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Abstract

Alcohol use disorders (AUDs) are characterized by repeated episodes of binge drinking. Based

on reports that exposure to predator odor stress (PS) consistently increases ethanol intake, the
present studies examined whether prior binge drinking differentially altered responsivity to PS
and subsequent ethanol intake in male and female mice, when compared to mice without prior
binge exposure. Initial studies in naive male and female C57BL/6J mice confirmed that 30 min
exposure to dirty rat bedding significantly increased plasma corticosterone (CORT) levels and
anxiety-related behavior, justifying the use of dirty rat bedding as PS in the subsequent drinking
studies. Next, separate groups of male and female C57BL/6J mice received 7 binge ethanol
sessions (binge) or drank water (controls), followed by a 1 month period of abstinence. Then,
2-bottle choice ethanol intake (10% or 10E versus water, 23 h/day) was measured in lickometer
chambers for 4 weeks. After baseline intake stabilized, exposure to intermittent PS (2X/week X

2 weeks) significantly enhanced ethanol intake after the 2" PS in male, but not female, binge
mice versus baseline and versus the increase in controls. However in a subgroup of females (with
low baselines), PS produced a similar increase in 10E intake in control and binge mice versus
baseline. Analysis of lick behavior determined that the enhanced 10E intake in binge male mice
and in the female low baseline subgroup was associated with a significant increase in 10E bout
frequency and 10E licks throughout the circadian dark phase. Thus, PS significantly increased 10E
intake and had a synergistic interaction with prior binge drinking in males, whereas PS produced
a similar significant increase in 10E intake in the low baseline subgroup of binge and control
females. Plasma CORT levels were increased significantly in both binge and control animals after
PS. CORT levels at 24 h withdrawal from daily 10E intake were highest in the groups with
elevated 10E licks (i.e., binge males and control females). At 24 h withdrawal, protein levels of
GABA receptor a1l subunit, corticotropin releasing factor receptor 1, and glucocorticoid receptor
in prefrontal cortex (PFC) and hippocampus (HC) were differentially altered in the male and
female mice versus levels in separate groups of age-matched naive mice, with more changes in HC
than in PFC and in females than in males. Importantly, the sexually divergent changes in protein
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levels in PFC and HC add to evidence for sex differences in the neurochemical systems influenced
by stress and binge drinking and argue for sex-specific pharmacological strategies to treat AUD.
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Introduction

Alcohol use disorders (AUDs) are characterized by repeated episodes of binge drinking,
which is a pattern of drinking that brings blood alcohol (ethanol) concentration (BEC) = 80
mg% (i.e., 80 mg/dL or 0.80 mg/mL). Notably, a history of binge drinking can be a strong
predictor of subsequent ethanol dependence (Hingson et al., 2006). Excessive ethanol use
is the 41" leading preventable cause of death in the US, but globally, it accounts for 5.9%
of all deaths (~ 3.3 million in 2012) and is the leading risk factor for premature death and
disability among people between the ages of 15 and 49 (NIAAA, 2017).

The experience of stress may represent a risk factor that shifts ethanol consumption from
recreational to excessive (see Becker et al., 2011; Chester et al., 2006; Gilpin & Weiner,
2017; Lynch et al., 1999; Sillaber & Henniger, 2004 and references therein). Human studies
document a link between ethanol consumption and stress, with higher levels of consumption
in those individuals that experience higher levels of stress (reviewed in Keyes et al., 2012).
In rodent animal models, exposure to stress during early development produces a consistent
increase in ethanol consumption in adulthood (see Campbell et al., 2009 and references
therein). Results are more variable regarding the effects of various stressors in adolescent
and adult animals on ethanol self-administration when tested during adulthood (e.g., Becker
etal., 2011; Brunell & Spear, 2005; Chester et al., 2004, 2006, 2008; Doremus et al., 2005;
Lynch et al., 1999; Sillaber & Henniger, 2004; Tambour et al., 2008). However, recent work
found that exposure to predator odor stress (PS) increases subsequent ethanol intake in male
and female mice and male rats (Cozzoli et al., 2014; Edwards et al., 2013; Manjoch et

al., 2016; Roltsch et al., 2014). Exposure to various forms of PS also increases thermal
nociception, startle reactivity, and anxiety-related behaviors in ethanol naive rats and mice
(Belzung et al., 2001; Cohen & Zohar, 2004; Cohen et al., 2008; Gilpin & Weiner, 2017;
Hebb et al., 2003; Roltsch et al., 2014; Whitaker & Gilpin, 2015), suggesting that a high
arousal and anxiety state may contribute to the PS-induced increase in subsequent ethanol
intake. One hallmark of PS is that behavioral and neuroendocrine responses to repeated

PS exposure often lead to sensitization rather than habituation, similar to what occurs

with post-traumatic stress disorder (PTSD; Staples, 2010). As a result, exposure to PS is
considered a traumatic stress, and it is used as a model of PTSD (reviewed in Cohen &
Zohar, 2004; Dielenberg & McGregor, 2001; Gilpin & Weiner, 2017; Matar et al, 2013).

PTSD is now classified as a trauma- or stressor-related disorder, and several studies
document an association between PTSD and the development of an AUD (reviewed in
Gilpin & Weiner, 2017). While PTSD symptoms may precede the onset of AUD (Gilpin
& Weiner, 2017), the prevalence of AUD among those with PTSD is estimated at 28%
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for women and 52% for men (Norman et al., 2012). In general, comorbid PTSD/AUD

is associated with greater psychological distress, diminished social functioning, poorer
treatment response, more frequent hospitalizations, more physical health problems, and
increased AUD-related problems than with either disorder alone (Norman et al., 2012).
Thus, PTSD symptoms appear to promote excessive ethanol drinking, whereas ethanol abuse
worsens PTSD symptoms. This comorbidity negatively influences recovery prognosis and
effective pharmacotherapeutic strategies.

Stress activates the hypothalamic-pituitary-adrenal (HPA) axis, and abnormalities in the
HPA axis are observed in both AUD and PTSD, suggesting that the overlap in HPA
involvement may constitute a neurobiological mechanism underlying the comorbidity

of these disorders (Gilpin & Weiner, 2017; Norman et al., 2012). For example, some
individuals with PTSD have an increased number and sensitivity of glucocorticoid receptors
(GRs), enhanced negative feedback of the HPA axis, and elevated corticotropin releasing
factor (CRF) levels in cerebrospinal fluid (Pittman et al., 2012; Zoladz & Diamond, 2013).
Using the PS model of PTSD, exposure to PS significantly increased plasma corticosterone
(CORT) and adrenocorticotropic hormone (ACTH) levels in male and female rodents
(Cozzoli et al., 2014; Whitaker & Gilpin, 2015), with a greater increase in female versus (vs)
male mice (Cozzoli et al., 2014) and a greater increase in “Avoider” rats with a high anxiety
phenotype (Whitaker & Gilpin, 2015). CRF peptide levels also were elevated significantly
following PS in the central nucleus of the amygdala and the ventromedial prefrontal cortex
(vmPFC) of these rats (Itoga et al., 2016; Schreiber et al., 2017). Thus, PS produces similar
changes in HPA axis responsivity as seen in PTSD, supporting the suggestion that PS may
be used to model PTSD in rodent studies.

