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Abstract: The use of oxytocin may bring a new dawn to the treatment of drug addiction.
This study first summarizes the neural mechanism of oxytocin affecting drug addiction
from two aspects: synaptic plasticity and neural circuits. Furthermore, the theoretical
hypothesis of oxytocin on addiction is reviewed, and strong evidence is made for the
therapeutic effect of individual adolescent oxytocin pretreatment on drug addiction. The
efficacy of oxytocin may be influenced by the effects of drug addiction on prosocial
behavior. Models of prosocial behavior in rodents were also introduced to clarify the
relationship between drug addiction and oxytocin and prosocial behavior. It is hoped that
the review of this paper can do what can be done for researchers to understand the impact
of oxytocin on drug addiction and its relationship with prosocial behavior.

1. Introduction

Substance use disorder (also known as substance addiction) is a chronic recurrent brain
disease(Koob & Volkow, 2016). A World Health Organization survey of attitudes towards 18
disabilities in 14 countries found that substance addiction was almost at the top of social
disapproval. The use of psychoactive substances can lead to dependence syndrome, that is, a group
of physiological, behavioral and cognitive phenomena. The use of certain active substances takes
precedence over other once important behaviors for specific individuals, and patients gradually
transition from accidental behaviors to compulsive behaviors. The core feature of addiction is that
patients clearly know that their behaviors are harmful but cannot control themselves(Zhang et al.,
2021). With the prevalence of new drugs, the number and harm of addiction may increase year by
year, so it is urgent to find effective pharmacological and psychosocial intervention measures with
low side effects and high compliance.

The application of oxytocin (OXT) may bring a new breakthrough to this problem (Bowen &
Neumann, 2017b). OXT is a cyclic neuropeptide composed of 9 amino acids, which is mainly
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synthesized in hypothalamic paraventricular nucleus (PVN) and supraoptic nucleus (SON)(Numan
& Young, 2016). Neuropeptide OXT can not only influence the changes of neural adaptability in
the process of drug addiction (Mobasher et al., 2021), but also regulate prosocial effects and
anti-anxiety and depression (Yoon & Kim, 2022), and play a central role in stimulating social
interaction(Dden, 2015). Interest for the use of oxytocin as a treatment for prescription begin over
40years ago. Better known for its roles in partition, lactation and pair bonding, oxytocin also has
anxiolytic properties, reduces immune and inflammatory responses, and has a role in learning and
memory.(Leong et al., 2018). We sum up oxytocin's impact on drug taking, seeking, and relapse by
highlighting research findings that have used oxytocin with current models of addiction, relapse, or
cravs A graphic presentation of results is show in Table 1.

Table 1. Oxytocin Effects on Predictive Models of Addiction

Drug Procedures roles
Acquisition and Maintenance Impaired acquisition
Methamphetamine/ Motivation to Seek Decreases motivation
Cocaine/Heroin/Alcohol Extinction Enhanced the extinction
Reinstated Reduced reinststatement

2. Effect of oxytocin on drug addiction

Drug addiction is a process of neural adaptation to repeated drug exposure, so it is also
considered as a form of "learning”. Repeated use of addictive drugs such as opioids,
psychostimulants, ethanol and nicotine leads to physical and mental dependence on drugs.
Tolerance, sensitivity and withdrawal are the phenomena of pharmacological effects in different
stages of addiction, which together constitute the main characteristics leading to forced use and
recurrence. Brain OXT system is gradually becoming one of the most exciting new targets for the
treatment of drug addiction(Bowen & Neumann, 2017a).

