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A B S T R A C T

Vasopressin (AVP) and oxytocin (OXT) regulate social behavior by binding to their canonical receptors, the
vasopressin V1a receptor (V1aR) and oxytocin receptor (OTR), respectively. Recent studies suggest that these
neuropeptides may also signal via each other’s receptors. The extent to which such cross-system signaling occurs
likely depends on anatomical overlap between AVP/OXT fibers and V1aR/OTR expression. By comparing AVP/
OXT fiber densities with V1aR/OTR binding densities throughout the rat social behavior neural network (SBNN),
we propose the potential for cross-system signaling in four regions: the medial amygdala (MeA), bed nucleus of
the stria terminalis (BNSTp), medial preoptic area, and periaqueductal grey. We also discuss possible implica-
tions of corresponding sex (higher in males versus females) and age (higher in adults versus juveniles) differ-
ences in AVP fiber and OTR binding densities in the MeA and BNSTp. Overall, this review reveals the need to
unravel the consequences of potential cross-system signaling between AVP and OXT systems in the SBNN for the
regulation of social behavior.

1. Introduction

Vasopressin (AVP) and oxytocin (OXT) regulate social behavior
across a wide array of vertebrate species by acting at their centrally
expressed receptors, namely the vasopressin V1a receptor (V1aR) and
the oxytocin OT receptor (OTR), respectively (Albers, 2015; Numan and
Young, 2016; Veenema and Neumann, 2008; Goodson, 2005). How-
ever, recent studies have provided evidence that AVP can act via the
OTR and OXT can act via the V1aR to modulate social behavior (re-
viewed in Song and Albers, 2018). For example, in male Syrian ham-
sters, central AVP administration extends the time interval over which a
social odor can be recognized, an effect that is blocked by co-admin-
istration of a specific OTR, but not V1aR, antagonist (Song et al.,
2016a). AVP in the ventral tegmental area (VTA) of male Syrian ham-
sters modulates social reward in an OTR, but not V1aR, dependent
manner (Song et al., 2016b). Deficits in social interaction and social
recognition can be restored by central OXT administration in male
C57BL/6 OTR knock-out mice, an effect that is eliminated by pre-
treatment with a V1aR antagonist (Sala et al., 2011). In male Syrian
hamsters, central administration of OXT enhances flank marking be-
havior, an effect that is inhibited by central administration of a V1aR,
but not an OTR, antagonist (Song et al., 2014). In female meadow voles,

same-sex peer affiliation is reduced by OXT acting at the V1aR rather
than the OTR in the LS (Anacker et al., 2016). In macaque monkeys,
AVP or OXT injected into the anterior cingulate gyrus increases beha-
vioral synchrony within a pair of males, an effect that is likely mediated
via binding to the abundantly expressed V1aR rather than the OTR,
which is absent in this region (Jiang and Platt, 2018).

The above-mentioned pharmacological studies do not provide direct
evidence for endogenous cross-system signaling. However, the possi-
bility that endogenous AVP and OXT may regulate social behavior by
promiscuously signaling at the OTR or the V1aR, respectively, is plau-
sible given the high structural similarity between AVP and OXT (differ
in only 2 out of 9 amino acids) and the high sequence homology (80%)
between the OTR and V1aR (Koehbach et al., 2013). Furthermore, in
vitro receptor binding assays have been performed to compare the af-
finity of AVP and OXT for the V1aR and the OTR in human, rat and
mouse tissue. These assays have demonstrated that only OXT is selec-
tive for the human OTR while the selectivity criterion (affinity values
differing by two orders of magnitude for OTR and V1aR in the same
species) was not reached for AVP and OXT binding to human V1aR, rat
V1aR, rat OTR, mouse V1aR, or mouse OTR (Manning et al., 2008,
2012). Together, these data suggest the possibility that both V1aR and
OTR should be considered target receptors for endogenously released
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AVP and OXT.
We propose that endogenous cross-system signaling may be parti-

cularly likely to occur under conditions in which AVP/OXT is axonally
released in brain regions that primarily contain either the V1aR or the
OTR. Thus, mapping the anatomical overlap between AVP fibers and
OTR binding as well as OXT fibers and V1aR binding will provide va-
luable information about brain regions where potential cross-system
signaling may occur. This knowledge will also have important con-
sequences for better understanding the role of these neuropeptides in
the regulation of social behavior. Therefore, in Section 2 of this review,
we compare AVP and OXT fiber densities with V1aR and OTR binding
densities in the adult male rat brain to determine the extent of overlap,
or lack thereof, between the AVP and OXT systems. We chose to focus
on the adult male rat because of available data on AVP and OXT fiber
densities as well as V1aR and OTR binding densities (DiBenedictis et al.,
2017; Smith et al., 2017) and the well-known roles of AVP/OXT and
their receptors in regulating diverse social behaviors in adult male rats
(Caldwell and Albers, 2016; Veenema and Neumann, 2008; Bielsky and
Young, 2004).

Social behavior repertoires differ between the sexes and across de-
velopmental time points. AVP and OXT systems also differ between the
sexes and change over the course of development (Smith et al., 2017;
DiBenedictis et al., 2017; Dumais et al., 2013; Dumais and Veenema,
2016a,b; Hammock, 2015; Vaidyanathan and Hammock, 2017). This
suggests that AVP and OXT systems may be involved in the sex- and
age-specific regulation and/or expression of social behaviors (For re-
view see: Dumais and Veenema, 2016a,b Hammock, 2015;
Vaidyanathan and Hammock, 2017; Grinevich et al., 2015; Bredewold
and Veenema, 2018). Thus, it is also critical to understand how po-
tential overlap, or lack thereof, between AVP/OXT fiber densities and
V1aR/OTR binding densities vary by sex and age. Therefore, in Section
3 we compare the density patterns of AVP and OXT fibers with V1aR
and OTR binding across sex and age (juvenile and adult) in rats.

The focus of this review is on brain regions comprising the social
behavior neural network (SBNN). The SBNN was first proposed by Sara
Newman (Newman, 1999) as a reciprocally interconnected set of brain
regions involved in the regulation of diverse social behaviors such as
aggression, sexual behavior, and parental behavior. The SBNN consists
of the posterior aspect of the medial amygdala (MeP), posterior bed
nucleus of the stria terminalis (BNSTp), lateral septum (LS), medial
preoptic area (MPOA), ventromedial hypothalamus (VMH), anterior
hypothalamus (AH), and periaqueductal grey (PAG). Importantly, AVP
and/or OXT-immunoreactive (-ir) fibers and V1aR and/or OTR binding
are found in all seven nodes of the rat SBNN (Gerstberger and
Fahrenholz, 1989; Schmidt et al., 1991; Insel et al., 1994; Freund-
Mercier et al., 1987; Tribollet et al., 1988; Smith et al., 2017;
DiBenedictis et al., 2017). It has been proposed that activation across
the interconnected nodes of the SBNN leads to the expression of social
behavior and that differences in the relative activation of these nodes
lead to the display of distinct forms of social behavior (e.g., sexual
behavior or aggressive behavior; Newman, 1999; Goodson, 2005;
Crews et al., 2006; O'Connell and Hofmann, 2012).

Recent evidence suggests that the SBNN shows remarkable
homology across vertebrate species (O’Connell and Hofmann, 2011,
2012; Goodson and Kingsbury, 2013). Likewise, AVP and OXT regulate
social behaviors by acting in nodes of the SBNN in species ranging from
teleost fish to mammals (For review see: Goodson and Bass, 2001;
Godwin and Thompson, 2012; Albers, 2015). Although the genetic se-
quences of AVP and OXT genes are highly conserved, AVP and OXT
systems in the brain have changed significantly over the course of
evolution. One particular evolutionary change highly relevant to this
review has been the expansion of neuropeptide axonal projections to
forebrain regions in mammals (Knobloch and Grinevich, 2014). Given
the potential similarities in behavioral functions of AVP and OXT sys-
tems across species, we also discuss the extent to which distribution
patterns, as well as sex and age differences, in AVP and OXT system

parameters found in rats hold across species.

