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Abstract
Rationale—Affective disorders are twice as likely to occur in women as they are in men
suggesting a critical role for gonadal hormones in their etiology. In particular, testosterone has
been shown to have protective effects in men.

Objective—To investigate antidepressant effects and interactions between testosterone and
imipramine in socially isolated male and female rats.

Methods—A chronic social isolation model was used to induce an anxiety and depressive-like
state in adult gonadectomized (Gnx) male and ovariectomized (Ovx) female rats receiving chronic
testosterone and imipramine treatments. Their anxiety and depression-like behaviors were
examined using the light-dark box, elevated plus maze, open field, sucrose preference and novelty
induced hypophagia tests.

Results—In socially isolated rats, the anxiolytic and antidepressant effects of testosterone and
imipramine were limited to male rats. Additionally, testosterone enhanced the neurogenic effect of
imipramine on hippocampal cell proliferation in male rats. Although female rats exhibited signs of
anxiety and depressive-like behaviors following social isolation, testosterone and/or imipramine
administration had no anxiolytic or antidepressant effects in Ovx females.

Conclusions—Testosterone and imipramine had anxiolytic and antidepressant effects in socially
isolated male, but not female rats. Testosterone enhanced the effect of imipramine on cell
proliferation in the hippocampus of male rats.
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Introduction
There are well documented sex differences in the prevalence of anxiety and depressive
disorders, where females are twice as likely as men to be affected (Angst et al., 2002;
Bebbington et al., 2003; Earls, 1987; Kessler, 2003). Evidence from human and animal
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studies suggests that females react differently to stressors than males (Frye and Walf, 2009;
Vermeulen and Kaufman, 2002). Although it is well established that women are more
susceptible to the development of affective disorders, considerably less attention has been
given to sex differences in the development, presentation, and features of depressive
disorders as well as the response to antidepressant treatments.

Biological, psychological, and sociological theories attempt to explain the preponderance of
women suffering from anxiety and depressive disorders, however, the prevailing hypothesis
implicates a critical role for gonadal hormones in both the onset and regulation of mood
disorders (Colangelo et al., 2008). In particular, testosterone had antidepressant effects in
humans and rodents. Indeed, hypogonadal men with low circulating levels of testosterone
have increased incidence of major depressive disorder and testosterone replacement
effectively improved mood (Cunningham et al., 1989; McIntyre et al., 2006; McNicholas et
al., 2003). Testosterone administration had protective effects against the development of
anxiety and depressive-like symptoms and had antidepressant effects in aged male and
female mice (Frye and Walf, 2009; Solomon et al., 2009). These studies suggested that
testosterone is protective against the development and progression of affective disorders.

The onset of anxiety and depressive disorders is highly correlated with the occurrence of
stressful life events (Agliati et al., 2006). In the laboratory, chronic social isolation
constitutes an environmentally-induced stressful experience that may be effectively used to
model a depressive-like state (Migues et al., 2005). In our recently published work (Carrier
and Kabbaj, 2012), we have shown in stress-free conditions, that testosterone had
antidepressant effects in male rats despite a lack of change in neurogenesis. In this work,
Gnx male rats were subjected to a chronic social isolation protocol to examine if
testosterone has protective effects and/or can affect neurogenesis under stressful conditions.
We then extended our study to investigate potential anxiolytic and antidepressant effects of
testosterone and imipramine administration in socially isolated Ovx female rats. We report
prominent effects of testosterone and imipramine treatments in the response to social
isolation stress in male, but not female rats.

Methods
Animals

Adult male (weighing 250–270g) and female (weighing 200–225g) Sprague-Dawley rats,
were purchased from Charles River (Wilmington, MA, USA). All rats were initially pair-
housed in 43x21.5x25.5cm Plexiglas cages and kept on a 12h: 12h light: dark cycle (lights
on at 0700 hours). Food and water was available ad libitum except during testing. All
behavioral experiments, except the sucrose preference test, were conducted during the first 4
h of the light phase of the light/dark cycle and all animal protocols were carried out in
accordance with the NIH Guide for Care and Use of Laboratory Animals and were approved
by the Institutional Animal Care and Use Committee of Florida State University.

