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Substance use disorders in humans have significant social influences, both positive
and negative. While prosocial behaviors promote group cooperation and are naturally
rewarding, distressing social encounters, such as aggression exhibited by a conspecific,
are aversive and can enhance the sensitivity to rewarding substances, promote the
acquisition of drug-taking, and reinstate drug-seeking. On the other hand, withdrawal
and prolonged abstinence from drugs of abuse can promote social avoidance
and suppress social motivation, accentuating drug cravings and facilitating relapse.
Understanding how complex social states and experiences modulate drug-seeking
behaviors as well as the underlying circuit dynamics, such as those interacting with
mesolimbic reward systems, will greatly facilitate progress on understanding triggers of
drug use, drug relapse and the chronicity of substance use disorders. Here we discuss
some of the common circuit mechanisms underlying social and addictive behaviors
that may underlie their antagonistic functions. We also highlight key neurochemicals
involved in social influences over addiction that are frequently identified in comorbid
psychiatric conditions. Finally, we integrate these data with recent findings on (+)3,4-
methylenedioxymethamphetamine (MDMA) that suggest functional segregation and
convergence of social and reward circuits that may be relevant to substance use disorder
treatment through the competitive nature of these two types of reward. More studies
focused on the relationship between social behavior and addictive behavior we hope will
spur the development of treatment strategies aimed at breaking vicious addiction cycles.

Keywords: social defeat, serotonin, kappa opioid receptor, social isolation, substance use disorders, hyperkatifeia

INTRODUCTION

Perhaps the strongest environmental influences over mammalian behavior are social cues and
contexts. Prosocial interactions occur in nearly all mammalian species and are critical for
development, survival, and reproduction. Interactions within a group facilitate cooperation
to achieve common goals, such as finding food or mates, and can be major determinants
of an individual’s ultimate success and fitness. Thus, the neural mechanisms that mediate
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prosocial behaviors have likely been evolutionarily conserved and
involve circuits that modulate a range of motivated behaviors.
While positive prosocial behaviors facilitate group motivation
for procuring life-saving resources, social experience of negative
valence can disrupt group dynamics and lead to pathological
behaviors that impair survival.

Social environmental influences are strongly correlated
with vulnerability to numerous neuropsychiatric conditions,
including substance use disorders (SUDs). Social isolation and
ridicule are associated with increased drug intake (Aloise-Young
and Kaeppner, 2005; Rusby et al., 2005; Pearson et al., 2006),
whereas strong family ties and social competence are associated
with lower rates of drug use (Barnes and Farrell, 1992; Scheier
et al,, 1999; Barnes et al., 2000). Bullying, physical abuse, and
the resulting psychological trauma are also predisposing factors
for developing SUDs (Back et al., 2000; Niedhammer et al.,
2011). Episodes of such physical violence often occur outside the
drug-taking contest in schools or at the workplace (Niedhammer
et al., 2011). In rodent models, repeated, brief episodes of
social defeat stress (SDS) or prolonged social isolation during
adolescence reliably and robustly escalate consumption of a
variety of drugs, including stimulants and alcohol. In addition,
the potentiating effects of social stress on drug intake are
long-lasting and do not habituate (Covington and Miczek, 2005).
Clearly, social context has a profound effect on the development
and maintenance of SUDs.

On the other hand, the influence of SUDs on social behavior
appears to follow a similar theme. Chronic drug use often results
in social avoidance and self-isolation behaviors that largely
reinforce the initial drug-taking. These alterations in social
behavioral programs are multifaceted, with strong contributions
from negative emotional states produced during drug withdrawal
(a state termed “hyperkatifeia”; Koob, 2021) and the strong
motivation for drug rewards over natural rewards, like social
interaction. These vast changes to the social behavioral state of
an individual are supported by anecdotal and scientific evidence
alike. These observations lead to the prediction that social deficits
resulting from chronic drug use are critical determinants of
continued drug use and relapse. Yet, the neural underpinnings
that drive these changes in social affect are only starting to be
described, despite the potential to serve as a point of therapeutic
intervention.

Understanding the neurobiology underlying both social
behavior and reward-seeking is essential for leveraging the
relationship they have with each other to inform treatment.
Virtually all addictive substances exert their primary actions
by activating mesolimbic dopamine (DA) circuits and inducing
DA release in dorsal and ventral striatal regions (Koob and
Volkow, 2010). As natural rewards, such as food and social
stimuli, also invoke DA activity in these regions, mesolimbic
DA circuitry may serve as a candidate convergence point of
social and reward behaviors. However, social behavior dynamics
are manifold in nature, recruiting many other neural systems
and circuits outside the mesolimbic DA pathway. Understanding
how social reward and drug-reward compete at the neural
circuit and neurochemical levels may be key to applying social
factors to treatment efforts. As emerging data indicate that

positive prosocial interactions can buffer addictive behaviors
and negative emotional states, innovative strategies that boost
sociability, such as therapies focused on social environments or
prosocial drugs like MDMA, are of great interest.

In this review, we briefly discuss this vast neurobiology of
the social brain and identify convergence points where the
interplay of social behaviors and addictive behaviors may be
represented in the brain. We review some of the relevant
literature describing data on how adverse social environments
promote the development of SUDs and how SUDs evoke
maladaptive changes in social behavior. Finally, we synthesize
these ideas together to identify candidate brain mechanisms
that underlie the competitive nature of social and drug-rewards
and could inform novel treatment strategies that consider social
factors, such as the community reinforcement approach.

NEUROBIOLOGY OF PROSOCIAL
BEHAVIORS

Prosocial behaviors constitute a complex set of social interactions
that are essential for development, reproduction, and survival.
However, the inability to experience reinforcement from social
interaction, or “social reward,” is a hallmark feature of
many psychiatric conditions, including SUDs (Chevallier et al.,
2012). Early investigations spanning multiple animal models of
sociability implicate an important role for DA release in the
nucleus accumbens (NAc) in affiliative interactions (Robinson
et al, 2002, 2011; Young and Wang, 2004). Recent work
confirmed these findings by demonstrating that NAc-projecting
ventral tegmental area (VTA) DA neurons show increased
activity during prosocial behaviors and optogenetic activation
of these cells enhanced sociability (Gunaydin et al., 2014).
Considering the general reinforcing nature of DA release
in the NAc, these findings are readily predicted. Whether
DA has a unique function in social reward compared to
other forms of reward is unknown, and whether dopamine
drives social approach or merely reinforces social interactions
remains to be untangled. Nevertheless, its interactions with
other neuromodulators may provide clues to its functions in
social contexts.

