
A sexually dimorphic distribution of corticotropin-releasing 
factor receptor 1 in the paraventricular hypothalamus

Zachary J Rosinger1, Jason S Jacobskind1, Rose M De Guzman1, Nicholas J Justice2, 
Damian G Zuloaga1

1University at Albany, Department of Psychology, Albany, NY 12222.

2Center for Metabolic and Degenerative Diseases, Institute of Molecular Medicine, University of 
Texas Health Sciences Center, Houston, TX, USA.

Abstract

Sex differences in neural structures are generally believed to underlie sex differences reported in 

anxiety, depression, and the hypothalamic-pituitary-adrenal axis, although the specific circuitry 

involved is largely unclear. Using a corticotropin-releasing factor receptor 1 (CRFR1) reporter 

line, we report a sexually dimorphic distribution of CRFR1 expressing cells within the 

paraventricular hypothalamus (PVN; males > females). Relative to adult levels, PVN CRFR1-

expressing cells are sparse and not sexually dimorphic at postnatal days 0, 4, or 21. This suggests 

that PVN cells might recruit CRFR1 during puberty or early adulthood in a sex-specific manner. 

The adult sex difference in PVN CRFR1 persists in old mice (20–24 months). Adult gonadectomy 

(6 weeks) resulted in a significant decrease in CRFRI-immunoreactive cells in the male but not 

female PVN. CRFR1 cells show moderate co-expression with estrogen receptor alpha (ERα) and 

high co-expression with androgen receptor, indicating potential mechanisms through which 

circulating gonadal hormones might regulate CRFR1 expression and function. Finally, we 

demonstrate that a psychological stressor, restraint stress, induces a sexually dimorphic pattern of 

neural activation in PVN CRFR1 cells (males >females) as assessed by co-localization with the 

transcription/neural activation marker phosphorylated CREB. Given the known role of CRFR1 in 

regulating stress-associated behaviors and hormonal responses, this CRFR1 PVN sex difference 

might contribute to sex differences in these functions.

Introduction

In numerous species, including rodents and humans, sex differences in anxiety, depression, 

and hypothalamic-pituitary-adrenal (HPA) axis function have repeatedly been reported 

(Heck & Handa, 2019; Kessler et al., 1994; Kessler et al., 2012; Nolen-Hoeksema, 1987), 

while the neurobiological underpinnings of these sex differences are largely unknown. Sex 

differences in brain corticotropin-releasing factor (CRF) and its receptors CRFR1 and 

CRFR2 represent intriguing potential mechanisms through which these behavioral and 

hormonal sex differences might be regulated, based on the known role of the CRF system in 
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controlling depressive- and anxiety-related behaviors as well as the HPA axis (Britton et al., 

1986; Deak et al., 1999; Muller et al., 2003; Timpl et al., 1998).

Region specific sex differences in CRF and CRF receptors have previously been reported. In 

the rat brain, CRF-expressing cells are more numerous in the male central amygdala, while 

females show greater CRF cell number in the preoptic area and bed nucleus of the stria 

terminalis (Funabashi et al., 2004; Karanikas et al., 2013; McDonald et al., 1994). Sex 

differences in CRFR1 have also been found in the rat anterior cingulate, piriform cortex, 

nucleus accumbens, and olfactory tubercle with females showing higher levels of expression 

(Wealthington et al. 2014). In voles, a sex difference in CRFR2 has been found in the bed 

nucleus of the stria terminalis (males > females; Lim et al., 2005). Also, our laboratory 

recently discovered a sexually dimorphic cluster of CRFR1 cells in the rostral anteroventral 

periventricular nucleus (AVPV) of the mouse which is prominent in females but virtually 

absent in males (Rosinger et al., 2017). Together, these and other sex differences in the CRF 

system likely contribute to sex differences in depression, anxiety, arousal, and HPA axis 

regulation (Bangasser et al., 2019; Bangasser & Wiersielis, 2018). Accordingly, sex 

differences have been reported in CRF regulation of stress-related behaviors. In mice 

deficient for both CRF receptors, changes in anxiety-like behaviors were sex-dependent 

(Bale et al., 2002), further supporting the idea that CRF and its receptors might regulate sex 

differences in stress-related behaviors.

