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Abstract

Oxytocin (OT) has gained considerable interest in recent years as a potential treatment for 

alcoholism and other substance use disorders. Evidence continues to mount that OT administered 

either centrally, peripherally or intranasally can decrease ethanol intake in both humans and animal 

models. The potential mechanisms for the ability of OT to decrease ethanol reward, and 

importantly, cue- and stress-induced ethanol relapse, are explored by reviewing the specific 

neuronal circuits involved in mediating these actions and their sensitivity to OT. In addition to 

dopamine neurons that project from ventral tegmental area (VTA) to nucleus accumbens (NAc) to 

signal positively reinforcing events, OT receptors (OxTR) are also expressed by dopamine neurons 

that project from VTA to brain regions that can convey aversive properties of a stimulus. 

Moreover, OxTR are expressed by non-dopaminergic neurons in the VTA, such as GABA and 

glutamate neurons, which can both modulate the activity of dopamine VTA neurons locally (in 

opposite directions) or can project to other brain regions, including the NAc, where it can alter 

either positive reinforcement or aversion caused by ethanol. The ability of OT to regulate limbic 

circuitry and the hypothalamic-pituitary-adrenal axis is discussed as a potential mechanism for the 

ability of OT to inhibit ethanol-induced negative reinforcement. Together, understanding the 

diversity and complexity of OT regulation of ethanol reward may contribute to more effective use 

of OT as pharmacotherapy for alcohol use disorder.
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Oxytocin (OT)1 has emerged in recent years as a potential treatment for alcoholism [see Lee 

and Weerts 2016]. OT decreased alcohol withdrawal symptoms, cravings and intake, both in 
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humans [Pedersen et al., 2013; Mitchell et al., 2016; Hansson et al., 2018] and animals 

[Bowen 2011; Peters et al., 2012; MacFadyen et al., 2016; King et al., 2017; Stevenson et 

al., 2017a; Hansson et al., 2018; King & Becker, 2019; Tunstall et al., 2019]. Although there 

is face validity to the concept that a critical signal for social reward would effectively treat a 

substance use disorder that impairs social relationships [Vungkhanching et al., 2004; 

Caspers et al., 2005], the mechanisms for OT inhibition of ethanol craving and intake are not 

yet understood. In this review, we focus on potential mechanisms of OT regulation of 

ethanol reward and intake via an action at the OT receptor (OxTR), as well as evidence for 

dysregulation of these mechanisms by long-term alcohol exposure. Our goal is to evaluate 

the potential of OT treatment for alcohol use disorder (AUD) by providing a mechanistic 

framework for its actions on brain regions that mediate ethanol reward, including neurons in 

the ventral tegmental area (VTA) that project to nucleus accumbens (NAc) and other 

forebrain regions. Also included is OT regulation of brain regions that mediate stress and 

anxiety, since elevated levels of stress and anxiety contribute to increases in ethanol seeking 

and provide a mechanism for ethanol’s negative reinforcing actions. Evidence for ethanol-

induced dysfunction of OT signaling is also summarized in order to support the validity of 

OT pharmacotherapy for AUD, and identify factors that may limit OT efficacy. This 

framework is intended to provide a starting point for understanding potential sites in the 

brain that may contribute to differences in the therapeutic usefulness of OT between patient 

subpopulations, including women, patients experiencing stress or social problems, and 

patients with different alcohol use patterns.

OT is a nonapeptide structurally similar to the hormone vasopressin [see Grinevich et al., 

2015] that can also bind to vasopressin 1A receptors, albeit with 30–300-fold lower affinity 

than for OxTR [Mustoe et al., 2019]. Thus, OT actions at vasopressin receptors may also 

play a part in OT regulation of ethanol intake. The role of vasopressin receptors in ethanol-

related behaviors has recently been reviewed [see Harper et al., 2018], therefore, this review 

will focus on OT actions mediated via OxTR.

Functionally, OT allows for animal species to successfully reproduce and thrive by inducing 

uterine contractions, lactation, and maternal attachments [see Pedersen et al., 1979; Pedersen 

et al., 1982] as well as strengthening of pair-bonding and social attachments [see Young and 

Wang, 2004]. Currently, intranasal (i.n.) OT is used to treat autism, depression, anxiety, 

psychosis, social dysfunction and other neuropsychiatric disorders [see Kirsch, 2015]. The 

presumed efficacy of OT in these disorders is based on an increase in social salience and a 

decrease in stress, both of which are relevant to addiction [see Lee & Weerts, 2016]. In 

addition to these two mechanisms contributing to the efficacy of OT to inhibit ethanol 

intake, the potential exists for a direct inhibition by OT of the neuronal substrates underlying 

the reinforcing properties of ethanol.

1.1 OT Efficacy in Substance Use Disorders

OT decreases drug seeking, withdrawal, and relapse of a number of abused substances 

including amphetamine-like stimulants, opioids, and cocaine [see McGregor and Bowen, 

2012]. OT (40 IU i.n.) decreased stress-induced cravings in marijuana-dependent individuals 

[McRae-Clark et al., 2013] but not in opioid-dependent patients [Woolley et al., 2016]. OT 
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(20 IU i.n.) decreased cue-induced cravings in daily cigarette smokers [Miller et al., 2016], 

but 40 IU i.n. OT did not alter stress-induced cigarette smoking [Van Hedger et al., 2018]. 

Thus, although OT may exert a common action on reward processes shared amongst 

substances of abuse, there are subtle differences in efficacy based on the drug and context of 

drug use. AUD likely provides further unique targets for OT regulation including the 

pharmacologic and caloric properties contributing to ethanol’s positive reinforcement, as 

well as anxiolysis and stress relief contributing to negative reinforcement by ethanol.

