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Glucocorticoids act rapidly at the paraventricular nucleus (PVN) to inhibit stress-excitatory neurons

and limit excessive glucocorticoid secretion. The signaling mechanism underlying rapid feedback

inhibition remains to be determined. The present study was designed to test the hypothesis that

the canonical glucocorticoid receptors (GRs) is required for appropriate hypothalamic-pituitary-

adrenal (HPA) axis regulation. Local PVN GR knockdown (KD) was achieved by breeding homozy-

gous floxed GR mice with Sim1-cre recombinase transgenic mice. This genetic approach created

mice with a KD of GR primarily confined to hypothalamic cell groups, including the PVN, sparing

GR expression in other HPA axis limbic regulatory regions, and the pituitary. There were no dif-

ferences in circadian nadir and peak corticosterone concentrations between male PVN GR KD mice

and male littermate controls. However, reduction of PVN GR increased ACTH and corticosterone

responses to acute, but not chronic stress, indicating that PVN GR is critical for limiting neuroen-

docrine responses to acute stress in males. Loss of PVN GR induced an opposite neuroendocrine

phenotype in females, characterized by increased circadian nadir corticosterone levels and sup-

pressed ACTH responses to acute restraint stress, without a concomitant change in corticosterone

responses under acute or chronic stress conditions. PVN GR deletion had no effect on depression-

like behavior in either sex in the forced swim test. Overall, these findings reveal pronounced sex

differences in the PVN GR dependence of acute stress feedback regulation of HPA axis function.

In addition, these data further indicate that glucocorticoid control of HPA axis responses after

chronic stress operates via a PVN-independent mechanism. (Endocrinology 156: 2843–2853, 2015)

The paraventricular nucleus (PVN) of the hypothala-

mus serves as the chief integrator of the hypothalamic-

pituitary-adrenal (HPA) axis. Excitation of CRH neurons

housed in the parvocellular domain of the PVN triggers a

cascade of neuroendocrine events, ultimately leading to

the synthesis and release of glucocorticoids (cortisol or

corticosterone) from the zona fasiculata of the adrenal

gland (1). Glucocorticoids play an important fast negative

feedback role, acting at the PVN to rapidly inhibit acti-

vation of CRH neurons, thereby constraining ACTH re-

lease (2, 3). Recent studies indicate that fast feedback ef-

fects on CRH neuronal excitability are mediated at the

level of the membrane, acting to mobilize endocannabi-

noids and inhibit presynaptic glutamate release (4–6).
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Subsequent studies demonstrate that this same mechanism

is present in vivo, because local injection of the glucocor-

ticoid receptor (GR) agonist dexamethasone causes an en-

docannabinoid-dependent inhibition of ACTH and cor-

ticosterone release at the level of the cell membrane (3).

Although many studies have queried to the role of PVN

GR in acute stress responses, the role of the PVN GR in

regulation of chronic stress reactivity is unknown.

Chronic stress induces marked cellular and morphological

alterations in the PVN, suggestive of HPA axis excitabil-

ity, including increases in CRH and/or arginine vasopres-

sin (AVP) mRNA expression (7, 8), increased glutamater-

gic innervation of CRH neurons (9), and enhanced ACTH

and corticosterone responses to novel stressors. Hyperac-

tivity of the PVN may be due to deficits in glucocorticoid

feedback in upstream limbic circuits or at the level of the

PVN. For example, chronic stress decreases GR mRNA

expression in the medial prefrontal cortex, hippocampus,

and PVN (7, 10, 11).

Of note, work regarding the role of GR on HPA axis

regulation has been almost exclusively performed in male

subjects. This is particularly problematic, given prominent

sex differences in HPA axis reactivity and the strong fe-

male bias toward stress-related psychopathologies (12–

15). Previous work from our laboratory indicates sex dif-

ferences in the necessity of forebrain (medial prefrontal

cortex, hippocampus, basolateral amygdala) GR to mod-

ulate HPA axis regulation and depression-like behavior

(16). Although the loss of forebrain GR induces marked

HPA axis dysregulation and increased depression-like be-

haviors in males, these same neuroendocrine and behav-

ioral outcomes are not observed in females (16–18). These

findings suggest that the loss of forebrain GR is relatively

inconsequential for HPA axis regulation and mood-like

behaviors in intact, adult females. Importantly, GR sig-

naling remained intact in the PVN, the “motor arm” of the

HPA axis in FBGRKO mice.

As such, the goal of the present study was to 1) examine

the necessity of the PVN GR for fast feedback inhibition

of the HPA axis, and 2) determine whether the PVN GR

plays an important role in mediating HPA axis hyperac-

tivity seen under conditions of chronic stress. To address

the important question of sex differences, these questions

were addressed in both male and female subjects. To test

the role of the PVN GR, we employed a genetic approach

using a mouse model lacking GR in the PVN, sparing GR

signaling in other HPA axis modulatory limbic regions,

including the medial prefrontal cortex, hippocampus, and

amygdala. Transgenic mice expressing Cre recombinase

under the control of the sim1 promoter were crossed with

homozygous GR flox mice to target PVN GR. The sim1

gene product is a ligand-modulated basic helix-loop-helix/

Per-ARNT-Sim transcription factor that is highly ex-

pressed in the PVN, supraoptic nucleus, and anterior

periventricular nucleus and is necessary for development

of magno- and parvocellular neurons in the PVN (19). Our

data suggest that the PVN GR is required for normal shut-

off of HPA axis stress responses in male subjects, which is

supported by recent electrophyiological (20). Moreover,

the present study suggests that alternative feedback mech-

anisms are required for HPA axis regulation in females, as

well as for individuals of both sexes after chronic stress.

