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Abstract

Glucocorticoid receptors (GR) in the paraventricular nucleus of the hypothalamus (PVN) are 

important regulators of negative feedback regulation of the hypothalamic-pituitary-adrenal (HPA) 

axis. Previous evaluation of endogenous PVN GR function in adult mice demonstrated that mice 

with loss of GR exon 3 in the PVN (Sim1Cre-GRe3Δ) have a hyperactive HPA axis, growth 

impairment, and metabolic disruptions. Here, we hypothesized that lack of negative feedback 

inhibition of the HPA axis through PVN GR, as demonstrated through loss of PVN GR early in 

life, will have developmental-stage-specific consequences. Immunofluorescence revealed that 

Sim1Cre-GRe3Δ mice display PVN GR loss as early as postnatal day 2 compared to control mice. 

Sim1Cre-GRe3Δ mice compared to controls also displayed increased corticotropin-releasing 

hormone (CRH) mRNA in the PVN at postnatal day 10, as shown by in situ hybridization. 

Corticosterone radioimmunoassay revealed that the disruptions in PVN GR and CRH expression 

led to elevated basal corticosterone secretion in male Sim1Cre-GRe3Δ mice by early adolescence 

and increased stress-induced (restraint) corticosterone secretion in late adolescence into adulthood. 

In comparison, female Sim1Cre-GRe3Δ mice did not display corticosterone disruption until 

adulthood. Circadian rhythmicity of corticosterone secretion was normal for male and female mice 

at all age groups regardless of genotype with one exception. In late adolescence, female Sim1Cre-

GRe3Δ mice had disrupted circadian corticosterone secretion due to significantly elevated 

circulating levels at nadir. We conclude that PVN GR function matures at an earlier developmental 

time point in male than in female mice and thus leads to later differential stress responsiveness 

between sexes.
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INTRODUCTION

Regulation of the endocrine stress response is governed in major part by the hypothalamic-

pituitary-adrenal (HPA) axis, which is ultimately characterized by the release of 

glucocorticoids from the adrenal cortex. This glucocorticoid secretion is stimulated by the 

release of adrenocorticotropic hormone (ACTH) from the anterior pituitary, which is 

targeted by upstream action of corticotropin-releasing hormone (CRH) from the 

paraventricular nucleus of the hypothalamus (PVN). Proper HPA axis function is important 

for normal stress reactivity, and disruptions lead to maladaptive neuroendocrine and 

behavioral phenotypes (Carpenter et al. 2007, Tyrka et al. 2008, Schroeder et al. 2013). 

Glucocorticoids acting on glucocorticoid receptors (GR) regulate many organismal functions 

including tissue development, metabolism and stress responses (Cole et al. 1995, Sapolsky et 

al. 2000, Wang 2005). During the stress response in rodents, HPA axis activity returns to 

baseline through negative feedback of corticosterone on GR at the level of the PVN, anterior 

pituitary, and forebrain to inhibit future activation.(Yi et al. 1993, Russell et al. 2010, 

Herman et al. 2012) This negative feedback is necessary to suppress overactivation of the 

HPA axis and prevent pathological effects of excess corticosterone.

HPA axis function varies at different stages of development. The early stages of neonatal life 

are characterized by a stress-hyporesponsive period (SHRP) during which there is limited 

capability of stress to evoke secretion of glucocorticoids (Sapolsky and Meaney 1986, 

Levine 1994, Schmidt et al. 2003). This pattern of regulation is influenced by corticosteroid-

binding globulin (CBG) which binds to glucocorticoids and reduces their bioavailability. 

During this early postnatal period levels of CBG are low and thus in part account for 

relatively high glucocorticoid concentrations which are less influenced by stress (Viau et al. 