Young and Wang (2004) identified a critical contribution of
the neuropeptide oxytocin in the NAc in mediating pair bonding
in prairie voles. The observation that oxytocin potently regulates
pair bonding and other affiliative behaviors led to several studies
describing this phenomenon. Concurrent activation of both
oxytocin and DA D2 receptors in the NAc was found to be
a key mechanism mediating prairie vole pair bonding (Liu
and Wang, 2003). A recent study demonstrated an interaction
between NAc DA and opioid systems in the NAc of prairie
voles in maintaining monogamous pair bonds. Pair bonding
led to increased D1R and dynorphin mRNA expression along
with increased DA release in the NAc, whose signaling mediated
aggression towards novel conspecifics and social avoidance
(Resendez et al., 2016). Interestingly, alterations in kappa opioid
receptor (KOR) function after pair bonding contributed to a
neuroprotective effect against amphetamine reward. In addition
to NAc, oxytocin signaling in other nodes of the mesolimbic
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DA pathway influences sociability. Oxytocin is synthesized
in parvocellular neurons in the paraventricular hypothalamus
(PVN) and these neurons project axons to the NAc and the
VTA, among many other regions. Retrograde tracing with rabies
viruses revealed monosynaptic connections between VTA DA
neurons and PVN oxytocin neurons (Beier et al, 2015). In
rats, direct infusion of oxytocin into the VTA increased DA
signaling in the NAc and blockade of oxytocin receptors in
VTA reduced this effect, as well as pup licking and grooming
by dams (Shahrokh et al., 2010). Moreover, oxytocin action in
the VTA regulates responses to social cues (Abu-Akel et al,
2016; Buffington et al., 2016; Shamay-Tsoory and Abu-Akel,
2016) and social reward (Song et al., 2016; Hung et al., 2017).
Mechanistically, oxytocin promotes social reward by enhancing
NAc-projecting VT A DA cell firing (Song et al., 2016; Hung et al.,
2017; Xiao et al., 2017). Therefore, oxytocin plays a critical role
in promoting social reward by influencing DA activity in the
mesolimbic pathway.

Other important neuromodulatory systems besides DA are
modulated by oxytocin and critically involved in sociability.
The NAc also receives strong inputs from dorsal raphe (DR)
serotonin (5-HT) neurons. The role of 5-HT in reward
processing is complex, with some studies suggesting control
over appetitive responses over long time-scales (Miyazaki et al.,
2014; Fonseca et al., 2015; Xu et al, 2017) and some studies
showing inhibition of 5-HT activity during reward consumption
(McDevitt et al., 2021). As such, 5-HT release is not inherently
rewarding like DA (Liu et al., 2020). Despite this complexity,
5-HT’s contributions to social behavior are becoming more and
more clear. In mice, social reward learning depends on oxytocin
receptor activation in DR 5-HT axons in the NAc (Délen et al.,
2013). Increases in NAc 5-HT trigger long-term depression
(LTD) of excitatory synaptic transmission in NAc spiny neurons
via activation of presynaptic 5-HT1b receptors (Ddlen et al,
2013). Both LTD and social reward are dependent on oxytocin,
as genetic deletion of oxytocin receptors in the 5-HT inputs
to the NAc abolishes these effects (Dolen et al., 2013). These
findings led to the prediction that 5-HT release in the NAc plays
a critical role in sociability. Consistent with this prediction, direct
optogenetic manipulation of DR 5-HT terminals in the NAc
bidirectionally controlled social behavior, which was dependent
on 5-HT1b receptors (Walsh et al., 2018). Similarly, recent
mechanistic data on (&)3,4-methylenedioxymethamphetamine
(MDMA), a drug with strong prosocial effects in humans,
further supports the critical function of 5-HT in sociability
(Heifets et al., 2019). Infusions of MDMA, which results in
large increases in extracellular 5-HT through its actions on the
5-HT transporter (SERT; Green et al., 2003; Hagino et al,, 2021),
led to significant increases in sociability in the three-chamber
task which were blocked by intra-NAc infusions of a 5-HT1b
antagonist, but not by an oxytocin receptor antagonist (Heifets
et al,, 2019). Interestingly, MDMA was also reported to evoke
oxytocin release in the NAc, which in turn further modulated
5-HT release to prolong a developmental critical period for
social reward learning (Nardou et al., 2019). Considering
5-HT release, unlike DA release, in the NAc is by itself not
rewarding (Walsh et al., 2018), the mechanisms by which these

two monoamines influence sociability, despite being similarly
engaged by oxytocin, must be inherently different. To address
this possibility, one recent study used two-color optogenetics
to stimulate different glutamatergic inputs to the NAc while
5-HT or DA were bath applied to NAc slices. Recordings
from D1 spiny neurons revealed that 5-HT induced LTD in
glutamatergic inputs from the basolateral amygdala (BLA),
ventral hippocampus, and paraventricular thalamus (PVT),
but spared inputs from the medial prefrontal cortex (mPFC;
Christoffel et al., 2021). By contrast, DA only induced LTD in
PVT inputs. The effects of 5-HT and DA on LTD of different
inputs was reproduced with MDMA and methamphetamine,
respectively. These discrete physiological effects of 5-HT and
DA provide important clues to how they regulate motivated
behaviors. Considering these were all presynaptic analyses,
we still need data on the postsynaptic effects of 5-HT and
DA, although much more is known about postsynaptic DA
physiology (Lahiri and Bevan, 2020). Deciphering precisely how
DA and 5-HT engage NAc activity to promote social behaviors,
and whether an interaction between them is essential, is subject
to further investigation.

Outside of mesolimbic circuitries, other corticolimbic brain
regions have been implicated in various aspects of sociability.
GABAergic neurons in the posterior dorsal medial amygdala
(MeApd) dynamically tune social behaviors, with low levels
of activity stimulating grooming behaviors and sustained,
high frequency activity evoking voracious aggression (Hong
et al., 2014). This scalable and tunable activity inspires many
hypotheses. For example, the activity-dependent tuning of
behavior intensity predicts the release of neuropeptides or
neuromodulators from these neurons at high levels of activity. As
such, studies have also implicated oxytocin signaling in the MeA
in recognition of conspecifics and global deletion of oxytocin
resulted in a specific deficit in social memory, which was rescued
by infusion of oxytocin into the MeA (Ferguson et al., 2001).
A recent study identified GABAergic Tacl neurons of the MeA
that mediate affiliative touch and consolation behavior directed
towards a distressed conspecific via projections to the medial
preoptic area (Wu et al., 2021).

There is also much evidence for cortical regions in mediating
sociability. Activation of the prelimbic cortex (PL) pyramidal
neurons significantly reduced time spent in exploring a
conspecific in the 3-chamber task and juvenile intruder task
(Yizhar et al, 2011). Building on this study it was found
that activation of a specific subpopulation of NAc-projecting
PL neurons decreased social interaction. Many neurons in the
PL-NAc projection were activated during social investigation in
a context-dependent manner. Consistent with this, manipulating
PL-NAc projections bidirectionally affected interaction time in
a social place preference assay, indicating a unique encoding of
social and spatial environmental coordinates (Murugan et al.,
2017). Similar to the PL, activation of BLA inputs to the NAc
also reduced sociability, without affecting palatable food reward
(Folkes et al., 2020). Interestingly, activation of this pathway
was rewarding, perhaps occluding further reward processing.
Facilitating endocannabinoid signaling in the NAc, which led to
LTD, buffered the effect of ChR2 stimulation.
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Specific subregions of the hippocampus regulate the
formation and storage of social memories. Genetically mediated
inactivation of a small population of CA2 pyramidal neurons
expressing the gene Amigo2 led to a profound deficit in social
memory measured as a deficit in the ability to remember the
interaction with a conspecific with no change in sociability
per se (Hitti and Siegelbaum, 2014). Excitotoxic lesions of the
CA2 resulted in deficits in social memory without affecting
olfactory memory (Piskorowski et al., 2016). Projections from
the supramamillary nucleus (SuM) to the CA2 subdivision
of the hippocampus are strongly activated by novel social
encounters and activation of the SuM-CA2 pathway can drive
exploratory behaviors linked to social novelty (Chen et al., 2020).
One recent study identified direct inputs to CA2 Amigo2 cells
from glutamatergic medial septum neurons that are modulated
by 5-HT sourced from the median raphe (Wu et al, 2021).
Interestingly, social memory was found to require 5-HT-
mediated excitation of medial septal inputs to Amigo2 cells.
These studies identify critical circuit nodes of social memory
that are largely distinct from those that mediate social approach
and reward.