2. Comparing density patterns of AVP and OXT fibers with V1aR
and OTR binding in the adult male rat SBNN

In this section, we discuss the extent of the anatomical overlap be-
tween AVP/OXT fibers and V1aR/OTR receptors in the adult male
Wistar rat SBNN, by comparing data from two previous studies from our
lab that quantified AVP and OXT fiber density using im-
munohistochemistry (DiBenedictis et al., 2017) and V1aR and OTR
binding density using receptor autoradiography (Smith et al., 2017). It
should be noted that this comparison has several limitations. First, it is
unclear whether fibers visualized with immunohistochemistry re-
present axon terminals, axon fibers-of-passage, or dendrites. Therefore,
we can only speculate about potential axonal or dendritic neuropeptide
release in the region where fibers are observed. Second, due to the lack
of reliable antibodies for V1aR and OTR, receptor autoradiography is
currently the best proxy method to determine protein levels of V1aR
and OTR in an anatomical manner. However, this method requires
brain preservation procedures that are different than those required for
immunohistochemistry. Therefore, immunohistochemical fiber density
and autoradiographic receptor binding density measures were obtained
from separate sets of adult male rats. Third, comparisons between fiber
densities and receptor binding densities in a given brain region will be
qualitative at most. Both immunohistochemistry and receptor auto-
radiography involve signal amplification, and not necessarily to the
same degree. Thus, when we talk about high or low density of fibers/
receptor binding in a given node of the SBNN, this is defined as relative
to the density of fibers/receptor binding in the other nodes of the SBNN.
Fourth, adult male rats were housed in same sex pairs and isolated for
five days before brain collection at 70 days of age for im-
munohistochemistry (DiBenedictis et al., 2017) or were maintained in
same sex pairs until brain collection at 84 days of age for receptor au-
toradiography (Smith et al., 2017). The age of the rats and the specific
housing conditions may have influenced the fiber and receptor binding
density patterns reported in these two studies. Additionally, V1aR and
OTR binding densities can vary depending on the social experiences an
animal has been exposed to (Curley et al., 2009; Lukas et al., 2010).
Therefore, the fiber and receptor binding patterns reported here may
not be the same in rats of other ages and/or that have been exposed to
different housing and social experiences. Last, this review will not in-
clude comparisons with the two other AVP receptor subtypes, namely
the V1b receptor and the V2 receptor. Due to the lack of specific anti-
bodies and ligands, little is known about V1b receptor protein levels or
V1b receptor binding density in the SBNN. The recent development of
potent rat fluorescent ligands suggests the expression of the V1b re-
ceptor in the lateral septum, while other nodes of the SBNN haven’t
been explored (Corbani et al., 2018). Even so, V1b receptor activation
in two other SBNN nodes (MPOA and BNST) has been shown to mod-
ulate social behaviors such as maternal behavior (Bayerl et al., 2016).
Furthermore, pharmacological studies suggest the presence of the V2
receptor in the lateral septum and PAG (Landgraf et al., 1991; Yang
et al., 2006). It would therefore be of interest for future studies to ex-
plore the distribution and function of V1b and V2 receptors in the
SBNN.

Below, we first compare density patterns between AVP fibers and
V1aR binding (Sections 2.1–2.3), we then compare density patterns
between OXT fibers and OTR binding (Sections 2.4–2.6), and lastly, we
report high-density patterns of fibers and receptor binding across the
AVP and OXT systems (Sections 2.7 and 2.8). Where possible, we
compare our findings in the adult male Wistar rat SBNN with other
studies to determine consistency in fiber and receptor binding density
patterns in the SBNN.
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2.1. High AVP fiber density and high V1aR binding density in the LS and
PAG

The LS and PAG of adult male rats show a relatively high density of
AVP-ir fibers and V1aR binding compared to the other nodes of the
SBNN (Fig. 1; Table 1). These findings are in line with previous studies
in adult male rats (De Vries et al., 1981; De Vries & Buijs, 1983; van
Leeuwen and Caffé, 1983; Tribollet et al., 1988; Snijdewint et al., 1989;

Veenema et al., 2012; Dumais and Veenema, 2016a,b; De Vries and Al-
Shamma, 1990), except that we believe that we are the first to describe
V1aR binding in the PAG. These density patterns suggest that AVP
signals at the V1aR within the LS and PAG to mediate its effects on
behavior and other processes. To the best of our knowledge, no studies
to date have determined the role of AVP acting at the V1aR in the PAG
of adult male rats. However, AVP acting at V2 receptors rather than V1
receptors in the PAG modulates pain in adult male rats (Yang et al.,

AVP-ir fibers OXT-ir fibers V1aR binding OTR binding

LS
Bregma:
0.00mm

BNSTp
Bregma:
-0.84mm

MPOA
Bregma:
-0.24mm

MeP
Bregma:
-3.48mm

AH
Bregma:
-1.44mm

VMH
Bregma:
-2.52mm

PAG
Bregma:
-6.48mm

Fig. 1. Representative images of AVP-ir fibers, OXT-ir fibers, V1aR binding, and OTR binding in the regions of the adult male rat SBNN. Dashed outlines indicate
region boundaries. Bregma distances are based on the Paxinos and Watson Rat Brain Atlas (2007).
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2006). In hamsters, microinjection of AVP into the PAG increases flank-
marking, a form of social communication (Hennessey et al., 1992). Yet,
it is unclear how this finding in hamsters translates to rats because no
studies have described or quantified AVP fibers in the PAG of hamsters
and it is unclear whether this effect is mediated via the V1aR. In con-
trast to the PAG, AVP and V1aR in the LS of adult male rats are well
known to be involved in the regulation of social behaviors, most no-
tably social recognition and aggression. For example, AVP administered
into the LS facilitates (Dantzer et al., 1988; Veenema et al., 2012) while
a V1aR antagonist administered into the LS impairs (Veenema et al.,
2012) social recognition in adult male rats. Moreover, impairments in
social recognition induced by exposure to early life stress are accom-
panied by a decrease in extracellular LS-AVP release in adult male rats,
and social recognition can be restored by AVP administration into the
LS (Lukas et al., 2011a, 2011b). AVP administered into the LS rescues
progesterone-induced deficits in social memory in adult male rats
(Bychowski et al., 2013). Furthermore, AVP administered into the LS
increases inter-male aggression (Koolhaas et al., 1998) and extracellular
AVP release in the LS correlates positively with levels of inter-male
aggression (Veenema et al., 2010) in adult male rats. Finally, admin-
istration of a V1aR antagonist into the LS reduces inter-male aggression
in highly aggressive adult male rats (Veenema et al., 2010). Although
opposite behavioral effects are found between administration of AVP
into the LS and administration of a V1aR antagonist into the LS, none of
these studies provide direct evidence that AVP is mediating these be-
havioral effects via the V1aR. This is relevant because OXT-ir fibers and
OTR binding are present in the LS (see Section 2.5) and OXT/OTR play
a similar role in social recognition as AVP/V1aR in the LS of adult male
rats (Lukas et al., 2013). Albeit in adult female meadow voles, some
behavioral effects mediated by OXT administered into the LS can be
blocked by co-administration of a V1aR, but not OTR, antagonist
(Anacker et al., 2016). Future studies are required to determine whe-
ther endogenously released AVP in the LS and in the PAG regulates
social behavior by acting on the V1aR in the LS in rats.

