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Abstract: Oxytocin (OT) and vasopressin (AVP) are hypothalamic neuropeptides classically associ-
ated with their regulatory role in reproduction, water homeostasis, and social behaviors. Interestingly,
this role has expanded in recent years and has positioned these neuropeptides as therapeutic targets
for various neuropsychiatric diseases such as autism, addiction, schizophrenia, depression, and
anxiety disorders. Due to the chemical-physical characteristics of these neuropeptides including
short half-life, poor blood-brain barrier penetration, promiscuity for AVP and OT receptors (AVP-R,
OT-R), novel ligands have been developed in recent decades. This review summarizes the role of
OT and AVP in neuropsychiatric conditions, as well as the findings of different OT-R and AVP-R
agonists and antagonists, used both at the preclinical and clinical level. Furthermore, we discuss
their possible therapeutic potential for central nervous system (CNS) disorders.

Keywords: neuropeptides; oxytocin; vasopressin; pharmacology; antagonists; agonists; neuropsychi-
atry disorders

1. Introduction

In recent years, two neuropeptides (NPs) namely oxytocin (OT) and arginine vaso-
pressin (AVP), have gained attention due to their role in neuropsychiatric conditions, such
as depression, anxiety, autism spectrum disorder (ASD), attentional hyperactivity deficit
disorder (ADHD), substance abuse disorder (SUD), etc. The development of novel phar-
macological treatments for the aforementioned pathologies, is a relevant task since most of
the current therapies exhibit low success rates and a time gap between the beginning of the
treatment and the first reported positive outcomes by patients [1,2].

Both NPs are nona-peptide molecules, differing only in two amino acids and are
synthesized in specific areas of the hypothalamus [3,4], the paraventricular (PVN), and
supraoptic (SON) nuclei. In general terms, two types of neurons have been identified as
OT and AVP immunoreactive positive in the rat brain [5,6], the magnocellular neurons that
project to the neurohypophysis and lead to the secretion of both NPs into the bloodstream
as hormones, and the parvocellular neurons that project to the midbrain and other brain
areas [7,8]. These cells differ in their morphology, size, amount of NPs production, and
electrophysiological properties [9,10]. In addition, AVP immunoreactive cell bodies are
observed in the bed nucleus of the stria terminalis (BNST) and medial amygdala (MeA) in
several rodent species [11].

The OT and AVP receptors (OT-R and AVP-R, respectively) have similar structures and
behave as promiscuous receptors, exhibiting a relative selectivity for both NPs. They are
G-protein-coupled (metabotropic) receptors and act through Gq, Gi or Go proteins [12–14].
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Moreover, the OT-R and AVP-R are expressed in different areas of the central nervous
system (CNS) [15].

Several studies have shown the importance of OT and AVP on stress, anxiety, cognition,
and social behavior in both preclinical and clinical settings [16–20]. In addition, the
possible involvement of both NPs in the physiopathology of a variety of neuropsychiatric
conditions, has been documented. For example, altered plasma levels of OT, as well as
OT-R polymorphisms, have been associated with ADHD [21,22] or ASD [23]. Furthermore,
low levels of AVP in cerebrospinal fluid (CSF) have been suggested as an early biomarker
of ASD [24], whereas social recognition impairment due to early life stress is associated
with a dulled response of AVP release in lateral septum (LS) in rats [25].

Based on these precedents, in recent years there has been a great interest in the ex-
ogenous use and/or modulation of these NPs as possible pharmacological treatments for
various neuropsychiatric pathologies. However, due to the pharmacological and physico-
chemical characteristics of OT and AVP, the use of these molecules has encountered diverse
limitations, mainly related to the inherent characteristics of most neuropeptides (e.g., short
half-life, metabolic instability, and scarce blood-brain barrier penetration) [26–28]. This
has fueled the search, synthesis, and use of synthetic agonist or antagonist substances
exhibiting more stable physicochemical properties, allowing the crossing of the blood-brain
barrier, and showing a higher selectivity by OT-R or AVP-R. This review summarizes the
role of OT and AVP in neuropsychiatric conditions, as well as the findings of different
OT-R and AVP-R ligands, used both at the preclinical and clinical level. Furthermore, we
discuss their possible therapeutic potential for CNS disorders. The database used to select
publications for inclusion in this article was mainly PubMed, and the key words used for
the search were oxytocin/vasopressin receptor, oxytocin/vasopressin agonist/antagonist,
clinical/preclinical trial of oxytocin/vasopressin agonist/antagonist, V1AR and V1BR.

2. Receptors: Brain Distribution, Expression Regulation, and Signaling

The actions exerted by OT and AVP at the CNS are closely linked to the expression
and regulation of different receptors located at the cell surface level, triggering intracellular
signaling and allowing for both NPs to modify the cell function [29,30]. Due to the diversity
of receptors and functions, it is essential to understand the multiple signaling pathways
associated with their activation and the different responses generated in different cells and
brain regions.

Two types of OT-R have been identified in the CNS. They are metabotropic recep-
tors, containing seven transmembrane domains, that act through protein-coupled Gq or
Gi [31,32]. The OT-R is expressed in different areas of the CNS, for example, the OT-R
coupled to protein Gq is expressed in ventral tegmental area (VTA), nucleus accumbens
(NAc), anterior cingulate cortex (ACC), central and basolateral amygdala (CeA and BLA,
respectively), medial preoptic area (mPOA), and anterior and ventromedial hypothala-
mus, etc. [33–35]. The OT-R type Gi is abundantly expressed in peripheral organs and
tissues, but highly restricted in the CNS, where it is only found in the subventricular
zone, rostral migratory stream, and olfactory bulb [36]. The OT-R type Gq activation
induces an intracellular pathway mediated by phospholipase C (PLC), generating inositol
triphosphate (IP3) and 1,2 diacylglycerol (DAG) as the second messengers. IP3 mobilizes
calcium from intracellular stores, and DAG activates protein kinase C (PKC), contributing
to the phosphorylation of proteins. In turn, the activation of these receptors results in
depolarization induced by decreased inward rectifying K+ (IRK) currents [37–39]. The Gq
signaling plays an essential role in maternal behavior, social behavior, initiation of social
contact, and trust [40–42].

On the other hand, the OT-R Gi activation induces an inhibition of the adenylate cyclase
(AC) activity, decreasing the concentration of cAMP, which activates phosphatidylinositol-
4,5-biphosphate 3-kinase (PI3K) and increases IRK currents [36,38]. The principal effect
linked to this isoform, which is primarily coupled to the modulation of different types of
ions channels (Ca2+, Na+, K+), is to contribute to the regulation of membrane excitability,
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synthesis and release of neurotransmitters, and synaptic plasticity [43]. Recent data ob-
tained from the human OT-R crystal structure have identified a conserved receptor-specific
coordination site for Mg2+, a potent allosteric modulator for agonist binding. This is the
first mechanism to describe the positive allosteric modulation of a G protein-coupled re-
ceptor (GPCR) mediated by divalent cations [44]. Interestingly, it has been shown that the
presence of a divalent metal is essential for the binding of OT to OT-R [45]. In this context,
Alshanski et al. in 2021 [46] determined the amino acids involved in the formation of the
OT-Cu2+ complex in the solution using crystallography and nuclear magnetic resonance
(NMR), evidencing both the OT amino acids and their binding order, which serve as ligands
for copper. These findings account for how Cu2+ binds to OT in aqueous media. Therefore,
this evidence should facilitate the development of peptidomimetic compounds based on
this complex and its interaction with the receptor.

Vasopressin receptors V1A and V1B are widely distributed in liver, smooth muscle
vascular cells, pancreas, and CNS. As previously mentioned, the V1BR distribution in
the brain is more restricted than the V1AR. Both receptors are coupled to Gq/11 and their
principal signaling is via PLC [47]. Peripheral V1AR is involved in the regulation of blood
pressure [48]. It is important to highlight that the activation of V1BR in the pituitary
gland provokes adrenocorticotropic hormone (ACTH) release [49,50], while the blockade
of this receptor has been shown to have anxiolytic and antidepressant effects on mice and
rats [51,52].

On the other hand, V2R regulates water reabsorption in the kidney and is coupled to Gs.
Therefore, when activated by AVP, the result is an augmentation of cAMP levels thanks to
the AC activity [53]. Mammal brain V2R expression and its relationship with social behavior
is controversial [54,55]. Regarding the role of brain AVP-R in neuropsychiatric conditions
and social behaviors, the V1AR gene (avpr1a) variability associated with polymorphic CpGs
(polyCpGs) and methylation in wild prairie voles have been related to the differences in
V1AR abundance in retrosplenial cortex [56] and adult sexual behavior [57]. In addition,
early life stress in mice modify AVP gene expression, increasing AVP levels in hypothalamic
neurons leading to impairment in corticosterone secretion and stress coping behavior [58].
In the case of V1BR, less research has been made regarding the impact of DNA changes
upon behavior. Nevertheless, comparing mouse strains revealed differences in the 5′

microsatellite region in the 5′ avpr1b promoter, which have an impact on the promoter
activity in cultured cells [59] suggesting a role in differential stress responses between
strains [60]. Interestingly, V1BR KO mice may give a better understanding of the role of this
receptor in stress response and social behaviors. Initial research showed that mice lacking
V1BR were deficient in both cognitive and behavioral tests, such as social recognition and
aggression assessment [61,62].

3. Neuropsychiatric Conditions: OT and AVP Role
3.1. Depression, Anxiety, and Stress

Although anxiety disorders and depression have a distinct underlying neurobiological
mechanism, due to the high degree of comorbidity between these types of disorders, the
evidence proposes common neurophysiological mediators underlying both conditions [63].
Another highly linked process associated with these disorders is stress, defined as a
non-specific biological response that alters homeostatic processes in response to external
requirements allowing for the individual to re-establish his homeostasis, and consequently
facilitating his adaptation to the environment [64,65].

In this context, the oxytocinergic and vasopressinergic systems in the CNS are associ-
ated with or influence processes implicated in depressive and anxiety disorders as well as
those underlying stress, making these NP systems potentially relevant to the development,
maintenance, and treatment of these conditions, although usually in opposing directions.
Specifically, OT has been shown to exert anxiolytic and antidepressant effects [66,67]. In
addition, there is clinical and preclinical evidence indicating that OT can also improve the
symptoms present in depression, such as sleep disorders [68] and anhedonia [69]. Further-
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more, it has been shown that OT promotes neuronal regeneration processes, rescuing the
suppression of neurogenesis processes induced by prolonged exposure to stress episodes
and glucocorticoids in the hippocampus of rats [68,70], an effect that might be linked to the
antidepressant effect conferred by this NP.

On the other hand, evidence shows that AVP has anxiogenic actions and increases
depressive behaviors. Therefore, it has been shown that rats over-expressing AVP in the
PVN exhibit high levels of anxiety and a depression-like phenotype, which is normalized
after a long-term treatment with the antidepressant paroxetine [71]. In line with this
evidence, clinical studies have revealed that patients diagnosed with depression show an
overexpression of V1AR in the PVN [72].

Consequently, restoring the homeostatic balance of these NPs using modulators of
AVP-Rs or OT-R activity, could be a practical way for treating mood disorders.

3.2. Substance Abuse

Addiction or substance use disorder (SUD) can be defined as a chronic disease charac-
terized by drug seeking and compulsive use, and loss of control in limiting intake, despite
its negative consequences. Moreover, it is associated with the appearance of negative
emotional states (e.g., anxiety, irritability, dysphoria, and anhedonia) when the subject does
not have access to the drug [73,74]. The chronic use or abuse of drugs induces behavioral
changes associated with neuroplastic and neurochemical changes in the reward circuit,
stress brain related areas, and executive function [75,76], which are mainly linked to the
dopaminergic transmission of the mesocorticolimbic circuit, depending on the specific
mechanisms of action of the drugs abuse [77,78]. These neuroplastic and neurochemical
changes can be persistent. Therefore, it is considered a pathology with a high risk of relapse
during the treatment.