The paraventricular nucleus of the hypothalamus (PVN) is a region critical to the regulation 

of the HPA axis, and controls several behavioral and autonomic functions as well (Abel & 

Majzoub, 2005; Eaton et al., 1996; Makino et al., 1995). In particular, CRF containing cells 

in the PVN play a central role in regulating HPA axis function by stimulating the release of 

adrenocorticotropic hormone from the pituitary (Hodges, 1970). CRFR1 cells in the PVN 

have also recently been revealed as key in regulating HPA axis tone as well as behavioral 

adaptations to chronic stress (Jiang et al., 2018; Ramot et al., 2017). PVN CRFR1 cells are 

demonstrated to control a local negative feedback loop that inhibits CRF cells to decrease 

HPA axis activation (Jiang et al., 2018). PVN CRFR1 cells are largely distinct from other 

primary cell phenotypes in the PVN, showing little to no co-localization with oxytocin and 

vasopressin and only about 8% co-localization with CRF-expressing cells (Ramot et al., 

2017). Given reported sex differences in CRFR1 in other brain regions, we sought to 

investigate whether CRFR1 in the PVN was also sexually dimorphic and might therefore 

contribute to sex differences in HPA axis regulation and stress adaptation (Hodes et al., 

2015; Oyola & Handa, 2017; Zuloaga et al., 2011).

Materials and Methods

Animals:

Experiments were performed using a CRFR1 reporter mouse line (bacterial artificial 

chromosome identified by green fluorescent protein (BAC CRFR1-GFP; Justice et al., 2008) 

validated by comparing distributions of CRFR1-GFP to in situ CRFR1 mRNA expression. 

This comparison revealed similar anatomical localization of CRFR1 (Justice et al., 2008; 

Van Pett et al., 2000). Ages of mice ranged from neonatal (P0, P4, P21), adult (60–120 days) 

and old adult (20–24 months of age). The 20–24 month old mice were retired breeder males 
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and females. Nucleotide sequences used for genotyping by RT-PCR were: CCT ACG GCG 

TGC AGT GCT TCA GC forward and CGG CGA GCT GCA CGC TGC GTC CTC reverse 

EGFP350 primers. Actin 470 was used as an internal positive control validating the presence 

of DNA in each sample. Mice were maintained under a 12/12 L/D cycle (lights on at 0700), 

with food and water available ad libitum. All procedures have been approved by the 

University at Albany Institutional Animal Care and Use Committee (IACUC) and are in 

accord with National Institutes of Health guidelines.

Gonadectomy (GDX):

This procedure was performed to determine the role of adult gonadal hormones on 

maintenance of sexually dimorphic CRFR1 cell number, P60–70 male and female CRFR1-

GFP mice were gonadectomized or sham operated (N= 32, 8 per treatment/sex). 

Orchidectomies and ovariectomies were performed as previously described in our published 

protocols (Jacobskind et al., 2017; Rosinger et al., 2018). All mice were administered 

postsurgery sc injections of the analgesic carprofen. Sham surgery involved anesthesization 

and incisions in the skin or scrotum (females and males respectively). At 6 weeks after 

surgery, brains were collected to determine effects on PVN CRFR1-GFP. Estrus stage was 

not assessed in intact females. A previous study reported a significant decrease in 

periventricular kisspeptin at 6 weeks post-ovariectomy compared to intact freely cycling 

mice (Brock & Bakker, 2013), thus supporting our selection of time point.

Restraint Stress:

Restraint stress was used to determine whether PVN CRFR1 cells are activated during 

psychogenic stress. Sixty-80 day old mice (N= 5 male, 7 female) were restrained in a tube 

(L: 6–4/5”, W: 3–9/10”, H: 2–3/5”) for 30 minutes inside a plastic cage with bedding cage. 

