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Abstract

Steroid hormones play an important role in modulating social behavior in many species. Estrogens
are thought to act on an interconnected network of hypothalamic and limbic brain areas to affect
aggressive behavior, although the specific nuclei unknown remain unspecified. We show that
individual variation in estrogen receptor alpha (ERa) immunoreactivity in the lateral septum (LS),
ventral bed nucleus of the stria terminalis (vBNST), and anterior hypothalamus (AHA) of CD-1 mice
is positively correlated with aggressive behavior. When males were treated with fadrozole (an
aromatase inhibitor), aggressive behavior was reduced, although castration did not reduce aggression.
These results suggest that estrogens modulate aggressive behavior by acting on a circuit that includes
the LS, vBNST, and AHA and that the source of estrogens is nongonadal. Fadrozole also decreased
c-fos expression in the lateral septum following aggressive encounters. Although the effects of
estrogen on aggression appear to involve regulation of neuronal activity in the LS, additional
processes are likely involved. These results suggest that estrogen acts in a specific subset of a complex
network of nuclei to affect aggressive behavior.
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Introduction

Investigations into the mechanistic bases of aggressive behavior have identified several
neurochemical systems that affect aggression (Nelson and Chiavegatto, 2001;Miczek et al.,
2002). Over the past decade, many investigations into the molecular bases of aggressive
behavior in mammals have utilized transgenic mice in which a specific gene is deleted (Saudou
etal., 1994;Nelson et al., 1995;Wersinger et al., 2002). An advantage of using knock-out mice
is that a specific protein can be removed from the system allowing for focused observations
on the effects of a single gene. Until recently, tissue-specific gene knock-outs have not been
available, so most studies of knock-out mice have been able to provide only limited anatomical
detail on where neurochemicals act to affect behavior (but see Chiavegatto et al., 2001;Stowers
et al., 2002). Furthermore, knock-out studies typically cannot examine the mechanistic bases
of individual differences in behavior. Thus, studies of genetically unmodified populations form
a critical component to investigations into the physiological regulation of behavior.

Estrogens are considered important modulators of social behavior, including aggression
(Trainor et al., in press). Estrogen increases aggression in quail (Schlinger and Callard, 1990)
and song sparrows (Soma et al., 2000); in both species, increased aromatase activity in the
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brain is associated with increased aggression (Schlinger and Callard, 1989;Soma et al.,
2003). Hormone manipulation studies on laboratory mice indicate that estrogen increases the
probability that males will attack intruders in resident—intruder aggression tests, although the
efficacy of estrogen depends on the strain (Simon, 2002). Estrogen does not universally
increase aggression. For example, treatment of California mice (Peromyscus californicus)
housed in long days with an aromatase inhibitor increased attack latency (Trainor et al.,
2004). Context-dependent effects of estrogen on behavior may be extremely important because
most studies of aggression and its components (e.g., hostility) in humans indicate that estrogens
tend to decrease components of aggression (reviewed in Trainor et al., in press). One way in
which the directional effects of estrogen on behavior can be modulated is through alterations
in estrogen receptor subtypes.

To date, the best evidence for estrogen receptor subtype-specific effects on behavior is from
gene knock-out studies (Ogawa et al., 2005). There are at least two subtypes of the estrogen
receptor: the classical or a estrogen receptor (White et al., 1987) and the [ estrogen receptor
(Kuiper et al., 1996;Mosselman et al., 1996). Deletion of the ERa gene decreases intermale
aggressive behavior (Ogawa et al., 1998;Scordalakes and Rissman, 2003). Studies on estrogen
receptor B knock-out (ERPKO) suggest that ER may decrease aggressive behavior, although
this effect apparently depends on age and sexual experience (Ogawa et al., 1999;Nomura et
al., 2002). Thus, expression of ER subtypes could have critical effects on aggressive behavior,
although the specific brain nuclei involved remain unclear.

Functional neuroanatomical studies of aggressive behavior have used indirect markers of
neuronal activity to identify a behavioral circuit that includes the lateral septum (LS), bed
nucleus of the stria terminalis (BNST), anterior hypothalamus (AHA), and medial amygdala
(MEA) (Newman, 1999;Delville et al., 2000;Goodson, 2005). Immunocytochemistry studies
indicate that most of these brain areas also express ERa (Wood and Newman, 1995;Shughrue
et al., 1997), but no direct link between ERa in these brain areas and aggressive behavior has
been established. Although it remains unspecified precisely how estrogens alter this
neurocircuitry to affect behavior, some clues have emerged. Both male (Imwalle et al., 2002)
and female (Choleris et al., 2003) ERa knock-out mice exhibit deficits in social recognition
tasks, which suggests that reduced aggressive behavior in male ERa knock-out mice could be
influenced by deficiencies in the processing of social stimuli. To date, no study has examined
how indirect markers of neuronal activity following aggressive behavior are affected by
manipulations of estrogenic signaling (e.g., Wersinger et al., 2002).

