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ABSTRACT

Binge Alcohol Drinking Elicits a Persistent Negative Affective State in Mice
by

Kaziya Mai Lee

In alcohol-dependent humans, cessation of alcohol consumption produces a
dysphoric, anxiogenic state that can persist into protracted withdrawal. This aversive
withdrawal-induced affective state is theorized to contribute to the negative reinforcing
properties of alcohol that maintains and/or precipitates relapse in those suffering with
alcoholism. Despite this and evidence that alcohol withdrawal increases biochemical indices
of stress, there are relatively few published studies examining the impact of cessation from
binge drinking on behavioral measures of negative affect. To this end, 60 C57BL/6 mice
were allowed to consume alcohol under modified Drinking-in-the-Dark (DID) procedures,
which consisted of access to a sipper tube containing either 20% alcohol or water for
2hrs/day, 5 days/week, for 6 consecutive weeks. Half of the mice from each drinking group
were subjected to a 2-day behavioral test battery consisting of conventional assays of anxiety
and depression either 24hrs (n=30) or 21 days (n=30) into withdrawal. A combined analysis
revealed higher indices of anxiety assessed in the light/dark shuttle box, novel object
encounter, elevated plus maze, and marble burying tests in alcohol-drinking (AD) compared
to water-drinking (WD) controls, independent of withdrawal duration. AD mice also showed
a shorter latency to float on the first day of the forced swim test, indicating a higher
prevalence of behavioral despair; however, these mice also showed an increase in swimming

behavior during the retest, possibly due to elevated reactivity to stressor re-exposure. The

v



present results indicate that increases in anxiety and depression emerge very early after
cessation of drinking and persist into protracted withdrawal, suggesting that a history of
heavy binge drinking produces enduring neuroadaptations within brain circuits mediating

emotional arousal.
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Introduction

Binge drinking is the most common pattern of excessive alcohol consumption, with
over 38 million Americans admitting to binge drinking an average of four times per month
(National Center for Chronic Disease Prevention and Health Promotion, 2012). Binge
drinking is defined as a pattern of alcohol intake sufficient to produce a blood alcohol
concentration (BAC) of >80mg% in a 2hr period (National Institute on Alcohol Abuse and
Alcoholism, 2004). Frequent binge drinking can result in physical dependence, leading to
symptoms of withdrawal during periods of abstinence. Withdrawal symptoms often include
insomnia, confusion, anxiety, depression, irritability, tachycardia, and in severe cases,
delirium tremens and seizures (Bayard, McIntyre, Hill, & Woodside, 2004; Hall & Zador,
1997). Characterizing the neurobiological impact of binge drinking is crucial for the
development of relevant pharmacotherapies for the treatment of this form of alcohol-use
disorder (AUD).

Elevated anxiety and depression during alcohol withdrawal are frequently reported in
the human population (Driessen et al., 2001; Hall & Zador, 1997). This aversive state is a
compelling source of negative reinforcement that fuels compulsive drug seeking behavior
and relapse (Koob, 2009). Alcohol-induced changes to the brain in regions collectively
referred to as the extended amygdala have been implicated in the emotional dysregulation
that can occur during alcohol abstinence. The extended amygdala is a basal forebrain
macrosystem that acts as a subcortical relay station between the brainstem, thalamus, and
cortical areas (Alheid, 2003; Alheid & Heimer, 1988). The extended amygdala includes the
bed nucleus of the stria terminalis, which mediates fear and anxiety, the shell of the nucleus
accumbens, which is involved in pleasure and reinforcement, and the central amygdala,

which plays a role in depression (Alheid, 2003). As such, the extended amygdala is integrally



involved in emotionality and dysregulation of the extended amygdala has also been
implicated in drug reward and reinforcement (Koob, 1999; Koob & Le Moal, 2001).

