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Abstract
Testosterone has been previously shown to enhance adult neurogenesis within the dentate gyrus of
adult male rats, whereas social isolation has been shown to cause a decrease in adult neurogenesis
under some conditions. The current study tested the combined effects of testosterone and social
isolation upon adult neurogenesis using two experiments involving adult male rats. For both
experiments, half of the subjects were pair-housed and half were housed individually for the
duration of the experiments (34 days). For experiment 1, the subjects were divided into four
groups (n=8/group): 1) sham/pair-housed, 2) sham/isolated, 3) castrate/pair-housed, and 4)
castrate/isolated. Rats in the castrate groups were bilaterally castrated, and rats in the sham groups
were sham castrated. For experiment 2, all rats were castrated and the effects of testosterone were
tested using daily injections of testosterone propionate (0.500 mg/rat for 15 days) or the oil
vehicle. Subjects were divided into four groups (n =8/group): 1) oil/pair-housed, 2) oil/isolated, 3)
testosterone/pair-housed, and 4) testosterone/isolated. All rats were injected with 5-Bromo-2’-
deoxyuridine (BrdU, 200 mg/kg body mass) and immunohistochemistry was used to determine
levels of neurogenesis following a 16-day cell survival period. For experiment 1, castrated
subjects had significantly fewer BrdU-labeled cells along the granule cell layer and sub-granular
zone (GCL+SGZ) of the dentate gyrus than did intact subjects, and this effect was mainly due to
low levels of neurogenesis in the castrate/isolated group. For experiment 2, social isolation caused
a significant decrease in neurogenesis within the GCL+SGZ relative to the pair-housed groups.
Testosterone injections did not buffer against this effect but instead tended to cause a decrease in
neurogenesis. Thus, social isolation reduced hippocampal neurogenesis, but the effects of
testosterone were inconsistent. This suggests that normal circulating levels of testosterone may
buffer against the neurogenesis-impairing effects of isolation, whereas high doses of testosterone
do not.
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INTRODUCTION
Neurogenesis occurs continuously in the mammalian forebrain throughout an adult’s life
(Abrous et al., 2005; Kempermann, 2006). Adult neurogenesis involves proliferation,
migration, and differentiation of new neurons within the adult brain. Among mammals, the
subgranular zone of the dentate gyrus sub-region of the hippocampal formation is one of the
primary sites of adult neurogenesis. Newly proliferated neurons from the subgranular zone
migrate a short distance into the granule cell layer (GCL) of the dentate gyrus, where they
extend functional axons into the CA3 region of the hippocampus (van Praag et al., 2002;
Jessberger and Kempermann, 2003; Zhao et al., 2006). Young hippocampal neurons exhibit
enhanced excitability, increased Ca2+ conductance, and a lower threshold for induction of
long-term potentiation (LTP) than do mature granule cells (Schmidt-Hieber et al., 2004;
Ambrogini et al., 2010). These attributes may make young neurons a particularly good
substrate for memory formation. Therefore, adult neurogenesis may be a mechanistic link
that allows a variety of endogenous and environmental factors to influence cognitive ability.
Research on adult neurogenesis has provided insights regarding how memories are formed
(Aimone et al., 2006; Kempermann, 2008; Deng et al., 2010) and has offered great promise
for treatment of neurodegenerative diseases, including age-related dementia (Duman and
Monteggia, 2006; Steiner et al., 2006) and chronic depression (Eisch et al., 2008; Perera et
al., 2008).

Two components of adult neurogenesis are routinely measured: the number of newly
proliferated cells produced, and the number of cells that survive to specific time points.
Hippocampal cell proliferation levels are higher in female rodents than in males (Galea and
McEwen, 1999), whereas survival of newly proliferated cells is higher among male rats than
among females (Westenbroek et al., 2004; Dalla et al., 2009). Given these sex differences, it
is not surprising that that steroidal sex hormones influence adult neurogenesis in both males
and females (Galea et al., 2006). Estradiol, the primary female sex steroid, has been shown
to increase cell proliferation and decrease cell survival among female rats, and these effects
are dependent on dose and timing of exposure (Ormerod et al., 2003; Barker and Galea,
2008; Barha et al., 2009). A growing number of studies indicate that testosterone, the
primary male sex steroid, influences adult neurogenesis among male rodents. Castrated male
rats show reduced hippocampal neurogenesis compared to intact males due to decreased
survival of new neurons (Spritzer and Galea, 2007; Wainwright et al., 2011). Injections of
relatively high doses of testosterone (0.5 or 1.0 mg/rat) given to castrated male rats for 30
days caused an increase in neurogenesis compared to castrated males that were not given
hormone replacement (Spritzer and Galea, 2007). In contrast, another study found no effect
of testosterone implants upon neurogenesis (Buwalda et al., 2010), but the hormone
replacement was given prior to BrdU injection making it impossible to determine whether
testosterone might be influencing cell survival independently of any effects on cell
proliferation. The effects of castration upon cell proliferation within the dentate gyrus of
male rats have been inconsistent, with two studies indicating no effect of castration (Spritzer
and Galea, 2007; Buwalda et al., 2010) and another study indicating that castration
decreases cell proliferation (Wainwright et al., 2011). Among male mice, castration had no
effect on cell proliferation but it did cause a decrease in the number of immature neurons in
the dentate gyrus as indexed by the endogenous marker doublecortin (Benice and Raber,
2010). Another study with mice found that injections of testosterone during the cell
proliferation stage of development had no effect on subsequent neurogenesis levels (Zhang
et al., 2010). Among meadow voles (Microtus pennysylvanicus), reproductively (active
males had higher levels of hippocampal neuron survival than did reproductively inactive
individuals (Ormerod and Galea, 2003). This difference was likely due to differences in
testosterone because androgen levels increase dramatically during the breeding season
among voles. Contrasting the effects of testosterone on cell survival, multiple studies
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indicate that testosterone has no effect on cell proliferation among voles (Ormerod and
Galea, 2003; Fowler et al., 2003). The primary metabolites of testosterone are estradiol,
which binds estrogen receptors, and dihydrotestosterone (DHT), which binds androgen
receptors. A few studies have tested how these hormones influence neurogenesis among
male rodents. Rats injected with DHT showed an increase in neurogenesis comparable to
that observed with testosterone, whereas estradiol injections had no effect on neurogenesis
(Spritzer and Galea, 2007; Barker and Galea, 2008). Thus, the effects of testosterone on
neurogenesis have been somewhat inconsistent across rodent species and studies, but
testosterone generally seems to enhance neurogenesis through an androgen-dependent
enhancement of cell survival. Additionally, most studies indicate that testosterone has no
effect on cell proliferation in the dentate gyrus.

