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Dysregulation of the hypothalamic–pituitary–adrenal (HPA) axis is
a hallmark of major depressive disorder. A number of studies have
shown that this dysregulation is correlated with impaired fore-
brain glucocorticoid receptor (GR) function. To determine whether
a primary, acquired deficit in forebrain GR signaling is an etiologic
factor in the pathogenesis of depression, we generated a line of
mice with time-dependent, forebrain-specific disruption of GR
(FBGRKO). These mice develop a number of both physiological and
behavioral abnormalities that mimic major depressive disorder in
humans, including hyperactivity of the HPA axis, impaired negative
feedback regulation of the HPA axis and, increased depression-like
behavior. Importantly, a number of these abnormalities are nor-
malized by chronic treatment with the tricyclic antidepressant,
imipramine. Our findings suggest that imipramine’s proposed
activities on forebrain GR function are not essential for its antide-
pressant effects, and that alteration in GR expression may play a
causative role in disease onset of major depressive disorder.

knockout mice

Major depression is a serious neuropsychiatric illness that the
World Health Organization predicts will soon be the world’s

greatest public health burden (www.nimh.nih.gov�publicat�
burden). Although both genetic and environmental factors are
known to contribute to its pathogenesis, two fundamental questions
remain unanswered. First, what are the primary genetic factors that
contribute to a predisposition for depression? Second, what inter-
acting biochemical pathways lead to the disease state? There are a
number of lines of evidence that suggest that dysregulation of the
hypothalamic–pituitary–adrenal (HPA) axis may be a primary
factor in the pathogenesis of depression (1). Depressed patients
show hyperactivity of the HPA axis that may result from impair-
ments in negative feedback regulation of glucocorticoid release (2).
Moreover, normalization of these HPA axis abnormalities is asso-
ciated with successful antidepressant treatment, and patients whose
HPA abnormalities do not normalize are significantly more likely
to relapse (3).

Research both in humans and in animal models have implicated
forebrain glucocorticoid receptors (GRs) in HPA axis regulation
and depression (4, 5). Studies examining postmortem tissue from
suicide victims and individuals with major depressive disorder
(MDD) have revealed decreased GR mRNA expression in the
hippocampus and cortex (6). Importantly, GR mRNA expression
and hormone-binding activity are both increased after antidepres-
sant treatment (7). In addition, a number of animal models of
depression have been shown to be associated with decreased
forebrain GR expression. In rodents, exposure to early life maternal
neglect, which, in humans, is known to increase the risk of depres-
sion, leads to a depression like-phenotype (8) that is associated with
decreased hippocampal GR expression (9). Conversely, an early
nurturing environment led to increased hippocampal GR expres-
sion and decreased susceptibility to depression in adulthood (10).
These studies suggest that early life environment modulates hip-

pocampal GR expression, which may contribute to the expression
of stress related behaviors in adulthood. Although these studies do
not provide a direct causal link between GR expression and
depression-related behaviors, they do provide strong correlational
evidence in support of the hypothesis that altered GR activity is an
etiologic factor in depression.

To more directly address this question, several groups have
generated mice with targeted GR deficiencies to investigate the role
of GR in HPA axis regulation and depression. Mice with a global
deletion of GR die shortly after birth because of impaired lung
development, preventing analysis of the endocrine and behavioral
consequences of GR deletion (11). Transgenic mice have been
produced in which antisense GR mRNA is expressed in neuronal
and nonneuronal cells and leads to a 50% decrease in GR protein
(12). These mice show no differences in nonstressed, basal HPA
axis activity. However, these GR mRNA antisense transgenic mice
show impaired inhibition in response to the GR-specific agonist
dexamethasone (DEX), in the DEX suppression test (DST) and
decreased expression of corticotropin-releasing hormone (CRH) in
the hypothalamus. When tested for behavioral measures of stress
and depression, they were found to be less anxious in the elevated
plus maze, and they showed less floating behavior (a measure of
despair) in a forced swim task (13). These mice provide important
insights into the role of GR in HPA axis regulation and depression;
however, this mutation affects GR throughout the brain and body
starting early in development, and it is unclear how developmental
effects and GR signaling in areas outside of the forebrain influence
these results.

