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1 | INTRODUCTION

Larry J. Young?®® | Katalin M. Gothard'*?

Oxytocin (OT), a neuropeptide that acts in the brain as a neuromodulator, has been long
known to shape maternal physiology and behavior in mammals, however its role in
regulating social cognition and behavior in primates has come to the forefront only in
the recent decade. Many of the current perspectives on the role of OT in modulating
social behavior emerged first from studies in rodents, where invasive techniques with a
high degree of precision have permitted the mechanistic dissection of OT-related
behaviors, as well as their underlying neural circuits in exquisite detail. In parallel,
behavioral and imaging studies in humans have suggested that brain OT may similarly
influence human social behavior and neural activity. These studies in rodents and
humans have spurred interest in the therapeutic potential of targeting the OT system
to remedy deficits in social cognition and behavior that are present across numerous
psychiatric disorders. Yet there remains a tremendous gap in our mechanistic
understanding of the influence of brain OT on social neural circuitry between rodents
and man. In fact, very little is known regarding the neural mechanisms by which
exogenous or endogenous OT influences human social cognition, limiting its
therapeutic potential. Here we discuss how non-human primates (NHPs) are uniquely
positioned to now bridge the gaps in knowledge provided by the precise circuit-level
approaches widely used in rodent models and the behavioral, imaging, and clinical
studies in humans. This review provides a perspective on what has been achieved, and
what can be expected from exploring the role of OT in shaping social behaviors in NHPs
in the coming years.
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started with significant discoveries in rodents (reviewed below), which
in turn motivated a search for similar effects in NHPs as well as in

The goal of this review is to provide a brief summary of the studies that
have examined the role of oxytocin (OT) in modulating social cognition
and behavior in mammals, with an emphasis on the potential of non-
human primate (NHP) social behavior for enhancing our understanding
of OT social neurobiology. Historically, much of our understanding of

the role of OT, beyond reproductive and offspring-rearing behaviors,

humans. Current work in NHPs is uniquely positioned to bridge the
divide between levels of analyses available in human and rodent
research; specifically, the behavioral and functional imaging data in
humans and the large body of mechanistic research now routinely
performed in rodents. We propose that knowledge gained from OT

research on NHPs may be more translatable by virtue of the behavioral
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and anatomical similarities between NHPs and humans, relative to
rodents. This advantage combined with the accessibility of the brain in
NHPs (that allows invasive manipulations not possible in humans)
makes NHPs a critical intermediary animal model for exploring the
social-behavioral effects of OT.

The role of OT as a neuromodulator with specific social-behavioral
functions emerged from pharmacological or genetic manipulations of
central OT levels in rodents, beginning with studies investigating its role
in regulating the onset of maternal behaviors in rats and mother-infant
bonding in sheep (Rilling & Young, 2014). For example, virgin female rats
normally ignore or attack pups, yet when they receive an intra-ventricular
infusion of OT into the brain they display maternal behaviors (Pedersen &
Prange, 1979). The socially monogamous prairie vole (Microtus
ochrogaster) later emerged as an excellent model for examining the
interactions between OT and other complex social behaviors, including
pair bonding, alloparental care, and empathy, each of which may have
evolutionary roots in OT's functions in maternal behavior. Unlike other
species of voles, such as the meadow vole (Microtus pennsylvanicus),
monogamous prairie voles are highly social and form long-term, socially
monogamous relationships with their mates. Prairie voles express higher
densities of OT receptors (OXTR) in regions of the brain involved in
reward and reinforcement than other species of voles that do not form
long-term, socially monogamous relationships (McGraw & Young, 2010;
Young & Wang, 2004). Pair-bonding in these monogamous voles is
critically dependent on the action of OT in specific brain circuits,
including the nucleus accumbens and prefrontal cortex (Donaldson &
Young, 2008; Johnson & Young, 2015, 2017; Johnson et al., 2016; Young
& Wang, 2004). The social functions of OT are not restricted to
reproductive behaviors such as pair bonding and parental care. For
example, when OT function is disrupted in the medial amygdala of mice
they fail to recognize familiar conspecifics despite repeated previous
exposures (Ferguson, Aldag, Insel, & Young, 2001). The explanatory
mechanisms for these observations started to emerge as a result of
recent breakthroughs in gene-specific manipulations, for example,
optogenetics. For instance, virgin female mice normally do not respond
to the ultrasonic distress calls of pups as quickly as mothers. However,
when these distress calls were paired with optogenetically evoked
endogenous OT release into the auditory cortex, virgin females quickly
responded to the calls, and retrieved the pups. The optogenetically
stimulated release of OT balanced the magnitude and timing of inhibitory
and excitatory responses in the auditory cortex, resulting in a pattern of
activity that resembles responses found in experienced mothers (Marlin,
Mitre, D'amour, Chao, & Froemke, 2015). This, and similar experimentsin
rodents examining olfactory processing (Oettl et al., 2016) have led to the
hypothesis that OT tunes inhibitory circuits to increase the salience
(signal/noise ratio) of important social stimuli (Marlin & Froemke, 2017;
Mitre, Minder, Morina, Chao, & Froemke, 2017).

Natural variation in OXTR expression contributes to individual
variation in social behavioral phenotypes as well. For example, OXTR
density is highly variable among prairie voles and is tightly regulated by
genetic polymorphisms in the OXTR gene (King, Walum, Inoue, Eyrich,
& Young, 2016). This variation in density has been linked to individual
differences in alloparental behavior (Olazabal & Young, 2006a, 2006b),

pair-bonding (King et al., 2016; Ross, Cole, et al., 2009; Ross, Freeman,
et al., 2009), and resilience to early-life social neglect (Barrett,
Arambula, & Young, 2015). Striatal OT receptors also mediate the
onset of depressive-like “grieving” behavior in prairie voles following
loss of a partner (Bosch et al., 2016), a phenomenon that has been
proposed to maintain social bonds (Bosch & Young, 2017; Pohl, Young,
& Bosch, 2018). OXTR signaling coordinates brain activity across a
social salience network (involving the nucleus accumbens, amygdala,
prefrontal cortex, and other brain regions) during mating, facilitating
the flow of social information across the network in prairie voles, and
nucleus accumbens OXTRs appear to serve as a hub for facilitating
coordinated activity across the social salience network (Johnson et al.,
2016; Johnson, Walum, Xiao, Riefkohl, & Young, 2017). Finally, OXTRs
in the anterior cingulate cortex, a region implicated in human empathy,
mediate empathy-based consoling behavior in male and female prairie
voles, a behavior once thought to exist only in primates (Burkett et al.,
2016). Continuing research in rodents, which enable the use of precise
circuit-level and genetic manipulations, is essential to developing a
mechanistic understanding of the role of OT in the brain. However,
these studies explore innate behaviors (e.g., pair-bonding) that are
often species-specific. Furthermore, many neuroanatomical differ-
ences exist between rodents and primates (Murray, Wise, & Graham,
2017; Phillips et al., 2014; Wise, 2008), providing additional obstacles
in translating results obtained in rodents to primates.

