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Abstract

Although women appear to be more vulnerable to alcohol-induced pathophysiology than men, the
neurobiological basis for sex differences is largely unknown, partially because most studies on
alcohol drinking are conducted in male subjects only. The present study examined sex differences
in alcohol consumption in two rat strains, Long Evans and Wistar, using multiple behavioral
paradigms. The effects of the estrous cycle on alcohol consumption were monitored throughout
the study. The results indicated that females drank more alcohol than males when given either
continuous or intermittent access to alcohol (vs. water) in their home cages (voluntary drinking).
Under operant conditions, no sex or strain differences were found in drinking prior to development
of alcohol dependence. However, upon dependence induction by chronic, intermittent alcohol
vapor exposure, Wistar rats of both sexes substantially escalated their alcohol intake compared
with their nondependent drinking levels, whereas Long Evans rats only exhibited a moderate
escalation of drinking. Under these conditions, the estrous cycle had no effect on alcohol drinking
in any strain and drinking model. Thus, strain, sex, and drinking conditions interact to modulate
nondependent and dependent alcohol drinking. The present results emphasize the importance of
including sex and strain as biological variables in exploring individual differences in alcohol
drinking and dependence.
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1. Introduction

Alcoholism is a chronic, relapsing disorder that is marked by compulsive alcohol intake, an
inability to control consumption, and the presence of a negative emotional state during
abstinence. The National Institute on Alcohol Abuse and Alcoholism (2015) reported that
88,000 alcohol-related fatalities occur annually (26,000 women and 62,000 men) in the
United States. An estimated 16.6 million adults suffer from alcohol use disorders (5.8
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million women and 10.8 million men), but only 1.3 million receive treatment (444,000
women and 904,000 men). Women who engage in excessive drinking have higher rates of
alcoholic hepatitis (liver inflammation), cardiomyopathy, and cancer (breast, throat, mouth,
liver, colon, and esophagus) compared with men (National Institute on Alcohol Abuse and
Alcoholism, 2015; Centers for Disease Control and Prevention, 2015).

Despite strong evidence of sex differences in alcohol consumption, there is a notable lack of
preclinical studies that include female subjects. A search of the Web of Science Core
Collection database using the terms “alcohol dependence” or “ethanol dependence” and
“rat” revealed a total of 2094 research articles that were published between 1995 and 2014,
but the number of retrieved articles decreased to only 154 when including the search term
“female.” Although the number of research articles that included female subjects has been
increasing over the past two decades, those that include females are still in the minority (7%
of studies in our Web of Science sample).

Female rats generally drink more alcohol than male rats, but the results may vary depending
on the rats’ genetic background and drinking conditions (Table 1). The decision to not use
female subjects in preclinical studies has also been influenced by the argument that
hormonal fluctuations that occur during the estrous cycle can affect the results (ter Horst et
al., 2011). On June 9, 2015, the National Institutes of Health (NIH) issued notice NOT-
OD-15-102 that acknowledged the role that sex plays in the way in which individuals
respond to disease and preventative and therapeutic interventions. Rather than simply
excluding females from experimental designs, all NIH-sponsored grants must now include
female subjects unless there is “strong justification from the scientific literature, preliminary
data, or other relevant considerations.”

The present study investigated sex differences in alcohol drinking in Long Evans and Wistar
rats using multiple behavioral paradigms and evaluated the influence of the estrous cycle on
such behavior in free-cycling female rats. We compared Long Evans and Wistar rats because
they are frequently used in behavioral studies, and these strains have been recently used for
genetic manipulations (e.g., Cre lines) outside and inside the NIH. We employed three
different paradigms of alcohol drinking: continuous voluntary two-bottle choice (10%
alcohol vs. water), intermittent voluntary two-bottle choice (16% alcohol vs. water), and
chronic intermittent alcohol vapor exposure combined with operant alcohol self-
administration. These three paradigms are widely used in the alcohol field and frequently
yield varying patterns of alcohol drinking and levels of intoxication and withdrawal. The
impact of the estrous cycle on alcohol intake was monitored throughout the study in single-
and group-housed females.

