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Sex-dependent regulation of social reward by oxytocin: an
inverted U hypothesis
Johnathan M. Borland1,2, James K. Rilling1,3,4,5, Kyle J. Frantz1,2 and H. Elliott Albers1,2

The rewarding properties of social interactions are essential for the expression of social behavior and the development of adaptive
social relationships. Here, we review sex differences in social reward, and more specifically, how oxytocin (OT) acts in the
mesolimbic dopamine system (MDS) to mediate the rewarding properties of social interactions in a sex-dependent manner.
Evidence from rodents and humans suggests that same-sex social interactions may be more rewarding in females than in males.
We propose that there is an inverted U relationship between OT dose, social reward, and neural activity within structures of the
MDS in both males and females, and that this dose–response relationship is initiated at lower doses in females than males. As a
result, depending on the dose of OT administered, OT could reduce social reward in females, while enhancing it in males. Sex
differences in the neural mechanisms regulating social reward may contribute to sex differences in the incidence of a large number
of psychiatric and neurodevelopmental disorders. This review addresses the potential significance of a sex-dependent inverted U
dose–response function for OT’s effects on social reward and in the development of gender-specific therapies for these disorders.
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INTRODUCTION
Many social interactions are rewarding, as defined by their ability
to elicit approach responses [1], and the neural mechanisms
mediating social reward play an essential role in social motivation
[2, 3]. Social reward is critical for the formation and maintenance
of adaptive social relationships, such as pair bonding and
dominate/subordinate relationships [4–7]. Indeed, the powerful
rewarding properties of social interactions are evident even in
species that are not overly gregarious [8]. Most of what we know
about social reward has come from studies of males. Yet, social
interactions are rewarding in both males and females [9], and
some basic questions about the rewarding nature of social
interactions in males and females have not been addressed. For
example, although there are data indicating sex differences in the
rewarding properties of other stimuli (e.g., food and drugs), little is
known about whether there are sex differences in the rewarding
properties of social interaction. As discussed below, there is now
evidence to suggest that women find positive social interactions
with same-sex partners to be more rewarding than men do [10].
Similarly, recent animal studies have described sex differences in
the rewarding properties of social interactions in rodents, e.g.,
female Syrian hamsters display higher levels of social reward
following same-sex social interactions than do males. While much
more needs to be learned, these data indicate that more
comprehensive studies of sex differences in social reward may
be essential for defining the basic mechanisms underlying many
different types of social behavior. In addition, this knowledge has
significant translational importance, as several lines of evidence
point to deficits in social reward as one of the central symptoms
and causes of psychiatric disorders, such as autism spectrum

disorder, antisocial personality disorder, and attention-deficit
disorder. The prominent sex differences in the incidence of these
and other psychiatric disorders [11–14] may be based in part on
sex differences in social reward. Therefore, sex differences in social
reward and its underlying neural mechanisms are critical areas for
future research.

SEX DIFFERENCES IN THE BRAIN
The existence of sex differences in the brain was recognized less
than 60 years ago [15], and much remains to be learned about
their physiological mechanisms and functional significance [16,
17]. Sex differences in the brain not only underlie sex differences
in reproductive behavior, but also play an important role in the
expression of social behaviors, such as aggression [18, 19], social
play [20, 21], and social communication [22, 23]. A major focus of
the study of sex differences in the brain has been neurochemical
signaling, revealing sex differences in the distributions of signaling
molecules and their receptors [24, 25]. The first, and perhaps the
most pervasive, sex difference identified in the mammalian brain
to date is the distribution of arginine-vasopressin (AVP), a peptide
of the arginine-vasopressin/oxytocin family of nonapeptides (i.e.,
peptides composed of nine amino acids). For example, AVP
immunoreactivity is greater in cell bodies in the bed nucleus of
the stria terminalis and medial amygdala in male rats than in
females [26]. Although the functional significance of this sex
difference in AVP immunoreactivity is not fully understood, sex
differences in the AVP system do play an important role in
regulating sex differences in at least some social behaviors
[27, 28]. For example, AVP regulates aggression by acting within
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the hypothalamus in opposite ways in males and females; AVP
stimulates aggression in males and inhibits aggression in females
[18, 29–31]. Another member of this family of peptides, oxytocin
(OT), also plays a major role in the regulation of social behavior,
especially those behaviors related to social bonding in particular
[32, 33] and social reward in general, e.g., parental behavior, pair
bonding, and trust [34, 35]. Given the likely importance of OT for
regulating social reward in males and females, this review explores
the literature on sex differences in the neurobehavioral mechan-
isms mediating social reward, with a focus on the role of OT. We
also put forth a new hypothesis that an inverted U shape
describes the relationship between social stimulation and social
reward, perhaps mediated by OT.

