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Abstract

Oxytocin (OT) and vasopressin (AVP) are endogenous ligands for OT and AVP receptors in

the brain and in the peripheral system. Several studies demonstrate that OT and AVP have
opposite roles in modulating stress, anxiety and social behaviours. Interestingly, both peptides and
their receptors exhibit high sequence homology which could account for the biased signalling
interaction of the peptides with OT and AVP receptors. However, how and under which conditions
this crosstalk occurs in vivo remains unclear. In this review we shed light on the complexity of the
roles of OT and AVP, by focusing on their signalling and behavioural differences and exploring
the crosstalk between the receptor systems. Moreover, we discuss the potential of OT and AVP
receptors as therapeutic targets to treat human disorders, such as autism, schizophrenia and drug
abuse.
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1| INTRODUCTION

OT and vasopressin (AVP) are endogenous peptides that bind to the OT receptors and

the V14 V1p and V; receptors respectively (Figure 1b). These peptides can function as
hormones when peripherally released or as neuropeptides when released in the CNS (Stoop,
2012). As hormones, OT and AVP are synthesized in the hypothalamus, transported via
neuronal axons to the posterior pituitary and released into the bloodstream in response to
sexual stimulation and suckling (OT), and dehydration (AVP), thereby regulating parturition/
lactation and BP/diuresis, respectively (Gimpl & Fahrenholz, 2001; Koshimizu et al., 2012).
As neuropeptides, OT and AVP are involved in the regulation of behaviours, such as anxiety,
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social bonding, stress, aggression and reward (Albers, 2012; Gimpl & Fahrenholz, 2001).
Initial studies suggested that OT plays a role in reproduction and social bonding, and AVP
modulates aggressive behaviours (Song & Albers, 2018). This simplistic assumption has
been challenged through the years, most recently by studies showing that under specific
conditions, OT can enhance social fear (Guzman et al., 2013), whereas AVP can promote
bonding to a sexual partner (Winslow et al., 1993). Therefore, the exact roles of OT and AVP
in regulating social behaviours need to be further characterized.

In this review, we focus on the roles of OT and AVP in the CNS. More specifically, we
explore signalling by these neuropeptides at OT and AVP receptors, including potential
crosstalk between these receptor systems and behavioural outcomes. Lastly, we provide an
overall analysis of the pharmacological potential of these neuropeptides in the treatment of
disorders such as autism, schizophrenia and substance use disorder (SUD).

OT AND AVP PEPTIDES: SYNTHESIS AND RELEASE

OT and AVP are nine-amino acid cyclic amidated peptides. They differ in only two amino
acid residues, one at the third position and the other at the eighth position (Figure 1a). Both
OT and AVP contain cysteine residues at positions 1 and 6 that form a disulphide bridge,
leading to a cyclic secondary structure (Stoop, 2012). In mammals, at the third position, OT
contains isoleucine whereas AVP contains phenylalanine, whereas at the eighth position OT
contains leucine whereas AVP contains arginine.

OT and AVP are synthesized in the cell body of the hypothalamic-hypophyseal tract,
specifically in magnocellular and parvocellular neurons of the paraventricular nucleus
(PVN) and supraoptic nucleus (SON) (Stoop, 2012). OT and AVP synthesis in the
accessory magnocellular neurosecretory nuclei has also been reported (Stoop, 2012). In
addition, AVP synthesis has been described in the central amygdala (CeA), suprachiasmatic
nucleus and bed nucleus of stria terminalis (BSNT) (Veenema & Neumann, 2008).

Usually, magnocellular neurons express mRNA for both OT and AVP, although specific
magnocellular neuronal populations express mMRNA for either OT or AVP (Brown, 2016).
Because only AVP secretion in magnocellular cells increases in rats subjected to water
restriction stress (da Silva et al., 2015), this would suggest that OT and AVP synthesis can be
independent from each other in these neurons (for a review, see Brown, 2016).

OT and AVP are released from PVN axon terminals to different brain regions via direct
projections (Caldwell et al., 2008; Chini et al., 2017). Axonal projections to the forebrain
have been described in rats, with branches projecting to the amygdala, BNST, hippocampus,
lateral septum, nucleus accumbens (NAc) and spinal cord (Stoop, 2012). Besides PVN
axonal terminals, OT and AVP can be released from different neuronal sites, such as
dendrites, in a process known as volumetric transmission (Chini et al., 2017). This form

of transmission allows the peptides to have local effects and reach other brain regions via the
cerebral spinal fluid (CSF).
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3| OT AND AVP RECEPTORS

OT and AVP bind and activate members of the class A family of GPCRs (Stoop, 2012). To
date, one receptor for OT and three AVP receptors, V14, V1g and V5, have been described
(Stoop, 2012). The OT receptor and the V14 and Vg receptors are widely expressed in

the brain, whereas V, receptors are mostly found in the peripheral system. Considering our
interest in exploring the role of OT and AVP in the CNS, this review will not discuss the V,
receptors any further.

3.1| Brain distribution

In the brain, the OT, V14 and Vg receptors are present in regions implicated in
anxiety, social behaviour, memory, reward, motivation and stress (Albers, 2012; Gimpl &
Fahrenholz, 2001).

In rats and mice, OT receptors are highly expressed in the olfactory bulb (OB),
hypothalamus, PVN, CeA, BNST, piriform cortex and lateral septum. Medium expression

of OT receptors is found in the basolateral amygdala, hippocampus and ventral tegmental
area (VTA). Low expression is observed in NAc and striatum (Jurek & Neumann, 2018).

In humans, recent findings described high levels of OT receptor mRNA in the caudate
putamen, pallidum, thalamus, olfactory regions, hippocampus and amygdala (Quintana et
al., 2019). OT receptor binding in the substantia nigra, piriform and cingulate cortex has also
been reported (Gimpl & Fahrenholz, 2001; Jurek & Neumann, 2018).

In rats, the V14 receptor is highly expressed in the olfactory bulb, hypothalamus,
hippocampus, lateral septum, suprachiasmatic nucleus, NAc, PVN, lateral habenula,
amygdala, VTA, substancia nigra, inferior olive and dorsal raphe. It is moderately expressed
in the spinal cord (Caldwell et al., 2008). In contrast, the V1 receptors are highly expressed
in anterior pituitary corticotrophs in rats, mice and humans. Lower expression in the
piriform cortex, septum, NAc, hippocampus, PVN, SCN and cerebellum has also been
reported in rats (Caldwell et al., 2008).

In humans, AVP binding sites were described to be high in the lateral septum, thalamus and
BNST and low in dentate gyrus and amygdala (Loup et al., 1991). However, these studies
were performed using low affinity ligands, and therefore, other brain regions could contain
AVP receptors, despite not being detected in these studies.

