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Abstract

Rationale—Despite epidemiological and clinical data indicating marked gender differences in
alcohol use disorders (AUDs), few preclinical studies have examined sex differences in animal
models of AUDs.

Objective—The purpose of this study was to first characterize sex differences in ethanol
consumption and reinforcement in an alcohol preferring (P) rat model of alcoholism, then use this
model to screen pharmacological treatments for sex-specific effects.

Methods—Ethanol consumption was first assessed in male and female P rats under a three-bottle
free-choice procedure. Next, ethanol’s reinforcing effects were assessed under a fixed-ratio 1
(FRY) schedule followed by a progressive-ratio (PR) schedule. Finally, the effects of two
pharmacological treatments for AUDSs, naltrexone (1 mg/kg) and topiramate (10 or 20 mg/kg),
alone and in combination, were tested for sex-specific differences in their efficacy at reducing
ethanol’s reinforcing effects.

Results—Although females initially had higher consumption of and preference for ethanol, male
rats increased their consumption and preference over time and rapidly became equal to females.
Following prolonged 24-hr/day access, males and females self-administered similar levels of
ethanol under FR1 and PR schedules. In response to pharmacological treatment, we observed
some sex differences and similarities, most notably, a more robust effect of the combination of
naltrexone and topiramate in males as compared to females.

Conclusions—This model of selectively bred P rats may be useful for understanding sex
differences in AUDs and related behavior and their underlying neurobiological mechanisms and
treatment.
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1. Introduction

Although rates of alcohol use disorders (AUDs) are greater among men than women,
research indicates that women may be more vulnerable to certain aspects of AUDs (Brady
and Randall, 1999; Substance Abuse and Mental Health Services Administration, 2004).
Women often show an accelerated path to dependence, termed “telescoping”, and incur
health consequences at a faster rate than men (i.e. liver cirrhosis, Hepatitis C, alcohol-
induced brain damage; Mann et al. 2005; Brady and Randall, 1999; Lynch et al. 2002).
Women also become intoxicated and have higher blood alcohol concentrations after lower
quantities of alcohol consumed than men (Marshall et al. 1983), which may contribute to an
increased vulnerability in women. There are also gender differences in ethanol-induced
dopamine release, reuptake, and density of receptors in the reward pathway (Carroll, 2004;
Blanchard and Glick, 1999) suggesting that the neurobiology of AUDs and its treatment may
differ between males and females.

Despite these sex differences, females are very much underrepresented in research on AUDs,
particularly in preclinical studies examining its neurobiological basis and potential
treatments. This may be attributable in part to the belief that rodents may not be an
appropriate model for studying sex differences in AUDs given that sex differences observed
in rodents typically do not correspond to humans. Specifically, in contrast to the human data,
which show similar or higher levels of consumption in men (Keyes et al. 2008), preclinical
studies using outbred rat strains consistently report higher consumption and preference for
ethanol in females (Lancaster and Spiegel, 1992; Almeida et al. 1998; Juarez and De
Tomasi, 1999; Cailhol and Mormede, 2001; Vetter O’Hagan et al. 2009). Female rats and
mice also acquire ethanol self-administration more quickly (Carroll and Anker, 2010; Melén
et al., 2013) and escalate their intake over time to a greater extent than males (Melén et al.
2013). Notably, sex differences in ethanol intake are less robust or absent in some strains
selectively bred for high ethanol drinking (i.e. Alcohol Preferring (P) rats, High Alcohol
Drinking (HAD) rats, High-Ethanol Preferring (HEP); McKinzie et al. 1998; Dhaher et al.
2012; Terenina-Rigaldie et al. 2004; Mormede et al. 2004), depending on the parameters and
methods used to measure ethanol drinking. The P line of rats has a phenotype with construct
and face validity for an animal model of AUDs (Bell et al. 2006a; Bell et al. 2014), as well
as pharmacological treatments for AUDs (Bell et al. 2012). Thus, we are now interested in
investigating P rats as a model of sex differences specifically, as it is important to validate
for future preclinical research. To date, only one other study has examined sex differences in
ethanol consumption and preference using a long duration of continuous access in P rats
(Bell et al. 2011). In this study, we wanted to further investigate these sex differences under
prolonged ethanol intake, as well as across multiple self-administration paradigms and in
response to pharmacological treatment.
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To evaluate the potential utility of the P line of rats as a model for examining sex differences
in AUDs and its treatment, we assessed ethanol drinking and self-administration behaviors
through multiple paradigms and over an extended length of time (7—8 months). We first
examined ethanol consumption in males and females given prolonged access to ethanol
under a 24-hr/day three-bottle free-choice procedure, a paradigm that has been shown to
result in physiologically relevant levels of ethanol consumption in P rats (Bell et al. 2006).
We then assessed ethanol’s reinforcing effects in these same animals with a fixed-ratio 1
(FR1) schedule followed by a progressive-ratio (PR) schedule. Finally, we were interested in
the effects of two pharmacological treatments for AUDs, naltrexone and topiramate, on the
reinforcing effects of ethanol as these have shown promise in treating AUDs in humans, but
whether their efficacy varies based on sex/gender is still unclear. We have shown previously
that the combination of topiramate and naltrexone, as well as a 20 mg/kg dose of topiramate
alone decreases ethanol consumption in males (Moore et al 2014), potentially through
decreasing ethanol’s reinforcing effects. Following baseline responding for ethanol, these
medications, alone and in combination, were tested for sex-specific differences in reducing
ethanol’s reinforcing effects as assessed under a PR schedule. We used a within-subjects
design, enabling us to compare the same cohort of males and females in multiple paradigms.
Additionally, we began treatments after ~6 months of ethanol experience in order to more
closely model the chronic exposure that is characteristic of human AUDs. As the targets of
these treatments (i.e. GABA, glutamate, and opioid receptor) are altered over the course of
chronic alcohol use, this model of prolonged access may also be more neurobiologically
relevant (Eravci et al. 2000; Darstein et al. 1998; Holter et al. 2000).

