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Ethanol preference is impacted by estrus stage but not housing or
stress in female C57BL/6J mice.

Kimberly N. Williams, Anna L. Palmer, Katharine M. Cammack
The University of the South, Sewanee, Tennessee 37383

Vulnerability to maladaptive patterns of alcohol use, including dependence and relapse, is
influenced by a combination of biological and environmental factors. A better understanding of
how individual factors influence alcohol use is needed to help reduce alcohol dependence and
relapse rates in the general population. This study explored how environmental enrichment
(EE), stress and estrus cycle stage affect ethanol (ETOH) preference in female mice. Mice were
housed in enriched or standard environments and exposed chronically to ETOH for two hours a
day for twelve days, before entering a brief ETOH-free abstinence period. At the end of this
abstinence period, mice were exposed to a series of mild stressors (forced swim tests) and
anxiety was assessed via an elevated plus-maze. Preference was measured using a two-bottle
choice test prior to ETOH exposure (baseline), after chronic ETOH exposure, and immediately
following the abstinence period and stressor. Results revealed that mice preferred ETOH more
strongly after chronic ETOH exposure, but that this increase was not affected by environment.
ETOH preference was further increased after a brief abstinence period, but preference was not
affected by environment or mild stress. However, mice in the proestrus/estrus stage of the estrus
cycle preferred ETOH more strongly after a brief abstinence period than did mice in the
metestrus/diestrus stage, suggesting that circulating levels of gonadal hormones may contribute
to the incubation of drug preference. Anxiety- and despair-like behaviors were not impacted by
estrus cycle stage. These findings suggest that estrus stage may affect ETOH preference, even
after relatively short drug-free periods. Further research is needed to rectify the role of EE and
stress in individual vulnerability or resilience to substance abuse. These findings also highlight a
need for increased research into how gonadal hormones may influence ETOH preference in both
mice and humans.

Abbreviations: abstETOH, time point after abstinence period; AUD, alcohol use disorder; EE,
environmental enrichment; EPM, elevated plus maze; ETOH, ethanol; FST, forced swim test;
M/D, metestrus/diestrus; P/E, proestrus/estrus; postETOH, time point post chronic ethanol
exposure period; SE, standard environment.

Keywords: abstinence; alcohol use disorder; dependence; environmental enrichment; estrus
cycle; incentive salience; social isolation; stress

Introduction
most people with AUD experiencing significant

Alcohol use disorder (AUD) affects nearly distress and impairment in normal functioning
30% of US adults at some point over the course as a result of their drinking behavior (National
of their lives (Grant et al.,, 2015). AUD is Institute on Alcohol Abuse and Alcoholism,
characterized by compulsive alcohol drinking, 2017). In 2015, over 15 million adults were
loss of control over the amount consumed, and a estimated to have AUD (National Institute on

negative affective state during abstinence, with Alcohol Abuse and Alcoholism, 2017).
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Globally, AUD increases risk for a number of
physical and psychiatric issues and can be
associated with serious social and economic
costs (Rehm et al., 2009; Rehm, 2011; Grant et
al., 2015). However, less than 10% of people
with AUD seek treatment (National Institute on
Alcohol Abuse and Alcoholism, 2017) and
relapse rates for alcohol-dependent individuals
who have sought treatment range from 40-80%,
depending on the time of follow-up (Dawson et
al., 2007). As those with AUD might lack access
to treatment and/or be unaware of their disorder,
it is increasingly important to identify factors that
may contribute to an individual’s susceptibility
to developing AUD and the likelihood of relapse
to improve clinical outcomes and reduce distress
or impairment in normal daily functioning.

Many biological, psychological and
environmental factors are known to influence
vulnerability to drug abuse, dependence and
relapse. In humans, environmental factors can
include a wide range of pre- and postnatal
experiences, including social relationships,
socioeconomic status, and stress (for review, see
Solinas et al., 2010). However, due to the high
degree of variability (e.g., history and pattern of
alcohol use) and unique ethical considerations
inherent to human studies (e.g., Pratt &
Davidson, 2005), it can be difficult to disentangle
how various environmental factors affect the
motivational/incentive value attributed to drugs
of abuse, such as alcohol (Berridge & Robinson,
2016), at different stages of disordered use.
Given the complexities of AUD, controlled
research in experimental settings can be used to
shed light on specific behavioral and
neurobiological factors contributing to the
trajectory of AUD.