1996). This SHRP serves as a protective mechanism against the deleterious effects of excess 

glucocorticoids in the brain and periphery, and is mediated by GR-mediated feedback at the 

anterior pituitary (Sapolsky and Meaney 1986, Schmidt et al. 2005). Deletion of pituitary 

GR results in increased HPA axis activity, leading to increased plasma corticosterone 

concentrations, particularly during the first week of postnatal life (Schmidt et al. 2009). In 

comparison, GR antagonists in the PVN have little effect on HPA axis output in the first 

week of postnatal life but begin to cause increases in PVN CRH mRNA and plasma 

corticosterone in the second week of postnatal life (Yi et al. 1993). Given that GR-mediated 

feedback appears to develop in distinct brain regions at different developmental time points, 

we hypothesized here that PVN GR plays a role in shaping the ontogeny of the HPA axis. To 

examine this HPA axis development, we focussed on the adolescent period, the transition 

between early postnatal life and adulthood (McCormick and Mathews 2007).

The brain continues to undergo development during adolescence in humans and other 

mammals. Morphological and connectivity changes in a number of brain regions (Durston et 

al. 2001, Sowell et al. 2002, Giedd 2008) make the adolescent brain more vulnerable to the 

effects of environmental stimuli (Steinberg 2005, Wheeler et al. 2013, Schindler et al. 2014). 

Moreover, in adolescent rodents the HPA axis undergoes reorganization (Meaney et al. 1985, 

Sowell et al. 1999, Arnsten and Shansky 2004), making this developmental period sensitive 

to the effects of stress. Due to the propensity of the developing adolescent brain to be 
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influenced by external stimuli, we further hypothesize that adolescent mice will be more 

susceptible to the effects of PVN GR disruption. Here we aimed to define the developmental 

trajectory of PVN GR function by evaluating the effects of PVN GR loss during early life on 

neuroendocrine activity in male and female mice in early (postnatal days 30–50) and late 

(postnatal days 51–70) adolescence..

Our data provide neuroendocrine evidence demonstrating a sex-specific developmental role 

for PVN GR in HPA axis regulation.

MATERIALS AND METHODS

Animals

Animal protocols were performed in accordance with National Institutes of Health 

guidelines and approved by the Institutional Animal Care and Use Committees of Cincinnati 

Children’s Research Foundation (Cincinnati, OH). The animal room temperature was 

22.2°C and humidity ranged between 30% – 70%. Mice were housed on a 14 h/10 h light/

dark cycle with ad libitum access to rodent chow and water. Lights were on from 06:00 to 

20:00 Eastern time during daylight savings time (DST) and is set back one hour when DST 

ends. All mice were housed with litter mates of the same sex with 2–4 mice per cage. Mice 

were generated as previously described (Laryea et al. 2013). Briefly, Sim1Cre-GRe3Δ mice 

were generated by initially mating male Sim1Cre mice (Balthasar et al. 2005) to female 

mice with a floxed GR exon 3 transgene (Tronche et al. 1999). Subsequent breeding to mice 

with the floxed GR allele bred to homozygosity was used to establish matings of Sim1Cre-

GRe3Δ mice to homozygous floxed GREe3 mice. Controls were littermates that were Cre 

negative but floxed GR exon 3 homozygous. Floxed GR exon 3 mice were obtained from Dr. 

Günther Schütz, German Cancer Research Center, Heidelberg, Germany. Sim1Cre mice 

were the gift of Dr. Brad Lowell, Beth Israel Deaconess Medical Center, Boston, MA. 

Sample sizes ranged from 3–17 control mice and 3–15 Sim1Cre-GRe3Δ mice.

Immunohistochemistry

Mice were anesthetized by intraperitoneal injection of a solution containing 17.7 mg/mL 

ketamine (Ketaset, Fort Dodge IAO) and 2.6 mg/mL xylazine (TranquiVed, Vedco, St. 