There are sex differences in HPA axis responsivity to stress and in CRF receptor 1 (CRF-R1)
signaling, which may influence susceptibility to PTSD and AUD. Epidemiological studies
indicate that lifetime prevalence of PTSD is twice as high in females as in males (11% vs
5.4%; 9.7% vs 3.6%, respectively; Bangasser & Valentino, 2014; Kilpatrick et al., 2013;
Valentino et al., 2013a). Using animal models, sex differences in the coupling of CRF-R1
with second messenger cascades render females more responsive to acute stress and less
able to adapt to chronic stress as a result of compromised CRF-R1 internalization (Valentino
et al., 2013a, 2013b). In female rats, the decreased ability of CRF-R1 to associate with p-
arrestin 2 results in less internalization of CRF-R1 and biased signaling through stimulatory
G-protein (Gs) and protein kinase A pathways following stress in locus coeruleus (LC)
neurons. In male rats, stress promotes a greater association of CRF-R1 with B-arrestin 2,
facilitating internalization of CRF-R1 in LC neurons and a bias toward signaling through
B-arrestin 2 (i.e., Gs independent). These sex differences in CRF-R1 signaling, which are
unrelated to adult hormone status of male or females, have a functional influence on LC
neurons, with the magnitude of LC activation by stress being greater in female vs male rats
(Valentino et al., 2013a, 2013b). Thus, mechanisms underlying the PS-associated increase in
ethanol intake likely differ in males and females.

Despite the comorbidity of AUD and PTSD in humans, few studies have examined the
possibility that binge ethanol exposure could accentuate the physiological and behavioral
effects of stress. We contend that prior binge ethanol drinking is a risk factor that interacts
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with stress to augment subsequent ethanol drinking behavior. To test this assertion, initial
studies in naive male and female C57BL/6J mice confirmed that 30 min exposure to

dirty rat bedding significantly increased plasma CORT levels and anxiety-related behavior,
which provided a rationale for the use of dirty rat bedding as PS in the current studies.
Then, the subsequent drinking studies examined whether prior binge drinking differentially
altered responsivity to intermittent PS and subsequent ethanol intake in adult male and
female C57BL/6J mice, when compared to mice without previous binge ethanol exposure.
Accompanying changes in levels of select proteins in the PFC and hippocampus (HC)

also were examined and compared with levels in a separate group of age-matched naive
mice to explore neurochemical responses following prior binge drinking and intermittent PS
exposure. The proteins examined were related to HPA axis and stress (CRF-R1 and GR, see
above) and a -y-aminobutyric acida receptor (GABAAR) subunit that is the most prominent
subtype in the adult brain and is important in ethanol dependence (GABAAR al subunit;
reviewed in Kumar et al., 2009) and that exhibits sex differences following chronic ethanol
administration (Devaud et al., 1998). We predicted that prior binge ethanol drinking would
differentially alter subsequent ethanol intake and the pattern of changes in protein levels in
male and female mice.

Materials and Methods

Animals and General Procedure

Adult male and female C57BL/6J mice were purchased from Jackson Laboratories West
(Sacramento, CA) at 8 weeks of age, and each sex was tested in a separate study. Upon
arrival mice were group housed, and acclimated to a regular 12 h light/dark cycle (lights off
at 1900) in a temperature (22 + 2°C) and humidity controlled environment. Rodent chow
(Labdiet 5001 rodent diet; PMI International, Richmond IN) and water were available ad
libitum, with the exception of the mild fluid restriction during the Scheduled High Alcohol
Consumption (SHAC) procedure for binge drinking (see below). Animals were 10 weeks
old at the start of the study and were individually housed throughout the experiments

with nestlets. See Table 1 for Experimental Timeline. For the SHAC procedure, mice (15/
treatment/sex) had 7 binge drinking sessions every 3 day (binge group) or consumed water
(control group). During the one month period of abstinence (after binge drinking and prior
to lickometer drinking), mice were acclimated to a 12 h reverse light/dark cycle (lights off
at 1100) and to consuming food and water in lickometer chambers (see below) during the
final week of abstinence. Due to the number of lickometer chambers available (n=24), group
size was 12/treatment/sex for the lickometer portion of the study. After measuring water
intake for 1 week, ethanol intake (10% v/v ethanol in tap water, 10E vs water; 23 h/day) was
measured in lickometer chambers for approximately 4 weeks, with exposure to intermittent
PS during weeks 2 and 3 (Table 1). Mice were euthanized 24 h after the final lickometer
drinking session with brains rapidly removed, quickly frozen over dry ice, and then stored at
—-80°C for Western Blot analysis. Brains from naive animals of a similar age were collected
and used for comparisons in the Western Blot analysis. All procedures complied with the
National Institutes of Health Guidelines for the Care and Use of Laboratory Animals and
were conducted under Institutional Animal Care and Use Committee approved protocols.
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SHAC procedure

The SHAC procedure was used to model binge drinking, as we have shown that scheduling
periods of fluid access produces consistent and high ethanol intake in male and female mice
(= 2 g/kg in 30 min) and BECs = 100 mg/dL (or 1.0 mg/mL), which exceeds the NIAAA
criteria for binge drinking (e.g., Cozzoli et al., 2016; Finn et al., 2005; Strong et al., 2010;
Tanchuck et al., 2011). Mice in the “binge” groups received 7 binge ethanol sessions for

30 min/session (single bottle with a 5% v/v ethanol solution in tap water) every 3'd day,
with water consumption the remainder of the time. Retro-orbital sinus blood (20 uL) was
collected immediately following the 7t binge session and analyzed for ethanol content via
headspace gas chromatography (Finn et al., 2007). Mice in the “control” groups received the
same schedule of fluid access but drank only tap water.

Lickometer drinking procedure

During the final week of the 30 day ethanol abstinence period following the SHAC
procedure, all animals were habituated to consuming tap water and food in lickometer
chambers (see Ford et al., 2005; Ramaker et al., 2015). Briefly, each lickometer chamber
was a 4-walled Plexiglas insert (7 x 4 x 7 in) that contained two holes where the sippers

of the drinking tubes entered the cage. The insert was positioned on an elevated wire grid
floor inside a mouse shoebox cage with bedding. All mice had access to a bottle containing
10E and one containing tap water for 23 h/day for approximately 4 weeks. The 23 h period
of access to 10E and water began approximately 30 min prior to lights off. Intake was
measured 7 days/week. The first week of 10E intake represented baseline. During the next
2 weeks, mice were exposed to PS (see below) during the 1 h period prior to the next
measurement of 23 h 10E intake. Post-stress intake was measured during week 4 (Table 1).

Drinking patterns (10E vs water) were monitored with lickometer circuits (Med Associates,
Inc., St. Albans, VT) that were attached to each fluid sipper and that recorded time-stamped
licks for each mouse and each fluid presented. Based on our prior work indicating that 10E
licks and g/kg ethanol intake are highly correlated when hourly intake was measured over 24
h (r=0.694, p<0.01, n=24; Figure 1 in Ramaker et al., 2011), only 10E licks were recorded
and analyzed. After the measurement of 10E intake on day 24, the 10E tube was removed
for a 24 h period of withdrawal (i.e., mice drank only water), followed by euthanasia on day
25.

PS exposure

Mice were exposed to dirty rat bedding for 30 min on Tuesday and Friday of the stress
weeks (i.e., 2X/week x 2 weeks) at approximately 1 h prior to lights off. Briefly, mice

were removed from their lickometer chambers, placed into a clean polycarbonate cage (28
x 18 x 13 in) with Ecofresh bedding, and transported to the procedure room. Then, mice
were placed into another polycarbonate cage of the same size filled with soiled rat bedding
that had been obtained from male and female rat cages after the rats had been housed in
their cages for 1 week (Cozzoli et al., 2014). Immediately following the 15t and 4t PS,

tail blood samples (~ 20 pL) were collected for subsequent plasma CORT measurements

in 5 uL plasma with a commercially available 1251 radioimmunoassay kit (ImmuChem
Double Antibody Corticosterone for rodents; MP Biomedicals, Santa Ana, CA), as recently
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described (Cozzoli et al., 2014). In a separate group of naive male and female mice,
tail blood samples were collected after the 15t and 3™ PS for subsequent plasma CORT
measurements (Table 1).

