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Abstract

Background: In both humans and rodents, stressful experiences can lead to increased
vulnerability for alcohol consumption, relapse, and addiction. Brief episodes of social defeat
stress result in persistent neurophysiological adaptations in the brain that are associated with
increased alcohol intake and preference, and both acute stress and drugs of abuse increase
activation of dopamine neurons in the ventral tegmental area (VTA) and mesolimbic dopamine
pathway.

Objective: The goal of this experiment was to administer a dopamine D3 receptor antagonist
(BAK4-054) in an effort to modulate activity in the mesolimbic dopamine pathway and
ultimately decrease social defeat stress-escalated alcohol intake.

Methods: Male C57BL/6J mice were socially defeated in order to cause stress-heightened
alcohol intake when compared to non-defeated control animals. Animals were placed on either
intermittent or continuous access to alcohol (20% w/v) and water. After drinking behavior
stabilized, the dopamine Dj; receptor antagonist BAK4-054 was administered weekly at varying
doses, and subsequent ethanol and water intake were measured.

Results: Intermediate doses of BAK4-054 selectively decreased 20% ethanol intake — but not
water intake — over 24 hours in animals with either intermittent or continuous access to alcohol.
However, animals with both intermittent alcohol access and a social defeat history seemed to
show a decreased sensitivity to low and moderate doses of BAK4-054 as compared to animals

without a social defeat history.
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Stressful experiences in humans can lead to increased vulnerability for alcohol
consumption, relapse, and addiction (Cleck & Blendy, 2008; Sinha, 2007). There are many forms
of stress that humans can experience, varying in duration, intensity, and effects on the body
(Sapolsky, 2015). One form of stress, known as social defeat stress, is caused through
subordination due to a confrontation with an aggressive individual. Brief episodes of social
defeat stress result in persistent neurophysiological adaptations in the brain that are associated
with increased alcohol intake and preference (Nikulina et al., 2004; Norman et al., 2015). One of
the body’s key responses to stress, including social defeat stress, is secretion of corticotropin
releasing factor (CRF) through activation of both the hypothalamic-pituitary-adrenal (HPA) axis
and the mesolimbic dopamine pathway, leading to heightened plasma corticosterone levels and
increased extracellular dopamine, particularly in the nucleus accumbens (NAc) in rodent models
(Cleck & Blendy, 2008; Rougé-Pont et al., 1998; Tidey & Miczek, 1996). Both acute stress and
drugs of abuse increase activation of dopamine neurons in the ventral tegmental area (VTA)
(Saal et al., 2003). Since stress and drugs of abuse influence changes in dopamine levels in the
brain, a compound that modulates dopamine release may decrease the effects of stress on alcohol
intake. Dopamine receptors are classified as Di-like or D»-like; the D;-like category includes D,
and Ds receptors, while D;-like includes D,, D3, and D4 receptors (Kebabian & Calne, 1979;
Sibley & Monsma, 1992). A dense population of dopamine D; receptors are present in the NAc
(Bouthenet et al., 1991), and these receptors’ mediation of the endocytosis of GABA, receptors
indicates that dopamine D3 receptor antagonism might be a promising target for attenuating
stress-heightened alcohol intake (Boateng et al., 2015; Heidbreder & Newman, 2010). In this
experiment, administration of intermediate doses of the dopamine D3 receptor antagonist BAK4-

054 selectively decreased 20% ethanol intake over 24 hours in animals with intermittent access



to alcohol. Animals with both intermittent alcohol access and a social defeat history showed a
potential decreased sensitivity to lower doses of BAK4-054 as compared to animals without a
social defeat history. In animals with continuous access to alcohol, intermediate doses of BAK4-

054 selectively reduced daily ethanol intake without affecting water consumption.

Behavioral and Molecular Effects of Alcohol

While alcohol has been present for millennia, its cultural role and motive for
consumption has and continues to vary between societies, socioeconomic classes, and cultures
(World Health Organization, 2014). Alcohol’s wide range of usages across different societies
and cultural groups is in part attributable to its broad pharmacological and behavioral profile
(National Institute on Alcohol Abuse and Alcoholism, 2015). Over time, its usage has been
explored for different purposes, whether they be medicinal, anxiolytic, religious, or even culinary
(Mikela, 1983). Motives for consumption vary from coping mechanisms to socialization (Heath,
1987). In regions such as the Mediterranean, moderate amounts of alcohol are commonly
consumed with meals throughout the day, while on college campuses in the United States, binge
drinking is much more pervasive (Giacosa et al., 2016; National Institute on Alcohol Abuse and
Alcoholism, 2014).

Though evidence indicates that there are certain health benefits from moderate alcohol
consumption, alcohol-related fatalities are the third most common preventable cause of death in
the United States (National Institute on Alcohol Abuse and Alcoholism, 2017). Additionally, at
least 6.2% of adults in the United States exhibit behavior that is classifiable as an alcohol use
disorder (AUD) (National Institute on Alcohol Abuse and Alcoholism, 2017). People

experiencing social stressors such as discrimination or poverty are more likely to develop an



AUD (Mulia et al., 2008). While the prevalence of AUDs has remained relatively consistent
across recent decades, there have been a few major epidemics of AUDs, from the “Gin
Epidemic” in 18" century England, to the recent spike in alcohol-related mortality in 21% century
Russia (Abel, 2001; World Health Organization, 2014). The behavior that ultimately results in an
alcohol use disorder is commonly categorized into the following phases: impulsive acquisition of
drug-seeking and drug-taking, habitual or chronic use, withdrawal, and relapse (Cleck & Blendy,
2008; Koob & Volkow, 2010). It is important to note that high alcohol intake is distinct from
alcohol dependence, though sustained high levels of ethanol intake in combination with periods
of deprivation are thought to lead to dependence (Breese et al., 2005).

Due to the prevalence of alcohol use disorders throughout history, researchers have long
sought to understand both the behavioral and physiological effects of alcohol consumption
(Heath, 1987). Currently, the majority of these studies are conducted using animal models for
ethical reasons. One of the earliest rodent models of alcohol consumption is known as the
Lieber-DeCarli liquid diet (Lieber et al., 1989). The liquid diet involves providing rodents with a
solution containing necessary nutrients, water, and ethanol. Since no other food or water is
available, it is not a measure of voluntary ethanol intake. This protocol yields high blood alcohol
content levels, and continues to be used as a model for liver injury due to alcohol consumption
(Bertola et al., 2013). The “drinking in the dark™ protocol is used as a model for binge drinking,
and involves the presentation of an ethanol solution for a limited amount of time, early in the
dark cycle (Rhodes et al., 2005). Because water is exchanged for an ethanol solution during this
period, this protocol is also not considered to measure voluntary ethanol intake or preference, as

no alternative fluids are available to consume.



