8836 -+ The Journal of Neuroscience, August 15, 2007 - 27(33):8836 — 8844

Neurobiology of Disease

Overexpressing the Glucocorticoid Receptor in Forebrain
Causes an Aging-Like Neuroendocrine Phenotype and Mild
Cognitive Dysfunction
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Repeated stress enhances vulnerability to neural dysfunction that is camulative over the course of the lifespan. This dysfunction contrib-
utes to cognitive deficits observed during aging. In addition, aging is associated with dysregulation of the limbic- hypothalamic-pitu-
itary-adrenal (LHPA) axis, leading to a delayed termination of the stress response. This delay, in turn, increases exposure to glucocor-
ticoids and exacerbates the likelihood of neural damage. Here we asked whether similar effects could emerge at an early age as a result of
genetic variations in the level or function of the brain glucocorticoid receptor (GR). We investigated the effect of forebrain-specific
overexpression of GR on LHPA axis activity. Transgenic mice with GR overexpression in forebrain (GRov) display normal basal circu-
lating adrenocorticotropic hormone and corticosterone levels. However, young GRov mice exhibit a number of LHPA alterations, includ-
ing a blunted initial response to acute restraint stress followed by a delayed turn-off of the stress response. This deficit in negative
feedback is paradoxical in the face of elevated GR levels, resembles the stress response in aged animals, and continues to worsen as GRov
mice age. The neuroendocrine dysregulation in young GRov mice is coupled with a mild cognitive deficit, also consistent with the
accelerated aging hypothesis. The molecular basis of this phenotype was examined using microarray analysis of the hippocampus, which
revealed a broad downregulation of glutamate receptor signaling in GRov mice. Thus, even in the absence of chronic stress, elevation of

GR gene expression can lead to an increased allostatic load and result in an “aging-like” phenotype in young animals.
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Introduction

Glucocorticoids modulate a broad range of neural functions, in-
cluding neuronal excitability and plasticity, neurogenesis, neuro-
nal death, stress reactivity, and emotional responses (Akil and
Morano, 1995; McEwen and Sapolsky, 1995; De Kloet et al.,
2005). Their actions are mediated by two ligand-dependent tran-
scription factors, the glucocorticoid receptor (GR) and the min-
eralocorticoid receptor. In response to a stressful event, GR ap-
pears to function in part as a sensor of salient and/or threatening
stimuli, and its activation results in increased anxiety behavior
and alterations in learning and memory. On the other hand, GR
activation also serves to limit further activation of the stress sys-
tem via negative feedback mechanisms (Akil, 2005). This dual
role is encoded anatomically, with structures such as the amyg-
dala being implicated in the activation of the stress response and
others such as the hippocampus (HC) and the prefrontal cortex
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being largely inhibitory of LHPA axis activity (Lopez et al., 1999;
Herman et al., 2003).

Stress-related neuropsychiatric diseases are accompanied by
alterations in glucocorticoids (McEwen, 1998), and the normal-
ization of the LHPA system is thought to be a prerequisite to
clinical improvement (Ising et al., 2005). The specific role of
brain GR in stress and mood disorders has been investigated in a
number of animal models (Pepin et al., 1992; Reichardt et al.,
1998; Tronche et al., 1999; Wei et al., 2004; Boyle et al., 2005). We
overexpressed GR specifically in forebrain and demonstrated a
very distinctive phenotype consisting of increased reactivity to
the environment along with emotional lability. Transgenic mice
with GR overexpression in forebrain (GRov) display a significant
increase in anxiety-like and depressant-like behaviors, yet they
are also supersensitive to antidepressants and show enhanced
sensitization to cocaine (Wei et al., 2004).

Glucocorticoids also modulate learning and memory (Dia-
mond et al., 1992; Oitzl and De Kloet, 1992; Conrad et al., 1999).
Chronic elevation of glucocorticoids is thought to cause damage
to the HC, a brain region important for both information pro-
cessing and termination of the stress response. Previous findings
have shown that aged animals exhibit prolonged secretion of glu-
cocorticoids after stress, and this is associated with impairment of
cognitive function (Landfield et al., 1978; Sapolsky et al., 1983;
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McEwen and Sapolsky, 1995). This led to the view that common
mechanisms may impair hippocampal control of the LHPA axis
and impact spatial learning and memory. Indeed, prolonged ex-
posure to high levels of glucocorticoids accelerates senescent hip-
pocampal degeneration (Sapolsky, 1992). This body of work
points to the importance of cumulative exposure to stress and
glucocorticoids in the course of an individual’s lifetime and
shows that excessive and repeated stress can result in an “allo-
static load” that has profound affective and cognitive conse-
quences (McEwen, 1998).

It has become clear that vulnerability to psychiatric and neu-
rological diseases is highly modified by reactivity to environmen-
tal stressors (Caspi and Moffitt, 2006). To investigate the possible
functional role of genetic differences in stress responsivity, we
used the GRov mouse model to ascertain how innate differences
in the neural expression of a stress-related gene can modify stress
reactivity and cognitive function both in the presence and ab-
sence of environmental stressors.

