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This research topic aims to integrate scattered 
findings on sex differences in neuroscience into 
a broader theory of how the human brain is 
shaped by sex and sex hormones in order to 
cause the great variety of sex differences that 
are commonly observed. It can be assumed 
that these differences didn’t occur arbitrarily, 
but that they rather determined and still deter-
mine evolutionary success of individuals and 
were shaped by the processes of natural and in 
particular sexual selection. Therefore, sex dif-
ferences are not negligible and sex difference 
research cannot be discriminating against one 
sex or the other. In fact a better understanding 
of the underlying causes of sex differences has 
great advantages for both men and women and 
society as a whole, not only in terms of health 

care, but in every aspect of life. Gender equality can only work out if it is equally well under-
stood for men and women what their individual resources and needs are. Therefore, it is of great 
importance to pave the way for identifying the underlying principles of structural and functional 
brain organization that cause men and women to act, think and feel differently.

To this end it is of particular interest to identify possible similarities and interrelations between 
sex differences that did so far stand separately, in order to investigate whether they share a 
common source. To understand, where a specific sex difference comes from and whether or 
not it is caused by the same principle as other sex differences, it is necessary to explicitly link 
sex differences in behavior to their neuronal correlates and vice versa link sex differences in 
brain structure and function to their behavioral outcomes. In particular a new understanding 
of male and female brain functioning may arise from findings on how sex hormones interact 
with various neurotransmitter systems.

In the past few years several findings demonstrated that women’s behavior is influenced by the sex 
hormone fluctuations they experience naturally during their menstrual cycle to the extent that 
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Sex differences in brain structure. 
Areas with significantly larger regional gray 
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sex differences may only be detectable in one cycle phase but not another. The study of menstrual 
cycle dependent effects gives important hints about which sex differences are activational 
and which are organizational. Additionally it only recently came to attention, that hormonal 
contraception may alter a women’s mood, cognition and behavior as a consequence of changes 
in brain structure and function. The underlying mechanisms are so poorly understood that it is 
even hard to predict, whether hormonal contraception will mask or amplify sex differences in a 
given task. Since the oral hormonal contraceptive pill is meanwhile used by 100 million women 
worldwide and even by teenagers whose brains are not yet fully developed, the question of how 
the synthetic steroids contained in hormonal contraceptives act on the brain is to be studied 
hand in hand with naturally occurring sex differences. 

This topic summarizes the current state of the art in sex difference research and gives new 
perspectives in terms of hypothesis generation an methodology. Both are necessary to gain a 
complete picture of what it is that makes a brain male or female and move towards a neuroscience 
of sex differences. 
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While we are looking back at a century of behavioral research on sex differences in cognition and
emotion, sex differences have for a long time been disregarded as a confound in neuroscience.

Several researchers still argue that sex differences in cognition are overall small and negligible
(Hyde and Linn, 1988, 2006; Hyde, 2005, 2006). Indeed the data so far are by no means consistent.
These inconsistencies are to a large part attributable to small sample sizes and low power on the one
hand and a large variation inmethodologies on the other hand. This is evenmore true for studies on
menstrual cycle and hormonal contraceptive dependent effects on the brain, as will be pointed out
in this Research Topic (Pletzer and Kerschbaum, 2014; Sundström Poromaa and Gingnell, 2014).

However, another reason that these inconsistencies still exist may also be that neuroscience,
looking at the topic from the angle of political correctness, has refrained from studying sex
differences in the brain in more detail. One major goal of this Research Topic is to change this
view and look at the topic from a different angle:

Women don’t have to be like men to be treated as equal. Women have a right to be women
and if that includes being different from men, women have a right to be different from men and—
importantly—also vice versa. After all, innovation stems from diversity (e.g., Hewlett et al., 2013).
Furthermore, women have a right to understand these differences as well as the hormonal changes
that not only their body, but also their brain, goes through during their lifetime. So it’s important
that neuroscience starts paying more attention!

The aim of this Research Topic is to point out directions and perspectives on how to resolve
inconsistencies in sex difference research. The idea is to move from scattered findings on sex
differences in the brain to a neuroscience of sex differences that will help researchers to understand
and predict sex differences in their findings and integrate them into their theories.

From the beginning of sex difference research, it has been hypothesized that sex differences in
behavior are at least in part driven by hormonal influences on the brain either during development
(organizational) or later in life (activational) (e.g., Kelly et al., 1999). Of course, not all sex
differences can be attributable to sex hormones, but genetic, epigenetic, and chromosomal effects
also play an important role, as pointed out by Ivanka Savic’ contribution to this topic (Savic, 2014).
However, sex hormone influences have been hypothesized to explain that variation in performance
is higher in women than in men (e.g., Hausmann and Güntürkün, 1999). Therefore, sex hormones
are of special interest to this topic as one important factor that might explain inconsistencies
between sex difference studies.

Accordingly, the idea for this Research Topic was born during a study on sex differences
in number processing. In a number bisection task, we found for two behavioral effect that sex
differences in brain activation patterns were present during one cycle phase (follicular or luteal), but
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not during the other (Pletzer et al., 2011). In a follow-up study
using the same task we furthermore recognized that women using
hormonal contraceptives differed from naturally cycling women
in the same way as men (Pletzer et al., 2014). These findings
have important methodological implications for research on sex
differences.

First, I propose here, that sex differences should always be
investigated by comparing men to naturally cycling women, i.e.,
naturally occurring sex differences. The question of hormonal
contraceptive dependent influences on brain and behavior is
related, but separate.

Given that in developed countries about half of all
women below the age of 45 rely on some method of
hormonal contraception (Guttmacher Institute, 2015), hormonal
contraception may represent a major confound in the study
of sex differences. Only a handful of researchers have so
far investigated hormonal contraceptive dependent effects on
cognition, brain structure or brain function and only few
consistencies arise. Within this topic, these findings are reviewed,
potential mechanisms of action of hormonal contraceptives on
brain and behavior are discussed and perspectives for research on
hormonal contraceptive dependent effects are suggested (Pletzer
and Kerschbaum, 2014).

Second, I argue that differences between men and naturally
cycling women cannot be investigated without taking
menstrual cycle phase into account. Despite an early interest in
menstrual cycle dependent influences on mood (Frank, 1931),
menstrual cycle dependent changes in cognitive functions have
only been investigated for about 25 years now, starting with a
pioneer study by Hampson (1990a,b). Only few studies have
however investigated menstrual cycle dependent changes using
neuroimaging methods. In this topic, menstrual cycle dependent
changes in brain and behavior were carefully reviewed by
Sundström Poromaa and Gingnell (2014). However, here again,
results on the direction of changes as well as on the particular
hormones responsible for the changes are inconsistent and
more detailed studies are lacking. Possible reasons include that
menstrual cycle research is costly and time consuming. This is
due to difficulties in the recruitment of women, who do not use
hormonal contraceptives, on the one hand, and large drop-outs
on the other hand due to inaccurate self-reports of menstrual
cycle phase. In order to clearly differentiate between the effects of
estradiol and progesterone on brain functions, it is of uttermost
importance to test in clearly defined and rather narrow time
windows of a woman’s individual menstrual cycle and ideally
test at three different time-points: menses, pre-ovulation, and
mid-luteal. Only few researchers have so far realized such a
design (e.g., Weis et al., 2008; De Bondt et al., 2015). Within
this Research Topic, one contribution presents for the first time
neuroimaging data of a naturally cycling woman accompanied
over four menstrual cycles (Arélin et al., 2015).

Other exploratory approaches include a comparison of high
(mid-luteal) and low (early follicular) phases in within- as
well as between-subjects designs. Both approaches have been
successfully realized within this Research Topic in order to
explore menstrual cycle dependent effects on reward processing
and decision making (Derntl et al., 2014; Reimers et al., 2014).

However, especially changes in brain function and behavior
due to the pre-ovulatory estradiol peak have recently come to
attention (Jacobs and D’Esposito, 2011). From an evolutionary
perspective, such pre-ovulatory changes are of particular interest
for sexual selection. Jacobs found, that the pre-ovulatory estradiol
peak particularly influences dopamine-dependent cognitive
functions. Behavioral and methodological implications of this
estradiol-dopamine interaction have been outlined within this
topic by Colzato and Hommel (2014). Examining the interaction
between sex hormones and relevant neurotransmitter systems is
one important step toward a neuroscience of sex differences. By
combining the knowledge from cellular, molecular, and animal
research on how sex hormones interact with neurotransmitter
systems with the knowledge of which cognitive functions
these neurotransmitters contribute to, we can formulate clear
hypotheses on how sex hormones might influence a certain
behavior. Therefore, this topic includes an extensive review on
such sex hormone-neurotransmitter interactions (Barth et al.,
2015). Such interactive approaches would also allow us to reduce
the costly and complex menstrual cycle designs outlined above
to those phases where the hypothesized interactions are to be
expected.

The same argumentation can be applied to the interaction
between sex hormones and other hormone systems. Sex and
stress hormone interactions (Kirschbaum et al., 1992; Andreano
et al., 2008) have especially drawn attention due to their potential
role for the vulnerability to mental health disorders, such as
depression. Two articles within this Research Topic focus on
this problematic, focusing on both the organizational effects
(Goldstein et al., 2014) and the activational effects (Gobinath
et al., 2014) of sex hormones. Furthermore, the article of
Sorwell and colleagues within this topic addresses sex hormone
interactions with the anti-stress hormone DHEA (Sorwell et al.,
2014).

Importantly, in both domains—sex hormone
neurotransmitter interactions (Barth et al., 2015), and sex
hormone—stress hormone interactions (Gobinath et al.,
2014; Goldstein et al., 2014)—the articles are organized along
hormonal transition periods across the female life-span.
Everything outlined so far implicitly referred to sex differences
between men and women in their reproductive years. However,
periods of much more extreme hormonal changes than during
a normal menstrual cycle, such as puberty, pregnancy, and
menopause, may provide us with important insights on how sex
hormones affect a woman’s brain and behavior. Therefore, post-
menopausal functional changes have been reviewed separately
within this topic (Comasco et al., 2014).

Thus, we have extensively captured potential variations in
brain function and behavior due to hormonal status in the
female group focusing mainly on the sex hormones estradiol
and progesterone. However, several sex differences have early
on been attributed to the organizational and activational effects
of testosterone, particularly in the male group. Therefore, when
studying sex hormonemodulation of sex differences, testosterone
levels should also be taken into account. Within this topic,
testosterone actions on the brain have been reviewed by Celec
et al. (2015). Testosterone and its metabolites also receive
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particular attention in the articles contributed by Sorwell et al.
(2014), as well as Krajnik et al. (2014).

Summing up, sex difference research should profit in the
future methodologically from taking into account the hormonal
status of participants, especially in the female group and
theoretically from more straightforward research questions and
clearly formulated hypotheses by taking into account for example
the interactions between sex hormones and neurotransmitter
systems as well as other hormone systems. Here, I also propose
that one direction sex difference research should aim at in the
future is more integrative approaches, explaining sex differences
across a variety of behaviors. In one of my own articles I outline
the idea that sex differencesmight stem from a common principle
in brain organization, i.e., the lateralization of brain functions
(Pletzer, 2014). Sex differences in hemispheric asymmetries have
long attracted attention and are also in the focus of Savic’s
contribution to this Research Topic (Savic, 2014). My article
thereby focuses less on particular abilities than on cognitive
strategies in men and women (Pletzer, 2014).

Furthermore, in our latest contribution to the topic we try to
pick up the theme introduced in the beginning of this Editorial.

How strong are sex differences really and are they worth
investigating? One argument against sex difference research
has always been that the variation within men or women is
much larger than the differences between men and women. As
outlined in the previous paragraphs there are quite a number of
ways how sex hormones, might contribute to this within-group
variation. However, it might also be interesting for researchers
to capture this variation within the male and female groups. We
therefore dedicated our latest contribution to the topic of sex role
orientation and the question how we can assess and which factors
affect the individual maleness or femaleness of a person (Pletzer
et al., 2015). Because, in the end, sex may be one important
factor influencing our behavior, but not only men and women
differ. Every individual is different and should be accepted
as such.
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Hormonal contraceptives are on the market for more than 50 years and used by 100
million women worldwide. However, while endogenous steroids have been convincingly
associated with change in brain structure, function and cognitive performance, the effects
of synthetic steroids contained in hormonal contraceptives on brain and cognition have
barely been investigated. In this article we summarize the sparse findings, describing
brain structural, functional and behavioral findings from the literature and suggest that
synthetic steroids may contribute to masculinizing as well as feminizing effects on brain
and behavior. We try to identify methodological challenges, explain, how results on
endogenous steroids may transfer into research on hormonal contraceptives and point
out factors that need to be controlled in the study of hormonal contraceptive dependent
effects. We conclude that there is a strong need for more systematic studies, especially on
brain structural, functional and cognitive changes due to hormonal contraceptive use. The
hormonal contraceptive pill is the major tool for population control. Hence, such behavioral
changes could cause a shift in society dynamics and should not stay unattended.

Keywords: hormonal contraceptives, synthetic steroids, progestins, androgenicity, ethinyl estradiol

INTRODUCTION
Hormonal contraceptive pills are on the market for more than
50 years (see Box 1). Today, about 100 million women world-
wide use combined oral contraceptives (Petitti, 2003). However,
despite the well characterized impact of endogenous female sex
hormones on structure and physiology of the brain and their
impact on cognition and mood, very little is known about the
impact of synthetic steroids on cognitive abilities, brain struc-
ture and function. The impact of hormonal contraceptives on
the brain is of great importance equally to the private user and
physicians as well as to clinical and basic research. The far reach-
ing consequences of hormonal contraceptives are illustrated by a
few contrasting facts. (i) Kinsley and Meyer notice that the intake
of steroids by an athlete is considered as abuse and “doping”
by androgens is strongly sanctioned by society. On the contrary
the intake of steroids in women is recommended for birth con-
trol around the world (http://www.scientificamerican.com). (ii)
Adolescent girls start taking hormonal contraceptives earlier and
earlier, often shortly after onset of puberty (Parkes et al., 2009).
However, the majority of research on steroid actions in the brain
focuses on post-menopausal hormone replacement therapy. (iii)
Traditionally, medical as well as psychological research focused
on male participants, because hormone fluctuations throughout
the menstrual cycle were suspected to affect the results—rightly,
as it turned out. Nowadays, numerous women participate in
scientific studies. However, while participants on medication
are excluded, studies hardly control for the use of hormonal
contraception.

In this article we summarize the sparse findings indicat-
ing brain structural, functional and behavioral changes due
to hormonal contraceptive use and try to give methodologi-
cal impulses for future research. The interpretation of these
changes are demanding and at the moment speculative. Although,
endogenous female sex hormones have been convincingly associ-
ated with changes in brain structure and physiology—estradiol
and progesterone modulate e.g., glutamatergic, GABAergic, sero-
tonergic and dopaminergic transmission (see Sacher et al., this
topic)—the neuronal targets of synthetic steroids are almost
unknown. Changes in brain structure and chemistry cause
changes in cognition, emotion and personality and consequently
in observable behaviors. If a majority of women use hormonal
contraception, such behavioral changes could cause a shift in
society dynamics. Since the pill is the major tool for pop-
ulation control, it is time to find out what it does to our
brain.

EFFECTS OF HORMONAL CONTRACEPTIVES: “FEMINIZING”
OR “MASCULINIZING”?
The combined oral contraceptive pill (OC) typically contains
0.02–0.04 mg ethinylestradiol and varying levels of synthetic pro-
gestins, which can be classified by their generation. Progestins
are a heterogenous class of synthetic steroids, which differ in
their strength of binding to steroid receptors, the sex hormone
binding globuline or to enzymes involved in the metabolism
of endogenous steroids (e.g., Sitruk-Ware, 2006). Furthermore,
they differ in their impact on blood glucose levels and the
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Box 1 | A short history of hormonal contraception.

Within about a century, physicians, biologists, and chemists around the world elucidated the physiology of the ovary, manipulated its
function, and triggered a global experiment, which influenced our society. At the end of the 19th century, anatomists concluded from
histological sections that the corpus luteum in the ovary is a gland secreting a factor into the blood relevant to pregnancy (Frobenius and
Fraenkel, 1999). In the early 1920s, the Austrian physician, Ludwig Haberlandt (1885–1932), published his findings on temporary sterilization
of the female body. He realized that transplantation of ovaries from pregnant to non-pregnant animals prohibits pregnancy in the receiver. In
a translational approach, Haberlandt suggested hormonal contraception also in women and collaborated with the company of G. Richter in
Budapest (Hungary) to develop contraceptives for women (Haberlandt, 2009). In 1923, Edgar Allen and Edward Adelbert Doisy (1893–1986)
published a bioassay, which used the vaginal epithelium response in castrated rodents to identify the bioactive component among corpus
luteum factors as well as other sex hormones (Frobenius and Fraenkel, 1999). In the 1930s, progesterone was isolated from glandular
extracts independently by four research groups, and its chemical structure was characterized by the chemist Karl Heinrich Slotta (1895–
1987) (Frobenius and Fraenkel, 1999; Hawgood, 2001). In 1944, the Germans, Bickenbach und Paulikovics, published that progesterone
(20 mg, daily) suppresses ovulation in women (Ludwig, 2011). Because progesterone is metabolized during the entero-hepatical passage,
synthesis of chemically modified gestagens was a major challenge. Carl Djerassi, an Austrian-American chemist (born in Vienna in 1923),
synthesized norethindrone, the first oral contraceptive, in the early 1950s. In the late 1950s, the American biologist, Gregory Goodwin
Pincus (1903–1967) proved in a large scale study that oral application of hormonal contraceptives prevents pregnancy in women. In 1960,
the “Food and Drug Administration” in the USA legalized the first contraceptive (Enovid®), a combination pill containing 10 mg of the
progestogen, norethynodrel, and 150 μg of the estrogen, mestranol. In 1961, the pill (Anovlar®, Bayer Schering Pharma AG) was legalized
in Europe. The minipil, a progestine-only pill, was introduced into the market in the 1960s.

lipid profile (e.g., Sitruk-Ware, 2006). Importantly, older gen-
eration progestins (e.g., Levonorgestrel, desogestel, gestoden,
norgestimat), are as derivates of 19-nortestosterone, a common
anabolic steroid (Brueggemeier, 2006), able to activate andro-
gen receptors and exert androgenic actions (Sitruk-Ware, 2006;
Wiegratz and Kuhl, 2006). Newer progestins (e.g., dienogest,
drospirenone) on the other hand, bind very specifically to the pro-
gesterone receptor and are anti-androgenic (Wiegratz and Kuhl,
2006).

In the following we describe several mechanisms that may
explain the effects of synthetic steroids on brain and behavior.
We refer to an effect as “feminizing,” if it enhances a structural
or functional sexual dimorphism favoring women. We refer to an
effect as “masculinizing,” if it reduces a structural or functional
sexual dimorphism favoring men.

SYNTHETIC STEROIDS—POSSIBLE MECHANISMS OF ACTION
Since ethinylestradiol and synthetic progestins act on estrogen
and progesterone receptors and OC reduce endogenous testos-
terone levels (e.g., Jung-Hoffman and Kuhl, 1987; Graham et al.,
2007; Hietala et al., 2007), any hormonal contraceptive, irrespec-
tive of the progestin component, may show feminizing effects on
brain and behavior.

However, hormonal contraceptives do also lead to a reduction
of endogenous estradiol and progesterone levels (e.g., Sahlberg
et al., 1987). In the presence of high levels of progesterone,
testosterone-actions are impaired, because progesterone has a
high affinity for the enzyme 5α-reductase, which is respon-
sible for the conversion of testosterone into the physiolog-
ically more active dihydrotestosterone (Wright et al., 1983).
If progesterone levels are reduced, more testosterone can be
converted to dihydrotestosterone. Thus, any hormonal contra-
ceptives, irrespective of the progestin component, may facili-
tate testosterone actions on the brain, thereby masculinizing
brain structure, function and behavior. Alternatively, it has been
argued that some masculinizing effects are promoted by estro-
gen receptors after testosterone has been locally converted to

estrogen via the enzyme aromatase (Roselli, 2007). Consequently,
estrogenic actions of ethinylestradiol may contribute to pos-
sible masculinizing effects of hormonal contraceptives on the
brain.

ANDROGENIC vs. ANTI-ANDROGENIC PROGESTINS
Furthermore, the actions of synthetic progestins on the andro-
gen receptors, may contribute to possible masculinizing and
feminizing effects. While androgenic progestins may promote
masculinizing effects, anti-androgenic progestins may promote
feminizing effects. This distinction has important methodologi-
cal consequences. The preferable approach to studying the effect
of hormonal contraceptives in brain and behavior is a within-
subjects design, i.e., comparing women to themselves, before,
during and after the period of contraceptive use. Since this
is however complicated, costly and time-consuming, hormonal
contraceptive dependent effects are often studied by comparing
a group of OC users to a group of non-users. If the group of OC
users is heterogenous with respect to the androgenicity of the pro-
gestin component, possible feminizing and masculinizing effects
may counteract each other, leading to results that either under- or
over-estimate the actual effects and are hard to compare between
different studies. While the first studies in this domain added
important explorative impulses, by demonstrating that OCs may
indeed influence brain and behavior, we strongly argue that the
androgenicity of the progestin component is an important factor
that should be controlled in future studies. An interesting obser-
vation from our own research experience in that respect may help
when comparing findings between studies. We conducted two
studies on the effects of OCs only about a year and a half apart,
the first one in middle Europe (Austria; Pletzer et al., 2014a), the
second one in the US (California, Pletzer et al., 2014b). While
in the Austrian sample (Pletzer et al., 2014a), the group of OC
users consisted of a majority of women using newer pills contain-
ing anti-androgenic progestins, in the US sample (Pletzer et al.,
2014b), all OC users were on older pills containing androgenic
progestins.
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EFFECTS OF HORMONAL CONTRACEPTIVES ON BRAIN STRUCTURE
Adult brain structure is not static, but subject to dynamic changes
with age. These changes do differentially affect different brain
areas, i.e., gray matter volumes in some areas decline more
strongly with age than others. A strong age-related decline has
for example been demonstrated in the prefrontal cortex, as well
as the hippocampus (e.g., Sowell et al., 2003).

Recent results demonstrated that regional gray matter volumes
in the prefrontal cortex, as well as the anterior cingulate gyrus
are larger in mixed samples of androgenic and anti-androgenic
OC users compared to non-users (Pletzer et al., 2010; DeBondt
et al., 2013). These regions are already larger in women compared
to men (e.g., Good et al., 2001; Pletzer et al., 2010). However,
regional gray matter volumes of OC-users were also larger in
the cerebellum, hippocampi, parahippocampal and fusiform gyri
(Pletzer et al., 2010; DeBondt et al., 2013). Those regions are on
the average larger in men compared to women (e.g., Good et al.,
2001; Pletzer et al., 2010). Results from rodent hippocampi sug-
gest that these volume increases may be attributed to an increase
in synaptic spine density mediated by estrogen receptors (e.g.,
Murphy et al., 1998; McEwen, 2002; Smith et al., 2009), but an
increase in astrocyte volume in response to estradiol has also been
suggested (e.g., Spencer et al., 2008).

Newer results from our own lab, suggest that the effects in cere-
bellum, parahippocampus and fusiform gyri are attributable to
OCs containing anti-androgenic progestins, while the results in
the prefrontal cortex are to be interpreted with care (Pletzer et al.,
submitted). We demonstrate that some structural effects increase
with the duration of pill use, some interact with the age of the par-
ticipants and some may not be completely reversible, and hence
the duration of previous pill use in the group of non-users plays
an important role. Thus, despite the androgenicity of progestins,
the duration of (previous) pill use and age are important fac-
tors, that should be controlled when studying the effects of OCs
on brain and behavior. OCs, in particular those containing anti-
androgenic progestins, are commonly used by younger women,
while naturally cycling women tend to be on average a few years
older.

EFFECTS OF HORMONAL CONTRACEPTIVES ON BRAIN
FUNCTION—NEUROCOGNITIVE FINDINGS
Synthetic steroids may however, not only cause a structural re-
organization of the brain, but—even more importantly—induce
changes in neurochemistry and brain function, which are cur-
rently relatively unexplored. Despite the relatively robust finding
that OC users show altered mate preferences (e.g., Alvergne and
Lummaa, 2009), accompanied by changes in brain activation
patterns during viewing of erotic stimuli (Abler et al., 2013),
OC dependent changes in cognitive performance have not been
studied systematically.

Scattered over several countries and decades, it has been
reported that OC users show enhanced verbal memory (Mordecai
et al., 2008), recognition working memory during sleep depri-
vation (Wright and Badia, 1999), a lack of memory impair-
ment due to cortisol (Kuhlmann and Wolf, 2005) and better
dream recall (Sheldrake and Cormack, 1976) compared to non-
users. These verbal abilities and memory are usually thought to

favor women (e.g., Andreano and Cahill, 2009). However, non-
significant effects were reported for other measures of verbal
abilities, like verbal fluency (Mordecai et al., 2008) or a verbose-
quential task (Gordon and Lee, 1993), while verbal reaction times
were slower in OC users compared to non-users in an older
study (Garrett and Elder, 1984). First evidence for brain func-
tional differences between OC users and non-users has also been
reported in the verbal domain. A German brain imaging study
(Rumberg et al., 2010) observed that during a word generation
task OC users showed stronger activations in right-hemispheric
task-specific areas than non-users. This is of particular interest,
since the peak coordinates of the task-specific activations were
left-lateralized in all participants and sex differences in lateraliza-
tion have long been discussed in particular with respect to verbal
tasks (e.g., Renteria, 2012).

On the other hand, some studies report better mental rotation
performance in OC users compared to non-users (Wright and
Badia, 1999; Wharton et al., 2008), although other studies report
non-significant effects on visuospatial tasks (Gordon and Lee,
1993; Mordecai et al., 2008). Spatial abilities have robustly been
observed to favor men (Andreano and Cahill, 2009). Wharton
et al. (2008) nicely demonstrated that mental rotation perfor-
mance does not only correlate with hormonal contraceptive use,
but also with the androgenicity of the progestin component. Users
of drospirenone-containing contraceptives performed worse on
the mental rotation task than non-users. Neuroimaging studies
exploring functional differences in spatial tasks between OC-users
and non-users are still lacking. However, it has been demon-
strated that brain activation patterns are masculinized in numer-
ical tasks (Pletzer et al., 2014a), which have been related to spatial
abilities (e.g., Hubbard et al., 2005).

Furthermore, OC users perform like men in an emotional
memory paradigm, designed by Cahill and coworkers (Nielsen
et al., 2011, 2013) and in a Navon paradigm (Pletzer et al., 2014b),
both studies conducted on US samples. Brain functional differ-
ences between OC users and non-users have also been reported
during the resting state (Petersen et al., 2014), during face pro-
cessing (Mareckova et al., 2012) and during reward processing
(Bonenberger et al., 2013). However, further more systematic
studies are needed to reveal the true nature of OC-dependent
effects on cognition as well as the impact of synthetic steroids on
the neuronal correlates. Importantly, it has been demonstrated
that endogenous sex hormones, in particular estrogen, affect
cognitive performance differentially in different subpopulations
of women, as some neurotransmitters (e.g., dopamine) affect
behavior in an inverse U-shaped manner (Jacobs and D’Esposito,
2011; Colzato and Hommel, 2014). Hence, like in the study of
menstrual cycle dependent effects (Colzato and Hommel, 2014),
it might be worth considering neurotransmitter baseline levels,
when studying the effects of hormonal contraceptives on brain
and behavior.

EFFECTS OF HORMONAL CONTRACEPTIVES ON EMOTION
Reports on OC-related mood changes are inconsistent, rang-
ing from beneficial in most women (Oinonen and Mazmanian,
2002) to increased rates of depression, anxiety, fatigue, neu-
rotic symptoms, compulsion and anger (Robinson et al., 2004;
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Kulkarni, 2007). Repeated findings of beneficial mood changes
may however be biased by data sampling. Only women, who
continue the intake of oral contraceptives (“survivor effect”) are
included in those studies, while women, who discontinue the use
of oral contraceptives due to negative emotional side effects, do
not contribute to these results (Oinonen and Mazmanian, 2002).

Possible physiological mechanisms underlying both posi-
tive and negative mood swings in oral contraceptive users
are manifold and at the moment speculative. Elevated levels
of estradiol have anti-depressive effects (Moses-Kolko, 2009;
Estrada-Camarena, 2010), presumably due to its serotonin (5-
HT) enhancing property (e.g., Bethea et al., 2002). A decline in
estradiol at the end of the menstrual cycle, post-partum or in the
menopause has been associated with negative mood changes and
depressive symptoms during these phases (Moses-Kolko, 2009).
On the one hand combined OCs contain ethinyl-estradiol as
synthetic agonist for estradiol receptors, which could promote
positive mood changes. Antagonistic properties for the 5-HT3
receptor have been demonstrated not only for estradiol, but also
for ethinylestradiol (Wetzel et al., 1998). On the other hand the
levels of endogenous estradiol decline as a consequence of OCs
(e.g., Sahlberg et al., 1987), which could result in negative mood
changes. In female cynomolgus monkeys on OCs a decreased
prolactin response was observed, suggesting reduced serotonergic
activity (Henderson and Shively, 2004). Progesterone, however,
may promote positive mood changes at low concentrations and
negative mood changes at high concentrations due to bipha-
sic effects on GABAergic neurons (Andréen et al., 2009). Again,
synthetic progestins as contained in OCs simultaneously act as
progesterone receptor agonist and reduce the level of endoge-
nous progesterone (Wright et al., 1983; Sahlberg et al., 1987).
In a meta-analysis Oinonen and Mazmanian (2002) suggest that
the progesterone/estrogen ratio correlates to the direction of
emotional changes.

In summary, these results suggest that there are (at least)
two populations of women with differential emotional responses
to oral contraceptive use. Interestingly, the majority of studies
focused on depressive symptoms, while other emotional and per-
sonality dimensions, like aggression or empathy, have hardly been
investigated.

PUBERTY AND HORMONAL CONTRACEPTIVES
Progestin affecting either metabolism of neurosteroids or bind-
ing to GABAA receptors may have not only transient but also
neuroplastic consequences. We assume that the potential influ-
ence of progestins on GABAergic transmission is highly rele-
vant in pubescent girls using hormonal contraceptives. (1) With
onset of puberty, neurosteroid sensitive GABA receptor expres-
sion increases at extrasynaptic sites in female mice (Smith, 2009).
(2) Enhanced GABAergic transmission shortens whereas depres-
sion of GABAergic transmission extends the critical period in
structural consolidation of neuronal circuits in the visual cortex
in mice (Hensch, 2005). (3) Final volume of the prefrontal cortex
is not reached until the early twenties in humans (Yurgelun-
Todd, 2007). The maturing of the prefrontal cortex is associated
with improvement in cognitive abilities as well as behavioral con-
trol (Yurgelun-Todd, 2007). The prefrontal cortex appears to be

one target of structural changes in hormonal contraceptive users
(Pletzer et al., 2010; DeBondt et al., 2013). Accordingly, pharma-
cological intervention by the early use of hormonal contraceptives
could affect the differentiation of neural circuits in the prefrontal
cortex.

SUMMARY AND CONCLUSION
First and foremost, we conclude that there is a strong demand
for additional studies on how hormonal contraceptives affect the
brain from the molecular to the behavioral level. Thus, future
studies aiming to investigate “normal” brain functioning, should
control for the use of hormonal contraceptives among their
participants. At both the structural as well as behavioral level,
feminizing and masculinizing effects of hormonal contraceptives
have been observed simultaneously. However, these changes may
show differential manifestation at the behavioral level in differ-
ent subpopulations of women. As the number of women using
oral contraceptives constantly increases, while the age of first con-
traceptive use constantly decreases down to sensitive neuroplastic
periods during puberty, the associated changes in personality and
social behavior imply significant consequences for society.
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The menstrual cycle has attracted research interest ever since the 1930s. For many
researchers the menstrual cycle is an excellent model of ovarian steroid influence on
emotion, behavior, and cognition. Over the past years methodological improvements
in menstrual cycle studies have been noted, and this review summarizes the findings
of methodologically sound menstrual cycle studies in healthy women. Whereas the
predominant hypotheses of the cognitive field state that sexually dimorphic cognitive
skills that favor men are improved during menstrual cycle phases with low estrogen and
that cognitive skills that favor women are improved during cycle phases with increased
estrogen and/or progesterone, this review has not found sufficient evidence to support
any of these hypotheses. Mental rotation has gained specific interest in this aspect, but a
meta-analysis yielded a standardized mean difference in error rate of 1.61 (95% CI −0.35 to
3.57), suggesting, at present, no favor of an early follicular phase improvement in mental
rotation performance. Besides the sexually dimorphic cognitive skills, studies exploring
menstrual cycle effects on tasks that probe prefrontal cortex function, for instance verbal
or spatial working memory, have also been reviewed. While studies thus far are few,
results at hand suggest improved performance at times of high estradiol levels. Menstrual
cycle studies on emotional processing, on the other hand, tap into the emotional disorders
of the luteal phase, and may be of relevance for women with premenstrual disorders.
Although evidence at present is limited, it is suggested that emotion recognition,
consolidation of emotional memories, and fear extinction is modulated by the menstrual
cycle in women. With the use of functional magnetic resonance imaging, several studies
report changes in brain reactivity across the menstrual cycle, most notably increased
amygdala reactivity in the luteal phase. Thus, to the extent that behavioral changes have
been demonstrated over the course of the menstrual cycle, the best evidence suggests
that differences in sexually dimorphic tasks are small and difficult to replicate. However,
emotion-related changes are more consistently found, and are better associated with
progesterone than with estradiol such that high progesterone levels are associated with
increased amygdala reactivity and increased emotional memory.

Keywords: menstrual cycle, estradiol, progesterone, cognition, emotion, functional magnetic resonance imaging

INTRODUCTION
The menstrual cycle has attracted research interest ever since
the 1930s (Frank, 1931). Despite the extensive research on this
excellent and ecological model of ovarian steroid influence on
emotion, behavior, and cognition, relatively few findings have
emerged as conclusive. In fact, already in 1973 did Barbara
Sommer review the existing literature (at that point 33 scien-
tific papers were available) and concluded that no menstrual
cycle-related changes in cognitive and perceptual-motor perfor-
mance were evident (Sommer, 1973). Yet, she also concluded that
methodological problems were common, specifically concerning
menstrual cycle definition and hormonal state. With increas-
ingly accessible methods for steroid hormone analyses, both in
serum and saliva, tremendous improvements in menstrual cycle
studies have been achieved over the past years. One example of

this is premenstrual dysphoric disorder (PMDD), which used
to be a loosely defined syndrome with numerous, but inade-
quate, treatment options ranging from herbal remedies, to vita-
mins and progestagens. With strict definitions in the Diagnostic
and Statistical Manual of Mental Disorders, thorough menstrual
cycle phase staging and high-quality randomized clinical trials,
clinicians today are able to offer afflicted women effective and
evidence-based treatments (Marjoribanks et al., 2013).

The idealized menstrual cycle consists of 28 days, but it is nor-
mal that cycle length varies between 21 and 35 days (Lenton et al.,
1984a). The menstrual cycle length decreases with advancing age
(Lenton et al., 1984a), and approximately 7% of menstrual cycles
are shorter than 26 days (Brodin et al., 2008). Oligomenorrhea
is defined as menstrual cycle length of 35 days or more (Treloar
et al., 1967; Chiazze et al., 1968), and is in turn one of the
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criteria for the polycystic ovary syndrome (PCOS) (Rotterdam
ESHRE/ASRM-Sponsored PCOS Consensus Workshop Group,
2004). In an infertility setting, which may not be entirely rep-
resentative of the general population, 5.4% of menstrual cycles
are 35 days or longer (Brodin et al., 2008). The follicular phase is
characterized by follicular development, in response to increased
levels of follicle stimulating hormone (FSH) in the early follic-
ular phase, but later, as a dominant follicle has been selected the
stimulatory need for FSH gradually diminishes. The pool of grow-
ing follicles progressively increase their estradiol production, but
the pre-ovulatory estradiol surge is, in fact, a direct signal from
the dominant follicle to the hypothalamus that it is ready for the
final events leading up to ovulation (Speroff and Fritz, 2010).
Typically, the first seven days of the menstrual cycle (in this review
denoted as the early follicular phase) are characterized by low
serum levels of estradiol, around or below 200 pmol/l, but dur-
ing the first days of menses it is not uncommon to encounter
estradiol serum concentrations in the postmenopausal range, i.e.,
below 100 pmol/l (Figure 1). With the rise of a dominant folli-
cle, estradiol levels rapidly increase during the second week of
the menstrual cycle (late follicular phase), and during the pre-
ovulatory estradiol surge levels between 600 and 2500 pmol/l,
or even higher, may be encountered (Schuster et al., 2010). The
estradiol peak is followed 12–24 h later by the luteinizing hor-
mone (LH) surge, and ovulation, in turn, occurs typically 10–12 h
after the LH surge (Speroff and Fritz, 2010). The LH surge can be
measured by urinary LH kits, and it is generally advised to start
daily tests already on menstrual cycle day 10, in order to capture

the LH surge also in women with slightly shorter cycles. In the
clinic, a positive LH surge is sufficient for diagnosis of an ovula-
tory cycle, although it is sometimes argued that the final proof of
ovulation is the progesterone secretion of the luteal phase (Speroff
and Fritz, 2010).

Following ovulation, the dominant follicle develops into a cor-
pus luteum which is capable of estradiol as well as progesterone
synthesis (Speroff and Fritz, 2010). Progesterone, at this stage,
is needed for endometrial preparation for implantation, in case
of conception, and the progesterone peak on menstrual cycle
day 21 (or LH +8) coincides with the endometrial implanta-
tion window on menstrual cycle day 21 (LH +8) (Nikas and
Makrigiannakis, 2003). If LH kits are not used, ovulation can
be confirmed by measurement of progesterone. In the clinic, a
progesterone serum concentration above 25 nmol/l on cycle day
21 is proof of an ovulatory cycle (Speroff and Fritz, 2010), but
progesterone levels >10 nmol/l (taken at some point during the
luteal phase) together with a report on normal cycle length can
also be used as an indicative of an ovulatory cycle (Nevatte et al.,
2013). Although estradiol generally has attracted more scientific
attention than progesterone in menstrual cycle studies, it should
be noted that the mid-luteal progesterone serum concentration
is approximately 100-fold greater than the estradiol levels at the
same time-point.

Great inter-individual differences in menstrual cycle length
and hormone levels are, however, at hand. In young women, devi-
ations from the typical 28-day menstrual cycle is due to a shorter
or prolonged follicular phase (Lenton et al., 1984a), whereas the

FIGURE 1 | Estradiol and progesterone levels across the menstrual

cycle, frequently sampled in 47 healthy women, 18–42 years old, with

self-reported history of regular menstrual cycles, and no hormonal

use. Cycle phase staging was accomplished by forward counting from

onset of menstrual cycle (days 1–7), backward counting from day of LH
surge (days 8–11, and days 12–14), forward counting from LH surge (days
15–18, and days 19–23) and backward counting from onset of next
menses (days 24–28).

Frontiers in Neuroscience | Neuroendocrine Science November 2014 | Volume 8 | Article 380 | 17

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


Sundström Poromaa and Gingnell Menstrual cycle, cognition and emotion

luteal phase is considered relatively stable with 14 days from the
LH surge to onset of menses. In women approaching their forties,
shorter menstrual cycle intervals may, however, also be due to a
shorter luteal phase as a first sign of ovarian aging, i.e., corpus
luteum insufficiency. Short luteal phases occur in approximately
5% of menstrual cycles (Lenton et al., 1984b). Also, great inter-
individual variability in hormone levels are typically encountered
during the peak hormone phases, and skewed distributions of
estradiol and progesterone serum concentrations are typically
found, Figure 1.

Estradiol and progesterone are both highly lipophilic and eas-
ily pass through the blood-brain barrier. In fact, animal studies
and post-mortem studies in reproductive and postmenopausal
women indicate that estradiol and progesterone are accumulated
in the brain (Bixo et al., 1986, 1995, 1997), with the high-
est concentration of progesterone found in the amygdala (Bixo
et al., 1997). The estradiol receptors (ERα and ERβ) and the
progesterone receptors (PRA and PRB) are highly expressed in
brain areas associated with reproduction, cognitive function, and
emotional processing such as the hypothalamus and the limbic
system (for review, see Gruber et al., 2002; Brinton et al., 2008).
For example, the expression of the estradiol receptors has been
demonstrated in the human amygdala, hippocampus, claustrum,
hypothalamus, and the cerebral cortex. Within the human cere-
bral cortex, the most distinct expression of estradiol receptors is
found in the temporal cortex (Osterlund et al., 2000a,b). While
human studies are not available for progesterone receptors, ani-
mal data suggest that progesterone receptors are also distributed
throughout the amygdala, hippocampus, hypothalamus, thala-
mus, and the frontal cortex (Kato et al., 1994; Guerra-Araiza et al.,
2000, 2002, 2003). Additional membrane-bound receptors have
emerged as potential mediators of rapid non-genomic effects of
estradiol and progesterone in rodent brain, namely G protein-
coupled estrogen receptors (GPERs) which are responsive to
estradiol in the hippocampus, hypothalamus, cortex and substan-
tia nigra (Hazell et al., 2009). Progesterone, on the other hand,
has been reported to bind to the progesterone receptor membrane
component 1 (PGRMC1) in the cerebellum, cortical regions, hip-
pocampus, and hypothalamic nuclei (Intlekofer and Petersen,
2011). In addition, progesterone can also be metabolized into
neuroactive steroids, among which allopregnanolone and preg-
nanolone are the two neurosteroids most studied. Neurosteroids
potentiate the GABAA receptor, where they increase hyperpolar-
ization and act in a similar manner to barbiturates and benzodi-
azepines (Melcangi et al., 2011). As GABA is the major inhibitory
transmitter in the central nervous system, acute administra-
tion of allopregnanolone has sedative, anxiolytic, anti-convulsant
properties but may also negatively influence cognitive function
(Johansson et al., 2002; Kask et al., 2008a; Melcangi et al., 2011). A
functionally relevant amount of allopregnanolone is synthesized
in the brain, but the main source of brain and serum allopreg-
nanolone in non-pregnant women is progesterone synthesized by
the corpus luteum (Ottander et al., 2005).

METHODS
Over the past years menstrual cycle studies have greatly improved
in quality, and strategies and methods for menstrual cycle studies

have been established (Becker et al., 2005). Such methods include
correct classification of menstrual cycle stage by use of hormonal
measures (serum or saliva hormone concentrations, basal body
temperature (BBT), or assessments of the LH surge) in addition
to calendar-based assessments (Becker et al., 2005). Peripheral
concentrations of estradiol and progesterone vary substantially
between individuals (Figure 1), why a single measurement alone
is insufficient for cycle phase determination. Instead, a com-
bination of calendar method and cycle phase determination is
needed. For follicular phase assessments, forward counting from
menstrual cycle onset together with a hormonal measurement is
sufficient. In the luteal phase, two different approaches are possi-
ble: (1) forward counting of days from onset of the LH surge (or
BBT rise) or (2) backward counting from onset of next menses
together with a progesterone assay. If hormone measures suggest
that the cycle phase is incorrect subjects should, of course, be
excluded.

In this study we have only accepted studies that have employed
some type of hormonal assessment for confirmation of cycle
phase according to previous guidelines (Becker et al., 2005). The
grand majority of studies included employed either saliva or
serum concentrations of hormones, but two studies relied on LH
detection only (Epting and Overman, 1998; Pletzer et al., 2011) or
basal body temperature (Solis-Ortiz et al., 2004; Solis-Ortiz and
Corsi-Cabrera, 2008), respectively. In the manuscripts reviewed,
a minority clearly stated that hormonal measurements had been
used to exclude subjects who fell out-side of the stipulated cycle
phases. For this reason we had to accept all manuscripts that con-
tained some hormonal measurement, although it is unclear if
these measures in all cases were acted upon.

The menstrual cycle days reported in each individual study
was recalculated according to the idealized 28-day menstrual cycle
to facilitate comparison of menstrual cycle stage between stud-
ies. Furthermore in this review, early follicular phase is defined as
cycle day 1–7, late follicular phase as cycle day 8–14, early luteal
phase as cycle day 15–21 and late luteal phase as cycle day 22–28.
We have also consistently used the reproductive vocabulary, i.e.,
early follicular, instead of menstrual, phase.

Results from counterbalanced, longitudinal designs and cross-
sectional studies have been separated, with greater emphasis
on findings gained by longitudinal studies. Longitudinal stud-
ies typically find less pronounced menstrual cycle changes than
cross-sectional designs, but are susceptible to training or learn-
ing effects (which may be circumvented by counterbalancing the
order of study entries). Two of the longitudinal studies included
were unbalanced (Becker et al., 1982; Courvoisier et al., 2013), but
this has been specifically noted in the results.

The cross-sectional design, on the other hand, is suscepti-
ble to selection bias and may end up measuring effects that are
more related to inter-individual performance differences than
hormonal effects. For this reason the cross-sectional design is
associated with an increased risk of chance findings, although
this risk can be counteracted by increasing the sample size. With
certain experimental set-ups it may, however, be impractical, or
sometimes not even possible, to repeat experiments over time.

A meta-analysis was conducted for the error rate in men-
tal rotation tasks by use of the Meta-analysis with Interactive
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eXplanations (MIX) 2.0 Pro software package. The standardized
mean difference in error rate with a 95% confidence interval (CI)
was calculated on the basis of mean differences, standard devi-
ations and the number of participants in each of the included
studies.

COGNITIVE TASKS ACROSS THE MENSTRUAL CYCLE
The predominant hypotheses in the field of menstrual cycle-
related cognitive changes state that: (1) Sexually dimorphic cog-
nitive abilities/skills that favor men are improved during phases
with low estrogen and progesterone levels such as the early fol-
licular phase, (2) Sexually dimorphic cognitive abilities/skills that
favor women are improved during phases with increased estro-
gen and/or progesterone such as the late follicular phase and
mid-luteal phase. Studies along these two hypothesis has been
reviewed, although not exclusively so.

VISUOSPATIAL ABILITY
Mental rotation
Men outperform women on tasks reflecting visuospatial ability,
at least as long as tasks cannot be verbalized (such as object
location tasks, small-scale navigation, and landmark-based nav-
igation) (Andreano and Cahill, 2009). The most commonly used
test, which also consistently differ between men and women is
mental rotation (Andreano and Cahill, 2009). Findings on mental

rotation performance across the menstrual cycle are summarized
in Table 1. A mentioned concern has been that the mental rota-
tion task should be sufficiently difficult, i.e., three-dimensional
instead of two-dimensional depictions and large, as opposed to
small, angular disparities should be used in order for menstrual
cycle phase differences to be detected (Hausmann et al., 2000;
Hampson et al., 2014). As seen in Table 1, because of these
concerns, most researchers over the past decade have used the
Shepard Metzler or Vandenberg & Kuse mental rotation tasks.
While the majority of studies in Table 1 do not demonstrate the
expected improved performance in the early follicular phase, or
at times of low estradiol levels (Gordon and Lee, 1993; Epting
and Overman, 1998; Halari et al., 2005; Schoning et al., 2007;
Mordecai et al., 2008; Kozaki and Yasukouchi, 2009; Griksiene and
Ruksenas, 2011, however see Hausmann et al., 2000; Maki et al.,
2002; Courvoisier et al., 2013; Hampson et al., 2014), significant
methodological concerns are at hand in a significant proportion
of the studies. For instance, two studies included samples sizes
that were extremely small (Hausmann et al., 2000; Dietrich et al.,
2001), one study used an unbalanced longitudinal design which
may have opened up for training effects (Courvoisier et al., 2013),
one study reported on a composite score for visuospatial tasks
which may have precluded the detection of more direct effects
on mental rotation (Gordon and Lee, 1993), and one study used
a task originally developed for children which may have been too

Table 1 | Menstrual cycle studies on mental rotation.

Authors Subjects Cycle Task Result Cohen’s d E2

and design phases (error rate) correlationsc

LONGITUDINAL

Gordon and Lee, 1993a 34 NC/34 OC 2–3/10–14/20–24 Shepard Metzler No effect of phase or OC

Epting and Overman, 1998 27 NC 3–4/21–22 Male figures No effect of phase 0.06

Hausmann et al., 2000 8 NC 2/22 Vandenberg Kuse ↑ early follicular 0.84 −0.48/−0.70*e

Dietrich et al., 2001 6 NC Menses/11–12 Vandenberg Kuse no effect of Phase

Maki et al., 2002 16 NC 1–3/19–24 Vandenberg Kuse ↑ early follicular 0.97 −0.51*

Schoning et al., 2007 20 NC 1–3/21–25 Vandenberg Kuse No effect of phase 0.22

Mordecai et al., 2008 16 NC/20 OC 2–4/20–22 Vandenberg Kuse No effect of phase or OC 0.03

Kozaki and Yasukouchi,
2009

16 NC 1–3/high E2 Shepard Metzler No effect of phase 0.33

Griksiene and Ruksenas,
2011

20 NC/23 OC 2–5/14/20 Shepard Metzler No effect of phase or OCf

Courvoisier et al., 2013b 7 NC Once daily 8 weeks Shepard Metzler ↑ at low E2 phases 0.26

CROSS-SECTIONAL

Halari et al., 2005c 42 NC 3–7 Vandenberg Kuse No hormonal correlations −0.29

Hampson et al., 2014c,d 44 NC Low-E2/highE2 Vandenberg Kuse ↑ low E2 1.14 −0.37*

Clock rotation test, easy No effect of phase 0.11

Clock rotation test, hard ↑ low E2 0.85 −0.38*

NC, normal cycling; OC, oral contraceptive users; E2, estradiol.
aA composite score consisting of Shepard Metzler, 3D clocks, point location, and a test of perceptual closure was reported.
bUnbalanced design, correlation reported for E2 and error rate.
cPartial correlation with control for sex hormone binding globulin (SHBG), otherwise Pearson’s correlation.
d Low E2 had mean saliva concentration of 3.17 ± 1.0 pg/mL and high E2 6.24 ± 1.7 pg/mL, regardless if tests had been made in the follicular or luteal phases.
eTwo correlation coefficients were reported, from the first and second test session.
f Third generation OC users had longer reaction times in the mental rotation task than normal cycling women, but did not differ in accuracy.
* p < 0.05.

Frontiers in Neuroscience | Neuroendocrine Science November 2014 | Volume 8 | Article 380 | 19

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


Sundström Poromaa and Gingnell Menstrual cycle, cognition and emotion

easy (Epting and Overman, 1998). In addition, the cross-sectional
study by Halari included women in a very narrow time-frame
in the follicular phase, whereby the possibility to detect estradiol
correlations were in fact minimized (Halari et al., 2005). Finally,
two of the studies were neuroimaging studies and it cannot be
excluded that behavioral measures in the scanner may differ from
that obtained in pure behavioral studies (Dietrich et al., 2001;
Schoning et al., 2007). However, even if the studies with method-
ological concerns are disregarded, four out of the six remaining
studies were unable to detect any menstrual cycle differences
in mental rotation performance (Maki et al., 2002; Schoning
et al., 2007; Mordecai et al., 2008; Kozaki and Yasukouchi, 2009;
Griksiene and Ruksenas, 2011; Hampson et al., 2014).

Six of the mental rotation studies provided sufficient infor-
mation for inclusion in a meta-analytic approach (Epting and
Overman, 1998; Hausmann et al., 2000; Maki et al., 2002;
Schoning et al., 2007; Mordecai et al., 2008; Kozaki and
Yasukouchi, 2009). The meta-analysis yielded an standardized
mean difference in error rate of 1.61 (95% CI −0.35 to 3.57, ns),
at present suggesting no favor of an early follicular phase improve-
ment in mental rotation performance. If the meta-analysis is nar-
rowed down to studies using the Shepard Metzler or Vandenberg
& Kuse tasks, this finding remains, standardized mean difference
1.73 (95% CI −0.29 to 3.76, ns). However, it should be noted that
while the meta-analysis failed to provide a significant finding, this
may very well be due to low power. Another finding that may
suggest that further studies in this field should be pursued was
that most correlational analyses revealed a negative correlation
between mental rotation accuracy and estradiol levels, Table 1.

The neural correlates of mental rotation has been evaluated
in relation to the menstrual cycle by two studies (Dietrich et al.,
2001; Schoning et al., 2007). Both studies report changes in brain
reactivity across the menstrual cycle and an increased reactivity
in Brodmann area (BA) 39, or the angular gyrus, during presence
of high levels of estradiol. Angular gyrus is involved not only in
verbal processing but also in spatial judgment (Chen et al., 2012;
Seghier, 2013) and according to the authors, the increased reac-
tivity may reflect an increased need to recruit this area to solve
the task at hand during the luteal phase (Schoning et al., 2007;
Dietrich et al., 2001).

Yet at the same time, while the hypothesis that mental rotation
performance should be superior during phases of low estrogen
and progesterone levels could not be substantiated at this stage,
future studies may very well alter the picture. There are sev-
eral reasons for this, first it should be noted that studies that
have claimed positive findings almost consistently have reported
findings in the same direction, i.e., toward improved mental rota-
tion performance in the early follicular phase. Clearly, adequately
powered studies should settle this issue, and by including suffi-
cient information on outcomes, future meta-analyses could, in
fact, alter the results of the present review. Secondly, the hypoth-
esis for mental rotation performance may have been too loosely
defined. Most studies have used the mid-luteal phase as con-
trast to the early follicular phase, but at this stage it may be
that estradiol levels are not sufficiently elevated for an effect to
be noted, or that the mid-luteal progesterone surge counteracts
the effect of estradiol. Finally, another interesting aspect is that

women with polycystic ovary syndrome, which is characterized by
hyperandrogenism (i.e., elevated androgen levels) display supe-
rior mental rotation performance in comparison with healthy,
naturally cycling women (Barry et al., 2013). Maybe a more
male-like performance should be expected not only in the early
follicular phase but also among anovulatory women with PCOS,
further emphasizing the need to evaluate not only estradiol but
also testosterone.

Other visuospatial tasks
Findings on a whole range of other tasks evaluating visuospa-
tial ability is presented in Table 2. Besides mental rotation, spatial
tests can also broadly be categorized into tasks that evaluate spa-
tial perception and spatial visualization, and among the latter
navigation tests and object location test are included (Linn and
Petersen, 1985). Notably, while men outperform women on most
tasks reflecting visuospatial ability, a female advantage has been
noted for tasks that can be verbalized (such as object location)
(Andreano and Cahill, 2009). For this reason the hypothesis that
visuospatial task performance should be superior in the early fol-
licular phase should not include studies using the object location
task, where the opposite hypothesis may be more relevant.

However, except for two studies from the same group report-
ing improved performance on visuospatial performance during
the early follicular phase, or at times of low estradiol levels
(Hampson, 1990; Hampson et al., 2014), the majority of stud-
ies have not been able to discern any menstrual cycle influ-
ence on tests of visuospatial memory or ability (Phillips and
Sherwin, 1992; Gordon and Lee, 1993; Epting and Overman,
1998; Hausmann et al., 2000; Halari et al., 2005; Mordecai et al.,
2008; Solis-Ortiz and Corsi-Cabrera, 2008; Weis et al., 2011),
Table 2. Again, a number of methodological concerns have been
identified in the studies; several studies suffer from low power
(Hausmann et al., 2000; Solis-Ortiz and Corsi-Cabrera, 2008),
two studies report on a visuospatial composite score (Hampson,
1990; Gordon and Lee, 1993), and one study involved repeated,
daily testings during two menstrual cycles opening up for prac-
tice effects (Becker et al., 1982). Furthermore, because of the
variety of tasks reflecting various measure of spatial percep-
tion and spatial visualization, no attempt for meta-analysis was
made. Among the studies that reported a menstrual cycle influ-
ence, Hampson (1990) found improved visuospatial ability in the
menstrual phase using a composite score of three different tasks
(Hampson, 1990). Similarly, Hampson et al. (2014) evaluated
visuospatial abilities, including mental rotation, in women with
low (approximately corresponding to early follicular phase levels)
and high (approximately corresponding to late follicular levels)
estradiol levels, regardless if subjects had been assessed in the fol-
licular or luteal phases of the menstrual cycle (Hampson et al.,
2014). While this may be a biologically sound approach, it also
serves as an example that perhaps no predictive menstrual cycle-
related effects in visuospatial abilities exist, as low estradiol levels
can be found during the early follicular phase, post-ovulation, the
late luteal phase and during anovulatory cycles.

It may also be argued that certain math tests involve com-
ponents of visuospatial ability. Two studies have evaluated such
tests across the menstrual cycle (Becker et al., 1982; Pletzer et al.,
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Table 2 | Menstrual cycle studies and other visuospatial tests.

Authors and design Subjects Cycle phases Task Result Cohen’s d

LONGITUDINAL

Becker et al., 1982a 14 NC Once daily 2 cycles Spatial math test ↑ early follicular

Hampson, 1990 50 NC 3–5/–16 Space relations ↑early follicularc

Rod and Frame

Hidden Figures Test

Phillips and Sherwin, 1992 25 NC 3–4/19–24 Visual reproduction (VMS) ↑ early follicular

Gordon and Lee, 1993b 34 NC/34 OC 2–3/10–14/20–24 Point Location No effect of phase or OC

Perceptual closure No effect of phase

Epting and Overman, 1998 27 NC 3–4/21–22 Rod and Frame No effect of phase 0.18

Object location (Silverman) No effect of phase 0.35

Water Level No effect of phase 0.09

Mordecai et al., 2008 16 NC/20 OC 2–4/20–22 Brief Visuospatial Memory Test No effect of phase or OC 0.13

Solis-Ortiz and Corsi-Cabrera, 2008 9 NC 1–2/13–14/20–21/24–25 Hidden Figures Test No effect of phase

Localization Test ↓ early follicular

Weis et al., 2011 14 NC 1–3/9–11/21–23 Figure comparison test No effect of phase

Hausmann et al., 2000 8 NC 2/22 Hidden Figures Test No effect of phase 0.13

CROSS-SECTIONAL

Halari et al., 2005 42 NC 3–7 Benton line orientation No hormonal correlations

Hampson et al., 2014d 44 NC Low E2/high E2 Perceptual closure ↑ low estradiol

NC, normal cycling; OC, oral contraceptive users; E2, estradiol; VMS, Wechsler memory scale.
aUnbalanced design.
bComposite score consisting of Shepard Metzler, 3D clocks, point location, and a test of perceptual closure was reported.
cComposite score of the three tests were used for statistical analyses, a polynomal correlation with E2 was also reported.
d Subjects were grouped according to saliva estradiol concentrations, regardless if tests had been made in the follicular or luteal phase.

2011). Although both studies reported on superior performance
in the follicular phase compared to the luteal phase, the study
by Becker and colleagues had an unbalanced longitudinal design,
and Pletzer and colleagues did not distinguish between the early
and late follicular phase, hence the role of low estradiol was
not entirely captured (Becker et al., 1982; Pletzer et al., 2011).
Performance on simple mathematical calculations such a subtrac-
tion and multiplication appear not to differ across cycle phases
(Hampson, 1990). No studies on menstrual cycle influence on
virtual and real world navigation have thus far been reported.

VERBAL TASKS
A female advantage for verbal fluency and verbal memory is
well documented (Andreano and Cahill, 2009). Accordingly, the
predominant hypothesis for menstrual cycle studies on verbal flu-
ency and memory has thus been that women should perform
better at these tasks during time-periods of high estradiol levels,
i.e., during the late follicular phase or mid-luteal phase.

The review of menstrual cycle studies on verbal tasks is sum-
marized in Table 3. Again, a number of studies have method-
ological flaws including low power (Rosenberg and Park, 2002;
Konrad et al., 2008; Solis-Ortiz and Corsi-Cabrera, 2008), multi-
ple test sessions in individual subjects (Rosenberg and Park, 2002;
Solis-Ortiz and Corsi-Cabrera, 2008), composite scores by which
specific task performance may be disguised (Gordon and Lee,
1993), or used unwisely chosen time-frames for their assessments
(Halari et al., 2005). The most frequently used tasks include ver-
bal fluency and verbal recall, but tests reflecting semantic retrieval

and implicit verbal memory have also been employed. As seen in
Table 3, relatively few studies have documented any significant
findings across the menstrual cycle and no consistent pattern,
according to the above hypotheses, emerges (Hampson, 1990;
Phillips and Sherwin, 1992; Gordon and Lee, 1993; Maki et al.,
2002; Rosenberg and Park, 2002; Halari et al., 2005; Konrad et al.,
2008; Mordecai et al., 2008; Solis-Ortiz and Corsi-Cabrera, 2008;
Hatta and Nagaya, 2009; Griksiene and Ruksenas, 2011; Jacobs
and D’Esposito, 2011; Hampson et al., 2014). Two imaging studies
have evaluated verbal tasks across the menstrual cycle. In line with
the behavioral results, Rumberg and colleagues found no differ-
ence in brain activation during verb generation between women
examined in the early follicular and late follicular/early luteal
phase (Rumberg et al., 2010). Dietrich, using a similar task, on
the other hand reported on increased activation of a number of
language related areas (BA 45/46, 6, and 40) during the late follic-
ular phase in comparison with the early follicular phase (Dietrich
et al., 2001).

However, two important points should be stressed regarding
verbal skills across the menstrual cycle. First, two studies have
evaluated verbal working memory, which also taps into prefrontal
dopaminergic function. The Rosenberg study, albeit small in sam-
ple size, is one of few studies which demonstrated improved
performance during phases of the menstrual cycle that are char-
acterized by high estrogen levels (Rosenberg and Park, 2002).
In addition, while the overall cycle effect was negative, Jacobs
and D’Esposito, in fact, demonstrated that verbal working mem-
ory task performance was modulated by an interaction between
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Table 3 | Menstrual cycle studies on verbal skills and verbal memory.

Authors and design Subjects Cycle phases Task Result Cohen’s d

LONGITUDINAL

Gordon and Lee, 1993a 34 NC/34 OC 2–3/10–14/20–24 Verbosequential score No effect of phase or OC 0.05

Griksiene and Ruksenas, 2011 20 NC/23 OC 2–5/14/20 Verbal fluency No effect of phase, NC > OC

Hampson, 1990 50 NC 3–5/–16 Verbal fluency No effect of phase

Hatta and Nagaya, 2009 30 NC 2–3/21–22 Verbal recall No effect of phase 0.23

Jacobs and D’Esposito, 2011b 24 NC 1–2/11–12 Verbal working memory No effect of phase

Konrad et al., 2008 12 NC 1–3/19–23 Synonym generation No effect of phase 0.04–0.23

Maki et al., 2002 16 NC 1–3/19–24 Verbal fluency ↑ midluteal 0.56

Implicit verbal memory ↑ midluteal 0.72

Explicit verbal memory No effect of phase −0.45

Mordecai et al., 2008 16 NC/20 OC 2–4/20–22 CVLT verbal recall No effect of phase
↑ active treatment in OC

0.30

Verbal fluency No effect of phase or OC 0.04

Phillips and Sherwin, 1992 25 NC 3–4/19–24 Immediate paragraph recall No effect of phase

Delayed paragraph recall No effect of Phase

Associate verbal recall No effect of Phase

Digit span No effect of phase

Solis-Ortiz and Corsi-Cabrera,
2008

9 NC 1–2/13–14/20–21/
24–25

Verbal fluency ↑ late follicular vs. late luteal

Rosenberg and Park, 2002 8 NC/10 OC 0, 7, 14, 21 Verbal working memory ↑ day 7 and 14 vs. day 0
and 21

No effect of OC

CROSS-SECTIONAL

Hampson et al., 2014c 44 NC lowE2/highE2 Rhyme generation No effect of phase 0.21

Synonym generation No effect of phase −0.18

Halari et al., 2005 42 NC 3–7 Verbal fluency No hormonal correlation

NC, normal cycling; OC, oral contraceptive users; E2, estradiol; CVLT, California Verbal Learning Test.
aComposite score consisting of perception, verbal recall and verbal fluency.
bA COMT genotype by phase interaction was reported.
cSubjects were grouped according to saliva estradiol concentrations, regardless if tests had been made in the follicular or luteal phase.

COMT Val158Met and estradiol levels (Jacobs and D’Esposito,
2011). In the presence of high late follicular phase estradiol levels,
an improved cognitive performance was found in Val/Val carriers
(which putatively is associated with lower frontal dopamine lev-
els), whereas a deteriorated performance was found in Met/Met
carriers in comparison with the performance during the early fol-
licular phase (Jacobs and D’Esposito, 2011). Thus, verbal working
memory seems to be one verbal task were estradiol load is impor-
tant, however, the genetic make-up of women may also influence
the outcome. Further discussion of tasks that probe the prefrontal
lobe are found below.

Secondly, although the menstrual cycle studies on verbal mem-
ory were mostly negative it should be noted that this does not
rule out the possibility of an estradiol influence. Verbal mem-
ory is a relatively common cognitive outcome in randomized
clinical trials on estrogen treatment in postmenopausal women,
and possibly the only cognitive task where there is some evi-
dence that estrogen treatment may have a beneficial effect.
According to a recent review, there is some evidence that estrogen
treatment protects verbal memory in surgically postmenopausal
women (Sherwin, 2012), whereas it has no effect when ini-
tiated more than a decade after the menopause. Possibly the

hormonal changes across the menstrual cycle are too swift to
detect an impaired performance in the relatively short early follic-
ular phase, especially since extremely low estradiol levels (in the
postmenopausal range) not are seen in all women, and if seen,
only for a few days. Evidence for this assumption may be drawn
from a study on young women treated with gonadotropin releas-
ing hormone agonists, which resulted in suppressed estradiol
levels. Following eight weeks of treatment, the estradiol sup-
pression obtained was associated with impaired verbal memory
performance (Craig et al., 2007).

COGNITIVE CONTROL
Given the suggested modulatory role for estrogen (and proges-
terone) in the frontal dopaminergic system (reviewed in Becker
and Hu, 2008), studies probing cognitive control across the
menstrual cycle have also been reviewed. Cognitive control has
been evaluated by use of the Wisconsin Card Sorting Test and
various inhibitory tasks. While Solis-Ortiz and co-workers ini-
tially reported on improved performance in the Wisconsin Card
Sorting Test during the early follicular and early luteal phase
(Solis-Ortiz et al., 2004), they later failed to replicate this finding
(Solis-Ortiz and Corsi-Cabrera, 2008). Using tasks that test the
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ability to inhibit prepotent responses, Colzato et al. reported on
less efficient inhibition in the late follicular phase (Colzato et al.,
2010), whereas Bannbers and colleagues found no effect of men-
strual cycle, either in accuracy or reaction time to a Go-NoGo
task (Bannbers et al., 2012). However, using a task that probed
inhibitory input control, as opposed to the Stop-signal task and
Go-NoGo concerned with inhibitory output control, Colzato and
colleagues demonstrated superior inhibition of return in the late
follicular phase (Colzato et al., 2012). Also, the tendency to choose
an immediate reward over greater, delayed rewards reportedly
decrease between the early and late follicular phase, and this
decrease is influenced by estradiol levels (Smith et al., 2014).
Finally, working memory is also a prefrontal cortex-dependent
cognitive function that supports an array of essential human
behaviors. As already mentioned in the section on verbal tasks,
verbal working memory performance appear superior at times
of high estradiol levels (Rosenberg and Park, 2002; Jacobs and
D’Esposito, 2011), and this may also be true for spatial working
memory (Hampson and Morley, 2013).

EMOTIONAL ASPECTS OF THE MENSTRUAL CYCLE
Over the past years, the menstrual cycle influence on emotional
processing, emotional memory, and fear conditioning has gained
increasing interest. While findings thus far are scarce, this line of
research taps into the emotional disorders of the menstrual cycle.

Many women suffer from emotional problems during the
menstrual cycle. Approximately 2–10% of women in child-
bearing ages are afflicted by severe premenstrual symptoms,
and 2–5% fulfill criteria for premenstrual dysphoric disorder
(PMDD) (O’Brien et al., 2011). Population-based epidemiolog-
ical studies furthermore suggest that sub-threshold PMDD may
be even more prevalent, found in 18% of women (Wittchen
et al., 2002). PMDD is typified by socially disrupting symp-
toms such as depressed mood, anxiety, and irritability which
consistently appear in the late luteal phase of the menstrual
cycle and remit 1–2 days after onset of menses (O’Brien et al.,
2011). Premenstrual emotional disturbances have consistently
been linked to progesterone exposure during the luteal phase,
as symptom remit during GnRH agonist suppression of ovarian
hormone levels, and are reinstated with progesterone add-back
(reviewed in Nevatte et al., 2013). However, the hormone fluc-
tuations of the menstrual cycle may also be of importance for
major depressive disorder and a number of anxiety disorders, as
the female bias for developing these disorders appear at menar-
che (suggesting activational effects of ovarian steroids) (Kessler
et al., 1993), but also because many women with these disor-
ders complain of a premenstrual worsening (Sigmon et al., 2000;
Kornstein et al., 2005; Nillni et al., 2012). Overall, besides the mate
preference studies (which is beyond the scope of this review, see
instead Gangestad and Thornhill, 2008; Jones et al., 2008; Little,
2013), the emotional processing aspects of the menstrual cycle are
far less researched than the cognitive aspects, Table 4. Notably,
most efforts in this area has had a cross-sectional approach, and
only two longitudinal studies have been identified (Conway et al.,
2007; Bayer et al., 2014).

A number of studies have investigated how facial emotion
recognition is affected by the menstrual cycle, Table 4. Compared

to the midluteal phase, a better emotion recognition accuracy has
been suggested in the early follicular phase (Derntl et al., 2013)
and late follicular phase (Derntl et al., 2008a,b) independent of
emotion stimuli, or specifically for sad faces (Guapo et al., 2009).
However, when working memory for facial emotion recognition
was tested, worse performance for sad and disgusted faces was
detected in the early follicular phase (Gasbarri et al., 2008), possi-
bly because the test incorporated cognitive aspects also influenced
by estrogen. Hence, emotion recognition accuracy appear poorer
in the luteal phase, specifically for the negative emotional stim-
uli (Derntl et al., 2008b) and these findings are corroborated by a
report on decreased facial recognition accuracy upon acute pro-
gesterone administration (van Wingen et al., 2007). Women also
demonstrate a greater tendency to perceive fearful expressions
(with averted as compared to direct gaze) as more intense if pro-
gesterone levels are high (Conway et al., 2007), and respond faster
to sad and angry situations or sad faces in the mid-luteal phase
(Gasbarri et al., 2008; Derntl et al., 2013), as well as to other
aversive stimuli, such as snakes (Masataka and Shibasaki, 2012).
However, all of these studies have been performed in healthy
women and it is unclear as to what extent premenstrual disorders
influence the overall results of these studies. While most stud-
ies used psychiatric interviews to exclude ongoing depressive and
anxiety disorders, only one study utilized daily symptom scoring
for diagnosis of PMDD, and consequently, exclusion of PMDD
in the control group (Rubinow et al., 2007). Not surprisingly,
women with PMDD showed impaired facial emotion recognition
performance and a negative bias (neutral faces being misjudged as
sad) in the luteal phase, whereas the controls did not differ across
cycle phases (Rubinow et al., 2007). Besides this finding, there is
plenty of evidence to suggest that PMDD is associated with altered
emotional processing across the menstrual cycle (Epperson et al.,
2007; Kask et al., 2008b; Bannbers et al., 2011; Gingnell et al.,
2012, 2013a, 2014; Hoyer et al., 2013; Comasco et al., 2014).
Clearly, these findings demonstrate that premenstrual disorders
need to be accounted for in menstrual cycle research on emotion
processing.

An increasing interest in menstrual cycle influence on emo-
tional memory has also been noted, Table 4. Emotional memory
depends on hypothalamus-pituitary-adrenal (HPA) axis hor-
mones and sympathetic activity, and a sex-related difference
has been suggested (Andreano and Cahill, 2009). Again, pro-
gesterone, and the luteal phase has attracted most attention,
presumably as progesterone in other species is considered a stress
hormone (Fajer et al., 1971; Frye, 2007; Axner, 2008), and because
of the close relationship between progesterone and the HPA axis,
notably most commonly studied in relation to onset of human
labor (Vrachnis et al., 2012). Across the menstrual cycle, base-
line cortisol levels appear unaltered (Nepomnaschy et al., 2011),
whereas cortisol reactivity to stress seem elevated in the luteal
phase (Kirschbaum et al., 1999).

Results on emotional memory throughout the menstrual cycle
relatively consistent. Whereas the only longitudinal study in the
field recently reported decreased recognition for negative items
in the luteal phase (Bayer et al., 2014), cross-sectional studies
have demonstrated no difference (Felmingham et al., 2012) or
enhanced memory for emotional items (Ertman et al., 2011) in
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Table 4 | Menstrual cycle studies on emotion processing.

Authors and design Subjects Cycle phases Design Task Result

EMOTION RECOGNITION

Derntl et al., 2013 37 NC 2–5/18–25 c.s Facial emotion recognition ↓ Accuracy mid-luteal phase

Affective responsiveness ↓ reaction times mid-luteal phase

Conway et al., 2007 52 NC Low P/high P Long Facial emotion recognition
(averted gaze)

↑ fearful faces perceived as more
intense in high P

Derntl et al., 2008a 32 NC 7–13/15–27 c.s Facial emotion recognition ↓ Overall accuracy luteal phase

Memory of emotion
recognition

No difference across cycle phases

Guapo et al., 2009 30 NC 1–5/12–14/21–23 c.s Facial emotion recognition ↓ Accuracy mid-luteal phase for
sad faces

van Wingen et al.,
2007

16 NC Day 2–7 P treatment Facial recognition ↓ Accuracy in P-treated

Gasbarri et al., 2008 56 NC 1–2/4–13/14–32 c.s Working memory for facial
emotion recognition

↓ Accuracy for sad and disgusted
faces in late follicular phase

EMOTIONAL MEMORY

Bayer et al., 2014 22 NC 1–4/17–23 Long Emotional memory (IAPS) ↓ Midluteal recognition for
negative items

Ertman et al., 2011 60 NC 1–14/15–28 c.s. Emotional memory (IAPS) ↑ Luteal free recall of negative
items

Nielsen et al., 2013 42 NC/36 OC 1–14/15–28 c.s. Emotional memory
(narrative)

↑ Luteal memory for peripheral
details

Andreano et al., 2008 64 NC 1–7/8–13/18–24 c.s. Emotional memory
(narrative) ± CPS

No effect of stress or cycle phase
on recall

Felmingham et al.,
2012

56 NC High P/low P c.s. Emotional memory
(IAPS) ± CPS

↑ memory during stress in high P

Kuhlmann and Wolf,
2005

27 NC/20 OC 2–4/20–24 Cortisol/placebo Emotional memory
(negative/neutral words)

No difference in cortiol-induced
retrieval impairment

FEAR LEARNING

Merz et al., 2012 60 NC/30 OC 3–8/20–26 c.s Fear conditioning +
cortisol/placebo

No difference across cycle phases

Milad et al., 2010 36 NC High E2/low E2 c.s Fear conditioning + fear
extinction

No difference between groups

Zeidan et al., 2011 34 NC High E2/low E2 c.s Fear conditioning + fear
extinction

No difference between groups

Fear extinction recall ↓ recovery of fear in high E2

Graham and Milad,
2013

31 NC Day 1–5 E2 treatment Fear conditioning + fear
extinction

No difference

Fear extinction recall ↓ recovery of fear in E2-treated

SPONTANEOUS INTRUSIVE RECOLLECTIONS

Ferree et al., 2011 54 NC 1–13/15–28 c.s Film clips ↑ SIR in early luteal phase

Soni et al., 2013 41 NC 7–11/16–20/24–28 c.s Film clips ↑ SIR in early luteal phase

NC, normal cycling; OC, oral contraceptive users; E2, estradiol; P, progesterone, c.s., cross-sectional; long, longitudinal-balanced; SIR, Spontaneous intrusive

recollections;, IAPS, International Affective Picture System; CPS, cold pressor stress.

the luteal phase. Furthermore, enhanced memory for peripheral
details of an emotional story has been linked to the luteal phase
(Nielsen et al., 2013) and emotional memory correlated positively
with progesterone levels sampled at the time of encoding (Ertman
et al., 2011).

Spontaneous intrusive recollections (SIR) are known to fol-
low emotional events in clinical and non-clinical populations,
among the former, posttraumatic stress disorder is the most obvi-
ous example. Indeed, also the menstrual cycle may influence such
recollections in trauma patients (Bryant et al., 2011) and as well

as in healthy women (Ferree et al., 2011; Soni et al., 2013). These
flashbacks or spontaneous intrusive recollections appear to be
more common if the trauma or experimental exposure to aver-
sive stimuli occurred in the luteal phase (Bryant et al., 2011; Ferree
et al., 2011; Soni et al., 2013), and again, progesterone levels were
positively correlated with SIR frequency (Ferree et al., 2011).

In addition, various strategies to modulate the HPA axis across
the menstrual cycle have been employed, for instance by corti-
sol treatment or by use of stress tests such as the Cold Pressor
Stress test (CPS). Kuhlmann and colleagues reported that cortisol
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treatment resulted in impairment of emotional verbal memory,
but found no difference in the cortisol-induced memory impair-
ment between women assessed in the follicular or luteal phases
(Kuhlmann and Wolf, 2005). While one study reported that
women with high progesterone levels had greater memory recall
for negative images if subjected to post-training CPS physical
stress (Felmingham et al., 2012), others found no difference across
cycle phases in memory performance following CPS (Andreano
et al., 2008). Andreano and colleagues, however, demonstrated
that post-CPS cortisol was correlated with memory retrieval in
the luteal phase although not in the follicular phase (Andreano
et al., 2008).

Fear conditioning is often used as a model for the forma-
tion of emotional memories (LeDoux, 2000). By using a 2-day
fear conditioning paradigm consisting of fear conditioning, and
extinction learning on the first day, and extinction recall and
fear renewal on the second day, Milad and others have over time
presented relatively consistent results as to the estradiol involve-
ment in consolidation or maintenance of extinction, whereas fear
acquisition and fear extinction appear not to be influenced by
hormonal state (Milad et al., 2010; Zeidan et al., 2011; Merz
et al., 2012; Graham and Milad, 2013), Table 4. Their studies
have suggested greater extinction memory (i.e., less recovery of
fear upon fear renewal) in women during the late follicular phase
or in women with high estradiol levels (irrespectively of cycle
phase) (Milad et al., 2010; Zeidan et al., 2011; Graham and Milad,
2013), corroborated by the finding that a single estradiol admin-
istration during the early follicular phase resulted in similarly
enhanced consolidation of extinction (Graham and Milad, 2013).
No effect of progesterone or the luteal phase was noted (Milad
et al., 2010; Zeidan et al., 2011). Thus, maintenance of fear extinc-
tion which is an important goal of cognitive behavioral therapy
appears superior if applied in the follicular rather than in the
luteal phase.

Clearly, all of these findings point toward altered emotion
processing across the menstrual cycle, which is in line with the
clinically relevant emotional disturbances that are reported by a
substantial fraction of women. Further studies in this area could
help explain the underlying mechanisms of emotional problems
in the luteal phase. However, longitudinal studies are awaited,
and preferably authors should investigate to which extent also
PMDD (or sub-threshold PMDD) influence their results. This
could be relatively easily achieved, for instance by asking women
to keep daily prospective records of mood symptoms throughout
the menstrual cycle in which they are tested.

The luteal phase is dominated by elevated progesterone and
estradiol, and without hormonal interventions, it may be difficult
to disentangle which of these two hormones is driving the results.
For instance, while it is generally accepted that progesterone is the
symptom provoking hormone in PMDD, hormone interventions
have suggested that also estradiol plays a role. Segebladh and col-
leagues treated PMDD women with GnRH agonists for hormone
suppression and evaluated the return of symptoms when women
were exposed to three different hormonal treatments. The com-
bination of a high estrogen dose (and progesterone) was more
symptom provoking than a low estrogen dose together with pro-
gesterone (Segebladh et al., 2009). Possibly, as one of the most

important aspects of estrogen action (in the brain and elsewhere)
is to up-regulate progesterone receptors, increased availability
to estrogen may thus result in more progesterone receptors for
progesterone to act upon.

Progesterone is also associated with more complex actions
than estradiol. On the one hand it has been associated with anxi-
olytic and sedative effects, on the other hand also with anxiogenic
and depressive states. For the interested reader, several reviews
on these conflicting aspects of progesterone action are available
(Sundstrom Poromaa et al., 2003; Backstrom et al., 2011). In
addition, it should be pointed out that women with premen-
strual disorders experience their most intense symptoms in the
late luteal phase, when progesterone levels are declining, not at
the progesterone peak (Nevatte et al., 2013).

fMRI STUDIES ON EMOTION PROCESSING DURING THE MENSTRUAL
CYCLE
Neuroimaging techniques, such as functional magnetic resonance
imaging (fMRI), are useful tools to gather further insight into
CNS processing. The effects of the menstrual cycle and other
hormone interventions during both emotional and cognitive
tasks was recently reported (Toffoletto et al., 2014), and this
review merely highlights studies which correspond to previously
reported behavioral data, Table 5. Most studies have used a lon-
gitudinal approach with repeated scanning sessions in the same
participants, but the use of different tasks and contrasts for gen-
eration of the fMRI results, as well as variations in time points
for assessments hampers the comparability of studies. However,
some tentative conclusions may be drawn.

A pattern of increased amygdala reactivity to negative emo-
tional stimuli in the luteal phase appears in several (Andreano and
Cahill, 2010; Gingnell et al., 2012; Bayer et al., 2014), but not in
all (Gingnell et al., 2013a,b) studies. A sensitivity in the amygdala
to increases in progesterone is also supported by the increased
reactivity in the amygdala, fusiform gyrus, inferior frontal gyri,
cerebellar vermis, and supplementary motor area observed after
acute progesterone administration (van Wingen et al., 2008). It
should also be noted that the decrease in amygdala reactivity
reported by Gingnell et al. is most likely due to habituation, as this
study was not counterbalanced for phase of entry (Gingnell et al.,
2013b). One cross-sectional study by Derntl et al. (2008a) report
the opposite pattern with amygdala reactivity to facial stimuli
being higher in the follicular than in the luteal phase. Being one of
the core structures in the fear network (Shin and Liberzon, 2010)
the sensitivity in the amygdala to changes in ovarian steroid hor-
mones across the menstrual cycle fits nicely with the increased
susceptibility to anxiety and depressive symptoms in the luteal
phase. Two studies have assessed brain reactivity during positive
stimuli and do not report menstrual cycle differences in amyg-
dala reactivity, but increases in the ACC reactivity during the
luteal phase (Protopopescu et al., 2005; Amin et al., 2006). In
response to negative emotional stimuli, the ACC reactivity has
been reported to decrease in the late follicular phase (Goldstein
et al., 2005).

Bayer et al. reported impaired recognition of negatively
valenced stimuli in the mid luteal phase, but otherwise no dif-
ferences in behavior have been reported in the longitudinal fMRI
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studies evaluating menstrual cycle effects (Bayer et al., 2014). One
reason for this may of course be lack of power. Due to costly and
time-consuming procedures, imaging studies tend to include few
participants. It may also be that brain reactivity represents a more
sensitive measure of the ovarian steroid hormone influence. This
is in parallel to the increased emotion-induced amygdala reactiv-
ity found in non-depressed, non-anxious healthy carriers of the
short version of the serotonin transporter promoter length poly-
morphism (Hariri et al., 2002; Fakra et al., 2009). However, the
lack of differences in behavioral measures may also be due to
the fact that healthy women are capable of using compensatory
mechanisms to adjust for the different hormonal exposures. This
further highlights the importance of the chosen paradigms for
fMRI and that due care should be made to assure that the used
stimuli is relevant to the mechanism that is to be studied.

In conclusion, the hitherto performed fMRI-studies rarely
report of behavioral differences across phases, but indicate that
brain reactivity may differ. The most consistent finding so far
appears to be an increased amygdala response to negative emo-
tional stimuli in the luteal phase, and an increase in ACC reactiv-
ity during the processing of positive stimuli in the luteal phase,
but the lack of replications, and differences in used paradigms
limits the conclusions that can be drawn.

CONCLUSION
The menstrual cycle remains an intriguing, natural experiment of
relevance to many researchers in medical and psychological dis-
ciplines. While the earliest reports on menstrual cycle findings
were devoted to explore the suitability of women in work-life
and areas dominated by males (Sommer, 1973), the past years
research appear driven by the increasing interest in sex influences
on neurobiology. However, despite its’ immediate appeal and
accessibility, menstrual cycle studies require skillful and meticu-
lous handling (Becker et al., 2005), and positive findings have in
many cases turned out to be notoriously difficult to replicate.

According to this review, the best evidence suggest that dif-
ferences across the menstrual cycle in sexually dimorphic tasks,
such as mental rotation, visuospatial ability, verbal memory and
verbal fluency, are small and difficult to replicate. This finding
is partly in line with previous reviews which have either sug-
gested no influence of the menstrual cycle (Sommer, 1973), or
some influence although at the same time emphasizing that such
changes would not be clinically relevant (Sherwin, 2012). Also, in
perspective of the difficulties in establishing a firm role for estro-
gen treatment on cognitive function in postmenopausal women
(Sherwin, 2012) (some evidence suggest a positive influence by
estrogen on verbal memory if estrogen treatment is initiated in
close temporal relationship with the menopause, Sherwin, 2012),
it may not come as a surprise that menstrual cycle studies have,
for the most part, failed to prove a menstrual cycle influence
on cognitive function. Factors contributing to this may include
the younger age of women included in menstrual cycle studies
(assuming that a positive or protective effect of estrogen would
be more difficult to detect in young women due to roof effects,
i.e., a majority of women investigated at an age when cognitive
decline has not yet set in), or that longer exposure of estrogen
(or estrogen deficiency) is needed for detection of any cognitive

effects, or that the grand majority of menstrual cycle studies have
been underpowered to detect the presumably relatively small or
modest effect sizes across cycle phases. Another reason why find-
ings in menstrual cycle studies probing cognitive function have
been difficult to replicate may also be the genetic make-up of
women. Recently, Jacobs and D’Esposito demonstrated that pre-
frontal cortex activation in relation to a working memory task
was modulated by an interaction between COMT Val158Met
and estradiol levels (Jacobs and D’Esposito, 2011). Similarly, the
tendency to choose an immediate reward over greater, delayed
rewards decreases between the early and late follicular phase, and
this decrease was influenced by estradiol levels and driven by
Val/Val carriers of the COMT Val158 Met genotype (Smith et al.,
2014). Finally, in line with the above findings, yet another rea-
son for inconsistent menstrual cycle effects could be that estradiol
and/or progesterone act as modulators for other, classical neuro-
transmitters. For instance, in the above cited studies, the effect
of estradiol putatively depends on frontal dopamine levels. Given
the wide-spread interactions of estradiol and progesterone on the
serotonin neurotransmitter system (Bethea et al., 2002), GABA
(Sundstrom Poromaa et al., 2003), and neuropeptides such as
brain-derived neurotrophic factor (Comasco et al., 2014), addi-
tional complexity is brought into the picture. Disentangling these
relationships may help in in understanding why behavioral effects
of ovarian steroids are detected only inconsistently.

Further studies on the menstrual cycle modulation of emo-
tional processing are also of importance, as they may ultimately
be relevant to women’s mental health. Premenstrual disorders,
i.e., premenstrual syndrome and premenstrual dysphoric disorder
are relatively common in women of fertile ages, and represent a
great burden for afflicted women, often associated with impaired
social or work-related functioning. This review has emphasized
that the luteal phase is associated with impaired emotion recog-
nition accuracy (Conway et al., 2007; van Wingen et al., 2007;
Derntl et al., 2008b, 2013; Gasbarri et al., 2008; Guapo et al., 2009)
and enhanced emotional memory. Emotional events that occur
during the luteal phase more often result in spontaneous intrusive
recollections (Ferree et al., 2011; Soni et al., 2013), and trau-
matic flashback memories are more common when the trauma
takes place in the luteal phase (Bryant et al., 2011). In addition,
a number of studies have pin-pointed progesterone as the driv-
ing factor for these findings; progesterone levels correlated with
emotional memory (Ertman et al., 2011) and positively predicted
intrusive memories (Ferree et al., 2011). A number of imaging
studies have also reported on increased luteal phase reactivity in
core structures of the fear network such as amygdala (Andreano
and Cahill, 2010; Gingnell et al., 2012; Bayer et al., 2014) and
the anterior cingulate cortex (Protopopescu et al., 2005; Amin
et al., 2006). Again, progesterone appear a key factor for this
finding as increased amygdala reactivity became evident follow-
ing progesterone administration in the early follicular phase (van
Wingen et al., 2008). Taken together, these findings suggest that
progesterone, or at least the combined effect of estradiol and pro-
gesterone of the luteal phase, have the ability to influence various
aspects of emotional processing, which may have repercussions
for the clinical presentation of emotional disturbances in the
luteal phase. Further studies in this area are awaited.
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In conclusion, to the extent that behavioral changes have been
demonstrated over the course of the menstrual cycle, the best evi-
dence suggests that differences in sexually dimorphic tasks are
small and difficult to replicate. However, emotion-related changes
are more consistently found, and are better associated with pro-
gesterone than with estradiol, such that high progesterone levels
are associated with increased amygdala reactivity and increased
emotional memory.
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The growing interest in intrinsic brain organization has sparked various innovative
approaches to generating comprehensive connectivity-based maps of the human brain.
Prior reports point to a sexual dimorphism of the structural and functional human
connectome. However, it is uncertain whether subtle changes in sex hormones, as occur
during the monthly menstrual cycle, substantially impact the functional architecture of the
female brain. Here, we performed eigenvector centrality (EC) mapping in 32 longitudinal
resting state fMRI scans of a single healthy subject without oral contraceptive use, across
four menstrual cycles, and assessed estrogen and progesterone levels. To investigate
associations between cycle-dependent hormones and brain connectivity, we performed
correlation analyses between the EC maps and the respective hormone levels. On the
whole brain level, we found a significant positive correlation between progesterone and EC
in the bilateral dorsolateral prefrontal cortex (DLPFC) and bilateral sensorimotor cortex. In
a secondary region-of-interest analysis, we detected a progesterone-modulated increase
in functional connectivity of both bilateral DLPFC and bilateral sensorimotor cortex with
the hippocampus. Our results suggest that the menstrual cycle substantially impacts
intrinsic functional connectivity, particularly in brain areas associated with contextual
memory-regulation, such as the hippocampus. These findings are the first to link the
subtle hormonal fluctuations that occur during the menstrual cycle, to significant changes
in regional functional connectivity in the hippocampus in a longitudinal design, given the
limitation of data acquisition in a single subject. Our study demonstrates the feasibility of
such a longitudinal Resting-state functional Magnetic Resonance Imaging (rs-fMRI) design
and illustrates a means of creating a personalized map of the human brain by integrating
potential mediators of brain states, such as menstrual cycle phase.

Keywords: menstrual cycle, RS-fMRI, functional connectivity, estradiol, progesterone

INTRODUCTION
Sex hormones influence both brain and behavior and are potent
modulators of brain plasticity across the life-span (Peper et al.,
2011; Galea et al., 2013). Several lines of evidence from animals
and humans suggest sex hormones stimulate neurogenic cas-
cade processes by promoting neurite outgrowth (Minano et al.,
2008), mitochondrial and synaptic health (Hara et al., 2014), den-
dritic branching (Hao et al., 2006) and myelination (Patel et al.,
2013), thus playing a pivotal role in structural brain organiza-
tion. Neuroimaging studies in humans have begun to address the
question of whether the effect of sex hormones on neural plas-
ticity is reflected in structural connectivity changes. Supporting

evidence stems from reports of increased hippocampal volume
in postmenopausal estrogen therapy users (Eberling et al., 2003;
Boccardi et al., 2006; Lord et al., 2008), as well as from studies
demonstrating hormonal contraceptive use to be associated with
larger gray matter volumes in cortical regions (Pletzer et al., 2010;
De Bondt et al., 2013a), and with changes in cerebral white matter
(De Bondt et al., 2013b).

The menstrual cycle offers a unique experimental-setup for
studying the potential effects of subtle physiological fluctuations
of sex hormones on structural or functional brain architecture.
FDG-glucose positron emission tomography (PET) data sug-
gests that, in primates, fluctuations of ovarian hormones across
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the menstrual cycle influence activity in brain areas involved in
the processing and regulation of emotion (Rilling et al., 2008).
Glucose metabolism in the human brain also displays changes
associated with the menstrual-cycle (Reiman et al., 1996). Reiman
and colleagues found significantly higher glucose metabolism in
the thalamus, as well as the prefrontal, temporo-parietal, and
inferior temporal cortex during the mid-follicular phase, when
estrogen levels are high. In contrast, higher metabolic rates were
found in the anterior insula, as well as the superior temporal,
anterior temporal, occipital, cerebellar, and cingulate cortex, dur-
ing the mid-luteal phase (Reiman et al., 1996). A study using
PET with high-specific-activity [11C]raclopride showed sex dif-
ferences in dopamine release between men and women (Munro
et al., 2006). Baseline striatal dopamine binding potential and
dopamine release in men and women following amphetamine
and placebo challenges were compared. There was no sex differ-
ence in baseline binding potential, but men had greater dopamine
release than women in the ventral striatum and additionally in
three of four striatal regions examined. Differences were revealed
in the anterior putamen, as well as the anterior and posterior
caudate nuclei, but not in the posterior putamen (Munro et al.,
2006).

In female cynomolgus monkeys an effect of menstrual cycle
phase on dopamine D2 receptor availability in the caudate
nucleus and putamen could be demonstrated (Czoty et al., 2009).
Using the selective D2-like receptor ligand [18F]fluoroclebopride
PET scans were conducted during the luteal phase and during the
follicular phase of the menstrual cycle. Distribution volume ratios
for the caudate nucleus and putamen were calculated using the
cerebellum as the reference region and were used as a measure of
D2 receptor availability. [18F]fluoroclebopride distribution vol-
ume ratios were significantly higher in the luteal phase compared
to the follicular phase in both the caudate nucleus (11.7% differ-
ence, p = 0.02) and putamen (11.6% difference, p = 0.03) (Czoty
et al., 2009). The authors conclude that menstrual cycle may
influence striatal dopamine receptor availability.

