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Abstract

Arginine-vasotocin(AVT)/arginine vasopressin (AVP) are members of the AVP/oxytocin (OT)
superfamily of peptides that are involved in the regulation of social behavior, social cognition and
emotion. Comparative studies have revealed that AVT/AVP and their receptors are found
throughout the “Social Behavior Neural Network” and display the properties expected from a
signaling system that controls social behavior (i.e., species, sex and individual differences and
modulation by gonadal hormones and social factors). Neurochemical signaling within the SBNN
likely involves a complex combination of synaptic mechanisms that co-release multiple chemical
signals (e.g., classical neurotransmitters and AVT/AVP as well as other peptides) and non-
synaptic mechanisms (i.e., volume transmission). Crosstalk between AVP/OT peptides and
receptors within the SBNN is likely. A better understanding of the functional properties of
neurochemical signaling in the SBNN will allow for a more refined examination of the
relationships between this peptide system and species, sex and individual differences in sociality.
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1. Introduction

The arginine-vasotocin (AVT)/ arginine-vasopressin (AVP) family of peptides regulates a
variety of behavioral processes in a wide range of species. While the importance of
AVT/AVP in reproductive behaviors was first discovered over 70 years ago, the role of
these peptides in controlling non-reproductive social behavior is a more recent development
(i.e., approximately 30 years ago)(Albers, 2012). AVT, AVP and a number of other
structurally related peptides are part of a larger superfamily that includes various forms of
oxytocin (OT) (for a review see (Caldwell and Young Il1, 2006)). Because of the critical
importance of these peptide systems in regulating social behavior, social cognition and
emotion they have become a focus in the investigation of the basic mechanisms underlying a
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variety of psychiatric disorders. While this is a developing research area of great importance,
the focus of the current review will be on the basic mechanisms underlying the role of
AVT/AVP in sociality. The reader interested in the role of these peptides in translational and
clinical research is referred to the large number of excellent recent reviews(Caldwell and
others, 2008a; Insel, 2010; Rotzinger and others, 2010; Harony and Wagner, 2010;
Neumann and Landgraf, 2012; Burkett and Young, 2012; Lukas and Neumann, 2013).

The AVP/OT peptide superfamily evolved more than 600 million years ago from an
ancestral form of AVT through gene duplication(Acher and Chauvet, 1995). These peptides
are often called nonapeptides because they are composed of nine amino acid residues. They
have a highly conserved structure across vertebrates. For example, AVP and OT share seven
of nine amino acid sequences, differing only in the third and eighth positions. AVT is found
in fish, amphibians, reptiles and birds while AVP or AVP-like peptides (e.g.,
lysinevasopressin) occur in mammals. There are a number of different OT-like peptides
found in vertebrates; fish produce isotocin (IT) and amphibians, reptiles and birds produce
mesotocin (MT). Even in mammals not all forms of OT are identical in structure(Lee and
others, 2011). Although amino acid sequence differences exist across members of this
peptide family, the structure of these peptides has been largely conserved during vertebrate
evolution. The AVP/OT family of peptides is also found in a large number of invertebrate
species such as mollusks, nematodes and arthropods(Gruber, 2014).

In mammals, four nonapeptide receptors have been identified: V1a, V1b, V2 and
OT(Barberis and Tribollet, 1996; Caldwell and Young Il1, 2006; Hasunuma and others,
2013). These receptors belong to the G protein-coupled receptor superfamily that have seven
putative transmembrane domains and appear to be evolutionarily ancient. Interestingly,
recent studies indicate that the original expression site of AVP/OT receptors may have been
in the central nervous system and not peripheral tissues, as many have previously
assumed('Yamashita and Kitano, 2013). VV1a and OT receptors are robustly expressed in
many regions of the mammalian brain. VV1b receptors appear have a much more restricted
distribution in the brain, although they are expressed prominently in the hippocampus and at
lower levels in the hypothalamus and amygdala(Young and others, 2006). V2 receptors have
also been reported in the adult and developing mammalian brain, but these findings are
controversial and it seems unlikely that they play a significant role in regulating
sociality(Hirasawa and others, 1994; Kato and others, 1995; Foletta and others, 2002;
Vargas and others, 2009). The V1a-like receptor is the most widely distributed AVT/AVP
receptor in the brains of vertebrates, and plays a critical role in the control of social
behavior(e.g., Albers and others, 1986; Ferris and others, 1996). There is increasing
evidence, however, that V1b receptors also play a role in the regulation of social behavior
(see (Stevenson and Caldwell, 2012) for a review). Finally, it is possible that at least some of
the effects of AVP- and OT-like peptides on social behavior might be the result of crosstalk
between the canonical receptors.

Less is known about nonapeptide receptors in non-mammalian species, although receptors
with similarity to mammalian nonapeptide receptors have been identified in all major
vertebrate groups except reptiles (see Table 1). In fish, there are two V1a receptors, V1al
and V1a2, as well as a V2 receptor and an IT receptor(Lema, 2010; Kline and others, 2011;
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Ocampo and others, 2012; Yamaguchi and others, 2012; Lema and others, 2012). V1al,
V1a2 and IT receptors are found in brain but V2 receptors are not(Lema, 2010). In newts
(i.e., C. pyrrhogaster), three types of AVT receptors have been cloned and based on their
structure they have been designated as VV1a, V2 and VV3/V1b receptors corresponding to the
mammalian V1a, V2 and V1b receptors, respectively(Hasunuma and others, 2007). MT
receptors have also been characterized and sequenced in amphibians(Akhundova and others,
1996; Kohno and others, 2003; Acharjee and others, 2004; Searcy and others, 2011). In
birds, there are four nonapeptide receptors VT1-VT4(Tan and others, 2000; Gubrij and
others, 2005; Leung and others, 2011). The VT4, VT2, VT1, and VT3 avian receptors
appear to be homologues of the mammalian V1a, V1b, V2 and OT receptors, respectively.
Interestingly however, the VV1b-like VT2 receptor has not been detected in avian brain, but
the V2-like VT1 receptors is found in avian brain as well as the periphery. In summary, the
nomenclature of vertebrate AVT/AVP receptors has become increasingly complex, perhaps
unnecessarily. Despite some species differences, it would be useful to simplify this receptor
nomenclature by adopting the mammalian designation for these receptors in birds. The
situation, in amphibia and fish, however, appears to be more complex.

The focus of this review will be to examine the relationships between sociality and species,
sex and individual differences in AVT/AVP systems. The plasticity in the expression of this
signaling system, and in particular, how gonadal hormones and social experience can
modulate its signaling capacity will be reviewed. Finally, how the complex interplay
between AVP-like peptides and their receptors might control sociality by their actions in the
“social behavior neural network” will be discussed.

2. The “Social Behavior Neural Network”

There is a substantial amount of evidence that manipulation of peptides in the AVP/OT
family can have dramatic and powerful effects on social behavior by acting within specific
CNS sites. A full understanding of the neurobiology of social behavior, however, will
require an understanding of the action of these peptides and their receptors across a complex
neural network. The concept of a “social behavior neural network” (SBNN) has emerged
relatively recently. Over the last 30 years, it has become clear that there is a large degree of
overlap in the neural circuitry controlling different social behaviors. As originally proposed
by Newman(Newman, 1999), the SBNN is composed of neural groups or “nodes” including,
but not limited to, the extended amygdala, LS, PAG, MPOA, VMH, and AH. Each node
within the SBNN fulfills several criteria. They are reciprocally connected, all contain
neurons with gonadal hormone receptors, and each has been identified as an important site
of regulation or activation of more than one social behavior. Further, there is a substantial
body of evidence that this network is involved in controlling a wide range of social
behaviors including both offensive and defensive aggression, social recognition/memory,
sex behavior, parental behavior and social communication(Albers and others, 2002;
Caldwell and others, 2008a; Adkins-Regan, 2009; Albers, 2012; Bosch and Neumann, 2012;
Goodson and Kingsbury, 2013). There is now evidence that social behavior neural networks
also exist in non-mammalian vertebrates(Crews, 2003; Goodson, 2005; O'Connell and
Hofmann, 2011). In fact, a comparative analysis across mammals, birds, reptiles,
amphibians and teleost fish provides support for the proposition that there may be
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homologous nodes in the SBNN of these major vertebrate lineages and that these
mechanisms are evolutionarily quite old. However, whether these non-mammalian networks
are composed of a series of nodes that are homologous to those in mammals is controversial
(for a review see(Goodson and Kingsbury, 2013)). The overarching hypothesis is that the
diversity and complexity of different social behaviors across a wide range of species and
individuals can be accounted for by variations in the functional interactions within and
across the nodes of this highly conserved network. As such, social behaviors emerge from
the entire network and not from its individual elements.

Given the diversity of the animals in which these networks are found, it seems almost
certain that the specific nodes contained within the SBNN as well as their functional activity
will vary across species. For example, studies in birds have revealed far more steroid
hormone-induced modulation across nodes of the SBNN than that seen in mammals(Maney
and others, 2008). It also seems likely that the criteria for establishing a structure as a node
in the network will be reconsidered (e.g., must all nodes have steroid receptors?). Certainly,
when one considers the relative importance of different forms of sensory information in the
expression of social behavior in different species, it is not at all surprising that there are
going to be substantial differences in the structures providing sensory input. Because rodents
rely heavily on olfactory information to guide their social behavior, the olfactory system is a
key node in their SBNN. In contrast, in species such as birds and primates where visual cues
guide social behavior, the structures mediating visual information will likely play a similar
key role.

Nevertheless, the construct of the SBNN is a transformative way of looking at the neural
mechanisms controlling social behavior when compared to previous approaches of studying
the role of single structures in regulating single behaviors. It is important to point out,
however, that without decades of studies employing the single structure/single behavior
approach, it would not have been possible to pull this large body of data together and to
recognize that the same structures control such a large number of different social behaviors.
The next order of questions to be addressed will focus on how social behavior emerges from
these complex neural networks. While the concept that specific social behaviors are
produced by a pattern of activity across the network is attractive, the challenge is finding
ways to critically test this hypothesis. Experimental approaches that can explore the
signaling across multiple nodes in the SBNN such as large scale ensemble recording
techniques, fMRI and transcriptomics will be essential to understanding how social behavior
emerges from this network. The success of this approach will also require new analytic
techniques in order to analyze the large data sets that define the dynamics of neural activity
across such large networks (e.g.,(Lin and others, 2006)).

As discussed below, AVT/AVP and their receptors are found throughout the nodes of the
SBNN and display the properties that would be expected from a signaling system that plays
a critical role in controlling social behavior by its actions throughout this network (i.e.,
species, sex and individual differences as well as modulation by gonadal hormones and
social factors). However, future progress in understanding the neurobiology of sociality will
require a far better understanding of the signals produced by these peptides and how they
interact across the network.
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3. Sociality and comparative studies of the AVT/AVP system

The investigation of the role of nonapeptides in social behavior has benefited greatly from
the large number of species that have been, and continue be, studied(Phelps and others,
2010). One of the great advantages of the comparative approach is that it is possible to
examine the relationships between the extraordinary diversity in the types of social systems
that animals display and the characteristics of their nonapeptide systems. This approach has
the potential to address the relationship between the evolution of social behavior and its
linkage to nonapeptide systems and to ask overarching theoretical questions such as, ‘Do
species differences in nonapeptide systems underlie species differences in sociality?”. We
are, however, at a very early stage because, with a very few exceptions, the existing data
examining whether species differences in sociality are the result of species differences in
nonapeptide systems have been correlational. Specifically, sociality has been correlated with
species differences in the distribution of AVT/AVP or their receptors. As discussed below,
there are many other species differences in the AVT/AVP system beyond its “wiring
diagram” that may prove useful in understanding the relationships between this system and
sociality.