There is considerable evidence showing that exposure to drugs of abuse can alter
both the oxytocinergic and vasopressinergic systems in several areas of the CNS. In this
context, preclinical evidence suggests that acute psychostimulants such as cocaine induce
an increase in OT levels in the dorsal hippocampus of rats, a region linked to learning
and contextual memory involved in drug dependence [79,80]. In addition, the acute
cocaine exposure in rats has been shown to increase plasma levels of AVP, suggesting
an increase in the neurohypophyseal release into the bloodstream [81]. Supporting these
findings, a decrease of AVP content has been observed in the hypothalamus after 4 days
of cocaine treatment, suggesting that the increase in AVP release at the hypothalamic
level is followed by a depletion of this neuropeptide content in this region [82]. Recent
studies from our laboratory showed that amphetamine (AMPH) induced conditioned place
preference (CPP) and produced a decrease in AVP content in the LS nucleus, which is
interconnected with areas linked to the regulation of mood and reward [83,84]. Moreover,
the chronic administration of opiates (e.g., morphine) has been shown to differentially alter
OT expression in various brain areas, including a decrease of OT in SON and NAc, and
an increase in VTA [85]. In turn, an increase in AVP gene expression in the amygdala has
been associated with early withdrawal from chronic opioid exposure [86]. Indeed, clinical
evidence has shown that the use of alcohol impacts the NP systems both at the central and
peripheral nervous system. For instance, chronic alcohol exposure produces dysregulation
of plasmatic OT levels in men, whereas acute alcohol exposure induces a decrease in
plasmatic OT levels in women [87,88]. Moreover, prolonged alcohol consumption induces a
decrease in AVP immunoreactive neurons in the hypothalamus in rats and humans [89,90].

These findings have prompted studies in which these endogenous NPs have been
evaluated as a way to reverse the neurophysiological and behavioral changes observed
in addiction. Therefore, pre-clinical evidence suggests that the administration of OT in-
fluences the development of tolerance, sensitization, and withdrawal symptoms and can
modulate diverse drug-seeking and drug-taking behaviors related to the excessive use of
drugs [91]. Specifically, it has been observed that the administration of high doses of OT
induces a decrease in locomotor hyperactivity and stereotyped behaviors associated with
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exposure to psychostimulants such as cocaine [92] and methamphetamine [93]. This effect
has been linked to a potential modulation of dopaminergic activity in key regions such as
the NAc, VTA, and PFC [94,95]. It was shown that the administration of OT (1 µg/µL) in
the NAc prevents the cocaine-induced increase in dopamine (DA) release in this region [96].
Similarly, other studies with psychostimulants show that icv (2.5 µg/µL) or ip (1 mg/kg)
administration of OT prevents the methamphetamine-induced increase in DA release in
NAc [93,97]. Moreover, similar effects have been observed using an icv administration of
OT (1 µg/µL), which prevents the increase of DA release in NAc, following acute or chronic
ethanol exposure [98]. On the other hand, pre-clinical research showed that icv administra-
tion of AVP prolongs tolerance and hypnotic effect of alcohol [98–100] and increases cocaine
self-administration. Indeed, AVP-deficient animals did not develop cocaine sensitization,
suggesting that AVP could participate in the addiction process [101]. Contrary to this
evidence, our group recently demonstrated that the microinjection of AVP in LS impairs
the expression of AMPH-induced CPP and that this effect is mediated by the activation
of the V1AR in the LS, which could produce the inhibition of GABAergic projections to
the VTA, increasing the inhibitory tone in this nucleus, and therefore inducing a decrease
in the dopaminergic activity at the NAc [84]. Moreover, animal studies suggest that the
blockade of V1BR (but not V1AR) decreases the high level of intake in dependent animals
and diminishes the emotional response to a stressor during withdrawal for cocaine [86].

Indeed, this evidence suggests that the NPs system remains a possible and attractive
pharmacological target for treating addictive behavior and all of the neural adaptation
associated with the use and abuse of drugs.

3.3. Social Behaviors

Social behaviors include different types of social interactions between peers and the
use of high complexity communication and cues between individuals that are species
specific [102]. Social behaviors include recognition and preference between individuals,
memory of known peers, and more complex social interactions such as maternal, aggressive,
sexual, play, etc. The implication of OT and AVP systems on social behavior are not recent
in animal studies [103–107]. Analyzing social behaviors is crucial for understanding and
proposing the correct treatment for conditions that display social deficits such as ASD,
ADHD, schizophrenia, etc.

3.3.1. Social Interactions

Social interactions can include any type of direct interactions between two or more con-
specific (i.e., ano-genital or body sniffing, allogrooming, boxing, chasing, etc.). Additionally,
in general terms, studies have reported a pro-social effect of the OT system. In this regard,
using OT administration (0.1 mg/kg) on awake rats increased social interactions, while it
selectively elevated DA extracellular levels in NAc [108]. It is worth mentioning that DA
levels in NAc regulate motivation and reward processes related to social stimuli [109,110].
OT modulates social reward in NAc [111] and the main nuclei within the reward circuitry
displays OT-R [94,108]. Therefore, the rewarding properties of social interactions and DA
release could be mediated, at least in part, by the OT system [112].

As aforementioned, OT-R and AVP-R have a similar structure showing promiscuous
binding of both NPs [113,114]. An investigation focused on social communication measured
by flank marking in Syrian hamsters demonstrated this overlap. OT or AVP icv injections
promote flank marking, while the V1AR agonist but not the OT-R agonist elicited the same
outcome [115]. Interestingly, when the α-melanocyte stimulating hormone (α-MSH) was
used to selectively stimulate OT release, flank marking increased, and this response was
completely blocked by V1AR antagonism [115].

Striking results were observed in Mongolian gerbils after neonatal exposure to OT,
AVP or OT-R and V1AR antagonists. Sociality was measured in two time points (neonatal
and juvenile). In addition, neonatal AVP administration enhanced sociality in males but
not females in both time periods. Interestingly, when male pups that received neonatal



Int. J. Mol. Sci. 2021, 22, 12077 6 of 29

AVP were placed outside the nest, parents showed higher parental responsiveness towards
those pups than littermates. However, they were not returned to the nest by mothers
faster than the other pups [116]. The male pups administered with neonatal AVP, but not
females, showed higher juvenile social behavior immediately after weaning, suggesting that
neonatal neuropeptide treatments modified both parental responsiveness and play behavior
in juvenile individuals in a sex-dependent manner [116]. It is important to mention that
neonatal exposure to OT, OT-R antagonist (L-368,899; OTA) nor V1AR antagonist (SR49059)
caused a significant effect over parental responsiveness or juvenile play behavior. These
results could reflect a delay in the maturation between OT and AVP systems in young
gerbils and sex effects in this maturation.

3.3.2. Aggression

Applying isolation results in aggression in mice. In this line, both OT and AVP have
been studied as anti-aggressive ligands. In brief, when mice were isolated for 6 weeks
and treated with OT and AVP ip injections, the hyper aggressive behavior was reversed
in a dose-dependent fashion and accompanied by an increase of social contact [117]. The
posterior analysis revealed that only a high dose of the selective V1AR antagonist SR49059
was capable of blocking the effect of OT, but not after the OT-R selective antagonist L-
368,899 [117]. These results are in line with the previously mentioned promiscuity between
the NPs and their receptors and suggest that activation of the V1AR appears crucial for the
anti-aggressive consequence of OT.

Importantly, sex hormones seem to have an effect on the aggressive behavior induced
by isolation. When male and female Syrian hamsters were isolated and tested 4 weeks later,
social isolation induced aggression to a same sex intruder in both sexes [118]. Then, when
binding of V1AR and OT-R was analyzed using autoradiography, the effects of isolation
were brain area sex specific. For V1AR binding, a significant sex effect in BNST, mPOA,
and anterior hypothalamus (AH) was reported. A higher binding in BNST was described
in females compared to males, specifically in grouped ones, whereas mPOA and AH
levels were higher in isolated males. In the case of OT-R, sex effects were only observed
in the lateral hypothalamus (LH) and PVN. In detail, OT-R binding in LH was higher
in females, but isolation did not have an effect. Opposite sex effects were reported in
PVN [118]. Interestingly, isolated hamsters also display higher levels of social behaviors
compared to grouped (control) animals, although this latter group displayed the highest
levels of non-social behaviors such as locomotion, exploration, grooming, nesting, feeding,
and sleeping.

Moreover, sex differences have been documented regarding the AVP system and
aggression. For instance, when Syrian hamsters of both sexes were acutely administered
with AVP in AH (0.9 uM) 5 min before social/aggression behavioral testing, AVP reduced
aggression compared to the vehicle in females, whereas in males the results were in the
opposite direction [119]. In summary, AVP impacts aggressive behavior in a sex-dependent
manner. These results highlight the differences in the neural substrates of aggressive
behavior between sexes.

The V1BR has been associated with social recognition and social motivation, as well
as territorial aggression in males [62] and maternal behavior in females [61]. Competitive
aggression (aggression against other animals for resource access) is impaired in Avpr1b−/−

mice. When the animals were exposed to food restriction and then tested in a competitive
aggression paradigm with other mice, knockout animals performed higher attack latencies
and fewer attacks than the wild type individuals [61]. Similarly, defensive behavior is
altered in mice lacking Avpr1b expression. After 2 weeks of isolation before each phase, the
animals were tested as the intruder (phase 1) and then 6 weeks later tested as the resident
(phase 2). Interestingly, the knockout mice showed normal defensive avoidance behavior.
However, the defensive attack behavior was impaired when they were the intruder. The
same animals that were tested as residents exhibited normal attack latency, but showed
lower attacks per test [61].
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Similar results were observed with the Avpr1b KO lentivirus approach in mice. A low
percentage of Avpr1b−/− males execute attacks on an intruder compared to the wild type.
In addition, the behavior is restored when the lentivirus carrying Avpr1b is administered in
hippocampal area CA2 [120].

3.3.3. Maternal Behavior

Maternal behavior includes several social behaviors towards the offspring, for ex-
ample, maternal care (nursing and grooming pups), maternal motivation (pup retrieval),
maternal aggression (defense against an intruder), etc. [121]. It is important to mention that
both OT and AVP have been related to maternal behavior. For instance, genetic variation
in a single nucleotide polymorphism (SNP) in the promoter of AVP gene in Wistar rats
provokes two phenotypes, the high (HAB) and the low anxiety-related behavior (LAB).
This variation causes elevated AVP synthesis and release in HAB rats, a feature that has
been associated with aggressive behavior against an intruder. Specifically, virgin and
lactating HAB females are more aggressive than the LAB rats, but at the same time express
high levels of maternal behavior [122,123]. The same trend was reported in mice [124].

In female mice, the lack of expression of V1BR (Avpr1b−/−) resulted in reduced overall
maternal aggression (attack latency and number of attacks) compared to the wild type
females when pups are exposed to an intruder (adult male mice) [61].

The AVP system modulates maternal care, motivation, and aggression through diver-
gent brain areas. For instance, AVP release is increased in mPOA, BNST, PVN, and CeA
and activates V1AR in mPOA, BNST, PVN, and/or CeA during the display of maternal
care and maternal motivation [121]. On the other hand, V1BR impairs maternal motiva-
tion, especially when activated in MPOA, but has opposite outcomes when activated in
BNST [121].

On the other hand, the OT system has been associated with pro-maternal outcomes.
For example, in female mice, a network (piriform cortex, left auditory cortex, and CA2 of
hippocampus) associated with maternal behavior is enriched in OT-R [125] in comparison
with female virgins and male mice. Similarly, an interesting and exhaustive study in 2015
analyzed brain areas, maternal behavior (retrieval of pups), and the effect of OT in mice
(mothers versus virgin females), demonstrating that virgin females retrieved pups after
both OT systemic injection and optogenetic stimulation of OT neurons in PVN, only 2 h
after the treatment [126]. It is important to mention that virgin females that received saline
started the retrieval at least 2 days after cohabitation with pups, suggesting that the mere
presence of the young animals could activate the OT system.

As an illustration of similar activities in humans, a correlation between the OT-R
gene variation and parental sensitive responsiveness was observed (with factors such as
maternal education, depression, and marital discord controlled) in mothers with OT-R AA
or AG genotypes, which were less sensitive to their toddlers than mothers with the GG
genotype [127].

3.3.4. Social Play Behavior

Social play behavior has a crucial role in the normal development of cognitive and
social interactions in young animals, which has been demonstrated after social isola-
tion [128,129]. Moreover, early social dysfunction is observed in ASD and ADHD. Research
on the brain systems behind those early deficits are critical for the possible rescue of
those deficiencies.

In particular, the pharmacological blockade of V1AR in LS has a dichotomic effect.
Therefore, it increases social play in male, but decreases it in female rats [130]. Similarly,
AVP mRNA expression in BNST is negatively correlated with social play in males [131].
Using OT-R and V1AR antagonists microinjection in LS in juvenile rats, the role of both
NPs and the sex modulation of social play behavior was established. The blockade of V1AR
increases social play behavior in males in both home cage and novel cage context [132].
In the case of females, the response was in the opposite direction, i.e., females microin-
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jected with V1AR antagonists play less than the vehicle-treated females, in both home and
novel cages [132]. When AVP was administered, both sexes played less than the vehicle
treated rats.

