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Abstract

Human studies reported that the number of past-year stressors was positively related to current
drinking patterns, including binge drinking. In animal models, exposure to predator odor stress
(PS), considered a model of traumatic stress, consistently increased ethanol intake. Recently, we
reported that repeated PS significantly increased ethanol intake and had a synergistic interaction
with prior binge drinking (binge group) in male but not in female C57BL/6J mice, when compared
to mice without prior binge exposure (control group). The current studies utilized plasma and
dissected prefrontal cortex (PFC) and hippocampal tissue from these animals and from age-
matched naive mice (naive group). Western blots assessed relative protein levels of P450scc (an
enzyme involved in the first step of steroidogenesis), of GABAp receptor a2 and a4 subunits, and
of two proteins involved in synaptic plasticity, ARC (activity-regulated cytoskeletal protein) and
synaptophysin. Gas chromatography-mass spectrometry simultaneously quantified ten
neurosteroid levels in plasma. A history of ethanol drinking and PS exposure produced brain
regional and sex differences in the changes in proteins examined as well as in the pattern of
neurosteroid levels versus (vs) values in naive mice. For instance, P450scc levels were
significantly increased only in binge and control female PFC and hippocampus vs naive. Some
neurosteroid levels were significantly altered by binge treatment in both males and females,
whereas others only were significantly altered in males. These sexually divergent changes in
neurosteroid and protein levels add to evidence for sex differences in the neurochemical systems
influenced by traumatic stress and a history of ethanol drinking.
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Introduction

Epidemiological evidence documents a fairly consistent association between stress exposure
and alcohol (ethanol) consumption. For instance, the number of past-year general life
stressors was positively related to current drinking, incidence of binge drinking, and current
alcohol use disorder (AUD), and increases in ethanol consumption also were reported after
catastrophic events and disasters (see Keyes et al., 2012 and references therein). Thus,
exposure to different forms of stress, as well as number of stressors, may be associated with
increased ethanol consumption and AUD.

In animal models, exposure to various stressors can produce mixed effects on ethanol
consumption (reviewed in Becker et al., 2011). However, a recent review highlighted animal
models of stress-induced escalation in ethanol drinking (Gilpin and Weiner, 2017). Exposure
to predator odor stress (PS), considered a model of traumatic stress in rodents and used as a
model of post-traumatic stress disorder (PTSD), was one such model that was found to
produce a consistent increase in subsequent ethanol intake in male and female mice and in
male rats (female rats not tested; Cozzoli et al., 2014; Edwards et al., 2013; Manjoch et al.,
2016; Roltsch et al., 2014). PS exposure also increased anxiety-related behaviors in naive
rodents (Belzung et al., 2001; Cohen and Zohar, 2004; Cohen et al., 2008; Finn et al., 2018;
Gilpin and Weiner, 2017; Hebb et al., 2003; Roltsch et al., 2014; Whitaker and Gilpin,
2015), which might contribute to the PS-induced increase in subsequent ethanol intake.

We recently examined whether prior binge drinking differentially altered responsivity to
intermittent PS and subsequent ethanol intake in male and female C57BL/6J mice, when
compared to mice without prior binge drinking experience. This initial study (Finn et al.,
2018) found sex differences in the patterns of drinking following the repeated PTSD-like
stress, depending on whether the mice had prior binge drinking experience. Specifically,
intermittent PS significantly increased ethanol intake and had a synergistic interaction with
prior binge drinking in male but not female mice. A single or repeated PS also increased
plasma corticosterone (CORT) levels in both male and female mice, consistent with a stress-
induced activation of the hypothalamic-pituitary-adrenal (HPA) axis, although the CORT
response was blunted in the mice that were consuming ethanol (Finn et al., 2018). Notably,
the CORT response to PS was greater in female than in male mice (Cozzoli et al., 2014; Finn
etal., 2018), and a history of ethanol drinking and repeated PS exposure significantly
increased protein levels of the glucocorticoid receptor (GR) only in female prefrontal cortex
(PFC) and hippocampus and significantly increased corticotropin releasing factor receptor 1
(CRF-R1) only in female hippocampus (Finn et al., 2018). Collectively, the results from this
initial study suggested that there were significant underlying sex differences that influence
behavioral responses to stress and drinking as well as neurochemical adaptations involved in
stress responsivity.
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The purpose of the present study was to continue to explore neurochemical adaptations that
occurred in male and female C57BL/6J mice with a history of ethanol drinking and
intermittent PS following prior binge drinking or no binge drinking experience. We utilized
plasma and dissected PFC and hippocampus from the mice in the study by Finn et al.
(2018), for which drinking data have been extensively characterized. While a number of
brain areas have been implicated as contributing to responses to ethanol and stress, the PFC
and hippocampus are two key areas that have been widely studied. Findings have shown that
the hippocampus and PFC play an important role in stress responses (e.g., Morey et al.,
2016; Wang et al., 2018; Zhu et al., 2016), and these two brain regions have been identified
as targets for neuroplasticity in response to stress (reviewed in Godsil et al., 2013; McEwen
et al., 2016). Additionally, the PFC and hippocampus are involved in neurochemical
responses to ethanol. For example, a recent study found widespread effects of binge drinking
on gene expression in the PFC and hippocampus in the adolescent brain (McClintick et al.,
2018). Thus, we chose these two brain areas for the present studies as it allowed us to
directly compare with and continue to build on our recent findings with traumatic stress and
a history of ethanol drinking (Finn et al., 2018) as well as to compare with previous reports
in dissected cortex and hippocampus from dependent rodents during withdrawal (e.g.,
Cagetti et al., 2003; Devaud and Alele, 2004; Matthews et al., 1998; reviewed in Kumar et
al., 2009).