Studies to investigate this relationship also raise the complex question of what constitutes
“sociality” and how do we characterize it so that we can investigate its relationship with
nonapeptide systems(Ophir, 2011). As discussed by Goodson(Goodson, 2013), the concept
of sociality has historically scientific roots but has now become used much more broadly to
encompass a wide range of behavioral processes from pair bonding to aggression. In the
present discussion sociality will be defined broadly to include social behavior, social
cognition and emotion. The comparative approach provides the opportunity to use the
evolution of nonapeptide systems and sociality as a guide to understand basic underlying
mechanisms and their potential translation to clinical application. It must be acknowledged,
however, that increasing taxonomic diversity in evolutionary studies of sociality is not
without its own set of complexities; for example, what constitutes anatomical homology?.
Nevertheless, developing simple categories of sociality across or even within species can be
useful for a first order analysis of the relationship between sociality and nonapeptides
systems(Caldwell, 2012). One of the best examples of the success of using dichotomous
categories of sociality across species is the comparative analysis of monogamous and non-
monogamous Vvole species (discussed in detail below). The initial studies using this approach
were purely correlational; for example, the amount of VV1a receptor binding in the ventral
pallidum was found to predict whether closely related species were monogamous or non-
monogamous. The hypothesis that the number of V/1a receptors in the ventral pallidum
determined whether a species is monogamous was then tested by examining whether the
induction of V1a receptors within the ventral palladum could induce pair bonding in a non-
monogamous species of vole. Other dichotomous categories of species differences in
sociality may not be as clear-cut as monogamy versus nonmonogamy, but they are
applicable to a much larger groups of animals given that monogamy occurs in only 3% of
mammalian species(Kleiman, 1977). One approach that has been useful has been to compare
nonapeptide systems in species that are categorized simply as “asocial” or “social” (e.qg.,
gregarious)(Goodson and Wang, 2006). For example, in studies of several related species of
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birds there are neuronal patterns of activation in the medial bed nucleus of the stria
terminalis (BNST) in response to social stimuli that are very different in asocial and social
species. In summary, the use of dichotomous categories of sociality (e.g., monogamous
versus non-monogamous) have proven to be useful in the analysis of the relationship
between species differences in sociality and nonapeptides. This approach remains necessary
because of the lack of a comprehensive understanding of sociality that can only be achieved
with extensive field studies as well as detailed knowledge of the anatomical characteristics
of nonapeptide systems in a broad representation of species. Of course, as we expand our
knowledge about sociality and nonapeptides across diverse groups of species the power to
define these relationships will be enhanced substantially.

3.1. Sociality and comparative studies of AVT/AVP: Methodological considerations

There are a number of issues that are important to consider when investigating how
AVT/AVP and their receptors are distributed throughout the CNS, particularly when
comparing across species, sexes and physiological states. The predominant approaches to
determining the location of AVP/AVT within the brain have been immunohistochemistry
and in situ hybridization. Immunohistochemistry is useful for identifying neuronal cell
bodies and processes (e.g., fibers) that contain AVT/AVP peptide, while in situ
hybridization identifies the cell bodies that transcribe the peptide gene. The distribution of
immunoreactive product can be influenced by a variety of methodological and physiological
variables. For example, one method used to examine the location of peptide-producing cells
involves the administration of colchicine. Colchicine inhibits the transport of newly
synthesized peptide thereby concentrating the peptide within the cell body and making it
easier to visualize. While this can be a very useful approach to identify peptide-producing
cell bodies, it can also create complications in comparing the distribution of a peptide
generated in studies using colchicine with those not using colchicine. Physiological changes
in peptide synthesis, degradation and release can also complicate the comparison of the
distribution of peptides. For example, high levels of peptide release have the potential to
reduce or eliminate the ability of immunohistochemistry to identify peptide-producing
neurons.

Studies of the distribution of peptide receptors have also used immunohistochemistry, in situ
hybridization, as well as receptor autoradiography. Unfortunately, immunohistochemistry
for the AVP/OT family of receptors has not proven to be feasible because of the inability to
generate antisera that recognize these receptors. In situ hybridization has proven to be a
useful technique to localize the cells synthesizing receptors, but provides little information
on where the receptors are localized. One of the most common approaches to localizing
peptide receptors is receptor autoradiography. This approach uses radiolabeled ligands to
localize receptor binding sites. This is a powerful approach, but it is dependent upon the
specificity and potency of the ligands used. Because of the prevalence of species differences
in selectivity of the ligands employed in receptor binding studies, caution should be used in
the interpretation of these studies.
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4. Comparative studies of AVT/AVP and their receptors
4.1. Species differences in AVT/AVP

AVT/AVP containing neurons are distributed widely in the brains of all vertebrates studied
so far (Moore and Lowry, 1998; De Vries and Panzica, 2006). There are excellent reviews
of the neuroanatomy of AVT/AVP in fish(Godwin and Thompson, 2012; Thompson and
Walton, 2013), amphibians(Woolley and others, 2004; Wilczynski and others, 2005; Boyd,
2013), reptiles(Woolley and others, 2004), birds(Goodson and Bass, 2001; Goodson and
others, 2012) and mammals(Rood and De Vries, 2011; Ragen and Bales, 2013). The patterns
with which AVT/AVP cell bodies and fibers are distributed in the brain are fairly consistent
across vertebrate species(Moore and Lowry, 1998; Goodson and Bass, 2001; Godwin and
Thompson, 2012). A very common feature of AVT/AVP systems across vertebrates is that
both parvocellular and magnocellular AVT/AVP containing neurons can be found in the
preoptic area, as well as in a number of hypothalamic regions, and that these cell bodies
project to other hypothalamic and extrahypothalamic regions including the midbrain
tegmentum, medulla and spinal cord. Comparative studies of AVT/AVP synthesizing
neurons have found that they cluster in identifiable groups based on their anatomical
characteristics and that these may represent homologous structures across species despite the
fact that these neurons do not always fall within classical neuroanatomical borders. For
example, scattered AVP-positive magnocellular neurons found in the hypothalamus have
been called the accessory nuclei and occur in a variety of mammals, including
humans(Krisch, 1976; Castel and Morris, 1988; Mahoney and others, 1990; Ishunina and
Swaab, 1999; Rood and De Vries, 2011). Homologs of these accessory neurons may also
exist in nonmammalian species. Many vertebrate species have AVT/AVP producing cell
bodies in the extended amygdala that project to other forebrain structures such as the lateral
septum (LS)(De Vries and Panzica, 2006). Projections from the paraventricular nucleus
(PVN) and supraoptic nucleus (SON) to the posterior pituitary are the source of systemically
released AVP and OT. These nuclei, however, are also the source of AVP-containing fibers
that project to other brain regions(Buijs, 1978; Sawchenko and Swanson, 1982; De Vries
and Buijs, 1983; Alonso and others, 1986). For example, in Syrian hamsters it has been
estimated that 30% of AVP-containing magnocellular neurons in the lateral and medial SON
project to other hypothalamic and extra-hypothalamic sites and not to the pituitary(Mahoney
and others, 1990; Ferris and others, 1992).

Despite the many similarities in the pattern of AVT/AVP expression, there are also
potentially important differences in their distribution both within and across all major groups
of vertebrates. In teleost fish, for example, in addition to magnocellular neurons, populations
of hypothalamic gigantocellular AVT neurons can also be found(Godwin and Thompson,
2012). In amphibians, AVT cell bodies are found in the medial amygdala (Me) of some
species but not others(Smeets and Gonzalez, 2001) and in birds, there are species differences
in the number of AVT producing neurons in the medial BNST (Goodson and Wang, 2006;
Goodson J.L., 2008). In many mammalian species, AVP producing neurons in the Me and
BNST that project to the LS have been implicated in both social and emotional
behavior(Wang and others, 1994a; Ring, 2005; Beiderbeck and others, 2007; Kelly and
others, 2011; Neumann and Landgraf, 2012). There can be, however, considerable variations
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in AVP expression across species with no obvious correlation to differences in sociality. In
Syrian hamsters, a relatively “asocial’ species, there is a nearly complete lack of AVP
containing cell bodies in the extended amygdala as well as an absence of AVP fibers in the
LS (Dubois-Dauphin and others, 1990; Albers and others, 1991; Ferris and others, 1995). On
the other hand, in naked mole rats, a highly “social” species, AVP producing cells are also
nearly absent in the BNST and Me and no AVP-containing fibers are seen in the LS(Rosen
and others, 2007). In guinea pigs, also a relatively “social” species(Sachser, 1998), there are
unusually high levels of AVP innervation in the septum(Dubois-Dauphin and others, 1989).
In both human and non-human primates, AVP containing cell bodies in the amygdala are
absent or substantially fewer in number than that seen in many rodents, and AVP containing
fibers are absent in the LS(Fliers and others, 1986; Caffe and others, 1989; Wang and others,
1997a; Wang and others, 1997b). As such, the existing data do not suggest any simple
relationships between the distribution of AVT/AVP and “social” or “asocial” patterns of
sociality. A few studies have examined more specific hypotheses on the distribution of AVP
and sociality. For example, it was hypothesized that the amount of AVP immunoreactivity in
the BNST and Me would be negatively correlated with the amount of parental behavior.
This hypothesis was based on data collected in voles where AVP immunoreactivity was
greater in the BNST and Me of species with higher levels of parental behavior(Wang, 1995).
Studies in two species of mice revealed, however, that parental behavior did not predict
differences in the patterns of AVP immunoreactivity(Bester-Meredith and others, 1999).

In summary, AVT/AVP expression occurs throughout the SBNN across vertebrate species.
While consistent relationships between the distribution of AVT/AVP and sociality have yet
to be defined, the investigation of the covariation of social behavior and AVT systems in
fish, amphibians and reptiles is still at an early stage. Similarly, in mammals striking
relationships between AVP and sociality have yet to be identified. One approach that has
proven useful is the examination of the relationships between the functional activity of
AVT/AVP neurons (e.g., neuronal activation as measured by immediate-early gene
expression) and social behavior (Figure 1), e.g.,(Delville and others, 2000; Gobrogge and
others, 2007). The approach has been applied productively to comparative studies examining
whether the neuronal activation of AVT neurons in five species of birds that are “social” or
“asocial” (Goodson and Wang, 2006). Using this approach a relationship between the
neuronal activation of AVT containing neurons and sociality was identifed. More
specifically, the social species displayed more neuronal activation in AVT-containing
neurons in the mBNST in response to same sex social stimuli than did the asocial species.

4.2. Species differences in AVT/AVP receptors

The possibility that species differences in AVT/AVP receptor distribution might underlie
species differences in sociality has been a matter of active investigation for over 20 years
(Insel and others, 1991; Witt and others, 1991; Insel and others, 1993). There appear to be
more substantial species differences in the distribution of AVP/OT receptors than for the
receptors of other neurochemical signals(Insel and Shapiro, 1992). Species differences in
AVT/AVP receptors could influence social behavior in a number of different ways. It is
possible that species differences exist in the number of AVT/AVP receptors found within
specific brain regions, in the coding sequence or promoter regions of the receptor gene
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and/or in how the receptors respond to receptor activation. As discussed below, the vast
majority of research that has looked at species differences in V1a receptors has focused on
differences in receptor distribution as revealed by the density of receptor binding or the
pattern of VV1a receptor mRNA. There has also been a considerable amount of work
investigating whether species differences in the distribution of VV1a receptors might be the
result of differences in DNA sequences (i.e., microsatellites) located in the 5” flanking
region of the VV1a receptor gene. There are surprisingly large species differences in both the
coding region of the V1a receptor and in the amino acid sequence of the receptor, itself(Fink
and others, 2007; Turner and others, 2010). While these species differences are interesting
and potentially important for understanding species differences in social behavior, the
diversity in the amino acid sequences does not appear to alter the signaling capacity of the
receptor. There are also data to suggest that activation of VV1a receptors can result in very
different behavioral responses. For example, injection of AVP into the AH stimulates
aggression in male Syrian hamsters but inhibits it in females(Ferris and Potegal, 1988;
Potegal and Ferris, 1989; Gutzler and others, 2010; Ferris and others, 2013). These opposite
effects of AVP on aggression appears to be mediated by the V1a receptor because injection
of selective V1a receptor antagonists inhibits aggression in males and stimulates aggression
in females. More recently, a similar sex difference has been observed in the effects of
centrally administered AVP and a V1a receptor antagonist (i.e., intracerebrventricular
injections (ICV)) on play behavior in rats(\Veenema and others, 2013). It will be interesting
to determine if these sex differences in the behavioral response to activation of V1a
receptors are the result of sex differences in intracellular signaling pathways or whether they
are the result of sex differences in the local networks and/or efferent pathways that
coordinate these behaviors.