The distribution of receptors for OT and AVP across the CNS can impart some information
about their potential physiological role. For instance, the distribution of Vg receptors
indicates a role in regulation of the activation of the hypothalamic—pituitary—adrenal (HPA)
axis (Koshimizu et al., 2012) (described below under Section 5.1.1), whereas expression of
V14 and OT receptors in the VTA and NAc indicate modulation of rewarding behaviours.

3.2 | Receptor structural characteristics

OT and V receptors across different species exhibit a 40%-85% sequence similarity (Chini
& Manning, 2007). In humans, these receptors have 102 invariant amino acids among 371-
424 amino acids, with the highest sequence similarity seen in the transmembrane regions
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and the extracellular loops (Figure 1b). OT and V; receptors contain a 35-52 aa long
extracellular N-terminal tail, followed by seven transmembrane domains (TM1-TM7), and a
43-83aa long intracellular C-terminal region (Barberis et al., 1998) (Figure 1b).

OT and AVP bind their receptors by interaction with the N-terminal domain, the
extracellular loops and the transmembrane domains TM1 and TM2 (Hawtin et al., 2005;
Wootten et al., 2011). More specifically, Glu*2 in OTR and Glu37, Arg#®, Glu®* and Asp9°
in V15 receptors are found to play a critical role in OT and AVP binding, respectively
(Hawtin et al., 2005; Waltenspihl et al., 2020). Sequence alignment of OT and V4 receptors
across species shows that these amino acid residues are highly conserved (Waltenspihl et al.,
2020). In addition, studies show that Tyr115 in V1 receptors, located in extracellular loop 2
(ECL2), is required for high affinity binding to AVP (Chini et al., 1995). This residue does
not appear to be conserved in OT receptors (Figure 1b). In the OT receptor, Glu#? is critical
for high-affinity binding of agonists (full and partial) but not required for antagonist binding
(peptide and non-peptide) (Wootten et al., 2011). In addition, studies show that mutation

of Tyr2%0 and Trp203 in the ECL2 of OT receptors reduces antagonist and agonist binding
(Waltenspuhl et al., 2020). Interestingly, these residues are conserved between OT and V4
receptors (Figure 1b).

Like other GPCRs, the activity of OT receptors is modulated by co-factors. Among them,
ions and cholesterol play an important role by controlling thermostability and acting as
allosteric modulators of these receptors. Thus, Na* acts as a negative allosteric modulator by
stabilizing the inactive receptor conformation (Katritch et al., 2014; Schiffmann & Gimpl,
2018), whereas Mg2* acts as a positive allosteric modulator by favouring high-affinity
binding of OT to its receptor (Waltenspiihl et al., 2020). Finally, cholesterol acts as a
co-factor by binding to hydrophobic residues in TM4 and TM5 of OT receptors; this shifts
the receptor towards a high affinity state for agonist/antagonist binding (Waltenspuhl et
al., 2020). Understanding the differences between agonist and antagonist binding sites and
their modulation by co-factors is fundamental to a rational drug design for the treatment of
diseases involving the OT and V; receptor systems.

MECHANISMS OF SIGNALLING BY OT AND V; RECEPTORS AND

MOLECULAR CROSSTALK

Studies show that OT and V4 receptors activate Gg/11 and Gjjo-mediated signalling
pathways (Chini et al., 2017; Thibonnier et al., 1998), whereas Vg receptors activate Gs-,
Gg- and Gjjo-mediated signalling (Thibonnier et al., 1998). For the OT receptor, studies by
Busnelli and collaborators (2012) showed that activation of different G protein-mediated
signalling pathways depends on the concentration of OT, lower concentrations facilitate G,
whereas higher concentrations facilitate G;;, signalling. For \VV1g receptors, Thibonnier and
collaborators (1998) showed that receptor density influences the type of G protein it couples
to, with low receptor density promoting coupling to G alone (or in combination with G;),
and high receptor density promoting additional coupling to G4 protein. Finally, the subs type
of G protein coupling to the receptor appears to depend on the ligand used in the study.
Atosiban, classically used as an OT receptor antagonist, was a competitive antagonist of
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OT receptor-Gg-mediated signalling and a selective agonist of the OT receptor-G; pathway
(Chini & Manning, 2007). Thus, the observed antagonistic effects could be mediated via
blockade of G4-mediated signalling or activation G; signalling pathways.

OT and V receptors are internalized via a clathrin-dependent mechanism involving

GPCR kinase (GRK)-mediated receptor phosphorylation followed by B-arrestin recruitment
(Busnelli et al., 2012). However, the OT and V1 receptors exhibit differences in dynamics

of receptor endocytosis, recycling, and degradation. OT receptors activated by OT, stably
bind to B-arrestin, and are either slowly recycled back to cell surface (up to 4 h) or degraded
in lysosomes (Chini et al., 2017). V1 a receptors activated by AVP rapidly dissociates

from bound B-arrestin, allowing the receptor to rapidly return to the cell membrane (Bowen-
Pidgeon et al., 2001).

Differences in G-protein activation and internalization and recycling dynamics could be
partly responsible for the differences in behavioural outcome discussed in the next section.

Molecular crosstalk and implications for future studies

The high sequence similarity between OT and AVP and their respective receptors raises the
possibility of a crosstalk between both systems, in which AVP could bind to and activate
OT receptors, and OT could bind to and activate V4 receptors, which led to the proposal
that these peptides function as one ‘neurophyseal system’ (Young & Flanagan-Cato, 2012).
Support for this comes from in vitro studies by Busnelli and collaborators (Busnelli et al.,
2013) (in COS7 cells expressing mouse OT and V4 receptors) showing that AVP binds to OT
and V4 receptors with similar affinity (K; in the low nanomolar range) whereas OT binds to
OT receptors with a higher affinity (Ki ~0.9 nM) compared with V14 (Ki ~20 nM) and V15
receptors (Ki ~35 nM) (Table 1). The difference in the binding affinity of OT for OT and
V1 receptors could be due the presence of Leu8 in OT instead of the Arg® in AVP (Figure
1b), given that Arg8 is a determinant for agonist binding selectivity (Chini et al., 1995).
Taken together, the sequence similarity between OT and AVP, the amino acid sequence
conservation between their receptors, and the binding of OT to V4 receptors and AVP to OT
receptors allows for signalling crosstalk, thereby enhancing the repertoire of signalling by
the OT/AVP systems.

