
Sex differences in response to chronic mild stress and
congenital serotonin deficiency

Benjamin D. Sachs1, Jason R. Ni1, and Marc Caron1,2

1 Department of Cell Biology, Duke University, Durham, NC 27710, USA
2 Department of Neurobiology, Duke University Medical Center, Durham, NC 27710, USA

Abstract
Women exhibit a nearly twofold increased risk of developing depression and anxiety disorders
when compared to men, a fact that has been hypothesized to result in part from increased stress
susceptibility. Here, we used the tryptophan hydroxylase-2 R439H knock-in mouse (Tph2KI) and
the chronic unpredictable mild stress (CMS) model to examine sex differences in response to
congenital 5-HT deficiency and chronic stress. Our results demonstrate that female mice, but not
5-HT-deficient animals, exhibit significantly increased susceptibility to CMS-induced despair-like
behavior in the forced swim test. In addition, female 5-HT-deficient mice exhibit anhedonia-like
behavior in the sucrose preference test, whereas male 5-HT-deficient animals do not, suggesting
that females exhibit increased sensitivity to at least some of the effects of congenital 5-HT
deficiency. Although CMS did not reduce cell proliferation in the hippocampus, low levels of
brain 5-HT were associated with increased hippocampal cell proliferation, an effect that was
predominantly observed in females. Overall, these results highlight the importance of interactions
between psychiatric disease risk factors such as sex, chronic stress and congenital 5-HT deficiency
in the development of aberrant emotional behavior.

Keywords
serotonin; stress; sex differences; depression; anxiety; hippocampus; neurogenesis; tryptophan
hydroxylase – 2; mouse behavior

Introduction
The diathesis-stress hypothesis of psychiatric disease proposes that mental illnesses, such as
depression and anxiety disorders, stem from interactions between biological vulnerability
factors and exposure to environmental stressors. However, the factors that influence stress
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susceptibility remain largely unknown. The brain serotonin (5-HT) system has been widely
implicated in the etiology of depression and anxiety disorders, largely due to the fact that
most antidepressants increase extracellular 5-HT. Support for the 5-HT deficiency theory of
depression has also come from clinical studies identifying 5-HT-deficiency-like biomarker
alterations in depression patients (Mann et al., 1996; Asberg, 1997) and genetic studies
identifying mutations in tryptophan hydroxylase 2 (Tph2), the rate limiting enzyme in brain
5-HT synthesis, in suicide victims and patients with affective disorders, such as major
depression (Zill et al., 2004a, b; Zhang et al., 2005; Cichon et al., 2008). However, the
factors that regulate susceptibility to the consequences of 5-HT deficiency have not been
widely explored, and the effects of congenital 5-HT deficiency on stress vulnerability have
not been elucidated.

Women exhibit a nearly two-fold higher incidence of depression and anxiety disorders when
compared to men (Breslau et al., 1997; Young and Korszun, 2010), and they have been
reported to have increased sensitivity to some of the effects of stress (Weiss et al., 1999) and
tryptophan depletion, an experimental model of 5-HT deficiency (Booij et al., 2002). To
investigate the impact of sex on susceptibility to chronic stress and congenital 5-HT
deficiency, we used the tryptophan hydroxylase - 2 R439H knock-in (Tph2KI) mouse line,
which harbors a loss-of-function mutation in the 5-HT synthesis enzyme, tryptophan
hydroxylase – 2 (Tph2). Tph2KI mice have been shown to exhibit alterations in several
depression- and anxiety-like behaviors and 60-80% reductions in 5-HT in the frontal cortex,
hippocampus, striatum and amygdala (Beaulieu et al., 2008; Jacobsen et al., 2012a, b; Sachs
et al., 2013a, b).