Materials and Methods

Animals

The generation of transgenic mice overexpressing GR specifically in fore-
brain was described previously (Wei et al., 2004). GRov mice were estab-
lished by breeding founders and their progeny to C57BL/6] mice. Mice
were maintained on a 14/10 light/dark schedule with lights on between
5:00 A.M. and 7:00 P.M. All transgenic mice are maintained as hemizy-
gotes. All experiments were performed with male GRov mice and their
wild-type (WT) littermates. Mice were between 2 and 6 months of age at
the time of testing, except for the aging study, in which mice were be-
tween 18 and 22 months of age. Mice were housed individually for 1 week
before each study. All experiments were conducted in accordance with
the principles and procedures outlined in the National Institutes of
Health guidelines for the care and use of animals.

Neuroendocrinological experiments

Blood samples were collected by decapitation <20 s after opening the
cage. Blood was placed immediately in iced Eppendorf tubes containing
EDTA.

Restraint stress. The restraint device consists of a 9 X 12 cm piece of
flexible Teflon attached to a 9 X 3 cm platform with Plexiglas ends
containing a tail slot and air holes. The Teflon is wrapped snugly around
the mouse and fastened with Velcro straps. Plasma was collected at the
onset of restraint stress (t = 0), during stress (+ = 15 and 30 min), and
after the end of exposure to stress (+ = 60, 90, and 150 min; i.e., 30, 60,
and 120 min after the termination of 30 min of restraint stress). In the
aging study, plasma was collected at the onset of restraint stress (t = 0),
during stress (+ = 15 and 30 min), and after stress (t = 60 and 90 min).
The test was performed between 7:00 and 10:00 A.M.

Chronic stress protocol. Mice from each genotype were randomly as-
signed to one of the following experimental groups: (1) undisturbed
(control); (2) twice daily exposure to intraperitoneal injections of 0.9%
saline (injection stress; 10 ml/kg); or (3) twice daily exposure to chronic
unpredictable stress (CUS). CUS consisted of forced swimming, tail sus-
pension, open field, light—dark box, elevated plus maze (EPM), cold,
crowding, wet bedding, loud noise, intraperitoneal injection of saline,
and reversed light cycle paradigms. Stress exposure took place once in the
morning and once in the afternoon for 14 consecutive days. Plasma was
collected at 2 h after lights on in the morning, which was 16 h after the last
stress session on the last day.

Dexamethasone suppression test. Mice were injected intraperitoneally
with different doses of dexamethasone (Dex; 10, 20, 40, and 100 ug/kg;
American Pharmaceutical Partners, Schaumburg, IL) or 0.9% saline at
11:00 A.M. Plasma was collected 6 h later.

Corticotropin-releasing hormone challenge test. Mice were injected in-
traperitoneally with 40 ug/kg corticotropin-releasing hormone (CRH;
American Peptide, Sunnyvale, CA) dissolved in 0.9% saline containing
0.05% ascorbic acid at 7:00 A.M. Plasma was collected at various time
points (t = 0, 15, 30, 60, and 120 min).
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Dex/CRH test. Six hours after application of 40 ug/kg Dex given at
11:00 A.M., mice were injected intraperitoneally with 40 wg/kg CRH and
killed 60 min later.

Adrenocorticotropic hormone stimulation test. Cortrosyn (Amphastar
Pharmaceuticals, Rancho Cucamonga, CA) was reconstituted in 0.4 ml
of normal saline. The Cortrosyn solution was then diluted in PBS. Mice
were injected intraperitoneally with 40 ug/kg Cortrosyn or vehicle saline
at 7:00 A.M. Plasma was collected 30 min later.

For the restraint stress studies in naive GRov and WT mice and the
CRH challenge study, plasma adrenocorticotropic hormone (ACTH)
was determined using an ACTH kit (Quest Diagnostics, Lyndhurst, NJ).
Plasma corticosterone (CORT) was assayed using a highly specific anti-
body developed in our laboratory. Cross-reactivities to related com-
pounds (e.g., cortisol) were <3%. Intra-assay and interassay variations
were <10% (data not shown).

For the remaining studies involving chronic stress, aging, dexametha-
sone suppression, and Dex/CRH test, we assayed plasma ACTH using the
kit provided by MP Biomedicals (Orangeburg, NY) because the ACTH
kit from Quest Diagnostics was discontinued during the period of these
studies. For these studies and the ACTH stimulation test, plasma CORT
concentrations were also analyzed using the kit provided by MP Bio-
medicals. It should be noted, however, that each study included its own
control WT mice, and all comparisons were made within each study.

Morris water maze test

The Morris water maze (MWM) was used to test for spatial learning and
memory. The protocol was described previously (Hebda-Bauer et al.,
2005). Briefly, mice were given 4 trials/d with a 3—8 min intertrial inter-
val. A regular trial began by placing a mouse in the water at one of four
randomly assigned starting positions. If a mouse had not located the
platform within 60 s, it was removed from the water and placed on the
platform for 30 s. Mice were tested for 6 d to assess initial learning. On
day 7, the mice were given a 60 s probe trial in which the platform was
removed. The three subsequent trials on day 7 had the submerged plat-
form present in its original location. On days 8 -10, the submerged plat-
form was located in the opposite quadrant of the pool to assess reversal
learning. A second probe trial was performed on day 11 with the platform
removed. A video tracking system (Ethovision; Noldus Technology, Ster-
ling, VA) was used to measure distance traveled and number of platform
crossings in the goal quadrant and comparable platform locations in the
other three quadrants.