At 30 minutes mice were removed from the restraint tube and left in their home cage until 

they were sacrificed 120 minutes after the onset of restraint. This protocol was chosen based 

on a previous report which indicated a peak phosphorylated cAMP response element-

binding protein (pCREB) response in the mouse PVN 120 minutes after restraint stress onset 

(Kwon et al., 2006). We have also reported extensive induction of pCREB within CRFR1 

cells in the anteroventral periventricular nucleus at 2 hours after restraint stress (Rosinger et 

al., 2018).

Tissue collection:

Adult mice were sacrificed via cervical dislocation followed by rapid decapitation. Neonatal 

mice (P0, P4, and P21) were perfused with 4% paraformaldehyde. For all ages, brains were 

removed from the skull and placed in 4% paraformaldehyde for 24 hours at 4° C. Brains 

were then transferred to a 30% sucrose solution containing sodium azide. Brains were 

sectioned at 40 μm or 50 μm (P0 only) on a cryostat (Microm HM505E, MICROM 

international GmbH, Walldorf, Germany) in the coronal plane into 3 series (adult and P21 

brains) or 2 series (P0 and P4 brains). P0 brains were sectioned at 50 microns due to the 

greater fragility of neonatal tissue. Sectioned brain tissue was stored at 4° C in 

cryopreservative solution until immunohistochemistry was performed.
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Chromogen Immunohistochemistry:

CRFR1-GFP-ir was visualized to compare levels in male and female brains. Tissue sections 

were rinsed in phosphate-buffered saline (PBS; pH 7.6), and incubated in 1% hydrogen 

peroxide with 0.3% Triton-X in PBS (PBS-TX) for 10 minutes. Tissue was then rinsed in 

PBS and placed in 4% normal goat serum (NGS) with PBS-TX for 60 minutes. Tissue was 

transferred to incubation overnight in primary GFP antisera (rabbit, Life Technologies, 

RRID: AB221570; 1:7500). Tissue was rinsed in PBS the following day, which was 

followed by incubation in biotinylated goat anti-rabbit antisera with PBS-TX (Vector 

Laboratories; 1:500) for 60 minutes. Following rinses in PBS, brain tissue was placed in 

avidin-biotin complex (ABC Elite kit, Vector Laboratories; 1:1000). Brain tissue was then 

washed in tris-buffered saline (TBS), followed by placement in diaminobenzidine 

(chromogen) for 10 minutes to label CRFR1-GFP. A negative control (wild type brain 

sections) was used to assess CRFR1-GFP label. No signal was found in these wild type 

sections.

For assessment of CRFR1 co-localization with androgen receptor (AR), tissue was first 

processed for detection of CRFR1-GFP using an identical protocol with the exception of the 

primary antibody (chicken, GFP; Abcam; (RRID: AB300798; 1:10,000) and secondary 

antibody (biotinylated goat anti-chicken antisera with PBS-TX (Vector Laboratories; 1:500) 

used. Following labeling with DAB, tissue was rinsed in PBS 4× 30 minutes after which 

antigen retrieval was performed by placing free-floating sections (stored in floating Netwell 

inserts (Corning, USA)) into a 98° C citrate buffer solution for 15 minutes). After PBS 

rinses tissue was placed in a 4% NGS solution for 1 hour then placed into AR primary 

antibody (rabbit; Abcam; (RRID: AB11156085; 1:500). The next day, tissue was placed in 

biotinylated goat anti-rabbit antisera with PBS-TX (Vector Laboratories; 1:500), and after 

PBS rinses, into avidin-biotin complex (ABC Elite kit, Vector Laboratories; 1:1000). Tissue 

was then rinsed in sodium acetate buffer and placed into a Nickel/DAB solution followed by 

2 rinses in sodium acetate buffer and 2 rinses in PBS prior to mounting. This protocol 

produced brown labeling for CRFR1 throughout the cell and a black nuclear label for AR. 

