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Abstract
Environmental enrichment (EE) has been shown to exert various behavioral and mood effects in
rodents including emotionality, which has a high propensity to be influenced by sex. However,
there are only a few comparative studies evaluating the effect of EE and their results are both
inconsistent and inconclusive. In the present study, male and female C57BL/6J adolescent mice
were housed in either physical enrichment or standard conditions for four weeks with analysis of
affective behaviors in the open field, elevated T-maze and forced swim tests. Hippocampal gene
expression was characterized in an additional group of mice. In the open field test, exploration was
similarly inhibited by EE in male and female mice. Both sex and housing condition influenced the
time mice spent in the center of the arena. In the elevated T-maze, anxiety-like behavior was
increased in female and decreased in male mice following EE. We observed a trend for EE-
induced inhibition of glucocorticoid receptor (GR) mRNA expression in male but not in female
mice. In contrast, mineralocorticoid receptor (MR) expression was unaffected by 10 days of
physical enrichment but was lower in female mice compared to male mice. Our data suggest that
the balance between hippocampal GR and MR may contribute to the observed sex-specific effect
of physical enrichment on emotionality-related behavior.
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Introduction
Manipulation of the physical and social macroenvironment can lead to significant alterations
in brain structure and function including behavior [17,44]. Environmental enrichment (EE)
is a well-studied paradigm of such a manipulation that has received much interest and is
widely used to investigate gene environment interactions. Living in an enriched
environment, which consists of increased space for exploration filled with a variety of
inanimate objects that facilitates enhanced sensory, cognitive and motor stimulation, has
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been shown to induce many beneficial effects in both rodents and primates [17,44,53].
Enrichment has been shown to improve cognition, reduce memory decline in aged animals,
decrease anxiety and facilitate recovery from a brain lesion [37,38,44,63]. At the cellular
and molecular level, EE has been shown to increase cortical weight and thickness [26,51],
increase dendritic branching and length, the number of dendritic spines and the size of
synapses on some neuronal populations [25,29,30,38]. Moreover, EE increases hippocampal
neurogenesis and the integration of these newly born cells into functional circuits [30].
Environmental enrichment also leads to a plethora of changes in gene expression [50]. Many
of these changes are associated with neuronal structure, synaptic plasticity and transmission.
However, the roles of the majority of these molecular changes remain to be determined.

Although there are a number of studies examining the effects of EE on behavior, the
majority of these studies used only subjects of the same sex. However, certain effects of EE
may be sex-specific. For examples, EE improves motor coordination in a genetic model of
Rett’s syndrome (heterozygous Mecp2+/−) only in females and not in males [33]. In
partially trisomic Ts65Dn mice, a genetic model for Down syndrome, EE reduces circadian
activity in females but enhances activity in males. Furthermore, EE improved performance
of female Ts65Dn mice but deteriorated performance in Ts65Dn male mice in a spatial
learning task [41]. In another study, EE increased social exploratory behavior in male but
not in female rats [47].

Affective behaviors have a high propensity to be influenced by sex. Stress-related disorders
such as anxiety and depression are much more prevalent in women compared to men [7,34].
Female animals appear to be more susceptible to negative emotional responses when
exposed to stress [2,62]. While there are a few studies that characterized the effects of EE on
emotional behaviors using both males and females, the findings have been inconsistent
[1,4,31,67]. One study of 7 weeks EE reported no difference between male and females in
the plus-maze test, locomotor activity test, hot plate test, forced swim test and resident
intruder test [1]. On the other hand, other studies have shown that EE reduced freezing
behavior following predator exposure only in females [31] and decreased
adrenocorticotropic hormone (ACTH) in females but not in males, following a mild stressor
[4]. In contrast, others reported increase in anxiety-like behavior in the elevated plus maze in
mice subjected to 4 months of enriched housing, with a more prominent effect on female
mice [67].