Microarray analysis and quantitative real-time PCR

The microarray and the quantitative real-time PCR (qRT-PCR) experi-
ments were performed and analyzed as described previously (Stead et al.,
2006). Briefly, mice were killed by decapitation in the morning. The
hippocampus was rapidly dissected and stored at —80°C before process-
ing. Total RNA was extracted using TRIzol reagent (Invitrogen, Carls-
bad, CA), followed by an additional clean-up step using RNeasy RNA
purification (Qiagen, Valencia, CA). RNA quality and concentration
were both determined by absorbance at 260 and 280 nm and by analysis
using an Agilent (Palo Alto, CA) bioanalyzer. First- and second-strand
cDNA syntheses were performed as detailed in the Affymetrix (Santa
Clara, CA) Expression Analysis Technical Manual, using 10 ug of total
RNA. In vitro transcription (IVT) of cDNA to biotinylated cRNA was
performed with the MEGAscript T7 High Yield Transcription kit (Am-
bion, Austin, TX). Products of second-strand cDNA and IVT were puri-
fied with the Affymetrix GeneChip Sample Cleanup Module. IVT prod-
ucts were prepared for hybridization to Affymetrix Mouse Genome
430_2.0 GeneChips per instructions. Arrays were hybridized for 18 h at
45°C, washed, stained on an Affymetrix fluidics station using the stan-
dard EukGEWS2v4_450 protocol, and scanned.

GeneChip signal intensity data were interpreted by use of a custom
chip description file (filename MM430_MM_REFSEQ_6). Design of the
custom chip description file was described in detail previously (Dai et al.,
2005). This file is available at http://brainarray.mbni.med.umich.edu/
Brainarray/Database/CustomCDF/CDF_download_vé6.asp. Cell inten-
sity files from the Affymetrix GeneChip arrays were normalized by the
robust multiarray average algorithm available at www.bioconductor.org.
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For qRT-PCR, the template cDNA was synthesized from 0.4 ug of total
RNA using iScript cDNA synthesis kit (Bio-Rad, Hercules, CA) and
quantified using Quant-It PicoGreen dsDNA kit (Invitrogen). Primers
were designed to generate amplicons of 70—150 bp in length at the 3" of
the target mRNA (supplemental Table S1, available at www.jneurosci.org
as supplemental material). Most primers were designed to flank intronic
sequences. Each primer pair was tested using a fivefold dilution series of
pooled cDNA template to ensure that the efficiency of amplifications was
linear and that the primers specifically produced a single amplified prod-
uct. QRT-PCR was performed using the iQ SYBR Green PCR kit (Bio-
Rad). PCR products were amplified using an iCycler RT-PCR system
(Bio-Rad) for 40 cycles using parameters of 95°C for 15 s, 60°C for 15 s,
and 72°C for 15 s. The cycle threshold was calculated with iCycler
software.

Statistical analysis

Statistical comparisons were performed by unpaired two-tailed t tests
and ANOVAs followed by post hoc tests as necessary. In the MWM test,
two-way ANOVAs with repeated measures using the Mixed Model pro-
cedure in SAS were used to analyze regular trial performance across days,
and ANOVAs were used to analyze probe trial performance. Results were
expressed as mean * SEM.

Results

Altered endocrine response to restraint stress in young

GRov mice

We have previously demonstrated that GRov mice express the
GR transgene primarily in the forebrain, with transgene-specific
GR mRNA detected in cerebral cortex, olfactory nuclei, tenia
tecta, piriform cortex, olfactory tubercle, caudate—putamen, nu-
cleus accumbens, septum, bed nucleus of the stria terminalis
(BNST), median preoptic nucleus, thalamus, paraventricular hy-
pothalamic nucleus (PVN), arcuate nucleus, ventromedial and
dorsomedial hypothalamic nuclei, posterior hypothalamic area,
hippocampus (HC-CA1, -CA2, -CA3, and dentate gyrus), cen-
tral, basolateral, and basomedial amygdaloid nuclei, and mam-
millary nuclei [supporting information in Wei et al. (2004)]. The
most intense signals for transgene-specific GR mRNA were ob-
served in the HC. Similarly, in situ hybridization experiments
using a probe for GR mRNA showed significantly higher levels of
total GR mRNA in forebrain regions of GRov mice, with a par-
ticularly significant increase in GR mRNA levels in regions that
are typically thought of as modulating emotional reactivity and
stress responsiveness, including prefrontal cortex, nucleus ac-
cumbens, BNST, central nucleus of the amygdala, PVN, and the
HC [supporting information in Wei et al. (2004)]. Previous stud-
ies showed that GRov mice exhibited normal HPA axis activity
basally and in response to a mild stressor, 5 min free exploration
in the EPM; this brief exposure to the EPM led only to a mild
activation of the HPA axis in WT controls, with ACTH and
CORT levels peaking at 137 pg/ml and 6.7 ug/dl, respectively
(Wei et al., 2004). In contrast, the 30 min acute restraint stress
paradigm of the current study led to a strong activation of the
HPA axis in WT controls, with ACTH and CORT levels peaking
at ~904 pg/ml and 16 ug/dl, respectively, which would be ex-
pected to engage GR in forebrain and trigger negative feedback.
This strong stressor produced a distinct pattern of ACTH re-
sponse in GRov mice, with a lower peak but an extended duration
(Fig. 1A). At the onset of restraint stress (f = 0), GRovand WT
mice did not differ in basal ACTH levels. However, the stress
response of GRov mice seemed initially attenuated, because their
ACTH levels did not reach the same magnitude at the 30 min time
point as that of WT mice (Fig. 1A) ( p < 0.05). Surprisingly, the
stress response of GRov mice was also more prolonged. Although
ACTH levels decreased dramatically at the 60 min time point for
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Figure 1.  Alteration in the dynamics of the endocrine response to acute restraint stress in
GRov mice. ACTH () and CORT (B) responses to restraint stress are shown at various time points.
GRov mice exhibited a blunted initial response to acute restraint stress and a prolonged termi-
nation of the stress response. ANOVA revealed a significant genotype X time point interaction

in CORT response to the stress ( p << 0.001). *p << 0.05 and ***p << 0.001 versus WT group at
the same time point. n = 4—10 mice per time point per genotype.

both groups, GRov mice had significantly higher levels than those
of WT controls at this time point (GRov, 78.03 * 16.63 pg/ml;
WT, 38.66 = 7.11 pg/ml; p < 0.05).

