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behavioral changes and antidepressant responsiveness during
chronic stress
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Abstract

Stress is an important risk factor for mood disorders. Stress also stimulates the secretion of
glucocorticoids, which have been found to influence mood. To determine the role of forebrain
glucocorticoid receptors (GR) in behavioral responses to chronic stress, the present experiments
compared behavioral effects of repeated social defeat in mice with forebrain GR deletion and in
floxed GR littermate controls. Repeated defeat produced alterations in forced swim and tail
suspension immobility in floxed GR mice that did not occur in mice with forebrain GR deletion.
Defeat-induced changes in immobility in floxed GR mice were prevented by chronic
antidepressant treatment, indicating that these behaviors were dysphoria-related. In contrast,
although mice with forebrain GR deletion exhibited antidepressant-induced decreases in tail
suspension immobility in the absence of stress, this response did not occur in mice with forebrain
GR deletion after defeat. There were no marked differences in plasma corticosterone between
genotypes, suggesting that behavioral differences depended on forebrain GR rather than on
abnormal glucocorticoid secretion. Defeat-induced gene expression of the neuronal activity
marker c-fos in the ventral hippocampus, paraventricular thalamus and lateral septum correlated
with genotype-related differences in behavioral effects of defeat, whereas c-fos induction in the
nucleus accumbens and central and basolateral amygdala correlated with genotype-related
differences in behavioral responses to antidepressant treatment. The dependence of both negative
(dysphoria-related) and positive (antidepressant-induced) behaviors on forebrain GR is consistent
with the contradictory effects of glucocorticoids on mood, and implicates these or other forebrain
regions in these effects.
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INTRODUCTION

A variety of studies have found that stress increases the risk of clinically significant
emotional disorders (12, 23, 33). The mechanisms underlying the psychiatric risks of stress
are largely undefined, although they have been linked, for example, to interaction with
genetic factors such as serotonin transporter isoforms (12). However, genetic make-up is
difficult to modify, indicating a need to explore other mechanisms by which stress can
influence mental health.

Stress is also a major stimulus for glucocorticoid secretion by the hypothalamic-pituitary-
adrenocortical (HPA) axis. Glucocorticoids have been found to have a variety of negative
effects on mood ranging from anxiety and depression to psychosis, even in individuals
lacking a family or personal history of psychiatric disease. Such effects have been correlated
with elevated glucocorticoid levels in Cushing’s syndrome and in patients receiving
glucocorticoids for immunologic disorders (10, 27). Glucocorticoids are also often elevated
in depression, a finding that has been attributed to deficits in glucocorticoid receptors
responsible for HPA feedback inhibition (22). Although the significance of the increase in
glucocorticoids remains a matter of debate, there is limited but intriguing evidence to
suggest that glucocorticoids can contribute to depression symptoms (44, 63). Consistent with
the clinical literature, glucocorticoids have also been shown to have depression- and anxiety-
like effects in rodents (36, 50, 53, 57, 60). However, glucocorticoids have also been found to
have mood-elevating effects (10, 27), and depression has also been suggested to be due to
deficits in glucocorticoids receptors mediating positive mood (51). Glucocorticoids are
therefore a logical and compelling connection between stress and affective disease risk.

Glucocorticoids can bind in brain to either the higher-affinity mineralocorticoid receptor
(MR) or the lower affinity glucocorticoid receptor (GR). GR is widely expressed throughout
the brain and thought to mediate the effects of elevated levels of glucocorticoids, whereas
MR is concentrated in but not limited to limbic structures (25) and thought to be more
sensitive to low glucocorticoid levels (25). Although there is some evidence that MR can
affect emotion-related behavior in rodents (32, 38, 46, 48, 64), depression- and anxiety-like
symptoms are most frequently evoked in humans and animals at elevated levels of
glucocorticoids (10, 27, 47), which are more likely to activate GR. Therefore, GR are the
most plausible candidate to be involved in the mood effects of glucocorticoids.

GR in a variety of forebrain regions have been implicated in affective dysfunction (7, 11, 28,
30, 35, 51, 65). Mice with forebrain GR deletion have been created by transgenic expression
of Cre recombinase under control of the calcium calmodulin kinase lla (CamKlla) promoter
in floxed GR mice. The original model of forebrain GR deletion, derived on a mixed-strain
background from the T50 founder line of the CamKIlla-Cre transgene, was reported to have
a depression-like phenotype, consisting of increased depression-like behavior and elevated
HPA activity relative to that in floxed GR mice (7). However, this depression-like
phenotype was not found in mice with forebrain GR deletion derived on a pure C57BL/6
background from the T29-1 founder line of the CamKlla-Cre transgene, even though
forebrain GR deletion was at least as extensive (59). The latter mouse model, hereafter
referred to as FBGRKO-T29-1 (59), offers a convenient model to test the role of forebrain
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GR in the behavioral effects of chronic stress, without potential confounds from baseline
differences in HPA activity or depression-like behavior. The current experiments compared
the effects of repeated social defeat stress or control cage exposures, with and without
antidepressant treatment, on depression-related behavior in FBGRKO-T29-1 mice and their
genetic controls, floxed GR mice. Although chronic stress elicited changes in behavior in
floxed GR mice that were opposite to those conventionally interpreted as correlates of
depression, these changes were associated with social aversion, a depression-like behavior
(31), and were reversed by chronic antidepressant treatment, suggesting that behavioral
alterations were dysphoria-related. FBGRKO-T29-1 mice failed to exhibit these stress-
related changes in behavior and were resistant to the effects of antidepressant treatment
during chronic stress, suggesting GR involvement in both negative (dysphoria-related) and
positive (antidepressant-induced) effects on mood.

