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Abstract
Reports on the modulatory role of the neuropeptide oxytocin on social cognition and behavior have steadily increased over
the last two decades, stimulating considerable interest in its psychiatric application. Basic and clinical research in humans
primarily employs intranasal application protocols. This approach assumes that intranasal administration increases oxytocin
levels in the central nervous system via a direct nose-to-brain route, which in turn acts upon centrally-located oxytocin
receptors to exert its behavioral effects. However, debates have emerged on whether intranasally administered
oxytocin enters the brain via the nose-to-brain route and whether this route leads to functionally relevant increases in
central oxytocin levels. In this review we outline recent advances from human and animal research that provide converging
evidence for functionally relevant effects of the intranasal oxytocin administration route, suggesting that direct nose-to-brain
delivery underlies the behavioral effects of oxytocin on social cognition and behavior. Moreover, advances in previously
debated methodological issues, such as pre-registration, reproducibility, statistical power, interpretation of non-signiﬁcant
results, dosage, and sex differences are discussed and integrated with suggestions for the next steps in translating intranasal
oxytocin into psychiatric applications.

Introduction
The neuropeptide oxytocin has attracted immense research
attention for its reported effects on social cognition and
social behavior [1]. Motivated by studies demonstrating that
the intranasal administration of the closely-related hypophyseal neuropeptide vasopressin elevates cortical arousal
[2] and vasopressin levels in the cerebrospinal ﬂuid [3], the
intranasal application of oxytocin became the tool of choice
for studies investigating its social cognitive effects.

Intranasal oxytocin has been shown to facilitate the
encoding [4, 5], consolidation [6], and recognition [7, 8] of
social stimuli in various contexts. Although the precise
mechanisms accounting for the effects of oxytocin on social
cognition remain to be elucidated, accumulating evidence
suggests that oxytocin increases overt and covert attention
for social signals [8–11], which would have provided a
highly adaptive function relevant for the survival of our
ancestors [12]. As oxytocin does not exclusively enhance
prosocial behavior [13, 14] and in certain contexts may
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Fig. 1 Endogenous oxytocin administration and endogenous oxytocin production. Endogenous oxytocin is primarily produced in the
hypothalamus, within the supraoptic (SON) and paraventricular (PVN)
nuclei (right inset). Synthesized oxytocin is stored for peripheral
release in the posterior pituitary and also secreted within the brain via
axonal and dendritic release mechanisms. Intranasally administered
exogenous oxytocin travels both to the brain, via olfactory and

trigeminal nerve ﬁbers, and the periphery via the highly vascularized
nasal cavity. Only very small amounts of peripherally circulating
oxytocin are thought to cross the blood-brain barrier owing to an
endothelial barrier with tight junctions (left inset), however, these
amounts might still be biologically relevant. Image created with
BioRender.com.

even enhance anti-social behavior (e.g., envy [15], gloating
[15], or aggression [16, 17]), the mediating effects of
oxytocin-induced changes in social stimulus processing on
social behavior are far more complex than initially thought
[18]. Regardless, the effects of intranasal oxytocin are likely
mediated by its modulation of neural activity in various
brain regions rich in oxytocin receptors [19] that are
implicated in the processing of social and affective stimuli
[20, 21], such as the amygdala [22–24], insula [25–27], and
striatum [28].
Owing to early reports of the beneﬁcial effects of
intranasal oxytocin on social cognition, it has been
nominated as a promising pharmacological agent for the
treatment of psychiatric disorders characterized by social
and/or emotional dysregulations [29], such as autism [30],
borderline personality disorder [31], post-traumatic stress
disorder (PTSD) [32], and schizophrenia [33], in light of
research using both single [34–36] and chronic administration [37] protocols. Oxytocin may also play a role in the
treatment of inﬂammation and pain [38], weight control
[39], dementia [40], and ageing-related neurocognitive
decline [41]. However, the available evidence in favor of
the therapeutic utility of oxytocin is currently limited.
Despite the growing number of reports on the effects of
intranasal oxytocin on social cognition in humans, initial
failures to replicate its effects, methodological shortcomings, and a poor understanding of neurobiological
mechanisms have led to critiques of the behavioral and