The present study therefore sought to clarify these discrepancies and to compare the effect
of EE on emotional responses in both sexes. In addition, we examined changes in
hippocampal gene expression in male and female mice with 10 days EE, as these early
molecular changes may be involved in the observed behavioral effects.

Materials and Methods
Animals

Male and female C57BL/6J mice (Charles River Laboratories, Wilmington, MA, USA) were
housed in either standard or enriched housing from 3 weeks of age (n=25 per sex per
housing condition). Mice were housed in groups of five per cage under a 12h light/dark
cycle (lights off at 1800 hr), with food and water provided ad libitum. Animals assigned to
the enriched housing condition were housed in big plastic tubs (70 cm × 45 cm × 43 cm)
containing a running wheel, habitrail, a standard cage for food and water access (31 cm × 17
cm × 14 cm),and various plastic objects (Fig. 1). The objects were re-arranged once per
week to increase novelty in the environment. All use of animals was approved by the Ohio
State University Animal Care and Use Committee, and was in accordance with the NIH
guidelines.
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Behavioral analysis
After 4 weeks of housing in the different conditions, mice were subjected to behavioral
testing in the following order: (1) open field test, (2) elevated T-maze and (3) forced swim
test. Different tests were conducted at least 2 days apart and all tests were conducted
between 1300 and 1730 hr.

Open field test (OF)
To assess exploration and general motor activity, mice were placed individually into the
center of an open square arena (60 cm × 60 cm, enclosed by walls of 48 cm). Each mouse
was allowed 10 minutes in the arena, during which time its activity was recorded and
analyzed by TopScan (Clever Sys Inc, Vienna, VA, USA). Specifically, the parameters
measured include distance traveled in the periphery and the center of the arena (36 cm × 36
cm), the total distance traveled, and the time spent in the center of the arena. The total
distance traveled provides a measure of exploratory activity while the time and distance ratio
of arena center exploration provide indication of anxiety level. The arena was cleaned with
30% ethanol between trials to remove any odor cues.

Elevated T-maze
The elevated T-maze is an ethologically-based approach-avoidance conflict test targeting the
natural conflict between the tendency of mice to explore a novel environment and the
tendency to avoid a brightly lit open area [43]. The T-maze consists of two open arms (30.5
cm × 15.5 cm) and an enclosed arm (46 cm × 10 cm) positioned in the shape of a ‘T’, with
the enclosed arm as the stem of the T. The whole apparatus was elevated 88cm above the
floor. The open and enclosed arms of the T-maze generate exploratory behavior and the
avoidance of elevated open arms is an indication of the intensity of anxiety. Each mouse was
placed at the end of the closed arm facing toward the open arms and was allowed to explore
the maze for 5 minutes. The behavior and movement of each mouse was recorded by a video
camera and subsequently scored by a blinded experimenter. Anxiety was indicated by the
time spent on the open arms as well as the number of open arm entries. In addition, the
latency to enter the open arms was used as a further indication of anxiety level. After each
test, mouse was returned to its home cage and the maze was cleaned with 30% ethanol.

Forced swim test
Forced swim test (FST) is one of the most commonly used rodent behavioral tests for
screening antidepressant drugs [13]. Mice were placed individually in a transparent cylinder
(21 cm diameter, 24 cm height) containing water (25 ± 2°C) to a depth of 15 cm for 6
minutes. At the end of each trial, mice were dried and returned to their home cage. Trials
were video-recorded and the amount of time mice remained immobile was scored by a
blinded experimenter as a measure of depressive-like behavior.

Short-term enrichment study
A separate group of animals (n=5 per sex per housing condition) was examined for early
molecular changes following enriched housing. Male and female mice were housed under
different conditions as described above. Ten days later, mice were culled by decapitation
under deep isoflurane anaesthesia. Brain was quickly removed and the dorsal hippocampus
was dissected on ice. Tissue samples were frozen on dry ice and stored in −80°C until
subsequent analysis.