Overall, whether the social circuits that reside outside of
canonical mesolimbic pathways also contribute to social reward,
reinforcement, and motivation, aside from other features of
social interaction dynamics, should be addressed in future work.

NEGATIVE SOCIAL EXPERIENCES AND
DRUG INTAKE

A vast body of literature has documented the influence of a
variety of negative social experiences (social stressors) on the
development of SUDs. In this section, we focus on two major
ethologically relevant social stressors: SDS and social isolation
stress. Both these stressors increase vulnerability to SUDs. Here
we will review the effects of social defeat and social isolation stress
on cocaine, alcohol, and morphine dependence highlighting
relevant literature spanning the neural circuit and molecular
mechanisms by which these stressors enhance vulnerability to
drugs.

SDS and Addiction

There is a complex relationship between mechanisms involved
in coping with negative social experiences and those leading to
escalated drug intake. The effects of social stress on behavior is a
classic inverted U-shaped curve. While mild to moderate forms
of stress energize behavior severe and chronic stress paralyzes
behavior (Sapolsky, 2015). Clinical studies have shown that
for some individuals, moderate alcohol consumption increases
prosocial behaviors (de Wit and Sayette, 2018). However,
studies have also shown that those who consume alcohol to
alleviate social anxiety or in negative social contexts have a
greater likelihood of meeting Diagnostic and Statistical Manual
(DSM-V) criteria of developing an alcohol use disorder (AUD;
Cooper et al, 1992; Sinha, 2001). There is evidence that
stress responsivity and coping strategies are good predictors
of alcohol use in humans (Brown et al, 1990; Gilpin and
Weiner, 2017). SDS is also a potent driver of cocaine use and

relapse to cocaine = seeking in those who are dependent on
cocaine (Wallace, 1989; Sinha, 2001). Traumatic experiences
such as abuse/maltreatment during childhood and domestic
violence increase the likelihood of developing opioid use
disorder (OUD; Lawson et al., 2013). Opioid abuse can also be
perpetuated by continued exposure to traumatic events including
physical violence (Cottler et al., 1992), while OUD patients in
treatment report higher levels of stress than healthy controls
(Hyman et al., 2009).

Animal Models of SDS

An important parameter of preclinical models of SDS is the
timing of the stress episodes. Repeated exposure to stress is
required to produce lasting effects on drug intake in animal
models. Ten consecutive days of episodic or intermittent SDS
leads to reliable escalations in alcohol consumption in both
the continuous access and the intermittent access two-bottle
choice models of alcohol consumption (Newman et al., 2012;
Norman et al,, 2015; Hwa et al., 2016a; Albrechet-Souza et al.,
2017). During episodic SDS, an aggressive physical encounter
is terminated after a fixed duration or number of attacks. Mice
are singly housed between attacks, which occur on consecutive
days. In the chronic SDS model, physical confrontations between
residents and intruders last 5-10 min, following which residents
and intruders are housed next to each other separated by a
perforated plexiglass divider. Chronic SDS typically lasts for
10 days (Golden et al., 2011).

Several studies have examined the effects of repeated episodic
SDS on relapse to alcohol seeking. In one study, Wistar rats were
subjected to five sessions of episodic SDS followed by 9 weeks
of social isolation that resulted in a depressive-like state. These
rats showed increased motivation to obtain alcohol and increased
cue-induced relapse to alcohol seeking, which was reversed by
guanfacine, an FDA-approved alpha-adrenergic agonist (Riga
etal,, 2014). In another study, rats were trained to self-administer
alcohol and were subjected to five SDS episodes occurring
before the self-administration session after stable responding was
achieved. Further, each SDS episode was paired with an odor
cue. Exposure to the odor cue paired with SDS led to a modest
reinstatement of alcohol self-administration (Funk et al., 2005).
This study also found that acute exposure to SDS decreased
alcohol self-administration, reduced rats of responding during
extinction, and failed to reinstate alcohol seeking.

Chronic SDS in male and female C57BL/6] mice also leads
to increased alcohol consumption (Kudryavtseva et al., 1991;
Nelson et al., 2018). In the chronic subordinate colony stress
(CSC) model, several submissive male mice are housed with
a dominant male for days to weeks. Submissive males drink
more alcohol in mice, rats, prairie voles, and squirrel monkeys
(Blanchard et al., 1987; McKenzie-Quirk and Miczek, 2008; Bahi,
2013; Anacker et al., 2014). Furthermore, exposure to both
repeated and chronic SDS leads to profound and long-lasting
deficits in sociability (Golden et al., 2011; Newman et al., 2021).

Similar to alcohol, intermittent SDS accelerates the
acquisition of cocaine intake. Exposure to a single defeat
session leads to enhanced conditioned place preference (CPP)
to cocaine (McLaughlin et al., 2006; Montagud-Romero et al.,
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2015; Tovar-Diaz et al,, 2018). Exposure to five consecutive
SDS episodes also leads to an enhanced rate of acquisition of
cocaine self-administration (Tidey and Miczek, 1997). However,
many of these effects of acute SDS on cocaine reward are absent
in studies that measure the more protracted effects of stress
(Covington and Miczek, 2001; Boyson et al., 2011; Holly et al.,
2016). Some studies have shown that episodic SDS enhances the
rate of acquisition of cocaine self-administration and increases
progressive ratio breakpoints (Covington and Miczek, 2001,
2005; Quadros et al., 2014; Burke and Miczek, 2015). By contrast,
prolonged exposure in a chronic SDS model leads to suppression
of cocaine intake in both male and female rats and also reduces
responding for cocaine in a progressive ratio schedule (Miczek
et al., 2011; Shimamoto et al., 2015), illustrating the inverted U
curve of stress.

Several studies have examined the effects of SDS on extinction
and relapse to cocaine-seeking using a variety of behavioral
procedures. As with alcohol, exposure to environmental cues
paired with SDS leads to reinstatement of cocaine-seeking
(Manvich et al, 2016). The effects of SDS on cocaine
reinstatement can be long lasting with studies reporting
reinstatement of cocaine seeking after 15 days of abstinence
(Covington and Miczek, 2001; Holly et al., 2016). Using the CPP
procedure it has been shown that cocaine not only enhances
cocaine CPP but this enhanced CPP is more resistant to
extinction (Montagud-Romero et al., 2016). These results suggest
that exposure to SDS leads to stronger drug-associated memories
that are resistant to extinction. Further a single session of
SDS reinstated extinguished CPP to cocaine and this required
activation of p38a-MAPK activity in the DR (Land et al., 2009;
Bruchas et al., 2011).

Although endogenous opioid signaling is profoundly
impacted by SDS (Nikulina et al., 2005; Miczek et al., 2008), in
preclinical models SDS causes only a transiently increase opioid
intake (Badiani et al., 2011). Acute SDS reinstates morphine
CPP (Ribeiro Do Couto et al., 2006). Another study indicates
that witnessing SDS without physical contact can enhance the
reinforcing effects of morphine (Cooper et al., 2017). However,
this effect is not long-lasting.