In contrast to the apparent neurogenesis-enhancing effects of testosterone, acute and chronic
stress generally cause a decrease in adult neurogenesis (Mirescu and Gould, 2006), and
evidence indicates that this effect is caused by elevated corticosterone levels associated with
stress (Gould et al., 1992; Cameron and Gould, 1994; Brummelte and Galea, 2010). Social
isolation is stressful for rats, inducing an increase in the stress hormone corticosterone (Ruis
et al., 1999; Weiss et al., 2004). Among both male mice and male rats, social isolation for
four weeks immediately after weaning caused reduced neurogenesis and impaired spatial
memory relative to group-housed individuals (Lu et al., 2003; Ibi et al., 2008). There is
currently not evidence for comparable effects of social isolation among adult rodents, but
interactions between social isolation and other variables have been shown to influence adult
neurogenesis. For example, Stranahan et al. (2006) found that exercise reduced neurogenesis
among male rats that were socially isolated, whereas exercise enhanced neurogenesis among
rats that were group housed. Similar effects were obtained with adult female rats (Leasure
and Decker, 2009), but contradictory findings were obtained with mice (Kannangara et al.,
2009). There is some evidence for sex differences in the effects of social isolation on adult
neurogenesis. Socially isolated female Flinder’s Sensitive Line rats (a model of depression)
showed an increase in neurogenesis relative to group-housed females (Bjornebekk et al.,
2007). Chronic footshock stress decreased neurogenesis among socially isolated male rats,
and group housing prevented this decrease (Westenbroek et al., 2004). In contrast, chronic
stress increased neurogenesis among isolated female rats, and group housing prevented this
increase (Westenbroek et al., 2004). This sex difference in response to social isolation
suggests that sex steroids, such as testosterone, may influence the way in which social
isolation affects neurogenesis. Thus, social isolation and testosterone may interact to
influence hippocampal neurogenesis.

Some complex interactions occur between the hypothalamic-pituitary-adrenal (HPA) axis
and the hypothalamic-pituitary-gonadal (HPG) axis. Specifically, testosterone inhibits
arginine vasopressin synthesis in the hypothalamus, which reduces basal adrenocorticotropic
hormone (ACTH) levels, which in turn causes reduced corticosterone (Viau, 2002).
Increased corticosterone levels following a stressor suppress testosterone production by
Leydig cells within the testes (Sapolsky et al., 2000; Hardy et al., 2002). Therefore, the
neurogenesis-enhancing effects of testosterone and the neurogenesis-impairing effects of
corticosterone may be partially explained by the effects these hormones have on one
another.

The current study tested the hypothesis that elevated testosterone may prevent the
neurogenesis-suppressing effects of stress. A previous study tested this hypothesis using
repeated social defeat as the stressor, and testosterone implants given to intact male rats
were shown to prevent the effects of stress on initial cell proliferation but testosterone had
no effect on subsequent neurogenesis (Buwalda et al., 2010). Another recent study showed
that castration and chronic mild stress had a synergistic effect that suppressed both cell
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proliferation and neurogenesis (Wainwright et al., 2011). Our experiments were distinct
from these past studies in that we tested the effects of both castration and androgen
replacement in order to produce clear differences in testosterone levels among groups and
we used social isolation as the stressor. Specifically, experiment 1 compared castrated to
intact males, and experiment 2 compared castrated males to castrated males that received
testosterone replacement. We used social isolation as our stressor for the reasons described
above: 1) social isolation has been previously shown to interact with other variables (i.e.,
exercise) to influence neurogenesis, and 2) sex differences in the effects of social isolation
suggest possible interactions with testosterone.

EXPERIMENTAL PROCEDURES
Subjects

Adult male Sprague Dawley rats (approximately 55 days old) were obtained from Charles
River Laboratory (St. Corustant, Quebec, Canada). All subjects were housed in standard
polypropylene cages (21 × 42 × 21 cm) with Tek-Fresh Bedding (Harlan Laboratories,
Indianapolis, IN) and free access to water and rodent chow (Harlan Teklad Diet #7012). The
housing room was temperature controlled (21 ± 1 °C) with a 12:12 h light/dark cycle (lights
on at 0800 h). Immediately upon arrival, half of the animals were pair-housed and half
housed individually. All animal procedures were approved by the Middlebury College
Institutional Animal Care and Use Committee and were carried out in accordance with
ethical guidelines set by the National Institutes of Health.

