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Abstract

Hypersecretion of corticotropin releasing factor (CRF) is linked to the pathophysiology of major
depression and post-traumatic stress disorder, disorders that are more common in women than
men. Notably, preclinical studies have identified sex differences in CRF receptors that can increase
neuronal sensitivity to CRF in female compared to male rodents. These cellular sex differences
suggest that CRF may regulate brain circuits and behavior differently in males and females. To test
this idea, we first evaluated whether there were sex differences in anxiety-related behaviors
induced by the central infusion of CRF. High doses of CRF increased self-grooming more in
female than in male rats, and the magnitude of this effect in females was greater when they were in
the proestrous phase of their estrous cycle (higher ovarian hormones) compared to the diestrous
phase (lower ovarian hormones), which suggests that ovarian hormones potentiate this anxiogenic
effect of CRF. Brain regions associated with CRF-evoked self-grooming were identified by
correlating a marker of neuronal activation, cFOS, with time spent grooming. In the infralimbic
region, which is implicated in regulating anxiety, the correlation for CRF-induced neuronal
activation and grooming was positive in proestrous females, but negative for males and diestrous
females, indicating that ovarian hormones altered this relationship between neuronal activation and
behavior. Because CRF regulates a number of regions that work together to coordinate different
aspects of responding to stress, we then examined more broadly whether CRF-activated functional
connectivity networks differed between males and cycling females. Interestingly, hormonal status
altered correlations for CRF-induced neuronal activation between a variety of brain regions, but
the most striking differences were found when comparing proestrous females to males,
particularly when comparing neuronal activation between prefrontal cortical and other forebrain
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regions. These results suggest that ovarian hormones alter the way brain regions work together in
response to CRF, which could drive different strategies for coping with stress in males versus
females. These sex differences in stress responses could also help explain female vulnerability to
psychiatric disorders characterized by CRF hypersecretion.
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1. Introduction

Women are roughly twice as likely as men to suffer from stress-related psychiatric disorders,
such as major depression and post-traumatic stress disorder (PTSD; Kessler et al., 2012).
These disorders are considered stress-related because stress is associated with their onset
and severity, and stress hormone levels are altered in patients with these disorders (Breslau,
2009; Holshoer, 2001). For example, a key mediator of the stress response, corticotropin
releasing factor (CRF), is hypersecreted in patients with depression and PTSD (Bremner et
al., 1997; Nemeroff et al., 1984). Given that disorders characterized by CRF dysregulation
occur more frequently in women than in men, sex differences in the CRF system could
contribute to the sex bias in disease prevalence (Bangasser and Valentino, 2014).

In a preclinical model, we previously identified sex differences in neuronal responses to
CRF. Specifically, noradrenergic neurons in the locus coeruleus (LC)-arousal system were
more sensitive to CRF in female than in male rats (Bangasser et al., 2010; Bangasser et al.,
2013b; Curtis et al., 2006). This physiological sex difference was linked to sex differences in
CRF; receptor coupling and signaling (Bangasser et al., 2010). Importantly, sex differences
in CRF receptors are not limited to the LC. For example, CRF4 receptor binding is higher in
certain regions of the cortex and amygdala in adult female compared to male rats
(Weathington and Cooke, 2012; Weathington et al., 2014). Additionally, sex differences in
CRF receptor co-localization with GABAergic neurons in the dorsal raphe and delta opioid
receptor-containing neurons in the hippocampus have been identified (Howerton et al., 2014;
Williams et al., 2011). Collectively, these studies suggest widespread sex differences in CRF
receptors at the cellular level. However, systems level sex differences in CRF-mediated
behaviors and activated circuitry have been largely underexplored because the majority of
previous studies assessed systems level effects of CRF only in male rodents (but see, Toth et
al., 2015; Toth et al., 2014).

In male rodents, central administration of CRF is known to evoke a number of stress-related
behaviors, potentiating anxiety in novel environments and eliciting defensive responses (e.g.,
Britton et al., 1982; Korte et al., 1994; Veldhuis and De Wied, 1984). Even in a familiar
environment devoid of any anxiogenic stimuli, Howard et al. (2008) found that central
administration of CRF evoked head shakes, burying, and self-grooming in male rats,
behaviors that are thought to be defensive or reflect an anxiety-like state (De Boer et al.,
1990; Handley and Singh, 1986; Homberg et al., 2002; Spruijt et al., 1992). At the
anatomical level, CRF has been shown to increase neuronal activation in cortical, limbic,

Psychoneuroendocrinology. Author manuscript; available in PMC 2017 November 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Wiersielis et al. Page 3

and hindbrain regions in males, but again, females were not included in these studies
(Arnold et al., 1992; Imaki et al., 1993).