Although binding studies suggest crosstalk between the OT and V; receptor systems,
carefully conducted signalling assays are needed in order to delineate the mechanisms
involved in OT-AVP crosstalk. Such studies would compare the signalling pathways
activated by OT and AVP in cells expressing OT and V receptors, in order to

establish whether each peptide exhibits biased signalling at individual receptors. Moreover,
examination of signalling in cells co-expressing both receptors in the absence or presence
or receptor-selective antagonists would help establish pathways involved in signalling
crosstalk. The latter studies could be facilitated by using highly receptor selective ligands
(Manning et al., 2012) (Table 1). Given the potential therapeutic use of OT and V1 receptor
ligands, signalling by agonists that are specific for the human receptor should be examined.
Some of these ligands and their affinities for hOT receptors and hV; receptors are described
in Table 1.
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Behavioural studies showing crosstalk between the OT and AVP systems have been
described in a review by Song and Albers (2018). We discuss some of these studies using
specific OT and V14 receptor antagonists in Section 5.1. Another approach to examine
crosstalk between OT and AVP is to use genetically modified animals (see Song & Albers,
2018). An example is OT receptor knockout mice which have deficits in social exploration
and recognition and exhibit increased aggressiveness. These behaviours are restored to
wild-type levels upon intracerebroventricular (i.c.v.) administration of AVP and this can

be blocked by a selective V14 receptor antagonist. Although genetically modified animals
can provide relevant information on the ability of OT and AVP to activate each other's
receptors, care has to be used in data interpretation because genetic manipulation could
result in crosstalk under situations that do not mimic what happens normally in individuals,
particularly due to the fact that crosstalk appears to be dependent on fiber density, receptor
availability and peptide concentration (Song & Albers, 2018 and Smith et al., 2019).

As described in Section 5.2, OT and AVP could potentially be used as therapeutic agents

for the treatment of these conditions. However, not much is known how crosstalk between
these peptide-receptor systems could affect their involvement in these disorders or their
therapeutic potential. Studies using selective ligands, agonists, and antagonists to OT and V4
receptors could help elucidate this further.

BEHAVIOURS INVOLVING OT AND AVP IN RODENTS

OT and AVP in social and anxiety related behaviours

OT and AVP have been implicated in the modulation of numerous behaviours related to
sociability, trust, mating, aggressiveness and territory marking (Albers, 2012; Gimpl &
Fahrenholz, 2001). Here, we present studies that suggest that (i) OT acts as an anxiolytic and
bond-promoting neuropeptide and AVP acts as a stress inducer and modulator of aggressive
behaviour (Table 2); (ii) as well as recent findings that challenge the preconceived idea that
OT is purely a pro social and anti-stress peptide and that both neuropeptides play largely
opposite roles in social and anxiety-related behaviours (Albers, 2012; Bartz et al., 2011).

5.1.1| Stress and anxiety—Stress response is mainly mediated by the HPA

axis, via corticotropin-releasing factor (CRF), adrenocorticotropic hormone (ACTH) and
glucocorticoid release (corticosterone, in rodents, or cortisol, in humans) (Koshimizu et al.,
2012). Brain regions such as the amygdala and medial prefrontal cortex (mPFC) have also
been implicated in stress regulation (Sabihi et al., 2017).

OT is known as an anti-stress neuropeptide, particularly due to its effects on HPA axis
activation. For example, adrenalectomization of rats results in blunted OT release (measured
by microdialysis) from the PVN in response to forced swim test; normal release was
restored following an intravenous infusion of corticosterone (Torner et al, 2016). On the
other hand, central administration of OT to female rats reduced plasma corticosterone
release after noise stress and increased the time spent in the open arms of the elevated

plus maze (EPM) (Windle et al., 1997). In addition, OT can regulate CRF release by
modulating GABA and suppressing the response of CRF neurons (for a detailed review,

see Winter & Jurek, 2019). Interestingly, isolated animals that received OT showed
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lower corticosterone levels compared with group-housed controls (Stevenson et al., 2019),
suggesting a modulatory effect of OT on HPA axis activity.

OT can also reduce amygdalar activity, particularly via GABA modulation. OT axonal
projections from the hypothalamus to the amygdala have been described, and its release in
this brain region decreased freezing response in rats exposed to fear-conditioning (Knobloch
etal., 2012). Also, social isolation of male mice elicits anxiety-related behaviours by
decreasing GABAergic transmission induced by OT in the CeA, an effect reversed by

OT administration in this brain region, but not by i.c.v peptide administration (Han et al.,
2018). In addition, OT can modulate the activity of the prelimbic region of mPFC in male
rats by increasing activation of GABAergic neurons and ultimately decreasing amygdalar
function (Sabihi et al., 2017). These results suggest a molecular mechanism whereby OT
regulates amygdalar responses by modulating the GABAergic system in different brain
regions, culminating in anti-stress responses.

A potential explanation for the anxiety modulatory effects of OT could be related to induced
transcriptional changes. For instance, acute OT negatively regulates transcription of the crf
gene (Jurek et al., 2015). On the other hand, chronic OT treatment increases phosphorylation
of myocyte enhancing factor 2A (MEF2A), a transcription factor that induces alternative
splicing of the crf2a gene, leading to the formation of a soluble form sCRF2a (Winter et al.,
2020). Indeed, studies have shown a positive correlation between SCRF2a and anxiety-like
behaviour (Jurek & Meyer, 2020). These differences need to be further investigated when
considering OT as a potential therapy for stress related disorders.

The nature of the stressor, physical or psychological, produces different OT-mediated
responses. For instance, administration of an OT receptor antagonist in the lateral septum of
rats followed by exposure to the elevated plate test (a type of psychological stress) increased
plasma ACTH levels, suggesting that OT in this brain region is involved with blunted HPA
axis response. On the other hand, exposure of rats to forced swim test (a combination

of psychological and physical stress) increased ACTH levels despite the presence of OT
receptor antagonists (see Neumann et al., 2000). Taken together, these results point to the
complexity of anxiety regulation by OT, including involvement of different brain circuits
and pathways, dose and duration of treatment. This can affect the potential of OT as a
pharmacotherapeutic agent for anxiety-related disorders.

AVP is known to potentiate the HPA axis response to stress (Stevenson & Caldwell, 2012).
Under stressful conditions, AVP is co-released with CRF in the hypothalamus potentiating
its actions (Koshimizu et al., 2012). Studies with HAB (high anxiety-related behaviour)
mice showed that an 15/ receptor antagonist reduced HPA hyperactivation, suggesting the
involvement of V4 receptors in anxiety responses (Keck et al., 2002). This is supported by
studies showing that V/; receptor antagonists decreased anxiety-like behaviour in the EPM
test (Liebsch et al., 1996). Conversely, V14 receptor-knockout animals display significantly
less anxiety-like behaviour in the EPM, light/dark box and open field tests (Bielsky et

al., 2004). In addition, acute i.c.v administration of AVP causes increased scratching and
grooming (behaviours related with stress and anxiety) in wild type but not in V5 receptor-
knockout mice (Bielsky et al., 2004).

