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Abstract
Background—Human and animal studies suggest that testosterone may have antidepressant
effects. In this study, we sought to investigate the molecular mechanisms underlying the
antidepressant effects of testosterone within the hippocampus, an area that is fundamental in the
etiology of depression.

Methods—The effects of testosterone replacements in gonadectomized adult male rats were
investigated using the sucrose preference and forced swim tests. We explored possible effects of
testosterone on hippocampal neurogenesis and gene expression of stress-related molecules.
Through the use of viral vectors we pursued the antidepressant molecular mechanism(s) of
testosterone in mediating anhedonia, and manipulated extracellular signal-regulated kinase 2
(ERK2) expression in the dentate gyrus in gonadectomized rats with testosterone replacements.

Results—Testosterone had antidepressant effects, likely mediated by aromatization to estrogen
metabolites, in the sucrose preference and FSTs despite having no effects on hippocampal cell
proliferation or survival. We found a testosterone-dependent regulation of hippocampal ERK2
expression. Functionally, reducing ERK2 activity within the dentate gyrus induced anhedonia in
gonadectomized rats receiving testosterone supplementation, while the overexpression of ERK2
rescued this behavior in gonadectomized rats.

Conclusions—These results implicate a role for ERK2 signaling within the dentate gyrus area
of the hippocampus as a key mediator of the antidepressant effects of testosterone.

Keywords
testosterone; depression; ERK2; neurogenesis; hippocampus; 17β-estradiol

Introduction
Affective disorders are twice as likely to occur in women as in men (1–4) implicating a
critical role for gonadal hormones in their etiology. In particular, testosterone has mood-
enhancing properties and antidepressant effects in men (5). In fact, increased incidence of
hypogonadism occurs in men with major depressive disorder (MDD) (6, 7)= and

© 2011 Society of Biological Psychiatry. Published by Elsevier Inc. All rights reserved
*corresponding author Mohamed Kabbaj, PHD Associate Professor Biomedical Sciences & Neurosciences College of Medicine 1115
W Call Street Tallahassee, FL 32306 Mohamed.Kabbaj@med.fsu.edu 850-644-4930.
Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.
Financial Disclosures: The authors report no biomedical financial interests or potential conflicts of interest.

NIH Public Access
Author Manuscript
Biol Psychiatry. Author manuscript; available in PMC 2013 April 1.

Published in final edited form as:
Biol Psychiatry. 2012 April 1; 71(7): 642–651. doi:10.1016/j.biopsych.2011.11.028.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



testosterone replacement effectively improves mood (7–9). In rodents, testosterone has
antidepressant effects in aged male mice (10), and protective effects against the development
of depression-like behaviors in rats (11). These studies suggest a modulatory role for
testosterone in the regulation of depressive disorders; however the molecular mechanism(s)
and brain site(s) of its actions are not well characterized.

Alterations of neurotrophic factors including brain-derived neurotrophic factor (BDNF) in
limbic regions, such as the hippocampus, are associated with the treatment and/or onset of
depression (12). Since increased BDNF expression and enhancement of neurogenesis in the
dentate gyrus (DG) occur following treatment with antidepressants (13–18), it is possible
that the antidepressant effects of testosterone are mediated through an increase in
hippocampal BDNF expression and neurogenesis.

In addition to neurogenic changes, antidepressant treatments are associated with
neuroendocrine regulation of the hypothalamic-pituitary-adrenal (HPA) axis. Indeed, major
depression is associated with dysregulation of the HPA axis, possibly reflecting decreased
glucocorticoid receptor (GR) activity (19). In fact, GR function imbalance might be a
contributing factor in depression. Moreover, antidepressant treatments increase GR
expression in the hippocampus (20), suggesting a key role for GR in the development and
treatment of depression (for review see (21)).

Testosterone may interact with directly androgen receptors or through aromatization to
estrogen metabolites in the brain to stimulate the mitogen activated protein kinase (MAPK)
pathway (22), a fundamental signaling pathway and critical regulator of emotional
responses. Chronic stress is associated with decreased protein expression of extracellular
signal-regulated kinase 2 (ERK2) in the hippocampus. Both stress-induced depressive-like
behaviors and ERK2 expression were reversed by chronic treatment with fluoxetine (23).
Furthermore, chronic administration of lithium or valproate, mood stabilizers used in the
treatment of manic depression, stimulates the MAPK pathway in the rat hippocampus (24).
Interestingly, depressive-like symptoms were negatively correlated with ERK2 activation in
the rat hippocampus (25). These studies implicate ERK activity within the hippocampus as a
potential molecular target in the treatment of depression.

