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Abstract

Rationale—Stress experiences have been shown to be a risk factor for alcohol abuse in humans;

however, a reliable mouse model using episodic social stress has yet to be developed.

Objectives—The current studies investigated the effects of mild and moderate social defeat
protocols on plasma corticosterone, voluntary alcohol drinking, and motivation to drink alcohol.

Methods—Outbred CFW mice were socially defeated for 10 days during which the intruder
mouse underwent mild (15 bites: mean = 1.5 min), or moderate (30 bites: mean = 3.8 min) stress.
Plasma corticosterone was measured on days 1 and 10 of the defeat. Ethanol drinking during
continuous access to alcohol was measured 10 days following the defeat or 10 days prior to,

during and 20 days after the defeat. Motivation to drink was determined using a PR operant

conditioning schedule during intermittent access to ethanol.

Results—Plasma corticosterone was elevated in both stress groups on days 1 and 10. Ethanol

consumption and preference following moderate social stress was higher than both the mild stress

group and controls. Mice with previously acquired ethanol drinking showed decreased ethanol
consumption during the moderate stress followed by an increase 20 days post-defeat. Moderately
stressed mice also showed escalated ethanol intake (11g/kg/day) and ethanol self-administration

during a schedule of intermittent access to alcohol.

Conclusion—Saocial defeat experiences of moderate intensity and duration led to increased

ethanol drinking and preference in CFW mice. Ongoing work investigates the interaction between

glucocorticoids and dopaminergic systems as neural mechanisms for stress-escalated alcohol
consumption.
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INTRODUCTION

Ostensibly aversive stress experiences can increase the pursuit and use of alcohol and
stimulants in humans and animals (Becker et al. 2011; Koob 2008; Koob and Le Moal 1997;
Leventhal and Cleary 1980; Tomkins 1966). Murine models promise to enhance our
understanding of the genetic and neurobiological mechanisms underlying escalated intake
and increased motivation for alcohol after stressful episodes. It has been challenging to
reliably and adequately characterize the stress-alcohol relationship in animal models (Becker
et al. 2011; Noori et al. 2014). Along with its companion paper on cocaine (Han et al. 2014
revision under review), the current report identifies several key social determinants linking
episodic social defeat stress and its effect on alcohol drinking behaviors.

Mild episodes of social defeat constitute an ethologically relevant stressor that triggers
sympathetic activation and the release of glucocorticoids (Koolhaas et al. 1997; Marti-
Carbonell et al. 1992; Meerlo et al. 1996; Miczek and Tidey 1990) as indicated by elevated
plasma concentrations of adrenocorticotropic hormone (ACTH) and corticosterone. Social
defeat stress is unique in that rodents do not habituate to repeated episodes of this stressor,
evidenced by long-lasting enhancement of corticosterone and Fos expression in the
hypothalamus and central amygdala (Martinez et al. 1998; Nikulina et al. 2004; Raab et al.
1986) and brain-derived neurotrophic factor (BDNF) in the nucleus accumbens (NAc) and
ventral tegmental area (VTA) (Berton et al. 2006). Episodic exposure even to brief,
intermittent social interactions can have extensive long- and short-term cardiovascular,
thermoregulatory, and behavioral changes in rodents (Tornatzky and Miczek 1993).

Glucocorticoid release resulting from social defeat stress may contribute to the reinforcing
effects of alcohol (Deroche et al. 1993; Piazza et al. 1993). Alcohol consumption results in
the release of corticosterone, suggesting that alcohol can be a stressor under some conditions
(Koob et al. 1998). However, alcohol has also been shown to have anxiolytic effects in
rodents as, for example, in the elevated plus maze task (Lister 1987). Different types of
stress, such as chronic subordination in a social colony, social isolation, and episodic social
defeat stress alter plasma corticosterone levels in rodents (Raab et al. 1986; Tornatzky and
Miczek 1993; Uschold-Schmidt et al. 2012; Weiss et al. 2004). Systemic administration of
corticosterone increases self-administration of ethanol in rodents (Deroche et al. 1993;
Piazza et al. 1993). Here, we confirm previous findings that demonstrated social stressors
induce a rise in plasma corticosterone levels as well as begin to investigate the precise,
temporal relationship between corticosterone and episodic social stressors of different
intensities..

Stress-induced glucocorticoids in blood plasma may mediate the activation of dopaminergic
mesolimbic neurons (Rouge-Pont et al. 1998). Repeated exposure to stressors results in a
long-term enhancement of dopamine release in the mesoaccumbens pathway in response to
a stimulant challenge (Sorg and Kalivas 1991; Wilcox et al. 1986). Social defeat stress
increases extracellular dopamine release in the shell of the NAc and affects the sensitivity of
dopamine receptors in mice and rats (Han et al. 2014 Revision under review; Piazza and Le
Moal 1998; Puglisi-Allegra et al. 1991; Tidey and Miczek 1997). These findings have led to
the proposal that vulnerability to drug use may be exacerbated by neuroplastic changes in
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the HPA-axis and mesolimbic dopaminergic pathway as a result of social defeat stress.
Changes in vulnerability have previously been measured using locomotor sensitization to
acute drug challenges (Phillips et al. 1997). The present study attempted to predict a stress-
induced escalation of ethanol intake by testing for sensitization of locomotor activity to an
acute ethanol challenge (Fish et al. 2002). The exposure to a social stressor and the
subsequent release of glucocorticoids may affect drug-taking behaviors by modifying
dopamine release in the NAc(Han et al. 2014 Revision under review; Covington, I11 et al.
2005).

Various animal models of alcohol drinking can be implemented in order to study the effects
of social defeat stress on voluntary ethanol drinking, including continuous or intermittent
access to alcohol and drinking-in-the-dark (McBride & Li, 1998; Rhodes et al. 2005).
Intermittent access (IA) to alcohol in a two-bottle free-choice paradigm leads to voluntary,
preferential and dependence-inducing alcohol consumption (Hwa et al. 2011). We evaluated
the reinforcing effects of ethanol in socially stressed rodents by measuring the rate of
operant responding maintained by a progressive ratio schedule of ethanol reward
(Czachowski and Samson 1999; Rodd-Henricks et al. 2003). Ethanol self-administration and
voluntary drinking procedures provide a profile of the appetitive and consummatory aspects
of regulated and escalated alcohol drinking. We implemented these models in order to study
the effects of social defeat stress on voluntary ethanol consumption and motivation to drink
in mice.

The present study used outbred Carworth Farms Webster (CFW) mice because of their
genetic and phenotypic variation (Crabbe et al. 1994). Mice of this strain demonstrate a wide
range of alcohol intake, and thus provide evidence that can be translated to human
conditions. The current study and its companion (Han et al. 2014 under review) report
closely similar elevated plasma corticosterone as well as dopamine release from the nucleus
accumbens in response to two different types of social defeat stressors of distinct intensities
and durations. Significantly, only those mice that were exposed to moderate, but not mild
social defeat episodes showed escalated and persistent ethanol intake, preference, and self-
administration.