2.1. The role of the Endogenous Oxytocin System

At present, most studies support that endogenous OXT system can inhibit drug addiction better.
Sarnyai (1992) argues that endogenous OXT may play an important regulatory role in the
development of behavioral changes caused by repeated cocaine administration, and the effect of
microinjection targeting hippocampus and basal nucleus (including nucleus accumbens and the
posterior olfactory nucleus) is obviously better than that of peripheral administration(Sarnyai et al.,
1992). OXT alleviated naloxone-induced withdrawal symptoms in morphine-addicted mice, and
OXT receptor antagonists promoted morphine tolerance after intracerebral administration, which
indicated that endogenous OXT might participate in the physiological feedback process of
morphine addiction. This conclusion was further verified by the changes of OXT content in
hippocampus of acute and chronic morphine addiction and after withdrawal. The researchers used
electrophysiological techniques to explore the cellular mechanism of neuronal excitability during
morphine withdrawal, and revealed that the initial acute opioid administration inhibited OXT
neurons in hypothalamic giant cells, but the rebound hyperexcitation occurred after withdrawal,
which may be due to the change of intracellular membrane potential(Brown et al., 2005). These
results provide cellular mechanism support for previous behavioral studies, that is, endogenous
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brain OXT system may play a role in regulating neural adaptation during addiction.
2.2. Oxytocin Affects the Neural Mechanism of Addiction
2.2.1. Effects of Oxytocin on Synaptic Plasticity

Neuropeptides can regulate learning and memory processes in rodents and other species
(including birds and mollusks). The memory process involves retrieving and integrating the
acquired information, and integration is an unstable stage, which is the key period for drug-affected
information storage. The second sensitive stage in the learning process is information extraction,
that is, testing is carried out shortly after administration to understand how drugs affect this learning
process. To be continued

Early OXT studies suggested that the tolerance induced by opioids and ethanol was a result of
"learning”. These early research results have been verified by a large number of molecules and
behaviors, which provide direct evidence for studying the common neurobiological mechanism
between learning and addiction(Hyman et al., 2005). Addictive drugs affect synaptic plasticity,
which is the neural basis of learning and memory, and also plays an important role in the
development of drug addiction(Hyman et al., 2006). Drug abuse can directly induce or regulate
long-term potentiation (LTP), which is a synaptic plasticity and reflects the enhancement of
functional connections between neurons(Kenney & Gould, 2008). In addition, repeated cocaine
uptake affects a large number of signal cascades, growth factors and earlier physiological processes
of neurodevelopment involved in normal learning and memory, including the signaling pathway of
extracellular signal-regulated kinase (ERK, brain-derived neurotrophic factor (BDNF), glutamate
transport and synaptic plasticity, and generally mainly affects the formation of LTP and LTD
(long-term depression, LTD) . The rapid generation, destruction and shape change of dendritic
spines of neurons are the basis of short-term and long-term plasticity of excitatory synapses of
vertebral neurons in cerebral cortex, which indicates that dendritic spine dynamics is an important
cytological basis for cognition and memory(Kasai et al., 2010). Addictive drugs lead to the
continuous recombination of several neurons. For example, the change of dendritic spin density in
midbrain limbic dendrites is considered to be the cause of learning-like and long-term behavioral
plasticity in addictive situations. In addition, hippocampus is also involved in learning and memory
in the long-term neural plasticity process and drug addiction. Hippocampus is a key brain region for
memory consolidation and can promote the cognitive process of addiction by providing conditional
cues for learning. As early as 1984, Mihlethaler(1984) found that OXT increased the firing rate of
inhibitory hippocampal neurons(Muthlethaler et al., 1984). While in 2013, Tsien et al., showed that
OXT-specific rapid target stimulation of hippocampal inhibitory interneurons could fine-tune and
shape different forms of inhibition(Tsien et al., 2013). Therefore, OXT-induced changes in
hippocampal excitability may in turn affect the terminal regions of dopamine system in midbrain
margin, such as nucleus accumbens and prefrontal cortex, to change neural plasticity related to
addiction.