2.2. High AVP fiber density and low V1aR binding density in the MeP,
BNSTp, MPOA, and AH

There is a mismatch in density patterns between AVP-ir fibers and
V1aR binding in the MeP, BNSTp, MPOA, and AH. In detail, AVP-ir
fiber density is high while V1aR binding density is low compared to
other nodes of the SBNN (Fig. 1; Table 1). The high AVP-ir fiber density
in these four regions confirms previous neuroanatomical studies using
adult male rats as well as adult male mice (De Vries and Buijs, 1983;
Rood and De Vries, 2011; Otero-Garcia et al., 2014). The observation
that V1aR binding has been detected and/or quantified in many fore-
brain regions except the MeP, BNSTp, MPOA, and AH in previous stu-
dies using adult male rats (Dumais and Veenema, 2016a; Lukas et al.,
2010; Veinante and Freund-Mercier, 1997; Tribollet et al., 1988;
Tribollet et al., 1999; Krémarik et al., 1993) could provide support for

our detection of low V1aR binding densities in these four regions.
A possible explanation for the mismatch between relatively high

AVP-ir fiber density and relatively low V1aR binding density is that not
all AVP fibers in these regions release AVP. This could be the case if
these AVP-ir fibers represent dendrites and/or axonal fibers-of-passage.
Indeed, the majority of AVP-ir fibers in the MeP and BNSTp could re-
present dendrites from AVP producing cell bodies within these regions
while only a few may represent axonal projections from hypothalamic
AVP producing cell bodies (Hernández et al., 2015). AVP-ir fibers in the
MPOA and AH could represent long-range fibers of passage, traveling
from the PVN and supraoptic nucleus of the hypothalamus (SON) to the
median eminence, pituitary gland, spinal cord and dorsomedial me-
dulla (Sawchenko and Swanson, 1982; Swanson and Sawchenko, 1980;
De Vries and Buijs, 1983; Palkovitz, 1984). Such fibers-of-passage may
have few synaptic boutons, resulting in lower AVP release within the
MPOA and AH. Electron microscopy experiments could be conducted in
order to determine which of these brain regions contain releasable AVP
(in vesicles). These and other studies would be critical to advancing our
understanding of where in the brain AVP is coming from when binding
to V1aRs.

Another possibility is that AVP fibers in the BNSTp, MeP, MPOA and
AH release AVP, which then diffuses via volume transmission (Ludwig
and Leng, 2006; Landgraf and Neumann, 2004) to nearby areas ex-
pressing the V1aR. V1aR binding is indeed relatively dense in areas
adjacent to the MPOA and AH, such as the lateral hypothalamus and
arcuate nucleus (Smith et al., 2017). A third possibility is that AVP acts
on V1b receptors in addition to V1aR in these brain regions. V1b re-
ceptor mRNA expression has been detected in the medial amygdala,
BNST, and MPOA of adult male rats (Arakawa et al., 2010).

Whether AVP signals at the V1aR in the MeP, BNSTp, MPOA, and
AH to modulate social behavior in adult male rats is largely unknown.
Administration of a V1aR-specific antagonist into the anterior medial
amygdala reduces natural avoidance of illness-related social odor in
adult male rats (Arakawa et al., 2010). There might be spill-over of the
antagonist to the MeP, but that is speculative at best. Administration of
a V1aR antagonist into the MPOA reduces maternal behavior in rats
(Pedersen et al., 1994). However, lactating female rats have denser
MPOA-V1aR binding compared to virgin female rats (Bosch et al.,
2010), and, thus, these findings may be less informative as to the
functional role of V1aR in the MPOA in adult male rats. Further re-
search is required to determine whether AVP is released from AVP fi-
bers in the MeP, BNSTp, MPOA, and AH, and whether AVP acting on
V1aR and/or V1b receptors in these regions modulates social behavior
in adult male rats.

2.3. Low AVP fiber density and low V1aR binding density in VMH

Sparse AVP-ir fibers and low V1aR binding density are found in the
VMH compared to other SBNN nodes (Fig. 1; Table 1). The finding of
sparse AVP-ir fibers in the VMH is in line with a previous study in adult

Table 1
Comparisons of relative densities of AVP-ir and OXT-ir fibers and V1aR and OTR binding in the SBNN of adult male rats based
on DiBenedictis et al. (2017) and Smith et al. (2017). Blue color indicates increased potential for cross-talk between AVP and
OTR; yellow color indicates increased potential for cross-talk between OXT and V1aR; see text for discussion.
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male mice in which only very sparse AVP-ir fibers were observed in this
brain region (Rood and De Vries, 2011). Previous forebrain-wide stu-
dies of V1aR binding in adult male rats did not include quantification of
V1aR binding in the VMH (Lukas et al., 2010; Dumais and Veenema,
2016a,b), which seems to support the relatively low V1aR binding
density in the VMH that we observed. Given its anatomical location,
AVP-ir fibers in the VMH could originate from median eminence-pro-
jecting AVP cell bodies located in the PVN and/or SON (Sawchenko and
Swanson, 1982) and thus, may represent fibers-of-passage. As men-
tioned above, the V1aR is highly expressed in the lateral hypothalamus
and arcuate nucleus (Smith et al., 2017), brain regions adjacent to the
VMH. This raises the possibility that if AVP is released in the VMH, it
may activate V1aRs in brain regions nearby via diffusion following local
axonal release in the VMH.

To the best of our knowledge no studies have directly tested the
functional role of AVP acting on V1aR in the VMH in rats. However,
AVP injected into the VMH facilitates aggression in adult male hamsters
(Ferris and Delville, 1994). Moreover, using slice preparations from
adult male and female 129/Sv × Black Swiss mice it was shown that
excitation of VMH neurons induced by application of an AVP receptor
agonist could be blocked by an AVP receptor antagonist when applied
prior to the agonist (Ragnauth et al., 2004). It is currently not known
whether these findings in hamsters and mice occur via activation of the
V1aR.

2.4. High OXT fiber density and high OTR binding density in the BNSTp

OXT-ir fiber density and OTR binding density are both high in the
BNSTp compared to other nodes of the SBNN (Fig. 1; Table 1). OXT-ir
fibers have been reported in the anterolateral BNST of adult male rats
(Dabrowska et al., 2011) but we found no other rodent studies re-
porting OXT-ir fibers in the BNSTp. In contrast, dense OTR binding in
the BNSTp has previously been described in adult male rats (Uhl-
Bronner et al., 2005; Dumais et al., 2013). Microdialysis studies de-
monstrate an increase in extracellular OXT release in the BNSTp during
exposure to a social stimulus in adult male rats (Dumais et al., 2016).
Furthermore, administration of OXT into the BNSTp improves, while
administration of an OTR antagonist into the BNSTp impairs social
recognition in adult male rats (Dumais et al., 2016). Together, these
findings provide credit to the notion that OXT is released from local
OXT fibers and binds OTR in the BNSTp to modulate social behavior in
adult male rats.

2.5. High OXT fiber density and low OTR binding density in the AH and
PAG

OXT-ir fiber density is high while OTR binding density is low in the
AH and PAG compared to other nodes of the SBNN (Fig. 1; Table 1). To
the best of our knowledge, no previous work has characterized OXT-ir
fiber density in the AH or PAG of adult male rats. However, OXT-ir
fibers have been observed in the PAG of adult male mice (Nasanbuyan
et al., 2018). OTR binding in the AH and PAG has not been reported in
adult male rats, despite qualification or quantification of OTR binding
in other hypothalamic and brainstem regions (Lukas et al., 2010;
Dumais et al., 2013; Shapiro and Insel, 1989; Tribollet et al., 1992;
Smith et al., 2017), suggesting low OTR binding in the AH and PAG in
these studies as well. The AH is located directly ventral to the PVN and
dorsal to the median eminence. Thus, it is likely that the high density of
OXT-ir fibers observed in this region represent median-eminence pro-
jecting fibers originating from OXT cell bodies in the PVN (Laqueur,
1954; Vandesande et al., 1977). If so, OXT may be released en passant
from neurohypophyseal axons in the AH to regulate social behavior. To
the best of our knowledge, no studies to date have investigated the role
of AH-OXT or PAG-OXT in social behavior regulation in adult male rats.
However, administration of an OTR antagonist into the PAG decreases,
while administration of OXT increases, pain thresholds in adult male

rats (Yang et al., 2011). This suggests functional signaling via the OTR
even in a brain region with low OTR binding density.