To specifically examine the role of GR in the brain, Tronche et
al. (14) generated mice with central nervous system-specific dele-
tion of GR (GRnes/cre). These mice show a number of alterations in
the HPA axis, including 10 times greater basal (morning) plasma
concentration of corticosterone, increased CRH in the paraven-
tricular nucleus (PVN), and decreased adrenocorticotropic hor-
mone (ACTH) in the anterior pituitary. Unfortunately, in these
mice, GR is deleted in the PVN, a site of major negative feedback
inhibition of the HPA axis, leading to severe hyperadrenalism and
wasting, confounding behavioral analysis. Furthermore, in the
GRnes/cre mice, GR is deleted early in development, again, making
it difficult to separate effects resulting from alterations that occur
during development from those resulting from an acute require-
ment for GR.

This paper was submitted directly (Track II) to the PNAS office.

Abbreviations: HPA, hypothalamic–pituitary–adrenal; GR, glucocorticoid receptor; MDD,
major depressive disorder; DEX, dexamethasone; DST, DEX suppression test; CRH, cortico-
tropin-releasing hormone; PVN, paraventricular nucleus; ACTH, adrenocorticotropic hor-
mone; FBGRKO, forebrain-specific GR knockout; CaMKII�, calcium-stimulated calmodulin
kinase II�; LTD, long-term depression; MR, mineralocorticoid receptor; AVP, arginine
vasopressin.

§To whom correspondence should be addressed. E-mail: muglia�l@kids.wustl.edu.

© 2004 by The National Academy of Sciences of the USA

www.pnas.org�cgi�doi�10.1073�pnas.0406458102 PNAS � January 11, 2005 � vol. 102 � no. 2 � 473–478

N
EU

RO
SC

IE
N

CE



To test the hypothesis that acquired primary disruption of GR
action will lead to dysregulation of the HPA axis and depression-
like behavior, we used the Cre�LoxP system to generate fore-
brain-specific GR knockout (FBGRKO) mice. In this system,
Cre recombinase is expressed under the control of the calcium-
stimulated calmodulin kinase II� (CaMKII�) promoter. This
Cre transgene is not active until �3 weeks of age (15), allowing
us to avoid deletion during early brain development. Deletion of
forebrain GR is not complete in the FBGRKO mice until �4–6
months of age. This time course is highly relevant to the natural
progression of depression in humans, which is most commonly
diagnosed between the ages of 25 and 35 years (16). We
demonstrate that GR action in the forebrain regulates the
circuits controlling neuroendocrine and behavioral effectors that
impact upon the phenotype characteristic of MDD.

Materials and Methods
Generation of FBGRKO Mice. Mice homozygous for a GRloxPneo
allele (17) were crossed with mice expressing a transgene in which
Cre recombinase is expressed under the control of the forebrain-
specific CaMKII� promoter (T50 Cre) (15) to generate mice with
forebrain-specific disruption of GR (FBGRKO) and Cre-negative
littermate controls. Mice were of a mixed C57BL�6 � 129 � CBA
background. Littermate knockout and control mice were used for
all experiments.

Immunohistochemistry. Coronal sections were processed for immu-
nohistochemistry with antibodies recognizing GR (1:200, M-20,
Santa Cruz Biotechnology) and NeuN (1:200, Chemicon). See
Supporting Text, which is published as supporting information on
the PNAS web site, for details.

Pituitary ACTH�GR Immunostaining. Pituitary sections from
6-month-old FBGRKO and control mice were stained with anti-
bodies specific for GR (as described above) and ACTH (guinea pig
anti-ACTH antibody, Peninsula Laboratories, San Carlos, CA).
See Supporting Text for details.