Experiment 1: Effects of forebrain GR deletion on behavioral and HPA responses to
repeated social defeat

Social interaction with a novel conspecific has been used as a measure of depression-like
behavior, with lower levels of interaction interpreted as greater depression-like behavior
(31). Interaction with a novel mouse exhibited a significant main effect of defeat (F1 34=
8.852; P = 0.0054) but no significant main effects of genotype or genotype x defeat
interaction. Defeated floxed GR mice exhibited significantly less time investigating the
novel mouse than did control floxed GR mice (Table 1). There was a similar trend for
defeated FBGRKO-T29-1 mice to exhibit less interaction with a novel mouse, but this effect
was not significant at the post-hoc level (P = 0.097). There were no significant differences
among genotypes or defeat groups in the amount of time mice spent interacting with an
empty box as a neutral target (data not shown).

Sucrose preference, a measure of pleasure-seeking behavior (62), was similar between
floxed GR and FBGRKO-T29-1 mice after control cage exposures. However, sucrose
preference exhibited a significant main effect of defeat (F; 31 =19.758; P =0.0001), with
defeated floxed GR but not defeated FBGRKO-T29-1 mice exhibiting significantly higher
sucrose preference relative to their corresponding genotype controls (Figure 1A). There
were no significant main effects of genotype or genotype x defeat interaction on sucrose
preference.

Immobility in the forced swim test exhibited a significant main effect of defeat (F1 34 =
7.516; P =0.0097) and a significant defeat x genotype interaction (F1 34 =5.246; P
=0.0283), with no significant main effect of genotype alone. Defeated floxed GR mice
displayed significantly lower levels of immobility in the forced swim test than did control
floxed GR mice (Figure 1B). Control FBGRKO-T29-1 mice tended to be less immobile than
were control floxed GR mice, but this difference was not significant (P > 0.1; Figure 1B).
However, in contrast to floxed GR mice, FBGRKO-T29-1 mice did not exhibit any further
decreases in immobility between control and defeated groups (Figure 1B).
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Basal circadian nadir plasma corticosterone did not exhibit any significant main effects of
defeat, genotype, or genotype x defeat interaction (Figure 1C).

Experiment 2: Effects of forebrain GR deletion on behavioral and HPA responses to
antidepressant treatment during repeated social defeat

As in Experiment 1, there was a significant main effect of defeat in Experiment 2 to reduce
social interaction with a novel mouse (F; 27= 5.360; P = 0.0284), but there were no
significant effects of genotype, imipramine treatment or any interaction among defeat,
genotype, and treatment on social interaction (Table 2). There were also no significant
effects of genotype, defeat, or antidepressant treatment on interaction with the box alone
(not shown) or on locomotor activity in the test arena (Table 3).

There were no significant main effects of genotype, defeat, or antidepressant treatment on
sucrose preference after saline or imipramine treatment during repeated defeat or control
cage exposures in Experiment 2 (Table 4).

There was a significant genotype x treatment interaction on tail suspension immobility in
Experiment 2 (F1 o7= 4.835; P = 0.0366), although no other main effects or interactions
were significant. Resembling the forced swim test results in Experiment 1, tail suspension
immobility was reduced in floxed GR mice subjected to repeated defeat in Experiment 2
(Figure 2). Although chronic imipramine treatment did not affect tail suspension immobility
of control floxed GR mice, imipramine treatment of defeated floxed GR mice restored their
immobility to levels observed in saline-treated, control floxed GR mice (Figure 2). Also
similar to the results of Experiment 1, saline-treated FBGRKO-T29-1 mice did not exhibit
any changes in immobility as a result of repeated social defeat (Figure 2). Control
FBGRKO-T29-1 mice did exhibit significant decreases in tail suspension immobility after
chronic imipramine treatment, unlike control floxed GR mice (Figure 2). However, the
lower levels of immobility observed after imipramine treatment in control FBGRKO-T29-1
mice did not occur in defeated FBGRKO-T29-1 mice treated with imipramine (Figure 2).

Basal morning (circadian nadir) corticosterone was measured 2 d before the end of the
experiment (day 28 imipramine treatment), and stress-induced corticosterone was measured
in samples collected at death, 30 min after a social defeat in all groups. Basal corticosterone
was not collected on the day of the final defeat in order to avoid stress effects from blood
sampling on subsequent HPA responses to defeat. There were no significant effects of
genotype, defeat, antidepressant treatment, or interaction among these factors on basal
plasma corticosterone in Experiment 2 (Table 5). Although basal morning corticosterone
appeared to be elevated in defeated floxed GR mice, this difference was not significant.
There were also no significant main effects or interactions of genotype, defeat, or treatment
on stress plasma corticosterone sampled 30 min after an acute social defeat in all mice
(Table 6).

To localize GR-expressing forebrain regions potentially accounting for genotypic
differences in behavioral responses to defeat or imipramine treatment, gene expression of
the neuronal activity marker c-fos was analyzed by in situ hybridization in brains collected
after subjecting both control and previously defeated mice in Experiment 2 to an acute
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defeat. Significant differences between control and repeatedly defeated mice that were
present in one genotype but not the other were interpreted to indicate brain regions
potentially involved in genotype-related differences in behavioral responses to defeat
(saline-treated groups) or antidepressant treatment (imipramine-treated groups). In all brain
regions studied, there was a significant main effect of repeated defeat to reduce levels of c-
fos expression induced by a final defeat (Table 7 and Figure 3). Other ANOVA results are
detailed below and in Table 7.

In the infralimbic prefrontal cortex, where GR deletion has been shown to increase
depression-like behavior (35), c-fos induction was significantly lower in saline-treated
defeated mice vs. saline-treated controls in both genotypes (Figure 3, ilPFC). Imipramine
did not significantly alter c-fos induction in the infralimbic prefrontal cortex in control or
defeated mice of either genotype (Figure 3, ilPFC). There were no significant differences
among any group in c-fos mMRNA levels in the prelimbic prefrontal cortex (not shown).