The blockade of OT-R had no effects on social play behavior in males, and the same
results were observed after OT microinjection. Nonetheless, it was reported that in females,
OT increases social play time only in the novel cage [132]. These data support the notion
that both NPs modulate social play in a sex and context specific manner.

3.3.5. Social Behavior Dysfunction and Neuropsychiatric Conditions

It is known that individuals with ASD exhibit social dysfunctions related to social
recognition and social reward [133]. In this context, it is interesting that, as shown in an
observational study, OT serum levels are correlated with autistic symptomatology and
compared to ADHD males, ASD patients revealed higher levels of OT, although these
were not different from those of a control group [23]. In an extensive review, Modi and
Young in 2012 summarized several animal models and approaches to analyze the impact
of differential neurobiological factors in ASD, including the OT system. In brief, both
OT and OT-R have been investigated in mice, specifically using knockout animals. In
both cases, the use of behavioral paradigms indicates abnormal behavior in tests such
as ultrasonic vocalization induced by isolation and social recognition [134]. Regarding
the treatment, intranasal OT (as well as non-peptide small agonists of the OT-R) showed
positive outcomes in OT KO mice [134].

ASD presents higher incidence and severity in males [135], and accordingly, social
deficits studies have explored the possible mechanisms behind this sex difference. In male
mice, positive correlations between OT-R and V1AR mRNA expression and the degree
of social interaction have been reported in MeA and PVN, where high social male mice
express higher levels of both receptors of mRNA than the low social mice [136]. Importantly,
high correlations appear along with estrogen receptor α (ERα) mRNA in MeA and ERβ
mRNA in PVN [136]. This study demonstrated the implications of both receptors in social
interaction and the possible modulatory role of sex hormones.

Another neuropsychiatric condition observed especially in the young population is
ADHD, and as in the case of ASD, social abilities are diminished, and sex differences are
suggested [133,137]. In this case, OT serum levels have also been associated with this
disorder. Therefore, children with ADHD either drug näive or with an additional conduct
disorder exhibit a lower OT serum level as compared to medicated ADHD patients or
healthy controls [21,138].

Moreover, variations in the OT-R gene have been associated with ADHD. When OT-R
gen was sequenced, three SNPs were associated with social deficit in children with ADHD.
Therefore, a strong correlation was described for the CT/TT genotype of rs4686302 and
low facial emotion recognition task [22], suggesting that rs4686302 polymorphism could be
a genetic indicator of social dysfunction in ADHD pediatric patients.

Borderline personality disorder (BPD) is a condition characterized by distinct dysfunc-
tions on three key domains of socioemotional information (affect regulation, behavioral
control, and interpersonal sensitivity). On the other hand, it is believed that disturbances
of the OT system are involved, at least in part, in the dysfunctions observed in the social
reward and empathy circuitries. In BPD patients, imaging studies have reported alterations
in the activation of the reward circuitry in response to social stimuli compared to healthy
volunteers [139]. Regarding OT and reward systems, several studies have reported OT
effects in the processing of negative and positive salience related to faces [140]. Currently, a
model of dysfunctional OT system has been proposed as part of the mechanisms underly-
ing BPD. In brief, it is believed that genetic factors such as SNP in the OT-R gene promote
low parental OT levels that provoke two main outcomes: Decreased reward response to the
own child and low salience for baby’s sensory cues, both leading to low sensitivity to child
with poor caring and cuddling. This deficient relationship between the parent and child
promotes low child OT levels leading to poor bonding and insecurely attached children
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associated with genetic factors in relation with OT-R in the child [141]. Therefore, diverse
research has focused on OT administration and social functioning improvement, since it is
presumed that OT could reduce the attention bias to social threat cues, regulate poor affect
regulation and poor social reward experiences, and recover maladaptive empathy [141].

All of the aforementioned evidence places the OT and AVP systems as prominent
constituents in the physiopathology of a variety of CNS diseases. This has stimulated
the search of pharmacological tools aimed particularly at OT-R and AVP-R, which appear
as remarkably attractive targets, for the development of novel treatments for psychiatric
disorders characterized by social dysfunction. Therefore, in the next section, we will focus
on the analysis of the characteristics of agonists and antagonists of both NP systems and
the possible polypharmacy between them.

4. Preclinical and Clinical Studies and Human Research with OT and AVP: The Good,
the Bad, and the Ugly

The study of the alterations of the oxytocinergic system at the CNS level has shed light
on the neurophysiological mechanisms underlying various neuropsychiatric conditions,
many of them linked to alterations in social, anxiety, addictive, parental care, decision-
making behaviors, etc. [80,142–144]. For example, it has been demonstrated that the use
of high doses of OT reduces locomotor hyperactivity and stereotyped behaviors induced
by cocaine and METH [92,97,145]. On the other hand, it has been reported that the use of
small doses of OT in the CNS prevents the sedative and ataxic effects induced by ethanol,
but does not alter the development of tolerance to this drug [146]. The neurophysiological
mechanisms that explain the effects of OT upon the actions of drugs of abuse are linked to
the fact that OT administration reduces the level of DA in different mesolimbic regions,
including the NAc, a critical region for addiction processes [94,147].

Clinical studies in healthy humans have shown that the administration of OT induces
a decrease in the subjective perception of a stressful situation, which is accompanied by
a decrease in salivary cortisol levels [148,149]. Therefore, an increase in OT levels or an
increase in the activity of the oxytocin system during stressful situations may serve to
counteract stress-induced physiological effects and decrease anxious behaviors. In this
context, new findings have shown that the use of OT, but not AVP, stimulates neuronal
growth and rescues the suppression of glucocorticoid- or stress-induced neurogenesis in
the adult rat hippocampus [70].

Regarding social behaviors, clinical evidence has shown that the administration of
OT via the nasal spray increases recognition and trust in healthy subjects and psychiatric
patients, suggesting that OT could be a potential therapeutic drug for disorders such as
autism or schizophrenia, etc. [150,151]. In line with this evidence, preclinical studies have
shown that the central administration of OT increases social behaviors in monkeys [152],
but the neurobiological mechanisms underlying these behavioral changes are not yet fully
understood. Interestingly, new evidence has shown that OT plays an essential role in the
non-social cognitive process. Therefore, it was demonstrated that the central administration
of OT reduces preferences for risky outcomes in the probability discounting task, an effect
blocked using OT-R antagonists, expanding the classical function associated with the OT
system [144].

Despite interesting findings and advances in the role of OT in social and non-social
behaviors, the usefulness of synthetic OT, both as a research and therapeutic tool, is limited
by its physicochemical properties [153]. For instance, after peripheral administration, OT
has a short half-life ranging from 2 to 4 min in humans and exhibits a poor penetration
of the blood-brain barrier [154]. In addition, OT has high affinity for the AVP receptor
V1AR, which has been implicated in numerous OT-dependent social behaviors [118,155].
Therefore, in recent years, efforts have focused on creating new molecules that possess
more favorable physicochemical characteristics, as well as longer half-life and penetration
of the blood-brain barrier [156]. Moreover, there exists interest in creating novel molecules
with higher affinity and specificity for the OT-R, which, in theory, should allow for more
precise and safer treatments.
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Contrary to the broad therapeutic potential of OT, medicinal applications of AVP are
more restricted. Specifically, AVP is used mostly in clinical settings and/or life-threatening
scenarios, for septic shock, blood pressure regulation, and cardiovascular homeostasis [157].
Considering the wide distribution of peripheral V1AR and V1BR (liver, blood vessel mus-
cles, kidney, heart, platelets, adrenal cortex, pancreas) and the critical responses that can be
triggered after the activation or blockade of these targets, there are no AVP therapeutic uses
authorized yet for CNS disorders. Nevertheless, animal studies have been conducted with
AVP, which has unveiled its potential as a therapeutic alternative for social behavior flaws.
As an example, using mice as an autism animal model, it was shown that Magel2 KO adult
male mice exhibit social deficits that were correlated with inappropriate AVP activation in
projection neurons to LS and optogenetic stimulation of AVP neurons or administration
of AVP rescued social deficits observed in Magel2+/−p [158]. Furthermore, after 1 week of
medium dosage of intranasal AVP (IN-AVP; 0.5 IU/kg), the partner preference is disrupted
in male prairie voles, while an increase of novel object recognition was observed in animals
of both sexes, and females increased play behavior before sexual maturation [159]. In agree-
ment with other studies, after sexual maturation the high dosage of IN-AVP (5.0 IU/kg)
produced an augmentation of aggression in males [159].

Regarding research in humans, IN-AVP effects on social processing of male and
female faces have been reported. In particular, after two sessions (from 2 to 7 days between
them) with one dose of IN-AVP (20 IU or 40 IU) and a final test, young males observed
males and females faces and were asked to rate them regarding “approachability” (social
perception), “willingness to initiate a conversation with the person” (social motivation),
and “attractiveness” (sexual potential) [160]. Day 1 ratings of “approachability” and
“initiate conversation” were the highest in the 40 IU single men group, although both
ratings were lower in the 20 IU group as compared to the placebo [160]. Amusingly, the
difference between female and male ratings in attractiveness were higher in the coupled
men. Importantly, both systolic and diastolic blood pressure were not impaired during the
test, although the mean percent change in systolic pressure 60 min after the application of
40 IU was lower than observed in the placebo group.

Similarly, a randomized placebo-controlled pilot trial evaluated the IN-AVP admin-
istration in children with ASD and reported promising results. After 4 weeks of IN-AVP
administration in 30 children between 9.6 and 12.9 years, the treatment resulted in im-
proved social abilities as measured by the Social Responsiveness Scale [161]. In addition,
an improvement in anxiety symptoms was observed. Importantly, AVP was well tolerated,
and minimal side effects were reported. These results highlight the possible therapeutic
potential of AVP for ASD.

As aforementioned, research regarding therapeutic uses of AVP for CNS disorders has
recently started and is far behind from the OT therapeutic development. However, in the
past few years, several pharmaceutical companies have been developing and testing AVP
alternatives for CNS disorders, such as migraine [162] or autism [163] (see the next section).

5. Agonist and Antagonist of OT-R and AVP-R: Peptides and
Non-Peptides Alternatives
5.1. OT-R

In general terms, OT-R agonists or antagonists with better physicochemical character-
istics compared to OT have been developed, although the majority of these molecules still
have a considerable affinity for AVP-R and can behave as agonists or antagonists of V1AR
or V1BR.

Several peptide and non-peptide OT-R agonists have been described. Most of them
have been used only at a pre-clinical level, since they can generate severe damage when
administered peripherally. Carbetocin is an OT analog with agonist properties. Most of the
therapeutic uses of this compound have focused on its peripheral benefits associated with
the prevention of postpartum hemorrhage (see review, Chao and McCormack 2019 [164]).
Interestingly, Zanos et al. in 2014 [165] reported that carbetocin administered peripherally
inhibited the development of anxiety and depressive behaviors during morphine with-
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drawal in addition to improving social behaviors. These results are consistent with the
inhibitory effect of OT on stress linked to addiction [93]. On the other hand, pre-clinical
evidence shows that early postnatal supplementation with carbetocin has a beneficial
effect on myelination, long-term intrinsic brain connectivity and behavior in a rat model
of perinatal brain injury associated with inflammation, deficient myelination, and behav-
ioral deficit [166]. In the BALB/cByJ mouse model of ASD-like social deficit, carbetocin
administration did not elicit prosocial effects [167].

Lipo-oxytocin-1 (LOT-1) is a synthetic peptide derivative of OT, with agonist proper-
ties. Research suggests that the ip administration of LOT-1 in the CD157 knockout model
mouse of the non-motor psychiatric symptoms of Parkinson’s disease, has a functional
advantage in the recovery of social behavioral impairment. This analog rescued anxiety-
like behaviors and social avoidance [168]. In line with this evidence, Cherepanov et al. in
2017 [168,169] showed that the administration of LOT-1 in CD38 knockout (CD38−/−) mice,
linked to the lack of paternal nurturing in CD38−/− sires, decreased social recognition
ability and decreased sucrose consumption. A recovery of the behavioral parameters in the
long term, in a range of no less than 24 h was observed. Therefore, these results suggest that
OT lipidation may have useful therapeutic benefits, mainly associated with its long-term
action in modifying social behaviors. Another agonist with interesting characteristics is
PF-06655075 (PFI). This is a non-brain-penetrant peptide with increased selectivity for the
OT-R. In 2016, Modi et al. [170] showed that both central and peripheral administration
of PFI inhibited freezing in response to a conditioned stimulus using the conditioned fear
paradigm. Interestingly, it was shown that peripheral PFI administration resulted in a
sustained level in plasma concentration for more than 20 h, but did not induce a detectable
level at the brain tissue level. As a result, the authors suggest that exposure to plasma or
cerebrospinal fluid might be sufficient to evoke the described behavioral effects.