Resting-state functional Magnetic Resonance Imaging (rs-
fMRI) focuses on the assessment of spontaneous low frequency
fluctuations in brain activity, in the absence of a task (Biswal
et al., 1995). Measures of connectivity between these sponta-
neous fluctuations have been shown to reflect communication
across large-scale networks in the human brain (Nir et al., 2008;
Biswal et al., 2010; Keller et al., 2013). Further, sexual dimor-
phism has been described for these intrinsic connectivity patterns
(Biswal et al., 2010; Tian et al., 2011). Given the wide expression
of receptors for both estrogen and progesterone in the human
brain, including many highly interconnected regions (McEwen,
2002; Brinton et al., 2008; Weiser et al., 2008), fluctuations of
ovarian hormones related to the menstrual cycle likely influ-
ence the nature of communication between these brain regions.
Intrinsic functional connectivity based on fMRI is especially sen-
sitive to such coupling dynamics and can provide information
about network relationships on a whole brain level (Buckner
et al., 2013).

One common method to assess global network connectiv-
ity is to calculate eigenvector centrality (EC) (Lohmann et al.,
2010; Sato et al., 2014), a graph-based measure of centrality

that also takes the centrality of nodes that it connects to into
account (Bonacich, 1972). In graph theory, a network is defined
as a collection of items (nodes) that possesses pairway relation-
ships (edges) (Sato et al., 2014). The EC of a node is propor-
tional to the EC of the nodes in its neighbors and measures
how the neighbors of a node are connected to the network
(Bonacich, 1972). Moreover, EC quantifies the hierarchical rel-
evance of a node. As we aim for a whole brain investigation
of hierarchical network changes across the menstrual cycle, we
chose not to apply other graph-based centrality methods such
as degree, closeness or betweeness, which are less suitable for
whole brain maps due to computational complexity (Lohmann
et al., 2010). Furthermore, we refrain from using model-free
approaches, such as independent component analysis (ICA), as
for successful ICA-application substantial a posteriori selection
of valid components must be made (reviewed by Margulies et al.,
2010). Instead, EC is parameter-free, computationally fast and
does not depend on prior assumptions (Lohmann et al., 2010).
In a functional context, EC has been shown to be more sensitive
to paralimbic and subcortical regions (brain regions particu-
larly rich in sex hormone receptor density) (Zuo et al., 2012).
Changes in EC signal have previously been linked to develop-
mental changes of the brain (Sato et al., 2014), changes in motor
function (Taubert et al., 2011) and pharmacologically induced
changes in neurotransmitter levels (Schaefer et al., 2014). We
acknowledge that EC is a measure that can be viewed as dif-
ficult to relate to function in a particular cognitive domain or
to specific behavioral aspects. Buckner et al. (2013) propose in
their expert-consensus statement that intrinsic functional con-
nectivity provides a powerful and unique tool to provide insight
into human brain organization. They further discuss this tech-
nique as based on an inherently ambiguous measure that reflects
constraints both from static anatomical connectivity and from
poorly understood dynamic functional coupling changes and rec-
ommend using this measure as a suitable tool for generating
hypotheses about brain organization that will require further
study.

To date, two recent studies have investigated resting state con-
nectivity data across the menstrual cycle in humans (Petersen
et al., 2014; Hjelmervik et al., 2014). The first (Hjelmervik et al.,
2014) did not find any evidence for functional connectivity
changes across the menstrual cycle. However, the authors limited
the monitoring of the menstrual cycle to subjective subject-
reporting, assessment of sex hormone fluctuation across the
menstrual cycle to the collection of saliva samples of estrogen
and progesterone at three time-points and did not include any
LH measurements to further confirm ovulation. The analysis of
the second study (Petersen et al., 2014) was constrained to the
anterior default mode network (aDMN) and the executive control
network, in a between-group design. The authors found greater
connectivity between the aDMN and the angular gyrus in women
scanned in the follicular phase vs. women scanned in the luteal
phase (Petersen et al., 2014).

There are also EEG-measurements in resting humans (rest is
typically dominated by alpha oscillations): Brotzner et al. (2014)
correlated frequency of alpha oscillations in resting women
with menstrual cycle phase, sex hormone level, or use of oral
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contraceptives and suggest a modulation of resting alpha fre-
quency by endogenous estradiol. There was no association with
endogenous progesterone in this study. Luteal women showed
highest and late follicular women showed lowest individual alpha
frequency or center frequency that both correlated negatively
with endogenous estradiol level, but not with endogenous pro-
gesterone (Brotzner et al., 2014).

Several important conclusions on the role of sex hormones in
neuroplastic adaptation have also been drawn from studying the
menstrual cycle in animal models, such as rats (Tanapat et al.,
1999; Scharfman et al., 2003) or macaque monkeys (Czoty et al.,
2009). However, in contrast with the human cycle, the rat cycle is
much shorter, consisting of 4–5 days, and also the macaque estrus
displays distinct differences compared to the human cycle that
can complicate direct translation of such findings across species.
Thus, there is substantial need for detailed studies in vivo in the
human menstrual cycle. Most studies that demonstrate menstrual
cycle related changes in brain structure and function report such
observations in the context of another main hypothesis aimed at
comparing men or women or women on and off oral contracep-
tion (Pletzer et al., 2010; De Bondt et al., 2013b; Petersen et al.,
2014).

One of the reasons explaining this lack of neuroimaging data
on the impact of the menstrual cycle on the human brain is
likely tied to the challenges of thoroughly monitoring the men-
strual cycle. An extensive body of literature from research on
accuracy for reports of the last menstrual period before a preg-
nancy suggests that subjective menstrual diaries are highly prone
to inaccuracies. For example, nearly 50% of women enrolling in
a study examining routine ultrasound screening for prediction of
gestational age had suspect menstrual histories (Campbell et al.,
1985). Only 39% of women correctly reported their last men-
strual bleeding when the time of recall was 3 weeks or longer,
most women tended to underreport the length of their men-
strual cycles at that time (Wegienka and Baird, 2005). Daily
measurements of core body temperature have been proposed as
a non-invasive method to monitor the menstrual cycle. However,
this method has also been demonstrated to be prone to error and
misreports of cycle-length because of the day-to-day variability
of temperature readings, cycle variability and the effects of ill-
ness, medication, diet and changes in sleeping patterns (Bauman,
1981; Leader et al., 1985). The menstrual cycle can be divided into
two main phases: the follicular phase between onset of menses
and ovulation with rising levels of estrogen and very low lev-
els of progesterone, and the luteal phase, starting after ovulation
until the onset of the next menses characterized by high levels of
progesterone and low levels of estrogen, especially premenstrual.
Thus, detection of sex hormone concentrations in blood at single
time-points to differentiate the follicular from the luteal phase is
not a feasible solution, either, as very similar estrogen concentra-
tions can be found during the late follicular and the mid-luteal
phase and more frequent samples are needed to establish luteal-
phase length and adequacy. Confirmation of luteinizing hormone
(LH)-concentration peak in urine samples collected at mid-cycle
(12–16 days in a typical cycle) represents a relatively non-invasive
option to determine ovulation, because an LH surge is a necessary
prerequisite for ovulation. To accurately stage the menstrual cycle

phase for the current project we used a combination of all of these
methods.

Detailed longitudinal studies of individual cases with rs-fMRI
are not common, however there is evidence supporting such a
longitudinal approach to be useful. One famous example derived
from the field of structural imaging is the single-subject template
“Colin’s Brain” (Holmes et al., 1998), a widely used brain atlas
based on 27 longitudinal scans of the same individual that allows
for a high resolution and fine structural details to be seen.

Our current research was motivated by the lack of data on
the potential impact of the menstrual cycle on functional brain
architecture as a primary research question. To our knowledge
no study to date has addressed the question whether men-
strual cycle related changes in endogenous sex hormones impact
intrinsic connectivity in the female brain using an extensive
intra-individual longitudinal design on a whole brain level. The
purpose of applying such a study-design is to address the follow-
ing aspects: (1) The menstrual cycle offers a unique experimental
set-up to study changes in endogenous sex hormones. However,
these changes are expected to be subtle, thus an intra-individual
longitudinal design will be beneficial to adequately capture such
potential effects. (2) The menstrual-related changes are expected
to occur within hours or days and recent evidence points toward
feasibility to visualize changes in intrinsic connectivity following
alteration in the neurochemistry of the brain on such a short-time
scale (Schaefer et al., 2014). The implementation of shortly-timed
intervals of scanning-sessions is a pre-requisite to assess changes
on such a short time-scale. We timed our scanning intervals to
occur every 2–3 days to account for this requirement.

The aim of the current study was to test the feasibility of such
an intra-individual longitudinal design by calculating EC, a mea-
sure of intrinsic connectivity across the whole brain. We hypoth-
esize the physiological fluctuations of endogenous estrogen and
progesterone levels during the menstrual cycle to significantly
impact intrinsic connectivity across the entire female brain.

METHODS
We repeatedly scanned a single, healthy 32-year old female subject
with a documented history of regular menstrual cycles. Exclusion
criteria were a history of psychiatric and neurological illness or
the suffering from other chronic illnesses. The participant was
screened using the Structured clinical interview for DSM to dis-
qualify any Axis I major mental disorders (First et al., 1955a), sup-
plemented by the exclusion of Axis II personality disorders (First
et al., 1995b). Additionally, we used the Hamilton Rating Scale for
Depression (HAM-D) to detect symptoms of clinical depression
(Hamilton, 1960), the Mood Spectrum self-report (MOODS-
SR) to exclude any subclinical manic-hypomanic symptoms
(Dell’Osso et al., 2002), and the State-Trait anxiety inventory
(STAI) to screen for clinical anxiety-symptoms (Spielberger and
Vagg, 1984). The subject was at a normal weight (BMI = 20.2),
antidepressant-naive, free of any medication including any con-
traceptives, and never pregnant or breast-feeding. Furthermore,
the participant was a non-smoker and did not have any current
or history of alcohol or any other substance abuse. The partici-
pant provided written informed consent to participate. Study and
recruitment procedures were carried out in accordance with the
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Declaration of Helsinki and approved by the research ethics board
of the University of Leipzig (EK-No.: 246—2009—09112009).

Following the MRI acquisition at each scan session, fasting
blood samples were taken to determine serum hormone lev-
els of estrogen, progesterone, LH, and cortisol. Blood samples
were analyzed at the Institute for Laboratory Medicine of the
University Hospital Leipzig by the fully automated Roche Cobas®
system (Roche, Basel, Switzerland). All samples were measured
within one plate; intra-assay coefficients of variance (CV) were
within 3.2–6% for estrogen, 2.3–5.2% for progesterone, 1.6–2%
for LH and 2.1–5.9% for cortisol. Menstrual cycles were further
monitored by LH surge ovulation tests (Diagnostik Nord GmbH
hLH-K20 hLH Kassettentest).

In order to detect any potential influence that mood or stress
levels may have on resting state connectivity, the following scales
were administered prior to every scan: the Visual Analog Scale
(VAS) (Grant et al., 1999), the Profile of Mood states (PoMS)
(Pollock et al., 1979), the Perceived Stress Scale (PSS) (Cohen
et al., 1983), and a standardized assessment of implicit positive
and negative affect (IPANAT) (Quirin et al., 2009).

MRI DATA ACQUISITION
Imaging was performed each second or third day across four men-
strual cycles: each session was started at a different menstrual
cycle day to control for any potential scanner-drift artifacts. Thus,
each scanning session provides data for one full menstrual cycle
scanned across two menstrual cycles (session 1: January 2012, ses-
sion 2: November 2012), resulting in 16 scans per session and a
total of 32 longitudinal scans of the same individual. To control
for circadian rhythm effects, every scan was collected at the same
time of the day (7:30 am).

All 32 MRI sessions were performed on a 3-Tesla Magnetom
Verio scanner (Siemens, Erlangen, Germany) equipped with a 32-
channel head array coil. In each session, resting-state fMRI data
were acquired using a gradient-echo echo-planar imaging (EPI)
sequence. The subject was asked to stay awake, relax, and look
at a low-contrast fixation cross. The following parameters were
used: 300 whole brain volumes, acquisition matrix = 64 × 64,
slice thickness = 4 mm (0.8 mm gap), resulting in a nominal voxel
size of 3 × 3 × 4.8 mm3. Further imaging parameters: 30 axial
slices, TR = 2000 ms, TE = 30 ms, flip angle = 90◦ and band-
width = 1954 Hz/pixel. The total scanning time for resting-state
fMRI was 10 min.

In addition, for the purpose of image registration and nor-
malization, high-resolution T1-weighted images were acquired
using a three-dimensional Magnetization-Prepared Rapid
Gradient Echo (MPRAGE) sequence. The Alzheimer’s Disease
Neuroimaging Initiative (ADNI) standard protocol was used with
the following parameters: TI 900 ms, TR 2300 ms, TE 2.98 ms,
flip angle 9◦, band width 238 Hz/pixel, image matrix 256 × 240,
176 partitions, FOV 256 × 240 × 176 mm3, sagittal orientation,
average voxel size 1 × 1 × 1 mm3.

DATA ANALYSIS
Preprocessing of all 32 resting-state fMRI data sets was performed
using SPM8 (Wellcome Department of Imaging Neuroscience,
London, UK) rev. 8.4010 using (Matlab™ 7.11) including

estimation and correction for motion and EPI deformation.
Functional images were then co-registered with the high-
resolution anatomical image, and normalization was performed
using the unified segmentation approach (Ashburner and Friston,
1997). Following normalization, the resulting voxel size of the
functional images was interpolated to an isotropic voxel size of
3 × 3 × 3 mm3. In the final step of the preprocessing, the func-
tional images were spatially smoothed with a Gaussian kernel of
8 mm full width at half maximum (FWHM).

To identify cycle-dependent connectivity changes, EC map-
ping (Lohmann et al., 2010) was performed using the LIPSIA
software package (Lohmann et al., 2001). EC is able to detect
central hubs within a brain network using an algorithm simi-
lar to Google’s PageRank algorithm, which highlights websites
most often linked to other highly interconnected websites (Brin
and Page, 1998). Similarly, we were interested in brain regions
of high individual connectivity that are, in addition, strongly
connected to other regions of high connectivity (i.e., functional
brain-hubs). Using EC mapping, we investigated potential cor-
relations between cycle-dependent sex hormone changes and
intrinsic functional connectivity. To restrict the EC analysis to
meaningful gray matter regions, a mask was generated using the
gray matter segmentation of the subject’s high-resolution T1-
weighted image. This gray matter segmentation was smoothed
with 4 mm FWHM, and voxels showing a minimum gray mat-
ter probability of 0.12 were included in subsequent EC analysis.
For all voxels within this mask, a similarity matrix was generated
including Pearson’s correlation coefficient between all resting-
state fMRI time courses. In order to use a similarity matrix with
only positive numbers, a value of 1 was added to all matrix entries
before computing the EC. According to the theorem of Perron
and Frobenius, this similarity matrix has a unique real largest
eigenvalue, and the corresponding eigenvector has strictly posi-
tive components (Perron, 1907). Then the EC map was generated
using the components of this eigenvector to determine the EC of
all voxels.

For each resting-state measurement, EC analysis was com-
puted separately resulting in a set of 32 EC maps. Statistical
analysis was performed with SPM8 based on the general lin-
ear model using a factorial design. The design matrix was build
using columns coding both scanning periods and further covari-
ates including ovarian hormone and cortisol levels. A contrast
was specified in order to test for positive or negative correlations
between hormones and EC. The resulting statistical paramet-
ric maps were processed using a voxel-wise threshold of p <

0.001, and remaining clusters were shown with correction for
multiple comparisons using family-wise error (FWE) correction
at p < 0.05. FWE (family wise error) correction for multiple
comparisons was applied correcting for n = 575 (the number
of resells = resolution elements that remain after smoothing the
image of the whole brain that contained 61940 voxels in total).

EC mapping is a measure of the interconnectedness of a brain
region with all other nodes. As it does not explain whether con-
nectivity changes are specific to another brain region, or reflect a
regionally unspecific and global change in connectivity, we per-
formed seed-based correlation analyses. To this end, we placed
seed-regions in the left and right DLPFC, and in the left and right
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sensorimotor cortex. We fed the resulting correlation maps into
a statistical analysis using the general linear model and included
progesterone level as a covariate in the design matrix. A contrast
was specified in order to test for a positive correlation between
progesterone levels and connectivity changes obtained by the
seed-based correlation analyses. The resulting statistical paramet-
ric maps were processed using voxel-wise thresholds of p < 0.005
and p < 0.001, and an extent threshold of k > 20 voxels.

RESULTS
HORMONE ASSESSMENT
Hormone analyses confirmed characteristic patterns for estrogen
and progesterone across all menstrual cycles assessed (for details,
see Figure 1).

EC MAPPING- WHOLE BRAIN ANALYSIS
EC attributes a centrality value to each voxel in the brain such
that a voxel receives a larger value if it is more strongly correlated
with many other voxels, which are central within the network
themselves. We found progesterone levels to modulate intrinsic
functional connectivity across the entire brain, i.e., higher proges-
terone levels were associated with increased EC values in bilateral
sensorimotor cortex and in the right dorsolateral prefrontal cor-
tex (DLPFC) (Figures 2, 3, left panel; details of the analysis are
provided in Table 1). We also found a cluster in the left DLPFC
that did not survive the FWE correction. However, we report this
cluster due to symmetry reasons. For whole brain analyses, cor-
tisol was used as a covariate of no interest (for analysis-details,
see Methods-Section). Neither positive nor negative correlations
were found with estrogen.

SEED-BASED ANALYSES
Seed based correlation analyses were used to find changes in
BOLD signal correlations from centrality clusters to other areas
across the brain. Our seed based correlation analyses revealed
EC changes in right (and left) DLPFC (Figure 2, right panel)
as well as bilateral sensorimotor cortex (Figure 3, right panel)
to bilateral hippocampus to correlate with progesterone levels.

FIGURE 1 | Estradiol, progesterone and LH fluctuation across the

menstrual cycle. Characteristic patterns of serum estradiol (red line),
progesterone (black line) and LH (green line) levels are displayed across two
menstrual cycles. The depicted data represents days of cycle with
corresponding z-standardized, single hormone values, matching the single
scan time points in chronological order. As expected, estradiol shows a first
prominent peak in the periovulatory phase, followed by a second peak in
the late luteal phase. LH surges after the peak of estrogen, shortly before
ovulation. Progesterone levels are low during the follicular phase and high
during the luteal phase.

We interpret these results as high progesterone to be paralleled
with high connectivity between right DLPFC, bilateral sensori-
motor cortex and hippocampus. For the left DLPFC (Figure 2,
top panel), connectivity-changes to bilateral hippocampus were
observed at a voxel-wise threshold of p < 0.005 (unc.), while
the changes for the right DLPFC were significant at both voxel-
wise thresholds p < 0.001 and p < 0.005 (unc.). In the seed
based analysis of bilateral sensorimotor cortex (Figure 3, right
panel), progesterone-modulated intrinsic connectivity-changes
in the right and left sensorimotor cortex were found to con-
nect with the left hippocampus at a voxel-wise threshold of p <

0.001 (unc.), and a bilateral effect with both hippocampi was
demonstrated at p < 0.005 (unc.).

DISCUSSION
In the present study, we report the effects of the menstrual
cycle on intrinsic connectivity in a single female subject, using
a longitudinal design. In the initial whole-brain EC analysis, we
find an FWE-corrected correlation of progesterone-levels with
intrinsic connectivity changes in right DLPFC and bilateral sen-
sorimotor cortex. Without FWE-correction, we also found a
cluster in the left DLPFC that we also report due to symme-
try aspects. Subsequent seed-based analyses demonstrate these
progesterone-modulated intrinsic connectivity changes in right
and left DLPFC connect to the bilateral hippocampus. We also
observe a progesterone-modulated intrinsic connectivity change
in bilateral sensorimotor cortex with the bilateral hippocampus.

A large body of evidence indicates a crucial role for the DLPFC
in attention-demanding cognitive tasks involving domains of
working memory and executive function (Curtis and D’Esposito,
2003), decision-making (Heekeren et al., 2006), reasoning (Goel
and Dolan, 2004), problem solving (Ruh et al., 2012) and
emotion-regulation (Levesque et al., 2003). The majority of
treatment studies applying transcranial magnetic stimulation in
unipolar depression target the DLPFC (Paus and Barrett, 2004;
Padberg and George, 2009) for improved regulation of affective
states, and enhanced cognitive control over stress and emotion
responsiveness (Davidson et al., 2002). An essential feature of the
DLPFC, which allows it to serve as a gate-keeper role across multi-
ple neural networks, is its extensive interconnectedness with other
brain regions, including thalamus, basal ganglia, orbitofrontal
cortex, primary and secondary association areas of neocortex
(Tekin and Cummings, 2002; Dosenbach et al., 2007) and hip-
pocampus (Meyer-Lindenberg and Weinberger, 2006; Bilek et al.,
2013). Dense pathways connect the DLPFC and the hippocam-
pal formation (Goldman-Rakic et al., 1984), both directly and
indirectly, and interactions between these regions are implicated
in episodic memory (Simons and Spiers, 2003), the regula-
tion of emotional–motivational states (Phillips et al., 2003), and
experience-dependent plasticity (Bilek et al., 2013). Prefrontal
(Brinton et al., 2008), and hippocampal (McEwen, 2002) regions
are also exceptionally rich in the expression of sex steroid recep-
tors. Evidence from animal work suggests sex hormones to be
potent modulators of synaptic growth and density in regions of
the prefrontal cortex and hippocampus (McEwen, 2002; Sanz
et al., 2008; Galea et al., 2013). These findings are extended by
human neuroimaging data that link changes in sex hormone
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FIGURE 2 | Progesterone-modulated functional connectivity in

bilateral dorsolateral prefrontal cortex and hippocampus. The
whole brain Eigenvector Centrality Mapping (EC) analysis reveals a
significant correlation of progesterone with bilateral dorsolateral
prefrontal cortex (DLPFC) (p < 0.001 unc.; left panel). In the seed
based analysis, these progesterone-modulated intrinsic
connectivity-changes in right and left DLPFC were found to connect

with bilateral hippocampus (right panel). For the left DLPFC (top
panel), connectivity-changes to bilateral hippocampus were observed
at a threshold of p < 0.005 (signal change depicted in red). The
right DLPFC also showed progesterone-modulated connectivity with
bilateral hippocampus modulated by progesterone at both thresholds:
p < 0.001 (unc.; signal change depicted in yellow) and p < 0.005
(unc.; signal change depicted in red).

FIGURE 3 | Progesterone-modulated functional connectivity in bilateral

sensorimotor cortex and hippocampus. The whole brain Eigenvector
Centrality Mapping (EC) analysis reveals a significant correlation of
progesterone with bilateral sensorimotor cortex (p < 0.001 unc.; left

panel). In the seed based analysis (right panel), these

progesterone-modulated intrinsic connectivity-changes in right and left
sensorimotor cortex were found to connect with the left hippocampus
(signal change depicted in yellow) at a threshold of p < 0.001 (unc.); for
p < 0.005 (unc.) a bilateral effect with both hippocampi could be
demonstrated (signal change depicted in red).

levels with neural activity patterns in the above referenced regions
during cognitive and affective tasks (Goldstein et al., 2005, 2010;
Andreano and Cahill, 2010; Frank et al., 2010; Bayer et al., 2014).
While systematic structural imaging studies exploring the effects

of the menstrual cycle are still sparse, the limited evidence that
has been collected comparing scans during the follicular and the
luteal phase, or using between-group designs, support cycle-phase
related changes in frontal cortical regions (Pletzer et al., 2010) and
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Table 1 | Overview on detailed statistics (coordinates, cluster size, p-values) of results.

Set level ClusterLevel PeakLevel

P c pFWEcorr αFDRcorr kE puncorr pFWEcorr αFDRcorr t Z puncorr mm mm mm

0.000 7 0.040 0.019 73 0.004 0.338 0.531 5.11 4.19 0.000 51 8 22

0.548 0.156 23 0.078 0.538 0.531 4.80 4.00 0.000 24 5 46

0.000 0.001 185 0.000 0.663 0.531 4.63 3.90 0.000 −51 −34 43

0.708 0.531 4.57 3.86 0.000 −63 −31 31

0.786 0.531 4.46 3.79 0.000 −36 −43 46

0.191 0.058 43 0.021 0.752 0.531 4.51 3.82 0.000 −57 11 22

0.101 0.037 55 0.010 0.986 0.738 3.93 3.44 0.000 57 −61 −5

0.345 0.097 32 0.042 0.990 0.738 3.89 3.40 0.000 −21 −67 55

0.993 0.738 3.85 3.38 0.000 −12 −73 58

0.008 0.005 108 0.001 0.992 0.738 3.87 3.39 0.000 48 −34 46

0.992 0.738 3.86 3.39 0.000 39 −43 40

0.999 0.911 3.62 3.22 0.001 30 −46 52

Table shows 3 local maxima more than 8.0 mm apart, p-values adjusted for search volume.

Height threshold: T = 3.34, p = 0.001 (1.000).

Extent threshold: k = 20 voxels, p = 0.098 (0.630).

Expected voxels per cluster, <k> = 7.511.

Expected number of clusters, ‹c›= 1.00.

FWEp: 6.123, FDRp: Inf, FWEc: 73, FDRc: 55.

Degrees of freedom = [1.0, 25.0].

FWHM = 13.5 13.1 13.0 mm mm mm; 4.5 4.4 4.3 {voxels}.

Volume: 1672380 = 61940 voxels = 575.3 resels.

Voxel size: 3.0 3.0 3.0 mm mm mm; (resel = 85.56 voxels).

hippocampus (Protopopescu et al., 2008). Petersen et al. (2014)
investigated intrinsic functional connectivity changes in users of
oral contraceptives and compared the results to naturally cycling
women (Petersen et al., 2014). The authors used ICA to evaluate
the differences in resting state activity between these two groups.
Of 20 compounds the analysis produced, 11 were discarded as
likely artifactual findings and nine were retained (Petersen et al.,
2014). These were identified amongst others as somatosensory,
left frontoparietal, right frontoparietal, posterior default mode,
anterior default mode and executive control networks. The ante-
rior default mode and executive control network were selected
as the networks of interest. Altered resting state dynamics could
be shown in both networks, specifically the connectivity of the
left angular gyrus, the left middle frontal gyrus and the ante-
rior cingulate cortex were different between groups (Petersen
et al., 2014). Luteal women showed reduced coherence between
left angular gyrus and the rest of aDMN compared to follicular
women. In the executive control network luteal women showed
reduced coherence between right anterior cingulate and the rest of
the network when compared to follicular women (Petersen et al.,
2014). Users of oral contraception in the active pill phase showed
reduced coherence between left anterior cingulate and the rest of
the network as well as reduced coherence between the left mid-
dle frontal gyrus and the executive control network compared to
naturally-cycling women in the follicular phase (Petersen et al.,
2014). Our findings, particularly intrinsic connectivity changes
in left DLPFC, partly correspond to these results, even though
we found a specific modulation by progesterone and we did not
analyze women on oral contraception as Petersen et al. found

changes in connectivity in the left middle frontal gyrus, which
is part of DLPFC, for women in the active pill phase compared
to women in the follicular phase. Additional changes of intrin-
sic connectivity that we found, especially in sensorimotor cortex,
may differ due to methodological reasons: limitation of Petersen
et al. to the described two networks as well as the different ana-
lytical approach (ICA vs. EC). However, both studies show that
there are changes of intrinsic connectivity during the menstrual
cycle and provide evidence that endogenous hormones influence
the baseline state of the brain (Petersen et al., 2014).

Our findings of progesterone-modulated intrinsic connec-
tivity changes in the DLPFC and hippocampus are consistent
with these converging lines of evidence from animal and human
data that suggest the menstrual cycle influences structural and
functional connectivity in sex-hormone receptor rich brain areas.

We also observed progesterone-modulated connectivity
changes in the bilateral sensorimotor cortex in our whole brain
analysis that revealed specific hippocampal connections in
the subsequent seed-based analyses. These findings could be
interpreted as menstrual cycle specific changes in hippocampal
modulation of sensorimotor processes given that the hippocam-
pus combines I) sensory afferents and synaptic mechanisms
underlying rapid learning, as well as II) links to motivational,
emotional, executive and sensorimotor functions (Bast, 2007).
Specific to the menstrual cycle, it has been consistently reported
that differences in pain perception are modulated by endogenous
hormonal fluctuations (Riley et al., 1999), including areas within
the sensorimotor cortex (Veldhuijzen et al., 2013). In women
suffering from dysmenorrhea (severe menstrual pain), trait
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(Tu et al., 2010)- and state (Tu et al., 2013)-related gray matter
changes were found in regions associated with pain modula-
tion, pain transmission, and affective experience generation.
Their findings include atrophic gray matter changes in the left
secondary somatosensory cortex and hypertrophic changes
in the primary somatosensory cortex (Tu et al., 2010, 2013),
regions involved in sensory discrimination and interoception
(Craig, 2002). Consistent with these results, our findings provide
evidence for menstrual cycle modulated changes in functional
connectivity in the somatosensory system.

The primary aim of the current study was to test the feasibil-
ity of extensive multiple longitudinal scanning sessions across the
menstrual cycle for the resting state modality. A crucial limitation
of the present longitudinal study was that it was conducted in a
single subject. We acknowledge the limitations from this single-
case design and the preliminary nature of our dataset. Our results
have to be interpreted with caution and warrant replication in a
larger sample. The current findings support the feasibility of com-
bining rigorous menstrual monitoring and longitudinal, short-
interval, intra-individual fMRI scanning protocols and thus, serve
as a proof-of-principle study.

A portion of our findings, such as the EC changes in DLPFC,
are consistent with the one study thus far (Petersen et al., 2014)
that has reported functional connectivity changes across the men-
strual cycle. However, Petersen et al did not show any significant
association between either progesterone or estrogen levels with
the connectivity changes observed in the aDMN or the ECN.
Several methodological aspects could contribute to these contro-
versial findings: Petersen et al. (2014) only assessed sex hormone
levels at two different time-points during the menstrual cycle,
once in the follicular phase and once in the luteal phase. As pro-
gesterone levels are only substantially elevated in the luteal phase,
the variability in progesterone levels might not have been wide
enough to capture any significant effects in a correlation analysis.
While we have applied a whole brain approach, limiting the anal-
ysis to specific networks may have also affected their sex hormone
correlation analyses.

We further acknowledge that the graph-based parameter EC
measure is one that can be viewed as difficult to relate to
brain function. Expert recommendations (Buckner et al., 2013;
Sporns, 2014) have repeatedly stated that, while intrinsic func-
tional connectivity provides a powerful and unique tool to
provide insight into human brain organization, this method
is also based on inherently ambiguous measures and limited
by constraints from static anatomical connectivity and from
poorly understood dynamic functional coupling changes. Thus,
reports from resting-state studies are best interpreted in the
context of external experiments. The converging evidence from
animal and human literature (McEwen, 2002; Protopopescu
et al., 2008; Galea et al., 2013), which suggest that the hip-
pocampus is among the most susceptible of brain regions to
subtle hormonal fluctuation, support our findings that link
menstrual cycle phase to individual functional connectivity in this
region.

We did not acquire perfusion data in our experiments, thus we
are not able to directly test whether the EC changes we observed
were influenced by blood flow. However, to date there is one study

published that investigated perfusion changes in the female brain
across the menstrual cycle: the authors report no cyclic variation
in resting-perfusion using continuous arterial spin labeling (ASL)
(Ances and Detre, 2003). Five female subjects were investigated at
two times during their menstrual cycle: the initial scan was per-
formed at the late luteal phase (1 or 2 days prior to the start of
menses) and the second scan 4–5 days after completion of the
menses (mid-follicular period). No significant differences in rest-
ing perfusion were observed for these two phases of the menstrual
cycle. Liang et al. (2014) investigated cerebral blood flow (CBF)
networks using ASL. The authors showed that highly connected
brain regions overlap mostly with hub regions detected by BOLD
fMRI studies. As expected, hub regions measured by ASL were
characterized by shorter characteristic path length but higher vul-
nerability and eigencentrality. A positive nonlinear relationship of
EC to regional CBF was shown. We cannot exclude that EC in gen-
eral might be somewhat sensitive to perfusion changes. However,
so far no evidence points to menstrual cycle specific perfusion
changes and thus, we think it is unlikely that perfusion changes
alone underlie the pattern of menstrual cycle specific EC-changes
we report here.

In summary, our results suggest that the menstrual cycle sub-
stantially impacts intrinsic functional connectivity, particularly in
brain areas associated with contextual memory-regulation, such
as the hippocampus. We also observe progesterone-modulated
changes in functional connectivity in bilateral DLPFC and sen-
sorimotor cortex, regions that have been implicated in emotional
regulation and pain modulation, domains that have previously
been identified to be susceptible to menstrual cycle dependent
rhythms. These results argue that the menstrual cycle is an impor-
tant factor to consider when studying short-term functional
plasticity in the human brain and highlight the importance of
controlling for menstrual cycle phase in neuroimaging studies.

It is important to note that our data is of preliminary nature
and warrants replication in a larger sample size. This longitudinal,
single-subject study provides a first step toward the develop-
ment of more individualized strategies of mapping important
modulators of human brain states, such as the menstrual cycle.
We applied rigorous menstrual monitoring and demonstrate the
feasibility of longitudinal, short-interval, intra-individual fMRI
scanning in combination with a simple analysis measure for
whole brain intrinsic connectivity, which is what makes this pilot
study stand out as a proof of principle. The current preliminary
findings contribute to the development of more individualized
mapping-strategies of the human brain by integrating potential
mediators of brain states, such as menstrual cycle phase.
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How to be patient. The ability to wait for a reward depends
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Dopamine (DA) plays a major role in reinforcement learning with increases promoting
reward sensitivity (Go learning) while decreases facilitate the avoidance of negative
outcomes (NoGo learning). This is also reflected in adaptations of response time: higher
levels of DA enhance speeding up to get a reward, whereas lower levels favor slowing
down. The steroid hormones estradiol and progesterone have been shown to modulate
dopaminergic tone. Here, we tested 14 women twice during their menstrual cycle, during
the follicular (FP) and the luteal phase (LP), applying functional magnetic resonance
imaging while they performed a feedback learning task. Subsequent behavioral testing
assessed response time preferences with a clock task, in which subjects had to explore
the optimal response time (RT) to maximize reward. In the FP subjects displayed a
greater learning-related change of their RT than during the LP, when they were required
to slow down. Final RTs in the slow condition were also predicted by feedback-related
brain activation, but only in the FP. Increased activation of the inferior frontal junction and
rostral cingulate zone was thereby predictive of slower and thus better adapted final RTs.
Conversely, final RT was faster and less optimal for reward maximization if activation in
the ventromedial prefrontal cortex was enhanced. These findings show that hormonal
shifts across the menstrual cycle affect adaptation of response speed during reward
acquisition with higher RT adjustment in the FP in the condition that requires slowing
down. Since high estradiol levels during the FP increase synaptic DA levels, this conforms
well to our hypothesis that estradiol supports Go learning at the expense of NoGo learning.
Brain-behavior correlations further indicated that the compensatory capacity to counteract
the follicular Go bias may be linked to the ability to more effectively monitor action
outcomes and suppress bottom-up reward desiring during feedback processing.

Keywords: menstrual cycle, estradiol, dopamine, time perception, fMRI, RCZ, VMPFC, reinforcement learning

INTRODUCTION
Time estimation is an essential perceptual skill involved in a vari-
ety of behavioral aspects. It influences our decision making in
every-day life such as which line to choose at the supermarket
based on previous experiences, but also plays a role in motor con-
trol (e.g., speed of speech or movement). As to the mechanism
underlying time perception in the seconds-to-minutes range, also
known as interval timing, a model of an internal clock has been
proposed. According to this model a pacemaker sends pulses rep-
resenting units of elapsed time to a counter, which thereby obtains
an estimate of a time duration (Treisman, 1963). However, the
speed of this pacemaker is prone to outer influences and thus only
reflects a subjective and possibly inaccurate perception of time.
More precisely, a higher frequency of sent pulses by the pace-
maker results in an overestimation of passed time. For instance,
an emotionally arousing context or stimulating substances such as
cocaine or methamphetamine may increase the speed of the inner
clock (Maricq and Church, 1983; Matell et al., 2004; Droit-Volet
and Gil, 2009). Likewise, evidence from animal studies indicates

an important role of the steroid hormone 17ß-estradiol (E2) in
the modulation of time perception. Accordingly, ovariectomized
rodents displayed enhanced internal clock speed after E2 injec-
tion (Sandstrom, 2007; Pleil et al., 2011). However, E2 may not
directly modulate internal clock speed, but its effect on time per-
ception may rather be a function of the interaction between E2
and dopamine (DA), a neurotransmitter that has also been impli-
cated in time estimation (Rammsayer, 1993; Meck et al., 1996;
Buhusi and Meck, 2005). This idea is also supported by other
rodent studies reporting a modulating role of E2 on mesolimbic
dopaminergic transmission. E2 thereby enhanced dopaminergic
tone, on the one hand by stimulating DA release and DA synthe-
sis rate and on the other hand by increasing the density of DA
D1 receptors and downregulating D2 receptors (Lévesque et al.,
1989; Becker, 1999). In contrast to that, the neurosteroid proges-
terone (PROG) opposes these effects. PROG has been shown to
diminish E2 receptor density, to stimulate enzymes involved in
the degradation of DA, and to act positively on GABA receptors,
thereby inhibiting dopaminergic neurons, all of which leading to
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a reduced dopaminergic tone (Luine and Rhodes, 1983; Dluzen
and Ramirez, 1984; Majewska et al., 1986; Mauvais-Jarvis et al.,
1986). In that way, it may be hypothesized that these neurohor-
mones should exert contrasting effects on the perception of time
by increasing vs. reducing internal clock speed.

DA has been proposed to act on action selection via a direct
“Go” or an indirect “NoGo” projection pathway from the basal
ganglia to the cortex by either facilitating responses or by inhibit-
ing them respectively (Frank et al., 2004). Both, the D1 and D2
receptor type, are integrated in these pathways and stimulated
differently by prevalent DA levels. Frank et al. (2004) found that
during a reinforcement learning task Parkinson patients being off
medication, who thus suffered from depleted DA levels, showed
an impaired ability to learn via the “Go” pathway to choose a
rewarded stimulus. At the same time, they displayed increased
punishment sensitivity and were more able to avoid stimuli that
would have led to a negative feedback (i.e., they exhibited bet-
ter learning via the “NoGo” pathway). The authors proposed that
the DA bursts signaling a reward, facilitate learning via positive
reinforcement by acting on D1 receptors in the “Go” pathway.
On the other hand dips in DA levels caused by negative feedback
stimulate the D2 receptor type, which is implemented in the indi-
rect “NoGo” pathway (Frank et al., 2004). This principle has also
been shown to transfer to the response time domain: Parkinson
patients on medication (i.e., with normal DA levels) were better
in learning to adapt their response time to a high response speed
in order to maximize their reward. However, when being off med-
ication (i.e., decreased DA levels) they showed better performance
in a condition, in which they had to slow down and wait to get the
highest reward (Moustafa et al., 2008). Hence, the adaptation of
response speed in the context of maximizing reward value appears
to be also regulated by the two different pathways, in that the “Go”
pathway favors speeding up and the “NoGo” pathway facilitates
slowing down.

In our study, we wanted to investigate (1) whether the prefer-
ence for “Go” over “NoGo” learning in a response time adjust-
ment paradigm depends on naturally varying levels of E2 and
PROG during the menstrual cycle and (2) whether the ability to
wait for a reward depends on neural responses during reinforce-
ment learning. For this purpose, we tested healthy female subjects
twice during their menstrual cycle: once during the late follicular
phase (FP), in which E2 levels are high and PROG levels low, and
a second time during the mid luteal phase (LP) that is dominated
by increased PROG levels. On both test days, subjects underwent
functional magnetic resonance imaging (fMRI) while performing
a probabilistic feedback learning task. Following this, a response
time adjustment paradigm (the clock task) was conducted, in
which subjects had to explore the optimal response time (RT) for
reward maximization. The behavioral data from the clock task
were then analyzed in relation to feedback-related brain activity
from the probabilistic learning task. By this we intended to estab-
lish the link between the ability to optimize response speed in
the clock task (e.g., optimized reaction time as a subject-specific
behavioral parameter) and the neural correlates implicated in
mediating the preference for “Go” over “NoGo” learning and vice
versa. This procedure is similar to the one employed by Hariri
et al. (2006). In this study the behavioral parameter obtained

from a delay discounting task conducted outside of the scanner
(i.e., the subject-specific delay discounting parameter k) corre-
lated with reward-related activity in the ventral striatum assessed
via fMRI. In the behavioral delay discounting task, subjects were
given the option to choose between a smaller immediate reward
and a higher reward that was to be obtained later in time and
thus had to be waited for (i.e., the “delayed reward”). The delay
discounting task bears some resemblance to the clock task, since
it requires an estimation of time combined with an associated
reward value. Hence, we chose to follow the approach used by
Hariri et al. (2006) in order to investigate if feedback-related neu-
ral responses correlated with post-scan response time adjustment
parameters.

Based on the above mentioned findings, we predicted prefer-
ences for Go over NoGo learning observed in the probabilistic
learning task to correlate with the favored learning style in the
clock task. Individuals who were prone to learning via positive
reinforcement (Go learning) were expected to display a greater
ability to adapt their RT to a high speed for reward maximiza-
tion. In contrast to that, those learning better to avoid punished
options were expected to more easily adjust RTs to a slow pace
and to wait for a higher reward. As to a possible effect of men-
strual cycle, we hypothesized that particularly during the FP, in
the presence of high E2 levels, subjects should have difficulties
to be patient and to wait for the highest possible reward in a
condition that requires slowing down. On the neural level, we fur-
ther predicted correlations between RT adaptation in the clock
task and feedback-related activity in regions of the mesolim-
bic dopamine system. In particular, the rostral cingulate zone
(RCZ) has been shown to be involved in learning from errors
and negative feedback (NoGo learning) (e.g., Klein et al., 2007b;
Jocham et al., 2009). This led to our assumption that differences
in RCZ activity during negative feedback should be predictive
of RT adaptations in the clock task across the menstrual cycle,
especially when subjects had to wait for a higher reward (i.e.,
the SLOW condition). Additionally, we expected opposite corre-
lations with RT adaptation in regions that have been associated
with reward valuation and positive reinforcement learning such
as the ventromedial prefrontal cortex (VMPFC) (see Kringelbach
and Rolls, 2004; McClure et al., 2004; Fellows, 2007; Hare et al.,
2008; Grabenhorst and Rolls, 2011; Jocham et al., 2011; Peters and
Büchel, 2011 for overview).

MATERIALS AND METHODS
SUBJECTS
Fourteen healthy female subjects (mean age ± SD: 24.9 ± 1.6;
age range: 22–28 years) participated in the fMRI and the behav-
ioral study twice during their menstrual cycle. All subjects were
right-handed and had no history of psychiatric, neurological,
or hormonal illnesses or other forms of chronic disease (e.g.,
diabetes). Further exclusion criteria were the use of any medica-
tion on a regular basis or of hormonal contraceptives. Subjects
were also screened for a regular menstrual cycle with an average
cycle length between 26 and 32 days (mean cycle length ± SD:
29.8 ± 2.7).

All subjects gave written informed consent and were paid
for participation. This study was approved by the local
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ethics committee of the medical association of Hamburg
(Aerztekammer Hamburg).

CYCLE MONITORING AND SALIVA ANALYSIS
In this experiment, we applied a counter-balanced within-subject
design. Each subject was tested twice during her menstrual cycle:
once in the late follicular phase (FP) and a second time in the
mid luteal phase (LP). To determine the right time point for the
two test sessions, subjects were asked to monitor their cycle with
the Clearblue Fertility Monitor® and to inform the experimenters
about the displayed details. Test days were then arranged individ-
ually according to the course of the subject’s cycle. On average
(mean ± SD), the follicular test took place on day 13.3 ± 2.3 of a
regular cycle, 3.9 ± 1.6 days before the Lutropin (LH) surge trig-
gered ovulation. The luteal test took place on day 24.1 ± 2.0, 7.3 ±
2.8 days after the LH surge and 5.4 ± 2.1 days before the next cycle
began.

In addition, morning saliva samples were collected at the 2
days of testing and the day following the onset of menstrua-
tion. This was done to ensure that the two sessions were in fact
set in the targeted cycle phases by analyzing concentrations of
free, bioactive E2 and PROG. A second reason for assessing hor-
monal parameters was the fact that young women still undergo
anovulatory cycles occasionally. Thus, only subjects showing a
post-ovulatory increase in PROG in the LP relative to the FP,
which is a reliable sign of successful ovulation, were included in
the analyses. A 17beta-Estradiol Luminescence Immunoassay and
a Progesterone Luminescence Immunoassay purchasable from
IBL International were used to determine E2 and PROG con-
centrations following the standard procedure described in the
manual. The sensitivity of the 17beta-Estradiol kit is denoted to
be 0.3 pg/mL at the 2 SD confidence limit and for the progesterone
kit 2.6 pg/mL.

All 14 subjects showed increased PROG levels in the LP
compared to the FP (salivary PROG concentration [mean ±
SD]: FP = 51.65 ± 34.97 pg/mL; LP = 141.40 ± 94.41 pg/mL).
Conversely, mean E2 levels were higher during FP than dur-
ing LP (salivary E2 concentration [mean ± SD]: FP = 4.56 ±
3.84 pg/mL; LP = 4.02 ± 2.59 pg/mL).

THE CLOCK TASK
Subjects performed a response time adjustment paradigm (mod-
ified from Moustafa et al., 2008) outside of the scanner, which we
called the “clock task.” In this task, subjects were presented with
three different running clock faces indicated by different colors,
and were instructed to explore at which point in time they had to
press a stop button in order to maximize personal reward. Reward
value, as a function of response time (RT) during a full clock-
arm turn of 5 s, varied between the different clocks. For one clock
fast responses yielded highest reward (FAST clock favoring Go
learning). In contrast, a second clock required patience, mean-
ing that subjects had to delay responding to maximize reward
(SLOW clock favoring NoGo learning). The exact reward value
of each trial in the FAST and the SLOW clock condition was
calculated with a cosine function, but always ranged between a
minimum of 15 and a maximum of 60 (see Figure 1). The third
clock acted as a control condition with no contingency between

response time and magnitude of reward outcome (RANDOM
clock, in which points varied randomly across given response
times). Exact reward values in the RANDOM condition were
determined by multiplying a random number with the differ-
ence between the maximum and minimum reward value (i.e.,
60–15) and adding the minimum reward value to this product. In
all three clock conditions, a random noise parameter (range: −5
to +4 points) was added to the calculated reward value in order
to prevent subjects to associate a specific RT with a certain reward
value. After each response immediate reward feedback was pro-
vided. Feedback was always followed by a blank screen that lasted
the residual time that would have been necessary to finish the
whole clock arm turn before the next trial began. If no response
was given within a full clock arm turn (after 5 s) no points were
won and subjects had to wait a period of another 5 s before
the next clock face was shown. Each of the three clock types
(FAST, SLOW, and RANDOM) was presented 50 times in a row.
Between these runs (i.e., 50 trials of one clock type) there was
a short break. During this break subjects were informed that
they would be confronted with a new type of clock in the fol-
lowing run and were again instructed to figure out the optimal
response time. The new run was started as soon as the subject
indicated to be prepared. The sequence of the runs for the three
clock types was counterbalanced across participants and cycle
phases.

PROBABILISTIC LEARNING TASK
Subjects underwent fMRI while performing a reinforcement
learning task. This task was adapted from previous studies show-
ing that performance in this learning task depends on dopaminer-
gic transmission (Frank et al., 2004; Klein et al., 2007b). Subjects
were presented with three different pairs of arbitrary symbols and
had to learn which symbol was the most rewarded option. For
that, they received probabilistic feedback in form of a smiley or a
grumpy after each choice. The three symbol pairs—called “AB,”
“CD,” and “EF”—varied in their probability for positive or neg-
ative feedback: in the stimulus pair “AB” a choice of “A” yielded
positive feedback in 80% of the cases and led to negative feed-
back in 20%. Choosing “B,” on the other hand, led to a rewarding
smiley in only 20% of the cases and to negative feedback with a
probability of 80%. The other symbol pairs yielded positive or
negative feedback in a corresponding probabilistic manner with a
choice of “C” of the pair “CD” being rewarded in 70% and “D”
in 30% of the cases. A choice of “E” of the pair “EF” yielded
positive feedback with a probability of 60%, whereas “F” was
rewarded in 40% of the cases. Thus, in the course of this task, sub-
jects should have either learned that choosing “A” was the most
rewarded option or that choosing “B” was the most punished
option, depending on their preferences for Go or NoGo learning.
To test for learning success, subjects had to complete a second
session outside the scanner, in which the symbols were mixed
in new pairs (“AC”, “AD”, “AE”, “AF”, “BC”, “BD”, “BE”, “BF”,
“CD”, “CE”, “CF”, “DE”, “DF”). Individuals who learned better via
reward (Go learning) should display a higher tendency to choose
the symbol “A” from these new stimulus pairs, whereas individu-
als that learned better via punishment (NoGo learning) should
tend to avoid “B” in the pairs including the symbol “B.” For
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FIGURE 1 | Clock task. Reward values varied as a cosine function of
response time. Subjects were instructed to figure out the optimal time
point during a whole clock-arm turn of 5 s to stop the ticking clock and
achieve maximum reward. In the fast clock condition, fast responses
yielded the highest reward value (FAST clock for “Go learning”), whereas
in the slow clock subjects had to wait longer to win maximum points
(SLOW clock for “NoGo learning”). The RANDOM clock acted as a

control condition, in which there existed no relation between response
time and reward value. In all clock conditions random noise ranging
between −5 and 4 points was added to the reward value in order to
prevent subjects from memorizing an exact reward value at a specific
response time. The three different clock types were presented in three
separate runs for each clock consisting of 50 trials, which were
counterbalanced across subjects and cycle phases.

further details regarding this task please also see Supplementary
Figure S1.

BEHAVIORAL DATA ANALYSES
SPSS 19 was applied to analyze behavioral data. Prior to statistical
analyses, mean RTs for each clock condition were calculated per
subject. For that, RTs of less than 150 ms were discarded, since
they were presumably caused unintendedly. Additionally, mean
RTs of the first 12 trials (i.e., “first block”) and the last 12 trials
(i.e., “last block”) of the three clock conditions were calculated
for each subject (see Moustafa et al., 2008 for a similar proce-
dure). Mean RTs of the first block allowed us to investigate the
initial response speed indicating the subject’s tendency to respond
prior to learning in a state of uncertainty. Mean RTs of the last
block indicated the optimized response speed near to the end of
each clock condition, which represents a subject’s best learning
outcome. To obtain measures of Go and NoGo learning, relative
response speed was determined. This was done by subtracting
mean RTs of the FAST clock condition from mean RTs of the

RANDOM condition (i.e., “relative speeding”), as well as sub-
tracting mean RANDOM clock RTs from the mean SLOW clock
RTs (i.e., “relative slowing”). This was also done for first and last
block RTs, relative to first and last block RTs of the RANDOM
clock, respectively. Since we were most interested in the time
adjustment, i.e., the behavioral adaptation, over the course of
each clock condition, differences between mean RTs of the last
and the first block were calculated. Pearson correlations were per-
formed to test for an association between RTs of the clock task
and learning performance during the probabilistic learning task.
A 2 × 2 repeated-measures ANOVA including the factors clock
type (FAST, SLOW) and cycle phase (FP, LP) was computed to
test for a possible effect on relative response time. Time adjust-
ment and thus learning outcome, represented by the RT change
from the first to the last block, was compared between the two
cycle phases for both clock types using paired t-tests. Since we had
clear a priori hypotheses regarding the direction of associations
or differences in Go vs. NoGo learning in the two cycle phases, we
report one-tailed significances if not otherwise indicated.
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fMRI DATA ACQUISITION AND ANALYSES
The learning part of the probabilistic learning task, in which sub-
jects were presented with positive or negative feedback according
to their choices, was performed while brain activation was mea-
sured with fMRI. Imaging was conducted on a 3 T MRI scanner
(Siemens TRIO). Thirty-three axial slices were acquired parallel
to the anterior commissure – posterior commissure plane (voxel
size = 2 × 2 × 2 mm3, distance factor = 50%, descending direc-
tion) covering the whole brain. Functional images were obtained
using a gradient echo planar imaging (EPI) sequence [repeti-
tion time (TR) = 2000 ms, echo time (TE) = 25 ms, field of
view = 216 mm] resulting in a total of 738 image volumes. A high-
resolution structural scan was acquired for each subject using
a three-dimensional magnetization-prepared rapid-acquisition
gradient echo sequence (MPRAGE) following the functional
scans. Subjects viewed the experiment on the display through
a mirror mounted on the head-coil and gave manual responses
with a five-button keypad. Preprocessing and statistical analy-
ses of functional data were performed using SPM8 (Wellcome
Department of Cognitive Neurology, University College London,
London, UK). Preprocessing steps included coregistration to the
anatomical image, correction for motion artifacts (realignment
and unwarping), for acquisition time differences (slice-timing),
and for low-frequency fluctuations, normalization into standard
stereotactic space (EPI template by the Montreal Neurological
Institute, MNI), and spatial smoothing using a 6 mm full-width
half-maximum isotropic Gaussian kernel. A general linear model
(GLM) was defined to obtain parameter estimates of event-related
activity in each voxel for each subject in both cycle phases.
Positive and negative feedback (at time of feedback onset) were
modeled as independent regressors convolved with the canon-
ical hemodynamic response function (hrf). Linear t contrasts
against implicit baseline were defined to explore the specific
effects of each feedback type. The resulting contrast images
were then passed to the second level analyses, in which corre-
lations between feedback-related activity and RT adjustment in
the clock task were assessed for both cycle phases using regression
analyses.

All reported activations were significant at a voxel-level
threshold of p < 0.001 uncorrected and survived a cluster-
level family-wise error (FWE) correction for multiple com-
parisons with p < 0.05. For our a priori regions of interest,
namely the RCZ and the VMPFC, we used small volume cor-
rections (SVC, Worsley et al., 1996) and applied spherical vol-
umes (radius = 10 mm) at the activation maxima reported
by Klein et al. (2007b) for the RCZ (MNI-coordinates: x =
6, y = 30, z = 29) and by McClure et al. (2004) for the
VMPFC (MNI-coordinates: x = −8, y = 48, z = −4). The coor-
dinates by Klein et al. (2007b) were originally reported in
Talairach space and thus converted to MNI reference space with
GingerALE 2.1.1 using the Lancaster transformation (Lancaster
et al., 2007). Activations corrected for small volume are reported
at a voxel-level threshold of p < 0.05, corrected. Parameter
estimates from the local activation maximum in the regions
found to be associated with performance in the clock task were
extracted with marsbar (available at: http://marsbar.sourceforge.
net).

RESULTS
BEHAVIORAL RESULTS
First, we tested for coherence between time adjustment in the
clock task and learning outcome in the probabilistic learning task.
In line with our hypothesis, in the FP the initial response speed
in the FAST clock condition (i.e., mean RT of the first block)
showed a negative correlation with the frequency of choosing
the best option (i.e., the letter “A”) from new letter pairs in ses-
sion 2 of the probabilistic learning task (R = −0.509, p = 0.032;
Figure 2A). Hence, subjects who learned better via positive feed-
back were also responding faster at the beginning indicating that
a preference for speeding up is also a form of “Go learning.” RT
adaptation in the FAST clock condition might be more intuitive
for female subjects during the FP than during the LP, in which no
such correlation could be observed (R = 0.324, p = 0.129). Also
consistent with our predictions, during the FP the initial RT in the
FAST clock was positively associated with the percentage of suc-
cessful avoidance of the worst option (i.e., the letter “B”) in new
letter pairs (R = 0.544, p = 0.022; Figure 2B). According to this,
a relative preference for avoidance learning was associated with
a slower initial response tendency. Again, there was no equiva-
lent correlation found for the LP (R = −0.034, p = 0.454). This
further adds to the assumption that during the FP enhanced RTs
in the FAST clock condition may be facilitated by a propensity
for Go learning, while at the same time the ability to learn from
punishment (NoGo learning) was compromised. Regarding the
SLOW clock no correlations between initial response speed and
performance in the learning task could be found. Also, there were
no correlations between initial response speed and reinforcement
learning during the LP. The observed associations in the FAST
clock condition are in line with previous findings showing that
the clock task is applicable to test for dopamine modulated learn-
ing performance in the sense of response time (Moustafa et al.,
2008).

Next, we examined if the two learning processes, relative
speeding (Go) and slowing (NoGo, for a similar procedure see
Moustafa et al., 2008), were associated. As predicted, relative
speeding and slowing were negatively correlated in both cycle
phases (FP: R = −0.918, p < 0.001; LP: R = −0.637, p = 0.007;
Figure 3). In the FP this association was slightly stronger than
in the LP, which was indicated by the almost significant differ-
ence between the two correlations (Fisher’s z = −1.93, p = 0.053,
two-tailed). Subjects more prone to Go learning were good at
speeding up during the FAST condition, while they had dif-
ficulties in slowing down (i.e., NoGo learning) in the SLOW
condition. Again, this points to the functional opponency of the
two learning processes and supports the view that the clock task
is suitable to assess the cycle dependent modulation of temporal
decision making.

Finally, we tested for an effect of menstrual cycle phase on RT
adjustment and preferences for Go over NoGo learning and vice
versa. Subjects showed a similar baseline response speed in both
cycle phases with mean RTs in the RANDOM condition being
equivalent in the FP and LP (T = 1.035, df = 13, p = 0.320, two-
tailed; Mean RT RANDOM clock [mean ± sem]: FP = 2433 ±
199 ms, LP = 2146 ± 143 ms). To test for an effect of cycle phase
on RT in the two clock types a 2 (clock type: FAST vs. SLOW) × 2
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FIGURE 2 | Learning outcome from the probabilistic learning task

predicts response speed in the first block of the fast clock condition

during the FP. (A) Subjects who showed a higher percentage of choosing
the best option in the second test session of the probabilistic learning task
(i.e., “Go learners”) were also better able to speed up during the fast
condition at the very beginning. (B) In contrast, subjects who showed a
higher tendency to avoid the most punished option (i.e., “NoGo learners”)
took longer to respond.

(cycle phase: FP vs. LP) repeated-measures ANOVA was run with
the mean RTs. There was a main effect of clock type [F(1, 13) =
1119.01, p < 0.001] in that RTs in the SLOW clock condition were
generally higher than in the FAST clock (T = 33.45, df = 13,
p < 0.001; Mean RTs [mean ± sem]: SLOW = 4243 ± 74 ms,
FAST = 669 ± 54 ms,). However, there was no significant inter-
action between clock type and cycle phase in the different clock

FIGURE 3 | Functional opponency of slowing and speeding. Relative
slowing and speeding were negatively correlated in both cycle phases (FP:
R = −0.918, p < 0.001; LP: R = −0.637, p = 0.014).

conditions for the RTs averaged over the complete run of 50 tri-
als. The same applied to mean RTs of the last block of trials
(i.e., optimized response speed). Solely, when considering the ini-
tial response speed during the first block of trials, a significant
interaction between clock type and cycle phase could be found
[F(1, 13) = 6.020, p = 0.029]. Post hoc t-Tests revealed that in the
SLOW clock condition subjects initially reacted more appropri-
ately during the LP than during the FP (T = −2.048, df = 13,
p = 0.031; initial RT SLOW clock [mean ± sem]: LP = 3574 ±
230 ms, FP = 3273 ± 190 ms).

The more exact measures of Go and NoGo learning in form of
RT adjustment in relation to baseline RT in the RANDOM clock
(i.e., relative speeding and relative slowing) revealed no interac-
tion between cycle phase or clock type either. Nonetheless, the
mean relative RTs from the last block of trials correspond numer-
ically to the expected pattern (FAST condition [mean ± sem]:
FP = 2183 ± 343 ms, LP = 1660 ± 251 ms; SLOW condition:
FP = 1925 ± 356 ms, LP = 2456 ± 262 ms) although differences
failed to reach statistical significance [clock type × cycle phase:
F(1, 13) = 0.828, p = 0.379]. Note that for the relative RTs a high
value indicated better RT adjustment to the respective clock type.

Considering the course of learning by comparing time adjust-
ment from the beginning to the end of the task (calculated by
subtracting mean RT of the first 12 trials from those of the last 12
trials) revealed, however, a significant interaction between cycle
phase and clock type [F(1, 13) = 5.707, p = 0.033]. During the FP
subjects displayed a higher level of response time adjustment in
the SLOW clock condition by showing a greater RT change from
the first to the last round than during the LP (T = 2.412, df = 13,
p = 0.016; RT change [mean ± sem]: FP = 1304 ± 198 ms, LP =
939 ± 204 ms). In the FAST clock condition, mean RT changes
in the two cycle phases did not significantly differ between cycle
phases (T = −1.435, df = 13, p = 0.088; RT change [mean ±
sem]: FP = −849 ± 152 ms, LP = −514 ± 152 ms). The fact that
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the difference in RT change between the FP and LP was only
significant in the SLOW clock condition task, but not in the
FAST, suggests that slowing down puts more challenge on subjects
during the FP than speeding up. Slow reponses might therefore
require a higher level of adaptation due to the higher need for
compensation during the FP. Hence, follicular subjects displayed
an even greater RT change during the SLOW clock condition than
during the FAST. Figure 4 shows the RT changes of both cycle
phases in the two clock conditions.

IMAGING RESULTS
To test for a link between response time adjustment in the clock
paradigm and feedback-related activity in the probabilistic learn-
ing task, regression analyses with mean RTs of the different clock
conditions and the neural responses based on the contrasts “nega-
tive feedback > baseline” and “positive feedback > baseline” were
performed.

Follicular phase
We found several correlations between the optimized final
response speed in the SLOW clock condition (i.e., mean RT of
the last block) and feedback-related activity during probabilistic
learning. Note that the SLOW clock condition presumably repre-
sented the hardest challenge for subjects during the FP. Regarding
our a priori regions of interest, increased activation in the RCZ
(x = −8, y = 18, z = 40) and reduced activity in the VMPFC
(x = 0, y = 42, z = −4) in response to positive feedback as com-
pared to baseline were predictive of slower RTs in the last block of
the SLOW clock condition. Furthermore, signal increases in the
left IFJ (x = −34, y = 4, z = 38) in response to positive feedback
were positively associated with RTs in the SLOW clock condition

FIGURE 4 | RT change from first to last block of the clock task in both

cycle phases. In both clock conditions subjects showed greater RT change
in the course of the experimental run during the FP (∗p < 0.05). Error bars
represent standard error of the mean (sem).

(see Figure 5A for clusters found to be associated with effec-
tive RT adaptation based on the contrast “positive feedback >

baseline”).
Interestingly, the same neural correlates of optimal RT adapta-

tion in the SLOW clock were found in the “negative feedback >

baseline” contrast. A slower optimized response speed could be
predicted by a signal increase in the RCZ (x = −10, y = 18, z =
40), whereas a poorer RT adaptation toward the end of the SLOW
clock condition was accompanied by increased activation in the
VMPFC (x = 0, y = 48, z = 2). In addition, stronger responses
in the left IFJ (x = −42, y = 0, z = 34) were predictive of slower
final RTs (Figure 5B). Furthermore, during both feedback types
optimized RTs in the SLOW clock correlated positively with acti-
vations in the precentral sulcus and the inferior temporal lobe and
negatively with activation in the posterior superior temporal sul-
cus (post STS) and the middle occipital cortex (MOC) (Table 1
lists all activations that were found to be associated with opti-
mized response speed in the SLOW clock condition during the
FP). The correlations between optimized RT in the SLOW clock
condition and the parameter estimates extracted from the local
activation maxima of the clusters in the RCZ, IFJ, and VMPFC
further point to the resemblance of the brain-behavior correla-
tions in response to positive and negative feedback and indicate
that these results were not driven by outliers (Figure 6). No cor-
relations were found between feedback-related brain activity and
RTs in the FAST clock condition.

Luteal phase
Feedback-related activity in the LP was not associated with RT
adaptation in any of the three clock types. This corresponds to
the lack of correlations between RT adaptation and the behavioral
data of the probabilistic learning task in the LP.

DISCUSSION
In this study we investigated whether naturally occurring vari-
ations in E2 and PROG levels influence the ability to adapt
response speed in the sense of Go vs. NoGo learning (i.e., speed-
ing up vs. slowing down) over the course of the menstrual cycle.
Indeed, we observed that in the FP as compared to the LP sub-
jects displayed a higher need for adaptation of their response
speed in the condition that required slower responses for reward
maximization. The rather compromised ability to adapt to a slow
response speed during the FP was also reflected in the observed
correlations between optimized response speed in the last block
of the SLOW clock condition and follicular brain activation in
response to positive and negative feedback during a probabilistic
learning task. While increased activation of the RCZ and the IFJ
was associated with better RT adaptation to a slow speed, strong
responses in the VMPFC predicted poorer performance in this
condition.

In sum, our results indicate an effect of menstrual cycle phase
on NoGo learning processes in the temporal domain. These find-
ings support our hypothesis that increased E2 levels during the
FP may lead to a Go learning bias and an impaired ability to learn
via the NoGo pathway. Against the background of growing evi-
dence from rodents that describes an opposing effect of E2 and
PROG on striatal DA levels, in that E2 enhances whilst PROG
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FIGURE 5 | Feedback-related activity during probabilistic learning

predicted performance in the last block of the SLOW clock

during the FP. (A) Correlations between neural responses based on
the contrast positive feedback > baseline in the probabilistic learning
task and optimized RTs of the last block during the SLOW clock
condition. (B) Correlations between neural responses based on the

contrast negative feedback > baseline in the probabilistic learning
task and optimized RTs of the last block during the SLOW clock
condition. Displayed positive correlations survived FWE correction for
multiple comparisons at cluster-level (p < 0.05). The negative
correlations are reported at p < 0.05, SVC (based on the coordinates
reported in McClure et al., 2004).

acts inhibiting on dopaminergic tone (Luine and Rhodes, 1983;
Dluzen and Ramirez, 1984; Majewska et al., 1986; Mauvais-Jarvis
et al., 1986; Lévesque et al., 1989; Becker, 1999), our data are con-
sistent with previous studies reporting an effect of striatal DA on
action selection (Frank et al., 2004; Klein et al., 2007b; Moustafa
et al., 2008). All these previous results on the association between
DA and action selection had been derived from testing individu-
als with differences in dopaminergic functioning (i.e., Parkinson
patients on and off medication or carriers of specific genetic poly-
morphisms concerning D2 receptor density). Collectively, they
point to an increased preference for Go over NoGo learning in
a state of high as compared to low dopaminergic tone. This is in
line with our observation of an impaired learning ability in the
SLOW condition during the FP. In that phase high levels of E2
are unopposed by PROG and are presumed to increase DA levels,
which is why they should indirectly cause a Go bias. In the present
study, subjects in the FP displayed a higher need for RT adapta-
tion in the SLOW clock condition, which acted as a measure of

NoGo learning performance. Considering the greater change of
RT over the course of the SLOW clock during the FP, our results
suggest that subjects were able to compensate for their impaired
ability to adapt to a slow pace, by taking more effort in response
speed adaptation. However, this adaptation may not have been as
sufficient as the performance in the LP, which was indicated by
slightly poorer relative slowing of follicular subjects. The fact that
relative speeding and slowing did not significantly differ between
the two cycle phases potentially indicates that effects of naturally
occurring hormonal shifts during the menstrual cycle are not nec-
essarily very strong. As a result, they may rather be compensated
without greater effort in an explicit behavioral task such as the
clock task. Altogether, our data support the theoretical model of
a DA dependent learning style (e.g., Frank et al., 2004; Cools,
2008) and propose natural variations of the steroid hormones E2
and PROG as other important factors that need to be considered.
Apart from its biasing effect toward the Go pathway in reward-
based learning, E2 has also been found to increase the internal
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Table 1 | Brain activations in response to negative and positive feedback during probabilistic learning which correlated with optimized RTs

(last block) of the SLOW clock condition in the follicular phase.

Region Neural activations in response to positive feedback

(positive feedback > baseline contrast) associated with

last block RTs of the SLOW clock condition

Neural activations in response to negative feedback

(negative feedback > baseline contrast) associated with

last block RTs of the SLOW clock condition

x y z T Cluster size x y z T Cluster size

POSITIVE CORRELATIONS

RCZ −8 18 40 6.44 77 −10 18 40 7.20 126

L IFJ −34 4 38 7.29 48 −42 0 34 7.47 99

R SFS/precentral sulcus 38 0 48 6.06b 68 38 0 48 8.15 112

L Inferior temporal lobe −44 −36 −18 9.24 142 −44 −36 −18 10.15 208

NEGATIVE CORRELATIONS

VMPFC 0 42 −4 5.041a 4 0 48 2 5.36a 13

R Posterior STS/MTG 48 −52 24 10.65 177 52 −52 18 11.45 139

MOC −44 −76 34 8.23 116 −42 −76 34 5.45 92

Activations are reported at pFWE < 0.05 (cluster-level) if not otherwise indicated.
ap<0.05, SVC.
bp<0.001, uncorrected (voxel-level).

FIGURE 6 | Correlations between RTs of the last block in the SLOW clock

and the parameter estimates of peak voxels in feedback-related clusters

found to be associated with response time adjustment in the SLOW

clock during FP. (A) Increased activation in RCZ and IFJ predicted effective
response time adaption in the SLOW clock. (B) Increased activation in the
VMPFC was associated with compromised RT adaptation in the SLOW clock.

clock speed (Sandstrom, 2007; Pleil et al., 2011). In our study,
subjects in the FP might therefore have overestimated the passing
time and given their response relatively sooner. This explanation
could also account for the initially faster and thus less suitable
response speed in the SLOW clock condition that was observed
during the FP. Again, this accelerating effect of E2 is presum-
ably driven by an interaction with the DA system. DA has been
found to be involved in time perception by studies reporting an
increase of the internal clock speed in response to DA agonists
(e.g., Meck et al., 1996). Hence, in the presence of high E2 lev-
els one may speculate that heightened DA levels might have also
promoted an acceleration of internal clock speed. This assump-
tion also seems plausible when considering that both enhanced
DA levels as well as heightened E2 may increase individual delay
discounting tendencies in man and animals (Winstanley, 2011;

Smith et al., 2014), which in part depend on the subjective feeling
of passing time as well.

As to the translation of adjusting response time to a fast
vs. a slow speed to Go vs. NoGo learning, we argue that these
two learning styles, which are usually assessed by reward-based
learning tasks (i.e., reinforcement learning), are also involved in
response time adjustment. The fact that we applied both types
of tasks, the clock task for time adjustment and the probabilistic
learning task for reward-based learning, allowed us to examine if
performance in the two paradigms both rely on Go and NoGo
learning processes and how the two tasks are associated with each
other. We found correlations between the initial response speed in
the FAST clock condition and the learning outcome in the proba-
bilistic learning task during the FP that support the view that RT
adjustment to a fast vs. a slow speed is equivalent to Go vs. NoGo
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learning processes (Moustafa et al., 2008). Specifically, subjects
who were better in speeding up also showed higher reward sen-
sitivity in the probabilistic learning task, whereas their avoidance
of the punished option was less successful. Thus, the Go learning
condition of the clock task (i.e., the FAST clock) was positively
associated with Go learning as well as negatively associated with
NoGo learning in feedback learning.

On the neural level our results indicate antagonistically acting
brain-behavior correlations. We found that in the FP increased
activity in the RCZ was predictive of a successful RT adaptation
toward the end of the SLOW clock condition. Since the RCZ plays
an important role in NoGo learning, as indicated by its frequent
observation during learning from errors and negative feedback
(Fiehler et al., 2004; Klein et al., 2007a; Jocham et al., 2009), an
increased activity in this region could have helped subjects to per-
form better in a task that required NoGo learning in the form of
waiting longer for a higher reward. Klein et al. (2007b) applied a
reinforcement learning task resembling our version of the proba-
bilistic learning task and compared two groups differing in their
genetically determined D2 receptor density. The group with a
high receptor density showed an increased signal in the RCZ in
response to negative feedback and this group was also better at
avoiding a negative outcome in the behavioral post-test. The D2
receptor type has been proposed to be implemented in the NoGo
pathway (Frank et al., 2004) and therefore an increased receptor
density of this type should cause a bias toward NoGo learning.
Since the high E2 levels are thought to downregulate D2 receptor
density and may decrease receptor binding (Bazzett and Becker,
1994; Becker, 1999), individuals that show higher sensitivity of
the RCZ to NoGo signals in form of negative feedback might be
better adapted to succeed in the SLOW condition of the clock
task. The cluster in the RCZ found in this study did not sur-
vive small volume correction based on the previously published
coordinates by Klein et al. (2007b), which is why our result con-
sidering the RCZ may be interpreted cautiously. It might be that
small location differences between the RCZ cluster reported here
and that of Klein et al. (2007b) are due to fact that we only tested
female subjects while the other study investigated men. In fact,
sex differences in brain volume (e.g., Cosgrove et al., 2007) may
account for slight locational drifts to some extent. Nonetheless,
the anatomical location of the cluster reported here corresponds
to the literature about the RCZ (see for example Ridderinkhof
et al., 2004). Thus, our results further underline the importance
of the RCZ for NoGo learning by pointing out that in the FP sub-
jects may have benefited from a stronger RCZ response during
feedback learning, which also led to an advantage in the SLOW
clock condition.

Similarly, in the FP subjects with heightened activity in the
IFJ during feedback processing were more successful to adapt in
the SLOW clock. Since the IFJ has been consistently implicated
in cognitive control (Brass et al., 2005; Derrfuss et al., 2005),
increased activity in this region might have helped subjects in
the FP to perform better in this counterintuitive task, in which
they had to counteract the tendency for immediate responding.
In contrast, decreased activation in the VMPFC was associated
with better RT adaption to a slow response speed. This is in line
with observations that increased activation in this brain region is

associated with preferences for immediate reward and may pro-
mote delay discounting tendencies both in the context of longer
time scales (McClure et al., 2004) as well as in the range of sec-
onds (McClure et al., 2007). In addition, the VMPFC may also
play a role in the representation of relative reward value und
reward-related preferences (e.g., Grabenhorst and Rolls, 2011).
In the context of the probabilistic learning task this region has
been found to show an increased activity in the post-learning test
phase in response to Go trials, in which subjects should select
the most rewarded option (i.e., “AC,” “AD,” “AE,” “AF”) (Jocham
et al., 2011). More importantly, this effect was found in subjects
having received a dose of amisulpride, a D2 antagonist, but it
was absent when the same subjects received placebo. Considering
this, the VMPFC might be especially implicated in value-based
decision making that involves Go learning processes. Therefore,
a heightened activity in this region during feedback processing
may potentially explain subjects’ poor performance in the NoGo
condition of the clock task, since a strong response in this brain
region could be interfering with a task that requires the NoGo
pathway.

In sum, the brain-behavior correlations suggest that effec-
tive RT adaption to a slow speed during the FP may be related
to enhanced top-down processing involving increased activation
in regions implemented in cognitive control and monitoring of
behavioral outcomes. On the other hand, enhanced bottom-up
processing in areas implicated in reward valuation might be asso-
ciated with compromised subsequent RT adaptation. The fact
that these correlations were only found in the last block of the
SLOW clock condition may reflect a subject’s maximum indi-
vidual capacity to compensate for her compromised ability to be
patient and to finally withhold the initial urge to respond rather
rapidly during the FP. Correspondingly, we found no consistent
correlations during the LP in the absence of this need for compen-
sation. The FAST clock condition in turn should also not require
much compensation in subjects during the FP, which might
explain the lack of equivalent correlations between RT adapta-
tion and brain activity during feedback learning in this condition.
This absence of neural correlates predicting the ability to speed
up response speed in the Go condition of the clock task corre-
sponds well to the findings of Klein et al. (2007b) who reported
mainly differential activation associated with negative feedback
(i.e., NoGo learning) when comparing subjects with different D2
receptor densities. Interestingly, in the present study effective RT
adaptation could be predicted by neural responses from the same
regions independent of feedback-type (see Table 1). It might be
that the successful compensation for a compromised capacity for
NoGo learning in the FP required a general increase of perfor-
mance monitoring resulting in an enhanced recruitment of RCZ
and IFJ during feedback-processing per se.

Important to note, our results indicate neural correlates pre-
dicting the ability to adapt response speed on the interindivid-
ual level. Although we can only speculate that this may have
been caused by possible interactions with other factors we did
not include in our design. First, the time of the day on which
the tests were carried out could not be controlled across par-
ticipants. There is, however, some evidence that points to an
interaction between time perception and circadian rhythm (e.g.,
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Lustig and Meck, 2001; Kuriyama et al., 2003; Bussi et al., 2014).
Also we did not account for possible effects by other hormones.
The steroid hormone cortisol has been shown to influence delay
discounting (Takahashi, 2004) and might therefore also play a
role in time adjustment. Furthermore, genetically determined dif-
ferences in dopaminergic functioning could have affected our
results. For instance, Jacobs and D’Esposito (2011) tested work-
ing memory performance of women during different phases
of their menstrual cycle and found an interaction between the
cycle phase and a genetic polymorphism in the catechol-O-
methyltransferase (COMT) gene, the Val158Met polymorphism.
This polymorphism determines the activity of the COMT enzyme
in that carriers of the met/met allelic variant have decreased
enzymatic activity in the prefrontal cortex and therefore higher
DA levels as compared to individuals with the val/val genotype
(e.g., Cai and Arnsten, 1997; Weinberger et al., 2001; Gibbs and
D’Esposito, 2005). In their study Jacobs and D’Esposito (2011)
found that val/val subjects showed increased performance dur-
ing the FP when E2 reaches peak level, while subjects with the
met/met genotype performed better during menses when E2 is
low. Since DA function follows an inverted-U-shaped curve with
deficient or excessive DA levels leading to less optimal DA func-
tioning, increases of E2 during the menstrual cycle might evoke
different effects depending on the “baseline” DA function of an
individual (for an overview see also Colzato and Hommel, 2014).
This interaction between the COMT Val158Met polymorphism
and the effect of E2 on DA related cognitive processes has recently
also been observed in the context of delay discounting (Smith
et al., 2014). In this study subjects showed a reduced bias for
sooner/smaller rewards in the FP compared to menses, an effect
mainly driven by carriers of the val/val genotype.

Taken together, our findings provide initial evidence for an
effect of menstrual cycle phase on the preference for Go over
NoGo learning in a response time adjustment paradigm. During
the FP in the presence of high E2 levels and thus presumably ele-
vated DA levels, NoGo learning was impaired and therefore the
ability to slow down and to wait patiently was impeded. During
this cycle phase, effective adaptation to slow speed might have
been achieved by (1) increased performance monitoring during
feedback processing in the RCZ and IFJ and (2) decreased reward-
related responses of the VMPFC in order to suppress the initial
urge to respond rapidly and to counteract the phase-specific Go
bias. The fact that we found no corresponding brain-behavior
correlations during the LP emphasizes the absence of the need for
compensation in the presence of high PROG levels that should
act positively on the NoGo pathway. In summary, these data sug-
gest a cycle dependent modulation of temporal decision making
requiring Go and NoGo learning systems.

Our results also add further evidence to the more and more
described neuroregulatory effects of E2 and PROG on dopamine-
related behaviors. A growing number of studies focused on
endogenous variations of E2 and PROG during the menstrual
cycle and reported cycle-dependent brain activation, for instance
enhanced reward processing during the FP (Caldú and Dreher,
2007; Dreher et al., 2007). Moreover, cycle phase has been
shown to affect working memory (Gasbarri et al., 2008; Jacobs
and D’Esposito, 2011) and inhibitory control (Colzato et al.,

2010). Neuroendocrinological research has only recently begun
to investigate naturally occurring differences in dopaminergic
transmission by taking into account hormonal shifts during the
menstrual cycle. Hence, our study contributes important insights
into the linkage between estradiol induced dopamine increases
and their impact on temporal decision making and response time
adaptation.
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Human decision-making has been frequently studied and sex differences have been
reported. Interestingly, previous results of hormone concentration on decision-making are
somewhat inconsistent, regarding the impact of menstrual cycle phase in women or the
influence of testosterone concentration on decision-making in women and men. However,
the influence of the female sex hormone concentration (estradiol, progesterone) and the
impact of oral contraceptive intake have rarely been examined and data regarding the
effect of daytime variations of male testosterone are lacking. Moreover if personality
factors such as sensation seeking, impulsivity, and anxiety influence decision-making,
sex-specific effects, act as modulators is unclear. In the present study 71 women and
45 men were enrolled. All participants performed an evaluated decision-making task
measuring risk-taking behavior on the basis of contingencies (Haegler et al., 2010), which
can be carried out several times without a learning effect. Saliva samples were collected
to obtain estradiol, progesterone, and testosterone levels. Additionally, all participants
completed questionnaires measuring various personality factors. Data analysis revealed no
sex differences in decision-making and no significant impact of testosterone concentration
on behavioral performance in women or men. However, a significant negative correlation
between progesterone concentration of women in the luteal phase and their performance
in the risk-averse condition was obtained. Interestingly, a significant correlation between
trait anxiety and decision-making occurred in females and males. Despite similar risky
decision-making of women and men and no influence of testosterone concentration,
menstrual cycle phase showed an effect on risk taking in women. In contrary to
other studies, our findings provide rather subtle evidence for hormonal influences in
decision-making, which may be primarily explained by task factors.

Keywords: sex, decision-making, testosterone, progesterone, estradiol, risk-taking

INTRODUCTION
Every day is characterized by lots of decisions that we make, cov-
ering basic needs such as what to eat and drink and higher-order
motives, e.g., who will I talk to during lunch break. In general,
decision-making plays a pivotal role in our lives and comprises a
complex process of assessing and weighing short-term and long-
term costs and benefits of competing actions (van den Bos et al.,
2012). The output of the decision-making process, i.e., which
action is to be taken, is determined by an interaction between
impulsive or emotionally based systems, responding to immedi-
ate (potential) rewards as well as losses or threats, and reflective
or cognitive control systems controlling long-term perspective
(Bechara, 2005).

One important factor of decision-making is risk taking, mean-
ing the tendency of preferring an action with a possible large
profitable or aversive outcome, although unlikely, over an alter-
native action with small profitable more likely outcome. Previous

research in this regard has mostly demonstrated that women
show less risk taking behavior than men in various domains (e.g.,
Jianakoplos and Bernasek, 1998; Byrnes et al., 1999; Zuckerman
and Kuhlman, 2000; Zuckerman, 2006).

As pointed out by Stanton et al. (2011), economic risk is a
domain that most individuals are frequently confronted with and
thus of particular interest. One approach to measure an individ-
ual’s propensity for risk taking in the face of monetary rewards
and punishment is the Iowa Gambling Task (IGT, Bechara et al.,
1994; Bechara, 2005). In this rather “economic” decision-making
task participants learn to differentiate long-term advantageous
from long-term disadvantageous decks of cards through explo-
ration. Here, it is well-established that men and women differ
in decision-making performance, with men choosing more cards
from the long-term advantageous decks than women within the
standard number of 100 trials (Bolla et al., 2004; Overman et al.,
2006; Visser de et al., 2010). According to a recent review on
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sex differences in IGT performance by van den Bos et al. (2013),
sex differences only emerge after about 60 trials, meaning that in
the very beginning, females and males perform similar. Later on
males seem to shift earlier to applying the correct rule by tak-
ing more cards from the long-term advantageous decks, while
women need more time. In the end, both sexes prefer the long-
term advantageous decks, however, women need longer before
doing so consistently. As female reward sensitivity and process-
ing are shaped by the menstrual cycle this could be related to the
obtained sex difference, however, previous attempts to investigate
this factor did not show a clear effect (Reavis and Overman, 2001;
van den Bos et al., 2007).

Another crucial aspect might be testosterone concentration,
which has been frequently linked particularly to risky decision-
making. Recent data from Stanton et al. (2011) indicate that
females and males with high testosterone levels show more risky
behavior than those with low testosterone concentration, with
a more pronounced effect in women. Besides age effects (e.g.,
Diver et al., 2003), it has been argued that testosterone concentra-
tion fluctuates across the day, with higher values after awakening
than in the afternoon or evening in males (Axelsson et al., 2005).
Until now it is unclear whether this diurnal variation influences
decision-making and particularly risk taking.

Moreover, other studies in humans employing decision-
making paradigms such as the Game of Dice Task (Starcke
et al., 2008) and the Balloon Analog Risk Task (Lighthall et al.,
2009, 2011) have not observed differences between men and
women regarding risk-based decision-making. Furthermore, in
the Cambridge Gambling Task men and women did not differ
in risk-taking or impulsivity, but only in risk-adjustment, i.e.,
adjusting betting behavior according to the likelihood of winning
(Deakin et al., 2004; van den Bos et al., 2014).

At present therefore it is not exactly clear under which
task conditions men and women differ in decision-making and
how this relates to differences in sex hormone concentration
due to menstrual cycle phase (progesterone, estradiol) or day-
time (testosterone). Such knowledge however will give more
insight in how and under which circumstances sex differences in
decision-making can be observed.

The aim of the present study therefore was to investigate the
impact of (a) menstrual-cycle phase vs. oral contraceptive intake,
(b) diurnal variation of testosterone in males and (c) testosterone
concentration in females and males on decision-making. Besides
group differences, we also analyzed potential associations between
behavioral performance, hormonal parameters, and self-report
questionnaire date.

METHODS AND MATERIALS
SAMPLE
Seventy-one right-handed healthy females aged 19–37 years
(mean age 23.8 years, SD = 3.7) participated in the study. When
contacted, female participants were asked whether they were tak-
ing oral contraceptives and if not, were asked to report their
menstrual cycle phase and cycle duration. Based on this informa-
tion they were assigned a testing date. Only females who reported
regular cycle duration (range: 25–35 days, mean days = 28.3,
SD = 2.5) were included. At the day of testing, 22 females were

in their follicular phase (days 1–12 of menstrual cycle; FO; mean
age 23.6 years, SD = 3.8), 26 were in their mid-luteal phase (days
18–25 of menstrual cycle; LU, mean age 24.3 years, SD = 3.8)
and 23 were taking oral contraceptives (OC, mean age 23.3 years,
SD = 3.5). All females were tested between 9 and 11 a.m.

Moreover, 45 right-handed males aged 20–36 years (mean age
24.8 years, SD = 3.1) were tested. Twenty-two were tested before
noon (9 to 11 a.m.) when testosterone levels are supposed to be
higher (mean age 24.4 years, SD = 2.0), while the other 23 were
measured in the late afternoon between 5 and 7 p.m. (mean age
25.1 years, SD = 3.8).

Groups did not differ in age [F(4, 111) = 1.001, p = 0.410], or
educational level [F(4, 111) = 1.148, p = 0.338].

Additionally, all participants were asked to fill out several
questionnaires tapping verbal intelligence (Mehrfachwahl-
Wortschatz-Intelligenztest Version B, MWT-B, Lehrl, 2005),
sensation seeking (SSS-V, Zuckerman, 1994), impulsivity (Barrett
Impulsivity Scale, German Version: Preuss et al., 2008), depres-
sion (Beck Depression Inventory II BDI, Beck et al., 2006) and
anxiety (State trait anxiety inventory, STAI, Laux et al., 1981).

Participants were recruited by advertisements at the University
of Vienna and the Medical University of Vienna, Austria. All par-
ticipants were screened for history of any psychiatric or mental
disorder by using the German version of the structured inter-
view of DSM IV (SCID; Wittchen et al., 1997). Written informed
consent was obtained from all subjects prior to the examina-
tion and the study was approved by the local institutional review
board.

SALIVA SAMPLES
To obtain actual estradiol, progesterone and testosterone levels
saliva samples were collected on the day of testing. Saliva samples
have been shown to have great potential for studying ovarian and
androgen hormone levels as a reliable, feasible, and non-invasive
method (e.g., Gandara et al., 2007). Before we started obtaining
saliva samples we asked participants to wash out their mouth with
water. In order to avoid arbitrary results we collected saliva sam-
ples for each hormone every half hour, thus we collected three
samples per hormone in total (multiple sampling). Participants
were instructed to fill a small plastic vial with at least 1.5 ml saliva
(max. 3 ml) using a straw to stimulate saliva flow. Participants’
collection vials were sealed after each collection and frozen imme-
diately in accordance with previous research on sample storage
(see Gröschl, 2008).

Saliva samples were analyzed by the European Institute for
Salivary Analysis (Swiss Health Med, Aying, Germany) using an
enzyme-linked immunoassay method from DRG (DRG Marburg,
Germany; Salivary Estradiol ELISA SLV-4188, DRG Salivary
Progesterone ELISA SLV-2931, DRG Salivary Testosterone ELISA
SLV-3013). Analytical sensitivity (confidence interval 95%) was
0.4 pg/mL (Estradiol), 3.9 pg/mL (Progesterone), and 1.9 pg/mL
(Testosterone). For estradiol, intra- and inter-assay coefficients
were 3.8 and 2.6%, respectively. For Progesterone, intra- and
interassay coefficients were 7.7 and 5.3%, respectively. For
testosterone, intra-assay coefficients were <4% and inter-assay
CV < 5%.

For details on hormone concentration of groups see Table 1.
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Table 1 | Description of groups including sociodemographic,

hormonal, and neuropsychological means (standard deviations in

parentheses) and p-values.

Females Follicular Luteal Oral p-values

(n = 22) (n = 26) contraceptives

(n = 23)

Age 23.6 (3.8) 24.3 (3.8) 23.3 (3.5) 0.610

Estradiol
(pg/mL)

3.9 (1.3) 5.6 (7.2) 3.9 (1.4) 0.351

Progesterone
(pg/mL)

94.4 (113.1) 197.1 (133.3) 65.6 (21.7) <0.001

MWT-B (raw
score)

28.1 (3.4) 28.4 (3.2) 28.7 (3.0) 0.932

TMT-A (raw
score)

19.5 (3.8) 20.2 (6.9) 20.1 (4.8) 0.886

TMT-B (raw
score)

36.1 (10.0) 36.6 (13.0) 35.6 (10.1) 0.949

Males Morning Afternoon p-values

(n = 22) (n = 23)

Age 24.4 (2.0) 25.1 (3.8) 0.409

Testosterone
(pg/mL)

70.0 (20.7) 56.6 (17.6) 0.023

MWT-B (raw
score)

27.3 (2.5) 28.8 (2.4) 0.047

TMT-A (sec) 18.6 (6.6) 19.9 (5.9) 0.483

TMT-B (sec) 36.0 (13.5) 34.7 (9.3) 0.710

Testosterone Females HT Females LT Males HT Males LT

(n = 36) (n = 35) (n = 22) (n = 23)

Age 23.7 (4.0) 23.8 (3.3) 24.3 (2.2) 25.2 (3.7)

Testosterone
(pg/mL)

12.9 (11.7) 2.7 (1.5) 79.9 (12.8) 47.2 (10.5)

Significant p-values are marked in bold.

Note: MWT-B, Mehrfachwortwahltest-B measures verbal intelligence; TMT-A/-B,

Trail Making Test -A/-B measure executive functions. HT, high testosterone

concentration; LT, low testosterone concentration.

DECISION-MAKING TASK
For this study we chose out of a battery of decision-making
tasks which can be performed repeatedly without learning effect.
Such tasks include for example the Balloon Analog Risk Task
(Lejuez et al., 2002) the Cambridge cognition task (http://www.

cambridgecognition.com/), the Game of Dice Task (Brand et al.,
2005), and the Haegler’s Risk Game (HRG). The HRG is based on
a card game which is described in great detail elsewhere (Haegler
et al., 2010). Briefly, participants were told that they would see
an unknown amount of play card pairs with values from 1 to
10, 1 being the smallest and 10 being the highest possible card.
After seeing the first card, participants had to decide whether the
second card, would be either higher or lower than the first card.
If their choice was correct, participants gained reward points. If
their choice was wrong, participants lost points.

Starting with 0 points, reward points were accumulated over
the rounds, while it was also possible to accumulate a negative

amount of points. Participants were instructed that reward points
were valuable, and it was the goal of the game to accumulate as
many points as possible. They were paid a fixed amount of money,
which they were aware of before the study started, but there was
no mapping between points and monetary reward. Nevertheless,
participants were instructed to play the HRG with the objective
of winning as many points as they could. In total, 100 card pairs
were presented per game cycle, taking approximately 5 min for
completion. The first card was pseudo-randomized and ranged
from 2 to 9. The second card was selected by chance ranging
from 1 to 10 but always occupying a different value than the first
card. Presentation of the first card was accompanied by additional
information: the amount of points to be won if the participants’
choice was correct was shown in green ink; the amount of points
that could be lost was shown in red ink. Additionally, a green–red
bar indicated the ratio between the possible number of points to
be won or lost. Participants indicated their choice by either press-
ing the lower or the higher button in the response panel. After
making their choice the points were either added or subtracted
from the total amount of points depending on the accuracy of the
response. Additionally, the second card appeared highlighted by
a green or red box in combination with a dialog window saying
either “You win!” or “You loose!” depending on the accuracy.

Since the second card was drawn completely random, the
statistical probability for the second card to be lower varied
according to the value of the first card. As an example, if the first
card carried the value 2, the probability for the second card to
be lower was 1/9. If the first card carried the value 9, the prob-
ability for the second card to be lower was 8/9. The amount of
points to be won or lost for a correct or incorrect choice varied
and was directly correlated to the statistical likelihood of the event
to occur. The probability of the second card to be higher if the
first card carried a value x ∈ {2, . . . , 9} was phigher = (10 − x)/9,
therefore, the points that could be lost were (10 − x) × 10 and the
points that could be gained were 90 − [(10 − x) × 10]. For the
second card to be lower, the probability was plower = 1 − phigher,
resulting in either a deficit of 90 − [(10 − x) × 10] points or a
debit of (10 − x) × 10 points.