Our study is an attempt to integrate findings on estrogenic control of behavior with variability
in estrogen receptor expression within the brain. First, we tested whether photoperiod affected
ERa immunoreactivity (-ir) in CD-1 mice (Mus musculus) because observations from another
study suggested that photoperiodic ERa-ir regulation may be uncoupled from reproductive
suppression (Trainor and Nelson unpublished). Next, we examined correlational relationships
between ERa-ir, c-fos, and aggression. We expected that ERa-ir immunoreactivity would be
correlated with aggression in regions of the brain in which aggression tests are known to
increase markers of neuronal activity such as the LS, BNST, AHA, and MEA (Kollack-Walker
and Newman, 1999;Delville et al., 2000). CD-1 mice are ideal for identifying individual
differences in brain function and behavior; this strain of mice has been previously used to
identify individual differences in learning and memory (Matzel et al., 2003). We tested whether
estrogen directly affects aggression by blocking the production of estrogen (via fadrozole).
Furthermore, we hypothesized that fadrozole would affect behavior by reducing neuronal
activity in brain areas in which ERa-ir was correlated with aggression. We tested this
hypothesis by the examining the effects of hormone manipulations on c-fos expression (an
indirect marker of neuronal activity).
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In the correlational experiment, male CD-1 mice (M. musculus) were randomly assigned to be
housed in long (16L:8D) or short (8L:16D) day lengths and provided with filtered tap water
and Harlan Teklad 8640 food (Madison, WI) ad libitum. In the hormone manipulation
experiment, all CD-1 males were housed in long days and provided with water and Harlan
Teklad 2016 food (phytoestrogen free) ad libitum. All behavioral observations were conducted
with the wire food hopper and filter lid in place as preliminary observations indicated that most
mice would not exhibit aggression when the food hopper was removed. Animals were
maintained in accordance with the recommendations of the National Institutes of Health Guide
for the Care and Use of Laboratory Animals.

Experiment 1: correlational study

After 8 weeks of housing in long or short days, all males were tested in resident—intruder
aggression tests. Three days before testing in aggression tests, all males were anesthetized with
isoflurane and a retroorbital blood sample was collected. For each aggression test, a sexually
inexperienced, weight-matched male was introduced into each resident’s home cage for 10
min. Intruders were group housed and kept in 16L:8D. The number of bites, tail rattles, bouts
of boxing, and the total amount of time allogrooming and autogrooming were recorded from
videotaped observations. Furthermore, the latency to first bite was determined (assigning a
value of 600 s if no biting occurred). Forty-five minutes after testing in aggression tests, males
were lightly anesthetized with isoflurane and rapidly decapitated. Brains were quickly removed
and fixed in 5% acrolein in PBS at 4°C overnight. Each brain was then transferred to 30%
sucrose in PBS for 24 h, frozen on dry ice, and stored at —80°C. Trunk blood was collected in
heparinized tubes on ice, centrifuged, and plasma removed for testosterone (T) RIA. Total
testosterone was measured with a 12| testosterone RIA kit (DSL-4100; Diagnostic Systems
Laboratories, Webster, TX) that uses a specific antibody that does not cross-react with DHT.
The intraassay CV was 7.57%, and the detection limit was 0.1 ng ml~1.

Experiment 2: hormone manipulation study

To examine the effects of estrogen on the brain and behavior, we conducted a hormone
manipulation experiment. To test whether testosterone increased aggression, one group of
males (n = 16) was castrated and implanted with an empty Silastic implant (i.d. 1.47 mm, o.d.
1.96 mm). This group was compared with a second group (n = 10) of castrated males that
received a Silastic implant containing 5 mm of T and an osmotic minipump (Alzet 2002) filled
with saline (T/SAL). To test whether estrogens affected aggressive behavior, males in a third
group (n = 12) of castrated males with T implants were given an osmotic minipump filled with
fadrozole (0.25 mg/kg), a potent aromatase inhibitor (T/FAD). Finally, a fourth group (n = 11)
of males received a sham surgery and remained intact. Thirteen days after castration and
implant surgery, all males were tested in 10 min aggression tests as described above. Forty
minutes after the end of each test, each male was lightly anesthetized with isoflurane and rapidly
decapitated. Brains were collected as described above. Brains from castrated (n = 7), T/SAL
(n=6), and T/FAD (n = 8) males were processed for c-fos ICC. Although we collected brains
from intact males, we did not process these brains for c-fos because behavioral results indicated
that there were no differences between intact and T/SAL animals.