Joseph MO) in phosphate buffered saline (PBS) (0.10mL/100g body weight). Mice were 

anesthetized at postnatal day 2 (P2), where P0 was the day of birth. Mice were then perfused 

with 1× Diethylpyrocarbonate (DEPC) PBS followed by 4% DEPC paraformaldehyde 

(PFA). We post-fixed the brains in 4% DEPC PFA at 4°C overnight and immersed the brains 

in 70% ethanol to process for paraffin embedding. A microtome was used to cut coronal 

sections of paraffin-embedded brains at 8 µm onto Superfrost+ slides (VWR). We 

deparaffinized the slides, rehydrated them in decreasing concentrations of ethanol, and 

reconstituted antigens in 10mM Citrate Buffer (pH 6.0). Slides were washed in PBS and 

blocked for 1 hour in 3% normal goat serum/ 0.25% Triton-X-100 in PBS. GR: Primary 

antibodies were 1:200 rabbit m20-anti-GR, directed against the N-terminus of GR, (Santa 

Cruz Biotech. Cat# sc-1004) and 1:200 mouse anti-NeuN (neuron-specific nuclear protein; 

Millipore, Cat # MAB377); Secondary antibodies were 1:250 biotinylated goat anti-rabbit 

IgG (Vector Laboratories, Cat# Pk-6101) and 1:200 Alexa Fluor 488 goat anti-mouse IgG 
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(Invitrogen, Cat# A11001). We washed slides, incubated them in avidin/biotin complex 

(Vector Laboratories, Burlingame CA), followed by Cyanine-3 tyramide amplification 

(Perkin Elmer) and coverslipped with Vectashield containing 4’, 6-diamidino-2-phenylindole 

(DAPI) (Vector Laboratories, Burlingame CA).

Corticosterone radioimmunoassay

Mice between P30–50 (early adolescence) and P51–70 (late adolescent) from the same cage 

were double-housed for one week. Submandibular bleeds were performed in mice using a 

5mm point Goldenrod animal lancet (Braintree Scientific, MA) to puncture a small vascular 

bundle located at the back of the mouse’s jaw. Blood samples (50–60µl/bleed) were 

collected at nadir (07:00h), peak (18:00h), and immediately after a 20-minute restraint stress 

performed at nadir (restraint completed in a 50mL conical tube with ventilation holes) with 

two days between bleeds. Blood was collected into 1.5mL EDTA-treated centrifuge tubes. 

We centrifuged the blood at 16,900 × g for 6 minutes and stored the plasma at −80°C until a 

radioimmunoassay (RIA) was performed. The Corticosterone Double Antibody - 125I RIA 

Kit (MP Biomedicals, Solon, OH) was used to perform the RIA. Assay sensitivity of the kit 

was 7.7 ng/ml and inter-assay variability was 6.33% for low controls and 3.24% for high 

controls.

CRH in situ hybridization

Mice were anesthetized at P10 with ketamine/xylazine as above, perfused with DEPC 1× 

PBS followed by 4% DEPC PFA, and the brains were post-fixed overnight in 4% DEPC 

PFA. After 48-hour immersion in 20% DEPC sucrose solution at 4°C, brains were 

embedded in Optimal Cutting Temperature (OCT) compound. 16µm coronal sections were 

obtained from brains at −17°C in a cryostat and mounted onto Superfrost+ slides (VWR), 

vacuum-dried overnight, and stored at −80°C until in situ hybridization was performed. We 

used P33-UTP to label an RNA probe complementary to a 0.32 kb fragment of exon 2 of the 

CRH mRNA (Kolber et al. 2010). We hybridized the labeled probe to sections at 60°C for 20 

hours and washed in 0.1× SSC at 60°C for 30 min. Slides were exposed to Maximum 

resonance film (Kodax BioMAx, Rochester N.Y.) for 3 days. The autoradiographic images 

were scanned into Adobe Photoshop on an Epson Perfection V600 scanner at 12600 dots per 

cm and quantified using NIH Image J software. As the values for male mice did not 

significantly differ from female mice, the sexes were combined for analysis.