METHODS

Animals

Adult male Carworth Farms Webster (CFW) mice (n=165; Charles River Laboratories,
Wilmington, MA, U.S.A) weighed 23-25g upon arrival. Experimental mice were group-
housed for one week in groups of six in large polycarbonate cages (48 x 26cm x 16¢cm) with
corn cob bedding and unlimited access to standard rodent chow (Purina LabDiet 5001) and
tap water. This allowed mice to habituate to the constant temperature (21 £ 1C), 20%
humidity, and light/dark photocycle (lights off at 0700 and lights on at 1900) conditions of
the vivarium. The mice were then housed individually in polycarbonate cages (28 x 17 x
12cm) with ad libitum access to water and rodent chow. The guidelines of the “Guide for the
Care and Use of Laboratory Animals” were followed for all procedures (2011), and were
approved by the Institutional Care and Use Committee of Tufts University.
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Social Defeat Stress

Upon arriving in the vivarium, each male ‘resident” CFW mouse was pair-housed with a
female CFW mouse in a polycarbonate cage (28 x 17 x 12cm). After at least two weeks,
each male resident was assessed for aggression in confrontation with an intruder in the
absence of the female cagemate for 5 minutes. . The number of attack bites by the resident
mouse was recorded. This procedure was performed for 10 consecutive days. Mice that were
determined to be reliably aggressive (greater than 30 bites in 5 min) were used as ‘resident’
mice to socially defeat the experimental mice.

Experimental mice were randomly assigned to be in the moderate (being attacked 30 times)
stress group, the mild (being attacked 15 times) stress group, or the non-stressed control
group. Mice in the control group were weighed daily, while the mice in the stress groups
were weighed and then socially defeated for 10 consecutive days (Days 1-10) using the
following procedure, which consisted of the pre-defeat threat, defeat, and post-defeat threat
phases (Yap et al. 2005). This procedure began 2 — 3 hours after the beginning of the dark
cycle every day. The female cagemate was removed before the pre-defeat phase and kept in
a holding cage until the end of the threat phase. In the pre-defeat threat phase, an intruder
mouse was placed into a perforated, protective cage (15cm x 7cm x 7cm) and placed into the
home cage of an aggressive ‘resident” mouse for 5 minutes. Intruders faced a different
resident during each confrontation to prevent habituation of the resident to the intruder.
During the defeat phase, the intruder mouse was removed from the perforated cage and
placed into the resident's cage without protection. The defeat phase lasted until one of the
following conditions was met: the intruder had received 30 or 15 bites, depending on
experimental condition, 5 minutes had elapsed, or the intruder showed at least 3 consecutive
seconds of defeat posture (Miczek et al. 1982). Mice that displayed defeat posture were
removed from the resident's cage and immediately began the next phase (occurred in 3% of
confrontations). In the threat phase the intruder was placed back into the perforated
protective cage in the resident's cage for 5 minutes. Following the threat phase, the intruder
was returned to its homecage for the remainder of the 24 hours.

Corticosterone Measurements

Blood samples were collected from the submandibular vein 20 minutes after the start of the
defeat phase of the social stress procedures on days 1 and 10 using disposable sterile lancets
(MEDIpoint Inc., NY). Blood collection took less than one minute per sample. Samples
were centrifuged for 10 minutes at 4°C, 3,000 revolutions per minute and blood plasma was
extracted. A corticosterone enzyme immunoassay kit (Arbor Assays, Ann Arbor, Michigan)
was used to analyze the samples for corticosterone. Detection levels for corticosterone were
7.8125-1,000ng/ml.

Locomotor Sensitization

On Day 20, locomotor activity of each experimental mouse was recorded in an open field
(53cm x 38cm x 46¢cm) using EthoVision tracking software (Version 2.4.19). Mice were
given a daily injection of saline during the three days prior to this testing in order to
habituate to the intraperitoneal (i.p.) injection. Experimental mice were first placed into the
open field and allowed to habituate for 30 minutes. Mice were then given an injection (i.p.)
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of saline and locomotor activity was recorded for 15 minutes. In the final phase, mice were

given an ethanol challenge (2g/kg, i.p.) and locomotor activity was recorded for 45 minutes.
The ethanol dose and injection-test interval were chosen based on previous work (Fish et al.
2002; Middaugh et al. 1989).

Ethanol Drinking

20% ethanol solutions (w/v) were prepared by diluting 95% ethyl alcohol (Pharmaco-
AAPER, Brookfield, CT) with tap water. At least two days before the ethanol challenge,
mice were given access to two 50ml centrifuge tubes (Nalgene) with water. Centrifuge
tubes, equipped with no. 5 rubber stoppers and stainless steel nozzles with ball bearings,
were presented to the mice through the metal wire cage lid. The day following the ethanol
challenge (Day 21), mice were given either continuous or intermittent access to a two-bottle
choice of 20% ethanol and water, for 3 weeks, or for 5 weeks, respectively (Hwa et al.
2011). Bottles were weighed daily in order to determine the average daily fluid
consumption. The ethanol and water bottles switched sides every day to control for side
preference. Mice were weighed each morning to calculate ethanol intake (grams of ethanol
per kilogram of body weight). Ethanol evaporation and spillage due to experimenter bottle
weighing were determined by weighing a pair of ethanol and water bottles that were held on
a cage without an animal. The fluid “drip” measurements were subtracted from the daily
ethanol and water bottles’ weights to calculate the volume of fluid consumption.

Ethanol reinforcement during fixed ratio and progressive ratio schedules

The present experiment studied ethanol reinforcement while using an operant conditioning
panel that was inserted into the home cage (Miczek and de Almeida 2001). For operant
responding under the control of schedules of ethanol reinforcement, all events were
monitored and controlled by a computer using MED-PC for Windows (MedAssociates, St.
Albans, Vermont).

Two different schedules of reinforcement were used: fixed ratio (FR-1) and progressive ratio
(PR). The operant conditioning panel was affixed to the home cage at the start of the dark
cycle and each response was reinforced with the presentation of 0.05 mL of 20% ethanol or
tap water. After thirty minutes, the FR-1 session was terminated, the panel was removed,
and the 2-bottle presentation was resumed. It was not possible to implement a continuous
access protocol due to the confound of having water and alcohol concurrently present under
independent PR contingencies. An 1A procedure was used as it offered the advantage of
preventing periods of alcohol deprivation. During the progressive ratio performance, the
operant conditioning panels contained only one nose-poke receptacle. The side at which the
removable receptacle was presented alternated every other session, matching the 1A
procedure. The type of fluid reinforcement alternated each session to match those presented
in the 1A protocol. The progression of the ratio of responses to 0.05 mL fluid reinforcement
followed an exponential series (Richardson and Roberts 1996). Thus, the response
requirement increased progressively according to the following schedule: 1, 2, 4, 6, 9, 12,
15, 20, 25, 32, 40, 50, 62, 77, and 95 for reinforcements 1 to 10, respectively. Breakpoint
was defined as the maximum response requirement achieved before the session's termination
(Hodos 1961). Sessions were terminated when an animal did not complete the following

Psychopharmacology (Berl). Author manuscript; available in PMC 2016 March 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Norman et al. Page 6

ratio requirement within 30 minutes. At the end of the sessions, the two-bottle 1A protocol
was resumed for the remainder of the 24 hours.