In the shell of the nucleus accumbens, an area involved in motivated behavior and social
interaction (1, 39), there was little difference in c-fos gene expression among groups of
floxed GR mice (Figure 3, NAc). However, c-fos induction in FBGRKO-T29-1 mice was
significantly lower in imipramine-treated defeated mice compared to imipramine-treated
control mice (Figure 3, NAc). There was also a significant genotype x defeat x treatment
interaction (Table 7) such that c-fos induction in the nucleus accumbens shell was
marginally lower (P = 0.075) in imipramine-treated, defeated FBGRKO-T29-1 mice than in
imipramine-treated, defeated floxed GR mice (Figure 3, NAc).

In the lateral septum, which has been implicated as a glucocorticoid target in mediating
defeat-induced anxiety (11), the pattern of c-fos induction appeared to be similar between
genotypes. However, significant differences occurred only in floxed GR mice, between
saline-treated control mice and saline-treated defeated mice (Figure 3, LS).

The paraventricular hypothalamus was analyzed because it expresses most of the releasing
factors responsible for hypothalamic-pituitary-adrenocortical axis activity (25). In the
paraventricular hypothalamus, c-fos induction tended, although not significantly, to be
higher in FBGRKO-T29-1 vs. floxed GR saline-treated control mice and was associated
with a significant post-hoc difference between saline-treated control and saline-treated
defeated FBGRKO-T29-1 mice (Figure 3, PVN). However, despite significant main effects
of genotype and genotype x defeat x treatment interaction (Table 7), there were no
significant differences in PVN c-fos expression between floxed GR and FBGRKO-T29-1
mice at the post-hoc level.

The posterior paraventricular thalamus, which is involved in habituation of responses to
chronic stress (3, 4), did not exhibit significant differences in c-fos induction among groups
of floxed GR mice (Figure 3, pvThal). However, FBGRKO-T29-1 mice treated with saline
exhibited significantly lower levels of c-fos expression in defeated vs. control mice; c-fos
expression in FBGRKO-T29-1 mice was not affected by imipramine treatment (Figure 3,
pvThal).
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The central and basolateral amygdala were investigated because of their role in fear, anxiety,
and adaptation of responses to chronic stresses such as defeat (26, 28, 34, 40). In the central
amygdala, both genotypes exhibited significantly lower levels of c-fos induction in saline-
treated defeated mice vs. saline-treated controls (Figure 3, CeA). Imipramine treatment did
not increase c-fos expression in defeated mice of either genotype. However, in FBGRKO-
T29-1 mice, central amygdala c-fos expression was significantly lower in imipramine-
treated defeated mice compared to that in imipramine-treated control mice (Figure 3, CeA).
In the basolateral amygdala, c-fos expression was also significantly lower in imipramine-
treated control vs. imipramine-treated defeated FBGRKO-T29-1 mice (Figure 3, BLA).

The CAL1 field of the ventral hippocampus was analyzed because GR are prominently
expressed in CA1 of floxed GR but not FBGRKO-T29-1 mice (7, 8, 59), and because the
ventral hippocampus has limbic connections that are both distinct from the connections of
the dorsal hippocampus and relevant to emotion-related behavior (16, 17, 34). Induction of
c-fos gene expression in CA1 ventral hippocampus did not differ significantly among groups
of floxed GR mice, although c-fos tended to be lower (P=0.054) in defeated vs. control
floxed GR mice treated with imipramine (Figure 3, vHPC). In contrast, the ventral CA1
hippocampus of FBGRKO-T29-1 mice exhibited significantly lower c-fos expression in
saline-treated defeated vs. control mice but not had similar levels of c-fos expression
between imipramine-treated defeated and control mice (Figure 3, vHPC).

DISCUSSION

These experiments demonstrate that forebrain GR deletion can have state-specific effects on
behavior. Forebrain GR deletion, at least in the FBGRKO-T29-1 mice used here (59), did
not affect baseline behavior and attenuated behaviors, particularly the immobility response
to inescapable situations, induced by the chronic stress of repeated defeat. Furthermore,
although the current experiments confirm prior findings (7, 59) that forebrain GR deletion
does not impair, and may even increase, behavioral sensitivity to antidepressants under
baseline conditions, forebrain GR loss prevented antidepressant-induced changes in
immobility behavior during chronic stress. The behavioral effects of forebrain GR deletion
during chronic stress occurred in the absence of marked differences in glucocorticoid
secretion between FBGRKO-T29-1 and floxed GR mice, suggesting that alterations in
behavior were more likely to depend on differences in GR expression than on differences in
HPA activity. Differential activation of GR-expressing forebrain regions after defeat, as
assessed by c-fos gene expression, suggested that the ventral hippocampus, paraventricular
thalamus and lateral septum might be involved in the behavioral resilience of FBGRKO-
T29-1 mice to repeated social defeat, whereas the nucleus accumbens shell and central and
basolateral amygdala might be involved in the resistance of FBGRKO-T29-1 mice to
antidepressant treatment during chronic defeat stress.

Forebrain GR deletion was associated with fewer changes in behavior after chronic social

defeat, even if these changes did not resemble conventional definitions of depression-like

behavior (discussed below). Floxed GR but not FBGRKO-T29-1 mice exhibited increased
activity in the forced swim and tail suspension tests after repeated defeat. Increased forced
swim and tail suspension activity was not due to general hyperlocomotion, since overall
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activity was not increased. Although sucrose preference only exhibited significant effects of
defeat in Experiment 1, even this behavioral change was present only in floxed GR and not
in FBGRKO-T29-1 mice.