SDS is notoriously difficult to model in females since under
most conditions, neither males nor females want to attack a
female intruder. However, there have been a few recent studies
that have succeeded in modeling SDS in females. In one study,
aggressive female CFW (Carworth Farms Webster) mice were
housed with castrated males for 3 weeks prior to SDS. Under
these conditions, female CFW's were found to aggressively defend
their territory and attack any intruder female introduced into
their home cage. Using this model, Newman et al. (2019) were
able to show that chronic SDS in females enhances alcohol
consumption in both the continuous and intermittent access
procedures. One recent study used the vicarious SDS model
where female C57BL/6] mice vicariously experience the defeat
episodes between a CD1 male and a male conspecific for
10 consecutive days. Females that underwent vicarious SDS
displayed signs of increased anxiety and depressive like behavior
including anhedonia and deficits in social interaction (Iniguez
et al., 2018).

Finally, there have been a handful of studies examining
the effects of social stress during adolescence and drug-taking.
Adolescent SDS can also significantly escalate drug-seeking and
taking (Hoffmann et al., 2000; Tharp-Taylor et al., 2009). Brief
episodes of SDS in adolescence were sufficient to increase the
breaking point for cocaine in a progressive ration schedule
of drug reinforcement and enhance cocaine intake during a
24 h continuous access binge (fixed-ratio schedule of cocaine
reinforcement; Burke and Miczek, 2015; Burke et al., 2016). It is
unclear if there is a critical period during which adolescents are
particularly vulnerable to the effects of social stress. One caveat
with the SDS models discussed here is that in most cases, defeated
animals are singly housed post stress. Hence, many of the models
also have features of social isolation built into them that may be
contributing to addiction vulnerability as well.

Neural Mechanisms of Social Stress-Induced
Escalation of Drug Intake

How does a history of exposure to mild, moderate, or severe
social stress impact drug intake? Prolonged exposure to social
stress results in neural adaptations that lead to long-term changes
in the neural and behavioral response to drugs. Neuromodulators
such as 5-HT, DA, and norepinephrine mediate these stress-
induced neuroadaptations (Maier and Watkins, 2005; Valentino
and Van Bockstaele, 2008; Der-Avakian et al., 2014; Newman
et al, 2018b). Dopaminergic mechanisms are particularly
intriguing as they are recruited by both SDS and drugs (Di Chiara
and Imperato, 1988). A subset of dopamine neurons displays
increased burst firing in submissive animals during aggressive
encounters with a dominant animal (Anstrom et al., 2009; Barik
et al., 2013). Consistent with these findings, SDS also increases
extracellular DA levels in the NAc and the PFC (Tidey and
Miczek, 1996, 1997; Barik et al., 2013; Han et al., 2015; Holly
etal., 2015). Further, the increase in DA was greatest in rats with
a prior history of SDS suggesting that repeated exposure to stress
can induce neuroplasticity in the mesolimbic DA system.

Repeated SDS also recruits an array of neuropeptide systems,
which in turn impact the mesocorticolimbic DA system. These
include opioids, glucocorticoids, orexin, oxytocin, CRF, and
urocortin (Nikulina et al., 1999; Litvin et al., 2011; Nogcjar et al.,
2012; Holly et al., 2016). CRF is by far the most well-studied
peptide in terms of stress and its impact on the mesolimbic
DA system (Koob and Volkow, 2010). Several studies show that
CRF can directly modulate DA neurotransmission in the VTA
(Ungless et al., 2003; Wanat et al., 2008, 2013) and NAc (Lemos
et al, 2012). In a similar manner, the CRF/Urocortin system
has been shown to mediate the behavioral effects of several
psychostimulants (Lu et al., 2003; Lodge and Grace, 2005) and
alcohol (Ryabinin et al., 2002; Valdez et al., 2002; Funk et al,,
2007; Zorrilla et al., 2014).

A prevailing theory is that repeated exposure to SDS
can sensitize the DA system thereby leading to enhanced
neural and behavioral response (Newman et al., 2018b). This
mechanism could consequently enhance vulnerability to drug
use in individuals exposed to SDS. Studies report higher low
dose alcohol-induced DA release in the NAc of stressed animals
compared to control animals (Yavich and Tiihonen, 2000)
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thereby lending support to the cross-sensitization hypothesis
(Newman et al., 2018b). Chronic SDS leads to escalated alcohol
consumption in susceptible mice that display “depressive-like”
symptoms (Nelson et al., 2018). Increased alcohol intake after
SDS was negatively correlated with neurokinin-1 receptor and
vasopressin expression. Both SDS and drugs activate some of the
same brain regions. Repeated SDS activates the bed nucleus of
stria terminalis (BNST), and the central amygdala (CeA; Laine
et al., 2017). These brain regions also influence drug-seeking.
For example, there are CRF neurons in the BNST and CeA that
extend long-range projections to the VTA where they influence
DA synaptic transmission. Hence, plasticity in these projections
could in turn affect DA release in the NAc and modulate drug
intake. Systemic or intra-VTA injection of CRF-R1 antagonist
CP376395 can reduce alcohol consumption in mice subject to
SDS (Hwa et al., 2016a,b; Newman et al., 2018a).

In addition to influencing the reinforcing effects of drugs,
SDS has also been shown to potentiate the locomotor stimulating
effects of cocaine and d-amphetamine for months after stress
(Miczek et al., 1999a,b; Covington and Miczek, 2005; Boyson
et al., 2011; Han et al., 2015). Chronic cocaine administration
also results in behavioral sensitization, suggesting that drugs
and stress may engage similar mechanisms to cause behavioral
sensitization to cocaine (Newman et al., 2018b). In wvivo
microdialysis studies indicate that episodic SDS potentiates
cocaine and amphetamine-induced DA release in the NAc
(Miczek et al.,, 2011; Holly et al., 2012; Boyson et al., 2014; Han
et al., 2015). Stressors may facilitate glutamatergic plasticity in
the VTA thereby strengthening associations between drugs of
abuse and drug-predictive cues (Robinson and Berridge, 1993;
Vanderschuren and Kalivas, 2000). SDS can enhance NMDAR-
mediated long-term potentiation (LTP) by increasing IP3R
sensitivity in VTA DA neurons (Stelly et al., 2016). Blockade
of NMDA receptors in the VTA can prevent social stress-
induced escalation of cocaine self-administration (Covington
et al., 2008). A single episode of SDS can elicit an increase
in extracellular CRF in the VTA. A history of SDS leads to
enhanced basal CRF levels in the VTA and also enhanced CRF
responses to stress and cocaine administration (Holly et al., 2016;
Han et al, 2017). It is possible that elevated CRF tone may
interact with mesolimbic DA systems to further enhance stress-
or cocaine-induced DA responses. Hence systemic or intra-VTA
administration of compounds that antagonize CRF signaling can
block SDS escalated cocaine self-administration and relapse to
cocaine-seeking (Holly et al., 2016; Han et al., 2017). Studies have
also linked CRF and norepinephrine signaling in stress-escalated
drug intake. CRF was found to amplify IP3-Ca?* signaling
induced by stimulation of ol adrenergic receptors which in
turn promotes NMDAR-mediated glutamatergic plasticity in the
VTA. This synergistic mechanism was shown to enhance the
learning of cocaine-paired cues (Tovar-Diaz et al., 2018).

In summary, episodic SDS robustly enhances the rewarding
and reinforcing effects of cocaine and alcohol. Chronic SDS
increases alcohol intake but has a depressive effect on the
rewarding and reinforcing effects of stimulants. SDS leads to
sensitization of the mesolimbic DA system which leads to
escalated drug intake. Future studies should examine the precise

cell types that are recruited by both SDS and drugs and
neuroadaptations within those cell types using techniques such as
activity-dependent cell labeling and single cell transcriptomics.