Surgery
For each experiment, surgeries were conducted 7–8 days after the animals arrived in the
facility, with half the surgeries conducted each day (Fig. 1). Aseptic technique was used
throughout and isoflurane was used as the anesthesia (3.5–4.0% in oxygen during induction,
2.0–2.5% in oxygen during maintenance). The analgesic Ketofen was administered just prior
to starting surgery (5 mg/kg body mass, s.c.), and the topical analgesic Fougera (2.5%
lidocaine, 2.5% prilocaine) was applied to the incision site immediately after surgery. For
castrations, each testis was excised through a small incision at the posterior end of the
scrotum and ligated with chromic gut suture material (Ethicon, Somerville, NJ, USA). The
muscular sheath was closed with chromic gut sutures, and the skin layer was closed with
ethilon sutures (Ethicon). Sham castrations involved incisions into the skin and muscle
layers, which were then sutured without removing the testes. Pair-housed rats were
separated for 24 h after surgery. Animals were checked daily for one week following
surgery to ensure proper recovery. Seven days after surgery, the average body mass of the
subjects was 335.2 ± 2.6 g, and there were no significant differences in the mass of the rats
used for the two experiments (P=0.56).

Procedure
To habituate animals to the researchers, all animals were handled for 5 min/day for four
days prior to any further experimental manipulation. Nine or ten days after surgery, all rats
received two i.p. injections of 5-Bromo-2’-deoxyuridine (BrdU, 200 mg/kg body mass)
spaced 12 h apart. BrdU (Sigma-Aldrich, St. Louis, MO, USA) was dissolved to 20 mg/ml
in warm, sterile 0.9% saline containing 0.7% NaOH and filtered using a 0.22 µm syringe
filter. BrdU is a thymidine analog that is incorporated into dividing cells during the S-phase,
thereby acting as a marker of cells that were actively proliferating at the time of BrdU
injection. The dose and frequency of BrdU injections vary widely among neurogenesis
studies, and we chose to use a double injection of a relatively high dose of BrdU in order to
label a large population of cells that were all dividing on the same day. We wanted to label
enough cells to detect the potentially subtle effects of pair-housing upon neurogenesis. BrdU
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is taken up by proliferating cells in the dentate gyrus of rats during the 8–9 h of S-phase, and
the entire cell cycle is approximately 25 h (Cameron and McKay, 2001). Injections were
spaced 12 h apart to avoid re-labeling the same cells while at the same time labeling the
majority of cells that were actively dividing during a 24 h period. An identical injection
protocol has been used in past studies of neurogenesis in rats (McDonald and Wojtowicz,
2005; Snyder et al., 2005), and doses as high as 300 mg/kg are non-toxic (Cameron and
McKay, 2001).

Two experiments were conducted to test the effects of testosterone and social isolation on
adult neurogenesis. For both of the experiments, half of the subjects were pair-housed and
half were housed individually (i.e., isolated) throughout the experiments. Beginning the day
that the animals arrived in our facility, the subjects remained in their respective housing
condition for a total of 34 days (Fig. 1). For experiment 1, the subjects were divided into
four groups (n=8/group): 1) sham/pair-housed, 2) sham/isolated, 3) castrate/pair-housed, and
4) castrate/isolated. Rats in the castrate groups were bilaterally castrated, and rats in the
sham groups were sham castrated as described above. Experiment 2 was similar to
experiment 1 except that all rats were castrated and the effects of testosterone were tested
using injections. The subjects used for experiment 2 were divided into four groups (n =8/
group): 1) oil/pair-housed, 2) oil/isolated, 3) testosterone/pair-housed, and 4) testosterone/
isolated. The testosterone groups received 15 daily s.c. injections of 0.500 mg of
testosterone propionate dissolved in 0.1 ml sesame oil beginning the day after BrdU
injections. This timeline allowed us to test the effects of testosterone upon primarily the
survival of newly proliferated cells rather than on the process of cell proliferation itself. As a
control for the effects of injection, the oil groups received daily s.c. injections of 0.1 ml
sesame oil during the same time period. The testosterone dose used was previously shown to
enhance adult neurogenesis when rats were given 30 days of injections (Spritzer and Galea,
2007). We chose to use the 15-day time period because this is a duration that had been
previously used to test the effects of estradiol on neurogenesis in male rodents (Barker and
Galea, 2008; Ormerod et al., 2004), and by this point approximately 75% of BrdU-labeled
cells in the rat hippocampus express mature neuronal markers allowing quantification of
neurogenesis (Snyder et al., 2009).

Sixteen days after the BrdU injections, rats were euthanized using a lethal dose of Nembutal
(sodium pentabartibol, 150 mg/kg) and perfused transcardially with 60 ml of 0.9% saline
followed by 120 ml of 4% paraformaldehyde in 0.1 M phosphate buffer (pH 7.4). Brains
were extracted and post-fixed with 4% paraformaldehyde at 4°C overnight, then transferred
to 30% sucrose in 0.1 M TBS (0.08 M Tris-HCL, 0.02 M Tris-base, 0.9% saline, pH 7.4) for
cryoprotection and kept at 4°C until sectioning. Using a vibrating blade microtome
(Vibratome 3000, St. Louis, MO), each brain was sliced in a bath of 0.1 M TBS into 40-µm-
thick coronal sections through the entire rostro-caudal extent of the hippocampus. Tissue
was collected and stored in an antifreeze solution (0.05 M TBS, 30% ethylene glycol and
20% glycerol) at −20°C until immunohistochemical processing.

