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Abstract

Endogenous neuropeptide Oxytocin (OXT) plays a crucial role in modulating pro-social behavior
and the neural response to social/emational stimuli. Intranasal administration is the most common
method of delivering OXT. Intranasal OXT has been implemented in clinical studies of various
psychiatric disorders with mixed results, mainly related to lack of solid pharmacodynamics

and pharmacokinetics model. Due to intranasal OXT’s mechanism of reducing the activation

of neural areas implicated in emotional responding and emotion regulation, a psychopathology
with this target mechanism could be potentially excellent candidate for future clinical trial. In
this regard, irritability in youth may be a very promising target for clinical studies of intranasal
OXT. Here we provide a mini-review of fifteen randomized controlled trials in pediatric patients
with diagnoses of autism spectrum disorder (ASD), Prader-Willi syndrome (PWS), or Phelan-
McDermid syndrome (PMS). Most studies had small sample sizes and varying dosages, with
changes in irritability, mainly as adverse events (AEs). Neuroimaging results showed modulation
of the reward processing system and the neural areas implicated in social-emotional information
processing by intranasal OXT administration. Further research is needed to determine the most
effective dose and duration of OXT treatment, carefully select target psychopathologies, verify
target engagement, and measure adverse event profiles.

Keywords

intranasal oxytocin; OXT pediatric; autism spectrum disorder (ASD); Prader-Willi (PWS); Phelan-
McDermid (PMS); irritability

This is an open access article distributed under the terms and conditions of Creative Commons Attribution 4.0 International
"Correspondence: Soonjo Hwang, soonjo.hwang@unmc.edu; Tel.: +1-402-552-6351.

CONFLICTS OF INTEREST
No author has a conflict of interest or competing financial interest.


https://creativecommons.org/licenses/by/4.0/

1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Sorenson et al.

Page 2

INTRODUCTION

Oxytocin, especially intranasal administration, has been used for clinical trials for various
psychiatric diagnoses in the past. In this mini review, we aim to summarize recent

clinical trials of intranasal oxytocin, especially for pediatric populations and propose future
directions. Specifically, we focus on the importance of establishing pharmacodynamics
and pharmacokinetics models of intranasal oxytocin in clinical population, and also

select a candidate psychopathology for future clinical trials, preferably dimensional
psychopathology based on neurobiological mechanism that can be the target mechanism
of intranasal oxytocin; i.e., irritability in youths.

Oxytocin (OXT) is a hypothalamic neuropeptide that plays an important role in mammalian
social processes [1], such as maternal nurturing, bonding, and social recognition. Beyond
its social effects, OXT also regulates uterine contractions during childbirth and lactation
[2]. Itis widely believed that OXT exerts its behavioral and emotional effects via neural
areas such as amygdala, whose role in the regulation of emotional and social behavior is
well-established [3]. This is supported by the amygdala’s high density of OXT receptors
[4]. Other brain areas that house OXT receptors include the hypothalamus, hippocampus,
nucleus accumbens, insula, and striatum [5]. As for the mechanism of action, previous
imaging studies have demonstrated that intranasal OXT reduces amygdala responses to
threatening cue/negative emotional stimuli [6]. Intranasal OXT administration has been
repeatedly shown to induce increases in neural activity in the anterior cingulate cortex and
middle prefrontal cortex (mPFC) as well [7]. On the other hand, there are also other studies
showing that OXT can enhance the activation of the amygdala, [8-10], nucleus accumbens,
striatum and certain cortices and gyri in the frontal lobe [11]. The direction of changes

in the neural areas mainly depended on the target population, as well as the methods of
measurement (specifically, implementation of various types of cognitive-affective tasks).

The most commonly used mode of OXT administration is intranasal [12], given the size of
the neuropeptide (1007.2 g-mol~1) [13] in comparison to, for example, dopamine (153.18
g-mol~1) [14]. The olfactory receptor neurons of olfactory epithelium contains cilia that
can deliver intranasal OXT to the olfactory bulb at the base of human brain [5]. In the
olfactory bulb, OXT can bind to its neural receptors and from there can be transported

to the other areas of the central nervous system (CNS), including the limbic system and
hypothalamus [15]. OXT is metabolized by aminopeptidase, and specifically in the CNS
by insulin-regulated aminopeptidase [16,17]. The average half-life of OXT is relatively
short. In adult men, 26 1U of intranasal OXT resulted in substantially increased blood
OXT concentrations at 30 min post-administration and returned to near baseline by the
90-min mark for most participants, though several still had elevated levels 150 min after
administration. [18]. The half-life of OXT in blood is typically less than 2 min. However, in
cerebrospinal fluid, its half-life can be as long as 28 min [5].

