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Steroids are important neuromodulators influencing cognitive performance and synaptic
plasticity. While the majority of literature concerns adrenal- and gonadectomized animals, very
little is known about the “natural” endogenous release of hormones during learning. Therefore,
we measured blood and brain (hippocampus, prefrontal cortex) testosterone, estradiol, and
corticosterone concentrations of intact male rats undergoing a spatial learning paradigm which
is known to reinforce hippocampal plasticity. VWe found significant modulations of all investigated
hormones over the training course. Corticosterone and testosterone were correlated manifold
with behavior, while estradiol expressed fewer correlations. In the recall session, testosterone
was tightly coupled to reference memory (RM) performance, which is crucial for reinforcement
of synaptic plasticity in the dentate gyrus. Intriguingly, prefrontal cortex and hippocampal levels
related differentially to RM performance. Correlations of testosterone and corticosterone
switched from unspecific activity to specific cognitive functions over training. Correspondingly,
exogenous application of testosterone revealed different effects on synaptic and neuronal
plasticity in trained versus untrained animals. While hippocampal long-term potentiation (LTP)
of the field excitatory postsynaptic potential (fEPSP) was prolonged in untrained rats, both the
fEPSP- and the population spike amplitude (PSA)-LTP was impaired in trained rats. Behavioral
performance was unaffected, but correlations of hippocampal field potentials with behavior were
decoupledin treated rats. The data provide important evidence that besides adrenal, also gonadal
steroids play a mechanistic role in linking synaptic plasticity to cognitive performance.
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INTRODUCTION

Considerable effects of steroidal hormones on cognitive perform-
ance and synaptic plasticity in vitro and in vivo have been described
(McGaugh et al., 1975; McEwen et al., 1977; Joels and de Kloet,
1989; Pavlides et al., 1993; Sinopoli et al., 2006). However, because
most studies use adreno- or gonadectomized animals with hor-
mone replacement, little is known about regulations of endogenous
gonadal and adrenal steroids, especially in the brain. The present
study aimed at contributing to fill this gap by investigating functional
relations of steroids to behavior, memory, and hippocampal synaptic
plasticity during a spatial learning task in intact male rats.

We chose a spatial learning paradigm, which is known to affect
plastic processes, i.e., reinforce long-term potentiation (LTP) in the
dentate gyrus. Such behavioral LTP reinforcement is characterized
by the transference of an electrically induced protein synthesis-
independent early LTP, present for 8 h, into a protein synthesis-
dependent late form, lasting for 24 h and more (Seidenbecher
et al., 1997; Uzakov et al., 2005). It is hypothesized that synthesis
of plasticity-related proteins is stimulated by concurrent learning-
induced heterosynaptic activation and that processing of these pro-
teins by the electrically stimulated synapses results in the prolonged
potentiation.

There is reason to believe, that expression of plasticity-related
proteins is also modulated by steroid hormones. Classic steroid
receptors act as transcription factors, providing an orchestrated

gene expression during behavioral demands by direct binding
to the DNA and by interaction with other steroid transcription
factors (McEwen et al., 1977; Diamond et al., 1990; Cato et al.,
1992; Herman, 1993). Intriguingly, hippocampal testosterone and
estradiol levels may be regulated independently from peripheral
levels. Aromatase, the key enzyme for conversion of testosterone
to estradiol, is expressed in hippocampal neurons of both genders
(MacLusky etal., 1994; Wehrenberget al., 2001), the effects of estra-
diol in males being largely unknown. Moreover, the potential of
local production of some steroids, termed neurosteroids, has given
rise to the idea that steroid actions may occur in a synaptocrine
fashion (Corpéchot et al., 1981; Agis-Balboa et al., 2006; Mukai
et al., 2006; Ishii et al., 2007). The hippocampus is equipped with
the full enzymatic machinery to produce estradiol and thus also
testosterone de novo (Hojo et al., 2004; Balthazart et al., 2006).
The described mechanisms are prompting the assumption
that regulation of estradiol and testosterone concentrations in
task relevant brain areas might be relevant for specific behavioral
performances and memories. However, studies that address these
questions in intact animals are still missing. Therefore, we followed
testosterone, estradiol, and corticosterone concentrations over a
spatial learning task in serum probes as well as in two task relevant
brain regions, the hippocampus and the prefrontal cortex (PFC),
in male rats. Both structures contain receptors of all steroids of
interest and are known to be involved in the formation of spatial

Frontiers in Behavioral Neuroscience

www.frontiersin.org

December 2010 | Volume 4 | Article 187 | 1



Schulz and Korz

Endogenous steroids and learning

memories (Handa et al., 1997; Hajszan et al., 2007, 2008). In this
first part of the study we identified testosterone as key player in the
task, being strongly linked to behavioral parameters in the training
session that is related to LTP reinforcement. In the second part, we
studied the effects of testosterone application on behavior and on
LTP in trained and untrained rats.

MATERIALS AND METHODS

SUBJECTS

Male Wistar rats (strain Schonwalde; bred in the colony of
the institute) were housed individually in standard cages
(40 cm x 25 cm X 18 cm) under a 12 h light/dark regimen with
lights on at 6 am. Animals had access to food (ssniff, R/M-H, Soest,
Germany) and tap water ad libitum. All experiments were carried
out in compliance with the national animal care guidelines and with
permission of the regional council of Saxony-Anhalt, Germany.