The distribution of AVT receptors has been studied in fish(Moons and others, 1989; Kline
and others, 2011; Lema and others, 2012; Huffman and others, 2012) and amphibians(Tripp
and Moore, 1988; Boyd and Moore, 1991; Acharjee and others, 2004; Lewis and others,
2005; Hasunuma and others, 2010; Hasunuma and others, 2013) and birds (\Voorhuis and
others, 1988; VVoorhuis and others, 1990; Goodson and others, 2006; Leung and others,
2009; Leung and others, 2011), but not yet in reptiles. The vast majority of data on the
distribution of nonapeptide receptors, however, comes from mammals. Even in relatively
closely related vertebrates, there can be significant species differences in the distribution of
AVT/AVP receptors, although the data remain quite sparse in many groups. Despite these
species differences in the distribution of AVT/AVP receptors, there are also some consistent
features in their patterning across species. For example, V1a receptor binding has been
found quite consistently in the LS, even though the magnitude of receptor binding in the LS
can differ among species(Insel and others, 1994; Turner and others, 2010).

One very productive line of research has been the investigation of the relationship between
the distribution of V1a receptors and whether a species is monogamous or non-
monogamous. Non-monogamous male rodents have different patterns of VV1a receptor
binding than monogamous males(Insel and others, 1991; Insel and others, 1994; Young and
others, 1997b; Bester-Meredith and others, 1999). Interestingly, comparison of V1a binding
in a variety of mammalian species revealed that higher densities of V/1a receptor binding are
found in the ventral pallidum in monogamous species than in non-monogamous
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species(Insel and others, 1994; Young, 1999; Bester-Meredith and others, 1999b; Young
and others, 1999b). Because of this difference in VV1a receptor binding and because the
ventral pallidum is involved in reward systems, it was hypothesized that \VV1a receptors
facilitate pair-bonding(Winslow and others, 1993; Young and others, 1997a; Pitkow and
others, 2001; Lim and others, 2004; Young and Wang, 2004). In a series of elegant
experiments employing monogamous and non-monogamous vole species, strong support for
this hypothesis has been provided. For example, induction of V1a receptors in the ventral
pallidum of non-monogamous voles by viral vector gene transfer results in pair bonding
similar to that seen in monogamous voles. Transgenic mice containing the prairie vole
receptor gene were found to have a distribution of V1a binding similar to prairie voles and
to increase their affiliative behavior in response to the injection of AVP(YYoung, 1999;
Young and others, 1999a). Although the prairie vole-like pattern of VV1a receptor binding
distribution in the transgenic mouse was associated with increased affiliation in response to
AVP it did not result in the ability to form pair bonds. Nevertheless, this work has
demonstrated that the change in the expression of a single gene can have powerful effects on
social behavior.

In a related line of research, recent studies have investigated whether polymorphisms in
microsatellite sequences in the V1a receptor gene might produce different patterns of V1a
receptors and thereby determine whether a species is monogamous or non-monogamous. In
support of this hypothesis, comparative analysis of the VV1a receptor gene in several species
of voles found the microsatellite region to be significantly longer in monogamous species
compared to non-monogamous species (Young and others, 1999a; Hammock and Young,
2002; Hammock and Young, 2004; Hammock and Young, 2005). Another approach used to
test this hypothesis was to determine whether the production of transgenic mice that
contained the V1a receptor gene including the microsatellite, exons, introns and some
downstream elements from the monogamous vole would produce mice that pair
bond(Young and others, 1999a). In one of the four independently derived transgenic mouse
lines an increase in the affiliative behavior did occur, although pair bonding was not
observed. The fact that only one of the four lines of mice carrying the randomly inserted but
identical transgene had a prairie vole-like pattern suggests that the insertion site within the
genome has a significant impact on the expression pattern and that the VV1a transgene might
not be responsible for species differences(Donaldson and Young, 2013).

More recent studies employing knock—in mice found that insertion of the microsatellite
region from different species of voles did not produce distributions of V1a receptor binding
typical of the donor species, although there were changes in binding that moved in the
direction normally displayed by that species(Donaldson and Young, 2013). The effects,
however, were primarily observed in brain regions not known to influence social behavior.
More extensive studies have now been conducted in a variety of mammalian species, and
they have revealed that monogamy is not the result of a single polymorphism in the 5’
regulatory microsatellite in the VV1a receptor gene. In fact, long microsatellites are common
elements of the V1a receptor gene in both monogamous and non-monogamous species(Fink
and others, 2006; Turner and others, 2010) (Figure 2). Studies in primates have also revealed
a substantial amount of variability in the 5’ region of the VV1a receptor gene, e.g. (Donaldson
and others, 2008; Rosso and others, 2008; Babb and others, 2010), however there is
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currently no definitive evidence that these differences are responsible for species differences
in V1a receptor distribution or in species differences in social behavior. While it is clear that
microsatellites can, in some cases, influence the distribution of V1a receptors and that the
distribution V1a receptors can influence social behavior, it now seems unlikely that the
length of the microsatellite region of the V1a receptor is the primary driver of species
differences in social behavior. In summary, despite the clear evidence that the induction of
V1a receptors in non-monogamous voles can induce pair-bonding behavior, the distribution
of V1a receptors is not a universal determinate of whether a species is monogamous(Bester-
Meredith and others, 1999; Turner and others, 2010; Phelps, 2010).

There have also been some interesting comparative studies examining the possible
relationships between the distribution of AVT/AVP receptors and aspects of sociality other
than monogamy. In birds, where there are substantial species differences in the distribution
of AVT receptors(Leung and others, 2009; Leung and others, 2011), the distribution of these
receptors can differ in species that display different patterns of sociality. Studies employing
five species of birds that differ along the “social-asocial” continuum have significantly
different amounts of VV1a receptor binding in the LS; the more “social” the species, the
greater magnitude of VV1a receptor binding(Goodson and others, 2006). In contrast, in two
closely related polygamous species of South American rodents, no relationship between V1a
receptor binding in the LS and sociality was observed(Beery and others, 2008). Among the
substantial differences in the pattern of VV1a receptor binding observed in these species,
however, significantly lower levels of VV1a receptor binding in the ventral pallidum was
found in the social species compared to the asocial species. The distribution of V1a
receptors has also been compared in two species of “singing” mice from Central American
that have highly developed forms of vocal social communication(Campbell and others,
2009). While both species are social and non-monogamous, they live in different habitats
and have different social structures. Given the important role of V1a receptors in the AH,
BNST and PAG in the control of social communication(Ferris and others, 1984; Irvin and
others, 1990; Hennessey and others, 1992; Albers and Cooper, 1995; Goodson and Bass,
2000), it is interesting that there were substantial species differences in the magnitude of
V1a receptor binding in these structures. Other interesting relationships between the pattern
of V1a receptor distribution and sociality have also been suggested, such as a relationship
between V1a receptor binding and social spacing(Goodson and Bass, 2001). While this
hypothesis is yet to be fully explored, it is clear that there is not always a correlation
between social spacing and the pattern of \V/1a receptor distribution(Turner and others,
2010).

In primates, the distribution of VV1a receptors has been studied in marmosets, coppery titi
monkeys, rhesus monkeys and humans, however the data remain quite limited. In
marmosets, heavy to moderate V1a receptor binding occurs in several limbic regions
including the ventromedial hypothalamus (VMH), LS and BNST. Interestingly, V1a
receptor binding in the SON, present in most other species so far examined, could not be
confirmed(Wang and others, 1997b; Kozorovitskiy and others, 2006; Schorscher-Petcu and
others, 2009). In coppery titi monkeys V1a receptor binding is remarkably diffuse
throughout the brain(Freeman and others, 2014). Of particular interest is the widespread
distribution of \VV1a receptor binding in the cortex particularly in areas involved in the
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processing of visual information, the control of attention and emotion. As such, it has been
suggested that VV1a receptors might provide a link between visual stimuli important in social
communication and the emotional processing of this information. In rhesus monkeys, VV1a
receptor binding in subcortical structures is similar to that seen in other species and there is a
high density of VV1a receptor binding in the cortex(Young and others, 1999b). In humans,
V1a receptor binding in the forebrain also appears to be limited, however intense V1a
receptor binding is found in the LS. Only weak binding is seen in the BNST(Loup and
others, 1991). The lack of more comprehensive data on the distribution, characteristics and
functions of AVP receptors in primate brain and in particular human brain is a substantial
gap in our knowledge and a significant impediment to more translational research.

In summary, like AVT/AVP, the receptors of these peptides occur extensively throughout
the SBNN. While AVT/AVP and their receptors are often found in the same anatomical
structures there are cases where there are anatomical “mismatchs” in the location of peptide
and receptors. Species differences in the distribution of VV1a receptors can result in dramatic
species differences in social behavior, however in most cases clear relationships between
sociality and the distribution of AVT/AVP expression or their receptors have yet to be
defined. More refined analyses of these relationships will become possible when we
consider more than just the anatomical distribution of AVT/AVP and AVT/AVP receptors
(see discussion in section 10).

5. Sex differences in AVT/AVP and their receptors

5.1. Sex differences in AVP/AVT

The existence of sex differences in the distribution of AVT/AVP has been a matter of
extensive investigation for more than 30 years. The first demonstration of sex differences in
the distribution of AVP came from the serendipitous discovery of sex differences in AVP
projections in rat brain(De Vries and others, 1981). More AVP-containing neurons and
projections were found in males compared to females. Subsequent lesion, tracing and
immunocytochemical studies in rats went on to demonstrate that the BNST and Me are the
primary sources of sexually dimorphic AVP innervation(De Vries and Buijs, 1983; De Vries
and others, 1985; Caffe and others, 1987). While studies in a variety of species have found
sex differences in AVP immunoreactivity in the extended amygdala, detailed anatomical
analysis of the origin of these sexually dimorphic projections has been restricted almost
exclusively to rats (however, see (Absil and others, 2002)). Interestingly, while gonadal
hormones during the prenatal period of development have a major “organizational” role in
inducing sex differences in the AVT/AVP system, there can be important differences in
which steroid triggers sexual differentiation of this system. For example, estradiol
masculinizes the AVP system in rats but feminizes this system in Japanese quail(Panzica
and others, 1998; Han and De Vries, 2003).