In a word, there is enough evidence to show that: first, learning, memory and addiction have a
common neural basis; Secondly, the learning mechanism constitutes the performance of addiction
in different stages; Third, neurobiological processes that regulate learning and memory may affect
drug addiction. Therefore, to study the effect of neuropeptide OXT on addiction, we can start with
exploring how OXT affects the learning and memory processes involved in maintaining the control
mechanism of addictive drugs on behavior.
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2.2.2. Effects of Oxytocin on the Neural Circuits of Addiction

The midbrain marginal dopamine reward circuit is the most typical neural circuit of addiction,
which projects from ventral tegmental area (VTA) to nucleus accumbens (NAC) (Dessoki et al.,
2023). Oxytocin interacts directly with dopamine, glutamate, and GABA neurotransmission, and
oxytocin projects neurons in PVN synapses on dopaminergic cells in NAC. Oxytocin receptor is
ubiquitous in addiction circuit. Peris (2017) shows that oxytocin receptor exists on dopaminergic
neurons projected from VTA to NAC and MPFC(Peris et al., 2017). Intracerebral injection of
oxytocin can inhibit the dopamine production of METH(Qi et al., 2008) and prevent the dopamine
release caused by NAC alcohol administration, which corresponds to the decrease of drug-seeking
behavior(Peters et al., 2016). Other studies have proved that oxytocin dopamine receptor complex
(OXT-D2R) exists in NAC, and oxytocin may reduce drug-seeking behavior by interacting with
D2R in NAC: oxytocin as an allosteric agonist in this complex can improve D2R
affinity(Tarakanov et al., 2016). Interestingly, the activation of D2R reduces drug-seeking behavior,
and this receptor subtype decreases after chronic administration (Dessoki et al., 2023).

Oxytocin can also affect drug-seeking behavior and dopaminergic signaling through GAGBergic
interneurons. It is found that excitatory GQ-coupled oxytocin receptors are located in NAC,
hippocampus and PFC. Oxytocin signals in these neurons can increase the inhibitory effect of
GABAergic interneurons in hippocampal CA1 layer on the discharge of hippocampal pyramidal
cells . Oxytocin receptor in NAC exists in GABA interneurons containing small aloumin, which can
regulate the expression of behavioral adaptation induced by psychoactive substances(Wang et al.,
2018). Oxytocin directly affects drug-seeking behavior by interacting with its own GABAergic
interneuron receptor.

2.3. Theoretical Hypothesis of Oxytocin Affecting Addiction

(1) Sarnyai put forward a theoretical hypothesis that OXT can weaken addiction-related neural
plasticity by regulating and integrating stress and stress-related projection, learning and memory,
and prosocial behavior(Sarnyai & Kov&s, 2014).

(2) Leong(2018) thinks that oxytocin interacts with other neurotransmitter systems in addiction
circuit and puts forward a theoretical hypothesis, that is, oxytocin weakens drug-seeking behavior
through its anti-anxiety and prosocial characteristics(Leong et al., 2018).

(3) The addiction cycle includes the periodic cycle pattern of "maintaining drug
use-detoxification-relapse”, which is supported by severe interruption and imbalance of neural
circuits involving reward, learning, motivation, stress, social emotion regulation and higher-order
cognitive abilities (such as inhibition control) (Koob et al., 2016). Oxytocin can break the cycle
pattern of behavior. Specifically, they hypothesized that excessive dopaminergic signal transduction
in the neural circuit of basal ganglia caused by long-term excessive use of psychoactive substances
leads to behavioral preference of material reward (food, drug, alcohol) effect, and the final
execution of behavioral cycle is drug seeking. As a drug for treating addiction, oxytocin may reduce
relapse by diverting attention, that is, drug-seeking behavior shifts to social interaction, which
directly interferes with behavioral preference of material reward. At the same time, oxytocin may
increase the tendency of social reward, thus strengthening social ties, which may be very important
for maintaining drug rehabilitation effect. In short, OXT not only reduces the dosage and drug
reward, but also restores the normal response to some natural enhancers, reduces the mood and
stress during withdrawal and withdrawal, and prevents relapse(Bowen & Neumann, 2017a).