HOLEBOARD AND TRAINING PROTOCOL

Spatial learning was assessed using a 1 m X 1 m holeboard maze
(COGITAT by Cognitron GmbH, Géttingen, Germany). Five out
of 36 regularly arranged holes (diameter 6 cm, depth 8 cm) were
baited (dustless precision pellets, 45 mg, Bioserv®) over repeated
trials, such that rats learned the pattern of baited holes (Figure 1A
left panel). Photo sensors (detection system COGITAT) registered
the rat’s entries according to the depth as “inspection” (INS; upper
beam), “visit” (VIS; middle light beam), and “removal of the pel-
let” (bottom light beam), respectively (Figure 1A right panel).
The holeboard was kept in a soundproof, evenly lit room. The
track of the animal was recorded (Field2020 for PLUS+, HVS
Image Ltd., UK) and the time spent in areas surrounding the
unbaited holes (“cells”) and baited holes (“special cells”) was cal-
culated. Orienting landmarks on the arena enclosure (cue cards
30 cm X 48 cm) and outside the board (equipment) were clearly
visible for the animal.

In order to motivate the rats to search for food pellets, they
were mildly food-deprived (85% of the initial body weight after
food restriction to 6-7 g/day over 3 days). Animals were familiar-
ized with the experimenter and the set-up before the training was
performed on three consecutive days with each session starting at
9 am. Every trial lasted for 120 s or until all five pellets were eaten.
It was differentiated between reference memory errors (RME; visits
and inspections of non-baited holes) and working memory errors
(WME; re-visits and re-inspections of initially baited holes of which
the pellet had already been eaten). The board was wiped after each
trial in order to spread odor cues. The interval between two suc-
cessive trials was 20 min.

PART1

Experimental groups for hormone assaying

Animals were sacrificed 15 min or 24 h after a session creating five
different training groups (see Figure 1B). Group 1 (G1 n=8) and
the trained control of group 2 (tcG2 n = 8) experienced 5 trials,
group 2 (G2 n = 8) and the trained control of group 3 (tcG3 n=8)
9 trials and group 3 (G3 n = 12) 10 trials. Food-deprived untrained
animals (chamber controls) were sacrificed isochronously with each
group (n = 2—4 per group). Non-food-deprived (non-fd) animals
(n=6) served as controls for the influence of food deprivation.
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FIGURE 1 | Training protocol, learning performance, and effects of food
deprivation on hormone household. (A) The same five of 36 holes of

the holeboard were baited (depicted in black). The right panel illustrates
behavioral parameters. Breaking light beams of the holes was classified

as either inspection of the hole (upper beam) or visit (middle beam). Areas
surrounding the holes were termed “cells” or “special cells” in case of
baited holes. In (B) the protocol and the training groups for hormone
sampling are depicted. The full training protocol consisted of three sessions
(abbreviated with S). Three training groups (G1-3) were sacrificed 15 min
after the session and two trained control groups (tcG2 and tcG3) were
sacrificed 24 h after the session. (C) Averaged performance as measured in
latency to find all pellets and reference memory errors (RME). Animals
performed significantly better at the end of session 2 as compared to the
beginning. (D) Food deprivation (fd) caused significantly elevated
corticosterone serum levels as well as reduced testosterone levels (F) in
blood as well as in brain tissue samples. (E) Estradiol levels were not
significantly affected by food deprivation.
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Tissue sampling and hormone assaying

Animals were decapitated and trunk blood was collected in vials
containing clot activator (REF 41.1500.005, Sarstedt). The PFC and
the right dorsal hippocampus were rapidly dissected, the tissue was
homogenized (Biovortexer No. 1083; Biospec products) and diluent
(Sample diluent, IBL Hamburg, REF KLZZ731) was added to reach
a final volume of 100 pl/mg tissue weight. All samples were cen-
trifuged (5 min, 10000 rpm); the supernatant was aliquotized and
stored at —20°C. For hormone assaying enzyme-linked immuno-
sorbent assay (ELISA) was performed. Briefly, probes were thawed
and diluted (brain probes 1:3, 1:2 respective 1:2, serum probes
1:10, 1:5 respective 1:10 in testosterone, 17f3-estradiol, and corti-
costerone assays). Samples and standards were applied in dupli-
cate. OD values were measured at 450 nm in a micro plate reader
(SpectraMax® Plus384). The type of assay used did not distinguish
between the protein bound and the free hormone, which is an
essential difference as it is assumed that only free hormone is active.
For the time being, there was no ELISA available for measuring
rat steroid binding proteins. All assays had little interference with
other steroids, thus being highly specific. For the testosterone assay
(Testosterone Saliva ELISA by IBL Hamburg) the limit of detection
(LOD) was 2.0 pg/ml and intra-assay and inter-assay coefficients of
variation were 8.2 and 5.5%, respectively. The estradiol kit (17beta-
Estradiol Saliva ELISA by IBL Hamburg) had a LOD of 0.4 pg/ml.
Intra-assay and inter-assay coefficients of variation was maximally
9.9 and 11.1%, respectively. In the corticosterone kit (AssayMax
Corticosterone ELISA Kit Assaypro; catalog number EC3001-1)
the minimum detectable dose of corticosterone was 40 pg/ml and
intra-assay and inter-assay coefficients of variation were 5.0 and
7.0%, respectively. Estradiol could not be detected in every probe.
Values detected below the LOD were kept; probes with undetectable
amounts of estradiol were set equal to 0. Data for serum samples
are given as weight/ml and for brain samples as weight/g wet tissue
weight (ww). Thus units are directly contrastable.