In this work, we investigated the role of testosterone and its metabolites in mediating
depressive-like behaviors and explored possible underlying molecular mechanisms. In
gonadectomized rats, we examined effects of testosterone on hippocampal cell proliferation
and survival, and changes in gene expression of stress related molecules including BDNF,
GR, and ERK2. Using viral vectors, we manipulated ERK2 activity in the DG and provided
evidence for the role of testosterone-dependent ERK2 activity in mediating depressive-like
behavior.

Materials and Methods
Experimental Design

Experiment 1: The effects of testosterone and its' metabolites on depressive-
like behaviors—Rats were sham-operated or gonadectomized and received placebo, low,
or high dose testosterone pellet implants. Twenty-one days later, all rats underwent the
sucrose preference test (SPT) followed one week later by the forced swim test (FST). Rats
were sacrificed 7 days later under basal, non-stressful conditions, hippocampi collected and
the effects of gonadectomy and testosterone replacements on the expression of stress related
molecules (BDNF, GR, ERK2) examined. A separate group of rats were gonadectomized
and received placebo, β-estradiol 3-benzoate, or 5α- dihydrotestosterone (DHT)
supplementation. Their behavior was analyzed two weeks later in the FST.
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Experiment 2: The effects of testosterone on neurogenesis—Rats were
gonadectomized and received placebo (n=12) or high dose (n=12) testosterone pellets. To
examine cell proliferation, rats were injected with bromo-2'-deoxyuridine (BrdU) 20 days
after gonadectomy and sacrificed 24 h later. To examine cell survival, rats were injected
with BrdU on three occasions, once every 24 hrs, beginning on the day of gonadectomy and
sacrificed 21 days later. Saline or imipramine contained in mini osmotic pumps was
administered to control rats to examine the effects on cell proliferation (protocol adapted
from (26)).

Experiment 3: The role of ERK2 in the antidepressant effects of testosterone
—Sham-operated and gonadectomized rats receiving placebo or low dose testosterone pellet
supplementation were injected with HSV viral vectors containing GFP, dominant negative
ERK2-GFP (dnERK2), or the ERK2 overexpressing GFP form (wtERK2) into the DG. All
rats underwent the SPT for 7 days beginning 24 h after viral injections. Rats were sacrificed
on the 8th day and brains were collected for injection placement verification.

General Methods
Animals—Adult male Sprague-Dawley rats, weighing 250–270g, were purchased from
Charles River (Wilmington, MA, USA), pair-housed in 43×21.5×25.5cm 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 SPT, were
conducted during the first 4 h of the light phase of the light/dark cycle and were in
accordance with the NIH Guide for Care and Use of Laboratory Animals and approved by
the Institutional Animal Care and Use Committee of Florida State University.

Surgery—Rats were anesthetized with a ketamine (70 mg/kg)/xylazine (10 mg/kg) mixture
(i.p.). Bupivicaine (0.25% solution; 0.4mL/kg) was applied topically as analgesic and the
non-steroidal anti-inflammatory drug meloxicam (1.0 mg/mL) was injected subcutaneously.

Gonadectomy/sham surgeries—A 1–2 cm ventral midline incision was made in the
scrotum 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.

Hormone supplementation—Following gonadectomy/sham surgery, 60-day slow
release testosterone (low dose, 25mg/pellet; high dose, 100mg/pellet), β-estradiol 3-benzoate
(0.1mg/pellet), 5α-dihydrotestosterone (DHT; 12.5mg/pellet), or placebo pellets (Innovative
Research of America, Sarasota Fl) were inserted subcutaneously into gonadectomized males
10 cm from a small 2 cm incision below the shoulder blades.

Osmotic minipumps—Rats were anesthetized as indicated earlier, and Alzet Osmotic
Minipumps (Alza, Mountain View, CA) for 30-day administration (Model 2ML4),
containing imipramine HCl dissolved in saline (Sigma-Aldrich, St. Louis, MO; n=6; 20mg/
kg/day) or saline (n=6) were implanted subcutaneously in the dorsal rear flank region.

Viral vector infusions and transgene detection—Herpes simplex viral (HSV)
vectors containing green fluorescent protein (GFP), dnERK2-GFP, or wt-ERK2-GFP, were
a generous gift from Dr. Eric Nestler (Mount Sinai School of Medicine, NY). These vectors
have been previously described (27, 28), and validated in vivo and in vitro (29–31). The
average titer of the recombinant virus stocks was 4.0 × 107 infectious units/mL. For
stereotaxic delivery of the viral constructs, rats were bilaterally microinjected (1.0 μl per
side over 10 min) into the dorsal region of the DG (anteroposterior, −4.3 mm; lateral, ±3
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mm; dorsoventral, −4.7 mm from bregma (32)). All rats had correct placements between
−3.14 and −4.16 from bregma (see figure 7).

