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Abstract

Interest for the use of oxytocin as a treatment for addiction began over 40years ago. Better known
for its roles in parturition, lactation and pair bonding, oxytocin also has anxiolytic properties,
reduces immune and inflammatory responses, and has a role in learning and memory. In this
chapter, oxytocin effects on addiction processes are described by highlighting research findings
that have used oxytocin within current preclinical animal models of addiction, relapse, or craving.
First, we provide a brief background of the endogenous oxytocin system followed by descriptions
of the behavioral models used to study addiction, including models of drug taking and seeking.
Then we review recent preclinical studies that have used oxytocin as a therapeutic intervention
throughout multiple stages of the addiction cycle from a behavioral and neurobiological
perspective. These models encompass the entire range of the addiction cycle including acquisition
and maintenance of drug taking, withdrawal and craving during periods of drug abstinence, and
ultimately relapse. We then posit several theories about how oxytocin interacts with both drug and
social reward, as well as presenting a mechanistic account of how specific oxytocin receptor
localization may contribute to oxytocin’s efficacy as an addiction therapeutic.

1. INTRODUCTION

Over 40years ago reports emerged that neurohypophyseal peptides interact with memory
(De Wied, 1971), alcohol tolerance (Hoffman, Ritzmann, Walter, & Tabakoff, 1978), and
opiate addiction (Van Ree & De Wied, 1977) leading to a field of investigation implicating
use of the hypothalamic neuropeptide, oxytocin, in opioid, psychostimulant, and alcohol
addiction (Kovacs, Sarnyai, & Szabo, 1998; Sarnyai & Kovacs, 2014). Interest in oxytocin
and addiction waned for a period while research focused on other features and functions of
oxytocin, when it became well known for its role in parturition, lactation and pair bonding
(Lee, Macbeth, Pagani, & Young, 2009; Waldherr & Neumann, 2007). The seminal work of
Carter, Insel, and Young established that oxytocin takes center stage in areas of social
attachment (Carter, Williams, Witt, & Insel, 1992), social memory (Young, Lim, Gingrich,
& Insel, 2001), and generating trust in humans (Kosfeld, Heinrichs, Zak, Fischbacher, &
Fehr, 2005). In addition to increased trust, oxytocin acts as an anxiolytic, reduces immune
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and inflammatory responses, and has a role in learning, memory and pain reduction
(reviewed in Tops, Koole, H, & Buisman-Pijlman, 2014). Coming full circle, interest in the
use of oxytocin as a therapeutic for addiction has risen substantially over the past decade.

In this chapter, we focus on oxytocin’s impact on drug taking, seeking, and relapse by
highlighting research findings that have used oxytocin within current models of addiction,
relapse, or craving. First, we provide a brief background of the endogenous oxytocin system
followed by descriptions of the behavioral models used to study addiction, including models
of drug taking and seeking. Then we review recent preclinical studies that use oxytocin as a
therapeutic intervention throughout multiple stages of the addiction cycle from a behavioral
and neurobiological perspective. We then posit several theories about how oxytocin interacts
with both drug and social reward, as well as presenting a mechanistic account of how
specific oxytocin receptor localization may contribute to oxytocin’s efficacy as an addiction
therapeutic.

1.1 The Endogenous Central Oxytocin System

The central and peripheral oxytocin systems have been recently reviewed (Bowen &
Neumann, 2017; Buisman-Pijlman et al., 2014; Knobloch & Grinevich, 2014), so we will
only briefly describe the central system here. The neuropeptide oxytocin, produced by the
precursor protein oxytocin/neurophysin | prepropeptide, consists of 9 amino acids. Synthesis
within the central nervous system takes place in the paraventricular nucleus (PVN) and the
supraoptic nucleus (SON) of the hypothalamus. The majority of oxytocin is transported to
the neurohypophysis and thereby released into the bloodstream for peripheral distribution
(Leng & Ludwig, 2016; Quirin, Kuhl, & Dusing, 2011). In the periphery, oxytocin release is
stimulated by birth, suckling, and sexual stimulation in mammals as well as exposure to
physical or psychosocial stress.

Hypothalamic oxytocin projection neurons target the forebrain, limbic and reward systems,
including areas of the brain involved in both drug and social reward (Knobloch & Grinevich,
2014). Cells originating in the PVN deliver oxytocin to brain regions such as the amygdala,
bed nucleus of the stria terminalis (BNST), lateral septum, hippocampus and nucleus
accumbens core (NAcc) (Stoop, 2012). Within these projection areas oxytocin has specific
effects on behavior. For example, within the central amygdala oxytocin reduces anxiety and
inhibits stress responding (Neumann & Landgraf, 2012; Neumann & Slattery, 2016).
Oxytocin within the lateral septum is involved in prosocial behavior including social
preference (Lukas, Toth, Veenema, & Neumann, 2013). The impact of central oxytocin on
addictive behaviors in rodent models will be discussed in detail in Section 3.

To date, there has been only one oxytocin receptor (OXTR) identified (Busnelli & Chini,
2017). These receptors are abundant throughout the peripheral and central nervous systems
and are expressed in a sex dependent and species-specific manner (Dumais & Veenema,
2016; Lee et al., 2009). In the periphery, receptor expression is found in mammary glands,
uterus, gastrointestinal tract, heart, and vascular endothelium layer (Gimpl & Fahrenholz,
2001). Centrally, oxytocin receptors are expressed in brain areas that regulate mood, and
social and addictive behaviors such as the prefrontal cortex (PFC), ventral tegmental area
(VTA), nucleus accumbens (NAc), hippocampus, hypothalamus, ventral pallidum, medial
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preoptic area, olfactory bulbs, (central) amygdala and brain stem (Gimpl & Fahrenholz,
2001; Sarnyai, 2011). Of these regions, males have increased oxytocin receptor expression
mMRNA in the NAc, hippocampus, medial preoptic area, and the BNST (an area projecting
directly to the amygdala) relative to females (Dumais & Veenema, 2016). However, sex
differences are not necessarily consistent across species as female mice show increased
oxytocin receptor expression mRNA in the hippocampus and very few sex differences have
been observed in other rodent species and humans (reviewed in Dumais & Veenema, 2016).

The OXTR is Gg-coupled and its activation results in changes of activity in phospholipase C
and protein kinase C. The oxytocin receptor couples to two different G proteins, Gg/11 at its
proximal portion of the C-terminus and to Gi/o depending on brain area and oxytocin
concentration (reviewed in Busnelli & Chini, 2017). Activation of these two different
signaling pathways may be one explanation for oxytocin’s diverse functions (Chini &
Fanelli, 2000; Devost, Wrzal, & Zingg, 2008; Gimpl, Reitz, Brauer, & Trossen, 2008;
Rimoldi et al., 2003). Supra-physiological levels of oxytocin also bind receptors for
vasopressin, a closely related peptide, that also has effects on social mediated behaviors
(Bowen & McGregor, 2014; Sala et al., 2011). Lemaire et al. (2002) proposed that the
oxytocin and vasopressin V1a receptors are the predominant receptor subtypes in rat brain
and spinal cord with specific distribution patterns. However, it is the vasopressin V1b2
receptor that is co-localized with oxytocin receptors in forebrain areas, with oxytocin
receptor gene expression being much more robust than that of V1b2 (Vaccari, Lolait, &
Ostrowski, 1998).

Characterization of cell-type specific oxytocin receptor expression has been impeded by the
lack of specific antibodies recognizing the oxytocin receptor with levels of specificity to rule
out vasopressin binding sites. This absence has limited the use of immunohistochemistry to
identify the neurochemical and projection phenotype of oxytocin sensitive cells in the brain
(see Mouillac, Manning, & Durroux, 2008). Recently, through the use of genetically
modified mice, progress has been made to characterize neuronal phenotypes that co-localize
with oxytocin receptors in specific brain areas integral to addiction circuitry (Dolen,
Darvishzadeh, Huang, & Malenka, 2013; Nakajima, Gorlich, & Heintz, 2014; Peris et al.,
2017; Tan et al., 2017). Magnocellular oxytocin neurons in the PVVN express high levels of
corticotrophin-releasing factor (CRF) type 2 receptors and these CRF receptor positive
neurons express oxytocin receptor mRNA as do CRF receptor positive neurons in the bed
nucleus of the striatal terminalis (Dabrowska et al., 2011). Oxytocin receptors have been
identified on cortical somatostatin-containing interneurons (Li, Nakajima, Ibanez-Tallon, &
Heintz, 2016; Nakajima et al., 2014), cortical glutamatergic and GABAergic neurons (Tan et
al., 2017), parvalbumin positive interneurons and astrocytes in the NAcc (Dolen et al.,
2013), and on glutamate, GABA and dopamine producing neurons in the VTA (Peris et al.,
2017). These three brain areas are crucial to the circuitry regulating drug reward and
reinforcement as well as relapse to drug use, and oxytocin in each of these areas may
uniquely impact drug seeking.
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1.2 Oxytocin and the Blood-Brain Barrier

A current research question being investigated is whether oxytocin administration through
systemic delivery methods crosses the blood-brain barrier. Recent evidence suggests that it
does to a limited extent and mechanisms underlying such penetration into brain are just
recently coming into focus (Veening & Olivier, 2013). Central oxytocin synthesized in the
SON is secreted into the bloodstream through neurohemal contact in response to
reproductive behaviors, social stimuli, and stress (Bowen & Neumann, 2017). However, only
1-2% of oxytocin synthesized and released by peripheral organs (uterine epithelium, ovary,
testis, vascular endothelium cells and heart) (Nishimori et al., 2008) and or by the posterior
pituitary cross the blood-brain barrier (Ermisch et al., 1985; Landgraf, Ermisch, & Hess,
1979). Veening and Olivier (2013) discuss possible other ways in which oxytocin can pass
from peripheral circulation to the brain and back. One mechanism may be through transport
via a saturable carrier (McEwen, 2004). Alternatively, oxytocin may be able to cross a
damaged BBB more readily. For example, heavy alcohol/drug use may induce leakage of
oxytocin from the blood to the cerebrospinal fluid (Kovacs et al., 1998; Nishimori et al.,
2008). Stress, hypertension, or disease may also impact blood-brain barrier permeability
(Churchland & Winkielman, 2012).