Statistical analysis

The results are presented as mean ± SEM after subjection to Student t-test or two-way 

ANOVA (Prism 5.0 software; GraphPad Software, Inc., San Diego, CA). Plasma 

corticosterone concentrations were analyzed with two-way ANOVA with genotype (Control 

of Sim1Cre GRe3) and time (Nadir, Peak, or 20 minutes post-stress) as factors. Plasma 

corticosterone concentrations were also analyzed with two-way ANOVA using sex (male or 

female) and time (Nadir, Peak, or 20 minutes post-stress) as factors. Statistical significance 

was defined as a P value ≤ 0.05 and was analyzed using the Tukey or Bonferroni post hoc 

tests.
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RESULTS

Deletion of GRe3 in PVN neurons expressing Sim1

Sim1Cre-GRe3Δ transgenic mice were generated as previously described (Laryea et al. 

2013), and to determine when the deletion of GR first occured, we performed fluorescent 

immunohistochemistry in P2 brains. We observed an absence of PVN GR protein expression 

in Sim1Cre-GRe3Δ mice compared to controls (mice with homozygous floxed GRe3 alleles 

and no Cre) at age P2 (Figure 1A). We evaluated CRH expression at a later developmental 

stage to allow adequate time for the consequences of GR loss to manifest. We measured 

CRH mRNA expression in the PVN and amygdala of controls and Sim1Cre-GRe3Δ mice at 

P10 using in situ hybridization to determine whether CRH mRNA was dysregulated early in 

postnatal development due to GR loss. Compared to control mice at P10, Sim1Cre-GRe3Δ 

mice had a 1.7 fold increase in CRH mRNA expression in the PVN (P < 0.002) (Figure 1B 

and C) and a 1.9 fold increase in amygdala CRH mRNA expression (Figure 1D).

Adolescent Sim1Cre-GRE3Δ mice display sex-specific developmental differences in HPA 
Axis regulation

Males—We measured plasma corticosterone concentrations in control and Sim1Cre-GRe3Δ 

adolescent mice to determine the developmental consequences of PVN GR loss. During the 

early adolescent period (P30–50) in male mice, we found a significant main effect of 

genotype [F(1,90)= 12.65), P=0.0006] influence by significantly elevated nadir (P = 0.001) 

and peak (P = 0.005) plasma corticosterone concentrations in male Sim1Cre-GRe3Δ mice 

compared to controls (Figure 2A). corticosterone concentrations after stress did not differ (P 

= 0.299) between genotypes in this age group (Figure 2A). There was also a main effect of 

time [F(2,90) 215.9), P<0.0001] demonstrating a circadian corticosterone rise at peak 

compared to nadir (P< 0.0001), and further elevations in corticosterone after stress (P< 

0.0001) regardless of genotype. There was no interaction between genotype and time 

[F(2,90) = 0.2957), P=0.7447].

In late adolescence, P51–P70, we observed a significant main effect of genotype [F(1,39)= 

82.75, P <0.0001] with male Sim1Cre-GRe3Δ mice showing elevated plasma corticosterone 

concentration at nadir (P = 0.001), peak (P < 0.0001) and after 20 minutes of restraint stress 

(P < 0.0001) compared to controls (Figure 2B); these findings were similar to those 

previously observed in adult male mice (3–6 months, P90–P180) (Figure 2C) (Laryea et al. 

2013). There was also a significant main effect of time [F(2,39)= 313.1, P< 0.0001] and a 

genotype X time interaction [F(2,39)= 6.434, P= 0.0038].

Females—By contrast, in female Sim1Cre-GRe3Δ mice, early adolescence was 

characterized by a lack of differences in corticosterone secretion with regards to genotype or 

genotype X time. Hence, female Sim1Cre-GRe3Δ mice had no changes in basal and stress-

induced plasma corticosterone concentrations compared to control mice (Figure 2D). There 

was however a significant main effect of time [F(2,57)= 116.3, P< 0.0001] (Figure 2D). In 

late adolescence, there was a significant interaction between genotype and time [F(2,57)= 

4.482, P= 0.029]. Nadir plasma corticosterone concentrations in female Sim1Cre-GRe3Δ 

mice (P51–70) were significantly higher than controls (P = 0.011) but peak and stress-
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induced corticosterone concentrations did not differ (Figure 2E). Moreover, female 

Sim1Cre-GRe3Δ mice in this group lacked a circadian rise to peak corticosterone levels 

compared to controls (Figure 2E). Therefore, with the exception of these female Sim1Cre-

GRe3Δ mice of ages P51–70 (Figure 2E), there was a significant main effect of time 

[F(2,15)= 49.12, P< 0.0001], with the circadian rhythm of corticosterone secretion 

maintained in female controls (P < 0.001), and stress concentrations in both genotypes 

elevated compared to basal corticosterone concentrations (P< 0.0001) (Figure 2E).