Social Isolation Stress and Addiction
Adolescence is a vulnerable time point in human development
during which exposure to stress can precipitate psychiatric
disorders and drug and alcohol addiction (Heim and Nemeroff,
2001; Chappell et al., 2013; Yorgason et al., 2013; Balogun
et al., 2014). In both animal models and human subjects,
social isolation stress has been shown to result in profound
structural and neurochemical changes in the brain (Jones et al,,
2011; Liu et al, 2011). In rodents, depriving social contact
during adolescence leads to enduring increases in anxiety-like
behavior during adulthood and leads to escalated drug intake.
In humans, self-report studies have shown that the number of
adverse childhood events is positively correlated with increased
prevalence of alcohol and cocaine dependence (Dube et al., 2002;
Douglas et al., 2010). Here, we review the animal model of social
isolation and the mechanisms by which social isolation impacts
drug reward and reinforcement.

Animal Model of Social Isolation

A majority of the social isolation studies are carried out during
adolescence, a period that is critical for social development. The
effects of adolescent social isolation (aSI) on the development
of AUD has been an area of intense investigation (Deatherage,
1972; Schenk et al., 1990; Wolffgramm, 1990; Hall et al.,
1998). These studies are carried out mostly in rats which are
highly social animals living in large groups. Depriving rats of
social interaction during adolescence leads to a plethora of
behavioral abnormalities in adulthood that are correlated with
the development of AUD (Butler et al., 2016). In most studies of
aSI, rats are housed in isolation from day 28 onwards for a period
of 6-weeks into adulthood. Control rats remained group housed
during this period. Rats subject to aSI are hyperactive (Chappell
et al., 2013; Butler et al., 2014a; Ishikawa et al., 2014), and exhibit
deficits in sensory motor gating immediately post isolation and
well into adulthood (McCool and Chappell, 2009; Liu et al.,
2011; Ko and Liu, 2015). aSI rats display increased anxiety-like
behavior on the elevated plus maze (Hall et al., 1998; McCool and
Chappell, 2009; Chappell et al., 2013). While aSI rats do not differ
in the acquisition of fear conditioning when compared to control
rats, they do exhibit a significant reduction in fear extinction
(Skelly et al., 2015). aSI also resulted in depressive like behaviors
in rats (Brenes et al., 2008) with studies revealing reduced swim
time and increased immobility on the forced swim test which
was reduced by treatment with the antidepressant, Desipramine
(Simpson and Kelly, 2012).

Since aSI alters a wide variety of behaviors associated with
increased vulnerability to AUD, several groups have tested
the effects of aSI on alcohol intake. These studies report
increased alcohol intake after aSI (Deatherage, 1972; Schenk
et al., 1990; Wolffgramm, 1990; Hall et al., 1998). aSI enhances
alcohol consumption in both the continuous and intermittent
access procedures in outbred rats (McCool and Chappell, 2009;
Chappell et al., 2013). The effects of aSI are long-lasting and
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endure for up to 8 weeks after isolation (Chappell et al,
2013; Skelly et al., 2015). This increase in alcohol consumption
observed in aSI rats was attenuated by systemic injection of the
KOR antagonist norBNI (Chappell et al., 2013; Skelly et al., 2015),
implicating the dynorphin/KOR system in mediating the effects
of aSI on alcohol drinking.

aSI also enhances operant responding for alcohol in
rats. Using an operant procedure that discriminates between
appetitive and consummatory aspects of alcohol consumption,
it was shown that aSI enhances both these aspects of alcohol
consumption. No changes were observed in operant sucrose
consumption between the stressed and control rats (McCool
and Chappell, 2009). aSI also enhanced CPP for alcohol and
amphetamine in rats (Whitaker et al., 2013). This study found
that amphetamine-associated contextual memories were also
resistant to extinction in aSI rats. Interestingly, multiple studies
have reported that females are resilient to the effects of aSIL
No changes in anxiety-like behaviors were observed in female
rats after aSI, but transiently increased alcohol consumption was
found (Butler et al., 2014b). The neural underpinnings of this sex
difference in the effects of aSI on anxiety-like behavior remain
known. The effects of aSI also seem to be species-specific with
mice being resilient to the effects of aSI on alcohol consumption.
One recent study found that aSI in C57BL/6] mice resulted in
a hypersocial phenotype in males and females and an anxiolytic
phenotype in females. Alcohol consumption was not affected in
either of the sexes (Rivera-Irizarry et al., 2020).

In addition to alcohol, aSI also enhances the behavioral
response to other drugs including cocaine and morphine in
rats. aSI enhances CPP to higher doses of cocaine (Zakharova
et al., 2009; Grotewold et al., 2014). In males, aSI also enhances
self-administration of lower doses of cocaine that group housed
animals do not self-administer suggesting aSI may increase
sensitivity to cocaine (Schenk et al., 1987; Howes et al., 2000;
Gipson et al.,, 2011; Smith et al., 2014). aSI also increases the
amount of cocaine self-administered (Schenk et al., 1987; Boyle
etal,, 1991) and increases break point for cocaine in a progressive
ratio procedure in male rats and this effect persists even after
resocialization (Baarendse et al., 2014). Finally, aSI enhances
cue-induced reinstatement to cocaine in both male and female
mice (Fosnocht et al., 2019). In contrast to cocaine and ethanol,
aSI decreases low-dose morphine CPP in males (Wongwitdecha
and Marsden, 1996) suggesting that the effects of aSI on
CPP are drug-specific. By contrast, aSI enhances morphine
self-administration in rats (Marks-Kaufman and Lewis, 1984).

Social isolation in adult mice results in a plethora of
behavioral abnormalities. In one study chronic (28 days)
isolation of adult (9-week old) male C57BL/6] mice resulted
in increased anxiety-like behavior as well as depressive-like
behavior as measured by the forced swim and tail suspension
tests. These behaviors were accompanied by molecular changes
including lower mRNA levels of the BDNF-7 splice variant and
immediate early genes including Arc, Egrl, and C-Fos in the
hippocampus and prefrontal cortex of stressed mice (Ieraci et al.,
2016). Multiple studies have reported that chronic (2 weeks) of
social isolation in adult mice also results in enhanced aggression
and threat responsivity (Zelikowsky et al., 2018a). One study

found that chronic social isolation in adults leads to increased
aggression towards a submissive intruder, increased reactivity to
a footshock stimulus, increased tail rattling, persistent freezing
to a looming disk, and reduced social interaction (Zelikowsky
et al., 2018b). This study also found a striking increase in
expression of the neuropeptide Tachykinin 2 (Tac2) in brain
regions involved in emotional and social behaviors including
the BNST and the CeA and went on to demonstrate a critical
role for Tac2 and its cognate receptor Neurokinin 3 receptor
(NK3R) in the behavioral responses to chronic social isolation.
Chronic social isolation in adult rats also resulted in increased
anhedonia- like behavior which was mediated by increased CREB
activation and altered CREB-dependent transcription in the
NAc shell subdivision (Wallace et al., 2009). In contrast with
aSI models, the effects of chronic social isolation in adults on
addictive behaviors is modest and variable. One recent study
examined the effects of social isolation in adult mice on ethanol
intake and found that social isolation increased alcohol intake
and preference which were mediated by microglia activation and
alterations in serotonin levels in the DR (Lee et al., 2021).