GR overexpression also produced an altered CORT profile
during and after restraint stress (Fig. 1 B). GRovand WT mice did
not differ in basal CORT levels at the beginning of the restraint
stress. However, CORT levels were slower to rise in GRov mice at
the 15 min time point than in WT mice ( p < 0.05) but reached
the same magnitude at the 30 min time point ( p = 0.18). Inter-
estingly, at the 60 min time point, CORT levels in GRov mice
remained as high as at the 30 min time point, unlike the lower
levels of WT mice (p < 0.001). Even at the 90 min time point,
CORT levels in GRov mice were still significantly higher than
those of WT controls (p < 0.05). These results suggest that,
under conditions that strongly engage the HPA axis, overexpres-
sion of GR in forebrain results in a blunted initial response to
restraint stress coupled with a prolonged duration of the neu-
roendocrine response. This pattern is paradoxical, because one
would expect increased GR in the HC to produce a more efficient
negative feedback. Instead, it resembles the termination pattern
of the stress response seen in aged individuals and led to the series
of studies below.

Normal HPA axis regulation in the dexamethasone
suppression test in young GRov mice

To further characterize the LHPA response in GRov mice, we
used the dexamethasone suppression test (DST). ACTH levels



Wei et al. @ Forebrain Glucocorticoid Receptor and Aging

A 1200 "O"WT *%
1000 -

800 -
600 -

ACTH (pg/ml)

400 -
200 -

-
a
L

CORT (ug/dI)
—
o
1

a
1

0 30 60 90
Time (min)

I
120

Figure2.  Abnormal endocrine response to CRH challenge in GRov mice. A, GRov mice exhib-
ited an exaggerated ACTH response to CRH ( p << 0.05). ANOVA yielded a significant geno-
type X time point interaction in ACTH response to CRH challenge ( p << 0.001). B, The CORT
response to CRH administration also yielded a significant genotype X time point interaction
(p << 0.001).*p < 0.05and **p < 0.01 versus WT group at the same time point. n = 5-7
mice per time point per genotype.

were effectively suppressed by Dex at the 100 wg/kg dose (supple-
mental Fig. S1 A, available at www.jneurosci.org as supplemental
material). CORT levels were significantly suppressed with 20, 40,
and 100 ug/kg Dex (supplemental Fig. S1B, available at www.
jneurosci.org as supplemental material). There were no genotype
differences in ACTH and CORT levels in the DST. These results
suggest that GR overexpression in forebrain does not alter the
feedback regulation of LHPA axis in the DST. This is consistent
with the notion that Dex exerts its inhibitory effects on the LHPA
axis primarily by acting at the level of the pituitary (Cole et al.,
2000), and we have previously reported normal levels of GR
mRNA in the anterior pituitary of GRov mice (Wei et al., 2004).

Abnormal HPA axis activity in response to CRH challenge
and Dex/CRH test in young GRov mice

To assess the impact of GR overexpression on responsiveness to a
neuroendocrine challenge, we measured CORT and ACTH levels
after intraperitoneal administration of 40 pg/kg CRH. The
ACTH response to CRH challenge showed a significant interac-
tion between genotype and time (Fig. 24) (p < 0.001). ACTH
levels were slower to rise in GRov mice at the 15 min time point
than in WT mice ( p < 0.05). There was no genotype difference in
ACTH at the 30 min time point, when WT mice reached their
maximum ACTH response to CRH stimulation. However, GRov
mice showed a greater ACTH response to CRH at the 60 min time
point ( p < 0.01), and their levels remained significantly elevated
relative to WT at 120 min ( p < 0.05). These results suggest that
GRov mice show a prolonged ACTH response to CRH challenge,
although they exhibit an attenuated response at the 15 min time
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point, as indicated by a significant difference between genotypes
across time points ( p < 0.05).

Similarly, we observed a significant genotype by time interac-
tion in the CORT response to CRH challenge (Fig. 2B) (p <
0.001). When compared with WT controls, GRov mice showed
an attenuated CORT response to CRH at the 30 min time point
(p < 0.01) and an increased CORT response at the 60 min time
point ( p < 0.05). GRov mice still exhibited a trend toward in-
creased CORT secretion to CRH challenge at the 120 min time
point ( p = 0.06).

We then examined the CORT and ACTH responses to the
combined Dex/CRH test. Six hours after intraperitoneal injec-
tion with 40 ug/kg Dex, mice were injected with 40 ug/kg CRH
(i.p.) and killed 60 min later. GRov mice showed higher ACTH
levels (GRov, 484.89 = 64.56 pg/ml; WT, 272.44 * 23.87 pg/ml;
n = 8 per genotype; p < 0.01) and CORT levels (GRov, 9.79 =
0.65 ug/dl; WT, 7.74 * 0.44 ug/dl; n = 8 per genotype; p < 0.05)
than WT controls. These findings underscore the delayed turn-
off of the stress response in GRov mice.