Sex and age differences—We compared data generated from adolescent Sim1Cre-

GRe3Δ mice in this study to data previously collected from adult Sim1Cre-GRe3Δ mice 

(Laryea et al. 2013) to determine sex and age differences in corticosterone concentrations. In 

control mice, a two-way ANOVA demonstrated that at P30–50, there was a significant main 

effect of sex [F(1,83)= 10.91, P= 0.0014)] and time [F(1,83)= 175.8, P< 0.0001], but no 

interaction between the factors. In control mice at P51–70, we observed a significant main 

effect of sex [F(1,27)= 40.08, P< 0.0001] and time [F(1,27)= 137.5, P< 0.0001], as well as 

an interaction between sex and time [F(1,27)= 7.111, P= 0.0033]. In adult control mice, a 

two-way ANOVA displayed significant main effects of sex [F(1,74)= 58.92, P< 0.0001], 

time [F(1,74)= 142.5, P< 0.0001], and a sex X time interaction [F(1, 74)= 23.63, P< 0.0001]. 

In control mice, nadir plasma corticosterone concentrations did not vary between sexes from 

P30 into adulthood, (Figure 2). At circadian peak, plasma corticosterone concentrations 

were significantly increased in female control mice compared to males at P30–50 (Figure 

2A,D; P < 0.001), P51–70 (Figure 2B,E; P < 0.0001), and in adulthood (P90–P180; Figure 

2C,F; P < 0.05). Under conditions of acute stress, female control mice had significantly 

elevated corticosterone concentrations compared to males at P51–70 (Figure 2B,E; P < 

0.001) and in adulthood (3–6 months, P90–P180;Figure 2C,F; P < 0.0001).

Two-way ANOVA in Sim1Cre-GRe3Δ mice demonstrated that at P30–50, there was a 

significant main effect of time [F(1,64)= 143.4, P< 0.0001] on plasma corticosterone 

concentrations, however no significant effects of sex or sex X time was observed.

At P51–70, we observed significant main effects of time [F(1,27)= 124.1, P< 0.0001] and 

interaction between sex and time [F(1,27)= 4.158, P= 0.027], but no significant effect of sex. 

Two-way ANOVA in adult Sim1Cre-GRe3Δ mice displayed significant main effects of sex 

[F(1,31)= 11.74, P= 0.0017], time [F(1,31)= 26.9, P< 0.0001], and a sex X time interaction 

[F(1, 31)= 5.818, P= 0.0072]. In Sim1Cre-GRe3Δ mice, nadir plasma corticosterone 

concentrations only differed at P51–70 (Figure 2B,E) with higher levels in females 

compared to males (P < 0.05). At circadian peak, plasma corticosterone concentrations did 

not vary between sexes from P30 into adulthood.. After an acute stressor, female Sim1Cre-

GRe3Δ mice had significantly elevated corticosterone concentrations compared to males 

only in adulthood (P90–P180; P < 0.001).

DISCUSSION

GR function is a major contributor to control of HPA axis activity and therefore provides an 

important target to understand stress biology. This study was performed under the 

hypothesis that PVN GR loss will have developmental consequences on neuroendocrine 
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HPA axis regulation in mice during the adolescent period. We further explored the 

hypothesis that the effects of PVN GR loss on HPA axis function would be sex-specific. Our 

results indicate that disruption of PVN GR expression leads to hyperactivation of the HPA 

axis with increased PVN CRH mRNA expression. Moreover, we observed a developmental 

trajectory in the development of PVN GR function that differs in male compared to female 

mice. Specifically, loss of PVN GR demonstrated that GR-mediated negative feedback of 

basal corticosterone secretion occurs by adolescence in male mice but not until early 

adulthood in female mice. Under conditions of stress, GR-mediated feedback occurs in late 

adolescence in male mice but not until adulthood in female mice.