PART 2

Electrode and cannula implantation

Male rats (7 weeks, about 300 g) were implanted a double record-
ing electrode, a bipolar stimulation electrode, and a cannula for
intracerebroventricular (icv) application of substances. Anesthesia
was induced by ip application of 40 mg/kg Nembutal. Additional
narcotic was applied when indicated. The head was stereotacti-
cally fixed (TSE System GmbH, Germany) such that bregma was
1 mm higher than lambda. The bipolar stimulation electrode was
implanted in the right medial perforant path (-6.9 mm AP, 4.1 mm
ML, 2.0-2.4 mm DV). The double recording electrode consisted
of a pair of insulated stainless-steel wires (125 pm in diameter) of
which the inner tip was shortened by 400 um. Stereotactic implan-
tation into the right dentate gyrus (2.8 mm AP, 1.8 mm ML)
yielded optimal signals at a depth of 2.8-3.4 mm. The shorter tip
was then situated in the laminar moleculare and recorded the slope
(mV/ms) of the negative field excitatory postsynaptic potential
(fEPSP); the longer tip reached into the granule cell layer and
recorded the population spike amplitude (PSA), the difference in
millivolt between the first positive and the first negative deflection
of the signal. The cannula was implanted into the right lateral
ventricle (—0.4 mm AP, 1.5 mm ML). Coordinates are based on

the atlas of Paxinos and Watson (1998). Electrodes and sockets
were fixed with dental cement. Animals were given at least 1 week
to recover before the experiment. Positioning of the electrodes
and the cannula was verified by histology of a random sample
of brains. Cannula positioning was additionally verified after the
experiment in each animal by application of angiotensin (5 ug
solved in NaCl), which induces drinking behavior when applied
into the ventricular system.

Electrophysiological recording protocols

Animals were food-deprived prior to the experiment. A flexible
cable connected the electrodes to a swivel, allowing for free move-
ment of the animal. Biphasic constant current pulses (0.1 ms per
half wave) were delivered by stimulators (A-M Systems, Isolated
Pulse Stimulator, Model 2100) which were triggered via pwin
(PWIN, Institute of Neurophysiology, Magdeburg). Evoked field
potentials were amplified (100x; differential amplifier, Inh; Science
Products, Hochheim, Germany), sampled at a rate of 10 kHz, fil-
tered (high pass: 0.1 Hz; low pass: 5 kHz), and converted by an
analog-to-digital interface (CED 1401+; Cambridge Electronic
Design, Cambridge, UK) for storage on a PC. fEPSP and PSA
were alternatively recorded every 15 min (mean of five stimuli
with 10 s inter-stimulus interval). Stimulation intensities were
adjusted according to an input/output (I/O) curve of the prior
day to evoke 40% of the maximal PSA and 60% of the maximal
fEPSP, respectively, but never exceeded 0.4 mA. Substance applica-
tion took place 30 min before the weak tetanus (three bursts of 15
stimuli, 200 Hz, 0.1 ms pulse duration, 10 s interburst-interval)
which was given at the intensity used for PSA recording. The cri-
terion for sufficient potentiation for the fEPSP and PSA values was
an initial potentiation greater than 120 and 180%, respectively, in
one of the first two measurements.

Testosterone application

A flexible tube allowed free movement of the animals during appli-
cation of 1 pug testosterone propionate (3221760, Sigma-Aldrich)
into the lateral ventricle. The application volume of 5 pl (200 pg/ml
testosterone in 40% propandiol) was applied at a rate of 1 pl/min
using a Hamilton syringe (CR700-20). To estimate effects on the
hormone status, controls (cannulated, food-deprived, non-trained)
were sacrificed 30 min after the application corresponding to the
time point of LTP induction. The procedure took place at a similar
time of the day as decapitation of unprepared animals as well as
application time in electrophysiological studies. Brain samples, but
no trunk blood, was taken and assayed.

Cognitive reinforcement protocol

Animals underwent the training protocol described in Section
“Holeboard and Training Protocol.” In the morning before the last
session, a 1 h baseline was recorded; substance application and
tetanus took place as described for the early LTP experiment (see
Electrophysiological Recording Protocols). A measurement of the
fEPSP and PSA was taken before behavioral manipulation. Fifteen
to 18 minutes after the tetanus, animals performed the 10th trial,
which corresponded to a time between 9.30 and 10.30 am. After
the training, the recording proceeded as described for the early
LTP protocol.
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Paired pulse experiment

In untrained, food-deprived animals two pulses were paired with
intervals of 10, 20, 50, 70, and 120 ms (5 min inter-pair interval)
at a stimulation intensity evoking 40% of the maximal PSA. For
each interval, the average of three paired pulses (10 s inter-stimulus
interval) was calculated. One pulse set was measured prior to appli-
cation, and further measurements took place at 30, 90 min, 3, 6, 8,
and 24 h after application.

DATA ANALYSIS

Hormone data

Normal distribution was tested using Shapiro—Wilk test. Mann—
Whitney U test was used to compare chamber controls to
trained animals, and trained controls to animals sacrificed 15 min
post session.

Behavioral data

The three measures latency, RME, and WME were used to assess
performance differences between training groups. For each ses-
sion MANOVA with groups as between-subject factors and the
averaged latency, RME, and WME as within-subject factors was
conducted. Paired Student’s t-test was performed to compare each
of the three named measures at the beginning and end of session
2 (trial 5 versus trial 9).