Because sex differences in AVT/AVP systems have been reviewed extensively elsewhere,
they will be discussed only briefly here(De Vries and Panzica, 2006; De Vries, 2008). Sex
differences in AVT/AVP expression in the extended amygdala or homologous structures
have been observed in amphibians, reptiles, birds as well as mammals. There are exceptions,
however, to this pattern of sex differences in AVT/AVP in both mammals and birds (e.g.,
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(Voorhuis and De Kloet, 1992; Dubois-Dauphin and others, 1994b). While the sex
differences in the AVT/AVP system across species are generally similar to those observed in
rats, there are cases where sex differences in AVT/AVP take different forms. For example,
sex differences have been identified in AVT neurons in non-mammalian species that do not
appear to be homologous to those seen in the mammalian species(Moore and others, 2000;
Panzica and others, 2001). There are also mammalian species where sex differences in AVP
expression in the BNST, MeA and LS have not been observed. For example, Syrian
hamsters have few AVP neurons in the extended amygdala(Albers and others, 1991; Ferris
and others, 1995; Miller and others, 1999), and no sex differences in AVP content within
this region have been reported (Hennessey and others, 1994). Similarly, naked mole-rats and
hyenas have substantially fewer AVP positive neurons in the extended amygdala and do not
display a sex difference in AVP content within these areas(Rosen and others, 2006; Rosen
and others, 2007). Interestingly, however, sex differences in AVP concentrations in
magnocellular neurons in the SON have been reported in Syrian hamsters, rats and
humans(Delville and others, 1994; Madeira and others, 1993; Taylor and others, 2012;
Ishunina and Swaab). The limited data available in primates have not identified sex
differences in AVP distribution in the extended amygdala(Fliers and others, 1986; Ishunina
and others, 1999).

In summary, in the majority of species so far examined significant sex differences in
AVT/AVP within the extended amygdala are observed, although exceptions to this pattern
occur both within and across vertebrate groups. It is also interesting that sex differences in
AVP concentrations are found in the SON in several mammalian species. How these sex
differences in the distribution of AVT/AVP translate into sex differences in the patterns of
AVT/AVP release will depend on the modes of peptide release that occur in these nodes of
the SBNN (see section 9).

5.2. Sex differences in AVT/AVP receptors

In contrast to the intensive investigation of sex differences in AVT/AVP content,
comparatively little attention has been paid to the possibility of sex differences in the
distribution of AVT/AVP receptors. V1a receptor binding has been examined in both males
and females in a number of studies where sex differences were not identified but also were
not the focus of investigation. Not infrequently, such studies will note that no “obvious” sex
differences in VV1a receptor binding were observed. As such, reports of the absence of sex
differences should be taken cautiously because there have been cases where sex differences
were reported in studies more focused on their examination.

As discussed above, comparatively little is known about the distribution of AVT receptors in
non-mammalian species and even less about the possibility of sex differences in their
distribution. In an African cichlid fish, no sex differences were observed in the distribution
of AVT receptors, although it remains possible that the numbers of receptors within neural
regions might differ between males and females(Huffman and others, 2012). In one species
of sex changing fish no obvious sex differences in AVT receptor distribution were
identified(Kline and others, 2011), however in another species of sex changing fish, sex
differences were observed in the number of AVT receptors(Lema and others, 2012). In
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terminal phase males (i.e., with functional testes) higher levels of VV1a2 receptors were
found in whole brain and in hypothalamus than in initial phase males or females. Although
the possibility of sex differences in AVT binding has been examined in several bird species,
the only sex difference so far identified was in zebra finches where males have significantly
higher levels of VV1a receptor binding in the septohippocampal septum than do
females(Goodson and others, 2006). At present, there is not sufficient data available to fully
evaluate the extent to which sex differences exist in AVT receptors in non-mammalian
species.

In several rodent species sex differences in V1a receptor binding have been observed in a
number of hypothalamic regions. In Siberian hamsters, the density of VV1a binding is lower
in females than in males in the VMH and ventrolateral (VLH) (i.e., medial tuberal nucleus)
and in the premammillary nuclei of the hypothalamus(Dubois-Dauphin and others, 1991;
Dubois-Dauphin and others, 1994). In Syrian hamsters, the density of VV1a receptor binding
is also found to be lower in the VLH in females than in males(Delville and Ferris, 1995;
Delville and others, 1996). More recently, we have found there are sex differences in V1a
receptor binding in the AH and MPOA in Syrian hamsters, with males displaying a
significantly higher density than females(Ross, Song and Albers unpub). Interestingly, sex
differences in V1a receptor binding have also been identified in hypothalamic regions in
Mus musculus, but with a pattern opposite to that seen in hamsters. In the MPOA and AH,
significant VV1a binding was found in females (diestrus) but this binding was absent in
males. In addition, sex differences were also observed in V1a receptor binding in the
mammillary nuclei with significantly higher levels in females compared to males(Dubois-
Dauphin and others, 1996). These same sex differences were not observed in two other
species of mice, however sex differences in VV1a binding were observed in the thalamic
corticomedial nucleus in P. maniculatus(Insel and others, 1991). Taken together, the
existing data suggests that sex differences within several hypothalamic regions can be
observed in hamsters and mice but that the direction of these sex differences are not always
consistent.

In voles, initial studies of the distribution of V/1a receptor binding in males and females did
not report sex differences in receptor distribution in either monogamous or non-
monogamous species(Insel and others, 1994; Young and others, 1997a; Phelps and Young,
2003), More recently, however, studies focused on the prefrontal cortex have identified
significantly more V1a receptor binding in the prefrontal cortex in males compared to
females in both monogamous and non-monogamous vole species(Smeltzer and others,
2006). Other recent data suggests that the distribution of VV1a receptors in male and female
voles may be labile. Substantial sex differences in VV1a receptor binding in several regions
linked to social behavior can be induced in voles by neonatal manipulation of OT(Bales and
others, 2007). Neonatal OT administration produces dramatic sex differences in the adult
pattern of V1a receptor binding in the MPOA, VP, LS and cingulate cortex by increasing
binding in males and decreasing binding in females.

In rats, initial surveys of the distribution of V1a mRNA and receptor binding in males and
females did not identify sex differences in their distribution(Tribollet and others, 1990; Szot
and others, 1994). More recent quantitative studies focused on the LS have found that there
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are significantly higher levels of V1a receptor binding in females than in males(Veenema
and others, 2013). In contrast, female rats have significantly less V1a receptor binding than
do males in the spinal cord, although the sex differences were limited to the nuclei that
innervate the external genitalia (i.e., pudental nuclei)(Tribollet and others, 1997). V1a
receptor binding in the pudental nuclei is also reduced by castration in male rats. Surveys of
V1a receptor binding in several other species of rodents that display different levels of
sociality and that have different social organizations have not revealed sex differences in
V1a distribution(Beery and others, 2008; Campbell and others, 2009). In the very limited
amount of V1a receptor binding data available in humans and non-human primates, no sex
differences in the distribution of VV1a receptor binding has been noted(Loup and others,
1991; Young and others, 1999b).

In conclusion, sex differences in the distribution of V1a receptors have been found in
primarily in the hypothalamus or prefrontal cortex in a number of species. Whether this
variability is due to the limited amount of data available, a large degree of species variability
or some other factor is not known. An interesting possibility is suggested by comparison of
sex differences in AVP and V1a distribution in hamsters and rats. There are substantial sex
differences in AVP immunoreactivity in rats, but few sex differences in VV1a receptor
binding. In contrast, in Siberian and Syrian hamsters there are few sex differences in AVP
immunoreactivity, but more sex differences in VV1a receptor binding. Perhaps sex differences
in the functioning of the AVP system is biased toward sex differences in AVP content in
some species and toward V1a receptor number in other species.

6. Plasticity in AVT/AVP and their receptors: Gonadal hormones

6.1. Effects of Gonadal Hormones on AVT/AVP

As mentioned above, gonadal hormones play a significant “organizational” role during the
perinatal period in the development of sex differences in the AVT/AVP system. In the
majority of species examined so far, gonadal hormones also have “activational” effects on
the expression of AVT/AVP in select groups of AVT/AVP neurons in adults (Mayes and
others, 1988; De Vries, 1990; Dubois-Dauphin and others, 1994), and these activational
effects account for some but not all of the sex differences observed in the AVT/AVP
system(De Vries and al Shamma, 1990; De Vries and others, 1994). There are also examples
where sex differences in the AVP system are absent even though gonadal hormones can
regulate AVP expression in a subset of AVP-containing neurons(Dubois-Dauphin and
others, 1994). In amphibians, birds and mammals castration is generally found to reduce
AVT/AVP in subpopulations of cell bodies (e.g., BNST) and projections (e.g., LS) and
replacement therapy with gonadal hormones to restore pre-castration levels of AVP/
AVP(De Vries and Panzica, 2006). Both estrogens and androgens are important for
maintaining AVP expression in these sites perhaps by their direct action on AVP-containing
cells(De Vries and others, 1984; de Vries, 2008; Dhakar and others, 2013).

In contrast, this pattern of sensitivity of AVT/AVP neurons to gonadal hormones is not
universal. Recent work in hyenas have found that, like in rats, AVP expression is reduced in
the LS in gonadectomized females, but in males AVP expression in the LS appears to be
negatively correlated with circulating levels of testosterone(Rosen and others, 2006). In
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Syrian hamsters, gonadal hormones do not appear to alter AVP expression in either males or
females(Albers and others, 1991; Huhman and Albers, 1993). Similarly, studies in zebra
finches have not revealed any effects of testosterone on AVT expression(VVoorhuis and De
Kloet, 1992). In summary, the effects of gonadal hormones on AVT/AVP expression are
restricted to subpopulations of AVT/AVP expressing neurons, and these subpopulations can
differ across vertebrate groups. In mammals, the most commonly observed effects of
gonadal hormones are on AVT/AVP cell bodies in the Me and BNST and their projections.

There are also significant seasonal changes in AVT/AVP expression in a large number of
species (e.g., (Fuminier and others, 1993; De Vries and Panzica, 2006; Maruska and others,
2007b; O'Bryant and Wilczynski, 2010)) It is not surprising that AVT/AVP expression
declines during the non-breeding season when gonadal hormone levels decline in a number
of regions where AVT/AVP are gonadal hormone-dependent(Buijs and others, 1986;
Hermes and others, 1990; Bittman and others, 1996; Rasri and others, 2008). There are,
however, also examples where AVP expression declines during the non-breeding season in
structures that are not gonadal hormone-dependent(Lakhdar-Ghazal and others, 1995). For
instance, significant seasonal rhythms in AVP have been documented in the SCN(Hofman
and Swaab, 1993; Duncan, 1998). There are also cases where higher levels of AVT/AVP
have been observed in the nonbreeding season(Maruska and others, 2007a; O'Bryant and
Wilczynski, 2010). In summary, the reduced levels of AVT/AVP expression that occurs
during the nonbreeding season appear to be, in most but not all cases, the result of the
corresponding decline in circulating levels of gonadal hormones.

6.2. Effects of Gonadal Hormones on AVT/AVP Receptors

In addition to the well known effects of gonadal hormones on AVT/AVP, there is a limited
but increasing body of evidence that gonadal hormones can modulate the expression of
AVT/AVP receptors. Again, studies of AVT receptors in non-mammalian species have been
quite limited in number. In birds, testosterone has been found to modulate AVT receptor
mRNA levels and AVT receptor binding (Voorhuis and others, 1988; Grozhik and others,
2013). The effects of testosterone on VT4 (i.e., V1a) mRNA levels was striking in several
limbic regions including the MPOA, BNST and VMH following its administration to non-
breeding males.

Studies in mammals demonstrating that gonadal hormones regulate the number of V1a
receptors have been limited to hamsters. In male Siberian hamsters, castration reduces V1a
receptor binding in the VMH and tuberal nuclei and testosterone restores pre-castration
levels of V1a receptor binding(Dubois-Dauphin and others, 1994). In Syrian hamsters,
castration reduces V1a mRNA within the medial preoptic nucleus (MPN) and receptor
binding in and around the MPOA-AH, VMH and BNST(Johnson and others, 1995; Young
and others, 2000). Comparison of V1a receptor binding and mRNA in intact, castrated and
castrated-testosterone treated hamsters has revealed that VV1a receptors in the MPN are
regulated by testosterone. The upregulation of VV1a receptor gene expression occurs
prominently in a cluster of neurons concentrated in the ventromedial part of the MPN.
Interestingly, V1a receptor mRNA is anatomically more restricted in several areas compared
to the pattern of receptor binding, suggesting that there is a significant spread of receptor
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protein along neuronal processes. In other studies in Syrian hamsters, testosterone-
dependent V1a receptor binding has been found in the VLH of males and females(Johnson
and others, 1995; Delville and Ferris, 1995; Delville and others, 1996; Young and others,
2000). Finally, the presence of gonadal hormones during adolescence can have an
organizational effect on the number of V1a receptors found within the LS(Schulz and others,
2006). Taken together, these data indicate that gonadal hormones can have selective but
significant effects on the pattern of VV1a binding in at least two vertebrate groups. At present,
the most pronounced effects of gonadal hormones have been on hypothalamic V1a receptor
binding. Interestingly, studies in rats have yet to reveal any evidence that gonadal hormones
can influence V1a receptor binding in this species (Tribollet and others, 1990; Gao and
others, 1994). The evidence to date suggests that gonadal hormones can modulate AVP
signaling by acting on the expression of AVP, but not VV1a receptors in some species (e.g.,
rats), by acting on V1a receptors but not AVT/AVP expression in other species (e.g., Syrian
hamsters) or by acting on both AVP and V1a receptors in still other species (e.g., Siberian
hamsters).

