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Abstract

Chronic stress is often associated with a dysregulation of the hypothalamic-pituitary-adrenal
(HPA) axis, which can greatly increase risk for a number of stress-related diseases, including
neuropsychiatric disorders. Despite a striking sex-bias in the prevalence of many of these
disorders, few preclinical studies have examined female subjects. Hence, the present study aimed
to explore the effects of chronic stress on the basal and acute stress-induced activity of the HPA
axis in the female C57BL/6 mouse. We used a chronic variable stress (CVS) paradigm in these
studies, which successfully induces physiological and behavioral changes that are similar to those
reported for some patients with mood disorders. Using this model, we found pronounced, time-
dependent effects of chronic stress on the HPA axis. CVS-treated females exhibited adrenal
hypertrophy, yet their pattern of glucocorticoid secretion in the morning resembled that of
controls. CVS-treated and control females had similar morning basal corticosterone (CORT)
levels, which were both significantly elevated following a restraint stressor. Although morning
basal gene expression of the key HPA-controlling neuropeptides corticotropin releasing hormone
(CRH), arginine vasopressin (AVP) and oxytocin (OT) was unaltered within the paraventricular
nucleus (PVN) by CVS, CVS altered the PVN OT and AVP mRNA responses to acute restraint. In
control females, acute stress decreased AVP, but not OT mRNA; whereas, in CVS females, it
decreased OT, but not, AVP mRNA. Unlike the morning pattern of HPA activity, in the evening,
CVS-treated females showed increased basal CORT with hypoactive responses of CORT and PVN
c-Fos immunoreactivity to restraint stress. Furthermore, CVS elevated evening PVN CRH and OT
mRNAs in the PVN, but it did not influence anxiety- or depressive-like behavior after a light/dark
box or tail suspension test. Taken together, these findings indicate that CVS is an effective model
for HPA axis dysregulation in the female mouse and may be relevant for stress-related diseases.
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1. Introduction

The allostatic load hypothesis posits that an organism’s repeated efforts to maintain
homeostasis in response to chronic exposure to stressors induce a state of dysregulation
referred to as an “allostatic state,” which can have important health consequences. One
common consequence is increased susceptibility to mood disorders such as anxiety and
depression [1]. Indeed, chronic interpersonal stress increases the risk of developing
depression [2], and stressful and negative life events are associated with adverse symptom
trajectories for individuals with anxiety or depression [3]. Many of these disorders are more
prevalent in women relative to men, even after controlling for social and cultural effects [4,
5]. Despite this sex-bias, the vast majority of preclinical research modeling mood disorders
has focused exclusively on male subjects [6], leaving a critical need for further investigation
of sex-specific effects within mood disorder models.

The allostatic load hypothesis has been modeled using a chronic variable stress (CVS)
paradigm, which exposes rodents to a variety of mild stressors applied in an unpredictable
manner over a prolonged period of time [7]. This model reliably induces physiological and
behavioral changes that are similar to those in patients with mood disorders, and shows high
predictive validity in responsiveness to antidepressant medication [8]. CVS has also been
found to reproduce the hyperactivation of the hypothalamic-pituitary-adrenal (HPA) axis
observed in some patients with mood disorders [9], as indicated by upregulated corticotropin
releasing hormone (CRH) and arginine vasopressin (AVP) mRNAs within the
paraventricular nucleus (PVN) of the hypothalamus coupled with elevated plasma
corticosterone (CORT) levels [10-12]. Although the source of altered HPA axis function
following CVS is not well-characterized, the hormone oxytocin (OT) is an attractive target
for alteration following chronic stress exposure. In addition to this neuropeptide’s mediation
of HPA axis function [13], OT mRNA has been shown to be elevated in patients with mood
disorders [14]. It has also been reported to be increased [15] or decreased [16] by CVS in the
male rat.

Some evidence suggests that sex may influence the effects of CV'S on both HPA axis
function and affective behavior in the rat [17, 18], but the consequences of CVS exposure for
the female mouse are less understood. Thus, the present set of experiments sought to
investigate the impact of CVS on female HPA axis function in the C57BL/6 mouse. These
studies aimed to first identify consequences of CVS on basal and stress-induced activity of
the HPA axis. Because of known circadian rhythms in the activity of the HPA axis, we
examined HPA function in both the morning and evening [19-24]. Secondly, these studies
sought to characterize the effects of CVS on neuropeptide expression and anxiety- and
depressive-like behavior in the female mouse.
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2. Methods
2.1. Subjects

Two-month-old female C57BL/6 mice were purchased from Charles Rivers Laboratories
(Wilmington, MA) and maintained on a 12:12 light cycle (lights on at 0600 h) in the
Colorado State University Laboratory Animal Research facility. Subjects were pair-housed
in one of two colony rooms and access to food and water was available ad /ibitum. All
animal protocols were approved by the Colorado State University Institutional Animal Care
and Use Committee and were performed in accordance with the guidelines of Colorado State
University, the National Institutes of Health, and the Association for Assessment and
Accreditation of Laboratory Animal Care International.

To control for potential effects of changing gonadal hormone levels across the estrous cycle,
all female subjects were examined outside of the proestrous phase of the cycle when
estradiol levels are highest [25]. Estrous cyclicity was monitored for approximately two
weeks prior to and on the day of sacrifice by daily vaginal lavage (collected between 0900—
1100 h) using a 0.9% saline solution. Samples were stained with methylene blue (0.05%)
and visualized using light microscopy as previously reported [26].