1.2 OT Efficacy in AUD

Clinical evidence for OT treatment of AUD has been promising though limited [see Lee and 

Weerts et al., 2016]. A small sample of alcohol-dependent subjects receiving 24 IU (i.n.) OT 

twice daily showed decreased alcohol craving, withdrawal-associated anxiety and need for 

lorazepam dosing, particularly in patients consuming greater than 16 standard drinks per day 

[Pedersen et al., 2013]. However, a second clinical trial using the same dosing regimen failed 

to reproduce OT’s ability to decrease oxazepam use [Melby et al 2019]. This failure was 

attributed to greater inter-individual variability in oxazepam use in the placebo group as well 

as a more heterogeneous sample population in terms of sex, age and a history of severe or 

complicated withdrawal [Melby et al 2019].

Along these lines, OT (40 IU i.n.) decreased cue-induced alcohol craving only in individuals 

with high attachment anxiety [Mitchell et al., 2016] thereby supporting the possibility that 

OT is more effective in specific populations of alcoholic patients. In fact, polymorphisms in 

the OT receptor (OxTR) gene were related to the degree of alcohol-related aggressive 

behavior [Johansson et al., 2012a and b] indicating that some populations of alcohol drinkers 

might possess altered postsynaptic responses to OT. As of yet, no studies have been 

conducted that test OT on ongoing alcohol drinking in humans (e.g. propensity to drink or 

degree of intoxication). In heavy social drinkers, 24 IU OT (i.n.) reduced neural reactivity to 

alcohol-related cues in a number of brain regions [Hansson et al., 2018] but whether this 

effect leads to a decrease in ethanol intake or also occurs in non-alcohol drinking subjects 

was not investigated. It is also unknown whether repeated OT treatment maintains efficacy 

without the development of tolerance, which is critical for its use as long-term treatment in 

alcoholic populations. These questions have been addressed in part by using animal models.

2. OT Inhibition of Ethanol Reinforcement using Animal Models

Using various rodent models of ethanol intake, considerable evidence of OT inhibition of 

ethanol intake has been reported in the past decade. OT (1 mg/kg i.p.) was first found to 

decrease free access ethanol intake in adult rats drinking 4.4% ethanol in a beer vehicle, with 

no effect on water consumption [Bowen et al., 2011]. In mice, OT (10 mg/kg, i.p.) decreased 

ethanol intake by 50% with no effect on water intake [Peters et al. 2012]. Thus, OT seems 

capable of selectively inhibiting ethanol intake without inhibiting fluid intake in general.

2.1 Selectivity of OT inhibition of ethanol intake

A major weakness of these initial studies is that they did not control for the high caloric 

density of ethanol. In addition to OT inhibition of fluid intake [Ryan et al., 2017], the 
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inhibitory effects of OT on caloric intake are well documented [Maejima et al., 2015; 

Iwasaki et al., 2015]. Subsequent studies found doses of OT that decrease ethanol intake 

(0.3–1 mg/kg, i.p.) had little to no effect on calorically equal non-ethanol rewards 

[MacFadyen et al., 2016; King et al., 2017; Tunstall et al., 2019]. Additionally, doses of OT 

that inhibit ethanol consumption (0.3 – 1 mg/kg i.p.) did not cause sedation or locomotor 

impairment in male rats [MacFayden et al., 2016; Tunstall et al., 2019], male mice [King et 

al., 2017], or either male or female prairie voles [Stevenson 2017a]. Moreover, OT 

reductions in ethanol intake were offset by increases in water consumption [King et al., 

2017] further indicating OT at these doses does not decrease fluid intake in general. 

Unfortunately, whether any of these actions were attributable to OT activation of vasopressin 

1A receptors was not tested. A caveat of these studies is that although the purity of oxytocin 

(IU/mg powder) was not always specified in the methods sections of these animal studies, in 

general these doses were much higher per kg body weight compared to the doses used in the 

human studies described above (24–40 IU where 1 IU equals approximately 2 μg pure 

peptide),

2.2 OT inhibition of ethanol intake is centrally mediated

In the above studies, OT was given systemically but was assumed to act centrally by 

crossing the blood-brain barrier in small but physiologically relevant amounts [Neumann et 

al., 2013] or via a feed forward mechanism that increased central OT release [Striepens at 

al., 2013]. However, peripherally, OT may inhibit ethanol intake via an action on vagal 

afferents from the gut. Peripherally administered OT suppressed caloric intake via vagal 

activation of the nucleus tractus solitarius [Iwasaki et al., 2015]. Recent evidence indicates a 

gut-to-brain neural circuit links sensory neurons in the gut, via vagal neurons and the 

nucleus tractus solitarius, to activation of midbrain dopamine (DA) neurons such that 

optogenetic activation of the right vagal sensory ganglion is positively reinforcing [Han et 

al., 2018]. Ethanol activated vagal sensory afferents [Izbeki et al., 2002] and a subset of 

vagal sensory neurons that project from the proximal intestine to the nodose ganglia express 

OxTR [Bai et al., 2019]. Optogenetic activation of these OxTR-expressing sensory neurons 

inhibited caloric intake by over 50% [Bai et al., 2019], thus opening the possibility that OT 

regulates gut-to-brain sensations of ethanol intake via an action on the sensory vagus nerve 

or nodose ganglion. In this way, activation of OxTR in this gut-to-brain circuit might sate 

ethanol intake, similar to other peripheral receptors in the gut that inhibit ethanol intake 

[Godlewski et al., 2019].