The present study was designed to test the hypotheses that there are sex differences in CRF-
evoked behavior and activated brain circuits. To this end, we first utilized the CRF-evoked
behavior procedure, which was previously established in males (Howard et al, 2008) and is
known to elicit both defensive and anxiety-related behavior, to determine whether CRF
would increase these behaviors more in female than in male rats. We also evaluated the
estrous cycle of females to assess a role for circulating ovarian hormones in regulating
CRF’s behavioral effects. Putative brain regions linked to CRF-evoked behavior in males
and cycling females were then assessed by correlating a marker of neuronal activation,
cFQOS, with behavior. Then, CRF-activated circuits were assessed more broadly by
evaluating neuronal activation in a number of stress responsive brain regions and
determining whether the relationships between neuronal activation in these brain regions
differed by sex and cycle stage. This approach allowed us to assess the effect of sex and
hormonal status on neuronal activation in stress-related functional connectivity networks.

2. Methods

2.1. Subjects, cytology, and stereotaxic surgery

Two sets of adult (>70 days old) male and female Sprague Dawley rats (Charles River
Laboratories, Wilmington MA, USA) were used. The first set (male, n=11; female, n=10)
was used to generate CRF dose-response curves for anxiety-related behavior. The second set
(male, n=23; female, n=42) was used to test the effect of estrous cycle stage on CRF-evoked
behavior and activated brain circuits. All rats were housed individually on a 12-hour reverse
light/dark cycle with dark onset at 9:00am and ad /ibitum water and food. Females were
lavaged daily to assess estrous cycle stage. All studies were conducted in accordance with
the Temple University Institutional Animal Use and Care Committee and the Institutional
Animal Care and Use Committee.

Rats were implanted with a cannula aimed at the lateral ventricle (-1.1 mm A/P, —=1.5 mm
M/L, —4.4 mm D/V) as previously described (Bangasser et al., 2013a). Then they were
allowed at least 7 days to recover before testing.

2.2. CRF dose-response curve for evoked behavior

We chose to utilize the CRF-evoked behavior task developed for male rats by Howard et al.
(2008) to compare the effects of CRF in males and females. This task has several
advantages. First, it evokes multiple types of stress-related behaviors (e.g., defensive and
anxiety-related), which can be independently assessed. Second, because it is performed in a
familiar environment, baseline anxiety levels are similarly low in both males and females.
Under red light, each rat in the dose-response study was habituated individually for 1 h to
the experimental chamber (black plexiglass 60.96 cm x 30.48 cm x 21.59 c¢m, open top) that
contained bedding (7.5 cm in depth) spread evenly across the floor. The following day, each
rat was returned to the chamber for a 30 min acclimation session. Immediately after, the rat
was infused via a microinfusion pump (Harvard Apparatus) at a rate of 1ul/min with
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artificial cerebrospinal fluid (aCSF) vehicle or one of three doses of ovine CRF (0.1 pg, 0.3
ug, and 3.0 ug in 3 ul of aCSF; American Peptides) as previously described (Bangasser et
al., 2013a; Howard et al., 2008). Doses of CRF were chosen based on Howard et al. (2008)
and were administered with a week-long washout period as described (Cole et al., 2016; Fig.
1A) and in a counterbalanced fashion using four different schedules that controlled for order
and carryover effects (Fig. 1B).

Each rat was returned to the chamber where it was individually tested. After 10 min, their
behavior was recorded for 1 h. CRF-evoked behaviors were scored by an experimenter blind
to the condition using the behavioral scoring software Kinoscope (Kokras et al., 2015). As in
the Howard et al. (2008) study, head shakes were defined as a shaking motion originating in
the head and extending through the entire body, burying—also referred to as defensive
treading (Reynolds and Berridge, 2001)—was defined as repeated forward-and-backward
movements of either one or both forepaws that moved bedding, and self-grooming, which
we will refer to as grooming, was defined as paw strokes on the face or body, or licking of
the forelimbs or body. Consistent with Howard et al. (2008) and the focus on stress-induced
behaviors the other two prominent behaviors, locomotion and resting, were not scored.

2.3. Ovarian hormone effects on CRF-evoked behavior

In the first set of rats used for the dose-response curve study, the estrous cycle was tracked,
but because the rat cycle is 4-5 days and testing occurred every 7 days, females were not
tested in a particular cycle stage. In order to better gauge the contribution of circulating
ovarian hormones, we used a second set of rats where CRF-evoked behaviors and activated
brain circuits were evaluated in females in either the proestrous phase of their cycle (higher
ovarian hormones) or diestrous phase (lower ovarian hormones). Specifically, proestrous
females, diestrous females, and males were infused with either aCSF or the 0.3jg dose of
CRF and tested on the evoked behavior procedure as detailed above (Fig. 1F). The rats were
then sacrificed ~75 min after the session was complete and their tissue was processed for
cFOS as detailed below.

