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ARTICLE INFO ABSTRACT

Keywords: Social behaviour is essential for animal survival, and the hypothalamic neuropeptide oxytocin (OXT) critically
Oxytocin impacts bonding, parenting, and decision-making. Dopamine (DA), is released by ventral tegmental area (VTA)
Dopamine

dopaminergic neurons, regulating social cues in the mesolimbic system. Despite extensive exploration of OXT
and DA roles in social behaviour independently, limited studies investigate their interplay. This narrative review
integrates insights from human and animal studies, particularly rodents, emphasising recent research on phar-
macological manipulations of OXT or DA systems in social behaviour. Additionally, we review studies correlating
social behaviour with blood/cerebral OXT and DA levels. Behavioural facets include sociability, cooperation,
pair bonding and parental care. In addition, we provide insights into OXT-DA interplay in animal models of social
stress, autism, and schizophrenia. Emphasis is placed on the complex relationship between the OXT and DA
systems and their collective influence on social behaviour across physiological and pathological conditions.
Understanding OXT and DA imbalance is fundamental for unravelling the neurobiological underpinnings of

Social behaviour

social interaction and reward processing deficits observed in psychiatric conditions.

1. Introduction

Social behaviour is an essential component of an animal’s life. It
plays a significant role in the formation and maintenance of social re-
lationships, reproductive success, and overall survival within a social
group (Kappeler, 2022). Among the multiple neurobiological systems
that may be involved in regulating social behaviour, oxytocin (OXT) and
dopamine (DA) have been identified as key components. The impor-
tance of social behaviour for an individual’s fitness and survival em-
phasises the necessity of comprehending the complex neuronal
mechanisms governing social behaviour.

Certain brain regions such as the paraventricular nucleus (PVN) and
supraoptic nucleus (SON) of the hypothalamus have been identified as
essential components concerning social behaviour (Wang et al., 2022).
These regions are the primary producers of OXT, which is released into
both the blood and the brain in response to reproductive stimuli (e.g.
birth, suckling, sex) as well as social interaction and stressors (Landgraf
and Neumann, 2004). The nonapeptide OXT is often referred to as the
“social neuropeptide”, and is recognised for its involvement in fostering
social attachments, maternal care, and affiliative interactions (Lee et al.,
2009). Its actions are primarily mediated by OXT receptors (OXTR),
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which are G-protein-coupled receptors (GPCR) extensively expressed
throughout the body and the brain, including areas involved in social
cognition, emotional processing, and reward (Jurek and Neumann,
2018). Various social behaviours are shaped by OXT, such as social
approach, bonding, parenting, and decision-making in social contexts
(Menon and Neumann, 2023). In this context, over the last decades,
several lines of research focused on investigating the neuronal mecha-
nisms of this neuropeptide and its role in regulating social behaviour.
The main goal is to develop appropriate therapies and new tools for
manipulating the OXT system, potentially leading to treatments for
brain disorders associated with disrupted social interactions.
Dopaminergic neurons, arising from both the ventral tegmental area
(VTA) and substantia nigra (SN), have attracted significant scientific
interest regarding social behaviour, particularly VTA-DA neurons,
owing to their central role in modulating the pleasurable and aversive
aspects of social interactions (Gunaydin et al., 2014; Ilango et al., 2014;
Merrer et al., 2024; Solié et al., 2022). VTA-DA neurons play a central
role in governing processes related to learning and the formation of
memories associated with hedonic and motivational rewards (Rossato
et al., 2009; Salamone and Correa, 2012; Wise, 2004). SNc-DA neurons
play a pivotal role in motor function, goal-directed behaviour and
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reward (Ilango et al., 2014; Kim et al., 2015). This area of study has a
rich history, with a primary focus on addiction research, particularly
concerning the treatment of substance use disorders. However, it is
important to recognize that the influence of dopaminergic neurons ex-
tends well beyond the context of addiction and encompasses a broad
spectrum of cognitive and emotional processes. Dopaminergic neuron
actions are mediated by GPCRs, which range from D1 to D5 (Sibley
et al., 1993). These receptors can be categorised into two subgroups:
D1-type receptors (including D1 and D5), which stimulate neuronal
activity and are associated with reward-related reactions, and D2-type
receptors (comprising D2, D3 and D4), which inhibit neuronal activity
and reward-related responses (Beaulieu and Gainetdinov, 2011).

Dopaminergic neurons of the VTA, which extend their projections to
the nucleus accumbens (NAc), play a pivotal role in regulating both
social cues and reward processing in both humans and rodents (Bariselli
et al.,, 2018; Gunaydin et al., 2014, 2014; Kawamichi et al., 2016).
Specifically, research has demonstrated that VTA dopaminergic neurons
become activated in rodents engaged in conspecific interactions, and
increased activity in these neurons promotes social reinforcement
learning (Bariselli et al., 2018; Dolen et al., 2013; Solié et al., 2022). This
establishes the foundation for considering DA as a positive modulator of
social behaviour and a potential target for addressing social-related
disorders.

In this review, we aim to integrate insights derived from studies
involving humans and animals exploring the interconnected relation-
ship between OXT and DA and their collective influence on social
behaviour across various animal species. We first provide a succinct
overview of the interaction between the OXT and DA systems in the
brain. Subsequently, we delve into studies that investigate the impact of
pharmacological manipulations of the OXT and DA systems on social
behaviour. Additionally, we spotlight research exploring the correlation
between social behaviour and fluctuations in blood/cerebral levels of
OXT and DA. Given the extensive literature available, our analysis
centres on studies that investigated non-reproductive social interactions
such as sociability and cooperation, alongside reproductive social in-
teractions including pair bonding and parental care. Furthermore, we
include a few studies that offered insights into the interplay between
OXT and DA in animal models of social stress, as well as in conditions
such as autism spectrum disorder (ASD) and schizophrenia. We establish
connections between findings from human research and specific in-
vestigations conducted in animals, particularly rodents. Moreover, we
underscore selected studies examining the potential of intranasal OXT as
a therapeutic approach for alleviating maladaptive social behaviour
associated with conditions like ASD. This review seeks to elucidate the
complex connections between OXT and DA, exploring their combined
impact on social behaviour across both typical physiological conditions
and pathological states.