In the current work, we employed the chronic unpredictable mild stress (CMS) model,
which has been previously shown to induce depression- and anxiety-like behavior in rodents
(Willner et al., 1987; Surget et al., 2009; Griebel et al., 2002). Here, we examined the
responses of Tph2KI mice to CMS to evaluate the combinatorial effects of sex, stress and 5-
HT deficiency on depression- and anxiety-like behavior and on hippocampal neurogenesis.
Chronic stress has been reported to inhibit adult hippocampal neurogenesis (Gould et al.,
1997; Gould et al., 1998; Malberg and Duman, 2003), but the importance of hippocampal
neurogenesis for depression- and anxiety-like behavior remains controversial (Petrik et al.,
2012). The current study provides preclinical support for the diathesis-stress model of
psychiatric disease and sheds new light on the complex interactions that regulate emotional
behavior and the factors that influence susceptibility to pathological conditions, such as
chronic stress and 5-HT deficiency.

Materials and Methods
Animals

The generation of Tph2KI mice, which are on a mixed background (c57BL6/J – 129S6/
SvEvTac), has been described previously (Beaulieu et al., 2008). Age-matched (10-12
weeks old at the start of the experiments) WT and Tph2KI littermates were used for all
experiments. Animals used for this study were derived from heterozygous-heterozygous
breeding pairs to prevent any potential confounding effects of maternal/paternal behavior.
Mice were housed 4-5 per cage except for sucrose preference tests (SPTs), during which
they were singly housed. CMS mice (but not controls) were also periodically housed in
isolation overnight as part of the CMS paradigm (see below). Control mice were maintained
on a 12 h light-dark cycle in a temperature-controlled facility and had ad libitum access to
food and water. Experiments were conducted during the light phase. All experiments were
performed in accordance with the National Institute of Health's Guide for the Care and Use
of Laboratory Animals and were covered by a protocol that had been approved by the Duke
University Institutional Animal Care and Use Committee.
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Chronic Mild Stress
The CMS paradigm involved randomly exposing mice to two of the following stressors each
day (except for behavioral testing days, on which mice were not exposed to stressors) for
seven weeks (one in the AM – between ~9-11AM, and one in the afternoon between
3-6PM): single housing (overnight), damp bedding (8 h), cage tilting (2 h) , cage shaking
(~1 Hz, 1 h), swim stress (10 min), lights on overnight, lights off during the day (3 h) and
restraint stress (1 h). Other than for the single housing stressor and for sucrose preference
tests, CMS mice were group housed 4-5/cage. The mice were not subjected to any food or
water deprivation longer than 1 h. A timeline of stress exposure and behavioral testing can
be found in Figure 1.

Behavioral Tests
For the elevated plus maze (EPM), mice were video-recorded and the location and total
distance traveled of each mouse over a 5 min period were analyzed using EthoVision,
version 7.0 (Noldus, the Netherlands), as described previously (Kumar et al., 2013). The
forced swim test (FST) was performed by placing a mouse in a 3 L beaker of water (23 °C)
for 6 min and videotaping its behavior. Immobility was scored using EthoVision over the
full 6 min. The novel open field (NOF) test was performed by videotaping animals in
activity chambers (45 cm × 45 cm, ~125 lux) and analyzing the total distance travelled and
the time spent and the distance travelled in the center of the arena over a 20 min period
using EthoVision. The EPM, FST and NOF were conducted between 1PM and 6PM. For the
SPT, mice were individually housed and given access to two sipper bottles, one with
standard drinking water and the other with standard drinking water plus 1% sucrose. The
volume of both solutions consumed over an 18 h period (5PM-11AM) was recorded. All
bottles were checked for leaks, and any leaking bottles were not included in the final
analysis.

Immunohistochemistry
For BrdU immunohistochemistry, mice were injected with BrdU 3 times (i.p., 100 mg/kg,
once each at 24, 16 and 4 h prior to ketamine/xylazine euthanasia) and perfused with 10%
neutral buffered formalin (NBF). Brains were removed, post-fixed in NBF overnight,
cryopreserved in 30% sucrose in PBS for 48 h, embedded in optimal cutting temperature
compound (OCT, VWR International, Suwanee, GA), and cut into 20 μm sections using a
cryostat. Alternate sections were collected from the first 100 sections through the
hippocampus and mounted onto glass slides (a total of 50 sections were collected per
animal). Consequently, BrdU incorporation in the hippocampus was only examined from
approximately Bregma −0.9 mm to Bregma −2.9 mm, not in the most ventral/temporal/
posterior pole of the hippocampus (i.e., from Bregma −2.9 to Bregma ~−3.9).