Behavioral data was correlated with hormone levels using two-
tailed Pearson correlation. Data from the last trial of each session and
averaged data over each session and over the entire training experi-
ence was analyzed. To evaluate the most predictive parameters, mul-
tiple linear regression with stepwise exclusion was performed. This
execution was chosen in spite of multicollinearity of some factors.
Excluded variables most likely carry indeed predictive information,
but could not add significantly to the model due to intercorrelation
with included parameters. However, it is thought to help identifying
the main variance predictor to direct future research.

In the cognitive reinforcement study, to evaluate effects of the
application, data from trial 10 and savings, which indicate improve-
ment from trial 9 to trial 10, and, thereby, control for pre-manipu-
lation performance differences, were compared between vehicle and
testosterone applied animals using #-test. Electrophysiological data
(hour values from 1- to 24-h post induction) were correlated with
behavioral parameters in trial 10 by two-tailed bivariate Pearson
correlations.

Electrophysiological data

Group comparisons were performed with repeated-measure
ANOVA with all values post induction, respectively, values from
5 to 24 h (the protein synthesis-dependent late phase of LTP) in
trained animals. Student’s #-test was performed to evaluate signifi-
cant differences between testosterone treated and control animals
at the 24 h time point.

Paired pulse data was analyzed using ANOVA. To evaluate group
differences over the time in values of the five different stimulus
intervals, repeated measure ANOVA with the sample time as within-
subject factor, the interval-size as measure, and treatment versus
control as between-subject factor was performed. In order to test
early and late effects independently, for each time point groups were
compared by MANOVA with the five intervals as the within-subject

factor and groups (control versus treated) as between-subject fac-
tor. In order to investigate whether the values of a certain interval
changed differentially over time, repeated measure ANOVA was
performed for each interval with sampling time as within-subject
factor and groups (control versus testosterone) as between-subject
factor.

All data are given in mean + SEM if not stated otherwise. The
level for statistical significance was set at p < 0.05.

RESULTS

PART1

Male rats were trained on a spatial holeboard learning task.
Independent groups were sacrificed at different time points of the
training procedure (Figure 1B) and concentrations of testosterone,
estradiol, and corticosterone in blood, hippocampal and prefrontal
brain tissue samples were measured.

Animals acquired the task in the second session

The animals were required to learn a spatial pattern of baited holes by
orientation toward environmental cues over repeated trials (10 trials
distributed over three sessions; Figure 1). Learning performance
of training groups was assessed by the two parameters latency and
RME, which reflect the long-term memory for the spatial location of
the holes. Recall was significantly better at the end of session 2 com-
pared to the beginning (RME p=0.006; latency p<0.001),indicating
that the animals acquired the task in this session (Figure 1C). This is
in compliance with previous studies (Uzakov et al., 2005). To judge
whether the performance was similar in different groups and ensure
that differences in hormone levels (see below) were not caused by
a global difference in performance, we performed MANOVA with
RME, latency, and WME as within-subject factors. WME indicate
short-term memory, which is thought to be trial specific. The five
independent training groups (Figure 1B) did neither differ on a
linear combination of latency, RME, and WME in the first session
(p>0.1) nor in the second (p>0.1).

Food deprivation did affect only serum corticosterone levels but not
brain tissue concentrations

Rats were mildly food deprived to motivate them to search for food
pellets. As food deprivation is a chronic stressor, it was expected
to cause elevated corticosterone levels, which may in turn act on
gonadal hormone release. When comparing the pooled food-de-
prived chamber controls (n=16) to non-deprived controls (n=6),
corticosterone levels were elevated significantly in serum samples
only (U = 11.00, z = —2.728, p = 0.005), but not in brain tissues
(p > 0.1; Figure 1D). As expected, testosterone levels were lower
in deprived animals, an effect which was present in all investi-
gated samples (serum U= 17, z=-2.285, p=0.021, hippocampus
U=20.00,z=-2.064, p=0.40,PFC U=11.00, z=-2.728, p=0.005;
Figure 1F). Food deprivation had no significant effect on estradiol
levels (p > 0.1; Figure 1E).

Alterations of endogenous steroidal hormones during spatial learning
on short and long time scales

We raised a profile of endogenous hormone levels over training
experience (Figure 2). In order to identify changes related to the
training experience rather than other factors, such as daytime of
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length and is indicated at the bottom. Chamber controls (untrained animals)
are depicted in gray and abbreviated with ccG. Trained controls (tcG) were
sacrificed 24 h after their last training at the same time point as the
corresponding training group and controlled for long-term effects of the
training on the hormone household.

sacrifice, control groups required careful consideration: To control
for the systematic variation of the daytime of sacrifice between
groups (due to different trial numbers in the three sessions), we
compared hormone levels to chamber controls. Effects seen here
could either be of acute nature, i.e., arising from the experience of
the very session, or could be a delayed effect such as a shift of circa-
dian release patterns due to a prior session. This scenario is plausible
for several reasons: the training was performed during the animals’
sleep cycle, food availability is known to be a strong modulator of
circadian rhythmicity (Nelson et al., 1975), and calorie restriction
is known to affect steroid hormone release patterns (Krieger, 1974;
Itoh et al., 1980; Chacon et al., 2004). To disambiguate between
these two scenarios we had a trained control group, which was
sacrificed 24 h after their last training. Thus, late effects are indicated
by a difference between chamber controls and trained controls.

Corticosterone in trained animals was generally slightly elevated
as compared to chamber controls and chamber controls expressed
successively increasing levels with earlier sacrifice time (Figure 2A).
Serum levels were prominently elevated after session 3 (p=0.005).
Brain tissue probes expressed the same pattern as serum probes, but
there was only a trend in session 3 (PFC p = 0.061, hippocampus
p=0.075; Figure 2B). Corticosterone in prefrontal probes was also
significantly increased after session 2 (p = 0.01). The hippocampal
concentrations of tcG2 were elevated (p = 0.014), pointing to a
possible small shift of diurnal release pattern.