Materials and Methods

Animals

PVN GR knockdown (KD) was accomplished by crossing

mice engineered with lox P sites flanking exons 1C and 2 of the

mouse GR gene (GRloxP) with mice expressing Cre recombinase

driven by the Sim1Cre promoter (Sim1Cre) on a C57BL6 � 129

background. Male and female PVN GR KD mice (homozygous

for GR flox [GR flox/flox] and expressing Sim1Cre), here de-

noted as GRflox/floxSim1cre�, and littermate control mice

(GRflox/floxSim1cre�) containing only the GR flox allele (no

Sim1-Cre transgene) were used for all studies and were 8–10

weeks old at the beginning of each experiment. To generate

litters expressing both of these genotypes, the female breeders

were GRflox/floxSim1cre�, whereas the male breeders were

GRflox/floxSim1cre�. This breeding scheme was employed to ob-

viate possible effects of hypothalamic GR deletion on maternal

behavior.

Animals were housed in a temperature-controlled vivarium

with a 12-hour light, 12-hour dark cycle, with lights on at 6 AM.

Ad libitum access to food and water was provided throughout

the study. When more than 1 experiment was performed in the

same set of mice, at least 1 week intervened between studies

(Experiments 1a and 1b). All protocols were reviewed and ap-

proved by the Institutional Animal Care and Use Committees

and were in accordance to the National Institutes of Health

Council on Animal Care guidelines involving vertebrate animals

in biomedical research.

HPA axis regulation

Experiment 1a. Basal HPA axis regulation and stress-

related neuropeptides

Tail blood samples from GRflox/floxSim1cre� controls (n � 8

males, n � 14 females) and GRflox/floxSim1cre� PVN GR KD (n �

9 males, n � 15 females) mice were taken on 2 occasions during

the morning (between 8 and 9 AM) and evening (between 2 and

3 PM) to assess circadian nadir and peak corticosterone concen-

trations. One week intervened between the morning and evening

blood sample collection. Approximately 15–20 �L of blood were

collected via a small tail nick during the sampling period. If neces-

sary, sterile gauze was applied to the base of the tail after the sam-

pling period. All tail blood samples for this study were collected

within 2 minutes from the initial handling of the animal’s cage.
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Experiment 1b. Acute restraint stress regulation of

HPA axis activity (single time point)
To assess neuroendocrine (ie, ACTH and corticosterone) re-

sponses to an acute novel restraint challenge, GRflox/flox

Sim1cre� control (n � 9 males, n � 10 females) and GRflox/flox

Sim1cre� PVN GR KD mice (n � 10 males, n � 10 females) were
placed in well-ventilated 50-mL conical plastic tubes for 15 min-
utes. Immediately after restraint stress exposure, mice under-
went rapid decapitation and trunk blood (�500 �L) was col-
lected, stored, and processed; detailed later in “ACTH and
corticosterone RIA”. The restraint stress exposure for this par-
ticular experiment was limited to 15 minutes to allow us to cap-
ture peak stress-induced ACTH concentrations. The collection
of endocrine measurements for ACTH analyses began at 8 AM

and ended at approximately 10 AM.

Experiment 2. Acute restraint stress regulation of

HPA axis (time-course study)
A separate set of GRflox/flox Sim1cre� littermate control (n �

17 males, n � 16 females) and GRflox/floxSim1cre� PVN GR KD
mice (n � 14 males, n � 15 females) was used to assess neu-
roendocrine responses to an acute novel restraint challenge. Mice
were placed in well-ventilated 50-mL conical tubes for 30 min-
utes. Tail blood samples were taken at 0 (prestress), 30, 60, and
120 minutes. The 60- and 120-minute time points were free-
bleed poststress measures, because the mice had been removed
from the restraint tubes and were placed back into the home
cages. The collection of endocrine measurements for corticoste-
rone analyses began at 8 AM and ended at approximately 11:30
AM. Note that the amount of plasma obtained was not sufficient
to assay ACTH. After endocrine collection, animals were over-
dosed with sodium pentobarbital and perfused for immunohis-
tochemistry (GR and neuronal nuclei [NeuN[ immunolabeling)
and in situ hybridization (CRH and AVP) analyses. Immuno-
histochemistry for GR was done at the completion of all studies
as a secondary verification of genotype.

Experiment 3. HPA axis and behavioral responses

after chronic stress

Chronic variable stress regimen
A separate set of GRflox/flox Sim1cre� controls (n � 15 males,

n � 12 females) and GRflox/floxSim1cre� GR KD (n � 13 males,
n � 12 females) mice underwent a 2-week chronic variable stress
(CVS) regimen previously described by (16, 18). Briefly, mice
were exposed to random morning and evening presentations of
stressors, including rotation stress (orbital shaker at 100 rpm for
1 h), cold exposure (4°C for 15 min in clean cages without bed-
ding), hypoxia (8% oxygen, 92% nitrogen for 30 min), open-
field stress (group housed under bright light for 15 min), and
restraint (30 min in well-ventilated plastic tube). Body weight
and food intake were assessed on a weekly basis.