Quantitative RT-PCR
Total RNA from hippocampal tissue was isolated using RNeasy Mini Kit (Qiagen, Valencia,
CA, USA) according to the manufacturer’s instruction. First-strand cDNA was generated
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using TaqMan Reverse Transcription Reagent (Applied Biosystems, Roche, Branchburg,
NJ, USA) and quantitative PCR was carried out using a LightCycler Sequence Detection
System (Roche, Indianapolis, IN, USA) with the Power SYBR Green PCR Master Mix
(Applied Biosystems). We designed primers to detect the following mouse mRNA: Gapdh
(Glyceraldehyde 3-phosphate dehydrogenase), C-fos, Bdnf (brain-derived neurotrophic
factor), Npy (neuropeptide Y), Vegf (Vascular endothelial growth factor), Nr3c1 (nuclear
receptor subfamily 3, group C, member 1, also known as glucocorticoid receptor) and Nr3c2
(also known as mineralocorticoid receptor). Primer sequences are listed in Table 1. PCR
data analysis was performed using the comparative 2−ΔΔCT method with Gapdh as an
endogenous reference [55].

For graphical and statistical analysis, the mRNA level for each mouse was expressed as fold
change over the mean value of standard housing male control group.

Statistical analysis
Statistical analysis was performed using JMP software (SAS Institute Inc., Cary, NC, USA).
Two-way analysis of variance (ANOVA) was used to assess the main effects ‘housing’ and
‘sex’ and their interaction. When the interaction effect did not reach statistical signficance,
the main effects were analysed independently of the interaction effect. Planned contrast
analysis was used to test the locus of significant main effects and interaction when present.
Statistical significance was set at P < 0.05. All data are presented as means ± standard error
of the mean (S.E.M). Results of P values for the main effects and the interaction effect are
presented in Table 2 (for behavioral tests) and Table 3 (for quantitative RT-PCR results).

Results
Open field test

Three animals (1 standard housing female and 2 enriched housing females) were excluded
from analysis because of incomplete recording. For total distance traveled in the open field,
there was no significant interaction effect between sex and housing as determined by two-
way ANOVA (F1,96 = 0.435, P = 0.51). Analysis of the main effects showed a significant
sex effect (F1,96 = 9.86, P < 0.01, Fig. 2a & 2b), due to a greater locomotor activity
exhibited by the female mice. A strong housing effect was also observed (F1,96 = 20.47, P <
0.0001, Fig. 2a & 2b), with enriched mice exhibiting reduced locomotion irrespective of sex.
When analyzing the distance traveled by zones, similar effects were observed for locomotor
activity in the periphery of the open field (sex x housing interaction: F1,96 = 0.079, P = 0.78;
sex effect: F1,96 = 18.54, P < 0.0001; housing effect: F1,96 = 9.82, P < 0.01; Fig. 2a). Female
mice exhibited more locomotor activity in the periphery compared to male mice, whereas
enriched mice traveled less in the periphery compared to standard housing mice. Exploratory
activity in the center zone was significantly different between standard and enriched housing
mice (housing effect: F1,96 = 19.85, P < 0.0001; Fig. 2a), with enriched mice exhibiting less
exploratory activity in the center zone compared to standard housing controls. There was no
significant interaction effect between sex and housing (sex x housing interaction: F1,96 =
1.10, P = 0.30) and no main sex effect (F1,96 = 3.02, P = 0.085) for this parameter.

In addition to its utility in evaluating the general motor activity of animals, this test also
draws on the natural conflict in mice between the tendency to explore a novel environment
and to avoid an exposed open area [12,15] and is now commonly used as a test to screen for
changes in anxiety level [5,27]. An increase in time spent in the center of the open field is
often considered to reflect reduced anxiety. There was no significant interaction between sex
and housing conditions (F1,96 = 0.416, P = 0.520). Both housing and sex appear to affect the
time spent in the center arena (sex effect: F1,96 = 10.31, P < 0.01; housing effect: F1,96 =
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4.46, P < 0.05; Fig. 2c & 2d). Male mice spent more time in the center of the open field
compared to female mice. On the other hand, enriched mice exhibited reduced center time.