2. Reciprocal interplay between oxytocin and dopamine systems
in the brain

Over the last 15 years, various studies have shown that OXT may
enhance awareness of social behaviour, possibly through its interaction
with the mesolimbic dopaminergic system. Anatomically, there is a close
relationship between OXT and DA pathways in the brain (Baskerville
and Douglas, 2010). The PVN, one of the main sources of OXT in the
brain, innervate high DA-containing regions like the VTA, NAc, amyg-
dala (AMY), and prefrontal cortex (PFC) (Melis et al., 2007; Roeling
et al., 1993; Succu et al., 2008). Additionally, the PVN and the SON
express DA receptors and receive dopaminergic innervations, possibly
from the VTA (Buijs et al., 1984; Decavel et al., 1987; He et al., 2021;
Rivkees and Lachowicz, 1997). In addition, the VTA, NAc, and AMY
express both OXTR and DA receptors (Baskerville et al., 2009; Buijs
et al., 1984; Roeling et al., 1993). Optogenetic activation or increased
expression of tyrosine hydroxylase (TH, the rate-limiting enzyme in
catecholamine biosynthesis) in the anteroventral periventricular
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nucleus (AVPV) of the mouse hypothalamus, led to elevated circulating
OXT levels, while the ablation of AVPV TH+ neurons resulted in
decreased OXT levels (Scott et al., 2015). Although direct neuroana-
tomical evidence of OXT’s modulation of dopaminergic neurons in the
VTA is limited, earlier research has shown that in the NAc, OXT fibres
originating from the PVN are closely juxtaposed with dopaminergic
innervation that arises from the VTA (He et al., 2021; Melis et al., 2007;
Succu et al., 2008). Furthermore, OXT exerts precise control over DA
neurons (Xiao et al., 2017). OXT signalling has distinct effects on DA
neurons in different brain regions. In slice recording experiments, the
OXT application increased firing rates in VTA-DA neurons but decreased
firing rates in lateral substantia nigra pars compacta (SNc)-DA neurons.
Optogenetic stimulation of OXT fibres also showed opposing effects,
enhancing VTA-DA neuron activity while reducing activity in lateral
SNc-DA neurons. The enhancement of VTA-DA neuron firing by light
stimulation was blocked by an OXT receptor antagonist, indicating
direct modulation by OXT. However, the antagonist alone could not
prevent light-induced inhibition of SNc-DA neurons. This inhibition was
found to be mediated indirectly via local GABA neurons, as it was
reduced in the presence of GABA receptor antagonists. Thus, the dual
effect of OXT on DA neurons in both the VTA and SNc highlights the
complexity of OXT’s regulation of the brain’s reward systems. Although
OXT may influence VTA and SNc DA activity to enhance socially
rewarding interactions at the expense of exploration, further research is
needed to explore the potential implications for reward-related behav-
iour. It is theoretically possible that SNc-DA neurons may encode in-
formation valence in a manner akin to VTA-DA neurons.

3. Oxytocin and dopamine systems in social behaviour
3.1. Oxytocin and dopamine systems in sociability

Social behaviour is governed by OXT in both humans and animals
(Bosch and Young, 2018; Menon and Neumann, 2023; Neumann, 2008).
One hypothesis posits that OXT enhances the relevance of both positive
and negative social cues through distinct neuronal circuits, which can
account for why OXT has both anxiolytic and anxiogenic effects (Sha-
may-Tsoory and Abu-Akel, 2016; Steinman et al., 2019). Importantly,
OXT appears to affect social interactions and avoidance tendencies by
altering the perceived significance of socially meaningful cues (Menon
and Neumann, 2023; Shamay-Tsoory and Abu-Akel, 2016). Notably, the
interaction between OXT and DA is increasingly acknowledged as a
potential mechanism shaping social behaviour (Triana-Del Rio et al.,
2022).

For example, a study by Groppe et al. (2013) illustrates how intra-
nasal OXT treatment can modulate the recognition of social cues and
activate reward-related brain regions, such as the VTA, using functional
magnetic resonance imaging (fMRI). In this study, the authors investi-
gated the effects of intranasal OXT treatment on the processing of social
cues related to social reward (friendly face) or social punishment (angry
face) in humans. Intranasal OXT administration has demonstrated the
ability to elevate the central levels of this peptide, not only in the ce-
rebrospinal fluid but also in specific brain regions (Neumann et al.,
2013). Using a social incentive learning task, the authors found that
women with high sociability (i.e., high scores in the Temperament and
Character Inventory “cooperativeness”) demonstrated enhanced recog-
nition of both rewarding and punishing cues when compared with
women with low sociability tendencies (i.e., low “cooperativeness”
scores) (Groppe et al., 2013). The administration of intranasal OXT had
contrasting effects on these two groups, enhancing the recognition of
social cues in low-sociable participants while diminishing it in
high-sociable ones. Furthermore, it is noteworthy that following OXT
administration, the VTA exhibited increased activation specifically in
response to rewarding and aversive cues, but not in response to neutral
cues. This suggests that OXT may influence the brain’s reward circuitry,
which includes DA pathways, to assign salience to socially relevant cues.