Antidepressant sensitivity was also influenced by forebrain GR. Imipramine had the
expected action of an antidepressant to decrease immability in the tail suspension test, but
only in control FBGRKO-T29-1 mice. Although prior evidence of acute imipramine effects
on immobility in unstressed floxed GR mice (59) appears to conflict with the lack of
response to chronic imipramine treatment in control floxed GR mice, peak antidepressant
levels after acute injection are likely to be higher than those at the time of testing in the
present experiments, since testing occurred at least 16 h after the previous day’s injection.
The greater sensitivity of unstressed FBGRKO-T29-1 mice to imipramine is consistent with
the original report that mice with forebrain GR deletion respond with changes in immobility
to imipramine doses that do not affect floxed GR mice (7). The sensitivity to imipramine in
FBGRKO-T29-1 mice was abrogated by repeated social defeat, since imipramine-treated,
defeated FBGRKO-T29-1 mice exhibited neither the decrease in immobility induced by
imipramine in FBGRKO-T29-1 controls nor the increase in immobility elicited by
imipramine in defeated floxed GR mice. Thus, immobility behavior in FBGRKO-T29-1
mice was responsive to antidepressants in unstressed but not chronically stressed conditions.
These findings indicate that forebrain glucocorticoid receptors are involved not only in
changes in immobility behavior evoked by chronic stress, but also in the response of
immobility behavior to antidepressants during chronic stress. The lack of imipramine effects
on social interaction or sucrose preference in the current experiments may have been due to
administering antidepressant during rather than after defeat, as has been done in other
studies (2, 5, 45).

There were no detectable differences in basal or stress-induced glucocorticoids between
genotypes. Although the strong paraventricular hypothalamus c-fos induction in defeated
FBGRKO-T29-1 mice suggested that greater HPA activity might be occurring, PVN c-fos
induction is not a predictor of HPA activity (20) and did not differ between genotypes.
While it cannot be excluded that more or different sampling points might have revealed
divergent HPA activity between FBGRKO-T29-1 and floxed GR mice, prior measurements
of adrenocorticotropin as well as corticosterone in FBGRKO-T29-1 mice have been
consistently similar to those of floxed GR mice under a variety of conditions (59).
Furthermore, forebrain GR have not been found to influence changes in HPA activity
induced by chronic stress (19), and preliminary data in FBGRKO-T29-1 mice corroborate
these findings (Jacobson, unpublished findings). Thus, it is most likely that forebrain GR
loss, rather than differences in HPA activity or habituation, accounted for the behavioral
differences between floxed GR and FBGRKO-T29-1 mice after defeat.

Mapping c-fos gene expression after exposing all mice to a social defeat suggested areas in
which GR loss might modify behavioral responses to defeat stress or antidepressant
treatment. Genotype-associated differences between saline-treated control and defeated
mice, potentially indicating mechanisms for the lack of stress-induced changes in
immobility behavior in FBGRKO-T29-1 mice, were found in the ventral hippocampus, the
paraventricular thalamus, and the lateral septum. The paraventricular thalamus is involved in
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suppression of behavioral and HPA responses to chronic stress (3, 4), while the septum and
ventral hippocampus are involved in anxiety-like behavior, an effect influenced by septal
GR (11, 34). Thus, differential activity in these areas would be in accord with the relative
lack of stress-induced changes in immobility behavior in FBGRKO-T29-1 mice. However,
only the ventral hippocampus displayed differences in the overall pattern of c-fos induction
between FBGRKO-T29-1 and floxed GR mice, with only FBGRKO-T29-1 mice exhibiting
significant differences between saline-treated control and defeated groups. Therefore,
ventral hippocampal activity may be most closely related to the resilience of FBGRKO-
T29-1 mice to stress-induced abnormalities in immobility responses to inescapable
situations. This interpretation is in keeping with evidence that the ventral hippocampus can
regulate fear- and anxiety-related behavior (11, 17, 34, 49).

Genotype-related differences in defeat-induced c-fos expression between imipramine-treated
control and imipramine-treated defeated mice, potentially indicating pathways underlying
the antidepressant resistance of stress-induced immobility behavior in defeated FBGRKO-
T29-1 mice, occurred in the nucleus accumbens shell, central amygdala, and basolateral
amygdala. These regions have all been found to be activated by defeat (34, 40). The central
and basolateral amygdala, as well as central amygdala GR, are involved in fear responses
(26, 28). The more pronounced differences in basolateral and central amygdala c-fos
expression between saline- and imipramine-treated FBGRKO-T29-1 mice after defeat could
be connected to the impairment of imipramine responsiveness by fear-related experiences of
defeat. However, the pattern of c-fos expression differed most strongly between genotypes
in the nucleus accumbens shell. Gene expression of c-fos in the nucleus accumbens shell
was essentially similar in all floxed GR groups but was lower in imipramine-treated
FBGRKO-T29-1 defeated mice compared not only to imipramine-treated FBGRKO-T29-1
control mice, but also, marginally, to imipramine-treated, floxed GR defeated mice. Thus,
the nucleus accumbens shell seems to be the best candidate of these three regions to account
for the loss of imipramine effects on immobility in FBGRKO-T29-1 mice during chronic
defeat stress. Involvement of the nucleus accumbens in GR-related effects of defeat is
consistent with findings that dopamine release in the nucleus accumbens correlates with GR-
dependent changes in defeat-induced behavior (1).

Limitations of this study include small group sizes in Experiment 2, phenotypic
discrepancies between FBGRKO-T29-1 mice and the originally reported model of forebrain
GR deletion, limited sampling times, and atypical effects of stress on behavior in floxed GR
mice. Larger group sizes might have permitted confirmation in Experiment 2 of behavioral
effects that were significant in Experiment 1, such as changes in sucrose preference, and
might also have allowed more conclusive or extensive identification of brain regions
exhibiting changes in c-fos expression related to stress or antidepressant response.
Nevertheless, when behavioral alterations were significant in floxed GR mice, such changes
were reliably missing in FBGRKO-T29-1 mice, and 6 of the 9 brain regions examined
showed genotype-related differences in c-fos induction.