We also performed an ACTH stimulation test in GRov mice.
There was no difference in ACTH-induced secretion of CORT
between GRovand WT mice (saline injection, GRov, 3.06 = 1.29;
WT, 3.36 = 0.62 ug/dl; ACTH injection, GRov, 13.96 = 1.45;
WT, 13.40 * 1.20 pg/dl; n = 6 per group per genotype), suggest-
ing equivalent adrenal sensitivity to ACTH.

Increased impact of repeated chronic stress on resting stress
hormone levels in young GRov mice

Although the above studies demonstrated altered responsiveness
to an acute stressor or neuroendocrine challenge, we sought to
determine whether there were sustained differences after chronic
stress between the transgenic and WT mice. We asked whether,
after chronic stress followed by a period of rest, stress hormones
would return to normal or remain elevated. This addresses
whether the impact of environmental stimuli may differ as a
function of genotype. Mice were exposed to 14 d of either CUS or
repeated intraperitoneal saline injection stress.

There was no difference in ACTH levels between genotypes in
the control groups. Mice exposed to CUS, regardless of genotype,
did not differ in circulating ACTH levels compared with their
respective controls (Fig. 3A). Both GRov and WT mice showed an
increase in CORT levels after CUS compared with their respective
controls (Fig. 3B), but there was no genotype difference after
CUS. It is likely that, by the time we obtained our measures, the
impact of CUS on ACTH levels had elapsed or was actively sup-
pressed by the enhanced resting levels of CORT in both groups of
animals. This suggests that CUS produces a lasting effect on
CORT levels but does not discriminate between genotypes.

We observed a different pattern with the repeated injection
stress. This stressor did not result in a sustained effect on ACTH
or CORT levels in WT mice. In contrast, GRov mice exhibited
significantly elevated resting ACTH levels after injection stress
when compared with undisturbed GRov controls (Fig. 34) (p <
0.05), and a tendency for higher ACTH levels than WT mice after
injection stress (p = 0.09). Although injection stress did not
induce increased CORT in WT mice, CORT levels were signifi-
cantly higher in GRov mice exposed to injection stress than in
undisturbed GRov controls (Fig. 3B) (p < 0.01) and their WT
counterparts ( p < 0.01).

This combination of studies reveals that, in WT mice, CUS is
more potent than injection stress in producing lasting changes in
resting levels of glucocorticoids, possibly because CUS does not
produce as much habituation as repetition of the same stressor.
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Figure3. Increased morning basal HPA axis activity to repeated chronic stress in GRov mice.
A, B, GRov mice exposed to repeated intraperitoneal saline injection stress exhibited signifi-
cantly higher basal ACTH (4) and CORT (B) levels in the morning than undisturbed GRov con-
trols. GRov mice had significantly higher CORT levels than WT mice after repeated injection
stress. **p << 0.01 versus WT group under the same treatment. “p << 0.05 and *p < 0.01
versus respective control groups. n = 7—8 mice per group per genotype.

However, GRov mice, while exhibiting the same response to the
CUS, do show a differential and sustained response to injection
stress, again supporting the notion of prolonged responsiveness
to certain (less potent) stressors. These results suggest that GRov
mice are unable to habituate to the mild repeated saline injection
stressor as readily as their WT littermates and that this lack of
habituation causes their prolonged stress response.

Altered restraint stress response in aged GRov mice

To assess whether overexpression of GR in the forebrain alters the
basal CORT levels with aging, plasma was collected in young and
aged mice at 2 h after lights on. There was no age effect on morn-
ing basal CORT levels in WT or in GRov mice (WT, young,
0.40 = 0.14; old, 0.35 = 0.09 wg/dl; GRov, young, 0.56 * 0.19;
old, 0.59 * 0.23 pg/dl; n = 5 per group per genotype).

Because the termination pattern of the endocrine response to
restraint stress in young GRov mice was reminiscent of older
animals, we studied this response in aged GRov and WT mice.
There were no genotype differences in morning basal CORT and
ACTH levels in aged mice. The restraint stress paradigm resulted
in an exaggerated ACTH response in old GRov mice (Fig. 4A), as
indicated by an overall genotype effect across time points (p <
0.002). At the end of restraint stress (i.e., t = 30 min), ACTH
levels of GRov mice were significantly higher than those of WT
littermates ( p < 0.01) and remained elevated at the 60 min time
point (p = 0.06). Aged GRov mice also showed an exaggerated
CORT response to restraint stress in comparison with their WT
littermates (Fig. 4 B), as indicated by an overall genotype effect
across time points ( p < 0.05). These results suggest that long-
term overexpression of GR in forebrain leads to exacerbated
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Figure 4.  Exaggerated response to acute restraint stress in aged GRov mice. ACTH (A) and

CORT (B) responses to restraint stress are shown at various time points. There were significant
differences between aged GRov mice and WT littermates in ACTH ( p << 0.01) and CORT ( p <
0.05) responses across time points. **p < 0.01 versus WT group at the same time point. n =
5-10 mice per time point per genotype.

ACTH and CORT responses to acute restraint stress not only in
young adult animals but also during aging.