Administration of central oxytocin activates oxytocin-producing cell bodies in the
paraventricular nucleus of the hypothalamus (PVN) (Carson, Cornish, Guastella, Hunt, &
McGregor, 2010; Carson, Hunt, et al., 2010). This activation results in local dendritic release
of oxytocin and an ensuing positive-feedback effect promoting prolonged activation of the
oxytocin system (Ludwig et al., 2002; Rossoni et al., 2008), which is presumed to cause
brain wide oxytocin release, including areas associated with addiction. It has been suggested
that only a relatively small amount of oxytocin is required to initiate such a feed-forward
mechanism to propagate endogenous oxytocin production (Rossoni et al., 2008). Recently,
Neumann, Maloumby, Beiderbeck, Lukas, and Landgraf (2013) used microdialysis
procedures in rats to demonstrate that systemic (intraperitoneal, ip) administration of
oxytocin caused rapid peak levels in brain dialysates 30min post-injection, providing direct
evidence that systemic oxytocin increases central oxytocin levels. Consistent with these
results, intravenous oxytocin (51U/kg) increased oxytocin levels in cerebrospinal fluid in
rhesus macaques, peaking at 15min post-infusion and gradually returning to baseline by
120min (Freeman et al., 2016). However, Lee et al. (2018) demonstrated that while oxytocin
administered through intranasal and intravenous routes of administration increased oxytocin
in cerebrospinal fluid, it did not activate a feed-forward mechanism to elevate endogenous
oxytocin. Thus, the mechanism by which exogenous oxytocin delivered in the periphery
activates oxytocin signaling in the brain remains unclear. Further studies are needed to
address this issue as it is relevant to the potential for oxytocin to serve as a therapeutic for
alcohol/drug addiction.

2. PRECLINICAL MODELS OF ADDICTION

The most commonly used behavioral tasks to study alcohol/drug reward and reinforcement
include intravenous or oral self-administration involving operant conditioning procedures
and place conditioning. Although these two measures have some overlap, the general
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consensus is that these procedures involve dissociable processes (Bardo & Bevins, 2000).
Other models to study alcohol addiction involve free-choice drinking and binge-like
drinking procedures. This section will describe effects of oxytocin treatment in studies
employing these models as well as procedures commonly used to index social reward.

2.1 Intravenous (IV) Drug Self-administration

Drug self-administration models rely on the basic premises of operant conditioning—a
response (e.g., lever press, keypeck, nose poke, etc.) results in an outcome (i.e., a drug
infusion typically via an intravenous route of administration). In this model rats or mice are
typically trained to press a lever, resulting in an 1V infusion of drug into an indwelling
jugular catheter. A drug infusion is often paired with the presentation of a stimulus (cue light
or a tone), which through repeated pairing can become secondary reinforcers themselves. In
addition to an “active” lever that results in drug delivery, a second “inactive” lever is
typically available, where responses are recorded but do not result in any consequences.
Responses on the “inactive” lever are typically considered a measure of non-differentiated
responding and reflective of general (nonspecific) motor activation. Subjects can administer
drugs on simple schedules of reinforcement including fixed ratio (FR) or variable ratio (VR)
schedules, until stable responding is obtained. Alternatively, more complex schedules may
be used, such as a progressive ratio (PR), in which the number of active lever presses
required to obtain a reinforcer increases along a logarithm for subsequent reinforcers.

Once stable responding is achieved, animals undergo extinction or abstinence based on
specific experimental parameters. The extinction—-reinstatement model is considered to have
high face and construct validity (Markou, Chiamulera, Geyer, Tricklebank, & Steckler,
2008) as drug-seeking behavior is re-established when the animals are re-exposed to the
drug, drug-paired cues, or stress (Bossert, Marchant, Calu, & Shaham, 2013; Feltenstein &
See, 2008; Yahyavi-Firouz-Abadi & See, 2009), all of which also induce drug relapse in
humans (Childress et al., 1993; Sinha, 2001). Animals undergoing extinction are placed in
the drug-paired environment in the absence of drug or drug-paired cues. Extinction results in
decreased responding with repeated trials, as reinforcement no longer occurs following a
response. Reinstatement occurs when rats resume responding on a previously drug-paired
lever, though typically no drug is actually delivered. During drug-primed reinstatement rats
typically receive a small dose of the self-administered drug prior to the session and typically
results in a robust increase in drug seeking. Cue-induced reinstatement occurs when rats are
re-exposed to the previously drug-paired cues. Finally, during stress-induced reinstatement,
administration of a physiological stressor or anxiogenic drug, such as footshock or
yohimbine, can induce reinstatement.

Adaptations to the above procedures have been incorporated to demonstrate time dependent
“incubation” of drug craving without extinction procedures. In this model rats undergo self-
administration training as described above. Following the maintenance phase, rats are
subject to abstinence for approximately 1-8weeks. During abstinence rats are placed in their
home cages (Grimm, Hope, Wise, & Shaham, 2001), in an alternative environment (Hearing,
Schochet, See, & McGinty, 2010), or handled on a daily basis (Moussawi et al., 2011;
Reichel, Moussawi, Do, Kalivas, & See, 2011). Rats are never returned to the drug-taking
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environment during the abstinence period because “relapse” occurs when rats are placed
back into the drug-paired context (Reichel & Bevins, 2009). The extent and degree of
relapse varies as a function of the time since the last drug experience (Grimm et al., 2001;
Tran-Nguyen et al., 1998), and generally increases over time, and thus has been coined
“incubation” (Grimm et al., 2001) of drug craving.

2.2 Conditioned Place Preference

In contrast to the behavior-outcome schedules of reinforcement that maintain responding for
the drug in self-administration experiments, the place conditioning task relies on the
outcome of stimulus—stimulus associations that come to control behavior. In the place
conditioning task, one environment or discrete cue (conditioned stimulus, CS) is paired with
a biologically and motivationally rewarding stimulus (unconditioned stimulus, US; e.g.,
cocaine, novelty, water, conspecific), whereas another environment remains unpaired or
paired with only a neutral stimulus such as saline administration. On the test day, the animal
is given a choice between the two environments. In most place conditioning preparations,
exteroceptive cues of the paired environment (CS) become associated with the rewarding
aspects of the stimuli of interest (i.e., the US). Accordingly, the paired environment acquires
an appetitive value, thus, eliciting approach behaviors (Bardo & Bevins, 2000; Panksepp,
Nocjar, Burgdorf, Panksepp, & Huber, 2004; Reichel, Wilkinson, & Bevins, 2010). This
approach behavior is expressed as an increase in the amount of time spent in the paired
environment on the choice test day.

Compartment preferences motivated by associations with drug reward are also subject to
extinction and reinstatement procedures (Mueller & Stewart, 2000). In this case, extinction
procedures refer to re-exposure to the drug-associated chamber without the US (i.e., drug
effects) (Rescorla, 2004). Accordingly, conditioned responding (i.e., time spent on the
cocaine-paired side) decreases on subsequent test days. After conditioned responding is no
longer evident, re-exposure US can reinstate conditioned responding (Rescorla, 2004;
Shaham, Shalev, Lu, de Wit, & Stewart, 2003). With regards to place conditioning, cocaine-
associated cues maintain effectiveness over a considerable length of time (Mueller &
Stewart, 2000; Reichel & Bevins, 2008). Notably, this extinguished preference can be
reinstated by a priming dose of the drug (Mueller & Stewart, 2000; Reichel & Bevins,
2008).

2.3 Drinking in the Dark

A number of preclinical models have been employed to study the neurobiological
consequences of alcohol drinking, however, in many models of voluntary consumption
rodents typically consume low levels of alcohol that do not generate blood ethanol
concentrations (BECs) considered to be pharmacologically meaningful or the ability to
induce dependence. The drinking in the dark (DID) procedure promotes high levels of
ethanol drinking in ethanol-preferring strains of mice by taking advantage of time in the
animals dark cycle in which activity and nocturnal ingestive behaviors are high (Thiele &
Navarro, 2014). A “binge” session, as defined by the National Institutes on Alcohol Abuse
and Alcoholism (NIAAA), as a pattern of drinking that produces BECs exceeding 0.08%
(80mg/dL). Using this limited access procedure, mice typically consume enough ethanol to
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reach BECs >100mg/dL and resulting in behavioral evidence of intoxication in a short
period of time (Sprow & Thiele, 2012).