Long-Term Depression (LTD). Transverse slices (500 �m thick) from
6-month-old FBGRKO and control mice were maintained in an
incubation chamber for 1 h at 37°C in a standard solution, trans-
ferred to a submersion recording chamber at 30°C. Extracellular
recordings were obtained from the dendritic layer of the CA1
region with the use of glass electrodes filled with 2 M NaCl. A
bipolar electrode was placed in stratum radiatum to stimulate the
Schaffer collateral�commissural pathway. Stimuli (50 �s in dura-
tion) were applied every minute. The stimulus intensity was set to
evoke 40–50% of the maximal amplitude of field excitatory
postsynaptic potentials. To induce LTD, 1-Hz low-frequency stim-
ulation was delivered continuously for 15 min. See Supporting Text
for details.

In Situ Hybridization. RNA probes complementary to mRNA for the
mineralocorticoid receptor (MR), CRH, arginine vasopressin
(AVP), or proopiomelanocortin were radiolabeled with
[�-33P]UTP, hybridized to sections at an annealing temperature of
60°C, and washed after hybridization. See Supporting Text for
details.

DEX Suppression Test. FBGRKO and control mice were injected i.p.
with DEX sodium phosphate (0.1 mg�kg, American Regent Lab-
oratories, Shirley, NY) or sterile normal saline at 12 p.m. Six hours
later, plasma was collected by retroorbital phlebotomy.

Radioimmunoassays. Plasma concentrations of corticosterone and
ACTH were determined by radioimmunoassay from blood col-
lected by retroorbital phlebotomy at circadian nadir (8 a.m.) and
peak (6 p.m.) from adult male mice as described (18).

Behavioral Analysis. All behavioral analyses were performed by an
observer blinded to genotype. Despair related behaviors were
measured with the forced swim test and the tail suspension test.
Graphs were generated by calculating the percentage of bins that
each mouse was active during the trial. Anhedonia was measured
in 6-month-old FBGRKO and control mice by using a two-bottle
sucrose preference test. The data are presented as the percentage
of sucrose consumed out of the total fluid consumed. A general
motor battery including the inclined screen, ledge, and accelerating
rotorod tests was performed as described (19). See Supporting Text
for a full description of behavioral testing paradigms.

Antidepressant Treatment. Four-month-old FBGRKO and control
mice were treated daily with Imipramine HCl (16 mg�kg i.p.,
Sigma) or normal saline. After 3 weeks, blood was collected by
retroorbital phlebotomy at circadian nadir (8 a.m.) and peak (6
p.m.) and assayed for corticosterone concentration. One week later,
these mice were tested with the DST (as described above). One
week after the last blood collection, mice were tested in the tail
suspension test and forced swim test. On the day of testing, mice
were not injected until after completion of testing.

Statistical Analysis. Results were expressed as mean � SEM.
Statistical comparisons were performed with the use of one- or
two-way ANOVA with the post hoc Student–Newmann–Keuls test
to identify significant differences. In all cases, P � 0.05 was
considered statistically significant.

Results
GR Is Specifically Disrupted Throughout the Forebrain of the FBGRKO
Mice in a Time-Dependent Manner. We generated mice homozygous
for a GR allele in which loxP sites had been inserted around exons
1C and 2 (17) and expressing a transgene in which Cre recombinase
is driven by the forebrain-specific CaMKII� promoter (15). To
demonstrate that GR is disrupted specifically in forebrain neurons,
coronal sections from 2-, 4-, and 6-month-old FBGRKO and
control mice were double-labeled for GR and the neuronal-specific
marker, NeuN (Fig. 1a; for images at 2 and 4 months, see Fig. 6,
which is published as supporting information on the PNAS web
site). This CaMKII�-Cre transgene is not active until �3 weeks of
age (15). Consistent with this observation, we found that, at 2
months of age, �60% of hippocampal neurons lack GR immuno-
reactivity in the FBGRKO mice. By 4–6 months of age, the GR
immunoreactivity is lost in 90–100% of hippocampal neurons (Fig.
1b). As seen in Fig. 1a, GR is deleted first in the outer layers of
cortex and in the hippocampus. By 6 months, GR is deleted
throughout the hippocampus and in most of the cortex; however,
some deeper cortical neurons remain GR positive even at this later
time point.