Parallel work in humans has demonstrated several important roles
of OT in social behavior. Genetic polymorphisms in the human OT
receptor gene have suggested a role for OT in face recognition abilities,
reminiscent to the olfactory-based social recognition deficits in OT
mutant mice (Skuse et al., 2014). Peripheral administration of OT
increased the time healthy adults spent viewing the eyes of others
(Auyeung et al., 2015; Guastella, Mitchell, & Dadds, 2008), enhanced
the ability of subjects to discriminate facial expressions in others
(Domes, Heinrichs, Michel, Berger, & Herpertz, 2007; Lischke et al.,
2012), promoted trust (Kosfeld, Heinrichs, Zak, Fischbacher, & Fehr,
2005), and improved socially reinforced learning (Hurlemann et al.,
2010), although the robustness of these pharmacological studies in
healthy subjects has recently been called into question (Walum,
Waldman, & Young, 2015). Both functional magnetic resonance
imaging (fMRI) in healthy humans and behavioral studies of patients
with selective calcifications of the amygdala (Urbach-Wiethe disease)
have implicated the amygdala as an anatomical substrate of OT-
mediated behavioral changes (Domes, Steiner, Porges, & Heinrichs,
2013; Gamer, 2010; Hurlemann et al., 2010; Kirsch et al., 2005; Tully,
Gabay, Brown, Murphy, & Blackwood, 2018). Compared to rodent
studies, however, these studies only localize the site of increased
neural activation, but cannot reveal the mechanism by which OT alters
social behavior, for example, the location of OT acting on OXTR to
modulate neural activity. These studies in both animal models and
humans mentioned above, as well as many others, have fueled
enthusiasm for targeting the OT system to improve various aspects of
social cognition in psychiatric disorders such as autism (Shamay-
Tsoory & Young, 2016; Tully et al., 2018; Watanabe et al., 2015;
Yatawara, Einfeld, Hickie, Davenport, & Guastella, 2016; Young, 2015).
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But there is a tremendous opportunity to begin to close the gap in
precision and circuit-level knowledge of OT action between rodents and
humans through the effective use of NHPs in combination with highly
precise existing and emerging neuroscience techniques, including
electrophysiology, optogenetics, and even gene editing techniques
such as CRISPR. Compared to rodents, NHPs can perform tasks with
cognitive demands comparable to humans, and can be tested on species-
specific social behaviors that have human equivalents (e.g., communica-
tion with facial expressions or eye contact) (Figure 1). Moreover, NHPs
are the species of choice for certain invasive procedures, not feasible in
healthy human subjects, such as recording both extracellular single unit
activity and local field potentials in the context of primate-specific social
behaviors (Chang, 2017). The advantages of NHP models for studying
OT have been previously outlined by Chang and Platt (2014). While
techniques allowing gene-specific manipulations, such as inducible gene-
knockouts or optogenetic stimulation of genetically-specific neuronal
populations are not yet widely available in NHPs, ongoing efforts already
show promise (Eldridge et al., 2016; Stauffer et al., 2016). In the following
paragraphs we review the outcome of experimental work with NHPs,
and highlight possible future directions that either fill gaps in, or expand,

our current understanding of OT.

2 | STUDIES OF OXYTOCIN IN NON-HUMAN
PRIMATES

2.1 | Peripheral oxytocin administration elevates OT
levels in the primate brain

Given that the OT molecule is too large to efficiently and passively

move through the blood-brain barrier, it is critical to establish whether
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peripheral administration of OT influences the concentrations of OT in
the brain. Furthermore, the method of administration may also
influence central concentrations of OT. The two most common
methods of administration in primates are intranasal sprays (IN), and
aerosolized inhalation via nebulization (AE). To determine whether
peripheral OT administration penetrates the brain, and by proxy the
cerebrospinal fluid (CSF) in NHPs, Chang and Platt (2014) measured
the levels of OT in the CSF of rhesus monkeys (Macaca mulatta) that
inhaled 241U of OT by AE administration. They found a 2.5-fold
(compared to vehicle) increase in the levels of OT in the CSF, 30 min
after OT administration (Chang, Barter, Ebitz, Watson, & Platt, 2012). A
subsequent study by Modi, Connor-Stroud, Landgraf, Young, and Parr
(2014) compared delivery of OT via both AE and IN on levels of OT in
the CSF, finding that AE treatments resulted in the greatest increase of
OT in the CSF, however this was only significant compared to baseline
measurements and not to the vehicle controls. A more comprehensive
approach was taken by Dal Monte, Noble, Costa, and Averbeck (2014)
who set up a balanced design to compare IN and AE administration of
OT in a large number of animals. They found that both methods
robustly increased OT levels in the brain at 40 min post-treatment
delays (Dal Monte, Noble, Turchi, Cummins, & Averbeck, 2014). The
first study examining female rhesus monkeys also found that IN
treatments (as well as intravenous administration) of OT significantly
raised CSF OT levels (Freeman et al., 2016). This work also contains a
detailed table and discussion clearly highlighting the methodological
differences between the studies carried out to that point. The
strongest evidence for peripherally administered OT crossing into the
brain was brought by a recent study that demonstrated that
deuterated-OT (isotopically labeled) crossed from the periphery into
the CSF (Lee et al., 2018). Importantly, this novel assay allowed Lee and
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FIGURE 1 A diagram illustrating the experimental approaches and levels of analysis available in rodents, NHPs, and humans for studying

the effects and mechanisms of OT
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colleagues to differentiate between the levels of endogenous and
exogenous OT in the CSF. They concluded that IN treatment of OT
does not lead to central release of endogenous OT, instead the
administered deuterated-OT penetrates into the CSF (Lee et al., 2018)
crossing the blood-brain barrier via a yet unknown mechanism. Taken
together with similar results from studies performed in humans
(Gossen et al., 2012; Striepens et al.,, 2013), these results clearly
suggest that OT enters the CSF of primates and elevates OT levels in

the brain when peripherally administered at appropriate doses.