Relatively few studies have looked at behavioral assays of anxiety and depression
during withdrawal in animal models of alcohol abuse. In general, previous studies examining
emotional dysregulation during alcohol withdrawal have typically relied on non-contingent
alcohol delivery paradigms such as vapor inhalation, liquid diet, injection, or gavage
(Kliethermes, 2005). While these methods are effective at producing physical dependence
and robust effects upon behavioral indices of negative affect, such models arguably lack face
validity and often rely on higher doses than animals would consume voluntarily (Becker,
2000; Egli, 2005; Freund, 1975; Hitzemann, 2000; Kirchhoff & Chester, 2013; McMillen,
1997; Spanagel, 2000). Even fewer studies have looked at emotional dysregulation during
withdrawal from binge drinking specifically, despite a preponderance of evidence that binge
drinking models are capable of producing withdrawal symptoms during periods of abstinence
(Crabbe, Harris, & Koob, 2011).

Although limited, there exists some evidence from animal models to support a
dysregulation of extended amygdala function during withdrawal from binge drinking. For
instance, studies have shown increased indices of glutamate transmission within extended
amygdala structures at 24 hrs following a month-long history of binge drinking (Cozzoli et
al., 2012; Cozzoli et al., 2014). Other studies have found that binge drinking produces
region-specific changes in gene expression related to synaptic transmission and neuronal
plasticity within the NAc shell and CeA (Freeman et al., 2013; McBride et al., 2010). Thus,
binge alcohol drinking may induce changes to this extended amygdala system similar to
those reported in models of alcohol dependence and these neuroadaptations are a likely

source of affective dysregulation during withdrawal also from binge drinking.



In the current study, we sought to characterize the effects of binge drinking on
anxiety and depression in adult mice using a modified version of the well-established
“Drinking in the Dark™ (DID) binge drinking model (Cozzoli et al., 2012; Crabbe et al.,
2009; Moore & Boehm, 2009; Rhodes, Best, Belknap, Finn, & Crabbe, 2005). Several
conventional behavioral assays of anxiety and depression were administered during short-
term and long-term withdrawal in order to determine the persistence of these effects during
prolonged abstinence.

Methods
Subjects

This study used 60 adult C57BL/6J male mice, 8 weeks of age at onset of drinking
and weighing 25-30g (Jackson Laboratories, Sacramento, CA). Animals were divided into an
alcohol-drinking group (n=30; hereafter referred to as AD mice) and a water-drinking group
(n=30; hereafter referred to as WD mice). Subjects were individually housed in standard,
Plexiglas cages, under a 12-hour-reverse light/dark cycle (lights off at 10am), in a
temperature-controlled vivarium (23°C). Food and water were available ad libitum. All
experiments were conducted in compliance with the National Institutes of Health Guide for
Care and Use of Laboratory Animals (NIH Publication No. 80-23, revised 1996) and

approved by the IACUC of the University of California, Santa Barbara.

Drinking-in-the Dark (DID) Procedures

To elicit consistently high alcohol consumption, we employed a modified version of the
DID model, which has been shown to produce alcohol intakes between 3.5-5.0 g/kg alcohol
in a 2-hour period and yield blood alcohol concentrations (BACs) in excess of 80mg%

(Cozzoli et al., 2012; Crabbe et al., 2009; Moore & Boehm, 2009; Rhodes et al., 2005). Three



hours after lights out, home cage water bottles were replaced with sipper tubes containing a
20% (v/v) unsweetened alcohol solution in filtered tap water and allowed to drink for 2
hours, at which point the alcohol bottles were removed from the cages and the home cage
water bottles were replaced. Control animals received a 50-ml sipper tube of filtered tap
water in lieu of 20% alcohol. Mice were subjected to these drinking conditions 5 days per
week over the course of 6 weeks (total drinking days = 30). Each day, the amount of alcohol
consumed was calculated based on the weights of the bottles immediately before and after
the drinking period. Unfortunately, at the time of study, technical difficulties with our Analox
Analyzer precluded our ability to determine BACs in this group of animals. Thus, BACs
were estimated from observed intakes and based on the results of published correlational

analyses in B6 mice (Rhodes et al., 2005) as conducted previously (Cozzoli et al., 2009).

