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Abstract

The neuropeptides vasopressin (VP) and oxytocin (OT) and their receptors in the brain are
involved in the regulation of various social behaviors and have emerged as drug targets for the
treatment of social dysfunction in several sex-biased neuropsychiatric disorders. Sex differences in
the VP and OT systems may therefore be implicated in sex-specific regulation of healthy as well
as impaired social behaviors. We begin this review by highlighting the sex differences, or lack of
sex differences, in VP and OT synthesis in the brain. We then discuss the evidence showing the
presence or absence of sex differences in VP and OT receptors in rodents and humans, as well as
showing new data of sexually dimorphic VV1a receptor binding in the rat brain. Importantly, we
find that there is lack of comprehensive analysis of sex differences in these systems in common
laboratory species, and we find that, when sex differences are present, they are highly brain
region- and species- specific. Interestingly, VP system parameters (VP and VV1aR) are typically
higher in males, while sex differences in the OT system are not always in the same direction, often
showing higher OT expression in females, but higher OT receptor expression in males.
Furthermore, VP and OT receptor systems show distinct and largely non-overlapping expression
in the rodent brain, which may cause these receptors to have either complementary or opposing
functional roles in the sex-specific regulation of social behavior. Though still in need of further
research, we close by discussing how manipulations of the VP and OT systems have given
important insights into the involvement of these neuropeptide systems in the sex-specific
regulation of social behavior in rodents and humans.

1. Introduction

The neuropeptides vasopressin (VP) and oxytocin (OT) are involved in the regulation of
diverse social behaviors such as social recognition, pair-bonding, and social cognition in
mammals, including humans (Veenema & Neumann, 2008; Ross & Young, 2009; Meyer-
Lindenberg et al., 2011; Albers, 2014). VP and OT are evolutionarily conserved, differing
from each other by only two amino acids. Importantly, VP and OT often regulate social
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behavior in sex-specific ways. This may be due to sex differences in the brain VP and OT
systems, which will be the overarching topic of this review. Importantly, VP and OT have
been implicated in the etiology of psychiatric disorders, such as schizophrenia (Jobst et al.,
2014), autism (Yang et al., 2010; Xu et al., 2013; LoParo and Waldman, 2014), depression
(Yuen et al., 2014), and borderline personality disorder (Bertsch et al., 2013), disorders
which show sex biases in prevalence, symptom severity, and treatment responses.
Knowledge of sex differences in these systems, as well as how OT and VP may mediate sex-
specific social behavior, may therefore provide useful insight into sex-specific treatment
strategies for men and women diagnosed with psychiatric disorders characterized by social
dysfunction.

We will start with a discussion on sex differences in VP and OT in the brains of rodents and
humans (Section 2,). We briefly summarize the well-known sex differences in VP synthesis
and fiber distribution in the brain of rodents and other species (for a more extensive review,
see De Vries & Panzica, 2006). Interestingly, compared to VP, there is much less research
regarding sex differences in OT synthesis in the brain. We generally find that, while there
are robust sex differences in VP synthesis in conserved brain regions across species, there
are fewer sex differences in OT synthesis in the brain and such sex differences are specific
to particular brain regions and species.

Compared to sex differences in VP and OT peptide synthesis, even less is known about sex
differences in OT and VP receptors in the brain. We therefore discuss the current knowledge
of sex differences in these receptor systems in rodent and human brains (section 3), as well
as show new data of sex differences in the VP V1a receptor (V1aR) in the rat brain (section
3, Figs 1 and 2). Interestingly, of the relatively few studies across various species, males
seem to have higher V1aR and OT receptor (OTR) expression compared to females.

Despite the reported sex differences in VP and OT systems, surprisingly few comparative
studies have investigated the behavioral functions of OT and VP systems in males and
females using the same design. Importantly, those studies that do investigate the role of VP
and OT in social behavior in both sexes often demonstrate a robust sex-specific modulation
of social behavior by VP and OT systems in a variety of rodent species and humans (Section
4). Finally, we provide a short general discussion on the main findings and propose future
directions (Section 5). Interestingly, the expression of VP and OT receptors in the rodent
brain are non-overlapping (Section 5, Fig 3), suggesting possible implications for either
complementary or distinct behavioral functions of VP and OT, a rather unexplored but
important area for future research.

2. Sex differences in vasopressin and oxytocin synthesis and projections
in the brain

2.a. Vasopressin

VP acts as a hormone in the periphery and as a neuromodulator in the brain. VP-producing

magnocellular neurons of the paraventricular nucleus (PVN) and supraoptic nucleus (SON)
of the hypothalamus project to the posterior pituitary, where VP is released into the general
circulation as a hormone (Brownstein et al., 1980; Young and Gainer, 2003). As a hormone,
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it is involved in the regulation of blood pressure and water retention in the body (Silva et al.,
1969; Ishikawa, 1993). VP is also produced in parvocellular neurons of the PVN that project
to the anterior pituitary (Armstrong, 2004). From here, VVP stimulates the release of
adrenocorticotropic hormone, which, in turn, stimulates glucocorticoid release from the
adrenal cortex (Gillies et al., 1982). As such, VP is part of the hypothalamic-pituitary-
adrenal (HPA) axis, a system involved in the neuroendocrine stress response (Herman,
1995; Volpi et al., 2004). In addition, VP-synthesizing cells in the PVVN, SON,
suprachiasmatic nucleus of the hypothalamus (SCN), bed nucleus of the stria terminalis
(BNST) and medial amygdala (MeA) project centrally to multiple areas in the brain (Buijs,
1978; Sofroniew & Weindl, 1978; Buijs & Swaab, 1979; Buijs, 1980; Sofroniew, 1980;
Sofroniew, 1983; Rood & De Vries, 2011). It should be noted that a recent study in mice
showed that the VP-synthesizing cells within the amygdala are located in the intra-
amygdaloid BNST rather than the MeA (Otero-Garcia et al., 2014). However, it is not clear
whether this is specific to mice or a more general feature. Therefore, we will refer to these
VP-synthesizing cells as being located in the MeA across species. Upon its central release,
VP can modulate the activation of many brain regions via binding to vasopressin receptors
(discussed further in section 3.a.), thereby regulating social, emotional, and cognitive
behaviors (Veenema & Neumann, 2008; Koshimizu et al., 2012; Albers, 2014).

Importantly, VP synthesis and VP fiber projections are sexually dimorphic in specific areas
of the brain (Tables 1 and 3). De Vries et al. (1981) were the first to discover the sexually
dimorphic nature of VP in the rat brain, and reported that there were more VP-
immunoreactive fibers in the lateral septum (LS) and lateral habenular nucleus in males
compared to females (De Vries et al., 1981). De Vries and colleagues further discovered that
this sex difference was androgen-dependent. Testosterone injections in females or in
neonatally castrated males resulted in VP fiber density levels similar to that in control males
when given in the first, second, or third week of life (De Vries et al., 1983). The sex
difference in LS-VP fiber density originates primarily from VP neurons in the BNST, as
lesions to the BNST, but not the PVN, decreased VP-immunoreactive fiber density in the LS
(De Vries & Buijs, 1983). Additional studies found that LS-VP fibers also originate in the
MeA (Caffe et al., 1987). Not surprisingly, VP synthesis in these areas is also sexually
dimorphic, with males having a higher number of VVP-immunoreactive neurons and higher
VP mRNA expression in the BNST and MeA compared to females (Van Leeuwen et al.,
1985; Miller et al., 1989; Wang & De Vries, 1995). VP synthesis in the BNST and MeA is
also dependent on gonadal hormones, as castration in males decreased the number of VVP-
immunoreactive neurons and VP mRNA expression in the BNST and MeA (Van Leeuwen
etal., 1985; Miller et al., 1992).

Although the aforementioned studies on sex differences were all performed in rats, similar
sex differences in BNST and MeA VP have been found across a wide variety of rodent
species (summarized in De Vries & Panzica, 2006), including mice (De Vries et al., 2002;
Bakker et al., 2006; Gatewood et al., 2006; Rood et al., 2013), voles (Wang, 1995; Wang et
al., 1996; Lonstein & De Vries, 1999), gerbils (Crenshaw et al., 1992), European hamsters
(but season-dependent; Buijs et al., 1986), and garden dormice (but season-dependent;
Hermes et al., 1990). Male prairie voles additionally show more VP-immunoreactive fibers
in the ventral pallidum compared to females (Lim et al., 2004a). Non-mammalian
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vertebrates also show similar sex differences in vasotocin (homologous of VVP) which is
expressed in areas homologous to the BNST and MeA and in vasotocin projections from
these areas (summarized in De Vries & Panzica, 2006). However, there are some exceptions,
such as the Syrian hamster, which seems to lack VP cells in the BNST and MeA (Albers et
al., 1991; Ferris et al., 1995; Miller et al., 1999). The presence of sex differences in
BNST/MeA VP is less clear in primates, which could be due to limited number of studies.
Of those studies that included both males and females, no sex differences in BNST-VP were
found in macaques (Caffé et al., 1989) and humans (Fliers et al., 1986), whereas male
marmosets have more VVP-immunoreactive cells in the BNST than female marmosets (Wang
etal., 1997a). None of these studies found VP-immunoreactive fibers in the LS, while VP-
immunoreactive fibers were found in other brain areas (Caffé et al., 1989; Fliers et al., 1986;
Wang et al., 1997b).

In contrast to the BNST and MeA, no sex differences in VP mRNA expression in the PVN
have been found in adult rats (Table 4), nor in weanling (Paul et al., 2014) or juvenile
(Taylor et al., 2014) rats. Less consistent are findings for VP synthesized in the SON.
Although we did not find a sex difference in VP mRNA expression in the PVN of adult
Wistar rats (Table 4), higher VP mRNA expression in the SON was found in juvenile male
compared to juvenile female Wistar rats (Taylor et al., 2012) and larger VP neurons in the
SON were found in adult male compared to adult female Sprague-Dawley rats (Madeira et
al., 1993). The latter finding seems in line with higher plasma VP and urinary VP
concentrations in male versus female Sprague-Dawley rats, a sex difference that was
abolished by gonadectomy and restored by testosterone and ovarian hormone replacement in
males and females, respectively (Share et al., 1988).