V. Rappeneau and F. Castillo Diaz

A notable limitation is the inability to directly measure DA levels due to
constraints associated with invasive techniques. While activation of the
VTA is often associated with changes in DA release, it is not the sole
determinant. Further research is essential to achieve a comprehensive
understanding of DA dynamics in human studies, allowing for more
conclusive insights into the interaction between OXT and DA in shaping
social behaviour and perceptions of social significance.

Similar to observations from Groppe et al. (2013), another fMRI
study showed a decrease in AMY activation following intranasal OXT
was observed in response to both fearful expressions and happy facial
expressions (Domes et al., 2007). This suggests that OXT may exert a
modulatory effect on the AMY responses to facial expressions, irre-
spective of their emotional valence (positive or negative). This modu-
lation may signify a reduction in uncertainty regarding the predictive
value of social stimuli, thus facilitating social approach behaviour.
Similar results have recently been observed in mice (Ferretti et al.,
2019). In this study, the authors explored how the OXT system influ-
enced the mice’s ability to discern between unfamiliar conspecifics
exhibiting negative (after fear conditioning) or positive (after relief from
water deprivation) emotional states. The study revealed the essential
role of OXT projections from the PVN to the central AMY in discerning
fear or relief states, highlighting their significance over other brain re-
gions like the NAc, PFC, and hippocampus. While no direct link with DA
has been established considering the significant role of DA in reward
processing and motivation, the influence of OXT on AMY activity may
indirectly impact DA pathways involved in social reward processing and
emotional regulation. The VTA-AMY pathway has been relatively
understudied in the context of social behaviour compared with the
well-established VTA-DA projections to the NAc and PFC. Consequently,
its functional role remains largely unknown.

The interconnected relationship between OXT and DA in the VTA is a
critical factor in modulating sociability and reward generated by social
interactions in rodents. In one study, the authors manipulated PVN-OXT
neurons with optogenetics and employed selective OXTR knockout (KO)
in VTA-DA neurons, illustrating the essential role of OXT in enhancing
sociability and social-conditioned place preference in adult mice with
C57Bl/6 background (Hung et al., 2017). Specifically, optogenetic
stimulation of PVN-OXT neurons or their VTA terminals enhanced so-
ciability and facilitated social-conditioned place preference, whereas
optogenetic inhibition of the same terminals reduced sociability and
eliminated social-conditioned place preference. Furthermore, the
administration of an OXTR agonist to brain slices increased the spon-
taneous spiking of VTA-DA neurons, an effect that could be reversed by
applying an OXTR antagonist. Further experiments indicate that OXT
increases the excitation-to-inhibition balance in DA neurons originating
from the VTA and projecting to the medial shell of the NAc. This suggests
that OXT release in the VTA during social interactions enhances the
excitability of these DA neurons, leading to increased DA release in the
NAc, thereby reinforcing social interactions.

3.2. Oxytocin and dopamine systems in cooperation

Cooperation and social bonding among individuals are facilitated by
OXT (Patin et al., 2018; Yang et al., 2021). To illustrate, a recent fMRI
study by Rilling et al. (2018) examined the impact of intranasal OXT
treatment on brain activity during cooperative interactions in humans
using a dyadic social interaction task. This task, also referred to as the
Prisoner’s dilemma game, is a renowned model in game theory that
portrays the conflict between individual self-interest and collaborative
cooperation. In women displaying positive social interactions (cooper-
ation), intranasal OXT treatment was associated with decreased acti-
vation of the insula, orbitofrontal cortex, lateral septum and NAc, which
are areas that receive mesolimbic DA projections. Conversely, no effects
of intranasal OXT treatment were observed in women when they were
not cooperating. However, intranasal OXT treatment had no discernible
impact on brain activity in men when they were cooperating. In
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addition, reduced AMY and VTA activation after a non-cooperative
outcome was found in this group (Rilling et al., 2018). Thus, OXT
administration can modulate brain activity during cooperative in-
teractions, particularly in regions receiving mesolimbic DA projections.
These effects appear to be influenced by sex and the specific context of
social interactions. These findings suggest that OXT may have evolved
distinct, sex-specific functions, impacting neuronal and behavioural
processes in a manner that is tailored to individual characteristics and
social scenarios. This insight holds promise for the development of
personalised medicine approaches that consider the unique responses of
individuals to OXT-based interventions. In a prior fMRI investigation,
Rilling et al. (2004) explored the activation of the DA system when
predicting a social partner’s response to altruistic actions. In participants
engaged in one-shot Prisoner’s Dilemma games, brain regions that
receive dopaminergic projections, the ventromedial PFC and ventral
striatum, showed an increased activation to reciprocated altruism and a
decreased activation to unreciprocated altruism (Rilling et al., 2004).
These findings suggest that DA conveys reward prediction error infor-
mation (Schultz, 1998), shaping our judgments about individuals likely
to reciprocate.

Drawing parallels between this human study and research conducted
in rodents, a study examined cooperation in Long-Evans rats using a
modified version of the Prisoner’s dilemma game conducted in an op-
erant chamber (Wood et al., 2016). In this experimental setup, pairs of
rats were placed in the chamber, divided by a metal screen, with each
side equipped with a retractable lever and a pellet dispenser. During
each trial, the rats had the option to cooperate (by pressing a lever) or
defect (by withholding a response), without prior knowledge of their
partner’s choice. The game had varying outcomes: cooperation resulted
in three food pellets for each side, unilateral defection provided five
pellets to the defector only, and when neither rat cooperated, no pellets
were dispensed. The results revealed that rats adjusted their operant
behaviour based on the requirements for cooperation (lever pressing or
withholding response) and their hunger levels (hungry or fed ad libi-
tum). Notably, an intraperitoneal OXT injection significantly influenced
the trial outcomes, leading to a decrease in defection and an increase in
cooperation (Donovan et al., 2020), a pattern similar to what has been
observed in humans (Rilling et al., 2018).