OT AND AVP SIGNALING AND SOCIAL BEHAVIOR
The AVP/OT family of peptides is evolutionarily ancient, and their
structures are remarkably similar [36]. In mammals, the structure
of the two most important members of this peptide family, OT and
AVP differ in only two amino acids. The canonical receptors for
these peptides include OTR for OT, and V1aR, V1bR, and V2R for
AVP, with V1aR serving as the dominant AVP receptor in the brain.
As in the similarity of the structure of these peptides, these
receptors share at least 25% of their primary structure [37]. As a
result, it is not surprising that substantial cross-talk has been
identified, through which OT activates AVP receptors and vice
versa [38–40]. Therefore, the functions of the OT system cannot be
entirely divorced from the functions of the AVP system. While
exogenously administered OT activates AVP receptors, and
exogenously administered AVP activates OTRs in many cases,
the extent to which endogenously released OT or AVP activate
each other’s canonical receptors is not known [41]. These
complexities in cross-talk must be considered and explored in
the context of sex differences as well. Although the focus of this
review will be on OTRs, a full understanding of the effects of OT on
social behavior and reward in males and females will also require
studies of potential sex differences in the activation of AVP
receptors by OT.
OTRs are members of an evolutionarily ancient superfamily of G

protein-coupled receptors composed of seven putative trans-
membrane domains [37, 42]. OTRs are coupled to Gqand Gi

protein complexes, and their activation can result in a range of
complex cellular effects that remain to be fully delineated [43, 44].
Interestingly, however, the coupling of OTRs to different G
proteins can result in diverse, even opposing, effects within the
cell [45]. Moreover, the concentration of OT appears to determine
the coupling of OTRs to different subtypes of G proteins [46].
Therefore, the concentration-dependent behavioral effects of OT
might be the result of concentration-dependent effects on the
coupling of OTRs to different G protein subtypes (see below). It
will be important to consider that diverse types of OTR coupling
may occur in neurons of differing phenotypes, and that these
differences are likely to have functional consequences in the
control of social behavior. Indeed, there is evidence of sex
differences in the strength of coupling of neuropeptide receptors
with their G protein transduction mechanisms [47].

Central distribution of OT and AVP
Because of the potential for AVP, as well as OT, to activate OTRs, it
is important to consider sex differences in the levels of AVP and
OT expressed within specific brain regions that may contribute to
the regulation of social behavior. The distribution of OT- and AVP-
containing neurons have been reviewed recently [48, 49], so they
are summarized only briefly here. High levels of OT and AVP are
expressed in magnocellular neurons of the hypothalamus (e.g.,
paraventricular nucleus (PVN), supraoptic nucleus (SON), and
nucleus circularis). Both OT and AVP are also produced by smaller
populations of parvocellular neurons in several brain regions, e.g.,

amygdala. Sex differences in the levels of OT are described for just
a few brain regions to date, although the findings are not
consistent across species. For example, higher levels of OT
immunoreactivity have been reported in neuronal cell bodies in
the PVN and SON of females compared to males in several species
such as mice [50, 51], but no sex differences in OT immunor-
eactivity in neurons of these regions has been reported in several
other species, including humans [52–56]. As noted above, major
sex differences in the number of AVP-containing cell bodies have
been reported for the amygdala and bed nucleus of the stria
terminalis and in their projections in rats [26, 57]. Subsequent
studies detailed similar sex differences in AVP levels in the
extended amygdala, PVN, and SON of several other species as well
[50, 53, 56, 58, 59]. Although these sex differences are not
uniformly present in all species [55, 60, 61], it is noteworthy that
when sex differences were observed in the regions producing the
highest levels of OT and AVP (i.e., the PVN and SON) higher levels
were seen in females.
The factors regulating the release of OT and AVP are not fully

understood, but likely involve both synaptic and non-synaptic
mechanisms [28, 62–64]. OT and AVP have been identified in
dense core vesicles in synaptic regions of neurons in a variety of
brain sites, and these peptides can be released in a calcium-
dependent manner [65–67]. Thus, local activation of AVP/OT
receptors could be produced by the synaptic release of these
peptides, or possibly by their release from axons in passage. In
contrast, when AVP/OT are released from non-synaptic regions of
neurons (e.g., dendrites), the peptides are thought to spread far
more widely than following synaptic release although the distance
of spread is not clear [64, 68, 69]. Non-synaptic release of AVP/OT
has been most extensively studied in magnocellular neurons, but
non-synaptic release can also occur in parvocellular neurons [70].
Importantly, social interactions result in significant levels of activity
in OT-containing magnocellular neurons of the PVN and SON in
males and females (Fig. 1). Because these magnocellular neurons
produce some of the largest amounts of OT in the brain, their
activation by social interactions likely results in substantial
elevations of OT throughout the brain.

Central distribution of OTRs
Sex differences in the distribution and number of receptors for OT
have been observed within specific brain regions, although these
sex differences, like those for the expression levels of OT and AVP,
are not entirely consistent across species [48, 49]. The distribution
of OTR binding tends to be greater in males compared to females
in forebrain regions, such as the nucleus accumbens (NAc), where
sex differences have been reported in a number of rodent species
including rats, mice, and prairie vole [48, 49, 71–73]. However,
these male/female differences are not always consistent. For
example, OTR binding in the CA1 region of the hippocampus is
higher in males than females in some species (i.e., rats) [72] but
lower in males than females in others (i.e., mice) [72, 74]. Gonadal
hormones also influence OTR binding in specific brain regions in a
species-specific manner [75–78]. For example, estrogen selectively
influences OTR binding in the anterior olfactory nucleus in prairie
voles and in the ventromedial hypothalamus in rats [79, 80]. Of
significant note, OTRs are distributed in key structures of what has
been called the social decision-making network that includes
structures important for social behavior and reward [81, 82].