Estradiol serum levels expressed overall a similar time course as
corticosterone serum, though no significant changes were observed
(Figure 2C). More prominent is the brain tissue profile (Figure 2D)
with two important aspects: (1) hippocampal and PFC probes do
not behave synchronously as for example seen in corticosterone and
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(2) this becomes most evident in the acute drop of PFC estradiol
after session 2 (p=0.011). The magnitude of hormone concentra-
tion distribution for estradiol was also remarkable as hippocampal
levels (26.95 pg/g ww) were almost tripled compared to serum
samples (10.61 pg/ml; p < 0.001). These findings suggest local
metabolism of estradiol in the investigated brain regions.

Testosterone levels expressed an enormous variability in trained
rats (Figure 2E). In general, testosterone levels were rather acutely
elevated after the first two sessions, and decreased compared to
trained controls after the recall (session 3). Hippocampal testo-
sterone in tcG2 was significantly decreased compared to chamber
controls (p = 0.039) and acutely trained animals (G2 p = 0.046;
Figure 2F). Thus hippocampal testosterone is acutely increased
after session 2.

CORRELATION OF HORMONE TITERS AND BEHAVIORAL DATA:
TESTOSTERONE WAS INTIMATELY LINKED TO THE RECALL SESSION

A correlative analysis was performed to identify behavioral param-
eters related to individual hormone titers. There were multiple cor-
relations for corticosterone and testosterone, but fewer for estradiol
(Figure 3). A remarkable number of correlations of serum and
PFC testosterone occurred in the last session (Figure 3A), while
corticosterone was rather linked to the second session and the same,
but to a smaller extent, is true for estradiol.

The behavioral parameters analyzed were clustered into three
classes according to their relevancy for the task. (1) Reference
memory (RM) related parameters included visiting or inspect-
ing non-baited holes as well as crossings of the animal into areas
surrounding baited holes (special cell entries, see also Figure 1B).
(2) Working memory (WM) related activities were defined as
re-visiting or re-inspecting baited holes and the total number of
double inspected or double visited holes. (3) Agility related param-
eters included speed, the percentage of time spent moving, the total
number of holes visited or inspected and the abidance at the border
of the board or in the center of the arena. Regarding corticosterone,
mainly levels in the PFC were linked to RM relevant variables, while
hippocampal and serum corticosterone were intimately linked to
agility related parameters (Figure 3B). A large number of positive
correlations to task unspecific parameters suggests an activity sup-
porting effect of endogenous corticosterone. Hippocampal estradiol
was linked to WM performance while, serum levels rather related to
parameters usually used to identify anxiety, e.g., time spent along
the border of the arena versus in the center. Serum testosterone
was correlated with all classes of parameters, however, strongest
with task relevant parameters (WM and RM related). Compared
to serum and PFC levels, hippocampal testosterone expressed
fewer correlations which were, however, even more clustered on
RM related parameters. These findings were further supported by
multiple linear regression analysis (Figure 3C). For corticosterone
the most informative predictors as evaluated by multiple linear
regression were distributed over all of the three parameter classes.
Testosterone was stronger — though not exclusively — linked to RM
related parameters.

Interestingly, correlations did not co-occur in all tissues to the same
degree (Figure 3D).In most cases, a correlation with a certain param-
eter was present in one tissue only. This is especially true for estradiol
and is another piece of evidence for an independent regulation of
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number of significant correlations per session (acute groups G1, G2, and G3
only) are depicted color coded for each tissue type (S = serum, P = PFC and
H = hippocampus). Testosterone expressed the highest number of significant
correlations in the last session. In (B) the same data was arranged with
parameters classified into three behavioral categories: working memory
(WM), reference memory (RM) or unspecific activity (agility) related.

(C) Outcome of the multiple regression analysis grouped according to the
behavioral classification. (D) lllustrates the number of correlations occurring
between a behavioral parameter and tissue types: if the parameter correlated
significantly with one tissue only, it is termed “single,” “double” for two
tissues and triple if correlation occurred between the parameter and all three
samples. The gray insets illustrate the tissue pairs present in the double
correlation bar.

estradiol in the different tissues investigated. For testosterone, there
were clearly strong parallels in the PFC and serum correlations. The
hippocampus probes were less coupled to other probes.

Thus, the general picture emerges, that corticosterone expressed
multiple correlations distributed over all training groups and over
all parameter categories and was such non-specifically coupled to
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several behavioral components. On the other hand, testosterone was
stronger related to RM related parameters and specifically strongly
linked to session 3, a session in which learning experience modu-
lates synaptic plasticity (Uzakov et al., 2005). A closer look at cor-
relations of testosterone in the final session confirmed that serum
concentrations were correlated to the same parameters as PEC levels
(Figure 4A). The behavioral parameters involved can be split into
two groups: Parameters indicating explorative behavior, such as the
total number of holes inspected and visited correlated with lower
coefficients, while task relevant parameters, e.g., RME, special cell
entries, and WME, correlated with higher coefficients. Note that
correlations to RM related parameters reverse the direction over