Surgery
Immediately following gonadectomy/ovariectomy, male and female rats received placebo/
testosterone pellet and saline/imipramine osmotic minipumps. Rats were anesthetized with a
mixture of ketamine/xylazine (70 mg/kg of ketamine and 10 mg/kg xylazine; i.p.) and
bupivicaine (0.25% solution; 0.4 mL/kg) was applied topically as analgesic. The non-
steroidal anti-inflammatory drug (NSAID) meloxicam (1.0 mg/mL) was injected
subcutaneously.
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Gonadectomy/Ovariectomy
Following disinfection of the skin (with alcohol and betadine), a 1–2 cm ventral midline
incision was made in the scrotum of adult male rats to expose the tunica. The tunica was
pierced and both testes were extracted to expose the underlying blood vessels, which were
ligated with silk suture. The testes were excised and all vessels and ducts were placed back
into the tunica prior to suturing. A slightly larger 2–3 cm ventral midline incision was made
in the lower abdominal region of adult female rats to expose the uterus. Visible blood
vessels were ligated, the ovaries removed, and the muscle layers and skin were sutured.

Testosterone supplementation
Sixty-day slow release testosterone (25mg/pellet) or placebo pellets (Innovative Research of
America, Sarasota FL) were inserted subcutaneously 7–10 cm from a small 1–2 cm incision
below the shoulder blades. We have shown that these pellets reproduce the physiological
levels of testosterone found in male rats (Carrier and Kabbaj, 2012).

Osmotic minipumps
Alzet Osmotic Minipumps (Alza, Mountain View, CA) for 28-day administration (Model
2ML4), containing imipramine HCl (Sigma-Aldrich, St. Louis, MO; 20mg/kg/day) or 0.9%
saline were implanted subcutaneously in the dorsal rear flank region. Imipramine was
prepared in 0.9% sterile saline.

Experimental Design
Experiment 1: Validation of chronic social isolation as an anxiety and depression
model in male rats: Adult male rats (2–3 months of age at the start) were either pair-housed
or socially isolated for 3 weeks prior to behavioral testing. During this time they were only
handled twice a week for cage maintenance. Their anxiety and depression-like behaviors
were examined using the light-dark box and sucrose preference tests respectively.

Experiment 2: Social isolation, testosterone, and imipramine exposure in males rats:
Immediately following Gnx surgeries, all rats were socially isolated for two weeks to induce
an anxiety and depressive-like state. Anxiety-like behaviors were assessed 13–16 days
following isolation using the light dark box, open field, and elevated plus maze tests.
Depressive-like behaviors were examined 3 weeks after social isolation using the sucrose
preference and novelty-induced hypophagia tests. To label proliferating cells in the dentate
gyrus, rats were injected with 5-bromo-2'-deoxyuridine (BrdU) under non-stress conditions,
3 d after all behavior testing was completed. Rats were transcardially perfused 24 h later,
and their brains processed for BrdU immunohistochemistry.

Experiment 3: Validation of chronic social isolation as an anxiety and depression
model in female rats: Adult female rats (2–3 months of age at the start) were either pair-
housed or socially isolated for 3 weeks prior to behavioral testing. During this time they
were only handled twice a week for cage maintenance. Their anxiety and depression-like
behaviors were examined using the light-dark box and sucrose preference tests respectively.