Gas chromatography-mass spectrometry (GC-MS) simultaneously quantified ten
neurosteroid levels in plasma, many of which are potent positive modulators of -y-
aminobutyric acidp receptors (GABAARS; Jensen et al., 2017; Snelling et al., 2014).
Western blots assessed relative protein levels of cytochrome P450 side chain cleavage
(P450scc; an enzyme involved in the first step of steroidogenesis; Mellon and Vaudry, 2001;
Mellon and Griffin, 2002), of two GABAAR subunits (a2 and a4) important in addiction,
additional behaviors such as anxiety, and adaptations following chronic ethanol exposure
(Engin et al., 2018; Olsen and Liang, 2017; Stephens et al., 2017), and of two proteins
involved in synaptic plasticity (ARC or activity-regulated cytoskeletal protein and
synaptophysin; Li et al., 2002; Shephard and Bear, 2011). We predicted that prior binge
ethanol drinking, repeated PS exposure and subsequent drinking would alter the pattern of
changes in plasma neurosteroid levels as well as in the assayed protein levels in male and
female mice and would provide insights into the neurochemical basis for sex differences in
response to stress and ethanol.

Materials and Methods

Animals and general procedure.

The current studies utilized plasma and dissected brain tissue from adult male and female
C57BL/6J mice that had been purchased from Jackson Laboratories West (Sacramento, CA)
at 8 weeks of age and then were tested in experiments designed to determine whether
exposure to prior binge drinking altered responsivity to PS and subsequent ethanol intake.
The ethanol drinking data have been published (Finn et al., 2018), but Figure 1 gives an
overview of the experimental timeline. All procedures that were conducted on the animals
complied with the National Institutes of Health Guidelines for the Care and Use of
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Laboratory Animals and were conducted under Institutional Animal Care and Use
Committee approved protocols. Upon euthanasia, brains were rapidly removed, quickly
frozen over dry ice, and then stored at —80°C for Western blot analysis. Plasma was
collected for neurosteroid analysis. Brains and plasma from age matched naive animals were
collected and used as a comparator group to the binge and control groups (Figure 1).

Neurosteroid analysis.

GC-MS was used to simultaneously quantify levels of 10 GABAR-active steroids and
estradiol. Plasma samples (300 L) were extracted, eluted, and derivatized, as described
previously (Jensen et al., 2017; Snelling et al., 2014). The samples and standards were
spiked with 10 ng of 2-fluoroestradiol (internal standard) prior to the analytical work-up.
The internal standard was changed to 2-fluoroestradiol instead of estradiol-d5 due to the
addition of estradiol-dO as an eleventh target analyte. We conducted a pilot study to validate
the accuracy and reproducibility of the updated method. In the pilot study, deionized water
(300 pL) was spiked with either 70, 300, or 700 pg of the eleven target analytes, and the
samples were analyzed as if they were unknown plasma samples. Linear regression of the
obtained amounts confirmed the excellent linear response for all eleven steroids, with a
range in r2 values from 0.9888 — 0.9997.

Analysis of samples and calibration curves were performed on an Agilent 7890A gas
chromatograph coupled to an Agilent 5975C mass spectrometer (Agilent Technologies,
Santa Clara, CA). We were able to simultaneously quantify the 10 neuroactive steroids,
consistent with our prior work (Jensen et al., 2017; Snelling et al., 2014), along with
estradiol-dO (the 11t steroid). Calibration curves were formed by spiking 300 pL of
deionized water with 0, 50, 100, 500, 1,000, and 3,000 pg of the 11 analytes. These spiked
standards were extracted, derivatized, and analyzed via GC-MS as described (Jensen et al.,
2017; Snelling et al., 2014). The r2 values from the calibration curves ranged from 0.9953 —
0.9997. Every third run was a solvent wash of 5 pL acetonitrile to prevent carryover from
previous runs. The calibration curves were then analyzed with linear regression, and
unknown plasma samples were interpolated against these regression parameters using their
individual response ratios. All neurosteroid data quantified for this study were subjected to a
requirement of 5:1 signal:noise ratio. Limit of quantification for levels of the 10
neurosteroids has been published elsewhere (Jensen et al., 2017).

Western blot analysis.

Immunoblotting was performed on PFC (including prelimbic, cingulate, and overlying
motor cortex) and entire hippocampal tissues that were collected via hand dissection from
mouse brains obtained from the binge and control groups and from age matched naive mice.
We used a typical method of tissue harvesting and homogenization to maximize the amount
of tissue from the selected brain regions, which allowed us to make comparisons across a
number of proteins rather than focusing on PFC or hippocampal subregions or synaptic
localization. Briefly, 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
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separated using a 10-well 4-15% Tris-glycine gel in a Bio Rad Western Blot apparatus. Each
gel 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 PVDF). Blots were incubated with selected antibodies:
P450scc (1:500, Thermo Scientific, Rockford IL), the GABAAR a2 (1:400), GABAAR a4
subunit (1:100) and synaptophysin (1:500) from abcam (Cambridge MA), and ARC (1:100,
Santa Cruz Biotechnologies, Dallas TX). p-actin (1:500, Santa Cruz Biotechnologies, Dallas
TX), was used as the loading control, based on our early evidence that B-actin peptide levels
did not change with chronic ethanol exposure or withdrawal (Devaud et al., 1997), which
validated its use as appropriate for these types of rodent studies. After incubation with the
primary antibody, blots were washed and incubated 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.