Although the forebrain has been implicated in regulation of the
HPA axis, the two major sites for negative feedback inhibition of the
HPA axis are the PVN of the hypothalamus and corticotrophs of
the anterior pituitary. Therefore, we analyzed GR expression in the
PVN and anterior pituitary to ensure that deletion had not occurred
at these sites. No differences were found between control and
FBGRKO mice in the levels of GR expression in PVN neurons or
proopiomelanocortin-expressing cells of the anterior pituitary (Fig.
1c). Additionally, we examined GR expression in the amygdala and
found no differences in the number of GR-positive neurons in the
FBGRKO and control mice (FBGRKO, 135.3 � 41; control, 156 �
20; P � 0.33, n � 3, three sections per animal).

The brain contains two types of receptors responsive to glucocor-
ticoids: the type I, or MR, and the type II, or GR. MR has also been
implicated in regulation of the HPA axis. However, in situ analysis
of control and FBGRKO mice (at 6 months of age) demonstrated
that disruption of GR did not lead to a baseline compensatory
change in MR mRNA expression (data not shown).
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Hippocampal Slices from FBGRKO Mice Are Glucocorticoid-Resistant.
LTD has previously been shown to occur as a consequence of stress
or glucocorticoid action (20). To demonstrate the functional loss of
GR action in FBGRKO mice, we examined corticosterone-induced
LTD in hippocampal slices. Hippocampal slices from 6-month-old
FBGRKO and control mice were incubated in the presence or
absence of 1 �M corticosterone. Low-frequency stimulation in the
presence of corticosterone induced LTD in the controls but could
not induce LTD in the slices from FBGRKO mice, demonstrating
glucocorticoid resistance (Fig. 2a). To further determine the degree
of functional glucocorticoid resistance in the FBGRKO mice, we
performed a DST, a measure of negative feedback inhibition of the
HPA axis in response to exogenous steroids. Whereas the control
mice show significant suppression of corticosterone release in
response to DEX challenge, the FBGRKO mice show no suppres-

sion (Fig. 2b). This finding provides strong support for a role of
forebrain GR in negative feedback regulation of the HPA axis.

Circadian HPA Axis Activity Is Altered by Deletion of Forebrain GR. To
address the hypothesis that forebrain GR regulates the activity
of the HPA axis, we collected plasma at circadian nadir (8 a.m.)
and peak (6 p.m.) from FBGRKO and control mice at 2, 4, and
6 months of age and. At 2 months of age, when only �60% of
forebrain neurons have lost GR immunoreactivity, no significant
differences in plasma corticosterone concentrations were found
between genotypes. However, at 4 months of age, the FBGRKO
mice showed a significant increase in peak corticosterone and a
trend toward increased basal corticosterone (P � 0.07) release
compared to controls. At 6 months of age, the FBGRKO mice
showed a significant increase in both basal and peak corticoste-
rone release (Fig. 3 a and b). Similarly. FBGRKO mice �4
months of age tended to have increased basal plasma ACTH
(FBGRKO, 252 � 27 pg�ml; control, 190 � 18 pg�ml; P � 0.12,
n � 9–15) and exhibited significantly increased peak ACTH
(FBGRKO, 333 � 34 pg�ml; control, 212 � 14 pg�ml; P � 0.01,
n � 8). These data suggest that forebrain GR is required for
normal regulation of the HPA axis.