Experiment 4: Social isolation, testosterone, and imipramine exposure in female rats:
Immediately following Ovx surgeries, all rats were socially isolated for two weeks to induce
an anxiety and depressive-like state. Anxiety-like behaviors were assessed 13–16 days
following isolation using the light dark box, open field, and elevated plus maze tests.
Depressive-like behaviors were examined 3 weeks after social isolation using the sucrose
preference and novelty-induced hypophagia tests.
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Behavioral Tests
Light Dark Box—Rats were placed into the dark compartment (200x310 mm) of the dual
chamber apparatus (Model LE-812, EB Instruments, Pinellas Park, FL) and allowed to
freely explore both compartments for 10 minutes. Total duration spent and frequency of
entries in the light compartment (310x310 mm) were analyzed using PPCWIN software. The
apparatus was cleaned with 70% ethanol between trials.

Open Field Test—Rats were placed in a large (1m×1m) open field under dim light and
were allowed to freely explore the arena for 10 min. Rat behavior was recorded by a digital
camcorder placed directly above the open field. Total duration spent in the center were
analyzed in EthoVision XT version 6 (Noldus Information Technology, Leesburg, VA). The
open field arena was cleaned with 70% ethanol between trials.

Elevated Plus Maze—Rats were placed into the elevated plus maze (MED Associates
Inc., St. Albans, Vermont) facing a closed arm and were allowed to freely explore the maze
for 10 minutes under dim light. Rats’ behavior was recorded by a digital camcorder placed
directly above the elevated plus maze. Open arm duration and number of entries into open
arms were analyzed in EthoVision XT version 6 (Noldus Information Technology,
Leesburg, VA). The elevated plus maze was cleaned with 70% ethanol between trials.

Sucrose preference test—The sucrose preference test consisted of a two-bottle choice
paradigm (Carrier and Kabbaj, 2012; Chen et al., 2012; Dagyte et al., 2011; Kentner et al.,
2010). Rats were allowed to drink from two water bottles for five days prior to testing. The
rats were given access to two preweighed bottles, one containing water and the other
containing 0.5% sucrose for 48 hours. The bottles were weighed at 8am and 5pm and the
preference for sucrose over water was used as a measure of anhedonia.

Novelty Induced Hypophagia—Rats were trained for 30 minutes/day for 3 days to drink
a sweetened condensed milk solution (diluted 1:3 in distilled water) from plastic water
bottles in their home cage. On the fourth day, the latency to drink the sweetened milk
solution in the home cage was recorded. On the fifth day, rats were placed into a novel cage
under bright light, which contained no bedding and had white sheets of paper underneath to
enhance aversiveness. The latency to drink the sweetened milk solution in the novel
environment was recorded.

Neurogenesis Studies
Hippocampal cell proliferation—The thymidine analog BrdU was administered
intraperitoneally from a 40 mg/mL stock solution prepared in 0.9% NaCl. Rats received a
single injection of BrdU (200 mg/kg, i.p.) 21 d following Gnx and pellet/minipump implant
surgeries, and were sacrificed 24 h later. Rats were anesthetized with sodium pentobarbital
(100 mg/kg) and were transcardially perfused with phosphate buffered saline (PBS, pH 7.4),
followed by 4% paraformaldehyde in 0.1 M phosphate buffer (PB, pH 7.4). The brains were
extracted, postfixed at 4°C in paraformaldehyde fixative overnight, cryoprotected in
increasing sucrose (12 hrs in 10%, 12 hrs in 20%, and 24 hrs in 30%) solutions at 4°C, and
frozen at −80°C until further processing.

Immunohistochemistry for BrdU—Brains were sectioned on a cryostat at 30 µm, and a
series of sections throughout the hippocampus were mounted on poly-L-lysine-coated slides
and stored at −80°C until use. Sections were blocked with normal goat serum (NGS; Vector
labs) in 0.1M PBS pH 7.4 for 1 h at room temperature and then incubated overnight at 4°C
in 1:100 rat anti-BrdU antibody (Abcam, cat # ab6326). Slides were washed in 0.01% triton
in 0.1M PBS pH 7.4 (3×5 min), and incubated at room temperature for 2 h in 1:1000 anti-rat
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IgG biotinylated antibody (Sigma, cat # B 7139), followed by biotin-peroxidase complex
(Vector labs) for 1 h, and 3,3’-diaminobenzadine (DAB) solution (Vector labs).