Behavioral testing

We administered test batteries to assay for alcohol withdrawal-induced changes in
behavior in both the short-term (24-hr following last alcohol presentation) and long-term (21
days following last alcohol presentation) (n=30; 15 AD + 15 WD for each withdrawal time-
point). At both time-points, testing began with an overnight test for sucrose preference and
the remaining tests were conducted across the following 2 days. On the first test day after
sucrose preference testing, mice were assayed in a light/dark shuttle box, novel object
encounter, and a 15-min swim test. On the second test day, mice were tested on the elevated
plus maze, marble burying, and a swim retest. Animals were sacrificed and brain tissue was
harvested immediately following the swim retest on day 2. All tests were conducted under
standard ambient lighting and the details of the procedures employed for each of these

paradigms are provided below.



Sucrose preference. Anhedonia, an absence of pleasure from previously enjoyable
activities, is a characteristic symptom of depression in humans. Low sucrose preference is a
well-established index of anhedonia in animal models (Katz, 1982) and thus, we examined
for the effects of early versus late withdrawal from binge drinking on sucrose preference in
our mice. For this, animals were given overnight access to 2 identical sipper tubes, one
containing 5% sucrose and the other containing tap water. The bottles were weighed prior to
being placed on the home cage at 17:00h. Sixteen hours later (09:00 h the next day), the
bottles were removed from the home cage and weighed to determine the total volume

consumed, as well as the relative preference for sucrose.

Light/dark shuttle box. The light/dark shuttle box test was used to assess exploratory
and anxiety-like behaviors (Crawley & Goodwin, 1980; Hascoet & Bourin, 2009). Animals
were placed into a Plexiglas box measuring 46 cm longx24 cm highx22 cm wide containing
2 distinct environments for a 15-minute trial. Half of the box was white and uncovered, the
other half black and covered, separated by a central divider with an opening. The number of
light-side entries and total time spent in the light side of the shuttle box were recorded using
Any-maze™ tracking software (Stoelting co, Wood Dale, IL). Increased reluctance to

venture into the light, uncovered side is interpreted as an index of anxiety.

Novel object encounter. To test reactivity to a novel object as an index of neophobia-
related anxiety (Misslin & Ropartz, 1981), animals were placed in an activity box measuring
46 cm longx42 cm widex40 cm high with a novel object in the center of the box- in this case,

a colorful candlestick holder measuring approximately 6¢cm in diameterx12cm high. The



animals’ interaction with the novel object was observed during a 2-minute trial. The number
of contacts, total time spent in contact with the novel object, and fecal count were recorded

by a trained observer who was blind to the drinking condition of the animals.

Porsolt forced swim test. Floating behavior during the Porsolt forced swim test serves
as an index of behavioral despair in laboratory animals and is a model of depression with
high predictive validity for the clinical efficacy of anti-depressant drugs (Karl, Pabst, & von
Horsten, 2003; Porsolt, Bertin, & Jalfre, 1977). On day 1 of behavioral testing, each animal
was placed into a 26cm diameter pool of room-temperature water deep enough so animals
were unable to touch the bottom and behavior was monitored every 30 seconds by a trained
observer for 15 min. On day 2 of behavioral testing (approximately 24 hrs following the first
swim test), the animals were re-exposed to the pool for a 5-min retest session, in which
behavior was monitored every 30 seconds. On both test days, the animal’s behavior at each
observation was classified as floating (all 4 limbs completely immobile), treading (minimal
limb motion with no forward movement), or swimming (active paddling with forward

movement). The latency to first float was also recorded using a stopwatch.