VP synthesis in hypothalamic regions of most other rodent species studied is not different
between males and females, except for two species that do show sex differences (Tables 1-
3). In detail, VP synthesis in hypothalamic regions is similar between male and female mice
(PVN and SON: Joca et al., 2013; Steinman et al., 2015), voles (PVN, SON, SCN in prairie,
pine, meadow, and montane voles: Wang, 1995; Wang et al., 1996), Mongolian gerbils
(PVN, medial preoptic area [MPOA], lateral hypothalamus [LH] and anterior hypothalamus
[AH]: Wang et al., 2013), and Chinese striped hamsters (PVN, medial preoptic area, lateral
hypothalamus and anterior hypothalamus: Wang et al., 2013). However, other rodent species
show region- and social context-specific sex differences in hypothalamic VP-
immunoreactivity. For example, dominant male mandarin voles had more VP-
immunoreactive neurons in the PVN and SON compared to dominant females, and dominant
and subordinate male mandarin voles had more VP-immunoreactive neurons in the AH and
LH compared to dominant and subordinate females (Qiao et al., 2014). Also, male golden
hamsters showed more VP-immunoreactive neurons in the SON, but not the PVN, compared
to female golden hamsters (Delville et al., 1994). Males of several fish species show more
vasotocin neurons in the preoptic area (homologous to PN and SON in mammals; Moore
and Lowry, 1998) than females (reviewed in Goodson and Bass, 2001). These species-
specific sex differences in hypothalamic VP suggest a role for hypothalamic VP in
mediating species-specific sex differences in the regulation and/or expression of behavior.
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Data discussed above indicate that sex differences in BNST/MeA VP synthesis are found in
most rodent species analyzed, while sex differences in hypothalamic VP are limited to a few
rodent species (mandarin voles and hamsters). To what extent these sex differences in VP
synthesis contribute to sex differences in VP peripheral release or VP release in the brain is
still unknown. Local VP release in the brain has been measured in male (Veenema et al.,
2010; Lukas et al., 2011a) and female (Bosch & Neumann, 2010; Bosch et al., 2010) rats
during the expression of social behavior; however, to our knowledge, there are no studies
which have compared brain VP release in males and females. We can hypothesize that,
because males show higher VP synthesis in the BNST and MeA, males may have higher VP
release in BNST- and MeA- projecting areas, such as the LS. This is an important area of
research, as it would provide insights into the extent to which sex differences in static VP
synthesis and fiber projections in the brain relate to sex differences in dynamic VP release.

The first study investigating VP neurons in the PVN and SON in humans reported no sex
difference (age of subjects ranges from 10-93 years; Fliers et al., 1985). However, a more
recent study found a sex difference depending on age, with larger VP neurons in the PVN
and SON of men compared to women under 50 years of age, but no sex differences in
subjects older than 50 years of age, which was likely due to an increase in VP neuron size in
women (Ishunina and Swaab, 1999). This finding seems consistent with studies showing sex
differences in plasma VP concentrations with higher plasma VP concentrations in
preadolescent and adolescent boys (Miller et al., 2013), adult men (Share et al., 1988; Van
Londen et al., 1997) but also in elderly men (Asplund & Aberg, 1991). A more recent study,
however, found that plasma VP was higher in men compared to women only at night
(Graugaard-Jensen et al., 2014), and another found no sex differences in plasma VP
concentrations in adults (Gouin et al., 2012).

Taken together, across vertebrate species, VP synthesis and projections in the brain are often
sexually dimorphic, VP within the BNST/MeA is modulated by gonadal hormones, and sex
differences in VP may be sensitive to changes in status (dominant, subordinate), season, and
photoperiod. Despite some important exceptions in rodent species (De Vries & Panzica,
2006) and some inconsistencies across human studies, VP synthesis, VP innervation in the
brain, and VP plasma concentrations generally seem to be higher in males than in females.
This could have important implications for the sex-specific regulation and/or expression of
behaviors regulated by VP (see section 4).

Remarkably, the functional significance of sexual dimorphisms in VP is still largely unclear.
It has been proposed that these consistent sex differences in VP could have a dual function,
namely contributing to sex differences in some behaviors while preventing sex differences
in other behaviors (De Vries & Boyle, 1998; De Vries, 2004). The latter may be less
intuitive, but sex differences in some parameters, like VP, may serve to compensate for
necessary sex differences in other parameters. This may allow males and females to display
similar behaviors, despite major differences in their physiological and hormonal conditions.

Importantly, VP function in the brain is intrinsically dependent on its receptors in the brain.
Therefore, we propose that in order to understand the function of sexual dimorphism in VP
synthesis and innervation in the brain we should also have a closer look at \VP receptors in
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the brain and how manipulations of the VP system (both VP and VP receptors) can give
insight into the functional significance of the sexually dimorphic VP system (discussed
further in sections 3.a. and 4.a.). For a more comprehensive read on sex differences in brain
VP and vasotocin, the reader is referred to several excellent reviews (Goodson & Bass,
2001; De Vries & Panzica, 2006; Albers, 2014).

2.b. Oxytocin

Across species, most OT is synthesized in the PVN and SON, but some OT synthesizing
cells are found in the accessory magnocellular nucleus of the hypothalamus (rats, humans:
Fliers et al., 1985; Weirda et al., 1991; Meynen et al., 2007) or LH, AH, and MPOA
(hamsters, gerbils, voles, naked mole rats: Brownstein et al., 1980; Dierickx, 1980; Rhodes
et al., 1981; Swanson and Sawchenko, 1983; Wang et al., 1996; Rosen et al., 2008; Xu et al.,
2010; Wang et al., 2013). OT-producing magnocellular neurons of the PVN and SON
project to the posterior pituitary where OT is released into the general circulation as a
hormone, in which it is involved in maternal responses such as milk ejection and uterine
contractions (Fuchs and Poblete, 1970; Belin et al., 1984), in male reproductive functions
such as ejaculation, in cardiovascular homeostasis, and other peripheral activities (Gimpl
and Fahrenholz, 2001). Moreover, OT synthesized in parvocellular neurons of the PVN
(Buijs, 1978; Buijs and Swaab, 1979; Sofroniew, 1980; Sofroniew, 1983) and magnocellular
neurons in the PVN, SON, and accessory nucleus of the hypothalamus (Ross et al., 2009,
Knobloch et al., 2012) project centrally, where OT can modulate the activity of many brain
regions via binding to the widely distributed OT receptor (OTR; Jard et al., 1987; Gimpl and
Fahrenholz, 2001).

Sex differences in OT-immunoreactive neurons have been found in hypothalamic nuclei in a
few rodent species, in which OT is typically higher in females compared to males (Table 7).
For example, females had more OT-immunoreactive neurons in the PVN, SON, and anterior
hypothalamic periventricular nucleus of CD mice (H&ussler et al., 1990), the PVN and SON
of mandarin voles (Qiao et al., 2014), the PVN of Brandt’s voles (Xu et al., 2010), and the
MPOA of Mongolian gerbils and Chinese-striped hamsters (Wang et al., 2013).

OT mRNA expression or immunoreactivity in the brain of several other rodent species is
similar between males and females (Table 6). For example, no sex difference was found for
OT mRNA expression in Wistar rats (PVVN, SON: Dumais et al., 2013) or for OT-
immunoreactive neurons in prairie, pine, meadow, and montane voles (PVN, SON, MPOA,
BNST: Wang et al., 1996), naked mole rats (PVVN, SON: Rosen et al., 2008), and long tailed
hamsters (PVN, MPOA, LH, AH: Xu et al., 2010). Studies in non-human primates have also
reported an absence of sex differences in OT-immunoreactive neurons in macaques (PVN,
SON: Caffé et al., 1989) and marmosets (PVN, SON, BNST, MeA: Wang et al., 1997).
Similarly, there were no sex differences in the number of OT neurons in the PVVN (Wierda et
al., 1991) and in the size of OT neurons in the PVN and SON (Fliers et al., 1985; Ishunina
and Swaab, 1999) in humans.

Remarkably, while sex differences in VP fiber projections have been extensively
investigated, a quantitative comparison of OT fiber projections between males and females
and across rodent species is limited. To our knowledge, the only comparisons between sexes
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thus far have been in CD mice, prairie voles, mandarin voles and macaques. It was found
that females had more OT-immunoreactive fibers compared to males in the LS and BNST of
CD mice (Haussler et al., 1990) and LH of mandarin voles (Qiao et al., 2014). In prairie
voles, OT-immunoreactive fibers were analyzed only in the nucleus accumbens, where no
sex difference was found (Lim et al., 2004a). In macaques, no sex differences were found in
OT-immunoreactive fibers in the amygdala, solitary tract nuclei, and marginal layer of the
cervical spinal cord (Caffé et al., 1989).

Importantly, it is still unclear as to whether sex differences in brain OT immuoreactivity or
MRNA expression reflect sex differences in OT release in the brain. Similar to VP, there is
little research on potential sex differences in brain OT release, because investigation into
brain region-specific OT release patterns in rats have been performed in one sex only
(males: Engelmann et al., 1999; Ebner et al., 2000; Waldherr and Neumann, 2007; or
females: Nyuyki et al., 2011; Neumann et al., 1993; Bosch et al., 2010; Bosch et al., 2004).
In humans, however, it was found that women had higher concentrations of OT in cerebral
spinal fluid compared to men irrespective of health condition (i.e., in healthy controls and in
patients with obsessive compulsive disorder; Altemus et al., 1999), suggesting that brain OT
release may be higher in females, regardless of the lack of sex differences in OT synthesis in
the brain (Fliers et al., 1985; Wierda et al., 1991; Ishunina and Swaab, 1999).

Furthermore, it is unclear as to whether sex differences in brain OT synthesis reflect sex
differences in OT release in the periphery. For example, female mandarin voles (Cao et al.,
2013) prairie voles (Kramer et al., 2004) and Sprague Dawley rats (Kramer et al., 2004) had
higher plasma OT concentrations compared to males, yet only female mandarin voles had
higher OT-immunoreactivity in the PVN and SON (Qiao et al., 2014). In humans, although
there is a lack of sex differences in OT synthesis in the brain (Fliers et al., 1985; Wierda et
al., 1991; Ishunina and Swaab, 1999), studies regarding the presence and direction of sex
differences in plasma OT concentrations have been inconsistent. While preadolescent and
adolescent girls had higher plasma OT concentrations than boys (Miller et al., 2013), adult
men had higher plasma OT compared to adult women (van Londen et al., 1997; Weisman et
al., 2013). Still, others reported no sex differences in plasma OT (Zhong et al., 2012; Taylor
et al., 2010; Grewen et al., 2005; Gordon et al., 2008; Gordon et al., 2010; Graugaard-Jensen
et al., 2014). Thus, in contrast to consistent reports of higher plasma VP in men compared to
women, the presence and direction of sex differences in plasma OT concentrations are
inconclusive. These inconsistencies may be due to methodological differences across
studies, as commercially available methods to quantify plasma OT concentrations are in
need of improvement (Szeto et al., 2011).

Overall, we can conclude that there is a lack of sex differences in OT synthesis in the brain
in most species analyzed. Interestingly, in those rodent species that show a sex difference,
OT-immunoreactivity is consistently higher in females compared to males (Table 7). This is
in contrast with VP synthesis in the brain, where VP-immunoreactivity is consistently higher
in males compared to females (Table 1). Importantly, the functional significance of the
presence (and absence) of these sex differences is still to be determined, though sex
differences in synthesis may suggest a greater role of OT in females, and a greater role of
VP in males. This suggestion, however, is overly simplified, and OT and VP play a
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significant role in both male and female social behavior, which is discussed further in
section 4.

3. Sex differences in vasopressin and oxytocin receptors in the brain

3.a. VP receptors

VP receptors are G protein coupled receptors consisting of two major subtypes, the V1
receptor (V1R) and the V2 receptor (V2R; Jard, 1983). The V1R is further divided into
V1aR and V1bR receptor subtypes. V1aR and V1bR are both expressed in the brain and are
the most well-known mediators of the effects of VP in the brain on social behavior. For
example, V1aR has been implicated in pair bonding, maternal care, aggression, social
recognition, and social play (Bielsky et al., 2004; Egashira et al., 2004; Lim et al., 2004b;
Bosch and Neumann, 2008; Veenema and Neumann, 2008; Veenema et al., 2013; Albers,
2014). The V1bR has been more recently getting recognized as a modulator of various social
behaviors, such as social recognition, aggression, and maternal care (Stevenson & Caldwell,
2012). Although the V2R has been reported to be found in the rat brain (Hirasawa et al.,
1994; Kato et al., 1995), this has not recently been confirmed, and evidence of the presence
of V2R in the brain is largely lacking.