A
reference memory working memory activity related
related related y
S P H P H S P H
RME-VIS hol-INs [T
RME-INS doub-VIS VIS
spec INS
-0. -0.6 0.6 . 1
_ZI E:-
B
157 r=0.847, p=0.001
0
0 0.1 0.3 0.5 0 02 0.6 1
~ testosterone testosterone PFC
hippocampus (ng/g ww) (nglg ww)
C
1.0 ® testosterone S
A testosterone H
0.5 B testosterone P
© O corticosterone P
=] = RME-VIS
g 0 = RME-INS
-0.51
-1.0-
session 1 session 2 session 3

FIGURE 4 | Role of testosterone during recall. (A) The r~value of significant
correlations of testosterone with behavior in session 3 are depicted color
coded for each tissue type (S, serum; B PFC; and H, hippocampus) and
parameter. spec, special cell entries; INS, inspections, VIS, visits; doub-VIS,
number of double visit holes; hol-INS, number holes inspected. (B) While
hippocampal testosterone correlated with the task-promoting parameter
special cell entries (spec) prefrontal testosterone correlated with RME-INS.
(C) There was an inversion of correlation direction with RME-INS respective
RME-VIS from early to late trials for PFC and serum testosterone as well as
PFC corticosterone, but not for hippocampal testosterone. (S = serum,

P = PFC and H = hippocampus).

the course of the training (Figure 4C): while correlations with data
from session 1 was negative (RME-VIS s1), the highly significant
(p<0.01) correlations of RME-INS, which are also the best predic-
tors for PFC (Figure 4B) and serum, is positive. Intriguingly, this
relation of prefrontal testosterone to task impairing parameters
contrasts findings for hippocampal testosterone which correlated
with task-promoting behavior, e.g., positively with special cell
entries and negatively with RME-VIS (Figures 4A,B). Similar to
prefrontal testosterone, also prefrontal corticosterone was highly
linked to RME and expressed likewise a flip of correlation direc-
tion (Figure 4C). Another inversion was seen for corticosterone
PFC and serum levels to abidance in the center (not shown). Thus,
animals with high corticosterone levels in early sessions will spend
less time in the center and commit less RME, but, when having high
corticosterone levels in later trials, animals will spend more time
in the center and commit more errors.

PART 2

In Part 1, we identified testosterone as the most relevant hor-
mone regarding task relevant parameters in the final session. It
was previously shown, that electrically induced early LTP in the
dentate gyrus is reinforced by recall of the spatial memory into
a late, protein synthesis-dependent form. In part 2 we therefore
manipulated brain tissue testosterone levels and investigated the
effects on behavior and LTP.

Testosterone concentration at the time of LTP induction

At the time of LTP induction, testosterone application induced
higher testosterone levels only in the hippocampus (p = 0.024) but
not in the PFC (Figure 5G). Levels were within the physiological
range but may represent a ceiling concentration. The impact of
vehicle application on corticosterone levels compared to unpre-
pared controls may result from a handling effect, as the placement
of the injector implies the removal of the animals from the cages
(Figure 5H).

Testosterone application in trained rats

Testosterone impairs LTP reinforcement. Testosterone and vehicle
substance was applied to the ventricle 30 min before LTP induction
and thus 45 min before the animals were performing session 3.
Since establishment of a RM is crucial for cognitive reinforcement
(Uzakov etal.,2005) only data from animals with a stable RM recall
were included in electrophysiological analysis. Both potentials, the
PSA and the fEPSP, stayed highly potentiated in controls (n = 6),
while reinforcement was impaired in testosterone applied animals
(n=7), where signals returned to baseline values within 4 h (PSA)
respective 5 h (fEPSP) after tetanus (Figures 5A,B). Testosterone
treated animals and controls differed significantly in the protein syn-
thesis-dependent phase (from 5 h onwards) in fEPSP (F(l’m =6.514,
p=0.027) and were close to the significant criterion in the PSA val-
ues (F, |, =4.75, p=0.054). PSA values differed between groups at
24h (p=0.020). There was no difference in the initial potentiation,
measured shortly before behavioral manipulation.

Testosterone application disrupts coherency of behavior and elec-
trophysiology. Investigated behavioral parameters did not differ
between treated animals and controls. However, while in controls
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behavioral parameters correlated with electrophysiological data
this coherency of behavior and electrophysiology was disrupted
by testosterone treatment. In controls, the first PSA hour value
after behavioral manipulation correlated significantly with latency
(r=-0.971, p = 0.006) and the first fEPSP hour value with WME-
INS (r = 0.929, p = 0.007). This coherency was also previously
described by Uzakov et al. (2005).

Effects of testosterone application in untrained animals

To identify whether effects of testosterone application on PSA-
and fEPSP-LTP are specific to training experience, we performed
electrophysiological recordings in an untrained set of animals.

We first checked for effects on baseline transmission by using
a 24 h recording protocol without LTP induction. Testosterone
treated animals (n = 8) differed significantly in their PSA values
from controls (n = 9; F“,]s) = 4.46, p = 0.050) and the 24 h value
was significantly lower (p = 0.028; Figure 5C). The fEPSP remained
stable in testosterone treated animals (n = 7) as well as in controls
(n = 8; Figure 5D).

In the early LTP protocol (as used in trained animals), we found
that groups differed significantly in fEPSP measures (F, |, = 5.68,
p = 0.032; Figure 5F). While the fEPSP of control animals (n=9)
returned to baseline values within 5 h, it remained highly potenti-
ated throughout the 8 h recording in testosterone treated animals
(n=7). The PSA of controls (n = 8) and testosterone applied ani-
mals (1 = 9) were similar in the induction phase and returned to
baseline over the course of 5 h (testosterone) respective 7 h (control)
after the weak tetanus (Figure 5E). Testosterone treated animals had
a significantly lower 24 h PSA value than controls (p = 0.048).