Elevated plus maze. The elevated plus maze is a well-established a measure of anxiety
in laboratory animals (Walf & Frye, 2007). Animals were placed on the center intersection of
a 4-arm radial plus maze with 2 white open arms and 2 black walled arms 24cm high. Each
arm measured 123cm long x Scm wide. Latency to first open-arm entry, number of open-arm
entries, and total time spent in an open arm were monitored by a trained observer during a 4-
minute trial. Changes in the amount of interaction with an open arm relative to an enclosed

arm can be used to assess anxiety.



Marble burying. The marble burying test was used to measure anxiety-induced
defensive burying (Misslin & Ropartz, 1981; Njunge & Handley, 1991). Twelve square
marbles (2.5cm”x1.25¢m tall) were placed in the animals’ home cage, 6 at each end. Latency
to start burying the marbles was determined by an observer using a stopwatch and the total

number of marbles buried following a 20-minute trial was recorded.

Statistical analyses

For each week of alcohol consumption, the average alcohol intake (expressed as g/kg
body weight) was determined and data were analyzed using a within-subjects ANOVA with
repeated measures on the Week factor (6 levels), with Fisher LSD post-hoc pairwise
comparisons. Statistical analyses of all behavioral testing and cell counts were conducted
using between-subjects two-way analysis of variances (ANOV As), followed by post-hoc t-

test comparisons when appropriate. 0=0.05 for all tests. Calculations were performed using

SPSS v.21 statistical software (IBM, 2012).

Results
Alcohol intake under Drinking-in-the-Dark procedures

The B6 mice in this study consumed on average 4.0+0.06 g/kg’2 h over the entire 6-week
drinking period (Fig.1). Although blood alcohol levels were not assayed in this study, this
level of intake is predicted to result in BACs >80 mg%, based on published results (Rhodes
et al., 2005). As illustrated in Fig.1, the alcohol intake of the animals was more, rather than

less, stable across the 6 weeks of drinking, although the repeated measures ANOVA across



all 6 weeks indicated some fluctuation [week effect: F(5,145)=15.48, p<0.001]. Fisher LSD
post-hoc comparisons revealed lower intakes in week 1 and a transient spike in week 4
(pairwise p s<0.05). Despite these fluctuations, alcohol intake was persistently high
throughout the 6-week exposure phase. Importantly, there was no difference in the average
amount of alcohol consumed between animals assigned to be tested for behavior during short

versus long-term withdrawal [t(28)=0.304, p>0.05].

Sucrose preference
No group differences in sucrose preference or intake were observed following the

overnight sucrose preference test (2-way ANOVAs, p ’s>0.05).

Novel object

Mice with a history of binge drinking exhibited less exploration of a novel object during
withdrawal compared to alcohol-naive mice (Fig.2a-b). AD mice made fewer contacts with
the object [ Treatment effect: F(1,48)=12.74, p=0.001] and spent less time interacting with
the object [ Treatment effect: F(1,44)=6.31, p=0.016] during the 2-minute trial. These main
treatment effects were independent of withdrawal duration (no withdrawal effect or
interaction, p 's>0.05). There were no significant group differences in the latency to first

contact or in fecal count (2-way ANOVA, p’s>0.05).

Elevated plus maze
During withdrawal from binge drinking, AD mice showed a significantly longer latency

to first open-arm entry compared to WD controls (Fig. 3)[ Treatment effect: F(1,46)=7.60,



p=0.008]. There were no group differences in the total number of open-arm entries, full

entries, or total time spent in an open arm (2-way ANOVAs, p ’s>0.05).

Marble burying

AD mice exhibited an increase in marble burying compared to WD controls, independent
of withdrawal duration (Fig. 4) [ Treatment effect: F(1,51)=13.24, p=0.001; no main
withdrawal effect or interaction, p 's>0.05]. There were no significant group differences in

the latency to begin burying (2-way ANOVA, p’s>0.05).