Detecting specific V1a and V1b receptors in the brain has been hindered for a long time by
the availability of only nonselective radioligands, such as tritium labelled (3H) VP ligands,
which bind to both V1 and V2 receptors (Phillips et al., 1990). Using this 3H labeled VP
ligand, VP receptor binding in the rat brain was found in areas such as the LS, BNST,
nucleus accumbens (NAc), amygdala, diagonal band of Broca, cingulate gyrus, dorsal
hippocampus, and caudate nucleus (Baskin et al., 1983; Dorsa et al., 1983; Pearlmutter et al.,
1983; Dorsa et al., 1984; Petrecca et al., 1986; Freund-Mercier et al., 1988; Tribollet et al.,
1991). However, because this ligand lacked specificity to VP receptor subtypes, specific
subtype distributions were still unknown. Further, in all the aforementioned studies, only
males were used, or sex was not specified.

The development of more specific and sensitive radioligands led to the visualization of V1R
specific binding using iodine labeled (1251) V1R antagonist. For example, Gerstberger and
Fahrenholz (1989) used (Mcal,1251-Tyr2 Sar")AVP to localize V1R in the brain. While only
male Wistar rats were used, this was the first study to show V1R-specific binding in the
hypothalamus, NAc, LS, BNST, central amygdala (CeA), nucleus of the solitary tract,
islands of Calleja, lateral olfactory tract, choroid plexi, and stigmoid hypothalamic nucleus
(StigH; Gerstberger & Fahrenholz, 1989). Schmidt et al. (1991) further developed a linear
antagonist specific to the V1aR. They found V1aR binding in several brain areas of Wistar
rats, such as the LS, hippocampus, superior colliculus, substantia nigra, and central gray,
however only female rats were used in this study. Using the same 12°] linear V1aR
antagonist, additional VV1aR binding sites were found in the frontal cortex, dorsal
hypothalamus, AH, hippocampal dentate gyrus (DG), substantia nigra, and ventral tegmental
area (VTA,; Johnson et al., 1993)of male rats.

The first comparative study in rats did not find sex differences in VP receptor binding in
areas such as the BNST, DG, LS, and CeA (Tribollet et al., 1990). However, the authors
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used the nonselective radioligand [3H]VP and the number of males (n=3) and females (n=3)
was too low to reliably run statistics. Yet, the VP receptor binding overall was higher in
males compared to females.

Importantly, using the 12°1 linear VP antagonist we find sex differences in V1aR binding
densities in several areas in the brains of Wistar rats (Figs. 1 and 2; Table 1; method details
are described in the legend of Fig. 1). In detail, males show higher V1aR binding densities in
8 out of 21 forebrain regions, namely the somatosensory cortex (SSc; p<0.01), piriform
cortex (PC; p<0.001), medial posterior BNST (BNSTmp; p<0.01), nucleus of the lateral
olfactory tract (LOT; p<0.001), anterior ventral thalamic nucleus (AVthal; p<0.001), tuberal
LH (tubLH; p=0.001), stigmoid hypothalamus (StigH; p<0.01), and DG (p<0.001; Figs. 1
and 2; Table 1). No sex differences were found in the remaining forebrain regions, i.e.,
Islands of Calleja, NAc shell, intermediate-, ventral- and dorsal- LS, lateral dorsal BNST,
lateral posterior BNST, LH, arcuate nucleus of the hypothalamus, SCN, the nucleus of the
posterior limb of the anterior commissure, ventral thalamic nuclei, and the medial central
amygdala; Figs. 1 and 2; Table 2).

Comparative analysis of V1aR binding between males and females of other rodent species is
very limited, and of those that have included both sexes, only a few used specific radioactive
ligands and a reasonable number of male and female subjects. An overview of the brain
region- and species-specific sex differences in V1aR is provided in Tables 1 and 3 and
details per species are discussed below.

Using the 1251 linear V1aR antagonist, it was found that female C57B6 mice (n=5) had
higher V1aR binding in the MPOA and mammillary nuclei compared to males (n=5; Dubois
Dauphin et al., 1996). Although the authors reported VV1aR in several other areas throughout
the mouse brain, it is unclear whether these areas were tested for sex differences in V1aR
binding. Likewise, although no sex differences were found in the hippocampal CAL region,
SSc, LS, and VTA of C57B6 mice (Hammock and Levitt, 2012), other brain regions were
not tested for sex differences and the number of mice per sex (n=3) is too low to draw any
definitive conclusions. In ICR mice, using the 1251 linear VV1aR antagonist, males (n=6) and
females (n=6) showed a lack of sex differences in all regions analyzed (subfornical organ,
LS, PVN, paraventricular thalamus, mammillary complex, parabrachial nucleus, area
postrema-nucleus of the solitary tract, and hypoglossal nucleus; Tribollet et al., 2002). This
suggests potential strain specific sex differences in V1aR in mice, i.e. a sex differences in
the mammillary nucleus was found in C57B6 mice (Dubois Dauphin et al., 1996), but not in
ICR mice (Tribollet et al., 2002). Although a thorough comparative analysis of the V1aR
throughout the brain of commonly used laboratory mice is lacking, findings thus far
suggests that mice, in general, may show few sex differences in V1aR binding density in the
brain.

In Peromyscus (P.) maniculatus and P. californicus mice, no sex differences were found for
VP receptor binding in any of the brain regions analyzed, except for higher binding in the
centromedial thalamic nucleus in females (Insel et al., 1991). However, there are several
limitations to this study, including the use of 3H VP and 125]-sarc-AVP, which may not be
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specific for the V1aR. Additionally, females were run separately from the males, and the
number of females was very low (n=3).

Using 3H VP, it was found that male Siberian hamsters had higher V1R binding in the
ventromedial, medial tuberal, and ventral premammillary hypothalamic nuclei when on a
long photoperiod light cycle, and in the ventral premammillary hypothalamus when on a
short photoperiod light cycle, compared to females (Dubois-Dauphlin et al., 1991).
Displacement of 3H VP binding by co-incubation with a V1 agonist suggests that binding
was of the V1 subtype. In addition, using 122l d(CH,)s,Sar’JAVP, a specific V1 antagonist,
V1R binding was also higher in male golden hamsters in the ventrolateral hypothalamus
compared to females (Delville & Ferris, 1995). Although VP receptor binding in these
species show clear sexual dimorphisms, specificity to the V1aR is still lacking, and neither
study included a comprehensive analysis of sex differences in other brain regions of the
hamster.

Using the 1251 linear V1aR antagonist, no sex differences were found in prairie voles in any
region analyzed in Bales et al., (2007a). However, a sex difference for V1aR was found in
the medial prefrontal cortex with higher V1aR binding in male prairie and montane voles
compared to females in Smeltzer et al., (2006). It should be noted that this was the only
region analyzed (Smeltzer et al., 2006) and that this region was not included in the analysis
in Bales et al., (2007a). Thus, across several common laboratory rodent species (laboratory
mice, hamsters, voles), a comprehensive analysis of sex differences in brain VV1aR using a
specific V1aR antagonist is still lacking.

Using the 1251 linear V1aR antagonist, no sex differences in VV1aR binding were found in
several brain regions analyzed in singing mice (Campbell et al., 2009), tuco-tuco (Beery et
al., 2008), and rhesus monkeys (Young et al., 1999), albeit the number of male (n=2) and
female (n=3; 1 gonadally intact, 1 overiectomized, 1 lactating) rhesus monkeys was too low
to be conclusive. Likewise, there were no sex differences in V1R binding in several brain
regions analyzed in humans (Loup et al., 1991), but this also remains inconclusive

because 3H VP was used and the number of women was very low (n=4).. V1aR binding was
also found throughout the brain of male and female marmosets (Wang et al., 1997) and the
coppery titi monkey (Freeman et al., 2014), but there was no mention of an analysis of sex.
The lack of comparative studies in non-human and human primates with specific ligands and
proper number of subjects highlights the need for further investigation into potential sex
differences in brain V1aR expression in these species. Recently, a radiolabeled human V1aR
antagonist has been developed for the use in PET and SPECT imaging, which may lead to a
further understanding of sex differences in the brain V1aR system in humans, including the
potential relation of VV1aR binding with brain function and vasopressin-related disorders
(Fabio et al., 2012).

Like VP neurons and fiber projections, V1R binding has also been found to be dependent on
gonadal hormones in various species. Gonadectomy abolished V1aR binding in the BNST
and in several hypothalamic areas (namely the ventrolateral hypothalamus, ventromedial
MPOA, lateral MPOA, posterior lateral preoptic area, anterior LH, and ventromedial
hypothalamus[VMH]) of male hamsters (Delville & Ferris, 1995; Johnson et al., 1995;
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Young et al., 2000). Gonadectomy also reduced V1aR binding in the ventrolateral
hypothalamus in female hamsters (Delville & Ferris, 1995), but this was the only region
measured. However, short photoperiod-induced anestrus female Syrian hamsters have lower
V1aR binding in the medial preoptic nucleus, MPOA, LH, CeA, and BNST compared to
females on a long photoperiod (Caldwell and Albers, 2004b), suggesting gonadal hormonal
control of V1aR in various brain regions of both male and female hamsters. Furthermore,
testosterone treatment increased vasotocin V1aR binding in nuclei of the song system in
female canaries (Voorhuis et al., 1988) and male white-throated sparrows (Grozhik et al.,
2014).

Given the hormonal modulation of the VP receptor system in these species, we determined
whether the estrus phase of female Wistar rats alters VV1aR binding densities (see Table 8).
Surprisingly, no significant differences were found in VV1aR binding densities between non-
estrus and estrus females in any of the 21 forebrain regions analyzed (Table 8). This may
suggest that changes in VV1aR are not required for estrus-induced changes in behaviors
associated with mating, at least in rats. This is in contrast with estrus-induced changes in
OTR binding in the VMH, MPOA, posterior BNST, and NAcc (Dumais et al., 2013). It
would be important to study the influence of estrus on V1aR in the brain in other species as
this may help to better understand the behavioral significance of sex differences in V1aR. To
our knowledge, none of the above-mentioned studies on V1aR comparisons between males
and females indicated the estrus phase of females.