2.4, Tissue collection and processing

Following behavioral testing, rats were deeply anesthetized and transcardially perfused.
Brain tissue was sectioned (30 um) on a cryostat as previously detailed (Bangasser et al.,
2013a). Slices from the dose-response curve study were processed with cresyl violet to
confirm placement. Sections from the rats in the subsequent studies were processed for
immunohistochemistry as previously described (Bangasser et al., 2013b). Briefly, every 4t
section throughout the brain was quenched (0.75% H»0,, 20 min), blocked (phosphate
buffered saline, triton, and 0.4% bovine serum albumin, 30 min), and then incubated for 48
hours with anti-cFOS (1:1000, Santa Cruz H-125). Following rinses, sections were
incubated (90 min) in donkey anti-rabbit conjugated to biotin (1:200, Jackson
ImmunoResearch). Then sections were rinsed and incubated (90 min) in avidin-biotin
complex reagent using a kit (ABC Vectastain, Burlingame, CA). Sections were then rinsed
and processed for diaminobenzadine (DAB; Vector Laboratories, Inc. SK-4100). Finally,
sections were then rinsed, dehydrated, mounted, and cover-slipped with Permount.
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2.5. cFOS analysis

Regions for cFOS analysis were chosen based on their putative role in responding to stress
and the presence of CRF receptors (Van Pett et al., 2000). Regions were subdivided based on
differing functions as follows: infralimbic (IL) and prelimbic (PL) prefrontal cortical
regions; nucleus accumbens (NAc) core and shell; bed nucleus of the stria terminalis oval
subdivision (0BNST) and anterodorsal division (adBNST); basolateral (BLA) and central
nuclei of the amygdala (CeA); and ventromedial dorsal raphe (vmDR) and the lateral wing
of the dorsal raphe (IWDR; Crawford et al., 2010; Kim et al., 2013; Parkinson et al., 1999;
Sierra-Mercado et al., 2011). The medial septum (MS) and lateral septum (LS) were
analyzed separately because CRF1 receptors are denser in the MS, while CRF, receptors are
denser in the LS (Van Pett et al., 2000). The dorsomedial periaqueductal gray (dmPAG) was
analyzed separately from other areas of the lateral PAG (i.e., dorsolateral PAG, lateral PAG,
ventrolateral PAG) which were combined into one IPAG measure, because CRF only elicits
anxiety-like behaviors on the elevated plus maze when infused into the dmPAG in male rats
(Borelli and Brandao, 2008).

To quantify cFOS positive neurons, pictures of two brain sections per rat for smaller regions
and four sections per rat for larger regions were taken at 10x magnification with a camera
(Leica DFC450) affixed to a microscope (Leica DM5500). Rats without the predetermined
minimum number of sections for a specific region were removed from the analysis for that
region. Quantification of the hippocampus (HPC) was restricted to the dorsal hippocampus
due to a loss of ventral hippocampus sections. Cell counting was performed using /mageJ
software (NIH) by a rater blind to the experimental condition as previously detailed
(Woodlee et al., 2008). Briefly, for each image, background was determined and subtracted,
and thresholds were selected that best captured cFOS positive cells as detailed. Images were
used to create binary “masks” to quantify labeled cells and a region of interest (ROI) was
defined for each anatomical region. Cells within the ROl were automatically counted by the
program.

2.6. Statistical analysis

Each dose-response curve was analyzed with a 2x4 mixed Analysis of Variance (ANOVA)
with sex as the between-subjects factor and dose as the within-subjects factor. To test the
effects of CRF and hormonal status, 2x3 ANOVASs (treatment x hormonal status) were used
for behavior and cFOS. Significant interactions were followed by analysis of simple main
effects. Differences in functional connectivity have previously been assessed by correlating
cFOS activation between various brain regions, and then statistically comparing these
correlations across various groups (Maras et al., 2014). We applied a similar approach here
by correlating cFOS profiles with grooming behavior, as well as correlating cFOS activation
between brain regions, and then comparing these correlations across hormonal condition.
Brain regions included in this analysis were those that were activated by CRF in at least one
hormonal condition (i.e., regions where there was a main effect of CRF or a treatment x
hormonal status interaction). Pearson product moment correlations were calculated for cFOS
counts between these regions, and then Fisher r-to-z transformations followed by Fisher's z-
tests assessed whether these correlations differed based on hormonal status. For analyses of
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the between-subjects designs, values that exceeded 2 SDs above or below the group mean
were considered outliers and dropped (SM, Table 1).

3. Results

3.1. CRF dose-response curve for evoked behavior in male and female rats

As in Howard et al. (2008), the only robust and consistent stress-related behaviors engaged
in following CRF administration were head shakes, burying, and grooming. When rats were
not engaging in stress-related behavior, they spent time exploring or resting as illustrated in
the video. Dose-response curves were generated for CRF-evoked anxiety-related behavior.
For head shakes and burying, there was only a main effect of dose [A3, 57)=6.43, p=.001
and A3, 57)=7.50, p<.001, respectively] (Fig. 1C and 1D). There was a sex x dose
interaction for grooming [A3, 57)=4.88, p=.004] (Fig. 1E). Post-hoc tests revealed that
females groomed more than males at the 0.3ug and 3.0ug doses (p=.047 and p=.031,
respectively).

3.2. Effect of estrous cycle on CRF-evoked behavior

Based on the efficacy of the 0.3ug CRF infusion, this dose was selected for the subsequent
study aimed at assessing whether the magnitude of CRF-evoked behavior changed in
different estrous cycle phases. Relative to vehicle infused controls, CRF increased burying
and headshakes similarly for all hormonal conditions [H1,56)=21.72, p<.001],
[A1,58)=10.12, p=.002], respectively, and there were no main effects of hormonal status or
hormonal status x CRF interactions (data not shown). For grooming, there was a hormonal
status x CRF interaction [ A2,58)=5.39, p=.007] (Fig. 1D). Post-hoc tests revealed that CRF
increased grooming in proestrous females more than in diestrous females and males (p=.005
and 0<.001, respectively). Vehicle treated rats groomed similarly, regardless of hormonal
condition (ps>.05).