The male and female mice from Finn et al. (2018) were tested in separate studies. Because
Western blots were conducted on tissue from each sex and brain region in separate analyses,
these data were normalized to the respective naive group for each sex and brain region. As a
result, 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. For the GC-MS
analysis, target ion peaks were integrated in ChemStation and interpolated using Prism6
(GraphPad Software, Inc., San Diego, CA). The interpolated values were used to calculate
mean pg/mL of analyte per extracted sample. Plasma neurosteroid levels for each sex were
analyzed concurrently, so data were initially analyzed by two-way ANOVAS (sex,
treatment). However, based on our a priori prediction that the sexes would respond to
treatment differently and the value of assessing within-sex results, levels of each analyte
were compared for each sex using ANOVA (naive, control, binge) with Tukey’s post-hoc
tests. Effect size estimates also were calculated (Cohen, 1988), with ¢=0.2 considered a
small effect, ¢=0.5 considered a medium effect, and ¢=0.8 considered a large effect. Pearson
correlations analyzed relationships between the ethanol drinking following the 4™ PS in
Finn et al. (2018) with protein and neurosteroid levels to evaluate whether a history of
ethanol drinking and intermittent PS exposure differentially altered these relationships in
male and female mice. Likewise, the relationship between plasma CORT (Finn et al., 2018)
and neurosteroid levels at the time of euthanasia was examined. Correlations also were
conducted between PFC and hippocampal P450scc levels and plasma pregnenolone levels to
determine the correspondence between enzyme and steroid levels in the first step in
steroidogenesis.
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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<0.08 was considered as a non-significant trend.

Analyses of protein levels in dissected PFC and hippocampus and of neurosteroid levels in
plasma were conducted. Samples were obtained from male and female mice with traumatic
stress exposure and differing patterns of ethanol drinking and compared to samples obtained
from age-matched naive mice. The only difference between binge and control groups was
the binge ethanol versus (vs) water consumption during the first part of the study,
respectively. After that, both groups were treated identically (Figure 1). In the binge groups,
average ethanol intake across the seven binge sessions was 2.17 g/kg in 30 min (males) and
2.39 g/kg in 30 min (females). Average blood ethanol concentrations (BECs) after the final
binge session were 1.37 mg/mL (males) and 1.42 mg/mL (females), which greatly exceeded
the National Institute on Alcohol Abuse and Alcoholism (NIAAA) criteria for binge
drinking (0.80 mg/mL; NIAAA, 2004). As described in Finn et al. (2018), this prior binge
drinking produced a greater enhancement in 23 h ethanol intake after exposure to repeated,
intermittent PS in male but not in female C57BL/6J mice. The increase in ethanol intake
over baseline after the 41" PS (PS4) in males was 24% (control) vs 65% (binge), whereas the
increase in females was 5% (control) vs 6% (binge). Only ethanol licks were recorded in the
study by Finn et al. (2018), but an extrapolation of ethanol licks to g/kg dose revealed that
averaged 23 h ethanol intake at baseline vs after PS4 increased from approximately 8 to 10
g/kg in control males, from approximately 9 to 14 g/kg in binge males, from approximately
12 to 12.5 g/kg in control females, and from 10.5 to 11 g/kg in binge females. The percent
increase in ethanol intake over baseline after PS4 was similar to the calculations that were
based on ethanol licks.

As described in the Introduction, Western blots were conducted on two proteins involved in
synaptic plasticity (ARC, synaptophysin), two GABAAR subunits (a2, a4), and a rate-
limiting enzyme in steroid biosynthesis (P450scc). Results in PFC are depicted in Figure 2;
results in hippocampus are shown in Figure 3.

ARC levels in the PFC were not significantly altered by treatment in males or females
(Figure 2). However, synaptophysin levels were significantly altered by treatment in male
PFC [F(2,38)=3.46, p<0.05], which was due to the significant 10% increase in
synaptophysin levels in the binge vs naive group. A different pattern of results was found in
the hippocampus (Figure 3), where ARC levels were significantly decreased by treatment
only in females [F(2,38)=19.84, p<0.001]. Post-hoc tests confirmed that ARC levels were
significantly decreased by 14% and 16% vs naive in the control and binge female mice,
respectively. In contrast, treatment significantly altered hippocampus synaptophysin levels in
a similar manner in both males [F(2,43)=12.23, p<0.001] and females [F(2,34)=8.43,
p=0.001]. Synaptophysin levels were significantly increased by 21% vs naive in the control
and binge female mice, whereas levels were significantly increased by 21% and 18% vs
naive in the control and binge male mice, respectively.

Alcohol. Author manuscript; available in PMC 2021 March 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Devaud et al.

Page 7

There also were some sex and brain regional differences in the effect of treatment on levels
of the two GABAAR subunits examined. In the PFC, treatment produced significant sexually
divergent changes in levels of the GABAAR a2 subunit [males: F(2,38)=7.31, p=0.002;
females: F(2,32)=21.59, p<0.001; Figure 2]. Post-hoc tests confirmed that GABAAR a2
subunit levels were decreased significantly by 14% vs naive in the control males, whereas
levels were increased significantly by 25% and 28% vs naive in the control and binge
females, respectively. In contrast, treatment significantly decreased PFC GABAAR a4
subunit levels in both sexes [males: F(2,38)=10.26, p<0.001; females: F(2,28)=5.55,
p=0.009]. GABAAR a4 levels were significantly decreased by 18% vs naive in the control
females, and levels were decreased significantly by 17% and 13% vs naive in the control and
binge males, respectively. A different pattern of results was found in the hippocampus
(Figure 3), as GABAAR a2 subunit levels were not significantly altered by treatment in
male or female mice. GABAAR a4 levels were significantly increased by treatment in
female hippocampus [F(2,36)=7.34, p=0.002], with post-hoc tests confirming a significant
increase vs naive of 13% in control females and of 10% in binge females. In male
hippocampus, there was a strong non-statistical trend for treatment to increase GABAAR a4
levels [F(2,40)=3.09, p=0.056].