Immunohistochemistry
Peroxidase immunohistochemistry was performed on free-floating tissue in a series of every
10th section (i.e., 400 µm intervals) through the rostro-caudal extent of the hippocampus to
visualize BrdU-labeled cells. Sections were rinsed in 0.1 M TBS (pH 7.4) three times for 10
min between steps unless otherwise noted. Tissue was initially incubated for 30 min in 0.6%
H2O2 to eliminate endogenous peroxidase activity. DNA was denatured by applying 2 N
HCl for 30 min at 37°C. This step was immediately followed by a 10 min incubation in 0.1
M borate buffer (pH 8.5) to neutralize the acid. Tissue was next blocked for 30 min in a
solution of 0.1 M TBS, 0.1% Triton-X 100, and 3.0% normal horse serum (Vector
Laboratories, Burlingame, CA, USA), followed by a 16 h incubation at 4°C on a platform
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shaker in mouse monoclonal antibody against BrdU (Roche Diagnostics, Indianapolis, IN,
USA) at a concentration of 1:400 in blocking solution. Sections were then incubated in
horse-anti-mouse secondary antibodies (1:100 in 0.1 M TBS; Vector Laboratories) for 4 h,
followed by a 1.5 h incubation in avidin-biotin horseradish peroxidase solution (ABC Elite
Kit; 1:50; Vector Laboratories). Sections were reacted for 3–5 min in a solution of
3,3’diaminobenzidine (0.5 mg/ml; Sigma-Aldrich, Atlanta, GA) and 0.003% H2O2 in 0.1 M
TBS. The sections were mounted onto Superfrost/Plus microscope slides (Fisher Scientific,
Suwanee, GA, USA) and dried overnight. Finally, slides were counterstained with cresyl
violet acetate, dehydrated with ethanol, cleared with xylene, and coverslipped using
Permount (Sigma-Aldrich).

Immunofluorescent double-labeling was performed on free-floating tissue (n=3 brains/
group) to determine the percentage of BrdU-labeled cells that were mature neurons. For
each brain, one series of every 10th section was labeled for expression of BrdU and neuronal
nuclei (NeuN), which is a maker of mature neurons (Mullen et al., 1992). Sections were
rinsed in 0.1 M TBS (pH 7.4) three times for 10 min between steps unless otherwise noted.
As for peroxidase labeling, DNA was denatured by incubating sections in 2 N HCl for 30
min at 37°C, followed immediately by 10 min in 0.1 M borate buffer. Tissue was next
blocked for 30 min in a solution of 0.1M TBS, 0.1% Triton-X 100, and 3.0% normal goat
serum (Sigma-Aldrich), followed by a 16 h incubation at 4°C on a platform shaker in
primary antibodies: rat anti-BrdU monoclonal antibody (1:200, AbD Serotec, Raleigh, NC,
USA) and mouse anti-NeuN monoclonal antibody (1:200, Millipore, Temecula, CA, USA)
in blocking solution. Sections were blocked again for 30 min, followed by 16 h incubation at
4°C on a platform shaker in secondary antibodies: Alexa Fluor488 goat anti-mouse IgG
(1:200, Invitrogen, Eugene, OR) and Alexa Fluor568 goat anti-rat IgG (1:200, Invitrogen) in
blocking solution. Sections were mounted on Superfrost/Plus slides, coverslipped with the
anti-fading agent diazobicyclooctane (0.1 M TBS, 2.5% DABCO, 10% polyvinyl alcohol
and 20% glycerol) and stored at −20°C.

Microscopy
All BrdU-labeled cells in the dentate gyrus were counted by an experimenter blind to the
subjects’ group assignments. For experiment 1, one subject in the castrate/pair-housed group
had no visible BrdU-labeled cells and was dropped from further analysis. Every 10th section
was counted through the entire rostro-caudal extent of the dentate gyrus (10–12 sections per
brain) at 1000× magnification using a light microscope (Zeiss Axio Imager D1). Labeled
cells in the uppermost focal plane were excluded to avoid oversampling (i.e., optical
dissector method). Cells observed within 20 µm of the inner edge of the GCL were
considered the subgranular zone (SGZ), and these cell counts were combined with the GCL
counts. Cells were considered labeled if they exhibited a dark brown punctate stain. Labeled
cells were counted in the hilus and compared to counts in the GCL+SGZ to determine
whether any experimentally induced effects influenced cell division in the brain more
broadly rather than being specific to the neurogenic niche along the SGZ. Progeny from
progenitor cells in the hilus give rise to a population of ectopic cells that are
morphologically and physiologically distinct from the granule cells produced along the SGZ
(McCloskey et al., 2006; Scharfman et al., 2007).

Total numbers of labeled cells per brain was estimated by multiplying the number of cells
counted by ten (i.e., inverse of the sampling ratio). Digital images were made of all sections
at 25× magnification using a light microscope (Axio Imager D1, Zeiss, Germany) and
imaging software (Axiovision, ver. 4.6; Zeiss). Areas of the GCL+SGZ and hilus were
measured using the program ImageJ (ver. 1.42; National Institutes of Health, Bethesda, MD,
USA). Volumes (mm3) of the GCL+SGZ and hilus were estimated using Cavalieri’s
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principle (Gundersen et al., 1988): the sum of the areas (mm2) was multiplied by the
distance between sections (0.4 mm).

The percentage of BrdU-labeled cells that co-expressed NeuN was assessed for 50 randomly
selected BrdU-labeled cells within the GCL+SGZ of each brain (n=3/group). Eight to ten
sections were sampled for each brain, such that cells were sampled evenly across dorsal and
ventral sections. BrdU-labeled cells were visualized and photographed at 630×
magnification using a confocal microscope (Zeiss, LSM 510 META) and associated
software (Zeiss LSM Image Browser, ver. 4.2.0.121). Images were collected in sequential
scanning mode to prevent cross-bleeding between detection channels. Confocal z-stacks
were collected at 1 µm intervals, and cells were considered double-labeled if: 1) co-
expression was observed throughout the z-stack, and 2) the NeuN label was intense relative
to background staining intensity. Staining intensity was determined using the program
ImageJ (ver. 1.42).