Another less direct indication that gonadal hormones modulate AVT/AVP receptors comes
from studies of seasonal changes in AVT/AVP receptor binding. In goldfish, there are
higher levels of AVT receptor expression within the hindbrain during the breeding season
than at other times of year(Walton and others, 2010). In Siberian hamsters there are also
seasonal variations in the density of V1a receptor binding in which V1a receptor binding is
lower in the nonbreeding season (i.e., following exposure to short “winter” like
photoperiods) in males and females than in those housed in long “summer-like”
photoperiods(Dubois-Dauphin and others, 1991). Specifically, VV1a receptor binding was
lower in VMH and VLH, but not in the premammillary nuclei in short photoperiod exposed
hamsters. Significant seasonal changes in V1a receptor binding are also found in both male
and female Syrian hamsters. In male hamsters, exposure to short photoperiod results in
significantly lower levels of V1a receptor binding in the MPN and the MPOA when
compared to males exposed to long photoperiods(Caldwell and Albers, 2003; Caldwell and
others, 2008b). In short photoperiod exposed males the levels of V1a receptor binding in the
MPN and MPOA are similar to those observed in castrated males exposed to long
photoperiods. In female hamsters, short photoperiod exposure also significantly reduces V1a
receptor binding in the MPN and MPOA as well as in several other limbic structures not
affected by short photoperiod in males (e.g., BNST, Ce)(Caldwell and Albers, 2004b).
Taken together, the present data are consistent with the possibility that the reduced levels of
V1a receptor binding observed during the non-breeding season are the result of the decline
in gonadal hormones.

Much remains to be learned about the functional significance of the effects of gonadal
hormones on V1a receptors. One of the most robust effects of gonadal hormones on AVP-
induced social behavior is seen on a form of social communication in Syrian hamsters called
flank marking(Johnston, 1975; Albers and others, 1992). Gonadectomy dramatically reduces
the ability of AVP to induce flank marking following its injection into the MPOA.-
AH(Albers and others, 1988; Huhman and Albers, 1993; Delville and others, 1996; Albers
and others, 1996; Albers and Bamshad, 1998; Ferris and others, 2013). The finding that the
V1a receptor binding in the MPOA is also dependent on gonadal hormones strongly
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supports the hypothesis that the effects of gonadal hormones on flank marking are mediated
by their effects on the biosynthesis of VV1a receptors. Exposure to a short “winter-like”
photoperiod significantly reduces circulating levels of gonadal hormones and reduces V1a
receptor binding in the same regions as does following castration. Interestingly, however,
short photoperiod exposure does not reduce the amount of flanking making induced in
response to injection of AVP(Caldwell and Albers, 2003). The reasons for this discrepancy
in the relationship between V1a receptor binding and the ability of AVP to induce flank
marking are not known(Gutzler and others, 2011), but they do illustrate the importance of
cautiously interpreting apparently simple relationships between nonapeptide receptor
binding and the behavioral effects of these peptides within specific CNS sites.

7. Plasticity in AVT/AVP and their receptors: Social Factors

One of the most interesting new areas of investigation of nonapeptides and sociality is the
study of how social factors can modulate the activity of this system. This work has
examined the effect of the immediate social environment, or “social context” as well as the
effects of longer-term exposure to different social environments or “social experience”.
Only a very limited amount of data is available on how social context can regulate the
behavioral responses to nonapeptides. Nevertheless, these findings are dramatic because
they demonstrate that social context can determine whether social behavior can be induced
in response to the presence of a peptide within a specific brain site(e.g., Harmon and others,
2002b; Kabelik and others, 2009)). Although the effects of social experience on
nonapeptides and their receptors have received more attention, the existing data remains
limited.

7.1. Social experience and AVT/AVP

There is evidence in prairie voles that male and female cohabitation can modulate AVP
expression(Bamshad and others, 1993; Bamshad and others, 1994; Wang and others,
1994b). Following the initiation of male/ female cohabitation, the majority of pairs mate
within three days and deliver a litter of pups around 21 days later(Bamshad and others,
1994). Cohabitation for three days reduces AVP fibers in the LS and lateral habenular
nucleus (LHN) but increases AVP mRNA within the BNST in males (but not females).
Additional studies have confirmed that the expression of AVP can be altered by cohabitation
in a testosterone-independent manner in male prairie voles(Bamshad and others, 1994).
Studies of male/female cohabitation from its initial onset to after the birth of the first litter of
pups found a dramatic reduction in AVP fibers in the LS and LHN and then a gradual
increase in AVP immunoreactivity throughout gestation. A second drop in AVP
immunoreactivity was observed after the first litter was born. All of these changes in AVP
immunoreactivity occurred despite the absence of any significant changes in circulating
testosterone. Additional studies in male voles strongly suggest that many different types of
social interactions may alter AVP expression(Bamshad and others, 1994). When two males
are placed together and cohabitate in a novel social environment for as little as three days
AVP immunoreactivity within the LS and LBN is significantly higher than in males housed
in their home cage with a male sibling. These data provide strong support for the possibility
that different types of social experience can produce different patterns of AVP expression
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within brain regions important in the control of social behavior, and that the changes in AVP
expression can be mediated by mechanisms other than gonadal hormones.

Another example where social interaction appears to alter AVP expression comes from
studies of territoriality and dominance in males. In naked mole rats, the volume and number
of AVP containing neurons is higher in dominant breeding males and females than in
subordinates(Rosen and others, 2007). Recent studies in male and female mandarin voles
have also found significant differences in the distribution of AVP immunoreactivity in
dominant versus subordinate animals(Qiao and others, 2014). Dominant males have
significantly higher levels of AVP immunoreactivity in the PVN, SON, AH and lateral
hypothalamus (LH) than subordinate males. Dominant females have significantly higher
levels of AVP immunoreactivity in the AH and LH than subordinate females. The role of
gonadal hormones, if any, in the effects of dominance on AVP immunoreactivity in mole
rats and mandarin voles is not known.

Dominance and territoriality can alter AVP expression in the absence of changes in
circulating levels of gonadal hormones. In Syrian hamsters, dominant male hamsters display
significantly higher levels of AVP immunoreactivity in the AH than do their subordinate
partners or socially isolated controls administered testosterone(Ferris and others, 1989).
Similarly, in green anole lizards dominant males have more AVT immunoreactive cells in
the POA compared to subordinates and subordinates had lower numbers of AVT
immunoreactive cells than control males housed alone(Hattori and Wilczynski, 2009). In
fish, there are some very interesting but complex relationships between AVT expression,
territoriality and dominant/subordinate behaviors(Greenwood and others, 2008). For
example, in territorial African cichlid males AVT expression is higher in gigantocellular
neurons of the posterior preoptic area than in non-territorial males. In contrast, in the
anterior preoptic area AVT expression is lower in territorial males than in non-territorial
males. AVT also appears to mediate other important behavioral changes induced by social
stimuli in fish. In the sex changing bluehead wrasse social stimuli that induce sex changes in
behavior are mediated by the AVT system and these effects are gonadal hormone-
independent(Godwin and others, 1996; Godwin and others, 2000; Semsar and others, 2001;
Semsar and Godwin, 2003; Semsar and Godwin, 2004). Taken together, these data indicate
that AVP expression can be altered significantly and in complex ways by different types of
social experience and that at least some of these effects are testosterone-independent.

7.2. Social experience and AVT/AVP receptors

There is also evidence that social experience can alter the number of V1a receptors within
specific brain regions. In Syrian hamsters, social experience can modulate the amount of
V1a receptor binding in a manner that is independent of changes in circulating testosterone.
Dominant male hamsters have higher levels of V1a receptor binding in the VLH and AH
than do their subordinate partners or controls even though no differences were observed in
circulating levels of testosterone(Cooper and others, 2005). Remarkably brief periods of
social interaction can alter the number of V1a receptors(Albers and others, 2006). The
density of V1a receptor binding is modulated in several limbic structures in male hamsters
allowed to interact with other males for as little 90 minutes distributed over a three week
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period. For example, socially isolated males exhibit significantly higher levels of V1a
receptor binding in the AH than do males allowed to socially interact. These differences
were observed despite the absence of any differences in testosterone levels. Other forms of
social experience also appear to modulate the ability of AVP to stimulate aggression in
males by its action in the AH. AVP injected into the AH significantly increases aggression
in hamsters that had previously been trained to fight but not in hamsters housed in stable
social groups(Ferris and others, 1997; Huhman and others, 1998). Interestingly, although
social isolation also increases aggression in both males and females(Brain, 1972), social
isolation increases V1a receptor binding in males but not females (Ross, Song and Albers,
unpub.). This sex difference in the effects of social experience on V1a receptor binding may
not be surprising given the opposite effects of AVP injected into the AH on aggression in
males and females(Ferris and others, 1997; Caldwell and Albers, 2004a; Gutzler and others,
2010).

Social experience can also regulate \V1a receptor binding in prairie voles. Pair bonded male
voles have significantly higher levels of V1a receptor binding within the AH and MPOA,
but not other brain regions when compared to sexually naive male voles(Winslow and
others, 1993; Gobrogge and others, 2009). The increased number of VV1a receptors in the AH
may contribute to the higher levels of aggression observed in pair bonded males compared
to sexually naive prairie voles. In support of this possibility are the findings that AVP
injected into the AH increases aggression and that increasing the number of V1a receptors in
the AH with viral vector gene transfer significantly increases aggression.

In marmosets, where males provide substantial levels of paternal care, fathers have
significantly higher levels of VV1a receptor binding in the prefrontal cortex as compared to
males that were not fathers(Kozorovitskiy and others, 2006). It is not known, however,
whether these effects might be mediated by higher levels of testosterone that may be
associated with fatherhood.

In summary, there is clear evidence that different types of social experience can produce
different patterns of VV1a binding within limbic structures and that these effects may
modulate social behaviors such as aggression. To date, the effects of social experience on
V/1a receptors have only been reported in males, most likely because of the paucity of
studies conducted with females. It is important to note that sex differences can emerge in
AVP expression and V1a receptor number following certain types of social experience.

7.3. Early social experience and AVT/AVP and AVT/AVP receptors

Early developmental events can also modulate the AVP system in adults. In mice, changes
in early social experience produced by cross fostering can alter AVP immunoreactivity in
several sites including the BNST and SON(Bester-Meredith and Marler, 2001). Other
studies in mice have shown that the amount of paternal grooming behavior experienced by
male pups alters the distribution of their adult expression of AVP(Frazier and others, 2006).
Early social experience can also alter the distribution of VV1a receptors. Maternal licking and
grooming increases V1a receptor binding within the amygdala in adult male but not female
rats (Francis and others, 2002). Interestingly, manipulation of OT during the perinatal period
can produce profound effects on the distribution of V1a receptors in prairie voles(Bales and

Front Neuroendocrinol. Author manuscript; available in PMC 2016 January 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Albers

Page 21

others, 2007a). While there were no sex differences in VV1a receptor binding in adult
controls, in voles administered OT neonatally V1a receptor binding increased in males and
decreased in females in several regions including the LS. Taken together, these data indicate
that social and hormonal experience during early development can serve to sculpt the AVP
system in both sexes. In at least some cases early experience induces sex differences in the
AVP system in adults.

