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Abstract

Background: Trauma related psychiatric disorders, such as posttraumatic stress
disorder (PTSD), and alcohol use disorder (AUD) are highly comorbid illnesses that
separately present an opposing, sex-specific pattern, with increased prevalence of
PTSD in females and increased prevalence of AUD diagnoses in males. Likewise,
PTSD is a risk factor in the development of AUD, with conflicting data on the impact of
sex in the comorbid development of both disorders. Because the likelihood of
experiencing more than one traumatic event is high, we aim to utilize chronic repeated
predatory stress (CRPS) to query the extent to which sex interacts with CRPS to

influence alcohol consumption, or cessation of consumption.

Methods: Male (n=16) and female (n=15) C57BL/6J mice underwent CRPS or daily
handling for two weeks during adolescence (P35-P49) and two weeks during adulthood
(P65-P79). Following the conclusion of two rounds of repeated stress, behavior was
assessed in the open field. Mice subsequently underwent a two-bottle choice
intermittent ethanol access (IEA) assessment (P90-131) with the options of 20% ethanol
or water. After establishing drinking behavior, increasing concentrations of quinine were

added to the ethanol to assess the drinking response to adulteration of the alcohol.

Results: CRPS increased fecal corticosterone concentrations and anxiety-like
behaviors in the open field in both male and female mice as compared to control mice
that had not been exposed to CRPS. Consistent with previous reports, we observed a
sex difference in alcohol consumption such that females consumed more ethanol per
gram of body mass than males. In addition, CRPS reduced alcohol aversion in male

mice such that higher concentrations of quinine were necessary to reduce alcohol
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intake as compared to control mice. CRPS did not alter alcohol-related behaviors in

female mice.

Conclusion: Collectively, we demonstrate that repeated CRPS can induce anxiety-like
behavior in both sexes but selectively influences the response to ethanol adulteration in

males.

Keywords: alcohol, adolescence, stress, anxiety, sex difference, chronic stress


https://doi.org/10.1101/677146
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/677146; this version posted November 17, 2019. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available
under aCC-BY-NC-ND 4.0 International license.

1. Introduction

Traumatic events are highly prevalent, with upwards of 70% of adults worldwide
reporting a history of exposure to at least one type of trauma [1] and exposure to serial
traumas occuring in as much as 85% of inner city populations [2]. Exposure to trauma
increases risk for a number of psychiatric disorders across the internalizing spectrum,
including posttraumatic stress disorder (PTSD) [3]. A wealth of data underscore the
cumulative effect of trauma, such that higher trauma load across the lifespan is
associated with increased risk of psychopathology and severity of
symptoms/impairment [4]. Traumatic life events are also associated with increased risk
for aberrant drinking and alcohol use disorder (AUD) [5—11], particularly among those
with PTSD [12-15]. Given the public health burden of trauma and resulting
psychopathology, as well as the clinical importance of comorbid PTSD-AUD (e.qg.,
worse treatment prognosis, increased risk for suicide) [16—20] there exists a need for
preclinical models that represent repetitive and complex stress exposures to better

understand disease etiology.

The link between mood disorders and ethanol consumption is well studied, with
the understanding that prior stress may exacerbate excessive ethanol consumption [21—
23]. This connection may be strengthened by the antidepressant effects of ethanol, with
its consumption acting as a mechanism of self-medication to mitigate the unwanted
psychological effects of stress [24—26]. Early life and adult stress influences the
development of alcohol use disorder [27—-31], but few studies have considered the
potential sex differences in these effects using preclinical models. In regard to mood

disorders and alcohol use disorder, males and females exhibit differences in
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prevalence, with males exhibiting a nearly two fold increased rate of alcohol disorders
compared to females [9,32] and females with higher incidences of mood disorders,
namely PTSD, such that the prevalence is twice that of males [32-37]. However,
studies of comorbidity between PTSD and AUD are inconclusive with regard to sex
differences [22]. In order to provide a basis for future mechanistic studies, the current
study examined the potential for sex differences to manifest in the phenotypic outcome
of a complex repetitive stressor that occurred over two life phases. The goal was not to
establish the relative contributions of stress during either individual life phase, but rather
to determine the behavioral phenotype following multiple life phase exposures to

chronic repeated predatory stress (CRPS) in both sexes.