Rodent models of alcohol drinking can
provide important insight into the role that
various biological and environmental factors play
in alcohol preference and addiction-like behavior
(Spanagel, 2017). While social aspects of
drinking cannot be easily replicated in rodents,
mice and humans share homologous neurological
systems that allow researchers to investigate
short- and long-term neuroadaptations in the
rodent brain that arise in response to ethanol
(ETOH) exposure. Rodents have similar brain
circuitry involved in reward and reinforcement,
such as the mesolimbic dopamine (DA) system
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(Berridge & Robinson, 2016), and executive
function and decision-making circuits (e.g.,
Fuster & Bressler, 2015). Further, ETOH’s
primary pharmacological targets, GABAergic
and glutamatergic systems (e.g., Vengeliene et
al., 2008), are each present and fairly
homologous across mammalian species. Some
mice strains, such as the one used in the present
study (C57BL/6J), voluntarily and readily drink
ETOH (Belknap et al., 1993), increasing the
face, criterion and even predictive validity of
animal models (see Spanagel, 2017). While
acute ETOH exposure is typically defined as a
single and/or one-day exposure, no universal
definition for chronic ETOH exposure exists.
Instead, the frequency and length of chronic
ETOH exposure can vary based on the
experimental design, which is often driven, in
part, by a consideration of drug
pharmacokinetics and pharmacodynamics. It is
worth  emphasizing that chronic ETOH
exposure does not necessitate  physical
dependence, the latter of which is marked by
physical withdrawal in the absence of ETOH.
With AUD, overt physical dependence may not
be present, suggesting that relevant animal
models of AUD incorporate repeated ETOH
exposure over time.

A growing body of research in rodent
models suggests that environmental enrichment
(EE), typically containing a combination of
complex inanimate and social stimuli
(Sztainberg & Chen, 2010; Slater & Chao
2015), has a number of positive effects on brain
and behavior (e.g., Nithianantharajah &
Hannan, 2006; Olson et al., 2006; Hendershott
et al., 2016), including a reduction in drug- and
ETOH-seeking and intake (Alexander et al.,
1978; Lopez et al., 2011; Li et al., 2015;
Marianno et al., 2017) and ETOH-induced
behavioral responses (Rueda et al., 2012).
Specifically, Li and colleagues (2015)
demonstrated that a rodent environment
enriched with a large social group, novel toys,
and exercise wheels reduced reinstatement of
ETOH place preference in ETOH-exposed
mice. However, it remains unclear which
component(s) of the EE drove these findings.
Lopez and colleagues (2015) housed adolescent
mice in an enriched or standard environment
but in social isolation, and found that mice
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housed in the enriched environment consumed
less ETOH later in life than did the standard-
housed controls. It is unknown whether EE
without social interaction also protects against
ETOH drinking in adult mice. It is thought that
EE may protect against drug-seeking because it
(a) provides alternative stimuli with reward value
and/or incentive salience (i.e., desirable stimuli
that elicit  motivation/effortful  behavior;
Salamone & Correa, 2012; Berridge, 2012) that
consequently reduce the perceived reward value
of the addictive substance (e.g., Alexander et al.,
1978), which is consistent with the reward
comparison hypothesis (Grigson, 2000), or (b)
counteracts the negative effects of stress (Solinas
et al., 2010), which is a major factor contributing
to drug abuse and addiction (Koob, 2008).

Clinical evidence in humans suggests
that stress contributes to motivation for alcohol
and can thus drive maladaptive patterns of
drinking behavior (Blaine & Sinha, 2017). Stress
similarly affects ETOH consumption in rodents
(Becker et al., 2012; Spanagel et al., 2014; Noori
et al.,, 2014). Meta-analyses suggest that, in
general, stress increases ETOH consumption in
free-choice homecage drinking conditions
(versus self-administration studies) and when
tested after a few days of abstinence (Spanagel et
al., 2014; Noori et al., 2014). However, the type
and severity of the stressor may impact rodents’
drinking behavior. The forced-swim test (FST) is
a commonly used means of inducing stress in
rodents (Can et al., 2012) and has been shown to
increase ETOH intake and reinstate ETOH
consumption in dependent rodents (Spanagel et
al., 2014; Noori et al., 2014). However, in other
studies, mice increased their ETOH consumption
several days after exposure to predator odor, but
not after other standard stressors, such as foot
shock, tail pinch, tail suspension, and restraint
stress (Cozzoli et al, 2014). These
inconsistencies may be due, in part, to
differences in experimental design (Crabbe,
Wabhlsten, & Dudek, 1999) and/or degree of
activation of the hypothalamus-pituitary-adrenal
(HPA) axis (Spanagel et al., 2014).