Neural Mechanisms of aSl-Induced Escalation of
Drug Intake

Investigations into the neural and molecular mechanisms of
the behavioral abnormalities associated with aSI have once
again focused mostly on the mesolimbic DA system (Butler
et al,, 2016). In vivo electrophysiological studies revealed that
aSI increased the firing rate and burst-like activity of DA
neurons in the VTA (Fabricius et al., 2010). aSI was also shown
to increase LTP of NMDA-receptor mediated glutamatergic
transmission in putative VI'A DA neurons (Whitaker et al.,
2013). Fast scan cyclic voltammetry studies have revealed
significant increases in both electrically stimulated DA release
and the rate of DA reuptake in accumbal slices from aSI rats
and these changes persisted into adulthood (Yorgason et al,
2016). aSI also increases DA transporter (DAT) expression in
the ventral and dorsal striatum in aSI rats. One study using
microdialysis revealed that aSI was associated with reduced
baseline DA levels and pretreatment with a KOR antagonist
norBNI increased DA levels selectively in aSI rats suggesting
increased functional responsiveness of KORs in the NAc after aSI
(Karkhanis et al., 2016). aSI rats also shower greater accumbal
DA and norepinephrine release in response to an acute ethanol
injection (Karkhanis et al., 2014). The BLA plays a major
role in regulating anxiety-like behaviors. aSI led to increased
DAT expression and consequently reduced baseline DA levels
in the BLA. Further acute ethanol injections led to enhanced
DA levels in the BLA in aSI rats compared to group housed
controls (Karkhanis et al., 2015). aSI also increased the intrinsic
excitability of BLA pyramidal neurons. Significant deficits were
also observed in slow and medium afterhyperpolarizations,
suggesting lower thresholds for burst firing. Biochemical
studies revealed reduced expression of small conductance
potassium channels SK2 and SK3. Allosteric potentiation
of SK channels with 1-EBIO restored intrinsic excitability
and reversed aSI induced increases in anxiety-like behaviors
(Rau et al., 2015).
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In summary, these results provide strong evidence that aSI
enhances drug-seeking and taking in adults and these effects are
mostly associated with changes in the mesolimbic DA system.
However, there seems to be a marked species difference in
the effects of aSI on drug intake with most of the literature
focusing on studies in rats. The mechanisms underlying the
species-specific nature of the effects of aSI on drug intake
are not known. While social isolation in adults results in a
plethora of behavioral effects including anxiety, aggression, and
depressive like behavior, its effects on drug intake are modest
and variable. Hence, it appears that there is a critical period
during development when social isolation increases vulnerability
to addiction.

THE INTERPLAY OF DRUG USE AND
SOCIAL BEHAVIOR

While negative social experiences powerfully influence the
development and maintenance of addictive behaviors, a history
of drug use can also affect social behaviors, closing the loop on
a continuum of socio-addictive behaviors that co-influence each
other. Alterations in sociability are emerging as key determinants
of drug-seeking and a major factor in the negative affective states
that drive relapse (in addition to many co-morbid psychiatric
conditions; Strang et al., 2020; Venniro et al., 2020b; Welsch
et al., 2020). This section will discuss some of the relevant data
describing deficits in social drive resulting from a history of drug
use and propose models for how social deficits are risk factors for
drug relapse.

Effects of Drug History on Social Behavior

In general, substance use disorders exert negative influences over
social behavior, such that individuals exhibit social avoidance
during drug withdrawal and choose to engage in drug-taking
over naturally rewarding social interactions. Reductions in social
behavior promote individuals to consume drugs more often
and in larger amounts, leading to greater social avoidance
and isolation, resulting in an escalating cycle of maladaptive
drug-seeking and social avoidance that promote each other
(Volkow et al, 2011). This is particularly apparent when
thinking about the consequences of social isolation during
the COVID-19 pandemic, which has likely contributed to the
massive increase in opioid overdoses (>100,000 in 2020, up
from ~47,000 in 2017; Kosten and Petrakis, 2021). As OUD is a
chronically relapsing, iatrogenic SUD, it is imperative to identify
novel and effective therapeutic approaches, which may require
social components. Naloxone-precipitated morphine withdrawal
in morphine-dependent mice reduced preference for a social
context in the 3-chamber sociability task (Valentinova et al,
2019). This change in social behavior depended on reduced
excitatory synaptic drive in DR-projecting lateral habenula
neurons that was mediated by tumor necrosis factor-alpha
activity (Valentinova et al., 2019). This is not all too surprising,
however, due to the fact that precipitated opioid withdrawal
induces physical sickness and somatic signs (jumping, tremors,
fever, etc.), consistent with cytokine signaling. Therefore,
it is possible the reduced social preference in this study

resulted from general sickness or malaise, rather than being
specific to dysfunctions in social circuitry. While animals
and humans alike will appear asocial during acute opioid
withdrawal, this effect is more likely an epiphenomenon
related to generalized illness and not a pure modulation of
emotional state.

Contrary to acute opioid withdrawal, several weeks of
abstinence, known as protracted opioid withdrawal, generally
leads to a strong incubation of craving (Pickens et al., 2011) and
disrupts basic social behavior (free dyadic interactions; Goeldner
et al,, 2011). Interestingly, the effects on social behavior were
not present after only 1 week of withdrawal, suggesting that it
is a slow and long-term adaptation to the absence of morphine.
This study also identified impairments of 5-HT function in
the DR and found that chronic fluoxetine was sufficient to
restore normal social behavior during protracted withdrawal
(Goeldner et al., 2011). In a separate article, this same group
showed that 5-HT1A receptor function was enhanced in the
PFC but decreased in the DR during protracted morphine
withdrawal, further supporting a role for dysfunctional 5-HT
systems after a history of drug use that may mediate social
deficits (Lutz et al., 2011). Along similar lines, the 5-HT2C
receptor agonist Lorcaserin attenuated behavioral sensitization to
heroin, including changes in locomotor behavior and immobility
in the forced swim test (Wu et al., 2015). This role for
KORs was replicated in a separate study where mice were
administered the long-lasting KOR antagonist norBNI after
escalating doses of heroin (Lalanne et al., 2017). Interestingly,
norBNI was shown to prevent social deficits in heroin-
dependent mice in protracted withdrawal whether it was given
24 h after or several weeks after the last heroin injection
(Lalanne et al., 2017). These results indicate that chronic
blockade of KORs (systemically) can prevent and reverse the
social consequences of protracted opioid withdrawal—strong
implications for therapeutic strategies targeting KORs.

The effects on KORs are fascinating in light of the previously
discussed neuromodulatory mechanisms of prosocial behavior.
Since 5-HT and DA are critical drivers of social behaviors, it
is intriguing to consider that KORs are known to reduce both
extracellular levels of 5-HT and DA in the NAc (Spanagel et al.,
1992; Schindler et al., 2012; Pirino et al., 2020; Tao et al., 2020).
The studies discussed above present data with systemic or global
inhibition of KOR function. Whether the KOR mechanism that
underlies opioid withdrawal social deficits is specific to certain
brain regions or neurochemicals, such as 5-HT or DA, should be
the focus of future investigations.