In the most common variation of the DID procedure, first implemented by Rhodes et al.,
C57BL/6J mice are presented with a single bottle containing 20% (v/v) ethanol in place of
the home cage water bottle for 2h, 3h after the beginning of the dark cycle, for 3 consecutive
days. On the 4th day, the drinking session is extended to 4h during which mice exhibit
binge-like behavior, consuming significant and physiologically relevant amounts of ethanol
(Rhodes, Best, Belknap, Finn, & Crabbe, 2005; Thiele, Crabbe, & Boehm, 2014). Several
studies have characterized DID and have shown that BECs of <100mg/dL produce
significant motor incoordination (Moore et al., 2007; Rhodes et al., 2007), tolerance to this
effect after repeated binge-like episodes (Linsenbardt, Moore, Griffin, Gigante, & Boehm,
2011) and increases in subsequent voluntary ethanol drinking (Cox, Olney, et al., 2013; Cox,
Young, See, & Reichel, 2013). The DID model does not require training prior exposure to
ethanol or inclusion of sweet compounds to motivate high levels of ethanol intake. Further,
in contrast to other models of binge-like drinking, DID does not require ethanol to be
administered by the experimenter as by gavage, injection or ethanol vapor exposure (Becker
& Lopez, 2004), or by fluid deprivation or inclusion of ethanol into an animals source of
nutrients. Such procedures may cause stress to the animal or other confounding variables,
calling into the question the motivation to drink ethanol (Thiele & Navarro, 2014). Thus,
DID provides a simple and effective high throughput tool for characterization of potential
pharmacotherapies and may provide a useful model for studying binge patterns of
consumption and the transition to ethanol dependence.

2.4 Social Interaction and Conditioned Social Reward

Environments that have been associated with social interaction can also engender place
preferences. In general, conditioned social reward is evaluated by placing the animal into
one compartment of the place conditioning apparatus with their social partner (US), and
during the other half of the sessions the animals are placed alone in the alternate
compartment (Douglas, Varlinskaya, & Spear, 2004; Thiel, Okun, & Neisewander, 2008;
Trezza, Damsteegt, & Vanderschuren, 2009). On test, animals are given a choice to spend
time between the two compartments. More time in the side that was associated with social
interaction is interpreted as conditioned social reward. Interestingly, conditioned social
reward can be extinguished and reinstated by a single re-exposure to the social partner in the
social-paired compartment (Trezza et al., 2009).

In mice, cocaine (15mg/kg) and social interaction (15 min) engender similar preferences for
the paired environments (Kummer et al., 2014; Panksepp & Lahvis, 2007) suggesting similar
conditioned rewarding value of the US. In a variation of a place conditioning procedure
developed by Reichel and Bevins (2008, 2010) competition between conditioned rewards
can define the relative competitive value of each reward. Conditioned social reward can
directly compete with cocaine conditioned reward when one side was paired with social
interaction and the other with cocaine (Fritz et al., 2011). Furthermore, after establishing a
place preference to cocaine, extinction of the cocaine CS with social reward conditioning in
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the alternate side inhibits cocaine-primed reinstatement of the cocaine CR (Fritz et al.,
2011).

3. OXYTOCIN EFFECTS ON PRECLINICAL MODELS OF ADDICTION

The previous section described some of the most common behavioral assays employed to
study alcohol and drug addiction. Within each of these models, oxytocin decreases the
tendency to take drugs and reduces the propensity relapse. This next section will detail the
oxytocin effects on methamphetamine, cocaine, heroin and alcohol intake and seeking
within the models previously described.

3.1 Methamphetamine
Methamphetamine (N-methyl-O-phenylisopropylamine; meth) is a highly addictive illicit
stimulant. According to the United Nations Office on Drugs and Crime (2017) meth and
other amphetamine-like stimulants are second only to opioids in the burden of disease risk.
And, within the United States, there is a rising trend of meth-related visits at publicly funded
treatment facilities (Gonzales, Mooney, & Rawson, 2010) and emergency departments
(Dobkin & Nicosia, 2009). The physiological and cognitive consequences of meth use are
detailed in Barr et al. (2006), in which the authors highlight the high abuse potential of meth
and its associated impairments in working memory, attention, and executive function.
Deficits in long-term memory have also been reported following more chronic meth use
(reviewed in Bernheim, See, & Reichel, 2016).

Physiologically, the short-term effects of meth use include enhanced energy, alertness,
elation, and elevated heart rate/blood pressure (Rawson, Gonzales, & Brethen, 2002). Meth
facilitates rapid release of norepinephrine, serotonin, and dopamine at synapses (Rothman et
al., 2001). Meth reverses mechanisms that regulate homeostatic levels of these monoamines
leading to a sustained increase in synaptic levels through its action as an indirect agonist
(Elkashef et al., 2008). Chronic meth users often have various cardiovascular impairments
such as arrhythmias, hypertension, cardiomyopathy, and acute myocardial infarction (Kaye,
McKetin, Duflou, & Darke, 2007; Turnipseed, Richards, Kirk, Diercks, & Amsterdam,
2003; Westover, Nakonezny, & Haley, 2008). It is not uncommon for users to suffer from
accelerated coronary artery disease and cardiac hypertrophy. Meth users also present with
severe mental health problems, skin infections, and dental pathology (Hendrickson, Cloutier,
& McConnell, 2008). The abuse potential of meth, taken together with the high abuse rate
and subsequent physical and mental health consequences highlights the need for effective
pharmacotherapies. Preclinical data suggest that oxytocin is a viable therapeutic target for
the treatment of meth addiction at various stages of the addiction cycle.

3.1.1 Oxytocin Effects on Acquisition and Maintenance of Meth Addiction—
Significant progress has been made examining the therapeutic effect of oxytocin on the
acquisition of meth-seeking behavior. For example, Qi et al. (2009) demonstrated that
intracerebroventricular (icv) infusions of oxytocin (2.5ug) given 30min before meth
impaired acquisition of a place preference in mice. Here the authors infused oxytocin during
training in a conditioned place preference (CPP) task and found that oxytocin-injected
animals showed less preference for the meth-associated chamber relative to controls.
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However, when oxytocin was infused after training, prior to testing, there was no effect on
meth place preference. Combined this data shows that oxytocin impacts the induction but
not the expression of meth-induced CPP (Qi et al., 2009). Consistently, systemic oxytocin
administration (0.3 and 1mg/kg; ip) attenuated active lever presses and meth infusions in
self-administering male rats (Carson, Cornish, et al., 2010). However, oxytocin did not block
acquisition or maintenance of self-administration behaviors, as all rats self-administered
meth and responded on PR schedule of reinforcement. Plasma oxytocin concentrations were
also increased 10days following the last administration of oxytocin, providing evidence that
systemic oxytocin administration produces an up-regulation of the endogenous oxytocin
system (Carson, Guastella, Taylor, & McGregor, 2013).

3.1.2 Oxytocin Effects on Motivation to Seek Meth—The effect of oxytocin on
motivation to seek meth is dependent on experimental procedures, but overall studies
indicate that oxytocin decreases motivation to take meth in male and female rats. Our initial
report found that peripheral oxytocin administration (1mg/kg; ip) decreased motivation to
seek meth only in females as indicated by reduction of active lever presses, break point (i.e.,
number of lever presses before reward is obtained), and infusions during a PR test (Cox,
Young, et al., 2013). Baseline levels of motivation for meth differed significantly between
males and females, with female rats showing greater levels of active lever presses and
breakpoints. This is consistent with previous studies showing that females typically display
greater motivated meth taking relative to males (Roth & Carroll, 2004). Although oxytocin
did not impact male responding on the PR tests, a similar study with males found that
oxytocin (1mg/kg; ip) decreased motivated responding for meth as indicated by lower break
points (Carson, Cornish, et al., 2010; Carson, Hunt, et al., 2010). These contrasting results
can be attributed to methodological differences. In Cox, Young, et al. (2013), rats were
maintained on an FR 5 schedule of reinforcement prior to PR testing. In Carson, Cornish, et
al. (2010) and Carson, Hunt, et al. (2010), rats were maintained along a PR schedule of
reinforcement and received escalating doses of oxytocin before testing over 5 consecutive
days. Consecutive administration of oxytocin may have resulted in increased sensitivity to
oxytocin in male rats leading to a greater effect on motivated meth seeking.

Perhaps shedding some light on oxytocin’s impact on motivated meth taking comes from a
follow up study in our laboratory using a newly developed behavioral economics (BE)
paradigm (Cox et al., 2017). Using this task, comprised of a within-session BE procedure
(Bentzley, Jhou, & Aston-Jones, 2014), we determined that greater motivation to seek meth
was predictive of an increased likelihood to reinstate meth-seeking behavior in both males
and females. Furthermore, oxytocin (1mg/kg; ip) decreased motivation for meth in both
male and female rats as indicated by an increase in alpha score (the task-specific measure of
motivation). It is important to note that although oxytocin was effectively reduced
motivation to seek meth, drug consumption at low effort (consumption when cost to obtain
reward requires little to no effort, i.e., “hedonic set point”) was not affected. The effects
were centrally-driven as icv and intra-NAc infusions of an oxytocin antagonist blocked the
attenuating effect of peripheral oxytocin. In general, studies assessing oxytocin’s effects on
motivation to take meth show decreases in responding for both males and females, which
may subsequently affect the likelihood for relapse.
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3.1.3 Oxytocin Effects on Extinction of Meth Seeking—Few studies have looked
at the direct effect of oxytocin on the extinction of meth-seeking behaviors. In a CPP
paradigm, multiple doses of central oxytocin infusions (0.1, 0.5, and 2.51g; icv) enhanced
the extinction of meth-induced conditioned place preference (Qi et al., 2009). Mice went
through CPP and were subsequently extinguished after 10days. During extinction, mice
were centrally infused with oxytocin before chamber placement in the absence of meth.
Extinction criteria was set as a lack of significant difference between exploration in either
the previously meth-paired chamber and control chamber. Oxytocin facilitated extinction
indexed by less time spent in the meth associated side by the 7th day of extinction training.
While no studies to our knowledge have investigated the effect of oxytocin on extinction
following meth self-administration, Carson, Cornish, et al. (2010) and Carson, Hunt, et al.
(2010) report that multiple injections of oxytocin during the self-administration period do
not impact lever responding during extinction.