Along this line, Tops et al. hypothesized that oxytocin is involved in the circulatory mechanism
between attachment formation and stress, by transferring preference from new experience to
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another family, and by promoting the ventral to dorsal movement of cortical striatum
activation(Tops et al., 2014). This hypothesis is consistent with the ventral to dorsal displacement of
striatum control behavior during addiction. That is to say, in the early stage of drug use, behavior is
driven by dopamine release in ventral striatum mediated by acute reward effect of drug (Levis et al.,
2021). With the repeated use of drugs, the habitual reaction is controlled by the dorsal striatum.
Perhaps oxytocin as an adjuvant to addiction increases a preference for familiarity, thereby
strengthening social connections that help to endure the detoxification effect. This biological shift
during learning appeals to reflect a progressive increment via the corticostrial loops of, highly,
ventral/limbic (the "ventral control path™), dorsal/associate (the ™dorsal control path™) and
dorsal/motor systems (see Figure 1).
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Figure 1. Corticostrial interactions(Levis et al., 2021).
2.4. Effect of Oxytocin Preconditioning on Drug Addiction in Adolescence

Cognitive neuroscience holds that adolescence is a period that is highly sensitive to social and
cultural signals in the environment, a key period for the formation of biological and social
transformation, and helps to establish long-term patterns of brain function and behavior. The brain
plays an important role in shaping adaptive social behavior to the maximum extent. Adolescence is
the most sensitive to social reward learning clues, and this sensitivity decreases in adulthood.
Studies even show that this critical period of mice is on the 40th day after birth, and the selective
regulation of synaptic plasticity mediated by OXT in NAc is at least one of the foundations for
establishing the critical period of social reward learning(Nardou et al., 2019). There have been
many experimental results that oxytocin can become a potential drug for treating addiction (King et
al., 2017).

During puberty, when the OXT neural circuit is developmentally programmed, the OXT system
may be particularly unstable. Studies have shown that pretreatment of OXT in adolescent rodents
can produce positive "characteristic change" effect, improve social ability and reduce anxiety,
which is far beyond the administration in adulthood (Suraev et al., 2014). Bowen et al. 's research
preliminarily proves that the effect of chronic OXT administration to adolescent rats can last until
adulthood, which not only has significant effects on reducing anxiety, increasing social skills and
increasing OXT concentration in plasma, but also reduces alcohol intake of adult rats. The study
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verified that OT pretreatment in young age can effectively reduce the self-administration of METH
(methamphetamine); The results also show that chronic OXT treatment in adolescence can
continuously increase plasma OXT concentration, which may indicate that oxytocin pretreatment in
adolescence can prevent drug-seeking behavior in adult female rats, and play a role in up-regulating
the feedforward upregulation of OT systems in OXT system. The increase of endogenous OXT can
still be detected more than 12 weeks after pretreatment, and plasma OXT has nothing to do with
METH intake(Hicks et al., 2016). Therefore, Hicks believes that the increase of plasma OXT is not
the result of METH intake, but may be caused by pretreatment effect, which at least indicates that
puberty OXT pretreatment may trigger long-term up-regulation of endogenous OXT system(Hicks
et al., 2014). In the above studies of oxytocin pretreatment, self-administration is adopted for
addictive drugs. Some studies believe that once rats establish self-administration mode, peripheral
OT pretreatment can still inhibit METH addiction and reduce the possibility of relapse. This result
is similar to that after chronic OXT treatment in adolescence. The endogenous OXT system may
undergo neuroadaptive changes due to repeated administration of addictive drugs, which at least
indicates that the neuroplasticity of endogenous OXT system development is related to addictive
behavior, and the long-term social defects of forced drug addicts may involve the long-term
adaptation of brain OXT system. The increase of endogenous OXT level induced by OXT
preconditioning affects METH-related neural adaptation in central OXT substrate, which may be
related to some behavioral and social damage caused by repeated administration of METH(Clemens
et al., 2007) (Clemens et al. 2007).