Even so, varying the route of OT administration and employing OT analogs that do not cross 

the blood-brain barrier has implicated the importance of a central mechanism for OT 

inhibition of ethanol intake. Intracerebroventricular (i.c.v.) infusion of OT (0.5–30 μg) 

decreased ethanol preference and self-administration in male rats [Peters et al., 2016] and 

alcohol seeking behavior in alcohol-dependent male rats [Hansson et al., 2018] to the same 

extent as i.p., or i.n. routes of administration [Tunstall et al., 2019]. Inhibition of ethanol 

intake by OT (1 mg/kg, i.n.) was not altered by systemic administration (5 mg/kg i.p.) of the 

blood-brain-barrier-impermeable OxTR antagonist L-371,257 [Tunstall et al., 2019]. Along 

these lines, central administration of the blood-brain-barrier-impermeable OxTR agonist 

PF-06655075 (30 μg, i.c.v) inhibited ethanol intake to the same degree as 1 mg/kg OT given 
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either i.p. or i.n. yet 1 mg/kg (s.c.) PF-06655075 did not alter ethanol intake [Tunstall et al., 

2019]. Furthermore, PF-06655075 is an antagonist at vasopressin 1A receptors [Modi et al, 

2018] thereby decreasing the likelihood that OT activation of central vasopressin 1A 

receptors was responsible for inhibition of ethanol intake [Tunstall et al., 2019]. In summary, 

although an action of OT on gut-to-brain signaling has the potential to decrease ethanol 

intake, the evidence supports a centrally-mediated effect of OT to decrease ethanol intake 

that is not confounded by OT-induced sedation, or inhibition of caloric or fluid intake.

2.3 OT inhibition of operant ethanol-seeking behavior

OT inhibition of ethanol intake can occur by either decreasing ethanol reward (i.e., 

decreased motivation to drink) or by increasing ethanol satiation (i.e., a smaller amount of 

ethanol is sufficiently rewarding). The use of different operant schedules of ethanol 

reinforcement can differentiate an effect of OT on motivation vs satiation of ethanol intake. 

Progressive ratio schedules of reinforcement revealed that 0.3 mg/kg, i.p. OT decreased 

breakpoint for ethanol but not sucrose reward [King et al., 2017]. Breakpoint, or the amount 

of work an individual is willing to perform for ethanol reward, is directly related to 

motivation for ethanol reinforcement [King et al., 2017]. Rats made dependent on ethanol 

(via exposure to ethanol vapor) exhibited both higher levels of operant responding for 

ethanol [Hansson et al., 2018; Tunstall et al., 2019] and higher breakpoints [Tunstall et al., 

2019]. OT more potently (0.125–0.25 mg/kg, either i.p. or i.n.) inhibited both operant 

responding and breakpoints for ethanol in alcohol dependent rats compared to nondependent 

rats [Tunstall et al., 2019]. Thus, OT decreases the reward properties of ethanol especially 

when motivation for responding is increased by alcohol dependence.

Successful pharmacotherapy for AUD should decrease the rate of relapse in abstinent 

alcoholics especially during exposure to alcohol-related or stressful situations, both of which 

are major contributing factors to relapse [see Venniro et al., 2016]. The operant self-

administration extinction-reinstatement model measures relapse of drug-seeking behaviors. 

After stable operant ethanol self-administration is established, the animal undergoes 

extinction training during which operant responses are no longer reinforced resulting in very 

low levels of responding (extinction). Relapse of ethanol-seeking behavior is prompted by 

stressful stimuli or by environmental cues that previously signaled drug delivery, such that 

operant responding increases even without ethanol delivery. Cue-induced reinstatement of 

alcohol seeking behavior was decreased by OT (10 nM i.c.v.) but only in alcohol-dependent 

rats [Hansson et al., 2018]. OT (0.5–1.0 mg/kg, i.p.) also decreased stress-induced ethanol 

relapse in rodent models [King & Becker, 2019]. Thus, OT has the potential to prevent 

relapse in abstinent alcoholics triggered by alcohol-related cues or stress.

3. OT Regulation of Mesolimbic Reward Circuitry

The OxTR is expressed in many brain areas that can conceivably regulate ethanol intake [see 

Grinevich 2015] including areas where there is no innervation by OT-containing neuronal 

fibers due to the ability of OT to act by volume transmission [see Ludwig and Leng, 2006]. 

Based on the evidence indicating OT inhibits motivation for ethanol reward, this review will 

focus on OT modulation of brain regions that mediate the positive and negative reinforcing 
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actions of ethanol. OT neurons that originate in the paraventricular nucleus (PVN) and the 

supraoptic nucleus (SON) of the hypothalamus send long-range axonal projections to both 

the VTA and NAc [Sofroniew 1983; and see Grinevich 2015], and both areas possess OxTR 

[Elands et al., 1988; and see Grinevich 2015]. However, it is not known whether the OxTR is 

expressed by cell bodies in those regions or on axonal terminals originating from other brain 

regions. Additionally, the diversity of the neuronal phenotypes in VTA expressing OxTR, 

their projections to multiple brain regions, and the tendency for different firing patterns of 

these neurons to elicit unique behavioral phenotypes add to the complexity of OT regulation 

of ethanol reward.

3.1 VTA DA Neurons

OT inhibition of ethanol intake has been hypothesized to occur via direct stimulation of VTA 

DA neurons projecting to the NAc (Figure 1, Panel A) thus precluding the need for ethanol 

stimulation of those neurons. Certainly, DA neurons are a logical target for OT fibers 

considering that activation of VTA DA neurons that project to NAc has been proposed to 

signal the reward value of both natural (food, sex) and drug reinforcement [see Adinoff et 

al., 2004]. Optogenetic activation of OT fibers projecting to VTA DA neurons enhanced 

social reward, while silencing these fibers decreased social interactions [Hung et al., 2017]. 

A singular known OxTR exists both centrally and peripherally; a Class 1 G-coupled protein 

receptor that is generally coupled via Gq/11 and is excitatory in nature [see Gimpl & 

Fahrenholz, 2001]. Thus, OxTR activation is proposed to excite VTA DA neurons, thereby 

promoting positive reinforcement associated with natural rewards. However, in cell culture, 

OxTR can couple to Gi/o and both stimulate and inhibit inward rectifying potassium currents 

[Gravati et al., 2010]. Thus, although most reports find excitatory actions of OT at the 

cellular level (presumably via Gq), the potential for OT inhibition of neuronal signaling 

exists [Huber et al., 2005; Terenzi & Ingram 2005], and a solely excitatory action of OT on 

VTA DA neurons cannot be universally presumed.