Other methodologies have emphasized modeling voluntary alcohol consumption, and
include the intermittent and continuous access to alcohol protocols. Both intermittent and
continuous access to alcohol involve a two bottle-choice procedure, in which rodents have the
opportunity to choose between water or ethanol consumption. During intermittent access to
alcohol, animals have access to one alcohol and one water bottle every other weekday, with two
water bottles presented on all other days (Hwa et al., 2011; Melendez, 2011; Simms et al., 2008;
Wise, 1973). Continuous access involves presentation of one alcohol and one water bottle
everyday (Wise, 1973). Rodents such as C57BL/6J mice and Wistar rats consume significantly
more alcohol (g/kg) when on the intermittent access protocol, as opposed to their continuous
access counterparts (Hwa et al., 2011; Simms et al., 2008; Wise, 1973). These models use unique
patterns of scheduled access to alcohol, as scheduled fluid presentation has been shown to
increase levels of alcohol intake (Finn et al., 2005). The intermittent access to alcohol procedure
1s thought to result in patterns of rodent ethanol intake that mirror patterns seen in humans with
alcohol use disorders, such as progression from moderate to excessive amounts of alcohol intake
(Carnicella et al., 2014; Koob & Volkow, 2010). These experiments are typically run for several
weeks at a time, meaning they cannot be reasonably used to measure adolescent drinking
behavior in rodents, as the length of experiment exceeds the length of rodent adolescence
(Melendez, 2011). However, a major advantage of the intermittent and continuous access
protocols is that they do not require the use of sucrose fading or food restriction in order for
rodents to develop preference for the alcohol solution (Carnicella et al., 2014; Rhodes et al.,
2005).

In addition to varied alcohol access schedules, as understanding of genotypic influences

on behavior has grown, genetics have been used to seek insight regarding differential ethanol



intake levels between individuals (Crabbe et al., 1994). Two strains of mice known as Long-
Sleep and Short-Sleep mice have been bred and studied due to differing sensitivity to alcohol
(Kakihana et al., 1966). Their overall high genetic similarity made these mice useful subjects for
determining that specific loci in their genomes were responsible for variation in ethanol
sensitivity (Dudek & Abbott, 1984; Markel et al., 1997). Similarly, selectively-bred high and low
alcohol preference mice have been used to examine phenotypic effects of genetic variation
(Grahame et al., 1999). But perhaps the most commonly used mouse strain in alcohol research is
the C57BL/6J, due to the strain’s significantly high alcohol intake and preference, compared to
other mouse strains (Rodgers, 1966). The C57BL/6J strain is back-crossed six generations,
minimizing genetic variability between animals. Their identical genomes make them appealing
subjects for behavioral research, as it lessens a potential confounding variable (Rodgers, 1966).

Drugs such as naltrexone, disulfiram, and acamprosate are effective for reducing alcohol
intake or risk of relapse in both rodents and humans (Fuller et al., 1986; Goodwin et al., 2001;
Kamdar et al., 2007; Kiefer et al., 2003; Volpicelli et al., 1992). However, due to small effect
sizes as well as possible negative side effects including severe nausea and memory problems,
these drugs have not gained widespread use as treatments for alcohol use disorders (Christensen
et al., 1984; Heilig et al., 2011; Volpicelli et al., 1992). As such, the search for an effective
pharmacological method for reducing alcohol intake continues.

The most effective way to identify compounds that may reduce alcohol intake is to first
understand the neural mechanisms that are targeted by alcohol. Early research emphasized
ethanol-induced fluidization of cell membranes, which was thought to be the cause of
intoxication (Goldstein, 1986; Wood & Schroeder, 1988). Further research revealed that

ethanol’s effects on the body were more specific than general membrane fluidization. Increasing



ethanol consumption produces many biphasic behavioral dose-response curves in both animals
and humans (Addicott et al., 2007; Pohorecky, 1977). In humans, typically the ascending limb
yields stimulant-like effects such as feeling talkative or energized, while the descending limb
yields sedative-like feelings including slow thoughts and sluggishness (Addicott et al., 2007;
Holdstock & de Wit, 1998). However, these biphasic behavioral effects of alcohol consumption
are subject to individual differences in sensitivity to alcohol as well as self-reporting of
stimulation and sedation (Holdstock & de Wit, 1998; King et al., 2002).

Ethanol is a competitive inhibitor of glycine activity at NMDA receptors, leading to
inhibition of the calcium influx regulated by NMDA receptors (Hoffman et al., 1989; Woodward
& Gonzales, 1990). The level of calcium influx inhibition due to ethanol depends upon the
concentration of glycine present near receptor sites, further indicating that ethanol is a
competitive agonist of glycine (Hoffman et al., 1989; Rabe & Tabakoff, 1990). While
antagonism of glutamatergic cells such as NMDA receptors ultimately leads to inhibition,
ethanol also has significant interactions with y-aminobutyric acid (GABA), the nervous system’s
primary inhibitory neurotransmitter (Curtis et al., 1959). Ethanol enhances the activity of
GABA receptor (GABA,R)-mediated chloride channels, in turn increasing chloride ion flux
(Allan & Harris, 1986; Ticku et al., 1986). This change in chloride flux and subsequent
membrane hyperpolarization is believed to be a key component of intoxication due to ethanol
consumption (Harris & Allan, 1989), and differences in phenotypic response to alcohol may in
part be due to differing alcohol sensitivity of GABAsR-mediated chloride channels (Allan &
Harris, 1986). Decreases in GABAAR sensitivity as a result of chronic ethanol consumption are
hypothesized to be a play a role in both the physiological and behavioral aspects of alcohol

tolerance (Allan & Harris, 1986; Ticku & Burch, 1980).



Early research determined ethanol to be an inhibitor of serotonin (5-HT) metabolism
(Rosenfeld, 1960). Decreased levels of 5-HT in the brain increase ethanol consumption, and
selectively bred ethanol-preferring animals show decreased levels of 5-HT and its metabolites
(Goldstein & Hill, 1974; Gongwer et al., 1989; Myers & Melchior, 1975). 5-HT release is not
only stimulated by ethanol, but is also related to the development of ethanol tolerance (Le et al.,
1980; Yoshimoto et al., 1992). Of the various serotonin receptors, a few subtypes exhibit specific
properties related to alcohol intake. 5-HT)p receptors may regulate ethanol intake as well as the
development of ethanol tolerance (Crabbe et al., 1996), while antagonism of 5-HT; receptors
decreases alcohol intake (Fadda et al., 1991). Additionally, activation of 5-HT; or antagonism
of 5-HTj receptors reduces alcohol-heightened aggression (McKenzie-Quirk et al., 2005; Miczek
et al., 1998).