Maximal transgene expression for these vectors has been reported to occur on days 3–4 after
injection (33, 34). To examine the time course of viral expression, we injected a separate
group of rats with HSV-GFP (n=6) and sacrificed them 3 days (n=2), 5 days (n=2), or 8 days
(n=2) later using transcardial perfusion with phosphate buffered saline (PBS, pH 7.4),
followed by 4% paraformaldehyde in 0.1 M phosphate buffer (PB, pH 7.4). Brains were
extracted, postfixed at 4°C in paraformaldehyde overnight, sectioned at 30 μm on a
vibratome (Leica VT1000S), and GFP expression was observed under a confocal
microscope (Leica, TCS SP2).

To determine the efficacy with which the HSV-dnERK2 vector compromised ERK2
activity, rats were injected with HSV-GFP (n=4) or HSV- dnERK2-GFP (n=4) and
sacrificed 3 days later. We examined the effects of the dnERK2, on the phosphorylation
status of an ERK2 downstream target gene-mitogen and stress activated protein kinase
(MSK) in the DG. Eight additional rats were injected with HSV-GFP (n=4) or HSV-wt-
ERK2 (n=4) and sacrificed 4 days later to analyze ERK2 overexpression.

Behavioral Tests
Sucrose preference test—The SPT consisted of a two-bottle choice paradigm as
described previously (35). Briefly, rats were given access, in experiment 1, to 0.25% sucrose
for the first 48 h, 0.5% sucrose for the next 48 h, and 1% sucrose for the last 48 hrs of the
test, and, in experiment 3, to 1% sucrose for 7 consecutive days. Sucrose preference was
tested without prior exposure to sucrose.

Locomotor Activity—Rats were placed in a large (1m × 1m) open field (MED Associates
Inc., St. Albans, Vermont) under dim lighting and were allowed to freely explore the arena
for 10 minutes. Rats' behavior was recorded by a digital camcorder placed directly above the
arena. A 5 × 5 grid was drawn on the bottom of the arena and the numbers of grid crosses
were determined.

Forced swim test—The FST is a two day procedure. On day 1, rats were placed for 15
min in large inescapable Plexiglas cylinders (30 × 45 cm) filled with 25°C water to a depth
of 30 cm in a dimly lit room. On day 2, the rats were again forced to swim for 5 min under
the same conditions. The cylinders were emptied and cleaned between rats. Rats' behavior
was videotaped, and the latency to the first immobility, and the total time spent immobile
were analyzed. Immobility was defined as minimal movements required only to remain
afloat (36).

Testosterone levels
Blood samples were centrifuged at 4°C for 10 min at 5,000 g and plasma was stored at
−80°C until assayed. Total plasma testosterone concentrations were quantified by solid-
phase 125I RIA, using “Coat- a-count” kits from Siemens Healthcare Diagnostics (Los
Angeles, CA) with a sensitivity of 4 ng/dL.

Hippocampal cell proliferation and survival
For cell proliferation studies, rats received a single injection of BrdU (200mg/kg, i.p.) 20
days following surgeries, and were sacrificed 24 h later. For cell survival studies, rats
received BrdU injections (200 mg/kg i.p.) for 3 consecutive days immediately following
surgery, and were sacrificed 21 days after the first BrdU injection. Animals were
anesthetized with sodium pentobarbital (100mg/kg) and were transcardially perfused; brains
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were extracted, postfixed as indicated earlier, cryoprotected in increasing sucrose solutions
(24 h in 10%, 24 h in 20%, and 48 h in 30%) at 4°C, and frozen at −80°C until further
processing.

Immunohistochemistry for BrdU—Thirty μm thick sections were obtained from
throughout the hippocampus, mounted on poly-L-lysine-coated slides and stored at −80°C
until use. Tissue to be labeled was blocked with normal goat serum (NGS; Vector labs) in
0.1M PBS pH 7.4 for I h at room temperature and then incubated overnight at 4°C in 1:100
rat anti-BrdU antibody (Abcam, ab6326). Slides were incubated at room temperature for 2 h
in 1:1000 anti-rat IgG biotinylated antibody (Sigma, B7139), followed by 1 h incubation
with biotin-peroxidase complex (Vector labs), and 3,3'-diaminobenzadine (DAB) solution
(Vector labs), air-dried and cover slipped.