There are many previous studies including clinical trials of intranasal OXT for various
psychiatric diagnoses. Major psychiatric diagnoses used for OXT clinical trials include
autism spectrum disorder (ASD), borderline personality disorder (BPD), major depressive
disorder and schizophrenia [12,19,20]. Overall, findings have been mixed, with some
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reporting a mild reduction in symptoms [21-23] and others reporting no significant

change. [24-26]. However, neuroimaging studies (primarily with fMRI) have consistently
revealed promising findings following OXT administration [7]. A systematic review and
meta-analysis (Grace et al. [7]) found consistent increases in left superior temporal gyrus
activity following intranasal OXT administration across 39 fMRI studies. The left superior
temporal gyrus is associated with auditory language processing and social cognition, and its
dysfunction has been implicated as a potential etiology of autism spectrum disorder [27].

These previous findings lead to the possibility of designing clinical trials by selecting a
trans-diagnostic psychopathology that potentially has a neurobiological mechanism that can
be targeted by intranasal OXT (in this case, hyperactivation of emotion responding areas to
negative emotional cue). There are a few potential benefits of focusing on trans-diagnostic
psychopathology as a candidate for OXT clinical trials.

First, the complexity of psychiatric disorders, including complex clinical presentation of
multiple psychopathologies, heterogeneity of symptom profiles at individual level, and
frequent presence of comorbid disorders [28] really limits the utility of clinical trials
focusing on categorical psychiatric diagnoses. Often, the efficacy of clinical trials fail to
be translated into the effectiveness of the treatment agent in real world setting due to these
reasons [29].

Second, selecting patients for clinical trial becomes exhaustive and expensive process, which
often creates the issue of type Il error due to small sample sizes [30]. Lastly without
consideration of underlying neurobiological mechanism, it is hard to interpret the symptom
profile changes by any given clinical trial to guide future direction of clinical practice

and clinical/research studies [31]. In this regard, as a target psychopathology of intranasal
OXT clinical trials, irritability might be an excellent candidate for various reasons.
Irritability, especially in the pediatric population, seems to share common neurobiological
mechanisms, particularly in the context of disruptive mood and behavior disorders [32,33].
In this regard, many previous studies demonstrated abnormalities in both threat and

reward processing in children and adolescents who display significant levels of irritability
[32,34,35]. Consistently, studies have shown a tendency toward hyper-reactivity in the
neural areas implicated in processing threat cues or negative emotional stimuli in irritable
children, mainly mediated by the amygdala (Figure 1) and ventromedial prefrontal cortex
[32]. In various populations with different psychiatric diagnoses, when a neuroimaging
modality is applied, a pattern of intranasal OXT reducing the activation of these areas in
response to negative emotional stimuli is often observed [7,36—-38]. Taken together, this
would indicate the potential role of intranasal OXT in target engagement of neurobiological
mechanisms of irritability [39], particularly in youths with diagnoses of disruptive behavior
and mood disorders [33]. Furthermore, several functional connections between regions of
the brain have been connected to irritability, including increased connectivity between the
anterior cingulate cortex and the rostral medial prefrontal cortex [40], as well as decreased
connectivity between the amygdala and both the medial prefrontal cortex [32] and the
precuneus [41].
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Currently, there is no study specifically focusing on irritability in youth as the target
psychopathology of an intranasal OXT clinical trial. However, at present, there are still
many previous studies that measured irritability as a secondary outcome, especially in the
youth with Autism Spectrum Disorder (ASD), and conditions associated with ASD like
Prader-Willi syndrome (PWS) [42,43] and Phelan-McDermid syndrome (PMS) [44].

Irritability is a major manifestation of ASD, occurring in an estimated 43% of pediatric
ASD patients, including those classified as high-functioning [45]. Similarly, irritability has
also been found to be a clinical phenotype of youths with PWS [46] and PMS [47].