There were sexually divergent treatment effects on levels of P450scc in both PFC and
hippocampus. Whereas P450scc levels in PFC were significantly altered by treatment in
both sexes [males: F(2,35)=5.27, p=0.01; females: F(2,30)=12.21, p<0.001; Figure 2], post-
hoc tests indicated that P450scc levels were decreased significantly vs naive in control males
(16%) and were increased significantly vs naive in control (22%) and binge (17%) females.
There was a non-significant trend for P450scc levels in the PFC to be negatively correlated
with plasma pregnenolone levels only in the control male group (r = -0.57, p=0.068, n=11);
correlations between P450scc and pregnenolone levels were not significant in the female
mice. In hippocampus (Figure 3), treatment did not significantly alter P450scc levels in male
mice, and there was a non-significant trend for P450scc levels to be negatively correlated
with plasma pregnenolone in the binge group (r = —0.52, p=0.08, n=12). In contrast, and
similar to the results in PFC, P450scc levels were significantly increased in female
hippocampus [F(2,38)=12.34, p<0.001], which was due to the significant increase vs naive
of 15% and 14% in the control and binge females. However, hippocampal P450scc and
plasma pregnenolone levels were not significantly correlated in female mice.

Correlations were conducted between the ethanol licks after the 41 PS (days 22 — 24; the
final 3 days of drinking) from Finn et al. (2018) and protein levels in PFC and hippocampus
that were obtained from this study and from Finn et al. (2018). In the PFC, ethanol licks
from the binge male group (n=12) were significantly positively correlated with ARC (r =
0.86, p<0.001), P450scc (r = 0.69, p=0.01), and glucocorticoid receptor (r= 0.62, p<0.05)
levels. Ethanol licks in the combined binge and control male groups also were significantly
positively correlated with P450scc levels (r = 0.440, p<0.05, n=23). However, ethanol licks
in the female groups (binge, control, or combined binge and control) were not significantly
correlated with any protein levels. In the hippocampus, ARC levels were significantly
positively correlated with ethanol licks in the binge female group (r = 0.82, p<0.01, n=11)
and significantly negatively correlated with ethanol licks in the control male and female
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group (r = -0.41, p=0.05, n=23). No other correlations between hippocampal protein levels
and ethanol licks reached significance.

Using gas chromatography-mass spectrometry (GC-MS), we simultaneously quantified the
GABApR-active 3a,5a-/3a,53-reduced metabolites of progesterone, testosterone,
dehydroepiandrosterone (DHEA), and deoxycorticosterone (DOC), the precursor steroids
pregnenolone and DHEA, as well as estradiol (see Figure 1 in Snelling et al., 2014 for
steroid pathway). Results of the 10 neuroactive steroid levels are depicted in Figure 4. The
two-way ANOVA analysis of plasma levels of the two precursor steroids indicated that there
only was a main effect of treatment [Fs(2,78)>4.35, p<0.05]. However, analysis of each sex
revealed that there were sex differences in the effect of treatment, with significant changes in
pregnenolone [F(2,39)=6.68, p=0.003; Figure 4a] and DHEA [F(2,39)=5.64, p=0.007;
Figure 4b] levels only in male mice. For both steroids, levels were significantly higher in the
binge vs control and naive male mice. However, for one of the GABAR-active derivatives
of DHEA, 3a,5a-androsterone, there was a main effect of sex [F(1,78)=7.70, p=0.007], a
main effect of treatment [F(2,78)=22.99, p<0.001], and a non-significant trend for a
significant interaction [F(2,78)=2.92, p=0.06]. There only was a main effect of treatment
[F(2,78)=8.95, p<0.001] on 3a.,5p-androsterone levels. Analysis of each sex revealed that
plasma 3a.,5a.-androsterone levels (Figure 4g) were significantly higher in the binge groups
vs the control and naive groups for each sex [males: F(2,39)=7.93, p/=0.001 and post-hoc
tests; females: F(2,39)=15.41, p<0.001 and post-hoc tests]. Plasma 3a.,53-androsterone
levels (Figure 4h) also were significantly higher in the binge vs control and naive groups in
females [F(2,39)=5.79, p=0.005 and post-hoc tests], and there was a strong non-statistical
trend for treatment to increase 3a,5p-androsterone levels in males [F(2,39)=3.12, p=0.056].

For the GABAR-active derivatives of progesterone, there only was a main effect of sex for
allopregnanolone (ALLO, 3a.,5a-THP, tetrahydroprogesterone) levels [F(1,78)=18.85,
p<0.001]. However, analysis of each sex indicated that there were sexually divergent effects
of treatment on both ALLO and pregnanolone (3a.,58-THP) levels. Plasma ALLO levels
(Figure 4c) were significantly altered only in male mice [F(2,39)=3.28, p=0.05], due to the
significant reduction in levels in the control males when compared to levels in naive male
mice. Plasma pregnanolone levels (Figure 4d) also were significantly altered only in male
mice [F(2,39)=5.28, £=0.009], with levels in the controls significantly lower than levels in
the binge male mice and a strong non-statistical trend for lower levels in the controls vs
naive male mice (p=0.053). The two-way ANOVA of the GABAaR-active derivatives of
testosterone, 3a,5a-/3a,5p-androstanediol, indicated that there only was a main effect of
treatment [F(2,78)=21.69, p<0.001] for 3a.,5p-androstanediol levels. Subsequent one-way
ANOVAs confirmed that only plasma 3a,5p-androstanediol levels (Figure 4f) were
significantly altered by treatment in both sexes [males: F(2,39)=7.47, p=0.002; females:
F(2,39)=14.27, p<0.001], with levels in the binge groups significantly higher than levels in
the control and naive groups for both male and female mice. And for the GABAaR-active
derivatives of DOC, 3a,5a-/3a,58-THDOC (tetrahydroDOC), there was a main effect of
sex on 3a,5p-THDOC levels [F(1,78)=6.51, p=0.01], and a main effect of treatment on
3a,5a-THDOC levels [F(2,78)=16.10, p<0.001]. The analysis of each sex confirmed that
only plasma 3a,5a-THDOC levels (Figure 4i) were significantly influenced by treatment in
both sexes [males: F(2,39)=4.70, p=0.015; females: F(2,39)=13.44, p<0.001]. Post-hoc tests
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confirmed that 3a.,5a-THDOC levels in male mice were significantly higher in the binge vs
control group. In female mice, plasma 3a.,5a-THDOC levels were significantly higher in the
binge vs control and naive groups.