2. Methods

2.1 Animals

Juvenile C57BL/6J mice (n = 7-8/group) were purchased from the Jackson
Laboratory (Bar Harbor, ME, USA) and arrived at our facilities on postnatal day 22
(Figure 1A). Temperature and humidity was maintained at 21°C (x 1°C) and 47%-66%
respectively. Mice were pair housed in ventilated rack cages with a sex-matched cage
mate in an AAALAC-approved facility. All mice were kept on a 12:12 light:dark cycle
(lights on at 0600) with water and Teklad LM-485 7012 standard rodent chow (Envigo,
Madison, WI, USA) provided ad libitum. On postnatal day 35, mice were randomly
assigned into one of two groups (CRPS (male: n= 8, female: n = 7) vs. control (male: n
= 8, female: n = 7, Figure 1B)). All animal protocols were approved by Virginia

Commonwealth University’s Animal Care and Use Committee. All studies were carried
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out in accordance with the National Institute of Health Guide for the Care and Use of

Laboratory Animals.

2.2 Chronic Repeated Predatory Stress (CRPS)

As previously described [38-40], predatory stress was completed daily for a total
of fifteen days in adolescence (post-natal day [PND] 35-49) and fifteen days in
adulthood (PND 65-79) (Figure 1A). Stress during adolescence is well-documented to
cause long-lasting changes in physiology and behavior [38,40-50] and repeated
exposures to trauma are pervasive in populations at high risk for trauma-related
pathophysiology [2]. Consistent with previous publications [38—40], predatory stress was
comprised of a thirty-minute exposure of the mice to a Long Evans rat. All Long Evans
rats were retired male breeders, restricted to 15g rodent chow per day, and had
reduced cage changes from twice to once a week throughout the duration of the stress
to increase aggression. During their light cycle, mice were placed in a dwarf hamster
ball measuring five inches in diameter and then placed in the home cage of the rat

(Lee’s Agquarium & Pet Products, San Marcos, CA, USA, Cat. #20198 and #20193).
2.3 Fecal corticosterone assessment

Fecal boli were collected during the study (Figure 1A) in order to assess
alterations in corticosterone concentrations. Collections were obtained on PND 49,
following either the 15" exposure to stress or 15" exposure to handling, and PND 79,
following the 30™ exposure to stress or the 30" exposure to handling. All collections
occurred during the light cycle a minimum of two hours prior to the onset of the dark

cycle. Mice were briefly placed in an empty mouse cage that had been cleaned with


https://doi.org/10.1101/677146
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/677146; this version posted November 17, 2019. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available
under aCC-BY-NC-ND 4.0 International license.

70% ethanol. Mice remained in the cage for approximately two minutes per collection.
Two fecal boli per mouse were collected using a clean, irradiated wooden toothpick,
placed in a clean 2.0mL micro centrifuge tube. Freshly collected fecal boli were stored
on dry ice for transport and moved to a -80°C freezer for long term storage. Fecal
samples were processed according to methods described in Bardi et al., 2011 [51].
Samples were thawed for one hour at room temperature preceding corticosterone
assessment. Thawed fecal samples were weighed and collected in glass test tubes with
500uL of 100% methanol per 45mg fecal coli. Methanol volume was scaled
proportionally to the weight of fecal matter collected. Glass tubes were covered in
Parafilm, vortexed for approximately 30s to homogenize the sample, and centrifuged at
2500xg for 10 minutes at 23°C. The supernatant was removed and diluted 1:20 in assay
buffer included in the Enzo Corticosterone ELISA kit (Cat. No. ADI-901-097). Assay was
completed in duplicate according to manufacturer’s instructions. Plate was read at both
405nm and 535nm using an automated plate reader to determine concentration of

metabolized corticosterone at each time point.