Basal Expression of AVP, but not CRH, Is Altered in the PVN of FBGRKO
Mice. We used in situ hybridization to evaluate the expression of
CRH and AVP mRNA in the PVN of FBGRKO and control mice.
At 6 months of age, FBGRKO mice showed a 65% increase in mean
signal intensity of AVP mRNA in the PVN. Although it is difficult
to distinguish between the magnocellular and parvocellular regions
of the PVN in mice, AVP mRNA expression was not significantly
different in the supraoptic nuclei (data not shown). This finding
suggests that the increase observed in the PVN reflects changes in
the parvocellular region, which directly influences HPA axis activ-
ity. No baseline differences were observed between groups in PVN
expression of CRH mRNA (Fig. 3c).

FBGRKO Mice Show Increased Depression-Like Behaviors. MDD is
associated with a variety of behavioral changes including hopeless-
ness (despair), loss of energy, sleep difficulties, changes in appetite,
learning and memory impairments, and anhedonia. To test the
hypothesis that forebrain GR activity and HPA axis regulation
influence depression-related behaviors, FBGRKO and control
mice were tested for measures of despair and anhedonia. No
significant differences were observed between genotypes for sen-

Fig. 1. GR immunoreactivity is lost throughout the forebrain of the FBGRKO
mice in a time-dependent manner. (a) Immunohistochemical analysis of GR
expression in forebrain neurons of 6-month-old FBGRKO and control mice.
Each panel shows immunoreactivity for GR (red), NeuN (green), and a merged
image in which double labeled cells appear yellow. Top row shows the
hippocampus (HPC) at �100 magnification. Middle rows show area CA1 and
the dentate gyrus (DG) at �400 magnification. Bottom row shows a �100
magnification image of cortex (CTX). (b) Quantification of the number of CA1
NeuN-positive GR-expressing neurons in FBGRKO and control mice at 2, 4, and
6 months of age (n � 4–6). (c) GR expression remains intact in the PVN and
anterior pituitary. (Upper) Representative sections of the PVN from FRGRKO
and control mice stained for GR (red). GR-positive PVN neurons are enclosed
within the white triangle. (Lower) Representative sections of anterior pitu-
itary (AP) stained for GR (red, nuclear) and proopiomelanocortin (green,
cytoplasmic).

Fig. 2. Functional glucocorticoid resistance in FBGRKO mice. (a) Low-frequency
stimulation (LFS) of the commissural pathway in the presence of corticosterone
(cort) elicits significant long-term depression of excitatory postsynaptic field
potentials in area CA1 of control (P � 0.0076) but not FBGRKO mice. (b) Injection
of DEX produces a significant suppression of corticosterone release in control
mice (*, P � 0.0001) but produces no suppression in FBGRKO mice in the DST.
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sorimotor capabilities and for differences in general locomotor
activity levels (data not shown).

The forced swim and tail suspension tests are both standard
measures of behavioral despair routinely used as a screen for
rodent models of depression. Decreased activity in these tests is
believed to indicate increased despair. In the forced swim test,
we observed a significant decrease in activity in the FBGRKO
mice at 4 and 6, but not at 2, months of age (Fig. 4a). We next
tested 6-month-old FBGRKO and control mice on the tail
suspension test to verify that this phenotype reflects an increase
in despair-related behaviors and not a more subtle change
specifically associated with the swim task. We again found a
significant decrease in activity in the FBGRKO mice (Fig. 4b),
demonstrating that deletion of forebrain GR leads to increased
despair-related behaviors.

To determine the role of forebrain GR in mediation of anhe-
donia, we used the sucrose preference test, a commonly used
measure of anhedonia in rodents. When given a choice between a
bottle containing water and a bottle containing a sucrose solution,
the FBGRKO mice consumed significantly less of the sucrose
solution than controls, suggesting an increase in anhedonia in these
mice (Fig. 4c).