Quantification of BrdU labeled cells—Stereological procedures were conducted by a
blind investigator and were based on computerized stereology (StereoInvestigator,
MicroBrightField, Inc., Colchester, VT) using a Leica fluorescence microscope (Ctr6000) at
400× magnification. Sampling of every 6th section began approximately −2.56 mm from
bregma where the DG first becomes clearly visible and ended at approximately −4.16 mm
from bregma where the hippocampus has dorsal and ventral components in coronal section
(32). 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 DG divided
by the volume (mm3) of the DG estimated for each rat using Cavalieri's method (37) (Table
1).

Semi-Quantitative Real-Time PCR
Total RNA was extracted from both hippocampi and cDNA synthesis was carried out as
previously described (35). Nicotinamide adenine dinucleotide dehydrogenase (NADH) was
used as the reference gene for normalization of all target genes. The forward and reverse
primer sequences were 5'-CCATAAGGACGCGGACTTGTAC-3' and 5'-
AGACATGTTTGCGGCATCCAGG-3' for BDNF, 5'-CCACTGCAGGAGTCTCACAA-3'
and 5'-CCAGCAGTGACACCAAGGTA-3' for GR, 5'-GACAAGGGCTCAGAGGACTG-3'
and 5'-ACGGCTCAAAGGAGTCAAGA-3' for ERK2, and 5'-
CTATTAATCCCCGCCTGACC-3' and 5'-GGAGCTCGATTTGTTTCTGC-3' for NADH,
respectively. The normalized data is expressed as percent of control, with control sham
animals set at 100%.

Western Blot
Total proteins were extracted from both hippocampi, or from the DG at the site of the
injection to confirm HSV viral construct efficacy. Protein samples were processed as
described previously (35). Immunoblots were incubated overnight (4°C) with ERK1/2 (Cell
Signaling Technology; 1:1000) and GAPDH (Cell Signaling Technology; 1:1000), phospho-
ERK1/2 (Cell Signaling Technology, 1:1000) and ERK1/2 (1:1000), or phospho-MSK (Cell
Signaling Technology; 1:1000) and MSK (Santa Cruz Biotechnology; 1:1000), antibodies,
washed and incubated 1 h with goat anti-rabbit IR Dye 680LT (Li-COR Biosciences;
1:10000) or donkey anti-goat IR Dye 800CW (Li-COR; 1:10000) fluorescent secondary
antibodies, and visualized using an Odyssey infrared imaging system (Li-COR Biosciences).
Quantification was done using NIH ImageJ (http://rsbweb.nih.gov/ij). Normalized data are
expressed as percent of control, with control sham animals set at 100%.
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Statistical analysis
Results were analyzed using one-way analysis of variance (ANOVA) followed by post-hoc
Fisher tests where appropriate. Repeated ANOVA was used for sucrose preference results in
experiment 3. P values < 0.05 were considered statistically significant.

Results
Determination of serum testosterone levels

Gonadectomized rats receiving low dose testosterone supplementation had serum
testosterone levels comparable to sham gonadectomized animals. Gonadectomy and placebo
supplementation resulted in nearly undetectable levels (Figure 1; p<0.05), whereas high dose
supplementation produced extraphysiological serum testosterone levels significantly
different from all other treatment groups (p<0.0001).

The effects of testosterone on depressive-like behaviors
Three weeks after gonadectomy, locomotor activity was unaffected in sham and
gonadectomized males receiving placebo (21.429 ± 5.995, sham; 17.500 ± 4.752,
gonadectomized + placebo; F(1,11)=0.251, p>0.05). In the SPT, at 0.25% (Figure 2A;
F(3,34)=4.846, p<0.05), 0.5% (Figure 2B; (F(3,32)=3.497, p<0.05) and 1% sucrose
concentrations (Figure 2C; F(3,32)=4.8, p<0.05), gonadectomized rats receiving placebo
exhibited decreased sucrose preference compared to sham and gonadectomized animals
receiving low or high dose testosterone supplementation. No significant differences in water
intake between treatment groups were detected (51.560 ± 3.229 g, sham; 47.892 ± 3.970 g,
gonadectomized + placebo; 49.193 ± 0.707 g, gonadectomized + low dose testosterone;
53.908 ± 4.628 g, gonadectomized + high dose testosterone; F(3,36)=0.587, p>0.05).