Porsolt forced swim test

AD mice had a shorter latency to first float during the 15-minute trial on test day 1
compared to WD mice (Fig. 5a) [Treatment effect: F(1,44)=10.38, p=0.002]. There were no
group differences in swimming, treading, or floating on test day 1 (2-way ANOVAs,
p’s>0.05). During the 5-minute re-exposure test on day 2, AD mice showed significantly
more swimming (Fig. 5¢) [Treatment effect: F(1,45)=16.32, p<0.001] and less treading (Fig.
5¢) [Treatment effect: F(1,51)=5.77, p=0.02] than WD mice. Again, the treatment
differences did not vary as a function of withdrawal duration (no Withdrawal effect or
interaction, p’s>0.05). There were no group differences in latency to first float or total
number of floats on test day 2 (2-way ANOVAs, p’s>0.05).

Interestingly, AD mice showed an increase in the overall proportion of swim
observations between test day 1 and 2 compared to WD mice (Fig. 5d) [Treatment effect:
F(1,45)=10.15, p=0.003]. A one-sample t-test on each group confirmed that AD mice
showed a significant increase in swimming behavior between test day 1 and 2 [t(27)=2.09,

p=0.046], while, in contrast, the WD mice showed a significant decrease [t(20)=2.92,



p=0.008]. The overall proportion of swim observations did not vary systemically with

withdrawal duration (no withdrawal effect or interaction, p’s>0.05).

Light/dark shuttle box

Binge drinking influenced the number of entries into the light-side of a light/dark shuttle
box, but the magnitude of this effect was dependent upon the withdrawal period (Fig. 6a)
[Treatment effect: F(1,44)=22.27, p<0.001; Treatment X Withdrawal: F(1,44)=5.10,
p=0.029]. Deconstruction of the significant interaction for light-side entries along the
withdrawal factor indicated that the AD mice made fewer light-side entries than WD mice at
both withdrawal time points [Short-term: #(19)=3.742, p=0.001; Long-term: #(25)=2.496,
p=0.023], with a more prominent group difference during short-term withdrawal as is
apparent in Fig. 6a. While there were no time-dependent differences within the AD mice
[#(22)=1.13, p>0.05], WD mice showed a trend for a main duration effect [#(22)=1.953,
p=0.064). This latter result was likely the source of the interaction effect revealed by the 2-
way ANOVA. The cause of this trend is uncertain, but for the purposes of this study, it is
most relevant that AD mice made fewer light-side entries at both time points and their
behavior remained constant at both time points. Overall, AD mice also traveled a greater
distance in the light side compared to WD controls (Fig. 6b) [ Treatment effect: F(1,43)=6.9,
p=0.012; interaction: p>0.05]. There were no group differences in the latency to first light-

side entry or total time spent in the light side (2-way ANOVAs, p ’s>0.05).

Discussion
Many alcoholics report that anxiety reduction is a key motivator for drinking

(Kushner, Abrams, & Borchardt, 2000). Therefore, increased anxiety is a negative reinforcer

10



that substantially increases the likelihood of relapse during abstinence from chronic alcohol
abuse (Cloninger, 1987; Koob & Le Moal, 1997). Individuals who regularly engage in heavy
episodic drinking such as binge drinking do not necessarily meet the diagnostic criteria for
alcoholism (National Center for Chronic Disease Prevention and Health Promotion, 2012);
however, frequent binge drinking is a significant risk factor for the development of
alcoholism and can produce similar symptoms during withdrawal (Hasin, Stinson, Ogburn, &
Grant, 2007; Knight et al., 2002; Substance Abuse and Mental Health Services
Administration, 2011). Feelings of dysphoria during cessation from binge drinking promote
re-engaging in the behavior in order to alleviate these symptoms. Perpetuation of this cycle
likely contributes to the transition from binge drinking to alcoholism.

In the present study, we show that 6 weeks of voluntary binge drinking under
modified DID procedures is sufficient to elevate indices of anxiety and depression during
withdrawal in a murine model. These affective changes are present as early as 24-hrs into

withdrawal and persist for at least 3 weeks following the last exposure to alcohol.