The stimulant-like effects are in part due to ethanol’s excitation of dopaminergic cells,
leading to increased dopamine release, especially within regions of the mesolimbic dopamine
pathway such as the VTA and NAc (Brodie et al., 1990; Imperato & Di Chiara, 1986; Seeman &
Lee, 1974; Tang et al., 2003). The increased dopaminergic activity is believed to lead to the
increased locomotor activity associated with the stimulant-like effects of low to moderate
amounts of alcohol consumption (Imperato & Di Chiara, 1986; Melendez et al., 2002), and may
also be an integral component of the addictive property of alcohol (Di Chiara & Imperato,
1988a). The mesolimbic dopamine pathway projects from the VTA to the NAc, and is strongly
associated with responses of reward and reinforcement due to a range of stimuli, including drugs
of abuse (Spanagel & Weiss, 1999). Increased accumbal dopamine concentrations in response to
alcohol likely indicate that alcohol enhances mesolimbic dopamine pathway activity, leading to

sensation of reward following alcohol consumption (Di Chiara & Imperato, 1988a).



Ethanol also interacts with endogenous opioid receptors, which may contribute to
ethanol’s reinforcing properties. When activated by ethanol, 8- and p-receptors in the VTA
activate of the mesolimbic dopamine pathway, leading to increased dopamine release (Acquas
et al., 1993; Devine et al., 1993). Antagonism of 8- and p-receptors can each cause decreased
ethanol consumption, while p-receptor knock-out mice do not self-administer alcohol, and may
even show aversion to alcohol (Froehlich et al., 1991; Hyytid, 1993; Roberts et al., 2000). «-
receptor activation is associated with aversion and decreased dopamine release in the NAc (D1
Chiara & Imperato, 1988b; Jamensky & Gianoulakis, 1997).

Though most commonly associated with reward, stimulation of certain dopaminergic
cells has also been seen in response to — and in anticipation of — aversive stimuli (Brischoux et
al., 2009; Faure et al., 2008; Jensen et al., 2003; Tidey & Miczek, 1996). Dopaminergic cells in
the dorsal VTA are inhibited in response to aversive stimuli, but those in the ventral VTA are
activated by the same stimulus (Brischoux et al., 2009), and distinct reward and aversion
circuitries within the VTA have been identified (Lammel et al., 2012). Thus, dopaminergic
circuitries in the brain can be activated by aversive stimuli, including aggression (Tidey &

Miczek, 1996).

Adaptive and Maladaptive Aggression and Social Defeat Stress

Aggression is an adaptive behavior that exists in many animal species, including humans.
However, humans can also exhibit maladaptive aggression, in which the behaviors exhibited are
ultimately unproductive or dysfunctional. Maladaptive aggression is often broken down into
“hot” or “cold” behaviors. “Cold” aggression is also often known as proactive, and refers to

calculated, instrumental violence, while “hot” (or antisocial) aggression refers to impulsive
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outbursts of violence (Dodge, 1991; R. J. Nelson & Trainor, 2007; Ramirez, 2010). Using animal
models to study mechanisms for behavior seen in humans poses some challenges. It is not
possible to directly survey emotion in animal subjects, and thus interpreting results of animal
studies runs great risk of anthropomorphizing animals’ behavior. However, animal models are an
ethically necessary alternative to human research subjects.

The resident-intruder aggressive encounter between mice is relevant to both aggression
and social stress. Often referred to as social defeat stress, an “intruder” mouse is placed into the
home cage of a “resident” mouse, and due to both the territorial and socially hierarchical aspects
of mouse behavior, the resident aggressively confronts and attacks the intruder (Miczek et al.,
2004). It is often important to the design of the experiment that the resident consistently threatens
and attacks the intruder. In an experiment in which the defeated animals are being studied, this is
often accounted for by using a resident mouse that is larger than the intruder, as well as by
screening residents for consistently aggressive behavior prior to the aggressive encounters. The
severity of the social defeat is typically determined by the number of bites the resident delivers to
the intruder, or the duration of the encounter (Martinez et al., 1998). During an aggressive
encounter, rodent intruders experience increased body temperature, heart rate, and extracellular
dopamine levels in the nucleus accumbens (NAc) and prefrontal cortex (PFC) (Hammels et al.,
2015; Tornatzky & Miczek, 1993).

Repeated episodes of social defeat stress lead to persistent increases in corticosterone
levels in rodent brains in areas such as the hypothalamus and the amygdala, as well as
heightened extracellular dopamine release in the NAc shell (Covington & Miczek, 2005;
Norman et al., 2015; Tidey & Miczek, 1997). Additionally, intruders do not habituate to the

social stress sessions. Rather, chronic social defeat commonly leads to passive coping
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mechanisms, including social avoidance, decreased aggression, and heightened dopaminergic

activity in areas such as the NAc and VTA (Sandi & Haller, 2015).

Physiological Intersection between Stress and Drug Effects

Stressful experiences can increase the risk of many aspects of drug-taking behavior, from
pursuit to relapse, both in humans and animals. This is in part attributable to the mesolimbic
dopamine pathway, which is associated with reinforcement and reward, but is also activated in
response to stressful experiences (Cleck & Blendy, 2008). The mesolimbic dopamine pathway
includes the dopaminergic cells in the VTA, which project to the NAc, as well as the medial
prefrontal cortex (mPFC), amygdala, and other components of the limbic system (Bardo, 2013;
Cleck & Blendy, 2008). Another stress-activated pathway is the HPA axis, which serves as the
central stress response in the body, and ultimately leads to the secretion of cortisol or
corticosterone. Corticosterone exhibits reinforcing effects of its own, and is implicated in the
reinforcing effects of drugs of abuse (Deroche et al., 1993; Piazza et al., 1991, 1993). CRF
stimulates the release of adrenocorticotropic hormone (ACTH) from the anterior pituitary, which
leads to the secretion of cortisol or corticosterone from the adrenal gland. CRF is produced in the
hypothalamus, but CRF-containing neurons are also present in other structures, including the
amygdala (Gray & Magnuson, 1987; Pich et al., 1995). The presence of CRF in the amygdala is
of importance because the VT A and amygdala both project to each other (Cleck & Blendy,
2008), indicating bidirectional projections between stress and reward circuitries in the brain. The
HPA axis can be activated by glucocorticoids, which are lipophilic compounds released by the
body in response to stress. The location of glucocorticoid receptors (GRs) throughout the

mesolimbic dopamine pathway enables glucocorticoids to activate the dopaminergic pathway,
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further indicating a relationship between stress and pathways associated with reward (Cleck &
Blendy, 2008; Newman et al., 2018; Rougé-Pont et al., 1998).

As is the case with various forms of stress, following intermittent social defeat in rodents,
effects such as increased dopaminergic neuronal activity from the VTA to the NAc and increased
plasma corticosterone levels have been observed in rats and mice (Han et al., 2015; Norman et
al., 2015; Tidey & Miczek, 1996). These modifications align with previous evidence that both
the HPA axis and the mesolimbic dopamine pathway are activated via glucocorticoid release in
response to stress. Ethanol increases firing of dopaminergic neurons in the VTA, and stimulates
release of extracellular dopamine, especially in the NAc (D1 Chiara & Imperato, 1988a; Gessa,
Muntoni, Collu, Vargiu, & Mereu, 1985). Both stress and alcohol independently increase
dopamine levels in the brain, further showing that the mesolimbic dopamine pathway is affected
by both stress and ethanol intake. This supports the yet-to-be defined relationship between
stressful experiences and an individual’s vulnerability to behaviors such as increased alcohol
consumption, relapse, and addiction (Cleck & Blendy, 2008; Han et al., 2015; Norman et al.,
2015; Rodriguez-Arias et al., 2016; Sinha, 2007). Moderate episodic social defeat leads to a
significant increase in ethanol consumption and preference for alcohol using the intermittent
access to alcohol protocol (Hwa et al., 2016; Norman et al., 2015), while ethanol consumption
following mild social defeat does not notably differ from non-defeated controls despite
significant increases in plasma corticosterone levels in both defeated conditions (Norman et al.,
2015).