Elevated plus maze (EPM) test

Anxiety-related behavior was tested in separate groups of naive adult male and female
C57BL/6J mice following 1 or 2 exposures to PS for 30 min or following no PS exposure
(Table 1). Mice were moved to a separate room for the EPM test and allowed to habituate to
that room for at least 1 h. The EPM test was conducted at 2 — 2.5 h post-PS in a dimly lit
room (21 lux). Mice were placed on the center of the EPM for a 5 min test. Open and closed
arm entries and time were recorded.

Western blot analysis of relative brain protein levels

Immunoblotting was performed on PFC and HC tissue that was dissected from mouse brains
obtained from the binge and control groups and from age matched naive mice. Tissue

was homogenized, and a total particulate fraction was collected by centrifugation. Protein
concentrations for each tissue were determined using the Thermo Scientific (Rockport, IL)
BCA procedure. Sample homogenates (20 pg protein/sample) were diluted with sample
loading buffer (Bio Rad, Hercules, CA), denatured for 3 min and then separated using a
10-well 4-15% Tris-glycine gel in a Bio Rad Western Blot apparatus. Most gels had 3
naive, 3 control and 3 binge samples from the same tissue and sex (i.e., male PFC) for
within-blot comparisons. After separation, proteins were transferred to PVDF membranes
(Bio Rad immuno-blot PVVDF). Blots were incubated with selected antibodies: CRF-R1
(1:400) or GR (1:50) (Thermo Scientific) and the GABAAR al subunit (1:200) or the
housekeeping protein, p-actin (1:500) (Santa Cruz Biotechnologies, Dallas TX), followed
by incubation with the appropriate HRP-conjugated secondary antibody (1:8000). Blots
were then incubated in chemiluminescent substrate (HyGlo, Denville Sci, Holliston MA),
and signals were captured using a Bio Rad ChemiDoc MP imager. Relative density
measurements were collected and quantified using the Image Lab software. Measurements
were normalized to the B-actin signal for equivalent protein loading. Three — five data
points were collected from each treatment group animal across independent immunoblots,
converted to percent of naive values, and then the converted values were averaged for each
animal for summary and statistical analysis.

Statistical analysis

Because the male and female mice were tested in separate studies, data for each sex were
analyzed separately. For the SHAC portion of the study, t-tests determined the influence of
treatment (binge vs control) on body weight and total fluid consumption. Ethanol intake

and BEC also are provided for the binge groups. For the Lickometer portion of the study,
the dependent variables were 10E licks/23 h, hourly 10E licks, bout frequency, bout size,
and plasma CORT levels. Two way ANOVA determined the effect of prior binge (binge)

or water (control) consumption (factor = treatment) on the dependent variables, with time
(either day or h) as a repeated measures factor. Because we were predicting treatment
differences in the lickometer portion of the study, planned comparisons were conducted with
or without the presence of a significant interaction. A similar strategy was used for the
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female data that was divided into subgroup of high vs low baseline, since the distribution

of 10E licks clustered into 2 groups, with > 900 10E lick differences separating the high vs
low baseline subgroup distributions of 10E licks. Thus, the decision to separate mice into
the high vs low baseline subgroups was based on a > 900 lick difference separating the
mouse with the highest baseline in the “low” subgroup and the lowest baseline in the “high”
subgroup. Separate studies in naive mice determined the effect of PS vs no PS on EPM
behavior (% open arm entries and % open arm time) and plasma CORT levels with one-way
ANOVA. Plasma CORT levels after PS exposure in naive mice vs mice in the lickometer
studies (i.e., drinking ethanol) were compared with two-way ANOVA. Western blot data for
each sex and brain region were analyzed for treatment effects (naive, control, binge) using
one-way ANOVA with Tukey’s post hoc tests.

All data are presented as mean + SEM, and analysis was conducted with SYSTAT (versions
11 & 13, SYSTAT Software, Inc., Richmond, CA). The level of significance was set at
p<0.05, and p<0.09 was considered a statistical trend.

Significant increase in plasma CORT levels in naive male and female mice after PS

exposure

The purpose of this initial study was to determine whether dirty rat bedding as PS exposure
activated the HPA axis, measured by a significant increase in plasma CORT levels. Plasma
CORT levels were measured in separate groups of experimentally naive mice at baseline and
following PS exposures. For PS exposure, mice were individually housed, and plasma CORT
levels were measured after 1 or 3 exposures to dirty rat bedding (30 min; Table 1). The
results are depicted in Table 2. While absolute values were higher in female vs male mice,
PS exposure significantly increased plasma CORT levels in males [F(2,12)=39.39, p<0.001
and post-hoc tests] vs baseline. Similarly, PS exposure significantly increased plasma CORT
levels in females [F(2,14)=19.51, p<0.001 and post-hoc tests] vs baseline. Plasma CORT
levels did not differ between a single or repeated PS exposures in naive mice (Table 2),
indicating that dirty rat bedding as PS exposure produced a significant activation of the HPA
axis that was similar across repeated PS exposures.

Similar change in anxiety-related behavior following PS in naive male and female mice

Since dirty rat bedding exposure increased anxiety-related behavior in male CD-1 mice
(Hebb et al., 2003), we measured EPM behavior in separate groups of naive male and
female mice following 1 or 2 PS exposures (30 min exposure to dirty rat bedding) or no PS
exposure. Compared to unstressed mice, 2 PS exposures (2X/week, as with the lickometer
drinking studies) were required to observe a significant increase in anxiety-related behavior,
measured by a significant decrease in percent (%) open arm entries in male [F(1,28)=4.47,
p<0.05] and female [F(1,18)=6.88, p<0.05] mice (Figure 1). Similar results were observed
for % open arm time (data not shown). Following the 2" PS exposure, % open arm entries
and % open arm time were decreased by 36% and 65% in males and by 55% and 30% in
females, respectively. There was no significant change in % open arm entries or % open arm
time after the 15t PS exposure versus the no stress group. One or two exposures to PS did
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not alter closed arm entries or total entries (used as an index of activity) in males or females,
when compared to the respective no stress groups (data not shown). Thus, 2 exposures to
PS significantly increased anxiety-related behavior in ethanol naive male and female mice
without altering activity.

Binge drinking

Male and female mice underwent 7 binge ethanol sessions (binge, n=15/sex) or consumed
water (control, n=15/sex). In male mice, mean =+ SEM ethanol intake and BEC during the
final binge session was 1.94 + 0.12 g/kg and 1.37 + 0.05 mg/mL, respectively, and BEC
was significantly correlated with ethanol intake (r=0.5457, p<0.05, n=15). Overall ethanol
intake across binge sessions was 2.17 + 0.06 g/kg. In female mice, mean + SEM ethanol
intake and BEC during the final binge session was 1.97 + 0.11 g/kg and 1.42 + 0.08 mg/mL,
respectively, and there was a strong trend for a correlation between BEC and ethanol intake
(r=0.4964, p<0.06, n=15). The overall ethanol intake across the 7 binge sessions was 2.39
+ 0.10 g/kg. These results confirm that both male and female mice in the binge groups
consumed high doses of ethanol in the 30 min sessions and achieved BECs that greatly
exceeded the NIAAA criteria for binge drinking (i.e., 0.80 mg/mL vs 1.37 and 1.42 mg/mL
in the present study).