Quantification of BrdU labeled cells—Stereological procedures were conducted by an
investigator blind to treatment and were based on computerized stereology
(StereoInvestigator, MicroBrightField, Inc., Colchester, VT) using a Leica fluorescence
microscope (Ctr6000) at 400X magnification. Sampling of every 6th section began at −2.56
mm from bregma where the dentate gyrus first becomes clearly visible and ended at −4.16
mm from bregma where the hippocampus has dorsal and ventral components in coronal
section (Paxinos G, 1998). Cell density of the dorsal hippocampus was calculated for each
subject as the total number of BrdU positive cells within the granule cell layer and the hilus
of the dentate gyrus divided by the volume (mm3) of the dentate gyrus estimated for each rat
using Cavalieri’s method (Amstadter et al., 2009).

Statistical analysis—Unpaired t-test was used to compare pair-housed with isolated rats
in the light-dark box and sucrose preference tests. Two-way (placebo/testosterone treatment
and saline/imipramine treatment) analysis of variance (ANOVA) tests were conducted on all
other measures. All ANOVAs were followed by post-hoc Fisher tests where appropriate to
ensure significance. P values < 0.05 were considered statistically significant.

Results
Experiment 1: Validation of chronic social isolation as an anxiety and depression model in
male rats

Two weeks of chronic social isolation induced anxiety-like behaviors in male rats. Isolated
male rats spent less time in the light compartment of the light-dark box [Figure 1A; t=7.116;
p<0.05] compared to pair-housed controls. Three weeks of chronic social isolation induced
depressive-like symptoms in male rats where isolated male rats exhibited decreased sucrose
preference [Figure 1B; t=5.743; p<0.05] compared to pair-housed male rats.

Experiment 2: Social isolation, testosterone, and imipramine exposure in male rats
Anxiety-like Behaviors in Isolated Male Rats—In the light-dark box test, testosterone
replacements in Gnx male rats increased the time spent [Figure 2A; F(1,27) = 14.22; p <
0.001] and the number of entries [Figure 2B; F(1,27) = 13.84; p < 0.001] in the light box
compared to placebo-treated Gnx male rats. Two weeks of chronic imipramine
administration did not affect the time spent [Figure 2A; F(1,27) = 0.36; p > 0.05] or the
number of entries [Figure 2B; F(1,27) = 1.34; p > 0.05] in the light box compared to saline-
treated Gnx male rats. Co-administration of testosterone and imipramine increased the time
spent and number of entries in the light box similar to testosterone treatment alone.

In the elevated plus maze, testosterone supplementation in Gnx male rats significantly
increased time spent [Figure 2C; F(1,26) = 6.07; p<0.05] and had no effect on the number of
entries [Figure 2D; F(1,26) = 0.44; p > 0.05] in the open arms compared to placebo-treated
Gnx male rats. Two weeks of chronic imipramine administration in Gnx male rats had no
effect on the time spent [Figure 2C; F(1,26) = 0.64; p > 0.05] or number of entries [Figure
2D; F(1,26) = 0.53; p > 0.05] in the open arms compared to saline-treated Gnx male rats. Co-
administration of testosterone and imipramine in Gnx male rats increased the time spent in
the open arms similar to treatment with testosterone or imipramine alone in Gnx male rats
and did not affect the number of entries into the open arms.

Time spent in the center of the open field arena was not affected by testosterone
supplementation [F(1,27) = 0.66; p > 0.05] or two weeks of chronic imipramine
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administration [F(1,27) = 1.17; p > 0.05] in Gnx male rats compared to placebo and saline-
treated Gnx male rats. Similarly, time spent in the center of the open field was not affected
in Gnx rats receiving both testosterone and imipramine when compared to placebo and
saline-treated Gnx male rats (Figure not shown).