Elevated indices of anxiety during withdrawal from binge drinking

Binge drinking produces anxiogenic effects during withdrawal, as evidenced by
treatment-dependent differences on the elevated plus maze, novel object encounter, marble
burying task, and light/dark shuttle box test. The AD animals showed greater reluctance to
interact with a novel object compared to WD animals, suggesting heightened levels of
neophobia-induced anxiety. This was further supported by the increased burying behavior in
AD mice compared to WD mice in the marble burying test. These results are consistent with
a previous study showing increased neophobia during withdrawal from an alcohol liquid diet

in rats (Knapp, Saiers, & Pohorecky, 1993). In that study, animals engaged in 4 days of

11



alcohol consumption and showed intakes of 7-13g/kg. Heightened neophobia was observed
10-30 hrs into withdrawal. However, this effect had dissipated by 70 hrs. Despite high
alcohol consumption, the brief duration of alcohol exposure this study was likely insufficient
to elicit the enduring behavioral changes seen in the present study.

On the elevated plus maze, AD mice showed a significantly longer latency to first
open-arm entry compared to WD controls, indicating increased anxiety in response to open
and brightly lit areas. These results are consistent with many previous studies on the
anxiogenic effects of alcohol withdrawal in both rats and mice (Doremus, Brunell,
Varlinskaya, & Spear, 2003; Jung, Wallis, Gatch, & Lal, 2000; Onaivi, Todd, & Martin,
1989). A similar aversion was seen in the light/dark shuttle box test, with AD mice showing
fewer light-side entries at both withdrawal time-points. Surprisingly, AD mice traveled a
greater distance in the light side compared to WD mice, despite fewer entries. Since there
were no group differences in the total time spent in the light side, these data suggest that AD
mice exhibited a longer duration per entry and greater hyperactivity in this aversive
environment, compared to WD mice.

A primary effect of acute alcohol is a potentiation of inhibitory GABA
neurotransmission and a suppression of excitatory glutamate transmission. Repeated alcohol
exposure is known to cause a compensatory down-regulation of GABA receptors and an
increase in excitatory glutamatergic transmission via upregulation of both NMDA receptors
(Hughes, 2009) and metabotropic glutamate receptors (Cozzoli et al., 2012; Cozzoli et al.,
2014; Cozzoli et al., 2009). These changes produce a state of CNS hyperexcitability during
withdrawal from chronic alcohol consumption. The increase in motor activity on the
light/dark box could be a sign of psychomotor agitation due to this GABA-glutamate

imbalance (Esel, 2006).

12



Locomotor hyperactivity during withdrawal, especially in response to a novel
environment, has also been associated with altered HPA-axis function and an increased
sensitivity to the dopamine-stimulating effects of glucocorticoids (Koob & Le Moal, 1997;
Piazza & Le Moal, 1996). Psychomotor dysregulation is a common symptom in humans
during alcohol cessation (Saitz & O'Malley, 1997) and can be a symptom of anxiety (Sadock,
Sadock, Ruiz, & Kaplan, 2009) and certain depression subtypes (Sadock et al., 2009; Sobin
& Sackeim, 1997). Thus, our data for both neophobia and motor hyperactivity are consistent
with and extend extant data from humans and laboratory animals to a murine model of binge

alcohol drinking, providing further predictive validity for this model of alcohol abuse.

Elevated indices of depression during withdrawal from binge drinking

This study found evidence of withdrawal-induced depressive symptoms, indicated by a
shorter latency to float in the Porsolt forced swim test for mice with a history of binge
drinking. Strangely, AD mice showed significantly more swimming and less treading than
WD mice during the S-minute re-exposure test on day 2. Further analysis of this effect also
showed an increase in the overall proportion of swim observations between test day 1 and 2
in AD mice, while in contrast, the WD mice showed a significant decrease. Increased
floating during the re-exposure test seems to be a more adaptive response in order to
conserve energy, since the animals have prior experience and are familiar with futility of
escape efforts. In AD mice, this maladaptive increase in swimming behavior might reflect
heightened anxiety, provoking a panicked frenzy in response to a previously stressful
situation (Quintino-dos-Santos et al., 2014). Increased reactivity to stressor re-exposure
would be consistent with the data from our anxiety measures indicating a persistent increase