We compared the rate of recovery from restraint stress in the
aged GRov and WT mice to that of young mice, because young
and aged mice were tested in different sessions. CORT values at
the termination of restraint stress (i.e., 30 min time point) were
normalized to 100%. This point was chosen because the magni-
tude of the stress response is commonly reported as showing no
alteration with aging (Sapolsky et al., 1983; Morano et al., 1994),
whereas the recovery from stress shows age-related changes. In
comparison with young WT animals, old WT mice showed a
delayed CORT recovery to restraint stress (Fig. 5A) (age effect,
p < 0.05). Post hoc tests demonstrated a significant difference
between young and old WT mice 30 min after the termination of
the stressor (i.e., f = 60 min; p < 0.05), supporting the view that
aging results in decreased HPA feedback in WT mice. In contrast,
aging did not alter the termination pattern of the stress response
in GRov mice (Fig. 5B). Interestingly, young GRov mice exhib-
ited a very similar CORT recovery pattern after acute restraint
stress to that found in aged WT mice (Fig. 5C). Thus, CORT
levels of young GRov mice after stress showed the delayed return
to baseline typically induced by aging. These analyses suggest that
overactivation of GR signaling in forebrain accelerates age-
related dysfunction of LHPA axis activity.

Mild cognitive impairment in young GRov mice

This series of endocrine studies led us to hypothesize that young
GRov mice may have altered hippocampal function. GRov mice
were tested in the MWM to evaluate their spatial learning and
memory ability. Statistical analysis of learning curves during the
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Figure5. Termination of CORT response to acute restraint stress in young GRov mice resem-

bles pattern observed in aged WT mice. 4, Aged WT mice display a delayed CORT recovery after
restraint stress in comparison with young WT mice. B, Young and old GRov mice show a similar
termination pattern of the stress response. €, Young GRov exhibit a delayed CORT recovery
pattern to restraint stress like that found in aged WT mice. *p << 0.05 versus group at the same
time point. *p << 0.05 and *p << 0.01 versus respective 30 min restraint stress groups. n =
5-10 mice per time point per genotype.

initial learning phase of the MWM reveals a significant effect of
time but not genotype (time, p < 0.001; genotype, p > 0.05).
Both GRovand WT mice learned equally well over time, as shown
by decreasing distance traveled to the goal across the 6 test days
(Fig. 6A). Mice of both genotypes also showed a preference for
the goal quadrant in the probe trial on day 7, as demonstrated by
significantly more crossings over the platform location in the goal
quadrant versus comparable locations in the other quadrants
(data not shown) (WT, p < 0.01; GRov, p < 0.001). Thus, initial
spatial learning and memory of GRov mice appear to be intact.
During reversal learning, both GRov and WT mice again
showed significant learning over time, as demonstrated by de-
creasing distance traveled to the goal across test days (Fig. 6 B)
(p < 0.001). However, GRov mice exhibited a flatter learning
curve than WT mice across the 3 reversal test days (p = 0.08).
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Figure 6.  Mild cognitive impairment of young GRov mice in the MWM. A, Distance traveled

during the initial learning phase. GRov and WT mice learned equally well, as shown by a similar
decrease in distance traveled across test days. B, Distance traveled during reversal learning.
GRov mice did not learn to the same extent as WT mice, as exhibited by a flatter learning curve
than WT mice ( p = 0.08). €, Number of platform crossings during the reversal learning probe
trial. GRov mice did not show a preference for the goal quadrant, unlike the preference shown by
WT mice ( p <<0.05).*p << 0.05.n = 13 mice per genotype. Opp, Opposite; AdjL, adjacent left;
AdjR, adjacent right.

GRov mice, unlike their WT counterparts, also did not show a
preference for the goal quadrant during the probe trial on day 11,
as shown by the number of platform crossings measured (Fig. 6C)
(WT, p <0.05; GRov, p > 0.05). Thus, GRov mice learned during
reversal learning, but not to the same extent as WT mice, and
their long-term memory in this task is impaired. These results
demonstrate that initial spatial learning and memory is preserved
in GRov mice, but their ability to adjust or adapt to changes in a
learning environment is attenuated.

Altered glutamatergic system in the HC of young GRov mice
The HC plays a critical role in feedback inhibition of the stress
response and in spatial learning and memory. Moreover, the HC
is the forebrain region that showed the highest level of transgene-
specific GR mRNA in GRov mice (Wei et al., 2004). We therefore
focused on the HC to identify possible molecular mechanisms
whereby GR overexpression leads to the aging-like neuroendo-
crine pattern coupled with the mild cognitive deficit that we
observed.

We performed an expression profiling study using microarray
technology to evaluate the global change in basal gene expression
in the HC of GRov mice. Systematic analysis of the arrays revealed
several hundred transcripts that were differentially expressed in
the HC between GRov and WT mice (supplemental Table S2,
available at www.jneurosci.org as supplemental material), in-
cluding genes implicated in growth, synaptogenesis, and memory
impairment associated with aging. The most striking result is
dysregulation of the glutamate receptor signaling system in GRov
mice (Table 1). In contrast, the GABA receptor signaling system
is not significantly altered (data not shown).