Sections were dehydrated in two consecutive 5 min washes in xylenes substitute (Sigma, St.
Louis, MO, USA) then rehydrated through a series of washes in ethanol (EtOH): 100%
EtOH for 10 min, 95% EtOH for 3 min, 85% EtOH for 3 min, then 70% EtOH for 3 min.
Slides were washed in PBS for 5 min and subjected to sodium citrate antigen retrieval.
Briefly, sections were submerged in sodium citrate antigen retrieval buffer (10 mM sodium
citrate and 10 mM citric acid, pH 6.0) and boiled in a microwave for 20 min. Sections were
cooled at 4° for 20 min and washed in PBS for 5 min. Sections were then incubated for 1 h
in 2 N hydrochloric acid in PBS, washed three times in PBS (5 min each) and then blocked
in 5% bovine serum albumin (BSA) in PBS containing 0.1% Triton (PBS-t) for 1 h. After
three washes in PBS, sections were incubated overnight in primary antibody diluted in 1%
BSA in PBS-t. A rat anti-BrdU primary antibody (OBT0030G, Accurate Chemical
Corporation, Westbury, NY, 1:200) was used. Sections were washed three times in PBS and
then incubated for 1 h at room temperature with Alexafluor 568-conjugated anti-rat
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secondary antibody (Life Technologies, Carlsbad, CA) diluted 1:500 in 5% BSA in PBS-t.
Sections were then washed three times in PBS and coverslipped using SlowFade Gold
Antifade Reagent with DAPI (Life Technologies, Carlsbad, CA).

Non-overlapping images of the subgranular zone from both hemispheres of each section
were taken on a fluorescence microscope (Zeiss) by an individual blinded to the genotype
and history of stress exposure of the animals. The number of BrdU+ cells was counted by a
blinded observer. To examine potential regional differences in hippocampal proliferation,
we divided the hippocampus into anterior (~−0.9 to ~−1.9 mm) and posterior (~−1.9 to ~
−2.9 mm) regions.

Statistical Analysis
Statistical analyses were performed using JMP Pro 9 software (SAS, Cary, NC). Data were
analyzed by two-way or three-way ANOVAs followed by Tukey's post hoc tests, as
appropriate. The significance threshold was set at p < 0.05. A table with all of the results
from the statistical analyses can be found in the supplemental material.

Results
In the EPM test of anxiety-like behavior, CMS decreased the percent time spent in the open
arms (excluding the time spent in the center of the EPM) [F(1,72) = 5.32, p = 0.0239, Fig.
2A], but no significant main effects of sex or genotype, and no significant interaction effects
were observed. Similar results were obtained when examining the combined amount of time
spent in either the open arms or the center area (not shown). When open arm entries were
examined as a percentage of the total number of arm entries, no significant differences were
observed between the groups (Fig. 2B).

Female mice exhibited less exploratory locomotion in the EPM than males [F(1,72) = 22.76,
p < 0.0001, Fig. 2C], but significant sex × stress [F(1,72) = 7.37, p = 0.0083] and sex ×
genotype [F(1,72) = 6.7, p = 0.0117] interactions were also observed (Fig. 2C). Post hoc
analyses revealed that CMS-exposed WT males were significantly more active than CMS-
exposed WT females. When the sexes were examined independently, WT females exhibited
decreased activity compared to WT males (p < 0.0001), but no significant sex differences
were observed in Tph2KI mice (Fig. 2C).