Body weights in the control and binge groups did not differ at the start or finish of the SHAC
procedure. In male mice, mean + SEM body weights on day 1 were 24.04 + 0.54 g (control)
and 23.71 £ 0.52 g (binge) and on day 21 were 25.11 + 0.58 g (control) and 24.55 + 0.42

g (binge), representing a 3.5 — 4% increase in body weight across time in both groups. In
female mice, mean + SEM body weights on day 1 were 18.06 + 0.29 g (control) and 18.37

+ 0.27 g (binge) and on day 21 were 19.18 + 0.36 g (control) and 19.35 + 0.22 g (binge),
representing a 5 — 6% increase in body weight across time in both groups. Overall total fluid
intake also did not differ in the control and binge groups for the male (water = 3.70 + 0.09
mL; binge = 3.73 + 0.12 mL) and female (water = 3.69 + 0.13 mL; binge 3.52 + 0.14 mL)
mice. Thus, treatment (binge vs water control) did not significantly alter body weight or total
fluid intake in either sex.

Sex differences in the influence of prior binge drinking on subsequent ethanol intake and
patterns of drinking following intermittent PS

Based on the CORT and EPM results in naive mice (Figure 1 and Table 2), the lickometer
studies used dirty rat bedding as the PS. As depicted in Figure 2, prior binge drinking
experience produced a greater enhancement in 10E intake after PS in male but not in
female mice, when the analysis was conducted across all animals. The initial analysis
was conducted on the daily 10E lick data (days 8 — 24) and averaged baseline (days

5-7, when baseline drinking had stabilized). In male mice, 10E licks were significantly
influenced by treatment (binge vs control) [F(1,20)=5.97, p<0.05] and were significantly
altered by time/PS [F(17,340)=9.46, p<0.001]. The significant interaction between treatment
and time/PS [F(17,340)=2.05, p<0.01] confirmed the significant divergent change in 10E
licks following PS in male binge vs control mice (Figure 2A). Post-hoc tests indicated
that 10E licks were significantly higher in binge vs control male mice after PS2 — PS4. In
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contrast, 10E licks in female mice were changing across time/PS [F(17,374)=5.84, p<0.001],
but there was no main effect of treatment nor interaction with binge exposure (Figure 2C).

Follow-up analyses were conducted on data that were averaged into 5 blocks: baseline (days
5-7), PS1 (days 10 — 11), PS2 (days 13 — 15), PS3 (days 17 — 18), and PS4 (days 22

— 24). As with the analysis of daily 10E licks in male mice, the averaged 10E licks were
significantly influenced by treatment [F(1,22)=6.85, p<0.02] and time/PS [F(4,88)=7.23,
p<0.001], with a significant interaction between treatment and time/PS [F(4,88)=2.45,
p=0.05] (Figure 2B). Averaged 10E licks in the binge male mice were significantly
increased across time/PS [F(4,44)=6.44, p<0.001], with post-hoc tests confirming that 10E
licks were significantly increased after PS2 (1 42%) and PS4 (* 65%) vs baseline. In
contrast, averaged 10E licks in the control male mice were not significantly altered across
time/PS [F(4,44)=2.04, p=0.106], despite a 24% increase in 10E licks after PS4 vs baseline.
Extrapolation of 10E licks to g/kg dose indicated that averaged baseline 10E intake on

days 5 — 7 was ~8 g/kg in the controls and ~9 g/kg in the binge male mice, and that it
increased to ~10 g/kg (control) and ~14 g/kg (binge) when averaged across days 22 — 24.
Importantly, the increase in 10E intake over baseline after PS4 on days 22 — 24 was 24 —
25% in controls vs 65 — 55% in binge mice, when 10E licks and g/kg were used for the
calculations, respectively.

Results in females differed from those in males, as the averaged 10E intake in female mice
was not significantly altered by prior binge experience or by PS (no main effect of treatment
or time/PS and no interaction; Figure 2D). Extrapolation of 10E licks to g/kg dose revealed
that averaged 10E increased from ~12 g/kg to ~12.5 g/kg in controls and from ~10.5 g/kg to
11.0 g/kg in binge females (days 5 — 7 vs days 22 — 24). These slight increases in 10E intake
over baseline after PS4 on days 22 — 24 were similar when calculations were made on 10E
licks or estimated g/kg intake (5 — 4% for control, 6 — 5% for binge, respectively).

Inspection of the baseline 10E lick data revealed a continuous distribution in male mice, but
there appeared to be 2 subgroups in females with > 900 lick differences separating averaged
low vs high baseline subgroups (see data analysis section for subgroup criterion). Therefore,
preliminary analysis examined the data in the female subgroups (Figure 2E). The initial
3-way ANOVA revealed a main effect of subgroup [F(1,20)=17.32, p<0.001] and time/PS
[F(4,80)=3.95, p<0.01], with an interaction between subgroup and time/PS [F(4,80)=8.87,
p<0.001] on averaged 10E licks. In the females with prior binge exposure, averaged 10E
licks were significantly influenced by subgroup [F(1,10)=16.79, p<0.01], tended to be
influenced by time/PS [F(4,40)=2.19, p<0.09], and the interaction between subgroup and
time/PS was significant [F(4,40)=4.52, p<0.01]. This result was due to the significant
increase in averaged 10E licks across time/PS in the binge females with low baselines
[F(4,16)=8.68, p=0.001], with post-hoc tests confirming that 10E licks were significantly
increased by 72 — 87% vs baseline after PS2, PS3, and PS4 (Figure 2E). In the control
females, averaged 10E licks tended to be influenced by time/PS [F(4,40)=2.13, p=0.09], but
there was a significant interaction between subgroup and time/PS [F(4,40)=4.78, p<0.01].
The interaction was due to the significant increase in averaged 10E licks across time/PS

in the control females with low baselines [F(4,12)=3.86, p<0.05], with post-hoc tests
confirming that averaged 10E licks were increased significantly after PS3 (* 166%) and
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PS4 (T 214%). Averaged 10E licks were increased by 126% after PS2, but this difference vs
baseline was not significant.

Hourly 10E licks were analyzed for one baseline day (day 7 in males and day 8 in females,
since hourly 10E licks on days 5 — 7 were lost in females due to a program malfunction) and
for one day after the 4" PS (day 23). In general, the majority of drinking behavior occurred
during the circadian dark phase in all groups, and the pattern of hourly consumption on

the representative baseline day was not significantly different in the binge vs control male
and female mice (Supplemental Figure 1A & 1C; only main effect of time: F(22,484)=9.85,
p<0.001 for males; F(22,484)=11.10, p<0.001 for females). However, hourly 10E licks
were significantly increased throughout the circadian dark phase after the 4™ PS in binge
vs control male mice (Supplemental Figure 1B). This conclusion is supported by the

main effect of treatment [F(1,22)=10.48, p<0.01], time [F(22,484)=14.09, p<0.001] and
significant interaction [F(22,484)=2.23, p=0.001]. Notably, the increase started at the first
hour measurement, which began approximately 30 min prior to lights off. Inspection of

the daily lick data also indicated that there was a transient increase in 10E licks during

the circadian dark phase after PS1 (i.e., on day 10) in binge males, with more persistent
increases in 10E licks during the circadian dark after each subsequent PS. After the 4t

PS in female mice, hourly 10E licks remained similar in the binge and control groups
(Supplemental Figure 1D; only main effect of time, F(22,484)=19.72, p<0.001). However,
when female subgroups were examined, hourly 10E licks were significantly increased
throughout the circadian dark phase after the 4 PS in both binge and control female mice
with low baselines (data not shown). This conclusion is supported by the main effect of day
[day 8 vs day 23: F(1,14)=10.61, p<0.01], time [F(22,308)=9.46, p<0.001] and significant
interaction [F(22,308)=3.32, p<0.001]. Thus, the elevation in hourly 10E licks during the
circadian dark phase after intermittent PS in binge male mice and in binge and control
females with low baselines contributed to the significant enhancement in 23 h ethanol intake
in these animals.

