugs such as S-norfluoxetine may be involved in the regula-
tion of corticolimbic BDNF expression and may induce long-
term improvement in the behavioral dysfunctions that relate to
PTSD.

These results originated in our laboratory are in accord with
recent investigations suggesting that progesterone regulates BDNF
expression. A study conducted with cerebral cortical explants has
demonstrated that progesterone induces an upregulation of BDNF
mRNA and protein expression (Kaur et al., 2007). Interestingly,
allopregnanolone exerts complex acute actions in several corti-
colimbic structures following i.p. administration (Naert et al.,
2007). In the hippocampus, the content of BDNF following an
injection of allopregnanolone was first decreased after 30 min
following the injection and significantly increased after 3 h. In
the amygdala, BDNF content was increased after 15–60 min from
allopregnanolone, returned normal, and increased again after 5 h.
Finally, in the hypothalamus, BDNF levels were decreased (Naert
et al., 2007). Collectively these studies suggest that part of the
immediate or the long-term behavioral effects exerted by steroido-
genic antidepressants may be explained by the effects of these drugs
on allopregnanolone neosynthesis, which in turn may upregulate
BDNF content and expression in corticolimbic neurons.

CONCLUSION
The incidence and prevalence of posttraumatic stress disorders
and anxiety disorders are predicted to continue to increase, while
current medications remain difficult due to the inefficacy of some
antidepressants and benzodiazepines in the treatment of PTSD
patients (Gelpin et al., 1996; Viola et al., 1997; Davidson, 2004).

We have observed that socially isolated mice, in addition to
expressing a neurosteroidogenic deficit, which results in decreased
levels of allopregnanolone, the most potent physiological positive
modulator of GABAA receptor neurotransmission, also express
a BDNF level downregulation in corticolimbic neurons. Treat-
ment with allopregnanolone or with non-serotonergic doses
of fluoxetine and norfluoxetine normalized both the levels of
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corticolimbic allopregnanolone and the mRNA expression of
BDNF, which is associated with antianxiety and antiaggressive
action as well as improvement of fear conditioning responses.

A new class of drugs, the SBSSs, which include molecules that
share the ability to increase the brain levels of allopregnanolone,
may have therapeutic potential for the treatment of PTSD and
depression, which have been associated with a downregulation of
brain allopregnanolone biosynthesis and BDNF expression.

Direct BDNF application to pharmacotherapy for psychiatric
disorders is highly promising in the treatment of PTSD (Peters
et al., 2010). However, the use of BDNF is difficult, partic-
ularly concerning the delivery of BDNF to the brain (Naga-
hara and Tuszynski, 2011). Thus, molecules that are able to

endogenously stimulate BDNF levels, including SBSSs, may over-
come the delivery challenge represented by administering BDNF
directly.

Therefore, novel SBSS drugs that specifically increase corticol-
imbic allopregnanolone biosynthesis and stimulate BDNF expres-
sion in corticolimbic neurons appear to be highly promising as
a new pharmacological class of future drugs for the treatment of
depression, anxiety, and PTSD.
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Since the first observations on the existence of “neurosteroids” in the 1980s, our under-
standing of the importance of these endogenous steroids in the control of the central
and peripheral nervous system (PNS) has increased progressively. Although most of the
observations were made in neuronal cells, equally important are the effects that neuros-
teroids exert on glial cells. Among the different classes of neurosteroids acting on glial
cells, the progesterone 5α-3α metabolite, allopregnanolone, displays a particular mecha-
nism of action involving primarily the modulation of classic GABA receptors. In this review,
we focus our attention on allopregnanolone because its effects on the physiology of glial
cells of the central and PNS are intriguing and could potentially lead to the development of
new strategies for neuroprotection and/or regeneration of injured nervous tissues.

Keywords: neuron–glial interaction, GABA, non-genomic action, myelin, Schwann cell

INTRODUCTION
The first observations on the existence of “nervous steroids”
appeared in the early 1980s, introducing the novel concept that
some hormonal steroids may be synthesized de novo in the ner-
vous system. Baulieu (1997) coined the term “neurosteroids” in
order to define such molecules. Over the years, the importance
of such endogenous steroids in the control of both the central
nervous system (CNS) and peripheral nervous system (PNS) has
become increasingly apparent. However, most of the observations
were made through investigations into their role in neuronal cells.
Equally important are the putative effects that neurosteroids may
directly exert on glial cells by regulating their physiological func-
tions, or even indirectly through the complex interactions with
neuronal cells.

It is now generally believed that central (i.e., astrocytes, oligo-
dendrocytes) and peripheral glial cells (i.e., Schwann cells, SC)
are fundamental for the regulation of neuronal activity. They

Abbreviations: 3α-HSD, 3α-hydroxysteroid-dehydrogenase; 3βHSD, 3β-
hydroxysteroid-dehydrogenase; 5HT3, 5-hydroxytryptamine type 3; 17αHSD,
17α-hydroxysteroid-dehydrogenase; ALLO, allopregnanolone; AR, androgen
receptor; bFGF, basic fibroblast growth factor; CMT1A, Charcot Marie Tooth type
1A; CNPase, 2′-3′-cyclic nucleotide-3-phospodiesterase; CREB, cAMP response
element-binding protein; DHP, dehydroprogesterone; EAAC1, excitatory amino
acid transporter 1; ER, estrogen receptor; GABA, γ-aminobutyric acid; GABA-A,
GABA type A receptor; GABA-B, GABA type B receptor; GAD67, glutamic acid
decarboxylase of 67 kDa; GFAP, glial fibrillary acid protein; IGF-I, insulin-like
growth factor-I; LHRH, luteinizing-hormone-releasing hormone; MAG, myelin
associated glycoprotein; MBP, myelin basic protein; mER, membrane estrogen
receptor; mPR, membrane progesterone receptor; NMDA, N -Methyl-d-aspartate;
P450SCC, P450 cholesterol side-chain cleavage enzyme; P, progesterone; P0, myelin
protein zero; PK-A, protein kinase A; PK-C, protein kinase C; PMP22, peripheral
myelin protein of 22 kDa; PNS, peripheral nervous system; PR, progesterone
receptor; PSA-NCAM+, polysialylated-neural cell adhesion molecule positive cells;
SC, Schwann cells; 5α-R, 5α-reductase; T, testosterone; TGFα, transforming growth
factor α; TGFβ1, transforming growth factor β1; TGFβ2, transforming growth
factor β2; TNFα, tumor necrosis factor α.

support neuron metabolism and survival, they can uptake and
produce neurotransmitters and they are also able to synthesize
neurosteroids (Celotti et al., 1992; Melcangi et al., 2001b). Glial
cells, indeed, possess all the enzymatic pathways and the synthetic
machinery required to produce steroids (that is the P450 choles-
terol side-chain cleavage enzyme, P450SCC; 17α-hydroxysteroid-
dehydrogenase, 17α-HSD; 3β-hydroxysteroid-dehydrogenase, 3β-
HSD and other enzymes), or to convert them into neuroac-
tive metabolites (Mellon et al., 2001). In particular, the enzy-
matic complex formed by the 5α-reductase (5α-R) and the 3α-
hydroxysteroid-dehydrogenase (3α-HSD) enzymes has been char-
acterized in several areas of the human brain (Steckelbroeck et al.,
2001) and in the PNS (Melcangi et al., 1990b, 1992, 1999b; Celotti
et al., 1992). The combined action of these two enzymes catalyzes
the conversion of some native steroids, such as progesterone (P),
into their more active 5α-3α-reduced metabolites, that is into
“neurosteroids.” This enzymatic complex is extremely versatile
since every steroid possessing the δ4-3keto configuration could
potentially undergo the 5α-reduction and subsequently be sub-
jected to 3α-hydroxylation (Celotti et al., 1992; Melcangi et al.,
1999b, 2000c). By analyzing the ability of purified primary cell
cultures of neurons, astrocytes (type 1 and type 2 astrocytes) or
oligodendrocytes to metabolize testosterone (T; Melcangi et al.,
1990a, 1993, 1994), it has been demonstrated that neurons pos-
sess significantly higher amounts of 5α-R activity compared to
astrocytes and oligodendrocytes (Melcangi et al., 1993, 1994).
Interestingly, the simultaneous presence of neurons and type 1
astrocyte cultures stimulates the 5α-R activity (Melcangi et al.,
2001c), indicating a possible interaction of these cells in the metab-
olism of neurosteroids. It is also reasonable to speculate that the
metabolism of neurosteroids may be relevant for differentiation
of glia. Gago et al. (2001) showed that the formation of the 5α-
reduced metabolite of P, dehydroprogesterone (DHP), is fivefold
higher in fully differentiated oligodendrocytes compared to oligo-
dendrocyte progenitor cells. This suggests that the acquisition
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of the neurosteroids biosynthetic capacity is a marker of glial
differentiation. In addition, the reaction catalyzed by 3α-HSD
involves the replacement of a carbonyl with a hydroxyl group, lead-
ing to the formation of metabolites that are potent modulators
of non-classical steroid receptors (see below). Some biochemi-
cal studies demonstrated that 3α-HSD is distributed in various
regions of the rodent brain (Khanna et al., 1995; Mellon et al.,
2001; Agis-Balboa et al., 2007), where it is mainly localized in type
1 astrocytes (Melcangi et al., 1993, 1994) and in oligodendrocytes
(Melcangi et al., 1994). The 5α-R-3α-HSD activity is also present in
the SC of the PNS (Melcangi et al., 1990b, 1998, 1999b; Yokoi et al.,
1998). Therefore, the ability to synthesize or metabolize particular
arrays of steroids seems to be region-specific in the different CNS
areas and confined to glial cells (Mellon et al., 2001). In line with
this hypothesis, the 5α-R activity in the myelin forming cells of
the CNS and PNS (that is oligodendrocytes and SC, respectively)
appeared different, being about four times higher in SC compared
to oligodendrocytes (Melcangi et al., 1998). Thus, the presence of
the 5α-R-3α-HSD enzymatic complex in oligodendrocytes and SC
suggests that the locally formed neurosteroids might play a crucial
role in the process of myelination (Melcangi et al., 1988, 2001c;
Martini et al., 2003).

The neurosteroid 5α-pregnan-3α-ol-20-one, also named
tetrahydroprogesterone or allopregnanolone (ALLO) is the most
important hormonal steroid that was originally shown to act as
a neurosteroid. It is synthesized through the action of the 5αR-
3α-HSD, which converts P into DHP and subsequently, via a
bidirectional reaction, into ALLO (see Figure 1, in SC). Interest-
ingly,ALLO is able to modulate several neuronal cell functions. For
instance, it is proven to be a neurogenic molecule, inducing a dose
dependent significant increase in proliferation of rat neural prog-
enitor cells and of human neural stem cells (Wang et al., 2005), or
affecting cerebellar neurogenesis (Keller et al., 2004). Besides these
studies revealing ALLO’s actions on the neuronal compartment,
several observations have suggested important roles for ALLO on
glial cells. In this review we attempt to summarize the intrigu-
ing modulations and the therapeutic potential of the neurosteroid
ALLO on the glial cells of the CNS and PNS.

MECHANISM OF ACTION OF NEUROSTEROIDS
Neurosteroids exert complex effects in the nervous system through
“classic” and “non-classic” actions. The “classic” genomic action
consists of the modulation of their target cells by regulating gene
transcription after binding to nuclear receptors (Slater et al., 1994).
By contrast, the rapid “non-classic” action involves the modula-
tion of neurotransmitter receptors, that is γ-aminobutyric acid
(GABA), N -Methyl-d-aspartate (NMDA), 5-hydroxytryptamine
type 3 (5HT3) and σ-receptors (Lambert et al., 1996; Rupprecht
et al., 2001; Monnet and Maurice, 2006; Sedlacek et al., 2008)
and the activation of novel putative membrane receptors for
steroids (Hammes and Levin, 2007; Dressing et al., 2011; Levin,
2011). Some of these receptors have been found in glial cells (see
Tables 1–3).

Allopregnanolone is a potent modulator of the GABA type
A (GABA-A) receptor (Majewska et al., 1986; Majewska, 1992;
Lambert et al., 1995). In fact, the most important and well-
characterized “non-classic,” non-genomic action of neurosteroids

is represented by the ALLO’s activation of GABA-A receptor
functions (Majewska et al., 1986; Rupprecht and Holsboer, 1999;
Lambert et al., 2003). Interestingly, ALLO’s mechanism of action
on GABA-A receptor is concentration dependent. Indeed, in
the low nanomolar aqueous concentration ALLO acts alloster-
ically, enhancing the action of the natural ligand GABA, while
at higher concentration (micromolar range) ALLO directly gates
the GABA-A receptor channel complex (Callachan et al., 1987;
Puia et al., 1990). However, it has been shown that neurosteroids
may directly gate GABA-A receptors also at lower concentra-
tion, around 100 nM, but the kinetic of this receptor activation
is relatively slow (Shu et al., 2004).

The GABA-A receptor is a member of the ligand-gated ion
channel family, permeable to chloride ions and composed of
five subunits drawn from a repertoire of 19 isoforms (that is
α1–6, β1–3, γ1–3, δ, ε, π, θ, ρ1–3; Whiting et al., 1995, 1997;
Lambert et al., 2003). The GABA-A receptor is blocked by bicu-
culline and picrotoxin, but channel opening is enhanced by
benzodiazepines, barbiturates, anesthetics and also neurosteroids
(Park-Chung et al., 1999; Belelli and Lambert, 2005). Interest-
ingly, the GABA-A receptor modulation exerted by neurosteroids
is enantioselective and is partially dependent upon the receptor
subunit composition. For this reason several studies were aimed at
elucidating the putative neurosteroids external binding sites (Lam-
bert et al., 2003). Although no special requirement concerning the
nature of the α and β subunits seems to be essential to confer sen-
sitivity to neurosteroids (Belelli et al., 2002), a receptor composed
of one α (α2–5) assembled with β3 and γ2S subunits gives con-
sistent potentiation of ALLO-mediated GABA-activated currents
(Hosie et al., 2009). Moreover, γ2 subunits confer more sensitiv-
ity than γ1 or γ3 (Belelli et al., 2002), while δ subunit potentiates
the action of the 5α-3α-reduced neurosteroids (Mihalek et al.,
1999; Belelli et al., 2002). The extrasynaptic GABA-A receptor
incorporating the δ subunit, indeed, is an important and highly
sensitive target of neurosteroids (Lambert et al., 2009), implicating
the δ-containing receptors as the preferred target for the action of
neurosteroids. Nevertheless, the δ subunit seems to primarily influ-
ence the transduction of neurosteroid signals rather than engage
directly in binding (Hosie et al., 2009).

Neurosteroids might also indirectly target the receptor function
by regulating the transcription of some GABA-A receptor sub-
units, thus altering the GABA-A inhibitory activity for a prolonged
time (Maguire and Mody, 2009). Neurosteroids might also interact
with protein kinase or phosphatases, which in turn act on GABA-A
subunits altering the entire receptor function (Belelli and Lambert,
2005). Likewise, phosphorylation of GABA-A receptors by pro-
tein kinase C (PK-C) influences the sensitivity to neurosteroids
(Brussaard and Koksma, 2003; Vergnano et al., 2007).

Beside the external binding sites of GABA-A receptor,
some recent evidence supports a novel hypothesis suggesting
that neurosteroids require a membranous route of access to
transmembrane-domain binding sites within GABA-A receptor
(Shu et al., 2004; Akk et al., 2005; Hosie et al., 2006; Chisari et al.,
2009). Once neurosteroids reach the site of action they may dif-
fuse through the plasma membrane to directly bind the GABA-A
receptor, rather than interacting with external binding sites of
the receptor. This is a low-affinity receptor interaction that might
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depend on the lipid composition of the cell membrane. Neuros-
teroids may be also retained in the intracellular compartment and
then re-supply the plasma membrane with ligands able to mod-
ulate the GABA-A receptor at later times, so that the rate of this
transport can alter the kinetics of neurosteroids actions (Akk et al.,
2005).

The proposed mechanisms of ALLO’s action, however, may
be in principle complementary to the classic genomic effects.
Indeed, an indirect action of ALLO involving the classic prog-
esterone receptor (PR) should not be totally excluded. In such a
scenario, ALLO’s action closely depends on its retro-conversion to
DHP, operated by enzyme 3α-HSD (Martini et al., 2003), which
may then stimulate the PR generating a classic genomic effect. In
comparison to ALLO’s rapid interaction with GABA-A receptors,
the PR-mediated mechanism shows slower kinetics and lasts for a
longer time.

Finally, concerning the ALLO interaction with the GABAer-
gic system, its putative ability to interact with the metabotropic
GABA-B receptor should not be totally excluded, although
the evidence that such an interaction effectively occurs is not
clearly provided. GABA-B receptor is a distinct, baclofen-sensitive,
metabotropic receptor that is a member of the seven transmem-
brane G-protein-coupled receptor superfamily. GABA-B receptors
may influence the activity of adenylate cyclase and/or modu-
late calcium and potassium channels activity (Bowery and Enna,
2000). In this regard, we have recently demonstrated in vitro
a cross-correlation between the GABA-A and B receptors in
SC (Magnaghi, 2007), and some of these effects are discussed
below.

ALLO’s EFFECT ON ASTROCYTE
Neurosteroids are known to control the proliferation, cell shape,
and gene expression of CNS astroglia (Garcia-Segura et al., 1996,
1999; Jordan, 1999; Nichols, 1999). The cytoskeletal protein, glial
fibrillary acidic protein (GFAP) is usually responsible for modulat-
ing astrocyte shape and motility (Laping et al., 1994). Many of the
effects of neurosteroids on the expression and synthesis of GFAP
are due to their active metabolites. For instance, the gene expres-
sion of GFAP in culture of astrocytes is inhibited by ALLO and
stimulated by DHP, suggesting that different intracellular signal-
ing pathways are likely to be involved in astrocytes proliferation
(Melcangi et al., 1996). Nevertheless, it has been proposed that
the ALLO’s effects on astrocytes are mediated by the activation of
GABA-A receptors, whose subunits are widely distributed in astro-
cytes (Bovolin et al., 1992; Hosli et al., 1997; Israel et al., 2003).
The effects of neuroactive steroids have also been evaluated on
ammonia-induced astrocyte swelling in culture, a phenomena that
occurs early after some acute CNS pathologies such as ischemia
and traumatic brain injury. Bender and Norenberg (1998) showed
that nanomolar concentration of ALLO diminishes the astrocyte
swelling, likely via a GABA-A mechanism. These observations
might be very useful for the development of new therapeutic
approaches to treat the acute hyperammonemic syndromes and
other associated pathological conditions (Bender and Norenberg,
1998).

Allopregnanolone seems to be also involved in the feedback
mechanisms regulating the gonadal axis, and in particular the
neuroendocrine function of the luteinizing-hormone-releasing
hormone (LHRH). Herbison and collaborators provide the first

Table 1 | Distribution of major classic and non-classic receptors for neurosteroids in astrocytes.

Classic intracellular receptors Non-classic membrane receptors

PR ER AR GABA-A NMDA mER mPR

Rat glial

culture

(Jung-Testas

et al., 1992)

Pig brain areas

(Langub and

Watson, 1992)

Primate

prefrontal cortex

(Finley and

Kritzer, 1999)

Mouse corpus callosum

(Berger et al., 1992)

Rat celebral cortex (Conti et al.,

1996), spinal cord slice (Ziak

et al., 1998), and injured rat

hippocampus (Krebs et al., 2003)

Rat glial

culture (Kuo

et al., 2011)

Rat spinal

cord (Labom-

barda et al.,

2011)

Rat brain

(Azcoitia et al.,

1999; Cardona-

Gomez et al.,

2000; Milner

et al., 2001)

Rat glial culture

(Jung-Testas

et al., 1992)

Rat hypothalamus (Israel

et al., 2003), hippocampus

(Macvicar et al., 1989; Fraser

et al., 1995; Kang et al., 1998)

spinal cord (Chvatal et al.,

1995; Pastor et al., 1995),

optic nerve astrocytes (Butt

and Jennings, 1994)

Human celebral cortex (Conti

et al., 1999)

Rat glial

culture

(Jung-Testas

et al., 1992;

Santagati

et al., 1994)

Rat glial culture (Kettenmann

et al., 1987; Backus et al.,

1988; Bormann, 1988;

Rosewater and Sontheimer,

1994; Hosli et al., 1997;

Matsutani and Yamamoto,

1997)

Mouse cortex (Lalo et al., 2006)

and neocortex (Schipke et al.,

2001)

Human brain and human glial

culture (Lee et al., 2011a,b)

Human glial culture (Lee et al.,

2011a,b)
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Table 2 | Distribution of major classic and non-classic receptors for neurosteroids in oligodendrocytes.

Classic intracellular receptors Non-classic membrane receptors

PR ER AR GABA-A NMDA mER mPR

Rat glial

culture

(Jung-

Testas

et al., 1992)

Rat glial

culture

(Jung-Testas

et al., 1992;

Santagati

et al., 1994)

Primate

prefrontal

cortex (Finley

and Kritzer,

1999)

Mouse corpus callosum (Berger

et al., 1992)

Rat spinal cord slice (Ziak et al.,

1998), cerebellum and corpus

callosum slices (Karadottir et al.,

2005), and optic nerve (Salter and

Fern, 2005; Micu et al., 2006)

– Rat spinal

cord

(Labom-

barda et al.,

2011)
Rat glial

culture

(Jung-Testas

et al., 1992)

Rat spinal cord (Pastor et al., 1995)

and optic nerve (Borges et al., 1995)

Rat glial culture (Wang et al., 1996)

Mouse glial culture (Gilbert et al.,

1984a; Kettenmann et al., 1984;

Hoppe and Kettenmann, 1989)

Culture of mouse (Von Blankenfeld

et al., 1991; Kirchhoff and

Kettenmann, 1992) and rat

(Belachew et al., 1998; Williamson

et al., 1998) precursor cells.

Table 3 | Distribution of major classic and non-classic receptors for neurosteroids in Schwann cells.

Classic intracellular receptors Non-classic membrane receptors

PR ER AR GABA-A NMDA mER mPR

Rat SC in culture (Jung-Testas et al.,

1996a; Jung-Testas and Baulieu, 1998;

Thi et al., 1998; Magnaghi et al., 1999)

Rat SC in culture

(Jung-Testas and

Baulieu, 1998)

Rat SC in culture

(Magnaghi et al., 1999)

Rat SC in culture

(Melcangi et al., 1999a;

Magnaghi et al., 2006)

Guinea pig SC in

culture (Fink

et al., 1999)

– –

Rat sciatic nerve (Magnaghi et al.,

2001)

Rat sciatic nerve

(Melcangi et al., 1999a;

Magnaghi et al., 2006)

Giant squid SC

(Evans et al.,

1991, 1992)

evidence for a direct action of ALLO on postnatal LHRH neu-
rons, suggesting a new mechanism by which fluctuating P levels
may influence the secretory activity of these neurons in the female
hypothalamus (Sim et al., 2001). At the cellular level, the increased
ALLO concentration, typical of late pregnancy, has important
physiological actions in repressing the electrical activity of specific
magnocellular oxytocin neurons in the hypothalamus. Moreover,
the fall in ALLO concentration prior to parturition equally impacts
GABA-A receptor signaling in oxytocin neurons, as well as in the
hippocampus and frontal cortex neurons, suggesting that ALLO’s
concentration changes during pregnancy are likely to exert a pow-
erful regulatory influence upon neurotransmission in a variety of
brain networks (Herbison, 2001).

However, paracrine mechanisms involving astrocyte cells may
also be at the base of positive or negative feedback signals regu-
lating the reproductive axis. Indeed, growth factors such as trans-
forming growth factor α (TGFα), transforming growth factor β1
(TGFβ1) and β2 (TGFβ2), as well as basic fibroblast growth factor
(bFGF) and insulin-like growth factor-I (IGF-I) are released by
astrocytes and participate in the control of LHRH release (Mel-
cangi et al., 1997; Ojeda and Ma, 1999). ALLO stimulates TGFβ1
gene expression in hypothalamic astrocytes, nevertheless also P
and DHP proved able to exert an identical effect, suggesting that

ALLO’s action may imply an indirect mechanism mediated via PR
(Melcangi et al., 2001a).

ALLO’s EFFECT ON OLIGODENDROCYTE
In mature oligodendrocytes (the cells responsible for forming the
central myelin) the progestagens neurosteroids regulate the gene
expression of some important proteins, such as the myelin basic
protein (MBP) and the 2′-3′-cyclic nucleotide-3-phospodiesterase
(CNPase; Verdi and Campagnoni, 1990; Jung-Testas et al., 1996b).
The age-associated decline in MBP expression levels in 22- to 24-
month-old male rats, for instance, was reversed by ALLO and DHP,
still indicating a PR-mediated genomic mechanism (Ibanez et al.,
2003). The progestagens involvement on MBP expression regu-
lation in oligodentrocytes was demonstrated also in organotypic
slice cultures of 7-day-old rat and mouse cerebellum (Ghoumari
et al., 2003). This effect likely involves classic PR, since it was
mimicked with the selective PR agonist R5020 and blocked with
the PR antagonist mifepristone (Ghoumari et al., 2003). However,
ALLO significantly stimulates MBP expression in 7-day-old rat
and mouse cerebellum cultures, and this effect seemed to be medi-
ated via GABA-A receptor activation. In accordance, the GABA-A
antagonist bicuculline counteracts the ALLO stimulatory effect,
confirming a GABA-A-mediated mechanism (Ghoumari et al.,
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2003). It is important to underline that some GABA-A receptor
subunits are expressed in oligodendrocytes (Gilbert et al., 1984b)
and in oligodendrocyte progenitor cells (Kettenmann et al., 1984;
Kirchhoff and Kettenmann, 1992). Gago et al. (2004) observed
that the neuroactive steroids and GABA signaling are responsible
for the autocrine/paracrine loops controlling neuronal progen-
itors proliferation and differentiation. The neuronal progenitor
polysialylated-neural cell adhesion molecule positive cells (PSA-
NCAM+), indeed, possess several GABA-A receptor subunits
(Nguyen et al., 2003; Gago et al., 2004), like the α1-5, β2, β3, and
γ2 isoforms (Gago et al., 2004). Interestingly, GABA increased in
a dose dependent manner the proliferation of these cells and the
effect was bicuculline sensitive, suggesting a GABA-A-mediated
mechanism. The effect on the PSA-NCAM+ proliferation was
also mimicked by nanomolar concentration of ALLO. Moreover,
P via its conversion in ALLO, proved able to stimulate the early
PSA-NCAM+ progenitor proliferation (Gago et al., 2004).

Collectively, these findings suggest a pivotal role of ALLO and
GABA in the development and maturation of oligodendrocytes
(Ben-Ari, 2002; Gago et al., 2004).

ALLO’s EFFECT ON MICROGLIA
Steroids exert anti-inflammatory actions in the peripheral tissues
as well as in the brain, where they act mainly on microglial cells.
In this regard, some efforts were addressed to study the neuro-
protective role of estrogens and progesterone on microglial cells
(Stone et al., 1997; Vegeto et al., 1999, 2001; Drew and Chavis,
2000; Bruce-Keller et al., 2001). In parallel, several line of evi-
dence showed that ALLO plays a neuroprotective role following
different brain injury conditions, such as ischemic damage (Kelley
et al., 2011), PTX-induced seizures (Singh et al., 2010) and oxygen-
glucose deprivation (Ardeshiri et al., 2006). The concentrations of
ALLO are also remarkably high in the fetal brain and further rise
in response to acute hypoxia, representing an endogenous protec-
tive mechanism in the developing brain (Hirst et al., 2006). These
effects might be generally ascribed to ALLO’s regulation of anti-
inflammatory cytokines and endogenous antioxidants, although
only few evidences rely on the direct effect of ALLO on microglial
cells. For instance, the endogenous concentration of ALLO in
the brain is increased concomitantly to the lipopolysaccharides-
induced tumor necrosis factor α (TNFα) production, which in
turn inhibits TNFα levels (Ghezzi et al., 2000). ALLO also protects
against apoptotic cell death in an in vivo model of rat prefrontal
cortex injury, even if this effects were not totally referred to a
microglial cell disregulation (Djebaili et al., 2005).

ALLO’s EFFECT ON SC
Over the last few decades a large body of evidence has accumu-
lated from investigations into the potential effects that neuros-
teroids exert on SC, which are the cells ensheathing axons and
forming the myelin in the PNS (Jessen and Mirsky, 1997). The
first studies started when Baulieu and colleagues focused their
attention on neurosteroid biosynthesis, analyzing primarily the
peripheral nerves, such as the sciatic nerve, and the SC (Jung-
Testas et al., 1993). The progestagens, P and its 5α-derivatives
(DHP and ALLO) have been studied in vivo, demonstrating that
they are able to modulate several biochemical and morphological

parameters of the PNS (Melcangi et al., 2000c; Magnaghi et al.,
2001). For instance, progestagens stimulated the expression of spe-
cific peripheral myelin proteins, such as the myelin protein zero
(P0) and the peripheral myelin protein 22 (PMP22), in the sciatic
nerve of young and old male rats (Melcangi et al., 1998, 1999a,
2000c; Magnaghi et al., 2001). Moreover, they reduced myelin
abnormalities and fibers loss in aged sciatic nerve (Azcoitia et al.,
2003), promoting re-myelination after cryolesion (Koenig et al.,
1995), transection (Melcangi et al., 2000a), or crush injury (Roglio
et al., 2008). Mifepristone (RU38486), a classic PR antagonist, was
recently studied because of its ability in decreasing the PMP22
overexpression in a rat model of peripheral inherited neuropa-
thy (i.e., the Charcot Marie Tooth type 1A, CMT1A; Sereda et al.,
2003). These results lead to the conclusion that PR likely partic-
ipates in the control of specific peripheral myelin proteins, such
as P0 and PMP22 (Magnaghi et al., 2001). Nevertheless, in vitro
studies showed that ALLO, besides the ability of increasing P0
mRNA levels, is the main neurosteroid able to stimulate the lev-
els of PMP22 mRNA and protein (Melcangi et al., 1999a, 2000b;
Magnaghi et al., 2001).

Allopregnanolone is a potent modulator of GABA-A receptor,
which subunits are widely distributed in SC (Melcangi et al., 1999a;
Magnaghi et al., 2006). SC in culture, indeed, express the messen-
gers for several GABA-A receptor subunits, that is α 2 and 3, β 1,
2, and 3 (Melcangi et al., 1999a; Magnaghi et al., 2006).

Therefore, to investigate if the effect of ALLO on PMP22 expres-
sion was mediated by interaction with GABA-A receptors, ALLO’s
stimulation was mimicked with specific GABA-A ligands. Bicu-
culline, a specific GABA-A antagonist, abolishes the effect of ALLO
on PMP22 expression levels, whereas muscimol (a specific GABA-
A agonist) mimics ALLO’s action (Magnaghi et al., 2001, 2006),
confirming the hypothesis that the expression of PMP22 in SC is
under the control of GABA-A receptors. However, ALLO’s action
via the GABAergic system in SC is even more complex, because
it also involves the GABA-B receptor and the endogenous GABA
neurotransmitter (see Figure 1 for details).

Recent observations obtained by reverse transcriptase-
polymerase chain reaction, western blot and immunohistochem-
istry analyses confirmed the presence of GABA-B receptor sub-
units (1a, 1b, and 2) in SC, where the functional receptor was
proved to be negatively coupled to the adenylate cyclase system
(Magnaghi et al., 2004). The activation of the GABA-B receptor
in SC influences cell proliferation, as demonstrated with baclofen
treatment that counteracted the forskolin-induced SC prolifer-
ation at 5 days in vitro (Magnaghi et al., 2004); at the same
time point also the percentage of BrdUrd immunopositive SC
was reduced (Magnaghi et al., 2004). Since the activation of
the adenylate cyclase system potentially regulates SC prolifera-
tion (Lee et al., 1999; Mirsky and Jessen, 1999), we speculated
that GABA-B-induced decrease in cAMP levels may affect the
cell proliferation (Magnaghi et al., 2004). Notably, changes in
cAMP levels in SC may also influence the expression of specific
myelin proteins (Suter et al., 1994; Scherer et al., 1995; Lee et al.,
1999). In agreement, GABA-B activation decreases the expression
of some important myelin proteins, like P0, PMP22 as well as other
proteins, like connexin 32 and the myelin associated glycoprotein
(MAG; Magnaghi et al., 2004).
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Investigating the putative effects of neurosteroids on GABA-
B receptor subunits expression in the SC in vitro, it was also
shown that ALLO controls the expression of different GABA-B
receptor subunits (Magnaghi et al., 2006). The expression pro-
file was biphasic; after 4 h of exposure ALLO produces a robust
stimulation of the mRNA of all three subunits, -1a, -1b, and -
2, while at 24 h of exposure ALLO decreased the expression of
-1b and -2 subunits (Magnaghi et al., 2006). Since ALLO’s effect
on GABA-B receptor expression was mimicked by muscimol and
GABA, it was hypothesized that ALLO regulates GABA-B recep-
tor via a GABA-A-mediated mechanism (Magnaghi et al., 2006;
Magnaghi, 2007). The intracellular pathways downstream of this
interaction is rather complicated and presently not completely
identified, however a possible hypothesis is proposed below. After
24 h of exposure, P and DHP give rise to a GABA-B receptor mod-
ulation similar to that induced by ALLO. The longer time required
leads to the hypothesis that P and DHP effects are due to their
5α-R-3α-HSD mediated conversion into ALLO (Magnaghi et al.,
2006; Magnaghi, 2007). Therefore, GABA-B subunits expression
may be differently influenced, mainly by ALLO via a GABA-A-
mediated mechanism, but also by its precursors P and/or DHP
after 5α-R-3α-HSD conversion into ALLO.

Most of the effects exerted by ALLO in SC were achieved at
nanomolar concentration, involving an allosteric interaction that
necessarily entails the presence of the endogenous ligand GABA.
To make the issue even more puzzling, the presence of GABA and
its synthetic machinery was thus demonstrated in SC. In particular
the glutamic acid decarboxylase of 67 kDa (GAD67), a key enzyme
for GABA synthesis, was shown to be expressed in SC. Acting in a
way that resemble an autocrine loop, ALLO (10 nM) increased the
levels of GAD67 in SC, thus stimulating GABA synthesis and pro-
viding the natural ligand for GABA-A receptor (Magnaghi et al.,
2010).

Finally, in line with this hypothesis, it was recently demon-
strated that SC in vitro possess a functionally active glutamate
uptake system able to provide glutamate as a precursor for the
synthesis of GABA (Perego et al., 2011). Indeed, it was first demon-
strated that SC express the excitatory amino acid transporter 1
(EAAC1) in the plasma membrane and in intracellular vesicular
compartments of the endocytic recycling pathway. Interestingly,
EAAC1 activity can be modulated by exposure of SC to ALLO
10 nM. The transporter up-regulation by ALLO was rapid, did
not involve protein neo-synthesis and was prevented by actin
depolymerization. The modulation exerted by ALLO involved

FIGURE 1 | Schematic representation showing ALLO, GABA and its

receptors (GABA-A and GABA-B) acting in the bidirectional cross-talk

between neurons and SC. We propose the following hypothesis on the
functional role of the GABAergic system in SC. GABA, coming from the
neuronal compartment or produced by the SC (Magnaghi et al., 2010),
may affect the paracrine cross-talk between these cells. The extracellular
GABA might interact with the GABA-B receptor on the SC surface,
decreasing their proliferation (Magnaghi et al., 2004). This challenge then
diminishes the cAMP levels, reducing the myelin proteins expression
(Magnaghi et al., 2004) and prompts the SC to start differentiation. The
neurosteroid ALLO, which is produced by SC (Baulieu and Schumacher,
1997; Melcangi et al., 1999b) allosterically activates the GABA-A receptor

on the SC surface (Magnaghi et al., 2006). This modulates the expression
and the responsiveness of the GABA-B receptor (Magnaghi et al., 2006,
2010), and in turn its desensitization. Contemporarily, ALLO stimulates the
SC proliferation (Perego et al., 2011), inducing other genomic effects such
as the increase of myelin proteins (Melcangi et al., 1999a; Magnaghi
et al., 2001), and the rising of GAD and GABA levels (Magnaghi et al.,
2010). The last effect, being a sort of autocrine mechanism, involving
enhanced cAMP levels and the PK-A pathway. Collectively, these findings
suggest that an autocrine mechanism involving ALLO and GABA is
particularly relevant for the control of SC proliferation/differentiation, and
may be considered the result of a balanced activation of GABA-A or
GABA-B receptors on SC.
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GABA-A receptor and PK-C activation, promoting the exocyto-
sis of the EAAC1 transporter from intracellular stores to the SC
membrane (in actin-rich cell tips), and modifying the morphol-
ogy of SC processes. The evidence that EAAC1 transporter controls
the ALLO-mediated effects on SC proliferation was also provided
(Perego et al., 2011).

DOWNSTREAM MECHANISM FOLLOWING ALLO’s
ACTIVATION OF GABA-A RECEPTOR: IS THE PUZZLE
UNPUZZLED?
Several attempts in the literature tried to explain the intracellular
molecular mechanism downstream to ALLO’s allosteric activa-
tion of GABA-A receptor, in neurons as well as in central and/or
peripheral glial cells. For instance, in the developing rat cor-
tex, GABA-A receptor activation leads to the opening of L-type
voltage-gated calcium channels, resulting in an increase of cal-
cium influx, which in turn leads to phosphorylation and activation
of the transcription factor cAMP response element-binding pro-
tein (CREB) and finally controls neuronal nitric oxide synthase
and brain derived neurotrophic factor expression (Mantelas et al.,
2003). However, it should be underlined that the presence of
endogenous GABA is the first precondition for ALLO’s allosteric
action. The synthesis of GABA was previously shown in astrocytes
and oligodendrocytes, and very recently also in SC (Magnaghi
et al., 2010).

Therefore, the interaction among the neurosteroid ALLO,
GABA-A, and GABA-B receptors is relevant, at least in the PNS, for
the bidirectional cross-talk between neurons and SC (Figure 1).
GABA, coming from the neuronal compartment, or produced
by SC (Magnaghi et al., 2010) may affect the paracrine inter-
play between these cells. In fact, data obtained with the specific
GABA-B ligand baclofen suggest that extracellular GABA might
interact with GABA-B receptors on SC, decreasing their pro-
liferation, the cAMP levels and the myelin proteins expression.
This effect promotes SC differentiation. ALLO produced by SC
(Baulieu and Schumacher, 1997; Melcangi et al., 1999b) via a
direct action on GABA-A receptor modulates the GABA-B recep-
tor expression, distribution and responsiveness, and in turn its
desensitization. Contemporarily, ALLO may increase some myelin

proteins expression in SC. Muscimol mimicked this effect on SC,
further supporting that GABA-A might also participate in the
control of the SC proliferation/differentiation (Figure 1).

However, the nature of the signaling pathways downstream
to the ALLO’s allosteric modulation of GABA-A receptor is still
debated. We suggest an involvement of the protein kinase A (PK-
A) pathway, which through enhanced cAMP levels and CREB
phosphorylation, modulates the allosteric action of ALLO at the
GABA-A receptor (Magnaghi et al., 2010). However, other protein
kinases should be also considered. In fact, the allosteric ALLO’s
modulation of GABA-A receptor, regulating glutamate uptake via
EAAC1 transporter, is dependent by a PK-C activation, as con-
firmed by the very recent analysis of the pharmacological profile
(Perego et al., 2011). Whether this relatively rapid ALLO’s action
on GABA-A receptor in glial cells may lead to ion channels open-
ing, as occur in neuronal cells, should not be totally excluded and
deserves further investigation.

CONCLUSION
In this review we focused our attention on the putative effects
of ALLO on the glial cells of the CNS and PNS, with a partic-
ular emphasis on ALLO’s regulation of glial physiology in nor-
mal and/or pathological conditions. The mechanism by which
ALLO exerts these controls is part of the “non-genomic” action
of steroids, involving the rapid modulation of neurotransmitter
receptors such as the GABA receptors. However, ALLO’s action
on GABA-A receptor somehow involves downstream “genomic”
mechanisms that are yet to be completely elucidated. In SC these
intracellular mechanisms imply the activation of PK-A and PK-C
signaling pathways, which in turn may determine the physio-
logic control of SC proliferation/differentiation. Nevertheless, an
involvement of other intracellular pathways, for instance ion cal-
cium channels, as observed in rat neuroprogenitor cells and human
neural stem cells (Wang et al.,2005), should be further investigated.
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Previous studies over the past two decades have demonstrated that the brain and other
nervous systems possess key steroidogenic enzymes and produces pregnenolone and
other various neurosteroids in vertebrates in general. Recently, 7α-hydroxypregnenolone,
a novel bioactive neurosteroid, was identified in the brain of newts and quail. Impor-
tantly, this novel neurosteroid is produced from pregnenolone through the enzymatic
activity of cytochrome P4507α and acts on brain tissue as a neuronal modulator to stim-
ulate locomotor activity in these vertebrates. Subsequently, the mode of action of 7α-
hydroxypregnenolone was demonstrated. 7α-Hydroxypregnenolone stimulates locomotor
activity through activation of the dopaminergic system. To understand the functional sig-
nificance of 7α-hydroxypregnenolone in the regulation of locomotor activity, diurnal, and
seasonal changes in 7α-hydroxypregnenolone synthesis were further characterized. Mela-
tonin derived from the pineal gland and eyes regulates 7α-hydroxypregnenolone synthesis
in the brain, thus inducing diurnal locomotor changes. Prolactin, an adenohypophyseal hor-
mone, regulates 7α-hydroxypregnenolone synthesis in the brain, and also induces seasonal
locomotor changes. In addition, 7α-hydroxypregnenolone mediates corticosterone action
to modulate locomotor activity under stress. This review summarizes the current knowl-
edge regarding the mode of action and functional significance of 7α-hydroxypregnenolone,
a newly identified bioactive neurosteroid stimulating locomotor activity.

Keywords: neurosteroids, 7α-hydroxypregnenolone, dopamine, melatonin, prolactin, locomotor activity, diurnal

and seasonal changes, stress

INTRODUCTION
The brain has traditionally been considered as a target site for
peripheral steroid hormones. In addition to this classical concept,
it is now established that steroids can be synthesized de novo in the
central and peripheral nervous systems. Such steroids are called
“neurosteroids.” De novo neurosteroidogenesis in the brain from
cholesterol is considered to be a conserved property across verte-
brates, (for reviews, see Baulieu, 1997; Tsutsui et al., 1999, 2000;
Compagnone and Mellon, 2000; Mellon and Vaudry, 2001; Tsut-
sui et al., 2003, 2006; Tsutsui and Mellon, 2006; Do-Rego et al.,
2009).

Seasonally breeding wild animals, such as amphibians, have
served as excellent animal models to investigate the biosynthesis
and biological actions of neurosteroids. Previous studies over the
past two decades have demonstrated that the brain of amphibians
possesses several key steroidogenic enzymes and produces preg-
nenolone, a precursor of steroid hormones (Takase et al., 1999,
2011; Inai et al., 2003), and other various neurosteroids (Mensah-
Nyagan et al., 1994, 1996a,b, 1999; Beaujean et al., 1999; Takase
et al., 2002; Inai et al., 2003; Matsunaga et al., 2004; Do-Rego
et al., 2007; Bruzzone et al., 2010). The formation of neurosteroids
from cholesterol is now documented in amphibians as in other
vertebrates.

However, the biosynthetic pathways leading to the formation
of neurosteroids in vertebrate brains was not fully characterized

(for a review, see Tsutsui et al., 2006). In fact, Matsunaga
et al. (2004) recently found that the brain of newts actively
produces 7α-hydroxypregnenolone, a previously undescribed
amphibian neurosteroid, from pregnenolone. Importantly, 7α-
hydroxypregnenolone acts on brain tissue as a novel neuronal
modulator to stimulate locomotor activity of newts (Matsunaga
et al., 2004). Tsutsui et al. (2008) also identified 7α- and 7β-
hydroxypregnenolone in the brain of quail by using biochemical
techniques (Tsutsui et al., 2008). 7α-Hydroxypregnenolone, but
not 7β-hydroxypregnenolone, stimulates locomotor activity in
quail (Tsutsui et al., 2008) as in newts (Matsunaga et al., 2004).
It was further found that cytochrome P4507α catalyzes the conver-
sion of pregnenolone to 7α-hydroxypregnenolone in the brain of
these vertebrates (Tsutsui et al., 2008; Haraguchi et al., 2010).

Based on these recent findings, this review summarizes the
current knowledge regarding the mode of action and functional
significance of 7α-hydroxypregnenolone, a new key regulator of
locomotor activity in vertebrates.

OUTLINE OF 7α-HYDROXYPREGNENOLONE AND ITS
BIOLOGICAL ACTION
IDENTIFICATION OF 7α-HYDROXYPREGNENOLONE IN THE BRAIN
Our preliminary study initially suggested that the brain of newts
actively produces an unknown amphibian neurosteroid from
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pregnenolone. Subsequently, Matsunaga et al. (2004) demon-
strated that this unknown pregnenolone metabolite is 7α-
hydroxypregnenolone in the newt brain (Figure 1), based on
biochemical techniques combined with high-performance liquid
chromatography (HPLC), thin-layer chromatography (TLC), and
gas chromatography–mass spectrometry (GC–MS) analyses. Tsut-
sui et al. (2008) further demonstrated that the quail brain also
produces 7α- and 7β-hydroxypregnenolone by using the same
biochemical techniques (Figure 1).

IDENTIFICATION OF CYTOCHROME P4507α IN THE BRAIN
7α-Hydroxypregnenolone is considered to be synthesized from
pregnenolone through the enzymatic activity of cytochrome
P4507α (Figure 1). Haraguchi et al. (2010) identified a cDNA
encoding a putative cytochrome P4507α from the newt brain.
The newt P4507α cDNA had a full length of 2598 bp. The enzy-
matic activity of this putative newt P4507α was then demon-
strated (Haraguchi et al., 2010). The homogenate of COS-7 cells
transfected with the putative newt P4507α cDNA converted preg-
nenolone into 7α-hydroxypregnenolone as shown by HPLC analy-
sis, and the inhibitor of cytochrome P450s, ketoconazole, abol-
ished this metabolic process. COS-7 cells without transfection
of newt P4507α cDNA did not convert pregnenolone into 7α-
hydroxypregnenolone. 7α-Hydroxypregnenolone synthesis was
further confirmed by GC–MS analysis (Haraguchi et al., 2010).

A full length of 2341 bp cDNA prepared from the quail brain
was also identified as encoding a putative cytochrome P4507α

(Tsutsui et al., 2008). The enzymatic activity of this putative quail
P4507α was demonstrated in homogenates of COS-7 cells trans-
fected with the putative quail P4507α cDNA (Tsutsui et al., 2008).
As demonstrated by HPLC and GC–MS analyses, the homogenate
converted pregnenolone to 7α-hydroxypregnenolone. Although
it is still unclear whether cytochrome P4507α can also con-
vert pregnenolone to 7β-hydroxypregnenolone, the presence of
7β-hydroxypregnenolone as well as 7α-hydroxypregnenolone is
evident in the quail brain (Tsutsui et al., 2008; Figure 1).

The production of 7α-hydroxypregnenolone in the brain may
be a conserved property of vertebrates, because this neurosteroid
has also been identified in the brain of mammals (Akwa et al.,
1992; Doostzadeh and Morfin, 1997; Weill-Engerer et al., 2003;
Yau et al., 2003).

BIOLOGICAL ACTION OF 7α-HYDROXYPREGNENOLONE
Because 7α-hydroxypregnenolone is actively produced in the
brain of newts, this seasonally breeding amphibian has served

as a suitable animal model to investigate the biological action
of 7α-hydroxypregnenolone. 7α-Hydroxypregnenolone synthe-
sis in the brain of male newts showed marked changes dur-
ing the annual breeding cycle, with a maximum level in the
spring breeding period when locomotor activity of wild popu-
lations of the same species increases (Matsunaga et al., 2004).
Matsunaga et al. (2004) therefore analyzed the effect of 7α-
hydroxypregnenolone on locomotor activity. For behavioral test-
ing, newts were placed individually in a water-filled aquarium
maintained at 18 ± 2˚C; each testing arena was marked with par-
allel lines to define four equal sectors (Matsunaga et al., 2004).
Immediately after administration of 7α-hydroxypregnenolone,
locomotor activity was quantified by counting the total number of
lines crossed during a 30-min observation (Matsunaga et al., 2004)
according to a previous method (Moore and Miller, 1984; Lowry
et al., 2001). Locomotion consisted of a combination of walking
and swimming movements (Matsunaga et al., 2004). Admin-
istration of 7α-hydroxypregnenolone acutely increases locomo-
tor activity of male newts in the non-breeding period when
endogenous 7α-hydroxypregnenolone synthesis in the brain is
low (Matsunaga et al., 2004). This stimulatory effect occurred
in a dose-dependent manner with a threshold dose ranging
from 0.5 to 1 ng through intracerebroventricular (i.c.v.) injec-
tion, corresponding to the physiological range observed in the
brain of normal newts (Matsunaga et al., 2004). Accordingly, 7α-
hydroxypregnenolone may act as a novel neuronal modulator to
stimulate locomotor activity of male newts, and the increase in
locomotor activity of male newts that occurs during the spring
breeding period may be ascribed to an increase in the production
of 7α-hydroxypregnenolone.

Because the quail displays a robust locomotor activity rhythm
when held under typical light/dark lighting schemes (Wilson,
1972; Wada, 1979), this bird has also served as an appropri-
ate animal model to investigate the biological action of 7α-
and 7β-hydroxypregnenolone. Both neurosteroids were therefore
administered i.c.v. to male quail during night, when activity is
low, to examine whether they affect locomotor activity (Tsutsui
et al., 2008). For behavioral testing, quail were placed individ-
ually in an empty soundproof chamber (Tsutsui et al., 2008).
For 30 min after administration of 7α-hydroxypregnenolone,
locomotor activity was measured by using an implantable
telemetry system (Tsutsui et al., 2008). A stimulatory dose-
dependent effect of 7α-hydroxypregnenolone was also observed
in male quail (Tsutsui et al., 2008). 7β-Hydroxypregnenolone
did not influence locomotor activity (Tsutsui et al., 2008). It

FIGURE 1 | 7α-Hydroxypregnenolone synthesis by cytochrome P4507α in the brain of newts and quail. See the text for details.
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thus appears that 7α-hydroxypregnenolone acts as a neuronal
modulator to stimulate locomotor activity in male quail as in male
newts.

MODE OF ACTION OF 7α-HYDROXYPREGNENOLONE
7α-HYDROXYPREGNENOLONE ACTION THROUGH DOPAMINERGIC
SYSTEM
To understand the mode of action of 7α-hydroxypregnenolone
on locomotion, Matsunaga et al. (2004) measured the concentra-
tions of several monoamines by HPLC-electrochemical detection
(ECD) 5 min after an i.c.v. injection of 7α-hydroxypregnenolone
to non-breeding male newts. 7α-Hydroxypregnenolone signif-
icantly increased the concentration of dopamine in the male
newt brain, particularly in the rostral brain region including
the striatum, which is known to be involved in the regula-
tion of locomotor behavior (Matsunaga et al., 2004). In con-
trast, there were no significant differences in the concentrations
of other monoamines, i.e., norepinephrine, epinephrine, and
5-hydroxytryptamine (Matsunaga et al., 2004).

7α-Hydroxypregnenolone treatment resulted in a concentration-
dependent increase in the release of dopamine from cultured male
newt brain tissue with the threshold concentration ranged between
10−8 and 10−7 M (Matsunaga et al., 2004). Furthermore, the
effect of 7α-hydroxypregnenolone on locomotion was abolished
by administration of haloperidol or sulpiride, two dopamine D2

receptor antagonists, but not by administration of the dopamine
D1 receptor antagonist SCH23390 (Matsunaga et al., 2004).
Accordingly, it is considered that the stimulatory effect of 7α-
hydroxypregnenolone on locomotor activity is mediated through
dopamine D2 receptors. To recapitulate, 7α-hydroxypregnenolone
synthesized actively in the diencephalon and rhombencephalon,by
acting on dopaminergic neurons localized in the posterior tuberal
nucleus (PT) and ventral tegmental area (VTA), may induce
dopamine release from their terminals in the rostral brain region,
notably in the striatum and nucleus accumbens (NA), and con-
sequently increase locomotor activity of newts (Matsunaga et al.,
2004; Figure 2).

In the male quail brain, the expression of cytochrome P4507α

mRNA was localized in the nucleus preopticus medialis (POM),
the nucleus paraventricularis magnocellularis (PVN), the nucleus
ventromedialis hypothalami (VMN), the nucleus dorsolateralis
anterior thalami (DLA), and the nucleus lateralis anterior thal-
ami (LA; Tsutsui et al., 2008). In quail (Tsutsui et al., 2008)
as in newts (Matsunaga et al., 2004), 7α-hydroxypregnenolone
increased the concentration of dopamine in the telencephalic
region that encompasses the striatum (Sanberg, 1983; Sharp et al.,
1987; Bardo et al., 1990). In birds, dopaminergic neurons that
are located in the mesencephalic region, including the VTA and
the substantia nigra (SN), project to the telencephalon notably
the striatum (Mezey and Csillag, 2002; Hara et al., 2007). Inter-
estingly, the telencephalic region is enriched with dopamine D1

and D2 receptors in birds (Ball et al., 1995; Levens et al., 2000).
Accordingly, 7α-hydroxypregnenolone synthesized actively in the
diencephalon, by acting on dopamine neurons localized in the
VTA and SN, may induce dopamine release from their termini in
the striatum, and consequently increase locomotor activity in male
quail as in male newts.

FIGURE 2 | Schematic model depicting the action of

7α-hydroxypregnenolone on the regulation of locomotor activity in

male newt. 7α-Hydroxypregnenolone synthesized actively in the
diencephalon and rhombencephalon, by acting on dopaminergic neurons
localized in the PT and VTA, may induce dopamine release from their
terminals in rostral brain regions, notably in the striatum and nucleus
accumbens (NA), and consequently increase locomotor activity of male
newt. See the text for details.

7α-HYDROXYPREGNENOLONE ACTION THROUGH NON-GENOMIC
MECHANISM
The fact that 7α-hydroxypregnenolone acutely increases locomo-
tor activity in newts and quail suggests that this neurosteroid may
act through a non-genomic rather than a genomic mechanism. It
has been reported that in rats, the progesterone metabolite 3α,5α-
tetrahydroprogesterone (3α,5α-THP; allopregnanolone) exerts its
effects on locomotion (Wieland et al., 1995) and dopamine
release (Bullock et al., 1997; Rougé-Pont et al., 2002) via a non-
genomic pathway. Allopregnanolone may act through modulation
of GABAA receptors, since allopregnanolone is a potent allosteric
modulator of GABAA receptors (Paul and Purdy, 1992; Lambert
et al., 1995) and dopaminergic neurons are regulated by GABAer-
gic transmission (Laviolette and van der Kooy, 2001). Whether the
acute actions of 7α-hydroxypregnenolone on dopamine release
and locomotor activity in newts and quail are mediated through
GABAA receptors remain to be determined.

FUNCTIONAL SIGNIFICANCE OF
7α-HYDROXYPREGNENOLONE
SEX-DEPENDENT 7α-HYDROXYPREGNENOLONE SYNTHESIS AND
ACTION
It is well known that in vertebrates, locomotor activity of males
is higher than that of females (Tsutsui, 1931; Iwata et al., 2000;
Tsutsui et al., 2008). Sexually mature male newts in the breeding
period move around much more than the females, searching sex-
ually mature female partners or courting females prior to sperm
transfer (Tsutsui, 1931; Iwata et al., 2000). In newts, the synthesis
and concentration of 7α-hydroxypregnenolone in the male brain
were higher than in the female brain (Matsunaga et al., 2004;
Haraguchi et al., 2010). Therefore, 7α-hydroxypregnenolone may
specifically affect the activity of male newts.

In quail, the production and concentration of 7α-
hydroxypregnenolone in the male diencephalon were also higher
than in the female diencephalon (Tsutsui et al., 2008). Such a sex-
ual dimorphism only occurs in the diencephalon (Tsutsui et al.,
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2008). In view of the sex difference in 7α-hydroxypregnenolone
synthesis and concentration in the quail diencephalon (Tsutsui
et al., 2008), it is also possible that this neurosteroid actively plays
a role in the control of locomotor activity in males (Tsutsui et al.,
2008).

DIURNAL CHANGES IN 7α-HYDROXYPREGNENOLONE SYNTHESIS AND
ACTION
To investigate the functional significance of 7α-hydroxypregnenol-
one in the regulation of locomotor activity, diurnal changes in both
locomotor activity and diencephalic 7α-hydroxypregnenolone
concentrations were studied in male quail exposed to daily pho-
toperiods of 16/8 h light/dark (LD; lights on at 07:00 a.m., off at
11:00 p.m.). Locomotor activity of males was much higher than
that of females from the time of lights on until noon, but there-
after decreased to female levels (Tsutsui et al., 2008). In males,
these changes in locomotor activity were correlated with concen-
trations of diencephalic 7α-hydroxypregnenolone, the maximum
value occurring at 11:00 a.m. when locomotor activity was high
(Tsutsui et al., 2008). The functional significance of this corre-
lation was supported by the observation that administration of
ketoconazole, an inhibitor of P450s, inhibits locomotor activity at
11:00 a.m. (Tsutsui et al., 2008). Thus, the increase in diencephalic
7α-hydroxypregnenolone may be responsible, at least in part, for
the higher locomotor activity in males. As mentioned above, the
low level of 7α-hydroxypregnenolone synthesis and concentration
in the female diencephalon suggests that this neurosteroid may
not play a role in female locomotor activity.

REGULATORY MECHANISMS OF DIURNAL CHANGES IN
7α-HYDROXYPREGNENOLONE SYNTHESIS AND ACTION
Melatonin is known to be also involved in the regulation of
locomotor activity in birds (Binkley et al., 1971; John et al.,
1978; Cassone and Menaker, 1984; Chabot and Menaker, 1992;
Hau and Gwinner, 1994; Warren and Cassone, 1995; Murakami
et al., 2001), which suggested that melatonin may regulate dien-
cephalic 7α-hydroxypregnenolone synthesis, and thereby influ-
ence locomotor activity. To elucidate the mechanism regulat-
ing diurnal changes in 7α-hydroxypregnenolone synthesis and
7α-hydroxypregnenolone-dependent locomotor activity, Tsutsui
et al. (2008) performed a series of experiments involving mela-
tonin manipulation in male quail. Combination of pinealectomy
(Px) and orbital enucleation (Ex) increased the production and
concentration of 7α-hydroxypregnenolone and the expression of
cytochrome P4507α in the quail diencephalon after 1 week. Con-
versely, melatonin administration to Px/Ex quail decreased the
production and concentration of 7α-hydroxypregnenolone and
the expression of cytochrome P4507α in the diencephalon (Tsut-
sui et al., 2008). Further, the inhibitory effect of melatonin on
7α-hydroxypregnenolone synthesis was abolished by luzindole, a
melatonin receptor antagonist (Tsutsui et al., 2008). Melatonin
derived from the pineal gland and eyes therefore may act as an
inhibitory factor of 7α-hydroxypregnenolone synthesis in the quail
(Figure 3). This notion is supported by the earlier studies indicat-
ing that melatonin treatment decreases locomotor activity in quail
(Murakami et al., 2001; Nakahara et al., 2003) and other birds
(Murakami et al., 2001).

FIGURE 3 | Schematic model depicting the action of melatonin on the

regulation of diurnal changes in 7α-hydroxypregnenolone synthesis

and locomotor activity in quail. Melatonin acts to reduce cytochrome
P4507α expression through melatonin receptor-mediated mechanisms.
Melatonin derived from the pineal gland and eyes regulates
7α-hydroxypregnenolone synthesis in the brain, thus inducing diurnal
locomotor changes. See the text for details.

In quail, as in other vertebrates, the nocturnal secretion of mela-
tonin is night-length dependent (Cockrem and Follett, 1985), and
the onset of melatonin secretion occurs soon after the onset of
darkness (Kumar and Follett, 1993). Therefore, the increase in 7α-
hydroxypregnenolone synthesis in the brain of male quail during
the light period is likely to be a result of the decrease in endogenous
melatonin secretion (Figure 3). Since 7α-hydroxypregnenolone
stimulates locomotor activity, it is proposed that, in male quail, this
neurosteroid plays a crucial role in diurnal changes in locomotor
activity through the action of melatonin.

In birds and other vertebrates in general, locomotor activity
undergoes a circadian rhythm (Saper et al., 2005) controlled by
diurnal rhythm of melatonin secretion (Binkley et al., 1971; John
et al., 1978; Cassone and Menaker, 1984; Chabot and Menaker,
1992; Hau and Gwinner, 1994; Warren and Cassone, 1995). How-
ever, the molecular mechanisms underlying this neurohormonal
regulation of behavior have been poorly understood. The discov-
ery of the role of 7α-hydroxypregnenolone in mediating the action
of melatonin on diurnal locomotor rhythmicity is an important
step in understanding these mechanisms (Tsutsui et al., 2008). A
similar mechanism may underly the regulation of diurnal loco-
motor rhythms in other vertebrates (for reviews, see Tsutsui et al.,
2009a,b, 2010a,b), since 7α-hydroxypregnenolone is also present
in the brains of newts (Matsunaga et al., 2004) and mammals
(Akwa et al., 1992; Doostzadeh and Morfin, 1997; Weill-Engerer
et al., 2003; Yau et al., 2003).

SEASONAL CHANGES IN 7α-HYDROXYPREGNENOLONE SYNTHESIS
AND ACTION
To further understand the functional significance of 7α-hydro-
xypregnenolone, seasonal changes in 7α-hydroxypregnenolone
synthesis and concentration in the brain were also demonstrated
in newts (Matsunaga et al., 2004; Haraguchi et al., 2010). Both the
synthesis and concentration of 7α-hydroxypregnenolone in the
male brain markedly changed during the annual breeding cycle
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and were maximum in the spring breeding period (Matsunaga
et al., 2004; Haraguchi et al., 2009, 2010). Similar seasonal changes
in the expression of cytochrome P4507α occurred in the male brain
(Haraguchi et al., 2010). These findings suggest that the increase
in locomotor activity of male newts in the spring breeding period
can be accounted for an increase in 7α-hydroxypregnenolone syn-
thesis in the brain. In contrast to males, 7α-hydroxypregnenolone
levels in the brain of females did not vary significantly and are
constantly low (Haraguchi et al., 2010). Accordingly, the lower
locomotor activity in females could be ascribed to a lower level of
7α-hydroxypregnenolone in their brain.

REGULATORY MECHANISMS OF SEASONAL CHANGES IN
7α-HYDROXYPREGNENOLONE SYNTHESIS AND ACTION
Plasma prolactin (PRL) levels in the male newt are elevated dur-
ing the breeding period (Matsuda et al., 1990; Mosconi et al.,
1994) and it has been shown that PRL acts directly on the
brain to regulate courtship behavior in the male newt (Toy-
oda et al., 2005). Based on these observations, PRL may act on
the brain to increase 7α-hydroxypregnenolone synthesis, thus
enhancing locomotor activity of male newts during the breed-
ing period. A recent study has provided evidence that PRL is
an important regulator of 7α-hydroxypregnenolone production
(Haraguchi et al., 2010; Figure 4). Hypophysectomy (Hypox)
decreased 7α-hydroxypregnenolone synthesis and concentration
in the brain of sexually mature males after 2 weeks, suggesting that
some pituitary hormone(s) may be involved in the regulation of
7α-hydroxypregnenolone synthesis in the brain (Haraguchi et al.,
2010). Administration of PRL but not gonadotropins (GTHs)
to Hypox male newts caused a dose-dependent increase in 7α-
hydroxypregnenolone synthesis and concentration in the brain
(Haraguchi et al., 2010). Reciprocally, administration of anti-newt
PRL serum dose-dependently decreased 7α-hydroxypregnenolone
biosynthesis (Haraguchi et al., 2010). Accordingly, PRL secreted by

FIGURE 4 | Schematic model depicting the action of PRL on the

regulation of seasonal changes in 7α-hydroxypregnenolone synthesis

and locomotor activity in newts. PRL synthesized in the
adenohypophysis, by acting on Mg neurons in the hypothalamus, induces
the expression of cytochrome P4507α. Cytochrome P4507α and PRL receptor
(PRLR) are colocalized in Mg neurons. Thus, prolactin, an adenohypophyseal
hormone, regulates 7α-hydroxypregnenolone synthesis in the brain, and
also induces seasonal locomotor changes. See the text for details.

the adenohypophysis can be regarded as a major factor regulating
7α-hydroxypregnenolone synthesis (Figure 4). This is a previ-
ously undescribed role of the adenohypophyseal hormone in the
regulation of neurosteroidogenesis in the brain in any vertebrate.

In contrast to male newts, no seasonal changes in
7α-hydroxypregnenolone synthesis and concentration, and
cytochrome P4507α mRNA expression were observed in female
newts (Haraguchi et al., 2010). In newts, plasma PRL levels in
males exhibit marked seasonal changes during the annual breeding
cycle and are maximum in the spring breeding period (Matsuda
et al., 1990; Mosconi et al., 1994). In contrast, plasma PRL levels in
females are constantly low (Matsuda et al., 1990). Such a sex dif-
ference in the seasonal changes in plasma PRL levels may account
for the absence of seasonal changes in 7α-hydroxypregnenolone
synthesis and concentration, and cytochrome P4507α mRNA
expression in the female brain.

To understand the mode of action of PRL in the regulation
of 7α-hydroxypregnenolone synthesis, Haraguchi et al. (2010)
determined the site of cytochrome P4507α expression and colo-
calization of cytochrome P4507α and PRL receptor (PRLR) in
sexually mature male newts. P4507α-positive cells were local-
ized mainly in the anterior preoptic area (POA), magnocellular
preoptic nucleus (Mg), and tegmental area (TA) in the brain
(Haraguchi et al., 2010). However, PRLR-like immunoreactivity
was found only in the Mg (Haraguchi et al., 2010). Thus, the
major, but perhaps not exclusive, targets of PRL action to increase
7α-hydroxypregnenolone synthesis are the P4507α-positive cells in
the Mg (Figure 4). The Mg is sexually dimorphic both in terms
of response to pheromones and neuroanatomical aspect (Govek
and Swann, 2007). In particular, the Mg possesses more neurons
in the male than in the female (Govek et al., 2003). Electrolytic
lesions that include the Mg immediately and permanently elimi-
nate male copulatory behavior in the hamster (Powers et al., 1987).
In newt (Giorgio et al., 1982; Toyoda et al., 1993), the involvement
of PRL in eliciting courtship behavior of males has been reported.
Accordingly, it is possible that PRL may also induce the expres-
sion of locomotor activity and courtship behavior by increasing
7α-hydroxypregnenolone synthesis in the Mg of sexually mature
male newts (Figure 4).

On the other hand, it is known that in mammals, PRL is syn-
thesized not only in the adenohypophysis but also in a subset
of hypothalamic neurons projecting throughout the brain (Fuxe
et al., 1977; De Vito, 1988; Emanuele et al., 1992). Based on the
preliminary studies conducted by the laboratory of Kikuyam (I.
Hasunuma and S. Kikuyama, unpublished observation), PRL was
expressed in the newt brain but the expression level might be
very low (see Haraguchi et al., 2010). Thus, the localization and
function of brain PRL are still unclear in newts. It is considered
that adenohypophyseal PRL is more important than brain PRL
in the expressions of locomotor activity and courtship behavior,
in as much as the increase in plasma PRL levels in breeding male
newts (Matsuda et al., 1990; Mosconi et al., 1994) and the suppres-
sion of locomotor activity and courtship behavior in Hypox male
newts (Toyoda et al., 1993; Haraguchi et al., 2010) have also been
reported.

In mammals, choroid plexus PRLR has been proposed to be
involved in the transport of PRL from blood into the cerebrospinal
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fluid (Walsh et al., 1987). In the choroid plexus of newts, dense
PRLR immunoreactivity and PRLR mRNA signals were observed
in the epithelial cells (Hasunuma et al., 2005). Thus, PRL trans-
ported from the blood into the cerebrospinal fluid via the
choroid plexus receptor is considered to play an important role
in the expression of locomotor activity and courtship behavior,
although a possible contribution of PRL transported to the brain
through retrograde blood flow by the portal system cannot be
excluded as reported in mammals (Oliver et al., 1977; Porter et al.,
1978).

EFFECTS OF STRESS ON 7α-HYDROXYPREGNENOLONE SYNTHESIS
AND ACTION
It is firmly established that locomotor activity of vertebrates
changes after acute stress (Lee et al., 1986; Lowry et al., 2009;
Hubbard et al., 2010). Numerous studies in various vertebrates
document that concentrations of adrenal steroid hormones,
namely cortisol or corticosterone, increase shortly after expo-
sure to stressful conditions (Coddington et al., 2007; Kirby et al.,
2009). There is also evidence that injection of corticosterone
rapidly and dramatically changes male locomotor activity (Moore
and Miller, 1984; Mitra and Sapolsky, 2008; Ricciardella et al.,
2010). However, the molecular mechanisms involved in corti-
costerone regulation of behavioral changes under stress are still
obscure.

Based on these observations, we hypothesized that acute stress
may increase 7α-hydroxypregnenolone synthesis via corticos-
terone action in the newt brain, and that 7α-hydroxypregnenolone
may subsequently increase locomotor activity. To test these
hypotheses, we conducted a series of experiments using the male
newt (S. Haraguchi, T. Koyama, S. I. Hasunuma, S. Okuyama,
S. Kikuyama, J. L. Do-Rego, H. Vaudry, and K. Tsutsui, unpub-
lished observation). A 30-min restraint stress increased 7α-
hydroxypregnenolone synthesis and plasma corticosterone levels
in male newts. Hypox decreased 7α-hydroxypregnenolone syn-
thesis, whereas administration of corticosterone to Hypox newts
caused an increase in 7α-hydroxypregnenolone synthesis. These

results provide new evidence that 7α-hydroxypregnenolone, a key
neurosteroid implicated in the induction of locomotion, mediates
the action of corticosterone to modulate locomotor activity in
newts under stress.

CONCLUSION AND FUTURE DIRECTIONS
In conclusion, 7α-hydroxypregnenolone, a newly discovered
amphibian and avian neurosteroid, acts as an important factor
stimulating locomotor activity. The stimulatory action of 7α-
hydroxypregnenolone is mediated by the dopaminergic system.
7α-Hydroxypregnenolone apparently functions in males but not
in females. Melatonin acts on the neurons expressing cytochrome
P4507α to regulate 7α-hydroxypregnenolone synthesis, thus induc-
ing diurnal locomotor changes. PRL, an adenohypophyseal hor-
mone, also acts on the neurons expressing cytochrome P4507α

to regulate 7α-hydroxypregnenolone synthesis, thus inducing
seasonal locomotor changes. 7α-Hydroxypregnenolone further
mediates the action of corticosterone to modulate locomotor
activity under stress.

The synthesis of 7α-hydroxypregnenolone increases during the
breeding season and decreases during the non-breeding season.
These seasonal changes suggest that 7α-hydroxypregnenolone may
be involved in maintaining energy balance via energy conserva-
tion during lean times. Future study is needed to demonstrate this
hypothesis. In addition, various wild animals migrate just before
reproduction. They become very active at the time of migration.
7α-Hydroxypregnenolone may also drive animals to migrate and
enhance migratory activity. Avian migration is a good model to
demonstrate this hypothesis.
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Aromatase in the mouse brain is expressed only in the nerve cells of specific brain regions
with a transient peak during the neonatal period when sexual behaviors become orga-
nized.The aromatase-knockout (ArKO) mouse, generated to shed light on the physiological
functions of estrogen in the brain, exhibited various abnormal behaviors, concomitant with
undetectable estrogen and increased androgen in the blood.To further elucidate the effects
of neurosteroidal estrogens on behavioral phenotypes, we first prepared an brain-specific
aromatase transgenic (bsArTG) mouse by introduction of a human aromatase transgene
controlled under a −6.5 kb upstream region of the brain-specific promoter of the mouse
aromatase gene into fertilized mouse eggs, because the −6.5 kb promoter region was
previously shown to contain the minimal essential element responsible for brain-specific
spatiotemporal expression. Then, an ArKO mouse expressing the human aromatase only
in the brain was generated by crossing the bsArTG mouse with the ArKO mouse. The
resulting mice (ArKO/bsArTG mice) nearly recovered from abnormal sexual, aggressive,
and locomotive (exploratory) behaviors, in spite of having almost the same serum levels
of estrogen and androgen as the adult ArKO mouse.These results suggest that estrogens
locally synthesized in the specific neurons of the perinatal mouse brain directly act on the
neurons and play crucial roles in the organization of neuronal networks participating in the
control of sexual, aggressive, and locomotive (exploratory) behaviors.

Keywords: knockout mouse, transgenic mouse, brain-specific expression, aromatase, estrogen, androgen, sexual

behavior

INTRODUCTION
Aromatase (the cyp19 gene product) is a key enzyme in the biosyn-
thesis of estrogen from androgen. It is localized not only in the
gonads but also in the brains of vertebrates from fish to mammals
and plays important roles in the brain sexual differentiation and
in the sexual behaviors through paracrine or autocrine actions
of estrogen as a neurosteroid. Aromatase in the mouse brain is
expressed only in the nerve cells of specific brain regions including
the hypothalamus and limbic areas with a transient peak during
the neonatal period when neuronal networks and imprinting of
sexual behaviors are irreversibly organized (Balthazart et al., 1991;
Harada and Yamada, 1992; Lauber and Lichtensteiger, 1994).

An essential direct-acting factor in the processes of sexual
differentiation of the brain was formerly considered to be testos-
terone (T) secreted from the testes during the perinatal period
(Beach, 1946; Pfaff, 1970). However, dihydrotestosterone (DHT),
a biologically active androgen, was unable to restore impaired
male sexual behaviors in castrated rats (McDonald et al., 1970).
Moreover, some antiestrogens and aromatase inhibitors blocked
androgen-induced sexual behaviors in male rats (Christensen and
Clements, 1975; Beyer et al., 1976). Then, Naftolin et al. (1972)
proposed an aromatase hypothesis, in which brain aromatase
would be responsible for the organization of the neural circuitry
underlying male sexual behaviors by conversion of T from fetal
testes to 17β-estradiol (E2) in the brain (MacLusky and Naftolin,
1981).

Experimental model animals exhibiting estrogen or androgen
deficiency were generated in mice by targeted disruption of estro-
gen receptors (ERs), androgen receptor (AR), and aromatase genes
and the roles of neurosteroids were studied in reproductive phys-
iology and behavior. A series of studies on the knockout mice of
ERα (αERKO), ERβ (βERKO), or both of ERα and β (αβERKO) has
revealed that ERs play essential roles in male sexual behaviors as
well as aggressive and parental behaviors (Ogawa et al., 1997, 1999,
2000; Wersinger et al., 1997). On the other hand, conditional ArKO
mice generated by a Cre-lox system also exhibited impaired sexual
and aggressive behaviors in males and normal sexual behaviors
in females, suggesting that androgen/AR are required for perina-
tal brain masculinization (Sato et al., 2004). Aromatase-knockout
(ArKO) mice generated by several groups (Fisher et al., 1998;
Honda et al., 1998; Toda et al., 2001c) had impaired reproduc-
tive functions, glucose/lipid metabolisms, and socio-emotional or
sexual behaviors.

Aromatase-knockout mice showed accumulation of androgen
as well as a deficiency of estrogen in the blood. Consequently, accu-
mulated T is converted to DHT, a ligand of AR, by 5α-reductase.
DHT is further metabolized to 5α-androstan-3β, 17β-diol by 3β-
hydroxysteroid dehydrogenase (3β-HSD) and 17β-hydroxysteroid
dehydrogenase (17β-HSD). Accumulated T is also converted to
dehydroepiandrosterone (DHEA) and 5α-androsten-3β, 17β-diol
by 3β-HSD, and 17β-HSD. Recently, 5α-androsten-3β, 17β-diol,
and 5α-androstan-3β, 17β-diol were shown to be good ligands for
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ERα and ERβ, and to exert physiological functions in the brain
(Lund et al., 2006; Jellinck et al., 2007). The metabolic side effects
accompanied by the aromatase gene disruption and consequent
genomic effects through activation of nuclear receptors by binding
of androgen metabolites should be considered in the interpretation
of the aberrant phenotypes of ArKO mice.

We have already identified the promoter region responsible for
the brain-specific spatiotemporal expression of the mouse aro-
matase gene in a previous study (Harada and Honda, 2005). In
this study, we generated an ArKO mouse expressing the human
aromatase gene only in the brain [ArKO/ brain-specific aromatase
transgenic (bsArTG) mouse] by introduction of the aromatase
transgene controlled under a brain-specific promoter. We com-
pared the behavioral phenotypes with those of the ArKO mouse
as an approach to elucidate the effects of estrogen deficiency
separately from the effects of androgen metabolites.

MATERIALS AND METHODS
ANIMALS
Aromatase-knockout mice were generated by pairing heterozygous
mutant animals which were generated by targeted disruption of the
aromatase gene (Honda et al., 1998). The crossings were repeated
over 20 generations to generate ArKO offspring with a genetic
background of C57BL/6. The transgenic mice brain-specifically
expressing human aromatase (bsArTG mice) were generated by
microinjection of the aromatase transgene controlled under the
brain-specific promoter of the mouse aromatase gene into fertil-
ized eggs (Gorski et al., 1986; Harada and Honda, 2005). Genomic
DNA was prepared from the tails of the offspring, and screened
by polymerase chain reaction (PCR) to select ArKO and bsArTG
mice. The ArKO/bsArTG mouse was prepared by pairing the ArKO
with bsArTG mouse. Mice were singly housed under a controlled
photoperiod with a 12:12-h light–dark cycle and temperature (22–
24˚C) throughout the tests with food and water available ad libi-
tum. Animal care and experiments were conducted in accordance
with Fujita Health University guidelines.

BEHAVIORAL ANALYSES
Behavioral analyses of sexual behaviors (mount, intromission,
and ejaculation), aggressive behaviors (tail rattling, chasing, box-
ing, biting, offensive attach, wrestling), infanticide behavior, and
locomotive (exploratory) behavior were performed as described
previously (Matsumoto et al., 2003b). All behavioral tests were
conducted during the dark phase of the light/dark cycle start-
ing at 2 h after lights were switched off and video-recorded with
infrared night scope for 15–30 min each. Male mice were tested
for sexual behaviors during a 30-min test with estrous female
mice (C57BL/6). As stimuli, the female mice were ovariectomized
and injected with E2 benzoate (30 and 15 μg at 48 and 24 h
before tests) and progesterone (500 μg at 4–7 h before tests).
Males were also tested in their home cage against a group-
housed olfactory-bulbectomized male intruder mouse (C57BL/6)
for 15 min. For each male tested, the total number of aggressive
bouts was scored. An aggressive bout was defined as a consecutive
series of behavioral acts separated by less than 3 s. The locomo-
tive (exploratory) behavior was video-recorded in the open field
cage (53 cm long × 35 cm wide × 30 cm high) with an infrared

night scope, and analyzed with travel distance, resting time, and
parallelism index as parameters using behavior analysis software
SMART (Panlab, S. L., Barcelona, Spain).

CONSTRUCTION OF TRANSGENES
The DdeI and StuI fragment of the human aromatase cDNA,
which contains a 5′-non-coding region of 19 bp, a complete cod-
ing region, and 3′-non-coding region of 303 bp, with a SV40
polyadenylation signal at the 3′-end was inserted into pUC118.
Then, the −6.5 kb promoter region of the brain-specific exon 1f
of the mouse aromatase gene (Harada and Honda, 2005) was
prepared from genomic DNA and inserted into the plasmid to
construct the bsArTG as shown in Figure 1. The transgene plas-
mid was linearized by Not I digestion, and used to generate the
bsArTG mouse as described previously (Hogan et al., 1994). Four
to six transgenic founders were obtained and maintained to gen-
erate progeny. Genomic DNA was prepared from the tails of the
offspring and screened for the presence of the transgene by PCR
(Honda et al., 1998).

ANALYSIS OF EXPRESSION OF THE AROMATASE TRANSGENE BY
REVERSE TRANSCRIPTION-POLYMERASE CHAIN REACTION
The expression of the aromatase transgene in the ArTG or
ArKO/bsArTG mice were examined by RT–PCR of the total
RNAs which were prepared from tissue homogenates of ArTG or
ArKO/bsArTG mice. The oligonucleotides of an antisense primer
(5′-AACCACGATAGCACTTTGT-3′) for reverse transcription
(RT) and nested antisense- (5′-TGTTAGAGGTGTCCAGCATG-
3′) and sense- (5′-TACTACAACCGGGTATATGG-3′) primers for
PCR were synthesized. All were specific primers for the human
aromatase transgene, but not for the mouse aromatase gene. The
RT–PCR was performed as described previously (Honda et al.,
1998).

FIGURE 1 | Construction of the brain-specific aromatase transgene. (A)

The amino acid sequence of mouse aromatase is coded from the ATG
translational start site in the exon 2 to termination codon in exon 10 of the
gene. The exon 1f, flanked with brain-specific regulatory elements in the
promoter region, is brain-specifically selected among multiple exons 1 of
the gene. (B) The brain-specific aromatase transgene was constructed by
linking human aromatase cDNA with the −6.5-kb promoter region of the
brain-specific exon 1f. (C–E) Tissue total RNAs were prepared from testes,
ovaries, kidneys, livers, and brains of ArTG mice (8–10 weeks of age)
carrying the brain-specific aromatase transgene and subjected to RT–PCR
specific for human aromatase in the presence (C) or absence (D) of reverse
transcriptase. As controls, RT–PCRs specific for β-actin (E) were also
performed.
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ASSAY OF SERUM LEVELS OF E2 AND T
The serum levels of E2 and T were determined by radio immunoas-
say (RIA; Mitsubishi Kagaku Bio-Clinical Laboratories, Inc.,
Tokyo) and enzyme immunoassay kits (Pantex, Santa Monica,
CA, USA). After anesthetization, 3–4 animals of each genotype
at 12–15 weeks of age were used to collect the blood by cardiac
puncture. The serum samples were pooled and used for assays
of serum steroids, which were performed in triplicate for each
genotype.

STATISTICAL ANALYSIS
The frequency (mean ± SEM) of mount, intromission, and ejac-
ulation behaviors was analyzed by a two-way analysis of variance
(ANOVA) with repeated measures followed by post hoc com-
parisons using the Fisher’s protected least significant difference
(Fisher’s PLSD) test. Differences in the incidences of behaviors
were analyzed by the χ2 test or Fisher’s exact probability test. We
considered differences significant, if p-values < 0.05.

RESULTS
GENERATION AND CHARACTERIZATION OF THE ArKO/bsArTG MOUSE
The aromatase transgene expressing the human aromatase tran-
scriptionally regulated by the −6.5-kb promoter region of the
brain-specific exon 1f of the mouse aromatase gene (Figure 1)
was constructed and introduced into fertilized eggs to gener-
ate the bsArTG mouse. The ArKO/bsArTG mouse was prepared
by pairing of an ArKO with a bsArTG mouse. The resulting
ArKO/bsArTG mice exhibited the brain-specific expression of
the aromatase transgene (Figure 1). The expression was unde-
tectable in the testes, ovary, kidney, and liver of ArKO/bsArTG
mice. ArKO/bsArTG mice showed almost the same serum levels
of E2 and T as the ArKO mice (Table 1). The serum levels of
E2 in wild females were changed from <5 to 30 pg/ml accord-
ing to the estrous cycle in the ovary, whereas those of ArKO and
ArKO/bsArTG females were below the detection limit (<5 pg/ml).
The levels of T were 7.98 ng/ml in wild-type males and 0.21 ng/ml
in wild-type females and were significantly increased in ArKO and
ArKO/bsArTG females. There were no significant differences in T
levels between ArKO and ArKO/bsArTG mice (Table 1).

RESTORATION OF IMPAIRED BEHAVIORS IN ArKO MICE BY
INTRODUCTION OF bsArTG
Aromatase-knockout mice exhibited impairments of various
behaviors, such as sexual behaviors of mount, intromission, and

ejaculation, aggressive behaviors of tail rattling, chasing, boxing,
biting, offensive attack, and wrestling, infanticide behavior, and
locomotive (exploratory) behaviors as shown in Figures 2–7.
Wild-type males normally displayed frequent mount and intro-
mission, and ejaculation behaviors. In contrast, the frequency
of mount and intromission behaviors in the ArKO males were
observed at rates of 9 and 3% of the wild-type males’, respectively,
and no ejaculation was observed in the ArKO males (Figure 2).
However, the ArKO/bsArTG males almost completely recovered
from the impaired ejaculation behavior observed in the ArKO
males, whereas they significantly but incompletely recovered from
the impaired behaviors of mount and intromission in the ArKO
males, compared with the same behaviors in the wild-type males.
ArKO/bsArTG males significantly recovered from disorders in
the sexual behaviors of mount, intromission, and ejaculation
(Figure 2). Similarly, the ArKO males showed significantly reduced
aggressive behaviors against an olfactory-bulbectomized male
intruder and simultaneously elevated aggression toward an estrous
female, while wild-type males attack a male intruder and accept
an estrous female (Figure 3). The ArKO/bsArTG males com-
pletely lacked the aggressive behavior to females in the same cage,
whereas they showed partial recovery of the decreased aggressive-
ness to the intruder males but not complete recovery, compared
with the wild-type males (Figure 3). Frequent infanticide behav-
iors were observed in ArKO males, whereas wild-type males did
not show any infanticide (Figure 4). The infanticide behavior
observed in the ArKO males almost completely disappeared in
the ArKO/bsArTG males as in the wild-type males (Figure 4).

The locomotive (exploratory) behavior was observed in the
open field with regard to parameters of travel distance, rest-
ing time, and parallelism index. We analyzed video-monitored
locomotive (exploratory) behaviors of wild-type, ArKO, and
ArKO/bsArTG mice using behavioral analysis software, SMART
(Panlab). The spontaneous locomotive behavior of ArKO/bsArTG
mice was compared to that of wild-type and ArKO mice. We
observed that ArKO mice walked a few steps and looked around,
whereas wild-type and ArKO/bsArTG mice moved more linearly.
Time-series data of ArKO and wild-type mice at 200-ms intervals
revealed that wild-type mice moved around constantly whereas
ArKO mice move intermittently with some resting time, occa-
sionally with resting time of more than 1 min (Figure 5). Con-
sequently, the shorter travel distance and the longer resting time
were observed in ArKO females, compared with wild-type and
ArKO/bsArTG females, whereas there were no significant changes

Table 1 | Serum concentrations of E2 andT in the wild-type, ArKO, and ArKO/bsArTG mice.

Male Female

E2 (pg/ml) T (ng/ml) E2 (pg/ml) T (ng/ml)

Wild-type <5–15 7.98 ± 8.66 <5–30 0.21 ± 0.13

ArKO <5 9.57 ± 8.95 <5 2.77 ± 1.18

ArKO/bsArTG <5 9.77 ± 9.92 <5 1.97 ± 1.47

The serum concentrations of E2 andT were determined in males and females of wild-type, ArKO, and ArKO/bsArTG mice (n = 3–4 each of 12–15 weeks).The detection

limit of E2 was set to be 5 pg/ml from the standard titration curve.
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FIGURE 2 | Impairment and restoration of male sexual behaviors in

ArKO and ArKO/bsArTG mice, respectively. The behavioral tests were
performed using wild-type (n = 9), ArKO (n = 11), and ArKO/bsArTG (n = 9)
male mice aged 11–13 weeks. The frequency of mount, intromission, and
ejaculation during a 30-min test was examined in the wild-type (solid bars),
ArKO (open bars), and ArKO/bsArTG (hatched bars) mice. An insert is a
enlarged graph of the ejaculation frequency. The frequency of each behavior
is indicated by the mean ± SEM. Significant differences of wild-type vs.
ArKO (impairments) and ArKO vs. ArKO/bsArTG (restorations) are shown
(*p < 0.01).

FIGURE 3 |The resident intruder paradigm test of aggressive behaviors

in wild-type (n = 9), ArKO n = 11), and ArKO/bsArTG (n = 9) male mice

aged 12–14 weeks. The test male was examined in his home cage as the
resident against a group-housed olfactory-bulbectomized male intruder (A)

or an estrous female (B). The frequency of each aggressive behavior is
indicated by the mean ± SEM. Significant differences of wild-type vs. ArKO
and ArKO vs. ArKO/bsArTG are shown (*p < 0.01).

of the travel distance and the resting time among wild-type,
ArKO, and ArKO/bsArTG males (Figure 6). The parallelism index,
another parameter of locomotor activity, indicated characteristic
features of movement in the open field of these animals (Figure 7).
This parallelism index was significantly lower in ArKO mice,
compared to the wild-type and ArKO/bsArTG mice (Figure 7).

DISCUSSION
Aromatase is tissue-specifically regulated by alternative utiliza-
tion of multiple exons 1 of the gene (Means et al., 1991; Harada
et al., 1993; Mahendroo et al., 1993). In the brain, aromatase is

FIGURE 4 | Infanticide behaviors in wild-type (n = 9), ArKO (n = 11), and

ArKO/bsArTG (n = 9) mice aged 13–15 weeks. The incidence of the
infanticide behavior is shown as a percentage, and statistically analyzed by
the χ2-method. Significant differences of wild-type vs. ArKO and ArKO vs.
ArKO/bsArTG are shown (*p < 0.05).

brain-specifically transcribed from exon 1f (Honda et al., 1994,
1996). The promoter region of exon 1f is thought to be responsible
for the brain (preoptic area, medial hypothalamus, and amyg-
dala regions)-specific, the neuron-specific, and the developmental
stage-specific expression in the brain (Harada and Honda, 2005).
Such a spatiotemporal expression of aromatase in the brain is
thought to be in line with the need for organization and acti-
vation of sexual behavior through local production of estrogens
in specific regions of the brain. In a previous study, the −6.5-
kb promoter region of exon 1f exhibited a similar pattern of
spatiotemporal expression as a LacZ reporter transgene in the
transgenic mouse and as expression of aromatase in the mouse
brain (Harada and Honda, 2005). All transgenic mice carrying
the transgene with the –6.5 kb promoter region showed signifi-
cant β-galactosidase reporter activity, mainly in the limbic cortex
containing the amygdala and in the diencephalon containing the
preoptic area and medial hypothalamus, similar to the localization
of aromatase in the mouse brain. There was almost no activity in
other tissues (Harada and Honda, 2005). Furthermore, the LacZ
transgene in all the transgenic mice showed a very similar develop-
mental expression pattern as that of mouse brain aromatase with
a transient peak during the perinatal period in the diencephalic
and limbic regions (Harada and Honda, 2005).

To elucidate the physiological functions of aromatase, we gen-
erated ArKO mice by targeted disruption of the mouse aromatase
gene (Honda et al., 1998). The ArKO mice show a complete deficit
of estrogens and exhibit various abnormalities in the gonads,
bones, blood vessels, brain, etc. With regard to physiological
functions in the brain, the ArKO mice exhibited abnormal behav-
iors, such as a propensity for infanticide, inversion of aggressive
behaviors, and impairments in sexual motivation, partner pref-
erence, and performance behaviors and parental and exploratory
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FIGURE 5 |Typical locomotive activities of the wild-type and ArKO mice

aged 15 weeks in open field tests. The locomotive behaviors of wild-type
and ArKO mice were monitored in the open field cage (53 cm long × 35 cm

wide × 30 cm high) by a video-recorder with infrared night scope. Time-series
data of wild-type (A) and ArKO (B) mice were collected at 200 ms intervals for
15 min.

FIGURE 6 | Impairment and restoration of locomotive activities of

wild-type, ArKO, and ArKO/bsArTG mice. The travel distance and resting
time during a 15-min open field test were analyzed from video-recorded
locomotor activities of males (hatched bars) and females (open bars) of
wild-type (n = 9), ArKO (n = 11), and ArKO/bsArTG (n = 9) mice aged
14–16 weeks.

behaviors (Bakker et al., 2002a,b; Aste et al., 2003; Matsumoto
et al., 2003a,b). The observation on the sexual behaviors is con-
sistent with phenotypes of αβERKO mice in principle (Ogawa
et al., 2000). The αERKO males showed normal levels of mounts
and reduced levels of intromissions, but virtually no ejaculation
(Ogawa et al., 1997; Wersinger et al., 1997), whereas all three
components of sexual behaviors are normal in βERKO animals
(Ogawa et al., 1999). The αβ ERKO males did not exhibit any sex-
ual behaviors. Immunoreactive ERs were also reported to increase
approximately twofold in certain hypothalamic and limbic regions
of ArKO mice (Agarwal et al., 2000). The facts that estrogen defi-
ciency in the ArKO mouse resulted in apoptosis of neurons in cer-
tain brain regions (Hill et al., 2007a, 2009) may suggest important
roles for estrogens in the formation of neuronal networks.

To date, ArKO mice have been generated in different labora-
tories, and independently observed to exhibit similar disorders in
sexual partner preference (Bakker et al., 2002b), sexual perfor-
mance, aggressive behavior (Toda et al., 2001a,b), and compul-
sive behavior (Hill et al., 2007b). The impairment in mounting

FIGURE 7 |The parallelism index of wild-type, ArKO, and ArKO/bsArTG

mice as a parameter of locomotor activity. The parallelism index, a
characteristic feature of locomotor or exploratory movement, was
calculated from video-recorded locomotor activities of males (hatched bars)
and females (open bars) of wild-type (n = 9), ArKO (n = 11), and
ArKO/bsArTG (n = 9) mice aged 14–16 weeks using behavioral analysis
software SMART (B). The index value elicited from the formula shown in
the (A) approaches +1 when the movement is straight ahead, and
approaches 0 and −1 when the test mouse moves rightward/leftward, and
backward, respectively.

behavior of ArKO males was reversed by repeated injection of
E2 when initiated on the day of birth, but not when treatment
was initiated on the 15th-day after birth (Toda et al., 2001a),
whereas Bakker et al. (2004) have reported that the deficits in
sexual behaviors of ArKO males were largely corrected following
adult treatment with E2 benzoate. ArKO males also showed signif-
icantly abnormal aggressive behaviors, compared with wild-type
males (Matsumoto et al., 2003a,b). Supplements of E2 soon after
birth reportedly restore a complete loss of male aggressive behavior
(Toda et al., 2001b).