Chronic stress-induced HPA axis regulation and

forced swim testing

HPA axis regulation
On the morning after CVS (d 15) Mice were placed in a 2-L

beaker half-filled with water (23 � 2°C). This level of water
prevents the mice from reaching the bottom of the container.

Each session was 10 minutes and was videotaped. Tail blood
samples were collected at 15, 30, 60, and 120 minutes after FST
onset in freely moving mice in the same manner as previously
described. The behavioral testing and collection of endocrine
measures were conducted between 8 AM and 12:30 PM. After
endocrine collection, animals were overdosed with sodium pen-
tobarbital and perfused for immunohistochemistry and in situ
hybridization analyses as indicated above.

Behavioral analyses
All behaviors in the FST were scored in 5-second intervals by

2 independent observers who were unaware of the genotype of
each mouse. The total counts of mobility behaviors (including
swimming, climbing, and diving) and immobility were summed
for each animal and averaged for each group. The behaviors
scored included: 1) climbing-rapid movement of limbs in and out
of the water with the body parallel to the apparatus, 2) diving, 3)
swimming-moving limbs in an active manner and making cir-
cular movements around the beaker, and 4) immobility-no active
movements or floating in the water without struggling. We used
a modified one-day version of the forced swim test, similar to that
used in our previous studies (16, 21, 22).

ACTH and corticosterone RIA
Tail blood was collected into chilled EDTA coated tubes.

Plasma was separated by centrifugation at 4°C 6000 rpm for 15
minutes and stored at �20°C until RIA. Plasma corticosterone
concentrations were determined using 125I RIA kits (MP Bio-
medicals, Inc). Plasma ACTH concentrations were determined
by an RIA using a specific antiserum generously donated by Dr
William Engeland (University of Minnesota, Minneapolis, MN)
at a dilution of 1:120 000, with 125I ACTH (Amersham Biosci-
ences) as a labeled tracer (23). All samples were run in duplicate
and all samples were run in the same assay. The intraassay co-
efficient of variation was less than 10% for both assays.

Tissue collection for immunohistochemistry and in

situ hybridization
Mice were given an overdose of sodium pentobarbital and

perfused with 0.9% saline followed by 4% paraformaldehyde in
0.1M phosphate buffered saline. Brains were postfixed in the
same fixative overnight for 24 hours, and then stored in 30%
sucrose in diethylpyrocarbonate-treated water at 4°C. Brains
were then serially sectioned on a freezing microtome (Leica) in
30-�m coronal sections and stored at �20°C in sterile, diethyl-
pyrocarbonate-treated cryoprotectant solution until processing
for immunohistochemistry or in situ hybridization.

GR immunohistochemistry
All sections were washed in PBS (5� for 5 min) endogenous

peroxidases quenched with 1% H2O2, washed in PBS before
immunolabeling (10 min). After rinsing in PBS (5� for 5 min),
sections were blocked in incubation solution for 1 hour at room
temperature (2% BSA and 0.1% Triton X-100 [Sigma-Aldrich]
in PBS), then incubated with a well-characterized polyclonal rab-
bit antibody directed against the GR (GR-M20, 1:5000; Santa
Cruz Biotechnologies, Inc) (16, 18) in incubation solution over-
night at room temperature. Sections were then rinsed with PBS
(5� for 5 min) and incubated for 1 hour at room temperature
with biotinylated antirabbit (1:500; Vector Laboratories), rinsed

doi: 10.1210/en.2015-1276 press.endocrine.org/journal/endo 2845
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with PBS, incubated with Vectastain ABC (1:800; Vector Lab-
oratories), rinsed with PBS (5� for 5 min), and incubated in
diaminobenzidine in 0.05% H2O2 in PBS, rinsed with PBS, and
mounted. Slides were dehydrated through a graded ethanol se-
ries, cleared in xylene, and coverslipped with Distyrene Plasti-
cizer Xylene mountant.

NeuN immunohistochemistry
Sections were washed in PBS (5� for 5 min) endogenous

peroxidases quenched with 1% H2O2, washed in PBS before
immunoloabeling (10 min). After rinsing in PBS (5� for 5 min),
sections were blocked in incubation solution for 1 hour at room
temperature (4% normal goat serum and 0.3% Triton X-100 in
PBS), then incubated with a well-characterized monoclonal
mouse antibody directed against NeuN (1:1000; Chemicon) (24,
25) in incubation solution overnight at room temperature. Sections
were rinsed with PBS (5� for 5 min) and incubated for 1 hour at
roomtemperaturewithbiotylinatedantimouse (1:500;VectorLab-
oratories). All other subsequent steps were identical to the steps
performed for the immunolabeling for the GR (Table 1).

Image analysis for immunohistochemistry
For analysis of GR- and NeuN-immunoreactive nuclei, dig-

ital images of each side of the PVN in GRflox/flox Sim1cre� con-
trols (n � 8) and GRflox/flox Sim1cre� PVN GR KD mice (n � 9)
as defined by the Paxinos and Franklin mouse brain atlas second
edition) were captured at �10 magnification with a Carl Zeiss
Imager Z.1 (Carl Zeiss Microimaging) and set at a threshold to
subtract the background optical density, and the numbers of cell
nuclei above the background were counted by using Scion Soft-
ware Image. The software allowed us to determine the number
of immunoreactive nuclei (defined as nuclei with optical densities
exceeding threshold) within a defined region of interest. Approx-
imately 3 sections per animal were used in the analyses.