OT AND SOCIAL REWARD—ANIMAL STUDIES
OT in the mesolimbic dopamine system
There is strong support for the role of OT in regulating social
reward by its actions in the mesolimbic dopamine system. This
system is critical for the rewarding properties of many stimuli,
including food [83], water [84], drugs of abuse, and various social
interactions [85–87]. The primary pathway of the mesolimbic
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circuitry is dopamine (DA)-containing neurons in the ventral
tegmental area (VTA) that project to the NAc [88–90]. Social
interactions can increase neuronal activity in both the VTA and
NAc in male hamsters, rats, and mice [8, 85, 91], and selective
activation of this DA projection increases social motivation in mice
[87]. Indeed, the activation of OTRs in the mesolimbic circuit
appears to be necessary for social interactions to be rewarding in
male rodents. For example, activation of OTRs in the NAc appears
necessary for social reward in male mice [92], and activation of
OTRs in the VTA also appears necessary for social reward in male
hamsters and mice [93, 94]. OT-containing projections innervate
structures in the mesolimbic DA system and play an important
role in mediating the rewarding properties of a range of stimuli.
OT is synthesized in several hypothalamic nuclei including the
PVN and SON, and OT-containing fibers project from these sites to
structures such as the NAc and VTA [95–97] (Fig. 2a). In the VTA,
OTRs are found on DA-containing neurons that project to the NAc,
as well as to other structures [98]. These fibers appear to stimulate
DA activity, as exogenous OT injected into the caudal VTA leads to
DA efflux in the NAc [95] (Fig. 2b). Finally, OT-containing neurons
in the PVN projecting to the VTA are necessary for social reward in
male mice [94].

Sex differences in mesolimbic dopamine signaling
The structure and function of the mesolimbic system are sexually
differentiated, with many reports suggesting higher basal and
stimulated activity in the system among females compared with
males (for a review see ref. [99]). For example, morphological sex

differences include more cell bodies containing DA and greater
volume in the VTA of female rats compared to males [100], as well
as sex differences in the projections of DA-containing VTA neurons
[101]. On a functional level, the same degree of electrical
stimulation of medial forebrain bundle fibers leads to greater
DA efflux in the NAc of female rats compared to males [102].
Moreover, basal extracellular levels of DA in the NAc are higher in
female rats compared to males [103], and females display a faster
rate of DA uptake and release [104]. When stimulated by drugs
blocking or reversing the DA transporter, higher levels of
extracellular DA are seen in females than males [104] (Fig. 3),
although an interesting dichotomy was reported in one study,
such that amphetamine increased extracellular DA in male rats
while decreasing it in females [103]. This increased sensitivity
among females to psychostimulant drug effects is also associated
with greater immediate early gene expression across the middle
and caudal striatum [105]. Postsynaptically in the NAc, the balance
between the D1 and D2 families of receptors may vary across the
sexes and across the estrous cycle in females [106]. Similar sex
differences extend to humans [107]; e.g., women have a higher
synaptic concentration of DA in the striatum than men [108], as
well as a stronger ventral striatum response to prosocial decisions
[109]. At least some of these sex differences are mediated by
estrogen, as variations across estrous and menstrual cycles
suggest increased activation of DA pathways when estrogen
levels are high or rising, while ovariectomy attenuates sex
differences [110, 111]. On the other hand, gonadectomy has little
effect in males [112–114].
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Fig. 1 Activation of oxytocin (OT) immunoreactive (ir) neurons (green) (as indicated by colocalization with cfos-ir (red)) in the paraventricular
nucleus (PVN) and the supraoptic nucleus (SON) of the hypothalamus 1 h after 10min same-sex social interactions in Syrian male and female
hamsters. a Representative image of OT-ir neurons in the PVN, b double labeling of OT- and fos-ir in the PVN of a male hamster, c double
labeling of OT- and fos-ir in the PVN of a female hamster, d representative image of OT-ir neurons in the SON, e double labeling of OT- and fos-
ir in the SON of a male hamster, and f double labeling of OT- and fos-ir in the SON of a female hamster. Neuronal activity in OT-ir neurons is
increased in the PVN and SON of both male and female hamsters following the 10min social interaction, although no sex differences were
observed in the number of OT-ir-activated neurons (Borland and Albers, unpublished). White arrows illustrate examples of the colocalization
of OT- and fos-ir
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Sex differences in social reward
As mentioned above, the rewarding nature of social interactions
has recently been compared explicitly between males and
females, using Syrian hamsters as an animal model. While not a
great deal is known about the social behavior of hamsters in the
field, laboratory studies show social interactions to be highly
rewarding in this species [8, 115, 116]. Hamsters have robust skills
in social recognition of, and communication with, conspecifics