clinical oxytocin ﬁeld. These include a limited comprehension of nose-to-brain drug delivery mechanisms—
speciﬁcally whether oxytocin penetrates the brain in
functionally relevant amounts following intranasal application—as well as the lack of rigorous methodological
features, including appropriate statistical power, replication studies, pre-registered protocols, and state-of-the-art
statistical inference [42–45]. We argue that the ﬁeld
moved too quickly without initially accounting for essential mechanisms of action and methodological rigor, which
need to be addressed before fully realizing the clinical
potential of oxytocin. As the ﬁeld has more recently begun
to address these critical issues, now is an opportune time to
provide an integrative review on the corresponding progress, to identify remaining issues, and to propose a
roadmap for further improving methodological standards
in the ﬁeld to ultimately promote the translation of oxytocin in psychiatric applications.

Research strategies to determine the role of
oxytocin in human behavior
Congruent evidence generated by diverse methodological
strategies points to the role of oxytocin as a modulator of
social behavior and social cognition in humans. Observational studies have reported associations between individual variations in social behavior and social cognition
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with endogenous oxytocin levels [46], candidate genes
involved in oxytocin signaling [47, 48], and peripheral
gene expression [49]. However, general methodological
issues such as the inability to control for unspeciﬁc confounders in individual difference approaches and statistically underpowered candidate gene studies [50], as well as
more oxytocin-speciﬁc issues, including; (i) weak associations between endogenous peripheral and central oxytocin levels [51] (but also see [52]), (ii) immunological
assay problems [53, 54], and (iii) the replicability of
candidate gene associations in meta-analyses [55]
hamper a clear interpretation of these ﬁndings. To overcome these limitations, experimental studies have
manipulated oxytocin levels by administering exogenous
oxytocin in randomized placebo-controlled double-blind
designs, with meta-analytic studies suggesting that oxytocin administration improves the recognition of basic
emotions in neurotypical participants [56, 57], and highlevel social cognition in severe psychiatric disorders [58].
Strategies to transiently enhance oxytocin levels include
intravenous [59, 60] and intranasal oxytocin administration [61, 62].

Does intranasal oxytocin reach the brain?
Several lines of research indicate that intranasally administered oxytocin reaches the brain. Given that only a
small fraction of peripheral oxytocin passes the bloodbrain barrier after intravenous administration [63], as
compared to intranasal application [3, 64], intranasal
administration has become the most commonly used
experimental protocol for uncovering the role of central
oxytocin signaling in humans (Fig. 1). Moreover, intranasal administration is a non-invasive and well-tolerated
means of drug delivery which has recently gained
increasing interest as an administration route for psychotropic agents, such as esketamine for treatment-resistant
depression [65]. The reported number of side effects after
intranasal oxytocin administration are not signiﬁcantly
greater than placebo, either in children [66, 67] or adults
[68]. Despite the appeal and popularity of the intranasal
oxytocin administration approach, this method has been
criticized on a number of grounds, including doubts
whether oxytocin penetrates into the central nervous
system and whether the low amounts of oxytocin that
reach the central nervous system can actually lead to
functionally relevant effects [43, 69], the suitability of
commonly used pump-actuated devices to deliver oxytocin to the brain [70], and drug delivery issues associated
with the labyrinth-like nasal cavity [71]. In the following
sections, we will provide an overview of recent direct
evidence that administration of exogenous oxytocin can
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reach the brain in biologically and functionally relevant
amounts.