While the parallels between human and rodent studies are intriguing,
it is important to note that the translation of findings from rodents to
humans can be challenging due to species differences. Furthermore,
without direct measurement of the DA system, it remains unclear
whether OXT and DA interact to influence cooperation in humans and
rats. Therefore, further research using animal models and incorporating
measures of both OXT and DA systems would be necessary to elucidate
their interaction and its effects on cooperative behaviour as well as the
reward-related neuronal circuitry.

3.3. Oxytocin and dopamine systems in pair-bonding

The OXT system plays a significant role in promoting social affilia-
tion, attachment, and partner preference across species (Blumenthal and
Young, 2023; Bosch and Young, 2018). Intranasal OXT administration
has been investigated in the context of partner preference, revealing that
it can enhance the attractiveness of the heterosexual men’s partner and
activate DA brain regions like the NAc and VTA (Scheele et al., 2013).
This suggests that OXT might play a role in fostering romantic bonds by
increasing the perceived attractiveness and reward value of the partner
compared with unfamiliar individuals, potentially involving in-
teractions with the DA system. Comparable outcomes were observed in
female prairie voles, where OXT administration into the prelimbic cor-
tex facilitated the formation of mating-induced partner preference,
subsequently leading to heightened DA release in the NAc (Young et al.,
2014). The precise mechanisms by which OXT infusion in the prelimbic
cortex could alter DA release were not addressed in the paper. It is
possible that VTA-DA terminals within the NAc express glutamatergic
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receptors, and that glutamate release from the PFC modulates accumbal
DA release. Supporting this hypothesis, the release of DA by glutamate
has been demonstrated in vitro in rat slices (Clow and Jhamandas, 1989)
and synaptosomes(Desce et al., 1992), and much evidence has been
provided which supports the role of the glutamatergic corticostriatal
neurons in the presynaptic regulation of DA release (Galli et al., 1991;
Krebs et al., 1989; Saul’skaya, 1997).

Supporting the notion that OXT-DA interactions might contribute to
the OXT-induced effects on social bonding (Young et al., 2014), the
systemic administration of a dopaminergic antagonist effectively
blocked the partner preference induced by OXT in female prairie voles
(Liu and Wang, 2003). Furthermore, following the administration of a
DA reuptake inhibitor, male and female prairie voles exhibited a loss of
partner preference, accompanied by a subsequent reduction in oxy-
tocinergic immunoreactive cells in the PVN (Hostetler et al., 2016).

Limited information exists regarding the involvement of the OXT
system in social affiliation beyond rodents. A particular study investi-
gated gene expression correlations of OXT and DA concerning social
variation in coral reef butterflyfishes (f. Chaetodontidae) (Nowicki et al.,
2020). The gene expression correlates of social variation were assessed
within and between different species and sexes, comparing pair-bonding
individuals with solitary ones and high-affiliation species with those less
affiliative. The study found that individual differences in sociality were
associated with OXTR and D1R expression in the dorsal portion of the
ventral telencephalon, the mammalian homologue of the NAc. However,
there were no major changes in OXTR as well as D1 receptor (D1R) and
D2 receptor (D2R) expression in the VTA. In the context of pair bonding
in adult zebra finches (Taeniopygia guttata), known for monogamous
pairs and courtship behaviour, a study evaluated song preference in
pair-bonded and unpaired females (Day et al., 2019). Paired females
preferred their partner’s song, while unpaired females showed no pref-
erence. Subcutaneous injection of a D2R agonist, but not a D1R agonist,
induced a significant preference for the partner’s song in unpaired fe-
males, suggesting D2R activation is sufficient for song preference.
Another recent study assessed activation patterns in the social behaviour
network (O’ Connell and Hofmann, 2012) during social singing contexts
in adult male zebra finches, revealing upregulation of the mRNA
expression of the neuronal activation marker Egrl in various brain areas
including the PVN (Anderson et al., 2023). The investigation did not
directly assess VTA activity dependent on social context. However, the
bidirectional connection between PVN and VTA, as already demon-
strated in zebra finches, raises questions about the role of PVN OXT
neurons projecting to VTA during social singing. Collectively, these
studies (Anderson et al., 2023; Day et al., 2019; Nowicki et al., 2020)
emphasize the significance of the interplay between OXT and DA and
their combined impact on pair bonding, extending beyond the context of
humans and rodents. Additionally, comprehending the specific and
shared patterns with mammals would aid in unravelling the molecular
evolution of social behaviour.

The influence of intranasal OXT administration was examined in
response to scenes with positive (erotic) or aversive (fearful) valence in a
fMRI study conducted on young adult men (Sauer et al., 2019). While no
significant behavioural changes were noted after the treatment, OXT
was found to enhance the activation of brain regions associated with
reward processing, such as the VTA and NAc, in response to erotic
scenes. These findings are in line with previous data showing that OXT
mediated VTA activation to socially rewarding cues (Groppe et al.,
2013) as well as with another study showing increased VTA activation to
sexual images by intranasal OXT in women (Gregory et al., 2015). They
also align with the notion that erotic stimuli typically evoke approach
behaviour, which is thought to be mirrored by activation in the DA
reward system.