In the FST, latency to immobility (Figure 3A; F(3,34)=7.809, p<0.05) and total time spent
immobile (Figure 3B; F(3,34)=13.006, p<0.0001) were significantly affected by testosterone
levels. Gonadectomy with placebo supplementation resulted in a significant increase in total
time spent immobile and a decrease in latency to immobility, compared to sham, high dose
testosterone or low dose testosterone treated rats (p<0.05). Gonadectomized rats with DHT
replacement had increased immobility and decreased latency, similar to gonadectomized
animals with placebo (Figure 3 C–D), while estradiol benzoate replacement decreased
immobility and increased latency to immobility (Figure 3 C–D; F(2,15)=3.704; p<0.05),
suggesting that the antidepressant effects of testosterone are mediated by estrogenic effects
following aromatization.

Effects of testosterone on hippocampal cell proliferation and survival
Chronic imipramine treatment resulted in a significant increase in the density of BrdU
positive cells in the DG compared to saline treated animals (Figure 4C, p<0.05).
Testosterone supplementation did not affect proliferation (Figure 4C, p>0.05) or cell
survival (Figure 4E, p>0.05) as the densities of BrdU positive cells were similar in
gonadectomized testosterone- or placebo-treated rats. The volume (mm3) of the DG was
unchanged with all treatments (Table 1).

Effects of testosterone on hippocampal mRNA expression
Neither hippocampal BDNF (Figure 5A) nor GR (Figure 5B) mRNA expression was
affected by testosterone. Gonadectomized animals receiving placebo pellet supplementation
had significantly decreased ERK2 mRNA levels compared to sham-operated and
gonadectomized rats receiving testosterone supplementation (F(3,26)=2.477; p <0.05).
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Effects of testosterone on hippocampal ERK protein expression
Total and phosphorylated hippocampal ERK1 protein (Figure 6A,B) were unaffected by
serum testosterone levels. Gonadectomized, placebo-treated rats had significantly decreased
hippocampal ERK2 expression compared to both sham-operated and gonadectomized rats
receiving high dose testosterone supplementation (Figure 6C, F(3,18)=3.572, p<0.05). No
significant effects of testosterone levels on hippocampal ERK2 phosphorylation were
observed (Figure 6D).

The antidepressant effects of testosterone are mediated by ERK2
In order to investigate whether the antidepressant effects of testosterone were mediated by
ERK2, we used HSV vectors expressing GFP alone, GFP and wtERK2, or GFP and
dnERK2 to manipulate endogenous ERK2 expression and signaling the DG (Figure 7).

The HSV encoded proteins are highly expressed 3 days after injection (Figure 8A) and
greatly diminished by day 5 (Figure 8B). Compared to GFP, overexpression of dnERK2-
GFP induced a significant decrease in the phosphorylation of a major ERK2 substrate, MSK,
in the DG 3 days after injection (Figure 9A–B, F(1,6)=18.854, p<0.05). We measured
sucrose preference for 7 days beginning 1 d after injection of HSV encoding GFP alone or
dnERK2-GFP (Figure 9C), and observed significant group (F(3,100)=24.479, p<0.0001),
time (F(5,100)=6.312, p<0.0001), and interaction effects (F(15,100)=4.660, p<0.0001). As
expected, gonadectomized rats receiving placebo exhibited decreased sucrose preference
compared to sham and gonadectomized rats receiving testosterone supplementation on every
examined day (p<0.05). On day 3, when viral vector expression was high (p<0.0001; Figure
8A) and ERK2 activity low (Figure 9A–B), gonadectomized rats receiving low dose
testosterone supplementation but infected with the dnERK2-GFP virus exhibited significant
signs of anhedonia that were comparable to gonadectomized placebo-treated rats infected
with the control GFP virus. However, they differed significantly from sham-operated GFP-
infected rats and from gonadectomized rats infected with the control GFP virus and treated
with low testosterone. By day 5 after the injection, when viral protein expression was low
(Figure 6B), the sucrose preference behavior in these rats increased to the same extent as
sham-operated rats.

Overexpression of ERK2 using the wtERK2-GFP construct resulted in increased ERK2
levels compared to GFP controls within the DG 4 d after injections (Figure 10 A–B;
F(1,6)=7.341, p<0.05). We measured sucrose preference behaviors in these animals for 7 d,
beginning 1 d after viral injection (Figure 10C), and observed significant time
(F(5,155)=3.461, p<0.05) and interaction effects (F(15,155)=2.457, p<0.05).
Gonadectomized animals receiving placebo displayed decreased sucrose preference
compared to sham and gonadectomized animals receiving testosterone supplementation on
every day examined (p < 0.05) except day 2. Gonadectomized rats receiving placebo and
infected with the wtERK2-GFP virus construct exhibited a trend for increased sucrose
preference compared to gonadectomized placebo-treated rats infected with the GFP control
virus on day 3, and a significant increase on day 4 (p<0.0001); this effect was no longer
apparent by day 5. On days 5–7, when viral expression is greatly diminished, both groups of
gonadectomized placebo-treated rats infected with either the GFP, or the wtERK2-GFP
virus, were significantly different from sham-operated and gonadectomized rats receiving
testosterone supplementation and infected with the control GFP virus (p<0.05).