Autism spectrum disorder (ASD) is characterized by the DSM-5 as a neurodevelopmental
disorder marked by impaired social abilities and restricted and repetitive behaviors [31].
Due to OXT’s role in social information processing [48], it has become an appealing
candidate for clinical trials for youth with ASD, with limited social abilities as the primary
outcome measurement. Studies have found connections between OXT receptor (OXTR)
polymorphism and impaired social functioning [49-51], which is a hallmark feature of
ASD and suggests that OXTR dysfunction may contribute to the ASD phenotype. In
addition to social deficits, youth with ASD also have high prevalence of irritability and
emotional dysregulation [45,52]. Mikita et al. [53] found that in boys aged 10-16, those
with high-functioning ASD were recorded to have significantly higher levels of cortisol and
greater heart rate variability during stressful situations compared to control, suggesting that
irritability could be considered as a measure of symptom severity in ASD patients. Proposed
reasons for this symptom include frustration stemming from difficulty communicating
thoughts, interruption of repetitive behaviors and exposure to adverse sensory experiences
[45].

Though a distinct phenotype from ASD, PWS shares clinical characteristics with autism,
including irritability [54]. PWS is caused by deficient expression of genes from paternal
chromosome 15g11-q13 [55]. Common symptoms of PWS include cognitive, endocrine and
behavioral dysfunction, including irritability, which often manifests itself as temper tantrums
[55]. Rice et al. [56] found that, in patients with the 15q11-q13 PWS subtype, salivary OXT
levels were inversely correlated with symptom severity, suggesting that OXT deficiency may
play a role in the PWS symptomatology. Further studies have connected OXT deficiency
with aberrant behaviors observed in patients with PWS [57]. Again, PWS’s behavioral
phenotype has made it an attractive disorder for OXT research.

Phelan-McDermid syndrome (PMS) is a disorder that often presents with clinical features

of ASD, and it occurs due to a 22g13.3 chromosomal deletion affecting the SHANK3

gene [58]. The SHANK3 gene is expressed abundantly in the brain and is important in
establishing connections between neurons [59]. Disruptions in these neural links is believed
to underlie the behavioral symptoms of both ASD and PMS [59]. In rats with Shank3
mutations displaying impaired social recognition and decreased synaptic plasticity, treatment
with OXT improved social cognition and memory, suggesting that OXT administration may
be able to attenuate some of the behavioral disturbances seen in PMS (and potentially ASD)
[60]. PMS can manifest with both physical (e.g., large ears, dysplastic toenails, hypotonia)
and psychiatric features (e.g., severe global developmental delay, language impairment,
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aggressive behavior) [58]. Like PWS, PMS has symptomatic overlap with ASD, including
aggression/irritability [58].

Reactive Attachment Disorder (RAD) is a psychiatric disorder characterized by disturbed
attachment patterns and difficulties forming healthy emotional connections with caregivers
[61]. Because of OXT’s connection to social bonding [48], RAD has become an interesting
target of intranasal OXT therapy as well.

Because of OXT’s connection to social functioning [48], ASD, PWS and PMS have been the
foci of most intranasal OXT research to this point. While social functioning is not the focus
of this review, all three of these disorders can manifest clinically with irritability [53,54,57].
In this mini review, we present the summary of results from 15 clinical trials published
between 2014 and 2023 that explore the effects of intranasal OXT on pediatric patients with
ASD, PWS, PMS or RAD.

METHODS

“Intranasal Oxytocin pediatric randomized controlled trial irritability” was entered into the
search bar of both PubMed and Cochrane Central Register of Controlled Trials. The search
details were ((“pediatrics”[MeSH Terms] OR “pediatrics”[All Fields] OR “pediatric”[All
Fields]) AND intranasal[All Fields] AND (“oxytocin”[MeSH Terms] OR “oxytocin”[All
Fields]) AND (“irritable mood”[MeSH Terms] OR (“irritable”[All Fields] AND “mood”[All
Fields]) OR “irritable mood”[All Fields] OR “irritability”[All Fields]) AND (“randomized
controlled trial”’[All Fields] OR “randomized controlled trials as topic”[MeSH Terms] OR
“randomized controlled trial”[All Fields] OR “randomised controlled trial”[All Fields]))
AND (“2013/01/01”[PubDate]: “2023/12/31”[PubDate]).