2.6. Low OXT fiber density and high OTR binding density in the MeP, LS,
MPOA, and VMH

Relatively sparse OXT-ir fibers, but relatively dense OTR binding are
observed in the MeP, LS, MPOA, and VMH compared to other SBNN
nodes (Fig. 1; Table 1). These findings are in line with studies in adult
female rats and adult male mice. In detail, lactating rats showing sparse
OXT-ir fibers in the MPOA and VMH (Knobloch et al., 2012) and adult
male mice showing a lack of OXT-ir fibers in the MeP (Castel and
Morris, 1988) and only very sparse OXT-ir fibers in the VMH (Otero-
García et al., 2016; Nasanbuyan et al., 2018). High OTR binding den-
sities in the MeP, MPOA, and VMH have been consistently observed in
adult male and female rats as well as adult male mice (Dumais et al.,
2013; Lukas et al., 2010; Campbell et al., 2009; Uhl-Bronner et al.,
2005; Veinante and Freund-Mercier, 1997; Elands et al., 1988; Tribollet
et al., 1992; Shapiro and Insel, 1989).

Increases in OTR binding density enabled OXT to induce physiolo-
gical effects at lower concentrations in human myometrium (Maggi
et al., 1990). Perhaps this could be true in the brain as well, such that
OXT released from only a few OXT fibers might be sufficient to mediate
a response due to dense OTR binding. Additionally, OXT could reach
these brain regions via volume transmission following somatodendritic
release from the magnocellular neurons in the PVN and SON (Pow and
Morris, 1989; Ludwig et al., 2002; Ludwig et al., 1997; Engelmann
et al., 2000; Landgraf and Neumann, 2004; Ludwig and Leng, 2006;
Herkenham, 1987; van den Pol, 2012). However, calculations based on
axonal release from the ventral hippocampus suggest that extra-sy-
naptically released OXT has a very limited radius at which OXT is ef-
fective (Chini et al., 2017). Further research would be needed to de-
termine whether OXT may or may not reach these brain regions
through volume transmission.

Despite low OXT-ir fiber density in the LS, increases in extracellular
LS-OXT release have been observed in response to a social encounter in
adult male rats (Lukas et al., 2013). Furthermore, blocking OTR func-
tion in the LS or medial amygdala, with either an OTR antagonist or
OTR antisense, impairs social recognition in adult male rats and mice
(Ferguson et al., 2001; Choleris et al., 2007; Takayanagi et al., 2016;
Lukas et al., 2013). Moreover, administration of OXT into the MeP is
sufficient to restore social recognition in OXT knockout mice (Ferguson
et al., 2001). In the MPOA, OXT administration facilitates both sexual
behavior (Gil et al., 2011) and social recognition (Popik and van Ree,
1991) in adult male rats. These behaviors are dependent on signaling at
the OTR, as they are reduced by administration of an OTR antagonist
into the MPOA (Gil et al., 2011; Popik and van Ree, 1991). Surprisingly,
no studies to date have determined the involvement of OXT and OTR in
the VMH in the regulation of social behavior in adult male rats. How-
ever, the OXT system in the VMH regulates sexual receptivity in adult
female rats (Schulze and Gorzalka, 1991; McCarthy et al., 1994).
Overall, despite scarce OXT fibers in the MeP, LS, MPOA, and VMH of
rats and mice, these studies demonstrate an important role for OXT and
the OTR in these SBNN nodes in regulating diverse social behaviors.

2.7. High AVP fiber density and high OTR binding density in the MeP,
BNSTp, and MPOA

Intriguingly, dense AVP-ir fibers and OTR binding, but sparse V1aR
binding and OXT fibers were observed in the MeP, BNSTp and MPOA
relative to other SBNN nodes (Fig. 1; Table 1). If the dense AVP fibers
correspond with high AVP release, then this pattern suggests that these
brain regions are potential sites of AVP signaling at the OTR. As dis-
cussed above, action across AVP and OXT systems is mechanistically
plausible (Manning et al., 2008, 2012) and studies in rodents have
shown that AVP signaling can occur via the OTR to modulate social
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behavior, albeit in brain regions outside of the SBNN (Song et al.,
2016a,b; Sala et al., 2011; Manzano-García et al., 2018).

At present, it is unclear whether the AVP-ir fibers represent den-
drites, axon terminals or long-range fibers. Because AVP cell bodies are
present in the MeP and BNSTp, it is possible that a portion of the AVP-ir
fibers are dendrites. In that case, AVP could be released somatoden-
dritically to bind to nearby OTRs. This has been shown to occur in the
supraoptic nucleus, where AVP released from magnocellular dendrites
modulates the activity of local neurons through the OTR (Hirasawa
et al., 2003). AVP-ir fibers in the MPOA may be long-range fibers of
passage traveling from the PVN to the median eminence (Sawchenko
and Swanson, 1982; Swanson and Sawchenko, 1980; De Vries and
Buijs, 1983; Palkovitz, 1984), but may be released locally via en passant
boutons, as was proposed for OXT released in the nucleus accumbens
(Ross et al., 2009). AVP and OTR in these brain regions play a role in
the regulation of social behavior in adult male rats (Arakawa et al.,
2010; Popik and van Ree, 1991; see Sections 2.2 and 2.5 for more de-
tails) as well as in female rats and other rodent species (Ferris et al.,
1984; Albers et al., 1986; Gil et al., 2011; Schulze and Gorzalka, 1991;
Whitman and Albers, 1998). However, the effects of AVP administra-
tion and V1aR/OTR blockade on social behavior are seldom studied in a
single design. Given the dense AVP-ir fibers and OTR binding in the
MeP, BNSTp, and MPOA, combined with evidence that AVP can act via
the OTR in other brain regions, it would be highly interesting to de-
termine whether, how, and under what conditions AVP signaling occurs
at the OTR within these nodes of the SBNN.

2.8. High OXT fiber density and high V1aR binding density in the PAG

Dense OXT-ir fibers and V1aR binding, but sparse OTR binding were
observed in the PAG relative to other SBNN nodes (Fig. 1; Table 1).
Dense OXT-ir fibers were also found in the PAG of adult male C57Bl/6J
mice relative to other SBNN nodes analyzed (Nasanbuyan et al., 2018).
Dense V1aR binding was found in the PAG of adult male Sprague-
Dawley rats and adult male ICR mice, while OTR binding seems absent
from the PAG in these rodent species (Tribollet et al., 1988, 2002). If
the dense OXT fibers correspond with high OXT release, then it could be
that OXT signals via the V1aR rather than, or in addition to, the OTR in
the PAG. As mentioned in Section 2.5, OXT administered into the PAG
increases pain thresholds in adult male rats (Yang et al., 2011), but it is
unclear whether this is mediated by binding to the OTR or the V1aR, or
both. In fact, to the best of our knowledge, no studies to date have
determined the functional role of the V1aR in the PAG of adult male
rats in any type of behavior. However, administration of an OTR an-
tagonist into the PAG decreases pain thresholds in adult male rats (Yang
et al., 2011). The authors used desGly-NH2-d(CH2)5[D-Tyr2, Thr4]OVT,
which is 95 times more potent as an OTR antagonist than as V1aR
antagonist; Manning et al., 2012). This suggests functional signaling via
the OTR even in a brain region with low OTR binding density. Given the
presence of dense OXT fibers and V1aR binding in rats and mice, it
would be of interest to determine potential cross-system signaling in
this SBNN node.