Depression-like Behaviors in Isolated Male Rats—In the sucrose preference test,
testosterone supplementation [Figure 3A; F(1,19) = 4.64; p<0.05] and three weeks of chronic
imipramine administration [F(1,18) = 7.72; p<0.05] increased sucrose preference in Gnx male
rats compared to placebo and saline-treated Gnx male rats. There was an interaction between
testosterone and imipramine treatments [F(1,18) = 4.72; p<0.05]. In the novelty induced
hypophagia test, testosterone supplementation [Figure 3B; F(1,22) = 5.30; p<0.05] and three
weeks of chronic imipramine administration [F(1,22) = 10.80; p<0.05] decreased latency to
drink in the novel cage in Gnx male rats compared to placebo and saline controls. There was
an interaction between testosterone and imipramine treatments [F(1,22) = 5.57; p<0.05].

Cell Proliferation in Isolated Male Rats—Three weeks of chronic imipramine
treatment increased the density of BrdU+ cells [Figure 4; F(1,15) = 20.78; p< 0.0005] in Gnx
male rats. While, testosterone supplementation alone did not increase the density of BrdU+
cells, there was an interaction between testosterone and imipramine treatment [F(1,15) =
4.61; p< 0.05]. Interestingly, imipramine treatment resulted in a greater number of BrdU+
cells in Gnx male rats with testosterone supplementation compared to placebo.

Experiment 3: Validation of chronic social isolation as an anxiety and depression model in
female rats

Two weeks of chronic social isolation induced anxiety-like behaviors in female rats. Isolated
female rats spent less time in the light compartment of the light-dark box [Figure 5A; t=
6.381; p<0.05] compared to pair-housed controls. Similarly, three weeks of chronic social
isolation induced depressive-like symptoms in female rats where isolated female rats
exhibited decreased sucrose preference [Figure 5B; t= 5.253; p<0.05] compared to pair-
housed female rats.

Experiment 4: Social isolation, testosterone, and imipramine exposure in male rats
Anxiety-like Behaviors in Isolated Female Rats—Testosterone supplementation in
Ovx female rats did not affect the time spent [Figure 6A; F(1,24) = 3.50; p > 0.05] or the total
number of entries [Figure 6B; F(1,24) = 0.695; p > 0.05] in the light box compared to
placebo-treated Ovx female rats. Similarly, two weeks of chronic imipramine administration
did not affect the time spent [Figure 6A; F(1.24) = 0.94; p > 0.05] or number of entries
[Figure 6B; F(1,24) = 0.228; p>0.05] in the light box compared to saline-treated Ovx female
rats. Co-administration of testosterone and imipramine in Ovx female rats did not affect time
spent or number of entries in the light box compared to placebo and saline-treated rats.

The time spent [Figure 6C; F(1,23) = 0.38; p > 0.05] and number of entries [Figure 6D;
F(1,23) = 0.90; p > 0.05] in the open arms were not affected by testosterone supplementation
in Ovx female rats. Two weeks of chronic imipramine treatment in Ovx female rats did not
affect the time spent [Figure 6C; F(1,23) = 0.40; p > 0.05] or number of entries [Figure 6D;
F(1,23) = 0.20; p > 0.05] in the open arms compared to saline-treated control Ovx female rats.
Co-administration of testosterone and imipramine did not affect the time spent or number of
entries into the open arms.

Time spent in the center of the open field arena was not affected by testosterone
supplementation [F(1,24) = 0.24; p > 0.05] or two weeks of chronic imipramine
administration [F(1,24) = 0.57; p > 0.05] in Ovx female rats compared to placebo and saline-
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treated Ovx female rats. Co-administration of testosterone and imipramine did not affect the
time spent in the center of the open field compared to placebo and saline-treated controls
(Figure not shown).