Chronic Treatment with the Tricyclic Antidepressant (TCA) Imipramine
Reverses the Behavioral Despair Phenotype and Influences the HPA
Axis Abnormalities in the FBGRKO Mice. To determine whether the
depression-like phenotype of FBGRKO mice could be reversed
with antidepressants, mice were treated daily, for 4 weeks, with the
TCA, imipramine, or vehicle. After 3 weeks, FBGRKO mice
treated with normal saline showed an increase in both nadir and
peak corticosterone release. However, FBGRKO mice treated with
imipramine showed corticosterone levels comparable to control
mice (Fig. 5 a and b). These mice were also tested for impairments
in the DST. FBGRKO mice treated with imipramine or NS showed

no suppression of corticosterone release in response to DEX
treatment (Fig. 5c). These findings suggest that imipramine can
modulate circadian HPA axis activity without directly changing
glucocorticoid-mediated feedback inhibition. FBGRKO mice
treated with vehicle were again significantly less active in both the
forced swim and tail suspension tests, indicating an increase in
despair behavior. However, treatment with imipramine reversed
this phenotype in both paradigms (Fig. 5 d and e). FBGRKO mice
treated with imipramine showed no significant difference in activity
compared to control mice receiving either treatment. These data
indicate that both the HPA axis abnormalities and the behavioral
phenotype are reversible with chronic imipramine treatment de-
spite loss of GR action.

Treatment with Imipramine Differentially Regulates Expression of MR
and CRH mRNAs in FBGRKO and Control Mice. To address the
mechanisms through which imipramine reverses the HPA axis and
behavioral phenotype of the FBGRKO mice, we analyzed MR,
CRH, and AVP mRNA expression after chronic vehicle or imip-
ramine treatment. The handling stress associated with chronic
vehicle (NS) administration led to an increase in MR mRNA
expression in FBGRKO compared with control hippocampi, and
impramine treatment further augmented the differences between
genotypes (Fig. 5f). Next, we analyzed PVN CRH expression and
found that vehicle-treated FBGRKO mice express significantly
more CRH mRNA than vehicle-treated controls, suggesting
greater stress reactivity in the FBGRKO mice. Imipramine treat-
ment decreased PVN CRH mRNA to control levels (Fig. 5g).
Imipramine treatment produced no significant changes in AVP
expression in the PVN of FBGRKO or control mice (data not
shown).

Fig. 3. HPA axis regulation is altered in the FBGRKO mice. (a and b) Basal (a)
and peak circadian (b) corticosterone release in FBGRKO and control mice at
2, 4, and 6 months of age. FBGRKO mice show a significant increase in basal
corticosterone at 6 months of age, and in peak corticosterone at 4 and 6
months of age relative to control mice of the same age (*, P � 0.05). (c)
Quantification of CRH and AVP mRNA expression by in situ hybridization.
Densitometric analysis revealed a significant increase in AVP (*, P � 0.0035)
but not CRH mRNA at baseline in the PVN of FBGRKO mice compared to
controls.

Fig. 4. FBGRKO mice show a time-dependent increase in depression-like
behaviors. (a) FBGRKO mice show significantly less activity in the forced swim
test (n � 6–9) at 4 (*, P � 0.01) and 6 (**, P � 0.01) months, but not at 2 months
of age. (b) In the tail suspension test (n � 6–8), 6-month-old FBGRKO mice
again showed significantly less activity (*, P � 0.04). (c) In the two-bottle
sucrose preference test (n � 5), FBGRKO mice show significantly decreased
sucrose preference (pref.) (*, P � 0.04).
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Discussion
In this report, we demonstrate that a primary deficit in forebrain
GR leads to increased circadian glucocorticoid release, impaired
negative feedback inhibition of the HPA axis, and increased
depression-related behaviors. Moreover, the alterations in stress-
associated hypothalamic neuropeptides in FBGRKO mice, AVP
under baseline conditions, and CRH after chronic handling stress,
are reminiscent of findings in human depression (21). In addition,
we show that the depression-like phenotype of FBGRKO mice can
be reversed with chronic antidepressant treatment. These studies
both define the involvement of forebrain GR in regulation of the
HPA axis and show that a primary defect in forebrain GR causes
physiological and behavioral phenotypes mimicking those seen in
MDD.