2.2. Experiment 1. Effect of CVS on the morning HPA axis response to a novel, acute
stressor

Adult female mice were exposed to CVS daily, over a six-week period, as previously
described [27]. Briefly, subjects experienced an average of two stressors per day,
administered at variable time points. Stressors included three hours of occupying a cage with
damp bedding, no bedding, or bedding soiled by same-sex unfamiliar mice, three hours of
cage tilt (approximately 45°), one hour of exposure to cat odor, eight hours of white noise
(85 dB) and overnight exposure to overhead light. Control subjects were housed in a
separate colony room to prevent unintended stress exposure. For more details on the protocol
used for CVS, see Tables S1 and S2.

After six weeks of CVS, CVS-treated (n=9) and control (n=9) subjects were exposed to 20
minutes of restraint stress in closed, ventilated conical tubes inside their home cages
between 0900 and 1100 h or were left unperturbed. Subjects were anesthetized with
isoflurane, weighed, and decapitated immediately following the restraint stress. Nonstressed
animals were killed within one minute of first disturbance of their home cage. Upon
decapitation, trunk blood was collected from all animals into chilled tubes containing 0.5 M
ethylenediaminetetraacetic acid and aprotinin (4 mg/ml; Sigma-Aldrich, St. Louis, MO) and
centrifuged at 3000 rpm for 12 minutes in a Beckman J6 centrifuge. Plasma was isolated and
stored at —20°C until assayed for CORT and OT by radioimmunoassay (RIA). Brains and
adrenal glands were also collected shortly following decapitation, flash-frozen and stored at
-80°C.

2.3. Experiment 2. Effect of CVS on the evening HPA axis response to an acute stressor

Adult female mice were exposed to CVS or control conditions daily, over a six-week period
as in Experiment 1. However, in Experiment 2, the stressors presented twice-daily included
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30 minutes of restraint stress in addition to those listed above (Tables S1 and S2). CVS-
treated (n=8) and control (n=6-7) subjects were exposed to 20 minutes of restraint stress in
closed, ventilated conical tubes in their home cages or were left undisturbed in their home
cages approximately one hour prior to dark cycle onset (1700 h). Trunk blood was collected
immediately after the 20-minute restraint stressor, and plasma was isolated and stored until it
was assayed for CORT by RIA as in Experiment 1.

A separate cohort of CVS-treated (n=8) and control (n=8) subjects were examined for
stressor-induced neuronal activation in the PVN. Subjects were exposed to 20 minutes of
restraint stress within closed, ventilated conical tubes in their home cages at 1700 h (lights
off at 1800 h). Animals were released back into their home cages until approximately 90
minutes after onset of the restraint stress, at which point they were anesthetized with
isofluorane and transcardially perfused with 0.1M phosphate buffered saline followed by 4%
paraformaldehyde for measurement of c-Fos.

2.4. Experiment 3. Effect of CVS on anxiety- and depressive-like behavior and on PVN
neuropeptide gene expression

As in Experiment 2, female mice were exposed to a six-week CVS protocol. At the end of
six weeks of CVS, CVS-treated (n=8) and control (n=7) subjects were habituated to a
behavioral testing room in the afternoon (1400-1600h) for 30 minutes prior to a light/dark
box test. The apparatus (40 cm x 40 cm) consisted of two chambers separated by a barrier
with a door permitting entry between chambers. The light chamber was illuminated to 2000
Im, while the dark chamber was measured at approximately 10 Im. Each subject was placed
in the light chamber facing the doorway, and behavior was video recorded (Bunker Hill
Security) for five minutes. Videos were scored by an experimenter blind to treatment
condition. All testing occurred between 1400-1600 h. The apparatus was sanitized before
and after each subject using a 70% ethanol solution.

A separate group of CVS-treated (n=11) and control (n=7) subjects were habituated to a
behavioral testing room for 30 minutes prior to a tail suspension test. Each subject was
suspended from a horizontal bar for ten minutes by its tail from a height of 12 inches with a
section of tape while behavior was video recorded. All testing was conducted between
1400-1600 h. Given the tendency of C57BL/6 mice to climb their tails during this test [20],
climbing was prevented by slipping a short segment from a plastic straw over each subject’s
tail prior to suspension. The tail suspension apparatus was sanitized before and after each
subject using a 70% ethanol solution. Duration of immobility was subsequently scored from
video footage by an experimenter that was blind to treatment group.

Two hours after testing in the light/dark box or tail suspension test, CVS-treated (h=6) and
control (n=6) subjects were anesthetized with isoflurane and decapitated. Brains were flash-
frozen in 2-methylbutane (-40°C) and stored at —80°C. Brains were used for droplet digital
PCR (ddPCR) to examine neuropeptide gene expression in the PVN.

2.5. Radioimmunoassays (RIAS)

Plasma CORT was measured as previously described [21]. Briefly, plasma was diluted
(1:25) in PBS and plasma binding proteins were denatured by heating to 65°C for one hour.
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Diluted plasma samples were incubated overnight at 4°C with rabbit anti-CORT antiserum
(1:1200, MP Biomedicals, Sonon OH) and 3H-CORT (PerkinElmer, Boston, MA) in 0.01 M
PBS containing 0.1% gelatin. Dextran coated charcoal was used to separate antibody bound
CORT from free CORT. Standard curves were constructed from dilutions of CORT (4-
pregnen-11p, 21-diol-3, 20-dione; Steraloids, Wilton, NH; 5-500 ng/ml). For all assays, the
intra-assay coefficient of variation was less than 10%.