Br J Pharmacol. Author manuscript; available in PMC 2022 October 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Rae et al.

Page 8

The amygdala appears to play a key role in the effects of AVP on stress, via V1a

receptors. Thus, increased activity of AVP magnocellular neurons leads to higher anxiety-
like behaviour in the EPM test that is blocked by administration of a /15 receptor antagonist
into the CeA (Hernandez et al., 2016). Moreover, a 10 min exposure of rats to the forced
swim test increased AVP release in the amygdala (measured by microdialysis followed by
RIA), that was blocked by administration of a V14 receptor antagonist (Ebner et al., 2002).

Regarding Vg receptors, knockout mice showed decreased ACTH and corticosterone levels
following acute stress, compared with wild type (Lolait et al., 2007). Furthermore, animals
treated with Vg receptor antagonist had anxiolytic effects in the EPM and light/dark box
tests (Griebel et al., 2002). This suggests that V1 receptors are necessary to produce proper
HPA axis response to acute stress through mechanisms involving stimulatory action of AVP
on corticotropes.

The magnitude of the effect of AVP on stress response is stressor dependent. A study
showed that acute treatment with Vg receptor antagonists decreased ACTH response to
restraint and LPS stress but had no effect in response to noise stress (Spiga et al., 2009).
Another study showed that AVP deficient rats exposed to social defeat or restraint stress

had lower ACTH and corticosterone levels compared with wild types; no differences were
seen following exposure to ether inhalation or social avoidance (Zelena et al., 2009). Also,
foot shock stress caused increases in ACTH and corticosterone levels despite the presence of
AVP. These results suggest that the role of AVP in stress response is dependent on the type
of stressor and that HPA axis activation can happen independently from AVP.

Taken together, these studies show that AVP and OT can modulate anxiety and stress,
although further studies on the dynamics of this modulation are required, particularly
regarding stressor type, brain circuits and peptide levels.

5.1.2| Social interaction—Social interaction is evolutionary conserved in species such
as mice, primates and humans and is important to promote mating and pair bonding as

well as social support and protection (Gimpl & Fahrenholz, 2001). OT and AVP play a
fundamental role in this process.

Several studies describe OT as having prosocial properties (reviewed by Gimpl &
Fahrenholz, 2001). In rodents, the olfactory system is crucial for social recognition.
Administration of OT into the olfactory bulb facilitates social recognition and memory
(Dluzen et al., 2000) whereas administration of an OT receptor antagonist leads to an
inability to distinguish between familiar and novel counterparts in a social recognition test
(Dluzen et al., 2000).

Moreover, Johnson and Young (2015) proposed the following neurobiological mechanism
for social approach and bonding based on studies in prairie voles, but not limited to this
species: when the first encounter between two or more subjects occurs, OT is responsible
for diminishing social anxiety, acting via OT receptors in the amygdala to facilitate social
approach and bonding (Figure 2). This is followed by OT-mediated activation of OT
receptors in brain regions responsible for recognizing counterparts such as the visual cortex
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in humans and the olfactory system in rodents, which promotes social memory (Johnson &
Young, 2015). If the social contact is rewarding, there is an increase in dopamine release in
the NAc and striatum that reinforces the social interaction (Johnson & Young, 2015). As the
social interaction becomes stronger or pair bonding occurs, there is a shift from dopamine
D, receptor activation in the ventral striatum to dopamine D, receptor up-regulation and
activation in the dorsal striatum, which could encode sensory information from unfamiliar
counterparts as aversive, contributing to increased aggressive behaviours. Supporting this is
the observation that oxytocinergic and dopaminergic fibres are often located in the same
brain regions, such as amygdala, PVN, NAc and VTA (Baskerville & Douglas, 2010).
Moreover, studies show that in the PVN, OT neurons contain dopamine receptors and
vice-versa (Baskerville & Douglas, 2010), which would enable OT and dopamine control
over behaviours such as social bonding.

The generalization of OT as a pro-social neuropeptide may be oversimplified due to

the complexity of social behaviours, species, sex and the nature of the social encounter
being studied. Regarding the nature of the social encounter, mice subjected to acute

social defeat followed by contextual fear conditioning exhibited an increase in freezing (a
fear-related behaviour) as well as in OT receptor binding in the lateral septum analysed
via immunohistochemistry; these effects were blocked by an OT receptor antagonist
(Guzman et al., 2013) (Figure 2). Interestingly, behavioural responses do not seem to

be sex specific. For example, socially defeated female rats treated with an OT receptor
antagonist exhibited increased social approach behaviour (Duque-Wilckens et al., 2018), and
OT receptor knockout male mice subjected to social defeat exhibited less defeat posture
compared with wild types (Nasanbuyan et al., 2018). These results attest to the importance
of previous social experiences in the outcome of social behaviours, as well as to the

role of OT. As proposed by Bartz and collaborators, ‘it is not a question of “does OT
improve social cognition?” but rather “under what circumstances does OT improve social
cognition?”’(Bartz et al., 2011). Therefore, understanding the context in which animals are
tested could help explain and even predict the social behaviour outcome and contribute to
the elaboration of studies design.

Studies with AVP have also described its role in social behaviours, such as social memory,
mating and bonding (Albers, 2012). Yet AVP became better known for having effects
opposite to OT on social behaviour and greater focus has been given to its participation in
aggression (Song & Albers, 2018). Administration of an V14 receptor antagonist into the
hypothalamus was found to inhibit aggression in male hamsters (Ferris & Potegal, 1988).
Interestingly, studies showed that AVP (and OT)-induced social preference and olfactory
investigation are blocked by an antagonist to OT receptors but not to V14 receptors (Song
& Albers, 2018), and in Syrian hamsters, AVP and OT modulate flank marking (a form of
odour marking behaviour) via OT receptors and not via V1 receptor activation (Song et
al., 2016). This suggests that crosstalk between both systems can affect social behaviour.
Therefore, this should be taken into account when designing experiments and interpreting
data, particularly on translational approach to human social disorders.

AVP's effects seem to be context dependent, particularly regarding male aggressive
behaviour. For instance, sex naive males have fewer V14 receptors in the hypothalamus
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compared with mating-males (Winslow et al., 1993). Also, socially isolated males have
higher binding of V14 receptors and are more aggressive than group-housed males (Albers
et al., 2006) (Figure 2). Despite being more often linked with aggressive behaviour, AVP
seems to be involved in social recognition, because V14 receptor knockout animals present
decreased olfactory investigation behaviour and are unable to distinguish a previously
known female (Bielsky et al., 2004). Most recently, Song and Albers (2018) described that
AVP, like OT, increases the rewarding effects of social interaction, via VTA activation.