The aromatase gene with a brain-specific promoter was intro-
duced into the ArKO mice. Thus, aromatase in the ArKO/bsArTG
mice was expressed only in the brain with a transient peak
during the perinatal period, but not in other tissues includ-
ing gonadal tissues (Figure 1). The ArKO/bsArTG mice showed
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significant recovery from impaired behaviors, suggesting that
aromatase in the brain played an important role in the organi-
zation effect through local estrogen production. However, sev-
eral behaviors such as mount, intromission, and aggression were
incompletely recovered by the transgenic aromatase introduced in
the ArKO/bsArTG mice. The facts suggest that the activation effect
of these behaviors in adulthood would be exerted by high levels of
estrogen from both of the brain and gonadal tissues and estrogen
only from the brain in the ArKO/bsArTG mice is not enough to
bring about the same effect. Alternatively, redundant or paratac-
tic innervation systems by androgen or the other factors may also
function in the organization and activation effects. The additional
experiments using conditional knockout of ArKO and ArKO/bs
ArTG mice and E2 implantation might provide a clear answer.

Several lines of evidence indicate that androgens directly induce
male-typical aggressive behaviors (Svare and Gandelman, 1975;
Simon et al., 1985). Recent experiments using the Cre-loxP sys-
tem to generate ArKO male and female mice showed that ArKO
males exhibited no male-typical sexual and aggressive behaviors,
whereas ArKO females exhibited normal sexual behaviors (Sato
et al., 2004). Moreover, administration of non-aromatized andro-
gen, DHT to ArKO males was ineffective in restoring impaired
sexual behaviors, but it was partially effective in restoring impaired
aggressive behaviors, whereas DHT rescued impaired male-typical
behaviors in ERKO mice (Sato et al., 2004).

Androgen metabolites such as 5-androsten-3β, 17β-diol, and 5-
androtan-3β, 17β-diol were also characterized as ligands of ER in
the brains (Lund et al., 2006; Jellinck et al., 2007). 5-Androsten-3β,
17β-diol, a steroid with both of estrogenic and androgenic prop-
erties, has previously been shown to promote not only human
prostate cancer cells (Miyamoto et al., 1998) but also estrogen-
dependent breast cancer cells (Poulin and Labrie, 1986) and to act
as a ligand with a high affinity for ER (Poulin and Labrie, 1986). It
has been found recently that it can also be metabolized from DHEA
by microglia (Jellinck et al., 2007). Neurons in the hypothala-
mus significantly expressed ERβ, AR, and DHT, and its metabolite,
5-androstan-3β, 17β-diol functions in the stress-response by act-
ing through ERβ-expressing neurons (Lund et al., 2006). The
expression of all steroid-metabolizing enzymes of 5α-reductase,
17β-HSD, 3α-HSD, 3β-HSD, and aromatase in the hypothalamus
was demonstrated by RT–PCR (Lund et al., 2006). The conversion
of DHEA and DHT to 5-androsten-3β, 17β-diol and 5-androtan-
3β, 17β-diol, respectively, would be readily catalyzed by 3β-HSD
and 17β-HSD in the hypothalamus. These metabolites are non-
aromatized steroids derived from androgens and therefore would
also be produced in the brain of ArKO mice with elevated serum
levels of androgens, which were observed in all cases of indepen-
dently generated ArKO mice. To make clear whether these andro-
gen metabolites actually act as functional steroids in the brain, the
expression of steroid-metabolizing enzymes must be confirmed
to elucidate metabolic profiles and local concentrations of neu-
rosteroids in the specific brain regions of wild-type, ArKO, and
ArKO/bsArTG mice. In this study, the brain-specific expression
of aromatase in the ArKO/bsArTG mice was verified (Figure 1).
Considering a post-translational modification of aromatase such
as phosphorylation (Balthazart et al., 2005) and autophagy degra-
dation (Zhang et al., 2010) and an estrogenic action of androgen

metabolites (Poulin and Labrie, 1986; Miyamoto et al., 1998), it
will also be necessary to further determine the catalytic aromatase
activity and the local estrogen concentration in the specific brain
regions of wild-type, ArKO, and ArKO/bsArTG mice.

So far, there have been reports of aromatase/E2/ER-mediated,
5α-reducatase/DHT/AR-mediated,and androgen metabolites/ER-
mediated innervation of areas implicated in the control of sex-
ual behaviors. Although this study provided evidence in support
of aromatase/E2/ER-mediated innervation of some behaviors,
the other behaviors were partially impaired in the ArKO mice
and partially recovered in the ArKO/bsArTG mice. The intro-
duction of ArTG into ArKO males led to complete recovery of
the abnormal ejaculation, aggressiveness to the intruder females,
and infanticide in the ArKO males, and only partial recovery of
abnormal mount and intromission behaviors in the ArKO males.
These facts may suggest the presence of redundant or paratac-
tic innervation system which could bypass or compensate for the
aromatase/E2/ER-mediated innervation.

We observed the undetectable serum levels of E2 and the
increased serum levels of T in the ArKO mice. These facts cast
doubt on the side effects resulting from elevated androgens with
respect to the abnormal behaviors observed in the ArKO mice
because androgens were reported to induce male-typical aggres-
sive behaviors (Svare and Gandelman, 1975; Simon et al., 1985)
and sexual behaviors (Sato et al., 2004). Thus, we designed recovery
experiments for behavioral disorders in ArKO mouse by intro-
duction of the aromatase transgene, regulated by the −6.5-kb
brain-specific promoter of the exon 1f, into the ArKO mouse.
Because the resulting ArKO/bsArTG mice express aromatase only
in the brains with a transient peak during the perinatal period,
adult ArKO/bsArTG mice showed almost the same serum levels
of E2 and T as adult ArKO mice. However, ArKO/bsArTG mice
nearly recovered from impairments of sexual behaviors includ-
ing mounting, intromission, and ejaculation behaviors observed
in the ArKO mice. Similarly, both the aggressive behavior and
the infanticide behavior observed in ArKO males were normal-
ized in the ArKO/bsArTG males. ArKO/bsArTG mice also showed
good recovery of locomotor (exploratory) activities measured by
travel distance, resting time, and the parallelism index. The results
obtained in this study support the supposition that estrogens pro-
duced in localized brain areas during the perinatal period may
directly act on the neurons and be essential for organization
of various behaviors in the brain, and that aromatase may play
an important role in the biological processes underlying brain
functions. To evaluate the accurate physiological function of 5-
androsten-3β, 17β-diol, 5-androtan-3β, 17β-diol, and the other
androgen metabolites in the brain, we would need to establish
the generation of steroid 17α, 20-lyase deficient mouse maintain-
ing steroid 17α-hydroxylase activity as reported as a case of the
human genetic disease (Zachmann et al., 1982), and to analyze
behavioral disorders of steroid 17α, 20-lyase knockout mice and
restoration of the impairments by administration of estrogens,
androgens, and their metabolites.
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Classically, the modulation of brain function and behavior by steroid hormones was linked
exclusively to secretion by peripheral endocrine glands. Subsequently, steroid actions
within the brain were shown dependent upon either synthesis and secretion by periph-
eral organs or by production within the CNS itself using peripheral sources of precursors.
Discovery of the estrogen-synthetic enzyme aromatase in brain further bolstered the latter
view and served as a catalyst for expanding concepts of neurosteroidogenesis. In par-
allel research, several steroids, including estradiol, were found to have rapid effects on
neuronal excitability, partially explained by novel actions at neuronal membranes. Recent
findings from multiple levels of analysis and labs necessitate an updated view on how
steroids are delivered to neural circuits.There is now considerable evidence for expression
of the aromatase enzyme within synaptic boutons in the vertebrate CNS. Furthermore,
additional work now directly couples rapid regulation of neuroestrogen synthesis with
neurophysiological and behavioral outcomes. In this review we summarize evidence for
targeted and acute synaptic estrogen synthesis and perisynaptic estrogen actions in the
CNS of songbirds. We evaluate these findings in the context of criteria associated with
classic neuromodulatory signaling. We term this novel form of signaling “synaptocrine,”
and discuss its implications.

Keywords: aromatase, songbird, sex-steroid, steroidogenesis, neurosteroid

INTRODUCTION
As originally identified, neuronal and endocrine signaling were
wholly independent forms of cell–cell communication. Indeed,
it was only after an extended labor that birth was given to the
more unified field of neuroendocrinology (Scharrer, 1954), in
which identified neurons could synthesize and release hormones
to affect both neural and endocrine outcomes. This dramatically
transformed our appreciation of the chemical milieu within the
vertebrate CNS. A largely separate body of research in the lat-
ter half of the twentieth century revealed an impressive array of
chemicals released by synaptic terminals to influence the activity
of nearby neurons. The criteria for what thus defines a “neu-
rotransmitter” have been continually refined as new neuroac-
tive molecules have been discovered. What began as a simple
set of parameters that characterized the original neurotransmit-
ter released at synaptic terminals (acetylcholine; Loewi, 1921),
has now expanded to account for neurotransmission mediated
by amino acids, monoamines, neuropeptides, metals, and some
gases (Snyder, 2009). These disparate signaling molecules are
now considered “neurotransmitters” by their common functional
properties; they are synthesized in neurons, they are released
at the synapse, they alter neuronal firing states, and they are
rapidly inactivated following release. As the diversity of neural

messengers and their associated timescales has grown, the distinc-
tion between molecules that mediate classical“neurotransmission”
(i.e., fast, targeted excitation, or inhibition) and “neuromodu-
lation” (slower, non-specific modulation) has become less clear
(Katz, 1999).

Into this shifting landscape now stride the so-called neu-
rosteroids, which can be synthesized by neurons and can exert
exceedingly fast effects on neuronal excitability. The discovery that
steroid hormones are synthesized in brain expanded traditional
concepts of the brain as a mere target of steroids produced by
peripheral organs. Current research is setting the stage for elab-
oration of a new set of concepts that regard steroids synthesized
within the brain (“neurosteroids”) as neuromodulators (Balthaz-
art and Ball, 2006; Cornil, 2009; Saldanha et al., 2011). At present,
while the synapse-specific steroid receptors as well as inactivation
mechanisms are still being identified for neurosteroids, for the
purposes of this review we will consider neurosteroid signaling as
a candidate form of neuromodulation.

Because steroids are lipophilic molecules that can gain access
to the brain via the circulation, some forms of neuromodula-
tion can be relatively non-specific and accomplished by steroids
produced anywhere in the body. These actions are viewed as clas-
sically “endocrine.” Enhanced target specificity can be achieved
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when steroids are produced in close proximity to steroid-sensitive
neural circuits, which can be viewed as classic “paracrine” actions.
Modern methods have recently identified a more extreme case
where steroids can be formed within presynaptic terminals for
subsequent perisynaptic actions. This novel form of steroid pro-
duction can be viewed as very highly targeted and specific. We
and others have now applied the term “synaptocrine” to describe
this highly specific form of neuromodulation, whereby a steroid is
produced within synaptic boutons for direct perisynaptic actions
(Saldanha et al., 2003; Mukai et al., 2006; Murakami et al.,
2006).

Synaptocrine signaling differs from classical neurosecretion
(Scharrer, 1954) in several fundamental ways. First, synaptocrine
signaling involves the targeted and functional modulation of
local hormone concentrations directly at the synapse. Second, as
end-products of enzymatic reactions, synaptocrine steroid signals
can be synthesized from substrates irrespective of the substrate
source, be it peripheral endocrine glands, other brain regions,
or even local production of precursor substrates at the synaptic
terminal itself. Third, unlike most well-characterized perisynap-
tic neuromodulators, synaptocrine signals such as the lipophilic
steroids cannot be packaged in vesicles, and hence the synaptocrine
control of “release” is dependent upon steroidogenic enzyme
activity.

What follows in this review is a consideration of the “synap-
tocrine hypothesis” in which we evaluate the categorization of
estrogens secreted at synaptic terminals as bona fide neuro-
modulators. It is highly likely that many parallel synaptocrine
signaling systems exist in the vertebrate CNS, such as those
that synthesize 5α- or 5β-reduced 3α-hydroxylated progestins
for modulation of the GABAA receptor/ion channel complex
(Majewska et al., 1986; Lan and Gee, 1994; Reddy, 2010). How-
ever, the best evidence for synaptocrine signaling comes from
work focused on the synaptic production and action of estro-
gens. We therefore focus this review on the concepts generated
from studies of neuroestrogen synthesis, fluctuation, and action.
There is an extensive and growing literature on estrogen recep-
tors on neuronal membranes, including on dendrites and somas
where synaptically formed estradiol would act (Blaustein, 1992;
Blaustein et al., 1992; McEwen and Alves, 1999; Milner et al., 2001;
Beyer et al., 2003; Mitterling et al., 2010; Waters et al., 2011).
Together, this body of work provides a strong impetus to con-
sider neuromodulation by estradiol from any source, including
synaptic terminals (see also Cornil, 2009). For a recent and in
depth discussion of synaptocrine signaling see (Saldanha et al.,
2011).

CRITERIA FOR SYNAPTOCRINE SIGNALING AND FOR
DEFINING ESTRADIOL AS A NEUROMODULATOR
Neuromodulators intrinsic to the CNS have a well-defined set
of properties. They are synthesized in neurons, released at the
synapse, modulate neuronal firing states, and are rapidly inacti-
vated following release. Based on this framework, for heuristic
purposes we propose seven specific criteria to assess whether
synaptocrine signaling adheres to the general principles of neu-
romodulation. These criteria are listed in Table 1. We then address
each of these criteria with a focus on evidence obtained from

Table 1 | Criteria that define neuromodulation as applied to

synaptocrine signaling.

Criterion 1 Estrogens are lipophilic and cannot be stored, therefore

synthesis and secretion are coupled. Aromatase, and

potentially other steroidogenic enzymes, are therefore

present in synaptic terminals to allow for synaptocrine

signaling.

Criterion 2 To achieve targeted synaptocrine regulation of neuroe-

strogen levels, aromatase activity must be specifically

and actively regulated at the synapse independent of its

activity in other cellular compartments.

Criterion 3 At a rapid, neuromodulatory timescale, terminal release

of estradiol is controlled by membrane depolarization

linked to the opening of voltage-gated Ca++ channels.

Criterion 4 Estradiol synthesis requires androgenic substrate that

could arise from endocrine, paracrine, or autocrine

sources. When estradiol is synthesized at the synapse

a concomitant local decrease in the concentration of

testosterone is predicted.

Criterion 5 Estradiol produced in synaptic terminals has either

autocrine (presynaptic) or synaptocrine (post-synaptic)

actions independent of estradiol produced elsewhere.

Criterion 6 Modulation of neuronal activity by synaptic estradiol

release produces changes in neural function and behav-

ior independent of estradiol produced elsewhere.

Criterion 7 To preserve spatiotemporal resolution of neuromodu-

latory events, pre- and/or post-synaptic mechanisms

exist to rapidly terminate the influence of estradiol. Fol-

lowing synaptic estradiol synthesis, release, and local

action, mechanisms exist to rapidly quench estradiol

concentrations within the synaptic cleft.

studies of neuroestrogen signaling, primarily drawn from studies
in songbirds (see Box 1).

CRITERION 1
Estrogens are lipophilic and cannot be stored, therefore synthe-
sis and secretion are coupled. Aromatase, and potentially other
steroidogenic enzymes, are therefore present in synaptic terminals
to allow for synaptocrine signaling.

SYNAPTIC ESTRADIOL SYNTHESIS
The ability to synthesize estradiol within neural tissues by the
expression and activity of the P450 enzyme aromatase (CYP19a), is
a highly conserved feature of the vertebrate brain (Naftolin et al.,
1971, 1975; Callard et al., 1978) with enzyme activity typically
measured in brain tissue homogenates (Callard, 1984; Balthaz-
art, 1990; Lephart, 1996; Roselli and Resko, 2001; Simpson et al.,
2002; London et al., 2009; Santen et al., 2009). Enzyme activity is
present in discrete brain regions and corresponds with distribution
patterns for aromatase protein identified by immunocytochem-
istry using aromatase-specific antibodies (e.g., Balthazart et al.,
1990; Saldanha et al., 2000; Peterson et al., 2005) and usually, but,
importantly, not invariably, with aromatase mRNA expression, as
established by in situ hybridization procedures (Shen et al., 1994;
Saldanha et al., 1998; Saldanha and Schlinger, 2008).
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Box 1 Songbirds as model organisms.

Birds have served a crucial role in establishing the presence and
function of aromatase in brain. The reproductive behavior of cap-
tive Japanese quail (Order Galliformes) and Ring-doves (Order
Columbiformes) are well described and the role of androgens
and estrogens in activating neural circuits controlling elements
of masculine reproductive behaviors have been targets of inten-
sive investigation (Adkins and Adler, 1972; Adkins Regan, 1981;
Ball and Balthazart, 2002). For the most part, sex-steroids activate
reproductive and aggressive behaviors by their actions on neural
circuits in the hypothalamus/pre-optic area (HPOA), bNST, nucleus
taenia of the ventromedial telencephalon and nucleus intercollicu-
laris of the midbrain. Although this list of sex-steroid targets is not
complete, these regions are the focus of most investigation.
Oscine songbirds (Order Passeriformes), differ from these model
species in their capacity to learn some of their vocalizations, or
songs, that can be extraordinarily complex forms of auditory com-
munication produced by intricate and precise neural control of respi-
ratory muscles and those of the syrinx, the avian vocal organ (Konishi

et al., 1989). Song learning and precise motor control involves audi-
tory processing and relays to an interconnected forebrain circuit
that enables the learning and then production of their elaborate
vocal repertoires. The nuclei that form the backbone of this circuitry
express receptors for androgens and estrogens, making this song
system an excellent platform for studies of steroid hormone action
on cognition, behavior, neuroanatomy, and neuroplasticity (Bolhuis
and Gahr, 2006; Mooney, 2009). In addition, many songbirds demon-
strate remarkable spatial memory capabilities (Clayton, 2002). The
songbird HP is a site of unusually high aromatase activity and estra-
diol enhances spatial memory function (Saldanha et al., 1998; Ober-
lander et al., 2004). Although we will touch on the songbird HP, for the
remainder of this review, our focus will be on a subset of the song cir-
cuitry that includes the caudo-medial nidopallium (NCM), an auditory
processing region, and nucleus HVC (proper name), a key nucleus
that receives projections from the auditory system and, in turn,
projects to learning and pre-motor centers required for appropriate
song production (Mooney, 2009).

In the brains of endothermic vertebrates, aromatase is largely
or exclusively neuronal e.g. (Canick et al., 1986), while neu-
roglia provide the predominant source of brain estrogens in some
ectothermic vertebrates (Forlano et al., 2001, 2006). Although
some glia express aromatase after neural injury in birds and mam-
mals (Saldanha et al., 2009), typically neurons are the only cells
immunostained in CNS tissue (Naftolin et al., 1996; Horvath et al.,
1997; Saldanha et al., 2000). Staining is cytoplasmic, and is seen
over somata and throughout processes (see also Wu et al., 2009).
Under light-field microscopy, some aromatase immune-staining
is punctate (Figure 1) and isolated from other immunostained
cells (Saldanha et al., 2000; Peterson et al., 2005) as was first
observed in quail brain (Foidart et al., 1994). As is the case for many
cytochrome P450 enzymes, aromatase is membrane-bound being
associated with endoplasmic reticulum (ER; Miller, 1988; Payne
and Hales, 2004) that are widely distributed through the neu-
ronal cytoplasm. Differential centrifugation of brain homogenates
can produce microsomes (small circular bits of ER) that are
highly enriched in aromatase relative to other subcellular fractions
containing other organelles or byproducts of cellular disruption
(Schlinger and Callard, 1989b).

EVIDENCE FOR PRESYNAPTIC LOCALIZATION OF THE AROMATASE
ENZYME
When brain tissue is subject to careful differential centrifugation,
nerve terminals pinch-off and reseal (synaptosomes) and can be
isolated and purified for neurochemical analyses. Early evidence
for the presynaptic localization of aromatase was obtained when
activity could be detected in highly purified and chemically char-
acterized synaptosomal preparations of the quail hypothalamus
(Schlinger and Callard, 1989b). This synaptic localization of aro-
matase was later confirmed by immuno-electron microscopy (EM)
studies of the brains of a variety of species including quail, rats,
monkeys, and humans (Naftolin et al., 1996). The focus of these
studies was on regions rich with aromatase somata and fibers,
including the hypothalamus, bed nucleus of the stria terminalis

(bNST), and amygdala. In these regions, many aromatase-positive
synaptic terminals were seen to make contact with aromatase-
positive dendrites and somata. The functional implications of
microsomal and synaptic estrogen synthesis, however, remained
difficult to assess; the overlapping distributions of aromatase in
both subcellular localizations made their specific contributions to
neuroendocrine function difficult to study.

Aromatase can be detected in a variety of brain regions with
some proportion of the overall aromatase protein present in
presynaptic boutons (Schlinger and Callard, 1989b; Schlinger and
Arnold, 1992b; Schlinger et al., 1992; Arnold and Schlinger, 1993;
Naftolin et al., 1996; Hojo et al., 2004; Peterson et al., 2005;
Rohmann et al., 2007). Indeed, the proportion of aromatase
activity present in the microsomal fraction (presumably a mea-
sure of that aromatase in somata and in processes) as com-
pared to that in the synaptosomal fraction can vary significantly.
In some brain regions, a substantial fraction of the aromatase
appears to reside in synapses that are spatially independent of
aromatase somata. Such a conclusion is consistent with the view
from immunocytochemical studies showing aromatase-positive
terminals contacting aromatase-negative targets (Peterson et al.,
2005) as well as some axons (up to several hundred microme-
ter long) that are seen to project elsewhere in brain where the
post-synaptic targets are not obvious (Figure 1). In all likelihood,
these aromatase-positive axons place aromatase-positive terminals
onto distal unidentified neurons. If the target neuron is steroid-
sensitive, but lacks steroidogenic or steroid metabolic enzymes,
then aromatase-positive neurons of one circuit could alter the
steroidal-environment of another circuit by projecting afferents
and forming synaptic contacts using terminals that contain steroid
metabolic enzymes. It is this concept that forms the basis of the
synaptocrine hypothesis.

It is important to point out that in addition to the presynap-
tic localization of aromatase described here, this enzyme has also
been identified at post-synaptic loci (Naftolin et al., 1996). Indeed,
in vitro studies have identified aromatase in dendritic spines of
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FIGURE 1 | In the zebra finch brain, several forebrain areas contain

dense accumulations of aromatase-expressing neurons (A). At higher
magnification (B), a substantive portion of the aromatase immunoreactivity
is visible in fine fibers (asterisks) that extend a considerable distance from
the cell body itself. Sometimes, as in HVC (C) puncta (asterisks) visible as
brown deposits following aromatase ICC are clearly visible in an otherwise
unstained nucleus (blue soma are Nissl stained cells).

mammalian brain (Kretz et al., 2004; Prange-Kiel and Rune, 2006),
a location where the role of local aromatization is quite likely,
tightly coupled to post-synaptic events. Additionally, the descrip-
tion of AR and ER at post-synaptic locations in rodent brain
suggests that synaptic aromatization could have dramatic effects
on post-synaptic, steroid-receptor-dependent mechanisms (Mil-
ner et al., 2001). Taken together, it seems probable that presynaptic
and post-synaptic aromatization could have profound effects on
synaptic transmission via presynaptic and post-synaptic steroid
provision.

NEUROSTEROIDOGENESIS
The early identification of aromatase in brain was consistent with
research showing that both androgens and estrogens could orga-
nize and/or activate some masculine neural circuits (Maclusky and

Naftolin, 1981; McEwen, 1981). Thus, aromatase in brain was seen
as a terminal reaction of the full steroidogenic pathway (Miller,
1988; Payne and Hales, 2004) that was otherwise present in the
testes. These studies prompted additional research that identified
additional steroid metabolic enzymes in brain (Hutchison and
Steimer, 1981; Martini, 1982). At about the same time, evidence
began to accumulate indicating that steroids remained detectable
in the brain despite removal of the gonads and adrenals, the known
peripheral steroidogenic organs (Baulieu and Robel, 1990). These
studies suggested the brain had the capacity to synthesize steroids
de novo from cholesterol. Additional support for this concept of
neurosteroidogenesis grew worldwide with the advent of increas-
ingly sensitive methods to isolate steroids from other lipids, to
confirm their identity and to quantify small concentrations, as
well as the identification of the full suite of cholesterol trans-
porters and enzymes required to fully synthesize steroids de novo
e.g. (Compagnone et al., 1995a,b; King et al., 2002). The functional
importance of this capacity for neurosteroidogenesis is still gain-
ing traction. Nevertheless, its presence raises a crucial question that
lies at the core of our perspective on steroid neuroendocrinology,
namely how and when steroids are made available to the vast array
of neural circuits when these lipophilic molecules have free access
to the whole brain, can be produced peripherally or centrally and
can be significantly modified in discrete neural circuits.

This latter set of questions gains additional conceptual sig-
nificance when we consider that aromatase may not be the only
sex-steroid metabolic enzyme to be compartmentalized in synap-
tic terminals. There is evidence for a presynaptic localization of
the androgen-synthetic enzyme CYP17 in the mammalian hip-
pocampus (HP; Hojo et al., 2004) as well as for 5β-reductase
in the avian brain (Schlinger and Callard, 1989b). This latter
enzyme both inactivates testosterone (Hutchison and Steimer,
1981) but also participates in the conversion of progesterone
into 5β-allopregnanolone, a compound that strongly potenti-
ates GABAA-induced post-synaptic hyperpolarization (Carlisle
et al., 1998) see also (Saldanha and Schlinger, 2008). Whether
it inactivates androgens or synthesizes neuromodulatory prog-
estins, the presence of 5β-reductase in synaptic terminals places
it in a position to influence the local sex-steroid environment in a
synaptocrine fashion.

AROMATASE IN THE SONGBIRD BRAIN
Relative to many other vertebrates, including other Orders of birds,
aromatase is expressed at unusually high levels in the brains of
songbirds (Vockel et al., 1990a,b; Schlinger and Arnold, 1991,
1992a; Schlinger et al., 1992; Shen et al., 1994, 1995; Balthazart
et al., 1996; Saldanha and Schlinger, 1997; Soma et al., 1999, 2003;
Saldanha et al., 2000; Silverin et al., 2000; Fusani et al., 2001; Rit-
ers et al., 2001; Saldanha and Coomaralingam, 2005). Aromatase
is present not only in the phylogenetically conserved neural sites
such as the hypothalamus, bNST, and the homolog of the mam-
malian amygdala, but also in large amounts in the telencephalon.
Where aromatase immunoreactivity is seen in the songbird brain
it is detected in somata and dendrites of neurons (Balthazart et al.,
1996; Saldanha et al., 2000; Peterson et al., 2005). Moreover, in
the zebra finch pre-optic area (HPOA), NCM, HP, and HVC,
punctuate structures observed under light-microscopy are seen to
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be presynaptic boutons when examined using immuno-electron
microscopy (Peterson et al., 2005).

Typically, biochemical measures of aromatase in brain reveals
activity in synaptosomes with even greater enrichment in micro-
somes (Schlinger and Callard, 1989b; Roselli and Resko, 2001). In
the zebra finch telencephalon, by contrast, aromatase is present in
near equal amounts in synaptosomes and microsomes (Rohmann
et al., 2007). Thus, approximately 50% of the total aromatase in
the telencephalon is contained within presynaptic boutons under-
scoring the potential importance of synaptic estradiol provision in
songbirds. These properties make zebra finches excellent animal
models for understanding the functional importance of synaptic
aromatization.

The presence of aromatase in synaptic terminals resolved some
paradoxical early observations on aromatase in the songbird brain.
First, aromatase activity was detected in the zebra finch HVC
(Vockel et al., 1990b) but in situ hybridization showed little to
no aromatase mRNA expression (Shen et al., 1995). Immunocy-
tochemistry and immuno-electron microscopy resolved this para-
dox by detecting aromatase-positive terminals within HVC but an
absence of aromatase-positive somata. The source of these termi-
nals appeared to be aromatase-positive neurons whose somata lay
outside of HVC (Saldanha et al., 2000). In a second case, aromatase
activity and mRNA expression were both seen to be elevated in
the songbird HP (Saldanha et al., 1998, 2004) but immunocy-
tochemical studies showed few aromatase-positive somata that
stained relatively weakly for aromatase (Saldanha et al., 2000).
Closer inspection, including use of immuno-electron microscopy,
identified an abundance of aromatase-positive presynaptic bou-
tons in the dorsal HP where few aromatase-positive somata were
found (Peterson et al., 2005). These terminals may arise from neu-
rons located more ventrally that express aromatase mRNA but
then transport aromatase protein down collaterals to terminals
in the dorsal HP itself (Szekely and Krebs, 1996). Overall, these
studies of both HVC and HP confirm predictions of the synap-
tocrine hypothesis that the steroidogenic enzyme aromatase is
present in synapses and these synapses reside where other sources
of aromatase are absent.

CRITERION 2
To achieve targeted synaptocrine regulation of neuroestrogen lev-
els, aromatase activity must be specifically regulated at the synapse,
independent of its activity in other cellular compartments.

SEASONAL REGULATION OF AROMATASE
It is widely observed among vertebrates that the enzyme aro-
matase, especially in the HPOA, is subject to dynamic regulation
(Pasmanik et al., 1988; Balthazart, 1990; Roselli, 1991; Fusani
et al., 2003) thereby providing adequate estradiol concentrations
to activate masculine reproductive behavior (Pasmanik et al.,
1988; Schlinger and Callard, 1989a; Roselli et al., 2003; Balthaz-
art et al., 2004; Portillo et al., 2007; Wu et al., 2009). Exposure
to photostimulatory long days to stimulate growth of the H-P-G
axis disproportionately increases aromatase activity in microsomal
(2.5-fold increase) and synaptosomal (sixfold increase) prepara-
tions of the Japanese quail HPOA (Schlinger and Callard, 1989b).
This differential increase in synaptosomal enzyme could result

from an increased number of aromatase-positive synapses, an
increase in the concentration of aromatase in each synapse, or
seasonal changes in the activity of the enzyme. Because central
aromatization is required for activation of masculine reproduc-
tive behavior in this species (Ball and Balthazart, 2002), seasonal
increases in synaptic aromatase may be crucial for providing the
requisite amounts of bioactive estradiol.

SEX-DIFFERENCES IN AROMATASE
The zebra finch has become an important model in behavioral
neuroendocrinology in part because males sing, but females do
not (Immelman, 1969) and this sex dimorphism in behavior is
reflected in a strikingly sexual dimorphic neural song system (Not-
tebohm and Arnold, 1976). The masculine neural song system
is enlarged relative to that of females and estradiol likely plays
a role in masculine development of the song circuitry (Gur-
ney and Konishi, 1980; Simpson and Vicario, 1991; Grisham
et al., 2008), in the masculine learning of song (Bottjer and
Johnson, 1997), in the seasonal growth of song circuitry in sea-
sonal breeders (Tramontin et al., 2003) and in activation of this
circuitry when males sing (Meitzen et al., 2007). It is unlikely
that estradiol is produced peripherally more so in male than
in female zebra finches (Hutchison et al., 1984; Adkins-Regan
et al., 1990; Schlinger and Arnold, 1991, 1992a) and no sex-
differences in gross brain aromatase activity, or mRNA expres-
sion have been measured (Vockel et al., 1990b; Schlinger and
Arnold, 1992b; Shen et al., 1995; Wade et al., 1995). However,
upon finer examination, when aromatase in fibers is consid-
ered independently from that in somata, reliable seasonal regu-
lation and male-biased sex-differences and have been detected.
Schlinger and Callard (1989b) first reported that upon expo-
sure to long days, while microsomal (somal and dendritic) aro-
matase increased 2.5-fold, that in synaptosomes (axonal) increased
five to sixfold. Indeed, techniques as diverse as light-microscopy
that compare immunoreactive fibers to soma, immune-electron
microscopy, Western blotting on subcellular fractions, and bio-
chemical enzyme activity on sub-fractions all reveal that adult
male zebra finches possess more aromatase in synaptosomes or
synaptic terminals relative to adult females (Saldanha et al., 2000;
Peterson et al., 2005; Rohmann et al., 2007) pointing to sex-
specific regulation of presynaptic synthesis of estradiol. More
specifically while no part of the zebra finch brain appears to
be sexually dimorphic in the number or intensity of cell bodies
that express aromatase transcript or protein (Shen et al., 1995;
Saldanha et al., 2000), the number of immunoreactive fibers is
higher in males relative to females in the HPOA and NCM (Sal-
danha et al., 2000). Further studies using electron microscopy
and direct observation of immunoreactive presynaptic boutons
and terminals supported these data and showed that males had
more aromatase-expressing synapses than did females (Peterson
et al., 2005), supporting the concept that synaptocrine, and not
paracrine, may be a better explanation of the dramatic and sexually
dimorphic estrogen dependence of the zebra finch brain and
behavior.

The results of these ultrastructural analyses were supported
by studies that measured the aromatase activity of subcellular
fractions of the zebra finch brain. In homogenates of whole
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telencephalon, no sex-differences have been reported (Schlinger
and Arnold, 1992b). However, once the brain is separated into
microsomes and synaptosomes, whereas measures of aromatase
in microsomes prepared from the adult telencephalon con-
tinue to be similar in males and females, synaptosomal prepa-
rations of the male telencephalon had significantly higher lev-
els of aromatase activity than did similar preparations of the
female (Rohmann et al., 2007). Interestingly, the sex dimor-
phism was only evident in the posterior forebrain, a region that
is more abundant in aromatase relative to the anterior fore-
brain (Shen et al., 1995; Saldanha et al., 2000) and a region
where many estrogen-dependent targets such as song nuclei are
located (Nottebohm et al., 1976). It is unclear, at this point, why
sex-dimorphisms in synaptosomal aromatase are only detectable
in the posterior telencephalon, however, measures of aromatase
activity in purified sub-fractions echoes the patterns observed
in ultrastructural studies that have used direct observation of
aromatase-immunoproduct in synaptic profiles (Peterson et al.,
2005).

SYNAPTIC AROMATASE AND SONG PRODUCTION
The recently observed sex-differences presynaptic aromatase
expression suggest a relationship between presynaptic estradiol
synthesis and male-typical song behavior (Rohmann et al., 2007).
Additional evidence for such a relationship comes from two
sources. First, whereas aromatase is usually enriched in micro-
somal sub-fractions from brain (Schlinger and Callard, 1989b), in
the zebra finch forebrain (containing much of the song control cir-
cuitry) approximately one half of the overall aromatase activity is
contained in synaptosomes (Rohmann et al., 2007). Second, and
perhaps more importantly, aromatase-positive synaptic boutons
enshroud “song system” nuclei in the caudal forebrain (Saldanha
et al., 2000; Peterson et al., 2005; London et al., 2009). These obser-
vations stimulated experiments to determine if there was indeed
a relationship between synaptic aromatase and singing behavior
itself.

Indeed, aromatase activity is elevated more than twofold in
males that sing for 30 min relative to males that do not sing for
an equivalent period, when the forebrain is rapidly dissected and
assayed for activity of the aromatase enzyme (Remage-Healey
et al., 2009). Aromatase upregulation is specifically localized to
the synaptosomal fraction within the posterior telencephalon
(Remage-Healey et al., 2009), and is not evident in the micro-
somal fraction, indicating a cell-compartment specific regulation
of aromatase within synaptosomes. Courtship singing therefore
involves an upregulation of aromatase activity specifically in
synaptic terminals, although it is unclear whether this depends
on rapid phosphorylation events (see below) or longer-term, con-
stitutive upregulation of terminal aromatase. These experiments
provide evidence that songbirds have the capacity to regulate aro-
matase in synaptic terminals independent of somal aromatase in
a behaviorally relevant context.

CRITERION 3
At a rapid, neuromodulatory timescale, terminal release of estra-
diol is controlled by neuronal depolarization linked to the
conductance of presynaptic voltage-gated Ca++ channels.

RAPID REGULATION OF NEURONAL AROMATASE
Estrogens have long been known to exert rapid actions (sec-
onds to minutes) on peripheral tissues (Szego and Davis, 1967)
and within the brain itself (McEwen and Alves, 1999). Many
of the acute actions of estrogens on neuronal activity occur
in a timeframe that is far too fast to involve the classical reg-
ulation of gene expression via nuclear receptors (Mermelstein
et al., 1996; Woolley, 2007; Micevych and Mermelstein, 2008).
Experiments that have examined the enzymatic activity of aro-
matase itself have shown that the capacity for estrogen pro-
duction in brain can change in a minute-by-minute timeframe.
The aromatase protein in the quail hypothalamus is sensitive
to Ca++-dependent phosphorylation events which can cause
abrupt decreases in its activity (Balthazart et al., 2001, 2003,
2005). Importantly, treatments that increase excitability within
quail hypothalamic explants (i.e., elevated K+ ions, or gluta-
mate agonists) similarly cause a rapid decrease in aromatase
activity (Balthazart et al., 2001). These results have established
a model in which neuronal aromatase is phosphorylated upon
excitation, locally reducing a neuron’s capacity to synthesize
estrogen.

In vivo microdialysis experiments in zebra finches described
below have taken a similar pharmacological approach down to the
level of presynaptic terminals. These studies begin to address the
question of whether Ca++ dependent events within presynaptic
terminals enable the precise control of neuroestrogen delivery to
specific perisynaptic targets.

MEASUREMENT OF LOCAL ESTROGENS IN VIVO
If aromatase activity changes within synaptic terminals in the
songbird forebrain, the synaptocrine hypothesis proposes that
estrogenic end-products are immediately released and result in
altered levels of estrogens at or near the synapse. In other
words, local levels of neuroestrogens near synaptocrine ter-
minals should fluctuate relative to surrounding extracellular
cerebro-spinal fluid (CSF). The recent development of in vivo
steroid microdialysis, in awake, behaving songbirds provides an
opportunity to study putative synaptocrine events (Remage-
Healey et al., 2008). The methods for microdialysis have
been extensively validated and described elsewhere (Remage-
Healey et al., 2008, 2010b). Below we describe recent experi-
ments that specifically address synaptocrinology using micro-
dialysis. Despite spatial and temporal precision of microdialy-
sis, the technology is unable to resolve individual synaptocrine
events, per se. Even so, as described above, synaptosomal aro-
matase accounts for a large quantity of the total aromatase in
the caudal forebrain of adult male zebra finches (Rohmann
et al., 2007). Therefore, acute fluctuations in local estrogens
within the caudal forebrain captured using in vivo micro-
dialysis likely reflect, in part, the integration of synaptocrine
events.

CHANGES IN NEUROESTROGENS DURING NEUROTRANSMITTER
ACTIVATION
In both the hypothalamus and hippocampus, in vitro aromatase
activity, and estrogen production are under rapid control by
glutamatergic agonists and antagonists, likely via Ca++-dependent
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phosphorylation of aromatase itself (Balthazart et al., 2003, 2005,
2006; Hojo et al., 2008). In vivo microdialysis experiments in
the zebra finch forebrain showed that neuroestrogen levels were
rapidly suppressed by local infusion of glutamate (30 min), and
unchanged during similar treatment with NMDA and GABA
(Remage-Healey et al., 2008). Thus, neurotransmitters are able
to drive changes in aromatase activity and neuroestrogen levels
in three separate model systems and preparations (quail hypo-
thalamus, rat hippocampus, and zebra finch cortex). However, the
degree to which these phenomena depend on synaptocrine events
had not been directly assessed with these methods.

More recent in vivo microdialysis experiments have targeted
presynaptic voltage-gated calcium channels (VGCCs), and the
results have shed light on the role of electrochemical control of
neuroestrogen levels at the synapse. A series of experiments in
zebra finch cortex showed that neuroestrogen levels were: (1)
rapidly suppressed by 30-min of infusion of elevated K+ ions,
and (2) significantly elevated following 90-min of local Ca++ ion
removal, as measured by in vivo microdialysis (Remage-Healey
et al., 2011). Therefore, similar to the effects of excitatory glu-
tamate, K+-induced depolarization suppresses neuroestrogens,
while removing extracellular Ca++ causes neuroestrogen levels to
accumulate over time. Both of these findings are consistent with an
excitatory, Ca++-dependent regulation of aromatase activity seen
in quail (Balthazart et al., 2006). A critical test of this model incor-
porated retrodialysis of the specific presynaptic VGCC blocker
omega conotoxin. In the presence of conotoxin, the suppressive
effects of K+-induced depolarization on neuroestrogen levels is
blocked. Together, this evidence indicates that the neuroestrogen
levels in zebra finch cortex in vivo are controlled by electro-
chemical events that occur within presynaptic terminals. These
findings directly establish a synaptocrine source for a component
of neuroestrogens detected via microdialysis technology.

Taken together, the recent observations from quail hypo-
thalamus and zebra finch auditory cortex suggest a common
mechanism for the control of estrogen production within the
CNS, namely via excitatory Ca++ dependent changes in local
aromatase activity. These observations raise the question as to
whether endogenous activation of neural circuits regulate the local
fluctuations in neuroestrogens.

CHANGES IN NEUROESTROGENS IN VIVO DURING BEHAVIOR
The validation of in vivo microdialysis for neurosteroids has
allowed for the examination of acute changes within the forebrain
of the zebra finch that might reflect rapid changes in synaptocrine
synthesis. The focus of these experiments has been on the NCM,
an auditory cortical nucleus that is enriched in synaptosomal aro-
matase (Peterson et al., 2005; Rohmann et al., 2007). When males
are exposed to females and actively courting and singing, micro-
dialysis within NCM reveals that neuroestrogen levels are acutely
elevated during 30 min behavioral trials relative to baseline con-
ditions (Remage-Healey et al., 2008). These changes appear to be
specific to NCM; when probes are targeted to anterior forebrain
(containing very little synaptosomal or somal aromatase) local
estrogens remain unchanged. A similar acute rise in 17β-estradiol
within NCM also occurs when males are exposed to conspecific
songs, but not control white noise sounds, indicating that auditory

processing of song stimuli alone can drive fast changes in brain
steroid levels. Importantly, circulating levels of both 17β-estradiol
and testosterone are not responsive to these same manipulations.
Together, these findings reveal an extremely localized flux in neu-
roestrogens within a discrete region of auditory cortex that occurs
during changes in socially relevant behavior.

CRITERION 4
Estradiol synthesis requires androgenic substrate that could arise
from endocrine, paracrine, or autocrine sources. When estradiol
is synthesized at the synapse a concomitant local decrease in the
concentration of testosterone is predicted.

SOURCE OF ANDROGEN SUBSTRATE FOR NEUROESTROGEN
SYNTHESIS
A feature of synaptocrine signaling that serves to distinguish it
as a form of neuromodulation is that the androgenic precursors
for synaptic aromatization can be derived from several sources
including peripheral endocrine delivery, paracrine delivery from
nearby neuronal or glial sources or autocrine delivery with andro-
gen synthesized in the synaptocrine cell itself. It is not yet clear
whether aromatase-positive cells per se synthesize androgens or
any other upstream precursors in the zebra finch brain. Never-
theless, we and others have documented expression in the zebra
finch brain of all of the fundamental enzymes and transporters
of the steroidogenic pathway including the steroidogenic acute
regulatory protein (StAR) and transporter protein (TSPO) that
transport cholesterol into specialized mitochondria, as well as
the steroidogenic enzymes, side-chain cleavage (SCC), 3β-HSD,
and CYP17 (London et al., 2003, 2006, 2009, 2010; London and
Schlinger, 2007). Thus, in addition to peripheral steroidogene-
sis, songbirds appear to have the ability to synthesize steroids in
brain. This leaves open the possibility for endocrine, paracrine,
or autocrine provision of androgens to the aromatase in synaptic
boutons.

Whereas testosterone is the immediate substrate for synap-
tic synthesis of estradiol, it is possible that testosterone itself is
produced in brain from endocrine delivery of substrates. The
enzyme 3β-HSD converts pregnenolone to progesterone as well
as the androgen precursor dehydroepiandrosterone (DHEA) to
androstenedione. This latter hormone is itself a substrate for arom-
atization, but it can also be converted into testosterone by 17β-
HSD into testosterone. Both 3β-HSD and 17β-HSD are expressed
and active in the songbird brain and have been shown to function
coordinately with aromatase to convert the androgen precursor
dehydroepiandrosterone (DHEA) into estradiol in the songbird
brain (Vanson et al., 1996; Tam and Schlinger, 2007; London
et al., 2010). DHEA has been shown to activate some masculine
behaviors in songbirds, including during the non-breeding sea-
son when the gonads are regressed and likely producing little or
no androgen (Soma and Wingfield, 2001; Soma et al., 2002). The
enzyme 3β-HSD is upregulated in several brain regions during the
non-breeding season as compared to the breeding season (Prad-
han et al., 2010) supporting a mechanism to convert DHEA into
estradiol to activate non-breeding aggressive behaviors. Impor-
tantly, as we have seen for aromatase, 3β-HSD activity is subject
to relatively rapid regulation (within 30 min) during behavioral
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encounters (Pradhan et al., 2010). Together with data collected
using in vivo microdialysis of estradiol, these data argue that rapid
regulation is an attribute of at least some steroidogenic enzymes in
brain enabling locally synthesized steroids to participate in rapid
neuromodulation.

Evidence for the use of local substrates in synaptic aromati-
zation comes from simultaneous measures of testosterone and
estradiol in vivo using microdialysis (Remage-Healey et al., 2008).
When the aromatase inhibitor Fadrozole is retrodialyzed into the
NCM of awake male zebra finches, local levels of 17β-estradiol
are suppressed. At the same time, local testosterone levels are sig-
nificantly elevated during Fadrozole treatment, consistent with an
accumulation of androgen precursors following aromatase inhi-
bition (see Remage-Healey et al., 2008). Similar inverse changes
in dialysate levels of testosterone and estradiol have been detected
in male zebra finches during exposure to specific behavioral con-
texts. These results are consistent with the hypothesis that neural
aromatization relies on local provision of androgenic substrate
that is not continuously refreshed from the systemic circulation or
local synthesis. Additional evidence for direct regulation of testos-
terone levels in the zebra finch NCM by retrodialysis of GABA
(Remage-Healey et al., 2008) supports the conclusion that there
are endogenous mechanisms in brain to regulate local androgen
concentrations.

CRITERION 5
Estradiol produced in synaptic terminals has either autocrine
(presynaptic) or synaptocrine (post-synaptic) actions indepen-
dent of estradiol produced elsewhere.

If synaptocrine secretion of steroids is to carry information in
the manner of other, traditional neural messengers, there should
be observable effects on pre- and/or post-synaptic neuronal prop-
erties. The most likely scenario is via changes in neuronal firing
patterns within the synaptocrine circuit. We and others have taken
advantage of the clearly identified role of the zebra finch auditory
NCM in processing song and other auditory signals to test for a
modulatory influence of locally synthesized estrogens.

LOCALLY DERIVED ESTROGENS: ELECTROPHYSIOLOGY AND AUDITORY
PROCESSING
Microdialysis was recently coupled to extracellular electrophysiol-
ogy recordings in the NCM. This combined approach allows pre-
cise regulation of local neurosteroid levels via reverse microdialysis
for drug delivery and washout alongside concomitant recordings
of multi- and single-unit activity. This approach demonstrated
that locally derived estrogens rapidly boost the auditory-evoked
unit activity of NCM neurons within 30 min (Remage-Healey
et al., 2010a). Exogenous treatment with 17β-estradiol caused
50% increases in the firing frequency of auditory neurons, rela-
tive to the previous 30 min of vehicle delivery. Close inspection of
the firing patterns revealed that 17β-estradiol caused significant
increases in the occurrence of “bursts” of single-unit activity, and
acute aromatase blockade with the drug fadrozole caused a rapid
suppression of bursting, consistent with a role for local, endoge-
nous neuroestrogens in modulating firing properties of auditory
neurons.

These findings were independently replicated in the lab of
Pinaud and Tremere. Extracellular recordings from a bilateral mul-
tielectrode array in NCM were coupled with pressure injection of
either vehicle, estradiol or an aromatase inhibitor adjacent to an
electrode. Estradiol rapidly boosted auditory-evoked firing rates,
while the aromatase inhibitor ATD suppressed them (Tremere
et al., 2009). Further, in vitro patch recordings showed that 17β-
estradiol exerts rapid suppression of GABAergic currents (minia-
ture inhibitory post-synaptic currents, mISPCs) in NCM slices via
presynaptic modulation. More recently this group showed that the
neural discrimination of auditory signals is enhanced by locally
produced estrogens (Tremere and Pinaud, 2011). Together, these
independent and convergent findings provide convincing evidence
that estrogens produced in the NCM can exert rapid actions on
the patterning of NCM auditory neurons.

Additional support for the neuromodulatory actions of estro-
gens in the NCM come from recent unpublished experiments. A
conjugated form of estradiol that does not diffuse through cell
membranes was delivered via retrodialysis in the same manner
as estradiol in the electrophysiology experiment above. Conju-
gated estradiol exerted similarly rapid actions as unconjugated
17β-estradiol on the auditory-evoked activity of NCM neurons
(Remage-Healey and Schlinger, unpublished). Thus, neuroestro-
gens appear to mediate some or all of their rapid actions via a
membrane-bound receptor in the songbird brain. The exact recep-
tor mechanism for these membrane effects is unclear, although
recent evidence indicates that estradiol can act on GABAergic
currents in vitro in NCM slice preparations (Tremere et al.,
2009). Thus, rapid actions of estrogens in the songbird may
occur via a membrane receptor that is coupled to this or a simi-
lar rapid mechanism. Moreover, extranuclear/membrane expres-
sion of estrogen receptors is common among vertebrates (Milner
et al., 2001; Beyer et al., 2003; Montague et al., 2008; Mitterling
et al., 2010), and the rapid actions of estrogens in songbirds
may involve one of the many “non-classical” modes of estro-
gen action identified to date, notably a variety of signaling cas-
cades (Woolley, 2007; Meitzen and Mermelstein, 2011; Moenter
and Chu, 2011; Roepke et al., 2011). The mechanism for post-
synaptic estrogen action in the zebra finch auditory system remains
unknown.

CRITERION 6
Modulation of neuronal activity by synaptic estradiol release pro-
duces changes in neural function and behavior independent of
estradiol produced elsewhere.

MODULATION OF BEHAVIOR
If estrogens are produced in a circuit via synaptocrine mechanisms,
and subsequently exert intrinsic modulation of that circuit, what
functional consequences does this have for an animal’s behavior?
Because in vivo microdialysis has been optimized for awake, behav-
ing birds, the same technology used for studying synaptocrine
fluctuations and neurophysiological events can therefore also be
applied to the study of behavioral modulation in zebra finches.

Adult zebra finches express behavioral preferences in the lab-
oratory for familiar songs. Recent microdialysis experiments
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showed that disrupting the normal production of neuroestro-
gens in the NCM with fadrozole (using the same dose as in the
electrophysiology and microdialysis experiments above) caused
a rapid (within 30 min) suppression of behavioral song prefer-
ence. When the fadrozole was washed out with normal aCSF over
30 min, the song preference of individuals for a familiar song was
restored to control levels (Remage-Healey et al., 2010a). Interest-
ingly, this drop in preference was only observed when fadrozole
was delivered to the left hemisphere NCM and not the right
hemisphere NCM, indicating a laterality for endogenous neu-
roestrogen actions in support of song preference, and possibly
a laterality in function for left vs. right NCM. To our knowl-
edge, fadrozole is equally potent at blocking aromatase activity
in all cellular compartments, so it is currently unknown to what
extent the results of this behavioral experiment depend on synap-
tocrine vs. somal neuroestrogen production. Similar to the emer-
gent electrophysiology results, recent experiments have provided
independent confirmation of the suppressive effects of aromatase
inhibition and estrogen receptor blockade on song preference in
NCM, using intracranial cannula injections (Tremere and Pinaud,
2011).

As presented above, the songbird forebrain contains abun-
dant expression of the steroidogenic enzyme 5β-reductase (Vockel
et al., 1990b; Schlinger et al., 1995). Similar to the actions of
aromatase, this enzyme converts androgens and progestins into
their 5β-reduced metabolite counterparts. While the rapid effects
of estradiol on songbird auditory physiology are clear, 5β-reduced
androgens do not produce significant changes in NCM firing

properties (Remage-Healey et al., 2010a). Therefore, local, pos-
sibly synaptic, aromatase activity is critical for boosting auditory
responsiveness in NCM and guiding song preference (Remage-
Healey et al., 2010a), while the predominant 5β-reduced androgen,
5β-dihydrotestosterone, is naturally synthesized in part via synap-
tocrine actions but has no effect on the excitability of auditory
neurons in NCM (for similar findings see also Tremere and Pin-
aud, 2011). These observations suggest that synaptocrine actions
of steroids are “specialized” in a similar way as other neuromodu-
lators at the synaptic level for local modulatory events. To date,
a direct, physiological role for 5β-reductase in synaptic termi-
nals has not yet been identified, although 5β-reduced steroids can
allosterically modulate the GABAA receptor in cultured zebra finch
neurons (Carlisle et al., 1998). Given their potency and potential
for synaptocrine actions, further analysis of 5β-reduced steroid
actions on adult songbird neurons will be a fruitful avenue for
research.

CRITERION 7
To preserve spatiotemporal resolution of neuromodulatory events,
pre- and/or post-synaptic mechanisms exist to rapidly terminate
the influence of estradiol. Following synaptic estradiol synthe-
sis, release, and local action, mechanisms exist to rapidly quench
estradiol concentrations within the synaptic cleft.

All neuromodulatory systems possess a mechanism for inac-
tivation. These mechanisms preserve the fidelity of the spatial
and temporal information transmitted by the neuromodulator,

FIGURE 2 | Synaptocrine signaling: androgenic precursors (orange

hexagons) from the extracellular space, adjacent cells such as

astroglia, or within individual neurons are available as substrates

for the enzyme aromatase (red triangles) located within presynaptic

boutons. Estrogens (green hexagons) synthesized within the presynaptic
bouton are then available to bind presynaptic ERs (gray ovals) and
modulate the dynamics of presynaptic neurotransmitter release.
Synaptocrine estrogens may also diffuse into the synaptic cleft and
thereby interact with post-synaptic ion channel receptors (brown
channel), and/or post-synaptic ERs (gray ovals, cytosolic) or membrane ERs

(mER; gray ovals, membrane-bound). Synaptocrine estrogens may therefore
modulate post-synaptic neurotransmitter receptors and/or have genomic
effects on the post-synaptic cell. These scenarios are most likely to occur
when the cell membrane is at rest (i.e., not depolarized) and when
voltage-gated calcium channels (VGCCs) are closed. In contrast, (right panel),
depolarization of the synaptic neuron and concomitant Ca2+ influx into the
presynaptic bouton may activate a calcium-dependent kinase (kin),
phosphorylate presynaptic aromatase (P), and thereby decrease synaptocrine
estrogen synthesis, while simultaneously potentially increasing the local
concentration of androgens.
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and typically consist of either messenger degradation (such as in
the case of acetylcholine) or messenger reuptake (such as in the
case for serotonin). In the case of synaptocrine steroid produc-
tion, it is currently unknown what mechanisms could allow for
the spatiotemporal fidelity of steroids produced at the synapse.
Several candidate mechanisms include: (1) rapid hydroxylation by
enzymes to increase the aqueous solubility of steroids and thereby
aid in clearance and decrease their potency (Do Rego et al., 2009);
(2) steroid conjugation, in which sulfate and glucuronide groups
are added to possibly inactivate steroids within the brain (Jantti
et al., 2010); and (3) constitutive mechanisms to sequester synap-
tocrine steroids via binding proteins such as sex-steroid binding
globulin (Caldwell et al., 2006) or even alpha-fetoprotein (Mcleod
and Cooke, 1989), which would be predicted to be located at
or near the synaptic cleft. Therefore, there are candidate mech-
anisms to account for the sequestration of steroids produced via
synaptocrine secretion, but it remains unknown whether these
mechanisms operate at the acute spatial and temporal scale to pro-
vide the fidelity match required for reliable information transfer
that is a hallmark of classical neuromodulators.

CONCLUSION
Although our focus here is on estrogen signaling in the songbird
brain, there is a growing body of evidence showing that steroidal
synaptocrine signaling could be conserved across vertebrates and
across brain regions (Remage-Healey and Bass, 2006; Hojo et al.,
2008; Srivastava et al., 2010). Moreover, whereas neural estro-
gen actions are widely studied, especially their rapid membrane
actions, other neuroactive steroids are likely formed presynap-
tically (e.g., Majewska, 1992; Tsutsui et al., 2004, 2010) thereby
functioning also as targeted synaptocrine signals. The subcellular
localization of enzymes required to synthesize neuroactive steroids
merits further investigation.

Steroids synthesized in the presynaptic bouton are just as likely
to exert presynaptic as post-synaptic effects. Indeed, receptors
for both estrogens (Mitterling et al., 2010; Waters et al., 2011)
and androgens (Tabori et al., 2005) have been documented

within presynaptic boutons of the rodent brain and in the
zebra finch HVC (Saldanha, unpublished observations). Synap-
tocrine steroids could interact with their cognate receptors within
the presynaptic boutons and thereby affect presynaptic func-
tion (Saldanha et al., 2004). For example, estrogens can rapidly
potentiate the excitability of rodent hippocampal neurons via
a presynaptic mechanism (Smejkalova and Woolley, 2010), per-
haps via receptors located on the walls of neurotransmitter
vesicles (Hart et al., 2007). Given these data, estrogens synthe-
sized within the presynaptic bouton may alter the probability of
neurotransmitter release, thereby affecting synaptic information
transfer.

Irrespective of the pre- or post-synaptic site of action, secre-
tion of neuroactive steroids locally and acutely at the synapse
represents a conceptually new frontier for neuroendocrinology
(Figure 2). Here, and in a more detailed review (Saldanha
et al., 2011) we present the concept of synaptocrinology as
a new way of considering how steroids are delivered spatially
and temporally to discrete neural circuits. Yet these ideas do
not apply to steroids alone, as other lipophilic neuromodu-
lators may have similar anatomical and physiological special-
izations for actions in the CNS. Alongside future studies of
steroid synaptocrinology, it will be fascinating to explore whether
similar mechanisms exist for other lipophilic modulators, such
as thyroxine or endocannabinoids. Indeed, thyroid hormones
can exert non-genomic effects in the CNS (Davis et al., 2008;
Caria et al., 2009), are synthesized in bouton-like beads along
processes throughout rat cortex (Rozanov and Dratman, 1996),
and have been previously proposed as neurotransmitters (Drat-
man and Gordon, 1996). Thus, a focus on synaptocrinology will
likely continue to bear fruit in the field of neurosteroids and
beyond.
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The preference to seek out a sexual partner of the opposite sex is robust and ensures repro-
duction and survival of the species. Development of female-directed partner preference
in the male is dependent on exposure of the developing brain to gonadal steroids synthe-
sized during critical periods of sexual differentiation of the central nervous system. In the
absence of androgen exposure, a male-directed partner preference develops. The devel-
opment and expression of sexual partner preference has been extensively studied in rat,
ferret, and sheep model systems. From these models it is clear that gonadal testosterone,
often through estrogenic metabolites, cause both masculinization and defeminization of
behavior during critical periods of brain development. Changes in the steroid environment
during these critical periods result in atypical sexual partner preference. In this manuscript,
we review the major findings which support the hypothesis that the organizational actions
of sex steroids are responsible for sexual differentiation of sexual partner preferences in
select non-human species. We also explore how this information has helped to frame our
understanding of the biological influences on human sexual orientation and gender identity.

Keywords: sexual orientation, sexual partner preference, sexually dimorphic nucleus, preoptic area, sexual

differentiation, gonadal steroids

INTRODUCTION
Many behaviors in animals are sexually dimorphic and expressed
preferentially or exclusively by one sex. For example, in the adult,
testosterone does not reliably activate male-typical copulatory
behaviors in female rodents and estrogen is unable to activate
female-typical receptive behaviors in males. A large number of
studies starting with the work of Phoenix et al. (1959) demon-
strated in an array of animal species that these sex-related behav-
iors are influenced by hormones present during sensitive periods
early in development when the brain is differentiating (Goy and
Mcewen, 1980; Baum, 2006). Thus, testicular testosterone synthe-
sis in male embryos is necessary not only for the development
of internal and external genitalia but also predisposes the male
to display male-typical behaviors and hormone responses later
in life, a process referred to as masculinization. Lack of steroid
hormone exposure predisposes animals to display female-typical
adult sexual behaviors and hormone responses, a process referred
to as feminization. Testosterone exposure not only masculinizes
the brain but also actively defeminizes it so that in many species
males are unable to exhibit female-typical behavioral responses,
or exhibit a surge release in luteinizing hormone (LH) in response
to increased estradiol. The developing male gonad also synthesizes
Müllerian inhibiting hormone (MIH),which inhibits the develop-
ment of the internal female reproductive tract and in mice may
be involved in brain differentiation (Wang et al., 2009). The early
actions of sex steroids are imperative for the maturation and/or
organization of several brain structures and neural circuits. The
differentiated neural circuits are then responsible for sex-typical

responses following puberty when sex steroids are synthesized at
adult levels by the mature gonad. Thus, it is common to refer to
the permanent developmental effects of sex steroids as “organi-
zational,” while the reversible or transient effects observed during
adulthood are referred to as “activational.”

The most prominent and prevalent sex difference in behavior is
sexual partner, or mate, preference. Most mating occurs between
conspecific animals of different sexes. Same-sex courtship,
mounting, and genital contact are phylogenetically widespread
(Bagemihl, 1999; Vasey, 2002) and may be quite common in some
species (e.g., bonobos), but the expression of same-sex behaviors
does not imply a preference for same-sex partners. Sexual partner
preferences are properly studied in conditions where animals are
given a choice to sexually interact among different-sex stimuli, so
that it is clear that the choice is sexually, and not socially, moti-
vated. Studies in an array of animal species clearly demonstrate
that sexual partner preferences are subject to both organizational
and activational effects of gonadal steroid hormones (Bakker et al.,
1996; Adkins-Regan et al., 1997; Baum, 2006; Henley et al., 2011).
Although these studies are not entirely translatable to human sex-
uality, they represent a reasonable line of investigation that has
guided investigators to search for possible origins of human sexual
orientation through androgens and their target neural substrates.
In its simplest conception, the theory that perinatal hormones
determine sexual partner preference is predicated on the idea that
like other aspects of gender, sexual preference is subject to natural
variations in androgen exposure during a sensitive period of peri-
natal development. Thus, fetuses/neonates exposed to high levels
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of androgens during this period (mostly males) will be sexually
attracted to females in adult life and fetuses/neonates exposed to
low levels of androgens (mostly females) will be sexually attracted
to males. There are abundant data showing that perinatal hor-
mone manipulations in animals, especially rats (discussed below),
lead to predicted changes in sexual partner preferences and coital
performance. However, there are only a small number of species
in which same-sex preferences, defined by choice tests, have been
shown to occur spontaneously in unmanipulated populations. Of
these, the domestic ram is the best studied and, as discussed later,
provides some support for the idea that same-sex preferences are a
manifestation of incomplete masculinization and defeminization.

Testosterone is unequivocally the primary gonadal steroid dri-
ving sexual differentiation and the development of sexual partner
preference in male mammals. The effects of testosterone may be
either direct and/or indirect, through its aromatase-derived estro-
genic metabolites. However, there are several additional ways that
hormone exposure may be responsible for atypical sexual partner
preferences. Variations may relate to absolute levels of hormone,
timing of exposure, metabolism to more or less active molecules,
hormone receptor activity, availability of free as opposed to bound
steroid, or some combination of these factors. Moreover, depend-
ing on the developmental timing of specific brain structures and
their coincident exposure to the prevailing steroidal milieu, some
brain structures may be demasculinized/defeminized, whereas
others are not. In addition, the causes of variations could relate
to individual genetic variability or exposure to environmental fac-
tors that suppress the reproductive axis (e.g., stress) or disrupt
hormone actions (e.g., environmental endocrine disruptors; Ryan
and Vandenbergh, 2002; Patisaul and Polston, 2008).

This manuscript will review major findings that support the
hypothesis that the organizational actions of sex steroids are
responsible for sexual differentiation of sexual partner prefer-
ences in select non-human species and explore how this work has
informed and helped to frame our understanding of biological
influences on human sexual orientation and gender identity.

RATS
Rats are the most studied model of sexual behavior and sexual part-
ner preference. Not only is the rat an easily obtainable experimental
animal, but it is born in an altricial state so that much of sexual
differentiation of the brain occurs postnatally making it an easy
model to manipulate experimentally. Testosterone-derived estro-
gen is the primary hormone driving brain differentiation in the
rat. Development of female-directed partner preference in male
rodents is independent of androgen receptor activation since both
androgen insensitive rats (Tfm; Hamson et al., 2009) and androgen
receptor knockout mice (Raskin et al., 2009) exhibit masculinized
partner preference.

ACTIVATIONAL EFFECTS OF STEROID HORMONES
Sexual partner preferences are subject to activational effects of
gonadal steroids in rodents. Intact females prefer males over
females and intact males prefer estrous females over males (Hetta
and Meyerson, 1978; Meyerson et al., 1980). In females, ovariec-
tomy reduces sexual preference for a stimulus male which is
restored by an injection of estradiol (Slob et al., 1987). In males,

castration reduces sexual partner preference for an estrous female
and either testosterone or estradiol restores it, but not dihy-
drotestosterone (DHT; Bakker et al., 1993). The ineffectiveness
of DHT indicates that, like for other aspects of masculine sex-
ual behavior, estrogenic metabolites produced by brain aromatase
mediate the activational effects of testosterone. There is also evi-
dence that sexual experience and adult hormone concentrations
interact to form sexual partner preferences in both male and female
rats (Slob et al., 1987; Woodson et al., 2002). More recently, Triana-
Del Rio et al. (2011) reported that conditioned learning can elicit
transitory same-sex partner preferences in cohabitating male, but
not female rats, treated with the dopamine D2-type receptor ago-
nist quinpirole (QNP). Thus, sexual partner preferences appear
to be strongly influenced by an animals’ steroid hormone envi-
ronment which may be modified by other salient experiences and
learning.

ROLE OF OLFACTION
Much social information is transported among rodents by the
main and accessory olfactory systems, and the olfactory system is
implicated in mate choice (Keller et al., 2006a,b). The main olfac-
tory system has receptors in the nasal epithelium which synapse
on the olfactory bulb with connections to the olfactory cortex
in the temporal lobe as well as the amygdala and hypothalamus
(Purves et al., 2008). The accessory olfactory system includes the
vomeronasal organ and its connections. The vomeronasal organ,
located in the oral cavity, is responsible for the detection of non-
volatile odors. In the absence of any cortical connections, the
accessory olfactory system is responsible for the unconscious per-
ception of odorants. Distinct receptors in the vomeronasal organ
synapse on the accessory olfactory bulb with direct connections to
the amygdala and hypothalamus (Purves et al., 2008). The acces-
sory olfactory system is thought to process information about
odorants from conspecifics and is important in the mediation of
sexual, reproductive, and aggressive behaviors (Purves et al., 2008).
Although much social information is relayed in the olfactory sys-
tem, deafferentation of the olfactory bulb decreased the expression
of sexual behavior but did not alter partner preference in sexually
experienced male rats (Edwards et al., 1997). In contrast, a more
severe bulbectomy in male hamsters decreased the preference for
estrous females while sexual partner preference was unaffected fol-
lowing destruction of only the vomeronasal system (Ballard and
Wood, 2007). These results suggest that the accessory olfactory
system is not required for the normal expression of sexual partner
preferences.

ORGANIZATIONAL EFFECTS OF STEROID HORMONES
Exposure to gonadal steroids during critical periods in develop-
ment is important for the masculinization of adult sexual partner
preferences in the rat. Henley et al. (2009) recently summarized
the general principles concerning the organizational role of hor-
mones on preference behavior. Prenatal exposure to the estrogenic
metabolites of testosterone masculinizes sexual partner prefer-
ences resulting in a male-typical adult preference for an estrous
female over a stimulus male (Matuszczyk et al., 1988; Brand and
Slob, 1991). However, prenatal steroid exposure alone does not
defeminize sexual partner preferences because males castrated
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neonatally and given estradiol and progesterone as adults prefer to
spend time with sexually active males rather than estrous females
(Matuszczyk et al., 1988). Like neonatally castrated rats, males
treated postnatally with the aromatase inhibitor, ATD exhibit
male-typical partner preference behavior, but also show female-
typical adult partner preferences for active males when treated
with estradiol as adults (Bakker et al., 1993). Moreover, male rats
castrated at birth or treated neonatally with ATD show a reduced
preference for an estrous female when treated with testosterone
in adulthood suggesting that prenatal steroid exposure only par-
tially masculinizes partner preferences (Brand and Slob, 1991).
Postnatal testosterone or estradiol exposure also has masculin-
izing and defeminizing effects on the display of adult partner
preferences of female rats (de Jonge et al., 1988; Henley et al.,
2009). Thus, complete masculinization of sexual partner prefer-
ences requires both pre- and post-natal exposure to estrogenic
metabolites of testosterone, while postnatal exposure to estradiol
leads to defeminization of adult rat partner preference.

EFFECT OF PRENATAL STRESS
Estrogenic metabolites of testosterone are required for the nor-
mal expression of male sexual behavior and are also necessary for
neural organization which results in female-directed sexual part-
ner preference in adulthood. The influence of prenatal stress on
sexual partner preference provides further evidence of the organi-
zational effect of gonadal steroids. Prenatal stress (either maternal
nutrition or restraint stress) experienced during the last third of
gestation affects testosterone synthesis in the prenatal male rat,
suppresses preoptic aromatase activity (Weisz et al., 1982), and
decreases expression of adult sexual behavior, especially copula-
tory behaviors (Rhees et al., 1999). Prenatal stress also prevents
masculinization of female-directed partner preference behavior as
measured by the time spent in proximity with an estrous female
vs. a stimulus male (Meek et al., 2006; Wang et al., 2006; Popova
et al., 2011). Stress negatively impacts the reproductive axis (Breen
and Karsch, 2006) and since cortisol is lipophilic, endocrine stress
events are likely to be transferred to the fetus. Elevated cortisol in
obese ewes is mirrored by higher levels in their fetuses at 75 day of
gestation (Ford et al., 2009), a time critical to the differentiation
of the sheep brain.

THE SEXUALLY DIMORPHIC PREOPTIC AREA
The medial preoptic area (MPOA) acts as a nodal area for the
integration of chemosensory information and the display of male
sexual behaviors in all vertebrate species studied (Hull et al., 2002).
Large lesions of the MPOA changed the partner preference of
adult males so that in a choice test, they spend more time with
an intact male than with an estrous female (Paredes et al., 1998).
Similarly, ablation of the MPOA by chemical lesioning abolished
the preference of intact male rats for soiled bedding from estrous
females vs. intact males (Dhungel et al., 2011) supporting a role
for MPOA in both olfactory preferences and male copulatory
behavior. Other studies reported positive correlations between the
volume of the sexually dimorphic preoptic nucleus (SDN-POA)
and the animal’s preference for a receptive female (Houtsmuller
et al., 1994; Woodson et al., 2002). Prenatal stress affects expres-
sion of adult sexual behavior and reliably decreases the size of the

SDN-POA (Anderson et al., 1985). However, lesioning of the rat
SDN-POA has not caused consistent behavioral deficits (Arendash
and Gorski, 1983) and no experimental evidence exists that links
this nucleus functionally to sexual partner preferences in rats.

FERRETS
Like rats, ferrets are also born in an altricial state with eye opening
delayed until after postnatal day 23. Male ferrets are exposed to
higher levels of testosterone than females at three distinct devel-
opmental periods: between embryonic days 28 and 38 of a 41-day
gestation (Krohmer and Baum, 1989); acutely within 2 h after birth
(Erskine et al., 1988); and over the first 3 weeks of life (Erskine
and Baum, 1982). Both estrogens derived from testosterone and
testosterone itself appears to be essential for sexual differentiation
and partner preference development. Results of several experi-
ments show that exposure of the male ferret to relatively high
levels of circulating androgens during the last quarter of gestation
and immediately after birth sensitize the developing neural mech-
anisms that control sexual behavior and partner preference to the
lower levels of androgen that occur in males for several weeks
after birth (Baum, 2003). The estrogens formed by the developing
nervous system through aromatization of androgens are primar-
ily responsible for this sensitization which allows the postnatal
action of testosterone to complete the process of behavioral sexual
differentiation.

ACTIVATIONAL EFFECTS OF STEROID HORMONES
Sexual partner preferences in ferrets are subject to activational
effects of steroids. Male and female ferrets gonadectomized on
postnatal day 35 and tested in later adulthood while receiving no
hormone or testosterone displayed no significant preference when
presented in a T-maze with a choice between an estrous female or
stimulus male. When given estradiol benzoate, however, males pre-
ferred stimulus females whereas females preferred stimulus males
(Stockman et al., 1985). The effectiveness of estradiol in female-
directed partner preference for male ferrets may be explained by
the aromatization of testosterone to estradiol which is necessary
for expression of masculine sexual behaviors (Baum et al., 1990a).
The ineffectiveness of testosterone to activate heterosexual part-
ner preferences in males, however, could be caused by interactions
with the male stimulus animal leading to expression of aggression,
which may predominate in this testing situation.

THE ROLE OF OLFACTION
Odor discrimination and sexual experience are important fac-
tors that bias sexual partner preferences of ferrets. Prior to sexual
experience, testosterone propionate-treated males and estradiol
benzoate-treated females prefer to approach odors from opposite
sex ferrets, but clear preference to approach a goal box contain-
ing estrous female stimulus animal is evident only after males
receive sexual experience (Kelliher and Baum, 2002). Heterosex-
ual partner preference is eliminated in anosmic male and female
ferrets even when the subjects were able to see, hear and interact
physically with stimulus ferrets in a Y-maze (Kelliher and Baum,
2001). Additional experiments have established an obligatory role
of olfactory cues in ferret heterosexual partner preference (Cloe
et al., 2004; Woodley and Baum, 2004). Existing evidence suggests
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that a sex dimorphism in the detection of odorants by the main
olfactory system as well as the central processing of pheromonal
cues play central roles in mate recognition in ferrets (Baum, 2009).

ORGANIZATIONAL EFFECTS OF STEROID HORMONES
Developmental studies demonstrate that prolonged prenatal and
early postnatal exposure to testosterone is necessary to establish
male-typical partner preferences in ferrets (Stockman et al., 1985;
Baum et al., 1990b). Females exposed to testosterone proprionate
on embryonic day 27–30, at the time of birth, and again during
postnatal days 5–20 chose the stimulus female in a T-maze test
while receiving estradiol benzoate, a response identical to control
males. Females exposed to testosterone prenatally or only after
birth and from postnatal day 5–20 showed adult profiles of sexual
partner preference that were intermediate between control males
and females. The role that androgen metabolites play in the orga-
nization of sexual partner preferences in ferrets has not yet been
addressed adequately.

THE SEXUALLY DIMORPHIC PREOPTIC AREA
Male ferrets possess a cluster of neurons in the posterior POA/AH
that is absent in females and has been named the sexually dimor-
phic male nucleus (MN) of the POA/AH (Tobet et al., 1986b). The
MN is organized by testosterone-derived estrogen acting during
the last quarter of gestation (Tobet et al., 1986a). As opposed to the
rat SDN-POA, the integrity of the male ferret MN is required for
the male-typical preference to seek out and mate with an estrous
female as opposed to a male stimulus animal (Cherry and Baum,
1990; Paredes and Baum, 1995; Kindon et al., 1996; Alekseyenko
et al., 2007). Recently, it was demonstrated that bilateral elec-
trolytic destruction of the MN caused male ferrets to exhibit a
female-typical profile of preferences for male body odors which
correlated with enhanced neural Fos-response to soiled bedding
from other males (Alekseyenko et al., 2007). Taken together with
earlier studies, hypothalamic processing of body odorants appears
to underlie sex differences in partner preferences in ferrets.

SHEEP
Expression of normal ram sexual behavior requires both sexual
interest and the execution of male-typical mounting behavior
which is dependent on gonadal androgen production (D’Occhio
and Brooks, 1980). Nearly 25% of rams do not exhibit sexual
interest in the presence of sexually receptive ewes. Although sex-
ual behavior was estimated to be moderately heritable (Snowder
et al., 2002), the incidence of sexually inactive rams did not differ in
studies conducted in 1964 (Hulet et al., 1964) and 1991 (Fitzgerald
and Perkins, 1991) at the US Sheep Experiment Station (Dubois,
ID, USA). Since non-active rams are less reproductively successful,
incidence of a highly heritable trait would be expected to decrease
over time. The lack of a change, however, raises the possibility that
the phenotypic expression of normal male sexual behavior does
not appear to be entirely genotypically controlled.

CHARACTERIZING SEXUAL PARTNER PREFERENCES OF RAMS
Sexual behavior is assessed in rams by exposing rams to sexu-
ally receptive ewes in a serving capacity test in which numbers of
courting and mounting behaviors expressed in 30 min are quan-
tified. Sexual interest in other males is assessed in a sexual partner

preference test. In a preference test, rams are exposed to both ewes
in estrus as well as other rams. Female oriented rams (FOR) are
quick to investigate estrous ewes and achieve 10 mounts and/or
six ejaculations in a 30-min period (Perkins et al., 1992) and do
not mount rams in sexual preference tests. Rams which exclu-
sively court and mount other rams are considered male-oriented
(MOR). Rams failing to show sexual interest in either estrous ewes
or other rams, or achieve few mounts or ejaculations in the sexual
performance test are classified as non-performing rams (NOR).
Since Zenchak et al. (1981) first concluded that some rams prefer
other rams as sexual partners, a number of additional reports have
confirmed this observation (Perkins et al., 1995; Resko et al., 1996;
Alexander et al., 1999; Pinckard et al., 2000). Notably, three inde-
pendent studies estimated that MORs constitute ∼ 8% of a given
ram population (Price et al., 1988; Perkins and Fitzgerald, 1992;
Roselli et al., 2004b).

THE ROLE OF OLFACTION
Several hypotheses have been proposed to explain the expression
of same-sex sexual preferences in rams. The most compelling lines
of evidence implicate the involvement of sensory processing in the
initial recognition of potential sexual partners which influences
specific brain areas in the formulation of appropriate behavioral
responses. Olfactory signals are important for facilitating repro-
duction in rams and are the major sensory modality used by rams
to identify ewes in estrous (Maina and Katz, 1999). Intriguing evi-
dence suggests that olfactory sensory processing differs between
FORs and MORs. Perkins et al. (Perkins and Fitzgerald, 1992;
Perkins et al., 1992) found that exposure of adult FORs to estrous
ewes provokes an increase in LH and testosterone. MORs did not
show this response to estrous ewes, but did exhibit an elevation
in serum concentrations of testosterone when exposed to other
rams. The hormone response in MORs, while paradoxical, sug-
gests they respond differently than FORs when presented with
similar sensory cues. Alexander et al. (1999) demonstrated that
similar hormone responses could be evoked in FORs given fence
line contact to estrous ewes in absence of direct sexual contact,
but not to rams. In contrast, MORs (and NORs) did not show
endocrine responses under those conditions. Interestingly, FORs
exhibit more investigatory olfactory behaviors toward all stimu-
lus animals suggesting that discrimination depends on adequate
olfactory input. Following fence line exposure to ewes, FORs, but
not MORs, have increased Fos-like activity in the bed nucleus of
the stria terminalis and MPOA (Alexander et al., 2001) which are
important components of the vomeronasal and olfactory path-
ways. Together, these results suggest that FORs detect and process
sexually relevant information differently from MORs which may,
in turn, contribute to differences in expression of sexual partner
preferences.

ORGANIZATIONAL EFFECTS OF STEROID HORMONES
Evidence that the MPOA/AH participates in regulation of sexual
partner preferences in rats and ferrets (see previous discussion)
led to the search for a sexually dimorphic nucleus in the sheep.
An ovine sexually dimorphic nucleus in the preoptic area (oSDN-
POA) has been identified (Roselli et al., 2004a). The oSDN-POA is
two to three times larger and contains more neurons in FORs than
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in MORs and ewes and is characterized by aromatase synthesizing
neurons (Roselli et al., 2004a). Differences in the size of the oSDN
among FORs, MORs, and ewes are not due to differences in adult
exposure to testosterone since differences persist even after adult
sheep are gonadectomized (Roselli et al., 2009). Sex differences in
the size of the oSDN develop prior to birth under the organiza-
tional influences of testosterone (Roselli et al., 2007). These results
suggest that differences in size of the oSDN between MORs and
FORs arise from individual variations in prenatal androgen expo-
sure or effects which may predispose adult rams to express sexual
attraction to rams or ewes, respectively. Although this hypothesis
cannot be tested directly, treatment of the pregnant ewe with an
aromatase inhibitor did not disrupt masculinization of copulatory
behavior and partner preferences and did not interfere with defem-
inization of the LH surge mechanism in adult rams (Roselli et al.,
2006). Thus, the question of whether sexual partner preferences
are programmed prenatally in rams remains unanswered. Corre-
lation of oSDN size with sexual partner preference may function
to bias the processing of sensory information (i.e., olfactory) rele-
vant for mate choice. However, more research is needed to unravel
the functional neuroanatomical relationships and the role, if any,
of prenatal programming in the development and expression of
adult sexual preferences in sheep.

HUMANS
In humans, gender is traditionally assigned by the presence of
testes in the male and the absence of testes (implying the pres-
ence of ovaries) in females, whereas gender identity and sexual
orientation are neurological effects. Gender identity is defined as
whether a person perceives themselves as male or female regard-
less of anatomy and should be considered separately from gender
behavior. Accordingly, a person with female gender identity may
have masculine gender behavior. Orientation is defined by who we
desire sexually, not necessarily whom we have sex with. There is
overwhelming evidence in all species that prenatal hormone expo-
sure is the most critical factor determining anatomical sex. Over
the past 50 years, animal models have provided seminal informa-
tion on how hormones regulate sex-typical brain anatomy and
behavior. Those studies framed the nature of questions that are
currently being posed regarding the influence of hormones on
sexual identity and orientation. Although animal models have pro-
vided some insight into sex-typical orientation, they will never
yield information regarding gender identity. Moreover, as ori-
entation is also not simply binary, animal models are unlikely
to resolve whether all etiologies underlying homosexuality are
common – e.g., do masculine and effeminate gay men develop
similarly?

THEORIES BEHIND HUMAN PSYCHOSEXUAL DEVELOPMENT
Optimal-gender policy
John Money’s hypothesis that the human brain is gender neutral
at birth and evolves thereafter under the influence of experi-
ence/learning and hormones was advanced from the 1950s to the
1990s (Money and Ehrhardt, 1972). This policy shaped decision
making for the medical, surgical, and psychological management
of sexual development and especially“disorders” thereof. This pol-
icy was seriously undermined with the discovery that some 46,XY

individuals with penile agenesis, penile ablation, or cloacalextro-
phy who were raised female, reassigned themselves with their
genetic sex or experience gender dysphoria later in life (see Meyer-
Bahlburg, 2005 for review). In contrast, no such individuals raised
male reassigned their gender. It should be noted, however, that for
some persons who have not undergone “complete” masculiniza-
tion/defeminization neonatally [e.g.,partial androgen insensitivity
(PAIS), congenital adrenal hyperplasia (CAH) – see below] there
is some support for the contention that gender identity, but not
behavior, may be shaped by experience/learning (Wisniewski et al.,
2008). However, how much of individual sex identification is
determined by a need to conform to an established identity is
uncertain since changing gender is not readily accepted in most
societies.

Genetics
Studies on mammals (Carruth et al., 2002; Abel and Rissman,
2011) suggest that sex chromosome related genes contribute to
sexual differentiation of the brain, but there is no evidence yet in
humans to support a specific genetic component in the differenti-
ation of gender identity. However, population studies and studies
of identical twins support the hypothesis that at least some male
and female homosexuality is a consequence of genetics (Bailey
et al., 1991; Mustanski et al., 2005). Homosexuality runs in fami-
lies (Bailey et al., 1991), and regions of the X chromosomes as well
as chromosomes 7, 8, and 10 have been identified as sites of partic-
ular interest with respect to male homosexuality (Mustanski et al.,
2005). However, candidate gene studies on the androgen receptor
on Xq12 (Macke et al., 1993) or the enzyme aromatase on 15q21.2
(DuPree et al., 2004) have not demonstrated an association with
male homosexuality. There is also evidence that birth order of boys
may affect the potential of becoming gay with each additional older
brother increasing the odds of becoming homosexual by approxi-
mately 33% (Cantor et al., 2002). A pivotal study by Bogaert (2006)
demonstrated that the fraternal birth order operates during pre-
natal life since the effect was observed even when the biological
older brother was reared in a separate household. Furthermore,
non-biological siblings (adopted or step-brothers) had no effect
on men’s sexual orientation (Bogaert, 2006). The most plausible,
but not yet proven, explanation for this observation is that the
mother develops an immune response that in some direct and/or
indirect way, affects male fetal brain development during preg-
nancy. It is believed that this immune response is enhanced with
each subsequent male pregnancy and increases the likelihood that
some later born males will be sexually attracted to men as opposed
to women (Bogaert and Skorska, 2011).

Hormonal/Organizational
Although still actively debated by the scientific community, there
is growing support for the hypothesis that the prenatal hormone
environment is a major determinant of gender behavior, gender
identity, and sexual orientation. Although gonadal steroids are
considered the major organizational effectors, evidence from mice
suggests that MIH may also contribute to the sexual organization
of the brain, at least in that species (Wang et al., 2009). Since recep-
tors for other non-steroid reproductive hormones [gonadotropin
releasing hormone (GnRH), LH, follicle stimulating hormone
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(FSH)] have been reported in the mammalian brain (Liu et al.,
2007; Albertson et al., 2008), it is also possible that these hor-
mones may be a component of endocrine-mediated neuronal
differentiation. Although there is compelling evidence in other
mammals that aromatization of testosterone to estrogen is critical
for brain masculinization/defeminization, there is no evidence that
this pathway affects gender or orientation in humans since men
with null mutations affecting the expression of aromatase develop
normal male-typical sexual orientation (Rochira et al., 2001).

During gestation, male and female fetuses have different
endocrine profiles. A surge in testosterone commences after the
differentiation of the bipotential gonads into testes in the male
(Bakker et al., 1996; Baum, 2006; Scott et al., 2009; Bogaert and
Skorska, 2011). The adrenal glands also produce androgens whose
relative level can increase if there are perturbations in steroido-
genic enzymes in this gland, such as in the case of CAH. Most
commonly, an absence of hydroxylase activity inhibits cortisol syn-
thesis in CAH individuals, and as a result of a lack of a negative
feedback, the fetus is exposed to high levels of androgens (Shaw,
2010). The steroid profile of the mother may also get transferred
to the fetus and thus maternal dysfunction of either the ovaries
or adrenal glands are likely to be experienced by the developing
conceptus. Other organs/tissues may also express enzymes capable
of converting steroid precursors into androgens, such as the liver
and adipose tissue which express 3 β-hydroxysteroid dehydroge-
nase (HSD) and 17 α-HSD (Burger, 2002). Given the dramatic rise
in obesity internationally and the strong association between obe-
sity and polycystic ovarian syndrome (PCOS), characterized by
hyperandrogenism (Ehrmann, 2005), the importance of adipose
tissue in androgen synthesis should not be overlooked. Low lev-
els of sex hormone binding globulin among obese or overweight
women (Pugeat et al., 1991) may elevate the relative amount of
free testosterone individuals are exposed to. However, one pub-
lished study with a limited sample size reported a paradoxical
decrease in umbilical cord blood androgens and estrogens of
female fetuses born to PCOS women (Anderson et al., 2010).
The placenta is also steroidogenically active and serves as a source
of steroid hormones. Concentrations of steroid hormones in the
amniotic fluid may better serve as an index of fetal exposure to
steroids. The turnover of steroids is much slower in amniotic
fluid than in blood (Lai et al., 1986) and acute episodes in the
mother could result in chronic exposure to the fetus (Todaka et al.,
2005).

The development of sexual anatomy in humans occurs in the
first trimester before brain sexual differentiation in the second and
third trimesters (Cohen-Kettenis, 2005). Both events are deter-
mined by testosterone, with external male sexual anatomy depen-
dent on its conversion into DHT by 5 α-reductase-2. Although
anatomical and neural differentiation occurs sequentially in most
males, they are independent events (Cohen-Kettenis, 2005) as
demonstrated in sheep (Roselli et al., 2011). It is, therefore, readily
apparent that a person could develop male anatomy but retain a
female brain. Big gaps in our knowledge base, in both human and
animal studies, are “how much?” and “how long?” Sheep studies
show that 30 vs. 60 days of androgen exposure produce different
phenotypes, both anatomically and neurologically (Birch et al.,
2003; Roberts et al., 2009). This evidence is, however, confounded

by the gestational age when the fetus was exposed. Although the
length of exposure differed, the timing of exposure also differed
(30 vs. 60 day of gestation) which may influence the resulting
phenotype. Further study is clearly needed to understand the
implications of a shorter time period of androgen exposure.

In addition to the external sex organs, multiple organs, and tis-
sues are also affected by exposure to steroids. It was suggested that
the well-known effects of steroids on anogenital distance in mam-
malian studies, used as an index of androgen exposure, may also
apply to humans (Swan, 2006). Although differentiation of the
internal and external sexual organs is viewed collectively, evidence
from humans suggests that we should consider differentiation of
these structures separately. It was hypothesized in 46,XY indi-
viduals that the degree of correlation between differentiation of
external genitalia and gender identity is poor.

Hox genes are androgen sensitive (Daftary and Taylor, 2006)
and are involved in digit growth. Numerous studies (see Breedlove,
2010 for review) have associated fetal androgen exposure with the
length of the second finger relative to that of the ring finger (2D:4D
ratio) and, although this ratio cannot be used as a quantitative
assay, studies on persons who are completely androgen insensitive
(CAIS) supports this hypothesis (Berenbaum et al., 2009). Sev-
eral studies have related the 2D:4D ratio in homosexual women to
greater androgen exposure (Grimbos et al., 2010).

Human males and females express specific behavioral differ-
ences which, by definition, are neurologically mediated (Hines,
2011). Accordingly, there are numerous neuroanatomical differ-
ences (see Bao and Swaab, 2010 for review) among men and
women: from cortical thickness, which is greater in women (Lud-
ers et al., 2006), to the suprachiasmatic nucleus, which is more
elongated in women (Swaab et al., 1985). Testosterone has even
been implicated in cerebral lateralization (Grimshaw et al., 1995).
Indeed, there may be few neurological structures that are not
sexually dimorphic.

It is noteworthy that several of these nuclei differ according
to sexual orientation or in disorders of sexual development. The
suprachiasmatic nucleus in homosexual men is more similar in
gross structure to that of a woman (Swaab and Hofman, 1990).
The interstitial nucleus of the anterior hypothalamus 3 (INAH-3)
is larger in males than in females (Garcia-Falgueras and Swaab,
2008) and is also smaller in homosexual than heterosexual men
(LeVay, 1991). In addition, the volume and number of neurons
present in the INAH-3 in 46,XY transsexual (i.e., male to female)
people is similar to that in XX women (Garcia-Falgueras and
Swaab, 2008). The isthmus of the corpus callosum is larger in
right handed homosexual men than heterosexual men (Witelson
et al., 2008). An MRI study to identify corpus callosum shape at
the midsagittal plane found that callosal shape reflected gender
identity rather than genetic sex (Yokota et al., 2005). Women and
46,XY transsexual persons have a smaller central subregion of the
bed nucleus of the stria terminalis (BNST) than men (Zhou et al.,
1995), but the origin of this difference is controversial (Hines,
2011). Whether these neuroanatomically different sites actually
play specific roles in gender identification and/or sexual orienta-
tion is not known. Indeed, they may simply reflect that, like the
fingers, the brain has been exposed to a different endocrine milieu
in utero.
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DISORDERS OF SEXUAL DEVELOPMENT
It can be argued that the terminology used in describing differences
in sexual development induces a negative perception of these vari-
ations. Words such as“disorder,”“mutation,”“dysfunction”all have
negative connotations at best and, at worst, suggests that these dif-
ferences are fixable. It would be more helpful if we viewed such
conditions as part of a natural continuum. However, these varia-
tions provide the strongest insight into the relative importance of
the prenatal endocrine milieu on sexual differentiation.

Swyer syndrome
Probably the most compelling evidence that human neurological
sexual differentiation is gonad dependent and independent of gene
expression is provided by 46,XY persons with pure gonadal dys-
genesis, or Swyer syndrome (Wisniewski et al., 2008). These indi-
viduals are externally female with streak gonads and, if untreated
with estrogens, do not experience puberty. All reported cases iden-
tify as heterosexual females and experience no gender dysphoria.
Since there is no MIH, the Müllerian duct structures develop into
a rudimentary uterus and vagina so that 46,XY Swyer Syndrome
women can maintain a pregnancy if treated hormonally.