An additional OT analog is TGOT, which has been widely used in the in vitro ex-
periments showing a clear selectivity for OT-R vs. V1AR [171–173]. In discrepancy with
these in vitro findings, an in vivo study showed that TGOT administration in OT-R null
mice induced recovery of social deficit in Oxtr−/− mice consistent with a selective action
of TGOT upon OT-R. However, TGOT also rescued the social deficit in Oxtr−/− mice,
suggesting that, despite its very low affinity for V1A and V1B receptors in vitro, TGOT was
still active on these receptors in the in vivo experiments [174].

New research has focused on the potential therapeutic use of OT metabolites, mainly
OT (4–9) and (5–9). In 2019, Moy et al. [167] used a behavioral test in the BALB/cByJ mouse
model, which presents a social deficit similar to autism. Mice treated with the metabolite
(5–9) showed no change in their social deficit, whereas the metabolite (4–9) induced an
improvement in social preference in these animals in a dose-dependent manner.

Several OT analogues containing tetrazole moieties have been developed due to the
higher metabolic stability conferred by the presence of tetrazolyl group(s). In particular,
in 2007, Manturewicz et al. [175] analyzed the biological activities of 11 OT analogues
using substitutions of the Gln4, Asn5, and Gly-NH2

9 residues in OT with the acidic 5-
tetrazolyl group or N-methylated tetrazole rings. The uterotonic activity was decreased in
analogues of both tetrazole or N-methyl groups as compared to the OT activity, although
the potency increased in the presence of Mg2+. Similar results regarding N-methylation
in different positions were recently reported [176]. A potency reduction (1000-fold) and
elimination of agonist activity were observed after N-methylation at Tyr2, Ile3, Asn5, and
Gln4, respectively [176].

On the other hand, OT-12, a potent and long-lasting OT analog has been shown as
a powerful OTR agonist with a promising anorexigenic activity. Incorporating fatty acid
moieties onto the backbone peptide of OT, results in low in vitro activity with AVP-Rs,
improvement in plasma half-life in mice compared to OT and carbetocin, and a significant
reduction in body weight in a mouse model of obesity [177].

In addition to the peptide analogs, a family of compounds classified as non-peptide
has emerged [178]. It should be noted that due to the chemical nature of these molecules
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and the little preclinical evidence that exists, they have not yet been tested as treatments at
the clinical trial level. One of the non-peptide molecules that acts as a potent OT-R partial
agonist is TC-OT-39, which can also act as a V1AR antagonist. Evidence shows that ip
administration of TC-OT-39 in the BALB/cByJ mouse model induces an improvement in
the social deficit exhibited by these animals, an effect very similar to that shown by carbe-
tocin [167]. Another non-peptide specific OT-R agonist is LIT-001, which has high affinity
and efficacy for human and mouse receptors. Furthermore, LIT-001 shows low affinity for
V1AR or V1BR, where it behaves as an antagonist and an agonist, respectively. Peripheral
administration of LIT-001 induces an improvement in social interaction deficits present in
Oprm1−/− mice, a mouse model of autism, as evaluated by the recovery of the number and
duration of nose contacts, and the frequency of the following episodes [179,180].

WAY-267464 has been characterized as a non-peptide agonist specific for OT-R [28,181].
Moreover, in vivo pharmacological testing has shown that WAY-267464 exhibits an antago-
nistic activity against V1AR [182]. Intraperitoneal administration of WAY-267464 improved
social deficits in male Shank3b KO mice, a model characterized by the OT system dysfunc-
tion associated with decreased social salience [183].

Most of the scientific advances regarding the role of OT in various behaviors and
pathologies have been done thanks to the use of OT-R receptor antagonists, which also can
be classified as peptide and non-peptide compounds.

Moreover, atosiban (ATO) is a potent peptidergic OT-R antagonist that possesses an
affinity for V1AR. The most classic clinical use of this drug involves peripheral administra-
tion, which causes the inhibition of uterine contractions induced by endogenous OT and
thus prevents premature labor [184]. In addition, Abdullahi et al. in 2018 [185] reported the
effect of blocking OT-R by the administration of ATO on contextual fear memory consolida-
tion and reconsolidation in male rats. In this case, it has been proposed that administering
different doses of ATO post-training in the fear conditioning paradigm impaired contextual
fear memory consolidation, in a dose-dependent mechanism. In turn, the same doses
of ATO administered for fear memory reactivation did not impair the reconsolidation of
contextual fear memories.

Furthermore, human studies have shown that IN administration of OT restores time
perception during social interaction in socially less competent individuals, whereas the
administration of ATO decreases time perception during social interaction in socially
competent individuals. These results indicate that OT might be involved in mediating
time perception in social interaction, which further supports the role of OT in social
cognition [186]. Interestingly, it has been shown that intra-hippocampal administration
of ATO and co-administration of a GABA receptor type A antagonist (GABAAR) prevent
the anti-epileptic effect mediated by diazepam [186,187]. It is noteworthy that seizures
are a comorbidity present in the most severe cases of autism [188]. This finding opens
exciting research and therapeutic fields by associating the role of the OT and how the
imbalance in this system could be linked to the epileptic seizures observed in extreme cases
of autism [189].

Ornithine vasotocin or OTA, is a selective peptide OT-R antagonist, which has been
used to study the role of the OT system in attachment behaviors between the mother
and offspring before weaning. Intraperitoneal administration of OTA has been shown to
induce a decrease in attachment behaviors of the pups to the mothers, associated with a
decrease in serum OT concentration in the pups before weaning [189,190]. In another study
linked to maternal behaviors, it was demonstrated that bilateral microinjection of OTA
into the central nucleus of the amygdala (CNA) is sufficient to induce aggressive maternal
behavior similar to those observed by chronic cocaine exposure during the gestational
period [191,192]. In line with this evidence, the administration bilateral in NAc of OTA,
induced a decrease in social preferences in females and male monogamous mandarin voles
(Microtus mandarinus) in the social preference paradigm [193].

Recent studies using the probability discounting task have shown that OT decreases
nonsocial risk-based decision-making. This effect was only observed with the icv adminis-
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tration of OT, and it was blocked by the icv administration of OTA. This evidence provides
new insight into the role of the oxytocinergic system in complex cognitive processes, such
as decision-making [144].

Regarding non-peptide OT-R antagonists, L368,899 has been used in studies aimed to
understand the neurobiological mechanisms underlying aggressive behaviors. It has been
shown that the ip administration of L368,899 cannot block the OT-mediated anti-aggressive
effect, but this effect can be blocked by high concentrations of a selective antagonist V1AR
(SR49059) [117]. Therefore, these results suggest that both OT-R and V1AR activation par-
ticipate in the anti-aggressive effects of OT. Therefore, the search for molecules or drugs
with dual or polypharmacological action opens a window to a more efficient pharmaco-
logical therapy in pathologies associated with aggressive behaviors. On the other hand, a
study carried out in rhesus monkeys, to which L368,899 was administered peripherally,
indicated that this molecule can penetrate the CNS and modify the maternal behavior of
females, eliminating interest in the baby and sexual behavior [144,194]. Furthermore, OT-R
antagonism by L368,899 induced a decrease in the amount of time the male rat spent with
the female, while no differences in exploitative behaviors, nor in the amount of time spent
with another rat were observed [195].

Nevertheless, not all of the studies with this antagonist have been linked to social
behaviors. It has been shown that the hippocampus is susceptible to damage caused by
prolonged exposure to stress, causing alterations in neuronal plasticity (see review, Eun
Kim et al. 2015 [196]). In this context, it was demonstrated that IN administration of OT has
a neuroprotective role in periods of stress, an effect that is entirely reversed by exposure to
L368,899 [197].

The role of AVP in the amygdala, and its involvement in the generation of emotional-
affective responses related to pain, has been studied in rats using both AVP-R and OT-R
antagonists. Therefore, AVP administration in the amygdala induced an increase in audible
and ultrasonic vocalizations and anxiety-like behaviors. These effects were blocked by a
selective V1AR antagonist (SR49059), but not by the OT-R antagonist L-371,257. In fact, the
administration of L371,257 had some facilitatory effects on vocalizations, and on this basis,
it was postulated that the activity of OT receptors, allows the mediation of some inhibitory
effects of the vasopressinergic system [198].

5.2. V1AR and V1BR

Different pharmaceutical companies have searched for AVP-R modulators that could
serve as a treatment for neuropsychiatric disorders. Therefore, a number of drug can-
didates acting through the V1A and V1B receptors such as terlipressin and F180 (V1AR
agonists); relcovaptan (SR 49059), SRX251 and YM218 (V1AR antagonists); d[Cha4,Lys8]VP
and d[Leu4,Lys8]VP (V1BR agonists), nelivaptan (SSR149415) and ORG52186 (V1BR antag-
onists), etc. have been described. Unfortunately, many promising modulators have been
already abandoned as a result of failures in preclinical or clinical studies [199,200].

For example, in 2002, Gal et al. [201] characterized the first selective, nonpeptide vaso-
pressin V1BR antagonist, namely SSR149415 or nelivaptan ((2S,4R)-1-[5-Chloro-1-[(2,4-
dimethoxyphenyl)sulfonyl]-3-(2-methoxy-phenyl)-2-oxo-2,3-dihydro-1H-indol-3-yl]-4-hydroxy-
N,N-dimethyl-2-pyrrolidine carboxamide). Both in vitro and in vivo experiments showed
higher affinity for animal and human V1BR rather than V1AR or V2R. Interestingly, acute
administration of SSR149415 (3 mg/kg ip and po) showed strong anxiolytic effects in
rats, as evaluated in the four-plate test. Moreover, the anxiolytic-like activity of the com-
pound (10 mg/kg po) lasted for at least 4 h [201]. Furthermore, the anxiolytic-like effect
remained for longer periods when SSR149415 was given chronically for 7 days (10 mg/kg
po). However, doubled-blind placebo-controlled clinical trials (Clinicaltrials.gov identifiers:
NCT00374166, NCT00361491, NCT00358631, and NCT01606384) showed that SSR149415
failed to demonstrate competence in the treatment of major depressive disorder (MDD) and
generalized anxiety disorder (GAD) [202], leading to discontinuation of trials in 2008 [203].
Although SSR149415 was safe and well-tolerated, doses of 100 and 250 mg twice daily were
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not superior in potency to the placebo, showing only a minimal response on the cortisol
activity. These results could suggest a low power of V1BR blockade in humans or possible
compensatory mechanisms that may block the therapeutic effect [203].

Between 2012–2014, Abbot and AbbVie reported and patented eight oxindole derivatives
compounds with high V1BR affinity and selectivity [204–207]. Importantly, only two of those
molecules (nelivaptan or SSR149415 and (2S,4R)-1-[5-chloro-3-(2-methoxy-phenyl)-2-oxo-1-
(thiophene-2-sulfonyl)-2,3-dihydro-1H-indol-3-yl]-4-hydroxy-pyrrolidine-2-carboxylic acid
dimethylamide) have been reported to have potential antidepressant effects [208].

The V1AR antagonist, SRX251, was evaluated in aggressive behavior in male Syrian
golden hamsters using the resident-intruder model of aggression. A dose-dependent
reduction in aggression, measured by latency to bite and the number of bites without
changing other social behaviors such as investigation or sexual motivation, was observed
after oral administration of the compound. These effects persisted for over 6 h post
treatment [209].

Promising clinical trials in recent years have reported the pro-social role of the AVP
system in autism. For instance, balovaptan (RG7314 or RO5285119 or RAX5D5AGV6) a se-
lective V1AR antagonist, was approved for ASD in 2019 by the European Medicines Agency
(EMA, EMEA-001918-PIP01-15-M02) after several studies (Clinicaltrials.gov identifiers:
NCT03504917, NCT02901431; NCT04049578; NCT01793441; 2019-0000989-38; 2017-004378-
32) were performed in volunteers with ASD. As an illustration, in a phase II clinical trial
involving young men (n = 223) with moderate to severe ASD and an intelligence quo-
tient ≥ 70, the subjects were given oral balovaptan for 12 weeks [163]. Regarding the
item Socialization (in the Vineland™-II Adaptive Behavior Scales), positive effects were
reported with 10 and 4 mg. Importantly, those improvements were measured using written
questionnaires. Therefore, it remains an open question if the effects of balovaptan have a
real impact over social deficits as observed in ASD.