2. Materials and Methods

2.1 Animals and Housing

2.2 Drugs

Male (7=24) and female (/7=24) P rats from the 73-74th generations were selectively bred at
Indiana Alcohol Research Center’s Animal Production Core. Rats were single-housed in
clear, polycarbonate cages within the same colony room maintained on a 12:12 light/dark
cycle. Food and water were provided ad libitum. Rats were 11-12 weeks old upon arrival
and were given a 1-week habituation period before ethanol consumption began. Animal
health and weight was monitored daily by trained laboratory staff. All animal protocols were
approved by the Animal Care and Use Committee at the University of Virginia. Rats were
between 12-15 months at the end of the treatment phase; final weights were ~500g for
males and ~ 320qg for females. The same cohorts of males and females were used for each
procedure, and these cohorts were run simultaneously.

Ethanol solutions (8, 10, 16% v/v) were prepared from 190 proof absolute ethyl alcohol
(Pharmco-Aaper brand, Brookfield, CT, USA) and diluted using tap water. Naltrexone HCI
and Topiramate HCI were purchased from Sigma-Aldrich (St. Louis, MO). All compounds
were dissolved in 0.9% sodium chloride and sterile water. Doses of naltrexone (1 mg/kg)
and topiramate (10, 20 g/kg) were chosen based on previous studies demonstrating the
ability of these doses to reduce ethanol consumption/reinforcement in male P rats (Lynch et
al. 2011; Moore et al. 2014).

Pharmacol Biochem Behav. Author manuscript; available in PMC 2016 August 21.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Moore and Lynch Page 4

2.3 Ethanol consumption: Three-bottle free choice access

Sex differences in ethanol consumption were examined under prolonged 24-hrAlay access as
previously described (Moore et al. 2014). Briefly, all animals were given access to two
concentrations of ethanol solution (8 and 16% v/v) along with the bottle containing water.
For three months, intake of ethanol, water, and ad /ibitum food were measured daily.

2.4 Ethanol self-administration under a FR1 and a PR schedule

Ethanol’s reinforcing effects were examined in males and females (/7s=23; 1 male and 1
female were lost to health complications) following the ethanol consumption period under a
FR1 schedule as described previously (Moore et al. 2014). Briefly, ethanol was removed
from the home cages and rats were trained to self-administer 10% v/v ethanol in operant
testing chambers 6 days/week. During the session, a single response on the left (water-
associated lever) or right (ethanol-associated lever) lever led to a delivery of 0.1 ml of either
liquid. Animals were moved back into their polycarbonate cages following the end of each
60-minute session, where food and water were provided ad /ibitum.