Androgen Insensitivity
In CAIS, a 46,XY person is unable to respond to androgens
although MIH prevents development of the Müllerian ducts. Such
individuals are infertile. Persons with CAIS identify as heterosexual
females and do not experience gender dysphoria. CAIS provides
evidence that, in humans, MIH does not play a central role in
sexual differentiation.

From a societal acceptance perspective, 46,XY women with
Swyer syndrome or CAIS conform to the binary stereotype, i.e.,
male vs. female. In contrast, with 46,XY PAIS, the degree of
anatomical and neurological differentiation depends on the extent
of retained androgen sensitivity. Although attempts are made to
raise persons as male or female, gender dysphoria is not uncom-
mon (Wisniewski et al., 2008) and it is arguable that either category
is appropriate.

46,XY Congenital estrogen deficiency
There are very few reported cases of 46,XY estrogen deficiency
caused by either estrogen insensitivity or aromatase deficiency
(Rochira et al., 2001). Although there are some reproductive
anomalies, all individuals identify as heterosexual males (Rochira
et al., 2001). Although the numbers are limited, this evidence is
persuasive that estrogen plays little role in human male-typical
sexual differentiation.

5α Reductase-2 (SRD5A2) deficiency
In 46,XY men, differentiation of the external genitalia is depen-
dent on DHT which is synthesized from testosterone by SRD5A2.
In the absence of SRD5A2, the genitalia do not fully masculin-
ize (Imperato-McGinley et al., 1979). Although this deficiency
is rare in the general population, it is commonplace in several
regions, being most prevalent in the Dominican Republic (1:90)
and the Gaza strip (1:150). Depending on the extent of gen-
ital masculinization, individuals may be raised either male or
female but, if the latter, incidence of gender reassignment is high
(Imperato-McGinley et al., 1979; Cohen-Kettenis, 2005). In one

study (Imperato-McGinley et al., 1979), of 18 persons unambigu-
ously raised as girls, 17 changed to a male-gender identity, and
16 to a male-gender role during or after puberty. At puberty,
the surge in testosterone accompanied by an assumed increase
in 5α reductase-1 synthesis (Wilson, 2001), results in increased
virilization.

Transsexual
If there is masculinization/defeminization of the genitalia, but not
the brain, it would be hypothesized that a 46,XY transgendered
person develops. Studies by Savic and Arver (2011) support this
hypothesis, but the number of individuals studied is very small.
In some societies, most notably Independent Samoa, 46,XY trans-
gendered persons indentify as a third gender, fa’fafine, which is
feminine and there is no societal stigmatization associated with
this gender. Fa’fafine are indentified at a very early age and sem-
inal studies by Vasey et al. (2011) suggest that their psychosocial
development is similar to girls, supporting the hypothesis that
their brains have not undergone masculinization/defeminization.
It is of note that fraternal birth order has been associated with
the probability of a fa’fafine being born (VanderLaan and Vasey,
2011).

Congenital adrenal hyperplasia (CAH)
The most common form of CAH is 21α-hydroxylase deficiency
which reduces the synthesis of cortisol and aldosterone. As a result
there is an increased synthesis of androgens by the adrenal gland.
The range of genital masculinization is variable and, although
there is an assumption that this is a reflection of neural masculin-
ization, and hence gender assignment, this may not be accurate.
Since Wolffian duct virilization is testosterone dependent, inde-
pendent of its conversion to DHT, it may be a better index of
masculinization/defeminization of the brain than external geni-
talia (Randall, 1994; Ostrer, 2000; Hannema and Hughes, 2007).
Although female gender assignment predominates in CAH and is
retained, there are elevated instances of strong gender dysphoria
(Dessens et al., 2005) arguing that in some persons an androgen
duration and/or concentration threshold has been surpassed. It
is noteworthy that there is a much higher incidence of tomboy-
ish behavior as children (Ehrhardt and Meyer-Bahlburg, 1981) and
homosexuality as adults and the 2D:4D finger ratio is masculinized
(Brown et al., 2002; Okten et al., 2002).

Diethylstilbestrol and other xeno- and phyto-steroids
Diethylstilbestrol, a synthetic estrogen, was first synthesized in
1938 but, like several other xeno- and phyto-estrogens, it has affin-
ity for the androgen receptor (Wang et al., 2010). Between 1940 and
1970, DES was used as a gestation facilitator and approximately 2
million US babies were exposed in utero although the duration and
dose of DES were variable. Interestingly, there is a higher incidence
of homosexuality in women exposed to DES as fetuses (Ehrhardt
et al., 1985). Anecdotal evidence (Swaab, 2007) also suggested a
higher incidence of DES exposure in 46,XY transgendered per-
sons. There are numerous reports of an association between xeno-
and phyto-estrogens and impaired sexual differentiation although
most have focused on the effects on sexual anatomy and, by infer-
ence, the brain. For example, exposure to high levels of genistein
or fungicides, which may act as xenosteroids, are associated with
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a higher incidence of hypospadias in men. Methoxyacetic acid,
the primary active metabolite of the industrial chemical ethylene
glycol monomethyl ether, disrupts spermatogenesis, and causes
testicular atrophy was shown to affect androgen sensitive HOX
genes (Bagchi et al., 2011).

CONCLUSION
There is compelling evidence that perinatal exposure to gonadal
steroids is one of the biological factors that strongly influences
the development of sexual partner preferences in animals and sex-
ual orientation in humans. The specific effects of testosterone and
its aromatase-derived estrogenic metabolites in these differentia-
tion processes are clearly species dependent and range from being
almost exclusively dependent on estrogen in the rat to androgen
dependent in humans. Many tissues are profoundly affected by
these steroids in development. Sexual differentiation of the genitals
occurs before sexual differentiation of the brain and is subject to
varying and independent degrees of masculinization. In the brain,
specific steroid-dependent nuclei have been identified that are
dimorphic both with regard to sex and sexual orientation/partner
preference. However, our knowledge of the roles these nuclei play
in manifesting sexual behaviors and partner preferences remains

very meager. Although rodents are tractable models, especially
because dimorphisms develop postnatally, studies are hampered
by size which limits our ability to precisely manipulate target nuclei
in vivo. Sheep and ferrets, by contrast, have larger brains making
such targeted manipulations feasible but require specialized sur-
gical techniques to perform in utero experiments. Moreover, the
seemingly essential requirement that steroid exposure occurs for
long periods makes such studies even more challenging. Indeed,
the precise stage of development and steroid dose required remain
unresolved. These and other questions remain to be answered and
in a broader context will undoubtedly expand our understanding
of the hormonal control of sexual differentiation.
Summary Sentence: This manuscript reviews the major findings
which support the hypothesis that perinatal exposure to gonadal
steroids is responsible for the development of sexual partner pref-
erences in animals and explores how this information has helped to
frame our understanding of human sexual orientation and gender
identity.
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Sex steroids play essential roles in the modulation of synaptic plasticity and neuroprotection
in the hippocampus. Accumulating evidence shows that hippocampal neurons synthesize
both estrogen and androgen. Recently, we also revealed the hippocampal synthesis of
corticosteroids. The accurate concentrations of these hippocampus-synthesized steroids
are determined by liquid chromatography–tandem mass-spectrometry in combination with
novel derivatization. The hippocampal levels of 17β-estradiol (E2), testosterone (T), dihy-
drotestosterone (DHT), and corticosterone (CORT), are 5–15 nM, and these levels are suf-
ficient to modulate synaptic plasticity. Hippocampal E2 modulates memory-related synaptic
plasticity not only slowly/genomically but also rapidly/non-genomically. Slow actions of E2
occur via classical nuclear receptors (ERα or ERβ), while rapid E2 actions occur via synapse-
localized or extranuclear ERα or ERβ. Nanomolar concentrations of E2 change rapidly the
density and morphology of spines in hippocampal neurons. ERα, but not ERβ, drives this
enhancement/suppression of spinogenesis in adult animals. Nanomolar concentrations of
androgens (T and DHT) and CORT also increase the spine density. Kinase networks are
involved downstream of ERα and androgen receptor. Newly developed Spiso-3D mathe-
matical analysis is useful to distinguish these complex effects by sex steroids and kinases.
Significant advance has been achieved in investigations of rapid modulation by E2 of the
long-term depression or the long-term potentiation.

Keywords: hippocampus, sex steroid, corticosteroid, estrogen, androgen, synaptic plasticity, spinogenesis

INTRODUCTION
Local steroidogenesis systems in the brain, initiated with the con-
version of cholesterol, have been extensively investigated since
1990s (Baulieu, 1997). In particular, hippocampal synthesis of
sex steroids is very attractive issue, because the hippocampus is
a center for learning and memory. The localization of steroido-
genic enzymes including cytochrome P450scc, P450(17α), and
P450arom, and production of testosterone (T), dihydrotestos-
terone (DHT), and 17β-estradiol (E2) were demonstrated in adult
male hippocampus (Kimoto et al., 2001; Kawato et al., 2002; Hojo
et al., 2004). The level of E2, T, and DHT was 5–15 nM which is
sufficient to modulate synaptic plasticity (Hojo et al., 2009).

For decades, genomic/slow neuromodulatory actions have been
extensively investigated for circulating gonadal sex hormones in
the hippocampus (Woolley and McEwen, 1994; Woolley, 1998; Foy
et al., 1999; Pozzo-Miller et al., 1999; Bi et al., 2000; Shibuya et al.,
2003). Modulation of dendritic spines has been extensively stud-
ied as a typical model of synaptic plasticity, because synapse is a

Abbreviations: ADiol, androstenediol; ADione, androstenedione; DHEA, dehy-
droepiandrosterone; DHT, dihydrotestosterone; E1, estrone; E2, estradiol; LC-
MS/MS, liquid chromatography with tandem-mass-spectrometry; PFBz, pentaflu-
orobenzoxy; PROG, Progesterone; RIA, radioimmunoassay; T, testosterone.

site of memory storage and spine is a postsynaptic structure. Slow
modulation of synaptogenesis or electrophysiological properties
is investigated by estrogen replacement for ovariectomized (OVX)
female rats (Woolley and McEwen, 1994; Woolley, 1998; Foy et al.,
1999; Pozzo-Miller et al., 1999; Bi et al., 2000; Shibuya et al., 2003).
An increase of synapses or an enhancement of synaptic transmis-
sion is observed upon s.c. injection of estrogen. Slow modulation
of spines (postsynaptic structures) is also observed in slice cul-
tures (Woolley and McEwen, 1994; Woolley, 1998; Foy et al., 1999;
Pozzo-Miller et al., 1999; Bi et al., 2000; Shibuya et al., 2003). These
slow genomic effects are mediated via nuclear estrogen receptors
ERα/ERβ to initiate transcription processes.

The rapid effect of estradiol (E2; within 1–2 h) also occurs
by modulating spine density or electrophysiological properties
of the hippocampal slices (Teyler et al., 1980; Foy et al., 1999;
Bi et al., 2000; Mukai et al., 2006a). These rapid modula-
tions, relating to memory formation processes, may favor locally
synthesized steroids rather than low level circulating gonadal
hormones which need to go across brain tissues in order to
reach estrogen receptors in the target neurons. Rather than
being a limiting factor, a weak activity of sex steroid produc-
tion in the hippocampus is sufficient for the local usage within
small neurons (i.e., an intracrine system). This intracrine system
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contrasts with the endocrine organs in which high expression
levels of steroidogenic enzymes are necessary to supply steroids
to many other organs via the blood circulation. For brain-
derived sex hormones, the essential functions may be the rapid
and continuous modulation of synaptic plasticity and cognitive
functions.

Hippocampal synthesis and action of corticosteroids have not
been well clarified, in comparison with sex steroids. Recently we
demonstrated the existence of complete pathway of corticosteroid
synthesis in the hippocampus which synthesizes a low level of cor-
ticosterone (CORT; ∼7 nM; Higo et al., 2011). Low dose CORT
(10 nM) may have beneficial effects such as enhancement of spin-
ogenesis (Higo et al., 2011) and increase in both the expression and
phosphorylation of Erk MAP kinase (Revest et al., 2005). These
beneficial effects are very different from the high dose CORT (in
the order of micro molar) released from adrenal under stressful
conditions, which elicits the deleterious effects (e.g., neuronal cell
death or shrinkage of dendrites; Sapolsky et al., 1985; Woolley
et al., 1990). Hippocampus-synthesized corticosteroids (∼7 nM)
may play an essential role in important physiological functions
such as modulation of synaptic plasticity.

HIPPOCAMPAL SYNTHESIS OF SEX STEROIDS AND
CORTICOSTEROIDS
SYNTHESIS OF SEX STEROIDS IN ADULT MALE HIPPOCAMPUS
Neuronal localization of steroidogenic enzymes in the hippocampus
In earlier studies, glial cells were thought to be a major place for
steroidogenesis, because the white matter including glial cells had
been stained with anti-P450scc antisera, throughout the adult rat
brain (Le Goascogne et al., 1987). However, this white matter stain-
ing of cytochrome P450scc antisera may be an artifact which is due
to the non-specific adsorption of the non-purified bovine antisera
in rat hippocampus.

The role of neurons in steroid synthesis in mammalian brains
had long been difficult to determine. P450(17α) was thought
to be absent of in both neurons and glial cells due to the fact
that many attempts to demonstrate the immunohistochemical
reactivity in the rat brain had been unsuccessful for almost two
decades (Le Goascogne et al., 1991). We overcame difficulties of
non-specific immunostaining by using affinity–column-purified
antibodies (Shinzawa et al., 1988; Jakab et al., 1993; instead of
using non-purified antisera) in order to avoid cross-reaction with
IgG with unknown proteins having similar antigen sequences, as
well as using fresh frozen slices of hippocampus (instead of using
paraffin sections).

Localization of cytochromes P450scc, P450(17α) and
P450arom was observed in pyramidal neurons in CA1–CA3, as
well as in granule cells in the dentate gyrus (DG), by means of
the immunohistochemical staining of hippocampal slices from
adult (12 week; Figure 1) and developmental rats (Kimoto et al.,
2001; Kawato et al., 2002; Shibuya et al., 2003; Hojo et al., 2004;
Higo et al., 2009). The co-localization of P450s and NeuN (marker
of neuron) confirmed the expression of P450s in these neurons
(Kimoto et al., 2001; Kawato et al., 2002; Hojo et al., 2004).
Astroglial cells had weak expression of P450(17α) or P450scc, how-
ever, oligodendroglial cells did not express these P450s (Figure 1;
Kimoto et al., 2001; Kawato et al., 2002; Hojo et al., 2004).

FIGURE 1 | Localization of the enzymes required for synthesis of sex

steroids and corticosteroids in the hippocampus. (A) and (B)

Immunohistochemical staining of P450(17α) (A) and P450arom (B) in the
coronal section of the adult male rat hippocampus. (C–E) In situ
hybridization analysis of P450 (11β1) (C), 17β-HSD (type 1) (D) and
5α-reductase (type 1) (E) with antisense probes. All steroidogenic enzymes
are mainly expressed in neurons, although a weak expression is observed
in some glial cells. Scale bar, 800 μm. Modified from Hojo et al. (2004,
2009), Higo et al. (2011).

17β-HSD and 5α-reductase are necessary to synthesize andro-
gens (testosterone; T and dihydrotestosterone; DHT). The neu-
ronal localization of 17β-HSD (type 1) and 5α-reductase (types
1 and 2) was demonstrated with in situ hybridization in mouse
and rat hippocampus (Agis-Balboa et al., 2006; Hojo et al., 2009;
Figure 1). StAR was co-localized with P450s (Zwain and Yen,
1999; Kimoto et al., 2001; Wehrenberg et al., 2001). These results
imply that pyramidal neurons and granule neurons are equipped
with complete steroidogenic systems which catalyze the conversion
of cholesterol to pregnenolone (PREG), dehydroepiandrosterone
(DHEA), T, DHT, and estradiol (E2). Due to a weak immunos-
taining of P450s in glial cells, the activity of neurosteroidogenesis
in glial cells is probably much lower than that of neurons.

Are these steroidogenic enzymes localized at synapses? An
immunoelectron microscopic analysis using post-embedding
immunogold method is very useful to determine the intraneu-
ronal localization of P450(17α) and P450arom in the hippocampal
neurons of adult male rats. Surprisingly, we observed that both
P450(17α) and P450arom were localized not only in the endo-
plasmic reticulum but also in the presynaptic region as well as
the postsynaptic region of pyramidal neurons in the CA1 and
CA3 regions and of granule neurons in DG (Figure 2). These
results suggest “synaptic” synthesis of estrogens and androgens,
in addition to classical microsomal synthesis of sex steroids. The
existence of these steroidogenic proteins was confirmed by West-
ern immunoblot analyses (Kimoto et al., 2001; Kawato et al., 2002;
Hojo et al., 2004; Mukai et al., 2010). The molecular weights
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FIGURE 2 | Synaptic localization of cytochromes P450 (17α), P450arom,

P450 (c21), and P450 (11β1) in the hippocampus. Immunoelectron
microscopic analysis of the distribution of P450 (17α) (A), P450arom (B),
P450 (c21) (C), and P450 (11β1) (D) within synapses, in the hippocampal
CA1 region. Gold particles (indicated by arrow heads) are observed in the
presynaptic region (Pre), and the postsynaptic region (Post). Scale bar:
200 nm. Modified from Hojo et al. (2004), Higo et al. (2011).

obtained for P450scc, P450(17α), and P450arom were identical
to those obtained from peripheral steroidogenic organs. The rela-
tive levels of these P450s in the hippocampus were approximately
1/1000 (P450scc) and 1/300 [P450(17α) and P450arom] of that
in the testis [P450scc and P450(17α)] and the ovary (P450arom),
respectively.

In the brain regions other than the hippocampus (e.g.,
hypothalamus or amygdale, etc.,), the synaptic localization of
P450arom is observed in earlier publications, with immunoelec-
tron microscopy (EM) studies of the brains of a variety of species
including quail, rats, monkeys, and humans (Jakab et al., 1993;
Naftolin et al., 1996; Balthazart and Ball, 2006).

Pathway of synthesis of sex steroids
A direct demonstration of the neuronal synthesis of PREG, DHEA,
T,and 17β-E2 in adult mammals is reported in early 2000s (Kimoto
et al., 2001; Kawato et al., 2002; Prange-Kiel et al., 2003; Hojo
et al., 2004). It had been assumed that T is supplied to the male
brain such as hypothalamus, via the blood circulation, where T is
converted to E2 by P450arom (Baulieu, 1997; Baulieu and Robel,
1998). The absence of P450(17α) activity in the brain of adult
mammals had been reported in a number of studies (Le Goascogne
et al., 1991; Baulieu and Robel, 1998; Mensah-Nyagan et al., 1999;
Kibaly et al., 2005). Incubations of [3H]-PREG with brain slices,
homogenates and microsomes, primary cultures of mixed glial
cells, or astrocytes and neurons from rat and mouse embryos, had
failed to produce a radioactive metabolite [3H]-DHEA (Baulieu
and Robel, 1998).

We succeeded in demonstration of the synthesis of DHEA, T,
and E2 in the adult (12 week) hippocampal slices by means of care-
ful HPLC analysis (Kawato et al., 2002; Hojo et al., 2004, 2009). The
purification of neurosteroids from very fatty brain tissues requires
the combination of several sophisticated methods, which included
purification with organic solvent, solid column chromatography,
and normal phase HPLC (Wang et al., 1997; Kimoto et al., 2001;
Hojo et al., 2004). The significant conversion from [3H]-PREG to
[3H]-DHEA, from [3H]-DHEA to [3H]-androstenediol (ADiol),
[3H]-T, and [3H]-E2 was observed after incubation with the slices
for 5 h (Figure 3; Hojo et al., 2004). The rate of production for
[3H]-E2 from [3H]-T was very slow, and the production rate
of [3H]-DHT from [3H]-T was much more rapid than that of
E2. These activities were abolished by the application of spe-
cific inhibitors of cytochrome P450s. Surprisingly, [3H]-E2 was
extremely stable and not significantly converted to other steroid
metabolites such as estrone. On the other hand, DHT was rapidly
converted to 3α, 5α-androstanediol (Figure 3). E2 synthesis is also
demonstrated in cultured hippocampal slices from neonatal rats
in the absence and presence of letrozole, an inhibitor of P450arom.
After 4 days treatment with letrozole, the amount of E2 released
into the medium was significantly decreased (Kretz et al., 2004).

To demonstrate the rapid net production of neurosteroids
upon synaptic stimulation, the NMDA-induced production of
PREG and E2 was investigated in hippocampal slices (Kimoto
et al., 2001; Kawato et al., 2002; Hojo et al., 2004). Upon stim-
ulation with NMDA for 30 min, the hippocampal level of PREG
and E2 increased to approximately two-fold of the basal lev-
els. This implies that the NMDA-induced Ca2+ influx drives net
production of PREG and E2. As a slow/genetic modulator of
steroidogenesis, cis-retinoic acid is shown to elevate E2 and T pro-
duction via retinoic acid receptor in the cultured hippocampal
slices (Munetsuna et al., 2009).

Hippocampus-synthesized and circulation-derived sex steroids
Is the level of hippocampus-synthesized sex steroids sufficiently
high to allow action as local mediators? Is the level of circulation-
derived sex steroids higher than that of hippocampus-synthesized
sex steroids?

To answer these questions, an accurate determination of the
concentration of E2 and other steroids is necessary for an under-
standing/explanation of its modulatory action on synaptic plas-
ticity including spinogenesis, long-term potentiation (LTP), or
long-term depression (LTD).

Because of technical problems including poor purification pro-
cedures of steroids from fatty brain tissues, the accurate deter-
mination of the E2 concentration in whole hippocampal tissues,
slices, or cultured neurons had been difficult. By combination of
steroid purification with solid phase C18 column and radioim-
munoassay (RIA), the concentration of E2 was determined to be
∼0.6 nM (basal) and 1.3 nM after the NMDA stimulation, respec-
tively, in the adult male rat hippocampus (Hojo et al., 2004). RIA is
a very sensitive method for steroid detection, but has uncertainty
regarding specificity and accuracy due to problems of antisera.

For a direct determination of steroids, mass-spectrometric
assay is much better than RIA. However, even with mass-
spectrometric assay, the presence of 17β-E2, DHT, and estrone
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FIGURE 3 | Pathway of steroid synthesis in the rat hippocampus. The
hippocampus synthesizes estrogen (pink), androgen (blue), and
corticosteroids (orange). All these steroids are probably synthesized within

single neurons. Note that the chain arrow from ADione to E1 indicates an
extremely weak conversion in male (Hojo et al., 2009). This mode of synthesis
is different from that in peripheral steroidogenic organs.

(E1) had not yet been observed, although DHEA and T have been
observed in the whole brain extracts (Liere et al., 2000; Liu et al.,
2003; Ebner et al., 2006; Higashi et al., 2006; Caruso et al., 2010).
Applied mass-spectrometric assay includes gas chromatography
with mass-spectrometry (GC-MS/MS), liquid chromatography
with mass-spectrometry (LC–MS), and liquid chromatography
with tandem-mass-spectrometry (LC-MS/MS).

We therefore substantially improved the determination
methodology using LC-MS/MS in combination with picolinoyl-
derivatization (for induced ionization) of pre-purified E2/T/DHT/E1
fractions obtained from purification by normal phase HPLC
(Yamashita et al., 2007a,b; Hojo et al., 2009). E2 was further
derivatized with pentafluorobenzyl in order to elevate evaporation
probability. We achieved the good limits of quantification which
are 0.3 pg (17β-E2) and 1 pg (T, DHT, E1) per 0.1 g of hippocampal
tissue, or 1 mL of plasma, respectively (Hojo et al., 2009).

Pre-purification of E2/T/DHT/E1 fractions via normal phase
HPLC is necessary to remove contaminating fats, lipids, and mixed
steroids, since reverse phase LC included in LC-MS/MS is not
suitable for this kind of purification of non-charged steroids. By
improved LC-MS/MS analysis, basal level of E2 is determined to be
∼8 nM in the hippocampus of male rats (Hojo et al., 2008, 2009).
To our knowledge, possible reasons why other group could not
detect E2 with LC–MS in the brain are as follows: (1) highly cont-
aminating fats (may also be many steroids) from brain tissues, and
(2) usage of unsuitable or no derivatization of steroids. Therefore,
pre-purification step using normal phase HPLC before steroid-
derivatization was very important to achieve high precision and
good reproducibility of LC-MS/MS determination.

From LC-MS/MS analysis of male hippocampal tissues, the
level of E2, T, and DHT is ∼8, 17, and 7 nM, respectively (Table 1).
Surprisingly, the E2 level is not decreased by castration to deplete
circulating T which is a precursor for E2 synthesis (Figure 4;
Table 1; Hojo et al., 2009). On the other hand, castration decreases
hippocampal T to 3 nM which is hippocampus-synthesized T.
Hippocampal E2 may be preferentially synthesized from hip-
pocampal T, rather than from circulating T which is preferentially
converted to DHT, since castration decreases hippocampal DHT
considerably to 0.2 nM.

In the case of cultured slices or cultured neuron/glia, the
endogenous E2 level may be ∼5 nM (50 fmol/mg protein) in
slices determined via RIA or mass-spectrometric assay (Munet-
suna et al., 2009) or 0.03-0.1 nM in the outer medium (released
E2; Kretz et al., 2004; Prange-Kiel et al., 2006, 2008). Therefore, the
concentration of exogenously applied E2 should be higher than the
endogenous E2 level, in order to show E2 effects.

It should be noted that, however, the level of E2 reported from
many labs does not fell in the same range as that of our observation
that demonstrates a high level of E2. For example, only ∼35 pM
E2 (10 pg/g wet weight) was observed by RIA in 60 days of male
rat hippocampus, which showed age-related decrease from 0.5 nM
(140 pg/g wet weight) at PD0 (Konkle and McCarthy, 2011).

Scientists often use “acute” hippocampal slices, where hip-
pocampal neurons are alive, in electrophysiological and spino-
genesis investigations (Figure 5). “Acute” hippocampal slices are
obtained after recovery incubation in steroid-free ACSF for 2 h
in order to remove damaged surface cells which were damaged
by vibratome slicing. During the recovery incubation with ACSF
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Table 1 | Mass-spectrometric analysis of the concentration of steroids in the hippocampus and plasma of adult rats.

Sex steroids Hippocampus (freshly isolated)a Plasma Hippocampus (acute slice)b

Intactc castrated Intact Castrated

17β-E2 (ng/g wet weight or mL) 2.3d (ne = 6) 1.9 (n = 16) 0.004 (n = 5) 0.002 (n = 14)

17β-E2 (nM)f 8.4 6.9 0.014 0.006 <0.5 (n = 5)

T(ng/g wet weight or mL) 4.9 (n = 8) 0.9 (n = 16) 4.2 (n = 8) 0.06 (n = 16)

T (nM) 16.9 3.1 14.6 0.20 <1.0 (n = 3)

DHT (ng/g wet weight or mL) 1.9 (n = 8) 0.06 (n = 16) 0.18 (n = 8) 0.012 (n = 16)

DHT (nM) 6.6 0.22 0.63 0.04

Corticosteroids Hippocampus (freshly isolated) Plasma Hippocampus (acute slice)

Intact ADX Intact ADX

CORT (ng/g wet weight or mL) 128.1 (n = 8) 2.4 (n = 11) 510.3 (n = 8) 0.8 (n = 11) 0.67 (n = 5)

CORT (nM) 369.8 6.9 1472.8 2.3 1.9

DOC (ng/g wet weight or mL) 1.9 (n = 12) 1.9 (n = 23) 1.3 (n = 12) 0.5 (n = 23)

DOC (nM) 5.9 5.8 3.8 1.4

aHippocampus was homogenized immediately after dissection from a decapitated head. This condition reflects the basal concentration of steroids in hippocampus.
b“Acute slice” represents hippocampal slices incubated in ACSF for 2 h. Acute slices are usually used for electrophysiological or spinogenesis experiments. Hippocam-

pal steroids are diffused into ACSF and their levels become much lower than that in freshly isolated hippocampus.
cIntact shows the averaged values from intact and sham-operated rats, because there were no significant differences between these two groups of rats.
dData are expressed as mean.
eNumber of animals (i.e., the number of hippocampi).
fConcentration in nM is calculated using the average volume of 0.14 mL for one whole hippocampus that has 0.14 ± 0.02 g wet weight (n = 86). We assume that

tissue having 1 g of wet weight has an approximate volume of 1 mL. Modified from Higo et al. (2011), Hojo et al. (2009), Ooishi et al. (2011).

endogenous sex steroids and corticosteroids are released into the
outer medium. We determined the levels of E2, T, and CORT in
acute hippocampal slices to be below 0.5, 1, and 2 nM, respectively
(Figure 5; Table 1). These low steroid levels in “acute” hippocam-
pal slices support the effective action of 1–10 nM E2, T, DHT, and
CORT. In vivo hippocampus, on the other hand, contains 5–10 nM
E2, T, and DHT, preventing action of such low nanomolar E2, T,
or DHT.

DEVELOPMENTAL AND AGE-RELATED CHANGE IN EXPRESSION OF
SEX-STEROIDOGENIC ENZYMES AND RECEPTORS
Exhaustive analysis of age-dependent expression for steroido-
genic enzymes and receptors indicates moderate decrease of their
expressions (Kimoto et al., 2010).

Upon development over PD1 → PD4 → PD10 → PD14 →
PW4 → PW12, the expression level of steroidogenic enzymes
gradually decrease to around 1/2 of PD1 at PW12, except for
almost no decrease in 5α-reductase (type 1). Interestingly, a large
decrease in P450scc occurs at 4–12 weeks reaching to ∼7% of
PD1. Estrogen receptors ERα/β also gradually decrease to ∼70%
of PD1 at PW12. On the other hand, androgen receptor (AR)
increases gradually to ∼330% of PD1 at PW12. These results sug-
gest that the effect of estrogen may be strong in PD1–PD10, and
the effect of androgen may become strong in young adult days
(Figure 6).

We compared not only the expression level but also the pro-
duction rate of sex steroids between PW12 and PD10. The rate
of metabolism for both androgens (T → DHT → androstanediol)

and estrogen (T → E2) in PD10 hippocampus was estimated to be
two- to seven-fold higher than that in PW12 (Higo et al., 2009).

Contrary to the widely held belief, these results indicate that
only moderate decrease occur in expression level of steroidogenic
enzymes as well as the production rate of sex steroids.

Interestingly, a basic steroidogenic factor sf-1/ad4bp is
expressed at moderate level which is ∼150% of 3β-HSD I. Since
SF-1/Ad4BP is a basic transcription factor of all the steroidogenic
enzymes, genetic regulation of steroidogenic enzymes may not be
very different from that in ovary or testis.

HIPPOCAMPAL CORTICOSTEROID SYNTHESIS
Corticosterone (CORT), the most potent stress steroid, had
been thought to be synthesized exclusively in the adrenal cor-
tex, reaching the brain via blood circulation. De novo syn-
thesis of CORT from progesterone (PROG) in the brain has
been doubted, because cytochrome P450(c21) (deoxycorticos-
terone; DOC synthase), a key enzyme catalyzing the conversion
of PROG to DOC, has not been detected in the hippocam-
pus except in human hippocampus (Beyenburg et al., 2001).
On the other hand, the hippocampus expresses other steroido-
genic enzymes required for corticosteroid synthesis, including
P450(11β1) and P450(11β2) (Gomez-Sanchez et al., 1996, 1997).
Although previous studies have shown parts of the corticos-
teroid synthesis pathway in brain, including, PREG → PROG
and DOC → CORT and DOC → aldosterone (ALDO) (Gomez-
Sanchez et al., 1996, 1997; MacKenzie et al., 2000), the con-
version of PROG → DOC to be demonstrated. Analysis of the
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FIGURE 4 | Mass-spectrometric determination of sex steroids (A,B)

and corticosteroids (C,D) in the male hippocampus. LC-MS/MS
chromatograms and steroid derivatives of (A) E2 and (C) CORT. CORT was
extracted from the hippocampus of ADX rats. Shaded portions indicate the
intensity of the fragmented ions of 17β-E2-pentafluorobenzoxy-picolinoyl
[m/z = 339, (A)] and CORT [m/z = 121, (C)], respectively. The vertical axis
indicates the intensity of the fragmented ions. The horizontal axis indicates
the retention time of the fragmented ions. (B) No effect of castration on

hippocampal E2 level as well as no correlation between plasma T and
hippocampal E2. These data suggest that hippocampal E2 is mainly
produced from hippocampus-synthesized T. (D) Diurnal change of the
concentration of CORT in the cerebrospinal fluid (CSF) from the cisterna
magna in freely moving rats. The black bar indicates a dark period during
which the activity of rats is high. During a dark period, CORT concentration
elevates to three- to five-fold of that during a light period. Modified from
Hojo et al. (2009), Higo et al. (2011).

pathway of corticosteroid metabolism is performed using 3H-
labeled steroids as substrates. Conversion of “PROG → DOC and
DOC → CORT” were clearly demonstrated (Figure 3; Higo et al.,
2011). Interestingly, the conversion of CORT to other steroids
was very weak, indicating that CORT is stably present once it
produced.

We achieved the detection of P450(c21) mRNA by improve-
ment of the sensitivity of PCR methods, including careful primer
design by calculation of Gibbs free energy. Relative number of
transcripts, expressed in the hippocampus of adult male rats, was
in the order of 1/20,000 of that in the adrenal gland for P450(c21),
almost the same level as that in the liver for P450(2D4), in the order
of 1/5,000-1/10,000 of that in the adrenal gland for P450(11β1)
and P450(11β2) (Higo et al., 2011).

The cellular localization of P450(c21), P450(2D4), and
P450(11β1) was identified using in situ hybridization and
immunohistochemical staining. Significant expression of both
P450(2D4) and P450(11β1) was observed in pyramidal neurons
(CA1, CA3) and granule neurons (DG; Figure 1). A weak expres-
sion of P450(c21) was also observed in pyramidal and granule
neurons.

Immunoelectron microscopic analysis using post-embedding
immunogold was performed in order to determine the localization
of enzymes for corticosteroid synthesis (P450(c21), P450(2D4),
P450(11β1), and 3β-HSD; Higo et al., 2011). This method
is particularly useful to detect enzymes with extremely low

expression level such as P450(c21). All enzymes were mainly local-
ized in principal neurons including pyramidal neurons of CA1
and CA3 regions as well as granule neurons the DG. P450(c21)
and P450(2D4) were localized not only in the endoplasmic retic-
ulum but also in both the dendritic spines and axon terminals
of principal neurons (Figure 2; Higo et al., 2011). P450(11β1)
was localized in both the mitochondria and synapses of princi-
pal neurons (Figure 2). We also observed 3β-HSD in the synapses
in addition to the endoplasmic reticulum. The subcellular local-
ization of these enzymes was confirmed by Western blot with
purified fractions of postsynaptic density, endoplasmic reticulum,
and mitochondria.

Corticosteroid concentrations in rat hippocampus were deter-
mined by LC-MS/MS (Figure 4; Higo et al., 2011). In order
to determine the net corticosteroids synthesis in the hippocam-
pus, we used adrenalectomized (ADX) rats to eliminate adrenal-
derived CORT and DOC. In ADX rats, net hippocampus-
synthesized CORT and DOC were determined to ∼7 and
6 nM, respectively (Table 1). Physiological significance of the
nanomolar level of CORT synthesized in the hippocampal neu-
rons was demonstrated by enhanced spinogenesis of CA1 neu-
rons. Even 10 nM CORT significantly increased the density of
small-head spines (0.2–0.4 μm in head diameter; Higo et al.,
2011).

Interestingly, the circadian rhythm of CORT level in the
cerebrospinal fluid (CSF) of free moving rats was observed
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FIGURE 5 | Difference between “freshly isolated hippocampus” and

“acute” hippocampal slices. For analysis of spinogenesis or
electrophysiological experiment, “acute“ hippocampal slices are prepared
according to the following procedure. (A) Hippocampus is sliced by
400 μm-thickness with a vibratome (Dosaka, Japan). (B) Hippocampal
slices immediately after slice preparation contain the identical level of sex
steroids and corticosteroids to that in the hippocampus in vivo. (C) During
2 h recovery in ACSF, hippocampal sex steroids, and corticosteroids diffuse
into ACSF. (D) After recovery, hippocampal concentration of steroids
decreases to below 0.5 nM for E2 and DHT, 1 nM for T, and 2 nM for CORT,
respectively. These hippocampal slices are “acute” hippocampal slices. (E)

For analysis of spinogenesis or electrophysiological experiment, “acute”
slices are usually used.

via LC-MS/MS in combination with the transverse microdial-
ysis (Nakahara et al., 2003; Ishida et al., 2005; Higo et al.,
2011). The concentration of CORT in the CSF elevated roughly
10-fold higher in the dark (awake) period (∼30 nM) than
that in the light (sleeping) period (Figure 4; Higo et al.,
2011).

FUNCTIONAL DIFFERENCE BETWEEN HIPPOCAMPUS-SYNTHESIZED
STEROIDS AND CIRCULATION-DERIVED STEROIDS
Concerning sex steroids, one of the functional differences
between E2 produced from circulating T and E2 produced from
hippocampus-derived T may be the time-dependence of their
levels. The brain is permeated with circulating T (male), or E2
(female), the levels of which change slowly depending on the circa-
dian rhythm or estrous cycle. On the other hand, the endogenous
synthesis of E2 (for both male and female) is a transient event
depending on neural excitation such as an LTP or LTD event,
because the E2 level is significantly elevated upon Ca2+ influx by
NMDA stimulation (Hojo et al., 2004).

Another functional difference between hippocampal steroids
and circulating steroids might be its effective concentration. The
concentration of hippocampal sex steroids and corticosteroids is
in the order of 10 nM, in spite of the very low expression level of
steroidogenic enzymes (typically in the order of 1/100 – 1/10,000
of ovary, testis, or adrenal gland). In order to keep 1–10 nM

steroids, the hippocampus does not need many steroidogenic
enzymes due to its very small volume (0.14 mL for young adult,
see Table 1), compared with very large blood volume (∼25 mL).
Circulating steroids are diluted in the blood stream whose volume
is large, upon secretion from ovary, testis, or adrenal gland within
which the steroid level is very high because of many steroidogenic
enzymes. Furthermore, nearly all hippocampal steroids could be
free and active inside of neurons, because SHBG (sex-steroid
binding globulin), CBG (corticosteroid binding globulin), or albu-
min is absent within neurons. In circulation, less than 5% of
steroids may be free, because they bind to SHBG, CBG, or albu-
min in order to circulate through blood vessels (Windle et al.,
1997; Breuner and Orchinik, 2002). The level of hippocampal
sex steroids is higher than that of circulation-derived steroids,
and therefore hippocampal sex steroids may be higher in mod-
ulation activity than circulation-derived sex steroids. However,
these arguments do not rule out the possible contribution of
circulation-derived sex steroids to the brain function, because
peripheral E2 injection significantly increases the spine–synapse
density in OVX rats (Woolley and McEwen, 1993; MacLusky et al.,
2005).

Concerning corticosteroids, hippocampus-synthesized CORT
does not respond to stress. Upon decapitation, the level of hip-
pocampal CORT elevates (∼370 nM) only in adrenal intact rats
whereas that in ADX rat does not (Table 1), suggesting that the
hippocampus is not a stress responsive organ. Note that circulat-
ing CORT elevates transiently before awake (Windle et al., 1997)
whereas CORT in CSF keeps high level during awaking period
(Figure 4).

MODULATION OF SYNAPTIC PLASTICITY BY HIPPOCAMPAL
SEX STEROIDS
SPINOGENESIS
Hippocampus-derived E2 rapidly modulates spinogenesis. Spin-
ogenesis includes not only spine–synapses (spines forming
synapses) but also free spines (spines without forming synapses).
Modulation of spinogenesis is essential action of estrogen in mem-
ory processes, involving production of new spines that creates sites
for new neuronal contacts. We demonstrated that dendritic spines
were rapidly modulated upon E2 application, using single spine
analysis of Lucifer-Yellow injected neurons in hippocampal slices
from adult male rats (3 months old; Komatsuzaki et al., 2005;
Tsurugizawa et al., 2005; Mukai et al., 2006b; Murakami et al.,
2006).

In adult hippocampal slices, the majority of spines (>95%)
have distinct heads and necks, while the populations of
stubby spines (roughly 5%, no neck) and filopodium (roughly
1%, no head) are very small. Therefore, the determination
of spine head diameter distribution can be a very useful
method in order to analyze the complex morphological changes
in spines, instead of the conventional classification, such as
mushroom/thin/stubby/filopodium.

To do this, we have developed Spiso-3D software which math-
ematically/automatically identifies the spine head and determines
the diameter of the spine (Figure 7; Mukai et al., 2011). Spiso-
3D extracts spines based on geometrical features of spines, a
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FIGURE 6 | (A) Typical electrophoresis gel images for the RT-PCR analysis
for the mRNAs of sex-steroidogenic enzymes (Srd5a1: 5α-reductase type
1, Cyp17a1: P450 (17α), and Cyp19a1: P450arom) and sex hormone
receptors (Ar : AR and Esr1: ERα). Each band of PCR product is stained
with EtBr and visualized. Lanes labeled with P1 (PD1), P4, P7, P10, P14,
W4 (PW4), and W12 represent the PCR products derived from the male rat
hippocampus at the corresponding ages. The left-most lane (labeled with

M) is the DNA ladder marker lane. The right-most lane corresponds to the
positive control derived from PW12 rats. Ad, adrenal; Li, liver; Ov, ovary; Te,
testis. The lane Nc represents the negative control. (B) Comparison of
relative expression level of sex-steroidogenic enzymes and receptors at P1
and 12 week. PD1 is set to be 100% for each gene. Abbreviations are, for
example, P1 (postnatal day 1), W4 (4 week), and W12 (12 week). Modified
from Kimoto et al. (2010).

completely different approach to other methods including the
ray-bursting method (Wearne et al., 2005; Rodriguez et al.,
2008) that exploits information of brightness to define bound-
aries of dendrites and spines. The identification of the spine
head is performed by extraction of points in an isolated closed
volume with a closed surface along the dendrites, from 20–
30 optical slices obtained by confocal images. We use Hess-
ian tensor that is obtained as second derivatives from Taylor
expansion of the spine brightness function I(x) in each optical
slice.

I (x + εu) = I (x)+ εI ′(u)+ 1
2 ε2I ′′(u)+ . . . = I (x)+ ε · gradI ·

u + 1
2 ε2ut Hu + . . . = I (x + εu) = I (x) + ε(g+u+ + g−u−) +

1
2 ε2(λ+u2+ + λ−u2−) + . . .

with

gradI =
(

∂I
∂x
∂I
∂y

)
, H =

(
∂2I
∂x2

∂2I
∂y∂x

∂2I
∂y∂x

∂2I
∂y2

)
, diagH =

(
λ+ 0
0 λ−

)

where u is a unit vector of direction; λ+ and λ− (λ+ > λ−) are the
eigenvalues of diagonalized Hessian tensor. The spine head region
points are extracted as points where both λ+ and λ− yield nega-
tive values, since the spine head is an isolated closed volume with
a closed surface. Note that negative eigenvalues of Hessian ten-
sor (λ+ and λ−) represent the negative curvature of closed spine
surface.
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FIGURE 7 |Tracing of dendrites and detection of spines by Spiso-3D of

confocal images. Spiso-3D detects spines by geometric calculation. (A)

Original image of dendrite. (B) Traced dendrite (red circles) and spines
(yellow circles) superimposed on the original image. (C) Calculated
diameters of spines are superimposed on the original spine images.
Modified from Mukai et al. (2011).

Determination of spine head diameter is performed using the
digitized “radius detection image” which is assembled from the
spine head region points. The Spiso-3D determines spines using
not only brightness, but also geometric features of the neuronal
images, leading to the accurate identification of spines. Results
obtained by Spiso-3D are almost identical to those by Neurolucida,
currently used manual software, however considerably reducing
human errors and experimenter labor. For quantitative analysis,
we classify spines into three subclasses, i.e., small-head spines (0.2-
0.4 μm), middle-head spines (0.4-0.5 μm), and large-head spines
(0.5-1.0 μm).

Using Spiso-3D analysis on spine head diameter, we clearly
distinguished the different effects of testosterone (T, 10 nM), dihy-
drotestosterone (DHT, 10 nM), and 17β-E2 (E2, 1 nM) on den-
dritic spines of hippocampal CA1 pyramidal neurons in acute
hippocampal slices (Figure 8; Mukai et al., 2011). These sex hor-
mones rapidly (within 2 h) increased the total spine density from
0.97 spines/μm to 1.28 (T), 1.32 (DHT), and 1.34 (E2), respec-
tively (Figure 8). While the effects of T, DHT, and E2 treatment
on total spine density were indistinguishable, closer examination
of spine head diameter revealed marked differences in the distrib-
ution of spine head diameter between T, DHT, and E2 treatments
(Figure 8). To distinguish different responses in spine subpopula-
tions, spines were classified into three categories according to their
head diameters: (1) a small-head spine (0.2-0.4 μm), (2) a middle-
head spine (0.4-0.5 μm), and (3) a large-head spine (0.5-1.0 μm).
DHT treatment was found to increase large- and middle-head
spines, whereas T increased large- and small-head spines. In con-
trast, E2 treatment increased only small-head spines (Figure 8).
The observed differences in the effects of the hormones on spine

subpopulations may have functional implications, for example,
large-head spines may contain more AMPA receptors, since spine
head size positively correlates with the density of AMPA-type
glutamate receptors (Kopec et al., 2007; Shinohara et al., 2008).
Since the induction of LTP is dependent on the density of AMPA
receptors in spines (Kopec et al., 2007; Shinohara et al., 2008),
increased density of AMPA receptors in large-head spines could
facilitate LTP. Increased density of large-head spines following
DHT treatment could potentially facilitate LTP induction, in con-
trast to T, which only moderately increased large-head spines,
or E2 which had no effect on the density of large-head spines.
These findings demonstrate the importance of the consideration
of spine diameter to distinguish different types of neurotrophic
effects.

We further investigated the signal cascade involving E2-induced
spinogenesis. Propyl-pyrazole-trinyl-phenol (PPT, ERα agonist;
Harrington et al., 2003) increased the spine density to the iden-
tical value at 1 nM E2 whereas diarylpropionitrile (DPN, ERβ

agonist; Harrington et al., 2003) increased the spine density only
slightly (Mukai et al., 2007). Blocking of ERα by ICI 182,780 com-
pletely suppressed the enhancing effect of E2 on the spine density.
Blocking of phosphorylation of Erk MAP kinase by its inhibitors,
PD98059 or U0126, completely prevented the E2-induced spino-
genesis (Murakami et al., 2006). When the Ca2+ concentration in
spines was further decreased by blocking NMDA receptors with
its blocker, MK-801, the enhancing effect by E2 was completely
suppressed. Taken together, the enhancement of the spine density
is probably induced by activation of Erk MAP kinase via E2 and
ERα at the basal low Ca2+ concentration of around 0.1–0.2 μM in
resting neuronal synapses (Ishii et al., 2007). The morphological
changes in CA1 spines occurred by 2 h E2 treatments.

The rapid effect of estrogens has also been observed in vivo.
Leranth, MacLusky and co-workers have demonstrated that E2
(60 μg/kg) increases the CA1 spine–synapse density due to synap-
tic rearrangements in OVX adult rats as rapid as after 30 min of E2
injection using electron micrographic analysis (MacLusky et al.,
2005). PPT (1.7 mg/kg) also rapidly enhances (within 40 min),
but DPN (1.7 mg/kg) does not enhances, the hippocampal spine
density in adult OVX female mice (Phan et al., 2011). On the
other hand, the slow genomic effects (1–4 days) of E2 on spine
plasticity, have been extensively investigated in vivo from the view
point of estrogen replacement therapy. For example, supplement
of estrogens in OVX adult female rats (Gould et al., 1990; Woolley
et al., 1990; Woolley and McEwen, 1992; MacLusky et al., 2005),
increases the density of spines in the stratum radiatum of CA1
pyramidal neurons, resulting in recovery of spines to the level of
intact rat. These effects of enhancement in spinogenesis have also
been observed as rapid as at 5 h after s.c. injection of estrogen
(MacLusky et al., 2005).

It should be noted that another ERβ agonist, WAY-200070,
enhanced the spine density in adult mice hippocampus (Liu et
al., 2008). At the moment we cannot explain why WAY-200070
showed different results from those of DPN.

Results from in vivo investigations using whole rat may reflect
not only direct but also indirect effects of E2 on glutamatergic
neurons via cholinergic or serotonergic neurons, projecting to the
hippocampus (Leranth et al., 2000; MacLusky et al., 2005).
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FIGURE 8 | Effects of androgens and estrogens on changes in the density

and morphology of spines. Spines were analyzed by Spiso-3D along the
secondary dendrites in the stratum radiatum of CA1 pyramidal neurons. A 2-h
treatment in ACSF without hormone (Control), with 10 nM DHT, with 10 nM T,
with 1 nM E2. (A) Density of three subtypes of spines treated with DHT, T,

and E2. From left to right, ACSF without hormones (black), 10 nM DHT (blue),
10 nM T (green), and 1 nM E2 (pink). (B) Histogram of spine head diameters.
After a 2-h treatment in ACSF without steroids (Control, black), E2 (pink), T
(green), and DHT (blue). (C) Total spine density. Vertical axis is the average
number of spines per 1 μm of dendrite. Modified from Mukai et al. (2011).

In vitro investigations have also shown that spine density in
CA1 increases following several days’ treatment of cultured hip-
pocampal slices with exogenous E2 (Pozzo-Miller et al., 1999).
The contribution of hippocampus-derived E2 has been reported
by Rune and co-workers who demonstrated that the suppression of
endogenous E2 synthesis by letrozole treatments for 4 days signifi-
cantly decreases the density of spines, spine–synapses, spinophilin
(spine marker), and synaptophysin (presynaptic marker) in the
stratum radiatum of the CA1 region in cultured slices (Kretz
et al., 2004). No increase in the density of spines, spine–synapses,
and spinophilin expression is seen after exogenous application of
100 nM E2 to the medium of slice cultures that had not been
treated with letrozole. Application of 100 nM E2, however, rescues
the synaptophysin expression that was once decreased by letrozole.
In primary cultured rat hippocampal neurons, E2 as well as WAY-
200070 rapidly enhance spinogenesis with in 60 min (Srivastava
et al., 2008, 2010).

In many previous works, the concentration of endogenous
E2 within neurons or glia was not easy to determine accurately,
therefore results were explained with the concentration of exoge-
nously added E2. This situation leads to misunderstandings and
conflicts. For in vitro experiments using slices or primary cul-
tures of neuron/glia, the concentration of exogenously added
E2 should be higher than that of endogenous E2 in order to
show a significant effect. We often use “acute” hippocampal slices

obtained after recovery incubation in steroid-free ACSF for 2 h
for analysis of spinogenesis and electrophysiological experiments
(Figure 5). During the recovery incubation with ACSF endoge-
nous sex steroids and corticosteroids are released into the outer
medium. Acute hippocampal slices used for investigations of spin-
ogenesis and electrophysiology contain low levels of E2, T, and
CORT which are below 0.5, 1.0, and 2.0 nM, respectively (Table 1).
This low steroid level in “acute” hippocampal slices support the
effective action of 1–5 nM E2, T, and DHT. We should also be
careful about the level of exogenously added E2, T, and DHT in
experiments in vivo, because the hippocampus in vivo contains
5–10 nM E2, T, and DHT (Hojo et al., 2009). However, the situa-
tion is complex in vivo, because exogenously added E2 may affect
serotonin neurons projecting to the hippocampus, rather than
directly affecting hippocampal glutamatergic neurons (Leranth
et al., 2000).

MODULATION OF LONG-TERM DEPRESSION AND LONG-TERM
POTENTIATION
E2-induced modulation of LTD or LTP occurs only in preex-
istent synapses, because newly generated spines by E2 treat-
ments do not form new synapses within 2 h, as judged from
no increase in the baseline magnitude of excitatory postsynaptic
potential (EPSP) signal during 2 h of E2 perfusion (Mukai et al.,
2007).
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Evidence is emerging that E2 exerts a rapid influence (0.5–1 h)
on synaptic transmission of hippocampal slices from adult rats
(3 months), as demonstrated by electrophysiology (Teyler et al.,
1980; Gu and Moss, 1996; Foy et al., 1999; Ito et al., 1999; Shibuya
et al., 2003).

In memory processing, not only LTP (memory forming mech-
anism) but also LTD is essential. Mutant mice, which show
enhanced LTP and suppressed LTD, have shown impaired learn-
ing of Morris water maze (Migaud et al., 1998). This suggests that
LTD may be required to “correct” wrong memories formed by ini-
tial LTP processes, which store not only correct information but
also wrong information. We found that LTD was very sensitive to
17β-E2 treatments in hippocampal slices from adult male rats. We
demonstrated, for the first time, a significant rapid enhancement
of LTD by 1–10 nM E2 perfusion in CA1, CA3, and DG (Figure 9;
Mukai et al., 2007). Recordings were performed using 64 planar
multielectrodes particularly arranged to stimulate the Schaffer col-
laterals in the stratum radiatum of CA1, the recurrent collateral
fibers in the stratum radiatum of CA3, and the medial perforant

pathways in the molecular layer of DG. LTD was induced pharma-
cologically by the transient application (3 min) of 30 μM NMDA.
This LTD was induced by the activation of phosphatase due to a
moderate Ca2+ influx through NMDA receptors (Lee et al., 1998).
LTD is effectively induced by the transient application of NMDA
to adult hippocampus, whereas low frequency stimulation can-
not induce LTD in adult slices. Low frequency stimulation can
induce LTD in slices from animals younger than 2 weeks. A 30-min
preperfusion of 10 nM E2 significantly enhanced LTD resulting in
the residual EPSP amplitude of 80–60% (CA1), 88–79% (CA3),
and 95–92% (DG; Figure 9; Mukai et al., 2007). Investigations
using specific estrogen agonists indicated that the contribution of
estrogen receptor (ERα, but not ERβ) was essential to these E2
effects. ERα agonist (PPT) at 100 nM exhibited a significant LTD
enhancement in CA1, while ERβ agonist (DPN) did induce a sup-
pression of LTD in CA1, implying that the contribution of ERβ

was opposite to that of ERα in the E2 effect on LTD. Taken collec-
tively, E2-bound ERα may activate phosphatase at the moderate
Ca2+ concentration of around 0.7–1 μM induced upon 30 μM

FIGURE 9 | Rapid modulation of LTD by 17β-E2 in hippocampal slices

from adult male rats. (A) Time-dependence of maximal EPSP amplitude in
CA1. E2 concentration was 0 nM (open circle), 10 nM (red closed diamond),
100 nM PPT (yellow closed triangle), and 100 nM DPN (blue closed square),
respectively. Here, 100% EPSP amplitude refers to the EPSP value at
t = −40 min prior to NMDA stimulation, irrespective of the test condition.
LTD was induced by 30 μM NMDA perfusion at time t = 0–3 min (closed
green bar above the graph). Hatched bar above the graph indicates period
of time during which E2 was administered. (B) Custom-made 64

multielectrode probe (MED64, Panasonic, Japan) with the hippocampal
slice. Stimulation (red circle) and recording (blue circle) electrodes are
indicated. (C) Comparison of modulation effect of 17β-E2 and agonists on
LTD in CA1. Vertical axis is relative EPSP amplitude at t = 60 min, where
EPSP amplitude of the slice without drug application (control) is normalized
as 100%. From left to right, the group applied 17β-E2, PPT (ERα agonist)
and DPN (ERβ agonist) at indicated concentration. Statistical significance
was calculated at 60 min by ANOVAs (*p < 0.05; **p < 0.01). Modified
from Mukai et al. (2007), Hojo et al. (2008).
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NMDA application (Lisman, 1989), and facilitated dephosphory-
lation of AMPA receptors may induce enhancement of LTD. On the
other hand, E2-bound ERα is not functional in LTP modulation
at the transiently high Ca2+ concentration of around 5–12 μM
under tetanic stimulation (Lisman, 1989; Yang et al., 1999; Mukai
et al., 2006b; Hojo et al., 2008), because phosphorylation of AMPA
receptors by CaM kinase II is a dominant process at the high Ca2+
concentration.

Concerning LTP, E2 alone does not affect baseline fEPSP (field
EPSP) and/or LTP in the hippocampus of 3-month-old adult male
rats (Ito et al., 1999; Mukai et al., 2007; Ogiue-Ikeda et al., 2008;
Ooishi et al., 2011) and aged (3- to 5-month-old as well as 18-
to 24-month-old) Sprague-Dawley rats (Vouimba et al., 2000). In
contrast to the case of 3 months or older rats, several studies have
shown that E2 alone rapidly increases baseline fEPSP (thereby
enhances LTP) in the hippocampus of 4- to 8-week-old Sprague-
Dawley rats (Foy et al., 1999; Bi et al., 2000; Kramar et al., 2009). E2
perfusion sometimes increases baseline fEPSP in the hippocam-
pus of 4-week-old Wistar rats (∼20% of all experiments; Kawato,
2004). Therefore, these differences about E2-induced elevation of
baseline fEPSP may depend on the age (more than 3 months old
or less than 8 weeks old) of rats.

Interestingly, E2 has a protective effect on CORT-induced sup-
pression of LTP, although E2 alone has no effect on LTP. A 30-min
perfusion of 1 μM of CORT prior to the LTP induction (tetanic
stimulation) suppresses the magnitude of LTP in the hippocampal
slice. The magnitude of LTP was restored to that of control slices
(without CORT perfusion) by co-perfusion of 1 μM of CORT and
1 or 10 nM of E2 (Ooishi et al., 2011). Note that 1 μM of CORT
is close to the circulating level of total CORT under stressful con-
dition, although free CORT may be around 500 nM with another
500 nM bound to CBG which has maximum binding capacity of
around 500 nM.

SYNAPTIC OR EXTRANUCLEAR ESTROGEN RECEPTORS
What is the receptor of 17β-E2 that mediates rapid actions (1–2 h)
on synaptic plasticity in the hippocampus? Putative synaptic mem-
brane estrogen receptors remain poorly defined. Many attempts
have been made to identify membrane estrogen receptors. At the
present stage, the most probable candidates for synaptic estrogen
receptors may be ERα, ERβ, and GPR30.

Classical nuclear type receptors ERα and ERβ are candidates
for synaptic estrogen receptors. Because ICI do not suppress E2-
induced rapid modulation of electrophysiological properties such
as LTD, LTP, and kinate-induced currents, classical estrogen recep-
tors are suggested to be not involved in these modulations (Gu and
Moss, 1996). However, these results do not eliminate the possibil-
ity that ERα and ERβ could drive these synaptic transmissions. ICI
has been indicated to display its effect by inhibiting dimerization of
ERα and ERβ. If dimerization processes are not involved in rapid
modulation of electrophysiological phenomena, then ICI cannot
block these phenomena. On the other hand, rapid enhancement
of spinogenesis via ERα was significantly blocked by ICI (Mukai
et al., 2007), therefore dimerization processes occur for synaptic
ERα in spinogenesis.

We identified the membrane estrogen receptor ERα localized
in the spines of hippocampal pyramidal and granule neurons by

means of immunoelectron microscopic analysis as well as Western
blot analysis using affinity–column-purified anti- ERα antibody
RC-19 (C-terminal antibody; Figure 10; Mukai et al., 2007). Atten-
tion must be paid that non-purified ERα antisera often react
significantly with unknown proteins, resulting in wrong staining
different from real ERα distribution. A post-embedding immuno-
gold electron microscopic analysis demonstrated the synaptic
localization of ERα in the glutamatergic neurons in CA1, CA3,
and DG (Figure 10). ERα was also localized in the nuclei. Western
blot analysis demonstrated that ERα (67 kDa) and Erk MAP kinase
were tightly associated with postsynaptic density fractions (PSD;
Figure 10). On the other hand, ERα was not expressed at dendritic
raft of adult male (Figure 10). Because the E2-induced modula-
tion of LTD and spine density appeared so rapidly in the time
range of 1–2 h, the synaptic ERα observed at PSD or postsynaptic
compartments probably plays an essential role in driving rapid
processes. Interestingly, a significant accumulation of ERα at PSD
was observed by a 3-min stimulation with 30 μM NMDA used
for the LTD-induction, implying that ERα may be dynamically
movable in spines or dendrites (Figure 10; Hojo et al., 2008).

Specific binding of purified RC-19 antibody to real ERα

(67 kDa) in the hippocampus was verified using MALDI-TOF
mass-spectrometric analysis of RC-19 reacted proteins as well
as the absence of reactivity of RC-19 with ERαKO mice hip-
pocampus (Mukai et al., 2007). These analyses are essential in
the hippocampus, because we found that non-purified MC-20
antisera, frequently used in previous investigations, often reacted
with 62 kDa unknown proteins in the brain (Toran-Allerand et al.,
2002) and did not significantly react with real ERα (67 kDa; Mukai
et al., 2007). Non-purified antisera may largely react with proteins
having amino acid sequences similar to the real antigen in the
hippocampus in which extremely low level of ERα is expressed
as compared with that in the ovary. Surprisingly, ERα antisera
are often examined for their reactivity only in endocrine organs
such as the ovary in which ERα is highly expressed. Therefore,
staining of interneurons and no staining of primary neurons with
non-purified antisera such as MC-20 probably do not show real
ERα distribution in the hippocampus. Antisera should be purified
before application to the hippocampus.

ERα knock-out mice may be useful to investigate the partic-
ipation of ERα in modulation of synaptic plasticity. However,
so far inadequate data for true ERα knock-out mice are avail-
able. Electrophysiological investigations are performed by using
knock-down mice (not knock-out mice) by Moss and co-workers
(Gu et al., 1999). They have reported no essential contribution
of ERα to E2-induced rapid enhancement of the kainate currents
of CA1 neurons. They reach this conclusion due to the observa-
tion of very small difference in E2 effect on the kainate currents
between wild-type and ERα-Neo knock-down mice which have
been constructed by the method of Neomycin-insertion into exon
1 (the previously named exon 2; Lubahn et al., 1993). It should be
noted that in Neomycin-insertion ERα-Neo knock-down mice, N-
terminal-modified ERα (61 kDa) is expressed (Couse et al., 1995;
Kos et al., 2002; Pendaries et al., 2002). Because the N-terminal-
modified ERα is demonstrated to be still active on E2 binding and
drives genomic processes (Couse et al., 1995; Kos et al., 2002; Pen-
daries et al., 2002), the participation of ERα in electrophysiological
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FIGURE 10 | Localization of ERα in hippocampal synapses. (A) – (C)

Immunoelectron microscopic analysis of the distribution of ERα within
axospinous synapses in the stratum radiatum of the hippocampal slices
from adult male rat. (A) Gold particles (arrowheads) were localized in the
pre- and postsynaptic regions. (B) In dendritic spines, gold particles were
associated with PSD regions. (C) Gold particles were also localized in the
nuclei. Pre, presynaptic region; post, postsynaptic region; Scale bar,
200 nm. (D–F) Immunohistochemical staining of ERα in the hippocampal
slices from adult male rat [(D): whole hippocampus; (E): DG] and adult male
ERαKO mouse [(F): DG]. gcl, Granule cell layer; hl, hilus. Scale bar, 500 μm
for (D), and 200 μm for (E,F). (G) Western blot analysis of ERα in male rat
hippocampal neurons. Blot of ERα in postsynaptic density (PSD), dendritic
raft (D-Raft), and cytoplasm (CYT). From left to middle, blot of PSD fractions
with RC-19 IgG (ERα), PSD-95 IgG (PSD-95), and Erk MAP kinase IgG
(MAPK). From middle to right, blot of D-Raft with RC-19 (ERα) and flotillin-1
IgG (flotillin-1). At right-most lane, blot of CYT with RC-19 (ERα). The
amount of protein applied was 20 μg for each lane, except for left-most
PSD lane in which 60 μg protein was applied in order to improve the signal
to noise ratio. Modified from Mukai et al. (2007, 2010).

properties of the CA1 cannot be excluded from their investiga-
tions. Therefore, it is necessary to investigate real ERα knock-out
mice which are, for example, deleted in the whole exon 2 of the
mouse ERα gene (Dupont et al., 2000). Note that nomenclature
of ERα exon changes recently, and the current exon 1 and exon 2
(Kos et al., 2002; Pendaries et al., 2002) correspond to the previous
exon 2 and exon 3, respectively (Dupont et al., 2000).

FIGURE 11 | Schematic illustration of synaptic actions by

hippocampus-synthesized steroids. (A) Slow modulation of synaptic
plasticity via gene transcription and synthesis of synaptic proteins in
neurons. The delayed action of E2 or CORT is mediated by ERα/ERβ or GR
in cytoplasm and nuclei, respectively. New synaptic connections are
formed by synthesized synaptic proteins or neurotrophic factors. (B) Rapid
modulation of the synaptic plasticity via synaptic ERα and GR. Hippocampal
neurons synthesize much higher level of E2 than that from circulation. The
level of hippocampus-synthesized CORT is in the order of 10 nM which is
sufficient to increase density of dendritic spines. Upon Ca2+ influx via
NMDA receptor, transport of cholesterol to inner membrane of
mitochondria by StAR is facilitated, resulting in enhancement of steroid
synthesis. P450scc and P450 (11β1) are localized in mitochondria and P450
(17α), 3β-HSD, P450arom, 17β-HSD, and P450 (c21) are localized in
endoplasmic reticulum. Hippocampus-synthesized sex steroids and
corticosteroids bind to synaptic ERα and GR which drive signal cascades
mediated via various kinases and phosphatases.

Concerning extranuclear ERα, Mermelstein and colleagues
have demonstrated that membrane associated ERα is coupled
with metabotropic glutamate receptor 1 (mGluR1) in female pri-
mary cultured hippocampal neurons (Boulware et al., 2005, 2007;
Boulware and Mermelstein, 2009). The mGluR1 coupled ERα

is connected via caveolin and mediates the phosphorylation of
MAP kinase and CREB very rapidly (5–20 min). Interestingly,
these effects are observed only in female neurons and not in
male neurons. Taken together with our finding of sex difference
in hippocampal E2 level (Hojo et al., 2009; Mukai et al., 2010),
these results suggest the sex difference in hippocampus-dependent
memory processes, although the hippocampus does not have sex
difference in the expression level of ERα and mGluR1. The absence
of ERα in raft regions (caveolin-rich regions) of male hippocam-
pus may also support the hippocampal sex difference (Mukai et al.,
2010).

Accumulated results support that ERβ acts as a membrane
receptor, extranuclear or synaptic receptor. ERβ associates with
membranes in genetically expressed CHO cells and MCF-7 cells
(Razandi et al., 1999; Pedram et al., 2006). ERβ rapidly attenuates
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LTD-induction (Mukai et al., 2007) and rescues CORT-induced
suppression of LTP (Ooishi et al., 2011). ERβ rapidly prevents
phosphorylation of CREB through mGluR2 and Gi via L-type
calcium channel in primary cultured hippocampal neurons (Boul-
ware and Mermelstein, 2005). Several investigations of immunos-
taining of ERβ suggest the extranuclear expression of ERβ includ-
ing dendritic appearance in the hippocampal principal neurons
(Milner et al., 2005). The subcellular immunostaining patterns of
these reports might reflect the relatively minor expression of ERβ

and the major expression of unknown proteins, due to multiple
reactivity of non-purified ERβ antisera to several unknown pro-
teins observed in the Western blot analysis of hippocampal tissues.
The purity of commercially available ERβ antisera is worse than
that of ERα antisera as judged from our Western blot analysis.

A MODEL OF SYNAPTOCRINE AND NEUROCRINE
MECHANISM
Figure 11 shows a model for the synaptic synthesis of hip-
pocampal steroids (synaptocrine mechanism) and the modu-
lation of the synaptic plasticity of neurons by hippocampal
steroids. Hippocampal steroid synthesis proceeds in the fol-
lowing manner. First, glutamate release from the presynapse
induces a Ca2+ influx through the NMDA receptors. The Ca2+
influx drives StAR (Kimoto et al., 2001) to transport choles-
terol into the mitochondria, where P450scc converts choles-
terol to PREG. The conversion of PREG has various branches:
(1) sex-steroid synthesis of “PREG → DHEA → androstenediol
(ADiol) → T → E2, or T → DHT → 3α, 5α-androstanediol, or
PROG → androstenedione (ADione) → T,” and (2) corticosteroid

synthesis of “PREG → PROG → DOC → CORT” (Figure 3).
These reactions occur at spines, in addition to the endo-
plasmic reticulum or mitochondria in the cell body by var-
ious steroidogenic enzymes including P450(17α), P450arom,
P450(c21), P450(11β1), 3β-HSD, 17β-HSD, 5α-reductase, and
3α-HSD.

The produced E2 binds to synaptic ERα and drives a signaling
pathway including MAP kinase finally resulting in the modula-
tion of AMPA receptors (AMPA-type glutamatergic receptors) or
NMDA receptors (NMDA type glutamatergic receptors). Modula-
tion indicates, for example, phosphorylation of these receptors or
AMPA receptor insertion/endocytosis. Note, of course, that hip-
pocampal steroids are synthesized also in the endoplasmic retic-
ulum and mitochondria in the cell bodies of neurons (intracrine
mechanisms). The genomic pathway via nuclear ERα also func-
tion in delayed E2 effects, such as neuroprotection, spinogenesis,
maintaining homeostasis, etc (intracrine mechanisms). Because
the levels of E2, T, and DHT are much lower in the circulation
(Hojo et al., 2008, 2009), hippocampus-synthesized sex steroids
may play a central role in the modulation of synaptic plasticity or
memory process.

Hippocampus-synthesized CORT binds to synaptic glucocor-
ticoid receptor (GR; Ooishi et al., 2011), resulting in increase the
density of spines (Higo et al., 2011). The signaling cascade medi-
ated by hippocampus-synthesized CORT (∼10 nM) and synaptic
GR is expected to be different from that mediated by high stress
level of CORT (∼1 μM). Further investigations on the molecular
mechanism mediated by hippocampus-synthesized CORT should
be clarified.
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Ethanol (EtOH) induced impairment of long-term potentiation (LTP) in the rat hippocampus
is prevented by the 5α-reductase inhibitor finasteride, suggesting that this effect of EtOH
is dependent on the increased local release of neurosteroids such as 3α,5α-THP that pro-
mote GABA-mediated transmission. Given that social isolation (SI) in rodents is associated
with altered plasma and brain levels of such neurosteroids as well as with an enhanced
neurosteroidogenic action of EtOH, we examined whether the inhibitory effect of EtOH on
LTP at CA3–CA1 hippocampal excitatory synapses is altered in C57BL/6J mice subjected
to SI for 6 weeks in comparison with group-housed (GH) animals. Extracellular recording
of field excitatory postsynaptic potentials (fEPSPs) as well as patch-clamp analysis were
performed in hippocampal slices prepared from both SI and GH mice. Consistent with
previous observations, recording of fEPSPs revealed that the extent of LTP induced in the
CA1 region of SI mice was significantly reduced compared with that in GH animals. EtOH
(40 mM) inhibited LTP in slices from SI mice but not in those from GH mice, and this effect
of EtOH was abolished by co-application of 1 μM finasteride. Current-clamp analysis of CA1
pyramidal neurons revealed a decrease in action potential (AP) frequency and an increase
in the intensity of injected current required to evoke the first AP in SI mice compared with
GH mice, indicative of a decrease in neuronal excitability associated with SI. Together, our
data suggest that SI results in reduced levels of neuronal excitability and synaptic plastic-
ity in the hippocampus. Furthermore, the increased sensitivity to the neurosteroidogenic
effect of EtOH associated with SI likely accounts for the greater inhibitory effect of EtOH
on LTP in SI mice.The increase in EtOH sensitivity induced by SI may be important for the
changes in the effects of EtOH on anxiety and on learning and memory associated with
the prolonged stress attributable to SI.

Keywords: social isolation, ethanol, hippocampus, neurosteroids, neuronal excitability, stress, LTP

INTRODUCTION
Ethanol (EtOH) influences the function of inhibitory γ-
aminobutyric acid (GABA) type A receptors (GABAARs) by var-
ious direct and indirect mechanisms (Criswell and Breese, 2005;
Breese et al., 2006; Weiner and Valenzuela, 2006; Kumar et al.,
2009; Kelm et al., 2011). EtOH thus selectively enhances the
function of recombinant GABAARs containing α4 or α6 as well
as δ subunits expressed in Xenopus laevis oocytes (Sundstrom-
Poromaa et al., 2002; Wallner et al., 2003) as well as tonic currents
mediated by GABAARs containing α4 and δ subunits in hip-
pocampal and thalamic slices in vitro (Hanchar et al., 2004; Wei
et al., 2004; Glykys et al., 2007; Jia et al., 2007, 2008; Santhaku-
mar et al., 2007). Indirect modulation of GABAARs by EtOH
has been shown to be mediated both presynaptically, through
an increase in the probability of GABA release (Roberto et al.,
2003; Carta et al., 2004; Sanna et al., 2004; Zhu and Lovinger,
2006), and postsynaptically, through stimulation of the biosynthe-
sis of neuroactive steroids (Barbaccia et al., 1999; Morrow et al.,

1999, 2001; VanDoren et al., 2000; Sanna et al., 2004; Kumar et al.,
2009).

Neuroactive steroids such as 3α,5α-tetrahydroprogesterone
(3α,5α-THP, also known as allopregnanolone) and 3α,5α-
tetrahydrodeoxycorticosterone (3α,5α-THDOC) are reduced
metabolites of progesterone that rapidly alter neuronal excitability
both by acting as potent positive modulators of GABAARs, espe-
cially those that contain the α4 and δ subunits and are located
at extrasynaptic sites, as well as by influencing other neurotrans-
mission systems (Rupprecht and Holsboer, 1999; Lambert et al.,
2009). These steroids are produced by peripheral organs including
the adrenal glands and gonads (Paul and Purdy, 1992), but they are
also synthesized de novo in brain cells from cholesterol, in which
case they are also referred to as neurosteroids (Hu et al., 1987;
Mathur et al., 1993). 3α,5α-THP potentiates GABAAR-mediated
responses in vitro at nanomolar concentrations, a potency greater
than that of benzodiazepines or barbiturates (Majewska et al.,
1986; Morrow et al., 1987, 1990; Reddy et al., 2004), and it exerts

www.frontiersin.org October 2011 | Volume 2 | Article 56 | 345

http://www.frontiersin.org/Endocrinology
http://www.frontiersin.org/Endocrinology/editorialboard
http://www.frontiersin.org/Endocrinology/editorialboard
http://www.frontiersin.org/Endocrinology/editorialboard
http://www.frontiersin.org/Endocrinology/about
http://www.frontiersin.org/Neuroendocrine_Science/10.3389/fendo.2011.00056/abstract
http://www.frontiersin.org/Community/WhosWhoDetails.aspx?UID=25001&d=1&sname=GiuseppeTalani&name=Science
http://www.frontiersin.org/Community/WhosWhoDetails.aspx?UID=23689&d=1&sname=GiovanniBiggio&name=Science
http://www.frontiersin.org/Community/WhosWhoDetails.aspx?UID=23453&d=1&sname=EnricoSanna&name=Science
mailto:giuseppetalani@yahoo.it
http://www.frontiersin.org
http://www.frontiersin.org/Neuroendocrine_Science/archive


Talani et al. Ethanol sensitivity, neurosteroids, and stress

anxiolytic and sedative effects in vivo (Bitran et al., 1993, 1995;
Freeman et al., 1993; Picazo and Fernandez-Guasti, 1995; Kokate
et al., 1999; Reddy et al., 2004). Plasma and brain levels of GABAer-
gic neuroactive steroids are affected by acute or chronic stress as
well as by the acute administration of EtOH in rodents (Purdy
et al., 1991; Concas et al., 1996; Barbaccia et al., 1999; Morrow
et al., 1999; Serra et al., 2006).

The steroidogenic action of EtOH is thought to be mediated
by stimulation of the hypothalamic–pituitary–adrenal (HPA) axis
and results in an increase in the circulating and brain levels of
neuroactive steroids. However, EtOH directly stimulates neuros-
teroidogenesis in rat brain slices and thus independently of periph-
eral organs (Sanna et al., 2004; Criswell and Breese, 2005; Izumi
et al., 2007). EtOH induces the local release of neurosteroids at the
synaptic level as well as positive modulation of GABAARs in CA1
pyramidal neurons, with both effects being prevented by the 5α-
reductase inhibitor finasteride, suggesting that local production of
neurosteroids such as 3α,5α-THP is necessary for modulation of
GABAAR function by EtOH. In addition, this neurosteroidogenic
effect of EtOH was shown to result in inhibition of long-term
potentiation (LTP) in the CA1 hippocampal region (Izumi et al.,
2007). LTP in the hippocampus is a form of synaptic plasticity
that provides a consolidated cellular mechanism of memory for-
mation (Mayford, 2007). Membrane excitability in CA1 pyramidal
neurons has been found to be related both to the performance of
learning tasks (Moyer et al., 2000; Tombaugh et al., 2005) as well
as to successful learning (Moyer et al., 1996; Thompson et al.,
1996).

Postweaning social isolation (SI) is a well-characterized par-
adigm of mild prolonged stress that is associated with marked
behavioral, neuroendocrine, and neurochemical changes (Hall
et al., 1998; Serra et al., 2000, 2005, 2006; Ferdman et al., 2007) and
that is dependent on gender (Pietropaolo et al., 2008). A decrease
in the brain concentrations of GABAergic neuroactive steroids
such as 3α,5α-THP in animals subjected to SI is accompanied by
an increased efficacy of EtOH in the stimulation of steroidogen-
esis and GABAAR function (Serra et al., 2003, 2006). Moreover,
SI induces increased voluntary consumption of EtOH in adult
C57BL/6J mice (Sanna et al., 2011).

We have now evaluated the effects of SI on neuronal excitability
and on the inhibition by EtOH of LTP induction in the CA1 region
of the mouse hippocampus as well as the role of neurosteroids in
such effects. The decrease in neurosteroid levels associated with
SI was found to result in a reduced level of neuronal excitability
and an enhanced inhibitory effect of EtOH on LTP in the CA1
hippocampal region.

MATERIALS AND METHODS
ANIMALS
C57BL/6J mice (Charles River, Como, Italy) were bred in our
animal facility and maintained under an artificial 12-h-light, 12-
h-dark cycle (lights on from 08:00 to 20:00 h), a constant tem-
perature of 22 ± 2˚C, and a relative humidity of 65%. They had
free access to water and standard laboratory food at all time. Ani-
mal care and handling throughout the experimental procedures
were in accordance with the European Communities Council
Directive of November 24, 1986 (86/609/EEC). The experimental

protocols were also approved by the Animal Ethics Committee of
the University of Cagliari.

SI STRESS PARADIGM
Newborn mouse pups were left undisturbed with their mothers
until weaning (21 days). After weaning, male mice were randomly
assigned to be housed six per cage (group-housed, GH) or one
per cage (SI) for 6 weeks. In a separate set of experiments, 12
SI mice were injected once a day subcutaneously with proges-
terone (5 mg/kg, dissolved in 20% β-cyclodextrin), and six of
which were co-treated with finasteride (25 mg/kg, dissolved in 20%
β-cyclodextrin, s.c.) throughout the entire 6-week period of isola-
tion; control SI mice received an equivalent injection of the vehicle
solution according to the same schedule.

PREPARATION OF MOUSE HIPPOCAMPAL SLICES
Hippocampal slices were prepared from GH and SI mice as pre-
viously described (Sanna et al., 2011). In brief, the animals were
subjected to deep anesthesia with chloroform and decapitated,
and the brain was rapidly removed from the skull. For extracel-
lular recordings, the brain was transferred to a standard artificial
cerebrospinal fluid (ACSF) containing (in mM): 126 NaCl, 3 KCl,
2 CaCl2, 1 MgCl2, 26 NaHCO3, 1.25 NaH2PO4, and 10 d-glucose
(pH 7.4, set by aeration with 95% O2 and 5% CO2). Alternatively,
for patch-clamp experiments, the brain was transferred to a mod-
ified ACSF containing (in mM): 220 sucrose, 2 KCl, 0.2 CaCl2, 6
MgSO4, 26 NaHCO3, 1.3 NaH2PO4, and 10 d-glucose (pH 7.4,
set by aeration with 95% O2 and 5% CO2). Coronal brain slices
(thickness of 300 or 400 μm) containing the hippocampus were
cut in ice-cold standard or modified ACSF with the use of a Leica
VT1200S vibratome (Leica, Heidelberg, Germany). The slices were
then transferred immediately to a nylon net submerged in stan-
dard ACSF for at least 40 min at a controlled temperature of 35˚C
(for patch-clamp experiments) or at room temperature (for extra-
cellular recordings). After subsequent incubation for at least 1 h at
room temperature, hemi-slices were transferred to the recording
chamber, which was perfused with standard ACSF at a constant
flow rate of ∼2 ml/min. For all recordings, the temperature of the
bath was maintained at 33˚C.

EXTRACELLULAR RECORDING OF fEPSPs
Recordings of field excitatory postsynaptic potentials (fEPSPs)
were obtained from the stratum radiatum of the CA1 region of the
hippocampus after stimulation of the Schaffer collateral afferents.
Extracellular recording electrodes were prepared from borosili-
cate capillaries with an internal filament and an outer diameter
of 1.5 μm (Sutter Instruments, Novato, CA, USA) and were filled
with 4 M NaCl (resistance, 1–2 MΩ). For stimulation of afferents, a
concentric bipolar electrode (FHC, Bowdoin, ME, USA) was posi-
tioned ∼300 μm from the recording site. Responses were triggered
digitally every 20 s with the use of an interval generator (Master
8, FHC) and a stimulus isolator by application of a constant cur-
rent pulse of 0.2–0.4 mA with a duration of 60 μs, which yielded
a half-maximal response. For determination of the input–output
(I–O) relation, the stimulation current was adjusted from 0 to
1 mA in steps of 0.1 mA. The fEPSPs were amplified with the use
of an Axoclamp 2B amplifier (Axon Instruments, Union City, CA,
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USA), digitized, and then analyzed with Clampfit 9.02 software
(Axon Instruments). Several kinetic parameters of fEPSPs were
analyzed, but the slope values were considered for quantitation of
the responses. For elicitation of LTP, after 10 min of stable baseline
recording of fEPSPs evoked every 20 s at the current intensity that
triggered 50% of the maximal fEPSP response, high-frequency
stimulation (HFS) consisting of a single train of 100 stimuli at
250 Hz was delivered and recording was then continued for 60 min
with stimulation of fEPSPs every 20 s.

WHOLE-CELL PATCH-CLAMP RECORDINGS
Whole-cell recordings from hippocampal CA1 pyramidal neu-
rons were performed as previously described (Sanna et al., 2011).
Recording pipettes were prepared from borosilicate glass with
the use of a Flaming Brown micropipette puller (Molecular
Devices, Novato, CA, USA). Resistance of the pipettes ranged
from 2.5 to 4.5 MΩ when they were filled with an internal solu-
tion containing 135 mM potassium gluconate, 10 mM MgCl2,
0.1 mM CaCl2, 1 mM EGTA, 10 mM Hepes–KOH (pH 7.3), and
2 mM ATP (disodium salt). We analyzed only recordings with
access resistance of <25 MΩ (values usually ranged from 9 to
20 MΩ). Series resistance was not compensated, and cells were
excluded from further analysis if access resistance changed by
>20% during the course of the recording. Membrane poten-
tials were recorded with the use of an Axopatch 200-B amplifier
(Axon Instruments), filtered at 2 kHz, and digitized at 5 kHz. For
patch-clamp experiments, we used pClamp 9.2 software (Molec-
ular Devices, Union City, CA, USA), which allowed us to measure
various characteristics of the neuronal membrane and action
potentials (APs). For current-clamp experiments, we applied a
protocol with injected current steps of 400-ms duration and rang-
ing in intensity from −80 to 200 pA in intervals of 20 pA in
order to hyperpolarize or depolarize the membrane potential. The
parameters analyzed included resting membrane potential, input
resistance, AP threshold, minimum injected current capable of
evoking the first AP, spike latency (time required for the first AP to
occur in response to depolarization), and spike frequency. Input
resistance was calculated from only the hyperpolarizing current
steps.

RECORDING OF SPONTANEOUS LOCOMOTOR ACTIVITY
Group-housed and SI mice were tested at the end of the 6-week
housing period. To determine general locomotor activity levels
and exploration habits, we used a motility meter (Omnitech Elec-
tronics Inc.). Animals were left in the same room in which the
apparatus was placed for at least 2 h before the beginning of exper-
iments in order to allow their habituation to the environment.
Individual mice were placed in the center of a square arena (20.3
by 20.3 cm) and allowed to move freely for 60 min while being
tracked by the automated tracking system. Parameters were mon-
itored every 5 min (total of 12 acquisitions). Data obtained during
the first 10 min were used for comparison among groups. The
arena was assembled with specially designed sound-attenuating
shells made of polypropylene and an expanded PVC sheet. The
animals were isolated from noise of the recorder and printer used
to acquire the data by placing these devices in a different room.
The parameters measured included horizontal activity (number of

photobeam interruptions), total distance traveled (centimeters),
locomotion time (seconds), and rest time (seconds).

STATISTICAL ANALYSIS
Data are presented as means ± SEM and were compared by one-
way analysis of variance (ANOVA) or Student’s t -test with the use
of Prism software (version 5, GraphPad). A p value of <0.05 was
considered statistically significant.

RESULTS
EFFECTS OF SI ON NEURONAL EXCITABILITY AND LTP INDUCTION IN
THE HIPPOCAMPAL CA1 REGION OF C57BL/6J MICE
To examine the effect of SI on neuronal excitability in the CA1
region of the mouse hippocampus, we generated I–O curves by
stimulating the Schaffer collateral glutamatergic afferents with
increasing (0–1.0 mA) current intensity and recorded fEPSPs
from the dendritic region within the CA1 stratum radiatum.
Consistent with previous observations (Bartesaghi, 2004; Sanna
et al., 2011), the intensity of the stimulatory current that evoked
a half-maximal response (quantified by analysis of the fEPSP
slope) was significantly (p < 0.05) increased in hippocampal slices
from SI mice (0.45 ± 0.02 mA) compared with that for GH mice
(0.37 ± 0.01 mA; Figure 1A).

We then examined the effect of SI on LTP induction in the
CA1 region. After a 10-min baseline recording was obtained by
stimulation at the current intensity that elicited a half-maximal
response and at a frequency of 0.05 Hz, LTP was induced by HFS
of the Schaffer collateral afferents with a single train of 100 stim-
uli of the same intensity and at 250 Hz. Separate experiments
in hippocampal slices obtained from GH mice revealed that the
LTP induced with such stimulus frequency was dependent on N -
methyl-d-aspartate (NMDA) receptors, as bath perfusion of AP5
(50 μM) completely prevented its induction, and it was not influ-
enced by the L-type voltage-dependent Ca2+ channel antagonist
nifedipine (10 μM; Figure 1B). As expected (Sanna et al., 2011),
the extent of LTP, calculated by averaging the slope values of fEP-
SPs recorded between 50 and 60 min after HFS, was significantly
(p < 0.05) lower in slices from SI mice than in those from GH
animals (Figures 1C,D). The effect of HFS on the I–O curves also
differed between the two groups of animals. Indeed, at 60 min
after HFS, the maximal response was enhanced to a greater extent
in GH mice (+167%) than in SI animals (+60%; Figures 1E,F).
The current intensity that evoked a half-maximal response after
HFS did not differ significantly between GH and SI animals (data
not shown).

ENHANCED SENSITIVITY OF SI ANIMALS TO THE INHIBITORY EFFECT
OF EtOH ON LTP IN THE CA1 REGION
Given that SI was previously shown to increase the sensitivity of
rats to the steroidogenic effect of acute systemic administration
of EtOH (Serra et al., 2006), we examined the effect of EtOH on
LTP in hippocampal slices from both GH and SI mice. The con-
centration of EtOH studied (40 mM) was selected as the highest
level that had no effect on LTP in GH mice. EtOH (40 mM) was
applied to hippocampal slices of both GH and SI mice 30 min
before HFS and was found to significantly (p < 0.05) reduce
(by 67%) the extent of LTP in SI mice but not in GH animals
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FIGURE 1 | Effects of social isolation on neuronal excitability and LTP

induction in the hippocampus of C57BL/6J mice. Field excitatory
postsynaptic potentials (fEPSPs) were recorded in the dendritic CA1 region of
hippocampal slices obtained from group-housed (GH) or socially isolated (SI)
animals. (A) Input–output (I–O) relations determined by measurement of
fEPSP slope in response to stimulation of Schaffer collaterals with current of
increasing intensity (from 0 to 1.0 mA). Data are expressed as a percentage of
the corresponding maximal response and are means ± SEM (n = 12–20). (B)

LTP induction calculated between 50 and 60 min after HFS stimulation is not
affected by the voltage-dependent calcium channel antagonist nifedipine
(10 μM), but it is completely prevented by the perfusion (before and after

HFS) of the NMDA receptor antagonist AP5 (50 μM). (C) LTP was induced in
the CA1 region by HFS (arrow) of the Schaffer collateral–CA1 pathway. Data
represent fEPSP slope at the indicated times expressed as a percentage of
that at baseline and are means ± SEM (n = 8–12 slices). Above the bar graph,
representative traces of fEPSPs obtained from GH and SI mice before (black
trace) and 50 min after (red trace) high-frequency stimulation (HFS). (D) The
extent of LTP was calculated by averaging the change in fEPSP slope
apparent between 50 and 60 min after HFS. Data are means ± SEM (n = 8–12
slices). *p < 0.05 vs. GH mice. (E,F) I–O relations before and 60 min after HFS
in GH (E) and SI (F) mice. Data are expressed as a percentage of the maximal
response measured before HFS and are means ± SEM (n = 8–12 slices).

(Figures 2A–C,E–G). The ability of EtOH to inhibit LTP in the
hippocampal CA1 region was previously shown to be dependent
on stimulation of the local biosynthesis and release of 5α-reduced
pregnane neurosteroids such as 3α,5α-THP (Izumi et al., 2007).
To test whether such a mechanism was also operative under our
experimental conditions, we examined the effect of finasteride, an
inhibitor of 5α-reductase (Finn et al., 2006) that prevents the for-
mation of GABAergic neurosteroids (Sanna et al., 2004). The co-
application of EtOH (40 mM) and finasteride (1 μM) prevented

the inhibitory effect of EtOH on LTP in hippocampal slices from
SI mice, but it had no effect on LTP in those from GH animals
(Figures 2A–C,E–G). In addition, finasteride application did not
alter basal LTP when measured in slices from either GH or SI mice
(results not shown).

Evaluation of the I–O relations before and after HFS, either in
the absence or presence of EtOH or finasteride, revealed that the
maximal post-HFS response was markedly reduced by EtOH in
SI mice, but not in GH mice, and that finasteride abolished this
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FIGURE 2 | Differential effects of EtOH and finasteride on LTP

induction in the CA1 region of SI and GH mice. (A,E)

Representative traces of fEPSPs obtained from hippocampal slices of
GH (A) and SI (E) mice before (black trace) and 60 min after (red trace)
HFS in the absence or presence of EtOH or finasteride (Fin). EtOH (40 mM)
was applied to hippocampal slices 30 min before HFS, whereas finasteride
(1 μM) was applied 10 min before EtOH. (B,F) LTP was induced in the CA1
region of hippocampal slices from GH (B) and SI (F) mice by HFS (arrow) of
the Schaffer collateral–CA1 pathway in the absence or presence of EtOH or

finasteride, as indicated. Data represent fEPSP slope at the indicated times
expressed as a percentage of that at baseline and are means ± SEM (n = 5 or
6 slices). (C,G) The extent of LTP was calculated by averaging the change in
fEPSP slope apparent between 50 and 60 min after HFS in hippocampal slices
from GH (C) and SI (G) mice. Data are means ± SEM (n = 5 or 6 slices).
*p < 0.05 vs. control. (D,H) I–O relations determined before and 60 min after
HFS in GH (D) and SI (H) mice. Data are expressed as a percentage of the
maximal response measured before HFS and are means ± SEM
(n = 8–12 slices).

inhibitory effect of EtOH in slices from SI mice without having an
effect in slices from GH animals (Figures 2D,H).

EFFECTS OF SI ON MEMBRANE EXCITABILITY OF CA1 PYRAMIDAL
NEURONS
To evaluate further the effects of SI on CA1 neuronal excitabil-
ity, we performed patch-clamp experiments in the current-clamp
mode with single pyramidal neurons present in hippocam-
pal slices of both GH and SI animals. The resting membrane

potential was similar in SI (−65.7 ± 1.2 mV, n = 25 cells) and
GH (−69.6 ± 1.3 mV, n = 37) mice (Figure 3A). We measured
the input resistance by injecting hyperpolarizing current pulses
at various intensities and recording the relative negative deflec-
tions in membrane potential. Analysis of the voltage–current
curves indicated that input resistance did not differ significantly
between GH and SI mice (GH, 0.221 ± 0.01 GΩ, n = 37; SI,
0.199 ± 0.02 GΩ, n = 25; Figures 3B,C). Firing of APs was also
analyzed by injection of depolarizing current pulses (Figure 3D).
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FIGURE 3 | Effects of SI on hippocampal CA1 pyramidal

neuron excitability and their reversal by progesterone treatment.

(A–C) Lack of effect of SI or progesterone (Prog) treatment on
membrane resting potential (A) the membrane potential–current
relation (B) or membrane input resistance (C) determined by whole-cell
patch-clamp analysis in the current-clamp mode. SI mice were treated daily
with progesterone or vehicle before analysis. Data are for 37, 25, and 9
neurons in (A) and for 37, 25, and 9 neurons in (B,C) for GH, SI, and
progesterone-treated SI mice, respectively; those in (B,C) are means ± SEM.