2.2 | Oxytocin receptors are expressed sparsely and
in selective areas of the primate brain

Once in the brain, the neuroanatomical site of action for OT remains
unclear. The distribution of OXTRs has been well characterized across
numerous rodent species, where generally OXTRs are widely
distributed across the brain, particularly in areas that process olfactory
information (Freeman & Young, 2016). This mapping enabled
subsequent rodent studies to perform site-specific pharmacological
manipulations in regions where OXTRs were expressed to delineate
circuits where OT affects behavior (Bosch et al., 2016; Burkett et al.,
2016). Early attempts to localize OXTRs in NHPs were inconclusive
(Toloczko, Young, & Insel, 1997) due to the cross-reactivity of the OT
radioligand used for OXTR autoradiography and structurally similar
arginine vasopressin receptor (AVPR1A) (Manning et al., 2012). In situ
hybridization has permitted a more selective localization of both OXTR
and AVPR expressing neurons (i.e., mRNA localization) in the NHP
brain, however where receptor proteins are localized on these neurons
(somatodendrically or on axonal projections) remains unclear. In other
words, localization of OXTR mRNA with in situ hybridization identifies
the location of the cell bodies synthesizing OXTR, but the OXTR
protein could be on axon terminals of those cells in distant brain
regions as has been previously shown in mice (Délen, Darvishzadeh,
Huang, & Malenka, 2013). Just as rodents express OXTRs in the brain
regions dedicated to their primary sensory modality (olfaction), NHPs
express OXTR, and AVPR in regions devoted to attention and visual
and/or multisensory processing. Thus an intriguing characteristic of
the OXTR system is the phylogenetic plasticity of the expression
pattern and distribution in the brain, which may provide a mechanism
of increased diversity in socio-sexual behaviors across and within
species in rodents and in primates (Johnson & Young, 2017).

In rhesus monkeys OXTR expression is most evident in the nucleus
basalis of Meynert (NBM), pedunculopontine tegmental nucleus (PPT),
superficial gray layer of the superior colliculus, the trapezoid body, and
the ventromedial hypothalamus (Freeman, Inoue, Smith, Goodman, &
Young, 2014). Particularly interesting are the NBM and PPT, which
serve as major sources of cholinergic input to wide range of structure in
the brain including the amygdala (Kitt, Mitchell, DeLong, Wainer, &
Price, 1987; Mesulam, Mufson, Levey, & Wainer, 1983). Importantly
cholinergic mechanisms are involved in visual attention and vigilance in
general (Bentley, Vuilleumier, Thiel, Driver, & Dolan, 2003; Gill, Sarter,
& Givens, 2000; Robbins, 1997; Sarter & Bruno, 1997). Indeed OXTRs
have been found in the NBM of multiple primate species, including Titi

monkeys (Callicebus cupreus) (Freeman, Walum, et al, 2014),
marmosets (Callithrix jacchus) (Schorscher-Petcu, Dupré, & Tribollet,
2009), and humans (Loup, Tribollet, Dubois-Dauphin, & Dreifuss,
1991; Loup, Tribollet, Dubois-Dauphin, Pizzolato, & Dreifuss, 1989).
The differences and similarities in OXTR expression between these
species are summarized in Figure 2, which has been adapted from the
excellent review by Freeman and Young (2016). Interestingly there
seems to be notable variation of OXTR expression across various
primate species, which may be linked to species-specific behavioral
differences (e.g., arboreal primates rely more on auditory social signals,
whereas terrestrial primates rely more on visual signals). The
expression patterns that are similar in Titi monkeys, marmosets, and
monogamous voles (Freeman, Walum et al., 2014) might be related to a
similar mating system in these species. In this light, Titi monkeys and
marmosets may serve as primate counterparts to monogamous voles
(Bales et al, 2017) for the examination of partner preference
formation.

Few studies have successfully examined the differential expres-
sions of OXTRs and AVPRs in humans. Early studies employing
autoradiography with human brain tissue detected OXTRs in areas
which overlapped with NHPs, most intensely in the NBM (Loup et al.,
1991, 1989), however the pharmacological crosstalk between OXTR
and AVPR receptors prevented selective localization of OXTRs in
these studies. More recently in human brainstem tissue, the selective
expression of OXTRs was found in the spinal trigeminal nucleus, and
inferior olivary nucleus. This distribution was identified by highly
selective competitors for OXTRs and AVPRs (Freeman, Smith,
Goodman, & Bales, 2017). While the mapping of these receptors in
human tissue is incomplete, it is already suggestive of where and how
OT might modulate neural activity in the human brain. More recent
transcriptomic analysis of OXTR mRNA distribution in the human brain
has revealed more distributed OXTR expression, perhaps due to the
increased sensitivity of this technology, with the nucleus accumbens
showing some of the highest levels of expression, resembling that of
prairie voles and marmosets (Bethlehem et al., 2017). This may have
important implications for our ability to form social bonds, including
pair bonds.

A fundamental difficulty in determining the localization of OT
action in the brainis that OT may not bind to OXTRs alone, but can also
bind to the structurally similar AVPRs (Young & Flanagan-Cato, 2012).
It appears that in primates AVPRs are expressed more widely, or at
least more easily detectable, and in areas where OXTR is not
abundantly detectable, notably the amygdala, and throughout the
cortex (Freeman et al., 2017; Schorscher-Petcu et al., 2009; Young,
Toloczko, & Insel, 1999). The complexities of examining both OXTR
and AVPR expression in primates is thoroughly discussed in a recent
review (Freeman & Young, 2016). While the conclusions which can be
drawn from these studies are limited, two distinct features stand out: (i)
unlike in rodents, the distribution of OXTR synthesis in the primate
brain is relatively scarce and (ii) there is variation across primate
species, perhaps suggesting that flexible but sparse expression of
OXTRs receptors could account for some of the behavioral variation
between these species. However, it should be noted that receptor
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FIGURE 2 Comparative OXTR expression in brain regions that modulate attention to relevant social stimuli. (a) OXTR expression across
two rodent species; (b) oxytocinergic areas in the rodent olfactory processing pathway; (c) OXTR expression across three primate species; (d)
oxytocinergic areas in the primate visual pathways. lll, oculomotor nucleus; Am, amygdala; AOB, accessory olfactory bulb; BNST, bed nucleus
of stria terminalis; CoA, cortical nucleus of the amygdala; Hipp, hippocampus; LS, lateral septum; MeA, medial amygdala; MPOA, medial
preoptic area; NA, nucleus accumbens; NAcc, nucleus accumbens; NBM, nucleus basalis of Meynert; NP, nucleus prepositus; OB, olfactory
bulb; OE, olfactory epithelium; Pir, piriform cortex; PPT, pedunculopontine tegmental nucleus; Pv, pulvinar; PFC, prefrontal cortex; SC,
superior colliculus; TB, trapezoid body; V1, primary visual cortex; VMH, ventromedial hypothalamus; VMO, vomeronasal organ. Reprinted