8. Individual Differences in AVT/AVP and their receptors

Given the plasticity of the AVT/AVP system, it not surprising that there are often significant
inter-individual differences in AVT/AVP and their receptors, e.g.,(Insel and others, 1994;
Campbell and others, 2009; Leung and others, 2011). One likely source of these inter-
individual differences is the individual differences that can occur in circulating gonadal
hormone levels. It is well known, for example, that a variety of different types of social
factors can significantly change the levels of circulating testosterone(Macrides and others,
1974; Harding, 1981; Wingfield and others, 1987; Wingfield and others, 1990; Pfeiffer and
Johnston, 1992). Because gonadal hormones can modulate AVT/AVP and their receptors
within specific CNS sites, this seems one likely mechanism underlying individual
differences. Another likely source of individual differences are the individual differences
that occur in social experience. As discussed above, exposure to different types of social
stimuli can produce distinctly different patterns of AVP expression and V1a receptor
binding in the SBNN.

To examine how individual differences in AVT/AVP and their receptors may influence
social behavior a number of studies have been conducted using naturalistic
conditions(Phelps and Young, 2003; Ophir and others, 2008; Zheng and others, 2013). For
example, individual differences in the pattern of \V1a receptor binding was examined in over
30 male and female prairie voles captured in the field. This study identified significant intra-
specific co-variation in V1a receptor binding across brain regions that was on the order of
differences that can be observed across species. Some brain areas exhibited little
interindividual variability (e.g., ventral pallidum and Me) while others had considerable
inter-individual differences (e.g., LS). Interestingly, the inter-individual differences seen in
prairie voles may not be due to differences in gonadal hormones because the existing data
suggests that gonadal hormones do not alter V1a receptor binding in this species. It is
tempting to speculate that the brain regions that exhibit the least inter-individual variation in
V1a receptors are those that mediate the more fundamental mechanisms underlying the
social behaviors of that particular species. In contrast, brain regions that contain the most
pronounced inter-individual variations are those that control the more variable aspects of
these behaviors and that these mechanisms are more labile in response to social experience.

Another possible mechanism underlying inter-individual variability could lie in the structure
of the VV1a gene. Studies of the 5’ regulatory microsatellite region within the prairie vole
found that there were significant differences in its length across individuals(Hammock and
Young, 2002; Hammock and others, 2005). In contrast, in montane voles, where the
microsatellite sequence is small with few inter-individual differences, there are few
individual differences in the distribution of VV1a receptor binding. These and other studies in
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voles led to the hypothesis that polymorphisms in the microsatellite are responsible for
individual differences in how V1a receptors are distributed in brain(Hammaock and others,
2005; Hammock and Young, 2005). Additional studies in voles provided only limited
support for this hypothesis in that correlations were found between microsatellite length and
V1a receptor levels in some brain regions (e.g., amygdala), but not in others (e.g., VP)
(Donaldson and Young, 2013).

Studies in other species also report large individual differences in microsatellites. In
primates, there is a substantial amount of individual variability in the microsatellite region of
the V1a receptor gene(Donaldson and others, 2008; Rosso and others, 2008; Hopkins and
others, 2012). There is one report that individual differences in the promoter region are
associated with individual differences in the quantity of VV1a receptor mRNA in at least
some regions, i.e., hippocampus(Knafo and others, 2008). There is also an association
between individual differences in microsatellites and characteristics that might relate to
human social behavior(Kim and others, 2002; Bachner-Melman and others, 2005; Yirmiya
and others, 2006; Walum and others, 2008; Meyer-Lindenberg and others, 2009). For
example, relationships have been identified between microsatellite sequences and creativity
in dance as well as in marital status and perceived marital problems.

Interestingly, there is not a simple relationship between microsatellite length and V1a
receptor levels throughout the brain. In fact, there is evidence that the effects of
microsatellite length on gene expression depends on the phenotype of the cell in which it is
expressed(Hammock and Young, 2004). Therefore, polymorphisms in the microsatellite
could increase or decrease V1a receptor number in different brain regions depending on the
phenotype of the neurons expressing the gene thereby inducing different patterns of VV1a
receptor distribution across individuals (Hammock and Young, 2004). Microsatellites also
provide a very interesting way of producing individual differences because they mutate at
higher rates than do non-repetitive regions of DNA(Li and others, 2004). The inherent
instability of microsatellite sequences is thought to be involved in individual variability in
gene expression and in the evolution of the patterns of gene expression(Hammock and
Young, 2002).

9. Neurochemical signaling in the SBNN

Over the last several decades it has become clear that peptides can be released in a variety of
patterns. On the one hand, they can act in a highly localized manner as occurs following
synaptic release, a mechanism consistent with our conceptualization of classic
neurotransmitter action. On the other hand, these peptides can also be released in a much
more diffuse manner, potentially impacting large numbers of neurons in multiple
sites(Engelmann and others, 2000; Landgraf and Neumann, 2004; Ludwig and Leng, 2006).
This diversity of action has long been recognized but not always emphasized in the literature
examining the role of nonapeptides in the control of social behavior. Peptides like AVT and
AVP are usually packaged in large dense-core vesicles (LDCV) that can be found in all
areas of neurons including pre-synaptic regions(van Leeuwen and others, 1978; Buijs and
Swaab, 1979; Jakab and others, 1991). Because of this distribution throughout the cell, these
peptides can act locally within in the synapse or much more broadly through their release
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from a wide range of nonsynaptic regions (e.g., dendrites) in what has been called volume
transmission.

9.1.1 Non-synapatic signaling in the SBNN: Volume transmission

Volume transmission was initially suggested by early demonstrations that peptides can
diffuse over long distances to reach their receptors(Jan and Jan, 1982). These findings
combined with the observation that there can be substantial anatomical “mismatches”
between the site where a neurochemical signal is released and the location of its receptors,
suggest that volume transmission might have a significant functional role in CNS
signaling(Agnati and others, 1986; Herkenham, 1987). Volume transmission is now
recognized as a widespread non-synaptic mode of intercellular communication for a variety
of molecules (e.g., monamines, amino acids) (Vizi and others, 2010; Trueta and De Miguel,
2012).

Much of what we know about volume transmission comes from studies of AVP and OT
release from the magnocellular neurons of the SON and PVN(Pow and Morris, 1989; Morris
and Pow, 1991; Ludwig and Leng, 2006). These neurons are useful for the study of non-
synaptic release because many of their axons project to the posterior pituitary while their
dendrites form a thick plexus at the ventral aspect of the brain, which makes it possible to
distinguish AVP or OT released synaptically from that released non-synaptically. Release of
OT is mediated by Ca?* release from intracellular stores, while the release of AVP may
require the combined effects of extracellular Ca2* (through voltage gated channels) as well
as intracellular stores(Lambert and others, 1994; Dayanithi and others, 1996). As such, OT
and possibly AVP can be released non-synaptically without an increase in electrical activity
thus making synaptic and non-synaptic release potentially independent of each other(Mens
and others, 1983; Stark and others, 1989). Another interesting feature of how these
mechanisms function in magnocellular neurons is that OT releasing neurons have OT
receptors(Freund-Mercier and others, 1994) and AVP neurons have AVP receptors(Hurbin
and others, 2002). Unlike the typical view that such autoreceptors would be involved in a
negative feedback loop, activation of these OT and AVP receptors can induce further
peptide release without altering electrical activity(Moos and others, 1989). Once non-
synaptic release of OT and AVP is initiated, the positive feedback effects of these peptides
on their own release produces substantial new, long-lasting release of more peptide. These
autoregulatory events can result in sustained peptide release and, when combined with the
relatively long half life of these peptides in brain (around 20 minutes)(Mens and others,
1983), have the potential to produce a potent and sustained peptidergic signal. Peptide
release can be further enhanced by a phenomenon called “priming”. Priming moves peptide-
containing vesicles closer to the membrane in response to stimuli that release intracellular
stores of Ca2* thereby increasing their probability of release. Priming substantially increases
the magnitude of peptide release, which can persist for relatively long time intervals (e.g., 90
minutes). In magnocellular neurons, stimuli that mobilize intracellular Ca2* stores (e.g.,
thapsigargin) produce priming effects for both OT and AVP, however OT appears to be
more effective in inducing priming of its own vesicles (Ludwig and others, 2002; Ludwig
and others, 2005).
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Much has been learned about non-synaptic release of AVP and OT from studies of
magnocellular neurons. Many factors affect the profiles of peptide release such as the size of
the neurons from which the peptide is released, the spread of peptide after release and the
timing and intensity of its degradation by peptidases. While the spatial and temporal profiles
of the peptides released via volume transmission are not well understood(Leng and Ludwig,
2008), estimates suggest that they may travel as far as 4-5 mm from their site of
release(Engelmann and others, 2000). Magnocellular neurons in the hypothalamus represent
the largest pool of nonapeptides in the brain and there is evidence that they are activated by
a variety of stimuli related to social behavior (e.g., Figure 1(Delville and others, 2000)). As
a result, it seems likely that volume transmission of nonapeptides from these neurons play an
important role in regulating social behavior by acting on nonapeptide receptors throughout
the SBNN.

A role for volume transmission in the control of social behavior may not be limited to
nonapeptides released from magnocellular neurons. For example, there is evidence that non-
synaptic release can occur in AVP producing parvocellular neurons in the SCN(Castel and
others, 1996). It seems possible that parvocellular neurons can release substantial amounts
of AVP as evidenced by the prominent circadian rhythms of AVP in cerebrospinal fluid
produced by this relatively small number of parvocellular neurons(Schwartz and Reppert,
1985; Kalsbeek and others, 1995). It remains to be seen if these same mechanisms occur in
other AVP and OT producing neurons throughout the brain. It will also be important to
determine whether principles of volume transmission identified in studies of magnocellular
hypothalamic neurons apply to other AVP/OT neurons. For example, are intracellular and
extracellular sources of Ca2* required for non-synaptic release in AVP neurons, does
priming occur, etc?

9.1.2 Synaptic signaling in the SBNN

As discussed above, peptides including AVT and AVP are frequently found in LDCVs in
the synaptic region of the axon terminals. Many regions of the brain contain AVP-
immunoreactive fibers and have nonapeptide receptors in close proximity. There is also
recent evidence that nonapeptide containing projections from hypothalamic neurons release
peptide from their axonal terminals into synapses in several forebrain regions(Knobloch and
others, 2012). Of course, axon terminals also contain low molecular weight
neurotransmitters and/or neuromodulators or what are often called “classical
neurotransmitters” (e.g., glutamate and GABA). In fact, peptides appear to be co-localized
with classical neurotransmitters in most if not all neurons(Hokfelt and others, 1984; Hokfelt
and others, 1986; Merighi, 2002; Salio and others, 2006). This evidence comes from studies
of the distribution of the different types of vesicles in which classical neurotransmitters and
peptides are stored. Typically, classical neurotransmitters are packaged in small synaptic
vesicles (SSV) that are found in pre-synaptic regions (for a review see (Ludwig and Leng,
2006)). The exocytosis of both SSV and LDCVs in synaptic regions is tied to the electrical
activity produced by Ca2* through voltage gated ion channels resulting from depolarization
of the terminal area (Figure 3). As a result, peptides can be released from synaptic regions
along with classical neurotransmitters, although peptide release does not appear to be as
localized because of the more distributed pattern of LDCVs. Because SSVs are resident in
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closer proximity to the membrane than are LDCVs, it takes less intense electrical activity for
classical neurotransmitter to be released than for peptides to be released because additional
Ca?* is required for exocytosis of LDCVs. Therefore, synaptic peptide release lags with
respect to classical neurotransmitter release and requires more intense electrical activity.