Another measure used to examine anxious behaviors in the OF is the proportion of distance
that the mouse traveled in the center zone (center/total distance), which allows for the
adjustment of difference in locomotor activity between groups. In this parameter, we did not
observe a significant interaction effect (F1,96 = 1.85, P = 0.18). Main effect analysis revealed
an almost significant housing effect (F1,96 = 3.84, P = 0.053), but no significant sex effect
(F1,96 = 1.18, P = 0.28). This housing effect was due to reduced center/total distance ratio in
the enrichment group (P = 0.053), which was most likely due to the female mice as shown in
Fig. 2e and Fig. 2f.

Elevated T-maze
Three animals (2 enriched housing females and 1 enriched housing male) were excluded
from analysis because of problems in video recording. Two-way ANOVA revealed a
significant interaction between sex and housing effects on the latency to open arm entry (sex
x housing interaction: F1,96 = 4.49, P < 0.05; sex effect: F1,96 = 2.33, P = 0.13; housing
effect: F1,96 = 6.18, P < 0.05). This interaction was due to the differential effect of
enrichment on the latency to open arm entry in male and female mice (Fig. 3a & 3b). While
enrichment increased the latency by 3.5 fold in female mice (P < 0.01), it had no effect on
the male mice (Fig. 3a). Latency to open arm was comparable between male and female
control mice housed in standard condition.

The number of open arm entries was only significantly influenced by housing condition
(housing effect: F1,96 = 6.59, P < 0.05; Fig. 3c). LS Means Plot showed that this was due to
the fewer entries made by enriched mice compared to standard housing controls (P < 0.05).
However, it is interesting to note that environmental enrichment caused a greater reduction
in open arm entries in females compared to males (Fig. 3d).

A significant interaction effect between sex and housing was observed for the total time
spent on open arm (F1,96 = 7.26, P < 0.01, Fig. 3e & 3f). This was due a two-fold increase in
the time spent on the open arm by the enriched male mice compared to male controls (P <
0.01; Fig. 3e). In this parameter, no significant difference was detected for female mice of
the two housing groups.

Forced swim test (FST)
Three female mice and two male mice were excluded from this study because of problems in
video recording. A trend for interaction effect between sex and housing was observed (F1,94
= 3.49, P = 0.06). Considering the main effects alone, only housing significantly influenced
this parameter (F1,94 = 4.77, P < 0.05), with enriched mice exhibiting delayed latency to
immobility (Fig. 4a & 4b). Interaction plot showed that the effect of enrichment in delaying
latency to immobility was mainly observed in male mice rather than in female mice (Fig.
4b).

No significant interaction between sex and housing was observed in the total immobility
time in the FST. However, this parameter was significantly different between male and
female mice (sex effect: F1,94 = 4.43, P < 0.05), with female mice exhibiting longer
immobility time (P < 0.05; Fig. 4c).

Hippocampal gene expression
Using quantitative RT-PCR, we assessed the relative expression of six genes implicated in
hippocampal dependent behaviors and neuronal plasticity in the dorsal hippocampus ten
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days after enrichment housing. This time point was chosen because it allowed enough time
for the animals to acclimatize to the new housing environment, thereby avoiding the
potential confounding stress effect due to the initial cage change. However, the time was
relatively short to allow us to assess the early effects of environmental enrichment on gene
expression. Of the six genes assessed, there was no significant difference in hippocampal
Bdnf, Vegf and Npy expression due to housing or sex (Fig. 5a). For C-fos, significant effects
for housing (F1,17 = 16.50, P = 0.001) and sex (F1,17 = 6.27, P < 0.05; Fig. 5a) were
detected. This was due to the upregulation of C-fos expression by environmental enrichment
and a greater C-fos expression in the male mice (Fig. 5b). It was interesting to note that there
was a trend for housing effect in hippocampal glucocorticoid receptor Nr3c1 mRNA
expression (F1,17 = 3.80, P = 0.07; Fig. 5c), with enrichment groups exhibiting lower Nr3c1
mRNA expression. As shown in Fig. 5a and 5c, this effect was more evident in the males
compared to females. Unlike glucocorticoid receptor, gene expression of the other steroid
receptor, mineralocorticoid receptor Nr3c2, was affected by sex and not housing (sex effect:
F1,17 = 8.23, P < 0.05), with female mice showing lower hippocampal Nr3c2 expression
independent of housing conditions (Fig. 5a & 5d).