To locate the site of action of testosterone, i.e., pre- versus post-
synaptic, a paired pulse protocol was applied (Figure 5I). The pro-
tocol showed no significant differences between controls (n="7) and
testosterone applied animals (n=7), arguing against the presynapse
as effector site (data not shown).

DISCUSSION

The study aimed at investigating endogenous fluctuations of ster-
oidal hormones throughout a spatial learning paradigm not only
peripherally but also in task relevant brain regions. Our data sup-
ports the notion that metabolic processes occurring in local brain
regions can modify steroid levels and we can further show that these
effects are behaviorally relevant. After identifying testosterone as
the hormone with the strongest link to task relevant parameters
in the time period where synaptic plasticity in the dentate gyrus is
modulated, the effects of steroid household manipulation was inves-
tigated in the second part of the study. Although the artificial rise of
testosterone 45 min before the recall trial did not affect behavioral
performance significantly, the effect on synaptic plasticity was pro-
nounced. Testosterone application abolished LTP reinforcement.

ENDOGENOUS HORMONES LINK TO BEHAVIOR

Evidence for independent regulation

Recent literature suggest that certain steroids like estradiol and tes-
tosterone can be produced by nervous tissue, which may allow brain
region specific regulations of concentrations on a microdimensional
scale (Agis-Balboa et al., 2006; Mukai et al., 2006; Ishii et al., 2007).
In this study we dissected the brain regions hippocampus and PFC

from animals undergoing a RM task containing WM elements.
Estradiol levels in brain regions of these intact males expressed
distinct and higher concentrations as compared to serum concen-
trations (cf. Barker and Galea, 2009), which is a prominent feature
of neurosteroids (Corpéchotetal., 1981; Baulieu and Robel, 1998).
In the case of testosterone, we could show at the individual level
that tissue specific fluctuations are linked to learning task relevant
behavior: While PFC concentrations of testosterone correlated
mainly with the same parameters as serum testosterone, concen-
trations measured in the hippocampus, a region with neurosteroid
production ability and rich aromatase activity, were linked in an
opposite manner to RM performance in this final trial. Namely,
hippocampal testosterone levels link to task-promoting parameters,
while prefrontal testosterone correlated positively with parameters
indicating poor memory formation. However, the hormone profile
for this session did not show remarkable differences between the
two brain regions. This is pointing out the importance of slight
concentration modifications by local metabolism for brain region
specific hormonal functions.

Other routes of local hormone level regulation may underlie
the finding that brain concentrations of corticosterone remained
unchanged in food-deprived animals, though the serum levels were
significantly elevated. We suppose a higher clearance rate in the
brain (Droste et al., 2008), possibly as a mechanism to maintain
central functions of corticosterone independent from peripheral
metabolic functions.

Hormone fluctuations throughout the training: learning related or
unrelated effects

The prominent global increase in corticosterone during session 3
might be a matter of an unspecific rise due to the single day trial,
as exposure of naive animals to the holeboard induces a similar
rise in serum corticosterone (Korz and Frey, 2004). Furthermore,
corticosterone levels were only slightly elevated after repeated trials
during sessions 1 and 2. However, we cannot rule out a task specific
effect of corticosterone as well as of estradiol, which expresses a very
similar profile. Both hormones have been reported to enhance long-
term memory consolidation by post-training application (Packard
and Teather, 1997; McGaugh and Roozendaal, 2002; Herbert et al.,
2006; Fernandez et al., 2008). A similar role of endogenous levels
and an interaction of these two hormones is feasible.

In contrast, testosterone levels, especially in the hippocampus,
were elevated in session 2 as compared to their trained controls
and lowered in session 3. During both sessions a high number
of correlations of testosterone to behavioral performance could
be observed, however very likely with a different functional back-
ground. Testosterone in session 3 shows tight coupling to RM per-
formance. As animals usually acquire the task during session 2,
the increase of testosterone levels is paralleled by learning related
reward. In fact, androgens, and testosterone specifically, are known
to have rewarding properties themselves (Packard et al., 1998),and
have been shown to increase extracellular dopamine (de Souza Silva
etal.,2009). Dopamine is involved in the consolidation of the RM
(Korz and Frey, 2007). Thus the brain region specific modulation
of testosterone provides a linkage and interface between catecho-
lamines and hormones in the processing and consolidation of cog-
nitive components of the task.
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Endogenous testosterone and searching strategy

Over viewing the numerous behavioral parameters correlated to
testosterone in late sessions, the role of endogenous testosterone
may be best described as being related to a highly active, explorative
behavior without a defined searching strategy: Many special cell
crossings and WME indicate that animals with high testosterone
are repeatedly searching in the baited area and suggest a relation
to perseverance. This interpretation is in accordance with effects of
long-term testosterone treatment on perseverance (van Hest et al.,
1989). However, high testosterone does not lead to faster success in
finding all pellets, as there were no correlations to latency. Rather
the balance between levels in different regions (see above) and/or
to other hormones may be crucial.

Both, testosterone and corticosterone, show an inversion of
the sign of correlation with RME in the PFC over the training
course. This may indicate a synergistic interaction between the
hormones at the receptor or protein level. Furthermore, on the
behavioral level it indicates a change of function over time from
emotional to cognitive information processing. High corticoster-
one and testosterone levels in early training stages relate to rather
passive/anxious behavior indicated by correlating negatively with
RME — a parameter which at this stage rather reflects activity as a
RM has not been formed yet — as well as by a negative correlation
of corticosterone with time in the center. Conversely, in the last
trial the direction reverses: high corticosterone correlates with
more time in the center and concentrations of both hormones
correlate with increased RME.