Once responding stabilized under FR1 conditions (defined as variation less than 20% over
three consecutive days), animals were placed on a PR schedule to measure motivation to
obtain 0.1 ml deliveries of 10% v/v ethanol using methods previously described (Moore et
al. 2014). With this schedule, animals must respond for deliveries of ethanol and water at
higher levels for each subsequent delivery in the following steps: 1, 2, 4, 6, 9, 12, 15, 20, 25,
32, etc. After 30 minutes without a delivery on either lever, the session ended. Motivation for
ethanol was determined by the breakpoint, or the last ratio completed (defined by the
number of deliveries obtained within each session).

2.5 Effect of an ethanol deprivation period on PR responding

To examine “relapse-like” behavior, we used an alcohol deprivation effect (ADE) paradigm
measuring changes in ethanol’s reinforcing effects following a deprivation. Increased
consumption following a deprivation is believed to reflect propensity to relapse and previous
work has demonstrated that an ADE occurs in both male and female P rats (Sinclair and Li,
1989; Bell et al. 2008). However, little is known regarding the deprivation’s effect on
ethanol’s reinforcing effects or sex differences. After a minimum of 2 weeks and a 3-day
stable baseline under a PR schedule, animals began a 7-day deprivation phase. This length
was chosen based on previous studies showing 7 days as sufficient to induce an increase in
ethanol intake (Sinclair and Li, 1989; Heyser et al. 1997). Animals remained in their home
cages during the deprivation phase with PR testing resuming following the 7t day.

2.6 Effect of naltrexone and topiramate on ethanol reinforcement

The effects of topiramate, naltrexone, and the combination of topiramate and naltrexone on
ethanol’s reinforcing effects were also investigated in these same rats (n=22 males, n=23
females, 1 additional male was lost to health complications). Methods used were previously
described (Moore et al. 2014). Briefly, on test days, topiramate (10 or 20 mg/kg), naltrexone
(1 ma/kg), their combination (10mg/kg topiramate/1 mg/kg naltrexone), or an equal volume
of saline was administered intraperitoneally 30 minutes prior to the start of the session.
Treatments were given in random order at least 7 days apart after re-establishing baseline
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responding. Under this PR schedule, which constrains the amount of ethanol received daily,
some animals did not continue to reliably self-administer ethanol (i.e., deliveries were
variable and low), and the PR data from these animals were excluded from analysis (4 males
and 1 female). The majority of the animals, however, did maintain high levels of responding
ethanol (12 deliveries, roughly 150 responses), despite only consuming low levels of ethanol
for a prolonged period of time. Thus, our analysis of treatment effects on PR responding for
ethanol focused on only the animals that were reliably responding for ethanol at high levels
(n=18 males and n=22 females). Animals qualified for treatments after self-administering a
minimum of 12 deliveries for a 3-aay stable baseline. Each animal that qualified received
between 2-3 treatments. The effects of these treatments on PR responding for ethanol have
been previously published in a larger group of males (n=22; Moore et al. 2014), however, in
this study, we focused on only a subset of this larger group that maintained high-levels of
responding for ethanol. All other data from this male cohort (i.e. ethanol consumption, FR1
responding, PR responding at baseline, and ADE) have not previously been published.
Importantly, the all the males presented in this study were run simultaneously with the
females to allow for an examination of sex differences.

2.7 Control for sex difference in ethanol dose/delivery

Following the completion of the treatment phase, we adjusted the volume of ethanol/delivery
to equalize for g/kg concentration. This was done to control for body weight differences
between males and females. Each delivery of ethanol was 0.15 mg/kg with volumes ranging
from 0.06-0.14 ml. After 20 days of habituation to the new dose, we measured baseline
responding over 10-days.