Estradiol levels did not differ significantly in the three treatment groups of female mice.
Mean=SEM estradiol levels in the females were 3.84+0.23 pg/mL (naive, n=12), 2.96+0.42
pg/mL (control, n=11), and 3.50+0.31 pg/mL (binge, n=15). Levels were not quantifiable in
the male mice. The minimum detectable level was 1 pg/mL.

Correlations were conducted between the ethanol licks after the 4™ PS from Finn et al.
(2018) and neurosteroid levels. In the combined binge and control male mice (n=24),
ethanol licks after the 4! PS were significantly positively correlated with levels of the
testosterone derivatives 3a,5a-androstanediol (r = 0.56, p<0.01) and 3a.,5B-androstanediol
(r=10.47, p<0.05), and levels of the progesterone derivative pregnanolone (r = 0.55,
p=0.005), and there was a non-significant trend for ethanol licks to be positively correlated
with levels of the DOC derivative 3a.,5a-THDOC (r = 0.37, p=0.07). In female mice,
ethanol licks after the 41 PS were significantly positively correlated with levels of the
progesterone derivative ALLO in the binge group (r = 0.71, p<0.01, n=12) and were
significantly negatively correlated with pregnenolone levels in the combined binge and
control groups (r = -0.44, p<0.05, n=24).

Correlations also were conducted between the plasma CORT levels from Finn et al. (2018)
and the plasma neurosteroids upon euthanasia (i.e., 24 h after the last drinking session), and
only a few correlations reached significance. Specifically, CORT levels in the control male
and female groups (n=30) were significantly positively correlated with ALLO levels (r =
0.36, p=0.05) and significantly negatively correlated with pregnenolone levels (r = -0.43,
p<0.05). CORT levels in the binge and control female groups (n=30) were significantly
negatively correlated with 3a,5a-THDOC levels (r = -0.36, p=0.05).

Discussion

The current findings were generated as a follow-up to the initial study investigating the
effects of prior binge-like drinking on responses to repeated, intermittent PS exposure and
subsequent drinking behavior (Finn et al., 2018). Given the sex differences in the pattern of
changes in ethanol drinking behavior with prior binge drinking and PS exposure, the intent
of the present set of studies was to better elucidate the neurochemical contributions in male
and female C57BL/6J mice. Analysis was conducted in tissue and plasma collected 24 h
after the last drinking session and 6 days after the final PS exposure. Based on the time
between the final PS exposure and euthanasia, it is unlikely that the changes in protein levels
reflect an acute response to the traumatic stress exposure, although exposure to various PS
has been reported to increase anxiety-related behavior in naive rodents between 2 — 7 days
after the PS exposure (Belzung et al., 2001; Cohen and Zohar, 2004; Cohen et al., 2008;
Hebb et al., 2003; Roltsch et al., 2014; Whitaker and Gilpin, 2015). Rather, the changes in
protein levels are most likely due to the long history of ethanol drinking in the male and
female C57BL/6J mice that were utilized in the current study. However, it is possible that the
mice were experiencing some negative affective symptoms during withdrawal at the time of
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euthanasia, based on recent findings that 24 h of withdrawal after 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; female mice not tested). Nonetheless,
a history of ethanol drinking and intermittent PS exposure produced brain regional and sex
differences in the changes in proteins examined as well as in the pattern of neurosteroid
levels vs values in naive mice.

For the steroidogenic enzyme, P450scc, there were significant increases in relative protein
levels in the female PFC and hippocampus in both treatment conditions (control and binge)
with a significant decrease in protein levels only in the male PFC control condition, vs levels
in respective naive mice. As P450scc is the enzyme controlling the first step of
steroidogenesis (converts cholesterol to pregnenolone; Mellon and Griffin, 2002; Mellon and
Vaudry, 2001; Porcu et al., 2009) that plays a key role in synthesis of steroids, including
CORT and neurosteroids, these data suggest that a history of ethanol drinking and traumatic
stress exposure may differentially regulate neurosteroid synthesis in male and female mice.
However, P450scc levels in PFC and hippocampus were not significantly correlated with
plasma pregnenolone levels in female mice, yet plasma pregnenolone levels were
significantly negatively correlated with ethanol licks after the 41 PS. Moreover, brain
P450scc levels only tended to be negatively correlated with plasma pregnenolone levels in
male mice. Previous findings indicate that basal neurosteroid levels in plasma do not simply
reflect levels in cortex and hippocampus (Caruso et al., 2013), so it is possible that PFC and
hippocampal pregnenolone levels would better correspond to P450scc levels in these tissues.
Nonetheless, we previously observed an enhanced CORT response to PS in female vs male
mice (Cozzoli et al., 2014; Finn et al., 2018), consistent with recent reports that females
often show a greater response to stress than males (Moench and Wellman, 2017; Oyola and
Handa, 2017).