3.1.4 Oxytocin Effects on Reinstated Meth-Seeking Behavior—A number of
preclinical studies have shown that oxytocin is a viable therapeutic target for the treatment of
reinstated meth seeing in response to conditioned cues, a drug or a stress prime. Meth-
primed reinstatement is reduced by systemic oxytocin (1mg/kg; ip) in both male and female
rats (Carson, Cornish, et al., 2010; Carson, Hunt, et al., 2010; Cox, Olney, et al., 2013; Cox,
Young, et al., 2013). When directly compared, females in general respond to a greater extent
to a priming injection of meth, but oxytocin is effective in both sexes (Cox, Young, et al.,
2013). Repeated treatment in adolescent females also has an inhibitory effect on meth-
primed reinstatement during adulthood (Hicks, Cornish, Baracz, Suraev, & McGregor,
2016). Oxytocin directly applied to the NAcc blocked meth-induced CPP (Baracz et al.,
2012) and attenuated meth-primed reinstatement (Baracz, Everett, & Cornish, 2015; Baracz,
Everett, McGregor, & Cornish, 2016). Co-administration of an oxytocin receptor antagonist
into the NAcc only partially blocked the attenuating effect of intra-NAc oxytocin (Baracz et
al., 2016; Everett, McGregor, Baracz, & Cornish, 2018) in contrast to a VV1a antagonist,
which sufficiently blocked the attenuating effect of systemic and intra-NAc oxytocin on
meth-primed reinstatement (Everett et al., 2018). In regard to meth-primed reinstatement,
the ability of oxytocin to reduce responding may be through vasopressin receptors driving
the therapeutic effect. In contrast, NAcc oxytocin receptor antagonism blocked the
attenuating effect of systemic oxytocin on motivation to seek meth and in response to meth
associated cues (Cox et al., 2017). Taken together, it appears that oxytocin receptors in the
NAcc may have a different roll depending on the phase of addiction pathology or the events
that precipitate relapse.

In regard to cued reinstatement of meth seeking, oxytocin decreases responding in males and
females (Bernheim, Leong, Berini, & Reichel, 2017; Cox et al., 2017; Cox, Young, et al.,
2013). This decrease may involve additional behavioral parameters because in one study
(Cox, Young, et al., 2013), rats were reinstated on an FR5 schedule of reinstatement and
responding was greater female rats. When rats were reinstated on an FR1, both sexes
robustly reinstated on the active lever and oxytocin decreased this reinstatement (Bernheim
etal., 2017; Cox et al., 2017). Recently, we have proposed that the ability of oxytocin to
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reduce cued reinstatement is through interactions with the glutamatergic system in the NAcc
(discussed in Section 4.1).

Consistent with other reinstatement modalities, oxytocin is also equally effective in treating
stress-induced meth-reinstatement. A pharmacological stressor yohimbine, which acts an
alpha-2-adrenoceptor antagonist, facilitated meth seeking after extinction to a greater degree
in females relative to males (Cox, Young, et al., 2013). Systemic oxytocin administered
before yohimbine prevented reinstatement (Cox, Young, et al., 2013). Oxytocin also
decreased reinstatement in response to an ethologically-relevant predator odor
(trimethylthiazoline; TMT) (Ferland, Reichel, & McGinty, 2016). Male rats underwent
exposure to TMT (or a neutral odor) in locomotor chambers for 5days before self-
administration training. During testing rats were re-exposed to TMT in the testing chamber,
and rats reinstated meth seeking. An acute injection of oxytocin given before reinstatement
testing was sufficient to attenuate meth seeking in both conditions. As well, in a separate
experiment, repeated oxytocin doses following TMT pre-exposure but prior to self-
administration training blocked TMT-induced reinstatement, suggesting a protective effect
of oxytocin administration on future meth-seeking behavior (Ferland et al., 2016; Hicks et
al., 2016). Centrally administered oxytocin (0.1, 0.5, and 2.5ug; icv) reduced the effect of
restraint stress on reinstatement of meth CPP but did not block meth-primed CPP (Qi et al.,
2009).

3.2 Cocaine

The number of cocaine users in the United States rose exponentially in the mid-1990s,
where there was an 82% increase within a 4year period. As of 2012, there were 4.7 million
individuals above the age of 12 reported current or past use of cocaine within the United
States (Palamar, Davies, Ompad, Cleland, & Weitzman, 2015). Approximately 5-10% of all
emergency room visits in the country can be attributed to cocaine usage, resulting in an
estimated cost of $83 million dollars a year for treatment of cocaine users (Maraj,
Figueredo, & Lynn Morris, 2010). Some of the acute toxic effects of cocaine use include
cardiovascular complications, anxiety, panic, and paranoia. Chronic use of cocaine can result
in fatigue, blood borne disease, stroke, seizures, and sudden death. Despite the prevalence of
cocaine as a prominent drug of abuse, and its associated negative health outcomes, there are
no well-established pharmacological treatment options for cocaine addiction. Preclinical
studies have found that oxytocin might be a viable therapeutic target (Sarnyai & Kovacs,
2014) through blockade of cocaine-associated behaviors such as hypervocalization (Kovacs,
Sarnyai, Barbarczi, Szabo, & Telegdy, 1990) and cocaine-induced stereotypy (Sarnyai &
Kovacs, 1994). Here we will cover the effect of oxytocin administration on various stages of
the cocaine addiction cycle and its potential mechanisms.

3.2.1 Oxytocin Effects on Cocaine Acquisition and Maintenance—One of the
earliest studies investigating the effect of oxytocin administration on cocaine self-
administration determined that a systemic injection of oxytocin reduced the amount of lever
presses during the maintenance phase of cocaine self-administration (Sarnyai & Kovacs,
1994). Other preclinical studies have found that oxytocin dose dependently (0.3, 1, and
3mg/kg; ip) reduced active lever pressing and cocaine intake on both an FR1 and FR5
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schedule of reinforcement in male rats (Zhou et al., 2014). In females, similar doses of
systemic oxytocin (0.3, 1, and 3mg/kg; ip) attenuated lever pressing and cocaine intake on
an FR1 schedule of reinforcement (Leong, Zhou, Ghee, See, & Reichel, 2016). Interestingly,
despite receiving multiple oxytocin injections over the course of self-administration, female
rats displayed no sustained reduction in overall cocaine intake between self-administration
test days (Leong et al., 2016).

3.2.2 Oxytocin Effects on Motivation of Cocaine Seeking—Consistent with meth,
oxytocin decreases motivation to take cocaine in male and female rats. Zhou et al. (2014)
discovered that peripheral administration of oxytocin (1mg/kg) was effective in reducing
active lever presses and break points in a PR test of cocaine seeking in male rats. This
suggests that, in males, oxytocin is effective in suppressing the motivational limit of cocaine.
These results were further supported in a recent study that employed a within-session model
of economic demand of cocaine (Bentzley et al., 2014). Here, oxytocin reduced demand and
motivation for cocaine in male rats with a history of cocaine self-administration. Through
this novel BE paradigm, the effectiveness of oxytocin in suppressing demand was
proportional to their initial baseline demand, which provides translational value for the use
of oxytocin as a pharmacological treatment option of cocaine use. In females, oxytocin
proved to be effective in reducing breakpoint in a PR test of cocaine seeking in female rats
(Fig. 1). However, in contrast to Zhou et al. (2014) which found that oxytocin attenuates
motivation in male rats, oxytocin did not impact break point values in male rats in our
unpublished study (Fig. 1). One explanation for this sex difference is that oxytocin has sex-
specific effects on motivation to take cocaine. However, the difference could also be due to
innate differences in motivational properties between males and females assessed with a PR
procedure. Females displayed significantly greater motivation to take cocaine leading to a
floor effect in male rats that might render oxytocin ineffective relative to females. Indeed,
oxytocin did reduce motivation for cocaine in the behavior economics study that accounts
for both the demand and motivation for drug (Bentzley et al., 2014).

3.2.3 Oxytocin Effects on Cocaine Extinction—To our knowledge, few studies
have investigated the effect of oxytocin on cocaine extinction behavior. A recent study
revealed that oxytocin reduces lever responding on the first day of extinction (Ext Day 1) in
male rats (Bentzley et al., 2014). However, it is uncertain whether this single dose of
oxytocin on Day 1 of extinction is sufficient to produce long-lasting changes on subsequent
extinction sessions or on measures of relapse. We gave oxytocin to male rats 30min before
daily extinction sessions (Oxy Pre) or immediately after the session (Oxy Post). A separate
group of rats received vehicle (Fig. 2). There were no differences in lever responding over
8days, all rats then underwent cue-induced reinstatement tests with oxytocin or vehicle
injected 30min before chamber placement. Oxytocin attenuated lever responses in \eh and
Oxy Pre-rats relative to vehicle injected rats in the same group. Interestingly, Oxy Post rats
given vehicle had reduced reinstatement responding consistent with rats that received
oxytocin on test. Despite not having an effect of extinction responding, subsequent
reinstatement was blunted when oxytocin was given after the daily session, future work will
need to determine mechanisms by which oxytocin enhanced learning about the extinction
session. Early studies have found that oxytocin infused icv or directly into the hippocampus

Int Rev Neurobiol. Author manuscript; available in PMC 2019 August 14.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Leong et al.