One approach to understanding the mechanisms of interaction between the stress and
alcohol pathways in the brain is through observing the impacts of inhibiting various components

of the HPA axis and the subsequent effect on alcohol intake. Antagonism of CRF-R1, a CRF
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receptor subtype, via microinjection into the VTA dose-dependently reduces alcohol intake in
socially-defeated mice on the intermittent access protocol, but not continuous access (Hwa et al.,
2016). Removal of the adrenal gland via an adrenalectomy eliminates a critical component of the
HPA axis, and corticosterone cannot be secreted. Adrenalectomized rats show decreased ethanol
intake and preference compared to sham-operated controls, but upon treatment with
corticosterone, the adrenalectomized rats exhibit higher ethanol intake and preference than their

untreated counterparts (Fahlke et al., 1994).

Dopamine Receptors and Drug-Related Behaviors

The activation of the mesolimbic dopamine pathway by alcohol has led to investigation
of dopamine and its receptors as targets for pharmacotherapeutic remedies for decreasing alcohol
intake. Dopamine receptors are categorized in two groups: D;-like and D;-like (Kebabian &
Calne, 1979). The D,-like family includes the D; and Ds receptor types, while D,-like includes
D,, D3, and D4 (Sibley & Monsma, 1992). When looking at specific dopamine receptors,
antagonism of D, receptors via SCH-23390, SKF-38393, or D, receptors using spiperone have
each shown decreases in ethanol intake in rats with limited access to alcohol (Dyr, McBride,
Lumeng et al., 1993). However, SCH-23390 lacks specificity, as it is also a powerful 5-HT,
receptor antagonist (Bischoff et al., 1986). C57BL/6J mice lacking D, receptors exhibit
decreased preference and low intake of ethanol, as compared to littermates with D, receptors
present (Phillips et al., 1998). As such, alcohol has been shown to interact with D; and D,
receptors. D and D, receptor mRNA can be found distributed throughout many cortical areas,
and high levels of D, receptor mRNA are found in midbrain regions including the VTA, caudate

putamen, and substantia nigra (Bouthenet et al., 1991; Meador-Woodruff et al., 1991; Weiner et
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al., 1991). On the other hand, D; receptors are highly expressed in limbic areas including the
ventral striatum, and moderately expressed in the NAc (Bouthenet et al., 1991). This localization
within the mesolimbic dopamine pathway implies that D; receptors may be closely involved in
the interactions between this pathway, dopamine, and stress (Heidbreder & Newman, 2010).

The primary function of dopamine D3 receptors is believed to be the inhibition of
dopamine synthesis and release, and dopaminergic neuronal firing (Gainetdinov et al., 1996;
Gobert et al., 1996; Kreiss et al., 1995). The D»-like receptor family is made up of inhibitory
receptors, so D3 receptor activation is coupled with an inhibitory G-protein cascade, as evidenced
by decreased extracellular dopamine levels in the ventral striatum following D3 receptor
activation (Zapata et al., 2001). Though the overall function of D3 receptors has been studied, the
cellular mechanistic actions of the receptor itself are far less understood. There is a dense
population of Ds receptors in the NAc, a region which is comprised of primarily GABAergic
medium spiny projection neurons (Chang & Kitai, 1985). An experiment by Chen et al. (2006)
determined that the activation of D; receptors activated the Gi-coupled protein cascade, leading
to the inhibition of protein kinase A. This ultimately leads to the endocytosis of GABA
receptors (GABAAR), decreasing the amount of available GABAAR on the cell surface (Chen et
al., 2006). Thus, antagonism of D3 receptors would inhibit the endocytosis of these receptors,
allowing for increased GABAR functionality, and thus increased inhibitory activity within and
projected from the NAc.

Both activation and inhibition of D3 receptors can mediate drug-related behaviors.
Administration of various D3 receptor agonists decreased cocaine self-administration (Caine &
Koob, 1993). Selective D3 receptor antagonism using SB-277011A increases spontaneous

dopaminergic neuronal firing in the VTA and substantia nigra (otherwise known as A10 and A9,
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respectively) (Ashby et al., 2000), and has been shown to attenuate both alcohol intake and
preference in alcohol-preferring rats (Thanos et al., 2005). Though seemingly in contrast to the
results of Caine & Koob (1993), SB-277011A also attenuated cocaine-induced conditioned place
preference, both drug-induced and cue-induced reinstatement of cocaine-seeking, and cocaine
self-administration (Gilbert et al., 2005; Vorel et al., 2002).

While there is good evidence to support the involvement of D; antagonism in decreasing
the rewarding effects of drugs of abuse as well as other drug-taking behaviors, the relationship
between Dj; receptors, stress, and substances of abuse has not been as significantly explored. As
previously stated, increased extracellular dopamine levels have been seen in response to both
stress and alcohol. Therefore, the localization of dopamine’s D3 receptors in the ventral striatum
and limbic areas (Bouthenet et al., 1991) indicates that these receptors are reasonable
pharmacotherapeutic targets for decreasing the interaction effects of stress on alcohol intake.

Recently, many novel D; receptor antagonists have been developed in an effort to
improve the selectivity and metabolic stability of the compounds themselves. A compound called
BAK4-054 was recently developed with an improved metabolic stability and very high D;
receptor selectivity (Boateng et al., 2015). It is particularly notable that this compound was
ineffective in reducing heroin self-administration in Ds-knockout mice, but successfully reduced
self-administration in wild-type mice (Boateng et al., 2015).

As such, the BAK4-054 compound presents as an interesting tool to investigate the
potential role of dopamine Dj; receptors in social stress-heightened alcohol intake in mice. Social
stress increases ethanol intake and preference in socially defeated mice, particularly on the

intermittent access to alcohol protocol (Hwa et al., 2011). This differential alcohol intake
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between defeated animals and controls is likely mediated by long-term stress responses such as
altered dopaminergic activity (Sandi & Haller, 2015; Tidey & Miczek, 1997).

In the present experiment, C57BL/6J mice will be socially defeated, in order to cause
stress-heightened alcohol intake as compared to non-defeated control animals. BAK4-054 will
then be administered to determine whether the compound reduces stress-heightened alcohol
intake. This protocol will involve two cohorts, one using the intermittent access to alcohol
methodology, and the other using continuous access to alcohol. It is hypothesized that the use of
the D3 receptor antagonist will attenuate intake and preference of alcohol in the defeated animals,
particularly in the intermittent access cohort, since defeat effects on alcohol intake are often

more stable and pronounced when using intermittent access to alcohol.