(D) Representative membrane voltage responses to negative (−20 pA) and
positive (+60 pA) current pulses applied to CA1 pyramidal neurons in
hippocampal slices from GH or SI (with or without progesterone treatment)
mice. (E–H) Effects of SI and progesterone treatment on the mean action
potential (AP) threshold (E), minimum current intensity required for induction
of the first AP (F), AP frequency at each depolarizing current step (G), and AP
latency (H). Data are means ± SEM for 37 neurons of GH mice, 25 neurons of
SI mice, and 9 neurons of SI mice treated with progesterone. *p < 0.01
vs. GH.

The threshold membrane potential for AP firing did not differ
between the two groups of mice (Figure 3E). However, the min-
imum current intensity required for generation of an AP was
significantly greater for CA1 pyramidal neurons of SI mice than
for those of GH mice (Figure 3F). In addition, pyramidal neu-
rons from SI mice were characterized by a reduced AP frequency
(Figure 3G) and an increased AP latency (Figure 3H) compared
with GH animals.

EFFECTS OF PROGESTERONE TREATMENT ON SI-INDUCED CHANGES
IN NEURONAL EXCITABILITY AND LTP
Social isolation in rodents is associated with reduced plasma and
brain levels of neuroactive steroids (Serra et al., 2000). We tested
whether such an SI-induced decrease in neuroactive steroid levels

might affect hippocampal neuronal excitability and synaptic plas-
ticity. We thus treated a separate group of mice with progesterone
(5 mg/kg, subcutaneous, once a day) during the entire 6-week
period of SI (Figure 3). Progesterone treatment resulted in a par-
tial reversal of the decrease in CA1 pyramidal neuron excitability
apparent in SI mice, as reflected by the change in spike frequency
(Figure 3G, n = 9), spike latency (Figure 3H, n = 9), and the min-
imum current required to evoke the first AP (Figure 3F, n = 9).
Progesterone treatment also partially reversed the reduction in the
extent of LTP induced by SI (Figure 4); this effect is particularly
evident for the late phase of LTP, while the early phase appears
to be less influenced by such treatment. Furthermore, given that
we recently showed that SI results in a decrease in spontaneous
locomotor activity in mice subjected to the open field test (Sanna
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et al., 2011), we also evaluated the effect of progesterone treatment
in this behavioral paradigm. Progesterone treatment reversed the
SI-induced decreases in both horizontal activity and total distance
traveled (Table 1). However, the changes in locomotion time and
rest time induced by SI were not significantly affected by proges-
terone treatment. Finally, the effects of progesterone treatment in
SI mice on LTP and spontaneous locomotor activity were abol-
ished when measured in SI animals that were co-administered
with progesterone and finasteride (25 mg/kg, s.c.; Figure 4 and
Table 1).

DISCUSSION
We have found that rearing of mice in isolation for 6 weeks after
weaning resulted in a decrease in the excitability of CA1 pyrami-
dal neurons that was accompanied by a reduction in the extent of
LTP induction as well as an enhanced inhibitory effect of EtOH
on LTP as compared with control mice housed in groups. These

FIGURE 4 | Reversal of the effect of SI on LTP in the CA1 region by

progesterone treatment: effect of the co-treatment with progesterone

and finasteride. (A) LTP was induced in the CA1 region by HFS (arrow) of
the Schaffer collateral–CA1 pathway in hippocampal slices obtained from
GH mice as well as from SI mice that had been treated or not with
progesterone. Data represent fEPSP slope at the indicated times
expressed as a percentage of that at baseline and are means ± SEM
(n = 6–10 slices). (B) The extent of LTP was calculated by averaging the
change in fEPSP slope apparent between 50 and 60 min after HFS. Data are
means ± SEM (n = 6–10 slices). *p < 0.05 vs. GH mice.

effects of SI on neuronal excitability and LTP appear to be related
to the decrease in neuroactive steroid levels induced by this con-
dition, given that they were reversed by treatment of mice with
progesterone during the SI period.

Postweaning SI in C57BL/6J mice is studied as an animal model
of prolonged mild stress and has been shown to be associated
with marked changes in the activity of the HPA axis, increased
sensitivity to the steroidogenic effect of EtOH, and increased vol-
untary consumption of EtOH (Matsumoto et al., 1999; Serra
et al., 2000, 2006; Sanna et al., 2011). We have now shown that
SI-induced a marked decrease in neuronal excitability in CA1
pyramidal neurons of C57BL/6J mice. Current-clamp record-
ings thus revealed different responses of neurons from GH or
SI mice to depolarizing current pulses injected to trigger the
firing of APs. CA1 neurons of SI mice needed higher current
pulses to evoke the first AP, and they showed a lower AP fre-
quency and increased spike latency. Neither resting membrane
potential nor input resistance differed significantly between CA1
neurons from the two types of mice. These data are consis-
tent with those of previous studies showing that SI is associ-
ated with pronounced changes in neuronal membrane excitability
(Moyer et al., 1996, 2000; Thompson et al., 1996; Tombaugh
et al., 2005). Extracellular recordings of fEPSPs in the hippocam-
pal CA1 region of SI mice also revealed a reduced excitability at
the Schaffer collateral–CA1 glutamatergic synapses, as revealed
by a rightward shift in the I–O curve compared with that of
GH mice. These results are also in agreement with those of
a previous study of the guinea pig hippocampus (Bartesaghi,
2004).

As we suggested previously (Sanna et al., 2011), the reduced
excitability of CA1 pyramidal neurons of SI mice might be respon-
sible for the reduced level of LTP induced at Schaffer collateral–
CA1 synapses in these animals. Our present data are thus con-
sistent with previous studies suggesting that long-term synaptic
plasticity in several brain areas is markedly modified by the stress
associated with SI (Roberts and Greene, 2003; Bianchi et al., 2006;
Conrad et al., 2011).

We found that EtOH at 40 mM inhibited the induction of
LTP in the CA1 region of SI mice but not in that of GH mice,
consistent with the enhanced sensitivity to this drug previously
shown to be induced by SI. The inhibitory effect of EtOH on
LTP was previously shown to be dependent on its stimulation of
neurosteroidogenesis (Izumi et al., 2007). Co-application of the
5α-reductase inhibitor finasteride was also previously shown to
abolish the inhibitory effect of EtOH on GABAAR function as
well as neurosteroid synthesis in the brain (Sanna et al., 2004).
Ethanol impairs LTP or other forms of synaptic plasticity in sev-
eral brain regions including the hippocampus (Morrisett and
Swartzwelder, 1993; Izumi et al., 2005), striatum (Yin et al., 2007),
and cerebellum (Belmeguenai et al., 2008), but a role for neu-
rosteroids in the EtOH induced impairment of LTP in the rat
hippocampus was only recently proposed (Izumi et al., 2007).
The reduced levels of hippocampal excitability and LTP observed
in SI mice might explain the deficits in learning and memory
induced by isolation in C57BL/6J mice (Voikar et al., 2005) as
well as in rats (Lu et al., 2003; Bianchi et al., 2006; Quan et al.,
2010).
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Table 1 | Changes in spontaneous locomotor activity in SI mice: effect of treatment with progesterone and co-treatment with progesterone and

finasteride.

Parameter Group-housed Isolated Isolated + progesterone Isolated + progesterone + finasteride

Horizontal activity 1607 ± 88.9 1266 ± 83.5* 1479 ± 89.7 1190 ± 45.3*

Total distance (cm) 399.1 ± 38.76 256.9 ± 27.2* 332.1 ± 24.4 231 ± 20.5*

Locomotion time (s) 53.7 ± 7.52 34.3 ± 4.6* 37.8 ± 2.7* 35 ± 5.9*

Rest time (s) 242.2 ± 7.7 265.5 ± 7.3* 260.8 ± 2.8* 261 ± 6.0*

A group of SI mice were treated with progesterone (5 mg/kg, s.c.) or progesterone together with finasteride (25 mg/kg, s.c.) once a day for the 6-week isolation

period. Data are means ± SEM for six mice and were obtained during the first 10 min (of a total of 60 min) of the experiment. *p < 0.05 vs. GH mice.

To examine whether the reduced brain levels of neurosteroids
such as 3α,5α-THP and 3α,5α-THDOC associated with SI might
be important for the changes in hippocampal excitability and in
sensitivity to the steroidogenic effect of EtOH induced by isolation
in mice, we administered progesterone daily during the 6-week
period of isolation in an attempt to restore the normal levels
of neuroactive steroids in the hippocampus (Costa et al., 1995;
Moran et al., 1998). We found that such progesterone treatment
during SI partially reversed the decreases in the levels of neuronal
membrane excitability and LTP induced by SI. It should be noted
that the protective effect of progesterone treatment on SI-induced
decreased in LTP appears to be mostly involving the late phase
of this phenomenon, whereas the early phase was less influenced
(Figure 4); however, the reason for such differential action is at
present unknown.

Progesterone treatment also attenuated the decrease in sponta-
neous locomotor activity shown to be induced by SI in previous
studies (Valzelli et al., 1974; Voikar et al., 2005; Fone and Porkess,
2008; Pietropaolo et al., 2008; Arndt et al., 2009; Sanna et al.,
2011). Furthermore, the effects of progesterone on LTP and spon-
taneous locomotor activity induced by SI were prevented by the
concomitant administration of finasteride.

Social isolation is associated with increased expression of sev-
eral subunits of GABAARs, in particular δ and α4 subunits, in both
rats (Serra et al., 2006) and mice (Sanna et al., 2011). Tonic inhi-
bition is thought to play a key role in regulation of membrane
excitability under both physiological and pathological conditions
that have been shown to be associated with marked modula-
tion of extrasynaptic GABAAR function and subunit expression
(Maguire et al., 2005; Serra et al., 2006; Maguire and Mody, 2008;

Sanna et al., 2009, 2011). We propose that the effects of SI on
CA1 excitability and LTP are mediated in part by a decrease in
excitability of granule cells in the dentate gyrus that results from
an increase in GABAergic tonic current (Sanna et al., 2011) and
which may lead to suppression of the activity of the entire den-
tate gyrus–CA3–CA1 circuitry. In line with this idea, Bartesaghi
(2004) demonstrated that early isolation in guinea pigs results
in a reduction in the synaptic function of the DG–CA3–CA1
neuronal circuitry. However, the impact of prolonged stress on
hippocampal function may be more complex. In fact, Airan et al.
(2007) working in the ventral hippocampal found that follow-
ing chronic mild stress exposure in adult female rats there was
diminished inflow through dentate, consistent with our results,
but output from area CA1 was actually increased, resulting in an
I–O mismatch.

Our present results provide new insight into changes in hip-
pocampal function induced by SI in mice, including impairment
of neuronal excitability and LTP associated with an increased sen-
sitivity to the steroidogenic effect of moderate doses of EtOH.
Furthermore, the increased sensitivity to the neurosteroidogenic
effect of EtOH associated with SI likely accounts for the greater
inhibitory effect of EtOH on LTP in SI mice. These effects of SI may
be related to the deficits in learning and memory and changes in
responses to EtOH that are associated with isolation, and they war-
rant further investigation with regard to the control of GABAergic
transmission by neurosteroids at the level of the dentate gyrus.
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Progestogens [progesterone (P4) and its products] play fundamental roles in the develop-
ment and/or function of the central nervous system during pregnancy. We, and others,
have investigated the role of pregnane neurosteroids for a plethora of functional effects
beyond their pro-gestational processes. Emerging findings regarding the effects, mech-
anisms, and sources of neurosteroids have challenged traditional dogma about steroid
action. How the P4 metabolite and neurosteroid, 3α-hydroxy-5α-pregnan-20-one (3α,5α-
THP), influences cellular functions and behavioral processes involved in emotion/affect,
motivation, and reward, is the focus of the present review. To further understand these
processes, we have utilized an animal model assessing the effects, mechanisms, and
sources of 3α,5α-THP. In the ventral tegmental area (VTA), 3α,5α-THP has actions to facil-
itate affective, and motivated, social behaviors through non-traditional targets, such as
GABA, glutamate, and dopamine receptors. 3α,5α-THP levels in the midbrain VTA both
facilitate, and/or are enhanced by, affective and social behavior. The pregnane xenobiotic
receptor (PXR) mediates the production of, and/or metabolism to, various neurobiological
factors. PXR is localized to the midbrain VTA of rats.The role of PXR to influence 3α,5α-THP
production from central biosynthesis, and/or metabolism of peripheral P4, in the VTA, as
well as its role to facilitate, or be increased by, affective/social behaviors is under inves-
tigation. Investigating novel behavioral functions of 3α,5α-THP extends our knowledge of
the neurobiology of progestogens, relevant for affective/social behaviors, and their connec-
tions to systems that regulate affect and motivated processes, such as those important for
stress regulation and neuropsychiatric disorders (anxiety, depression, schizophrenia, drug
dependence).Thus, further understanding of 3α,5α-THP’s role and mechanisms to enhance
affective and motivated processes is essential.

Keywords: allopregnanolone, anxiety, lordosis, paced mating, progesterone, sex differences, stress, ventral

tegmental area

INTRODUCTION
Steroids play fundamental roles in the development and/or func-
tion of the central nervous system (CNS) and exert both orga-
nizational and activational effects. During pregnancy, levels of
progestogens [i.e., progesterone (P4) and its metabolites] are high
and have well-known effects to maintain pregnancy and may alter
brain development of the gestating offspring. We, and others, have
investigated the role of pregnane neurosteroids for a plethora of
functional effects beyond their pro-gestational processes in adult-
hood. Some of these effects are those involved in emotion/affect,
motivation, and reward, which will be the focus of this review.

Emerging findings regarding the effects, mechanisms, and
sources of steroids have challenged traditional dogma and revealed
non-traditional actions of hormones to influence cellular func-
tions and behavioral processes. First, some of the most salient
effects of steroids are to change the threshold for a biological or

behavioral response to appropriate stimuli. We now know that
steroid levels can change in response to environmental and/or
behavioral situations and, thereby, influence the likelihood of sub-
sequent steroid-mediated processes occurring. There is now a
greater understanding of subtle, and dynamic changes in steroids
to mediate homeostatic processes [e.g., hypothalamic-pituitary–
adrenal (HPA) axis function], which may exert proximate and
discrete effects on physiological and/or behavioral processes. Sec-
ond, the classic mechanisms of steroids are considered to involve
their binding to cognate, intracellular steroid receptors, which are
present throughout the brain in hypothalamic and limbic regions
(Shughrue et al., 1997; Osterlund et al., 2000), and modulate tran-
scription and translation (Pfaff et al., 1976), a process which takes
10 min to days. Steroids can also act in the CNS via membrane
targets or rapid-signaling actions, which occur within seconds to
minutes. Neuro(active) steroids produce rapid effects on neuronal
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excitability and synaptic function that involve direct or indi-
rect modulation of ion-gated or other neurotransmitter receptors
and transporters, rather than classic nuclear hormone receptors.
Third, steroids are typically thought to be secreted from periph-
eral endocrine glands into circulation, whereupon they can exert
effects at target sites in the body and brain that are distant from
the endocrine gland source. However, the brain, like the gonads,
adrenals, and placenta, can be considered an endocrine organ.
That is, the brain requires coordinated actions of steroidogenic
enzymes in neurons and glia to metabolize peripheral steroids
to products that act in the brain (“neuroactive steroids”), or to
produce steroids de novo in the brain independent of periph-
eral gland secretion (“neurosteroids”). In this view, steroids exert
intracrine effects to mediate intracellular events, and paracrine,
or neurotransmitter-like, effects to induce biological responses in
adjacent cells. This review will focus its discussion on the effects,
mechanisms, and sources of the P4 metabolite and neurosteroid,
5α-pregnan-3α-ol-20-one (3α,5α-THP, a.k.a. allopregnanolone),
for affective, motivated, and reward processes. As discussed as
follows, we examine effects, sources, and mechanisms of progesto-
gens in rats, which have demonstrated similar effects and patterns
of progestogen secretion as is seen in people (Holzbauer, 1975,
1976; Holzbauer et al., 1985; Frye and Bayon, 1999), and, thus, can
provide insight into progestogens’ role in these processes.

MODEL SYSTEM TO INVESTIGATE PROGESTOGENS’
EFFECTS, MECHANISMS, AND SOURCES FOR AFFECTIVE
AND MOTIVATED BEHAVIORS
We have utilized an animal model to elucidate the effects, mech-
anisms, and sources of progestogens to influence affective and
motivated behaviors of rodents. Progestogens may have a role in
the etiology, expression, and/or therapeutic treatment of anxiety,
stress, and/or mood (dys)regulation, as discussed below. Mating
is a sexually dimorphic and progestogen-mediated behavior. To
be able to determine necessary mechanisms for this behavior, we
have utilized lordosis (the posture that female rodents assume to
enable mating to occur, which can be considered a consummatory
aspect of mating for the female) as an ethologically relevant bioas-
say for progestogens’ actions. In this regard, we have examined
progestogens’ physiological and ethological role to mediate lordo-
sis, as well as neuroendocrine and behavioral processes relevant for
social interactions and/or affect, which can be considered appet-
itive aspects of mating. In this model, lordosis is both a sensitive
measure of progestogens’ effects as well as an experiential factor in
the rodent’s life that can be manipulated to alter subsequent neu-
roendocrine and behavioral responses. As such, the directionality
of the effects of progestogen production and affective and moti-
vated responding can be examined. Thus, investigating behaviors
commonly disrupted in neuropsychiatric disorders (affect, social,
and reproductive endocrine function), using an ethologically rel-
evant model of rodent behavior, can elucidate the functional role
of progestogens, such as 3α,5α-THP, for mental health.

In this model system, we have focused to date on actions of
progestogens in the midbrain ventral tegmental area (VTA). The
VTA is a target of interest for several reasons including its role in the
mesolimbic dopamine system. Natural fluctuations in progesto-
gens, and administration of progestogens to the VTA, produce

robust behavioral effects, such as enhancing affect and facili-
tating reproductive and other motivated behaviors (Frye et al.,
2006a; Frye, 2009). For example, central infusions of 3α,5α-THP
to VTA (but not to nearby regions, such as central gray, raphe
nucleus, substantia nigra) of non-sexually receptive rats signifi-
cantly enhances affective and social behavior to levels commen-
surate with those observed in sexually receptive rats (Frye and
Rhodes, 2006a, 2007a,b, 2008). The VTA is largely devoid of P4’s
traditional cognate steroid receptor targets, progestin receptors
(PRs). 3α,5α-THP has lower affinity for PRs than it does for γ-
aminobutyric acid (GABAA), glutamatergic, and dopaminergic
receptor targets, which are highly expressed in the VTA (Frye and
Walf, 2008a). As well, blocking 3α,5α-THP targets, such as GABAA

receptors, in the VTA attenuates anti-anxiety and social behav-
ior among sexually receptive females (Frye et al., 2006b,c; Frye
and Paris, 2009). This is not observed when blockers are adminis-
tered to nearby missed sites, such as the substantia nigra or central
gray (Frye and Paris, 2009). As such, actions of 3α,5α-THP in the
VTA to enhance anti-anxiety and pro-social motivated behaviors
may be specific to the VTA and its connections. Enzymes, such
as 5α-reductase and 3α-hydroxysteroid dehydrogenase (3α-HSD),
that are necessary for the metabolism of P4 to 3α,5α-THP, and
de novo synthesis of 3α,5α-THP, are highly expressed in the VTA
(Li et al., 1997; Frye, 2001a,b), suggesting that this is a region
to investigate to further understand the sources of progestogens.
Indeed, P4, from central or peripheral sources, is readily metabo-
lized to 5α-pregnane-3,20-dione-dihydroprogesterone (DHP), by
actions of 5α-reductase, and 3α,5α-THP, by actions of 3α-HSD, in
the VTA. Blocking P4’s metabolism to 3α,5α-THP in the VTA, or
blocking de novo production, or neurosteroidogenesis, of 3α,5α-
THP in the VTA, attenuates affective and social behavior among
sexually receptive rats (Frye and Petralia, 2003a,b; Frye et al.,
2008b). Reinstating 3α,5α-THP concentrations via enhancement
of neurosteroidogenesis, or 3α,5α-THP add-back, reinstates these
behaviors (Petralia et al., 2005; Frye et al., 2009). Thus, we can use
behavioral endpoints of female rodents to ascertain the sources,
effects, and mechanisms of progestogens in the midbrain VTA,
and determine the extent to which these actions are relevant in
other brain regions and systems. What follows is a discussion of
findings from our laboratory, and others, regarding the effects,
mechanisms, and sources of 3α,5α-THP for affect, motivation,
and reward processes.

EFFECTS OF 3α,5α-THP
GENDER DIFFERENCES FOR AFFECTIVE AND MOTIVATED PROCESSES
Depression and anxiety are serious and wide-spread disorders,
with effects on emotion as well as motivation- and reward-related
processes. Incidence and expression of these disorders are greater
among women compared to men, and may be related to fluctu-
ations in P4 and 3α,5α-THP. Over their lifetime, mature women
experience greater variations in, and higher levels of, progesto-
gens than do men, and they are more susceptible to depres-
sion and/or anxiety disorders (Weissman and Klerman, 1977;
Kessler et al., 1994; Seeman, 1997; Wittchen and Hoyer, 2001).
During the follicular phase of the menstrual cycle, circulating
progestogen levels of women are low (similar to men); how-
ever, luteal phase circulating levels are two to fourfold higher
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(2–4 nmol/l) than follicular phase levels (∼1 nmol/l; Genaz-
zani et al., 1998; Purdy et al., 1990; Sundström and Bäck-
ström, 1998a,b; Wang et al., 1996). During pregnancy, circulat-
ing levels of progestogens rapidly increase to peak in the third
trimester (50–160 nmol/l), and reach nadir within a day post-
parturition (Sundström et al., 1999; Luisi et al., 2000; Herbison,
2001). The onset and/or expression of depression and/or anxi-
ety can be mediated by some of these changes in progestogen
levels over natural cycles. In support, premenstrual syndrome,
premenstrual dysphoric disorder (PMDD), post-partum depres-
sion, and menopause, are associated with negative affect/mood,
and occur when progestogen levels are low (Glick and Bennett,
1981; Angold et al., 1999; Endicott et al., 1999; Chaudron et al.,
2001; Girdler et al., 2001; Soares and Cohen, 2001; Freeman
et al., 2002, 2004; Rapkin et al., 2002; Bäckström et al., 2003;
Markou et al., 2005; Pearlstein et al., 2005). Moreover, substance
abuse disorder is often co-morbid with depression and anxi-
ety (Regier et al., 1990), especially among women compared to
men (Brady and Randall, 1999). Natural fluctuations in progesto-
gens across the menstrual cycle alter responses to drugs of abuse,
such as alcohol, cocaine, and nicotine (Sofuoglu et al., 1999;
Pomerleau et al., 2000; Nyberg et al., 2004). Understanding the
effects, mechanisms, and sources of neurosteroids, such as 3α,5α-
THP, may provide insight into gender/sex differences, etiology,
expression, progression, and/or treatment of some mental health
disorders.

In addition to gender/sex differences for affective and motivated
processes as discussed above, there may are gender/sex differ-
ences in normal stress responding of males and females. Males
may be more likely to cope by mounting a “fight-or-flight” type
response toward stressors, whereas females may cope better with a
“tend-and-befriend”response (Taylor et al., 2000). Although many
neurobiological factors clearly differ between males and females,
and likely contribute to these differences in pathophysiological and
normative responding, the focus of this review is on how 3α,5α-
THP has such actions. Thus, findings of 3α,5α-THP’s role in stress,
affect, and motivated processes follow.

3α,5α-THP ALTERS THE HPA AXIS
3α,5α-THP has agonist-like actions at inhibitory GABA recep-
tors and can dampen stress-induced HPA activity, which may
mitigate parasympathetic tone. 3α,5α-THP’s anesthetic proper-
ties have been recognized for some time (Selye, 1941), related
to its potency at enhancing GABA function (Majewska et al.,
1986). Administration of 3α,5α-THP reduces adrenocorticotropin
secretion in response to acute stress, and blocks adrenalec-
tomy (ADX)-induced increases in corticotrophin releasing factor
mRNA (Patchev et al., 1994, 1996). When 3α,5α-THP levels are
elevated, during proestrus or pregnancy, or when ovariectomized
(OVX) rats are administered 3α,5α-THP, there are robust anti-
anxiety and anti-stress effects (Harrison and Simmonds, 1984;
Majewska et al., 1986; Lambert et al., 2003; Belelli and Lam-
bert, 2005; Martín-García and Pallarès, 2005; Frye et al., 2006a;
Frye, 2009). Blocking formation of 3α,5α-THP, or its actions
at GABAA receptors, prevents anti-anxiety and anti-depressant
behavior, as well as glucocorticoid secretion following stressor
exposure (Rhodes and Frye, 2001; Reddy, 2002; Verleye et al.,

2005; Walf et al., 2006; Frye, 2009). Thus, 3α,5α-THP may have
homeostatic effects by restoring parasympathetic tone following
stressor exposure.

STRESS ALTERS 3α,5α-THP
Stressor exposure has salient effects to alter 3α,5α-THP through-
out the lifespan. Brain levels of 3α,5α-THP are measurable as early
as embryonic day 14 in rats (Kellogg and Frye, 1999). By postna-
tal day 6, 3α,5α-THP increases in the brain of rats in response to
maternal separation stress (Kehoe et al., 2000; McCormick et al.,
2002). In adult rodents, 3α,5α-THP increases in response to a
variety of acute stressors (cold-water swim, restraint, foot-shock,
loud noise, carbon dioxide inhalation, ether exposure, or admin-
istration of anxiogenic drugs) occur in intact, gonadectomized
(GDX), and/or ADX rodents (Erskine and Kornberg, 1992; Paul
and Purdy, 1992; Barbaccia et al., 1996, 1997; Frye, 2001a,b; Serra
et al., 2002). Stimuli that can be considered more subtle than these
aforementioned acute stressors, such as social challenge and/or
mating, alters production of 3α,5α-THP (as described in further
detail below; Frye, 2001a,b; Miczek et al., 2003; Frye and Rhodes,
2006a). Increases in 3α,5α-THP produced by such experiences are
conserved across species, enhance GABA function, increase anxi-
olysis, and reduce HPA responses (Paul and Purdy, 1992; Patchev
and Almeida, 1996; Barbaccia et al., 2001; Frye, 2001a,b, 2009;
Reddy, 2003). Thus, 3α,5α-THP is expressed early in development
and can be altered by stress at this time and during adulthood.

SEX/PROGESTOGEN EFFECTS ON STRESS
There are sex differences in the 3α,5α-THP response to stres-
sors. Maternal separation stress produces greater increases in brain
3α,5α-THP levels of male, compared to female, pups between post-
natal day 7 and 10 (Kehoe et al., 2000; McCormick et al., 2002).
In male rats, non-stress, basal 3α,5α-THP levels are higher at an
early juvenile age (postnatal day 14), whereas in females, basal
3α,5α-THP levels are higher at postpubertal ages (42 and 60 days).
Although it is currently unclear what role higher 3α,5α-THP levels
in males at early juvenile ages, or in females at late adolescent/early
adult ages, may have in adults, evidence indicates that progesto-
gens modify stress responses. Post-partum women, who have
increased estradiol (E2), but decreased progestogens, have greater
HPA response to stressors (Altemus et al., 2001). Stress responses
of women may be increased when progestogens are decreased post-
menopause (De Leo et al., 1998). In premenopausal women, oral
contraceptives, or progestogens, decrease cortisol levels (Hellman
et al., 1976; Jacobs et al., 1989). Thus, there are gender/sex differ-
ences in stress responding, and stress responses can be modulated
by progestogens.

3α,5α-THP AND DEPRESSION
Neurosteroids, such as 3α,5α-THP, may play a role in depression.
Stressful life events can precipitate depression (Brown et al., 1994).
Individuals with depression often have difficulties in coping with
stress. Increased levels of corticotrophin releasing factor and cor-
tisol, and/or impaired glucocorticoid feedback to dexamethasone,
are observed in depression (Carroll et al., 1976, 1981; Halbreich
et al., 1985; Rubin et al., 1987; Nemeroff et al., 1988; Young et al.,
2000). Depression is a common side-effect of treatment of alope-
cia or benign prostate hyperplasia with finasteride, a 5α-reductase
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inhibitor, which decreases neurosteroids, such as 3α,5α-THP and
its androgen equivalent, androstanediol (Altomare and Capella,
2002; Clifford and Farmer, 2002; Townsend and Marlowe, 2004).
Thus, 3α,5α-THP inhibition can precipitate depression among
some individuals.

Findings from animal models also support a role of progesto-
gens in depressive behaviors. For example, when rodents are in
the proestrous phase of the estrous cycle and have high levels
of progestogens, they show less depressive behavior compared to
rodents that are in low progestogen phases of the estrous cycle
(Becker and Cha, 1989; Bitran et al., 1991; Frye et al., 2000b;
Frye and Walf, 2002; Gulinello et al., 2003). Pregnant rats, which
have sustained, higher levels of progestogens, show less depressive
behavior in the forced swim test than do post-parturient rats, with
lower levels of progestogens (Frye and Walf, 2004; Walf and Frye,
2006). Ovariectomy, removal of the primary source of endoge-
nous progestogens, increases depressive behavior among female
rats in the forced swim test (Frye and Wawrzycki, 2003; Walf et al.,
2006). Administration of P4 and/or 3α,5α-THP can reverse these
effects (Frye and Walf, 2002; Hirani et al., 2002; Frye et al., 2004a).
The anti-depressant effects of P4 are reduced when drugs that
block conversion of P4 to 3α,5α-THP, such as finasteride, are co-
administered (Frye and Walf, 2002; Hirani et al., 2002; Walf et al.,
2006). Similarly, the anti-depressive effects of P4 in the forced swim
test are attenuated among 5α-reductase knockout mice that cannot
readily convert P4 to 3α,5α-THP (Frye et al., 2004a). In another
animal model of depression, social isolation of mice, lower lev-
els of 3α,5α-THP have been reported (Dong et al., 2001; Guidotti
et al., 2001). Thus, some of progestogens’ anti-depressive effects in
rodents may be due to actions of 3α,5α-THP.

3α,5α-THP AND ANXIETY
3α,5α-THP’s role in various anxiety disorders have been investi-
gated. Baseline plasma levels of 3α,5α-THP are normal in patients
with generalized anxiety disorders and social phobia (Le Mellédo
and Baker, 2002). However, 3α,5α-THP levels are higher than nor-
mal among people with panic disorder (Brambilla et al., 2003;
Ströhle et al., 2003), and are reduced by infusions of sodium
lactate or cholecystokinin tetrapeptide, which can induce panic
attacks (Ströhle et al., 2003). In people without a history of panic
attacks, levels of neurosteroids are either not affected, or greater,
following administration of panic-inducing agents (Tait et al.,
2002; Zwanzger et al., 2004; Eser et al., 2005). In women with
panic disorder,perimenstrual,but not midluteal,3α,5α-THP levels
were significantly higher than controls, and correlated with their
panic–phobic symptoms (Brambilla et al., 2003). With Dr. John
Casada, we found that among men with post-traumatic stress dis-
order, those with higher 3α,5α-THP levels have lower state anxiety
following exposure to trauma-related stimuli (Frye, 2009). Thus,
there is some evidence for differences in 3α,5α-THP among those
with anxiety disorders.

Animal models also support a role of progestogens in anxiety
behavior (Guidotti and Costa, 1998; Bitran et al., 2000; Jain et al.,
2005). When P4 and 3α,5α-THP levels are high, such as during
proestrus and pregnancy, anxiety behavior is lower among female
rodents compared to when levels are declining or are low (Becker
and Cha, 1989; Bitran et al., 1991; Frye et al., 2000b; Gulinello

et al., 2003; Walf and Frye, 2006). Ovariectomy increases anxiety
behavior of female rodents (Frye and Walf, 2002; Walf et al., 2006)
and P4 or 3α,5α-THP reverses this (Frye and Walf, 2004; Frye et al.,
2004a; Walf et al., 2006), unless 3α,5α-THP formation is compro-
mised or 3α,5α-THP withdrawal occurs (Rhodes and Frye, 2001;
Frye and Walf, 2002, 2004). Thus, some of progestogens’ effects for
anxiety-related behaviors may be due to 3α,5α-THP.

3α,5α-THP AND MOOD DYSREGULATION
An example of a disorder in which mood changes may be altered by
3α,5α-THP is PMDD. PMDD is characterized by both debilitating
physical symptoms and negative mood state, which occurs when
E2 and progestogen levels fluctuate during the luteal phase (Bäck-
ström et al., 1983; Sanders et al., 1983; Hammarbäck et al., 1989,
1991; Ramcharan et al., 1992; Endicott et al., 1999; Sveindóttir
and Bäckström, 2000). Some women with PMDD report greater
positive, and negative, mood with ovarian suppression and admin-
istration of E2 and/or P4, respectively (Schmidt et al., 1998).
Among women with PMDD, there are also conflicting reports
that mood is more negative (Hammarbäck et al., 1989; Seippel
and Bäckström, 1998), or improved (Wang et al., 1996; Girdler
et al., 2001), when hormone levels are greater during the luteal
phase. There is greater consensus that there are few differences
among absolute levels of E2, P4, and/or 3α,5α-THP of women with
PMDD and those that do not have PMDD (Rubinow et al., 1988;
Halbreich et al., 1993; Schmidt et al., 1994; Wang et al., 1996, 2001;
Sundström and Bäckström, 1998a; Epperson et al., 2002). How-
ever, lower (Rapkin et al., 1997; Bicikova et al., 1998; Monteleone
et al., 2000), and higher (Girdler et al., 2001), concentrations
of 3α,5α-THP have been reported among women with PMDD.
There is evidence for differences in 3α,5α-THP among women
with PMDD treated with selective serotonin reuptake inhibitors
(SSRI). In support, there is clinical improvement among those
with stabilized 3α,5α-THP levels following SSRI treatment (Free-
man et al., 2002; Gracia et al., 2009). One explanation for some of
the heterogeneity in these findings is that there may be bimodal
responses associated with differences in sensitivity of GABA recep-
tors (Sundström et al., 1997a,b, 1998). Together, these data suggest
that 3α,5α-THP may underlie some effects on mood processes
among women.

3α,5α-THP AND SCHIZOPHRENIA
3α,5α-THP may play a role in the pathophysiology of schiz-
ophrenia, which is characterized by deficits in social, affective,
and cognitive functioning (Shirayama et al., 2002). Addition-
ally, schizophrenia is characterized by dysregulation of the HPA
axis (Lukoff et al., 1984; Malla et al., 1990; Norman and Malla,
1993; Myin-Germeys et al., 2001; Read et al., 2001) and psy-
chosis can be precipitated by stress (Read et al., 2001). Those
with schizophrenia may have altered stress-induced 3α,5α-THP
production, which is supported by a novel polymorphism in
the gene sequence encoding for enzymes involved in 3α,5α-THP
biosynthesis and may create a predisposition to over-sensitivity
to stress (Kurumaji et al., 2000; Myin-Germeys et al., 2001; Read
et al., 2001). Moreover, women have higher levels of 3α,5α-THP
and are more likely to have later onset schizophrenia, better
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prognosis, and therapeutic response to lower dosages of anti-
psychotics than do men (Usall et al., 2007; Abel et al., 2010).
When 3α,5α-THP levels are low perimenstrually, greater psy-
chotic episodes and more negative schizophrenia symptoms are
reported (Hallonquist et al., 1993; Hendrick et al., 1996; Huber
et al., 2001). Thus, schizophrenia may involve a reduced capacity
to synthesize 3α,5α-THP in the brain, which may increase sen-
sitivity to stress and, thereby, vulnerability to psychosis in this
population.

3α,5α-THP AND ACTIONS OF THERAPEUTICS
3α,5α-THP may underlie some of the effects of therapeutics
for stress-related, neuropsychiatric disorders. Anxiolytic effects
of etifoxine, correspond with increased levels of 3α,5α-THP in
sham-operated and GDX/ADX rats (Verleye et al., 2005). An atyp-
ical anti-psychotic drug, olanzapine, enhances social functioning
and increases 3α,5α-THP levels (Marx et al., 2000, 2003; Frye
and Seliga, 2003a,b). Fluoxetine increases the affinity of 3α-HSD
for DHP, which elevates 3α,5α-THP (Griffin and Mellon, 1999).
Some patients with depression have reduced plasma concentra-
tions and/or cerebrospinal fluid levels of 3α,5α-THP (Romeo et al.,
1998; Uzunova et al., 1998). Anti-depressants, such as fluoxetine or
fluvoxamine, normalize decreased 3α,5α-THP levels concomitant
with reducing depressive symptomology (Uzunova et al., 2004,
2006; Dubrovsky, 2006). Other treatments of depression, such as
sleep deprivation (Schüle et al., 2003), electroconvulsive therapy
(Baghai et al., 2005), and transcranial magnetic stimulation (Pad-
berg et al., 2002), modestly alter neurosteroids. Common features
of these therapeutic treatments include changes in steroid biosyn-
thesis and HPA function that may mitigate core symptoms of these
neuropsychiatric disorders described above (Dubrovsky, 2006).
Thus, 3α,5α-THP may underlie some actions of therapeutics.

3α,5α-THP AND DRUG ABUSE
Recent investigations assessing the mechanisms of reward asso-
ciated with drugs of abuse have revealed a role for progestogens.
There is evidence for menstrual cycle effects for measures related to
drug abuse, such as subjective feelings and craving and withdrawal
following abstinence. In support, women in the luteal phase report
lower rating for feeling high following smoking of cocaine than did
women in the follicular phase of the menstrual cycle (Sofuoglu
et al., 1999). Among cocaine-dependent women, circulating lev-
els of progesterone were associated with cocaine craving, such
that those with high progesterone had lower stress- and cocaine
cue-induced cravings for cocaine and reported less anxiety (Sinha
et al., 2007). Among women, there are menstrual cycle-related
differences in craving and withdrawal symptoms with nicotine
abstinence, which may be particularly strong among women with
severe menstrual symptomatology and/or co-morbid neuropsy-
chiatric disorders (Pomerleau et al., 2000; Carpenter et al., 2006).
There are also effects of progestogen administration. For exam-
ple, oral P4 to women reduces self-reported pleasurable effects of
cocaine (Sofuoglu et al., 2002, 2004). Animal models show sup-
port for a role of progestogens in drug reward. There are sex and
estrous cycle differences in behavioral effects and metabolism of
P4 to 3α,5α-THP following cocaine administration to rats (Frye,
2007; Quiñones-Jenab et al., 2008; Kohtz et al., 2010). Moreover,
systemic P4 administration to female rats blocks the rewarding

effects of cocaine (Russo et al., 2008) and administration of 3α,5α-
THP reduces cocaine self-administration (Anker et al., 2010).
As well, administration of 3α,5α-THP, and to a lesser extent
P4, reduced cocaine reinstatement following abstinence among
female, but not male rats (Anker et al., 2009). Effects of P4 were
attenuated with co-administration of the 5α-reductase inhibitor,
finasteride, which blocks P4’s metabolism to 3α,5α-THP (Anker
et al., 2009). Together, these data suggest a role of progestogens for
drug reward.

MECHANISMS OF 3α,5α-THP FOR AFFECT AND MOTIVATED
BEHAVIORS
Neurosteroids, such as 3α,5α-THP, can have more immediate,
rapid-signaling effects through ion channel-associated membrane
receptors within milliseconds to seconds than steroids secreted
by peripheral glands that act through classic nuclear steroid recep-
tors. The most extensively investigated actions of neurosteroids are
those at synaptic and extrasynaptic GABAA receptors, as described
below. 3α,5α-THP can also have actions through other non-
steroidal, ligand-gated, ion channels, and/or G-protein-coupled
receptors. Those that we have focused our investigations on to
date for affect, motivation, and reward are glutamate, dopamine,
and membrane PRs (Rupprecht and Holsboer, 1999; Zhu et al.,
2003; Frye and Walf, 2008a; Frye, 2011). A brief description of
some of progestogens’ actions at these non-traditional targets is
described as follows. For further discussion, the reader is referred
to other recent reviews (e.g., see others in this special issue; Frye,
2009, 2011).

P4 HAS NON-PR ACTIONS IN THE VTA
Among rodents, E2 and P4 initiate the facilitation of lordosis, in
part, through actions to increase PR expression in the ventrome-
dial nucleus (Schwartz-Giblin and Pfaff, 1986). In the VTA, P4

mediates the duration and intensity of lordosis. Receptor bind-
ing and immunocytochemistry experiments conducted in our lab,
and others, demonstrated that there are very few intracellular PRs
in the VTA of adult rodents (Warembourg, 1978; MacLusky and
McEwen, 1980; Blaustein et al., 1994; Frye and Vongher, 1999).
Further, the few PRs that exist in the VTA are not inducible by
E2, and reducing PR expression via infusion of antisense ODNs
to the VTA does not affect lordosis, as is the case with infusions
to the ventromedial nucleus (Frye and Vongher, 1999; Frye et al.,
2000a; Frye, 2001a). Intravenous or intra-VTA infusions of P4 to
hamsters or rats enhance firing of VTA neurons within 60 s (Rose,
1990; Frye et al., 2000b) and facilitates lordosis (Pleim et al., 1991;
DeBold and Frye, 1994). This effect occurs even when P4’s actions
are relegated to cell membranes because it has been bound to
a macromolecule like bovine serum albumin and is too large to
enter the cell (Frye et al., 1992; Frye and Gardiner, 1996). These
data suggest that progestogens’ actions in the VTA for lordosis
do not require traditional actions at PRs. Of interest is that E2-
stimulated neurosteroidogenesis of progesterone, via membrane
E2 signaling, was required in OVX/ADX for proceptive, rather than
receptive, behavior (Micevych et al., 2008; Micevych and Dewing,
2011). Together, these studies suggest that there are non-genomic,
or non-traditional, targets of neurosteroids, like 3α,5α-THP for
some of its functional effects. Some of these targets are described
as follows.
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3α,5α-THP ACTS AT GABAA RECEPTORS
In nanomolar concentrations, 3α,5α-THP directly activates
GABAA and is a positive, allosteric modulator. 3α,5α-THP
increases chloride channel currents and lowers neuronal excitabil-
ity with 20- and 200-fold higher efficacy than benzodiazepines
or barbiturates, respectively (Morrow et al., 1987; Gee et al., 1995;
Brot et al., 1997; Lambert et al., 2003; Reddy, 2004; Weir et al., 2004;
Belelli and Lambert, 2005). In the VTA, 3α,5α-THP facilitates lor-
dosis in part through its agonist-like actions at GABAA receptors.
Pharmacological blockade of GABAA receptors attenuates lordosis
of proestrous hamsters (or rats) over vehicle when administered to
the VTA, but not other regions outside the VTA, such as the ventro-
medial hypothalamus, central gray, or substantia nigra (Frye et al.,
1993; Frye and Vongher, 1999; Frye, 2001a,b; Frye and Paris, 2009,
2011a). Conversely, muscimol, which has agonist-like actions at
GABAA receptors, enhances P4-facilitated lordosis of hamsters or
rats, when infused to the VTA (Frye and DeBold, 1992; Frye and
Gardiner, 1996). Thus, 3α,5α-THP has actions in the midbrain
VTA in part through its agonist-like actions at GABAA receptors.

3α,5α-THP ACTS AT N -METHYL-D-ASPARTATE RECEPTORS
Many of the GABAergic neurons that exist in this region also
express N -methyl-d-aspartate receptors (NMDARs; Steffensen
et al., 1998). Autoradiography studies indicate OVX rats admin-
istered P4 and/or E2 have reduced NMDAR binding in cortex
(Wu et al., 1991; Cyr et al., 2000). Neurosteroids, such as 3α,5α-
THP, have actions involving NMDARs (Korinek et al., 2011).
Antagonizing NMDARs via intra-VTA infusions of MK-801, a
non-competitive NMDAR antagonist, enhances P4-facilitated lor-
dosis (Frye, 2001a,b; Petralia et al., 2007; Frye et al., 2008a; Frye
and Paris, 2011b). Thus, 3α,5α-THP in the midbrain VTA may act
in part through its antagonist-like actions at NMDARs.

3α,5α-THP’s ACTIONS THROUGH DOPAMINE SIGNALING
The VTA is also a site of dopaminergic activity, and actions of
3α,5α-THP for socially relevant behavior. In support, dopamine
agonists can facilitate lordosis of rodents via phosphorylation of
PRs (Mani, 2003). We have investigated the role of D1 receptors
in the VTA for progestogen-facilitated lordosis. D1 receptors are
localized to the VTA (Boyson et al., 1986). As well, in the VTA,
where there are few PRs, infusions of D1 agonists and antago-
nists enhance and inhibit lordosis of E2- and progestogen-primed
rodents, respectively (Frye et al., 2004b, 2006b,c,d; Petralia and
Frye, 2004, 2006a,b; Sumida et al., 2005). Thus, it may be that
D1 activation downstream of GABAA receptors in the VTA (Lavi-
olette and van der Kooy, 2001; Laviolette et al., 2004; Frye et al.,
2006a) underlies some of the rewarding effects of social responding
among rodents.

RAPID ACTIONS OF 3α,5α-THP VIA GABA, NMDA, AND D1 RECEPTORS
REQUIRE ACTIVATION OF SIGNAL TRANSDUCTION CASCADES
Progestogens’ actions in the VTA involve activation of signal
transduction pathways. In brief, infusions of adenylyl cyclase, G-
proteins, protein kinase A (PKA), phospholipase C (PLC), or pro-
tein kinase C (PKC) inhibitors to the VTA attenuates the enhancing
effects of GABAA or D1 agonists for 3α,5α-THP-facilitated lor-
dosis (Fáncsik et al., 2000; Frye et al., 2004b, 2006b,d; Petralia

and Frye, 2004, 2006a,b; Sumida et al., 2005; Frye and Walf, 2007,
2008a,b,c). Moreover, increased progestogen levels of rodents are
associated with increases in levels of cyclic adenosine monophos-
phate (cAMP) in the cortex (Frye, 2001a,b; Frye and Walf, 2008a).
Thus, progestogens’ actions in the VTA require activation of these
signal transduction molecules.

SOURCES OF 3α,5α-THP
Beyond an understanding of the various effects of 3α,5α-THP and
the mechanisms for such effects, a critical question is the sources of
3α,5α-THP for these effects. Progestogen concentrations in brain
may be due to gonadal, adrenal, and central sources. One of the
rate-limiting factors in understanding more about the functional
significance of steroids lies in the challenge of parsing out the rel-
ative contributions of central versus peripheral endocrine glands.
Neurosteroids are synthesized in the CNS and/or peripheral ner-
vous system (PNS), rather than the gonads, adrenals, and/or pla-
centa (Baulieu, 1980, 1991). Levels of neurosteroids are typically
greater in the CNS and PNS than in circulation. Enzymes involved
in peripheral gland steroidogenesis have been identified in the
CNS and PNS (Li et al., 1997; Furukawa et al., 1998; Compagnone
and Mellon, 2000). As well, high CNS and PNS levels of neu-
rosteroids persist after extirpation of peripheral glands (i.e., GDX
and/or ADX; Baulieu, 1980, 1991; Majewska, 1992; Paul and Purdy,
1992; Mellon, 1994). Of continued interest are the factors that are
involved in neurosteroid formation.

The translocator protein (18 kDa TSPO; formally known as
the peripheral-type benzodiazepine receptor/recognition site)
binds cholesterol in nanomolar affinities and is essential for
neurosteroidogenesis. In 1977, the TSPO was first identified as
the binding site for diazepam in peripheral tissues. The most
extensively investigated functions of TSPOs are their role in
biosynthesis of steroids. The TSPO is a high affinity choles-
terol binding protein that imports cholesterol into the mito-
chondria (Papadopoulos et al., 2006). The steroidogenic acute
regulatory (StAR) protein is also involved in the importing of
cholesterol, but it is unclear if TSPO and StAR work together
(King et al., 2004). After its importation into the mitochondria,
cholesterol is then oxidized to pregnenolone by the cytochrome
P450-dependent side chain cleavage enzyme (P450scc; Mellon
and Deschepper, 1993). Pregnenolone, the precursor of all neu-
rosteroids, is metabolized to P4 by the 3β-hydroxysteroid dehy-
drogenase (3β-HSD), which can then be metabolized to form
DHP and 3α,5α-THP (Mellon and Deschepper, 1993). The CNS
expresses all of these enzymes that initiates steroidogenesis and
can be considered rate-limiting steps in 3α,5α-THP biosynthe-
sis (Braestrup and Squires, 1977; Benavides et al., 1983; Li et al.,
1997; Furukawa et al., 1998; Gavish et al., 1999; Compagnone
and Mellon, 2000; Chen and Guilarte, 2008). Some of the regions
with the highest expression of StAR, 3β-HSD, 5α-reductase, and
3α-HSD, all enzymes required for 3α,5α-THP formation, are
midbrain, cortical, and limbic regions and the cerebellum (Li
et al., 1997; Furukawa et al., 1998; Compagnone and Mellon,
2000), which are involved in the affective and motivated processes
of focus in this review. Indeed, the reader is referred to other
interesting and recent reviews on the role of neurosteroidoge-
nesis for functional processes (this volume; Rupprecht et al.,
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2010; Luchetti et al., 2011; Papadopoulos, 2011; Schüle et al.,
2011).

P4’s EFFECTS IN THE VTA REQUIRE FORMATION OF 3α,5α-THP
In the VTA, P4 facilitates lordosis subsequent to formation of
3α,5α-THP. Mating in rodents coincides with ovulation, when
circulating and midbrain levels of P4 and 3α,5α-THP are ele-
vated. The frequency of lordosis is greater among rats that have
higher 3α,5α-THP in the midbrain, such as those in proestrus
or OVX rats administered subcutaneous injections of E2 with P4

or 3α,5α-THP, compared to those in diestrus, older 12- to 14-
month-old rats, or OVX rats administered vehicle or E2 + P4 and
an inhibitor of 3α,5α-THP formation (Frye and Leadbetter, 1994;
Frye and Gardiner, 1996; Frye and Vongher, 1999; Frye, 2001a,b;
Frye and Walf, 2004; Frye et al., 2004b; Petralia et al., 2005; Walf
et al., 2011). Moreover, findings from a mutant mouse model sup-
port these data. Female wild-type, or 5α-reductase knockout mice,
which have perturbed function of the type II isoform of the 5α-
reductase enzyme, were OVX, E2-primed, and administered P4

(125, 250, or 500 μg, SC) or vehicle oil and assessed for social
responding. P4 dose-dependently enhanced lordosis among wild-
type, but not 5α-reductase knockout, mice (Figure 1). A similar
effect was observed for anxiety behavior among proestrous mice
or those that were hormone-primed (Koonce et al., 2012). These
data support the notion that P4’s metabolism to 3α,5α-THP is
critical for normative affective and motivated behaviors among
female rodents.

3α,5α-THP, INDEPENDENT OF E2, IS NECESSARY AND SUFFICIENT IN
THE VTA TO MEDIATE AFFECTIVE AND MOTIVATED BEHAVIORS
To address whether actions of 3α,5α-THP in the midbrain VTA
can influence exploratory, affective, and social behavior of rats,
proestrous, or diestrous rats were infused with a physiological
regimen of 3α,5α-THP (100 ng/μl) or β-cyclodextrin vehicle to
the VTA (or nearby missed sites, the substantia nigra, and central
gray) and were assessed in a test battery. Additionally, the role of
E2, given that E2 typically co-varies with progestogens and can
enhance 3α,5α-THP biosynthesis (Cheng and Karavolas, 1973),
was assessed among OVX rats that were E2-primed or not before

FIGURE 1 | Lordosis is enhanced dose-dependently when

progesterone (P4) is administered (SC) to wild-type mice but not those

deficient in 5α-reductase (KO). ∗ Indicates p < 0.05 differences from
wild-type mice administered vehicle.

infusions and assessment in the test battery. The test battery con-
sisted of rats being assessed in the open field and elevated plus maze
for anxiety-like behavior, the social interaction and social choice
tasks for social behavior, and paced mating for reproductive behav-
ior. Infusions of 3α,5α-THP to the VTA of diestrous rats enhanced
exploratory, anti-anxiety, social, and lordosis akin to that of proe-
strous rats infused with vehicle (Frye and Rhodes, 2008). 3α,5α-
THP infusions to the VTA of OVX rats enhanced exploratory,
anti-anxiety, and social behavior, independent of E2, whereas lor-
dosis required E2-priming for its full expression (Frye et al., 2006a,
2008b; Frye and Rhodes, 2007a). Interestingly, infusions of 3α,5α-
THP to the VTA resulted in higher levels of 3α,5α-THP in the
midbrain VTA, as well as the hippocampus, cortex, and striatum.
Infusions of 3α,5α-THP to nearby sites (substantia nigra, central
gray) neither significantly altered behaviors, nor 3α,5α-THP lev-
els, in these other regions. Thus, manipulating 3α,5α-THP in the
midbrain VTA enhances exploratory, anxiety, and social respond-
ing, and elicits progestogen biosynthesis in other areas which may
modulate some of these functional changes, independent of E2.

DYNAMIC CONSEQUENCES OF AFFECTIVE AND SOCIAL RESPONDING
ON ENDOGENOUS 3α,5α-THP
Beyond being necessary to alter affective and motivated responses,
3α,5α-THP levels in the midbrain are particularly dynamic and
increase with challenges, such as social responding. In sup-
port, following mating, midbrain 3α,5α-THP levels are increased
over those of non-mated, naturally receptive, or E2 + P4-primed
rodents (Frye, 2001a,b). The rapidity of this increase in mid-
brain 3α,5α-THP, and independence of secretion from the
ovaries and/or adrenals, suggests that biosynthesis and, subse-
quent, metabolism, of central, rather than peripheral, progesto-
gens underlie these increases that we have observed among rats,
mice, and hamsters (Frye, 2001a,b). Increases in midbrain 3α,5α-
THP with E2, P4, and/or social responding suggest that 3α,5α-THP
in varying concentrations, or when derived from peripheral versus
central prohormones, may influence sexually dimorphic processes,
such as affective behavior, as well as social and sexual behavior.

ESTABLISHMENT OF WHETHER PACED MATING UNDERLIES
ENHANCEMENT OF 3α,5α-THP IN THE BRAIN
In order to elucidate the role of behavioral processes on central
levels of 3α,5α-THP, proestrous, or diestrous rats were allowed
to behave in the entire battery of tasks with or without engag-
ing in paced mating. This experiment revealed the dynamic role
3α,5α-THP plays in the midbrain. While proestrous rats had
greater 3α,5α-THP levels in serum and all brain regions stud-
ied than diestrous rats, irrespective of mating condition, only
diestrous rats that engaged in paced mating had enhanced 3α,5α-
THP levels in midbrain compared to non-mated diestrous rats
(Figure 2, top; Frye and Rhodes, 2006b). In follow-up experi-
ments, proestrous rats were allowed to engage in portions of the
battery (exploratory/anxiety tasks only or social tasks only or no
tasks), or engaged in only one task in the battery, with or with-
out paced mating. Irrespective of portion (Figure 2, middle), or
individual task engaged in (Figure 2, bottom), only paced mat-
ing was associated with 3α,5α-THP enhancement in every brain
region (but not serum) examined (Frye et al., 2007). As such, these
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FIGURE 2 | 3α,5α-THP levels are greater among proestrous rats in serum,

midbrain, hippocampus, diencephalon, and cortex than diestrous rats

irrespective of mating condition (top). 3α,5α-THP levels are enhanced in all
brain regions examined among proestrous rats that engage in paced mating
irrespective of exposure to exploratory (open field and elevated plus maze) or

social (partner preference and social interaction) tasks compared to
non-mated proestrous rats (middle). Among all tasks, only paced mating
enhances 3α,5α-THP levels of proestrous rats compared to non-mated
proestrous rats. Line indicates performance of non-mated diestrous (top) or
proestrous (middle, bottom) control. ∗ Indicates p < 0.05.

experiments revealed that engaging in paced mating uniquely pro-
duces progestogen biosynthesis in midbrain and hippocampus,
and to a lesser extent the striatum and cortex (Frye and Rhodes,
2007b). This complements findings that exposure to early life stres-
sors can alter neurosteroid formation in hippocampus and stress
responses mediated by the hippocampus (Frye et al., 2006e). Thus,
engaging in motivated, social responding can dynamically alter
progestogen synthesis in brain.

3α,5α-THP FORMATION AND REWARD PROCESSES
Central biosynthesis of 3α,5α-THP in response to environmental
stimuli may be a function of HPA regulation. 3α,5α-THP can act as
an endogenous modulator of the stress axis. 3α,5α-THP increases
in response to extreme stressors, such as foot-shock, ether expo-
sure, or cold-water swim (Purdy et al., 1991; Barbaccia et al., 1996).
3α,5α-THP has central actions to dampen HPA para/sympathetic
physiological responses, in addition to its anxiolytic psychological
effects (Patchev et al., 1994, 1996). Our data suggest that central
3α,5α-THP can be enhanced in response to a much more moderate
stressor, such as paced mating. Paced mating in particular is

rewarding and can be utilized to condition a place preference
among female rats (Frye et al., 1998; Martínez and Paredes, 2001).
3α,5α-THP has likewise been found to have hedonic effects. For
instance, rats will preferentially self-administer 3α,5α-THP over
water (Sinnott et al., 2002). To further explore 3α,5α-THP’s effects
associated with rewarding processes, we assessed effects of cocaine
on progestogen concentrations in brain. We found that a sin-
gle injection (5 mg/kg intraperitoneal-IP) of cocaine to female
rats increased P4 and 3α,5α-THP concentrations in hippocampus,
striatum, and circulation (Figure 3; Frye, 2007; Quiñones-Jenab
et al., 2008). These data support the notion that HPA-activating
stimuli may have rewarding effects associated with 3α,5α-THP
enhancement in brain.

3α,5α-THP BIOSYNTHESIS IN VTA IS ESSENTIAL FOR ENHANCED
AFFECTIVE AND MOTIVATED BEHAVIOR
Whether enhanced 3α,5α-THP in the VTA was due to central
biosynthesis, or dependent on ovarian sources, was of inter-
est. Proestrous rats were infused with inhibitors of 3α,5α-THP
formation to the VTA. Rats received VTA infusions of PK11195
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FIGURE 3 | Progesterone (P4; top) and 3α,5α-THP (bottom) levels are

increased in serum, hippocampus, or diencephalon of female rats

administered cocaine (5 mg/kg, IP) compared to saline. ∗ Indicates
p < 0.05.

(400 ng/μl), which inhibits 3α,5α-THP formation from choles-
terol, or were infused with indomethacin (10 μg/μl), which blocks
DHP metabolism to 3α,5α-THP, or received both inhibitors, or
were infused with β-cyclodextrin vehicle and behaviorally assessed
in the affective and social responding battery. Infusions of any
combination of inhibitor significantly attenuated midbrain 3α,5α-
THP levels of proestrous rats concomitant with reductions in
exploratory, anti-anxiety, social, and reproductive behavior (Frye
et al., 2008a). In order to assess whether central 3α,5α-THP is nec-
essary and sufficient for these effects, proestrous rats were infused
with all combinations of inhibitors described, or vehicle, and were
subsequently infused with a physiological dosage of 3α,5α-THP
(100 ng/μl) to the VTA. Proestrous rats that were infused with
3α,5α-THP subsequent to inhibitor infusions had a reinstatement
of exploratory, anti-anxiety, and social behavior that was commen-
surate to that of vehicle-infused controls (Frye and Paris, 2009). In
a follow-up study, effects of infusion of a neurosteroid enhancer
(FGIN 1,27; 5 μg/μl) following TSPO (PK11195, 400 ng/μl) or
3α-HSD (indomethacin, 10 μg/μl) inhibitor infusion was assessed
and revealed that enhancement of central biosynthesis via TSPO
could overcome effects of 3α,5α-THP inhibitors on these behav-
iors, as well as midbrain 3α,5α-THP levels (Frye et al., 2009). In
this study, it may be that FGIN 1,27 outcompeted PK11195 at
the TSPO in the VTA to overcome its inhibition and increase
3α,5α-THP levels. A question is whether FGIN 1,27 may have
had greater effects on DHP, compared to 3α,5α-THP, follow-
ing indomethacin administration levels given cross-reactivity of
these steroids in the radioimmunoassay utilized. Despite these
considerations that need to be addressed, these data suggest that
central biosynthesis of 3α,5α-THP in VTA is necessary and suffi-
cient to enhance expression of affective/motivated responding in
proestrous rats.

CHANGES IN GENE EXPRESSION WITH MATING
Pharmacological studies discussed above are corroborated by
experiments examining differences in gene expression in the
midbrain of naturally receptive rats that underwent paced mat-
ing or did not have this social experience. Among mated rats,
genes that were upregulated in the midbrain were primarily
related to those substrates that our past pharmacological studies
have elucidated as targets for progestogens’ to influence lordo-
sis. First, of the approximately 40 genes that were upregulated in
mated rats, many are relevant to downstream intracellular sig-
naling pathways involved in non-genomic action (Paris et al.,
2011). For example, there was upregulation of three genes (Calb3-
increased 32.0-fold, Ascl1- increased 7.3-fold, DRd2- increased
2.0-fold) involved in regulating dopamine activity in midbrain.
Ascl1 encodes for a protein that mediates neurogenesis and dif-
ferentiation of tyrosine hydroxylase-containing neurons during
development. Calb3 encodes for calbindin 3 and, calbindin can
modulate depolarization of dopamine cells. Drd2 encodes the
dopamine type 2 receptor, which is a known autoreceptor that may
modulate activity of dopamine cell bodies in the VTA. There was
increased expression of genes that have implications for G-protein
activity (i.e., guanosine-5′-diphosphate (GDP) and guanosine-
5′-triphosphate (GTP)- associated proteins), which substantiates
that G-protein activity in the VTA is involved in progestogens’
actions. Expression of two forms of ram, which encode for GTP
binding proteins, were increased 2.3- and 2.0-fold and expres-
sion of RAB3d, which encodes the GDP/GTP exchange protein,
was 2.5 times greater in mated versus non-mated rats. Sec-
ond, mating induces 3α,5α-THP biosynthesis and many genes
that were upregulated were those involved in steroid metabo-
lism (e.g., Fshb, Lhb, and Giot1). Third, genes involved in cell
proliferation and cell death were upregulated in the midbrain
VTA of mated versus non-mated rats. These findings support
a great deal of our prior research that has demonstrated a role
of steroid biosynthesis and actions at GABAergic, glutamater-
gic, dopaminergic substrates, and/or downstream signaling fac-
tors. Thus, mating alters expression of genes associated with
steroid biosynthesis and non-traditional steroid actions in rat
midbrain.

PXR, AN ENDOGENOUS TARGET OF 3α,5α-THP, MAY UNDERLIE
BIOSYNTHESIS IN RESPONSE TO MATING
The data discussed to this point suggest that 3α,5α-THP plays
a causal role in mediating expression of affective and motivated
behaviors. Further, paced mating is one behavioral stimulus that
underlies 3α,5α-THP biosynthesis in brain regions, such as the
midbrain VTA, cortex, hippocampus, and striatum, that are rele-
vant for these behaviors. Other factors that remain to be elucidated
in this regulatory circuit within the midbrain VTA to modu-
late affective and motivated behaviors are of great scientific and
clinical interest. The data that support involvement of a novel
pregnane mechanism, the pregnane xenobiotic receptor (PXR),
that has actions to modulate steroid synthesis within the brain are
discussed as follows.

3α,5α-THP is an endogenous positive activator of PXR. The
PXR receptor is a nuclear receptor that acts as a transcription fac-
tor, and facilitates the expression of several major families of genes.
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Genes of particular relevance are the cytochrome P450 (CYP)
enzymes (involved in steroid and neurosteroid biosynthesis, as
well as metabolism of a broad array of drugs), and of ATP-binding
cassette transporters, which also have broad functions in several
sites, including the blood–brain barrier. The rodent PXR is analo-
gous to the steroid and xenobiotic receptor in humans, a.k.a. the
human-PXR (Xie and Evans, 2002). Enhancing gestational levels
of 3α,5α-THP can increase whole brain expression of PXR mRNA
in offspring (Mellon et al., 2008). While PXR is most often studied
in the liver owing to its integral role in metabolism, PXR has been
found using real-time quantitative PCR (qPCR) and Western Blot-
ting in the rabbit cortex, midbrain, and cerebellum (Marini et al.,
2007), rat brain capillaries (Bauer et al., 2004), and various regions
of the human brain (Lamba et al., 2004). Moreover, we have found
that PXR is expressed in the midbrain of rats, as described as
follows.

We have recently conducted microarray analyses on flash frozen
midbrain tissue of rats that were paced mated or not mated.
mRNA was isolated from midbrain tissues, reverse transcribed
into labeled cDNAs, hybridized, and used to probe the Affymetrix
GeneChip Rat 230 2.0 arrays per Affymetrix protocol. Analysis
showed the presence of PXR gene in rat midbrain VTA (Table 1).
We have gone on to confirm this microarray data and taken it a
step further to investigate whether PXR RNA and protein, as well
as the protein and RNA from downstream metabolism enzymes
involved in 3α5α-THP formation that may be regulated by PXR,
are present in the VTA. We have used qPCR to confirm the pres-
ence of PXR, StAR, P450scc, 3α-HSD, and 5α-reductase seen in
our microarray studies. We isolated total RNA from flash frozen
rat midbrain tissue using Tri-Reagent (Ambion). We then used
the Ambion MicroPoly(A)Pure™(Ambion) and the iScript Select
RT (reverse transcriptase) kit (Bio-Rad) to generate cDNAs from
mRNA. Primers for PCR were designed to differentiate between
cDNAs and genomic contamination (we observed no contami-
nation). We found that PXR as well as StAR, P450scc, 3α-HSD,
and 5α-reductase mRNAs are all present in the rat midbrain VTA
(Figure 4; Table 1).

To see if these mRNAs are translated into protein, we used
dot blots and antibody staining to look for protein expression
in the rat midbrain VTA. For these studies, we homogenized
flash frozen rat midbrain VTA tissue in NuPAGE® sample buffer
(1X; Invitrogen), at a concentration of 1 mg tissue/100 μl buffer.
Samples were then dot blotted onto nitrocellulose by pipetting
2 μl of homogenized sample in sample buffer onto the mem-
brane. We then probed the blots with different concentrations
(1:1000–1:5000) of 1˚ antibodies to PXR, StAR, P450scc, or 5α-
reductase (all from Santa Cruz Biotechnology), and 3α-HSD, then

appropriate species-specific biotinylated 2˚ antibodies to deter-
mine the ideal concentration of antibodies. Blots were incubated
in Vector Duolux Reagent (Vector Labs), which binds to the sec-
ondary antibodies to produce a chemiluminescent peroxidase
reaction that was observed following exposure to film. The rep-
resentative results of these dot blots are depicted in Figure 5;
Table 1.

We observed expression of PXR, StAR, P450scc, 5α-reductase,
and 3α-HSD protein in the midbrain. We have more recently
investigated whether there are differences in expression of PXR
in diestrous and proestrous rats (Frye et al., 2010). These experi-
ments have shown that rats in proestrus have higher mRNA and
protein expression of PXR in the midbrain than do diestrous
rats (Frye et al., 2010). Indeed, mRNA and/or protein for PXR,
StAR, P450scc, 3β-HSD, 5α-reductase, and 3α-HSD are present
in the rat midbrain, and PXR expression is altered by hormonal
status.

Manipulating PXR in the midbrain alters affective and motivated
behaviors
We have begun to assess the functional effects of PXR in the VTA
for affective and motivated behaviors. In one study, we compared
the effects of PXR ligands to the VTA of OVX rats. In this study,
OVX, E2-primed rats were stereotaxically implanted with bilat-
eral guide cannulae aimed at the VTA. Rats were infused with
β-cyclodextrin vehicle or a positive modulator of PXR (3α,5α-
THP, 3α,5β-THP, 3β,5α-THP, or RU-486) and then tested in the
paced mating task 10 min later. Infusions of the PXR-positive
modulators, compared to vehicle, increased lordosis responding
(Frye, 2011).

Although the data above imply that activating PXR in the mid-
brain VTA may facilitate lordosis, the effects of knocking down
PXR in the VTA are of interest. To further assess the role of PXR
in the VTA for affective and motivated behavior, we infused OVX,
E2-primed (10 μg) rats with either a PXR antisense oligodeoxynu-
cleotides (ODN; 5′ CTTGCGGAAGGGGCACCTCA 3′; 250 ng)
or a scrambled mis-sense ODN (5′ CTCCGAAACGGACATCTGA
3′; 250 ng), or saline vehicle, bilaterally to the VTA. ODNs were
infused 44, 24, and 0 h prior to testing in the elevated plus maze
and paced mating tasks. The site-specificity for the effects of
these manipulations was determined. Brains of OVX, E2-primed
rats that had scrambled ODNs or PXR antisense ODNs infused
to the VTA were immediately collected after behavioral testing,
flash frozen on dry ice, and stored at −80˚C until prepared
for western blotting analyses. Tissues have only been analyzed
to date for those with confirmed infusions to the VTA. Briefly,
tissues were dissected by one of two methods. First, the block

Table 1 | Expression confirmed in midbrain VTA of proestrous rats for pregnane xenobiotic receptor (PXR) and biosynthesis and metabolism

proteins/enzymes required for 3α,5α-THP formation [steroid acute regulatory protein (StAR), P450 side chain cleavage enzyme (P450scc),

5α-reductase, and 3α-hydroxysteroid dehydrogenase (3α-HSD)].

PXR StAR P450scc 5α-Reductase 3α-HSD

mRNA on microarray √ √ √ √ √
mRNA confirmed with qPCR √ √ √ √ √
Protein on westerns √ √ √ √ √
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of midbrain tissue (inclusive of red nucleus, interpeduncular
nucleus, substantia nigra) was grossly dissected (typical weight
25–30 mg). Second, brains were sectioned anterior and poste-
rior to the infusion site and midbrain VTA was “punched out”
(typical weight 2–3 mg of tissue). PXR expression was deter-
mined in midbrain or VTA tissue via western blotting using the
same general techniques described above for tissue preparation,
antibody incubation, blocking, and visualization. Specific to this
experiment, to optimize concentrations of primary and secondary
antibodies for PXR, dot blot analyses on positive control tis-
sues (liver) were conducted first. These blots were blocked in
5% milk PBS-10% tween and then incubated in PXR mouse 1˚
(1:1000–1:5000; Santa Cruz Biotechnology) and HRP conjugated
goat anti-mouse 2˚ (1:5000–1:20000; Bio-Rad) antibodies. This
experiment determined that the ideal concentration for 1˚ PXR
antibody was 1:3000 and 2˚ was 1:5000. These concentrations
were then used to determine PXR protein concentrations in mid-
brain tissue samples with typical gel electrophoresis separation
and transfer to nitrocellulose (as described in Frye, 2011). VTA
punches, but not gross midbrain dissections, demonstrated that
PXR expression was reduced following infusions of the PXR anti-
sense ODNs compared to scrambled control infusions (Figure 6).
These data support the notion that VTA is a central area within
the midbrain underlying neurosteroidogenesis of 3α,5α-THP and
that PXR’s effects on associated behaviors are site-specific and
relegated to the VTA. These findings are congruous with the

FIGURE 4 | Agarose gels to visualize bands from qPCR confirming that

mRNAs for pregnane xenobiotic receptor (PXR) and its possible

downstream effectors, steroidogenic acute regulatory protein (StAR),

P450 side chain cleavage enzyme (P450scc), 5α-reductase (5α-red), and

3α-hydroxysteroid dehydrogenase (3α-HSD) are expressed in the rat

midbrain. Note: gels depicted are those run separately for each of these
targets.

FIGURE 5 | Dot blots demonstrating the presence of pregnane

xenobiotic receptor (PXR), steroidogenic acute regulatory protein

(StAR), P450 side chain cleavage enzymes (P450scc), 5α-reductase, and

3α-hydroxysteroid dehydrogenase (3α-HSD) in the rat midbrain VTA.

NP indicates no protein.

hypothesis that PXR is critical for 3α,5α-THP formation in this
region.

Rats infused with the antisense ODN spent significantly less
time on the open arms of the elevated plus maze, indicat-
ing less anti-anxiety behavior compared to controls (Figure 7).
Additionally, rats infused with PXR antisense ODN to the VTA
spent less time in social interaction with a conspecific and demon-
strated less lordosis compared to controls, indicating less pro-
social and motivated, and reproductive behavior among these
rats (Figure 8). Infusions outside the VTA did not produce the
same effects (Table 2). Together with the western blotting data,
these findings demonstrate that PXR knock-down can be achieved
locally in the VTA and that reduction of PXR protein in this area
is sufficient to attenuate 3α,5α-THP-dependent anti-anxiety and
social behavior.

FIGURE 6 | Western blots of pregnane xenobiotic receptor (PXR)

expression (top) and β-actin control (bottom) in the whole midbrain

(left) and punch VTA infusion site (right) of rats administered

scrambled control or PXR antisense oligodeoxynucleotides (ODNs).

FIGURE 7 | Affective behavior in the elevated plus maze of E2-primed

rats administered scrambled control or pregnane xenobiotic receptor

(PXR) antisense oligodeoxynucleotides (ODNs) to the midbrain VTA.

∗ Indicates different from all groups, p < 0.05.
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FIGURE 8 | Social behavior (top: social interaction; bottom: lordosis) of

E2-primed rats administered scrambled control or pregnane xenobiotic

receptor (PXR) antisense oligodeoxynucleotides (ODNs) to the

midbrain VTA. ∗ Indicates different from all groups, p < 0.05.

Table 2 | Data from missed-site controls do not demonstrate reliable

difference between rats infused with scrambled

oligodeoxynucleotides (ODN) versus antisense ODN in elevated plus

maze (open arm time), social interaction (interaction time), or paced

mating (lordosis frequency).

Behavioral measure Missed-site infusate

Vehicle Scrambled

ODN

PXR

ASODN

Time on open arm (s ± SEM) 31 ± 7 26 ± 13 41 ± 2

Interaction time (s ± SEM) 115 ± 10 101 ± 20 99 ± 5

Lordosis frequency (mean ± SEM) 30 ± 18 33 ± 13 27 ± 12

To further assess the importance of PXR in neurosteroid-
enhanced lordosis, an experiment was conducted in diestrous and
proestrous rats infused with PXR antisense or control conditions
to the VTA, using the methods described above. In this exper-
iment, proestrous rats infused with antisense oligonucleotides
against PXR had reduced anti-anxiety and pro-social behavior,
compared to rats infused with control conditions (Frye et al.,
2010). PXR antisense oligonucleotides to the VTA of diestrous
rats did not alter these behavioral endpoints. Western blot analy-
ses and qPCR demonstrated that these infusions to the VTA

of PXR antisense oligonucleotides were effective in knocking
down PXR protein and mRNA expression in the VTA (Frye
et al., 2010). Moreover, PXR antisense oligonucleotides to the
VTA of proestrous rats significantly reduced 3α,5α-THP lev-
els in the midbrain coincident with these behavioral changes.
Thus, PXR may be necessary for 3α,5α-THP formation in the
VTA, and its subsequent effects on affective and motivated
behaviors.

Together, these preliminary findings demonstrate that antisense
ODNs infused to the midbrain VTA knock-down PXR expres-
sion locally in the VTA and that this local PXR attenuation is
necessary for expression of anti-anxiety and motivated, social
behavior among OVX E-primed rats. Of continued interest in
the laboratory is the precise role of PXR. PXR expression studies
suggest that there may be positive feedback from gonadal hor-
mones and/or 3α,5α-THP on PXR in the midbrain, which in turn
regulates downstream enzymes required for 3α,5α-THP forma-
tion. Interestingly, these results suggest that there may be some
genomic signaling in the midbrain for non-traditional actions
of 3α,5α-THP, but that these occur through PXR, rather than
PRs (as discussed in see Mechanisms of 3α,5α-THP for Affect
and Motivated Behaviors). The extent to which these effects
are mediated by 3α,5α-THP, and the functional role of PXR
in this system, are currently being investigated further in our
laboratory.

SUMMARY
To summarize, the neurosteroid, 3α,5α-THP, has myriad effects,
mechanisms, and sources beyond the typically described actions
of progestogens. The VTA is a central target of progestogens for
their effects and mechanisms related to affective, motivated, and
reward processes. A compelling question is the source of progesto-
gens in the VTA for these processes. A focus has been on the role
of PXR in the midbrain VTA. The midbrain VTA expresses RNA
and proteins for PXR and downstream metabolism enzymes that
are rate-limiting factors for 3α,5α-THP production. Infusions of
positive modulators of PXR to the VTA facilitate sexual behav-
ior. Infusions of antisense ODNs targeted against PXR to the VTA
inhibit anti-anxiety and sexual behavior of rats. Together, these
data support the idea that PXR is expressed in the midbrain VTA
and that it may have a functionally relevant role in the affective
and social behaviors examined to date. Indeed, PXR may be a
powerful mechanism involved in the modulation of neurosteroid
effects, which may mediate diverse human behaviors and clinical
conditions (e.g., anxiety, depression, drug abuse). The previous
studies by our lab have elucidated a critical role of 3α,5α-THP in
the VTA in mediating a number of affective and social behaviors in
rats. The ongoing focus of our lab is the conditions under which
biosynthesis of 3α,5α-THP is initiated, and how these processes
result from environmental stimuli, behaviors and/or drugs, and
involve PXR.
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Stress and social isolation are well-known risk factors for psychopathology. However, more
research is needed as to the physiological mechanisms by which social support buffers
the impacts of stress. Research in animal models suggests important roles for proges-
terone (P) and its product, the neuroactive steroid allopregnanolone (ALLO), in stress and
psychopathology. These hormones are produced in brain and periphery during stress in
rodents, and down-regulate anxiety behavior and hypothalamic-pituitary–adrenal axis activ-
ity. Human clinical populations, including depressed patients, have alterations in ALLO
levels, but it is unclear whether these basal hormone level differences have clinical import.
To begin to address this question, this review examines the role of P and ALLO in stress
physiology, and the impact of these hormones on mood, in healthy humans. Evidence
largely supports that P and ALLO increase during stress in humans. However, P/ALLO
administration appears to cause only mild effects on mood and subjective anxiety, while
exerting effects consistent with gamma-aminobutyric acid receptor modulation. Addition-
ally, P is linked to motivation for affiliation/social contact; P (and ALLO) release may be
especially responsive to social rejection. These observations lead to the novel hypothesis
that stress-related P/ALLO production functions not only to down-regulate stress and anx-
iety, but also to promote social contact as a long-term coping strategy. Malfunctioning of
the P/ALLO system could therefore underlie depression partly by decreasing propensity
to affiliate with others.

Keywords: progesterone, allopregnanolone, 3α-hydroxy-5α-pregnan-20-one, stress, affiliation, social motivation,

psychopathology, depression

INTRODUCTION: THE IMPORTANCE OF
PROGESTERONE-DERIVED HORMONES IN HUMAN EMOTION
AND PSYCHOPATHOLOGY
Stress is a part of life for all vertebrate animals. The physiology of
stress is of utmost importance to study, given decades of research
connecting stress to a host of health issues, ranging from cardio-
vascular health to immune function to psychopathological states
such as depression. While the fields of behavioral and cognitive
neuroscience tackle the neural pathways of stress and the effects
of stress hormones on the brain, researchers in clinical psychol-
ogy and psychiatry have been exploring the links between stress
physiology and psychopathology; social and personality psychol-
ogists increasingly study human stress hormones in the context of
various social situations. Another growing topic of research con-
cerns the impact of social isolation and social support on health,
including how seeking affiliation (positive social contact) and/or
strengthening social bonds may help protect against adverse effects
of stress.

Two major stress systems have been well-studied: the sym-
pathetic nervous system (SNS) and the hypothalamic-pituitary–
adrenal (HPA) axis, which gives rise to glucocorticoid hormones.
To date, most research on stress physiology in humans has focused
on the HPA axis, particularly the glucocorticoid hormone cor-
tisol, which can be measured non-invasively in saliva. However,

many other stress-related hormones exist. Another steroid hor-
mone, progesterone (P), is best known for its functions in mam-
malian reproduction. However, P and P-derived hormones also
play important roles in stress and in psychological disease states.
P is metabolized to other steroid hormones, including allopreg-
nanolone (ALLO), which have actions on neurons, causing effects
that are relevant for stress, emotion, and behavior. As evidence for
their importance to the brain, P and ALLO are produced not only
by peripheral glands (e.g., ovary; adrenal gland), but also in the
brain itself (Paul and Purdy, 1992).

The role of these hormones in stress, along with their effects
on neuronal transmission, have been studied for decades in ani-
mal models. More recently, evidence has emerged that P and
ALLO are involved in human psychopathology. For reviews of the
growing literature on neurosteroids and psychopathology (see van
Broekhoven and Verkes, 2003; Pisu and Serra, 2004; Dubrovsky,
2006; Eser et al., 2006; N-Wihlback et al., 2006; Girdler and
Klatzkin, 2007; Longone et al., 2008).

P and ALLO have been implicated in mood and anxiety dis-
orders, most notably major depressive disorder (MDD), but also
Premenstrual Dysphoric Disorder (PMDD), Generalized Anxiety
Disorder, Post-Traumatic Stress Disorder (PTSD), and other ill-
nesses (Brambilla et al., 2003; van Broekhoven and Verkes, 2003;
Pisu and Serra, 2004; Amin et al., 2006; Dubrovsky, 2006; Eser et al.,
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2006; Marx et al., 2006; Rasmusson et al., 2006; Uzunova et al.,
2006; Girdler and Klatzkin, 2007). In laboratory animals, ALLO
and other neurosteroids influence stress and anxiety, sleep, sexual
behavior, and memory, all of which are involved in the sympto-
matology of depression (Dubrovsky, 2006). Multiple studies have
shown decreased levels of ALLO in the plasma and cerebrospinal
fluid (CSF) of MDD and PTSD patients, as well as in women with
premenstrual syndrome or PMDD (Bicikova et al., 1998; Girdler
et al., 2001; van Broekhoven and Verkes, 2003; Rasmusson et al.,
2006). Interestingly, the decreased ALLO levels seen in depres-
sion normalize with treatment with selective serotonin reuptake
inhibitors (SSRIs) or other antidepressant drugs (Romeo et al.,
1998; Uzunova et al., 1998; Strohle et al., 1999; although not with
non-pharmacological treatments; Schule et al., 2004; Baghai et al.,
2005). ALLO injections exert antidepressant-like effects in rodents
(e.g., in a forced swim test), and SSRIs normalize a decrease in
ALLO seen after prolonged social isolation in rodents, a rodent
model of depression (Guidotti et al., 2001; Rodriguez-Landa et al.,
2007). Thus, there is some evidence that decreased ALLO levels
may be a feature of MDD with clinical significance.

Taken together, the evidence strongly points to a connection
between ALLO and depression along with other psychological
disorders. However, it is unclear what causal relationship these
hormones hold with psychopathology. Do low ALLO levels con-
fer risk for developing depression? Or are hormonal changes a
consequence of the disease? Will targeting ALLO help alleviate
depression, or are the lower ALLO levels a“side effect” of the disor-
der with little or no clinical significance? Understanding the causal
relationship between ALLO and depression is crucial in order to
develop new treatments and/or identify novel risk factors for this
disease. However, to date there has been very little basic research on
the role of these hormones in the human stress response. In order
to understand the role P and/or ALLO play in psychopathology, it
is necessary to first understand the functions of these hormones
in stress, mood, and motivated behavior in healthy humans.

One connection between ALLO and depression may involve
social support and isolation. As social connectedness has well-
documented effects on health and disease, much research has
focused on the physiological mechanisms by which social affili-
ation and bonding help buffer the effects of stress and reduce risk
of psychopathology. Oxytocin, endogenous opioids, and the HPA
axis are among the physiological systems implicated in affiliation
and bonding and their stress-protective effects. Recently, evidence
has also emerged linking P and motivation to affiliate (Schultheiss
et al., 2004; Wirth and Schultheiss, 2006; Brown et al., 2009; Maner
et al., 2010). One behavioral function that P (by itself, and/or via
conversion to ALLO) may play in stress reduction is to promote
social affiliation or bonding with conspecifics. If so, part of the
import of ALLO levels in depression might be that lower ALLO
levels are connected with depressed individuals’ social isolation,
a feature of depression which puts individuals at greater risk for
worsened mental and physical health.

This review will first briefly survey evidence from non-human
animals that P and ALLO are both stress-responsive (i.e., they
increase during stress) and stress-reducing (they down-regulate
stress and anxiety). Next, available literature will be reviewed to
speak to whether/how P and ALLO are affected by stress and in turn

affect subjective stress/anxiety in healthy humans. In addition, this
review will highlight recent findings from personality and social
psychology linking P with social affiliation and rejection. This evi-
dence is crucial to shed light on the role P/ALLO play in mental
health and disease, as social isolation is a key risk factor for psy-
chopathology, and seeking social support may be an important
buffer against the effects of stress. Finally, the current knowledge
from neuroscience, clinical psychology, and social psychology will
be integrated in a broadened theoretical framework for function
of P and ALLO during stress, and a plan for crucial future research
will be described.

NEUROACTIVE STEROIDS AND STRESS: BACKGROUND AND
RESEARCH IN LABORATORY ANIMALS
ALLO belongs to a subset of steroid (cholesterol-derived) hor-
mones called neuroactive steroids, which are produced in the brain
and have “fast” actions on neurons (i.e., changing neuronal excita-
tion) via membrane-bound receptors. This is in contrast to actions
of steroid hormones on “classical” steroid receptors, which reside
inside the cytoplasm and initiate changes in gene transcription,
leading to slower and more prolonged responses.

In rodents, P and ALLO levels rise in the brain and plasma dur-
ing stress, including swim stress, foot shock, and carbon dioxide
stress (Purdy et al., 1991; Barbaccia et al., 2001). These stress-
related increases are reminiscent of increases in a better-known
class of stress hormones, glucocorticoids, produced by the HPA
axis. Unlike glucocorticoids, however, stress-induced P and ALLO
increases originate not only from the adrenal gland, but from
the brain itself (Purdy et al., 1991; Paul and Purdy, 1992). Brain
levels of these hormones increase during stress even in adrenalec-
tomized, gonadectomized animals (Paul and Purdy, 1992); neu-
rons and glial cells throughout the brain contain the enzymes
necessary for ALLO production (Celotti et al., 1992; Rupprecht,
1997; Magnaghi, 2007). P is an early step in the steroid hormone
synthesis pathway which begins with cholesterol. ALLO, which
is variously known as 3α-hydroxy-5α-pregnan-20-one, 3α,5α-
tetrahydroprogesterone, or 3α,5α-THP, is synthesized from P in
a two-step pathway requiring the enzymes 5α-reductase and 3α-
hydroxysteroid dehydrogenase (Figure 1). These enzymes are
found in the adrenal, gonad, and throughout the brain, including
in the cerebral cortex, hippocampus, and hypothalamus (Com-
pagnone and Mellon, 2000), structures involved in regulating
emotion and memory formation, among other functions.

P or ALLO administration has anxiolytic and sedative effects in
rodents, as well as in humans (Wieland et al., 1991; Paul and Purdy,
1992; Bitran et al., 1995; Soderpalm et al., 2004; Timby et al., 2006).
These effects appear to result from the action of ALLO at recep-
tors for gamma-aminobutyric acid (GABA), the brain’s primary
inhibitory neurotransmitter. As a positive allosteric modulator of
GABA-A receptors, ALLO enhances GABA’s effects on chloride ion
(Cl−) influx, which causes longer-lasting inhibitory post-synaptic
potentials. At high doses, ALLO can also act as a GABA-A agonist
in the absence of GABA (Majewska et al., 1986; Harrison et al.,
1987; Paul and Purdy, 1992; Shu et al., 2004). As a GABA mod-
ulator, ALLO has similar efficacy and potency as benzodiazepines
(Harrison and Simmonds, 1984; Majewska et al., 1986), although
it does not interact with GABA receptors at the benzodiazepine

Frontiers in Endocrinology | Neuroendocrine Science August 2011 | Volume 2 | Article 19 | 374

http://www.frontiersin.org/Endocrinology
http://www.frontiersin.org/Neuroendocrine_Science
http://www.frontiersin.org/Neuroendocrine_Science/archive


Wirth Neuroactive steroids in human emotion

FIGURE 1 | Synthesis pathway for progesterone and allopregnanolone. For a complete steroid synthesis pathway including other neurosteroids, see
(Morrow, 2007).

binding site (Brot et al., 1997; Lambert et al., 2003; Akk et al.,
2004a). Thus, P and ALLO are important agents of neuronal inhi-
bition in the mammalian brain, exerting neurochemical effects
similar to classes of drugs used to treat anxiety.

Given ALLO’s effects on GABA activity and anxiety behav-
ior, the stress-induced increases in P and ALLO very likely play
roles in down-regulating or “turning off” the effects of stress. In
support of this idea, ALLO has been shown to affect the HPA
axis: ALLO administration down-regulates gene transcription for
the HPA axis hormones corticotrophin-releasing hormone (CRH)
and arginine vasopressin (AVP) in rodents (Patchev et al., 1994,
1996). These effects suggest that ALLO release during stress is yet
another mechanism (in addition to HPA axis negative feedback,
etc.) to keep this stress hormone system in check.

The anti-stress and anxiolytic effects of P are thought to be
mediated by the conversion of P to ALLO, and ALLO’s actions
at GABA-A receptors, rather than by effects on intracellular P
receptors. For example, blocking P receptors with RU-486 did
not diminish anxiolytic responses to P treatment (Bitran et al.,
1995). Also, mice lacking 5α-reductase (and therefore the abil-
ity to synthesize ALLO from P) lacked some (but not all) of the
anxiolytic and sedative responses to P seen in wild-type controls
(Frye et al., 2004). However, there is some evidence that P may
also exert anti-anxiety effects via mechanisms mediated by classi-
cal intracellular P receptors (Auger and Forbes-Lorman, 2008)1.
Further research must tease apart the behavioral consequences of
actions of P/ALLO on classical steroid receptors vs. membrane-
bound receptors, to better understand the mechanisms by which
these hormones affect stress and anxiety.

Other neurosteroids are also present and active in the brain.
A stereoisomer of ALLO, pregnanolone (3α-hydroxy-5β-pregnan-
20-one,or 3α,5β-THP) is also a positive modulator at GABA recep-
tors, although some researchers have found that ALLO is more
potent (Norberg et al., 1987; Bitran et al., 1991; Zhu et al., 2001).
The 3α-reduced products of deoxycorticosterone (DOC) also
increase GABA activity. Lack of commercially available antibodies

1ALLO does not bind progesterone receptors (PR). However, the intermediate
steroid step between P and ALLO, 5α-dihydroprogesterone (5α-DHP), has activity at
PR, and the conversion step from 5α-DHP to ALLO (mediated by 3α-hydroxysteroid
dehydrogenase) is bi-directional (Compagnone and Mellon, 2000; Dong et al., 2001)
Therefore, P may cause activation of PR via P itself or 5α-DHP, as well as changes
to GABA activity via ALLO.

for these other neurosteroids is one reason that few studies have
measured neurosteroids other than ALLO. This review focuses on
ALLO because it appears to be the most potent positive GABA
modulator among the neurosteroids, it is the best-studied neu-
rosteroid to date, and there is evidence that humans have higher
concentrations of ALLO than of other neurosteroids or its isomers
(Parizek et al., 2005; Porcu et al., 2009).

To summarize, cellular and molecular neuroscience work in
laboratory animals has established P and ALLO as stress-responsive,
stress-reducing hormones. In rodents, P and ALLO increase in both
blood and brain during stress; in turn, these hormones exert pow-
erful inhibitory effects on neuronal transmission, causing anti-
anxiety and sedative effects; they also down-regulate the HPA axis.
It is logical to suspect that the same would be true in humans, i.e.,
P and ALLO increase during stress and reduce stress and anxiety –
a supposition with far-reaching clinical implications. However,
species differences in stress-related hormonal systems are possi-
ble. This review will synthesize evidence that speaks to whether
P and ALLO are similarly stress-responsive and stress-reducing in
humans.

One important issue to consider when conducting neuroen-
docrinology research in humans is whether peripheral levels of
the hormone reflect brain levels; this is particularly an issue with
peptide hormones. Fortunately, P and ALLO are steroid hormones
which can cross the blood–brain barrier. Although the blood–
brain barrier may also control entry of steroids via active transport,
studies in rodents report that plasma and brain levels of both P
and ALLO are strongly correlated (Barbaccia et al., 1997, 2001).
Also, in at least one study, ALLO levels were comparable in human
blood and CSF (Kim et al., 2000). Though more studies are needed,
this evidence suggests that measurement of blood levels of ALLO
does give researchers meaningful information about brain levels
of ALLO.

A related issue, however, is determining the source of P and
ALLO increases measured in blood (or in CSF, for that matter),
as these hormones are produced both by the brain and periph-
eral glands. As steroid hormones, presumably they may travel
across the blood–brain barrier in both directions; thus, P/ALLO
produced in the brain could theoretically enter the bloodstream.
However, in rodents a much greater amount of P is produced
in the periphery compared to the brain (Purdy et al., 1991). If
humans are similar, it seems unlikely that a change in brain pro-
duction of P would be detectable in plasma. Hence, increases in
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plasma P or ALLO seen in humans probably originate from periph-
eral glands (e.g., the adrenal gland.) Nonetheless, these increases
are potentially important for stress and behavior, as steroid hor-
mones of peripheral origin do enter the brain and exert effects
(see, for example, the large literature on effects of glucocorticoids
on memory; Lupien et al., 2007; de Quervain et al., 2009).