Discussion
Our findings showed that gonadectomized rats developed depressive-like behaviors which
could be alleviated with either physiological (low dose) or extraphysiological (high dose)
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testosterone supplementation, and that the antidepressant effects of testosterone are likely
mediated by aromatization to estrogen. Moreover, gonadectomy and testosterone
replacements had no effect on hippocampal cell proliferation, cell survival, or BDNF or GR
mRNA expression. The present findings provide evidence for testosterone-dependent
regulation of ERK2 within the hippocampus and demonstrate the necessity of ERK2
function in mediating the antidepressant effects of testosterone. Indeed, ERK2 activation
may be a common downstream signaling pathway used by various treatments to relieve
symptoms of depression.

Gonadal hormones such as testosterone have profound organizational effects during
development, as well as reversible activational effects in adulthood. The organizational
effects of testosterone result in an irreversible masculinization of the brain that,
undoubtedly, impacts adult emotional behavior with significant contribution to the incidence
of sex differences in depression. In the present study, elimination of the peripheral source of
testosterone by gonadectomy of adult male rats permitted the investigation of the
activational effects of testosterone on depressive-like behaviors.

While prolonged loss of testosterone in adult males may result in decreased locomotor
activity after a long testing period occurring 1–3 hours into the dark cycle (38), or
hypophagia 27 days following gonadectomy (39), we did not observe significant differences
in our treatment groups at the time of testing. In the present study, locomotion occurred
during the light cycle and sucrose testing between 14–21 days post-surgery, thus potentially
confounding effects are unlikely.

Neurogenesis in the DG of the hippocampus is facilitated by chronic antidepressant
treatment (13), therefore representing a potential mechanism mediating the antidepressant
effects of testosterone. In agreement with a previous study (40), (but see (26)), we report no
effects of testosterone on cell proliferation or survival despite a significant increase in our
positive control imipramine. The importance of enhanced neurogenesis in mediating the
therapeutic effects of antidepressant treatment has been recently challenged (41, 42) and the
manifestation of behavioral improvement following antidepressant administration has been
shown to occur even in the absence of neurogenesis (43–45). These studies, and ours,
suggest that mood-enhancing effects of pharmacological antidepressants may not require
hippocampal neurogenesis.

Although the molecular mechanisms remain unclear, the pathophysiology of MDD includes
excessive stimulation of the HPA axis, resulting in elevated glucocorticoid levels and
reduced feedback inhibition of the axis (46–49). Through the activation of glucocorticoid
receptors, excess glucocorticoids may contribute to stress-induced structural changes in the
hippocampus (50), a phenomenon often associated with reduced neurotrophic factor activity.
The neurotrophic theory of depression involves a reduction of hippocampal BDNF
expression, which can be reversed by antidepressant treatment (51–53). Accordingly, BDNF
may offset stress-induced structural changes in the hippocampus. Here, no testosterone-
dependent changes in hippocampal GR and BDNF mRNAs, or neurogenesis were observed,
despite clear antidepressant effects. These findings are in line with recent reports indicating
that antidepressants de-suppress translation of neurotrophic factors' mRNAs (54). It is
therefore likely that testosterone can still up-regulate GR or BDNF protein levels.

Activated by testosterone and its metabolites (58), the MAPK/ERK pathway is a major
convergence point for signaling pathways related to cell growth, differentiation, and
neuronal plasticity (55–57). Recently proposed theories implicate signaling pathways related
to synaptic plasticity to be critical to the molecular mechanisms of antidepressants, with
particular focus on the ERK pathway regarding emotional responses (13, 23, 24, 59). Stress-
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mediated disruption of the ERK signaling pathway could cause depressive-like behaviors; an
effect reversed by fluoxetine treatment (23). Here, we report testosterone-dependent
regulation of ERK2 mRNA and protein expression within the hippocampus. Compromising
ERK2 activity in gonadectomized male rats, specifically within the DG, eliminates the
antidepressant effects of testosterone supplementation. Conversely, ERK2 overexpression
(without testosterone supplementation) in gonadectomized rats rescues anhedonia. These
findings highlight an important role of ERK2 signaling in the antidepressant effects of
testosterone. The substantial number of ERK2 substrates warrants future studies to delineate
the downstream target(s) of ERK2 implicated in the antidepressant mechanism of
testosterone.