HPA axis regulation during development

Constitutive GR deletion in mice has been shown to lead to neonatal mortality when exon 3 

of the GR gene is targeted (Tronche et al., 1999) and approximately 80% lethality when 

exon 2 of the gene is targeted (Cole et al. 1995). GR disruption along all sites of HPA axis 

negative feedback regulation (brain and pituitary) leads to early postnatal death (Erdmann et 

al. 2008). These studies point to a necessity for GR function not only for neonatal organ 

development but also for HPA axis feedback regulation. Genetic studies have also allowed 

investigations to parse out the contributions of specific GR-mediated negative feedback sites 

in physiology. Deletion of pituitary GR (GRPOMCCre), for instance, results in HPA axis 

hyperactivity and growth impairments in the first few days of postnatal life, but these 

disruptions do not last into adulthood (Schmidt et al. 2009). In genetic mouse models of GR 

deletion in the forebrain (FRGRKO), substantial GR loss does not occur until adulthood, and 

results in HPA axis hyperactivity, indicating a role for forebrain GR in negative feedback 

regulation (Boyle et al. 2005, 2006, Furay et al. 2008, Solomon et al. 2012). Our data 

indicate that in Sim1Cre GRe3Δ mice, PVN GR loss occurs by postnatal day 2. The early 

disruption of PVN GR expression led to an increase in PVN CRH mRNA expression at P10 

and HPA axis hyperactivity in adolescence that lasts into adulthood. Of interest is that 

amygdala CRH mRNA expression was also increased in Sim1Cre GRe3Δ mice at P10, 

compared to controls. This indicates that loss of PVN GR affects gene expression in other 

stress-related regions. This increase of amygada CRH mRNA level appears to occur only 

during early life, as in adulthood, we did not find significant differences in amygdala CRH 

mRNA in Sim1Cre GRe3Δ mice compared to control mice (Laryea et al. 2013).

Puberty, the period of sexual maturation, in mice begins around 40 days of age which 

corresponds to early adolescence in our studies (McCormick and Mathews 2007). In males, 

PVN GR loss in Sim1Cre GRe3Δ mice led to elevated nadir and peak plasma corticosterone 

concentrations during early adolescence (P30–P50) compared to controls. However, stress-

induced increases in corticosterone were not different between control and Sim1Cre GRe3Δ 

male mice at that age, and only appeared after P51, post-puberty. This indicates that during 

the early adolescent period of life in males, PVN GR is important for maintaining basal 

regulation of glucocorticoid secretion, but it is not necessary for regulating stress-induced 

glucocorticoid secretion until post-puberty, late adolescence/ early adulthood. It is of note 

that while we did not perform a time course study of corticosterone responses, we evaluated 

the time point specifically that was found to be different in our adult studies in response to 

stress as this proved most sensitive to differences. Analyzing multiple time points, given the 
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number of gestational ages we tested and studying both sexes would likely be of minimal 

biological relevance for the small transient difference that could potentially be found. 

However, we cannot discount the possibility that lack of GR in the PVN may not affect the 

maximal corticosterone response to stress but it may affect the declining phase of the 

response.

In females, plasma concentrations of corticosterone did not vary between control and 

Sim1Cre GRe3Δ mice in early adolescence. In late adolescence/ early adulthood, nadir 

concentrations of plasma corticosterone were increased in Sim1Cre GRe3Δ females, but 

peak and stress concentrations did not differ from controls. Additionally, female Sim1Cre 

GRe3Δ mice in late adolescence were the only group that lacked a circadian rise in 

corticosterone levels. In contrast to males, PVN GR in female mice was not necessary for 

maintaining basal regulation of glucocorticoid secretion during adolescence, and did not 

become necessary until adulthood.