In these and previous experiments (59), FBGRKO-T29-1 mice did not exhibit the higher
baseline immobility, lower sucrose preference, or elevated HPA activity originally reported
for mixed-strain mice with forebrain GR deletion derived from the T50 CamKlla-Cre
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founder line, but otherwise have GR deletion that is similar to that of the original model (7,
59). The reasons for the discrepancies in baseline behavior and endocrine function between
the two lines are unclear, but may be related to differences in strain, founder, central
amygdala GR loss, or mineralocorticoid receptor expression (59). Nevertheless, the current
findings still indicate important influences of forebrain GR on emotion-related immobility
behavior during chronic stress that are independent of, or more robust than, the effects of
forebrain GR on baseline behavior.

The main effect of prior defeat to decrease defeat-induced c-fos expression in all brain
regions was consistent with habituation of responses to repeated stress (29, 61). Since only
one time point was studied after defeat or antidepressant treatment, it is possible that
differences in c-fos or behavior between floxed GR and FBGRKO-T-29 mice are due to
differential habituation to chronic stress, rather than to differences in inherent responses.
This possibility seems unlikely because of the long period during which mice were stressed
and because of the similar patterns in immobility behavior between control and defeated
mice in Experiments 1 (30 d) and 2 (60 d), by which time habituation would be expected to
be complete. Even if results are attributable to differences in habituation, these findings
indicate an important impact of forebrain GR on the habituation process.

In floxed GR mice, the decreased immaobility and, when observed, increased sucrose
preference after repeated defeat appeared to conflict with the increases in forced swim
immobility and decreases in sucrose preference that are often reported after chronic stress
(5, 31, 62). Although there is no ready explanation for the contradictory direction of these
stress-induced changes, there is precedent in the literature for the paradoxical behavioral
changes observed in the current experiments. Chronic stress, including repeated social
defeat, has been found by other investigators to decrease forced swim immobility or increase
sucrose preference (6, 14, 15, 41, 45, 52, 58, 62). These atypical behavioral responses to
stress, although less common, have been proposed to be part of a continuum of behavioral
repertoires that is represented to varying degrees in all study populations and may account
for inconsistent results in any given behavioral assay (62). There is also evidence that lower
immobility in the forced swim or tail suspension test reflects an increase in anxiety-like
behavior rather than a decrease in depression-like behavior (8, 56). The possibility that
decreased immobility is a dysphoria-related behavior is supported by its consistent
association with reductions in social interaction, an additional marker of depression— or
anxiety-like behavior (2, 18, 31), and by findings, here and in other studies (37), that the
decreased immobility is reversed by chronic antidepressant treatment.

The present experiments implicate forebrain GR in both the expression and the
antidepressant reversal of chronic stress effects on dysphoria-related immobility. The
dependence of both negative (stress-induced) and positive (antidepressant-induced)
behaviors on forebrain glucocorticoid receptors is consistent with the evidence that
glucocorticoids can have mood-elevating as well as depressive effects (10, 27). Defining the
brain regions, cell types, and downstream targets mediating these contradictory effects of
glucocorticoids will aid in reducing the risk of affective dysfunction from major life stress or
immunosuppressive glucocorticoid therapy.
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EXPERIMENTAL PROCEDURES

Animals

All animal use was approved by the Institutional Animal Care and Use Committee of
Albany Medical College and was consistent with the standards of the National Institutes of
Health Guide for the Care and Use of Laboratory Animals (21) and European Commission
Directive 2010/63/EU. Mice were housed on a 12:12 light cycle (lights-on, 6:30 am) and
had free access to food and water. Floxed GR mice were derived from C57BL/6 founders
homozygous for a floxed exon 2 and were generously donated by Dr. Louis Muglia
(University of Cincinnati; (9)). FBGRKO-T29-1 mice were bred on a pure C57 background
from crosses between female floxed GR mice and male floxed GR mice hemizygous for the
CamKlla-Cre transgene (59). The latter were derived from commercially available,
C57BL/6 CamKlIla-Cre transgenic mice (Jackson Laboratories stock number 005359, Bar
Harbor, ME) from the T-29-1 founder line (54). Only male FBGRKO-T29-1 and floxed GR
mice littermates were used for experiments and were 1.5-2.5 months old at the time of use.

Experiments

The relative timing of experimental manipulations and tests is diagrammed in Figure 4. In
Experiment 1, mice were killed by decapitation in the basal state within 3h of lights-on after
30 days of defeat. The 30 day period of defeat was used to allow time to conduct tests of
behaviors in addition to social defeat, changes in which were not observed until at least 21
days of defeat.

In Experiment 2, daily defeats were continued for another 29 d while mice were injected ip
with either 30 mg/kg imipramine or saline. Injections were given once per day after each
defeat or control cage exposure experience and after any behavioral testing or blood
sampling was performed. Mice in Experiment 2 were Killed by decapitation on d 60, 1 d
after their last injection and 30 min after an acute social defeat in all control and defeat
groups. The 30 min time point was previously shown to be appropriate for analysis of both
HPA hormones and c-fos gene expression (6).