In the NOF test of motor activity and anxiety-like behavior, no significant differences were
observed between any of the groups in total distance traveled (Fig. 2D). When the percent
distance traveled in the center of the arena was examined, stress was shown to reduce center
distance [F(1,72) = 4.15, p = 0.0452] and females were observed to travel less distance in the
center than males [F(1,72) = 6.78, p = 0.0112]. However, a significant three-way interaction
between stress, sex and genotype was also observed [F(1,72) = 4.09, p = 0.0468, Fig. 2E].
When the amount of time spent in the center of the arena was examined, female mice were
shown to spend significantly less time in the center of the arena than males [F(1,72) = 8.07, p
= 0.0058, Fig. 2F], but the three-way interaction was not quite significant (p = 0.065).

In the FST, CMS increased immobility time in both genotypes and sexes [F(1,71) = 112.61, p
< 0.0001], but a sex × stress interaction was also observed [F(1,71) = 5.47, p = 0.022, Fig.
3A]. CMS led to a significantly larger increase in immobility time in females (~39%) than in
males (~23%), a finding that reveals an increased susceptibility of females to stress-induced
changes in behaviors relevant to depression and/or antidepressant action.

In the SPT, a sex × stress interaction was observed [F(1, 53) = 9.13, p = 0.0039]. Specifically,
CMS-exposed females exhibited reduced sucrose preference compared to CMS-exposed
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males (p = 0.0414), but no CMS-exposed group exhibited significant anhedonia-like
behavior compared to controls (Fig. 3B). When the sexes were evaluated independently,
CMS led to an unexpected increase in sucrose consumption and preference in male mice
[F(1,20) = 6.8869, p = 0.0162]. In females, CMS did not have a significant effect on sucrose
preference, but 5-HT deficiency significantly reduced sucrose preference regardless of stress
condition [F(1, 33) = 4.4164, p = 0.0433], thus demonstrating that females exhibit increased
sensitivity to a subset of depression-like behaviors induced by 5-HT deficiency.

When changes in body weight were examined, a three-way sex × stress × genotype
interaction was observed [F(1, 72) = 3.9836, p = 0.0497, Fig. 3C]. When the sexes were
analyzed separately, CMS was shown to decrease weight gain in both females [F(1,36) =
4.4851, p = 0.0412] and males [F(1,36) = 31.3311, p < 0.0001]. In males, WT mice gained
more weight than Tph2KI animals [F(1,36) = 8.4571, p = 0.0062], but a significant genotype
× stress interaction was also observed [F(1,36) = 10.3753, p = 0.0027], and control WT males
exhibited significantly more weight gain than any other group (p's < 0.0003). No significant
effects of 5-HT deficiency on body weight were observed at baseline or at any time point
following stress.

In our hands, CMS failed to reduce cell proliferation in the hippocampus (Fig. 4A,B), but 5-
HT deficiency led to an overall increase in hippocampal cell proliferation [F(1, 68) = 6.2504,
p = 0.0148, Fig. 4A,B]. Although no significant interaction effects were observed, the
increased hippocampal proliferation of Tph2KI animals occurred primarily in females
(~50%), not in males (<10%). When regional differences in hippocampal proliferation were
compared, females were observed to exhibit an increased proportion of proliferation in the
anterior portion (Bregma ~−0.9 to −1.9) of the hippocampus when compared to males
[F(1, 68) = 10.3558, p = 0.002, Fig. 4C]. In addition, 5-HT deficiency decreased the relative
proportion of proliferation in the anterior hippocampus compared to the posterior portion
(Bregma ~−1.9 to −2.9) of the hippocampus [F(1,68) = 6.8353, p = 0.01, Fig. 4C].

Discussion
The biological basis of the increased incidence of depression and anxiety disorders in
women remains unknown, but females have been reported to exhibit increased susceptibility
to the effects of stress (Weiss et al., 1999) and low levels of 5-HT (Booij et al., 2002), two
putative risk factors for psychiatric disease. Although relatively few studies have
investigated sex differences in stress susceptibility in rodents, sex differences have been
reported following stress alone (Dalla et al., 2005) and following stress in combination with
neurotrophin deficiency (Autry et al., 2009) or lack of the 5-HT transporter (Joeyen-Waldorf
et al., 2009). Our results confirm the importance of sex as a determinant of stress
susceptibility and reveal that sex also increases vulnerability to congenital 5-HT deficiency.
Surprisingly, our data identify no significant effects of congenital 5-HT deficiency on
susceptibility to CMS. In contrast, we have previously shown that 5-HT deficiency impacts
behavioral responses to mild early life stress (Sachs et al., 2013b). Thus, we propose that the
effects of 5-HT deficiency on stress sensitivity likely depend on the type, timing and
intensity of stress exposure.