The sex difference in corticosterone secretion between controls as well as Sim1Cre GRe3Δ 

mice is suggestive of modulation of GR function by sex hormones. Indeed, there is abundant 

evidence supporting a role of estrogen both in increasing and decreasing HPA axis activity 

through alteration of GR signaling pathways (Burgess and Handa 1992, Weiser and Handa 

2009, Weiser et al. 2010). Moreover, androgens are also known to decrease HPA axis 

activity by reducing glucocorticoid secretion (Toufexis and Wilson 2012, Kalil et al. 2013). 

Additionally, interactions between the estrogen/androgen receptors and GR exist (Miranda et 

al. 2013, Lightman and George 2014) that may contribute to the observed sex differences. 

Thus, it is likely that the varying levels of androgens and estrogens in males compared to 

females would influence characteristics of physiology and produce distinct glucocorticoid 

signaling and HPA axis regulation between sexes. Consequently, in the absence of PVN GR, 

glucocorticoid feedback would be differentially regulated with respect to sex. Our data 

showed that in control mice, nadir levels of corticosterone did not vary from early 

adolescence into adulthood and did not differ between males and females. In Sim1Cre 

GRe3Δ mice, nadir levels of corticosterone did not vary between males and females in early 

adolescence or adulthood, but did differ in the transition from adolescence into adulthood 

(P51–70). At this age females had higher corticosterone levels than males in the absence of 

PVN GR. We observed that at circadian peak, levels of corticosterone in control female mice 

were significantly higher than those in control males from early adolescence into adulthood. 

This may be a result of normally higher HPA axis activity in females compared to 

males(Handa et al. 1994, Carpenter et al. 2007, Babb et al. 2013), possibly due to neonatal 

organizational effects of androgens and estrogen on decreasing and increasing HPA axis 

activity, respectively, in adulthood (Seale et al. 2005a, 2005b). In addition, estradiol has been 

shown to act on the estrogen receptor alpha to inhibit glucocorticoid negative feedback thus 

increasing plasma glucocorticoid concentrations (Weiser and Handa 2009, Handa and 

Weiser 2014). Interestingly, when glucocorticoid negative feedback was already lost in 

Sim1Cre GRe3Δ mice, the difference between sexes at circadian peak is also lost; 

suggesting perhaps that the function of estradiol may also depend on PVN GR availability. 

There may also be an influence of CBG which binds to circulating glucocorticoids and 

regulates its bioavailability (Mattos et al. 2013), and is expressed more in females than males 

(Mataradze et al. 1992, Tinnikov 1999, McCormick and Mathews 2007). Interactions 
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between sex hormones, CBG, and GR may therefore contribute to the differences observed 

in our studies. It should be noted that females were examined randomly throughout the 

estrous cycle and thus the influence of hormonal variability on glucocorticoid secretion is 

not accounted for as a function of specific stage of the cycle. However, given that the 

variability (as indicated by the observed standard deviations) in our measurements did not 

differ drastically, we infer that hormonal variability had a limited effect on our results.

Our studies suggest that PVN GR mediation of negative feedback occurs earlier in 

development in males than in females and that development of the HPA axis and its 

regulation in males and females may occur by differing mechanisms. Based on the 

aforementioned findings, we propose that developmental maturation of GR feedback 

function is region specific. We suggest that during early postnatal development, 

glucocorticoid feedback is primarily regulated through pituitary GR, and that there is a 

switch during adolescence to PVN GR taking the role of the dominant negative feedback 

regulator. Forebrain GR may also contribute to this HPA axis regulation during early 

development, but there is little data to support this. Pituitary GR is not as involved in basal 

HPA axis regulation in adulthood (Schmidt et al. 2009), but PVN and forebrain GR play 

significant roles in modulating negative feedback during adulthood (Boyle et al. 2005, 2006, 

Laryea et al. 2013).