Experiment 1

The timeline for Experiment 1 is shown in Figure 1A. Mice were handled daily for the 3
days prior to the first day of social defeat stress. Mice then underwent 10 consecutive days
of either moderate or mild social defeat stress. On the first and last days of stress (days 1 and
10), blood was collected 20 minutes after the beginning of the defeat phase. Non-stressed
controls were weighed daily during the 10 day protocol. Blood plasma was later analyzed
for corticosterone levels using the Corticosterone Enzyme Immunoassay Kit.

Experiment 2

The timeline for Experiment 2 is shown in Figure 1B. During Experiment 2, mice
underwent 10 consecutive days of social defeat stress, as previously described. On day 20,
mice were tested for locomotor activity following an ethanol challenge. For the next 20
days, mice were given continuous access to both a bottle of 20% ethanol and of water. After
20 days, mice were categorized as either ‘high drinking’ or ‘low drinking’ based on their
ethanol intake. Controls drank approximately 5g/kg/24hr thus high drinking was considered
to be twice that value. Mice that drank 10g/kg/24hr for 10 or more days during the 20 day
period were designated “high drinkers’.

Experiment 3

The timeline for Experiment 3 is shown in Figure 1C. During Experiment 3, mice were
given access to a 20% ethanol bottle and water bottle during the duration of the experiment.
Baseline ethanol and water drinking were established during the first 10 days of the
experiment. Mice were assigned to the moderate stress and non-stress groups and matched
for their baseline ethanol drinking. In this experiment, mice were socially defeated on
consecutive days during days 10 to 20. Fluid intake was measured daily during the social
defeat procedure as well as 20 days afterward.

Experiment 4

The timeline for Experiment 4 is shown in Figure 1D. During Experiment 4, mice
underwent the same social defeat and locomotor procedure as in Experiment 2. Immediately
following the locomotor test on day 20, mice were exposed to the FR-1 schedule of ethanol
reinforcement for one week. After one week of FR-1 performance, mice were subjected to
the PR schedule for four weeks. Throughout both schedules, mice were given water and
intermittent access (i.e. every other day) to 20% ethanol. Breakpoints and 24-hour fluid
intake were measured each day.

Statistical Analysis

SigmaStat 11.0 software (Systat Software, San Jose, California) was used to analyze the data
statistically. Two-way repeated measures (RM) analyses of variance (ANOVA) were
performed to analyze the effect of the two stress procedures on weekly, voluntary ethanol

Psychopharmacology (Berl). Author manuscript; available in PMC 2016 March 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Norman et al.

RESULTS

Page 7

consumption and preference during continuous access to ethanol and water in Experiment 2.
This test was also used to determine the effect of time and stress experience on voluntary,
daily ethanol consumption and self-administration, defined as breakpoint (Hodos 1961).
One-way RM ANOVA was used to determine that stress had a similar effect on several
cohorts of mice within the same group before data were merged. The effect of stress on
blood plasma corticosterone on Day 1 and Day 10 of stress was analyzed using two-way RM
ANOVA. Two-way RM ANOVA was used to determine the effect of the moderate stress
group on previously acquired ethanol drinking behavior. Holm-Sidak post-hoc t-tests were
used to identify significant treatment differences, as shown by p<0.05. A Wald Chi-Square
test was used to analyze the proportions of high drinkers in the stress groups.

Effect of Moderate and Mild Social Defeat stress on Blood Plasma Corticosterone

The moderate social defeat procedure (mean = 227 + 5.9sec; 23 £ 0.4 bites) was shown to be
longer in duration than the mild social defeat procedure (mean = 90 + 5.1sec; 15 + 0.1 bites).
Both socially defeat groups showed elevated corticosterone on day 1 and day 10 of the
social defeat procedure (Figure 2). Two-way RM ANOVA revealed a main effect of stress
on blood plasma corticosterone measurements [F(2, 29) =15.789, p<0.001]. The interaction
between stress and time showed a trend [F(2, 29) =2.789, p=0.078]; however, there was no
significant main effect of time.

Holm-Sidak post hoc analysis revealed that on day 1, both mild and moderate stress groups
showed significantly increased corticosterone compared to the control group (p<0.05). Mice
in the mild stress group had a significantly smaller rise in plasma corticosterone on day 10
when compared to day 1[t=2.052, p<0.05]. In contrast, plasma corticosterone concentration
in the moderate stress group did not significantly change from day 1 to day 10.

Weekly Ethanol Intake after Moderate, or Mild Social Defeat

The distinct effects of moderate and mild social defeat stress were evident across several
cohorts of mice, as revealed by one-way ANOVA,; therefore, the data from the cohorts of
each experimental group were merged (Figure 3, Figure 4). During the 20 days of
continuous ethanol access, the moderate stress group drank more ethanol during 24 h access
than either the mild stress group or the control group (moderate: mean = 11.3 + 0.80 g/kg;
mild: mean = 6.49 + 1.1 g/kg; control: mean = 5.68+ 0.82 g/kg). Two-way RM ANOVA
revealed main effects of stress [F(2, 84) = 10.408, p< 0.001] and time [F(3,251) = 10.826,
p<0.001]. Post-hoc tests showed that the ethanol drinking behavior of the moderate stress
group was significantly elevated compared to both the mild stress and non-stressed control
group over the course of the four 5-day periods of continuous access to ethanol. Animals in
the moderate stress group also demonstrated elevated ethanol preference during the
experiment, compared to the non-stressed control group. There was a main effect of time
[F(3,251) = 5.088, p<0.01] and stress [F(2,84) = 8.764, p<0.001] on ethanol preference
during the 20 days of two-bottle free choice access to 20% ethanol and water as
demonstrated by a two-way RM ANOVA. The mild stress group demonstrated ethanol
intake and preference similar to that of the non-stressed control group. A Wald Chi-Square
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test revealed that the proportion of high drinkers in the moderate stress group but not the
mild stress group was significantly higher than controls (Figure 5). These data provide
evidence for an initial and persistent increase in ethanol consumption in the moderate stress
group.

Body weight may influence ethanol intake values that are measured as grams of ethanol per
kilogram of body weight. Body weights of the stress groups and controls were analyzed
during the social defeat procedure and no significant differences were found. During ethanol
consumption there was a main effect of stress [F(2,84)=3.673, p<0.05] and time [F(2,252)
=43.706, p<0.001]. Post-hoc tests revealed that the moderate stress group had a significantly
increased body weight compared to controls. All groups had significantly increased body
weight after 5 days of ethanol intake when compared to their initial weight on day 1.

Locomotor Sensitization to Ethanol

Mice in the moderate stress (pre-drug: 94 + 5m post-drug: 78 £ 9m), mild stress (pre-drug:
59 + 3m post-drug: 61 + 8m), and control (pre-drug: 79 + 5m post-drug: 61 + 8m) groups
did not show a significant change in locomotor activity in response to an i.p. ethanol
injection.There was no significant difference in the percent of mice that showed locomotor
sensitization to the ethanol challenge. There was no correlation between the average daily
ethanol intake (g/kg) of the moderate stress, mild stress, or non-stressed control groups and
the change in locomotor activity in response to an ethanol injection.