Moreover, V1aR binding density may change depending on the reproduction status and
experience of males and females. Indeed, VV1aR binding was higher in the BNST and MPOA
in lactating rats compared to virgin rats (Bosch and Neumann, 2008; Bosch et al., 2010).
Furthermore, V1aR binding was lower in the PVN and CeA during lactation as compared
with parturition in the rat (Caughey et al., 2011). However, the authors did not include virgin
female rats, making it unclear in what direction the change in VV1aR across the peripartum
period is occurring. Given the role of VP in modulating maternal behavior in rodents (Bosch
& Neumann, 2008; Nephew & Bridges, 2008), it is likely that such changes in V1aR may
mediate optimal maternal care. In this respect, it is interesting that VV1aR binding in the LS
positively correlated with maternal aggression in rats (Caughey et al., 2011). Interestingly,
pregnancy and parturition induce long-lasting enhancements in maternal behaviors during
subsequent maternal experiences (Bridges, 1975, 1977; Nephew et al., 2009; Macbeth &
Luine, 2010). This suggests that long term changes in neural systems which regulate these
behaviors, such as the VP system, may also occur. We therefore compared V1aR binding
densities in virgin (nulliparous) female Wistar rats and Wistar rats who have gone through
one experience of pregnancy and parturition (primiparous) at three weeks post-weaning. We
found that, among 21 forebrain regions analyzed primiparous females had higher V1aR
binding in the SSc (p<0.01) and medial posterior BNST (p<0.01) compared to nulliparous
females (Table 8). Our current data therefore suggests that maternal experience induces
long-term changes in VV1aR binding in restricted brain regions. Notably, the BNST shows
both short-term (Bosch et al., 2010) and long-term (Table 8) changes in VV1aR binding,
suggesting a permanent increase in V1aR in this area which may contribute to long-lasting
enhancements in maternal responsiveness. Additionally, paternal experience enhanced V1aR
immunolabeling in the prefrontal cortex of marmosets (Kozorovitskei et al., 2006). Clearly,
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more research is needed to determine the functional significance of such long-lasting
changes in V1aR in response to maternal and paternal experiences. These findings further
illustrate the importance of studying sex differences in V1aR, OTR, or any other parameter,
in the context of sexual and parental experiences in order to better understand their function
in behaviors related to reproduction and parental care.

Because of the absence of selective and high-affinity VV1b ligands, characterization of the
V1bR remains poorly understood. Using techniques such as immunohistochemistry and RT-
PCR, the V1bR has been detected in several areas throughout the brains of rats, including
V1bR mRNA expression in the olfactory bulb, hippocampus, caudate putamen, septum,
amygdala, hypothalamus, cortex, and cerebellum in male Sprague Dawley rats (Lolait et al.,
1995; Vaccari et al., 1998) and V1bR-immunoreactivity in the olfactory system, cortex,
BNST, diagonal band of Broca, amygdala, NAc, hippocampus, thalamus, hypothalamus, and
cerebellum in male Wistar rats (Hernando et al., 2001). In C57BL/6mice, V1bR mRNA
expression was predominantly found in the CA2 field of the hippocampus, with lower
expression levels in the PC, caudate putamen, septum, midbrain, pons, cerebellum and
medulla (Young et al., 2006). Finally, V1bR mRNA expression was found in the CA2 and
CA3 of the hippocampus in humans (Young et al., 2006), although other brain regions were
not analyzed. Moreover, V1bR mRNA expression in humans was not analyzed according to
sex, most likely because of the low number of subjects (1 male and 1 female; Young et al.,
2006). To our knowledge, there are no studies which have investigated sex differences in
V1bR mRNA expression or V1bR binding.

In summary, sex differences in V1aR binding in various species remain inconclusive. While
sex differences in V1aR binding have been found in multiple brain regions of rats (Figs. 1
and 2), sex differences in V1aR binding have only been found in a few brain regions in
mice, hamsters, and voles. However, these data might be far from conclusive because most
of these studies only analyzed a few brain regions expressing VV1aR, included too few
animals of each sex, and did not use specific ligands for the VV1aR. Furthermore,
comprehensive analysis of sex differences in VP receptor binding in humans and non-human
primates are still needed. Given our extensive knowledge of sex differences in VP synthesis
and VP fiber densities in various species (see section 2), it is surprising that the investigation
into sex differences in VP receptors is still so limited. Despite these limitations, several
studies have shown a sex-specific role of the VP system in the regulation of social behavior
in a variety of species, which is discussed in section 4.a.

3.b. OT receptor

Thus far only one type of OT receptor (OTR) has been identified and, similar to VP
receptors, the OTR is a G protein-coupled receptor (Gimpl and Fahrenholz, 2001). We
discussed above that few rodent species show sex differences in OT-immunoreactivity.
However, sex differences in OTR rather than OT could underlie the observed sex-specific
regulation of OT-modulated social behaviors (see section 4b). Therefore, knowledge of sex
differences in brain OTR is important for a better understanding of how the OT system often
regulates social behavior in sex-specific ways.
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Similar to the VP receptor, sex differences in OTR binding are both brain region- and
species-specific (Tables 5-7). The first comparative study was carried out in Sprague
Dawley rats and no sex differences in OTR binding density was found in any of the brain
regions analyzed including the LS, BNST, VMH, and CeA (Tribollet et al., 1990). However,
this study used [3H] OT and, like [3H] VP, [3H] OT may not exclusively bind OTR
(Mouillac et al., 1995; Manning et al., 2012), and thus possibly may mask potential sex
differences in OTR binding. Indeed, later studies consistently found higher OTR mRNA
expression (Bale and Dorsa, 1995) and higher OTR binding density ([using the specific
OTR antagonist d(CH,)s[Tyr(Me)2, Thr4,0rn8 [1251] Tyr®-NH,]-OVTA; Uhl-Bronner et al.,
2005) in males compared to females in the VMH of Long-Evans and Sprague-Dawley rats,
respectively. We recently confirmed and expanded findings of sex differences in OTR
binding in the brains of Wistar rats using d(CH,)s[Tyr(Me)2,Thr4,0rn8,[1251] Tyr®-NH,]-
OVTA. Specifically, we found that males had higher OTR binding densities than females in
9 out of 15 forebrain regions analyzed. These brain regions included the NAc, dorsal
caudate putamen, intermediate LS, posterior BNST, MPOA, agranular insular cortex,
hippocampal CA1 region, MeA, and VMH (Dumais et al., 2013). The largest sex difference
in OTR binding was found in the posterior BNST, with males showing almost three times
higher density than females. We have confirmed a similar sex difference in OTR binding
density in the posterior BNST of Sprague-Dawley rats (data not shown).

Furthermore, sex differences in OTR binding in multiple brain regions have been found in
two deer mouse species, P. maniculatus and P. californicus. Sex differences in OTR binding
were found in 8 out of 20 brain regions analyzed, including the olfactory bulb, cingulate
cortex, dorsal LS, BNST (lateral, medial anterior, and medial posterior parts), and the
hippocampal CA1 region (Insel et al., 1991). Males had higher OTR binding compared to
females in all regions except for the CA1 region. The fact that the sex difference in OTR
binding densities in rats and deer mice are so consistently found in one direction (higher in
males) and in so many different brain regions suggest an important sex-specific role of the
OTR in OT-mediated social behaviors (see section 4.b. for further details).

In contrast, limited or no sex differences in brain OTR have been found in other rodent
species and in humans. For example, female prairie and montane voles showed higher OTR
binding densities in the medial prefrontal cortex compared to males (Smeltzer et al., 2006),
while male mandarin voles showed higher OTR mRNA expression in the MeA (Cao et al,
2013). It was also found that male ICR mice had lower OTR binding in the VMH than
female ICR mice (Tribollet et al., 2002). Male S. xerampelinus singing mice had higher
OTR binding in the MeA and hippocampal CA1 compared to females (Campbell et al.,
2009). Tuco-tuco (Ctenomys sociabilis) males had higher OTR binding than did females in
the MPOA and VMH (Beery et al., 2008). No sex differences in OTR binding were found in
C57BI/6J mice (Hammaock and Levitt, 2013), the solitary golden hamster (Dubois-Dauphin
et al., 1992), prairie voles (Bales et al., 2007a; except for the medial prefrontal cortex in
Smeltzer et al., 2006), and humans (Loup et al., 1991). However, Loup et al. (1991) had a
very low number of women (n=4). Moreover, most rodent studies only analyzed for sex
differences in OTR in a few brain regions (Dubois-Dauphin et al., 1992; Smeltzer et al.,
2006; Bales et al., 2007a; Cao et al., 2013; Hammock and Levitt; 2013). A recent study
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investigated OTR binding in the coppery titi monkey in males and females, however an
analysis of sex was not performed (Freeman et al., 2014). Together, this highlights the need
for more extensive analysis in more forebrain regions in these species, as well as the need
for more species to be investigated for potential sex differences in OTR.

Unlike the V1R, the OTR is modulated by gonadal hormones, which may help to explain the
mechanisms underlying the sex differences in OTR. Interestingly, estrogens may directly
regulate OTR gene expression through binding to the estrogen receptor alpha, which is a
transcription factor that modulates gene transcription via interaction with estrogen response
elements located on the promotor region of the OTR gene (Carson-Jurica et al., 1990;
Young et al., 1998; Ivell & Walther, 1999). Female rats treated neonatally with testosterone
(which is likely converted into estrogen) show higher levels of OTR binding densities in the
VMH, BNST, and MeA compared to control female Sprague-Dawley rats (Uhl-Bronner et
al., 2005). However, it is unclear whether these changes reach levels of OTR binding
densities as seen in males. Furthermore, gonadectomy of adult Sprague-Dawley rats
decreased OTR binding in areas such as the VMH, dorsolateral BNST, and dorsal caudate
putamen in both males and females (Tribollet et al., 1990). In Wistar rats, OTR binding was
higher in estrus females (characteristic of higher levels of estradiol and progesterone)
compared to non-estrus females in the NAc, posterior BNST, MPOA, and VMH (Dumais et
al., 2013). Importantly however, estrus females still showed significantly lower OTR
binding compared to males in the posterior BNST, MPOA, and VMH (Dumais et al., 2013).
Adult hormonal influences on OTR binding densities are therefore unlikely to explain all sex
differences in OTR binding. In further support, we found sex differences in areas that may
not be sensitive to gonadal steroids (Tribollet et al., 1990), such as the cortex, caudate
putamen and hippocampal CA1 (Dumais et al., 2013).

Overall, these findings clearly indicate that, similar to OT-immunoreactivity, there are
robust brain region- and species-specific sex differences in OTR expression in the brain.
These findings further suggest that when sex differences are found in OT and in OTR, it not
necessarily is in the same direction or exists in both parameters (Tables 5 and 7). For
example, female mandarin voles, hamsters, and gerbils show higher OT-immunoreactivity
(Wang et al., 2013; Qiao et al., 2014), while male rats and deer mice show higher OTR
binding (Insel et al., 1991; Uhl-Bronner et al., 2005; Dumais et al., 2013). Importantly, both
the brain region- and species- specificity of sex differences in OTR suggests that the OT
system in these brain regions and species may be implicated in sex-specific regulation of
social behavior. This is an understudied area of research. Particularly, research specifically
linking these sex differences in OTR (and OT-immunoreactivity; section 2.b.) with sex-
specific regulation of OT system-modulated behaviors is lacking. However, in section 4.b.,
we discuss the few findings showing sex-specific regulation of social behavior by OT..
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4. Implications for sex-specific regulation of social behavior by the VP and
OT systems

4.a. VP system

Although sex differences in VP have been known for several decades and have since been
found in various rodent species, there is a surprising lack of comparative studies
investigating sex-specific function of VP in the regulation of social behavior. Here we
discuss the rodent studies that found sex-specific roles of the VP system in the regulation of
partner preference in voles, social recognition in rats, social play in rats, and aggression in
hamsters. We also discuss the studies that reported sex-specific effects of VP and of V1aR
gene variants on social functioning in humans.