Methods
Animals

Eight-week-old male C57BL/6J mice (B6; Jackson Laboratory, Bar Harbor, ME) were
single-housed upon their arrival while ten-week-old, Swiss-derived resident male mice (CFW;
Charles River Laboratories, Wilmington, MA) were housed in breeding pairs with adult CFW
females. Cages housing either B6 mice or resident pairs (28 x 17 x 12 cm) were lined with pine
shavings. Eight-week-old, submissive male CFW intruder mice were used in resident-intruder
confrontations to identify aggressive resident males. These intruders were housed in groups of
ten in 48 x 26 x 16 cm cages lined with corn cob bedding. All mice had constant access to food
(Purina LabDiet 5001) and tap water and all cages were cleaned weekly, at least 24-hours prior
to systemic administration of drug doses. The animal vivarium was maintained at a temperature

of 21 = 1 °C with 30-60% humidity and a 12-hour light/dark photocycle (lights on from 1800h to
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0600h). Mice were cared for according to the NIH Guide for the Care and Use of Laboratory
Animals (National Research Council, 2011) and procedures were approved by the Institutional

Animal Care and Use Committee of Tufts University.

Episodic Social Defeat Stress

Male CFW residents were evaluated for aggressive behavior beginning three weeks after
being pair-housed with a breeding female. Five-minute resident-intruder confrontations were
initiated when the resident CFW female was temporarily replaced with a submissive male CFW
intruder. Resident males that delivered 30 or more bites to an intruder in 5 minutes for ten
consecutive days were deemed reliable aggressors, and were used as resident stimulus animals in
the social defeat experiment.

On 10 consecutive days, experimental B6 males (n=24) were defeated by a novel,
aggressive resident CFW male during social defeat episodes. Social defeat episodes, consisting
of instigation, attack, and threat phases, were initiated following the temporary removal of the
resident CFW female and any pups. During the instigation phase, the experimental B6 mouse
was placed in the resident’s home cage within a perforated protective cage (15 x 7 x 7 cm) for 5
minutes. During the attack phase, the experimental B6 mouse was removed from the perforated
cage, and placed directly into the resident’s home cage. The attack phase was terminated when
the experimental B6 mouse either received 30 bites or after 5 minutes had elapsed. Experimental
B6 mice (n=8) that bit the resident mouse were immediately removed from the resident’s cage,
and omitted from subsequent experiments. Following the attack phase, the experimental B6 male
was placed back in the perforated cage and returned to the resident’s home cage for the 5-minute

threat phase. The experimental B6 mouse was then removed from the perforated cage and

18



returned to their home cage. Likewise, the female and pups were returned to the resident’s home
cage, where they remained until the defeat episode on the following day. Experimental and

control (n=40) B6 mice were weighed daily, following completion of each social defeat episode.

Voluntary chronic ethanol drinking and systemic dopamine (D3) receptor antagonism (BAK4-
054)

Four days prior to the first day of alcohol access, all animals were given two 50 mL
plastic centrifuge tubes (Nalgene; i.e. bottles), fitted with no. 5 rubber stoppers (Fisher Scientific,
Agawam, MA) with stainless steel sipper tubes (Ancare Corp., Bellmore, NY); bottles were
filled with water to habituate animals to the two-bottle choice protocol. Bottles were removed
three hours into the dark cycle each day, weighed to the nearest hundredth of a gram, refilled as
needed, re-weighed, and returned to their respective cages. To account for excess spillage due to
removing and inserting the bottles into the cage lids each day, an additional set of bottles was
placed in an empty “drip” cage. These bottles were removed and weighed daily alongside all
other bottles, and the drip values were subtracted from each animal’s calculated intake.

Defeated and non-defeated mice were assigned to either intermittent (IAA) or continuous
access to alcohol (CAA). Access to ethanol began ten days after the final social defeat. On
Mondays, Wednesdays, and Fridays, mice with IAA (=10 defeated, n=12 non-defeated) were
presented with one bottle containing 20% ethanol and one bottle containing tap water. Twenty
percent ethanol (w/v) solutions were prepared every seven days from 95% ethyl alcohol
(Pharmco-AAPER, Brookfield, CT) and tap water. The side placement of the ethanol bottle was
rotated between the left and right sides of the cage to prevent development of a side preference.

On all other days of the week, two bottles of tap water were given. A separate group of
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experimental (n=8) and control (n=10) mice were placed on the continuous access to alcohol
(CAA) protocol, consisting of continuous, daily access to 20% ethanol and tap water. Bottle
sides were switched daily. Both the IAA and CAA protocols were carried out for four weeks.
Animals were weighed every Monday, Wednesday, and Friday for g/kg ethanol consumption
calculations. Body weights were recorded to the nearest tenth of a gram.

After four weeks of access to alcohol (IAA or CAA), animals were habituated to the
intraperitoneal injection grip for three days, followed by three days of saline habituation
injections. The D3 receptor antagonist, BAK4-054 (NIDA), was suspended in 20% [-
cyclodextrin vehicle and administered in doses of 0, 1.0, 3.0, 5.6, and 10.0 mg/kg at a volume of
10 mL per kilogram of body weight. BAK4-054 doses were administered weekly to mice given
IAA and every 5-7 days to mice that received continuous access to alcohol. Doses were
administered in a semi-randomized order with the highest dose administered last to avoid a
carry-over effect. On days when drug or vehicle was administered, ethanol and water bottles
were weighed 2 and 4 hours after injections, in addition to the standard 24-hour measurements.

On the final day of drug injections, experimental and control animals received an
intraperitoneal injection of either vehicle or 5.6 mg/kg BAK4-054. Two hours following the
presentation of ethanol, submandibular blood samples were collected for blood ethanol
concentration (BEC; mg/dl) analysis. Blood samples were centrifuged at 3000 rpm for 10
minutes at 4°C. Plasma was extracted and analyzed using an Analox AM1 Alcohol Analyzer

(Analox Instruments Inc, Lunenburg, MA).

Statistics

mL of ethanol consumed * 0.2
Body weight /1000

Daily alcohol consumption was calculated in g/kg as: . Percent

20



mL ethanol consumed

ethanol preference was calculated as X100%. To detect

mL ethanol consumed + mL water consumed

an interaction between defeat condition (defeated vs. non-defeated) and ethanol access protocol
(TAA vs. CAA), two-way analyses of variance (2-way ANOVA) were performed on average
individual daily intake (g/kg/24hr) and ethanol % preference for eight weeks of ethanol access.
To examine daily alcohol drinking over the course of the eight weeks of CAA or IAA in defeated
versus non-defeated mice, a 2-way repeated measures ANOVA were conducted (week x defeat
condition) on EtOH intake (g/kg) and EtOH % preference data. Significant effects were followed
by pairwise Holm-Sidak post-hoc comparisons between weeks of alcohol access. A 2-way
repeated measures ANOVA was also used to detect an interaction between drug doses and social
defeat condition within each drinking protocol, as well as on water (mL) and ethanol (g/kg)
intake at 2, 4, and 24 hr time-points after drug administration. Significant effects were followed
by Dunnett’s post-hoc comparisons to detect differences between vehicle and each drug dose
(1.0, 3.0, 5.6, or 10.0 mg/kg). BEC (mg/dl) data were analyzed using a 2-way ANOVA to detect
significant interactions between drug dose (0 or 5.6 mg/kg) and defeat condition within each
drinking protocol. Statistical analyses were performed using SigmaPlot v13.0, with a = 0.05

(Systat Software Inc., San Jose, CA, USA).