“Intranasal Oxytocin pediatric irritability” was also entered into the search bar of Embase
and filters were applied to meet the requirements of this review. The search details

were (‘intranasal oxytocin’ OR (intranasal AND (‘oxytocin’/exp OR oxytocin))) AND
([newborn]/lim OR [infant])/lim OR [child]/lim OR [preschool]/lim OR [school]/lim OR
[adolescent]/lim) AND [2013-2023]/py AND (‘antisocial personality disorder’/dm OR
‘anxiety disorder’/dm OR ‘attention deficit hyperactivity disorder’/dm OR ‘autism’/dm
OR ‘behavior disorder’/dm OR “disruptive behavior’/dm OR *‘hyperactivity’/dm OR
‘mood disorder’/dm OR ‘prader willi syndrome’/dm OR ‘psychosocial disorder’/dm)
AND (‘controlled study’/de OR “‘double blind procedure’/de OR ‘human’/de OR
‘randomized controlled trial’/de).

The Cochrane Risk of Bias Tool [62] was used to assess the quality of the studies gathered.
The biases particularly targeted by these assessments were selection bias (comprised

of random sequence generation and allocation concealment), reporting bias (selective
reporting), performance bias (blinding—participants and personnel), detection bias (blinding
—outcome assessment) and attrition bias (incomplete outcome data).

In order to be considered for inclusion, RCTs also needed to meet several criteria. They
needed to be published in peer-reviewed journals in the last 10 years and to have examined
the effects of intranasal OXT administration in pediatric patients (aged 6 months to 18
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years) diagnosed with ASD, PWS or PMS. Overlapping diagnoses were not considered as
exclusionary. Trials must also have included placebo groups and utilized at least one of
several pre-determined measures of efficacy. These included the aberrant behavior checklist
(ABC), the revised repetitive behavior scale (RBS-R), the social responsiveness scale (SRS),
the strengths and difficulties questionnaire (SDQ), and brain imaging (FMRI and MEG).

In general, the ABC measures psychiatric and behavioral abnormalities across several
different domains, including irritability, lethargy/social withdrawal, stereotypic behavior,
hyperactivity/noncompliance and inappropriate speech [63]. Because of its high reliability
and validity, the ABC has been used frequently in both pediatric and adult psychiatric
research [63]. The RBS-R is a relatively easy-to-complete parent-scored questionnaire that
focuses specifically on repetitive behaviors, which are often associated with ASD [64]. The
SRS has been used both clinically and in research to screen for and measure the symptoms
of social impairment associated with ASD [65]. The SDQ is generally used to assess the
behavioral and emotional characteristics of children. The SDQ measures several different
domains of functioning, including peer relationships, hyperactivity, prosocial behavior,
conduct problems (such as aggression) and emotional symptoms (including anxiety and
distress) [66]. Because it measures both symptoms of aggression and anxiety, the SDQ
may work well as a surrogate measure of irritability. No studies using direct measures of
irritability (such as the Affective Reactivity Index [67] or the Brief Irritability Test [68]
were found, so indirect measures of potential irritability (via hypothesized mechanisms of
irritability development [45]) had to be used. Duration of administration (i.e., single dose vs
chronic use) was not used as an exclusionary factor, nor was dosage of OXT administered.
Ultimately, 15 RCTs met inclusion criteria.

Initial screening resulted in forty-three potentially eligible articles. Of these, 15 met the full
inclusion criteria, and their summaries are included in Table 1. Eleven of the fifteen articles
included participants diagnosed with ASD [1,25,26,69-76], regardless of Phelan-McDermid
syndrome (PMS) status. Two [42,43] of the fifteen articles included participants diagnosed
with Prader-Willi syndrome (PWS). In both of these trials, participant ASD diagnosis was
unknown [42,43]. Most of the studies had relatively small sample sizes (18 to 87), except
one study by Sikich et al. [26] (= 290). In one study, all participants were diagnosed with
ASD, the etiology of which was PMS [44]. One of the fifteen trials examined intranasal
OXT’s effect on patients with reactive attachment disorder (RAD) [77]. All trials included
were double-blinded. Three of the fifteen trials [1,69,77] only administered single doses of
intranasal OXT to participants. Of the trials administering multiple doses, Dadds et al. [25]
was the shortest, only spanning five days. The other eleven trials all ran for at least one
week, ranging from one to twenty-four weeks.