Effect of Moderate Social Defeat on Previously Acquired Ethanol Drinking

The baseline (pre) average for all mice during the five days before the start of social defeat
stress was 6.50 g/kg (Figure 6). Two-way RM ANOVA revealed a significant main effect of
time [F(7,129) = 8.951, p<0.001] and a significant interaction between stress and time
[F(7,59) = 4.105, p<0.001]. The moderately stressed mice showed significantly decreased
ethanol drinking during the social defeat stress procedure compared to their baseline ethanol
intake. After 40 days of ethanol drinking, these mice showed a significantly increased
ethanol intake compared to their baseline. Control mice demonstrated significantly increased
ethanol intake relative to their baseline 25 and 35 days after the start ethanol drinking.

Effect of Moderate Social Defeat Stress on Motivation to Drink Ethanol

Moderately socially defeated mice showed elevated ethanol intake and self-administration
during an A schedule, compared to non-stressed controls. There was a main effect of
moderate social defeat stress on daily voluntary ethanol consumption [F(1,96) = 4.198,
p<0.05] (Figure 7) during IA. There was also an effect of moderate stress on the breakpoints
(Figure 8) achieved in the PR operant responding condition [F(1, 96) = 8.530, p<0.01].
Holm-Sidak post-hoc tests revealed that these effects were maintained for the first 4 weeks
of 1A.

DISCUSSION

This report identifies salient features of episodic social stress conditions that result in
reliably escalated alcohol drinking in mice. The current experimental procedures attempt to
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capture the epidemiologically established stress-alcohol link in a mouse model (Jose et al.
2000; Richman et al. 1996; Rospenda et al. 2000). Exposure to social defeat stress of
moderate intensity and duration (i.e. being attacked 30 times in 5 min) engendered an
increase in ethanol intake and preference 10 days later; however, there was no relationship
between locomotor sensitization to alcohol and escalated alcohol consumption. In contrast, a
mild social stressor had no effect on alcohol drinking compared to non-stressed controls
despite similar corticosterone and dopamine responses in both stress procedures (Han et al.
2014 under review). Studies with cocaine have shown that a range of stress conditions
escalate self-administration in rodent models (Boyson et al. 2011; Goeders and Guerin 1994;
Haney et al. 1995; Tidey and Miczek 1996); however, increases in alcohol consumption are
generated by more limited stress parameters (Funk et al. 2005; Van Erp et al. 2001). While
other studies have investigated the stress-alcohol link in mice (Chester et al. 2008; Croft et
al. 2005; Sillaber et al. 2002), this is the first to delineate conditions of social defeat stress
that reliably lead to escalated voluntary ethanol consumption and self-administration in
several cohorts of outbred mice.

In rodent models, social defeat stress protocols vary greatly in intensity and duration,
defined respectively by the number of attack bites inflicted upon an intruder by a resident
rodent. Many social defeat stress protocols combine lengthy episodes of severe stress with
continuous exposure to sensory stimuli from a potential aggressor (Berton et al. 2006;
Golden et al. 2011; Kudryavtseva et al. 1991). In some studies, mice were exposed to severe
social stressors in which bouts ended only after an intruder received 100 attack bites and
opioid-like antinociception became apparent (Miczek et al. 1982). It has been challenging to
develop a social stress procedure which consistently escalates alcohol consumption in mouse
strains (Croft et al. 2005; Sillaber et al. 2002). Here, we selected the conditions in which
intruders received 15 or 30 attack bites to begin to identify the necessary and sufficient
parameters of social defeat stress and stress hormones in the escalation of alcohol drinking.
We have designated these two intensities as mild and moderate, respectively, in contrast to
the more severe social stress procedures (Golden et al. 2011; Miczek et al. 1982).

Social defeat stress has been well characterized in terms of sympathetic and glucocorticoid
activity in several mammalian species (Haller et al. 1997; Haller 2014). The present effects
of social defeat stress on alcohol drinking appear to be paralleled with activation of the HPA
axis; however, while mild and moderate social stress resulted in increased corticosterone,
only the latter resulted in escalated alcohol drinking. This dissociation of ethanol intake and
plasma corticosterone elevation may be due to adaption of mildly stressed mice to the
aggressive confrontations as evidenced by the decreased rise in corticosterone on day 10 of
the social defeat procedure. The moderate stress group had a similar rise in plasma
corticosterone on day 1 as day 10 suggesting no such adaptation. The measured
concentration of basal plasma corticosterone (180ng/mL) was consistent with some studies
in DBA/2J and albino mouse strains (Kakihana and Moore 1976; Gibson et al. 1979);
however, other studies have found much lower basal plasma corticosterone levels (Finn et
al. 2004). Plasma corticosterone may be altered by many factors such as handling (Irwin et
al. 1986) or time of day (Barriga et al. 2001) which could account for the variance from
study to study.
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In rat models of social defeat, treatment with stress-relevant levels of exogenous
corticosterone increases alcohol intake above baseline values (Fahlke et al. 1995).
Glucocorticoids can have intrinsic reinforcing effects, such that rodents will self-administer
corticosterone to maintain physiologically high blood plasma concentrations (Piazza et al.
1993). Injections of the corticosterone synthesis inhibitor metyrapone to alcohol-preferring
rats reduce their alcohol consumption to the level of alcohol-nonpreferring animals (Fahlke
et al. 1994). We hypothesize that stress-induced elevated corticosterone levels may interact
with dopaminergic systems in the nucleus accumbens in order to engender these changes in
alcohol drinking behaviors (Cabib and Puglisi-Allegra 1996; Rothschild et al. 1985);
however, further investigation into the relationship between escalated alcohol intake and
corticosterone is needed before a mechanistic explanation of this relationship may be
proposed.

Here, we describe a social defeat stress procedure which escalates alcohol consumption in
CFW mice under two different conditions of alcohol access, continuous and intermittent.
While previous findings suggest that mice of this strain do not consume high levels of
alcohol (Crabbe et al. 1999; Phillips and Crabbe 1991), exposure to bouts of moderate social
defeat elevated alcohol consumption in these outbred mice to a level comparable to that of
the ethanol-preferring mice (Hwa et al. 2011; Middaugh et al. 1999). While the moderate
stress group demonstrated high levels of drinking, all stress groups, including controls,
showed a gradual increase in ethanol intake over time. This effect is consistent with other
studies that have found similar results in non-stressed mice (Hwa et al. 2011). The cause for
the emerging drinking in control mice remains to be determined. We are currently
determining how the high alcohol consumption of the inbred C57BL/6J mouse strain may be
altered by our moderate social defeat stress procedure.

Subgroups of outbred CFW mice are highly motivated to seek out and consume high
amounts of ethanol (high drinkers), while others consume very little (low drinkers). The
average daily alcohol consumption of high drinkers was15 g/kg/24hr, while low drinkers
consumed 5g/kg/24hr. These data suggest that within the CFW strain of mice, there are
some subjects that are susceptible to stress-induced escalated alcohol consumption while
others are resilient to this stress effect. The present study found that the proportion of high
drinkers in a population of CFW mice increases with increasing stress intensity. Since
preclinical and clinical studies implicate genetic variation, rather than environmental
differences, as especially important in defining an individual's drug abuse liability, most
ethanol drinking studies use inbred strains of mice (Crabbe et al. 1994; Middaugh et al.
1999). Indeed, two bottle choice procedures were introduced to highlight differences in
alcohol consumption and preference as a function of strain (McClearn and Rodgers 1959).