It is still possible that neurosteroids are produced selectively
and locally in the brain in amounts too small to detect in the
bloodstream (or CSF), but that have behaviorally relevant effects
by acting at local brain sites. Unfortunately, there are no methods
currently available to measure steroid levels locally in the living
human brain. What can be done with current methods, how-
ever, is to measure levels of P and ALLO that are bathing the
brain (as blood levels seem to reflect CSF levels), and likely having
widespread effects.

STRESS-RESPONSIVE? PROGESTERONE AND
ALLOPREGNANOLONE RESPONSES TO STRESS IN HUMANS
Very few studies to date have systematically tested the effects of
stress on P and ALLO levels in humans. As a crucial first step,
Genazzani et al. (1998) examined effects on plasma P and ALLO
after a CRH or ACTH challenge in healthy women in the follicular
phase of the menstrual cycle, a time of low levels of circulating P
and ALLO. Within 60 min after an intravenous bolus of either CRH
or ACTH, plasma concentrations of both P and ALLO increased
significantly. Thus, the releasing and tropic hormones of the HPA
axis,which are triggered by stress, cause production of P and ALLO.
The most likely source of this CRH- and ACTH-responsive P and
ALLO is the adrenal gland (see discussion above).

Girdler and colleagues have conducted several studies investi-
gating the roles of P and ALLO in premenstrual dysphoric disorder
(PMDD). As part of this work, they have exposed women to lab-
oratory stressors and collected blood for measurement of ALLO.
In one study, luteal-phase women with PMDD and healthy con-
trols underwent a laboratory stressor consisting of making an
audiotaped speech and a completing a challenging arithmetic task
(Girdler et al., 2001). Though overall, healthy women did not
appear to have a significant increase in ALLO due to this stressor,
PMDD and control groups differed in their responses to stress: sig-
nificantly more (83%) control subjects had increased ALLO after
stress compared to PMDD subjects (42%; Girdler et al., 2001). In
addition to yielding clues as to the pathophysiology of PMDD,
this study provided further evidence that ALLO increases dur-
ing stress in humans. However, only one post-stress blood sample
was collected (17 min after stress onset); it is possible that the
peak ALLO response was not captured. Also, time of day that sub-
jects were tested varied. This could have introduced “noise” in the
P/ALLO stress response data and obscured effects, similarly to how
larger effect sizes are found for HPA/cortisol responses to stress in
the afternoon or evening (when basal cortisol is low and stable)
compared to the morning (Dickerson and Kemeny, 2004).

Interestingly, in the combined (PMDD and control) sam-
ple, Girdler et al. (2001) also documented a negative correlation
between cortisol and ALLO both at baseline/rest and after stress.
This finding suggests that, as in rats, ALLO down-regulates the
HPA axis in humans.

A later study from this group (Klatzkin et al., 2006b) compared
PMDD-sufferers and controls with and without prior depression
on ALLO responses to a modified Trier Social Stress Test (TSST;
Kirschbaum et al., 1993), involving a speech delivered to a panel of
judges, followed by a mental arithmetic task. In this study, samples
were collected 30 and 60 min after stressor onset. Again a group
difference was found in direction of ALLO responses to stress:
women with a prior history of depression were more likely to have
lower ALLO after stress compared to before stress. However, con-
trol subjects did not exhibit a significant increase in ALLO due to
stress. As with the 2001 study, it is unclear whether the findings
indicate that, in general, ALLO does not increase following stress
in humans, or whether the few samples collected failed to pick up
on a short-lived response. Also, although we may assume a rise in
P would drive an increase in ALLO, P was not measured in these
studies.

As these studies were appearing, evidence was emerging that P
does in fact increase in response to stress in humans. The author
and colleagues found positive correlations between P and cortisol
in healthy human subjects across four separate studies, some of
which included arousal of emotional states, but not standard lab-
oratory stressors (e.g., public speaking; Wirth et al., 2007). These
correlations were robust in men and in women taking oral contra-
ceptives (i.e., with suppressed ovarian production of P), but not
in cycling women. This pattern of results is consistent with the
data collected by Genazzani et al. (1998) demonstrating adrenal
production of P during a challenge: in cycling women, ovarian
fluctuations in P appear to “drown out” the relationship otherwise
seen between adrenal cortisol and P, which may be released into the
bloodstream simultaneously. In addition to simple correlations,
positive bi-partial correlations (Cohen and Cohen, 1983) were
seen between P and cortisol in all four studies, indicating parallel
changes (whether increases or decreases) in these two hormones
from measurement point to measurement point. Furthermore,
findings from one of the studies included in the 2007 meta-analysis
suggested that P might especially be responsive to stressors related
to affiliation or rejection stress (Wirth and Schultheiss, 2006).
These findings will be discussed in more depth in “Progesterone
in affiliation-seeking,” below.

More recent evidence directly shows that stress can cause
P increases in humans. As part of a larger study investigat-
ing hypotheses related to HPA axis function (at University of
Wisconsin – see Acknowledgments), we collected saliva samples
before and after placement of intravenous catheters, a physical
(pain) as well as social stressor (two experimenters in the room
watching as the nurse placed the lines). Healthy subjects com-
pleted two sessions 48 h apart, both including placement of i.v.
catheters at approximately 16:45–17:00, following a period of rest
and acclimation to the hospital environment. In a subset of sub-
jects for which salivary P and cortisol were analyzed, a P response
to stress was evident that closely paralleled that of cortisol, includ-
ing similar patterns of habituation of the responses from the first
to the second session (M. M. Wirth, H. C. Abercrombie, and R. M.
Hoks, unpublished data; Figure 2). Hence, P responds to stress in
humans in a fashion that closely parallels the better-studied stress
hormone cortisol. It may follow that ALLO also responds to stress;
however, ALLO was not measured in these samples.
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FIGURE 2 | Salivary progesterone (top) and cortisol (bottom)

responses to venipuncture stress in humans in two sessions, 48 h

apart. Solid line = session 1; dashed line = session 2. Saliva samples were
collected 55 and 25 min before and 10, 20, and 30 min after venipuncture.
N = 11; all women (4) were taking hormonal contraceptives. In session 1,
progesterone was significantly higher post-stress (sample #3) compared to
baseline (sample #1), t (11) = 2.29, p < 0.05.

A short report which appeared in 2004 was the first to demon-
strate an ALLO increase during a more naturalistic (“real-world”)
stressor in humans. Students had elevated ALLO during their oral
Ph.D. examination as compared to 4 weeks or 45 min prior to,
or 4 weeks following, the examination. Also elevated were corti-
sol and peripheral benzodiazepine receptors, which play a role in
steroid synthesis (Droogleever Fortuyn et al., 2004).

Recently, the first studies systematically examining both P and
ALLO responses to a potent psychosocial stressor (the TSST) were
published (Childs and de Wit, 2009; Childs et al., 2010a). Healthy
men, women in the follicular phase, and women in the luteal phase
of the menstrual cycle underwent a TSST and a control task on
separate days while blood samples were collected at multiple time-
points after the stressor/task. Women in the follicular phase and
men had a significant increase in P due to stress compared to
control, while luteal-phase women (with roughly 10-fold higher
baseline P levels than men or follicular-phase women) did not have
a significant increase in P due to stress (Childs et al., 2010a). Other
studies by this group also found a significant plasma P increase
due to stress in men (Childs and de Wit, 2009; Childs et al., 2010b,
placebo group). On the other hand, only luteal-phase women had
a significant increase in ALLO in the stress session compared to
the control session (Childs et al., 2010a). Across all three groups,

P and ALLO were not correlated. These data seem to suggest that,
unlike in rodents, P vs. ALLO responses to stress are dissociated
in humans, and ALLO responses to stress only occur in women
in a specific cycle phase when P and ALLO production is high. It
is also possible (though difficult to test) that in humans, ALLO
concentrations rise in the brain but not in the periphery during
stress.

There are numerous factors that complicate interpretation of
these data. One issue, which the authors acknowledge, is that study
sessions took place in the morning, when steroid hormone levels
tend to be high and variable. The impact of time of day is espe-
cially clear in the cortisol data; the TSST had no significant effect
on follicular- or luteal-phase women’s cortisol in this sample, evi-
dently due to a steep decline in cortisol over the course of the
session, which is typical of morning hours. The morning time of
testing could similarly have obscured effects of stress on P and
ALLO, although in the data shown, neither P nor ALLO levels
appear to drop as rapidly as cortisol over the course of the session.

Also of note in these data is that plasma levels of ALLO were
actually found to be three- to four-fold higher than levels of P in
men and in follicular-phase women (luteal-phase women had, on
average, roughly 60% as much ALLO as P). This could represent an
important difference between human and rat physiology, such that
the bulk of circulating P in humans is quickly converted to ALLO.
However, it is difficult to compare the P and ALLO data since the
two hormones were assayed in two separate laboratories (Childs
et al., 2010a). In earlier reports, plasma P concentrations were
found to be roughly 10-fold higher than ALLO concentrations in
women across the entire menstrual cycle (Genazzani et al., 1998),
and approximately eight-fold higher in men and follicular-phase
women, with a much greater difference in luteal-phase women
(Pearson Murphy and Allison, 2000).

The research described thus far has been essential to further
our understanding of the roles of P and ALLO in stress physiol-
ogy in humans. However, future studies are needed to make firm
conclusions about the behavior of these hormones during stress.
Laboratory stressors should be administered in the late after-
noon or evening hours for maximal capture of hormonal stress
responses. Care should be taken with selection of analytical meth-
ods; evidence exists that liquid or gas chromatography followed by
mass spectrometry has greater sensitivity and specificity for ALLO
than radioimmunoassay, as well as being preferable for analysis
of multiple neurosteroids at once (Cheney et al., 1995; Wolthers
and Kraan, 1999; Vallee et al., 2000; Alomary et al., 2001). Another
important factor to consider in investigations of hormonal stress
responses is the presence in the blood of steroid hormone bind-
ing globulins. A proportion of P in the blood is, at any given
time, bound to corticosteroid-binding globulin (CBG) or albu-
min; CBG-bound P is prevented from crossing the blood–brain
barrier (Compagnone and Mellon, 2000), or, presumably, being
converted to ALLO. Differences in plasma concentrations of bind-
ing globulins between men and women in different cycle phases
could affect P/ALLO ratios and ALLO responses to stress. Possible
differences in women taking hormonal contraceptives should also
be addressed.

In summary, evidence thus far largely, but not entirely, sup-
ports P and ALLO increases during stress in humans. Though
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pharmacological stimulation of the HPA axis with CRH or ACTH
caused robust increases in both P and ALLO (Genazzani et al.,
1998), application of laboratory stressors has produced mixed
effects. P increases in response to the TSST were observed in men
and in follicular-phase women, but not in luteal-phase women
(Childs et al., 2010a). The author and colleagues observed close
relationships between P and cortisol in emotion-arousal studies
(Wirth et al., 2007) and in response to venipuncture stress (M. M.
Wirth, H. C. Abercrombie, and R. M. Hoks, unpublished data). An
ALLO increase was evident during Ph.D. examination in one study
(Droogleever Fortuyn et al., 2004). However, in a larger study,
ALLO stress responses were only evident in luteal-phase women
(Childs et al., 2010a), and were only apparent in a subset of women
in other studies (Girdler et al., 2001; Klatzkin et al., 2006b). Fur-
ther work carefully selecting time of day and method of hormone
analysis may help clarify whether P and ALLO are stress-responsive
hormones in humans, as they are in rats.

STRESS-REDUCING? EFFECTS OF EXOGENOUS
PROGESTERONE AND ALLOPREGNANOLONE IN HUMANS
Do P and ALLO exert similar anxiolytic or stress-reducing effects
in humans as they do in laboratory animals? Evidence suggests
that they do, although the effects may be less dramatic than what
would be expected based on animal research.

When studying effects of exogenous P, it is important to con-
sider the length of time P and ALLO are both elevated in the
blood (and therefore presumably in the CSF). P has a relatively
long half-life, reported at 35–55 h (Wikipedia, 2011). Studies in
humans generally use either oral or intramuscular administration
of P, in doses from 50 to 1000 mg. Both administration routes
cause prolonged elevations in plasma levels of both P and ALLO,
with ALLO increasing shortly after the increase in P. For example,
in a study of effects of P on sleep in human males, a single oral
dose of 300 mg micronized P at 2130 h (before bed) caused blood
P to be elevated for at least 3 h and ALLO for at least 8 h, with
both peaking around 90 min after administration (Friess et al.,
1997). In a study utilizing intramuscular injection, males injected
with 50 or 100 mg P still had highly elevated plasma P 4 h follow-
ing the injection (Childs et al., 2010b). Thus, though some P is
rapidly metabolized into ALLO and other products, administra-
tion of P leads to long-lasting elevations of both P and ALLO in
the bloodstream and presumably in the CSF as well.

Administration of P in humans has been associated with mild
increases in fatigue, confusion, and sedation (Freeman et al., 1993;
de Wit et al., 2001; Soderpalm et al., 2004; Klatzkin et al., 2006a).
For example, Klatzkin et al. (2006a) administered 300 mg oral
micronized P to healthy women as well as PMDD patient groups
with and without prior depression. This dose raised P to a level
similar as seen in pregnancy, and increased ALLO levels 5- to
20-fold. After controlling for effects of placebo on mood, P treat-
ment was associated with increased confusion and fatigue and
decreased confidence, as rated by study participants on a pre- and
post-treatment Profile of Mood States (POMS) questionnaire, a
commonly used measure of mood in which participants rate how
much they feel a list of feelings right now on a 1–5 scale. Further-
more, women with PMDD reported a decrease in anxiety after P
treatment (Klatzkin et al., 2006a).

de Wit et al. (2001) used intramuscular injections of P, which
cause increases in plasma P and ALLO levels that are less variable
across individuals than oral P. Pre-menopausal, follicular-phase
women receiving 100 mg intramuscular P reported decreased
vigor, friendliness, and arousal ratings on the POMS, consistent
with sedative effects of P. In post-menopausal women, those receiv-
ing 100 mg of P reported a delayed (6 h) increase in positive mood
relative to placebo. No effects on subjective state were observed in
post-menopausal women receiving lower doses of P (25 or 50 mg).
A later study by this group (Soderpalm et al., 2004) observed sim-
ilarly mild effects on subjective state of 200 mg P in men and
women: only an increase in self-reported fatigue was observed,
despite P concentrations in blood around or above those seen
during pregnancy, and highly elevated ALLO.

These subtle effects on mood and anxiety are surprising given
the effects of ALLO at the GABA-A receptor. Several factors could
help explain this discrepancy. Questions may arise as to whether
P/ALLO circulating in the bloodstream reached the brain. How-
ever, as noted previously, steroid hormones are chemically suited
to cross the blood–brain barrier. In rodents, peripherally adminis-
tered P and other steroids enter the brain and exert central effects
(Karavolas et al., 1979; Wang et al., 1997); this is likely also true
in humans (Uzunova et al., 2006). Furthermore, Soderpalm et al.
(2004) do report impaired smooth pursuit (eye movements) in
both men and women given P compared to placebo. Smooth pur-
suit is a measure of motor performance which is highly sensitive
to GABA-active drugs such as benzodiazepines. Thus, these data
indicate that peripheral P administration did exert central effects,
presumably via conversion to ALLO either in the periphery and/or
in the brain itself.

As for other factors that could explain the mild and incon-
sistent effects of P/ALLO increases on subjective state, de Wit
and colleagues point out that subjects received acute doses of P;
perhaps subjective effects only emerge after chronic exposure to
high P/ALLO levels. Another possibility is that higher or lower
doses of P/ALLO would exert a greater effect on subjective state.
Many effects of hormones on neurons and on behavior observe an
inverted U-shaped dose-response curve, e.g., the effects of cor-
ticosteroids on memory (de Kloet et al., 1999; Joels, 2006). It
is possible that much smaller doses of P would produce greater
effects on subjective state than the relatively high doses used in
these studies. Circadian factors might also matter; P was admin-
istered in the morning in the studies reported by Klatzkin et al.
(2006b); de Wit et al. (2001) and Soderpalm et al. (2004). Finally,
effects of P/ALLO on subjective states could also depend on stress
or emotional state, a point the authors raised in these reports.

This final point was addressed in a recent study by the same
research group (Childs et al., 2010b). Healthy men were injected
with 0, 50, or 100 mg P and then exposed to the TSST. In this
study, in the absence of stress, P had no effect on subjective
mood. Interestingly, P treatment reduced some of the responses
to stress, but increased others. 50 mg P caused a decrease in the
peak cortisol response to the stressor, and this dose attenuated
the TSST-induced changes in self-reported vigor and drowsiness.
Self-reported anger also returned to baseline faster with 50 mg
P compared with placebo. Similarly, 100 mg P reduced TSST-
induced changes in vigor and drowsiness, but had no effects on
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anger or cortisol. On the other hand, both doses increased blood
pressure, and 50 mg also increased plasma noradrenaline. Thus,
P caused mixed effects on stress-related responses in this study.
The authors help explain these mixed findings with evidence that
ALLO and other GABA-A modulators exert bimodal/paradoxical
effects, both in humans and laboratory animals: low doses have
been found to increase negative mood and anxiety-like behav-
iors, whereas high doses reduce anxiety. It is also possible that the
brain has various compensatory responses to exogenous neuros-
teroids that would not be evident with endogenous release of these
hormones.

Along these lines, Andreen et al. (2009) point out that anx-
iety, irritability and aggression can result from treatment with
progestins and their associated GABA-active steroids in humans
and other animals. The authors cite evidence that negative mood
symptoms in women with PMDD correspond to levels of P and
ALLO in the menstrual cycle, and that hormone replacement ther-
apy with progestin components can induce negative mood in
post-menopausal women. The authors argue that P and ALLO
have adverse effects on mood (e.g., generating anxiety) at levels
similar to luteal-phase levels in cycling women; at lower or higher
levels these hormones may have no effect or have anxiolytic effects.
This approach may help explain why P administration leading to
moderate plasma increases in P and ALLO resulted in an increase
in the response of the amygdala, a key brain structure for negative
affect, to fear and threat stimuli in healthy women (van Wingen
et al., 2008).

Possibly more reliably than effects on subjective mood, neuros-
teroids elicit changes in measures of motor performance sensitive
to sedatives, such as smooth pursuit and saccadic eye velocity. For
example, Soderpalm et al. (2004) found decreased smooth pur-
suit eye movements in both men and women given P. Sundstrom
et al. (1998) demonstrated a reduction in saccadic eye velocity
in healthy women given three 15-mg injections of pregnanolone
(3α,5β-THP; ALLO’s stereoisomer) in both the follicular and luteal
phases of the menstrual cycle. Notably, the effects of pregnanolone
were absent in luteal-phase women with premenstrual syndrome,
suggesting a difference in GABA signaling. More recently, in the
only published report of ALLO itself administered to humans
(Timby et al., 2006), this group showed decreases in saccadic eye
velocity parameters after a total IV dose of 0.9 mg/kg ALLO in
follicular-phase women. Women also reported increased sedation
around the time of peak effects on saccadic eye velocity. Moreover,
both subjective sedation ratings and saccadic measures correlated
significantly with plasma ALLO levels (Timby et al., 2006). These
findings strongly suggest that P-related neurosteroids adminis-
tered peripherally do enter the brain and exert central effects
consistent with their known actions at GABA receptors.

Effects of exogenous neurosteroids on cognitive functions have
also been demonstrated, again consistent with GABAergic activ-
ity; other substances which have GABA-facilitatory effects are
well-known to be disruptive to memory formation (e.g., alcohol;
barbiturates; benzodiazepines). P administration was associated
with impaired verbal recall, and greater impairment was associ-
ated with higher plasma ALLO levels (Freeman et al., 1993). In
addition, recent studies report that P or ALLO administration to
humans caused mild impairment of memory for social–emotional

stimuli (emotional faces; van Wingen et al., 2007) or free recall of
words from a list (Kask et al., 2008). These memory effects may
be mediated by the impact of P/ALLO on memory-involved brain
regions such as the amygdala, hippocampus, and fusiform gyrus
(van Wingen et al., 2007). These findings parallel effects of ALLO
on cognition in rodents: ALLO disrupted memory formation in a
Y-maze task in rats (Ladurelle et al., 2000) and disrupted spatial
learning in a Morris water maze (Johansson et al., 2002; Silvers
et al., 2003).

PROGESTERONE AND AFFILIATION-SEEKING
P and ALLO regulate mammalian reproductive behavior; P is well-
known for its facilitative role in both sexual and maternal behavior
in female rodents. Of note, these hormones also influence the
expression of other social-affiliative behaviors (Frye et al., 2006).
For example, ALLO administration in ovariectomized, estradiol-
treated female rats increased the time they spent in proximity to
male rats; blocking ALLO had the reverse effect (Frye et al., 1998).
Furthermore, at some doses, ALLO reduces aggression toward
another rodent (Miczek et al., 2003; Frye et al., 2006). These obser-
vations point to a possible role for P and ALLO in promoting
affiliation, or positive social contact with conspecifics. There is also
evidence for a role of ALLO in stress related to lack of affiliation
or social contact. Social isolation (which is used as a rodent model
of depression or chronic stress) leads to a decrease in brain and
plasma P and ALLO concentrations, as well as changes in GABA
transmission and responses to ethanol that appear to be mediated
by ALLO (Serra et al., 2007). Also, central administration of ALLO
reduces separation distress in rat pups (Zimmerberg et al., 1994).

Schultheiss and colleagues found evidence for a connection
between P and affiliation in humans. In one study, implicit affili-
ation motivation – a personality psychology construct measuring
drive for friendly, warm contact with others – was increased in
women taking oral contraceptives containing progestins, as well
as in cycling women in the luteal phase, a time in the cycle of high
P (as well as ALLO) levels (Schultheiss et al., 2003). This corre-
lational finding prompted experimental studies in which implicit
affiliation motivation was manipulated using film excerpts, and
effects on P and other hormones were investigated (Schultheiss
et al., 2004; Wirth and Schultheiss, 2006). Among other findings,
a “rejection”–themed film excerpt designed to produce affiliation-
related stress caused increases in P as well as cortisol. Further,
among participants exposed to this affiliation-related stressor,
baseline (pre-film) affiliation motivation predicted stress-related
increases in P (but not cortisol; Wirth and Schultheiss, 2006).
This finding suggests that participants more concerned with
affiliation were more impacted by the affiliation-related stres-
sor, and hints at a relationship between P and affiliation-related
stress.

Given the literature implicating P and ALLO in the down-
regulation of stress, it can be hypothesized that stress-induced P
(and ALLO) increases may partly function to promote affiliation
as a stress-coping strategy, similarly to the “tend and befriend”
hypothesis proposed by Shelley Taylor and colleagues regarding
oxytocin (Taylor et al., 2000). Intriguingly, other neuroactive sub-
stances linked to affiliation and social bonding, such as opioids and
oxytocin, are also released during stress and exert anxiolytic effects
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(Akil et al., 1984; Kalin et al., 1988; Hashimoto et al., 1989; Uvnas-
Moberg et al., 1994; Uvnas-Moberg, 1998a; da Silva Torres et al.,
2003; Heinrichs et al., 2003; Onaka, 2004; Ribeiro et al., 2005). It
is possible that ALLO release during stress, while down-regulating
stress in the short term by its actions at GABA-A receptors, also
ameliorates stress by promoting affiliation and social bonding as
a coping strategy (Wirth and Schultheiss, 2006).

Further work has continued to support a role for P in affilia-
tion and bonding processes in humans. Brown et al. (2009) had
same-sex pairs of participants engage in a task designed to pro-
mote closeness vs. a neutral task. The closeness induction was
associated with an increase in salivary P levels, mirroring effects of
a positive affiliation-themed film excerpt in the Schultheiss et al.
(2004) study. Furthermore, P increases were associated with each
participant’s stated willingness to sacrifice for their partner in the
study (Brown et al., 2009). Recent data collected by Brown and
others supports a connection between P and pro-social (helping)
behavior, including evidence that P is involved in the beneficial
effects of helping behavior on cardiovascular recovery from stress
(Brown and Brown, 2011; Smith, 2011).

Maner et al. (2010) measured salivary P before and after two
different social rejection or exclusion paradigms. They found that
the personality traits determined how P responded to these manip-
ulations. Those high in social anxiety showed a drop in P in
response to priming exclusion/rejection, which the authors inter-
pret as indicative of the lower motivation to affiliate expected in
the socially anxious. In a separate study, those high in rejection
sensitivity showed increased P after a realistic rejection manipula-
tion after which participants were given an opportunity to spend
time with others (Maner et al., 2010). These findings dovetail with
Wirth and Schultheiss (2006) and add to the evidence of a relation-
ship between P and motivation to affiliate, perhaps particularly in
the context of rejection or exclusion.

It is unknown whether this relationship between P and affilia-
tion depends on actions of P at classical intercellular P receptors,
actions of ALLO at GABA-A receptors, or both. Among other con-
straints, ALLO is more difficult to assay and does not seem to be
present at detectable levels in saliva, making it less feasible to mea-
sure ALLO alongside P in psychology research. Future research
must include ALLO manipulation and measurement to hone in
on the neuropharmacological mechanisms by which P/ALLO may
influence affiliation motivation.

A HYPOTHESIS FOR A BROAD ROLE FOR PROGESTERONE
AND ALLOPREGNANOLONE IN STRESS COPING AND
RECOVERY
The physiological stress response is essential for life, but can be
maladaptive if prolonged (Sapolsky, 2002; Nelson, 2005). There-
fore, there are many physiological “brakes” built into the stress
system. For example, the HPA axis displays negative feedback: glu-
cocorticoids, its output hormones, turn off production of CRH
and ACTH, the hypothalamic and pituitary hormones that lead to
production of glucocorticoids. This way, the necessary rise in glu-
cocorticoids that occurs during stress will be kept short, and levels
will return to baseline. Since the discovery that GABA-active neu-
rosteroids levels increase during stress, it has been hypothesized
that these hormones represent an additional way to down-regulate

the stress response (Purdy et al., 1991; Paul and Purdy, 1992). Pre-
sumably, as levels of neurosteroids such as ALLO rise, they inhibit
neural firing and thereby attenuate anxiety or anxiety-related
behavior. As mentioned previously, ALLO also inhibits CRH and
AVP gene transcription, thereby directly down-regulating the HPA
axis (Patchev et al., 1994, 1996).

Organisms cope with stress behaviorally as well as physio-
logically. For many mammals, but primates in particular, one
important tool for coping with stress is seeking social support.
Research in multiple fields has documented the positive or pro-
tective health effects of social contact or support in humans, and,
conversely, the detrimental effects of isolation or lack of affiliation
on mental and physical health. In humans, lack of social support
is linked to depression, dysfunctional daily cortisol patterns, wors-
ening of disease states, and mortality (House et al., 1988; Prince
et al., 1997; Abercrombie et al., 2004; Boury et al., 2004; Temkin-
Greener et al., 2004). Social support ameliorates stress responses
in laboratory stress paradigms (Heinrichs et al., 2003). Among
couples, marital/relationship quality predicts a number of health
variables (Coyne et al., 2001; Robles and Kiecolt-Glaser, 2003). In
addition, individual differences in implicit affiliation motivation
predict long-term health outcomes (McAdams and Vaillant, 1982;
Zeldow et al., 1988; McClelland, 1989).

Thus, affiliation and bonding have widespread and powerful
effects on health, but the biological mechanisms behind these
effects are far from clear. Oxytocin, opioids, and the HPA axis
are among the physiological systems implicated in affiliation and
bonding and their stress-protective effects (Kalin et al., 1988,
1995; Carter et al., 1992; Fleming et al., 1997; Insel, 1997; Uvnas-
Moberg, 1998b; Depue and Morrone-Strupinsky, 2005). The evi-
dence reviewed above tying P and ALLO to affiliation suggests
that these hormones may be another part of the mechanism link-
ing affiliation and health. In particular, the rise in P and ALLO
that accompanies stress may function not only to inhibit anxi-
ety on a cellular level (by reducing neuronal activity), but also
to promote behavioral strategies to cope with stress, including
seeking out social contact and social bonds. In this way, these
hormones could underlie both short term (i.e., inhibit the HPA
axis) and longer-term (i.e., form and strengthen social connec-
tions) adaptive responses to stress (Figure 3). If an individual
chooses to seek out others during stress, s/he has the chance to
build long-term resources to help buffer the effects of future chal-
lenges. Of course, behavioral responses to stress are determined by
a host of factors, and hormones generally have modulatory rather
than causal effects on behavior. However, P/ALLO increases dur-
ing stress could be one of many important factors determining the
impact of stress on health.

Importantly, there is evidence that an ALLO increase during
stress is compromised in individuals with a history of depression
(Girdler et al., 2001; Klatzkin et al., 2006b). Decreased or absent
P/ALLO responses to stress could lead to both (1) greater anxi-
ety and/or greater HPA axis responses to stress; and (2) decreased
propensity to seek affiliation in the face of stress. A lower P/ALLO
response to stress could represent both a risk factor for depression,
and/or could help explain some of the features of depression, such
as worsening of symptoms during stress and decreased social con-
tact. Given growing evidence for the importance of P/ALLO in
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FIGURE 3 | Neural, genetic, and behavioral effects of progesterone (P)

and allopregnanolone (ALLO). Black border indicates functions that may be
compromised with a decreased ALLO response to stress in depression.
Dotted lines indicate relationships that need further study.

stress, affiliation and affective disorders, it is crucial to elucidate the
role these hormones play in emotional processes in both healthy
and depressed individuals.

FUTURE DIRECTIONS: UNDERSTANDING P AND ALLO
FUNCTION IN STRESS AND PSYCHOPATHOLOGY
P and ALLO appear to be stress-responsive, stress-reducing hor-
mones in rodents. In addition, multiple studies have found
decreased ALLO in depressed patients compared with healthy
controls. To understand the import of these clinical findings, it
is necessary to extend our knowledge from laboratory animal
research into humans. The evidence reviewed above is largely in
support of P and ALLO increases during stress in humans; there is
mixed evidence for effects of these hormones on subjective mood
and anxiety.

In addition, evidence is accumulating for a link between P
and motivation to affiliate. These findings suggest the hypotheses
that: (1) P/ALLO increases during stress function in part to pro-
mote affiliation and bonding as a long-term coping strategy; and
(2) diminished P/ALLO responses to stress could be a risk factor
for depression, and/or could underlie certain features of depres-
sive disorders, such as less propensity to seek out social contact
(Figure 3).

In order to better understand the functions of P and ALLO
in stress, and what relevance they may have for psychopathol-
ogy, further basic research in human subjects is needed in
order to (1) establish more firmly whether these hormones are

stress-responsive and stress-reducing in humans; (2) uncover clues
about cause and effect with regards to ALLO and depression; (3)
explore the relevance of P and ALLO for (stress-related) affiliation-
seeking; and (4) study how these hormones affect the human brain.
This research will by necessity be interdisciplinary, including per-
spectives from physiological psychology; cognitive neuroscience;
clinical psychology; and social/personality psychology. Such basic
research will form the groundwork for potential future clinical
applications: P and ALLO may emerge as important biological
markers of disease states (e.g., risk of developing depression),
and drugs designed to impact the synthesis or actions of these
neuroactive steroids may have treatment potential.

P AND ALLO: STRESS-RESPONSIVE AND STRESS-REDUCING IN
HUMANS?
The function of P and ALLO in stress needs to be explored further.
Evidence thus far shows that P and ALLO both may be stress-
responsive in humans, but conflicting results have been obtained
as to whether each hormone increases during stress in men,women
(in particular cycle phases), or both (Droogleever Fortuyn et al.,
2004; Wirth and Schultheiss, 2006; Childs et al., 2010a; Maner
et al., 2010). Future research should explore the effects of vari-
ous stressors on these hormones, alongside HPA axis hormones,
carefully controlling for circadian and other factors and utilizing
the best available methods for P and ALLO measurement, ideally
quantifying both simultaneously using mass spectrometry. It may
be the case such that P/ALLO stress responses are not universal in
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humans, but depend on state factors (e.g., construal of the stressor;
menstrual phase) or individual differences (e.g., sex; personality
traits). These differences, if they exist, should be further elucidated.

If P and ALLO are impacted by stress in a healthy popula-
tion, they then need to be compared in patient groups such as
those suffering from Major Depressive Disorder. Although evi-
dence exists that those with a history of depression exhibit lower
or absent ALLO responses to stress (Girdler et al., 2001), studies
using standardized stress protocols (e.g., the TSST) and with ade-
quate sampling to capture a stress response will help flesh out this
evidence. In addition, as MDD has considerable co-morbidity with
anxiety disorders and substance abuse, and as these have also been
associated with alterations in neurosteroids, P/ALLO responses to
stress should be examined in co-morbid groups as well as in MDD
patients without other diagnoses.

Finally, more work is needed to elucidate under what circum-
stances and what doses of P or ALLO impact mood and emotional
processing in humans. If these steroids exert paradoxical effects
on mood (Andreen et al., 2009), it is important to delineate the
doses and conditions under which beneficial mood effects might
be obtained by manipulating P or ALLO levels. Use of drugs that
block conversion of P to ALLO, such as finasteride or dutasteride,
may help uncover whether mood effects of these hormones are
mediated by ALLO’s effects on GABA-A receptors; P or 5α-DHP’s
actions at P receptors (see text footnote 1); or both.

ALLO AND DEPRESSION: CAUSE AND EFFECT
If the evidence continues to support a difference in P/ALLO
functioning between healthy individuals and patients, the next
question that must be addressed is whether there is a causal
relationship between P/ALLO responses and psychopathology.
For example, lower P/ALLO responses to stress could be deter-
mined by genetic factors and/or early life experiences and could
pose a risk factor for development of psychopathology. Alterna-
tively, depression itself could be the cause of diminished P/ALLO
responses to stress; the hormonal changes could then lead to
exacerbation of the disorder by predisposing the individual to
greater anxiety and HPA axis activity during stress, and decreased
propensity to seek social support. These two possible cause-effect
relationships are not mutually exclusive; each must be tested sep-
arately. To test whether reduced P/ALLO contributes to a risk for
depression, for example, longitudinal studies in currently healthy,
at-risk populations could be employed. This approach could
yield important information about new biological risk factors for
depression.

It is also unclear whether the reduced ALLO levels seen in MDD
are tied to the symptomatology of MDD; that is, whether increas-
ing ALLO levels would alleviate symptoms. In rodent models of
depression, ALLO does reduce depression-like behavior (Khisti
et al., 2000; Guidotti et al., 2001; Rodriguez-Landa et al., 2007).
However, human depression can be successfully treated (with non-
pharmacological means) without increased ALLO accompanying
the improvement (Schule et al., 2004; Baghai et al., 2005). Longi-
tudinal studies examining basal and stress-responsive P and ALLO
levels before depression onset and after recovery can help inform
whether pharmacological treatments aimed at increasing ALLO
production or activity should be pursued.

P AND ALLO IN AFFILIATION-SEEKING
The evidence for a relationship between P and affiliation moti-
vation is still sparse. Future research both in animal models and
in humans is needed to delineate this relationship. In particular,
in order to establish a causal relationship, hormone manipula-
tion studies are necessary. Elucidation is needed as to whether
the proposed P-affiliation relationship is mediated by P itself, act-
ing at intercellular P receptors, or mediated by the conversion
of P to ALLO and actions at GABA-A receptors. Further, it is of
interest whether this purported P/ALLO-affiliation relationship is
disrupted in depression or other disorders. A better understand-
ing of the relationships between stress, affiliation, and hormones
could lead to behavioral interventions, e.g., to increase affiliation
and social support-seeking, as preventative and adjunct treatment
options.

HOW P AND ALLO AFFECT THE HUMAN BRAIN
There are obvious limitations to what can be understood about the
function of hormones in stress, mood, and affiliation only by mea-
suring or manipulating peripheral levels of hormones. In order to
uncover the neural mechanisms of the effects of P and ALLO on
mood and behavior, brain imaging methods must be employed,
along with pharmacological manipulations. One important ques-
tion is whether GABA activity in the human brain parallels periph-
eral release of P during stress. This question might be addressed
using positron emission tomography (PET) imaging with radioac-
tive ligands for the GABA-A receptor. Unfortunately, currently
only radioligands for the benzodiazepine binding site are available.
ALLO appears to bind to a different site, as yet uncharacterized
(Brot et al., 1997; Lambert et al., 2003; Akk et al., 2004b). Another
approach might be to use proton magnetic resonance spectroscopy
(H1-MRS) to gain information regarding GABA concentrations in
different brain regions (Epperson et al., 2002, 2006). GABA con-
centrations may fluctuate in emotion-related brain areas during
stress or pharmacological manipulation of P/ALLO.

CONCLUSION
Neuroscience research in rodents has established a crucial role
for P and ALLO in stress, while clinical research comparing
patient groups to healthy controls strongly suggests dysregula-
tion in neurosteroids in affective and other disorders. In order
to understand the significance of P/ALLO differences between
patients and controls, it is necessary to know more about the
basic physiology and psychology of these hormones in humans.
The available evidence suggests that, like in rodents, both P
and ALLO increase during stress in humans, but more sys-
tematic studies are needed. Although neurosteroids are indirect
GABA agonists and appear to cause anxiolysis in rodents, the
evidence thus far suggests that P/ALLO administration causes
mild (if any) effects on mood and subjective anxiety in humans.
In fact, some individuals may respond to P/ALLO with adverse
mood effects (Andreen et al., 2009). In contrast, administration
of these hormones do exert effects in humans consistent with
GABA agonists, such as effects on saccadic eye velocity (Sund-
strom et al., 1998; Timby et al., 2006) and on memory (Freeman
et al., 1993; van Wingen et al., 2007; Kask et al., 2008). Mean-
while, a growing social psychology literature suggests a connection
between P and motivation for affiliation/social contact (Wirth
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and Schultheiss, 2006; Brown et al., 2009; Maner et al., 2010).
P may be especially responsive to social rejection (Wirth and
Schultheiss, 2006; Maner et al., 2010). This connection suggests
another possible role for P/ALLO rises in response to stress,
namely, to promote social contact as a long-term coping strategy.
If so, P/ALLO could be a risk factor for depression in part by way
of a decreased propensity to affiliate. Further work is needed to
answer these questions, which will require collaboration between
researchers in neuroendocrinology, social psychology, and clinical
psychology/psychiatry.
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Opioids play a critical role in hippocampally dependent behavior and plasticity. In the hip-
pocampal formation, mu opioid receptors (MOR) are prominent in parvalbumin (PARV)
containing interneurons. Previously we found that gonadal hormones modulate the traf-
ficking of MORs in PARV interneurons. Although sex differences in response to stress are
well documented, the point at which opioids, sex, and stress interact to influence hip-
pocampal function remains elusive. Thus, we used quantitative immunocytochemistry in
combination with light and electron microscopy for the phosphorylated MOR (pMOR) at the
SER375 carboxy-terminal residue in male and female rats to assess these interactions. In
both sexes, pMOR-immunoreactivity (ir) was prominent in axons and terminals and in a few
neuronal somata and dendrites, some of which contained PARV in the mossy fiber path-
way region of the dentate gyrus (DG) hilus and CA3 stratum lucidum. In unstressed rats,
the levels of pMOR-ir in the DG or CA3 were not affected by sex or estrous cycle stage.
However, immediately following 30 min of acute immobilization stress (AIS), males had
higher levels of pMOR-ir whereas females at proestrus and estrus (high estrogen stages)
had lower levels of pMOR-ir within the DG. In contrast, the number and types of neu-
ronal profiles with pMOR-ir were not altered by AIS in either males or proestrus females.
These data demonstrate that although gonadal steroids do not affect pMOR levels at rest-
ing conditions, they are differentially activated both pre and postsynaptic MORs following
stress.These interactions may contribute to the reported sex differences in hippocampally
dependent behaviors in stressed animals.

Keywords: opioids, sex differences, estrogens, mossy fiber pathway

INTRODUCTION
Estrogens influence fundamental processes within the hippocam-
pus. When estrogen levels are high (either at the proestrus stage of
the estrous cycle or in ovariectomized animals replaced with estra-
diol), spine density, synaptic proteins, and glutamatergic receptors
are elevated in the hippocampus (Gazzaley et al., 1996; Woolley,
1998; McEwen and Milner, 2007; Spencer et al., 2008; Waters et al.,
2009). Estrogen fluctuations affect long term potentiation (LTP)
and long term depression, two forms of synaptic plasticity consid-
ered to be cellular models of memory trace formation (reviewed
by Foy, 2011). Moreover, estrogens likely contribute to sex dif-
ferences in associative learning behaviors important in addiction,
particularly in relation to relapse (Roberts et al., 1989; Lynch et al.,
2002; Roth et al., 2002; Hu et al., 2004).

One potential way that estrogens influence hippocampal learn-
ing relevant to addictive processes is through the modulation of
the stress response. Drug addiction, particularly relapse, is often
provoked by stress (reviewed by Bruchas et al., 2010; Shalev et al.,
2010). Sex differences in response to both chronic and acute

stress have been reported (Bowman et al., 2003; Conrad et al.,
2003; Luine et al., 2007). In males, chronic stress is detrimental
to learning processes, decreases in LTP, and results in atrophy of
CA3 pyramidal cell dendrites as well as increased packing den-
sity of small synaptic vesicles near active zones of mossy fiber
terminals (Magariños et al., 1997, and reviewed by McEwen and
Milner, 2007). However, in females, chronic stress either does not
effect or slightly increases spatial learning performance, partic-
ularly at the proestrus phase of the estrus cycle, and does not
result in the dramatic morphological changes seen in the male
hippocampus (Shors and Thompson, 1992; Galea et al., 1997;
Luine et al., 2007; McEwen and Milner, 2007). The relative preser-
vation of hippocampal morphology and learning processes in
females following stress could contribute to accelerated course
of addiction seen in females (Robbins et al., 1999; Elman et al.,
2001).

Several lines of evidence suggest that the endogenous hip-
pocampal opioid system is involved in these sexually dimorphic
responses to stress. The mossy fiber-CA3 pathway, which is most
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vulnerable to stress in males, is rich in opioid peptides and recep-
tors as well as gonadal steroid receptors (Drake et al., 2007; Hajszan
et al., 2007). Moreover, LTP in the mossy fiber – CA3 pathway is
opioid dependent, requiring activation of the mu opioid receptors
(MORs; Derrick et al., 1992; Derrick and Martinez, 1994). In other
brain regions, chronic stress alters enkephalin levels as well as MOR
binding (Kalivas and Abhold, 1987; Stein et al., 1992; Drolet et al.,
2001; Lucas et al., 2004; Dantas et al., 2005). Ovarian hormones,
particularly estrogens, also can alter the levels of opioid peptides
in the mossy fiber pathway (Torres-Reveron et al., 2008, 2009b)
and MOR binding throughout the hippocampus (Piva et al., 1995;
Šlamberová et al., 2003). Furthermore, ovarian hormones can alter
the trafficking as well as the availability at the cell membrane of
MORs and delta opioid receptors in hippocampal interneurons
and principal cells, respectively (Sinchak and Micevych, 2001;
Torres-Reveron et al., 2009b; Williams et al., 2011). However,
whether ovarian hormones can affect the responses of the hip-
pocampal opioid system, particularly the MORs, to stress has not
been explored.

Therefore, the present study aimed to determine if MORs are
activated in the hippocampus following stress exposure and, if
so, is the activation of MORs affected by sex and/or gonadal
steroid levels. For this, an antibody to MOR phosphorylated at
ser375 (pMOR) was localized by light and electron microscopy in
male and cycling female rats following acute immobilization stress
(AIS).

MATERIALS AND METHODS
ANIMALS
All procedures were approved by the Weill Cornell Medical Col-
lege and Rockefeller University Institutional Animal Care and Use
Committees and were in accordance with the National Institutes
of Health guidelines. Adult male and female Sprague Dawley rats
(approximately 60 days old; N = 76) were obtained from Charles
River Laboratories (Wilmington, MA, USA). Rats were group
housed (three to four per cage) and given access to food and water
ad libitum with 12:12 light/dark cycles. Two cohorts of animals
were used in these studies. The first cohort, that was used to assess
the levels of pMOR-ir in males compared to females at each estrous
stage, was the same cohort of animals used in our previous stud-
ies (Torres-Reveron et al., 2008, 2009b; Williams et al., 2011). The
second cohort was used to assess the effects of AIS in males and
in females from different estrous stages. These two cohorts of ani-
mals were housed in different animal facilities (cohort 1: WCMC;
cohort 2: RU) and their brains were collected approximately 3 years
apart.

ESTROUS CYCLE DETERMINATION
Female rats were allowed to acclimate for 1 week after arrival and
then estrous stage was determined daily between 9:00 and 10:00
am using vaginal smear cytology (Turner and Bagnara, 1971).
Only female rats that showed two consecutive, regular 4–5 day
estrous cycles were used in the study. Diestrus-II rats rather than
metestrus (diestrus I) were chosen to insure that rats were com-
pletely out of the estrus phase. The stage of the estrous cycle
was confirmed by measuring uterine weight and plasma serum
estradiol levels by radioimmunoassay as previously described

(Torres-Reveron et al., 2009b). To control for handling effects,
male rats were removed from their cages daily to perform mock
estrous cycling.

ACUTE IMMOBILIZATION STRESS
Acute immobilization stress was conducted between 9:00 am and
1:00 pm and was performed as previously described (Lucas et al.,
2007; Shansky et al., 2010). Rats were transported from their home
room to a procedure room. Rats were placed in plastic cone shaped
polyethylene bags with a Kotex mini-pad underneath them to col-
lect urine and a small hole at the apex of the cone. Each animal
was sealed with tape in the bag with the nose opposed to the hole
allowing for unrestricted breathing. The immobilized rats were
placed on a counter top undisturbed for 30 min. Immediately fol-
lowing the AIS, rats were anesthetized in the procedure room and
their brains fixed by perfusion as described below. Control rats
remained in their cages in the home room and were anesthetized
prior to transfer to the procedure room for perfusion.

IMMUNOCYTOCHEMISTRY
Antibodies
A rabbit polyclonal antibody generated against a synthetic phos-
phopeptide corresponding to residues surrounding Ser377 of
human (homologous to Ser375 of mouse) of the pMOR (#3451
Cell Signaling, Danvers, MA, USA) was used in this study. This
antibody has been used to measure pMOR-ir using immunoflu-
orescence (Chu et al., 2008), western blots, and immunoprecip-
itation in both HEK293 cells and neuronal cells (Schulz et al.,
2004). In the presence of opioid receptor agonists (DAMGO) or
antagonist (naloxone), immunoreactivity for pMOR is increased
and decreased, respectively, in HEK293 cells (Schulz et al., 2004).
Moreover, mutating the SER 375 residue of the MOR in HEK293
cells abolished morphine induced phosphorylation as assessed by
immunoprecipitation (Chu et al., 2008), further demonstrating
specificity of this antibody. To additionally test the specificity of
the pMOR antibody, a preadsorption control was also performed.
For this, 2 ml of the working dilution of the antiserum (1:800) was
divided into two scintillation vials. Fifty micrograms of the peptide
to which the antibody was generated (Cell Signaling #5976B) in
50 μl saline was added to one of the vials and 50 μl saline was added
to the other vial and the vials were placed on a shaker overnight
at 4˚C. The following day, the solutions were spun at 10,000 RPM
for 10 min on a microfuge and the supernatant collected and used
for immunocytochemistry as described below.

The mouse monoclonal antibody directed against the calcium
binding protein parvalbumin (PARV; Sigma-Aldrich) was utilized
in our previous studies (Torres-Reveron et al., 2009b). This anti-
body has been previously characterized by immunoblots, radioim-
munoassay, and has ability to recognize PARV in brain tissue (Celio
et al., 1988).

Section preparation
Rats were deeply anesthetized with sodium pentobarbital
(150 mg/kg) and perfused sequentially through the ascending
aorta with: (1) 10–15 ml of 0.9% saline containing 2% heparin;
(2) 50 ml 3.75% acrolein and 2% paraformaldehyde in 0.1 M phos-
phate buffer (PB; pH 7.4); and (3) 200 ml 2% paraformaldehyde
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in PB. Brains then were cut into 5 mm thick coronal blocks and
post-fixed for 30 min in the latter fixative before being switched
into PB. Coronal sections (40 μm thick) through the hippocampus
were cut on a vibratome into PB, placed in cryoprotectant solution
(30% sucrose and 30% ethylene glycol in PB) and stored at −20˚C
until processing for immunocytochemistry. Prior to immunocy-
tochemistry, sections were rinsed in PB, coded with hole-punches
and pooled into single containers to insure identical exposure to
immunoreagents (Pierce et al., 1999). Sections then were incu-
bated in 1% sodium borohydride in PB for 30 min, and rinsed
in PB.

Light microscopic immunocytochemistry and analysis
To examine changes in pMOR-ir levels between different exper-
imental groups, sections were processed as previously described
(Torres-Reveron et al., 2008). Briefly, sections were transferred to
0.1 M Tris-buffered saline (TS; pH 7.6) and then blocked in 0.5%
BSA in TS for 30 min. Sections were placed in rabbit polyclonal
pMOR antibody (1:800) for 24 h at room temperature, and then
24 h at 4˚C. Sections then were processed in a 1:400 dilution of
biotinylated goat anti-rabbit immunoglobulin (IgG; Vector Lab-
oratories, Burlingame, CA, USA) for 30 min followed by a 1:100
dilution of avidin–biotin complex (ABC; Vectastain elite kit, Vec-
tor Laboratories) for 30 min. All incubations were separated by
washes of TS. Sections were reacted in 3,3′-diaminobenzidine
(DAB; Sigma-Aldrich, St. Louis, MO, USA) and 3% H202 in TS for
4–6 min and rinsed in TS followed by PB. Sections were mounted
on gelatin-coated slides, dehydrated and coverslipped from xylene
with DPX mounting media (Sigma-Aldrich).

Sections from the dorsal hippocampus (−3.6 to −4.0 mm from
Bregma; Swanson, 2000) were chosen for analysis. All histological
evaluation was done by an experimenter who was blind to treat-
ment group. For quantitative densitometry, photomicrographs
through regions of interest (ROI) were captured using a Dage MTI
CCD-72 camera on a Nikon Eclipse 80i microscope and converted
to gray-scale values MicroComputer Imaging Device (MCID) soft-
ware. The mean gray value (of 256 gray levels) for each selected
ROI was determined as previously described (Torres-Reveron
et al., 2008). To control for variations in illumination and back-
ground staining, the average pixel density from three regions lack-
ing labeling was subtracted. Optical density values were measured
using MCID and net optical density values obtained after sub-
tracting background values were converted to a percentage scale
of 256 preset gray values ranging from 0 to 100%. To determine
the levels of pMOR-ir in individual cells, optical density measure-
ments from the cytoplasm of two to three cells were section were
averaged. For statistical analyses, percentages were transformed
by calculating the inverse sine of the proportion (EisenHart and
Hastay, 1947). All data was analyzed using a one-way ANOVA
followed by preplanned Student-Newman–Keuls post hoc analysis
(p < 0.05).

Immunofluorescence
For immunofluorescence, the same procedures above were fol-
lowed with the following changes: (1) rats were perfusion fixed
with 4% paraformaldehyde in PB; (2) the sodium borohydride step
was eliminated; (3) sections were incubated in pMOR antiserum

(diluted 1:500) for 24 h at RT and 48 h at 4˚C; (4) sections were
incubated in biotinylated goat anti-rabbit IgG and ABC for 60 min
each, followed by an incubation in streptavidin conjugated Alexa
Fluor 488 goat anti-rabbit IgG (Invitrogen) diluted 1:200 for
90 min. Sections then were incubated in a mouse monoclonal
antibody directed against PARV (1:6000) for 6 h at room tem-
perature and 48 h at 4˚C followed by a goat anti-mouse Alexa
Fluor 568 IgG for 90 min. Sections were rinsed in PB, air-dried,
and coverslipped with VectorShield (Vector laboratories). Images
were collected with a Leica TCS SP5 confocal microscope using an
argon laser (488) and a HeNe laser (543). Sequential scans were
acquired to avoid any overlap between the wavelengths for the two
dyes. Z stack images (approx. 20 μm at 1 μm each) were taken and
combined into a single image using the Leica Application Suite
Software.

ELECTRON MICROSCOPIC IMMUNOCYTOCHEMISTRY AND ANALYSIS
Single label immunocytochemistry
Sections were processed for immunoperoxidase as described above
for light microscopy. Sections were post-fixed in 2% osmium
tetroxide for 1 h, rinsed in PB, dehydrated in ascending concen-
trations of ethanol and propylene oxide and then embedded in
EMbed 812 (Electron Microscopy Sciences, Fort Washington, PA,
USA). Ultrathin sections (70–72 nm thick) through the ROI were
cut on a Leica UCT ultratome, collected on copper grids and coun-
terstained with uranyl acetate and Reynolds lead citrate. Sections
were examined with a Philips CM10 transmission electron micro-
scope equipped with an Advanced Microscopy Techniques digital
camera (Danvers, PA, USA). For figures, images were prepared in
Adobe Photoshop 9.0 to sharpness and imported into PowerPoint
2008 on a MacBook Pro where final adjustments to brightness
and contrast were made. These changes did not alter the original
content of the raw image.

Dual label immunocytochemistry
A subset of sections was processed for dual label immunoelec-
tron microscopy. For this, sections were incubated in a cock-
tail of rabbit anti-pMOR (diluted 1:800) and mouse anti-PARV
(diluted 1:3000). PARV was visualized using the ABC procedure
as described for light microscopy except that sections were incu-
bated in biotinylated horse anti-mouse IgG. Immunoreactivity for
pMOR was visualized using the silver enhanced immunogold tech-
nique (Chan et al., 1990). Briefly, sections were rinsed in TS and
incubated in a 1:50 dilution of goat anti-rabbit IgG conjugated to
1 nm gold particles (1:50, EMS) in 0.08% BSA and 0.001% gelatin
in 0.01 M phosphate-buffered saline (PBS; pH 7.4) for 2 h at RT.
Sections then were rinsed in PBS, post-fixed in 2% glutaraldehyde
for 10 min and rinsed in PBS followed by 0.2 M sodium citrate
buffer (pH 7.4). The gold particles were enhanced by incubation
of a silver solution (RPN491; GE Healthcare) for 5–7 min. The
sections were then prepared for electron microscopy as described
above.

Analysis
For quantitative single label electron microscopic studies, ultrathin
sections from three to four rats in each experimental condition
were analyzed. All of the sections from each experimental group
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were co-processed and used identical sampling methods, to min-
imize variables that could affect between-group comparisons. To
minimize differences due to antibody penetration, analysis was
conducted at the tissue–plastic interface (Pierce et al., 1999). In
each ROI, all profiles from eight random, but non-overlapping,
micrographs (65 μm2/micrograph) were counted. All analysis was
done by a experimenter who was blind to experimental group.
Immunolabeled profiles were classified using criteria defined by
Peters et al. (1991). Dendritic profiles contained regular micro-
tubule arrays and were usually postsynaptic to axon terminal
profiles. Unmyelinated axons were profiles smaller than 0.2 μm
in diameter, contained a few small synaptic vesicles and lacked a
synaptic junction in the plane of section. Axon terminal profiles
had numerous small synaptic vesicles and had a cross-sectional
diameter greater than 0.2 μm. Astrocytic profiles were distin-
guished by their tendency to conform to the boundaries of sur-
rounding profiles, by the absence of microtubules and/or by the
presence of glial filaments. All statistical analyses were performed
using a two-way ANOVA (p < 0.05), followed by preplanned, pair-
wise comparisons using Student-Newman–Keuls post hoc analysis
(p < 0.05).

RESULTS
pMOR-ir IS CONCENTRATED IN THE MOSSY FIBER PATHWAY REGION
At the light microscopy level, pMOR-ir was limited to select sub-
regions (Figure 1). Diffuse pMOR-ir was found in the stratum
lucidum of the CA3, particularly in CA3b and c, and the central
hilus of the dentate gyrus (DG; Figure 1A). Moreover, cells con-
taining pMOR-ir were found primarily in the dorsal portion of the
dentate hilus (Figure 1B) and sparsely scattered near the CA3 pyra-
midal cell layer. The pattern of pMOR labeling appeared identical
in male and female rats. Moreover, neither the density of pMOR-ir
in six subregions from the mossy fiber pathway nor the density of
pMOR-ir in individual cell somata was significantly different from
males and females, regardless of estrous stage [p > 0.05; cohort 1
(see Materials and Methods)]. All pMOR-ir was abolished when
the antibody was incubated with the peptide against which the
antiserum was raised (Figure 1C).

Confocal microscopy revealed that some cells with pMOR-ir
co-expressed PARV, particularly in the dorsal blade of the hilus
of the DG (Figures 2A–C). Rarely, cells near the CA3 pyramidal
cell layer contained pMOR- and PARV-ir (Figures 2D–F); how-
ever, in these instances the pMOR labeling was less robust. These
observations indicate that pMOR may be expressed within a subset
of interneurons, consistent with previous reports demonstrating
that MOR-ir is frequently co-expressed within PARV-containing
hippocampal interneurons (Drake and Milner, 2006).

pMOR-ir IS PRIMARILY IN AXONS AND IN SOME DENDRITES
Since CA3b contained dense pMOR-ir, this region initially was
chosen for electron microscopic examination in normal non-
stressed rats (Figure 1D). Ultrastructurally, pMOR-ir was found
exclusively in neuronal profiles. As there was no effect of sex
or estrous cycle phase on the types or proportion of profiles
(p > 0.05), data were collapsed from all animals (N = 16). The
majority (74.6 ± 1.4% out of 1862 total profiles) of pMOR-ir was
found in small unmyelinated axons (Figures 3A,C). A minority of

FIGURE 1 | (A) At the light level, pMOR-immunoreactivity (pMOR-ir) is
most dense in stratum lucidum (slu) of CA3 and in the hilus (hil) of the
dentate gyrus (DG). (B) Higher magnification of the inset in A shows that
several cells contain pMOR-ir in the dorsal hilus (arrows). (C) No labeling
was seen in these regions following preadsorption of the pMOR antibody
with antigenic peptide. (D) The mossy fiber pathway zone was divided into
six regions for analysis: CA3a, CA3b, and CA3c and the denate gyrus tip,
blade, and body. gcl, granule cell layer; pcl pyramidal cell layer. Scale
bars = 100 μm.

FIGURE 2 | Confocal microscopy shows that pMOR-ir is contained in

some PARV-labeled interneurons. In dorsal blade of the dentate gyrus,
pMOR-ir (A) and PARV-ir (B) are co-expressed a neuron be [merged image
(C)]. In the CA3, sparse pMOR-ir (D) and PARV-ir (E) are co-expressed in a
neuron [merged image (F)]. gcl, granule cell layer. Scale bar = 10 μm.
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FIGURE 3 | By electron microscopy, pMOR-ir is found in axons

and axon terminals. (A) pMOR-ir is found in numerous small,
unmyelinated axons (pMOR-A; arrows) within the stratum lucidum
of the CA3. (B) A cluster of pMOR-ir is found in a terminal (pMOR-T)
containing numerous small synaptic vesicles and forming an

asymmetric synapse (curved arrow) with an unlabeled dendritic spine
(us). (C) pMOR-ir is affiliated with small synaptic vesicles in an enpassant
axon that forms an asymmetric synapse (curved arrow) with a dendritic
spine emanating from an unlabeled dendritic shaft (ud). Scale
bar = 500 nm.

axons with pMOR-ir was myelinated (2.3 ± 1.3%). Within stra-
tum lucidum, pMOR-labeled axons were often found in bundles,
indicative of mossy fiber axons (Figure 3A). pMOR-ir in axons
was usually patchy, often affiliated with small vesicles (Figure 3C).
In fortuitous planes of section, pMOR-labeled axons gave rise to
terminals that formed asymmetric synapses with dendritic spines
(Figure 3C).

A few (3.3 ± 0.5%) axon terminals contained pMOR-ir. pMOR-
labeled terminals were usually between 0.3 and 0.6 μm in diameter,
contained numerous small synaptic vesicles (Figure 3B). Like
axons, pMOR-ir in terminals was usually patchy and affiliated with
vesicles. Few pMOR-labeled terminals formed synapses; most of
these were asymmetric on unlabeled dendritic spines.

About one-sixth (16.0 ± 1.7%) of the pMOR-labeled pro-
files were dendritic shafts. pMOR-ir was usually distributed
throughout the dendrites, with no particular affiliation with select
organelles (Figure 4A). Dendritic shafts with pMOR-ir ranged
in size from 0.4 to 1 μm in diameter, lacked spines and were
contacted by several axon terminals. In some cases, terminals con-
tacting pMOR-labeled dendritic shafts had the morphology of
mossy fiber terminals (Figure 4A). Rarely, pMOR-ir was found
in dendritic spines (3.8 ± 0.4%). Consistent with the confocal
data, dual label electron microscopy revealed that pMOR-ir is
co-expressed within a few dendritic shafts containing PARV-ir
(Figure 4B). Dual labeled dendrites lacked dendritic spines and

received numerous contacts (usually asymmetric) from unlabeled
terminals.

ALTERATIONS IN pMOR-ir FOLLOWING AIS VARY DEPENDING ON
REGION AND HORMONAL STATUS
The levels of pMOR-ir in six subregions of the mossy fiber path-
way (Figure 1D) were quantified using densitometry in males and
females from each estrous stage following AIS. Although no effect
of hormonal cycle or sex was observed in control rats [p > 0.05;
cohort 2 (see Materials and Methods)], AIS produced robust sex
differences in the density of pMOR-ir in the CA3 and DG that
is anatomically and gonadal steroid status specific. However, like
unstressed rats, no sex or cycle differences in the density of pMOR-
ir were found in individual cell somata sampled from the dentate
hilus in AIS compared to control rats (p > 0.05).

CA3
Overall, pMOR-ir was not altered by estrous stage or sex in non-
stressed rats within stratum lucidum of CA3. However, when
rats were exposed to AIS, significant sex differences in the lev-
els of pMOR-ir in CA3 emerged. In general, pMOR-ir in males
increased following AIS compared to unstressed males and to both
unstressed and stressed proestrus females.

The CA3 was analyzed first as a single region and then subdi-
vided into three separate areas (CA3a, CA3b, and CA3c) as seen
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FIGURE 4 | pMOR-ir is found in dendrites, some of which colocalize

PARV. (A) A large dendritic shaft containing diffuse pMOR-ir (pMOR-D) is
contacted (arrows) by mossy fiber terminals (MF-T). (B) pMOR-ir identified
by silver intensified gold particles (arrows) is in a PARV-labeled dendritic
shaft identified by diffuse peroxidase reaction product. Unlabeled terminals
(uT) form asymmetric synapses (arrows) on the dual labeled dendrite
(pMOR–Parv-D). Scale bars for all images = 500 nm.

in Figure 5. When analyzed as a single brain area (Figure 5A),
two-way ANOVA revealed a significant main effect of sex/cycle
(F 3,46 = 3.198) and a significant interaction of sex/cycle by stress
(F 3,46 = 3.373, p < 0.05). Post hoc analysis revealed that AIS
induced pMOR-ir in males (p < 0.05) but not in females. Fur-
thermore, AIS males had greater pMOR-ir than did females
at proestrus (p < 0.01) and estrus (p < 0.05). Within the CA3a
(Figure 5B), two-way ANOVA showed no effect of sex/cycle
(F3,46 = 2.464) or stress (F 1,46 = 2.129), and no significant inter-
action (F 3,46 = 2.129, p > 0.05 for all) on the density of pMOR-ir.
However, in the CA3b (Figure 5C), a two-way ANOVA revealed
a strong trend of sex/cycle (F 3,46 = 2.792, p = 0.053) and a sig-
nificant sex/cycle by stress interaction (F 3,46 = 2.939, p < 0.05).
Post hoc analysis showed that AIS increased pMOR-ir in males
(p < 0.05) but not in females at any point in the cycle. Sex differ-
ences in the levels pMOR-ir were only found between males and
proestrus females (p < 0.01) after AIS. Furthermore, a small, but
significant effect of estrus cycle emerged such that diestrus females
had more pMOR-ir than did proestrus females (p = 0.050). Con-
sistent with these observations, within the CA3c (Figure 6D) a
two-way ANOVA revealed an effect of sex/cycle (F3,46 = 2.919,
p < 0.05), as well as a significant interaction between sex/cycle and
stress (F 3,46 = 3.312, p < 0.05). Post hoc analysis showed that AIS
increased pMOR-ir in males (p < 0.05), but not in females at any
stage. Within stressed animals, males expressed significantly more

pMOR-ir than did females at proestrus (p < 0.005) and estrus
(p < 0.05).

Dentate gyrus
Similar to the CA3, pMOR-ir was highly influenced by cycle stage
and sex in the DG. Interestingly, these differences were more
apparent in the DG compared to the CA3. Overall, AIS induced
pMOR-ir in males and decreased pMOR-ir in females.

When analyzed as a single brain area (Figure 6A), a two-
way ANOVA revealed a main effect of sex/cycle (F 3,46 = 6.337,
p > 0.005) and an interaction of sex/cycle and stress (F 3,46 = 4.967,
p > 0.01). Post hoc analysis shows that stressed females, regard-
less of cycle stage, have less pMOR-ir than do non-stressed
controls. However, pMOR-ir was increased in males after AIS
when compared to controls (p < 0.01). Within the DG tip
(Figure 6B), two-way ANOVA revealed a significant main effect
of sex (F3,46 = 5.115, p < 0.005), and an interaction between
sex/cycle and stress (F 3,46 = 4.225, p > 0.05). Post hoc analysis
showed a reduction of pMOR-ir within estrus females follow-
ing AIS (p < 0.05). Conversely, AIS increased pMOR-ir in males
when compared to controls (p < 0.05). Furthermore, significant
sex differences were observed in rats exposed to AIS such that
males expressed more pMOR-ir than did estrus (p < 0.005) and
proestrus (p < 0.0005) females. In addition, an effect of cycle was
observed such that females during diestrus had more pMOR-ir
than did females at estrus (p < 0.01) and proestrus (p > 0.005).
Consistent with these observations, a two-way ANOVA showed a
main effect of sex/cycle (F3,46 = 5.087, p < 0.01) and an inter-
action between sex/cycle and stress (F 3,46 = 6.474, p < 0.005)
within the DG blade (Figure 6C). Post hoc analysis revealed
that AIS reduced pMOR-ir in proestrus females and increased
pMOR-ir in males when compared to controls. Overall, males
had significantly more pMOR-ir than did females at proestrus,
estrus, and diestrus after AIS (p < 0.05 for all). Furthermore,
diestrus females had more pMOR-ir than proestrus and estrus
females following AIS (p > 0.05 for all). Within the DG body
(Figure 6D), a two-way ANOVA revealed a main effect of sex/cycle
(F 3,46 = 6.315, p < 0.005) and an interaction between sex/cycle
and stress (F 3,46 = 3.566, p < 0.05). Post hoc analysis showed an
induction of pMOR-ir in males after stress (p < 0.015). After AIS
exposure males had more pMOR-ir than proestrus and estrus
females (p < 0.005); diestrus females also had more pMOR-ir than
did proestrus and estrus females (p > 0.05 for both).

Since the greatest differences in pMOR-ir following AIS were
found between males and proestrus females in the DG, further
analysis was performed at the ultrastructural level. For this, the
types and proportions pMOR-labeled profiles were counted in the
central hilus of control and AIS proestrus female and male rats
(N = 4 per group). A two-way ANOVA revealed no significant
difference between groups (p > 0.05) when either total number of
profiles, or types profiles (e.g., axons, dendrites, terminals) were
compared.

DISCUSSION
This is the first report to demonstrate that pMOR-ir is restricted
to the mossy fiber pathway region where it is found primarily in
axons and dendrites, some of which arise from PARV-containing
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FIGURE 5 | Effects of sex and estrous stage on the levels of

pMOR-ir within CA3 following AIS. Neither sex nor estrous cycle
stage significantly affected the density of pMOR-ir in non-stressed rats
when the CA3 was examined as a whole (A) or divided into subregions
(B–D). After exposure to AIS, however, significant differences emerged.
When the CA3 was analyzed as a whole, AIS males had significantly

more pMOR-ir than control males and AIS proestrus females (A). When
analyzed as separate regions, AIS significantly increased pMOR-ir in
males within the CA3b (C) and CA3c (D) [with a trend (p = 0.077) in the
CA3a (B)] compared to AIS proestrus females. In CA3c (D), AIS males also
had significantly more pMOR-ir than diestrus females. *p < 0.05,
**p < 0.01.

interneurons. The levels of pMOR-ir are not altered by sex or
estrous cycle stage in unstressed rats. However, following AIS,
pMOR-ir significantly decreased in proestrus and estrous females
and increased in males. These interactions may contribute to the
reported sex differences in hippocampally dependent behaviors in
stressed animals.

METHODOLOGICAL CONSIDERATIONS
We used a well-characterized antiserum to pMOR(Ser375), the
expression of which is regulated by opioid agonists and antag-
onists in HEK cells, neuronal cultures from hippocampus, and
spinal cord (Narita et al., 2004; Schulz et al., 2004; Chu et al.,
2008). Moreover, in AT20 and HEK cell cultures the distribution
of the pMOR(Ser 375) was similar to that of MOR-P1(Thr180)
and MOR-P2(Thr370 and Ser375), two non-commercial anti-
bodies to the activated form of MOR (Petraschka et al., 2007).
This is the first report to use the pMOR(Ser375) antiserum in

acrolein/paraformaldehyde fixed neuronal tissue. The demon-
stration that preadsorption with the peptide that the antiserum
was raised against completely abolished any immunoreactivity
within the entire hippocampus further supports the specificity of
this antiserum. However, the possibility exists that the antiserum
recognizes similar peptide sequences within the brain.

Phosphorylation of G-protein coupled receptors such as MORs
is one of the first steps following ligand activation controlling
receptor signaling and is critical to their desensitization and
internalization (Koch and Höllt, 2008). Several lines of evidence
demonstrate that the actions giving rise to desensitization and
internalization can be separated. In particular, mutation of MOR
at Thr180 eliminates ligand-induced desensitization but does not
affect internalization (Celver et al., 2004). Conversely, ligand-
stimulated activation of the MOR at Thr370 and Ser375 is impor-
tant for internalization (El Kouhen et al., 2001) and morphine but
not DAMGO-induced desensitization (Schulz et al., 2004). Thus,
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FIGURE 6 | Effects of sex and estrous stage on the levels of pMOR-ir

within dentate gyrus following AIS. Neither sex nor estrous cycle stage
significantly affected the density of pMOR-ir in non-s]ssed animals when the
dentate gyrus was examined as a whole (A) or divided into subregions (B–D).
However, sex and cycle differences in pMOR-ir emerged after AIS. When
analyzed as a whole, AIS males had significantly more pMOR-ir compared to

controls whereas AIS estrus females had less pMOR-ir compared to their
controls (A). When analyzed as separate subregions however, additional
differences were emerged. AIS significantly increased pMOR-ir in males
compared to proestrus females in the tip (B), blade (C), and body (D) of the
DG. AIS significantly decreased pMOR-ir in proestrus females within the DG
blade (B). *p < 0.05, **p < 0.01.

it is possible that the pMOR(Ser 375) antibody used in the present
study discriminates between internalization and desensitization
processes.

THE DISTRIBUTION OF pMOR IS CONSISTENT WITH THAT OF MOR IN
THE HIPPOCAMPUS
The current study demonstrates that pMOR-ir is found primarily
in the region of the DG and CA3 known to contain the mossy fibers
(Drake et al., 2007). Our electron microscopic studies revealed that
most pMOR-ir is in small unmyelinated axons and in dendrites,
some of which contain PARV. These observations are consistent
with previous reports describing the localization of MORs within
the hippocampus. The abundance of pMOR-ir within small axons
in the mossy fiber pathway suggests that the antibody primarily
recognizes activated forms of the MOR-1D splice variant (Abbadie
et al., 2000). The localization of pMOR-ir in axons suggests that
MOR activation could impact synaptic transmission either by
influencing the transduction of electrical signals to the terminal
and/or protein transport (Cunnane and Stjärne, 1984; Cheung,

1990). Interestingly, dynorphin, which is also localized in mossy
fibers (Drake et al., 2007), has a high affinity for the MOR-1D
(Petraschka et al., 2007) and is released by high frequency stim-
ulation following seizures or chronic stress (Wagner et al., 1991;
Mazarati et al., 1999; Redila and Chavkin, 2008). Thus, release
of dynorphins following high frequency stimulation could pro-
vide an auto-regulation of granule cell mossy fibers through a
presynaptic mechanism. Moreover, localization of pMOR-ir in
a few small terminals forming asymmetric synapses with den-
dritic spines suggests that MOR activation could particularly affect
excitatory transmission (Peters et al., 1991).

The presence of pMOR-ir in some PARV-containing interneu-
rons is consistent with previous reports localizing MOR-ir and
mRNA in the hippocampus (Drake and Milner, 1999, 2006;
Stumm et al., 2004; Torres-Reveron et al., 2009b). PARV-
containing interneurons comprise one group of basket cells that
form inhibitory-type synapses with pyramidal cell somata and
proximal dendrites (for reviews see Freund and Buzsáki, 1996; and
Drake et al., 2007) as well as cholescystokinin-containing basket
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interneurons (Karson et al., 2009). Activation of MORs profoundly
disinhibits pyramidal cells (Jin and Chavkin, 1999). Moreover, LTP
in the mossy fiber – CA3 pathway is opioid dependent, requiring
activation of the MORs (Derrick et al., 1992; Derrick and Martinez,
1994). Thus, in addition to presynaptic mechanisms, activation of
MORs could affect pyramidal cells and other interneurons through
postsynaptic mechanisms.

The present localization of pMOR-ir in cells, however, was
more limited than that described previously for MORs in hip-
pocampus (Stumm et al., 2004; Drake et al., 2007). A previous
study (Petraschka et al., 2007) localizing pMOR using MOR-P1
and MOR-P2 in other brain regions also noticed a discrepancy
between MOR distribution by non-phosphorylated antibodies.
Petraschka et al. (2007) suggested that the pMOR antibodies might
not detect newly synthesized or recently internalized MORs which
are distant to a regulatory kinase. Regardless, the localization of
pMOR-ir in GABAergic interneurons is consistent with previous
reports (Drake et al., 2007).

FOLLOWING AIS, THE LEVEL OF pMOR-ir ARE INFLUENCED BY SEX AND
ESTROUS CYCLE PHASE
In unstressed animals, neither estrus cycle stage nor sex signif-
icantly affected levels of pMOR-ir in any of the subregions of
the mossy fiber pathway and within individual cell somata. These
results were in contrast to those observed with the opioid peptides
and receptors. In particular, when estrogen levels are high (either
in proestrus or in ovariectomized rats replaced with estradiol)
the levels of enkephalin and dynorphin in the mossy fiber path-
way as well as the availability of MORs on the plasma membrane
of PARV-labeled dendrites are elevated (Torres-Reveron et al.,
2008, 2009a,b). Moreover, we recently have found that LTP in the
mossy fiber – CA3 pathway, which is known to be opioid depen-
dent (Derrick et al., 1992; Derrick and Martinez, 1994), is greater
in proestrus and estrus females compared to males and diestrus
females (Varga-Wesson et al., 2011). Several factors may have con-
tributed to lack of detection of sex or cycle differences of pMOR-ir
in our study. As mentioned above, the antisera may distinguish
between desensitization and internalization processes and/or may
recognize only a subset of MOR-containing neurons. Moreover,
since the majority of pMOR-ir was in axons, the current light
microscopic approaches lacked the resolution to detect changes
in the levels of pMOR-ir dendrites. Additionally, phosphorylation
MORs would not be expected to change until the opioid peptides
are released from dense core vesicles following some form of high
frequency stimulation (Thureson-Klein and Klein, 1990). Thus,
our finding that sex and cycle differences in pMOR-ir emerged
following stress, which is known to release opioid peptides (Redila
and Chavkin, 2008), was not unexpected.

In general, the levels of pMOR-ir in the mossy fiber zone
increased in males and decreased in proestrus and estrus females
after AIS. Moreover, our ultrastuctural findings showing no
changes in the number or proportion (e.g., axons and dendrites)
of pMOR-containing profiles following AIS suggests that the
observed level changes do not reflect recruitment of new profiles.
The differences in the magnitude of the changes in the levels of
pMOR-ir in subregions varied. In part, the observed differences
likely reflect the profile and/or receptor makeup. In particular,
the dentate tip and body contain more enkephalin-containing

axons and small terminals compared to any of the CA3 subre-
gions (Torres-Reveron et al., 2008). Moreover, the distribution of
estrogen and progestin receptors varies between hippocampal sub-
regions (Milner et al., 2005; Waters et al., 2008). Given our prior
ultrastructural observations that opioid levels and well as MORs
available for ligand binding in PARV interneurons increase in
proestrus rats (Torres-Reveron et al., 2008, 2009a,b), the observed
decreases in pMOR-ir in the proestrus rats after AIS were unex-
pected. However, our findings are consistent with reports that after
AIS males have enhanced learning processes whereas females have
decreased learning processes (Luine et al., 2007).

FUNCTIONAL CONSIDERATIONS
Activation of MORs has been shown to play an important role in
LTP and cognitive processes within the hippocampus (Meilandt
et al., 2004; Yoo et al., 2004). The current report demonstrating a
significant sex and estrous cycle differences in the levels of acti-
vated MORs after AIS suggests that gonadal steroid status may
influence LTP or plasticity following stress. Indeed, stress induced
changes in LTP in males have been found to be reduced by acute
application of estradiol (Foy et al., 2008; Foy, 2011). The present
results also suggest that MOR trafficking changes in response to
ovarian hormones may not be the only mechanism that regulates
MOR-activated responses. Although the impact of these changes in
MOR activation in the female brain is currently unknown, studies
are in progress exploring this question.

A growing body of literature demonstrates that the effects
of stress are sexually dimorphic (Shors and Thompson, 1992;
Beck and Luine, 2002; Bowman et al., 2003; Conrad et al., 2003).
The results from this study support this idea demonstrating that
pMOR-ir is regulated in a sex specific fashion, as well as over the
estrus cycle following AIS. These observations are consistent with
other studies demonstrating that males and females perform in
opposing manners on hippocampally dependent behavioral tasks
following both acute and chronic stress (Beck and Luine, 2002;
Luine, 2002; Luine et al., 2007). Moreover, our findings support
other studies that the opioid system is involved in stress responses.
In particular, acute and chronic stress induce the release of opioid
peptides and alter MOR binding in many brain regions (Kali-
vas and Abhold, 1987; Nabeshima et al., 1992; Stein et al., 1992;
Drolet et al., 2001; Lucas et al., 2004; Dantas et al., 2005). More-
over, the release of opioid peptides following stress can affect
drug-induced reinstatement in males (McLaughlin et al., 2003;
Redila and Chavkin, 2008; Bruchas et al., 2010; Shalev et al., 2010).
Although the direct mechanisms for sexually dimorphic stress
responses are not fully understood, the current report suggests that
the role of the hippocampal opioid system in learning behaviors
following stress merit further study.

In conclusion, these data demonstrate that the endogenous hip-
pocampal opioid system responds to stress in an opposing fashion
in males and females. These differences could potentially play
a role in many of the reported sex differences in hippocampal
function, such as susceptibility to seizures, differences in cogni-
tive performance, and drug addiction (Brady and Randall, 1999;
Doucette et al., 2007). Together, these data suggest that gonadal
hormones can play a critical role in the excitability and plastic-
ity of the hippocampus by modulating the endogenous opioid
system.
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Activation of the hypothalamo-pituitary–adrenal (HPA) axis is a basic reaction of animals to
environmental perturbations that threaten homeostasis. These responses are ultimately
regulated by neurons residing within the paraventricular nucleus (PVN) of the hypothal-
amus. Within the PVN, corticotrophin-releasing hormone (CRH), vasopressin (AVP), and
oxytocin (OT) expressing neurons are critical as they can regulate both neuroendocrine
and autonomic responses. Estradiol (E2) and testosterone (T) are well known reproductive
hormones; however, they have also been shown to modulate stress reactivity. In rodent
models, evidence shows that under some conditions E2 enhances stress activated adreno-
corticotropic hormone (ACTH) and corticosterone secretion. In contrast, T decreases the
gain of the HPA axis. The modulatory role of testosterone was originally thought to be via
5 alpha reduction to the potent androgen dihydrotestosterone (DHT) and its subsequent
binding to the androgen receptor, whereas E2 effects were thought to be mediated by
estrogen receptors alpha (ERalpha) and beta (ERbeta). However, DHT has been shown to
be metabolized to the ERbeta agonist, 5α- androstane 3β, 17β Diol (3β-Diol). The actions
of 3β-Diol on the HPA axis are mediated by ERbeta which inhibits the PVN response to
stressors. In gonadectomized rats, ERbeta agonists reduce CORT and ACTH responses to
restraint stress, an effect that is also present in wild-type but not ERbeta-knockout mice.
The neurobiological mechanisms underlying the ability of ERbeta to alter HPA reactivity are
not currently known. CRH, AVP, and OT have all been shown to be regulated by estradiol
and recent studies indicate an important role of ERbeta in these regulatory processes.
Moreover, activation of the CRH and AVP promoters has been shown to occur by 3β-Diol
binding to ERbeta and this is thought to occur through alternate pathways of gene regula-
tion. Based on available data, a novel and important role of 3β-Diol in the regulation of the
HPA axis is suggested.

Keywords: corticotropin releasing hormone, vasopressin, oxytocin, estrogen receptor beta, stress, androgen,

paraventricular nucleus, 3β-Diol

INTRODUCTION
The hypothalamo-pituitary–adrenal (HPA) axis represents a com-
plex series of neural signals that ultimately controls the hormonal
response to stressors. Stress, as originally defined by Hans Selye
(1936) is “. . .the non-specific response of the body to any demand
for change. . ..” Thus, the HPA axis represents one of several
“non-specific” response systems that are used by the brain to
adjust multiple physiological functions in an attempt to maintain
homeostasis. Other “non-specific” responses activated by stres-
sors may include the immune system and autonomic nervous
system. Although stress may have positive (eustress) or negative
(distress) connotations, the consequences of unresolved persistent
stress responses can lead to severe neuropsychiatric disorders in
susceptible individuals (Selye, 1975).

Regulation of the HPA axis by gonadal steroid hormones is an
important consideration in anxiety and affective disorders. For

example, major depressive disorder (MDD), and anxiety disor-
ders, are current major public health concerns and are responsible
for substantial social and economic burden in developed coun-
tries (Murray and Lopez, 1997; Ustun et al., 2004). Of interest,
women are up to 2.5 times more likely than men to be diag-
nosed with MDD in their lifetime (Fava and Kendler, 2000; Kessler,
2003), and women have a significantly higher heritability of MDD
than men (Kendler, 1998; Hettema et al., 2001). Clinical studies of
depressed patients reveal that the sex differences in incidence arise
at adolescence and more closely coincide with androgen and estro-
gen levels rather than physical changes associated with puberty
(Warren and Brooks-Gunn, 1989; Angold and Worthman, 1993;
Angold et al., 1999). As a result, changing patterns of hormones
and hormone sensitivity may be implicated as potential etiological
factors. In this review, we explore the steroid hormone influ-
ences on the regulation of HPA axis function that could influence
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susceptibility to disease states such as affective disorders, with
particular emphasis on androgens and estrogenic metabolites of
androgen.

THE HYPOTHALAMO-PITUITARY–ADRENAL AXIS
Glucocorticoid hormones, the end-product of the HPA axis, are
secreted by the adrenal cortex into the general circulation, under
tight hypothalamic control. The HPA axis represents a cascade
of neural and humoral signals organized by a central circadian
pacemaker and activated in response to environmental triggers.
Under non-stressed conditions, the release of corticosterone from
the rodent adrenal cortex is linked to a circadian regulatory sys-
tem (Chung et al., 2011). Circulating adrenal glucocorticoid levels
are lowest during the inactive phase (light period in rodents, dark
period in humans) and begin to rise several hours preceding the
onset of activity or awakening (L:D transition in rodents) to peak
shortly after activity onset. Thus, the rise in adrenal glucocorticoid
secretion predicts and readies physiological systems for the onset
of activity and feeding (Nader et al., 2010). The diurnal rise in glu-
cocorticoids is allowed to occur by decreases in vasopressin (AVP)
from the SCN that normally inhibit neurons in the paraventric-
ular nucleus (PVN; Szafarczyk et al., 1983; Kalsbeek et al., 1996;
Caldwell et al., 2008). Moreover, adrenal sensitivity to adrenocor-
ticotropic hormone (ACTH) changes over the day thereby altering
the corticosterone response to ACTH in a diurnal fashion (Oster
et al., 2006).

In addition to diurnal signals regulating adrenal glucocorticoid
secretion, changing environmental conditions or perceived threats
to homeostasis activate the HPA through a common final pathway
involving neurons located in the medial parvocellular division of
the PVN of the hypothalamus. These neurons integrate excitatory
and inhibitory inputs received from multiple brain areas (Culli-
nan et al., 1996; Herman et al., 1996; Choi et al., 2007). Thus, the
motor neurons driving the HPA response to stress are neuroen-
docrine neurons that contain corticotrophin-releasing hormone
(CRH) and that project to the median eminence. The release of
CRH into the hypothalamo-hypophyseal portal system stimulates
the release of ACTH from the anterior pituitary gland by act-
ing upon the CRH-R1 receptor on corticotrophs (Aguilera et al.,
2004).

Several additional neuropeptide phenotypes make up the PVN
neurons that control HPA axis activity. Vasopressin and oxytocin
are found at high levels in magnocellular and parvocellular neu-
rons of the PVN. Although typically thought to regulate osmotic
balance and parturition, vasopressin, and oxytocin have been
shown to co-localize with CRH in discrete PVN populations and
to be co-released with CRH (Whitnall, 1988; Bondy et al., 1989;
Raadsheer et al., 1993). Vasopressin reportedly acts synergisti-
cally with CRH to potentiate CRH’s secretogogue activity at the
level of the corticotroph (Rivier and Vale, 1983; Schlosser et al.,
1994; Papadimitriou and Priftis, 2009), whereas a role for the
oxytocin in CRH neurons has not been determined (Palkovits,
2000). Nonetheless, both vasopressin and oxytocin can stimulate
ACTH secretion even in the absence of CRH (Gillies et al., 1982).
In contrast, when applied to the PVN, or injected into the third
ventricle, oxytocin inhibits HPA responses (Windle et al., 1997;
Neumann et al., 2000) suggesting the possibility that oxytocin can

be released locally from PVN neurons, perhaps through dendritic
release (Landgraf and Neumann, 2004; Neumann, 2007).

Following the release from corticotrophs of the anterior pitu-
itary, ACTH acts on the adrenal cortex to stimulate the synthesis
and secretion of CORT. Circulating CORT has numerous effects
throughout the body, one of which is to signal to the anterior
pituitary, hypothalamus, and higher brain areas to limit fur-
ther hormone secretion (Gomez et al., 1998) thus closing this
neuroendocrine negative feedback loop.

ROLES FOR GONADAL STEROIDS IN REGULATING THE HPA
AXIS
ANDROGENS AND ANDROGEN RECEPTORS
Although testosterone and estradiol are classic reproductive hor-
mones, both have been reported to regulate the HPA axis (Gaskin
and Kitay, 1970, 1971; Coyne and Kitay, 1971). Gonadectomy of
male rats increases corticosterone and ACTH responses to stress
and correspondingly, c-fos mRNA expression in the PVN is ele-
vated (Handa et al., 1994a; Viau et al., 2003; Lund et al., 2004a,b).
The effects of testosterone (T) are not through aromatization to
estradiol given that hormone replacement of castrated rats with the
non-aromatizable androgen, dihydrotestosterone (DHT) returns
stress-responsive plasma CORT, and ACTH levels back to that
of the intact male. Hormone replacement also inhibits the stress-
induction of c-fos mRNA in the PVN (Viau, 2002; Viau et al., 2003;
Lund et al., 2004b, 2006). Additional evidence for an androgenic
regulation of HPA axis reactivity comes from studies examining
the hormonal stress response of male rats before and after puberty.
Prior to puberty, when T levels are low, the CORT response to acute
and chronic stress is high relative to the response seen after puberty
(Viau et al., 2005; Romeo and McEwen, 2006; Follib et al., 2011).
This correlates with the increases in T that occur during the puber-
tal transition of males. However, given that Romeo et al. (2004)
have shown that T administration cannot shift the pattern of HPA
regulation in pre-pubertal males to that of post-pubertal males, the
involvement of T is not sufficient for the pre- and post-pubertal
changes observed in HPA axis activity.

Androgens have been reported to inhibit HPA axis function
(Handa et al., 1994a) and alter CRH-immunoreactivity (ir; Binga-
man et al., 1994a) and vasopressin mRNA within the PVN (Viau
et al., 2001). Nonetheless, androgen receptors (AR) are not local-
ized in hypophysiotrophic CRH or AVP neurons within the PVN
(Bingaman et al., 1994b) and have only been reported in the dor-
sal and the ventral medial parvocellular parts of the PVN, which
are non-neuroendocrine neurons that project to spinal cord and
brainstem pre-autonomic nuclei (Bingham et al., 2006). Conse-
quently, it has been hypothesized that androgens regulate PVN
neuropeptide expression and secretion trans-synaptically. Data
supporting this hypothesis come from studies showing that AR
are in neurons projecting to the PVN (Williamson and Viau, 2007)
and that the implantation of testosterone into the medial preoptic
nucleus (MPN) and bed nucleus of the stria terminalis (BnST),
brain regions that provide afferent input to the PVN, can reduce
the CORT response to acute stress (Viau and Meaney, 1996).
Testosterone micro-implants to the MPN of gonadectomized rats
can also decrease stress-induced expression of c-Fos in the PVN
and lateral septum, an effect that is blocked by lesions of the MPN
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(Williamson et al., 2010). Further, retrograde tracing studies show
that AR-ir can be found in neurons of the BnST, but not the sep-
tum, that project to the PVN (Suzuki et al., 2001). However, the
MPN/BnST are likely not the only brain site(s) mediating andro-
gen’s inhibitory effect on HPA reactivity given that stereotaxic
application of DHT to a region just above the PVN (to prevent
mechanical disruption of the PVN) is also effective in reducing
CORT and ACTH responses to stress (Lund et al., 2006). We inter-
pret such data as indicating that DHT can also have direct actions
on PVN hypophysiotrophic neuron functions. However, based on
AR distribution in brain, the local inhibitory action of DHT on
PVN neurons likely occurs through a multisynaptic pathway that
involves activation/inhibition of several neural pathways and the
resulting feedback loops to inhibit activity of neurosecretory PVN
neurons. An alternate, but not mutually exclusive possibility is that
DHT may act through another receptor type found in the PVN
or in neurons projecting to the PVN. Our recent results implicate
ER beta (Lund et al., 2006), as an important receptor for DHT’s
actions.

ESTROGENS AND ESTROGEN RECEPTORS
The role of estrogens in regulating stress reactivity remains con-
troversial. Initial studies showing sex differences in corticosterone
responses to a stressor (Gaskin and Kitay, 1970) demonstrated
that sex steroid hormones could interact with the regulatory ele-
ments of the HPA axis. Gonadectomy of both males and females
reduces the sex difference and hormone replacement to gonadec-
tomized animals can reinstate the sex difference (Handa et al.,
1994b). Initial studies indicated that estradiol treatment enhanced,
and testosterone treatment inhibited HPA reactivity (Kitay, 1963;
Viau and Meaney, 1991, 1996; Burgess and Handa, 1992; Handa
et al., 1994a). For estradiol, the direction of effect has not always
been consistent, as enhancement (Isgor et al., 2003) and inhibition
(Orchedalski et al., 2007) of HPA activity following estradiol have
also been reported. Moreover, evidence is present in the literature
showing that estradiol and testosterone can act at the adrenal gland
(Kitay, 1965), anterior pituitary (Coyne and Kitay, 1971; Viau and
Meaney, 2004), and hypothalamus (Handa et al., 1994a; Viau and
Meaney, 1996; Viau et al., 2003). Thus, contributions to each level
of the axis may mediate the gonadal steroid effects on HPA func-
tion. Furthermore, amplitude and duration of hormone exposure
could also influence the actions of gonadal steroid hormone effects
on HPA axis function (Orchedalski et al., 2007).

Following the initial discovery of a second form of estrogen
receptor, termed ERbeta (Kuiper et al., 1996), its mRNA and
immunoreactivity were shown to be highly expressed by PVN neu-
rons (Shughrue et al., 1997; Laflamme et al., 1998; Shughrue and
Merchenthaler, 2001; Suzuki and Handa, 2004). A large number
of ERbeta-ir cells in PVN are OT positive, and ERbeta is also
found in AVP and prolactin expressing neurons (Alves et al., 1998;
Hrabovsky et al., 1998; Somponpun and Sladek, 2003; Suzuki and
Handa, 2005). Many fewer CRH neurons of the PVN express
ERbeta (Laflamme et al., 1998; Suzuki and Handa, 2005; Miller
et al., 2004). These data suggest that by binding to ERbeta, E2
might directly alter the function of PVN neuropeptide neurons.
Indeed, the administration of ERbeta agonists to rats cause an
inhibition of stress-induced corticosterone secretion (Lund et al.,

2006; Weiser et al., 2009), coupled with increased anxiolytic-like
behaviors (Walf et al., 2004; Lund et al., 2005; Weiser et al., 2009).
A PVN site of action in the regulation of HPA reactivity has been
demonstrated by the studies of Lund et al. (2006) who placed
ERbeta agonists in an area adjacent to the PVN and demonstrated
a reduction of stress-responsive corticosterone and ACTH secre-
tion in ovariectomized female rats. In contrast, ERalpha agonists
had an enhancing effect on corticosterone and ACTH. Little ERal-
pha is found in the PVN and it does not associate with CRH, AVP,
or OXY neurons (Simerly et al., 1990; Estacio et al., 1996; Suzuki
and Handa, 2005). Thus, a direct action of E2 that is mediated
by ERalpha acting through neuropeptide neurons of the PVN to
regulate stress reactivity appears unlikely.