Analysis of the microarchitecture of drinking revealed that the enhanced drinking following
PS in binge male mice was due to an increase in bout frequency and bout size (Supplemental
Figure 2A & 2B). Note that a bout is experimentally defined as a minimum of 20 licks with
no more than a 60 sec pause between licks (Ford et al., 2005, 2008; Ramaker et al., 2011,
2012, 2015). Analysis was conducted on the daily 10E lick data (days 8 — 24) and averaged
baseline (days 1 — 7, since hourly data for days 5 — 7 were lost in the female mice). In

male mice, there was a significant main effect of treatment on bout frequency [F(1,19)=4.73,
p<0.05] and a trend for an increase in bout size [F(1,19)=3.28, p=0.086]. Bout frequency
also changed significantly across time/PS [F(17,323)=12.12, p<0.001], and there was a trend
for an interaction between treatment and time/PS [F(17,323)=1.52, £=0.085]. The number
of bouts/23 h session began increasing after the 2" PS in binge males, and bout size began
increasing after the 15t PS (Supplemental Figure 2A & 2B). Average lick rate (licks/min)
also increased, beginning with the 15t PS in binge males, but average bout duration was
unchanged (data not shown). Thus, the increase in bout size in male mice with prior binge
experience was due to their enhanced lick rate. In female mice, bout frequency and bout size
changed significantly across time/PS [Fs(17,340)>2.03, 5<0.09] (Supplemental Figure 2C
& 2D). While there was no main effect of treatment on either bout parameter in females,
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there was a transient increase in bout frequency and size in the control vs binge females after
the 4t exposure to PS. However, in the subgroups of control and binge females with low
baselines, there was a significant increase in bout frequency across time/PS, when compared
with the pattern in the subgroups with high baselines [binge: time/PS: F(20,160)=3.79,
p<0.001, interaction: F(20,160)=2.01, p<0.01; control: time/PS: F(20,200)=2.12, p<0.01,
interaction: F(20,200)=1.79, p<0.05]. Bout frequency was significantly lower in the low

vs high baseline subgroups, but increased across time after intermittent PS so that bout
frequencies did not differ after PS4 in the two subgroups of control and binge females (data
not shown). Overall, the PS-induced augmentation in bout frequency and size in male mice
with prior binge drinking experience and in bout frequency in female subgroups with low
baseline (both control and binge) also contributed to the significant enhancement in 23 h
ethanol intake in these animals.

A history of ethanol drinking blunts the PS-induced increase in plasma CORT levels
and produces sex differences in the pattern of changes in plasma CORT levels during

withdrawal

Plasma CORT levels were measured in all mice following the 15t and 4t exposure to PS as
well as at 24 h withdrawal after the final drinking session (i.e., upon euthanasia). The results
are depicted in Figure 3. For this study, we did not measure baseline CORT levels, but we
will refer to an estimate of “baseline” CORT levels from Cozzoli et al. (2014) that was
determined prior to any stress exposures (and following 15 days of 2 h 10E intake in mice
on a similar light/dark cycle). These mean £ SEM baseline estimates were 13.085 + 3.335
pg/dL for males (n=9) and 15.21 + 2.98 pg/dL for females (n=9). As depicted in Figure 3,
CORT levels following PS1 and PS4 were higher than these baseline values.

When the analysis was conducted across the 3 time points, CORT levels tended to be higher
in the binge vs control males [F(1,68)=3.74, p<0.06], they were significantly altered across
time points [F(2,68)=7.13, p<0.01], and the significant interaction [F(2,68)=3.65, p<0.05]
was due to the higher CORT levels in the binge males during withdrawal. This conclusion
is supported by a subsequent significant ANOVA in the binge males [F(2,34)=6.01, p<0.01]
and post-hoc tests where the CORT levels during withdrawal were significantly higher

than those following PS1 and PS4 (Figure 3A). A different pattern of results was found

in females, with CORT levels significantly higher in control vs binge mice [F(1,83)=4.49,
p<0.05] and a main effect of time point [F(2,83)=8.44, p<0.001]. However, the significant
interaction [F(2,83)=3.24, p<0.05] was due to the significantly higher CORT levels in

the control females during withdrawal vs PS1 and PS4, which was confirmed with a
subsequent significant ANOVA in the control females [F(2,42)=8.48, p=0.001] and post-hoc
tests (Figure 3B). Similar results were found when female subgroups were examined (data
not shown). Collectively, the results indicate that treatment did not significantly alter the
PS-induced elevation in CORT levels following PS1 and PS4 in male and female mice, yet
it produced divergent changes in CORT levels during withdrawal, with an enhanced CORT
response in binge males and control females.

Based on evidence that abnormalities in the HPA axis are observed in both AUD and
PTSD (see Introduction; Gilpin & Weiner, 2017; Norman et al., 2012), a separate analysis
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compared CORT levels after a single or repeated PS in naive mice (Table 2) vs in

mice with ethanol drinking experience (i.e., lickometer study; Figure 3). In male mice,
treatment (naive, binge, control) significantly altered CORT levels when the analysis

was conducted across both PS exposures [F(2,47)=22.77, p<0.001]. Subsequent analyses
indicated that CORT levels were significantly altered following a single or repeated PS
[PS1: F(2,16)=9.71, p<0.01; PS3/4: F(2,31)=15.15, p<0.001], with post-hoc tests confirming
that CORT levels were significantly higher in naive vs binge mice and naive vs control

mice following PS1 (05<0.01) or PS3/4 (ps<0.001). In female mice, treatment (naive, binge,
control) significantly altered CORT levels when the analysis was conducted across both PS
exposures [F(2,63)=3.48, p<0.05]. However, subsequent analyses indicated that treatment
tended to alter CORT levels following a single PS [F(2,31)=2.32, p=0.11], with trends

for higher CORT levels in naive vs binge mice and naive vs control mice following PS1
(55=0.10). Treatment did not significantly alter CORT levels following repeated PS. We
were unable to conduct this comparison across female subgroups, given that the naive mice
had not consumed ethanol and could not be subdivided. Collectively, these analyses suggest
that a history of ethanol drinking may dampen the CORT response to PS, particularly in
male mice.

Sex and brain regional differences in the relative density of select protein levels after
ethanol drinking and exposure to intermittent PS

Western blot analysis was employed to determine whether sex differences in ethanol
drinking and in responsivity to intermittent PS were associated with alterations in protein
levels in PFC and HC at 24 h withdrawal from the final drinking session, when compared

to protein levels in naive mice. As described in the Introduction, the proteins examined were
CRF-R1, GR, and GABAAR a1l subunit.

Figure 4 summarizes the results of PFC protein levels in male and female mice. Treatment
did not significantly alter protein levels of CRF-R1 or GABAAR a1 subunit in either male
or female mice, despite a 16 — 17% decrease in protein levels of the GABAAR al subunit in
control and binge female mice vs naive. However, sexually divergent effects of treatment on
the relative density of GR were found. There was no significant effect of treatment in male
PFC, despite a 15% reduction in protein levels in control vs naive mice. However, in female
PFC, treatment significantly influenced GR levels [F(2,25)=9.46, p=0.001], with post-hoc
test confirming the significant increase in GR levels in control (1 90%) and binge (* 70%)
female mice vs naive. Changes in protein levels were similar in the binge and control female
subgroups.