AR labeling in the present study showed a similar distribution as previously reported for AR 

protein and mRNA with high levels throughout the hypothalamus and particularly robust 

levels in the preoptic area, bed nucleus of the stria terminalis, medial amygdala, and CA1 

(Chen et al., 2016; Allen Institute ISH database).

Fluorescent Immunohistochemistry:

Dual-label fluorescence immunohistochemistry was used to assess CRFR1-GFP-ir co-

localization patterns with ERα and pCREB. Brain tissue was heavily rinsed in PBS (pH 7.6) 

to remove any excess cryopreservative, followed by incubation in normal donkey serum (4% 

NDS) and 0.4% Triton-X in PBS (PBS-TX) for 1 hour. Next, sections were placed into 

primary antisera ((pCREB); Cell Signaling; rabbit; (RRID: AB2561044; 1:500), or estrogen 

receptor alpha (Santa Cruz; rabbit; (RRID: AB631470; 1:250)) and incubated overnight at 

room temperature. The next day, sections were rinsed in PBS followed by incubation in 

secondary antisera (anti-rabbit, 594; 1:500) in 4% NDS and PBS-TX for 2.5 hours. After 

rinsing, sections were incubated in second primary antisera (chicken, GFP; Abcam; (RRID: 

AB300798; 1:1000 in 4% NDS and PBS-TX at room temperature overnight. On day three, 
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tissue was again rinsed in PBS, followed by incubation in another secondary antisera 

(donkey antichicken, 488; 1:1000) for 2.5 hours. Immediately following final rinses in PBS, 

and when dry, brain sections were mounted and coverslipped using mounting media (Santa 

Cruz hard set with DAPI). Validation for all antibodies used has previously been performed 

in our laboratory and others (Omoto et al., 2005; Quesada et al., 2007; Rosinger et al., 2017; 

2018; Uribe-Marino et al., 2016).

Microscopic analysis:

Images of CRFR1-GFP and co-localization patterns were collected on a Nikon 80i 

microscope equipped with a digital camera. An adult mouse brain atlas (Allen Institute 

reference atlas) and an atlas of the developing mouse brain (Paxinos et al, 2007) was used to 

identify sections including the rostral (~Bregma −0.70) and middle PVN (~Bregma −0.82), 

where CRFR1 cells are primarily located. All images were collected using a 20× objective. 

For quantification, cells were counted bilaterally using ImageJ within two atlas-matched 

sections using triangular ROIs placed around the PVN (P0, 65620 μm2; P4, 99011 μm2; P21/

adult, 117425 μm2). Quantification of fluorescent dual-labeled cells was also performed 

using ImageJ, and cells were counted as co-localized when red nuclear proteins (ERα, 

pCREB) appeared within the nucleus of CRFR1-GFP cells, visualized as yellow nuclear 

label. CRFR1/AR dual-labeled cells were also quantified using ImageJ and identified as 

black nuclear AR label present within brown CRFR1-GFP cells. All cell counts are reported 

as immunoreactive cells per mm2.

Statistical Analyses:

Student’s t-tests were used to analyze CRFR1-GFP-ir and co-localization of CRFR1 with 

ERα and pCREB. Two-Way ANOVA was utilized to compare CRFR1-GFP cells in 

gonadectomy studies using sex (male, female) and treatment (gonadectomy, sham) as 

independent variables. Post hoc analyses were performed using Bonferroni corrected t-tests. 

Analysis was performed using GraphPad Prism v.5. Significance level was set at p≤0.05 and 

data are shown as means ± SEM. Standard parametric tests were utilized as sampled 

distributions for all analyses met the criteria for equal variances and normal distribution.

Results

Characterization of the sex difference in PVN CRFR1-GFP-ir cell number.