Each of the fifteen trials included administered OXT or a placebo intranasally, though daily
dosages varied. Overall, the lowest dosage used by an included trial was 12 1U [1,25,72],
while the highest target dosage was 48 IU [25,44]. Some trials adjusted dosages depending
on several different factors. Fastman et al. [44] administered 48 IU daily to its first seven
participants but then lowered it to 24 1U after witnessing increased irritability at the higher
dose. Damen et al. [42] administered doses ranging from 16—40 U daily and provided
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higher doses to participants with larger body surface areas. Gordon et al. [1] and Korisky
et al. [73] stratified dosages based on the ages of their participants, while Dadds et al.

[25] provided 24 1U daily to participants weighing more than 40 kg and 12 IU daily to
participants weighing under 40 kg. Miller et al. [43] provided all participants with 16 1U
daily. However, Sikich et al. [26] dosed participants differently. At the start of the trial, all
participants were given 8 U in the morning. By week 8, the goal dosage was 48 1U daily
(given via 2 doses of 24 1U) [26]. Once a participant had been on 48 IU for 7 weeks, doses
could be increased by 16 1U every 4 weeks (with a cap at 80 IU), be reduced by 8 to 16

IU or be held at 48 IU [26]. Six trials [69,70,71,74,76,77] administered 24 1U to every
participant in the treatment group. No relationship between the dosages of intranasal OXT
administered and the clinical outcome were found across the trials examined in this review.

To merit inclusion in this review, studies needed to measure effects using at least one

of a predetermined set of means. Three of the studies [26,43,44] employed the Aberrant
Behavior Checklist modified Social Withdrawal subscale (ABC-mSW), and one [74] used
the Aberrant Behavior Checklist—Parent subscale. Of the four trials using this scale, only
one study (Miller et al.) [43] showed consistently improved ABC scores throughout the trial,
suggesting limited efficacy of OXT in promoting prosocial behaviors.

The revised repetitive behavior scale (RBS-R) was used by seven studies [42—
44,70,72,74,75]. Of the seven studies employing the RBS-R, only two [43,75] found that
intranasal OXT reduced the prevalence of repetitive behaviors, suggesting limited efficacy
in addressing this symptom. Additionally, another study (Le et al.) [75] also reported that
eye-tracking data revealed that the OXT group spent more time viewing dynamic social
stimuli than geometric stimuli. Conversely, five studies (Damen et al. [42], Fastman et al.
[44], Yatawara et al. [70], Daniels et al. [72] and Guastella et al. [74]) did not observe
significant improvements in RBS-R scores between the OXT and placebo groups.

The social responsiveness scale (SRS) was used by eight of the fifteen studies
[25,26,42,70,71,72,74,75], five of which [25,42,70,71,75] found that OXT improved the
SRS scores of participants, suggesting that intranasal OXT may improve the social
functioning of pediatric patients with ASD or PWS. One study (Daniels et al. [73]) reported
no significant differences were observed in SRS-2 or RBS-R between the groups receiving
OXT and placebo during double-blind procedures. However, improvement was noted during
the single-blind phase of the trial in the SRS-2. Another study (Guastella et al. [74])
discovered that there were no significant differences in scores on the Clinical Global
Impressions (CGI) scale and Social Responsiveness Scale (SRS-2) between the OXT and
placebo groups in the older age group (6-12). In the younger age group (3-5), there was

no significant effect on SRS-2 scores, but the younger treatment group showed greater
improvements in CGI scores compared to the older age group. Secondary measures were
not significantly affected by OXT administration. Le et al. [75] found that treatment with
OXT resulted in significant improvements in the Autism Diagnostic Observation Schedule
(ADQOS-2) and SRS-2 scores compared to placebo. The OXT group also showed greater
improvement over placebo in the Adaptive Behavior Assessment System-I1 (ABAS-I11) and
Repetitive Behavior Scale-Revised (RBS-R) scores. Dadds et al. [25] did not find significant
improvements in emotion recognition, SRS scores, social interaction skills, or general
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behavioral adjustment with OXT, and Sikich et al. [26] did not see significant improvements
in SRS-2 scores either. In contrast, Le et al. [75] found that treatment with OXT resulted in
significant improvements in SRS-2 scores compared to placebo, as did Damen et al. [42],
Yatawara et al. [70] and Parker et al. [71].

The strengths and difficulties questionnaire (SDQ) was used by one study [76]. Karbasi et
al. [76] found that OXT administration led to significant improvements in teacher and parent
SDQ scores, as well as GARS-2 (Gilliam Autism Rating Scale-Second Edition) scores,
suggesting a therapeutic effect on behavioral difficulties.