Results in the HC indicate that there were sexually divergent effects of treatment for all

3 proteins examined (Figure 5). Levels of the GABAAR al subunit were significantly
altered by treatment in females [F(2,32)=4.07, p<0.05] and tended to be altered by treatment
in males [F(2,32)=2.58, 0=0.09]. Post-hoc tests confirmed the opposite effects of sex and
treatment on GABAAR al levels: significant decrease of 16% in control females and

trend for increase of 23% in binge males, vs respective naive. And, while CRF-R1 protein
levels were significantly increased by treatment in male [F(2,28)=4.02, p<0.05] and female
[F(2,28)=9.48, p=0.001] HC, the pattern of significant post-hoc changes differed. In male
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HC, the 20% increase in CRF-RL1 in the control group was significantly higher than in the
binge group and tended to be higher (p=0.10) than the naive group. In female HC, CRF-R1
protein levels were significantly increased by 90% and 101% in the control and binge

mice vs naive. Treatment also significantly altered GR levels only in female [F(2.27)=3.56,
p<0.05] but not in male HC. And while there was an increase in GR levels of 55% and

71% in the control and binge female mice vs naive, respectively, only the increase in binge
females reached significance. Changes in protein levels were similar in the binge and control
female subgroups. In summary, this neurochemical analysis suggests that there are sex and
brain regional alterations in the proteins examined that may be involved in responses to
ethanol drinking and/or PS.

Discussion

The overall intent of the present studies was to assess effects of a PTSD-like stress and

prior binge-like ethanol consumption on subsequent drinking patterns, stress hormone
concentrations and alterations in several relevant brain protein levels. The results from the
initial studies in naive mice, documenting that 30 min exposure to dirty rat bedding activated
the HPA axis and increased anxiety-like behavior, provided a strong rationale for the use

of dirty rat bedding as PS in the subsequent drinking studies. Notably, the drinking study
results provide strong evidence that the ability of PS to increase 10E intake was enhanced

by prior binge drinking experience in adult male mice. In control male mice, 10E licks
increased by 24% after PS4 in a 23 h access paradigm, consistent with our recent report of

a 30 — 35% increase in 2 h 10E intake on the 2" day following PS in 2 cohorts of adult

male mice without prior binge experience (Cozzoli et al., 2014). Moreover, in the binge male
mice, 10E licks were increased over baseline by 65% following the last PS exposure. This
synergistic effect of prior binge drinking and intermittent PS on ethanol drinking in male
mice was due to an increase in bout frequency and bout size as well as an elevation in hourly
10E licks across the majority of the circadian dark phase. Thus, repeated PS increased
multiple parameters of ethanol intake patterns during the active phase in the binge-exposed
male mice.

Epidemiological evidence indicates that women develop ethanol-related heart disease, liver
damage, and peripheral neuropathy after fewer years of heavy drinking, and that women
may be more vulnerable to AUD-induced brain damage (Wiren, 2013). Additionally,
lifetime prevalence of PTSD is reported to be twice as high in females as in males, whereas
prevalence of AUD with PTSD is higher in males than in females (See Introduction).
Therefore, we wanted to evaluate responses in male and female mice in the present set of
studies. In contrast to the results in males, prior binge drinking experience did not produce a
synergistic increase in subsequent ethanol intake after intermittent PS in female mice, when
the entire cohort of mice was analyzed. However, when subgroups of females that were
based on low vs high baselines were examined, both control and binge females with low
baselines exhibited a significant increase in 10E licks after intermittent PS that was due to
an increase in bout frequency and an elevation in hourly 10E licks across the majority of the
circadian dark phase. Notably, 10E licks were increased after PS4 by 87% in binge females
and by 214% in control females, vs respective baseline, suggesting an enhanced response

to intermittent PS in female mice without prior binge ethanol experience. These increases
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were greater than the 25 — 36% increase in 2 h 10E intake on the 2" day following PS in 2
cohorts of adult female mice without prior binge experience (Cozzoli et al., 2014) and could
reflect differences in period of ethanol access between the two studies. Regardless, changes
in ethanol intake patterns contributing to the PS-enhancement of 10E intake in the subgroup
of females with low baselines was similar to that in males with prior binge exposure.

Binge ethanol intake with the SHAC procedure was comparable in the male and female
mice, yet 10E intake during the lickometer portion of the study was higher in females than
in males, consistent with evidence that female rodents consume higher doses of ethanol than
male rodents in a variety of ethanol drinking and self-administration procedures (see Cozzoli
et al., 2014 and references therein). So, it is not clear if the overall lack of PS-enhancement
in ethanol intake in females was due in part, to their higher baselines (when the entire

data set was considered). However, our earlier work determined that prior binge drinking
increased later ethanol intake in some female mice, primarily adolescent animals (Strong et
al., 2010), and inspection of the data revealed two separable baseline subgroups in the binge
and control female mice that were not evident in the male mice. It is unlikely that these
subgroups were due to estrous-cycle differences in drinking, given that plasma estradiol
levels, which were measured by gas chromatography-mass spectrometry (Jensen et al.,
2017), did not differ between the low vs high baseline subgroups of the binge and control
females. Mean + SEM estradiol levels (pg/mL) at the end of the study were: 3.93 + 0.27
(binge low), 3.25 + 0.52 (binge high), 3.36 + 1.12 (control low), and 2.75 + 0.32 (control
high). Additionally, limited available data suggest that stage of estrous cycle did not alter
ethanol self-administration or binge ethanol intake in randomly cycling female rats (Roberts
et al., 1998) or C57BL/6J female mice (Satta et al., 2018), respectively. Moreover, exposure
to cat odor PS did not disrupt estrous cycling in female rats (Perrot-Sinal et al., 2004), nor
did long term binge drinking alter the estrous cycle in female C57BL/6J mice (Satta et al.,
2018). Consistent with this evidence, the range in variation in 10E intake across days did not
differ in males and females (e.g., Figure 2A & 2C), suggesting that estrous cycle phase did
not contribute significant variability in the present studies. Thus, the mechanism underlying
the distinct baseline drinking subgroups in females is unclear, but large individual variability
in ethanol intake (Wilcox et al., 2014) as well as in conditioned fear expression (Hager

et al., 2014) in C57BL/6J mice has been reported. Additionally, the above heterogeneity

in response is consistent with results in male rats following other PS, where an increase

in ethanol consumption or self-administration was observed only in animals characterized
as exhibiting an “extreme behavioral response” (EBR; high anxiety) following cat odor PS
(Manjoch et al., 2016) or as “Avoiders” due to their avoidance of a bobcat urine paired
context (Edwards et al., 2013; Roltsch et al., 2014).

Exposure to PS (cat odor, bobcat urine, dirty rat bedding) has been reported to increase
anxiety-related behavior in naive male mice and rats, measured 2 — 7 days following PS
exposure (Belzung et al., 2001; Cohen & Zohar, 2004; Cohen et al., 2008; Hebb et al.,

2003; Roltsch et al., 2014; Whitaker & Gilpin, 2015). As mentioned above, a high anxiety
phenotype was observed in “Avoider” rats (Roltsch et al., 2014; Whitaker & Gilpin, 2015) or
in “EBR” rats (Cohen et al., 2013). Comparisons across 6 — 9 inbred mouse strains classified
male C57BL/6 mice as a highly reactive strain, based on anxiogenic responses following cat
odor PS (Belzung et al., 2001; Cohen et al., 2008). Consistent with a report that exposure
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to dirty rat bedding as PS significantly increased anxiety-related behavior in male CD-1
mice (Hebb et al., 2003), the present findings indicate that 2 exposures to dirty rat bedding
as PS significantly increased anxiety-related behavior in naive male and female C57BL/6J
mice, when measured on the EPM. However, it is not known whether this PS-induced
increase in anxiety-related behavior in mice prior to ethanol exposure would correspond
with subsequent enhanced ethanol intake after repeated PS exposure. Existing data indicate
that a PS-induced high anxiety phenotype in naive animals was associated with subsequent
enhanced ethanol intake in “EBR” and “Avoider” male rats (Edwards et al., 2013; Manjoch
et al., 2016; Roltsch et al., 2014). So, we do not know if the PS-enhancement of ethanol
intake in male mice and a subgroup of female mice in the present study was associated with
an increase in anxiety-related behavior after PS exposure or if it represented a compensatory
mechanism to offset a PS-induced increase in anxiety. Future studies will determine whether
PS-enhancement of ethanol intake is associated with a change in anxiety-related behavior.
We also plan to develop a pre-screen to identify PS “sensitive” male and female mice, based
on measurements of anxiety and odor avoidance, and to determine the correspondence with
PS-enhancement of ethanol intake.