3.4. Oxytocin and dopamine systems in parental care

Given that OXT has broader implications beyond pair bonding,
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intranasal OXT’s effects were also examined concerning maternal and
paternal bonding with their offspring (Neumann, 2009; Yoshihara et al.,
2018). In a fMRI study conducted by Li et al., (2017), it was shown that
intranasal OXT has a significant impact on brain activation in fathers
when exposed to images of their children. Remarkably, OXT enhanced
the brain’s response to viewing pictures of their children, notably in
regions such as the anterior cingulate cortex, known for parental care-
giving, the visual cortex, possibly associated with task attention, and in
the caudate nucleus, implicated in reward processing. Intriguingly, the
caudate nucleus receives projections from midbrain DA and is part of the
nigrostriatal DA system, which, like the mesolimbic DA system, plays a
role in reward and motivation (Ikemoto et al., 2015). These findings
suggest that OXT may enhance the reward or salience of visual stimuli
related to one’s child through its interaction with the DA system.

Building upon these insights into OXT’s role in parental bonding and
neuronal processing related to parental behaviour (Li et al., 2017),
similar findings were replicated in mandarin voles regarding the
involvement of OXT neurons in regulating paternal care (He et al.,
2021). Specifically, chemogenetic activation of OXT neurons projecting
from the PVN to the VTA increased fathers’ interest in their pups,
leading to extended licking behaviour. Conversely, inhibiting these
neurons resulted in reduced pup-licking by the fathers. Both the acti-
vation and inhibition of OXT neurons were accompanied by increased
and decreased DA release in the NAc, respectively, providing further
evidence for the interaction between OXT and the DA reward system in
shaping social behaviour (He et al., 2021).

Providing additional support for this hypothesis, one study investi-
gated the impact of a dopaminergic reuptake inhibitor on adult male
mandarin voles, which resulted in a reduction in paternal care behav-
iour (Wang et al., 2014). This behaviour change was accompanied by a
decrease in oxytocinergic immunoreactive cells in the PVN, further
establishing a connection between OXT and DA in regulating paternal
care.

While we discussed various studies on pharmacological OXT treat-
ments, it is important to consider research on blood/cerebral variations
in OXT levels in response to various social stimuli. For example, one
combined functional MRI-PET scanner study investigated plasma OXT
and cerebral DA responses in mothers watching videos of their children
compared with unfamiliar children to understand social affiliation and
maternal bonding (Atzil et al., 2017). They specifically explored syn-
chronous maternal behaviour (i.e., “mothers who were sensitive to their
infant’s cues for social engagement and who adjusted their behaviour to
meet those needs”). The findings showed a significant positive correla-
tion between synchronized maternal behaviour and heightened D2-type
dopamine receptor response to the infant, tracked by changes in [11C]
raclopride binding in many brain areas including the NAc. These
behavioural findings were supported by stronger intrinsic connectivity
within the medial AMY network, encompassing the NAc, the AMY and
the medial PFC, all involved in prosocial behaviour regulation. In
addition, plasma OXT positively correlated with vocalisation synchrony
(i.e., when the mother engages in motherese [high-pitched speech and
sing-song vocalization] while the infant responds with cooing, giggling,
or laughing). In response to the own infant, plasma OXT also tended to
positively correlate with DA responses in the NAc, indexed by changes in
[11C]raclopride binding potential. In conclusion, this study underscores
the involvement of OXT and DA in maternal behaviour, aligning with
findings from animal studies. For example, a study on C57BL/6 N
maternal mice revealed that pup vocalizations activate OXT neurons in
the PVN through the posterior intralaminar thalamus, part of the
non-lemniscal auditory pathway implicated in maternal and social
behaviour (Valtcheva et al., 2023). This activation results in increased
firing of PVN-OXT neurons and central OXT release in areas controlling
pup retrieval, especially triggering OXT release in the VTA. Further-
more, investigations in Sprague-Dawley rats demonstrated that
intra-NAc OXT injections or OXTR antagonist injections altered the
onset of maternal behaviour (D’Cunha et al., 2011), while systemically
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administered DA reuptake inhibitors stimulated maternal behaviour and
reduced maternal aggression (Johns et al., 2005). In Long-Evans rats, an
intra-VTA infusion of OXT increased DA release in the NAc of virgin
females, whereas an OXTR antagonist significantly decreased DA release
in the NAc of lactating females, suggesting an effect of OXT on DA
neurons of the VTA (Shahrokh et al., 2010).

In addition to pharmacological studies of OXT and investigations
into blood or cerebral OXT levels, we have also sought studies that
explore the intricate interplay between genetic variations and environ-
mental factors. Variations in OXT-related genes like OXTR, as well as
DA-related genes, particularly single nucleotide polymorphisms (SNPs),
have been linked to social-emotional dysregulation, including aspects of
social cognition, empathy, and aggression (Grinevich et al., 2016; Pav-
lov et al., 2012). However, there are few studies concurrently examining
SNPs in both OXT and DA-related genes and their collective impact on
social-emotional behaviour. In one study, specific genetic variations in
OXTR or catechol-O-methyltransferase (COMT), involved in DA break-
down, were associated with decreased sociality (Koyama et al., 2022). In
the other study, variations in the DA beta-hydroxylase (DBH) gene,
which influences DA signalling, interacted with childhood parenting
experiences to affect maternal behaviour and compassion levels
(Dobewall et al., 2021). However, limited evidence exists regarding
SNPs’ structural and functional consequences in OXTR, COMT, or DBH
genes. Further research is needed to comprehensively understand how
genetic variations in OXT and DA-related genes can impact social
behaviour through OXT and DA signalling alterations.