The antidepressant effects of testosterone may be mediated through androgen receptors
distributed throughout the hippocampal formation, or may depend on local conversion to
metabolites (63). We investigated the effects of two major testosterone metabolites on the
behavior of gonadectomized rats in the FST and report antidepressant effects of estradiol
benzoate, but not DHT supplementation. Conversion to 17β-estradiol by P450-aromatase
enzyme has been shown to occur in the hippocampus (64), rich in estrogen receptors (65),
where they exhibit neuroprotective effects regarding aging, neurodegeneration,
neurogenesis, excitotoxicity, and ischemia (66, 67). It is therefore conceivable that the
antidepressant effects of testosterone can be mediated by aromatization to 17β-estradiol. It
should be noted that prominent sex differences exist in the influence of estrogens,
particularly on neurogenesis with females showing a greater response than males (68).
Indeed, chronic 17β-estradiol administration increases cell proliferation in female but not
male rats (69). The effects of gonadal hormones and their metabolites on neurogenesis and
emotional state are complex and depend on several factors, warranting future investigations
to determine the contributions of testosterone and its metabolites in the etiology of
depression.

We have demonstrated antidepressant effects of testosterone in adult male rats, independent
of neurogenesis, but rather directly involving ERK2-mediated signaling within the DG. The
observed antidepressant effects are likely mediated via estrogen metabolites given that
estradiol benzoate, but not DHT supplementation, reversed behavioral despair in
gonadectomized male rats. Antidepressant effects of testosterone supplementation are
abolished when ERK2 activity is compromised within the DG, and ERK2 overexpression
can rescue anhedonic behaviors in placebo-treated gonadectomized rats. These findings
implicate a critical role for hippocampal ERK2 signaling in mediating the antidepressant
effects of testosterone and warrant future studies delving into the regulation of the MAPK
pathway as a potential specific molecular target of future antidepressant drugs.
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Figure 1.
Serum testosterone levels (mean ± SEM) from sham gonadectomized (n= 22), and
gonadectomized animals receiving placebo (n=20), low dose (n=7), or high dose
testosterone supplementation (n= 17). *p<0.0001 compared to sham, gonadectomized +
placebo, low, and high dose testosterone, #p<0.05 compared to sham, gonadectomized +
low, and high dose testosterone treatment groups; Gnx = gonadectomized.
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Figure 2.
Sucrose preference. Gonadectomized + placebo rats exhibit decreased sucrose preference at
(A) 0.25% (B) 0.5% and (C) 1% sucrose concentrations, compared with sham
gonadectomized and gonadectomized animals receiving low and high dose testosterone
supplementation (n= 5–14 per group). *p<0.05 compared to sham; #p<0.05 compared to
placebo; Gnx = gonadectomized.
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Figure 3.
Porsolt FST. Gonadectomized rats receiving placebo pellets (A) demonstrate a shorter time
until immobility and (B) spend a longer total time immobile compared to sham and
gonadectomized animals receiving low and high dose testosterone supplementation.
Gonadectomized rats receiving estradiol benzoate pellets (C) demonstrate an increased time
until immobility and (D) spend a shorter total time immobile compared to gonadectomized
rats receiving placebo or dihydrotestosterone supplements (n=5–14 per group). *p<0.05
compared to sham; #p<0.05 compared to placebo; Gnx = gonadectomized, T = testosterone,
DHT = 5α-dihydrotestosterone, E = β-estradiol 3-benzoate.
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Figure 4.
Testosterone does not affect hippocampal cell proliferation or survival. (A) Representative
photomicrographs (magnification ×400) of newly proliferated BrdU positive cells located in
the subgranular zone between the granule cell layer and the hilus in the DG of adult male
rats from one of four treatment groups; Gnx + Placebo (top left), Gnx + Testosterone (top
right), Saline minipump (bottom left), and Imipramine minipump (bottom right). (B)
Schematic representation of the timeline used for the cell proliferation studies. (C) The
density of BrdU positive cells in the DG 24h after a single 200 mg/kg BrdU injection.
Gonadectomized rats receiving high dose testosterone supplementation did not differ from
those receiving placebo, however chronic imipramine treatment significantly increased cell
proliferation compared to all other groups (n=6 per group). (C) Schematic representation of
the timeline used for cell survival. (D) The density of cells surviving 21 days after the first