Testosterone radioimmunoassay
Total serum testosterone was measured for each subject to confirm the elimination of
testosterone in castrated and oil-injected animals and to determine the effects of testosterone
injections on circulating testosterone levels. Approximately 3 ml of blood were collected on
ice from the chest cavity of each subject at the time of perfusion. Samples were stored at
4°C overnight to coagulate, and centrifuged at 9.3 g for 15 min. Serum was extracted and
stored at −20°C until running assays. All samples were assayed in duplicate using coated-
tube radioimmunoassay (RIA) kits (Diagnostic Systems Laboratories, Webster, TX, USA).
The testosterone antibody had some cross-reactivity with dihydrotestosterone (5.8%), 11-
oxotestosterone (4.2%), and androstenedione (2.3%), and other androgens (< 1.0%), but had
no detectable cross-reactivity with progesterone, estrogens, or glucocorticoids. The lower
limit of detection for the kits was 0.08 ng/ml, and any samples with values below this limit
were given a value of 0 ng/ml for data analyses. Based on our data, the intra-assay
coefficient of variation was 9.6% and the inter-assay coefficient of variation was 6.5%.

Statistical analysis
The estimated total number of BrdU-labeled cells and volumes of brain regions were
analyzed using univariate ANOVA with housing (i.e., pair-housed or isolated) and condition
as fixed factors. Condition varied between experiments: sham vs. castrate for experiment 1
and oil vs. testosterone injections for experiment 2. Cell counts and volumes were analyzed
separately for the GCL+SGZ and the hilus. We hypothesized that the combined effect of
castration and social isolation would reduce neurogenesis within the GCL+SGZ below that
observed in any of the other groups. Therefore, planned contrasts were used to compare the
number of BrdU-labeled cells in the castrate/isolated group (experiment 1) or oil/isolated
group (experiment 2) to that observed in each of the other groups. Serum testosterone levels
of isolated and pair-housed rats were compared for each experiment using independent-
samples t-tests. Linear regression was used to analyze relationships between serum
testosterone levels and the total number of BrdU-labeled cells in the GCL+SGZ. SPSS (ver.
16.0; Chicago, IL, USA) was used for all analyses, and the significance level was set at α =
0.05 for all tests.

RESULTS
Adult neurogenesis

For experiment 1, castrated rats had significantly fewer BrdU-labeled cells in the GCL+SGZ
than did the sham-castrated rats (Fig. 2A; F1,27=5.35, P=0.029). There was no significant
main effect of housing or a housing × condition interaction for number of BrdU-labeled cells
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in the GCL+SGZ (both P>0.16). Planned contrasts revealed that the castrate/isolated group
had significantly fewer BrdU-labeled cells in the GCL+SGZ than did either the sham/pair-
housed group (P=0.014) or the sham/isolated group (P=0.012), but the difference between
the castrate/isolated group and the castrate/pair-housed group was not quite significant
(P=0.065). Isolated rats had significantly fewer BrdU-labeled cells in the hilus than did pair-
housed rats (Fig. 2B; F1,27=4.33, P=0.047). There was no significant main effect of
condition or a housing × condition interaction for number of BrdU-labeled cells in the hilus
(both P>0.24).

For experiment 2, isolated rats had significantly fewer BrdU-labeled cells in the GCL+SGZ
than did pair-housed rats (Fig 3; F1,28=5.56, P=0.026). Testosterone-injected rats had fewer
BrdU-labeled cells in the dentate gyrus than did oil-injected controls, but the main effect of
condition did not quite reach statistical significance (F1,28=3.76, P=0.063). The housing ×
condition interaction was not significant (P=0.40). Planned contrasts revealed that the oil/
isolated group had significantly fewer BrdU-labeled cells in the GCL+SGZ than did the oil/
pair-housed group (P=0.031), but the oil/isolated group was not significantly different from
the two groups that received testosterone injections (both P>0.45). Housing and condition
had no significant effects on the number for BrdU-labeled cells in the hilus (both P>0.08),
and the housing × condition interaction was not significant (P=0.61).

For both experiments, housing and condition had no significant main effects or interaction
effect on the volume of the GCL+SGZ or the hilus (Table 1; all P≥0.11). For experiment 1,
70–88% of BrdU-labeled cells within the GCL+SGZ were co-labeled with NeuN (Table 2;
Fig. 4), and housing and condition had no significant main effects or interaction effect on the
percentage of double-labeled cells (all P≥0.19). For experiment 2, 66–86% of BrdU-labeled
cells within the GCL+SGZ were co-labeled with NeuN (Table 2), and isolated rats had a
significantly higher percentage of cells developing into neurons than did pair-housed rats
(F1,8=18.67, P=0.003). There was no significant housing × condition interaction (P=0.77) or
main effect of condition (P=0.10).

Testosterone levels
All blood samples from castrated rats (experiment 1) and castrated rats injected with oil
(experiment 2) had serum testosterone levels below the limit of detection (< 0.08 ng/ml). For
both experiments, there was no significant difference in serum testosterone levels between
pair-housed and socially isolated groups (Table 3; both P>0.40). Considering only the sham-
castrated males used in experiment 1, there was a significant negative relationship between
serum testosterone concentration and the total number of BrdU-labeled cells in the GCL
+SGZ (Fig. 5A; F1,14=4.61, r2=0.25, P=0.050). However, this relationship was non-linear
(Fig. 5A), and a log transformation of testosterone concentrations was used to establish
linearity. This transformation resulted in a stronger negative relationship (F1,14=6.41,
r2=0.31, P=0.024). Considering only the males that were injected with testosterone in
experiment 2, there was no significant relationship between serum testosterone levels and
total number of BrdU-labeled cells in the GCL+SGZ (Fig. 5B; F1,15=0.54, r2=0.037,
P=0.48). Note that experiment 2 involved a much narrower range of serum testosterone
concentrations than did experiment 1 (Fig. 5).