Finally, female rodents are relatively
understudied in biomedical and neuroscience
research (Beery & Zucker, 2011), including
addiction biology (Becker et al., 2012; Sanchis-
Segura & Becker, 2016; Becker & Koob, 2016).
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Female mice have a four-day estrus cycle
consistent of proestrus, estrus, metestrus, and
diestrus stages (Butcher, Collins, & Fugo,
1974). Each stage is marked by distinct levels
of gonadal hormones, similar to the primate
(human) menstrual cycle (Butcher et al., 1974).
In female rats and mice, levels of ovarian
hormones, such as estradiol and progesterone,
alter the function of the mesolimbic dopamine
system (Zhang et al., 2008; Becker et al., 2012;
Calipari et al., 2017), a critical brain circuit that
responds to motivationally significant stimuli
(Salamone et al., 2015; Berridge & Robinson,
2016). Specifically, higher levels of estradiol
are thought to enhance females’ response to
drugs of abuse, including alcohol (Carroll et al.,
2004; Becker et al., 2012). Even across the
cyclic fluctuations of the rodent reproductive
cycle (i.e., estrus cycle; McLean et al., 2012),
mesolimbic DA neurons fire more strongly and
in different patterns at baseline when estradiol
is high (estrus) versus low (diestrus/metestrus).
These  hormone-related  differences  are
enhanced in the presence of drugs and drug-
paired cues (Zhang et al., 2008; Calipari et al.,
2017). Estrus-dependent changes in ETOH-
induced DA release have been identified in the
medial prefrontal cortex of rats (Dazzi et al.,
2007). While these mesocortical DAergic
neurons also originate in the ventral tegmental
area (VTA), it is likely that mesolimbic DA
responses to ETOH also change across the
estrus cycle. It is also possible that, via these
pathways, cycling gonadal hormones interact
with stressors and/or environmental conditions
to influence ETOH preference.

The purpose of the present study was to
determine how EE in the absence of social
interaction impacts ETOH preference in adult
female mice with a history of chronic
intermittent ETOH exposure. The study also
investigates the effect of acute FST stress on
ETOH preference following a brief ETOH
abstinence period in a model of relapse-like
behavior. Estrus stage was assessed after ETOH
preference tests to identify potential effects of
estrus status on ETOH preference. It was
hypothesized that ETOH preference would be
stronger in (a) ETOH-exposed mice housed in a
standard environment compared to mice housed
in an enriched environment, (b) mice exposed to
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a series of acute stressors (FSTs) versus those
that remained unstressed, (c) stressed mice
housed in standard environments compared to
stressed mice housed in enriched environments,
and (d) mice with high levels of circulating
gonadal hormones (proestrus/estrus) versus low
levels of gonadal hormones (diestrus/metestrus).

Material and Methods

Animals

Female C57BL/6J mice (n= 26), eight
weeks old and 18-20 g upon arrival (Jackson
Laboratories, Bar Harbor, ME), were housed in
standard cages (10.5 x 6 x 6 in.) with standard
bedding (Aspen Shavings, Northeastern Products
Corp), chow (Mouse Diet 5015, Lab Diet) and
tap water ad libitum. C57BL/GJ mice readily
consume larger quantities of alcohol relative to
other genetic lines and are extensively used as a
model in addiction literature, making it an ideal
strain for the present study (Belknap et al., 1993;
Rhodes et al., 2005). Mice were group-housed
(3-4/cage) for two weeks while they acclimated
to the colony, after which they were transferred
to individual cages containing standard or
enriched housing conditions (details below). The
colony was maintained on a 12 h light-dark cycle
throughout the experiment. All procedures were
approved by the Institutional Animal Care and
Use Committee at The University of the South.

Experimental Schedule

Mice were transferred to their respective
housing environments four days prior to the start
of the ETOH exposure. A series of ETOH
preference tests were administered before and
after mice were exposed chronically to ETOH.
Once ETOH was discontinued, abstinent mice
were exposed to a series of mild stressors to
mimic conditions that might lead to relapse.
Estrus samples were collected twice after key
behavioral tests (Fig.1).
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Experimental Schedule

EE/SE
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Figure 1. Timeline of experimental procedures. Mice
were assigned to different housing conditions, given a
preETOH test (closed arrowhead), chronically exposed
to ETOH (black line), given a postETOH test, and
underwent FST and EPM assays and the astETOH test
after a brief abstinence period. Estrus stage was tested
at two time points (open arrowhead).