Immunocytochemistry

Brains were sectioned at 40um on a cryostat and alternate free-floating sections were processed
for ERa or c-fos immunocytochemistry. Sections were washed 3 times in PBS and then
incubated in 1% sodium borohydride in PBS for 10 min. Sections were then rinsed in 20%
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normal goat serum and 0.3% hydrogen peroxide in PBS for 20 min. Sections were incubated
in either primary ERa antibody (C1355, Upstate Biotechnology, 1:50K) or c-fos (rabbit anti
c-fos, Chemicon 1:10K) in 1% normal goat serum in 0.5% Triton-X PBS (PBS + TX) for 48
h. Next, the sections were rinsed 3 times in PBS and incubated for 90 min with biotinylated
goat—antirabbit antibody (Vector Laboratories) in PBS + TX. The sections were then rinsed 3
times in PBS and then incubated for either 30 min (ERa) or 60 min (c-fos) in avidin-biotin
complex (ABC Elite kit, Vector Laboratories). After 3 rinses in PBS, the sections were
developed in diaminobenzidine for 2 min. Sections were mounted, dehydrated and
coverslipped with Permount. Sections containing the LS, anterodorsal BNST (dBNST),
anteroventral BNST (VBNST), MEA, MPOA, AHA, and lateral hypothalamus (LH) were
identified using the mouse atlas by Paxinos and Franklin (2002). The dBNST was defined as
immediately dorsal to the anterior commissure and lateral to the lateral ventricle (Bregma0.14).
The vBNST was defined as immediately ventral to the anterior commissure (Bregma 0.14).
For measurements of c-fos immunoreactivity, we also counted cells in the paraventricular
nucleus (PVN). Images were captured at the same time using a Nikon E800 microscope.
Immunopositive cells were counted with the aid of Neurolucida software (Microbrightfield,
Burlington, VT). Control sections in which primary antibodies were not added showed no
specific staining.

Statistical analyses

Results

The effect of photoperiod on ERa cell counts was tested with unpaired t tests, and Pearson
correlations were used to examine the relationships between ERa cell counts and aggressive
behavior. In the hormone manipulation experiment, variability in aggressive behavior within
the castrated group caused heterogeneous between group variance, so we used non-parametric
Kruskal-Wallis tests followed by pair-wise Mann-Whitney U tests. A chi-square test was used
to test whether hormone manipulations influenced the probability that males attacked intruders.
Group differences in c-fos immunoreactivity were tested with one-way ANOVAs, and
relationships between c-fos cell counts and aggressive behavior were examined with Pearson
correlations. Mean differences were considered statistically significant when P < 0.05 (Fig. 1).

Effects of photoperiod on brain and behavior

There were no significant effects of photoperiod on ERo immunoreactivity in any brain area
examined, and there were no significant differences in aggressive behavior or pre-encounter
or post-encounter T.

Relationships between ERa immunoreactivity and behavior

Across both photoperiods, aggressive behavior was consistently correlated with ERa
immunoreactive (-ir) cells in several hypothalamic and limbic brain areas. The number of bites
during 10 min tests was positively correlated with ERa-ir in the vBNST (Fig. 2a, r = 0.67, P
=0.02), LS (Fig. 2b, r = 0.80, P = 0.01), and AHA (Fig. 2c, r = 0.59, P = 0.04). There was a
non-significant correlation between biting and ERa-ir in the dBNST (r =0.54, P =0.08). Attack
latency was negatively correlated with ERa-ir cells in the vBNST (r =—0.76, P < 0.01) and
LS (r=-0.60, P <0.05), but not the dBNST. The number of ERa-ir cells in the MEA, MPOA,
and LH was not significantly correlated with any aggressive behaviors (all P’s > 0.05).