4. Oxytocin and dopamine systems in maladaptive social
behaviour

As highlighted in the introduction, OXT and DA are central to
regulating various aspects of normal social behaviour. Emerging evi-
dence also suggests their involvement in maladaptive social behaviour.
Studies indicate that OXT influences processes implicated in disorders
characterized by social deficits, such as major depressive disorder,
posttraumatic stress disorder, ADS, and schizophrenia (Cochran et al.,
2013; Sippel et al., 2017). Conversely, dysregulation of the DA system is
linked to these disorders (Grace, 2016). To bridge this gap, we present a
review of selected studies exploring OXT and DA interactions in social
deficit disorders.

4.1. Social stress models

Examining animal models of social stress has provided valuable in-
sights into the interplay of OXT and DA in social behaviour (Duque--
Wilckens et al., 2020; Lukas et al., 2011). A recent study found that
chronic psychosocial stress, specifically social isolation during adoles-
cence, led to increased social interaction but impaired social recognition
in adult male mice compared with those housed in groups (Musardo
et al., 2022). These behavioural changes were associated with height-
ened activity and quantity of OXT neurons in the PVN. Additionally,
electrophysiological recordings showed increased excitability in PVN
neurons projecting to the VTA. By suppressing PVN-OXT neurons using
chemogenetics, social interaction and VTA-DA neuron excitability were
normalized in isolated mice. These findings suggest a pivotal role of
altered PVN-OXT neuron activity in mediating the effects of adolescent
social isolation on adult social behaviour. Other studies used social
defeat stress (SDS), considered a severe stressor based on social hierar-
chy and dominance. In this paradigm, a rodent (defined as an intruder)
is introduced to the cage of an aggressive, dominant rodent (defined as
the resident) in repeated sessions that can last days or weeks (Hammels
et al., 2015). Long-term SDS is associated with cognitive impairment,
social deficits, anxiety- and depressive-like behaviours. In rodents,
where high sociability is typical, OXT promotes pro-social behaviour
and counteracts social avoidance. This is evidenced by experiments
where intracerebroventricular (i.c.v.) administration of an OXTR
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antagonist in naive male Wistar rats or C57BL/6 mice decreased their
preference for social interaction (Lukas et al., 2011). Moreover,
following a single episode of social defeat, male rats exhibited social
avoidance, but their innate social preference could be reinstated by i.c.v.
infusion of synthetic OXT (Lukas et al., 2011). In female California mice,
SDS resulted in reduced social approach and increased social vigilance
along with increased Oxt mRNA levels and co-localization of OXT with
c-fos (a marker of cellular activity) in the bed nucleus of the stria ter-
minalis (BNST) (Duque-Wilckens et al., 2020). Interestingly, knocking
down OXT in the BNST prevented the SDS-induced increase in social
vigilance and decrease in social approach, while OXT infusion into the
BNST induced social vigilance in both stress-naive female and male
California mice, highlighting the significant role of OXT in modulating
social vigilance. Dopaminergic neurons of the VTA also play a complex
role in the development of susceptibility to SDS in mice and rats.
Changes in DA activity have been observed in male Long-Evans socially
defeated rats, with increased DA release in regions like the NAc and PFC
(Tidey and Miczek, 1996). Additionally, research has shown increased
firing rates of VTA-DA neurons during aggressive confrontations in male
Sprague-Dawley rats (Anstrom et al., 2009) and in C57BL/6 male mice
susceptible to SDS (i.e., showing social avoidance) (Cao et al., 2010).
Optogenetic studies have shown that inhibiting the DA VTA-NAc
pathway promotes stress resilience while inhibiting the DA VTA-mPFC
projections increases stress susceptibility in C57BL/6 male mice
(Chaudhury et al., 2013). Chronic optogenetic activation of VTA-DA
neurons in susceptible mice can restore their firing rate to normal
levels, reverse social avoidance, and shift them from susceptibility to
resilience, underscoring the intricate role of VTA-DA neurons in social
defeat outcomes (Friedman et al., 2014). Although these studies did not
directly address the interconnected relationship between OXT and DA,
they highlight the role of OXT and DA in modulating social behaviour,
particularly in the context of social avoidance and social vigilance.

4.2. Autism models

Several studies have investigated the interaction between OXT and
DA in the context of autism. Young individuals with ASD showed
improved learning following intranasal OXT administration in a prob-
abilistic reinforcement learning task (Kruppa et al., 2019). Interestingly,
this learning enhancement was specific to scenarios where the learning
target and feedback were social, as opposed to non-social conditions.
Moreover, the influence of OXT was reflected in altered brain activity,
manifested as an increased correlation in the reward prediction error
signal within the NAc activation when social feedback was compared
with non-social feedback.

By contrast, a study involving children and adolescents with ASD
failed to show a significant impact of intranasal OXT administration on
reward perception during a social and non-social incentive delay task
(Greene et al., 2018). However, OXT treatment led to notable alterations
in brain activity among ASD patients, reducing frontal pole activation
during the outcome phase of social rewards and increasing NAc acti-
vation during non-social reward anticipation. In addition, a positive
correlation between salivary OXT levels and NAc activation was found
following intranasal OXT administration, indicating the NAc’s respon-
siveness to OXT in individuals with ASD. The absence of OXT effects on
social rewards is surprising. One possible explanation may be related to
how social reward anticipation and outcomes are measured in ASD. For
instance, dynamic stimuli have been shown to have a more substantial
impact on eliciting social impairments in ASD than static stimuli (Che-
vallier et al., 2015). Therefore, the lack of OXT effects in social reward
conditions in this study may be attributed to static social rewards
impeding the detection of OXT-related neuronal changes. Future studies
examining the effects of OXT on neuronal responses to dynamic social
rewards will be necessary to explore this possibility.