Depression-like Behaviors in Isolated Female Rats—Testosterone supplementation
[Figure 7A; F(1,24) = 1.23; p> 0.05] and three weeks of chronic imipramine administration
[F(1,24) = 1.55; p> 0.05] had no effect on sucrose preference in Ovx female rats compared to
placebo and saline-treated Ovx female rats. In the novelty induced hypophagia test,
testosterone supplementation [Figure 7B; F(1,23) = 0.49; p> 0.05] and chronic imipramine
administration [F(1,23) = 0.47; p> 0.05] had no effect on latency to drink in the novel cage in
Ovx female rats compared to placebo and saline-treated controls. Co-administration of
testosterone and imipramine did not affect sucrose preference or latency to drink compared
to saline and placebo-treated Ovx female rats.

Discussion
Social isolation stress revealed marked sex differences in the anxiolytic and antidepressant
effects of testosterone and imipramine, as these treatments were beneficial in Gnx male rats,
but had no effect in Ovx female rats. We observed a testosterone-imipramine interaction,
where testosterone supplementation enhanced the neurogenic effect of imipramine in Gnx
male rats, illustrated by an increase in the number of new proliferating cells in the dentate
gyrus.

Chronic Social Isolation Stress
Neurobiological sex differences complicate our understanding of the mechanisms
underlying the etiology of anxiety and depressive disorders. For instance, many gender
disparities are attributable to organizational sex differences in brain development, while
others are evident only after certain manipulations, including stress exposure or
pharmacological drug treatments. We exposed adult male and female rats to chronic social
isolation stress and examined their anxiety and depressive-like behavioral responses to
testosterone and the tricyclic antidepressant imipramine. Social isolation stress followed by
testosterone and/or imipramine treatments did not significantly impact the behavioral profile
of Ovx female rats. Interestingly, early social isolation has been shown to increase emotional
reactivity and alter HPA axis activity particularly in male rats (Ceravolo and del Vescovo,
1993; Mathews et al., 2008; Pelle-Ceravolo et al., 2004), and when coupled with additional
stressors affects neurogenesis differently in male and female rats (Pelle-Ceravolo et al.,
2004). Furthermore, social stressors during adolescence have long-lasting, sex-specific
effects on behavioral and neuroendocrine responses (Bourke and Neigh, 2011; McCormick
et al., 2004).

Sex Differences in the Antidepressant Response
Our data illustrate sexually dimorphic responses to antidepressant treatment, such that
chronic imipramine administration is without effect in Ovx female rats. These results are in
agreement with emerging evidence indicating sex-specific antidepressant responses (Li et
al., 1999; Pitychoutis et al., 2011; Renoir et al., 2011). Gender specific differences in the
response to tricyclic and selective serotonin reuptake inhibitor (SSRI) treatments have been
reported, where women have a more favorable response to sertraline compared to
imipramine and men respond better to imipramine compared to sertraline (Roth et al., 1999).
Furthermore, a meta-analysis of thirty-five studies spanning over two decades, confirmed
increased efficacy of imipramine treatment in men compared with women (Hagins et al.,
1999). Evidence from several studies suggests that an effective antidepressant response in
women requires estrogen. In two independent studies, depressed women over the age of
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sixty on estrogen replacement therapy had greater improvement with SSRI treatment
compared to those without estrogen supplementations (Fischer et al., 1999; Kunze et al.,
1999). The dramatic hormonal fluctuations experienced by females over the lifespan are
associated with the incidence of depression, but may also be fundamental to sex-differences
in the response to antidepressants. Whether or not these differences are a reflection of
different subtypes of depression afflicting men and women, or involve the influence of
gonadal hormones on the response to particular antidepressants requires further
investigation.