2.4 Estrus Assessment

On postnatal day 79, estrus was measured in all female mice using a visual
assessment based on the characterization found in Byers et al., 2012 [52]. Estrus
tracking continued daily throughout behavioral assessments. Males were handled in a

similar fashion to mitigate the confound of differential handling between the sexes.
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2.5 Open Field Test

The open field test was used to evaluate both locomotor activity and anxiety-like
behavior [53-55]. Testing was conducted at least three days after the final stressor
using methods similar to those previously described [38]. Equal numbers of mice from
each group were assessed on each of the testing days. Each mouse was only assessed
one time. Three to four hours into their light cycle, mice were placed in a 13.5” x 13.5”
white bottom polyethylene square box with 16” high white walls and permitted to explore
for ten minutes. Activity was recorded using an overhead camera, and metrics were
assessed using EthoVision XT13 Software (Noldus Technologies, Leesburg, VA, USA).
Percentage of time spent in the center of the arena, velocity, percent of total time spent

moving, and total distance traveled were assessed.

2.6 Intermittent Ethanol Access (IEA)

Eight days after the last CRPS exposure, mice were transferred from ventilated
rack cages to static home cages in preparation for ethanol assessments. Mice were
given three days (PND 87-89) to habituate to their new cage. All mice were individually
housed to ensure accuracy in assessment of drinking volumes. Two bottle choice
intermittent ethanol exposure was executed as described [56]. Over the course of four
weeks, mice were given a choice between 20% (v/v) ethanol made from 100% ethanol
and tap water, or unaltered tap water in sipper tubes, constructed from 10mL serological
pipettes and fitted with metal ball-bearing sipper tubes. All mice were given access to
water or 20% ethanol three days a week, every Mon-Wed-Fri, ad libitum, on a twenty-
four hour on/off cycle, one to two hours before their dark cycle [57]. Starting and ending

volumes were noted and used to determine consumption during the twenty-four-hour
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time period. Sipper tube volumes, not weights, were used to assess fluid consumption
and to remove the confound of fluid loss due to the removal of the tubes from the cage.
Two empty control cages were used to assess fluid loss due to leaking and evaporation
of both water and 20% ethanol. Starting and ending volumes of the tubes in the control
cages were noted during each twenty-four hour time period, averaged, and subtracted

from the consumption values in each mouse cage.

2.8 Quinine Exposure (QuiA)

To determine if aversion-resistant alcohol drinking was present, quinine, a bitter
tastant, was incorporated into the 20% ethanol as previously described [57]. Quinine
exposure is commonly used to determine aversion-resistant drinking behavior, as it
produces a negative effect linked to ethanol consumption, a defining factor of the
human definition of AUD [57]. Increasing concentrations of quinine were added into
20% ethanol, at the concentrations of 5mg/L, 10mg/L, 50mg/L, 100mg/L, 150mg/L, and
200mg/L over the course of twelve days. Mice were given twenty-four hours to consume
either water or 20% ethanol with the specified concentration of quinine in the same two-
bottle choice model described above. Methods to assess ethanol-quinine consumption

and preference were measured identically to the initial IEA measurements.

2.9 Statistical analysis

GraphPad Prism 8.0.2 for Windows (GraphPad Software, La Jolla, CA) was used
for assessment of all subsequent analyses. An alpha value of 0.05 was used in all
cases. Fecal corticosterone data were analyzed using a repeated measures three-way

ANOVA with the factors of time, sex, and stress. Behavioral data were analyzed using a
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two-way ANOVA with the factors of sex and stress. Significant interactions were further
assessed using Tukey’s post hoc analysis. Consistent with a significant sex difference
in ethanol consumption reported throughout the literature for C57BL/6J mice [58-60],
IEA data were analyzed first using a three-way repeated measures ANOVA with the
factors time, sex, and stress. Follow up analyses were separated between male and
female and run using a two-way repeated measures ANOVA with the factors time and
stress to determine 20% ethanol intake by volume, ethanol preference, or total fluid
volume consumed. When interactions were present, post hoc analyses were completed

using Tukey’s post hoc analysis.
3. Results
3.1 Fecal corticosterone

Exposure to CRPS increased corticosterone concentrations, as compared to
handled controls (F, 27y = 26.37, p < 0.0001; Figure 2). In addition, corticosterone
concentrations were higher in female than male mice (F, 27= 13.15, p = 0.0012). There
was no effect of time on corticosterone concentrations such that values were similar

within each group between PND 49 and PND 79 (p > 0.05).
3.2 Open Field

Exposure to CRPS reduced overall time in the center of the arena (F,27) = 8.780;
p = 0.0063, Figure 3A) when compared to the non-stressed controls. There was no
effect of sex on time spent in the center of the arena (p > 0.05). Mice with a history of
CRPS displayed signs of hyperactivity, as these mice spent more time moving (F,27) =