SYNTHESIS AND METABOLISM OF GONADAL STEROID
HORMONES
In all steroid-synthesizing tissues, the conversion of cholesterol
to pregnenolone by the side chain cleavage enzyme, P450scc or
CYP11A1, is considered to be the rate-limiting step in steroidoge-
nesis and occurs in the mitochondria of steroid-synthesizing cells.
Pregnenolone is transported outside the mitochondria for sub-
sequent synthetic steps. The weak androgen, androstenedione is
produced via a delta4 pathway that first involves the conversion
of pregnenolone to progesterone and then 17alpha hydroxyl prog-
esterone by the enzymes 3β hydroxysteroid dehydrogenase (3β

HSD) and 17alpha hydroxylase, respectively. Androstenedione is
formed from 17alpha hydroxy-progesterone by 17,20 lyase activity.
In humans, the pathway for androgen synthesis largely involves the
delta5 pathway that produces dehydroepiandrosterone (DHEA) as
the precursor for androstenedione. Depending on the tissue exam-
ined, androstenedione can be converted to testosterone by Type 3
17β hydroxysteroid dehydrogenase (17β HSD) or to estrone by the
aromatase enzyme. Type 1 17β HSD is responsible for the conver-
sion of estrone to estradiol whereas aromatase can also synthesize
estradiol, using testosterone as the precursor (see Figure 1A; Rosen
and Cedars, 2007).

In brain and other steroid sensitive tissues, there are overlapping
functions that have been attributed to androgens and estrogens
based on studies showing that the brain is a rich source of aro-
matase activity and testosterone is a precursor to estradiol in brain
(Abdelgadire et al., 1994; Naftolin, 1994). Testosterone can also be
converted to the more potent androgen, DHT, by the 5α reduc-
tase enzyme (5αR; Krieger et al., 1983; Melcangi et al., 1985). For
many years, DHT was considered a prototypic androgen receptor
(AR) agonist, with greater binding activity at the AR compared
to testosterone (Zhou et al., 1995). Moreover, unlike testosterone,
DHT cannot be aromatized to estradiol-like metabolites. In con-
trast, recent data indicate that DHT may be converted to products
with estrogen-like activity, but by enzymes other than aromatase
(Weihua et al., 2001, 2002).

The principal metabolites of DHT are 5α-androstane 3β, 17β

Diol (3β-Diol), and 5α- androstane 3α, 17β Diol (3α-Diol). Both
steroids have little activity at the AR, however 3β-Diol has a moder-
ate ability to bind and activate ERbeta (Kuiper et al., 1997; Weihua
et al., 2001). 3β-Diol is synthesized from DHT by the actions
of multiple enzymes including 3αHSD, 17αHSD, and 3βHSD,
whereas 3β Diol is metabolized to 6α- and 7α-triol by the actions
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FIGURE 1 | Biosynthetic pathway for gonadal steroid hormones. (A)

Shows known enzymes and intermediates leading to the synthesis of
estrogens and androgens from cholesterol. (B) Shows the metabolic steps
of dihydrotestosterone processing putatively involved in pre-receptor
regulation of ERbeta activation. 3α-Diol = 5α androstane 3α, 17β Diol; 3β

Diol = 5α androstane 3β, 17β Diol, RL-HSD = 11-cis-retinol dehydrogenase
like 3α-HSD.

of CYP7b1 (Figure 1B; Jin and Penning, 2001; Gangloff et al.,
2003; Steckelbroeck et al., 2004; Penning et al., 2007). In contrast,
3α-Diol is synthesized from DHT through the actions of 3αHSD.
This reaction is a reversible reaction through the actions of “RoDH
Like” 3αHSD (RL–HSD; Bauman et al., 2006). Thus, any of these
enzymes may be important in pre-receptor regulation of androgen
action. Based on the metabolism of DHT to 3β-Diol, Weihua et al.
(2001, 2002) suggested a role for ERbeta in mediating its actions
in prostate gland. Given the important role that estrogens play in
regulating the HPA axis, particularly those that bind ERbeta, these
DHT metabolites could play an important role in the regulation of
non-reproductive functions such as stress reactivity in the rodent.

3β-DIOL AND THE REGULATION OF THE HPA AXIS
The ability of 3β-Diol to regulate the reactivity of the HPA axis
was first described by Lund et al. (2004a) who tested the ability of
peripherally administered 3β-Diol-diproprionate to alter stress-
responsive CORT and ACTH secretion in castrated adult male
mice. These studies revealed that 3β-Diol treatment was as effective
as DHT in reducing the gain of stress-induced CORT and ACTH
secretion. Moreover, the effects of 3β-Diol could be blocked by
co-administration of the non-selective ER antagonist, tamoxifen,
but not by the AR antagonist, flutamide, thus implicating estrogen
receptors in the actions of both DHT and 3β-Diol. Furthermore,

ERbeta agonists inhibited HPA reactivity in a fashion similar to
DHT and 3β-Diol, whereas ERalpha agonists did not.

Evidence for the PVN being the primary neural target of 3β-
Diol’s HPA inhibiting activity has also been demonstrated (Lund
et al., 2006). Using small pellets of beeswax as a carrier for hor-
mone, it was found that the stereotaxic application of 3β-Diol
to the PVN of castrated male rats mimicked the actions of both
central and peripherally administered DHT. Such local applica-
tion of the ERbeta agonist, diarylpropionitrile (DPN), could also
mimic the actions of DHT. The inhibitory actions of 3β-Diol and
DPN were blocked by co-administration of tamoxifen, whereas the
AR antagonist, flutamide had little effect. Although it is currently
unknown whether 3β-Diol is produced by cells in or near the PVN,
the fact that mRNAs for the steroid metabolizing enzymes such as
5αR, 3αHSD, 17αHSD, and CYP7b1 are found in the PVN sug-
gests that local synthesis of the hormone may be responsible (Lund
et al., 2006). Thus, the paracrine effects of 3β-Diol on nearby cells
of the PVN likely impact the function of HPA reactivity to stressors
through binding to ERbeta.

3β-Diol has also been shown to impact other neurobiologi-
cal systems through ERbeta. For example, Osborne et al. (2009)
demonstrated that 3β-Diol improved performance in the Mor-
ris water maze and Pendergast et al. (2008) demonstrated that
3β-Diol can regulate tyrosine hydroxylase expression in the locus
coeruleus.

In contrast to the actions of 3β-Diol-bound ERbeta, estradiol
appears to act primarily through ERalpha to augment HPA reac-
tivity. Estradiol and the ERalpha selective agonist, propylpyrazole-
triol (PPT), oppose the action of ERbeta agonists and consistently
increase HPA reactivity to restraint stress (Lund et al., 2006). Given
the co-localization of ERalpha in GABAergic neurons in the peri-
PVN area, it has been hypothesized that ERalpha increases the gain
of the HPA axis through modulation of local inhibitory circuits
(Weiser and Handa, 2009).

Unknown at present are the mechanisms by which the HPA
axis distinguishes enhancing from inhibiting actions of estradiol,
a hormone that binds with similar high affinity to both ERalpha
and ERbeta (Kuiper et al., 1997; Lund et al., 2005). It is possible that
the ratio of ERalpha to ERbeta or the phenotype of neuron that
expresses ERalpha and ERbeta may be altered under different phys-
iological conditions. A greater alpha/beta ratio could cause a shift
toward enhanced gain and the opposite would be true under con-
ditions where ERbeta was elevated compared to ERalpha. Indeed,
it has been demonstrated that levels of ERbeta change in response
both to circulating glucocorticoid and estradiol levels (Isgor et al.,
2003; Suzuki and Handa, 2004). This would allow the gain of
the system to shift based on a given physiological state. An alter-
nate hypothesis is that estradiol works predominantly by activating
ERalpha, whereas other endogenous ligands, such as 3β-Diol are
used to activate ERbeta.

MOLECULAR MECHANISM OF REGULATING CRH, AVP, AND
OT EXPRESSION
The receptors for estradiol (ERalpha and ERbeta) and for DHT
(androgen receptor) belong to the nuclear receptor (NR) super-
family of proteins. The NR superfamily is a large group of
transcription factors, most of which are ligand-activated. Char-
acteristics of the steroid receptor branch of the family include
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their ability to interact with three types of response elements:
(1) an inverted palindrome, (2) a composite element (Diamond
et al., 1990), and (3) a “tethering” element (Lefstin and Yamamoto,
1998). Inverted palindromes are “classic” elements; they were the
first described and for years were thought to be the sole means
by which a receptor could interact with DNA to regulate tran-
scription. Composite elements for steroid receptors consist of a
hormone response element half-site, and a half-site for a monomer
of another transcription factor. In fact, an example of this is the
negative glucocorticoid response element in the proximal region
of the CRH promoter (Malkoski et al., 1997; Malkoski and Dorin,
1999). The third type is a tethering or DNA-binding independent
element, one in which a transcription factor regulates the activity
of another transcription factor bound to its own DNA-binding
site. This mechanism is also called an alternate pathway. A well-
studied example is ER action mediated through an AP-1 or Sp-1
transcription factor bound to its DNA element (Kushner et al.,
2000; Safe and Kim, 2008). Awareness of these three modes of
regulation is critical for understanding ER regulation of CRH, VP,
and OT.

3β-DIOL-REGULATED CRH EXPRESSION
E2 regulated CRH expression was first described by Vamvakopou-
los and Chrousos (1993) who analyzed ER binding at estrogen
response element (ERE) half-sites. At the time alternate pathways
of gene regulation by ERs were only beginning to be explored and
ERbeta had yet to be discovered. Thus, given that the CRH pro-
moter is devoid of palindromic EREs, the ERE half-sites were a
logical target for analysis.

By 2004, the ability of ER regulation of gene expression via
alternate pathways was well established, particularly for SP-1 and
AP-1 (Kushner et al., 2000; Safe and Kim, 2008). The cAMP reg-
ulatory element binding protein (CREB) binding protein (CBP)
had been found to be a co-activator for AP-1, as well as CREB
(Bannister et al., 1995) and steroid receptor co-activators (SRCs)
were known to interact with CBP (reviewed in McKenna et al.,
1999). Based on these and numerous other data, Kushner et al.
(2000) proposed that ER regulation through AP-1 involved for-
mation of an ER:SRC:CBP complex. The fact that CRH activation
is critically dependent on the proximal cAMP regulatory element
(CRE; Seasholtz et al., 1988) suggested that its activation could
also be mediated via an alternate pathway, one that was regulated
via CREB.

The discovery of ERbeta (Kuiper et al., 1996) greatly broadened
the approach to CRH regulation. Using a widely used CRH pro-
moter:reporter construct (−663 to +124; Seasholtz et al., 1988;
Guardiola-Diaz et al., 1996), Miller et al. (2004) demonstrated
that various splice variants of ERbeta activated the CRH pro-
moter activity to different degrees. The most potent isoform was
ERbeta 1δ3, which mediated a 12.5 fold increase in CRH promoter
activity in the presence of E2. In the presence of Tmx, ERbeta 1,
and ERbeta 2δ3 activated the promoter, as well. That an anti-
estrogen could activate the promoter corroborated the hypothesis
that CRH regulation involves an alternate pathway (Miller et al.,
2004). This hypothesis was strengthened by examining the occu-
pancy of the endogenous CRH promoter by ERalpha, ERbeta and
associated coregulators in a CRH expressing amygdalar cell line
(Kasckow et al., 1999; Lalmansingh and Uht, 2008). Results of

chromatin immuno-precipitation analysis followed by quantita-
tive PCR showed that ERalpha and beta occupancy in the region
of CRE at the proximal promoter increased by approximately 22-
and 12-fold respectively. The peak occupancy was different for the
two receptors. ERalpha and beta peaked at 1 and 3 min, respec-
tively. Furthermore, the pattern of ERalpha and beta occupancy
correlated differentially with SRC-1 and CBP occupancy, suggest-
ing that ERalpha and beta exist in distinct complexes (Lalmansingh
and Uht, 2008). The increases in occupancy were tightly correlated
with the expression profile of CRH mRNA, suggesting that the ER
interactions with the CRH promoter are functional.

More recently, another neuronal cell line that constitutively
expresses CRH was used to assess the effect of different estrogenic
ligands on CRH promoter activity (Ogura et al., 2008). E2 and
the ERbeta selective agonist diarylpropionitrile (DPN) increased
reporter activity in hypothalamic IVB cells whereas the ERalpha
agonist, propylpyrazole-triol (PPT) did not. These data suggest
that in certain cellular contexts ERbeta, but not ERalpha, activates
the CRH promoter. These data are germane to HPA axis regula-
tion by 3β-Diol, which has been shown to act via ERbeta at the VP
promoter (Pak et al., 2007).

Direct evidence for the regulation of CRH by 3β-Diol has been
reported by Huang et al. (2008). Using CHO-K1 cells, they showed
that E2 and 3β-Diol increased CRH promoter activity to the same
extent, and did so through both ERalpha and ERbeta. In distinc-
tion Tmx reduced the E2 and 3β-Diol induced promoter activity
to the level of vehicle in all cases, a finding consistent with an
ER-mediated response. More recently, we have found that 3β-Diol
treatment stimulates CRH expression rapidly; it increases mRNA
levels between 1 and 5 mins of exposure (Stacey and Uht, unpub-
lished data). Thus, emerging evidence demonstrates that 3β-Diol
increases CRH expression and likely does so through an alternate
pathway of gene regulation.

3β-DIOL-REGULATED AVP EXPRESSION
Prior to investigating the effects of 3β-Diol in AVP regulation,
investigators had evaluated the role of ERalpha and ERbeta in
regulating AVP expression. Using reporter assays, the differential
regulation of AVP promoter activity by ERalpha and beta was stud-
ied (Shapiro et al., 2000). These investigators traced ERalpha and
beta activity, in the presence of E2, to an upstream ERE, between
−5.5 and −4.0 kb and ERbeta repression to a proximal region of
the promoter that contains several AP-1 sites.

The effects of 3β-Diol at the AVP promoter, mediated through
ERbeta1 and its splice variant, ERbeta2, has also been exam-
ined (Pak et al., 2007). In a fashion similar to that shown by
Shapiro et al. (2000), ERbeta1 displayed constitutive activity in
the proximal promoter. Maximal constitutive activity required the
region between −740 b and 1.3 kb of the AVP promoter. ERbeta2
also displayed constitutive activity but approximately half of that
exhibited by ERbeta1 (Pak et al., 2007). In distinction to the studies
by Shapiro and colleagues, Pak et al. (2007) did not report that E2
down-regulated the constitutive activity of ERbeta1. Rather, in the
presence of ERbeta1, E2 had no effect whereas DHT and 3β-Diol
increased activity. In the presence of ERbeta2, however, E2 and 3β-
Diol increased activity whereas DHT had no effect. That 3β-Diol
increases AVP reporter activity through both ER-beta1 and -beta2
is striking, given that the difference between the two receptors has
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been traced to the ligand-binding domain. Lastly, Pak et al. (2007)
showed that expression of a GRIP/SRC-2-NR box abrogated the
3β-Diol effect through ERbeta1, suggesting that 3β-Diol elicits an
AF-2 conformation similar to E2. As the authors suggest, it will
be interesting to determine whether the spectrum of co-activators
required by 3β-Diol-bound ERbeta1 and ERbeta2 differ. Regard-
less of which co-activators are used, 3β-Diol clearly regulates AVP
expression. Moreover, sufficient information is present in the liter-
ature to suggest that 3β-Diol could target AVP expressing neurons
in the PVN.

3β-DIOL-REGULATED OT EXPRESSION
For years, the OT promoter has been known to be estrogen
responsive (Richard and Zingg, 1990). However, dissection of
the molecular mechanisms of OT regulation has been hampered
by species differences in the upstream promoter and a complex
composite hormone response element within the proximal pro-
moter. A point in common across species is the location of the
primary site of estrogen regulation at about −160 bp (Richard
and Zingg, 1990; Adan et al., 1993). The composite response
element contains sequences in common with a consensus ERE;
however, the degree to which it binds ERalpha and/or beta is
species dependent.

Common to all species is the ability of two “orphan” receptors
to bind the response element. These are steroidogenic factor-1
(SF-1) and a chicken ovalbumin upstream promoter transcription
factor COUP–TF (Wehrenberg et al., 1994). The site is also bound
by other NRs such as the retinoic acid and thyroid hormone recep-
tors and the orphan receptor ERRα; however, the extent to which
they do so is again species dependent (Richard and Zingg, 1991;
Adan and Burbach, 1992; Lipkin et al., 1992; Burbach et al., 1994;
Lopes da Silva and Burbach, 1995; Chu and Zingg, 1999; Dellovade
et al., 1999; Stedronsky et al., 2002; Koohi et al., 2005; Wang et al.,
2006).

Although the OT ERE has been studied for its ability to inter-
act with a number of different receptors, differences in regulation
elicited by various ligands has not been well-studied. Koohi et al.
(2005) compared E2 to Tamoxifen, raloxifene, and ICI 180,780
effects at the bovine OT promoter in the presence of ERalpha.
They found that the profile of all of the “antagonists” was in keep-
ing with their activity through alternate pathways. That is, when
used alone they elicited activity at the OT response element but
not at an individual vitellogenin ERE, a site which is very close
to being a consensus sequence. With respect to 3β-Diol effects
on OT expression, we have recently found that ERalpha and beta
are differentially recruited to the OT promoter. Furthermore, this
recruitment is a function of receptor ligand (Figure 2). A hypo-
thalamic cell line derived from mice (mHypoE-38; Mayer et al.,
2009) was used for ChIP analysis. By 30 min, 3β-Diol stimulated
ERbeta occupancy to fourfold that of vehicle. At 60 min, both
ligands reduced promoter occupancy by both receptors (Figure 2;
unpublished data). Thus, 3β-Diol and E2 differentially regulate OT
promoter occupancy by ERalpha and ERbeta in a time dependent
manner.

Taken together, the available molecular data underscore the
complexity of OT regulation. An important point to be taken is
that the species differences are so striking that generalizations with

FIGURE 2 | E2 and 3β-Diol lead to different patterns of promoter

occupancy by ERα and ERβ. mHypoE-38 cells were treated with E2
(10−7 M) or 3β-Diol (10−7 M) for 30 or 60 min. Anti-ERα or anti-ERβ antiserum
was used for chromatin immuno-precipitation followed by quantitative PCR
of the OT promoter. n = 4; Bars represent the mean ± SEM and are
presented as the fold difference of vehicle. **, p < 0.01, ***, p < 0.001.

respect to regulation of this stress regulatory neuropeptide can
only be made with caution.

SIGNIFICANCE
Clinical and preclinical studies of MDD provide evidence linking
the reported dysregulation of the HPA axis and depressive neu-
ropathology. This dysregulation is characterized by increased cor-
tisol secretory responses, enlarged adrenal gland volume (Rubin
et al., 1987, 1996) and elevated CRH in cerebrospinal fluid
(Nemeroff et al., 1984) in depressed patients. Furthermore,
20–40% of depressed patients are dexamethasone (DEX) non-
suppressors (i.e., DEX suppresses ACTH and cortisol to a much
smaller extent than healthy controls) and the inability of DEX to
suppress cortisol release following a CRH stimulation can distin-
guish greater than 90% of depressed patients from non-depressed
controls (Heuser et al., 1994). Neurobiological evidence for HPA
involvement in MDD comes from postmortem studies showing
that the PVN of depressed patients contains four times the num-
ber of CRH expressing cells (Raadsheer et al., 1993). Increases
in the number of oxytocin and AVP-ir neurons in the PVN have
been reported as well (Raadsheer et al., 1994; Purba et al., 1996).
Of interest, plasma vasopressin levels have been shown to be
elevated in MDD patients (Van Londen et al., 1997). Similarly,
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nocturnal plasma OT levels have recently been reported to be ele-
vated in individuals with major depression (Parker et al., 2010),
although earlier studies show a negative correlation between oxy-
tocin levels and depressive symptoms (Scantamburlo et al., 2007).
Pulsatile patterns of oxytocin release have also been reported
to be more variable in depressed women (Cyranowski et al.,
2008). Consequently, estrogen and androgen signaling in brain
may influence the regulation of HPA axis function and may
impact the dysregulation of the HPA axis seen in patients with

affective disorders thus underlying susceptibility to affective dis-
orders. Further work is required to identify estrogen receptor
regulated genes that may be targets for future pharmacological
intervention.
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This review highlights the role of major endogenous neurosteroids in seizure disorders
and the promise of neurosteroid replacement therapy in epilepsy. Neurosteroids are
endogenous modulators of seizure susceptibility. Neurosteroids such as allopregnanolone
(3α-hydroxy-5α-pregnane-20-one) and allotetrahydrodeoxycorticosterone (3α,21-dihydroxy-
5α-pregnan-20-one) are positive modulators of GABA-A receptors. Aside from periph-
eral tissues, neurosteroids are synthesized within the brain, mostly in principal neurons.
Neurosteroids potentiate synaptic GABA-A receptor function and also activate δ-subunit-
containing extrasynaptic GABA-A receptors that mediate tonic currents and thus may
play an important role in neuronal network excitability and seizure susceptibility. Our
studies over the past decade have shown that neurosteroids are broad-spectrum anti-
convulsants and confer seizure protection in various animal models. They protect against
seizures induced by GABA-A receptor antagonists, 6-Hz model, pilocarpine-induced lim-
bic seizures, and seizures in kindled animals. Unlike benzodiazepines, tolerance does not
occur to their actions during chronic administration. Our recent studies provide compelling
evidence that neurosteroids may have antiepileptogenic properties. There is emerging
evidence that endogenous neurosteroids may play a key role in the pathophysiology
of catamenial epilepsy, stress–sensitive seizure conditions, temporal lobe epilepsy, and
alcohol-withdrawal seizures. It is suggested that neurosteroid replacement with natural or
synthetic neurosteroids may be useful in the treatment of epilepsy. Synthetic analogs of
neurosteroids that are devoid of hormonal side effects show promise in the treatment of
diverse seizure disorders. Agents that stimulate endogenous production of neurosteroids
may also be useful for treatment of epilepsy.

Keywords: allopregnanolone, THDOC, neurosteroids, seizure, epilepsy, catamenial epilepsy, epileptogenesis,

GABA-A receptor

INTRODUCTION
Neurosteroids are steroids synthesized within the brain with
unconventional rapid effects on neuronal excitability. It is well
known that steroid hormones such as progesterone and deoxycor-
ticosterone can exert anticonvulsant actions (Selye, 1941; Clarke
et al., 1973). The anticonvulsant properties of progesterone and
deoxycorticosterone are predominantly due to their conversion
in the brain to neurosteroids allopregnanolone (3α-hydroxy-5α-
pregnane-20-one) and allotetrahydrodeoxycorticosterone (3α,21-
dihydroxy-5α-pregnan-20-one; THDOC), respectively (Reddy,
2003; Reddy et al., 2004; Figure 1). A variety of neurosteroids
are known to be synthesized in the brain (Baulieu, 1981; Kulka-
rni and Reddy, 1995). The most widely studied are allopreg-
nanolone, THDOC, and androstanediol. These neurosteroids are
produced via sequential A-ring reduction of the steroid hormones
by 5α-reductase and 3α-hydroxysteroid-oxidoreductase isoen-
zymes (Reddy, 2009a). The androgenic neurosteroid androstane-
diol (5α-androstan-3α,17β-diol; Figure 1) is synthesized from
testosterone (Reddy, 2004a,b). Other neurosteroids such as 7α-
hydroxypregnanolone have been reportedly synthesized in the
brain (Tsutsui et al., 2010). In the periphery, the steroid precursors

are mainly synthesized in the gonads, adrenal gland, and feto-
placental unit, but synthesis of these neurosteroids likely occurs
in the brain from cholesterol or from peripherally derived inter-
mediates. Since neurosteroids are highly lipophilic and can read-
ily cross the blood–brain barrier, neurosteroids synthesized in
peripheral tissues accumulate in the brain (Reddy and Rogawski,
2010a).

Recent evidence indicates that neurosteroids are present mainly
in principal neurons in many brain regions that are relevant to
focal epilepsies, including the hippocampus and neocortex (Agís-
Balboa et al., 2006; Saalmann et al., 2007; Do Rego et al., 2009). The
biosynthesis of neurosteroids is controlled by the translocator pro-
tein (18 kDa; TSPO), formerly called peripheral or mitochondrial
benzodiazepine receptor (Rupprecht et al., 2009, 2010). Activa-
tion of TSPO by endogenous signals and ligands facilitates the
intramitochondrial flux of cholesterol and thereby promotes neu-
rosteroid synthesis. It is suggested that TSPO ligands might be an
alternative approach for neurosteroid therapeutics (Nothdurfter
et al., 2011). Currently, synthetic analogs of endogenous neuros-
teroids are under clinical trial for treatment of epilepsy (Reddy
and Rogawski, 2010a).
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FIGURE 1 | Chemical structures of major endogenous neurosteroids.

THDOC differs from allopregnanolone by a 21β-hydroxyl group, while
androstanediol differs from allopregnanolone by a 17β-hydroxyl group
instead of 17β-methyl-carbonyl group. Synthetic analogs of neurosteroids
are prepared by additional moieties at C3-position (e.g., ganaxolone), C2-
and C11-positions (alphaxolone), and C11-position (minaxolone).

This review describes the pathophysiological role of major
endogenous neurosteroids in seizure disorders and the promise
of neurosteroid replacement therapy in epilepsy. This review also
summarizes the current status of synthetic neurosteroids and
their therapeutic potentials. The main focus of the review is on
GABAergic neurosteroids with anticonvulsant activity. Endoge-
nous neurosteroids, such as pregnenolone, pregnenolone sulfate,
and dehydroepiandrosterone sulfate, which promote neuronal
excitability and seizures, are not discussed here because such
description is beyond the scope of this article. The paradoxical
effect of allopregnanolone are discussed elsewhere (Bäckström
et al., 2011).

OVERVIEW OF NEUROSTEROID POTENTIATION OF GABA-A
RECEPTORS
Neurosteroids rapidly alter neuronal excitability through direct
interaction with GABA-A receptors (Harrison and Simmonds,
1984; Majewska et al., 1986; Harrison et al., 1987; Gee et al., 1988;
Hosie et al., 2007, 2009), which are the major receptors for the
inhibitory neurotransmitter GABA. Activation of the GABA-A
receptor by various ligands leads to an influx of chloride ions
and to a hyperpolarization of the membrane that dampens the
excitability. Allopregnanolone and other structurally related neu-
rosteroids act as positive allosteric modulators and direct acti-
vators of GABA-A receptors (Figure 2). At low concentrations,
neurosteroids potentiate GABA-A receptor currents, whereas at
higher concentrations, they directly activate the receptor (Harri-
son et al., 1987; Reddy and Rogawski, 2002). Like barbiturates,
neurosteroid enhancement of GABA-A receptors occurs through
increases in both the channel open frequency and channel open
duration (Twyman and Macdonald, 1992; Lambert et al., 2009;
Ramakrishnan and Hess, 2010).

The GABA-A receptor is a pentamer consisting of five subunits
that form a chloride channel. Sixteen subunits (α1-6, β1-3, γ1-
3, δ,ε,θ, and π subunits) have been identified so far. The GABA
site is located at the interface between α and β subunits. Ben-
zodiazepines bind at the interface between α and γ subunits
and they interact with subunit combinations α1,2,3,5β2γ2. The
effect of neurosteroids on GABA-A receptors occurs by binding to
discrete sites on the receptor–channel complex that are located
within the transmembrane domains of the α- and β-subunits

FIGURE 2 | Neurosteroid modulation of synaptic and extrasynaptic

GABA-A receptors. Postsynaptic GABA-A receptors, which are pentameric
chloride channels composed of 2α2βγ subunits, mediate the phasic portion
of GABAergic inhibition, while extrasynaptic GABA-A receptors, pentamers
composed of 2α2βδ subunits, primarily contribute to tonic inhibition in the
hippocampus. Neurosteroids activate both synaptic and extrasynaptic
receptors and enhance the phasic and tonic inhibition. Therefore, they may
promote effective inhibition of seizures. Two different strategies –
concomitant augmentation of both phasic and tonic inhibition and selective
augmentation of tonic inhibition − are being tested in epilepsy models.

(Hosie et al., 2006, 2007), which they access by lateral mem-
brane diffusion (Chisari et al., 2009, 2010). The binding sites for
neurosteroids are distinct from the recognition sites for GABA,
benzodiazepines, and barbiturates (Hosie et al., 2009). Andro-
genic neurosteroids such as androstanediol may interact with these
sites, and a recent study indicates that this agent is a positive
allosteric modulator of GABA-A receptors (Reddy and Jian, 2010).
In whole-cell recordings from acutely dissociated hippocampus
CA1 pyramidal cells in mice, androstanediol (but not its 3β-
epimer) produced a concentration-dependent enhancement of
GABA-activated currents (EC50, 5 μM). At 1 μM, androstanediol
produced a 50% potentiation of GABA responses. In the absence
of GABA, androstanediol has modest direct effects on GABA-A
receptor-mediated currents even at high concentrations, indicat-
ing that it has lower direct efficacy than allopregnanolone and
THDOC.

Although neurosteroids act on all GABA-A receptor isoforms,
they have large effects on extrasynaptic δ-subunit-containing
GABA-A receptors that mediate tonic currents (Belelli et al.,
2002; Wohlfarth et al., 2002). The potentiation of δ-subunit-
containing receptors by THDOC and other neurosteroids is selec-
tive for channels with low-efficacy gating characteristics marked
by brief bursts and channel openings in conditions of both low
and high GABA concentrations, and neurosteroids can thereby
preferentially increase the efficacy of these receptors based on
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pharmacokinetics which are not yet fully understood (Bianchi
and Macdonald, 2003). Neurosteroids therefore markedly enhance
the current generated by δ-subunit-containing receptors even in
the presence of saturating GABA concentrations. Consequently,
GABA-A receptors that contain the δ-subunit are highly sensitive
to neurosteroid potentiation and mice lacking δ-subunits show
drastically reduced sensitivity to neurosteroids (Mihalek et al.,
1999; Spigelman et al., 2002). Tonic current causes a steady inhi-
bition of neurons and reduces their excitability. Neurosteroids
therefore could play a role in setting the level of excitability
by potentiation of tonic inhibition during seizures when ambi-
ent GABA rises (Stell et al., 2003). This phenomenon is being
investigated to characterize the developmental and physiological
implications of neurosteroid activation of tonic currents in the
hippocampus and other areas.

The GABA-A receptor mediates two types of GABAergic inhibi-
tion, now stratified into synaptic (phasic) or extrasynaptic (tonic)
inhibition (Figure 2). Although GABA activates synaptic (γ2-
containing) GABA-A receptors with high efficacy, GABA activa-
tion of the extrasynaptic (δ-containing) GABA-A receptors are
limited to low-efficacy activity characterized by minimal desensi-
tization and brief openings. Physiological tonic currents of GABA
receptors are dependent on the pentamer subunit composition
and fairly independent of physiological levels of ambient, exoge-
nous GABA (McCartney et al., 2007; Ransom et al., 2010). The
high sensitivity of δ-containing receptor channels to neurosteroid
modulation may be dependent on the δ-subunit or the low-efficacy
channel function that it confers. There is evidence that neu-
rosteroids preferentially enhance low-efficacy GABA-A receptor
activity independent of subunit composition (Bianchi and Mac-
donald, 2003). Gaboxadol also modulates δ-subunit receptor iso-
forms at higher concentrations, acting as a superagonist, resulting
in an induced higher efficacy gating pattern than either GABA or
muscimol (Mortensen et al., 2010). Novel therapeutic approaches
are being developed based on the emerging information on neu-
rosteroid interaction with GABA-A receptors (Murashima and
Yoshii, 2010).

Some endogenous neurosteroids are known to interact with
GABA-A receptor and block its inhibitory function. Such neu-
rosteroids include pregnenolone, pregnenolone sulfate (PS),
dehydroepiandrosterone, and dehydroepiandrosterone sulfate
(DHEAS). PS inhibits the GABA-A receptor function, and is also
moderately potent allosteric agonist at NMDA receptors (Wu et al.,
1991; Majewska, 1992). PS and DHEAS are proconvulsant steroids
and can induce seizures when administered systemically or directly
into the brain (Reddy and Kulkarni, 1998; Kokate et al., 1999;
Williamson et al., 2004). The proconvulsant actions of PS are
evident at high micromolar concentrations, which are 100- to
500-fold higher than its levels in the brain. Thus, it is highly
unlikely that endogenous PS by itself can trigger seizures. However,
PS can decrease GABAergic inhibitory transmission at physio-
logical concentrations via a presynaptic action (Teschemacher
et al., 1997; Mtchedlishvili and Kapur, 2003). Allopregnanolone
blocks the seizure facilitating effects of PS and DHEAS, and
consequently, these sulfated neurosteroids could contribute to
seizure susceptibility when allopregnanolone and THDOC levels
are low.

ANTICONVULSANT ACTIVITY OF NEUROSTEROIDS
Allopregnanolone-like neurosteroids are powerful anticonvul-
sants. Exogenously administered neurosteroids, like other agents
that act as positive GABA-A receptor modulators, exhibit broad-
spectrum anticonvulsant effects in diverse rodent seizure models
(Reddy, 2010). Neurosteroids protect against seizures induced by
GABA-A receptor antagonists, including pentylenetetrazol and
bicuculline, and are effective against pilocarpine-induced lim-
bic seizures and seizures in kindled animals (Belelli et al., 1989;
Kokate et al., 1994; Frye, 1995; Wieland et al., 1995; Reddy et al.,
2004). Like other GABAergic agents, they may exacerbate gen-
eralized absence seizures (Snead, 1998; Citraro et al., 2006). As
shown in Table 1, the potencies of neurosteroids in models where
they confer seizure protection vary largely in accordance with their
activities as positive allosteric modulators of GABA-A receptors.
Thus, allopregnanolone is roughly equally potent as THDOC,
but androstanediol and androsterone are somewhat less potent
(Reddy, 2004a,b; Kaminski et al., 2005). Like other GABAergic
agents, neurosteroids are inactive or only weakly active against
seizures elicited by maximal electroshock. Neurosteroids are highly
active in the 6-Hz model, a better paradigm in which limbic-
like seizures are induced by electrical stimulation of lower fre-
quency and longer duration than in the maximal electroshock
test (Kaminski et al., 2004). Androstanediol, but not its 3β-epimer,
produced a dose-dependent suppression of behavioral and electro-
graphic seizures in the mouse hippocampus kindling (Reddy and
Jian, 2010). The estimated concentrations of androstanediol pro-
ducing 50% seizure protection in the kindling model (∼10 μM)

Table 1 | Antiseizure profile (ED50 values) of endogenous

neurosteroids in animal seizure models.

Seizure model Allopregnanolone THDOC Androstanediol

KINDLING MODELS

Amygdala kindling 14 (8–23) 15 (10–30) ND

Hippocampus

kindling

3.5 ND 50 (36–64)

ELECTROSHOCK MODELS

Maximal

electroshock

29 (19–44) 48 (35–66) ND

6-Hz stimulation 14 (10–19) ND ND

CHEMOCONVULSANT MODELS

Pentylenetetrazol 12 (10–15) 19 (77–122) 40 (27–60)

Bicuculline 12 (10–15) 12 (10–15) 44 (24–81)

Picrotoxin 10 (5–19) 10 (5–19) 39 (21–74)

N -methyl-D-

aspartate

>40** >40** >200**

4-Aminopyridine >40** >40** >200**

STATUS EPILEPTICUS MODELS

Pilocarpine 7 (4–13) 7 (4–13) 81 (45–133)

Kainic acid > 40** >40** > 200**

The potency of neurosteroids is expressed in terms of ED50, which is the dose

in mg/kg producing seizure protection in 50% of animals. Values in parentheses

are 95% confidence limits. ND, not determined.

**Considered as inactive because of such high (sedative or anesthetic) doses.
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are within the range of concentrations that potentiate GABA-A
receptor function in CA1 pyramidal neurons.

In addition, neurosteroids are also highly effective in suppress-
ing seizures due to withdrawal of GABA-A receptor modulators
including neurosteroids and benzodiazepines, as well as other
types of agents such as ethanol and cocaine (Devaud et al., 1996;
Tsuda et al., 1997; Reddy and Rogawski, 2001). In contrast to ben-
zodiazepines, where utility in the chronic treatment of epilepsy is
limited by tolerance, anticonvulsant tolerance is not evident with
neurosteroids (Kokate et al., 1998; Reddy and Rogawski, 2000a).
Thus, neurosteroids have the potential to be used in the chronic
treatment of epilepsy. Unlike benzodiazepines, neurosteroids are
able to modulate all isoforms of GABA-A receptors, including
those that contain benzodiazepine-insensitive α4 and α6 subunits
or lack the obligatory γ2 subunit required for benzodiazepine-
sensitivity. Thus, it is clear that neurosteroids can act on GABA-A
receptors where the proposed benzodiazepine tolerance mecha-
nisms have been invoked by chronic GABAergic drug therapy or
other endogenous conditions. Surprisingly, while chronic neu-
rosteroid exposure does not lead to anticonvulsant tolerance,
neurosteroid exposure does lead to tolerance for benzodiazepines
(Reddy and Rogawski, 2000a). Thus, it appears that the same plas-
tic changes that underlie benzodiazepine tolerance are brought
into play by chronic neurosteroid exposure. However, neuros-
teroids acting at distinct sites on GABA-A receptors and exhibiting
effects on the full range of GABA-A receptor isoforms, do not
exhibit anticonvulsant tolerance. Overall, neurosteroids are more
robust anticonvulsants than benzodiazepines.

ANTIEPILEPTOGENIC ACTIVITY OF NEUROSTEROIDS
In addition to anticonvulsant activity, there is emerging evidence
that endogenous neurosteroids play a role in regulating epilep-
togenesis (Edwards et al., 2001; Biagini et al., 2006, 2009, 2010;
Reddy et al., 2010), The term “epileptogenesis” is used to describe
the complex plastic changes in the brain that, following a pre-
cipitating event, convert a normal brain into a brain debilitated
by recurrent seizures (Pitkänen et al., 2009). Limbic epilepsy is
caused by diverse precipitating factors such as brain injury, stroke,
infections, or prolonged seizures. Using the kindling model, we
demonstrated that the development and persistence of limbic
epileptogenesis are impaired in mice lacking progesterone recep-
tors (Reddy and Mohan, 2011). To explore mechanisms underlying
the observed seizure resistance, we investigated the role of neuros-
teroids using finasteride, a 5α-reductase inhibitor that blocks the
synthesis of progesterone-derived neurosteroids. We determined
the rate of rapid kindling in both control animals and those which
had received injections of progesterone with or without concur-
rent finasteride treatment (Figure 3A). Progesterone produced a
significant delay in the rate of kindling and pretreatment with
finasteride blocked progesterone’s inhibition of kindling epilepto-
genesis. These findings are consistent with a contributory role of
neurosteroids in limbic epileptogenesis. Thus, it is possible that
inhibition of neurosteroids could incite mechanisms that may
promote epileptogenesis.

Following pilocarpine-induced status epilepticus (SE) in the
rat, the neurosteroidogenic enzyme P450scc is upregulated for sev-
eral weeks, suggesting that it may be associated with promotion of

FIGURE 3 | Role of neurosteroids in the limbic epileptogenesis. (A)

Rapid kindling. Mice treated with the neurosteroid precursor progesterone
(P) displayed marked retardation of rapid hippocampus epileptogenesis, as
expressed by a slower rate of kindling development for stage 5 seizures.
P’s inhibition of kindling epileptogenesis was blocked by finasteride. P
(25 mg/kg, sc) was given 30-min prior to stimulation sessions and
finasteride (50 mg/kg, ip) was injected 1 h before P treatment. *p < 0.01 vs.
vehicle control, #p < 0.01 vs. P treatment alone. Adapted from Reddy and
Mohan (2011). (B) Regular kindling. Rate of kindling (number of stimulations
required to elicit behavioral stage 5 seizures) was significantly delayed in
progesterone-treated animals. Progesterone (25 mg/kg, sc) was given
30-min prior to stimulation sessions. Adapted from Reddy et al. (2010).

neurosteroidogenesis (Biagini et al., 2009). Ordinarily, rats develop
spontaneous recurrent seizures following a latent period of sim-
ilar duration to the period during which P450scc is elevated.
Inhibiting neurosteroid synthesis with finasteride accelerated the
onset of spontaneous recurrent seizures (Biagini et al., 2006),
suggesting that endogenous neurosteroids play a role in restrain-
ing epileptogenesis or at least that they inhibit the expression of
seizures.

The development of epilepsy is linked to complex alterations
in neuroplastic mechanisms. Dysregulation of neurosteroid syn-
thesis may also play a role. This premise is being tested in various
epileptogenic models (Reddy and Mohan, 2011). We investigated
the role of the prototype endogenous neurosteroid allopreg-
nanolone in controlling limbic epileptogenesis. Treatment with
finasteride, a neurosteroid synthesis inhibitor, resulted in a sig-
nificant increase in epileptogenesis in the hippocampus kindling
model. Exogenous administration of allopregnanolone, at doses
that produce levels similar to gonadotropins, markedly inhibited
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epileptogenesis. Based on these pilot studies, it is suggested that
augmentation of neurosteroid synthesis may represent a unique
strategy for preventing or retarding epileptogenesis.

Exogenous treatment with neurosteroids or with progesterone
(P), which serves as a precursor for neurosteroid synthesis, has
also been reported to delay the occurrence of epileptogenesis
(Reddy et al., 2010). P targets multiple molecular and cellu-
lar mechanisms relevant to epileptogenesis including signaling
cascades of inflammation, apoptosis, neurogenesis, and synap-
tic plasticity (Roof and Hall, 2000; Patel, 2004; Vezzani, 2005;
Meffre et al., 2007; Stein and Sayeed, 2010). Therefore, P may
be a natural disease-modifying agent. However, the potential
disease-modifying effect of P in epileptogenic models is not widely
investigated. Recently, we examined the effects of P on the devel-
opment of hippocampus kindling in rodent models (Reddy et al.,
2010). P significantly suppressed the rate of development of
behavioral kindled seizure activity evoked by daily hippocam-
pus stimulation at doses that do not significantly affect seizure
expression and motor performance (Figure 3B), indicating a
disease-modifying effect of P on limbic epileptogenesis. There
was a significant increase in the rate of “rebound or withdrawal”
kindling during drug-free stimulation sessions following abrupt
discontinuation of P treatment. A washout period after termi-
nation of P treatment prevented such acceleration in kindling.
These studies suggest that P exerts disease-modifying effects in
the limbic epileptogenesis and it is likely that this effect of P
may occur partly through neurosteroid mechanisms. Thus, it is
likely that neurosteroids themselves or modulators of neurosteroid
disposition could potentially have disease-modifying therapeutic
activity.

ROLE OF ENDOGENOUS NEUROSTEROIDS IN EPILEPSY
Neurosteroids may play a key role in the physiological regulation
of seizure susceptibility in individuals with epilepsy. Endoge-
nous neurosteroids may affect seizures situations in catamenial
epilepsy, stress, temporal lobe epilepsy (TLE), and alcohol with-
drawal (Reddy, 2009a; Kim et al., 2010). However, it is noteworthy
that there is no evidence that alterations in neurosteroid levels
in the absence of preexisting epilepsy can induce epileptogen-
esis. Indeed, 5α-reductase inhibitors such as finasteride, which
are widely used clinically for the treatment of benign prostatic
hypertrophy and male pattern hair loss, effectively inhibit neuros-
teroidogenesis. Increased incidence of seizures is not evident in
patients taking finasteride. Nevertheless, it is possible that alter-
ations in neurosteroidogenesis may play a role as inciting factors
in the development and persistence of limbic epilepsy (Reddy
and Mohan, 2011). Our recent work provides important new evi-
dence that the availability of neurosteroids does indeed critically
influence the propensity for seizures (Reddy and Zeng, 2007). We
used epileptic female rats that had experienced SE. Spontaneous
seizure activity was monitored for up to 5 months. The epilep-
tic animals exhibited about two seizures per day, each lasting
approximately a minute. Gonadotropin induced increase in neu-
rosteroids was associated with reduced seizure intensity. However,
when neurosteroids were withdrawn by using the neurosteroid
synthesis inhibitor finasteride, a significant (two-fold) increase in
seizure frequency was observed (Reddy, 2009a). These findings are

confirmed in a recent study that utilized ovariectomized epileptic
animals (Lawrence et al., 2010).

CATAMENIAL EPILEPSY
Catamenial epilepsy, the cyclical occurrence of seizure exacerba-
tions during particular phases of the menstrual cycle in women
with preexisting epilepsy, is a specific form of pharmacoresistant
epilepsy. There are about 1.5 million women of child-bearing age
with epilepsy in the United States; catamenial seizure exacerba-
tions affect up to 70% of these women (Herzog et al., 2004; Bazan
et al., 2005; Quigg et al., 2009; Reddy, 2009a; Kim et al., 2010;
Verrotti et al., 2010). Although there are several forms of cata-
menial epilepsy, neurosteroids have been implicated only in the
seizure exacerbations that occur in the most common situation,
which is when women with normal menstrual cycles experience
seizure exacerbations in the perimenstrual period. It is hypothe-
sized that withdrawal of progesterone-derived neurosteroids leads
to enhanced brain excitability predisposing to seizures. During the
menstrual cycle, circulating progesterone levels are low in the fol-
licular phase but rise in the mid-luteal phase for about 10–11 days,
before declining in the late luteal phase. Circulating allopreg-
nanolone levels parallel those of its parent progesterone (Tuveri
et al., 2008). In addition to neurosteroid fluctuations, plasticity
in GABA-A receptor subunits could play a role in the enhanced
seizure susceptibility in perimenstrual catamenial epilepsy. Animal
studies have shown that prolonged exposure to allopregnanolone
followed by withdrawal such as that occurs during menstrua-
tion causes a marked increase in expression of the α4-subunit, a
key subunit linked to enhanced neuronal excitability, seizure sus-
ceptibility, and benzodiazepine resistance (Gulinello et al., 2001;
Maguire et al., 2005; Shen et al., 2005; Smith and Gong, 2005;
Smith et al., 2007; Gangisetty and Reddy, 2010). Although α4
can coassemble with γ2 to form synaptic GABA-A receptors, it
preferentially coassembles with δ to form extrasynaptic GABA-
A receptors. Overall, these neuroendocrine changes can result
in reduced inhibition resulting in enhanced excitability, which,
among other effects, predisposes to catamenial seizures.

We have developed a rodent model of perimenstrual catame-
nial epilepsy (Reddy et al., 2001; Reddy and Zeng, 2007). Rodents
have a 4- to 5-day estrous cycle and studies of fluctuations in
seizure susceptibility in cycling female rodents have not led to
results that are relevant to the human menstrual cycle. In order
to provide a model that more closely mimics the human situa-
tion, a condition of elevated progesterone was created in rats by
gonadotropin treatment. This resulted in prolonged high circulat-
ing levels of estrogen and progesterone similar to those that occur
in the luteal phase of the menstrual cycle. Then, to simulate the
withdrawal of allopregnanolone that occurs at the time of men-
struation, the animals were treated with finasteride 11 days after
the initiation of gonadotropin treatment. Withdrawal of neuros-
teroids had led to decreased seizure threshold and increased seizure
activity (Reddy et al., 2001). We have conducted additional studies
using this paradigm in female rats with spontaneous recurrent
seizures (Reddy and Zeng, 2007). In epileptic animals, neuros-
teroid withdrawal was associated with a marked increase in seizure
frequency. In women with epilepsy, finasteride therapy had led to
an increase in seizure frequency and severity (Herzog and Frye,
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2003), suggesting that endogenous neurosteroids do modulate
seizure susceptibility.

The neurosteroid allopregnanolone is involved in the patho-
physiology of catamenial epilepsy. It is suggested that seizure
susceptibility decreases when neurosteroid levels are high (mid-
luteal phase), and increases during their withdrawal (perimen-
strual periods) in close association with specific changes in GABA-
A receptor subunits expression in the hippocampus. This premise
has been investigated using a mouse hippocampus kindling model
of catamenial epilepsy. Our results show that fully kindled mice
undergoing neurosteroid withdrawal have increased generalized
seizure frequency and intensity; enhanced seizure susceptibil-
ity; and, similar to the clinical catamenial seizure phenotype,
reduced benzodiazepine-sensitivity, and enhanced neurosteroid
potency (Gangisetty and Reddy, 2010; Reddy and Gould, 2011).
The increased susceptibility to seizures and alterations in anti-
seizure drug responses are associated with increased abundance of
the δ and α4-subunits of GABA-A receptors in the hippocampus.
However, the molecular mechanisms underlying the upregula-
tion of α4-subunit expression remain unclear. The role of PRs
and the transcription factor early growth response factor-3 (Egr3)
in regulation of the GABA-A receptor α4-subunit expression in
the hippocampus was investigated in a mouse neurosteroid with-
drawal paradigm (Gangisetty and Reddy, 2010). Neurosteroid
withdrawal-induced a threefold increase in α4-subunit expression
in WT mice, but this upregulation was undiminished in PR knock-
out mice. The expression of the transcription factor early growth
response factor-3 (Egr3), which controls α4-subunit transcription,
was increased significantly following neurosteroid withdrawal in
WT and PR knockout mice. Neurosteroid withdrawal-induced α4-
subunit upregulation was completely suppressed by antisense Egr3
inhibition. These results support that neurosteroid withdrawal-
induced upregulation of GABA-A receptor α4-subunit expression
is mediated by the Egr3 via a PR-independent signaling pathway.

The neurosteroid withdrawal model of catamenial epilepsy
was used to investigate therapies for perimenstrual catamenial
epilepsy (Reddy and Rogawski, 2000b, 2001). A key result is that
conventional antiepileptic drugs, including benzodiazepines and
valproate, are less potent in protecting against seizures during
the period of enhanced seizure susceptibility following neuros-
teroid withdrawal. This pharmacoresistance appears to mimic
the situation in women with catamenial epilepsy where break-
through seizures occur despite treatment with antiepileptic drugs.
In contrast to the results with conventional antiepileptic drugs,
neurosteroids, including allopregnanolone, THDOC, and their
5β-isomers, were found to have enhanced activity in the catame-
nial epilepsy model (Reddy and Rogawski, 2001). This suggested
a “neurosteroid replacement” approach to treat catamenial seizure
exacerbations (Reddy and Rogawski, 2009). A neurosteroid could
be administered in a “pulse” prior to menstruation and then with-
drawn, or continuously administered throughout the month. The
neurosteroid would be administered at low doses to avoid sedative
side effects. Such low doses are expected to contribute little anti-
convulsant activity during most of the menstrual cycle. Patients
would still require treatment with conventional antiepileptic med-
ications. However, during the period of enhanced seizure sus-
ceptibility at the time of menstruation, the increased potency of

the neurosteroid would confer protection against perimenstrual
seizure exacerbations. It is noteworthy that while the anticon-
vulsant activity of neurosteroids increases in conjunction with
neurosteroid withdrawal, there is no corresponding increase in
side effects (Reddy and Rogawski, 2009). Therefore, side effects
would not be expected to be enhanced negating the potential of
the therapeutic approach.

Although neurosteroids seem to be the most direct approach
to the treatment of catamenial epilepsy, there is only limited anec-
dotal data is available to support their use (McAuley et al., 2001).
No neurosteroid is currently approved by the United States Food
and Drug Administration (FDA). In contrast, two open-label tri-
als have shown that adjunctive progesterone therapy produces
significant reductions in seizure occurrence (Herzog, 2009). It
is recommended that the hormone be administered during the
entire second half of the menstrual cycle and tapered gradually
as it is believed that abrupt discontinuation can result in rebound
seizure exacerbation. Synthetic analogs of neurosteroids may over-
come certain obstacles and side effects associated with natural
progesterone therapy (see below, Neurosteroid Therapy section).
Other therapeutic approaches may also be helpful for managing
catamenial seizures (Vilos et al., 2011).

STRESS–SENSITIVE SEIZURE CONDITIONS
Neurosteroids are released during physiological stress. Stress
results in the hypothalamic release of corticotropin-releasing hor-
mone, which liberates ACTH from the anterior pituitary. Along
with cortisol, ACTH also enhances the synthesis of adrenal deoxy-
corticosterone (Tan and Mulrow, 1975; Kater et al., 1989), which
is released into the circulation and can serve as a precursor for
synthesis of the neurosteroid THDOC (Figure 1). In contrast to
allopregnanolone, which is present in the brain even after adrena-
lectomy and gonadectomy, THDOC appears to be derived nearly
exclusively from adrenal sources (Purdy et al., 1990; Reddy, 2003).
Plasma and brain levels of THDOC and allopregnanolone rise
rapidly following acute stress (Purdy et al., 1991; Concas et al.,
1998; Reddy and Rogawski, 2002). Acute stressors such as swim-
ming, foot shock or carbon dioxide exposure elicit an increase in
allopregnanolone and THDOC concentrations in plasma and in
brain (Barbaccia et al., 1996, 1997; Vallee et al., 2000).

Stress-induced neurosteroids have been demonstrated to ele-
vate seizure threshold (Reddy and Rogawski, 2002). Stress-induced
seizure protection could be due to circulating neurosteroids syn-
thesized in peripheral tissues or to those produced locally in the
brain. However, the effect of swim stress-induced increases in
seizure threshold and THDOC levels in rats were abolished in
adrenalectomized animals, implicating adrenal-derived THDOC.
Despite stress-induced seizure protection in animals, patients, and
clinicians are not likely to recognize a reduction in seizure fre-
quency associated with stress. Indeed, stress has been reported
to trigger seizure activity in persons with epilepsy (Temkin and
Davis, 1984; Frucht et al., 2000). During stressful episodes adrenal
hormone levels are expected to fluctuate and it may simply be
the withdrawal of THDOC during such fluctuations that is asso-
ciated with seizure provocation. Alternatively, other unidentified
hormonal factors with proconvulsant activity may be responsible
for stress-induced increases in seizures. However, chronic stress of
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the type experienced by patients with epilepsy likely has different
endocrinological consequences than acute stress. The effects on
seizures of fluctuations in neurosteroids in chronic stress remain
to be studied.

TEMPORAL LOBE EPILEPSY
Neurosteroids may play a role in limbic epilepsy. Sexual and repro-
ductive dysfunction are common among persons with epilepsy
(Edwards et al., 2000). In particular, men with TLE often have
diminished libido and sexual potency that is associated with low
testosterone levels (Herzog et al., 1986; Brunet et al., 1995; Her-
zog, 2002). This hypogonadal state has been attributed to the
effects of certain hepatic enzyme-inducing antiepileptic drugs, or
alternatively – given the extensive connections between tempo-
ral lobe structures such as the amygdala and hypothalamic nuclei
that govern the production and secretion of gonadotropin releas-
ing hormone – to suppression of the hypothalamic–pituitary–
gonadal axis by limbic seizures. There is evidence that serum
androgens normalize after temporal lobe surgery which results
in successful seizure control but not in those that continue to
have seizures. This supports the view that seizures are responsi-
ble for the hypoandrogenic state (Bauer et al., 2000). Testosterone,
as noted previously, is a precursor for at least three neurosteroids
with anticonvulsant properties: 5α-androstanediol, androsterone,
and etiocholanolone (Reddy, 2004a,b; Kaminski et al., 2005; Reddy
and Jian, 2010). There is evidence that serum levels of at least two
of these steroids (androsterone and etiocholanolone) are reduced
in men with epilepsy compared with control subjects (Brunet
et al., 1995). It is conceivable that reduced levels of such anticon-
vulsant neurosteroids leads to enhanced propensity for seizures
and thus neurosteroid replacement might be a useful therapeutic
approach.

Certain biological factors in TLE may influence the sensitiv-
ity to endogenous neurosteroids and could have an impact on
the efficacy of exogenous neurosteroids used in epilepsy therapy.
Studies in a SE model of TLE have shown a striking reduction in δ-
subunit-containing GABA-A receptors in the dentate gyrus (Peng
et al., 2004; Zhang et al., 2007), suggesting that neurosteroid effects
on non-synaptic GABA-A receptors may be reduced. In addition,
in dentate gyrus granule cells neurosteroid modulation of synap-
tic currents is diminished and α4-subunit-containing receptors
are present at synapses (Sun et al., 2007). All of these changes
may exacerbate seizures in epileptic animals but may reduce the
efficacy of endogenous neurosteroids. The expression of neuros-
teroidogenic enzymes such as P450scc and 3α-HSOR appears to
be elevated in the hippocampus in animals and human subjects
affected by TLE (Stoffel-Wagner et al., 2000, 2003; Biagini et al.,
2009). If local neurosteroidogenesis is enhanced, this may in part
counteract the epileptogenesis-induced changes.

ALCOHOL-WITHDRAWAL SEIZURES
Alcohol withdrawal is known to be associated with seizures. Sys-
temic administration of moderate doses (1–2.5 g/kg) of ethanol
causes increases in plasma and brain neurosteroids that may con-
tribute to many of the behavioral effects of ethanol in rodents
(Morrow et al., 2006). This effect of ethanol is believed to be due
to activation of the hypothalamic–pituitary–adrenal axis. As is the

case in the catamenial epilepsy model, chronic ethanol-induced
elevations in neurosteroids lead to an enhancement in the anti-
convulsant actions of the neurosteroids allopregnanolone and
THDOC (Devaud et al., 1996). These effects are associated with
increases in the sensitivity of GABA-A receptors to neurosteroids
(Morrow et al., 2006). Endogenous neurosteroids may protect
against ethanol withdrawal seizures. However, ethanol induction
of allopregnanolone is diminished in tolerant and dependent
animals. Reduced availability of allopregnanolone under such cir-
cumstances may be a factor that predisposes to alcohol-withdrawal
seizures. As is the case with catamenial epilepsy, neurosteroid
replacement could conceivably be useful in the treatment of
alcohol-withdrawal seizures, given that current pharmacological
approaches are not entirely satisfactory.

STATUS EPILEPTICUS
Novel therapies are desperately needed for refractory SE, an emer-
gency neurological condition characterized by persistent seizures
lasting more than 30 min, progressive internalization of synaptic
GABA-A receptors, and benzodiazepine resistance. The extrasy-
naptic δ-subunit-containing GABA-A receptors that generate
“tonic” inhibition do not internalize during SE, so that neu-
rosteroids, which are positive modulators of extrasynaptic and
synaptic GABA-A receptors with robust anticonvulsant activity,
could be more effective treatments for SE. Neurosteroids have
been tested in animal models of SE (Kokate et al., 1996; Reddy,
2009b). Our recent studies indicate that THDOC therapy can
effectively terminate electrographic and behavioral SE induced
chemically by lithium-pilocarpine in rats (Kuruba and Reddy,
2011). We found that with early and late administration after SE
onset, THDOC successfully aborted seizures with sustained sup-
pression of SE, a profile superior to the benzodiazepine diazepam.
In addition, THDOC therapy may confer significant neuroprotec-
tion by diminishing the neuronal cell death associated with SE.
Further studies are needed to clarify whether neurosteroids might
be valuable in the treatment of SE.

NEUROSTEROID THERAPY OF EPILEPSY
Despite intense research on neurosteroids, there is no
neurosteroid-based drug available for patients. Ganaxolone, the
synthetic 3β-methyl derivative of allopregnanolone, is the only
neurosteroid that has been evaluated for the treatment of epilepsy
in humans (Monaghan et al., 1999; Carter et al., 1997). Unlike allo-
pregnanolone and related natural neurosteroids that can undergo
back conversion by 3α-HSOR isoenzymes to hormonally active
intermediates, the 3β-methyl substituent of ganaxolone elimi-
nates such metabolism and thereby avoids hormonal side effects.
Ganaxolone has similar pharmacological properties to the natural
neurosteroids such as allopregnanolone (Reddy and Woodward,
2004). It has protective activity in diverse rodent seizure mod-
els, including clonic seizures induced by the chemoconvulsants
pentylenetetrazol, bicuculline, flurothyl, aminophylline; limbic
seizures in the 6-Hz model; amygdala and cocaine-kindled
seizures; and corneal kindled seizures (Gasior et al., 2000; Lip-
táková et al., 2000; Reddy and Rogawski, 2000a, 2010b; Kaminski
et al., 2003, 2004). During prolonged daily treatment, tolerance
does not develop with the anticonvulsant activity of ganaxolone
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(Kokate et al., 1998; Reddy and Rogawski, 2000a). In our recent
study in female amygdala kindled mice, ganaxolone elicited strong
suppression of behavioral and electrographic seizures with ED50

of 6.6 mg/kg (Reddy and Rogawski, 2010b). Ganaxolone treatment
was associated with significant reduction in the afterdischarge
duration. As expected, there was a substantial suppression of
behavioral and electrographic seizures in mice treated with clon-
azepam. While clonazepam was more potent than ganaxolone, the
overall maximal efficacy of both drugs was similar. These stud-
ies provide strong evidence that the synthetic neurosteroid analog
ganaxolone is highly effective antiseizure agent in the amygdala
kindling model, which is a clinically relevant model of complex
partial epilepsy.

CLINICAL STUDIES
Ganaxolone has been tested in various clinical trials to assess effi-
cacy in the treatment of epilepsy (Reddy and Woodward, 2004;
Rogawski et al., 2010). More than 900 subjects have received the
drug at doses up to 1875 mg/day in adults and up to 54 mg/kg/day
in children in phase 1 normal volunteer studies, epilepsy trials,
and also clinical trials for migraine. Overall, the drug is safe
and well tolerated. The most common side effect is reversible
dose-dependent sedation. One epilepsy trial used the inpatient
presurgical study design in adults with partial seizures (Laxer et al.,
2000). A second study was an open-label, add-on trial in pediatric
patients with a history of infantile spasms (Kerrigan et al., 2000).
A third study was an open-label non-randomized, dose-escalation
add-on trial in highly refractory pediatric and adolescent patients;
three patients in this latter study were followed in an extension
phase over 3.5 years (Pieribone et al., 2007). As discussed pre-
viously, there is limited anecdotal information supporting the
efficacy of ganaxolone in the treatment of catamenial seizure
exacerbations (McAuley et al., 2001). Recently, a double-blind,
randomized, placebo controlled study was completed in adults
with partial seizures (Rogawski et al., 2010). A separate trial was
completed in children with infantile spasms. In this study, there
was no clear statistically significant treatment effect although some
subjects did appear to demonstrate a treatment-related reduction
in spasm clusters. The adult trial included 147 subjects with par-
tial onset seizures with or without secondary generalization who
were refractory to conventional antiepileptic drugs. Ganaxolone
treatment produced an 18% decrease in mean weekly seizure
frequency, compared with a 2% increase for placebo over the
10-week treatment period. Results from the open-label extension
phase of the study indicated that ganaxolone maintains its efficacy
over time.

ADVANTAGES OF NEUROSTEROID THERAPY
An ideal new drug for epilepsy should have a rapid or interme-
diate onset of action that is effective against a broad range of
convulsive and con-convulsive seizures. It should also be effective
in SE even when given late after seizure onset, should exhibit no
tolerance, exhibit no pharmacokinetic or teratogenic effects, be
relatively safe, and readily available for clinical development. Neu-
rosteroids partly meet or exceed these expectations, and possess
several advantages: (i) Neurosteroids can be effective for broad
seizure types, even in diazepam-refractory seizures because they
can activate most GABA-A receptor isoforms; (ii) Unlike benzo-
diazepines, neurosteroids lack tolerance upon repeated or chronic
treatment which has been proven in clinical trials; (iii) They show
a rapid onset and intermediate duration of action; (iv) Well estab-
lished mechanism of action at GABA-A receptors; (v) Maximal
efficacy is expected even in resistant seizures, due to their positive
and direct (non-allosteric) actions in promoting GABAergic inhi-
bition at high dosage (vi); They promote tonic inhibition that does
not rely on interneurons that may be damaged in some patients
with TLE; and (vii) They are under clinical trials for epilepsy
indications.

CONCLUSION
Neurosteroids that enhance the GABAergic neurotransmission
are potent anticonvulsants and may regulate various neuronal
excitability networks. Neurosteroids are believed to play a role in
the regulation of seizure susceptibility in the setting of preexisting
epilepsy. Menstrual and stress related fluctuations in seizures may
be related to alterations in brain neurosteroids. Additionally, men
with TLE who have a suppressed hypothalamic–pituitary–gonadal
axis may have a reduction in testosterone-derived neurosteroids
that could worsen seizures. New information on the role of neu-
rosteroids in limbic epileptogenesis is emerging. Treatment with
synthetic neurosteroids may be beneficial to patients with partial
seizures. Further studies are required to determine whether “neu-
rosteroid replacement” is a useful approach for epileptic seizures
related to endogenous neurosteroid fluctuations, such as in cata-
menial epilepsy and stress. Novel agents that increase the brain
synthesis of neurosteroids, such as TSPO ligands, may find utility
in the treatment of epilepsy.
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Neurosteroids are steroids made by brain cells independently of peripheral steroidogenic
sources. The biosynthesis of most neurosteroids is mediated by proteins and enzymes
similar to those identified in the steroidogenic pathway of adrenal and gonadal cells. Dehy-
droepiandrosterone (DHEA) is a major neurosteroid identified in the brain. Over the years
we have reported that, unlike other neurosteroids, DHEA biosynthesis in rat, bovine, and
human brain is mediated by an oxidative stress-mediated mechanism, independent of
the cytochrome P450 17α-hydroxylase/17,20-lyase (CYP17A1) enzyme activity found in the
periphery. This alternative pathway is induced by pro-oxidant agents, such as Fe2+ and
β-amyloid peptide. Neurosteroids are involved in many aspects of brain function, and as
such, are involved in various neuropathologies, including Alzheimer’s disease (AD). AD is a
progressive, yet irreversible neurodegenerative disease for which there are limited means
for ante-mortem diagnosis. Using brain tissue specimens from control and AD patients, we
provided evidence that DHEA is formed in the AD brain by the oxidative stress-mediated
metabolism of an unidentified precursor, thus depleting levels of the precursor in the blood
stream. We tested for the presence of this DHEA precursor in human serum using a Fe2+-
based reaction and determined the amounts of DHEA formed. Fe2+ treatment of the serum
resulted in a dramatic increase in DHEA levels in control patients, whereas only a moderate
or no increase was observed in AD patients. The DHEA variation after oxidation correlated
with the patients’ cognitive and mental status. In this review, we present the cumulative
evidence for oxidative stress as a natural regulator of DHEA formation and the use of this
concept to develop a blood-based diagnostic tool for neurodegenerative diseases linked to
oxidative stress, such as AD.

Keywords: Alzheimer’s disease, dehydroepiandrosterone, diagnostic tool, neurosteroids

INTRODUCTION
The crucial roles of steroid hormones in the development and
function of the central nervous system (CNS) have been well
established (Compagnone and Mellon, 1998; Baulieu et al., 1999;
Karishma and Herbert, 2002; Suzuki et al., 2004; Wang et al.,
2005). Depending on their chemical structure and plasma con-
centrations, steroids can exert either protective or adverse effects
on neural tissues (Kimonides et al., 1998; Schumacher et al.,
2000; Wise et al., 2001; Charalampopoulos et al., 2004, 2006; Mel-
cangi and Panzica, 2006; Singh, 2006). Whereas many steroids
originate from peripheral steroidogenic organs, such as adren-
als and gonads, recent research has shown that some steroids are
synthesized in the nervous system and display beneficial neu-
roprotective properties, which may be of particular importance
in treating diseases in which neurodegeneration is predominant,
including age-dependent dementia, stroke, epilepsy, spinal cord
injury, Alzheimer’s disease (AD), Parkinson’s disease (PD), and
Niemann–Pick type C disease (NP-C). Neurosteroids, according
to the definition proposed by Baulieu (1997), are steroid hor-
mones that are synthesized in the central and peripheral nervous

systems, either de novo from cholesterol or by in situ metabolism of
blood-borne precursors, and that accumulate in the nervous sys-
tem independently of the classical steroidogenic gland secretion
rates. The term “neuroactive steroids” refers to steroid hormones
that exert their effects on neural tissue. Neuroactive steroids may
be synthesized in both the nervous system and in endocrine glands.

Neurosteroids exert a wide array of biological activities in the
brain (Lapchak and Araujo, 2001; Belelli et al., 2006; Strous et al.,
2006), either through conventional genomic action or interaction
with membrane receptors. In particular, neurosteroids have been
found to act as allosteric modulators of the GABAA/central type
benzodiazepine receptor complex (Majewska, 1992; Covey et al.,
2001; Lapchak and Araujo, 2001), N -methyl d-aspartate (NMDA)
receptors (Jang et al., 2004; Mameli et al., 2005), kainate recep-
tors (Costa et al., 2000; Dubrovsky, 2005), α-amino-3-hydroxy-
5-methyl-4-isoxazolepropionic acid AMPA receptors (Rupprecht
and Holsboer, 2001; Rupprecht et al., 2001), sigma receptors
(Monnet et al., 1995; Maurice et al., 1996, 1999, 2006; Takebayashi
et al., 2004), glycine receptors (Maksay et al., 2001; Jiang et al.,
2006; Mitchell et al., 2007), serotonin receptors (Kostowski and
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Bienkowski, 1999; Shannon et al., 2005), nicotinic receptors (Par-
adiso et al., 2000; Pereira et al., 2002; Arias et al., 2006), and
muscarinic receptors (Horishita et al., 2005; Steffensen et al., 2006).
More recently, it was reported that neurosteroids may directly acti-
vate G-protein-coupled membrane receptors (Ueda et al., 2001; He
et al., 2003; Zhu et al., 2003; Schiess and Partridge, 2005; Tasker,
2006) or indirectly modulate binding of neuropeptides to their
receptors (Sullivan and Moenter, 2003; Torres and Ortega, 2003;
Lipschitz et al., 2005). Finally, neurosteroids have been shown to
bind to microtubule-associated protein 2 (MAP2) and to stim-
ulate tubulin polymerization in cultured neurons. In fact, the
binding of dehydroepiandrosterone (DHEA) and pregnenolone
(PREG) to MAP2 involved polar and hydrophobic interactions,
such the hydrogen bonds, and was localized at the N-terminal
domain of the protein. This domain is specific to high molecu-
lar weight MAP2 isoforms, and absent in other MAPs, notably
Tau, a component of AD pathology. In AD and other tauopathies
the Tau protein forms fibrillar deposits in the brain. The difference
between the N-terminal sequence of MAP2 and Tau could account
for the difference in their aggregation properties. The direct inter-
action of DHEA and PREG with MAP2 raises the possibility that,
in addition to the well-known steroid hormone–receptor inter-
actions, direct interaction of neurosteroids with the cytoskeleton
may participate in brain plasticity (Murakami et al., 2000; Laurine
et al., 2003; Iwata et al., 2005).

In vivo studies also indicate that neurosteroids are involved in
regulating various neurophysiological and behavioral processes,
including cognition, stress, depression, anxiety, and sleep, as well
as in sexual- and feeding-related behaviors and locomotion (Vallee
et al., 1997, 2001; Engel and Grant, 2001; Mayo et al., 2003;
Schumacher et al., 2004; Dubrovsky, 2005, 2006; Mellon, 2007;
Mitchell et al., 2008). Paradoxically, although steroids play major
roles as signaling molecules within the brain, to date, little is
known regarding the neural mechanisms regulating neurosteroid
biosynthesis in the CNS.

In this review, we present evidence for oxidative stress as a nat-
ural regulator of specific neurosteroid formation. This alternative
steroid biosynthesis pathway was used to develop a blood-based
diagnostic tool for neurodegenerative diseases linked to oxida-
tive stress, like AD, with the goal of monitoring the onset and
progression of the disease as well as its response to existing and
experimental therapies.

PATHWAYS OF NEUROSTEROID BIOSYNTHESIS
It has long been thought that steroidogenic glands, including the
adrenal cortex, gonads, and placenta, were the only sources of
steroids that could act on the brain. However, seminal observations
made by the Baulieu and Robel group have shown that this view is
incorrect. First, these authors discovered that the concentrations of
several steroids, such as PREG, DHEA, and their sulfate esters are
much higher in the brain than in the plasma (Baulieu, 1981; Cor-
pechot et al., 1981, 1983). Second, they showed that the levels of
these steroids in brain tissue remain elevated long after adrenalec-
tomy and castration (Cheney et al., 1995). Third, they found that
the circadian variations of steroid concentrations in brain tissue
are not synchronized with those of circulating steroids (Robel et al.,
1986). These observations led them to propose that the brain can

actually synthesize biologically active steroids, or “neurosteroids”
(Robel and Baulieu, 1985, 1994; Baulieu, 1997, 1998).

Steroid biosynthesis begins with the transfer of free cholesterol
from intracellular stores into mitochondria. Two proteins appear
to play a crucial role in intramitochondrial cholesterol trans-
port: the peripheral-type benzodiazepine receptor (Papadopoulos,
1993), renamed translocator protein 18 kDa (TSPO; Papadopou-
los et al., 2006; Rone et al., 2009), and the steroidogenic acute
regulatory protein (STAR; Stocco and Clark, 1996). TSPO serves
as a gatekeeper in protein and cholesterol import into mitochon-
dria, and STAR serves the role of the hormone-induced activator.
Thus, both proteins work in concert to bring cholesterol into
mitochondria (Hauet et al., 2005).

The first step in the biosynthesis of neurosteroids is the
conversion of cholesterol to PREG. This reaction is cat-
alyzed by the cytochrome P450 cholesterol side-chain cleav-
age (P450scc; CYP11A1) in three successive chemical reactions:
20α-hydroxylation, 22-hydroxylation, and scission of the C20–
C22 carbon bond of cholesterol. The products of this reac-
tion are PREG and isocaproic acid. PREG can be converted to
DHEA via cytochrome P450c17 (CYP17A1). Both PREG and
DHEA are 3β-hydroxy-Δ5-steroids, which are present in neural
tissue in the free forms and their sulfate ester forms. 17β-
hydroxysteroid dehydrogenase (17β-HSD) and 3β-hydroxysteroid
dehydrogenase-isomerase (3β-HSD) mediate the conversion of
DHEA into androgens. The cytochrome P450 aromatase (CYP19)
converts testosterone to estradiol, whereas 5α-reductase converts
testosterone to dihydrotestosterone. PREG can be oxidized to
active 3-oxo-Δ4-steroids, such as progesterone (PROG), by 3β-
HSD. PROG is a substrate for 5α/β-reductase enzymes and is
converted into 5α/β-dihydroprogesterone (5α/β-DH PROG). Fur-
ther reduction of 5α/β-DH PROG at the C3 position, by the 3α-
hydroxysteroid oxidoreductase (3α-HSOR), yields 3α-hydroxy-
5α/β-pregnan-20-one (3α,5α/β-tetrahydroprogesterone; 3α,5α/β-
TH PROG; allopregnanolone; Mellon et al., 2001; Plassart-Schiess
and Baulieu, 2001).

NEUROSTEROID ACTION IN NEUROBEHAVIORAL DISORDERS
Considering the role identified for TSPO in steroid biosynthesis
in peripheral tissues, Papadopoulos et al. (1992, 2006) investi-
gated whether TSPO ligands affect PREG formation in glioma cell
mitochondria. We showed that at nanomolar levels, high-affinity
TSPO drug ligands increase PREG production (Papadopoulos
et al., 1992, 2006; Rupprecht et al., 2010). These results were
confirmed in situ in rat and human glioma cell cultures upon
addition of the precursor mevalonactone (Guarneri et al., 1992;
Brown et al., 2000). In addition, TSPO drug ligands were found
to increase allopregnanolone levels in vivo in rat forebrain (Kor-
neyev et al., 1993; Costa et al., 1994; Trapani et al., 2005) and
hippocampus (Bitran et al., 2000), and to induce antineopho-
bic, anticonflict, and anxiolytic actions via their TSPO-mediated
steroidogenic effect and the subsequent action of the synthe-
sized neuroactive steroids on the GABAA receptor (Costa et al.,
1994; Bitran et al., 2000). Thus, if TSPO levels in the CNS are
reduced, neurosteroid synthesis also will be reduced. This decrease
will act at the beginning of the pathway, controlling the supply
of cholesterol to support neurosteroid biosynthesis that may be
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reduced under various pathological conditions, such as anxiety
disorders.

To determine the function of increased TSPO levels in AD, the
Papadopoulos lab investigated the levels of steroids present in var-
ious brain areas in specimens obtained from postmortem AD and
age-matched controls, with a focus on DHEA (Brown et al., 2003).

DHEA PROPERTIES
DHEA and its sulfate ester dehydroepiandrosterone sulfate
(DHEA-S) were identified in the brain by Baulieu et al. (1965).
DHEA is a major neuroactive steroid that exerts a broad range
of biological effects and constitutes the majority of neurosteroids
found in the brain (Baulieu and Robel, 1996). Various studies
showed that DHEA also has functions on modulating mem-
brane receptors, such as NMDA, GABA, sigma receptors, and on
Ca2+ channels (Compagnone and Mellon, 1998). These effects
may explain, at least in part, its ability to protect hippocampal
(Kimonides et al., 1998) and brain cells (Roberts et al., 1987),
to regulate neuronal activity (Meyer and Gruol, 1994), and to
enhance or restore memory and learning processes (Maurice et al.,
1998). Finally, the sulfate ester DHEA-S has been shown to enhance
the in vitro release of hippocampal acetylcholine (Rhodes et al.,
1997), a neurotransmitter likely involved in memory processes
and impairment in AD (Kasa et al., 1997). It is well-known that
DHEA also displays antioxidant properties, because it can reduce
lipid peroxidation in the rat brain (Aragno et al., 1997; Boccuzzi
et al., 1997) and in the periphery in older humans (Araghiniknam
et al., 1996).

DHEA peripheral levels peak early in adulthood and gradually
decline with age (Baulieu, 1996; Parker, 1999). The role of DHEA
in the periphery is not well established, but DHEA may serve as a
precursor for androgens and estrogens. The levels of DHEA in the
brain were found to exceed those seen in the periphery, and these
levels were maintained after removal of the peripheral steroido-
genic endocrine glands (Corpechot et al., 1981; Akwa et al., 1991).

The neurotrophic effects of DHEA were first reported in mouse
brain cell cultures (Roberts et al., 1987) and DHEA was subse-
quently found to protect rat and human hippocampal neuronal
cells against oxidative stress-induced cellular damage (Bastianetto
et al., 1999). Given neuroprotective and cognitive-enhancing prop-
erties of DHEA, it has been hypothesized that elevated DHEA levels
observed in AD brain tissue potentially represent an adaptive or
compensatory process (Alhaj et al., 2006).

CYP17A1-INDEPENDENT PATHWAY FOR DHEA FORMATION
Baulieu and Robel (1990) demonstrated that PREG and DHEA
accumulate in the brain independently of the supply by peripheral
endocrine organs (Baulieu and Robel, 1990). Despite these initial
findings and numerous subsequent studies, the data available to
date on the synthesis of DHEA do not account for the mecha-
nisms responsible for its synthesis. First, the levels of CYP17A1
enzymatic activity, immunoreactivity, and mRNA are not con-
sistent with each other (Mellon and Deschepper, 1993). Second,
neither CYP17A1 protein nor its activity has been detected in the
brain (Le Goascogne et al., 1995). Only transient expression of the
mRNA for this enzyme during embryonic life was reported (Com-
pagnone et al., 1995) and contradictory data on the presence of its

mRNA in the adult have been presented (Sanne and Krueger, 1995;
Stromstedt and Waterman, 1995). Thus, the pathway by which
DHEA is synthesized in the adult brain is unknown, and brain
steroid synthesis seemingly may not fit in at all with the steps of
the well-accepted scheme for adrenal and gonadal steroidogene-
sis, suggesting that alternate pathways for the synthesis of some
steroids, such as DHEA, may exist.

Prasad et al. (1994) proposed the existence of a few alterna-
tive precursors present in rat brain extracts that can react with
compounds unrelated to peripheral steroid biosynthesis and pro-
duce neurosteroids. These authors demonstrated that treatment
of organic extracts of rat brain with different oxidizing and reduc-
ing compounds not known to cleave lipoidal or sulfate conjugates
resulted in the liberation of DHEA. The results were based on
experiments that compared the concentrations of these steroids
found in the treated aliquots with those measured in untreated
samples estimated by mass spectrometric analysis. Cascio et al.
(1998) subsequently reported that rat tumor glioma cells, which
do not contain the enzyme CYP17A1, are still able to produce
DHEA through an alternative pathway. The same pathway was
also found in MA-10 Leydig tumor cells. However, in Leydig tumor
cells, this process accounts for only a small portion of the steroids
produced, suggesting that in this steroidogenic tissue, the princi-
pal pathway by which DHEA is biosynthesized involves CYP17A1.
Because CYP17A1 enzyme, protein, and activity have not yet been
found in rat and guinea pig brain (Mellon and Deschepper, 1993;
Baulieu, 1996) where high levels of DHEA have been measured, it
may be possible that this DHEA arises from a similar alternative
process.

OTHER ALTERNATIVE PATHWAYS FOR STEROID
BIOSYNTHESIS
Several studies have shown that steroids may be formed via
alternative biosynthesis pathways. Some pathways are described
as microbial aerobic pathways, and many steroidal components
have been detected in axillary secretions, such as the unsaturated
steroids of the androstane (C19) family, where the precursors
and the biochemical routes of production remain matters for
debate (Austin and Ellis, 2003). Other studies have proposed the
existence of a “sodium status factor” that regulates aldosterone
biosynthesis whereby during severe sodium deficiency, there is a
switch in the aldosterone pathway to a pathway using 18-hydroxy-
deoxycorticosterone rather than corticosterone as an intermediate
(Boon et al., 1998). Moreover, some studies have shown that
biotransformation of lithocholic acid by Pseudomonas sp. strain
NCIB 10590 under anaerobic conditions leads to a wide range
of steroidal products, such as androsta-1,4-diene-3,17-dione 17β-
hydroxyandrost-4-ene-3-one, 17β-hydroxyandrosta-1,4-diene-3-
one, 3-oxo-5β-cholan-24-oic acid, 3-oxochola-1,4-diene-24-oic
acid, 3-oxopregn-4-ene-20-carboxylic acid, and 3-oxopregna-1,4-
diene-20 carboxylic acid (Owen and Bilton, 1984).

OXIDATIVE STRESS, β-AMYLOID (Aβ) PEPTIDE, IRON, AND
DHEA LEVELS
The generation of oxygen radicals has been implicated in all types
of neurodegenerative diseases (Coyle and Puttfarcken, 1993). Evi-
dence of increased oxidative stress has been shown in the AD
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brain (Subbarao et al., 1990; Mecocci et al., 1994; Smith et al.,
1995), where it contributes to the formation of amyloid plaques
and neurofibrillary tangles (Dyrks et al., 1992; Smith et al., 1994).
A possible source of oxidative stress in the AD brain is the Aβ

peptide. Aβ is a component of AD plaques (Joachim and Selkoe,
1992) and can cause increases in reactive oxygen species (ROS)
via several mechanisms. Aβ can acquire a free radical state on its
own (Hensley et al., 1994) or activate microglia to produce free
radicals (Klegeris et al., 1994; Klegeris and McGeer, 1997). Studies
have shown that addition of Aβ to PC12 cells results in increased
intracellular calcium levels and oxygen radical production, lead-
ing to mitochondrial dysfunction and apoptosis (Guo et al.,
1998). These events can be prevented using antioxidants such as
vitamin E (Guo et al., 1996).

These findings led us to hypothesize that if the alternative path-
way of DHEA formation is present in human brain tissue, DHEA
formation should be elevated in AD brain tissue due to the pres-
ence of increased Aβ and oxidative stress levels. Brown et al. (2003)
measured the levels of DHEA in AD and age-matched control
brains and indeed found that DHEA levels are significantly higher
in the AD brain in all three areas examined, and are maximal in AD
hippocampus. This may reflect increased oxidative stress in the AD
brain, potentially due to the actions of Aβ. Aβ, a major component
of AD neuritic plaques (Joachim and Selkoe, 1992), increases free
radicals in neurons (Subbarao et al., 1990; Mecocci et al., 1994;
Nunomura et al., 2000) and glia (Brown et al., 2000), and directly
produces hydrogen peroxide through metal ion reduction (Huang
et al., 1999). Other studies have shown increased levels of car-
bonyls in neuronal cytoplasm and in nuclei of neurons and glia
from AD brains (Smith et al., 1995), as well as increases in lipid
peroxidation, protein peroxidation, disruption of mitochondria
energy metabolism in AD, and increased RNA oxidation, suggest-
ing a role for ROS in the development of AD (Subbarao et al.,
1990; Mecocci et al., 1994; Markesbery, 1997; Nunomura et al.,
2000). Indeed, it is now well established that Aβ and oxidative
stress play major roles in the pathogenesis of AD (Markesbery,
1997).

In addition to AD pathology, head trauma and stroke-related
massive bleeding may also significantly produce iron-mediated
oxidative stress and neurodegeneration. In AD, iron accumulation
in AD plaques and neurofibrillary tangles can act as a source of
redox-generated free radicals (Smith et al., 1997). If our hypoth-
esis is correct, we expect DHEA levels to be elevated in patients
with AD, a disease that involves increased iron and oxidative stress
levels. Indeed, as stated above, Brown et al. (2003) reported that
DHEA levels are significantly higher in all regions of the AD brain
compared to age-matched control brain (Brown et al., 2003). Fur-
thermore, increased oxidative stress-induced by either positive
ions (ferrous, copper, zinc, etc.) or Aβ was shown to induce DHEA
formation by human brain cells in vitro (Brown et al., 2000).

Fe2+ TRIGGERS THE ALTERNATIVE PATHWAY
As noted above, iron (Fe) is a significant component of senile
plaques, and iron inlays of blood vessels are common in AD. Fe2+
levels are elevated and iron mobility decreased in AD brains (Beard
et al., 1993). Fe2+ used to trigger the alternative pathway causes
an increase in ROS, both by the formation of ferric iron and

superoxide and by reacting with hydrogen peroxide to form the
hydroxyl radical by Fenton reaction (Figure 1; Galey, 1997). Con-
sidering the effect of Fe2+ on ROS and DHEA formation, Cascio
et al. (2000) showed that Aβ causes an increase in oxygen free
radicals in cells, and this rise in free radicals affects DHEA levels
(Cascio et al., 2000).

The structure of at least one form of a putative DHEA precur-
sor of the CYP17A1-independent pathway was suggested by the
results obtained with Fe2+ (Prasad et al., 1994). This ion, consid-
ered as a reducing agent, is known to produce carbonyl-containing
compounds from hydroperoxides (Hawkins, 1949; Hawkins and
Young, 1950). This reaction occurs by one-electron reduction of
the O-O bond of the peroxide, with subsequent fragmentation of
the resulting alkoxy radical (Figure 2). Therefore, the lability of
such molecules to heat, air, light, and other environmental con-
ditions may make a delusive contribution to the concentrations
of the free neurosteroids estimated by other analytical methods
(Mathur et al., 1993). Hawkins and Young (1950) have shown,
treatment of tertiary hydroperoxides with aqueous solutions of
FeSO4 leads to several products, only one of which may be a
ketone.

Fe2+ ions affect many cellular processes, including those that
stimulate oxygenases and hydroxylases. It is also conceivable that
Fe2+ forms complexes with constituents within glioma cells that
are able to mimic the catalytic oxidative behavior of a P450 enzyme
(Brown et al., 2003). It should be noted that although Fe2+ is a
pleiotropic agent in the CNS, the specificity of its reaction with
endogenous precursors to form DHEA is characterized by the fol-
lowing observations: (i) it is specific for the formation of DHEA
because no effect on PROG production is seen; (ii) it appears to be

FIGURE 1 | Fenton’s reaction occurs between hydrogen peroxide and

Ferrous Iron(II). Ferrous Iron(II) oxidized by hydrogen peroxide to ferric
iron(III), a hydroxyl radical, and a hydroxyl anion. Iron(III) is then reduced back
to iron(II), a peroxide radical, and a proton by the same hydrogen peroxide.

FIGURE 2 | Mechanism of ketone formation from hydroperoxides. This
scheme illustrates how the addition of FeSO4 could reduce the
17-hydroperoxide of PREG to an intermediate alkoxy radical. Cleavage of the
two-carbon side-chain by b-fragmentation results in the formation of DHEA.
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tissue-specific; (iii) its action is found in the microsomal fraction;
(iv) it is dose dependent, but not in a stoichiometric manner; and
(v) the effect of FeSO4 could not be replicated to the same extent
when using FeCl3 or H2O2.

NATURE OF THE DHEA PRECURSORS
The suggestion that an alternate pathway involving a hydroperox-
ide could exist for the biosynthesis of steroid hormones was first
proposed by Van Lier and Smith (1970). They showed that the 20-
hydroperoxide derivative of cholesterol could be converted into
PREG by incubation with adrenal cortex mitochondrial enzymes.
Thus, a pathway involving sterol peroxide as the precursor of PREG
or DHEA could differ from the traditional one.

Cascio et al. (1998) reported that addition of FeSO4 directly to
glial cells in culture resulted in a 5- to 10-fold increase in DHEA.
This is probably due to the fragmentation of an in situ-formed
tertiary hydroperoxide initiated by Fe2+. Evidence already exists
that mammalian tissues contain enzymes that catalyze the frag-
mentation of peroxy constituents to steroid ketones. Larroque
and Van Lier (1986) found that when 20-hydroperoxycholesterol
is incubated with purified P450scc for only 30 s at 0˚C, it is
readily converted to PREG. Moreover, Tan and Rousseau (1975)
showed that in the rat testis, microsomal fraction can convert 17-
hydroperoxyprogesterone to androstenedione when incubated in
the presence of oxygen and nicotinamide adenine dinucleotide
phosphate. The cofactor was essential, but oxygen was not, because
they showed that oxygen can be substituted with argon. These
authors also reported that the 17-hydroperoxide can be trapped
when PROG is incubated with adrenal homogenates in the pres-
ence of the hydroxylase inhibitor p-hydroxymercuribenzoate (Tan
and Rousseau, 1975). Adding exogenous PREG along with FeSO4

to C6 microsomes results in a large increase in the amount
of DHEA formed. This example, perhaps the first, of a mam-
malian brain cell converting PREG to DHEA indicates that Fe2+
can activate the conversion process, which may, in fact, involve
hydroperoxylation at C17 of the added PREG.

Further studies showed that the peroxy-precursor of DHEA is
not soluble in organic solvents, suggesting the potential require-
ment for a cellular component for activity. Thus, the effect of Fe2+
on the formation of DHEA may be mediated by a protein micro-
somal component associated with iron reduction. However, since
the peroxy-precursor(s) of DHEA made in C6 cells was not soluble
in organic solvents, it appears that the process for making DHEA
in C6 cells is more complicated than that which simply involves
fragmentation of peroxy compounds (Cascio et al., 1998).

Previous reports (Parton et al., 1994; Sawyer et al., 1994) sug-
gested that the level of activation of oxygen is similar to that for
Fenton reagents and P450 hydroxylases, and thus it can affect oxy-
gen insertion at the C17 bond. Therefore, we cannot be certain
of the mechanism(s) by which Fe2+ acts and increases DHEA
production in C6 glioma cells. However, the absence of CYP17A1
activity, protein, and mRNA in these glial cells indicates that, what-
ever process leads to DHEA formation in these cells, it differs from
that involving this steroidogenic enzyme. Even if Fe2+ stimulates
an existing enzyme to produce DHEA, the precursor of that DHEA
also appears to differ from the precursor customarily assumed to
be used in peripheral steroidogenic tissues.

Indeed, addition of exogenous PREG is an artificial way to
demonstrate the physiological role and activity of CYP17A1.
Therefore, it is important to perform experiments on alternative
pathways of steroid synthesis in the absence of the precursor to
identify alternative activities. Cascio et al. (2000) proposed that
the final answer to the question of how DHEA is made in the
brain will depend on the isolation and characterization of brain
CYP17A1 or the Fe2+-dependent activity (Cascio et al., 2000).
However, in the human brain, all cell types (neurons, oligoden-
drocytes, and astrocytes) express message and protein CYP17A1,
but show no CYP17A1 activity. Nevertheless and as mentioned
before, addition of Fe2+ or Aβ increases cellular ROS and results
in the formation of DHEA (Brown et al., 2000).

Brown et al. (2000) showed a ROS-induced DHEA synthesis,
which may vary between oligodendrocytes and astrocytes. Astro-
cytes seem to produce more ROS in response to Fe2+ than glioma
cells, which may indicate an increased sensitivity to FeSO4 and
potentially a higher activity for ROS regulation of DHEA syn-
thesis in normal human brain cells. These data suggest that the
oxidative environment of the brain under different conditions may
influence DHEA formation by glia. Neurons do not have the alter-
native pathway for DHEA synthesis, suggesting that the alternative
pathway is specific to glia. Oligodendrocytes that do not respond
to Fe2+ can synthesize DHEA de novo in a CYP17A1-independent
manner, potentially due to high endogenous levels of ROS (Brown
et al., 2000).

In support of these findings, the CYP17A1 inhibitor SU10603
(LaCagnin et al., 1989) was found to not affect PREG levels in
any of the cell lines used, indicating that this drug is not alter-
ing CYP11A1 activity or PREG metabolism. Considering that
SU10603 did not inhibit DHEA formation in any human brain
cell system tested, a conclusion could be made that CYP17A1 does
not mediate DHEA formation in human brain cells.