In the medial amygdala, there were significant positive correlations between c-fos and ERa-ir
in the dBNST (r=0.79, P <0.01), LS (r =0.70, P = 0.02), and AHA (r =0.61, P = 0.04) and
a non-significant correlation in the vBNST (r = 0.55, P = 0.06). There was no correlation

between c-fos in the MEA and ERa-ir in the other areas measured (all P’s > 0.05). There were
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no significant correlations between c-fos and ERa-ir in any other brain areas. There were no
significant correlations between aggressive behavior and c-fos (all P’s > 0.05).

Effects of hormone manipulation on behavior and c-fos immunoreactivity

Omnibus Kruskal-Wallis tests detected significant effects of hormone manipulations on tail
rattling (Fig. 3, x3 = 8.65, P = 0.034) and biting (Fig. 3, y3 = 9.37, P = 0.025), but not boxing
(Fig. 3, x3=5.89, P = 0.117) or attack latency (y3 = 1.66, P = 0.646). Castrated males treated
with T/FAD exhibited significantly fewer bites during aggression tests than intact males (U =
34, P <0.05), T/SAL males (U = 31, P < 0.05), or castrated males with empty implants (U =
41, P <0.01). Tail rattling in the T/FAD group was significantly reduced compared to castrated
males with empty implants (U = 42, P = 0.008), and marginally lower than T/SAL males (U
=37, P = 0.06). Castrated males with empty implants did not differ from either intact or
castrated males treated with T/SAL for biting, boxing, or tail rattling (all P’s > 0.05). Hormone
manipulations did not significantly affect the probability that males attacked intruders (y3 =
5.25, P > 0.05).

Hormone manipulations significantly affected c-fos immunoreactivity following aggression
tests in the LS (F 15 = 7.52, P < 0.01). Castrated males treated with T/SAL had significantly
more c-fos immunoreactive cells in the LS following an aggression test compared to castrated
males with empty implants (Fig. 4, P < 0.05) and castrated males treated with T/FAD (Fig. 4,
P < 0.01). Similar non-significant patterns were observed in the vBNST (F; 15 =1.91, P =
0.17), AHA (F5,18=1.85,P=0.18),and PVN (F, 1 = 2.84, P =0.08). There were no significant
effects of hormone manipulations on c-fos in the dBNST, MPOA, LH, or MEA (all P’s >0.05).
Although hormone manipulations did not affect the total number of c-fos immunopositive cells
in brain areas outside the LS, hormone manipulations apparently affected the relationships
between c-fos expression and aggressive behavior. Biting behavior was significantly correlated
with c-fos immunoreactive cells in the vBNST and dBNST of T/SAL males, but not T/FAD
males or castrated males with empty implants (Table 1). Likewise, attack latency was
negatively correlated with c-fos-ir in the vBNST, LS, PVN, AHA, and MEA in T/SAL males,
but not T/FAD or castrated males with empty implants (Table 1; Fig. 5).

Discussion

Our data from correlational and hormone manipulation experiments suggest that estrogen
modulates aggressive behavior in CD-1 mice by acting in discrete subsections of the
hypothalamus and limbic system, specifically a subnetwork that includes that LS, vBNST, and
AHA. Fadrozole decreased aggressive behavior, and aggression was positively associated with
estrogen receptor immunoreactivity in the LS, vBNST, and AHA, but not the MPOA, LH, or
MEA. These correlations are consistent with previous c-fos (Kollack-Walker and Newman,
1995;Delville et al., 2000) and lesion (Albert et al., 1992) studies that suggest that the AHA,
but not the MPOA, modulates aggressive behavior. Based on these results, we expected that
fadrozole treatment would reduce c-fos in the LS, vBNST, and AHA in response to intruders.
Hormone manipulations significantly affected c-fos expression in LS, although weaker changes
in c-fos may be present in the vBNST, AHA, and PVN. Hormone manipulations appeared to
have a much stronger effect on the relationships between c-fos and aggressive behavior. These
results suggest that estrogen acts in specific nuclei to modulate aggressive behavior.