Here, we began to investigate how social defeat stress interacts with previously established
ethanol consumption. When exposed to 10 days of episodic social defeat stress, ethanol-
drinking animals initially showed a decrease in alcohol consumption, consistent with
previous studies in rats (Funk et al. 2005; Van Erp and Miczek 2001). Relative to the
alcohol-naive mice, the onset of drinking behaviors was delayed. Prior exposure to ethanol
could possibly be blunting HPA activation in response to social defeat stress, leading to a
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suppression of systemic glucocorticoid release and its effect on dopaminergic reward
pathways (Lee et al. 2000a; Lee et al. 2000b).

The present study demonstrates high levels of ethanol self-administration during a PR
condition in socially stressed outbred mice without the use of fluid restriction; however,
motivation to self-administer alcohol decreased over time (Figure 8) which is in contrast to
the 24-hour ethanol intake that remained elevated (Figure 7). The basis for this dissociation
of ethanol intake and the motivational effects of ethanol remains unknown and must be
studied further. The PR schedule of reinforcement is particularly useful when measuring the
relative strength of a reward (Hodos 1961). Rats that perceive alcohol as highly preferable
will self-administer larger quantities of ethanol than alcohol non-preferring rats under a PR
schedule of reinforcement (Samson et al. 1992; Waller et al. 1984). Though some inbred
mouse strains will voluntarily drink significant quantities of ethanol, in CFW mice fluid
restriction is usually required for reliable ethanol self-administration under the control of
several schedules of reinforcement (Faccidomo et al. 2012; Newman et al. 2012).

Preclinical and clinical evidence implicates social stress as a major trigger in the initiation
and maintenance of drug-taking behaviors (Goeders 2003; Sinha 2008). However, not all
social stressors will similarly affect drug use in these populations. Even when physiological
consequences appear closely similar, stressors of different controllability and predictability
can dissimilarly affect underlying neurobiological reward pathways (Miczek et al. 2008).

In conclusion, we present a social defeat stress procedure which reliably escalates alcohol
consumption and self-administration in outbred CFW mice. Despite similar initial elevations
in glucocorticoid and dopamine response (Han et al. 2014 Revision under review), only the
social defeat experience of moderate intensity and duration led to increased ethanol
drinking. The interaction between glucocorticoids and dopaminergic systems in the brain
can be further explored after this identification of the salient parameters of social defeat
stress that lead to increased drug taking.

Acknowledgements

This research was supported by NIH grants AA013983 and DA031734 (Klaus Miczek, Ph.D) and F31 AA021622
(Lara Hwa). The authors would like to thank Tom Sopko and Peter Andrew for their outstanding contributions.

References

Ambroggi F, Turiault M, Milet A, Deroche-Gamonet V, Parnaudeau S, Balado E, Barik J, van der
Veen R, Maroteaux G, Lemberger T, Schiitz G, Lazar M, Marinelli M, Piazza PV, Tronche F. Stress
and addiction: glucocorticoid receptor in dopaminoceptive neurons facilitates cocaine seeking. Nat
Neurosci. 2009; 12:247-249. [PubMed: 19234455]

Becker HC, Lopez MF, Doremus-Fitzwater TL. Effects of stress on alcohol drinking: a review of
animal studies. Psychopharmacology (Berl). 2011; 218:131-156. [PubMed: 21850445]

Berton O, McClung CA, DiLeone RJ, Krishnan V, Renthal W, Russo SJ, Graham D, Tsankova NM,
Bolanos CA, Rios M, Monteggia LM, Self DW, Nestler EJ. Essential role of BDNF in the
mesolimbic dopamine pathway in social defeat stress. Science. 2006; 311:864-868. [PubMed:
16469931]

Psychopharmacology (Berl). Author manuscript; available in PMC 2016 March 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Norman et al.

Page 12

Boyson CO, Miguel TT, Quadros IM, DeBold JF, Miczek KA. Prevention of social stress-escalated
cocaine self-administration by CRF-R1 antagonist in the rat VTA. Psychopharmacology (Berl).
2011; 218:257-269. [PubMed: 21468623]

Cabib S, Puglisi-Allegra S. Stress, depression and the mesolimbic dopamine system.
Psychopharmacology (Berl). 1996; 128:331-342. [PubMed: 8986003]

Chester JA, Barrenha GD, Hughes ML, Keuneke KJ. Age- and sex-dependent effects of footshock
stress on subsequent alcohol drinking and acoustic startle behavior in mice selectively bred for high-
alcohol preference. Alcohol Clin Exp Res. 2008; 32:1782-1794. [PubMed: 18652593]

Covington HE 11, Kikusui T, Goodhue J, Nikulina EM, Hammer RP Jr. Miczek KA. Brief social
defeat stress: long lasting effects on cocaine taking during a binge and Zif268 mRNA expression in
the amygdala and prefrontal cortex. Neuropsychopharmacology. 2005; 30:310-321. [PubMed:
15496936]

Crabbe JC, Belknap JK, Buck KJ. Genetic animal models of alcohol and drug abuse. Science. 1994;
264:1715-1723. [PubMed: 8209252]

Crabbe JC, Phillips TJ, Buck KJ, Cunningham CL, Belknap JK. Identifying genes for alcohol and drug
sensitivity: recent progress and future directions. Trends Neurosci. 1999; 22:173-179. [PubMed:
10203855]

Croft AP, Brooks SP, Cole J, Little HJ. Social defeat increases alcohol preference of C57BL/10 strain
mice; effect prevented by a CCKB antagonist. Psychopharmacology (Berl). 2005; 183:163-170.
[PubMed: 16205917]

Czachowski CL, Samson HH. Breakpoint determination and ethanol self-administration using an
across-session progressive ratio procedure in the rat. Alcohol Clin Exp Res. 1999; 23:1580-1586.
[PubMed: 10549988]

Deroche V, Piazza PV, Deminiere JM, Le Moal M, Simon H. Rats orally self-administer
corticosterone. Brain Res. 1993; 622:315-320. [PubMed: 8242374]

Faccidomo S, Quadros 1M, Takahashi A, Fish EW, Miczek KA. Infralimbic and dorsal raphé
microinjection of the 5-HTg receptor agonist CP-93,129: attenuation of aggressive behavior in
CFW male mice. Psychopharmacology (Berl). 2012; 222:117-128. [PubMed: 22222863]

Fahlke C, Engel JA, Eriksson CJ, Hard E, Soderpalm B. Involvement of corticosterone in the
modulation of ethanol consumption in the rat. Alcohol. 1994; 11:195-202. [PubMed: 8060519]