2.8 Statistical Analysis

Ethanol consumption data were calculated using ethanol’s specific density ((ethanol% * ml
consumed* 0.793)/kg body weight) and displayed as g/kg to reflect consumption relative to
body weight. Preference scores were calculated as (ml of total ethanol solution consumed/
total liquid consumption x 100). Sex differences in baseline ethanol consumption and
preference under three-bottle free-choice, as well as deliveries obtained under FR1 and PR
conditions were analyzed across all days using a repeated-measures analysis of variance
(ANOVA). Additional analyses were conducted with values collapsed into 10-day averages.
Sex differences in average intake or preference collapsed across all days were determined
using a Student’s t-test. For pharmacological manipulations, the main dependent measure
was the number of ethanol deliveries obtained during the PR sessions at baseline (the
average number of deliveries on the three days preceding treatment) and on the day of
treatment using a repeated measures ANOVA to detect changes from baseline. Following a
significant interaction indicating differential treatment effects between sexes, separate
analyses were conducted within each treatment comparing males and females also using
repeated measures ANOVASs. Post-hoc comparisons with vehicle were conducted using
Dunnett’s t-test. Similar statistics were used to analyze potential treatment side effects on
food and water consumption in the home cage and water deliveries during the session.
Statistical analyses were performed using SPSS (version 20) with 0.05 as the alpha level for
statistical significance.
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Females readily consumed higher levels of ethanol; however males rapidly increased their
intake to levels comparable to females (Fig 1a—c). An analysis of ethanol consumption over
90-days showed an effect of day (Fgg 4094=6.54, p<0.001) and an interaction of sex-by-day
(Fg9,4004=8.72, p<0.001; Fig 1a). To determine the loci of sex differences, we averaged daily
consumption into 10-day blocks. Analyses within each of these blocks showed a sex
difference in the first 10-day block (p<0.05; Fig 1b), where females consumed more ethanol
than males, and in the block from 30-40 days (p< 0.05), where males consumed more
ethanol than females. However, an analysis of average daily intake overall showed no
difference between males and females (p>0.05; Fig 1c).

Mirroring the intake data, males initially had lower ethanol preference scores than females,
but quickly increased their preference over time, surpassing the females. Females’ ethanol
preference score stayed relatively stable and was lower than males overall (Fig 2a—c). An
analysis of ethanol preference over 90-days showed an effect of day (Fgg 4094=18.73,
p<0.001) and an interaction of sex-by-day (Fgg 4094=10.75, p<0.001; Fig 2a). Analyses of
each 10-day block showed a sex difference in ethanol preference for all blocks (p<0.05),
except for the 2" block (days 11-20; p>0.05; Fig 2b). Overall preference was higher in
males than females (p>0.05; Fig 2c). Thus, while females initially had higher consumption
of and preference for ethanol, males quickly increased their levels of consumption to equal
females, and increased their preference to a higher level than females.

3.2 Comparison of 8% v/v and 16% v/v consumption and preference

To identify sex differences within concentrations of ethanol, we analyzed consumption of
8% and 16% solutions separately. An analysis of 8% ethanol across 90-days revealed an
effect of day (Fgg 4094=5.12, p<0.001) and an interaction of day-by-sex (Fgg 4094=3.25,
p<0.001); however average intake overall did not differ between males and females (p>0.05;
Table 1). Within the 10-day blocks, females consumed more 8% than males in the first block
(p<0.05; Fig 3a), and males tended to drink more than females in the 3™ block (p=0.05). An
analysis of 16% ethanol across 90-days also revealed an effect of day (Fgg 4094=4.42,
p<0.001) and an interaction of day-by-sex (Fgg 4094=4.28, p<0.001), but no difference in
average intake overall (p>0.05). Within each block, there was an effect of sex for days 1-10
only (p<0.05; Fig 3b), with females consuming more 16% ethanol than males.

Similar effects were observed for preference for the two concentrations of ethanol. An
analysis of 8% ethanol preference across 90-days revealed an effect of day (Fsg 4094=9.79,
p<0.001) and an interaction of day-by-sex (Fgg 4094=4.60, p<0.001). Preference for 8% was
higher in males than females overall (p<0.05; Table 1). Within the 10-day blocks, there was
an effect of sex for days 1-10, with females having a higher preference for 8% than males,
and males having a higher preference for 8% than females for each block from day 31-90
(p<0.05; Fig 3c). An analysis of 16% ethanol across the 90-day testing period revealed an
effect of day (Fgg 4094=3.33, p<0.001) and an interaction of day-by-sex (Fgg 4094=4.02,
p<0.001); however average preference overall did not differ between males and females
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(p>0.05). Within the 10-day blocks, there was a significant effect of sex for days 1-10, with
females having a higher preference for 16% than males (p<0.05; Fig 3d). Following the
initial 10 days, males steadily increased their preference for 16% ethanol a similar level as
females, even being slightly higher than females within the block of days 31-40, however,
this effect did not reach statistical significance (p=0.06). Thus, males low preference for
ethanol quickly increased, mirroring the increase in consumption. Within the different
concentrations of ethanol, males preferred the lower concentration of ethanol (8%), but
females showed an equal preference for the low and high (16%).