Page 13

facilitated extinction of an active avoidance task (Bohus, Urban, van Wimersma Greidanus,
& de Wied, 1978; Ibragimov, 1990). However, future work will need to determine
mechanisms by which oxytocin enhanced learning about the extinction session within a self-
administration paradigm.

3.2.4 Oxytocin Effects on Cocaine Relapse/Reinstatement—Overwhelming
preclinical evidence suggests that oxytocin may have therapeutic potential for the treatment
of cocaine addiction through preclinical assessment of reinstatement of cocaine seeking. In
general, peripheral oxytocin administration attenuates lever pressing during a cocaine-
primed reinstatement test and cue-induced reinstatement tests in male (Bentzley et al., 2014;
Zhou et al., 2014) and female rats and this reduction is not dependent on cycle (Leong et al.,
2016; Leong et al., 2017; Weber et al., 2018). Central infusions of oxytocin (icv) also
attenuate cue-induced cocaine-seeking behavior in both sexes (Leong et al., 2017; Morales-
Rivera et al., 2014). Recent studies have begun to highlight specific neural regions that may
be mediating oxytocin’s central effect on cocaine-seeking behavior.

Few studies have directly compared oxytocin’s effect on neuronal function following
cocaine self-administration. Recently, we demonstrated that cue-induced fos activation in
various brain regions was normalized (returned to extinction values) by a systemic injection
of oxytocin (Leong et al., 2017). Specifically, in the medial prefrontal cortex (mPFC), NAc,
and subthalamic nucleus (STN) fos levels were elevated in response to a cocaine-associated
cue and oxytocin brought this expression back down to control levels. In contrast, oxytocin
enhanced central amygdala (CeA) fos expression. The CeA is a region critical in mediating
emotional responses and the mPFC, NAc, and STN are critical components of the reward
circuit. Direct oxytocin infusions into the aforementioned brain areas result in regionally
specific changes in cued reinstatement. Intra-accumbal oxytocin reduced whereas intra-PFC
oxytocin increased reinstatement of cocaine seeking (Weber et al., 2018). The STN, a
downstream projection of the NAc, is also an important region mediating the effect of
oxytocin on drug seeking (Baracz & Cornish, 2016). Fig. 3 shows that intra-STN infusions
of oxytocin reduced cued reinstatement of cocaine seeking, but not sucrose seeking. The
involvement of the STN in mediating oxytocin’s effect on cocaine seeking is similar to its
involvement in mediating oxytocin’s effect on meth-seeking behavior (Baracz et al., 2012;
Baracz et al., 2015).

Another similarity with meth, a concurrent intra-NAcc infusion of an mGIluR2/3 antagonist
blocked the oxytocin reduction of cued reinstatement suggesting presynaptic mechanisms in
the NAcc (Bernheim et al., 2017; Weber et al., 2018). Similar findings were uncovered with
peripheral administration of both compounds. This suggests that the mechanisms underlying
oxytocin’s therapeutic effect on relapse behavior are pharmacologically and
neuroanatomically similar in both cocaine and meth addiction. Overall, there is strong
evidence that oxytocin is a viable pharmacological therapeutic target for the treatment of
cocaine addiction throughout various stages of the addiction cycle. Recent studies have
provided insight into the mechanisms underlying oxytocin’s impact on cocaine-seeking
behavior. Importantly, few sex differences have been documented thus far, at the behavioral
and neuronal level suggesting that it might be equally as effective in both males and females.
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There has been a substantial increase in prevalence of heroin and prescription opioid use in
the United States over the last few years, with users ranging from affluent suburban
backgrounds to low-income minority populations (Cicero, Ellis, Surratt, & Kurtz, 2014).
Nationwide, there has been a stark increase in documented overdose-related hospitalizations
within the past 10years (Unick, Rosenblum, Mars, & Ciccarone, 2013). The rise in heroin
users is attributed to the increase in prescription opioid abuse in the last 20years (Unick et
al., 2013), accelerated by the frequently prescribed oxycodone in the 1990s (Siegal, Carlson,
Kenne, & Swora, 2003). In 2014 alone, opioid overdose accounted for 28,647 deaths in the
United States (Rudd, Rudd, Seth, David, & Scholl, 2016). Various medical complications are
associated with heroin use including cardiac infections, kidney and liver disease,
autoimmune disorders, and depression. Furthermore, the threat of heroin overdose is
immensely high as large doses of heroin can quickly cause respiratory arrest.

Despite the availability of drugs to counteract the immediate effects of heroin overdose, such
as the opioid receptor antagonist naloxone and buprenorphine (Sung & Conry, 2006), few
other pharmacological options exist to combat heroin’s significant addictive properties.
Preliminary findings suggest that oxytocin might act as a potential therapeutic target or
adjunct treatment for heroin addiction at various stages of the addiction cycle. Chronic
opioid administration reduced oxytocin immunoreactivity in the hippocampus and decreased
oxytocin mMRNA levels in the hypothalamus and SON, the primary area of oxytocinergic
innervation within the brain (for review see Zanos et al., 2017). It is possible that
endogenous administration of oxytocin can provide therapeutic value through restoration of
oxytocin homeostasis.

3.3.1 Oxytocin Effects on Heroin Self-Administration and Maintenance—Most
early studies investigating the effect of oxytocin on heroin addiction have focused on its
effect during self-administration. In one study, daily peripheral oxytocin administration
diminished acquisition of heroin self-administration in heroin-tolerant male rats (Kovacs,
Borthaiser, & Telegdy, 1985). Oxytocin had no effect on heroin-naive animals during self-
administration. Similarly, oxytocin reduced heroin intake in heroin-tolerant rats but not in
naive rats. Site specific application intra-hippocampal and intra-accumbal oxytocin impaired
acquisition of lever pressing responses (Ibragimov, Kovacs, Szabo,&Telegdy, 1987). These
findings suggest that oxytocin attenuated the development of heroin tolerance. Support for
this idea comes from a follow up study showing that oxytocin pre-treatment diminished
heroin tolerance in mice as measured by its anti-nociceptive effects (Kovacs, Faludi, &
Telegdy, 1985).

3.3.2 Oxytocin Effects on Heroin Reinstatement—Oxytocin’s effect on
reinstatement of heroin seeking has not been as extensively studied relative to
psychostimulants. To our knowledge, no studies have investigated the impact of oxytocin
during the extinction phase of heroin addiction. Furthermore, no studies have been published
showing that oxytocin impacts heroin reinstatement. Related, carbetocin, an oxytocin
analogue, reduced stress-induced (Zanos et al., 2014) and drug-primed (Georgiou et al.,
2015) reinstatement of morphine-seeking. Preliminary data from our laboratory (Fig. 4)
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shows that oxytocin also blocks cued reinstatement of heroin seeking. Male and female rats
self-administered heroin for 14days, followed by extinction, and subsequent cued
reinstatement testing. So, consistent with cocaine and methamphetamine, oxytocin and/or its
analogs decrease stress, drug, and cued reinstatement of opioid seeking.

3.4 Alcohol

Alcohol use disorder is a substantial and disabling public health concern, with lifetime
prevalence rates of 29.1% reported in the United States (Grant et al., 2015). Excessive
alcohol consumption is linked to a number of diseases, including cancers, cardiovascular
disease, liver cirrhosis, neuropsychiatric disorders and fetal alcohol syndrome (Rehm et al.,
2009). The Center for Disease Control places excessive alcohol use/abuse as the third
leading cause of preventable deaths in the United States (Mokdad, Marks, Stroup, &
Gerberding, 2004). Economically, alcohol misuse is estimated to cost the U.S. roughly
$223.5 billion per year. Despite the significant personal, social and economic burden alcohol
use disorders present, there are few effective pharmacotherapies available to help curb
alcohol addiction. Preclinical evidence indicates that oxytocin influences a number of
behavioral and physiological effects of alcohol (Lee & Weerts, 2016). Here we discuss the
findings that support oxytocin as a promising novel therapeutic target in the treatment of
alcohol use disorders.

3.4.1 Oxytocin Effects on Alcohol Self-Administration Behavior—The early
seminal body of research in this area focused on the effect of oxytocin on tolerance to the
physiological effects of alcohol. Repeated systemic administration (ip) of oxytocin
prevented the development of tolerance to the hypothermic, hypnotic, and ataxic effects of
alcohol (Jodogne, Tirelli, Klingbiel, & Legros, 1991; Kovacs et al., 1998; Szaho, Kovacs,
Szekeli, & Telegdy, 1985; Szabo, Kovacs, & Telegdy, 1989). Oxytocin treatment was also
found to modulate the severity of alcohol withdrawal symptoms (Szabo, Kovacs, Szekeli,
Balaspiri, & Telegdy, 1987). Additionally, central administration of oxytocin (icv) was
shown to block rapid tolerance to the effects of alcohol (Szabo et al., 1989). Central
administration was found to be more efficacious than peripheral administration, pointing to a
centrally mediated mechanism. In this regard, interactions with dopamine and serotonin
neurotransmission were postulated to mediate this effect (Szabo et al., 1989).