Taken together, these studies show that context, peptide and receptor availability can
modulate the responses caused by OT and AVP. Therefore, appropriate design and
interpretation of social-related studies is crucial for understanding the behavioural outcomes
of these neuropeptides. Furthermore, the crosstalk between AVP, OT and their receptors
reveals the complexity of these peptide-receptor systems as well as the need for further
studies to elucidate how and when this crosstalk occurs.

5.1.3| Pair bonding behaviour—OT and AVP play an important role in pair bonding
(Veenema & Neumann, 2008). A classic example is the difference in pair bonding behaviour
between prairie voles (a well-established monogamic species) and meadow or montane voles
(non-monogamic species). Interestingly, sex differences in activation of OT and V1 receptors
seem to interfere with pair bonding behaviour. In female prairie voles, i.c.v. administration
of an OT receptor antagonist, but not an V1 receptor antagonist, blocked pair bonding, but
did not affect mating (Insel & Hulihan, 1995). On the other hand, in males, administration
of a V1 receptor antagonist, but not an OT receptor antagonist, decreased pair bonding and
aggression, without affecting mating behaviour (Winslow et al., 1993).

Besides evaluating OT and AVP effects, studies have examined OT and V; receptor levels
and brain distribution in prairie voles and meadow voles and shown that the ventral

pallidum of male prairie voles exhibits higher expression of V14 receptors compared with
meadow voles (for details, see Young et al., 2011). Moreover, male prairie voles with down-
regulation of V15 receptors in the ventral pallidum showed impaired female preference
(Barrett et al., 2013) whereas overexpression of V1 receptors in the same brain region

of meadow voles induces pair bonding behaviour (Lim et al., 2004). In the case of OT
receptor expression levels, female prairie voles exhibit higher levels in the NAc, a brain
region strongly related to pleasure and reward, and in the mPFC (for more details, see Young
et al., 2011). Regarding the NAc, it is possible that OT interacts with dopaminergic neurons
to modulate social reward, as dopamine is released from the NAc during social encounters
(Liu & Wang, 2003). How this interaction happens to establish monogamy is not entirely
understood. Liu and Wang (2003) proposed that OT and dopamine may act on different
aspects necessary for partner preference, where OT could be responsible for creating
preference and OT would mediate the expression of this behaviour. Similarly, Lim and
collaborators (2004) proposed that concomitant activation of V1 receptors and D, receptors
in the ventral forebrain of prairie voles creates an association between partner recognition
and reward from the social encounter. This would provide a conditioned response for partner
preference.
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Interestingly, a study demonstrated that social recognition in prairie voles can be context
dependent, as single males can discriminate between male but not female conspecifics and
display stronger male discrimination in a familiar territory (own cage) compared with a
novel (male conspecific cage) or a neutral one (new cage) (Zheng et al., 2013). Taken
together, these studies highlight the importance of OT and AVP and particularly their
receptor brain distribution in determining monogamy and social affiliation across different
species. Finally, OT is an important peptide in regulating anxiety and therefore facilitating
mating in promiscuous species.

5.1.4| Drugs of abuse—An interaction between OT and dopamine in the reward
system for drugs of abuse has been well established. OT containing neurons send direct
projections to dopaminergic brain regions, including NAc and VVTA (Baskerville & Douglas,
2010), and OT administration alters dopamine release in limbic structures (Estes et al.,
2019). In addition, OT administration blocks cocaine-induced (Kovacs et al., 1990) and
ethanol-induced (Peters et al., 2017) dopamine efflux within the NAc, in non-dependent
animals. However, an elegant study by Tunstall et al. (2019) also revealed a role of the

CeA GABAergic system in the effects of OT on motivation for alcohol in dependent rats.
These studies suggest that OT acts on different brain systems and circuits to promote its
effects on drug motivation in non-dependent and dependent animals. Several animal models
have been use to study various aspects of SUD, some of them distinguish alcohol dependent
from non-dependent rats (see Spanagel, 2017). Although OT reduces alcohol drinking in
mice using different models, such as binge-like drinking, two bottle-choice and operant self-
administration procedures (King et al., 2017), cue-induced reinstatement excessive-drinking
was blocked only in dependent- but not in non-dependent rats (Hansson et al., 2018).
Similarly, carbetocin (an OT analogue and OT receptor agonist) prevented stress-induced
reinstatement to morphine (Zanos et al., 2014). Using different routes of administration
(intraperitoneal, intranasal and intracerebroventricular), OT blocked the high motivation for
alcohol drinking in dependent rats, revealing a central action in reducing ethanol drinking
(Tunstall et al., 2019). Unfortunately, most studies do not look at gender as a factor for

the effects of OT on reward behaviours, which could reveal important differences. Indeed,

a recent study found that female OT receptor knockout mice displayed increased alcohol
consumption prior to and after exposure to forced swim test, whereas males showed no
change in this behaviour (Rodriguez et al., 2020). Moreover, an up-regulation of OT
receptors in frontal and striatal brain regions was found in male alcohol-dependent rats

and in post-mortem brain tissue of male alcoholic patient (Hansson et al., 2018) but not

in female rats or in alcohol-dependent women (Hansson & Spanagel, 2021). It should be
noted that sex, route, duration of treatment, animal strain and most importantly timing of
OT administration were found to affect the outcome of OT treatment (see King et al., 2020).
For example, conditioned place preference studies have revealed reduced (Bahi, 2015) or
enhanced (Rae et al., 2018) rewarding effects of ethanol, depending on the OT treatment
regime.

Studies on the effects of AVP on drugs of abuse revealed interesting results, such as
reduction in heroin and cocaine self-administration (Van Ree et al., 1988), decreased
sensitization to cocaine in a dose-dependent manner (Sarnyai et al., 1992) and delayed
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morphine tolerance (Koshimizu et al., 2018), despite its tendency to increase cocaine
stereotypic behaviour (Sarnyai et al., 1991). Studies have also examined the effects of
AVP on alcohol consumption. These studies observed a correlation between high AVP
MRNA levels in different brain regions (measured by gPCR) and high alcohol preference/
consumption in male mice, although the cause and effect need to be elucidated (Nelson
et al., 2018). Interestingly, rats homozygous for diabetes insipidus (di/di), which are
vasopressin-deficient, showed reduced ethanol preference but enhanced intake (Rigter &
Crabbe, 1985).

Regarding AVP receptors, Vg receptors appear to be associated with excessive alcohol
drinking, because antagonism of these receptors reduced self-administration in dependent
rats (Edwards et al., 2012) and excessive alcohol drinking in mice (Zhou et al., 2011).
These effects could be related with modulation of anxiety-like behaviours by AVP, because
activation of V1g receptors increased anxiety-like behaviour in animals exposed to chronic
intermittent alcohol consumption (Harper et al., 2019). On the other hand, V1A receptors
appear to be related to reduced alcohol use, because studies show that V1 receptor
knockout mice (Sanbe et al., 2008) and heterozygous female and male mice (Caldwell et al.,
2006) exhibit increased alcohol consumption and preference.