3.3 Ethanol self-administration under a FR1 and a PR schedule

Under an FR1 schedule, males and females self-administered similar levels of ethanol (Fig
4a—c). An analysis of all 60 days showed an effect of day (Fsg 2419=23.267, p<0.001) and an
interaction of day-by-sex (Fsg 2419=7.555, p<0.001). Analysis of the 10-day blocks showed
differences in intake on the third and fifth blocks (p’s<0.05; Fig 4b), reflecting different and
non-systematic fluctuation patterns between males and females. However, average daily
intake overall showed no difference between males and females (p>0.05; Fig 4c).

Males and females also responded for similar levels of ethanol under a PR schedule (Fig 5a),
and showed a similar increase in ethanol breakpoint over time and in response to a
deprivation period (Fig 5b). Under this PR schedule animals consumed low, non-
pharmacological levels of ethanol in each session (average baseline: males mean=1.3 + 0.16
ml/session; female mean=1.36 + 0.2 ml/session). An analysis of ethanol deliveries obtained
for the first 20 days of PR responding showed an effect of day (F19 760=6.930, p<0.0001) but
no day-by-sex interaction (p>0.05; Fig 5a), demonstrating slight increases in deliveries over
time by both males and females. While an analysis of baseline ethanol deliveries (3 days
prior to deprivation) showed no effects of day or sex (p>0.05), an analysis of deliveries at
baseline and after the 7-day deprivation period showed an effect of day (F 43=6.290,
p<0.05; Fig 5b), but not sex (p>0.05). Thus, males and females respond at similar levels for
ethanol under both a FR1 and PR schedule, and display a similar increase in motivation for
ethanol following a 7-day deprivation period.

As a control for body weight differences (females weighed 100-200 g less than males), we
adjusted the volume/delivery to equalize dose between the sexes. An analysis of ethanol
deliveries obtained over 20 days of PR responding showed no effects of day and no
interaction of day-by-sex (p’s >0.05; Fig 5c). Thus, small differences in dose did not affect
PR responding.

3.4 Effects of naltrexone and topiramate on ethanol reinforcement

In males and females, topiramate (20 mg/kg dose), naltrexone, and the combination of
topiramate (10 mg/kg) and naltrexone reduced motivation for ethanol; with an enhanced
effect of the combination on reducing motivation for ethanol in males compared to females
(Fig 6a—b). Ethanol deliveries obtained at baseline did not differ between males and females
(p’s > 0.05). Comparison of ethanol deliveries at baseline and on the day of treatment
revealed a main effect of day (F; 97=172.818, p<0.0001) and interactions of day-by-sex
(F1,97=910.217, p<0.01), day-by-treatment (F4 97=14.626, p<0.0001), and day-by-sex-by-
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treatment (F4 97=2.472, p<0.05). Post-hoc analysis showed that all treatments, except for
topiramate alone (10mg/kg), decreased breakpoint from vehicle (p’s<0.05; Fig 6a—b;10
mg/kg topiramate data not shown in 6a for simplicity of figure). Topiramate alone (20
mg/kg) reduced ethanol deliveries from vehicle in males (p<0.05); however in females, this
decrease did not reach statistical significance (p=0.07). All other treatments produced
significant decreases from vehicle for both males and females (p’s<0.05). Additionally,
following treatment with the combination of naltrexone and topiramate, males showed a
significantly lower breakpoint from females (day-by-sex-by-drug interaction, F1 40=10.43,
p<0.01), indicating an enhanced effect of this combination treatment in males (Fig 6a—b).

To determine any non-specific effects of these treatments, we analyzed food and water
intake, and water deliveries obtained in the testing chambers at baseline and on the day of
treatment. There was a mild decrease in food intake on the day of treatment indicated by a
day-by-treatment interaction(F4 97=25.71, p<0.01), however, post-hoc tests showed no
significant effects of treatment compared to vehicle, suggesting that each treatment reduced
food intake very mildly (p’s > 0.05; Table 2). Water intake in the home cage was mildly, but
differentially affected by treatments in males and females. While there was a significant
interaction of day-by-sex-by-treatment on water intake in the home cage (F4 97=2.84,
p<0.05), there was no main effect of day, or interactions of day-by-sex or day-by-treatment
(p’s > 0.05). Further analyses showed that differences in water intake following treatment
was not significant within each treatment compared to vehicle, nor between sexes (p’s >
0.05). Water deliveries obtained during the session were decreased following treatment with
topiramate alone (20 mg/kg) and naltrexone alone (day—by-treatment interaction, F4 g7=4.54,
p<0.01; p’s < 0.05 compared to vehicle). There were no effects of sex on treatment effects
on water deliveries (no interactions of day-by-sex or day-by-sex-by-treatment; p’s > 0.05;
Table 2).