with permission from Freeman and Young (2016)

autoradiography used to detect OXTR in the NHP studies is not
sufficiently sensitive to detect OXTRs on axon terminals, so while the
combination of in situ hybridization to detect mRNA and receptor
autoradiography to detect abundant protein most likely on cell bodies
provide strong evidence of where the cells that make OXTR are
located, they do not provide information on where the functional
OXTR protein on terminal fields are located. One can surmise, based on
the known projection sites of these OXTR synthesizing areas, the
major sites of action of OT signaling, but visualizing the receptors that
may be modulating social behavior in primates is currently not possible.
In other words, the distribution of OXTR described in NHPs from
Freeman and colleagues provides some insights into circuits modu-
lated by OT (e.g., NBM), but OT may be acting on the axon terminals of
those regions on OXTRs that are not detectable by receptor
autoradiography.

2.3 | Oxytocin plays a role in socio-cognitive
development in primates

Humans and many species of NHPs share two features of their socio-
cognitive development: (i) the presence of a critical period when
certain circuits are laid down that will govern social cognition
throughout adult life and (ii) the protracted development and
refinement of social behaviors often spanning several years. During
this period, rhesus infants form bonds not only with their mothers but
also with other adult females in the matriline and develop social skills
that will support social bonding with peers later in life (Corcoran et al.,

2012; Dettmer et al., 2016; Simpson, Sclafani, et al., 2017; Vanderwert
et al, 2015). In this stage of development, face recognition, the
discrimination of individuals, and most importantly, the discrimination
of social signals such as facial expression, gestures, and postures is
perfected (Dettmer et al., 2016; Harlow, 1962; Ruppenthal, Harlow,
Eisele, Harlow, & Suomi, 1974; Sclafani et al., 2016; Simpson, Miller,
Ferrari, Suomi, & Paukner, 2016). In the second year of their life,
juveniles start to learn and understand the social hierarchy of the
troupe, and their place within this hierarchy. These qualities enable
NHPs to serve as an excellent model for studying socio-cognitive
processes in place of humans, and unlike humans, NHPs can be
subjected to pharmacological manipulations such as chronic adminis-
tration of OT or other agents that are expected to influence
development.

Not surprisingly, numerous research groups are actively exploring
the role of OT in socio-cognitive development. For example,
Weinstein, Bales, Maninger, Hostetler, and Capitanio (2014) demon-
strated that in female rhesus monkeys, the number of reciprocal
friendships at age 1 year significantly predicted later blood plasma OT
levels. The relationship between the number of reciprocal friendships
and plasma OT was best described by a U-shaped quadratic function
(middle- and high-ranking juveniles with either low or high numbers of
reciprocal friendships had higher OT levels) (Weinstein et al., 2014).
Recently Madrid et al. (2017) showed that the preference for novel
faces of infant rhesus monkeys predicted the concentration of OT in
the CSF. The ability to recognize others is an essential social behavior
in primates (Gothard & Hoffman, 2009; Leonard, Blumenthal, Gothard,
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& Hoffman, 2012), and deficits in facial processing are early predictors
of social deficits later in life (Sclafani et al., 2016). It appears that early
features of social behavior are also predictive of OT levels later in life,
although the mechanism underlying these effects remains unknown.
Maternal care, or lack thereof, also seems to impact the expression of
OXTR in rhesus monkeys. Indeed, peer-reared infants, compared to
their mother-reared counterparts, showed altered epigenetic regula-
tion of the OXTR gene (resulting in decreased OXTR mRNA in the
hippocampus), and higher levels of separation anxiety and arousal
(Baker et al., 2017). Subsequently it was shown that a naturally
occurring gain-of-function nonsynonymous OXTR polymorphism
partially rescued these behavioral differences. While the precise
mechanisms by which OT influences socio-cognitive development are
yet to be discovered, the available data strongly suggests the
involvement of OT in this developmental process. These studies are
consistent with studies in voles that demonstrate that early striatal OT
signaling can profoundly influence later social attachment behaviors
(Barrett et al., 2015).

2.4 | Multiple task-specific social behaviors are
altered by OT in monkeys

A key advantage of working with NHPs is their propensity to
spontaneously engage in natural social behaviors which are oftentimes
highly similar to those of humans. For example, both species prefer
looking more at the eyes than at any other facial feature (Gothard,
Brooks, & Peterson, 2009; Gothard, Erickson, & Amaral, 2004; Keating
& Keating, 1982; Mackworth & Morandi, 1967; Mosher, Zimmerman,
& Gothard, 2011; Walker-Smith, Gale, & Findlay, 1977). The innate
preference for the eyes is further enhanced by IN OT in both species
(Auyeung et al., 2015; Dal Monte, Noble, Costa, et al., 2014; Guastella
et al., 2008). While highly quantifiable, eye looking is only one facet of
primate social communication. To fully explore the role of OT in
altering social perception and social behavior it would be useful to
measure the more subtle, yet profoundly meaningful, aspects of social
communication mediated by gaze. For example, a viewer may fixate
differentially on averted eyes compared to eyes which are directed at
the viewer (eye contact). These dynamics may be different during face-
to-face interactions with social partners and even when watching
videos, where the social stimulus behaves more naturally (Gothard
et al., 2018). The effect of OT on blinking should also be quantified, as
blinking is an integral component of a gaze-mediated social
interactions (Ballesta & Duhamel, 2015; Ballesta, Mosher, Szep, Fischl,
& Gothard, 2016; Cummins, 2012). The more socially engaging the
partners in a dyadic interaction, the more likely it is that they
coordinate their blinks—that is, the more likely they blink within
500 ms after the partner blinks (Ballesta et al., 2016; Cummins, 2012).