Four studies [1,69,73,77] used brain imaging (fMRI [1,69,77] and MEG [73]) to examine
the effects of intranasal OXT administration on pediatric ASD patients. In these, intranasal
OXT was found to increase activation of reward processing brain systems in response

to nonsocial stimuli [69] and enhance activity and connectivity in brain regions involved

in perceiving social-emotional information during social stimuli [1,73]. Gordon et al. [1]
found that the administration of OXT led to increased activity in brain regions crucial

for processing social-emotional information and enhanced the connectivity between nodes
of the brain’s reward and social-emotional processing systems specifically during social
stimuli, including increased functional connectivity of the amygdala with the ventromedial
PFC, the orbitofrontal cortex and the precuneus. Similarly, Korisky et al. [73] found that
OXT increased neural activity in the frontal regions of the brain in response to social stimuli,
as well as in the left hemisphere regardless of the stimulus. Takiguchi et al. [77] discovered
that OXT administration enhanced activation in the right middle frontal gyrus and striatum,
consistent with enhancements in the mesolimbic dopaminergic reward system. Reduced
activation was observed in the right precentral gyrus during a reward task. Greene et al.

[69] found that OXT increased activation of brain systems processing rewards, especially
during nonsocial incentive salience stimuli. Additionally, Greene et al. [69] found decreased
connectivity between the left anterior cingulate cortex and the right superior and left

medial frontal gyri. These findings collectively indicate that intranasal OXT administration
modulates brain activity and connectivity in regions associated with reward processing,
social-emotional information processing, stress regulation, and motivation, thus highlighting
the potential therapeutic implications of OXT in addressing social and emotional difficulties
in individuals with ASD.

Three [43,44,70] of the fifteen studies reported adverse reactions potentially attributed to
intranasal OXT use. Yatawara et al. [70] stated that participants in the OXT-treatment
group reported more frequent urination, thirst and constipation, relative to controls. Miller
et al. [43] reported that the OXT-treatment group experienced increased intranasal and
psychological irritation. Fastman et al. [44] found that, at 48 IU daily, participants
experienced greater psychological irritability. Subsequent participants were dosed at 24 1U
daily, and this effect ceased.

In summary, there is still lack of consistent findings on the clinical efficacy of intranasal
OXT, which is highly dependent on the target population, selection of primary/secondary
outcomes, and clinical study/trial design. Many studies implementing measurement of
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biological changes (including neuroimaging) showed more consistent findings in the areas
implicated in social and/or emotional information processing.

DISCUSSION

The studies included in this review yielded mixed results. First of all, most pediatric
intranasal OXT trials did not include scales to measure irritability directly in favor of
focusing on the social dysfunction and repetitive behaviors associated with ASD, PWS and
PMS. There is no clinical trial of intranasal OXT specifically targeting irritability as the
primary outcome in pediatric population so far. As for the primary outcomes measured,

the clinical efficacy of intranasal OXT was still inconclusive. FMRI data were inconsistent
across the three trials that implemented it [1,69,77]. Two [1,69] of these trials were single-
dose administration studies that found that intranasal OXT administration activated the
mesocorticolimbic system, which is involved in reward processing [78]. Both the lateral
septum (LS) and the bed nucleus of the stria terminalis (BNST) are believed to be involved
in both the brain’s social reward network and its mesolimbic reward system [78] and are
known to house OXT receptors [78]. Thus, increased activity in mesocorticolimbic system
after OXT administration compared to placebo is a promising finding, as it may indicate
increased social processing in ASD patients. Additionally, these two trials [1,69] found
changes in connectivity that are implicated in reducing irritability [40,41,69]. However,
these changes in connectivity were not consistent between the two trials and were not also
observed in the other two imaging studies included in this review [73,77]. Furthermore,
none of these studies implemented fMRI tasks of emotional responding/emation processing
paradigm, which could be potentially helpful to verify the target engagement of intranasal
OXT, given the previous studies showing this effect [7]. Instead, these studies utilized
tasks focused on social perception [1], social [69] and non-social [69,77] incentives and
identification of social and non-social stimuli [73]. Though increased activity in areas

such as the ventral striatum [1,69,77] (associated with reward processing and motivation
and thought to mediate interaction between the prefrontal cortex and amygdala [79]),
anterior cingulate cortex [69,73] (associated with motivation, decision making, learning
and social processing [80]), and dorsolateral prefrontal cortex [69,73] (associated with
executive control functions [81]) were observed in multiple different studies, they were
observed in different contexts (i.e., during different tasks) and were not consistent across all
trials. Further imaging research examining the effects of intranasal OXT on activity of and
functional connectivity between the amygdala, prefrontal cortex and associated brain regions
in response to threat cue is warranted in pediatric patient populations to further elucidate
these relationships.