In situ hybridization
Adjacent brain sections were used to assess CRH and AVP

mRNA expression in GRflox/flox Sim1cre� male (n � 6) and fe-
male (n � 6) control and GRflox/floxSim1cre� male (n � 10) and
female (n � 10) PVN GR KD mice using previously reported
procedures (16, 25). Briefly, riboprobes complementary to CRH
and AVP mRNA were generated by in vitro transcription using
35S-labeled uridine 5c-triphosphate (UTP). The AVP (exon C)
DNA construct is a 161-bp insert in a pCR4 TOPO vector, which
was linearized with Notl restriction enzyme, and transcribed
using T3 RNA polymerase. The CRH DNA construct is a 765-bp
fragment cloned into pGEM3 vector, which was linearized with
HindIII and transcribed using T7 RNA polymerase. Each 15-�L
riboprobe transcription reaction was made from 1.0 to 2.5 �g of
linearized DNA fragment, 62.5 �Ci of [35S]UTP, 330�M ATP,
330�M GTP, 330�M CTP, 10�M cold UTP, 1� transcription
buffer, 66.6 dithiothreitol, 40 U of RNase inhibitor, and 20 U of

the appropriate RNA polymerase. Before hybridization, slides
were washed in potassium PBS, acetylated, delipidated in chlo-
roform, and dehydrated through a graded ethanol series. Each
riboprobe was diluted (1.0 � 106 cpm/50-�L buffer) in hybrid-
ization buffer (50% formamide, 1� Denhardt’s solution, 10%
dextran sulfate, 200-�g/mL fish sperm single-stranded DNA,
100-�g/mL yeast tRNA, and 20mM dithiothreitol). Cover-
slipped slides were placed in hybridization chambers over blot-
ting paper soaked in 50% formamide and incubated overnight at
55°C. The next day, coverslips were removed, and slides were
washed in 2� saline sodium citrate (SSC). Slides were subse-
quently incubated in 100-�g/mL RNase A for 30 minutes at
37°C, washed 3 times in 0.2� SSC, 1 more in 0.2� SSC for 1
hour at 65°C, and finally dehydrated through a graded ethanol
series.

Image analysis for In situ hybridization
Hybridized slides were exposed on Eastman Kodak Biomax

MR film (16 h for AVP and 14 d for CRH). Film images of brain
sections were captured by a digital video camera. Semiquanti-
tative analyses of autoradiograph images were performed using
Scion Image software, and hybridization signal was expressed as
gray level units. The gray level signal of the hybridized tissue
region of interest (PVN) was corrected by subtracting the gray
level signal over a nonhybridized tissue region of interest was
corrected by subtracting the gray level signal over a nonhybrid-
ized area of tissue and expressed as integrated gray level (14). C
standards were also measured using Scion Image and transferred
to Assay Zap (Biosoft and P.L. Taylor; West Markham) to gen-
erate a standard curve to verify that all measured gray levels were
on the linear range of the film.

RNA isolation, cDNA synthesis, and real-time

quantitative PCR
Given that the pituitary is a prime peripheral target area for

GR-mediated feedback, the pituitary was extracted from
GRflox/floxSim1cre� male (n � 7) and female (n � 8) controls and
GRflox/flox Sim1cre� male (n � 9) and female (n � 8) PVN GR KD
mice to assess GR mRNA content from a separate set of animals
under basal conditions between 8 and 10 AM. Total RNA from
pituitary extracts was isolated with an RNeasy kit, according to
manufacturer protocol (QIAGEN). The RNA quality and quan-
tity were determined with NanoDrop ND-1000 UV Vis Spec-
trophotometer (NanoDrop Technologies). The RNA was
treated with Turbo DNA-free to remove genomic DNA (Am-
bion) and reverse transcribed with an iScript cDNA synthesis kit
according to manufacturer’s recommendations (Bio-Rad). Real-
time quantitative polymerase chain reaction analyses were car-
ried out in iCycler iQ multicolor real-time polymerase chain re-
action detection system (Bio-Rad). Primers for GR mRNA
(forward, 5�-CCACTGCAGGAGTCTACAA-3� and reverse,
5�ACTGCTGCAAT-CACTTGACG-3�) and the housekeeping

Table 1. Antibody Table

Peptide/protein
target

Name of
antibody

Manufacturer, catalog number,
and/or name of individual
providing the antibody

Species raised in;
monoclonal or polyclonal

Dilution
used

GR Santa Cruz Biotechnology, Inc; M-20 Rabbit polyclonal 1:5000
NeuN NeuN Chemicon Mouse monoclonal 1:1000

2846 Solomon et al PVN GR and HPA Axis Regulation Endocrinology, August 2015, 156(8):2843–2853
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gene L32 (forward, 5�-CATCGTAGAAAGAGCAGCAC-3�

and reverse, 5�-GCACACAAGC-CATCTATTCAT-3�) were
used (Integrated DNA Technologies). Quantification for cDNA

was determined with iQ SYBR Green Su-
permix (Bio-Rad). L32 was used as the
internal standard forgeneexpressiondata,
because ithasbeendemonstrated tobe sta-
ble under various physiological conditions
(ie, chronic variable stress, site specific ma-
nipulation of GR) that are similar to the
present study (26–28). Threshold cycle
reading for each of the unknown samples
was used, and the results were transferred
and calculated in Excel using the delta
delta cycle threshold method (29). Nega-
tive reverse transcriptase samples were in-
cluded to rule out DNA contamination.