Fahlke C, Hard E, Eriksson CJ, Engel JA, Hansen S. Consequence of long-term exposure to
corticosterone or dexamethasone on ethanol consumption in the adrenalectomized rat, and the
effect of type | and type Il corticosteroid receptor antagonists. Psychopharmacology (Berl). 1995;
117:216-224. [PubMed: 7753970]

Finn DA, Sinnott RS, Ford MM, Long SL, Tanchuck MA, Phillips TJ. Sex differences in the effect of
ethanol injection and consumption on brain allopregnanolone levels in C57BL/6 mice.
Neuroscience. 2004; 123:813-819. [PubMed: 14751275]

Fish EW, DeBold JF, Miczek KA. Repeated alcohol: behavioral sensitization and alcohol-heightened
aggression in mice. Psychopharmacology (Berl). 2002; 160:39-48. [PubMed: 11862372]

Funk D, Harding S, Juzytsch W, L& AD. Effects of unconditioned and conditioned social defeat on
alcohol self-administration and reinstatement of alcohol seeking in rats. Psychopharmacology
(Berl). 2005; 183:341-349. [PubMed: 16254734]

Gibson A, Ginsburg M, Hall M, Hart SL. The effects of opiate receptor agonists and antagonists on the
stress-induced secretion of corticosterone in mice. Br J Pharmacol. 1979; 65:139-146. [PubMed:
216447]

Goeders NE. The impact of stress on addiction. Eur Neuropsychopharmacol. 2003; 13:435-441.
[PubMed: 14636959]

Goeders NE, Guerin GF. Non-contingent electric footshock facilitates the acquisition of intravenous
cocain self-administration in rats. Psychopharmacology (Berl). 1994; 114:63-70. [PubMed:
7846208]

Golden SA, Covington HE 11, Berton O, Russo SJ. A standardized protocol for repeated social defeat
stress in mice. Nat Protoc. 2011; 6:1183-1191. [PubMed: 21799487]

Psychopharmacology (Berl). Author manuscript; available in PMC 2016 March 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Norman et al.

Page 13

Haller J. The glucocorticoid/aggression relationship in animals and humans: an analysis sensitive to
behavioral characteristics, glucocorticoid secretion patterns, and neural mechanisms. Curr Top
Behav Neurosci. 2014 [ePub Feb 2014, doi 10.1007/7854_2014 284].

Haller J, Albert I, Makara GB. The effects of the a2 adrenoceptor blocker idazoxan on defeat-induced
immobility and plasma corticosterone in rats is antagonized by administration of
adrenocorticotrophin-antiserum. Behav Pharmacol. 1997; 8:269-273. [PubMed: 9833022]

Han X, Albrechet-Souza L, Doyle MR, Shimamoto A, DeBold JF, Miczek KA. Social Stress and
Escalated Drug Self-administration in Mice Il. Cocaine and Dopamine in Nucleus Accumbens.
Psychopharmacology (Berl). 2014 Submitted.

Haney M, Maccari S, Le Moal M, Simon H, Piazza PV. ocial stress increases the acquisition of
cocaine self-administration in male and female rats. Brain Res. 1995; 698:46-52. [PubMed:
8581502]

Hérfstrand A, Fuxe K, Cintra A, Agnati LF, Zini I, Wikstrom AC, Okret S, Yu ZY, Goldstein M,
Steinbusch H. Glucocorticoid receptor immunoreactivity in monoaminergic neurons of rat brain.
Proc Natl Acad Sci U S A. 1986; 83:9779-9783. [PubMed: 2879285]

Hodos W. Progressive ratio as a measure of reward strength. Science. 1961; 134:943-944. [PubMed:
13714876]

Hwa LS, Chu A, Levinson SA, Kayyali TM, DeBold JF, Miczek KA. Persistent escalation of alcohol
drinking in C57BL/6J mice with intermittent access to 20% ethanol. Alcohol Clin Exp Res. 2011;
35:1938-1947. [PubMed: 21631540]

Hwa LS, DeBold JF, Miczek KA. Alcohol in excess: CRF1 receptors in the rat and mouse VTA and
DRN. Psychopharmacology (Berl). 2013; 225:313-327. [PubMed: 22885872]

Irwin J, Ahluwalia P, Zacharko RM, Anisman H. Central norepinephrine and plasma corticosterone
following acute and chronic stressors: influence of social isolation and handling. Pharmacol
Biochem Behav. 1986; 24:1151-1154. [PubMed: 3714773]

José BS, van Oers HA, van de Mheen HD, Garretsen HF, Mackenbach JP. Stressors and alcohol
consumption. Alcohol Alcohol. 2000; 35:307-312. [PubMed: 10869253]

Kakihana R, Moore JA. Circadian rhythm of corticosterone in mice: the effect of chronic consumption
of alcohol. Psychopharmacologia. 1976; 46:301-305. [PubMed: 986057]

Kim JG, Jung HS, Kim KJ, Min SS, Yoon BJ. Basal blood corticosterone level is correlated with
susceptibility to chronic restraint stress in mice. Neurosci Lett. 2013; 555:137-142. [PubMed:
24064064]

Koob GF. A role for brain stress systems in addiction. Neuron. 2008; 59:11-34. [PubMed: 18614026]

Koob GF, Le Moal M. Drug abuse: hedonic homeostatic dysregulation. Science. 1997; 278:52-59.
[PubMed: 9311926]

Koob GF, Sanna PP, Bloom FE. Neuroscience of addiction. Neuron. 1998; 21:467-476. [PubMed:
9768834]

Koolhaas JM, Meerlo P, de Boer SF, Strubbe JH, Bohus B. The temporal dynamics of the stress
response. Neurosci Biobehav Rev. 1997; 21:775-782. [PubMed: 9415902]

Kudryavtseva NN, Bakshtanovskaya 1V, Koryakina LA. Social model of depression in mice of
C57BL/6J strain. Pharmacol Biochem Behav. 1991; 38:315-320. [PubMed: 2057501]

Lee S, Schmidt D, Tilders F, Cole M, Smith A, Rivier C. Prolonged exposure to intermittent alcohol
vapors blunts hypothalamic responsiveness to immune and non-immune signals. Alcohol Clin Exp
Res. 2000a; 24:110-122. [PubMed: 10656200]

Lee S, Schmidt D, Tilders F, Rivier C. Increased activity of the hypothalamic-pituitary-adrenal axis of
rats exposed to alcohol in utero: role of altered pituitary and hypothalamic function. Mol Cell
Neurosci. 2000b; 16:515-528. [PubMed: 11085885]

Leventhal H, Cleary PD. The smoking problem: a review of the research and theory in behavioral risk
modification. Psychol Bull. 1980; 88:370-405. [PubMed: 7422752]

Lister RG. The use of a plus-maze to measure anxiety in the mouse. Psychopharmacology (Berl).
1987; 92:180-185. [PubMed: 3110839]

Marti-Carbonell MA, Darbra S, Garau A, Balada F. [Hormones and aggression]. Arch Neurobiol
(Madr ). 1992; 55:162-174. [PubMed: 1329691]

Psychopharmacology (Berl). Author manuscript; available in PMC 2016 March 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Norman et al.