In support of an excitatory action of OT on VTA DA neurons, ICV OT was itself rewarding 

both in operant [Donhoffner et al., 2016] and conditioned place preference assays [Liberzon 

et al., 1997; Kent et al., 2013]. OT microinjection into the VTA increased extracellular DA 

levels in the NAc [Melis et al., 2007] and bath-applied OT increased firing rates of VTA 

neurons, both in lateral VTA and in midline nuclei like the intrafasiclular nucleus [Tang et 

al., 2014; Xiao et al., 2017]. If OxTR activation directly stimulates DA signaling from the 

VTA to NAc to increase positive reinforcement (Figure 1, Panel A), then it is plausible this 

action of OT might preclude the changes in DA firing patterns that modulate craving for 

ethanol reward. Direct structural or physiological evidence of OxTR stimulation of VTA DA 

neurons would strengthen this argument.

The relatively recent availability of OxTR-cre mice has allowed for direct neuroanatomical 

evidence of OxTR expression by VTA DA neurons that project to NAc [Peris et al., 2017]. 

However, OxTR were also expressed by DA neurons that project to PFC, subregions of the 

amygdala (AMY) and the lateral habenula (LH). DA projections from VTA to PFC and LH 

were more sensitive to aversive stimuli [Root et al., 2014; Lammel et al., 2011 and see 

Lammel et al., 2014] and electrical stimulation of LH decreased voluntary ethanol intake in 
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rats [Li et al 2016]. Thus, without knowing the relative strength of OxTR activation of NAc 

projecting pathways over LH projecting pathways, the effect of OT on ethanol reinforcement 

is unpredictable. For example, OxTR inhibition of ethanol intake might involve activation of 

VTA to LH pathways to increase the aversive properties of ethanol.

An alternative hypothesis is that OT actually interferes with the mechanism by which 

ethanol stimulates VTA DA neurons. Ethanol directly increased activation of VTA DA 

neurons [Brodie et al., 1990 and 1999] resulting in increased DA levels in NAc [Gonzales & 

Weiss, 1998; Doyon et al., 2005]. This action is mediated, at least in part, by ethanol 

inhibition of KCNK13, a two-pore potassium channel that maintains the negative resting 

membrane potential of VTA DA neurons, such that knockdown of this channel in the VTA 

decreased both ethanol-induced excitation of VTA neurons and binge ethanol intake [You et 

al., 2019]. Chronic ethanol treatment increased both ethanol-stimulated VTA DA activity 

[Brodie, 2002] and mRNA levels for KCNK13 [You et al., 2019] implying alterations of 

resting membrane potential provide a greater target for ethanol’s actions. OT inhibited 

potassium leak currents [Tirko et al., 2018; Singhal et al., 2018] which could interfere with 

this action of ethanol, thereby limiting stimulation of DA neurons and thus positive 

reinforcement. In support of this hypothesis, OT blocked ethanol-induced increases in DA 

release in NAc [Peters et al., 2016]. Thus, evidence exists for both OT stimulation of VTA 

DA neurons (which would reduce ethanol intake via a “satiety-type” mechanism) as well as 

OT blockade of ethanol-induced activation of VTA DA neurons (which would directly 

interfere with ethanol reward).

3.2 VTA GABA Neurons

The scenario is further complicated when OxTR regulation of non-DA neuronal phenotypes 

in VTA are considered. Although OT directly increased the firing rate of medially-located 

VTA DA neurons, at the same time OT decreased the firing rate of more lateral midbrain DA 

neurons [Xiao et al., 2017]. This latter effect occured via OT stimulation of inhibitory 

GABA interneurons that express OxTR such that the relative magnitude of these two 

mechanisms was biased towards excitation of VTA DA neurons yet inhibition of nigral DA 

neurons [Xiao et al., 2017]. Thus, OxTR regulation of DA neurons must also take into 

account the potential for functional expression of OxTR by GABA interneurons in the VTA 

(Figure 1 Panel B). VTA GABA neurons regulate both reward- and aversion-related 

behaviors via both local interneurons as well as GABAergic projections from the VTA to the 

NAc [see Creed et al., 2014]. Activity of local VTA GABA transmission was decreased by 

acute exposure to ethanol thereby contributing to ethanol-induced increases in VTA DA 

firing [Gallegos et al., 1999], but GABA signaling was increased by stress, aversive stimuli 

and drug withdrawal [Jhou et al., 2009]. OT may alter GABA neuronal activity and hence 

ethanol-induced changes in DA firing pattern to affect ethanol-seeking behavior. Thus, a 

more complicated scenario exists for OT regulation of ethanol-induced changes in VTA DA 

firing if local and projecting populations of VTA GABA neurons express OxTR (Figure 1 

Panel B). The relative expression of OxTR by VTA GABA and DA phenotypes will 

determine whether OT ultimately decreases or increases DA output to NAc.
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3.3 VTA GLU Neurons

In addition to DA projection neurons and GABA interneurons/projection neurons, the VTA 

also contains a population of GLU neurons [Hnasko et al., 2012; and see Morales & Root, 

2014]. The neuronal phenotypes and axonal projections of VTA neurons differ according to 

anatomical location, with DA neurons more laterally and GLU and GABA neurons 

predominating in medial interfascilular and rostrolinear nuclei [see Ikemoto, 2007; Pupe & 

Wallen-Mackenzie, 2015]. GLU neurons are both interneurons and projection neurons 

targeting medial shell of NAc and other limbic structures [Dobi et al., 2010; Omelchenko et 

al., 2009; Yamaguchi et al., 2011; Taylor et al., 2014]. Neuroanatomical studies using 

OxTR-cre mice provided direct evidence of OxTR expression by both VTA DA and GLU 

neurons, however less than 10% of OxTR-expressing neurons in the VTA exhibited tyrosine 

hydroxylase staining in male mice [Peris et al., 2017]. Instead, about 50% of OxTR-

expressing VTA neurons colocalized with vGlut2 mRNA, a marker for GLU, particularly in 

medial VTA [Peris et al., 2017]. Exogenous application of OT increased firing rate of VTA 

neurons both in lateral and medial regions but 76% of VTA neurons were OT-sensitive in 

interfascicular nucleus compared to only 28% in lateral areas [Tang et al., 2014]. OT (i.c.v.) 

increased firing rates of neurons in the medial NAc shell [Moaddab et al., 2015]. Together 

these findings indicate medial VTA neurons that project to medial NAc shell (and are more 

likely to be GLU neurons) exhibit significant OT sensitivity.