3.3. Sex differences in CRF-induced neuronal activation

To compare brain regions activated by CRF in males, diestrus, and proestrous females, cFOS
profiles were analyzed and the results are presented in Table 1. There were many brain
regions where CRF increased the cFOS profiles, regardless of sex and hormonal status.
However, in the IPAG and LC, sex differences were found [ A2,50)=3.586, p=.036;
H2,52)=7.539, p=.001], such that CRF-induced cFOS activation in females, regardless of
hormonal condition, but not in males (ps<.05 values; Fig. 2). Additionally, hormonal status
altered the pattern of CRF-induced cFOS activation for the dmPAG, LDTg, vmDR, BN, and
NACc shell [A2,44)=7.08, p=.002; R2,54)=3.723, p=.031; A2,51)=4.439, p=.017;
H(?2,58)=5.928, p=.005; AH2,54)=3.208, p=.049, respectively] (Fig. 2). Post-hoc tests
revealed that, compared to their vehicle infused counterparts, CRF increased cFOS only in
diestrous females in the dmPAG, LDTg, and vmDR, and increased cFOS in proestrous
females and males in the BN and NAc shell (p5<.05).

Psychoneuroendocrinology. Author manuscript; available in PMC 2017 November 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Wiersielis et al.

Page 7

3.4. The relationship between cFOS activation and grooming behavior following CRF

infusion

For CRF-treated rats, cFOS profiles and time spent grooming were correlated and then
Fisher’s z-tests compared whether these correlations differed between hormonal conditions.
The complete results are in supplementary materials (SM, Table 2). This analysis revealed
differences between males and diestrous females for the BLA, as well as differences
between males and proestrous females for the NAc core, PVN, and dmPAG (Fig. 3). The
correlation between IL cFOS profiles and time spent grooming was significantly different in
proestrous females than other groups, because these measures were positively correlated for
proestrous females, but negatively correlated in males and diestrous females (Fig. 3).

3.5. CRF activated networks differed depending on hormonal status

First, CRF-induced cFOS positive neurons were correlated between brain regions within
each group (i.e., males, diestrous females, and proestrous females) as depicted in Figure 4a
(anatomical projections are indicated with arrows) with the full analysis shown in SM,
Tables 3-5. Proestrous females had a greater number of correlations for neuronal activation
between brain regions than other groups. Additionally, there was a striking lack of
correlations in diestrus females.

Second, to assess whether patterns of CRF-induced neuronal activation differed between
males and females in different estrous cycle stages, Fisher’s z-tests compared whether the
correlations differed based on hormonal status. Table 2 lists the regions with different
correlations between hormonal conditions, while the entire analysis is included in
supplementary materials (SM, Tables 6-8). The schematics in Figure 4b show these
differences. Comparisons between proestrous females and males revealed the greatest
differences, but there were also many differences between diestrous and proestrous females.
Fewer differences were observed between diestrous females and males.

4. Discussion

The present study evaluated how central administration of CRF affected behavior and
activated networks differently in male and cycling female rats. Although CRF increased
grooming, headshakes, and burying in both sexes, females groomed more than males in
response to high CRF doses. CRF-evoked grooming was most pronounced in females in the
proestrus cycle stage, indicating that ovarian hormones contribute to the sex difference.
Anatomically, CRF activated the same regions regardless of sex and hormonal status in
many cases. When compared at the network level, however, correlations of neuronal
activation between these regions often differed based on hormonal status. These effects of
CRF on behavior and circuitry are likely mediated by CRF; receptors, because the ovine
CRF used here preferentially binds to the CRF; receptor (Grammatopoulos and Chrousos,
2002). Additionally, blocking CRF receptors, but not CRF, receptors, is known to prevent
CRF-evoked behavior in male rats (Howard et al., 2008). It will be important in future
studies to replicate with a selective CRFq agonist or block with selective CRF; receptor
antagonist CRF-evoked behavior in females to confirm that, similar to males, the CRF;
receptor subtype is critical for these behaviors in females.
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4.1. Sex differences in CRF-evoked grooming

Consistent with previous findings, the only three reliably evoked stress-related behaviors
were headshakes, burying, and grooming (Howard et al, 2008). Of these, grooming was
increased in females compared to males at the medium and high CRF doses. One
interpretation of these data could be that the dose-response curve for grooming is shifted in
males, such that the inflection point occurs at a lower dose than in females. However,
previous evidence suggests that, at the electrophysiological and signaling level, females are
more sensitive to CRF than males (Bangasser et al., 2010; Curtis et al., 2006). Thus, a more
likely explanation is that, in the present study, higher doses of CRF engaged a compensatory
mechanism in males, but not in females, that reduced their stress-related behavior. One such
mechanism could be CRF receptor internalization, which we previously found occurred in
male CRF overexpressing mice, but not in female CRF overexpressing mice (Bangasser et
al., 2013b). If CRF; receptor internalization was similarly induced by the higher CRF doses
used here only in males, then this would explain their lower grooming response to high
levels of CRF as internalized receptors can no longer be activated.