Together, these preclinical studies show that the OT and AVP receptor systems are promising
targets in the treatment of drug abuse and addiction.

A potential role for OT and AVP in the treatment of neuropsychological disorders

As pleiotropic neuromodulators with sites of action in numerous brain regions, OT and
AVP could potentially be involved in human disorders such as autism, schizophrenia and
substance use disorders (King et al., 2020; Meyer-Lindenberg et al., 2011; Sarnyai et al.,
1992) and thus be used as pharmacotherapeutics or plasma level biomarkers for these
disorders.

To date, it is still not clear if OT and AVP can cross the blood brain barrier (BBB) following
peripheral administration. However, studies show that following intranasal administration
of AVP or OT increased levels can be detected in the brain of humans (Born et al., 2002;
Striepens et al., 2013). Due to positive feedback regulation of OT and AVP, it is possible
that even a small increase in the amount of these peptides can induce their release (Mitre et
al., 2016) and induce behavioural changes. Therefore, further studies on the minimum dose
of peptide needed to cross the BBB to modulate central behavioural responses are needed.
In the case of OT, it has been proposed that peripheral OT could induce CNS changes via
vagal afferent nerve stimulation; the latter contain OT receptors and project to the nucleus
tractus solitarius, a brain region that expresses the same receptors (lwasaki et al., 2015).

In support of this, Everett and collaborators (2021) showed that peripheral OT can block
methamphetamine self-administration via vagal nerve stimulation.

With regard to the use of OT and AVP as reliable plasma biomarkers for psychiatric
diseases, it is not clear if peripheral peptide levels correspond to central (i.e. CNS) levels.
For example, there are reports of increased central AVP release, without change in plasma
levels (Wotjak et al., 1998). An important question to be addressed is if differences in
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plasma levels are the consequence or cause of the studied disorder. This issue gains
complexity with the difficulty in measuring peptide level using commercial Kits, particularly
in regard to sample preparation, and differences observed between extracted and unextracted
plasma preparation (Neumann & Landgraf, 2012). These are important aspects to be
considered when interpreting results and should be further explored in order to increase

our understanding of OT and AVP in disorders and improved therapeutic strategies. Below,
we describe studies showing the role of these neuropeptides in neuropsychological disorders,
as well as their pharmacotherapeutic potential following intranasal administration (Figure 3).

5.2.1| Involvement of OT and AVP in social behaviour—Preservation of social
relationships is fundamental for species conservation and society's functionality. Therefore,
understanding how OT and AVP can influence social bonding is valuable for maintenance

of healthy social systems. In humans, social behaviour including approximation and memory
have been reported to be mediated by OT (Groppe et al., 2013). Although very few

studies examined the effects of AVP on human social behaviour, they suggest a correlation
with aggressive behaviour (Coccaro et al., 1998), and increases in salivary cortisol levels
following social stress (Ebstein et al., 2009). Interestingly, human variants of otr and avpr
genes have been associated with sociability (Meyer-Lindenberg et al., 2011).

Studies show that intranasal administration of OT (OT-IN) increases trust in interpersonal
interactions (Kosfeld et al., 2005), a behaviour characterized by reduced activation of the
amygdala, midbrain regions and dorsal striatum (Baumgartner et al., 2008), leading to a
decrease in fear and stress responses. OT-IN also enhances eye gazing, a behaviour linked
to social interaction, in adults (Guastella et al., 2008). In addition, committed heterosexual
males that received OT-IN preferred to be socially distant from attractive females, compared
with single men and the placebo group (Scheele et al., 2012). Although OT did not increase
partner preference in humans, higher social interest, irrespective of gender, was reported
(Liu et al., 2013), suggesting that OT does not modulate partner preference in the same way
as described in studies with prairie voles.

Similarly to animal studies on social behaviour, effects of OT are context-dependent in
humans. For example, OT increases jealousy (Shamay-Tsoory et al., 2009), favours in-group
well-being and out-group aggressive behaviour (De Dreu et al., 2011), which could be linked
to violence and xenophobia. These studies question the common idea that OT is a pro social
peptide and introduces a new perception of this peptide's role in human social behaviour

(for a review, see Bartz et al., 2011). This should be kept in mind when designing studies
with this peptide in humans, particularly taking into consideration the context in which it is
administered.

In the case of AVP, studies showed that a selective V1 receptor antagonist blocked
intranasal AVP (AVP-IN)-mediated effects on amygdalar activity associated with pictures

of angry faces (Lee et al., 2013), suggesting that AVP activation of this brain region is at
least partially responsible for perception of negative social emotions. AVP-IN administration
was also found to increase tendency to engage in mutual cooperative behaviour (Brunnlieb
etal., 2016).
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5.2.2| Involvement of OT and AVP in autism—Autism is a developmental disorder
that mainly involves social impairment and repetitive motor behaviours and is associated
with genetic, phenotypic and environmental factors (Lord et al., 2018). Studies reporting
lower OT plasma levels in children with autism (Modahl et al., 1998), showing higher

OT receptor expression in the nucleus basalis of Meynert (a region associated with visual
attention) and lower expression in the ventral pallidum (a region involved with reward)

in post-mortem brain of autistic humans (Freeman et al., 2018) and associating genetic
variations of the genes for OT receptors and V1 receptors with the disorder suggest an
involvement of OT and AVP. In the case of genetic variations, the intronic SNP rs2254298
in the third intron of the ofrgene was linked to autism in Caucasian patients (Jacob et al.,
2007), and microsatellite polymorphisms RS1 and RS3 for V15 receptors were found to
increase amygdalar activity (Meyer-Lindenberg et al., 2009).

Studies have looked at the potential therapeutical effect of OT on autism, and the

results appear to be dependent on duration and dose of OT administration. Single OT-IN
administration improved retention of social cognition in adults (Hollander et al., 2007) and
increased emotion recognition in children (Guastella et al., 2010) diagnosed with autism. In
children and adolescents, acute administration of OT-IN enhanced activity of brain regions
related to social stimuli, such as mPFC and striatum (Gordon et al., 2013), suggesting
potential targets for OT action in autism.

Studies using repeated OT-IN administration showed diverse results. Thus, treatment of
adult males with higher dose (32 IU day 1) but not of lower dose (16 IU day 1) of OT for 18
weeks improved social symptoms (Kosaka et al., 2016). However, administration of OT-IN
(48 1U day 1) for 6 weeks did not affect social approach but decreased repetitive behaviour
(YYamasue et al., 2020); this was also observed with male adult patients receiving OT-IN (24
IU day 1) for 4 weeks (Bernaerts et al., 2019). Children that received OT-IN (24 1U day

1) for 5 weeks exhibited improved social responsiveness (Yatawara et al., 2016). Finally, a
meta-analysis of 16 clinical trial studies revealed that OT had little or no effects on autism
symptoms (Wang et al., 2019), which calls for additional studies and possibly changes to
protocol design.