The positive correlations of endogenous testosterone with WME
contrast studies which rather suggest a positive modulation of WM
performance by testosterone (Daniel et al., 2003; Gibbs, 2005;
Sandstrom et al., 2006; Alejandre-Gomez et al., 2007). We assume
that this discrepancy arises from essentially different mechanisms
of testosterone in physiological conditions versus conditions of
depletion, e.g., in castrates.

Thus, our correlative analyses suggest a role of testosterone and
metabolites in memory formation. The fact that the exogenous
application of testosterone yielded no differences in behavioral
performance may seem contradictive. However, the effects on syn-
aptic plasticity occurred on along time scale (5 h post application),
suggesting that the time between application and behavioral testing
might have been simply too short to observe a behavioral impact.
Additionally, testosterone may be more effective to modulate learn-
ing related behavior in the acquisition phase. Naghdi et al. (2005)
only report impairments by acute intrahippocampal testosterone
application prior to training in early learning stages in the water
maze, but not at the end of their training protocol. It is therefore
likely that application earlier during the training protocol may
influence memory formation.

TESTOSTERONE APPLICATION AFFECTS SYNAPTIC AND NEURONAL
PLASTICITY IN THE DENTATE GYRUS

Manipulation of the hormone status by icv application of testo-
sterone affected synaptic and neuronal plasticity differentially in
trained versus untrained animals. Testosterone administration in
untrained animals had depressing effects on the PSA-baseline and
reinforced the fEPSP-LTP after a weak tetanus. These effects are
likely not mediated by presynaptic mechanisms, as suggested by our

paired pulse experiments, which is in line with a study by Sakata
et al. (2000). The effect of testosterone in untrained animals can
be summarized as a decrease in the EPSP-spike coupling in a time
window from 3 to approximately 8 h post application. Such an
effect can potentially be induced by modulation of GABAergic
inhibition. The testosterone metabolite 3ai-diol is known to act in
a benzodiazepine like fashion (Frye et al., 1996), so that increased
inhibition could underlie the effects on the PSA in the baseline
experiment. Conversely, effects on early LTP parallel the potent
GABA, antagonist bicuculline, which induces higher fEPSP values
without potentiation of the PSA (Tomasulo et al., 1991). This effect
is potentially caused by estradiol, as multiple evidence suggests
that estradiol reduces GABAergic inhibition (Weiland et al., 1997;
Murphy et al., 1998; Kim et al., 2006; Ledoux et al., 2009). This
explanation implies that the stimulation protocol affected meta-
bolic conversion of testosterone. A stimulation protocol dependent
conversion of testosterone to estradiol is indeed conceivable, since
it is known that aromatase is differentially affected by activation
of NMDA receptors (activated during the tetanus) and kainate
and AMPA receptors (under basal conditions) (Hojo et al., 2004;
Balthazart et al., 2006).

In trained animals testosterone impaired cognitive reinforce-
ment significantly in both PSA- and fEPSP-LTP. The time course of
PSA and fEPSP values is highly similar to effects of the B-adrenergic
antagonist propranolol on cognitive reinforcement (Korz and Frey,
2007). Testosterone is known to diminish the amount of noradrena-
line by actions on expression (Thanky et al., 2002) and activity
of tyrosine hydroxylase, the rate limiting enzyme in noradrena-
line production (Beattie and Martin, 1976; Engel et al., 1979). In
contrast to a rapid and complete blockage of B-adrenergic recep-
tors, testosterone is likely to only gradually decrease noradrena-
line availability. This may explain the discrepancy to the effects
of propranolol on behavior in the study by Korz and Frey (2007).
Noradrenaline may additionally also be involved in the observed
effects in untrained animals for LTP (Robinson and Racine, 1985)
and baseline experiments (Pelletier et al., 1994). The identification
of the cellular mechanisms involved in the bidirectional effects
of testosterone on synaptic transmission is a challenge for future
studies.

In which way do these effects on plasticity relate to memory?
A possible scenario is the following: Testosterone application as
such may act as a behaviorally relevant stimulus, e.g., as reward
signal, which triggers an event related memory trace. This trace
may, in the temporal relation to the weak tetanus, be consolidated
in untrained animals, as reflected by the reinforcement of fEPSP-
LTP. A similar effect has been described by Seidenbecher et al.
(1997) using aversive or appetitive stimuli for LTP reinforcement.
In trained animals the event related memory trace could interfere
with the spatial memory trace. Thus, both memory traces compete
for plasticity-related proteins (cf. Fonseca et al., 2004) which may
result in the observed impairment of LTP-reinforcement. In addi-
tion, testosterone application may also cause the interference with
memory traces not necessarily related to the task relevant spatial
memory, and may thereby cause a discrepancy between synaptic
plasticity and behavior related to spatial learning. The complete lack
of correlations of field potentials with spatial behavior in testoster-
one treated animals is pointing toward such a decoupling.
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CONCLUSION

It stands to reason that gonadal steroids and their different metabo-
lites should be taken into consideration when memory formation
and synaptic plasticity is under investigation in freely moving,
intact animals. If solely relying on serum hormone levels, important
details may be overlooked. Measurement of brain tissue concentra-
tions of neurosteroids and related enzymes, on the other hand, may
prove crucial to understand hormone—behavior relationships. This
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