In animals, some studies have shown the prosocial effects of OXT in
rodent models of ASD. For instance, male mice lacking Shank3B KO, an
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animal model for autism-like behaviour, exhibited reduced social
interaction and sociability, alongside decreased OXT immunoreactivity
in the PVN. The intranasal administration of OXT successfully amelio-
rated the social deficits observed in Shank3B KO mice while enhancing
dopaminergic synaptic plasticity within the VTA (Sgritta et al., 2019).
Similarly, i.c.v. OXT administration elevated social novelty preference
in HPC-1 syntaxin 1 A (StxI1a) KO mice, another animal model exhibiting
autism-like behaviour. This enhancement in the social response was
subsequently followed by a reduction in DA release in the striatum
(Fujiwara et al., 2021). Notably, the intranasal administration of OXT
did not succeed in enhancing social interaction among mice with a
conditional deletion of OXTR in dopaminergic neurons (Sgritta et al.,
2019), indicating that the presence of OXTR in dopaminergic neurons
plays a pivotal role in mediating the prosocial effects of OXT.

The role of OXTR expression in contributing to the social deficits
observed in individuals with ASD has been a subject of significant in-
terest. Recent research using competitive-binding receptor autoradiog-
raphy has unveiled intriguing findings, particularly in the SNc. Notably,
a decrease in OXTR binding has been identified in postmortem brain
samples from females with ASD (Frehner et al., 2022). Interestingly,
males with ASD did not display significant changes in OXTR binding,
raising the possibility of a sex-related distinction in the regulation of
mature OXTR levels. Furthermore, additional investigations employing
in situ hybridization techniques to visualise and quantify OXTR and TH
mRNA have yielded results indicating no significant alterations. These
findings collectively suggest that the observed effect on OXTR binding is
unlikely to be driven by underlying differences in the DA system of the
SNc.

In a study involving boys diagnosed with ASD, significant differences
were observed in their plasma levels of OXT and DA when compared
with control boys (Alabdali et al., 2014). Specifically, children with ASD
exhibited markedly reduced levels of both OXT and DA. In addition, the
decrease in OXT levels, but not DA, was strongly correlated with the
severity of ASD scores in these patients. The findings of this study stand
in contrast to previous research that reported elevated blood DA levels in
children with ASD (El-Ansary et al., 2011). It is mentioned that few
studies have assessed variations in the levels of DA, its metabolites or the
activity of enzymes involved in DA metabolism in the blood, as DA
cannot cross the blood-brain barrier. Rather, brain imaging studies are
generally more accurate in showing dysfunction of the central DA sys-
tem in ASD (DiCarlo and Wallace, 2022).

4.3. Schizophrenia models

There are very few studies that have explored the interaction be-
tween OXT and DA in the context of schizophrenia. One study involving
schizophrenia patients examined the effects of intranasal OXT admin-
istration on brain activity during a social learning task. In this task,
participants played a trust game with investment decisions with sessions
against a computer and a human player, though both were computer
programs. Although the study did not find a statistically significant
impact of OXT, there was a noteworthy trend towards a significant in-
crease in social trust in a cooperative task (Mouchlianitis et al., 2022).
Specifically, schizophrenia patients treated with OXT exhibited height-
ened trust when they believed they were interacting with a human
player as opposed to a computer player, suggesting that OXT could
enhance social aspects in these patients. This behavioural change was
accompanied by a significant increase in activation in the right lateral
parietal cortex and the right anterior insula when interacting with
human players. These two cortical regions are involved in reward pro-
cessing (Schultz, 2015). Additionally, OXT led to a significant decrease
in AMY activity when interacting with human players. These findings
imply that a single intranasal dose of OXT can modulate an extended
neuronal network comprising both cortical and subcortical components
associated with reward processing and cognition. This modulation may
involve interactions between OXT and DA systems, as both

Neuroscience and Biobehavioral Reviews 161 (2024) 105675

neurotransmitters play significant roles in regulating social behaviour
and neuronal activity related to reward processing and social cognition.

In another investigation, the impact of intranasal OXT administra-
tion on an eye gaze task was examined (Bradley et al., 2019). In this task,
participants engage in prolonged eye contact, a behaviour often
diminished in individuals with schizophrenia. This reduction may sug-
gest lower attention to important social cues and potentially reduced
sensitivity to the social significance of eye contact. In schizophrenia
patients, OXT administration increased eye contact, highlighting a
heightened focus on facial expressions and social cues. However, it is
noteworthy that the same OXT treatment reduced eye gaze among
control individuals. These findings underscore the complex and
context-dependent impact of OXT on social behaviour.

Although there were no indications of alterations in the interaction
between OXT and DA in schizophrenia patients in the two studies
mentioned (Bradley et al., 2019; Mouchlianitis et al., 2022), the
observed differences in response to OXT between schizophrenia patients
and control individuals could potentially be attributed to variations in
the functioning of the DA system in these groups. This suggestion is
supported not only by findings from the abovementioned neuroimaging
study (Mouchlianitis et al., 2022) but also by research involving animal
models. The phenotypes of Neuregulin-1 (Nrgl) and
Disrupted-in-schizophrenia 1 (Disc1) mutant mice -both genes associ-
ated with schizophrenia- were characterised (O’ Tuathaigh et al., 2017).
The Nrgl heterozygous/Disc1 homozygous (Ngr1ET/Disc1%°M) mutant
mice exhibited decreased sociability and increased self-grooming
behaviour, accompanied by increased expression of OXT in the hypo-
thalamus. In addition, Ngr1™ET /Disc1"™ mice showed lower striatal
D2R expression, an essential component of DA signalling. However, no
significant changes were found in the levels of DA and its associated
metabolites (i.e., 3,4-dihydroxyphenylacetic acid and homovanillic
acid) in the PFC and hippocampus. Because this is a singular study,
further research is essential to elucidate the role of OXT and DA in
modulating social deficits within the context of schizophrenia.