2. Materials and methods

2.1. Subjects

Twenty-four Long Evans rats (12 males and 12 females) and 24 Wistar rats (12 males and 12
females) were obtained from Charles River (Kingston, New York, USA). The females
weighed 185-205 g at the beginning of the study and weighed 315-490 g at the end of the
study. The males weighed 295-350 g at the beginning of the study and weighed 565 and 855
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g at the end of the study. The rats were single-housed (Experiments 1 and 2) or group-
housed by sex (Experiment 3; 4-6 per cage) in standard plastic cages that were lined with
wood-chip bedding and maintained under a reverse 12 h/12 h light/dark cycle (lights on at
8:00 PM) at 21 + 2 °C. The females were housed in the same room as the males. The
animals had ad /ibitum access to food and water throughout the experiment, except during
operant testing (Experiment 3). All of the procedures were conducted according to the
National Institutes of Health Guide for the Care and Use of Laboratory Animals and were
approved by the National Institute on Drug Abuse Intramural Research Program Animal
Care and Use Committee (protocol no. 14-INRB-6).

2.2. Experiment 1: continuous voluntary drinking (two-bottle choice)

For both Experiment 1 and 2 (below), the rats were single housed to allow us to accurately
record fluid intake for each individual rat.

Over a 21-day period, single-housed rats (6 male and 6 female Long Evans rats and 6 male
and 6 female Wistar rats) had continuous access to water and 10% (w/v) alcohol in their
home cages. The bottles were routinely rotated to avoid side preferences. Beaded nozzles
were installed on each bottle to reduce fluid loss from cage movement. Each bottle was
weighed daily between 11:30 AM and 12:00 PM and immediately placed back in the home
cage. The body weight of the rats was recorded at least once per week. The data are
expressed in grams of alcohol/day/kg of body weight and percent preference for alcohol
relative to water.

2.3. Experiment 2: intermittent voluntary drinking (two-bottle choice)

The same animals that were used in Experiment 1 were used in Experiment 2. Throughout a
10-week period, an adaptation of the Wise (1973) model was used. The animals had
intermittent access to 16% (w/v) alcohol in their home cages for three weekly 24-h sessions.
The rats were given a bottle of alcohol between 11:30 AM and 12:00 PM on Monday,
Wednesday, and Friday every week. The bottles were removed the following day between
11:30 AM and 12:00 PM, and alcohol and water intake were recorded. The water and
alcohol bottles were rotated to avoid side preferences. The rats were weighed weekly to
calculate alcohol intake in grams per kilogram of body weight. The percent preference for
alcohol relative to water was calculated.

2.4. Experiment 3: operant alcohol self-administration and alcohol vapor exposure

The rats were group-housed for this experiment for the following reasons: 1. Although
housed in groups, rats were tested individually in the operant chambers; 2. We have limited
space in the vapor chambers, thus individual housing would make this experiment difficult to
be conducted in a timely manner; 3. Most studies using operant alcohol self-administration
use group-housed subjects, thus allowing us direct comparison with previously published
studies; and 4. NIDA-IRP animal care and use committee requires group housing unless
otherwise strongly justified.

A separate group of group-housed rats that included 12 Long Evans rats (six males, six
females) and 12 Wistar rats (six males, six females) were trained to lever press for access to
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alcohol or water in standard operant chambers (Med Associates, St. Albans, VT, USA). The
rats were given free-choice access to alcohol (10% w/v) and water for 1 day in their home
cages to habituate them to the taste of alcohol. The rats were then subjected to an overnight
session in operant chambers with access to one lever (right lever) that delivered water. Food
was freely available during this training. After 1 day off, the rats were subjected to a 2-h
session and a 1-h session the next day, with one lever that delivered alcohol (right lever). All
of the subsequent sessions lasted 30 min, and two levers were available (left lever: water;
right lever: alcohol). The operant sessions were conducted on a fixed-ratio 1 schedule of
reinforcement (7.e., each lever press resulted in fluid delivery). Upon stable levels of
responding for alcohol, the rats were exposed to chronic, intermittent alcohol vapor to
induce dependence as previously reported (Vendruscolo et al., 2012). Cycles of alcohol
intoxication and withdrawal occurred daily for 10 weeks. Over a 24-h period, the alcohol
vapor ran for 14 h consecutively, and operant alcohol self-administration (typically twice per
week) occurred during the 10 h period without alcohol vapor between 6 and 8 h into
withdrawal. In this model, the rats exhibit reliable signs of alcohol dependence, including a
negative emotional-like state and somatic symptoms during withdrawal (for review, see
Vendruscolo and Roberts, 2014). For the present experiments, the average blood alcohol
levels during vapor exposure were as follows: 199.7 mg/dl for Long Evans males, 174.2
mg/dl for Wistar males, 115.4 mg/dl for Long Evans females and 209.2 mg/d| for Wistar
females.