Intranasal vs. intravenous administration
A comparison of the effects of intranasal and intravenous
oxytocin administration demonstrates that intranasal oxytocin travels to the brain directly and that social-cognitive
effects of intranasal oxytocin are not primarily due to effects
on peripheral oxytocin receptors. Speciﬁcally, Quintana
et al. demonstrated that despite comparable peripheral
oxytocin levels after intravenous and intranasal administration (administered using a double-dummy design), social
cognitive [72] and neural effects [73] were only observed
after intranasal administration. This indicates that intranasally administered oxytocin is not likely to reach the brain
by crossing the blood-brain barrier via the circulatory system, but rather, through direct transport via olfactory and
trigeminal nerve ﬁbers that innervate the nasal cavity
(Fig. 1). These results also suggest that increasing peripheral levels of oxytocin via intravenous administration does
not appear to inﬂuence social cognition and neural activity
via activation of peripheral oxytocin receptors, at least with
a 1 IU intravenous dose. Similarly, nonhuman primate data
suggests that intranasal, but not intravenous, oxytocin
administration increases central endogenous oxytocin
release [74]. In fact, it is likely that the effects observed in
human studies, which typically assess cognitive performance and neurobiological measures 40–60 min after
administration are due to increases in endogenous oxytocin
production, as the half-life of exogenous oxytocin in the
cerebrospinal ﬂuid (CSF) is estimated to be about 19 min
[75]. Martins et al. [76] reported that both intranasal and
intravenous administration reduces amygdala and anterior
cingulate cortex perfusion, suggesting that at least for these
brain regions, intranasal oxytocin may not necessarily use a
privileged nose-to-brain route. However, there were unique
oxytocin-induced increases in brain perfusion in other brain
regions after intranasal administration, which also differed
according to the intranasal device used (i.e., a standard
pump-actuated device vs. a nebulizer). Of note, the intravenous dose administered in this study [76] was 10fold higher compared to Quintana et al. [73]. Perhaps, once
an intravenous dose reaches a certain threshold it will cross
the blood-brain barrier and inﬂuence brain activity in
regions with high oxytocin receptor density, such as the
amygdala [19], but not other brain regions with lower
densities [76]. This is consistent with recent work
using primate [74] and rodent [77] models. However, higher
peripheral doses have the potential to increase the
risk of unanticipated effects via peripheral oxytocin
receptor activation or cross-reaction with vasopressin
receptors [43].
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Functionally relevant increases in the CSF after
intranasal administration
Functionally relevant increases in oxytocin in CSF after
intranasal administration demonstrates this approach can
raise central levels for activation of oxytocin receptors in
the brain, which can inﬂuence cognition and behavior.
Peripheral concentrations of oxytocin are often measured
after intranasal oxytocin administration to indicate an
increase in central levels of oxytocin. Although a recent
meta-analysis suggests that central and peripheral levels of
oxytocin are strongly and signiﬁcantly correlated after
intranasal administration [51], peripheral concentrations still
only provide an indirect estimate of central oxytocin concentrations [51]. As the calculation of peripheral oxytocin
levels has been questioned on methodological grounds [78]
(but see [53]), the determination of central oxytocin levels
in the CSF has become an important tool to assess the
effects of intranasal oxytocin administration. By now, several animal [74, 79–82] and human [83] studies have
demonstrated that intranasally administered oxytocin
increases oxytocin levels in CSF.
Some of the clearest evidence that intranasal oxytocin
was effective to penetrate into the brain in rat and primate
models was reported in recent studies [74, 84]. Lee et al.
[74] measured CSF concentrations of oxytocin after intranasal administration of labeled (d5-deuterated) oxytocin and
provided direct evidence for CSF penetrance of intranasal
oxytocin administered to nonhuman primates. A follow-up
study using a similar approach demonstrated that labeled
oxytocin delivered intranasally, but not intravenously,
reaches several brain regions innervated by trigeminal and
olfactory nerve ﬁbers [85]. Another recent investigation
[84] systematically examined the pharmacokinetic properties and brain distribution of oxytocin after intranasal
application in rats. This study evaluated the disposition,
nasal absorption, and bioavailability of oxytocin after nasal
administration, and showed evidence that the nasal bioavailability of oxytocin was approximately 2%, and more
than 95% of oxytocin in the brain was directly transported
from the nasal cavity. Of particular interest, a recent study
by Smith et al. [82] demonstrated that increases in central
concentrations are observed in oxytocin knockout mice,
demonstrating that the source of observed increases is likely
to be exogenous oxytocin. Moreover, by examining extracellular ﬂuid from speciﬁc brain structures, Smith et al. [82]
were able to show that intranasally administered oxytocin
permeates target regions of the brain, such as the amygdala
and the hippocampus, to a degree considered to be functionally relevant [86]. Using oxytocin-induced CSF change
as an indicator, a study by Rault [87] measured cerebrospinal ﬂuid samples before and after intranasal administration of 50 μg oxytocin in pigs (close to the human
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equivalent dose of 24 IU, considering body surface area,
pharmacokinetics, and physiological time differences
among species [88]), showing that 50 ng reached the CSF.
Although only a small proportion accessed the brain, the
common dose of 24 IU providing 50 ng reaching the CSF
inﬂuences neural activity and is considered a supraphysiological dose given the commonly reported baseline
endogenous CSF oxytocin concentrations in humans
[83, 89]. Altogether, accumulating research points to
intranasal oxytocin increasing central levels of oxytocin, to
a functionally relevant degree.