AD AND A CYP17A1-INDEPENDENT PATHWAY
Brown et al. (2003) examined the potential for alternative path-
way activity in AD and age-matched control brain specimens
(Figure 3). Treatment with the reducing reagent FeSO4 caused
a significant increase in DHEA levels in the hippocampus and
cortex of control patients, possibly indicating the presence of an
alternative precursor in these areas. AD patients showed a signifi-
cant increase in DHEA levels only in the frontal cortex, indicating
the presence of an alternative precursor is in this area, but not in
the AD hypothalamus or hippocampus. The higher levels of DHEA
present in the hypothalamus and hippocampus of the AD brain
before FeSO4 treatment suggest that the precursor of the alterna-
tive pathway has already been converted to DHEA by endogenous
oxidative stress due to the disease process (Brown et al., 2003).

The role of the neurosteroid DHEA in aging is unknown,
although a number of attempts have been made to link low serum
DHEA with dementia and memory disorders, particularly AD
(Berr et al., 1996; Guazzo et al., 1996; Baulieu, 1997; Wolf et al.,
1997a,b). Although DHEA levels are lower in AD serum compared
to controls, the differences seen may not be as significant due to
high variability among specimens (Lacroix et al., 1987; Rammouz
et al., 2011). Thus, although DHEA is known to affect NMDA
receptors (Bergeron et al., 1996) and to potentiate both memory
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FIGURE 3 | Samples were extracted, and DHEA was purified by HPLC

and measured using a specific radioimmunoassay. DHEA levels (pg/mg
protein) in brain samples from AD and age-matched control patients with
and without treatment with 30 mM FeSO4 (adapted from Brown et al.,
2003).

formation (Flood et al., 1992) and hippocampal long-term poten-
tiation (Yoo et al., 1996), there is no in vivo evidence for its role in
memory and dementia.

Liu et al. (2009) reported the first in vivo evidence for the
existence of DHEA in brain tissue coming from a CYP17A1-
independent pathway present in peripheral steroidogenic tissues
using a CYP17A1 chimeric mouse model. In CYP17A1 chimeric
mice, the Leydig cell CYP17A1 mRNA and intratesticular and
circulating testosterone levels were reduced by 65%, which is in
agreement with previous data and consistent with the role of
CYP17A1 in peripheral steroidogenesis (Liu et al., 2009). In the
same study, the authors observed that although the CYP17A1 pro-
tein was undetectable in adult mouse brain extracts, CYP17A1
mRNA was present, but was reduced by 50% in CYP17A1 chimeric
mouse brain compared to wild-type brain tissue. Despite this dif-
ference in CYP17A1 mRNA levels and lack of CYP17A1 protein,
CYP17A1 chimeric mice contained the same endogenous levels
of DHEA as wild-type mice. These data raised the question of
whether CYP17A1 activity is required for the synthesis of DHEA
in adult mouse brain tissue. In support of these findings, Maayan
et al. (2005) reported that the increased DHEA synthesis seen
in the brain of castrated male mice was completely blocked by
the antioxidant N -acetylcysteine amide. The CYP17A1 and 3β-
HSD inhibitors SU10693 and trilostane, respectively, did not block
the FeSO4-induced DHEA formation, providing additional evi-
dence that CYP17A1 does not mediate the Fe2+-induced DHEA
synthesis in the adult mouse brain.

A reduction of DHEA levels throughout development would
be expected to affect the cognitive process of the CYP17A1
chimeric mice. However, no spatial memory deficiency was seen
in the CYP17A1 chimeric mice in comparison to wild-type mice,
suggesting that CYP17A1 gene deletion and the reduction of
CYP17A1 mRNA levels in the brain did not affect learning or
memory. This finding is supported by clinical studies from patients
with CYP17A1 defects (Yanase, 1995). Indeed, there are no reports

of cognitive deficiencies in CYP17A1-deficient patients. These
results demonstrate the lack of relationship between learning and
memory and CYP17A1 expression in brain. Considering the pro-
posed roles of DHEA in neuronal function, DHEA production
defects in humans would be expected to have a dramatic impact
on brain development and function. The only explanation for
the lack of cognitive deficits in CYP17A1-deficient patients and
the chimeric mouse model is that DHEA is synthesized by a
CYP17A1-independent, Fe2+-sensitive pathway that maintains or
compensates for reduced DHEA synthesis.

In further support of a CYP11A1-independent pathway in AD,
Brown et al. (2003) measured CYP17A1, and whereas CYP17A1
mRNA was found in the frontal cortex of control and AD patients,
there was no CYP17A1 mRNA or immunoreactivity was detected
in the hippocampus (Brown et al., 2003). In contrast, the enzyme
CYP11A1 was present in all specimens, suggesting that these tis-
sues can synthesize PREG from cholesterol. Thus, the high levels
of DHEA found in the AD brain are either derived from periph-
eral sources and accumulated and stored in specific brain regions,
such as the hippocampus, or are derived from local activity of the
alternative pathway.

CYP17A1-INDEPENDENT PATHWAY IN THE DIAGNOSTIC OF
NEURODEGENERATIVE DISEASES
One of the major problems with AD diagnosis and treatment is
the inability to determine the onset of the disease. Currently, AD
diagnosis is performed using a combination of magnetic reso-
nance imaging scans to measure generalized shrinkage of the brain,
and cognitive tests to determine the state of dementia. Unfor-
tunately, symptoms typically do not occur until very late in the
disease process. If the changes in DHEA in the cerebral spinal fluid
(CSF) are indeed regulated by oxidative stress conditions within
the brain, alterations in CSF DHEA levels may occur very early in
the progression of the disease. Furthermore, analysis of the data
in Figure 3 (Brown et al., 2000) suggests that the serum shows
a greater response to FeSO4 treatment than does any brain area
tested. Because there was an increase in all control sera after FeSO4

treatment, but no change in AD sera, the serum may be a useful
compartment for determining the progression of brain oxidative
stress in AD. Therefore, by determining whether the alternative
precursor is present in the blood, and measuring CSF DHEA lev-
els, it may be possible to determine the conditions of oxidative
stress in the brain. The availability of the alternate precursor for
DHEA in serum could thus be used as a diagnostic tool to identify
the onset and follow the progression of AD.

It has been long speculated that DHEA is important in the aging
process, particularly in modulating memory formation (Parker,
1999). Although serum DHEA levels decrease with age in the
human, there are no available studies on the levels of DHEA in the
brain. Several groups have tried to correlate serum levels of DHEA
and DHEA sulfate with cognitive function (Guazzo et al., 1996)
or future development of AD (Berr et al., 1996), but these studies
have failed to find a connection between DHEA levels and cogni-
tive ability, or to demonstrate serum DHEA levels as a predictor
of future AD development.

Contrary to current hypotheses, we reported that DHEA lev-
els are much higher in the AD brain than in age-matched control
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specimens (Brown et al., 2003). Additionally, we demonstrated
that: (i) in contrast to decreasing serum levels of DHEA in patients
with AD, brain DHEA is significantly higher in AD patients than in
age-matched controls; and (ii) CYP17A1 protein and mRNA are
not found in the hippocampus. In agreement with these observa-
tions, DHEA levels in the brain tissue and the CSF of AD patients
are significantly higher than in controls. Furthermore, there is evi-
dence for alternative pathway activity in specimens from both AD
and control patients, although treatment of control, but not AD,
sera with FeSO4 results in increased DHEA levels. Thus, the mea-
surement of CSF DHEA levels, in conjunction with serum DHEA
levels and alternative pathway activity examined in the presence
of FeSO4, could be used as a predictive diagnostic measurement
of AD neuropathology.

Although a larger sampling is required to validate the results
of Brown et al. (2003), we speculated that by measuring DHEA
levels in the serum and CSF of aging patients, and looking for
evidence of alternative pathway activity in these compartments, it
may be possible to determine early changes in the levels of oxida-
tive stress in the brain. These changes could reflect early damage in
AD or even in other neurodegenerative disorders involving oxida-
tive stress. We investigated the presence of the DHEA precursor
in human serum using a Fe2+-based reaction and determined the
amounts of DHEA formed in 86 subjects (Rammouz et al., 2011).
Our results confirmed the preliminary data of Brown et al. (2003).
Indeed, in vitro oxidation of sera from aged-matched control sub-
jects led to a more than 50% increase in DHEA levels compared
to respective baseline levels. This increase was significantly higher
than that observed in AD patients (14 and 3% increases in the
mild and severe AD groups, respectively) assessed using the mini-
mental state examination (Figure 4). Interestingly, the correlation
between cognitive impairment and percent DHEA increase in the
oxidative pathway seemed to be stronger in women than in men.
However, more samples must be analyzed before we can reach any
conclusions on gender differences in the evolution and outcomes
of AD.

Mild cognitive impairment (MCI) is currently proposed as
a transition state between normal aging and dementia (Mariani
et al., 2007). Although MCI is a rather elusive entity for which no
consensual definition has been provided, it is commonly divided
into two groups: amnestic MCI, which is thought to be an early
stage of AD, and non-amnestic MCI, which is associated with cog-
nitive alterations other than memory. Because MCI is considered
an early stage of dementia and early diagnosis can lead to clinically
relevant treatment,a diagnostic tool for early stage identification of
the disease is required to allow clinicians to discriminate MCI from
AD. This subset of data demonstrates that monitoring oxidative
stress-mediated DHEA formation in sera allows one to discrimi-
nate MCI from healthy subjects, and more so from AD patients,
regardless of the severity of the disease status.

Many candidate disease-modifying therapies that target the
underlying pathogenic mechanism of AD are currently being
tested in clinical trials. However, the clinically relevant implemen-
tation of any therapy depends on the reliability of the diagnosis.
Currently, the diagnosis of AD follows a logical sequence: family
history information, mental assessment, and the physical exami-
nation which, thus far, focuses on neurological signs (Burns and

FIGURE 4 | Outline of the methodology used to determine serum

DHEA levels and formation in response to FeSO4 treatment (A).

Variation of DHEA levels before and after Fe2+ oxidation of human sera from
AD and age-matched control patients (adapted from Rammouz et al., 2011).

Iliffe, 2009). An accurate, easy, and specific non-invasive biochem-
ical test that correlates with clinical findings is needed. Our data
show that a blood assay based on the existence of an alternative
pathway for DHEA biosynthesis in the brain can be successfully
used as an early diagnostic tool for AD (Rammouz et al., 2011). The
results obtained demonstrate that the DHEA biosynthesis process
tightly correlates with cognitive deficits of AD patients and could
allow one to discriminate MCI from AD. Such an assay could be
used to diagnose AD at a very early stage and to monitor the effect
of therapeutic modalities on disease evolution.

CONCLUSION
We initially reported a cell-specific alternative pathway for DHEA
synthesis in the human brain. These results suggested a model for
neurosteroid biosynthesis in the CNS. In the case of an oxida-
tive environment and increase in ROS due to ischemia, trauma,
or neurodegeneration, glia may also act as reservoirs of DHEA
by using the alternative pathway to produce this steroid. Thus,
DHEA synthesis via the alternative pathway may be a mechanism
by which the brain can protect sensitive areas against oxidative
stress or limit the spread of damage. If the cholesterol–cholesterol
peroxide-DHEA pathway does exist in the brain, or even in the
steroid-producing endocrine glands, then it is undoubtedly asso-
ciated with its own regulatory system (trophic factors, etc.) and
represents a new aspect of steroidogenesis.

If neither enzyme is specific, the hydroperoxide formed by
autoxidation and a non-specific enzyme catalyze the formation
of PREG from the autoxidized product, the physiological effects
due to the portion of ketosteroids formed through this spuri-
ous, non-specific mechanism might be inconsequential. Indeed,
a recent study pinpointed that the autoxidation of cholesterol
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constitutes a potential source of both the lipoidal and the sulfated
forms of the DHEA and PREG (Liere et al., 2009). Conversely,
considerable amounts of PREG and DHEA were released from
unknown precursor(s) present in the lipoidal fraction, distinct
from fatty acid ester conjugates. In fact, chromatographic and mass
spectrometric studies of the nature of the precursor(s) showed
that the autoxidation of brain cholesterol is responsible for the
release of PREG and DHEA from the lipoidal fraction (Liere et al.,
2009). However, in our recent report (Rammouz et al., 2011), we
observed that cholesterol levels do not change during the oxida-
tion process mediated by Fe2+. These results obtained in human
cells support the data on the ability of astrocytes and oligoden-
drocytes to synthesize DHEA. In conclusion, all different brain
model systems, including rat glioma cell lines, primary cultures
of human and rat oligodendrocytes and astrocytes, microsomes
from rat brain, rat brain organic extracts (Prasad et al., 1994;
Cascio et al., 1998, 2000; Brown et al., 2000, 2003; Liu et al.,
2009), and bovine brain microsomes (data not shown), demon-
strate the presence of a Fe2+-dependent, CYP17A1-independent

process of DHEA formation. Our recent data suggest that a still
unidentified precursor of DHEA in the oxidative pathway is absent
from the serum of AD patients and lead us to apply this spe-
cific trait in the diagnosis of the disease (Rammouz et al., 2011).
A blood test based on in vitro oxidative stress-mediated DHEA
increases may be a valuable diagnostic tool for identifying AD
at an early stage, monitoring AD progression, differentially diag-
nosing AD from MCI, and evaluating the efficacy of various AD
treatments.
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Estrogens have multiple actions in the brain including modulating synaptic plasticity, con-
nectivity, and cognitive behaviors. While the classical view of estrogens are as endocrine
signals, whose effects manifest via the regulation of gene transcription, mounting evidence
has been presented demonstrating that estrogens have rapid effects within specific areas
of the brain. The emergence that 17 β-estradiol can be produced locally in the brain which
can elicit rapid (within minutes) cellular responses has led to its classification as a neu-
rosteroid. Moreover, recent studies have also begun to detail the molecular and cellular
underpinnings of how 17 β-estradiol can rapidly modulate spiny synapses (dendritic spines).
Remodeling of dendritic spines is a key step in the rewiring of neuronal circuitry thought
to underlie the processing and storage of information in the forebrain. Conversely, abnor-
mal remodeling of dendritic spines is thought to contribute to a number of psychiatric and
neurodevelopmental disorders. Here we review recent molecular and cellular work that
offers a potential mechanism of how 17 β-estradiol may modulate synapse structure and
function of cortical neurons.This mechanism allows cortical neurons to respond to activity-
dependent stimuli with greater efficacy. In turn this form of plasticity may provide an insight
into how 17 β-estradiol can modulate the rewiring of neuronal circuits, underlying its ability
to influencing cortically based behaviors. We will then go on to discuss the potential role
of 17 β-estradiol modulation of neural circuits and its potential relevance for the treatment
of psychiatric and neurodevelopmental disorders.

Keywords: cortex, 17 β-estradiol, small GTPases, signal transduction, rapid, schizophrenia, depression,Alzheimer’s

disease

INTRODUCTION
Neuronal connections in the adult brain are plastic and change in
response to a number of environmental and extracellular stimuli,
ranging from activity-dependent stimuli to neuromodulator and
neurosteroids (Alvarez and Sabatini, 2007; Bhatt et al., 2009; Brin-
ton, 2009; Holtmaat and Svoboda, 2009). This structural plasticity
is essential for normal cognitive function (Chklovskii et al., 2004;
DeBello, 2008; Bhatt et al., 2009; Holtmaat and Svoboda, 2009)
and may ameliorate progression of psychiatric and neurodegener-
ative disorders such as schizophrenia, depression, and Alzheimer’s
disease (Penzes et al., 2011a,b). However, excessive or aberrant
reorganization of neural circuits has been proposed to contribute
to psychiatric and neurodegenerative disorders, by providing a
pathological cellular mechanism by which cognitive deficits seen
in such disorders may emerge (van Spronsen and Hoogenraad,
2010; Penzes et al., 2011a). Therefore, harnessing structural plas-
ticity for active therapeutic intervention requires an understanding
of the cellular mechanisms that underpin cortical plasticity.

It is well established that estrogens have a wide range of effects
on physiological functions ranging from reproduction, develop-
ment, and cardiovascular function. Estrogens refer to a class of
steroid compounds, of which 17 β-estradiol (herein referred to as
estradiol) is considered to be the most biologically active form.

Over recent years there has been a growing appreciation of the
complex actions of estrogens within the brain. In addition to their
actions in the hypothalamus (Kelly et al., 2005), it has become
clear that estradiol can exert effects in multiple regions of the
brains including the cerebral cortex and hippocampus (McEwen
and Alves, 1999; Brinton, 2009). The emergence of estradiol’s
actions within these areas has also been accompanied by clinical
and basic studies implicating estrogens in regulating cognitive and
memory processing in both animal models and humans (Luine,
2008; Brinton, 2009; Henderson, 2009). The effects of estrogens
on cognitive function is of significant interest due to the grow-
ing evidence that estrogens may delay the onset or ameliorate the
severity of a number of psychiatric and neurodegenerative disor-
ders, such as schizophrenia, anxiety, depression, and Alzheimer’s
disease (Hughes et al., 2009). Therefore, elucidating the molecu-
lar and cellular mechanisms that underlie estradiol’s effects within
the brain, and how they may be relevant for neuropathologies is
essential for understanding the potential role of estrogens in these
disorders.

Despite the fact that rapid estrogenic effects within the brain
were first reported over 40 years ago (Bueno and Pfaff, 1976),
the majority of studies to date have focused on the long-term
actions of estrogens as a circulating hormone. This classical mode
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of action for estrogens, also referred to as genomic actions, occurs
via the regulation of gene transcription, whose actions take hours
to days to manifest. However, recent studies have demonstrated
that estradiol can modulate cognitive function within minutes
to hours (Balthazart and Ball, 2006; Sinopoli et al., 2006; Phan
et al., 2011). This is paralleled with findings that estradiol can
increase synaptic plasticity in several areas of the brain, including
the hippocampus, cortex, and prefrontal cortex (PFC), also within
minutes to hours (Woolley, 2007; Srivastava et al., 2008). However,
the precise molecular mechanisms that are required for estradiol’s
ability to rapidly influence synaptic plasticity, and thus lead to
long-term changes in the cellular responses to subsequent stim-
uli, are only just becoming evident. Here we will focus on recent
insights into the actions of estradiol in the cortex. Specifically,
we will first consider the evidence that estradiol is a neurosteroid
and may even function as a neuromodulator before going on to
examine the cellular and molecular mechanisms underlying rapid
estrogenic-dependent remodeling of cortical circuits. Finally we
will discuss how this mechanism in part, may underlie estradiol’s
ability to influence cognitive function, and its potential relevance
for psychiatric and neurodegenerative disorders.

ESTRADIOL AS A NEUROMODULATOR
The classic mode of action for estradiol in the brain is as an
endocrine signal, which travels over long distances before enter-
ing the target tissue where it exerts its effects via gene regulation
(McEwen and Alves, 1999). However, there is increasing evidence
that significant concentrations of estradiol are produced locally
in discrete regions of the brain which can rapidly induce electro-
physiological, cellular, molecular, and behavioral effects (Woolley,
2007; Srivastava et al., 2008, 2010; Saldanha et al., 2011). Brain-
synthesized estradiol has been identified in several brain regions
of a number of avian and mammalian species (Yague et al., 2006;
Boon et al., 2010; Saldanha et al., 2011). Moreover, this de novo
production of estradiol demonstrates that it is a neurosteroid and
has led to suggestions that it may be considered a neuromodu-
lator (Balthazart and Ball, 2006; Saldanha et al., 2011). In order
for estradiol to be considered as a neuromodulator, a number of
criteria must be met.

(1) Rapid biosynthesis and breakdown of estradiol within discrete
regions of the brain.

(2) Production of estradiol must be spatially and temporally
restricted, and regulated by electrochemical events, to allow
for specific actions of the neurosteroid.

(3) Specific receptors for estradiol must be ideally located to allow
for the coupling of estrogenic signal to elicit physiological and
cellular effects within seconds to minutes via ion channels and
second messenger pathways.

Indeed, numerous studies have demonstrated that estradiol meets
these criteria.

DE NOVO SYNTHESIS OF ESTRADIOL
Studies where the sex organs of rodents have been removed or
direct measurements of estradiol production in the zebra finch
song birds have shown that estradiol is produced rapidly within

the brain (Remage-Healey et al., 2008; Konkle and McCarthy,
2011). Furthermore, the presence of aromatase, the major enzyme
required for the synthesis of estradiol from androgen has been
identified in a number of brain regions including the hypothal-
amus, hippocampus, visual cortex, and temporal cortex in avian,
mammalian, and human brains (Rune and Frotscher, 2005; Yague
et al., 2006; Boon et al., 2010; Saldanha et al., 2011). Based on
experimental studies in the avian and mammalian brains, brain-
aromatase activity has been shown to be required for the rapid
synthesis of estradiol (Garcia-Segura, 2008; Yague et al., 2008;
Saldanha et al., 2011). The enzymes StAR (steroidogenic acute reg-
ulatory protein) 3β-HSD (3β-hydroxysteroid dehydrogenase) and
SCC (side-chain-cleavage enzyme), enzymes required for the con-
versation of cholesterol into estrogenic precursors, have also been
reported to be expressed in neurons (Wehrenberg et al., 2001).
The presence of these enzymes in neurons provides a potential
direct pathway for the biosynthesis of estrogens from cholesterol.
On the other hand, enzymes including 2- and 4-hydroxylase, and
catechol-O-methyltransferase, which are involved in the metab-
olism of estrogens into inactive (or less active) water-soluble
metabolites, have also been detected within the brain (Zhu and
Conney, 1998). Together these studies demonstrate that specific
mechanisms required for the rapid de novo synthesis and metabo-
lism of estrogens in the brain exist, supporting the hypothesis that
estradiol is a neurosteroid.

PRE-SYNAPTIC LOCALIZATION AND SYNTHESIS OF AROMATASE
A number of studies have also localized aromatase within pre-
synaptic terminals. In the hypothalamus EM studies have demon-
strated a synaptic localization for aromatase in avian, mammalian,
and human tissue (Naftolin et al., 1996). Furthermore, biochem-
ical studies have detected high levels of aromatase activity in
isolated pre-synaptic tissue preparations (Mak et al., 1985). Using
mature cultured cortical neurons derived from embryonic rats,
we find that aromatase is present at synapses (Srivastava et al.,
2010). Aromatase co-localizes with the post-synaptic marker, PDS-
95 (post-synaptic density protein 95), and the pre-synaptic marker
bassoon in cortical neurons (Srivastava et al., 2010). In addition,
aromatase was detected in tau5-positive axonal processes, indicat-
ing that a portion of aromatase is present at pre-synaptic terminals
(Srivastava et al., 2010). More recently, evidence has been pre-
sented that acute fluctuations in brain-synthesized estradiol levels
mediated by aromatase activity in the cortex of zebra finch, is
controlled by specific depolarization-sensitive calcium-dependent
events (Remage-Healey et al., 2011). This study presents strong
evidence that locally produced estradiol within the brain is regu-
lated by electrochemical signals, strongly supporting a hypothesis
that estradiol may be considered a neuromodulator. Collectively,
the presence and regulation of aromatase at pre-synaptic termi-
nals places the machinery required for the de novo production
of estradiol at an ideal location for this neurosteroid to act on
post-synaptic structures.

LOCALIZATION OF ESTROGEN RECEPTORS IN THE BRAIN
The presence of receptors specific for estrogens in the brain has
been well documented (Brinton, 2009; Hughes et al., 2009). Estro-
gen receptor (ER) α, ERβ, and the GPCR, GPR30 (also known as
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G protein-coupled ER, GPER) have been shown to be expressed in
several regions of the brain. ERα is highly expressed in the hypo-
thalamus and in the mammalian forebrain, whereas ERβ has lower
expression in the hypothalamus, but is thought to be expressed
highly in the cortex and hippocampus (Milner et al., 2001, 2005;
Kritzer, 2002; Mitra et al., 2003). Furthermore, recent studies have
identified both ERα and β to reside in both pre- and post-synaptic
compartments (McEwen et al., 2001; Milner et al., 2001, 2005).
Some controversy surrounds whether estrogens are the true ligand
for GPR30 (Langer et al., 2010), nevertheless there are numerous
reports that have indicated that this receptor is highly responsive
to acute estradiol treatment (Prossnitz and Maggiolini, 2009; Mag-
giolini and Picard, 2010; Nadal et al., 2011). Investigations into the
localization of this receptor within the brain have shown expres-
sion in several areas including the cortex, hippocampus as well as
the hypothalamus (Brailoiu et al., 2007; Hazell et al., 2009). All
three receptors have been shown to be able to rapidly initiate sec-
ond messenger pathways in response to acute estradiol treatment
within neurons (Brinton, 2009). This provides a mechanism to
allow the coupling of rapid estrogenic signaling with intracellular
signaling cascades, resulting in acute cellular effects. Collectively,
these data suggest that brain-synthesized estradiol does fulfill the
criteria required for the consideration of estradiol as a neuro-
modulator as outlined above. Moreover, these studies support
a hypothesis that brain-synthesized estradiol can initiate rapid
cellular effects, altering post-synaptic structures, and may be a
mechanism whereby cognition and behavior can be regulated.

ROLE OF ESTRADIOL IN THE CORTEX
Neuromodulation of synaptic plasticity is thought to be a key
mechanism influencing information storage (Bavelier et al., 2010).
Recent evidence has demonstrated that estrogens can influence
behaviors, cellular mechanisms, and signaling pathways within
minutes (Balthazart and Ball, 2006; Srivastava et al., 2008, 2010;
Brinton, 2009). Multiple studies have shown that estrogens influ-
ence hippocampally based behaviors. However, estrogens can also
exert powerful actions on cognitive processes that require infor-
mation processing in the cortex and PFC. For example, studies
in non-human primates have investigated the role of estradiol
in cognitive ability mediated by the PFC (see Bailey et al., 2011
for a recent review). In a delay response task, which is mediated
by the dorsolateral PFC, long-term treatment with estradiol in
hormone depletion, ovariectomized (OVX) aged female rhesus
monkeys, perform significantly better than OVX vehicle-treated
animals (Hao et al., 2007; Bailey et al., 2011). Interestingly, younger
OVX monkeys perform equally well when treated chronically with
either estradiol or vehicle, suggesting an age-dependent effect in
this task (Hao et al., 2007; Bailey et al., 2011).

Multiple studies have also investigated the role of acute estra-
diol treatment in a number of tasks involving cortical processing.
In zebra finch songbirds, estradiol is rapidly (within minutes)
produced in the cortex in response to social interactions (Remage-
Healey et al., 2008). Furthermore, acute blockade of estradiol
production within the cortex disrupts songbird social interac-
tions (Remage-Healey et al., 2010). Studies using female rats have
shown that OVX impaired the acquisition of the working mem-
ory component of a delay match-to-sample task, as assessed by a

T maze paradigm (Gibbs and Johnson, 2008; Sherwin and Henry,
2008). Interestingly, treatment with 17β-estradiol was sufficient
to prevent the loss of the working memory component in this
task (Gibbs and Johnson, 2008; Sherwin and Henry, 2008). Sim-
ilar results were also observed in a study examining the effect of
OVX on the performance of female rats in a two-way active avoid-
ance paradigm, which is dependent on the frontal cortex as well
as the hippocampus. OXV animals displayed a reduced perfor-
mance compared to control, intact animals, whereas OVX animals
treated with 17β-estradiol performed better than both groups in
the active avoidance task (Singh et al., 1994). In another study
using a win-shift version of the radial arm maze to test spatial
working memory, the local administration of estradiol benzoate
into the frontal cortex of OVX female mice 40 min prior to test-
ing significantly improved performance compared to OVX mice
(Sinopoli et al., 2006). Acute estradiol treatment has also been
shown to increase aggression (Trainor et al., 2007), which is also
associated with PFC processing.

Several studies have used object recognition, which relies on
both cortical and hippocampal processing (Ennaceur et al., 1997;
Barker and Warburton, 2011), to test the ability of estradiol to
rapidly influence memory processing. In female OVX rats, admin-
istration of 17α-estradiol or 17β-estradiol, either 30 min prior
or 30 min post-training, was able to enhance memory recogni-
tion/retention (Luine et al., 2003). Interestingly, this enhancement
was not observed when either estradiol isomer was adminis-
tered 2 h post-training (Luine et al., 2003). Similar results were
also observed with intact female rats; female rats in behavioral
estrus and estrus, when circulating estradiol levels are increased
compared to disestrus, displayed enhanced memory recognition
compared to disestrus female rats (Walf et al., 2006). Moreover,
the same study demonstrated that treatment with propyl pyrazole
triol (PPT) or diarylpropionitrile (DPN), synthetic ERs modula-
tors (SERMs) with higher affinities for ERα or ERβ respectively,
were also able to enhance memory performance in object recogni-
tion when administered 30 min post-training (Walf et al., 2006).
In mice, treatment with 17β-estradiol immediately post-training,
injected directly into the dorsal third ventricle or dorsal hippocam-
pus, was sufficient to enhance object recognition in middle-aged
female OVX mice (Fan et al., 2010). Importantly, this enhancement
was lost following administration of inhibitors for the kinases
ERK (extracellular signal-regulated kinase) 1/2 and PI3K (phos-
phatidylinositol 3-kinase; Fan et al., 2010). Conversely to data
shown in OVX female rats, another study has shown that PPT,
but not DPN, is able to enhance object recognition in OVX female
mice (Walf et al., 2006; Phan et al., 2011). It is of note that ani-
mals were treated 15 min prior to training, and that PPT and DPN
were shown to enhance object recognition in female rats when
administered 30 min post-training. Thus it is not clear whether the
differences between these studies are due to the timing of estra-
diol administration. Several studies have also investigated the most
effective dose of estradiol in the enhancement of object recogni-
tion (Luine et al., 2003; Inagaki et al., 2010; Phan et al., 2011). These
studies have demonstrated that there is an inverted U-shaped
dose response curve as opposed to a more traditional S-shaped
dose response curve. In OVX female rats, post-training treatment
with 5 μg/kg of 17β-estradiol and 1–2 μg/kg of 17α-estradiol,
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but not lower or high concentrations were effective in enhanc-
ing object recognition (Inagaki et al., 2010). In female OVX
mice, pre-training treatment with 50 or 75 μg (per 30 g mouse)
PPT was sufficient to enhance object recognition, whereas lower
or higher concentrations were not (Phan et al., 2011). Interest-
ingly an inverse U-shaped dose response curve have also been
reported in estradiol-mediated enhancement of spatial memory
(Gresack and Frick, 2006). This suggests that an inverse U-shaped
pattern of estradiol effects on memory may be applicable to a
number of memory tasks, and not limited to those involving cor-
tical processing. Together, these studies demonstrate that acute
estradiol treatment can rapidly influence behaviors that require
cortical processing, and more so, that this enhancement occurs
in a time-dependent or time-critical manner, and demonstrate an
inverse U-shaped pattern of responsiveness according to the dose
of estradiol used.

DENDRITIC SPINES, A LINK BETWEEN STRUCTURAL AND
FUNCTIONAL PLASTICITY
Synaptic plasticity is the process by which the strength of com-
munication between neurons is regulated in response to stim-
uli. This process has emerged as the strongest candidate cel-
lular mechanism that underlies information storage and pro-
cessing in the brain, and is thought to be achieved by altering
the strength and number of synaptic connections (Chklovskii
et al., 2004; DeBello, 2008; Holtmaat and Svoboda, 2009). In the
mammalian forebrain, the majority of glutamatergic excitatory
synapses found on pyramidal neurons occur on highly specialized

dendritic profusions called dendritic spines (Figures 1A,B). Den-
dritic spines are highly dynamic structures and undergo many
forms of structural modification (Figure 1C). Spine remodel-
ing occurs in concert with changes in post-synaptic function,
driven by the trafficking of synaptic glutamate receptors. Dur-
ing development, dendritic spines are required for the forma-
tion of synapses, and thus formation of neural circuits. In the
mature brain, dendritic spines change shape and number in
response to plasticity or in response to a number of extracel-
lular stimuli (Figure 1D). Regulation of dendritic spine struc-
ture modulates synaptic properties of neurons, and the ability
of synapses to undergo plasticity (Bourne and Harris, 2008). It
is this dynamic remodeling of dendritic spine shape and num-
ber that is thought to be essential for the ability of synapses to
undergo long-lasting functional and structural changes, underly-
ing the rewiring of neuronal circuits (Malenka and Nicoll, 1999;
Luscher et al., 2000; Cline, 2003; Figure 1D) thus contribut-
ing to memory and cognition (Holtmaat and Svoboda, 2009;
Kasai et al., 2010). Indeed, recent in vivo imaging studies have
provided strong evidence that concurrent with the acquisition
of learned behaviors there are coordinated changes in synaptic
structure and protein content, leading to the rewiring of neu-
ronal circuits required for information processing and storage
(Holtmaat and Svoboda, 2009; Yang et al., 2009). More recently,
extrinsic signals such as neuromodulators have been shown to
induce changes in dendritic spine morphology (Jones et al., 2009;
Woolfrey et al., 2009; Bavelier et al., 2010), but how such sig-
nals regulate dendritic spine morphology, synapse function, and

FIGURE 1 | Rewiring of cortical circuitry. (A) Confocal image of a
cortical neuron expressing green fluorescent protein (GFP),
exemplifying cortical neuron morphology of a cortical neuron. The main
dendrite is branched and has dendritic spines along its‘length. The
neuron’s axon is much thinner than the dendrite, and has no spines.
Scale bar, 5 μm. (B) High magnification confocal image of dendritic
spine and dendrite of a cortical neurons. (C) Schematic of dendritic

spine plasticity: spines form and grow, undergo either maintenance or
elimination, or change shape and size. Dendritic spines change
morphology in response to numerous extracellular stimuli.
(D) Schematic of cortical circuitry rewiring. The strengthening or
weakening of existing synaptic connections and the addition or
elimination of synaptic connections induced by physiological stimuli,
allows for the bi-directional rewiring of cortical circuits.
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ultimately modulate the rewiring of neuronal circuits is only now
becoming evident.

FUNCTIONAL CORRELATES OF DENDRITIC SPINE
STRUCTURE
Dendritic spines are found in all shapes and forms. All types of
dendritic spines, large or thin, have the potential to make con-
nections with pre-synaptic partners (Bourne and Harris, 2008).
Larger dendritic spines on average feature larger post-synaptic
densities (PSDs; Bourne and Harris, 2008), persist for longer peri-
ods of time (Trachtenberg et al., 2002; Holtmaat and Svoboda,
2009; Kasai et al., 2010) and are resistant to plasticity-inducing
stimuli. These large, stable spines have thus been labeled “mem-
ory spines” (Kasai et al., 2003). Conversely, smaller spines are
often short-lived but can be readily potentiated to become sta-
ble spines, thus acting as highly dynamic “learning spines” (Kasai
et al., 2003). Therefore, according to this model, spine morphology
modulates synaptic properties and the ability to undergo plasticity
(Segal, 2005; Bourne and Harris, 2008). The shape/size of a den-
dritic spine is also thought to describe the functional properties
of synapses. Larger dendritic spines are also associated with larger
α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptor
(AMPAR) content, and have larger AMPA responses, whereas thin-
ner/smaller spines have fewer AMPA receptors and small AMPA
responses (Matsuzaki et al., 2001; Noguchi et al., 2011). Thus larger
spines are more stable and form stronger synapses, while thinner
spines are more dynamic and form weaker synapses. However, it is
of note that this is not always the case; recent studies have demon-
strated that in a few circumstances changes in spine size do not
always correlate with synaptic strength (Segal, 2010). Importantly,
structural morphologies are not static, but are highly dynamic,
and can change shape and number in response to a number of
extracellular stimuli. As extrinsic signals, such as neuromodulator
are now known to be plasticity-inducing stimuli (Srivastava et al.,
2008; Jones et al., 2009; Woolfrey et al., 2009; Bavelier et al., 2010),
a major focus of current cellular and molecular neuroscience is
to uncover the mechanisms underlying the control of dendritic
spine shape, size and number, synapse function, via the traffick-
ing of glutamate receptors, and how these changes integrate to
modulate the rewiring of neuronal circuits.

DENDRITIC SPINES PLAY KEY ROLES IN NORMAL BRAIN
FUNCTION
Neural circuits need to exhibit functional plasticity to encode
information about the environment. A variety of stimuli, both
physiological and pathological, can influence spine dynam-
ics (Alvarez and Sabatini, 2007; Tau and Peterson, 2010;
Figures 1C,D). Sensory experience, as modeled by mouse whisker
stimulation, resulted in a transient increase in dendritic spine
density in the corresponding primary cortical sensory region
(Wilbrecht et al., 2010). On the other hand, selective sensory depri-
vation elicited through whisker trimming increased the fraction
of transient spines (Trachtenberg et al., 2002). Rearing animals
in enriched environments also results in elevated spine density
in forebrain (Bose et al., 2009). Very recent evidence has shown
rapid spine formation and stabilization in association with motor
learning, followed by homeostatic pruning of synapses in layer V

motor cortex (Yang et al., 2009). Thus structural reorganization of
forebrain spiny synapses appears to be a powerful mechanism for
information storage.

WIRING PLASTICITY IS A MECHANISM FOR THE REWIRING
OF CORTICAL CIRCUITS
Based on evidence from in vivo studies, as well as in vitro and the-
oretical work (Chklovskii et al., 2004; Bourne and Harris, 2008;
Kasai et al., 2010; Segal, 2010), two methods of circuit rewiring
have been proposed. In the first instance, changes in the shape
and size of existing synapses, and therefore, the amount of infor-
mation that passes across the synapse, is believed to be a critical
mechanism in underlying information processing and storage in
the cortex. However, in addition to this mechanism, it has been
proposed that information storage can be accomplished through
altering neuronal connectivity, which can be achieved by increas-
ing or decreasing the number of functional synapses between two
cells (Chklovskii et al., 2004; Le Be and Markram, 2006; DeBello,
2008). Together, these two mechanisms have been referred to
as “wiring plasticity,” whereby altering the amount of informa-
tion flow between existing synapses and altering the connectivity
between cells are the underlying mechanisms of neuronal cir-
cuit rewiring, and thus involved in the acquisition of behaviors
(cognitive function; DeBello, 2008; Figure 1D). Indeed, a recent
in vivo imaging study of cortical motor neurons has demonstrated
that there is a concurrent increase in dendritic spine density with
the acquisition of a learned motor behavior (Yang et al., 2009).
Thus the rewiring of cortical neurons appears to be a powerful
mechanism for information storage in the cortex.

DENDRITIC SPINE DYSFUNCTION IN DISEASE
Deficits in cognitive function, notably in working, spatial and ref-
erence memory, as well as social interactions, are core features of a
great number of neurological disorders (DSM-IV, 2000). As den-
dritic spine morphology has been intimately linked to cognitive
function (Ramakers, 2002; Holtmaat and Svoboda, 2009; Kasai
et al., 2010), it is not surprising that multiple neuropathologies are
strongly associated with disruptions of neural circuits (van Spron-
sen and Hoogenraad, 2010; Penzes et al., 2011a). Indeed, numer-
ous neuropathological postmortem studies have strongly linked
abnormal spine morphology with the pathogenesis of a number
of neuropsychiatric disorders and neurodevelopmental disorders
(Fiala et al., 2002; Penzes et al., 2011a); such as mental retardation
(MR; Dierssen and Ramakers, 2006), fragile-X (Irwin et al., 2000),
Down’s syndrome (Takashima et al., 1989), autism spectrum dis-
orders (ASDs; Zoghbi, 2003; Pickett and London, 2005; Hutsler
and Zhang, 2010), schizophrenia (Glantz and Lewis, 2000; Lewis
and Sweet, 2009), depression (Gorman and Docherty, 2010), and
Alzheimer’s disease (DeKosky and Scheff, 1990; Selkoe, 2002). It
is currently posited that dendritic spine dysmorphogenesis can
lead to defective or excessive synapse function and connectivity,
resulting in disruptions in neural circuitry. This topic has recently
been reviewed in depth (Tau and Peterson, 2010; van Spronsen
and Hoogenraad, 2010; Penzes et al., 2011a). Dysregulation of the
complex mechanisms that control dendritic spine structure and
function may contribute to these synaptic irregularities. Under-
standing the mechanisms by which dendritic spine morphogenesis
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occurs will therefore, not only expand our knowledge of normal
brain function, but that of abnormal brain function as well.

MOLECULAR CONTROL OF DENDRITIC SPINE MORPHOLOGY
Recently major advances have been made into our understand-
ing of the mechanisms that underlie changes in synapse structure.
The post-synaptic density contains hundreds of distinct proteins,
and the organizational complexity of this structure is becoming
increasingly apparent (Figure 2A). A significant challenge is to
identify the proteins that are responsible for determining post-
synaptic ultrastructure. Dendritic spines are actin rich structures
(Figure 1B); actin is the primary cytoskeletal component in spines,
and actin modulation is essential for changes in spine morphology
(Frost et al., 2010; Hotulainen and Hoogenraad, 2010). Multiple
signaling pathways are know to converge on the actin cytoskele-
ton, and stimuli that induce filamentous actin rearrangements are
associated with the formation, elimination, and changes in mor-
phology of dendritic spines (Lise and El-Husseini, 2006; Tada and
Sheng, 2006; Xie et al., 2007, 2008; Penzes et al., 2008; Srivastava
et al., 2008; Jones et al., 2009; Woolfrey et al., 2009; Yoshihara et al.,
2009). One family of proteins that have been shown to have potent
effects on the actin cytoskeleton are the small GTPases.

Small GTPases are G proteins that comprise a superfamily
of more than 100 proteins with diverse cellular functions. As
their name implies, these proteins are of low molecular weight
(20–40 kD) and are related to heterotrimeric G-proteins (e.g., Gs

and Gi). These proteins are highly evolutionarily conserved and
expressed in many tissues including brain (Takai et al., 2001).
There are five families (Ras, Rho, Rab, Sar1/Arf, and Ran) within
the small GTPase superfamily which are categorized by struc-
ture and function. All small GTPases have a similar structure
which permits binding to GDP and GTP (Takai et al., 2001).
Diversity in small GTPases arises from unique effector-interacting
domains and C-terminal regions which can be modified by post-
translational modification. The ability of Rho- and Ras-family
GTPases to regulate cytoskeleton dynamics and gene transcription
places them as idea candidates to control fundamentally important
neuronal functions.

ESTRADIOL RAPIDLY REMODELS DENDRITIC SPINES OF
CORTICAL NEURONS
As described above, there is ample evidence that estrogens can
rapidly modulate cognitive processes that are mediated by distinct
cortical regions. Previous studies have investigated the effect of
estradiol on dendritic spines of pyramidal neurons in the dorsolat-
eral cortex of young and aged rhesus monkeys (Hao et al., 2007).
Long-term replacement with estradiol in OVX rhesus monkeys
was sufficient to increase spine number compared to vehicle-
treated animals (Hao et al., 2007; Dumitriu et al., 2010). While
these study demonstrates a role of long-term estrogenic treatment
in controlling dendritic spine number, it is not clear what effects
acute estradiol has on synapses. To understand whether estradiol
can acutely modulate dendritic spine morphology of cortical neu-
rons, we investigated the ability of 17 β-estradiol (estradiol), to
alter the shape/size or number of dendritic spines in mature (ado-
lescent) cultured cortical neurons; at this time point, dendritic
spines display a mature morphology, exhibiting a distinct head

FIGURE 2 | Dendritic spines are small protrusions along dendrites that

contain post-synaptic densities. (A) Schematic of a mature dendritic
spine making contact with an axon. Dendritic spines display a typical
morphology of a spine neck and spine head. Cross section of spine reveals
that a number of proteins ranging from neurotransmitter receptors (e.g.,
glutamate receptors) and scaffold proteins (e.g., PSD-95) reside within the
post-synaptic density. Furthermore, actin, signaling proteins and other
signaling proteins (e.g., small GTPases) are also found in dendritic spines,
demonstrating the organizational complexity of dendritic spines. (B) High
magnification confocal image of a cortical neuron expressing GFP-fused
β-actin. Note the enrichment of β-actin in dendritic spines.

structure, and containing PSD-95 (Xie et al., 2007; Srivastava et al.,
2008, 2010; Jones et al., 2009; Woolfrey et al., 2009; Figures 1B
and 2A).

Treatment with a physiologically relevant concentration of
estradiol (10 nM) resulted in an increase in the number of den-
dritic protrusions 30 min following treatment. Interestingly, this
increase in spine number disappeared after 60 min, and the num-
ber of dendritic protrusions return to control levels. Time-lapse
imaging further demonstrated that it was the estradiol-induced
dendritic protrusions that were selectively eliminated, indicat-
ing that estradiol’s effects on spines were transient (Figure 3A).
Importantly, these estradiol-induced protrusions were shown to
be functional dendritic spines as they were juxtaposed to pre-
synaptic terminals; non-functional dendritic protrusions, known
as filopodial protrusions, do not make synaptic contacts. Close
examination of dendritic spine morphology following estradiol
treatment, revealed that estradiol-induced spines had a “thin” like
morphology. This spine morphology is associated with highly
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dynamic synapses that can be either readily potentiated and stabi-
lized, or eliminated (Xie et al., 2005; Penzes et al., 2011b). Owing
to the suggestion that estradiol may act as a neuromodulator, we
speculated that the time that estradiol is present at synapses may
be tightly regulated. Indeed, several enzymes that are involved in
metabolism of estradiol have been detected with the brain (Balt-
hazart and Ball, 2006). Exposure of cortical neurons with estradiol
for 5 min to mimic the rapid removal of the neurosteroid from
synapses, elicited the same transient increase in spine density as
the continued presence of estradiol in the experimental medium.

Together, these data suggest that acute estradiol treatment is
able to induce a transient increase in the number of dendritic
spines, without affecting existing dendritic spines (Figure 3A).
These results parallel a recent study of estradiol remodeling of
dendritic spines in CA1 cells of hippocampal slices cultures, which
demonstrated that estradiol induces spine formation without
affecting pre-established networks (Mendez et al., 2010). Inter-
estingly, this rapid and transient effect of estradiol on mature
cortical neurons has also been described in young, developing
cortical neurons. Treatment of young neurons with the same
concentration of estradiol resulted in a rapid, yet transient,
increase in the number of dendritic protrusions, in a similar
time frame (Sanchez et al., 2009). It is also of note that rapid
estradiol-induced spinogenesis in mature cortical neurons were

not dependent on N -methyl-d-aspartic acid receptor (NMDAR)
activity, as estradiol-induced spinogenesis occurred in the pres-
ence or absence of NMDAR blockade (Srivastava et al., 2008).
In hippocampal neurons NMDAR activity is required for rapid
estradiol-induced spinogenesis (Mukai et al., 2007), indicating that
the actions of estradiol in cortical neurons employ distinct mole-
cular mechanism(s) that those initiated in hippocampal neurons
to induce changes in spine morphology.

MOLECULAR MECHANISMS OF ESTRADIOL MODULATION OF
DENDRITIC SPINE STRUCTURE
Dendritic spines are highly specialized signaling compartments
containing numerous signaling proteins, and a major compo-
nent of these structures is the actin cytoskeleton (Figures 2A,B).
Rearrangements of the cytoskeleton, driven by actin polymeriza-
tion and depolymerization, are thought to be a key mechanism
underlying the dynamic regulation of spine structure (Tada and
Sheng, 2006; Yoshihara et al., 2009). Multiple signaling pathways,
particularly those involving Rho- and Ras-family small GTPases,
have been shown to converge on the cytoskeleton to regulate actin
rearrangement, thus underlying the formation, elimination, and
stabilization of dendritic spines (Tada and Sheng, 2006; Penzes
et al., 2008, 2011b; Yoshihara et al., 2009). Estradiol has been
shown to regulate both small GTPase signaling and actin dynamics

FIGURE 3 | Estradiol-induced “two-step wiring plasticity.”

(A) Schematic of estradiol-induced spinogenesis and glutamate receptor
trafficking. Treatment with 17 β-estradiol induces the formation of novel
spines, which form connections with pre-synaptic partners within 30 min.
Concurrently GluA1-containing AMPARs are removed from existing spines,
and GluN1-containing NMDARs are trafficking into nascent spines. The effect
is transient, as by 60 min, estradiol-induced spines are preferentially
eliminated, GluA1-containing AMPARs and GluN1-containing NMDARs return
to control levels. (B) Schematic representation of Rap/ERK1/2/AF-6 pathway

required for estradiol-induced spinogenesis. Note, both ERK1/2 and AF-6 are
downstream of Rap signaling, but may act in a parallel manner to increase
spine density. (C) Model of Two-Step Wiring Plasticity (TSWP). TSWP can be
divided into three distinct phases Phase 1: estradiol increases the number of
connections between cells, synaptic communication is reduced. Phase 2a:
number of connections return to control levels, synaptic communication
returns to normal. OR Phase 2b: synaptic activity-like stimulus leads to
long-lasting (24 h) increase in connectivity and increase synaptic
communication.
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in non-neuronal cells (Sanchez et al., 2010a), but it is not clear if
these pathways are required for the remodeling of dendritic spines
of cortical neurons.

The morphology of estradiol-induced nascent spines provided
us with the first insight into the potential underlying molecular
pathways required for the increase in dendritic spine density. Pre-
vious studies have shown that activation of Rap, a member of the
Ras-family of small GTPases, results in the formation of highly
dynamic and “thin” dendritic spines (Xie et al., 2005; Woolfrey
et al., 2009; Penzes et al., 2011b). Following estradiol treatment
active Rap levels were increased in a time-dependent manner mim-
icking the effect of estradiol on spine density. In situ inhibition
of Rap signaling by overexpression of RapGAP, a protein that
inhibits Rap activity, or of a dominant-negative Rap construct,
blocked estradiol-induced spinogenesis. In contrast, pharmaco-
logical inhibition of the closely related small GTPase Ras did not
block estradiol-induced nascent spines. When the activity of Rac,
a Rho-family small GTPase, was examined, a modest decrease in
Rac levels after 60 min of estradiol treatment was observed. It is
possible that this small inhibition in Rac activity is sufficient to
drive estradiol-induced spine numbers back to a level similar to
control, as previous studies have shown that inhibition of Rac
reduces spine numbers (Tashiro and Yuste, 2004).

Further investigation of the downstream targets of Rap signal-
ing revealed that the MAP kinases, ERK1/2 (extracellular signal-
regulated kinase) was required for estradiol-induced spinogenesis.
Importantly, ERK1/2 activation has been shown to be required
for the remodeling of dendritic spines, acquisition of learning
and memory, and is a common downstream target of estra-
diol in a number of cell types (Thomas and Huganir, 2004; Raz
et al., 2008). The protein AF-6 (also known as afadin), which is a
PDZ domain-containing and F-actin-binding protein, previously
shown to be regulated by Rap and is required for Rap-dependent
spine plasticity (Xie et al., 2005), was clustered to synapses in
response to estradiol treatment, paralleling estradiol’s effects on
spine density. Furthermore, estradiol-dependent spine formation
was prevented by the expression of a mutant AF-6 with an inactive
PDZ domain. Taken together, these data suggested that estra-
diol signaling via a Rap/ERK/AF-6-dependent pathway is required
for increased dendritic spine number in mature cortical neurons
(Figure 3B).

In young, developing cortical neurons, estradiol-mediated
increases in dendritic protrusions required the activation of a
c-SRC/Rac1/Cdk5/WAVE1/Arp2/3 pathway, in parallel with acti-
vation of a RhoA/ROCK-2/moesin cascade (Sanchez et al., 2009).
Elucidation of these pathways directly link estradiol signaling with
the rearrangement of the actin cytoskeleton via WAVE1/Arp2/3
and moesin. It is of note that these pathways are different from
those activated in mature cortical neurons by estradiol. One
potential explanation of this difference could be attributed to
the differential expressing of signaling proteins and thus the
coupling of estradiol to different intracellular pathways depen-
dent on the developmental time point. Upstream regulators of
small GTPase pathways have been shown to be developmentally
regulated (Penzes et al., 2008), and the local environment of
signaling pathways that link ERs with such small GTPase path-
ways may also be developmentally regulated. Put together, it is

possible that during a young developmental time point, parallel
activation of a c-SRC/Rac1/Cdk5/WAVE1/Arp2/3 pathway and
a RhoA/ROCK-2/moesin cascade is required for the formation
of potential synaptic connections, whereas mature cortical neu-
rons, with pre-existing synaptic connections, require an inter-
play between a Rap/ERK1/2/AF-6 and Rac-dependent pathways
in order to induce a transient increase in synaptic connectivity.
Interestingly, a recent study of rapid estradiol actions in CA1
hippocampal cells demonstrated that estradiol increased the poly-
merization of actin in a RhoA/ROCK/cofilin-dependent pathway
(Kramar et al., 2009). Moreover, estradiol has been shown to reg-
ulate the expression and activity of LIM kinase (LIMK) in CA1
neurons (Yildirim et al., 2008; Yuen et al., 2011). As activation
(phosphorylation) of LIMK can control the polymerization of
actin through the actin binding protein, cofilin, estradiol regula-
tion of LIMK could provide another mechanism by which estradiol
can control actin dynamics in pyramidal neurons. The dispari-
ties in the elucidated mechanisms required for estradiol-mediated
spinogenesis in cortical neurons and hippocampal could be due to
several reasons. It is possible that differences in the cell prepara-
tions (i.e., ex vivo versus in vitro) or age of neurons underlie these
differences. However, it is more likely that these differences arise
due to cell type specificity, thus suggesting that neurons from sepa-
rate regions of the brain employ distinct molecular mechanism to
transduce rapid estrogenic signaling into morphological changes.
Ultimately, these discrete mechanisms may be important for how
estradiol modulates neuronal circuitry in each area.

THE ROLE OF ERβ IN SPINE FORMATION IN CORTICAL
NEURONS
Investigations into the expression profile of ERs have indicated
that ERβ is highly expressed in the mammalian cortex, but less so
in the hippocampus; the expression profile of ERα is thought to
be higher in the hippocampus compared to the cortex (Kritzer,
2002). Previous studies investigating which ER is required for
rapidly induced morphological changes in hippocampal neurons
have suggested that ERα but not ERβ is required for rapid increases
in dendritic spine density (Mukai et al., 2007). However, owing to
the increased expression of ERβ compared to ERα in cortical neu-
rons, we hypothesized that activation of ERβ may be sufficient to
induced rapid morphological changes in mature cultured corti-
cal neurons. Treatment of cortical neurons with WAY-200070, an
ERβ-specific agonist (Liu et al., 2008), resulted in a rapid (within
30 min) increase in dendritic spine density (Srivastava et al., 2010).
The majority of these spines were positive for overlap with the
pre-synaptic marker bassoon, suggesting that ERβ-induced spines
were making connections with pre-synaptic termini (Srivastava
et al., 2010). Moreover, these spines also contained the post-
synaptic protein, PSD-95, further indicating that ERβ-induced
spines were forming functional connections. Interestingly, there
was no increase in the overall expression of PSD-95 following acute
treatment with WAY-200070. Rather, a redistribution of PSD-95
was observed following treatment with WAY-200070; a concur-
rent increase in membrane PSD-95 was seen with a reduction in
cytosolic PSD-95, suggesting that the recruitment of PSD-95 from
cytosolic clusters within the dendritic shaft to dendritic spines
resulted in the enrichment of ERβ-induced nascent spines with
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PSD-95 (Srivastava et al., 2010). Examination of the signaling
pathways activated following ERβ stimulation revealed an increase
in the phosphorylation (activation) of PAK and ERK1/2, provid-
ing a potential signaling cascade linking ERβ with cytoskeleton
rearrangements underlying changes in dendritic spine density.
Together these data suggest that activation of ERβ in cortical neu-
rons is capable of increasing functional dendritic spine numbers,
via a PAK/ERK1/2 pathway, in a rapid time frame.

ESTRADIOL RAPIDLY MODULATES GLUTAMATE RECEPTOR
TRAFFICKING
A widely accepted view is that the rapid trafficking of the glu-
tamate receptors N -methyl-d-aspartic acid (NMDARs) and α-
amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptors
(AMPARs) is a key mechanism in controlling synaptic commu-
nication. Multiple studies have indicated that structural and func-
tional changes in synapses often go hand in hand (Matsuzaki et al.,
2001). However, this is not always the case (Segal, 2010). Recent
studies have demonstrated that synapses can contain NMDARs,
but lack AMPARs. These synapses, termed “silent synapses” are
thought to be rapidly potentiated during plasticity, and are a major
mechanism for the remodeling of neuronal circuits (Ashby and
Isaac, 2011). Estradiol has been shown to increase the responses
to long-term potentiation (LTP) and long-term depression (LTD)
at hippocampal synapses (Mukai et al., 2007; Woolley, 2007; Kra-
mar et al., 2009). But whether estradiol regulates the trafficking of
NMDARs or AMPARs in cortical neurons is not clear.

To examine whether acute estradiol treatment affected glu-
tamate receptor trafficking, we investigated with localization of
NMDAR and AMPARs subunits following treatment with estra-
diol. Acute treatment with estradiol in cortical neurons induced
the removal of the GluA1-containing AMPARs from synapses
at 30 min, while inducing insertion of the GluN1-containing
NMDARs. Remarkably, by 60 min of treatment, GluA1 and GluN1
content had returned to control levels. Time-lapse imaging of
GFP-tagged GluA1 demonstrated that GluA1 was being internal-
ized from pre-exiting dendritic spines, and returning into the same
spine, without entering nascent spines (Figure 3A). To understand
the functional outcome of this trafficking we measured AMPAR-
mediated miniature excitatory post-synaptic currents (mEPSCs).
Consistent with GluA1 trafficking, electrophysiological analysis
demonstrated that estradiol-induced a transient reduction in
AMPAR-mediated mEPSC frequency, but not amplitude, indicat-
ing a change in the number of active synapses (Srivastava et al.,
2008). Together, these data indicated that estradiol may tran-
siently increase in the number of synapses containing NMDARs
but lacking AMPARS and thus the number of silent synapses
(Figure 3A).

Previous studies have shown that activation of the small GTPase
Rap can lead to the internalization of AMPARs (Xie et al., 2005;
Woolfrey et al., 2009). As estradiol treatment results in the activa-
tion of Rap, it is likely that a Rap-dependent mechanism underlies
the rapid internalization of GluA1 in cortical neurons. Interest-
ingly estradiol treatment of hippocampal neurons resulted in
the rapid increase in levels of membrane GluA1, via a MAP
kinase/calpain pathway (Zadran et al., 2009). It is likely that the
differences seen in GluA1 trafficking in hippocampal and cortical

neurons is due to the different signaling mechanisms activated by
estradiol in these different cell types.

ESTRADIOL-INDUCED “TWO-STEP WIRING PLASTICITY”
The ability of estradiol to rapidly induce spine formation, and
silence a subset of synapses, led us to question: what is the phys-
iological role of such a transient increase in silent synaptic con-
nections; what relevance it has for the rewiring of cortical circuits;
how do these effects relate to estradiol’s ability to rapidly modulate
information encoding?

In vivo imaging studies have very elegantly demonstrated that
cortical circuits are remodeled in a physiologically relevant man-
ner; however, the underlying molecular and cellular mechanisms
are still somewhat of a mystery. Theoretical studies have posited
that there is sufficient overlap between dendrites and axons (poten-
tial synapses) to allow additional synapses to occur (Chklovskii
et al., 2004). In vivo work has also shown that neurons can spon-
taneously make transient synapses. These nascent connections are
thought to “sample” pre-synaptic contacts, but are not considered
to be functional. These novel connections are not permanent and
retract unless a subsequent Hebbian-like, or activity-dependent
stimulus, is provided which stabilizes or “holds” the nascent con-
nections (Holtmaat et al., 2005). Furthermore, this activity-like
stimulus is also thought to potentiate these connections, making
them functional (Chklovskii et al., 2004; Holtmaat et al., 2005).
Therefore, it has been posited that information can be stored
through a “sample and hold” or “Two-Step” model (Holtmaat
et al., 2005). Under this theoretical framework, novel dendritic
spines “sample” pre-synaptic contacts, but will retract without
subsequent Hebbian-like mechanisms that reinforce or “hold”
nascent connections. Thus, this model represents a mechanism
that features enormous capacity for cortical information stor-
age (Chklovskii et al., 2004; Le Be and Markram, 2006). Such
alterations in synapse number may result in both increased and
stronger connectivity between neurons, and thus constitutes a
novel form of “wiring plasticity” (Chklovskii et al., 2004; Holtmaat
et al., 2005; Le Be and Markram, 2006; DeBello, 2008; Holtmaat
and Svoboda, 2009; Figure 1D). Although this phenomenon has
been observed in vivo (Holtmaat et al., 2005; Le Be and Markram,
2006), the physiological signals and molecular mechanisms that
govern this form of plasticity are not known.

Based on these observations, we hypothesized that estradiol’s
ability to transiently induce nascent silent synaptic connections
may serve to “prime” neurons to respond to activity-dependent
stimuli with greater efficacy thus participating in “Two-Step”
model of wiring plasticity. Estradiol-induced thin spines would
sample the pre-synaptic environment forming nascent synapses
that contain NMDARs but lacked AMPARs. If a second stimu-
lus is not applied, these novel connections retract, allowing the
cell to return to its “resting state” (Figure 3A). However, if a sec-
ond, activity-dependent stimulus is applied, these newly formed
synapses may become stabilized and potentiated, leading to an
increase in connectivity between cortical neurons.

Co-treatment of estradiol followed by an activity-dependent
stimulus, achieved by activation of NMDARs by a chemical LTP
paradigm (Xie et al., 2007; Srivastava et al., 2008), resulted in a
stabilization of estradiol-induced spines lasting up to an hour.
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Moreover, this maintained increased spine density persisted for
up to 24 h. Importantly, these spines overlapped with the pre-
synaptic maker bassoon, demonstrating that the combined treat-
ment of estradiol and an activity-dependent stimulus had induced
a long-term increase in connectivity in neurons. Furthermore,
investigations of the effect of these two treatments on synapse
function revealed that there was an increase in the surface expres-
sion of GluA1 at synapses which was paralleled by an increase in
AMPAR-mediated transmission (Figure 3C). Consistent with this
finding, AMPAR-mediated mEPSCs were also increased compared
to control levels, suggestive of an overall increase in synaptic trans-
mission. Previous reports have demonstrated that CaMKII activity
is required for NMDAR-dependent changes in spine morphol-
ogy and GluA1 insertion into synapses (Xie et al., 2007). Indeed,
we found that the combined treatment of estradiol and activity-
dependent stimuli resulted in an increase in active levels of CaMKII
(Srivastava et al., 2008), suggesting that this kinase plays a role in
mediating the increase in connectivity and transmission by these
two extracellular signals. In summary, these data demonstrate
that the combined treatment of estradiol and activity-dependent
stimulus was able to both induce a long-lasting increase in synap-
tic connectivity and enhance synaptic communication between
neurons (Figure 3C).

ESTRADIOL AND DISEASE
Multiple studies from basic science have demonstrated neuropro-
tective effects by estradiol. Coupled with evidence that estradiol
can induce synaptic enhancements and influence cognition in a
range of animal models, the use of estradiol as a treatment in a
number of disorders has been investigated. Moreover, estradiol has
been implicated in the onset, clinical course, and symptomatology
of a number of psychiatric and neurodegenerative disorders. While
a number of clinical studies have indicated a beneficial role of
estradiol in a number of disorders (Cyr et al., 2000; Kulkarni et al.,
2008; Hughes et al., 2009; Kulkarni, 2009; Sanchez et al., 2010b),
studies by the Women’s Health Initiative (WHI) and ancillary
studies by WHI Memory Study (WHIMS) have reported conflict-
ing results (Rossouw et al., 2002; Espeland et al., 2004; Shumaker
et al., 2004). In these studies, a hormone treatment of conjugated
equine estradiol and medroxyprogesterone were administered to
women of 65 years of age or old. These randomized control tri-
als did not find any effect in protection against cognitive decline.
Conversely, they suggested a potential increase in cognitive decline
and increased risk for a number of risk factors for cardiovascular
problems, stroke, and cancer (Rossouw et al., 2002; Espeland et al.,
2004; Shumaker et al., 2004). While there is controversy regarding
the results of these findings (Craig et al., 2005), it is clear that cau-
tion must be taken when examining the potential beneficial effects
of estradiol in a number of disorders. Moreover, it may also be
suggested that the use of alternative approaches to mimic estra-
diol’s positive effects, by modulating specific ERs (Hughes et al.,
2009) and/or regulating estradiol intracellular molecular targets,
may offer an avenue of treatment that may allow for the beneficial
effects of estradiol without the harmful side effects. Here we will
highlight some of the evidence and potential molecular basis for
estradiol’s role in a number of neurodegenerative and psychiatric
disorders.

ESTRADIOL AND SCHIZOPHRENIA
Schizophrenia is a devastating disorder that affects 0.5–1% of
the population. Deficits in cognitive function, notably in work-
ing memory, are a core feature of this disorder, and dendritic
spine morphology has been intimately linked to cognitive function
(Lewis and Sweet, 2009). While current anti-psychotic treatments
have had some success in the management of the positive symp-
toms of schizophrenia, cognitive functional deficits have been
more difficult to treat (Lewis and Sweet, 2009). Numerous clini-
cal, epidemiological, and postmortem studies have strongly linked
abnormal spine morphology, and disruptions in endocrine sig-
naling with the pathogenesis of schizophrenia (Hill et al., 2006;
Lewis and Sweet, 2009). Multiple studies have suggested that estra-
diol may have neuroprotective properties against this disorder,
and several clinical trials have found that estradiol, in conjunc-
tion with ongoing treatments with anti-psychotics, has partial
success at ameliorating schizophrenic symptoms in females (Men-
drek, 2007; Mortimer, 2007; Kulkarni et al., 2008). Interestingly,
a recent clinical trial has also demonstrated a positive role for
estradiol, administered in addition to anti-psychotics, in the treat-
ment of schizophrenic symptoms in males, leading to the authors
proposing that estradiol may be an effective treatment in males
as well (Kulkarni et al., 2011). However, it is important to note
that these trials were short-term, lasting up to 28 days. As such,
the potential benefits of long-term effects of adjunct treatment
of estradiol with ongoing anti-psychotic drugs have yet to be
investigated. The etiology of schizophrenia appears to involve a
number of genetic and environmental components, resulting in
a pathogenic mechanism leading to molecular and cellular dis-
turbances and altered brain function. While clinical studies have
reported that estradiol can ameliorate schizophrenic symptoms,
the mechanisms underlying the beneficial effects of estradiol are
not well understood. Recent studies have shown sequence varia-
tion and lower mRNA of wild type ERα associated in patients with
schizophrenia suggesting that deficient signaling via this receptor
may contribute to the symptomatology of schizophrenia (Perlman
et al., 2005; Weickert et al., 2008). This in turn may affect the abil-
ity of estradiol to regulate dendritic spine density in subjects with
either reduced or variant forms of ERα. Recent studies have also
shown that ERα can interact with ErbB4 in a neuronally derived
cell line (Wong and Weickert, 2009), and furthermore, estradiol
treatment has been shown to regulate ErbB4 expression (Ma et al.,
1999). Importantly, genome-wide association studies have identi-
fied neuregulin-ErbB4 signaling as a major susceptibility pathway
in schizophrenic patients (Jaaro-Peled et al., 2009). Furthermore,
as neuregulin-ErbB4 signaling has been shown to indirectly regu-
late spine density (Li et al., 2007), estradiol-dependent regulation
of ErbB4 expression may offer an indirect pathway in the regu-
lation of dendritic spines in subjects with schizophrenia. Taken
together, these preclinical and clinical studies suggest that target-
ing estrogenic signaling may be a viable option for the treatment
of schizophrenia in male and female patients.

ESTRADIOL AND DEPRESSION
Major depression is a disease that is strongly associated with sex
differences in the predominance of this disease being higher in
females and the onset of this disease also being younger in female
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subjects compared to males. This has lead to the suggestion that
estradiol signaling may be involved in this disease (Weissman
et al., 1993; Hughes et al., 2009). Multiple lines of evidence have
been provided suggesting that a loss of synaptic connections in
subjects suffering from major depression contributes to the etiol-
ogy of this disorder (Nestler et al., 2002; Gorman and Docherty,
2010; Soetanto et al., 2010). As with most psychiatric disorders,
the underlying pathogenesis of this complex disease involves an
integration of multiple factors ranging from environment to mol-
ecular and genetic components. Clinical studies have suggested
that estradiol or hormone replacement in combination with anti-
depressants may be beneficial in some case (de novaes Soares
et al., 2001; Morgan et al., 2005; Rasgon et al., 2007; Zanardi et al.,
2007). However, these findings are inconsistent and more anecdo-
tal observations. Preclinical studies of animal studies of depression
have also shown an anti-depressive effect of estradiol. In a learned
helplessness model of depression in rats, estradiol treatment was
able to improve escape performance and rescue stress-induced
loss of dendritic spines of CA1 neurons in OVX females (Hajszan
et al., 2010). In aged intact female mice, administration of estradiol
1 h prior to testing demonstrated anti-anxiety and anti-depressive
effects in a number of anxiety-like and depressive-like behav-
iors (Walf and Frye, 2010), suggesting that estradiol via a rapid
mechanism may have anti-depressive effects. In addition, investi-
gations in ER knockout mice have shown that loss of ERβ results
in an increase in depressive and anxious behaviors (Krȩżel et al.,
2001; Rocha et al., 2005). Moreover, treatments with estradiol, or
ERβ agonists specifically, were enough to reduce these abnormal
behaviors (Hughes et al., 2008; Walf et al., 2008). However, the
mechanisms that underlie estradiol’s potential beneficial effects in
depression are not clear. Several studies have shown that mRNA
levels of ERα are reduced in subjects with major depression (Perl-
man et al., 2004, 2005) and that SNPs of the ER alpha gene are
associated with patients with major depression (Mill et al., 2008).
The reduction in ERα expression may offer a mechanism that is
disrupted in major depression leading to a reduction in dendritic
spine number. Interestingly, reduced levels of brain-derived neu-
rotrophic factor (BDNF) have also been associated with major
depression (Shalev et al., 2009; Gorman and Docherty, 2010).
Estradiol has been shown to increase the production of BDNF
(Scharfman and MacLusky, 2006), and a functional interaction
between the TrkB receptor and ERα has also been demonstrated
(Wong et al., 2011). This finding, in combination with evidence
that BDNF can regulate dendritic spine morphology (Verpelli et al.,
2010), suggests that an integration of these two signaling path-
ways may contribute to the beneficial role of estradiol in major
depression.

ESTRADIOL AND ALZHEIMER’S DISEASE
Alzheimer’s disease is the most common form of dementia.
Although amyloid plaques, neurofibrillary tangles and cell death
are defining characteristics of Alzheimer’s disease, finding from
neuropathological studies have consistently reported prominent
synapse loss (DeKosky and Scheff, 1990; Selkoe, 2002). Familial
Alzheimer’s disease has been associated with mutations in APP,
PSEN1, and PSEN2, genes essential for the production of beta
amyloid (Aβ). Mutations in these genes result in an increase in

Aβ production, and several cellular studies have provided com-
pelling evidence that soluble Aβ oligomers reduce spine density
(Selkoe, 2008). On the other hand, the emergence of Alzheimer’s
disease after age 65, referred to as late-onset Alzheimer’s disease
(LOAD) accounts for the vast majority of Alzheimer’s disease cases.
Although numerous genes have been proposed as LOAD risk fac-
tors, the gene encoding apolipoprotein E (APOE) is considered
to be the most important risk factor for LOAD (Sleegers et al.,
2010). The evidence of the involvement of estrogens in Alzheimer’s
disease comes from epidemiological studies demonstrating that
the risk for females developing Alzheimer’s disease significantly
increases following menopause (Henderson, 2009). Furthermore,
studies have also detected lower levels of estradiol and reduced aro-
matase expression within the brains of females with Alzheimer’s
disease (Yue et al., 2005). In addition, genetic studies have also
shown an association between variants of the gene CYP19a (aro-
matase; Iivonen et al., 2004), altered levels of ERα mRNA and
protein (Ishunina and Swaab, 2008), and variants in the ERβ gene
(Pirskanen et al., 2005) with risk for Alzheimer’s disease. Sev-
eral clinical studies have suggested a beneficial role of estradiol
plus progestin in the treatment of Alzheimer’s disease (Resnick
et al., 2006); however, this beneficial role has also been challenged
(Rossouw et al., 2002; Rapp et al., 2003; Espeland et al., 2004;
Shumaker et al., 2004). Preclinical studies have also supported a
role of estradiol in a neuroprotective role. Disruption of estradiol
signaling in mouse models of Alzheimer’s disease resulted in an
accumulation of Aβ (Carroll et al., 2007), whereas replacement
of estradiol following ovariectomy, reduced the accumulation of
Aβ, and improved cognitive performance (Carroll and Pike, 2008).
Other studies have also shown that estradiol treatment can regulate
APOE expression. Activation of ERα up-regulates APOE expres-
sion, whereas ERβ decreases APOE expression (Wang et al., 2006).
Importantly, mice expressing APOE ε4 (the APOE allele associated
with the greatest risk of developing Alzheimer’s disease), displayed
reduced dendritic spine number compared with wild type mice
(Dumanis et al., 2009). Conversely, expression of APOE ε2 in a
mouse model of Alzheimer’s disease was reported to restore spine
density to control levels (Lanz et al., 2003). Collectively, these stud-
ies suggest that estradiol may have a beneficial role in Alzheimer’s
disease, and that these effects may be due to its ability to modulate
dendritic spine density, either directly via activation of specific ERs,
or in directly, by reducing levels of Aβ, or regulating the expression
levels of specific APOE alleles. As described above, studies from the
WHI and WHIMS have failed to support a positive role of estra-
diol in cognitive decline, and in contrast reported increased risk
of cognitive decline and dementia. However, it has also been sug-
gested that there is a critical period, or “window of opportunity,”
in which estradiol can be effective in protecting again cognitive
decline (Gibbs,2000). Indeed evidence from both basic and clinical
studies are beginning to support such a critical period hypothesis
(Rocca et al., 2011). Furthermore, a recent study has suggested that
sustaining a sufficient level of ERα expression is required for the
critical period, thus offering an insight into the potential mecha-
nisms underlying this window of opportunity (Zhang et al., 2011).
Whether this reduction in ERα levels is a critical mechanism in the
pathophysiology of Alzheimer’s disease, or whether this pertains
solely to this hypothesis is also unclear at this point.
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POTENTIAL CELLULAR MECHANISMS UNDERLYING BENEFICIAL ROLES
OF ESTRADIOL IN DISEASE
The pleiotropic effects of estrogens in the CNS demonstrate that
there are potentially multiple different mechanisms by which it’s
beneficial and neuroprotective effects may be exerted. Studies from
primary neuronal cultures have revealed that estradiol is neu-
roprotective in response to glutamate toxicity. Moreover, both
ERα and ERβ have been implicated in this role. Neuronal via-
bility has been shown to be increased following acute treatment
with estradiol, and is dependent on a SRC/ERK/CREB/BCL-2
pathway (Singer et al., 1999; Wu et al., 2005). In addition, the
coupling of ERα to Gβ/γ G protein subunits has been shown to be
required for hippocampal cell survival following NMDA-induced
excitotoxicity (Dominguez et al., 2009). However, in addition to
these mechanisms of neuroprotection, the potential beneficial
role of estradiol in neurodegenerative and psychiatric disorders
may also be mediated by estradiol’s effects on neuronal circuitry.
As described above, several of these disorders display aberrant
dendritic spine morphology, and thus being able to modulate
these synaptic structures may offer a potential therapeutic avenue.
Specifically, as our data suggest that estradiol is able to“prime”cor-
tical neurons to respond to subsequent activity-dependent stimuli,
it is interesting to speculate that such a two-step form of plasticity
would allow neurons to make novel connections that have been lost
due to a pathogenic insult. In agreement with this hypothesis, it is
interesting to consider that the anti-depressive effect of estradiol
in a learned helplessness model of depression is coupled with an
increase in spinogenesis in CA1 neurons (Hajszan et al., 2010). Fur-
thermore, activation of ERβ has anti-depressive-like effects (Walf
et al., 2008), and activation of ERβ can increase spine density
in cortical neurons (Srivastava et al., 2010). Moreover, a recent
study has demonstrated that rapid estradiol signaling, acting via
a mechanism almost identical to “two-step wiring plasticity,” has
shown that estradiol treatment is sufficient to ameliorate spine loss
induced by soluble Aβ (Logan et al., 2011). Despite the potential
beneficial effects of estradiol in neurodegenerative and psychiatric
disorders, it is important to take into account the potential harmful
side effects. As such, a greater understanding of the molecular and
cellular mechanisms underlying both estradiol’s effects on neuro-
protection and on neuronal circuitry will hopefully identify new
targets in the development of certain CNS disorders.

CONCLUSION AND FUTURE DIRECTIONS
Our cellular and molecular studies into rapid action of estra-
diol on cortical neurons have led us to propose the following
model: estradiol can rapidly “prime” neurons to respond to subse-
quent synaptic activity-like stimuli with greater efficacy (Srivastava
et al., 2008). This is achieved by estradiol modulation of spine
structure and functional in neural circuits. To understand the
complex mechanisms underlying this form of wiring plasticity
termed “Two-Step Wiring Plasticity,” we have divided it into three
conceptual phases (see Figure 3C):

Phase 1: Estradiol transiently increases the number of
dendritic spines, and generates silent synapses by removing
GluA1-containing AMPARs from existing and inserting GluN1-
containing NMDARs into nascent synapses. Increased connec-
tivity and generation of silent synapses places the neurons in a

“primed”state, ready to respond to subsequent stimuli with greater
efficacy.

Phase 2a: Without a second stimulus, estradiol-induced
novel spines are preferentially eliminated, and GluA1-containing
AMPARs and GluN1-containing NMDARs return to pre-existing
spines. This mechanism allows the cell to return a “resting state.”

Phase 2b: Addition of a subsequent activity-dependent stimulus
leads to persistence of estradiol-induced spines and the traffick-
ing of GluA1-containing AMPARs into both pre-existing and
novel spines. This results in long-term (24 h) increased synaptic
connectivity and transmission.

Elucidation of the molecular pathways activated following
acute estradiol treatment may offer an insight into the critical
signals required for this form of wiring plasticity to occur. Acti-
vation of a Rap/AF-6/ERK1/2 pathway is critical for the estradiol-
mediated increase in spine density seen in phase 1 (Figure 3B).
During phase 2a, it is possible that a decrease in Rac activity may be
required to induce the retraction of estradiol-induced spines. Con-
versely, during phase 2b activation of Rac via an NMDAR/CaMKII
pathway as previously shown (Xie et al., 2007) is required for
the stabilization of nascent spines and the potentiation of silent
synapses (Figure 3C). Together this model of two-step wiring
plasticity demonstrates how estradiol may act to prepare a cell to
respond to activity-dependent stimuli with greater efficacy, result-
ing in an increase in connectivity and communication between
neurons, leading to a rewiring of cortical circuits. This in turn
may contribute to the mechanism(s) by which estradiol influences
cognitive function.

It is of note that these studies were performed using an in vitro
system, which may also be the basis for the differences seen in
estradiol’s actions in different brain areas. In the future it will
be important to confirm the effects of two-step wiring plastic-
ity within more intact systems, and eventually in vivo. However,
the use of an in vitro system, such as cultured neurons offers an
excellent platform for dissecting the potential molecular mech-
anisms underlying this form of plasticity. Based on our current
data, it is appealing to speculate that the “priming” of dendritic
spines in cortical neurons may serve to augment the acquisition
or consolidation of certain behaviors. The evidence that acute
estradiol administration in a time-specific manner pre- or post-
training, is required for the enhancement of object recognition,
may point to a role for this plasticity in the acquisition of learned
behaviors. However, the relationship between estradiol-induced
two-step wiring plasticity and the acquisition, consolidation, or
retrieval of memory needs to be investigated.

Aberrant dendritic spine morphology and number in disease
have implications for both synapse function and circuit-level con-
nectivity. Although the deficits in dendritic spines may be the
original insults contributing to the pathophysiology of a disease,
it is possible that alterations in dendritic spine morphology or
number may be a secondary effect or compensatory effect. Nev-
ertheless, dendritic spines may serve as a common substrate in a
number of psychiatric, neurodevelopmental, and neurodegener-
ative disorders, particularly those involving cognitive deficits. As
modifications in spine morphology and number are associated
with cognitive function, understanding how extracellular signals
impact spine morphology,and moreover the underlying molecular
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mechanisms that are essential for the development of more effec-
tive and specific therapies for these disorders. The evidence that
estradiol is able to influence a range of cognitive behaviors, cou-
pled with the ability of this neurosteroid to exert a powerful effect
on dendritic spine morphology and number, identifies estradiol
as a good candidate as a therapeutic target.

The evidence provided by clinical and preclinical studies sug-
gest that estradiol-based therapies are a potential therapeutic
avenue for the treatment of certain complex disorders. How-
ever, as with most estradiol-based treatments, it is important to
remember that the use of estradiol as a long-term treatment is
associated with an increase in risk for the emergence of cardiovas-
cular problems, estradiol-sensitive cancers, and stroke. Because
of the potential detrimental effects of long-term estradiol treat-
ment, the importance of understanding the molecular mechanism
underlying estradiol’s effects on dendritic spines, cognition, and
their potential relevance for both normal and abnormal cognitive
function is necessary. Many of the proteins that are involved in
pathways that regulate dendritic spine morphology are enzymes
that could be targeted with “designer” small molecules and drugs
that target trophic and morphogenic signaling pathways, lead-
ing to alterations in neuronal connectivity, inducing fewer side
effects.

Moreover, as the complexity of estradiol signaling within the
brain is now readily evident, with both rapid and long-term

actions of the steroid, it is critical to understand how both
modes of actions of this steroid integrate to influence synapse
structure and function, leading to its influences on cognitive
function. Furthermore, the discrete production of estradiol via
the enzyme aromatase offers an alternative to directly target-
ing estradiol-dependent signaling pathways or ERs. By targeting
the specific activity of brain-aromatase to regulate brain estra-
diol levels, it may be possible to produce the beneficial effects
of estradiol within the brain, without the adverse side effects
in other tissues. Finally, owing to the multiple lines of evidence
that estradiol cannot only affect the onset, but the progression
and the symptomatology of several diseases, new therapies based
on estrogenic signaling could be used to delay the onset, slow
the progression of disease in an early stage, or mitigate symp-
toms, or even promote functional recovery after a disease is fully
manifested.
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The nigrostriatal dopaminergic (NSDA) pathway degenerates in Parkinson’s disease (PD),
which occurs with approximately twice the incidence in men than women. Studies of the
influence of systemic estrogens in females suggest sex hormones contribute to these dif-
ferences. In this review we analyze the evidence revealing great complexity in the response
of the healthy and injured NSDA system to hormonal influences, and emphasize the impor-
tance of centrally generated estrogens. At physiological levels, circulating estrogen (in
females) or estrogen precursors (testosterone in males, aromatized to estrogen centrally)
have negligible effects on dopaminergic neuron survival in experimental PD, but can modify
striatal dopamine levels via actions on the activity or adaptive responses of surviving cells.
However, these effects are sexually dimorphic. In females, estradiol promotes adaptive
responses in the partially injured NSDA pathway, preserving striatal dopamine, whereas
in males gonadal steroids and exogenous estradiol have a negligible or even suppressive
effect, effectively exacerbating dopamine loss. On balance, the different effects of gonadal
factors in males and females contribute to sex differences in experimental PD. Fundamental
sex differences in brain organization, including the sexually dimorphic networks regulating
NSDA activity are likely to underpin these responses. In contrast, estrogen generated
locally appears to preserve striatal dopamine in both sexes. The available data therefore
highlight the need to understand the biological basis of sex-specific responses of the NSDA
system to peripheral hormones, so as to realize the potential for sex-specific, hormone-
based therapies in PD. Furthermore, they suggest that targeting central steroid generation
could be equally effective in preserving striatal dopamine in both sexes. Clarification of the
relative roles of peripheral and central sex steroid hormones is thus an important challenge
for future studies.

Keywords: nigrostriatal pathway, estrogen, Parkinson’s disease, central vs. gonadal steroids, sex

INTRODUCTION
Sex steroid hormones produced by activation of the hypothalamo-
pituitary–gonadal (HPG) axis have profound effects on brain
development and function. In recent years estrogens have been
a major focus of attention because of their emergent neuropro-
tective, neurotrophic, and psychotropic actions (Fink et al., 1996;
McEwen and Alves, 1999; Gillies et al., 2004; Brann et al., 2007;
Craig and Murphy, 2007). In all mammalian species studied,
including humans, estrogens are considered the steroid hormones
of the female sex due to their roles in regulating ovulation and
reproductive behaviors. Not surprisingly, therefore, the vast major-
ity of investigations into the roles of estrogens in the physiology
and pathology of the brain have been conducted in females. These
include studies of neurodegenerative disorders, such as Parkinson’s
disease (PD) and Alzheimer’s disease, as well as schizophrenia and
drug abuse, which show sex differences in their incidence, severity,

Abbreviations: 6-OHDA, 6-hydroxydopamine; MA, methamphetamine; MPTP,
1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine; NSDA pathway, nigrostriatal
dopaminergic pathway; PD, Parkinson’s disease; SNc, substantia nigra pars
compacta.

and/or progression. However, there is a growing realization that
estrogens are also important physiological regulators in males
where they can be synthesized locally in many tissues either de
novo or from steroid precursors, such as circulating testosterone
(Sharpe, 1998; Jones et al., 2006). This includes the brain (Do Rego
et al., 2009), where estrogens may act via their classical nuclear
receptors, (ERα and ERβ), which are widely distributed in the
brains of males as well as females, or via rapid membrane effects
(Toran-Allerand, 2005; Balthazart and Ball, 2006; Brann et al.,
2007; Micevych and Dominguez, 2009). This knowledge raises
the possibility that the protective effects of estrogens and estrogen
mimetics may be exploited for the therapy of brain disorders that
affect men as well as women. However, if this potential is to be
realized, we need to understand the relative contributions of sys-
temically and centrally generated steroids to brain function under
both normal and disrupted conditions. This review will focus
on a system well-suited to addressing this issue, the nigrostriatal
dopaminergic (NSDA) pathway that plays a central role in the fine
control of sensorimotor function, and degenerates in PD (Klein
and Schlossmacher, 2007). We shall consider the evidence that this
pathway, whether intact or injured, exhibits sexual dimorphisms
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in its responsiveness to gonadal hormones, as well as innately in its
physiology and pathology in many species. We shall also develop
the view that in contrast to systemic sex steroids of gonadal ori-
gin, which have notable neuroprotective effects in female, but not
male, rodents exposed to experimental PD, centrally generated sex
steroids may be equally beneficial in both sexes.

PARKINSON’S DISEASE: THE CLINICAL PROFILE
ETIOLOGY AND SEX DIFFERENCES
Parkinson’s disease, the second most common neurodegenerative
disorder of aging, affects approximately 1 in 500 people in the
developed world, a figure set only to increase as the population
ages (Pavon et al., 2010). Clinically, PD is characterized by a core
set of symptoms, namely resting tremor, slowness of movement,
and problems with balance and rigidity, which are commonly
associated with a wide range of secondary symptoms including
depression, anxiety, insomnia, and dementia (Weintraub et al.,
2008). The major neuropathological lesion associated with the dis-
ease is the loss of dopaminergic input to the caudate nucleus and
putamen (collectively termed the striatum), caused by the degen-
eration of dopaminergic cells in the substantia nigra pars compacta
(SNc). These cells, the origin of the NSDA pathway, play a central
role in the regulation of motor function, and their degeneration
leads to the primary clinical symptoms of PD, although degenera-
tion in other brain areas, including, for example, the noradrenergic
cells of the locus coeruleus and the cholinergic neurons in the
nucleus basalis, contribute to the secondary symptoms associated
with the disease (Braak et al., 2003). Aside from about 3% of
cases that are attributable to a single genetic event, in the major-
ity of cases of PD the underlying cause(s) remain obscure (Klein
and Schlossmacher, 2007). However, the cellular and molecular
processes underlying the degeneration of dopaminergic cells have
been extensively studied, and interactions between mitochondr-
ial failure (Vives-Bauza et al., 2010), oxidative stress (Mattson,
2006), the formation of aggregated α-synuclein positive inclusions
known as Lewy bodies (Auluck et al., 2010) and microglial inflam-
mation (Halliday and Stevens, 2011) are thought to be responsible
for neuronal death, although there remains some controversy as to
which of these processes has primacy, and which are consequent
upon the others. These findings support the now widely accepted
theory that PD is a multi-factorial complex disease (probably bet-
ter described as a clinical syndrome), with an etiology comprising
an interaction between multiple genetic factors, the environment,
and aging (Klein and Schlossmacher, 2007).

Being male appears high on the list of factors that contribute
to the development of PD (Klein and Schlossmacher, 2007). Epi-
demiological studies have revealed a clear sex difference in the
incidence (the number of new cases developed in a specific time-
frame) of PD, with individual studies of male to female ratios
for incidence rates reporting values ranging from 1.37 to 3.7
(Baldereschi et al., 2000; Swerdlow et al., 2001; Van Den Eeden
et al., 2003; Wooten et al., 2004; Shulman and Bhat, 2006; Cantuti-
Castelvetri et al., 2007; Haaxma et al., 2007; Taylor et al., 2007),
with a large meta-analysis study concluding that the relative risk
for men is 1.5 times greater than women (Elbaz et al., 2002). Thus,
whilst approximately 3% of people aged over 65 present with PD,
this figure breaks down by sex such that 2% of men, but only 1.3%

of women, are affected during their lifetime (Elbaz et al., 2002).
There is some controversy over the presence of sex differences in
the age of onset of clinical PD symptoms, with some studies indi-
cating that men present approximately 2 years earlier than women
(Haaxma et al., 2007; Alves et al., 2009), although other work has
not shown these differences (Baba et al., 2005).

These discrepancies may be instructive in their own right how-
ever, as studies that have found a difference tend to have examined
younger patients, whilst those that report no significant sex dif-
ferences in age at onset have focused more on patients that were
older when they presented with the disease, possibly reflecting an
interaction with menopause in females and a potential role for
peripheral gonadal steroids. The literature also holds contradic-
tions on sex differences in the rate of disease progression. On the
one hand, increasing symptom severity was reported to be similar
in males and females (Baba et al., 2005), whereas another study
found a slower rate of decline of motor impairment in women,
despite no evidence for a sex difference in concomitant neuro-
chemical changes (Haaxma et al., 2007). To some extent, these
contradictions may be explained by the findings that there are
numerous sex differences in the clinical characteristics of PD, with
females presenting with a milder PD phenotype, at least in the
early clinical stages (Shulman and Bhat, 2006; Haaxma et al., 2007;
Miller and Cronin-Golomb, 2010). For example, rigidity appears
more frequently in men than women, whereas more women
than men suffer dyskinesias and PD-associated depression; a sex-
specific pattern is also emerging for disease-associated cognitive
defects. The advent of new technologies to dissect the molecu-
lar neuropathology of PD may possibly provide a more objective
analysis of underlying sexual dimorphisms. Indeed, comparison
of gene expression profiles in laser dissected single SNc dopamine
neurons in post-mortem brains of control subjects and idiopathic
PD patients (late stage) indicate a clear impact of sex on both
the normal and degenerating pathway: For example in the healthy
brain genes involved in signal transduction and neuronal matu-
ration were up-regulated in women, whereas an up-regulation of
genes implicated in PD pathogenesis (alpha-synuclein, PINK-1)
was seen in men relative to women; in PD brains changes in genes
with protein kinase activity and genes associated with proteolysis
and Wnt signaling predominate in women, whereas predominant
gene changes in men were seen for those involved in protein-
and copper-binding activities (Simunovic et al., 2010; Cantuti-
Castelvetri et al., 2007). These differences, as well as indicating a
basal sex bias, also suggest differences in the mechanism of the dis-
ease process. Thus, on balance, evidence from a variety of sources
strongly supports the proposition that women are relatively pro-
tected from PD compared with men. They also highlight the fact
that the goal of understanding PD pathogenesis and, hence, the
development of improved treatments, requires a better knowledge
of the basis for sex differences in PD. In the next section we shall
argue for the key importance of sex steroids,which potently modify
genetic and environmental influences.

GENES VS. SEX HORMONES AS CONTRIBUTORS TO THE SEX BIAS IN
PARKINSON’S DISEASE
Single nucleotide polymorphisms in several estrogen-related
genes, including estrogen receptors and aromatase (estrogen
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synthase), have been positively associated with PD (Westberg et al.,
2004; Hakansson et al., 2005; Chung et al., 2011; Palacios et al.,
2011). On the basis that estrogens may be neuroprotective, this
could have relevance for a sex bias, but understanding how single
nucleotide polymorphisms influence disease risk remains a chal-
lenge (Klein and Schlossmacher, 2007). Moreover, as single gene
effects account for so few PD cases, other factors must account for
sex differences. On a more general level, it is increasingly appre-
ciated that factors linked to the sex chromosomes could explain a
certain degree of sex bias that is present in the great majority of
common diseases (Kaminsky et al., 2006). Such effects could be
attributable to a direct effect of Y chromosome genes or to differen-
tial expression of X chromosome genes due either to incomplete
X chromosome silencing, or to sex differences in the genomic
imprinting of X chromosome genes (Federman, 2006; van Nas
et al., 2009). However, although pre-clinical evidence suggests that
sex chromosome effects have a certain role to play in brain sex-
ual differentiation (Federman, 2006; van Nas et al., 2009), their
potential impact on disease susceptibility is not yet known. Other
factors, which could act directly or interact with genetic factors,
include life-style as a cause of sex differences in PD, with exposure
to agrichemicals and head trauma being examples of factors which
associate with a greater incidence in men (Wooten et al., 2004; Das
et al., 2011).