Page 14

Martinez M, Phillips PJ, Herbert J. Adaptation in patterns of c-fos expression in the brain associated
with exposure to either single or repeated social stress in male rats. Eur J Neurosci. 1998; 10:20—
33. [PubMed: 9753110]

McClearn GE, Rodgers DA. Differences in alcohol preference among inbred strains of mice. Q J Stud
Alcohol. 1959; 20:691-695.

Meerlo P, de Boer SF, Koolhaas JM, Daan S, van den Hoofdakker RH. Changes in daily rhythms of
body temperature and activity after a single social defeat in rats. Physiol Behav. 1996; 59:735—
739. [PubMed: 8778860]

Miczek KA, de Almeida RMM. Oral drug self-administration in the home cage of mice: alcohol-
heightened aggression and inhibition by the 5-HT1g agonist anpirtoline. Psychopharmacology
(Berl). 2001; 157:421-429. [PubMed: 11605102]

Miczek KA, Thompson ML, Shuster L. Opioid-like analgesia in defeated mice. Science. 1982;
215:1520-1522. [PubMed: 7199758]

Miczek KA, Tidey JW. Asghar K, De Souza E. Amphetamines: aggressive and social behavior.
Pharmacology and Toxicology of Amphetamine and Related Designer Drugs. NIDA Res Monogr.
1989; 94:68-100.

Miczek KA, Yap JJ, Covington HE Ill. Social stress, therapeutics and drug abuse: preclinical models
of escalated and depressed intake. Pharmacol Ther. 2008; 120:102-128. [PubMed: 18789966]

Middaugh LD, Favara JP, Boggan WO. Ethanol stimulation after chronic exposure in C57 mice.
Pharmacol Biochem Behav. 1989; 34:331-335. [PubMed: 2622989]

Middaugh LD, Kelley BM, Bandy ALE, McGroarty KK. Ethanol consumption by C57BL/6 mice:
influence of gender and procedural variables. Alcohol. 1999; 17:175-183. [PubMed: 10231165]

Newman EL, Chu A, Bahamén B, Takahashi A, DeBold JF, Miczek KA. NMDA receptor antagonism:
escalation of aggressive behavior in alcohol-drinking mice. Psychopharmacology (Berl). 2012;
224:167-177. [PubMed: 22588250]

Nikulina EM, Covington HE 111, Ganschow L, Hammer RP Jr. Miczek KA. Long-term behavioral and
neuronal cross-sensitization to amphetamine induced by repeated brief social defeat stress: Fos in
the ventral tegmental area and amygdala. Neuroscience. 2004; 123:857-865. [PubMed: 14751279]

Noori HR, Helinski S, Spanagel R. Cluster and meta-analyses on factors influencing stress-induced
alcohol drinking and relapse in rodents. Addict Biol. 2014; 19:225-232. [PubMed: 24589296]

Phillips, TJ.; Crabbe, JC. Behavioral studies of genetic differences in alcohol action.. In: Crabbe, JC.,
editor. Genetic Basis of Alcohol and Drug Actions. New York. Plenum Press; 1991. p. 25-104.

Phillips TJ, Roberts AJ, Lessov CN. Behavioral sensitization to ethanol: Genetics and the effects of
stress. Pharmacology, Biochemistry and Behavior. 1997; 57(3):487-493.

Piazza PV, Deroche V, Deminiere JM, Maccari S, Le Moal M, Simon H. Corticosterone in the range
of stress-induced levels possesses reinforcing properties: Implications for sensation-seeking
behaviors. Proc Natl Acad Sci U S A. 1993; 90:11738-11742. [PubMed: 8265619]

Piazza PV, Le Moal M. The role of stress in drug self-administration. Trends Pharmacol Sci. 1998;
19:67-74. [PubMed: 9550944]

Puglisi-Allegra S, Imperato A, Angelucci L, Cabib S. Acute stress induces time-dependent responses
in dopamine mesolimbic system. Brain Res. 1991; 554:217-222. [PubMed: 1933302]

Raab A, Dantzer R, MIchaud B, Mormede P, Taghzouti K, Simon H, Lemoal M. Behavioural,
physiological and immunological consequences of social status and aggression in chronically
coexisting resident-intruder dyads of male rats. Physiol Behav. 1986; 36:223-228. [PubMed:
3960994]

Richardson NR, Roberts DCS. Progressive ratio schedules in drug self-administration studies in rats: a
method to evaluate reinforcing efficacy. J Neurosci Methods. 1996; 66:1-11. [PubMed: 8794935]

Richman JA, Flaherty JA, Rospenda KM. Perceived workplace harassment experiences and problem
drinking among physicians: broadening the stress/alienation paradigm. Addiction. 1996; 91:391—
403. [PubMed: 8867201]

Rimondini R, Agren G, Borjesson S, Sommer W, Heilig M. Persistent behavioral and autonomic
supersensitivity to stress following prenatal stress exposure in rats. Behav Brain Res. 2003;
140:75-80. [PubMed: 12644280]

Psychopharmacology (Berl). Author manuscript; available in PMC 2016 March 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Norman et al.

Page 15

Rodd-Henricks ZA, McKinzie DL, Melendez RI, Berry N, Murphy JM, McBride WJ. Effects of
serotonin-3 receptor antagonists on the intracranial self-administration of ethanol within the
ventral tegmental area of Wistar rats. Psychopharmacology (Berl). 2003; 165:252-259. [PubMed:
12447605]

Rospenda KM, Richman JA, Wislar JS, Flaherty JA. Chronicity of sexual harassment and generalized
work-place abuse: effects on drinking outcomes. Addiction. 2000; 95:1805-1820. [PubMed:
11177496]

Rothschild AJ, Langlais PJ, Schatzberg AF, Miller MM, Saloman MS, Lerbinger JE, Cole JO, Bird
ED. The effects of a single acute dose of dexamethasone on monoamine and metabolite levels in
rat brain. Life Sci. 1985; 36:2491-2501. [PubMed: 2409422]

Rougé-Pont F, Deroche V, Le Moal M, Piazza PV. Individual differences in stress-induced dopamine
release in the nucleus accumbens are influenced by corticosterone. Eur J Neurosci. 1998; 10:3903—
3907. [PubMed: 9875367]

Rougé-Pont F, Marinelli M, Le Moal M, Simon H, Piazza PV. Stress-induced sensitization and
glucocorticoids. I1. Sensitization of the increase in extracellular dopamine induced by cocaine
depends on stress-induced corticosterone secretion. J Neurosci. 1995; 15:7189-7195. [PubMed:
T472473]

Sabino V, Cottone P, Koob GF, Steardo L, Lee MJ, Rice KC, Zorrilla EP. Dissociation between opioid
and CRF1 antagonist sensitive drinking in Sardinian alcohol-preferring rats. Psychopharmacology
(Berl). 2006; 189:175-186. [PubMed: 17047935]

Samson HH, Schwarzstevens K, Tolliver GA, Andrews CM, Files FJ. Ethanol drinking patterns in a
continuous-access operant situation: effects of ethanol concentration and response requirements.
Alcohol. 1992; 9:409-414. [PubMed: 1418666]