Results
Stress-escalated alcohol intake

All animals receiving intermittent access to alcohol (IAA) significantly increased their
alcohol intake in comparison to the first week of IAA, and stabilized after the third week. Two-
way repeated measures ANOVA revealed a main effect of week on alcohol consumption

[F(7,140)=15.7, p<0.001] and preference for alcohol [F(7,140)=13.8, p<0.001] (Fig. 2A, 2C).
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Two-way ANOVA on defeat condition x drinking protocol identified significant main effects of
defeat condition [F(1,34)=8.9, p=0.005] and drinking protocol [F(1,34)=104.9, p<0.001] on
g/kg/24-hour ethanol intake, and a significant effect of drinking protocol on percent preference
[F(1,34)=131.1, p<0.001].

Animals with continuous access to alcohol (CAA) decreased their ethanol intake after the
first week, and stabilized drinking after the fourth week. Two-way repeated measures ANOVA
conducted on alcohol preference data revealed an interaction between defeat condition and week
of access [F(7,98)=2.8, p=0.011]. There was a main effect of defeat condition on alcohol intake
[F(1,98)=9.6, p=0.008], as well as main effects of week on alcohol consumption [F(7,98)=10.9,
p<0.001] and preference [F(7,98)=3.4, p=0.003] (Fig. 2B, 2D). After week five, control animals
significantly reduced their alcohol preference. In control animals, alcohol comprised 30% of
their total volumetric intake (i.e. 30% ethanol, 70% water) whereas for defeated animals, alcohol
remained at around 42% of their total volumetric intake. In the CAA cohort, two animals were
excluded from statistical analyses (n=1 non-defeated, n=1 defeated) due to daily alcohol
consumption values that were consistently more than two standard deviations from their

respective group means.

Effects of D3 receptor antagonism on stress-escalated alcohol intake in defeated and non-
defeated mice

Treatment with the D3 receptor antagonist BAK4-054 decreased ethanol intake in both
defeated and non-defeated animals. Two-way repeated measures ANOVA revealed an
interaction between defeat condition and BAK4-054 on ethanol intake [F(4,80)=3.5, p=0.011] in

mice with intermittent access to alcohol. The interaction effect emerged by the 24-hour time
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point, as the 3.0 mg/kg dose significantly decreased drinking in non-defeated, but not defeated
mice (Fig. 3C). Statistical analyses also identified that higher doses of BAK4-054 (5.6 and 10.0
mg/kg) effectively reduced alcohol intake in all mice, regardless of social defeat stress history (2
hr: [F(4, 80)=51.5, p<0.001]; 4 hr: [F(4,80)=71.8, p<0.001]; 24 hr: [F(4,80)= 64.5, p<0.001];
Fig. 3A-C). Post-hoc analyses using Dunnett’s test found that all drug doses except 1.0 mg/kg
significantly decreased ethanol intake compared to vehicle. Additionally, 10.0 mg/kg BAK4-054
decreased water intake in mice both defeated and non-defeated mice at 2 and 4 hours (2hr: [F(4,
80)=10.9, p<0.001]; 4 hr: [F(4, 80)=11.9, p<0.001]; Fig. 3D, 3E); however, water intake
recovered by 24 hours of access, whereas ethanol intake remained suppressed. Importantly, the
3.0 and 5.6 mg/kg doses did not significantly affect water intake in defeated or non-defeated
animals, and by 24 hours, water intake in animals treated with 5.6 mg/kg BAK4-054 trended
towards an overall increase (Fig. 3F). Two-way repeated measures ANOVA also detected a
main effect of defeat condition, with defeated mice consuming more ethanol than non-defeated
mice (4 hr: [F(1,80)=4.8, p=0.04]; 24 hr: [F(1,80)=6.3, p=0.021]; Fig. 3B, 3C).

In the CAA cohort, antagonism of D3 receptors decreased ethanol intake in all animals.
There was a main effect of drug treatment on alcohol intake at both 2 and 4 hours (2 hr; [F(4,
56)=12.9, p<0.001]; 4 hr: [F(4,56)=21.5, p<0.001]; Fig. 4A, 4B). Moderate to high doses (3.0-
10.0 mg/kg) of BAK4-054 significantly decreased alcohol intake compared to vehicle in
defeated and non-defeated mice. By 24 hours, there was a main effect of drug administration on
alcohol intake [F(4,56)=20.4, p<0.001] with 5.6 and 10 mg/kg doses significantly reducing
alcohol intake compared to vehicle in all mice (Fig. 4C). Two-way repeated measures ANOVA

also found a main effect of drug administration (5.6 and 10.0 mg/kg) on water intake at 2 and 4
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hours (2 hr: [F(4,54) = 11.7, p<0.001]; 4 hr: [F(4, 56)=35.4, p<0.001]), but not 24 hours (Fig.

4D-F).

Blood Ethanol Concentration

In the IAA cohort, two-way repeated measures ANOVA revealed that defeated and non-
defeated animals that received BAK4-054 (5.6 mg/kg) had significantly lower blood ethanol
concentrations (mg/dl) after receiving 2-hour access to alcohol, as compared to animals treated
with vehicle [F(1, 17)=37.2, p<0.001] (Fig. S). There were no significant effects of drug
administration or defeat condition on blood ethanol concentrations in the CAA cohort (Fig. 5).
The Pearson’s correlation coefficient for 2-hour ethanol intake (g/kg) and BEC (mg/dl) in the
intermittent access group revealed a strong positive correlation (R=0.92), while there was no

strong correlation in the continuous access cohort (R=0.14).

Discussion

In humans, stressful experiences can lead to increased vulnerability for escalated alcohol
consumption (Cleck & Blendy, 2008; Sinha, 2007). Likewise, exposure to episodic social defeat
stress can escalate ethanol intake in mice (Hwa et al., 2016; Norman et al., 2015). The present
study found that intermediate doses of the dopamine D3 receptor antagonist, BAK4-054,
selectively decreased daily ethanol intake without affecting concurrent water drinking.
However, socially defeated animals with intermittent access to alcohol were less sensitive to the
effects of low to moderate doses of BAK4-054 as compared to animals without a social defeat

history. This could be because animals with a history of social defeat stress may show
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heightened dopamine reuptake rates, so disinhibition of dopamine release caused by lower doses
of BAK4-054 may not significantly affect basal dopamine levels in defeated mice.