In addition to this, scores of the ABC and RBS-R were less consistent across the studies.
Of the three studies utilizing the ABC, only one [43] saw significant score improvements
between placebo and treatment groups. This study [43] also happened to be the shortest and
lowest-dosing of the three trials, with only one 16 1U dose administered over the course of
five days. Fastman et al. [44], Sikich et al. [26] and Guastella et al. [74] lasted 12 weeks,
24 weeks and 12 weeks, respectively, administered doses ranging from 24-48 U daily, and
none found significant changes in ABC scores.
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Similarly, Miller et al. [43] and Le et al. [75] were the only trials to see RBS-R scores
improve, with the other five trials using the RBS-R [42,44,70,72,74], all failing to observe
improved scores in their treatment groups.

SRS scores showed heterogeneity across the trials as well, with five of the eight studies
showing improved SRS scores [25,42,70,71,75]. Although Sikich et al. [26] showed the
most rigorous method with a relatively large sample size (n7=290), it could be possible
that follow-up studies with different outcome measures in different population may show
different results. In this regard, again, measurement of target engagement would be critical.

There were two studies reporting irritability, as potential AEs of intranasal OXT (especially
one at 48 1U, which improved with the decreased dose of 24 1U). There are other previous
studies reporting increased irritability and/or aggressive behavior as adverse events (AESs)
of intranasal OXT in youth with ASD (AEs) [73]. Irritability/emotional dysregulation in
ASD is a very prominent clinical issue. There are hypotheses about its etiology [49], but
so far little has been concluded about its neurobiological mechanism [82,83]. It is possible
that the impact of intranasal OXT on children with ASD might be significantly different
than neurotypical youths. As such, the impact of OXT may differ depending on the target
population and the type of dependent measure used to index irritability and aggression.
Further research using more direct measures of irritability are needed to confirm this
relationship.

There are several crucial issues impeding advancement in this area. One is that intranasal
OXT pharmacokinetics are not fully understood. It is not known how much OXT reaches
target sites in the brain via intranasal administration. Neumann et al. [84] demonstrated
that intranasal OXT administration led to increased plasma and brain extracellular fluid
concentrations of OXT in rodents. It is encouraging that recently there are primate
[85,86,87] and human [88] studies that have shown increased level of CSF OXT as well

as neural level change as a function of different doses after intranasal administration.
Advancement of technology in detecting OXT level as well as implementing neuroimaging
(FMRI) enhanced the scientific rigor of measuring intranasal OXT activities in these studies
[33,39]. Intranasal OXT pharmacokinetics and the ability of intranasal OXT to reach its
target sites in the central nervous system are still matters of ongoing research [89].

Additionally, much higher concentrations of OXT may be needed to influence behavior
compared to peripheral functions of OXT [31]. In Mens et al. [90], subcutaneous OXT
injections into rats resulted in up to 500-fold increases in plasma concentrations of OXT
and moderate increases in CSF concentrations (40 pg/mL to 150 pg/mL). However, only
0.002% of the injected OXT reached the central nervous system after 10 min at maximal
CSF concentrations [91]. To determine this, it would be critical to consider various
factors that can contribute to the results, including the mode of delivery (most studies
implemented liquid formula, but there are other studies used different methodologies,
the target population (healthy vs. patients with various psychiatric diagnoses), and the
methodology to measure the end-point behavioral and psychological effects [89,91-93]
For example, there is very little to no data on the relation between induced neural change
by intranasal OXT and end-point behavioral/psychological changes. Further research is
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warranted to establish these relations. Future studies should provide more information on
which dosages and administration schedules yield the greatest clinical benefit.