Another study also identified deficits in social preference
in the 3-chamber task after prolonged morphine abstinence
that was reversed by administration of the oxytocin analog
carbetocin (Zanos et al.,, 2014). Since this agent was given just
prior to sociability testing, the positive result is not too surprising
considering that oxytocin signaling is sufficient to enhance social
behaviors on its own. The same group subsequently found that
morphine abstinence-induced social deficits were associated with
upregulations of mGluR5 across the brain (Zanos et al., 2016),
although a direct contribution of mGluR5 to social deficits was
not determined.
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Reductions in social behavior have also been found in animal
subjects undergoing withdrawal from chronic alcohol (ethanol)
drinking. After repeated withdrawal episodes from a forced
ethanol diet, rats exhibited large decreases in social interaction
that were prevented by administration of a 5-HT2C receptor
antagonist and a 5-HT1A receptor partial agonist (Overstreet
et al, 2003). This same group subsequently found that
ethanol withdrawal-induced social deficits were counteracted by
injection of 5-HT2C receptor inverse agonist into the amygdala
or injection of the same 5-HTI1A partial agonist into the DR
(Overstreet et al., 2003). Chronic intermittent ethanol vapor
exposure that renders animals ethanol-dependent, leads to strong
social interaction deficits in withdrawal that are blocked by the
injection of an arginine vasopressin receptor antagonist, but
not an oxytocin antagonist, into the central amygdala (Harper
et al., 2019). Adolescent rats have also been observed to display
social deficits after chronic ethanol treatment, which depend
on activity in CRF and 5-HT systems (Wills et al, 2009).
Further supporting a role for altered 5-HT function during
ethanol withdrawal, acute and protracted ethanol withdrawal
produced deficits in social approach behavior that were reversed
by the 5-HT1A agonist buspirone (Lowery-Gionta et al., 2015).
Similar social approach changes were identified to depend on
5-HT2C receptors, and these were localized to the ventral BNST
where they increase the excitability of an unknown population
of neurons (Marcinkiewcz et al., 2015). One interesting study
transplanted microbiota from humans with AUD into mice and
identified a significant social deficit (Leclercq et al., 2020). It was
also found that the changes in social behavior were mediated
by reduced hepatic synthesis of beta-hydroxybutyrate, since a
ketogenic diet normalized both the behavioral and metabolic
effects (Leclercq et al., 2020). Altogether, it appears that a history
of ethanol drinking and ethanol withdrawal robustly decrease
social drive. This behavioral change is mediated by many factors,
but modifications in 5-HT signaling may serve as a common
mechanism.

It appears that changes in social behavior during drug
withdrawal are specific to depressant drugs (i.e., opioids,
alcohol). This is evidenced by work showing that withdrawal
to chronic amphetamine or nicotine exposure leads to
anhedonia-like responses but not changes in social behavior
(Irvine et al., 2001; Morley et al., 2001; Der-Avakian et al., 2014).
By contrast, withdrawal to chronic cocaine appears to promote
social deficits 7 days into withdrawal but by 14 days the effect
is gone, mediated by CRF2 receptors (Morisot et al., 2018).
However, one article reports mild reductions in social preference
18 h after a single injection of amphetamine, which was reversed
by diazepam (Rincon-Cortés et al., 2018). While the effects of
depressant drugs are more robust when examining consequences
on social behavior, stimulant drugs may have a more complex
relationship with the long-term outcomes. A comprehensive
comparison of different drug class effects on social changes
during self-administration and withdrawal is needed.

Social vs. Drug Reward Choice
If it is true that changes in social behaviors are predictive of
inflexible drug use, drug-seeking, and relapse, then behavioral

assays that evaluate the choice to engage with a drug stimulus
over a social stimulus are essential. This is similar to the notion
that during late stages of addiction and drug dependence, drug
rewards outcompete natural rewards and lay a foundation for
rigid motivational states that guide users towards the drug of
choice and away from other reinforcers. This is a cardinal feature
of human addiction that is targeted by contingency management
and community-reinforcement therapies (Venniro et al., 2020b).
As social stimuli are one of the most complex and immersive
forms of natural reward, not only in our modern world but
also across the animal kingdom, understanding the dynamics
between the motivation to engage with a social stimulus over
a desired drug may reveal important aspects of the addiction
process. Indeed, this has been evaluated for cocaine where
rats switch their preference for a cocaine context to a social
context after a series of conditioning sessions (Fritz et al., 2011;
Zernig et al., 2013). This was paralleled by a reversal of brain
activity patterns that was predicted to bias approach to a social
environment over a cocaine one. Similar findings were found
in cocaine self-administration tasks where group-housed rats
self-administered less cocaine if their cagemates were cocaine
naive, perhaps serving as a “social buffering” effect (Smith, 2012).
While these data support the idea that competing neuronal
substrates mediate social vs. drug reward, it is unclear what the
mechanisms are and whether there are individual differences
in these effects (i.e., some subjects that are resistant to social
engagement with different brain activity profiles).

Venniro et al. (2018, 2019, 2020b) have recently produced a
series of elegant and influential articles demonstrating that social
reward indeed competes with drug reward and animal subjects
often choose a social reinforcer over a drug reinforcer. In this
procedure, subjects are trained to self-administer a drug reward
and access to a conspecific in separate sessions, and then are
given the choice in a test session (Venniro et al., 2018, 2020a).
Remarkably, most subjects vigorously self-administered a social
stimulus over a drug, and this social choice was present in
rats that exhibited high levels of addictive behaviors including
high progressive ratio breakpoints, compulsive reward taking
when challenged with footshocks, and incubation of craving after
prolonged abstinence. Despite these high levels of motivation
for drugs, a social stimulus still outcompeted drug-taking and
seeking. A follow up study examined whether social-choice-
induced abstinence (as opposed to forced abstinence) could affect
time-dependent increases in heroin seeking (Venniro et al., 2019)
This study found that social choice attenuated lever pressing
for heroin after 15 days of abstinence (Venniro et al.,, 2019). A
follow up study examining methamphetamine seeking identified
increased activity of central amygdala PKCdelta neurons in
rats given the choice to socialize (Venniro et al.,, 2020a). One
interesting caveat of this model is the time-dependence of the
social reward. Unlike rats, where a vast majority if not 100% of
rats choose a social stimulus over a drug, a proportion of human
drug users will continue to use drugs despite the availability of
social support and avoid social contact (Heyman, 2013). In the
choice model, there is no delay between the operant response
and access to the social stimulus. In humans, however, social
reward is often delayed. When a 60 s delay is introduced into the
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choice task, rats ended up choosing the social stimulus as often as
the heroin stimulus, reproducing the variability seen in humans.
This concept was tested for cocaine self-administration and the
delay was found to reduce preference for social access (Venniro
et al,, 2021). In addition, increasing the response requirements
(increasing fixed ratio for each social reward) reduced social
preference and enhanced cocaine preference, with notable inter-
individual variability. Therefore, the dynamics surrounding the
interplay of social motivation and drug motivation may be key
to predicting relapse rates and using social interventions to break
persistent addiction cycling.

These remarkable data indicate that there are other
neurological mechanisms engaged under certain circumstances
to shift the motivation to obtain the drug to that aimed towards
socializing. Questions do remain on at least two dimensions:
(1) what are the individual differences in animals that do
not choose social stimuli over drugs and is there a unique
neurobiology in these individuals; and (2) what are the effects on
basic social interaction and approach behaviors after extended
drug self-administration? Future studies should focus on
disentangling the bidirectional influence of social behavior on
drug-seeking/taking in different individuals to identify potential
differences in the sensitivity to this profound intervention.
If differences do emerge, they may provide clues on how to
effectively implement social strategies to curb drug-seeking
behaviors in treatment-resistant humans.