Social defeat was performed by placing a FBGRKO-T29-1 or floxed GR “intruder” mouse
into the home cage of a singly-housed, CD-1 retired male breeder (Charles River,
Wilmington, MA). Intruder mice were initially left in the resident’s cage for 5 min;
however, to avoid injuries to the intruder, encounters were subsequently limited to the time
the CD-1 resident first attacked and bit the intruder. Latency to the first attack was typically
30-60 sec, and all attacks elicited consistent submissive or fleeing behavior from all intruder
mice, regardless of genotype. Only CD-1 males exhibiting attack latencies less than 1 min
were used as resident aggressors. Intruders were returned to their home cage and housed
individually after each daily attack. Preliminary experiments in which intruders were co-
housed with CD-1 residents, separated by a clear, perforated partition, produced similar
behavioral effects (data not shown). Intruders, designated as the “defeat” groups in the rest
of text and figures, were rotated among different residents on a daily basis to minimize
habituation of any behavioral interaction. Control mice of each genotype were placed for
~30 sec each day into a cage from which the resident male had been removed. Controls
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(designated as the “control” groups in the rest of text and figures) were also rotated among
different cages each day.

Daily defeats and control cage exposures were always performed after any behavioral tests
or blood sampling on the same day. Defeats and control cage exposures occurred at variable
times in the light phase (31) between 1 and 10 h after lights-on, as dictated by the need to
complete behavioral or hormonal testing beforehand and share access to the animal room
with other users. However, defeats and control cage exposures were performed during the
same 1.5 h time window on any given day for all mice in the experiment.

Behavioral tests

Behavioral tests were typically performed within the first 3 h of the light phase under quiet
conditions. Social interaction tests required somewhat longer but were completed with 5 h of
lights-on. All testing chambers were cleaned with MB-10 disinfectant (Quip Laboratories,
Wilmington, DE) in between mice. Tests were performed on separate days in the order of
least (sucrose preference or social interaction) to most stressful (forced swim or tail
suspension), as diagrammed in Figure 4. Tests in Experiment 2 were timed to occur after at
least 3 weeks of imipramine treatment; other differences in the sequence of tests between
Experiments 1 and 2 resulted from the need to fit experimental procedures around caretaker
schedules in the animal room.

Social interaction test—Social interaction was measured on day 15 of social defeat in
Experiment 1 and on day 25 of imipramine treatment (55 d defeat) in Experiment 2 as a
positive control for the effects of defeat to induce social aversion, a measure of depression-
like behavior (2, 31). Mice were placed in a 35 x 43 cm basin with a clear, perforated box
(6.5 x 8 x 12 cm) in the opposite corner. For the first 2.5 min of the trial, the box was empty,
providing a neutral interaction target. During the second 2.5 min, an identical perforated box
containing an unfamiliar CD-1 male mouse as a novel social target was placed in the corner,
allowing mice to have olfactory, auditory, and visual contact without physical interaction.
The time mice spent in the 10 cm interaction zone surrounding the box, without and with the
unfamiliar mouse, was recorded with Ethovision 8.0 software (Noldus, Leesburg, VA). The
total distance traveled in the trial with the empty box was also recorded as measure of
overall locomotor activity.

Sucrose preference—Sucrose preference was tested on day 21 of social defeat in
Experiment 1 and on day 21 of imipramine treatment (51d defeat) in Experiment 2. Mice
were given access to two 50-ml tubes containing either water or 1% sucrose for 24 h before
and 24 h after the specified day, with the position of the tubes switched to avoid position
preference effects. Mice were not food-deprived during sucrose preference measurements.
Sucrose preference was expressed as the percentage of sucrose vs. total fluid consumed.

Forced swim test—Immobility was scored on day 23 of social defeat in Experiment 1 in
a 5-min forced swim that had been preceded by a 15-min pre-swim the day before. Mice
were placed in a 1-liter beaker in 25 + 1 °C water, and swimming behavior was recorded
with Ethovision 8.0. Immobility was scored after blinding the genotype and treatment of the
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mice. The 2-day forced swim test was originated by Porsolt et al. in rats and remains a
standard procedure for measuring depression-like behavior (13, 43). Although the test was
shortened by Porsolt et al. to a single swim for mice (42), both paradigms give equivalent
results (13). We chose to use the 2-day paradigm in mice because glucocorticoid levels at
the time of the first swim have been shown to increase immobility in the test swim 24 h later
in a GR-dependent manner (57).

Tail Suspension test—A tail suspension test was performed in Experiment 2 on day 29
of imipramine treatment (59 d defeat) as an additional test to confirm that genotype-related
differences in immobility were consistent across different paradigms for measuring emotion-
related activity (13). Mice were taped by their tail to a bar and allowed to hang upside-down
for 8 min, during which time struggling behavior was recorded with Ethovision 8.0. The
time mice hung completely motionless was scored from Ethovision videos by a trained
observer blind to genotype and treatment groups. Manual scoring was necessary because the
software did not distinguish active struggling from the passive swinging that can occur from
the momentum of previous activity.

Plasma corticosterone assay

All samples were collected within 45 sec of touching the cage. In Experiment 1, morning
(circadian nadir) plasma corticosterone samples were collected by decapitation within 3 h of
lights-on, after 30 d of social defeat or control cage exposure. In Experiment 2, plasma
corticosterone was measured once basally in the morning by submandibular venipuncture
within 1 h of lights-on on day 28 of imipramine treatment (day 58 of defeat) and once two
days later, within 4 h of lights-on, by decapitation 30 min after social defeat in all groups
(day 60, after a total of 29 d imipramine treatment). Plasma corticosterone was assayed as
previously described with a radioimmunoassay kit from MPBiomedical (Solon, OH), using
all reagents and samples at half-volume (24).

In situ hybridization

In situ hybridization analysis of c-fos MRNA was performed as previously described (6). In
brief, hybridization was performed at 60 °C in 10 pm sections of fresh-frozen brain using

a 35S-cRNA probe complementary to the 1.5 kb Pst | fragment of the mouse c-fos cDNA
(pGEMfos3; Dr. Michael Greenberg, Children’s Hospital, Boston, MA (55)). All other steps
were as described in Bowens et al. (6).