These results replicate previous findings that animals with intermittent access to alcohol
drink significantly more than those with continuous access (Hwa et al., 2016; Melendez, 2011;
Simms et al., 2008). During intermittent access to alcohol, periods of abrupt, forced abstinence
may decrease mesolimbic dopamine transmission (Diana et al., 1993). Though this depression of
activity is reversed once ethanol becomes available again (Diana et al., 1993), these fluctuations
in dopaminergic cell activity are not expected in animals with continuous access to alcohol,
because the protocol lacks periods of forced abstinence. Negative reinforcement due to periods
of abstinence might also result in negative changes in affect, which may drive escalations in
alcohol intake once alcohol becomes available again (Koob & Volkow, 2010). Additionally, in
both humans and rodents, HPA axis activity is upregulated during periods of abstinence, leading
to heightened concentrations of cortisol or corticosterone, respectively (Iranmanesh et al., 1989;
Pang et al., 2013; Tabakoff et al., 1978). This upregulation of HPA axis activity in response to
abstinence implies that the IAA protocol is a stressor in and of itself. Thus, these findings
indicate that the intermittent and continuous access to alcohol protocols are mechanistically
different (Melendez, 2011; O’Dell et al., 2004), and these differences may ultimately lead to
differing neural effects and subsequent distinctions in drinking behavior.

This study confirmed that a history of moderate, episodic social defeat stress can increase
voluntary ethanol intake in male C57BL/6J mice. Intermittent social defeat stress may increase
dopaminergic neuronal activity, particularly in the VTA and NAc (Han et al., 2015; Tidey &
Miczek, 1996). Independent of stress, acute ethanol exposure can increase extracellular

dopamine levels in regions including the NAc (Deal et al., 2018; Gessa et al., 1985; Imperato &
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Di Chiara, 1986). Since both social defeat stress and alcohol consumption increase activity of the
mesolimbic dopamine pathway, social defeat stress may contribute to the escalated daily ethanol
intake seen in defeated mice.

In the present study, the dopamine Dj; receptor antagonist BAK4-054 was acutely
administered to examine the effects of D3 receptor inhibition on stress-escalated ethanol intake.
The 3.0 mg/kg BAK4-054 dose differentially decreased alcohol intake in the non-defeated versus
defeated IAA animals. This represents a rightward shift in the dose effect curve for animals with
both social defeat stress experience and intermittent access to alcohol, and may indicate a form
of reduced drug sensitivity in the defeated animals. A history of social defeat stress may
increase basal dopamine release and the rate of reuptake (Deal et al., 2018; Han et al., 2015).
Because Dj receptors are Gi-coupled receptors, D3 antagonism may lead to disinhibition of
dopamine release (Gainetdinov et al., 1996; Gobert et al., 1996). Therefore, lower doses of
BAK4-054 may not significantly affect basal dopamine levels in mice with a history of social
defeat stress due to their increased dopamine reuptake rate, thus limiting the effects of BAK4-
054 on defeated mice with intermittent access to alcohol.

In both the IAA and CAA cohorts, the higher doses (5.6 and 10.0 mg/kg) of BAK4-054
significantly decreased alcohol consumption in all animals, regardless of previous stress
experience. However, by 24 hours, water intake recovered but ethanol intake remained
suppressed, indicating that the inhibitory effects of BAK4-054 are selective to ethanol intake. In
fact, in the [AA group, 24-hour water intake following administration of the 5.6 mg/kg dose
appears to trend towards an overall increase. This trending increase shows that the mice were
responding to their decreased ethanol intake by increasing water consumption in order to

maintain a relatively consistent daily volumetric fluid intake.
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Blood ethanol concentration (BEC) analysis was performed 2 hours after alcohol access
began, following administration of either vehicle or 5.6 mg/kg BAK4-054. The 5.6 mg/kg dose
was selected because based on preliminary data analysis, that dose was most effective at
selectively reducing ethanol intake by the 2-hour time point. [AA animals that received BAK4-
054 had significantly lower BECs (mg/dl) after 2 hours of alcohol access than those administered
vehicle, but there was no significant difference in the CAA cohort. The IAA animals also
showed a strong positive correlation between 2-hour ethanol intake and BEC, while there was no
correlation between those values in the CAA animals. These differences may be explained by the
alcohol access protocol, as IAA animals that received alcohol two hours prior to blood collection
for BEC data did not have access to alcohol the day before, while the CAA animals did.

The observed reduction in alcohol intake due to administration of a D3 antagonist is an
important finding, as previous research using D;- and D,-related drugs primarily revealed drug
effects on alcohol self-administration, but very few significant effects on daily voluntary alcohol
intake (Mudar et al., 1986; Ng & George, 1994; Spoelder et al., 2016) (Table 1). Until recently,
the locomotor effects of dopaminergic manipulations and the nonspecific distribution of D; and
D, receptors inhibited further investigation into the effects of dopaminergic agents on alcohol
consumption (Dreher & Jackson, 1989; Meador-Woodruff et al., 1991; Weiner et al., 1991). Ds
receptors present a good target for future research because they are localized in the mesolimbic
dopamine pathway, which is not only the predominant neurocircuitry for reward, but also a
pathway that is activated in response to both social defeat stress and alcohol consumption
(Brodie et al., 1990; Han et al., 2015; Imperato & Di Chiara, 1986; Seeman & Lee, 1974; Tang et
al., 2003; Tidey & Miczek, 1996). Antagonism of D5 receptors leads to decreased endocytosis of

GABA receptors, which are involved in the intoxicating effects of alcohol consumption (Harris
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& Allan, 1989). So, decreased endocytosis may allow for increased GABAAR functionality, and
thus increased inhibitory activity in the NAc.

In this experimental design, animals were alcohol-naive prior to the social defeat stress
episodes. Though this design allows us to examine the impacts of social defeat stress on
subsequent ethanol intake, it does not allow for within-subjects analysis of changes in ethanol
intake before, during, and after a stress experience. Nelson et al. (2018) found that ten days of
exposure to alcohol via gavage increased animals’ sensitivity to subthreshold social defeat stress
(Nelson et al., 2018). Animals with a history of alcohol access prior to social defeat stress
showed significant increases in alcohol intake following social defeat stress, but alcohol was not
available during the social defeat period (Karlsson et al., 2017). Therefore, it would be of interest
to examine how alcohol intake might change both during and after ten days of episodic social
defeat stress, given a previous history of voluntary alcohol intake.