VTA GLU neurons play an important role in mediating both positive and negative hedonic 

value of a stimulus. VTA GLU neurons increased their firing rates in response to aversive 

airpuff, sucrose reward and in some cases, both, suggesting that VTA GLU neurons are 

heterogenous in function [Root et al 2018a]. In support of this heterogeneity, optogenetic 

activation of VTA GLU interneurons [Wang et al., 2015] as well as VTA GLU projection 

neurons [Yoo et al., 2016] was positively reinforcing under specific circumstances, while the 

same groups have found that activation of VTA GLU neurons was aversive [Qi et al., 2016; 

Yoo et al., 2016]. The duration of optogenetic activation was critical such that shorter 

stimulations were positively reinforcing but longer stimulations were aversive. During real 

time place preference experiments, mice avoided remaining in a compartment if it resulted 

in continuous activation of VTA GLU neurons and yet they persisted in entering that 

compartment [Qi et al., 2016; Yoo et al., 2016]. Similarly, mice operantly responded to halt 

continuous optogenetic activation of VTA GLU neurons [Qi et al., 2016] even though they 

learned to nose-poke for 1-sec stimulation [Yoo et al., 2016]. Taken together with the 

complexities of OxTR regulation of VTA projections to areas mediating aversion, it is likely 

that exogenously applied OT may have mixed effects on ethanol reward depending on the 

distribution of OxTR on specific neuronal phenotypes residing within discrete neural 

circuits. To make this even more complicated, this distribution is likely plastic and 

dependent on experience. Thus, if OxTR resides more abundantly on VTA GLU neurons vs 

DA neurons [Peris et al., 2017], it is possible OT may produce aversion rather than positive 

reinforcement depending on the extent to which OT excites/inhibits VTA GLU neurons and 

whether this GLU:DA ratio persists across gender, species and group housing conditions.

The consequences of OxTR regulation of GLU levels in NAc are relevant to alcohol seeking. 

Basal levels of extracellular GLU in NAc were increased after binge ethanol exposure which 
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was related to increased motivation for ethanol self-administration [Li et al., 2010; Griffin et 

al., 2014; Pati et al., 2016]. Drugs, including OT, that alter the levels of GLU in NAc 

decreased reinstatement of ethanol self-administration [Das et al., 2015; Stennett et al., 

2017; Weber et al., 2018]. Thus, OxTR regulation of GLU neurons that project to NAc from 

either VTA or other forebrain areas [Tan et al., 2019] provides a potential mechanism for OT 

inhibition of ethanol self-administration. However, possible aversive properties caused by 

OT overstimulation of VTA GLU neurons may complicate this scenario and impact ethanol 

reward in unpredictable ways.

In summary, OxTR regulation of VTA signaling of ethanol reward might include: 1) a direct 

action on VTA DA neurons that project to NAc, PFC, LH, or amygdala; 2) indirect effects 

on VTA DA neurons via GLU and GABA interneurons in the VTA; or, 3) direct actions on 

GLU and GABA VTA neurons that project to NAc or other regions (Figure 1, Panel C). It 

must be noted that co-release of these neurotransmitters is also evident: subpopulations of 

VTA neurons that project to NAc release both GLU and DA [Hnasko et al., 2010] while 

VTA projections to the LH release both GABA and GLU [Root et al., 2018b]. Additionally, 

for most of these neuronal phenotypes, it is not yet known whether OxTR are located on 

dendrites, soma or axon terminals, and whether this differs across VTA phenotypes or 

projection targets. Continued electrophysiological characterization of OT regulation of 

cellular function in VTA and target regions, such as that described above [Tang et al., 2014; 

Xiao et al., 2017] is required. Clearly, the OxTR-expressing VTA neuronal circuitry 

illustrated in Figure 1 includes only a small subset of the potential targets of OT throughout 

the brain that might regulate ethanol intake and reinforcement. Even so, it provides an 

example of the potential complexity of that regulation.

3.4 NAc Neurons

OT also regulates activity of medium spiny neurons in the NAc. OxTR density was greater 

in NAc compared to VTA [Dumais et al., 2013], where OxTR might be located on axonal 

projections from VTA and PFC, or on NAc medium spiny neurons or interneurons. ICV OT 

increased firing rate of medium spiny neurons in the medial shell of NAc but not 

interneurons [Moaddab et al., 2015] could have been due to a direct action on those neurons 

or mediated via activation of OxTR on GLU terminals that synapse onto medium spiny 

neurons. Direct infusion of OT into NAc inhibited drug seeking behavior [Ibragimov et al., 

1987; Weber et al., 2018] and although a presynaptic action of OT on GLU afferents to NAc 

was proposed, a direct effect on NAc neurons was not eliminated [Weber et al., 2018]. 

Overexpression of OxTR by cell bodies in NAc reduced ethanol preference, ethanol intake 

and reinstatement of ethanol conditioned place preference [Bahi, 2015; Bahi et al., 2016]. 

However, D1- and D2-expressing GABAergic medium spiny neurons in NAc exhibit 

opposing actions on positive reinforcement and it is not clear which subpopulation of NAc 

neurons targeted by the lentivirus was responsible for inhibition of ethanol reward.