In the present studies, CORT levels were measured as an index of hormonal responses to
stress and HPA axis responsivity and revealed several important results. First, PS exposure
significantly increased plasma CORT levels in male and female mice that were naive and
that had a history of ethanol drinking, with higher levels in females vs males (Table 2 &
Figure 3). These results are consistent with our recent report (Cozzoli et al., 2014) and
with evidence for sex differences in HPA axis responsivity to stress (reviewed in Bourke et
al., 2012; Panagiotakopoulos & Neigh, 2014; Valentino et al., 2013a, 2013b and references
therein). Second, there was no significant difference in CORT levels in naive mice following
1 or 3 PS exposures or in ethanol drinking mice following 1 or 4 PS exposures, suggesting
that repeated PS exposure did not produce a sensitized CORT response. Third, the CORT
response to PS was significantly lower in male mice and tended to be lower in female
mice with a history of ethanol drinking vs naive mice (Figure 3, Table 2). This blunted
response to PS in mice with ethanol drinking history is consistent with the report that
ethanol dependence leads to a dampened neuroendocrine state (Richardson et al., 2008).
An alternate interpretation is that the lower CORT response to PS in mice with enhanced
ethanol intake was due to PS sensitivity, since “Avoider” rats (Whitaker & Gilpin, 2015) and
“EBR” rats (Cohen et al., 2013) exhibit lower CORT levels after PS. Finally, CORT levels
were higher during withdrawal than following PS1 or PS4, and the withdrawal-induced
increase was greatest in the mice with the highest prior drinking (binge males and control
females). Although we did not measure withdrawal in the present studies, recent work has
shown that 24 h withdrawal following 2 weeks of binge drinking or 1 week of 24 h ethanol
drinking produced anxiety and hyperalgesia in male C57BL/6J mice, respectively (Lee et
al., 2016; Smith et al., 2016). Given the longer history of ethanol drinking in the present
study, we presume that mice were experiencing some negative affective symptoms during
withdrawal, but we do not know how that would correspond to the group differences in
CORT levels during withdrawal. Collectively, the CORT results suggest that the HPA axis
is dysregulated following a history of ethanol drinking and that there are sex differences in
HPA axis responsivity.

Alcohol. Author manuscript; available in PMC 2024 March 21.



1duosnuep Joyiny vA 1duosnue Joyiny vA

1duosnue Joyiny vA

Finn et al.

Page 16

Western blot analysis revealed alterations in relative levels of select proteins in PFC and HC
at 24 h after the final day of 10E access and 5 days after the final PS exposure that diverged
by sex as well as brain area (Figures 4 and 5). Protein levels of the GABAAR al subunit in
PFC were unchanged in binge and control males and females vs respective naive mice. In
contrast, levels of this receptor subunit protein in HC were significantly decreased in control
females and tended to be increased in binge males vs respective naive mice. The present
results in PFC are consistent with early work showing that 24 h withdrawal following 3 or

9 days of liquid ethanol diet consumption did not significantly alter GABAAR a1l subunit
protein levels in male and female cerebral cortex vs controls (Devaud & Alele, 2004).
However, longer periods of liquid diet consumption (14 & 40 days) significantly decreased
cortical levels of the GABAAR al subunit in male but not female rats vs respective controls
(Devaud et al., 1998; Matthews et al., 1998) and did not alter HC levels of this subunit
protein in male rats (Matthews et al., 1998). In terms of potential stress effects on GABAAR
al subunit expression, 4 — 6 weeks of post-weaning social isolation stress significantly
decreased a1 subunit expression in PFC and HC of male Swiss Webster mice (Pinna et

al., 2006) but did not alter HC GABAAR a1 subunit expression in male C57BL/6J mice
(Sanna et al., 2011) vs respective group housed mice. Thus, it is not known if the significant
decrease in GABAAR al subunit protein levels in female controls is due to their length of
ethanol consumption or the exposure to intermittent PS or both. Overall, the findings suggest
that a1l subunit GABAA receptors have a sex-selective role in the HC response to a repeated
stress and ongoing ethanol consumption in our mouse model.

Sexually divergent and brain regional differences in the effects of ethanol drinking and
intermittent PS on relative protein levels of CRF-R1 and GR also were observed. CRF-R1
levels were significantly increased in binge and control female HC vs respective naive
mice, while levels in HC in control males were increased significantly vs binge males and
tended to be increased vs naive males. Taken in conjunction with evidence for increased
CRF-R1 signaling and decreased CRF-R1 internalization in females vs males (Valentino et
al., 2013a, 2013b), the significant upregulation of CRF-R1 in binge and control female HC
suggests that females may be more sensitive to repeated activation of the stress response
via CRFergic mechanisms than males (Bangasser & Valentino, 2014). It is possible that
these differences contribute to the higher stress-induced CORT levels in females vs males
in the present study. Moreover, GR protein levels were significantly increased in control
and binge female PFC vs naive and were significantly increased in binge female HC with
a similar non-significant increase in control female HC vs naive. In contrast, treatment did
not significantly alter GR levels in male PFC or HC. Because GR is a transcription factor,
dysregulation of GR activity likely modulates a variety of systems that regulate stress and
ethanol use and that may differ in males and females. Distinct regulatory mechanisms also
exist for GR activation, where high glucocorticoids (e.g., CORT) reduce CRF expression
in the paraventricular nucleus of the hypothalamus (PVN) and increase CRF expression in
the amygdala via an effect at nuclear GR (Edwards et al., 2015; Makino et al., 2002), and
thus contribute to negative and positive feedback of the HPA axis, respectively. Additionally,
GR activation suppresses HC output, which should disinhibit the HPA axis and exert a
positive feedback effect on the HPA axis, given that HC excitability relays GABAergic
inhibitory tones to the PVN (see Makino et al., 2002 and references therein). However,
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data also suggest that feedback inhibition through GR in the PVN may override a positive
feedback effect through GR in the HC (Makino et al., 2002 and references therein), and it is
unclear whether activation of GR in PFC would contribute to feedback inhibition of the HPA
axis. Collectively, the clear sex differences in CRFR1 and GR levels suggest that sexually
divergent mechanisms may contribute to a dampened neuroendocrine state following a
history of ethanol drinking and to recovery of the HPA axis from the long-term ethanol
access as well as the repeated stress exposure. As a result, pharmacological strategies
targeting the CRFR1 or GR systems may be differentially effective in males vs females.

Overall, PS significantly increased ethanol intake and had a synergistic interaction with prior
binge drinking in males, whereas PS produced a similar increase in 10E intake in a subgroup
of binge and control females. Additional studies are necessary to determine how baseline
intake in females influences responsivity to PS exposure. Nonetheless, the PS-induced
increase in anxiety-related behavior in naive mice along with the ability of repeated PS

to increase ethanol intake in mice with ethanol drinking experience is consistent with the
idea that a high anxiety state may contribute to the ability of a traumatic stress to increase
ethanol intake in patients with comorbid PTSD/AUD. Furthermore, our findings suggest that
multiple neuronal responses may be activated by stress and ethanol drinking and that sex
influences these neurochemical response pathways. Notably, the sexually divergent changes
in protein levels in PFC and HC add to evidence for sex differences in the neurochemical
systems affected by stress and a history of ethanol drinking and argue for sex-specific
pharmacological strategies to treat AUD.
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Figure 1. Similar increase in anxiety-related behavior after 2nd exposure to predator odor stress

(PS) in naive male (A) and female (B) mice.