4 Discussion

We used a battery of tests to characterize sex differences in P rats in order to determine the
utility of this strain as a model of sex differences in AUDs. While we did observe a sex
difference in ethanol consumption initially, with females consuming higher levels than
males, this difference disappeared within 10 days of access. Preference for ethanol was also
initially higher in females, but this switched to a higher preference in males. Self-
administration of ethanol under FR1 and PR schedules showed no systematic sex
differences, and both sexes showed a similar increase in motivation for ethanol following a
deprivation period. Following treatment with naltrexone and topiramate, two medications
used to treat AUDS in humans, we observed sex differences and similarities, most notably, a
more robust effect of the combination of naltrexone and topiramate in males. These findings
begin to characterize sex differences within multiple paradigms that model AUDs, and
suggest that this P rat model may be useful for gaining a greater understanding of the sex
differences in AUDs and its treatment.

The most striking sex difference observed in this study was the initial higher consumption of
ethanol by females. Notably, this difference disappeared within 10 days as males reached the
female level of consumption. Studies in P rats or other selectively bred lines have also
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observed higher initial ethanol consumption in females, followed eventually by no difference
between the sexes (P rats, Bell et al. 2006; HAD rats, Terenina-Rigaldie et al. 2004;
Mormede et al. 2004). However, these data are in contrast to another study using adult P
rats, which found persistently higher intake in females for 6 weeks (P rats: Bell et al. 2011).
This may be due to methodological differences, in that the Bell et al. (2011) study used 15%
and 30% concentrations of ethanol, while the current study used 8% and 16% concentrations
of ethanol. Other studies have shown that as the ethanol concentration is increased, females
increase their preference and consumption, where males’ preference stays the same or
decreases (Vetter O’Hagen et al 2009; Almeida et al. 1998; Sherrill et al. 2011). This results
in greater sex differences in ethanol consumed in studies that use higher ethanol
concentrations. Through showing similar levels of g/kg intake in males as other studies (e.g.
4.7 + 0.3 in the current study compared to ~4-6 g/kg in Bell et al. 2011), as well as
equivalent intake in females, our methods may reduce the confound of higher intake in
females and thus serve as a good model for preclinical studies of sex differences in AUDs.

The initial sex difference in ethanol consumption observed here could be reflective of the
“telescoping” effect observed in women (Greenfield, 2002; Hernandez-Avila et al. 2004).
The telescoping hypothesis has recently come under scrutiny as multiple surveys of the
general population found no escalated use in women overall (Keyes et al. 2010). However,
as the initial effect was seen in treatment populations, this could reflect an additional
vulnerability of women predisposed to AUDs (Wilsnack et al. 2014). As the P rats are an
animal model of alcoholism, this effect may manifest in high initial use and preference that
results in chronic consumption and likely dependence. However, further research is
necessary to examine this possibility since we did not measure dependence in this current
study.

In parallel to the consumption data, females immediately showed a higher preference score
for ethanol, but were quickly surpassed by ethanol preference in males. Overall, males and
females drank similar amounts of fluid (29.8 ml/day + 0.7 and 27.4 ml/day +0.5 in males
and females, respectively), which is interesting considering females had body weights well
below males. While females had a slightly lower preference score for ethanol overall, this is
likely due to slightly higher water intake in females (with the exception of the first 10 days
of 24-hr/day access, when males were drinking much less ethanol and more water; see Table
1). The low preference scores in females are likely not due to an aversion to ethanol as
females’ preference for the two concentrations were equivalent (24.9% = 2.4 and 22.4%

+ 2.0 for 8% and 16%, respectively) as was g/kg intake between males and females. Overall,
these data showing equal ethanol consumption and slightly higher preference in males
support the validity of this line of rats as a model for sex differences in AUDs.

Under FR1 testing conditions, male and females obtained an equal level of ethanol intake,
with non-systematic differences observed in patterns of intake over time. Additionally, under
a PR schedule, males and females obtained similar ethanol deliveries both when receiving a
standard 0.1 ml delivery and when the dose/delivery was adjusted for body weight
differences. Males and females also showed similar significant, although very modest,
increases in motivation for ethanol following an ethanol deprivation period. This is in
concordance with previous research in P rats that found no sex differences in the ADE on
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ethanol consumption (McKinzie et al. 1998). However these conclusions are limited by the
fact that only one method was used to test ADE in these animals. Future studies with
different relapse paradigms, such as longer or repeated deprivations, should be done to
further characterize any potential sex differences.