3. Effect of Drug Addiction on Prosocial Behavior

The diagnostic criteria of substance use disorder in Diagnostic and Statistical Manual of Mental
Disorders (Fifth Edition) clearly point out that "individuals continue to use substances even though
it is clear that their effects cause or aggravate persistent or repeated social or interpersonal
communication problems” (APA), and these social and interpersonal communication problems are
the focus of current research(Tomek et al., 2019), one of the important influences of substance use
disorder on others may be the lack of social behavior, including "prosocial behavior" (Shahini et al.,
2021). Researchers at Duke University in the United States not only confirmed that OXT intranasal
administration can penetrate the central nervous system, but more importantly, it enhanced rhesus
monkeys' attention to rewarding others and promoted rhesus monkeys to make prosocial choices,
such as letting another monkey get juice, even if doing so would make them have nothing to drink.
Researchers say that if it is used to treat autism, schizophrenia and other diseases, it seems to make
patients have better social skills and enhance their trust, but the specific mechanism is unclear, and
it is not known whether it can achieve long-term results(Shahini et al., 2021)

3.1. Prosocial Behavior Model

Prosocial behavior, also known as social behavior, refers to the behavior that conforms to the
social hope and has no obvious benefit to the actor himself, but the actor voluntarily brings benefits
to the object of the behavior, including rescue, cooperation, child-rearing, donation and other
behaviors. Previous studies have also shown that animal models of prosocial behavior can be
established with laboratory rodents (Tomek et al., 2019), and the establishment of prosocial
behavior models plays an important role in exploring the psychological and biological mechanisms
of prosocial behavior. The research established a set of prosocial behavior rescue model (hereinafter
referred to as Bartal rescue model)(Bartal et al., 2011). SD rats were used as experimental objects.
After being raised in pairs for 14 days, they were divided into four groups, one of which was
randomly selected as a trapped rat and the other as a free rat. Four groups were set up in the study.
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The first group was the "trapped group”. The trapped rats were trapped in a restraint that could open
the door from the door. They were trained for 12 days and recorded the incubation period of free
rats. It was found that free rats rescued their companions in 6.9 % 2.9 days, and the incubation
period showed a downward trend, which proved that free rats could learn to open the door. The
experiment also set up three other control groups: "object group” (there is an object in the binding
device), "empty binding device group” (there is nothing in the binding device), and "2 + empty
binding device group™ (an empty binding device and an untrapped rat). The results of these three
groups showed that the free rats were neither willing to approach the binding device nor open the
door, which indicated that the free rats in the first group had the motivation to open the door. To
further explain the motivation of free rats, the study also excluded the motivation of social
interaction and food reward. The study thought that empathy, that is, empathy for the pain of
another trapped rat and intention to stop this pain, was the motivation of prosocial behavior. After a
lapse of three years, the team used SD rats raised in different cages as experimental subjects to
eliminate the familiarity of genes, and the rats still showed rescue behavior, further verifying that
previous social experience played a regulatory role in prosocial behavior(Bartal et al., 2014).

In order to further test whether free rats release trapped rats out of emotional needs, midazolam
(MD2Z) was used to treat rats. The free rats treated with MDZ could open the door of the restrainer
to obtain food, but did not open the door of the restrainer, that is, no rescue behavior occurred. The
results show that empathy is necessary for rescue behavior. This study suggests that MDZ
specifically interferes with the social emotional processing function, and this emotional processing
is necessary to motivate free mice to help trapped mice (Bartal et al., 2014). In a study, using a
water-based rescue model, free rats can rescue rats of the same breed soaked in water, and show
that rats soaked in water learn to open doors and make rescue behaviors faster than those not soaked
before(Nobuya et al., 2015). It combines the aversion awakening experimental paradigm with
Bartal rescue model, so that free rats can escape the aversion environment(Joana et al., 2019).
However, rats still choose to open the door of the restrainer to rescue trapped rats. The latest
research results show that adolescent rats will show prosocial behavior even if they can escape, and
certain pain and stress promote prosocial behavior, and think that there is an inverted U-shaped
curve relationship between stress and rescue behavior.

3.2. Relationship between Drug Addiction and Prosocial Behavior

The Diagnostic and Statistical Manual of Mental Disorders (Fifth Edition) points out that part of
the characteristics of substance use disorder is the damage of social function (First et al., 2021).
Substance dependence causes a major burden on the society; It effects the quality of life in patients
causing a significant reduction in their production in mandatory and social fields (EI-Shinnawy et
al., 2021).