4. Other Potential Mechanisms for OT Regulation of Ethanol Intake

A number of other actions of OT might alter the physiological or behavioral effects of 

alcohol resulting in decreased ethanol intake. For example, OT (1 μg, i.c.v.) blocked ethanol-

Peris et al. Page 9

Neuropharmacology. Author manuscript; available in PMC 2021 July 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



induced motor impairment while having minimal effects on righting reflex or open field 

activity when given alone [Bowen 2015]. However, one would expect that limiting ethanol 

impairment with OT would allow for higher ethanol intake not vice versa. OT (0.2–0.4 

mg/kg, i.p.) administration prior to daily ethanol injection (2 or 4 g/kg) inhibited the 

formation of tolerance to the hypothermic, myorelaxant and locomotor impairing actions of 

ethanol [Szabo et al., 1985; Jodogne et al., 1991]. At these doses, OT did not alter wire-

hanging or locomotor activity after a saline injection and did not affect impairment of these 

behaviors after the first ethanol injection. However, after the 5th ethanol injection, vehicle-

injected mice exhibited much less impairment of motor behavior while OT-injected mice 

continued to be incapacitated [Jodogne et al., 1991]. By blocking development of tolerance, 

individuals should have less need to escalate ethanol consumption to achieve the same 

physiological response over repeated ethanol drinking sessions [see Sarnyai & Kovacs, 

2013]. Whether OT can reverse tolerance after it has developed, (as opposed to blocking its 

development) has yet to be tested.

4.1 Anxiolytic and anti-stress effects of OT

The anxiolytic actions of OT [Windle et al., 1997; Frazier et al., 2013; László et al., 2016] 

may decrease the intensity of ethanol withdrawal thereby decreasing the potential for 

negative reinforcement by ethanol [see Koob, 2013]. OT injections decreased withdrawal 

symptoms in ethanol-dependent mice [Szabo et al., 1987] and blocked enhanced motivation 

for ethanol intake in alcohol-dependent rats [Tunstall et al., 2019]. Similarly, OT may help 

normalize ethanol-induced dysregulation of the stress response, thereby eliminating another 

factor that might contribute to the negative reinforcing properties of ethanol. Withdrawal 

following heavy drinking in humans decreased adrenocorticotropic hormone (ACTH) and 

increased plasma cortisol levels under basal conditions [Dai et al., 2002 and 2007; 

Gianoulakis et al., 2003] while decreasing both the ACTH and cortisol responses to stress 

[Dai et al., 2007]. Further, the extent of the blunted cortisol response to stress and alcohol-

related cues predicted a greater risk of alcohol relapse in alcohol dependent patients 

[Junghanns et al., 2003 and 2005; Sinha et al., 2011]. In rats, basal corticosterone levels 

were increased by 7 days of ethanol vapor [Rivier et al., 1984] and the ACTH response to 

corticotropin-releasing hormone (CRH) or electric shocks was decreased [Rivier et al., 

1990]. Repeated involuntary ethanol exposure for 5–7 weeks caused a long-lasting loss of 

inhibitory regulation of CRH-sensitive neurons in the central nucleus of the amygdala 

[Herman et al., 2016], persistently increased peak plasma corticosterone, and increased 

anxiety-like behaviors and ethanol intake [Somkuwar et al., 2017]. Ethanol-dependent rats 

exhibited fewer CRH neurons as well as decreased CRH mRNA in PVN which returned to 

normal after 2 months of withdrawal [Silva 2002b]. Thus, dysregulation of the HPA axis 

under both basal and stimulated conditions may ultimately contribute to the anxiogenic 

phenotype of abstinent alcoholics, inappropriate responses to external stressors, and greater 

negativereinforcing properties of further ethanol intake.

OT acts as a regulator of physiological and psychological stress [Smith et al., 2015] 

decreasing physiological alterations induced by stressors [Krause et al., 2011; Bülbül et al., 

2011; Peters et al., 2014]. Both peripheral and central administration of OT, as well as 

chemogenetic activation of PVN OT neurons, decreased glucocorticoid release [Windle et 

Peris et al. Page 10

Neuropharmacology. Author manuscript; available in PMC 2021 July 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



al., 1997; Mantella et al., 2003; Ring et al., 2006; Blume et al., 2008; Grund et al., 2019]. 

Conversely, decreasing OT signaling with receptor antagonists [Mantella et al., 2003; 

Neumann et al., 2000a and b] or OT gene knockout [Amico et al., 2004; Mantella et al., 

2003] increased glucocorticoid secretion. Thus, OT can potentially lower alcohol-induced 

elevations in basal cortisol levels and normalize the response of the HPA axis to stress. 

Accordingly, stress-induced reinstatement of ethanol intake was decreased by systemic 

injection of OT in both male and female rodents [Hansson et al., 2018; King and Becker, 

2019]. The possibility that OT can also restore the blunted cortisol response to ethanol cues 

and stress in alcohol dependent patients should be further investigated.

Additionally, OT inhibited conditioned fear responses by activating local GABAergic 

inhibition of the central nucleus of the amygdala [Huber et al., 2005; Knobloch et al., 2012]. 

OT also blunted alcohol-related alterations in amygdalar GABAergic transmission which 

was proposed to be the mechanism for decreasing escalated ethanol intake in withdrawn 

animals [Tunstall et al., 2019]. A study of ethanol intake after social defeat stress [Anacker 

et al., 2014b] found dominant voles drank less ethanol than subordinate voles and the voles 

showing the most dominant behavior exhibited the highest numbers of PVN OT neurons 

with Fos immunoreactivity. These data indicate that dominant behavior increases OT 

signaling ultimately resulting in less ethanol intake. If OT decreases the psychological and 

physiological effects of stress, the need to drink may be reduced.

5. Regulation of OT signaling by long term ethanol intake

The ability of chronic ethanol exposure to disrupt OT signaling may contribute to a number 

of factors that may increase the risk of developing AUD such as enhanced stress responses 

or social deficits. If there is a deficit in OT production or release in alcoholics, then OT 

replacement therapy should exhibit significant efficacy. However, if at the same time OxTR 

signaling becomes dysfunctional after long term ethanol exposure, this could limit the 

efficacy of exogenous OT treatment for AUD.

5.1 Ethanol-induced impairment of OT signaling

Long-term alcoholics exhibited a loss of magnocellular OT neurons [Sivukhina et al., 2006]. 