[117, 118]. Unlike other laboratory rodents, female as well as male
hamsters rapidly form and maintain hierarchical dominance
relationships and display many of the fundamental features of
social organizations often seen in primates [119–121]. As such,
hamsters are an excellent preclinical model with which to explore
potential sex differences in reward, using social interaction as the
rewarding stimulus.
Using both classical and operant conditioning methods, we

demonstrate that same-sex social interactions are more rewarding
in female hamsters than in males even though the social
behaviors observed during these same-sex social interactions
are quite similar in both sexes. In a conditioned place preference
(CPP) test, females spent about twice as much time in the
chamber associated with a same-sex stimulus hamster, as males
spent in the chamber with a same-sex stimulus hamster (Fig. 4a).
Similarly, in a novel operant social preference test, the rewarding
properties of social interactions were significantly greater in

females compared to males. Specifically, hamsters were placed in
a three-chambered apparatus and allowed access to either a
chamber containing an unrestrained same-sex stimulus hamster
or an empty chamber, accessed through one-way entry, vertical-
swing doors [122]. Females made about twice as many entries into
the chamber containing the stimulus hamster as did males. In
other models, the opportunity for social interactions appears to
compete effectively with other rewarding stimuli to determine
behavioral outcomes, perhaps to a greater extent in females than
males. For example, social stimuli might trigger greater DA release
in females than males, as shown among control groups in a study
of rats exposed to same-sex stimulus animals after a period of
social isolation [86]. Furthermore, in female rats, DOPAC (DA
metabolite) levels in the striatum were elevated during same-sex
social interactions, while in males no difference in DOPAC levels
were observed [123]. In addition, social housing can reduce drug
intake in operant conditioning models, compared to social
isolation housing [124–127], an effect that is more consistent in
females than in males and may be mediated by OT in mesolimbic
regions [128, 129]. OT itself also decreases drug-related reward
and reinforcement [130], with greater effects in females than
males [131, 132]. The mechanisms underlying the sex differences
in social reward are not known, although sex differences in
gonadal hormones are likely to play a role, as they do in mediating
sex differences in drug reward [106, 133, 134]. In translation to the
human condition, it appears clear that social support reduces drug
use, ameliorates stress, and predicts better outcomes in the
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treatment of various disorders [135, 136], although sex differences
in this arena are not well documented.

Parameters regulating social reward in males and females
To evaluate the parameters regulating social reward in animal
models, we recently explored the relationship between the reward
value of social interactions (e.g., duration of interaction) and the
frequency of choosing social interaction and found that it mimics
the relationship between the reward value of drugs (e.g., dose of
drug) and the frequency of drug intake [122]. In both cases, as the
reward value increases, the number of rewards obtained in a test
session decreases [122, 137, 138]. Another well-known relationship
drawn from the literature on rewarding properties of drugs is the
inverted U-shaped dose–response curve between drug dose and
reward value [139]. Initially, as dose increases, reward value also
rises, but only to a point. Once this peak is reached, increasing
drug dose further begins to drive down the reward value. We raise
the possibility here that a similar relationship exists between the
“dose” of social interaction and the value of the social reward. In
this case, the “dose” of social interaction might be defined by
duration (e.g., time spent in an environment where social
interaction is possible) or intensity (e.g., number of conspecifics
available for interactions, or time since last social interaction). The
concept of an inverted U relationship between the duration or
intensity of social interaction and its rewarding properties may
provide a framework for describing how social stimuli can
transition from positive to negative valence (Fig. 4c), as ocurrs in
a variety of psychiatric disorders, such as social anxiety,
agoraphobia, enochlophobia, and autism spectrum disorder. If
so, as duration and/or intensity of social interactions increase, the
rewarding properties of those interactions would be initially
increased, then ultimately reduced. Consistent with this possibility
are the findings in rats that brief social interactions are more
rewarding than longer interactions [140, 141], and that rodents
housed in social isolation find brief social interactions more
rewarding than do rodents housed in groups, where social
interactions occur continuously [9, 142]. Furthermore, using the
operant social preference test, we have found that increasing the
duration of social interaction decreases the rate of seeking social
interaction, i.e., entering chambers with stimulus conspecifics.
Additionally, increasing the duration of social interaction increases
the latency to re-enter chambers containing conspecifics in males
[122]. Because females appear to be more sensitive to the
rewarding properties of social interaction than males, the inverted
U function would be displaced such that less social interaction
would be required in females to produce the same levels of social
reward, compared to males (Fig. 4c). The differences in the
inverted U functions in males and females may be useful in
predicting sex differences in the responses to social interactions,
and as a guide to understanding how the neural mechanisms that
mediate social reward differ in males and females (see below).
Indeed, one of the major challenges in the development of new
treatments for psychiatric disorders is understanding the transi-
tion from assigning positive value to social stimuli to assigning
negative value to social stimuli, or at least omitting positive value,
as in psychiatric disorders that include social impairments.
Treatments intended to improve or restore positive social
attributions may need to account for these “dose-effect” relation-
ships, and potential sex differences therein.