Interactions of Social and Reward Circuits
Do reward and reinforcement from social activities emerge from
inherently different mechanisms than those generated by drugs
of abuse? Two distinct types of reward likely require differences
in underlying neural circuitry. Natural vs. drug reward have
been distinguished in countless studies, however generally using
palatable stimuli such as sucrose as a substitute for the drug
of interest. Only recently has social reward been adopted as a
competing reward with addictive substances, despite its critical
relevance to the pathogenesis of substance use disorders.

A fascinating pharmacological tool may have the potential
to clarify this question. As mentioned above, MDMA is an
amphetamine derivative with remarkable properties. Unlike
amphetamine or methamphetamine, MDMA’s primary
mechanism of action is through evoking reverse transport
of SERT (as opposed to DAT). This non-vesicular release
via reverse transport produces supraphysiological levels of
5-HT, which mediate MDMA’s prosocial effects (Heifets
et al, 2019). MDMA also performs a similar action on the
dopamine transporter (DAT), but with less affinity. In contrast,
amphetamine and methamphetamine also trigger reverse
transport of both modulators but with a much larger affinity
for DAT than for SERT. This has led to the hypothesis that
most amphetamines have high abuse liability while MDMA
maintains a low abuse liability due to differential effects on DA
and 5-HT. Extrapolating to other drugs of abuse, all of which
drive DA release, but not so much 5-HT release, a pattern is
emerging where the degree of 5-HT engagement may dictate
the degree of addictive behavior. In support of this notion,
a recent article showed that 5-HT signaling in the striatum

attenuates compulsive cocaine-seeking through suppression of
orbitofrontal inputs via 5-HT1B receptors (Li et al., 2021). Since
cocaine inhibits SERT in addition to DAT, a mouse line with
a mutated SERT that cocaine cannot bind to was observed to
exhibit much larger degrees of compulsive cocaine seeking. This
implies that 5-HT has a dampening effect on drug-seeking. This
idea is supported by a study with SERT knockout rats that were
shown to self-administer MDMA much more readily and at
larger amounts (Oakly et al., 2014).

The simplest explanation for these profound effects is that
5-HT competes with DA somewhere in the brain. Data showing
that 5-HT decreases upon reward consumption support this
proposition. In addition, considering the inverse relationship
drug-taking/seeking has with sociability, it is tempting to
hypothesize that as addiction cycles progress, 5-HT function
becomes increasingly dampened while the DA function is
increasingly engaged by drug cues. Furthermore, as decreased
5-HT signaling promotes social avoidance, unopposed DA
signaling can easily mediate the drive to relapse in the face of
drug cues. It can also promote the effects of stress on relapse
by setting the stage for a negative affective state that motivates
an individual to self-medicate. The 5-HT deficit may have a
two-pronged effect on substance use disorders by: (1) evoking
states of social isolation; and (2) leaving vulnerable reward
circuitry unopposed. Therefore, relapse may be precipitated
at both behavioral and physiological levels. Exploiting social
circuitry to attenuate drug-seeking and relapse may prove useful
in treating severe substance use disorders. As such, therapeutic
approaches that aim to boost the function of social circuits and
enhance the rewarding effects of social interaction are highly
promising, not only for substance use disorders but many other
psychiatric conditions.

PROTECTIVE EFFECTS OF PROSOCIAL
BEHAVIORS

The notion that negative social experiences and reduced social
drive have a promotional effect on drug-taking and seeking
is well supported by preclinical and clinical literature. This
relationship extends to the prediction that positive prosocial
interactions and experiences have protective effects over drug-
taking, drug-seeking, and SUDs in general. While most of
the literature to date has focused on harmful manipulations
(i.e., negative changes to social environments) and inferred
beneficial effects from controls (with presumably “normal” or
non-destructive social conditions), studies that manipulate social
conditions in the positive direction support a protective role
for positive prosocial behavior. This is most readily exemplified
by the so-called “rat park” experiments where rat subjects
were group housed in large cages with significant social and
non-social enrichment (Alexander et al., 1978, 1981; Hadaway
et al., 1979). These landmark articles all showed that enriched
housing conditions reduce opioid consumption. In addition,
one study (Alexander et al, 1981) showed that previously
isolated rats that were subsequently housed in enriched
conditions drank less than purely isolated rats, suggesting that
enriching social conditions can attenuate intake. We direct the
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readers to this short review for further analysis of rat park
studies (Gage and Sumnall, 2019). More recent studies have
identified protective roles for social behavior and by extension
oxytocin in reducing drug and alcohol intake (reviewed in
Tops et al., 2014 and McGregor and Bowen, 2012). In a
study on adolescents in Thailand, community disorganization
was strongly associated with self-reported substance use while
prosocial activities served as a protective factor (Wongtongkam
et al., 2015). Enhancing sociability, through environmental
conditions or neuromodulation, has a clear protective effect
on drug-taking. Whether these effects are also due to stress-
buffering or attenuation of other symptoms (that sociability can
influence) remain unknown. Regardless, therapeutic approaches
that capitalize on these effects have promise in breaking addiction
cycles.

OUTLOOK AND FUTURE CHALLENGES

The relationship between social experiences and addiction
is bidirectional. Negative social experiences such as those
experienced during aversive social interactions or during
withdrawal from chronic drug use have the potential to

powerfully influence drug-taking and seeking. By contrast,
positive and prosocial interactions can buffer some of these
negative affective states and aid in addiction recovery. While
it is clear that many distributed brain circuits are involved in
different features of sociability, the critical roles of striatal DA
and 5-HT may be particularly compromised over the course
of the addiction process (Figure 1). Based on the available
data, a convergence point between drug-seeking behavior and
social behavior may be represented in the mechanisms these
modulators orchestrate in the NAc. It is also noted that many of
the other structures known to shape social dynamics have also
been shown to be modified by repeated drug exposure. All of
these fascinating regions are subject to further investigation. Not
only does understanding the relationship social and addictive
behaviors have with one another provide insight into how these
individual behaviors are generated, it also brings into focus
the obvious importance of treatment approaches focusing on
social factors. In humans, most rewards that compete with drugs
are social in nature. This is already being addressed with the
increasing use of animal models that incorporate social factors
and the continued implementation of social-based treatments
for addiction, such as the community reinforcement approach

(£)3,4-methylenedioxymethamphetamine; SUDs, substance use disorders.
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FIGURE 1 | Schematic illustrating the influence of social factors across phases of addiction. Social defeat and social isolation stress facilitate the acquisition and
promote the maintenance of drug use. Drug withdrawal and prolonged abstinence promote social isolation that in turn increases susceptibility to drugs. Individuals
who maintain proper social drive may be resilient to drug cravings and relapse. Multiple neuromodulators including dopamine, serotonin, and various neuropeptides
play key roles in social influences over addictive behaviors. Therapeutic approaches that bolster sociability like MDMA may hold promise in treating SUDs. MDMA,
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since the 1970s. This approach is a psychosocial intervention that
aims to help individuals with SUDs rearrange their lifestyles so
that healthy, drug-free living becomes rewarding and competes
with drug use. Patients are encouraged to become progressively
involved in alternative non-substance-related pleasant social
activities, and to work on enhancing enjoyment they receive
within the community of their family and job (Meyers et al,
2011). We are hopeful that more data from basic neuroscience
examinations of these behavioral relationships will inspire more
creative and effective interventions for individuals with SUDs.
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