Forebrain GR Provides Negative Feedback Inhibition to the HPA Axis.
Clinical depression is associated with hyperactivity and impaired
negative feedback inhibition of the HPA axis (2). Various obser-
vations suggest that these changes may be central to the pathogen-
esis of depression. Impairments in negative feedback inhibition are
believed to be diagnostic of depression, with between 40 and 80%
of patients with MDD showing impaired glucocorticoid suppres-
sion in the DST (4, 22). Normalization of these HPA abnormalities
is associated with successful antidepressant treatment (23, 24).
Patients whose HPA abnormalities do not normalize are signifi-
cantly more likely to relapse (25). Furthermore, nondepressed
siblings of depressed patients show an intermediate HPA axis
phenotype between that of depressed patients and controls, and
those with more severe HPA alterations are more likely to later
develop depression (23, 24, 26). These observations have led to the
idea that a primary component in the development of depression
may involve factors which influence negative feedback inhibition of
the HPA axis, such as forebrain GR. This is supported by studies
finding decreased GR mRNA expression in the prefrontal cortex of
patients with depression as well as in postmortem tissue from
suicide victims (4, 6, 27). Here we demonstrate that a primary
deficiency of forebrain GR leads to increased nadir and peak
circadian corticosterone release and impaired negative feedback
inhibition of the HPA axis, paralleling what is seen in glucocorticoid
feedback-resistant human depressive patients. These results suggest
that the HPA axis abnormalities observed in depression may be
related to decreased forebrain GR function and factors that alter
GR expression and�or function may influence disease susceptibil-
ity. Interestingly, there is evidence that polymorphisms of the GR
allele in humans influence HPA axis regulation (28). Our studies
suggest that these may serve as a mechanism for genetic transmis-
sion of an increased susceptibility to depression.

Deletion of Forebrain GR Leads to a Depression-Like Behavioral
Phenotype. The FBGRKO mice show time- and deletion-
dependent increases in despair and decreased pleasure seeking
behavior (anhedonia). At 2 months of age, a time at which about
half of forebrain neurons still express GR, we found no differences
in circadian corticosterone release or depression-related behaviors.
This finding suggests that there is a threshold effect and these
systems are not compromised until GR expression falls below a
specific level. These results have potentially interesting implications
for the etiology of depression. An underlying genetic predisposition
for the disease could be related to mutations in GR or other loci
which influence GR expression or function. Exposure to environ-
mental factors such as stress or infection are known to decrease GR
expression as well as influence the risk for depression (29, 30).
These triggers may then initiate a pathway that leads to the
development of depression by down-regulating GR action below a
requisite threshold amount. This notion is supported by the obser-
vation that exposure to physical and psychological stressors have

Fig. 5. Chronic treatment with imipramine reverses HPA axis hyperactivity
and the behavioral despair phenotype of FBGRKO mice. (a and b) FBGRKO
mice treated with vehicle show an increase in basal circadian corticosterone
release (P � 0.05, n � 4–6) (a) and a trend toward increased peak corticoste-
rone release (†, P � 0.08, n � 4–6) (b). After chronic treatment with imipra-
mine, FBGRKO mice show no significant differences in basal or peak cortico-
sterone release from control mice treated with either imipramine or normal
saline (NS). (c) In the DST, imipramine does not reverse the impairment in
negative feedback suppression of the HPA axis in the FBGRKO mice. (d and e)
FBGRKO mice treated with NS showed decreased activity in both the tail
suspension (P � 0.0001, n � 4–6) (d) and forced swim tests (P � 0.001, n � 4–6)
(e) compared with controls. However, FBGRKO mice treated with imipramine
showed no significant difference compared with controls (n � 3–6). ( f) NS
administration tended to increase MR mRNA expression in areas CA1 and DG
of the FBGRKO, and imipramine treatment further augmented the differences
between genotypes (*, P � 0.004, n � 4–6). In region CA3, increased MR mRNA
was specific for imipramine treatment in FBGRKO mice (**, P � 0.02). (g)
FBGRKO mice treated with NS express significantly more CRH mRNA than
vehicle-treated controls (P � 0.015, n � 4–6); imipramine treatment decreased
PVN CRH mRNA to control levels.
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been shown to be temporally correlated with the onset of depres-
sion (30).