An inverted U hypothesis to interpret sex differences in OT effects
A sex-dependent inverted U function has been hypothesized for
the relationship between brain OT levels and neural activity in
human studies [10] (see below). Here, we extend the inverted U
hypothesis to explain various effects of OT on social behaviors in
male and female subjects. OT administered peripherally or
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conditioned place preference test compared to males (* indicates
significant differences p < 0.05). b Female hamsters also displayed a
greater social preference score (the number of entries into chambers
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into the empty chambers) in the operant social preference task
compared to males. c Hypothesis of the inverted U dose–response
function of the relationship between social reward value and the
dose (e.g., duration) of same-sex social interaction in males and
females. Females are predicted to be more sensitive to the
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(Borland and Albers, unpublished)
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centrally appears to have some rewarding properties of its own in
both male and female rodents. Rodents spend more time in the
chambers associated with OT treatment than control chambers,
and will self-administer OT intravenously [143, 144]. OT may
mediate social reward by its actions in the mesolimbic DA system,
especially in the VTA where activation of OTRs is essential for the
rewarding properties of social interactions in male hamsters and
mice [93, 94, 122]. As noted above, the ability of OT to reduce
responses to drug reward may be more robust in female rats than
males [132], and we have shown recently that OTRs specifically in
the VTA may play a critical role in the sex differences in social

reward in hamsters (Fig. 5a). Injection of a selective OTR
antagonist significantly reduced the rewarding properties of
same-sex social interactions by more than 50% in both males
and females, thus supporting the hypothesis that OTRs mediate
social reward through their actions in the VTA in both sexes.
Surprisingly, however, injection of OT itself or a highly selective
OTR agonist into the VTA has opposite effects on social reward in
males and females (Fig. 5b); whereas the OTR agonist in the VTA
significantly increases social reward in males, it significantly
reduces social reward in females. One interpretation of these
results is that females are closer to the peak of an inverted U dose-
effect relationship between social interaction and reward value at
baseline, and that further elevation of reward value by activation
of OTRs with an exogenous agonist pushes reward value past peak
levels, thereby causing a decline in reward value (Fig. 5c). In
contrast, because males experience lower levels of social reward at
baseline, a further elevation of reward value by activation of OTRs
in the VTA simply increases the rewarding properties of the
interaction. If this interpretation is correct, OT would be predicted
to enhance the rewarding properties of social interactions in
females in situations where the social reward of those interactions
had not peaked (i.e., a low “dose” of social interaction). To test this
hypothesis, the “dose” of social reward was lowered in females by
reducing the number of social interaction trials during CPP from
the three used in the prior experiments to a single trial. When
social reward was reduced in females using this approach, OT
injected into the VTA significantly increased the rewarding
properties of that single social interaction trial (Borland et al.,
unpublished data).
Data sets from other rodent studies are also consistent with this

inverted U relationship. In female mice, intracerebroventricular
injections of OT induce a conditioned social preference for female
stimulus mice at lower concentrations, but this preference is lost
at higher concentrations [145]. Using intranasal administration of
OT, sex differences in the rewarding properties of social
interactions have also been studied [146]. In female mice, pairing
12 μg intranasal OT with the presence of a same-sex stimulus
mouse induced a preference over another same-sex stimulus
mouse not paired with OT administration. Interestingly, when the
concentration of OT was increased to 36 μg and the trials
extended, the initial preference for the stimulus mouse was
eliminated, and the stimulus mouse appeared to become aversive.
In contrast, in males, administration of 12 μg OT had no effect on
the preference for same-sex stimulus mice. These data support the
hypothesis that males are less sensitive to the reward-enhancing
effects of OT, and that increasing concentrations of OT initially
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Fig. 5 Effects of oxytocin (OT), a selective OT receptor (OTR) agonist
and a selective OTR antagonist, on the rewarding properties of
same-sex social interactions in Syrian hamsters. a Injection of a
selective OTR antagonist into the caudal VTA before each of three
social conditioning sessions decreased social reward (the time spent
in the chambers associated with social interaction during the social
preference posttest) in both males and females. b Injection of OT
and a selective OTR agonist into the caudal VTA before social
conditioning sessions decreased the rewarding properties of social
interactions in females but increased social reward in males. c
Predicted effects of OT and OTR antagonist on social reward value in
males and females based on the inverted U hypothesis of the
relationship between social reward value and the dose (e.g.,
duration) of same-sex social interaction in males and females.
Females are predicted to be more sensitive to the rewarding and
aversive properties of social interactions than males. OT and OTR
antagonists (OT Ant.) can increase or decrease social reward
depending on the sex-dependent inverted U function of the
relationship between social reward value and the dose (e.g.,
duration) of social interaction (* indicated significant difference p
> 0.05) (Borland and Albers, unpublished)
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increase reward, but can subsequently lead to an aversive
response at higher concentrations.
Taken together, the data summarized above suggest that OT in

the VTA is a primary neural signal through which social stimuli
trigger the mesolimbic DA pathway to assign salience to social
interactions, thereby making them rewarding. The data further
support the contention that females exhibit higher sensitivity than
males to this process, perhaps through one of three mechanisms:
higher levels of OT release triggered by the same social stimuli,
greater response among VTA neurons to the same level of OT
release, and/or a heightened postsynaptic impact of DA projec-
tions to forebrain nuclei such as the NAc.