Early studies of the effects of VP on partner preference formation in prairie voles suggested
that VP played a larger role in males than in females. In detail, intracerebroventricular (ICV)
V1aR antagonist impaired partner preference formation in males (Winslow et al., 1993), but
there was no effect in females (Insel & Hulihan, 1995). Furthermore, ICV VP (0.5ng)
enhanced partner preference in males (Winslow et al., 1993), but had no effect in females
(Insel & Hulihan, 1995). However, a higher dose of ICV VP (100ng) enhanced partner
preference in both males and females (Cho et al., 1999). This suggests that males may be
more sensitive to the enhancing effects of VP on partner preference formation. Additional
studies implicated a role for the LS (Liu et al., 2001) and ventral pallidum (Pitkow et al.,
2001) in the facilitating effects of VP on partner preference formation. However, these
studies were done in males only. Therefore, potential brain region-specific effects of VP on
partner preference formation in female prairie voles are still unclear.

In addition, early studies suggested a potential sex-specific role of the VP system in the
regulation of social recognition in rats. For example, while subcutaneous injections of VP
enhanced social recognition in male (Dantzer et al., 1987) and female (Bluthe & Dantzer,
1990) rats, a subcutaneous injection of the VP antagonist, dPTyr(Me)AVP, blocked social
recognition in male rats only (Dantzer et al., 1987; Bluthe & Dantzer, 1990). Likewise, ICV
VP antagonist had no effect on social recognition in females (Engelmann et al., 1998),
although males were not tested in this study. Together, these findings suggest that
endogenous VP may be more important for the regulation of social recognition in males than
in females. Additional studies implicated a role of the VP system in the LS and olfactory
bulb in the regulation of social recognition (Le Moal et al., 1987; Dantzer, 1998; Engelmann
& Landgraf, 1994; Everts & Koolhaas, 1999; Landgraf et al., 2003; Tobin et al., 2010), but
these studies were conducted in males only. Importantly, we recently showed that V1aR
blockade, using the specific V1aR antagonist d(CH,)s[Tyr(Me)2]AVP), in the LS impaired
social recognition in both male and female adult rats (Veenema et al., 2012). We further
found that V1aR blockade in the LS of juvenile rats did not impair social recognition in
male and female juvenile rats, but rather increased social investigation of the familiar over
the novel stimulus rat (Veenema et al., 2012). This effect was stronger in male juveniles
than in female juveniles (Veenema et al., 2012). Together, these findings indicate that
despite initial sex-specific effects, it rather seems that the brain VP system in rats is
important for the modulation of social recognition in both sexes. Findings in juvenile rats
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reveal age differences in the regulation of social recognition by the VP system, which
underscores the importance of studying sex-specific regulation of social behavior by the VP
system across the lifespan.

Similar to rats, the V1aR is important for social recognition in mice. For example, V1aR
knockout male mice show deficits in social recognition (Bielsky et al., 2004; however, see
Wersinger et al., 2007). Re-expression of V1aR in the LS of V1aR KO mice restored social
recognition (Bielsky et al., 2005a), thereby confirming studies in rats showing the
importance of the LS-VP system in social recognition. Unfortunately, these studies have
been performed in males only. Given that V1aR KO male, but not female, mice show a
decrease in anxiety-related behavior (Bielsky et al., 2004, 2005b), it would be of interest to
study potential alterations in social recognition in female V1aR KO mice as well as in other
social behaviors in both sexes.

We recently showed a sex-specific role of the VP system in the regulation of social play
behavior in juvenile rats. ICV administration of the specific V1aR antagonist
d(CH,)s[Tyr(Me)2]AVP) reduced social play behavior in male juveniles, while increasing
social play behavior in female juveniles (Veenema et al., 2013). Interestingly, this sex-
specific regulation of social play behavior by the VP system was also found when blocking
V1aR in the LS, but in the opposite direction. V1aR blockade in the LS increased social play
behavior in males, while decreasing social play behavior in females (Veenema et al., 2013;
Bredewold et al., 2014). These brain region-specific effects might be explained by the
involvement of distinct brain VP systems. In support, in male juvenile rats, social play levels
correlated positively with VP mRNA expression in the PVN, but negatively with VP mRNA
expression in the BNST (Paul et al., 2014). Although speculative, these findings may
suggest that PVN-VP promotes social play, while a BNST-LS VP circuit reduces social play
in juvenile male rats. Furthermore, the sex-specific regulation of social play by the VP
system was found to be context specific. Here, VP injected into the LS did not have an effect
on home cage social play behavior in either sex, but decreased novel cage social play in
females only (Bredewold et al., 2014). These studies highlight the importance of both brain
region- and context-specific effects in the sexually dimorphic involvement of the VP system
in social play behavior.

VP has also been shown to play a sex-specific role in aggression in Syrian hamsters.
Specifically, V1aR antagonist injection into the AH decreased intermale aggression, while
VP increased intermale aggression (Ferris et al., 1997; Caldwell and Albers, 2004a). In
contrast, V1aR antagonist increased interfemale aggression, while VP decreased interfemale
aggression (Gutzler et al., 2010). These data suggest a strong sex difference in the
functionality of the V1aR in the AH in the regulation of aggressive behaviors in Syrian
hamsters. Since a sex difference in V1aR binding has not been reported in the AH in Syrian
hamsters, these studies suggest that the activation of the V1aR in the AH may stimulate
different neural circuits which may facilitate or inhibit aggressive behavior in males and
females, respectively.

The role of VP in human social behavior is mostly investigated using men only, leaving
little knowledge of potential sex-specific modulation of VP in human behavior and
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cognition. There are also far fewer studies examining the role of the VP system on human
social behavior and social cognition than those investigating the OT system (see section
4.b.), leaving the effects of VP in humans largely understudied.

Our current knowledge of sex-specific actions of both VP and OT in humans relies on the
use of intranasal administration. Although VP and OT do not pass the blood brain barrier, it
has been suggested that intranasal VP and OT may reach the brain given the fast behavioral
and cognitive effects of intranasal administration (Guastella & MacLeod, 2012).
Furthermore, intranasal VP administration in humans was associated with an increase in VP
concentration in cerebrospinal fluid (Born et al., 2002). Likewise, intranasal OT
administration in rhesus macaques was associated with an increase in cerebrospinal fluid
(Modi et al., 2014). However, this still does not provide evidence of direct access to the
brain, as intranasal administration could indirectly, via peripheral actions, increase VP and
OT release in the brain. Indeed, intranasal OT administration also leads to increases in OT in
plasma and saliva in humans (Gossen et al., 2012; van ljzendoorn et al., 2012) and rhesus
macaques (Modi et al., 2014). Yet, irrespective of the mechanism of action, investigating the
effects of intranasal VP and OT can still be informative on how these neuropeptides may be
modulating social behavior and doing so differently in men and women. However,
behavioral and neuronal effects of exogenous VP may say less about the involvement of the
endogenous VP system. Therefore, we will end this section with a discussion of recent
evidence for the sex-specific involvement of the human V1aR gene (AVPR1A) in various
social behaviors, as variations in this gene have given some insight into the role of the V1aR
in human social behavior (for reviews see Meyer-Lindenberg et al., 2011; Ebstein et al.,
2012).

Most studies that administered VP intranasally have been carried out in men and have
revealed a facilitating role of VP in the encoding of happy and angry faces (Guastella et al.,
2010b; however, see Uzefovsky et al., 2012), the recognition of sexual cues (Guastella et al.,
2011), the perception of neutral facial expressions as being angry (Thompson et al., 2004),
and in musical working memory (Granot et al., 2013). When looking at the effects of VP on
brain activation, again, women are largely left out of the subject pool. For example, in men,
intranasal VP altered activation and connectivity in a medial prefrontal cortex-amygdala
circuit during processing of facial emotions (Zink et al., 2010) and when viewing pictures
illustrating socially threatening scenes (Brunnlieb et al., 2013b). In addition, intranasal VP
altered social recognition-processing regions, such as the temporoparietal junction, caused
by social unfamiliarity (Zink et al., 2011), and activation in the right superior temporal
sulcus during reactive aggression (Brunnlieb et al., 2013a) in men.

The few studies that included men and women reveal sex-specific effects of VP on some,
but not all, behavioral responses. For example, sex-specific effects of intranasal VP have
been found in regards to social communication and cooperation. VP stimulated agonistic
facial motor patterns in men, but affiliative facial motor patterns in women, in response to
unfamiliar same-sex faces (Thompson et al., 2006). VP also decreased perceptions of the
friendliness of those faces in men, while VP increased perceptions of the friendliness of
those faces in women (Thompson et al., 2006). Furthermore, in a computer game of trust,
intranasal VP caused men to be more likely than women to reciprocate cooperation from
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human partners (Rilling et al., 2012; 2014). During cooperative interactions, VP also had
sex-specific effects on brain activation. Intranasal VP increased activity in areas such as the
striatum, basal forebrain, insula, amygdala, and hippocampus in men, but decreased or had
no effect in women (Rilling et al., 2012; 2014). Also during reciprocated cooperation, VP
increased activation in the bilateral insula and right supramarginal gyrus in males, but
decreased this response in females (Feng et al., 2014). These findings suggest that VP may
be modulating cooperative social interactions differently in males and females via
differential activation of reward, arousal, and memory-related brain areas. On the other
hand, a recent study which did include both men and women found that VP influenced
empathic concern in men and women with no effect of sex (Tabak et al., 2015).