In more recent reports, systemic administration of oxytocin has been shown to reduce
alcohol preference and intake in a variety of voluntary drinking models in rats (Bowen,
Carson, Spiro, Arnold, & McGregor, 2011; MacFadyen et al., 2016; McGregor & Bowen,
2012) and mice (King et al., 2017; Peters, Slattery, Flor, Neumann, & Reber, 2013).
Specifically, McGregor and Bowen (2012) found that a single dose of oxytocin (1mg/kg)
produced a long-lasting reduction in preference for an alcohol-containing solution compared
with a nonalcoholic sweet solution. Additionally, treatment with oxytocin for 2weeks prior
to the induction of a two-bottle free-choice paradigm resulted in lower alcohol preference in
oxytocin-treated rats compared to controls. MacFadyen et al. (2016) reported that systemic
administration of a lower dose range of oxytocin (0.1-0.5mg/kg; ip) reduced operant alcohol
self-administration in rats. Further, in alcohol-preferring C57BL/6J mice, systemic
administration of oxytocin decreased alcohol self-administration and binge-like alcohol
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consumption in a dose-related manner (0.3, 1, 3 or 10 mg/Kkg; ip), as well as reduced
motivation for alcohol reward as measured by responding under a PR schedule (King et al.,
2017). Peripheral oxytocin treatment in a similar dose range (1-10mg/kg) reduced alcohol
consumption in male and female prairie voles that had two-bottle choice free-access to 15%
alcohol (Stevenson, Wenner, et al., 2017). Additionally, in a continuous access paradigm,
systemic oxytocin administration decreased alcohol intake in the first hour after treatment
but had no significant effect on consumption over a 24-h period (Stevenson, Wenner, et al.,
2017).

While there is strong preclinical evidence to suggest a role for oxytocin in alcohol use
disorders, the mechanisms by which oxytocin reduces alcohol consumption is not fully
understood. In a recent study, direct (icv) administration of oxytocin reduced alcohol
consumption and alcohol-induced dopamine efflux in the NAc (Peters, Bowen, Bohrer,
McGregor, & Neumann, 2017). Additionally, oxytocin receptors have been identified on
neurons in the ventral tegmental area projecting to the NAc (Peris et al., 2017). Thus, it is
possible that oxytocin reduces alcohol self-administration by altering mesolimbic dopamine
activity that ordinarily signals alcohol-related reward. However, few studies have examined
the role of oxytocin receptors in mediating the neuropeptide’s effect on the motivational
actions of alcohol. Recent reports showed that viral-mediated overexpression of oxytocin
receptors in NAc reduced alcohol-induced conditioned place preference and alcohol
consumption in mice (Bahi, 2015; Bahi, Al Mansouri, & Al Maamari, 2016). Additionally,
the ability of oxytocin to reduce binge-like alcohol drinking was blocked by pre-treatment
with an oxytocin receptor antagonist, suggesting that oxytocin reduced alcohol consumption
via interaction with its own receptor (King et al., 2017). While the oxytocin receptor appears
to be involved in the rewarding effects of alcohol, it is important to note that Bowen and
colleagues showed that attenuation of sedative and ataxic effects by central oxytocin
administration was mediated by GABAA receptors (Bowen et al., 2015). Although
additional studies are necessary to further investigate the conditions and mechanisms by
which oxytocin reduces alcohol consumption, the growing body of literature investigating
the effect of oxytocin on the neurobehavioral response to alcohol points to the oxytocin
system as a promising target for therapeutic intervention of alcohol use disorders.

3.4.2 Oxytocin Effects on Alcohol Relapse/Reinstatement Behaviors—To our
knowledge, only one published study has investigated the effects of oxytocin administration
on relapse-like behavior in animal models. Following repeated cycles of chronic intermittent
alcohol vapor exposure to induce dependence in rats, Hansson and colleagues injected (icv)
oxytocin in alcohol-dependent and non-dependent rats trained to orally self-administer
alcohol using operant conditioning procedures. Central administration of oxytocin reduced
cue-induced alcohol relapse-like behavior in alcohol-dependent rats, but not in non-
dependent rats (Hansson et al., 2017). Additionally, the authors demonstrated that oxytocin
MRNA was reduced in the NAc by acute alcohol and during early withdrawal, but increased
after prolonged (3weeks) abstinence, suggesting dynamic dependence-related
neuroadaptations of the oxytocin system. After 3weeks of abstinence, dependent rats showed
increases in oxytocin receptor mRNA and protein levels in PFC, striatal, amygdala and
hippocampal regions, and a reduction in oxytocin mRNA and peptide expression in
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hypothalamic nuclei. In congruence with this, a loss of hypothalamic oxytocin neurons after
prolonged alcohol intake has been reported in other studies (Stevenson, Young, et al., 2017).

4. OXYTOCIN AS A TREATMENT FOR ADDICTION

The mechanisms by which oxytocin provides therapeutic value for the treatment of addiction
are just now beginning to be identified. This section will present a mechanistic account that
illustrates oxytocin’s interactions with other neurotransmitter systems within the addiction
circuitry. Following, we present prominent theories hypothesizing that oxytocin attenuates
drug-seeking behavior through its anxiolytic and prosocial properties.

4.1 Interactions Within Addiction Circuitry

As mentioned in a previous section, oxytocin receptors are ubiquitous in the brain and in
particular throughout the addiction circuitry. Within this circuitry, oxytocin directly interacts
with dopamine, glutamate and GABA neurotransmission. Oxytocin projection neurons
within the PVN synapse on dopaminergic cells within the NAc (Knobloch & Grinevich,
2014) and oxytocin receptors are also present on dopamine neurons projecting from the
VTA to the NAc and mPFC (Knobloch & Grinevich, 2014; Peris et al., 2017). Intra-NAc
oxytocin infusions block cocaine-induced increases in dopamine utilization (Kovacs et al.,
1998) and ICV infusion of oxytocin inhibited meth-induced dopamine turnover (Qi et al.,
2008). Similarly, ICV oxytocin blocks dopamine release induced by ethanol administration
within the NAc (Peters et al., 2017), which corresponds with reduced ethanol seeking
behavior. Recent studies have characterized the presence of oxytocin/dopamine receptor
complexes (OXTR-D2R) within the NAc in which oxytocin acts as an allosteric agonist to
increase D2R affinity (de la Mora et al., 2016; Fuxe et al., 2012; Romero-Fernandez,
Borroto-Escuela, Agnati, & Fuxe, 2013). Interestingly, activation of D2R reduces drug-
seeking behavior and this receptor subtype is down-regulated following chronic drug
exposure (for review see Koob & Mason, 2016; Volkow & Morales, 2015). Therefore,
oxytocin may reduce drug-seeking behavior via interactions with D2Rs in the NAc.

Alternatively, oxytocin may impact drug seeking and dopaminergic signaling through
GABAergic interneurons. A number of studies have found that excitatory Gg-coupled
oxytocin receptors are localized on GABAergic interneurons in the NAc (Dolen et al., 2013),
hippocampus (Zaninetti & Raggenbass, 2000), and PFC (Li et al., 2016; Nakajima et al.,
2014). Oxytocin signaling in these neurons would increase inhibitory tone within these
regions. Along these lines, an oxytocin receptor agonist suppressed hippocampal pyramidal
cell firing via GABAergic interneurons within the CA1 layer of the hippocampus (Owen et
al., 2013; Zaninetti & Raggenbass, 2000). Given that oxytocin receptors are also present on
parvalbumin-containing GABA interneurons in the NAc (Dolen et al., 2013) and that these
interneurons regulate the expression of psychostimulant-induced behavioral adaptations
(Wang et al., 2018), it is possible that oxytocin impacts drug-seeking behavior directly
through interactions with its own receptor on GABAergic interneurons in areas that are
critical to dopamine signaling and addiction processes.

A recent model from our laboratory postulates that oxytocin receptors located on astrocytes
(Dolen et al., 2013) within the NAc modulate drug-seeking behavior (Bernheim et al., 2017;
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Weber et al., 2018). More specifically, oxytocin activation of Gg-coupled oxytocin receptors
on astrocytes results in astrocytic glutamate release. Extra-synaptic glutamate can thereby
activate type 2 and 3 metabotropic (mGlu2/3) glutamate receptors located presynaptically on
cortical glutamatergic axons, inhibiting synaptic release of glutamate thus, restoring
glutamatergic tone (Moussawi & Kalivas, 2010). Scofield et al. (2015) demonstrated that
chemogenetic activation of astrocytes in NAc core decreased cue reinstatement of cocaine
(Scofield et al., 2015) seeking through a mGlu2/3 receptor dependent mechanism. Support
for this notion, comes from work showing concurrent mGlu2/3 receptor antagonism reversed
the attenuating effect of oxytocin on cocaine and meth-seeking behavior (Bernheim et al.,
2017; Weber et al., 2018).

4.2 Relief of Stress

Due to the strong link between stress, drug use and relapse, the ability of oxytocin to
modulate stress processes has generated growing interest in its potential as a treatment for
substance use disorders. Stress is recognized as a significant risk factor that promotes the
development of addictive behavior, and in particular, triggering relapse (Sinha, 2001, 2008,
2012), and may be a motivator to use drugs (Koob, 2014). However, drugs themselves can
also serve as stressors by activating the hypothalamic—pituitary—adrenocortical (HPA) axis,
the primary mediator of neuroendocrine response to stress. This includes stimulating the
release of CRF from the hypothalamus (Sinha, 2001; Smith & Vale, 2006), norepinephrine
from the locus coeruleus (Koob, 2008) as well as other stress-related neuropeptides in
extrahypothalamic stress circuits in the brain (Koob, 2009; Koob & Mason, 2016). Repeated
drug exposure followed by withdrawal can lead to profound dysregulation of the HPA axis
as well as increased CRF activity within brain stress-reward pathways, which contribute to
negative affective states related to withdrawal (e.g., anxiety, dysphoria, irritability) along
with increased drive to use or drink (Koob & Volkow, 2010).