OT AND SOCIAL REWARD—HUMAN STUDIES
In humans, OT effects on social reward processing have been
investigated by examining the effects of intranasal OT adminis-
tration on behavior and brain function, as measured by functional
magnetic resonance imaging (fMRI). While multiple studies have
examined the effects of intranasal OT administration on social
reward processing in either men or women [35, 147–152], few
have compared men and women in the same study. In one
double-blind, placebo-controlled, pharmaco-fMRI study, men and
women were randomized to treatment with either 24IU intranasal
OT administration or placebo ~40min before they received an
fMRI scan, while playing a dyadic social interaction task involving
positive (reciprocated cooperation) and negative (unreciprocated
cooperation) social interactions with same-sex partners. At base-
line, women but not men showed bilateral activation in NAc in
response to positive social interactions. Although caution must be
exercised in inferring psychological processes from neural
activations (i.e., reverse inference) [153] this result suggests that
women may find positive social interactions with same-sex
partners to be more rewarding or more salient than men do at
baseline. However, pre-treatment with 24IU intranasal OT admin-
istration significantly increased the NAc response to positive social
interactions in men, along with the caudate and putamen. On the
other hand, pre-treatment with 24IU intranasal OT administration

significantly decreased activation across many regions in women,
including the putamen. A direct statistical comparison between
men and women showed that intranasal OT administration
increased the caudate and putamen response in men to a greater
extent than in women. More specifically, the right caudate/
putamen response to reciprocated cooperation was larger in
women than in men at baseline (Fig. 6), but intranasal OT
administration treatment increased the response in men to the
level of women in the placebo group. On the other hand,
intranasal OT treatment decreased the response of women to the
level of men in the placebo group [10, 154]. These results, coupled
with evidence that women have higher baseline CSF OT levels
[155], support the hypothesis of an inverted U-shaped
dose–response relationship between brain OT levels and neural
response, whereby raising brain OT levels in men would augment
the caudate/putamen response, moving them closer to the
maximum. On the other hand, raising OT levels in women might
displace them to the right of the response maximum, decreasing
the brain response. This hypothesis is supported by studies
demonstrating non-linear dose–response properties of intranasal
OT administration in human males. 24IU intranasal OT adminis-
tration, as compared with placebo reduced men’s cortisol
response to physical stress, enhanced autobiographical memory
retrieval, and promoted the retrieval of social affiliation memories
associated with more positive feelings [156, 157]. On the other
hand, the 48IU dose did not differ from the placebo and was also
significantly lower than the 24IU dose for memory retrieval.
Collectively, these results show that 24IU intranasal OT

administration modulates the neural response to reciprocated
cooperation very differently in men and women. In men, OT
increases the response to social reward associated with recipro-
cated cooperation within areas involved in reward and salience,
such as the caudate/putamen. Importantly, these modulatory
effects of OT were specific to interactions with human partners—
similar effects were not found with computer partners. In women,
intranasal OT administration actually decreased the neural
response to positive social interactions (reciprocated cooperation)
across widespread brain regions [10, 154]. Further analysis
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indicated that effects of intranasal OT administration on the
caudate nucleus response to reciprocated cooperation were
driven by individuals with the GG genotype at OXTR SNP
rs53576 [154]. A subset of the participants in this study returned
for a second session as part of a within-subject design to evaluate
OT effects. While OT did not increase the striatal response to
positive social interactions in men, it robustly decreased the VTA
response to positive social interactions in women (Fig. 7) [158].
This result parallels the effects of injections of OT into the VTA on
social reward in female hamsters described above.
In addition to examining how intranasal OT administration

modulated activation within individual brain areas, data from this
same study were analyzed to determine whether intranasal OT
administration modulated functional connectivity across a neural
network that animal studies implicate in social behavior. Intranasal
OT administration induced widespread increases in functional
connectivity in response to positive social interactions among
men and widespread decreases in functional connectivity in
response to negative social interactions among women. Regions
known to receive mesolimbic DA projections such as the NAc and
lateral septum were hubs for intranasal OT administration effects
on functional connectivity, again consistent with the notion that
24IU intranasal OT administration enhances social reward proces-
sing in men but not women [159]. It should be noted however
that fMRI does not measure DA signaling directly, nor can it reveal
if activations within areas like the NAc necessarily involve the
mesolimbic DA system.
As mentioned above, same-sex social interactions are more

rewarding for female than male hamsters, and OT can significantly
increase social reward in males while decreasing social reward in
females. The human results described above closely parallel these

findings in hamsters. Nevertheless, other evidence suggests that
human sex differences in intranasal OT administration effects on
social reward processing may be context or relationship-specific.
For example, one study showed that 24IU intranasal OT
administration enhanced the pleasantness of a romantic partners’
touch and also increased neural responses to the partners’ touch
in the NAc and anterior cingulate cortex [160]. In contrast to the
above study, there was no evidence for sex differences in OT
effects on the perceived pleasantness of partner touch, and OT
effects on the NAc response were actually stronger among
women than men. These effects of intranasal OT administration
were specific to touch from an assumed romantic partner and did
not generalize to touch from an unfamiliar person. In fact,
intranasal OT administration actually decreased the NAc response
to touch by a stranger. The same research team has shown that
intranasal OT administration increases the perceived attractive-
ness of, and NAc response to, male romantic partners among
women [148]. However, this effect was not observed when
women viewed pictures of familiar men who were not their
partner. Two other studies in women have shown intranasal OT
administration to increase VTA responses to pictures of infant and
sexual images [151], and to cues that predict presentation of
friendly faces [35]. Thus, the sex differences in the effects of
intranasal OT administration on social reward processing men-
tioned above, including decreased activation in social reward
processing regions in women, may be specific to positive social
interactions with same-sex and/or unfamiliar individuals. Alter-
natively, OT attenuation of social reward in women may only
apply for social stimuli that are sufficiently rewarding at baseline
(i.e., near the peak of the dose–response function). For less
rewarding social stimuli on the ascending portion of the inverted
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U function, OT would instead increase social reward. Thus, for
example, if a woman has habituated to her partner’s touch, it may
not be highly rewarding at baseline, but OT treatment may render
it more so.