Although the colocalization of classical neurotransmitters and peptides has been known for
many years, there is surprisingly little data on their functional interactions in brain(Merighi,
2002; Merighi and others, 2011; van den Pol, 2012). Theoretically at least, co-released
classical neurotransmitters and peptides could act more or less independently because their
effects are transduced through very different types of receptors. Nevertheless, it seems far
more likely that these coreleased signals do interact in multiple and complex ways. It is
likely that peptides modulate the actions of neurotransmitters by both pre- and postsynaptic
mechanisms likely affecting both excitatory and inhibitory transmission. Given the likely
fundamental role of the co-release of these signals, there is surprisingly little understanding
of this phenomenon. The data actually demonstrating the colocalizaton of AVP with
different classical neurotransmitters is quite limited, e.g.(Buijs and others, 1995). There is
also only a limited amount of data demonstrating that interactions between AVP and amino
acid transmitters have functional consequences in the control of social behavior. One
example is that glutamate antagonists block the ability of AVP injected into the
hypothalamus to induce flank marking in Syrian hamsters(Bamshad and others, 1996). The
functional consequences of these interactions between classical neurotransmitters and AVP
in the regulation of social behavior are likely to be extremely important and should be a
focus of future research.

9.1.3. Colocalization of peptides in the SBNN

Many peptides, including AVP, are colocalized with other peptides throughout the brain.
Different peptides produced within the same neuron are generally thought to be packaged
together in the same LCDVs and released together in a “cocktail” (Figure 3). Because many
AVP neurons produce multiple peptides(Brownstein and Mezey, 1986), it seems likely that
AVP would be frequently released with other peptides. One example of a peptide that is
colocalized with AVP in a number of brain regions is galanin (GAL)(Gai and others, 1990;
Miller and others, 1993; Planas and others, 1995a; Planas and others, 1995b). While the
behavioral effects of the co-release of AVP and GAL have not been studied, it is clear that
exogenously administered GAL can antagonize the behavioral effects of AVP. Co-injection
of GAL and AVP into the AH inhibits AVP-induced flank marking in a dose-dependent
manner(Ferris and others, 1999). These data suggest that different ratios of GAL to AVP
should induce differing amounts of this behavior. Therefore, one factor that could regulate
the expression of this and possibly other social behaviors would be the rate of GAL
biosynthesis compared to the rate of AVP biosynthesis (e.g., Figure 3). Recent data also
suggest another interesting possibility. There is evidence that GAL and AVP can be co-
packaged in vesicles targeted for non-synaptic regions, while vesicles directed to the
synaptic region contain only AVP(Landry and others, 2003). Such a mechanism could result
in the co-release of GAL and AVP from non-synaptic regions in response to the release of
Ca?* from intracellular stores and the release of AVP, alone, from synaptic regions in
response to voltage-dependent Ca?* release.
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Another peptide that appears to be colocalized with AVP is OT. While it was originally
thought that AVP and OT were produced in mutually exclusive sets of neurons(Mohr and
others, 1988), it has become clear that at least some magnocellular neurons can produce both
AVP and OT(Baldino, Jr. and others, 1988; Kiyama and Emson, 1990; Mezey and Kiss,
1991; Xi and others, 1999; Gainer, 2012). However, no instances of colocalization have
been reported in parvocellular neurons. How frequently AVP and OT are colocalized in
magnocellular neurons is not known. It is clear, however, that there are brain regions where
AVP and OT are not colocalized. Nevertheless, there are areas where AVP and OT are
found in close proximity where colocalization could occur and could influence social
behavior (e.g., nucleus circularis)(Hennessey and others, 1994; Delville and others, 1994;
Whitman and Albers, 1998) (Figure 1). The possibility of the co-release of AVP and OT,
even if it is restricted to a subpopulation of hypothalamic neurons, may have important
functional consequences given the many effects of these peptides on social behavior within
these regions. The limited existing data suggests that there may be large differences in the
ratios of AVP/OT produced. There is also evidence that there may be dynamic changes in
the relative amounts of OT and AVP produced in response to factors such as synaptic
activity and hormones(Baldino and others, 1988; Telleria-Diaz and others, 2001). In
summary, although it is clear that AVP/OT can be colocalized, is not known how frequently
this may occur or if the release of different ratios of AVP/OT might have functional
consequences in the control of social behavior.

9.1.4 Nonapeptide receptors in the SBNN

Although OT is considered to have only one canonical receptor and AVP to have three, the
selectivity of AVP and OT for OT, V1a and V1b receptors has only been thoroughly
examined in three species, humans, rats and mice (Table 2). It is important to consider that
AVP and OT have similar affinities for all three receptors in these species(Manning and
others, 2008; Manning and others, 2012). The only exception identified to date is seen in
humans where OT is selective for the OT receptor. This overall lack of receptor selectivity is
not surprising when one considers that these receptors have a high degree of structural
homology (e.g., 85% between V1a and OT). In fact, given the lack of selectivity of these
receptors in mice and rats, we should consider V1a, V1b and OT receptors as receptor
subtypes for both AVP and OT in these species. Such a view is also supported by
pharmacological data. Manning et al. (Manning and others, 2012) have concluded that there
is a substantial lack of receptor selectivity in AVP/OT receptor agonists and antagonists and
that it is likely that receptor selectivity of these drugs differs greatly across species. For
example, the efficacy of the most commonly used V1a antagonist, Manning Compound, to
discriminate between VV1a and OT receptors can vary significantly across species. Thus, it is
possible that at least some of the effects attributed to VV1a receptors (or OT receptors) may
have been mediated by OT receptors (or V1a receptors) or a combination of both OT and
V1a receptors. It has been suggested that, in contrast to other signaling systems, receptor
selectivity for AVP and OT is not achieved by the ligand-receptor interaction, itself, but
rather by a number of other factors including receptor up- or down-regulation, release of
specific ligand-degrading enzymes, local ligand production and receptor
clustering(Koehbach and others, 2013). In summary, it will likely prove useful to consider
V1a, V1b and OT receptors as different subtypes of “AVP receptors” in studies in mice and
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rats. It seems likely that the selectivity of OT for the OT receptor but not the V1a and V1b
receptor in humans has significant functional importance. One might speculate that species
differences in the selectivity of AVP and OT for VV1a, V1b and OT receptors might underlie
at least some of the species differences in sociality.

Although structural and pharmacological data suggest the possibility that AVP and OT
could potentially act through each other’s receptors, is there any evidence that OT can
activate “AVP” receptors or that AVP can activate the “OT” receptor? In fact, two recent
studies have provided evidence that exogenously administered OT can act on V1a receptors
to exert its effects(Schorscher-Petcu and others, 2010; Sala and others, 2011). First,
administration of OT has been found to produce analgesia in a number of different pain
assays. Interestingly, OT administered to OT receptor knock-out mice produces analgesia at
levels that are similar to its analgesic effects in wide-type mice, but the analgesic effects of
OT are absent in \VV1a receptor knock-out mice. In addition, OT-induced analgesia is blocked
following pretreatment with a VV1a receptor antagonist but not with an OT receptor
antagonist. In another study, exogenously administered OT has been found to influence
social behaviors in OT receptor knock-out mice by acting on V1a receptors(188).
Administration of OT or AVP to OT receptor knock-out mice significantly increased social
recognition and exploration as well as reduced aggression. Administration of a V1a
antagonist blocked these effects of OT and AVP. Taken together, these studies demonstrate
that exogenous administered OT can influence behavior by acting through V1a receptors.

More recently, we have collected data that supports that possibility that endogenously
released OT, as well as exogenously administered OT can act on VV1a receptors to influence
social behavior in wild-type animals (Song, McCann, McNeill, Larkin, Huhman and Albers,
unpublished data). Central injection (ICV) of either AVP or OT induces flank marking
behavior in Syrian hamsters in a dose-dependent manner, although AVP is approximately
100 fold more potent in inducing the behavior(Figure 4). Injection of highly selective
agonists of the V1a receptor stimulate flank marking in a dose-dependent manner, but highly
selective agonists for the OT receptor do not induce flank marking. In addition, injection of
a Vla antagonist inhibits OT-induced flank marking but injection of an OT antagonist does
not. We also examined whether endogenously released OT might act on V1a receptors to
induce flank marking. Hamsters were injected with a-melanocyte stimulating hormone (a-
MSH) ICV in order to induce release of OT but not AVP (Sabatier and others, 2003;
Sabatier, 2006) and were then tested in a cage containing conspecific odors. a-MSH
significantly increased flank marking compared to injection of saline and injection of a V1a
antagonist significantly inhibited a-MSH induced flank marking. These data provide further
support the possibility that OT can act through V1a receptors and, perhaps more
importantly, suggest the possibility that the concentrations of OT released endogenously are
sufficient to activate VV1a receptors. These data also suggest that some of the effects ascribed
to OT may in fact be mediated by the V1a receptor,(Albers and Ferris, 1985; Caldwell,
1992; Whitman and Albers, 1995; Harmon and others, 2002a).

While it seems possible that AVP and OT are endogenous ligands for all of the nonapeptide
receptors, activation of each of these receptors by either ligand can result in very different
cellular responses(for a review see(Stoop, 2012; Neumann and van den Burg, 2013)). The
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different cellular responses to these receptors are due to their coupling to different
intracellular signaling cascades. V1a, V1b and OT receptors are coupled to Gg11, GTP
binding proteins but subsequently diverge onto different intracellular signaling pathways.
Interestingly, it appears that even the same receptor can produce different cellular responses
depending on the specific G proteins they activate(Gravati and others, 2010). For example,
recent studies in brain have shown that activation of OT receptors can mediate current
inhibition through a PTX-resistant G protein and that activation of other OT receptors can
mediate current activation through coupling to a PTX-sensitive Gj;o. While much remains to
be learned about the events that occur following activation of VV1a, V1b or OT receptors, it
is clear that they produce very different cellular responses a result of their coupling to a
diversity of complex intracellular signaling cascades. It will be important to consider that
different types of receptor coupling may occur in neurons of differing phenotypes and that
these differences are likely to have functional consequences in the control of social
behavior.

9.1.5 Local networks in the SBNN

Despite the fact that AVP and OT differ by only two amino acids, activate each other’s
receptors, and typically increase neuronal excitability(Raggenbass, 2008), these peptides
have been ascribed dramatically different physiological and behavioral functions over the
years. In fact, some investigators have suggested that AVP and OT are the “ying-yang” of
peptides in regard to at least some physiological functions and that AVP may be the
“selfish” and OT the “altruistic” peptide when it comes to social behavior(Legros, 2001;
Stoop, 2012). Other investigators have proposed that that AVP tends to have anxiogenic and
depressive actions, while OT has anxiolytic and antidepressive actions(Neumann and
Landgraf, 2012). How can this be?

Recent studies suggest that local networks within and across nodes of the SBNN may be
responsible for the “opposite” effects of AVP and OT in number of cases(for a review
see(Stoop, 2012)). For example, the opposite effects of AVP and OT on fear appear to be
mediated by two non-overlapping populations of VV1a and OT receptors in the Ce(Huber and
others, 2005). In a series of elegant studies it was shown that activation of VV1a receptors
localized in the medial Ce potentiate efferent projections inducing the autonomic fear
response, whereas activation of OT receptors in the lateral Ce inhibit these V1a-stimulated
events through activation of GABAergic interneurons to the medial Ce (Figure 5). Such
local networks of anatomically separable populations of V1a and OT receptors may be
involved in mediating other examples where AVP and OT appear to have opposite effects
because V1a and OT receptors are found throughout the extended amygdala but rarely
overlap(Veinante and Freund-Mercier, 1997). It seems that the ability of these local
networks to produce their opposite effects on behavior requires the activation of small
anatomically separable populations of receptors by the local release of peptide from synaptic
sources. It is interesting to consider the possibility that such local networks could be “turned
off” if large amounts of AVP or OT released by volume transmission served to activate all
the receptors within a region despite their anatomical separation. Such a mechanism could
provide a way to dramatically alter the communication within and across nodes of the
SBNN.