Ethanol-dependent rats had fewer PVN OT neurons, however, OT mRNA levels were 

unchanged [Silva et al., 2002a]. Prairie voles given 7 weeks of either intermittent or 

continuous ethanol intake had fewer OT neurons in anterior PVN but not posterior PVN 

[Stevenson et al., 2017b]. As little as one week of voluntary ethanol drinking decreased the 

number of OT neurons in PVN of both male and female prairie voles with no change in 

vasopressin cells [Walcott & Ryabinin, 2017 and 2019]. Thus, both short term and long term 

repeated ethanol exposure decreases OT in the PVN providing a potential mechanism for OT 

as replacement therapy in alcoholics.

Postsynaptically, evidence for regulation of OxTR expression is mixed. OxTR mRNA was 

increased in ventral striatum of alcoholics [Hansson et al., 2018], but not in cortical and 

subcortical regions (including VTA, NAc and PFC) in post-mortem tissue from men with 

AUD [Lee et al., 2017]. In rodent models, OxTR mRNA was decreased in a number of brain 

regions including NAc during the first few days of alcohol withdrawal but both OxTR 
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mRNA and immunoreactivity in PVN and SON was increased 3 weeks later [Hansson et al., 

2018]. On the other hand, surface expression of OxTR in hypothalamus of adult male rats 

was decreased by intermittent ethanol treatment (4 g/kg via gavage every 48 hrs) during 

adolescence [Dannenhoffer et al., 2018] indicating that ethanol-induced downregulation of 

OxTR might be long lasting under certain circumstances. Thus, ethanol-induced changes in 

OxTR appear to occur in both a time-dependent and region-dependent fashion. Further 

elucidation of cell specific alterations in post-synaptic OxTR signaling during and after 

ethanol exposure is critical for understanding whether neuronal circuits important for 

regulating the reinforcing actions of ethanol will exhibit decreased sensitivity to OT, thereby 

limiting its clinical efficacy. At the same time, understanding how OxTR expression is 

altered by chronic ethanol exposure, particularly in specific subpopulations of VTA neurons, 

might shift the valence of OT from stimulation of DA neurons (and positive reinforcement) 

to inhibition via an increased action on GABA or GLU VTA neurons (and aversion). Such 

information would shed light on the pathophysiology underlying ethanol-induced social 

impairment.

5.2 Ethanol-induced Social Dysfunction

OT inhibition of addictive behaviors is proposed to involve reinforcement of social rewards 

that out-competes drug-induced rewards [see Sarnyai & Kovacs, 2013]. Isolated housing 

conditions increased the magnitude of social reward and at the same time, decreased drug 

reward [Yates et al., 2014]. Repeated exposure to amphetamine inhibited the formation of 

partner preference in female prairie voles, and central infusion of OT reversed that deficit 

[Young et al., 2014]. If repeated ethanol exposure decreases OT signaling, then social reward 

and its ability to inhibit drug seeking behavior may be diminished in subjects with AUD.

Ethanol-induced decreases in OT signaling may interfere with the normal behavioral and 

physiological reactions to social interaction (e.g., loss of OT-mediated positive 

reinforcement caused by social contacts) which may further contribute to negative affect and 

enhanced ethanol seeking. The negative affective state caused by ethanol-induced loss of OT 

signaling may be more subtle than the overt anxiogenesis caused by ethanol withdrawal. For 

example, OxTR gene knockout mice showed relatively little evidence of an anxiogenic 

phenotype but did exhibit deficits in maternal and social behaviors [Takayanagi et al., 2005; 

Lee et al., 2008; Horie et al., 2019]. In male prairie voles, ethanol hindered social bonding 

while females experienced an increase in partner preference [Anacker et al., 2014a; Walcott 

& Ryabinin, 2017]. Involuntary repeated ethanol exposure decreased social interaction but 

not social novelty in male DBA mice with no effect in C57 mice [Sidhu et al., 2018]. Daily 

binge ethanol intake decreased conditioned social preference in both male and female C57 

mice without altering either social interactions or social novelty [Peris et al., 2019].

A fairly large body of research has been conducted on the effects of repeated ethanol 

intoxication during adolescence [see Spear 2018 for review] finding alterations in OT 

signaling to reward pathways [Dannenhoffer et al., 2018] with social deficits that may last 

into adulthood [Kim et al., 2019]. Intermittent ethanol exposure during adolescence 

decreased social interactions during adulthood in male rats and this deficit was reversed by 

treatment with the OT agonist WAY-267464 in a dose-related manner [Dannenhoffer et al., 

Peris et al. Page 12

Neuropharmacology. Author manuscript; available in PMC 2021 July 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



2018]. OT treatment during adolescence had long term anxiolytic effects which paralleled a 

decrease in ethanol consumption behaviors [Bowen et al., 2011]. Thus, behavioral evidence 

supports a deficit in OT signaling caused by repeated ethanol exposure that can be persistent, 

especially if ethanol exposure occurs during adolescence. OT pharmacotherapy may be 

particularly effective in these patient populations.

6. Sex-related Differencesin OT Signaling

Individual differences in the efficacy of OT to treat AUD are likely, based on a number of 

factors. The mesolimbic reward circuitry may be differentially sensitive to OT across patient 

populations. The amount of OxTR in NAc varied by sex and estrus cyclicity [Dumais et al., 

2013] indicating the likelihood of sex differences in OT inhibition of ethanol reward. There 

were sex differences in the actions of OT on caloric intake and locomotor activity in rats 

[Zhou et al., 2015], both of which could contribute to OT inhibition of ethanol intake. The 

reproductive status of females is also likely to contribute variability to OT efficacy. The size 

of OT neurons in SON was increased in pregnant rats and the number of fibers from OT 

neurons innervating the amygdala was increased in lactating rats, both compared to virgin 

females [Knobloch et al., 2012]. OxTR mRNA expression was elevated in pregnant rats 

compared to virgins [Young et al., 1997]. Virgin rats with intermittent ethanol access 

decreased daily intake upon becoming pregnant [Brancato et al., 2016]. After weaning, both 

ethanol intake and OxTR levels of the dam returned to normal.