Discussion
Environmental enrichment has previously been shown to have a number of behavioral
effects including changes in emotionality. Here, we show that EE produced sex-specific
effects on certain affective behaviors in C57BL/6J mice, one of the most commonly used
strains and the basis for many transgenic lines. Of interest, our data suggest that four weeks
of physical enrichment during the adolescence phase is anxiolytic in male mice but
anxiogenic in female mice. This sex-specific effect may in part be caused by a differential
effect of physical enrichment on hippocampal steroid receptor expression.

Our study showed that EE reduced the distance traveled in the open field test in both male
and female mice. This inhibitory effect on locomotion has been reported previously
[32,49,67], although to date, existing literature on the effect of EE on locomotion and
exploration in mice remains inconsistent. Even in studies using the same mouse strain, both
increases and decreases of locomotion caused by EE have been reported [1,32,49,57,67].
The reason for these conflicting results is still unclear and cannot be explained simply by
sex, age of animals, duration of enrichment, social grouping or time of behavioral testing,
since none of these variables consistently produced the same locomotor effects. It is likely
that a combination of these factors, in addition to other factors such as handling, testing
sequence and experiences, culminates in the final observed behavioral effect. Here we show
that physical enrichment exerted similar inhibitory effects on locomotion in male and female
mice. This effect has been suggested to be the result of enhanced habituation in the enriched
animals [9,56,60]. Reduced locomotor activity in a novel environment over time is an
indication of acclimation and has been used as an index of simple information procession
[60]. The accelerated habituation in the open field, a novel environment, might be a
reflection of more efficient information processing by the enrichment-reared mice, likely a
consequence of their greater experience with a novel and changing environment.

Early studies on the effect of EE on emotionality tended to reveal an anxiolytic action
[6,17,19]. Indeed, it was shown that EE could even protect against or reverse the negative
effects of stress on emotionality-related measures [18,36,54]. However, there is increasing
evidence for a more complex function of EE on emotionality, with several studies reporting
an anxiogenic-like effect [24,32,67]. Results from our study lend further support to the view
that the effects exerted by EE are not simply positive as generally perceived, and may be
influenced by various factors including sex. We have shown here that while four weeks of
physical enrichment exerted a mild anxiolytic effect on male mice, as indicated by an
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increase in the open arm time in the T-maze, it had the opposite effect on female mice.
Female mice showed a considerable delay in latency to enter the open arms of the T-maze,
suggesting an increase in their anxiety level. Although the interaction effects between sex
and housing of the other behavioral parameters examined did not reach statistical
significance, it is interesting to note that the overall trend of these parameters is consistent
with a possibly greater anxiogenic effect of EE on female mice. These trends were revealed
in the LS Means plots. In the open field test, reductions in the center time and the center to
total distance ratio by EE were mainly due to the effect on female mice. In the T-maze, the
reduction in the number of open arm entries by EE was also mainly due to EE’s effect on
female mice, as EE male mice showed comparable open arm entries as their standard
housing controls.