Furthermore, gaze interactions occur within the context of other
communicative signals, such as facial expressions and head/gaze
direction. The literature is replete with studies using images of
stereotypical facial expressions in their maximal and unambiguous
version as stimuli. Naturally occurring facial expressions are rarely

pure, rather they appear as partial expressions or mixtures that, despite

their “imperfection,” are highly interpretable and meaningful. Consider
for example, a raised eyebrow combined with direct gaze from a
dominant animal and compare its significance for the receiver to a
maximal open-mouth-threat displayed by an unfamiliar juvenile.
Likewise, consider gaze avoidance with both head and eyes averted
or gaze avoidance by a single sideways glance, with a furtive saccade
returning to the face of the partner to check whether the perceived
challenge is still on display. We have often observed adult male
recipients of OT unwilling to look at certain individuals depicted in
videos. It is unclear why the viewer was avoiding a video that did not
contain overt threats, but looked at videos of threats displayed by
other individuals. One likely explanation is that exposing monkeys to
videos or real-life interactions with unfamiliar individuals, triggers a
spontaneous negotiation of status. It is unclear whether some of the
effects of OT may address the default preoccupation with status in
rhesus monkeys. These questions might be important to further
explore given the effects of OT on lowering social anxiety or
awareness of potential threats carried by various dimensions of the
stimulus. The most obvious dimensions to explore would include: age,
size, sex, reproductive status (visible in females), confident or hesitant
demeanor, and the amount of time the animal in the video is looking at
the viewer.

A major step that moved the field forward was implementing real
life interactions between NHP social partners created in laboratory
settings. A form of the dictator game was set up in the laboratory
between two monkeys where one was the actor and the other the
passive recipient (Figure 3). The actor monkey's choices determined
where a juice reward was delivered. The juice could be delivered to the
actor alone (selfish choice, to the recipient alone (pro-social choice), to
an empty container (i.e., no one), or combinations of these options
(such as to both the actor and recipient). Of particular interest were the
trials where the actor choose between delivering juice to the passive
recipient or to no-one, where it was shown that AE OT inhalation
increased the frequency of pro-social choices (reward to the social
partner) (Chang et al., 2012). In this behavioral context, OT increased
pro-social choices. The delayed emergence of pro-social choices
displayed by the OT recipient(s) (Figure 3) may suggest that the pro-
social choices become available only after the monkey satisfied his
own needs. It is also possible, however, that the effects of OT manifest
later because of some form of plasticity that takes tens of minutes to
develop. If this were the case, a rodent model would be better suited to
address possible mechanisms of plasticity, but it is unlikely that the
dictator game, or an equivalent task could be implemented in rodents.
Equivalent tasks in humans would allow us to better understand which
component of the social behavior is specifically enhanced or altered by
OT. Although the dictator game or an equivalent task has not been
tested in both NHPs and humans in parallel, the common feature that
emerges from the task that are at least comparable is that OT enhances
pro-social behaviors relative to allies or to in-group individuals (De
Dreu, Greer, Van Kleef, Shalvi, & Handgraaf, 2011).

A second important effect of OT is the selective reduction of
attention to negative or threatening stimuli. This was first demon-
strated by Ebitz and colleagues who trained rhesus monkeys to
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FIGURE 3 Oxytocin, both inhaled and injected intracranially, increases pro-social donations (adapted with permission from Chang et al.,
2012, 2015). (a) Two rhesus monkeys, the actor and recipient, were seated adjacent to each other. (b) The actor monkey was able to choose,
by making a saccade, between the following pairwise options of juice delivery: (i) to the recipient or to neither monkey;(ii) to the actor (self) or
to the recipient (other); and (iii) or to the actor (self) or to neither. (c) Intranasal (AE) OT increased pro-social donations of juice (other vs.
neither trials) to the recipient, particularly in the latter half of a session (Chang et al., 2012). (d) Intra-amygdala injections of OT (red lines)
similarly increased pro-social donations of juice to the recipient. This was observed during a 30-min time window beginning 5 min after the
completion of each injection (shaded gray area) (Chang et al., 2015). Preference index between options A or B was calculated by (A-B)/

(A +B), and ranged between -1 and 1 (where 1 is the value of the index if the monkey always chooses the “pro-social” option, and -1 is the

value of the index if the monkey always chooses the “anti-social” option)

saccade to a target while a distractor image of a conspecific was
presented. They found that AE OT treatment diminished the normal
interference of threatening or fearful distractor images on perfor-
mance (Ebitz, Watson, & Platt, 2013). This study also reported an
increase in the time spent viewing the eye regions of face stimuli.
Likewise when rhesus monkeys performed a dot-probe task, where
images of conspecifics displaying facial expressions were presented
next to images of conspecifics displaying neutral facial expressions or
clip art, AE OT administration reduced attention to images with
negative facial expressions (Parr, Modi, Siebert, & Young, 2013).
Marmosets will typically form and maintain monogamous socio-
sexual relationships (Evans, 1983; French, Cavanaugh, Mustoe, Carp, &
Womack, 2018), however exhibit flexibility in their willingness to
interact with opposite-sex strangers in the absence of their pair-mate
much like humans (Buss & Schmitt, 1993). Treatment of OT via IN
inhalation increased the time spent huddling with a partner, while OT-
receptor antagonists decreased partner proximity, huddling, and food
sharing (Smith, Agmo, Birnie, & French, 2010). Subsequent studies
found that administration of the marmoset-specific variant of the OT
ligand (Pro(8)-OT) reduced time that marmosets spent in close
proximity to opposite-sex strangers (Cavanaugh, Mustoe, Taylor, &
French, 2014). It appears that in this case OT does not increase all
social behaviors, but selectively reinforces fidelity to the bonded
partner. Further studies showed that the social signals emitted by the
recipient animals were sufficiently altered by OT to cause an increase
in the amount of grooming received by OT-treated females from their
bonded mate. When males were treated with OT the untreated female
partners approached them more frequently (Cavanaugh, Huffman,

Harnisch, & French, 2015). In both cases OT may alter in subtle ways

the signals emitted by recipient that modified the partner's social
behavior. Interestingly IN treatment of Pro(8)-OT also decreased
latencies to respond to infant stimuli in males (Taylor & French, 2015).