A particularly interesting observation in the treatment of affective disorders, is that androgen
administration to hypogonadal men alleviates depression nearly as effectively as
antidepressants (Adler et al., 1999; Gentry and Wade, 1976), suggesting a major role for
testosterone in mediating antidepressive effects. Our data support a significant
antidepressant effect of testosterone. However, this effect appears to be limited to males, as
we found no antidepressive effects of testosterone in Ovx female rats. Although testosterone
treatment in male rodents has similar antidepressant activity to traditional drug treatments,
few studies have investigated the potential interaction between androgens and
antidepressants.

The physiological mechanism of these interactions remains largely unknown. However,
imipramine - a tricyclic antidepressant that inhibits both 5-hydroxytryptamine and
norepinephrine reuptake (Racagni and Popoli, 2010) - likely interacts with testosterone
through the noradrenergic system. Indeed, gonadectomized rats do not respond to the
noradrenaline reuptake inhibitor desipramine, and testosterone supplementation restores its
antidepressant activity. Furthermore, in this same study, testosterone did not influence the
antidepressant efficacy of serotonin reuptake inhibitors such as fluoxetine and clomipramine
(Martinez-Mota and Fernandez-Guasti, 2004).

The antidepressant activity of testosterone observed in male, but not female rats is likely due
to the sex-specific organization of the brain established during development which generates
permanent dimorphisms in brain regions important in cognition and affect such as the
hippocampus, amygdala, and prefrontal cortex. These organizational effects result in
circuitries within male and female brains that respond differently to endogenous and
exogenous challenges (Arnold and Breedlove, 1985). Sex differences in intracellular
signaling pathways likely contribute to sex-specific behaviors and responses to
environmental challenges, including social isolation stress and antidepressant treatments.

In the present study, testosterone supplementation had anxiolytic and antidepressant effects
in Gnx male rats regardless of imipramine administration. Three weeks of chronic
imipramine administration had anxiolytic effects in the elevated plus maze and
antidepressant effects in Gnx male rats regardless of testosterone supplementation,
suggesting prominent antidepressant activity of each treatment. We did not observe
anxiolytic effects in the light-dark box following two weeks of imipramine administration,
suggesting that prolonged treatment may be required for the manifestation of anti-anxiety
behaviors using this test. Furthermore, we did not observe cumulative behavioral effects of
combined testosterone and imipramine treatment; however these results are likely due to the
potent antidepressant activity of each independent treatment resulting in ceiling and flooring
effects in the depression tests (Page et al., 2007).

Imipramine, testosterone, and neurogenesis
A hallmark of depression and antidepressant activity is altered hippocampal neurogenesis in
the subgranular zone of the dentate gyrus (Boldrini et al., 2009). Stem cell proliferation and
survival components of adult hippocampal neurogenesis are influenced by multiple factors,
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including antidepressant treatment and sex hormones (Galea et al., 2006). As expected, three
weeks of chronic imipramine treatment induced a significant increase in the number of
newly proliferated cells. In line with our recent findings (Carrier and Kabbaj, 2012), we
observed no significant effect of testosterone supplementation in Gnx male rats on cell
proliferation independent of imipramine administration. Interestingly, in a recent study,
testosterone supplementation was unable to reverse reduced cell proliferation observed in
isolated gonadectomized males (Spritzer et al., 2011). Accumulating evidence suggests
prolonged exposure to testosterone may enhance the cell survival component of
neurogenesis without affecting the number of newly proliferating cells (Buwalda et al.,
2010; Spritzer and Galea, 2007). Interestingly, we observed an enhanced neurogenic effect
with testosterone and imipramine co-administration, suggesting a potential influence of
testosterone on imipramine antidepressant activity in male rats.

Conclusions
Sex differences in the incidence, manifestation, and treatment responses of mood disorders
suggest a critical role for gonadal hormones. In a social isolation model for depression, we
found that testosterone supplementation had anxiolytic and antidepressant effects in Gnx
male rats and was without effect in Ovx female rats. Similarly, three weeks of chronic
imipramine administration had antidepressant effects in male, but not female rats. Co-
administration of testosterone and imipramine resulted in increased neurogenesis compared
to imipramine alone in Gnx male rats. These critical interactions between stress, gonadal
hormones, and antidepressant efficacy have implications for sex specific treatment of mood
disorders.