Oxytocin radiotracers
The development of oxytocin receptor-speciﬁc radioligands
would provide the means to directly trace the binding sites
of exogenous oxytocin administration [90, 91]. However,
the poor selectivity and/or insufﬁcient potency for the
oxytocin receptor [92] and limited brain penetration [92]
have hindered the search for highly-speciﬁc oxytocin radioligands. Indeed, there are currently no ligands that can be
applied in human research. More recently, the development
of a novel Al18F oxytocin receptor tracer with high potency
and selectivity [93] identiﬁed higher binding in the oxytocin
receptor-rich olfactory bulb region after intranasal compared to intravenous administration in rats, which is consistent with direct nose-to-brain transfer. While this is
promising, research is needed in humans considering differences in oxytocin receptor locations between species
[94].

What is the most efﬁcacious dose and timing
of intranasal oxytocin?
Dose-ranging research is a crucial and underrecognized step
for translational oxytocin research [29]. Without understanding the dose-response pattern, non-signiﬁcant effects
may simply be due to an incorrect dosage, rather than a lack
of efﬁcacy. Higher doses may also lead to the occupation of
vasopressin receptors, which could contribute to the
observed behavioral effects, but also side-effects [95]. To
better understand the dose-response, Galbusera et al. [96]
mapped the brain-wide functional substrates engaged by
acute intranasal oxytocin in mice and demonstrated rapid
and sustained activation in areas with high oxytocin
receptor density, including key regions engaged in social
and emotional behavior. Importantly, they showed that the
different regional dynamics produced by intranasal
oxytocin was dose-invariant between the low dose (i.e.,
0.33 μg/mouse) and a dose that was four times higher (i.e.,
1.33 μg/mouse). The low oxytocin dose equals 52.8 μg
(i.e., 26.4 IU) in a human individual (transformed by
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Table 1 Key issues and potential solutions for improving methodological standards for the ﬁeld of human intranasal oxytocin research.
Issue

How this issue hinders translation

Potential solutions

Researcher bias in analytic decisions

Biased studies are less likely to replicate

Detailed pre-registrations or Registered Reports

Underrepresentation of females

Most research is only applicable to males

More studies with female populations

Few studies have been replicated

It is unclear which results are robust

More direct replication studies

Open data and analysis scripts

Reported results are harder to verify

Obtain consent to share anonymized data or create
synthetic data

Interpreting non-signiﬁcant results

It is difﬁcult to falsify hypotheses

Equivalence testing and Bayesian hypothesis testing

Domain-speciﬁc theories

Difﬁcult to interpret results in new
domains

Development of theories that are applicable across broad
domains

Low statistical power

Studies are less likely to replicate

Within-participant designs and one-sided tests (when
warranted)

Generalizability of results

Results cannot be generalized to other
populations

Identify which ﬁndings from neurotypical populations
replicate in clinical groups

weight; [30 g/mouse; 60 kg/human [88]). It is also worth
noting that a common ﬁnding in recent oxytocin studies is
that intranasal oxytocin does not produce a linear doseresponse curve [97–99]. Although the exact mechanism is
unknown, it has been speculated that the non-linearity of
oxytocin dose-response is due to coupling with different G
proteins or binding to the AVPR1A receptor when high
doses ﬂood available oxytocin receptors [100]. Of interest,
Guoynes et al. [98] examined the effect of intranasal oxytocin on the central receptor binding and immunoreactive
protein for oxytocin and detected signiﬁcant changes in the
prairie voles receiving a dose similar to the equivalent in
human studies but not for lower or higher doses.
Human intranasal oxytocin studies primarily employ
dosages between 20 and 48 IU [20, 21], with the majority
using a 24 IU dose, and examine behavioral and neural
effects in timeframes of 20–90 min after drug administration. Studies in children often adjust dosages by bodyweight (e.g., [101]), but no clear guidelines currently exist
on which doses should be used when taking this approach.
Four studies have systematically examined intranasal
oxytocin brain responses at varying doses in humans.
Quintana et al. [73] reported that 8 IU—but not 24 IU—is
the most efﬁcacious intranasal oxytocin dose to elicit an
amygdala response to emotional faces; whereas, Spengler
et al. [102] identiﬁed that a time window between 45 and
70 min and a dose of 24 IU—not 12 or 48 IU—elicited the
most robust decreases in amygdala response to emotional
faces, to a greatest extent in those with high (versus low)
autistic traits. It is possible that the novel breath-powered
device used by Quintana et al. [73] allowed for a greater
dose of oxytocin to enter the nasal cavity at 8 IU and
therefore elicited similar effects centrally as a standard 24
IU nasal spray used by Spengler et al. [102]. Nonetheless,
the different dosage effects indirectly conﬁrm
dose–response effects on central processing. Pharmacodynamic studies are also in line with the nose-to-brain