The above studies were all performed in healthy individuals. It would also be important to
determine sex-specific associations of VP with psychiatric disorders of social dysfunction as
this can be informative regarding the etiology and the possible sex-specific treatment
strategies for these disorders. Interestingly, plasma VP showed opposite correlations with
autistic-like behaviors in adolescent boys and girls. While plasma VP concentrations tended
to be negatively associated with restricted and repetitive behaviors in boys with autism
spectrum disorder, plasma VP was positively associated with these behaviors in girls with
autism spectrum disorder (Miller et al., 2013). Furthermore, urinary VP concentrations were
negatively associated with posttraumatic stress disorder (PTSD) severity in men, but not in
women (Marshall, 2013). In addition, intranasal VP improved social cognition (as measured
by faster attentional engagement with their partner’s expression of anger) in men with
PTSD, while VP had no effect in women (Marshall, 2013). Although clearly more research
is needed, these initial findings indicate that VP may play a sex-specific role in the etiology
as well as the treatment of symptoms seen in these psychiatric disorders. Genetic studies of
variations in the human V1aR gene (AVPR1A) provide further evidence for the involvement
of V1aR in various social behaviors in humans (for reviews see Meyer-Lindenberg et al.,
2011; Ebstein et al., 2010; 2012). Sex-specific influences of AVPR1A gene variants
however have been limited, with most studies showing findings in both men and women,
with no reports of sex differences. For example, carriers of long allele versions (327-343
bp) of the AVP1AR RS3 polymorphism, compared to carriers of the short allele versions
(308-325 bp), showed higher levels of altruism as assessed by money donations in a
computer game and by self-reported scales (Knafo et al., 2008). RS3 long alleles were also
associated with higher AVPR1A post-mortem hippocampal mRNA expression than short
RS3 alleles (Knafo et al., 2008). Men and women with the 334 bp (long version) allele for
the RS3 also showed higher activation of the left amygdala compared to 20 other alleles
analyzed (Meyer-Lindenberg et al., 2009). In addition, presence of the 327 allele (also
referred to as the 334 bp allele, depending on the genotyping method) predicted lower
cognitive empathy in men and women compared to an absence of the 327 allele (Uzefovsky
et al., 2015). Finally, AVPR1A gene variants have also been associated with dance and
musical aptitude (Bachner-Melman et al., 2005; Ukkola et al., 2009). In summary, these
studies conclude that carriers of longer allele variations of the RS3 polymorphism show
higher levels of altruism, hippocampal mRNA expression, and amygdala activation, but
lower cognitive empathy. These findings suggest important variations in both behavior and
brain structure and function as predicted by the AVP1AR gene.
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Only a few studies have found sex-specific effects of polymorphisms in the AVPR1A gene
in humans, with effects being found for pair-bonding and prepulse inhibition. In males only,
those who carried the 334 pb allele for the AVPR1A RS3, opposed to men who did not carry
the 334 pb allele, had lower scores on a partner bonding scale, reported more marital
problems, were more likely to be unmarried, and had lower scores of marital quality as
perceived by their spouse (Walum et al., 2008). Although these results are correlational and
not causational, they seem consistent with the role of the V1aR in partner preference
formation in male prairie voles (Winslow et al., 1993; Cho et al., 1999; Liu et al., 2001; Lim
and Young, 2004). This may suggest that across species, the V1aR has evolved as an
important mediator in the regulation of mammalian pair bonding. Another study found that
longer as opposed to shorter AVPV1A RS3 alleles are associated with greater levels of
prepulse inhibition in men and women, but the strongest association was in men (Levin et
al., 2009). Prepulse inhibition is the phenomenon in which a preceding stimulus inhibits the
reaction to a subsequent stronger startle stimulus. It is not necessarily related to social
behavior, per se, but deficits in prepulse inhibition are observed in a variety of
neuropsychiatric disorders of social dysfunction (Geyer et al., 1990; Perry et al., 2007), as
well as in animal models of social dysfunction (Dieckmann et al., 2007; Koh et al., 2008).
Prepulse inhibition may therefore be a reflection of not only attention and memory, but also
social cognition, which may be partially regulated by AVP1A gene variants.

The AVPR1A RS3 polymorphism has also been implicated in social cognition and
personality traits in chimpanzees in sex-specific ways. Specifically, while there was no
effect in females, males with the DupB—/- allele (which is the shorter bp version and lacks
RS3) needed more social cues to elicit an orienting response than males with the DupB+/-
(which have one copy of the long allele containing RS3; Hopkins et al., 2014). In addition,
while there was no effect in DupB—/- carriers, males with the DupB+/- allele had lower
dominance and higher conscientiousness scores than females with the DupB+/- (Hopkins et
al., 2012). Combined, these first studies suggest sex-specific links between AVPR1A
polymorphisms and sociobehavioral traits across primate species.

Taken together, the VP system has been shown to regulate social behaviors in both rodents
and humans often in sex-specific ways. In rodents, sex-specific regulation of partner
preference in prairie voles, social recognition in rats, social play in rats, and aggression in
hamsters has been found (Dantzer et al., 1987; Bluthe & Dantzer, 1990; Winslow et al.,
1993; Insel & Hulihan, 1995; Ferris et al., 1997; Cho et al., 1999; Caldwell and Albers,
2004a; Gutzler et al., 2010; Veenema et al., 2012; Bredewold et al., 2014). In humans,
intranasal VP had sex-specific effects during social communication and cooperation
interactions (Thompson et al., 2006; Rilling et al., 2014; Feng et al., 2014), while AVP1A
gene variants had sex-specific effects on pair-bondng and prepulse inhibition (Walum et al.,
2008; Levin et al., 2009). Interestingly, these sex-specific effects seem to be independent of
whether sex differences are found in VP and/or V1aR binding (rats; Figs. 1 and 2) or
whether no sex differences are found in VP and/or VV1aR binding (prairie voles: Insel et al.,
1991; Smeltzer et al., 2006; humans: Loup et al., 1991). The underlying mechanisms by
which the VP system regulates social behavior in sex-specific ways is therefore still in need
of further investigation.
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4.b. OT system

Manipulations of the OT system (mostly pharmacologically or genetically) in males and
females have unveiled sex-specific actions of the OT system on social behavior in a variety
of rodent species, including voles, rats, mice, and hamsters. Several of these sex-specific
effects of OT on social behavior have been found after early-life OT system manipulations.
Here, a single neonatal intraperitoneal (i.p.) injection of OT on postnatal day 1 facilitated
partner preference in both male and female adult prairie voles, but required a high (12pg) or
low (3pg) dose in males and an intermediate dose (611) in females (Bales & Carter, 2003a;
Bales et al. 2007b). Moreover, neonatal OT facilitated the onset of mate-guarding (a
component of pair bonding in which voles become more aggressive and less social towards
unfamiliar voles) in female, but not male, adult prairie voles (Bales and Carter, 2003b). In
contrast, a single neonatal i.p. injection of an OTR antagonist ([d(CH,)s, Tyr(Me)?2, Orn8]-
Vasotocin) on postnatal day 1 decreased alloparental care in male, but not female, juvenile
prairie voles (Bales et al., 2004). This effect was also found in male, but not female, adult
ICR mice (Mogi et al., 2014), although neonatal OTR blockade reduced social approach
behavior in female, but not male, ICR mice (Mogi et al., 2014). These findings may indicate
robust sex differences in the neonatal sensitivity to OT system manipulations on the
development of specific social behaviors.

The sexually dimorphic effects of neonatal OT system manipulations on adult social
behaviors suggest long-term and sex-specific alterations in brain parameters. Indeed, i.p.
injections of either OT or OTR antagonist on postnatal day 1 induced sex-specific changes
in OT, estrogen receptor alpha (ERa), and V1aR in adult prairie voles. Specifically, in
females, but not males, neonatal OT and OTR antagonist both increased OT-
immunoreactivity in the PVN (Yamamoto et al., 2004). Moreover, neonatal OT increased
ERa-immunoreactivity in the VMH while OTR antagonist decreased ERa-
immunoreactivity in the MPOA in females, but not males (Yamamoto et al., 2006).
Furthermore, neonatal OT increased V1aR binding in the ventral pallidum and cingulate
cortex of adult males, but decreased V1aR binding in the same regions of adult females
(Bales et al., 2007a). Finally, neonatal OTR antagonist decreased V1aR binding in the
BNST in both sexes, while decreasing V1aR binding in the MPOA and LS in adult males
only and in the cingulate cortex in adult females only (Bales et al., 2007a). These findings
clearly indicate that acute neonatal OT system manipulations have robust effects on brain
systems other than the OT system. However, whether changes in these systems underlie the
sex-specific behavioral changes seen in male and female prairie voles after neonatal OT
manipulations is unclear.

Although OTR is present early in development in various species (Hammock, 2015), sex
differences in the OTR system early in life are still to be determined. Interestingly, sex
differences in OTR binding densities in specific brain regions in adult rats (Dumais et al.,
2013) have also been found in the same brain regions of juvenile rats (Smith et al., 2014).
These findings highlight that sex differences in the OTR may contribute, in part, to sex
differences in the development of social behavior. This may be one of the mechanisms by
which neonatal OT and OTR antagonist have long-lasting sex-specific effects on social
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behaviors and brain parameters (Bales & Carter, 2003a; 2003b; Carter et al., 2008; Mogi et
al., 2014).

Despite extensive research on the role of the OT system in social behavior in diverse rodent
species, only a few studies directly compared males and females within the same
experimental design. Because of this limitation, we also discuss sex differences that are
derived from separate studies. Overall, this research suggests that OT plays a sex-specific
role in diverse social behaviors such as social avoidance, social recognition, partner
preference, social play and social interest, which are briefly discussed below.

ICV OT reversed social defeat-induced social avoidance in male (Lukas et al., 2011b), but
not in female (Lukas and Neumann, 2014) rats. Likewise, ICV OT improved social
recognition in male (Benelli et al., 1995), but not in female (Engelmann et al., 1998) rats.
However, ICV administration of an OTR antagonist impaired social recognition in both
male (Lukas et al., 2013) and female (Engelmann et al., 1998) rats. It is therefore likely that
the endogenous OT system plays a similar role in social recognition in both sexes, but that
males may be more sensitive to the enhancing effects of exogenous OT, while females have
perhaps reached a ceiling effect. If so, one would expect that males have lower release of
OT during social recognition and/or lower occupation of OTR compared to females. The
former is not known, but we found that males have higher OTR binding densities than
females (Dumais et al., 2013) in various brain regions implicated in social behavior, such as
the olfactory bulb, LS, and MPOA. Indeed, the OT system in the olfactory bulb, septum
(Popik et al., 1992), and MPOA (Popik and Van Ree, 1991) plays a role in social
recognition. Unfortunately, these studies were only performed in male rats. Studies in mice
confirm the role of the OT system in social recognition. Here, impaired social recognition
was found in male OTR KO mice (Takayanagi et al., 2005; Lee et al., 2008; Macbeth et al.,
2009), male OT KO mice (Ferguson et al., 2000; Macbeth et al., 2009), and female OT KO
mice (Choleris et al., 2003; Choleris et al, 2006). Together, these studies suggest a role of
OT in social recognition in both sexes, but also suggest that there might be sex differences in
the sensitivity to exogenous OT, with a lack of an effect in females.

Initial work in prairie voles indicated a sex-specific role of the OT system in partner
preference formation, suggesting that the OT system may be more important for partner
preference in females compared to males. In detail, ICV OT administration facilitated
partner preference formation in female (Williams et al., 1994; Insel and Hulihan, 1995), but
not in male (Winslow et al., 1993) prairie voles. Additional research indicated that the
effects of OT on partner preference in females could be located in the nucleus accumbens
and in the prefrontal cortex, but these studies did not include males (Young et al., 2001; Liu
and Wang, 2003). However, OTR antagonist administration in the LS blocked partner
preference in male prairie voles (Liu et al., 2001). These findings suggest that the OT system
is involved in partner preference in both sexes, but that females may be more sensitive to
exogenous OT. Interestingly, this seems the opposite to social recognition in rats, where
males appear more sensitive to exogenous OT. Similar to rats, the local brain effects of OT
and OTR antagonist administration on partner preference formation in prairie voles, as
discussed above, have only been tested in one sex. This makes it difficult to draw any
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conclusions regarding the neural pathways through which OT mediates partner preference
on voles and whether this is similar or different in males versus females.

We recently showed that the OT system regulates social play behavior in juvenile rats in
sex-specific ways. Specifically, OT administered into the LS decreased social play behavior
in females, but not in males (Bredewold et. al, 2014). OTR antagonist administration did not
alter social play behavior in either sex (Bredewold et al., 2014). These findings were a bit
surprising, given the typically pro-social behavior effects of OT, although recent studies
suggest a role for the OTR in the LS in reducing pro-social behaviors and enhancing anxiety
in rodents (Olazabal and Young, 2006; Beery et al., 2008; Beery and Zucker, 2010; Guzman
et al., 2013). This underscores not only the complexity of the function of the OTR but may
also provide a mechanism to explain how the OTR can be involved in such different social
behaviors, namely by inducing brain region-specific effects. Obviously, this hypothesis
requires further testing.