DISCUSSION
Social isolation is a mild stressor that has been shown to cause a decrease in neurogenesis
within the dentate gyrus (Ibi et al., 2008; Stranahan et al., 2006), whereas testosterone has
been shown to enhance adult neurogenesis (Spritzer and Galea, 2007; Wainwright et al.,
2011; Benice and Raber, 2010). We therefore predicted that testosterone would prevent the
neurogenesis-suppressing effects of social isolation. The results of our two experiments only
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partially support this hypothesis, and indicate mainly independent effects of testosterone and
social isolation on neurogenesis. Experiment 1 showed that castration caused a significant
reduction in neurogenesis, with the lowest level of neurogenesis occurring in the castrate/
isolated group. Experiment 2 produced somewhat contradictory results: isolated rats had
significantly less neurogenesis than did pair-housed individuals, and there was a trend for
testosterone-injected males to have less neurogenesis than oil-injected controls. In
combination, the results suggest that social isolation reduces neurogenesis and testosterone
can either enhance or possibly reduce neurogenesis depending on the dose.

Effects of testosterone on adult neurogenesis
The difference in the effects of testosterone on neurogenesis observed in our two
experiments may be explained by the different ways in which testosterone was manipulated:
for experiment 1 castrated rats were compared to intact rats, whereas for experiment 2 all
rats were castrated and some were given daily injections of testosterone (0.5 mg/rat). Unlike
the sham-castrated males used in experiment 1, the testosterone-injected males used in
experiment 2 probably experienced supraphysiological surges in testosterone each day.
Among the testosterone-injected subjects, our testosterone assay indicated serum
testosterone levels that were relatively high but within the normal physiological range.
However, blood samples were collected approximately 24 h after the last testosterone
injections. In another study using the same injection dose (0.5 mg/rat) and a similar duration
(14 days of injections), we observed much higher testosterone levels (about 12 ng/ml) in
serum samples that were collected 6 h after injection (Spritzer et al., 2011). Therefore, while
normal circulating levels seem to sustain or enhance adult neurogenesis, supraphysiological
testosterone may have no effect or possibly a negative effect on neurogenesis. The
hypothesis that there may be an optimal dose of testosterone for maximizing hippocampal
neurogenesis is supported by our finding that there was a negative relationship between
circulating testosterone and number of BrdU-labeled cells among the sham-castrated rats in
experiment 1. Further support for the optimal-dose hypothesis comes from some in vitro
studies that have shown that lower concentrations of testosterone enhance neurite outgrowth,
while relatively high concentrations induce apoptosis (Estrada et al., 2006a; Estrada et al.,
2006b). Similarly, relatively low doses of testosterone reduced the infarct volume among
male mice with focal cerebral ischemia, while high doses of testosterone increased infarct
volume (Uchida et al., 2009).

Some previous studies support the conclusion that testosterone does not necessarily enhance
adult neurogenesis. Buwalda et al. (2010) demonstrated that testosterone implants given to
intact male rats had no effect on hippocampal neurogenesis. Similarly, a study involving
male mice found that three days of supraphysiological injections of testosterone (4 mg/kg)
had no effect on hippocampal neurogenesis (Zhang et al., 2010). The results of experiment 2
directly contradict one previous study in which testosterone injections of 0.5 and 1.0 mg/rat
were shown to increase neurogenesis among castrated male rats (Spritzer and Galea, 2007).
The main difference between the two experiments is that Spritzer et al. (2007) used 30 days
of testosterone injections, while the current study involved only 15 days of injections.
Therefore, prolonged periods of elevated testosterone may be needed to enhance
neurogenesis. Among rats, most newly proliferated cells in the dentate gyrus express mature
neuronal markers within 14 days of birth (Snyder et al., 2009), and that is one reason why
we chose a relatively short 16-day maturation period for our study. However, expression of
immediate early genes, indicative of neural activity, does not become common in new cells
until approximately 4 weeks after birth (Snyder et al., 2009), and studies with mice indicate
that maturation of dendritic spines does not occur until 28–56 days after birth (Zhao et al.,
2006). Thus, high doses of testosterone may have neuroprotective effects during the later
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stages of cell development while possibly having a negative effect on neurogenesis during
earlier stages of cell development.

In spite of the unexpected findings of experiment 2, the results of experiment 1 support two
previous studies in which castration reduced neurogenesis among adult male rats (Spritzer
and Galea, 2007; Wainwright et al., 2011). The physiological mechanisms underlying this
effect remain unknown, but may involve the direct effects of testosterone or its metabolites
on the hippocampus. Testosterone can be aromatized to estradiol in the brain (Stoffel-
Wagner, 2003), and estradiol has been shown to enhance cell proliferation and neurogenesis
in other rodent species (Ormerod et al., 2004; Saravia et al., 2007). In contrast, neither 15
days nor 30 days of estradiol injections influenced neurogenesis among male rats (Barker
and Galea, 2008; Spritzer and Galea, 2007). However, 30 days of injections of the non-
aromatizable androgen DHT enhanced neurogenesis in castrated rats (Spritzer and Galea,
2007). Thus, testosterone may have its neurogenesis-enhancing effects by binding to
androgen receptors, which have been isolated from neural stem cells and have been detected
in the dentate gyrus of male rats (Brännvall et al., 2005; Tabori et al., 2005). In vitro studies
have shown that androgens can activate both the Mitogen-activated protein kinase (MAPK)
and phosphoinositide 3-kinase/Akt (PI-3k/Akt) pathways, both of which regulate cell
survival (Nguyen et al., 2005; Gatson et al., 2006). Downstream of these pathways, DHT
has also been shown to activate cyclic AMP response element binding protein (CREB),
which is known to regulate a wide range of neurotrophic effects (Nguyen et al., 2009).