In P60 mice (N=7 male, 9 female), males had a greater number of PVN CRFR1-GFP labeled 

cells than females (t(14)= 3.295, p≤.01, Figure 1). At P0, P4, and P21 no sex differences 

were observed in CRFR1-GFP labeled cells (Figure 2a). Notably, few cells CRFR1-GFP 

immunoreactive cells were found relative to adult levels (Figure 2b). In old mice (20–24 

months old; N=6 male, 9 female) males continue to show a greater number of CRFR1-GFP-

ir cells in the PVN compared to females (t(13)= 2.505, p≤.05, Figure 3).

Gonadectomy effects on CRFR1-GFP cell number.

A 2-Way ANOVA revealed a significant effect of gonadectomy (F(1,28)=4.97, p≤0.05), sex 

((F(1,28)=5.79, p≤0.05) and an interaction between the two ((F(1,28)=5.20, p≤0.05). Post 
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hoc tests revealed a significant decrease in CRFR1-GFP following gonadectomy in males 

but not females (p≤0.05; N=8 per sex/treatment; Figure 4).

CRFR1-GFP co-localization with Estrogen Receptor Alpha (ERα).

Analysis of dual-label CRFR1-GFP/ERα co-localization did not reveal sex differences in 

ERα expressing cells, CRFR1-GFP-ir/ERα co-localized cells, or the percentage of CRFR1-

GFP-ir cells that co-localize ERα (N=5 male, 5 female; Figure 5a–b). Importantly, 

approximately 29% of PVN CRFR1 cells co-express ERα (Figure 5b). Similar percentages 

of co-labeled neurons were found in the rostral and middle sections of the PVN (Figure 5b). 

Co-labeled cells were distributed throughout both the dorsal and ventral subdivisions of the 

PVN.

CRFR1-GFP co-localization with Androgen Receptor (AR).

Two-Way ANOVA of CRFR1-GFP/AR in the PVN did not indicate sex differences in 

CRFR1-GFP-ir/AR co-localized cells, or the percentage of CRFR1-GFP-ir cells that co-

localize AR (N=5 male, 4 female; Figure 6). However, there was a greater number of AR-

positive cells in males (t(7)= 2.572, p≤.05, Figure 6). Overall, approximately 65% of CRFR1 

cells co-express AR with similar percentages of co-localization found in the rostral and 

middle PVN. Similar to ERα, AR/CRFR1 co-expressing cells were present in the dorsal and 

ventral aspects of the PVN.

CRFRI-GFP-ir activation (pCREB co-expression) in the PVN following a 30-minute restraint 
stress.

To determine whether PVN CRFR1-GFP cells respond to stress in a sexually dimorphic 

manner, co-localization of CRFR1-GFP cells and a marker for transcription/neural activation 

(pCREB) was assessed. Males showed a greater number of CRFR1-GFP/pCREB co-

expressing cells than females following exposure to psychogenic stress (t(11)= 3.369, p≤.01; 

N=6 male, 7 female; Figure 7a). The percentage of CRFR1-GFP/pCREB co-expressing cells 

did not significantly differ between males and females (Figure 7b). High levels of co-

localized cells were found throughout the dorsal and ventral aspects of the PVN. A subset of 

brains were collected from mice that were not exposed to restraint stress. These brains 

showed little to no pCREB in the PVN (See example image in Figure 7d).

Discussion

This study revealed a novel sexually dimorphic cluster of CRFR1 expressing cells in the 

PVN that is present throughout adult life. Interestingly, this sex difference is not present in 

the neonatal period through postnatal day 21. Independent of sex, CRFR1 expression was 

sparse at P0-P21 postnatal time points and levels in females and males likely do not reach 

full expression until puberty or early adulthood. However, once the sex difference develops 

it remains present throughout the lifespan as evidenced by the greater number of CRFR1 

cells present in 20–24 month old mice.

By comparison, a recently discovered sexually dimorphic cluster of CRFR1 cells in the 

AVPV (greater cell number in females) is sexually dimorphic during the early neonatal 
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period and the sex difference persists into adulthood (Rosinger et al., 2017). This AVPV sex 

difference is controlled by perinatal exposure to androgens, and their subsequent conversion 

to estrogens, which decreases CRFR1 cell number in males (Rosinger et al., 2017). 