Due to the fact that the points to be won or lost were opposed
to the probabilities, the chances of winning or loosing were ran-
dom, resulting on average in a total amount of 0 points at the
end of the game cycle. Hence, no strategy could be learned which
would help the participants to win the game. Thus, in contrast to
other gambling games like for instance the IGT, participants can
play the HRG multiple times without a learning effect.

Participants were considered as playing more risky if they
chose higher while the first card was 6, 7, 8, or 9 or if they chose
lower while the first card was 2, 3, 4, or 5 more often. The key
dependent variable was, therefore, the summed number of risky
selections of each participant. Accordingly, the pairs 2-lower and
9-higher, 3-lower and 8-higher, 4-lower, and 7-higher, as well as
5-lower and 6-higher were combined by summing up the num-
ber of single selections, due to equal probabilities. This resulted
in a total of 4 risk values per participant. On average each card
value of the first card appeared 12.5 times during a game cycle,
hence, the average number of presentations of one card pair was
25 per game cycle. During each game cycle the response time,
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FIGURE 1 | Illustration of Haeglers Risk Game depicting the screen with one card on the left and the option of the participant to choose a lower or

higher card will be displayed on the left. On the right the two alternatives, depicting either a win (top), or a loose (bottom) trial, are illustrated.

meaning the time from the display of the first card until partic-
ipants pressed either the higher or the lower button, as well as
each choice made by the participants were monitored. Please see
Figure 1 for illustration of the task.

STATISTICAL ANALYSIS
Statistical analyses were performed using SPSS 20.0 and level
of significance was set at p = 0.05. We performed three differ-
ent analyses in order to compare the three female groups (FO
vs. LU vs. OC), the two male groups (morning vs. afternoon)
and—in line with the paper by Stanton et al. (2011)—the impact
of testosterone level (high vs. low concentration in females and
males).

Number of card selections and reaction times in the HRG
were analyzed using mixed-model ANOVAs with risk selection

as within-subject factor and group as between-subject factor.
For significant effects partial-eta squares are listed as estimates
of effect size. In cases of violations of sphericity, statistical tests
involving the risk selection factor employed Greenhouse-Geisser
correction. All post-hoc results were Bonferroni corrected.

Group differences regarding neuropsychological parameters
(MWT-B, TMT) and the questionnaire data (BDI, STAI, SSS-V,
BIS) were assessed using multivariate ANOVAs.

Correlations between behavioral performance [frequencies
and reaction times of high risk (2_9) and low risk (5_6) selec-
tions], hormone concentration and self-report questionnaire
measures (SSS, BIS, BDI, STAI) were computed testing two-sided
for negative, respective positive correlations.

Since progesterone (FO: p = 0.007, LU: p = 0.326; OC:
p = 0.893) and estradiol (FO: p = 0.811; LU: p = 0.002; OC:
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p = 0.469) levels were not normally distributed in the three
female groups, we transformed the values taking the square root,
which is an adequate tool to apply to right skewed data (Bortz,
1999). The transformed hormone values then were normally dis-
tributed (progesterone: FO: p = 0.072, LU: p = 0.343; OC: p =
0.917; estradiol: FO: p = 0.589; LU: p = 0.063; OC: p = 0.747)
and thus were entered in further analyses. In the male group,
testosterone concentration was normally distributed (morning:
p = 0.879, afternoon: p = 0.737).

Following the study by Stanton et al. (2011), we distributed
our female and male group into high and low testosterone groups
via median split of testosterone concentration.

Pearson correlations were calculated to investigate the
influence of sex hormone levels on the behavioral perfor-
mance. To adjust for significant inter-hormonal correlations
additional partial correlations were calculated, controlling for
estradiol/progesterone influence on the correlation between
performance and hormone levels, respectively. Moreover,
estradiol:progesterone ratio was calculated and entered in the
correlation analyses.

RESULTS
Figure 2 displays performance of all group comparisons and
Table 1 shows means and standard deviations of hormone con-
centration and neuropsychological parameters.

FEMALES
Hormone concentration
Females in the three groups showed significantly different pro-
gesterone levels [F(2, 68) = 12.700, p < 0.001, part-eta sq. =
0.272]. Post-hoc analysis showed that LU females had signifi-
cantly higher progesterone levels than both other groups (LU
vs. FO: p = 0.001; LU vs. OC: p < 0.001). No group differ-
ence emerged for estradiol [F(2, 68) = 1.145, p = 0.324]. Table 1
(top section) shows means and standard deviations of hormone
concentration.

Decision-making
Applying a mixed-model ANOVA with risk selection as within-
subject factor and group (FO vs. LU vs. OC) as between-
subject factor, we observed a significant risk selection effect

FIGURE 2 | Illustration of the results showing (A) frequencies of risk

conditions for the three female groups (FO, follicular; LU, luteal; OC, oral

contraceptive intake), (B) frequencies of the two male groups (morning

and afternoon testosterone) and (C) frequencies of the high vs. low

testosterone concentration females and males (HTF, high testosterone

females; LTF, low testosterone females; HTM, high testosterone males;

LTM, low testosterone males) and (D) comparison of performance of

females and males. Significant differences are marked with an asterisk.
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[F(1.741, 118.393) = 134.049, p < 0.001, part-eta-sq. = 0.663], no
significant group effect [F(1, 68) = 0.668, p = 0.516] and no
significant interaction [F(1.741, 118.393) = 0.321, p = 0.839].

Post-hoc tests disentangling the significant risk selection effect
revealed that the highest number of selections was present for
the least risky parameters (5_6) and the lowest number of
selections was present for the most risky parameters (2_9, all
p-values < 0.019). See Figure 2A for illustration of results.

Regarding reaction times, we focused on the high (2_9) and
low (5_6) risk conditions. The mixed-model ANOVA revealed no
significant effect of risk selection [F(1, 71) = 0.214, p = 0.647], no
significant group effect [F(1, 71) = 0.874, p = 0.428], and no sig-
nificant risk-by-group interaction [F(1, 71) = 0.950, p = 0.398].

Neuropsychological performance and questionnaire data
Females in the three groups did not differ in neuropsychologi-
cal parameters (MWT-B: p = 0.647; TMT-A: p = 0.769; TMB-B:
p = 0.922), or in the questionnaire data (all p-values >0.195). See
also Table 1 (top section) for detailed information.

Correlation analyses between behavioral performance and
hormone concentration
Analysis of a significant association between behavioral
performance (risk selection and reaction times) and hormone
concentrations (estradiol, progesterone) revealed a significant

correlation between progesterone and reaction time in the high
risk condition in LU (r = 0.471, p = 0.048), indicating faster
responses in females with lower progesterone concentration. No
other significant correlations emerged. For details see Table 2.

Applying partial correlations did not reveal a significant
correlation (all p-values > 0.054).

Relying on the estradiol:progesterone ratio revealed a signif-
icant correlation with low risk selection (HRG 5_6: r = 0.657,
p = 0.019) as well as with reaction time in the high risk condi-
tion (HRG 2_9: r = −0.530, p = 0.026) again in LU. In FO and
OC no correlation reached significance (all p-values > 0.107). For
details please see Table 2.

Correlation analyses between behavioral performance and
questionnaire data
In FO, trait anxiety correlated with high risk reaction time
(r = 0.577, p = 0.016). In LU, the thrill and adventure score from
the SSS-V (r = 0.808, p = 0.004) was significantly positively cor-
related with reaction time for the low risk selection. No other
significant correlations emerged (all p-values > 0.051).

MALES
Hormone concentration
Testosterone levels were significantly different (t = 2.355,
p = 0.023), with higher concentration in the morning group.

Table 2 | Overview on correlations between hormone concentrations and behavioral performance (selection as well as reaction times) for all

groups.

Selection Reaction time

HGR 2_9 HGR 5_6 HGR 2_9 HGR 5_6

Follicular

Estradiol r = −0.150, p = 0.505 r = 0.018, p = 0.936 r = 0.054, p = 0.855 r = 0.312, p = 0.299
Progesterone r = −0.154, p = 0.493 r = −0.289, p = 0.192 r = −0.127, p = 0.666 r = −0.133, p = 0.665
E:P r = 0.007, p = 0.976 r = 0.359, p = 0.101 r = 0.292, p = 0.312 r = 0.340, p = 0.256

Luteal

Estradiol r = −0.123, p = 0.550 r = 0.029, p = 0.888 r = −0.189, p = 0.626 r = −0.255, p = 0.507
Progesterone r = −0.135, p = 0.510 r = −0.315, p = 0.117 r = 0.471, p = 0.048 r = 0.442, p = 0.234
E:P r = 0.052, p = 0.802 r = 0.657, p = 0.019 r = −.530, p = 0.026 r = 0.400, p = 0.257

Oral contraceptives

Estradiol r = 0.103, p = 0.638 r = 0.316, p = 0.141 r = 0.113, p = 0.755 r = −0.282, p = 0.429
Progesterone r = −0.125, p = 0.569 r = 0.072, p = 0.744 r = 0.111, p = 0.760 r = −0.337, p = 0.341
E:P r = 0.223, p = 0.305 r = 0.267, p = 0.217 r = 0.037, p = 0.919 r = 0.109, p = 0.765

Morning group M

Testosterone r = 0.163, p = 0.468 r = −0.053, p = 0.814 r = 0.509, p = 0.075 r = 0.226, p = 0.457

Afternoon group M

Testosterone r = −0.281, p = 0.194 r = 0.025, p = 0.910 r = −0.113, p = 0.688 r = −0.263, p = 0.344

High testosterone F

Testosterone r = −0.028, p = 0.871 r = 0.072, p = 0.678 r = −0.097, p = 0.711 r = −0.298, p = 0.263

Low testosterone F

Testosterone r = 0.013, p = 0.942 r = 0.188, p = 0.280 r = 0.040, p = 0.882 r = 0.037, p = 0.891

High testosterone M

Testosterone r = 0.138, p = 0.541 r = −0.170, p = 0.450 r = 0.065, p = 0.834 r = −0.201, p = 0.511

Low testosterone M

Testosterone r = −0.097, p = 0.661 r = 0.051, p = 0.818 r = −0.283, p = 0.307 r = −0.332, p = 0.227

Significant correlations are marked in bold.
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Table 1 (middle section) shows means and standard deviations
of hormone concentration.

Decision making
Applying a mixed-model ANOVA with risk selection as within-
subject factor and daytime as between-subjects factor revealed
a significant effect of risk selection [F(1.849, 79.515) = 29.568,
p < 0.001, part-eta-sq. = 0.407], no significant group effect
[F(1, 43) = 0.623, p = 0.434] and no significant interaction
[F(1.849, 79.515) = 1.145, p = 0.320]. Post-hoc analysis of the sig-
nificant risk effect showed that high-risk selections were taken less
often than the lower risk options (all p-values < 0.022).

Regarding reaction times of high and low risk selection, mixed-
model ANOVA revealed no main effect of risk selection (F(1, 26) =
0.271, p = 0.607], no main effect of group [F(1, 26) = 1.670,
p = 0.208], nor any interaction [F(1, 26) = 1.798, p = 0.192]. See
Figure 2B for results.

Neuropsychological performance and questionnaire data
Males did not differ in executive functioning (TMT-A: p = 0.483;
TMT-B: p = 0.710) but in verbal intelligence (MWT-B:
p = 0.047) with higher scores in the afternoon group. For
details please see also Table 1 (middle section). Re-running the
repeated-measures ANOVA with MWT-B as covariate did not
change the results in risk selection or reaction times.

Regarding questionnaire data, males in the morning group
reported higher trait anxiety (STAI-T, p = 0.037) than the after-
noon group. All other comparisons remained not significant (all
p-values > 0.376). Including STAI-T scores as covariate in the
repeated-measures ANOVA did not influence significance and
direction of the reported effects.

Correlation analyses between behavioral performance and
hormone concentration
Analysis of a significant association between behavioral per-
formance (risk selection and reaction times) and testos-
terone concentration revealed no significant associations (all
p-values >0.075). For details see Table 2.

Correlation analyses between behavioral performance and
questionnaire data
While scores in sensation seeking, impulsivity, and depression
were not correlated with behavioral performance, trait anxi-
ety scores were correlated with high-risk selection (r = 0.581,
p = 0.002) in the morning group. Correlations with state anx-
iety did not reach significance (all p-values > 0.052) and no
significant correlation emerged for the afternoon group (all
p-values > 0.068).

FEMALES vs. MALES
Hormone concentration
Applying the median split, 23 males were divided in the low
testosterone group (HTM, 9 from the morning group, 14 after-
noon group), 22 males in the high testosterone group (LTM,
13 from the morning group, 9 afternoon group), 35 females
in the low testosterone group (LTF) and 36 in the high testos-
terone group (HTF). LTF vs. HTF and LTM vs. HTM differed
significantly in their testosterone levels (both p-values < 0.001).

Table 1 (bottom section) shows means and standard deviations of
testosterone concentration.

Decision making
Applying a mixed-model ANOVA with risk selection as within-
subject factor and testosterone concentration as well as sex as
between-subjects factor revealed a significant risk selection effect
[F(1.945, 217.857) = 127.116, p < 0.001, part-eta sq. = 0.532] but
neither a testosterone effect [F(1, 112) = 0.001, p = 0.970], nor a
significant sex effect [F(1, 112) = 1.506, p = 0.222] or interaction
(all p-values > 0.142) occurred.

Regarding reaction times, no main effect of risk selection
[F(1, 56) = 0.065, p = 0.800] but a significant testosterone con-
centration effect [F(1, 56) = 4.039, p = 0.049, part-eta sq. =
0.067] with faster responses in participants with low concentra-
tion and a trend for a sex difference [F(1, 56) = 3.899, p = 0.053,
part-eta sq. = 0.065] with faster reactions in females emerged. All
interactions did not reach significance (all p-values > 0.298). See
Figure 2C for results on testosterone groups and Figure 2D for
results of females and males.

Neuropsychological performance and questionnaire data
Applying a multivariate ANOVA with testosterone concentration
and sex as grouping factors revealed no significant main effect or
interaction for verbal intelligence (MWT-B, all p-values > 0.256)
or executive functioning (TMT-A, all p-values > 0.216; TMT-B,
all p-values > 0.222).

Regarding questionnaire data, multivariate ANOVA again with
sex and testosterone concentration as grouping factors demon-
strated sex differences for the boredom susceptibility score
[F(1, 56) = 8.945, p = 0.004, part-eta sq. = 0.085], the thrill and
adventure seeking score [F(1, 56) = 6.432, p = 0.013, part-eta
sq. = 0.063] as well as the total score of the sensation seeking
scale [F(1, 56) = 9.389, p = 0.003, part-eta sq. = 0.091] always
with higher scores in males. Additionally for trait anxiety, females
showed significantly higher scores than males (STAI-T, F(1, 56) =
8.421, p = 0.005, part-eta sq. = 0.079]. For testosterone concen-
tration no significant main effect (p = 0.060) or interaction with
sex (p = 0.103) occurred and no other effect reached significance
(all p-values > 0.060).

Correlation analyses between behavioral performance and
hormone concentration
Analysis of a significant association between behavioral per-
formance (risk selection and reaction times) and testosterone
concentration in the separate groups (HTF, LTF, HTM, LTM)
revealed no significant association (all p-values > 0.219). For
details please see Table 2.

DISCUSSION
The present study aimed at analyzing the impact of menstrual
cycle phase, diurnal testosterone variation, and testosterone con-
centration on decision-making relying on an evaluated task with-
out learning effect, HRG (Haegler et al., 2010). Additionally, we
investigated whether decision-making was associated with hor-
mone concentration or personality and mood factors such as
sensation seeking, impulsivity, depression or anxiety. This was
realized by dividing the study cohort into three groups of females
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(follicular, luteal, and pill-taking) testing for cycle effects. The
effect of diurnal variation of male hormone concentration was
studied in two male groups (morning and afternoon measure-
ment). Following the approach by Stanton et al. (2011), we
investigated the impact of testosterone concentration on perfor-
mance parameters in females and males. Notably, all participants
were students thus groups had similar age and educational back-
ground. Moreover, they did not differ in basic neuropsychological
parameters including verbal intelligence and executive functions.

The following section will be divided into different parts dis-
cussing menstrual cycle effects, influence of diurnal variation
of testosterone on decision-making in males and the impact of
high vs. low testosterone concentration in females and males.
Moreover, a more general discussion and limitations of the
conducted study will be reported.

MENSTRUAL CYCLE AND DECISION-MAKING
Previous studies reported heterogeneous findings regarding the
impact of menstrual cycle phase and hormone concentration on
decision-making: studies relying on self-report data frequently
reported a significant rise in risk-taking behavior when estra-
diol levels were high (Chavanne and Gallup, 1998; Bröder and
Hohmann, 2003; Haselton and Gangestad, 2006; Pillsworth and
Haselton, 2006; Sukolová and Sarmány-Schuller, 2011), Saunders
and Hawton (2006) reviewed several studies on suicide attempts
and suicidal behavior in women and observed that during phases
of low estradiol levels non-fatal suicidal behavior is more fre-
quent, while for example Reavis and Overman (2001) or van den
Bos et al. (2007) did not report a significant impact of men-
strual cycle phase on performance using the Iowa Gambling task.
Here, we also observed no significant difference in risk selection
or reaction time between follicular and luteal females. Moreover,
in contrast to previous studies we included pill-taking females but
no significant group effect emerged. Further analyses of impact
of hormone concentration revealed two significant findings in
LU: while progesterone concentration was negatively correlated
with reaction time for high risk selection, estradiol:progesterone
ratio was positively associated with low risk selection. Hence,
while we see no general impact of menstrual cycle phase,
correlations with hormone levels, and behavioral performance
occurred only in LU, where particularly progesterone levels were
higher.

Our findings indicate that during the luteal phase, females
showed faster responses for high risk options when their proges-
terone levels were higher but chose low risk options more often
the higher their estradiol:progesterone ratio.

Our findings thus point out two different aspects: (1) using
computerized experimental paradigms to assess risk selection
revealed no significant impact of menstrual cycle, while studies
relying on self-report data do. Therefore, one has to question
whether the constructs assessed with one and the other might
be different, have distinct values and relevance for the partici-
pants and whether a bias between self-report and experimental
behavior exists. (2) analysis of hormone concentration showed
some associations with behavioral performance, particularly with
progesterone, supporting previous findings of more risk taking
behavior in the luteal phase with higher progesterone values.

Evidence has accumulated that progesterone and its metabo-
lites (mainly allopregnanolone, 3α,5α-THP) are important neu-
roactive steroids, which influence social, cognitive, and physical
performance (for review see Frye, 2009; Pluchino et al., 2013).
During the luteal phase, circulating concentrations of preg-
nanolone and 3α,5α-THP are 2–4 times higher than during the
follicular phase (Purdy et al., 1990; Wang et al., 1996; Genazzani
et al., 1998; Sundström and Bäckström, 1998a,b), with high-
est concentrations in the hippocampus and midbrain regions
(Bixo et al., 1997). Typically, decision-making tasks elicit acti-
vation of prefrontal regions but also hippocampus activation
has been reported (Li et al., 2010, for review see van den Bos
et al., 2013). However, up to now the impact of concentration
of progesterone and its metabolites on behavioral performance
and neural activation underlying decision-making is still unclear.
Hence, pregnanolone and 3α,5α-THP might also influence cycle-
mediated performance in these tasks thereby contributing to the
findings observed in previous studies as well as ours.

Additionally, we observed a significant positive correlation
between trait anxiety and reaction time in the high risk con-
dition only in the follicular group, indicating longer reaction
times with higher trait anxiety. Hence, females during the fol-
licular phase took longer to decide for the high risk option.
This fits nicely with that assumption that high trait anxi-
ety is linked with risk-avoidant decision making, which has
been shown before (Broman-Fulks et al., 2014; Pittig et al.,
2014). However, for sensation seeking and impulsivity, we only
observed sparse associations with decision-making behavior.
Several studies linked risk taking behavior with these per-
sonality factors (e.g., Mishra and Lalumière, 2011; Popham
et al., 2011), however, others also failed to observe these
associations (Bayard et al., 2011). Again, one possible factor
explaining this divergence is the methodological variety in how
decision-making or risk-taking was assessed. To further investi-
gate these associations, future experiments might want to com-
bine several approaches in order to highlight divergences and
communalities.

Regarding oral contraceptive intake we failed to report any
significant effect or correlation of hormone concentration with
behavioral performance. Several factors might have influenced
our findings, such as the heterogeneity of oral contraceptives
taken by our women or the lack of information on duration of
intake. This should be further investigated in future studies.

DIURNAL VARIATION IN TESTOSTERONE AND ITS IMPACT ON
DECISION-MAKING
Several studies linked testosterone concentration with risk-taking
in that higher testosterone levels were associated with more risky
behavior (e.g., Carney and Mason, 2010; Goudriaan et al., 2010).
Despite the fact that we observed higher testosterone concen-
tration in males measured in the morning compared to the
afternoon, analysis of behavioral performance did not reveal a
significant group effect and thus impact of the diurnal variation
in testosterone on decision-making. Moffat and Hampson (1996)
showed a significant difference in spatial processing between
males tested at 8:15 vs. 10.15 a.m., with better performance in
those with higher testosterone levels.

Frontiers in Neuroscience | Neuroendocrine Science November 2014 | Volume 8 | Article 352 | 62

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


Derntl et al. Sex hormones and decision-making

Interestingly, we observed a significant positive correlation of
trait anxiety and high risk selection in the morning group, sug-
gesting more risky decision making in males with higher trait
anxiety. This finding contradicts a bulk of literature proclaim-
ing less risk taking in high trait anxious individuals (Pittig et al.,
2014). However, the three-way interaction of testosterone concen-
tration, trait anxiety and decision-making performance in males
has rarely been investigated, thus replications are necessary before
conclusion can be drawn.

Additionally, in follicular females we observed a contradic-
tory correlation, namely that higher levels of trait anxiety were
associated with longer reaction times for risky selections, thus
rather risk-aversive behavior. Sex differences in trait anxiety have
been reported quite frequently, with higher values in females
than males (Spielberger et al., 1983; McCleary and Zucker, 1991;
Perkins et al., 2007). Moreover, sex-specific effects of trait anxiety
on decision-making have also been reported before, suggest-
ing sex-specific endophenotypes of anxiety which in turn affect
cognitive functioning differentially (Visser de et al., 2010).

It remains an open question, which abilities are affected by
diurnal variation and what role for instance seasonal varia-
tion of salivary testosterone concentration as shown by Stanton
et al. (2011) plays regarding decision-making or more specifically,
risk-taking.

TESTOSTERONE CONCENTRATION IN FEMALES AND MALES
Dividing females and males in groups with high and low testos-
terone concentration only revealed a significant testosterone effect
for reaction times, with faster reactions in participants with lower
testosterone concentration. As low risk options were selected
most frequently by all participants this might partly support
findings linking testosterone concentration and risk behavior.
Interestingly, Stanton et al. (2011) showed that high-testosterone
women and high-testosterone men made riskier choices than
their low-testosterone counterparts of the same sex, and this effect
was pronounced in women. Hence, the authors conclude that
according to their findings high levels of testosterone are asso-
ciated with willingness to incur greater risk in both sexes when
using the IGT. In their review paper on sex differences in decision-
making with a particular focus on studies using the IGT, van den
Bos et al. (2013) resume that factors such as self-report vs. exper-
imental modulation of risk taking behavior, acting in a group or
acting alone or simply the fact that several studies investigating
decision-making induced stress in females and males may lead to
more risk-taking behavior in men. Notably, the authors conclude
that previous data rather indicate no sex difference in imme-
diate responses to emotional events, but only in the way these
responses are regulated by for instance neuronal structures related
to cognitive control.

GENERAL DISCUSSION
Sex differences in the propensity to take risks have been doc-
umented in a large number of questionnaire and experimental
studies (e.g., van den Bos et al., 2012). In a meta-analysis by
Byrnes, Miller, and Schafer (1999) who reviewed over 150 papers
on sex differences in risk taking, authors concluded that males
are more likely to take risks than females. Notably, Figner and

Weber (2011) pointed out that these sex differences in risk
taking are domain-specific and can be explained by risk per-
ceptions, which in turn are influenced by familiarity (Weber
et al., 2005). Interestingly, once these differences in risk per-
ceptions are taken into account, most of the sex differences
in risk taking diminish as pointed out by Figner and Weber
(2011). Here, we did not see a significant sex difference in
risk taking as measured with the Haegler-Risk-Game (HRG).
Following a domain-specific approach, it is hard to place the
HRG, as there was no financial risk, no ethical risk, no recre-
ational risk, no risk regarding health, or safety and no social
decision risk, just the gambling risk with no economic conse-
quences. Thus, we assume that risk perception was very low in
females and males probably contributing to the lack of a general
sex difference.

A potential influencing factor of the existing decision-making
tasks is that they cannot be executed repeatedly without exclud-
ing a learning effect. Therefore, in the current study we relied
on a novel computerized decision-making task in which par-
ticipants had to make decisions between contingencies (Haegler
et al., 2010). Due to the lack of winning strategy, the HRG can be
played repeatedly without a learning effect. As learning behavior
is modulated by hormone concentration particularly in the luteal
phase (Andreano and Cahill, 2009), this might partly explain
why we did not obtain significant group differences, instead only
correlations with hormone concentration in the luteal phase.

Additionally, the study context also influences risky decision-
making, with less consistent findings in laboratory settings (as in
the study) as in field experiments (Eckel and Grossman, 2008).
Although risky decision-making might be less consistent due to a
laboratory setting, it has been discussed quite openly, that contex-
tual conditions may introduce additional heterogeneity due to a
gender interaction effect (Krajnik et al., 2014). Even in an ani-
mal model the effect of the experimenters sex on the baseline
response in an androstadienone experiment, which is supposed
to act as a chemosignal in humans, has recently been observed
(Sorge et al., 2014). Also, another study in humans investigating
the same compound, reported that the setting, the manner, and
by whom the experiment was conducted played a role in percep-
tion (Lundström and Olsson, 2005). Especially for sex hormones
it cannot be completely exluded that the experimenter collecting
the samples might have an impact.

ACKNOWLEDGMENTS
All authors like to thank Katharina Heindl and Anne Plidschun
for data collection. Moreover, Birgit Derntl and Veronika Schöpf
were supported by the Austrian Science Fund (FWF, P23533 to
Birgit Derntl, P23205 to Veronika Schöpf).

REFERENCES
Andreano, J. M., and Cahill, L. (2009). Sex influences on the neurobiology of

learning and memory. Learn. Mem. 16, 248–266. doi: 10.1101/lm.918309
Axelsson, J., Ingre, M., Akerstedt, T., and Holmbäck, U. (2005). Effects of acutely

displaces sleep on testosterone. J. Clin. Endocrinol. Metab. 90, 4530–4535. doi:
10.1210/jc.2005-0520

Bayard, S., Raffard, S., and Gely-Nargeot, M.-C. (2011). Do facets of self-
reported im-pulsivity predict decision-making under ambiguity and risk?
Evidence from a community sample. Psychiatry Res. 190, 322–326. doi:
10.1016/j.psychres.2011.06.013

www.frontiersin.org November 2014 | Volume 8 | Article 352 | 63

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


Derntl et al. Sex hormones and decision-making

Bechara, A. (2005). Decision making, impulse control and loss of willpower to
resist drugs: a neurocognitive perspective. Nat. Neurosci. 8, 1458–1463. doi:
10.1038/nn1584

Bechara, A., Damasiom, A. R., Damasio, H., and Anderson, S. W. (1994).
Insensitivity to future consequences following damage to human prefrontal
cortex. Cognition 50, 7–15. doi: 10.1016/0010-0277(94)90018-3

Beck, A. T., Steer, R. A., and Brown, G. K. (2006). BDI-II Beck-Depression-Inventory.
Frankfurt/Main: Harcourt.

Bixo, M., Andersson, A., Winblad, B., Purdy, R. H., and Bäckström, T. (1997).
Progesterone, 5!-pregnane, 3,20-dione and 3!-hydroxy-5!-pregnane-20-one in
specific regions of the human female brain in different endocrine states. Brain
Res. 764, 173–178. doi: 10.1016/S0006-8993(97)00455-1

Bolla, K. I., Eldreth, D. A., Matochik, J. A., and Cadet, J. L. (2004). Sex-related
differences in a gambling task and its neurological correlates. Cereb. Cortex. 14,
1226–1232. doi: 10.1093/cercor/bhh083

Bortz, J. (1999). Statistik für Sozialwissenschafter. Berlin: Springer.
Brand, M., Fujiwara, E., Borsutzky, S., Kalbe, E., Kessler, J., and Markowitsch, H. J.

(2005). Decision-making deficits of korsakoff patients in a new gambling task
with explicit rules: associations with executive functions. Neuropsychology 19,
267–277. doi: 10.1037/0894-4105.19.3.267

Bröder, A., and Hohmann, N. (2003). Variations in risk taking behavior over the
menstrual cycle. An improved replication. Evol. Hum. Behav. 24, 391–398. doi:
10.1016/S1090-5138(03)00055-2

Broman-Fulks, J. J., Urbaniak, A., Bondy, C. L., and Toomey, K. J. (2014). Anxiety
sensitivity and risk-taking behavior. Anxiety Stress Coping 27, 619–632. doi:
10.1080/10615806.2014.896906

Byrnes, J. P., Miller, D. C., and Schafer, W. D. (1999). Gender differences in
risk taking: a meta-analysis. Psychol. Bull. 125, 367–383. doi: 10.1037/0033-
2909.125.3.367

Carney, D. R., and Mason, M. F. (2010). Decision making and testosterone:
when the ends justify the means. J. Exp. Soc. Psychol. 46, 668–671. doi:
10.1016/j.jesp.2010.02.003

Chavanne, T. J., and Gallup, G. G. Jr. (1998). Variation in risk taking behavior
among female college students as a function of the menstrual cycle. Evol. Hum.
Behav. 19, 27–32. doi: 10.1016/S1090-5138(98)00016-6

Deakin, J., Aitken, M., Robbins, T., and Sahakian, B. J. (2004). Risk taking during
decision-making in normal volunteers changes with age. J. Int. Neuropsychol.
Soc. 10, 590–598. doi: 10.1017/S1355617704104104

Diver, M. J., Imtiaz, K. E., Ahmad, A. M., Vora, J. P., and Fraser, W. D. (2003).
Diurnal rhythms of serum total, free and bioavailable testosterone and of SHBG
in middle-aged men compared with those in young men. Clin. Endorinol. 58,
710–717. doi: 10.1046/j.1365-2265.2003.01772.x

Eckel, C. C., and Grossman, P. J. (2008). Sex and Risk: Experimental Evidence.
Melbourne, VIC: Monash University Press.

Figner, B., and Weber, E. U. (2011). Who takes risk when and why? Determinants of
risk-taking. Curr. Dir. Psychol. Sci. 20, 211–216. doi: 10.1177/0963721411415790

Frye, C. A. (2009). Neurosteroid’s effects and mechanisms for social, cognitive,
emotional, and physical functions. Psychoneuroendocrinology 34, S143–S161.
doi: 10.1016/j.psyneuen.2009.07.005

Gandara, B. K., Leresche, L., and Mancl, L. (2007). Patterns of salivary estradiol and
progesterone across the menstrual cycle. Ann. N.Y. Acad. Sci. 1098, 446–450. doi:
10.1196/annals.1384.022

Genazzani, A. R., Petraglia, F., Bernardi, F., Casarosa, E., Salvestroni, C., Tonetti,
A., et al. (1998). Circulating levels of allopregnanolone in humans: gender,
age, and endocrine influences. J. Clin. Endocrinol. Metab. 83, 2099–2103. doi:
10.1210/jcem.83.6.4905

Goudriaan, A. E., Lapauw, B., Ruige, J., Feyen, E., Kaufman, J.-M., Brand, M., et al.
(2010). The influence of high-normal testosterone levels on risk-taking in helthy
males in a 1-week letrozole administration study. Psychoneuroendocrinology. 35,
1416–1421. doi: 10.1016/j.psyneuen.2010.04.005

Gröschl, M. (2008). Current status of salivary hormone analysis. Clin. Chem. 54,
1759–1769. doi: 10.1373/clinchem.2008.108910

Haegler, K., Zernecke, R., Kleemann, A. M., Albrecht, J., Pollatos, O., Brückmann,
H., et al. (2010). No fear no risk! Human risk behavior is affected
by chemosensory anxiety signals. Neuropsychologia 48, 3901–3908. doi:
10.1016/j.neuropsychologia.2010.09.019

Haselton, M. G., and Gangestad, S. W. (2006). Conditional expression of women’s
desires and men’s mate guarding across the ovulatory cycle. Horm. Behav. 49,
509–518. doi: 10.1016/j.yhbeh.2005.10.006

Jianakoplos, N. A., and Bernasek, A. (1998). Are women more risk averse? Econom.
Inquiry 36, 620–630. doi: 10.1111/j.1465-7295.1998.tb01740.x

Krajnik, J., Kollndorfer, K., Nenning, K.-H., Lundström, J. N., and Schöpf, V.
(2014). Gender effects and sexual-orientation impact on androstadienone-
evoked behavior and neural processing. Front. Neurosci. 8:195. doi:
10.3389/fnins.2014.00195

Laux, L., Glanzmann, P., Schaffner, P., and Spielberger, C. D. (1981). State-Trait-
Angstinventar (STAI). Weinheim: Beltz.

Lehrl, S. (2005). Mehrfachwahl-Wortschatz-Intelligenztest: MWT-B. Balingen: Spitta
Verlag.

Lejuez, C. W., Read, J. P., Kahler, C. W., Richards, J. B., Ramsey, S. E., Stuart, G.
L., et al. (2002). Evaluation of a behavioral measure of risk taking: the balloon
analog risk task (BART). J. Exp. Psychol. Appl. 8, 75–84. doi: 10.1037/1076-
898X.8.2.75

Li, X., Lu, Z. L., D’Argembeau, A., Ng, M., and Bechara, A. (2010). The
Iowa gambling task in fMRI images. Hum. Brain Mapp. 31, 410–423. doi:
10.1002/hbm.20875.

Lighthall, N. R., Mather, M., and Gorlick, M. A. (2009). Acute stress increases sex
differences in risk seeking in the balloon analog risk task. PLoS ONE 4:e6002.
doi: 10.1371/journal.pone.0006002

Lighthall, N. R., Sakaki, M., Vasunilashorn, S., Nga, L., Somayajula, S., Chen, E.
Y., et al. (2011). Gender differences in reward-related decision processing under
stress. Soc. Cogn. Affect. Neurosci. 7, 476–484. doi: 10.1093/scan/nsr026

Lundström, J. N., and Olsson, M. J. (2005). Subthreshold amounts of social
odorant affect mood, but not behavior, in heterosexual women when tested
by a male, but not a female, experimenter. Biol. Psychol. 70, 197–204. doi:
10.1016/j.biopsycho.2005.01.008

McCleary, R., and Zucker, E. L. (1991). Higher trait and state-anxiety in female
law students than in male law students. Psychol. Rep. 68, 1075–1078. doi:
10.2466/pr0.1991.68.3c.1075

Mishra, S., and Lalumière, M. L. (2011). Individual differences in risk-propensity:
associations between personality and behavioral measures of risk. Pers. Individ.
Dif. 50, 869–873. doi: 10.1016/j.paid.2010.11.037

Moffat, S. D., and Hampson, E. (1996). A curvilinear relationship between
testosterone and spatial cognition in humans: possible influence of hand
preference. Psychoneuroendocrinology 21, 323–337. doi: 10.1016/0306-4530(95)
00051-8

Overman, W., Graham, L., Redmond, A., Eubank, R., Boettcher, L., Samplawski,
O., et al. (2006). Contemplation of moral dilemmas eliminates sex differences
on the Iowa gambling task. Behav. Neurosci. 120, 817–825. doi: 10.1037/0735-
7044.120.4.817

Perkins, A. M., Kemp, S. E., and Corr, P. J. (2007). Fear and anxiety as separa-
ble emotions: an investigation of the revised reinforcement sensitivity theory of
personality. Emotion 7, 252–261. doi: 10.1037/1528-3542.7.2.252

Pillsworth, E. G., and Haselton, M. G. (2006). Male sexual attractive-
ness predicts diffe-rential ovulatory shifts in female extra-pair attrac-
tion and male mate retention. Evol. Hum. Behav. 27, 247–258. doi:
10.1016/j.evolhumbehav.2005.10.002

Pittig, A., Schulz, A. R., Craske, M. G., and Alpers, G. W. (2014). Acquisition of
behavioral avoidance: task-irrelevant conditioned stimuli trigger costly deci-
sions. J. Abnorm. Psychol. 123, 314–329. doi: 10.1037/a0036136

Pluchino, N., Santoro, A., Casarosa, E., Wenger, J. M., Genazzani, A. D., Petignat,
P., et al. (2013). Advances in neurosteroids: role in clinical practice. Climacteric
16, 8–17. doi: 10.3109/13697137.2013.809647

Popham, L. E., Kennison, S. M., and Bradley, K. I. (2011). Ageism, sensation seek-
ing, and risk-taking behavior in young adults. Curr. Psychol. 30, 184–193. doi:
10.1007/s12144-011-9107-0

Preuss, U. W., Rujescu, D., Giegling, I., Watzke, S., Koller, G., Zetzsche, T.,
et al. (2008). Psychometrische Evaluation der deutschsprachigen Version der
Barratt-Impulsiveness-Skala. Nervenarzt 79, 305–319. doi: 10.1007/s00115-007-
2360-7

Purdy, R. H., Moore, P. H. Jr., Rao, P. N., Hagino, N., Yamaguchi, T., Schmidt, P.,
et al. (1990). Radioimmunoassay of 3α-hydroxy-5α-pregnan-20-one in rat and
human plasma. Steroids 55, 290–296. doi: 10.1016/0039-128X(90)90031-6

Reavis, R., and Overman, W. H. (2001). Adult sex differences on a decision-
making task previously shown to depend on the orbital prefrontal cortex. Behav.
Neurosci. 115, 196–206. doi: 10.1037/0735-7044.115.1.196

Saunders, K. E., and Hawton, K. (2006). Suicidal behaviour and the menstrual
cycle. Psychol. Med. 36, 901–912. doi: 10.1017/S0033291706007392

Frontiers in Neuroscience | Neuroendocrine Science November 2014 | Volume 8 | Article 352 | 64

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


Derntl et al. Sex hormones and decision-making

Sorge, R. E., Martin, L. J., Isbester, K. A., Sotocinal, S. G., Rosen, S., Tuttle,
A. H., et al. (2014). Olfactory exposure to males, including men, causes
stress and related analgesia in rodents. Nat. Methods 11, 629–632. doi:
10.1038/nmeth.2935

Spielberger, C. D., Gorsuch, R. L., Lushene, R., Vagg, P. R., and Jacobs, G. A.
(1983). Manual for the State-Trait Anxiety Inventory. Palo Alto, CA: Consulting
Psychologists Press.

Stanton, S. J., Mullette-Gillman, O. A., and Huettel, S. A. (2011). Seasonal
variation of salivary testosterone in men, normally cycling women, and
women using hormonal contraceptives. Physiol. Behav. 104, 804–808. doi:
10.1016/j.physbeh.2011.07.009

Starcke, K., Wolf, O. T., Markowitsch, H. J., and Brand, M. (2008). Anticipatory
stress influences decision making under explicit risk conditions. Behav.
Neurosci. 122, 1352–1360. doi: 10.1037/a0013281

Sukolová, D., and Sarmány-Schuller, I. (2011). Fluctuating perception of selected
risk situations with respect to hormonal changes during menstrual cycle. Stud.
Psychol. 53, 3–12.

Sundström, I., and Bäckström, T. (1998a). Citalopram increases preg-
nanolone sensitivity in patients with premenstrual syndrome: an open
trial. Psychoneuroendocrinology 23, 73–88. doi: 10.1016/S0306-4530(97)
00064-4

Sundström, I., and Bäckström, T. (1998b). Patients with premenstrual syn-
drome have decreased saccadic eye velocity compared to control subjects. Biol.
Psychiatry 44, 755–764. doi: 10.1016/S0006-3223(98)00012-2

van den Bos, R., den Heijer, E., Vlaar, S., and Houx, B. B. (2007). “Exploring gender
differences in decision-making using the Iowa Gambling Task,” in Psychology
of Decision Making in Education, Behavior, and High Risk Situations, ed J. E.
Elsworth (Hauppage, NY: Nova Science Publishers Inc.), 207–226.

van den Bos, R., De Visser, L., van de Loo, A. J. A. E., Mets, M. A. J., van
Willigenburg, G. M., Homberg, J. R., et al. (2012). “Sex differences in decision-
making in adult normal volunteers are related to differences in the interaction
of emotion and cognitive control,” in Handbook on Psychology of Decision-
Making: New Research, eds K. O. Moore and N. P. Gonzalez (Hauppage, NY:
Nova Science Publisher Inc.), 179–198.

van den Bos, R., Homberg, J., and de Visser, L. (2013). A critical review on sex
differences in decision-making: focus on the Iowa gambling task. Behav. Brain
Res. 238, 95–108. doi: 10.1016/j.bbr.2012.10.002

van den Bos, R., Taris, R., Scheppink, B., de Haan, L., and Verster, J. (2014). Salivary
cortisol and α-amylase levels during an assessment procedure correlate differ-
ently with risk-taking measures in male and female police recruits. Front. Behav.
Neurosci. 7:219. doi: 10.3389/fnbeh.2013.00219

Visser de, L., van der Knaap, L. J., van der Loo, A. J. A. E., van de Weerd,
C. M. M., Ohl, F., and van den Bos, R. (2010). Trait anxiety affects
decision-making differently in healthy men and women: towards gender-
specific endophenotypes of anxiety. Neuropsychologia 48, 1598–1606. doi:
10.1016/j.neuropsychologia.2010.01.027

Wang, M., Seippel, L., Purdy, R. H., and Bäckström, T. (1996). Relationship
between symptom severity and steroid variation in women with premenstrual
syndrome: study on serum pregnenolone, pregnenolone sulfate, 5!-pregnane-
3,20-dione and 3!-hydroxy-5!-pregnan-20-one. J. Clin. Endocrinol. Metab. 81,
1076–1082.

Weber, E. U., Siebenmorgen, N., and Weber, M. (2005). Communicating asset
risk: how name recognition and the format of historic volatility information
affect risk perception and investment decisions. Risk Anal. 25, 597–609. doi:
10.1111/j.1539-6924.2005.00627.x

Wittchen, H.-U., Zaudig, M., and Fydrich, T. (1997). SKID. Strukturiertes Klinisches
In-terview für DSM-IV. Göttingen: Hogrefe. [SCID – Structured Clinical
Interview for DSM, German version].

Zuckerman, M. (1994). Behavioral Expressions and Biosocial Bases of Sensation
Seeking. Cambridge: Cambridge University Press.

Zuckerman, M. (2006). Sensation Seeking and Risky Behavior. Washington, WA:
American Psychological Association.

Zuckerman, M., and Kuhlman, D. M. (2000). Personality and risk-taking: common
biosocial factors. J. Pers. 68, 999–1029. doi: 10.1111/1467-6494.00124

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

Received: 24 July 2014; accepted: 14 October 2014; published online: 05 November
2014.
Citation: Derntl B, Pintzinger N, Kryspin-Exner I and Schöpf V (2014) The impact
of sex hormone concentrations on decision-making in females and males. Front.
Neurosci. 8:352. doi: 10.3389/fnins.2014.00352
This article was submitted to Neuroendocrine Science, a section of the journal Frontiers
in Neuroscience.
Copyright © 2014 Derntl, Pintzinger, Kryspin-Exner and Schöpf. This is an open-
access article distributed under the terms of the Creative Commons Attribution License
(CC BY). The use, distribution or reproduction in other forums is permitted, provided
the original author(s) or licensor are credited and that the original publication in this
journal is cited, in accordance with accepted academic practice. No use, distribution or
reproduction is permitted which does not comply with these terms.

www.frontiersin.org November 2014 | Volume 8 | Article 352 | 65

http://dx.doi.org/10.3389/fnins.2014.00352
http://dx.doi.org/10.3389/fnins.2014.00352
http://dx.doi.org/10.3389/fnins.2014.00352
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://www.frontiersin.org
http://www.frontiersin.org/Neuroendocrine_Science/archive


OPINION ARTICLE
published: 07 April 2014

doi: 10.3389/fnins.2014.00065

Effects of estrogen on higher-order cognitive functions in
unstressed human females may depend on individual
variation in dopamine baseline levels
Lorenza S. Colzato* and Bernhard Hommel

Institute for Psychological Research and Leiden Institute for Brain and Cognition, Leiden University, Leiden, Netherlands
*Correspondence: colzato@fsw.leidenuniv.nl

Edited by:

Belinda Pletzer, University of Salzburg, Austria

Reviewed by:

Emily Goard Jacobs, Harvard Medical School, USA
Belinda Pletzer, University of Salzburg, Austria

Keywords: estrogen, cognition, dopamine, individual differences, “inverted-U”-shaped function

INTRODUCTION
The gonadal steroid hormone estro-
gen (i.e., estradiol) seems to modulate
higher order cognitive processes driven by
dopamine (DA) such as learning, reward
processing, working memory (WM), and
inhibitory control (Hampson, 1990a,b;
Maki et al., 2002; Caldu and Dreher,
2007; Dreher et al., 2007; Gasbarri et al.,
2008; Colzato et al., 2010, 2012; Jacobs
and D’Esposito, 2011). However, it is
important to note that sex steroid hor-
mones have been shown to impact several
other neurotransmitter systems, includ-
ing gamma-aminobutyric acid (GABA).
Indeed, in healthy women the cortical
GABA levels declines from the follic-
ular phase (FP) to the mid luteal and
late luteal phases (Epperson et al., 2002).
In a recent review, Sinclair et al. (2014)
suggested that the adolescent brain is
shaped by the interaction between estro-
gen and glucocorticoids with a specific
impact on DA neurotransmission. The
focus of the present opinion article is not
on glucocorticoid-estrogen interactions
but on estrogen effects on higher-
order cognition in unstressed human
females.

High levels of estradiol are accompa-
nied by increases in the attentional blink
(Hollander et al., 2005) and in interference
in the Stroop color-word task (Hatta and
Nagaya, 2009), indicating reduced cogni-
tive control. Moreover, the reactivity of
the reward system is augmented in women
during the midfollicular phase when estro-
gen is unopposed by progesterone (Dreher
et al., 2007).

Previous studies have shown that gen-
der differences in DA-modulated higher-
order cognitive processes are restricted to
a particular phase of the female menstrual
cycle: the late FP, in which the estrogen
level is high. Growing evidence suggests
that the dopaminergic system seems to be
particularly strongly affected by estrogen.
After estrogen enters the brain, it is con-
verted into cathecol estrogen, which has
been considered to inhibit the catechol O-
methyltransferase (Ball et al., 1972), an
enzyme responsible for the degradation
of DA in prefrontal cortex (PFC). Several
studies have pointed out that the estrous
cycle is related to augmentation in DA
release associated with high levels of estro-
gen in rodents (Di Paolo et al., 1986;
Becker et al., 2001; Dazzi et al., 2007; for
review see Becker, 1999) and in monkeys
(Czoty et al., 2009). Moreover, as pointed
out by Czoty et al. (2009), receptor autora-
diography studies have revealed that D2
receptor densities can raise in the pres-
ence of natural elevations in estrogen dur-
ing the estrous cycle and after exogenous
estrogen administration (Pazos et al., 1985;
Di Paolo et al., 1988; Bazzett and Becker,
1994; Becker, 1999; see Di Paolo, 1994).

Interestingly, the ventral tier of the mid-
brain sends its DA projections to the dor-
sal and lateral parts of the PFC, while
the dorsal tier sends its DA projections
primarily to the ventral striatum, which
projects strongly to ventrolateral and ven-
tromedial PFC (Cools, 2006). As suggested
by Miller (2000), reward information may
be mediated by the dopamine-mediated
innervation of PFC from a group of cells

situated in the midbrain ventral tegmental
area (VTA). Inhibitory control of behav-
ior and thoughts seems to be driven by
the frontal/basal-ganglia system. Finally,
DA levels in PFC are related to the
maintenance of WM information (Cools,
2006). Given these links between estro-
gen, DA, and PFC, it should not be sur-
prising that PFC-depending functions, like
inhibitory control, WM, and reward pro-
cessing, are particularly affected by the
menstrual cycle.

INDIVIDUAL BASELINE LEVELS OF DA
MAY EXHIBIT DIFFERENTIAL
SENSITIVITY TO ESTROGEN
In some previous studies, estrogen seems
to have modulated cognitive processes in
opposite directions or in unreliable ways.
For example, studies have found improved
verbal working memory (Rosenberg and
Park, 2002) and better performance on
a test of implicit memory (Maki et al.,
2002) when the estrogen level was high,
while others found high levels of estro-
gen to have a negative effect on delayed
matching-to-sample working memory
task (Gasbarri et al., 2008). Jacobs and
D’Esposito (2011) were the first to sug-
gest that inconsistencies in the literature
linking WM and estrogen (Maki et al.,
2002; Rosenberg and Park, 2002; Gasbarri
et al., 2008) may be explained by taking
baseline levels of DA into account. Indeed,
these authors showed that the direction of
the effect estrogen has on WM depends
on indices of baseline DA (as assessed by
the genetic variability associated with the
COMT Val158Met genotype).
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We suggest that not only for WM,
but for all cognitive processes related to
DA, the effect of estrogen might depend
on individual variation in baseline DA
function, which follows an “Inverted-U”-
shaped function. Indeed, neurotransmit-
ters such as DA often relate to performance
in a nonlinear fashion, with the best per-
formance related to a medium level, while
higher levels are likely to be counterpro-
ductive (Muly et al., 1998; Goldman-Rakic
et al., 2000). This effect is explained by the
existence of GABAergic interneurons with
D1 receptors and inhibitory input to cor-
tical pyramidal cells, which are related to
cognitive performance. At moderate levels
of dopamine release the function of these
pyramidal cells (but not of the interneu-
rons) is enhanced, which leads to better
performance as compared to lower levels.
But at high levels of dopamine release, the
GABAergic inhibitory interneurons also
get excited and start projecting the neu-
rotransmitter GABA onto the pyramidal
cortical cells. This provides them with
inhibitory input, leading to impaired per-
formance (Goldman-Rakic et al., 2000).
Consistent with this picture, the impact of
most dopaminergic agonist drugs is mod-
ulated by individual differences: increas-
ing the dopamine level is likely to be
beneficial for individuals whose level
falls short of the optimal level but to
impair the performance of individuals
with medium (optimal) or high levels
(Cools, 2006).

We speculate that different individu-
als may have different baseline levels of
DA and may therefore exhibit differen-
tial sensitivity to the positive and negative
effects of estrogen. Given that estrogen is
associated with higher DA turnover rates,
if estrogen affects the DA functioning in
driving a particular cognitive function, we
would expect a cognitive beneficial effect
in the late FP (i.e., with the highest level
of estrogen) for individuals with a low DA
baseline level. In contrast, we would expect
a cognitive detrimental effect in the late
FP for individuals with an already optimal
baseline level. That is, low baseline levels
of DA, which are in general accompanied
by poor cognitive performance, may be
improved by high levels of estrogen. In
contrast, high baseline levels of DA, com-
monly related to good cognitive perfor-
mance, may be impaired by estrogen.

Colzato and colleagues showed, in
two independent samples, that late FP
was associated with both less efficient
inhibitory output control (Colzato et al.,
2010) and more efficient inhibitory input
control (Colzato et al., 2012). Of course,
we cannot exclude that this dissociation
simply reflected the independence of input
and output control (Johnston et al., 1995).
However, if our idea that the effect of
estrogen on all DA-driven cognitive pro-
cesses depends on individual variation in
baseline DA is correct, it is a real possibil-
ity that individual differences have mod-
ulated our previous findings. If so, it is
reasonable to assume that our first study
(Colzato et al., 2010) tapped a sample with
an already optimal DA baseline level while
the second (Colzato et al., 2012) happened
to assess a sample with low DA baseline
levels.

MARKERS OF DA BASE LEVELS
The direct assessment of DA function
in humans is only possible by means of
positron emission tomography (PET) so
far, which is, however, very expensive and
highly invasive due to radioactive con-
tamination and arterial blood sampling
(Volkow et al., 2009). An ideal index of
DA base levels, also used by Jacobs and
D’Esposito (2011), is genetic variability
related to levels of DA, which is nonethe-
less still a costly procedure.

Interestingly, DA can be found in
high concentration in the amacrine and
interplexiform cells of the retina (Bodis-
Wollner and Tzelepi, 1998; Witkovsky,
2004). Abnormal color discrimination has
been reported for several neuropsychiatric
conditions underlying al dopaminer-
gic functions, such as Parkinson’s and
Huntington’s disease, Tourette syndrome,
ADHD, and cocaine use (Paulus et al.,
1993; Pieri et al., 2000; Melun et al., 2001;
Tannock et al., 2006; Hulka et al., 2013).
Roy et al. (2003) suggested that color
vision impairment points to a central
hypodopaminergic state. Very recently,
color vision has been found to predict the
efficiency in resolving response conflict
given that both are driven by dopamine
(Colzato et al., under revision). This
raises the possibility that individual color
discrimination performance predicts indi-
vidual differences in sensitivity to the
positive (i.e., enhancing) and negative

(i.e., unfavorable) effects of estrogen. For
example in tasks assessing cognitive con-
trol and adaptation one would expect
benefits (e.g., better goal regulation in the
face of response conflict) in the late FP for
individuals with poor color discrimination
but a detrimental effect (e.g., poorer goal
regulation) in individuals with optimal
color discrimination.

Another interesting measure of DA
functioning is the spontaneous eyeblink
rate (EBR), a well-established clinical
indicator (Karson, 1983; Shukla, 1985;
Blin et al., 1990; Taylor et al., 1999).
Patients with DA-related dysfunction show
atypical patterns: EBRs are elevated in
in schizophrenia patients (Freed, 1980)
but reduced in recreational cocaine users
(Colzato et al., 2008b) and Parkinson’s
patients (Deuschel and Goddemeier,
1998). Moreover, pharmacological stud-
ies in nonhuman primates and humans
have shown that DA agonists, such as apo-
morphine, and antagonists increase and
decrease EBRs, respectively, (Blin et al.,
1990; Kleven and Koek, 1996). Similarly
to color vision, EBR has also been found
to predict DA-driven cognitive processes
(e.g., Dreisbach et al., 2005; Colzato et al.,
2007, 2008a, 2009). Accordingly, EBR, in
interaction with the individual genetic
setup, should predict individual differ-
ences in sensitivity to the positive and
negative effects of estrogen. In particu-
lar, we would expect cognitive benefits in
the late FP for individuals with low EBR
but impairments in individuals with an
average/high EBR.

It might be particularly informative
to use proton magnetic resonance spec-
troscopy (1H-MRS) and plasma levels of
homovanillic acid (HVA) to trace the
impact of estrogen on the DA system.
1H-MRS permits to measure the con-
centration of particular chemicals, based
on subtle differences in the resonance
of the protons they contain. This tech-
nique has been successfully applied in the
past to reflect changes in dopamine path-
ways (Moore et al., 2006) and to investi-
gate the effect of dopaminergic treatment
on the cortex (Lucetti et al., 2007). In
contrast to PET, 1H-MRS does not use
invasive radioactive tracers and it is way
less expensive. 1H-MRS allows measur-
ing brain metabolites including creatine
(Cr), inositol (Ino), and glutamate and
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glutamine (Glx), and the ratio between
them. Because protons experience differ-
ent shielding effects from the surrounding
electrons in different molecules, their res-
onance varies from one type of molecule
to another. In the late FP we would expect
increased brain DA and, accordingly, a
modulation of the Glx-to-Cr and Glx-to-
Ino ratio.

Homovanillic acid (HVA) is a metabo-
lite of DA which is typically decreased
in repetitive behavior disorders (Lewis
et al., 1996) and it may be altered in in
disorders of catecholamine metabolism.
For example, monamine oxidase-A defi-
ciency can cause decreased HVA val-
ues, while a deficiency of dopamine
beta-hydrolase (the enzyme that converts
dopamine to norepinephrine) can cause
elevated HVA concentrations. Accordingly,
HVA values should predict individual dif-
ferences in sensitivity to the positive and
negative effects of estrogen. In partic-
ular, we would expect cognitive bene-
fits in the late FP for individuals with
low HVA values but impairments in
individuals with an average/high HVA
values.

SUMMARY
We propose that future studies inves-
tigating the effect of estrogen on DA-
driven higher order cognitive processes
should take into account individual dif-
ferences in DA base levels. The existing
research on the role of estrogen in higher
order cognitive processes has been mainly
“effect”-driven, and thus only shown
that estrogen can have an effect without
explaining how it modulates cognitive pro-
cesses and why some people benefit more
than others. To get a better understand-
ing of the underlying mechanism and the
interplay between estrogen, dopaminer-
gic supply, and cognitive functioning it is
mandatory to develop a comprehensive,
detailed model of how estrogen modulates
higher order cognitive processes in healthy
humans.
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Sex hormones have been implicated in neurite outgrowth, synaptogenesis, dendritic
branching, myelination and other important mechanisms of neural plasticity. Here we
review the evidence from animal experiments and human studies reporting interactions
between sex hormones and the dominant neurotransmitters, such as serotonin,
dopamine, GABA and glutamate. We provide an overview of accumulating data during
physiological and pathological conditions and discuss currently conceptualized theories
on how sex hormones potentially trigger neuroplasticity changes through these four
neurochemical systems. Many brain regions have been demonstrated to express
high densities for estrogen- and progesterone receptors, such as the amygdala, the
hypothalamus, and the hippocampus. As the hippocampus is of particular relevance
in the context of mediating structural plasticity in the adult brain, we put particular
emphasis on what evidence could be gathered thus far that links differences in behavior,
neurochemical patterns and hippocampal structure to a changing hormonal environment.
Finally, we discuss how physiologically occurring hormonal transition periods in humans
can be used to model how changes in sex hormones influence functional connectivity,
neurotransmission and brain structure in vivo.

Keywords: estrogens, progesterone, neurotransmitters, plasticity, hormonal transition periods

INTRODUCTION
Over the last decades, several lines of research have extended the
pivotal actions of ovarian hormones such as estrogen and pro-
gesterone outside of the reproductive tract. The brain represents
an important target for estrogen and progesterone effects. Both
hormones provide specific neuroendocrine conditions through
which brain structure and function are modulated across a
woman’s life span. The trophic effects of ovarian hormones
emerge early in brain development and remain throughout ado-
lescence (Juraska et al., 2013) and adulthood (Wise et al., 2008).
Many of these actions occur in brain regions involved in learning
(Hu et al., 2007) and memory (Liu et al., 2008), emotion (Amin
et al., 2006), motivation (Sakaki and Mather, 2012), motor con-
trol (Horstink et al., 2003), and cognition (Berman et al., 1997).
Furthermore, several lines of evidence support a main impact
of sex hormones on brain development and plasticity (Marino
et al., 2006). Specific structural effects of estrogen and proges-
terone include neurite outgrowth and synaptogenesis (Haraguchi
et al., 2012), dendritic branching (Cooke and Woolley, 2005) and
myelination (Garcia-Segura and Melcangi, 2006).

GENERAL MECHANISMS
Both estrogen and progesterone act via classical genomic recep-
tors as well as non-classical membrane-associated receptors
(see Table S1 for overview on main genomic and non-genomic

signaling properties). The classical estrogen receptors (ERα/β)
(Gundlah et al., 2001; Mitra et al., 2003) and progesterone
receptors (PRA/B) (Brinton et al., 2008) are highly expressed in
brain areas involved in emotion and cognition, such as amyg-
dala and hippocampus. Ovarian hormones can act on multiple
receptor types, such as voltage-gated ion channels, including
GABAA(Gulinello et al., 2001), NMDA (Foy et al., 1999), sero-
tonin (Sumner and Fink, 1998) and dopamine (Becker, 1990)
receptors. While these genomic actions of sex hormones require a
comparably long time—from minutes to hours—and are limited
by the rate of protein biosynthesis, non-genomic modulation of
the membrane receptors is mostly faster and requires only mil-
liseconds to seconds (McEwen, 1991; Cornil et al., 2006). Both
estrogen and progesterone exert acute effects on synaptic phys-
iology through the activation of multiple intracellular signaling
pathways (Minami et al., 1990; Krebs et al., 2000; Wu et al., 2005),
including the MAPK/ERK and the Akt pathway which are both
part to a non-genomic signaling cascade linked to the promotion
of cell survival (Singh, 2001). A distinct progesterone-binding
protein different from the classical PR was identified as a mem-
brane protein, known as 7TMPR, which mediates non-genomic
actions via second-messenger cascades (Zhu et al., 2003a,b).
However, genomic and non-genomic actions of hormones may
also be coupled, so the distinctions are not as clear-cut as was first
thought (Vasudevan and Pfaff, 2008).
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It is noteworthy that most cellular effects of ovarian hormones
have important roles in cell survival, apoptosis, function, and
brain development and may act as critical neuroregulatory, neu-
rotropic, and neuroprotective factors in brain physiology and
pathological conditions of the brain. Effects on structure and
function of the brain have been documented.

EFFECTS ON STRUCTURE
For instance, fairly recent studies have shown that proges-
terone, progestin or progestin metabolites could have the capac-
ity to induce or inhibit neuroplastic changes by preventing
microglia from releasing harmful free radicals (Muller and
Kerschbaum, 2006) or by stimulating myelin production (Baulieu
and Schumacher, 2000). Furthermore, ovarian hormones also
exhibit profound effect on neurotrophins such as brain-derived
neurotrophic factor (BDNF). BDNF has been shown to play a
key role in neuronal survival, in promoting neuronal regener-
ation following injury and regulating neurotransmitter system
(Scharfman and MacLusky, 2006; Sohrabji and Lewis, 2006).
Estrogen treatment seems to increase BDNF expression in sev-
eral brain regions including hippocampus, amygdala and cortex
(Zhou et al., 2005), and has been shown to decrease the risk
for neurodegenerative diseases such as Parkinson’s disease and
Alzheimer’s disease (Sohrabji and Lewis, 2006).

However, much translational work remains to be done, and
it is not clear which of these mechanisms are most relevant to
clinical use. As an example, evidence for the beneficial effects
of progesterone on cognitive outcome following traumatic brain
injury has recently been reviewed as promising (Ma et al., 2012)—
emphasizing the need to further promote this research direction.

Although estrogen and progesterone target multiple regions
in the brain (Brinton et al., 2008), one brain region that has
been the focus of many studies investigating potential neu-
rotropic effects of these hormones is the hippocampus, a brain
region associated with various memory functions (Bliss and
Collingridge, 1993; Adams et al., 2004). Both, acute estro-
gen and progesterone treatment have been shown to increase
synapse density and spine formation in hippocampal structures
in rodents, respectively (Woolley and McEwen, 1993). However,
the generative effects of progesterone seem to disappear after
chronic treatment. Furthermore, progesterone has also been
shown to down-regulate estrogen-induced synapses when added
to estrogen-administration chronically (Woolley and McEwen,
1993). Thus, the duration and combination of ovarian hormone
supplementation seems to be essential for its neuroplastic effects
on brain structures, such as the hippocampus. Therefore, the
overall modulatory effect of ovarian hormones is more complex
than simple mechanistic processes of up- and down-regulation of
expression patterns in isolated brain regions.

In humans, evidence for hormone-dependent modulatory
effects on brain structure stems from hormonal replacement ther-
apy (HRT) studies. The importance of ovarian hormones has lead
to its use as HRT, primarily to treat menopausal/postmenopausal
symptoms such as hot flashes and night sweat. However, struc-
tural and functional changes associated with HRT regimes have
sparked a heightened interest in ovarian hormone effects in
the human body. For instance, brain structure changes due

to HRT seem to be most prominent in the hippocampus.
Women using HRT showed an increased hippocampal vol-
ume compared to men and women who never used HRT
(Lord et al., 2008).

Not only are exogenous sex steroid hormones likely to influ-
ence the structure and function of the hippocampus, but variable
sex steroid levels across the female lifespan have also been asso-
ciated with alterations in hippocampal structure (Adams et al.,
2004; Galea et al., 2008).

EFFECTS ON FUNCTION
Beyond structural changes mediated by HRT, ovarian hormone
supplementation is also known to have prominent effects on
mood and cognitive functioning in domains such as working
memory and executive control. In general, positive (Hogervorst
et al., 2000; LeBlanc et al., 2001; Rice and Morse, 2003; Weber
et al., 2014) and negative (Rapp et al., 2003; Shumaker et al.,
2003) effects on cognition have been reported for HRT. In virtue
of these contradictory findings, HRT is currently much under
debate. However, it seems that timing (MacLennan et al., 2006)
and dose (Rice, 2002) are critical aspects of how the impact of
HRT unfolds.

A woman’s lifespan is characterized by major hormonal transi-
tion periods beginning with rising estrogen level during puberty
(Angold et al., 1998), high estrogen levels during pregnancy
and rapid falls postpartum (Galea et al., 2001), declining lev-
els during perimenopause (Cohen et al., 2006a) and low levels
postmenopausal. Intriguingly, these major shifts in sex hormone
levels seem to be paralleled by the incidence rates of mood
disorders such as unipolar depression (Figure 2). According to
the monoamine hypotheses of depression (Hindmarch, 2002),
depressed mood seems to be accompanied by alternations in
neurotransmitter functioning and transmission. Ovarian hor-
mones are known to exhibit modulatory effects on synaptic
transmission. These modulatory effects can be achieved by alter-
ing the responsiveness of postsynaptic receptors (Yankova et al.,
2001; Maejima et al., 2013) or the presynaptic release of neu-
rotransmitters (Yokomaku et al., 2003). The alternation of both
mechanisms largely affect the neurochemical systems involved
in healthy emotional and cognitive control, such as dopamin-
ergic, serotonergic, glutamatergic and γ-aminobutyric acid
(GABA)-ergic systems.

Along with the major hormonal transition periods, sub-
tle changes in endogenous sex hormones, as occur during the
monthly cycle, have also been associated with changes in mood
(Backstrom et al., 2014). A subgroup of women, however, suffers
from clinical level of premenstrual mood changes called premen-
strual dysphoric disorder (PMDD), a condition that has recently
been included in the DSM-V (Epperson et al., 2012a). PMDD
core symptoms include anxiety, irritability and depressed mood
(Epperson et al., 2012a). As the absolute levels of ovarian hor-
mones do not seem to differ significantly in PMDD women and
healthy controls (Backstrom et al., 2003), one hypothesis pro-
poses that it is a heightened vulnerability of the central nervous
system to normal ovarian function and physiological changes
(Schmidt et al., 1998; Huo et al., 2007) rather than hormone
imbalance, that predisposes women to PMDD. In the pathology
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of PMDD, the normal functioning of predominantly two main
neurotransmitter system, the serotonergic and dopaminergic
system seems to be impaired.

The present review aims to summarize recent findings on the
interaction between ovarian hormones and various neurotrans-
mitter systems in the brain. The second part of the review focuses
on the discussion of these findings in the context of neuropsychi-
atric diseases that display a substantial sexual dimorphism, such
as affective disorders and Alzheimer’s disease.

SEX HORMONES AND THEIR INTERACTION WITH
NEUROTRANSMITTER SYSTEMS—POTENTIAL
MECHANISMS FOR SEX HORMONES TO EFFECT BRAIN
STRUCTURE AND FUNCTION
The classification of the main neurotransmitter systems are
summarized in Table S1.

SEX HORMONES AND GLUTAMATE INTERACTION
Glutamate acts as the main excitatory neurotransmitter in the
CNS and is a proximal regulator of cognitive domains such as
learning and memory (Gazzaley et al., 1996; Foy et al., 1999;
Riedel et al., 2003). The integration of glutamatergic transmis-
sion is fundamental for normal cognitive functioning and mental
health (Schwartz et al., 2012; Abdallah et al., 2014). The cortical
glutamate projections are organized in descending and ascend-
ing pathways that project throughout much of the telencephalon
(Figure 1A). The impact of ovarian hormones on the gluta-
matergic system has been studied extensively, especially in cell
cultures (Yokomaku et al., 2003) and animal models (Bethea
and Reddy, 2012; Wei et al., 2014). Both stimulatory (Yokomaku
et al., 2003) and inhibitory (Smith et al., 1987a) effects of ovarian
hormones have been reported. In rodents, several mechanisms
through which ovarian hormones may influence glutamatergic
neurotransmission have been proposed: progesterone has been
shown to suppress the excitatory glutamate response in a dose-
dependent fashion (Smith et al., 1987a), while estrogen exhibits
facilitating effects on glutamate transmission (Yokomaku et al.,
2003). A physiological dose of progesterone in ovariectomized
rats has been reported to reduce glutamate-response by 87% via
attenuation of non-NMDA receptors (AMPA, Kainate) (Smith
et al., 1987b). The magnitude of the attenuation seems directly
proportional to the progesterone dose. Whereas progesterone
mainly impacts non-NMDA receptors (Smith et al., 1987a), the
mechanisms underlying estrogen effects on cognition are related
to NMDA glutamate receptors. Estrogen has been shown to pro-
mote an increase in NMDA receptor subunit expression (Gazzaley
et al., 1996; Adams et al., 2004), binding sites (Woolley et al.,
1997) and neuronal sensitivity to synaptic input mediated by
NMDA glutamate receptors (Rudick and Woolley, 2001; Smith
and Woolley, 2004). The blockade of NMDA receptors with
antagonists attenuates the effects of estrogen on neuronal corre-
lates of memory, such as long-term potentiation (LTP) (Brinton
et al., 1997; Foy et al., 1999). Moreover, estrogen facilitates the
spine-maturation process (Hao et al., 2006). A plethora of animal
studies have shown that estrogen with and without progesterone
increases dendritic spines through the up-regulation of AMPA
(Liu et al., 2008; Kramar et al., 2009) and NMDA receptors

(Woolley et al., 1997) in the hippocampus and prefrontal cortex
(PFC) (Hao et al., 2006). In addition, ovariectomy reduced synap-
tic markers in these regions (Gould et al., 1990; Hao et al.,
2006).

Beside ovarian influence on spine density, precursors for pro-
gesterone (such as pregnenolone) seem to have complex effects
on glutamate release itself that depends on the developmental
period, brain region and functional state (Zheng, 2009): in the
hippocampus (Meyer et al., 2002) and in the prefrontal cortex
(Dong et al., 2005), which are brain regions of high relevance
to memory and executive control, progesterone precursors have
been shown to impact spontaneous glutamate release that may
contribute to the maturation and/or maintenance of synapses.
The latter might point toward the well-established neuroprotec-
tive effects (Mattson et al., 1997; Wang et al., 2001) of ovarian
hormones from insults such as oxidative stress and glutamate
excitotoxicity.

In addition to these cellular effects, recent studies report that
the interaction between estrogen and glutamate can affect cog-
nitive domains such as working memory and executive function
under harmful conditions. Brain regions hypothesized to underlie
these cognitive domains—such as the PFC and hippocampus—
seem largely dependent on normal estrogen signaling to counter
insults such as stress: In a repeated stress paradigm, Wei et al.
(2014) found a beneficial effect of endogenous estrogen on glu-
tamate receptors in the PFC in female rats compared to male rats.
The authors propose that detrimental effects of repeated stress are
present in females when estrogen signaling is blocked, whereas
detrimental effects are blocked in males when estrogen signal-
ing is activated. In particular, blocking estrogen synthesis enzyme
aromatase with formestane in PFC revealed stress-induced glu-
tamatergic deficits and memory impairment in female rats (Wei
et al., 2014). Thus, these results suggest that the female rodent
PFC has an endogenous capacity to generate estrogen that pro-
vides protection against subchronic repeated stress. How gen-
der differences in response to stressors are modulated by hor-
monal status is extensively reviewed by Cohen and Yehuda
(2011). In addition to endogenous estrogen levels, also exogenous
administered estrogen seems to increase the resilience to stress
and preserve hippocampal functioning in rats (Bredemann and
McMahon, 2014).

Although animal studies assessing electrophysiological, bio-
chemical and behavioral markers for sex hormonal impacts on
the glutamatergic system provide useful insights on underlying
mechanisms, extrapolation to humans is difficult. Some of the
beneficial effects of estrogen on cognitive function have also been
shown in humans: premenopausal women who were treated with
a gonadotropin releasing hormone analog which chemically sup-
pressed ovarian function experienced significant deterioration of
mood and worsening of performance in working memory tasks
(Grigorova et al., 2006). In this study, the estrogen levels dropped
to postmenopausal values implicating that low endogenous levels
of estrogen might impair normal cognitive functioning.

Although this study report positive effects of estrogen on
working memory and executive function, the results are incon-
clusive (Grigorova and Sherwin, 2006), and the advisability of
hormonal replacement is still much under debate. However, a
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FIGURE 1 | Schematic representation of the main human central

glutamatergic system (A, purple), GABAergic system (B, green),

dopaminergic system (C, blue) and serotonergic system (D, orange)

including a schematic display of estrogen (ERα and ERβ combined)

and progesterone receptor distribution in the human brain. No
distinction is made between ERα and ERβ sub-specification for this
schematic display, however the localization for those subtypes can differ
[e.g., so far no evidence could be gathered supporting ERα expression in
the dorsal raphe nucleus (DRN) (Sugiyama et al., 2010)], however there
have been reports on ERβ expression in primate DRN in the midbrain
(Gundlah et al., 2001; Sugiyama et al., 2010). Estrogen (red triangles)
receptors are predominantly present in cerebellum, VTA, hippocampus,
amygdala, and frontal cortex; as well as in the raphe nuclei of the midbrain
(Gundlah et al., 2001; Osterlund and Hurd, 2001; Mitra et al., 2003; Perlman
et al., 2005; Sugiyama et al., 2010). Progesterone (filled circles) receptor
expression could be shown in the amygdala, midbrain, brain stem,
hippocampus, cerebellum and frontal cortex with no apparent restrictions
to specific cell types (Bethea, 1993; Gundlah et al., 2001). (A) The cortical
glutamatergic projections can be separated in five main pathways (Schwartz
et al., 2012): (1) from prefrontal to brainstem areas (dorsal/medial raphe,
VTA, substantia nigra); (2) from prefrontal cortex to striatum and nucleus
accumbens; (3) the thalamocortical pathway, from thalamus to cortical

pyramidal neurons; (4) inverse projections from cortex to thalamus; and (5)
intra-cortical glutamate projections. (B) GABAergic projections are widely
distributed throughout the brain. Main projections can be found originating
in the striatum to the substantia nigra and the brain stem. Further
projections innervate the thalamus from the substantia nigra (Fino and
Venance, 2010). Moreover, GABAergic projections originate from (1)
hypothalamus to occipital cortex and parietal cortex; (2) from hippocampus
to thalamus and striatum, and (3) from nucleus accumbens to thalamus.
The cerebellum is also highly innervated by GABAergic projections. (C) The
cortical dopaminergic pathways build four distinct pathways (Felten and
Shetty, 2010): (1) the mesolimbic pathway; with projections from VTA to
limbic structures, such as the nucleus accumbens, hippocampus, amygdala
and prefrontal cortex, (2) the mesocortical pathway; with projections from
the VTA to cerebral cortex, (3) the nigrostriatal pathway; with connections
between substantia nigra and striatum, (4) the tuberoinfundibular pathway;
with projections starting from the hypothalamus to the pituitary gland. (D)

The majority of serotonergic projections originates from the dorsal and
median raphe nuclei, innervating the amygdala, hypothalamus, thalamus,
striatum, cerebral cortex and hippocampus (Felten and Shetty, 2010): (1)
The medial raphe predominantly projects to the frontal cortex and the
hippocampus (Hornung, 2003) and (2) the areas of the dorsal raphe mainly
innervate the thalamus, striatum and cerebral cortex (Geyer et al., 1976).
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large number of studies with behavioral testing during hormonal
transitions, such as the menstrual cycle or postmenopause,
point toward an estrogen-dependent improvement in memory
(Epperson et al., 2012b; Hampson and Morley, 2013), but the
neurochemical pathways underlying these changes remain to be
identified. A useful approach to assess glutamate release in vivo
in humans might be a pharmacological stimulation of the glu-
tamatergic system with positron emission tomography (PET)
using a glutamate-receptor radioligand. In conjuction with MR-
Imaging it could link glutamate release to brain activation during,
i.e., working memory tasks. Such methods should lead to a bet-
ter understanding of the interaction between sex hormones and
glutamatergic neurotransmission.

SEX STEROID HORMONE AND GAMMA-AMINOBUTYRIC-ACID
INTERACTION
Gamma-aminobutyric acid (GABA) is the most abundant and
widely distributed inhibitory neurotransmitter in the CNS
(Sieghart and Sperk, 2002; Marshall, 2008). GABAergic neuro-
transmission through interneurons is known to modulate local
neuronal circuits via, for example, activation of dopaminergic
(Dewey et al., 1992) and serotonergic neurons (Andrade et al.,
1986). GABAergic interneurons can be differentiated into two
types, each acting via its receptor-subtype (Table S2). GABA
receptors are highly distributed in cortical, hippocampal, thala-
mic, basal ganglia and cerebellar structures (Figure 1B).

GABAA receptors mediate major inhibitory GABAergic
actions in the CNS and are putative sites for ovarian hormone
effects (Backstrom et al., 2011, 2014). Whereas estrogen seems to
suppress GABA inhibitory input (Murphy et al., 1998a), proges-
terone and its neuroactive metabolites (allopregnanolone, preg-
nanolone) seem to facilitate GABAergic transmission through
their action at GABAA receptors (van Wingen et al., 2008;
Deligiannidis et al., 2013). Particularly, allopregnanolone acts like
a positive modulator and potentiates the inhibitory action of
GABA by increasing channel openings of the GABA-gated chlo-
ride channels (Rupprecht, 1997) and augmenting other inhibitory
neuronal responses to GABA (Smith, 1991). This facilitation of
GABA-mediated Cl− current can result in inhibitory effects on
neuronal function.

The interaction of progesterone and its neurosteroids with
neuronal GABAA receptors is significantly influenced by the
subunit composition of the receptor, local metabolism and phos-
phorylation (Belelli et al., 2006; Backstrom et al., 2014). Especially
the subunit composition seems to play a crucial role in inhibitory
neurotransmission and its effects on a larger scale such as mood
and cognition (Backstrom et al., 2014). Animal studies indicate
a relationship between changes in α4 and δ subunits of GABAA

receptors and anxiogenic effects of allopregnanolone (Gulinello
et al., 2001). Alternations in both GABA receptor subunit expres-
sion and anxiety behavior reflect a complex temporal pattern
following sustained exposure to progesterone metabolites: An
increase in hippocampal expression of the α4 subunit is seen to
correlate with increased anxiety after 48 h exposure to allopreg-
nanolone (Hsu et al., 2003). Paradoxically, in high concentrations,
progesterone and its neurosteroids are also known to be anxi-
olytic, sedative, and antiepileptic, both in animals and humans

(Backstrom et al., 2014). Allopregnanolone naturally fluctuates
across the female menstrual cycle, with its highest concentra-
tion in the luteal phase when progesterone is high and estrogen
is low (Backstrom et al., 2014). In women with PMDD, proges-
terone withdrawal associated with allopregnanolone increase in
the luteal phase has been linked to changes in mood (Epperson
et al., 2012a). As absolute levels of ovarian hormones do not
seem to differ in PMDD women compared to healthy controls
(Backstrom et al., 2003), it is proposed that a heightened vulner-
ability of the central nervous system to normal ovarian function
predisposes women to PMDD.

Beyond its influence on mood, progesterone and its metabo-
lites also seem to impact the memory and learning domains.
Animal studies could show that allopregnanolone can inhibit
neural activity in the CA1 and the dental gyrus area of the
hippocampus (Landgren et al., 1998). The magnitude of the allo-
pregnanolone inhibition is dependent on the phase of the rodent
estrus cycle, with its maximum in the luteal phase. In humans,
acute progesterone or allopregnanolone administration has been
shown to impair face recognition and episodic memory in healthy
women, while endogenous allopregnanolone level does not seem
to impact their memory and learning. However, women suf-
fering from PMDD showed impaired working memory in N2
and N3 back tasks during their symptomatic phase (Yen et al.,
2012). Thus, healthy women seems to show memory impair-
ments when progesterone and its metabolites are administered
exogenously, while women with PMDD are more vulnerable to
endogenous fluctuations of progesterone and allopregnanolone
across the menstrual cycle.

Based on all these findings, Backstrom and colleagues recently
hypothesized that an increase of the α4, β, δ subunit compo-
sition, together with a heightened vulnerability toward elevated
allopregnanolone levels, could be key factors in the progesterone
withdrawal model of PMDD (Backstrom et al., 2014). As PMDD
heightens the risk for other kinds of depression, such as post-
partum depression, a detailed understanding of the underlying
mechanisms of PMDD might foster therapeutic approaches and
thereby subsequently promote female mental health.

SEX STEROID HORMONE AND DOPAMINE INTERACTION
Dopamine (DA) is a key neurotransmitter that is implicated in
motor control (Sealfon and Olanow, 2000; Dluzen and Horstink,
2003), learning (Daniel et al., 2006), motivation (Becker, 2009),
reward (Hikosaka et al., 2014), decision-making and work-
ing memory (Jacobs and D’Esposito, 2011; Uban et al., 2012).
Brain areas that show rich dopaminergic innervation include
the striatum, substantia nigra and hypothalamus (Sealfon and
Olanow, 2000); typically four main pathways are described for the
dopaminergic system (Figure 1C).

Sex hormones can impact dopaminergic neurotransmission
via a multitude of mechanisms (synthesis, release, turnover and
degradation, pre-and postsynaptic receptors, transporters, for
details see Table S2). Stimulating (Becker, 1990, 2000; Thompson
and Moss, 1994; Becker and Hu, 2008), as well as inhibiting
(Disshon et al., 1998; Watson et al., 2006; Morel et al., 2009)
effects of estrogen on dopaminergic neurotransmission have been
documented. These conflicting findings are not surprising when
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considering the many aspects that can influence the impact of
estrogen on the DA-system such as dose and time of testing, mode
of administration, duration of exposure, and time after exposure
(Di Paolo, 1994). Most experts agree that estrogen has an overall
facilitating effect on dopaminergic neurotransmission (Sanchez
et al., 2010; Jacobs and D’Esposito, 2011; Uban et al., 2012;
Rey et al., 2014). For progesterone-modulating effects, it seems
that, in addition to the previously mentioned aspects, priming
with estrogen can also influence the impact of progesterone on
dopaminergic transmission: in vitro (Dluzen and Ramirez, 1984;
Cabrera et al., 1993) and in vivo (Becker, 1990) experiments
support a stimulating effect on DA-release when rats where pre-
exposed to estrogen whereas no such effects could be observed in
non-estrogen treated rats.

Still much work remains to be done to improve our under-
standing of how these findings translate to the human brain,
and ultimately link to human behavior and potentially pathol-
ogy. Nevertheless, there are several examples for recent evi-
dence converging from animal and human work that emphasize
the relevance of this line of research to female mental health.
Recent studies report on the interaction between estrogen and
dopamine on cognitive domains, such as decision-making (Uban
et al., 2012), fear extinction (Rey et al., 2014) and memory bias
(Quinlan et al., 2013). The authors conclude that estradiol biases
decision-making toward smaller, more accessible rewards (Uban
et al., 2012), that a low-estrogen state during fear extinction is
detrimental for an optimal freezing suppression after extinction,
which is mediated by D1-receptor signaling (Rey et al., 2014)
and that memory bias is mediated by the interaction of estra-
diol and dopamine in the dorsal striatum (Quinlan et al., 2013).
In particular, the latter two studies argue that the effect of estro-
gen depends on individual variation in baseline DA function and
endorse the concept of estrogen-dopamine interactions to mirror
an inverted U-shaped curve, a model that has also been tested by
several other studies (Williams and Goldman-Rakic, 1995; Gjedde
et al., 2010). Thus, optimal signaling may depend on the levels of
estrogen to best interact with dopamine levels in the median range
for optimal striatal function and optimal performance during
such a task.

This hypothesis has been tested in humans. Estrogen-DA
interaction in PFC function during a working memory task
has been linked to variations in the gene for catechol-o-
methyltransferase (COMT), the enzyme that metabolizes synap-
tic dopamine (Jacobs and D’Esposito, 2011). The authors found
val/val women to perform poorly with low estrogen levels (early
follicular phase) and improve with rising estrogen levels (late
follicular phase), whereas met/met women show the opposite pat-
tern. Best performers were women with high COMT (low DA)
just prior to ovulation (high estrogen levels), and women with
low COMT activity (high DA) during menses, further support-
ing the inverted U-shaped action of DA. Based on these findings,
the authors propose that the effect of estrogen on cognitive per-
formance could be either beneficial or detrimental depending
on COMT genotype and COMT enzymatic activity (Jacobs and
D’Esposito, 2011). While these concepts require further testing,
they offer interesting perspectives for the planning of HRT in
postmenopausal women.

Several neuropsychiatric pathologies that display a substantial
sexual dimorphism have been linked to abnormal dopamin-
ergic function, such as schizophrenia (Brunelin et al., 2013),
Parkinson’s (Dluzen and Horstink, 2003; Horstink et al., 2003;
Sanchez et al., 2010) or Alzheimer’s disease (Reeves et al., 2009).
Thus, a better understanding of the interaction between sex
hormones and dopaminergic neurotransmission could help to
improve pharmacological treatment regimens for these diseases
and significantly impact women’s mental health.

SEX HORMONES AND SEROTONIN INTERACTION
The serotonergic system serves a multitude of roles, most promi-
nently balancing mood (Martinowich and Lu, 2008). Several sero-
tonergically mediated physiological functions are tightly linked
to steroid hormones such as sexual behavior or stress response
(Biegon, 1990). The highest expression of serotonergic neu-
rons can be found in the dorsal and medial raphe nuclei of
the midbrain with ascending fibers projecting to frontal cor-
tex, striatum, thalamus, amygdala, hypothalamus and hippocam-
pus (Figure 1D). Serotonin (5-HT) receptor subtypes belong to
G-protein coupled or ligand-gated ion channels and 15 different
subtypes have been characterized (Table S2), which is why disen-
tangling specific neurochemical action for each subtype has been
described as complex (Murphy et al., 1998b).

It is also difficult to provide a detailed characterization of sero-
tonergic action in the CNS and how it can be influenced by sex
hormones. A multitude of factors plays into serotonergic neu-
rotransmission such as: endogenous levels of serotonin, more
than 15 neuroreceptor-subtypes, individual receptor expression,
binding and affinity, the functional polymorphism of the sero-
tonin transporter (5-HTT), intracellular protein levels, synthetic
enzymes, and the prominent sexual dimorphism (Rubinow et al.,
1998). The 5-HTT transports 5-HT back from the synaptic cleft
into the presynaptic neuron, where the neurotransmitter is pre-
dominantly metabolized by Monoamine Oxidase A (MAO-A).
Furthermore, the serotonergic system is a main target of steroid
hormones, cytokines, neuropeptides and trophic factors, all of
which impact the generation and efficacy of serotonergic neuro-
transmission (McEwen, 2002; Bethea and Reddy, 2012).

Estrogen has been reported to have potent serotonin-
modulating properties from the level of neurotransmitter synthe-
sis via the regulation of tryptophan hydroxylase (Lu et al., 1999)
and degradation of 5-HT to the density and binding of 5-HT
receptors (Bethea et al., 2002). The effect of estrogen on serotonin
expression seems to depend on several factors such as: receptor
subtype, brain area and in case of estrogen treatment also on the
duration of treatment. On the one hand, estrogen administration
has been found to increase tryptophan hydroxylase mRNA (TPH,
serotonin synthesizing enzyme) (Pecins-Thompson et al., 1996;
Berman et al., 2006); 5-HT2A mRNA levels in brain areas relevant
for the control of mood, mental state and cognition (Sumner and
Fink, 1998) and 5-HTT mRNA when administered for a longer
period (Smith et al., 2004). On the other hand, estrogen treatment
has also been observed to decrease mRNA related to serotonergic
neurotransmission. For instance, 5-HT1B autoreceptor mRNA in
dorsal raphe (Hiroi and Neumaier, 2009) and MAO-A mRNA
and activity (Gundlah et al., 2002) are decreased after estrogen
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treatment. Furthermore, acute estrogen administration decreases
5-HTT mRNA levels (Pecins-Thompson et al., 1998) and 5-HT1A

mRNA levels and binding. The latter effect disappears after a
more chronic treatment-regimen (Osterlund et al., 1999, 2000).
Thus, assigning the effects of estrogen on serotonin to a homoge-
nous functional class of stimulation or inhibition seems not to be
feasible.

Progesterone has been suggested to increase serotonergic neu-
rotransmission via the regulation of the expression of serotonin-
related genes and proteins (Bethea et al., 2002; Smith et al., 2004;
Sanchez et al., 2005). Chronic progesterone treatment seems to
decrease 5-HT1A receptor expression in rats (Biegon et al., 1983),
a finding that has also been reported for progesterone in com-
bination with estrogen (Henderson and Bethea, 2008). In this
study, the authors showed a decrease of 5HT2C receptor expres-
sion when progesterone was added to the estrogen administration
in macaques (Henderson and Bethea, 2008).

Both, estrogen and progesterone have been demonstrated to
modify the serotonergic responsivity to selective serotonin reup-
take inhibitors (SSRI)-administration (Benmansour et al., 2012).
Experiments in rhesus macaques suggest that the sex steroids
interact with the functional polymorphism of the 5-HTT to
influence SSRI treatment response (Michopoulos et al., 2011).
In humans, a recent study found an association between func-
tional polymorphic region of the serotonin transporter gene
(5-HTTLPR) and antidepressant efficacy in non-menopausal
women (Gressier et al., 2014). Non-menopausal women with
at least one copy of the long allele showed better antidepres-
sant efficacy than those who were homozygous for the short
allele (Gressier et al., 2014). Intriguingly, no differences were
found in menopausal women. Menopause is typically associated
with estrogen withdrawal suggesting that the hormonal status is
critical for antidepressant efficacy. These findings add to previ-
ous studies suggesting that menopausal women gain less benefit
from antidepressant treatments compared to women during their
reproductive years (Pinto-Meza et al., 2006; Pae et al., 2009).
In conclusion, the interaction between ovarian hormone levels,
age and genotype appear to modulate serotonergic reactivity in
females.

INFLUENCE OF SEX STEROID HORMONES ON NEURAL
CIRCUITS: FROM HEALTH TO VULNERABILITY AND DISEASE
THE IMPACT OF SEX HORMONE FLUCTUATION ON THE HEALTHY
BRAIN
Several lines of evidence from neuroimaging indicate modulatory
effects of sex steroid hormones on different structural and func-
tional brain connectivity parameters such as white matter struc-
ture (De Bondt et al., 2013), gray matter structure (Protopopescu
et al., 2008), and overall network connectivity (Hausmann et al.,
2002; Weis et al., 2008; Weis and Hausmann, 2010; Thimm et al.,
2014).

On the overall brain level, it has been proposed that ovarian
hormones facilitate both cortico-cortical and subcortico-cortical
functional connectivity, whereas testosterone seems to decrease
subcortico-cortical functional connectivity, but increases func-
tional connectivity between subcortical brain areas, as reviewed
by Peper et al. (2011). In line with this hypothesis, high levels

of endogenous estradiol and progesterone have been observed
to raise functional communication between both hemispheres
(Hausmann et al., 2002), a mechanism that has been speculated to
underlie sex differences in functional cerebral asymmetries (FCA)
(Hausmann et al., 2002; Weis and Hausmann, 2010).

Ovarian hormone levels fluctuate on a monthly basis in
women. Thus, studying functional and structural brain organi-
zation across the menstrual cycle represents a feasible approach
to address the question whether sex hormones can influence
functional and structural connectivity. A voxel-based morphom-
etry (VBM) MRI study found gray matter density to increase in
the right anterior hippocampus and decrease in the right dorsal
basal ganglia in the late-follicular phase compared to late luteal
phase (Protopopescu et al., 2008). Pletzer et al. report signifi-
cant differences in gray matter density between naturally cycling
women and women using oral contraceptives (OC), observ-
ing increased gray matter volume in prefrontal and temporal
regions in OC users (Pletzer et al., 2010). Furthermore, the poten-
tial impact of hormonal contraception on brain structure does
not seem to be limited to gray matter, and white matter tracts
seem to be altered by OC use as well, especially in the fornix
(De Bondt et al., 2013).

Sexual dimorphism in functional networks of the brain, such
as the default mode network (DMN), a network that is proposed
to underlie physiological processes unrelated to any particular
thought (Gusnard et al., 2001), has been well established (Peper
et al., 2011; Tian et al., 2011). However, few neuroimaging studies
have investigated the extent to which sex hormones can influ-
ence the behavior of functional networks at rest. A recent study
exploring functional connectivity of the anterior DMN and the
executive control network (ECN) found differences in intrinsic
connectivity between OC users and naturally cycling women, and
it reported connectivity to differ most between groups in the left
angular gyrus, the middle frontal gyrus, and the anterior cingulate
cortex (ACC) (Petersen et al., 2013). Within the group of natu-
rally cycling women, the follicular phase was associated with an
increase in connectivity with the ECN relative to the luteal phase
in the right ACC (Petersen et al., 2013).

A better understanding of functional and structural connectiv-
ity changes in the context of sex steroid fluctuations seems crucial
to establish neurobiological models of neuropsychiatric diseases
that display a strong sexual dimorphism, such as depression
(Kessler et al., 1993; Kessler, 2003). Linking functional connec-
tivity measures to neurochemical mechanisms during hormonal
transition periods can be viewed as one of the next frontiers in the
field of neuroimaging.

HOW SEX HORMONE FLUCTUATION CAN REPRESENT A PERIOD OF
HEIGHTENED RISK FOR THE BRAIN: FROM VULNERABILITY TO
DISEASE
Women have a lifetime prevalence rate for depression 1.5–3 times
higher than men (Kessler, 2003). This distinction between the
sexes is most prominent during the reproductive years (Soares
and Zitek, 2008). For women, hormonal transitions across their
lifespan represent periods of elevated vulnerability to develop-
ment of mood disorders: elevated and fluctuating sex hormones
seem to predispose women to mood-disturbance, beginning with
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a heightened risk of developing a depressive episode following
puberty (Soares and Zitek, 2008).