2.9. How do density patterns of AVP and OXT fibers/receptor binding
compare with other species?

One outstanding question is how the correspondence between AVP/
OXT fibers and V1aR/OTR binding, or lack thereof, in rats compares to
other species. This is particularly relevant given that much of the
pharmacological evidence for cross-talk in these systems comes from
other rodent species, i.e., hamsters, mice and voles (Sala et al., 2011;
Song et al., 2014, 2016a,b; Anacker et al., 2016). Furthermore, un-
derstanding the extent to which mismatches in the AVP/OXT systems
are conserved across species may provide additional insights into where
one might expect to consistently find cross-talk. Unfortunately, and to
the best of our knowledge, parallel studies in which both AVP and OXT

or V1aR and OTR are compared in nodes of the SBNN have not been
conducted in species other than rats. For example, AVP fiber densities
have been analyzed in the MeP, BNSTp, and MPOA in numerous species
and across diverse taxa (reviewed by De Vries and Panzica, 2006;
Albers, 2015). However, there are no corresponding studies (except
those in the rat) that have assessed the binding densities of V1aR and
OTR relative to each other in these areas. This makes it difficult to
determine whether cross-talk is more or less likely in these species.
Evidence does, however, suggest that there are likely to be some species
differences. For example, in Syrian hamsters, there are virtually no AVP
cell bodies or fibers in the MeP, BNSTp, or LS (Dubois-Dauphin et al.,
1990; Albers et al., 1991; Ferris et al., 1995). Interestingly, despite this
lack of AVP fiber density, V1aR binding density is present in the LS of
Syrian hamsters (Johnson et al., 1995), as it is in rats (Smith et al.,
2017). Taken together, studies are required in which AVP and OXT fi-
bers as well as V1aR and OTR binding (or mRNA expression) are ana-
lyzed in nodes of the SBNN and across various species. This will lend
valuable insights into potential sites of crosstalk between AVP and OXT
systems across the evolutionary continuum.

3. Comparing sex and age differences in density patterns of AVP
and OXT fibers with V1aR and OTR binding in the rat SBNN

Sex differences have been found in AVP-ir cell number and fiber
density in nodes of the SBNN across many adult species, including rats
(reviewed in De Vries and Panzica, 2006). In contrast, no sex differ-
ences have been found in OXT-ir cell number and fiber density in nodes
of the rat SBNN (DiBenedictis et al., 2017) and very little is known
about potential sex differences in OXT-ir cell number and fiber densities
in nodes of the SBNN of other species (Table 2 for overview and cita-
tions). Yet, there are sex differences in V1aR and OTR binding densities
in nodes of the SBNN in rats (Uhl-Bronner et al., 2005; Dumais et al.,
2013; Dumais and Veenema, 2016a; Smith et al., 2017) and other
species (Table 2 for overview and citations). Several studies have
compared the developmental trajectories of AVP and OXT parameters
in the rat brain, but these comparisons were mostly qualitative
(Tribollet et al., 1989; Snijdewint et al., 1989; Shapiro and Insel, 1989;
Tribollet et al., 1991; Tribollet et al., 1992). We recently quantified
AVP-ir and OXT-ir cell number and fiber density (DiBenedictis et al.,
2017) and V1aR and OTR binding density (Smith et al., 2017) in the
SBNN of juvenile and adult male and female rats. Analysis of findings
from both studies reveals three important points. First, sex and/or age
differences in AVP-ir fiber and OTR binding densities are found in five
of the seven nodes of the SBNN (i.e., MeP, BNSTp, LS, MPOA, and VMH;
Fig. 2), while no sex or age differences are observed for OXT-ir fiber
density and V1aR binding density in the same regions (with the notable
exceptions of V1aR in the MeP and LS; Fig. 2, Fig. 3B). Second, a similar
pattern of sex and age differences is found for AVP-ir cell number/fiber
density and OTR binding density (higher in males and adults) in the
MeP and BNSTp. Last, an opposite pattern of sex and age differences is
found for AVP-ir fibers density (higher in males and adults) and OTR
binding density (higher in juveniles and females) in the LS. These three
points and their relevance for potential functional interaction between
AVP and OXT systems are discussed below.

3.1. Sex and/or age differences in AVP fiber and OTR binding density in
five of the seven nodes of the rat SBNN

Our analysis revealed sex and/or age differences in AVP-ir fibers
and OTR binding density in five of the seven nodes of the SBNN, i.e., the
MeP, BNSTp, LS, MPOA, and VMH (Fig. 2; DiBenedictis et al., 2017;
Smith et al., 2017). This is in contrast to OXT-ir fiber and V1aR binding
densities that are similar between the sexes and between juveniles and
adults in these regions, with the exception of denser V1aR binding in
females versus males in the MeP (Fig. 3B) and the LS, and in adults
versus juveniles in the LS (Smith et al., 2017). This suggests that AVP
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and OTR in these brain regions play roles in sex- and age-specific reg-
ulation and/or expression of social behaviors. In support, AVP and OTR
have both been implicated in behaviors that differ in their regulation
and/or expression with sex and age, such as olfactory social commu-
nication, social play, aggression, and sexual behavior (Arakawa et al.,
2010; Ferris et al., 1984; Albers et al., 1986; Gil et al., 2011; Popik and
van Ree, 1991; Schulze and Gorzalka, 1991; Whitman and Albers, 1998;
Veenema et al., 2013). Current knowledge about the potential under-
lying mechanisms and behavioral consequences of these sex and age
differences in AVP-ir fiber and OTR binding densities is discussed in
more detail in the following sections.

3.2. Similar patterns of sex and age differences in AVP cell number/fiber
density and OTR binding density in the rat MeP and BNSTp

AVP-ir cell number (in the MeP and BNSTp) and fiber density (in the
MeP only) is higher in adult males compared to adult females and
compared to juvenile males (Fig. 2; DiBenedictis et al., 2017). Likewise,
in both the MeP and BNSTp, OTR binding density is higher in adult
males compared to adult females and compared to juvenile males
(Figs. 2 and 3A, C; Smith et al., 2017). In contrast, no sex and age
differences were found for OXT-ir cell number and fiber density
(DiBenedictis et al., 2017) nor for V1aR binding density in the BNSTp
(Fig. 3D) while V1aR binding is denser in females than in males at both

juvenile and adult ages in the MeP (Fig. 3B).
AVP and OTR are both regulated by gonadal steroid hormones.

Specifically, neonatal and adult gonadectomy substantially reduce AVP-
ir cell number and fiber density in the MeP and BNSTp of adult male
rats (Bingham and Viau, 2008; De Vries et al., 1984, 1994; Rood et al.,
2013; Wang and De Vries, 1995). Neonatal testosterone treatment in-
creases AVP mRNA expression in the BNSTp and MeP of neonatally
gonadectomized adult male and female rats (Han and De Vries, 2003).
Similarly, gonadectomy of adult male rats reduced OTR, but not V1aR,
binding density in several brain regions, although the MeP and BNSTp
were not included in this analysis (Tribollet et al., 1990). Neonatal
testosterone treatment increases OTR binding density in the BNSTp and
MeP in postpubertal female rats (Uhl-Bronner et al., 2005). Thus, reg-
ulation by gonadal steroid hormones during both early development
and adulthood may be a shared potential mechanism that underlies the
higher AVP-ir fiber density and OTR binding density in the MeP and
BNSTp in males compared to females and adults compared to juveniles.

Given that AVP and OTR in the MeP and BNSTp are both involved in
the modulation of similar social behaviors (Arakawa et al., 2010; Popik
and van Ree, 1991; Ferris et al., 1984; Albers et al., 1986; Gil et al.,
2011; Schulze and Gorzalka, 1991; Whitman and Albers, 1998) and the
similar sex and age differences in AVP-ir cell number/fiber density and
OTR binding density in the MeP and BNSTp, we speculate that AVP and
OTR in these regions serve similar functions and may do so by
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interacting with each other. It could be that AVP predominantly signals
at the OTR in the MeP and BNSTp, particularly in adult males that show
the highest AVP-ir fiber and OTR binding densities. It may also be
possible that OTR activation modulates the activity of AVP-producing
neurons in the MeP and BNSTp. Both possibilities, which may not be
mutually exclusive, and are only speculations at this point, would allow
for sex- and age-specific modulation of neuronal activity of the MeP and
BNSTp, namely via AVP-induced OTR signaling and/or via OTR-in-
duced AVP signaling. The BNSTp and MeP are reciprocally inter-
connected structures (Weller and Smith, 1982; Canteras et al., 1992;
Dong et al., 2001; Coolen and Wood, 1998). Therefore, a third possi-
bility could be that OTR-expressing neurons in the MeP synapse onto
AVP neurons in the BNSTp and/or that AVP neurons in the BNSTp
synapse onto OTR-expressing neurons in the MeP. This would allow yet
another way in which AVP and OTR might interact. Further research is
needed to provide evidence for these diverse speculations.