Data analysis

In Situ Hybridization—Densitometric readings were collected by exposing slides to
phosphorimager screens that were scanned at a 50 pm resolution (Typhoon 9210, GE Health
Care, Niskayuna, NY) and analyzed with ImageQuant 5.0 software (GE Health Care,
Niskayuna, NY). Each screen was exposed to slides from mice in every treatment group and
to a set of identical 14C standards (146A and 146B, American Radiolabeled Chemicals, St.
Louis, MO) that was used to normalize readings among screens. Densitometric readings
from hand-drawn outlines of each brain region were corrected for background from a
corresponding non-expressing area in the same section and scaled to the size of the largest
outline for a given region. At least two readings were averaged for each region and mouse.
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Statistics—Data were analyzed by 2- and 3- way ANOVA for Experiments 1 and 2,
respectively. Post-hoc comparisons where ANOVA main effects or interactions were
significant were made by t-test with Bonferroni correction. Data are presented as Mean +
SEM,; significance was defined as P < 0.05.
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Figure 1.
Effects of repeated social defeat on (A) sucrose preference, (B) forced swim immobility, and

(C) basal morning plasma corticosterone in FBGRKO-T29-1 and floxed GR mice,
respectively measured on days 21, 23, and 30 days of control cage exposures (Control; white
bars) or repeated social defeat (Defeat; gray bars) in Experiment 1. N= 8 (control FBGRKO-
T29-1 and floxed GR mice) and 11 (defeated FBGRKO-T29-1 and floxed GR mice) except
for sucrose preference, in which some measurements were lost to spillage (N= 7 control
FBGRKO-T29-1 and floxed GR mice, 10 defeated floxed GR mice).
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*, P <0.05 vs. Control in the same genotype.
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Control, Saline
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Control, Imipramine

. Defeat, Imipramine
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l
4 (3|4 |4]4]p
Floxed GR FBGRKO-T29-1
Figure 2.

Tail suspension immobility in floxed GR and FBGRKO-T29-1 mice from Experiment 2 on
day 29 of saline or imipramine treatment during control cage exposures (Control; white or

hatched bars) or repeated social defeat (Defeat; gray or black bars). Group Ns are indicated
by the numbers within the data bars.

*, P < 0.05 vs. Control, Saline in the same genotype;

#, P < 0.05 vs. Defeat, Imipramine in the same genotype
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Figure 3.
Results of in situ hybridization analysis of c-fos gene expression in brains collected from

floxed GR and FBGRKO-T29-1 mice 30 min after a social defeat in Experiment 2. Groups
are the same as in Figure 2; mice had been treated with saline or imipramine for the last 29 d
of a 60 d period of daily control cage exposures (Control) or social defeat (Defeat). Panels
respectively depict semi-quantitative gray level readings taken from (top to bottom) the
infralimbic prefrontal cortex (ilPFC), nucleus accumbens shell (NAc), lateral septum (LS),
paraventricular hypothalamus (PVN), paraventricular thalamus (pvThal), central amygdala
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(CeA), basolateral amygdala (BLA), and ventral hippocampus (VHPC). Representative
phosphorimager autoradiograms are shown to the right of each graph, with white outlines
indicating the region analyzed. Ns are the same as in Figure 3 except for the PVN (N=4 for
FBGRKO-T29-1 Control, Saline) and infralimbic PFC (N=4 for FBGRKO-T29-1 Defeat,
Imipramine).

*, P <0.05 vs. Control, Saline in the same genotype;

T, P <0.05 vs. Control, Imipramine in the same genotype
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Experiment 1

15 21 23 30

Daily social defeat/ control handling

SIT SP FST AM
kill

Experiment 2 30 51 55 58 59 60

Imipramine/ saline treatment
Daily social defeat/ control handling

SP SIT AM TST Kill 30’
Cort post-
defeat

Figure 4.
Diagram of the design of Experiments 1 and 2 (top and bottom, respectively). Numbers

above the bars indicate the days on which tests indicated below the bars were performed.
SIT, social interaction test; SP, sucrose preference; FST, forced swim test; AM, morning;
AM Cort, morning plasma corticosterone sample; TST, tail suspension test.
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Table 1

Results of the social interaction test in floxed GR and FBGRKO-T29-1mice on day 15 of control cage
exposures (Control) or repeated social defeat (Defeat) from Experiment 1. Data are time (sec) mice spent
interacting with a novel CD-1 male mouse that was confined in a perforated plastic box.

Floxed GR FBGRKO-T29-1

Control Defeat  Control Defeat

50+15 24+4" 66+19 35%7
N=8 N=11 N=8 N=11

*
P < 0.05 vs. Control in the same genotype.
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Table 2

Results of the social interaction test in floxed GR and FBGRKO-T29-1mice on day 25 of saline or imipramine
treatment during control cage exposures (Control) or repeated social defeat (Defeat) in Experiment 2. Data are
time (sec) mice spent interacting with a novel CD-1 male mouse that was confined in a perforated plastic box.

Floxed GR FBGRKO-T29-1

Saline Imipramine  Saline Imipramine

35+24 10+6 43+20 17+4
Control - Ny ™ N=3 N=4  N=2

7+2 10+4 11+8 312
Defeal N2y N=6 N5 NS5
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Table 3

Locomotor activity in floxed GR and FBGRKO-T29-1 mice on day 25 of saline or imipramine during control
cage exposures (Control) or repeated social defeat (Defeat) in Experiment 2. Data are the total distance
traveled (cm) during a 2.5 min test session in a 35 x 43 ¢cm basin.