Pregnancy has been speculated to offer some protection
against depression (Ko et al., 2012), including findings of lower
suicide rates during pregnancy (Hawton, 2000; Oates, 2003).
However, other work suggests that there is no difference in
the prevalence rates of depression between pregnant and non-
pregnant women (Vesga-Lopez et al., 2008). In a recent extensive
study that screened 10,000 postpartum women, one third of
screen-positive postpartum depressed women reported the onset
of their depressive symptoms during pregnancy (Wisner et al.,
2013). Pregnancy has also been discussed to confer vulnerability
upon women who are already at risk of developing a depressive
illness (Cohen et al., 2004, 2006b). Furthermore, recent findings
(Rallis et al., 2014) indicate that symptom levels of depression,
anxiety, and stress vary over the course of pregnancy, with women
experiencing fewer symptoms during the middle of the preg-
nancy. Increased depressions scores early in pregnancy seemed to
be predictive of later depression symptoms, especially postbirth
(Rallis et al., 2014).

In summary, the current evidence does not unequivocally sup-
port pregnancy itself to pose an increased risk of developing
depression, nor does it clearly identify this period as protection
for the majority of women from mood disorders. Factors that
might contribute to this ambiguity include that clinical assess-
ment of depression during pregnancy and the postpartum period
is complicated, because many of the typical depressive symptoms
(disruption of sleep and appetite) are unavoidable during preg-
nancy and postpartum (Marcus, 2009), and that there may be
a distinct pattern of reactivity in women who have never had
a depressive episode before, vs. women who are already at risk
(Cohen et al., 2004, 2006b).

To better address these challenges in the future, several strate-
gies could be implemented: (1) A routine and serial screen-
ing process for depressive symptoms, administered by trained
midwives, throughout pregnancy, and during the immedi-
ate and the extended postpartum period that focuses on the
psychological symptoms, such as changes in mood, the ten-
dency to ruminate, and anxiety. Studies suggest that screening
with simple checklists and short screening tools, such as the
Edinburgh Depression Scale, can already result in highly effi-
cient screening for postpartum depression (PPD) (MacArthur
et al., 2002). (2) Standardized psychoeducation on depres-
sion during pregnancy, postpartum blues, and PPD needs to
become an integral part of standardized prenatal and post-
partum care to help destigmatize PPD and facilitate the pro-
cess of seeking proper diagnosis and adequate treatment. (3)
Based on converging data from 17,000 women, individually
tailored psychosocial and psychological intervention is a very
promising way to prevent PPD, with provision of intensive,
professionally-based postpartum home visits, telephone-based
peer support, and interpersonal psychotherapy among the most
effective strategies (Dennis and Dowswell, 2013). Thus, within
the psychoeducational process, emphasis should be placed on
individual risk evaluation, as well as on the wide range of
intervention options available to women who fall within the
spectrum of pregnancy-related or postpartum mood disorders,

covering aspects from psychosocial support, psychotherapy, and
psychopharmacology.

In this section, we focus on three examples of hormonal
transition across the adult female lifespan: (a) the postpartum
period, (b) the perimenopausal period, and (c) the more subtle
fluctuation of sex hormones during the menstrual cycle.

Postpartum period
With the loss of the placenta, estrogen levels decrease 100–1000-
fold during a period of a few days (Nott et al., 1976; O’Hara
and Swain, 1996; O’Hara et al., 2000). This dramatic hormonal
change is likely to induce a cascade of signaling that also affects the
brain. A PET study investigating the neurochemistry of the female
brain in the immediate postpartum period found a substantial
whole-brain increase in MAO-A in the brain in the first week
postpartum compared to women who had not recently been preg-
nant (Sacher et al., 2010). MAO-A is an enzyme that metabolizes
monoamines, such as serotonin, dopamine and noradrenaline.
A significant increase in MAO-A has been proposed to be pre-
dictive for the recurrence of major depressive disorder (Meyer
et al., 2006). These findings in humans are in line with the inverse
relationship between estrogen levels and MAO-A which has been
observed in cell lines (Ma et al., 1995), as well as in rat (Luine and
McEwen, 1977; Chevillard et al., 1981) and macaque (Gundlah
et al., 2002; Smith et al., 2004) models. The acute estrogen drop
within the first week postpartum has been proposed to trigger the
subsequent MAO-A peak that could explain the depressed mood
that a majority of mothers experience during this time (Sacher
et al., 2010). Elevated MAO-A levels have also been found in pre-
frontal cortical regions and areas of the ACC in women with PPD
and in women who do not meet criteria for a full PPD but report
postpartum crying (Sacher et al., 2014). Thus, the interaction
between estrogen and MAO-A seems to be a crucial factor in bal-
ancing postpartum mood. Given the current lack of prevention
strategies for PPD, translation of biological concepts to facilitate
the normalization of MAO-A levels in the brain, including poten-
tially attenuating the acute hormonal withdrawal that can precede
such an MAO-elevation, represents a promising line of research.

Further evidence that monoaminergic imbalance contributes
to the development and/or severity of PPD symptomatology
stems from neurochemical investigations of the serotonergic and
the dopaminergic system: similar to depressed patients, PPD-
patients with a history of non-postpartum depressed episodes
seem to display a decrease in 5-HT1A receptors in the ante-
rior cingulate and mesiotemporal cortices (Moses-Kolko et al.,
2012). Postpartum status and unipolar depression have also been
associated with lower striatal D2/3 receptor binding in postpar-
tum and unipolar depressed women compared to healthy women
who were not postpartum (Moses-Kolko et al., 2012). In sum-
mary, the postpartum period seems to be characterized by several
monoaminergic alteration processes that are highly relevant to the
regulation of mood and emotional processing.

GABA has also been implicated in the neurobiology of PPD:
In a human pilot study, reduced occipital cortex GABA levels
have been reported in parallel with decreased allopregnanolone
levels during the postpartum period, irrespective of PPD diag-
nosis (Epperson et al., 2006). In animal models of postpartum
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depression, abnormalities of GABA receptors (R delta and gamma
2 subunits) have been observed and discussed as being related to
the substantial progesterone decline postpartum (Maguire and
Mody, 2008). Further work in animal models mimicking the
hormonal environment of the postpartum period revealed a char-
acteristic behavioral phenotype with vulnerability to helplessness,
increased anxiety, and aggression that has been associated with
differences in expression of several key genes, such as 5-HTT,
BDNF, GABA-A receptor type 4 (Suda et al., 2008). Data obtained
from elegant animal models for PPD based on estrogen with-
drawal across parturition (Galea et al., 2001) and exposure to high
cortisol levels (Brummelte et al., 2006) support changes in steroid
hormonal environment to spark dramatic effects in spatial mem-
ory and hippocampal morphology. This work further strengthens
the strong argument that can be made for the heightened plastic-
ity of the postpartum brain that seems to be driven by a closely
intertwined action between sex hormones and neurotransmitters.

Perimenopausal transition
The perimenopausal transition period marks the end of the
reproductive years and is commonly defined as a decline of
ovarian function based on reproductive endocrine and men-
strual cycle changes (Harlow et al., 2003). Three key mark-
ers for the onset of perimenopause are: (1) 7-day or more
change in the menstrual cycle length; (2) a change in men-
strual flow amount or duration, or (3) amenorrhea lasting at
least 3 months (Harlow et al., 2003). Moreover, especially the
increase in FSH levels beside elevated LH levels seems to be
linked to a decline in ovarian function (Harlow et al., 2003).
With the loss of ovarian function and the associated fundamen-
tal changes in the hormonal environment, it is not surprising that
this phase in a woman’s life is accompanied by changes in eating
(Hirschberg, 2012), metabolism (Wing et al., 1991; Lovejoy et al.,
2008), sleep (Guidozzi, 2013), behavior (Copeland et al., 2006),
mood (Cohen et al., 2006a), sexuality (Dennerstein et al., 2003),
immune response (Gameiro et al., 2010), and cognitive function
(Greendale et al., 2012).

The concept that the perimenopausal phase represents a vul-
nerability period for developing a depressive illness is supported
by evidence for a high rate of new-onset major depressive episodes
(MDE) during this time (Cohen et al., 2006a; Freeman et al.,
2006). In a longitudinal, prospective cohort study, Cohen and
colleagues found that women with no lifetime history of depres-
sion who enter the menopausal transition earlier have a sig-
nificant risk of first onset of depression (Cohen et al., 2006a).
Strikingly, women with a previous history of depression, who also
reported the use of antidepressants, had nearly 3 times higher
risk of an earlier perimenopausal transition compared to non-
depressed women (Harlow et al., 2003). Thus, there seems to be
an inverse relationship between depression and the inception of
perimenopause. Early perimenopause increases the risk of severe
mood disturbances, while a lifetime history of depression predis-
poses women to an early onset of perimenopause. Furthermore,
studies by Young et al. and Harlow et al. indicate that depressed
women have lower estradiol and higher LH and FSH level than
non-depressed controls (Young et al., 2000; Harlow et al., 2003).
Whether the decline in estrogen levels or the cyclic fluctuation of

estradiol level, which may increase in the menopausal transition
(Cramer et al., 2002), contribute to the occurrence of depressed
mood remain controversial (Joffe and Cohen, 1998; Halbreich,
2000).

Similar to the postpartum estrogen drop, perimenopausal
estrogen decline seems to relate to an up-regulation of MAO-A
levels in the brain. Rekkas et al. have recently shown greater
MAO-A binding in the prefrontal cortex during the per-
imenopausal transition phase compared with age-matched
women during their reproductive years and during menopause
(Rekkas et al., 2014). The authors did not find any association
between MAO-A binding and physical criteria of perimenopause,
such as menstrual cycle length, vasomotor symptoms or plasma
follicle-stimulating hormone levels. They did, however, find a sig-
nificant correlation between MAO-A binding and the tendency to
cry (Rekkas et al., 2014), a psychological symptom that has been
found as a subclinical phenomenon to occur during major shifts
of sex hormonal environment (Sacher et al., 2010; Dowlati et al.,
2014).

Depressive mood during the perimenopausal years may also
be of particular relevance for the development of dementia given
that depressive episodes have been shown to increase the risk
of Alzheimer’s disease in later life (Devanand et al., 1996) and
that severity of depression has been observed to predict pro-
gression from mild cognitive impairment to Alzheimer’s disease
(Van der Mussele et al., 2014) and cognitive function in patients
with central nervous system disease (van Reekum et al., 2000).
Estrogen fluctuations during the perimenopausal phase have been
discussed to influence mood and cognition via several mecha-
nisms. In addition to promoting anti-oxidative states that can
support cell survival, for instance via balancing MAO-A lev-
els (Ou et al., 2006; Fitzgerald et al., 2007), estrogen has been
reported to trigger increased 5-HT2A receptor binding that has
been speculated to reduce the amount of β-amyloid deposition,
a marker for Alzheimer pathology (Nitsch et al., 1994). Thus, it
could be hypothesized that the perimenopausal drop in estrogen
decreases the beneficial effect of increased serotonin binding on
β-amyloid deposition. In ovariectomized rats, acute administra-
tion of estradiol seems to have an antidepressant effect via slowing
extracellular serotonin clearance involving ERβ and G-protein
coupled receptor. Beyond this, estrogen can also block the effect
of SSRIs at the 5-HTT via estrogen receptor alpha (Benmansour
et al., 2012).

Until today, it has been an area of much debate whether
women with depressive symptoms should be treated with HRT,
antidepressants or both. Core menopausal symptoms are related
to deficits in declarative memory (Woods et al., 2000), fine
motor coordination (Bayer and Hausmann, 2010), and feelings
of depression (Hay et al., 1994; Freeman et al., 2006) and anx-
iety (Kessler, 2003; Faravelli et al., 2013; Soares, 2014). Several
reviews and meta-analysis suggest small positive effects of HRT
on verbal memory, attention, and reasoning (Hogervorst et al.,
2000; LeBlanc et al., 2001; Rice and Morse, 2003; Weber et al.,
2014). To generate a positive effect on cognition, the age of
HRT onset seems to be crucial. Women receiving HRT earlier
seem to improve their cognitive performance compared to either
older HRT-treated women or untreated women (MacLennan

www.frontiersin.org February 2015 | Volume 9 | Article 37 | 78

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


Barth et al. Interactions between sex hormones and neurotransmitters

et al., 2006). This report is supported by neuroimaging find-
ings suggesting increases in hippocampal size following estrogen
treatment in postmenopausal women (Eberling et al., 2003).
Animal studies further emphasize the age-related effects of estro-
gen treatment: Adams and colleagues report an up-regulation
of both NMDA receptors and dendritic spines on CA1 pyra-
midal neurons in the hippocampus of young adult female rats,
while aging rats respond to estrogen with the up-regulation
of the NMDA receptor R1 subunit expression, solely (Adams
et al., 2001). This neurochemical mechanism might be a starting
point to understand the increased vulnerability of the aging hip-
pocampus and decreased efficiency of HRT when administered
later in menopausal transition or menopause and subsequently
attenuated cognitive performance. Furthermore, perimenopausal
estrogen depletion and greater activity of MAO-A are risk factors
for Alzheimer’s disease (Burke et al., 2004). When estrogen ther-
apy is used early in menopausal transition, it can protect against
dementia (Zandi et al., 2002).

To which extent mood is affected by HRT remains contro-
versial. Estrogen has multifaceted neuromodulating effects and a
particular emphasis has been placed on the interaction with the
serotonergic system for some of the potential antidepressant ben-
efits estrogen use in HRT may have for women during specific
windows of time: Some studies suggest that estrogen might be
useful to target perimenopausal (Schmidt et al., 2000; Soares et al.,
2001), but not postmenopausal (Morrison et al., 2004).

Evidence from neuroimaging findings to link estrogen and the
serotonergic system in humans are still relatively sparse. Animal
data support ovariectomy to decrease 5-HT1 binding (Biegon and
McEwen, 1982), 5-HT2A binding and expression (Sumner and
Fink, 1993), and 5-HT transporter binding sites and expression
(McQueen et al., 1997; Sanchez et al., 2013). These findings have
been shown to be reversible with estrogen replacement therapy.
However, interpretation of these animal data is constrained by
the fact that they demonstrate specificity according to species,
a certain brain area and a specific neurodevelopment stage. In
humans, a recent PET study found no significant 5-HT1A binding
changes in postmenopausal women after estrogen or combined
estrogen/progesterone treatment in any of the investigated brain
regions including amygdala, ACC, hippocampus and prefrontal
cortex (Kranz et al., 2014). A short course of estrogen can increase
cortical 5-HT2A receptor density in healthy postmenopausal
women’s prefrontal regions (Kugaya et al., 2003). However, it still
remains unclear to what extent these receptor density changes
relate to clinical outcome as this study was done in healthy women
and although the increase of 5-HT2A density was paralleled by
improved performance in verbal fluency and in the trail mak-
ing task, no significant changes in mood was observed (Kugaya
et al., 2003). In contrast to short time estrogen administration,
long-term estrogen treatment seems to be associated with lower
5-HT2A receptor availability in hippocampus (Compton et al.,
2008), a finding speculated to reflect increased activity within
the serotonergic system leading to a down-regulation in post-
synaptic 5-HT2A receptor density. Again, the behavioral inter-
pretation of these findings is difficult as a negative correlation
between 5-HT2A receptor availability and memory performance
in postmenopausal females using long-term estrogen treatment

(ET) has been found while the assessed depression scores did
not differ between postmenopausal ET never-users and ET users
(Compton et al., 2008). So far, no human in vivo PET study
has investigated the effects of HRT on 5-HT-transporter binding.
More translational work needs to be carried out before a con-
clusion regarding the role of estrogen replacement therapy as a
potential mood enhancing strategy can be reached.

In summary, promising therapeutic approaches to improve
perimenopausal mood and to counter depressive symptoms
include strategies like inhibiting MAO-A, increasing multiple
monoamines with antidepressants, and administering dietary
amino acids that are precursors for the monoamines metabolized
by MAO-A (Rekkas et al., 2014; Sacher et al., 2014). Regarding
cognition, the use of HRT remains controversial. Many studies
report only small effects on cognition such as verbal memory and
attention (Hogervorst et al., 2000; Weber et al., 2014). These small
effects on cognition and the potential side effects of HRT have
to be carefully weighted. Unopposed estrogen cannot be used
for extended periods due to the increased risk of endometrial
hyperplasia (Furness et al., 2009) and malignancy (Weiderpass
et al., 1999). To counter these potential side effects, progestin is
normally added in oral contraceptive pills and HRT for endome-
trial protection (Weiderpass et al., 1999). However, the added
progestin may worsen mood in some women (Backstrom et al.,
2011). A concept also warranting further research is the target-
ing of estrogen receptors in a tissue-specific way using selective
estrogen receptor modulators (Gambacciani, 2013; Mirkin et al.,
2014). In conclusion, therapeutic use of HRT should be carefully
considered in the context of perimenopausal symptom severity,
age and prior history of HRT, dose, treatment combination, and
timing of administration.

Menstrual cycle associated mood disturbances
The spectrum of severity in mood fluctuations throughout the
menstrual cycle is wide and ranges from reports of less well-
being in the premenstrual phase to severe clinical data on suicidal
behavior: an evaluation of 44 studies in fertile women found
a positive correlation between suicide attempts and menstrual
phases that are characterized by low estrogen levels (Saunders
and Hawton, 2006). In healthy women, some studies report
negative premenstrual changes in mood as common and sug-
gest that the majority of women of reproductive age describe a
cycle-dependent increase in negative emotions, such as irritabil-
ity, impulsivity, fear, and low mood (Halbreich et al., 2007), while
other authors claim that there is no substantial evidence for any
specific premenstrual negative mood syndrome in the general
population (Romans et al., 2012). A subgroup of women, how-
ever, suffer from clinical levels of premenstrual mood changes
called premenstrual dysphoric disorder (PMDD), a condition
that has recently been included in the DSM-V (Epperson et al.,
2012a). PMDD core symptoms include anxiety, irritability and
depressed mood (Epperson et al., 2012a). Symptoms occur on
average 2–3 days before onset of menses and resolve after the
onset of menstruation (Backstrom et al., 2003). PMDD symp-
toms are limited to ovulatory menstrual cycles when the corpus
luteum is present (Yen et al., 2013), thus it is reasonable to assume
that female gonadal hormones play a causative role. However, no
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consistent differences in hormonal fluctuations during the men-
strual cycle between women experiencing clinical level PMDD
and normal controls have been found (Backstrom et al., 2003).

Although the levels of sex hormones do not differ between
PMDD and healthy women, there might be an altered genetic
susceptibility to affective dysregulation induced by normal sex
hormone levels. Preliminary genetic findings state an associ-
ation between allelic variants in the estrogen receptor alpha
gene (ESR2) and PMDD (Woods et al., 2000). As PMDD is
a heritable disorder with non-Mendelian pattern (Bayer and
Hausmann, 2010), elucidating the underlying genetic variations
and the multiple interacting genes that confer increased suscepti-
bility may improve our understanding of how PMDD symptoms
develop.

Evidence for an interaction between the altered ESR2 in
PMDD and catechol-o-methyltransferase (COMT) Val/Val geno-
type has been reported in a human haplotype analysis of 91
women with PMDD and 56 controls (Woods et al., 2000).
COMT is an enzyme involved in multiple functions, such as
estrogen metabolism (Hay et al., 1994) and has been hypothe-
sized to tune prefrontal cortical activation through the regulation
of dopamine levels (Belelli et al., 2006). The Val/Val genotype
has been associated with decreased dopamine levels in the PFC
and tuning efficiency (Soares, 2014). Thus, the authors specu-
late that a Val/Val genotype accompanied by an ESR2 variation
might be a factor that could increase the susceptibility toward
a dysphoric state via decreased PFC efficiency and disinhibited
subcortical activity. Replication of this finding in a larger sample
size, as well as the implementation of a neuroimaging protocol
to explore the PFC-amygdala circuit in parallel with a detailed
assessment of PMDD symptoms will be needed to further test this
hypothesis.

While the magnitude of hormonal fluctuation does not seem
significantly altered in women suffering from PMDD, an altered
brain response to normal hormonal fluctuation could explain the
changes in mood and behavior. Several lines of evidence sup-
port this concept: preliminary in vivo evidence from a small pilot
(PET) study in five women with PMDD has shown that rela-
tive to healthy controls, women with PMDD experience a smaller
change in 5-HT-receptor 1A binding throughout the menstrual
cycle (Jovanovic et al., 2006). In animal models of hormonally
induced depression via progesterone withdrawal, depression-like
behavior can be modulated through specific serotonergic mecha-
nisms or receptor subtypes respectively. Li and colleagues report
that activation of 5-HT1A receptors or inhibition of 5-HT3 recep-
tors rapidly decreases immobility in the forced swim test (FST),
a prominent model for assessing antidepressant-like behavior in
rodents. The FST differentiates between active (swimming and
climbing) and passive (immobility) behavior when rodents are
forced to swim in a cylinder with no escape options. Conversely,
blocking 5-HT1A receptors, activating 5-HT3 receptors, or 5-HT7

receptors increased depression-like behavior in rats in the FST (Li
et al., 2013).

The 5-HTT mediates the recapture of serotonin from the
synaptic cleft back into the cell. It is the therapeutic target of
the currently most widely prescribed class of antidepressants: the
SSRI. SSRIs have been found to be more effective in treating

premenstrual symptoms than other non-SSRI drugs or a placebo
(Dimmock et al., 2000; Shah et al., 2008). It is of particular
interest that the pattern of response to drug therapy is different
in patients with PMDD compared to patients suffering from a
MDE. PMDD patients respond within the first menstrual cycle
to SSRI-treatment (Halbreich and Kahn, 2003), suggesting that
an imbalance in the serotonergic system may be of particular
relevance to the development of PMDD symptoms.

In the context of serotonergic alternations in PMDD, BDNF
has also been implicated. Depression has been shown to be asso-
ciated with decreased BDNF expression, which can be reversed
by antidepressant treatment (Lopez et al., 2013). In a study by
Oral and colleagues, PMDD women are associated with increased
BDNF levels and increased heat-shock protein 70 (HSP70) lev-
els in the luteal phase compared with controls (Oral et al., 2013).
These findings seem contrary to the previous findings by Lopez
et al. However, Oral et al. discuss the possibility that increased
HSP70 levels, as a molecular defense mediator against proteotoxic
stress, might reflect cellular distress in PMDD women and that
the respectively increased BDNF levels could be a compensatory
mechanism potentially leading to resolved PMDD symptoms in
the follicular phase. These compensatory mechanisms seem to
fail in depressed patients. Findings of a recent study suggest
a relationship between a specific BDNF polymorphism (BDNF
Val66Met) and impaired fronto-cingulate cortex activation in
response to an emotion processing task displaying angry or fear-
ful emotions in the luteal phase of PMDD women (Comasco et al.,
2014). As this interaction just appears to be present in the luteal
phase, Comasco and colleagues suggest declining progesterone
levels to trigger this phenomenon and discuss these changing pro-
gesterone levels to act via direct or chloride pump-mediated influ-
ence of BDNF on the GABAergic system. Furthermore, the BDNF
Met allele lowers the sensitivity to 5-HT signaling (Martinowich
and Lu, 2008), which may influence antidepressant efficacy in
PMDD women (Comasco et al., 2014). Martinowich and Lu
hypothesize that an increase in extracellular 5-HT, for instance
after SSRI use, might increase BDNF levels because inhibition
of 5-HTT facilitates serotonergic transmission through 5-HT4,6,7

receptor subtypes (Martinowich and Lu, 2008).
Progesterone withdrawal associated with allopregnanolone

increase in the luteal phase of the menstrual cycle has been
hypothesized to be implicated in PMDD (Backstrom et al., 2011,
2014). Allopregnanolone is known for its similarities with ben-
zodiazepines (Majewska et al., 1986), which can cause drowsi-
ness, poor concentration, and memory impairment (Holbrook
et al., 2000). Therefore, heightened allopregnanolone levels
have been hypothesized to exhibit similar effects in the brain
(Backstrom et al., 2014). Contrary to this hypothesis, a study
by Girdler and colleagues found lower luteal phase allopreg-
nanolone levels in PMDD patients with higher anxiety and
irritability scores (Girdler et al., 2001). Furthermore, greater
luteal phase allopregnanolone concentrations have been shown
to be associated with improved symptom ratings in PMDD
patients (Wang et al., 1996). A possible explanation for these
unexpected findings has been proposed by Backstrom and col-
leagues: PMDD symptom severity seems to be related to allo-
pregnanolone serum concentration in an inverted U-shaped
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curve (Backstrom et al., 2011). Negative mood symptoms occur
when the serum concentration of allopregnanolone is similar to
endogenous luteal phase levels, while low and high concentra-
tions have less effect on mood (Backstrom et al., 2014). This
recent hypothesis is extended by the suggestion that negative
mood symptoms in women with PMDD could be caused by
an increased GABAA receptor sensitivity to allopregnanolone
(Backstrom et al., 2014). Allopregnanolone levels have also been
reported to increase in the brain after acute and chronic treat-
ment with SSRIs (Lovick, 2013), providing evidence for a direct
or indirect connection of allopregnanolone with the seroton-
ergic system. The mechanism by which SSRIs increases allo-
pregnanolone levels is thought to involve direct stimulation
of 3α-hydroxysteroid dehydrogenase (3α-HSD), an important
enzyme in the allopregnanolone biosynthesis (Compagnone and
Mellon, 2000). Not only the susceptibility of the GABAergic sys-
tem toward allopregnanolone seems to be altered in PMDD,
GABA levels might also be abnormal. For instance, Epperson
and colleagues found a reduction in the cortical GABA lev-
els during the follicular phase in those with PMDD compared
with healthy controls (Epperson et al., 2002). In healthy women,
cortical GABA levels fluctuate across the menstrual cycle with
decreasing levels from the follicular phase to the luteal phase,
whereas the opposite occurred in PMDD women (Epperson et al.,
2002).

CONCLUSIONS AND PERSPECTIVES
Pharmacological and behavioral approaches have been com-
bined to demonstrate the critical role of sex steroid hor-
mones in mediating effects on synaptic plasticity, memory,
mood, and cognition. Several studies have taken advantage of
available selective pharmacological tools and knockout mice to

elucidate the underlying molecular mechanism of the observed
behavioral and electrophysiological effects. These underlying
mechanisms are complicated. Many of them involve rapid
non-genomic action on presynaptic receptors like D1 recep-
tors, NMDA receptors, and GABAA receptors. Furthermore,
sex hormones act on multiple levels, simultaneously, as well
as the interacting neurotransmitter systems that are largely
interwoven.

Depending on the neurotransmitter system, sex hormone can
exhibit facilitative, excitatory or suppressive, inhibitory effects on
neurotransmission. For instance, progesterone has been shown
to suppress the excitatory glutamate response (Hausmann and
Gunturkun, 2000) and facilitates GABAergic neurotransmission
through its action at GABAA receptors (van Wingen et al., 2008),
while estrogen exhibits facilitating effects on glutamate transmis-
sion (Smith and Woolley, 2004) and suppresses GABA inhibitory
inputs. The promoting effect of estrogen on glutamatergic neu-
rotransmission, especially at NMDA receptors (Gazzaley et al.,
1996; Woolley et al., 1997; Adams et al., 2004), is the incit-
ing factor for synaptic plasticity and subsequently learning and
memory (Foy et al., 1999). Furthermore, estrogen is known
to promote dopamine release in the striatum, which might be
mediated by the inhibitory effect of estrogen on GABA release,
as dopamine terminals are influenced by GABAergic inputs.
Thus, a decrease in inhibitory tone might facilitate DA release.
This interaction between excitation and inhibition modulated
by sex hormones is a key factor for understanding how sex
hormones impact neuronal activity in the brain. Estrogen may
produce its mentioned effects on cognition and mood especially
through modulation of serotonergic function (Epperson et al.,
2012b). Estrogen can increase serotonin levels and decrease 5-HT
reuptake (Koldzic-Zivanovic et al., 2004), which allows 5-HT to

FIGURE 2 | Vulnerability for development of a depressive illness

corresponds to main hormonal transitions across the female lifespan.

During childhood (0–9 years), a phase associated with low estrogen
plasma levels, the prevalence rate for depression ranges between 2 and
3% (Kashani et al., 1983; Lewinsohn et al., 1994). When estrogen levels
start rising in puberty (10–15 years), so does the prevalence rate for
depression, up to 8% (Angold et al., 1998). During reproductive years, a
phase when estrogen and progesterone levels peak, prevalence rates

vary between 21 and 38% (Kessler et al., 1993; Angold et al., 1998).
Estrogen and progesterone levels start declining during perimenopause
(41–51 years), drop considerably postmenopausally (45–65 years) and
remain fairly stable during old age (above 65 years). This drop in sex
steroid levels is paralleled by a decrease in prevalence rates for
depression from 23 to 26% (Cohen et al., 2006a; Freeman et al., 2006;
Unsal et al., 2011; Tamaria et al., 2013) during the hormonal transition
phases to rates of 1–5% during old age (Tamaria et al., 2013).
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remain longer in the synaptic cleft and exhibit prolonged effects
on postsynaptic receptors.

Variations in hormone levels across the human lifespan exhibit
pivotal actions in the human body and seem to heighten the
risk of developing certain mood disorder and neurodegenerative
pathologies. For women, hormonal transitions such as postpar-
tum, menopause, and subtle fluctuations across the menstrual
cycle seem to predispose women to mood disturbance (Figure 2),
beginning with a heightened risk of developing a depressive
episode following puberty (Soares and Zitek, 2008). Beyond the
scope of postpartum or perimenopausal ovarian hormone loss,
women can be also be more vulnerable on a monthly basis,
across the menstrual cycle. Times of sex hormone withdrawal, as
seen before onset of menses, are likely to predispose women to
menstrual cycle related diseases such as PMDD.

To summarize, neurotransmitter systems do not work in isola-
tion and sex hormones act on multiple sites, highly intertwined
with serotonin, dopamine, GABA and glutamate. Fluctuating
hormone levels across the human lifespan may be particularly
significant for the etiology of neuropsychiatric diseases that dis-
play a prominent sexual dimorphism, such as Alzheimer’s disease
and depression. A better understanding of the underlying mech-
anisms that focus on activation of sex steroid specific pathways
that could contribute to individual vulnerability to such diseases
might allow for more effective treatment and prevention in the
future.

Promising approaches include the targeting of estrogen recep-
tors in a tissue-specific way using selective estrogen receptor
modulators (Gambacciani, 2013; Mirkin et al., 2014). Further
studies are on how treatment responses differ between different
hormonal states. Promising future strategies involve the inte-
gration of basic with clinical neuroscience research, drawing
resources from postmortem work, and innovative animal mod-
els for sex hormone associated affective disorders, such as the
mouse model for PPD (Galea et al., 2008) to inform human
in vivo neuroimaging experiments in health and disease. Such
human neuroimaging studies could benefit from the application
of the recently developed MR-PET hybrid scanners that allows for
a combination of fMRI and PET, and could also accommodate
real-time pharmacological interventions.
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Table S1 | Overview of genomic and non-genomic signaling properties for
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reproductive years for estrogen activity (Weis et al., 2008). This table
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non-genomic estradiol/progesterone signaling, a more detailed review

can be found elsewhere (Leonhardt et al., 2003; O’Lone et al., 2004;

Marino et al., 2006; Singh et al., 2013).
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(dopamine, serotonin, GABA, glutamate).

REFERENCES
Abdallah, C. G., Jiang, L., De Feyter, H. M., Fasula, M., Krystal, J. H., Rothman,

D. L., et al. (2014). Glutamate metabolism in major depressive disorder. Am. J.
Psychiatry. 171, 1320–1327. doi: 10.1176/appi.ajp.2014.14010067

Adams, M. M., Fink, S. E., Janssen, W. G., Shah, R. A., and Morrison, J. H.
(2004). Estrogen modulates synaptic N-methyl-D-aspartate receptor subunit
distribution in the aged hippocampus. J. Comp. Neurol. 474, 419–426. doi:
10.1002/cne.20148

Adams, M. M., Shah, R. A., Janssen, W. G., and Morrison, J. H. (2001).
Different modes of hippocampal plasticity in response to estrogen in young
and aged female rats. Proc. Natl. Acad. Sci. U.S.A. 98, 8071–8076. doi:
10.1073/pnas.141215898

Amin, Z., Epperson, C. N., Constable, R. T., and Canli, T. (2006). Effects of estrogen
variation on neural correlates of emotional response inhibition. Neuroimage 32,
457–464. doi: 10.1016/j.neuroimage.2006.03.013

Andrade, R., Malenka, R. C., and Nicoll, R. A. (1986). A G protein couples sero-
tonin and GABAB receptors to the same channels in hippocampus. Science 234,
1261–1265. doi: 10.1126/science.2430334

Angold, A., Costello, E. J., and Worthman, C. M. (1998). Puberty and depression:
the roles of age, pubertal status and pubertal timing. Psychol. Med. 28, 51–61.
doi: 10.1017/S003329179700593X

Azcoitia, I., Yague, J. G., and Garcia-Segura, L. M. (2011). Estradiol synthesis within
the human brain. Neuroscience 191, 139–147. doi: 10.1016/j.neuroscience.2011.
02.012

Backstrom, T., Andreen, L., Birzniece, V., Bjorn, I., Johansson, I. M., Nordenstam-
Haghjo, M., et al. (2003). The role of hormones and hormonal treatments
in premenstrual syndrome. CNS Drugs 17, 325–342. doi: 10.2165/00023210-
200317050-00003

Backstrom, T., Bixo, M., Johansson, M., Nyberg, S., Ossewaarde, L., Ragagnin,
G., et al. (2014). Allopregnanolone and mood disorders. Prog. Neurobiol. 113,
88–94. doi: 10.1016/j.pneurobio.2013.07.005

Backstrom, T., Haage, D., Lofgren, M., Johansson, I. M., Stromberg, J., Nyberg, S.,
et al. (2011). Paradoxical effects of GABA-A modulators may explain sex steroid
induced negative mood symptoms in some persons. Neuroscience 191, 46–54.
doi: 10.1016/j.neuroscience.2011.03.061

Baulieu, E., and Schumacher, M. (2000). Progesterone as a neuroactive neuros-
teroid, with special reference to the effect of progesterone on myelination.
Steroids 65, 605–612. doi: 10.1016/S0039-128X(00)00173-2

Bayer, U., and Hausmann, M. (2010). Hormone therapy in postmenopausal women
affects hemispheric asymmetries in fine motor coordination. Horm. Behav. 58,
450–456. doi: 10.1016/j.yhbeh.2010.05.008

Becker, J. B. (1990). Estrogen rapidly potentiates amphetamine-induced striatal
dopamine release and rotational behavior during microdialysis. Neurosci. Lett.
118, 169–171. doi: 10.1016/0304-3940(90)90618-J

Becker, J. B. (2000). Oestrogen effects on dopaminergic function in stria-
tum. Novartis Found. Symp. 230, 134–145. discussion: 145–54. doi:
10.1002/0470870818.ch10

Becker, J. B. (2009). Sexual differentiation of motivation: a novel mechanism?
Horm. Behav. 55, 646–654. doi: 10.1016/j.yhbeh.2009.03.014

Becker, J. B., and Hu, M. (2008). Sex differences in drug abuse. Front.
Neuroendocrinol. 29, 36–47. doi: 10.1016/j.yfrne.2007.07.003

Belelli, D., Herd, M. B., Mitchell, E. A., Peden, D. R., Vardy, A. W., Gentet, L.,
et al. (2006). Neuroactive steroids and inhibitory neurotransmission: mecha-
nisms of action and physiological relevance. Neuroscience 138, 821–829. doi:
10.1016/j.neuroscience.2005.07.021

Benmansour, S., Weaver, R. S., Barton, A. K., Adeniji, O. S., and Frazer, A.
(2012). Comparison of the effects of estradiol and progesterone on serotonergic
function. Biol. Psychiatry 71, 633–641. doi: 10.1016/j.biopsych.2011.11.023

Berman, K. F., Schmidt, P. J., Rubinow, D. R., Danaceau, M. A., Van Horn, J. D.,
Esposito, G., et al. (1997). Modulation of cognition-specific cortical activity by
gonadal steroids: a positron-emission tomography study in women. Proc. Natl.
Acad. Sci. U.S.A. 94, 8836–8841. doi: 10.1073/pnas.94.16.8836

www.frontiersin.org February 2015 | Volume 9 | Article 37 | 82

http://www.frontiersin.org/journal/10.3389/fnins.2015.00037/abstract
http://www.frontiersin.org/journal/10.3389/fnins.2015.00037/abstract
http://www.frontiersin.org
http://www.frontiersin.org/Neuroendocrine_Science/archive


Barth et al. Interactions between sex hormones and neurotransmitters

Berman, N. E., Puri, V., Chandrala, S., Puri, S., Macgregor, R., Liverman, C.
S., et al. (2006). Serotonin in trigeminal ganglia of female rodents: rele-
vance to menstrual migraine. Headache 46, 1230–1245. doi: 10.1111/j.1526-
4610.2006.00528.x

Bethea, C. L. (1993). Colocalization of progestin receptors with serotonin in raphe
neurons of macaque. Neuroendocrinology 57, 1–6. doi: 10.1159/000126334

Bethea, C. L., Lu, N. Z., Gundlah, C., and Streicher, J. M. (2002). Diverse actions
of ovarian steroids in the serotonin neural system. Front. Neuroendocrinol. 23,
41–100. doi: 10.1006/frne.2001.0225

Bethea, C. L., and Reddy, A. P. (2012). Ovarian steroids increase glutamatergic
related gene expression in serotonin neurons of macaques. Mol. Cell. Neurosci.
49, 251–262. doi: 10.1016/j.mcn.2011.11.005

Biegon, A. (1990). Effects of steroid hormones on the serotonergic system.
Ann. N.Y. Acad. Scie. 600, 427–432. discussion: 432–434. doi: 10.1111/j.1749-
6632.1990.tb16899.x

Biegon, A., and McEwen, B. S. (1982). Modulation by estradiol of serotonin
receptors in brain. J. Neurosci. 2, 199–205.

Biegon, A., Reches, A., Snyder, L., and McEwen, B. S. (1983). Serotonergic and nora-
drenergic receptors in the rat brain: modulation by chronic exposure to ovarian
hormones. Life Sci. 32, 2015–2021. doi: 10.1016/0024-3205(83)90053-X

Bliss, T. V., and Collingridge, G. L. (1993). A synaptic model of memory: long-term
potentiation in the hippocampus. Nature 361, 31–39. doi: 10.1038/361031a0

Bredemann, T. M., and McMahon, L. L. (2014). 17beta Estradiol increases resilience
and improves hippocampal synaptic function in helpless ovariectomized rats.
Psychoneuroendocrinology 42, 77–88. doi: 10.1016/j.psyneuen.2014.01.004

Breese, C. R., and Leonard, S. S. (1993). Glutamate receptor subtype expres-
sion in human postmortem brain. J. Mol. Neurosci. 4, 263–275. doi: 10.1007/
BF02821558

Brinton, R. D., Proffitt, P., Tran, J., and Luu, R. (1997). Equilin, a principal com-
ponent of the estrogen replacement therapy premarin, increases the growth of
cortical neurons via an NMDA receptor-dependent mechanism. Exp. Neurol.
147, 211–220. doi: 10.1006/exnr.1997.6619

Brinton, R. D., Thompson, R. F., Foy, M. R., Baudry, M., Wang, J., Finch, C.
E., et al. (2008). Progesterone receptors: form and function in brain. Front.
Neuroendocrinol. 29, 313–339. doi: 10.1016/j.yfrne.2008.02.001

Brummelte, S., Pawluski, J. L., and Galea, L. A. (2006). High post-partum levels
of corticosterone given to dams influence postnatal hippocampal cell prolifer-
ation and behavior of offspring: a model of post-partum stress and possible
depression. Horm. Behav. 50, 370–382. doi: 10.1016/j.yhbeh.2006.04.008

Brunelin, J., Fecteau, S., and Suaud-Chagny, M. F. (2013). Abnormal striatal
dopamine transmission in schizophrenia. Curr. Med. Chem. 20, 397–404. doi:
10.2174/0929867311320030011

Burke, W. J., Li, S. W., Chung, H. D., Ruggiero, D. A., Kristal, B. S., Johnson, E. M.,
et al. (2004). Neurotoxicity of MAO metabolites of catecholamine neurotrans-
mitters: role in neurodegenerative diseases. Neurotoxicology 25, 101–115. doi:
10.1016/S0161-813X(03)00090-1

Cabrera, R., Diaz, A., Pinter, A., and Belmar, J. (1993). In vitro progesterone
effects on 3H-dopamine release from rat corpus striatum slices obtained under
different endocrine conditions. Life Sci. 53, 1767–1777. doi: 10.1016/0024-
3205(93)90164-X

Carr, G. V., and Lucki, I. (2011). The role of serotonin receptor subtypes in treating
depression: a review of animal studies. Psychopharmacology 213, 265–287. doi:
10.1007/s00213-010-2097-z

Cavailles, V., Dauvois, S., L’Horset, F., Lopez, G., Hoare, S., Kushner, P. J., et al.
(1995). Nuclear factor RIP140 modulates transcriptional activation by the
estrogen receptor. EMBO J. 14, 3741–3751.

Chaudhri, R. A., Schwartz, N., Elbaradie, K., Schwartz, Z., and Boyan, B. D. (2014).
Role of ERalpha36 in membrane-associated signaling by estrogen. Steroids 81,
74–80. doi: 10.1016/j.steroids.2013.10.020

Chevillard, C., Barden, N., and Saavedra, J. M. (1981). Estradiol treatment
decreases type A and increases type B monoamine oxidase in specific brain
stem areas and cerebellum of ovariectomized rats. Brain Res. 222, 177–181. doi:
10.1016/0006-8993(81)90955-0

Cohen, H., and Yehuda, R. (2011). Gender differences in animal models of post-
traumatic stress disorder. Dis. Markers 30, 141–150. doi: 10.1155/2011/734372

Cohen, L. S., Altshuler, L. L., Harlow, B. L., Nonacs, R., Newport, D. J., Viguera,
A. C., et al. (2006b). Relapse of major depression during pregnancy in women
who maintain or discontinue antidepressant treatment. JAMA 295, 499–507.
doi: 10.1001/jama.295.5.499

Cohen, L. S., Nonacs, R. M., Bailey, J. W., Viguera, A. C., Reminick, A. M.,
Altshuler, L. L., et al. (2004). Relapse of depression during pregnancy following
antidepressant discontinuation: a preliminary prospective study. Arch. Womens
Ment. Health 7, 217–221. doi: 10.1007/s00737-004-0059-3

Cohen, L. S., Soares, C. N., Vitonis, A. F., Otto, M. W., and Harlow, B. L.
(2006a). Risk for new onset of depression during the menopausal transition:
the Harvard study of moods and cycles. Arch. Gen. Psychiatry 63, 385–390. doi:
10.1001/archpsyc.63.4.385

Comasco, E., Hahn, A., Ganger, S., Gingnell, M., Bannbers, E., Oreland, L.,
et al. (2014). Emotional fronto-cingulate cortex activation and brain derived
neurotrophic factor polymorphism in premenstrual dysphoric disorder. Hum.
Brain Mapp. 35, 4450–4458. doi: 10.1002/hbm.22486

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

Compton, J., Travis, M. J., Norbury, R., Erlandsson, K., van Amelsvoort, T., Daly,
E., et al. (2008). Long-term estrogen therapy and 5-HT(2A) receptor binding in
postmenopausal women; a single photon emission tomography (SPET) study.
Horm. Behav. 53, 61–68. doi: 10.1016/j.yhbeh.2007.08.014

Cooke, B. M., and Woolley, C. S. (2005). Gonadal hormone modulation of den-
drites in the mammalian CNS. J. Neurobiol. 64, 34–46. doi: 10.1002/neu.20143

Copeland, A. L., Martin, P. D., Geiselman, P. J., Rash, C. J., and Kendzor, D. E.
(2006). Predictors of pretreatment attrition from smoking cessation among pre-
and postmenopausal, weight-concerned women. Eat. Behav. 7, 243–251. doi:
10.1016/j.eatbeh.2005.10.001

Cornil, C. A., Ball, G. F., and Balthazart, J. (2006). Functional significance of the
rapid regulation of brain estrogen action: where do the estrogens come from?
Brain Res. 1126, 2–26. doi: 10.1016/j.brainres.2006.07.098

Cramer, D. W., Barbieri, R. L., Fraer, A. R., and Harlow, B. L. (2002). Determinants
of early follicular phase gonadotrophin and estradiol concentrations in women
of late reproductive age. Human reproduction 17, 221–227. doi: 10.1093/hum-
rep/17.1.221

Daniel, J. M., Sulzer, J. K., and Hulst, J. L. (2006). Estrogen increases the sensitivity
of ovariectomized rats to the disruptive effects produced by antagonism of D2
but not D1 dopamine receptors during performance of a response learning task.
Horm. Behav. 49, 38–44. doi: 10.1016/j.yhbeh.2005.05.001

Daubner, S. C., Le, T., and Wang, S. (2011). Tyrosine hydroxylase and regulation of
dopamine synthesis. Arch. Biochem. Biophys. 508, 1–12. doi: 10.1016/j.abb.2010.
12.017

De Bondt, T., Van Hecke, W., Veraart, J., Leemans, A., Sijbers, J., Sunaert, S., et al.
(2013). Does the use of hormonal contraceptives cause microstructural changes
in cerebral white matter? Preliminary results of a DTI and tractography study.
Eur. Radiol. 23, 57–64. doi: 10.1007/s00330-012-2572-5

De Keyser, J., Claeys, A., De Backer, J. P., Ebinger, G., Roels, F., and Vauquelin, G.
(1988). Autoradiographic localization of D1 and D2 dopamine receptors in the
human brain. Neurosci. Lett. 91, 142–147. doi: 10.1016/0304-3940(88)90758-6

Deligiannidis, K. M., Sikoglu, E. M., Shaffer, S. A., Frederick, B., Svenson, A.
E., Kopoyan, A., et al. (2013). GABAergic neuroactive steroids and resting-
state functional connectivity in postpartum depression: a preliminary study.
J. Psychiatr. Res. 47, 816–828. doi: 10.1016/j.jpsychires.2013.02.010

Dennerstein, L., Alexander, J. L., and Kotz, K. (2003). The menopause and sexual
functioning: a review of the population-based studies. Annu. Rev. Sex Res. 14,
64–82. doi: 10.1080/10532528.2003.10559811

Dennis, C. L., and Dowswell, T. (2013). Psychosocial and psychological interven-
tions for preventing postpartum depression. Cochrane Database Sys. Rev. 2,
CD001134. doi: 10.1002/14651858.CD001134.pub3

Devanand, D. P., Sano, M., Tang, M. X., Taylor, S., Gurland, B. J., Wilder, D.,
et al. (1996). Depressed mood and the incidence of Alzheimer’s disease in
the elderly living in the community. Arch. Gen. Psychiatry 53, 175–182. doi:
10.1001/archpsyc.1996.01830020093011

Dewey, S. L., Smith, G. S., Logan, J., Brodie, J. D., Yu, D. W., Ferrieri, R. A.,
et al. (1992). GABAergic inhibition of endogenous dopamine release measured
in vivo with 11C-raclopride and positron emission tomography. J. Neurosci. 12,
3773–3780.

Dimmock, P. W., Wyatt, K. M., Jones, P. W., and O’Brien, P. M. (2000). Efficacy of
selective serotonin-reuptake inhibitors in premenstrual syndrome: a systematic
review. Lancet 356, 1131–1136. doi: 10.1016/S0140-6736(00)02754-9

Di Paolo, T. (1994). Modulation of brain dopamine transmission by sex steroids.
Rev. Neurosci. 5, 27–41. doi: 10.1515/REVNEURO.1994.5.1.27

Frontiers in Neuroscience | Neuroendocrine Science February 2015 | Volume 9 | Article 37 | 83

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


Barth et al. Interactions between sex hormones and neurotransmitters

Disshon, K. A., Boja, J. W., and Dluzen, D. E. (1998). Inhibition of striatal dopamine
transporter activity by 17beta-estradiol. Eur. J. Pharmacol. 345, 207–211. doi:
10.1016/S0014-2999(98)00008-9

Dluzen, D., and Horstink, M. (2003). Estrogen as neuroprotectant of nigrostriatal
dopaminergic system: laboratory and clinical studies. Endocrine 21, 67–75. doi:
10.1385/ENDO:21:1:67

Dluzen, D. E., and Ramirez, V. D. (1984). Bimodal effect of progesterone on in vitro
dopamine function of the rat corpus striatum. Neuroendocrinology 39, 149–155.
doi: 10.1159/000123971

Dong, Y., Fu, Y. M., Sun, J. L., Zhu, Y. H., Sun, F. Y., and Zheng, P. (2005).
Neurosteroid enhances glutamate release in rat prelimbic cortex via activation
of alpha1-adrenergic and sigma1 receptors. Cell. Mol. Life Sci. 62, 1003–1014.
doi: 10.1007/s00018-005-5004-8

Dowlati, Y., Segal, Z. V., Ravindran, A. V., Steiner, M., Stewart, D. E., and
Meyer, J. H. (2014). Effect of dysfunctional attitudes and postpartum state
on vulnerability to depressed mood. J. Affect. Disord. 161, 16–20. doi:
10.1016/j.jad.2014.02.047

Eberling, J. L., Wu, C., Haan, M. N., Mungas, D., Buonocore, M., and Jagust,
W. J. (2003). Preliminary evidence that estrogen protects against age-related
hippocampal atrophy. Neurobiol. Aging 24, 725–732. doi: 10.1016/S0197-
4580(02)00056-8

Epperson, C. N., Amin, Z., Ruparel, K., Gur, R., and Loughead, J. (2012b).
Interactive effects of estrogen and serotonin on brain activation dur-
ing working memory and affective processing in menopausal women.
Psychoneuroendocrinology 37, 372–382. doi: 10.1016/j.psyneuen.2011.07.007

Epperson, C. N., Gueorguieva, R., Czarkowski, K. A., Stiklus, S., Sellers, E., Krystal,
J. H., et al. (2006). Preliminary evidence of reduced occipital GABA concentra-
tions in puerperal women: a 1H-MRS study. Psychopharmacology 186, 425–433.
doi: 10.1007/s00213-006-0313-7

Epperson, C. N., Haga, K., Mason, G. F., Sellers, E., Gueorguieva, R., Zhang, W.,
et al. (2002). Cortical gamma-aminobutyric acid levels across the menstrual
cycle in healthy women and those with premenstrual dysphoric disorder: a pro-
ton magnetic resonance spectroscopy study. Arch. Gen. Psychiatry 59, 851–858.
doi: 10.1001/archpsyc.59.9.851

Epperson, C. N., Steiner, M., Hartlage, S. A., Eriksson, E., Schmidt, P. J., Jones,
I., et al. (2012a). Premenstrual dysphoric disorder: evidence for a new cate-
gory for DSM-5. Am. J. Psychiatry 169, 465–475. doi: 10.1176/appi.ajp.2012.11
081302

Faravelli, C., Alessandra Scarpato, M., Castellini, G., and Lo Sauro, C. (2013).
Gender differences in depression and anxiety: the role of age. Psychiatry Res.
210, 1301–1303. doi: 10.1016/j.psychres.2013.09.027

Felten, D. L., and Shetty, A. N. (2010). Netter’s Atlas of Neuroscience. Philadelphia,
PA: Elsevier.

Fino, E., and Venance, L. (2010). Spike-timing dependent plasticity in the striatum.
Front. Synaptic Neurosci. 2:6. doi: 10.3389/fnsyn.2010.00006

Fitzgerald, J. C., Ufer, C., De Girolamo, L. A., Kuhn, H., and Billett, E. E.
(2007). Monoamine oxidase-A modulates apoptotic cell death induced by stau-
rosporine in human neuroblastoma cells. J. Neurochem. 103, 2189–2199. doi:
10.1111/j.1471-4159.2007.04921.x

Foy, M. R., Xu, J., Xie, X., Brinton, R. D., Thompson, R. F., and Berger, T.
W. (1999). 17beta-estradiol enhances NMDA receptor-mediated EPSPs and
long-term potentiation. J. Neurophysiol. 81, 925–929.

Freeman, E. W., Sammel, M. D., Lin, H., and Nelson, D. B. (2006). Associations
of hormones and menopausal status with depressed mood in women with no
history of depression. Arch. Gen. Psychiatry 63, 375–382. doi: 10.1001/arch-
psyc.63.4.375

Furness, S., Roberts, H., Marjoribanks, J., Lethaby, A., Hickey, M., and
Farquhar, C. (2009). Hormone therapy in postmenopausal women and risk
of endometrial hyperplasia. Cochrane Database Syst. Rev. 2:CD000402. doi:
10.1002/14651858.CD000402.pub3

Galea, L. A., Uban, K. A., Epp, J. R., Brummelte, S., Barha, C. K., Wilson, W. L.,
et al. (2008). Endocrine regulation of cognition and neuroplasticity: our pursuit
to unveil the complex interaction between hormones, the brain, and behaviour.
Can. J. Exp. Psychol. 62, 247–260. doi: 10.1037/a0014501

Galea, L. A., Wide, J. K., and Barr, A. M. (2001). Estradiol alleviates depressive-like
symptoms in a novel animal model of post-partum depression. Behav. Brain
Res. 122, 1–9. doi: 10.1016/S0166-4328(01)00170-X

Gambacciani, M. (2013). Selective estrogen modulators in menopause. Minerva
Ginecol. 65, 621–630.

Gameiro, C. M., Romao, F., and Castelo-Branco, C. (2010). Menopause and
aging: changes in the immune system—a review. Maturitas 67, 316–320. doi:
10.1016/j.maturitas.2010.08.003

Garcia-Segura, L. M., and Melcangi, R. (2006). C. Steroids and glial cell function.
Glia 54, 485–498. doi: 10.1002/glia.20404

Gazzaley, A. H., Weiland, N. G., McEwen, B. S., and Morrison, J. H. (1996).
Differential regulation of NMDAR1 mRNA and protein by estradiol in the rat
hippocampus. J. Neurosci. 16, 6830–6838.

Geyer, M. A., Puerto, A., Dawsey, W. J., Knapp, S., Bullard, W. P., and Mandell,
A. J. (1976). Histologic and enzymatic studies of the mesolimbic and mesos-
triatal serotonergic pathways. Brain Res. 106, 241–256. doi: 10.1016/0006-
8993(76)91023-4

Girdler, S. S., Straneva, P. A., Light, K. C., Pedersen, C. A., and Morrow, A. L. (2001).
Allopregnanolone levels and reactivity to mental stress in premenstrual dyspho-
ric disorder. Biol. Psychiatry 49, 788–797. doi: 10.1016/S0006-3223(00)01044-1

Gjedde, A., Kumakura, Y., Cumming, P., Linnet, J., and Moller, A. (2010).
Inverted-U-shaped correlation between dopamine receptor availability in stria-
tum and sensation seeking. Proc. Natl. Acad. Sci. U.S.A. 107, 3870–3875. doi:
10.1073/pnas.0912319107

Gould, E., Woolley, C. S., Frankfurt, M., and McEwen, B. S. (1990). Gonadal
steroids regulate dendritic spine density in hippocampal pyramidal cells in
adulthood. J. Neurosci. 10, 1286–1291.

Grailhe, R., Grabtree, G. W., and Hen, R. (2001). Human 5-HT(5) receptors: the
5-HT(5A) receptor is functional but the 5-HT(5B) receptor was lost during
mammalian evolution. Eur. J. Pharmacol. 418, 157–167. doi: 10.1016/S0014-
2999(01)00933-5

Greendale, G. A., Huang, M. H., Leung, K., Crawford, S. L., Gold, E. B.,
Wight, R., et al. (2012). Dietary phytoestrogen intakes and cognitive func-
tion during the menopausal transition: results from the Study of Women’s
Health Across the Nation Phytoestrogen Study. Menopause 19, 894–903. doi:
10.1097/gme.0b013e318242a654

Gressier, F., Verstuyft, C., Hardy, P., Becquemont, L., and Corruble, E. (2014).
Menopausal status could modulate the association between 5-HTTLPR and
antidepressant efficacy in depressed women: a pilot study. Arch. Womens Ment.
Health. 17, 569–573. doi: 10.1007/s00737-014-0464-1

Grigorova, M., and Sherwin, B. B. (2006). No differences in performance on
test of working memory and executive functioning between healthy elderly
postmenopausal women using or not using hormone therapy. Climacteric 9,
181–194. doi: 10.1080/13697130600727107

Grigorova, M., Sherwin, B. B., and Tulandi, T. (2006). Effects of treatment
with leuprolide acetate depot on working memory and executive functions
in young premenopausal women. Psychoneuroendocrinology 31, 935–947. doi:
10.1016/j.psyneuen.2006.05.004

Guidozzi, F. (2013). Sleep and sleep disorders in menopausal women. Climacteric
16, 214–219. doi: 10.3109/13697137.2012.753873

Gulinello, M., Gong, Q. H., Li, X., and Smith, S. S. (2001). Short-term exposure
to a neuroactive steroid increases alpha4 GABA(A) receptor subunit levels in
association with increased anxiety in the female rat. Brain Res. 910, 55–66. doi:
10.1016/S0006-8993(01)02565-3

Gundlah, C., Lu, N. Z., and Bethea, C. L. (2002). Ovarian steroid regulation
of monoamine oxidase-A and -B mRNAs in the macaque dorsal raphe and
hypothalamic nuclei. Psychopharmacology 160, 271–282. doi: 10.1007/s00213-
001-0959-0

Gundlah, C., Lu, N. Z., Mirkes, S. J., and Bethea, C. L. (2001). Estrogen receptor
beta (ERbeta) mRNA and protein in serotonin neurons of macaques. Brain Res.
Mol. Brain Res. 91, 14–22. doi: 10.1016/S0169-328X(01)00108-5

Gusnard, D. A., Raichle, M. E., and Raichle, M. E. (2001). Searching for a baseline:
functional imaging and the resting human brain. Nat. Rev. Neurosci. 2, 685–694.
doi: 10.1038/35094500

Halbreich, U. (2000). Gonadal hormones, reproductive age, and women
with depression. Arch. Gen. Psychiatry 57, 1163–1164. doi: 10.1001/arch-
psyc.57.12.1163

Halbreich, U., Backstrom, T., Eriksson, E., O’Brien, S., Calil, H., Ceskova, E., et al.
(2007). Clinical diagnostic criteria for premenstrual syndrome and guidelines
for their quantification for research studies. Gynecol. Endocrinol. 23, 123–130.
doi: 10.1080/09513590601167969

Halbreich, U., and Kahn, L. S. (2003). Treatment of premenstrual dysphoric dis-
order with luteal phase dosing of sertraline. Expert Opin. Pharmacother. 4,
2065–2078. doi: 10.1517/14656566.4.11.2065

www.frontiersin.org February 2015 | Volume 9 | Article 37 | 84

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


Barth et al. Interactions between sex hormones and neurotransmitters

Hall, H., Sedvall, G., Magnusson, O., Kopp, J., Halldin, C., and Farde, L. (1994).
Distribution of D1- and D2-dopamine receptors, and dopamine and its
metabolites in the human brain. Neuropsychopharmacology 11, 245–256. doi:
10.1038/sj.npp.1380111

Hampson, E., and Morley, E. E. (2013). Estradiol concentrations and working
memory performance in women of reproductive age. Psychoneuroendocrinology
38, 2897–2904. doi: 10.1016/j.psyneuen.2013.07.020

Hao, J., Rapp, P. R., Leffler, A. E., Leffler, S. R., Janssen, W. G., Lou, W.,
et al. (2006). Estrogen alters spine number and morphology in prefrontal
cortex of aged female rhesus monkeys. J. Neurosci. 26, 2571–2578. doi:
10.1523/JNEUROSCI.3440-05.2006

Haraguchi, S., Sasahara, K., Shikimi, H., Honda, S., Harada, N., and Tsutsui, K.
(2012). Estradiol promotes purkinje dendritic growth, spinogenesis, and synap-
togenesis during neonatal life by inducing the expression of BDNF. Cerebellum
11, 416–417. doi: 10.1007/s12311-011-0342-6

Harlow, B. L., Wise, L. A., Otto, M. W., Soares, C. N., and Cohen, L. S. (2003).
Depression and its influence on reproductive endocrine and menstrual cycle
markers associated with perimenopause: the Harvard Study of Moods and
Cycles. Arch. Gen. Psychiatry 60, 29–36. doi: 10.1001/archpsyc.60.1.29

Hausmann, M., Becker, C., Gather, U., and Gunturkun, O. (2002). Functional
cerebral asymmetries during the menstrual cycle: a cross-sectional and longi-
tudinal analysis. Neuropsychologia 40, 808–816. doi: 10.1016/S0028-3932(01)
00179-8

Hausmann, M., and Gunturkun, O. (2000). Steroid fluctuations modify
functional cerebral asymmetries: the hypothesis of progesterone-mediated
interhemispheric decoupling. Neuropsychologia 38, 1362–1374. doi: 10.1016/
S0028-3932(00)00045-2

Hawton, K. (2000). Sex and suicide. Gender differences in suicidal behaviour. Br. J.
Psychiatry 177, 484–485. doi: 10.1192/bjp.177.6.484

Hay, A. G., Bancroft, J., and Johnstone, E. C. (1994). Affective symptoms in
women attending a menopause clinic. Br. J. Psychiatry 164, 513–516. doi:
10.1192/bjp.164.4.513

Henderson, J. A., and Bethea, C. L. (2008). Differential effects of ovarian steroids
and raloxifene on serotonin 1A and 2C receptor protein expression in macaques.
Endocrine 33, 285–293. doi: 10.1007/s12020-008-9087-5

Hikosaka, O., Kim, H. F., Yasuda, M., and Yamamoto, S. (2014). Basal Ganglia cir-
cuits for reward value-guided behavior. Annu. Rev. Neurosci. 37, 289–306. doi:
10.1146/annurev-neuro-071013-013924

Hindmarch, I. (2002). Beyond the monoamine hypothesis: mechanisms, molecules
and methods. Eur. Psychiatry 17(Suppl. 3), 294–299. doi: 10.1016/S0924-
9338(02)00653-3

Hiroi, R., and Neumaier, J. F. (2009). Estrogen decreases 5-HT1B autoreceptor
mRNA in selective subregion of rat dorsal raphe nucleus: inverse association
between gene expression and anxiety behavior in the open field. Neuroscience
158, 456–464. doi: 10.1016/j.neuroscience.2008.10.016

Hirschberg, A. L. (2012). Sex hormones, appetite and eating behaviour in women.
Maturitas 71, 248–256. doi: 10.1016/j.maturitas.2011.12.016

Hogervorst, E., Williams, J., Budge, M., Riedel, W., and Jolles, J. (2000). The nature
of the effect of female gonadal hormone replacement therapy on cognitive func-
tion in post-menopausal women: a meta-analysis. Neuroscience 101, 485–512.
doi: 10.1016/S0306-4522(00)00410-3

Holbrook, A. M., Crowther, R., Lotter, A., Cheng, C., and King, D. (2000). Meta-
analysis of benzodiazepine use in the treatment of insomnia. CMAJ 162,
225–233.

Holmseth, S., Dehnes, Y., Huang, Y. H., Follin-Arbelet, V. V., Grutle, N. J.,
Mylonakou, M. N., et al. (2012). The density of EAAC1 (EAAT3) glutamate
transporters expressed by neurons in the mammalian CNS. J. Neurosci. 32,
6000–6013. doi: 10.1523/JNEUROSCI.5347-11.2012

Hornung, J. P. (2003). The human raphe nuclei and the serotonergic system.
J. Chem. Neuroanat. 26, 331–343. doi: 10.1016/j.jchemneu.2003.10.002

Horstink, M. W., Strijks, E., and Dluzen, D. E. (2003). Estrogen and Parkinson’s
disease. Adv. Neurol. 91, 107–114.

Hsu, F. C., Waldeck, R., Faber, D. S., and Smith, S. S. (2003). Neurosteroid effects on
GABAergic synaptic plasticity in hippocampus. J. Neurophysiol. 89, 1929–1940.
doi: 10.1152/jn.00780.2002

Hu, H., Real, E., Takamiya, K., Kang, M. G., Ledoux, J., Huganir, R. L., et al. (2007).
Emotion enhances learning via norepinephrine regulation of AMPA-receptor
trafficking. Cell 131, 160–173. doi: 10.1016/j.cell.2007.09.017

Huo, L., Straub, R. E., Roca, C., Schmidt, P. J., Shi, K., Vakkalanka, R., et al. (2007).
Risk for premenstrual dysphoric disorder is associated with genetic variation

in ESR1, the estrogen receptor alpha gene. Biol. Psychiatry 62, 925–933. doi:
10.1016/j.biopsych.2006.12.019

Jacobs, E., and D’Esposito, M. (2011). Estrogen shapes dopamine-dependent cog-
nitive processes: implications for women’s health. J. Neurosci. 31, 5286–5293.
doi: 10.1523/JNEUROSCI.6394-10.2011

Joffe, H., and Cohen, L. S. (1998). Estrogen, serotonin, and mood disturbance:
where is the therapeutic bridge? Biol. Psychiatry 44, 798–811.

Jovanovic, H., Cerin, A., Karlsson, P., Lundberg, J., Halldin, C., and Nordstrom, A.
L. (2006). A PET study of 5-HT1A receptors at different phases of the menstrual
cycle in women with premenstrual dysphoria. Psychiatry Res. 148, 185–193. doi:
10.1016/j.pscychresns.2006.05.002

Juraska, J. M., Sisk, C. L., and DonCarlos, L. L. (2013). Sexual differentiation of the
adolescent rodent brain: hormonal influences and developmental mechanisms.
Horm. Behav. 64, 203–210. doi: 10.1016/j.yhbeh.2013.05.010

Kashani, J. H., McGee, R. O., Clarkson, S. E., Anderson, J. C., Walton, L. A.,
Williams, S., et al. (1983). Depression in a sample of 9-year-old children,
Prevalence and associated characteristics. Arch. Gen. Psychiatry 40, 1217–1223.
doi: 10.1001/archpsyc.1983.01790100063009

Kessler, R. C. (2003). Epidemiology of women and depression. J. Affect. Disord. 74,
5–13. doi: 10.1016/S0165-0327(02)00426-3

Kessler, R. C., McGonagle, K. A., Swartz, M., Blazer, D. G., and Nelson, C.
B. (1993). Sex and depression in the National Comorbidity Survey. I: life-
time prevalence, chronicity and recurrence. J. Affect. Disord. 29, 85–96. doi:
10.1016/0165-0327(93)90026-G

Ko, J. Y., Farr, S. L., Dietz, P. M., and Robbins, C. L. (2012). Depression and treat-
ment among U.S. pregnant and nonpregnant women of reproductive age, 2005-
2009. J. Womens Health (Larchmt) 21, 830–836. doi: 10.1089/jwh.2011.3466

Koldzic-Zivanovic, N., Seitz, P. K., Watson, C. S., Cunningham, K. A., and Thomas,
M. L. (2004). Intracellular signaling involved in estrogen regulation of serotonin
reuptake. Mol. Cell. Endocrinol. 226, 33–42. doi: 10.1016/j.mce.2004.07.017

Kramar, E. A., Chen, L. Y., Brandon, N. J., Rex, C. S., Liu, F., Gall, C.
M., et al. (2009). Cytoskeletal changes underlie estrogen’s acute effects
on synaptic transmission and plasticity. J. Neurosci. 29, 12982–12993. doi:
10.1523/JNEUROSCI.3059-09.2009

Kranz, G. S., Rami-Mark, C., Kaufmann, U., Baldinger, P., Hahn, A., Hoflich,
A., et al. (2014). Effects of hormone replacement therapy on cere-
bral serotonin-1A receptor binding in postmenopausal women examined
with [carbonyl-(1)(1)C]WAY-100635. Psychoneuroendocrinology 45, 1–10. doi:
10.1016/j.psyneuen.2014.03.004

Krebs, C. J., Jarvis, E. D., Chan, J., Lydon, J. P., Ogawa, S., and Pfaff, D. W. (2000).
A membrane-associated progesterone-binding protein, 25-Dx, is regulated by
progesterone in brain regions involved in female reproductive behaviors. Proc.
Natl. Acad. Sci. U.S.A. 97, 12816–12821. doi: 10.1073/pnas.97.23.12816

Kugaya, A., Epperson, C. N., Zoghbi, S., van Dyck, C. H., Hou, Y., Fujita, M., et al.
(2003). Increase in prefrontal cortex serotonin 2A receptors following estrogen
treatment in postmenopausal women. Am. J. Psychiatry 160, 1522–1524. doi:
10.1176/appi.ajp.160.8.1522

Landgren, S., Wang, M. D., Backstrom, T., and Johansson, S. (1998). Interaction
between 3 alpha-hydroxy-5 alpha-pregnan-20-one and carbachol in the con-
trol of neuronal excitability in hippocampal slices of female rats in defined
phases of the oestrus. Acta Physiol. Scand. 162, 77–88. doi: 10.1046/j.1365-
201X.1998.0287f.x

LeBlanc, E. S., Janowsky, J., Chan, B. K., and Nelson, H. D. (2001). Hormone
replacement therapy and cognition: systematic review and meta-analysis. JAMA
285, 1489–1499. doi: 10.1001/jama.285.11.1489

Lehre, K. P., Levy, L. M., Ottersen, O. P., Storm-Mathisen, J., and Danbolt, N.
C. (1995). Differential expression of two glial glutamate transporters in the
rat brain: quantitative and immunocytochemical observations. J. Neurosci. 15,
1835–1853.

Lei, K., Chen, L., Georgiou, E. X., Sooranna, S. R., Khanjani, S., Brosens, J. J., et al.
(2012). Progesterone acts via the nuclear glucocorticoid receptor to suppress IL-
1beta-induced COX-2 expression in human term myometrial cells. PLoS ONE
7:e50167. doi: 10.1371/journal.pone.0050167

Leonhardt, S. A., Boonyaratanakornkit, V., and Edwards, D. P. (2003). Progesterone
receptor transcription and non-transcription signaling mechanisms. Steroids
68, 761–770. doi: 10.1016/S0039-128X(03)00129-6

Lewinsohn, P. M., Clarke, G. N., Seeley, J. R., and Rohde, P. (1994). Major
depression in community adolescents: age at onset, episode duration, and
time to recurrence. J. Am. Acad. Child Adolesc. Psychiatry 33, 809–818. doi:
10.1097/00004583-199407000-00006

Frontiers in Neuroscience | Neuroendocrine Science February 2015 | Volume 9 | Article 37 | 85

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


Barth et al. Interactions between sex hormones and neurotransmitters

Li, S., and Huang, Y. (2014). In vivo imaging of the metabotropic glutamate
receptor 1 (mGluR1) with positron emission tomography: recent advance
and perspective. Curr. Med. Chem. 21, 113–123. doi: 10.2174/09298673113209
990217

Li, Y., Raaby, K. F., Sanchez, C., and Gulinello, M. (2013). Serotonergic receptor
mechanisms underlying antidepressant-like action in the progesterone with-
drawal model of hormonally induced depression in rats. Behav. Brain Res. 256,
520–528. doi: 10.1016/j.bbr.2013.09.002

Liu, F., Day, M., Muniz, L. C., Bitran, D., Arias, R., Revilla-Sanchez, R., et al. (2008).
Activation of estrogen receptor-beta regulates hippocampal synaptic plasticity
and improves memory. Nat. Neurosci. 11, 334–343. doi: 10.1038/nn2057

Lopez, J. P., Mamdani, F., Labonte, B., Beaulieu, M. M., Yang, J. P., Berlim,
M. T., et al. (2013). Epigenetic regulation of BDNF expression according to
antidepressant response. Mol. Psychiatry 18, 398–399. doi: 10.1038/mp.2012.38

Lord, C., Buss, C., Lupien, S. J., and Pruessner, J. C. (2008). Hippocampal volumes
are larger in postmenopausal women using estrogen therapy compared to past
users, never users and men: a possible window of opportunity effect. Neurobiol.
Aging 29, 95–101. doi: 10.1016/j.neurobiolaging.2006.09.001

Lovejoy, J. C., Champagne, C. M., de Jonge, L., Xie, H., and Smith, S. R. (2008).
Increased visceral fat and decreased energy expenditure during the menopausal
transition. Int. J. Obes. 32, 949–958. doi: 10.1038/ijo.2008.25

Lovick, T. (2013). SSRIs and the female brain–potential for utilizing
steroid-stimulating properties to treat menstrual cycle-linked dysphorias.
J. Psychopharmacol. 27, 1180–1185. doi: 10.1177/0269881113490327

Lu, N. Z., Shlaes, T. A., Gundlah, C., Dziennis, S. E., Lyle, R. E., and Bethea, C. L.
(1999). Ovarian steroid action on tryptophan hydroxylase protein and serotonin
compared to localization of ovarian steroid receptors in midbrain of guinea pigs.
Endocrine 11, 257–267. doi: 10.1385/ENDO:11:3:257

Luine, V. N., and McEwen, B. S. (1977). Effect of estradiol on turnover
of type-a monoamine-oxidase in brain. J. Neurochem. 28, 1221–1227. doi:
10.1111/j.1471-4159.1977.tb12313.x

Ma, Z., Chang, S. M., and Huang, Y. G. (2012). Re: predictive factors for cutting-out
in femoral intramedullary nailing [Injury 2010:41(December (12));1312-16].
Injury 43, 1222–1223. doi: 10.1016/j.injury.2011.06.031

Ma, Z. Q., Violani, E., Villa, F., Picotti, G. B., and Maggi, A. (1995). Estrogenic
control of monoamine oxidase A activity in human neuroblastoma cells express-
ing physiological concentrations of estrogen receptor. Eur. J. Pharmacol. 284,
171–176. doi: 10.1016/0014-2999(95)00387-Z

MacArthur, C., Winter, H. R., Bick, D. E., Knowles, H., Lilford, R., Henderson, C.,
et al. (2002). Effects of redesigned community postnatal care on womens’ health
4 months after birth: a cluster randomised controlled trial. Lancet 359, 378–385.
doi: 10.1016/S0140-6736(02)07596-7

MacLennan, A. H., Henderson, V. W., Paine, B. J., Mathias, J., Ramsay, E. N., Ryan,
P., et al. (2006). Hormone therapy, timing of initiation, and cognition in women
aged older than 60 years: the REMEMBER pilot study. Menopause 13, 28–36.
doi: 10.1097/01.gme.0000191204.38664.61

Maejima, T., Masseck, O. A., Mark, M. D., and Herlitze, S. (2013). Modulation
of firing and synaptic transmission of serotonergic neurons by intrinsic G
protein-coupled receptors and ion channels. Front. Integr. Neurosci. 7:40. doi:
10.3389/fnint.2013.00040

Maguire, J., and Mody, I. (2008). GABA(A)R plasticity during preg-
nancy: relevance to postpartum depression. Neuron 59, 207–213. doi:
10.1016/j.neuron.2008.06.019

Majewska, M. D., Harrison, N. L., Schwartz, R. D., Barker, J. L., and Paul, S. M.
(1986). Steroid hormone metabolites are barbiturate-like modulators of the
GABA receptor. Science 232, 1004–1007. doi: 10.1126/science.2422758

Marcus, S. M. (2009). Depression during pregnancy: rates, risks and
consequences—motherisk Update 2008. Can. J. Clin. Pharmacol. 16, e15–e22.

Marino, M., Galluzzo, P., and Ascenzi, P. (2006). Estrogen signaling multi-
ple pathways to impact gene transcription. Curr. Genomics 7, 497–508. doi:
10.2174/138920206779315737

Marshall, F. H. (2008). The role of GABA(B) receptors in the regulation
of excitatory neurotransmission. Results Probl. Cell Differ. 44, 87–98. doi:
10.1007/400_2007_038

Martin-Cora, F. J., and Pazos, A. (2004). Autoradiographic distribution of 5-HT7
receptors in the human brain using [3H]mesulergine: comparison to other
mammalian species. Br. J. Pharmacol. 141, 92–104. doi: 10.1038/sj.bjp.0705576

Martinowich, K., and Lu, B. (2008). Interaction between BDNF and sero-
tonin: role in mood disorders. Neuropsychopharmacology 33, 73–83. doi:
10.1038/sj.npp.1301571

Mattson, M. P., Robinson, N., and Guo, Q. (1997). Estrogens stabilize mito-
chondrial function and protect neural cells against the pro-apoptotic action
of mutant presenilin-1. Neuroreport 8, 3817–3821. doi: 10.1097/00001756-
199712010-00031

McEwen, B. (2002). Estrogen actions throughout the brain. Recent Prog. Horm. Res.
57, 357–384. doi: 10.1210/rp.57.1.357

McEwen, B. S. (1991). Non-genomic and genomic effects of steroids on neu-
ral activity. Trends Pharmacol. Sci. 12, 141–147. doi: 10.1016/0165-6147(91)
90531-V

McQueen, J. K., Wilson, H., and Fink, G. (1997). Estradiol-17 beta increases sero-
tonin transporter (SERT) mRNA levels and the density of SERT-binding sites in
female rat brain. Brain research. Mol. Brain Res. 45, 13–23. doi: 10.1016/S0169-
328X(96)00233-1

Meyer, D. A., Carta, M., Partridge, L. D., Covey, D. F., and Valenzuela, C. F. (2002).
Neurosteroids enhance spontaneous glutamate release in hippocampal neu-
rons. Possible role of metabotropic sigma1-like receptors. J. Biol. Chem. 277,
28725–28732. doi: 10.1074/jbc.M202592200

Meyer, J. H., Ginovart, N., Boovariwala, A., Sagrati, S., Hussey, D., Garcia, A.,
et al. (2006). Elevated monoamine oxidase a levels in the brain: an explana-
tion for the monoamine imbalance of major depression. Arch. Gen. Psychiatry
63, 1209–1216. doi: 10.1001/archpsyc.63.11.1209

Michopoulos, V., Berga, S. L., and Wilson, M. E. (2011). Estradiol and progesterone
modify the effects of the serotonin reuptake transporter polymorphism on sero-
tonergic responsivity to citalopram. Exp. Clin. Psychopharmacol. 19, 401–408.
doi: 10.1037/a0025008

Minami, T., Oomura, Y., Nabekura, J., and Fukuda, A. (1990). 17 beta-estradiol
depolarization of hypothalamic neurons is mediated by cyclic AMP. Brain Res.
519, 301–307. doi: 10.1016/0006-8993(90)90092-P

Mirkin, S., Komm, B., and Pickar, J. H. (2014). Conjugated estrogen/bazedoxifene
tablets for the treatment of moderate-to-severe vasomotor symptoms associated
with menopause. Women’s Health 10, 135–146. doi: 10.2217/whe.13.75

Mitra, S. W., Hoskin, E., Yudkovitz, J., Pear, L., Wilkinson, H. A., Hayashi, S.,
et al. (2003). Immunolocalization of estrogen receptor beta in the mouse brain:
comparison with estrogen receptor alpha. Endocrinology 144, 2055–2067. doi:
10.1210/en.2002-221069

Morel, G. R., Caron, R. W., Console, G. M., Soaje, M., Sosa, Y. E., Rodriguez,
S. S., et al. (2009). Estrogen inhibits tuberoinfundibular dopaminergic neu-
rons but does not cause irreversible damage. Brain Res. Bull. 80, 347–352. doi:
10.1016/j.brainresbull.2009.08.026

Morrison, M. F., Kallan, M. J., Ten Have, T., Katz, I., Tweedy, K., and Battistini,
M. (2004). Lack of efficacy of estradiol for depression in postmenopausal
women: a randomized, controlled trial. Biol. Psychiatry 55, 406–412. doi:
10.1016/j.biopsych.2003.08.011

Moses-Kolko, E. L., Price, J. C., Wisner, K. L., Hanusa, B. H., Meltzer, C. C.,
Berga, S. L., et al. (2012). Postpartum and depression status are associ-
ated with lower [[(1)(1)C]raclopride BP(ND) in reproductive-age women.
Neuropsychopharmacology 37, 1422–1432. doi: 10.1038/npp.2011.328

Muller, E., and Kerschbaum, H. H. (2006). Progesterone and its metabolites
5-dihydroprogesterone and 5-3-tetrahydroprogesterone decrease LPS-induced
NO release in the murine microglial cell line, BV-2. Neuro Endocrinol. Lett. 27,
675–678.

Murphy, D. D., Cole, N. B., Greenberger, V., and Segal, M. (1998a). Estradiol
increases dendritic spine density by reducing GABA neurotransmission in
hippocampal neurons. J. Neurosci. 18, 2550–2559.

Murphy, D. L., Andrews, A. M., Wichems, C. H., Li, Q., Tohda, M., and Greenberg,
B. (1998b). Brain serotonin neurotransmission: an overview and update with
an emphasis on serotonin subsystem heterogeneity, multiple receptors, inter-
actions with other neurotransmitter systems, and consequent implications for
understanding the actions of serotonergic drugs. J. Clin. Psychiatry 59(Suppl.
15), 4–12.

Naito, S., and Ueda, T. (1983). Adenosine triphosphate-dependent uptake of
glutamate into protein I-associated synaptic vesicles. J. Biol. Chem. 258,
696–699.

Niciu, M. J., Ionescu, D. F., Richards, E. M., and Zarate, C. A. Jr. (2013).
Glutamate and its receptors in the pathophysiology and treatment of major
depressive disorder. J. Neural Transm. 121, 907–924. doi: 10.1007/s00702-013-
1130-x

Niswender, C. M., and Conn, P. J. (2010). Metabotropic glutamate receptors: phys-
iology, pharmacology, and disease. Annu. Rev. Pharmacol. Toxicol. 50, 295–322.
doi: 10.1146/annurev.pharmtox.011008.145533

www.frontiersin.org February 2015 | Volume 9 | Article 37 | 86

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


Barth et al. Interactions between sex hormones and neurotransmitters

Nitsch, R. M., Slack, B. E., Farber, S. A., Schulz, J. G., Deng, M., Kim, C., et al.
(1994). Regulation of proteolytic processing of the amyloid beta-protein precur-
sor of Alzheimer’s disease in transfected cell lines and in brain slices. J. Neural
Transm. Suppl. 44, 21–27.

Nott, P. N., Franklin, M., Armitage, C., and Gelder, M. G. (1976). Hormonal
changes and mood in the puerperium. Br. J. Psychiatry 128, 379–383. doi:
10.1192/bjp.128.4.379

Oates, M. (2003). Suicide: the leading cause of maternal death. Br. J. Psychiatry 183,
279–281. doi: 10.1192/bjp.183.4.279

O’Hara, M. W., Stuart, S., Gorman, L. L., and Wenzel, A. (2000). Efficacy of inter-
personal psychotherapy for postpartum depression. Arch. Gen. Psychiatry 57,
1039–1045. doi: 10.1001/archpsyc.57.11.1039

O’Hara, M. W., and Swain, A. M. (1996). Rates and risk of postpartum depres-
sion: a meta-analysis. Int. Rev. Psychiatry 8, 37–54. doi: 10.3109/09540269609
037816

O’Lone, R., Frith, M. C., Karlsson, E. K., and Hansen, U. (2004). Genomic
targets of nuclear estrogen receptors. Mol. Endocrinol. 18, 1859–1875. doi:
10.1210/me.2003-0044

Oral, E., Ozcan, H., Kirkan, T. S., Askin, S., Gulec, M., and Aydin, N. (2013). Luteal
serum BDNF and HSP70 levels in women with premenstrual dysphoric disor-
der. Eur. Arch. Psychiatry Clin. Neurosci. 263, 685–693. doi: 10.1007/s00406-013-
0398-z

Osterlund, M. K., Halldin, C., and Hurd, Y. L. (2000). Effects of chronic
17beta-estradiol treatment on the serotonin 5-HT(1A) receptor mRNA and
binding levels in the rat brain. Synapse 35, 39–44. doi: 10.1002/(SICI)1098-
2396(200001)35:1<39::AID-SYN5>3.0.CO;2-T

Osterlund, M. K., and Hurd, Y. L. (2001). Estrogen receptors in the human
forebrain and the relation to neuropsychiatric disorders. Prog. Neurobiol. 64,
251–267. doi: 10.1016/S0301-0082(00)00059-9

Osterlund, M. K., Overstreet, D. H., and Hurd, Y. L. (1999). The flinders sensi-
tive line rats, a genetic model of depression, show abnormal serotonin receptor
mRNA expression in the brain that is reversed by 17beta-estradiol. Brain Res.
Mol. Brain Re. 74, 158–166. doi: 10.1016/S0169-328X(99)00274-0

Ou, X. M., Chen, K., and Shih, J. C. (2006). Monoamine oxidase A and repressor
R1 are involved in apoptotic signaling pathway. Proc. Natl. Acad. Sci. U.S.A. 103,
10923–10928. doi: 10.1073/pnas.0601515103

Owen, G. I., Richer, J. K., Tung, L., Takimoto, G., and Horwitz, K. B. (1998).
Progesterone regulates transcription of the p21(WAF1) cyclin- dependent
kinase inhibitor gene through Sp1 and CBP/p300. J. Biol. Chem. 273,
10696–10701. doi: 10.1074/jbc.273.17.10696

Ozawa, S., Kamiya, H., and Tsuzuki, K. (1998). Glutamate receptors in the
mammalian central nervous system. Prog. Neurobiol. 54, 581–618. doi:
10.1016/S0301-0082(97)00085-3

Pae, C. U., Mandelli, L., Kim, T. S., Han, C., Masand, P. S., Marks, D. M.,
et al. (2009). Effectiveness of antidepressant treatments in pre-menopausal
versus post-menopausal women: a pilot study on differential effects of sex
hormones on antidepressant effects. Biomed. Pharmacother. 63, 228–235. doi:
10.1016/j.biopha.2008.03.010

Pecins-Thompson, M., Brown, N. A., and Bethea, C. L. (1998). Regulation of
serotonin re-uptake transporter mRNA expression by ovarian steroids in rhe-
sus macaques. Brain Res. Mol. Brain Re. 53, 120–129. doi: 10.1016/S0169-
328X(97)00286-6

Pecins-Thompson, M., Brown, N. A., Kohama, S. G., and Bethea, C. L. (1996).
Ovarian steroid regulation of tryptophan hydroxylase mRNA expression in
rhesus macaques. J. Neurosci. 16, 7021–7029.

Peper, J. S., van den Heuvel, M. P., Mandl, R. C., Hulshoff Pol, H. E., and
van Honk, J. (2011). Sex steroids and connectivity in the human brain: a
review of neuroimaging studies. Psychoneuroendocrinology 36, 1101–1113. doi:
10.1016/j.psyneuen.2011.05.004

Perlman, W. R., Matsumoto, M., Beltaifa, S., Hyde, T. M., Saunders, R. C., Webster,
M. J., et al. (2005). Expression of estrogen receptor alpha exon-deleted mRNA
variants in the human and non-human primate frontal cortex. Neuroscience 134,
81–95. doi: 10.1016/j.neuroscience.2005.03.055

Petersen, N., Kilpatrick, L. A., Goharzad, A., and Cahill, L. (2013). Oral
contraceptive pill use and menstrual cycle phase are associated with
altered resting state functional connectivity. Neuroimage. 90, 24–32. doi:
10.1016/j.neuroimage.2013.12.016

Pinto-Meza, A., Usall, J., Serrano-Blanco, A., Suarez, D., and Haro, J. M. (2006).
Gender differences in response to antidepressant treatment prescribed in

primary care. Does menopause make a difference? J. Affect. Disord. 93, 53–60.
doi: 10.1016/j.jad.2006.02.010

Pletzer, B., Kronbichler, M., Aichhorn, M., Bergmann, J., Ladurner, G., and
Kerschbaum, H. H. (2010). Menstrual cycle and hormonal contracep-
tive use modulate human brain structure. Brain Res. 1348, 55–62. doi:
10.1016/j.brainres.2010.06.019

Pratt, W. B. (1998). The hsp90-based chaperone system: involvement in signal
transduction from a variety of hormone and growth factor receptors. Proc. Soc.
Exp. Biol. Med. 217, 420–434. doi: 10.3181/00379727-217-44252

Protopopescu, X., Butler, T., Pan, H., Root, J., Altemus, M., Polanecsky, M.,
et al. (2008). Hippocampal structural changes across the menstrual cycle.
Hippocampus 18, 985–988. doi: 10.1002/hipo.20468

Quinlan, M. G., Almey, A., Caissie, M., LaChappelle, I., Radiotis, G., and Brake,
W. G. (2013). Estradiol and striatal dopamine receptor antagonism influence
memory system bias in the female rat. Neurobiol. Learn. Mem. 106, 221–229.
doi: 10.1016/j.nlm.2013.08.018

Rallis, S., Skouteris, H., McCabe, M., and Milgrom, J. (2014). A prospective exam-
ination of depression, anxiety and stress throughout pregnancy. Women Birth.
27, e36–e42. doi: 10.1016/j.wombi.2014.08.002

Rapp, S. R., Espeland, M. A., Shumaker, S. A., Henderson, V. W., Brunner, R.
L., Manson, J. E., et al. (2003). Effect of estrogen plus progestin on global
cognitive function in postmenopausal women: the Women’s Health Initiative
Memory Study: a randomized controlled trial. JAMA 289, 2663–2672. doi:
10.1001/jama.289.20.2663

Reeves, S., Brown, R., Howard, R., and Grasby, P. (2009). Increased striatal
dopamine (D2/D3) receptor availability and delusions in Alzheimer disease.
Neurology 72, 528–534. doi: 10.1212/01.wnl.0000341932.21961.f3

Rekkas, P. V., Wilson, A. A., Lee, V. W., Yogalingam, P., Sacher, J., Rusjan, P., et al.
(2014). Greater monoamine oxidase a binding in perimenopausal age as mea-
sured with carbon 11-labeled harmine positron emission tomography. JAMA
Psychiatry. 71, 873–879. doi: 10.1001/jamapsychiatry.2014.250

Rey, C. D., Lipps, J., and Shansky, R. M. (2014). Dopamine D1 receptor
activation rescues extinction impairments in low-estrogen female rats and
induces cortical layer-specific activation changes in prefrontal-amygdala cir-
cuits. Neuropsychopharmacology 39, 1282–1289. doi: 10.1038/npp.2013.338

Rice, K., and Morse, C. (2003). Measuring cognition in menopause research: a
review of test use. Climacteric 6, 2–22. doi: 10.1080/cmt.6.1.2.22

Rice, V. M. (2002). Optimizing the dose of hormone replacement therapy. Int. J.
Fertil. Womens Med. 47, 205–210.

Richard, S., and Zingg, H. H. (1990). The human oxytocin gene promoter is
regulated by estrogens. J. Biol. Chem. 265, 6098–6103.

Riedel, G., Platt, B., and Micheau, J. (2003). Glutamate receptor function in
learning and memory. Behav. Brain Res. 140, 1–47. doi: 10.1016/S0166-
4328(02)00272-3

Romans, S., Clarkson, R., Einstein, G., Petrovic, M., and Stewart, D. (2012). Mood
and the menstrual cycle: a review of prospective data studies. Gend. Med. 9,
361–384. doi: 10.1016/j.genm.2012.07.003

Roth, B. L. (2011). Irving Page Lecture: 5-HT(2A) serotonin receptor biology:
interacting proteins, kinases and paradoxical regulation. Neuropharmacology 61,
348–354. doi: 10.1016/j.neuropharm.2011.01.012

Rubinow, D. R., Schmidt, P. J., and Roca, C. A. (1998). Estrogen-serotonin inter-
actions: implications for affective regulation. Biol. Psychiatry 44, 839–850. doi:
10.1016/S0006-3223(98)00162-0

Rudick, C. N., and Woolley, C. S. (2001). Estrogen regulates functional inhibition
of hippocampal CA1 pyramidal cells in the adult female rat. J. Neurosci. 21,
6532–6543.