Interestingly, the amount of CRF-evoked grooming in females differed across the estrous
cycle. Specifically, CRF-treated females in the proestrous cycle phase groomed more than
CRF-treated females in the diestrous cycle phase and males. There were no difference in
CRF-evoked grooming between diestrous females and males. These findings indicate that
the observed sex difference in CRF’s effect on grooming is attributable to adult circulating
ovarian hormones. Because estradiol replacement in ovariectomized female rats reliably
reduces anxiety-related behavior (Kalandakanond-Thongsong et al., 2012), it may seem
surprising that females in the proestrous phase engaged in the most grooming. However, in
the vehicle-treated rats, grooming was similar in males, diestrous females, and proestrous
females, which is consistent with previous reports of similar grooming levels between males
and females when tested in a familiar environment (Gray and Lalljee, 1974; Moore, 1986).
Thus, taken together, the data suggest that ovarian hormones do not regulate grooming
behavior itself, but rather that high levels of ovarian hormones potentiate the effect of CRF
on grooming.

Unlike with grooming, no sex or hormonal differences were observed in CRF-evoked head
shakes or burying. This may be, in part, because these behaviors are thought to reflect
different aspects of responding to stress. Head shakes are a tic-like behavior that occurs
under high stress conditions, although whether they have a function in alleviating stress
remains unclear (Handley and Singh, 1986; Howard et al., 2008; Takao et al., 1995). The
purpose of burying in the wild is to defend territory or fend off predators (Calhoun, 1963;
Owings and Coss, 1977). Similarly, in the laboratory, burying of an electrified shock probe
is considered a defensive response (De Boer et al., 1990; Howard et al., 2008). Grooming is
thought to reflect the need for reducing arousal and anxiety, and may be a form of self-
soothing (Homberg et al., 2002; Spruijt et al., 1992). Additionally, excessive grooming is
thought to model aspects of obsessive-compulsive disorder (OCD, Welch et al., 2007), as
well as other psychiatric conditions with pathological grooming, such as trichotillomania
and body dysmorphic disorder (Feusner et al., 2009). Interestingly, trichotillomania and
body dysmorphic disorder are more common in women than in men (Gupta et al., 2015;
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Phillips et al., 2013), while OCD has a sex difference in presentation with women displaying
more cleaning rituals (Mathis et al., 2011). Taken together, the behavioral results of the
present study suggest that CRF evokes similar levels of defensive behavior in males and
females, but more arousal, self-soothing, and compulsive behaviors in proestrous females,
which may have some relevance to certain psychiatric disorders in humans.

The behavior results of the present study have implications more broadly for the
development of rodent tasks that assess aspects of stress-related psychiatric disorders. Many
popular rodent tasks are limited by the fact that they fail to capture the sex differences in
anxiety-like and depression-like behavior that are predicted by clinical studies (Kokras and
Dalla, 2014; Shansky, 2015). This is likely because these tasks were validated only in male
rodents and fail to take into account sex differences in size, activity, and other characteristics
(Bangasser, 2015; Kokras and Dalla, 2014; Shansky, 2015). The CRF-evoked grooming
behavior assessed here may therefore fill an unmet need for behavioral tasks that are
sensitive to sex differences in anxiety-related behaviors.

4.2. The neuronal activation associated with grooming differs based on hormonal status

A precise brain circuit that mediates grooming has not been elucidated, but several forebrain
areas have been implicated (Homberg et al., 2002; Lammers et al., 1987). Our goal here was
not to delineate a grooming circuit, but rather to gauge which brain regions could mediate
sex differences in CRF-evoked grooming by correlating neuronal activation and time spent
grooming in CRF-treated rats. For the NAc core, PVN, and dmPAG, correlations differed
between proestrous females and males, such that they were in opposite directions, with
diestrous females falling somewhere in between. This could reflect the fact that ovarian
hormone levels of diestrous females are in between those of proestrous females and males
(Hawkins et al., 1975).

The correlation between CRF-induced neuronal activation in the IL and grooming differed
between proestrous females and the other groups. Specifically, unlike in males and diestrous
females, where the amount of IL neuronal activation and grooming following CRF
administration were negatively correlated, in proestrous females, IL neuronal activation was
positively related to the amount of time spent grooming. Given the behavior data in which
CRF-evoked grooming was distinguished in proestrus, the IL may be a site of ovarian
hormone regulation of CRF-evoked grooming. Direct regulation of the IL by estrogens and
progesterone is possible, because their receptors are present in this region (Kato et al., 1994;
Shughrue et al., 1997).