Estrous cycle determination in

females
Although we did not have enough fe-

male mice to do a thorough staging of the
estrous cycle before the initiation of neu-
roendocrine and behavioral studies (as is
the case with many genetic knockout
mouse studies), we determined the phase
of the cycle via vaginal lavage after the
end of each experiment. However, there

was not a sufficient sample size in any

given stage to include estrous cycle as a factor in the statistical

analyses. As such, data for females include randomly cycling

females categorized with respects to genotype.

Statistical analyses
Data are expressed as mean�SEM. Data were analyzed using

independent sample t test, ANOVA, and repeated measures

ANOVA where appropriate. Note, the neuroendocrine, neuro-

peptide expression, and behavioral were analyzed such that the

impact PVN GR signaling on the aforementioned endpoints is

determined within and not between sex (ie, female PVN GR KD

vs female littermate controls). Time-course hormonal data were

analyzed using two-way repeated measures ANOVA (geno-

type � time), with time as the repeating measure. Fisher’s least

significant differences were used for a priori planned comparison

for each specific time point for the time-course study (ie, 15, 30,

60, and 120 min). Significance for all statistical analyses was set

at P � .05. Outliers were defined by standardized scored greater

than 1.96 of the standard deviation and 1.5 � the interquartile

range (30). When data were not homogenously distributed, log

or square root transformations were performed.

Results

Verification of hypothalamic GR deletion

GR and NeuN immunohistochemistry analyses

Loss of PVN GR was assessed by cell counts of GR-

immunoreactive neurons. There was a clear qualitative

difference in GR expression between GRflox/flox Sim1cre�

control and GRflox/flox Sim1cre� PVN GR KD mice (Figure

1, A and B). We then quantified the extent of GR KD

Figure 1. Photomicrographs of coronal forebrain sections illustrating expression of GR

immunoreactivity in the PVN of GRflox/floxSim1cre� control (n � 8) (A) and GRflox/floxSim1cre� PVN

GR KD representative male mice (n � 8) (B). C, Male GRflox/floxSim1cre� PVN GR KD mice have

significantly less GR immunoreactivity in the PVN compared with GRflox/floxSim1cre� control mice;

P 	 .05. Photomicrographs of NeuN immunoreactivity in the PVN of GRflox/floxSim1cre� control

(D) and PVN GR KD male mice (E). F, GRflox/floxSim1cre� PVN GR KD mice have similar NeuN

immunoreactivity in the PVN compared with GRflox/floxSim1cre� control mice; P 
 .05. Scale bar,

50 �m. Data are represented as mean � SEM.

Figure 2. Photomicrographs of coronal forebrain sections illustrating

expression of GR in the medial prefrontal cortex (A and B),

hippocampus (C and D), and amygdala (E and F) in GRflox/floxSim1cre�

control (n � 8) and GRflox/floxSim1cre� PVN GR KD male mice (n � 9),

respectively. GRflox/floxSim1cre� PVN GR KD and GRflox/floxSim1cre�

control mice have similar GR immunoreactivity within these forebrain

regions. Scale bar, 50 �m. fmi, forceps minor.

doi: 10.1210/en.2015-1276 press.endocrine.org/journal/endo 2847
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between the 2 mouse lines. GRflox/flox Sim1cre� PVN GR KD

mice had approximately 60% reduction in the number of

PVN GR-expressing neurons compared with GRflox/flox

Sim1cre� controls (t15 � 8.9, P 	 .01) (Figure 1C). In con-

trast, there was no quantitative difference in number or

NeuN-immunoreactive neurons within the PVN between

GRflox/flox Sim1cre� controls and GRflox/flox Sim1cre� PVN

GR KD mice (Figure 1, D–F). These findings suggest that

depletion of PVN GR does not lead to a loss of neuronal

viability. Notably, GR immunoreactivity was comparable in

the medial prefrontal cortex (Figure 2, A and B), hippocam-

pus (Figure 2, C and D) and amgydala (Figure 2, E and F)

between the 2 groups. This finding illustrates that the loss of

GR signaling is primarily confined to the PVN and not other

GR-mediated negative feedback brain regions (31). The pat-

tern of GR expression and percentage of GR KD in the PVN

was similar in males and females.

Pituitary GR mRNA content

Giventhatthepituitaryis theprimaryperipheral target for

GR-mediated negative feedback, we quantified pituitary GR

mRNA expression. As determined by

RT-qPCR, there was no difference in

GR mRNA content between the 2 ge-

notypes in males (Figure 3A) or fe-

males (P 
 .05) (Figure 3B).

Depletion of PVN GR

differentially regulates circadian

HPA axis activity and

responsiveness to acute stress

in males and females

Male GRflox/floxSim1cre� controls

and GRflox/flox Sim1cre� PVN GR

KD mice had similar nadir and peak

corticosterone concentrations (P 


.05), suggesting that GR signaling

within the PVN is not critical for normal HPA axis tone in

males (Figure 4A). However, there was a significant dif-

ference in stress-induced ACTH responses to restraint

stress (t17 � 2.69, P 	 .01). Male GRflox/flox Sim1cre� PVN

GR KD mice had significantly higher ACTH concentra-

tions relative to GRflox/flox Sim1cre� control mice 15 min-

utes after restraint onset (Figure 5A). There was no sig-

nificant difference in corticosterone concentrations in

these same animals at the 15-minute time point (data not

shown), consistent with the time-lag between initiation of

ACTH and corticosterone secretion. In a separate set of

animals we completed a time-course study to evaluate

stress-induced corticosterone responses to restraint stress.