As both irritability and aggression (especially reactive aggression) occur in response to
negative emotional stimuli/threat cues (Figure 1) [94], and the amygdala is one of the

major areas implicated in negative emotional stimuli/threat cue processing, the role of
intranasal OXT for aggression in relation to irritability is worth further investigation. Similar
to the neuroimaging findings [8,9,10,36-38,92], previous studies have shown various
results. Berends et al. [95,96] found that lower urine OXT levels were correlated with

more aggressive behavior [95], and that intranasal OXT administration reduced aggressive
behaviors in young adult males [96]. However, other studies have found that intranasal OXT
administration increases aggressive behavior in healthy adults [97,98]. Again, selection of

a specific target population, reliable measurement of the end point behavioral impact (in
this case, aggression and especially reactive aggression), and establishing dose-response
relationship would be critical.

Our initial aim was to have thorough investigation of the role of intranasal OXT on pediatric
population. However, there has been no previous study specifically aimed to address this
question. Only two recent studies of intranasal OXT administration measured irritability

as adverse events [43,44]. Currently, our group is in the process of publishing our clinical
trial results of specifically addressing this question (irritability as the primary outcome for a
randomized double blind clinical trial of intranasal OXT for adolescents with high levels of
irritability). In the future clinical trials, verification of target engagement would be critical;
i.e., decrease in the emotion regulation areas by intranasal oxytocin to negative emotional
stimuli, which has been repeatedly shown in adult population [7,99,100,101].

In addition, it would be critical to implement standardized and comprehensive evaluation
of irritability in the clinical trials. None of the trials included measured irritability directly
using scales such as the Affective Reactivity Index (ARI) or the Brief Irritability Test (BITe),
but all used scales that measured potential underlying etiologies [45] of irritability. Because
there is still much unknown about the causes of irritability in ASD, PWS and PMS, the use
of more specific irritability scales is needed to elucidate the relationship between intranasal
OXT and irritability in these patients. Two studies [43,44] reported increased psychiatric
irritability as a side effect of OXT administration. However, neither of the studies reported
increased irritability via any standardized method or scale, direct or indirect. Miller et al.
[43] saw improved RBS-R and ABC scores in the treatment group, despite also observing
increased irritability, while Fastman et al. [44] observed no significant difference in the
ABC and RBS-R scores between groups. Nonetheless, iatrogenic irritability is something
that should be followed more closely through scales such as the BITe or ARI as further
research on intranasal OXT is done, in order to monitor the relationship between irritability
and intranasal OXT.

CONCLUSIONS

Despite decades of research, many unknowns still exist about the therapeutic efficacy of
intranasal OXT. Though clinical trials have yielded inconsistent behavioral effects thus
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far, fMRI studies have shown more consistent, although still inconclusive, findings of
intranasal OXT administration on neural activity. At present, most pediatric intranasal OXT
trials have neglected to measure the effect of OXT on irritability. Thus, we advocate

for a broader program of research within pediatric populations that considers specific
trans-diagnostic targets, such as irritability. Such a program would allow researchers to
engage in more targeted and nuanced exploration of the efficacy of intranasal OXT and its
impact on pro-social behavior, neural responses, and emotional regulation across a range
of psychiatric disorders. Additionally, such a trans-diagnostic approach could promote the
identification of commonalities and shared pathways, paving the way for more efficient
and effective treatments in clinical trials. Furthermore, we propose a few next steps to
achieve sufficient scientific rigor. First, establishing pharmacodynamics/pharmacokinetics
model would be critical. Although there are studies on the effects of intranasal OXT as

a function of dose (e.g., Quintana et al. [91] and Spengler et al. [102]), there is still no
established comprehensive pharmacodynamics/pharmacokinetics model of intranasal OXT.
To establish this, careful consideration of mode of administration, target population, and
methodology to measure end-point behavioral changes would be critical. Second, target
engagement and selection of psychopathology that could be targeted by intranasal OXT
should be carefully considered. It would be critical to implement method(s) to verify target
engagement, in addition to symptom profile changes. Targeting a psychopathology that
has shown neurobiological mechanism that can be impacted by intranasal OXT would be
critical. We propose increased activation of emotional responding/emotion regulation area
and related psychopathology (for example, irritability) would be very promising. Adverse
event profiles (AEs) should be measured in structured way as well.
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Figure 1.
The potential modulatory neural impact of the neuropeptide hormone oxytocin as intranasal

administration on the core mechanism of irritability. Oxytocin is known to reduce activation
of the acute threat response system (in this figure, amygdala) to emotional stimuli (—).

The most established neurobiological mechanism of irritability is increased activation of
the amygdala in the acute threat response system to emotional stimuli (—), resulting in
irritability (—).
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