Effects of social isolation on adult neurogenesis
The results of experiment 2 indicated that 15 days of social isolation caused a decrease in
adult neurogenesis. This adds to growing evidence indicating that social interactions can
maintain or increase levels of adult neurogenesis in the dentate gyrus (Gheusi et al., 2009).
Sexual interactions have been shown to increase hippocampal neurogenesis among male rats
(Spritzer et al., 2009; Leuner et al., 2010). Among female rats, a combination of group
housing and environmental enrichment enhanced neurogenesis compared to that observed in
socially isolated rats living without enrichment (Nilsson et al., 1999). Group housing alone
increased neurogenesis among juvenile rats relative to socially isolated individuals (Lu et
al., 2003), but similar differences due to housing have not been previously observed among
adult rats (Westenbroek et al., 2004; Leasure and Decker, 2009; Stranahan et al., 2006). Our
results indicate that social isolation may be sufficient to reduce neurogenesis among adult
rats, but the effects were strongest among castrated males.

Prolonged social isolation causes an increase in basal corticosterone levels (Núñez et al.,
2002; Dronjak et al., 2004; Gavrilovic and Dronjak, 2005) and hyperactive HPA functioning
(Ruis et al., 1999). Testosterone implants have been shown to reduce corticosterone release
in response to an acute stressor among castrated male rats (Viau and Meaney, 1996). Social
isolation also causes a significant reduction in hippocampal brain-derived neurotrophic
factor (BDNF) compared that observed in to pair-housed rats (Scaccianoce et al., 2006), but
male rats have higher basal BDNF levels in the dentate gyrus than do females (Franklin and
Perrot-Sinal, 2006). These past results led us to hypothesize that elevated testosterone levels
might reduce HPA axis activity and in turn prevent the neurogenesis-reducing effects of
social isolation. In both of our experiments, we observed that testosterone seemed to
attenuate the effects of social isolation. In experiment 1 the castrate/isolated group had less
neurogenesis than any of the other groups, but the difference between the castrate/isolated
and castrate/pair-housed group was only marginally significant. In experiment 2, the
difference between the pair-housed and isolated groups was strongest among the oil-injected
rats. Similarly, Wainwright et al. (2011) found that intact male rats were less impacted by
the neurogenesis impairing effects of chronic mild stress than were castrated males. In
contrast, Buwalda et al. (2010) found that testosterone implants did not prevent a decrease in
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hippocampal cell proliferation caused by social-defeat stress. Discrepancies between studies
may be due to differences in the nature of the stressors. Buwalda et al. (2010) exposed rats
to 5 days of 1-hour social defeat sessions, whereas Wainwright et al. (2011) exposed rats to
21 days of a variety of mild stressors. In our experiments, rats were exposed to 34 days of
social isolation, which may have produced a milder stress response than that induced by the
chronic mild stress paradigm employed by Wainwright et al. (2011). This could explain why
we observed a more subtle effect of stress upon neurogenesis than did Wainwright et al.
(2011).

Relative to pair-housed rats, social isolation caused an approximately 10% increase in the
percentage of cells that were double labeled with BrdU and NeuN in experiment 2. It is
unclear whether this fairly small percent difference in cellular differentiation has functional
significance, and there are multiple possible explanations for this result. Isolation may bias
cells to differentiate into neurons rather than glial cells, or isolation may speed the rate at
which newly proliferated cells differentiate into neurons relative to pair housing.
Alternatively, cells that remain undifferentiated among isolated animals may be more likely
to undergo cell death. No previous studies of the effects of social interactions on
neurogenesis have reported differences in cellular differentiation, but the percent of double-
labeled cells that we observed was similar to that reported in past studies for cells of similar
age (Snyder et al., 2009; Leuner et al., 2010).

Unexpectedly, social isolation resulted in a significant decrease in the number of BrdU-
labeled cells within the hilus for experiment 1. Although the rate of cell division is much
lower in the hilus than in the neurogenic niche along the GCL+SGZ, BrdU-labeled cells are
commonly observed in the hilus. Increased cell division among ectopic granule cells within
the hilus is robustly induced by epileptic seizures (McCloskey et al., 2006), and
neurotrophic factors also increase the expression of BrdU-labeled cells in the hilus (Jin et
al., 2002; Scharfman et al., 2005). Given that social isolation reduces hippocampal BDNF
(Scaccianoce et al., 2006), reduced BDNF may be the mechanism by which social isolation
reduced the number of BrdU-labeled cells in the hilus. The function of ectopic granule cells
in the hilus remains unclear, but they produce synchronous burst discharges that distinguish
them from the granule cells in the dentate gyrus (Scharfman et al., 2007).

Conclusion
We have demonstrated that testosterone and social isolation both influence adult
neurogenesis within the dentate gyrus of male rats. Socially isolated rats had decreased
neurogenesis relative to pair-housed individuals, which highlights the need to carefully
consider housing conditions in future studies of adult neurogenesis. Social isolation provides
a useful model for testing the effects of mild chronic stress on neural plasticity in the adult
brain. The effects of testosterone seem to be dose dependent: physiological levels of
testosterone consistently increase neurogenesis above that observed in castrated males,
whereas the effects of supraphysiological doses of testosterone have been inconsistent.
Endogenous testosterone may buffer against the neurogenesis-impairing effects of social
isolation, whereas supraphysiological testosterone may reduce neurogenesis irrespective of
housing conditions.

Research Highlights

• Castration significantly reduced neurogenesis in the dentate gyrus of male rats.

• Isolation significantly reduced neurogenesis in the dentate gyrus of male rats.