KD of PVN GR in males significantly increased cortico-

sterone responses to restraint stress at the 60-minute time

point (F3,71 � 2.42, P 	 .05) (Figure 6A). In addition,

GRflox/flox Sim1cre� PVN GR KD mice secreted more cor-

ticosterone over time in response to stress as indicated by

the integrated corticosterone response (area under the

curve) (t21 � 2.42, P 	 .05) (Figure 6B).

KD of PVN GR induced a different

HPA axis phenotype in females. Fe-

maleGRflox/flox Sim1cre� PVNGRKD

mice had significantly higher nadir cir-

cadian corticosterone concentrations

comparedwithGRflox/floxSim1cre� con-

trols (t27 � �3.364, P 	 .01) (Figure

4B). Female GRflox/flox Sim1cre� PVN

GR KD mice secreted significantly less

ACTH in response to an acute restraint

challenge compared with GRflox/flox

Sim1cre� control mice (t18 � �2.017,

P � .05) (Figure 5B). Unlike the ob-

served HPA axis hyperactivity to re-

straint stress in male GRflox/flox

Sim1cre� PVN GR KD mice, depletion

Figure 3. A, Male GRflox/floxSim1cre� PVN GR KD mice (n � 9) have similar pituitary GR mRNA

expression relative to GRflox/floxSim1cre� control mice (n � 7); P 
 .05. B, Female

GRflox/floxSim1cre� PVN GR KD mice (n � 8) have similar pituitary GR mRNA expression relative to

GRflox/floxSim1cre� control mice (n � 8); P 
 .05. Data were normalized to the housekeeping

gene L32 and expressed as percentage of control mice (GR flox). Data are represented as

mean � SEM.

Figure 4. Nadir and peak corticosterone concentration in (A) male GRflox/floxSim1cre� control

(n � 8) and GRflox/floxSim1cre� PVN GR KD male mice (n � 9) and (B) female GRflox/floxSim1cre�

control (n � 14) and GRflox/floxSim1cre� PVN GR KD female mice (n � 15). There is no difference

in circadian rhythmicity of corticosterone between male GRflox/floxSim1cre� PVN GR KD and

GRflox/floxSim1cre� male control mice; P 
 .05. However, female GRflox/floxSim1cre� PVN GR KD

have significantly higher morning corticosterone concentrations relative to control female mice;

P 	 .05. Data are represented as mean � SEM.
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of PVN GR in females did not modulate corticosterone re-

sponses to an acute restraint challenge (P 
 .05) (Figure

6, C and D). However, consistent with our previous

experiment, females with depletion of PVN GR exhib-

ited higher prestress corticosterone concentrations (0-

min time point) relative to female GRflox/floxSim1cre�

controls, P 	 .05.

Depletion of PVN GR does

not significantly alter

neuroendocrine responses after

chronic stress exposure in males

or females

Deficits in PVN GR signaling did

not exacerbate HPA axis responses

to chronic stress, because there were

no genotype-specific differences in

corticosterone concentrations to an

acute novel forced swim test after a

history of chronic stress in either

males or females (P 
 .05) (Figure 7,

A–D).

Depletion of PVN GR does not impact CRH and

AVP mRNA expression in males or females

Despite significant differences in acute neuroendocrine

stress responses, there were no differences observed in

stress-related neuropeptide mRNA content expression be-

tween the 2 genotypes in males or females under basal or

stress-induced conditions (P 
 .05) (data not shown).

Depletion of PVN GR does not

significantly alter

neuroendocrine and behavioral

responses after chronic stress

exposure in males or females

Loss of PVN GR signaling did not

impact immobility or mobility (ie,

swimming, climbing) in the FST of

either genotype in males or females

(P 
 .05) (data not shown).

Discussion

Our results indicate that sim1-cre-

mediated GR KD inhibits feedback

inhibition of ACTH and corticoste-

rone to acute stress in males, but not

females. Work from our collabora-

tors indicates that deletion of GR in

CRH neurons blocks fast non-

genomic glucocorticoid inhibition of

glutamate release in a hypothalamic

slice preparation (20). In combina-

tion with our in vivo data, these

results suggest that the potentiation

of stress responses observed in

Figure 5. Plasma ACTH responses to an acute restraint challenge at 15 minutes after restraint onset

in (A) male GRflox/floxSim1cre� control mice (n � 9) and male GRflox/floxSim1cre� PVN GR KD mice (n �

10) and (B) female GRflox/floxSim1cre� control (n � 10) and female GRflox/floxSim1cre� PVN GR KD mice

(n � 10). Male GRflox/floxSim1cre� PVN GR KD mice secreted significantly more ACTH in response to

restraint stress compared with GRflox/floxSim1cre� control mice; P 	 .05., Female GRflox/floxSim1cre�

PVN GR KD mice secrete significantly less ACTH in response to restraint stress compared with female

GRflox/floxSim1cre� control mice; P 	 .05. Data are represented as mean � SEM.