in anxiety in AD animals.
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We failed to detect AD-WD differences in the sucrose preference test — a test widely
employed for assessing anhedonia in rodents (Katz, 1982). Initially, this result seemed
surprising, given that AD mice exhibited signs of increased depression on the forced swim
test. However, many studies have shown a positive correlation between alcohol consumption
and increased preference for sweet solutions in laboratory animals (Gosnell & Krahn, 1992;
Stewart, Russell, Lumeng, Li, & Murphy, 1994) and humans (Kampov-Polevoy, Garbutt, &
Janowsky, 1997; Kranzler, Sandstrom, & Van Kirk, 2001). Some studies have even noted an
increase in sucrose consumption during withdrawal from chronic alcohol exposure persisting
at least 4 weeks into withdrawal (Rasmussen et al., 2000; Rasmussen, Mitton, Green, &
Puchalski, 2001). Given this and the other behavioral results, it is argued that the failure to
observe any change in the high sucrose preference of AD mice during alcohol withdrawal

may reflect insensitivity of the test, rather than no effect of alcohol withdrawal on anhedonia.

Proposed mechanisms underpinning the persistent negative affective state produced by
alcohol withdrawal

There is a preponderance of evidence showing a disruption of homeostatic balance
within the HPA axis during alcohol withdrawal. Increased norepinephrine (NE) and
corticotropin-releasing hormone (CRH) signaling throughout the extended amygdala due to
hyperactivity of the stress response system has been linked to the negative affective states
experienced during periods of alcohol abstinence (Rasmussen et al., 2001; Roberto, Gilpin, &
Siggins, 2012; Smith & Aston-Jones, 2008; Stephens & Wand, 2012). In fact, many stress-
related changes in behavior seen during alcohol withdrawal can be reversed through local
administration of NE or CRH antagonists within the extended amygdala (Linnoila, Mefford,

Nutt, & Adinoff, 1987; Rassnick, Heinrichs, Britton, & Koob, 1993). These HPA axis
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abnormalities have been shown to persist into protracted withdrawal and play a role in
increased drug seeking and stress-induced relapse (Rasmussen et al., 2000). A recent report
also found evidence of BDNF-mediated negative affect following 12 days of binge-like
drinking in adolescent rats (Briones & Woods, 2013). Therefore, there is preliminary
evidence to support binge drinking- induced dysregulation of the HPA axis related to
emotional dysfunction.

Dysphoric states during withdrawal are also mediated by changes in
neurotransmission throughout the extended amygdala. In addition to a glutamate-GABA
imbalance, decreased dopaminergic and serotonergic transmission also occurs within the
nucleus accumbens during alcohol withdrawal (Weiss et al., 1996). As these deficits in
monoaminergic neurotransmission have been linked to decreased brain reward function
(Markou & Koob, 1991), they may contribute to the depressive effects of withdrawal from
binge alcohol drinking. While a prior study of the effects of a history of binge drinking upon
extracellular amino acid and monoamine neurotransmitter levels failed to detect changes
within the nucleus accumbens (Szumlinski et al., 2007) the alcohol experience of the mice in
this prior study was moderate (6 bouts) and considerably less than that herein (30 bouts).
Thus, it still remains to be determined whether or not the negative affective state produced by
a chronic history of binge drinking is associated with perturbations in amino acid and
monoamine neurotransmitter systems within the extended amygdala.