temporal pattern. Lieberz et al. [103] administered 6, 12,
and 24 IU to healthy women and observed an increase in
amygdala reactivity across doses indicating that sexspeciﬁc treatment effects are not only a byproduct of a
shifted dose-dependent target engagement. Paloyelis et al.
[104] measured the availability of intranasal oxytocin to
brain tissues in human participants using arterial spin
labeling (ASL) to quantify in vivo intranasal oxytocininduced changes in resting regional cerebral blood ﬂow
(rCBF), which reﬂects changes in neuronal activity while
controlling for secondary vascular effects. The study
demonstrated intranasal oxytocin-induced changes in
regions expected to express oxytocin receptors [19],
including limbic and midbrain/brainstem regions such as
the amygdala, hippocampus, caudate nucleus, ventral
striatum and pallidum, anterior and middle cingulate,
inferior frontal gyrus, anterior insula, and superior temporal
gyrus, and these changes were sustained over the entire
observation interval of 78 min. The pharmacokinetic proﬁle
of oxytocin on regional brain activation additionally seems
to vary depending on the brain region [76], suggesting that
a one-ﬁts-all for determining optimal post-dose timing
might be too simplistic. In sum, emerging evidence suggests differential effects of oxytocin dose on brain
responses and behaviors, with the caveat that varying
administration devices [73, 76], social cognitive domains
examined [105], sex [103], timing [76], or the mental state
of the individual [102] may differentially affect responses.
We advocate that future studies are needed to systematically evaluate the dose-response curve and dose-time of
intranasal oxytocin in different populations and contexts to
exert the desired behavioral and neural effects. While
previous studies investigating the effects of intranasal
oxytocin on amygdala reactivity were not moderated by
weight [102, 103], the impact of body weight on the most
efﬁcacious intranasal oxytocin dose, particularly in children, should be further investigated.
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Fig. 2 Minor changes in study design can dramatically reduce the
resources required to achieve desired statistical power for intranasal oxytocin studies. Four power contour plots are presented for
different study designs, which all detect an effect size of δ = 0.2 with a
Type I error rate of α = 0.05 and 80% power. Power contour plots
demonstrate how the sensitivity of a test changes with the hypothetical
effect size and sample size. The most efﬁcient use of resources from

these examples is a within-participants design using a one-tailed test.
With this research design, a sample size of 156 participants is required
to reliably detect (with a probability greater than 80%) an effect
size of δ ≥ 0.2. In other words, this design requires the resources to
support 312 laboratory visits in total. In comparison, the a betweenparticipants design with a two-tailed test with the same parameters
requires 788 laboratory visits in total.