cycle phase determination

Vaginal smears were collected to determine whether hormonal fluctuations impacted alcohol
drinking in Experiments 1-3. A cotton swab was moistened with sterile water and gently
inserted approximately 4 mm into the vagina and slowly rotated clockwise to collect cell
samples. The cells were transferred to slides and viewed under a light microscope to
examine the stage of the estrous cycle. Three phases were used for categorization: 1. diestrus
(predominance of leukocytes, small speckling), 2. proestrus (predominance of nucleated
epithelial cells, large and round), and 3. estrus (predominance of cornified epithelial cells,
jagged shape). The experimenters did not pharmacologically synchronize cycles; however,
because of cage proximity, synchronization indeed occurred for some of the females.
Estrous samples were obtained immediately after alcohol self-administration to avoid
interference with behavior.

2.6. Statistical analysis

A power analysis for sample size calculations (estimated average for one group = 10,
estimated average for the other group = 7; estimated standard deviation = 3; power goal =
0.80; a=0.05) indicated that 10 animals per group was an adequate sample size to detect sex
differences. The sample size was 12 per strain and sex to account for possible loss of
animals because of a failure to self-administer alcohol or computer failure during testing.

The results are presented as mean = SEM. The data were analyzed using two-way analysis
of variance (ANOVA), with sex/strain and vapor exposure/strain as between-subjects factors.
For estrous cycle phases, the data were analyzed using two-way ANOVA, with strain as the
between-subjects factor and the estrous cycle phase as the within-subjects factor. Tukey’s
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post hoc test was used when appropriate. The level of significance was p< 0.05. GraphPad
Prism 6 and Statsoft Statistica 12 software were used for the statistical analyses.

3. Results
3.1. Experiment 1

The rats were single-housed and males and females shared the same room. The average
intake of continuous voluntary alcohol (10%, w/v) over 15 days is shown in Fig. 1. The two-
way ANOVA revealed an overall effect of sex (£ 2o = 148.6, p < 0.0001) on alcohol intake
(in g/kg), such that female rats, regardless of strain, drank more alcohol than male rats. For
percent preference, the ANOVA revealed a sex x strain interaction (£ 20 = 9.2, p < 0.01).
The post hoc analyses indicated that female Long Evans rats had a higher preference for
alcohol compared with all of the other groups (p < 0.005; Table 2). Moreover, female Wistar
rats exhibited a significantly greater total fluid intake (in ml/kg) compared with all the other
groups (sex x strain interaction: £ o9 = 9.3, p < 0.01; post hoctest: p< 0.0001; Table 2).

The two-way ANOVA did not reveal significant effects of estrous cycle stages on alcohol
intake (in g/kg) in either female Long Evans or female Wistar rats (Fig. 1). However, a
significant effect of strain on percent preference was observed (/1 19 = 11.2, p < 0.01), with
Long Evans rats exhibiting higher alcohol preference compared with Wistar rats (Table 3).

3.2. Experiment 2

The same rats that were used in Experiment 1 were given intermittent access to alcohol
(16%, wiv) in their home cages for 8 weeks (24 sessions). Males and females were single-
housed and they shared the same holding room. The averages of all 24 sessions for each
group are shown in Fig. 2. A significant sex x strain interaction was observed (F 20 = 8.4, p
< 0.01). The post hoc analyses indicated that female Long Evans rats drank more alcohol
than all the other groups (p < 0.0005), and that Wistar female rats drank more alcohol than
male Wistar and Long Evans rats (p < 0.05). For percent preference, an overall strain effect
was observed (£ 29 = 9.3, p<0.01), in which Long Evans rats exhibited higher preference
than Wistar rats (Table 4). Moreover, female rats exhibited a significantly greater total fluid
intake (in ml/kg) compared with male rats (sex effect: F 5o = 64.2, p< 0.0001; Table 4).