Although the medial prefrontal cortex has been implicated in mediating grooming in an
anxiogenic environment (Homberg et al., 2002), the exact role of the IL subregion in
grooming is unknown. It is well known, however, that the IL is critical for fear extinction
(i.e., learning that a cue associated with a fearful event no longer predicts that fearful event),
and this region is thought to suppress the fear response initiated by the amygdala (Sierra-
Mercado et al., 2011). The grooming behavior observed following CRF administration in
our task more likely reflects an anxiety rather than fear to a specific threat, because rats are
tested in a familiar environment and the grooming behavior is observed throughout the
session (Howard et al., 2008). However, similar to the fear conditioning studies, the IL has
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also been implicated in inhibiting anxiety-related behavior (Jinks and McGregor, 1997).
Thus, in the CRF-evoked burying procedure, it is possible that ovarian hormones potentiate
the anxiogenic effects of CRF, causing the need for a greater anxiety reduction, or self-
soothing, via grooming in proestrous females and this response is mediated by the IL. Future
studies will be needed to clarify the role of ovarian hormone regulation of the IL in stress-
related responses.

4.3. Hormonal status alters CRF-activated networks

Previous studies have used cFOS to assess CRF-induced neuronal activation in males
(Arnold et al., 1992; Imaki et al., 1993), but our interest was in determining whether
hormonal status altered patterns of CRF-induced neuronal activation. In the majority of brain
regions analyzed, CRF increased neuronal activation similarly in all groups, regardless of
hormonal status. However in the IPAG and LC, a sex difference was observed such that CRF
did not alter neuronal activation in males, but increased neuronal activation in females,
regardless of estrous cycle stage. To our knowledge, sex differences in the effects of CRF in
the IPAG have not been explored, but this region is known to regulate active versus passive
stress coping strategies (Keay and Bandler, 2001). Thus, CRF may differently impact these
coping strategies in females compared to males, a possibility that could be tested in future
studies. The sex difference observed in the LC is consistent with our previous studies
revealing that female LC neurons are more sensitive to CRF than those of males—an effect
linked to increased CRF4 receptor coupling to Gs—and these sex differences are not
modulated by circulating ovarian hormones (Bangasser et al., 2010; Curtis et al., 2006).

For several brain regions, the pattern of neuronal activation was distinguished in diestrous
females, such that they were the only group in which neuronal activation was either
increased (e.g., dmPAG, LDTg, vmDR) or unaltered (e.g., BN, NAc shell) following CRF
treatment. These results diverge from the finding that it was CRF-treated proestrous, not
diestrous, females that were significantly different from the other two groups on the
grooming measure. One explanation is that the amount of grooming is not primarily
determined by the brain regions where diestrous females differed from other groups in their
CRF-induced neuronal activation. However, another interpretation is based on De Vries’
(2004) idea that, in order to maintain similar patterns of behavior between males and
females, some sex differences in the brain exist to compensate for sex differences in biology
(e.g., gonadal hormones, genes on sex chromosomes; De Vries, 2004). Specifically, it is
possible that the difference in CRF-evoked grooming between diestrous and proestrous
females is due to the fact that infusions of CRF activate regions that promote grooming
behavior similarly in both cycle phases, but in diestrus, other regions are also engaged that
attenuate or inhibit this grooming response. Such a compensatory response could explain
why diestrous females groom a similar amount to males following CRF infusions. Future
studies assessing the specific contribution to grooming and other behaviors of regions
uniquely regulated in diestrus would help elucidate this issue.

Typically, neuronal activation is assessed in individual brain regions (e.g., Arnold et al.,
1992; Imaki et al., 1993). However, here we applied a technique to help identify how CRF-
activated regions may work in concert, forming functional neuronal networks that interact in
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different ways. First, CRF-induced regional cFOS profiles were correlated for males,
diestrous females, and proestrous females separately. This analysis revealed different
patterns of correlated brain regions for each hormonal condition. Specifically, in males,
cFOS profiles in the IL, adBNST, PVN, and LDTg, were each highly correlated with cFOS
profiles in other brain regions, suggesting that these four areas may be critical nodes on the
male CRF-activated brain network. In diestrous females, the LS was the region in which
cFOS activation correlated with the greatest number of other regions. It is also notable that
there were very few significant correlations in the diestrous females. In contrast, correlations
of neuronal activation between brain regions were most common in proestrous females with
cFOS profiles in the IL, NAc shell, BLA, and IPAG being the most frequently correlated
with profiles in other areas.

After correlating the data we next assessed whether the correlations of neuronal activation
between regions statistically differed based on hormonal status. This analysis revealed
pronounced differences between males and proestrous females, especially regarding those
correlations between prefrontal cortical and other forebrain regions. Compared to proestrous
females, there were fewer differences between diestrous females and males. However, these
groups did differ, particularly in the way neuronal activation in the septum correlated with
neuronal activation in certain midbrain and hindbrain regions. A comparison of females in
the two different cycle stages revealed that the pattern of CRF-induced network activation
was also distinguished by hormonal status, suggesting that these circuits are dynamically
regulated by ovarian hormones.