Our data demonstrate that 5-HT deficiency decreases sucrose preference only in females,
which is consistent with clinical reports that females are more susceptible to the mood-
depressing effects of 5-HT depletion (Booij et al., 2002). Similarly, our results demonstrate
that females are also more susceptible to the behavioral despair-inducing effects of CMS in
the FST. In addition, female mice were observed to exhibit an overall increase in anxiety-
like behavior in the NOF test. The lack of a CMS-induced increase in anxiety-like behavior
in the NOF in females could potentially be interpreted to suggest that females exhibit
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‘resilience’ to stress, which would be inconsistent with our other results. However, given
that female mice exhibited a baseline increase in anxiety-like behavior in this test, we
hypothesize that their lack of further response simply reflects a floor/ceiling effect.
Together, our behavioral findings support the hypothesis that at least some of the increased
incidence of depression and anxiety disorders in females is due to biological sex differences
rather than gender differences (i.e., societal roles).

In the current work, CMS did not significantly reduce sucrose preference, which conflicts
with the majority of previous reports in rats (Willner et al., 1987). However, several other
studies have also reported increased sucrose preference following CMS (reviewed in
Willner, 2005), and the reasons for these ‘anomalous’ responses to CMS remain unclear. In
contrast to the original CMS procedure in rats described by Willner et al., the current study
did not employ food or water deprivation. In addition, the rats used in the Willner studies
were single housed throughout most of the CMS procedure, except for when they were pair
housed as part of the stress exposure. In contrast, the mice used in the current study were
group housed except for occasional bouts of isolation housing as part of the stress exposure.
Thus, given the many differences between the paradigms, it is not unexpected that differing
behavioral profiles were observed. Nonetheless, the CMS procedure employed here did
produce depression- and anxiety-like phenotypes in the EPM, NOF and FST.

The use of forced swimming as a stressor in the current study may have influenced the
subsequent performance of mice in the FST, but future research would be required to
evaluate the specific contribution of any individual stressor (e.g., forced swimming or
circadian disruptions) to any of the behavioral phenotypes observed. In addition, future
research will be required to evaluate the effects of the specific CMS paradigm employed
here on other mouse strains, as strain is known to affect stress-induced phenotypes in mice
(Polthion et al., 2004), and the phenotypes observed in the current study may be specific to
the mixed genetic background of the mice examined here.

The importance of hippocampal neurogenesis in depression- and anxiety-like behavior and
stress responses remains highly controversial (Petrik et al., 2012). Several studies have
reported that chronic stress reduces adult hippocampal neurogenesis (Gould et al., 1997,
1998), a finding that we did not observe here. However, similar to the current findings,
several other studies have documented significant behavioral responses to stress in the
absence of stress-induced changes in hippocampal neurogenesis (Airan et al., 2007; Hanson
et al., 2011). Although the reasons underlying these differences remain obscure, at least one
previous study has reported that chronic stress preferentially inhibits cell proliferation and
neurogenesis in the ‘ventral’ dentate gyrus (Tanti et al., 2012), and unfortunately the
extreme ‘ventral’ pole of the hippocampus was not examined in the current study.

Although our current results did not reveal any significant effects of stress on hippocampal
neurogenesis, they do reveal that sex and 5-HT deficiency exhibit a differential impact on
cell proliferation along the anterior-posterior dimensions of the hippocampus (at least within
the anterior/dorsal/septal two-thirds of the structure). Prior work has shown that the rates of
neurogenesis differ along the septo-temporal axis of the hippocampus (Snyder et al., 2009,
2011), but the factors that lead to these regional differences in hippocampal neurogenesis
remain poorly defined. Our results identify sex and 5-HT deficiency as two factors
regulating regional differences in hippocampal neurogenesis and highlight the possibility
that alterations in the regional balance of hippocampal neurogenesis may have important
implications for sex- and 5-HT-deficiency-induced behavioral changes.