Sillaber I, Rammes G, Zimmermann S, Mahal B, Zieglgansberger W, Wurst W, Holshoer F, Spanagel
R. Enhanced and delayed stress-induced alcohol drinking in mice lacking functional CRH1
receptors. Science. 2002; 296:931-933. [PubMed: 11988580]

Sinha R. Chronic stress, drug use, and vulnerability to addiction. Ann N Y Acad Sci. 2008; 1141:105-
130. [PubMed: 18991954]

Sorg BA, Kalivas PW. Effects of cocaine and footshock stress on extracellular dopamine levels in the
ventral striatum. Brain Res. 1991; 559:29-36. [PubMed: 1782559]

Tidey JW, Miczek KA. Social defeat stress selectively alters mesocorticolimbic dopamine release: an
in vivo microdialysis study. Brain Res. 1996; 721:140-149. [PubMed: 8793094]

Tidey JW, Miczek KA. Acquisition of cocaine self-administration after social stress: role of
accumbens dopamine. Psychopharmacology (Berl). 1997; 130:203-212. [PubMed: 9151353]

Tomkins SS. Psychological model for smoking behavior. Am J Public Health Nations Health. 1966;
56:Suppl-20. [PubMed: 5951586]

Tornatzky W, Miczek KA. Long-term impairment of autonomic circadian rhythms after brief
intermittent social stress. Physiol Behav. 1993; 53:983-993. [PubMed: 8511216]

Uschold-Schmidt N, Nyuyki KD, Fiichsl AM, Neumann ID, Reber SO. Chronic psychosocial stress
results in sensitization of the HPA axis to acute heterotypic stressors despite a reduction of adrenal
in vitro ACTH responsiveness. Psychoneuroendocrinology. 2012; 37:1676-1687. [PubMed:
22444976]

van Erp AM, Miczek KA. Persistent suppression of ethanol self-administration by brief social stress in
rats and increased startle response as index of withdrawal. Physiol Behav. 2001; 73:301-311.
[PubMed: 11438355]

van Erp AM, Tachi N, Miczek KA. Short or continuous social stress: suppression of continuously
available ethanol intake in subordinate rats. Behav Pharmacol. 2001; 12:335-342. [PubMed:
11710748]

Waller MB, McBride WJ, Gatto GJ, Lumeng L, Li TK. Intragastric self-infusion of ethanol by ethanol-
preferring and -nonpreferring lines of rats. Science. 1984; 225:78-80. [PubMed: 6539502]

Weiss IC, Pryce CR, Jongen-Rélo AL, Nanz-Bahr NI, Feldon J. Effect of social isolation on stress-
related behavioural and neuroendocrine state in the rat. Behav Brain Res. 2004; 152:279-295.
[PubMed: 15196796]

Psychopharmacology (Berl). Author manuscript; available in PMC 2016 March 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Norman et al. Page 16

Wilcox RA, Robinson TE, Becker JB. Enduring enhancement in amphetamine-stimulated striatal
dopamine release in vitro produced by prior exposure to amphetamine or stress in vivo. Eur J
Pharmacol. 1986; 124:375-376. [PubMed: 3732386]

Yang H, Wang JR, Didion JP, Buus RJ, Bell TA, Welsh CE, Bonhomme F, Yu AH, Nachman MW,
Pialek J, Tucker P, Boursot P, McMillan L, Churchill GA, de Villena FP. Subspecific origin and
haplotype diversity in the laboratory mouse. Nat Genet. 2011; 43:648-655. [PubMed: 21623374]

Yap JJ, Covington HE I1l, Gale MC, Datta R, Miczek KA. Behavioral sensitization due to social
defeat stress in mice: antagonism at mGIuR5 and NMDA receptors. Psychopharmacology (Berl).
2005; 179:230-239. [PubMed: 15517195]

Psychopharmacology (Berl). Author manuscript; available in PMC 2016 March 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Norman et al.

Page 17

JLCORT CORT
Social Defeat JL

A ]

1 10 days
2 g/kg EtOH
Social Defeat Challenge
{rvl vl rvvl
B. ! ! 2-Bottle Choice !
1 10 21 41 days

Social Defeat

HIHT

C.Ir 2-Bott|e¥Choice !
1 11 20 40 days
2 g/kg EtOH
Social Defeat Challenge
222222222 FR1 | PR Nose Poke Responding
D_ | I 2-Bottle Choice
1 10 21 28 56 days
Figure 1.

The experimental timelines of social defeat stress and A) blood plasma corticosterone, B)
ethanol intake during continuous access, C) previously acquired ethanol drinking during
continuous access, D) operant conditioning schedules during intermittent access.
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Figure 2.

Blood plasma corticosterone (CORT, ng/ml) levels measured after Day 1 or Day 10 of being
attacked 15 times (i.e. mild social stress, n=11) or 30 times (i.e. moderate social stress,
n=11) daily. * = p<0.05 compared to controls (n=12), # = p<0.05 compared to the mild
stress group.

Psychopharmacology (Berl). Author manuscript; available in PMC 2016 March 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Norman et al. Page 19

Ethanol Intake

/K
(9ka) @ Moderate Stress
15 L O Mild Stress
<& Control
*%
10 |
5 L
Social Defeat
¢¢¢¢¢¢¢¢¢ ‘ //// 1 1 1 1
1 10 25 30 35 40
Days

Figure 3.
20% ethanol intake (g/kg/day) during continuous access 2-bottle choice over the course of

20 days, starting 10 days after moderate (n=39) or mild (n=19) social defeat stress (control,
n=29). Data points are 5-day averages + SEM beginning on the day indicated (i.e. 25
signifies days 25- 29); ** = p<0.001 compared to controls.
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Figure4.
Preference for 20% ethanol (ethanol intake/total fluid intake in 24 h) during continuous

access over the course of 20 days, starting 10 days after moderate (n=39) or mild (n=19)
social defeat stress (control, n=29). Data points are 5-day averages + SEM beginning on the
day indicated (i.e. 25 signifies days 25- 29); ** = p<0.001 compared to controls.
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Figure5.
Proportion of high drinkers in the control (n=29), mild (n=19) and moderate stress (n=39)

groups after continuous access to 20% ethanol for 20 days. ** = p<0.001 compared to
controls
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Figure®6.
20% ethanol intake (g/kg/day) during continuous access over the course of 40 days starting

10 days before moderate social defeat stress. PRE: intake during the first 10 days. STRESS:
intake during 10 days of moderate social defeat stress. POST: intake during 20 days after
social defeat stress. The dotted line indicates average of control (n=18) and moderately
stressed (n=16) mice 5 days before the social defeat stress procedure. Data points are 5-day
averages = SEM. * = p<0.05 compared to 5 days before the defeat stress procedure.
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Figure7.
20% ethanol intake (g/kg) during intermittent access over the course of 4 weeks, starting 17

days after moderate social defeat stress (n=22). Data points are 1-week averages consisting
of 3 alcohol drinking days + SEM; * = p<0.05 compared to controls (n=12).
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Figure8.
The maximal number of ethanol reinforcements achieved (break points) during a PR

schedule starting 17 days after moderate social defeat stress (n=22). Bars are 3 session
averages = SEM. ** = p<0.01 compared to controls (n=12).
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