Imipramine Reverses the Depression-Like Phenotype in the FBGRKO
Mice. To develop targeted therapies for depression that work on a
more efficient time scale, it is necessary to better understand the
molecular cascade that leads to depression. It has been hypothe-
sized that forebrain GR may be an important component in this
pathway. Imipramine has been shown to cause an increase in
hippocampal GR expression (31). This has been suggested to be a
mechanism through which antidepressants reverse the HPA axis
phenotype associated with depression and lead to recovery of both
the HPA axis and normal behavior. The up-regulation of GR with
imipramine is not likely to be essential for efficacy, as chronic
treatment with imipramine reversed both the circadian HPA
axis abnormalities and the behavioral despair phenotype in the
FBGRKO mice without a change in negative feedback inhibition of
the HPA axis as measured by the DST.

MR is also an important regulator of HPA axis function (23). In
addition to increasing GR expression, a number of antidepressants,
including imipramine, have also been shown to increase MR
expression in the hippocampus (32–34). It has been suggested that
MR expression changes precede the changes in GR expression (34).
Although MR expression in unmanipulated FBGRKO mice did not
differ from controls, the handling associated with vehicle admin-
istration led to increased MR expression relative to controls. This
difference in MR expression was further increased with imipramine
administration. Because the despair behavior and HPA axis phe-
notypes of the vehicle-treated FBGRKO mice do not differ from
unmanipulated controls, the data suggest that, if MR is involved in
the therapeutic response to impramine, either the induction of MR
must exceed a specific threshold to compensate for GR deficiency
or MR is induced in a region of the brain specific for imipramine

treatment (e.g., the hippocampal CA3 region), or that imipramine
interacts with MR to exert its effects.

Depression is known to be associated with alterations in neuro-
transmitter systems including serotonin, dopamine, and norepi-
nephrine. In addition to its effects on GR, imipramine also influ-
ences the reuptake of both serotonin and norepinephrine (35), and
these actions may be central to its efficacy. Imipramine has also
been shown to down-regulate serotonin 1A (5-HT1A) receptor
expression in the hippocampus (36). Preliminary data from our
laboratory suggests that FBGRKO mice express more 5-HT1A
mRNA in the hippocampus (M.P.B. and L.J.M., unpublished data).
This is another potential GR-independent mechanism through
which imipramine could be acting to reverse the observed pheno-
type. Numerous studies have demonstrated a reciprocal interaction
between serotonin systems and glucocorticoids (37). Further stud-
ies should address the mechanisms through which disruption of
forebrain GR influences serotonin systems and determine how
these changes contribute to the observed phenotype.

In summary, we present a system for studying MDD and find that
alterations in forebrain GR activity could be a primary etiologic
factor in the development of MDD. This notion is supported by a
recent study demonstrating that GR overexpression in the forebrain
results in increased emotional lability and a phenotype suggestive of
bipolar disorder that is responsive to antidepressant administration
(38), in accord with the model that increased allostatic load from
both over- and underresponsive stress pathways contributes to
human stress-related disorders (39). FBGRKO mice should prove
to be valuable for identifying GR target genes in MDD and testing
pharmacological agents for efficacy in this disorder.
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