We have tested the role of OT in enhancing the active
engagement of the male monkeys with perceived social partners,
such as monkeys presented in videos. Videos are known to engage
monkeys in the reciprocation of facial expressions and in reciprocating
or soliciting eye contact (Mosher et al., 2011). Rhesus monkeys that
received AE OT before they freely viewed videos of conspecifics,
showed a robust increase in the frequency of gaze following saccades,
abehavior thatindicates an explicit interest in where others are looking
(Putnam, Roman, Zimmerman, & Gothard, 2016) (Figure 4). A gaze-
following saccade is defined as a saccade that is preceded by a fixation
on the eye and is parallel with the line of sight of the social partner's
eyes. Typically, repeated viewing of the same videos causes
habituation, a reduction in the viewer's interest, and implicitly of the
time spent looking at the monkeys shown in the videos. The less the
monkeys look at the videos the fewer gaze-following saccades are
expected. We compared the frequency of gaze-following saccades
after saline and OT inhalation, and found that under OT treatment the
subjects showed a smaller decrease in the frequency of gaze-following
saccades over time. Remarkably, we did not find an increase in
attention to the eye region while our subjects viewed these videos
after OT administration. When, however, the same subject viewed
static images extracted from the same videos, the OT treatment
showed the expected effect: increase in the time looking at the eyes.
This finding suggests that: (i) OT increases interactive social behaviors;
(i) gaze-following, an interactive behavior elicited by videos, is

unrelated to the time spent looking at the eyes; and (iii) looking at
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FIGURE 4 Gaze-following saccades are increased by AE OT in male rhesus monkeys. (a) Rhesus watched videos of conspecifics displaying
natural social behaviors, while their eye movements were tracked. (b) Examples of gaze-following saccades from two monkeys (each row) are
overlaid on the frames from two videos (each column). (c) Mean difference in gaze-following saccades between pre- and post-treatment
blocks. Means for data from four monkeys are shown scattered as different symbols for each treatment

the eyes of static images may not be a good measure for the effect of
OT on natural, interactive social behaviors. A similar finding was
reported in infant rhesus monkeys but the increase in the frequency of
gaze-following behaviors was observed only in males and not females
(Simpson, Paukner, et al., 2017). It is possible that many of these socio-
behavioral effects of OT are sex-specific. Most of the available data
has been acquired from male monkeys therefore requiring careful

interpretation and further investigation.

2.5 | From behavioral observations to neural
mechanisms

Given the similarity of behaviors altered by OT in humans and NHPs,
one can start to address the neural mechanism underlying these
effects. A first step in this direction is to localize the brain regions
where OT may modify neural activity. Multiple studies in humans have
shown that intranasal OT reliably modulates hemodynamic activity in
the amygdala (Domes et al., 2013; Gamer, 2010; Kirsch et al., 2005;
Tully et al., 2018). Likewise in rhesus monkeys, IN OT reduced the
functional coupling between the amygdala and areas in the occipital
and inferior temporal cortices but only when the subjects viewed
aggressive or fearful faces (Liu et al., 2015). Together these studies
suggested that the amygdala is a critical site for the action of OT,

however given that peripherally administered OT presumably could

act globally in the brain, the possibility that these hemodynamic
changes in the amygdala are downstream effects from an unknown
source cannot be excluded. The amygdala, as the most interconnected
structure of the primate brain, orchestrates social and affective
behavior through enlisting multiple cortical and subcortical areas
involved in the perception and interpretation of social stimuli as well as
in the coordination of behavioral responses (Figure 5). Intra-amygdala
injections of OT might be more likely to replicate the effect of
endogenous OT, as focal increases of OT may better represent the
natural mechanisms of OT release in the brain (Chini, Verhage, &
Grinevich, 2017). Indeed, intra-amygdala injection of OT increased
pro-social behavior in rhesus monkeys performing the previously
described dictator game (Chang et al., 2015). It appears, therefore, that
the amygdala may be a critical site where OT is interacting with neural
circuits that govern social behavior (Figure 5). Paradoxically, this
conclusion would not have emerged from the examination of the
distribution of OXTRs in the monkey brain using in situ hybridization or
receptor autoradiography as the amygdala does not show signals
above background. These two observations can be reconciled if we
consider the possibility that OT binds to the AVPR in the amygdala, or
that the effect of OT on the amygdala is mediated through binding sites
in NBM that projects strongly to the amygdala, OXTR protein on
terminals from the NMB in the amygdala that cannot be detected by

receptor autoradiography.
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FIGURE 5 (a) Regions of the NHP brain with high density of
OXTR, the nucleus basalis of Meynert (NBM) and pedunculopontine
nucleus (PPN), drawn with their interconnectivity to social neural
networks. Several areas highlighted in color are components of the
social brain. These include the orbitofrontal cortex (OFC), the
anterior cingulate cortex (ACC), and the amygdala (Amy). Other
areas are highlighted such as the nucleus accumbens (Nacc), known
to modulate reward and regulate vigilance/arousal, the solitary tract
(NST), an autonomic center in the brainstem, and the visual cortices
(VC). Note the rich connectivity of the NBM, which provides
cholinergic innervation to the entire cortical mantle. (b) Selected
projections of the Amy to other components of the social brain.
While the primate Amy does not contain detectable OXTRs it
receives strong cholinergic innervation from the NBM. Note that OT
could be acting on any of the terminal fields projecting from the
NBM or PPN, despite these receptors not being detectable by
autoradiography

2.6 | The neuroanatomical targets of oxytocin

A basic and yet unresolved question is the cellular site of action of OT.
It is unclear what types of cells are the targets of OT action and where
the OXTRs are located that produce OT signaling. Neurons are not
spherical, but can project long distances through the brain. While we
know where the cells that synthesize OXTR are, we cannot be sure of
where the OXTR protein that signals to influence behavior is located.
For example, OT could be modulating the activity of cells in the
amygdala or cortex by activating OXTR on terminals originating from
the NBM. If those NBM terminals are cholinergic, then a major
mechanism of action of OT could be widespread modulation of the

cholinergic system. Clues to these questions may lie in the mechanisms

by which endogenous OT is distributed in the brain. One theory is that
following dendritic release in the hypothalamus, OT passively diffuses
in the extracellular space and acts upon OXTRs located throughout the
brain, that is, through diffusion of volume transmission. New insights
suggest that there may be an additional process by which OT reaches
target areas. In rodents the discovery of long-range axonal projections
from the hypothalamus to various regions, including the amygdala,
have suggested that axonal release of OT can elevate local
concentrations in punctate areas and effectively activate OXTRs
(Chini et al., 2017; Ross & Young, 2009; Ross, Cole, et al., 2009; Ross,
Freeman, et al., 2009). Indeed, when these projections have been
optogenetically stimulated, rats showed decreased freezing responses
in a fear-conditioning paradigm (Knobloch et al., 2012). It is likely that
axonal release is present also in NHPs, and the anatomical targets of
these projections could reveal the site of action of OT.