Even if AVP and OTR do not directly interact with one another in
the MeP and BNSTp, we propose that the observed similar sex and age
differences in AVP cell number/fiber density and OTR binding density
suggest that AVP and OTR may be involved in the regulation of the
same types of sex- and age-specific behaviors. No studies to date have
determined the impact of sex or age differences in AVP-ir cell number
or AVP-ir fiber density in the MeP and BNSTp for the regulation of
behavior. However, activity of BNSTp-AVP cells in adult male C57Bl/6
mice, which have more AVP-ir cells than females (Rood et al., 2013), is
increased in response to sexual interaction and non-aggressive social
interaction (Ho et al., 2010). OTR in the MeP and BNSTp has been
shown to be involved in the regulation of social recognition in adult
male and female rats (Lukas et al., 2013; Dumais et al., 2016). More-
over, OXT administered into the BNSTp prolongs the duration of social
recognition in adult male, but not female, rats (Dumais et al., 2016).
This suggests that males are more sensitive to the behavioral effects of
exogenous OXT, which could be due to their denser OTR binding
compared to females. Unfortunately, and to the best of our knowledge,
no studies have investigated the role of AVP and OTR in the MeP and
BNSTp in the regulation of the same type of behavior. Clearly, more
research is needed at the cellular, pharmacological, and behavioral
level to test the intriguing hypothesis that AVP and OTR may interact in
the MeP and BNSTp to regulate the same type(s) of social behavior and
possibly do so in sex- and age-specific ways.

3.2.1. How do sex and age differences in AVP cell number/fibers and OTR
binding in the rat MeP and BNSTp compare with other species?

The sex difference in AVP-ir cell number/fiber density in the MeP
and BNSTp is one of the best characterized and conserved sex differ-
ences in the brain (van Leeuwen et al., 1985; Miller et al., 1989; Szot
and Dorsa, 1993; Wang and De Vries, 1995; Taylor et al., 2012) with
males having higher AVP-ir (or its homologous vasotocin) cell number
and/or fiber density in the MeP and/or BNSTp than females in 15 out of
18 vertebrate species analyzed across the evolutionary continuum (for
overview and references, see Table 2). The sex difference in OTR
binding density in the MeP and BNSTp in rats (Dumais et al., 2013;
Smith et al., 2017) is also found in naked-mole rats (Mooney et al.,
2015), singing mice (Campbell et al., 2009) and mandarin voles
(Smeltzer et al., 2006) (Table 2). However, no sex differences in OTR
binding density in the medial amygdala and BNSTp were found in
prairie voles (Bales et al., 2007) and Syrian hamsters (Dubois-Dauphin
et al., 1992).

The age difference in AVP-ir cell number/fiber density and OTR
binding density in the MeP and BNSTp (DiBenedictis et al., 2017; Smith
et al., 2017) confirms previous studies in male rats showing higher AVP
mRNA expression in the MeP and BNSTp in adults than in juveniles
(Pak et al., 2009; Szot and Dorsa, 1993) and higher OTR binding den-
sity and OTR mRNA expression in the BNSTp in adults than in 10-day or
3-week-old males (qualitative measures only; Yoshimura et al., 1996;
Tribollet et al., 1992). To the best of our knowledge, no other species
were studied to investigate potential age differences in AVP cell
number/fiber density and OTR binding density in the MeP and BNSTp
(Table 2), making it unclear whether the observed age differences in
rats are conserved across species.

Overall, these findings demonstrate that the sex differences in AVP-
ir cell number/fiber density and OTR binding density in the MeP and
BNSTp are found across multiple rodent species. This makes it plausible
that a possible cross-talk between AVP and OTR in the MeP and BNSTp
could occur in several species and that potential sex-specific functional
consequences could be similar across these species.

3.3. Opposite patterns of sex and age differences in AVP fiber density and
OTR binding density in the rat LS

The pattern of sex and age differences for AVP-ir fiber density in the
LS is the same as for AVP-ir cell number/fiber density in the BNST and
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Table 2
Overview of sex and age (adults versus juveniles) differences in AVP and OXT systems in nodes of the SBNN across vertebrate species. Note the lack of studies
addressing age differences in AVP and OXT systems. A: adult, F: female, J: juvenile, M: male, n.d. none detected (comparisons have been made, but no differences
were observed).

Brain Region Species AVP cells/fibers V1aR binding OXT cells/fibers OTR binding Citations

Sex Age Sex Age Sex Age Sex Age

MeP Rats M > F A > J n.d. n.d. n.d. n.d. M > F A > J 1–12
C57/Bl6 Mice M > F 13,14
CD1 mice M > F 17
Singing Mice n.d. M > F 15
Garden Dormice M > F 16
European Hamsters M > F 18
Long-tailed Hamsters n.d. 19
Golden Hamsters n.d. 25
Prairie Voles M > F n.d. 20, 21
Meadow Voles M > F 20
Brandt’s Voles n.d. 19
Mandarin Voles M > F 22
Naked mole-rats n.d. M > F 23,24
Macaques n.d. n.d. 26,38
Marmosets n.d. 27
Tree Lizards M > F 28
Newts M > F n.d. 29, 30
Bullfrogs M > F 31,32

BNSTp Rats M > F A > J n.d. n.d. n.d. n.d. M > F A > J 1,2,4,5,7–12, 33–36,40
C57/Bl6 Mice M > F 13,14
CD1 Mice F > M 37
Singing Mice n.d. 15
Prairie Voles M > F n.d. n.d. n.d. 20,21,39
Meadow Voles M > F n.d. 20,39
Montane Voles n.d. 39
Pine Voles n.d. 39
Naked mole-rats n.d. 23
Macaques n.d. n.d. 26, 38
Marmosets M > F n.d. 27
Humans n.d. 41
Chickens M > F 42,43
Japanese Quail M > F 44,45,46
Zebra Finches M > F n.d. 47,48, 49
Spice Finches n.d. 49
Melba Finches n.d. 49
Violet-eared Waxbill n.d. 49
Angolan blue Waxbill n.d. 49
Sparrows M > F 50
Penduline Tits M > F 51
Blue Tits n.d. 51
Tree Lizards M > F 28
Newts M > F 30
Geckos M > F n.d. 52

(continued on next page)
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Table 2 (continued)

Brain Region Species AVP cells/fibers V1aR binding OXT cells/fibers OTR binding Citations

Sex Age Sex Age Sex Age Sex Age

LS Rats M > F A > J F > M A > J n.d. n.d. F > M J > A 1,7–12,35, 36,40,53–55
C57/Bl6 Mice M > F n.d. J > A 13,14,56,57
CD1 Mice M > F F > M 17,37
MF1 Mice M > F 58
ICR Mice n.d. 59
California Mice n.d. 60
Garden Dormice M > F 16
Gerbils M > F 61
European Hamster M > F 18
Golden Hamsters n.d. 25
Prairie Voles M > F n.d. n.d. 20,21,39,62
Meadow Voles M > F 20,39
Montane Voles M > F 39
Pine Voles M > F 39
Naked mole-rats n.d. 23
Tuco-tucos n.d. 63
Macaques n.d. 38
Humans n.d. n.d. 41
Japanese Quail M > F 44,45
Zebra Finches n.d. n.d. 49,64
Spice Finches n.d. 49
Melba Finches n.d. 49
Violet-eared Waxbill n.d. 49
Angolan blue Waxbill n.d. 49
Sparrows M > F 50
Penduline Tits M > F 51
Blue Tits n.d. 51
Canaries M > F 65
Tree Lizards M > F 28
Newts n.d. 30,66
Geckos M > F 67
Bullfrogs n.d. 31,32,66
Turtles M > F 68
Snakes M > F 68