To measure circulating OT levels, plasma was subjected to an extraction protocol that was
adapted from a previous report [28] using methanol. Briefly, 2.0 ml methanol was added to
all samples and, following vortex and centrifugation, the supernatant was further subjected
to cold precipitation (-20°C) for 24 hours. After three rounds of cold precipitation, the
supernatant was dried under nitrogen at 45°C and resuspended in RIA buffer to the same
volume as the starting amount. This product was then used in the protocol for an OT RIA kit
(RK-051-01; Phoenix Pharmaceuticals, Burlingame, CA) following manufacturer’s
instructions. The extraction procedure resulted in the recovery of 69.1% of the starting
material as determined by spiking samples with known amounts of 125]-oxytocin. The intra-
assay coefficient of variation was 4.5%.

hybridization

16-um brain sections were cut in the coronal plane using a CM3050 S cryostat (Leica,
Wetzlar). Sections containing the PVN were cut at —20°C, thaw-mounted onto positively
charged slides (Superfrost Plus, VWR Scientific, West Chester, PA), and stored at —80°C. /n
situhybridization was performed as previously described [27]. Briefly, tissue was thawed to
room temperature, fixed, acetylated, delipidated, dehydrated in graded ethanols and air -
dried. 48-bp oligonucleotide mRNA probes for Crh
(5’CAGTTTCCTGTTGCTGTGAGCTTGCTGAGCTAACTGCTCTGCCCGGGC-3’), Ot
(5’-AAGCAGGCAGCAAGCGAGACTGGGGCAGGCCATGGCG ATGGTGCTCAG-3")
and Avp (5’GTAGACCCGGGGCTTGGCAGAATCCACGGAC
TCCCGTGTCCCAGCCAG-3’) were end-labeled with [3°S] using terminal
deoxynucleotidyl transferase (Thermo Scientific, Waltham, MA) and added to hybridization
solution at a concentration of 20 x 108 cpm/mL. Brain sections were incubated in this
hybridization solution at 37°C overnight and then washed and dehydrated in a series of
solutions with increasing levels of ethanol. To examine hybridization intensity, slides were
exposed to X-ray film (Carestream Kodak Biomax MR, Carestream, Rochester, NY) for 4
days (Cr#h), 1 day (Avp), or 14 hours (O¥) to generate autoradiograms. Film autoradiograms
were analyzed using ImageJ software (National Institutes of Health, Bethesda, MD) to
quantify optical density in 4—6 PVN containing tissue sections. The density of exposed
pixels in each half of the PVN for all sections was measured using a template of fixed size
and expressed as arbitrary density units (ADUs). Background density in an adjacent area
without labeling was subtracted from each measurement and resulting ADUs were averaged
to obtain a single value per animal for statistical analysis. All density calculations were
performed by an experimenter blind to treatment condition.
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2.7. Droplet digital PCR (ddPCR)

Flash-frozen brains were sectioned by cryostat (Leica CM3050 S, Leica Biosystems) at 300
um, and the PVN was isolated via micropunch with a 0.98 mm diameter cannula. RNA
extraction of PVN tissue was performed using an RNeasy mini kit (Qiagen, Germantown,
MD) according to the manufacturer’s instructions. Total RNA was quantitated using an
Epoch Microplate Spectrophotometer and Gen5 v. 1.11 data analysis software (BioTek,
Winooski, VT). cDNA was generated using an iScript cDNA synthesis kit (Bio-Rad,
Munich, Germany). For each ddPCR reaction, 5 uL of template DNA was added to a master
mix containing primers for CRH (F: 5’-ATGCTGCTGGTG GCTCTGTC; R: 5’
GGATCAGAACCGGCTGAGGT-3’) or OT (F: 5’-AAGGGAGCTGCAGTGGAGTA-3’; R:
5’-AGACTGGCAGGGCGAAG-3’), Evagreen (Bio-Rad, Munich, Germany) and RNAse
free water. 20 uL of sample and 70 uL of droplet generation oil (Bio-Rad, Munich,
Germany) were pipetted into DG8 Cartridge (Bio-Rad, Munich, Germany) wells and
secured with a gasket. Droplets were then generated in a QX200 droplet generator (Bio-Rad,
Munich, Germany), transferred to a 96-well plate, and heat-sealed. PCR was performed in a
thermal cycler (C1000 Touch, Bio-Rad, Munich, Germany) using the following protocol:
95°C for 10 minutes (1 cycle), 95°C for 30 seconds then 60°C for 1 minute (40 cycles), 4°C
for 5 minutes (1 cycle), 90°C for 5 minutes (1 cycle), and hold at 4°C. The ramp rate was set
at 2°C/second, the sample volume at 40 pl, and the heated lid at 105°C. After PCR
amplification, droplets were analyzed in a QX200 droplet reader (Bio-Rad, Munich,
Germany), and the absolute template expression in copies/ul input was quantified using
QuantaSoft software (Bio-Rad, Munich, Germany). All values were normalized to the
amount of cDNA loaded in each reaction, which was calculated based on cDNA
concentrations quantified using the Quant-iT OliGreen ssDNA Assay Kit (Thermo
Scientific, Waltham, MA) according to manufacturer’s instructions.