Across all stages of the estrous cycle, female Long Evans rats drank more alcohol (£ 19 =
12.4, p<0.01; Fig. 2) and exhibited greater preference (£ 19 = 30.0, p < 0.0005; Table 5)
compared with female Wistar rats.

3.3. Experiment 3

A separate cohort of rats was trained to lever press for alcohol and then exposed to chronic,
intermittent alcohol vapor to produce dependence. Prior to alcohol vapor exposure, the
animals were group-housed by sex and males and females shared the same room. During
alcohol vapor exposure, males and females shared the same room, but were housed in
separate vapor chambers. The results are shown in Fig. 3. No sex differences were found for
alcohol intake (g/kg) either before or during vapor exposure. The ANOVA revealed a vapor
exposure x strain interaction (£ o9 = 9.6, p < 0.01). The post hoc tests indicated that vapor-
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exposed Wistar rats exhibited higher alcohol intake compared with Long Evans rats (p <
0.0001; Fig. 3). The ANOVA revealed that female Wistar rats ingested significantly more
than Long Evans rats (/1 30 = 6.8, p < 0.05) across the estrous cycle, but the phases of the
estrous cycle did not affect alcohol intake (Fig. 3).

4. Discussion

In the present study, both female Wistar and Long Evans rats drank more alcohol than males
when given continuous or intermittent access to alcohol (vs. water) in their home cages
(voluntary drinking). During these experiments, the male and female rats were single-housed
and shared the same holding room. Under operant conditions, the males and females were
group-housed by sex and again shared the same holding room. Here, we found no sex or
strain differences for drinking prior to the development of alcohol dependence. However,
during dependence that was produced by chronic, intermittent alcohol vapor exposure,
Wistar rats of both sexes substantially escalated their alcohol intake compared with their
nondependent drinking levels. Long Evans rats of both sexes only exhibited a moderate
escalation of drinking. The phases of the estrous cycle did not affect alcohol drinking in
either strain or under any of the drinking conditions.

The majority of studies have reported that female rats voluntarily drink more alcohol than
male rats, although a few studies have found no sex differences in drinking (Table 1). Our
findings indicate that females exhibit higher intake of 10% alcohol in a continuous,
voluntary two-bottle choice paradigm and in an intermittent, two-bottle choice (16%
alcohol) paradigm after prolonged exposure to alcohol. This outcome is unlikely related to
sex differences in the pharmacokinetics of alcohol. Although Robinson et al. (2002) reported
that the levels of alcohol peaked slightly faster in the blood and brain in females (/.e., faster
absorption and distribution) and that alcohol elimination was slightly faster in female rats
than in male rats, the effects were small and not sufficient to account for the large difference
in female versus male drinking that was observed in the present study and in the literature.
Additionally, Morales et al. (2011) reported that male and female Sprague-Dawley rats
exhibited similar levels of acute and chronic tolerance to the social suppressing effects of
alcohol, thus supporting the hypothesis that sex differences in alcohol drinking observed in
the present study were unrelated to tolerance to alcohol. For operant alcohol self-
administration, we did not observe sex differences, consistent with some previous studies
(van Haaren and Anderson, 1994; Moore and Lynch, 2015), although Blanchard et al. (1993)
reported that females self-administered more alcohol (10%, w/v) in a fixed ratio 3 schedule
of reinforcement compared with males. Importantly, the lack of sex differences in operant
self-administration that was observed herein persisted after chronic intermittent alcohol
vapor exposure, a model that produces reliable signs of alcohol dependence (Vendruscolo
and Roberts, 2014). Indeed, both male and female rats equally escalated their intake when
tested during acute alcohol withdrawal. Thus, despite some inconsistencies, the present
study suggests that female rats drink more alcohol than males in situations of minimal
workload (/.e., voluntary drinking in the home cage), whereas no sex differences were
observed when some work was required (/.e., lever pressing) to obtain access to alcohol.
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Housing conditions may differentially affect behavior in males and females (Becker and
Koob, 2016). Females are more social and males are more territorial. Thus, single housing
could be hypothesized to be more stressful for females than males, and this could affect
drinking levels (e.g., increased drinking in females). However, housing conditions are
unlikely responsible for sex differences in alcohol drinking. As shown in Table 1, Sluyter et
al. (2000); Walker et al. (2008); Vetter-O’Hagen et al. (2009) and Maldonado-Devincci et al.
(2010) reported that group-housed females voluntarily drank more alcohol than males,
whereas Schramm-Sapyta et al. (2014) reported a lack of sex differences in voluntary
drinking in single-housed rats. Moreover, Varlinskaya et al. (2015) reported that adult males
and females drank more alcohol under social circumstances than alone. In the present study,
single-housed females (Experiments 1 and 2) voluntarily drank more alcohol in their home
cages compared with males, whereas no sex differences were observed in group-housed
animals (Experiment 3) tested in operant conditions.