Another recent phase III, randomized, double-blind, placebo-controlled trial
(NCT03504917) investigated the efficacy, safety, and pharmacokinetics of 10 mg of oral
administration of balovaptan once a day in adults with ASD. Using the Vineland™-II
Adaptive Behavior Scales 2-Domain Composite (2DC) Score, volunteers that received
balovaptan showed higher scores after 24 weeks. However, the difference between baseline
and after 24 weeks of treatment in the Vineland-II Communication Domain Standard Score
was lower. In the case of the Standardized scores on the Adaptive behavior, after 12 and
24 weeks, the percentage of subjects that received balovaptan and scored 6 points or more
compared to the baseline were 34.4% and 43%, respectively, although these percentages
were not higher than those observed in the placebo group (42.1% and 48.4%).

An exploratory phase II study (Clinicaltrials.gov identifier: NCT02055638) examined
the safety, tolerability, and activity of the V1AR antagonist (SRX246) against the placebo, in
adults of both sexes with the DSM-5 intermittent explosive disorder (IED). Volunteers were
asked to answer questionnaires at weekly schedules. The protocol used was an 8-week
SRX246 (4 weeks at 120 mg bid and 4 weeks at 160 mg bid) or an 8-week placebo, followed
by a 1-week washout. SRX246 was well tolerated with a low incidence of adverse effects.
Nonetheless, to date, the complete results regarding the reduction in Total Aggression
Score have not been reported.

Recently, a randomized experimental approach using a neutral-predictable- unpre-
dictable threat test evaluated the potential anxiolytic effect of the V1AR antagonist SRX246
in humans. Healthy volunteers that went under unpleasant electric shock and consumed
300 mg of SRX246 in a randomized, double-blind, and counter-balanced manner reported
a decreased anxiety-potentiated startle [210]. It is crucial to mention two conditions of
this study. First, anxiety was defined and measured as “startle reflex” (eye-blink) and
the 36 volunteers were healthy men and women without any reported anxiety or mood
disorder. Therefore, the clinical relevance of SRX246 in patients remains to be elucidated.

Finally, another V1AR antagonist, SR49059 or relcovaptan has been the focus of animal
research in relation to aggression. Therefore, the hyper aggressive behavior triggered
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by an isolation protocol was reversed by AVP ip injections, in a dose-dependent fashion
and accompanied by an increase of social contact [117]. High doses of the selective V1AR
antagonist SR49059 were able to block the pro-social effects of OT [117]. These results
support the idea of ligands overlapping between NPs receptors and suggest that activation
of the V1AR appears as crucial for both AVP and OT anti-aggressive outcomes [117].

In summary, several OT and AVP ligands have been developed with promising results
in the treatment of anxiety, drug abuse, autism, and depression both in animal models and
clinical setups. In particular, OTR agonists and/or antagonists of V1AR and V1BR seem
to be a good option for the treatment of a variety of neuropsychiatric disorders or some
associated symptoms. However, questions regarding efficacy and safety still have to be
solved in order to definitely establish their therapeutic activity (Figure 1).
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6. Concluding Remarks and Future Projections

Selectivity has been considered as an essential property when designing therapeutic
drugs. This has been based on the idea that selective compounds will have minimal side
effects and maximum efficacy. However, there is increasing evidence that suggests that
drugs targeting multiple receptors may show better efficacy and safety profiles [211–214].
This has led to the development of the concept of polypharmacology, which refers to the
ability of a molecule to simultaneously interact with multiple target proteins or recep-
tors [215]. The basic biological concept underlying the search for multitarget compounds is
that robust pathological phenotypes, such as those seen in psychiatric or neurodegenerative
disorders, are often the result of a complex web of molecular events rather than changes in
the function of a single receptor.

In this context, OT-R and AVP-R appear as exceptionally attractive targets for CNS
polypharmacology. For example, (a) the endogenous ligands themselves as well as some
synthetic drugs, exhibit a certain level of promiscuity upon the corresponding receptors;
(b) these proteins participate (usually with opposite functions) in the regulation of multiple
physiological processes and are involved in the physiopathology of a variety of CNS
diseases; and (c) as other GPCRs, NP receptors likely possess multiple binding sites.
Furthermore, the orthosteric site of OT-R and AVP-R is well characterized structurally.
Therefore, the pharmacophoric requirements to bind to this site are known and could
be used in the development of drugs with multiple targets. On the other hand, these
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pharmacological targets likely contain numerous allosteric sites, which, as demonstrated
for other GPCRs, should exhibit a wide variety of shapes, sizes, physicochemical properties,
and ligands [212,216–218]. These features offer an unusual opportunity to explore the
chemical space in search of molecules that could fit into these cavities.

Perhaps due to the limited number of molecules that act on OT and/or AVP receptors,
there are virtually no examples of promiscuous drugs with described effects on these
GPCRs. Far from considering this scenario as a limitation, we see it as a great opportunity
to enter a highly unexplored field of research with significant potential for the development
of new CNS polypharmaceuticals [218–220]. Therefore, for instance, it is important to
mention that balovaptan and nelivaptan have a greatly similar profile, antagonizing the
three proteins, OT-R, V1AR, and V1BR, although with differential potency. In summary,
these data support the notion that new multitarget drugs acting simultaneously on different
neuropeptide receptors (and possibly upon other important targets such as monoaminergic
receptors) could have relevant therapeutic potential for the treatment of complex CNS
pathologies such as anxiety, depression or drug addiction. In this regard, several molecules
with therapeutic potential have been developed and tested in both animal and human
studies for CNS conditions, some of which act as promiscuous ligands for OT-R and AVP-R
with distinct affinities and functional profiles (Table 1).
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Table 1. Summary of peptides and non-peptides molecules with polypharmacological profile in the OXT and AVP receptors in the central nervous system. Legend: (-) No-affinity or (np)
not reported/(+) minimal affinity/(++) affinity similar to the endogenous ligand/(+++) affinity higher than endogenous ligand.

Molecule OTR V1A V1B Principal Outcomes Reported Model/Disease/Condition Refs.

RG7314 or RO5285119 or
RAX5D5AGV6 or

balovaptan

Antagonist
(np)

Antagonist
(np)

Antagonist
(np)

Improvements in the Vineland-II
socialization and communication scores. Humans with ASD [163]

SSR149415 or nelivaptan antagonist (+) antagonist (+) antagonist (++)

Antagonized
exogenous AVP-induced corticotropin

secretion.
Rats pretreated

with nelivaptan induced
inhibition in plasma corticotropin secretion
and 30 min before the stress period caused

a 50% inhibition of plasma corticotropin
elevation.

Male Sprague Dawley Rats [201]

The forced swimming test produced a
lower immobility time than the vehicle. Wistar rats [221]

After a chronic mild stress test, degradation
of the physical state of the animal’s coat

was significantly improved by nelivaptan
after 2 weeks of treatment.

BALB/c mice [221,222]

In generalized anxiety (GAD) and major
depressive disorder (MDD), the treated

patients did not show significant
improvement from the baseline or did not

separate from the placebo.

Patients with DSM criteria of
GAD and MDD [202]

SRX251 (-) Antagonist
(np) (-) Dose-dependent reduction in aggression

Male Syrian golden hamsters;
resident-intruder model of

aggression
[209]

SRX246 (-) Antagonist
(np) (-) Decreased anxiety-potentiated startle

independent of fear-potentiated startle Healthy volunteers [210]
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Table 1. Cont.

Molecule OTR V1A V1B Principal Outcomes Reported Model/Disease/Condition Refs.

LIT-001 agonist (no-peptide)
(++) Antagonist (+) Agonist to (-) high

concentration
Improves social interaction. The activation

of V1BR does not alter social behavior Rat [180]

WAY267464 agonist (+++) Antagonist
(+) (-)

Improves social behavior in the SHANK-3B
model

Antagonism V1BRfacilitates social
interaction

Mice model of ASD (OPRM1 -/-) [183]

TC-0T-39 Agonist (+++) (-) (-) Prosocial efficacy BALB/cByJ model mice (ASD
model) [167]

Carbetocin
Agonist

(+++) (-) (-)
No prosocial efficacy BALB/cByJ model mice (ASD

model) [167]

Prevent neuroinflammation-induced brain
damage of perinatal origin

Beneficial effect on myelination, intrinsic
brain connectivity

Rat model of perinatal brain
injury (low gestational protein

diet LPD)
[166]

Administered peripherally, inhibited the
development of anxiety and depressive
behaviors during morphine withdrawal

Addiction mouse model [165]

Metabolites OT (4-9) and
(5-9) Oxytocin analogs (-) (-) OT (4-9). Improves social preference,

dose-dependent manner
BALB/cByJ (mice model of

ASD) [167]

PF-06478939 Agonist (+++) (-) (-)
Peripheral administration inhibited

freezing in response to the conditioned fear
stimulus

Rats, conditioned fear paradigm [170]

LOT-1 Agonist
(+++) (-) (-) Rescued anxiety-like behavior and social

avoidance in the open field test

CD157 knockout model mouse
of the non-motor psychiatric

symptoms of Parkinson’s
disease

[168]

Atosiban
Antagonist

(++)
Antagonist (-)

OT-R. Prevents the consolidation of
contextual memory to fear in rats

Rats, contextual fear memory
paradigm

[185]

V1AR. The microinjection into the
hippocampus prevents the antiepileptic

effect induced by diazepam
[187]
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Table 1. Cont.

Molecule OTR V1A V1B Principal Outcomes Reported Model/Disease/Condition Refs.

PF-06655075 Agonist
(+++) (-) (-) Decreased alcohol drinking Rat model of alcohol

dependence [223]

SR49059 or relcovaptan (-) Antagonist (-)

Inhibited vocalizations and anxiety-like
behavior (elevated plus maze) in arthritic,

but not normal, rats and conveyed
anxiolytic properties to arginine

vasopressin

Rats. Arthritic model
(kaolin/carrageenan knee joint

pain model)
[198]

Inhibited anti-aggressive effects of OT in
mice after 6 weeks of isolation

male Swiss
mice [117]

Blocks the effect of OT in the inhibitory on
METH-primed reinstatement of

METH-seeking behavior

Male Rats trained to
self-administer [224]

LY371257 Antagonist
(+++) (-) (-) Facilitatory effects on vocalizations

Rats. Arthritic model
(kaolin/carrageenan knee joint

pain model)
[198]

LY-368,899
Antagonist

(+++) (-) (-)
Reduced interest in the infant (primate
maternal interest) and sexual behavior Rhesus Monkeys [194,195]

Inhibited the oxytocin’s protective effects
on hippocampal memory to stress Model stress in rats [197]

OTA Antagonist (+++) (-) (-)

Induced maternal aggressive behavior Female Rats [191]

Inhibits the attachment of pre-weaning
pups to mothers

Male and female pre-weaning
mandarin voles (Microtus

mandarinus)
[190]

Inhibits the role of oxytocin in selectively
reducing risk decisions in male rats

Rats. Probability discounting
task [144]

Decreased social preferences in volved in a
dose-dependent manner

Female and male monogamous
mandarin voles (Microtus

mandarinus) using the social
preference paradigm

[193]

TGOT Agonist
(+++) (-) (-) Reduced isolation-induced aggression Mice, social isolation induced

aggression paradigm [117]
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Abbreviations

AC adenylate cyclase
ACC anterior cingulate cortex
AMPH amphetamine
ADHD attentional deficit hyperactive disorder
ASD autism spectrum disorder
AVP arginine vasopressin
AVP-R arginine vasopressin receptor
BLA basolateral amygdala
BNST bed nucleus of stria terminalis
CPP conditioned place preference
CeA central amygdala
CNS central nervous system
CSF cerebrospinal fluid
DA dopamine
DAG 1,2 diacylglycerol
ERα estrogen receptor α
ERβ estrogen receptor β
GABA gamma-aminobutyric acid
GAD generalized anxiety disorder
GPCR protein coupled receptor
HPA hypothalamic-pituitary-adrenal
icv intracerebroventricular
ip intraperitoneal
IP3 inositol triphosphate
IRK inward rectifying K+
KO knockout
LS lateral septum
MDD major depressive disorder
MeA medial amygdala
α-MSH α-melanocyte stimulating hormone
NPs neuropeptides
NAc nucleus accumbens
NAcc nucleus accumbens core
NAcSh nucleus accumbens shell
PKC protein kinase C
PLC phospholipase C
po pers or
PVN parvocellular nucleus
PFC prefrontal cortex
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mPOA medial preoptic area
OT oxytocin
OT-R oxytocin receptor
sc subcutaneous injection
SN substantia nigra
SON supraoptic nucleus
VTA ventral tegmental area
V1AR vasopressin receptor type 1A
V1BR vasopressin receptor type 1B
V2R vasopressin receptor type 2
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138. Işık, Ü.; Bilgiç, A.; Toker, A.; Kılınç, I. Serum Levels of Cortisol, Dehydroepiandrosterone, and Oxytocin in Children with
Attention-Deficit/hyperactivity Disorder Combined Presentation with and without Comorbid Conduct Disorder. Psychiatry Res.
2018, 261, 212–219. [CrossRef] [PubMed]