Ingenuity pathway analysis identified the glutamate receptor
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signaling canonical pathway as the greatest
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Table 1. Dysregulation of glutamate receptor signaling in HC

significant alteration in the HC between Microarray qRT-PR
GRov and WT mice (p < 0.0001). Anin- (... RefSeq ID FC P FC P
dependent algorithm based on gene set en-
richment analysis (Mootha et al., 2003) GRIA2 NM_013540 —1.21 0.057 —15.70 0.003
. GRIA3 NM_016886 —1.20 0.040 —4.89 0.017
was also used to analyze the microarray - NM 019691 i 0018 319 0133
data and showed significant differences in  ggy2¢ NM_ 010350 11 0.061 —3.04 0.092
glutamate receptor activity (p < 0.01).  gam NM_016976 —1.25 0.034 —9.50 0.040
Genes within this pathway that were found  GRM3 NM_181850 =117 0.083 —228 0.095
differentially expressed were all decreased ~ GRMS XM_149971 -1 0.049 NC NC
in the HC of GRov animals. Glutamate is 9%/ NM_177328 —113 0.093 ND ND
the major mediator of excitatory neuro- ﬁg;ﬁ:g m—?gzggg :ﬁ; gggg ’\H)Z'm %37
transmission in the CNS, acting via activa- g/ 3047 M 134086 118 0.064 —6.69 0.022

tion of the several classes of glutamate re-
ceptors that are widely expressed
throughout the brain, and localized pre-
synaptically, postsynaptically, or extrasynaptically on neurons or
on glial cells. In the young GRov mice, we observed decreased
expression of several subunits of the ionotropic ligand-gated ion-
channel receptors, including GRIA2, GRIA3, and GRIA4 (AMPA
receptor subunits) and GRIN2C (NMDA receptor subunit), and
of the metabotropic G-protein-coupled receptors (mGluRs), in-
cluding GRM1, GRM3, GRM5, and GRM7. We also observed a
significant downregulation of mRNA levels of the glutamate
transporters, SLCIA6, SLC1A7, and SLC38A1. These 11 genes
involved in glutamate receptor signaling and downregulated by
microarray analysis were further tested for differential expression
using qRT-PCR. Of the 11 genes assayed, six were confirmed as
downregulated, two showed a trend toward downregulation, two
failed analysis for technical reasons related to inefficient primers,
and only one did not show differential expression by qRT-PCR
analysis.

Discussion

In this study, we demonstrate that overexpression of GR in the
forebrain leads to an altered pattern of LHPA responsiveness,
generally characterized by a delayed termination of the stress
response. The response pattern resembles a neuroendocrine phe-
notype seen in aging and associated with decreased functionality
of the hippocampus. In addition, GRov mice express mild cogni-
tive impairment in the MWM, again suggestive of hippocampal
dysfunction. This neuroendocrine and neurocognitive pheno-
type is accompanied by a significant alteration in the expression
of a number of genes in the HC, with a remarkably consistent
decrease in mRNA levels of glutamate signaling genes. Together,
these findings demonstrate that increased neural activity of a
stress-sensing gene, even in the absence of substantial environ-
ment triggers, can accelerate hippocampal dysregulation and re-
sult in endocrine and cognitive sequelae that mimic some aspects
of aging.

GRov mice show a normal basal pattern of ACTH and CORT
secretion, accompanied by normal basal expression levels of sev-
eral genes critical to the control of the stress response, including
the mineralocorticoid receptor in HC, CRH in PVN, and pro-
opiomelanocortin in anterior pituitary (Wei et al., 2004). Thus,
the fundamental elements of the basal control of the stress system
are not perturbed by GR overexpression in forebrain, and the
GRov mouse is not chronically exposed to abnormal levels of
stress hormones. GRov and WT mice also show similar ACTH
and CORT responses to a relatively mild stressor such as the EPM
(Wei et al., 2004).

Restraint stress, however, resulted in an unexpected response
pattern. Given the elevated levels of GR in the HC of GRov mice

Fold changes (FC) of gene expression represent GRov mice compared with WT. GRov, n = 5; WT, n = 6. NC, No change; ND, not done.

and the importance of the HC in inhibiting the stress response
(Herman et al., 2003), we expected particularly effective negative
feedback in GRov mice. There is an inverse relationship between
levels of hippocampal GR and levels of stress responses, with
lower levels of hippocampal GR associated with impaired nega-
tive feedback inhibition (Weidenfeld and Feldman, 1993; Boyle et
al., 2005, 2006; Ridder et al., 2005) and higher levels of hippocam-
pal GR associated with greater negative feedback inhibition (Liu
et al,, 1997; Ridder et al., 2005). In this study, GRov mice re-
sponded with lower levels of stress hormones during the activa-
tion phase of the stress response. However, they showed signifi-
cantly elevated CORT levels during the stress termination period,
a pattern indicative of impaired negative feedback inhibition of
the LHPA axis and suggesting a defect in hippocampal function.
Moreover, the prolonged stress response is also evident in aged
GRov mice relative to their age-matched controls.

A possible endocrine interpretation of the restraint stress re-
sults is that the slow rate of rise of CORT observed during the first
15 min after restraint in the young animals leads to a decrease in
rate-sensitive fast feedback and/or intermediate level-sensitive
feedback, and thus delayed termination of the stress response
(Dallman and Yates, 1969; Jones et al., 1972; Young et al., 1991;
Young and Vazquez, 1996). However, in the CRH challenge
study, GRov and WT mice showed a comparable rate of rise, yet
GRov mice went on to secrete significantly higher levels of stress
hormones at 60 min. Similarly, the deficient termination of the
stress response in the aged GRov mice relative to aged WT cannot
be interpreted in terms of differences caused by the initial rate of
rise.