As previously described, rodents and NHPs show considerable
differences in the expression and pharmacological properties of
OXTRs, which limits our ability to extrapolate findings from rodents to
humans and NHPs. A potential alternative for future studies is to make
use of recently available selective antagonists which penetrate into the
CSF (Smith et al., 2017). When combined with precise microinjection
techniques it would be possible to selectively block OT receptors in
various brain regions, and assess both behavioral and neurophysiologi-
cal changes induced by IN, AE, or peripheral administration of OT.
While current evidence points to the amygdala as a principal site of OT
action (Gamer, 2010), it is likely that OT coordinates neural activity
across several brain structures, not all of which necessarily have OXTR
(Johnson et al., 2016) (See Figure 5). In other words, an fMRI study
could reveal that OT massively activates or inhibits a brain region, but
that could be due to OT acting in a separate brain region that sends
excitatory or inhibitory inputs to the affected brain region. So, while
OT may modulate amygdala activity, it could be through its actions on
OXTR in a different region. The only way to resolve this question is
through site-specific infusions of OT or OT antagonist combined with
in vivo electrophysiology, as is commonly performed in rodents.

3 | PROMISING FUTURE DIRECTIONS

If OT is similar to other neurohormones and neuromodulators, it is
unlikely to influence the activity of a single brain region or to exert its
action by itself, without significant interactions with other neurotrans-
mitter systems. For example, mating, a complex behavior known to
involve OT, also involves: dopaminergic signaling as part of the reward
system, the opioid-endorphin pleasure system, cholinergic signaling as
part of attention and vigilance, and patterned sympathetic and
parasympathetic activation (Young & Alexander, 2014). Exploring
the interaction between OT and other neurotransmitter systems is a
promising avenue for future research in NHPs. The first steps in this
direction have been highly productive in rodents. For example, the
development of partner preference in voles requires not only OT, but
also dopaminergic signaling in the nucleus accumbens and opioid
signaling in the dorsal striatum (Burkett, Spiegel, Inoue, Murphy, &
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Young, 2011; Numan & Young, 2016). It was recently demonstrated
that medial prefrontal cortex modulation of nucleus accumbens
activity is involved in the formation of the partner preference, and that
activation of this circuit in a social context can bias preference toward a
partner without mating (Amadei et al., 2017). Furthermore, in mice, the
optogenetically induced release of OT in the ventral tegmental area
not only increased pro-social behaviors, but also increased excitatory
drive to dopamine neurons as part of reward specific responses (Hung
et al., 2017). Similar links between the dopaminergic system and OT in
NHPs have been evidenced by IV administration of a non-selective
dopamine agonist that resulted in peripheral OT secretion (Amico,
Layden, Pomerantz, & Cameron, 1993). Recently, Hostetler et al.
(2017) demonstrated that the formation of pair bonds increases
dopamine D1 receptor binding (as detected by PET scans) in the lateral
septum of Titi monkeys, but not the nucleus accumbens, caudate,
putamen, or ventral pallidum. This is notable because it suggests that
while dopaminergic mechanisms underlie pair bond formation in both
rodents and primates, the specific brain regions involved differ. Future
research in NHPs could employ techniques such as fast-scan cyclic
voltammetry to monitor real-time dopamine concentrations in vivo in
response to OT manipulations (Schluter, Mitz, Cheer, & Averbeck,
2014).

Likewise, both OT and opioid mechanism are involved in partner
preference formation in monogamous voles (M. ochrogaster) (Resendez
et al., 2013). Recent studies in NHPs have also suggested a regulatory
relationship between the opioid and OT systems. When AE OT was
paired with a pu-opioid receptor antagonist, rhesus monkeys increased
the number of fixations on a partner monkey, beyond the effect of
either OT or the antagonist alone (Dal Monte et al., 2017). The
mechanism of this supralinear effect is not yet understood, but this
observation strongly suggests that OT may potentiate the effects of
neurotransmitter system with broader (and better understood) control
over the circuits that govern socio-emotional behavior.

An interaction between OT and the serotonergic system strongly
suggested by evidence that serotonin is involved in social behaviors. In
rodents, OT exerts anxiolytic effects through activation of OXTR-
expressing serotonergic neurons in the raphe nuclei (Yoshida et al.,
2009). Similar interactions regulate resident-intruder aggression in
male mice (Pagani et al., 2015) and are crucial for social interactions to
be rewarding (as demonstrated by a conditioned place preference)
(Dolen et al., 2013). Interestingly, in this social reward study, OT acted
on OXTRs on serotonergic terminals arising from the dorsal raphe. This
is notable since receptor autoradiography in mice fails to detect OXTR
in the nucleus accumbens, demonstrating the principle that OXTR on
terminals are not detectable by autoradiography and therefore one
cannot deduce all possible sites of OT action based on autoradiogra-
phy. In rhesus monkeys intramuscular administration of the immediate
serotonin precursor L-5-hydroxytryptophan (5-HTP) not only in-
creased levels of serotonin in the CSF, but also interacted with
individual variations in baseline attention and baseline levels of CSF
serotonin to differentially modulate attentional changes (Weinberg-
Wolf et al., 2018). Interestingly 5-HTP decreased the duration of
looking at static images of conspecifics in animals with high baseline

attention, but increased looking duration in low baseline attention
animals (Weinberg-Wolf et al., 2018). Subcutaneous injections of a
selective 5-HTP14 agonist in male Titi monkeys decreased the social
behaviors directed at a female pair-mate (Larke, Maninger, Ragen,
Mendoza, & Bales, 2016), further implicating serotonergic activity in
the regulation of primate social behavior. A recent study using PET
neuroimaging provided evidence for interactions between OT and
serotonin in NHPs. Direct injection of OT into the lateral ventricle of
rhesus monkeys, combined with radiotracers marking the serotonin
transporter and the serotonin 1A receptor, revealed a release of
serotonin in the amygdala, insula, and hippocampus, and an increase in
the availability of 5-HT1AR receptors in the same regions (Lefevre
etal., 2017). Future research will be required to understand the nature
of these OT-serotonin interactions in NHPs.