Housing

Mice were assigned pseudorandomly to
individual cages containing environmental
enrichment (EE) or standard enrichment (SE),
so that equal numbers of mice (n= 13) were in
each condition (EE=experimental group,
SE=control group). Pseudorandom assignment
consisted of mice first being randomly divided
into groups of four, then subsequently divided
into groups of two which were then randomly
assigned to a housing condition. All mice were
housed individually (social isolation) in both EE
and SE cages. EE cages were designed to
provide enhanced sensory, cognitive, and motor
stimulation to mice, shown previously to cause
neuroadaptive changes (Sztainberg & Chen,
2010; Nithianantharajah & Hannan, 2006).
Each EE cage was large (17 x 8.5 x 8.5 in.) and
contained a running wheel with attached dome-
house, a scoop of cedar-scented bedding, soft
nest material, a padded bolster that allowed
access to water/ETOH bottles and provided a
hiding space, and three objects (toilet paper roll,
plastic cone, colored plastic disc, plastic conical
tube, wooden block, or wooden chew stick).
EE-housed mice were also given a spoonful of
novel food each day, in addition to standard
chow available ad libitum. SE cages were
smaller (10.5 x 6 x 6 in.) and contained standard
bedding, chow and water. All mice were housed
individually, so that ETOH preference and
ETOH consumption could be assessed
accurately for each mouse (details below). Mice
were transferred into EE and SE housing four
days prior to the initial ETOH preference test to
allow sufficient time to acclimate to the new
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cage (Conour et al., 2006). The mice remained
in their respective housing conditions for the
remainder of the experiment.

Ethanol Preference Test

ETOH preference was assessed using a
two-bottle choice procedure (e.g., Lopez et al.,
2011). Briefly, water bottles were removed from
cages two hours prior to each preference test to
promote consumption. The preference test started
30-min prior to the start of the dark cycle
(1800h), consistent with the timing of chronic
ETOH exposure in the DiD (drinking-in-the-
dark) procedure. Water bottles containing tap
water and a 15% (v/v) ETOH solution diluted
with tap water were inserted into each mouse’s
cage. Mice had access to both bottles for two
hours. Bottles were weighed on a scale and the
volume of liquid in each bottle was recorded to
the closest milliliter (ml) before/after the test to
reflect consumption. ETOH preference was
assessed one day prior to chronic ETOH
exposure (preETOH), one day after chronic
ETOH exposure was discontinued (postETOH),
and after a brief ETOH abstinence and exposure
to a stressor (abstETOH).

Chronic Ethanol Exposure

Mice were exposed chronically to ETOH
for two hours/day for 12 days in their home cage,
using a limited-access drinking procedure (DiD)
modified from previous reports (Rhodes et al.,
2005). Thirty minutes before the start of the dark
cycle (1800 h), water bottles were removed from
each cage and replaced by a bottle containing a
15% (v/v) ETOH solution diluted with tap water.
This ETOH concentration is readily consumed
by C57BL/6J mice over short time periods
(Lopez & Laber, 2015). The timing of ETOH
exposure coincides with enhanced
feeding/drinking in mice at the beginning of their
active phase (Crabbe et al., 2009). ETOH bottles
were weighed intermittently throughout the
experiment, before/after the daily DiD exposures
to confirm consumption. After twelve days,
chronic ETOH exposure was discontinued and
mice began a three-day ETOH abstinence period.
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Forced-Swim Test (FST)

Mice were assigned pseudorandomly to
stressed (SS) or no-stress (NS) conditions, so
that approximately equal numbers of mice from
each housing condition were in each stress
condition (EE/SS n= 6, EE/NS n= 7, SE/SS, n=
7, SE/NS n= 6). The stressed condition
consisted of a series of forced-swim tests
(FSTs), based on existing protocols (Can et al.,
2012). Briefly, mice are placed in a beaker of
water and are forced to swim for several
minutes. FSTs have been considered
inescapable psychologicla stressors and increase
HPA activity in rodents (Gesing et al., 2001,
Sano et al., 2009), suggesting that the FST is a
valid method for inducing stress. During each
FST, mice were placed individually into glass
beakers of room-temperature tap water, filled to
a depth where their tails could not touch the
bottom of the beaker. Each five-minute test was
video-recorded for later analysis of despair-like
behaviors. The presence of freezing and/or
immobility reflect the mice’s lack of escape
attempts (Can et al., 2012) and have been
argued to reflect either despair-like behavior
(Porsolt et al., 1977) or an adaptive stress-
coping strategy (Commons et al., 2017). The
FSTs were performed a total of three times on a
single day and were separated by at least an
hour.

Elevated Plus Maze (EPM)

To determine if stress impacted anxiety,
mice were transferred to a quiet testing room for
an elevated plus maze (EPM) test. Each mouse
was placed on the end of the open arm furthest
from the room door and allowed to explore the
maze for five minutes. Time spent in open and
closed arms were recorded via stopwatch, in
accordance to prior reports (Walf & Frye 2007;
Komada et al., 2008). In these tests, higher
percentages of time spent in the closed arms of
the maze relative to the open arms of the maze
reflect higher levels of anxiety, while more time
spent in the open arms of the maze is indicative
of lower anxiety (Walf & Frye 2007). Entrance
into any maze arm was defined as both of the
mouse’s front paws on the arm. The maze was
cleaned with 70% ETOH and allowed to dry
between uses.
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Estrus Testing

Estrus stage was identified via vaginal
lavage and standard cytological procedures
(McLean et al., 2012). Vaginal lavage was
performed ~12 h after the postETOH and
abstETOH preference tests. Samples were placed
on glass slides, allowed to air-dry, and stained
with 0.1% crystal violet. Cycle stage was
identified via light microscopy with respect to
existing literature (McLean et al., 2012).