Tomek et al. Used Bartal rescue model to understand the neural mechanism of social function
impairment in opioid addiction. First, establish the baseline level: through the training of rescue
model lasting 14 days, record the rescue rate and the latent period of free rats opening the door, and
determine the baseline level of rescue behavior; Then, heroin self-administration: half of rats were
randomly selected to self-administer heroin and the other half sucrose granules (orally) for 14
consecutive days; Finally, post-test comparison: the rescue behavior of free rats was recorded for 3
days. During the post-test, rats chose between self-administration and rescuing trapped rats. The
results showed that the rats who took sucrose orally continued to save the trapped rats, while the
heroin-addicted rats chose heroin for self-administration. It can be seen that heroin-addicted rats
show prosocial behavior defects, which is consistent with the diagnostic criteria of substance use
disorders in Diagnostic and Statistical Manual of Mental Disorders (Fifth Edition). Tomek believes
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that the behavioral paradigm of choosing between prosocial behavior and continuing drug use may
help to establish prosocial behavior model and play an important role in investigating the neural
basis of social dysfunction in drug addiction (Tomek et al., 2018).

4. Relationship between Oxytocin and Prosocial Behavior

Emotion regulation is a mediator for SUDs especially with long duration of illnesses, presence of
certain personality traits and disorders, and high impulsiveness (Okasha et al., 2021). Oxytocin,
which enhances social interaction and social reward, plays a key role in the regulation of social
behavior and emotion(Baracz et al., 2018), and is increasingly famous for its prosocial effect and
potential to treat a series of mental diseases. Researchers have verified that OXT can regulate social
interaction, social preference and maternal behavior through different animal models. When OXT is
released in the brain, it can promote the formation of prosocial relations and thus produce positive
effects. Social reward in the process of social interaction This trait requires the coordinated activity
of oxytocin and 5-HT in nucleus accumbens (NACC). Social factors are one of the important causes
of addiction (Ramsewak et al., 2020).

Prosocial behavior includes comforting behavior. Comforting behavior is based on empathy, and
it will be mediated by conservative neurobiological and neurochemical mechanisms related to
empathy. Comfort behavior was tested after ventricular injection of oxytocin antagonist (OTA) in
prairie voles. The data showed that comfort behavior was significantly reduced, indicating that
activation of OTR in brain was a necessary condition for comfort behavior. The anterior cingulate
cortex (ACC), adjacent anterior cingulate cortex (PLC) and nucleus accumbens shell (NACS) of
prairie voles all expressed high density OTR; In humans, ACC and homologous medial prefrontal
cortex (MPFC) are related to empathy, while NAC is usually related to social and non-social
rewards. Immunoassay was used to identify ACC (but not PLC or NACS) with different activity by
targeting the immediate early gene (IEG) protein FOS. This study hypothesizes that oxytocin may
play a specific role in OTR in ACC, thus causing comfort behavior. In order to verify this point,
OTA injection directly into ACC can eliminate comfort reaction, while injection into adjacent PLC
has no elimination effect; this suggests that OTR signals in ACC may regulate comfort behavior by
disturbing physiological, emotional or behavioral responses. This evidence shows that ACC is a
node, and ACC activity increases under the interaction of peer stress, and OTR activation is
necessary to express comforting behavior. These nerve matrices provide a conservative biological
mechanism for comfort behavior between prairie voles and humans, and are of great significance in
understanding the social behavior defects in many mental diseases. The answer may not be simple,
straightforward, or easy to find, but it is well worth the fight (Dator, 2020).

5. Conclusions

Addiction treatment should be a five-in-one comprehensive psychological disease treatment
model, which integrates drug treatment, psychotherapy, behavior correction, gratitude education
and social support. Future steps may include focusing on educational schemes to mitigate this
higher risk of developing OUD in at-risk talents (Tasmim et al., 2022).
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