Sex differences in alcohol intake in rodent models appear to be somewhat different than that
reported in the human condition. For example, in human populations, men consume alcohol
at higher levels compared with women (National Institute on Alcohol Abuse and
Alcoholism, 2015; Centers for Disease Control and Prevention, 2015), whereas many rodent
studies, including the present study, found that females drink more alcohol and have a higher
preference for alcohol compared with males (summary in Table 1). The translational
differences between human and animal data may stem from multiple factors, including
social and cultural pressures. Moreover, disparities in alcohol drinking by men and women
have been decreasing over time (Keyes et al., 2008). Because of the paucity of studies that
included both male and female subjects, it is currently difficult to pinpoint the contribution
of environmental and biological factors that modulate sex differences in alcohol drinking in
rodents and humans.

Some effects of alcohol are known to change throughout the estrous cycle. Decreases in
alcohol consumption during estrus have been identified in female rats with synchronized
cycles viagonadotropin-releasing hormone agonists (Roberts et al., 1998), and decreases in
alcohol drinking have been reported during diestrus in adult female rats that were exposed to
high alcohol levels during adolescence (Maldonado-Devincci et al., 2010). Progesterone and
estrogen levels are known to fluctuate throughout the estrous cycle. Estrogen levels peak in
the early phases of proestrus, and progesterone peaks in late proestrus (Smith et al., 1975;
Simpson and Kelly, 2012). A previous microdialysis study (Dazzi et al., 2006) showed that
alcohol causes the greatest increase in dopamine levels in the medial prefrontal cortex during
estrus. The sedative effects of alcohol were less pronounced in proestrus and diestrus (Cha et
al., 2006). However, previous studies reported that the estrous cycle does not substantially
impact alcohol intake in naturally cycling rats (Roberts et al., 1998; Ford et al., 2002;
Maldonado-Devincci et al., 2010; Moore and Lynch, 2015). Consistent with these findings,
in the present study, we did not detect significant changes in alcohol intake or preference or
lever pressing for access to alcohol across the stages of the estrous cycle in two rat strains
and multiple paradigms of alcohol drinking and dependence. Thus, despite the fact that some
behavioral and physiological measures (as described above and reviewed by Simpson and
Kelly, 2012) appear to be affected by the estrous cycle, and differences can be observed
when cycles are synchronized, the present results suggest that hormonal fluctuations have

Pharmacol Biochem Behav. Author manuscript; available in PMC 2018 January 05.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Priddy et al.

Page 8

little impact on alcohol intake in models of nondependent drinking and escalated drinking
under free-cycling conditions in which female rats were either group- (operant alcohol self-
administration) or single-housed (voluntary two-bottle choice drinking in the home cages)
and cohabitate in the same housing room as males.