2.8. Immunohistochemistry

Brains from perfused animals in Experiment 2 were collected and post-fixed for 24 hours in
4% paraformaldehyde at 4°C, then infiltrated with 30% sucrose at 4°C until equilibrated.
Immunohistochemistry was performed on the fixed brain tissue to examine changes in PVN
neuronal activation. Fixed brains were sectioned into four series of 35 um thickness on a
cryostat at —16°C, then immunohistochemistry was performed on a series of free-floating
sections. Tissue was washed in 0.1 M PBS, blocked in 5% normal donkey serum (Jackson
Laboratories, Bar Harbor, ME) for one hour at room temperature, then incubated overnight
in a previously validated goat anti-c-Fos primary antibody (1:2000; Santa Cruz
Biotechnology, Dallas TX) [29]. The next day, tissue was washed in a PBS-Triton X
solution, then incubated in donkey anti-goat Alexa Fluor (AF) 568 (Jackson Laboratories,
Bar Harbor, ME) for two hours at room temperature. After washing in PBS-Triton X, tissue
was mounted onto glass slides and coverslipped with ProLong Gold Antifade Mountant
(Thermo Fisher). Fluorescence was visualized using an LSM 880 confocal scanning
microscope (Carl Zeiss, Jena, Germany) and 10X objective (Zeiss Plan-Apochromat 10X/
0.4500/0.17), and 25 um-thick Z-stacks (1 um thick optical sections) were taken through the
PVN.
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Immunohistochemical analysis of Z-stack images was conducted using Imaris v8.0
(Bitplane, Concord, MA). For each subject, 2—-3 images per hemisphere were captured for
the PVN. For each image, the number of c-Fos-immunoreactivity (/r) expressing neurons
was determined using the automated counting application in Imaris v8.0 and manually
checked and scored by an investigator that was blind to treatment condition. Values from all
images were averaged together for each subject.

2.9. Statistical Analysis

All statistical analyses were performed using the Prism statistical program (GraphPad
Software, La Jolla, CA). The effects of CVS treatment on adrenal weights, evening OT
MRNA levels, c-Fos-irexpressing cell numbers and affective behaviors were examined using
Student’s t-tests. For evening CRH mRNA levels, effects of CV'S were assessed with
Welch’s t-test. Plasma CORT levels and morning mRNA expression levels were analyzed by
two-way (CVS treatment X restraint stress) ANOVAS. All post hoc analyses were performed
with the Fisher’s Least Significant Difference test. Significance was set at p<0.05.

3. Results

3.1. Experiment 1. Effect of CVS on the morning HPA axis response to a novel, acute

stressor

To initially assess the influence of CVS on the activity of the HPA axis, we compared
weights of adrenal glands collected from CVS-treated versus control subjects. Adrenal
weight was significantly increased following CVS when expressed as percentage of body
weight [p<0.001] (Fig. 1).

We further examined morning plasma CORT levels immediately following a novel, 20-
minute restraint stressor versus basal, non-stress levels in CVS- and control-treated subjects.
Regardless of previous exposure to CVS, restraint stress significantly elevated plasma CORT
levels. Accordingly, a two-way (CVS x restraint stress) ANOVA showed a significant effect
of restraint stress [F(1,32)=641.5; p<0.0001], but not a CVS or interaction effect (Fig. 2).

Morning neuropeptide expression in the PVN was significantly altered by restraint stress,
but in a neuropeptide-specific manner. Two-way ANOVAS revealed that there was no acute
stressor effect on CRH (Fig. 3a) mRNA levels, whereas there was an effect of restraint stress
to decrease AVP [F(1,32)=4.754; p<0.05; Fig. 3b] and OT [F(1,30)=11.14; p<0.01; Fig. 3c]
mRNA levels in both CVS-treated and control females. Because we originally hypothesized
that CVS would alter the HPA axis response to an acute, novel stressor, we performed post
hoc analyses to examine the effect of restraint stress within CVS and control groups. Acute
restraint stress significantly decreased OT mRNA in CVS (p<0.01) but not control females
(p=0.2139). In contrast, restraint stress decreased AVP mRNA in control (p<0.05) but not
CVS females (p=0.3602).

To determine if the effects of acute restraint stress on PVN Of gene expression in CVS-and
control-treated subjects aligned with changes in circulating OT protein, plasma OT levels
were also examined. Two-way ANOVA revealed a trend for restraint to decrease plasma OT
in both CVS- and control-treated animals [F(1,31)=3.987; p=0.0547] (Fig. 3d).
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3.2. Experiment 2. Effect of CVS on the evening HPA axis response to an acute stressor

To examine evening HPA axis activity in CVS-treated versus control subjects, we first
assessed plasma CORT levels at 1700 h after 20 minutes of restraint stress compared to basal
values. A two-way ANOVA showed a significant CVS by restraint stress interaction
[F(1,25)=11.72; p<0.01] (Fig. 4). Post hoc contrasts revealed that CVS-treated females had
elevated nonstress CORT levels (p<0.05) and decreased stress-induced CORT levels
(p<0.05) compared to those of control females. Moreover, whereas there was a trend for
restraint stress to increase CORT in control females (p=0.0833), CVS females exhibited a
significant drop in plasma CORT in response to acute restraint (p<0.01).

We next sought to investigate changes in the PVN that may contribute to the CVS-dependent
effects of acute stress on evening plasma CORT levels. In the evening, CVS significantly
reduced PVN neuronal activation, as measured by c-Fos-/r, 90 minutes after onset of the 20
minute restraint stressor [p<0.0001] (Fig. 5).