Overwhelmingly however, sex hormones are the major factors
that drive structural and functional sex differences in the nor-
mal brain, and are increasingly identified as key components in
inducing differential susceptibility to complex disease, probably
by inducing differences in the epigenetic regulation of autosomal
genes (Kaminsky et al., 2006). By far the greatest degree of atten-
tion has focused upon the role of estrogen and its potential for
neuroprotective actions, supported by several lines of epidemio-
logical and clinical evidence (Dluzen and Horstink, 2003; Shulman
and Bhat, 2006). For example, women who have undergone sur-
gical removal of the ovaries present a significantly increased risk
of developing PD (Benedetti et al., 2001; Ragonese et al., 2006).
Circulating levels of estrogen also seem to be involved in modu-
lating PD symptom severity in pre-menopausal women, as the
disease burden has been shown to lessen during stages of the
menstrual cycle characterized by high circulating estrogen, and
to worsen at menses, when estrogen levels are lowest (Quinn and
Marsden, 1986). In accord with these findings, there are numer-
ous reports that estrogen-based hormone replacement therapy has
positive effects on PD symptom burden (Saunders-Pullman et al.,
1999; Tsang et al., 2000; Benedetti et al., 2001) and cessation of
therapy has been associated with a marked deterioration in symp-
toms (Sandyk, 1989). Such therapies have also been associated
with a decreased risk of developing PD (Currie et al., 2004; Liu
and Dluzen, 2007), although this is not a universal finding (Popat
et al., 2005), possibly because of the considerable variations in
hormone replacement treatment regimes (Wise et al., 2005).

The evidence discussed above supports the view that sex influ-
ences the incidence and nature of the degenerative processes in
the NSDA pathway, and that sex hormones, specifically estrogens
in females, play a key role. However, clinical studies do not permit
investigations into the nature of estrogen’s actions or provide clues
as to potential hormonal influences in men. Furthermore, they

cannot distinguish between the effects of gonadally derived and
centrally generated steroids, which are receiving increasing promi-
nence as regulators of brain development, function, and behavior
in the vertebrate brain (Do Rego et al., 2009). Significantly, recent
evidence suggests that neurosteroids (that is, steroids synthesized
in the CNS de novo or from peripherally derived precursors) are
abundant in nigrostriatal regions in human post-mortem brains,
with reports of altered levels in degenerative conditions, includ-
ing PD (Bixo et al., 1997; di Michele et al., 2003; Luchetti et al.,
2010). Therefore, pre-clinical experimental models of PD have
an important role to play, and will be discussed in the following
section.

EXPERIMENTAL PARKINSON’S DISEASE
ANIMAL MODELS
Many aspects of idiopathic PD are recreated in experimental ani-
mal models. The simplest of such models are produced by the
use of the neurotoxins 6-hydroxydopamine (6-OHDA), typically
administered directly to the NSDA pathway in rodents (Figure 1;
Dluzen, 1997; Murray et al., 2003), and 1-methyl-4-phenyl-1,2,3,6-
tetrahydropyridine (MPTP), which is given systemically in mice

FIGURE 1 | Experimental Parkinson’s disease created by unilateral

infusions of 6-hydroxydopamine (6-OHDA). Schematic representation of
placement of the lesions, under general anesthesia, into the left medial
forebrain bundle (left panel) and immunocytochemical detection 1–2 weeks
later of tyrosine hydroxylase, the rate-limiting enzyme in dopamine
synthesis, to identify dopaminergic neurons through five levels (A–E) of the
substantia nigra pars compacta (right panel).
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and non-human primates (Miller et al., 1998; Dluzen and
Horstink, 2003), as well as centrally in non-human primates
(Morissette and Di Paolo, 2009; Fox and Brotchie, 2010). Both
toxins selectively kill dopaminergic cells through a combination
of oxidative stress and the inhibition of mitochondrial respira-
tion (Glinka et al., 1996; Blum et al., 2001; Simola et al., 2007).
Methamphetamine has also been used to create nigral lesions in
mice, although the similarities to parkinsonian degeneration have
been less well characterized (Dluzen et al., 2002; Dluzen and Liu,
2008). Whilst such models are limited in that they cannot recreate
the true (unknown) underlying cause of PD, they have proven of
very great value in aiding our understanding of its symptoms and
pathology,and have been essential in the development of therapeu-
tic agents for the treatment of the condition (Lane and Dunnett,
2008; Fox and Brotchie, 2010; Potashkin et al., 2010). As such they
are of great utility in studying the potential neuroprotective role of
sex steroid hormones, and have provided significant insights into
the interactions of estradiol with the degenerating nigrostriatal
dopaminergic pathway.

SEX DIFFERENCES IN EXPERIMENTAL PARKINSON’S DISEASE
The existence of sex differences in susceptibility to neurotoxic
lesioning is widely reported in various animal models of PD,
recapitulating the differences seen clinically. For example, clear
sex differences are seen in the extent of both dopamine loss in
the striatum and dopaminergic neuron loss in the SNc following
administration of 6-hydroxydopamine (6-OHDA) to rats (Table 1;

Table 1 | Sex differences in experimental PD.

Lesion size (% loss)

Males Females (proestrus)

SNc TH-IR 35.9 ± 3.8 20.8 ± 3.0*

Striatal DA levels 48.4 ± 5.6 17.0 ± 4.3*

∗p < 0.05 Compared with males.

Sex-dependent degeneration in the nigrostriatal dopaminergic pathway in

response to 6-hydroxydopamine (6-OHDA) in rats. As described in detail else-

where (Murray et al., 2003; McArthur et al., 2007) animals received unilateral,

slow infusions (4 μl) of 6-OHDA (1 μg), or vehicle into the left medial forebrain

bundle (MFB) connecting the substantia nigra pars compacta (SNc) and striatum.

Results are expressed as the loss of cells showing positive immunoreactivity for

tyrosine hydroxylase (TH-IR, indicating the rate-limiting enzyme in dopamine syn-

thesis) in the lesioned (left) SNc, or the loss of dopamine (DA) in the lesioned

(left) striatum, expressed as a percentage of TH-IR cells or DA levels in the con-

tralateral, unlesioned (right) striatum, respectively. Separate analyses of male and

female SNc and striata established that there were no significant effects of either

vehicle or 6-OHDA infusions into the left MFB on values for TH-IR cell numbers

or DA levels, respectively, in the unlesioned (right) side, thereby validating the

use of the unlesioned side as an internal control for quantification of the toxin-

induced lesion. Absolute control values revealed a significantly greater number

ofTH-IR cells in males compared with females at all levels through the SNc (Mur-

ray et al., 2003), with estimated total cell counts of 7396 ± 184 and 6637 ± 243,

respectively (p < 0.05), whereas control values for striatal DA levels were similar

in males (110 ± 5 ng/mg tissue wet weight) and females (113 ± 6.6 ng/mg tissue

wet weight; Murray et al., 2003).

Figure 2 control, gonad-intact groups; Murray et al., 2003; Gillies
et al., 2004). Moreover, the progressive loss of dopaminergic cells
over a 5-week period post-lesioning was consistently greater in 6-
OHDA-treated male rats, confirming a true sex difference rather
a difference in the rate of neurodegeneration (Moroz et al., 2003).
Similar sex differences in the extent of SNc and striatal lesions are
seen in mice treated with MPTP or MA, with females being rel-
atively protected (Miller et al., 1998; Dluzen, 2000; Yu and Liao,
2000; Liu and Dluzen, 2007). These differences are present fol-
lowing partial lesions (<60%) of the nigrostriatal pathway using
sub-maximal doses of 6-OHDA, but with larger lesions (70–90%)
sex differences are no longer apparent (Gillies et al., 2004; Gillies
and McArthur, 2010b). Together, these pre-clinical findings cor-
roborate the clinical studies suggesting that females may be more
able to resist the onset and/or progression of the neurodegener-
ative lesions. However, they also demonstrate that the degree of
intrinsic neuroprotection in the female brain can be over-ridden
once neurodegeneration reaches a certain extent. Additionally,
these studies demonstrate that the use of an experimental regime
of sub-maximal lesions in the NSDA pathway, considered to be
a model of pre-clinical/early stage PD (Schwarting and Huston,
1996), has potential for investigating the factors that provide the

FIGURE 2 | Manipulation of the hormone environment exerts

sex-specific effects on striatal lesions induced by 6-hydroxydopamine

(6-OHDA). Male and female rats underwent bilateral gonadectomy (GDX)
or sham operation (Gonad-intact) followed immediately, while still under
anesthesia, by subcutaneous implantation of a pellet, containing either
estradiol (replaced to proestrus levels), 5α-dihydrotestosterone (to mimic
physiological androgen levels), or a placebo pellet (full details in Murray
et al., 2003). Approximately 1 week later all animals received a unilateral
infusion of 6-hydroxydopamine (6-OHDA; 1 μg) into the left medial forebrain
bundle and, after killing 2 weeks later, brains were processed to assess
lesion size. Results represent the percentage striatal dopamine (DA)
remaining in the lesioned (left) side compared with the contralateral,
unlesioned (right) side. Sham-operated animals (Gonad-intact, �) are taken
as controls. (A) Following ovariectomy (�) levels of DA in the female
striatum were significantly reduced compared with their sham-operated
counterparts. This effect was unaltered by treatment with the
non-aromatizable androgen, dihydrotestosterone (DHT, �), but was
reversed by estradiol (E2, �). (B) Following orchidectomy (�), levels of DA
in the male striatum were significantly greater than their sham-operated
counterparts (�). This effects was unaffected by treatment with DHT (�),
but was reversed by estradiol (E2, �). ∗p < 0.05 Vs. gonad-intact; #p < 0.05
vs. GDX. (Modified from Murray et al., 2003).
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female advantage, hence revealing novel therapeutic approaches
to delay disease onset and/or progression.

IMPACT OF PERIPHERAL SEX STEROID HORMONES ON STRIATAL
LESION SIZE
The reduction in the levels of dopamine and its metabolites in the
striatum are widely used as indicators of the magnitude of destruc-
tion (size of lesion) induced in rodent models of PD. Despite
the greater male susceptibility to PD, the vast majority of stud-
ies have focused on the neuroprotective effects of estrogens in
female rodents and, to a lesser extent, female non-human primates.
However, convergent evidence indicates that gonadal factors play
a different role in males (Gillies et al., 2004; McArthur et al., 2007;
Gillies and McArthur, 2010a), which merits separate consideration
of the sexes.

Females
The loss of striatal dopamine in the 6-OHDA-partially lesioned
nigrostriatal system is far greater after ovariectomy than in gonad-
intact female rats (Murray et al., 2003) an effect which can be
reversed by replacement of estradiol to physiological levels prior
to lesioning (Figure 2A; Dluzen, 1997; Murray et al., 2003; Ferraz
et al., 2008). Estradiol treatment of ovariectomized animals also
reduces striatal dopamine depletion induced by MPTP in mice
(Miller et al., 1998; Dluzen and Horstink, 2003) and non-human
primates (Morissette and Di Paolo, 2009), or by MA in mice (Yu
and Liao, 2000). Equally, female rats lesioned with any of these
three toxins at proestrus, when estrogen levels are maximal, exhib-
ited significantly smaller losses of striatal dopamine than similar
animals lesioned at diestrus, the period of the estrus cycle when
estrogen levels are at their nadir (Yu and Liao, 2000; Datla et al.,
2003; Dluzen and Horstink, 2003). However, just as the female
advantage in experimental PD is lost as lesion size approaches
or exceeds approximately 60%, so is the neuroprotective effect of
estradiol lost with larger lesions (Cordellini et al., 2011). More-
over, replacement of estradiol to high, supraphysiological levels
may fail to protect or even worsen lesion size (Ramirez et al.,
2003; Bourque et al., 2009; Cordellini et al., 2011). These stud-
ies demonstrate that the levels of circulating estradiol prevailing at
the time of injury are critical and that physiological levels, whether
endogenous or administered exogenously, have protective capac-
ity in the partially injured female NSDA system. They therefore
support the prevailing view that sex differences in PD could be
attributable largely to the protective role of gonadal factors, namely
estradiol.

Males
Unlike in females, gonadectomy significantly reduced striatal
lesion size in male rats exposed to sub-maximal doses of 6-
OHDA (Figure 2B). Although some studies in mice report that
castration had no significant effect on neurotoxin-induced stri-
atal dopamine loss, (Dluzen et al., 1994; Yu and Wagner, 1994;
Gao and Dluzen, 2001), others found that testosterone treatment
of either intact or gonadectomized CD-1 male mice worsened
striatal dopamine loss in animals with mild/moderate (40%)
lesions (Dluzen et al., 1994; Lewis and Dluzen, 2008). On bal-
ance, these findings suggest that gonadally derived testosterone

has detrimental effects in experimental PD, which appears to be a
cross-species phenomenon. However, with more extensive lesions
(70%) testosterone treatment caused no further loss of striatal
dopamine (Dluzen et al., 1994). Thus, although the effects of
gonadally derived hormones are opposite in males and females, in
both sexes hormonal influences appear to have a significant effect
only in experimental models mimicking the pre-clinical/early
phases of the degenerative process. Despite the general finding
that estradiol provides universal protection against dopamine loss
in experimental PD in female mice and rats, whether estrogens
are protective in males is more equivocal, possibly because of dif-
ferences in species, strain, neurotoxin, and hormone treatment
regimes employed in various studies. For example, in the highly
sensitive C56Bl/6 mouse strain, estradiol may protect male mice
against MPTP-induce striatal lesions (Dluzen, 1996; Ekue et al.,
2002), whereas it lacked any protective capacity against MA tox-
icity (Gao and Dluzen, 2001; Yu et al., 2002). Moreover, in the
6-OHDA rat model, treatment of castrated males with physiologi-
cal levels of estradiol exacerbated lesion size, thereby reversing the
effects of gonadectomy, whereas the non-aromatizable androgen,
dihydrotestosterone (DHT), had no effect on striatal dopamine
loss and failed to reverse the effects of gonadectomy (Figure 2;
Murray et al., 2003). These findings suggest that any influences
of circulating testosterone to promote degeneration in the male
NSDA system operate only after its conversion to estradiol by aro-
matase enzymes, which are prevalent in the striatum (Kuppers
et al., 2000).

The preceding observations support the view that detrimen-
tal effects of gonadal factors in the male NSDA system, as well
as protective effects of ovarian factors in females compound to
create sex differences in striatal susceptibility to injury. Further-
more, they reveal that estrogen therapy has opposite effects on
striatal dopamine loss in males (increased) and females (reduced).
Together, these pre-clinical findings complement the clinical evi-
dence (discussed above) for sexual dimorphisms in the mecha-
nisms underlying NSDA degeneration and highlight the potential
for centrally generated as well as systemic sex steroid hormones to
critically influence these processes. Furthermore, they reveal that
the reported clinical benefits of estrogens in the female sex may
not simply translate to the opposite sex.

IMPACT OF PERIPHERAL SEX STEROID HORMONES ON SNc
LESION SIZE
It is implicit in studies of experimental PD that the extent of
striatal dopamine loss equates with the extent of dopaminergic
neuron loss in the SNc, as corroborated by the data in Table 1,
showing similar sex differences in lesion size at both cell body
and terminal levels. Therefore, the majority of studies measure
only striatal dopamine levels. However, despite substantial evi-
dence that systemic hormonal status affects striatal dopamine loss
(discussed above), gonadectomy, and replacement with estradiol
or DHT did not affect the loss dopaminergic neurons in males
(McArthur et al., 2007) or females (Ferraz et al., 2003, 2008; Moroz
et al., 2003; McArthur et al., 2007) exposed to 6-OHDA. More-
over, dopaminergic cell numbers in the normal SNc, which are
significantly greater in males compared with females (see legend
Table 1; Murray et al., 2003; Gillies et al., 2004; Dewing et al., 2006;
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McArthur et al., 2007), were not affected by gonadectomy, with or
without hormone replacement, in either sex. These studies suggest
that the inherent sex differences in dopaminergic cell numbers, as
well as sex differences in dopaminergic cell loss in experimental
PD, are not hormone-dependent, and that hormonal influences on
striatal dopamine depletion occur independently of dopaminergic
cell survival.

SEX HORMONE INFLUENCES ON ADAPTATION VS. SURVIVAL:
PHYSIOLOGICAL AND SUPRAPHYSIOLOGICAL EFFECTS
The evidence discussed thus far demonstrates a dissociation of the
effects of physiological levels of circulating estradiol at the level of
the cell body and nerve terminals in the partially injured NSDA
system in both males and females, although these effects are sex-
ually dimorphic. We therefore need to ask how systemic estradiol
can preserve striatal dopamine levels in the NSDA pathway after
injury in females, but not males, without affecting dopaminergic
neuron numbers in either sex.

Available evidence supports the view that hormonal influ-
ences on the activity of the surviving neurons rather than on
neuron survival may be one explanation for these observations
(McArthur et al., 2007; Gillies and McArthur, 2010a,b). In both
clinical and experimental PD the surviving neurons and asso-
ciated basal ganglia circuitry are known to have a remarkable
capacity for compensation, and this is thought to account for the
finding that overt motor symptoms may not be apparent until
around 80% of striatal dopamine and 60% of SNc perikarya
are lost (Castaneda et al., 1990; Song and Haber, 2000; Bezard
et al., 2001, 2003; Bassilana et al., 2005). The adaptive mechanisms
include increased tyrosine hydroxylase expression leading to syn-
thesis and release of dopamine, maintaining striatal functionality.
Notably, circulating estradiol (endogenous and exogenous) pro-
motes all these parameters (McDermott et al., 1994; Pasqualini
et al., 1995; Becker, 1999; Ohtani et al., 2001; Serova et al., 2004;
Dluzen, 2005), as well as striatal dopamine turnover (McArthur
et al., 2007) in females, but not males. Proestrus levels of estra-
diol are also far more effective in the female compared with the
male striatum in suppressing the density of the dopamine trans-
porter (McArthur et al., 2007), which is both a critical regulator
of dopaminergic neuron dynamics and a gateway for the entry
of neurotoxins into dopaminergic neurons. Additionally, estradiol
replacement promotes behavioral recovery after 6-OHDA lesions
in female rodents, but fails to do so in males (Tamas et al., 2005).
Hence, a combination of physiological levels of estradiol in the
systemic circulation with a mild/moderate injury to the NSDA
would render females, but not males, more able to preserve stri-
atal dopamine levels and adapt to injury, without changing cell
numbers.

Less evidence is available to explain the origins of the hormone-
independent sex differences in dopaminergic cell numbers in the
intact (males > females) and injured SNc (males < females; Mur-
ray et al., 2003; Dewing et al., 2006; McArthur et al., 2007). Of
potential relevance is the discovery that a proportion of dopamin-
ergic neurons within the murine SNc co-express the Sry gene (the
sex determining region of the Y chromosome; Dewing et al., 2006),
which was previously thought to be relevant solely to ensuring
testicular differentiation in the embryo. Transient suppression of

this gene in the adult mouse brain not only reduced the num-
bers of dopaminergic neurons in the male SNc to those seen in
the normal female SNc, but also compromised fine motor con-
trol, emphasizing the relevance of this co-expression for NSDA
functionality (Dewing et al., 2006). However, the impact of Sry on
dopaminergic neuron survival in the injured SNc remains to be
determined.

Despite the foregoing discussion, it must be acknowledged that
under certain circumstances estrogens have been reported to pro-
tect against the neurotoxin-induced loss of nigral dopaminergic
cells (DeGiorgio et al., 2002; Quesada and Micevych, 2004). Gener-
ally, however, this requires high, pharmacological doses which are
known to activate various non-specific processes that are common
to neuroprotection against many types of injury throughout the
brain, including anti-oxidant activity and effects on genes involved
in regulating apoptosis (Green and Simpkins, 2000; Hurn and
Macrae, 2000; Garcia-Segura et al., 2001; Behl, 2002; Murray et al.,
2003; Dewing et al., 2006; Brann et al., 2007; McArthur et al.,
2007; Wise et al., 2009). Therefore, we have proposed that neu-
roprotection afforded by supraphysiological levels of estradiol in
the systemic circulation is not specific to the degenerating NSDA
system, whereas levels within the physiological range uniquely
modify NSDA activity rather than nigral cell survival (Gillies and
McArthur, 2010b).

IMPACT OF CENTRALLY GENERATED SEX STEROIDS IN
EXPERIMENTAL PD
Incontrovertible evidence now shows that in addition to respond-
ing to sex steroid hormones, the brain itself is a steroidogenic
organ, synthesizing neurosteroids (estrogens, progestogens, and
androgens) de novo from cholesterol or after metabolism of pre-
cursors, which may derive from peripheral sources (Do Rego
et al., 2009). Accordingly, the complex series of enzymes required
for steroid biosynthesis are all found in the brain, with dis-
crete distributions in neurons and glia, which are thought to
act co-operatively in the production of a range of steroids to
influence brain development, physiology, and pathology (Mensah-
Nyagan et al., 1999; Zwain and Yen, 1999; Pelletier, 2010). The
most important of these regarding the potential neuromodu-
latory and neuroprotective actions of estrogen is the enzyme
aromatase (cytochrome P450 19A1, EC 1.14.14.1; Azcoitia et al.,
2010, 2011; Boon et al., 2010), which catalyzes the synthesis of
various isoforms of estrogens, including estradiol, estrone, 2-
hydroxy estradiol, and the 17α- and 17β- isomers (Saldanha et al.,
2009). Importantly, these enzymes are present in both male and
female brains, although with some sex differences in distribution
(reviewed by Balthazart in this issue). In particular, concentra-
tions of estrogen in male brains have been estimated as being at
least six times greater than in the plasma (Mukai et al., 2006),
and may potentially be even greater at local sites due to the
concentration of the hormone at the synapse (Balthazart et al.,
2002).

In the normal brain it is thought that aromatase expression
occurs primarily in neurons, where it may have a role in modu-
lating neurotransmission (Balthazart and Ball, 2006). Aromatase
activity, and hence the production of estrogens, has a further
important role in the response to neural injury, as seen in a
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variety of experimental models (Garcia-Segura, 2008). For exam-
ple, studies of hippocampal excitotoxicity revealed significantly
greater neuronal loss in the absence of effective aromatase activity,
whether through pharmacological or genetic ablation (Azcoitia
et al., 2001). Moreover, up-regulation of aromatase expression,
principally in astrocytes, has been reported following a diverse
range of neural injuries, indicating a protective role in male and
female brains (Azcoitia et al., 2003, 2005, 2010; Carswell et al.,
2005; Garcia-Ovejero et al., 2005; Garcia-Segura, 2008). A role for
aromatase in the NSDA system has received less attention, but
the enzyme is present in the undamaged striatum throughout life
(Kuppers and Beyer, 1998; Kipp et al., 2006). Evidence suggests
that it plays an important role in nigrostriatal development as one
feature characterizing the aromatase knock-out mouse is a dra-
matic decrease in SNc dopaminergic neuron number and striatal
dopaminergic fiber innervation when compared with wild-type
littermates (Morale et al., 2008). A functional link between aro-
matase and the nigrostriatal dopaminergic system is also suggested
by the finding that administration of the aromatase inhibitor anas-
trozole to the otherwise uninjured nigrostriatal pathway signifi-
cantly enhanced striatal dopamine content (McArthur et al., 2007).
Furthermore, aromatase appears to play a protective role follow-
ing neurotoxic lesioning of the nigrostriatal system (Figure 3).
Infusion of anastrozole into the medial forebrain bundle of male
rats prior to administering 6-OHDA caused a significant poten-
tiation of dopamine loss in the degenerating striatum (McArthur
et al., 2007). Studies using the aromatase knock-out mouse also
suggest that central aromatase activity protects females against
neurotoxin-induced striatal dopamine depletion (Morale et al.,
2008). Interestingly, anastrozole failed to influence the loss of

FIGURE 3 | Inhibition of striatal aromatase activity augments the

lesion size following administration of 6-hydroxydopamine (6-OHDA).

Administration of the selective aromatase inhibitor anastrozole (7 μg) to the
left medial forebrain bundle of male rats concurrently with 1 μg
6-hydroxydopamine significantly increased the degree of striatal dopamine
loss seen 1 week later. ∗p < 0.05 Vs. vehicle-treated group; +p < 0.05 vs.
anastrozole +6-OHDA group. (Modified from McArthur et al., 2007).

SNc dopaminergic neurons in the partially damaged NSDA path-
way (McArthur et al., 2007). Together, these observations support
the view that in males centrally generated endogenous estrogens
primarily promote plastic/adaptive compensatory mechanisms
within the surviving dopaminergic neurons to maintain striatal
dopamine content, without affecting cell survival, in a manner
similar to that described above for systemic estrogens in females
(Figure 2, see Impact of Peripheral Sex Steroid Hormones on Stri-
atal Lesion Size and Impact of Peripheral Sex Steroid Hormones
on SNc Lesion Size). Additionally, these findings reveal that in
males estradiol can have opposite effects on striatal susceptibility
to injury depending on its central or systemic origin to reduce or
worsen damage, respectively.

DIFFERENTIAL EFFECTS OF PERIPHERAL AND CENTRAL SEX STEROID
HORMONES
Further studies are required to solve this puzzle, but it seems likely
that there are different modes of action for centrally generated
and systemic steroids (Prange-Kiel and Rune, 2006). Hence, we
hypothesize that aromatase activity in the area of discrete neu-
ronal injury will be responsible for the local production of estradiol
which acts directly on the nigral dopaminergic neurons to activate
protective, compensatory mechanisms in both males and females
(Table 2). In contrast, gonadal or exogenous steroids administered

Table 2 | Summary of potential modes of action of peripheral and

central sex steroid hormones on the nigrostriatal dopaminergic

(NSDA) system in male and female brain.

Source of steroids Influence on activity/adaptive

capacity of NSDA neurons

Males Females

Systemic sex steroid hormones

Direct effect Increased Increased

Indirect effect Decreased Increased

Centrally generated estrogens

(direct effect)

Increased Increased

Systemically administered estradiol (exogenous) or endogenous, peripherally

derived estradiol in females (ovarian production) and its precursor in males (tes-

ticular production of testosterone), as well as centrally generated estrogens

(up-regulation of aromatase in response to injury) have the potential to act directly

on the nigral dopaminergic neurons to up-regulate activity/adaptive capacity in

the surviving neurons of the partially injured NSDA system. However, peripher-

ally derived estradiol and its precursors also have the potential to act indirectly on

sexually differentiated networks interacting with and regulating the NSDA system,

resulting in an up-regulation of NSDA activity in females, but a down-regulation

in males. These competing activities ultimately promote more effective adaptive

responses in the partially injured NSDA system in females, whereas in males they

offer no protection, and may even exacerbate striatal lesions. This hypothetical

schema can explain why gonadal factors and exogenous estradiol have the ability

to preserve striatal dopamine levels in experimental Parkinson’s disease only in

females, but not males, whereas estradiol generated in the region of the partially

injured NSDA pathway reduces striatal dopamine loss in both sexes (see Impact

of Peripheral Sex Steroid Hormones on Striatal Lesion Size to Impact of Centrally

Generated Sex Steroids in Experimental PD).
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peripherally can freely access most brain regions, including net-
works interacting with and regulating the NSDA system. These
systems are known to be sexually differentiated and may therefore
exert indirect, sex-specific influences on its activity and, hence,
capacity to adapt to injury. In males the net effect would be an
increased striatal vulnerability to 6-OHDA which over-rides any
beneficial effects of locally synthesized estrogens (including those
derived from circulating testosterone), whereas in females the net
effect is protective. In support of this, numerous examples where
systemic estrogen promotes NSDA activity in females but not
males were given in Section “Impact of Peripheral Sex Steroid
Hormones on SNc Lesion Size.” Although this could be due to
direct effects on dopaminergic neurons, estrogen-sensitive sexu-
ally dimorphic input pathways could be targeted. For example,
noradrenergic transmission from the locus coeruleus exerts posi-
tive influences on neurotransmission and adaptive responses in the
injured NSDA system (Marien et al., 2004), but tyrosine hydrox-
ylase expression in this pathway is up-regulated by circulating
estradiol in female mice, but down-regulated by testosterone (after
conversion to estradiol) in male mice (Thanky et al., 2002). The
striatal medium spiny neurons, which provide critical GABAer-
gic interneuron regulation of the basal ganglia, are also sexually
differentiated targets for estradiol, which suppresses their neg-
ative influence on dopaminergic terminals (increasing release)
in females, but not males (Hu et al., 2004, 2006; Schultz et al.,
2009). Other sexually differentiated, estrogen-sensitive networks
that could modify adaptations in the injured NSDA system include
the mesocortical dopaminergic pathways (Kritzer and Creutz,
2008) and the serotonergic system of the dorsal raphe (Klink et al.,
2002). Whatever the precise mechanisms involved, together, these
observations highlight brain aromatase as an attractive therapeutic
target in both sexes.

A question remains as to the cellular source of aromatase
activity, and hence the locally derived estrogen, in the lesioned
striatum. Aromatase expression has been identified within devel-
oping striatal neurons (Kuppers and Beyer, 1998), but there is a
lack of information on its presence in the injured adult NSDA
system. However, the balance of evidence from other forms
of neuronal injury, including penetrative trauma, excitotoxicity,
and hypoxia/ischemia, would favor its up-regulation in reac-
tive glia, especially astrocytes (Garcia-Segura et al., 1999; Wynne
and Saldanha, 2004; Carswell et al., 2005; Garcia-Ovejero et al.,
2005; Azcoitia et al., 2010) which are considered the most active
steroidogenic cells in the rat brain (Zwain and Yen, 1999).

GLIA AS PRODUCERS OF AND TARGETS FOR ESTROGEN
Injury to the brain, whether by trauma, ischemia, infection, or
degenerative diseases, such as Parkinson’s and Alzheimer’s, trig-
gers an immune response (Lucas et al., 2006; Klegeris et al., 2007).
Although this differs in important respects from the peripheral
immune response in ways that yet need to be fully defined, brain
innate immunity shares the same purpose of host-defense which,
if excessively or chronically activated can become damaging to
the host and exacerbate on-going disease processes (Rogers et al.,
2007). Two types of glial cells, the astrocytes, and microglia, play
critical, active, and co-operative roles in mounting and regulat-
ing brain immune responses (Farina et al., 2007) and, depending

on the phase of the response (activation vs. resolution) and nature
of the stimulus, exhibit both pro-inflammatory (potentially harm-
ful) and anti-inflammatory (protective) features (Minghetti, 2005;
Lucas et al., 2006). Thus augmentation of glial protective and
repair processes as well as suppression of their neurotoxic potential
are attractive novel therapeutic strategies. Notably, steroid hor-
mones, especially estrogens, have been credited with the powerful
ability to regulate the balance of astrocytic and microglial activity
toward a favorable pro- vs. anti-inflammatory status (Garcia-
Ovejero et al., 2005; Marchetti et al., 2005; Block et al., 2007;
Tapia-Gonzalez et al., 2008; Vegeto et al., 2008; Arevalo et al.,
2011). Moreover, just as peripheral immune functions are sexually
dimorphic in humans and animals, regulated to a large degree by
sex hormones (Azevedo et al., 2001), evidence is emerging for sex
differences in the neuroimmune response (Santos-Galindo et al.,
2011). Thus, knowledge of hormonal influences on glia is essential
for the effective design of new treatments as well as our under-
standing of sexual dimorphisms in CNS disorders. Importantly,
endogenous regulation of glial reactivity by sex steroids may come
both from peripheral, gonadally derived sources as well as the CNS
glia themselves.

Astrocytes
Classically, astrocytes, the most abundant type of cell within the
brain parenchyma, have been thought of as merely providing
structural and metabolic support to neurons. Over the past decade,
however, it has steadily become clear that they perform many other
functions, such as the regulation of and participation in neuro-
transmitter release and synaptic function (Halassa and Haydon,
2010). Increasing evidence suggests that they may also play an
important role in regulating the neuronal response to injury (Bar-
res, 2008), with reactive astrogliosis being a feature of many CNS
disorders, representing context-dependent influences that have
the potential to be both beneficial or detrimental (Hamby and
Sofroniew, 2010). The regulatory mechanisms are complex and
not fully understood, but it is particularly relevant to the present
discussion that astrocytes can both produce estrogens (as discussed
above, see Differential Effects of Peripheral and Central Sex Steroid
Hormones; Zwain and Yen, 1999) and respond to this sex steroid
hormone.

Up-regulation of astrocyte aromatase activity at sites of injury,
and the associated increase in local synthesis of estradiol, may trig-
ger a variety of protective mechanisms in vulnerable neurons that
are considered general, non-specific actions of estrogens. These
include modification of apoptotic pathways and anti-oxidant
activity, that have been extensively reviewed elsewhere (Green and
Simpkins, 2000; Garcia-Segura et al., 2001; Behl, 2002; Brann et al.,
2007; Garcia-Segura, 2008; Nilsen, 2008; Saldanha et al., 2009). In
addition to being a likely local source of aromatase/estrogens in the
damaged brain, astrocytes could also contribute to sex differences
in damage/repair processes. For example, one study, using primary
astrocyte cultures derived from the neonatal rat cortex, showed
that females have a greater capacity for aromatization and estradiol
production compared with males; it remains to be seen whether
this effect is region-specific and/or age-dependent. Sex differences
in neurosteroid levels have, however, been reported in various areas
of the normal and injured adult rat brain (Cosimo Melcangi and
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Garcia-Segura, 2010; Pesaresi et al., 2010), and neurosteroid levels
are changed in affected regions in several models of neurode-
generation, including the striatum in the 6-OHDA-lesioned rat
model of PD (Melcangi et al., 2010). Together, these findings sug-
gest that differing capacities for constitutive and/or injury-induced
neurosteroid production could contribute to sex differences in the
incidence and/or manifestation of CNS pathologies.

As well as targeting neurons, astrocyte-derived estrogens also
exert important effects on glia, namely astrocytes themselves and
microglia, the macrophage-like, innate immune cells of the brain.
The evidence for constitutive astrocyte expression of ERs is contra-
dictory (Azcoitia et al., 1999; Blurton-Jones and Tuszynski, 2001;
Milner et al., 2001, 2005), but it appears that a key part of the
neural response to various types of injury seen in rodents and
primates includes an up-regulation of ERα as well as aromatase
within astrocytes (Garcia-Segura et al., 1999; Blurton-Jones and
Tuszynski, 2001; Carswell et al., 2005; Garcia-Ovejero et al., 2005).
Although ER expression in the astrocytes of the damaged NSDA
pathway has not been specifically studied, under normal condi-
tions ERα is present at low levels in the striatum and SNc, but
not in dopaminergic cells, whereas ERβ was not detected in the
striatum (Shughrue, 2004), but was found to be present in 40% of
nigral dopaminergic neurons as well as in 30% of astrocytes in the
female rat (Quesada et al., 2007). Importantly, in addition to their
neuroprotective and neurotrophic activities, astrocytes may also
release factors such as pro-inflammatory cytokines, chemokines,
and reactive oxygen/nitrogen species in response to injury which,
although necessary for local resistance and repair mechanisms, if
present in excess for prolonged periods can become neurotoxic
and are thought to contribute to the progression of neurodegen-
erative disorders such as PD (Marchetti et al., 2005; Morale et al.,
2006; Yokoyama et al., 2011). Thus, the orchestrated up-regulation
of both aromatase and ERs in reactive astrocytes may serve as a
negative feedback regulator of the astrocytic response, thereby
representing an important component of the brain’s response
to injury. In direct support for this view, in vitro studies have
demonstrated that estradiol treatment reduces the production of
cytokines and reactive oxygen species by astrocytes from many
brain regions, including the midbrain, following inflammatory
challenge (Kipp et al., 2007; Cerciat et al., 2010; Santos-Galindo
et al., 2011). Furthermore, in vivo studies using the MPTP-treated
mouse model of PD, showed that circulating estradiol (endoge-
nous or exogenous) can down-regulate injury-induced astrogliosis
and astrocytic production of inducible nitric oxide synthetase,
which correlated with its protective effects (Morale et al., 2006; Tri-
panichkul et al., 2006). Although not in the context of PD, a recent
study has provided an elegant demonstration that astrocytes are,
indeed, the mediators of estrogenic neuroprotection by showing
that conditional deletion of ERα from astrocytes, but not from
neurons, prevented the neuroprotective effects of systemic ERα

ligands in murine experimental autoimmune encephalomyelitis
(Spence et al., 2011).

Microglia
Microglia are critical components of the neuroimmune, host-
defense response to injury- and disease-induced neurodegen-
eration. They constantly monitor the brain microenvironment

for signs of tissue damage or infection, whereupon they rapidly
become activated and co-ordinate the brain’s immune response
(Nimmerjahn et al., 2005). This involves production of a host of
pro-inflammatory and pro-oxidant mediators which, if the neu-
roinflammatory response is not curtailed, will exacerbate rather
than protect against neural damage, leading to a detrimental neu-
rological outcome (Hirsch et al., 1998; Block et al., 2007; Rogers
et al., 2007; Vegeto et al., 2008). Their significance in PD is under-
scored by the presence of high numbers of microglia in close
proximity to degenerating neurons of post-mortem parkinson-
ian brains (McGeer et al., 1988; Banati et al., 1998; Hirsch et al.,
1998; Orr et al., 2005; Hamza et al., 2010; Halliday and Stevens,
2011). These microglia express high levels of pro-oxidant enzymes
including inducible nitric oxide synthase (Hunot et al., 1996),
NADPH oxidase, and cyclo-oxygenase (Knott et al., 2000), thereby
representing an important source of the reactive oxygen species
known to contribute to oxidative stress in the dopaminergic neu-
rons of the parkinsonian SNc (Shadrina et al., 2010). Although
the steroidogenic capacity of microglia has received relatively lit-
tle attention compared with that of astrocytes, they do express
the machinery for steroidogenesis (Garcia-Ovejero et al., 2005),
including steroid converting enzymes that would enable them
to produce estrogenic compounds from precursors (Gottfried-
Blackmore et al., 2008), and they also express ERs (Vegeto et al.,
2003; Baker et al., 2004; Sierra et al., 2008). Together, these obser-
vations suggest that microglia contribute to the neurodegenerative
process in PD and could be targets for and mediators of the neuro-
protective effects of estrogens (Garcia-Ovejero et al., 2005; Vegeto
et al., 2008). In support of this, studies using either primary mes-
encephalic neuronal cultures or dopaminergic cell lines (Liu et al.,
2005; McArthur et al., 2010) have shown that microglia activated
by treatment with bacterial lipopolysaccharide (LPS) can cause the
death of dopaminergic neurons through the release of toxic fac-
tors such as reactive oxygen/nitrogen species and TNFα, an effect
that can be prevented by co-treatment with estradiol (Liu et al.,
2005). Similar effects have been reported in vivo, where admin-
istration of estradiol to ovariectomized mice treated with MPTP
significantly suppressed microglial production of iNOS and nitric
oxide, limiting striatal dopamine loss (Morale et al., 2006).

Despite the principal research focus on suppressing the poten-
tially harmful phenotypes induced by reactive gliosis in neuronal
injury, glia, and microglia in particular, perform the critically pro-
tective role of removing dead or dying cells before they can enter
secondary necrosis and become pro-inflammatory foci (Neumann
et al., 2009). This removal of apoptotic cells by phagocytosis is an
important component of inflammatory resolution, as their engulf-
ment induces anti-inflammatory microglial activation and actively
contributes to repair and the restoration of homeostasis. In order
to investigate this phenomenon we have developed an in vitro
system comprising a microglial cell line and a dopaminergic neu-
ronal cell line in which apoptosis can be induced by treatment with
the selective dopaminergic neurotoxin, 6-OHDA (McArthur et al.,
2010). In this model, apoptotic, neuron-like cells are phagocytosed
by the microglia, a process enhanced in a dose-dependent manner
by estradiol (Figure 4), suggesting that promotion of microglial
phagocytosis is yet another pathway by which estrogens may serve
as neuroprotective agents in PD.
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FIGURE 4 | Estradiol enhances microglial phagocytosis. We used our
established in vitro model of co-cultures of the murine microglial cell line
BV2 and the rat neuron-like cell line PC12 to investigate phagocytosis, for
full details see (McArthur et al., 2010), to study the effects of estradiol
treatment upon the removal of apoptotic neurons. (A) Treatment of BV2
microglia for 16 h with 100 nM 17β-estradiol had no effect upon the
phagocytosis of vehicle-treated, non-apoptotic PC12 cells (�), but
significantly increased the number of microglia actively phagocytosing
apoptotic, 6-OHDA-treated PC12 cells (�) when compared with untreated
control microglia, ∗p < 0.05 vs. untreated microglia. (B) Typical example of
BV2 microglia phagocytosing CMFDA-labeled, green fluorescent PC12 cells
after 6-hydroxydopamine treatment.

Further work is needed to finally provide definitive evidence
as to whether peripherally or centrally generated steroids are the
prime mediators in regulating glial activity. Of note, several aspects
of the neuroprotective actions of estrogens are achieved only
with doses of estradiol that have been termed “pharmacological”
because they exceed the normal circulating levels in females and,
certainly, in males. These include estrogen’s ability to promote
non-inflammatory phagocytosis of apoptotic neuron-like cells
(see above, Figure 4 and McArthur, Vohra, Solito and Gillies,
unpublished observations) as well as its anti-oxidant and anti-
neuroinflammatory actions (Green and Simpkins, 2000; Liu et al.,
2005; Nilsen, 2008). However, our recent knowledge that brain
injury may induce an increase both in the central production
of estrogens, as well as glial sensitivity to estrogens, highlights
the likelihood that circulating “physiological” levels may well be
exceeded in the brain where much higher levels may be achieved
(Mukai et al., 2006). Thus it is tempting to speculate that local
production of estrogens via glial aromatase may represent the
principal mode whereby estrogen exerts its neuroprotective effects,
probably through regulation of the pro- and anti-inflammatory
balance of astrocytic and microglial reactivity, with only a limited
contribution from gonadal hormones. Our evidence that central
administration of an aromatase inhibitor can exacerbate striatal
damage in experimental PD would support this view (see Impact
of Centrally Generated Sex Steroids in Experimental PD, Figure 3;
McArthur et al., 2007). However, other studies suggest that a
gonadal source of estrogens in females is important for regulating
microglial reactivity in animal models of inflammation (Vegeto
et al., 2006). Equally, a gonadal source of an estrogen precursor

(testosterone) in males, which is subsequently aromatized in the
brain, appears to be important for neuroprotection against exci-
totoxic injury (Azcoitia et al., 2001). It therefore remains an open
question as to the relative importance of centrally and peripherally
generated estrogens.

CONCLUDING REMARKS
Parkinson’s disease is already one of the most prevalent neurode-
generative disorders, second only to Alzheimer’s disease, and its
incidence and prevalence are expected to rise markedly in the
near future (Pavon et al., 2010). However, despite many decades
of research, options to prevent or delay disease onset and/or
progression are unmet therapeutic needs, and dopamine replace-
ment therapies to alleviate motor symptoms have remained the
principal therapeutic option for almost half a century (Meiss-
ner et al., 2011). A wealth of evidence now documents notable
sex differences in the epidemiology, clinical features, molecular
pathology, and treatment outcomes in PD, with women being
relatively protected from, and having a more benign pre-clinical
phase of the disease compared with men (Haaxma et al., 2007;
Pavon et al., 2010). Knowledge of factors underlying sex differ-
ences in the pathophysiology of PD will therefore offer consid-
erable insight into improving diagnosis and treatments, which
need to be tailored to the specific needs of men and women.
In this review we have focused on the precise contributions of
sex steroid hormones, and estrogens in particular. Much attention
has focused on the ostensibly neuroprotective effects of estrogen
in experimental models of PD, but the term “neuroprotection”
has been used broadly and often describes a relative sparing of
striatal dopamine rather than a defined limitation of neuronal
death. Therefore, we have developed the view that any protec-
tive capacity offered by endogenous sex steroid hormones in PD
centers on their ability to promote adaptive compensatory mech-
anisms in the partially injured neuronal network, with potential
to influence onset or progression of disease. However, inherent
sexual dimorphisms in the NSDA-related circuitry, which may
themselves be largely attributable to the sex-differentiating influ-
ences of gonadal steroids during development, represent biological
factors that will also affect male/female differences in vulnera-
bility to CNS disorders and responses to sex hormones (Gillies
and McArthur, 2010a). Together, these factors account for sex-
specific responses to peripheral sex hormones in experimental
PD, which are protective in females, but not in males. Impor-
tantly, however, it appears that aromatase activity local to the
damaged NSDA has a more restricted effect on the neural network,
allowing centrally generated estrogen to protect against striatal
dopamine loss in males as well as females. These observations
leave us with two challenging questions which urgently need to be
answered: precisely what is the nature of the sexually dimorphic
neural circuitry which underlies sex differences in responsive-
ness of the healthy and injured NSDA system, and what are the
relative contributions of estrogens/estrogen precursors derived
from the gonads and neural cells (especially astrocytes)? Although
in its infancy, a better understanding of such “neuroendocrine”
mechanisms in the NSDA offers considerable potential for the
development of novel, sex-specific, hormone-based treatments
in PD.
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The proliferative pool and regenerative potential of neural stem cells diminishes with age,
a phenomenon that may be exacerbated in prodromal and mild Alzheimer’s disease (AD)
brains. In parallel, the neuroactive progesterone metabolite, allopregnanolone (APα), along
with a host of other factors, is decreased in the AD brain. Results of preclinical analyses
demonstrate that APα is a potent inducer of neural progenitor proliferation of both rodent
and human derived neural progenitor cells in vitro. In vivo, APα significantly increased neu-
rogenesis within the subgranular zone of the dentate gyrus and subventricular zone of
the 3xTgAD mouse model. Functionally, APα reversed the learning and memory deficits
of 3xTgAD mice prior to and following the onset of AD pathology and was comparably
efficacious in aged normal mice. In addition to inducing regenerative responses in mouse
models of AD, APα significantly reduced beta-amyloid burden, beta-amyloid binding alcohol
dehydrogenase load, and microglial activation. In parallel, APα increased markers of white
matter generation and cholesterol homeostasis. Analyses to determine the optimal treat-
ment regimen in the 3xTgAD mouse brain indicated that a treatment regimen of APα once
per week was optimal for both inducing neurogenesis and reducing AD pathology. Pharma-
cokinetic analyses indicated that APα is rapidly increased in both plasma and brain following
a single dose. APα is most efficacious when administered once per week which will con-
tribute to its margin of safety. Further, analyses in both animals and humans have provided
parameters for safe APα dosage exposure in humans. From a translational perspective,
APα is a small molecular weight, blood brain barrier penetrant molecule with substantial
preclinical efficacy data as a potential Alzheimer’s therapeutic with existing safety data in
animals and humans.To our knowledge, APα is the only small molecule that both promotes
neural progenitor regeneration in brain and simultaneously reduces AD pathology burden.

Keywords: allopregnanolone,Alzheimer’s disease, β-amyloid, neurogenesis, regeneration, cholesterol homeostasis,

myelin, treatment regimen

INTRODUCTION
Dynamic neural stem-cell proliferation zones apparent in the
developing central nervous system are also present in the adult
brain, primarily restricted to the dentate gyrus subgranular zone
(SGZ; Altman and Das, 1965; Cameron et al., 1993; reviewed in
Liu and Brinton, 2010) of the hippocampus and the subventricu-
lar zone (SVZ) of the lateral ventricle (Altman, 1969; Luskin, 1993;
reviewed in Liu and Brinton, 2010). These regions retain regen-
erative potential throughout the life span with marked declines
in aged brain (Kuhn et al., 1996; Cameron and McKay, 1999;
reviewed in Liu and Brinton, 2010). Adult mammalian neuro-
genesis has been confirmed in humans (Eriksson et al., 1998).
Quantitatively a remarkable degree of neurogenesis occurs in the
rat dentate gyrus on a daily basis with 9,400 cells proliferating
with a cell cycle time of 25 h (Cameron and McKay, 2001). By
this estimate, ∼9,000 new cells would be generated in the den-
tate gyrus each day or more than 250,000 per month. Within
1–2 weeks of 5-bromo-2′-deoxyuridine (BrdU) injection, 50–60%
of all BrdU-labeled (BrdU+) cells in the dentate gyrus express

neuron-specific markers. The number of new granule neurons
generated each month is 6% of the total size of the granule cell
population and 30–60% of the size of the afferent and efferent
populations. Although most newborn granule cells do not survive,
3% of these cells are replaced every month which corresponds
to ∼0.1% per day in young adult mice and rats (Kempermann
et al., 1997; Cameron and McKay, 1999; Liu and Brinton, 2010).
In the rat dentate gyrus, 85% of the granule cells are formed post-
natally (Bayer and Altman, 1974). Immature granule cells reach
their highest level within the second postnatal week, while mature
granule cells reach asymptotic levels at 2 months of age (Bayer
and Altman, 1974). Proliferation of granule cell precursors is age-
associated and proliferation of these cells declines with increased
age (Kuhn et al., 1996). A decline in granule cell proliferation
correlated with high levels of corticosteroids that decreased neu-
rogenic potential (Cameron and McKay, 2001). The rat SVZ is
estimated to produce 30,000 neuroblasts per day (Alvarez-Buylla
et al., 2000). Together with the 9,000 new granule cells, roughly
40,000 new cells are available to regenerate the adult rat brain

www.frontiersin.org January 2012 | Volume 2 | Article 117 | 462

http://www.frontiersin.org/Endocrinology
http://www.frontiersin.org/Endocrinology/editorialboard
http://www.frontiersin.org/Endocrinology/editorialboard
http://www.frontiersin.org/Endocrinology/editorialboard
http://www.frontiersin.org/Endocrinology/about
http://www.frontiersin.org/Neuroendocrine_Science/10.3389/fendo.2011.00117/abstract
http://www.frontiersin.org/Community/WhosWhoDetails.aspx?UID=5339&d=1&sname=JunmingWang&name=Science
http://www.frontiersin.org/Community/WhosWhoDetails.aspx?UID=4831&d=1&sname=RobertaBrinton&name=Science
mailto:rbrinton@usc.edu
http://www.frontiersin.org
http://www.frontiersin.org/Neuroendocrine_Science/archive


Irwin et al. Endogenous regenerative therapy for Alzheimer’s disease

every day. Relative to juvenile rats, year-old rats displayed a 94%
reduction in neurogenesis due to a 92% drop in cell production
(McDonald and Wojtowicz, 2005). Aging alone does not overtly
weaken the intrinsic neuronal properties of newborn granule cells.
In the aged rodent, the relatively few new neurons that survive
in the dentate gyrus develop typical granule cell morphology
and spine density (Morgenstern et al., 2008). Surviving neurons
possess a synaptic density of afferent glutamatergic connections
comparable to that of neurons born in young adults (Morgen-
stern et al., 2008). Decreased neurogenesis has been proposed
as a factor in the age-related decline of cognitive ability (Bizon
and Gallagher, 2003; Drapeau et al., 2003; Kempermann et al.,
2004).

Newborn granule cells arise from the hippocampal SGZ within
the dentate gyrus and functionally integrate into the preexisting
neural circuitry (van Praag et al., 2002) to influence hippocampal-
dependent processes including spatial pattern recognition (Clel-
land et al., 2009). Experimental methods that influence neuro-
genesis include exercise (van Praag et al., 1999, 2002; Pereira
et al., 2007; Rodriguez et al., 2011), environmental enrichment
(Thuret et al., 2009; Rodriguez et al., 2011), deep brain stimula-
tion (Toda et al., 2008; Encinas et al., 2011; Stone et al., 2011),
stem-cell transplantation (Blurton-Jones et al., 2009), and phar-
macologic intervention by peptide growth factor delivery (Massa
et al., 2010) or small molecules (Malberg et al., 2000; Mayo et al.,
2005; Wang et al., 2005; Taupin, 2009; Pieper et al., 2010). Gluta-
matergic and cholinergic synaptic input from the surrounding
hippocampal circuitry penetrate the SGZ of the adult dentate
gyrus. However, the local microenvironment of the adult den-
tate gyrus SGZ retains an embryonic-like state wherein nearly
exclusive gamma-aminobutyric acid type A receptor (GABAAR)
chloride channel depolarizing inputs surround progenitors in the
neurogenic niche (Tozuka et al., 2005). While GABA is typi-
cally an inhibitory neurotransmitter, GABA is excitatory to neural
progenitor cells and triggers an efflux of chloride to modu-
late a cascade of molecular events that regulate cell prolifera-
tion (Figure 1). Adult-generated granule cells initially receive
GABAergic input from local interneurons, isolated from extrin-
sic excitatory input (Overstreet Wadiche et al., 2005). Adult-
generated granule cells mature at a slow rate in comparison to
the perinatal granule cells which are exposed to the hyperprolifer-
ative environment required for brain development. Nevertheless,
GABAAR excitation initiates a cascade of events leading to cal-
cium influx in adult neuroprogenitor cells subsequently inducing
the accumulation of a neurogenic transcription factor, NeuroD
(Tozuka et al., 2005). Work by Hisatsune’s group found signifi-
cant inward currents in Type-2 cells but not Type-1 cells following
GABA exposure (Tozuka et al., 2005). In response to depolar-
ization events, transcription factor-activated processes promote
mitosis, and subsequent granule cell maturation (Overstreet-
Wadiche et al., 2006) that occurs in the weeks following cell
division.

Neurosteroids bind to GABAAR at sites that differ from GABA,
benzodiazepines, ethanol, and barbiturate binding sites and can act
as positive or negative modulators of GABAAR function (Gee et al.,
1987, 1988; reviewed in Liu and Brinton, 2010). Allopregnanolone
(APα; 3α-hydroxy-5α-pregnan-20-one; also known as AP, Allo, or

THP) is a potent positive allosteric activator of the GABAAR chan-
nels which at nanomolar concentrations enhances the action of
GABA at GABAAR and at higher concentrations directly activates
GABAAR. APα binds to two transmembrane sites of the heteropen-
tameric GABAAR (Hosie et al., 2006). GABA and neurosteroid
transmembrane binding sites each occur twice per channel com-
plex. The binding sites are conserved throughout all GABAAR
subtypes with the general subunit stoichiometry 2α:2β:1γ with
the γ subunit replaced by the neurosteroid-sensitive δ subunit in
some extrasynaptic channel complexes. The αβγ and αβδ recep-
tor composites are pharmacologically distinct. GABA plays a key
role in generation of the spontaneous network activity of imma-
ture dentate granule cells (Owens and Kriegstein, 2002; Sipila
et al., 2004). In neuroprogenitor cells, GABAergic depolarization
of the uniquely reversed membrane potential underlies the trophic
actions of APα (Figure 1). Adult dentate granule cells, devoid of
the α1 subunit, are also subjected to tonic GABAergic signaling via
δ subunit containing GABAARs mediated by surrounding synaptic
boutons of local interneurons (Overstreet Wadiche et al., 2005).
GABAARs have been observed by electron microscopy at mem-
brane sites on BrdU co-labeled adult hippocampal SGZ progenitor
cells (Mayo et al., 2005). APα-potentiated GABAergic stimulation
of neural progenitor cells elicits an efflux of chloride and a con-
comitant influx of calcium that contributes to the induction of
cell signaling events leading to gene transcription of mitotic genes
and downregulation of anti-mitotic genes (Figure 1). GABAergic
signaling in the SVZ also controls proliferation of adult prog-
enitor cells within the neurogenic niche (Liu et al., 2005). The
survival and maturation potential of newborn neural cells as evi-
denced through enhanced learning and memory (Figure 2; Wang
et al., 2010; Singh et al., 2011) is achieved through modulation of
GABAergic signaling with optimal pulses of APα (Figure 3; Chen
et al., 2011).

Enzymatic conversion of progesterone to its metabolites
occurs in the brain and periphery. Neurosteroids are synthe-
sized in the central and peripheral nervous system, particu-
larly in myelinating glial cells, astrocytes, and several neuronal
cell types. A region-specific expression pattern of progesterone
converting enzymes is evident in both hippocampus and cor-
tex. In steroidogenic cells, biosynthesis of neuroactive steroids
is controlled by the 18-kDa outer mitochondrial membrane
translocator protein (TSPO; Rupprecht et al., 2010) and TSPO-
associated proteins including the steroidogenic acute regula-
tory protein (StAR) to form a macromolecular signaling com-
plex which transports cholesterol through the mitochondrial
inner membrane to the mitochondrial matrix to be converted
into pregnenolone by the cytochrome P450 side-chain cleavage
(CYP450scc) enzyme (Liu et al., 2006). Pregnenolone subse-
quently diffuses back into the cytoplasm whereby its conversion
to progesterone is facilitated by the 3β-hydroxysteroid dehydro-
genase (3β-HSD) enzyme. APα is synthesized in the brain from
progesterone by the sequential action of 5α-reductase (5α-R)
type-I and 3α-hydroxysteroid dehydrogenase (3α-HSD; Mellon
et al., 2001; Mellon, 2007). The rate-limiting step is the unidi-
rectional reduction of progesterone to 5α-dihydroprogesterone
by 5α-R. Subsequently, 3α-HSD catalyzes conversion of 5α-
dihydroprogesterone into APα. Interestingly, 5α-R and 3α-HSD
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FIGURE 1 | Allopregnanolone (APα) mechanism of action promotes

neurogenesis. (1) APα activates the GABA type A receptor to initiate the
efflux of chloride ions (Cl−) from neural progenitor and neural stem cells. (2)
Extrusion of Cl− from the intracellular compartment leads to membrane
depolarization and activation of the voltage dependent L-type calcium channel.
(3) The intracellular calcium (Ca++) rise activates Ca++dependent kinases that
ultimately lead to regulation of gene expression and protein synthesis of cell
cycle proteins. (4) Involving the transcription factor cyclic AMP response
element binding protein (CREB) signaling pathway, APα up-regulates the
expression of cell cycle genes that promote neural progenitor mitosis while
simultaneously down regulating genes that repress cell division. (5) The
mechanism of APα-induced neurogenesis takes advantage of the
developmentally regulated direction of Cl− flux to induce neurogenesis in
those cells that are phenotypically competent to divide while not activating

those mechanisms in mature neurons (Wang et al., 2005; Brinton and Wang,
2006). Adult hippocampal neural progenitor cells (BrdU+ cells immunolabeled
green; NeuN+ cells are colored red; coronal section of mouse hippocampal
dentate gyrus; scale bar = 50 μm) in the image above are shown as an
illustrative example of neurogenesis within the mouse dentate gyrus
subgranular zone (SGZ). Newly born granule cells proliferate and develop into
neurons and glia along the border between the hilus and the granule cell layer.
Migration (through the vertical space of the granule cell layer (GCL); arrows
indicate sequence of temporal development) and integration of these cells
occurs within the days and weeks following proliferation. Newly born neurons
that survive will continue to mature and send axonal projections to form
mossy fiber synapses in the CA3 subfield and dendrites to extend into the
molecular cell layer (MCL) to receive glutamatergic afferents from the
perforant pathway of the entorhinal cortex.

are functionally expressed in pluripotent progenitor cells (Mel-
cangi et al., 1996).

APα and other trophic factors are diminished in the brains
of Alzheimer’s disease (AD) patients compared to age-matched
controls (Weill-Engerer et al., 2002; Marx et al., 2006; Naylor
et al., 2010). An early feature of AD is the loss of episodic and
semantic memory (Perry et al., 2000). AD diagnostic imaging
studies using volumetric MRI reveal a decreased hippocampal
volume due to atrophy of gray matter, i.e., neurodegeneration
in amnestic subtype mild cognitive impairment in the progres-
sion to AD (Whitwell et al., 2007). Neuropathological hallmarks of
AD include extracellular and intracellular deposition of β-amyloid

(Aβ) protein, neurofibrillary tangles and neurodegeneration. AD
causes extensive neurodegeneration to the cholinergic neurons of
the nucleus basalis and to a greater extent to the noradrenergic
neurons of the locus coeruleus (Zarow et al., 2003). In addition to
the usual culprits that lead to neurodegeneration, it was discov-
ered that a subpopulation of dysfunctional neurons in AD display
aberrant entry into the cell cycle and replicate their genomes but
fail to divide leading to a fatal apoptotic mechanism (Busser et al.,
1998; Herrup, 2010). There have been no neurogenic therapies
developed to prevent neurodegenerative mechanisms of aberrant
cell cycle entry. The fundamental role of neurogenesis in AD eti-
ology is not without controversy. Several studies have reported
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decreased neurogenesis in AD mouse models (Lazarov and Marr,
2010). However, there are few human studies to confirm or reject
the importance of neurogenesis in AD. Controversial findings
by Jin et al. (2004) showed increased expression of doublecortin
(DCX), a marker for new neurons, in a cohort of senile patients
and suggested that neurogenesis is increased as a compensatory
mechanism of neurodegeneration. The report by Boekhoorn et al.
(2006) challenged the findings reported by Jin et al. and demon-
strated that in human presenile AD brain, most of the proliferation
could be accounted for by glial and vasculature-associated changes
and found no evidence for altered neurogenesis in the dentate
gyrus. Thus, in AD brain, the extent of neural proliferation and its
potential for regenerative therapeutic responsiveness remains an
active area of investigation.

PRECLINICAL DISCOVERY OF ALLOPREGNANOLONE AS A
PRO-NEUROGENIC AGENT IN VITRO
Our discovery investigations of APα effects in immature hip-
pocampal cells began nearly two decades ago beginning in vitro
then advancing to in vivo studies, all reviewed herein (Brinton,
1994). It was known that seizure activity was associated with
aberrant hippocampal nerve cell growth and that APα protected
against seizure activity (Brinton, 1994). What was not known
at the time was whether APα prevented against aberrant cir-
cuit development. Our initial attempts to address this question
were in vitro analyses using videomicroscopy of hippocampal
neurons in culture to determine the impact of APα on neurite
outgrowth in real time (Brinton, 1994). Results of these analy-
ses revealed that APα induced a significant decrease in the area
and length of neurites within 40 min of exposure. A concomi-
tant decrement in the number and length of filopodia decorating
neuritic extensions also occurred within the same time frame. An
unforeseen outcome was the observation that within APα-treated
neurons, retrograde transport of intracellular organelles occurred.
APα-induced regression of neuronal morphology and retrograde
transport of organelles was only observed in hippocampal cells
that had not yet established contact with other neuronal or glial
cells in culture. Established structural connections between neu-
rons or glia did not regress during APα exposure. The cellular
selectivity for the morphological effect of APα was an early indi-
cator of a more significant effect of APα which we later discovered.
Neither the inactive stereoisomer 3β-hydroxy-5β-pregnan-20-one
nor progesterone had a significant effect upon any of the mor-
phological parameters assessed (Brinton, 1994). In more mature
hippocampal cultures in which structural synaptic connections
had been established, APα protected neurons against picrotoxin-
induced cell death. APα activated chloride ion channels, proved to
be an initial step in the biochemical mechanism underlying both
the retraction and later neurogenesis. Interestingly, 17β-estradiol
a known neurotrophic factor (Brinton, 2009) rapidly reversed the
filopodial regression induced by APα indicating that neurosteroids
acting singly and in combination play complex roles in generation
and differentiation of developing neural cells.

Subsequent to the observation of APα-induced neurite regres-
sion of hippocampal neurons in culture, we made the serendip-
itous discovery that APα was increasing mitosis of hippocampal
neurons in culture. We then understood that the APα-induced

regression of neurites was a prelude to APα-induced mitosis. At
the time this discovery was made, understanding of neurogenesis
in brain was limited to embryonic development in the mammalian
brain and regeneration of neurons required for song in the bird
brain. From the vantage point of our current understanding, the
hippocampal neurons undergoing mitosis in the primary hip-
pocampal cell cultures were likely neural progenitor cells. This
early discovery of APα-induced mitosis was supported by bio-
chemical analyses demonstrating that APα induced a significant
increase in 3H-thymidine uptake indicating increased DNA syn-
thesis during the S phase of the cell cycle (Wang et al., 2005).
These early foundational studies were followed up with the advent
of an understanding of the neural progenitor pool within the
adult mammalian brain. We determined APα proliferative effi-
cacy in rodent embryonic and adult neural progenitor cells and
embryonic derived human neural progenitor cells. In each of
these cell types, APα induced a significant increase in markers
of DNA synthesis, BrdU and 3H-thymidine incorporation, MuLV-
GFP-labeled mitotic neural progenitor cells by FACS analysis and
unbiased quantitative stereology of BrdU-positive cells in both the
subgranular and subventricular proliferative zones (Wang et al.,
2005).

In vitro, the magnitude of APα-induced neurogenesis ranged
from 20 to 30% in the rat hippocampal neural progenitor cells to
37–49% in human cortical neural progenitors (Wang et al., 2005).
The efficacy of APα as a neurogenic factor is comparable to that
induced by bFGF + heparin. As was the case for cultured embry-
onic hippocampal neurons, APα-induced progenitor cell prolif-
eration was stereoisomer specific, as 3β-hydroxy-5β-pregnan-20-
one did not increase 3H-thymidine uptake (Wang et al., 2005).
NPC markers nestin and Tuj1 were identified by immunofluo-
rescence and indicated that the newly formed cells were indeed
neuronal. To determine the mechanism of action induced by
APα in progenitor cells, microarray analysis of cell cycle genes
demonstrated that APα increased the expression of mitotic genes
and inhibited the expression of anti-mitotic genes. APα-induced
proliferation of neural progenitors was antagonized by the both
voltage-gated L-type calcium channel blocker nifedipine indi-
cating a calcium-dependent mechanism for neuroproliferation
(Figure 1; Wang et al., 2005).

Consistent with a calcium-dependent mechanism for neu-
roproliferation, APα induced a rapid increase in intracellu-
lar calcium in hippocampal neurons via a GABAAR-activated
L-type calcium channel (Wang and Brinton, 2008). Following
APα treatment, regulation of intracellular calcium concentration
was measured in E18 rat hippocampal neurons using ratiometric
Fura2-AM imaging. Results indicated that APα rapidly increased
the intracellular calcium concentration in a dose-dependent and
developmentally regulated manner, with an EC50 of 110 ± 15 nM
and a maximal response occurring at 3 days in vitro. The stereoiso-
mers 3β-hydroxy-5α-hydroxy-pregnan-20-one and 3β-hydroxy-
5β-hydroxy-pregnan-20-one, as well as progesterone, were with-
out significant effect. APα-induced intracellular calcium concen-
tration increase was not observed in calcium depleted medium and
was blocked in the presence of the broad spectrum calcium chan-
nel blocker lanthanum ion, or the L-type calcium channel blocker
nifedipine. Furthermore, the GABAAR blockers bicuculline and
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picrotoxin abolished the APα-induced intracellular calcium con-
centration rise (Wang and Brinton, 2008). The in vitro neurogenic
properties of APα coupled with a low molecular weight, easy pen-
etration of the blood brain barrier and lack of toxicity, were key
elements that guided our efforts toward in vivo studies of APα as
a neurogenic regenerative therapeutic with the ambitious aim of
restoring synaptic connections in victims of AD.

ALLOPREGNANOLONE AS A MULTIFACETED
PRO-NEUROGENIC AGENT IN THE TRIPLE-TRANSGENIC AD
MOUSE MODEL
To evaluate APα as a potential therapy for AD it is essential to
obtain preclinical in vivo evidence of APα safety and efficacy.
The triple-transgenic mouse model of Alzheimer’s (3xTgAD), an

AD model is characterized by overexpression of Swedish mutant
APP, mutant P301L Tau in the homozygous mutant of prese-
nilin 1 (M146V) knock-in mouse (Oddo et al., 2003a,b). These
mice have been used extensively as an AD research model as
they age-dependently develop hallmarks that include hippocam-
pal tangle-like pathology, neurological deficits, and intraneuronal
and extraneuronal Aβ deposition. Several completed in vivo stud-
ies have demonstrated the pro-neurogenic and promnesic effects
of APα. We review here three studies from our laboratory in which
a correlation was made between APα-induced neural progenitor
cell survival and improved memory function in 3xTgAD mice
(Wang et al., 2010; Chen et al., 2011; Singh et al., 2011). The basal
concentration of APα in blood plasma (0.47 ng/ml ± 0.88) was
significantly lower (P < 0.05) than in cortex (10.36 ng/g ± 1.43)

FIGURE 2 | Cognitive efficacy of allopregnanolone (APα) prior to

extraneuronal beta-amyloid plaque. Triple-transgenic Alzheimer’s disease
(3xTgAD) mice were exposed to a single dose of APα. Data were plotted as
percent change relative to age-matched vehicle control to assess the
age-related differences in response to APα administered at 3-, 6-, 9-, or
12-months of age. Mice were treated with either APα (subcutaneous,
10 mg/kg) or vehicle and 1 h later with bromodeoxyuridine (BrdU)
(intraperitoneal, 100 mg/kg). Learning and memory performances were
measured by trace eyeblink conditioning, a hippocampal-dependent task.
Mice were trained by pairing delivery of a tone (conditioned stimulus; CS,
250 ms, 2 kHz, 85 dB) as the conditioned stimulus followed by a 250-ms
period of no stimuli, followed by a mild periorbital shock (unconditioned
stimulus; US, 100 ms) to elicit an eyeblink response. Mice received two
blocks of 30 trials per day (30–60 s intertrial intervals, 3–4 h interblock
intervals). This behavioral paradigm is subthreshold for inducing neurogenesis
(Wang et al., 2010; Singh et al., 2011). One week following a single dose of
APα, mice were subjected to trace eyeblink conditioning, with 1 day of
habituation and 5 days of paired training. Following paired training, mice were
left undisturbed in their home cages for 9 days and subsequently were tested
for memory. Following the final learning trial, BrdU+ cell
survival/hippocampus was measured at the end of the study, 3-weeks
following a single dose of APα and the thymidine analog DNA-synthesis

marker BrdU. Bars represent percent change ± sem in response to a single
exposure to APα compared to age-matched vehicle at 3-, 6-, 9-, 12-months of
age in 3xTgAD mice (n ≥ 7; Wang et al., 2010; Singh et al., 2011). Within
3 weeks following a single exposure to APα, neurogenesis, maximal learning,
and memory indicators were increased ∼100% relative to age-matched
vehicle control in adult male 3xTgAD mice when administered at ages prior
to overt AD pathology. The 3xTgAD mouse model displays age-associated
decrements in endogenous neurogenic cell survival in the subgranular zone
(SGZ) as compared with the non-transgenic mice in addition to
age-associated increments in Aβ pathology burden (depicted supra to bar
graph). At 12-months of age, intra- and extraneuronal Aβ 6E10 antibody
staining is apparent and plaque structures are developed in subiculum (Wang
et al., 2010; Singh et al., 2011). The therapeutic response to APα was specific
to the transgenic AD phenotype, as the age-matched non-transgenic mice
did not benefit from a single exposure to APα. Remarkably, a single exposure
to APα increased neurogenesis and subsequent cell survival in aged
non-transgenic mice when administered at 15-months of age (non-Tg data
not in figure; Singh et al., 2011). At 12-months of age, the point when
extraneuronal plaques are known to be present in this AD mouse model, a
single exposure to APα was ineffective. At ages prior to extraneuronal Aβ

plaques, APα significantly (P < 0.05) increased BrdU+ cell survival, maximal
learning, and memory function relative to age-matched vehicle control.
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FIGURE 3 | Optimal allopregnanolone therapeutic regimen.

Triple-transgenic Alzheimer’s disease (3xTgAD) mice were treated
subcutaneously with allopregnanolone (APα; 10 mg/kg) once per month
(1/month), once per week (4/month), or every other day (12/month) to
determine extent of neurogenesis (depicted by red colored arrow) and
pathology reduction capacity (depicted by black colored arrow) on double
y -axes (Chen et al., 2011). The dosing frequency determined the therapeutic
efficacy for both neurogenic and pathological endpoints. All three APα

treatments were initiated when 3xTgAD mice reached 3 months of age.
Upon completion of each treatment paradigm, BrdU+ labeled nuclei were
counted to assess neurogenesis. Both the 1/month APα treatment and the
4/month APα treatment induced a significant increase in neurogenesis,
with the latter regimen yielding the greater increase in neurogenesis.
However, the 3/week/3 months (12/month) treatment induced a significant
decrease in neurogenesis. Brain sections from 3xTgAD mice treated with
APα or vehicle were immunostained. Aβ immunoreactivity was detected
and indicated that the 1/week/6 months (4/month) APα treatment
significantly decreased Aβ immunoreactivity. Efficacy of Aβ reduction in
4/month was comparable to the 12/month APα treatment whereas the
1/month APα treatment was ineffective at reducing Aβ immunoreactivity
(Chen et al., 2011). From these dosing frequency studies, we conclude that
the optimal treatment regimen for AD is to intervene as early as possible
with once per week administration of APα to simultaneously promote
neurogenesis and subsequent cell survival.

in young adult male non-transgenic (non-Tg) mice, indicat-
ing a higher brain accumulation, consistent with locally syn-
thesized APα in hippocampus and cortex. In contrast, 3xTgAD
mice exhibited a lower basal level of APα in the cerebral cor-
tex (3xTgAD, 6.49 ng/g ± 2.02 versus non-Tg, 10.36 ng/g ± 1.43),
suggesting either impairment of APα synthesis or accelerated APα

metabolism in 3xTgAD mice brain (Wang et al., 2010). A decline
in neurogenesis occurs within the SGZ and SVZ in male and
female 3xTgAD mice in correlation with AD pathology (Brinton
and Wang, 2006; Rodriguez et al., 2008, 2009; Wang et al., 2010).
APα promoted neurogenesis in the hippocampal SGZ to reverse
learning and memory deficits. Neural progenitor cell proliferation
and subsequent cell survival was determined by analysis of BrdU
incorporation. We verified the phenotype of in vivo newly formed
BrdU+ cells by triple-immunolabeling coronal sections of mouse
hippocampi adjacent to those that were stereologically analyzed
and derived from 3-month-old 3xTgAD mice treated with a sin-
gle subcutaneous injection of 10 mg/kg APα (Wang et al., 2010).
The phenotypic markers assessed were doublecortin DCX, to label

young immature neurons; NeuN, to label mature neurons; and
glial fibrillary acidic protein (GFAP), to label astrocytes. Confocal
microscopy identified BrdU-positive cells colocalized with DCX
alone or together with NeuN. Newly born cell survival was further
confirmed by immunolabeling coronal sections derived from APα

(subcutaneous, 10 mg/kg)-treated 3xTgAD mouse dentate gyrus
22 days post-APα treatment and post-behavioral analyses. BrdU+
cells were located deep within the granular cell layer, indicating
the migration of newly formed cells from the SGZ to the granule
cell layer (Wang et al., 2010). Collectively, these data indicated that
newly formed cells, generated following APα treatment, express a
neuronal phenotype.

Learning and memory function was assessed using the
hippocampal-dependent trace eyeblink conditioning paradigm.
At 3 months of age, the basal level of BrdU+ cells in the SGZ of
3xTgAD mice was significantly lower relative to non-transgenic
(non-Tg) mice, despite the lack of evident AD pathology (Wang
et al., 2010). APα significantly increased, in a dose-dependent man-
ner, BrdU+ cells in the SGZ of 3xTgAD mice and restored SGZ
proliferation to normal magnitude of non-Tg mice (Wang et al.,
2010). Coinciding with deficits in adult neural progenitor prolif-
eration, 3xTgAD mice exhibited deficits in learning and memory.
APα reversed the cognitive deficits to restore learning and mem-
ory performance to the level of normal non-Tg mice (Wang et al.,
2010). In 3-month-old 3xTgAD mice, APα increased proliferation
and promoted the survival of newly born hippocampal dentate
granule cells (Wang et al., 2010). Neural progenitor cell numbers
significantly correlated with APα-induced memory performance.
Interestingly, the early deficits in neurogenesis detected in this
genetic model of AD were evident prior to immunodetectable
β-amyloid (Aβ).

To broaden this preclinical discovery work, studies were
extended to 3xTgAD mice aged 6-, 9-, 12-months, therapeutically
relevant to early and mid-stage AD. Comparable to the 3-month
mice, APα increased proliferative activity, promoted the survival
of newly born hippocampal dentate granule cells, and restored
cognition affected by AD pathology in 6-, 9-month-old 3xTgAD
mice while having no significant impact on their age-matched
normal non-Tg counterparts (Singh et al., 2011). BrdU+ neural
progenitor cell survival was assessed after 3 weeks, following a
single exposure to APα (10 mg/kg). During the 3-week period,
a hippocampal-dependent associative learning and memory task
was performed which evidently allowed granule cells sufficient
time to proliferate and migrate at the border between the hilus
and the granule cell layer subsequent to their incorporation into
the existing neural network. APα significantly increased survival
of BrdU+ cells and recovered hippocampal-dependent cognition
in 6-, and 9-month-old 3xTgAD mice, in the presence of intraneu-
ronal Aβ, whereas APα was ineffective subsequent to development
of extraneuronal Aβ plaques in 12-month-old mice. Surprisingly,
cognition was restored to maximum by the first day of trace eye-
blink conditioning, only 1 week following a single exposure to
APα. Hippocampal-dependent associative learning accomplished
by repeated trials of an auditory tone followed by a mildly aver-
sive shock stimulus, was sustained throughout behavioral training.
Learning and memory function in APα-treated 3xTgAD mice
was 100% greater in magnitude compared to the age-matched

Frontiers in Endocrinology | Neuroendocrine Science January 2012 | Volume 2 | Article 117 | 467

http://www.frontiersin.org/Endocrinology
http://www.frontiersin.org/Neuroendocrine_Science
http://www.frontiersin.org/Neuroendocrine_Science/archive


Irwin et al. Endogenous regenerative therapy for Alzheimer’s disease

vehicle-treated group (Figure 2) and was remarkably comparable
to the maximal normal non-Tg mouse performance. Furthermore,
we observed an upward trend albeit not statistically significant,
toward efficacy in non-Tg at 12 months of age. The behavioral
experiment was then extended to include 15-month-old non-Tg
mice to determine whether or not APα presented a therapeutic
benefit to older non-AD mice that may have a greater degree of
age-related diminution of neurogenic growth factors. Our results
indicated that hippocampal BrdU+ cell survival was significantly
increased by a single exposure to APα and cognitive performance
was significantly enhanced in 15-month-old male non-Tg mice
(Singh et al., 2011). In normal non-AD men as early as age 40,
a decline in APα has been reported (Genazzani et al., 1998). The
therapeutic benefit found in aged non-Tg mice suggests that at
least in males, APα therapy could supplement an age- and gender-
related decline in this neurogenic factor. These findings provided
preclinical evidence of APα-promoted survival of newly generated
cells and paralleled restoration of cognitive performance in the
pre-plaque phase of AD pathology and in late-stage normal aging.

To further advance efforts to assess the preclinical efficacy of
APα for AD, our group designed long-term studies. The stud-
ies were designed to test APα using the same age of enrollment
(3xTgAD male 3 months of age; prior to overt intraneuronal
Aβ), neurogenically efficacious dose of 10 mg/kg via subcutaneous
route of administration, matching our previous studies. In addi-
tion to neurogenic efficacy, the long-term studies were extended to
determine the disease modifying effects afforded by the therapeu-
tic regimen. Specifically, Chen et al. (2011) tested three treatment
regimens – once per month, once per week, and every other day
(Figure 3). Based on measured endpoints of Aβ oligomers by
immunostain and immunoblot approaches, the every other day
treatment regimen was maximally efficacious but did not increase
neurogenesis. The once per month APα treatment was efficacious
for proliferation of neural progenitor cells in the SGZ (and SVZ,
unpublished) but not for decreased Aβ pathology. The once per
month treatment regimen (Chen et al., 2011) was similar to the
single exposure treatment paradigm that improved learning and
memory performance after a single exposure (Singh et al., 2011).
Analyses to determine the optimal treatment paradigm indicated
that APα administered once per week for 6 months was maximally
efficacious for both neurogenic and anti-amyloidogenic endpoints
(Figure 3). In parallel to the 3-month-old mice administered once
per week APα, we simultaneously began treatment of a 6-month-
old male 3xTgAD group. When APα was administered beginning
at 6 months of age, the age at which intraneuronal plaques are
apparent in this mouse model, the appearance of Aβ pathology
paralleled cessation of APα efficacy. Once intraneuronal Aβ is
extracellularly localized, the efficacy of APα is largely diminished.
This suggested to us that intraneuronal Aβ accumulation is a deter-
mining factor that focuses the window of APα therapeutic efficacy
on the early stages of AD.

There is a well-established relationship between cholesterol
homeostasis and Aβ generation. Increasing evidence indicates
that altered cholesterol metabolism is linked to AD pathology
(Schumacher et al., 2004; Mellon et al., 2008). In addition to the
mechanism of action whereby APα induces neurogenesis through
excitation of GABAAR chloride channels in neural progenitor cells

(Figure 1; Wang et al., 2005, 2008, 2010; Brinton and Wang, 2006;
Wang and Brinton, 2008), APα regulates cholesterol homeostasis
via the Liver-X-receptor (LXR) and pregnane-X-receptor (PXR)
system (Chen et al., 2011). LXR, a nuclear hormone receptor
abundant in the brain (Whitney et al., 2002), acts as a molecu-
lar sensor of cholesterol levels and initiates cholesterol clearance
(Whitney et al., 2002). LXR activation increases cholesterol efflux
through up-regulating ABCA1 and ApoE expression, and pre-
vents the hyper-activation of γ-secretase and over-production of
Aβ (Whitney et al., 2002; Shenoy et al., 2004; Jiang et al., 2008).
LXR activation has been demonstrated to improve cognitive func-
tion in multiple mouse models of amyloidogenesis (Schultz et al.,
2000; Whitney et al., 2002; Yang et al., 2006; Xiong et al., 2008;
Donkin et al., 2010; Leduc et al., 2010). Importantly, LXR lig-
ands have been shown to activate pregnane-X-receptor (PXR;
Riddell et al., 2007). Results from our analyses indicated that
in parallel with an APα-induced increase in LXR expression in
the pre-pathology condition, APα also increased PXR expression
in the pre-pathology 3xTgAD mouse brain (Chen et al., 2011).
PXR activation induces cytochrome P450 3A (CYP3A) enzymes
including CYP3A4 and CYP3A13 and leads to cholesterol hydroxy-
lation and activation of organic anion transporters for cholesterol
extrusion (Sun et al., 2003). In addition to increased LXR and
PXR expression, APα treatment initiated in pre-Aβ pathology
3-month-old 3xTgAD mice treated once per week for 6 months
displayed increased expression of 3-hydroxy-3-methyl-glutaryl-
CoA-reductase (HMG-CoA-R; Chen et al., 2011). The increase in
HMG-CoA-R is at first paradoxical as it is the rate-limiting enzyme
in cholesterol synthesis. HMG-CoA reductase is also required
for oxysterol generation which activate LXR and PXR-mediated
gene transcription for cholesterol and lipid transport proteins
(Leduc et al., 2010). Thus, the APα-induced increase in brain LXR
and PXR leads to increased cholesterol efflux, thereby reducing
γ-secretase activation by cholesterol-laden lipid rafts. Increased
cholesterol efflux provides a plausible mechanism to explain how
APα decreased the generation of both 27 and 56 kDa intraneu-
ronal Aβ oligomers after 6 months of once per week treatment
(Chen et al., 2011).

Our findings suggest that in vivo, brain cholesterol homeostasis
and intraneuronal Aβ are tightly coupled with APα efficacy (Chen
et al., 2011). Deposition of Aβ in the extracellular compartment
disconnected this coupled pathway and led to a loss of APα efficacy
in advanced stages of AD-like pathology in the 3xTgAD model.
APα significantly reduced Aβ generation in hippocampus, cor-
tex, and amygdala, which was paralleled by decreased mitochon-
drial Aβ-binding alcohol dehydrogenase (ABAD) and reduced
microglia activation assessed as reduced expression of OX42 (Chen
et al., 2011). APα has also been shown to increase myelin basic pro-
tein in organotypic slice cultures of rat cerebellum (Schumacher
et al., 2004) and delay demyelination in Niemann–Pick C mice
(Mellon et al., 2008). APα may stimulate oligodendrocyte prog-
enitor cells in addition to neural progenitor cells. In oligodendro-
cytes, the myelin marker CNPase was increased by once per week
APα, indicating pro-myelinating capabilities in this mouse model
(Chen et al., 2011). Collectively, APα is a multifaceted neuros-
teroid that promotes neurogenesis while simultaneously reducing
AD pathology in the 3xTgAD mouse model.
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TRANSLATION OF PRECLINICAL ALLOPREGNANOLONE
STUDIES TO CLINICAL ALZHEIMER’S DISEASE THERAPY
Currently there are no effective treatments to delay progres-
sion of Alzheimer’s, halt the degenerative process or effectively
treat the disease. In fact, since 2003, there have been no new
drug approvals for AD by the United States Food and Drug
Administration (FDA). Of the five FDA-approved AD drugs, four
are cholinesterase inhibitors and memantine is an N -methyl-d-
aspartate (NMDA) receptor antagonist. As part of the recent AD
Neuroimaging Initiative or “ADNI”, mild cognitive impairment
patients who received cholinesterase inhibitors with or with-
out memantine were more functionally impaired, showed greater
decline in scores, and progressed to dementia sooner than patients
who did not receive treatment (Schneider et al., 2011). Phase 3
clinical trials have failed to therapeutically modify AD via the inhi-
bition of amyloid cascade targets including a gamma-secretase
modulator (tarenflurbil), gamma-secretase inhibitor (semagace-
stat), and beta-secretase inhibitor (tramiprosate; Karran et al.,
2011). Most AD researchers agree that it is ineffective to eval-
uate therapeutic efficacy in people that have reached the later
stages of AD, when irreversible damage has occurred. To mod-
ify disease progression, therapies need to be instituted early to
target specific physiological stages of AD progression. One strat-
egy to detect dysfunction of the neuroendocrine system would
be to access blood levels of APα in persons at risk for AD. Pre-
clinical biomarkers to predict clinical therapeutic potential and
clinical biomarkers that confirm target engagement and dose selec-
tion are needed as prognostic and diagnostic tools for AD disease
progression to select and track treatment strategies relevant to
each pathological stage of dementia (Buckholtz, 2011). Currently,
large-scale multicenter controlled studies are being conducted
in US, Europe, Japan, and Australia (ADNI) to systematically
develop and validate candidate biomarkers such as cerebrospinal
fluid proteins and structural and functional imaging signatures
(Hampel et al., 2008). Ideally, complementary brain imaging
and fluid biomarkers will be developed for clinical evaluation
of AD.

As an endogenous metabolite of progesterone, men and women
are exposed to APα throughout their lifetime. During repro-
ductive years, women are chronically exposed to APα concen-
trations ranging from less than 1 nmol/l (0.32 ng/ml) to over
4 nmol/l (1.27 ng/ml) during the luteal phase (Genazzani et al.,
1998). During pregnancy, blood production rate of APα can
reach 100 mg/24 h (Dombroski et al., 1997) and remain high
throughout the third trimester of pregnancy at levels up to
157 nmol/l (50 ng/ml), which while associated with drowsiness,
is not associated with adverse effects for either mother or fetus
(Luisi et al., 2000). In response to acute stress, the fetal brain
can increase synthesis of APα de novo independent of maternal
supply and of the hypothalamic–pituitary–adrenal axis (Nguyen
et al., 2003). Women receiving progesterone therapy can gener-
ate between 0.9 nmol/l (0.3 ng/ml) and 4.2 nmol/l (1.3 ng/ml) of
APα, consistent with levels generated during the menstrual cycle.
Analyses following a single intramuscular injection of 200 mg
progesterone (APα precursor) indicated similar profiles in men
and women with peak levels of APα of 35 nmol/l (11 ng/ml) for

men and 41 nmol/l (13 ng/ml) for women in the first hours after
administration (Soderpalm et al., 2004). Post-mortem human
brain tissue from women revealed APα levels in the range of
14–21 ng/g (Bixo et al., 1997). Oral delivery of APα would be
convenient and readily tolerated however this route presents a
challenge because of the low solubility properties of APα and
first-pass metabolism in the digestive tract and liver. Results of
our preclinical analyses predict that the optimal therapeutic APα

regimen will be a once per week transdermal or subcutaneous
administration (Figure 3). Initial pharmacokinetic analyses of
a topically applied formulation of APα in rabbit, indicated that
APα is absorbed transdermally to reach the blood circulation
with accumulation in the brain that is relatively slowly elimi-
nated when compared to intravenous dosing (Table 1). Safety
is most critical for translational studies. In the past decade,
several clinical studies by Bäckström’s group at Umeå Univer-
sity, Sweden have demonstrated that APα is safe with short-
lived, mild self-reported sedation (drowsiness). Following dos-
ing of APα 0.09 mg/kg (three cumulative doses of 0.015, 0.03,
0.045 mg/kg within 1 h) fully bioavailable intravenous adminis-
tration, van Broekhoven et al. (2007) measured maximum blood
levels of 150 nmol/l (48 ng/ml) in men and 100 nmol/l (32 ng/ml)
in women (Table 1). Interestingly, mean levels of APα were found
to be higher in men compared to women at baseline (men,
2.4 nmol/l or 0.76 ng/ml versus women, 0.4 nmol/l or 0.13 ng/ml)
and after each of three doses of intravenous APα. Volume of
distribution, elimination half-life, and the area under the curve
(AUC) adjusted for body weight did not differ between men and
women in the clinical study (van Broekhoven et al., 2007). To
date, APα has not been studied in clinical trials for the treatment
of AD.

Human, as well as rodent, brains exhibit a significant and
profound reduction in the proliferative pool and regenerative
potential of neural stem cells as they age, a phenomenon that
may be exacerbated in prodromal and mild AD brains. Both the
pool of neural stem cells and their proliferative potential are com-
promised in the course of AD (Lazarov et al., 2010; Winner et al.,
2011). In parallel, APα content, along with a host of other factors,
is diminished in the brains of AD patients compared to age-
matched controls (Weill-Engerer et al., 2002; Marx et al., 2006;
Naylor et al., 2010). While de novo synthesis of APα in brain is
diminished, peripheral delivery could restore levels to normal. A
deficient milieu of endogenous neurosteroids and depleted neu-
rogenesis demonstrate the therapeutic need for APα in the human
brain. Promnesic effects are not achievable with every APα dosing
regimen or intervention point. Decrements in learning and mem-
ory have been reported in animals and humans although these
studies are either acute measures of memory performance within
minutes of a sedative dose (Kask et al., 2008) or chronic treatment
paradigms that mimic stress conditions (Turkmen et al., 2006).
When high doses or chronic treatment regimens are employed,
APα acts similar to benzodiazepines to reduce learning and impair
memory. APα administered twice daily at high doses to male rats
for several consecutive days decreased performance on the Mor-
ris water maze, escape latency, path length, and thigmotaxis and
it was determined that pretreatment induced a partial tolerance
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against acute APα effects (Turkmen et al., 2006). It is important to
consider that GABAergic synapses are not universally influenced
by APα and that many factors including GABAAR subunit com-
position and receptor density influence the local cellular response.
Thus for therapeutic use of APα, it is imperative to determine
the proper dosing regimen which may be specific to each indica-
tion. Aside from AD, the proper APα dosing regimen has shown
therapeutic potential in research models of several brain disorders
or injuries including catamenial epilepsy (Reddy and Rogawski,
2001; Rogawski, 2003), spontaneous seizures (Concas et al., 1996),
diabetic neuropathy (Leonelli et al., 2007), Niemann–Pick type
C neurodegenerative disorder (Griffin et al., 2004; Ahmad et al.,
2005), and traumatic brain injury (He et al., 2004a,b; Djebaili et al.,
2005). APα is absorbed by multiple routes of administration, pene-
trates the blood brain barrier well, exhibits a wide margin of safety
particularly when given transdermally or subcutaneously and for
the 3xTgAD mouse model is most efficacious when administered
only once per week which also contributes to its margin of safety
(Table 1). Importantly, APα is a small molecular weight, blood
brain barrier penetrant molecule with safety data in animals and
humans (Timby et al., 2006; van Broekhoven et al., 2007; Grant
et al., 2008; Kask et al., 2008,2009; Wang et al., 2010). To our knowl-
edge, APα is the only small molecule agent that both promotes
regenerative function in the brain and simultaneously reduces AD
pathology burden.

CONCLUSION
Herein we reviewed preclinical evidence for APα-induced pro-
motion of neurogenesis (Wang et al., 2005, 2010), recovery of
learning and memory function (Wang et al., 2010; Singh et al.,
2011), and reduction of AD pathology burden (Chen et al., 2011)
in the 3xTgAD mouse model. Moreover, APα induction of cell
cycle gene expression (Wang et al., 2005) and key regulators of
cholesterol homeostasis (Chen et al., 2011) provide mechanistic
plausibility for its therapeutic efficacy to promote neurogenesis
and cognitive function while reducing AD pathology. Our data
show that regeneration is achieved with either once per month
or once per week regimen of APα. Reduction of AD pathology
can be achieved with once per week or every other day regimens.
The combination of regeneration and reduction of pathology
was achievable with the once per week APα treatment regimen.
Together with the dosing frequency, the magnitude of pathology
at the start of treatment intervention is critical to therapeutic
efficacy. Administration of APα prior to and during the early
stages of AD pathology significantly increased the regenerative
response in brain while also reducing burden of pathology in an
AD mouse model. APα treatment initiated at the point of Aβ

plaque generation was not efficacious indicating that APα targets
regenerative and pathology-reducing mechanisms present during
the early to mid-stages of the disease. Based on the therapeutic
efficacy of APα in a preclinical AD mouse model and in normal
aged mice, we predict that APα has potential therapeutic bene-
fit in humans to delay progression in persons with familial early
onset AD and to prevent and delay disease in late onset AD. In
these populations, APα could be an effective therapy to promote
the regenerative potential and myelination capacity of the brain
to prevent or delay progression of mild cognitive impairment to
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clinically diagnosed AD. In summary, targeting a unique mecha-
nism of action, APα promotes the innate regenerative capability of
the brain by increasing the number and survival of newly generated
neurons.
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