A previous study reported that male Long Evans rats that were given intermittent (alternate-
day) forced alcohol (5, 10, or 15%, v/v) or two-bottle choice (5, 10, or 15%, v/v, vs. water)
generally consumed significantly more alcohol compared with Fischer 344, Sprague-
Dawley, and Wistar rats (Khanna et al., 1990). In the present study, we found that Long
Evans rats, particularly driven by females, consumed more alcohol (voluntary intermittent
two-bottle choice) and had a higher preference for alcohol (both continuous and intermittent
voluntary two-bottle choice) compared with Wistar rats. However, repeated cycles of alcohol
vapor and withdrawal caused a substantial escalation of alcohol self-administration in Wistar
rats, whereas only a marginal effect was observed in Long Evans rats. Morales et al. (2015)
reported that 10 days of alcohol vapor exposure, followed by a 96-h abstinence period,
caused a significant escalation of voluntary alcohol intake (intermittent access to two-bottle
choice) in male Long Evans rats, whereas only a marginal effect was observed in females.
These findings indicate that Long Evans rats may be more resistant than Wistar rats to
neuroadaptations that are responsible for the escalation of alcohol self-administration,
especially in this model (for review, see Vendruscolo and Roberts, 2014).

In conclusion, strain, sex and drinking conditions interact to modulate nondependent and
dependent alcohol drinking, whereas hormonal fluctuations during different phases of the
estrous cycle in females have little impact on drinking under free-cycling conditions. The
present results highlight the need to include sex and strain as biological variables when
exploring the importance of individual differences in alcohol drinking and dependence for
the development of future personalized treatment for alcohol use disorders.
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Fig. 1.

antinuous, voluntary alcohol (10%, w/v) drinking. A, Regardless of strain, female rats
exhibited an increase in alcohol intake (in g/kg) compared with male rats. B, The estrous
cycle did not significantly impact alcohol intake in females of either strain (Long Evans and
Wistar). *p < 0.05, different from female (overall effect of sex).
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Fig. 2.

In?ermittent, voluntary alcohol (16%; w/v) drinking. A, Female rats drank significantly more
alcohol (in g/kg) compared with male rats. Long Evans female rats drank significantly more
alcohol compared with Wistar female rats. B, Long Evans rats drank more alcohol compared
with Wistar rats throughout the estrous cycle. &p < 0.05, different from all other groups; #p
< 0.05, different from Wistar (overall effect of strain).
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Fig. 3.
Operant alcohol (10%, wi/v) self-administration. Exposure to alcohol vapor induces escalated

levels of alcohol self-administration during withdrawal in male (A) and female (B) Wistar
but not Long Evans rats. C, Across all stages of the estrous cycle, Wistar rats self-
administered more alcohol compared with Long Evans rats. “p < 0.05, different from pre-
vapor; #p < 0.05, different from Long Evans (overall effect of strain).
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Table 2

Percent preference for alcohol (continuous access to 10%, w/v, alcohol) and total fluid intake (ml/kg).

Strain Male Female

Long Evans  29.0% (+2.0) 44.5% *(i2.1)
176.5 ml/kg (+6.1) 204.3 ml/kg (£2.1)
Wistar 30.7% (¥2.2) 34.0% (+1.8)

186.7ml/kg (£9.9)  278.8 “mlfkg (+17.4)

p < 0.005, different from all other groups.
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Table 3

Percent preference for alcohol (continuous access to 10%, wi/v, alcohol) across phases of estrous cycle.

Strain Proestrus Estrus Diestrus

Long Evans  44.806* (+4.7) 48.9% F(+4.3) 43.7% " (x3.1)
Wistar 37.8% (£2.9)  34.0% (+1.8)  34.7% (+3.5)

*
p<0.01, different from Wistar (overall effect of strain).
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Table 4

Percent preference for alcohol (intermittent access to 16%, w/v, alcohol) and total fluid intake (ml/kg).

Strain Male Female

Long Evans  37.3% (+6.3) 45.3% *(12.1)
65.5 ml/kg (+4.3) 121.8 mi/kg **(1_55)
Wistar 30.0% (+4.7) 26.6% (+2.6)

78.9ml/kg (+8.0) 1065 mi/kg **(1_75)

*
p < 0.05, different from female Wistar.

Hk
£ <0.0001, different from males.
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Table 5

Percent preference for alcohol (intermittent access to 16%, w/v, alcohol) across phases of estrous cycle.

Strain Proestrus Estrus Diestrus

LongEvans 42505 (+4.3) 54.37(¢5.7)  46.3% * (+4.9)
Wistar 28.0% (£3.3)  30.6% (+1.7) 27.1% (+3.8)

*
p < 0.05, different from Wistar (overall effect of strain).
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