Data Analysis

Statistical analyses were performed
using SPSS. Two-tailed t-tests were used unless
otherwise specified.

The volume of liquid consumed was
measured before/after each ETOH preference test
and select days of chronic ETOH exposure.
These volumes were adjusted for drips lost from
the bottles prior to analysis. Briefly, each mouse
had its own dedicated bottles for ETOH or water.
To mimic the process of introducing/removing
the bottles during these tests, each bottle was
inserted into/removed from a cage top over an
empty cage, and drips from each bottle were
collected in a beaker and measured to the closest
ml. This assay was performed two to three times
per bottle and the amount lost was averaged. This
amount was subtracted from the difference in
volume measured before and after each test to
reflect the volume consumed by each mouse.

A preference score, calculated by
dividing the amount of ETOH consumed (in ml)
by the total amount of ETOH and water
consumed during the two-bottle preference test
(using adjusted volumes, as described above),
was used to reflect ETOH preference. The
impact of housing on ETOH preference
measured before and after chronic ETOH
exposure was assessed using a two-way
ANOVA. The impact of housing and stress on
ETOH preference measured before and after the
brief abstinence period was measured using a
three-way ANOVA.

Anxiety-like behavior was defined in
two ways: time (s) spent in the open arms and
difference in time (s) spent in the open arms
versus closed arms. These measures were
relatively consistent with each other, so time
spent in the open arms was used for analyses.
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The impact of housing and stress on open-arm
time was assessed using a two-way ANOVA.

Despair-like behavior was assessed
through recording the total time spent immobile
(floating or freezing), total number of freezes
(defined as a float/freeze lasting at least 3 s),
and latency to first freeze during each FST. The
difference in time spent immobile between the
first and last FST were calculated for each
measure to assess behavioral changes over time.
Data from mice in proestrus or estrus (P/E)
were compared to data from mice in diestrus or
metestrus (D/M), consistent with existing
literature (e.g., Calipari et al., 2017).
Independent t-tests were used to compare
ETOH preference scores, EPM and FST data,
measured after the brief abstinence period,
between P/E and D/M estrus groups. As
different mice were in different estrus
categories, they had to be treated as independent
groups and thus repeated-measures analyses
could not be used. Given existing literature on
the effect of higher estrogen levels on drug
reward and preference (e.g., Zhang et al., 2008;
Calipari et al., 2017), these t-tests were one-
tailed. Comparisons within each estrus group
across timepoints (e.g., postETOH and
abstETOH) were not performed because each
group contained some (but not all) of the same
animals. Chi-square goodness-of-fit tests were
conducted to evaluate whether housing or stress
impacted estrus stage.

Results

Ethanol preference increased after chronic
ethanol exposure but was unaffected by
housing

To assess whether housing impacted the
incentive value of ETOH, ETOH preference
was compared between mice living in enriched
and standard environments, both before and
after chronic ETOH exposure. There was a
significant main effect of preference test
[F(1,24)=52.068, p<0.000], indicating that mice
preferred ETOH more strongly after chronic
exposure (postETOH: M=0.59, SD=0.15) than
they did prior to exposure (preETOH: M=0.25,
SD=0.21) (Fig.2). There was no interaction
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between housing and ETOH preference
[F(1,24)=0.783, p=0.385], suggesting that
preference increased similarly in EE and SE
mice. These findings suggest that 12 consecutive
days of chronic (two hours/day) ETOH exposure
was sufficient to increase ETOH preference and
that the increased preference did not depend on
housing condition.

ETOH Preference by Housing Condition

*
8 — 1 O se
I EE

0.6+ —_—

0.4

Preference Score (mean +/- SEM)

0.0 T T
preETOH postETOH

Preference Test

Figure 2. Ethanol preference increased after chronic
ETOH exposure, regardless of housing. SE, standard
environment, n=13; EE, enriched environment, n=13;
preETOH and postETOH, ETOH preference test before
and after chronic ETOH, respectively. * denotes p<0.05

Ethanol preference increased after a brief
ethanol abstinence period, but was
unaffected by housing or mild stress