The results of our study are in partial agreement with the study by Zhu et al. (2006), which
also examined male and female C57BL/6J mice housed in physical enrichment from
postnatal day 21 [67]. Similar to our study, the same number of animals was housed in both
the standard and enriched condition, eliminating the additional social stimulation component
as used in some enrichment paradigms. In their study, Zhu and colleagues also observed an
increase in anxiety-like behavior in the enriched female mice in the elevated plus maze as
well as food neophobia. Interestingly, in the elevated plus maze, they also observed a
significant interaction between sex and housing, although for different parameters of the
test. While EE reduced the percentage of open arm time in female mice, it did not affect
male mice. Zhu et al. also reported a reduction in the percentage of total entries into open
arms for the enriched male mice, which may be a sign of increased anxiety. However, in
light of the increase in total arm entries, it is possible that the reduction in the percentage of
open arm entries was a result of enhanced exploration in the male mice. Our data is however
in disagreement with the recent report by Sztainberg et al. (2010), which showed an
anxiolytic effect by EE in female C57BL/6J mice after 6 weeks of enrichment [57]. One
important difference between this study and ours is the larger social group in their
enrichment paradigm. While we used the same number of mice for each group, thereby
studying only the physical aspect of enrichment, they used a larger group (12 mice per cage)
in the EE condition compared to standard conditions (4 mice per cage). The additional social
stimulation may have significant impact on emotionality and contributed to the observed
differences between the studies. Indeed, there are studies that demonstrate differential
effects of physical and social enrichment on various parameters, such as exploration,
information processing and recovery from inflammatory pain [16,20,48]. It is interesting to
note that the majority of studies showing an anxiolytic response following EE in females
used a paradigm with increased social stimulation [21,47], highlighting the possibility that
the social component may be critical in conferring a positive effect on emotionality by EE in
females. Future studies comparing the physical and social enrichment effect on
emotionality-related behaviors in male and female mice will yield insight into the specific
contribution and interaction of these different aspects of enrichment. Another important
difference between the present study and the studies of Zhu et al. (2006) and Sztainberg et
al. (2010) is the different length of EE exposure and hence their behaviors were tested at
different stages of sexual maturity. Both basic and clinical findings suggest an involvement
of gonadal hormones in shaping brain plasticity in key emotional centers and that they may
be important in modulating stress responsiveness [22,23]. Therefore, it is possible that the
different behavioral outcomes observed in these studies were partially contributed by the
different time exposures to EE after sexual maturation and the effect of EE acting upon the
different levels of sex steroids.

Physical enrichment exerted a subtle effect on depressive-like behavior and delayed the
latency to immobility in enriched male mice. Although the increase in total immobility time
in the female enriched mice was not significant compared to female standard housing
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controls, it was significantly higher compared to male mice housed in either standard
housing or enriched condition. The delayed latency to immobility may be considered a
delayed emergence of despair behavior, and is consistent with other studies demonstrating
EE’s antidepressive-like effect [9,24,39,40]. The lack of a significant difference in the total
immobility time may have been due in part to the difference in species (the antidepressive
effect appears to be more readily detectable in rats compared to mice) [1,9,24,40], duration
of the EE paradigm [39] and possibly the presence of additional social stimulation [24]. The
significant sex effect in total immobility time and the difference between male and female
mice under enriched conditions but not standard housing conditions is consistent with the
notion that EE may produce sex-dependent differential effects on emotionality.

The underlying basis for the sex-specific effects of EE on emotionality-related behavior is
largely unexplored. One rationale may be that EE represents a mild stress situation,
supported by previously reported increases in serum corticosterone [11,42], and males and
females have different threshold for stress tolerance. This is supported by previous studies
showing female mice are more sensitive to mild stress compared to male mice [2,31]. Hence
with males, the mild form of stress associated with EE (due to increased novelty and
physical stimulation) leads to stress inoculation and confers a protective effect, to females,
this may represent a chronic stress situation.