Front Neuroendocrinol. Author manuscript; available in PMC 2016 January 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Albers

Page 29

10. Conclusions

Although much progress has been made in our understanding of the diversity and
complexity of AVT/AVP systems, the extent to which species differences in the AVT/AVP
system are responsible for species differences in sociality remains to be fully determined.
There are, however, convincing examples illustrating how species differences in the AVP
system can underlie species differences in social organization indicating that this is a fruitful
avenue for research. One of the most striking examples is the data illustrating that induction
of the expression of a single gene, the V1a receptor gene, within specific regions of the brain
can transform a species’ mating strategy from nonmonogamous to monogamous. These
findings, along with other recent data, have stimulated research examining the relationship
between sociality and the AVT/AVP family of peptides using the comparative approach. An
increasingly diverse group of species that display a wide range of social behaviors and social
organizations are being examined. One significant problem is that it has been difficult to
characterize the inherent complexity of species differences in sociality in ways that are
useful to investigate the hypothesis that species differences in nonapeptide systems underlie
species differences in sociality. While the use of dichotomous categories (e.g., monogamous
versus non-monogamous or social versus asocial) has been a reasonable first order approach,
it is clearly too simplistic to explore the relationships that would be required to fully test this
hypothesis. Another problem has been that the comparison of species differences in sociality
and AVT/AVP systems has been limited primarily to the examination of species differences
in the anatomical distribution of AVT/AVP and their receptors. As has been discussed above
the factors governing signaling by the AVT/AVP system are complex and likely to differ
across species. One can imagine how species differences in a variety of features of this
system such as receptor selectivity or the extent of non-synaptic peptide release could
contribute to species differences in how this system influences social behavior. As the
species differences in the signaling properties of the AVT/AVP system become better
understood and this information is combined with the species differences in the “wiring
diagrams” within the SBNN (i.e., the distribution of AVT/AVP and their receptors) we will
have a much clearer understanding of the mechanism underlying species differences in
sociality.

Another approach to the investigation of the role of the AVT/AVP system in sociality has
been to examine the relationships between these peptides and sociality within species. There
is an increasing body of evidence that the sex differences across the SBNN regulate sex
differences in social behavior in animals(Paul and others, 2014) and humans(Rilling and
others, 2014). The AVT/AVP system has also been implicated in the modulation of mood
and anxiety(Neumann and Landgraf, 2012) and a better understanding of the functional
consequences of sex differences in the AVP/OT system could provide insight into the
substantial sex differences in many psychiatric disorders. Recent studies support this
possibility(Marshall, 2013; Miller and others, 2013). Another interesting development that
will likely stimulate more research is the hypothesis that sex differences in the AVT/AVP
system may not only be responsible for sex differences in some behaviors, it might also
serve to prevent sex differences in other behaviors through compensatory mechanisms(De
Vries and Boyle, 1998; De Vries, 2004).
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Studies demonstrating that gonadal hormones can modulate the expression of AVP were the
first to demonstrate plasticity in the AVT/AVP system. Increasingly, however, it has become
clear that social factors are powerful modulators of the AVT/AVP system as well. While
some of the effects of social experience on this system may be mediated by gonadal
hormones, others are clearly independent of these hormones. Therefore, the social and
hormonal environment is likely a major factor in determining individual differences in social
behavior along with individual differences in genetic background (e.g., the V1a receptor
gene). Taken together, the existing data indicate that there are many species, sex and
individual differences in the patterns of expression of AVT/AVP and their receptors over the
nodes of the SBNN. It also appears likely that these mechanisms are highly plastic and that
the structure and function of the SBNN is continuously changing in response to changes in
the social and hormonal environment.

Neurochemical signaling within the SBNN probably involves a complex combination of
synaptic and non-synaptic mechanisms. It is also likely that AVT/ AVP containing neurons
fall into many categories based on the number and type of neurochemical signals (i.e.,
classical neurotransmitters and other peptides) they release and whether they release
peptides by non-synaptic and/or synaptic mechanisms. The signals produced by these
neurons can communicate even more information when one considers that the ratio of the
different peptides produced and released by these neurons can potentially be regulated by
many factors, including synaptic input and hormones. Whether both non-synaptic and
synaptic release occurs throughout the SBNN is not known. It has been suggested that non-
synaptic release of nonapeptides may occur more commonly in hypothalamic neurons, while
synaptic release may occur more frequently in other limbic structures(Engelmann and
others, 2000). It would seem, however, that non-synaptic release might play an important
role in at least some regions outside of the hypothalamus where V1a receptors are found in
the absence of AVT/AVP, e.g., the LS in the Syrian hamster. A fuller definition of the
different classes of AVT/AVP containing neurons will also be critical for a more refined
examination of the relationships between sociality, sex and individual differences and the
neurons that contain these peptides and their receptors.

A striking feature of the AVP/OT peptide family is the structural similarity in both peptides
and receptors. These similarities in structure have the potential to produce substantial
crosstalk. As a result, it will be important to more fully understand the properties of
AVP/OT receptors as well as the extent to which there are species differences in the
selectivity of the different receptor subtypes. Although data is only available in a few
species, it seems likely that the central effects of AVP- and OT-like peptides are mediated
through V1a, V1b and OT receptors in many vertebrate groups. It will also be important to
more fully understand the efficacy of the many AVP/OT agonists and antagonists across
species because they represent such powerful tools for comparative studies. Despite the
apparent lack of selectivity of AVP/OT receptors for naturally produced AVP- and OT-like
peptides, there appears to be significant differences in the cellular response to the activation
of each of these receptors. Therefore, the phenotype of the cells containing these different
receptors and the second messenger pathways activated by the ligands may be far more
important in determining the functional response to receptor activation than whether the
receptor is activated by an AVP- or an OT-like peptide. Of course, another consideration is
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whether the peptides are released locally via synaptic mechanisms or released more broadly
via non-synaptic (volume transmission) mechanisms. There is already evidence that the
activation of anatomically segregated VV1a and OT receptors in local networks can produce
opposite effects. Perhaps the activation of AVP/OT receptors in local networks by synaptic
processes combined with the activation of larger pools of receptors across nodes of the
SBNN could underlie the emergence of social behavior from this network (Figure 6). If so,
different patterns of synaptic and non-synaptic activation across the SBNN could be
responsible for the expression of different social behaviors.
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AVP Arginine-vasopressin

AVT Arginine-vasotocin

GABA Gamma-aminobutyric acid
GAL Galanin

IT Isotocin

LH Lateral Hypothalamus
LDCV large dense-core vesicles
LHN lateral habenular nucleus
LS Lateral Septum

Me Medial amygdala

MPN Medial preoptic nucleus
MPOA Medial preoptic area

MT Mesotocin

oT Oxytocin

PAG Periaquaductal gray

SCN Suprachiasmatic nucleus
SON Supraoptic nucleus

SSV small synaptic vesicles
VLH Ventrolateral hypothalamus
VMH Ventromedial hypothalamus
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Figure 1.
Confocal images of (A) medial paraventricular nucleus (mPVN), (B) medial supraoptic

nucleus (mSON), and (C) nucleus circularis (NC) in a male Syrian hamster one hour after an
agonistic encounter with another male. Green staining indicates arginine-vasopressin (AVP)
and red staining indicates c-Fos. The agonistic encounter significantly increased AVP and c-
Fos colocalization in the mSON and NC (p < 0.05) but not the mPVN (p > 0.05) as
compared to controls (data not shown). From Terranova and Albers, unpublished data.
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Figure 2.

Variability in the microsatellite length of the VV1a receptor gene in monogamous and
promiscuous species of Peromyscus and Microtus. Top: Structure of the VV1a gene: Green
boxes represent microsatellites (MSAT 1 and MSAT 2) and brown regions represent Exons
1 and 2 (microsatellite 3 is not shown). Bottom: Allele sizes (basepairs) in eight species of
Peromyscus (circles) and two species of Microtus (diamonds). Size of the homologous
repeats were inferred from alignment of primers to GenBanK sequences (AF069304,
AF070010) for comparison. Monogogamous species appear in blue and promiscuous appear
in blue. Modified from (Turner and others, 2010).
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Figure 3.
Ilustration of different patterns of synaptic release of ‘classical neurotransmitter’ (NT) and

peptides. A: Moderate neuronal firing produces moderate levels of Ca2* influx through
voltage gated ion channels resulting in exocytosis of small synaptic vesicles (SSV; in
purple) resulting in release of NT. B: High levels of neuronal firing produces high levels of
Ca?* influx through voltage gated ion channels resulting in exocytosis of both SSVs and
large densecore vesicles (LDCV; in gray) resulting in release of NT and peptide. C: Two
different peptides are packaged in LDCVs (red and blue) in a ratio of 1:1. High levels of
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neuronal firing produces high levels of Ca2* influx through voltage gated ion channels
resulting in exocytosis of SSVs and resulting in release of NT and exocytosis of LDCVs
resulting the release of “cocktail” of peptides in a 1:1 ratio. D. Two different peptides are
packaged in LDCVs (red and blue) in a ratio of 3:1. High levels of neuronal firing produces
high levels of Ca2* influx through voltage gated ion channels resulting in exocytosis of
SSVs and resulting in release of NT and exocytosis of LDCVs resulting the release of
“cocktail” of peptides in a 3:1 ratio.
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The induction of flank marking by intracerebroventricular injection of oxytocin (OT) is
mediated by the vasopressin V1a receptor (V1aR). A. The amount of flank marking induced
by the injection of the three concentrations of the selective VV1aR agonist (Ag), [Phe2]OVT,
OT or two concentrations of the selective OTR Ag, [Thr4,Gly7]OT, in 1 microliter of
vehicle. (* and # indicate significant differences compared to the OT group) B. The amount
of flank marking induced by the injection of 90 UM OT combined with vehicle or three
concentrations of the selective V1a receptor antagonist (A), d(CH2)5[Tyr(Me)2]AVP
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(Manning Compound), or three concentrations of the selective OTR A, desGly-NH2-
d(CH2)5[D-Tyr2,Thr4]OVT. (* indicates significant difference from the 90uM OT group).
C. The amount of flank marking induced by the injection of various concentrations of OT
and arginine-vasopressin (AVP) (* indicates significant difference between OT and AVP).
From Song, McCann, McNeill, Larkin, Huhman and Albers, unpublished data.
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Figure 5.
Local network underlying the opposite effects of oxytocin (OT) and arginine-vasopressin

(AVP) on fear. In the central amygdala (Ce) there are two adjacent but not overlapping
populations of OT receptors (in the Ce lateral: CeL) and V1a receptors (in the Ce medial:
CeM). In the CeL OT excites GABA containing inhibitory interneurons that synapse on
neurons in the CeM that are excited by AVP and project to the brainstem. As a result, the
effects of OT and AVP on fear are strikingly opposite. Modified from (Viviani and Stoop,
2008)
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Figure 6.
Hypothetical examples of how different combinations of synaptic and non-synaptic release

of AVP-like peptides might regulate the expression of different social behaviors (i.e., X, Y
or Z) by their action in the social behavior neural network. Blue lines represent neuronal
activity in projections resulting in local synaptic release and green regions represent peptide
released by volume transmission. See text for abbreviations.
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Nomenclature of vertebrate AVP/OT family of peptide receptors

Mammals | Vla Vib V2 oT

Birds VT4 VT2 VT1 | VT3

Reptiles - - - -

Amphibia Vla V3/V1b | V2 MT

Fish Vial/ | - V2 IT
V1a2
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