18.47, p = 0.0002), covered a greater distance (F(,27 = 15.22, p = 0.0006), and moved
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at a higher speed (F,27) = 14.54, p = 0.0007) than non-stressed control mice (Figure
3B-D). Three of the seven female mice with a history of CRPS were in estrus during the
time of the open field assessment. Pearson’s correlation analysis showed no significant
effect of estrus stage in open-field performance within this group (p > 0.05). No non-

stressed control females were in estrus at the time of testing.
3.4 Intermittent Ethanol Access

As expected with the IEA model and consistent with the literature, the mice
significantly increased their ethanol consumption (Fs.711, 154.2) = 21.51, p < 0.0001,
Figure 4A) and preference (Fa.691, 126.7) = 13.77, p < 0.0001; Figure 4B) over time (Hwa
et al., 2011). Female mice consumed more alcohol (adjusted for body mass) than male
mice (Fqa27) = 43.87, p < 0.0001), as expected based on previous work [60]. A history of
CRPS did not significantly increase either alcohol consumption (p > 0.05) or preference
for the 20% alcohol solution (p > 0.05). Although total fluid intake differed by sex (F,27
=37.71, p <0.0001) and time (Fq1, 207) = 19.41, p < 0.0001), consistent with the sex
difference in consumption reported above, previous exposure to CRPS did not alter total
fluid intake (p > 0.05), suggesting differences in ethanol intake and preference are not

due to differences in total fluid intake following CRPS exposure (data not shown).
3.5 Quinine

Exposure to CRPS delayed the impact of quinine adulteration (QuiA) on alcohol
intake such that higher concentrations of quinine were necessary to reduce drinking
behaviors (main effect of time: F(a.368,117.9) = 126.6, p < 0.0001). Sex (F(127) = 11.62, p =

0.0021), but not CRPS (p > 0.05), influenced intake following quinine adulteration
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(Figure 4C). The impact of sex on intake after quinine adulteration was specific to the
male groups (F(1,14) = 6.448, p = 0.0236). Males with a history of CRPS consumed more
guinine adulterated ethanol than non-stressed males. Preference for quinine-
adulterated ethanol (Figure 4D) was impacted by sex (F,27 =5.792, p = 0.0232), an
interaction between sex and CRPS (F(127) = 6.889, p = 0.0141) and an interaction
between quinine concentration, sex, and CRPS (F,162) = 2.752, p = 0.0142). Follow up
analyses in males demonstrated that there was a main effect of CRPS (F(,14) = 8.406, p
= 0.0117) and a significant interaction between quinine dose and CRPS (Fg4) = 2.438,
p = 0.0320) on preference. Non-stressed males consumed significantly less quinine
laced ethanol when quinine levels reached 100mg/L (p = 0.0133) compared to baseline;
whereas, males with a history of CRPS did not significantly decrease consumption until
quinine levels reached 200mg/L (p = 0.0049). There was no significant difference in
ethanol consumption or preference between females regardless of CRPS background

(p > 0.05) or non-stressed control male and female mice (p > 0.05).
4. Discussion

CRPS exposure precipitates resistance to quinine adulteration of ethanol in male,
but not female, mice. Although drinking behavior was only impacted in males with a
history of CRPS, both males and females exhibited behavioral and neuroendocrine
alterations in response to the repeated predatory stressor exposures demonstrating that
both sexes were impacted by the stressors and suggesting that males may be

selectively sensitive to stress effects on ethanol-related behaviors.