Oxytocin is known to exert potent anti-stress and anxiolytic effects (Jurek et al., 2015;
Peters, Slattery, Uschold-Schmidt, Reber, & Neumann, 2014; Slattery & Neumann, 2010).
Oxytocin administration has been shown to dampen increases in corticosterone (CORT)
levels and stress-induced HPA-axis activation, as well as reduce behavioral responses in
animal models ofanxiety and depression (Neumann, Kromer, Toschi,&Ebner, 2000;Windle et
al., 2004; Windle, Shanks, Lightman, & Ingram, 1997). Conversely, mice genetically
engineered to lack the gene for oxytocin (OTKO) display more anxiety-related behavior and
greater CORT response following exposure to stress (Amico, Mantella, Vollmer, & Li, 2004;
Mantella, Vollmer, & Amico, 2005). Further, high levels of oxytocin and oxytocin receptor
MRNA expression are localized to forebrain regions, such as the extended amygdala, that are
critically involved in anxiety and stress-responsiveness (Dabrowska et al., 2011; Gimpl &
Fahrenholz, 2001; Veinante & Freund-Mercier, 1997), thereby enabling oxytocin to
contribute to the regulation of anxiety, stress and reward-related behaviors.

While endogenous oxytocin appears to be intricately involved in the homeostatic regulation
of stress responses (Lee & Weerts, 2016), oxytocin signaling in brain has been shown to be
altered by both acute and chronic exposure to alcohol and/or drugs of abuse. Thus,
exogenous oxytocin administration may help to attenuate the effects of stress associated with
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heavy drinking and drug use. In support of this hypothesis, Peters and colleagues
demonstrated that oxytocin administration attenuated stress-induced increase in alcohol
consumption in rats (Peters et al., 2013). Additionally, systemic administration of the
oxytocin analogue carbetocin reversed anxiety- and depressive-like behaviors in morphine-
withdrawn mice to levels similar to control groups (Zanos et al., 2014). Clinically, a single
dose of intranasal oxytocin was shown to reduce stress-induced craving and anxiety in
cannabis-dependent individuals (McRae-Clark, Baker, Maria, & Brady, 2013). Further,
intranasal oxytocin treatment decreased alcohol withdrawal symptoms in treatment-seeking
patients compared to placebo and significantly reduced anxiety in dependent subjects
following cessation of drinking (Pedersen, 2017; Pedersen et al., 2013). Taken together,
oxytocin treatment may be a useful therapeutic to reduce stress-related physiological
responses (e.g., anxiety, craving) relevant to drug and alcohol use and relapse.

4.3 Social Affiliation

Oxytocin may amplify the reinforcing or rewarding properties of social engagement. Often
people begin using drugs or alcohol in social contexts and the reinforcing value of some
drugs are enhanced when used in the presence of others (McGregor & Bowen, 2012). Social
factors can also have a profound impact on maintaining abstinence from drug use for some
people. It is suggested that parallel brain circuits mediate social vs. drug reward-related
behaviors and that oxytocin may act to redirect behaviors between these reward circuits
(McGregor & Bowen, 2012), shift the preference for novel situations and experiences to one
for familiarity (Tops et al., 2014), and rebalances the addicted brain (Bowen & Neumann,
2017).

McGregor and Bowen (2012) posit that oxytocin administration can break the behavioral
“loops” that maintain the cyclical patterns of drug use—abstinence—relapse. Specifically, they
hypothesize that excessive dopaminergic signaling within basal ganglia circuitry resulting
from high dose stimulant use lead to a bias in behaviors directed toward object-oriented
rewards (food, drugs, alcohol) and the execution of these behavioral loops to seek the object
(McGregor & Bowen, 2012). Oxytocin may interfere with this biased behavior by shifting a
focus from object-oriented behavioral seeking to one of preference for social interaction. As
a treatment for addiction, oxytocin may increase the proclivity towards social rewards
thereby strengthening social bonds that may be essential for maintaining abstinence.

Along these same lines Tops et al. (2014) postulate that oxytocin involves overlapping
mechanisms between attachment formation and stress by shifting preferences from novel
experiences and reward to one of familiarity by facilitating a ventral-to-dorsal shift in
activation of cortical striatal loops. This hypothesis is in line with a ventral-to-dorsal shift in
striatal control of behavior in addiction. That is, early in drug use, behavior is driven by
dopamine release in the ventral striatum mediated by the acute rewarding effects of the drug.
With repeated use habitual responding for drugs comes under control of the dorsal striatum
(Belin & Everitt, 2008; Gabriele, Pacchioni, & See, 2012). Perhaps oxytocin given as an
adjunct for addiction increases the preference for familiarity thereby enhancing social bonds
that may help maintain abstinence.
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5. OXYTOCIN, SOCIAL REWARD, AND ADDICTION

Prosocial interactions are necessary for the promotion and enhancement of cooperation
between group members in many diverse animal species. Although these behaviors serve a
critical function, the underlying neural circuitry is understudied. Mounting evidence
suggests prosocial behaviors are reinforcing (Song, Borland, Larkin, O’Malley, & Albers,
2016) and the reinforcing properties of prosocial behavior are mediated by the activation of
the dopaminergic mesocorticolimbic (MCL) circuit (Insel, 2003). Over the past few decades,
oxytocin has attracted interest for its role in prosocial behaviors (Dolen et al., 2013; Hung et
al., 2017). As discussed previously in this chapter, both the MCL and oxytocin systems play
crucial roles in encoding the rewarding and reinforcing properties of drugs of abuse. In the
following sections, the current understanding of the neural circuitry of social rewards will be
discussed, focusing in particular on oxytocin’s regulation of these behaviors. In addition, the
literature describing the bidirectional modulation of social reward and drugs of abuse will be
described with a special interest in the role oxytocin may play in these competing reward
signals.

5.1 The Neural Circuitry of Social Reward and Oxytocin

Prosocial behaviors, such as pair bonding and social interaction, have rewarding properties
that are encoded by the MCL pathway (Becker, Rudick, & Jenkins, 2001; Insel, 2003),
similar to drugs of abuse. For example, dopamine is released in the NAc following pup
exposure in maternal female rats (Hansen, Bergvall, & Nyiredi, 1993), and lesions in either
the VTA or the NAc will disrupt maternal approach and interaction with pups (Lee, Li,
Watchus, & Fleming, 1999; Numan & Smith, 1984). The dopaminergic reinforcement of
social reward alone is an incomplete picture of the complexity of these behaviors. Oxytocin
has gained growing interest for its role in social reward since Pedersen and Prange (1979)
demonstrated that oxytocin induced maternal behavior in virgin female rats. Since this
seminal study, it has been established that oxytocin modulates social interaction (Young &
Wang, 2004) and pair bonding (Carter et al., 1992), as well as enhanced social memory
(Ferguson et al., 2000). The interplay between the MCL and oxytocin systems that was first
observed in studies of monogamous prairie voles, concluded oxytocin receptors in the NAc
are required for pair bonding formation (Young & Wang, 2004). Similar to the rat model,
dopamine is released in the NAc during social rewards in prairie voles. More specifically,
D2-specific activity induces mating-induced partner preference in female prairie voles
(Young & Wang, 2004). Moreover, Young et al. (2001) demonstrated an oxytocin receptor
antagonist directly infused into the NAc of these voles reduced D2-mediated partner
preference.

While high densities of oxytocin receptor have been observed in the NAc, they have also
been detected in other areas related to reward signaling. For example, oxytocin receptors
have been discovered in high density in the PFC of female prairie voles, and direct infusion
of an oxytocin receptor antagonist into this brain region blocked partner preference (Young
et al., 2001). The role of oxytocin in social reward in non-monogamous species is also
becoming more apparent. Oxytocin projections to the PFC have been identified in rats
(reviewed in Buisman-Pijlman et al., 2014) but there is no study to date that has examined
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these projections in relation to social reward. Further, dopamine administration induces
central release of oxytocin, while oxytocin administration potentiates central dopamine in
the rat (Melis et al., 2007). Rodents that do not demonstrate monogamous mating behavior
seem to have similar levels of circulating oxytocin as that of prairie voles, but oxytocin
receptor densities vary across species (Buisman-Pijlman et al., 2014), which may contribute
to the differences in their mating preferences (Young & Wang, 2004). Regardless of social
and mating structure, oxytocin modulates reward signals within the NAc as direct
administration of an oxytocin receptor antagonist eliminated social reward preference in a
social CPP test in mice without altering cocaine CPP (Dolen et al., 2013).

Dolen et al. (2013) additionally discovered oxytocin within the NAc induced long-term
depression (LTD) on presynaptic excitatory synapses of medium spiny neurons (MSNSs) in a
mouse model. The oxytocin-induced LTD was significantly attenuated if the mice had been
previously socially conditioned. The prosocial behavior did not preferentially act on
oxytocin-induced LTD within the D1 or D2 MSN pathways, suggesting another possible
mechanistic difference between monogamous and non-monogamous rodents. Finally, social
reward and oxytocin-induced LTD requires inputs into the NAc from the dorsal raphe
nucleus (DRN). The pertinent afferents from the DRN were shown to be serotonergic (5-
HT), acting on 5-HT-1b receptors on glutamate neurons. These DRN afferents have oxytocin
receptors that mediate 5-HT release within the NAc. During social reward, oxytocin is
released into the NAc via PVN neurons, which binds oxytocin receptor on serotonergic
inputs from the DRN, causing a release of 5-HT. Subsequently, it binds to 5-HT-1b receptors
on presynaptic excitatory synapses onto MSNs, inducing LTD. Taken together, these
experiments eloguently demonstrate the mechanistic impact of oxytocin within NAc during
prosocial behaviors.