In addition to the behaviors evoked by CRF in a familiar environment that were assessed in
the present study, CRF regulates performance on many other tasks, such as those that
evaluate aspects of cognition (e.g., Cole et al. 2016, Snyder et al., 2012). Hormonal
regulation of CRF-activated brain networks could also contribute to differences between
males and cycling females in these other responses to CRF. For example, central
administration of CRF impairs sustained attention, the ability to monitor a situation for rare
and unpredictable events, in males and diestrous females (Cole et al., 2016). However,
surprisingly, central CRF has no effect on sustained attention in females with high levels of
ovarian hormones (Cole et al., 2016). The process of sustaining attention is mediated by
reciprocal connections between the BN and prefrontal cortex (Sarter et al., 2001). In the
present study, we found that the correlation for CRF-induced neuronal activation between
these two regions differed in proestrous females compared to other groups. When taken
together, the behavioral and circuitry results could indicate that high levels of ovarian
hormones interact with CRF to regulate the BN—cortical connection in a way that confers
resilience to CRF’s negative impact on attention.

As illustrated with the above example, this type of network analysis can help explain how
CRF induces divergent behaviors under differing hormonal conditions. It is important to note
that, although the relationship between neuronal activation for several brain regions is
distinguished by hormonal status, not every relationship appears to change. Why this occurs
remains unclear, but one possibility is that differences in the distribution of steroid receptors
play a role. For example, network correlations between regions with high densities of
estrogen receptors, such as the adBNST and PVN, appear to be more sensitive to differences
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between hormonal conditions than network correlations between regions with lower
densities of estrogen receptors, such as the vmDR and LDTg (Shughrue et al., 1997). The
exploratory nature of the correlation approach used here means that future, more targeted
studies will be needed to first confirm the CRF-activated circuits that are sensitive to
hormonal status, and then to investigate why certain connections are more affected by sex
and estrous cycle phase than others. These data do indicate, however, that for studies
investigating stress-related behaviors that require circuits that are sensitive to hormonal
fluctuations, males and females in different estrous cycle phases should be included in the
experimental design.

The functional connectivity analysis used in the current study is rarely conducted in
preclinical studies (but see Maras et al., 2014), so perhaps not surprisingly this is the first
study, to our knowledge, to suggest that sex and cycle stage can regulate how stress-
responsive brain regions work together. In contrast to the preclinical literature, human
neuroimaging studies have assessed functional connectivity between activated brain regions
in stressed subjects (Henckens et al., 2010; Mather et al., 2010; Veer et al., 2011; Vogel et
al., 2015). Although most of these studies have not considered sex differences, Mather et al.
(2010) found that, when viewing angry faces, stressed women have greater coordination
between the amygdala and fusiform face area than stressed men. Although a homologous
cortical region is not present in rodents, our study identified a significant difference in the
correlation for neuronal activation between the BLA and the prelimbic cortical region when
comparing male to proestrous female rats. Together these cross-species findings using two
different measures of activity (i.e., BOLD signal and cFOS) highlight that the amygdala and
certain cortical regions may work together differently to respond to stress in males and
females in different cycle stages, but, clearly, more studies looking at sex differences in
stress-activated networks are needed.

4.4. Ovarian hormone regulation of the CRF system

The results from these studies indicate that ovarian hormones regulate CRF’s effects on a
wide variety of interconnected brain regions. Interactions between gonadal hormones and
CRF are not surprising because estrogen and progesterone receptors are found in CRF
producing brain regions (Kato et al., 1994; Shughrue et al., 1997). Additionally, there are
putative estrogen response elements on the CRF gene, and thus estrogens can directly
regulate CRF expression (Vamvakopoulos and Chrousos, 1993). Such regulation could
contribute to the high levels of CRF found in the PVN and amygdala in proestrous females
(Iwasaki-Sekino et al., 2009). Ovarian hormones can similarly regulate CRF receptor
expression via putative response elements on their promotor regions (Karteris et al., 2010).
In addition to genomic effects, estrogen can also induce rapid cellular changes via
membrane estrogen receptors that couple to intracellular signaling pathways (Srivastava et
al., 2011). Therefore, another possibility is that estrogen-induced signaling potentiates CRF-
induced signaling. This may occur, for example, in the IL region to increase grooming in
proestrous females, because in the medial PFC (which includes the IL) estrogen receptor a,
estrogen receptor B, and the highly abundant G protein-coupled estrogen receptor 1
(GPERZ1) are predominantly localized on the plasma membrane, a location that suggests that
rapid estrogen signaling in this region is likely (Almey et al., 2014). Finally, the GPERL1 can
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associate directly with the CRF4 receptor (Akama et al., 2013), and although their
heterodimeric function remains unclear, it is tempting to speculate that this could be another
mechanism by which estrogens directly alter CRF signaling. Collectively, these data
highlight a multitude of ways that ovarian hormones can impact the CRF system, thereby
regulating CRF-activated circuits and evoked behavior.