To further understand the mechanism underlying the observed sex-dependent effects by EE,
we analyzed gene expression in the dorsal hippocampus of mice that were housed in either
enriched or standard housing without exposure to behavioral testing. Hippocampal C-fos
expression was significantly up-regulated following physical enrichment in both male and
female mice indicating hippocampal activation, which is consistent with numerous reports
showing that the hippocampus is a key brain region influenced by EE [30,59]. Interestingly,
we observed a trend for EE to down-regulate hippocampal GR expression and the effect was
prominent in male mice but not in female mice. While our observation is in disagreement
with some early reports of an EE-induced up-regulation of GR [46], it is consistent with the
observed differential effect on anxiety-like behavior observed following EE. Recently, it
was shown in C57BL/6J mice that lower trait anxiety and resistance to acute stressors is
associated with reduced levels of GR mRNA under basal conditions [28]. Moreover, mice
with deficient GR expression in the brain exhibit reduced anxiety [58]. In contrast,
transgenic overexpression of GR in the forebrain enhances anxiety-like behavior in mice
[61]. Polymorphisms in the GR gene have been found to correlate with the corticosteroid
response to stress in both mice and human [64,65] and GR antagonists were shown to
improve the mood of patients affected by either psychotic depression or bipolar disorder
[3,66].

Interestingly, we observed a significant sexual dimorphism in the expression of hippocampal
MR, with female mice expressing less MR compared to male mice. This difference has not
been well-documented previously [8], although the MR mRNA expression analysis in the
recent report by Rozeboom et al. (2007) seemed to reveal a slight decrease in the female
mice compared to males. The same study demonstrated that transgenic overexpression of
MR in forebrain area reduced anxiety-like behavior in mice, indicating a potentially
anxiolytic role by MR [52]. On the other hand, forebrain-specific inactivation of the MR
gene enhanced emotional arousal and impaired adaptive behavior in relation to stress [10]. It
has been proposed that the hippocampal GR:MR ratio may be critical for stress
responsiveness and behavioral adaptation [14,45]. Therefore, it is plausible that the baseline
difference in GR:MR ratio (females have a much higher GR:MR ratio due to lower MR
expression) may contribute to the heightened sensitivity to mild stress presented in EE
condition and also a poorer adaptive response. Also, although it is yet unclear why EE
induced a reduction in hippocampal GR specifically in male and not in female mice, this
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change further accentuates the GR:MR ratio difference favoring better stress adaptation in
male mice. Thus, the difference in steroid receptor expression may be one of the
mechanisms by which EE exerts different effects on male and female mice. In addition,
brain regions involved in stress regulation and emotional affects such as the amygdala and
hippocampus, continue to mature well into adolescence [35]. Therefore, it is likely that some
of the observed sex differences in behavioral stress responsiveness were related to
developmental differences in these brain structures and that experiences and steroid
hormones affect the plasticity of these brain regions.

In conclusion, we have shown a sex-specific effect of physical enrichment on emotionality
in adolescent C57BL/6J mice. Long-term physical enrichment increased anxious behaviors
in female mice but had a mild anxiolytic effect in male mice. This result is consistent with a
difference in stress-sensitivity and adaptive ability due to an altered hippocampal GR:MR
ratio. Our study highlights the importance of considering sexual dimorphism in studies of
experience-dependent effects on emotionality-related systems. In particular, paradigms
involving mild forms of stress, such as environmental enrichment or novelty-induced
stimulation, may lead to significantly different behavioral responses depending on the sex of
the test subjects.

Research Highlights

• Environmental enrichment affects affective behavior in C57BL/6J adolescent
mice.

• Physical environmental enrichment reduces anxiety in male mice.

• Physical environmental enrichment increases anxious behavior in female mice.

• Hippocampal steroid receptor ratio may contribute to this sex-specific effect of
EE.
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Fig. 1.
(a) Environmental enrichment housing. (b) Standard control housing. H, habitrail; R,
running wheel; T, plastic toys.