However, in adulthood neither gonadectomy of males or females affects CRFR1 levels in the 

AVPV, indicating that the AVPV CRFR1 sex difference is mediated by the organizational, 

and not activational, effects of androgens and estrogens (Rosinger et al., 2018). On the 

contrary, the male biased PVN CRFR1 population appears to be maintained by androgens in 

adulthood, since gonadectomy decreases CRFR1 cell number in males. This suggests the 

PVN CRFR1 sex difference is potentially less influenced by early life gonadal hormone 

exposure since the sex difference does not appear until after postnatal day 21. However, the 

possibility remains that early life gonadal hormone exposure organizes PVN cells in such a 

way that pubertal or adult hormones can act on these cells to differentially induce CRFR1 

expression. Since estrus phase was not assessed, it is possible that a difference may have 

been detected when estrogen levels are peaking (proestrus), although the almost identical 

CRFR1-GFP cell numbers reported in these groups and minimal variability suggest that 

circulating adult estrogens in females produce little effect on this cell phenotype. It also 

remains possible that CRFR1 may have been altered in the female PVN in the early stage 

following gonadectomy but that compensatory changes in gene expression may have 

eliminated any effect by 6 weeks post-castration. For example, long term gonadectomy is 

known to induce changes in estrogen, androgen, and glucocorticoid receptor expression, all 

of which can potentially modify CRFR1 levels (Handa et al., 1996; Sarvari et al., 2017; 

Patchev and Almeida, 1996).

The decrease in PVN CRFR1 following gonadectomy in males is likely regulated by 

androgen activity at either androgen or estrogen receptors. Testosterone and its metabolite 

5α-dihydrotestosterone can act directly via androgen receptors. Alternatively, testosterone 

can be converted to estradiol by the enzyme aromatase. Subsequently, estradiol binds 

estrogen receptors including ERα and ERβ. Here we report a high and moderate co-

localization of CRFR1 cells with AR and ERα respectively, indicating potential receptor 

mechanisms through which androgens might regulate the sex difference in PVN CRFR1. It 

also remains possible that gonadal hormone regulation of PVN CRFR1 occurs through 

binding of ERβ, which is also highly expressed in the mouse PVN (Zuloaga et al., 2014; 

Oyola et al., 2017). Treatments with selective gonadal steroid hormone receptor agonists 

could be utilized in future studies to assess specific receptor sites of action. Interestingly, the 

presence of ERα in the PVN is species specific, even within rodents. In rats ERα is sparse, 

while in mice ERα is moderately distributed, in the PVN (Shugrue et al., 1997; Mitra et al., 

2003; McClellan et al., 2010). This suggests that gonadal hormone regulation of stress 

responses in the PVN may also be species specific. The sustained sex difference in old (20–

24 month) mice likely reflects testosterone levels that only modestly decline with age and 

remain relatively high throughout the lifespan in male mice (Hamrick et al., 2006).

PVN CRFR1 neurons have been demonstrated to play a critical role in behavioral and 

endocrine stress responses (Jiang et al., 2018; Ramot et al., 2017). In males, genetic deletion 

of CRFR1 from the PVN disrupts changes in anxiety-like behavior that occur after chronic 

social defeat stress (Ramot et al., 2017). CRFR1 cells have been shown to project to both 

canonical PVN brainstem target nuclei such as the NTS and PAG, as well as and several 
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forebrain nuclei not previously recognized as PVN targets including the lateral septum and 

bed nucleus of the stria terminalis (Jiang et al., 2018). Forebrain CRFR1 projections might 

regulate behavioral responses such as those associated with anxiety- and depressive-like 

behaviors while brainstem projections likely mediate autonomic responses. PVN CRFR1 

neurons also synapse on neighboring CRF neurons within the PVN (Jiang et al., 2018). This 

local microcircuit has been proposed to provide feedback to the HPA axis by modulating 

CRF neuron activity and subsequent CRF release (Jiang et al., 2018).