It is important to note that alcohol withdrawal studies are typically conducted in
animal models of chronic alcohol dependence. In the human population, binge drinking is the
most prevalent form of alcohol abuse (National Center for Chronic Disease Prevention and
Health Promotion, 2012), yet very little is know about the psychological consequences of this

behavior. The present study suggests that this pattern of consumption is capable of producing
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enduring affective disturbances during abstinence, consistent with those seen in chronic
alcoholism. It therefore seems reasonable to speculate that binge drinking causes similar
changes to extended amygdala structures, mediated by dysregulation of the HPA axis and

CNS hyperexcitability.

Conclusion

In summary, the present study shows that voluntary binge drinking in an animal
model is capable of producing long-lasting, residual emotional effects after as little as 6
weeks of alcohol exposure. The data provide strong evidence for increased anxiety during
withdrawal from binge drinking and modestly support effects of binge drinking on the
manifestation of depressive symptoms. These effects show a rapid onset and persist into
protracted withdrawal. These affective changes are similar to those seen during withdrawal
from chronic exposure in alcohol-dependent animals and likely share similar underlying
mechanisms. Further investigation is warranted to better understand the psychological and
physiological consequences of binge drinking and how this pattern of behavior may

contribute to the transition to addiction.
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Figure 1. The DID model of binge drinking yields high alcohol intake with low
variability. B6 mice drinking under modified DID procedures exhibited consistently high

levels of alcohol intake across the 6 weeks of drinking. The average alcohol intake of the

mice was 4.0+£0.06 g/kg/ 2h. Data represent mean + SEM.

17



 Water

x M Alcohol

Number of Contacts

Short-term Long-term

Withdrawal

251 B

(11)

2.0 1

1.5 1

B Water

* M Alcohol
1.0 A

Duration of Contact (seconds)

0.5 7

0.0

Short-term Long-term

Withdrawal

Figure 2. Withdrawal from binge drinking increases anxiety in response to novelty. (4)
When placed in an activity chamber with a novel object, mice with a history of binge
drinking made fewer contacts with the object compared to alcohol-naive mice. (B) alcohol-
drinking mice spent less time interacting with the novel object compared to water-drinking
controls during the 2-minuute novel object encounter. Data represent mean = SEM of the

number of animals indicated in parentheses, "denotes main group effect p <0.05.
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Figure 3. Withdrawal from binge drinking increases anxiety on the elevated plus maze.
When tested on an elevated plus-maze, mice with a history of binge drinking had a longer
latency (in sec) to first enter into the open-arm, compared to water-drinking controls. Data
represent mean = SEM of the number of animals indicated in parentheses, "denotes main

group effect p <0.05.
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Figure 4. Withdrawal from binge drinking increases anxiety-induced defensive burying.
When tested in a marble burying test, mice with a history of binge drinking buried more
marbles than water-drinking controls during the 20-minute session. Data represent

mean + SEM of the number of animals indicated in parentheses, "denotes main group effect

p <0.05.
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Figure 5. Withdrawal from binge drinking produces mixed effects on behavioral
despair. (4) When allowed to swim for 15 min in a Porsolt swim test, mice with a history of
binge drinking displayed a shorter latency to first float, compared to water-drinking controls.
When tested 24 hours later on a 5-min re-exposure test, mice with a history of binge drinking
exhibited (B) more swimming behavior and (C) less treading behavior. (D) Mice with a
binge drinking history also exhibited a significant increase in the proportion of swim
observations between the 2 swim tests, while water-drinking mice displayed a test-dependent
reduction in the proportion of swim observations. Data represent mean = SEM of the number

of animals indicated in parentheses, "denotes main group effect p <0.05.
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Figure 6. Withdrawal from binge drinking affects behavior in light/dark shuttle box
test. When tested in a light/dark shuttle box, (4) mice with a history of binge drinking made
fewer light-side box entries, compared to water-drinking controls during short-term
withdrawal. (B) Overall, the alcohol-drinking mice showed a greater distance travelled in the
light side compared to water-drinking mice. Data represent mean = SEM of the number of

animals indicated in parentheses, "denotes main group effect p <0.05.
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