MPOA Rats M > F A > J n.d. n.d. n.d. n.d. M > F A > J 1,7,12,11,
C57/Bl6 Mice M > F F > M n.d. 13,14, 57, 69
Mongolian Gerbils n.d. n.d. 70
Chinese Hamsters n.d. n.d. 70
Long-tailed Hamsters n.d. 19
Prairie Voles n.d. 39
Meadow Voles n.d. 39
Brandt’s Voles n.d. 19
Pine Voles n.d. 39
Montane Voles n.d. 39
Naked mole-rats n.d. 23
Macaques n.d. 38
Japanese Quail M > F 45,46
Zebra Finches n.d. 49
Spice Finches n.d. 49
Melba Finches n.d. 49
Violet-eared Waxbill n.d. 49
Angolan blue Waxbill n.d. 49
Penduline Tits M > F 51
Blue Tits n.d. 51
Tree Lizards M > F 28
Newts M > F 30
Blue Wrasse F < M 71
Rock Hind n.d. 72
Medaka M > F 73
Goldfish n.d. 74

VMH Rats n.d. n.d. n.d. n.d. n.d. n.d. AM > AF A > J 1,7–12,35,36,40,76,77
C57/Bl6 Mice EF > JF 57
ICR Mice F > M 59
Siberian Hamsters M > F 75
Macaques n.d. 38

(continued on next page)
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MeP, i.e., higher in males than in females and higher in adults than in
juveniles (DiBenedictis et al., 2017). Given this pattern and the notion
that AVP neurons in the BNST and MeP project to the LS (De Vries and
Buijs, 1983; Caffé et al., 1987), it is likely that this pathway plays an
important role in the sex- and age-specific regulation and/or expression
of social behaviors.

OTR binding density shows a pattern of sex and age differences in
the LS that is opposite to OTR binding density in the BNSTp and MeP
and opposite to LS-AVP fiber density, i.e., higher in females than in
males and higher in juveniles than in adults (Smith et al., 2017). These
findings demonstrate a highly brain region-specific regulation of OTR
by sex and age. This may indicate that a sex- and age-specific functional
cross-talk between AVP and OTR, as was suggested for the MeP and
BNSTp, is less likely to occur in the LS.

Given the similar age patterns between LS-AVP fiber density and LS-
V1aR binding density (i.e., denser in adults than in juveniles; Fig. 2;
Smith et al., 2017), it could be that adults show stronger AVP-V1aR
signaling in the LS than juveniles. This, in turn, may allow for some
behaviors to be regulated in an age-specific way. In support, adminis-
tration of a V1aR antagonist into the LS impairs social recognition in
adult male rats (Dantzer, 1998; Everts and Koolhaas, 1999; Veenema
et al., 2012; Lukas et al., 2013), but not in juvenile male rats (Veenema
et al., 2012). Administration of AVP into the LS improves social re-
cognition in adult, but not in juvenile, male rats (Veenema et al., 2012).
Moreover, the AVP-V1aR system in the LS facilitates intermale ag-
gression in adult male rats (Koolhaas et al., 1991; Veenema et al., 2010)
and reduces social play behavior in juvenile male rats (Veenema et al.,

2013; Bredewold et al., 2014). If denser LS-AVP-ir fibers and LS-V1aR
binding in adults versus juveniles reflect higher AVP-V1aR signaling in
the LS, then such higher signaling may serve to facilitate the develop-
mental transition from juvenile social play behavior into adult aggres-
sion in males.

Although female rats show an age pattern in LS-AVP fiber density
and LS-V1aR binding that is similar to male rats (Smith et al., 2017), it
is less clear what the functional implications of this age pattern are. For
example, administration of AVP into the LS improves social recognition
similarly in adult and juvenile female rats (Veenema et al., 2012). Yet,
administration of a V1aR antagonist into the LS impaires social re-
cognition in adult female rats, but not in juvenile female rats (Veenema
et al., 2012). Administration of a V1aR antagonist into the LS decreases
social play behavior in juvenile female rats (Veenema et al., 2013;
Bredewold et al., 2014, 2018). V1aR binding in the LS increases at
parturition and correlates positively with maternal aggression in
Sprague-Dawley rats (Caughey et al., 2011). This suggests that LS-V1aR
activation facilitates juvenile-specific as well as adult-specific social
behaviors in female rats.

The denser OTR binding observed in the LS of juveniles compared to
adults (Smith et al., 2017) coincides with relatively sparse OXT-ir and
AVP-ir fibers in the LS of juveniles compared to adults (DiBenedictis
et al., 2017). Denser OTR binding could perhaps compensate for sparse
fibers to facilitate OTR-mediated neuronal signaling, which, in turn,
may play a role in juvenile-specific behaviors. However, administration
of an OTR antagonist into the LS does not change social play behavior, a
juvenile-specific behavior, nor does it change social preference or social

Table 2 (continued)

Brain Region Species AVP cells/fibers V1aR binding OXT cells/fibers OTR binding Citations

Sex Age Sex Age Sex Age Sex Age

AH Rats n.d. JM > AM n.d. n.d. n.d. n.d. n.d. n.d. 1,12,
C57/Bl6 Mice n.d. 13
Singing Mice n.d. 15
Mongolian Gerbils n.d. n.d. 70
Chinese Hamsters n.d. n.d. 70
Long-tailed Hamsters n.d. 19
Mandarin Voles n.d. 79
Brandt’s Voles n.d. 19
Naked mole-rats n.d. 23
Chickens M > F 78
Rock Hind n.d. 72

PAG Rats M > F n.d. n.d. n.d. n.d. 12,81
C57/BL6 Mice n.d. n.d. J > A 13,57
Singing Mice n.d. 15
Naked-mole rats n.d. 23
Macaques n.d. 26
Geckos M > F 67
Newts n.d. 66
Frogs n.d. 66
Turtles M > F 68
Snakes M > F 68
Fish M > F 80

1. Dibenedictis et al. (2017), 2. Szot and Dorsa (1993), 3. Wang and De Vries (1995), 4. Pak et al. (2009), 5. Taylor et al. (2012), 6. Buijs (1980), 7. Lukas et al.
(2010), 8. Tribollet et al. (1989), 9. Tribollet et al. (1991), 10. Tribollet et al. (1992), 11. Dumais et al. (2013), 12. Smith et al. (2017), 13. Rood et al. (2013), 14.
Gatewood et al. (2006), 15. Campbell et al. (2009), 16. Hermes et al. (1990), 17. Bakker et al. (2006), 18. Buijs et al. (1986), 19. Xu et al. (2010), 20. Wang (1995),
21. Bales et al. (2007), 22. Smeltzer et al. (2006), 23. Rosen et al. (2008), 24. Mooney et al. (2015), 25. Dubois-Dauphin et al. (1992), 26. Caffé et al. (1989), 27.
Wang et al. (1997), 28. Kabelik et al. (2008), 29. Boyd and Moore (1991), 30. Moore et al. (2000), 31. Boyd and Moore (1992), 32. Boyd et al. (1992), 33. Van
Leeuwen et al. (1985), 34. Miller et al. (1989), 35. Snijdewint et al. (1989), 36. Yoshimura et al. (1996), 37. Hӓussler et al. (1990), 38. Young et al. (1999), 39. Wang
et al. (1996), 40. Shapiro and Insel (1989), 41. Loup et al. (1991), 42. Jurkevich et al. (1997), 43. Jurkevich et al. (1999), 44. Aste et al. (1998), 45. Panzica et al.
(2001), 46. Aste et al. (2016), 47. Kimura et al. (1999), 48. Kabelik et al. (2010), 49. Goodson et al. (2006), 50. Maney et al. (2005), 51. Montagnese et al. (2014), 52.
Thepen et al. (1987), 53. De Vries et al. (1981), 54. Veenema et al. (2012), 55. Dumais and Veenema (2016a,b), 56. Hammock and Levitt (2012), 57. Olazábal and
Alsina-Llanes (2016), 58. De Vries et al. (2002), 59. Tribollet et al. (2002), 60. Insel et al. (1991), 61. Crenshaw et al. (1992), 62. Lonstein and De Vries (1999), 63.
Beery et al. (2008), 64. Leung et al. (2009), 65. Voorhuis et al. (1991), 66. González and Smeets (1992), 67. Stoll and Voorn (1985), 68. Smeets et al. (1990), 69.
Dubois-Dauphin et al. (1996), 70. Wang et al. (2013), 71. Godwin et al. (2000), 72. Kline et al. (2011), 73. Ohya and Hayashi (2006), 74. Parhar et al. (2001), 75.
Dubois-Dauphin et al. (1991), 76. Bale and Dorsa (1995), 77. Uhl-Bronner et al. (2005), 78. Robinzon et al. (1992), 79. Qiao et al. (2014), 80. Goodson and Bass
(2001), 81. De Vries and Al-Shamma (1990), 82. Fliers et al. (1986).
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novelty preference in juvenile male and female rats (Bredewold et al.,
2014; Smith et al., 2015). OXT administered into the LS has no effect on
social play behavior in juvenile male rats, but it reduces social play
behavior in juvenile female rats (Bredewold et al., 2014). Thus, more
research is needed to determine whether denser OTR binding in the LS
of juveniles versus adults translates into age differences in OTR sig-
naling and if so, what the age-specific behavioral consequences may be.