5. Conclusion and outlook

In summary, the interconnected relationship between OXT and DA,
governing social behaviour, represents a complex and evolving research
domain. Fig. 1 depicts the hypothesised neuronal circuits implicating DA
and OXT in rodent social behaviour. As outlined in this review, OXT and
DA are pivotal in shaping diverse social aspects such as sociability,
cooperation, pair bonding, and parental care. Insights from studies in
both humans and rodents illustrate how OXT amplifies the significance
of social cues, possibly through interactions with the brain’s reward
circuitry involving DA pathways. Furthermore, research using animal
models underscores the importance of understanding disruptions in the
OXT-DA balance, contributing to maladaptive social behaviour relevant
to human disorders.

Ongoing studies may reveal the complex relationship between OXT
and DA enhancing our understanding of the neurobiological basis of
social behaviour, and then offering new therapeutic approaches for
social-related disorders.

As discussed in Section 4.1, animal models of depression induced by
social stress have provided valuable insights into the interaction be-
tween OXT and DA in social behaviour. Social isolation during adoles-
cence led to altered OXT neuronal activity and impaired social
behaviour in adult male mice (Musardo et al., 2022). Suppression of
PVN-OXT neurons normalised social behaviour and VTA-DA neuron
excitability in isolated mice, indicating the pivotal role of altered
PVN-OXT neuron activity in mediating the effects of adolescent social
isolation on adult social behaviour. Additionally, studies on SDS have
underscored the complex roles of OXT and DA in modulating social
behaviour, particularly in social avoidance and social vigilance
(Anstrom et al., 2009; Cao et al,, 2010; Chaudhury et al., 2013;
Duque-Wilckens et al., 2020; Friedman et al., 2014; Lukas et al., 2011;
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Fig. 1. Neuronal pathways of oxytocin and dopamine in rodent social behaviour. This schematic representation illustrates the proposed neuronal pathways involving
oxytocin (OXT) and dopamine (DA) during social behaviour in rodents. OXT neurons originating primarily from the hypothalamic paraventricular (PVN) and su-
praoptic (SON) nuclei project to various brain areas involved in regulating non-reproductive and reproductive social behaviours. These areas expressing oxytocin
receptors (OXTR) include the prefrontal cortex (PFC), anterior cingulate cortex (ACC), nucleus accumbens (NAc), bed nucleus of the stria terminalis (BNST), medial
preoptic area (MPOA), amygdala (AMY), and ventral tegmental area (VTA). The nigrostriatal, mesocortical, and mesolimbic DA pathways originating from the
substantia nigra (SN) and ventral tegmental area (VTA) innervate key brain regions expressing dopamine receptors (DAR) such as the PFC, NAc, and AMY. Although
not depicted here, the incertohypothalamic DA pathway also involves projections from the zone incerta to the MPOA, SON, and PVN of the hypothalamus. Our review
of the literature highlights specific circuits involving OXT and DA in modulating various social behaviours. For example, OXT via Circuit 1 influences social
interaction and their rewarding properties, while Circuit 2 modulates pair bonding, and Circuit 3 affects parental behaviour. Figure created with Biorender (https://

www.biorender.com/).

Tidey and Miczek, 1996). Thus, understanding the interplay between
PVN-OXT neuronal activity and VTA-DA neuronal excitability offers
promising avenues for developing targeted therapies aimed at modu-
lating these pathways to alleviate depression-relevant symptoms
induced by social stress.

Despite the complexity of the interactions between OXT, DA, and
ASD pathology, the studies reviewed in Section 4.2 collectively suggest
the development of drugs targeting the OXT and DA systems to
ameliorate social cognition and communication deficits often observed
in individuals with ASD. One study found improved learning in in-
dividuals with ASD following intranasal OXT administration, with
increased correlation in the reward prediction error signal in the NAc
during social feedback (Kruppa et al., 2019). Conversely, another study
showed no significant impact of intranasal OXT administration on
reward perception in ASD individuals, although notable alterations in
brain activity, including the NAc, were observed (Greene et al., 2018).
Other studies showed that OXTR binding was decreased in the SNc in
postmortem brain samples from females with ASD (Frehner et al., 2022),
while plasma levels of OXT and DA were significantly reduced in boys
diagnosed with ASD compared with the controls (Alabdali et al., 2014).
Animal studies demonstrated the prosocial effects of OXT in rodent
models of ASD, with OXT administration ameliorating social deficits and
modulating DA synaptic plasticity (Sgritta et al., 2019). Considering the
insights gained from these studies, one could envision drugs that might
modulate OXT and DA levels or enhance receptor sensitivity in brain
regions essential for social behaviour such as the NAc. These pharma-
cological interventions could offer promising avenues for addressing
social deficits associated with ASD but also with other psychiatric dis-
orders such as schizophrenia (see Section 4.3).

To achieve these objectives, further basic research is imperative to
identify novel drug targets and mechanisms of action. More in vivo im-
aging and behavioural studies are necessary to explore the dynamic
changes in OXT and DA activity following pharmacological in-
terventions like OXT and DA drugs. Moreover, additional studies using

animal models are needed to validate potential drug targets at the
convergence of the OXT and DA systems and to assess the efficacy and
safety of novel therapeutic approaches in clinical trials. The use of
cutting-edge technologies, such as single-cell RNA sequencing and
proteome analysis, can aid in identifying cell-specific gene expression
patterns and protein profiles associated with OXT and DA signalling in
the brains of individuals with neurodevelopmental and neuropsychiatric
disorders. By integrating these state-of-the-art technologies and adopt-
ing interdisciplinary approaches, we can advance our comprehension of
OXT and DA interactions and develop innovative therapies.
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