Neurosteroid synthesis is a dynamic process. Hence, it is likely that disruptions in one or
more biosynthetic steps besides P450scc could influence levels of multiple steroids with
positive or negative modulatory effects at GABAARS (e.g., Belelli and Lambert, 2005). As a
result, we used GC-MS to simultaneously quantify estradiol levels in females in addition to
the 10 neurosteroids in males and females. Given the chronic stress or PS-induced
alterations in ALLO and DHEA levels and dysregulation with CORT following PS that has
been reported (Cohen et al., 2007; Guo et al., 2017; Pibri et al., 2008; Pinna and Rasmusson,
2011; Serra et al., 2000), as well as the suppression in ALLO levels in female patients with
PTSD (Pineles et al., 2018; Rasmusson et al., 2006), we expected that intermittent PS would
significantly decrease ALLO levels in male and female mice in the present study. However,
plasma ALLO levels only were significantly suppressed in the control male mice vs naive,
and levels of the structurally related neurosteroid pregnanolone only were decreased in
control vs binge and naive male mice. Interestingly, these differences in pregnanolone levels
between the control and binge groups likely contributed to the significant positive
correlation with ethanol licks in the combined binge and control groups. The results in
control male mice with a history of ethanol drinking and intermittent PS also are consistent
with recent data suggesting that a chronic isolation stress-induced enhancement in ethanol
intake in male C57BL/6J mice did not restore the stress-induced reduction in hippocampal
ALLO levels (Sanna et al., 2011). It should be noted that withdrawal from various models of
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chronic ethanol exposure produced a consistent decrease in ALLO levels in male rodents
and monkeys (see Jensen et al., 2017 and references therein), so it is not known if the current
ALLO results in male mice reflect a suppression in ALLO synthesis due to traumatic stress,
chronic ethanol drinking, or both. In contrast, treatment did not significantly alter plasma
ALLO and pregnanolone levels in female mice, although plasma ALLO levels were
significantly positively correlated with ethanol licks in the binge group. Thus, a history of
ethanol drinking and exposure to intermittent PS may differently regulate production of the
GABAR-active progesterone derivatives ALLO and pregnanolone in male and female
mice.

It is interesting that a different pattern of results was observed for the remaining 8
neurosteroids than what was detected for ALLO and pregnanolone. In general, neurosteroid
levels were significantly increased in the binge vs control and naive groups. This was true in
male mice for levels of the precursor steroids pregnenolone and DHEA, and it also was true
in both males and females for the DHEA derivatives 3a,5a-/3a,5p-androsterone, the
testosterone derivative 3a,5p-androstanediol, and the DOC derivative 3a,5a-THDOC.
Several points are worth mentioning about these results. First, it is possible that the increase
in 3a,5a-THDOC was related to the intermittent PS exposure, as acute stress can
significantly increase 3a,5a-THDOC in male rodents (Barbaccia et al., 2001; Purdy et al.,
1991; Reddy and Rogawski, 2002). Considering that DOC is the precursor steroid to both
3a,5a-THDOC and CORT (see Figure 1 in Snelling et al., 2014) and that a history of
ethanol drinking dampened the CORT response to PS (Finn et al, 2018), it is likely that the
5a-reduction of DOC was favored (to produce THDOC) in the mice with prior binge
drinking experience. Second, the sex differences in the treatment effect on PFC and
hippocampus P450scc levels did not relate to the corresponding group plasma pregnenolone
levels in either the male or female mice. However, the pattern of the results suggests that
synthesis of the DHEA-, DOC-, and testosterone-derived neurosteroids was increased in the
male and female mice with prior binge drinking experience. Related to this point, ethanol
licks in binge and control male mice were significantly positively correlated with 3a,5a-/
3a,5p-androstanediol levels and tended to be positively correlated with 3a.,5a-THDOC
levels. Given that P450scc is the first of many enzymes that are involved in neurosteroid
synthesis (Mellon and Vaudry, 2001; Porcu et al., 2009) and that activity of the neurosteroid
enzymes in the brain can be regulated by neurotransmitters and neuropeptides (Do Rego et
al., 2009), the present results are consistent with the idea that there can be independent
regulation of neurosteroid synthesis in the periphery and in the brain at several steps in the
neurosteroid pathways. We recently found that ethanol withdrawal produced a broad and
complex dysregulation in neurosteroid biosynthesis, with differences in the withdrawal-
induced changes in plasma vs brain tissue and altered correlations between neurosteroid
levels in naive mice vs those undergoing withdrawal (Jensen et al., 2017), providing further
support for the idea that independent regulation of neurosteroid synthesis can occur.
Collectively, the results suggest that prior binge drinking with a later history of ethanol
drinking and exposure to intermittent traumatic stress may dysregulate neurosteroid
synthesis, with some sex differences in the pattern of the effects.