Floxed GR FBGRKO-T29-1

Saline Imipramine ~ Saline Imipramine
367+ 137 418+ 158 528+ 118 470+71

control - N-y N=3 N=4 N=4
385473  421+85 362443 372499
Defeat  N=y N=6 N=5 N=5
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Table 4

Sucrose preference on day 21 of saline or imipramine treatment during control cage exposures (Control) or
repeated social defeat (Defeat) in Experiment 2. Data indicate the percent of total fluid intake represented by
consumption of 1% sucrose.

Floxed GR FBGRKO-T29-1

Saline Imipramine  Saline  Imipramine
577 51+4 62+5 52+ 10

Control "Ny N=3 N=4 N=4
6748  39:9  46%10  54+9
Defeat "Ny N=6 N=5 N=5
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Table 5

Circadian nadir (morning; AM) plasma corticosterone in floxed GR and FBGRKO-T29-1 mice in Experiment
2. Samples were collected by sub-mandibular venipuncture within 1 h of lights-on on day 28 of saline or
imipramine treatment during control cage exposures (Control) or repeated social defeat (Defeat).

AM Plasma Corticosterone (pg/dl)
Floxed GR FBGRKO-T29-1

Saline Imipramine Saline Imipramine
0.8+0.2 06+0.1 1.0+0.2 0.7+0.1

Control -~ ™'\g N=3 N=4 N=4
08+03 26+09 08+01 0902
Defeat N4 N=6 N=5 N=5
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Table 6

Stress-induced plasma corticosterone evoked by an acute social defeat in all floxed GR and FBGRKO-T29-1
mice in Experiment 2. Mice had been treated with saline or imipramine during the prior 29 days of control
cage exposures (Control) or repeated social defeat (Defeat). Samples were collected by decapitation 30 min
after the defeat. No injections were administered or basal corticosterone samples collected prior to the defeat
sample in order to avoid confounding effects on subsequent responses to defeat.

30’ Post-defeat Plasma Corticosterone (ug/dl)

Floxed GR FBGRKO-T29-1

Saline Imipramine Saline Imipramine
26.1+34 284+10 320+45 26.0+54

Control

N=4 N=3 N=4 N=4
23143 218+37 256+49 16843
Defeat  ™"\2y N=6 N=5 N=5

Brain Res. Author manuscript; available in PMC 2015 October 02.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duasnuely Joyny vd-HIN

Jacobson

Table 7

Page 31

ANOVA results for c-fos gene expression data from Experiment 2. Residual degrees of freedom differ for
some regions because damaged or missing sections occasionally precluded obtaining measurements from a
given mouse. P values less than 0.05 are bolded for clarity.

Region

Infralimbic prefrontal
cortex

Nucleus accumbens
shell

Lateral septum

Paraventricular
hypothalamus

Paraventricular
thalamus

Factor

Genotype

Defeat

Treatment

Genotype x Defeat

Genotype x Treatment

Defeat x Treatment

Genotype x Defeat x Treatment
Genotype

Defeat

Treatment

Genotype x Defeat

Genotype x Treatment

Defeat x Treatment

Genotype x Defeat x Treatment
Genotype

Defeat

Treatment

Genotype x Defeat

Genotype x Treatment

Defeat x Treatment

Genotype x Defeat x Treatment
Genotype

Defeat

Treatment

Genotype x Defeat

Genotype x Treatment

Defeat x Treatment

Genotype x Defeat x Treatment
Genotype

Defeat

Treatment

Genotype x Defeat

Genotype x Treatment

Defeat x Treatment
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Far
0.6841 55
28.230, 55
0.661; 25
0.022; 55
0.0002; 55
7.7551 25
2.679; 5
1.227, 5
8.283, 57
0.551, 57
5.608; 27
0.101; 7
0.149; 2
5.429, 57
0.853; 7
16.689; 57
2.130, 57
0.012; 57
0.081; 7
0.484; »7
0.007 57
6.108, 26
32,085, 56
6.354; 6
3.015, 55
8.489; 56
2.586, 6
5.361; 26
0.603, 57
16.360; 57
0.940; »7
0.437; 7
0.244, 7
4801, 5

P
0.4161
<0.0001
0.4238
0.8844
0.9892
0.0101
0.1142
0.2779
0.0077
0.4644
0.0253
0.7535
0.7023
0.0275
0.3639
0.0004
0.1560
0.9133
0.7779
0.4925
0.9358
0.0203
<0.0001
0.0182
0.0943
0.0073
0.1199
0.0288
0.4442
0.0004
0.3408
05141
0.6250
0.0373
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Region Factor Far P
Genotype x Defeat x Treatment ~ 0.148; 57 0.7035
Central Genotype 0.003; 57 0.9577
amygdala
Defeat 44911, ,;  <0.0001
Treatment 6.198; 57 0.0192
Genotype x Defeat 0.003; 27 0.9592
Genotype x Treatment 0.2481 57 0.6224
Defeat x Treatment 3.955; »; 0.0569
Genotype x Defeat x Treatment  0.469; 57 0.4991
Basolateral Genotype 0.0004; ,; 0.9836
amygdala
Defeat 12.527,,;  0.0015
Treatment 0.042; 57 0.8399
Genotype x Defeat 0.002; 57 0.9633
Genotype x Treatment 0.8901 57 0.3540
Defeat x Treatment 0.999; »; 0.3265
Genotype x Defeat x Treatment ~ 1.984, 57 0.1704
Ventral Genotype 0.0265, 57 0.8738
hippocampus
Defeat 7.991y,;  0.0087
Treatment 0.0361 57 0.8518
Genotype x Defeat 0.466 »; 0.5008
Genotype x Treatment 1.239; 57 0.2755
Defeat x Treatment 2.969; o7 0.0963
Genotype x Defeat x Treatment  0.523; 57 0.4758
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