3.3.1. How do sex and age differences in fibers and receptors for AVP and
OXT systems in the rat LS compare with other species?

The LS is a well-characterized sexually dimorphic projection target
of AVP synthesizing neurons in the MeP/BNSTp of rats (De Vries et al.,
1981; Caffé et al., 1987) as well as of other rodent species with higher
AVP-ir fiber density in adult males versus adult females in mice (Rood
et al., 2013), gerbils (Crenshaw et al., 1992), European hamsters (Buijs
et al., 1986) and prairie, pine, meadow and montane voles (Table 2;
Wang et al., 1996). Males of most non-mammalian species analyzed
also show denser vasotocin (homologue of AVP)-ir fibers in the LS than
females (Table 2) including Japanese quail (Aste et al., 1998; Panzica
et al., 2001), sparrows (Maney et al., 2005), canaries (Voorhuis et al.,
1991), geckos (Stoll and Voorn, 1985), turtles (Smeets et al., 1990) and
snakes (Smeets et al., 1990).

The sex differences in LS-OTR and LS-V1aR binding densities in rats
(both higher in females than males) are largely driven by juveniles
(Smith et al., 2017). This may explain why a similar sex difference in
LS-V1aR binding density was found in another rat study analyzing ju-
veniles and adults (Veenema et al., 2012: sex difference in V1aR
binding density), but not in two other rat studies using adults only
(Dumais et al., 2013: no sex difference in OTR binding density; Dumais
and Veenema, 2016a: no sex difference in V1aR binding density), nor in
studies using adults of other species, such as mice (Tribollet et al.,
2002), golden hamsters (Dubois-Dauphin et al., 1992), prairie voles
(Bales et al., 2007), tuco-tucos (Beery et al., 2008), finches (Goodson
et al., 2006), waxbills (Goodson et al., 2006), macaques (Young et al.,
1999), or humans (Table 2; Loup et al., 1991).

The age difference in LS-AVP-ir fiber density is in line with a pre-
vious qualitative study in rats (De Vries et al., 1981) and a study on
vasotocin-ir fiber density in chickens (Aste et al., 2016). The age dif-
ference in OTR binding density in the LS (Smith et al., 2017) confirms
previous findings in rats (Lukas et al., 2010; Yoshimura et al., 1996)
and mice (Hammock and Levitt, 2012; Olazábal and Alsina-Llanes,
2016). To the best of our knowledge, there are no data on age differ-
ences in V1aR binding density in the LS of species other than the rat.

Overall, in those instances where data is available in multiple spe-
cies, there is considerable consistency across species in patterns of sex
and age differences in the LS-AVP and LS-OXT systems. If these sex and
age differences have functional relevance for the sex- and age-specific
regulation of social behavior, then we would expect to see a similar
functional relevance across these species. Given the complexity of the
sex and age differences in AVP and OXT systems, combined with the
variety of behaviors the LS can modulate, further studies addressing the
presence of both canonical and cross-talk AVP/OXT signaling will be
critical to understanding the roles of these neuropeptides in the LS for
behavioral regulation.

4. Conclusions and future directions

We have discussed several intriguing patterns of AVP/OXT-ir fiber
and V1aR/OTR binding densities in the rat SBNN. First, few SBNN
nodes showed a match between relative densities of fibers and receptors
within a system (i.e., the LS and PAG for the AVP system and the BNSTp
for the OXT system). Second, several SBNN nodes showed a mismatch
between relative densities of fibers and receptors (i.e., the MeP, BNSTp,
MPOA, and AH for the AVP system and the MeP, LS, MPOA, and VMH
for the OXT system). Third, similarly high densities were found for fi-
bers and receptors across systems in three SBNN nodes that showed a

mismatch (i.e., high AVP-ir fiber density and high OTR binding density
in the MeP, BNSTp, and MPOA). Fourth, in two of these three SBNN
nodes (i.e., the MeP and BNSTp), AVP-ir fiber and OTR binding den-
sities changed in similar ways with sex and age (higher in males and
higher in adults). These findings in rats strongly suggest the potential of
AVP and OXT systems to interact with each other and that AVP may
signal at the OTR rather than, or in addition to, the V1aR in these SBNN
nodes.

This review sheds light on important outstanding questions, espe-
cially regarding the pharmacological aspects of ligand-receptor inter-
actions and the extent of conservation of cross-talk between AVP and
OXT systems. For example, it is unclear how AVP/OXT fiber density
relates to extracellular and synaptic AVP/OXT release. Studies com-
paring differences in AVP/OXT fiber density with extracellular AVP/
OXT release using intracerebral microdialysis may provide some insight
into this. Yet another issue is that the source of either AVP or OXT
released within a given region remains difficult to identify. Electron
microscopy studies, as well as studies in which tools are used to induce
endogenous ligand release will be critical to answering this question.
Once released, it also remains unclear how far these neuropeptides can
travel to act at their target receptors. Our review of the existing lit-
erature across species makes it clear that characterization of the relative
densities of AVP/OXT fibers and V1aR/OTR binding in one design will
be necessary in order to determine which mismatches between fibers
and receptors in the SBNN are consistent across species, and which are
species-specific.

We further discussed the implications of matches and mismatches
between AVP/OXT fibers and V1aR/OTR in the rat SBNN for the reg-
ulation of social behavior. This highlighted a need to elucidate whether
the behavioral effects of local AVP or OXT administration are mediated
a) via activation of the V1aR, OTR, or both, and b) are mediated by
endogenous AVP, OXT, or both. Interestingly, most pharmacological
based evidence for cross system signaling comes from species other than
rats, namely hamsters, mice, and voles (Sala et al., 2011; Song et al.,
2014, 2016a,b; Anacker et al., 2016). Therefore, studies are needed to
test to extent to which cross-talk may actually occur within the rat
SBNN.

The similar sex and age differences in AVP and OTR in specific
nodes of the rat SBNN suggest the potential of AVP and OXT systems to
interact with each other in sex- and age-specific ways. We speculated
that such interactions may facilitate sex- and age-specific regulation of
social behavior. We also discussed that, with the exception of sex dif-
ferences in AVP-ir cell number/fiber density in some SBNN nodes, very
little is known about sex differences in OXT-ir fiber density and V1aR
and OTR binding densities (or mRNA expression) in species other than
the rat. Likewise, we highlighted that virtually nothing is known about
developmental trajectories of AVP and OXT systems in species other
than the rat.

If we gain more evidence for the existence of cross system signaling
in rats and other species, and better insights into their functional con-
sequences, this will allow us to address questions related to the evo-
lutionary relevance of cross-talk between the AVP and OXT systems and
the implications of such cross-talk for basic and clinical studies. Overall,
we hope that the analyses herein will serve as a springboard for further
studies in rats and other species aimed at unraveling the roles of AVP
and OXT systems in the regulation of social behavior, via potential
cross-talk and in possibly sex- and age-specific ways.
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