Rupprecht, R. (1997). The neuropsychopharmacological potential of neuroactive
steroids. J. Psychiatr. Res. 31, 297–314. doi: 10.1016/S0022-3956(96)00060-X

Rupprecht, R., and Holsboer, F. (1999). Neuropsychopharmacological properties of
neuroactive steroids. Steroids 64, 83–91. doi: 10.1016/S0039-128X(98)00101-9

Rupprecht, R., Reul, J. M., Trapp, T., van Steensel, B., Wetzel, C., Damm, K., et al.
(1993). Progesterone receptor-mediated effects of neuroactive steroids. Neuron
11, 523–530. doi: 10.1016/0896-6273(93)90156-L

Sacher, J., Rekkas, P. V., Wilson, A. A., Houle, S., Romano, L., Hamidi, J.,
et al. (2014). Relationship of monoamine oxidase a distribution volume to
postpartum depression and postpartum crying. Neuropsychopharmacology. 40,
429–435. doi: 10.1038/npp.2014.190

Sacher, J., Wilson, A. A., Houle, S., Rusjan, P., Hassan, S., Bloomfield, P. M.,
et al. (2010). Elevated brain monoamine oxidase A binding in the early

Frontiers in Neuroscience | Neuroendocrine Science February 2015 | Volume 9 | Article 37 | 87

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


Barth et al. Interactions between sex hormones and neurotransmitters

postpartum period. Arch. Gen. Psychiatry 67, 468–474. doi: 10.1001/arch-
genpsychiatry.2010.32

Sakaki, M., and Mather, M. (2012). How reward and emotional stimuli induce dif-
ferent reactions across the menstrual cycle. Soc. Personal. Psychol. Compass 6,
1–17. doi: 10.1111/j.1751-9004.2011.00415.x

Sanchez, M. G., Bourque, M., Morissette, M., and Di Paolo, T. (2010). Steroids-
dopamine interactions in the pathophysiology and treatment of CNS disorders.
CNS Neurosci. Ther. 16, e43–e71. doi: 10.1111/j.1755-5949.2010.00163.x

Sanchez, M. G., Morissette, M., and Di Paolo, T. (2013). Oestradiol modulation
of serotonin reuptake transporter and serotonin metabolism in the brain of
monkeys. J. Neuroendocrinol. 25, 560–569. doi: 10.1111/jne.12034

Sanchez, R. L., Reddy, A. P., Centeno, M. L., Henderson, J. A., and Bethea, C. L.
(2005). A second tryptophan hydroxylase isoform, TPH-2 mRNA, is increased
by ovarian steroids in the raphe region of macaques. Brain Res. Mol. Brain Res.
135, 194–203. doi: 10.1016/j.molbrainres.2004.12.011

Saunders, K. E., and Hawton, K. (2006). Suicidal behaviour and the menstrual
cycle. Psychol. Med. 36, 901–912. doi: 10.1017/S0033291706007392

Savitz, J., Lucki, I., and Drevets, W. C. (2009). 5-HT(1A) receptor func-
tion in major depressive disorder. Prog. Neurobiol. 88, 17–31. doi:
10.1016/j.pneurobio.2009.01.009

Scharfman, H. E., and MacLusky, N. J. (2006). Estrogen and brain-derived neu-
rotrophic factor (BDNF) in hippocampus: complexity of steroid hormone-
growth factor interactions in the adult CNS. Front. Neuroendocrinol. 27,
415–435. doi: 10.1016/j.yfrne.2006.09.004

Schmidt, P. J., Nieman, L., Danaceau, M. A., Tobin, M. B., Roca, C. A.,
Murphy, J. H., et al. (2000). Estrogen replacement in perimenopause-related
depression: a preliminary report. Am. J. Obstet. Gynecol. 183, 414–420. doi:
10.1067/mob.2000.106004

Schmidt, P. J., Nieman, L. K., Danaceau, M. A., Adams, L. F., and Rubinow, D. R.
(1998). Differential behavioral effects of gonadal steroids in women with and
in those without premenstrual syndrome. N. Engl. J. Med. 338, 209–216. doi:
10.1056/NEJM199801223380401

Schwartz, T. L., Sachdeva, S., and Stahl, S. M. (2012). Glutamate neurocir-
cuitry: theoretical underpinnings in schizophrenia. Front. Pharmacol. 3:195.
doi: 10.3389/fphar.2012.00195

Sealfon, S. C., and Olanow, C. W. (2000). Dopamine receptors: from structure to
behavior. Trends Neurosci. 23, S34–S40. doi: 10.1016/S1471-1931(00)00025-2

Shah, N. R., Jones, J. B., Aperi, J., Shemtov, R., Karne, A., and Borenstein, J. (2008).
Selective serotonin reuptake inhibitors for premenstrual syndrome and premen-
strual dysphoric disorder: a meta-analysis. Obstet. Gynecol. 111, 1175–1182. doi:
10.1097/AOG.0b013e31816fd73b

Shang, Y., Hu, X., DiRenzo, J., Lazar, M. A., and Brown, M. (2000). Cofactor
dynamics and sufficiency in estrogen receptor-regulated transcription. Cell 103,
843–852. doi: 10.1016/S0092-8674(00)00188-4

Shumaker, S. A., Legault, C., Rapp, S. R., Thal, L., Wallace, R. B., Ockene, J. K., et al.
(2003). Estrogen plus progestin and the incidence of dementia and mild cog-
nitive impairment in postmenopausal women: the Women’s Health Initiative
Memory Study: a randomized controlled trial. JAMA 289, 2651–2662. doi:
10.1001/jama.289.20.2651

Sieghart, W., and Sperk, G. (2002). Subunit composition, distribution and func-
tion of GABA(A) receptor subtypes. Curr. Top. Med. Chem. 2, 795–816. doi:
10.2174/1568026023393507

Singh, M. (2001). Ovarian hormones elicit phosphorylation of Akt and
extracellular-signal regulated kinase in explants of the cerebral cortex. Endocrine
14, 407–415. doi: 10.1385/ENDO:14:3:407

Singh, M., Su, C., and Ng, S. (2013). Non-genomic mechanisms of progesterone
action in the brain. Front. Neurosci. 7:159. doi: 10.3389/fnins.2013.00159

Smith, D. F. (2000). Chaperones in progesterone receptor complexes. Semin. Cell
Dev. Biol. 11, 45–52. doi: 10.1006/scdb.1999.0350

Smith, L. J., Henderson, J. A., Abell, C. W., and Bethea, C. L. (2004). Effects
of ovarian steroids and raloxifene on proteins that synthesize, transport, and
degrade serotonin in the raphe region of macaques. Neuropsychopharmacology
29, 2035–2045. doi: 10.1038/sj.npp.1300510

Smith, S. S. (1991). Progesterone administration attenuates excitatory amino
acid responses of cerebellar Purkinje cells. Neuroscience 42, 309–320. doi:
10.1016/0306-4522(91)90377-Z

Smith, S. S., Waterhouse, B. D., Chapin, J. K., and Woodward, D. J. (1987a).
Progesterone alters GABA and glutamate responsiveness: a possible mechanism
for its anxiolytic action. Brain Res. 400, 353–359.

Smith, S. S., Waterhouse, B. D., and Woodward, D. J. (1987b). Locally applied pro-
gesterone metabolites alter neuronal responsiveness in the cerebellum. Brain
Res. Bull. 18, 739–747.

Smith, S. S., and Woolley, C. S. (2004). Cellular and molecular effects of steroid
hormones on CNS excitability. Cleve. Clin. J. Med. 71(Suppl. 2), S4–S10. doi:
10.3949/ccjm.71.Suppl_2.S4

Soares, C. N. (2014). Mood disorders in midlife women: understanding the
critical window and its clinical implications. Menopause 21, 198–206. doi:
10.1097/GME.0000000000000193

Soares, C. N., Almeida, O. P., Joffe, H., and Cohen, L. S. (2001). Efficacy of estradiol
for the treatment of depressive disorders in perimenopausal women: a double-
blind, randomized, placebo-controlled trial. Arch. Gen. Psychiatry 58, 529–534.
doi: 10.1001/archpsyc.58.6.529

Soares, C. N., and Zitek, B. (2008). Reproductive hormone sensitivity and risk
for depression across the female life cycle: a continuum of vulnerability?
J. Psychiatry Neurosci. 33, 331–343.

Sohrabji, F., and Lewis, D. K. (2006). Estrogen-BDNF interactions: implica-
tions for neurodegenerative diseases. Front. Neuroendocrinol. 27, 404–414. doi:
10.1016/j.yfrne.2006.09.003

Sonders, M. S., Zhu, S. J., Zahniser, N. R., Kavanaugh, M. P., and Amara, S. G.
(1997). Multiple ionic conductances of the human dopamine transporter: the
actions of dopamine and psychostimulants. J. Neurosci. 17, 960–974.

Struder, H. K., and Weicker, H. (2001). Physiology and pathophysiology of the sero-
tonergic system and its implications on mental and physical performance. Part
I. Int. J. Sports Med. 22, 467–481. doi: 10.1055/s-2001-17605

Suda, S., Segi-Nishida, E., Newton, S. S., and Duman, R. S. (2008). A postpartum
model in rat: behavioral and gene expression changes induced by ovarian steroid
deprivation. Biol. Psychiatry 64, 311–319. doi: 10.1016/j.biopsych.2008.03.029

Sugiyama, N., Barros, R. P., Warner, M., and Gustafsson, J. A. (2010). ERbeta: recent
understanding of estrogen signaling. Trends Endocrinol. Metab. 21, 545–552.
doi: 10.1016/j.tem.2010.05.001

Sumner, B. E., and Fink, G. (1993). Effects of acute estradiol on 5-
hydroxytryptamine and dopamine receptor subtype mRNA expression in
female rat brain. Mol. Cell. Neurosci. 4, 83–92. doi: 10.1006/mcne.1993.1010

Sumner, B. E., and Fink, G. (1998). Testosterone as well as estrogen increases sero-
tonin2A receptor mRNA and binding site densities in the male rat brain. Brain
Res. Mol. Brain Res. 59, 205–214. doi: 10.1016/S0169-328X(98)00148-X

Tamaria, A., Bharti, R., Sharma, M., Dewan, R., Kapoor, G., Aggarwal, A., et al.
(2013). Risk assessment for psychological disorders in postmenopausal women.
J. Clin. Diagn. Res. 7, 2885–2888. doi: 10.7860/JCDR/2013/7580.3784

Thimm, M., Weis, S., Hausmann, M., and Sturm, W. (2014). Menstrual cycle effects
on selective attention and its underlying cortical networks. Neuroscience 258,
307–317. doi: 10.1016/j.neuroscience.2013.11.010

Thompson, A. J., and Lummis, S. C. (2006). 5-HT3 receptors. Curr. Pharm. Des.
12, 3615–3630. doi: 10.2174/138161206778522029

Thompson, T. L., and Moss, R. L. (1994). Estrogen regulation of dopamine
release in the nucleus accumbens: genomic- and nongenomic-mediated effects.
J. Neurochem. 62, 1750–1756. doi: 10.1046/j.1471-4159.1994.62051750.x

Tian, L., Wang, J., Yan, C., and He, Y. (2011). Hemisphere- and gender-related dif-
ferences in small-world brain networks: a resting-state functional MRI study.
Neuroimage 54, 191–202. doi: 10.1016/j.neuroimage.2010.07.066

Uban, K. A., Rummel, J., Floresco, S. B., and Galea, L. A. (2012). Estradiol modu-
lates effort-based decision making in female rats. Neuropsychopharmacology 37,
390–401. doi: 10.1038/npp.2011.176

Unsal, A., Tozun, M., and Ayranci, U. (2011). Prevalence of depression among post-
menopausal women and related characteristics. Climacteric 14, 244–251. doi:
10.3109/13697137.2010.510912

Van der Mussele, S., Fransen, E., Struyfs, H., Luyckx, J., Marien, P., Saerens, J., et al.
(2014). Depression in mild cognitive impairment is associated with progression
to Alzheimer’s Disease: a longitudinal study. J. Alzheimer’s Dis. 42, 1239–1250.
doi: 10.3233/JAD-140405

van Reekum, R., Simard, M., Clarke, D., Conn, D., Cohen, T., and Wong, J. (2000).
The role of depression severity in the cognitive functioning of elderly subjects
with central nervous system disease. J. Psychiatry Neurosci. 25, 262–268.

van Wingen, G. A., van Broekhoven, F., Verkes, R. J., Petersson, K. M., Backstrom,
T., Buitelaar, J. K., et al. (2008). Progesterone selectively increases amygdala
reactivity in women. Mol. Psychiatry 13, 325–333. doi: 10.1038/sj.mp.4002030

Varnas, K., Halldin, C., Pike, V. W., and Hall, H. (2003). Distribution of 5-HT4
receptors in the postmortem human brain—an autoradiographic study using

www.frontiersin.org February 2015 | Volume 9 | Article 37 | 88

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


Barth et al. Interactions between sex hormones and neurotransmitters

[125I]SB 207710. Eur. Neuropsychopharmacol. 13, 228–234. doi: 10.1016/S0924-
977X(03)00009-9

Vasudevan, N., and Pfaff, D. W. (2008). Non-genomic actions of estrogens and
their interaction with genomic actions in the brain. Front. Neuroendocrinol. 29,
238–257. doi: 10.1016/j.yfrne.2007.08.003

Vesga-Lopez, O., Blanco, C., Keyes, K., Olfson, M., Grant, B. F., and Hasin,
D. S. (2008). Psychiatric disorders in pregnant and postpartum women in
the United States. Arch. Gen. Psychiatry 65, 805–815. doi: 10.1001/archpsyc.6
5.7.805

Wang, J., Green, P. S., and Simpkins, J. W. (2001). Estradiol protects against
ATP depletion, mitochondrial membrane potential decline and the genera-
tion of reactive oxygen species induced by 3-nitroproprionic acid in SK-N-SH
human neuroblastoma cells. J. Neurochem. 77, 804–811. doi: 10.1046/j.1471-
4159.2001.00271.x

Wang, M., Seippel, L., Purdy, R. H., and Backstrom, T. (1996). Relationship
between symptom severity and steroid variation in women with premen-
strual syndrome: study on serum pregnenolone, pregnenolone sulfate, 5 alpha-
pregnane-3,20-dione and 3 alpha-hydroxy-5 alpha-pregnan-20-one. J. Clin.
Endocrinol. Metab. 81, 1076–1082.

Watson, C. S., Alyea, R. A., Hawkins, B. E., Thomas, M. L., Cunningham, K. A., and
Jakubas, A. A. (2006). Estradiol effects on the dopamine transporter—protein
levels, subcellular location, and function. J. Mol. Signal. 1:5. doi: 10.1186/1750-
2187-1-5

Weber, M. T., Maki, P. M., and McDermott, M. P. (2014). Cognition and mood in
perimenopause: a systematic review and meta-analysis. J. Steroid Biochem. Mol.
Biol. 142, 90–98. doi: 10.1016/j.jsbmb.2013.06.001

Wei, J., Yuen, E. Y., Liu, W., Li, X., Zhong, P., Karatsoreos, I. N., et al. (2014).
Estrogen protects against the detrimental effects of repeated stress on glu-
tamatergic transmission and cognition. Mol. Psychiatry 19, 588–598. doi:
10.1038/mp.2013.83

Weiderpass, E., Adami, H. O., Baron, J. A., Magnusson, C., Bergstrom, R., Lindgren,
A., et al. (1999). Risk of endometrial cancer following estrogen replace-
ment with and without progestins. J. Natl. Cancer Inst. 91, 1131–1137. doi:
10.1093/jnci/91.13.1131

Weis, S., and Hausmann, M. (2010). Sex hormones: modulators of interhemi-
spheric inhibition in the human brain. Neuroscientist 16, 132–138. doi:
10.1177/1073858409341481

Weis, S., Hausmann, M., Stoffers, B., Vohn, R., Kellermann, T., and Sturm, W.
(2008). Estradiol modulates functional brain organization during the menstrual
cycle: an analysis of interhemispheric inhibition. J. Neurosci. 28, 13401–13410.
doi: 10.1523/JNEUROSCI.4392-08.2008

Williams, G. V., and Goldman-Rakic, P. S. (1995). Modulation of memory fields
by dopamine D1 receptors in prefrontal cortex. Nature 376, 572–575. doi:
10.1038/376572a0

Wing, R. R., Matthews, K. A., Kuller, L. H., Meilahn, E. N., and Plantinga, P. L.
(1991). Weight gain at the time of menopause. Arch. Intern. Med. 151, 97–102.
doi: 10.1001/archinte.1991.00400010111016

Wise, D. D., Felker, A., and Stahl, S. M. (2008). Tailoring treatment of depression for
women across the reproductive lifecycle: the importance of pregnancy, vasomo-
tor symptoms, and other estrogen-related events in psychopharmacology. CNS
Spectr. 13, 647–662.

Wisner, K. L., Sit, D. K., McShea, M. C., Rizzo, D. M., Zoretich, R. A., Hughes, C. L.,
et al. (2013). Onset timing, thoughts of self-harm, and diagnoses in postpartum
women with screen-positive depression findings. JAMA Psychiatry 70, 490–498.
doi: 10.1001/jamapsychiatry.2013.87

Woods, N. F., Mitchell, E. S., and Adams, C. (2000). Memory functioning among
midlife women: observations from the Seattle Midlife Women’s Health Study.
Menopause 7, 257–265. doi: 10.1097/00042192-200007040-00008

Woolley, C. S., and McEwen, B. S. (1993). Roles of estradiol and progesterone in
regulation of hippocampal dendritic spine density during the estrous cycle in
the rat. J. Comp. Neurol. 336, 293–306. doi: 10.1002/cne.903360210

Woolley, C. S., Weiland, N. G., McEwen, B. S., and Schwartzkroin, P. A. (1997).
Estradiol increases the sensitivity of hippocampal CA1 pyramidal cells to
NMDA receptor-mediated synaptic input: correlation with dendritic spine
density. J. Neurosci. 17, 1848–1859.

Wu, T. W., Wang, J. M., Chen, S., and Brinton, R. D. (2005). 17Beta-
estradiol induced Ca2+ influx via L-type calcium channels activates the

Src/ERK/cyclic-AMP response element binding protein signal pathway and
BCL-2 expression in rat hippocampal neurons: a potential initiation mech-
anism for estrogen-induced neuroprotection. Neuroscience 135, 59–72. doi:
10.1016/j.neuroscience.2004.12.027

Yankova, M., Hart, S. A., and Woolley, C. S. (2001). Estrogen increases synaptic
connectivity between single presynaptic inputs and multiple postsynaptic CA1
pyramidal cells: a serial electron-microscopic study. Proc. Natl. Acad. Sci. U.S.A.
98, 3525–3530. doi: 10.1073/pnas.051624598

Yen, J. Y., Chang, S. J., Long, C. Y., Tang, T. C., Chen, C. C., and Yen, C. F. (2012).
Working memory deficit in premenstrual dysphoric disorder and its associ-
ations with difficulty in concentrating and irritability. Compr. Psychiatry 53,
540–545. doi: 10.1016/j.comppsych.2011.05.016

Yen, J. Y., Tu, H. P., Chen, C. S., Yen, C. F., Long, C. Y., and Ko, C. H. (2013).
The effect of serotonin 1A receptor polymorphism on the cognitive function
of premenstrual dysphoric disorder. Eur. Arch. Psychiatry Clin. Neurosci. 264,
729–739. doi: 10.1007/s00406-013-0466-4

Yokomaku, D., Numakawa, T., Numakawa, Y., Suzuki, S., Matsumoto, T., Adachi,
N., et al. (2003). Estrogen enhances depolarization-induced glutamate release
through activation of phosphatidylinositol 3-kinase and mitogen-activated pro-
tein kinase in cultured hippocampal neurons. Mol. Endocrinol. 17, 831–844. doi:
10.1210/me.2002-0314

Young, A. B., and Chu, D. (1990). Distribution of GABAA and GABAB receptors
in mammalian brain: potential targets for drug development. Drug Dev. Res. 21,
161–167. doi: 10.1002/ddr.430210303

Young, E. A., Midgley, A. R., Carlson, N. E., and Brown, M. B. (2000). Alteration
in the hypothalamic-pituitary-ovarian axis in depressed women. Arch. Gen.
Psychiatry 57, 1157–1162. doi: 10.1001/archpsyc.57.12.1157

Zandi, P. P., Carlson, M. C., Plassman, B. L., Welsh-Bohmer, K. A., Mayer, L. S.,
Steffens, D. C., et al. (2002). County Memory Study, Hormone replacement
therapy and incidence of Alzheimer disease in older women: the Cache County
Study. JAMA 288, 2123–2129. doi: 10.1001/jama.288.17.2123

Zheng, P. (2009). Neuroactive steroid regulation of neurotransmitter release in
the CNS: action, mechanism and possible significance. Prog. Neurobiol. 89,
134–152. doi: 10.1016/j.pneurobio.2009.07.001

Zhou, J., Zhang, H., Cohen, R. S., and Pandey, S. C. (2005). Effects of estro-
gen treatment on expression of brain-derived neurotrophic factor and cAMP
response element-binding protein expression and phosphorylation in rat amyg-
daloid and hippocampal structures. Neuroendocrinology 81, 294–310. doi:
10.1159/000088448

Zhou, Y., and Danbolt, N. C. (2013). GABA and glutamate transporters in brain.
Front. Endocrinol. 4:165. doi: 10.3389/fendo.2013.00165

Zhu, Y., Bond, J., and Thomas, P. (2003b). Identification, classification, and partial
characterization of genes in humans and other vertebrates homologous to a fish
membrane progestin receptor. Proc. Natl. Acad. Sci. U.S.A. 100, 2237–2242. doi:
10.1073/pnas.0436133100

Zhu, Y., Rice, C. D., Pang, Y., Pace, M., and Thomas, P. (2003a). Cloning, expres-
sion, and characterization of a membrane progestin receptor and evidence it
is an intermediary in meiotic maturation of fish oocytes. Proc. Natl. Acad. Sci.
U.S.A. 100, 2231–2236. doi: 10.1073/pnas.0336132100

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

Received: 15 August 2014; accepted: 26 January 2015; published online: 20 February
2015.
Citation: Barth C, Villringer A and Sacher J (2015) Sex hormones affect neurotrans-
mitters and shape the adult female brain during hormonal transition periods. Front.
Neurosci. 9:37. doi: 10.3389/fnins.2015.00037
This article was submitted to Neuroendocrine Science, a section of the journal Frontiers
in Neuroscience.
Copyright © 2015 Barth, Villringer and Sacher. This is an open-access article dis-
tributed under the terms of the Creative Commons Attribution License (CC BY). The
use, distribution or reproduction in other forums is permitted, provided the original
author(s) or licensor are credited and that the original publication in this jour-
nal is cited, in accordance with accepted academic practice. No use, distribution or
reproduction is permitted which does not comply with these terms.

Frontiers in Neuroscience | Neuroendocrine Science February 2015 | Volume 9 | Article 37 | 89

http://dx.doi.org/10.3389/fnins.2015.00037
http://dx.doi.org/10.3389/fnins.2015.00037
http://dx.doi.org/10.3389/fnins.2015.00037
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://www.frontiersin.org/Neuroendocrine_Science
http://www.frontiersin.org/Neuroendocrine_Science
http://www.frontiersin.org/Neuroendocrine_Science/archive


OPINION ARTICLE
published: 08 September 2014
doi: 10.3389/fnins.2014.00247

Fetal hormonal programming of sex differences in
depression: linking women’s mental health with sex
differences in the brain across the lifespan
Jill M. Goldstein1,2,3*, Laura Holsen1,2, Robert Handa4 and Stuart Tobet5

1 Division of Women’s Health, Departments of Psychiatry and Medicine, Connors Center for Women’s Health and Gender Biology, Brigham and Women’s Hospital,
Boston, MA, USA

2 Departments of Psychiatry and Medicine, Harvard Medical School, Boston, MA, USA
3 Division of Psychiatric Neuroscience, Department of Psychiatry, Massachusetts General Hospital, Boston, MA, USA
4 Department of Basic Medical Sciences, University of Arizona College of Medicine, Phoenix, AZ, USA
5 Department of Biomedical Sciences and School of Biomedical Engineering, College of Veterinary Medicine and Biomedical Sciences, Colorado State University,

Fort Collins, CO, USA
*Correspondence: jill_goldstein@hms.harvard.edu

Edited by:

Belinda Pletzer, University of Salzburg, Austria

Reviewed by:

Margaret Altemus, Cornell Universtiy, USA

Keywords: major depression, sex differences, women’s health, stress, mood, fetal programming

Women’s health has traditionally been
thought of in the realm of reproduc-
tive health, and that includes women’s
mental health (i.e., perinatal psychiatry).
However, we now know there are sig-
nificant sex differences in many chronic
diseases, including brain disorders. Thus,
understanding the causes of sex differ-
ences in disorders of the brain, within
and outside of reproduction, is critical
to understanding women’s mental health
and healthcare needs. In order to accom-
plish this, it is necessary for neuroscience
to adopt a “sex-dependent” and/or “sex-
specific” lens on investigations of the
brain. In this review, we make the case for
depression, which has among the largest
sex differences in disorders of the brain.

Major depressive disorder (MDD)
recently became the number one cause of
disability worldwide (Murray and Lopez,
1997; Ustun et al., 2004; World Health
Organization, 2012). Importantly, the
incidence of MDD in women is twice
that of men (Kessler, 2003; Kendler et al.,
2006), and thus understanding its patho-
physiology has widespread implications
for attenuation and prevention of dis-
ease burden, particularly in women. Over
40 years of research implicate hormonal
dysregulation underlying mood disorders
(Board et al., 1956; Gibbons and McHugh,
1962; Coplan et al., 2000; Brouwer et al.,
2005; Kurt et al., 2007; Barim et al., 2009),

particularly involvement of hypothalamic-
pituitary-adrenal (HPA) and HP-gonadal
(HPG) axes (Board et al., 1956; Gibbons
and McHugh, 1962; Plotsky et al., 1998;
Young and Korszun, 2002; Swaab et al.,
2005). Central dysregulation of hormonal
axes can precede MDD onset suggest-
ing a role for hormonal abnormalities
in female MDD vulnerability. Ours and
others’ work demonstrated that the vul-
nerability for sex-dependent risk for MDD
begins in fetal development (McClellan
et al., 2010; Goldstein et al., 2011; Zuloaga
et al., 2012a,b; Carbone and Handa, 2013;
Seney et al., 2013). Despite these findings,
a number of confounds (state vs. trait,
treatment, age, and recurrence) present
challenges to elucidating the contribution
of hormonal or genetic sex (Seney et al.,
2013) to the co-occurrence of hormonal
dysregulation and mood disorders.

HPA AXIS IMPLICATED IN MDD
A central role for the HPA axis in
MDD was initially expressed clinically.
Depressive symptoms/MDD co-occurred
with endogenously elevated cortisol
(Sonino et al., 1998) or exogenously
administered corticosteroids (Kelly et al.,
1980; Ling et al., 1981). Studies demon-
strated elevated levels of cortisol in
plasma, CSF, and 24-h urine samples, high
CSF corticotrophin releasing hormone
(CRH) levels, blunted responses to CRH

administration, and non-suppression of
cortisol secretion on the dexametha-
sone suppression test in MDD (Carroll
et al., 1976, 1981; Jarrett et al., 1983;
Nemeroff et al., 1984; Halbreich et al.,
1985; Holsboer et al., 1985; Banki et al.,
1987; Evans and Nemeroff, 1987; Rubin
et al., 1987; Heim et al., 2001; Newport
et al., 2003; Raison and Miller, 2003).
HPA axis dysregulation was related to age
(Nelson et al., 1984a,b; Bremmer et al.,
2007), depression subtype (Brouwer et al.,
2005), recurrence (Poor et al., 2004),
and treatment response, albeit inconsis-
tently (Nemeroff et al., 1991; De Bellis
et al., 1993; Veith et al., 1993; McKay
and Zakzanis, 2010). One potential con-
found was whether HPA axis dysregulation
reflected clinical state or diagnostic trait.
A meta-analysis of >1500 individuals
(Vreeburg et al., 2009), demonstrated that
hypercortisolemia, present in currently
depressed individuals (Trestman et al.,
1993; Ahrens et al., 2008), persisted after
recovery (Vreeburg et al., 2009), while
other studies reported abnormal blunted
cortisol response to stress in recurrent
cases (Ahrens et al., 2008). In either case,
findings suggested HPA dysregulation as
a trait. In contrast, some studies showed
resolution of hypercortisolemia with treat-
ment (Vythilingam et al., 2004; Lok et al.,
2012), arguing that HPA dysregulation
was due to clinical state. Elevated baseline
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cortisol, enhanced CRH sensitivity, and
lack of responsivity to dexamethasone
suppression also predicted relapse vul-
nerability and sustained remission (Zobel
et al., 1999; Appelhof et al., 2006; Ising
et al., 2007). Despite this evidence, HPA-
axis targeted treatments are not reliably
effective in MDD, although show some
success as anti-depressant adjuncts (Jahn
et al., 2004) or improvement of cognitive
deficits (Young et al., 2004).

Despite substantial data supporting sex
differences in HPA functioning during
stress in healthy populations (Kudielka
and Kirschbaum, 2005; Goldstein et al.,
2010) and MDD women (Holsen et al.,
2011, 2013), reports of sex differences
in the HPA axis and MDD are incon-
sistent. Men, but not women, with
MDD demonstrated increased ACTH
pulsatility (Young et al., 2007a) and
elevated cortisol compared with non-
depressed men and women (Bremmer
et al., 2007; Hinkelmann et al., 2012).
However, depressed women vs. men (Poor
et al., 2004) and non-depressed women
(Young and Altemus, 2004; Chopra
et al., 2009) also expressed hypercor-
tisolemia. Study inconsistencies may
be related to timing of cortisol assess-
ments or may reflect methodological
confounds, such as age of study subjects
(e.g., post-menopausal women differ from
premenopausal women and thus sex dif-
ferences differ), chronicity of illness (e.g.,
sustained illness may produce blunted
cortisol response rather than hypercor-
tisolemia), or low statistical power to
detect sex differences which may vary in
effect size, depending on characteristics
of the sample (details next paragraph).
Further, genetic background likely affects
HPA axis dysregulation, as demon-
strated in studies showing increased
ACTH and cortisol in males (but not
females) homozygotic for the alpha(2)-
adrenoreceptor gene and females (but
not males) homozygotic for the beta(2)-
adrenoreceptor gene (Haefner et al., 2008).
Collectively, these findings offer initial evi-
dence of sex differences in the role of
HPA axis in MDD pathophysiology and
emphasize the importance of considering
genetic variation in HPA axis-associated
genes.

Some studies report no effect of sex on
HPA axis deficits in MDD (Carroll et al.,

1976; Nelson et al., 1984b; Dahl et al.,
1989; Maes et al., 1994; Deuschle et al.,
1998; Brouwer et al., 2005; Vreeburg et al.,
2009), although some of these studies were
not designed initially to investigate sex dif-
ferences, introducing potential confounds,
such as: oversampling women (thus small
samples of men) and low statistical power
to test for sex differences (Brouwer et al.,
2005; Young et al., 2007a; Vreeburg et al.,
2009; Hinkelmann et al., 2012); lack of
control for use of oral contraceptives
or estrogen-replacement therapy (Brouwer
et al., 2005) affecting plasma cortisol levels
(Kirschbaum et al., 1999); and disregard
for menstrual cycle phase or menopausal
status during data collection. These con-
founds present significant challenges to
understanding study inconsistencies on
sex differences in HPA-MDD associations
and their implications for women’s mental
health.

HPG AXIS IMPLICATED IN MDD
Post-puberty adolescence is a key period
during which sex differences in MDD
begin to emerge, initially during ages 13–
15, with the largest increase in late adoles-
cence (e.g., Hankin et al., 1998). However,
few studies have focused on understand-
ing why the higher rate of MDD in girls
than boys is initiated during this period.
This is unfortunate since puberty is an
important critical period for brain plas-
ticity likely arising from differential flood-
ing of the brain with gonadal hormones
(Schulz et al., 2009), and further sexual
differentiation of the brain as the pre-
frontal cortex fully develops during ages
18–22 years. Evidence for HPG axis-MDD
associations also came from studies of
polycystic ovarian syndrome (Himelein
and Thatcher, 2006) and literature relat-
ing women’s reproductive biology to mood
fluctuations and depression (Steiner, 1992;
Bloch et al., 2000; Payne, 2003; Angold
and Costello, 2006; Young et al., 2007b;
Graziottin and Serafini, 2009; Brummelte
and Galea, 2010). Although there has
been less examination of HPG deficits
in MDD in men, lower testosterone has
been reported (Schweiger et al., 1999;
Seidman et al., 2001). HPG dysregulation
in MDD has included androgens (Baischer
et al., 1995; Rubinow and Schmidt, 1996;
Schweiger et al., 1999; Seidman et al., 2001;
Weiner et al., 2004), estrogens (Young

et al., 2000), and pituitary function (Daly
et al., 2003). Women with persistent
MDD had two times the risk of earlier
perimenopausal transition, higher FSH,
and lower estradiol levels, suggesting an
early decline in ovarian function (Young
et al., 2000; Harlow et al., 2003). Further,
depressive symptom severity was associ-
ated with low estradiol levels (Baischer
et al., 1995).

HPA-HPG INTERACTIONS IMPLICATED
IN MDD
Dysregulation of HPA and HPG axes
interact in MDD. Low levels of estra-
diol with unopposed progesterone in
premenopausal MDD was associated
with decreased inhibitory feedback on
HPA function during stress, resulting
in elevated cortisol in MDD compared
to healthy women or men (Young and
Altemus, 2004). Transient dysregulation
of HPA axis during the luteal menstrual
phase was reported in premenstrual syn-
drome (Rabin et al., 1990; Roca et al.,
2003). Further, using functional MRI,
our group showed hypoactivity in stress-
responsive regions in premenopausal
MDD women was significantly associated
with decreased estradiol and increased
progesterone levels during the late fol-
licular menstrual phase (Holsen et al.,
2011). In perimenopausal MDD women,
these brain regions were associated
with hypercortisolemia and hyperactivity
(Holsen et al., 2013). These imaging stud-
ies suggest a complex interplay between
HPA and HPG axes, dependent on age
and cycle timing. From a brain circuitry
point of view, MDD involves hypothala-
mic (HYPO) nuclei (paraventricular and
ventromedial), central amygdala (AMYG),
hippocampus (HIPP), anterior cingulate,
medial and orbital prefrontal cortices
(ACC, mPFC, OFC) (Dougherty and
Rauch, 1997; Mayberg, 1997; Drevets et al.,
2002; Sheline et al., 2002; Rauch et al.,
2003), regions dense in glucocorticoid and
sex steroid hormone receptors (MacLusky
et al., 1987; Clark et al., 1988; Handa et al.,
1994; Kawata, 1995; Tobet and Hanna,
1997; Donahue et al., 2000; Östlund et al.,
2003). These regions develop in sex-
dependent ways, in part driven by gonadal
hormones. There is now a substantial
body of functional imaging work relat-
ing regulation of mood with endocrine
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function, e.g., Goldstein et al., 2005, 2010;
Protopopescu et al., 2005; Amin et al.,
2006; Stark et al., 2006; Dreher et al., 2007;
Wang et al., 2007; Pruessner et al., 2008;
van Wingen et al., 2008a,b, 2009; Root
et al., 2009; Andreano and Cahill, 2010.

SHARED MOOD AND ENDOCRINE
CIRCUITRY ARE SEXUALLY DIMORPHIC
In vivo imaging and postmortem studies
demonstrated sex differences in brain vol-
umes (or nuclei) of regions associated with
MDD, although there is little work focused
on sexual dimorphisms in MDD per se. In
healthy women compared with men, rela-
tive to cerebrum size, findings supported
greater relative volumes of HIPP (Filipek
et al., 1994; Giedd et al., 1996; Murphy
et al., 1996; Goldstein et al., 2001), ACC
(Paus et al., 1996; Goldstein et al., 2001),
and OFC (Goldstein et al., 2001). In men,
there are relatively greater volumes of
AMYG (Giedd et al., 1996; Goldstein
et al., 2001), HYPO (Swaab and Fliers,
1985; Allen et al., 1989; Goldstein et al.,
2001), and paracingulate gyrus (Goldstein
et al., 2001; Paus et al., 1996). Recently,
a number of new studies have emerged
further characterizing sex-dependent cir-
cuitry (Ruigrok et al., 2013), connectivity
(Ingalhalikar et al., 2014), and poten-
tial mechanisms (Raznahan et al., 2010;
Kang et al., 2011; Goldstein et al., 2013;
Lenz et al., 2013; Nguyen et al., 2013).
Developmental pathways involve, in part,
gonadal hormone regulation, seen in
model animal (McEwen, 1983; Simerly
et al., 1990; Tobet et al., 1993, 2009;
O’Keefe et al., 1995; Park et al., 1996; Tobet
and Hanna, 1997; Gorski, 2000; Chung
et al., 2006) and human (Goldstein et al.,
2001; Raznahan et al., 2010) development.
In fact, preclinical studies demonstrated
lasting effects of prenatal adverse events
on HPA axis and noradrenergic stress sys-
tems (Takahashi et al., 1992; Weinstock
et al., 1992; Vallee et al., 1997; Weinstock,
1997). These included hypothalamic and
hippocampal structure and function
(Takahashi et al., 1992; Matsumoto and
Arai, 1997; Weinstock, 1997), with effects
that occurred through programming
a “hyperactive” system more vulnera-
ble to adult depressive and anxiety-like
behaviors and autonomic nervous sys-
tem deficits, among others (Weinstock
et al., 1992; Henry et al., 1994; Barker,

1995; Seckl, 2001; Majdic and Tobet, 2011;
Zuloaga et al., 2011; Carbone et al., 2012).
Analogous to timing of these events in
animals, mid-to-late gestation in humans
is a particularly vulnerable time for the
impact of prenatal events on sex-dependent
brain development (Tobet et al., 2009;
Majdic and Tobet, 2011; Zuloaga et al.,
2011; Carbone et al., 2012), and recent
preclinical and clinical studies implicated
earlier gestation (Mueller and Bale, 2008;
Howerton et al., 2013).

Preclinical studies also demonstrated
sex differences (greater in females than
males) in a number of domains, includ-
ing: (1) greater placental glucocorticoid
transfer (Montano et al., 1993; Fameli
et al., 1994); (2) greater immobility in tasks
associated with MDD phenotypic behav-
ior (Alonso et al., 2000); (3) increased
ACTH, corticosterone, and glucocorticoid
receptor binding (Weinstock et al., 1992;
McCormick et al., 1995; Regan et al.,
2004); (4) increased corticosterone sen-
sitivity (Rhodes and Rubin, 1999); (5)
greater susceptibility to changes follow-
ing loss of GABAB receptor function
(McClellan et al., 2010; Stratton et al.,
2011); (6) greater susceptibility to cell
death in AMYG following developmen-
tal exposure to dexamethasone (Zuloaga
et al., 2011); and (8) greater suscepti-
bility to diet-induced hepatosteatosis and
insulin growth factor-1 deficits (Carbone
et al., 2012). In humans, at the level of
the brain, there have been fewer studies
of sex differences in MDD, although some
reported decreased HIPP and increased
AMYG volumes, greater in females than
males (Vakili et al., 2000; Janssen et al.,
2004; Weniger et al., 2006). Collectively,
preclinical studies support the hypothe-
sis that prenatal exposures (particularly
those implicating stress circuitry path-
ways) facilitate altered programming of
stress-related endocrine and neural cir-
cuits implicated in the sex-dependent
development of depressive-like behavior.
Although parallel studies in humans are
still in their infancy, we and others are
currently testing the hypothesis that prena-
tal maternal disruption of stress-immune
pathways will, in the context of genetic
background, result in vulnerability for the
sex-dependent risk for MDD in the off-
spring (Handa et al., 1994; Majdic and
Tobet, 2011).

CONCLUSIONS
The number one cause of disability world-
wide is MDD, and women are two times
the risk of men. This represents ∼350
million people worldwide, approximately
16 million in the U.S. alone (WHO
October 2012 Fact Sheet). Depression is
comorbid with many chronic diseases
that are also associated sex differences in
risk (Goldstein et al., 2011, 2013). Thus,
depression is a major public health prob-
lem with substantial economic, social and
disease burden that, we argue, requires
a sex-dependent lens to understand its
pathophysiology. There are key natural-
istic opportunities for the study of this
higher risk in women, and that is when
the brain is differentially flooded with
or depleted of gonadal hormones, i.e.,
fetal development, puberty, pregnancy,
and perimenopausal-menopause transi-
tion. The evidence briefly discussed here
supports the hypothesis that the etiol-
ogy of sex differences in MDD begins
in fetal development and emerges post-
puberty. Its onset can be catalyzed by
pregnancy (postpartum depression) and
the menopausal transition (when there
is an increase in MDD onset). The
fact that these particular periods dur-
ing the lifespan have significant implica-
tions for MDD onset is consistent with
an important role for steroid hormones
in MDD. This underscores the impor-
tance of promoting further inquiry into
the development of adjunctive neuroen-
docrine treatments, dependent on tim-
ing across the lifespan. This lifespan
approach to studying sex differences in
disorders, like depression, also illustrates
how maternal health (e.g., pregnancy),
women’s mental health, and sex differ-
ences in disorders of the brain are linked.
Thus, we have argued the importance
for preclinical and clinical neuroscience
to incorporate a sex-dependent and/or
sex-specific lens on investigations rang-
ing from the cellular-molecular level to
circuitry, systems, and behavior, an argu-
ment that recently was underscored by the
new directive from NIH to incorporate
this perspective in designs of preclinical
studies (Clayton and Collins, 2014). We
believe this will provide the basis for the
development of sex-dependent therapeu-
tics which will enhance progress to greater
efficacy.
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Sex differences exist in vulnerability, symptoms, and treatment of many neuropsychiatric
disorders. In this review, we discuss both preclinical and clinical research that investigates
how sex influences depression endophenotypes at the behavioral, neuroendocrine, and
neural levels across the lifespan. Chronic exposure to stress is a risk factor for depression
and we discuss how stress during the prenatal, postnatal, and adolescent periods
differentially affects males and females depending on the method of stress and metric
examined. Given that the integrity of the hippocampus is compromised in depression,
we specifically focus on sex differences in how hippocampal plasticity is affected by
stress and depression across the lifespan. In addition, we examine how female physiology
predisposes depression in adulthood, specifically in postpartum and perimenopausal
periods. Finally, we discuss the underrepresentation of women in both preclinical and
clinical research and how this limits our understanding of sex differences in vulnerability,
presentation, and treatment of depression.

Keywords: sex differences, depression, HPA axis, hippocampal neurogenesis, adolescence

INTRODUCTION
SEX DIFFERENCES IN DEPRESSION
There are a number of sex differences in incidence, manifestation,
symptoms, and treatment efficacy of neuropsychiatric disorders,
however often these sex differences are ignored in the literature
(Cahill, 2006). Even at the cellular levels, chromosomal influences
(XX or XY genotype) can have profound effects on the cellular
activity of every cell in the body, including neurons (Penaloza
et al., 2009; Straface et al., 2012). Thus, it is curious that such a
fundamental aspect of cellular function and physiology is largely
ignored when understanding the neural basis and treatment of
diseases (Box 1).

Epidemiological findings consistently show a sex disparity
in the lifetime prevalence of depression, with women being
twice more likely to be affected (Gutierrez-Lobos et al., 2002).
This sex difference in prevalence is seen across cultures (Seedat
et al., 2009), emerges during adolescence (Nolen-Hoeksema and
Girgus, 1994), and is most apparent during the reproductive years
(i.e., 25–50 years; Gutierrez-Lobos et al., 2002). Indeed, there
is an increased incidence of depression in women during peri-
ods associated with dramatic fluctuations in gonadal hormones
particularly during the postpartum and perimenopausal peri-
ods (Hendrick et al., 1998; Cohen et al., 2006). Alternatively,
when the perinatal period is disturbed, males may be more vul-
nerable than females to develop other neuropsychiatric diseases,
such as autism and schizophrenia, across the lifespan (Stevenson
et al., 2000; Kent et al., 2012). Several biological and psychoso-
cial theories have been put forth to explain the underlying cause

of the sex differences in depression, but the most prominent
neurobiological hypothesis emphasizes the role of gonadal hor-
mones (Hammarstrom et al., 2009). Sex differences in depression
extend beyond prevalence rates and course of illness as the symp-
tom profile and clinical presentation differs between men and
women. Several studies report that women are more likely to
present with comorbid anxiety disorders (Sloan and Kornstein,
2003; Keers and Aitchison, 2010) as well as atypical depression,
which is associated with hypersomnia, hyperphagia, or excessive
fatigue (Young et al., 1990; Silverstein, 2002). Interestingly, sex
is also implicated in antidepressant efficacy, with selective sero-
tonin reuptake inhibitors (SSRIs) being more effective in allevi-
ating symptoms in women, and tricyclic antidepressants (TCAs)
being more effective in alleviating symptoms in men (Keers and
Aitchison, 2010). However, sex differences in antidepressant effi-
cacy are not always seen (Parker et al., 2003; Dalla et al., 2010). As
we discuss later in this review, animal studies of depression have
predominantly used male subjects, and thus our understanding of
what underlies this differential antidepressant efficacy is limited.
The available animal literature on sex-dependent antidepressant
efficacy reveals mixed findings (Dalla et al., 2010); for example,
some studies suggests that SSRIs are more efficacious in alleviat-
ing depressive-like behavior in female rats (Gomez et al., 2014),
but others show a higher efficacy in males (Lifschytz et al., 2006).
However, the latter study did not account for estrous cycle phase,
which may affect depressive-like behavior and antidepressant effi-
cacy. Together these data point to a critical role of sex and gonadal
hormones on depression risk, manifestation, and treatment.

www.frontiersin.org January 2015 | Volume 8 | Article 420 | 98

http://www.frontiersin.org/Neuroscience/editorialboard
http://www.frontiersin.org/Neuroscience/editorialboard
http://www.frontiersin.org/Neuroscience/editorialboard
http://www.frontiersin.org/Neuroscience/about
http://www.frontiersin.org/Neuroscience
http://www.frontiersin.org/journal/10.3389/fnins.2014.00420/abstract
http://community.frontiersin.org/people/u/143419
http://community.frontiersin.org/people/u/198836
http://community.frontiersin.org/people/u/7644
mailto:lgalea@psych.ubc.ca
http://www.frontiersin.org
http://www.frontiersin.org/Neuroendocrine_Science/archive


Gobinath et al. Sex, stress, depression across the lifespan

Box 1 | A call to action: the use of sex as a factor in research.

Preclinical studies on depression are essential to our understanding of the disease mechanisms, and in the discovery and screening of
novel therapeutics. Despite the higher prevalence of depression in women, and the sex differences in the disease symptomology and
pathophysiology, animal models of depression continue to be predominantly carried in male animals, and continue to overlook the role of
sex hormones. The “default” use of male animals can be partly attributed to the reluctance of researchers to account for the variability
associated with the fluctuation in female hormones (Beery and Zucker, 2011; Zucker and Beery, 2010). Neglecting sex differences and the
role of female sex hormones in animal models of depression may be one of the reasons for the poor translation of findings from preclinical
to clinical research (Belzung, 2014). The recent move by the National Institute of Health to insist that researchers use both males and
females in preclinical studies is a step in the right direction (Clayton and Collins, 2014). The lack of investigation into the influence of sex,
however, is not limited to preclinical research. The inclusion of both males and females in clinical trials, as per legislative requirements
or recommendations (Merkatz et al., 1993), is not sufficient. There should be a move toward ensuring sufficient male and female sample
sizes, and toward analyzing data from clinical trials by sex; i.e., sex should be analyzed as a variable and not merely a covariate to obtain
statistically meaningful information on sex differences in depression and antidepressant treatment. Such practices will surely inform our
search for new antidepressant treatments that are efficacious and safe in both males and females.

Stress and HPA involvement in depression
Exposure to chronic stress is tightly linked to the development
of depression (reviewed in Tennant, 2002). The hypothalamic-
pituitary-adrenal (HPA) axis, a major neuroendocrine stress
system (reviewed in Ulrich-Lai and Herman, 2009) exhibits a
number of changes in at least a subpopulation of depressed
patients, with key features being elevated basal cortisol levels,
disrupted diurnal cortisol secretion patterns, and HPA nega-
tive feedback dysregulation (Parker et al., 2003; Ising et al.,
2007; Schule, 2007; Stetler and Miller, 2011). The HPA negative
feedback system can be tested with the administration of dex-
amethasone, a synthetic glucocorticoid that suppresses cortisol
secretion in healthy but not depressed individuals (Carroll et al.,
1968; Ising et al., 2007). Chronic treatment with antidepressants
can restore the negative feedback function of the HPA axis that
either slightly precedes or is coincident with the alleviation of
depressive symptoms (Ising et al., 2007). Interestingly, antidepres-
sant effects to normalize HPA negative feedback dysregulation are
more tied to remission in women than in men (Binder et al.,
2009). Many animal models of depression emphasize the role of
stress (reviewed in Yan et al., 2010), and HPA axis dysregulation
is used as a measure of a depressive-like endophenotype in such
models (Christiansen et al., 2012). Different types of stressors
can profoundly influence the effects on depressive phenotypes
with generally unpredictable psychological stressors more likely
to promote depressive-like behaviors than predictable stressors,
which can sometimes provide resilience to depressive-like behav-
iors (reviewed in McEwen, 2000, 2002; Parihar et al., 2011; Suo
et al., 2013). Furthermore, greater allostatic load is associated
with more profound effects on depression and the hippocampus
(reviewed in McEwen, 2000, 2002). More profound HPA axis dys-
regulation as a result of chronic stress is seen in female rats when
compared to males, marked by larger elevations in corticosterone
(CORT), the main glucocorticoid in rodents (Dalla et al., 2005).
These findings indicate that HPA dysregulation is seen in both
humans and rodents, and this effect may be more profound in
females. Moreover, females have naturally higher levels of CORT
than males (reviewed in Viau, 2002) and this may contribute to
higher incidence of depression in females. It should be noted
that other stress hormones such as corticotropin releasing hor-
mone and adrenocorticotropic hormone have been implicated

in depression but are beyond the scope of this review and are
reviewed elsewhere (e.g., Valentino et al., 2012).

The hippocampus and depression
The hippocampus is a highly plastic structure that is sensitive to
the effects of stress and sex hormones, both of which are closely
linked to depression. A meta-analysis confirmed that untreated
depression is associated with a smaller volume of the hippocam-
pus in depressed patients that have been depressed for at least 2
years (McKinnon et al., 2009). The smaller hippocampus associ-
ated with depression is an effect that is more prominent in men
than women (Frodl et al., 2002) and in middle-aged and older
patients (McKinnon et al., 2009). Furthermore, chronic antide-
pressant exposure appears to increase hippocampal volume in
treatment-responding women more so than men (Vakili et al.,
2000; reviewed in Lorenzetti et al., 2009). The hippocampus is
a highly plastic structure in adulthood (reviewed in Leuner and
Gould, 2010), and hippocampal volume fluctuations may be due
to changes in neurogenesis, neuropil, and/or apoptosis. Post-
mortem studies reveal decreased cell proliferation in the dentate
gyrus of the hippocampus of depressed patients (Boldrini et al.,
2012). Similarly, hippocampal neurogenesis is reduced in every
animal model of depression examined so far (Jaako-Movits et al.,
2006; Green and Galea, 2008; Bessa et al., 2009; Brummelte and
Galea, 2010a). Chronic but not acute antidepressant treatment
restores the depression-model induced decrease in neurogen-
esis (Green and Galea, 2008; Bessa et al., 2009). Intriguingly,
depressed women taking antidepressants have a larger ratio of
immature to mature neurons in the hippocampus (an increase
in neurogenesis) compared to controls, but the same relation-
ship was not seen in men (Epp et al., 2013). These findings
are consistent with the findings that women taking antidepres-
sants show increased hippocampal volume compared to men
(Vakili et al., 2000). Furthermore, the effect of antidepressants
to induce neurogenesis in the hippocampus is not seen in older
depressed patients (Lucassen et al., 2010; Epp et al., 2013), which
may be consistent with the lack of efficacy of antidepressants
to alleviate depression in older patients (Lenze et al., 2008).
Neuropsychological evidence also suggests functional hippocam-
pal impairment in depression, further supporting the role of
the hippocampus in the pathophysiology of the disease. For
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example, a meta-analysis of 726 patients with depression showed
neurocognitive impairment, most severely in episodic, declara-
tive memory (Zakzanis et al., 1998), a hippocampal-dependent
memory system.

Animal models also show sex-dependent alterations in hip-
pocampal plasticity as a result of chronic stress or chronic
corticosterone treatment. Interestingly, chronic footshock stress
reduced newly produced cells in the dentate gyrus of individually-
housed young adult male rats, but increased new cells in young
adult female rats (Westenbroek et al., 2004). Chronic restraint
stress reduces neuropil (branch points and dendritic length) in
the apical dendrites of CA3 pyramidal cells of the hippocam-
pus in male rats but in the basal dendrites of CA3 pyramidal
cells in female rats (Galea et al., 1997). Chronic CORT treatment
reduced the density of immature neurons in the dorsal and ven-
tral hippocampus of young adult male rats, but only the ventral
hippocampus in young adult female rats (Brummelte and Galea,
2010b). While some researchers suggest that females are less sus-
ceptible to the damaging effects of chronic stress than males, this
is very much dependent on the nature, duration of the stressor
and the background hormonal environment of the female, with
generally higher levels of ovarian hormones contributing to fewer
damaging effects of stress (Shors et al., 2001; Conrad et al., 2012).
Nonetheless these findings suggest that more research is needed
to examine how stress alters plasticity in the hippocampus, how
these changes in neuroplasticity translate into behavior and dis-
ease susceptibility, and how ovarian hormones contribute to this
process. Further, stress and ovarian hormones can certainly influ-
ence risk for depression and plasticity of other limbic areas, such
as the prefrontal cortex, and neurotransmitters, such as serotonin
and dopamine, but this is beyond the scope of this review and are
addressed elsewhere (e.g., Valentino et al., 2012; Goldstein et al.,
2014).

Examining depressive-like endophenotypes in animal models
Anhedonia, i.e., the loss of pleasure or interest in previously
pleasurable experiences, is one of the core symptoms of clinical
depression. Not surprisingly, many animal models of depression
focus on modeling anhedonia as a central behavioral endophe-
notype, typically by measuring the consumption of or preference
for sucrose solutions. While reductions in the hedonic value of
sucrose as a result of chronic unpredictable stress is seen in both
male and female rats, the effect is more profound in male rats
(Grippo et al., 2005; Dalla et al., 2005, 2008; Kamper et al.,
2009). Because sucrose consumption/preference tests were first
developed in male rodents, and because baseline sucrose con-
sumption in females may fluctuate with the estrous cycle (Clarke
and Ossenkopp, 1998), it may not be an ideal model of anhedo-
nia in female rodents. On the other hand, other stress-induced
depressive-like behaviors are more evident in female rats. For
example, female rats show more despair-like behavior (immo-
bility) on the forced swim test following chronic mild stress
(Sachs et al., 2014) but not following chronic CORT treatment
(Kalynchuk et al., 2004), an effect that may be related to sex
differences in basal CORT levels (reviewed in Viau, 2002). As
mentioned earlier, there are also reported sex differences in the
symptoms of depression and in the prevalence of comorbid

disorders; women are more likely to present with co-morbid anx-
iety and somatic complaints, whereas men are more likely to
present with co-morbid alcohol and substance abuse (Marcus
et al., 2008). Clearly, more clinical and preclinical research is
needed to examine sex differences in the symptoms, and in the
treatment alleviation of certain symptoms of depression.

The current article explores how adverse events present dur-
ing developmental windows such as the prenatal period, the early
postnatal period, and adolescence, are linked to increased vul-
nerability to neuropsychiatric disorders in adulthood. Many sex
differences in the brain are programmed early in life (Paus, 2010).
It perhaps is not surprising then that the sex differences associ-
ated with neuropsychiatric disorders also have a developmental
component. The following sections will outline how prenatal,
postnatal, adolescent or adult perturbations in stress or excessive
stress hormones influence vulnerability to develop depression in
both humans and animal models with a special emphasis on the
behavioral analysis, HPA axis modulation, and neuroplasticity in
the hippocampus.

PRENATAL MANIPULATIONS AND VULNERABILITY TO DEPRESSION
Prenatal stress limits fetal growth and gestational length (reviewed
in Seckl and Holmes, 2007), and is consequently associated
with an increased risk for depression, anxiety, schizophrenia,
and more recently autism (reviewed in Bale et al., 2010; Baron-
Cohen et al., 2014). During gestation, the placental enzyme
11β-hydroxysteroid dehydrogenase type II inactivates excessive
levels of maternal or exogenous cortisol to protect the fetus from
high cortisol. However, there are sex differences in the response
of this placental enzyme to stress exposure which could con-
tribute to which sex is more vulnerable to excessive maternal
stress (reviewed in Clifton, 2010). For example, the female, but
not male, placenta exhibits an increase in 11β-hydroxysteroid
dehydrogenase type II expression in response to prenatal exposure
to betamethasone (a synthetic glucocorticoid) prior to preterm
delivery (Stark et al., 2009). Although seemingly contradictory to
the general pattern that females are more vulnerable to depres-
sion than males, this finding is consistent with findings that males
are more vulnerable to neurodevelopmental disorders that can
be triggered during gestation, such as autism, and poor outcome
after preterm birth (Stevenson et al., 2000; Kent et al., 2012).
Thus, the developmental timing of stress exposure may play a
pivotal role in which sex is more likely to develop depression
and the reader is directed to excellent reviews on the subject
(Andersen, 2003; Teicher et al., 2003; Brenhouse and Andersen,
2011). Further research investigating how sex differences in pla-
cental function mediate developmental outcome will provide a
better understanding of why males are more vulnerable to the
effects of prenatal stress than females.

Prenatal stress affects depressive behavior
Gestational stress can contribute to the development of mood dis-
orders in the mother during pregnancy (Lancaster et al., 2010).
Depression during pregnancy in the mother increased emotional
responses in infant boys, but not girls (Gerardin et al., 2011),
and increased risk for depression in adolescence (Pawlby et al.,
2009; Pearson et al., 2013). Furthermore, maternal anxiety during
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pregnancy is associated with a greater risk for depressive symp-
toms in adolescent girls (Van Den Bergh et al., 2008) and a greater
risk for attention deficits in young and adolescent boys (Van Den
Bergh et al., 2006; Loomans et al., 2011). Together, these studies
suggest that maternal mood during gestation may differentially
affect behavioral outcome in boys and girls.

Animal models of depression that induce prenatal stress have
been used to examine how early life perturbations differentially
affect male and female offspring. Generally these animal models
involve exposing the pregnant dam to predictable or unpre-
dictable stress (reviewed in Weinstock, 2008). Despite the fact that
clinical research points to strong associations between prenatal
stress and likelihood to develop depression, preclinical research
has yielded mixed results. However, it should be noted that the
third trimester equivalent in rodents is the first week postna-
tal and thus one reason why there may be differences between
human and animal studies is timing of “trimester” in different
species (Kleiber et al., 2014). Timing of stress onset plays a crit-
ical role in how it affects offspring depressive-like behavior. For
example, one study found that prenatal stress increased depres-
sive like behavior (increased immobility in the forced swim test)
of adult male mice only when stress occurred during the first
week of gestation but not during mid- or late-gestation (Mueller
and Bale, 2008) which would be akin to the first vs. second
trimester. However, others have shown that prenatal restraint
stress during the last week of gestation (akin to late in the second
trimester) increased depressive-like behavior (increased immobil-
ity in the forced swim test) in adult males and females, although
in males it is only seen when restraint occurs three times per day
during the last week of gestation (Alonso et al., 1991; Morley-
Fletcher et al., 2003; Szymañska et al., 2009; Van Den Hove et al.,
2014). Age of offspring at behavior testing is also critical as pre-
natal stress had the opposite effect on depressive-like behavior
(decreased immobility in the forced swim test) in pre-pubertal
(P33; Schroeder et al., 2013) and adolescent male and female
rats (Rayen et al., 2011). Alternatively, direct administration of
CORT to the dam during days 10–20 of gestation (equivalent to
second trimester) increased depressive-like behavior (increased
immobility in the forced swim test) for both adolescent male and
female rats (Brummelte et al., 2012). Ultimately, duration of pre-
natal stress, frequency of stress exposure, timing of prenatal stress,
type of stressor employed, species, and age of offspring at test-
ing influence depressive-like behavior of the offspring (reviewed
in Huizink et al., 2004; Weinstock, 2011). Additional research
addressing how these differences in methodologies influence
offspring outcome will be valuable for understanding how pre-
natal factors influence vulnerability to depression in males and
females.

Prenatal stress affects development of HPA axis
Prenatal stress can have variable programming effects on the HPA
axis of offspring depending on sex, the paradigm of prenatal stress
and the part of the HPA axis (basal, stress peak, stress recovery)
analyzed (Barbazanges et al., 1996; Zagron and Weinstock, 2006).
For instance, prenatal stress for even 1 week of gestation can result
in prolonged CORT recovery after acute stress in adult female
but not in adult male rats (Weinstock et al., 1992; McCormick

et al., 1995). However, after more intense prenatal stress (stress
three times per day during last week of gestation and equivalent
to second trimester) even male rats displayed prolonged CORT
recovery after restraint (Maccari et al., 1995; Morley-Fletcher
et al., 2003) and both sexes exhibit disrupted diurnal CORT
rhythm (Koehl et al., 1999). Alternatively, social defeat stress dur-
ing the last week of gestation (equivalent to second trimester)
exaggerated the peak CORT response after restraint in both adult
male and female rats (Brunton and Russell, 2010). These findings
suggest that more intense paradigms of prenatal stress are capable
of reprogramming the male HPA axis whereas females seem to be
sensitive to milder forms of prenatal stress.

In clinical studies, prenatal stress has been associated with HPA
axis dysregulation in infants, adolescents, and adults (reviewed in
Glover et al., 2010). However, there are limited studies directly
assessing how sex mediates the effects of prenatal stress on the
development of the HPA axis. Both maternal prenatal anxiety
and prenatal exposure to synthetic glucocorticoids (either dex-
amethasone or betamethasone) increased stress reactivity in girls
only (De Bruijn et al., 2009; Alexander et al., 2012). However,
whether HPA axis dysregulation persists in girls or whether it
emerges later on in boys remains unknown. Future clinical studies
directly analyzing how sex mediates the relationship between pre-
natal stress and development of HPA axis are necessary to address
this gap.

Prenatal stress affects hippocampal plasticity
Prenatal stress persistently decreased cell proliferation in the hip-
pocampus of juvenile, adolescent, adult, and aged male rodents
(Lemaire et al., 2000; Mandyam et al., 2008; Rayen et al., 2011;
Belnoue et al., 2013) and in pre-pubescent rhesus monkeys (2–2.5
years old; Coe et al., 2003). The prenatal stress-induced decrease
in cell proliferation is more prominent in the ventral hippocam-
pus (Zuena et al., 2008) and the ventral hippocampus is associated
with stress and anxiety more so than the dorsal hippocampus
(reviewed in Fanselow and Dong, 2010). In contrast, the effect
of prenatal stress on hippocampal cell proliferation in female
offspring is more complicated. Prenatal stress decreased hip-
pocampal cell proliferation in adolescent female rats (Rayen et al.,
2011) but had variable effects in adult females. Prenatal stress
diminished cell proliferation in adult (5 months old) female rats
(Mandyam et al., 2008) and in aged (2 year old) females (Koehl
et al., 2009) but the later study did not see the same effect in
younger adult female offspring. Although both studies employed
the same prenatal stress paradigm, there were differences in onset
of prenatal stress (gestational day 14 or 15) as well as breeding
(shipped pregnant vs. breeding in house) that may explain this
conflict (Laroche et al., 2009). Prenatal stress diminished num-
ber of immature neurons (doublecortin expressing) in adolescent
male and female rats (Rayen et al., 2011) and decreased neuroge-
nesis in adult male rodents (Lemaire et al., 2000; Belnoue et al.,
2013). Prenatal stress affects other aspects of hippocampal mor-
phology as well as other regions of limbic system and are reviewed
elsewhere (e.g., Charil et al., 2010; Weinstock, 2011). In non-
human primates, there are known effects of prenatal excessive
glucocorticoids to show damage to different areas of the hip-
pocampus (reduction in volume) into middle age (Uno et al.,
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1994). In humans, one study found that prenatal stress dimin-
ished use of hippocampal-dependent strategies in a spatial task
(Schwabe et al., 2012). However, whether these effects are paral-
leled in hippocampal volume, related to risk for depression, or
differentially affected by sex remain unknown and likely need to
be taken into account to fully understand the effects of prenatal
and postnatal adversity on the hippocampus in humans (Frodl
and O’Keane, 2013).

While there has been robust evidence from preclinical and
clinical studies that prenatal stress negatively affects offspring out-
come, prenatal stress can also diminish quality of maternal care
(Champagne and Meaney, 2006) and even serve as a model of
postpartum depression (PPD; Smith et al., 2004; Leuner et al.,
2014). Thus, studies that employ prenatal stress paradigms essen-
tially result in a mix of prenatal and postnatal adversity, obscuring
the degree to which poor functional outcome can be attributed
to in utero stress alone. Cross-fostering of prenatally stressed
with non-stressed rodent pups reverses certain behavioral and
endocrine effects (Barros et al., 2006; Del Cerro et al., 2010; Perez-
Laso et al., 2013). In humans, studies have found that some of the
negative effects of prenatal stress on child outcome are mediated
by the early postnatal environment, such as presence of postpar-
tum mood disorders or poor maternal care (Kaplan et al., 2008;
Bergman et al., 2010; Rice et al., 2010). These studies highlight
the prenatal and postnatal environments as potent mediators in
offspring development.

POSTNATAL MANIPULATIONS AND VULNERABILITY TO DEPRESSION
Postnatal stress affects depressive behavior
Several forms of postnatal early life stress, such as sexual, physi-
cal, or emotional abuse as well as parental loss, neglect, or mental
illness constitute increased risk for adult mood and anxiety dis-
orders (Famularo et al., 1992; Pelcovitz et al., 1994; reviewed in
Heim and Nemeroff, 2001). In fact, recent work suggests that
depression is harder to remit if the individual has a history of
early childhood adversity such as physical abuse (Fuller-Thomson
et al., 2014). One of the most potent elements of early life stress
is the quality of parental care (Ladd et al., 2000). Indeed, postpar-
tum mood disorders such as PPD disrupt a healthy mother–infant
bond and can have a profound effect on child development
(reviewed in Goodman and Gotlib, 1999; Lovejoy et al., 2000;
Ashman et al., 2002; Deave et al., 2008; Van Hasselt et al., 2012).
For example, boys of PPD mothers have lower IQ (reviewed in
Grace et al., 2003; Azak, 2012) while both adolescent girls and
boys of PPD mothers are more likely to develop depression and
anxiety (Pilowsky et al., 2006; Murray et al., 2011) as well as
a propensity for violent behavior (Hay et al., 2003). Of course
PPD is not often seen in isolation, and antenatal depression
(as described above) or maternal depression can also influence
emotional behaviors such as antisocial behavior in children (Kim-
Cohen et al., 2005; Hay et al., 2010). Indeed maternal depression,
which is often defined as depression within a year after giving
birth, can critically affect cognitive and emotional development
of children (reviewed in Goodman and Gotlib, 1999). The reader
is directed to a review on maternal depression during gesta-
tion or postpartum differentially affecting child outcome (Hay
et al., 2008). Thus, PPD alone or in conjunction with additional

depressive episodes can profoundly influence child development
and represents a risk for behavioral and cognitive disturbances.

Disruptions to the early postnatal environment have also been
linked to depressive-like behavior in animal models of depression.
One of the most common postnatal paradigms used is mater-
nal separation in which pups are removed from the dam for 3
hours per day during the postnatal period (reviewed in Schmidt
et al., 2011). As may be expected, offspring outcome after mater-
nal separation differs in terms of the duration, timing and method
of separation (dam or pups removed from home cage). Again it
is worth noting that the first week of postnatal life in rodents
is equivalent to the third trimester in humans. Maternal sepa-
ration during the first two postnatal weeks (equivalent to third
trimester) or the entire postnatal period (from birth to weaning)
increased immobility in the forced swim test in adult male and
female rats (Lee et al., 2007; Aisa et al., 2008; Lajud et al., 2012).
Another interesting model of postnatal adversity is the limited
bedding model in which dams are provided with limited bedding
and nesting material during the early postnatal period (equivalent
to third trimester). Denying the mother sufficient nesting mate-
rial consequently decreased maternal behaviors and increased
erratic and abusive maternal behaviors (Ivy et al., 2008) which
result in increased immobility in the forced swim test in ado-
lescent rat offspring (Raineki et al., 2012). Thus, substantial loss
of proper maternal care during the postnatal period can impact
both male and female vulnerability to depression and sensitivity
to stress well beyond the time they are dependent on the mother.

Postnatal stress affects development of HPA axis
Maternal separation influences HPA axis development in a time
and sex-specific manner. For instance, maternal separation dur-
ing the first two postnatal weeks (equivalent to third trimester)
reduced basal CORT in adult females but not in adult males
(Slotten et al., 2006). However, maternal separation lasting the
entire postnatal period elevated basal CORT in adult females
(Aisa et al., 2008). Maternal separation during the first 2 weeks
or entire postnatal period blunted the peak CORT response to
stress in pre-weaning (Litvin et al., 2010) and adolescent male
rats (Ogawa et al., 1994). However, by adulthood, maternal sep-
aration had no significant effect on CORT reactivity in either
adult male rats or female rats (Plotsky and Meaney, 1993; Plotsky
et al., 2005; Slotten et al., 2006). Interestingly, maternal sepa-
ration during the first two postnatal weeks (equivalent to third
trimester) resulted in exaggerated adrenocorticotropic hormone
secretion after restraint (Liu et al., 2000) but not after exoge-
nous corticotropin releasing hormone in male rats (Wigger and
Neumann, 1999), suggesting that maternal separation may have a
more potent effect on sensitivity of the pituitary gland to differ-
ent stressors in male rats. Maternal separation in rodents closely
approximates parental neglect in humans, which is also associ-
ated with disruptions to the developing HPA axis (reviewed in
Tarullo and Gunnar, 2006). For example, toddlers raised in the
extreme psychosocial neglect in Romanian orphanages exhibit
blunted secretion of cortisol over the day (Carlson and Earls,
1997) but exhibit exaggerated cortisol secretion as young chil-
dren (Gunnar et al., 2001). Similarly, PPD and early life abuse are
associated with HPA axis hyperactivity in adolescents and adult
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men and women, respectively (PPD: Halligan et al., 2004; abuse:
Heim et al., 2002, 2008). However, timing of abuse onset is a
critical factor as if the onset of abuse was early, then young girls
present with hypocortisolemia whereas young boys present with
hypercortsolemia (Doom et al., 2013). Together, these data sug-
gest that the postnatal environment can either blunt or exaggerate
HPA axis activity depending on sex, timing and type of postnatal
stress.

Postnatal stress affects hippocampal plasticity
Maternal separation lasting the first two postnatal weeks (equiv-
alent to third trimester) diminished cell proliferation, but not
the survival of new neurons in the dentate gyrus, in adult male
rats, which was reversed by adrenalectomy (Mirescu et al., 2004).
Maternal deprivation for 24 h on postnatal day 3 enhanced num-
ber of immature neurons in male rats but diminished number
of immature neurons in female rats at weaning (Oomen et al.,
2009). However, by adulthood, the number of immature neu-
rons and survival of new neurons was diminished in the ventral
hippocampus of adult male rats but not in female rats (Oomen
et al., 2010, 2011). This suggests that males experience more
dynamic and long-lasting changes to neurogenesis than females
in response to maternal separation. In humans, children exposed
to maternal depression since birth exhibit no significant change
in hippocampal volume (Lupien et al., 2011) whereas adult hip-
pocampal volume is vulnerable to the effects of childhood mal-
treatment (Chaney et al., 2014). This may be partly explained by
low socioeconomic status which is associated with reductions in
hippocampal volume in children/adolescents (Noble et al., 2012)
as well as increased risk for PPD (Goyal et al., 2010). There are
also sex differences as another study found that self-reported low
maternal bonding was associated with small hippocampal volume
in women but not in men (Buss et al., 2007). Future research
addressing how maternal care interacts with socioeconomic sta-
tus to affect hippocampal volume will help shed light on how the
hippocampus can be affected by maternal care and the postnatal
environment throughout the lifespan.

While maternal separation has provided clear evidence that
separation from the dam alters offspring development, there are
caveats to this model. For instance, there are changes in mater-
nal care that occur based on the separation and reuniting of
the dam with her pups (Pryce et al., 2001; Macrí et al., 2004;
Own and Patel, 2013). Moreover, maternal separation results in
increased depressive like behavior in the dam (increased immo-
bility in the forced swim test; Boccia et al., 2007). Our laboratory
has developed a model of PPD in which dams are treated with
high levels CORT (40 mg/kg/day) throughout the postpartum
period which diminished maternal care and increased immobil-
ity in the forced swim test in the dam (Brummelte et al., 2006;
Brummelte and Galea, 2010a). Because our model requires an
injection to the dam, there is minimal separation (less than 1 min
of separation each day) of the pups from their mother. Thus, our
model more closely resembles the consistent levels of voluntary
diminished maternal care or neglect typical of PPD as opposed to
forced sessions of total maternal deprivation. We have shown that
high maternal postpartum CORT increased anxiety-like behav-
ior in adolescent male, but not female, rats (Brummelte et al.,

2012). Furthermore, high maternal postpartum CORT dimin-
ished cell proliferation in the dentate gyrus of juvenile male but
not female rats (Brummelte et al., 2006). CORT during preg-
nancy and the postpartum also increased peak CORT in response
to restraint stress in both males and females (Brummelte et al.,
2012). Altogether, these data suggest that high maternal CORT
affects offspring HPA axis, hippocampal plasticity and anxiety-
like behavior in a sex-specific manner, consistent with the effects
of PPD on child development.

ADOLESCENCE MANIPULATIONS AND VULNERABILITY TO
DEPRESSION
Adolescent stress affects depressive behavior
While the perinatal period has received much attention in terms
of predisposing individuals to mood disorders, recent research
has highlighted the importance of the adolescent period as
schizophrenia, substance abuse, depression, and anxiety can
emerge during adolescence (Costello et al., 2003; reviewed in
Patton and Viner, 2007). It should be noted that adolescence
broadly refers to the developmental window involving the tran-
sition from childhood to adulthood whereas puberty specifically
refers to the maturation of the HPG axis and the subsequent
gonadal hormone fluctuations occurring during adolescence
(Spear, 2000). Stressful events during adolescence might have
compounding effects on an already volatile state of emotional and
social challenges during adolescence (Spear, 2000). Thus, stress
exposure during the adolescent years could influence risk for
depression as well as an increased vulnerability to neuropsychi-
atric disorders later in life (reviewed in McCormick and Mathews,
2007; Holder and Blaustein, 2014). Further, as indicated above,
the consequences of perinatal stress may emerge during adoles-
cence or even interact with adolescent stress to shape vulnerability
to adult depression (Rueter et al., 1999; Goodyer, 2002). For
instance, the presence of both antenatal depression and child mal-
treatment increased risk of depression by almost five-fold and
increased risk of developing psychopathologies by twelve-fold in
adolescents (Pawlby et al., 2011). Alternatively, positive family
support can reduce the risk for depression in adolescent boys and
girls depending on genetic background, supporting the idea that
postnatal factors mediate risk for adolescent depression (Li et al.,
2013).

The rise in gonadal hormones during puberty plays an impor-
tant role in precipitating the sex differences in depression. In
fact, as mentioned earlier the increased female prevalence of
depression emerges during puberty (Ge et al., 1996). Interestingly,
adolescent female rats spend more time immobile in the forced
swim test than adolescent male rats even without any addi-
tional experimental manipulations (Leussis and Andersen, 2008).
This suggests that animal models are also able to capture this
early female vulnerability to depression. Stressors during adoles-
cence can also differentially affect adolescent male and female
depression-like behavior. Social isolation during early adoles-
cence (P30-35) increased depressive-like behaviors (immobility
in the forced swim test and increased latency to escape shock in
the shuttlebox) in adolescent male, but not female, rats (Leussis
and Andersen, 2008). Similarly, social defeat stress during early
adolescence (P29-31; P35-44, respectively) increased immobility
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in the forced swim test in adolescent male, but not female, rodents
(Ver Hoeve et al., 2013; Iñiguez et al., 2014). However, when
early adolescent rats are exposed to alternating episodes of social
defeat and restraint, adolescent female, but not male, rats exhib-
ited shorter latency to immobility in the forced swim test which
persisted into adulthood (Bourke and Neigh, 2011). This suggests
that perhaps adolescent males are more sensitive to social stressors
but adolescent females are more sensitive to multimodal stressors.
Others have found an opposite effect of adolescent social isolation
only in females such as increased climbing behavior in the forced
swim test (but not immobility) in adolescence and adulthood as
well as increased sucrose preference in adulthood (Hong et al.,
2012). Given that adolescence is characterized by a complex array
of social behaviors and challenges, it is possible that there are sex
differences in how adolescent animals are vulnerable to the effects
of social stress. This may be an important point to consider in
animal models assessing adolescent vulnerability to depression.

Adolescent stress affects HPA axis
The responsiveness of the HPA axis to stress during adolescence
is different than that of the adult HPA axis (reviewed in Klein
and Romeo, 2013). Additionally, the maturation of the HPA axis
is dependent on the maturation of the HPG axis (Romeo, 2010)
and the increased risk for depression during adolescence may be
related to maturation of the HPA-HPG interactions (reviewed
in Angold and Costello, 2006). After 5 days of restraint stress,
CORT levels habituate in adolescent female, but not male, rats
(Doremus-Fitzwater et al., 2009). Chronic social instability stress
during adolescence exaggerates the peak CORT response after
swim stress in adolescent male and female rats, but this effect is
not seen in adulthood (Mathews et al., 2008). Chronic restraint
stress throughout adolescence (P30-P52) significantly increased
basal CORT levels for adult females, but not male, rats (Barha
et al., 2011). However, 1 week of restraint during early adoles-
cence (P26-33) blunted HPA axis reactivity in adult male rats but
had no significant effect on adult female rats (Ariza Traslavina
et al., 2014). Thus, hyperactivity of the HPA axis is observed in
both males and females during adolescence, but timing of ado-
lescent stress exposure results in sex differences in terms of the
longitudinal effects on adult HPA axis. Early adolescent stress
causes HPA hypoactivity in adult males (Ariza Traslavina et al.,
2014) but stress throughout adolescence causes HPA hyperactiv-
ity in adult females (Barha et al., 2011).

Adolescent stress affects hippocampal plasticity
Chronic restraint stress throughout adolescence diminished neu-
rogenesis (cell proliferation and survival) in the dentate gyrus
in adult female rats, but slightly increased neurogenesis in adult
male rats (Barha et al., 2011). Interestingly, this same pattern per-
sists in social stress paradigms as social instability stress during
adolescence diminished hippocampal cell proliferation in ado-
lescent female rats (McCormick et al., 2010) while it enhanced
cell proliferation and doublecortin-expressing cells in the dor-
sal hippocampus of adolescent male rats (McCormick et al.,
2012). Moreover, social isolation during adolescence also dimin-
ishes cell proliferation specifically in the rostral hippocampus and
immature neurons throughout the hippocampus in adolescent

marmoset monkeys (Cinini et al., 2014). Unfortunately although
while both male and female marmosets were used in the study,
sex was not independently analyzed, so it is unclear whether sex
differences were present in their findings to match those of previ-
ous studies in rodents (Cinini et al., 2014). Furthermore, chronic
resident-intruder stress did not significantly affect hippocampal
cell proliferation in adolescent male rats (Hanson et al., 2011).
Together, these studies highlight the importance of stress and the
adolescent period on hippocampal neurogenesis and that females
are more likely to show reduced neurogenesis in response to ado-
lescent stress compared to males. Both preclinical and clinical
research has been investigating how stressors occurring during
adolescence affect behavior and maturation of the brain. Future
studies should also examine effects of adolescent stress on hip-
pocampal volume and function both during adolescence and
later in adulthood to help bridge the gap preclinical research
with clinical research (reviewed in Andersen and Teicher, 2008;
McCormick and Green, 2013).

ADULT MANIPULATIONS AND VULNERABILITY TO DEPRESSION
Depression in the postpartum
As discussed previously, PPD and other maternal mood dis-
orders can affect child’s risk for depression. Interestingly, the
postpartum period is the time of greatest risk for women to
develop depression (Drevets and Todd, 2005) and affects approxi-
mately 15% of women (Kornstein, 2002; Goodman, 2007; Wisner
et al., 2013). To complicate matters, women are reluctant to take
antidepressants during pregnancy or the postpartum with only
18% of depressed mothers seeking treatment (Marcus, 2009).
During pregnancy and postpartum, levels of steroid hormones
fluctuate dramatically which could contribute to the etiology of
PPD (Hendrick et al., 1998; Bloch et al., 2003). Pregnancy and
postpartum are characterized by sustained high flattened lev-
els of glucocorticoids in both humans (Magiakou et al., 1996;
Schule, 2007) and rodents (Lightman et al., 2001; Pawluski et al.,
2009), which is a similar hormone profile observed in depressed
patients (Stetler and Miller, 2011). Women who previously suf-
fered from PPD reported more depressive symptoms and showed
greater cortisol responses after exposure to a hormone-simulated
pregnancy (Bloch et al., 2005), suggesting that in vulnerable
women, the HPA axis and mood are altered in response to
pregnancy hormones. An animal model of depression from our
laboratory has shown that high levels of CORT directly admin-
istered to the dam increased depressive-like behavior (increased
immobility in the forced swim test) and decreased dendritic com-
plexity and cell proliferation in the hippocampus at the end
of the postpartum period (Brummelte et al., 2006; Brummelte
and Galea, 2010a; Workman et al., 2013). The ability of chronic
antidepressants to increase neurogenesis in the hippocampus is
tied to the liable nature of corticosterone (Huang and Herbert,
2006). Given the increased and flattened profile of cortisol dur-
ing pregnancy and postpartum, it may not be surprising then
that antidepressants prescribed at this time may not be as effi-
cacious as they would be in cycling women. Indeed, there is little
evidence to suggest that prescribed antidepressants work better
than psychotherapy or placebo methods during the postpartum
(reviewed in O’Hara and McCabe, 2013; De Crescenzo et al.,
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Table 1 | Effects of stress exposure at different time points throughout life on depressive-like behavior (i.e., immobility in the forced swim test;

FST) in preclinical research (first row) and on depression in clinical research (second row).

Vulnerability Prenatal Postnatal Adolescent Adult

♂ > ♀ ↑ Immobility in FST
• Variable stress, GD 1–7 (173)
• Restraint 3×/day, GD 14–21

(172, 241, 254)

– ↑ Immobility in FST
• Isolation (in adolescence;

141)
• Social defeat (in

adolescence, 115)

↓ Sucrose preference
• Chronic mild stress (57, 120)
↑ Immobility in FST
• Chronic corticosterone

administration (119)

– – – –

♀ > ♂ ↑ Immobility in FST
• Restraint and suspension,

GD 15–21 (254)

– ↑ Immobility in FST
• No stress (in adolescence;

141)
• Social defeat and restraint

(in adolescence, 29)

↑ Immobility in FST
• Chronic mild stress (213)

↑ Depression
• Antepartum anxiety (in

adolescence, 253)

– ↑ Depression
• No stress (84)

↑ Depression
• No stress (98)
• Perimenopause and postpartum

(51, 109)
↑ Atypical depression
• No stress (226, 273)
↑ Comorbid disorders
• No stress (122, 228)

♀ = ♂ ↑ Immobility in FST
• Corticosterone administration,

GD 10–20 (in adolescence; 34)

↑ Immobility in FST
• 2–3 weeks of maternal

separation (1-males not studied,
132, 135)

– –

↑ Depression
• Antepartum depression (in

adolescence; 193, 198)

↑ Depression
• Postpartum depression (in

adolescence; 174, 202)
• Antepartum depression,

abuse(194)

– –

All data are based on outcome in adulthood unless otherwise specified. ♂ > ♀, Males more vulnerable than females; ♀ > ♂, females more vulnerable than males;

♀ = ♂, both sexes equally vulnerable; GD, gestation day.

2014). In addition to changes in HPA hormones across preg-
nancy and the postpartum, estradiol levels are elevated through-
out the third trimester but drop dramatically after parturition,
leading to the hypothesis that an “estradiol-withdrawal state”
during the first few weeks after parturition contributes to PPD
(Hendrick et al., 1998; Bloch et al., 2003). Our laboratory was
first to show that withdrawal from a hormone-simulated preg-
nancy induced depressive-like symptomology (increased immo-
bility in the forced swim test and sucrose anhedonia; Galea
et al., 2001; Green et al., 2009) and reduced adult hippocam-
pal neurogenesis in female rats (Green and Galea, 2008). There
is also evidence that the postpartum period is associated with
reduced plasticity in the hippocampus (Pawluski and Galea, 2006,
2007) and neuroplasticity is thought to be integral to antidepres-
sant efficacy, as further discussed below (Wainwright and Galea,
2013).

Depression in perimenopause
The perimenopausal period is characterized by dramatic fluctu-
ations in hormones followed by a persistent hypogonadal state

(Burger et al., 2008). The period of transition into menopause
lasts approximately 10 years and poses an increased risk to
develop depression for women (Freeman et al., 2004; Cohen
et al., 2006), suggesting a role of gonadal hormones in the
etiology of the disease. Although a previous history of depres-
sion is a strong predictor of depression in the perimenopausal
period (Freeman et al., 2004), the risk is also increased in
women with no previous history of the disease (Cohen et al.,
2006; Freeman et al., 2006). Antidepressant efficacy is also asso-
ciated with the gonadal hormone status of postmenopausal
women. In postmenopausal women with depression, SSRIs show
better efficacy in those on hormone therapy (HT) in com-
parison with those not receiving HT (Thase et al., 2005; Pae
et al., 2009; Kornstein et al., 2010), suggesting the efficacy of
HT as an adjunct therapy alongside SSRI antidepressants in
postmenopausal women. Similarly, the gonadal hormone sta-
tus of men is implicated in depression, and correlational stud-
ies indicate that depressed men have lower levels of testos-
terone (Sachar et al., 1973; McIntyre et al., 2006). Interestingly,
this effect seems to be more prominent in aging men, in
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Table 2 | Effects of stress exposure at different time points throughout life on HPA axis in preclinical research (first row) and on depression in

clinical research (second row).

Vulnerability Prenatal Postnatal Adolescent Adult

♂ > ♀ ↑ Recovery
• 3×/day, week GD 14–21 (152,

172)

↑ Peak CORT
• Maternal separation 2–3 weeks

(juvenile: 145; adolescent: 180)

↓ Peak CORT
• Restraint, P26-33 (9)

–

– – – –

♀ > ♂ ↑ Recovery
• 1×/day, GD 15–19 (162)
• 3×/week, GD 1–21 (264)

↓ Basal CORT
• Maternal separation for 2

weeks (229)
↑ Basal CORT
• Maternal separation for 3

weeks (males not studied; 1)

↓ Basal CORT
• Restraint, P30-35 (in

adolescence; 66)
↑ Basal CORT
• Restraint, P30-52 (16)

↑ Basal CORT
• Chronic mild stress

(56)

↑ Peak cortisol
• Antepartum anxiety (61)
• Antepartum glucocorticoids (2)

– – –

♀ = ♂ ↑ Peak CORT
• Social defeat, GD 16–20 (36)

– ↑ Peak CORT
• Social instability stress, P30-45

(in adolescence; 158)

–

– ↑ Basal CORT
• Postpartum depression (99)
• Abuse (106, 108)

– –

All data are presented as outcome in adulthood unless otherwise specified. ♂ > ♀, Males more vulnerable than females; ♀ > ♂, females more vulnerable than

males; ♀ = ♂, both sexes equally vulnerable; CORT, corticosterone; GD, gestation day; P, postnatal day.

which the age-related decline in testosterone may be related to
depression (Carnahan and Perry, 2004). Moreover, testosterone
as an adjunct therapy with antidepressants shows efficacy in
alleviating depression symptoms in hypogonadal men (Seidman
et al., 2001, 2009), a finding that was also supported by a meta-
analysis (Zarrouf et al., 2009). Thus, the decline in gonadal
hormones in aged men and women may predispose vulnera-
ble individuals to depression and HT may be efficacious as an
antidepressant adjunct therapy.

Depression in older age
With the aging of populations and the increasing life expectancy,
interest in older-age depression has increased. Older-age
depression often presents with comorbid medical conditions
(Alexopoulos et al., 2002), is associated with poorer outcomes
of comorbid illnesses (Sinyor et al., 1986; Palinkas et al.,
1990; Michelson et al., 1996; Musselman et al., 1998) and
higher rates of mortality (Rovner et al., 1991; Ganguli et al.,
2002). Methodological differences may account for the wide
range of reported prevalence rates of major depression in
older individuals, which can be up to 9.4% in the commu-
nity and 42% in nursing homes (reviewed in Djernes, 2006).
In close to half of older individuals with depression, the ill-
ness takes on a chronic or relapsing course (Weyerer et al.,
1995; Mojtabai and Olfson, 2004). Furthermore, the efficacy of
antidepressants in this population is poor; this is evident in the
high rates of treatment resistance in randomized control tri-
als using first-line antidepressants, which are up to 81% with
serotonin/norepinephrine reuptake inhibitors, and up to 77%

with SSRIs (reviewed in Lenze et al., 2008). Treating older-
age depression is further complicated by factors related to the
higher comorbidity of medical illnesses, such as interactions
with drugs frequently prescribed to older individuals (Spina and
Scordo, 2002). Unfortunately, older-age depression is also under-
diagnosed and/or under-treated (Steffens et al., 2000; Watson
et al., 2003; Stek et al., 2004); this may be in part due to a unique
symptom presentation in which older individual with depres-
sion are more likely to report somatic complaints rather than
depressed mood (Small, 1991). Unfortunately there is very lit-
tle information on whether sex differences are still seen in this
population.

Major depression often presents in the context of dementia,
with prevalence rates of about 17% in patients with Alzheimer’s
disease (Wragg and Jeste, 1989). Depression in the older pop-
ulation accelerates dementia and is associated with poorer cog-
nitive outcomes (Bromberger et al., 2003). Interestingly, older
individuals with mild cognitive impairment are more likely
to develop dementia after diagnoses with major depression
(Freeman et al., 2004; Schmidt et al., 2004). Moreover, evidence
regarding the efficacy of antidepressant treatments in patients
with dementia is weak; in a meta-analysis where only four
randomized control trials met inclusion criteria, the authors
suggest that there is no sufficient evidence to conclude that
antidepressants are efficacious in individuals with depression
and dementia (Bains et al., 2002). More recent meta-analyses
also showed that neither response nor remission rates differ
between antidepressant treatments and placebo in this pop-
ulation (Nelson and Devanand, 2011; Sepehry et al., 2012).
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Table 3 | Effects of stress exposure at different time points throughout life on hippocampus in preclinical research (first row) and clinical

research (second row).

Vulnerability Prenatal Postnatal Adolescent Adult

♂ > ♀ – ↓ Cell proliferation
• Maternal separation 2

weeks (females not
studied; 170)

↓ Immature neurons
• Maternal deprivation, P3

(183, 184)

↑ Cell survival
• Restraint, P30-52 (16)
↑ Cell proliferation, immature

neurons
• Social instability, P30-45 (in

adolescence; 163)

↓ Cell survival
• Chronic footstock stress (265)
↓ CA3 apical dendritic neuropil
• Chronic restraint stress (80)
↓ Immature neurons (dorsal)
• Chronic corticosterone (33)

– – – ↓ Volume
• At least 2 years of depression

(77)

♀ > ♂ – ↓ Immature neurons
• Maternal deprivation, P3 (at

weaning; 182)

↓ Cell proliferation
• Restraint, P30-52 (16)
• Social instability, P30-45 (in

adolescence; 161)

↑ Cell survival
• Chronic footstock stress (265)
↓ CA3 basal dendritic neuropil
• Chronic restraint stress (80)

– – – ↑ Immature neurons
• No stress, with antidepressant

treatment (69)
↑ Volume
• No stress, with Antidepressant

treatment (249)

♂ = ♀ ↓ cell proliferation, survival,
immature neurons

• Stress during week 3 of
gestation, effects throughout
lifespan (20, 128, 136, 155,
207, 279)

– – ↓ Immature neurons (ventral)
• Chronic corticosterone (33)

– ↓ Volume
• Maltreatment (44)

– –

All data are based on outcome in adulthood unless otherwise specified. ♂ > ♀, Males more vulnerable than females; ♀ > ♂, females more vulnerable than males;

♀ = ♂, both sexes equally likely to develop depression. P, postnatal day.

With the continued growth of the older population, older-age
depression should be regarded as a serious public health con-
cern, and efforts to enhance its recognition and treatment are
essential.

HPA function in older-age and its potential contribution to
depression
Interestingly, there are marked changes in HPA function related to
older-age. Cortisol levels increase dramatically (Van Cauter et al.,
1996), and the normal fluctuations in diurnal cortisol rhythms
are blunted with age (Ferrari et al., 2001). Furthermore, a meta-
analysis showed that older-age is associated with HPA negative
feedback dysregulation, which is significantly more prominent in
women (Otte et al., 2005). Intriguingly, and as described earlier,
such changes in HPA function mirror those seen in depressed
patients regardless of age, and may therefore contribute to the
increased risk of depression in older individuals. However, how
sex differences in HPA function in this population may contribute
to differences in depression risk or presentation is unclear and
warrants further research.

Neuroplasticity in older-age may be implicated in antidepressant
efficacy
While the neurobiology behind the lowered antidepressant effi-
cacy in older individuals is not well understood, it may be
explained by aging-related changes in neuroplasticity, particu-
larly in the hippocampus. As mentioned above, a meta-analysis
on hippocampal volume and depression found that a smaller
volume of the hippocampus was associated with depression par-
ticularly in the older population (McKinnon et al., 2009). Further,
many aspects of hippocampal plasticity are reduced in older-age,
for example, there is a decline with age in neurogenesis levels
(Couillard-Despres, 2013), synaptic proteins (Eastwood et al.,
1994; VanGuilder et al., 2010), and spine densities (Anderson and
Rutledge, 1996; Von Bohlen Und Halbach et al., 2006; Tsamis
et al., 2010) in humans as well as rodents. Additionally, older-
age is associated with reductions in serum brain-derived neu-
rotrophic factor (Ziegenhorn et al., 2007), which is important
for neural plasticity and compromised in depression (reviewed
in Autry and Monteggia, 2012). The age-related reductions in
gonadal hormones in both men (Ferrini and Barrett-Connor,
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1998) and women (Burger et al., 2008) are, at least in part, respon-
sible for the lowered malleability of the brain. Indeed, gonadal
hormones are known to regulate neuroplasticity on many lev-
els (Yang et al., 2004; Franklin and Perrot-Sinal, 2006; reviewed
in Galea et al., 2013; Hamson et al., 2013). This reduced state of
plasticity may render the brains of older individuals less malleable
in response to antidepressant treatments. In fact, antidepressant-
induced increase in neurogenesis is not seen in older depressed
patients (Lucassen et al., 2010; Epp et al., 2013). This associa-
tion between the lower state of plasticity and lower antidepressant
efficacy aligns with newer theories of depression suggesting that
alterations in neuroplasticity, beyond neurogenesis, may serve
as a unifying mechanism through which antidepressant drugs
produce their effect (reviewed in Wainwright and Galea, 2013).
Therefore, if antidepressants work through neural remodeling,
then antidepressant failure may result from an impaired ability
of the nervous system to undergo change (“plasticity potential”).
Evidently, preclinical and clinical research is warranted to explore
this possibility.