To assess the impact of stress and/or
housing on relapse-like behavior, ETOH
preference was compared across a brief, three
day abstinence period with respect to housing
and stress conditions. There was a significant
main effect of preference test [F(1,22)=43.712,
p<0.000], indicating that mice preferred ETOH
more strongly after brief ETOH abstinence
(abstETOH: M=.8627, SD=0.15) than right after
chronic ETOH exposure (postETOH: M=0.59,
SD=0.15) (Fig.3). There were no significant
interactions between preference test and housing
(p=0.412), preference test and stress (p=0.458),
or preference test, housing and stress (p=0.787),
suggesting that housing and stress conditions
used in the present study did not impact ETOH
preference after a brief abstinence period.
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ETOH Preference by Housing and Stress Conditions
*
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Figure 3. Ethanol preference increased after a brief
abstinence period, regardless of either housing or
stress  condition. postETOH= preference test
following chronic exposure, abstETOH= preference
test following abstinence and stress period,
SE=standard environment, EE=enriched
environment, NS=not stressed, SS=swim stress.
SE/NS n=6, SE/SS n=7, EE/NS n=7, EE/SS n=6. *
denotes p<0.05

Anxiety after a brief ethanol abstinence
period was unaffected by housing or mild
stress

To assess the impact of stress and/or
housing on anxiety-like behavior, time (s) spent
in the open arms of the EPM after a brief, the
three-day abstinence period was compared with
respect to housing and stress conditions. There
were no main effects of housing (p=0.192) or
stress (p=0.962), or an interaction between the
factors (p=0.293), suggesting that neither stress
nor housing affected anxiety-like behavior.

The strength of ethanol preference after a
brief abstinence period was affected by
estrus stage

A few samples for postETOH (n= 1)
and abstETOH (n= 3) were insufficient and
could not be analyzed. Of the remaining
females, most (59.1%) were identified as
proestrus/estrus (P/E) at both test points
(posStETOH and abstETOH), one female was
identified as metestrus/diestrus (M/D) at both
test points, and the remainder (36.4%) were
identified as P/E during one test and M/D
during the other. These latter data suggested
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that at least some of the females were still
cycling actively.

To determine if estrus cycle stage
increased the incentive value of ETOH, ETOH
preference scores for P/E mice were compared to
M/D mice. ETOH preference scores calculated
after chronic ETOH exposure (postETOH) were
similar in P/E mice (M=0.59, SD=0.16, n=20)
and M/D mice (M=0.54, SD=0.09, n=5).
However, ETOH preference scores calculated
after a brief abstinence period (abstETOH)
differed significantly between P/E mice (M=0.92,
SD=0.12, n=17) and M/D mice (M=0.77,
SD=0.14, n=6) [t(21)= 2.014; p<0.05] (Fig.4).
These findings suggest that elevated levels of
estrogen and progesterone may increase the
incentive value of ETOH across even brief
abstinence periods.

ETOH Preference by Estrus Stage

*

Preference Score (mean +/- SEM)

postETOH

abstETOH

Preference Test

B Proestrus/Estrus Metestrus/Diestrus

Figure 4. Ethanol preference by estrus cycle stage before
and after the brief abstinence period. There was a
significant difference in ETOH preference after the brief
abstinence between mice in proestrus/estrus (n=17) and
metestrus/diestrus (n=6) stages of the estrus cycle. *
denotes p<0.05

Affective behaviors did not change as a
result of estrus status

To identify if estrus cycle stage altered affective
behaviors, both elevated plus-maze (EPM) and
forced-swim test (FST) data were compared
between P/E and M/D mice. Estrus stage was
identified about twelve hours after the abstETOH
test. There was no difference in the time spent in
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the open arms of the EPM expressed by mice in
P/IE (M=47.9, SD=25.3, n=17) versus M/D
(M=52.37, SD=31.2, n=6), suggesting that
estrus cycle stage did not impact anxiety-like
behaviors in these mice. There was only one
mouse assigned to the stress condition (and thus
with FST data) with a sufficient sample for
estrus identification, so FST data could not be
analyzed with respect to estrus status.

Discussion

The present results suggest that ETOH
preference increased following chronic ETOH
exposure and again after a brief abstinence
period, but this increase was not affected by
housing condition or a series of acute mild
stressors. Estrus cycle stage affected the
strength of ETOH preference after abstinence,
with females in P/E expressing stronger
preference than those in metestrus/diestrus.

These data do not support the initial
hypothesis that mice housed in an enriched
environment would be protected against the
escalation of drinking behavior or relapse-like
responses. This finding contrasts with those of
Li et al. (2015), who found that C57BL/6 mice
housed in an enriched environment showed less
reinstatement of ETOH place preference
compared to mice in standard housing,
suggesting that an enriched environment may
reduce the incentive value attributed to ETOH.
However, it is important to note that
conditioned place preference (CPP; used by Li
et al., 2015) and two-bottle choice preference
(used here) are not equivalent, as CPP utilizes
experimenter-administered  ETOH  during
conditioning and the two-bottle choice
procedure is more equivalent to a self-
administration procedure. Further, the EE
protocol used in Li et al. (2015) included social
housing with conspecifics, unlike the social
isolation used in the current study, which was
necessary to accurately gauge the volumes
drank in the ETOH preference tests. It is
plausible that EE must include social interaction
to assert a protective effect against relapse-like
behaviors in adult mice.