Future directions for clinical research using
intranasal oxytocin

resources are too limited to include both sexes, there should
be an increased focus in testing female participants and
understanding which results from male populations replicate in females, where possible. Third, direct replications by
independent labs are required, which should also investigate
the impact of different intranasal oxytocin dosages in psychiatric populations. Despite the initial lack of replication in
the domains of mind reading and trust [14, 106, 108, 116],
more recent studies suggest partly replicable effects in the
domains of emotional empathy and self-referential processing [105, 117]. Fourth, other researchers should be able to
reproduce the results of reported studies using open data
and analysis scripts. Of course, participant privacy is paramount, however, many research participants are supportive
of open participant data [118, 119]. Regardless, the use of
synthetic data sets [120], which share the same statistical
characteristics as the original dataset while reducing the
disclosure risk to essentially nil can help sidestep privacy
concerns (for examples using data from an oxytocin
administration study, see [121]). Fifth, the reporting of null
results needs to increase along with the accurate interpretation of such results. While scientiﬁc journals can be
reluctant to publish non-signiﬁcant results [122], this attitude is certainly shifting (e.g., [106]). To better understand
non-signiﬁcant results, researchers should adopt emerging
statistical methods such as Bayesian hypothesis testing
[123, 124] or frequentist equivalence testing [125] on
appropriately powered samples to assess the evidence for
meaningful nonsigniﬁcant results [126].
Low statistical power is a well-known issue for intranasal
oxytocin research [42]. There are two relatively straightforward approaches that can increase the power of intranasal
oxytocin studies. Compared to a between-participants
study with the same number of participants, a withinparticipant design provides superior power ([127] Fig. 2).

Concerns over questionable research practices have led to
skepticism regarding published effects in oxytocin research
[42, 106], however, there are several methodological practices that can increase the credibility of intranasal oxytocin
research (Table 1). First, to reduce bias researchers should
pre-register their hypothesis-driven studies including their
hypotheses, methodological details, and statistical power
calculations prior to data collection. While preregistration is
the norm in clinical research, conventional registrations
typically lack sufﬁciently detailed analysis plans, which
leave considerable room for analytical ﬂexibility as there are
millions of ways to analyze a typical dataset [107], which
increases the risk of false positives. An alternative option to
standard trial registration is to use the Registered Reports
format [e.g., 108], in which articles are granted in-principle
acceptance before data is collected, based on strength of
their rationale and methodological plan [109]. As well as
helping ensure that researchers follow their pre-speciﬁed
analysis plan, Registered Reports also reduce publication
bias as results are published regardless of statistical signiﬁcance. While the pre-registration of detailed analysis
plans for neuroimaging studies is less straightforward,
recent recommendations aim at increasing the transparency
and reproducibility of neuroimaging research [110] and
tools have recently emerged to assist this process, such as
pre-registration templates [111] and fMRI data simulation
[112]. Second, future clinical studies should aim at
recruiting both male and female participants to improve
generalizability. Despite evidence for sex-speciﬁc roles of
oxytocin [23, 24, 34, 103, 113] most human research has
been conducted in male samples or did not account in their
analysis for potential sex-differences [114, 115]. If
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However, potential learning and memory effects may prohibit repeated testing in a cross-over treatment design.
Pre-registered one-tailed p-value thresholds, which are
recommended for hypothesis-driven studies [128], can also
increase tatistical power without using any additional
resources (Fig. 2). For example, detecting an effect size of
δ = 0.2 (with a Type I error rate of α = 0.05 and 80% power)
using a between-participants design and a two-tailed test
requires a sample size of 394 per group (i.e., the recruitment
of 788 participants). However, using the same parameters
with a between-participants design and a one-tailed test only
requires the recruitment of 156 participants. In terms of metaanalyses, raw data studies can be combined for individual
participant data meta-analysis, which facilitates more powerful moderation analysis (e.g., sex, psychiatric illness diagnosis) than conventional meta-analysis.
In parallel with recent appeals to increase reproducibility
by improving methodology, some have called for a greater
focus on theory development to improve reproducibility
[129–131]. Broadly speaking, these arguments suggest that
the source of reproducibility issues in the behavioral sciences is not exclusively methodological in nature, but
rather, researchers are asking the wrong questions in the
ﬁrst place. By reframing poor reproducibility of oxytocin
research in this light, failures to replicate early ﬁndings that
oxytocin increases trusting behaviors could also be
explained by the mistaken theoretical belief that oxytocin
increases prosocial behaviors. Of course, both theoretical
and methodological failures contribute to poor reproducibility. Thus, in the current push to improve methodology,
theory should not be left by the wayside and more effort
should be devoted to developing theories with clear and
falsiﬁable predictions that are relevant across domains. One
such theoretical approach that is gaining popularity in the
medical sciences is an evolutionary framework (e.g., [132]),
as such theories can predict and explain results across
contexts [129]. Reﬂecting the generalizability this framework, two recent testable oxytocin theories have emerged
that embrace an evolutionary framework, a life history
theory that suggests oxytocin mediates resource allocation
[133] and an allostatic theory that proposes that oxytocin
helps maintain stability in changing environments [12]. Of
note, both these theories can account for the effects of
oxytocin on non-social cognition and behavior [134].
The previous methodological recommendations largely
pertain to issues in the biobehavioral science in general. We
also provide a few additional suggestions speciﬁcally relevant to intranasal oxytocin research. First, future research
should demonstrate the similarities and differences between
the effects of oxytocin on cognition and physiology in
healthy and clinical populations. In other words, are ﬁndings on the effect of intranasal oxytocin in neurotypical
populations generalizable to clinical populations? Most
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claims regarding the therapeutic utility of oxytocin have
been based on proof-of-principle studies that investigated
the effects of oxytocin on social cognitive functions in
healthy individuals [135]. A series of meta-analyses on the
effects of intranasal oxytocin on the interpretation of emotions demonstrated similar effect sizes between clinical and
neurotypical populations [57]. However, the conﬁdence
intervals tended to be considerably wider for the clinical
population meta-analyses, which probably reﬂects the heterogeneity of response between different psychiatric disorders. In terms of neural activity, a meta-analysis of 66
fMRI studies concluded that intranasal oxytocin administration decreases amygdala activity in both neurotypical and
psychiatric populations [20]. However, this meta-analysis
also revealed that intranasal oxytocin seems to have divergent effects between neurotypical and psychiatric populations on neural activity in other brain regions (e.g., superior
temporal, dorsal anterior cingulate). Moreover, accumulating evidence suggests that the behavioral and neural effects
of oxytocin in healthy individuals vary as a function
of psychopathology relevant dimensions, like, for
example, alexithymia [136], autism [137, 138], depression
[139–141], anxiety [142, 143], or trauma-exposure
[144, 145]. Although a pathology-dependent variation in
oxytocin’s effects may emphasize the clinical potential of
oxytocin, it may also indicate that oxytocin may have
divergent effects in psychiatric and healthy populations
[34]. To this end, it will be important to demonstrate that the
effects of oxytocin in neurotypical populations translate to
clinical populations, and which disorders in particular can
most beneﬁt from intranasal oxytocin treatment.
Second, it is unclear whether chronic administration of
oxytocin will emerge as a long-term treatment for patients
[146], or if short-term adjunctive treatment with oxytocin
might be more appropriate. Given the manifold effects of
oxytocin on social cognitive functions, it seems conceivable
that oxytocin is capable to augment therapeutic interventions in various ways. For instance, during patient-therapist
interactions, oxytocin may enhance patients’ attention for
the therapists’ verbal and non-verbal signals [8, 147], the
intention to follow instructions [147, 148], and the willingness to build a working alliance with the therapist [149].