3.3. Experiment 3. Effects of CVS on anxiety- and depressive-like behavior and on PVN
neuropeptide gene expression

Behaviors in the light/dark box and the tail suspension test were analyzed to assess the effect
of CV'S exposure on anxiety- and depressive-like behavior, respectively. For the light/dark
box, no differences in time spent in the light compartment of the box (Control:
M=116.37+18.67; CVS: M=96.17+10.17), entries into the light compartment (Control:
M=6.67+1.05; CVS: M=7.67%0.60), or initial latency to enter the light compartment
(Control: M=47.37£4.96; CVS: M=50.94+10.99) were observed. In addition, no differences
in the percent duration of immobility (Control: M=47.37+£4.96; CVS: M=56.59+3.91) were
seen in the tail suspension test.

Although no effects of CVS were observed on behaviors in the light/dark box or the tail
suspension test, CVS altered neuropeptide gene expression within the PVN. Two hours after
behavioral testing, there was a trend for CVS to increase CRH mRNA [Control:
M=5.48+1.40; CVS: M=35.63+13.48; p=0.0969], and OT mRNA was significantly elevated
by CVS [p<0.05; Fig. 6].

4. Discussion

CVS is an established rodent model for studying affective disorders, inducing behavioral and
physiological changes in the male rodent that parallel depressive and anxiety disorders in
humans [8, 30, 31]. As observed in some patients with mood disorders, CVS induces
alterations in HPA axis activity indicative of hyperactivation or dysregulation [9-11, 16, 18].
Despite the considerable literature on CVS effects in the male rodent, very few studies to
date have investigated the consequences of CVS in females, and fewer still have examined
effects in the female mouse. In the present studies we sought to characterize the effects of
CVS exposure on HPA axis function in female C57BL/6 mice. The results of these studies
indicate that CVS effectively induces physiological but not behavioral alterations in the
female C57BL/6 mouse. CVS-treated female mice ultimately appear to show time-
dependent dysregulation of the HPA axis. In the morning, females exhibited similar levels of
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basal CORT, which were significantly elevated by a novel, acute stressor, irrespective of
CVS exposure and its effect to increase adrenal weight. Whereas acute restraint stress
revealed effects of CVS on Ofand Avp gene expression, morning basal OT, AVP, and CRH
MRNAs were unaltered by CVS. Alternatively, in the evening, CVS-treated females showed
increased basal CORT and a hypoactive CORT response to stress, as well as decreased
stress-induced neuronal activation in the PVVN. Elevations in evening PVN CRH and OT
MRNAs were also observed after CVS and behavioral testing. Thus, CVS may be a potent
model for dysregulation of the HPA axis in the female mouse.

4.1. CVS and the morning activity of the HPA axis

Adrenal hypertrophy is a consequence of CVS commonly observed in male rodents [32, 33].
While a recent study by Dadomo et al. (2018) found no effect of a more severe CVS
schedule on adrenal weight in female CD1 mice [34], our subjects demonstrated significant
adrenal hypertrophy at the end of the study, as indicated by increased adrenal weight.
Elevated adrenal weight following CVS has been linked to subregion-specific increases in
cell number and size in the male rat [32]. These structural changes could impart enhanced
responsivity of the adrenal gland to adrenocorticotrophic hormone (ACTH), thereby
increasing glucocorticoid release.

Despite the increase in adrenal weight observed following CVS in female mice, we did not
detect an effect of CVS on morning basal or acute stress-induced glucocorticoid levels.
Regardless of previous CVS exposure, female mice exhibited similar baseline levels of
plasma CORT, which were significantly increased following 20 minutes of novel restraint
stress. These results are well aligned with those of another study demonstrating that CVS
and control females had similar elevations in plasma CORT after a novel forced swim stress
[35]. Notably, our findings oppose those of previous studies conducted in the CVS-treated
female rat [10, 36], and, more recently, in the female mouse [34], showing elevations in
basal plasma CORT levels. This discrepancy could be due to a number of factors, including
varying durations of CVS exposure or the varying stressors incorporated. Additionally,
subjects in the present study were exposed to isoflurane anesthesia immediately prior to
collection of plasma. Isoflurane has been reported to affect CORT levels in male and female
rats [37], although C57BI/6 mice may not be as sensitive [38]. Nonetheless, our findings
suggest that CVS may not have a strong influence on the morning activity of the HPA axis in
female mice, as has been shown previously in male mice [33, 39-41].

Contrary to the findings of numerous CVS studies in male rodents [16, 33], PVN Crh
expression at both basal and acute stress-generated levels was unaffected after six weeks of
CVS exposure. While several groups have observed an elevation in PVN CRH levels in male
rodents [16, 33], research in female rats has found either elevated hypothalamic CRH
mRNA [10], or no change [18, 36, 42] following CVS. Thus, our findings are supported by
previous studies showing no effect of CVS on Cr/1expression in female rats. As CRH plays
an essential role in the activation of the HPA axis and in stimulating the production of
CORT, it is perhaps not surprising that we also did not observe differences in basal plasma
CORT levels between CVS-treated and control female subjects.
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Similar to Cr/1gene expression, morning basal PVN Avp expression was unaffected by CVS,
as has been previously reported in female rats [42]. However, a notable effect of CVS on the
Avp response to a novel, acute stressor was observed. Restraint stress significantly decreased
PVN AVP mRNA in control but not CVS-treated animals, suggesting that CVS inhibits the
Avp response to acute stress. The effects of acute restraint stress on Avp expression are
currently not well understood. Some studies in male rats have shown no alterations in AVP
mRNA levels four [43, 44] or six [45] hours after acute restraint, while others report that a
single period of restraint increases parvocellular PVN AVP heteronuclear RNA as early as
30 minutes and mRNA after 90 minutes or two hours [46, 47]. In the present study, AVP
MRNA was decreased within 20 minutes following the onset of restraint, a surprisingly rapid
change for mRNA. Accordingly, this decrease argues for an increase in mMRNA degradation
rather than decreased transcription. In support of this hypothesis, both cyclic adenosine
monophosphate and glucocorticoids have been shown to alter AVP mRNA stability in
parvocellular PVN neurons [48]. CVS, therefore, could ultimately influence mMRNA stability
to inhibit the Avp response to acute restraint stress.