Additional considerations regarding the
EE used in the current study may explain
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discrepancies with the literature. Mice in the SEs
were housed in clear plastic cages, allowing them
to see the colony room, whereas EE cages were
opaque and did not permit as much visibility.
While experimenters’ presence in the room
throughout the study could hypothetically
provide a unique source of stimulation to mice in
standard (clear) cages, mice’s vision is very poor
(Baker, 2013) and likely provided limited
stimulation. Additionally, the toys present in
enriched housing were not alternated/replaced
during the study and it is possible that the
enriching effect of these objects only lasted a few
days. A follow up study could address the role of
these variables in ETOH preference.
Interestingly, the series of acute mild
stressors (FSTs) did not impact subsequent
ETOH preference in ETOH-abstinent mice,
regardless of housing condition. These findings
did not support our second and third hypotheses.
A possible explanation for these findings is that
ETOH consumption was variable between
individuals and thus obscured group differences
in FST response. While correlations were
assessed, a lack of power may have contributed
to these results. Another possible explanation is
that the FSTs were a weak or insufficient
manipulation to induce stress. The FST was
originally developed as a model of despair-like
behavior, due to its sensitivity to antidepressant
medications (Porsolt et al., 1977). The FST
typically elicits two coping responses from the
subject: active strategies (swimming, climbing)
and passive strategies (floating, immobility).
Conditions that increased the duration of active
strategies and/or decreased the duration of
passive strategies were considered to be anti-
depressant in nature, and the FST has been used
extensively to measure depression-like behavior
in rodents. However, recent work has questioned
the construct and face validity of this model
(Commons et al., 2017) and argued that, instead
of the inference of despair-like behavior, these
behaviors instead more accurately represent
strategies to cope with stress (de Kloet &
Molendijk, 2016; Commons et al., 2017).

While a summary of this rationale is beyond
the scope of this manuscript, it is worth noting
two important FST-induced changes to the
hypothalamic-pituitary-adrenal ~ (HPA)  axis,
which activates in response to physically or
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psychologically stressful events. First, plasma
levels of corticosterone (CORT), a
glucocorticoid released by the adrenal glands in
response to stressful events, was elevated by a
15min FST in mice (Sano et al.,, 2009);
elevations in CORT are also seen in response to
standard stressors (e.g., footshock; Cozzoli et
al., 2014). Second, a 15min FST increased
levels of mineralocorticoid receptors in the
hippocampus when measured 8-24hrs later
(Gesing et al., 2001); these receptors are one of
the primary molecular targets of CORT. It is
possible that three, 5min FSTs did not affect
HPA activity as strongly as one 15min FST;
however, it is also possible that the mice found
multiple returns to the FST more stressful. Due
to experimental scope and logistical
considerations, physiological measures could
not be used in the present experiment, but
further studies could use physiological
outcomes to inform behavioral data. Regardless,
the lack of FST-induced stress effect on ETOH
preference was intriguing and warrants further
study.

The impact of stress depends not only on the
type of stressor but also the time elapsed
between the delivery of the stressor and
assessment of ETOH preference. It is possible
that longer ETOH abstinence periods may have
produced stronger ETOH preferences in the
stressed mice, consistent with existing literature
(e.g., Cozzoli et al., 2014). Finally, all mice
were housed in the same colony room,
regardless of stress condition, and it is possible
that ultrasonic vocalizations made by stressed
mice between FSTs may have caused distress to
the unstressed mice, though the degree to which
this could have affected subsequent ETOH
preference is unknown.

While others have identified sex- and
estrus-cycle-dependent differences in a number
of FST metrics, including immobility,
swimming and climbing durations (Bogdanova
et al., 2013; Kokras et al., 2015), no estrus-
dependent differences emerged in the present
study, likely due to a lack of power. EE and
social isolation have also had inconsistent
effects on FST performance (Bogdanova et al.,
2013), though most of these studies were done
in rats. It is also worth noting that
unconditioned anxiety levels, measured using
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the elevated plus maze (EPM), did not differ
between stressed and non-stressed groups,
suggesting that the FSTs did not elevate anxiety
consistent with previous work that stress and
anxiety are separable (Andreatini & Bacellar,
1999).