In addition to the potential influence of neurosteroids on GABAAR-mediated inhibition,
subtypes of GABAARs also influence GABApR-mediated inhibition as well as addictive
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behaviors and behavioral responses such as anxiety (reviewed in Engin et al., 2018;
Stephens et al., 2017), and they are regulated by acute and chronic ethanol exposure
(reviewed in Olsen and Liang, 2017). We focused our studies on the GABAAR a2 and a4
subunits, as these two subunits are up-regulated in dependent male and female rats (reviewed
in Olsen and Liang, 2017; also Devaud and Alele, 2004; Devaud et al., 1997, 1999) and are
important modulators of addictive-related behaviors (reviewed in Stephens et al. 2017).
Additionally, a2-containing GABARS are important in anxiety-related behaviors and
responsiveness to stress (see Engin et al., 2018). It is interesting that we again observed
some divergent responses to treatment in the males and females in the present study. Relative
protein levels of the GABAAR a2 subunit in the PFC were significantly increased in binge
and control females, whereas levels were significantly decreased in control males, when
compared to the respective naive mice. This result in males is consistent with recent
evidence for a down-regulation in the cortical GABAAR a2 subunit of adult male and
female mice exposed to early life stress (Skilbeck et al., 2018). It is possible that the
increased protein levels of the GABAAR a2 subunit in female PFC reflects the history of
ethanol drinking in these animals, given the upregulation of this subunit that has been
reported in several brain regions following chronic ethanol exposure (Devaud et al., 1999;
Olsen and Liang, 2017). A different pattern of results was observed with the GABAAR a4
subunit, where treatment produced a similar significant decrease in PFC protein levels in
male and female mice, but a significant increase in hippocampus protein levels only in
female mice. Chronic isolation stress produced a significant decrease in hippocampus
expression and peptide levels of the GABAAR a4 subunit in male C57BL/6J mice that was
reversed with 6 weeks of ethanol drinking (Sanna et al., 2011), although PFC was not
examined in that study. Thus, it is possible that the current PFC GABAAR a4 subunit results
reflect a suppression due to the intermittent and repeated traumatic stress exposure in the
binge and control mice. In the female hippocampus, the history of ethanol drinking likely
influenced the significant increase in GABAAR a4 subunit levels observed in the binge and
control groups, consistent with the upregulation reported in male and female rodent
hippocampus after chronic ethanol exposure (Devaud and Alele, 2004; Matthews et al.,
1998; Olsen and Liang, 2017). Taken together, the brain regional and sex differences in the
effects of treatment on GABAAR a2 and a4 levels may reflect different contributions of
repeated traumatic stress exposure and history of ethanol drinking in male and female mice.

We also assayed relative protein levels of ARC and synaptophysin, which play a role in
synaptic plasticity (Li et al., 2002; Shepherd and Bear, 2011). Earlier work in male rats
found that ARC expression was altered by ethanol in a bidirectional manner that also was
related to anxiety, with acute ethanol’s anxiolytic effect associated with increases in ARC in
the amygdala and the anxiogenic effect of ethanol withdrawal associated with a decrease in
ARC in the amygdala (Pandey et al., 2008). In contrast, ARC labelling in the motor cortex
was increased during ethanol withdrawal in male and female rats (Walls et al., 2012) and
was increased in the medial PFC of male rats following CORT treatment after inhibitory
avoidance training that involved footshock (McReynolds et al., 2014). Despite no significant
effects of treatment on ARC levels in the PFC of male or female mice in the present study,
there was a significant positive correlation between ethanol licks and ARC levels in male
mice from the binge group. Synaptophysin levels have been reported to be increased in the
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PFC from chronic alcoholics (Henriksson et al., 2008), to be increased in the hippocampus
of male but not female rats during ethanol withdrawal (Alele and Devaud, 2005), and to be
altered differently in male (1) and female (1) rats following chronic mild stress and
voluntary ethanol consumption (Marco et al., 2017). Overall, the current results indicated
that there were minimal effects of our behavioral paradigm on either ARC or synaptophysin
levels in the PFC. In contrast, there were significant alterations in relative levels of both
proteins in the hippocampus, with similar increases in synaptophysin levels in binge and
control males and females and a significant decrease in ARC levels only in binge and control
female mice. However, ethanol licks and ARC levels in the hippocampus were significantly
positively correlated in binge females and significantly negatively correlated in control
males and females, suggesting that relationships between ethanol licks and hippocampal
ARC levels may differ across sex or prior treatments (as they contribute to the history of
ethanol drinking). And although hippocampal synaptophysin levels and ethanol licks were
not significantly correlated, the significant treatment-induced increase in synaptophysin
levels in both males and females is consistent with reports of withdrawal-induced or stress-
and drinking-induced changes in male and female rats, respectively (Alele and Devaud,
2005; Marco et al., 2017). Taken in conjunction with the evidence that ARC and
synaptophysin have been linked to prominent roles in synaptic plasticity, particularly for
glutamatergic transmission (Korb and Finkbeiner, 2011; Henriksson et al, 2008; Marco et al
2017; Shepherd and Bear, 2011), the consistent increase in hippocampus synaptophysin
levels for males and females following a history of ethanol drinking and repeated traumatic
stress exposure supports the suggestion of a common route for enhancing glutamatergic
transmission across both sexes. Interestingly, a recent report found that environmental
enrichment afforded protection against early life stress-induced behaviors by resulting in
increased levels of synaptophysin and brain-derived neurotrophic factor in rat hippocampus
(Dandi et al, 2018), further supporting a neurochemical contribution of this protein in
adapting to ethanol and stress.

One limitation of the present findings is that protein levels were not assessed in PFC or
hippocampal subregions. Evidence indicates that avoidance of a predator stress-paired
context in rodents (Edwards et al., 2013; Schreiber et al., 2017) or symptoms of PTSD in
humans (Gilpin and Weiner, 2017; Morey et al., 2016) are associated with alterations or
structural deficits in the ventral but not dorsal subregion of the medial PFC (i.e., vmPFC).
These effects are not surprising, given the distinct functional and anatomical characteristics
of these two subregions (reviewed in Heidbreder and Groenewegen, 2003). Additionally, the
hippocampal-to-PFC pathway is highly sensitive to stress, with the strongest projection
originating in the ventral hippocampus and terminating in the mPFC (Godsil et al., 2013),
and several lines of evidence confirming the necessity of the ventral hippocampal to mPFC
projection in anxiety-related behavior (Padilla-Coreano et al., 2016). Thus, it is possible that
the lack of treatment effect for some proteins in the present study was confounded by the
assessment of protein levels in the entire brain region rather than in subregions. Future
studies will explore additional brain regions and sub-regions within the PFC and
hippocampus for select protein levels to better map the circuitry involved in a history of
ethanol drinking and PTSD-like stress exposures in male and female mice.
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In conclusion, the present findings, in conjunction with our recent work indicating increases
in GR and CRF-R1 levels in females but not in males following a history of ethanol drinking
and traumatic stress exposure (Finn et al., 2018), add to evidence that different biological
mechanisms may underlie sex differences in responsiveness to stress and contribute to the
sex differences in prevalence of psychiatric disorders (Bolea-Alamanac et al, 2018). We
again noted a much greater effect of stress in conjunction with a history of ethanol drinking
on changes in PFC and hippocampus for select relative protein levels, suggesting a greater
influence of the traumatic stress concurrent with ethanol drinking history than of the earlier
binge-like drinking experience. There were sex-selective effects for neurosteroid-related,
GABAA receptor-related and synaptic plasticity-related proteins that also varied by brain
area. When considered with the sex differences in pattern of enhanced ethanol drinking in
response to traumatic stress exposure, the findings suggest the involvement of multiple and
divergent adaptations. This adds further support to the need to address risk for harm from the
interactions between stress and drinking in both men and women.
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Highlights