Neuroplasticity and antidepressant efficacy during the postpartum
Curiously, low plasticity potential may also explain vulnerabil-
ity to depression and/or reduced antidepressant efficacy in other
populations, for example, women in the postpartum period.
There is a shortage of randomized controlled trials investi-
gating the effectiveness of antidepressants in the postpartum,
however, the current evidence does not suggest that commonly
prescribed antidepressant treatments are efficacious in this pop-
ulation (reviewed in O’Hara and McCabe, 2013; Sharma and
Sommerdyk, 2013). Magnetic resonance imaging studies show
a decrease in brain size and an increase in ventricular size dur-
ing pregnancy, which persist in the postpartum period until 6
months post-delivery (Oatridge et al., 2002). The changes that
occur in the maternal brain are poorly understood, and the
mechanisms behind this decrease in size cannot be explained
using imaging studies. Animal research supports the theory
that early postpartum is associated with reduced plasticity at
least in the hippocampus (Pawluski and Galea, 2006, 2007;
Darnaudéry et al., 2007; Leuner et al., 2007; reviewed in Hillerer
et al., 2014). Clearly, there are large changes in neuroplastic-
ity associated with pregnancy and the postpartum, and a lower
plasticity state may explain the reduced antidepressant efficacy
by traditional antidepressants in this group. Thus, not only
do we need to better understand how depression is different
between women and men, but also how different periods within
a woman’s life can impact the development and treatment of
depression.

CONCLUSIONS
The evidence we review here, with a focus on depression, sug-
gests that sex interacts with developmental window and age
to modulate the outcomes of stress exposure. Several facets of
depression are differentially impacted by the interaction of sex
and age, including vulnerability, symptomology, treatment effi-
cacy and pathophysiology, as indicated by differences in HPA
function and hippocampal plasticity. We highlight that males and
females are differentially vulnerable to different types of stress

across the lifespan, with males being more vulnerable to peri-
natal perturbations, females being more vulnerable later in life
during peripartum, and both sexes being affected in adolescence
and aging. These findings are summarized in Tables 1–3. Thus,
in order to best understand depression and improve its treat-
ment, researchers must not only utilize both sexes, but should
acknowledge that evaluation and treatment in one sex may not
be optimal for the other sex (for further discussion, please see
Box 1). Moreover, given that pregnancy and the postpartum are
accompanied by dramatic physiological changes, it should not
be surprising that depression and antidepressant efficacy are dif-
ferent in these women compared to cycling women. Finally, we
highlight the need for an improved understanding of depression
and its treatment in older-age. We provide evidence suggesting
that the lowered state of neuroplasticity in the older brain may
contribute to the disease etiology and/or lowered antidepressant
efficacy in this population. To conclude, we advocate for the
inclusion of more female subjects, and for the analysis of results
by sex in both preclinical and clinical research, for it is vitally
important to begin to do systematically, as only in this way will
we start to understand the powerful effects of sex on stress and
depression risk.
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The level of gonadal hormones to which the female brain is exposed considerably
changes across the menopausal transition, which in turn, is likely to be of great relevance
for neurodegenerative diseases and psychiatric disorders. However, the neurobiological
consequences of these hormone fluctuations and of hormone replacement therapy in
the menopause have only begun to be understood. The present review summarizes
the findings of thirty-five studies of human brain function, including functional magnetic
resonance imaging, positron and single-photon computed emission tomography studies,
in peri- and postmenopausal women treated with estrogen, or estrogen-progestagen
replacement therapy. Seven studies using gonadotropin-releasing hormone agonist
intervention as a model of hormonal withdrawal are also included. Cognitive paradigms
are employed by the majority of studies evaluating the effect of unopposed estrogen
or estrogen-progestagen treatment on peri- and postmenopausal women’s brain. In
randomized-controlled trials, estrogen treatment enhances activation of fronto-cingulate
regions during cognitive functioning, though in many cases no difference in cognitive
performance was present. Progestagens seems to counteract the effects of estrogens.
Findings on cognitive functioning during acute ovarian hormone withdrawal suggest a
decrease in activation of the left inferior frontal gyrus, thus essentially corroborating the
findings in postmenopausal women. Studies of the cholinergic and serotonergic systems
indicate these systems as biological mediators of hormonal influences on the brain.
More, hormonal replacement appears to increase cerebral blood flow in several cortical
regions. On the other hand, studies on emotion processing in postmenopausal women are
lacking. These results call for well-powered randomized-controlled multi-modal prospective
neuroimaging studies as well as investigation on the related molecular mechanisms of
effects of menopausal hormonal variations on the brain.

Keywords: estrogens, fMRI, HRT, hormones, menopause, neuroimaging, PET, SPECT

BACKGROUND
The change in ovarian hormone levels to which the female brain
is exposed during the menopausal transition is likely relevant
for neurodegenerative diseases as well as psychiatric disorders.
However, the effects of the peri- and postmenopausal estradiol
level decline and hormone replacement therapy (HRT) on the
brain have only begun to be understood (Mueller et al., 2014).
Undeniably, a substantial lack of agreement on the beneficial
vs. detrimental effect of HRT on mental health, and concerns
about potential adverse effects exist (Henderson and Greicius,
2010). Thus, the prevention and clinical management of men-
tal health problems during the menopausal transition suffers
from uncertainty, which renders research in this field of outmost
importance.

During the last two decades menopause researchers have
opted for an intermediate phenotype-based approach to fur-
ther the psychobiological dissection of menopausal hormonal

transition and HRT effects on mental health. Indeed, intermedi-
ate phenotypes (e.g., biochemical, endocrine, anatomical, phys-
iological) represent quantifiable basic biological or behavioral
processes, which are expected to be closer to the genetic under-
pinning as well as to the psychological functions that might be
affected (Meyer-Lindenberg and Weinberger, 2006; Rasetti and
Weinberger, 2011). Neuroimaging techniques are certainly suit-
able tools for investigating potential intermediate phenotypes
related to the neurobiological correlates of menopause and HRT.

The present review summarizes the findings of studies of
human brain function (i.e., functional magnetic resonance imag-
ing (fMRI), positron emission tomography (PET), single-photon
emission computed tomography (SPECT/SPET), and magnetic
resonance spectroscopy (MRS), of perimenopausal and post-
menopausal women treated with unopposed estrogen or com-
bined estrogen-progestagen replacement therapy. Additionally,
studies of gonadotropin-releasing hormone (GnRH) agonist
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treatment, as a pharmacological model of menopause, are also
considered.

STATE-OF-THE-ART
To date, 35 functional neuroimaging studies have investigated
brain function in peri- and postmenopausal women, and seven
additional studies have used GnRH agonist intervention as a
model of menopause (Tables 1–6). However, all studies are sta-
tistically under-powered since they include small samples, and
they are also characterized by high heterogeneity in terms of
study design. Differences regarding the study designs include:
controlled randomization vs. cross-sectional trials, parallel vs.
cross-over design, baseline vs. placebo control state, duration
of the HRT use, unopposed estradiol vs. combined estrogen-
progestagen therapy, route of administration and posology/dose
of HRT, time between menopause and start of HRT (“criti-
cal window”), and chronological and reproductive age of the
women. Dissimilarities regarding the neuroimaging data regard:
neuroimaging techniques, neuropsychological paradigms within
a cognitive domain, and statistical approaches for neuroimaging
data processing and analysis. All together, these factors impeded
any meta-analytical statistics.

COGNITIVE FUNCTIONING
The great majority of studies evaluating the effect of unopposed
estrogen or combined estrogen-progestagen treatment on the
menopausal and postmenopausal brain used cognitive paradigms
(Tables 1, 2). Longitudinal, randomized controlled trial stud-
ies of the effects of estrogen treatment—three to twelve weeks
in duration—indicated a higher activation of fronto-cingulate
regions during cognitive functioning (Table 1), as assessed by
fMRI using verbal, non-verbal and spatial working memory tasks.
However, in spite of higher activation in fronto-cingulate regions,
no differences in working memory performance were noted
(Shaywitz et al., 1999; Joffe et al., 2006; Dumas et al., 2010). One
sample of healthy postmenopausal women with an average of 7
years of prior estrogen use, and randomly assigned to a placebo
or three-month hormonal treatment, showed an estradiol, mem-
ory load-dependent, effect on frontal activation, with a greater
modulatory effect during the more difficult visual verbal work-
ing memory task (Dumas et al., 2010). During a verbal memory
task, inferior frontal and posterior parietal regions, and dur-
ing a spatial working memory task, frontal, posterior cingulate,
and parietal regions, activation was greater in peri- and post-
menopausal women receiving a three-week transdermal estradiol
treatment compared to placebo (Joffe et al., 2006). Besides an
increased and decreased inferior frontal lobule activation during
storage of verbal and non-verbal material, respectively, a relatively
large, randomized, double-blind, placebo-controlled, cross-over
trial of estrogen treatment (for three weeks) in perimenopausal
women indicated also a sharpened hemisphere encoding retrieval
asymmetry (HERA) effect, with higher left-frontal hemisphere
activation during encoding, and higher right-frontal hemisphere
activation during retrieval in a working memory task (Shaywitz
et al., 1999).

Moreover, two randomized controlled fMRI trials (Table 1),
with cross-over designs, including ten healthy postmenopausal

women each, suggested a counteractive effect of progestagens on
memory, with increased, but to a lesser extent, prefrontal cor-
tex activation after four weeks of combined estrogen-progestagen
treatment vs. placebo (Smith et al., 2006; Persad et al., 2009). On
the contrary, one parallel study of postmenopausal women did
not observe any effect of six months of combined hormonal treat-
ment in comparison with placebo on verbal fluency and mental
rotation (Davison et al., 2013).

Results of cross-sectional neuroimaging studies on cognitive
function are sparse (Table 2), and interpretation is limited by
sample selection and study set-up discrepancies (Gleason et al.,
2006; Berent-Spillson et al., 2010, 2012; Maki et al., 2011).
Combined estrogen- or estrogen-progestagen treatment was asso-
ciated with increased bilateral activation of the medial temporal
lobe during encoding in postmenopausal women (Gleason et al.,
2006). Activation in the medial temporal lobe during verbal and
figural memory tasks differed between postmenopausal women
who started HRT before menopause and never users, with a more
pronounced decrease in parahippocampal gyrus and increase
in left hippocampus activation in the HRT users during verbal
recognition (Maki et al., 2011). Furthermore, HRT was associated
with a better verbal memory performance, indicating a benefi-
cial effect of HRT (Maki et al., 2011). A relatively large study
found generalized increased brain activation upon a visual work-
ing memory task in women who had used estrogen, with or
without progestagen addition, for more than 10 years, and begun
HRT within two years of the menopause, compared to non-
users (Berent-Spillson et al., 2010). In the same sample, activation
of the medial temporal lobes correlated positively with perfor-
mance during a visual working memory task (Berent-Spillson
et al., 2010). Moreover, differences between pre-, peri-, and post-
menopausal women during a verbal, but not visual, memory
task were found, independently of age, in frontal, prefrontal, and
temporal cortices, with brain region activation being negatively
correlated with estrogen levels (Berent-Spillson et al., 2012).

Finally, Maki and Resnick’s longitudinal PET study provided
evidence that estrogen treatment, with or without progestagen
addition, modulates longitudinal changes in blood flow in brain
regions implicated in cognitive function. Firstly, HRT users and
non-users performing a verbal memory and a visual memory
task showed, in a complex fashion, differences in the activation
of regions subserving memory, such as the frontal lobe (Resnick
et al., 1998). A smaller and overlapping sample was investigated
two years later using the same study set-up. Greater activation
of the temporal gyrus, hippocampus and insula regions, and the
parahippocampal gyrus and inferior frontal gyrus, was observed
during verbal and visual memory tasks, respectively, in long-term
HRT users (more than two years) compared to non-users, thus
indicating altered blood flow in brain areas subservicing mem-
ory in the presence of HRT (Maki and Resnick, 2000). However,
in non-users other regions were also activated during the figu-
ral memory task compared to users (Maki and Resnick, 2000).
Moreover, HRT was associated with better memory performance
in the neuropsychological tests at both time points (Resnick et al.,
1998; Maki and Resnick, 2000).

Notably, different components of the cognitive tasks con-
tribute to the complexity of the many neuropsychological
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functions examined (Tables 1, 2). Functional domains of mem-
ory, such as executive function, attention, visuospatial processing,
and language, are subserved by different brain circuits, which
may have variable sensitivity to specific interventions (Gibbs,
2010). Memory tasks have been used predominantly to assess
menopausal and HRT effects on cognitive functioning. Working
memory, mainly subserved by the dorsal prefrontal cortex in
humans, is a limited-capacity storage system to maintain and
manipulate information over short time periods and is critical
for many daily activities (Gibbs, 2010). The visual-verbal N-back
test of working memory, used by Dumas et al. (2010), allows
the examination of different working memory loads (i.e., 0-, 1-,
2-, and 3- back conditions), from a condition of minimal mem-
ory load (0-) to one where subjects need to hold four letters in
memory and update working memory as the next letter appears,
alternatively seen as a cognitive stress model. Other verbal mem-
ory tasks, used by Shaywitz et al. (1999), Joffe et al. (2006), Persad
et al. (2009), Berent-Spillson et al. (2012), Davison et al. (2013),
involve learning and recall of word lists. Verbal memory has been
suggested to be the most sensitive cognitive domain to the effect of
HRT, and also a candidate proxy for dementia (Maki, 2013). The
obvious discrepancy between imaging and cognition test results
might be due to compensatory or deficient mechanisms, but also
to differences in neuropsychological test performance within or
outside the scanner. Noticeably estrogen did not seem to equally
affect all cognitive domains, as shown by experimental studies
(Gibbs, 2010).

fMRI detects changes in the blood oxygen level dependent
(BOLD) signal, which is an index of the metabolic expenditures
by neurons or glia during and immediately after the task. The
BOLD signal is commonly accepted to reflect changes in neural
activity, but interpretation should be cautious (Henderson and
Greicius, 2010). Overall, it seems plausible to conclude that estro-
gen, alone or in combination with progestagens, positively affects
brain activation during memory processing in postmenopausal
women (Tables 1, 2). Nevertheless the neural underpinnings
of HRT effects on memory remain to be elucidated. The pre-
frontal cortex is of particular relevance for cognition, and the
neural substrate of the estradiol-induced memory enhancement,
possibly due to its sensitivity to the hormonal milieu. Future
studies are needed to clarify whether HRT may lower the risk
of Alzheimer’s disease and protect against age-related declines
in memory (Henderson and Greicius, 2010; Marjoribanks et al.,
2012), as well as which duration and timing of HRT would be
optimal (Daniel, 2013).

Pharmacological menopause and cognitive functioning
Gonadotropin-releasing hormone agonist (GnRHa) treatment
has been used as a model for menopause to assess cognitive sig-
natures in young women (Table 3). GnRH is produced by the
hypothalamus and pulsatile secretion of GnRH causes the ante-
rior pituitary to release follicle-stimulating hormone (FSH) and
luteinizing hormone (LH). Continuous treatment with GnRHa,
on the other hand, will result in suppressed gonadal hor-
mone production and is commonly prescribed for endometriosis,
advanced breast cancer, but also to facilitate and secure subse-
quent safe super-ovulation during assisted reproduction therapy.
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GnRHa treatment results in postmenopausal levels of endoge-
nous estradiol by the second to fourth week of administration.

Berman and colleagues performed a seminal PET study using a
GnRHa-induced hypogonadism model in 1997, and found higher
blood flow in the inferior frontal gyrus during estrogen- or pro-
gestagen add-back to the GnRHa treatment (Berman et al., 1997).
Three subsequent fMRI studies from Craig et al., though region-
of-interest based, indicated a decreased activation of the same
region, i.e., the left inferior frontal gyrus, during different mem-
ory tasks, after 8 weeks of pharmacological menopause (Craig
et al., 2007b, 2008a,b). Moreover, this effect was demonstrated
to be reversible as reflected at re-examination six months after
discontinuation of GnRHa treatment (Craig et al., 2008b). Also,
restored cognitive performance has been observed after GnRHa
resolution (Craig et al., 2008b), or GnRHa discontinuation plus
estrogen add-back treatment (Sherwin and Tulandi, 1996).

These results essentially corroborate the neuroimaging find-
ings on working memory (i.e., visual, encoding and recogni-
tion, verbal and retrieval memory) in postmenopausal women
(Tables 1–3). It is likely that these effects are not a direct con-
sequence of the GnRHa but rather an indirect effect of reduced
estradiol and progesterone levels in the brain. However, though
the pseudo menopause produced by GnRHa is a powerful model,
the impact of short-term ovarian suppression on cognition in
young premenopausal women seems to be contradictory; in some
cases strong (Sherwin and Tulandi, 1996; Grigorova et al., 2006),
and in other cases only marginal (Rocca et al., 2014) or absent
(Owens et al., 2002).

Taken together, though limited by a region-of-interest analysis
approach, pharmacological challenge that induced acute ovarian
hormone suppression in premenopausal women leads to atten-
uation of the brain activation pattern in the left inferior frontal
gyrus (Table 3), a region sub-serving deep processing of to-be-
learned words, language and memory, typically activated during
performance of executive function tasks in healthy women.

NEUROBIOLOGICAL FUNCTIONING
Neurotransmitter systems
The changes in the hormonal milieu, and particularly in estro-
gen levels, during the menopausal transition period are likely
to modulate neurotransmitter and neuroendocrine systems,
thus modifying intermediate phenotypic patterns. Such neuro-
psycho-biological signatures may be involved in the mechanisms
by which hormone changes may elicit cognitive dysfunction
(Epperson et al., 2013), mental distress, and mental disorders
(Hafner et al., 1993; Hafner, 2003; Freeman et al., 2006, 2014;
Riecher-Rössler and Kulkarni, 2011). Most likely, the hormonal
effects on brain function highlighted by fMRI studies are indi-
rectly mediated through hormonal actions on neural sites serving
multiple neurobiological systems (e.g., cholinergic, serotoner-
gic, noradrenergic, and dopaminergic neurotransmitter system),
as indicated by studies of primates showing estrogen-mediated
neurotransmitter activities in the prefrontal cortex via alter-
ation of cholinergic and monoaminergic innervations (Voytko
et al., 2009), and emphasized by the widespread distribution
of estrogen and progesterone receptors in the brain (Brinton
et al., 2008; Wharton et al., 2012). The cholinergic, serotonergic,
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and dopaminergic systems have, in fact, been preliminarily
investigated in relation to menopause, and seem to be biological
mediators of positive effects of estrogens (Table 4) (Henderson
and Greicius, 2010).

Acetylcholine (ACh). The central cholinergic system is critically
involved in memory, learning and attention. Physiological aging
is associated with reduction in cholinergic functional markers,
such as choline acetyltransferase (ChAT), the enzyme synthetizing
ACh, but with a relative preservation of cholinergic cells and ter-
minals. Alzheimer’s disease, on the other hand, is associated with
drastic reductions in ChAT and diffuse degeneration of choliner-
gic terminals as well as loss of acetylcholine nicotinic and mus-
carinic receptors m1 and m4 (Gibbs, 2010; Chopra et al., 2011).
Both estrogen receptors have been identified in the nuclei of the
human basal forebrain, which is the source of major cholinergic
innervations to the cerebral cortex, hippocampus, and hypothala-
mus (Gibbs, 2010). Moreover, decreased cholinergic axon density
in the prefrontal cortex was found in ovariectomized monkeys
compared to estrogen-only or estrogen-progesterone treated ani-
mals, as well as to control animals (Kritzer and Kohama, 1999);
and cholinergic fiber density in the prefrontal, but not pari-
etal, cortex of ovariectomized monkeys is preserved after two
years of estrogen treatment (Tinkler et al., 2004). Estrogen is
indeed known to provide neurotrophic support, possibly through
synergistic actions with the cholinergic system, and to regulate
acetylcholine release, as supported by findings in rodents and
non-human primates (Voytko et al., 2009; Daniel, 2013). Thus,
while low menopausal estradiol levels are likely to diminish, HRT
may enhance the survival or plasticity of cholinergic cells in
postmenopausal women.

A cross-sectional PET study of women who initiated HRT
within 2 years of menopause, and who had used it for more
than 10 years, indicated a higher cholinergic activity (8–10%),
measured as acetylcholinesterase (AChE), the enzyme degrad-
ing ACh into choline and acetate, bilaterally in the posterior
cingulate of combined estrogen-progestagen users compared to
non-users (Smith et al., 2011). No effect on AChE was observed
in the estrogen-only users compared to the non-users (Smith
et al., 2011), suggesting a critical role of progesterone. On the
contrary, cholinergic synaptic terminal density, assessed as bind-
ing of acethylcoline transporter (VAChT) in a SPECT cross-
sectional study, was 25% higher in the parietal cortex of women
treated with estrogen-only, whom initiated HRT within 2 years
of menopause, compared to combined hormone users (Smith
et al., 2001). Moreover, VAChT binding in frontal, temporal
and parietal cortices, as well as anterior and posterior cingu-
late regions, was positively correlated with duration of HRT
use (Smith et al., 2001), consistent with a longer exposure to
gonadal steroids being associated with trophic support of cholin-
ergic neurons. Within the cholinergic system, receptors have also
been investigated using SPECT in a cross-sectional study, and
higher acethylcoline muscarinic receptor m1/m4 binding was
observed in postmenopausal estrogen users compared to women
not receiving hormonal therapy, with greater density in the hip-
pocampus, prefrontal cortex, striatum and thalamus (Norbury
et al., 2007).

Additional proof of an interaction between estrogens and
the cholinergic system has been given by two pharmaco-fMRI
studies by Craig and colleagues (Table 3). This is in line with
a protective effect of estrogen from the detrimental effects of
anti-ACh challenge on attention found in humans (Dumas et al.,
2006, 2008), monkeys (Voytko, 2002), and rodents (Sherwin and
Henry, 2008). The former study demonstrated an additive effect
of anticholinergic challenge with scopolamine on the decreased
inferior frontal gyrus activation during encoding and recognition
memory processing, in young women exposed to pharmacolog-
ical menopause compared to placebo (Craig et al., 2009). The
latter study, also using the cholinergic muscarinic receptor antag-
onist scopolamine, assessed visual working memory, and found
more pronounced reduction of activation in frontal regions and
parahippocampal gyrus in young women with pharmacologically
induced menopause (Craig et al., 2010). Moreover, three-month
estrogen treatment was shown to alter anticholinergic-related
(i.e., both with the antimuscarinic drug scopolamine and with
the antinicotinic drug mecamylamine) brain activation during
a working memory task in postmenopausal women (Dumas
et al., 2012b). Scopolamine challenge blocks muscarinic cholin-
ergic receptors, and contributes to impairment of encoding of
new memories; thus can be used as a pharmacological model
of cognitive decline to investigate HRT-by-cholinergic interactive
effects.

Altogether these studies reported an enhanced cholinergic
neurotransmission in the presence of HRT, however discor-
dantly regarding estrogen-only vs. estrogen-progestagens com-
bined treatment (Tables 3, 4). The paucity and conflicting nature
of findings regarding a modulatory effect of estrogen and/or
progestagens on the effects of age on neural integrity in brain
regions involved in cognitive function, on age-related memory
decline, and on risk for Alzheimer’s disease, impede any con-
clusion (Marjoribanks et al., 2012; Maki, 2013). Furthermore,
the effect of menopausal stage at HRT initiation on cholinergic
function and related hippocampus-mediated cognitive function-
ing needs to be explored (Daniel, 2013). For example short-, but
not long-, term hormonal treatment has been shown to enhance
cholinergic function in the prefrontal cortex and hippocampus of
ovariectomized rats (Gibbs, 2000).

Serotonin (5-HT). Effects of menopausal changes in hormonal
milieu and HRT may be partly mediated via the serotonin path-
way, as experimental animal models indicate effects of ovarian
hormones on the serotonergic system (Bethea et al., 2009; Voytko
et al., 2009; Sanchez et al., 2013). Three longitudinal, but small,
PET studies assessing the serotonin receptor 2A (5-HT2A) high-
lighted a general increased HRT-mediated binding potential in
frontal and cingulate regions in postmenopausal women com-
pared to baseline (Table 4) (Moses et al., 2000; Kugaya et al.,
2003; Moses-Kolko et al., 2003). Consistently, 5-HT2A recep-
tor availability in the prefrontal cortex was higher after two
months of unopposed estrogen use in two independent sam-
ples of postmenopausal women (Kugaya et al., 2003; Moses-
Kolko et al., 2003). Combined estrogen-progestagen treatment
for one month was associated with increased 5-HT2A binding
potential in the frontal, precentral, cingulate, lingual, fusiform,
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parahippocampal and temporal gyrus, mainly in the left hemi-
sphere, as well as in the insula, cuneus, and temporal pole in
one study of five postmenopausal women (Moses-Kolko et al.,
2003), and in the pregenual and dorso-anterior cingulate cortex,
dorsolateral and lateral orbito prefrontal cortex, bilaterally, based
on a region-of-interest approach, in another study of five post-
menopausal women (Moses et al., 2000). Further support for a
positive coupling between absolute levels of estradiol and global
5-HT2A receptor availability comes from a large cross-sectional
molecular imaging study in males (Frokjaer et al., 2010). Lastly,
one SPECT study indicated lower hippocampal 5-HT2A recep-
tor binding to be coupled with estrogen treatment in long-term
oophorectomized women, hypothesizing a down-regulation of
post-synaptic receptors due to increased activity of the serotoner-
gic pathway. However this result did not remain significant after
correction for multiple comparison (Compton et al., 2008), and
no firm conclusion can be derived from this finding due to the
lack of correction for multiple comparisons and the low test-retest
in the region of interest (Haugbol et al., 2007).

The mechanism by which HRT leads to a globally distributed
5HT2A binding increase is not fully understood. Yet, it potentially
involves hormone-mediated genomic as well as neurotrophic
mechanisms. Indeed, rodent work support that 5-HT2A gene
transcription is affected by estradiol. In ovariectomized rats,
two-week estrogen plus progesterone, however not estrogen-only,
treatment was associated with increased 5-HT2A mRNA in the
ventral hippocampus but not in the frontal cortex (Birzniece et al.,
2002). Likewise, at the protein level, 5-HT2A binding in the cere-
bral cortex of rats was increased after two-week estrogen-only, but
not combined estrogen-progesterone, treatment (Biegon et al.,
1983), while in blood of depressed women was decreased after
four months of hormonal treatment (Wihlback et al., 2001).
Additionally, reduced 5-HT2A mRNA and binding in the frontal
cortex of rats was restored after a two-week estrogen treatment
(Cyr et al., 1998), suggesting that hormonal withdrawal per se
also affects 5-HT2A receptor numbers. All together these findings
are in line with rat studies reporting direct effects of estradiol in
maintaining 5-HT2A receptor levels, both after castration of male
animals and after ovariectomy in female animals (Sumner and
Fink, 1997, 1998; Sumner et al., 1999, 2007). Testosterone, also
increase 5-HT2A receptor expression, however only when con-
verted to estradiol locally by aromatase (Sumner and Fink, 1998),
again highlighting that estradiol is the main driver of 5HT2A

responses to HRT.
A recent randomized placebo controlled study of post-

menopausal women found no effect of 8 weeks of HRT, of
neither estrogen-only nor combined estrogen-progestagen treat-
ment, on 5-HT1A binding potential (Table 4) (Kranz et al., 2014).
However, 5-HT1A receptor binding was negatively correlated at
the whole brain level with progesterone, but not estradiol, serum
concentrations in postmenopausal women (Stein et al., 2014).
Interestingly, an animal model of surgical menopause indicated a
time-dependent effect of estrogen on this autoreceptor, with one-
month, but not five-months, estrogen treatment being associated
with decreased 5-HT1A receptor protein expression in ovariec-
tomized monkeys in the dorsal raphe nucleus, which is source
of serotonergic neurons within CNS (Henderson and Bethea,

2008). However, combined estrogen plus progesterone admin-
istration decreased 5-HT1A receptor protein expression at both
time points (Henderson and Bethea, 2008). Also, 5-HT1A receptor
binding in the dorsal raphe nucleus has been shown to decrease
after one month of treatment with either estrogen, progesterone,
or a combination of both in ovariectomized monkeys (Lu and
Bethea, 2002). Thus, an enhanced time-dependent effect of HRT
on serotonergic neurotransmission cannot be excluded.

Additionally, using a dietary tryptophan depletion chal-
lenge, by which serotonergic tonus can be lowered transiently,
serotonin-by-estrogen interaction effects were found in a small
fMRI study in relation to cognitive and emotional processing
in early postmenopausal women (Table 4). When tryptophan
depleted, non-users had reduced bilateral dorsal lateral prefrontal
cortex and middle frontal/cingulate gyrus activation in compari-
son to estrogen-only treated women; while lowered orbitofrontal
cortex and amygdala activation in relation to emotion identifica-
tion was observed in the estrogen users (Epperson et al., 2012).
However, no interactive effect was observed between trypto-
phan or tyrosine/phenylalanine depletion and estrogen treatment
on emotional, behavioral, and cognitive performance in healthy
postmenopausal women (Newhouse et al., 2008, 2010). Women
exhibited increased stress-triggered negative mood and wors-
ened cognitive performance after a three-month estrogen admin-
istration compared to placebo, independently of monoamine
depletion (Newhouse et al., 2008, 2010).

Estrogen, alone or combined with progesterone, not only
modulates serotonergic function at the level of neurotransmitter
synthesis, turnover, release, and receptor, but has also a neu-
roprotective role on serotonin neurons, as indicated by studies
of monkeys (Bethea et al., 2009). The serotonin system criti-
cally modulates brain functions related to both cognition and
mood, thus it is plausible to hypothesize a synergistic effect of
estrogen and serotonin on cognitive functioning, emotion pro-
cessing, and affective regulation (Bethea et al., 2009). Indeed,
selective serotonin re-uptake inhibitors are valid alternatives to
estradiol for treatment of vasomotor symptoms, i.e., hot flashes,
and depressive symptoms (Al-Safi and Santoro, 2014; Joffe et al.,
2014). Future studies, ideally translational, must elucidate how
the serotonin system integrates sex-steroid hormone informa-
tion. In particular, the relative contributions from increases and
decreases in sex-steroid levels, pre- and postsynaptic receptor
involvement, and the timing of the responses, are warranted
to advance our understanding of how changes in sex-hormone
milieu may trigger cognitive dysfunction, depressive symptoms
and mental disorders.

Dopamine. Estrogens, alone and in combination with proges-
terone, are likely to affect the dopaminergic system too as findings
in non-human primate suggest an effect, although scattered and
less prominent, of estrogen on the dopaminergic system (Voytko
et al., 2009). To date one sole neuroimaging study has investigated
the dopaminergic system in thirteen healthy postmenopausal
women, reporting that dopamine transporter (DAT) availabil-
ity in women was increased in the left anterior putamen after
4 weeks of estrogen-only treatment, and in the anterior puta-
men after 2 weeks of combined estrogen-progestagen treatment
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(Gardiner et al., 2004). Beside this study, long-term estrogen ther-
apy has been reported to enhance dopaminergic responsivity to
apomorphine in postmenopausal women (Craig et al., 2004), but
further studies are needed.

Other neurochemical markers
MRS studies, through the detection of several metabolites (e.g.,
choline and N-acetyl aspartate), provide proxy measures of neu-
ral integrity of the brain, neuronal/glial membrane turnover and
function in menopause (Table 4). Never-treated postmenopausal
women were shown to have higher Choline (Cho)-containing
compounds in the parietal lobe and hippocampus, previously
identified as regions-of-interest, compared to women on HRT,
and long-term visual memory was negatively correlated with Cho
in the hippocampus (Robertson et al., 2001). Young women after
8 weeks of induced ovarian suppression with a GnRH agonist had
higher Cho, and Cho to creatine (Cr) ratio, in the left dorsolat-
eral prefrontal cortex (dlPFC), and borderline significant in the
left hippocampus (Table 3) (Craig et al., 2007a). The Cho MRS
peak mainly reflects the total amount of free acetylcholine, glyc-
erophosphocholine, phosphocholine, and phosphoethanolamine;
and Cho is a rate-limiting precursor in the synthesis of acetyl-
choline and a precursor of cell membrane phospholipids. These
water soluble choline-containing compounds are proxy indicators
of neuronal/glial cellular membrane turnover, and Cho levels are
related to cognitive functioning and Alzheimer’s disease (Chopra
et al., 2011; Tayebati and Amenta, 2013). Increased Cho con-
centration may be due to loss of cholinergic neurons and/or
increase in membrane phosphatidylcholine catabolism of neu-
ronal cells to provide free Cho for the subsequent deficiency in
acetylcholine production. In turn, membrane hypercatabolism
may affect neuronal connectivity and signal transduction, caus-
ing impaired membrane processing (Chopra et al., 2011; Tayebati
and Amenta, 2013).

Additionally, an increased N-acetyl aspartate (NAA) to total
Cr (tCr) ratio in the hippocampus has been observed in post-
menopausal women treated with low-dose HRT for more than
4 years compared to never-users, however, only among carri-
ers of the dementia-related risk ε4 allele of the apolipoprotein
E (ApoE) gene (Table 4) (Yue et al., 2007). NAA is a neuronal
marker reflecting neuronal density/function and/or mitochon-
drial metabolism; while tCR is mainly composed of phospho-
creatine (PCr) and creatine (Cr), which are associated with
high-energy phosphate metabolism, and constitute a marker for
phosphate metabolism. At normal conditions tCr concentra-
tion (Cr+PCr) in the brain is very stable, which is why it can
be used to normalize indexes, such as NAA/tCR. A decrease
of NAA indicates damage or reduction of neurons, whereas an
increase of NAA implies enhancement of the neuron metabolism
thus suggesting a positive effect of HRT on neuronal func-
tion and metabolism. Nonetheless, gene-by-hormonal interac-
tions have rarely been studied in relation to mental health in
menopause. In this case, genetic risk conferred by the ε4 allele
of the ApoE gene (Yue et al., 2007), which has a dose-related
effect on risk and onset age of AD, seems to interact with
HRT, and call for independent replication in larger samples.
Genetic markers associated with neurodegenerative disorders

might have interactive or addictive effects on hormonal shifts
effects.

All together these neurochemical changes provide initial evi-
dence of a beneficial effect of HRT on neuronal markers (Table 4).
No significant effect of HRT on the concentration of other neuro-
metabolites (e.g., myo-inositol, glutamate and glutamine) quan-
tified with MRS have so far been reported (Craig et al., 2007a; Yue
et al., 2007). Myo-inositol (ml) is a putative glial marker which
affects neuronal signal transduction and cellular osmolarity, and
increased mI has been found in neurodegenerative diseases; while
a decrease of the sum of glutamate plus glutamine (glx) has been
related to loss of glutamatergic neurons, reduced synthesis or
increased demand of glutamate as an amino acid.

BRAIN METABOLISM, RESTING STATE REGIONAL BLOOD FLOW AND
FUNCTIONAL CONNECTIVITY
Moreover, positron and single-photon computed emission
tomography studies of resting state brain activity indicated a
stimulating, or preserving, function of hormonal treatment for
the cerebral blood flow and connectivity (Table 5), however,
regions differing in cerebral glucose metabolism overlapped
poorly between studies (Ohkura et al., 1995; Eberling et al., 2000;
Maki and Resnick, 2000; Rasgon et al., 2001, 2005, 2014; Slopien
et al., 2003; Kenna et al., 2009). Nevertheless, it remains unclear
whether greater regional cerebral blood flow (rCBF) indicates bet-
ter performance. PET studies assessing the rCBF employ rCBF
as a marker of local neuronal activity; however questions remain
about the source and meaning of the rCBF, as other mechanisms,
such as changes in cerebrovascular response (vascular tone) must
also be considered. SPECT also measures rCBF, and is susceptible
to hemodynamic changes, since intra-cerebral vessels are respon-
sible for the rCBF and blood-brain barrier permeability; thus
increased blood flow may be attributed to effects of estrogen on
the cerebrovasculature (Ohkura et al., 1995; Eberling et al., 2000;
Maki and Resnick, 2000; Rasgon et al., 2001, 2005, 2014; Slopien
et al., 2003; Kenna et al., 2009). Finally, two recent studies of
women at high risk for Alzheimer’s disease provided evidence of
differential changes in brain metabolism depending on estrogen
formulation and/or estrogen-progestagen HRT (Silverman et al.,
2011; Rasgon et al., 2014).

Nonetheless, HRT related brain activity and connectivity
responses are not well elucidated (Table 5). In particular, so far
no studies of resting state MRI have been published. However,
lower mPFC-hippocampal connectivity at rest has been found
in healthy postmenopausal women at risk for dementia who use
HRT, in the presence of high plasma insulin levels (Kenna et al.,
2013). Thus, studies of reproductive aging and HRT, and their
relation with brain imaging of functional connectivity are needed.

EMOTION PROCESSING
The peri menopause is often accompanied by symptoms of
depression and anxiety (Al-Safi and Santoro, 2014), and stud-
ies of rodents and non-human primates have attempted to
investigate the neurobiology underlying postmenopausal-like
affective processing (Shively and Bethea, 2004; Mueller et al.,
2014). For instance, ovariectomized female rodents displayed
less anxiety-like behavior when receiving estradiol replacement

Frontiers in Neuroscience | Neuroendocrine Science December 2014 | Volume 8 | Article 388 | 127

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


Comasco et al. Neuroimaging menopause

T
a
b

le
5

|
N

e
u

ro
im

a
g

in
g

s
tu

d
ie

s
o

f
b

ra
in

m
e
ta

b
o

li
s
m

H
R

T
.

S
tu

d
y

S
u

b
je

c
ts

[S
T

R
A

W
]

A
g

e
(y

)
H

o
rm

o
n

a
l

tr
e
a
tm

e
n

t
T
e
c
h

n
iq

u
e

/
T
ra

c
e
r

T
e

s
t

C
o

m
p

a
ri

s
o

n
R

e
s
u

lt
s

N
o

te
s

R
as

go
n

et
al

.,
20

14
45 [S

:≥
+1

B
]

58
±

4
58

±
6

H
R

T
w

ith
in

1y
M

P
:

gr
1

(n
=

28
):H

T+
(E

,n
=

16
;

C
E

E
,n

=
12

)
gr

2
(n

=
17

):
H

T−
(E

,n
=

13
;

C
E

E
,n

=
4)

P
ET

(2
x)

FD
G

rC
B

F
H

T+
vs

.H
T−

E
vs

.C
E

E
H

T+
P

vs
.H

T

H
T−

:↓
m

P
FC

;i
FC

r,
P

C
r

H
T−

(E
),

H
T+

(C
E

E
):

↓p
C

U
,p

C
C

H
T+

(E
+P

):
↓P

T,
pC

C
H

T−
(E

+P
):

↓m
FG

N
o

ef
fe

ct
of

A
po

E
ge

no
ty

pe

Ke
nn

a
et

al
.,

20
09

22 [S
:≥

+1
C

/2
]

55
±

3
53

±
4

E
w

ith
in

1y
M

P
:

gr
1

(n
=

11
):

E
+

P
(P

,n
=

9)
gr

2
(n

=
11

):
N

T

P
ET

[18
F]

FD
G

rC
B

F
H

T
vs

.N
T

H
T:

Th
al

-L
n,

Th
al

-C
n,

Ln
-C

n
(b

as
al

ga
ng

lia
)c

on
ne

ct
iv

ity
U

se
d

as
in

de
x

of
D

A
&

C
ho

lin
e

si
gn

al
in

g

R
as

go
n

et
al

.,
20

05
20 [S

:+
2]

60
±

7
71

±
9

gr
1

(n
=

11
):

E
/C

E
E
+P

gr
2

(n
=

9)
:N

T
P

ET
(2

x)
[18

F]
FD

G
rC

B
F

B
as

el
in

e
H

T
vs

.
N

T
n.

s.
=

Pe
rf

or
m

an
ce

;
no

ef
fe

ct
of

A
po

E
ge

no
ty

pe
+2

y
N

T:
↓p

C
C

S
lo

pi
en

et
al

.,
20

03
20 [S

:≥
+1

B
]

49
±

5
gr

1
(n

=
20

):
M

P
ba

se
lin

e
+

E
+P

(1
y)

S
P

E
C

T
H

M
PA

O
rC

B
F

B
as

el
in

e
vs

H
T

H
T:

↑v
en

tr
ic

ul
ar

sl
ic

es
(c

en
pr

ef
ro

nt
al

re
g,

lo
w

pa
rie

t
re

g,
pa

rie
to

-o
cc

ip
re

g,
up

p
oc

ci
p

re
g)

R
as

go
n

et
al

.,
20

01
12 [S

:≥
+1

C
/2

]
65

±
9

72
±

9
gr

1
(n

=
3)

:C
E

E
+P

;(
n

=
1)

:E
gr

2
(n

=
8)

:N
T

P
ET

(2
x)

[18
F]

FD
G

rC
B

F
B

as
el

in
e

H
T

vs
.

N
T

n.
s.

N
o

ef
fe

ct
of

A
po

E
ge

no
ty

pe

+2
y

H
T

vs
.N

T
ET

:↑
la

te
ra

lT
R

E
be

rli
ng

et
al

.,
20

00
13 [S

:+
2]

71
±

8
75

±
6

gr
1

(n
=

8)
:E

(≈
20

y)
gr

2
(n

=
5)

:N
T

P
ET

[18
F]

FD
G

rC
M

R
gl

c
ET

vs
.N

T
?

ET
:↑

dl
FC

,
m

iT
G

,i
P

L

M
ak

ia
nd

R
es

ni
ck

,
20

00
28 [S

:+
2]

66
±

6
68

±
6

gr
1

(n
=

12
):

E
(+

P,
n

=
6)

(p
as

tE
T≈

15
y)

+2
y

gr
2

(n
=

16
):

N
T

(p
as

tE
T,

n
=

5)
+2

y

P
ET

(2
x)

[15
O

]
w

at
er

re
st

in
g

st
at

e
ET

vs
.N

T
ov

er
tim

e
ET

:↑
m

i/s
TG

r,
iT

G
r,

m
iT

G
l

H
T:

↑m
em

or
y

pe
rf

or
m

an
ce

O
hk

ur
a

et
al

.,
19

95
14 [S

:?
]

44
±

2
43

±
7

pa
st

H
R

T
fo

r
≥1

y:
gr

1
(n

=
9)

:M
P

ba
se

lin
e

+
C

E
E

(3
w

)
gr

2
(n

=
5)

:M
P

ba
se

lin
e

+
N

T
(3

w
)

S
P

E
C

T
12

3
I-I

M
P

rC
B

F
C

E
E

an
d

N
T

ov
er

tim
e

ET
:↑

w
ho

le
br

ai
n,

C
b

S
ee

A
pp

en
di

x
fo

r
ac

ro
ny

m
s/

ab
br

ev
ia

tio
ns

.

www.frontiersin.org December 2014 | Volume 8 | Article 388 | 128

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


Comasco et al. Neuroimaging menopause

T
a
b

le
6

|
F
u

n
c
ti

o
n

a
l

m
a
g

n
e
ti

c
re

s
o

n
a
n

c
e

im
a
g

in
g

s
tu

d
ie

s
o

f
e

m
o

ti
o

n
a

l
p

ro
c
e

s
s
in

g
d

u
ri

n
g

H
R

T
.

S
tu

d
y

S
u

b
je

c
ts

[S
T

R
A

W

s
ta

g
e
]

A
g

e
(y

)
H

o
rm

o
n

a
l

tr
e
a
tm

e
n

t
T
e
c
h

n
iq

u
e

T
e
s
t

C
o

m
p

a
ri

s
o

n
R

e
s
u

lt
s

N
o

te
s

R
A

N
D

O
M

IZ
E

D
C

O
N

T
R

O
L
L
E

D
T

R
IA

L

Lo
ve

et
al

.,
20

10
10 [S

:≥
+1

B
]

57
±

1
N

o
H

T
(>

3m
):

gr
1:

E
+P

(4
w

)+
w

as
h-

ou
t

(4
w

)a
nd

pl
ac

eb
o

(4
w

)
gr

2:
pl

ac
eb

o
(4

w
)+

w
as

h-
ou

t
(4

w
)a

nd
E
+P

(4
w

)

fM
R

I
E

m
ot

io
n

pr
oc

es
si

ng
(p

os
iti

ve
,

ne
ut

ra
l,

ne
ga

tiv
e

st
im

ul
i)

P
la

ce
bo

vs
.H

T
[N

eg
]

H
T:

↑O
FC

,O
C

l,
pr

ec
G

r,
pC

l
P

la
ce

bo
:↑

dl
P

FC
l,

po
st

cG
r,

da
C

[P
os

]
P

la
ce

bo
:↑

m
FC

l

=
B

eh
av

io
r

C
R

O
S

S
-S

E
C

T
IO

N
A

L
S

T
U

D
IE

S

S
ha

fir
et

al
.,

20
12

52 [S
:≥

+2
]

67
±

6
65

±
5

65
±

5

H
T

(w
ith

in
2y

of
M

P
an

d
≥1

0y
):

gr
1

(n
=

15
):

C
E

E
gr

2
(n

=
20

):
C

E
E
+P

gr
3

(n
=

17
):

N
T

fM
R

I
E

m
ot

io
n

pr
oc

es
si

ng
(p

os
iti

ve
,

ne
ut

ra
l,

ne
ga

tiv
e

st
im

ul
i)

N
T

vs
.H

T
n.

s.
↑T

im
e

fo
r

pi
ct

ur
e

ra
tin

g
in

H
T; ↑A

cc
ur

ac
y

in
cu

rr
en

t
H

T

N
T

vs
.E

T
N

T:
Po

s–
N

eu
:↑

m
FG

l(
B

A
10

),
aC

(B
A

24
+3

2)
ET

:N
eg

–N
eu

:↑
en

to
rh

in
al

co
rt

ex
r

N
T

vs
.H

T
N

T:
Po

s–
N

eu
:↑

In
s

r

C
ur

re
nt

vs
.

pa
st

H
T

C
ur

re
nt

H
T:

Po
s–

N
eu

:↑
H

C
r

Fr
ey

et
al

.,
20

10
11 [S

:≥
−2

]
51

±
6

(4
0–

60
)

/
fM

R
I

E
m

ot
io

n
re

gu
la

tio
n

H
ig

h-
vs

.l
ow

-
em

ot
io

na
l

co
nfl

ic
t

re
so

lu
tio

n

H
ig

h-
co

nfl
ic

t
re

so
lu

tio
n:

dl
P

FC
(B

A
42

+4
0+

13
+9

+7
+P

u+
30

+6
+

C
au

+3
0+

39
)

!
N

o
co

m
pa

ris
on

gr
ou

p

S
ee

A
pp

en
di

x
fo

r
ac

ro
ny

m
s/

ab
br

ev
ia

tio
ns

.

Frontiers in Neuroscience | Neuroendocrine Science December 2014 | Volume 8 | Article 388 | 129

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


Comasco et al. Neuroimaging menopause

(Mueller et al., 2014). In humans, increased stress-triggered nega-
tive mood after a three-month estrogen administration was noted
in healthy postmenopausal women (Newhouse et al., 2008), and
in older women (Dumas et al., 2012a). However, HRT has been
associated with decreased depressive symptoms in menopausal
women (Zweifel and O’Brien, 1997), though depending on psy-
chiatry history, age and study design; while other studies, such
as the Women’s Health Initiative study, provided conflicting evi-
dence (Henderson and Greicius, 2010). Moreover, free estradiol
levels were positively correlated with mood in a recent large study
of healthy women during early postmenopause (Henderson et al.,
2013), but again HRT, in particular current use, was associated
with symptoms of depression and anxiety in two large cohorts of
peri-menopausal women (Toffol et al., 2013), however estradiol
is generally recognized to have positive effects on mood (Soares,
2013).

Neuroimaging studies of emotion processing in menopausal
women are essentially lacking, and findings are thus far inconclu-
sive (Table 6). A randomized placebo-controlled cross-over study
including ten postmenopausal women portrayed an increased
activation, though in different regions, during negative emotional
stimuli processing, in both the placebo and estrogen-progestagen
treated groups, and higher activation of the left medial frontal
cortex during positive stimuli processing in the placebo group
(Love et al., 2010). Later, a larger cross-sectional study of long-
term HRT users also showed puzzling activation in estrogen
treated women and non-users, and in current vs. past HRT
users (Shafir et al., 2012). While Love et al. found no effect
on performance of the task (Love et al., 2010), Shafir et al.
found a slower response time in HRT users, but higher accu-
racy in picture rating among current users compared to past
users (Shafir et al., 2012). In addition, greater regional activ-
ity in the dorsal lateral prefrontal cortex during high conflict
resolution was found in one study investigating emotion regu-
lation in eleven peri- and postmenopausal women (Frey et al.,
2010).

Monoaminergic projections throughout the prefrontal and
parietal cortices are likely mediating the effect of estrogen and
progestagens on emotion and mood. Cortical and limbic struc-
tures are key regulators in emotion processing; principally the
dorsolateral prefrontal cortex, playing a role in the suppression
of emotion, was less activated during negative emotional stim-
uli in estrogen-progestagen treatment compared to placebo (Love
et al., 2010), and the amygdala, a key region in emotional learning,
had diminished emotion-induced activation after estrogen-only
treatment in the presence of dampened serotonergic function
(Epperson et al., 2012).

Interestingly, in relation to the “critical window” hypothesis,
are the results of a functional magnetic resonance imaging study
of older women, above the age of 65 years, comparing current
long-term HRT users vs. past short-term users, and fundamen-
tally indicating no difference in emotion-induced brain activity
(Pruis et al., 2009). To sum up, the precise alterations in neural
activity underlying the effects of HRT on mood in menopausal
women remain to be understood, since a quarter of heteroge-
neous neuroimaging studies is not sufficient neither to tackle the
question nor to draw conclusions.

TESTOSTERONE TREATMENT
Testosterone treatment in postmenopausal women has been
investigated by only one study. An fMRI study of nine post-
menopausal women indicated a decreased activation of frontal
and lingual gyri during verbal fluency, and of the parietal lobe and
precuneus during mental rotation, after 6 months of transder-
mal testosterone treatment (Davis et al., 2013). Higher endoge-
nous testosterone has been associated with superior performance
in verbal fluency, and spatial and mathematical abilities; thus
these preliminary results might indicate a more efficient brain
functioning in response to cognitive tasks.

Testosterone levels are about 65% lower during menopause,
and though ovarian production of testosterone continues after
natural menopause, very low levels are gradually reached.
Testosterone treatment is generally used for menopausal women
with female sexual dysfunction, i.e., diminished sexual interest.
Thus, knowledge of effect of testosterone replacement therapy
in the brain should also be achieved, although it also remains
to be established if putative effects are directly attributable to
testosterone or rather due its conversion to estradiol, as has been
showed convincingly for e.g., the 5-HT2A receptor responses to
HRT (Sumner and Fink, 1998).

DISCUSSION
Menopause is the most influential biological and health-related
event for most middle-aged women. During the perimenopause
(Harlow et al., 2012), which can last several years, the level
of estrogen fluctuates substantially but gradually declines. The
lowered estrogen levels are often accompanied by sometimes
debilitating vasomotor symptoms (Harlow et al., 2012; Al-Safi
and Santoro, 2014). The decision to use HRT or not represents
a major concern for afflicted women and their clinicians. Effects
of the menstrual cycle and pharmacological contraceptive treat-
ment on the central nervous system, inferred from behavioral
and neurophysiological activity changes in response to cognitive
and emotional stimuli, indicate a role of estrogen and proges-
terone on brain function in healthy fertile women (Mueller et al.,
2014; Toffoletto et al., 2014). Alike, menopausal hormone changes
are likely to modulate neuronal activity and contribute to age-
related memory loss as well as the development of disorders such
as dementia or major depression (Tables 1–6).

It is tempting to conclude that the present findings reflect true
alterations in neural activity in the face of a hormonal pertur-
bation (Tables 1–6). However, the interpretation of the results
presented in this review remains a matter of debate, since less
activation during task performance can be interpreted either as a
more efficient use of neuronal resources or as an impaired state
in which adequate activation of resources cannot be executed.
Vice versa, higher activation can be interpreted as beneficial, or
imply a compensatory response, or a less efficient use of resources
(Henderson and Greicius, 2010). Interestingly, most of the effects
were observed after a relatively brief time of HRT use. Thus, the
optimal duration, or dose of HRT, or timing of treatment start,
necessary to maintain a premenopausal cerebral state or to trigger
neuroplasticity in mature women, is unknown.

Peri- and postmenopause are marked not only by vasomotor
symptoms, but also by cognitive and emotional complaints that
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affect quality of life and overall functioning; however the degree
to which the decline in estrogen and/or progesterone production
is responsible is not yet clear. Increasing evidence from obser-
vational and HRT studies of postmenopausal women supports
the influence of ovarian hormones on cognition and mood both
at the behavioral and neural level, although it remains ambigu-
ous whether this influence is positive or harmful (Henderson and
Greicius, 2010). In the reviewed studies, estrogen altered the acti-
vation of brain structures underlying memory performance, par-
ticularly the fronto-cingulate region; however there appears to be
a puzzling dissociation between neuropsychological performance
and neural activity, since many studies that found a hormonal-
dependent effect in neuroimaging data did not observe neuropsy-
chological alterations across hormonal conditions (Tables 1–3).
Also, cerebral activity changes are task-dependent, as shown by
experimental models (Sherwin and Henry, 2008; Gibbs, 2010),
and may as well be biased by differences in education and health
of the women. Longitudinal observations are hence indispens-
able to identify if, and at which critical age, the metabolic decline
may become appreciable (Henderson and Greicius, 2010). Thus,
abnormal activation when associated with normal task perfor-
mance may reflect compensatory cerebral metabolic activity in
response to a subtle/subclinical loss of cognitive capacity, and
precede cognitive impairment in individuals at increased risk for
neurodegenerative and psychiatric disorders. However, an alter-
native explanation to group differences in activation patterns
during memory processes may be that postmenopausal women
activate a distinct cognitive network. Overall, it seems plausi-
ble to conclude that estrogen, alone or in combination with
progestagens, positively affects brain activation during memory
processing in postmenopausal women (Tables 1, 2), likely via
interactions with basal forebrain cholinergic projections (Gibbs,
2010). This suggestion is also in line with findings of preserved
visual memory in ovariectomized monkeys treated with estrogen,
alone or in combination with progesterone, compared to placebo-
treated ovariectomized monkeys (Voytko et al., 2009). In contrast,
results regarding cerebral functional responsiveness to emotional
stimulation are lacking and far from being consistent (Table 6).

Furthermore, studies of neurochemical pathways have pin-
pointed the cholinergic, serotonergic, and dopaminergic sys-
tems as biological mediators of estrogen influences on the brain
(Table 4). Cholinergic and monoaminergic wide-spread projec-
tions to prefrontal cortical regions interactively mediate several
functions ranging from working memory to emotion processing.
For instance, quantitative and qualitative differences in density of
axons immunoreactive to ChAT, dopamine ß-hydroxylase, tyro-
sine hydroxylase and serotonin in the dorsal medial prefrontal
cortex was found in ovariectomized monkeys compared to con-
trol animals, and following 1 month treatment with estrogen-only
or estrogen-progesterone (Kritzer and Kohama, 1998, 1999). The
interplay between these neurotransmitter systems is of relevance
for schizophrenia and depression, two mental disorders charac-
terized by sex differences in their occurrence, and their interaction
with hormonal changes is likely to impact treatment response.

More, knowing that cerebral blood flow decreases with age,
positron, and single-photon computed emission tomography
studies suggested a preservative/stimulating function of estrogen

for the cerebral blood flow (Table 5). In view of these findings
(Tables 1–5), and of studies of monkeys (Voytko et al., 2009),
a putative neuroprotective role of estrogen in neuronal integrity
maintenance and cognitive function preservation against regional
cerebral metabolic decline could thus be anticipated/predicted,
also considering meta-analytical findings reporting an effect of
about one-third reduction in the risk of Alzheimer’s disease
among HRT users (Yaffe et al., 1998; Hogervorst et al., 2000;
LeBlanc et al., 2001; Nelson et al., 2002). However, as highlighted
by the Women’s Health Initiative project, timing is likely to be
critical for positive HRT effects on cognition (Henderson and
Greicius, 2010).

Of special interest in relation to neurogenesis and synap-
tic plasticity is the hippocampus, a crucial region in memory
and learning (Gibbs, 2010). Preclinical research has highlighted
several effects of estrogen on structure and function of the hip-
pocampus in animal experiments, also via effects on choliner-
gic projections from the forebrain, ranging from neurotrophic
to neuroplastic to neurobehavioral effects (Voytko et al., 2009;
Wnuk et al., 2012; Daniel, 2013). The hippocampus is atro-
phied and functionally impaired in Alzheimer’s disease and in
the presence of a history of repeated depressive episodes, neuro-
biological features which are linked to cognitive function. Larger
hippocampal volume in HRT users has been indicated by mag-
netic resonance imaging studies, with the first evidence reported
by Eberling et al. (2003). Several experimental and clinical stud-
ies have in fact provided evidence of a positive modulatory effect
of estrogen use on hippocampal anatomy, though aversive or
absent effects have also been reported (Erickson et al., 2005, 2010;
Boccardi et al., 2006; Lord et al., 2008; Espeland et al., 2009;
Wnuk et al., 2012). Discordance of the findings and lack of lon-
gitudinal randomized controlled trials leaves room for equivocal
conclusions on the effects of HRT on hippocampus morphology.
However, several neuroimaging studies indicated an enhancing
effect of HRT on hippocampus function (Maki and Resnick,
2000; Robertson et al., 2001; Gleason et al., 2006; Norbury et al.,
2007; Berent-Spillson et al., 2010; Maki et al., 2011; Smith et al.,
2011; Shafir et al., 2012), suggesting potential positive estrogen-
mediated effects on neuronal survival and plasticity through the
cholinergic system (Daniel, 2013). Thus hippocampal, together
with prefrontal cortical, function is a strong candidate substrate
mediating the hormonal effects on cognition.

Estrogens interact with neuronal networks at many levels and
affect brain development and aging (Sherwin and Henry, 2008).
The modulation by estrogen may therefore account for hormonal
regulation of cognition and mood, as for instance women have
increased risk for developing Alzheimer’s dementia and major
depression compared to men, but the pathophysiological mech-
anisms behind these differences are unknown (Henderson and
Greicius, 2010). Non-invasive measurement of brain function
through neuroimaging techniques is advantageous compared to
traditional behavioral measures. The BOLD signal and the rCBF
are proxy outcomes, endpoints which can be objectively mea-
sured and are potentially related to a clinical phenotype, such as
working memory (Henderson and Greicius, 2010). Biological rel-
evance could thus be inferred by the effect of HRT on neuronal
activity; consequently the question whether certain intermediate
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phenotypes can be classified as endophenotypes (Lenzenweger,
2013) for neurodegenerative and psychiatric disorders occurring
during menopause remain to be addressed. Neuroimaging genet-
ics of the peri- and postmenopause and HRT use is required
to provide knowledge about constitutional vulnerability to hor-
monal changes in relation to mental health (e.g., the first neu-
roimaging genetic study of premenstrual dysphoric disorder,
Comasco et al., 2014), as well as molecular research will be essen-
tial to elucidate epi-genotype-mediated mechanisms. To date
there is a lack of focus on genetic correlates of menopausal hor-
monal effects, with only four studies having considered the ApoE
genotype (Rasgon et al., 2001, 2005; Robertson et al., 2001; Yue
et al., 2007). For instance polymorphisms in the estrogen receptor
alpha and beta genes (ESR1 and ESR2) have been associated with
cognitive impairment in old women in two large longitudinal
studies (Yaffe et al., 2002, 2009), but their potential intermedi-
ate neuronal correlates have not been investigated. Additionally,
the modulatory association between the catecholamine degrad-
ing enzyme catechol-O-methyltransferase (COMT) and dorso
and ventro lateral prefrontal cortex and supragenual anterior
cingulate cortex activation during working memory has been
demonstrated in schizophrenia (Rasetti and Weinberger, 2011),
but remains to be explored in relation to menopausal cognitive
decline.

Future studies will thus need to investigate whether puta-
tive intermediate phenotypes are involved in the causal pathway
between genes and psychopathology, besides having a mere asso-
ciative or consequential relationship with the illness, as well as
the heritability of the endophenotype(s) (Lenzenweger, 2013).
By means of such approach, differences between statistical vs.
biological significance can be further discerned.

Widespread classical nuclear (i.e., estrogen receptor α and β,
progesterone receptor A and B), and non-classical membrane-
associated (e.g., G protein-coupled estrogen receptors and the
progesterone receptor membrane component 1), receptors are
targeted by estradiol and progesterone, thus mediating their
effects on brain structure as well as cognitive-affective processing
(Brinton et al., 2008; Wharton et al., 2012). Remarkably, estrogen
replacement treatment has been the most studied (Tables 1–6),
even though it is far less often used compared to combined
estrogen-progestagen treatment. Estrogen-only treatment is
prescribed only for hysterectomized women, as the progestagen
addition is needed for protection against endometrial hyperplasia
and cancer. Moreover, two recent studies of women at high risk
for Alzheimer’s disease provided evidence of differential changes
in brain metabolism depending on estrogen formulation and/or
estrogen-progestagen HRT (Silverman et al., 2011; Rasgon et al.,
2014). Lately, a study found a positive correlation between
serum progesterone, but not estrogen, levels and verbal memory
and global cognition in healthy women during the early post-
menopause (Henderson et al., 2013). Thus, potential cumulative
neuroprotective or counteracting effects of progestagens—
via its metabolites or indirectly via type-A γ-aminobutyric
acid receptor signaling modulation—still need to be
elucidated.

Importantly sampling differences between the studies also
need to be considered since a gynecological clinic-based sample

(e.g., women who underwent oophorectomy with or without
hysterectomy, i.e., surgical menopause) is likely to differ from
a sample of asymptomatic healthy menopausal women (Rocca
et al., 2014). Furthermore, natural menopause is typified by a
gradual decline of estradiol and androgen levels until circulat-
ing levels are exclusively maintained by peripheral conversion
of adrenal steroids (Harlow et al., 2012; Al-Safi and Santoro,
2014). On the contrary, surgical menopause causes a dras-
tic and complete cessation of both estradiol and testosterone
secretion. Finally, efforts to stage reproductive aging according
to standardized nomenclature and classifications, as the Stages
of Reproductive Aging Workshop (STRAW) criteria, should be
made to facilitate comparisons between studies (Harlow et al.,
2012).

Hormonal supplementation in peri- and postmenopausal
women remains a source of great health concern. The so-called
“window of opportunity” or “critical period” hypothesis can-
not be rejected based on the present results, but it is expectable
that timing of HRT (i.e., age and proximity to menopause when
HRT is initiated) will imply a different brain response, and that
chronological and reproductive aging matter too (Henderson and
Greicius, 2010; Daniel, 2013; Maki, 2013; Rocca et al., 2014). A
critical threshold below which the function of neurobiological
systems remains impaired by loss of ovarian function and cannot
be triggered by exogenous hormonal supplementation is indeed
plausible.

CONCLUSIONS
Questions to-be-answered:

I. What are the neurobiological mechanisms underlying
menopause hormonal transition and HRT effects in the
brain?

II. Are there synergistic or counteracting effects of estrogen
together with progestagens and/or androgens?

III. Which dosage and combination of HRT should be prescribed?
IV. If and when should HRT be initialized and terminated to be

most efficient in optimizing women’s mental health?

Collectively, neuroimaging studies indicate altered brain activa-
tion patterns by estrogen-only or estrogen-progestagen treatment
in therapeutic doses in postmenopausal women, corroborating
preclinical findings of effects of estrogen on neural structure
and function in mature animals. These results call for further
well-powered randomized-controlled multi-modal neuroimag-
ing studies, using a battery of standardized neuropsychological
tests, as well as for complementary investigation on the corre-
lated molecular mechanisms of reproductive aging and HRT in
preclinical models.

KEY CONCEPTS
• Menopausal transition: period in a women’s life lasting sev-

eral years around the age of fifty where ovarian hormone
levels, estrogens and androgens, fluctuate and decrease until
menopause occurs with the termination of the menstrual cycle,
and post-menopause is established; this physiological transi-
tional hormonal change (peri-menopause), as well as surgically
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induced menopausal transition, are of relevance to the aging
female brain.

• Hormonal replacement therapy (HRT): exogenous supple-
mentation of estrogen and/or progesterone given during peri-
menopause to treat vasomotor symptoms. The potential pro-
tective and/or aversive effects, and the biological mechanism of
action of HRT, as well as the effects of interrupting HRT, on
cognitive and emotional functioning remain largely elusive.

• Window of opportunity: crucial period of time spanning from
peri- to post-menopause during which HRT could be used with
beneficial effects on women’s physical and mental health.

• GnRHa hormone manipulation: treatment with a
gonadotropin releasing hormone agonist that initiates a
biphasic response, which initially stimulates ovarian sex-
steroid hormone production and subsequently induces a
pharmacological pseudo-menopausal state, which is estab-
lished by the second to fourth week of administration, with a
complete cessation of both estradiol and testosterone secre-
tion. It provides a model of early menopause and menopausal
transition.
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APPENDIX
ACRONYMS/ABBREVIATIONS IN THE TABLES
aC: anterior cingulate; aCC: anterior cingulate cortex; AChE:
acetylcholinesterase; BS: brain stem; Cau: caudate; Cb: cerebel-
lum; CEE: conjugated equine estrogen; CER: cerebellar cortex;
CG: cingulate gyrus; Cn: caudate nucleus; Cun: cuneus; daCC:
dorsal anterior cingulate cortex; dlFC: dorsolateral frontal cor-
tex; dFG: dorsal frontal gyrus; dlPFC: dorsolateral prefrontal
cortex; EC: entorhinal cortex; E: estrogen; FC: frontal cortex;
FDG: fluorodeoxyglucose; FG: frontal gyrus; FL: frontal lobe; FP:
follicular phase; FuG: fusiform gyrus; gr: group; HC: hippocam-
pus; HERA: hemisphere encoding retrieval assimetry; HG: hip-
pocampal gyrus; HMPAO: hexamethylpropylene-amino oxime;
HT: hormonal treatment (E+P); Hy: hypothalamus; iF: infe-
rior frontal; iFC: inferior frontal cortex; iFG: inferior frontal
gyrus; Ins: insula; ipFG; inferior posterior frontal gyrus; iPL:
inferior parietal lobe; iTG: inferior temporal gyrus; iTL: infe-
rior temporal lobe; LgG: lingual gyrus; Ln: lentiform nucleus;
lOFC: lateral orbito frontal cortex; mAChR: muscarinic acetyl-
choline receptors; MB: mammillary body; MF: medial frontal;
mesial-TR: mesial temporal region; mFC: medical frontal cortex;
meFG: medial frontal gyrus; meOFC: medial orbitofrontal cor-
tex; meOG: medial occipital gyrus; miF: middle frontal; miFG:

middle frontal gyrus; mFL: medial frontal lobe; miTG: mid-
dle temporal gyrus; MP: menopause; n: number of individuals;
Neg: negative pictures; Neu: neutral pictures; NT: no treat-
ment; OC: occipital cortex; oF: orbital frontal; OFC: orbitofrontal
cortex; OL: occipital lobe; P: progesterone/progestins; pC: pos-
terior cingulate; PC: parietal cortex; pCC: posterior cingulate
cortex; PCL: paracentral lobule; pgG: postcentral gyrus; pCun:
precuneus; paracL: paracentral lobule; PHG: parahippocampal
gyrus; PL: parietal lobe; pgACC: pregenual anterior cingulate
cortex; pIns: posterior insula; pCG: posterior cingulate gyrus;
PFC: prefrontal cortex; PL: parietal lobe; Pos: positive pictures;
post-cG: postcentral gyrus; pPHG: posterior para-hippocampal
gyrus; pre-cG: precentral gyrus; Pu: putamen; rCMRglc: regional
cerebral glucose metabolism; sF: superior frontal; sFG: supe-
rior frontal gyrus; smG: supra-marginal gyri; sPC: superior
parietal cortex; sTG: superior temporal gyrus; STRAW: Stages
of Reproductive Aging Workshop [ranging from −5 to +2]
(Harlow et al., 2012); TC: temporal cortex; TD: tryptophan
depletion; thal: thalamus; TL: temporal lobe; TP: temporal pole;
TR: temporal region; VAChT: vesicular acetylcholine transporter;
vlPFC: ventrolateral prefrontal cortex; vpTL: ventral posterior
temporal lobe.
¤SEM: standard error of the mean.

Frontiers in Neuroscience | Neuroendocrine Science December 2014 | Volume 8 | Article 388 | 137

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


REVIEW ARTICLE
published: 17 February 2015

doi: 10.3389/fnins.2015.00012

On the effects of testosterone on brain behavioral functions
Peter Celec1,2,3,4*, Daniela Ostatníková1,5 and Július Hodosy1,2,5

1 Institute of Molecular Biomedicine, Faculty of Medicine, Comenius University, Bratislava, Slovakia
2 Center for Molecular Medicine, Slovak Academy of Sciences, Bratislava, Slovakia
3 Institute of Pathophysiology, Faculty of Medicine, Comenius University, Bratislava, Slovakia
4 Department of Molecular Biology, Faculty of Natural Sciences, Comenius University, Bratislava, Slovakia
5 Institute of Physiology, Faculty of Medicine, Comenius University, Bratislava, Slovakia

Edited by:

Belinda Pletzer, University of
Salzburg, Austria

Reviewed by:

Henryk Urbanski, Oregon National
Primate Research Center, USA
Justin M. Carré, Nipissing
University, Canada

*Correspondence:

Peter Celec, Institute of Molecular
Biomedicine, Comenius University,
Sasinkova 4, 811 08 Bratislava,
Slovakia
e-mail: petercelec@gmail.com

Testosterone influences the brain via organizational and activational effects. Numerous
relevant studies on rodents and a few on humans focusing on specific behavioral and
cognitive parameters have been published. The results are, unfortunately, controversial
and puzzling. Dosing, timing, even the application route seem to considerably affect
the outcomes. In addition, the methods used for the assessment of psychometric
parameters are a bit less than ideal regarding their validity and reproducibility.
Metabolism of testosterone contributes to the complexity of its actions. Reduction to
dihydrotestosterone by 5-alpha reductase increases the androgen activity; conversion
to estradiol by aromatase converts the androgen to estrogen activity. Recently, the
non-genomic effects of testosterone on behavior bypassing the nuclear receptors
have attracted the interest of researchers. This review tries to summarize the current
understanding of the complexity of the effects of testosterone on brain with special focus
on their role in the known sex differences.

Keywords: androgen, cognition, emotions, hippocampus, behavioral neuroendocrinology

INTRODUCTION
Despite current efforts of the European commission to combat
gender issues with respect to gender equality, men and women
are different in several important aspects (Cahill, 2014). These
aspects include cognitive functioning and behavioral traits. Some
of these may be socially induced, but scientists have showed on
intact animals that other factors such as genetics and gender
itself are mostly responsible forthe sex differences in behavior
and cognition. Therefore, the current research strategies are call-
ing for including both males and females in the research in order
to report the possible gender differences (Ruigrok et al., 2014).
Indeed, the exact mechanisms and reasons of sex differences in
brain structures that mediate some of these functional dissim-
ilarities are unknown. Genetics and endocrine factors are the
most prominent biological explanations and are interconnected.
Testosterone is the major male sex hormone. It is present in
women, although in much lower concentrations. Testosterone has
also been intensively studied in relation to sex differences and
behavioral functions. This review focuses on physiology of testos-
terone to give the reader understanding of the mechanisms and
complexity of testosterone action and then tries to summarize the
studies and experiments focusing on the functional changes in
anxiety, depression, spatial abilities and memory. Readers inter-
ested in sex differences and brain structures might find the needed
information in the recently published focused review (Filova
et al., 2013).

TESTOSTERONE PHYSIOLOGY
Testosterone is produced mainly in Leydig cells of testes in males,
and in ovaries in females. In both, testosterone can be synthetized

in the adrenal gland cortex (Burger, 2002; Dohle et al., 2003).
However, in addition to the classic steroidogenic organs such as
gonads, adrenals and even placenta, the active biosynthesis of
steroids also occurs in the brain (Mellon et al., 2001). This syn-
thesis can be either de novo from the cholesterol, or testosterone
is derived from classical steroids as is deoxycorticosterone or pro-
gesterone, which enter through blood stream into nervous system.
The latter one depends on the enzymatic ability of the neural
region or cell. The key regulatory enzyme is Steroidogenic acute
regulatory protein (StAR) (Miller and Auchus, 2011). This phos-
phoprotein mediates the transfer of cholesterol from the outer to
the inner mitochondrial membrane, from where cholesterol can
be further processed by corresponding enzymes. The StAR gene
is expressed solely in the steroidogenic tissues. However, StAR
mRNA expression in a rat brain was first shown by Furukawa
(Furukawa et al., 1998) and confirmed in humans and mouse
brains in several regions by immunohistochemistry.

The complexity of testosterone mechanism of action is under-
lined by its metabolism and steroid nature. The classical view sug-
gests genomic mechanism, i.e., after translocation into cytoplasm,
testosterone binds the androgen receptor, and subsequently after
transportation into the nucleus it binds on the hormone response
element at DNA, where it activates or silences the expression
of genes and subsequent protein synthesis (Tsai and O’malley,
1994). During recent years, a new pathway for non-genomic
mechanism was shown. This can include activating the mem-
brane receptors and thus activating the second messengers, or
after translocation to the cell, testosterone can either directly
activate second messenger intracellular cascade, or can bind to
its respective receptor and as a complex of hormone-receptor it
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can activate the second messenger cascade (Michels and Hoppe,
2008). Additionally, testosterone can be changed into either estra-
diol by aromatase or into dihydrotestosterone by reductase. The
pathway depends on the enzymatic equipment of the cells.

The synthesis of sex hormones is ultimately controlled by
gonadotropin-releasing hormone (GnRH), which is produced by
the hypothalamus and which stimulates the pituitary gland to
release luteinizing hormone and follicle stimulating hormone,
where LH increases the expression of StaR protein in target cells
(Ubuka et al., 2014). GnRH secretion in adulthood is pulsatile
and highest during sleep with subsequent highest peaks of testos-
terone to be during the early morning hours (Lord et al., 2014).
Nevertheless, the testosterone levels decline gradually with aging,
mainly due to the attrition of Leydig cells and hypothalamic
GnRH pulse generation slow down. Rapid drop can be observed
in the 6th decade of life in males.(Basaria, 2013). A higher inci-
dence of mood disorders that occurs with aging is then related to
decreased testosterone and/or other androgens. However, not all
studies agree with this simple explanation. Sartorius et al. showed,
that there was no decline in testosterone levels in males who self-
reported to be in very good health. Indeed, a subgroup of patients
who were smoking and/or obese was associated with age related
decline in serum androgens (Sartorius et al., 2012). Similarly,
Camacho et al. reported that lifestyle factors and body weight
were more important in maintaining the plasma testosterone
levels than aging itself (Camacho et al., 2013).

In any respect, the causal role of testosterone deficiency and
behavioral disorders including effect on cognitive abilities is still
debated. Therefore, in the next chapters we will try to summarize
the main experimental studies on individual behavioral traits.

ANXIETY
Our daily decision-making as well as response to stress is our
everyday experience. Indeed, many factors contribute and even
more factors modify the decision-making and stress reaction,
with anxiety level to be one of them. Nevertheless, it has clearly
been shown, and recently reviewed that women show higher
anxiety in comparison to men (Mchenry et al., 2014). From all
behavioral parameters, the anxiety seems to be most sensitive to
testosterone. The most cited paper analyzing the effects of testos-
terone on anxiety in mice has shown in several experiments that
testosterone—either endogenous or exogenous decreased anxi-
ety in elevated plus maze (Aikey et al., 2002). In addition, the
same study showed that this anxiolytic effect of testosterone is
dose-dependent and very likely mediated by 5-alpha reductase
that reduces testosterone to dihydrotestosterone. The study was
conducted in male mice, but similar anxiolytic effects of single
testosterone administration resulted in reduced fear of healthy
women (Van Honk et al., 2005). In rats, a single testosterone
injection did not reduce anxiety, however, a repeated admin-
istration had anxiolytic effects tested by the burying behavior
test (Fernandez-Guasti and Martinez-Mota, 2005). A possible
mechanism can include the androgen receptor, as its blockade
has been shown to prevent the testosterone-induced anxiolysis.
Similar results were obtained in our experiment. However, the
anxiolytic effect was observed only in the light-dark box. We
were not able to reproduce the anxiolytic effects of testosterone

in the elevated plus maze and in the open field (Hodosy et al.,
2012). On the other hand, flutamide alone had anxiolytic effects
in the open field. This suggests that the association between
testosterone and anxiety might not be linear. A number of exper-
iments on gonadectomized rats from the lab of professor Frye
further showed that dihydrotestosterone 3-alpha metabolites can
be the mediators of testosterone anxiolytic effects (Edinger and
Frye, 2004, 2005). In addition, blockade of the dihydrotestos-
terone transformation to 3-alpha androstanediol by a 3-alpha
hydroxysteroid dehydrogenase inhibitor prevented the anxiolysis
(Frye and Edinger, 2004). Age-related decline in cognitive and
affective functions was associated with lower concentrations of
testosterone metabolites in the hippocampus. Again, this effect
blocked by administration of 3-alpha metabolites administra-
tion (Frye et al., 2010). Another mechanism of anxiolytic effect
of testosterone was explained in recently published experiment,
where exogenous or endogenous opioids could modulate anxiol-
ysis (Khakpai, 2014). In this study, the gama aminobutyric acid
systemthat has been proposed in the past, on the other hand,
did not alleviate the anxiety level (Roohbakhsh et al., 2011). An
important determinant of the postnatal association between anx-
iety and testosterone or its metabolites might be prenatal stress.
Stress induced during gestation resulted in both, reduced testos-
terone and increased anxiety of the adult offspring (Walf and
Frye, 2012). Taken together, the results are consistent and despite
differences in the methodology it seems clear that testosterone
reduces anxiety in both genders. Its higher concentrations in men
might be the reason for the sex differences in anxiety. However,
a very important study in rhesus monkeys showed that phar-
macological castration reduced and testosterone supplementation
normalized anxiety levels (Suarez-Jimenez et al., 2013). A result
that is in contrast to the majority of literature of experiments
in rodents. Of course, this discrepancy might be discussed with
major differences in the methodology—other behavioral tests,
and in the intervention—surgical vs. pharmacologic castration.
But in general, experiments on monkeys are more relevant to
human behavior and, thus, this study must not be overseen.
Some of the animal experiments on testosterone and anxiety are
summarized in Table 1.

DEPRESSION
Although the depressive disorder is more prevalent in females
(Bebbington, 1996) when compared to males, the prevalence of
depression in males increases with age (Khera, 2013) as plasma
testosterone drops. Consequently, many experiments and stud-
ies were performed to confirm the causative role of testosterone
decline in depression pathogenesis. Indeed, these studies were not
triggered by the lone fact of testosterone decline and sex differ-
ence in prevalence of depressive disorders. In depressive disorders
with decreased libido and low testosterone, the androgen hor-
mone replacement therapy was at least as effective as serotonin
reuptake transporters (Kranz et al., 2014). Further it was investi-
gated that testosterone can modulate serotonergic transmission,
where serotonin plays a crucial role in depression development
(Jovanovic et al., 2014). But it is not only the prevalence of depres-
sion that differ between sexes. In a study on opposite sex twins,
it has been demonstrated that also the etiology of depression
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is different in men and women (Kendler and Gardner, 2014).
Whether testosterone plays a major role in the sex differences
in depression is unclear, but a number of studies indicate that
it can affect the mood of depressive patients as well as healthy
probands (Mchenry et al., 2014). Nevertheless, it is only one of
many biological factors potentially responsible for the sex differ-
ences in depression. These were reviewed recently (Altemus et al.,
2014). Observational studies on older men revealed that their
depressive symptoms are associated with low plasma testosterone
(Joshi et al., 2010). Low testosterone and depressive symptoms
are both associated with the risk of falls, which are important
for life expectancy in the elderly (Kurita et al., 2014). Similarly,
in women testosterone concentrations are lower in depressive
patients when compared to healthy controls (Kumsar et al., 2014).
However, standard antidepressant treatment leads to normaliza-
tion of testosterone. This suggests that the causality could be
different than predicted—depression lowers testosterone. On the
other hand, in both men and women, testosterone supplementa-
tion leads to improvement of depressive symptoms (Pope et al.,
2003; Miller et al., 2009). However, not all interventional studies
confirmed the anti-depressant effect of testosterone. At least in
one published randomized controlled trial, the effects of testos-
terone were comparable to placebo effects (Seidman et al., 2001).
Similarly, not all observational studies show a consistent pic-
ture. At least in one small study, depressive women had higher
testosterone (Weber et al., 2000). When publication bias and the
high intra- and inter-individual variability of testosterone are
taken into account, these small negative or contradictory studies
could be even more important. The meta-analyses of the pub-
lished studies are also to be taken into account. In a meta-analysis
of the effects of testosterone on depression, the anti-depressant
effect was positive, at least in patients suffering from hypogo-
nadism (Zarrour et al., 2009). The biology of the association
between testosterone and depression has been reviewed recently
(Mchenry et al., 2014). In an animal model of aging the associ-
ated depressive-like behavior correlated with lower testosterone
(Egashira et al., 2010). Aged mice of both sexes benefited from
testosterone supplementation. In the forced swim test the aged
mice treated with testosterone or its metabolites spent less time
immobile suggesting that the antidepressant effect of testosterone
is mediated via several pathways including the androgen and the
estrogen receptor (Frye and Walf, 2009). Another experiment on
intact rats revealed that the effect of testosterone on depression
is dose-dependent (Buddenberg et al., 2009). Interestingly, sim-
ilar experiment on gonadectomized rats showed that the testos-
terone metabolite—3-alpha androstanediol, but not testosterone
reverted the depression induced by gonadectomy (Frye et al.,
2010). Selected animal experiments on the effects of testosterone
on depression are compared in Table 2.

SPATIAL ABILITIES
Spatial cognitive abilities as well as general cognition and memory
decline with aging together with the testosterone levels. During
the productive ages and even in early adulthood, men generally
outperform women in spatial abilities (Linn and Petersen, 1985).
Especially, mental rotation shows a clear sex difference in favor
of men. Not surprisingly, observational studies have focused on

the association between testosterone and spatial abilities. Some
studies have found a positive relationship between testosterone
and mental rotation in men (Silverman et al., 1999). Error rate
as well as the reaction time negatively correlated with testos-
terone (Hooven et al., 2004). However, it is not only the actual
concentration of testosterone that is studied in relation to spa-
tial performance. Prenatal testosterone and its proxy—the finger
length ratio (second to fourth digit) seem to have a stronger
association with figure-disembedding and targeting, as additional
spatial abilities (Falter et al., 2006). In this study, mental rotation
was affected only by sex. In another study, actual testosterone was
not associated with spatial abilities, but prenatal testosterone cor-
related positively with spatial abilities in women (Kempel et al.,
2005). In line with these findings is the lack of an association
between actual salivary testosterone levels and mental rotation
in men and women (Puts et al., 2010). However, in a large
observational study analyzing spatial abilities in adult men from
various age categories, low testosterone was associated with bet-
ter spatial visualization (Yonker et al., 2006). In a very interesting
study, it was found that in men, the pubertal concentrations of
testosterone are negatively associated with mental rotation in the
adulthood (Vuoksimaa et al., 2012). In the same paper, the com-
parison of twins is reported. The twin with higher testosterone
scored worse in the mental rotation tests. The results are con-
tradictory, but may depend on the test used for the assessment
of spatial abilities. When virtual Morris water maze was used, a
positive correlation between testosterone and spatial navigation
was found in women, but not in men (Burkitt et al., 2007). The
size of the corpus callosum seems to add complexity in the rela-
tionship between spatial abilities and testosterone (Karadi et al.,
2006). This might be one of the causes for negative findings in
studies where some of the determinants are missing (Kubranska
et al., 2014). Another cause is likely the selection of the tested pop-
ulation. In gifted children, a negative correlation between salivary
testosterone and spatial abilities was found (Ostatnikova et al.,
1996). In Chinese men, the accuracy in mental rotation tests was
comparable to Americans, but the reaction times were longer
indicating that cultural differences could add to the variability of
published results (Yang et al., 2007). Last but not least, genetic
factors likely modulate the effect of testosterone. We have previ-
ously shown that at least in gifted boys, genetic polymorphisms
influencing testosterone metabolism affect also its relationship to
mental rotation (Celec et al., 2009, 2013). Especially, the CAG
short tandem repeat in the exon 1 of the androgen receptor
gene seems to be important for the action of testosterone and
its metabolites (Nowak et al., 2014). Despite all complexity, the
current picture indicates that the association between testosterone
and spatial abilities is curvilinear and sex-dependent. In women
higher testosterone is associated with better mental rotation, in
men lower testosterone is associated with better spatial abili-
ties. This seems to be true both for actual testosterone (Moffat
and Hampson, 1996) and for prenatal testosterone (Grimshaw
et al., 1995). Supplementation of testosterone in older men results
in improvement of spatial abilities, but it is accompanied with
changes in estradiol metabolism and it is likely that this inter-
feres with modifications of spatial abilities (Janowsky et al., 1994).
Even in rats, testosterone administration affects the strategy of
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the animals in spatial tasks (Spritzer et al., 2013). However, the
interaction between testosterone and mental rotation tests is bidi-
rectional. It has been shown that mental rotation testing affects
testosterone, at least in women (Durdiakova et al., 2012). In
Table 3, published experimental data on the effects of testosterone
on spatial abilities are summarized.

MEMORY
Women have better verbal memory, while men have an advan-
tage in visual-spatial memory (Lewin et al., 2001). Especially, the
difference in spatial memory has been studied in detail (Shah
et al., 2013). In a meta-analysis of animal experiments using radial
and water mazes, it has been confirmed that males outperform
females in spatial memory tasks (Jonasson, 2005). The positive
effect of testosterone on memory was, however, well documented
in both sexes. Numerous clinical studies in postmenopausal
women and men in the andropause showed improvements of
learning and memory after testosterone supplementation. Even
a short 6-week testosterone treatment resulted in improved spa-
tial and verbal memory of older men (Cherrier et al., 2001).
Testosterone has even showed a positive effect on spatial and ver-
bal memory in Alzheimer disease patients (Cherrier et al., 2005).
In young women, a single dose of testosterone improved spa-
tial memory (Postma et al., 2000). However, the mechanism of
action is unclear, as testosterone is now rather considered as a
precursor than as a final hormone. In contrast to some animal
experiments, observational studies in elderly men showed that
lower testosterone, especially its free fraction was associated with
worse visual-spatial memory (Moffat et al., 2002). This might be
related to the tasks used, as the testosterone levels in men are
related to the learning strategies, especially for spatial memory
(Choi and Silverman, 2002). The results are, however, incon-
sistent. In a study analyzing the effects of a single testosterone
injection on elderly men the treatment caused a worsening of
verbal memory (Wolf et al., 2000). Similarly, biweekly injections
of testosterone during 90 days resulted in memory decline (Maki
et al., 2007). In addition, patients with prostate cancer that need
hormonal castration via androgen deprivation therapy had worse
verbal memory than heathy controls. Interestingly, estradiol—the
estrogen metabolite of testosterone reversed the negative effects
of androgen deprivation (Beer et al., 2006). Similar findings were
found in elderly men and women where estradiol slowed down
the age-related memory decline (Carlson and Sherwin, 2000). It
seems that the effect of testosterone is dose-dependent and could
be curvilinear even within sexes. At least in men, it has been
demonstrated that moderate dosing resulted in improved mem-
ory, but not low and very high increases of testosterone (Cherrier
et al., 2007). Similar results were found in adult male rats where
only moderate testosterone doses resulted in spatial memory
improvements (Spritzer et al., 2011). A relatively high dose of
testosterone had no effect on memory or other analyzed behav-
ioral measures in postmenopausal women in a well-designed
and large study (Kocoska-Maras et al., 2011). In another study,
women with surgically induced menopause received testosterone
or placebo in addition to estrogen supplementation. Testosterone
in this case worsened the verbal memory (Moller et al., 2010).
A smaller, but longer study on postmenopausal women showed
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the complete opposite—improvement of verbal memory after
testosterone treatment (Davison et al., 2011). Similarly to other
behavioral measures memory will be influenced also by prenatal
concentrations of testosterone (Bull et al., 2010). This effect might
be mediated by the organizational effect of testosterone on brain
structures such as amygdala or hippocampus (Ackermann et al.,
2012). It has been shown that prenatal and neonatal testosterone
affects stress coping and the effects of stress on learning abilities,
at least in rodents (Shors and Miesegaes, 2002). Of course, genetic
factors might also play a role. At least in one study the APOE
genotype interacts with testosterone regarding the influence on
age-related cognitive decline (Panizzon et al., 2014). More such
studies can be expected in the near future.

Animal experiments help us to uncover the molecular and
physiological mechanisms behind the phenotype correlations
seen in human studies. The organizational effect of testosterone
on the hippocampus, the major memory structure in the brain
has been described a long time ago in rats using various mazes
(Roof and Havens, 1992; Roof, 1993). In birds, evidence exists for
a low testosterone period needed during the development of brain
functions such as vocal memory (Korsia and Bottjer, 1991). In
aged rats, an important experiment showed that the positive effect
was found only when testosterone was administered. The testos-
terone metabolite, dihydrotestosterone, which cannot be metab-
olized to estradiol did not showed this effect (Bimonte-Nelson
et al., 2003). This indicates that the effect of testosterone on mem-
ory is mediated by estradiol and the effect of aromatase which
converts testosterone to estradiol. However, in male deer mice
it has been shown that aging but not testosterone affects mem-
ory (Perrot-Sinal et al., 1998). Testosterone might rather increase
synaptic plasticity as shown in rats (Schulz and Korz, 2010).
Increased plasticity, however, only enables improved memory. But
whether the potential is used depends on other factors including
environment and timing and form of learning. Another advan-
tage of animal experiments is the possibility to surgically localize
the administration of testosterone into specific brain structures,
which is ethically not possible in humans. Such studies showed
that in adult male rats administration of any dose of testosterone
or the androgen receptor blocker flutamide resulted in worsen-
ing of spatial memory (Naghdi et al., 2001). Similar injections
of flutamide into amygdala had no effect on spatial memory,
but testosterone negatively affected spatial memory and learning
(Naghdi et al., 2003). When histological analyses were conducted,
it was found that the intrahippocampal injections of testosterone
led to an increase in the number of astrocytes in the target area
(Emamian et al., 2010). Co-administration of a protein kinase
AII inhibitor resulted in a synergistic negative effect on spatial
memory (Khorshidahmad et al., 2012). Interestingly, the injection
of anastrozole—an aromatase inhibitor resulted in improvement
of spatial learning and memory tested in the Morris water maze
(Moradpour et al., 2006). This further confirms that the negative
effect of testosterone on memory is localized to hippocampus and
is mediated by estradiol. When dihydrotestosterone—the andro-
gen metabolite of testosterone was injected into the CA1 region
of the hippocampus, spatial memory was improved (Babanejad
et al., 2012). Testosterone has very likely an important role in the
physiology of brain functions, but it might also be useful in some

pathologies. In castrated rats, testosterone was able to reverse the
ethanol-induced memory deficit (Khalil et al., 2005). In diabetic
rats, the memory impairment was partially reversed by testos-
terone administration as well (Nayebi et al., 2014). An experiment
in mice contributed to the growing list of confounding variables
with the length of the photoperiod. Castration and supplementa-
tion with testosterone had no effect when the photoperiod was
long (16 h of light per day). On the contrary, in mice housed
with a short photoperiod (8 h of light per day), the effects on spa-
tial memory were clearly seen (Pyter et al., 2006). A selection of
the numerous animal experiments focusing on testosterone and
memory are presented in Table 4.

FUNCTIONAL MAGNETIC RESONANCE IMAGING IN
HUMANS
Functional magnetic resonance imaging (fMRI) is a neuroimag-
ing procedure that uses MRI technology for measuring the brain
activity. The principle lies in detection of associated changes
in blood flow and is useful in mapping the brain functional
areas (Hofer et al., 2013). Several studies were performed using
human volunteers for spatial tasks, memory as well as mood
disorders/traits.

As for spatial tasks and mental rotation, the fMRI data are
valuably consistent. In line with the previous studies, the males
outperformed females in spatial tasks. Additionally, the fMRI
showed stronger activation of left inferior parietal lobe in males
compared to females. Also, the testosterone levels correlated with
activation levels during mental rotation task in males. In females,
the early follicular and midluteal phases were associated with
better outcome and higher estradiol concentrations (Schoning
et al., 2007). Likewise, a study of van Hemmen et al. confirmed
previously reported sex differences in neural activation during
mental rotation. Moreover, participants with complete androgen
insensitivity syndrome presented with female-like neural activa-
tion pattern in the parietal lobe, indicating that gonadal hormone
exposure rather than genetic sex itself plays role in brain func-
tions (Van Hemmen et al., 2014). The menstrual cycle and thus
the involvement of sex hormones, including testosterone, in spa-
tial abilities was further confirmed by Pletzer et al. In their study,
error rates linked with deactivation of inferior parietal lobes and
prefrontal lobes were higher during luteal phase for verbal tasks,
while in the follicular phase, spatial abilities in females were
confirmed (Pletzer et al., 2011).

ISSUES
PSYCHOMETRIC TESTS
The analysis of behavior is not as straightforward as biochemical
and molecular methods. Several alternatives exist for testing any
brain function. However, the tests are variable and it is only a con-
sensus, which can or should be used. The same applies to mazes
used for the assessment of animal behavior. Even for the widely
used Morris water maze several alternatives exist and numer-
ous different parameters are used in the particular studies. An
experiment showed that testosterone does not affect some of the
measures analyzed in the water maze, but does affect other mea-
sures such as spatial working memory retention (Sandstrom et al.,
2006).
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Table 4 | Selected animal studies analyzing the relationship between testosterone and memory.