Whether or not the downstream consequences of CVS on AVP mRNA following a novel,
acute stressor relate to the activity of the HPA axis remains to be determined. In humans and
rats, AVP is co-expressed in some parvocelluar CRH neurons, where it acts synergistically
with CRH to stimulate ACTH production by the anterior pituitary [49, 50]. In contrast, in the
mouse PVN, very little overlap of AVP- and CRH-/rhas been found [51], yet a role for AVP
as an ACTH secretagogue has still been identified [52, 53]. The rapid changes in AVP gene
expression we observed may ultimately alter downstream glucocorticoid production as a
result. However, the reduction in AVP mRNA found following restraint stress likely
occurred too quickly to impact the amount of AVP peptide available for release during the
restraint [54]. Thus, it is not unexpected that glucocorticoid levels substantially increased in
both control and CVS subjects despite the effect of CVS to inhibit the Avp response to acute
restraint stress. Rather, such CVS- and restraint stress-dependent changes in AVP mRNA
may alter the accumulation of peptide that drives future glucocorticoid responses. A more
thorough time course study would be necessary to demonstrate such an effect. Because we
examined mRNA expression in parvocellular and magnocellular neurons collectively in
these studies, we also cannot exclude the possibility that CVS alters the Avp response to
restraint stress, with consequences for behavioral and physiological processes outside of the
HPA axis [44, 55-57].

Of interest, although the restraint-induced effect on Avp was found in control animals only, a
restraint-induced decrease in OT mRNA was found in the CVS groups only. This suggests
the possibility of a switch in CVS-treated animals to a more OT-dependent mechanism of
HPA axis regulation. Like Avp, morning basal Ofexpression in the PVN was unaltered by
CVS, paralleling our previous findings in female mice that showed no changes in PVN OT
MRNA after CVS and behavioral testing [27]. Although restraint stress has been shown to
induce activation of PVN OT neurons [58], OT mRNA [44] and OT secretion [59] in male
rats, we also observed no effect of restraint stress on OT mRNA in control animals in our
studies. In contrast, CVS-treated female mice showed a rapid reduction in OT mRNA
following restraint. This rapid change in mMRNA, as discussed for AVP, is likely explained by
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increased mMRNA degradation rather than reduced Otftranscription, but further investigation
is necessary.

The effects of CVS on the Ofresponse to a novel, acute stressor likely do not immediately
influence glucocorticoid production by the HPA axis, as we observed no CVS-dependent
changes in restraint-stimulated CORT levels. Instead, changes in OT mRNA following 20
minutes of restraint stress may alter OT peptide stores that in turn influence future
glucocorticoid production. PVN OT is not only believed to act locally to inhibit CRH
neurons under basal conditions, but it also has been found to potentiate CRH-induced
secretion of ACTH at the level of the pituitary [13, 60]. Thus, if the stress-generated
decrease in OT mRNA observed in CVS-treated animals ultimately results in a decrease of
locally released OT peptide, then this may lead to increased glucocorticoid production
relative to controls in CVS-treated females. While such a finding would align well with
previous reports of elevated plasma CORT following CVS [10, 34, 36], a further time course
of plasma CORT levels following the 20-minute restraint stress is necessary to assess this
possibility. An alternate possibility is that the decrease in OT mRNA eventually produces a
decrease in OT in the general circulation, which may act on the pituitary gland to decrease
ACTH and CORT synthesis and secretion. Supporting this possibility, we observed a trend
for restraint stress to decrease plasma levels of OT irrespective of CVS treatment. Lastly, we
cannot discount the possibility that CVS alters stress-induced Ot expression in
magnocellular neurons to control behaviors or physiological functions beyond the HPA axis
[55, 57, 61].

4.2. CVS and the evening activity of the HPA axis

Although we did not observe an effect of CVS on morning basal CORT levels, we did find
that CVS elevated evening levels. Thus, at least in the evening, CVS-treated females
exhibited hyperactivity of the HPA axis, as has been previously suggested in female rodents
[10, 34, 36]. When challenged with an acute restraint stressor, however, CVS-treated
females showed a blunted CORT response, potentially related to their evening rise in CORT
levels. These findings notably contrast with the results of a previous study in female rats
showing similar elevations in plasma CORT levels following a novel stressor in chronically
stressed and control subjects when tested in the morning [35]. Such discrepancies likely are
the result of differences in the time of sampling (i.e. morning versus evening). It is also
possible that the blunted evening stress response we observed in our subjects is reflective of
the familiarity of the stressor, as acute restraint stress is one of the manipulations used in our
model. Simpkiss et al. (2003) observed a blunted ACTH response to restraint stress in CVS-
treated male rats familiar with the manipulation, but a normal response in restraint-naive
CVS-treated subjects [41]. Alternatively, research conducted in the male rat by a different
group has demonstrated a non-specific attenuation of HPA axis reactivity following CVS as
indicated by a blunted corticosterone response to novel stressors [27, 31]. Future research
will examine the effects of a novel stressor on the evening CORT response in CVS-treated
subjects and will determine whether our observed blunted response is sex-specific in the
mouse. Nonetheless, the blunted evening stress response did not occur in control animals in
our studies, suggesting that it was not simply related to the familiarity of the restraint
stressor in CVS animals.
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Paralleling their pattern of evening, stress-induced glucocorticoid secretion, CVS-treated
female mice had decreased neuronal activation in the PVVN after acute restraint, as measured
by c-Fos-/r. Although previous studies in female rodents are lacking, the nature of CVS’s
effects on stress-provoked activation of the PVN has shown inconsistencies in the male rat
CVS literature. Increased [62] and decreased [39] expression or no change [63] in c-Fos-ir
within this brain area have all been reported. Thus, the decrease in PVN neuronal activation
we observed following CVS and restraint is not unprecedented and moves us closer to
understanding the neurobiological mechanisms that drive the evening CORT response to
stress in CVS-treated females.