The VTA is another region that has long been characterized within the MCL pathway as a
critical brain region for reward signals related to drugs of abuse. Recently, studies have
implicated the VTA in social reward cues (Song et al., 2016) via increases in dopaminergic
NAc-projecting VTA neuron activity following social interactions in mice (Gunaydin et al.,
2014). Exciting research from Hung et al. (2017) explored the role oxytocin plays in this
change in dopamine concentrations following social reward. They provide evidence that
there are oxytocin projections from the PVN to the VTA in mice. These oxytocin projections
within the VTA were often co-localized to oxytocin receptor-containing dopamine neurons.
Mice lacking oxytocin receptor specifically on dopaminergic neurons within the VTA did
not express social CPP behavior compared to controls. These mice did, however, express
CPP in response to cocaine. They also determined c-fos levels in VTA-projecting PVN
oxytocin neurons were significantly potentiated early on during a bout of social interaction,
but activation of these oxytocin neurons alone was not rewarding. Instead, temporally-
dependent oxytocin release into the VTA during social reward seems to directly enhance the
excitability of NAc-projecting VTA neurons, potentiating dopamine levels within the NAc,
thereby reinforcing the prosocial behavior (Hung et al., 2017). In summary, there is clear
evidence from these rodent models for the concomitant role of the dopaminergic MCL and
oxytocin systems in the control and regulation of social reward. In addition, a growing body
of research indicates oxytocin gates dopamine’s reinforcing effects of social reward via
indirect modulation of other neurotransmitters including, but not limited to, 5-HT.
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5.2 The Overlap Between Oxytocin Effects on Social Reward and Drug Reward

Numerous studies described previously in this chapter have worked to explain how oxytocin
is able to affect addictive processes associated with drugs of abuse. The overlap between
oxytocin’s role in the shared neural circuitry of addiction and social reward has been
postulated (Insel, 2003), and there is evidence to suggest oxytocin may facilitate the
rewarding effects of prosocial behavior at the expense of drug-related rewards (Sarnyai &
Kovacs, 2014; Thompson, Callaghan, Hunt, Cornish, & McGregor, 2007).

The method by which oxytocin does this, however, is still under investigation. In this
section, the current hypotheses of the role of oxytocin in mediating the differing reward
signals will be discussed.

It has long been hypothesized that drug-mediated and social reward signals compete within
the reward circuitry of the brain (Buisman-Pijlman et al., 2014; Insel, 2003). Several rodent
studies have shown that social rewards, such as conspecific interaction, have the ability to
completely reverse cocaine CPP (Fritz et al., 2011; Kummer et al., 2014). In a comparative
CPP paradigm, mice that were given a choice between cocaine and social interaction with a
conspecific did not develop a significant preference for either compared to mice that
underwent cocaine or social interaction CPP alone (Liu, Wang, Zhan, & Cheng, 2016).
Interestingly, when the experimenters evaluated oxytocin expression in the PVN, CPP of
cocaine alone, social interaction alone, and social interaction and cocaine combined all had
elevated levels compared to controls. However, while social interaction alone had the largest
increase and cocaine had the lowest, the animals forced to choose between the two rewards
had oxytocin expression in the PVN that fell in between the levels quantified in the two
groups that only experienced a single reward (Liu et al., 2016). It is evident the brain’s
oxytocin system is extremely plastic, especially in response to these differing rewards. Drugs
of abuse may cause lasting downregulation in oxytocin expression or function, which
explains social behavior deficits observed in animals repeatedly exposed to them (McGregor
& Bowen, 2012). Conversely, during prosocial behavior, oxytocin may promote reward
value associated with prosocial behavior to compete with that of the drugs (Campbell, 2008).

Addiction has long been understood as a neuroadaptive process of “pathological learning” to
drugs of abuse (Koob & Volkow, 2016). For example, they can alter or induce long-term
potentiation (LTP), a cellular prerequisite for learning and memory, by altering the strength
of functional neuronal connections (Berretta, Nistico, Bernardi, & Mercuri, 2008; Sarnyai &
Kovacs, 2014). Additionally, drugs cause dramatic changes in synaptic density within the
MCL regions of the brain, which play a critical role in motivation and learning (Koehl &
Abrous, 2011). Social reward may negate or reverse these changes through an oxytocin-
mediated neuroplasticity in some of the same brain regions. The LTD induced in the NAc by
oxytocin during social reward (Dolen et al., 2013) may help reverse drug-induced LTP and
shift the addictive bias from habitual behavior loops associated with drug towards social
stimuli (McGregor & Bowen, 2012).

Further, Délen and colleague’s study established a critical interaction between oxytocin and
serotonergic transmission in the NAc. Serotonin release in the NAc has been implicated in
the regulation of psychostimulant drug-related memories (Cunningham & Anastasio, 2014)
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and the reinforcing effects of methamphetamine (Chiu & Schenk, 2012; Sarnyai & Kovacs,
2014). It may be possible that oxytocinergic modulation of this serotonergic pathway can
reduce these pathological changes in addiction. Further research is needed to examine
whether endogenous changes to oxytocin via prosocial activity is sufficient to significantly
alter these drug-related changes in learning and memory.

The hippocampus is a critical brain structure in addiction, providing contextual learning
components to drugs of abuse (Robbins & Everitt, 2002) and oxytocin was shown to
attenuate drug-mediated learning by specifically targeting fast-spiking inhibitory
interneurons within the hippocampus to sculpt its inhibitory signals (Owen et al., 2013). It is
hypothesized this alteration in hippocampal excitability may, in turn, influence regions in the
MCL circuit, such as the NAc and PFC, thereby mediating drug-induced neuroplasticity
(Sarnyai & Kovacs, 2014). A recent study has also established that oxytocin receptors within
the hippocampus (notably the anterior dentate gyrus, and anterior CA2/CA3) of mice are
necessary for social stimuli discrimination and social recognition (Raam, McAvoy, Besnard,
Veenema, & Sahay, 2017). It is possible, therefore, that prosocial memories, mediated by
oxytocin in the hippocampus, inhibit the drug-related neuroplasticity, or alter the engrams
associated with drug cues and reward. Despite these advancements, further evidence
evaluating the competing influence social and drug reward on neuroplasticity are still
needed.

6. CONCLUSIONS

Very little research has focused on the effect of prosocial behavior on neural changes
associated with drugs of abuse. From these few studies, it is clear that a potentiation in
oxytocin activity during social reward attenuates or reverses the reinforcing effects of drugs
of abuse (Fritz et al., 2011; Kummer et al., 2014; Liu et al., 2016). Yet, important questions
still remain. At present, there is no definitive understanding of the causality of these changes
in neuroplasticity. In our previous sections we have presented strong preclinical evidence
from our laboratories and others to suggest that exogenous administration of oxytocin
reduces drug seeking and self-administration, tolerance, and reinstatement. Importantly,
these effects occur across multiple drug classes and impact multiple neurotransmitter
systems (dopamine, GABA, serotonin) indicating that oxytocin may be rebalancing an
addicted brain through multiple dependent and interdependent mechanisms (Bowen &
Neumann, 2017). Additionally, burgeoning research has exemplified the impact of oxytocin
on social reward alone (Dolen et al., 2013; Hung et al., 2017). Future studies must work to
elucidate the direct interaction of these two reward systems in hopes of understanding how
prosocial behaviors aid in the recovery of those with substance abuse disorders. Adaptations
to current methodologies to provide new information on the neurobiology or function of
oxytocin signaling should include several different approaches. First, continued development
of oxytocin receptor specific pharmaceuticals to determine specificity of the neuropeptide
will aid understanding the neurobiology and treatment approaches. Second, adaptation of
intranasal oxytocin as route of administration will add consistency with addiction studies in
humans, which will directly increase the translational relevance of the basic science models
(Ditzen et al., 2009; Guastella et al., 2010; Pedersen et al., 2013). And, third, recent
technological advances in viral mediated gene transfer approaches will increase
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understanding brain region specific roles (through receptor over expression or knockdown)
and functional circuitry (through optogenetics and/or chemogenetics) of oxytocin from a
basic science level.
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Fig. 1.
Oxytocin decreased the breakpoint for cocaine self-administration in female rats. # Females

significantly greater than males. *Significantly reduced relative to vehicle-treated animals of
the same sex vehicle.
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Fig. 2.

Dgily oxytocin administered following extinction sessions deceased cue-induced
reinstatement of cocaine seeking. Vehicle-treated animals received daily saline injections,
Oxy Pre animals received oxytocin (1 mg/kg) before the extinction session and Oxy Post
animals had oxytocin after the session. On test days rats were injected with vehicle or
oxytocin. *Significant difference between oxytocin and vehicle treatments.
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Fig. 3.
Oxytocin infused into the STN deceased cued-induced reinstatement of cocaine but not

sucrose seeking. Vehicle or oxytocin was infused into the STN before reinstatement testing.
Images depict the terminal point of the injectors used to infuse compounds, with numbers
next to brain sections detailing the distance in mm to Bregma. *Significantly decreased
compared to vehicle.
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Fig. 4.
Oxytocin decreased cued reinstatement of heroin seeking. *Significant difference between

vehicle and oxytocin treatments.
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