Furthermore, we found sex-specific correlations of OTR binding with social interest in adult
rats. Social interest reflects the amount of time the adult rat investigates a novel juvenile rat.
OTR binding in the CeA in female rats correlated negatively, while OTR binding in the
MeA in male rats correlated positively with social interest (Dumais et al., 2013). These
results may suggest that the OT system is involved in modulating the salience and/or
valence of social stimuli differently in males and females, possibly via the activation of
different neural circuits.

Although researchers are beginning to explore the sex-specific role of OT in social behavior,
current findings in rodents clearly indicate the lack of comparative research regarding the
role of the OT system in social behavior in males and females in a variety of species. Further
research is necessary, especially regarding the mechanisms by which the OT system
regulates social behaviors differently in males and females across rodent species.

Research into the role of the OT system in social behavior in both sexes in humans is slowly
increasing. This may further gain momentum because of the potential of the OT system to
restore social dysfunction in sex-biased psychiatric disorders (Guastella et al., 2010a;
Meyer-Lindenberg et al., 2011; Cochran et al., 2013), and recent initiatives from the NIH
requiring the inclusion of both sexes in preclinical research (Clayton & Collins, 2014).
Below we will discuss evidence of sex-specific modulation of social behavior by OT in
humans based on pharmacological (intranasal OT administration) and genetic
(polymorphisms in the OTR gene) studies.

The first studies to report intranasal OT effects in humans were done in males only, showing
arole for OT in trust and in the processing of socially relevant information (Kosfeld et al.,
2005; Zak et al., 2007; Domes et al., 2007; Guastella et al., 2008a; Guastella et al., 2008b;
Di Simplicio et al., 2009). Studies investigating the effect of intranasal OT in both men and
women however have uncovered important sex-specific effects. Intranasal OT impaired
recognition memory of neutral and happy faces in men, but not women (Herzmann et al.,
2013), and facilitated kinship recognition in women, but not men (Fischer-Shofty et al.,
2013). In addition, OT impaired accurate emotion perception ability in women, but not men
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(Lynn et al., 2014), and slowed reaction times in an implicit perspective taking task in men
to that of the level of women (Theodoridou et al., 2013). These studies highlight the
importance of emotional valence in the role of OT in perception and recognition of social
stimuli, and how this may differ in men and women.

Intranasal OT was also found to increase positive behavior during couple conflict in both
male and female partners (Ditzen et al, 2009). However, the underlying mechanisms may be
different, because OT decreased sympathetic activity measures during couple conflict in
women, but increased sympathetic activity measures in men (Ditzen et al., 2013). Similarly,
women given intranasal OT reported more distress and anger in response to a social stress
test, while men given OT reported less negative affect (Kubzansky et al., 2012). This
suggests that OT may be playing different roles in men and women’s responses to stressful
interactions. Sex differences were also found for the effect of OT on brain activation during
reciprocated cooperation. Intranasal OT increased the caudate/putamen response in males,
whereas it decreased this response in females (Rilling et al., 2014). Although not statistically
significant in a comparison between sex, OT lowered rates of cooperation with computer
partners following defection in women only (Rilling et al., 2012; 2014). This suggests that
OT may differentially affect both behavior and brain processes involved in reward or
salience of positive social interactions in men and women. Together, these studies
demonstrate that intranasal OT can induce different behavioral responses, but even when
behavioral responses are the same (Ditzen et al., 2009), the neuronal mechanisms through
which OT is mediating these behavioral responses seems to be consistently different in
males versus females.

Genetic studies of single nucleotide polymorphisms (SNPs) in the OTR gene provide
evidence for the involvement of the OTR in various social behaviors in humans (for reviews
see Meyer-Lindenberg et al., 2011; Ebstein et al., 2012), and potential sex-specific effects
on human social behavior. For example, men and women carrying one or two copies of the
A allele in the most common SNP, rs53576, show reduced empathy (Rodrigues et al., 2009;
Uzefovsky et al., 2015), and have lower levels of optimism, mastery, and self-esteem
(Saphire-Bernstein et al., 2011), whereas reduced positive affect (Lucht et al., 2009) and
reward dependence (Tost et al., 2010) were found in men only. Interestingly, it was found
that carriers of one or two A alleles of the same SNP were judged to be less prosocial than
carriers of two G alleles, and that this was due to variations in expression of affiliative cues
by these individuals (Kogan et al., 2011). Although men and women were included in this
study, there was no analysis of sex (Kogan et al., 2011). Further, men and women
homozygous for the A allele reported seeking less emotional social support (Kim et al.,
2010). Women only were tested for their sensitivity for their toddler’s behavior which was
found to be reduced in those carrying the A allele (Bakermans-Kranenburg and van
IJzerdoorn, 2008). Likewise, women only were tested for social auditory processing and
those carrying the A allele reported more difficulty hearing and understanding people when
there was background noise present (Tops et al., 2011).

Other OTR SNPs have also been implicated in social behaviors in men and women. For
example, women, but not men, carrying rs7632287A scored lower on a partner bonding
scale and on a relationship quality survey (Walum et al., 2012). There were also sex-specific
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interactions between the rs237915 SNP, early life adversity, and emotional and peer
problems in adolescents. Girls who experienced stressful life events and were CT-and TT-
carriers had increased numbers of emotional problems, while boys who experienced
stressful events and were TT-homozygotes had an increase in peer problems (Loth et al.,
2014). Furthermore, individuals homozygous for the G allele for the SNPS rs53576 and
rs2254298 exhibited higher scores on Attachment Style Questionnaire factors that are
associated with depression and adult separation anxiety (Costa et al., 2009). In this study
however, an analysis of sex was not reported. Participants with an A allele for SNP
rs2254298 also had greater amygdala volumes compared to those homogyzous for the G
allele in adolescent girls (Furman et al., 2011) and adult men and women (Inoue et al.,
2010). Interestingly, however a meta-analysis of the most commonly studied SNPs rs53576
and rs2254298 did not reveal any sex effects or any general effects in the social behavior
domain (Bakermans-Kranenburg and van IJzerdoorn, 2014), suggesting that it may be
unlikely to expect that one SNP in the OTR gene can explain major differences in social
behavior. Even so, these studies overall suggest a correlation between OTR SNPs and
differences in social processing, social behaviors, and social functioning in both sexes, with
some important sex differences that perhaps may be informative in understanding the
potential role of the OTR in mediating sex differences in the susceptibility to develop sex-
biased social disorders (Carter, 2007).

Discussion

We discussed above that various rodent species show consistent sex differences in VP-
immunoreactive neurons and fiber density in the brain (rats: De Vries et al., 1983; Van
Leeuwen et al., 1985; Miller et al., 1989; Wang & De Vries; mice: De Vries et al., 2002;
Bakker et al., 2006; Gatewood et al., 2006; Rood & De Vries, 2013; voles: Wang et al.,
1995; 1996; Lonstein & De Vries, 1999; gerbils: Crenshaw et al., 1992; and European
hamsters: Buijs et al., 1986). Sex differences in VP neurons and plasma VP concentrations
have also been found in humans (Share et al., 1988; Asplund & Aberg, 1991; Van Londen et
al., 1997; Ishinina et al., 1999; Miller et al., 2013; Graugaard-Jensen et al., 2014; however,
see Fliers et al., 1985; Swaab et al., 2001; Gouin et al., 2012). In contrast, we found that
only a few rodent species show sex differences in OT-immunoreactivity (CD mice: Haussler
et al., 1990; mandarin voles: Qiao et al., 2014; Brandt’s voles: Xu et al., 2010; Mongolian
gerbils and Chinese-striped hamsters: Wang et al., 2013). There is also a lack of sex
differences in OT neuron size and number in humans (Fliers et al., 1985; Wierda et al.,
1991; Ishunina and Swaab, 1999), and most human studies report a lack of sex differences in
plasma OT (Zhong et al., 2012; Taylor et al., 2010; Grewen et al., 2005; Gordon et al., 2008;
Gordon et al., 2010; Graugaard-Jensen et al., 2014; however see van Londen et al., 1997;
Miller et al., 2013; Weisman et al., 2013). Given the robust and well-known sex differences
in VP synthesis, it is surprising that there are only a few comparative studies investigating
the behavioral effects of VP in males and females. In contrast, there are fewer and
inconsistent sex differences in OT synthesis, yet there are several studies comparing the
effects of OT on social behavior in males and females. None of these studies, however, have
linked sex-specific changes in social behavior with sex differences in OT and VP synthesis,
an important area for future research.
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A comprehensive analysis of sex differences in VV1aR in the brain is still lacking, especially
in those rodent species that showed sex differences in VP-immunoreactivity (i.e., laboratory
mice, hamsters, and voles). For these species, studies only analyzed a few brain regions or
had only a few subjects per sex, which might explain the limited brain regions in which sex
differences in V1aR binding were found (C57B6 mice: Dubois Dauphin et al., 1996;
Siberian hamsters: Dubois-Dauphlin et al., 1991; golden hamsters: Delville & Ferris, 1995;
voles: Bales et al., 2007a; Smeltzer et al., 2006). In rats, however, we provide new data
showing robust sex differences in V1aR binding in 8 out of 21 forebrain regions analyzed
(Figs. 1 and 2). Similar to V1aR, sex differences in OTR binding were found in multiple
brain regions in those rodent studies that used a more comprehensive analysis (deer mice: 8
out of 20 brain regions; Insel et al., 1991; rats: 9 out of 15 forebrain regions; Dumais et al.,
2013). In contrast, other rodent studies that did not find sex differences in OTR binding
analyzed only a few brain regions (mandarin voles: Smeltzer et al., 2006; Cao et al, 2013,
ICR mice: Tribollet et al., 2002; singing mice: Campbell et al., 2009; tuco-tuco: Beery et al.,
2008). Therefore, the lack of sex differences in V1aR and OTR in some rodent species could
be an artifact due to the lack of comprehensive comparative analyses.

We further discussed what is known about the sex-specific modulation of social behavior by
VP and OT systems. This revealed that both neuropeptide systems often regulate social
behaviors in sex-specific ways (including pair-bonding, social recognition, and social play in
rodents and several aspects of social cognition in humans). Such sex-specific effects were
typically reflected by having a stronger effect in one sex compared to the other sex. For
example, VP plays a stronger role in social recognition in male juvenile rats compared to
females (Veenema et al., 2012), and OT plays a stronger role in partner preference in female
prairie voles compared to males (Winslow et al., 1993; Williams et al., 1994; Insel and
Hulihan, 1995; Liu et al., 2001). Because some of these sex-specific effects were dose-
dependent and required a higher dose in one sex (i.e., role of VP on partner preference in
prairie voles with higher doses required in females; Cho et al., 1999), this further suggests
that such sex-specific effects may be the result of sex differences in sensitivity to VP or OT
systems.