• Serum testosterone was negatively correlated with neurogenesis among intact
males.
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• Testosterone may dose-dependently buffer against the effects of social isolation.

Abbreviations

ANOVA analysis of variance

BrdU 5-Bromo-2’deoxyuridine

GCL granule cell layer

HPA hypothalamic-pituitary-adrenal

HPG hypothalamic-pituitary-gonadal

PVA DABCO Polyvinyl alcohol 1,4-diazabicyclo-[2.2.2]octane

SEM standard error of the mean

SGZ sub-granular zone

SVZ subventricular zone

TBS Tris-buffered saline
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Fig. 1.
Timeline for experiment 1 (A) and experiment 2 (B). Pair housing or social isolation began
when animals arrived in the facility 7 days prior to castration (GDX) surgeries. Two
injections of BrdU occurred 12 h apart on the same day, which was 9–10 days after
castration surgeries. For both experiments, all rats were perfused and brains extracted 16
days after BrdU injections. For experiment 2, some rats received 15 days of testosterone (T)
injections.
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Fig. 2.
Total number of BrdU-labeled cells (mean ± SEM) in the dentate gyrus among the four
groups of rats (n=7–8/group). Within the GCL+SGZ (A), rats in the sham group had more
BrdU-labeled cells than did castrated rats (*P<0.05), while there was no significant effect of
housing. Within the hilus (B), pair-housed males had significantly more BrdU-labeled cells
than did isolated males (*P<0.05), while there was no significant effect of condition.
Photomicrographs of representative sections show dark brown BrdU-labeled cells mainly
along the subgranular zone (SGZ) between the granule cell layer (GCL) and the hilus.
Sections are shown for a rat from the sham/pair-housed group (C) and for a rat from the
castrate/isolated group (D). The main images were taken at 40× magnification (scale bars =
200 µm). The inserts show BrdU-labeled cells at 1000× magnification (scale bars = 10 µm)
with their positions indicated by arrows on the main images.

Spritzer et al. Page 18

Neuroscience. Author manuscript; available in PMC 2012 November 10.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 3.
Total number of BrdU-labeled cells (mean ± SEM) in the dentate gyrus among the four
groups of rats (n=8/group). Pair-housed rats had more BrdU-labeled cells than did isolated
rats in the GCL+SGZ (A; *P<0.05) but not in the hilus (B). Daily injections with
testosterone (0.5 mg/rat) had no statistically significant effects on the number of BrdU-
labeled cells in the GCL+SGZ or the hilus.
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Fig. 4.
Confocal images (630× magnification) of a representative cell within the granule cell layer
(GCL) labeled with BrdU and NeuN. The image at the right includes orthogonal planes to
show that the cell was double labeled throughout (scale bar = 20 µm).
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Fig. 5.
Linear regressions of the total number of BrdU-labeled cells in the GCL+SGZ against serum
testosterone levels from blood collected at the time of perfusion from rats that were either
socially isolated or pair-housed throughout the experiments. For experiment 1 (A), there was
a significant negative relationship (r2=0.25, P=0.050), whereas for experiment 2 (B) there
was no significant relationship (r2=0.037, P=0.48). Note that there was a much wider range
of testosterone levels observed in experiment 1 than in experiment 2, likely because
experiment 1 involved intact males while experiment 2 involved testosterone injections
given to castrated males.
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Table 1

Volumes (mean ± SEM) of the combined granule cell layer and subgranular zone (GCL+SGZ) and hilus for
each group of rats from both experiments.

Experiment Group n GCL+SGZ (mm3) hilus (mm3)

1 Castrate/pair-housed 7 2.52 ± 0.14 6.00 ± 0.43

Castrate/isolated 8 2.45 ± 0.13 5.42 ± 0.29

Sham/pair-housed 8 2.57 ± 0.15 6.14 ± 0.28

Sham/isolated 8 2.32 ± 0.18 5.52 ± 0.49

2 Oil/pair-housed 8 2.46 ± 0.18 4.48 ± 0.36

Oil/isolated 8 2.37 ± 0.13 4.32 ± 0.17

Testosterone/pair-housed 8 2.23 ± 0.17 3.97 ± 0.42

Testosterone/isolated 8 2.11 ± 0.17 3.79 ± 0.24
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Table 2

Percentage (mean ± SEM) of BrdU-labeled cells in the GCL+SGZ that were co-labeled with NeuN for both
experiments (n=3/group).

Experiment Group Percent cells co-labeled

1 Castrate/pair-housed 83.3 ± 1.8

Castrate/isolated 75.0 ± 3.0

Sham/pair-housed 79.3 ± 5.2

Sham/isolated 78.0 ± 1.2

2 Oil/pair-housed 69.3 ± 1.3

Oil/isolated 78.5 ± 1.7*

Testosterone/pair-housed 72.7 ± 3.5

Testosterone/isolated 82.7 ± 1.8*

*
For Experiment 2, socially isolated rats had a significantly higher percentage of co-labeled cells than did pair-housed rats (P=0.003).
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Table 3

Testosterone concentrations (mean ± SEM) in serum collected at the time of perfusion (n=8/group).

Experiment Group Serum testosterone (ng/ml)

1 Castrate/pair-housed 0.00 ± 0.00a

Castrate/isolated 0.00 ± 0.00a

Sham/pair-housed 4.22 ± 1.42

Sham/isolated 5.28 ± 2.41

2 Oil/pair-housed 0.00 ± 0.00a

Oil/isolated 0.00 ± 0.00a

Testosterone/pair-housed 4.25 ± 0.30

Testosterone/isolated 3.76 ± 0.50

a
All samples below the detection limit of the assay (0.08 ng/ml) were assigned a value of 0 ng/ml.
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