of three BrdU injections did not differ in gonadectomized animals receiving placebo (n=6)
or testosterone pellet supplementation (n=6). *p<0.05; Gnx = gonadectomized, P = Placebo,
T = Testosterone, SAL = Saline, IMI = Imipramine
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Figure 5.
The effects of testosterone on the mRNA expression of brain derived neurotrophic factor
(BDNF), glucocorticoid receptor (GR), and extracellular signal regulated kinase (ERK2) in
the hippocampus of adult male sham gonadectomized (n=9–12), or gonadectomized animals
receiving placebo (n=7–9), low (n=5–6), or high dose supplementation (n=6–7).
Testosterone levels do not significantly affect mRNA expression of (A) BDNF or (B) GR,
but (C) positively regulate ERK2 expression in the hippocampus. *p<0.05 compared to
sham; #p<0.05 compared to placebo; Gnx = gonadectomized.
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Figure 6.
The effects of testosterone on hippocampal ERK total protein and phosphorylation status.
Testosterone levels do not significantly affect ERK1 protein expression (A) pERK1/ERK1
protein expression (B), or pERK2/ERK2 protein expression (D), but positively regulate
ERK2 expression (C) in the hippocampus. *p<0.05 compared to sham; #p<0.05 compared to
placebo. Gnx = gonadectomized.
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Figure 7.
HSV vector injection placement. (A) Photomicrograph showing representative cannula
placement of the lesion created during HSV injection into the dentate gyrus and confocal
image illustrating the subsequent location of GFP expression three days after HSV-GFP
injection. (B) Representative images adapted from The Rat Brain in Stereotaxic
Coorndinates (32) illustrating the total area (−3.14 to −4.16 from bregma) affected by
stereotaxic injection.
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Figure 8.
Confocal images of herpes simplex virus (HSV) expressing GFP in the dentate gyrus. (A)
Extensive GFP expression can be visualized in the dentate gyrus three days after viral vector
injection however, (B) 5 days after viral injection GFP expression is greatly diminished.
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Figure 9.
Downregulation of the ERK2 pathway induces anhedonia. (A) Western blot images and (B)
quantification showing decreased pMSK/MSK in the dentate gyrus three days after viral
injection of the HSV dominant negative ERK2 vector compared with HSV-GFP indicating
compromised activity of the endogenous ERK2 by the dominant negative. (C) Adult male
rats exposed to dnERK2-GFP exhibit anhedonia as measured by decreased sucrose
preference similar to gonadectomized animals receiving placebo during the time period
when the viral construct is highly expressed. HSV-dnERK2-GFP animals increase their
sucrose preference to the level of sham and gonadectomized animals receiving testosterone
supplementation. Gonadectomized animals receiving placebo continue to exhibit anhedonia
for up to 7 days. *p<0.05 placebo HSV-GFP vs sham HSV-GFP and gonadectomized +
testosterone + HSV-GFP; #p<0.05 gonadectomized + testosterone + HSV-dnERK2-GFP;
+p<0.05 placebo HSV-GFP vs sham HSV-GFP and gonadectomized + testosterone + HSV-
GFP and gonadectomized + testosterone + HSV-dnERK2-GFP. Gnx = gonadectomized, DN
ERK2 = dominant negative ERK2, T = testosterone, P = placebo.
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Figure 10.
Overexpression of ERK2 in gonadectomized animals rescues anhedonia. (A) Western blot
images and (B) quantification showing increased ERK2 expression 4 days after viral
injection. (C) Adult male gonadectomized rats receiving placebo pellets exposed to wtERK2
exhibit increased sucrose preference compared with gonadectomized rats receiving placebo
and GFP when ERK2 is overexpressed. HSV wt-ERK2-GFP animals exhibit anhedonia
comparable to gonadectomized animals receiving placebo when the viral construct is no
longer expressing. *p<0.05 gonadectomized + placebo + HSV-wtERK2-GFP Vs
gonadectomized + placebo + HSV-GFP; #p<0.05; #p<0.05 gonadectomized + placebo +
HSV-wtERK2-GFP Vs sham + HSV-GFP, +p<0.05 gonadectomized + placebo + HSV-GFP
Vs sham + HSV-GFP. Gnx = gonadectomized, DN ERK2 = dominant negative ERK2, T =
testosterone, P = placebo.
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Table 1

Volume (mean ± SEM) of the dentate gyri. There were no significant differences among groups. Gnx =
gonadectomized, IMI = imipramine.

Experiment Treatment Dentate Volume (mm3)

Cell Proliferation Gnx +Placebo 9.033 ± 0.377

Gnx + Testosterone 9.145 ± 0.322

Sham + Saline 8.273 ± 0.237

Sham + IMI 8.502 ± 0.261

Cell Survival Gnx + Placebo 8.098 ± 0.173

Gnx + Testosterone 8.916 ± 0.351
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