In the case of AVP, very few clinical trials results have been published. One study

showed that an orally administered V1 receptor antagonist, balovaptan, improved adaptive
behaviour scales scores, particularly behaviours related to socialization and communication
in adult males (Bolognani et al., 2019). Another study showed that AVP-IN (24-32 1U day™)
administration for 4 weeks to autistic children led to an improvement in social abilities
(Parker et al., 2019).

Although OT and AVP have potential as therapeutics for the treatment of autism further
studies are needed to determine the dose to be used, the duration of the behavioural

effects, and to characterize the brain circuits involved. Also, safety protocols for use in
different age groups and sex need to be determined. This is important for OT, as it is highly
involved with lactation and parturition, which could be an impediment for its use in females.
Also, the peripheral side effects of OT and AVP need to be considered, especially because
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gynecomastia, urinary incontinence, thirst and constipation have been reported after OT
treatment (Yamasue et al., 2020; Yatawara et al., 2016).

5.2.3| Involvement of OT and AVP in schizophrenia—Schizophrenia has a
complex symptomology in which, like autism, social disfunction is one of the criteria used
for diagnosis (Tandon et al., 2013). Studies with nonprimate animals suggest that OT, AVP
and their receptors could play a role in modulating abnormal behaviours associated with
schizophrenia (see Meyer-Lindenberg et al., 2011). This would suggest the use of ligands
targeting OT receptors and/or V; receptors as potential therapeutic agents in the treatment of
this disorder.

In humans, a decrease in OT and AVP plasma levels was observed in male schizophrenic
patients (Jobst et al., 2014). In addition, SNPs such as rs53576 (change from G to A) located
on intron 3 of otr gene have been associated with lower amygdalar activity in schizophrenia
patients (Haram et al., 2016). Multiple SNPs on the avprla gene appear to be involved

in the regulation of gene expression and were associated with behaviours implicated with
schizophrenia (Meyer-Lindenberg et al., 2011). Although the amygdala (Haram et al., 2016)
has been implicated in the effects of OT on schizophrenia, the precise brain circuit involved
remains unclear.

Clinical trials have examined the effect of OT on schizophrenia. Studies showed that acute
OT-IN administration (24 IU) improved emotion and cognition in schizophrenic patients
(Averbeck et al., 2012), and chronic OT-IN administration (24 IU day 1) for 14 days,
improved positive symptoms and paranoia (Pedersen et al., 2011). Interestingly, OT-IN (40
1U/2 day) for 3 weeks was found to potentiate antipsychotic effects (Feifel et al., 2010)
whereas OT-IN (40 U day 1) treatment for 8 months had no effect on adult patients
regarding positive and negative symptoms (Dagani et al., 2016). These results warrant novel
studies to help elucidate the effects of OT on schizophrenia. For instance, gender-specific
studies should be pursued, with a focus on female patients, because differences in OT and
OT receptor expression, along with effects of sex steroid hormones, have been reported
(Mendrek & Stip, 2011).

In the case of AVP, treatment of humans diagnosed with schizophrenia with a synthetic
AVP analogue caused modest improvement in an array of reported symptoms (evaluated
thorough negative symptom rating scale), although many subjects experienced electrolyte
and water imbalance, due to the peripheral effects of AVP (lager et al., 1986). Clinical
studies revealed that AVP-IN administration (400 ng AVP per nostril, four times every day,
for 12 weeks), improved positive and negative symptoms of Han Chinese first-episode in
schizophrenic adult patients (Geng et al., 2017). AVP's effects on schizophrenia appear to
be sex-dependent, because a study showed that males treated with AVP displayed decreased
angry face recognition whereas females displayed decreased sad face recognition (Bloch et
al., 2019).

Together these studies show the potential of OT and AVP as therapeutic agents for the
treatment of schizophrenia. However, further studies are needed to determine the dose to be
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used, the duration of the behavioural effects, to characterize the brain circuits involved, and
to identify analogues with reduced side-effects.

5.2.4| Involvement of OT and AVP in substance use disorder (SUD)—SUD is
a complex psychiatric condition that is characterized by compulsive use and loss of control
over drug intake (Koob, 2009). Because both social- and stress-related behaviours are linked
to SUD, this places the OT and AVP systems as potential modulators of this disorder.
Studies using various models of SUD (see Godino & Renard, 2018 and King et al., 2020)
show that OT and AVP engage in neural and behavioural changes to a number of drugs of
abuse including cocaine, morphine, methamphetamine, nicotine and ethanol and therefore
could have a significant effects on the prevention and treatment of SUD in humans.

Studies in humans have suggested positive effects of the manipulation of the OT and

AVP receptor systems in ameliorating SUD. For example, OT-IN administration blocked
alcohol withdrawal (24 1U/2X day for 3 days) and consumption (40 1U/2X day for 12

days) (Pedersen, 2017), dampened craving in high attachment anxiety patients (40 1U/acute)
(Mitchell et al., 2016), and reduced cue-reactivity in male heavy alcohol drinkers (24
IU/acute) (Hansson et al., 2018), suggesting a potential role in decreasing drug-craving.
The latter seems to be related with activation of the NAc (Bach et al., 2019). However,
another study reported no differences in alcohol withdrawal after OT-IN administration (24
IU/2X day for 3 days) (Melby et al., 2020). The differences in results could be due to
number of participants, inclusion criteria (e.g. severity of withdrawal symptoms) and type
of protocol used to access patients' symptom score. Regarding different classes of drugs of
abuse, administration of OT reduced cigarette consumption (Van Hedger et al., 2018) and
decreased cocaine and heroin craving in patients receiving methadone treatment (Stauffer
etal., 2016). In the case of AVP, studies showed that it facilitated heroin detoxication

when administered to patients receiving methadone (Fraenkel et al., 1983), and its analogue
reduced alcohol-induced amnesia in alcohol drinkers (Millar et al., 1987). In addition, a
novel selective antagonist of Vg receptors decreased cigarette consumption in smokers but
had modest effects in its ability to reduce alcohol drinking (Ryan et al., 2017).

Together, these studies show that the OT and AVP systems might contribute to the treatment
of SUD. However, further studies in humans are warranted because little is known about
the dose, treatment regimen, the long-lasting effects, and possible side-effects that this
pharmacotherapy can induce in people with SUD.