139. Enzi, B.; Doering, S.; Faber, C.; Hinrichs, J.; Bahmer, J.; Northoff, G. Reduced Deactivation in Reward Circuitry and Midline
Structures during Emotion Processing in Borderline Personality Disorder. World J. Biol. Psychiatry 2013, 14, 45–56. [CrossRef]

140. Bartz, J.A.; Zaki, J.; Bolger, N.; Ochsner, K.N. Social Effects of Oxytocin in Humans: Context and Person Matter. Trends Cogn. Sci.
2011, 15, 301–309. [CrossRef]

141. Herpertz, S.C.; Bertsch, K. A New Perspective on the Pathophysiology of Borderline Personality Disorder: A Model of the Role of
Oxytocin. Am. J. Psychiatry 2015, 172, 840–851. [CrossRef]

142. Gunaydin, L.A.; Grosenick, L.; Finkelstein, J.C.; Kauvar, I.V.; Fenno, L.E.; Adhikari, A.; Lammel, S.; Mirzabekov, J.J.; Airan, R.D.;
Zalocusky, K.A.; et al. Natural Neural Projection Dynamics Underlying Social Behavior. Cell 2014, 157, 1535–1551. [CrossRef]

143. Yoshihara, C.; Numan, M.; Kuroda, K.O. Oxytocin and Parental Behaviors. Curr. Top. Behav. Neurosci. 2018, 35, 119–153. [PubMed]
144. Tapp, D.N.; Singstock, M.D.; Gottliebson, M.S.; McMurray, M.S. Central but Not Peripheral Oxytocin Administration Reduces

Risk-Based Decision-Making in Male Rats. Horm. Behav. 2020, 125, 104840. [CrossRef]
145. Kovàcs, G.L.; Sarnyai, Z.; Barbarczi, E.; Szabó, G.; Telegdy, G. The Role of Oxytocin-Dopamine Interactions in Cocaine-Induced

Locomotor Hyperactivity. Neuropharmacology 1990, 29, 365–368. [CrossRef]
146. Bowen, M.T.; Peters, S.T.; Absalom, N.; Chebib, M.; Neumann, I.D.; McGregor, I.S. Oxytocin Prevents Ethanol Actions at δ

Subunit-Containing GABAA Receptors and Attenuates Ethanol-Induced Motor Impairment in Rats. Proc. Natl. Acad. Sci. USA
2015, 112, 3104–3109. [CrossRef] [PubMed]

147. Burkett, J.P.; Young, L.J. The Behavioral, Anatomical and Pharmacological Parallels between Social Attachment, Love and
Addiction. Psychopharmacology 2012, 224, 1–26. [CrossRef]

148. Heinrichs, M.; Baumgartner, T.; Kirschbaum, C.; Ehlert, U. Social Support and Oxytocin Interact to Suppress Cortisol and
Subjective Responses to Psychosocial Stress. Biol. Psychiatry 2003, 54, 1389–1398. [CrossRef]

149. Ditzen, B.; Schaer, M.; Gabriel, B.; Bodenmann, G.; Ehlert, U.; Heinrichs, M. Intranasal Oxytocin Increases Positive Communication
and Reduces Cortisol Levels during Couple Conflict. Biol. Psychiatry 2009, 65, 728–731. [CrossRef]

150. Yamasue, H.; Okada, T.; Munesue, T.; Kuroda, M.; Fujioka, T.; Uno, Y.; Matsumoto, K.; Kuwabara, H.; Mori, D.; Okamoto, Y.; et al.
Effect of Intranasal Oxytocin on the Core Social Symptoms of Autism Spectrum Disorder: A Randomized Clinical Trial. Mol.
Psychiatry 2020, 25, 1849–1858. [CrossRef] [PubMed]

151. Woolley, J.D.; Chuang, B.; Lam, O.; Lai, W.; O’Donovan, A.; Rankin, K.P.; Mathalon, D.H.; Vinogradov, S. Oxytocin Administration
Enhances Controlled Social Cognition in Patients with Schizophrenia. Psychoneuroendocrinology 2014, 47, 116–125. [CrossRef]

152. Parr, L.A. Intranasal Oxytocin Enhances Socially-Reinforced Learning in Rhesus Monkeys. Front. Behav. Neurosci. 2014. [CrossRef]
153. Gimpl, G.; Fahrenholz, F. The Oxytocin Receptor System: Structure, Function, and Regulation. Physiol. Rev. 2001, 81, 629–683.

[CrossRef]
154. Landgraf, R. Simultaneous Measurement of Arginine Vasopressin and Oxytocin in Plasma and Neurohypophyses by Radioim-

munoassay. Endokrinologie 1981, 78, 191–204.
155. Egashira, N.; Tanoue, A.; Matsuda, T.; Koushi, E.; Harada, S.; Takano, Y.; Tsujimoto, G.; Mishima, K.; Iwasaki, K.; Fujiwara, M.

Impaired Social Interaction and Reduced Anxiety-Related Behavior in Vasopressin V1a Receptor Knockout Mice. Behav. Brain Res.
2007, 178, 123–127. [CrossRef]

156. Manning, M.; Stoev, S.; Chini, B.; Durroux, T.; Mouillac, B.; Guillon, G. Peptide and Non-Peptide Agonists and Antagonists for
the Vasopressin and Oxytocin V1a, V1b, V2 and OT Receptors: Research Tools and Potential Therapeutic Agents. Prog. Brain Res.
2008, 170, 473–512.

157. Xiao, X.; Zhu, Y.; Zhen, D.; Chen, X.M.; Yue, W.; Liu, L.; Li, T. Beneficial and Side Effects of Arginine Vasopressin and Terlipressin
for Septic Shock. J. Surg. Res. 2015, 195, 568–579. [CrossRef] [PubMed]

158. Borie, A.M.; Dromard, Y.; Guillon, G.; Olma, A.; Manning, M.; Muscatelli, F.; Desarménien, M.G.; Jeanneteau, F. Correction of
Vasopressin Deficit in the Lateral Septum Ameliorates Social Deficits of Mouse Autism Model. J. Clin. Investig. 2021, 131, e144450.
[CrossRef] [PubMed]

159. Simmons, T.C.; Balland, J.F.; Dhauna, J.; Yang, S.Y.; Traina, J.L.; Vazquez, J.; Bales, K.L. Early Intranasal Vasopressin Administration
Impairs Partner Preference in Adult Male Prairie Voles (Microtus ochrogaster). Front. Endocrinol. 2017, 8, 145. [CrossRef]

160. Price, D.; Burris, D.; Cloutier, A.; Thompson, C.B.; Rilling, J.K.; Thompson, R.R. Dose-Dependent and Lasting Influences of
Intranasal Vasopressin on Face Processing in Men. Front. Endocrinol. 2017, 8, 220. [CrossRef] [PubMed]

161. Parker, K.J.; Oztan, O.; Libove, R.A.; Mohsin, N.; Karhson, D.S.; Sumiyoshi, R.D.; Summers, J.E.; Hinman, K.E.; Motonaga, K.S.;
Phillips, J.M.; et al. A Randomized Placebo-Controlled Pilot Trial Shows That Intranasal Vasopressin Improves Social Deficits in
Children with Autism. Sci. Transl. Med. 2019, 11, eaau7356. [CrossRef]

162. Cady, R. A Novel Intranasal Breath-Powered Delivery System for Sumatriptan: A Review of Technology and Clinical Application
of the Investigational Product AVP-825 in the Treatment of Migraine. Expert Opin. Drug Deliv. 2015, 12, 1565–1577. [CrossRef]

http://doi.org/10.1111/j.1460-9568.2011.07761.x
http://doi.org/10.1007/s13311-012-0135-8
http://www.ncbi.nlm.nih.gov/pubmed/22976615
http://doi.org/10.1016/j.psychres.2017.12.076
http://www.ncbi.nlm.nih.gov/pubmed/29324397
http://doi.org/10.3109/15622975.2011.579162
http://doi.org/10.1016/j.tics.2011.05.002
http://doi.org/10.1176/appi.ajp.2015.15020216
http://doi.org/10.1016/j.cell.2014.05.017
http://www.ncbi.nlm.nih.gov/pubmed/28812267
http://doi.org/10.1016/j.yhbeh.2020.104840
http://doi.org/10.1016/0028-3908(90)90095-9
http://doi.org/10.1073/pnas.1416900112
http://www.ncbi.nlm.nih.gov/pubmed/25713389
http://doi.org/10.1007/s00213-012-2794-x
http://doi.org/10.1016/S0006-3223(03)00465-7
http://doi.org/10.1016/j.biopsych.2008.10.011
http://doi.org/10.1038/s41380-018-0097-2
http://www.ncbi.nlm.nih.gov/pubmed/29955161
http://doi.org/10.1016/j.psyneuen.2014.04.024
http://doi.org/10.3389/fnbeh.2014.00278
http://doi.org/10.1152/physrev.2001.81.2.629
http://doi.org/10.1016/j.bbr.2006.12.009
http://doi.org/10.1016/j.jss.2015.02.022
http://www.ncbi.nlm.nih.gov/pubmed/25769491
http://doi.org/10.1172/JCI144450
http://www.ncbi.nlm.nih.gov/pubmed/33232306
http://doi.org/10.3389/fendo.2017.00145
http://doi.org/10.3389/fendo.2017.00220
http://www.ncbi.nlm.nih.gov/pubmed/29018407
http://doi.org/10.1126/scitranslmed.aau7356
http://doi.org/10.1517/17425247.2015.1060959


Int. J. Mol. Sci. 2021, 22, 12077 27 of 29

163. Bolognani, F.; Del Valle Rubido, M.; Squassante, L.; Wandel, C.; Derks, M.; Murtagh, L.; Sevigny, J.; Khwaja, O.; Umbricht, D.;
Fontoura, P. A Phase 2 Clinical Trial of a Vasopressin V1a Receptor Antagonist Shows Improved Adaptive Behaviors in Men with
Autism Spectrum Disorder. Sci. Transl. Med. 2019, 11, eaat7838. [CrossRef]

164. Chao, Y.-S.; McCormack, S. Carbetocin for the Prevention of Post-Partum Hemorrhage: A Review of Clinical Effectiveness, Cost-
Effectiveness, and Guidelines; Canadian Agency for Drugs and Technologies in Health: Ottawa, ON, Canada, 2019.