Summary
Converging translational evidence from recent studies
suggests that oxytocin reaches the brain in biological and
behavioral relevant amounts following intranasal administration. More recently, the ﬁeld of oxytocin research has
increasingly adopted more rigorous methodological practices, including replication designs in comparably large
samples [108, 117], increasing publication of null effects
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[150, 151], and pre-registration of basic research and clinical intranasal oxytocin studies. Despite lacking a complete
picture of the biological mechanisms of the oxytocin signaling pathways in humans and the precise role of oxytocin
in human social behavior and social cognition, initial studies in patient populations suggest a potential use as novel
therapeutic strategy in psychiatric disorders characterized
by social dysfunction [30, 31, 33]. Growing clinical interest
is not only reﬂected by the increasing number of studies but
also the unsupervised off-label use of oxytocin for the
treatment of psychiatric disorders (e.g., [152]). The urgent
need for a therapeutic to treat social dysfunction and lay
interest in this treatment should not come at the expense of
careful, rigorous, and replicable science. Recent critiques of
human intranasal oxytocin have been a much-needed wakeup call for behavioral oxytocin research. While there are
certainly some mechanistic gaps that need to be ﬁlled and
the need for broader adoption of reproducible scientiﬁc
practices, the intranasal administration of oxytocin remains
a worthwhile approach to better understand the neurobiology of our thoughts, feelings, and behaviors.
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