Previous work has revealed that 5-HT deficiency leads to a significant increase in the
survival of neural progenitor cells in 12-week-old male mice, but does not affect their
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proliferation (Diaz et al., 2013; Sachs et al., 2013a). Our current data reveal that 5-HT
deficiency can also affect hippocampal cell proliferation, at least in older (~19 weeks)
female mice. Notably, we did not explore the survival or differentiation of progenitor cells
in the hippocampus following CMS in the current study, and thus our data do not rule out a
role for stress-induced changes in hippocampal neurogenesis in mediating stress-induced
behavioral alterations. Future research will be required to determine the combinatorial
effects of sex, stress and 5-HT deficiency on cell survival and neurogenesis throughout the
entire hippocampus (including the ventral portions). Similarly, it will be important to
evaluate the effects of these factors on brain regions other than the hippocampus, as it is
likely that other brain regions also play key roles in mediating the effects of sex, 5-HT
deficiency and stress on animal behavior.

Overall, our results demonstrate that females exhibit increased sensitivity to depression-like
phenotypes induced by stress and 5-HT deficiency. In contrast, female mice were not
observed to exhibit increased susceptibility to stress-induced anxiety-like behavior, although
females were characterized by a baseline increase in anxiety-like behavior in the NOF. An
improved understanding of the precise behavioral domains that are impacted by psychiatric
disease risk factors, such as sex, stress and 5-HT deficiency, may provide further insight into
sex differences in the incidence and manifestations of neuropsychiatric illness.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
A timeline of experiments. SPT = sucrose preference test, EPM = elevated plus maze, FST =
forced swim test, NOF = novel open field test.

Sachs et al. Page 10

Psychoneuroendocrinology. Author manuscript; available in PMC 2015 February 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 2.
The effects of CMS on anxiety-like behavior. (A) Open arm time in the EPM. (B) The
percent of open arm entries (out of all arm entries). (C)Total distance travelled in the EPM.
(D) Total distance travelled in the NOF. (E) Percent distance in the center in the NOF test.
(F) Time spent in the center of the NOF. N = 10 per group for A-C and N = 10 per group for
D-F. * denotes main effect of sex by three-way ANOVA (p < 0.05). ^ denotes main effect of
CMS by three-way ANOVA (p < 0.05). Significant stress by sex and sex by genotype
interactions by three-way ANOVA were observed in C. A significant three-way sex by
stress by genotype interaction was observed in E.
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Figure 3.
The effects of CMS on depression-like behavior. (A) Immobility time in the FST. (B)
Sucrose preference test. (C) Percent changes in body weight over 7 weeks of CMS. N = 9-10
per group for A, N = 6-9 per group for B and N = 10 per group for C. Δ denotes main effect
of genotype by three-way ANOVA (p < 0.05). ^ denotes main effect of CMS by three-way
ANOVA (p < 0.05). A significant stress by sex interaction by three-way ANOVA was
observed in A and B. A significant three-way interaction between sex, stress and genotype
was observed in C, as were significant two-way interactions between sex and stress and
stress and genotype (by three-way ANOVA, p < 0.05).
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Figure 4.
The effects of CMS, sex and 5-HT deficiency on cell proliferation in the hippocampus.
Representative images from WT control, WT CMS, Tph2KI control and Tph2KI CMS
females (A1) and males (A2). BrdU quantification is shown for both genotypes, sexes and
stress conditions (B). The percentage of proliferating cells observed in the ventral/anterior
hippocampus is shown for both genotypes, sexes and stress conditions (C). * denotes a main
effect of sex and Δ denotes a main effect of genotype by three-way ANOVA (p < 0.05).
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