Figure 6. Time-course (A) and integrated (B) corticosterone response to a 30-minute restraint

challenge in male GRflox/floxSim1cre� control (n � 17) and male GRflox/floxSim1cre� PVN GR KD male

mice (n � 14). Time-course (C) and integrated area under the curve (AUC) (D) corticosterone

response in female GRflox/floxSim1cre� control (n � 15) and female GRflox/floxSim1cre� PVN GR KD mice

(n � 16). Male GRflox/floxSim1cre� PVN GR KD mice secrete significantly more corticosterone at the

60-minute time point relative to male GRflox/floxSim1cre� control mice; P 	 .05. Male

GRflox/floxSim1cre� PVN GR KD mice also have a higher integrated stress response to restraint stress

relative to control GRflox/floxSim1cre� mice; P 	 .05. Female GRflox/floxSim1cre� PVN GR KD mice have

significantly higher basal corticosterone (0 min) relative to female GRflox/floxSim1cre� control mice; P 	

.05. Integrated corticosterone response to an acute restraint challenge is similar in control and PVN

GR KD female mice. Data are represented as mean � SEM.
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GRflox/floxSim1cre� mice is mediated by parvocellular

PVN GR deletion. The exact mechanism for GR-depen-

dence of the fast glucocorticoid feedback is not known.

There are no obvious structural properties associated

with the GR that would target membranes. Recent find-

ings in cultured cells indicate that GR is trafficked to the

membrane in response to corticosterone exposure, but

that this does not appear to be dependent on the palmi-

toylation of GR (32). Consequently, fast effects of gluco-

corticoids on stress-induced neuroendocrine responses in

males may be mediated by “near membrane” interactions

(33, 34).

The importance of the PVN GR appears to be sex-de-

pendent. Although male GRflox/flox Sim1cre� PVN GR KD

mice have exaggerated HPA axis responses to acute stress,

in terms of both ACTH and corticosterone secretion rel-

ative to male GRflox/floxSim1cre� controls, females have

elevated nadir corticosterone and a suppressed ACTH re-

sponse to acute stress compared with female GRflox/flox

Sim1cre� controls. The lack of a pronounced effect of PVN

GR on corticosterone responses to acute restraint stress

indicates that females may not require the PVN GR for

glucocorticoid regulation of the HPA axis. These data are

consistent with our findings in female forebrain GR

knockout mice (16), and together, these data suggest that

glucocorticoid signaling mechanisms differ substantially

between the sexes, with cycling, adult females being less

sensitive to rapid signaling effects of glucocorticoids via

the GR, although see Ref. 35. It is

possible that the reduced ACTH re-

sponse to stress in female GRflox/flox

Sim1cre� PVN GR KD mice is driven

by an enhanced tonic signal medi-

ated by elevated basal glucocortico-

ids which is compensated at the level

of the adrenal. Alternatively, it is

possible that females are able to com-

pensate for loss of PVN GR by alter-

native regulatory mechanisms, per-

haps due to enhanced estrogen

receptor (ER)� signaling at the level

of the PVN (36). For example, acti-

vation of ER� with diaprylpropion-

itrile or 5�-androstan-3�, 17�-diol

implants aimed slightly dorsal to the

PVN modulates neuroendocrine

stress responses (eg, ACTH) in gon-

adectomized males. Further, ER�

agonists block the deleterious ef-

fects of enhanced central amygda-

lar GR signaling on neuroendo-

crine and behavioral (anxiety-like

behavior) stress responses (37). These data suggest a role

for estradiol signaling via ER� in modulating HPA axis-

related endpoints attributed to GR. Finally, it is possible

that HPA axis feedback responses in females occurs via

other forebrain (bed nucleus of stria terminalis, medial

preoptic area) or brainstem (nucleus of solitary tract) re-

gions (38).

Given the widely documented role of gonadal hor-

mones as modulators of neuroendocrine and behavioral

stress responses (39), the estrous cycle stage was deter-

mined at the end of each experiment. Even though the

estrous cycle was not considered as a factor in the statis-

tical analyses (due to small sample size), female

GRflox/floxSim1cre� PVN GR KD mice exhibited a distinct

neuroendocrine phenotype (morning glucocorticoid hy-

persecretion and suppressed stress-induced ACTH) from

female GRflox/floxSim1cre� controls. These findings sug-

gest that this neuroendocrine phenotype in females is pri-

marily attributed to loss of PVN GR and less likely due to

activational effects of gonadal hormones. However, fu-

ture studies may include an in depth assessment of the role

of gonadal hormones in neuroendocrine stress responses

in both male and female GRflox/flox Sim1cre� PVN GR KD

mice and GRflox/floxSim1cre� controls to directly test this

postulate.

There was no significant effect of PVN GR KD on HPA

axis responses to chronic stress in either sex. These data

suggest that acute and chronic stress regulatory mecha-

Figure 7. Time-course (A) and integrated area under the curve (AUC) (B) corticosterone

response to a novel stressor (forced swim test) after a history of chronic stress exposure in male

GRflox/floxSim1cre�control (n � 13) and male GRflox/floxSim1cre� PVN GR KD mice (n � 15). Time-

course (C) and integrated (D) stress response to forced swim test after a history of chronic stress

in female GRflox/floxSim1cre�control (n � 12) and female GRflox/floxSim1cre� PVN GR KD (n � 12)

mice. Data are represented as mean � SEM.
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nisms are mediated by distinct neural mechanisms. Previ-

ous studies from our group and others suggest that chronic

stress recruits neural pathways that can enhance HPA axis

drive (9, 24, 40). Thus, it is possible the chronic stress-

recruited pathways override rapid glucocorticoid effects

in the PVN, perhaps as a mechanism to maintain response

capacity in the face of an increased feedback signal.