One of the hallmarks of AUD is the continuance of drinking despite pervasive

negative consequences [57,62]. In order to assess conflict-resistant alcohol
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consumption we used the previously established method of adulteration of the ethanol
solution with quinine, a bitter tastant [63]. Despite similar impacts on anxiety-like
behavior, the effects of CRPS on ethanol consumption were disproportionately
represented in male mice. Although control males, and females regardless of stress
history, reduced QuiA consumption, similar to a previous report of no impact of sex on
QUuIA consumption [64], male mice that had a history of CRPS demonstrated conflict-
resistant alcohol drinking. Most remarkably, a history of CRPS caused male mice to be
resistant to QuiA such that they continued preferentially choosing to consume the 20%
ethanol solution over water until 2x the quinine was added to the solution that was
necessary to dissuade drinking in male controls. A similar effect has been demonstrated
previously through the use of repeated cycles of alcohol exposure [65] but has not been
reported following a chronic stress paradigm in mice. However, similar effects of
exposure to a predator stimulus have been reported to increase compulsive-like
drinking of QuIA in a subset of male rats, suggesting that the impact of predatory stress
may generalize across species [21]. This disassociation in anxiety-like behavior and
ethanol consumption behaviors may provide a model system in which to assess the
neural underpinnings of CRPS exposure on alcohol behaviors with high translational
potential given the role of drinking despite consequences and impairment as a cardinal

symptom of AUD.

The utilization of this CRPS model to induce stress not only produces robust,
long lasting effects in mice, but also, due to the nature of the stressor, is less likely to
give rise to sex-specific differences in affective-like behaviors, unlike other models of

predation stress, such as predator odor [66,67]. The data presented in this manuscript
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extend previous findings [38—40] to demonstrate that predation stress beginning in
adolescence alters anxiety-like behaviors in both male and female mice. Importantly,
the behavioral assessments reported here were conducted prior to ethanol consumption
and do not reflect an impact of ethanol intoxication or withdrawal [68]. The model of
CRPS provides a system in which divergences in manifestation of the consequences of
a history of chronic stress exposure can be evaluated as both sexes demonstrate a

measurable physiological and behavioral change in response to the exposures.

In summary, these data demonstrate that CRPS increases corticosterone
concentrations in male and female mice. Moreover, a history of CRPS increases
behaviors consistent with an anxiety-like phenotype in both males and females. Despite
the similarities in behaviors and neuroendocrine function in both sexes, only male mice
with a history of CRPS exhibited resistance to quinine adulteration, which was not
observed in females. Mechanistic insight into sex differences in alcohol behaviors may
be gained by analysis of the neural underpinnings of the phenotypic differences

reported here.
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6. Figures:

Figure 1. Experimental Design and Timeline.

A) Experimental timeline. B) 31 mice were used in this experiment, 16 males and 15
females. Each sex was separated equally into non stress and chronic repeated
predatory stress (CRPS) groups. Mice subject to CRPS were chosen at random at PND

35 before the beginning of CRPS.

Figure 2: CRPS Increases Corticosterone Concentrations. Corticosterone
concentrations collected following the 15" (PND 49) and 30" (PND 79) exposure to
handling (control) or chronic repeated predatory stress (CRPS group) were collected
from fecal boli. Corticosterone concentrations were higher in the CRPS groups of both
sexes at both timepoints and females had higher corticosterone concentrations in fecal
boli than males. Reported values depict mean = SEM. #p = 0.06, **p < 0.01, ***p <

0.0001.

Figure 3: CRPS increases anxiety-like behaviors in the open field test.

A) Chronic repeated predatory stress (CRPS) decreased time spent in the center
regardless of sex when compared to controls. B-D) Likewise, a history of CRPS
increased locomotor activity in the open field. Reported values depict mean + SEM. *p <

0.05, **p < 0.01, ***p < 0.001.

Figure 4: CRPS does not alter alcohol intake.
A) Baseline ethanol intake by weight shows a sex difference between ethanol
consumption (p < 0.0001), with females consuming more ethanol by weight than males

regardless of chronic repeated predatory stress (CRPS) history. B) There were no
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baseline difference in ethanol preference in terms of sex or CRPS history. C) Males with
a history of CRPS consumed more quinine adulterated ethanol than male controls.
Within females, there was no significant difference in quinine adulterated ethanol
consumption between the CRPS backgrounds. D) Males with a history of CRPS had a
higher quinine adulterated 20% ethanol preference than control males. Control males
significantly decreased quinine adulterated ethanol consumption at 100mg/L quinine;
whereas, males with a history of CRPS significantly decreased at 200mg/L quinine
adulterated ethanol. Within females, there was no significant difference in quinine
adulterated ethanol preference between the controls and mice with a history of CRPS.

Reported values depict mean + SEM. *p < 0.05, **p < 0.01, **p < 0.001, ****p < 0.0001.
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