In this study, we demonstrated that the number of PVN CRFR1 cells activated (CRFR1/

pCREB positive) by acute stress is greater in male than in female mice. Increased number 

and excitability of PVN CRFR1 neurons in males might be a key mechanism that causes 

sexually dimorphic HPA axis activity and behavioral adaptations in response to stress. Short 

periods of variable stress exposure have been demonstrated to induce depression-like 

behavior in female but not male mice (Hodes et al., 2015). Furthermore, stress-induced 

release of ACTH and corticosterone are consistently higher in female rodents (Handa & 

Weiser, 2014; Zuloaga et al., 2011). The sexually dimorphic distribution and activation of 

PVN CRFR1 cells may contribute to differences in these behavioral and hormonal responses 

given the known role of this cell type in modulating distinct features of the stress responses 

(Ramot et al., 2017; Jiang et al., 2018).

Adult circulating gonadal hormones have also been repeatedly demonstrated to regulate 

anxiety- and depressive-like behaviors as well as HPA axis function. Testosterone suppresses 

stress-induced corticosterone release and decreases anxiety-related behaviors (Carrier et al., 

2015; Fernandez-Guasti et al., 2005; Handa et al., 1994; Oyola & Handa, 2017; Zuloaga et 

al., 2008) although the specific anatomical sites involved in these effects are largely unclear 

(Handa & Weiser, 2014). The known role of the PVN as regulator of HPA axis and stress-

related behavioral responses, along with the high levels of gonadal hormone receptors and 

aromatase in the PVN, indicate this an intriguing central site for gonadal steroid hormone 

regulation of these functions (Chen et al., 2016; Foidart et al., 1995; Handa & Weiser, 2014; 

Mitra et al., 2003; Zuloaga et al., 2014). Interestingly, the decrease in PVN CRFR1 

following gonadectomy reported in the current study is opposite to the finding that 

gonadectomy increases PVN CRF in the rat (Bingaman et al., 1994). The opposing androgen 

regulation of CRF and CRFR1 might be factors that underlie androgen suppression of the 

HPA axis. Specifically, androgen induced decreases in CRF are predicted to increase HPA 

axis drive while increases in CRFR1 are expected to decrease drive (Jiang et al., 2018).

Sex differences in CRFR1 expression within select brain regions of the rodent brain, 

including the anterior cingulate, piriform cortex, nucleus accumbens, and AVPV, have also 

been previously reported (Rosinger et al., 2017; Wealthington et al., 2014). In four vole 

species, a sex difference in CRFR2 is found in the bed nucleus of the stria terminalis with 

males showing greater expression (Lim et al., 2005). Beyond differences in expression, sex 

differences in CRFR1 dendritic morphology and trafficking are present in the locus 

coeruleus, which might result in greater sensitivity to CRF in females (Bangasser et al., 

2010; 2011; Bangasser, 2013). Gonadal hormones have also been shown to regulate CRFR1 

in the AVPV and CRFR2 in the lateral septum (Rosinger et al., 2017; Weiser et al., 2008). 

Together, these findings suggest that discrete distributions of CRF and its receptors, 
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including the present finding in the PVN, might be critical to sex differences in and gonadal 

hormone regulation of stress-associated behaviors and HPA axis function.

Results of this study revealed a gonadal hormone- and stress-responsive sexually dimorphic 

group of CRFR1 neurons in the PVN. This cell cluster represents an intriguing site for sex 

differences in regulation of the HPA axis as well as anxiety- and depressive-like behaviors. 