Instead of a greater effect in one sex, OT and VP systems were also found to have opposing
effects between the sexes. For example, VP system manipulations in the LS produced
opposite effects on social play behavior in juvenile rats (Veenema et al., 2013; Bredewold et
al., 2014), intranasal VP produced opposite effects on facial perception in humans
(Thompson et al., 2006), and intranasal OT had opposite effects on brain activation during
reciprocated cooperation in humans (Rilling et al., 2012; 2014). Furthermore, OT and VP
systems were sometimes found to have an effect in one sex only. Here, ICV V1aR
antagonist administration impaired partner preference in male voles only (Winslow et al.,
1993; Insel & Hulihan, 1995) and OT administration into the LS altered social play in
female juvenile rats only (Bredewold et al., 2014). Finally, there were occasions where OT
and VP systems mediated an effect that was the same in both sexes. For example, V1aR
blockade in the LS impaired social recognition in both male and female adult rats (Veenema
etal., 2012), intranasal VP altered empathic concern similarly in men and women (Tabak et
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al., 2015), and intranasal OT increased positive behavior during couple conflict in both male
and female partners (Ditzen et al, 2009).

A next step would be to determine whether these sex-specific actions (or lack thereof) of
exogenously administered OT and VP and OTR and V1aR antagonists relate specifically to
sex differences (or lack thereof) in the OT and VP systems. This will be an important area of
research, but also a complex one, especially because the direction of sex-specific behavioral
actions of the VP and OT systems can be variable, may be specific to a certain aspect of
social behavior, and may depend on the species. Moreover, it may be important to look
beyond sex differences in VP and OT systems and also study potential sex differences in
signaling and neural pathways through which VP and OT modulate social behavior. For
example, we showed that V1aR blockade in the LS increased social investigation of a
familiar over a novel stimulus rat in both male and female juvenile rats, but with a stronger
effect in males (Veenema et al., 2012). In contrast, V1aR blockade in the LS changed social
play behavior in both male and female juvenile rats, but in opposite directions (Veenema et
al., 2013). These two studies used animals of the same age, the same treatment, and the same
testing conditions (home cage). The only difference was the social stimulus (3-week-old
unfamiliar juvenile versus 5-week-old unfamiliar juvenile, respectively). Yet, this generated
different social behaviors and different effects of manipulation of the VP system. Comparing
the VP-dependent signaling and neural pathways underlying social recognition and social
play behavior may gain some insights into how the VVP system regulates these distinct
behaviors in unique sex-specific ways.

Another unresolved issue is why sex differences in the VP (VP-immunoreactivity, V1aR)
and OT (OT-immunoreactivity, OTR) systems are so highly species-specific (Tables 1-3,
and 5-7). We have recently suggested that this may depend on species-specific social
organizations (Dumais & Veenema, 2015). The social organization of a given species
encompasses the organization of social relations within a group, including mating systems
(polygamy, monogamy, promiscuity), parental systems (biparental care, maternal care), and
sociality systems (the degree to which individuals live in social groups, ranging from
solitary to eusocial). If indeed the presence or absence of sex differences in the brain VP and
OT systems depend on the social organization of that particular species, one would predict
that species in which males and females differ in one or more aspects of social organization
(e.g., only females show parental care) will show more sex differences in VP and OT
systems, while species in which males and females exhibit very similar social organizations
(e.g., both males and females show parental care) will show less sex differences in the OT
system. Alternatively, the purpose of sex differences in VP and OT systems could be to
prevent, rather than induce, sex differences in behavior. This dual-function hypothesis of sex
differences in the brain proposed by De Vries (De Vries, 2004) would suggest that males
and females with a similar social organization may actually show sex differences in VP and
OT systems in order for them to show similar behaviors. Either way, taking into account the
social organization of a given species may be an important step towards understanding why
certain species show sex differences in the brain VP and OT systems while other species do
not.
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Interestingly, in most cases discussed, VP and OT systems seem to modulate several social
behaviors in a similar direction (i.e., VP and OT systems both facilitate social recognition,
pair bonding, and aspects of social cognition), but they may do so by acting at distinct brain
regions. For example, partner preference formation in prairie voles is modulated by the VP
system acting in the LS and ventral pallidum (Liu et al., 2001; Pitkow et al., 2001; Lim &
Young, 2004) and by the OT system acting in the NAc and prefrontal cortex (Young et al.,
2001; Liu and Wang, 2003). This suggests that social behaviors may be regulated by a
synchrony of activity of OT and VP acting at distinct brain regions, and that a balance of OT
and VP activity is necessary for the modulation of a wide range of social behaviors
(Neumann & Landgraf, 2012). The notion that OT and VP may be acting at distinct brain
regions to modulate social behaviors in a similar direction is further supported by the
distinct and non-overlapping distribution of V1aR and OTR in the brain of humans (Loup et
al., 1991) and voles (Lim et al., 2004a). This lack of overlap in the distribution of V1aR and
OTR in the brain is also seen in rats (Fig. 3). Notably, distinct and non-overlapping receptor
distribution profiles in rats were already reported by Tribollet et al (1988), and Veinante and
Freund-Mercier (1997). This could imply that VP and OT systems may modulate social
behaviors in a similar way by activating distinct neural circuits. Alternatively, the distinct
brain regions expressing V1aR and OTR could converge upon a common neural circuit.
Further research would be required to test these hypotheses.

VP and OT systems have been implicated in sex-biased psychiatric disorders of social
dysfunction, such as autism spectrum disorder and schizophrenia(Green et al., 2001; Wu et
al., 2005; Jacob et al., 2007; Campbell et al., 2011; Miller et al., 2013; Di Napoli et al.,
2014; Golimbet et al., 2014; Jobst et al., 2014). Therefore, a better understanding of the
function of sex differences in VP and OT systems as well as sex-specific roles of these
systems in the regulation of normal and impaired social behaviors is imperative, as this may
provide insights into the mechanisms underlying sex biases in social dysfunction as well as
be informative regarding differential treatment of social dysfunction in males versus
females.

In conclusion, we found that, across species, VP and V1aR in the brain are typically higher
in males than in females, and that there are fewer sex differences in OT and OTR than in VP
and V1aR. The latter could be due to the lack of comprehensive analysis of sex differences
in the OT system across species. In addition, we discussed that the VP and OT systems
frequently mediate sex differences in social behaviors. These sex differences were highly
species-specific, suggesting a role for species-specific sex differences in social organization.
We conclude that the functional significance of sex differences in VP and OT systems is still
largely unknown, and in need of further research.
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Highlights

VP and V1aR in the brain are typically higher in males than in females across
species

Across species, fewer sex differences have been reported for OT and OTR than VP
and V1aR

If sex differences are reported, OT is higher in females while OTR is higher in males
VP and OT systems very often modulate social behaviors in sex-specific ways

V1aR and OTR show distinct and largely non-overlapping expression in the rodent
brain
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Fig. 1.

Rgpresentative coronal sections showing V1aR binding densities in forebrain areas of male
(M) and female (F) Wistar rats. Receptor autoradiography was performed on 16 pm cryocut
coronal brain sections according to Dumais et al. (2013) using the 1251 linear VP antagonist
[1251]-d(CH,)s(Tyr[Me])-AVP (Perkin Elmer, Shelton, CT) as tracer. Brain sections were
exposed to film for 7 days. The optical density of V1aR binding was measured using Image
J (NIH, http://rsh.info.nih.gov/ij/). Each measurement was subtracted by tissue background
and V1aR binding densities were calculated by taking the mean of 4-10 (depending on the
region being analyzed) bilateral measurements of the region of interest per rat. The data was
converted to dpm/mg (disintegrations per minute/milligram tissue) using a [12°1] standard
microscale (American Radiolabeled Chemicals Inc., St Louis, MO). Compared to females,
males have higher V1aR binding densities in the somatosensory cortex (SSC), piriform
cortex (PC), nucleus of the lateral olfactory tract (LOT), medial posterior BNST (BNSTmp),
anteroventral thalamus (AVthal), tuberal lateral hypothalamus (TuLH), stigmoid
hypothalamus (StigH), and dentate gyrus (DG). No sex differences were found in the Islands
of Calleja (ICj), nucleus accumbens (NAc), dorsal lateral septum (LSd), intermediate LS
(LSi), ventral LS (LSv), lateral dorsal BNST (BNSTId), lateral posterior BNST (BNSTIp),
lateral hypothalamus (LH), arcuate nucleus of the hypothalamus (ArcN), suprachiasmatic
nucleus of the hypothalamus (SCN), interstitial nucleus of the posterior limb of the anterior
commissure (IPAC), ventromedial thalamus (VMthal), and medial part of the CeA (CeAm).
Regions which show sex differences in VV1aR binding density are underlined.
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Fig. 2.

V1aR binding densities in forebrain regions of male and female Wistar rats. Males have
higher V1aR binding densities than females in 8 out of 21 forebrain regions analyzed (top
graph). These regions include the somatosensory cortex (SSC), piriform cortex (PC),
nucleus of the lateral olfactory tract (LOT), medial posterior BNST (BNSTmp),
anteroventral thalamus (AVthal), tuberal LH (TuLH), stigmoid hypothalamus (StigH), and
dentate gyrus (DG). There are no sex differences in 13 forebrain regions analyzed (bottom
graph). These regions include the Islands of Calleja (ICj), nucleus accumbens (NAc), dorsal
lateral septum (LSd), intermediate LS (LSi), ventral LS (LSv), lateral dorsal BNST
(BNSTId), lateral posterior BNST (BNSTIp), lateral hypothalamus (LH), arcuate nucleus of
the hypothalamus (ArcN), suprachiasmatic nucleus of the hypothalamus (SCN), interstitial
nucleus of the posterior limb of the anterior commissure (IPAC), ventromedial thalamus
(VMthal), and medial part of the CeA (CeAm). Bars indicate means + SEM. **p<0.01,
***p<0.001, one-way ANOVA, correcting for multiple comparisons (FDR a<0.0214)
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Fig. 3.

Ogerlay of V1aR binding densities (blue) and OTR binding densities (red) in forebrain areas
of male Wistar rats from adjacent coronal sections. The right column depicts representative
rat brain images adapted from The Rat Brain Atlas (Paxinos & Watson, 1998). Overall, there
is little overlap between V1aR binding and OTR binding profiles. Dense V1aR binding is
found in the somatosensory cortex (SSc), piriform cortex (PC), Islands of Calleja (ICj),
nucleus accumbens (NAc), lateral septum (LS), lateral dorsal BNST (not shown), lateral
posterior BNST (BNSTIp), medial posterior BNST (not shown), nucleus of the lateral
olfactory tract (LOT), dentate gyrus (DG), tuberal lateral hypothalamus (TuLH),
anteroventral thalamus (AVthal), suprachiasmatic nucleus of the hypothalamus (not shown),
interstitial nucleus of the posterior limb of the anterior commissure (IPAC), arcuate nucleus
of the hypothalamus (ArcN), ventromedial thalamus (\VMthal), and medial central amygdala
(CeAm). Dense staining of OTR binding is found in the dorsal caudate putamen (CPu),
agranular insular cortex (AIP), posterior BNST (BNSTp), medial preoptic area (MPOA),
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ventral medial hypothalamus (VMH), and lateral and capsular central amygdala (CeAl/c).
Regions which show sex differences in VV1aR or OTR binding are underlined.
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