165. Zanos, P.; Georgiou, P.; Wright, S.R.; Hourani, S.M.; Kitchen, I.; Winsky-Sommerer, R.; Bailey, A. The Oxytocin Analogue
Carbetocin Prevents Emotional Impairment and Stress-Induced Reinstatement of Opioid-Seeking in Morphine-Abstinent Mice.
Neuropsychopharmacology 2014, 39, 855–865. [CrossRef]

166. Mairesse, J.; Zinni, M.; Pansiot, J.; Hassan-Abdi, R.; Demene, C.; Colella, M.; Charriaut-Marlangue, C.; Rideau Batista Novais, A.;
Tanter, M.; Maccari, S.; et al. Oxytocin Receptor Agonist Reduces Perinatal Brain Damage by Targeting Microglia. Glia 2019, 67,
345–359. [CrossRef]

167. Moy, S.S.; Teng, B.L., Nikolova; Riddick, N.V.; Simpson, C.D.; Van Deusen, A.; Janzen, W.P.; Sassano, M.F.; Pedersen, C.A.;
Jarstfer, M.B. Prosocial Effects of an Oxytocin Metabolite, but Not Synthetic Oxytocin Receptor Agonists, in a Mouse Model of
Autism. Neuropharmacology 2019, 144, 301–311. [CrossRef] [PubMed]

168. Mizuno, A.; Cherepanov, S.M.; Kikuchi, Y.; Fakhrul, A.A.; Akther, S.; Deguchi, K.; Yoshihara, T.; Ishihara, K.; Shuto, S.;
Higashida, H. Lipo-Oxytocin-1, a Novel Oxytocin Analog Conjugated with Two Palmitoyl Groups, Has Long-Lasting Effects on
Anxiety-Related Behavior and Social Avoidance in CD157 Knockout Mice. Brain Sci. 2015, 5, 3–13. [CrossRef] [PubMed]

169. Cherepanov, S.M.; Akther, S.; Nishimura, T.; Shabalova, A.A.; Mizuno, A.; Ichinose, W.; Shuto, S.; Yamamoto, Y.; Yokoyama, S.;
Higashida, H. Effects of Three Lipidated Oxytocin Analogs on Behavioral Deficits in CD38 Knockout Mice. Brain Sci. 2017, 7, 132.
[CrossRef] [PubMed]

170. Modi, M.E.; Majchrzak, M.J.; Fonseca, K.R.; Doran, A.; Osgood, S.; Vanase-Frawley, M.; Feyfant, E.; McInnes, H.; Darvari, R.;
Buhl, D.L.; et al. Peripheral Administration of a Long-Acting Peptide Oxytocin Receptor Agonist Inhibits Fear-Induced Freezing.
J. Pharmacol. Exp. Ther. 2016, 358, 164–172. [CrossRef] [PubMed]

171. Huber, D.; Veinante, P.; Stoop, R. Vasopressin and Oxytocin Excite Distinct Neuronal Populations in the Central Amygdala.
Science 2005, 308, 245–248. [CrossRef]

172. Gozzi, A.; Jain, A.; Giovannelli, A.; Bertollini, C.; Crestan, V.; Schwarz, A.J.; Tsetsenis, T.; Ragozzino, D.; Gross, C.T.; Bifone, A. A
Neural Switch for Active and Passive Fear. Neuron 2010, 67, 656–666. [CrossRef]

173. Busnelli, M.; Bulgheroni, E.; Manning, M.; Kleinau, G.; Chini, B. Selective and Potent Agonists and Antagonists for Investigating
the Role of Mouse Oxytocin Receptors. J. Pharmacol. Exp. Ther. 2013, 346, 318–327. [CrossRef]

174. Sala, M.; Braida, D.; Donzelli, A.; Martucci, R.; Busnelli, M.; Bulgheroni, E.; Rubino, T.; Parolaro, D.; Nishimori, K.; Chini, B. Mice
Heterozygous for the Oxytocin Receptor Gene (Oxtr(+/-)) Show Impaired Social Behaviour but Not Increased Aggression or
Cognitive Inflexibility: Evidence of a Selective Haploinsufficiency Gene Effect. J. Neuroendocrinol. 2013, 25, 107–118. [CrossRef]

175. Manturewicz, M.; Grzonka, Z.; Borovicková, L.; Slaninová, J. Oxytocin Analogues with Amide Groups Substituted by Tetrazole
Groups in Position 4, 5 or 9. Acta Biochim. Pol. 2007, 54, 805–811. [CrossRef]

176. Sciabola, S.; Goetz, G.H.; Bai, G.; Rogers, B.N.; Gray, D.L.; Duplantier, A.; Fonseca, K.R.; Vanase-Frawley, M.A.; Kablaoui, N.M.
Systematic N-Methylation of Oxytocin: Impact on Pharmacology and Intramolecular Hydrogen Bonding Network. Bioorg. Med.
Chem. 2016, 24, 3513–3520. [CrossRef]

177. Pflimlin, E.; Zhou, Z.; Amso, Z.; Fu, Q.; Lee, C.; Muppiddi, A.; Joseph, S.B.; Nguyen-Tran, V.; Shen, W. Engineering a Potent,
Long-Acting, and Periphery-Restricted Oxytocin Receptor Agonist with Anorexigenic and Body Weight Reducing Effects. J. Med.
Chem. 2020, 63, 382–390. [CrossRef] [PubMed]

178. Pitt, G.R.W.; Batt, A.R.; Haigh, R.M.; Penson, A.M.; Robson, P.A.; Rooker, D.P.; Tartar, A.L.; Trim, J.E.; Yea, C.M.; Roe, M.B.
Non-Peptide Oxytocin Agonists. Bioorg. Med. Chem. Lett. 2004, 14, 4585–4589. [CrossRef] [PubMed]

179. Becker, J.A.J.; Clesse, D.; Spiegelhalter, C.; Schwab, Y.; Le Merrer, J.; Kieffer, B.L. Autistic-like Syndrome in Mu Opioid Receptor
Null Mice Is Relieved by Facilitated mGluR4 Activity. Neuropsychopharmacology 2014, 39, 2049–2060. [CrossRef] [PubMed]

180. Frantz, M.-C.; Pellissier, L.P.; Pflimlin, E.; Loison, S.; Gandía, J.; Marsol, C.; Durroux, T.; Mouillac, B.; Becker, J.A.J.; Le Merrer, J.;
et al. LIT-001, the First Nonpeptide Oxytocin Receptor Agonist That Improves Social Interaction in a Mouse Model of Autism. J.
Med. Chem. 2018, 61, 8670–8692. [CrossRef]

181. Olszewski, P.K.; Ulrich, C.; Ling, N.; Allen, K.; Levine, A.S. A Non-Peptide Oxytocin Receptor Agonist, WAY-267,464, Alleviates
Novelty-Induced Hypophagia in Mice: Insights into Changes in c-Fos Immunoreactivity. Pharmacol. Biochem. Behav. 2014, 124,
367–372. [CrossRef]

182. Hicks, C.; Jorgensen, W.; Brown, C.; Fardell, J.; Koehbach, J.; Gruber, C.W.; Kassiou, M.; Hunt, G.E.; McGregor, I.S. The Nonpeptide
Oxytocin Receptor Agonist WAY 267,464: Receptor-Binding Profile, Prosocial Effects and Distribution of c-Fos Expression in
Adolescent Rats. J. Neuroendocrinol. 2012, 24, 1012–1029. [CrossRef]

183. Resendez, S.L.; Namboodiri, V.M.K.; Otis, J.M.; Eckman, L.E.H.; Rodriguez-Romaguera, J.; Ung, R.L.; Basiri, M.L.; Kosyk, O.;
Rossi, M.A.; Dichter, G.S.; et al. Social Stimuli Induce Activation of Oxytocin Neurons Within the Paraventricular Nucleus of the
Hypothalamus to Promote Social Behavior in Male Mice. J. Neurosci. 2020, 40, 2282–2295. [CrossRef]

184. Scott, J.E.; Grigsby, P.L.; Hirst, J.J.; Jenkin, G. Inhibition of Prostaglandin Synthesis and Its Effect on Uterine Activity during
Established Premature Labor in Sheep. J. Soc. Gynecol. Investig. 2001, 8, 266–276. [CrossRef]

http://doi.org/10.1126/scitranslmed.aat7838
http://doi.org/10.1038/npp.2013.285
http://doi.org/10.1002/glia.23546
http://doi.org/10.1016/j.neuropharm.2018.10.036
http://www.ncbi.nlm.nih.gov/pubmed/30399367
http://doi.org/10.3390/brainsci5010003
http://www.ncbi.nlm.nih.gov/pubmed/25612002
http://doi.org/10.3390/brainsci7100132
http://www.ncbi.nlm.nih.gov/pubmed/29035307
http://doi.org/10.1124/jpet.116.232702
http://www.ncbi.nlm.nih.gov/pubmed/27217590
http://doi.org/10.1126/science.1105636
http://doi.org/10.1016/j.neuron.2010.07.008
http://doi.org/10.1124/jpet.113.202994
http://doi.org/10.1111/j.1365-2826.2012.02385.x
http://doi.org/10.18388/abp.2007_3169
http://doi.org/10.1016/j.bmc.2016.05.062
http://doi.org/10.1021/acs.jmedchem.9b01862
http://www.ncbi.nlm.nih.gov/pubmed/31850759
http://doi.org/10.1016/j.bmcl.2004.04.107
http://www.ncbi.nlm.nih.gov/pubmed/15357997
http://doi.org/10.1038/npp.2014.59
http://www.ncbi.nlm.nih.gov/pubmed/24619243
http://doi.org/10.1021/acs.jmedchem.8b00697
http://doi.org/10.1016/j.pbb.2014.07.007
http://doi.org/10.1111/j.1365-2826.2012.02311.x
http://doi.org/10.1523/JNEUROSCI.1515-18.2020
http://doi.org/10.1177/107155760100800503


Int. J. Mol. Sci. 2021, 22, 12077 28 of 29

185. Rasie Abdullahi, P.; Eskandarian, S.; Ghanbari, A.; Rashidy-Pour, A. Oxytocin Receptor Antagonist Atosiban Impairs Consolida-
tion, but Not Reconsolidation of Contextual Fear Memory in Rats. Brain Res. 2018, 1695, 31–36. [CrossRef]

186. Liu, R.; Yuan, X.; Chen, K.; Jiang, Y.; Zhou, W. Perception of Social Interaction Compresses Subjective Duration in an Oxytocin-
Dependent Manner. Elife 2018, 7, e32100. [CrossRef]

187. Erfanparast, A.; Tamaddonfard, E.; Henareh-Chareh, F. Intra-Hippocampal Microinjection of Oxytocin Produced Antiepileptic
Effect on the Pentylenetetrazol-Induced Epilepsy in Rats. Pharmacol. Rep. 2017, 69, 757–763. [CrossRef]

188. Lukmanji, S.; Manji, S.A.; Kadhim, S.; Sauro, K.M.; Wirrell, E.C.; Kwon, C.-S.; Jetté, N. The Co-Occurrence of Epilepsy and Autism:
A Systematic Review. Epilepsy Behav. 2019, 98, 238–248. [CrossRef] [PubMed]

189. Wong, J.C.; Shapiro, L.; Thelin, J.T.; Heaton, E.C.; Zaman, R.U.; D’Souza, M.J.; Murnane, K.S.; Escayg, A. Nanoparticle
Encapsulated Oxytocin Increases Resistance to Induced Seizures and Restores Social Behavior in Scn1a-Derived Epilepsy.
Neurobiol. Dis. 2021, 147, 105147. [CrossRef] [PubMed]

190. He, Z.; Hou, W.; Hao, X.; Dong, N.; Du, P.; Yuan, W.; Yang, J.; Jia, R.; Tai, F. Oxytocin Receptor Antagonist Treatments Alter Levels
of Attachment to Mothers and Central Dopamine Activity in Pre-Weaning Mandarin Vole Pups. Psychoneuroendocrinology 2017,
84, 124–134. [CrossRef] [PubMed]

191. Lubin, D.A.; Elliott, J.C.; Black, M.C.; Johns, J.M. An Oxytocin Antagonist Infused into the Central Nucleus of the Amygdala
Increases Maternal Aggressive Behavior. Behav. Neurosci. 2003, 117, 195–201. [CrossRef]

192. Johns, J.M.; Noonan, L.R.; Zimmerman, L.I.; Li, L.; Pedersen, C.A. Effects of Short- and Long-Term Withdrawal from Gestational
Cocaine Treatment on Maternal Behavior and Aggression in Sprague-Dawley Rats. Dev. Neurosci. 1997, 19, 368–374. [CrossRef]

193. Yu, C.J.; Zhang, S.W.; Tai, F.D. Effects of Nucleus Accumbens Oxytocin and Its Antagonist on Social Approach Behavior. Behav.
Pharmacol. 2016, 27, 672–680. [CrossRef]

194. Boccia, M.L.; Goursaud, A.P.; Bachevalier, J.; Anderson, K.D.; Pedersen, C.A. Peripherally Administered Non-Peptide Oxytocin
Antagonist, L368899®, Accumulates in Limbic Brain Areas: A New Pharmacological Tool for the Study of Social Motivation in
Non-Human Primates. Horm. Behav. 2007, 52, 344–351. [CrossRef]

195. Blitzer, D.S.; Wells, T.E.; Hawley, W.R. Administration of an Oxytocin Receptor Antagonist Attenuates Sexual Motivation in Male
Rats. Horm. Behav. 2017, 94, 33–39. [CrossRef]

196. Kim, E.J.; Pellman, B.; Kim, J.J. Stress Effects on the Hippocampus: A Critical Review. Learn. Mem. 2015, 22, 411–416. [CrossRef]
197. Lee, S.-Y.; Park, S.-H.; Chung, C.; Kim, J.J.; Choi, S.-Y.; Han, J.-S. Oxytocin Protects Hippocampal Memory and Plasticity from

Uncontrollable Stress. Sci. Rep. 2015, 5, 18540. [CrossRef] [PubMed]
198. Cragg, B.; Ji, G.; Neugebauer, V. Differential Contributions of Vasopressin V1A and Oxytocin Receptors in the Amygdala to

Pain-Related Behaviors in Rats. Mol. Pain 2016, 12, 1744806916676491. [CrossRef] [PubMed]
199. Gross, P.A.; Wagner, A.; Decaux, G. Vaptans Are Not the Mainstay of Treatment in Hyponatremia: Perhaps Not yet. Kidney Int.