Sex and brain region differences in P450 levels after stress and ethanol
drinking

Stress and ethanol drinking suppress allopregnanolone levels only in male
mice

Traumatic stress and prior binge drinking increase many GABAergic
neurosteroids

Traumatic stress and ethanol drinking increase synaptophysin levels in
hippocampus
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SHAC Procedure (21 days)

Abstinence Period

Binge group = 7 binge ethanol —_ (4 weeks)

sessions (30 min, 5E) every 3" day

Control group = water
consumption, 21 days

Ethanol Drinking in Lickometer Chambers
(10E vs water, 23 h/day, ~4 weeks)

Week 1 = baseline

Week 2 & 3 = 4 predator stress exposures
(30 min, 2x/week on Tuesday & Friday)

Week 4 = post stress, final session on day 24

Figure 1. Experimental timeline.

The present study utilized tissue obtained from binge and control male and female mice that

—_—

Page 20

Habituation to Lickometer

Chambers (1 week)

Water consumption; all mice

Abstinence (24 h)

Mice euthanized on day 25

J

-

Age matched naive mice

Euthanized separately

~

were treated as described. After the initial binge or water (control) drinking sessions and a 4
week period of abstinence, binge and control mice were treated similarly. Tissue from age
matched naive mice were used as the comparator group. For predator stress, mice were
exposed to dirty rat bedding for 30 min, twice per week, for 2 weeks. SHAC = Scheduled
High Alcohol Consumption; 5E = 5% v/v ethanol; 10E = 10% v/v ethanol.
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Figure 2. Sex dependent changes in relative density of select proteins in the prefrontal cortex
(PFC) after a history of ethanol drinking with repeated intermittent predator odor stress
exposure.

Western blot analysis was conducted on dissected PFC tissue at 24 h after the final drinking

session (binge = prior binge ethanol intake; control = prior water intake) and compared to
values from similarly aged naive mice (naive). Sexually divergent effects of treatment were
observed on protein levels of synaptophysin (synapto), cytochrome P450 side chain cleavage
(P450scc), and GABAA receptor (GABAAR) a2 subunit in male and female PFC, whereas
treatment produced a similar suppression in GABAAR a4 subunit protein levels. Values are
mean + SEM for each group: male: n=15-18 (naive), n=11 (control), n=12 (binge); female:
n=13-17 (naive), n=8 (control), n=10-11 (binge). All levels were initially normalized to -
actin. Fold regulation was then determined by normalizing all values to the mean of the
relative expression of the respective naive group (dashed gray line). *p<0.05, **p<0.01,
***n<0.001 vs respective naive group (effect size range = 1.31 — 3.41).
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Figure 3. A history of ethanol drinking and intermittent predator odor stress produced changes
in protein levels related to synaptic plasticity, steroid synthesis, and a GABAp receptor
(GABAAR) subunit in the hippocampus.

Western blot analysis was conducted on dissected hippocampal tissue at 24 h after the final
drinking session (binge = prior binge ethanol intake; control = prior water intake) and
compared to values from similarly aged naive mice (naive). Treatment produced similar
significant increases in synaptophysin (synapto) levels in male and female hippocampus,
whereas activity-regulated cytoskeletal protein (ARC), cytochrome P450 side chain cleavage
(P450scc), and GABAAR a4 subunit protein levels were significantly altered by treatment
only in female hippocampus. Values are mean + SEM for each group: male: n=19-22
(naive), n=12 (control), n=12 (binge); female: n=13-19 (naive), n=11 (control), n=11
(binge). All levels were initially normalized to p-actin. Fold regulation was then determined
by normalizing all values to the mean of the relative expression of the respective naive group
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(dashed gray line). *p<0.05, **p<0.01, ***p<0.001 vs respective naive group (effect size
range = 1.02 — 2.12).
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Figure 4. Prior binge drinking followed by a history of ethanol drinking and intermittent
predator odor stress exposure significantly alters plasma neurosteroid levels in male and female
mice.

Gas chromatography-mass spectrometry was used to simultaneously quantify 10
neurosteroids from plasma that was collected at 24 h after the final drinking session (binge =
prior binge ethanol intake; control = prior water intake) and compared to values from
similarly aged naive mice (naive). With the exception of a significant suppression in
allopregnanolone levels in control male mice vs naive, the majority of neurosteroids were
significantly increased in the mice with prior binge exposure and a history of ethanol
drinking and stress exposure when compared to the naive and control male and female mice.
Values are mean + SEM for each group: male: n=12 (naive), n=15 (control), n=15 (binge);
female: n=12 (naive), n=15 (control), n=15 (binge). ~p<0.05, M p=<0.01, ""p<0.001 vs
respective naive group (effect size range = 1.01 — 1.83); *p<0.05, **p<0.01, ***p<0.001 vs
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respective control group (effect size range = 0.87 — 1.59). DHEA = dehydroepiandrosterone;
THDOC = tetrahydrodeoxycorticosterone.
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