Separate groups of naive male and female mice were tested on the elevated plus maze at

2 — 2.5 h after 1 or 2 exposures to PS (stress) or following no PS exposure (no stress).

Compared to the no stress mice, 2 exposures to PS was required to observe a significant

increase in anxiety-related behavior, measured by a significant decrease in percent (%) open
arm entries. Following the 2" PS, % open arm entries were decreased by 36% in males and
by 55% in females. Values are the mean £ SEM for the number of animals contained in each

bar. *p<0.05 vs respective no stress group.
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Figure 2. Prior binge drinking alters responsivity to predator odor stress (PS) in male mice and
in a subgroup of female mice with low baselines.

Depicted are mean = SEM licks on the ethanol sipper (10% ethanol, 10E)/23 h for n=12/
group/sex for panels A — D, and labels for each panel refer to prior binge ethanol (binge)
or water (control) intake. Group size for female subgroups in panel E is: n=4 (control low),
n=8 (control high), n=5 (binge low), n=7 (binge high). Overall, 10E intake began diverging
after the 2" PS in males with prior binge drinking experience, but only began diverging
after the 2"d PS in binge and control female subgroups with low baseline 10E intake. Panels
A & C: Daily 10E licks are shown; circles highlight days with exposure to PS prior to the
assessment of 23 h 10E intake. Panels B, D & E: 10E licks were averaged into 5 blocks:
baseline (BL, days 5 — 7), PS1 (after 15t PS, days 10 — 11), PS2 (after 2" PS, days 13-15),
PS3 (after 3" PS, days 17 — 18), and PS4 (after 41 PS, days 22 — 24). *p<0.07, *<0.05,
**<0.01, ***p<0.001 vs respective control; #p<0.05, M p<0.01, “p<0.001 vs respective
baseline.
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Figure 3. Divergent effects of prior binge vs control treatment on plasma corticosterone (CORT)
levels during withdrawal but not following predator odor stress (PS) in male (A) and female (B)
mice.

Plasma CORT levels were measured in all mice following the 15t and 4" PS exposure and at
24 h withdrawal after the final drinking session. For comparative purposes, mean “baseline”
CORT levels (from Cozzoli et al., 2014) were 13.085 pg/dL for males and 15.21 pg/dL

for females. CORT levels following PS1 and PS4 were higher than these baseline values,
and the PS-induced increase in CORT levels was not influenced significantly by prior binge
drinking or repeated PS. In contrast, the withdrawal-induced increase in CORT levels was
higher in binge vs control males and in control vs binge females. Depicted are mean = SEM
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for n=15/group/sex except control males (n=7) due to a technical difficulty with that assay.
*p<0.05, **p<0.01 vs respective PS1 and PS4.
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Figure 4. Sex differences in the effects of ethanol drinking and intermittent predator odor stress
on glucocorticoid receptor (GR) protein levels in prefrontal cortex (PFC).

Western blot analysis was conducted on dissected PFC tissue at 24 h after the final
lickometer session (binge = prior binge ethanol intake; control = prior water intake) and
compared to values from similarly aged naive mice (naive). Divergent effects of treatment
were observed on protein levels of GR in male and female PFC. Values are mean + SEM for
each group; in some cases, SEM is contained within the mean: male: n=6-10 (naive), n=11
(control), n=12 (binge); female: n=6-9 (naive), n=8 (control), n=9-11 (binge). All levels
were initially normalized to p-actin. Fold regulation was then determined by normalizing
individual values to the mean of the relative expression of the respective naive group (dashed
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gray line). **p<0.01, ***p=0.001 vs respective naive. GABAAR al = GABAA receptor al
subunit; CRF-R1 = corticotropin releasing factor receptor 1
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Figure 5. Sexually divergent changes in protein levels related to stress and a GABAAp receptor
subunit in hippocampus (HC) after ethanol drinking and intermittent predator odor stress.

Western blot analysis was conducted on dissected HC tissue at 24 h after the final lickometer
session (binge = prior binge ethanol intake; control = prior water intake) and compared

to values from similarly aged naive mice (naive). Treatment significantly altered protein
levels of the GABAA receptor a1l subunit (GABAAR al), corticotropin releasing factor
receptor 1 (CRF-R1), and glucocorticoid receptor (GR) in female HC, whereas fewer
changes were observed in male HC. Values are mean + SEM for each group; in some cases,
SEM is contained within the mean: male: n=10-12 (naive), n=11-12 (control), n=10-11
(binge); female: n=8-13 (naive), n=11 (control), n=10-11 (binge). All levels were initially
normalized to B-actin. Fold regulation was then determined by normalizing individual values
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to the mean of the relative expression of the respective naive group (dashed gray line).
*p=0.085, *p<0.05, **p<0.01, ***p=0.001 vs respective naive; *p<0.05 vs respective binge.
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Table 1.
Experimental Timeline
SHAC Procedure Abstinence Lickometer Drinking Naive Mice
. BINGE = 7 binge . 30 days; . Food freely available . Plasma CORT
ethanol sessions food + water i levels were
(30 min, 5E) every freely . Water intake, 1 week measured in one
3'd day, water available . . group of mice at
intake remainder . tEat h%a;L'rn%kﬁ /(dl: Ii v baseline and then
of time; 21 days : Acclimate to § b imatel y4 in a separate group
reverse light/ or approximately of mice after 15t
. BEC after 7t dark cycle weeks and 319 PS.
binge session in . . . Week 1 = baseline
binge mice :}'?&%girto . Separate groups of
. Weeks 2-3 = PS (30 mice were tested
. CONTROL = chambers min dirty rat bedding, on the EPM at 2 —
water during final 2X/week on Tuesday 2.5 h after the 1%t
consumption; 21 ‘;‘@‘i:‘ngzce and Friday); blood or 2M PS exposure
days sample after 15t and 4t or following no-PS
. Mild fluid PS for CORT levels exposure.
restriction; food . Week 4 = post-PS . One group of mice
freely available was euthanized as
. Final lickometer comparator group
session on Day 24 for Western blot
. Euthanasia on Day 25 analysis.
after 24 h withdrawal

NOTE: Male and female mice were tested in separate studies. The only difference between the Binge and Control groups was their treatment
during the SHAC procedure. These groups were treated similarly during abstinence and the lickometer drinking phases of the study. Separate
groups of experimentally naive male and female mice were used to measure CORT levels, to measure anxiety levels on the EPM, or were
euthanized as a comparator group for the Western Blot analyses.

BEC = blood ethanol concentration; CORT = corticosterone; 5E = 5% v/v ethanol; 10E = 10% v/v ethanol; PS = predator odor stress; SHAC =
Scheduled High Alcohol Consumption; EPM = elevated plus maze
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Table 2.

Predator Odor Stress (PS)-Induced Changes in Plasma Corticosterone (CORT) Levels in Naive Male and
Female Mice

Sex Baseline PS1 PS3

Male | 8.56 +3.36 ug/dL (n=10) | 4139 +2.83 ug/dL " (n=5) | 46.18 + 3.87 pg/dL ™ (n=4)

Female | 12.54+2.48 ug/dL (n=7) | 5343 + 4.16 pg/dL ***(n=5) | 53.43 % 9.66 pg/dL ™ (n=5)

Experimentally naive mice had tail blood samples taken for baseline CORT levels. Separate groups of experimentally naive mice had tail blood
samples taken after 1 or 3 PS exposures. While absolute values were higher in females vs males, exposure to PS significantly increased CORT
levels in male and female mice vs respective baseline. Values are mean + SEM for the number of mice in parentheses.

Ak
p<0.001 vs respective baseline
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