Prior work on the neuroendocrine mechanisms of aggression has identified a collection of
hypothalamic and limbic brain areas which are activated during aggressive behavior (Kollack-
Walker and Newman, 1995;Goodson, 2005). Many of these brain areas contain estrogen
receptors (Simerly et al., 1990;Wood and Newman, 1995), and several knock-out studies
indicate that estrogen receptors modulate aggressive behavior. We show that ERa-ir in the
CD-1 mouse brain is positively associated with aggression and that this relationship is confined
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to particular nuclei, specifically the LS, vBNST, and AHA. These results are consistent with
ERa knock-out studies which show that deletion of ERa is associated with decreased
aggression (Ogawa et al., 1998;Scordalakes and Rissman, 2003) and suggest that the effect of
ERa deletion is not solely an organizational effect. Although most nuclei examined in this
study are known to be activated in both sexual and aggressive contexts, the majority of studies
suggest that the AHA is minimally activated in sexual contexts and the MPOA is minimally
activated during aggression (Joppa et al., 1995;Kollack-Walker and Newman, 1995;Kelliher
etal., 1998). Our results largely agree with these observations. The LS and vBNST are activated
by both aggressive and sexual contexts, and it would be interesting to test whether variability
in ERa expression in these nuclei has consequences for sexual behavior. There were no
significant correlations between ERa-ir and aggressive behavior in the LH or MEA. It is
possible that estrogen action may act in these brain areas to affect aggression, or the afferents
from estrogen sensitive areas such as the BNST (Dong and Swanson, 2006) or AHA (Delville
et al., 2000) might regulate neuronal activity in the MEA. Post-encounter c-fos in the MEA
was positively correlated with ERa-ir in the dBNST, LS, and AHA. However, these data do
not support the hypotheses that individual variation in ERa expression in the LH and MEA
mediates individual variation in behavior.

In the hormone manipulation experiment, we observed that estrogens promote aggression in
CD-1 mice. Fadrozole reduced the number of bites compared to saline-treated males. Individual
variability in aggressive behavior was quite large, forcing the use of non-parametric analyses.
This variability suggests that other factors besides estrogen are important in the regulation of
aggression in CD-1 mice. Testicular androgens do not appear to be one of these factors because
castration did not reduce aggression. Several recent studies have reported that castration does
not affect baseline aggression in rodents (Caldwell et al., 1984;Demas et al., 1999;Hilakivi-
Clarke, 1999;Jasnow et al., 2000;Trainor and Marler, 2001;Pinxten et al., 2003). It is possible
that an effect of castration on aggression could take longer than the 2-week recovery period
we used in experiment 2. However, we consider this possibility unlikely because in preliminary
studies castrated CD-1 mice did not reduce aggression after 4 weeks (Trainor and Nelson
unpublished). Androgen-dependent vasopressin expression is significantly decreased 3 weeks
after castration in rats (Miller et al., 1992), which suggests that the time course of our hormone
manipulations is appropriate. It seems more likely that castrated CD-1 mice are affected by
non-androgen-based mechanisms of aggression. In the California mouse (P. californicus),
castration does not reduce aggression (Trainor and Marler, 2001) yet estrogen manipulations
affect aggression (Trainor et al., 2004). Recent studies have suggested that adrenal hormones
(Demas et al., 2004), specifically DHEA (Soma et al., 2004), may modulate aggression.

Based on the correlations between aggressive behavior and ERa expression in the LS, vBNST,
and AHA, we expected that fadrozole would reduce c-fos (an indirect marker of neuronal
activity) expression in these brain areas following aggression tests. Both castration alone and
T/FAD reduced c-fos-ir in the LS, but no significant differences in the vBNST or AHA were
detected. It is possible that this study lacked sufficient statistical power to detect changes in c-
fos in the vBNST or AHA. However, it seems apparent that c-fos activity in the LS is more
sensitive to estrogen than other brain regions examined. These data in the LS are consistent
with previous studies showing that estradiol increases c-fos expression (Balog et al.,
2001;Wang et al., 2004). Castration and fadrozole treatment also disrupted relationships
between aggression and c-fos. Attack latency was negatively correlated with c-fos in several
brain areas only in T/SAL males, but not castrated or T/FAD-treated males. Correlations were
significant in the LS, AHA, MEA, dBNST, and vBNST consistent with previous studies
showing that aggression tests increase c-fos expression in these areas (Kollack-Walker and
Newman, 1995;Delville et al., 2000;Davis and Marler, 2004;Veening et al., 2005). One
possible explanation for these results is that estrogen may affect how males perceived
aggressive encounters. Overall, these data do not support the hypothesis that ERa acting in the
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AHA and vBNST promote aggression via increasing neuronal activity in these nuclei, although
it is possible that other markers of neural activation might reveal differences not detected with
c-fos. The effects of estrogen on behavior may be mediated via regulation of other
neuromodulators. Finally, because all males were tested in aggression tests, our study cannot
separate out c-fos due to intruder exposure and c-fos stimulated by fighting. In future
experiments, it would be interesting to determine whether estrogen alters the perception of
intruders (e.g., Stowers et al., 2002) or alters the behavioral responses to intruders.