As discussed in Section 3, the expression of OxTR by DA, GABA and GLU VTA neurons 

that project to multiple forebrain targets provide the basis for OT to exert biased modulation 

of VTA output. Variance in the number or location of OxTR expressed on these different 

VTA subpopulations can shift the bias from OT excitation to OT inhibition of mesolimbic 

output. Similarly, OT has the potential to exert both direct and indirect actions on MSNs in 

NAc. The nature or degree of these biases may differ depending on sex, genetic background, 

drug exposure, or social and familial conditions.

Certain populations may be more or less susceptible to ethanol-induced deficits in OT 

signaling. OT knockout increased anxiety in female but not male mice [Mantella et al., 

2003]. In marmosets, manipulation of OxTR activity altered stress-induced changes in 

cortisol levels in a sex-dependent manner [Cavanaugh et al., 2016]. Ethanol impaired partner 

preference in prairie voles only if the male was intoxicated but not when both partners or 

only the female were impaired [Walcott & Ryabinin, 2017 and 2019]. Adolescent ethanol 

exposure decreased social interactions only in males [Dannenhoffer et al., 2018]. A greater 

ethanol-induced deficit in OT function underlying the formation of partner preference might 

predispose males to higher sensitivity to exogenous OT “replacement”. Similarly, greater 

HPA dysfunction in heavy alcohol drinking middle-aged males [Gianoulakis et al., 2003] 

might provide for greater OT normalization of HPA function. On the other hand, female 

alcoholics had more pronounced decreases in plasma ACTH levels after the age of 45 years 

old [Gianoulakis et al., 2003].
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7. Summary

Relapse of alcohol use in abstinent alcoholics is a prime target for development of 

pharmacotherapies, including the major contributing factors to relapse: drug, environment, 

and stress cues that promote drug craving [Venniro et al., 2016]. OT decreases ethanol 

intake, cue-induced ethanol cravings and withdrawal-induced anxiety/stress. The similarity 

in the effects of intranasal OT and acute ethanol consumption on a number of emotional, 

cognitive and social behaviors in both animals and humans initially led to the proposal that 

OT may act as a replacement for ethanol [see Mitchell et al., 2015]. The findings presented 

above support that: 1) OT stimulation of DA reward circuitry may preclude craving for 

ethanol-induced stimulation of DA neurons; and, 2) OT-induced anxiolysis or stress relief 

precludes ethanol negative reinforcement. However, other evidence indicates a number of 

molecular actions of OT on specific neuronal populations that directly decrease ethanol’s 

reinforcing actions. In either case, variability in patient populations (e.g., sex, heavy 

drinking history) contribute to different relapse susceptibilities caused by ethanol exposure, 

anxiety, stress and environmental cues, which may be linked to alterations in OT signaling 

[see Bisagno & Cadet 2014]. Thus, a more complex scenario may exist. OT regulation of 

VTA neurons mediating ethanol reward likely depends on the phenotype and projection 

target of OxTR-expressing neuronal subpopulations, the excitatory/inhibitory nature of the 

OxTR-linked second messenger system, and co-release of GLU and/or GABA, either alone 

or with DA. A better understanding of the cellular location, density and activity of OxTR in 

specific VTA neuronal phenotypes and how they are affected by repeated ethanol exposure 

will prove insightful for understanding the potentially complicated effects of OT on ethanol 

reward. This complexity is likely related to the greater efficacy of OT in specific alcoholic 

patient populations e.g. those with high attachment anxiety [Mitchell et al., 2016] or heavy 

social drinking [Hansson et al., 2018]. Even more intriguing is evidence that voluntary 

abstinence by choosing social interaction over drug-taking behavior prevents drug seeking 

over the long term [Venniro et al., 2019]. Thus, the finely tuned regulation of neuronal 

activity caused by socially-induced increases in OT signaling may have greater efficacy than 

exogenous OT in decreasing alcohol relapse.

Although there are still gaps in the literature that might help to mitigate individual variability 

in OT efficacy for treating AUD, OT is proven to be an important regulator of a number of 

brain regions mediating the reinforcing properties of ethanol, including both DA and non-

DA VTA neurons that project to numerous forebrain areas involved in ethanol reward. The 

ratio of direct and indirect effects of OxTR on VTA reward signaling is yet unknown, as is 

the exact nature of OxTR regulation of VTA neuronal subpopulations that project to regions 

mediating ethanol aversion. In addition to further studies to discern the nuanced mechanisms 

for OT regulation of reward circuitry, more clinical studies are needed to identify specific 

populations of alcoholics that demonstrate favorable therapeutic actions of OT. Once a better 

understanding of the factors contributing to OT sensitivity are better characterized, OT is 

likely to become an effective pharmacotherapy for treating AUD.
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Highlights:

• Oxytocin inhibits ethanol intake in human and animal models

• Oxytocin receptors are expressed by multiple neuronal phenotypes in the 

ventral tegmental area

• Oxytocin receptors can activate VTA circuitry mediating either reward or 

aversion

• Long term alcohol intake can down-regulate oxytocin signaling

• Evidence suggests high potential for individual variation in OTR regulation of 

VTA circuitry
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Figure 1. 
A schematic diagram of the neuronal phenotypes comprising the VTA and possible sites of 

OxTR action. Panel A: Current models of OxTR regulation of VTA neurotransmission 

assumes a direct action on DA neurons that originate in VTA and project to NAc to cause 

positive reinforcement. However projections of VTA DA neurons to other forebrain regions 

may mediate aversion. Panel B: OxTR are expressed by GABA interneurons in the VTA that 

inhibit firing of DA neurons thereby inhibiting positive reinforcement. Panel C: OxTR are 

expressed by GLU neurons that project locally, to NAc or to other regions. Additionally 

VTA GABA neurons also project to NAc and other forebrain regions. Abbreviations: 

prefrontal cortex (PFC), lateral habenula (LH), and amygdala (AMY).
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