In the human population there are dramatic sex differences in anxiety and depression, with 

women twice as likely to be diagnosed compared to men (Kessler et al., 1994; Kessler et al., 

2012; Nolen-Hoeksema, 1987). Understanding the neural mechanisms that underlie these 

striking sex differences in anxiety and mood is necessary in order to develop effective, and 

possibly sex-specific, treatments for these debilitating disorders.
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Figure 1. Sex difference in CRFR1-GFP cells in the PVN.
(A) Male mice have a greater number of CRFR1-GFP containing cells in the PVN compared 

to females. (B) Representative images of CRFR1-GFP cells in an adult (P60) male and 

female mouse brain. *p≤ 0.01. 3v; 3rd ventricle.
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Figure 2. CRFR1-GFP cell number in the P0, P4, and P21 mouse PVN.
(A) No sex differences were found in CRFR1-GFP within the PVN at P0, P4, or P21. 

Relative to adult levels, CRFR1-GFP was low at these postnatal time points. (B) 

Representative images showing CRFR1-GFP in the P0, P4, and P21 PVN. Dashed lines 

approximate anatomical borders of the PVN (Paxinos et al., 2007; Allen Institute Mouse 

Reference Atlas) 3v; 3rd ventricle.
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Figure 3. CRFR1-GFP cell number in the male and female 20–24 month old mouse.
In 20–24 month old mice, the adult sex difference in CRFR1-GFP (males > females) 

persists. *p≤ 0.05.
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Figure 4. Gonadectomy effects on PVN CRFR1-GFP cell number.
(A) Orchidectomy in adult males results in a decrease in CRFR1-GFP cell number while 

ovariectomy in females produces no effects on CRFR1-GFP cell number. (B) Representative 

images of PVN CRFR1-GFP cells in sham and gonadectomized males and females. * 

indicates p≤0.01. 3v; 3rd ventricle. GDX; gonadectomy.
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Figure 5. Co-localization of CRFR1-GFP with estrogen receptor alpha (ERα) in the PVN.
(A) A male/female comparison of CRFR1-GFP, ERα, co-localized CRFR1-GFP/ERα, and 

(B) the percentage of CRFR1-GFP/ERα co-localized cells in the PVN. Approximately 29% 

of CRFR1 cells were found to be co-localized with ERα although no sex differences in the 

number or percentage of co-localized cells were found. No differences were found for the 

percentage of CRFR1 cells co-expressing ERα between the rostral (r) and middle (m) PVN. 

(C-H) High and low magnification representative images of a male mPVN showing co-

localization of CRFR1-GFP and ERα. Note the distinct distribution overlap for CRFR1-GFP 

and ERα in the low magnification images (F-H). Arrows indicate examples of co-localized 

cells. * indicates p≤0.05. 3v; 3rd ventricle.
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Figure 6. Co-localization of CRFR1-GFP with androgen receptor (AR) in the PVN.
(A) CRFR1-GFP, AR, co-localized CRFR1-GFP/AR, and (B) the percentage of CRFR1-

GFP/AR colocalized cells in the male and female PVN. Approximately 65% of CRFR1 cells 

co-localized with AR with no sex differences in the number or percentage of co-localized 

cells found. No differences were found for the percentage of CRFR1 cells co-expressing AR 

between the rostral (r) and middle (m) PVN (B). A low magnification (C) and high 

magnification image of middle PVN showing co-localized cells containing black AR label 
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within brown CRFR1-GFP cells (D). Arrows indicate co-localized cells. # indicates p=0.08 

compared to males. * indicates p≤0.05 compared to males. 3v; 3rd ventricle.
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Figure 7. Co-localization of CRFR1-GFP with phosphorylated Creb (pCREB) following restraint 
stress.
(A) Males show a greater number of CRFR1-GFP cells that co-express pCREB following a 

30 minute restraint stress. (B) The percentage of cells that co-express CRFRI-GFP/pCREB 

did not differ by sex. (C-D) Representative images of a male PVN showing co-localization 

of CRFR1-GFP and pCREB in a stressed and unstressed mouse. Arrows indicate examples 

of co-localized cells. * indicates p≤0.01. 3v; 3rd ventricle.
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