This study was the first of our knowledge to preclinically screen for sex differences in the
efficacies of pharmacological treatments that are being investigated for use in humans. In
response to the different treatments, we found a sex difference in the efficacy of the
combination of naltrexone and topiramate where the combination was more effective and
selective in males. Topiramate alone at the higher dose (20 mg/kg) also reduced responding
for ethanol in males, while only tending to decrease responding in females. Topiramate’s
mechanism of action is on GABA/glutamate release in mesolimbic areas, and is thought to
normalize these pathways following prolonged alcohol use (Johnson, 2004). In preclinical
models, males present with more severe withdrawal symptoms, such as seizure
susceptibility, which manifest from dysfunction in the GABA/glutamate neurotransmission
(Devaud and Chadda, 2001; Tsai and Coyle, 1998). As topiramate effectively reduced
ethanol’s reinforcing effects in males, but not females, an alternate neurotransmitter pathway
may more strongly mediate ethanol’s reinforcing effects in females.

While treatment with naltrexone decreased ethanol’s reinforcing effects in both sexes, we
saw no influence of sex on treatment efficacy of naltrexone alone. This is in contrast to some
human data suggesting that it is more beneficial at reducing alcohol use in males (Garbutt et
al. 2005; Pettinati et al. 2008); however other studies report no gender differences in
response to naltrexone treatment (Sable et al. 2006; Anton et al. 2006). Naltrexone is
proposed to reduce ethanol’s reinforcing effects through blockade of p-opioid receptors,
preventing ethanol-induced dopamine release (Unterwald, 2008). With known gender
differences in striatal dopamine release in humans (Munro et al. 2006), it is important to
investigate sex-specific effects in response to naltrexone and other medications targeting
dopamine; however, our data suggest that this treatment has similar efficacy in males and
females.

One goal of a combination treatment using low doses of both naltrexone and topiramate was
to minimize side effects while maximizing its effect on the reinforcing properties of ethanol.
All treatments seemed to have a mild effect on food intake, which is not surprising, as
topiramate and naltrexone have both been studied as weight loss drugs (Bray et al. 2003;
Greenway et al. 2010). Interestingly, topiramate alone (20 mg/kg) and naltrexone alone
reduced water deliveries obtained within the session. However, the combination of
treatments prevented this non-selective side effect seen when either treatment was used
alone.

Some limitations of this study were that limited doses of each medication were tested, these
effects were tested acutely, and not all rats received each medication. These doses were
chosen based on their ability to decrease motivation for ethanol in males (Moore et al. 2014),
and to potentially see a synergistic effect of the combination treatment. Due to time
constraints and strict baseline criteria, not all animals received each treatment. As the
animals were randomized to treatments and compared to their own baseline, this should not
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affect the interpretation of the results; however the large variation in the number of animals
per treatment group must be taken into account. There is some evidence for sex-specific
dose-responses to certain medications (Gear et al. 1999); however there is currently a large
gap in the knowledge of sex differences within clinical pharmacology (Anderson, 2008). The
likelihood of sex-specific, dose-dependent effects highlights the need to use preclinical
models to screen treatment efficacy. After screening with acute administration, chronic
administration would be the next step on modeling human AUD treatment. Further research
is needed to delineate any potential differences in efficacies based on sex-specific targets or
a dose-effect curve shift between sexes.

An additional limitation of the present study is that gonadal hormones were not measured as
a factor of ethanol intake. While some studies implicate differences in ethanol’s reinforcing
properties in different stages of the estrous cycle, estrous cycle effects aren’t seen in freely
cycling females (Roberts et al. 1998). The main interest in these effects would be on whether
fluctuations in hormones due to stage of estrous would change the efficacy in
pharmacological treatments. However, our experimental design (i.e. each treatment was
received only once by a subset of animals) was such that these effects could not be
investigated fully. Future research investigating the mechanisms underlying these sex
differences in treatment effects should consider estrous cycle phases.

While we can’t say with certainty that our females stayed asynchronous in their cycles, we
measured ethanol self-administration each day under both FR and PR schedules and saw no
fluctuating patterns in females that would indicate shifts in ethanol’s reinforcing properties.
Under the 24-hr/day consumption, we did notice a regularity with which the female’s intake
and preference dip during the first 2 months of access. While looking through the schedule,
this corresponded to when the 16% and 8% ethanol bottles were switched. It is possible that
females initially have a stronger place preference than males, a research question that would
have to be addressed with a different experimental design.