Main objective Method Result References

Whether long term TST restoration
improves vasopressin innervations and
spatial learning memory

Three groups of male rats by age
(young, middle aged and senescent)
treated with TST or sham in MWM

TST treatment did not improve spatial
learning or retention of spatial
information. Aged rats performed worse
than young

Goudsmit et al., 1990

If testosterone improves spatial
abilities in adulthood, when
administered neonatally

Testosterone propionate applied to
neonatal rats; males and females,
tested in adulthood

TST increased performance in control
group males outperformed females, in
TST group the pattern was reversed

Roof, 1993

Spatial learning and circulatory levels
of testosterone in plasma

Males and females of Meadow voles
according to TST and E levels
underwent MWM

Male superiority was evident only with
high estradiol female group, no
difference between high and low TST
groups

Galea et al., 1995

Whether TST treatment neonatally
affects spatial leasing in adulthood in
gonadectomized rats with frontal
cortical lesion

Neonatally gonadectomized rats
(females and males) with or without
testosterone treatment underwent
MWM in adulthood

Lesions at day 7 did not impair spatial
learning but gonadectomy or
testosterone propionate impaired the
learning

Kolb and Stewart,
1995

If chronic administration of
anabolic-androgenic steroids improve
spatial cognition

Three groups of males supplemented
with nandrolone, oil and steroid cocktail
for 12 weeks, then MWM

No differences in spatial tasks in any of
the treated groups

Clark et al., 1995

Investigate the effect of reproductive
status on spatial learning in several
reproductive stages

Meadow voles and deer mice tested in
MWM either in breeding or
non-breeding stage in adulthood or as
juvenile

Better performance of males when
females in estrus, otherwise no
difference; High-E females performed
worse than low-E females or males. No
difference until adulthood

Galea et al., 1996

How testosterone supplementation
influences spatial learning after frontal
lesions in both sexes

Eight groups in experiment, females
(treated with testosterone or vehicle)
and males (gonadectomized or sham),
all groups moreover either with frontal
cortex lesion or sham

No difference of sex or hormonal
manipulation, but males with lesion
performed better than females with
lesion

Forgie and Kolb,
1998

Spatial learning in male deer mice in
relation to age

Four groups of deer mice divided by age
performed in MWM. Mice were divided
according to breeding state

Young and young breeding mice
performed better (higher TST) than old
and even young non-breeding (lower
TST) mice

Perrot-Sinal et al.,
1998

If prenatal androgen and estrogen
affects adult spatial learning

TST and DHT females, EB females and
flutamide males with prenatally (day 16)
treatment were tested in adulthood in
MWM

TST and EB sex differences observed in
MWM as a prenatal component

Isgor and Sengelaub,
1998

If there is difference in spatial memory
in females through oestrus

Male and female rats tested in MWM
during several estrus cycles

No overall sex difference I retention
spatial memory, females latency in
estrus was longer

Healy et al., 1999

If androgen exposure impairs cognitive
functions in SHR

Implantation of TST neonatally, and
tested in MWM on 45th day

Androgen impaired spatial memory in
SHR

King et al., 2000

Testosterone and flutamide effect on
spatial performance

Intrahippocampal administration of TST
or flutamide 30 min prior testing in
MWM

Increased latencies in both treated
groups, dose dependent

Naghdi et al., 2001

Role of sex steroids in apoE4 induced
cognitive impairment

Mice expressing human apoE4 or E3
treated with testosterone and tested in
MWM

Treatment improved memory deficits in
apoE4 females

Raber et al., 2002

(Continued)
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Table 4 | Continued

Main objective Method Result References

Developmental androgen sensitivity of
CA3 area and spatial performance

Neonatally TST or ovariectomized
females and TST castrated and TST
treated or not performed in MWM
during adulthood

High androgen groups did better than
low androgen groups

Isgor and Sengelaub,
2003

If testosterone and flutamide in
amygdale affect the spatial abilities

Testosterone or flutamide administered
into amygdale 30 min prior testing in
MWM

Testosterone dose dependent increase
in latency times, no effect of flutamide

Naghdi et al., 2003

If testosterone improves cognition in
older rats

Young and old TST or DHT treated rats
underwent water radial maze

TST (but not DHT) improved spatial
memory in older rats

Bimonte-Nelson
et al., 2003

If testosterone improves spatial
cognition in female rats

TST, DHT, Estradiol or control
ovariectomized female rats tested after
48 h in MWM

Estradiol impaired spatial acquisition.
TST and DHT without effect

Frick et al., 2004

Compare wild-types and testicular
feminization mutation rats

Tfm and control male rats and
heterozygote females performed in
water maze

Males control outperformed females;
Tfm showed intermediate performance

Jones and Watson,
2005

Evaluate effects of testosterone and
ethanol on spatial cognition

Male rats castrates with ethanol,
testosterone or both performed in
water maze

Ethanol induced deficits in spatial
cognition; testosterone reversed this
effect

Khalil et al., 2005

Role of testicular hormones on spatial
abilities

Castrated and intact males performed
in MWM and delayed-matching-to-place
MWM

Castration impaired working memory
retention, reversed by exogenous
testosterone

Sandstrom et al.,
2006

If photoperiod affects spatial learning
through testosterone reduction

Mice either in 16 or 8 h daylight for 14
weeks performed in MWM after
castration/sham/castration+
testosterone

Castrated with testosterone short day
mice performed better to other short
day mice, in long day no differences

Pyter et al., 2006

Evaluate effect of TST, estrogen and
anastrazol on spatial abilities

CA1 cannulation of adult male rats with
various dosages of testosterone,
estradiol, anastrazol or DMSO

TST and estradiol impaired spatial
learning, anastrazol improved it

Moradpour et al.,
2006

If castration of males affects the spatial
memory

Castrated and sham male rats
performed in MWM

No differences between groups Spritzer et al., 2008

Spatial learning and TST Castrated and intact male rats, rats
cannulated into right or left
hippocampus castrated or not did
spatial task in MWM

Castration did not affect learning Mohaddes et al.,
2009

Investigate effects of TST metabolites
on spatial performance

Male rats subjected to orchiectomy and
capsule with TST metabolites implanted
did spatial tasks in MWM

3-alpha and 3-beta-diols enhanced
spatial cognition

Osborne et al., 2009

Enhancement of aged female rats by
androgen supplementation

Old mice with implanted TST or DHT or
empty capsules performed in MWM
after 6 weeks

TST improved spatial cognition, DHT did
not

Benice and Raber,
2009

TST, testosterone; DHT, dihydrotestoterone; EB, estradiol benzoate; Tfm, testicular feminization mutation; DMSO, dimethytlsulfoxide; MWM, Morris water maze.

POPULATIONS
One of the major factors that might explain the differences
between the results of various studies is the variability of the
examined populations. As mentioned above, the cultural differ-
ences, sex and age have all been shown to impact the physiological

effects of testosterone. In animal experiments, chosen species and
the particular strain is also of importance. Looking at the stud-
ies in non-human primates in contrast to the majority of rodent
studies the results are mostly negative. For example, testosterone
manipulations in rhesus monkeys did not alter their working and
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reference memory, although emotional processing was affected.
Indeed, the treatment for testosterone might have not last long
enough to affect the cognition (Kelly et al., 2014). Other possible
explanations might be due to low number of animals included,
but also to physiological differences including body size and
the concluding testosterone kinetics (King et al., 2012). Specific
behavioral tests might also be responsible for the differences
observed (Lacreuse et al., 2012).

TESTOSTERONE MEASUREMENT
There are several possibilities as to what kind of biological samples
should be used for the testosterone measurement. Plasma, saliva,
urine are available and all have some strengths and weaknesses.
The simple scheme of free—bioactive fraction of testosterone that
should be assessed using salivary testosterone or plasma albu-
min and sex hormone binding globulin is not correct. Bound
testosterone has its effects on target tissues and it is not clear
which of the potential biological liquids is robust against tech-
nical and biological variability. One of the exotic possibilities
is measurement of testosterone in the hair. The concentration
in the hair might, however, be relevant as it integrates all the
intra-individual variability of testosterone (Dettenborn et al.,
2013).

TIMING
Testosterone undergoes several biorhythms. In some studies, even
the best-known circadian rhythm is not taken into account.
Implants that slowly release testosterone totally ignore daily varia-
tions that occur physiologically. Other rhythms such as infradian
cycles are completely forgotten when experiments are designed.
But beyond cyclic variations, testosterone undergoes chaotic tem-
porary changes that are usually described as noise. Although such
research is lacking, it might be that it has some physiological
role similarly to heart rhythm variability. In addition, the tim-
ing of behavioral analyses is of importance. While within 30 min
after administration, non-genomic effects are important, later
genomic effects are expected to be the major mediator. But this
does not have to be true. Even later, the non-genomic effects are
active in parallel with the gene expression changes. Only the study
of the particular effects is more and more complicated, especially
due to the complex kinetics of testosterone and the complex abili-
ties being tested as proved in a focused experiment (Hawley et al.,
2013). Additionally, physiological and also behavioral functions
are exerted on a rhythmic basis. Timing the behavioral tests for
light phase, while rodents usually are active during night can rep-
resent a major problem in animal behavior testing. Moreover, the
central circadian clock is located in the suprachiasmatic nucleus
of the hypothalamus and it receives signals directly from photore-
ceptors. GABA is thought to play a major role in coordinating the
synchronized firing of suprachiasmatic neurons (Urbanski, 2011).
However, steroid hormones may also exert their nongenomic
function through GABA receptors. Disrupting the GABAergic
system by untimed testosterone application, may be one other
reason for controversy results in behavioral analysis. Alternatively,
aging is strongly related to decline of circulating sex hormones,
disrupting thus also circadian rhythms and leading to impaired
sleep or cognitive functioning (Urbanski et al., 2014). Restoring

natural circulating hormone pattern in older but also in younger
animals could possibly lead also to more comprehensive results of
sex hormones and behavior studies.

ADMINISTRATION ROUTE
In most studies, testosterone is injected via i.p. or i.m. injections,
but there are indices that to study the effects of testosterone on
brain functions, the steroid has to be injected directly into the
target brain structure. At least in one experiment directly compar-
ing peripheral administration and intrahippocampal injections of
testosterone it was shown that the peripheral route had no effect
on learning and memory while central injections were effective
(Harooni et al., 2008).

TYPE OF TESTOSTERONE USED
Testosterone in the experiments is sometimes used as butyrate,
decanoate, undecanoate etc. These pharmacological forms have,
however, variable kinetics and might therefore have also variable
effects, especially in the brain, where the kinetics is of special
importance (Filova et al., 2012). Dosing of testosterone seems to
be of enormous importance. It varies between the experiments
widely and should always be taken into account when evaluating
the results. In experiments, moderate, but not very low or very
high doses of testosterone had some effect on behavioral measures
such as memory (Spritzer et al., 2011).

The effect of testosterone is influenced by several factors, but
only some of them are known. These include genetic polymor-
phisms related to testosterone metabolism or other pathways
related to cognitive functioning (Panizzon et al., 2014). Next gen-
eration sequencing and lower prices of genotyping will enable
detailed studies focusing on the genetic factors and especially on
the complex interactions between genetic, endocrine and other
environmental factors.

METABOLISM
Testosterone is currently seen more as a precursor of hormones.
In most target tissues, testosterone is converted into metabolites
such as dihydrotestosterone—a more potent androgen receptor
ligand. The enzyme aromatase, on the other hand, can metabo-
lize testosterone into estradiol—a ligand of the estrogen receptors.
Further metabolites are being added to the list. But in general,
it is of importance to recognize the role of the target tissue that
can convert testosterone to inducers of very different signaling
pathways. Without genetic or pharmacologic manipulation it is
not possible to distinguish the effects when testosterone itself is
administered.

NON-GENOMIC EFFECTS
The metabolism of testosterone makes studying the physiology of
testosterone effects on the brain difficult. But the response of tar-
get tissues are similarly complex. Testosterone can be recognized
by the androgen receptor inducing genomic effects—changes in
gene expression. But the same testosterone can induce other sig-
naling pathways that do not require changes in the use of the
genomic information. These effects are called non-genomic and
are studied for all steroid hormones. When testosterone is injected
into the hippocampus together with a protein synthesis inhibitor
that prevents genomic effects, spatial memory is improved in
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male rats (Naghdi et al., 2005). This points toward the possibility
that non-genomic effects can be opposite to the genomic effects.
But it also shows that doing such experiments and interpret-
ing their results is difficult. Inhibition of protein synthesis is
of course not specific. An alternative is to analyze the behav-
ior rapidly after testosterone injection, as it take roughly 30 min
to induce gene expression changes. But the kinetics of testos-
terone in vivo complicates the interpretation. Another option is
the co-administration of androgen receptor and estrogen receptor
blockers.

CONCLUSION AND FUTURE OUTLOOK
While fMRI results bring interesting data and knowledge on
behavioral traits and spatial abilities in relation to testosterone
levels and sex differences, the result obtained can show only asso-
ciation or correlation but not causal relationship of testosterone
effect on behavior. Nevertheless, also according to the numerous
published studies and animal experiments, testosterone seems to
affect brain functions. The high number of relevant publications
also indicates that it is a hot topic of interest. However, quan-
tity is not quality and currently, despite numerous publications
it is very difficult to conclude how testosterone affects cognitions
and emotions. Most of the published literature agrees on the fact
that testosterone is anxiolytic, anti-depressant and improves spa-
tial abilities. But this picture is oversimplified. Many variables add
to the complex interactions between testosterone and the brain.
Memory, both, verbal and spatial, is a good example. Age, sex,
current endocrine status, but also the timing of testosterone anal-
ysis or administration, status of the target tissues and several other
factors influence the outcome of observational or interventional
studies. It is, thus, clear that small studies can only describe a very
small window of the whole complex physiology. Analyzing testos-
terone concentrations, choosing appropriate doses and pharma-
cological forms is difficult enough. The psychometrics behind
behavioral tests in animal experiments and behind psychological
tests in human studies is, nevertheless, lacking. Standardization
in this area would surely improve our understanding of the neu-
roendocrinology of testosterone. More systematic research using
the whole spectrum of available tools and looking at the various
physiological aspects is needed. However, to be able to publish
such research, journals should accept manuscripts based on the
design and not on the results. Otherwise, the publication bias that
is obvious in the so far published literature will continue to be a
big issue. Many researchers in this field complain about negative
results that are very difficult to publish in the relevant journals.
The number of such unpublished observations and experiments
is unknown. But based on our humble experience, the negative
results will probably be more common than the published posi-
tive ones. And if the contradictory published findings are added,
the picture gets even more confusing. Large systematic research
projects with more cooperation between the most productive
research teams is definitely needed.
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The adrenal steroid dehydroepiandrosterone (DHEA) and its sulfate (DHEAS) are two of
the most abundant hormones in the human circulation. Furthermore, they are released in
a circadian pattern and show a marked age-associated decline. Adult levels of DHEA and
DHEAS are significantly higher in males than in females, but the reason for this sexual
dimorphism is unclear. In the present study, we administered supplementary androgens
[DHEA, testosterone and 5α-dihydrotestosterone (DHT)] to aged male rhesus macaques
(Macaca mulatta). While this paradigm increased circulating DHEAS immediately after
DHEA administration, an increase was also observed following either testosterone or DHT
administration, resulting in hormonal profiles resembling levels observed in young males in
terms of both amplitude and circadian pattern.This stimulatory effect was limited to DHEAS,
as an increase in circulating cortisol was not observed.Taken together, these data demon-
strate an influence of the hypothalamo-pituitary–testicular axis on adrenal function in males,
possibly by sensitizing the zona reticularis to the stimulating action of adrenocorticopic hor-
mone.This represents a plausible mechanism to explain sex differences in circulating DHEA
and DHEAS levels, and may have important implications in the development of hormone
therapies designed for elderly men and women.

Keywords: adrenal gland, aging, androgen, dehydroepiandrosterone, non-human primate, testosterone

INTRODUCTION
Levels of the adrenal steroid dehydroepiandrosterone (DHEA)
and its sulfate (DHEAS; collectively referred to as DHEA/S) dif-
fer between males and females, yet the underlying cause for this
sexual dimorphism is unknown (1). It is clear, however, that
the gross, cellular, and molecular adrenal structure of males and
females is essentially similar, suggesting that some factor out-
side the adrenal gland is responsible for the greater secretion of
DHEA/S in males (2). Given that the sex differences in DHEA/S
are most pronounced during early adulthood, it is plausible that
the different levels of sex-steroid hormones between adult males
and females may play a contributing role. In fact, previous work in
perimenopausal women and macaque models of menopause has
shown that decreasing levels of estrogens correspond to increases
in DHEAS (3–5), and estrogen replacement paradigms decrease
DHEA/S (5, 6) at a rate greater than seen in normal aging without
estrogen supplementation. As DHEA/S is a precursor to estra-
diol (7), this may reflect a compensatory interaction between
the hypothalamic–pituitary–gonadal (HPG) and hypothalamic–
pituitary–adrenal axes. On the other hand, males have higher
circulating levels of DHEAS than do females, despite having sub-
stantially higher levels of testosterone (T). This suggests that an
inverse relationship between adrenal and gonadal steroids exists in
females, whereas a positive causal relationship may exist in males.

The hormone systems discussed so far not only have the
potential for interacting with each other, but they also show
significant age effects. In both sexes, DHEA/S declines gradually

and consistently starting in early adulthood, with levels reaching
roughly 40% of their peak by the middle age and continuing to
decline thereafter (8, 9). In females, menopause is associated with
a sudden decline in estrogen (10, 11), while males show a less
precipitous decline in testosterone during aging. The situation is
further complicated by therapeutic hormonal supplementation in
the elderly, which can alter circulating sex-steroid hormone levels,
though not necessarily in the most appropriate physiological man-
ner. Furthermore, in the USA DHEA is sold as a food supplement,
requiring no prescription, and so is widely used by the elderly
for self-medication. Thus, to fully understand the physiological
impact of hormone changes with age the interactions between
the HPG and HPA axes require further investigation under care-
fully controlled experimental conditions, something that can be
achieved more readily using non-human primates such as the
rhesus macaque.

Physiological replacement of steroids may protect against many
negative aspects of aging, but it is first important to understand
the differences between males and females and how these systems
interact to determine the safest and most effect form of hormone
therapy (HT). We used the rhesus macaque, a large diurnal pri-
mate with endocrine physiology very similar to that of humans,
to investigate the interactions between DHEA/S and testosterone.
Because we recently observed novel interactions in a combined
androgen supplementation paradigm (12, 13), we have expanded
on this previous research to formulate a working hypothesis for
adrenal and gonadal interactions. Our results indicate a strong
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influence of testosterone on circulating levels of DHEAS, possibly
explaining the drastic differences between male and female levels
of the hormone.

MATERIALS AND METHODS
ANIMALS
The study used adult rhesus macaques (Macaca mulatta), and
was approved by the OHSU Institutional Animal Care and Use
Committee. The animals were cared for by the Division of Com-
parative Medicine at the Oregon National Primate Research Center
(ONPRC) in accordance with the National Research Council’s
Guide for the Care and Use of Laboratory Animals. They were
caged singly indoors under controlled environmental conditions:
24°C temperature; 12-h light, 12-h dark photoperiods (lights on
at 0700 h). Monkey chow was provided at 0800 and 1500 h and
was supplemented with fresh fruit and vegetables; fresh drinking
water was available ad libitum.

In Experiment 1, ten adult (11–12 years) male and eight adult
(11–12 years) female rhesus macaques were used to assess sex dif-
ferences in circulating DHEAS levels. In Experiment 2, four young
adult (7–12 years) and four old (21–26 years) males were used
to examine age-related changes in circulating DHEAS levels; five
additional old males were used to evaluate the impact of androgen
supplementation on DHEAS.

REMOTE BLOOD SAMPLING
Cortisol and DHEA/S both demonstrate a circadian pattern of
release (14–16). Therefore, to gain meaningful insights regarding
sex-related or age-related hormone differences it was necessary to
collect blood samples from each animal serially across an entire
24-h period. To achieve this with minimal disruption of the ani-
mals, each monkey was surgically implanted with a subclavian vein
catheter, leading to a remote blood sampling system in an adjacent
room, as previously described (17). Blood samples were collected
into EDTA-coated borosilicate glass tubes every hour for a com-
plete 24-h cycle. The samples were centrifuged at 4°C, and the
plasma was stored at −20°C until assay for cortisol and DHEAS.
Cortisol was assayed using electrochemiluminescence using the
Elecsys 2010 Platform (Roche Diagnostics, Indianapolis, IN, USA).
DHEAS was assayed using radioimmunoassay with a highly
specific antibody for DHEAS-17-(O-carboxymethyl)oxime-BSA
(Endocrine Services, Tarzana, CA, USA) and [3H]DHEAS (SA,
22 Ci/mmol). Intra- and interassay coefficients of variation were
less than 10% for each assay and the assay detection limits were
3 ng/ml. The 24-h serial blood sampling procedure was performed
once on each animal, except for the old androgen-supplemented
animals, which were re-sampled after each of the 5-day androgen
supplementation tests, performed approximately 1 month apart
(Table 1). Data were analyzed using a repeated-measures ANOVA
with time as a within-subjects factor and group (young, old
baseline, old supplemented) as a between-subjects factor. When
the assumption of sphericity was not met, a Greenhouse-Geisser
correction was implemented.

STEROID SUPPLEMENTATION
Animals were treated with hormones for 5 days prior to each
blood sampling session to allow steroid levels to equilibrate.

Table 1 | Steroid supplementation paradigms.

Time of hormone administration

Experiment 0700 h 1000 h 1900 h

Baseline – – –

1 DHEA (0.04 mg/kg) DHEA (0.04 mg/kg) T (12 mg/kg)

2 DHEA (0.10 mg/kg) DHEA (0.05 mg/kg) –

3 DHEA (0.10 mg/kg) DHEA (0.05 mg/kg) DHT (5–10 mg/kg)

4 T (12 mg/kg) – –

The times and doses of the four androgen supplementation paradigms are shown.

Due to limitations on blood sampling, not all combinations of hormones were

able to be tested at all doses. DHEA and T were dissolved in sesame oil, and

were mixed into chocolates for oral supplementation. Animals were monitored

to ensure the entire dose was eaten in a timely manner.

DHEA (10 mg/ml; Sigma-Aldrich, St. Louis, MO, USA), testos-
terone (T, 120 mg/ml; Sigma-Aldrich), and dihydrotestosterone
(DHT, 5–10 mg/ml; Sigma-Aldrich) were dissolved in commercial
food-grade sesame oil and mixed with melted chocolate, a pre-
ferred treat. The steroids were dissolved in sesame oil to reduce
their uptake and rapid metabolism by the liver and instead by
increasing their absorption through the lymphatic system (18,
19). Chocolates were kept refrigerated at 4°C until the time of
administration. Animals were watched at the time of adminis-
tration to ensure the entire treat was eaten. To isolate potential
mechanisms of adrenal androgen interaction, four supplementa-
tion paradigms were performed (Table 1): (1) DHEA administered
at 0700 and 1000 h, T administered at 1900 h; (2) DHEA admin-
istered at 0700 and 1000 h; (3) DHEA administered at 0700 and
1000 h, DHT administered at 1900 h; and (4) T administered at
0700 h. These doses were selected based on preliminary experi-
ments that were aimed at replicating the hormone levels observed
in young adults; consequently, the doses varied between experi-
ments. To protect animals against excessive blood sampling, it was
not feasible to repeat all hormone combinations at all doses in all
of the animals. Times were chosen to replicate the endogenous cir-
cadian peaks of T and DHEA, while in the last experiment T was
administered in the morning to examine a possible role of time of
day on the steroid response to T. Animals were monitored at the
time of steroid supplementation to ensure each ate the entire treat
in a timely manner; if the treat was refused, an equivalent dose
was administered via a steroid-soaked cookie or prune. The doses
used for each experiment are provided in the respective figures. As
shown previously (13), the dose paradigm used in Experiment 1 is
sufficient to restore circulating T and DHT to levels seen in young
adult male rhesus macaques.

RESULTS
YOUNG ADULT MALE RHESUS MACAQUES SHOW SIGNIFICANTLY
HIGHER LEVELS OF DHEAS THAN FEMALES
Cortisol and DHEAS showed well-defined 24-h plasma profiles,
both in the males and females (Figures 1A,B, respectively). The
plasma levels rose gradually during the night and reached a peak in
the morning at about the time when the lights came on. Although
mean cortisol levels were similar in the two sexes, mean DHEAS
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FIGURE 1 |Twenty-four-hour plasma profiles of adrenal steroids in
male and female rhesus macaques. Serial blood samples were remotely
collected from adult (11–12 years) male (n=10) and female (n=8) animals
and assayed for cortisol (A) and DHEAS (B). Each data point represents the
mean and vertical lines indicate the SEM. Time of day is indicated along the
abscissa, and periods of darkness and light are represented by black and
white bars, respectively. In both sexes, cortisol and DHEAS levels rose
gradually during the night and reached peak levels around the time of lights
on in the morning. Mean cortisol levels were similar in the two sexes,
whereas mean DHEAS levels were significantly higher in males than in
females (P < 0.01, Student’s t -test.)

levels were significantly higher in males than in females (P < 0.01,
Student’s t -test).

AGING IS ASSOCIATED WITH DECREASED CIRCULATING DHEAS LEVELS
As shown in Figure 2A, circulating levels of DHEAS at baseline
were significantly lower in aged (open squares) than in young

males (open circles). A repeated-measures ANOVA with time
as within-subjects factor and group (young and old base-
line) as between-subjects factor indicated a significant effect
of time (F = 6.427, P < 0.001), significant effect of group
(F = 21.828, P = 0.003), and a significant group-by-time inter-
action (F = 7.146, P = 0.001). Circulating DHEAS was higher in
young males at all time points.

TESTOSTERONE ADMINISTRATION IN AGED MALE RHESUS
MACAQUES SIGNIFICANTLY INCREASES CIRCULATING DHEAS TO
LEVELS OBSERVED IN YOUNG MALE RHESUS MACAQUES
Supplementation with DHEA resulted in a significant increase
in circulating DHEAS in old males shortly after administration
(Figure 2A, closed circles). Interestingly, although DHEAS lev-
els declined throughout the day, they again began to increase
shortly after administration of T at 1900 h. This increase was sus-
tained throughout the night, resulting in higher DHEAS levels than
baseline in the morning before DHEAS had been administered.

The supplementation paradigm was modified to further
explore this phenomenon. If DHEAS rose throughout the night
in the absence of exogenous T, we could conclude that this is a
possible priming effect, by which exogenous DHEA stimulates the
adrenal glands to produce more of their own DHEAS for the fol-
lowing day. However, as shown in Figure 2B, circulating DHEAS
remained low throughout the night when no T was admin-
istered. A repeated-measures ANOVA with Greenhouse-Geisser
correction for differences in sphericity was performed, compar-
ing DHEAS between 1900 and 0700 h in animals receiving both
T and DHEA as described versus animals receiving DHEA in the
morning but no T at 1900 h. This test revealed a significant effect
of time (F = 4.978, P = 0.026), treatment (F = 20.786, P = 0.003),
and treatment-by-time interaction (F = 10.640, P = 0.002).

DHT ADMINISTRATION IN AGED MALE RHESUS MACAQUES
SIGNIFICANTLY INCREASES CIRCULATING DHEAS TO LEVELS SEEN IN
YOUNG MALE RHESUS MACAQUES
The results from the previous experiments suggest that T itself
can increase circulating DHEAS. Testosterone is only two steps
beyond DHEA in the steroidogenic pathway, and our dose of T
needed to be very high in order to increase circulating levels to
those of young animals. Therefore, we hypothesized that some of
the exogenous T may have been back-converted to DHEAS, result-
ing in the observed gradual increase in circulating DHEAS levels.
To test this possibility we replaced the exogenous T in our andro-
gen supplementation paradigm with its more active metabolite,
DHT. We reasoned that if our administered T was being converted
back to DHEAS, then substitution of T with DHT, a hormone fur-
ther along the steroidogenic pathway, should prevent the increase
in DHEAS levels from occurring. However, the results clearly
show that even with this alternate androgen supplementation par-
adigm circulating DHEAS increased above baseline levels starting
at 1900 h; the resulting hormone pattern was nearly identical to
that of young control animals (Figure 2C). A repeated-measures
ANOVA between the baseline and DHT-supplemented animals
revealed a significant effect of group (F = 12.944, P = 0.009), with
DHT treatment resulting in an increase in circulating DHT start-
ing at 1900 h. These data suggest that not only is a back-conversion
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FIGURE 2 | Age-related changes in circulating adrenal steroid levels
in male rhesus macaques, and the impact of androgen
supplementation. Serial blood samples were remotely collected from
young (7–12 years, n=4) and old (21–26 years, n=4) males, as well as
old males exposed to 5 days of various androgen supplementation
paradigms (21–26 years, n=5). The samples were subsequently assayed
for DHEAS (A–C) and/or cortisol (D). Each data point represents the
mean and vertical lines indicate the SEM. Time of day is indicated along
the abscissa, and periods of light and darkness are represented by white

and black bars, respectively. In each panel, the times of oral androgen
administration are depicted as follows: D=DHEA (0.04–0.10 mg/kg body
weight), T= testosterone (12 mg/kg body weight), DHT=5α-DHT
(5–10 mg/kg body weight). For reference, the same DHEAS profiles from
the young and old controls are depicted in (B–C). The data demonstrate
that androgen supplementation at an appropriate time of day can restore
24-h circulating DHEAS levels in old males rhesus macaques.
Importantly, they also demonstrate an unexpected stimulatory action of
gonadal steroids on DHEAS.

of T to DHEA/S unlikely, but that the increase in circulating
DHEAS is an androgen-receptor-mediated mechanism.

TESTOSTERONE AND DHEA SUPPLEMENTATION DO NOT CAUSE AN
INCREASE CIRCULATING CORTISOL
Both DHEA and cortisol are secreted by the adrenal gland in
response to adrenocorticotropic hormone (ACTH) from the hypo-
thalamus. To further examine where testosterone is having an
effect to increase DHEAS, we also assayed a series of 24 h blood
samples from our DHEA and T combined supplementation par-
adigm for cortisol. If androgen activation at the level of the brain

increases ACTH secretion, cortisol would also increase at the time
of T supplementation. However, as shown in Figure 2D, T supple-
mentation did not result in increased circulating cortisol levels. A
repeated-measures ANOVA with time as a within-subjects factor
and group (old control, open circles; old androgen-treated, closed
circles; and young, open squares) as a between subjects factor
revealed a significant effect of time (F = 56.758, P < 0.001), group
(F = 5.438, P = 0.028), and group-by-time interaction (F = 2.093,
P < 0.001). The significant effect of group was driven by differ-
ences between the old control and old androgen-treated animals,
with androgen treatment associated with significant reductions
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in circulating cortisol at 1000, 1500, 2100, 2200, 2300, 2400, and
0300 h. There was no significant difference between circulating
cortisol in the young animals as compared to either the old control
or old androgen-treated animals.

DISCUSSION
Research on adrenal sex differences in humans and non-human
primates is limited, but some interesting observations have been
made. The finding that DHEA/S differs dramatically between
males and females is highly consistent and is maintained through-
out the lifespan in both humans and rhesus macaques (7, 20–22),
but to date no theories as to the mechanism of this difference have
been adequately investigated. The differences in aging profiles of
adrenal and gonadal hormones further complicates any potential
interactions, as estrogen in females drops precipitously at the time
of menopause, DHEA/S in both sexes declines slowly and consis-
tently starting in the third decade (8), and testosterone in males
decreases very slowly, gradually, and to a much lesser extent than
other hormones (23–25).

While much work is yet to be done to study differences between
the male and female adrenal gland, early work suggests that the
difference in adrenal output is not due to intrinsic physiolog-
ical differences but due to differential hormonal input to the
adrenal glands of males and females. Although sex differences in
both circulating DHEA/S and adrenal morphology and physiol-
ogy are seen in the marmoset, with respect to both size of the
zona reticularis (ZR, the layer of the adrenal gland that synthesizes
DHEA/S) and expression of steroidogenic genes, similar differ-
ences are not observed in humans. Specifically, in the marmoset,
females secrete significantly more DHEA/S than males due to both
gross anatomical differences in the adrenal gland with increased
adrenal zonation, as well as differences in enzymatic machinery
with an increased expression of cytochrome b5 (26). However,
in humans the male and female ZR are similar in both size and
cytochrome b5 expression (27). Also, cultured male and female
adrenal glands respond with identical levels of DHEA secretion
when stimulated by ACTH (2). Further, females receiving long-
term treatment with T show an increased response of DHEA
to ACTH stimulation as compared to female controls (28, 29),
suggesting that the adrenal machinery is the same in males and
females, but the hormonal input from the HPG axis can modu-
late adrenal output. Given the established research on male and
female adrenal physiology and the lack of evidence for sex differ-
ences in either gross morphology or cellular physiology, it is our
hypothesis that the higher level of DHEAS seen in male humans
and non-human primates is due to T increasing the sensitivity of
the ZR to ACTH. Consistent with this hypothesis, our paradigm
of testosterone supplementation significantly increased circulat-
ing DHEAS of aged male macaques in a manner mimicking the
circadian profile of DHEAS in young male macaques.

Although we cannot rule out the possibility that our androgen
supplementation paradigms acted further up in the hypothalamo-
pituitary–adrenal axis, it is unlikely that CRH or ACTH were
affected because we saw no stimulatory effect of androgen on
cortisol; like DHEA/S, cortisol is stimulated by ACTH but is
secreted primarily from the zona fasicularis (ZF) rather than the
ZR. Also, several studies suggest ACTH secretion is similar in

males and females (30–33). Previous studies of post-menopausal
women found that long-term administration of DHEA increased
DHEA production in response to ACTH (34, 35), a finding we
did not replicate presently as when DHEA was administered
without testosterone we observed no night-time increase in cir-
culating DHEAS. However, our study supplemented animals for
less than 1 week, which may not have been enough time to ade-
quately increase adrenal sensitivity to ACTH. Thus, it is likely that
increased levels of both DHEA/S and T can induce the adrenal
glands to produce more DHEA/S.

One endogenous disturbance of normal androgen interactions
can be seen in the case of polycystic ovarian syndrome (PCOS),
in which women exhibit high levels of both testosterone and
DHEA/S, and these women demonstrate an increased responsive-
ness of DHEAS production when stimulated with ACTH (36).
High levels of testosterone have in fact been implicated as a poten-
tial cause of PCOS (37, 38); however, the impact of increased
testosterone on circulating DHEA/S in women has yet to be studied
extensively.

One of the most common complaints in aging is a decline in
cognition (39, 40), a domain that has been studied extensively
with regard to estrogens, T, and DHEA/S. While some success has
been seen with estrogen replacement in younger women post-
ovohysterectomy (41), and with testosterone supplementation in
elderly men (42–44), results from large-scale HT studies are bleak
at best (45, 46). Despite promising results in rodents and benefits
of the HT on other target tissues, such as maintenance of muscle
mass (47), bone density (48, 49), and immune function (50, 51),
DHEA/S supplementation in elderly humans (52–56) shows lit-
tle to no effect on cognition. A potential drawback of all of these
studies is their focus on just one component of the endocrine sys-
tem. As these hormones interact, changing one steroid may result
in compensation by others, rendering the effects null. Therefore, a
combination of adrenal and gonadal HT may be more promising
for the cognitive domain than HT with any one steroid alone.

Our results indicate that not only does the interaction between
DHEAS and T occur in the adrenal gland (and not the hypothal-
amus, as higher ACTH would increase circulating cortisol), but it
is limited to an effect on the ZR, the area that produces DHEA/S,
and not the ZF, the area that synthesizes cortisol, as cortisol levels
were not affected by T administration. Additionally, DHEAS, but
not cortisol, decreased with age, suggesting changes in only the
ZR occur with age. This is consistent with studies showing regres-
sion of the ZR in older humans (27, 57) and rhesus macaques (5).
However, the ability of the adrenal gland to respond to T admin-
istration with youthful production of DHEAS suggests DHEA/S
production itself is not impaired with age, but the responsive-
ness of the ZR to ACTH may be dampened. Thus, it may not be
necessary to supplement with DHEA itself to increase circulating
DHEAS levels in the elderly; merely supplementing with T with the
physiologically correct time course may help to restore an overall
youthful hormonal profile in elderly men.
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In humans, the most established and investigated substance acting as a chemosignal, i.e.,
a substance that is excreted from the body, is 4,16-androstadien-3-one (AND). AND, which
is found in sweat and saliva, is known to be responsible for influencing several variables,
such as psychophysiological status, behavior, as well as cortical processing. The aim of
the present review is to give insight into the variety of AND effects, with special regard to
specific cross-sexual characteristics of this putative human chemosignal, emphasizing the
neural activation patterns and factors such as contextual conditions. This review highlights
the importance of including those contributing factors into the analysis of behavioral as
well as brain-related studies.
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INTRODUCTION
There is evidence for a sexual dimorphism of the brain (e.g.,
Coffey et al., 1998; Sacher et al., 2013) and new medical the-
ories point out the importance of gender specific medicine in
terms of risk-factors, epidemiology and treatment outcomes (e.g.,
Mielke et al., 2014). In order to extract essential and comprehen-
sive information from behavioral as well as functional imaging
studies, including gender, as an essential factor is of great interest
(Sacher et al., 2013). This review highlights this importance for
chemosensory science in which chemosignals are known to evoke
a gender specific effect themselves.

The term “pheromones” (so-called chemosignals) was coined
in 1959 by Peter Karlson and Martin Lüscher, who defined them
as “substances which are secreted to the outside by an individual
and received by a second individual of the same species, in which
they release a specific reaction, for example a definite behavior
or a developmental process” (Karlson and Lüscher, 1959). The
search for these semiochemicals is still an elusive goal of chem-
ical ecology and communication studies. Today, it is clear that
chemosignals play a significant role in social interaction and com-
munication in various species. It is well known that animals are
able to communicate affective states, such as stress, alarm, fear,
anxiety, or sexual interest, by manipulating chemosignals pro-
duced from their skin (Kiyokawa, 2004; Kiyokawa et al., 2006).
In animals, these signals are jointly processed by the vomeronasal
organ (VNO) and by the accessory olfactory systems, as well as
by the main olfactory system (Chamero et al., 2012; Petrulis,
2013). The wide range of literature addressing the VNO provides

little consensus about the presence of the VNO in humans (for
a review, see Meredith, 2001). While a structure similar to the
VNO of animals was found in utero in humans (Knecht et al.,
2003), the same structure is not continuously noticeable in adults
(Trotier et al., 2000; Trotier, 2011). To date, it is not clear whether
a human VNO exists and whether it plays a role in the perception
of chemosignals (Frasnelli et al., 2011).

Several areas of the human body—such as feet, mouth, or, par-
ticularly, axillary regions—are known to produce odors that act as
chemosignals (Pause, 2012). Recently, Gelstein et al. (2011) found
that tears convey chemosignals, and even ear wax was proposed to
be able to transport chemosensory information (Prokop-Prigge
et al., 2014). Nevertheless, human sweat is the most extensively
investigated conductor of chemosignals (Porter and Moore, 1981;
Lundström et al., 2008; Zhou and Chen, 2008; Zernecke et al.,
2010; Albrecht et al., 2011).

Although the human body odor cocktail can contain well over
200 individual components (Zeng et al., 1996), the most inten-
sively studied component is the steroid 4,16-androstadien-3-one
(AND). The chemical structure of the molecule AND is very sim-
ilar to androstenon, a well-known animal pheromone (Melrose
et al., 1971). AND’s specific cross-sexual characteristics and its
impact on human behavior and psychophysiological events, in
particular, have drawn much attention in recent research.

The following sections will focus on research addressing
the behavioral and psychophysiological effects as well as the
neuronal processing of AND, emphasizing its gender-specific and
cross-sexual characteristics.
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BEHAVIORAL AND PSYCHOPHYSIOLOGICAL EFFECTS OF
AND
AND is one of the substances known to modulate psychological
and physiological states, as well as human behavior in a non-
conscious manner (Lundström and Olsson, 2005). It is known
that AND is associated with specific cross-sexual characteristics
and has recently attracted much attention, particularly regarding
its effect on women’s psychophysiology (Jacob and McClintock,
2000; Jacob et al., 2001, 2002; Lundström and Olsson, 2005; Wyart
et al., 2007). However, there is evidence that AND influences
men’s psychophysiology and behavior as well (Bensafi et al., 2003,
2004). These gender-specfic effects not only make AND particu-
larly interesting, but also induce an interpretation bias of certain
results due to mixed study groups and inextensive study descrip-
tion. Table 1 gives an overview of gender-specific studies and
findings.

The data from previous behavioral and psychophysiologi-
cal studies are provided in the following sections categorized
according to the gender of the sample.

STUDIES INVESTIGATING AND IN A FEMALE SAMPLE
Psychophysiological manifestations related to AND exposure in
female subjects have been reported, based on AND detected in
salivary cortisol levels (Wyart et al., 2007) and autonomic phys-
iology levels showed a significant reduction in respiratory and
cardiac frequency, as well as skin conductance and increased
body temperature (Grosser et al., 2000). Beyond that, Lundström
and colleagues suggested that AND enhanced women’s feel-
ing of being focused (Lundström et al., 2003) and induced an
increased attentiveness, even outside the conscious detection of
AND (Lundström and Olsson, 2005). In addition, analyses of
chemosensory event-related potential (ERP) recordings revealed
AND to be processed between 13 and 20 percent faster than odor-
ants similar in hedonic and intensity ratings (Lundström et al.,
2006b). With special regard to AND’s generally proposed role in
reproductive behavior, two studies (Thorne et al., 2002; Saxton
et al., 2008) indicate that men’s ratings of female attractiveness
are modulated by this special chemosignal with higher evalua-
tions of women in the AND condition, while another experiment
(Lundström and Olsson, 2005) was not able to confirm this effect.

Saxton et al. (2008), who assessed the effect of AND in a speed-
dating-event, argued that the suggested context-dependency of
AND may occur only in the presence of a male person (Jacob
et al., 2001; Lundström and Olsson, 2005). Furthermore, recent
literature suggests that AND strenghtens intrasexual competition
strategies in women (Parma et al., 2012).

The role of AND as modulator-chemosignal has also been
discussed in the context of serving as a link between hormonal
status and this special steroid: While women taking oral contra-
ceptives are more sensitive to environmental odors, fertile women
showed a higher sensitivity to chemosignals with reproductive
relevance, like androstadienone (Lundström et al., 2006a). With
regard to AND’s influence on mood, AND was found to enhance
a positive mood in women, with feelings of being more relaxed,
calm, and free of negative feelings (Grosser et al., 2000; Preti
et al., 2003). Another study reported that the setting, the man-
ner, and by whom the experiment was conducted play a role

in perception. Lundström and Olsson (2005) emphasized the
impact of socioexperimental conditions in women who showed
changes in self- reported mood only when experimental inter-
actions were completed by a male experimenter, thus, again,
proposing a context-dependent effect for AND.

STUDIES INVESTIGATING AND IN A MALE SAMPLE
Studies using male samples are rare. The only study investigating
the effect of AND in men came out recently, and demonstrated
that AND directly affected mens’ cooperative behavior by increas-
ing such behavior (Huoviala and Rantala, 2013).

STUDIES INVESTIGATING AND IN MIXED SAMPLES
We defined studies with mixed samples as those in which the
study design included men and women.

With regard to the activational effects in the sympathetic ner-
vous system, a study by Jacob et al. (2001) was able to confirm
the suggested calming effects of AND on women’s physiology,
as already suggested by a study using the female sample pre-
sented in the above section (see Section “Studies Investigating
AND in a Female Sample”; Grosser et al., 2000). While AND
administration led to raised skin temparature in men and low-
ered temperature in women, AND increased skin conductance in
both sexes, with a significantly higher effect observed in women,
indicating that the arousing effect was more prevalent in women
than in men (Jacob et al., 2001). Interestingly, the activational
effects of AND were dependent on the socioexperimental con-
text, since women’s reactions were observed only in sessions
administered by a male investigator. Some other findings empha-
sized the context-dependency of AND in a similar fashion. While
AND administered in a neutral context, or in a context with
little social interaction, did not influence autonomic nervous sys-
tem functions, it enabled increased sexual arousal in a sexually
arousing context in a sex-independent manner (Bensafi et al.,
2004; Hummer and McClintock, 2009). During the same sexually
arousing context, respiration rates, especially in men, decreased,
while skin temperature in both sexes rose (Bensafi et al., 2004).

Concerning psychological variables, AND was reported to have
divergent effects in men and women, as shown for psychophysio-
logical states; while AND administration led to increased negative
emotions in men (Jacob and McClintock, 2000), especially in
unpleasant settings (Bensafi et al., 2004), no negative effect was
evoked in women. Focusing on the context-dependency of AND,
positive feelings in women were found to be sustained during a
sad time (Bensafi et al., 2004) and were increased in a neutral
context (Jacob and McClintock, 2000).

Further, another study that analyzed the effect of AND
on mood and pain perception concluded that exposure to
this steroid led to an amelioration of mood state only in
women (Villemure and Bushnell, 2007). Based on this find-
ing, the authors further hypothesized that women would
show lower pain sensation when exposed to AND. However,
this assumption was not confirmed, as women, interestingly,
showed increased percieved pain (Villemure and Bushnell,
2007).

An effect of the experimenters sex on the baseline response
in an AND experiment has recently also been observed
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Table 1 | Behavioral and psychophysiological results induced by AND.

References

RESULTS OF STUDIES INVESTIGATING AND IN A FEMALE SAMPLE

– Reduction of respiratory and cardiac frequency as well as skin conductance

and increased body temperature

– Higher salivary cortisol levels

– Increases feeling of being focused

– More intense pain perception

– Intensifies intrasexual competition strategies

– Higher attractiveness ratings of men

– Enhances positive mood (feelings of being more relaxed, calm, and free of

negative feelings)

– Higher sensitivity to AND in fertile women

– Induces faster and more pronounced cortical responses

Grosser et al., 2000; Lundström
and Olsson, 2005

Wyart et al., 2007

Lundström et al., 2003

Lundström and Olsson, 2005

Villemure and Bushnell, 2007

Parma et al., 2012

Saxton et al., 2008

Grosser et al., 2000

Lundström and Olsson, 2005

Lundström et al., 2006a

Lundström et al., 2006b

RESULTS OF STUDIES INVESTIGATING AND IN A MALE SAMPLE

– Increases cooperative behavior Huoviala and Rantala, 2013

RESULTS OF STUDIES INVESTIGATING AND IN MIXED SAMPLES

Women Men

– Increases sexual arousal and skin
temperature in a sexually arousing
context

– Increases sexual arousal and skin
temperature in a sexually arousing
context

– Decreases respiration rates in a sexual
arousing context

Bensafi et al., 2004

– Decreases skin temperature and
increases skin conductance

– Increases skin temperature and skin
conductance

Jacob et al., 2001

– Increased positive feelings – Increased negative feelings (especially in
unpleasant settings)

Jacob and McClintock, 2000;
Bensafi et al., 2004

– Increased pain perception Villemure and Bushnell, 2007

in rodents (Sorge et al., 2014). Regarding future research,
preliminary findings about the sex-divergent effects of AND
on psychophysiological as well as psychological variables should
be considered, especially the context-dependency of AND. This
context-dependency should implicitly be noted when planning
experiments, as well as interpreting results to prevent an inter-
pretation bias.

NEURONAL CORRELATES OF AND
In the past few years, a great number of neuroimaging studies
have provided insight into the neuronal processing of common
odorants by the olfactory pathway (for a review, see Lundström
et al., 2011). Whereas common odors normally activate the
temporal-frontal junction, the so-called piriform cortex, amyg-
dala, insula, and the orbitofrontal cortex, body odors are com-
monly found to trigger a network located outside the main
olfactory system, including the posterior cingulate cortex, the
occipital gyrus, the angular gyrus, and the anterior cingulate cor-
tex (for a review, see Lundström and Olsson, 2010). The following
section aims to provide the reader with an overview about the
neuronal processing of the chemosignal AND.

Neuroimaging studies have illustrated a gender-specific
outcome, but another significant finding should be specifically

noted—the sexual-orientation effect. As a result of this, the fol-
lowing sections will be segmented into gender-specific neuronal
processing and the impact of sexual orientation.

To illustrate the findings discussed in the subsequent para-
graphs more clearly, we provide the reader with an overview of
neural activation patterns induced by AND, classified by gender
and sexual orientation (see Figure 1).

GENDER-SPECIFIC NEURONAL PROCESSING OF AND
Early positron emisson tomography (PET) studies exploring the
neural correlates of AND perception suggested the presence of
gender-specific neural activation in which the hypothalamic path-
way was significantly activated in heterosexual women, but het-
erosexual men lacked this hypothalamic activation, and areas of
the olfactory cortex were activated instead (Savic et al., 2001,
2005, 2009; Berglund et al., 2006, 2008; Hillert et al., 2007;
Ciumas et al., 2009). However, contrary to these PET studies,
a recent fMRI study found non-sex-specific hypothalamic acti-
vation (Burke et al., 2012). When the authors applied vari-
ous concentrations of AND, significantly higher hypothalamic
activation was demonstrated in women than in men when a
higher concentration was used (10 mM). This corresponds with
previous studies. However, when participants were exposed to
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FIGURE 1 | Axial mean anatomical images overlaid with neural

activation induced by AND, resulting from different functional imaging

studies (see Table 2). In order to enhance comparability, we included all
positron emission tomography (PET) studies using the same tracer, with the
special pheromone-like compound that induced neuronal activation (see
Table 2). Since results from certain subject groups were re-utilized as
controls throughout these studies, these activations are illustrated once.

Voxels were highlighted with a 10 mm sphere. To illustrate the impact of
sexual orientation, activations in heterosexual (green) and homosexual (red)
men, in heterosexual (yellow) and homosexual (cyan) women, as well as in
non-homosexual male-to-female transsexuals, are mapped separately (A).
Sex-specific differences in activation patterns are shown in (B) (hetero- and
homosexual males; blue) and (C) (hetero- and homosexual females, as well
as male-to-female transsexuals; orange).

Table 2 | Overview of studies included in graphic design.

References N

(total)

Healthy adults Modality Stereotactic

space

Contrast Tracer

Age Subgroups

(y; range) (sexual orientation)

Berglund et al., 2006 36 33 ± 6 12 HeM PET TAL AND > AIR 15O-H2O

28 ± 2 12 HoW

26 ± 2 12 HeM

Berglund et al., 2008 36 33 ± 6 12 HeW PET TAL AND > AIR 15O-H2O

26 ± 2 12 HeM

32 ± 8 12 MFTR’s

Ciumas et al., 2009 26 26 ± 7; 20–36 13 HeW PET TAL AND > AIR 15O-H2O

28 ± 6; 21–36 13 HeM

Hillert et al., 2007 12 26 ± 3; 20–28 12 HeW PET TAL AND > AIR 15O-H2O

Savic et al., 2001 24 20–28 12 HeW PET TAL AND > AIR 15O-H2O

23–28 12 HeM

Savic et al., 2005 36 26 ± 2 12 HeW PET TAL AND > AIR 15O-H2O

28 ± 2 12 HeM

33 ± 7 12 HoM

Savic et al., 2009 12 21-36 12 HeM PET TAL AND > AIR 15O-H2O

HeW, Heterosexual women; HeM, Heterosexual men; HoW, Homosexual women; HoM, Homosexual men; MFTR’s, Non-homosexual male-to-female transsexuals.

medium concentrations (0.1 mM), men demonstrated a signif-
icantly stronger hypothalamic response than the participating
women (Burke et al., 2012). These results led the authors to
conclude that AND evokes hypothalamic responses in both sexes
in a stimulus concentration-dependent manner. However, when
comparing these results to the series of studies by Savic and co-
workers (Savic et al., 2001, 2005, 2009; Berglund et al., 2006, 2008;
Hillert et al., 2007; Ciumas et al., 2009), it should be noted that
Burke et al. (2012) used other odor delivery methods, compound

concentrations, as well as another imaging technique, all of which
together affected our ability to directly compare results.

IMPACT OF SEXUAL-ORIENTATION ON NEURONAL PROCESSING OF
AND
The last decade of brain imaging research has revealed that
AND stimulation produces significant and localized group effects
that are seemingly sexual orientation-dependent. There are
several functional neuroimaging studies, which address cortical
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responses to pheromones that seem to be dependent on sexual
orientation; homosexual men and male-to-female transsexuals
were found to display the same activation pathway as hetero-
sexual women, i.e., demonstrating hypothalamic responses upon
exposure to AND (Savic et al., 2005; Berglund et al., 2008).

In contrast, Berglund and colleagues concluded that homosex-
ual women process AND similar to heterosexual men, namely, by
parts of the olfactory cortex (Berglund et al., 2006). Those find-
ings (Savic et al., 2005; Berglund et al., 2006, 2008), are of great
importance in order to underline existing evidence of sexual-
orientation effects on neural processing in other research areas
as well. Recently, behavioral and neuroimaging results from Perry
et al. (2013) showed empathy to be related to gender, as well as
sexual preference. Further, a study aiming to characterize regional
homogeneity and functional connectivity during rest found sig-
nificant differences between homo- and heterosexual men (Hu
et al., 2013). Hence, it would be presumptuous not to consider
the ability to use this variable as a modulating factor to achieve
homogeneous subject groups.

AND-EST INCONSISTENCY
As noted above, AND is processed in a gender-specific man-
ner; however, thus far, few studies have dealt with the functional
aspects beyond neural activity. Most published studies investigat-
ing the effect of AND on neural processes also included another
potential human pheromone, namely estra-1,3,5(10),16-tetraen-
3-ol (EST) (Savic et al., 2001, 2005, 2009; Berglund et al., 2006,
2008; Hillert et al., 2007; Ciumas et al., 2009). EST has, among
others, been detected as a natural component of the urine in preg-
nant women (Thysen et al., 1968). Interestingly, the administra-
tion of this estrogen-like steroid causes an effect complementary
to AND. Whereas AND application caused a hypothalamic acti-
vation in women and the activation of common olfactory areas
in men, EST is processed in a diametrically opposite fashion,
namely, via the hypothalamic pathway in heterosexual men and
parts of the olfactory cortex in heterosexual women (Savic et al.,
2001, 2005, 2009; Berglund et al., 2006, 2008; Hillert et al., 2007;
Ciumas et al., 2009). This complementary relationship seems to
be of great physiological relevance.

Compared to AND, specific psychophysiological measures of
EST are largely unknown. However, while the results of Bensafi
et al. (2003) revealed no effect of EST on physiological arousal,
the same authors found EST to affect physiological arousal in a
content-dependent way (Bensafi et al., 2004). Exploring the con-
scious odor perception of AND and EST in an animal model,
a gender-specific effect was obtained by Laska et al. (2006),
who detected olfactory sensitivity to AND in female, but not
male, spider monkeys, while responses to the highest concentra-
tions of EST were found in males, but not in female, monkeys.
These data also highlight the gender-specific processing of these
two pheromone-like compounds in non-human animal models.
Finally, these results indicate that there is a considerable need for
research on the psychophysiological effects of EST.

FINAL REMARKS
As shown, non-conscious application of AND mediates human
behavior, psychophysiology, as well as cortical processing, with

different responses and activations in men and women. With
regard to previous findings, the suggested influence of contex-
tual condition should be considered in any further planning of
a trial, as well as in the interpretation and reporting of results.
In addition, the discrepancies in results between various studies
further emphasize the need for further research in this area, espe-
cially in the field of sub- and suprathreshold application of AND
to rule out potential concentration-dependent effects. Moreover,
the advent of chemosensory imaging using fMRI allows a more
stringent and temporally detailed investigation of the neural pro-
cessing of AND. Finally, as demonstrated by the neuroimaging
results presented above, linked to sexual orientation, care should
be taken to either include homogeneous subject groups or to
carefully control for demographic characteristics. The mediating
mechanisms of these sex and sexual preference-specific effects on
behavioral, psychophysiological, and neural processing of AND
should form the basis of further research.

ACKNOWLEDGMENTS
This research was supported by the FWF (Veronika Schöpf,
Karl-Heinz Nenning, Kathrin Kollndorfer, Jacqueline Krajnik:
P23205-B09; Jacqueline Krajnik: KLI 252; Karl-Heinz Nenning:
P22578-B19) and by the EU (Karl-Heinz Nenning: FP7-ICT-
2009-5/257528). Johan N. Lundström is funded by the Knut and
Alice Wallenberg Foundation (KAW 2012.0141).

REFERENCES
Albrecht, J., Demmel, M., Schöpf, V., Kleemann, A. M., Kopietz, R., May, J., et al.

(2011). Smelling chemosensory signals of males in anxious versus nonanxious
condition increases state anxiety of female subjects. Chem. Senses 36, 19–27. doi:
10.1093/chemse/bjq087

Bensafi, M., Brown, W. M., Khan, R., Levenson, B., and Sobel, N. (2004). Sniffing
human sex-steroid derived compounds modulates mood, memory and auto-
nomic nervous system function in specific behavioral contexts. Behav. Brain Res.
152, 11–22. doi: 10.1016/j.bbr.2003.09.009

Bensafi, M., Brown, W. M., Tsutsui, T., Mainland, J. D., Johnson, B. N., Bremner,
E. A., et al. (2003). Sex-steroid derived compounds induce sex-specific effects
on autonomic nervous system function in humans. Behav. Neurosci. 117,
1125–1134. doi: 10.1037/0735-7044.117.6.1125

Berglund, H., Lindström, P., Dhejne-Helmy, C., and Savic, I. (2008). Male-
to-female transsexuals show sex-atypical hypothalamus activation when
smelling odorous steroids. Cereb. Cortex 18, 1900–1908. doi: 10.1093/cercor/
bhm216

Berglund, H., Lindström, P., and Savic, I. (2006). Brain response to putative
pheromones in lesbian women. Proc. Natl. Acad. Sci. U.S.A. 103, 8269–8274.
doi: 10.1073/pnas.0600331103

Burke, S. M., Veltman, D. J., Gerber, J., Hummel, T., and Bakker, J. (2012).
Heterosexual men and women both show a hypothalamic response to
the chemo-signal androstadienone. PLoS ONE 7:e40993. doi: 10.1371/jour-
nal.pone.0040993

Chamero, P., Leinders-Zufall, T., and Zufall, F. (2012). From genes to social com-
munication: molecular sensing by the vomeronasal organ. Trends Neurosci. 35,
597–606. doi: 10.1016/j.tins.2012.04.011

Ciumas, C., Lindén Hirschberg, A., and Savic, I. (2009). High fetal testosterone and
sexually dimorphic cerebral networks in females. Cereb. Cortex 19, 1167–1174.
doi: 10.1093/cercor/bhn160

Coffey, C. E., Lucke, J. F., Saxton, J. A., Ratcliff, G., Unitas, L. J., Billig, B.,
et al. (1998). Sex differences in brain aging: a quantitative magnetic res-
onance imaging study. Arch. Neurol. 55, 169–179. doi: 10.1001/archneur.
55.2.169

Frasnelli, J., Lundström, J. N., Boyle, J. A., Katsarkas, A., and Jones-Gotman, M.
(2011). The vomeronasal organ is not involved in the perception of endogenous
odors. Hum. Brain Mapp. 32, 450–460. doi: 10.1002/hbm.21035

www.frontiersin.org July 2014 | Volume 8 | Article 195 | 166

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


Krajnik et al. Androstadienone’s gender-specific and cross-sexual effects

Gelstein, S., Yeshurun, Y., Rozenkrantz, L., Shushan, S., Frumin, I., Roth, Y.,
et al. (2011). Human tears contain a chemosignal. Science 331, 226–230. doi:
10.1126/science.1198331

Grosser, B. I., Monti-Bloch, L., Jennings-White, C., and Berliner, D. L. (2000).
Behavioral and electrophysiological effects of androstadienone, a human
pheromone. Psychoneuroendocrinology 25, 289–299. doi: 10.1016/S0306-
4530(99)00056-6

Hillert, L., Musabasic, V., Berglund, H., Ciumas, C., and Savic, I. (2007). Odor pro-
cessing in multiple chemical sensitivity. Hum. Brain Mapp. 28, 172–182. doi:
10.1002/hbm.20266

Hu, S., Xu, D., Peterson, B. S., Peterson, B., Wang, Q., He, X., et al. (2013).
Association of cerebral networks in resting state with sexual preference of homo-
sexual men: a study of regional homogeneity and functional connectivity. PLoS
ONE 8:e59426. doi: 10.1371/journal.pone.0059426

Hummer, T. A., and McClintock, M. K. (2009). Putative human pheromone
androstadienone attunes the mind specifically to emotional information. Horm.
Behav. 55, 548–559. doi: 10.1016/j.yhbeh.2009.01.002

Huoviala, P., and Rantala, M. J. (2013). A putative human pheromone, androsta-
dienone, increases cooperation between men. PLoS ONE 8:e62499. doi:
10.1371/journal.pone.0062499

Jacob, S., Garcia, S., Hayreh, D., and McClintock, M. K. (2002). Psychological
effects of musky compounds: comparison of androstadienone with androstenol
and muscone. Horm. Behav. 42, 274–283. doi: 10.1006/hbeh.2002.1826

Jacob, S., Hayreh, D. J., and McClintock, M. K. (2001). Context-dependent effects
of steroid chemosignals on human physiology and mood. Physiol. Behav. 74,
15–27. doi: 10.1016/S0031-9384(01)00537-6

Jacob, S., and McClintock, M. K. (2000). Psychological state and mood effects
of steroidal chemosignals in women and men. Horm. Behav. 37, 57–78. doi:
10.1006/hbeh.1999.1559

Karlson, P., and Lüscher, M. (1959). Pheromones: a new term for a class of
biologically active substances. Nature 183, 55–56. doi: 10.1038/183055a0

Kiyokawa, Y. (2004). Alarm pheromones with different functions are released from
different regions of the body surface of male rats. Chem. Senses 29, 35–40. doi:
10.1093/chemse/bjh004

Kiyokawa, Y., Shimozuru, M., Kikusui, T., Takeuchi, Y., and Mori, Y. (2006). Alarm
pheromone increases defensive and risk assessment behaviors in male rats.
Physiol. Behav. 87, 383–387. doi: 10.1016/j.physbeh.2005.11.003

Knecht, M., Witt, M., Abolmaali, N., Hüttenbrink, K. B., and Hummel, T. (2003).
The human vomeronasal organ. Nervenarzt 74, 858–862. doi: 10.1007/s00115-
003-1573-7

Laska, M., Wieser, A., and Salazar, L. T. H. (2006). Sex-specific differences in
olfactory sensitivity for putative human pheromones in nonhuman primates.
J. Comp. Psychol. 120, 106–112. doi: 10.1037/0735-7036.120.2.106

Lundström, J. N., Boesveldt, S., and Albrecht, J. (2011). Central processing
of the chemical senses: an overview. ACS Chem. Neurosci. 2, 5–16. doi:
10.1021/cn1000843

Lundström, J. N., Boyle, J. A., Zatorre, R. J., and Jones-Gotman, M. (2008).
Functional neuronal processing of body odors differs from that of similar
common odors. Cereb. Cortex 18, 1466–1474. doi: 10.1093/cercor/bhm178

Lundström, J. N., Goncalves, M., Esteves, F., and Olsson, M. J. (2003).
Psychological effects of subthreshold exposure to the putative human
pheromone 4,16-androstadien-3-one. Horm. Behav. 44, 395–401. doi:
10.1016/j.yhbeh.2003.06.004

Lundström, J. N., McClintock, M. K., and Olsson, M. J. (2006a). Effects of repro-
ductive state on olfactory sensitivity suggest odor specificity. Biol. Psychol. 71,
244–247. doi: 10.1016/j.biopsycho.2005.07.001

Lundström, J. N., and Olsson, M. J. (2005). Subthreshold amounts of social
odorant affect mood, but not behavior, in heterosexual women when tested
by a male, but not a female, experimenter. Biol. Psychol. 70, 197–204. doi:
10.1016/j.biopsycho.2005.01.008

Lundström, J. N., and Olsson, M. J. (2010). Functional neuronal process-
ing of human body odors. Vitam. Horm. 83, 1–23. doi: 10.1016/S0083-
6729(10)83001-8

Lundström, J. N., Olsson, M. J., Schaal, B., and Hummel, T. (2006b). A puta-
tive social chemosignal elicits faster cortical responses than perceptually similar
odorants. Neuroimage 30, 1340–1346. doi: 10.1016/j.neuroimage.2005.10.040

Melrose, D. R., Reed, H. C., and Patterson, R. L. (1971). Androgen steroids asso-
ciated with boar odour as an aid to the detection of oestrus in pig artificial
insemination. Br. Vet. J. 127, 497–502.

Meredith, M. (2001). Human vomeronasal organ function: a critical review
of best and worst cases. Chem. Senses 26, 433–445. doi: 10.1093/chemse/
26.4.433

Mielke, M. M., Vemuri, P., and Rocca, W. A. (2014). Clinical epidemiology of
Alzheimer’s disease: assessing sex and gender differences. Clin. Epidemiol. 6,
37–48. doi: 10.2147/CLEP.S37929

Parma, V., Tirindelli, R., Bisazza, A., Massaccesi, S., and Castiello, U. (2012).
Subliminally perceived odours modulate female intrasexual competition: an eye
movement study. PLoS ONE 7:e30645. doi: 10.1371/journal.pone.0030645

Pause, B. M. (2012). Processing of body odor signals by the human brain.
Chemosens. Percept. 5, 55–63. doi: 10.1007/s12078-011-9108-2

Perry, D., Walder, K., Hendler, T., and Shamay-Tsoory, S. G. (2013). The gender you
are and the gender you like: sexual preference and empathic neural responses.
Brain Res. 1534, 66–75. doi: 10.1016/j.brainres.2013.08.040

Petrulis, A. (2013). Chemosignals, hormones and mammalian reproduction. Horm.
Behav. 63, 723–741. doi: 10.1016/j.yhbeh.2013.03.011

Porter, R. H., and Moore, J. D. (1981). Human kin recognition by olfac-
tory cues. Physiol. Behav. 27, 493–495. doi: 10.1016/0031-9384(81)
90337-1

Preti, G., Wysocki, C. J., Barnhart, K. T., Sondheimer, S. J., and Leyden,
J. J. (2003). Male axillary extracts contain pheromones that affect
pulsatile secretion of luteinizing hormone and mood in women
recipients. Biol. Reprod. 68, 2107–2113. doi: 10.1095/biolreprod.102.
008268

Prokop-Prigge, K. A., Thaler, E., Wysocki, C. J., and Preti, G. (2014). Identification
of volatile organic compounds in human cerumen. J. Chromatogr. B Analyt.
Technol. Biomed. Life Sci. 953–954. doi: 10.1016/j.jchromb.2014.01.043

Sacher, J., Neumann, J., Okon-Singer, H., Gotowiec, S., and Villringer, A. (2013).
Sexual dimorphism in the human brain: evidence from neuroimaging. Magn.
Reson. Imaging 31, 366–375. doi: 10.1016/j.mri.2012.06.007

Savic, I., Berglund, H., Gulyas, B., and Roland, P. (2001). Smelling of odor-
ous sex hormone-like compounds causes sex-differentiated hypothalamic
activations in humans. Neuron 31, 661–668. doi: 10.1016/S0896-6273(01)
00390-7

Savic, I., Berglund, H., and Lindström, P. (2005). Brain response to putative
pheromones in homosexual men. Proc. Natl. Acad. Sci. U.S.A. 102, 7356–7361.
doi: 10.1073/pnas.0407998102

Savic, I., Hedén-Blomqvist, E., and Berglund, H. (2009). Pheromone signal trans-
duction in humans: what can be learned from olfactory loss. Hum. Brain Mapp.
30, 3057–3065. doi: 10.1002/hbm.20727

Saxton, T. K., Lyndon, A., Little, A. C., and Roberts, S. C. (2008).
Evidence that androstadienone, a putative human chemosignal, modulates
women’s attributions of men’s attractiveness. Horm. Behav. 54, 597–601. doi:
10.1016/j.yhbeh.2008.06.001

Sorge, R. E., Martin, L. J., Isbester, K. A., Sotocinal, S. G., Rosen, S., Tuttle, A.
H., et al. (2014). Olfactory exposure to males, including men, causes stress
and related analgesia in rodents. Nat. Methods 11, 629–632. doi: 10.1038/
nmeth.2935

Thorne, F., Neave, N., Scholey, A., Moss, M., and Fink, B. (2002). Effects of
putative male pheromones on female ratings of male attractiveness: influence
of oral contraceptives and the menstrual cycle. Neuro Endocrinol. Lett. 23,
291–297.

Thysen, B., Elliott, W. H., and Katzman, P. A. (1968). Identification of
estra-1,3,5(10),16-tetraen-3-ol (estratetraenol) from the urine of preg-
nant women (1). Steroids 11, 73–87. doi: 10.1016/S0039-128X(68)
80052-2

Trotier, D. (2011). Vomeronasal organ and human pheromones.
Eur. Ann. Otorhinolaryngol. Head Neck Dis. 128, 184–190. doi:
10.1016/j.anorl.2010.11.008

Trotier, D., Eloit, C., Wassef, M., Talmain, G., Bensimon, J. L., Døving, K. B., et al.
(2000). The vomeronasal cavity in adult humans. Chem. Senses 25, 369–380.
doi: 10.1093/chemse/25.4.369

Villemure, C., and Bushnell, M. C. (2007). The effects of the steroid androsta-
dienone and pleasant odorants on the mood and pain perception of men and
women. Eur. J. Pain 11, 181–191. doi: 10.1016/j.ejpain.2006.02.005

Wyart, C., Webster, W. W., Chen, J. H., Wilson, S. R., McClary, A., Khan, R. M.,
et al. (2007). Smelling a single component of male sweat alters levels of cor-
tisol in women. J. Neurosci. 27, 1261–1265. doi: 10.1523/JNEUROSCI.4430-
06.2007

Frontiers in Neuroscience | Neuroendocrine Science July 2014 | Volume 8 | Article 195 | 167

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


Krajnik et al. Androstadienone’s gender-specific and cross-sexual effects

Zeng, X. N., Leyden, J. J., Spielman, A. I., and Preti, G. (1996). Analysis of charac-
teristic human female axillary odors: qualitative comparison to males. J. Chem.
Ecol. 22, 237–257. doi: 10.1007/BF02055096

Zernecke, R., Kleemann, A. M., Haegler, K., Albrecht, J., Vollmer, B., Linn, J., et al.
(2010). Chemosensory properties of human sweat. Chem. Senses 35, 101–108.
doi: 10.1093/chemse/bjp087

Zhou, W., and Chen, D. (2008). Encoding human sexual chemosensory cues in
the orbitofrontal and fusiform cortices. J. Neurosci. 28, 14416–14421. doi:
10.1523/JNEUROSCI.3148-08.2008

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

Received: 20 March 2014; accepted: 22 June 2014; published online: 31 July 2014.
Citation: Krajnik J, Kollndorfer K, Nenning K-H, Lundström JN and Schöpf V (2014)
Gender effects and sexual-orientation impact on androstadienone-evoked behavior
and neural processing. Front. Neurosci. 8:195. doi: 10.3389/fnins.2014.00195
This article was submitted to Neuroendocrine Science, a section of the journal Frontiers
in Neuroscience.
Copyright © 2014 Krajnik, Kollndorfer, Nenning, Lundström and Schöpf. This is an
open-access article distributed under the terms of the Creative Commons Attribution
License (CC BY). The use, distribution or reproduction in other forums is permit-
ted, provided the original author(s) or licensor are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice.
No use, distribution or reproduction is permitted which does not comply with these
terms.

www.frontiersin.org July 2014 | Volume 8 | Article 195 | 168

http://dx.doi.org/10.3389/fnins.2014.00195
http://dx.doi.org/10.3389/fnins.2014.00195
http://dx.doi.org/10.3389/fnins.2014.00195
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
http://www.frontiersin.org
http://www.frontiersin.org/Neuroendocrine_Science/archive


PERSPECTIVE ARTICLE
published: 22 December 2014
doi: 10.3389/fnins.2014.00425

Sex-specific strategy use and global-local processing: a
perspective toward integrating sex differences in cognition
Belinda Pletzer1,2*

1 Department of Psychology, Paris-Lodron-University Salzburg, Salzburg, Austria
2 Center for Cognitive Neuroscience, Paris-Lodron University Salzburg, Salzburg, Austria

Edited by:

Hubert Vaudry, University of Rouen,
France

Reviewed by:

Rafael Vazquez-Martinez, University
of Cordoba, Spain
Markus Hausmann, Durham
University, UK

*Correspondence:

Belinda Pletzer, Center of
Neurocognitive Research,
Paris-Lodron University Salzburg,
Hellbrunnerstrasse 34, A - 5020
Salzburg, Austria
e-mail: belinda.pletzer@sbg.ac.at

This article reviews the literature on sex-specific strategy use in cognitive tasks with the
aim to carve out a link between sex differences in different cognitive tasks. I conclude
that male strategies are commonly holistic and oriented toward global stimulus aspects,
while female strategies are commonly decomposed and oriented toward local stimulus
aspects. Thus, the strategies observed in different tasks, may depend on sex differences
in attentional focus and hence sex differences in global-local processing. I hypothesize
that strategy use may be sex hormone dependent and hence subject to change over
the menstrual cycle as evidenced by findings in global-local processing and emotional
memory. Furthermore, I propose sex hormonal modulation of hemispheric asymmetries
as one possible neural substrate for this theory, thereby building on older theories,
emphasizing the importance of sex differences in brain lateralization. The ideas described
in the current article represent a perspective toward a unifying approach to the study of
sex differences in cognition and their neural correlates.
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global-local processing

HE OR SHE—SHORT INTRODUCTION TO SEX DIFFERENCES
IN COGNITION
For decades it has been debated, whether men and women dif-
fer in specific cognitive abilities (e.g., Halpern, 2000; Hyde, 2005;
Andreano and Cahill, 2009). The present chapter shall by no
means provide an extensive review of these sex differences, but
rather introduce those sex differences, which are relevant for the
idea presented in this article.

Sex-sensitive tasks have been identified in the domains of spa-
tial, verbal, and memory performance. Thereby the largest sex
differences, indicating a male superiority, have been reported for
mental rotation tasks (e.g., Voyer and Bryden, 1990; Voyer et al.,
1995; Schoning et al., 2007) with effect sizes ranging from 0.25
to 3.04 (Andreano and Cahill, 2009) and spatial navigation tasks
(e.g., Galea and Kimura, 1993; Silverman et al., 2000; Saucier
et al., 2002) with effect sizes ranging from 0.36 to 1.04 (Andreano
and Cahill, 2009). In the domain of verbal abilities, sex differ-
ences have been reported for verbal fluency tasks (e.g., Capitani
et al., 1998, 1999, 2005) with effect sizes ranging from 0.13 to
0.89 (Mann et al., 1990; Bolla et al., 1998; Loonstra and Sellers,
1998; Halari et al., 2005, 2006; De Frias et al., 2006; Gauthier et al.,
2009; Hausmann et al., 2009; Soleman et al., 2013; Hirnstein et al.,
2014), verbal memory tasks (e.g., Kimura and Seal, 2003; Yonker
et al., 2003) with effect sizes ranging from 0.18 to 0.97 (Andreano
and Cahill, 2009). But non-significant effects and effects to the
opposite have also been reported (e.g., Kimura and Seal, 2003;
Yonker et al., 2003; Munro et al., 2012). Sex differences have also
been observed in autobiographic memory (Pillemer et al., 2003)
and other aspects of episodic memory, like the recognition of

odors (e.g., Oberg et al., 2002), faces (e.g., Bengner et al., 2006),
objects, and pictures (e.g., Galea and Kimura, 1993), as well as for
a variety of higher order cognitive functions (Harness et al., 2008;
Li et al., 2009; Huster et al., 2011).

However, several of these findings have been questioned by
theorists arguing that sex differences are overall small and neg-
ligible and within-group variation is stronger than the variation
between groups (Hyde, 2006; Hyde and Linn, 2006). For example,
a meta-analysis by Hyde and Linn (1988) yielded only a very weak
effect size (d = 0.11) for sex differences in verbal functions across
165 studies using different verbal tasks. However, whether overall
performance differences between men and women exist, does not
explain why and how cognition differs between the sexes.

First, there is an increasing interest in the actions of sex hor-
mones on the brain (De Frias et al., 2006), which may affect sex
differences in cognitive tasks, emotional processing or personal-
ity. However, sex hormone levels, especially in women are not
constant, but subject to changes due to endogenous hormonal
fluctuations (menstrual cycle) or the application of synthetic
steroids (hormonal contraception). Hence, for some tasks we
do of course expect within-group variation in cognitive perfor-
mance that may mask differences between groups, if these factors
are not adequately controlled for (see also Pletzer et al., 2011,
2014a). It has for example been demonstrated that women per-
form better on mental rotation and other spatial tasks during the
early follicular phase (low estrogen and progesterone) or if on
hormonal contraception, while verbal abilities are also increased
in hormonal contraceptive users as well as during the luteal
cycle phase (high estrogen and progesterone) (Hampson, 1990;
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e.g., Mordecai et al., 2008; Wharton et al., 2008; Dadin et al.,
2009). However, as outlined by a recent review (Sundstrom et al.,
this topic), these findings are not always replicable, also due to
inconsistencies in the definition of cycle phases.

Second, it has been argued in the personality domain, that
one cannot conclude from the comparison of isolated personality
dimensions that differences between men and women in person-
ality are small (Del Giudice et al., 2012). Rather personality has
always been viewed as a multidimensional construct and research
on sex differences should approach it as such. Personality dimen-
sions do not affect our behavior individually. It is their relative
manifestation and the interactions between different traits that
form our behavior as a whole and these relations and interactions
are what should be studied with respect to individual differences,
as e.g., sex differences. I propose that the same holds true for the
cognitive domain. While sex differences in some abilities may be
small and sex differences are more pronounced in some abilities
than others (e.g., spatial abilities), it is our cognitive profile, i.e.,
the common action and interaction of all aspects of cognition that
shape our everyday life performance. Therefore, research on sex
differences should advance from studying some cognitive abilities
as separate entities, but move toward a more integrative approach
and try to link sex differences across singular tasks. By identify-
ing similarities between sex differences in various tasks, we may
derive common principles and ideally link these principles to
neural substrates.

Third, an absence of sex differences at the behavioral level does
not necessarily imply that men and women did process a spe-
cific task in the same way. For example, several neuroimaging
studies demonstrate sex differences in brain activation during a
task, while not observing behavioral sex differences (e.g., Weiss
et al., 2003; Schoning et al., 2007). Many authors have argued that
men and women use different cognitive strategies (e.g., Cochran
and Wheatley, 1989) employing different approaches. A common
method is to utilize different instructions or the use of differ-
ent stimulus materials or categories that favor the use of one
strategy over another. For example, Sharps et al. (1993) were
able to demonstrate that sex differences in a mental rotation task
disappear, if they used non-spatial instructions and a female supe-
riority in object location memory disappears, if the labeling of
items is not possible (Postma et al., 2004). The use of different
strategies may also be suggested by eye-tracking studies, if men
and women focus on different stimulus aspects (e.g., Hampson,
1990). Another source of information regarding sex-specific strat-
egy use are participants self-reports (e.g., Gluck, 2003). The
following chapter will summarize several examples, where men
and women approach a task with different strategies. As I will
outline, it may be the nature of these differential strategies that
links sex differences across tasks and to brain organization.

HOLISTIC OR DECOMPOSED—DISSOCIATION OF
SEX-SPECIFIC STRATEGIES ACROSS TASKS
The dissociation of cognitive strategies between men and women
has been studied most extensively in spatial tasks. In the mental
rotation task for example, it has been deduced from partici-
pants self-reports that men tend to use a more holistic “Gestalt”
approach, while women use a segmentary strategy of rotating
parts of the stimuli separately (Gluck, 2003; Pena et al., 2008;

Rilea, 2008). In spatial navigation, it has been demonstrated
using participants self-reports and different instructions, that
men focus on distal landmarks and use allocentric coordinates,
while women focus on local landmarks and use egocentric coor-
dinates (Galea and Kimura, 1993; Lawton, 1994, 2001; Lawton
et al., 1996). Men outperform women in both real world and
2D-matrix navigation, when directions are given in Euclidean
terms using allocentric coordinates (Saucier et al., 2002). On
the other hand, women outperform men, when directions are
given using landmark information and egocentric coordinates
(Saucier et al., 2002) and sex differences in virtual navigation
decline the more landmark information is available (Andersen
et al., 2012). For navigation, the sex-specific strategy dissociation
has been corroborated by eye-tracking evidence. In a virtual water
maze, men explore more space, while women show longer fixa-
tion durations (Mueller et al., 2008). Furthermore, the allocentric
strategy has successfully been related to mental rotation perfor-
mance (Saucier et al., 2002), demonstrating that a more global
strategy is beneficial in spatial tasks.

A dissociation between global and local strategies has however
also been described for a variety of spatial-related and non-
spatial tasks. For example, using different stimulus categories, we
recently described a strategy dissociation in a number comparison
task (Pletzer et al., 2013), suggesting that men process multi-
digit numbers in a more holistic fashion (whole numbers), while
women process decade and unit digit magnitudes separately.

Likewise, eye-tracking evidence demonstrated that during face
and emotion recognition women fixate more strongly on the eyes,
independent of view-point, while men tend to focus their gaze
more toward the nose in frontal views and the cheeks in profiles,
i.e., the view-specific center-of-gravity (e.g., Saether et al., 2009).

The common denominator across the tasks and strategies
described so far, is that the sex specific strategies can be linked to
visuospatial attention in that participants either self-report their
focus of attention, their focus of attention is actively directed
toward particular stimulus aspects via different instructions or the
use of different stimulus categories, or their focus of attention is
recorded using eye-tracking evidence.

Thereby, male strategies appear to share the common feature
of being oriented toward more global stimulus features or aspects
of the task, i.e., they can be described as holistic. Female strate-
gies however appear to be oriented toward more local stimulus
features and can thus be described as decomposed. Consequently,
sex-specific strategy use may be linked to sex differences in atten-
tional focus, an idea which will be pursued in the next chapter.

The global-local dissociation has been studied particularly
well in the context of emotional memory. It has repeatedly been
demonstrated that men show better memory of the gist of an
emotional story, while women better remember the details of an
emotional story (e.g., Cahill, 2003; Cahill et al., 2004; Nielsen
et al., 2011). Thereby, the gist and the detail refer to aspects
of visual scenes, which makes it plausible that the strategies
described for emotional memory are also linked to differences in
visuo-spatial attention.

It is an interesting question, whether sex-specific strategies
in other tasks that cannot as easily be related to visuo-spatial
attention, can also be linked to this principle. It has for example
repeatedly been demonstrated that during verbal fluency tasks,
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men produce larger clusters (series of words that belong to the
same semantic or phonological category), while women tend
to switch more often between different categories (Weiss et al.,
2006). Category size has been used as one indicator of conceptual
global-local processing, as described in the next chapter (Darwent
et al., 2010).

In summary, sex-specific strategy use has been reported for
almost every cognitive task for which sex differences in perfor-
mance have been reported. For several tasks, these strategies may
be generalizable via a principle in visuo-spatial attention with
male strategies being oriented toward global stimulus aspects and
female strategies being oriented toward local stimulus aspects.
Note however, that only few of the studies described above
(Nielsen et al., 2011, 2013; Pletzer et al., 2013) controlled for
menstrual cycle phase, hormonal contraceptive use or sex hor-
mone levels. In emotional memory for example, the focus on the
details of an emotional story in women appears to be particularly
enhanced during the luteal cycle phase, when women’s estradiol
and progesterone levels are high (Nielsen et al., 2011, 2013). Thus,
for several of these tasks, a hormonal modulation of sex-specific
strategy use remains yet to be established.

GLOBAL OR LOCAL—SEX DIFFERENCES IN ATTENTIONAL
FOCUS
Individual differences in global-local processing are well-
established (Forster and Dannenberg, 2010a,b). Perceptual
global-local processing refers to the tendency to process visual
stimuli as a whole or in parts, whereas conceptual global-local
processing refers to the tendency to think in more concrete or
abstract terms (Darwent et al., 2010).

Perceptual global-local processing is traditionally studied
using hierarchical stimuli (Navon paradigm), i.e., a global struc-
ture made up of local parts (Navon, 1977). These stimuli allow
assessing global and local processing independently of each other
and in their interaction, since participants attention can be
directed toward either the global or the local level. Thereby,
participants are asked to respond if a certain predefined target
appears at a specified level. From experiments with this paradigm,
the concept of global precedence was developed (Navon, 1977,
1981), which includes among others the observation that reac-
tions to global targets are faster than reactions to local targets
(global advantage).

If sex differences in cognitive tasks are based on sex differ-
ences in attentional focus, these differences should be apparent in
a Navon paradigm. Indeed several findings have been published
that support this view. Using a divided attention paradigm, a local
advantage has been demonstrated in women that was absent in
men (Roalf et al., 2006), while in a selective attention paradigm, a
global advantage has been demonstrated in men that was absent
in women (Razumnikova and Vol’f, 2011). However, these find-
ings have been questioned by a lack of sex differences in global
advantage using hierarchical line/shape stimuli (Kimchi et al.,
2009) or a similarity judgment task (Basso and Lowery, 2004).

In a recent study designed to resolve inconsistencies between
these previous reports, we demonstrated that the reduced global
advantage in women is strongly dependent on hormonal status
(Pletzer et al., 2014b). Women in their luteal phase (high estradiol

and progesterone) showed reduced global advantage in compari-
son to men, but also in comparison to women in their follicular
phase (low estradiol and progesterone) and hormonal contracep-
tive users. Furthermore, global advantage was positively related
to testosterone levels, but negatively to progesterone levels, while
no relationship was observed with estradiol levels. Thus, an
enhanced focus on the global aspects of hierarchical stimuli is
probably facilitated by testosterone, while an enhanced focus on
the local aspects of hierarchical stimuli is probably facilitated by
progesterone. This may explain why only women in their luteal
cycle phase, i.e., women with elevated progesterone levels, showed
a reduction in global advantage compared to men.

Conceptual global-local processing is traditionally studied via
construal level tasks (Darwent et al., 2010), e.g., asking partic-
ipants to group a given set of words into categories, whereby
category size is used as an indicator of global-local processing. To
the best of our knowledge, sex differences have not been as explic-
itly studied, nor consistently been reported for this task, although
certain similarities to the verbal fluency or verbal memory tasks
are apparent. However, a link between perceptual and concep-
tual global-local processing has been proposed (Forster, 2009;
Darwent et al., 2010; Forster and Dannenberg, 2010a,b). Thus,
it may be worth investigating a possible link of sex differences in
strategy selection between visuo-spatial and verbal tasks. There is
for example evidence for sex differences in the relation between
creativity and perceptual global-local processing (Razumnikova
and Vol’f, 2012).

Furthermore, several psychological (e.g., mood) or social (e.g.,
stereotype threat) factors have been identified that can affect the
size of sex differences in cognitive tasks (e.g., Hausmann et al.,
2009; Hirnstein et al., 2014). Global-local processing has been
linked to mood (Basso et al., 1996) and gender stereotype activa-
tion (Anderson, 2011), which suggests that these factors should
also been taken into account when establishing a link between
sex-specific strategy use and global-local processing across differ-
ent tasks.

LEFT OR RIGHT/COUPLING OR DECOUPLING—HEMISPHERIC
INTERPLAY AS NEURAL SUBSTRATE OF SEX DIFFERENCES?
Results from visual hemifield (e.g., Robertson and Lamb, 1991),
EEG (e.g., Johannes et al., 1996) and fMRI studies (Fink et al.,
1996) indicate, that the right hemisphere shows an advantage for
processing of the global level, while the left hemisphere shows an
advantage for processing of the local level.

Hemispheric asymmetries have also been assessed for several
of the cognitive functions discussed above as being subject to sex-
specific strategy use (for reviews see e.g., Wada, 2009; Renteria,
2012). For example, verbal functions appear to be left-lateralized,
while visuospatial functions appear to be right-lateralized. Such
a lateralization of brain functions is mostly assumed to rely
on inter-hemispheric inhibition (Chiarello and Maxfield, 1996),
with the hemisphere dominant for a task inhibiting the non-
dominant hemisphere. Since a right-hemispheric dominance for
visuo-spatial attention has been reported (Heilman and Van Den
Abell, 1980; Heilman et al., 1983), the lateralization of global-
local processing may explain the general observation of a global
advantage. The dominant right hemisphere is responsible for
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global processing and inhibits the non-dominant left hemisphere
responsible for local processing.

Furthermore, sex differences in brain lateralization have
received much attention. Some authors argue that hemispheric
asymmetries are more pronounced in men than in women and
that a stronger variation in hemispheric asymmetries is apparent
in women as compared to men (for reviews see McGlone, 1980;
Hausmann and Bayer, 2010; Renteria, 2012). However, a meta-
analysis by Voyer (Voyer et al., 2012) suggests that this idea may
not hold across tasks and that sex differences in the lateralization
of verbal and visuo-spatial functions are modulated by modal-
ity (visual vs. auditory). Hausmann and Bayer (2010) argue that
sex differences in hemispheric asymmetries may be modulated
by intra- and inter-individual variations in sex hormone levels.
A menstrual cycle dependent modulation of lateralization may
explain the stronger variation in hemispheric asymmetries within
the female group (Hausmann and Bayer, 2010).

In that respect it has been demonstrated that the lateraliza-
tion of brain functions is particularly reduced during the luteal
cycle phase, when a woman’s estradiol and progesterone lev-
els are high (Hausmann and Gunturkun, 2000). This reduction
in hemispheric lateralization has originally been attributed to
a progesterone-mediated reduction in inter-hemispheric inhibi-
tion, termed progesterone-mediated inter-hemispheric decou-
pling (Hausmann and Gunturkun, 2000). Therefore, we hypoth-
esized that the reduction in global advantage we observed during
the luteal cycle phase (Pletzer et al., 2014b), was mediated via the
progesterone-dependent reduction of inter-hemispheric inhibi-
tion during global-local processing. However, recent studies stress
the role of estradiol in modulating inter-hemispheric communi-
cation (Hausmann and Gunturkun, 2000; Weis et al., 2008; Weis
and Hausmann, 2010; Hausmann et al., 2013) over the men-
strual cycle and this theory has recently been extended to include
sex hormone modulations of inter-hemispheric excitation and
integration (Bayer et al., 2008). A relationship between global
advantage and estradiol was not observed in our previous study
(Pletzer et al., 2014b). A reduction of inter-hemispheric inhi-
bition during high-hormone phases has been demonstrated in
visual hemifield (Hausmann and Gunturkun, 2000), and fMRI
experiments (Weis et al., 2008). In line with this idea, sex-specific
hemispheric specialization has recently been demonstrated dur-
ing global-local processing in a Navon paradigm (Lee et al., 2012),
as well as during emotional memory (Cahill, 2007).

Other theories stress, that some sex hormones may enhance
the functioning and intra-hemispheric integration of a particu-
lar hemisphere (e.g., Hampson, 1990). It has e.g., been proposed
that the “female” sex hormone estrogen enhances left-hemisphere
functioning, while the “male” sex hormone testosterone has been
discussed to enhance right-hemisphere functioning (e.g., Toga
and Thompson, 2003). The latter view is in line with our observa-
tion that high levels of testosterone are associated with enhanced
global advantage.

While a complete picture of how sex hormones interact with
inter-hemispheric communication has yet to emerge, several
results indicate that sex hormones modulate inter-hemispheric
communication (see Hausmann and Bayer, 2010 for a review).
We hypothesize that via this modulation, sex hormones affect

global and local attention, which may relate to cognitive strategies
in several cognitive tasks. To establish a more complete pic-
ture on the sex hormonal modulation of lateralization and the
link between lateralization and cognitive strategies, hemispheric
asymmetries should be taken into account when studying sex
differences in cognitive strategies.

CONCLUSIONS
In summary, it has been found, that sex specific strategies share
several features over different cognitive tasks and can be described
as global/holistic in men and local/decomposed in women and
linked to sex-differences in global-local processing. I hypothe-
sized that sex differences in the lateralization of brain functions
accompany these strategies as a result of sex hormone modulation
of transcallosal neurotransmission. Empirical evidence linking
strategy to lateralization and demonstrating hormone-dependent
modulation of strategies as well as lateralization is still lacking
for several of the tasks described. This shifts the emphasis from
a descriptive comparison of men and women to the question how
sex hormones modulate cognition as a whole and can only be
answered by an adequate understanding of the changes occurring
over the course of the menstrual cycle. The idea of the corpus cal-
losum, gating attentional focus and thereby guiding strategy use
in a variety of cognitive tasks represents a perspective toward a
link between sex differences in different cognitive tasks.
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Whilst many studies show sex differences in cerebral asymmetry, their mechanisms
are still unknown. This report describes the potential impact of sex hormones and sex
chromosomes by comparing MR data from 39 male and 47 female controls and 33 men
with an extra X-chromosome (47,XXY).

Methods: Regional asymmetry in gray and white matter volumes (GMV and WMV) was
calculated using voxel based moprhometry (SPM5), by contrasting the unflipped and
flipped individual GMV and WMV images. In addition, structural volumes were calculated
for the thalamus, caudate, putamen, amygdala, and hippocampus, using the FreeSurfer
software. Effects of plasma testosterone and estrogen on the GMV and WMV, as well on
the right/left ratios of the subcortical volumes were tested by multi-regression analysis.

Results: All three groups showed a leftward asymmetry in the motor cortex and the
planum temporale, and a rightward asymmetry of the middle occipital cortex. Both
asymmetries were more pronounced in 46,XY males than 46,XX females and 47,XXY
males, and were positively correlated with testosterone levels. There was also a rightward
asymmetry of the vermis and leftward GMV asymmetry in the cerebellar hemispheres
in all groups. Notably, cerebellar asymmetries were larger in 46,XX females and 47,XXY
males, but were not related to sex hormone levels. No asymmetry differences between
46,XX females and 47,XXY males, and no overall effects of brain size were detected.

Conclusion: The asymmetry in the planum temporale area and the occipital cortex seem
related to processes associated with testosterone, whereas the observed cerebellar
asymmetries suggest a link with X-chromosome escapee genes. Sex differences in
cerebral asymmetry are moderated by sex hormones and X-chromosome genes, in a
regionally differentiated manner.

Keywords: cerebral asymmetry, X-chromosome, sex hormone, gender, MRI

INTRODUCTION
Laterality of the human cerebral hemispheres has profound impli-
cations for higher cognitive functions and behavior making
both functional and structural asymmetries of the brain utterly
intriguing (Toga and Thompson, 2003).