SYNTHESIS
As is the case in most areas of social neuroscience, the
mechanisms underlying social reward have been investigated
more extensively in males than in females. The existing data in
rodents and humans, however, suggest that females find same-
sex interactions to be more rewarding than males do. Given that
activation of OTRs in the VTA and other areas of the mesolimbic
circuitry is necessary for social reward processing in both males
and females, the sex differences in social reward could result from
sex differences in the action of OT in these or related brain circuits.
As outlined above, sex differences could be related to endogen-
ous levels of OT, neuronal responses to OT, and/or downstream
signaling in reward circuitry. Because OT/AVP can be released
locally from presynaptic neuronal terminals, as well as more
globally from non-synaptic regions of neurons, it is difficult to
know if there are sex differences in the amount of AVP/OT
reaching OTRs in the mesolimbic system. It is noteworthy,
however, that women have higher baseline CSF OT levels [155].
Although OTRs have been identified throughout the neural
circuitry controlling social behavior, there is no compelling
evidence for the presence of higher concentrations of OTRs in
females than in males. In fact, the opposite may be true in some
regions, as a greater number of OTRs has been reported in
subregions of the striatum for males than females in rodents.
Nevertheless, possible sex differences in the signaling triggered by
OTR binding could exist, such as in sex differences in the
effectiveness of coupling to G proteins or the specific array of G
proteins available for coupling. Another possibility is that OT
activation within the mesolimbic system is not sexually differ-
entiated, but the higher basal and stimulated DA activity in
females compared with males is the explanatory mechanism.
Based on data from rodents and humans, we propose that there

is an inverted U relationship between the duration and/or
intensity of social stimuli and their associated social reward value,
perhaps mediated or at least modulated by OT in the VTA or other
regions of the mesolimbic DA system. Further, we propose
although OTR activation in the mesolimbic DA system is necessary
for the rewarding properties of social interactions in both males
and females, the inverted U relationship between OT dose, social
reward, and neural activity is initiated at lower doses in females
than males (Fig. 4c). As a result, depending on the dose of OT
administered, OT could reduce social reward in females, while
enhancing it in males (Fig. 5c). Although the hypothesis of an
inverted U dose–response relationship for the effects of meso-
limbic OT is speculative, precedence exists for an inverted U
dose–response function for the effects of OT. Previously, an
inverted U dose–response for OT was identified following systemic
administration or injection of OT directly into the VTA [95, 161,
162]. For example, injections of OT into the caudal VTA of male
rats induce penile erections when given at intermediate
concentrations (i.e., 40 or 80 ng) but not lower (i.e., 20 ng) or
higher concentrations (i.e., 100 ng). The potential cellular and
molecular mechanisms underlying an inverted U dose–response
are not known. One possibility is that as OT concentrations
increase they activate AVP receptors in addition to OTRs and the
activation of AVP receptors reduces the effects of OTR activation.
This possibility may be unlikely, however, because administration
of concentrations of OT that activate V1a AVP receptors (90 μM
OT) do not reduce responses mediated by OT activation of OTRs
[39, 40, 122]. Another interesting possibility, however, relates to
the finding that the coupling of OTRs to different G proteins can
result in different, or even opposing, effects within the cell [45].

Because the concentration of OT determines the coupling of OTRs
to different G protein subtypes [46], perhaps the inverted U-
shaped dose–response might be the result of concentration-
dependent effects on the coupling of OTRs to different G protein
subtypes.
Although the rewarding properties of many types of social

interaction are self-evident, the importance of social reward in the
expression of adaptive and maladaptive behavior, and in the
establishment and maintenance of social relationships, remains to
be fully appreciated. There is increasing evidence that dysfunc-
tions in the mechanisms mediating reward can play a substantial
role in the expression of various psychiatric disorders, including
substance abuse, affective disorders, and obsessive–compulsive
disorders, as well as in a range of neurodevelopmental disorders
including autism spectrum disorder, schizophrenia, and attention-
deficit/hyperactivity disorders. Indeed, it has been proposed that
dysfunctions in the circuits mediating reward (e.g., mesolimbic DA
system) may be present in many different psychiatric and
neurodevelopmental disorders and represent a common target
for their treatment [163]. Recently, the National Institute of Mental
Health has developed the Research Domain Criteria (RDoC) as a
“research framework for new approaches to investigating mental
disorders” and has defined two of these domains as “Negative
valence systems” that are primarily responsible for responses to
aversive situations and “Positive valence systems” that are
primarily responsible for responses to positive motivational
situations. Not infrequently, however, a characteristic of mental
disorders is that social stimuli that normally have a positive
valence can become less rewarding or even aversive. It is
interesting to consider whether an inverted U function of the
rewarding properties of the social duration and/or intensity of
social interactions could contribute to changing the valence of
social stimuli from positive to negative, and thereby contribute to
the symptomology of mental disorders. One possibility is that the
perceived value of social interactions could be abnormally
increased or decreased in specific disorders. If so, the direction
and magnitude of the change in perceived value of social
interaction would determine the sex-dependent change in the
valence of social stimuli.
While there are substantial sex differences in the incidence of