In the anterior hypothalamus, several studies have examined the relationship between steroids
and vasopressin (AVP). Castration reduces AVP in male rats (De Vries et al., 1985), hamsters
(Delville etal., 1996), and prairie voles (Wang and De Vries, 1993), apparently via an estrogen-
dependent mechanism (De Vries et al., 1985;Lonstein and De Vries, 1999). Estrogenic
upregulation of AVP could increase aggression as AVP acting in the AHA can promote
aggression (Ferris and Potegal, 1988). In the lateral septum, studies from many species report
that lesions to this area increase aggressive behavior (Albert and Walsh, 1984). One possible
mechanism for this effect on aggression is the destruction of inhibitory GABA neurons that
project (among other areas) to the anterior hypothalamus (Ferris et al., 1990). Estrogen
decreases GABAergic activity in the hippocampus (Rudick et al., 2003) and arcuate nucleus
(Parducz et al., 1993), which raises the possibility that increased ERa activity in the lateral
septum decreases GABAergic activity in afferents to the anterior hypothalamus. Finally, an
interesting possibility for ERa action in the vBNST involves modulation of interleukin
signaling. Recent studies have demonstrated that lesions to the vBNST can block
interleukin-1B-induced c-fos in corticotrophin releasing hormone neurons of the PVN (Crane
et al., 2003). Although not statistically significant, we observed that castration and T/FAD
treatment reduced c-fos in the PVN. Further characterization of the activity of ERa. cells during
aggressive encounters is needed to test these hypotheses.

In summary, although previous studies suggest that ERa can affect aggression, the details of
where in the brain this occurs have been unclear. We demonstrate that individual differences
inERoa-irinthe LS, vBNST, and AHA of CD-1 mice were positively correlated with aggressive
behavior and that ERa. in other brain areas, including the MPOA, was not correlated with
aggression. These data suggest that the effects of estrogen on aggression may be limited to
discrete subnetworks in the brain, although this hypothesis needs to be tested directly. It
remains unknown whether individual differences in ERa expression in CD-1 mice are due to
genetic or environmental factors. However, recently identified correlations between variability
in regulatory regions of the human ERa gene and aspects of personality suggest a possible
genetic basis (Comings et al., 1999;Westberg et al., 2003).
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Abbereviations

AHA

anterior hypothalamus
dBNST

anterodorsal bed nucleus of the stria terminalis
vBNST

anteroventral bed nucleus of the stria terminalis
LS

lateral septum
MEA

medial amygdala
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medial preoptic area

LH
lateral hypothalamus
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Fig 1.

Estrogen receptor alpha immunoreactivity in the (a) lateral septum, (b) ventral bed nucleus of
the stria terminalis, (c) lateral hypothalamus, (d) anterior hypothalamus, medial preoptic area
(e), and medial amygdala (f). Landmarks are abbreviated as: anterior commissure (ac), lateral
ventricle (lv), third ventricle (3v), fornix (fo), optic tract (opt). Scale bar = 1 mm.
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Fig 2.

Correlations between ERa immunoreactivity and number of bites in the (a) vBNST, (b) LS,

(c) AHA, (d) MPOA, (e) LH, and (f) MEA.
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Fig 3.

Effects of hormone manipulations on aggressive behavior in CD-1 mice. Bars represent mean
+ SEM for intact males (open bars, n = 11) castrated males with empty implants (striped bars,
n = 16), castrated males with T implants (black bars, n = 10), and castrated males with T
implants and fadrozole (gray bars, n = 12). *Mann-Whitney U test P < 0.05 compared to
castrated males treated with T and fadrozole.
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Fig 4.

Effects of hormone manipulations on c-fos immunoreactivity in CD-1 mice. Bars represent
mean + SE for castrated males with empty implants (white bars, n = 7), castrated males with
T implants (black bars, n = 6), and castrated males with T implants and fadrozole (gray bars,

n =8). *P < 0.05 from castrated + T.
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Fig 5.
Photomicrographs of the lateral septum from (a) castrated, (b) castrated + T, (c) castrated + T
+ fadrozole males. Landmarks are abbreviated as: anterior commissure (ac), lateral ventricle

(Iv). Scale bar =1 mm.
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