Future perspectives and conclusions

Here, we described the major roles of OT and AVP and their respective receptors, as

well as the molecular and pharmacological aspects that require further investigation and
consideration. The OT and AVP systems are complex as they are relevant for the regulation
of several biological and behavioural responses. This complexity, together with strong
evidence suggesting a crosstalk in signalling and behavioural responses, raises the need

to use a systematic approach for studies involving these neuropeptides and their receptors.

Given the ability of OT, V4 and V1 receptors to couple to more than one type of G protein
that depends on receptor and neuropeptide expression, it could be beneficial to map the
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brain location of receptors that bind to either G, G;j or Gs and under which conditions this
happens. At the physiological level, measurement of OT and AVP levels, particularly in the
plasma, could be improved either by developing more sensitive methods or by standardizing
extract preparation. Also, evaluating if and how much OT and AVP cross the blood brain
barrier following peripheral or intra-nasal administration could be helpful in using these
neuropeptides as drugs to treat disorders.

There is a great need to explore the use of specific agonists and antagonists for each
receptor system. This would help elucidate which behaviours or physiological responses are
exclusively mediated by OT and AVP, as well as the biological relevance of the crosstalk
between these peptides. It is to be noted that although most binding and signalling crosstalk
between OT and AVP has been evaluated in vitro, using transfected cells or tissue, the

in vivo results could be different given the possibility of modulation by other neuropeptide-
receptor systems. Moreover, factors such as timing and dose of drug administration, and

the brain region involved need to be explored in order to better understand the therapeutic
potential of OT and AVP.

In conclusion, OT and AVP are peptides with high physiological relevance and increasing
our knowledge about how their in vivo effects are modulated including perfecting methods
for their detection in bodily fluids could be promising in developing treatments for disorders
such as autism, schizophrenia and SUD.

Nomenclature of targets and ligands

Key protein targets and ligands in this article are hyperlinked to corresponding entries in the
IUPHAR/BPS Guide to PHARMACOLOGY (http://www.guidetopharmacology.org) and are
permanently archived in the Concise Guide to PHARMACOLOGY 2019/20 (Alexander et
al., 2019).

ACKNOWLEDGMENTS

MR was recipient of scholarships from Coordination for the Improvement of Higher Education Personnel
(CAPES) (PROAP-Social Demand) and National Council for Scientific and Technological Development (CNPq)
#141698/2016-0. Funding was provided by grant #2018/05038-0, from S~ao Paulo Research Foundation
(Fundag~ao de Amparo a Pesquisa do Estado de S~ao Paulo-FAPESP) and grant #470070/2012-9, CNPq to
R.C. R.C. is a research fellow of CNPg. L.A.D. was supported by National Institute of Health grants DA008863
and NS026880.The sponsors had no involvement in the writing of the review and the decision to submit it for
publication.

Funding information

National Council for Scientific and Technological Development, Grant/Award Numbers: #141698/2016-0,
#470070/2012-9; Coordination for the Improvement of Higher Education Personnel, Grant/Award Number:
PROAP-Social Demand; Sdao Paulo Research Foundation, Grant/Award Number: #2018/05038-0; National
Institute of Health, Grant/Award Numbers: DA008863, NS026880

DATA AVAILABILITY STATEMENT

Data sharing is not applicable to this article because no new data were created or analysed in
this study.

Br J Pharmacol. Author manuscript; available in PMC 2022 October 01.


http://www.guidetopharmacology.org/

1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Rae et al.

Abbreviations:
ACTH

AVP
AVP-IN
BBB
BSNT
CBT
CeA
CPP
CRF
ECL
EPM
EZMT
GRK
HAB
HPA

Ki

KO

LS
MEF2A
mPFC
NAc
OF

oT
OT-IN
PVN
SCRF2a
SNP

SON

Br J Pharmacol. Author manuscript; available in PMC 2022 October 01.

adrenocorticotropic hormone
vasopressin

intranasal vasopressin

blood brain barrier

bed nucleus of stria terminalis
carbetocin

central amygdala

conditioned place preference
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SUD substance use disorder

™ transmembrane

VTA ventral tegmental area
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receptors (b). (a) Primary sequence of oxytocin and vasopressin in single letter amino

acid code. (b) Primary sequence of human OT receptors (OTR), and V1 (AVPR1a), Vg

(AVPR1b) and V;, (AVPR2) receptors. The amino acid residues that have been described to
interact with the endogenous ligands vasopressin (AVP) and oxytocin (OT), as well as the

co-factors Mg2* and cholesterol (Ct) are highlighted by the dashed rectangles. Amino acids

in bold represent residues that are conserved in the OT, V14, V1g and V, receptors. * marks
residues that are conserved among all the receptors. # marks residues that are conserved
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among OT, V14 and Vg receptors.: marks residues that have same functional groups. Blue
represents amino acids with negative charged side chain; magenta represents residues with
positive charge; green represents residues with polar uncharged side chain; purple represents
residues with hydrophobic side chain. OTR, oxytocin receptor; V14, V1g and V5, subtypes
of vasopressin receptors; TM, transmembrane; EL, extracellular loop; IL, intracellular loop.
Sequence obtained from uniport.org
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Schematic representation of context-dependent modulations of oxytocin and vasopressin.
Oxytocin can act on different brain regions depending on the social context, leading

to different behavioural outcomes. Expression of V14 receptors (AVPR1a) is modulated
by housing or sexual experience, which increases or decreases aggression. CeA, central
amygdala; Hyp, hypothalamus; LS, lateral septum; OT, oxytocin; AVP, vasopressin. Figure
was generated using information obtained from Albers, 2012; Johnson & Young, 2015;

Guzman et al., 2013

Br J Pharmacol. Author manuscript; available in PMC 2022 October 01.



1duosnuepy Joyiny

1duosnuely Joyiny

Rae et al. Page 32

Olfactory bulb §

K B
Bone 17 %

i Olfactory cells

Oxytocin |
Nasal epithelium
Autism
Oxytocin Vasopressin
(+) Pro social behaviour (+) Social abilities
(+) Social cognition/responsiveness
(+) Eye contact
(-) Repetitive behaviour
Schizophrenia

Oxytocin Vasopressin
(+) Emotion cognition (-) Positive and negative
(-) Positive symptoms symptoms
(-) Paranoia

SuD
Oxytocin Vasopressin

(+) Withdrawal symptoms (+) Detoxication
(-) Craving (-) Amnesia (alcohol)
(-) Consumption

FIGURE 3.
Behaviours modulated by oxytocin and vasopressin and their potential pharmacotherapeutic

applications in autism, schizophrenia and SUD. Intranasal manipulation of oxytocinergic
and vasopressinergic systems lead to improvement in symptoms observed in these disorders.
Symbols indicate (+) increase or (=) decrease in the respective behaviour. SUD, substance
use disorder
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