4.3. CVS and the morning versus evening activity of the HPA axis

We cannot exclude the possibility that the differential effects of CVS on the morning versus
evening activity of the HPA axis we observed are due to the presence versus absence of the
restraint stressor in the CVS protocols employed. Thus, our findings must be taken with the
caveat that subtle variations in the CV'S protocols could drive time-dependent differences in
the activity of the HPA axis. A previous study comparing HPA function following acute
restraint stress in CVS-treated male rats that were familiar and unfamiliar with the restraint
stressor revealed that stressor familiarity greatly influences the ACTH response [41].
However, this study also reported no differences in the CORT response to restraint in
restraint-naive versus familiar CVS-treated subjects, suggesting that restraint stressor
incorporation in the evening CVS protocol may not have altered the findings of our studies
[41]. Further studies are ultimately necessary to determine if the differences in the morning
and evening HPA activity we observed depend on whether or not the CVS paradigm
incorporates restraint stress.

In our studies, CVS seemed to dysregulate HPA axis activity in a time-dependent manner,
apparently via alterations in circadian control. This conclusion is supported by evidence of a
circadian rhythm for CORT secretion, as well as for CrA, Avp, and Of gene expression [19—
24]. Furthermore, in BALB/c male mice, CVS has been shown to elevate and phase-shift
serum CORT levels in the evening, indicating a time-dependent overactivation of the HPA
axis [64]. Specifically, peak CORT levels were observed later in the evening in CVS-treated
versus control BALB/c mice. Thus, the elevated basal evening, but not morning, CORT
levels following CV'S we observed in the present studies may reflect a similar phase shift in
serum CORT levels. Notably, Takahashi et al. (2013) did not observe elevated or altered
rhythmicity of serum CORT in C57BL/6 male mice following CVS. This discrepancy could
result from a sex difference in CVS effects on the circadian regulation of the HPA axis in
C57BL/6 mice or from differences in the durations of the CVS protocol employed. The
potentially altered CORT rhythmicity following CVS in our studies could also be a result of
sleep disruption/ deprivation, as we exposed mice to various stressors during the light cycle
for an especially prolonged period. Sleep deprivation has been shown to produce increases in
plasma ACTH and CORT levels [65], as well as a marked effect on the circadian secretion
pattern of CORT [66]. Given the apparent influence of CVS on CORT rhythmicity in our
studies, it seems likely that the circadian control of PVN neuropeptide gene expression is
similarly disrupted, but this remains to be determined.
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4.4. CVS and anxiety- and depressive-like behavior

We observed no effects of CVS on anxiety- or depressive-like behavior. While our findings
may reflect a sex difference in vulnerability to CVS in terms of behavior, they may also be
indicative of strain-specific effects on affective behavior. A study by Mineur et al. (2006)
found that while male but not female C57BL/6 mice showed increased immobility in the tail
suspension test following CVS, time in the light portion of the light/dark box was decreased
following CVS in both male and female BALB/cJ mice, but not in either sex for C57BL/6
animals [30]. Future studies utilizing both sexes are needed to thoroughly characterize the
effects of CV'S on behavioral outcomes, as well as on measures of HPA axis activity. While
our subjects were tested during the dark phase, at least two hours after the last CVS stressor,
it is also possible that behavioral testing during the light phase would have shown different
results. A study by Huynh et al. (2011) found that female rats exposed to chronic restraint
stress showed a decrease in a combined Z-score of two tests of depressive-like behavior
(forced swim test and sucrose preference test) compared with unstressed females when
tested during the light phase but not the dark phase. However, the effect of chronic stress on
depressive-like behavior in female rats was small, as no significant effect on depressive-like
behavior was found during either light phase when examining behaviors on each test
individually [67]. Since HPA axis dysfunction is also associated with cardiac and metabolic
disease, conditions linked to chronic stress exposure [68], it may be more apt to investigate
CVS exposure in female mice as a potential model for disorders outside of anxiety and
depression.