Highlights

• Social isolation induces anxiety and depressive-like behaviors in rats.

• Testosterone and imipramine have antidepressant effects in male but not female
rats.

• Testosterone enhances the neurogenic effect of imipramine in male rats.
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Figure 1. Chronic Social Isolation Induced Anxiety and Depressive-like Symptoms in Male Rats
Socially isolated male rats (A) spent less time (mean ± SEM) in the light box and (B) have
decreased sucrose consumption (mean ± SEM) compared to pair-housed controls. n=6–12
per group; t-test; *p<0.05 compared to same sex pair-housed.
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Figure 2. Anxiety-like Behaviors in Isolated Gnx Male Rats
Testosterone supplementation increased (A) the time (mean ± SEM) spent and (B) the
number (mean ± SEM) of entries in the light box in socially isolated Gnx male rats.
Imipramine alone did not affect the time or entries in the light box. In the elevated plus
maze, testosterone supplementation and chronic imipramine treatment increased (C) the time
(mean ± SEM) spent but (D) had no effect on the number (mean ± SEM) of entries in the
open arms. Co-administration of testosterone and imipramine was similar to testosterone or
imipramine treatment alone. n=6–9 per group; T = Testosterone, IMI = Imipramine; *p<0.05
compared to Gnx and Gnx + IMI; #p<0.05 compared to Gnx.
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Figure 3. Depression-like Behaviors in Isolated Gnx Male Rats
Testosterone supplementation and chronic imipramine treatment (A) increased sucrose
preference (mean ± SEM) and (B) decreased latency (mean ± SEM) to drink in the novel
cage in socially isolated Gnx male rats. Co-administration of testosterone and imipramine
had similar effects of testosterone or imipramine treatment alone. n=6–9 per group; T =
Testosterone, IMI = Imipramine; *p<0.05 compared to Gnx.
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Figure 4. Testosterone Enhances the Neurogenic Effect of Imipramine in Isolated Gnx Male Rats
Three weeks of chronic imipramine treatment increased the number (mean ± SEM) of BrdU
+ cells in the subgranular zone and hilus of the dentate gyrus. Testosterone supplementation
alone had no effects on the number of proliferating cells; however co-administration with
imipramine resulted in an increased number of BrdU+ cells. n=6 per group; T =
Testosterone, IMI = Imipramine; *p<0.05 compared to Gnx and Gnx+ T, #p<0.05 compared
to Gnx, Gnx+ T, and Gnx + IMI.
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Figure 5. Chronic Social Isolation Induced Anxiety and Depressive-like Symptoms in Female
Rats
Socially isolated female rats (A) spent less time (mean ± SEM) in the light box and (B) had
decreased sucrose consumption (mean ± SEM) compared to pair-housed controls. n=6–12
per group; *p<0.05 compared to same sex pair-housed.
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Figure 6. Anxiety-like Behaviors in Isolated Ovx Female Rats
Testosterone, imipramine, or co-administration of testosterone and imipramine had no effect
on (A) the time (mean ± SEM) spent or (B) the number (mean ± SEM) of entries in the light
box, or on the (C) time (mean ± SEM) spent, (D) or number (mean ± SEM) of entries in the
open arms in socially isolated Ovx female rats. n=6–9 per group; T = Testosterone, IMI =
Imipramine.
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Figure 7. Depression-like Behaviors in Isolated Ovx Female Rats
Testosterone, imipramine, or co-administration of testosterone and imipramine had no effect
on (A) sucrose preference (mean ± SEM) or (B) latency (mean ± SEM) to drink in isolated
Ovx female rats. n=6–9 per group; T = Testosterone, IMI = Imipramine.
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