In brain, expression of Sim-1 is most pronounced in the

PVN and supraoptic nucleus of the hypothalamus (SON),

consistent with its pivotal role in development of these

structures (19). Previous report GR expression in magno-

cellular neurosecretory neurons in the SON (41) but very

low (to absent) GR expression in magnocellular neurons

in the PVN (41, 42). However, HPA axis responses are

largely controlled by parvocellular hypophysiotrophic

neurons, making it unlikely that KD of GR in magnocel-

lular neurons in these nuclei is responsible for the observed

increases in stress-induced ACTH and corticosterone.

Sim1 is sparsely expressed in areas outside of the PVN and

SON, including the sporadic expression in other hypotha-

lamic nuclei (lateral hypothalamus, posterior hypothala-

mus) (43). Although we cannot completely rule out a role

for GR signaling within these regions on HPA axis regu-

lation, we did not observe a difference in GR immunore-

activity in these regions between the GRflox/flox

Sim1cre�PVN GR KD and GRflox/floxSim1cre� control

mice. In addition, we did not observe a difference in GR

immunoreactivity and/or mRNA expression in primary

HPA axis regulatory regions, including the central amyg-

daloid nucleus, basolateral amygdaloid nucleus, ventral

hippocampus, and medial prefrontal cortex. Finally,

Sim1-dependent GR KD-mediated enhancement of

ACTH and corticosterone release in vivo agrees with ev-

idence from in vitro studies, where GR deletion in PVN

neurons blocks fast feedback neuronal inhibition (20).

Outside of the brain, Sim1 expression is reported in the

kidneys and spinal cord (44). Importantly, Sim1 expres-

sion appears to be absent in other critical peripheral tar-

gets, including the adrenals (43), and there was no differ-

ence in pituitary GR expression between GRflox/flox

Sim1cre�PVN GR KD and GRflox/floxSim1cre� control

mice. Collectively, these observations provide strong ev-

idence that our results are driven by PVN GR KD, rather

than Sim-1 promoter-mediated gene deletion in other

brain regions, adrenals, or pituitary gland.

Although Sim1-mediated GR targeting clearly affects

parvocellular cell populations in the PVN, we only ob-

served approximately a 60% loss in neuron counts. Be-

cause GR is richly localized in nonneurosecretory neu-

rons, it is possible that the remaining neurons do not

express Sim1, and are perhaps related to autonomic drive

or interneuronal signaling. Additional GR signal may

come from glial elements such as astrocytes and microglia,

which also express GR (45).

A recent study suggests that Sim-1 promoter-mediated

deletion of GR exon 3, which contains the zinc finger of

the DNA binding domain, results in a Cushingoid pheno-

type (ie, basal glucocorticoid hypersecretion, impaired

dexamethasone feedback, elevated PVN CRH mRNA,

and marked impairments in metabolic function) (46).

These data raise the possibility that the exon 2 deletion

constitutes a KD, rather than a complete deletion of the

PVN GR. Regardless of the phenotypic difference across

mouse lines, it is apparent that the Sim-1-mediated GR KD

in the PVN is of sufficient magnitude to block fast feed-

back inhibition (in males) and promotes morning corti-

costerone hypersecretion in females.

Sim1-driven GR KD did not alter immobility in the

forced swim test after chronic stress, further suggesting

that a full complement of PVN GR is not required for

appropriate behavioral responses to chronic stressor ex-

posure. One potential limitation in the interpretation of

this finding is the omission of non-CVS animals as con-

trols. However, similar studies using mice with Sim1 Cre-

driven deletion of GR exon 1c-2 or 3 did not result in

behavioral phenotypes characteristic of depression-like

behavior (46). These data are also consistent with previ-

ously published findings whereby local administration of

mifepristone (GR and PR antagonist) in the PVN induced

HPA axis disinhibition, but did not impact immobility in

the forced swim test (47). Together, these data suggest that

extra-PVN regions (medial prefrontal cortex, hippocam-

pus, amygdala) may be responsible for effects of gluco-

corticoids on stress-related behaviors, consistent with pre-

vious studies documenting changes in sucrose preference

and forced swim tests (16, 17, 48)

Collectively, our data highlight a role for PVN GR in

regulating acute neuroendocrine responses to stress, and

further highlight the potential for differential engagement

of brain regions regulating HPA axis responses under

acute vs chronic stress conditions. In addition, these data

indicate that rapid inhibition of the HPA axis, a critical

step toward limiting the magnitude and duration of glu-

cocorticoid stress responses, is governed in large part by

local, probably nongenomic glucocorticoid actions. Fi-

nally, and perhaps more importantly, the data suggest that

alternative HPA axis regulatory mechanisms exist in fe-

males, and raise the possibility that failure of these mech-

anisms (rather than a GR deficit) contribute to sex differ-

ences in HPA axis-associated pathologies.
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