Despite the relative “stress resiliency” of C57BL/6 mice when compared with other murine
strains [69], our findings indicate that our CVS paradigm has neurobiological effects for
female C57BL/6 mice, which are well-positioned to influence the activity of the HPA axis.
The combination of CVS and behavioral testing elevated levels of OT mRNA in the female
PVN. Given the observed increase in CRH mRNA (albeit at the trend level), this
simultaneous elevation in OT mRNA may reflect an attempt to compensate for the increased
activation of CRH neurons. OT is often viewed as an inhibitor of HPA axis activity [13].
Accordingly, a previous study conducted in male rats found that intracerebroventricular
administration of OT attenuated elevated parvocellular PVN CRH mRNA levels induced by
CVS, and that PVN OT mRNA levels were negatively correlated with CRH mRNA levels
within this region [15]. Because using ddPCR precluded the analysis of magnocellular and
parvocellular regions of the PVN individually in our studies, we cannot restrict our findings
to the parvocellular PVN. Thus, our results support the possibility that CVS increases OT
mRNA in magnocellular PVVN neurons, as has previously been reported in male rats [15].
Although changes in mRNA levels do not necessarily reflect changes in neuropeptide
secretion or neurotransmission, the observed increase in PYN OT mRNA may correlate with
an increase in magnocellular OT neuronal activation and a subsequent increase in the rate of
OT secretion in and around the PVN. Consistent with this interpretation, local dendritic
release of OT has been shown to influence nearby cells in a paracrine fashion, and central
OT administration inhibits the CRH mRNA response to stress [70, 71]. However, an
upregulation of local OT release can act independently of axonal release. Consequently, our
findings may also indicate an increase in OT available to potentiate CRH-induced secretion
of ACTH at the level of the pituitary and thereby increase HPA axis activity [60, 72]. Further
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investigation of how CVS influences the highly complex relationship between PVN Crhand
Ot gene expression to alter HPA axis activity following behavioral testing is ultimately
necessary.

To avoid the potential effects of changing gonadal hormone levels across the estrous cycle,
all subjects in the present study were tested outside of the proestrous phase. Previous studies
assessing female C57BL/6 or C57BL/6J mice showed that, when tested in proestrus,
subjects showed decreased duration of immobility in the tail suspension test [73] and
increased pituitary CRH binding protein expression [74]. In the rat, higher peak ACTH and
CORT responses to stress have been reported during proestrus compared to the estrous and
diestrous phases [75]. Given the influence of estrous cyclicity on HPA axis activity and
affective behavior in the rodent, it is possible that effects of CVS on the female mouse may
be altered by the stage of the estrous cycle during which they are tested. Such estrous cycle
variations will be an important topic of future investigation, as they may ultimately explain
some sex differences found following CVS.

While a more thorough battery of behavioral tests is needed to unveil novel effects of CVS
exposure on affective behavior in the female mouse, our findings collectively suggest that
the female C57BL/6 mouse may be better suited as a model of altered HPA axis function or
of stress-associated autonomic disorders, such as metabolic and cardiovascular disease. CVS
in our studies ultimately appeared to dysregulate HPA axis activity in a time-dependent
manner, likely via alterations in the circadian control of the HPA axis. Future studies of CVS
and the circadian regulation of the HPA axis will ultimately improve our understanding of
the CVS-induced HPA dysregulation thought to increase risk for stress-related autonomic
disorders.
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Highlights
. Female mice exhibit time-dependent HPA axis dysregulation after chronic
stress
. Chronic stress alters the morning responses of hypothalamic mRNASs to acute
stress
. Chronic stress changes evening basal and acute stress-induced corticosterone
levels
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Figure 1.
Adrenal weights (% of body weight) of intact female mice exposed to six weeks of chronic

variable stress (CVS) and control subjects. Each bar represents the mean £ SEM of n=14/
group. **=p<0.001.
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Figure 2.
Morning (0900-1100 h) plasma corticosterone levels in control or chronic variable stress

(CVS)-treated female mice collected at baseline (nonstress) or 20 minutes after initiation of
restraint stress. Each bar represents the mean + SEM of n=9/group.
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Figure 3.

Morning (0900-1100 h) baseline (nonstress) and 20 minute restraint stress-induced levels of
corticotropin releasing hormone (CRH) mRNA (a), arginine vassopressin (AVP) mRNA (b),
and oxytocin (OT) mRNA (c) within the paraventricular nucleus (PVVN) of female mice
exposed to six weeks of chronic variable stress (CVS) versus control subjects. Panel d shows
morning basal and restaint induced plasma OT levels in control and CVS females. Each bar
represents the mean £ SEM of n=6-9 /group. *=p<0.05, and **=p<0.01 versus the
nonstressed group of the same treatment. ADUs= Arbitrary density units.
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Figure 4.
Evening (1700 h) plasma corticosterone levels after 20 minutes of restraint stress compared

to nonstress values in chronic variable stress (CVS) and control females. Each bar represents
the mean + SEM of n=6-8 p/group. *=p<0.05 for control versus CVS females within each
treatment group. a=p<0.01 for CVS nonstress verus CVS stress females.
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Figure 5.
Evening c-Fos immunoreactivity (fos-/7) after acute restraint stress starting at 1700 h is

reduced in the paraventricular nucleus (PVN) of female chronic variable stress (CVS)-
treated subjects. a) Cells counts represent a single hemisphere of the PVN, averaged across
3-6 images encompassing the anterior and mid subregions. Each bar represents the mean +
SEM of 8 subjects per group. b) Photomicrographs show representative examples of fos-ir
neurons in the PVN. 3V= 3" ventricle. Calibration bar = 50 nm. ****= p<0.0001.
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Figure 6.
Evening (1600-1800 h) levels of oxytocin (OT) mRNA within the paraventricular nucleus

(PVN) of female mice exposed to six weeks of chronic variable stress (CVS) and control
subjects who all underwent testing for anxiety- and depressive-like behavior. Each bar
represents the mean + SEM of n=6 /group. *=p<0.05.
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