5 Conclusions

This research across multiple self-administration paradigms supports the use of P rats to
investigate sex differences in AUDs and its treatment. Gender differences in AUDs in the US
population are closing (Keyes et al. 2008), and research suggests that within treatment-
seeking populations, these differences are even fewer (Ross, 1989; Shuckit et al. 1994). For
example, within an inpatient treatment population, women and men alcoholics were similar
in alcohol/drug history, treatment completion, and relapse rates (Wallen, 1992; Rubin et al.
1996; Foster et al. 2000; Mann et al. 2005; Walitzer and Dearing, 2006). Additionally,
despite historically higher rates among men, many studies show that women are at equal risk
for the heritability of alcohol dependence (Heath et al. 1997; Prescott et al. 1999; Knopik et
al. 2012). As clear gender differences exist in the use of alcohol and prevalence and severity
of alcohol use disorders, it is imperative to use preclinical models to characterize
neurobiological differences in disease parameters and screen for efficacious pharmacological
interventions for both genders. By establishing an animal model of sex differences in AUDs,
research can focus on neurobiologically based sex-specific treatments.
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Highlights

. Preclinical studies of sex differences in alcohol use disorders are imperative

. We characterized ethanol behaviors in male and female alcohol preferring (P)
rats

. While females consumed more ethanol initially, after 10 days, differences
ceased

. A combination of naltrexone and topiramate was more efficacious in males

. This model may aid in understanding sex differences across phases of alcohol
use
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Fig. 1.

Ethanol intake of male (7=24) and female (7=24) rats during three-bottle free choice
consumption. (A) Data are plotted as mean (x SEM) daily ethanol consumption (g/kg) for
each day. (B) Data are plotted as mean (= SEM) daily ethanol consumption (g/kg) for blocks
of 10 days each. (C) Data are plotted as the mean (+ SEM) ethanol consumption across all
90 days of ethanol intake. An asterisk (*) represents a significant difference between males

and females (p<0.05)
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Total ethanol preference of male (7=24) and female (7=24) rats during three-bottle free
choice consumption. (A) Data are plotted as mean (£ SEM) daily ethanol preference (%) for
each day. (B) Data are plotted as mean (+ SEM) daily ethanol preference (%) for blocks of
10 days each. (C) Data are plotted as the mean (+ SEM) ethanol preference of all 90 days of

ethanol consumption
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Fig. 3.
Ethanol consumption (A and B) and preference (C and D) within different concentrations of

ethanol (8 and 16%). Data are plotted as mean (+ SEM) daily ethanol consumption (g/kg)
for blocks of 10 days each. An asterisk (*) represents a significant difference between males
(rm=24) and females (/7=24; p<0.05).
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Ethanol self-administration under a fixed ratio 1 schedule of reinforcement. (A) Data are
plotted as mean (+ SEM) daily ethanol consumption (g/kg) for each daily testing session.
(B) Data are plotted as mean (£ SEM) daily ethanol consumption (g/kg) for blocks of 10
days each. (C) Data are plotted as the mean (= SEM) ethanol preference of all 60 days of
FR1 ethanol consumption. An asterisk (*) represents a significant difference between males

(m7=23) and females (/7=23; p<0.05).
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Fig. 5.
Responding for ethanol under a PR schedule of reinforcement (7=22, males; n=23, females).

(A) Data for 20 days of stable PR are plotted as mean (£ SEM) daily ethanol deliveries
obtained. (B) Responding after a brief 7-day withdrawal period. Data are plotted as mean (+
SEM) daily ethanol deliveries during 3 baseline testing sessions and the testing session
following deprivation. ADE=Alcohol Deprivation Effect (C) Responding for ethanol when
the dose was adjusted for body weight. Data are plotted as mean (= SEM) daily ethanol
deliveries obtained. An asterisk (*) represents an increased number of deliveries from
baseline.
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Treatment effects on PR responding for ethanol. (A) Data are plotted as average ethanol

deliveries obtained under a PR schedule (+ SEM) at baseline (Base) and after acute

treatment (Tx). (B) Data are plotted as average percent change from baseline deliveries
obtained (= SEM). For both panels, each data point represents an 77 between 6 and 15. An
asterisk (*) represents a significant difference from vehicle (p<0.05), and a pound sign (#)

represents a significant difference from females (p<0.05).
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