An alternate interpretation for the restraint stress results is
that GRov mice may have increased overall reactivity to stressful
stimuli, consonant with their increased anxiety-like behavior in
tests such as the EPM (Wei et al., 2004). However, we would have
predicted that such an increase in emotionality would have im-
pacted the activation phase of the stress response, leading to in-
creased initial levels of stress hormones rather than the unaltered
response seen in the EPM or the blunted initial response to re-
straint stress. It remained conceivable, however, that GRov mice
were unable to adjust to the psychological stressor as readily as
their WT littermates, resulting in a prolonged stress response.

Therefore, the most parsimonious explanation is that GRov
mice show defective negative feedback. This feedback depends on
neural circuitry, especially the HC (Herman and Cullinan, 1997),
which is typically altered during aging (Sapolsky et al., 1986; Ja-
cobson and Sapolsky, 1991; Young and Vazquez, 1996), and may
be altered by the transgene at an earlier age.

The extended stress response in GRov mice was also observed
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after exposure to chronic stress for 14 d. In response to a mild and
habituating stressor (repeated saline injection), GRov mice ex-
hibited increased resting levels of glucocorticoids. Thus, although
their basal circulating levels are normal under unstressed condi-
tions, GRov mice show longer and more profound repercussions
of mild repeated saline injection stress that may well lead to neu-
ral sequelae.

These neuroendocrine studies led us to hypothesize that GRov
mice may have altered hippocampal function. The HC partici-
pates in episodic and declarative memory and is especially impor-
tant for accurate and reliable contextual memory (McEwen,
1998). The cognitive deficit in GRov mice, although relatively
mild, is consistent with the hypothesis that hippocampal function
is disrupted. Because analysis of hippocampal morphology did
not reveal major differences between GRov and WT mice (A.
Pletsch, unpublished work), we focused on the possibility that
there are functional changes in the HC. Gene expression profiling
revealed a significant downregulation of several glutamate recep-
tor subunits and glutamate transporters in the HC of GRov mice.
Although the impact of this decrease of gene expression on func-
tional circuitry and glutamatergic signaling of the HC remains to
be elucidated, the findings strongly suggest that GR overexpres-
sion is functionally damaging to hippocampal cells and point to
molecular mechanisms that would explain both the neuroendo-
crine and the cognitive features of the GRov mouse.

The hippocampal glutamatergic system is implicated in the
control of negative feedback on the LHPA axis. Our laboratory
has delineated a bisynaptic inhibitory circuit arising from the
hippocampus and terminating near the CRH neurons of the hy-
pothalamus, where it restrains the activity of these neurons. The
initial component of this pathway arises from the subiculum re-
gion of the HC and is glutamatergic. These neurons project to the
BNST, synapsing on GABAergic neurons. These inhibitory BNST
neurons project to the hypothalamus and relay information to
the PVN to inhibit secretion of CRH (Herman et al., 1989, 2003;
Cullinan et al., 1993; Herman and Cullinan, 1997). Thus, the
decrease in negative feedback in GRov mice could result from the
dysregulation of the glutamatergic output, which may fail to fully
activate the inhibitory circuit that terminates the stress response.

Glutamate signaling is also essential in controlling the struc-
tural and functional plasticity of the synapse and plays a critical
role in learning and memory mechanisms within the HC (Kim
and Diamond, 2002). A large body of work demonstrates the key
role of altered glutamatergic mechanisms in glucocorticoid-
induced cognitive deficits (Sapolsky, 1992) and in deficits associ-
ated with normal aging. Several age-related changes in glutama-
tergic function have been described, including a reduced capacity
for glutamate uptake and a loss in the number of high-affinity
transporters in the terminals of aged animals (Segovia et al.,
2001). Numerous reports have focused on age-associated de-
creases in the hippocampal density of glutamatergic receptors
(Segovia et al., 2001). The loss of GRIA2 may be particularly
critical in aging, because higher expression of GRIA2 relative to
other subunits results in low calcium permeability of AMPA re-
ceptors in pyramidal neurons (Geiger et al., 1995). This protects
against neuronal cell death, as excessive calcium influx through
glutamate receptors is known to lead to neuronal degeneration. It
is remarkable that all of these age-related changes in the glutama-
tergic system are apparent in GRov mice.

In summary, we have shown that elevated levels of GR, even in
the absence of a stressful environment, can be damaging both at
the molecular and functional levels in the HC. The process may
be self-amplifying in that alterations in glutamatergic function
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lead to a delay in negative steroid feedback. The prolonged eleva-
tion in glucocorticoids levels after stress coupled with higher lev-
els of GR accelerates the stress-induced process of neuronal dam-
age, leading to the GRov phenotype. Hence, our findings show
that variations in GR levels are likely to contribute to differential
vulnerability to stress and to the associated acceleration of neural
damage. Our results corroborate the hypothesis that normal
brain function requires optimal levels of the glucocorticoid sig-
naling and that deviation from this optimal level in either direc-
tion is highly deleterious (De Kloet et al., 1998).

We have previously reported that forebrain overexpression of
GR led to increased environmental reactivity and emotional la-
bility (Wei et al., 2004), mimicking some aspects of bipolar ill-
ness. Interestingly, bipolar subjects also exhibit abnormalities in
negative steroid feedback (Watson et al., 2004, 2007), along with
deficits in cognitive function that appear to be GR mediated
(Watson et al., 2006) and are ameliorated after treatment with a
GR antagonist (Young et al., 2004). Thus, the GRov mouse rep-
resents a model of increased vulnerability to the impact of the
environment on neural function, a feature likely to play a role in
many brain-related diseases, including mood and aging-related
disorders.
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