Lin et al. Page 14

Behav Brain Res. Author manuscript; available in PMC 2013 July 30.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 2.
Mice performance in the open field test. (a) Distance traveled in the different regions of the
open field and total distance traveled. (b) Interaction plot for total distance traveled. (c)
Time spent in the center of the open field. (d) Interaction plot for time spent in the center
zone. (e) Ratio of distance traveled in the center zone of the open field. (f) Interaction plot
for center to total distance ratio. All data are presented as mean ± standard error of the mean
(S.E.M).
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Fig. 3.
Mice performance in the elevated T-maze test. (a) Latency to enter the open arms. (b)
Interaction plot for latency to enter the open arms. (c) Number of entries made into the open
arms. (d) Interaction plot for open arm entries. (e) Time spent in the open arms. (f)
Interaction plot for open arm time. All data are presented as mean ± S.E.M. * P < 0.05, ** P
< 0.01.
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Fig. 4.
Mice performance in the forced swim test. (a) Latency to immobility. (b) Interaction plot for
latency to immobility. (c) Total immobility time. All data are presented as mean ± S.E.M.
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Fig. 5.
(a) Hippocampal mRNA expression 10 days after differential housing. Data are presented as
fold change over the mean value of male standard housing control group. All data are
presented as means ± S.E.M. (b) Interaction plot for C-fos mRNA expression. Housing
effect, P = 0.001; Sex effect, P < 0.05. (c) Interaction plot for Nr3c1 mRNA expression. (d)
Interaction plot for Nr3c2 mRNA expression. Sex effect, P < 0.05.
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Table 1

Primers used in quantitative RT-PCR

Forward Reverse

Gapdh TCCCACTCTTCCACCTTCGA TGCTGTAGCCGTATTCATTGTCA

C-fos GACAGCCTTTCCTACTACCATTCC CGCAAAAGTCCTGTGTGTTGA

Bdnf CCATAAGGACGCGGACTTGT AGGCTCCAAAGGCACTTGACT

Npy CTCCGCTCTGCGACACTACA AGTGTCTCAGGGCTGGATCTCT

Vegf TACCTCCACCATGCCAAGTG CATGGGACTTCTGCTCTCCTTCT

Nr3c1 CAGCATGCCGCTATCGAAA CGCGGCAGGAACTATTGTTTT

Nr3c2 TGTCTCAGACCTTGGAGCGTTC TTGTTCGGAGTAGCACCGGAA
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Table 2

Statistical analysis of behavioral test results

Parameter Sex x Housing
Interaction

Sex Effect Housing Effect

Open Field

Total Distance P = 0.5113 P = 0.0023 P < 0.0001

Center Distance P = 0.2966 P = 0.0854 P < 0.0001

Periphery Distance P = 0.7791 P < 0.0001 P = 0.0023

Center Time P = 0.5204 P = 0.0018 P = 0.0373

Center/Total Distance Ratio P = 0.1772 P = 0.2797 P = 0.0528

T-maze

Open Arm Latency P = 0.0368 P = 0.1306 P = 0.0147

Open Arm Entries P = 0.0767 P = 0.3510 P = 0.0118

Open Arm Time P = 0.0084 P = 0.4795 P = 0.2496

Forced Swim Test

Latency P = 0.0649 P = 0.3978 P = 0.0314

Immobility Time P = 0.4821 P = 0.0381 P = 0.1439
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Table 3

Statistical analysis of quantitative RT-PCR results

Gene transcript Sex x Housing
Interaction

Sex Effect Housing Effect

C-fos P = 0.3875 P = 0.0243 P = 0.0010

Bdnf P = 0.2062 P = 0.8968 P = 0.8418

Vegf P = 0.1022 P = 0.5861 P = 0.5947

Npy P = 0.3938 P = 0.7945 P = 0.3600

Nr3c1 P = 0.2407 P = 0.7770 P = 0.0701

Nr3c2 P = 0.5966 P = 0.0117 P = 0.9315
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