4.5. Conclusion

While sex differences in the rates of psychiatric disorders are well documented (Kessler et
al., 2012), traditionally sex differences in the brain were studied in the context of
reproductive behaviors. The results of the experiments conducted here add to the growing
body of literature indicating that sex differences in the brain also occur within stress
response systems (reviewed in, Bangasser and Valentino, 2014). Specifically, sex differences
in the CRF system have now been documented to occur from the cellular to the systems
level (Bangasser et al., 2010; Cole et al., 2016). If true in humans, such sex differences could
contribute to the sex bias in psychiatric disorders characterized by CRF hypersecretion.
Perhaps even more broadly, the effects of hormones on the brain are typically assessed in a
region specific manner, yet the analyses in the current study suggest that ovarian hormones
regulate CRF-activated brain networks. Thus, appreciating how ovarian hormones regulate
the brain at the network level may reveal new ways in which sex differences in behavior are
established.
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Highlights

. Corticotropin releasing factor (CRF) evokes more grooming in female
than male rats

. Circulating ovarian hormones moderate the sex difference in CRF-
evoked grooming

. CRF-activated functional connectivity networks differ based on
hormonal status

. Hormonal regulation of stress circuitry may establish sex differences in

anxiety
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A) Design: Dose-Response Study

Dose 1 Dose 2 Dose 3 Dose 4
Schedule 1 aCSF 0.1 49 3.0ug 0.3 ug
Schedule 2 0.1 pg 0.3 pg aCSF 3.0 g
Schedule 3 0.3 pg 3.0 ug 0.1 ug aCSF
Schedule 4 3.0pg aCSF 0.3 pg 0.1ug
C) Head shakes D) Burying E) Grooming
&— Males “— Males “— Males
20 - —®— Females 400 —@— Females 2250 @~ Fegales
15 300
- [
é 10 H 200
2 3
51 ¥ 100
0 - 0
P2 O 9P g H O P S O O
& o Qas&“)d‘- .;e“\(\ oM or A qm"‘\ei" e
CRF doses CRF doses CRF doses
F) Design: Cycle Study G) g ooming
Control Male

smmm Diestrus
m Proestrus

; *
Diestrus . b - II
‘ s -

Vehicle CRF

Figure 1.
CRF-evoked behavior in male and female rats. (A) The schematic depicts the experimental

design for the dose-response study and (B) the table displays the counterbalancing approach
used for the repeated dosing. Dose-response curves were similar between males and females
for (C) head shakes and (D) burying. (E) In response to higher CRF doses, females groomed
more than males. (F) The schematic depicts the design for the follow-up study assessing the
effect of estrous cycle on CRF-evoked behavior. (G) Although the 0.3 pg dose of CRF
evoked grooming in all groups, proestrous females groomed more than diestrous females
and males.
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CRF-Treated

Male Diestrus Proestrus

NAc
Shell S
Bregma 1.80
BN =
Bregma -1.72
dmPAG -
Bregma -7.56
IPAG
vmDR
LDTg
LC

Figure 2.
Photomicrographs of regions where hormonal status altered CRF-induced cFOS profiles.

The left column illustrates the brain structures on the Paxinos and Watson atlas sections
(Paxinos and Watson, 2007). Photomicrographs of cFOS profiles are displayed for CRF-
treated males, diestrous females, and proestrous females. Black dotted lines on the
photomicrographs represent the region of interest analyzed. NAc Shell, nucleus accumbens
shell; BN, basal nucleus of Meynert; IPAG, lateral regions of the periaqueductal gray;
vmDR, ventromedial dorsal raphe; LDTg, laterodorsal tegmental nucleus; LC, locus
coeruleus. Scale bars = 200 pum.
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Figure 3.
In CRF-treated rats, the relationship between cFOS profiles and grooming for several brain

regions differed by hormonal condition. (A) Table showing @correlations between the
number of cFOS profiles for a given brain region and time spent grooming for CRF-treated
rats, as well as Pcorrelation comparisons that reveal the results of Fishers z-tests. Peach
shading indicates significant differences between hormonal conditions. (B) Correlations
between cFOS profile and grooming in CRF-treated rats for each hormonal condition are
shown for the regions where the correlations differed based on hormonal status. Asterisks
indicate significant differences between correlations (p<.05). BLA, basolateral amygdala; D,
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diestrus; dm, dorsomedial; IL, infralimbic; M, male; NAc, nucleus accumbens; P, proestrus;
PAG, periaqueductal gray; PL, prelimbic; PVN, paraventricular nucleus of the hypothalamus
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A) B)

Correlations Within Condition Correlation Comparisons Between Conditions

Male vs. Diestrus

TN

Lorg |

Diestrus Male vs. Proestrus

Proestrus

f{]\
[ =]

Figure 4.
Schematics depict CRF-activated networks. Brain regions included were activated by CRF,

with forebrain regions shaded with the darker gray color. Arrows indicate anatomical
connections. (A) Correlations between brain regions for each hormone condition are
depicted with green arrows indicating significant positive correlations and blue arrows
indicating significant negative correlations. (B) Schematics illustrate with red arrows the
correlations that significantly differed between hormone conditions. ACC, anterior cingulate
cortex; ad, anterodorsal; BLA, basolateral amygdala; BN, basal nucleus of Meynert; BNST,
bed nucleus of the stria terminalis; CeA, central nucleus of the amygdala; DR, dorsal raphe;
HPC, hippocampus; IL, infralimbic; LC, locus coeruleus; LDTg, laterodorsal tegmental
nucleus; I, lateral; m, medial; mPFC, medial prefrontal cortex; NAc, nucleus accumbens; o,
oval nucleus; PAG, periaqueductal gray; PL, prelimbic; PVN, paraventricular nucleus of the
hypothalamus; vm, ventromedial.
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