While the results of this study indicate that BAK4-054 is a promising compound for
selective reduction of alcohol intake, this experiment was only conducted in male C57BL/6J
mice. Estrogen increases female sensitivity to acute stress, and chronic alcohol consumption
leads to significant changes in regulation of corticosteroid production, which is further
influenced by circulating estrogen levels (Figueiredo, et al., 2006; Silva & Madeira, 2012).
Females with intermittent access to alcohol also consume more alcohol (g/kg) than their male
counterparts (Hwa et al., 2011). Therefore, it would be of great value to see whether BAK4-054
has similar effects in female subjects, as compared to males. It is also important to note that this
study used acute injections of BAK4-054. While this is effective in determining a dose effect
curve and for looking at immediate drug effects, its translational validity to the human condition

is low. In humans, a chronic condition such as escalated ethanol intake would require chronic
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treatment. It would be very useful to observe the effects of chronic administration of BAK4-054
and subsequent termination of treatment on ethanol intake. Further research should also examine
whether the effects of D3 receptor antagonism also apply to behaviors such as cue-induced
reinstatement, self-administration, relapse, and alcohol dependence (e.g. heroin self-
administration: Boateng et al., 2015; cocaine self-administration: Caine & Koob, 1993; Vorel et
al., 2002; cocaine cue-induced reinstatement: Gilbert et al., 2005). Other patterns of alcohol
intake should also be examined, such as binge drinking. The drinking-in-the-dark protocol is
used as a model for binge-like levels of alcohol intake in mice, as animals on this alcohol access
schedule regularly drink to intoxication (Rhodes et al., 2005). Thus, it would be valuable to
examine the effects of BAK4-054 on binge-like alcohol intake, as modeled by the drinking-in-
the-dark protocol.

Here, we showed that a history of episodic social defeat stress led to persistent escalation
of daily ethanol intake and preference in animals with intermittent or continuous access to
alcohol. Administration of the dopamine D3 receptor antagonist BAK4-054 led to a selective
decrease in ethanol intake while concurrent water intake was unaffected. Using the D3 receptor
antagonist BAK4-054 is advantageous due to its high receptor specificity, particularly compared
to drugs that target the broader category of D,-like receptors (Boateng et al., 2015). Additionally,
dopamine Dj receptors are localized in the ventral striatum and limbic areas (Bouthenet et al.,
1991). These regions are central components of the mesolimbic dopamine pathway, which is
deeply involved in mediating the effects of stress, alcohol consumption, and interactions between
the two. A rightward shift in the dose effect curve for socially defeated animals with intermittent
access to alcohol seems to indicate a reduced sensitivity to the D3 receptor antagonist in these

animals. Future studies should include female subjects, incorporate chronic drug administration,
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and investigate the effects of D3 receptor antagonism on other alcohol-related behaviors. Though
there appears to be some variation in sensitivity to the drug based on social defeat stress history
and the schedule of alcohol access, the results of this study indicate that dopamine D3 receptor
antagonism is a very promising target for attenuating alcohol intake in individuals with or

without a stress history.
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Figure Captions

Figure 1. Male C57BL/6J mice were subjected to ten consecutive days of moderate, episodic
social defeat stress, during which they received 30 bites per day from an aggressive CFW male
resident mouse. Control mice were weighed daily. The ten days of social defeat were followed
by a ten-day rest period, and then animals were placed on either intermittent or continuous access
to alcohol (20% (w/v)) and water. In the third week of access to alcohol, animals were habituated
to intraperitoneal (IP) cavity injections. Starting in the fourth week of alcohol access (IAA or
CAA), animals received weekly IP injections of BAK4-054 (1.0, 3.0, 5.6, 10.0 mg/kg) or vehicle
(20% B-cyclodextrin). Following the final drug administration (vehicle or 5.6 mg/kg BAK4-
054), blood samples were taken 2 hours after alcohol access began, and samples were analyzed

for blood ethanol concentration (BEC).

Figure 2. Male C57BL/6J mice with and without social defeat experience had access to 20%
ethanol and water for 4 weeks before receiving weekly injections of BAK4-054. Average weekly
intake shown as mean+ SEM (g/kg/24hr) for mice with (A) intermittent access to alcohol or (B)
continuous access to alcohol. Percent of average volumetric intake consumed as alcohol (%
preference) is portrayed as a weekly average + SEM for (C) intermittent access to alcohol or (D)
continuous access to alcohol. Grey lines indicate significant main effects: **p<0.01 defeated vs.
non-defeated. Dashed lines indicate 50% of volumetric fluid intake: values >50% indicate a

preference for alcohol while values <50% indicate a water preference.

Figure 3. Socially defeated and non-defeated mice with intermittent access to alcohol were given

weekly IP injections of BAK4-054 (1.0, 3.0, 5.6, 10.0 mg/kg) or vehicle (20% B-cyclodextrin).
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Once all injections were complete, bottles were returned, and fluid consumption measurements
were taken 2 (A, D), 4 (B, E), and 24 hours (C, F) from when bottles were returned. Alcohol
intake (g/kg/time) (A-C) and water intake (mL) (D-F) were calculated based on changes in bottle
weights. Dark grey lines indicate significant main effects. Significant post-hoc comparisons are
portrayed as: ##p<0.01 vehicle vs drug dose; **p<0.01 defeated vs. non-defeated; *p<0.05

defeated vs. non-defeated.

Figure 4. Socially defeated and non-defeated mice with continuous access to alcohol were given
weekly IP injections of BAK4-054 (1.0, 3.0, 5.6, 10.0 mg/kg) or vehicle (20% B-cyclodextrin).
Once all injections were complete, bottles were returned, and fluid consumption measurements
were taken 2 (A, D), 4 (B, E), and 24 hours (C, F) from when bottles were returned. Alcohol
intake (g/kg/time) (A-C) and water intake (mL) (D-F) were calculated based on changes in bottle
weights. Dark grey lines indicate significant main effects. Significant post-hoc comparisons are

portrayed as: ##p<0.01 vehicle vs drug dose.

Figure 5. One week after the final drug administration, defeated and non-defeated animals were
administered either 5.6 mg/kg BAK4-054 or vehicle (20% B-cyclodextrin) via IP injection.
Bottles were returned after completion of all injections, and after two hours of access to alcohol,
blood samples were collected from the submandibular vein, and analyzed for blood ethanol
concentration. Significant post-hoc comparisons are portrayed as: ##p<0.01 vehicle vs. drug

dose.
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Figure 6. BEC (mg/dl) data were portrayed in relation to 2-hour ethanol intake. Intermittent
access animals showed a strong positive correlation between 2-hour EtOH intake and BEC (A),

while animals with continuous access to alcohol showed no correlation (B).
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Figure 3.
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Figure 4.
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Figure S.

Intermittent Access to Alcohol Continuous Access to Alcohol
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EtOH Intake (g/kg/2 hr)

Figure 6.

A. Intermittent Access to Alcohol N B. Continuous Access to Alcohol
3 M Defeated, vehicle
O Non-defeated, vehicle
V Defeated, 5.6 mg/kg BAK4-054
V Non-defeated, 5.6 mg/kg BAK4-054
2 v [ |
|0
1 g -
v{/
|
R=0.92 R=0.14
0 ﬂ@
20 40 60 80 100 120 0 10 20 30 40 50 60 70 80
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