Numerous studies have revealed the consistent presence of
functional asymmetries and some of these seem to correspond
with structural asymmetries (Toga and Thompson, 2003; Narr
et al., 2007). Among the structural asymmetries generally found
in adults are a larger right hemisphere than left, which mainly
seems to be attributed to white matter volume (WMV), and
fronto-occipital asymmetry (torque), where the right prefrontal
cortex gray matter volume (GMV) is greater than the left, and the
left occipital GMV is greater than the right (Good et al., 2001;
Raz et al., 2001, 2004; Hamilton et al., 2007; Rezaie et al., 2009).
Computed tomography and magnetic resonance imaging (MRI)
studies have shown that these asymmetries are more prominent
in right-handers (Bullmore et al., 1995; Hamilton et al., 2007).

Cerebral tissue asymmetry has been detected at birth and even as
early as at 22 weeks of gestational age (Chi et al., 1977; Hering-
Hanit et al., 2001), and is, thus, an early phenomenon in the
development of the human brain.

Regional structural and functional asymmetries were initially
primarily described for language networks with the striking struc-
tural asymmetry of the inferior frontal gyrus (Broca’s area)
and the planum temporale (Wernicke’s area) (Geschwind and
Levitsky, 1968; Galaburda et al., 1990). Subsequently, with the
application of MRI, several other regional asymmetries have
been recognized. For example, left > right asymmetry has been
reported in the precentral gyrus, and right > left asymmetry in
the cingulate sulcus, the uncus, the anterior insular cortex, the
superior temporal sulcus, the caudate nucleus, and the dorsal tha-
lamus (Good et al., 2001; Watkins et al., 2001; Luders et al., 2004;
Herve et al., 2005, 2006, 2009). In addition, left > right asymme-
try has been found in the putamen, and right > left asymmetry in
the hippocampus (Raz et al., 2001, 2004); see also Hou et al. for a
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comprehensive review (Hou et al., 2013). Some of the aforemen-
tioned asymmetries (hippocampus, planum temporale) exist in
non-human primates as well (Lyn et al., 2011); they also seem to
be independent of the intracranial volume (Barrick et al., 2005)
and are believed to reflect adaptation to a challenging environ-
ment. Despite rather extensive research, little is known about their
underlying mechanisms. Unraveling these mechanisms is both
clinically and theoretically important, as many higher cognitive
functions are organized along the left/right axis, and a number
of developmental disorders (e.g., dyslexia, autism, schizophrenia,
ADHD) are associated with reductions of the normal structural
asymmetry (Guerguerian and Lewine, 1998; Schulte-Korne et al.,
1999; Irle et al., 2005; Shaw et al., 2009). Recent data from sub-
jects with posttraumatic stress disorder (PTSD) suggest that this
reduction may also occur in response to stress (Irle et al., 2005;
Kim et al., 2012). Changes in cerebral symmetry may, thus, lead
to abnormal functional organization and impaired functioning
(Toga and Thompson, 2003).

In the quest to discover the biological underpinnings of
cerebral asymmetry, important information may potentially be
extracted from studies of sex differences. Right > left hemispheric
asymmetry is, according to several reports, more pronounced
in adult males than females (Nopoulos et al., 2000; Savic and
Lindstrom, 2008). A right > left asymmetry has more consistently
been reported in the hippocampus volume (Giedd et al., 1996;
Pfluger et al., 1999; Toga and Thompson, 2003; Gilmore et al.,
2007; Savic and Arver, 2011) and seems detectable as early as the
human fetus stage (de Lacoste et al., 1991)—although there are
also studies that failed to detect such differences (Hering-Hanit
et al., 2001). There are also reports of sex differences in structural
asymmetry of the cerebellum (Fan et al., 2010; Tiemeier et al.,
2010).

Sexual dimorphism exhibited in brain asymmetry may be
related to the effects of sex hormones, sex chromosome genes,
environmental factors, or a combination of the three. Based on
animal studies, it has long been believed that cerebral sex differ-
ences are linked to prenatal androgen levels and the post-pubertal
androgen surges (Giedd et al., 2006; van Rijn et al., 2008; Rezaie
et al., 2009; Steinman et al., 2009). The androgen theory, as
the sole explanation to structural asymmetries of the brain, has
been challenged by findings of asymmetrical expression in some
genes of the human embryonic cortex after only 12 weeks of
gestation (Sun et al., 2005), that is, before the onset of gonadal
production of sex hormones. That genetic programs may also
be operating in the development of asymmetry is suggested by
studies of patients with sex chromosome aneuploidy, showing
left hemisphere atrophy in language processing regions in men
with Klienefelter’s syndrome (47, X46 XY men) and right parietal
lobe atrophy in visuospatial processing regions in women with
Turner’s syndrome (X0 women) (Baron-Cohen, 2004; Lentini
et al., 2013; Savic and Arver, 2013). Subjects with X-chromosome
aneuploidy have also shown changes in functional lateraliza-
tion during language tasks, and a reduced activation of the left
superior temporal gyrus and the supramarginal gyrus has been
observed in 47,XXY men (van Rijn et al., 2008). A study of
47,XXY men also showed larger right > left asymmetries with
regard to non-verbal right-hemispheric tasks (Netley and Rovet,

1984). Furthermore, a more recent study including subjects with
Turner’s as well as Klienefelter’s syndrome suggests that the num-
ber of sex chromosomes influences the development of brain
asymmetry in a differentiated manner along the antero-posterior
axis (Rezaie et al., 2009).

The exact patterns of asymmetry in the gray and white matter
of separate brain structures along the antero-posterior axis, how-
ever, have not previously been investigated exploratively, and it is
possible that both structural and functional asymmetries of some
structures could be attributable to sex chromosome-linked pro-
cesses, whereas others could be affected by sex hormone levels.
The present study was designed to address this issue by compar-
ing MRI data from 46,XX females, 46,XY males, and men with
Klinefelter’s syndrome, 47,XXY. In a recent study, this type of
experimental design was shown to be suitable for investigations
of the possible effects of sex hormones and sex chromosomes
on cerebral tissue (Lentini et al., 2013; Savic and Arver, 2013).
Based on our previous reports, which showed several structural
asymmetries among healthy controls (Savic and Lindstrom, 2008;
Savic and Arver, 2011), special interest has been paid in the
present study to the asymmetry of the structural volumes of
the caudate, putamen, thalamus, amygdala and hippocampus,
and the possible asymmetry of the entire hemispheric volumes.
Both voxel-brain morphometry and structural volumetry have
been carried out, and blood samples were drawn for analyses of
bioactive testosterone and estradiol. The study also includes mea-
surements of the length of the second and fourth digit, known
as the 2D:4D ratio. According to several scientific reports, this
ratio, especially on the right hand, may serve as a proxy for
fetal testosterone (Manning et al., 1998, 2004; Williams et al.,
2000; Lutchmaya et al., 2004; Coates et al., 2009; Honekopp and
Watson, 2010). A more detailed reasoning for use of the 2D:4D
ratio is described in some of our previous studies (Lentini et al.,
2013; Savic and Arver, 2013).

Men with Klinefelter’s syndrome are born with one or more
extra X-chromosomes. Their phenotype is characterized by
hypogonadism. Testosterone levels in men with Klinefelter’s syn-
drome are usually normal or subnormal during the prenatal
period, but become significantly reduced in relation to control
boys during puberty (Carson et al., 1982; Ratcliffe et al., 1994;
Niznikiewicz et al., 2000; Aydin et al., 2005; Aksglaede et al.,
2006). 47,XXY males are heterosexual, have male identity, and
their gender roles (van Rijn et al., 2008).

It is well known that in the somatic cells of 46,XX females, one
of the two X-chromosomes is randomly inactivated. However,
about 15% of X-linked genes (so called escapee genes) escape
this process and will be expressed from both X-chromosomes.
Because only a few of the escapee genes have homologs on the
Y-chromosome (Ashburner and Friston, 1999; Xu et al., 2002), a
major portion of these X-linked genes will be expressed in excess
in 46,XX females. They could, thus, play an important role in
sexual differentiation.

Based on this information, it is reasonable to expect differences
in regional asymmetries between 47,XXY males and male con-
trols. As discussed in our earlier publications (Lentini et al., 2013)
these differences could be primarily related to two types of genetic
mechanisms.

Frontiers in Neuroscience | Neuroendocrine Science November 2014 | Volume 8 | Article 329 | 176

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


Savic Brain asymmetry and gender

• In 47,XXY males there could be an excessive expression
of genes that lie in the pseudoautosomal regions of the
X-chromosome. Those X-escapee genes that have active Y-
chromosome homologs will be expressed in a higher dose in
46,XXY males than in 46,XX and 46,XY controls, potentially
leading to differences in cortical thickness in relation to both
control groups.

• Second, because 47,XXY males may also have X-escapee genes
that do not have Y-chromosome analogues (Vawter et al.,
2007), these genes will be expressed in excess in 47,XXY males
only in relation to 46,XY males but not in relation to 46,XX
females.

Regional asymmetry was first compared between male and female
controls. Next, correlation analyses were carried out amongst the
controls with respect to asymmetry ratios (right vs. left) and
the z-transformed estrogen and testosterone levels, as described
previously (Lentini et al., 2013; Savic and Arver, 2013). Finally,
it was investigated whether the regional asymmetry in 47,XXY
males differed from those of 46,XY males and 46,XX females,
and whether 47,XXY males exhibited a same sex, opposite sex,
or entirely singular pattern of asymmetry (different from both
control groups).

One hypothesis was that 46,XY males would have more pro-
nounced asymmetries than 46,XX females and that this differ-
ence, at least in some parts of the brain, could be related to
testosterone levels. A further hypothesis was that 47,XXY males
would have less pronounced asymmetries than 46,XY males and
perhaps also 46,XX females. The underlying rationale was based
on the previous observation that 47,X XY males have reduced left
lateralization in dichotic listening tasks (Kompus et al., 2011) and
on the finding of reduced leftward lateralization (measured with
fMRI) during a language task in this population (van Rijn et al.,
2008).

It was further hypothesized that asymmetries that were not
linked to sex hormone levels among the controls, and that were
also similar to those of 46,XX females and 47,XXY males but
different from those of 46,XY males, could be related to genes
located on the extra X-chromosome, the so-called escapee genes,
which do not have Y-chromosome homologs. Furthermore, those
asymmetries that were different in 46,XXY males in compari-
son with both control groups would indicate processes related to
the X-escapee genes, which have Y-chromosome homologs; they
would, thus, be associated with trisomy (three sex chromosomes),
or represent downstream effects of this type of sex-chromosome
aneuploidy.

MATERIALS AND METHODS
POPULATION
The population consisted of 33 47,XXY males (age 39 ± 11 years,
range 21–50, education 13 ± 3 years), 39 46,XY males (age 35 ± 7
years, range 25–50, education 16 ± 2 years), and 47 46,XX females
(age 35 ± 7 years, range 22–50, education 16 ± 2 years), and
has also partly been described in our previous studies (Lentini
et al., 2013; Savic and Arver, 2013). Due to poor MRI image qual-
ity in two subjects the analysis included imaging data from 31
47,XXY males. The 47,XXYmales were recruited from the Center

of Andrology, Department of Medicine, Karolinska University
Hospital, Sweden, the controls from the general public. The age
range was 20–50 years, and all participants were right-handed
(Edinburgh Handedness Inventory, Oldfield, 1971; Kinsey et al.,
2003), and heterosexual (scored Kinsey 0) according to Kinsey’s
Heterosexual/Homosexual Scale (Kinsey et al., 2003).

Exclusion criteria included having karyotypic mosaicism
(assessing the metaphase chromosomes in cells derived from
whole blood according to standard procedure), and having a
heredity for, history of, or current psychosis. Furthermore, we
excluded subjects with a neurological disease, ADHD, personality
disorder, major or bipolar depression, alcohol or substance abuse
problems. Mild dyslexia was present in about 60% of the 47, XXY
men, but no controls.

Two of the 47,XXY males were diagnosed as adults during the
course of infertility investigation, the others were diagnosed in
early adolescence. All but two (who were deemed to not need
testosterone) had been receiving testosterone supplementation
subsequent to the diagnosis and were in treatment at the time of
the study. The starting age of testosterone treatment ranged from
15 to 40 years. The Ethics Committee of the Karolinska Institutet
Stockholm approved the study, and prior to study all participants
signed informed consent forms.

FINGER RATIOS
The 2D:4D ratios of both hands were measured using a steel
vernier caliper. Measurements were carried out directly on the fin-
gers, on the ventral side of the hand between the basal crease and
the fingertip (Manning et al., 1998, 2004; Lutchmaya et al., 2004;
Manno, 2008; Ciumas et al., 2009). As in our earlier study (Savic
and Arver, 2013) the 2D:4D ratios of 15 subjects were indepen-
dently measured by two raters, and the inter-rater correlation was
calculated with linear regression (Pearson’s coefficient, p < 0.05).

VENOUS BLOOD SAMPLES
Venous blood samples were collected from all the subjects
between 8 and 10 a.m. in the morning. Plasma testosterone
levels, (nmol/L), 17β-estradiol (pmol/L) (radioimmunoassay,
Testosterone RIA DSL-4000, Diagnostic Systems Laboratory
Inc., TX), and the sex hormone binding globulin (SHBG)
were analyzed in the Chemical Diagnostics Laboratory at the
Karolinska University Hospital. The levels of bioavailable testos-
terone (nmol/L) were calculated using an equation developed by
Sodergard et al. (1982). Before conducting the statistical analy-
ses of possible correlations between hormone levels and regional
asymmetry, the individual levels of 17β-estradiol and bioactive
testosterone were z-transformed within each sex group, because
natural sex differences in plasma testosterone levels and 17β-
estradiol (pmol/L) could lead to false correlations—considering
that the respective hormone values would be located at the two
extremes of the correlation slope.

MRI
MRI data acquisition
All the subjects were investigated in a whole-body 1.5-Tesla
MRI medical scanner (General Electric, Milwaukee, Wisconsin)
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equipped with 8-channel phased array receiving. The MRI pro-
tocol included the following scans: (1) 3D-weighted T1 SPGR
images with 1 mm isotropic voxel size according to a previously
described protocol (Ciumas et al., 2010); (2) 2D T2-weighted fast
spin echo (FSE) images in the axial plane (effective TE = 56 ms,
TR = 2500 ms, FOV = 24 cm, 23 slices of 3 mm thickness). The
latter images were not used in the present report.

Voxel-based morphometry
Voxel-based morphometry (Ashburner, 2007) was performed
using the Gaser Toolbox (http://dbm.neuro.uni-jena.de/
vbm/) with SPM 5 (The Wellcome Department of Imaging
Neuroscience, University College London; www.fil.ion.ucl.
ac.uk/spm/) and Matlab 7.3 (Math Works, Natick, MA), as
described in several related studies, and using The Diffeomorphic
Anatomical Registration Through Lie Algebra toolbox (DARTEL,
Wellcome Department of Imaging Neuroscience, University
College London, UK; http://www.fil.ion.ucl.ac.uk/spm). All
the segmented were modulated (multiplied) by the Jacobian
determinants, which allowed direct comparisons of regional
differences in the volume of each tissue type.

All the T1-weighted MR images were segmented into gray
matter (GM) and white matter (WM), and CSF. The segmented
images were then flipped vertically in the midsagittal plane (x =
0). Next, both the original and the flipped images were imported
to DARTEL to create templates (GM and WM). The GM and WM
templates of the entire study group were then normalized to MNI
space using the 12-parameter transformation and then flipped
vertically in the midsagittal plane (x = 0), and a mean image of
the original and of the flipped GM templates was created (a mean
symmetrical template). The individual images were finally nor-
malized to the symmetrical template and finally smoothed with a
8 mm FWHM kernel.

Within-group asymmetries in regional GMV and WMV were
tested through paired t-tests for each group (46,XX, 46,XY and
47,XXY), comparing the individual, MNI normalized, and seg-
mented GM and WM unflipped images with the corresponding
flipped images. Significant clusters were calculated for each sub-
ject group with peak threshold at p = 0.001, FDR corrected at
p < 0.01 (the more restrictive significance level was used to avoid
large confluent clusters).

Between-group asymmetries were tested with a full-factorial
design using each group’s (46,XX, 46,XY and 47,XXY) unflipped
and flipped normalized images as the factor of variance, and
using age and total tissue volume (TV) as the covariates of
no interest (peak threshold at p = 0.001, FDR corrected at
p < 0.05). TV was calculated as the sum of individual WMV and
GMV. The following contrasts were investigated:

(46, XXunflipped − 46,XXflipped)

−(46, XYunflipped − 46, XYflipped)

(46, XXunflipped − 46,XXflipped)

−(47, XXYunflipped − 47, XXYflipped)

(46, XXunflipped − 46,XXflipped)

−(46, XYunflipped − 46, XYflipped)

Each contrast was also run in the opposite direction.
To investigate possible commonalities between two groups

vs. the third, conjunctional analyses was used. The follow-
ing conjunctions were investigated: (46,XXunflipped-flipped −
46,XYunflipped-flipped) and (47,XXYunflipped-flipped − 46,
XYunflipped-flipped); (46,XYunflipped-flipped − 46,XXunflipped-flipped)
and (47,XXYunflipped-flipped − 46, XXunflipped-flipped);
(46,XXunflipped-flipped − 47,XXYunflipped-flipped) and (46,
XYunflipped-flipped − 47,XXYunflipped-flipped). Based on pre-
vious observations from a similar population, it was
assumed that the pattern and degree of asymmetry would
be similar among 46,XX females and 47,XXY males and
different from that 46,XY males. Therefore, the threshold
level of p < 0.05 uncorrected was used when testing con-
junction (46,XXunflipped-flipped − 46,XYunflipped-flipped) and
(47,XXYůnflipped-flipped − 46,XYunflipped-flipped), and p < 0.05
corrected was used for the remaining two conjunctional tests.

Possible asymmetry correlations with bioactive z-testosterone,
z-estradiol, and right hand 2D:4D ratios were tested with multi-
regression analyses using both control populations, employing
age and individual tissue volumes as the covariates of no interest.

Evaluation of structural volumes. Segmentation generated with
FreeSurfer was used to derive volumes of the total intracranial
volume and the volumes of five subcortical structures: the amyg-
dala, hippocampus, caudate, putamen, and thalamus [FreeSurfer
software (www.surfer.nmr.mgh.harvard.edu), according to stan-
dard procedure, Fischl, 2012]. Data on cortical thickness, which
were also generated by the FreeSurfer program, partly from these
populations, has been presented in a separate manuscript. The
method for generation of subcortical volumes has been described
in detail previously (Fischl et al., 2002, 2004; Fischl, 2012; Savic
and Arver, 2013). The segmentation masks were first registered
to original grayscale images. When necessary, manual correction
was carried out by a person educated in neuroanatomy (who had
no information about the identity of the subjects).

Possible right/left asymmetries were tested for each separate
structure with paired t-tests (normally distributed data, p <

0.05). Each subcortical volume was divided with the individ-
ual intracranial volume, retrieved from the FreeSurfer software.
Possible differences in the VOI/total brain volume as well as in the
asymmetry index (right/left) of each measured volume between
the three groups were tested with One Way ANOVA, after ensur-
ing that the data were normally distributed. Group was used as the
between factor (p < 0.05). Tukey’s statistical test was employed
for post hoc analyses because the sample sizes were unequal.

Delineation of the right and left cerebral hemispheres. The vol-
umes of interest (VOIs) representing the entire right and left
cerebral hemispheres were delineated on every second coronal
slice of the individual MR images as described previously (Savic
and Lindstrom, 2008). Briefly, cerebral hemispheres were divided
at the midline in the coronal plane by a hand-drawn line con-
necting the measured midpoint of the corpus callosum with the
midpoint of the hypothalamus, third ventricle, and cerebral aque-
duct (Savic and Lindstrom, 2008). Each hemisphere VOI included
the ventricles and excluded cerebellum. The right/left hemisphere
ratios were tested for normal distribution using the Shapiro–Wilk
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test. Because they were not normally distributed, group differ-
ences in the right/left ratio were tested with the Kruskal–Wallis
Test (p < 0.05), and in cases of significant group difference, the
separate groups were further compared with each other using the
Mann–Whitney test (no Bonferroni correction was applied when
testing the right/left asymmetry between 46,XX and 46,XY con-
trols, as a significant rightward asymmetry was predicted based
on the related studies, Savic and Lindstrom, 2008).

Correlational analyses. Possible effects of bioactive testosterone
and estrogen and also of right hand 2D:4D ratios on GMV and
WMV asymmetry were tested exploratively using VBM, through
multivariate linear regression analyses. Z-transformed bioactive
testosterone and estradiol and the right hand 2D:4D ratio were
used as covariates of interest to examine how the respective
correlations with GMV and WMV asymmetry in each voxel dif-
fered between groups (one calculation for each factor). Age was
employed as the nuisance variable. Based on previous reports
about the effects of sex hormones (Bramen et al., 2012; Nguyen
et al., 2013; Savic and Arver, 2013), it was hypothesized that
correlations would exist between tissue asymmetry and sex hor-
mone levels, and the 2D:4D ratios primarily in regions in which
GMV and WMV asymmetry differed between 46,XY males and
46,XX females. The significance level for clusters, which over-
lapped with those showing differences between 46,XY and 46,XX
controls, was therefore p < 0.05 uncorrected, whereas a thresh-
old of p < 0.05 corrected was employed for the remaining brain
regions. Correlation analyses with z-estradiol and z-bioactive
testosterone were carried out only among controls, as the cor-
responding hormone levels in 47,XXY males were biased by
testosterone treatment. To the contrary the right hand 2D:4D
ratio was used as the covariate in a separate analysis with all
three study groups. Possible covariation between asymmetries of
the entire hemispheric as well as separate subcortical structural
volumes, and z-normalized bioactive testosterone values, estra-
diol values, as well as the 2D:4D ratios were tested using Pearson

partial linear correlation (p < 0.05) with age as nuisance variable
(SPSS, version 21).

RESULTS
DEMOGRAPHIC DATA AND DIGIT RATIOS
Between-subject One-Way ANOVA showed that there was a sig-
nificant main effect of group on the number of years of education
(F = 14.1: p < 0.001). According to post-hoc analysis (Gabriel’s
procedure), this difference was constituted by the lower edu-
cation among in the 47,XXY group compared to both male
(p < 0.001) and female controls (p < 0.001), whereas no differ-
ence was detected between male and female controls (p = 0.91).
There were no group differences in regard to handedness or sex-
ual orientation. No gross anatomical abnormalities were found
according to an experienced neuroradiologist.

The digit ratio measurements of the two raters were correlated
(r = 0.93; p < 0.001). The results presented here were based on
measurements from rater one, as rater two performed ratings for
only a portion of the study group. A significant group difference
was found for the 2D:4D ratio of the right hand (p = 0.015, F =
4.5, df = 2) but not the left hand (p = 0.460, F = 0.8, df = 2).
47,XXY males and 46,XX females had higher ratios than 46,XY
males, while the ratios between 46,XX females and 46,XY males
did not differ (Table 1).

WITHIN- AND BETWEEN-GROUP ASYMMETRIES IN REGIONAL GMV
AND WMV
The data regarding comparisons of regional asymmetries in GMV
and WMV are presented in Table 2. In summary, all three groups
showed a rightward GMV asymmetry in the anterior cingulate,
the superior temporal gyrus, the medial occipital cortex, and the
vermis cerebelli. Corresponding asymmetries were found also in
WMV, the only exception being that no asymmetry was detected
in 47,XXY males in the superior temporal gyrus. There were
also leftward asymmetries, which, like the rightward asymme-
tries, showed a similar distribution amongst all three groups.

Table 1 | Demographic data.

46,XX females N = 47 46,XY males N = 39 47,XXY males N = 33

Unit Mean SD Mean SD Mean SD F -value

Age Year 35.3 7.4 35.0 6.9 39.0 10.6 2.9

Education Year 15.9 2.2 15.8 2.4 12.9 2.6 14.1***

Right D2:D4† Ratio 1.00 0.03 0.97 0.02 0.99 0.04 4.5*

Left D2:D4 Ratio 0.99 0.03 0.98 0.03 0.99 0.04 0.78

Oestradiol (plasma) pmol/L 150.9 113.0 74.0 28.3 103.3 47.7 7.9***

Testosterone (bioactive) nmol/L 0.5 0.3 6.1 1.5 11.5 6.8 38.3***

L hemisphere volume cm3 526.7 56.8 596.8* 41.6 565.6 49.2

R hemisphere volume cm3 525.1 55.2 599.0* 41.4 567.6 74.6

F-values from group comparisons (One Way ANOVA).
*p < 0.05; ***p < 0.001.

Possible differences in digit ratios between the separate groups were calculated with Tukey post hoc test (p < 0.05).
†Difference between 46,XY and 46,XX, p = 0.042.

Difference between 47,XXY and 46,XX, p = 0.998.

Difference between 46,XY and 47,XXY, p = 0.041.
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Table 2 | Within group asymmetries in Gray and White matter volume.

Gray matter volumes White matter volumes

Region Z level Size, cm3 Co-ordinates Z level Size, cm3 Co-ordinates

MALE CONTROLS (RIGHT > LEFT)

R superior temporal gyrus 7.8 10.0 46 −28 −2 inf 2.9 52 −18 4
R medial occipital lobe (cuneus) 7.4 7.2 8 −60 10 4.7 0.8 19 −50 0
R anterior cingulate 5.9

6.2
10.0 0 26 0

8 26 −16
inf 5.8 8 40 −8

0 28 12
R cerebellum (vermis) 7.8 7.8 10 −64 −38 6.8 6.2 28 −58 −26
MALE CONTROLS (LEFT > RIGHT)

L temporo-parietal WM 7.1 2.8 −34 −32 16
L planum temporale + precentral gyrus
L caudate

5.7
inf

6.4
5.0

−38 −24 8
−10 6 2

inf 3.2 −32 24 4

L lateral occipital lobe (middle occipital gyrus) 6.6 6.2 −32 −96 6 6.7 4.8 −20 −88 −4
L cerebellar hemisphere inf 28.0 −24 −42 −38 6.0 3.2 −12 −52 −46
FEMALE CONTROLS (RIGHT > LEFT)

R superior temporal gyrus 7.8 7.4 50 −20 −10 4.1 0.2 52 −16 −8
R medial occipital lobe (cuneus) 7.0 4.8 6 −64 14 6.3 3.3 8 −90 14
R anterior cingulate 5.9 13.0 10 60 8 inf 4.8 6 50 −10
R cerebellum (vermis) 6.6 3.2 14 −62 −34 inf 5.2 26 −58 −26

0 −69 −34
FEMALE CONTROLS (LEFT > RIGHT)

Part of precentral gyrus, planum temporale 5.7 7.7 −40 −28 16 7.4 2.4 −36 26 2
−32 14 6

L parahippocampus 6.3 −22 −32 −4 4.2 0.4 −14 −34 2
L caudate
L inferior frontal WMV

7.5 3.2 −2 10 2 7.4 3.3 −28 22 −12

L middle occipital gyrus 4.8 6.3 −8 −90 14
L cerebellar hemisphere (semilunar lobes) 7.8 12.0 −24 −42 −48
XXY (RIGHT > LEFT)

R superior temporal gyrus 6.3 6.0 46 −28 −4
R anterior cingulate 6.3 1.0 10 64 2 7.2 7.2 12 48 −10
R occipital cortex (cuneus) 6.6 7.2 8 −58 10 5.7 13.0 22 −54 18
R Cerebellum (vermis) 6.1 4.0 10 −64 −46 7.5 5.2 18 −48 −26
XXY (LEFT < RIGHT)

L planum temporale + part of the pre and post-central gyrus 6.0
5.2

4.9
2.0

−42 −22 8
−26 26 0

7.5 5.6 −34 −36 10
−56 −8 26

L caudate 7.2 2.4 −10 10 0
L parahippocampal gyrus 6.8 9.0 −22 −44 −12
L inferior frontal gyrus 6.7 2.0 −30 24 −12
L occipital cortex (cuneus) 5.1 1.2 −12 −90 10 5.3 2.8 −8 −90 14

−14 −88 16
L cerebellar hemisphere, semilunar lobes 6.1 4.0 −40 −56 −20

Clusters denoting GM and WM volumes calculated with the SPM5 VBM toolbox, using TV and age as covariates of no interest. Significant clusters calculated using

voxel threshold at p = 0.001, FWC corrected at p = 0.01. MNI co-ordinates indicate the peak values and the indicated regions coverage of the respective cluster. R,

right; L, left; inf, infinite.

These asymmetries were detected in the GMV of the motor cor-
tex (covering parts of the planum temporale) (Table 2, Figure 1),
in the left cerebellar hemisphere (the semilunar lobules), in the
caudate, and in the parahippocampus. The WMV asymmetries
largely followed those in the GMV (Table 2).

Interestingly, although the patterns of asymmetry did not
differ between the three groups of subjects, there were several
significant differences in the degree of asymmetry (Table 3,
Figure 1):

• The rightward GMV and WMV asymmetry in the cerebellar
vermis and in the medial occipital lobe was significantly greater
in 46,XY males compared to both 46,XX females and 47,XXY
males. The medial occipital lobe difference could be due to the
fact that men generally have greater occipital GMV in the right
occipital lobe than women (Lentini et al., 2013).

• In contrast, the leftward asymmetry in GMV and WMV in the
cerebellar semilunar lobuli/peducles was more pronounced in
46,XX females and 47,XXY males than in 46,XY males. Group

Frontiers in Neuroscience | Neuroendocrine Science November 2014 | Volume 8 | Article 329 | 180

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


Savic Brain asymmetry and gender

FIGURE 1 | Clusters indicating significant group differences in the

GMV asymmetry, calculated using voxel threshold at p = 0.001,

corrected at p < 0.05, FDR. Clusters are superimposed on the symmetric
GMV template of the entire study group. L, left side.

differences in cerebellar asymmetries were not constituted by
any particular lateralized reduction in one group vs. the other.

• The leftward asymmetry in the GMV of the planum temporale
was more prominent in 46,XY males than in 46,XX females,
whereas no significant difference was detected in relation to
47,XXY males.

Notably, no differences were found between 46,XX females and
47,XXY males in GMV asymmetry or in WMV asymmetry.

• Finally, conjunctional analyses revealed that the more pro-
nounced leftward cerebellar asymmetry (compared with 46,XY
males) was shared between 46,XX females and 47,XXY males.
The rightward symmetry in the GMV in the superior temporal
gyrus and the GMV of the cerebellar vermis was significantly
more pronounced in 46,XY males when compared with both
46,XX females and 47,XXY males. No common clusters were
detected with respect to asymmetry of male and female con-
trols in relation to 47,XXY males, nor with respect to both
male groups in relation to female controls. Thus, the asymme-
try pattern in 47,XXY males was more similar to that of 46,XX
females.

Relationships between regional asymmetries in the GMV and WMV,
sex hormone values, and digit ratios
The explorative multifactorial regression analysis revealed a sig-
nificant positive correlation between z-transformed levels of
bioactive testosterone and the leftward GMV and WMV asym-
metry in the planum temporale/motor cortex (z = 3.6 cluster
sizes 2.0 cm3, co-ordinate −42 −8 12 and −40 −42 4 for the
GMV, −37 −48 34 for the WMV). Also the rightward asym-
metry of the GMV and WMV in the middle occipital lobe was

correlated with z-testosterone (z = 3.5, cluster sizes 2.0 cm3, MNI
co-ordinate 20 −70 −16 and 8 −62 22 for the GMV and WMV,
respectively).

No significant correlations were detected between the 2D:4D
ratios and regional asymmetries in the GMV or WMV.

SUBCORTICAL VOLUMES
The volumes, as well as their right/left asymmetry, were normally
distributed (Shapiro–Wilk test). Paired t-test showed a signifi-
cant rightward asymmetry in the thalamus in all three groups
(p < 0.0001 for 47,XXY, p = 0.043 for 46,XY and p = 0.006 for
46,XX). The putamen volumes, on the other hand, showed a sig-
nificant leftward asymmetry in all three groups (p < 0.0001 in
all the groups). Left caudate volume was larger than the right in
46,XY males (p = 0.016), whereas no asymmetry was detected in
the two other groups. The right hippocampus was larger than the
left in 47,XXY males (p = 0.005) and 46,XY males (p = 0.013),
and no hippocampal asymmetry was found in 46,XX females
(p = 0.26); finally, no asymmetries could be detected in the
amygdala volumes in any of the groups. Subcortical values are
presented in Table 4.

A significant group difference was detected with regard to the
asymmetries of the thalamus (p = 0.001, F = 6.9) and the hip-
pocampus (p = 0.034, F = 3.5). The rightward thalamus asym-
metry was more pronounced in 47,XXY males than in both 46,XY
males (p = 0.013) and 46,XX females (p = 0.002), without any
difference among the two control groups. The right > left asym-
metry of the hippocampus was significantly greater in 47,XXY
males (p = 0.013) as well as in 46,XY males (p = 0.041) com-
pared to 46,XX females. No asymmetry differences were detected
in other structural volumes.

Post hoc analysis: group difference with regard to the relative
structural volumes (VOI/TBV)
The ratio of each side’s structural VOI to total brain volume
(TBV) was calculated post hoc to investigate whether the observed
group differences in asymmetry were attributed to a difference
on either particular side. The VOI/TBV ratios were compared
between the groups (One-Way ANOVA, p < 0.05 with Tukey’s
post hoc test). Group difference was detected for the left thalamus
(p = 0.001; F = 12.2), as a significantly smaller VOI/TBV ratio
was found among 47,XXY males compared to both 46,XY and
46,XX groups (p < 0.001 for both). Thus, the greater right/left
asymmetry in 47,XXY males was probably due to their reduced
left thalamus volume. Other group differences were bilateral.
They were constituted by lower relative volumes in 46,XXY men
in relation to both control groups for the putamen, (p < 0.001;
F = 9.8 and 10.5), hippocampus (p < 0.001, F = 10.5 and 15.6
for the right and left side) and the amygdala (p < 0.001; F = 12.1
and 18.6 for the right and left side, respectively), P was < 0.001,
for all the post hoc comparisons.

ASYMMETRIES IN THE HEMISPHERIC VOLUMES
The paired-sample t-test showed a significant difference (asym-
metry) between the right and left hemispheric volumes in the
male controls [t(39) = −2.57; p < 0.05), but not in the female
controls [t(47) = 1.11; p = 0.28] nor in the 46,XXY patients
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Table 3 | Between group asymmetries in Gray and White matter volume.

Gray matter volumes White matter volumes

Region Z level Size, cm3 Co-ordinates Z level Size, cm3 Co-ordinates

XY–XX (Right > Left)

R middle occipital lobe (lingual gyrus)R cerebellum (vermis) 4.3
5.0

0.9
1.8

14 −90 −2
6 −68 −48

R middle frontal gyrus (and WM) 4.3 1.2 26 66 10 4.3 3.2 13 46 −12
R thalamus 5.2 0.5 2 −4 0
XY–XX (Left > Right)

L planum temporale (and part of inferior motor cortex) 3.7 1.7 −36 −24 10 5.2 0.9 −44 −20 −12
XX–XY (Right > Left)

XX–XY (Left > Right)

L cerebellar hemisphere (GM, WM) 5.4 2.0 −32 −70 −28 5.0 2.1 −32 −54 −22
XXY–XX (Right > Left) –
XXY–XX (Left > Right) –
XXY–XY (Right > Left) –
XXY–XY (Left > Right) –
L cerebellar hemisphere 3.7 1.7 −38 −68 −32
XY–XXY (Right > Left)

R cerebellar vermis 3.8 0.4 10 −66 −44 4.0 1.8 16 −60 −26
R middle occipital lobe (cuneus) 4.0 0.3 2 −76 17 4.2 0.4 18 −90 20
XY–XXY (Left > Right)

L temporal white matter 4.0 1.1 −42 −20 −14
L parahippocampal GM 4.5 2.4 −24 −40 −38

Clusters denoting GM and WM volumes calculated with the SPM5 VBM toolbox, using TV and age as covariates of no interest. Significant clusters calculated

using voxel threshold at p = 0.001, corrected at p < 0.05, FDR. Italics denote trend significance (peak value calculated at T = 0.001, corrected p < 0.1, FDR). MNI

co-ordinates indicate the peak values and the indicated regions coverage of the respective cluster. R, right; L, left.

[t(31) = −1.71; p = 0.10], (Table 1). The Kruskal–Wallis test
(the asymmetry of hemispheric volumes was not normally dis-
tributed) showed that there was a significant group difference
in the right vs. left hemispheric volume ratio (Test statistics 7.8,
df = 2, p < 0.019), (Table 1). Subsequent post hoc analyses with
the Mann–Whitney test showed that this asymmetry was signifi-
cantly more pronounced in both 47,XXY males (p = 0.011) and
46,XY males (p = 0.025) than in 46,XX females, whereas no dif-
ference was detected between 47,XXY males and 46,XY males
(p = 0.87).

Relationships between digit ratios, sex hormone levels, and
hemispheric and subcortical volumes
Because the distribution of the hemispheric data could not be
assumed to be normal, Kendall’s tau test, a non-parametric cor-
relation analysis, was used. There was a trend, albeit without a
statistical significance, toward an inverse correlation between the
digit ratio and the right/left hemispheric ratio (p = 0.08, all three
groups included), indicating that higher exposure to fetal testos-
terone was associated with more overall rightward hemispheric
asymmetry.

None of the calculated subcortical asymmetries were found to
be correlated with z-testosterone, z-estrogen, or right hand digit
ratio.

DISCUSSION
The present study was designed to explore possible sex differences
in regard to the asymmetry of subcortical structural volumes,

and regional gray and white matter volumes. A further purpose
was to investigate if and how such asymmetries might be related
to sex hormone levels and sex chromosome gene dosage. As
in the related studies on the underpinnings of cerebral sex dif-
ferences, specific comparisons were carried out between 46,XX
females, 46 XY males, and 47,XXY males, and included evalua-
tions of possible correlations with sex hormone levels and digit
ratios. Asymmetries were detected in all three groups of subjects.
They were characterized by greater GMV and WMV in the right
superior temporal lobe, the cuneus, the anterior cingulate, and
cerebellar vermis as well as by a more prominent leftward asym-
metry in parts of the precentral gyrus and the planum temporale,
and in the left occipital lobe and the cerebellar semilunar lobes
(Table 2). Similar findings have been reported in several previ-
ous investigations (Falk et al., 1991; Steinmetz, 1996; Good et al.,
2001; Watkins et al., 2001; Herve et al., 2006; Takao et al., 2011;
Saenger et al., 2012), albeit with some variations. The present
results provide additional information to the ongoing discussion
on the etiology of cerebral asymmetries by showing that 47,XXY
males and 46,XX females have several common features in which
they differ from 46,XY men, and by suggesting there may be a
regionally differentiated involvement of sex hormonal and sex
chromosome related factors. In sum, three types of group differ-
ences were found: (1) the leftward GMV and WMV asymmetry
of the planum temporale and parts of the motor cortex was sig-
nificantly greater in 46,XY males than in 46,XX females. The
degree of this asymmetry correlated with z-transformed testos-
terone levels. (2) The rightward asymmetry in the medial occipital
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Table 4 | Subcortical volumes.

Region 46,XX females 46,XY males 47,XXY males

N = 47 N = 39 N = 31

R Caudate 3.74 ± 0.43 4.21 ± 0.41 3.78 ± 0.43

L Caudate 3.76 ± 0.42 4.27 ± 0.52 3.82 ± 0.43

R Putamen 5.03 ± 0.53 5.56 ± 0.67 4.86 ± 0.49††

L Putamen 5.27 ± 0.52 5.88 ± 0.67 5.17 ± 0.52††

R Hippocampus 3.95 ± 0.42 4.29 ± 0.36 3.87 ± 0.37†††

L Hippocampus 3.93 ± 0.40 4.17 ± 0.45 3.72 ± 0.42†††

R Thalamus 6.97 ± 0.67 7.87 ± 0.79 7.17 ± 0.72

L Thalamus 6.85 ± 0.63 7.69 ± 0.68 6.75 ± 0.68†

R amygdala 1.47 ± 0.13 1.56 ± 0.17 1.38 ± 0.10††††

L amygdala 1.44 ± 0.15 1.55 ± 0.14 1.38 ± 0.13††††

Structural volumes in the respective subject group. Numbers express cm3

(mean and SD).

Reductions in 47,XXY subjects in relation to both control groups: †p = 0.001, F =
12.2, ††p < 0.001, F = 9.8 (left) and 10.5 (right). †††p < 0.001, F = 15.6 (left) and

10.5 (right) side. ††††p < 0.001; F = 18.6 (left) and 12.1 (right) side.

Group difference was detected in the asymmetry of the thalamus (p = 0.001,

F = 6.9) and the hippocampus (p = 0.034, F = 3.5). The rightward thalamus

asymmetry was more pronounced in 47,XXY males than in both 46,XY males

(p = 0.013) and 46,XX females (p = 0.002), without any difference among the

two control groups. The right > left asymmetry of the hippocampus was signifi-

cantly greater in 47,XXY males (p = 0.013) as well as in 46,XY males (p = 0.041)

compared to 46,XX females.

GMV and WMV was more prominent in 46,XY males than in
47,XXY males and 46,XX females, without any difference between
the two latter groups. Also, the occipital asymmetry was posi-
tively correlated with z-testosterone levels. (3) In 46,XY males
there was a more pronounced rightward GMV and WMV asym-
metry in the cerebellar vermis and a less pronounced leftward
GMV and WMV asymmetry in the lateral cerebellum, without
any difference between the two latter groups.

The detected leftward asymmetry of the motor cortex and
planum temporale is congruent with the well-known lateral-
ization of language functions, and with the previous reports
about sex differences in this asymmetry (Geschwind and Levitsky,
1968; Bear et al., 1986; Amunts et al., 2000; Good et al., 2001;
Watkins et al., 2001), although they are sometimes small and vary
with age (Hirnstein et al., 2013). The observed correlation with
z-transformed testosterone levels provides a potential mechanism
for the sexually dimorphic character of these regions. Direct cor-
relation between sex hormone levels in men and women and
regional GMV and WMV asymmetries has, to the best of our
knowledge, not been tested earlier. A recent study by Lombardo
et al., however, reports that fetal testosterone levels can predict
the GMV of the left planum temporale (Lombardo et al., 2012).
Given this, together with the fact that 2D:4D ratios were ele-
vated among the present 47,XXY group, it is somewhat surprising
that no correlation was detected between the right hand 2D:4D
ratio and the asymmetry of the planum temporale. In general,
it is still unclear through which mechanisms the 2D:4D ratio
and prenatal androgen exposure are related (Voracek and Loibl,
2009). Contraru to the body of data discussing fetal testosterone

exposure, Knickmeyer et al. (2011) suggested that it may be more
appropriate to interpret the 2D:4D ratio in adulthood as an index
of early testosterone exposure rather than prenatal exposure.
The failure to find a correlation with digit ratio in the present
study should therefore not be taken as an argument against the
influence of fetal testosterone on regional cerebral asymmetry.

The detected cerebellar asymmetries, where a more pro-
nounced anterior rightward asymmetry was found in males and a
more prominent lateral leftward asymmetry in females, deserve
a comment. These were not simply based on lateralized group
differences; rather, they seem to reflect asymmetry as a distinct
factor. Several previous region-of-interest-based volumetric stud-
ies have shown right-greater-than-left anterior volume asymme-
try and left-greater-than-right posterior asymmetry in a normal
cerebellum (e.g., Lawson et al., 2000; Loeber et al., 2001). One
study did not find any significant hemispheric asymmetry, possi-
bly because the method relied on manual tracing of only a few
sections (Luft et al., 1998). More directly comparable with the
present data are the few studies of structural cerebellar asymmetry
carried out with VBM. In a detailed VBM study, Fan et al. found
that men had an increased rightward asymmetry within lobules
I_IV, IX, and Crus I, and decreased leftward asymmetry within
lobules VIIb and Crus II (Fan et al., 2010). That the asymmetry
of the anterior cerebellum, which connects to the motorcortex,
seems to be more pronounced in males accommodates with the
more pronounced leftward asymmetry of the motor cortex in
males. The lateral cerebellum, on the other hand, connects to the
prefrontal cortex and higher cognitive functions, which according
to some reports are associated with a sex-differentiated lateraliza-
tion (Bolla et al., 2004; Meiron and Lavidor, 2013). Considering
that no correlation could be detected with sex hormone levels or
digit ratios, and that 47,XXY males and 46,XX females differed
in a similar manner from 46,XY males, it would be plausible to
assume that the observed group differences in cerebellar asym-
metry could be linked to X-chromosome gene expression. While
such an assumption would need further testing, it should be
noted that asymmetries in regional cerebellar volumes begin to
show sex differences early in childhood, although the develop-
mental trajectories differ between boys and girls (Tiemeier et al.,
2010). A possible X-chromosome dosage effect is also supported
by the finding that certain X-chromosome genes are differentially
expressed in the male and female cerebellum (Vawter et al., 2004;
Abel et al., 2011), and that the number of sex chromosomes influ-
ences the development of brain asymmetry in a complex pattern
along the antero-posterior axis (Rezaie et al., 2009).

Unlike the cerebellar and cortical asymmetries, those in sub-
cortical volumes showed no correlation with hormone levels or
digit ratios, and no pattern of group differences was found to
indicate X-chromosome dosage effects. Differences in relation
to 47,XXY males detected in the thalamus could be attributed
to the left thalamus atrophy in this group that was detected in
the present study and the related previous studies (Savic, 2012;
Savic and Arver, 2013). The fact that both male groups had
a rightward hippocampus asymmetry that was not detected in
females and that did not correlate with sex hormone levels or digit
ratios adds a new aspect by raising a question about the possi-
ble underlying role of the Y-chromosome. Very preliminary data
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on 46,XY females with complete androgen insensitivity shows a
more prominent rightward hippocampus asymmetry compared
with female controls, which could be taken as an early indica-
tion for testosterone-independent Y-chromosome gene effects.
The paucity of relevant literature makes it difficult to make more
detailed speculations about the possible underpinnings of the
observed group differences in hippocampal asymmetry. A more
pronounced hippocampal asymmetry in males has also been
found in non-human primates (Murphy et al., 1996; Ragbetli
et al., 2002; Hou et al., 2013). An early study of mice reports
Y-linked influences on the rightward hippocampal asymmetry
(van Abeelen et al., 1989), a finding that needs further investi-
gations.

METHODOLOGICAL ASPECTS
The volume of gray matter is mainly affected by the number
and size of neurons and glia cells. Asymmetric areas have fewer
interhemispheric connections than symmetric areas, perhaps as a
result of increased axonal pruning (Galaburda et al., 1990).

Among the more specific issues pertaining to the methods used
is that the same structure might have a slightly different spatial
location in the two hemispheres.

The effect of between hemisphere differences in spatial homol-
ogy was reduced by the use of a symmetrical template, linear
transformations to this template, and by smoothing of the data,
as described previously (Good et al., 2001; Luders et al., 2004).
Furthermore, the two hemispheres may differ in shape, primarily
due to well-known cerebral anticlockwise torques. By employing
twelve-parameter transformations (which include skew in addi-
tion to the nine parameters of translation, rotation, and scale),
the effects of greater extension of the occipital and frontal poles
(petalias) in the left and right hemispheres, and, thus, the torques
were reduced. According to a study by Narr et al, sex-related
differences in hemispheric shape asymmetry are insignificant
(Narr et al., 2007). Nevertheless, it cannot be ruled out that
occipital torque, which is reported to be more pronounced in
males (Barrick et al., 2005) and less prominent in men with
Klinefelter’s syndrome (Rezaie et al., 2009), could have influenced
the observed occipital differences—although more as a reflection
of interrelated differences than due to a methodological bias. Of
note is also that the occipital asymmetry in the GMV and WMV
was found to be correlated with testosterone levels, even within
the 46,XY group.

Another important methodological issue pertains to the inter-
pretation of findings from 47,XXY males. Although androgen lev-
els become notably reduced for these individuals during puberty,
when the majority of the subjects started testosterone supple-
mentation, it cannot be excluded that the similarities to 46,XX
controls could, to a certain extent, be attributed to early androgen
deficits.

The 47,XXY population had significantly lower education,
which, theoretically, could have affected the results. However,
adding education as nuisance covariate did not change the results.

The fact that hormone levels were, as in several previous stud-
ies (Neufang et al., 2009; Peper et al., 2009; Witte et al., 2010),
measured on only one occasion is a limitation. Hormone levels
vary with activity, stress, and sleeping patterns. Special effort was

made to standardize these factors, and it can be claimed that the
measures of hormone levels and cerebral GMV and WMV were
temporally related (blood samples were taken on the same day
as the MRI scans). Admittedly, multiple measurements of serum
hormone levels over time might, nevertheless have been more
precise for determining the link between circulating hormones
and brain morphology.

White matter asymmetries largely followed those of the gray
matter, which seems biologically plausible. This observation may,
however, also reflect an edge effect—if the interface of one tissue
compartment were to be displaced, the difference could be appre-
ciated in both compartments. Such effects were not detected by
visual inspection of significance maps.

CONCLUSION
The present study expands the previous neuroimaging litera-
ture on cerebral asymmetries by proposing that processes linked
to X-chromosome gene dosage affect the pattern of cerebellar
asymmetries, whereas processes primarily linked to testosterone
levels seem to influence the asymmetry in the planum tempo-
rale and part of the motorcortex as well as in the occipital cortex.
By identifying brain areas that seem to exhibit the effects of
X-chromosome genes, the present results add to the animal data
concerning the genes located on X- and Y-chromosomes that
could contribute to sex differences in regional asymmetry. Brain
asymmetry is usually regarded to be a developmentally adaptive
and aiming at improving the computational efficiency by pro-
moting intrahemispheric processes in larger brains (Hutchinson
et al., 2003; Abdul-Kareem et al., 2011; Ellis et al., 2013). By
showing similarities between 46,XX women and 47,XXY men,
whose brains are not smaller than those of 46,XY controls, the
present study shows that other factors than cerebral size mod-
erate cerebral asymmetries. Discussion about functional impli-
cations is outside the scope of this paper and would require
parallel behavioral and fMRI studies. It is, however, impor-
tant to emphasize that less pronounced asymmetry in women
does not imply impaired performance compared to men, but
rather a more bilateral hemispheric activation for comparative
functions. This emphasizes the importance of comparing males
and females separately, especially when trying to make infer-
ences regarding disease-linked changes in hemispheric asymme-
try. Whether reduction of natural asymmetry affects men and
women similarly in various neuropsychiatric conditions, and
how this affects male and female patients with regard to func-
tion is, therefore, an issue needing special attention in future
studies.
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Sex role orientation, i.e., a person’s masculinity or femininity, influences cognitive and

emotional performance, like biological sex. While it is now widely accepted that sex

differences are modulated by the hormonal status of female participants (menstrual

cycle, hormonal contraceptive use), the question, whether hormonal status and sex

hormones also modulate participants sex role orientation has hardly been addressed

previously. The present study assessed sex role orientation and hormonal status as

well as sex hormone levels in three samples of participants from two different cultures

(Northern American, Middle European). Menstrual cycle phase did not affect participant’s

masculinity or femininity, but had a significant impact on reference group. While women

in their follicular phase (low levels of female sex hormones) determined their masculinity

and femininity in reference to men, women in their luteal phase (high levels of female

sex hormones) determined their masculinity and femininity in reference to women.

Hormonal contraceptive users rated themselves as significantly more feminine and less

masculine than naturally cycling women. Furthermore, the impact of biological sex on

the factorial structure of sex role orientation as well as the relationship of estrogen

to masculinity/femininity was modulated by culture. We conclude that culture and sex

hormones interactively affect sex role orientation and hormonal status of participants

should be controlled for when assessing masculinity and/or femininity.

Keywords: sex role, menstrual cycle, hormonal contraceptives, sex hormones

Introduction

Sex role orientation, also referred to as gender role orientation, gender role identity, gender role
self-concept, or gender-related self has been described as a person’s identification with personal
attributes that are seen as appropriate for a typical man or woman in a given society, i.e., his or
her degree of maleness or femaleness (e.g., Sieverding et al., 2005). These attributes have revealed
to be related to various behaviors in numerous psychological domains, as, for example, health
(Lefkowitz and Zeldow, 2006; Zimmermann et al., 2011), occupation and work (Sieverding et al.,
2005; Garcia-Retamero and Lopez-Zafra, 2009), education (Ritter, 2004; Wolfram et al., 2009;
Kessels and Steinmayr, 2013) and cognitive performance (REFs). Some studies demonstrate that
sex role orientation was even more influential on outcome measures than biological sex (e.g.,
Cahill et al., 2004). Consequently, individual differences in sex role orientation, have attracted
considerable interest in psychological research since Bem’s seminal work (Bem, 1974).
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During the past decades it has come into focus, that
sex differences are modulated by sex hormone levels and
consequently, the hormonal status of female participants, i.e.,
menstrual cycle phase as well as hormonal contraceptive use.
Abilities typically stronger in men than women, like e.g., spatial
abilities, are more pronounced in naturally cycling women
during their low-hormone follicular phase (Hampson, 1990;
Hausmann et al., 2000; McCormick and Teillon, 2001; Dadin
et al., 2009). On the contrary, abilities typically stronger in
women than in men, like verbal and memory performance are
more pronounced in naturally cycling women during their high-
hormone luteal phase (Hampson, 1990; Rosenberg and Park,
2002; Dadin et al., 2009). Likewise, hormonal contraceptives
display both masculinizing, e.g., enhanced spatial abilities
(Wright and Badia, 1999; Wharton et al., 2008), and feminizing,
e.g., enhanced verbal and memory abilities (Wright and Badia,
1999; Mordecai et al., 2008), effects on cognitive performance.
Furthermore, spatial abilities have been repeatedly related to
estradiol and testosterone levels, although there is some discourse
about the specific nature of the relationship (e.g., Tan, 2012),
while results on the impact of sex hormone levels on verbal- and
memory abilities are still inconsistent (e.g., Andreano and Cahill,
2009).

However, studies directly relating sex hormone levels to sex
role orientation are rare—mostly focusing on adult and prenatal
testosterone (Baucom et al., 1985; Udry, 2000; Al-Ayadhi, 2004),
while the question as to whether hormonal status also affects sex
role orientation has not been addressed previously. Do women
during their follicular phase also perceive themselves as more
masculine compared to women during their luteal phase? Do
women on hormonal contraceptives actually perceive themselves
as more masculine or feminine than naturally cycling women?

These questions tap into the old debate, whether a person’s
maleness or femaleness, like any other personality characteristics,
is determined by socialization or vice versa to which extent it
is determined by genetics or other biological factors, like sex
hormone levels. With reference to the social role theory, gender
roles reflect the traditional social roles of male breadwinners and
female caregivers (Eagly and Steffen, 1984; Bosak et al., 2012;
Wood and Eagly, 2012). On the other hand, research indicating
a role of prenatal androgen exposure for the development of
gender-typical behavior endorsed biologically oriented theories
(Pasterski et al., 2005; Rammsayer and Troche, 2007; Neave
and O’Connor, 2009). At the present, biosocial interaction
theories acknowledging causal roles for both biological and social
influences on gender related behavior are proposed as more
influential (Halpern and Tan, 2001; Eagly and Wood, 2013, p.
1). While the attributes viewed as typical for a man or woman
may differ between societies and change over time, genetic factors
and sex hormone levels may determine how strongly a person
is able to identify herself with those roles. Consequently gender
role stress, i.e., the amount of stress resulting from the perceived
failure to meet gender role standards, has been suggested as one
approach to assess gender role identification (Copenhaver and
Eisler, 1996).

A number of questionnaires have been developed in order
to assess sex role orientation, including the Personal Attributes

Questionnaire (PAQ; Spence et al., 1974) and the Bem Sex
Role Inventory (BSRI; Bem, 1974). Both questionnaires assess
sex role orientation by means of self-ascribed personality
characteristics including mainly socially desirable and
stereotypical self-perceived personality traits (see Lenney,
1991). These characteristics are assigned to distinct scales for
masculinity and femininity. Thus, masculinity and femininity
are viewed as different factors (two-component model), rather
than viewing the concept of sex role orientation as one bipolar
dimension with masculinity and femininity presenting opposite
poles of the same concept. While a typical male integrates
mostly masculine features and a typical female mostly feminine
features, two additional sex-types have been derived from this
two-dimensional approach. “Androgyny” (Greek: ανήρ, stem
ανδρ- anér-/andr- = man; γυνή gyné = woman) refers to the
integration of both masculine and feminine identifications into
a person’s self-concept, while “indifference” refers to the lack
of both masculine and feminine identifications. About a third
of subjects from Bem’s original study display androgyny (Bem,
1974).

Besides the fact that information gained by all self-report
measures of gender roles may be biased through introspective
limits or strategies of self-presentation (see also van Well et al.,
2007), research on the most frequently used measure, the
BSRI, revealed several additional flaws. Based on intercultural
data it was shown that the questionnaire items did not share
its psychometric properties throughout cultures (Sugihara and
Katsurada, 1999; Peng, 2006; Colley et al., 2009), and not
throughout time (Ballard-Reisch and Elton, 1992). General
criticism regarding its proposed factorial structure was raised
in a meta-analysis (Choi and Fuqua, 2003). While some
factor analyses confirm the validity of the two-dimensional
approach after excluding some of the items (Gaudreau, 1977;
Waters et al., 1977), others criticize that dimensions differ
between men and women (e.g., Pedhazur and Tetenbaum,
1979). Further, it was proposed that the questionnaire may
exclude important aspects of gender role, as more aspects
than personality traits are linked to gender (Deaux and Lewis,
1984; Athenstaedt, 2003), as, for example, abilities, relationships,
physical characteristics, or occupational characteristics (Twenge,
1999).

The present study seeks to address the interplay of societal
factors and sex hormone levels in a person’s sex role identity and
work toward a more universal measure of sex role orientation.
Our specific aims are to clarify the following basic questions
regarding sex role in a cross-cultural approach:

(a) Does culture or the hormonal status (menstrual cycle, OC
use) of female participants affect their sex role orientation
or whether they compare themselves to men or women in
their sex role ratings?

(b) Is sex role orientation influenced by sex hormone levels,
and if so, do sex hormones influence sex role orientation
differently in men and women of different hormonal status?

(c) Is the two-component model (masculinity and femininity
as separate factors) an adequate description of sex role
orientation in men and women of different hormonal status
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or is the factorial structure of sex role orientation influenced
by sex and hormonal status?

(d) According to what features do participants determine their
sex role orientation in different cultures?

Methods

Participants
Data were collected from three samples of participants:
(a) an English-speaking Northern American sample of 102
undergraduate students at the University of California, Irvine,
comprised of 37 men, 40 naturally cycling women and 35
oral contraceptive (OC) users. (b) A German-speaking Middle
European sample of 215 undergraduate students at the University
of Salzburg, Austria, comprised of 95 men 67 naturally cycling
women and 53 OC users. (c) A German-speaking Middle
European Online sample of 308 adult volunteers from the
general population, comprised of 73 men, 59 naturally cycling
women, 82 OC users and an additional 94 women, who didn’t
provide us with any information on their hormonal status. The
latter were excluded from further analyses. Age of participants
is summarized in Table 1, cycle data of the naturally cycling
groups are summarized in Table 2. All participants from samples
(a) and (b) were students and had all passed their A-levels
(Abitur). Sample (c) was included to also get a picture of sex
role orientation from a more general population, which is less
homogenous in age and socio-economic status. Although all
participants from sample (c) had also passed their A-levels
(Abitur), 47% of the men and 36% of the women in the
sample were not University students, but in a current working
relationship. Only subjects not currently on medication and
without psychological, neurological, or endocrine disorders were
allowed to participate.

Only naturally cycling women with a cycle length between
20 and 36 days and a variability in cycle length of no more
than 7 days were included. These criteria were based on the
observations of Fehring et al. (2006). Cycle phase was determined
using participants self-reports of their last period date, average
cycle length, and—if available—confirmed by follow-up reports
of the actual onset of their next period and their estrogen and
progesterone levels (see below). Participants were assigned to
the early follicular groups with cycle days up to 3 days before
ovulation. Participants were assigned to the luteal groups with
cycle days from 2 days after ovulation to 2 days before the
expected onset of their next period. Ovulation was assumed 14
days before the onset of next period.

TABLE 1 | Age [M ± SD (years)] of men and women in the three samples.

Men Naturally cycling women OC users

(a) California – PP 21.19 ± 3.13 20.30 ± 1.73 19.96 ± 1.81

(b) Austria – PP 24.56 ± 4.36 23.27 ± 3.80 21.72 ± 3.30

(c) Austria – Online 26.71 ± 10.16 24.63 ± 6.22 22.44 ± 3.35

OC, oral contraceptive; PP, paper and pencil.

Ethics Statement
All participants of samples (a) and (b) gave their signed written
consent to participate in the study and approval by the local
ethical boards was requested if required [sample (a)]. Sample (c)
was an Online sample, i.e., the link to the online questionnaire
was sent out to a large number of people, who were free to choose
whether to participate by opening the link or not to participate.
Participants could terminate the online survey at any time. Only
data of those participants who fully completed the online survey
were included in the analyses. All methods conform to the
Code of Ethics of the World Medical Association (Declaration
of Helsinki). The study on sample (a) was approved by the
University of California, Irvine’s Institutional Review Board.
Studies on samples (b) and (c) did not require ethical approval
according to the institutional guidelines of the University
of Salzburg (Statutes of the University of Salzburg—see
https://online.uni-salzburg.at/plus_online/wbMitteilungsblaetter
.display?pNr=98160). It is stated in § 163 (1) that ethical approval
is necessary for research on human subjects if it affects the
physical or psychological integrity, the right for privacy or other
important rights or interests of the subjects or their dependents.
In § 163 (2) it is stated that it is the responsibility of the PI to
decide, whether (1) applies to a study or not. Therefore, we did
not approach our institutional review board to obtain ethical
approval or a waiver for studies on sample (b) and (c). Since it
was non-invasive and performed on healthy adult volunteers
who gave their informed consent to participate, (1) did not apply.

Sex Role
Sex role was assessed by a simple six item scale. Rather
than using a detailed questionnaire of personality or other
characteristics that are viewed as typically masculine or feminine
in a given culture, participants directly rated their masculinity
and femininity, respectively on a scale of 1–9 (Figure 1). While
this approach has the disadvantage of only representing the
dimensions of masculinity and femininity by a single item, it
has several advantages. First, the scale can be used in different
cultures irrespective of what is perceived as typically masculine
or feminine in a given culture. Second, in contrast to a longer
questionnaire, the small number of items allows to address
differences in how participants perceive themselves not only with
respect to the entire population, but also relative to the own and
relative to the opposite sex. Thus, masculinity and femininity
are each rated 3 times, relative to (other) men, (other) women
or the entire population. Third, due to the direct approach and
the short duration, the scale can be combined with a qualitative
approach by giving participants the opportunity to explain their

TABLE 2 | Cycle data of the naturally cycling groups among the three

samples.

Cycle length Follicular Luteal

days (M ± SD) N day (M ± SD) N day (M ± SD)

(a) California – PP 29.19 ± 3.52 18 7.89 ± 4.27 22 25.59 ± 6.34

(b) Austria – PP 29.72 ± 3.62 36 7.36 ± 3.71 31 24.26 ± 7.91

(c) Austria – Online 29.03 ± 3.22 31 7.06 ± 4.38 28 23.11 ± 4.65
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FIGURE 1 | Six item sex role scale (English version).

choices. These explanations can be particularly valuable to assess
what is perceived as typically male or female in different cultures
and this knowledge can in the long term be used to construct a
more comprehensive questionnaire of sex role orientation than is
currently available.

Sample (a) completed the English version of the scale,
samples (b) and (c) the German version. Samples (a) and (b)
completed the scale in a paper- and pencil (PP) design prior
to different further experiments, which will not be reported in
this manuscript. Sample (c) completed the scale as part of an
online questionnaire. Therefore, sample (a) will be referred to
as “California – PP,” sample (b) as “Austria – PP,” sample (c) as
“Austria – Online.”

Comparable to Bem’s (1974) typology, we defined participants
with (i) low masculinity as well as low femininity ratings
compared to the entire population as indifferent, (ii) high
masculinity, but low femininity ratings compared to the entire
population as male, (iii) low masculinity, but high femininity
ratings compared to the entire population as female, and (iv)
high masculinity as well as high femininity ratings compared
to the entire population as androgynous. Rating larger than five
were considered high, ratings lower than or equal to five were
considered low. Female participants with a male typology and
male participants with a female typology are referred to as flips.

In samples (a) and (c) participants were given the opportunity
to give a short written explanation for their choice of sex
role ratings in their own wording in order to determine
the characteristics of their sex role self-concept. This was
unfortunately not possible in sample (b) due to time restrictions,
which is another reason why sample (c) was additionally included
in the study. Reactance statements and circular references to
the terms “masculine” or “feminine” were discarded. All other

explanations were categorized to one of the following categories
by two raters independently:

(i) Face and Body: includes statements on their genetically
determined bodily appearance, e.g., muscles, body hair,
breasts, and facial features.

(ii) Beauty: includes statements on the value of make-up, hair
styling, fashion, weight control, body building, or any other
measure taken to increase one’s attractiveness.

(iii) Activities: includes statements on activities or interests,
participants consider to be typically chosen by men or
women, like sports, particular movies, shopping, meeting
friends etc.

(iv) Social contacts: includes statements on the proportion of
males and females in the actual and/or childhood social
environment of participants (parents, siblings, friends,
coworkers, and other peer relations) as well as how
comfortable they feel among men or women.

(v) Personality: includes statements on personality traits,
participants consider as typically male or female.

(vi) Emotion: includes statements on how reflective and open
participants are about their emotions and whether or not
they like to think or talk about their and other’s emotions.

(vii) Cognition: includes statements on cognitive skills,
participants consider as typically male or female, e.g.,
orientation in a spatial environment, logics, technology,
multi-tasking.

Sex Hormones
Sex hormone levels were quantified from saliva samples in
samples (a) and men and naturally cycling women of sample
(b) using Salimetrics and DeMediTec ELISA kits, respectively,
for Progesterone, 17β-Estradiol, and Testosterone. In men and
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naturally cycling women all three hormones were evaluated. In
OC-users only 17β-Estradiol and Testosterone were evaluated
due to the high variability in synthetic progestins used in OC.
Until hormone assessment, saliva samples were stored at −20◦C
and centrifuged two times at 3000 rpm for 15 and 10min,
respectively. For each participant we calculated the mean level
for each hormone over the values assessed in the three samples
that were collected over the course of an hour. The value
for each sample was determined as the mean over duplicate
measurements to ensure reliability of the assessment. Hormone
levels with a Coefficient of Variance higher than 25 between
duplicate samples were excluded. All hormone levels were within
the expected range for the respective participant group.

Statistical Analyses
Statistical analyses were performed using PASW statistics 17.0.
Sex role ratings were not expected to be normally distributed
over all participants or in any subgroup1, as of course men
were expected to have primarily high masculinity ratings and
women were expected to have primarily high femininity ratings.
Therefore, non-parametric tests were applied.

To determine, whether the hormonal status of participants
affected their sex role ratings, the following analyses were
performed. Mann–Whitney U-tests were used to compare (i)
the sex role ratings of follicular and luteal women, in order to
address menstrual cycle-dependent on the one hand and (ii) the
sex role ratings of OC users and naturally cycling women to
address oral contraceptive-dependent effects on the other hand
(see Section Does Culture or Hormonal Status Affect the Sex Role
Self-concept? for the results).

To determine, whether the reference group influenced
participants sex role ratings, i.e., whether sex role ratings differed
depending on whether they were given in comparison to men,
women or the entire population, the following analyses were
performed (see Section Which Participants Compare themselves
more Strongly to Men, Which to Women? for the results):

• Masculinity/femininity ratings in reference to men were
compared to masculinity/femininity ratings in reference to
women using Wilcoxon signed ranks tests.

• Masculinity/femininity ratings in reference to the
entire population were compared to the mean of
masculinity/femininity ratings in reference to men and
women using Wilcoxon signed ranks tests.

Additionally, to determine, whether men, naturally cycling
women and OC users in the different samples compared
themselves more strongly to men or women, we used a
stepwise multiple regression procedure. Masculinity/femininity
ratings in reference to the entire population were entered
as dependent variable and masculinity/femininity ratings in
reference to men and women were entered as independent
variables, to see whether participants overall rating of their
masculinity/femininity (i.e., their rating relative to the entire
population) depended more strongly on how they perceived

1This assumption was confirmed by significant results of a Kolmogorov–Smirnov

Test for normality for all six variables.

themselves relative to men or how they perceived themselves
relative to women.

To assess whether sex hormone levels related to sex role
ratings, interrelations between the six sex role ratings and the
levels of testosterone, estrogen and progesterone were evaluated
by Spearman correlations (i) over all participants, (ii) separately
for men, follicular women, luteal women, and OC-users (see
Section Does the Sex Role Self-concept Relate to Sex Hormone
Levels? for the results).

To determine whether the concept of sex role orientation
had a one-factorial structure with masculinity and femininity
forming opposite poles of one factor or a two-factorial structure
withmasculinity and femininity loading high on different factors,
a principal component analysis was performed using varimax
rotation (see Section Do Culture, Sex, or Hormonal Status
Affect the Factorial Structure of the Sex Role Self-concept for
the results). Due to the small number of factors and observed
variables, we did not perform a confirmatory factor analysis.

After examining the factorial structure of sex role, we explore
sex role typology among men and women from different cultures
by reporting the frequencies of the four typologies described
above separately for men, follicular women, luteal women and
OC users for each sample and comparing them between groups
using χ2-tests (see Section Typology for the results).

The frequencies of explanations falling into the categories
listed above are reported separately for men, follicular women,
luteal women, and OC users as well as all participants for each
sample and compared between groups and samples usingχ2 tests
(see Section Characteristics of the Sex Role Self-concept for the
results).

If not specified differently, the sample sizes included in the
analyses equaled the description in the participants section.

Results

Does Culture or Hormonal Status Affect the Sex
Role Self-concept?
Culture Dependent Effects
We did not observe any differences in masculinity and femininity
ratings of men and women between the three samples in
Kruskall–Wallis tests (all χ2

< 3.56, all p > 0.16).

Sex Dependent Effects
As expected, in all samples men rated themselves as significantly
more masculine and significantly less feminine than women
irrespective of the reference group as assessed byMann–Whitney
U-Tests (all Z > 7.19, all p < 0.001, compare Figure 2).

Menstrual Cycle Dependent Effects
We did not observe any differences between sex role ratings of
follicular and luteal women in any sample (all Z < 1.70, all
p > 0.08, compare Figure 2).

OC Dependent Effects
In all three samples, OC users rated themselves significantly
more feminine in reference to men than naturally cycling women
(all Z > 1.92, all p < 0.05). In the Austrian Online-sample
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FIGURE 2 | Median of the six sex role ratings in men, follicular women,

luteal women and OC users of the three samples. Men rate themselves

more masculine and less feminine than women. Follicular and luteal women

did not differ in their ratings. OC-users rate themselves more feminine less

masculine than naturally cycling women. All groups rate themselves more

masculine and less feminine in reference to women than in reference to men.

Ratings in reference to the entire population do not equal the mean of ratings

in reference to men and women. PP, paper-and-pencil; OC, oral contraceptive;

masc, masculine; fem, feminine; M, in reference to men; F, in reference to

women; ALL, in reference to the entire population; min, minimum rating; max,

maximum rating. Ratings significantly higher than in the other groups: *all

p < 0.05, **all p < 0.01, ***all p < 0.001; ratings significantly lower than in the

other groups: #all p < 0.05, ##all p < 0.01, ###all p < 0.001. (A)

California – PP, (B) Austria – PP, (C) Austria – Online.

drawn from the general population, all three femininity ratings
were higher in OC users than in naturally cycling women (all
Z > 2.35, all p < 0.05, compare Figure 2). In the California

PP undergraduate sample, OC users furthermore, reached lower
masculinity ratings than naturally cycling women in reference to
the entire population (Z = 2.02, p < 0.05), while in the Austrian
PP undergraduate sample, OC users reached lower masculinity
ratings than naturally cycling women in reference to men (Z =

2.26, p < 0.05).

Which Participants Compare themselves more
Strongly to Men, Which to Women?
In all samples all participants rated themselves significantly more
masculine in reference to women than in reference to men
and significantly more feminine in reference to men than in
reference to women (all Z > 1.95, all p < 0.05, compare
Figure 2). We observed that in several cases the averaged ratings
in reference to men and women deviated significantly from
the ratings in reference to the entire population (e.g., men: all
Z > 1.95, all p < 0.05). This observation raised the question,
which reference group men and women of different hormonal
status use to determine their ratings in reference to the entire
population, i.e., which rating (in reference to men or women)
has a stronger predictive value for the ratings in reference to the
entire population.

Results of stepwise multiple regression are summarized in
Table 3. In all three samplesmen determined their sex role largely
in reference tomen, i.e., they compared themselvesmore strongly
to men than to women. In both undergraduate samples luteal
women and OC-users determined their sex role in reference to
women, i.e., they compared themselves more strongly to women
than to men. However, follicular women determined their sex
role largely in reference to men. In the Austrian Online sample
drawn from the general population all female groups determined
their sex role in reference to women.

Does the Sex Role Self-concept Relate to Sex
Hormone Levels?
Sex hormone levels were available from 35 men, 18 follicular
women, 21 luteal women, and 33 OC users in the US
undergraduate sample, as well as from 39 men, 19 follicular, and
14 luteal women in the Austrian undergraduate sample. Means
and Standard deviations for each group are displayed in Table 4.

All Participants
In both samples, testosterone correlated positively with all
masculinity ratings (all r > 0.49, all p < 0.001) and negatively
with all femininity ratings (all r < -0.48, all p < 0.001). In
the US undergraduate sample, estrogen predicted masculinity
ratings negatively (both r < -0.19, all p < 0.05) and femininity
ratings positively (both r > 0.18, both p < 0.06) in reference
to men and women, but not the ratings in reference to the entire
population (both |r|< 0.16, both p > 0.10). These correlations
with estrogen did not reach significance in the Austrian sample.
In the US undergraduate sample, progesterone predicted all
masculinity ratings negatively (all r < -0.24, all p < 0.05) and
all femininity ratings positively (all r > 0.34, all p < 0.01).
In the Austrian undergraduate sample, these correlations with
progesterone only reached significance for ratings in reference to
men (masc: r = −0.27, p < 0.05; fem: r = 0.24, p < 0.05).
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TABLE 3 | Results of stepwise multiple regression for men, naturally cycling women and oral contraceptive (OC) users in the three samples.

Men Follicular Luteal OC

β t β t β t β t

CALIFORNIA – PP

MascMa ENT 0.66 5.16*** ENT 0.81 5.49*** REM 0.04 0.24 E/R 0.46 3.80**

MascFa REM 0.28 1.94 REM 0.34 1.94 ENT 0.78 5.65*** ENT 0.82 6.96***

FemMb ENT 0.82 8.42*** ENT 0.78 4.99*** REM −0.07 −0.35 REM −0.04 −0.25

FemFb REM 0.20 1.53 REM 0.32 1.72 ENT 0.87 8.06*** ENT 0.78 6.03***

AUSTRIA – PP

MascMa ENT 0.75 11.04*** ENT 0.69 5.57*** R/E 0.32 2.47* REM 0.13 0.92

MascFa R/E 0.32 4.70*** R/E 0.47 4.11*** ENT 0.75 6.09*** ENT 0.68 5.95***

FemM b ENT 0.85 15.61*** R/E 0.34 2.47* REM 0.24 1.83 REM 0.21 1.53

FemF b R/E 0.25 4.31*** ENT 0.63 4.78*** ENT 0.75 6.18*** ENT 0.49 3.61**

AUSTRIA – ONLINE

MascMa ENT 0.76 9.76*** R/E 0.48 4.17*** R/E 0.30 2.47* R/E 0.49 8.37***

MascF a REM 0.19 1.80 ENT 0.67 4.95*** ENT 0.86 9.21*** ENT 0.81 12.39***

FemM b R/E 0.37 3.84*** REM 0.17 1.18 REM 0.23 1.72 R/E 0.32 4.45***

FemF b ENT 0.72 8.70*** ENT 0.69 7.35*** ENT 0.80 7.35*** ENT 0.79 11.45***

MascM, masculinity in reference to men; mascF, masculinity in reference to women; femM, femininity in reference to men; femF, femininity in reference to women.
aTested as predictors of masculinity in reference to the entire population.
bTested as predictors of femininity in reference to the entire population.

*p < 0.05, **p < 0.01, ***p < 0.001, ENT, variable entered by procedure; REM, variable removed by procedure; R/E, removal yields better model, but entry of variable also admissible.

For ENT variables the β- and t-values for sole entry are reported, for REM or R/E variables the β- and t-values as if entered are reported. Reference groups were determined from ENT

variables and marked light gray.

TABLE 4 | Hormone levels (M ± SD).

Testosterone Estradiol Progesterone

CALIFORNIA – PP

Men (n = 35) 156.93± 50.47 2.34± 0.94b** 73.00± 50.47b***

Follicular (n = 18) 74.44± 27.93a*** 2.64± 0.89 76.94± 37.36b**

Luteal (n = 21) 64.89± 20.39a*** 3.14± 0.98 148.58± 109.28

OC (n = 33) 49.78± 27.77a*** 2.60± 1.01

AUSTRIA – PP

Men (n = 39) 112.87± 47.12 2.63± 0.80b*** 94.21± 97.98b***

Follicular (n = 19) 46.76± 19.17a*** 2.51± 0.83b*** 71.38± 74.61b***

Luteal (n = 14) 53.12± 27.27a*** 2.83± 1.48 385.68± 382.57

aSignificantly lower than in men.
bSignificantly lower than in luteal women.

**p < 0.01, ***p < 0.001.

In the single group analyses, we found contrary results in the
US and Austrian sample.

Men
Estrogen predicted masculinity ratings in reference to the entire
population positively (r = 0.38, p < 0.05) and femininity ratings
in reference to the entire population and to men negatively (both
r < -0.38, both p < 0.05) in US men. The more estrogen, the
more masculine and the less feminine US men rate themselves.
However, estrogen predicted masculinity ratings in reference
to women negatively (r = -0.36, p < 0.05), while femininity

ratings were unaffected by estrogen in Austrian men. The more
estrogen, the less masculine Austrian men they rate themselves.
Progesterone and testosterone did not affect sex role ratings in
men in any sample (all r < 0.17, all p > 0.29).

Follicular Women
In follicular women of the US sample, only femininity ratings
in reference to men showed an interrelation with sex hormone
levels. They were positively predicted by both progesterone (r =
0.50, p < 0.05) and testosterone (r = 0.59, p < 0.01),
but unrelated to estrogen (r = 0.18, p = 0.48). The more
progesterone and testosterone, the more feminine US follicular
women rated themselves in reference tomen. In follicular women
of the Austrian sample, testosterone and progesterone levels were
not significantly related to sex role ratings. However, estrogen
levels affected follicular women’s sex role ratings in reference to
other women. Masculinity ratings were positively predicted by
estrogen levels (r = 0.49, p < 0.05), while femininity ratings
were negatively predicted by estrogen levels (r = -0.59, p < 0.01).
The more estrogen, the more masculine and the less feminine
Austrian follicular women rated themselves in reference to other
women.

Luteal Women
In luteal women of the US sample, we found estrogen to
positively predict femininity ratings (significantly in reference
to women: r = 0.46, p < 0.05; by trend in reference to men:
r = 0.37, p = 0.09). The more estrogen, the more feminine US
luteal women rated themselves. In luteal women of the Austrian
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sample, no relationship between sex role ratings and sex hormone
levels was observed.

Sex hormone levels and sex role were unrelated in OC users of
the California PP sample (all |r|< 0.15, all p > 0.30).

Do Culture, Sex or Hormonal Status Affect the
Factorial Structure of the Sex Role Self-concept
Results of Principal Component Analyses over the six sex role
ratings in the three samples are summarized in Table 5. In the
Northern American sample, sex role seems to comprise a one
factor structure in men and OC users with masculinity and
femininity comprising opposite poles of the same construct, but
a 2 factor structure in naturally cycling women with masculinity
and femininity items loading high on different factors. In both
Middle European samples, sex role seems to comprise a 2
factor structure in men, with masculinity and femininity ratings
loading high on different factors and a 1 factor structure in
OC users with masculinity and femininity comprising opposite
poles of the same construct. In follicular women of the middle
European sample, a 2 factorial structure was obtained. However,

masculinity and femininity ratings do not completely load
on different factors. Reference group seems to be a second
determinant of the factors. Luteal women display a one factor
solution like OC-users in the PP undergraduate sample and a 2
factorial solution like men in the online sample.

Typology
Table 6 summarizes the frequency of each sex role type for
men, follicular women, luteal women, and OC users among the
three samples. In the California-PP undergraduate sample and
the Austrian online sample drawn from the general population,
there was a significantly higher number of indifferent participants
relative to androgynous participants among men compared to
the female groups (both χ2

> 4.36, p < 0.05), while there
was a trend toward a higher number of indifferent participants
relative to androgynous participants among women compared
to men in the Austrian undergraduate sample (χ2 = 3.12,
p = 0.08). The absolute number of indifferent and androgynous
participants did not differ between men and women in sample
(a) (both χ2

< 2.62, both p > 0.10). In sample (b) there

TABLE 5 | Varimax rotated solution of principal components analysis with open number of factors.

Men Follicular Luteal OC

Factor1 Factor2 Factor1 Factor2 Factor1 Factor2 Factor1 Factor2

CALIFORNIA – PP

mascM −0.85 0.92 0.85 0.89

MascF −0.74 0.82 0.81 0.86

mascALL −0.80 0.94 0.78 0.92

FemM 0.88 0.91 0.81 −0.74

FemF 0.81 0.84 0.92 −0.87

femALL 0.89 0.91 0.95 −0.83

Variance 68.80 10.25 48.25 35.17 62.11 19.34 73.00 11.82

PCA solution 1 component 2 components 2 components 1 component

AUSTRIA – PP

mascM 0.83 0.94 0.65 0.72

MascF 0.80 −0.68 0.83 0.82

mascALL 0.86 0.76 0.88 0.80

FemM 0.92 −0.72 −0.70 −0.57

FemF 0.64 0.92 −0.81 −0.67

femALL 0.94 0.78 −0.83 −0.70

Variance 58.66 18.87 53.34 21.35 62.03 16.51 51.35 16.49

PCA solution 2 components 2 components 1 component 1 component

AUSTRIA – ONLINE

MascM 0.91 0.93 0.80 0.77

mascF 0.84 −0.62 0.52 0.94 0.85

mascALL 0.88 0.87 0.95 0.88

FemM 0.91 0.93 0.82 −0.75

femF 0.76 0.67 0.86 −0.80

FemALL 0.87 0.89 0.78 −0.83

Variance 60.88 19.91 50.22 26.63 57.86 23.30 66.11 15.68

PCA solution 2 components 2 components 2 components 1 component

MascM, masculinity in reference to men; mascF, masculinity in reference to women; mascALL, masculinity in reference to the entire population; femM, femininity in reference to men;

femF, femininity in reference to women; femALL, femininity in reference to the entire population.
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TABLE 6 | Frequency [%] of Typologies among men and women in the three samples.

Masc Fem (a) California – PP (b) Austria – PP (c) Austria – online

Men Foll. Luteal OC Men Foll. Luteal OC Men Foll. Luteal OC

Indiff. low low 16.2 11.1 9.1 4.0 10.4 22.2 25.8 18.6 21.9 19.4 14.3 7.3

Male high low 78.4 5.6 0.0 4.0 79.2 2.8 3.2 4.7 76.7 3.2 14.3 9.8

Female low high 5.4 72.2 81.8 88.0 4.2 69.4 67.7 74.4 0.0 71.0 64.3 74.4

Androgyn high High 0.0 11.1 9.1 4.0 6.3 5.6 3.2 2.3 1.4 6.5 7.1 8.5

Foll., follicular; OC, Oral contraceptive; indiff., indifferent; PP, paper and pencil; masc, masculinity; fem, femininity.

was a significantly higher number of women than men among
indifferent participants (χ2 = 4.84, p < 0.05), but not among
androgynous participants (χ2 = 0.76, p = 0.38). In sample
(c) there were by trend more indifferent and less androgynous
participants among men compared to women (both χ2

> 3.49,
both p = 0.06). Furthermore, there was a significantly higher
number (χ2 = 8.57, p < 0.01) of flips among women (female→
male) compared to men (male → female) in sample (c), but not
in samples (a) and (b) (both χ2

< 0.52, both p > 0.47).

Characteristics of the Sex Role Self-concept
Table 7 summarizes which features are commonly named by
participants to explain their masculinity and femininity ratings.
The inter-rater agreement was 95%. Only categories on which
both raters agreed are listed. In both samples, more women
than men gave explanations for their sex role ratings. While
Northern American participants named mostly activities and the
importance of beauty, fashion and body care as determinants
for their sex role ratings, middle European participants referred
predominantly to personality traits and only secondarily
to activities and the importance of beauty, fashion and
body care.

Discussion

The present study assessed self-rated masculinity and femininity
in relation to hormonal status and sex hormone levels in
participants from different cultures and different educational and
socioeconomic status. Influence of culture and hormonal status
were investigated on absolute sex role ratings, factorial structure
of sex role ratings, reference group and aspects participants rated
as relevant to their sex role orientation.

Men Compare themselves to Men, Women to
Women, but not during the Follicular Phase
Menstrual cycle does not affect self-perceived masculinity or
femininity, even though it has been demonstrated to significantly
modulate cognitive sex differences (Hampson, 1990; Hausmann
et al., 2000; Rosenberg and Park, 2002). Also only minor
differences in the factorial structure of sex role were observed
between the cycle phases, as shall be discussed in the following.
However, menstrual cycle phase seems to affect which reference
group women use when determining their masculinity and
femininity scores.

TABLE 7 | Percentage of participants naming features as explanation for

their sex role ratings that were categorized to the categories on the left.

Men Follicular Luteal OC users Total

CALIFORNIA – PP

Face and body 0 11 0 0 2

Beauty care 0 28 18 6 10

Activities 5 22 23 12 13

Social contacts 0 17 9 0 4

Personality 5 17 9 3 7

Emotion 3 0 0 3 2

Cognition 0 0 0 3 1

AUSTRIA – ONLINE

Face and body 4 6 0 7 5

Beauty care 4 12 22 7 9

Activities 7 6 25 7 10

Social contacts 3 6 9 9 6

Personality 18 16 22 21 19

Emotion 4 6 3 0 3

Cognition 1 9 0 2 3

Regression analyses revealed that across cultures, men
compare themselves more to men, even when explicitly asked
to make comparisons in reference to the entire population.
As masculinity ratings in reference to men are naturally lower
than masculinity ratings in reference to women, ratings in
reference to the entire population may underestimate men’s
masculinity and/or vice versa overestimate their femininity.
Likewise, naturally cycling women during their luteal phase
as well as OC users compare themselves to other women
and their ratings in reference to the entire population may
therefore, underestimate their femininity and/or overestimate
their masculinity.

During the follicular cycle phase, however, naturally cycling
women, show a tendency to compare themselves to men (US
sample) or men and women about equally (Austrian samples).
Consequently, their self-ratings in reference to the entire
population may be most accurate. Interestingly, in the Austrian
samples, follicular women seem to determine their masculinity
in reference to men and their femininity in reference to women.
This was not only reflected in the regression analyses, but in
the factorial structure of their sex role ratings, suggesting two
different bipolar dimensions for ratings in reference to men and
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ratings in reference to women. This shift in reference group
across the menstrual cycle is in good accordance with the shifts
from increased spatial (typically male-dominated) to increased
verbal (typically female dominated) abilities from the follicular
to the luteal phase (e.g., Hampson, 1990; Hausmann et al.,
2000; Rosenberg and Park, 2002). A similar shift in absolute sex
role ratings might be observable in a within-subjects design to
compare the cycle phases rather than the between-subjects design
employed in the present study. Consequently, menstrual cycle
phase should be taken into account when assessing a person’s sex
role orientation.

OC-use Alters Sex Role Orientation and Its
Factorial Structure
Hormonal contraceptive users rated themselves as significantly
more feminine and significantly less masculine than naturally
cycling women independent of culture. This effect is striking
since both masculinizing and feminizing effects of hormonal
contraceptives have been reported in the cognitive domain.
However, even though OC users score better in spatial tasks
than naturally cycling women (Wright and Badia, 1999;Wharton
et al., 2008) and show masculinized brain activation patterns
during number processing (Pletzer et al., 2014), they do perceive
themselves as less masculine than naturally cycling women
irrespective of their cycle phase. The simultaneous perception
of reduced masculinity and enhanced femininity leads to a one-
factorial structure of sex role in OC-users as opposed to the two-
factorial structure mostly observed in naturally cycling women.
Consequently, more female and less androgynous, indifferent or
flipped to male sex types were observed in OC-users as compared
to naturally cycling women. These results are particularly
important as they could be replicated across three different
samples, from different cultures, different educational, and
socioeconomic status and different mode of data collection. It
remains to be resolved, how the synthetic progestins and ethinyl-
estradiol contained in OC mimic endogenous sex hormone
actions to cause this shift in sex role orientation.

The Relationship between Estrogen and Sex Role
Orientation Depends on Its Factorial Structure
Correlations of masculinity and femininity ratings with sex
hormone levels as observed over all participants are in
accordance with sex differences in sex role ratings. Male sex
and high testosterone favor high masculinity and low femininity
ratings, while female sex and high estrogen and/or progesterone
favor high femininity and low masculinity ratings. Importantly,
while testosterone and progesterone seem to be more responsible
for the modulation of sex role ratings across groups, estrogen
seems to modulate sex role ratings within the different hormonal
status groups. However, these within-group results are puzzling
at first sight. As the differences between the US and Austrian
sample in correlations between sex hormones and sex role ratings
somehow resemble the differential factorial structure of sex role
in men and women between the US and Austrian undergraduate
samples, these shall be discussed in parallel.

In the US, undergraduate men perceive masculinity and
femininity as two bipolar ends of one dimension and their

estrogen levels are positively related to masculinity (and
negatively to femininity). In Austria, undergraduate men
perceive masculinity and femininity as two different dimensions
and their estrogen levels are negatively related to masculinity (but
not to femininity).

In the US, undergraduate naturally cycling women perceive
masculinity and femininity as two different dimensions and their
(luteal phase) estrogen levels are positively related to femininity
(but not to masculinity). In Austria, undergraduate naturally
cycling women perceive masculinity and femininity as bipolar
ends of one dimension and their (follicular phase) estrogen levels
are negatively related to femininity (and positively tomasculinity).

A one-factorial structure seems to correspond to a
paradoxically reversed relationship between the “female”
sex hormone estrogen and sex role, while a two-factorial
structure corresponds to the expected relationship between
estrogen and masculinity in men/femininity in women. One
psychological mechanism explaining this correspondence
could be compensation. If participants assume that being
highly feminine makes them less masculine, and vice versa,
high estrogen men, who are presumably more feminine, or
low estrogen women, who are presumably more masculine,
may—in an attempt for socially desirable self-presentation—
overcompensate for this fact by rating themselves as more
masculine or more feminine, respectively. On the contrary, if
participants acknowledge that one can be feminine without
having to be less masculine or vice versa, their self-ratings may be
more reflective of their actual sex role orientation. However, our
findings may also be interpreted in the light of previous research
demonstrating that the relationship between sex hormones and
behavior is not always linear and may differ between men and
women (Tan, 2012).

Culture Reverses Sex Differences in the Factorial
Structure of Sex Role Orientation
Furthermore, the sex difference in factorial structure was reversed
between the Austrian and US undergraduate samples. In the
US sample, men appear to think they can only be feminine
when not being masculine, while women incorporate both
characteristics. In the Austrian sample however, women appear
to think they can only be masculine when not being feminine,
while men incorporate both characteristics. These data may
reflect a cultural tendency to favor masculine characteristics
among US undergraduates as opposed to a cultural tendency to
favor feminine characteristics among Austrian undergraduates.
This results in a lack of androgynous, but high number of
indifferent men in the US sample as opposed to a low number
of androgynous, but high number of indifferent women in
the Austrian sample. Note however that factorial structures in
the Austrian Online sample, which was drawn from a more
general population, are more similar to the US data, suggesting a
role of education and socioeconomic status in these tendencies.
Furthermore, in neither sample did we observe such high
numbers of androgynous participants as in Bem’s original study
(Bem, 1974).

To evaluate, whether these cultural differences may be
attributed in culturally different perception of the sex role
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concept, US undergraduate and Austrian online participants
were asked to explain their sex role ratings. Note that differences
in factorial structure were not as extreme between these
two samples as between the two undergraduate populations.
Nevertheless, curious differences were found between the
explanatory variables reported in the two samples. While
middle European participants rely most strongly on personality
measures to explain their sex role ratings, American participants
rely more strongly on activities and interests on the one hand and
appearance on the other hand (beauty care). Consequently, while
personality is an important dimension of sex role orientation
as incorporated in social role theory (Eagly, 2013) and may
favor a two-factorial structure, this finding provides support
for previous criticism on measures such as the PAQ and BEM,
which involve only personality items. Especially, approaches to
determine sex role orientation across cultures and seeking to
overcome problems with self-reflection and social desirability
could profit from including additional dimensions that are more
continuous and can be expressed to varying degrees in both men
and women.

In summary, we found with respect to our research questions,
that neither culture nor menstrual cycle affected sex role ratings
per se, while OC use did rate themselves more feminine
and less masculine than naturally cycling women. However,

culture and hormonal status interactively affected whether
participants compared themselves more to men or women
in their sex role ratings. Also, the impact of sex hormones
on sex role orientation was not only modulated by sex
and hormonal status, but also by culture. Both culture and
hormonal status are also important determinants of the factorial
structure of sex role orientation and culture influences which
characteristics are viewed as important for sex role orientations
by participants themselves. These findings have important
implications for the assessment of sex role orientation in different
cultures.

Altogether our data are in line with previous psychobiological
approaches, suggesting that sex role orientation as well as the sex
role self-concept are shaped by both biological mechanisms, such
as sex hormones as well as social/cultural influences (Halpern and
Tan, 2001).
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