The strength of ETOH preference
following abstinence did differ as a result of
estrus stage. Females in proestrus/estrus showed
stronger preference for ETOH (versus water)
than those in metestrus/diestrus. Females are
more sensitive to drugs of abuse compared to
males and ovariectomized females, and when
estradiol levels in intact females are high versus
low (Carroll et al., 2004; Becker et al., 2012),
though estrus cycle findings are not always
consistent (e.g., Forger & Morin, 1982). It is
important to note that the present study did not
find an effect of estrus cycle stage on affective
behaviors (FST or EPM), suggesting that estrus-
related differences in ETOH preference are
specific to circuits involved in
motivation/incentive  salience, rather than
emotion/affect.

The mesolimbic dopamine (DA) system
helps attribute incentive value to a variety of
evolutionarily important stimuli, such as food
and offspring, with rewarding and/or reinforcing
properties (Salamone et al., 2015; Berridge &
Robinson, 2016). In female rats and mice, higher
levels of ovarian hormones, particularly
estradiol, affect the firing rate of mesolimbic
dopamine (DA) neurons and amount of synaptic
DA (Becker, 1999; Zhang et al., 2008; Becker et
al., 2012; Calipari et al., 2017). Because of this,
estradiol is thought to enhance the incentive
salience attributed to drugs of abuse and, via
Pavlovian association, their predictive cues
(Carroll et al., 2004; Becker et al., 2012). For
instance, DA levels in the nucleus accumbens in
response to entering a cocaine-paired chamber
were higher in females during estrus than
diestrus, a difference thought to be due, in part,
to the function of DA reuptake transporters on
the presynaptic membrane of mesolimbic DA
terminals (Calipari et al., 2017). It is possible that
the elevated estradiol levels in proestrus/estrus
females enhanced the incentive value (“drive”)
attributed to ETOH and thus increased their
preference score in the two-bottle choice test.
Further, drugs of abuse can act synergistically
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with estradiol to modulate DA firing (e.g.,
Zhang et al., 2008). It is possible that ETOH, by
modulating multiple molecular targets (e.g.,
GABAergic and glutamatergic  receptor
function), may be altering DA function, either
directly or indirectly, in unique ways across the
estrus cycle.

Importantly, the enhanced ETOH
preference was specific to the brief abstinence
period, suggesting that estrus stage may
influence the incubation of ETOH craving,
which is an increase in drug-seeking with
increasing time spent abstinent (Bienkowski et
al., 2004). Indeed, reinstatement of cocaine
preference following extended abstinence
(craving incubation) is stronger in female rats
during estrus relative to other phases of the
cycle and compared to males (Feltenstein &
See, 2007; Kerstetter et al., 2008; Pickens et al.,
2011). As the incubation of drug craving can
continue for weeks of drug abstinence (Pickens
et al.,, 2011), it is possible that estrus-related
differences would be more dramatic after a
longer ETOH-free period.

Indirect evidence for this hypothesis
comes from a study on mesocortical DA, a
separate circuit arising from similar sets of
neurons in the ventral tegmental area. Dazzi et
al. (2007) demonstrated that there are estrus-
related changes in ETOH-induced dopamine
(DA) output of mesocortical neurons in rats.
ETOH administration elevated prefrontal DA
levels in females during estrus but not in
proestrus or diestrus stages. Ovariectomy
eliminated these changes and replacement of
estrus-like hormones reinstated the ETOH-
induced elevation of DA levels, leading the
authors to conclude that ovarian hormones
directly influenced the changes in DA output.
By altering how ETOH impacts
neurotransmitter release in the brain, estrus
stage may influence ETOH preference.

The results of this study indicate that
ETOH preference was enhanced by chronic
ETOH exposure but not EE or exposure to a
series of mild stressors. Estrus stage may impact
ETOH preference after brief abstinence periods,
suggesting that estrus-induced changes to
mesolimbic DA may alter the severity and/or
time course of incubation of ETOH craving. To
our knowledge, this is the first study to explore
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these questions in mice. Our findings highlight a
continued need for research on the types of
environmental factors that contribute to drug
vulnerability and the role that gonadal hormones
and reproductive cycle stage might play in
ETOH preference, particularly after prolonged
abstinence. For instance, given the positive
effects of social and emotional support on health
in general (Reblin & Uchino, 2008), it is
plausible that including social interaction in this
study’s EE protocol could impact ETOH
consumption and relapse-like behavior. Further
studies could also test the molecular hypotheses
set forth in this manuscript. Additional
consideration should be given to the role of
gonadal hormones in ETOH craving, particularly
in relapse models of addiction, as findings may
inform the efficacy of treatments for women with
alcohol use disorder. Ultimately, a better
understanding of how extended ETOH exposure
can alter ongoing behaviors and cause behavioral
changes that underly relapse-like behavior will
inform  potential ~ directions  for  future
neurobiological and physiological studies in
animal models, as well as shed light on some of
the complex neuroadaptations occurring in
humans struggling with AUD.
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