CONCLUSIONS

Taken together, our data indicate that PVN GR is important in maintaining basal plasma 

glucocorticoid concentrations from early adolescence onward, and it starts mediating stress-

induced glucocorticoid secretion later during adulthood. Moreover, the maturation of PVN 

GR function appears to occur earlier in males than in females. Our findings suggest that GRs 

in specific brain and pituitary regions differ in developmental onset of their negative 

feedback function, with pituitary GR function beginning in early postnatal development and 

PVN GR picking up in adolescence through adulthood with input from forebrain GR. Our 

results lay a foundation for dissecting sex-mediated glucocorticoid-GR signaling along 

development to expose the mechanisms underlying sex and developmental differences in 

PVN GR function. Future studies would aim to identify the sex-specific effects of adolescent 

PVN GR loss on stress-related behavior such as anxiety and despair. These studies will help 

define combined role of gender and GR in the PVN in stress-related behavior.
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Figure 1. Imuunofluorescence of PVN GR protein and in situ hybridization of PVN and 
amygdala CRH mRNA expression in control and Sim1Cre-GRe3Δ mice
(A) Immunofluorescent images of the PVN showing GR (red), NeuN (green), and Dapi 

(blue) in mice at postnatal day 2 (P2), representative of 3 mice/group. Representative images 

depict immunofluorescent staining in male mice. (B, C, D) CRH mRNA expression is 

increased in the PVN and amygdala of Sim1Cre-GRe3Δ mice at postnatal day 10 (P10). (B) 

Representative images (females) of CRH in situ hybridization in control and Sim1Cre-

GRe3Δ mice at P10. (C) Quantification of pixel density showed an increase in PVN CRH 

mRNA in Sim1Cre-GRe3Δ mice (n=6) compared to control mice (n=6). (D) Quantification 

of pixel density showed an increase in amygdala CRH mRNA in Sim1Cre-GRe3Δ mice 

(n=5) compared to control mice (n=4), **P < 0.01, student t-test. Data are shown as mean +/

− s.e.m. Abbreviations: PVN- paraventricular nucleus of the hypothalamus; CRH- 

Corticotropin-releasing hormone; GR- glucocorticoid receptor; NeuN: neuron-specific 

nuclear protein; DAPI: 4',6-diamidino-2-phenylindole, DNA stain.
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Figure 2. Plasma corticosterone concentrations measured at circadian nadir and peak, and after 
20-minutes of restraint stress in males (A, B, C) and female mice (D, E, F)
(A) Male Sim1Cre-GRe3Δ mice at ages P30–P50 (P: postnatal day; n=15) display increased 

plasma corticosterone at nadir and peak and but not after stress compared to control mice 

(n=17). (B) Sim1Cre-GRe3Δ male mice at ages P51–P70 (n=7) display increased plasma 

corticosterone at nadir and peak, as well as after stress compared to control mice (n=8). (C) 

Adult Sim1Cre-GRe3Δ male mice (n=15) at ages P90–180 compared to control mice (n=22) 

have elevated corticosterone concentration at nadir, peak and after stress. Circadian rhythm 

of corticosterone secretion was maintained in males, regardless of age and genotype. (D) 

Between age P30–P50, corticosterone concentrations of female Sim1Cre-GRe3Δ mice (n=8) 

did not differ from control mice (n=13) and circadian rhythm was maintain in both 

genotypes. (E) Female Sim1Cre-GRe3Δ mice ages P51–P70 (n=4) display increased plasma 

corticosterone at nadir, but no differences in peak and stress –induced corticosterone 

compared to control mice (n=3). Circadian rhythm of corticosterone secretion was less in 

female Sim1Cre-GRe3Δ mice at ages P51–P70. (F) Adult Sim1Cre-GRe3Δ female mice 

(n=3) at ages P90–180 have elevated corticosterone concentration at nadir, peak and after 

stress compared to controls (n=5). Adult data in C and F are adapted with permission from 

previously published results (Fig 3, Laryea et al. 2013). *P < 0.05, **P < 0.01, ****P < 

0.0001, two-way ANOVA with Bonferonni post-hoc test. Data are shown as mean +/− s.e.m. 

Abbrev.: CORT-corticosterone.
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