many psychiatric disorders, relatively little is known about the
underlying causes of these differences [164, 165]; it seems likely
that sex differences in the rewarding properties of social
interactions are likely contributors. For example, the possibility
that social interactions are less rewarding in men than women at
baseline could pre-dispose men to be more susceptible to
disorders such as autism, which is characterized by diminished
social motivation and reward, and which does indeed occur four
times more frequently in men than women [166]. It also seems
likely that as more research is conducted in females, more sex
differences will be found in the factors that contribute mental
disorders. For example, social stress is a significant factor in many
types of mental disorders, and it is now clear that females are
more susceptible to social stress than males [167]. Taken together,
these data suggest that the causes of mental disorders such as
stress and a diminished capacity for social reward may interact in
complex ways that differ in men and women and indicate the
importance of the development of gender-based treatments.
OT has been proposed to be a promising treatment for several

psychiatric disorders including substance abuse, autism spectrum
disorders, anxiety, stress-related disorders, and schizophrenia
[168–172]. If the inverted U hypothesis of a sex-dependent
relationship between OT dose and its effects on social reward (and
perhaps other factors important in the etiology of mental
disorders) is correct, then consideration of gender differences in
OT administration will be particularly important. Indeed, giving the
same dose of OT in men and women could have the opposite
effect producing a positive clinical outcome in one sex while
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producing a negative clinical outcome in the other. While
considerable effort is underway to develop drugs that can act
selectively on OTRs in the brain, at present the most common
route of administration of OT in humans is intranasal. Intranasal
OT administration is thought to produce supraphysiological levels
[173], making it particularly important to examine the dose-
dependent effects of OT in both men and women.

FUTURE AREAS OF RESEARCH
Because social reward plays such a key role in the expression of
social behavior, more comprehensive studies of the rewarding
nature of social interactions and their neural mechanisms in males
and females are needed. In particular, it will be important to
define what specific characteristics of social interactions alter the
rewarding properties of those interactions. For example, while the
duration of social interactions have been shown to alter reward
value, the conditions under which the intensity of social
interactions might alter their reward value are less clear. It will
also be important to determine if different types of social
interactions are more rewarding in one sex than the other across
species. For example, aggression may be more rewarding in males
than in females. In addition, some types of social interactions may
elicit different states of arousal in males and females, resulting in
social experiences that are qualitatively different. Particularly in
humans, same-sex interactions may be more complex and
represent more than just sex differences in the rewarding
properties of those interactions. For example, same-sex social
interactions could also be influenced by motivation to avoid
agonistic interactions, which may have more severe consequences
for one sex than the other (e.g., the more aggressive sex). If so, OT
might also influence social behavior by modulating the impact of
negative social interactions. For example, OT has been shown to
attenuate the amygdala response to negative social interactions in
men, perhaps signifying decreased stress or anxiety in this context
[174, 158].
Investigation of the role of the AVP/OT family of peptides in

social neuroscience will likely continue at a rapid pace because of
its importance for understanding the basic neural mechanisms of
social behavior and their translational significance. Understanding
the action of these peptides will require studies of the functional
significance of the cross-talk between OT and AVP and their
receptors in both males and females. It will also be important to
define the critical sex differences in AVP/OT signaling. What are
the roles of sex differences in the amount and distribution of
peptide release (e.g., synaptic and non-synaptic release), the
number and distribution of their receptors and/or in the cellular,
and/or network events precipitated following receptor activation?
It will also be important to determine the role of gonadal
hormones in mediating sex differences in social reward, particu-
larly because they play an important role in sex differences in drug
reward.
Another key area of future research will be to define the

dynamic interactions between OT and the many other neuro-
chemical signals found within the mesolimbic DA system that
contribute to reward, and how these interactions differ in males
and females. Of course, interactions with DA will be of central
importance but in addition it will be critical to determine the roles
of the many other neurochemical signals, that have not been
discussed in this review, but likely play an important role such as
serotonin, GABA, and glutamate. It will be interesting to fully test
the inverted U hypothesis of the rewarding properties of the
duration/intensity of social interactions and determine the extent
to which they can account for changing the valence of social
stimuli from positive to negative (or vice versa) thereby
contributing to the symptomology (and potentially treatments)
of mental disorders in men and women. If the inverted U
hypothesis of a sex-dependent relationship between OT dose and

its effects on social reward and perhaps other factors important in
the etiology of mental disorders is correct then consideration of
gender differences in OT administration will be particularly
significant. It will be particularly important to examine the effects
of OT dose on social reward as well as its utility in developing
gender-specific OT treatments for a range of psychiatric and
neurodevelopmental disorders.
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