2011, 80, 594–600. [CrossRef] [PubMed]
200. Manning, M.; Misicka, A.; Olma, A.; Bankowski, K.; Stoev, S.; Chini, B.; Durroux, T.; Mouillac, B.; Corbani, M.; Guillon, G.

Oxytocin and Vasopressin Agonists and Antagonists as Research Tools and Potential Therapeutics. J. Neuroendocrinol. 2012, 24,
609–628. [CrossRef] [PubMed]

201. Serradeil-Le Gal, C.; Wagnon, J.; Simiand, J.; Griebel, G.; Lacour, C.; Guillon, G.; Barberis, C.; Brossard, G.; Soubrié, P.; Nisato, D.;
et al. Characterization of (2S,4R)-1-[5-Chloro-1-[(2,4-Dimethoxyphenyl)sulfonyl]-3-(2-Methoxy-Phenyl)-2-Oxo-2,3-Dihydro-1H-
Indol-3-Yl]-4-Hydroxy-N,N-Dimethyl-2-Pyrrolidine Carboxamide (SSR149415), a Selective and Orally Active Vasopressin V1b
Receptor Antagonist. J. Pharmacol. Exp. Ther. 2002, 300, 1122–1130.

202. Griebel, G.; Beeské, S.; Stahl, S.M. The Vasopressin V(1b) Receptor Antagonist SSR149415 in the Treatment of Major Depressive
and Generalized Anxiety Disorders: Results from 4 Randomized, Double-Blind, Placebo-Controlled Studies. J. Clin. Psychiatry
2012, 73, 1403–1411. [CrossRef]

203. Kirchhoff, V.D.; Nguyen, H.T.T.; Soczynska, J.K.; Woldeyohannes, H.; McIntyre, R.S. Discontinued Psychiatric Drugs in 2008.
Expert Opin. Investig. Drugs 2009, 18, 1431–1443.

204. AbbVie Deutschland GmbH & Co., KG. 5,6-Disubstituted Oxindole-Derivatives and Use Thereof for Treating Vasopress Indepen-
dent Diseases. U.S. Patent 8546401, 1 October 2013.

205. AbbVie Deutschland GmbH & Co., KG. Substituted Oxindole-Derivatives and the Use Thereof for the Treatment of Vasopressin-
dependent Illnesses. U.S. Patent 8629148, 14 January 2014.

206. Abbott Gmbh & Co., KG. Substituted Oxindole Derivatives and their Use as Vasopressin Receptor Ligands. U.S. Patent 0322809,
14 October 2014.

207. Abbott Gmbh & Co., KG. Heteroaryl-Substituted 1,3-Dihydroindol-2-One Derivatives and Medicaments Containing Them. U.S.
Patent 8580842, 12 November 2013.

208. Porsolt, R.D.; Bertin, A.; Jalfre, M. “Behavioural Despair” in Rats and Mice: Strain Differences and the Effects of Imipramine. Eur.
J. Pharmacol. 1978, 51, 291–294. [CrossRef]

209. Ferris, C.F.; Lu, S.-F.; Messenger, T.; Guillon, C.D.; Heindel, N.; Miller, M.; Koppel, G.; Robert Bruns, F.; Simon, N.G. Orally Active
Vasopressin V1a Receptor Antagonist, SRX251, Selectively Blocks Aggressive Behavior. Pharmacol. Biochem. Behav. 2006, 83,
169–174. [CrossRef]

http://doi.org/10.1016/j.brainres.2018.05.034
http://doi.org/10.7554/eLife.32100
http://doi.org/10.1016/j.pharep.2017.03.003
http://doi.org/10.1016/j.yebeh.2019.07.037
http://www.ncbi.nlm.nih.gov/pubmed/31398688
http://doi.org/10.1016/j.nbd.2020.105147
http://www.ncbi.nlm.nih.gov/pubmed/33189882
http://doi.org/10.1016/j.psyneuen.2017.06.020
http://www.ncbi.nlm.nih.gov/pubmed/28710956
http://doi.org/10.1037/0735-7044.117.2.195
http://doi.org/10.1159/000111234
http://doi.org/10.1097/FBP.0000000000000212
http://doi.org/10.1016/j.yhbeh.2007.05.009
http://doi.org/10.1016/j.yhbeh.2017.06.002
http://doi.org/10.1101/lm.037291.114
http://doi.org/10.1038/srep18540
http://www.ncbi.nlm.nih.gov/pubmed/26688325
http://doi.org/10.1177/1744806916676491
http://www.ncbi.nlm.nih.gov/pubmed/27837170
http://doi.org/10.1038/ki.2011.78
http://www.ncbi.nlm.nih.gov/pubmed/21451459
http://doi.org/10.1111/j.1365-2826.2012.02303.x
http://www.ncbi.nlm.nih.gov/pubmed/22375852
http://doi.org/10.4088/JCP.12m07804
http://doi.org/10.1016/0014-2999(78)90414-4
http://doi.org/10.1016/j.pbb.2006.01.001


Int. J. Mol. Sci. 2021, 22, 12077 29 of 29

210. Lago, T.R.; Brownstein, M.J.; Page, E.; Beydler, E.; Manbeck, A.; Beale, A.; Roberts, C.; Balderston, N.; Damiano, E.; Pineles, S.L.;
et al. The Novel Vasopressin Receptor (V1aR) Antagonist SRX246 Reduces Anxiety in an Experimental Model in Humans: A
Randomized Proof-of-Concept Study. Psychopharmacology 2021, 238, 2393–2403. [CrossRef]

211. Roth, B.L.; Sheffler, D.J.; Kroeze, W.K. Magic Shotguns versus Magic Bullets: Selectively Non-Selective Drugs for Mood Disorders
and Schizophrenia. Nat. Rev. Drug Discov. 2004, 3, 353–359. [CrossRef]

212. Reyes-Parada, M.; Iturriaga-Vasquez, P. The Development of Novel Polypharmacological Agents Targeting the Multiple Binding
Sites of Nicotinic Acetylcholine Receptors. Expert Opin. Drug Discov. 2016, 11, 969–981. [CrossRef] [PubMed]

213. Medina-Franco, J.L.; Giulianotti, M.A.; Welmaker, G.S.; Houghten, R.A. Shifting from the Single to the Multitarget Paradigm in
Drug Discovery. Drug Discov. Today 2013, 18, 495–501. [CrossRef] [PubMed]

214. Ravikumar, B.; Aittokallio, T. Improving the Efficacy-Safety Balance of Polypharmacology in Multi-Target Drug Discovery. Expert
Opin. Drug Discov. 2018, 13, 179–192. [CrossRef]

215. Mei, Y.; Yang, B. Rational Application of Drug Promiscuity in Medicinal Chemistry. Future Med. Chem. 2018, 10, 1835–1851.
[CrossRef]

216. Iturriaga-Vásquez, P.; Alzate-Morales, J.; Bermudez, I.; Varas, R.; Reyes-Parada, M. Multiple Binding Sites in the Nicotinic
Acetylcholine Receptors: An Opportunity for Polypharmacolgy. Pharmacol. Res. 2015, 101, 9–17. [CrossRef] [PubMed]

217. Papke, R.L.; Lindstrom, J.M. Nicotinic Acetylcholine Receptors: Conventional and Unconventional Ligands and Signaling.
Neuropharmacology 2020, 168, 108021. [CrossRef]

218. Hoyer, D.; Bartfai, T. Neuropeptides and Neuropeptide Receptors: Drug Targets, and Peptide and Non-Peptide Ligands: A
Tribute to Prof. Dieter Seebach. Chem. Biodivers. 2012, 9, 2367–2387. [CrossRef]

219. Eiden, L.E.; Gundlach, A.L.; Grinevich, V.; Lee, M.R.; Mecawi, A.S.; Chen, D.; Buijs, R.M.; Hernandez, V.S.; Fajardo-Dolci, G.;
Zhang, L. Regulatory Peptides and Systems Biology: A New Era of Translational and Reverse-Translational Neuroendocrinology.
J. Neuroendocrinol. 2020, 32, e12844. [CrossRef]

220. Rodríguez, B.; Nani, J.V.; Almeida, P.G.C.; Brietzke, E.; Lee, R.S.; Hayashi, M.A.F. Neuropeptides and Oligopeptidases in
Schizophrenia. Neurosci. Biobehav. Rev. 2020, 108, 679–693. [CrossRef] [PubMed]

221. Griebel, G.; Simiand, J.; Serradeil-Le Gal, C.; Wagnon, J.; Pascal, M.; Scatton, B.; Maffrand, J.-P.; Soubrie, P. Anxiolytic- and
Antidepressant-like Effects of the Non-Peptide Vasopressin V1b Receptor Antagonist, SSR149415, Suggest an Innovative Approach
for the Treatment of Stress-Related Disorders. Proc. Natl. Acad. Sci. USA 2002, 99, 6370–6375. [CrossRef] [PubMed]

222. Griebel, G.; Simiand, J.; Stemmelin, J.; Gal, C.S.-L.; Steinberg, R. The Vasopressin V1b Receptor as a Therapeutic Target in
Stress-Related Disorders. Curr. Drug Targets CNS Neurol. Disord. 2003, 2, 191–200. [CrossRef] [PubMed]

223. Tunstall, B.J.; Kirson, D.; Zallar, L.J.; McConnell, S.A.; Vendruscolo, J.C.M.; Ho, C.P.; Oleata, C.S.; Khom, S.; Manning, M.;
Lee, M.R.; et al. Oxytocin Blocks Enhanced Motivation for Alcohol in Alcohol Dependence and Blocks Alcohol Effects on
GABAergic Transmission in the Central Amygdala. PLoS Biol. 2019, 17, e2006421. [CrossRef] [PubMed]

224. Everett, N.A.; McGregor, I.S.; Baracz, S.J.; Cornish, J.L. The Role of the Vasopressin V1A Receptor in Oxytocin Modulation of
Methamphetamine Primed Reinstatement. Neuropharmacology 2018, 133, 1–11. [CrossRef]

http://doi.org/10.1007/s00213-021-05861-4
http://doi.org/10.1038/nrd1346
http://doi.org/10.1080/17460441.2016.1227317
http://www.ncbi.nlm.nih.gov/pubmed/27552487
http://doi.org/10.1016/j.drudis.2013.01.008
http://www.ncbi.nlm.nih.gov/pubmed/23340113
http://doi.org/10.1080/17460441.2018.1413089
http://doi.org/10.4155/fmc-2018-0018
http://doi.org/10.1016/j.phrs.2015.08.018
http://www.ncbi.nlm.nih.gov/pubmed/26318763
http://doi.org/10.1016/j.neuropharm.2020.108021
http://doi.org/10.1002/cbdv.201200288
http://doi.org/10.1111/jne.12844
http://doi.org/10.1016/j.neubiorev.2019.11.024
http://www.ncbi.nlm.nih.gov/pubmed/31794779
http://doi.org/10.1073/pnas.092012099
http://www.ncbi.nlm.nih.gov/pubmed/11959912
http://doi.org/10.2174/1568007033482850
http://www.ncbi.nlm.nih.gov/pubmed/12769799
http://doi.org/10.1371/journal.pbio.2006421
http://www.ncbi.nlm.nih.gov/pubmed/30990816
http://doi.org/10.1016/j.neuropharm.2017.12.036

	Introduction 
	Receptors: Brain Distribution, Expression Regulation, and Signaling 
	Neuropsychiatric Conditions: OT and AVP Role 
	Depression, Anxiety, and Stress 
	Substance Abuse 
	Social Behaviors 
	Social Interactions 
	Aggression 
	Maternal Behavior 
	Social Play Behavior 
	Social Behavior Dysfunction and Neuropsychiatric Conditions 


	Preclinical and Clinical Studies and Human Research with OT and AVP: The Good, the Bad, and the Ugly 
	Agonist and Antagonist of OT-R and AVP-R: Peptides and Non-Peptides Alternatives 
	OT-R 
	V1AR and V1BR 

	Concluding Remarks and Future Projections 
	References