The interaction of OT with the cholinergic system is perhaps the
most unexplored and promising area for future study as both major
sources of acetylcholine (ACh) in the primate brain, the NBM and the
pedunculopontine nucleus (PPN) in rhesus monkeys, contain a high
density of OXTRs. Indeed, the expression of OXTRs across primate
species seems to be most conserved in these cholinergic regions, and
their terminal fields are likely candidate sites of OT action. Vigilance
and attention to visual signals is under cholinergic control in primates
(Monosov, Leopold, & Hikosaka, 2015) and this may be potentiated for
social stimuli by OT (Freeman & Young, 2016). The NBM sends dense
cholinergic projections to the basal and accessory basal nucleus of the
amygdala in primates (Jones, Burton, Saper, & Swanson, 1976;
Mesulam et al., 1983) and these projections may be ideally positioned
to influence the process of stimulus evaluation that takes place in the
these nuclei. The basal and accessory basal nuclei also receive highly
processed sensory inputs from the lateral nucleus (that does not
contain cholinergic fibers) and for the ventromedial prefrontal cortex.
This pattern of inputs may account for the value-related response
properties of neuron in these nuclei (Paton, Belova, Morrison, &
Salzman, 2006). These nuclei are also the source of glutaminergic
excitatory projections to numerous cortical areas, including primary
sensory areas such as V1 (Freese & Amaral, 2005, 2006), where OT
receptors are also abundant. The basal and accessory basal nuclei are
also in position to activate the ventral striatum thereby transforming
social perception into social reward and actions

In primates OT may modulate amygdala activity by binding to
OXTR-containing neurons in the NBM that project to the amygdala
(the activated OXTR may be located either on the soma of cholinergic
neurons in the NBM, or on the axons of the amygdala-projecting NMB
cholinergic neurons) (Figure 6). It is highly likely that OT released in the
NBM or in the amygdala will modulate cholinergic activity. Investigat-
ing the interactions between the OT and the cholinergic system holds
important translational implications as there exist many reliable and
proven methods for manipulation of cholinergic transmission. The
cholinergic inputs into the amygdala may enhance the salience of social
stimuli processed therein. The precise cellular mechanism by which
neurons in the NBM might enhance the salience of social stimuli in the
monkey amygdala are unknown. It is known, however, that the impact
of Ach on cells in the basolateral amygdala depends on how strongly
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these cells are activated (Unal, Pare, & Zaborszky, 2015). Weakly
activated cells are inhibited, while strongly activated cells are excited.
Indeed, neurons in the BLA can be strongly activated by external
stimuli, such as neurons that respond to faces or eye contact (Gothard,
Battaglia, Erickson, Spitler, & Amaral, 2007; Mosher, Zimmerman, &
Gothard, 2014). Thus, Ach effectively increases the signal/noise ratio
in the basolateral amygdala (Hasselmo & Sarter, 2011), an effect that
could be enhanced by OT.

Beyond enhancing the representation of rewarding stimuli in the
amygdala itself, it is possible that OT also enhances activity in the
ventral striatum via projections from the amygdala. In rodents, inputs
from the amygdala to the ventral striatum are required for the
dopaminergic enhancement of cue-evoked neural responses (Am-
broggi, Ishikawa, Fields, & Nicola, 2008). Furthermore, optogenetically
stimulating fibers projecting from the amygdala to the NAc increases
behavioral responding to reward (Stuber et al., 2011). The downstream
effects of the amygdala in the ventral striatum is to link positive value
to external stimuli and trigger overt social behaviors aimed at obtaining
the predicted rewards (Roesch, Singh, Brown, Mullins, & Schoenbaum,
2009). These hypothetical mechanisms could account for many of the
behavioral effects of OT, for example, increased attention to the eyes
is aresult of increased salience for eye stimuli which are represented in
the amygdala (Mosher et al., 2014).

Future studies are expected to confirm or disprove these
hypotheses by further exploring the interactions of OT with other
neurotransmitters and neuromodulator systems in the primate brain.
Even though optogenetics and DREADD-based (Designer Receptors
Exclusively Activated by Designer Drugs) chemogenetic tools have
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FIGURE 6 Putative circuit of interaction between cholinergic
inputs from NBM and OT releasing neurons in the BLA. OT is
released from the axons of neurons located in the paraventricular
nucleus (PVN) of the hypothalamus. OT binds receptors on the
terminals of cholinergic neurons from the NBM that contact
projection cells in the BLA. These cells project to the NAc but also
to many other targets included in a circuit labeled as the “social
brain”

limited efficacy in NHPs, a judicious combination of tried-and-true
techniques readily available in NHPs holds the promise of important
answers. Many outstanding questions will likely be answered by
neurophysiological recordings in multiple brain regions combined with
targeted microinjections of OT, OXTR antagonists, or other pharma-
cological manipulations in the context of ethologically meaningful
behavior. Viral vector mediated gene editing approaches involving
CRISPR may also be useful for determining the role of OXTR in specific
brain regions in the future.

Even before these techniques become available, there are
important questions to be addressed with conventional methods.
Many mental processes involved in social behavior emerge from the
coordinated activity of large population of neurons that are often
distributed across multiple brain areas. The mental processes
implemented in these circuits must have electrophysiological signa-
tures that can be captured either at the level of single neurons or at the
level of neural ensembles. There is a lot to be learned from
simultaneous recordings from brain areas clearly involved in social-
cognitive processing. When combined with pharmacological manip-
ulations of OT or ACh, these approaches hold the promise to
understand the changes induced by OT at the systems level. Given the
conserved systems-level architecture of the social brain, the knowl-
edge gained from NHPs would become comparable to the deeper
understanding achieved in rodents but will be so much richer in
translational value. If indeed OT has much of its effects through
modulating ACh activity, the therapeutic potential of OT or drugs that
evoke OT release (Modi et al., 2015) will go well beyond autism and
may include disorders associated with cholinergic deficits such as
cognitive decline.

4 | CONCLUDING REMARKS

Despite several decades of research, demonstrating numerous
behavioral changes elicited by OT administration, it remains unclear
where and how in the primate brain OT is acting, and with which other
neurotransmitter systems it interacts. The role of NHPs in answering
this question fits firmly between rodents, where highly precise genetic
manipulations are available, and humans, who can perform behaviors
relevant for the translation value of OT. Research in NHPs allows the
examination of natural social behaviors combined with the feasibility
of invasive techniques for the mechanistic dissection of systems and
circuits involved. To date, the studies in NHPs have already yielded key
findings including evidence that peripheral administration of OT
penetrates into the CSF, that OXTR mRNA in primates is markedly
sparser than in rodents, but that OXTR is expressed in cholinergic
regions that have powerful modulatory actions on social neural
networks, and that OT modulates social and cognitive behaviors
shared by humans and NHPs. Further research is required to
understand both the location of and mechanisms through which OT
acts in the primate brain, however current data implicates the
amygdala and interactions with other neurotransmitter and neuro-

modulator systems.
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It is critical to establish both the mechanism and the site of action
for OT in the brain, with an emphasis on expanding investigation to
multiple, interacting brain regions. Once we identify the circuit-level
changes, even those downstream from the site of OT action, we can
start to design systems-level interventions that may mimic the effects
of OT thereby maximizing the translational potential of OT research in
NHPs.
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