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ABSTRACT: Over a lifetime, humans build relationships with family, friends, and partners that are critically important for our
mental and physical health. Unlike commonly used laboratory mice and rats, Microtine rodents provide a unique model to study
the neurobiology underlying pair bonding and the selective attachments that form between adults. Comparisons between
monogamous prairie voles and the closely related but nonmonogamous meadow and montane voles have revealed that brain-
region-specific neuropeptide receptor patterning modulates social behavior between and within species. In particular, diversity in
vasopressin la receptor (V1aR) distribution has been linked to individual and species differences in monogamy-related behaviors
such as partner preference, mate guarding, and space use. Given the importance of differential receptor expression for regulating
social behavior, a critical question has emerged: What are the genetic and epigenetic mechanisms that underlie brain-region-
specific receptor patterns? This review will summarize what is known about how the vasopressin (AVP)-V1aR axis regulates
social behaviors via signaling in discrete brain regions. From this work, we propose that brain-region-specific regulatory
mechanisms facilitate robust evolvability of V1aR expression to generate diverse sociobehavioral traits. Translationally, we
provide a perspective on how these studies have contributed to our understanding of human social behaviors and how brain-
region-specific regulatory mechanisms might be harnessed for targeted therapies to treat social deficits in psychiatric disorders
such as depression, complicated grief, and autism spectrum disorder.
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Bl INTRODUCTION

A key aspect of human nature is the selective social bonds that
we form with a variety of relationship partners, including family,
friends, and romantic partners. These relationships are crucial
for our mental and physical health, yet the selective nature of
these bonds is not recapitulated in commonly used animal
models such as mice and rats.'~® Instead, monogamous prairie
voles (Microtus ochrogaster) provide a laboratory-amenable
species for studying the neural and molecular basis of selective
social attachment between adults’™ "> (Figure 1a). This animal
model was identified when Lowell Getz, an ecologist studying
rodent population cycles in the grasslands of the United States,
noticed that he repeatedly caught the same two prairie voles in
his field study traps."’ Subsequently, Sue Carter and colleagues
established that voles could be bred and manipulated in a
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laboratory setting, similar to mice and rats. To characterize
monogamous behaviors in prairie voles, Carter and colleagues
developed behavioral assays that quantified the suite of
behavioral changes induced by pair bond formation such as
partner preference, mate guarding, and biparental care.'*

In particular, the partner preference test has been extensively
used to delineate the neurochemistry involved in forming a
partner bond. In a partner preference test, the partner vole and
a novel, opposite-sex individual are tethered at opposite ends of
a three-chambered apparatus. The test vole can freely explore
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Figure 1. Monogamous prairie voles and nonmonogamous meadow voles provide comparative models for understanding pair bonding and
attachment behaviors in adults. (A) A prairie vole pair with offspring. Photo credit: Todd Ahern. (B) A solitary meadow vole. Photo credit: John
White. (C) The partner preference test provides a proxy measure for pair bond formation and expression. A test vole is allowed free range of a three-
chambered apparatus with their partner and a novel, opposite-sex vole tethered on opposite ends. After 3 h, a pair-bonded test vole will spend the
majority of their time huddled with partner over the stranger. Photo credit: Paul Muhlrad. (D) Quantification of partner preference behavior for
prairie and meadow voles. Adapted from ref 64 with permission from Macmillan Publishers Ltd., copyright 2004.

the apparatus for 3 h, and the amount of time interacting with
each tethered individual is recorded. Pair-bonded voles will
spend the majority of their time huddled with their partner
while an unbonded vole will not show a preference for either
individual (Figure lc). Using this test, Carter and colleagues
demonstrated that mating facilitates partner preference,
enabling future genetic and pharmacological gain and loss of
function experiments to ask whether partner preference can be
induced in the absence of mating or blocked in animals that had
mated.'”'® For instance, intracerebroventricular (i.c.v.) infusion
of oxytocin or arginine—vasopressin (AVP) induces bond
formation in sexually naive animals while blocking signaling at
their res6pective receptors inhibits preference in mated
animals.'"®™"" These and other experiments have shown that
signaling initiated by oxytocin, dopamine, endogenous opioids,
and AVP are required for partner preference and other
component behaviors of monogamy. This work is extensively
reviewed elsewhere.”"**

To identify the species-specific characteristics of these
neuromodulatory systems that explain differences in social
attachment behaviors, researchers compared prairie voles with
the closely related but nonmonogamous meadow voles
(Microtus pennsylvanicus) or montane voles (Microtus mon-
tanus)**° (Figure 1b). In stark contrast to prairie voles,
meadow and montane voles are asocial in the partner
preference test and will spend the majority of their time in
the middle, neutral chamber (Figure 1d). Over the last three
decades, substantial evidence supports the overall hypothesis
that species and individual differences in partner preference and
other social behaviors are influenced by species-specific
patterning and densities of neuromodulator receptors.”’ >

In this review, we focus on how the density and distribution
of vasopressin receptor (V1aR) directly modulates multiple

component behaviors of monogamy. We summarize the work
that delineates the role of V1aR signaling in specific brain
regions to modulate the component behaviors that underlie
monogamy in prairie voles and discuss the regulatory
mechanisms that drive diversity in receptor expression patterns
across and within species. From this work, we propose that
species-specific social behaviors have evolved due to the brain-
region-specific mechanisms underlying V1aR expression.
Finally, we offer a perspective on how this has enriched our
understanding of the molecular basis of selective attachments in
humans and how brain-region-specific manipulations of V1aR,
or similar receptors, might be harnessed for targeted therapies
in a variety of psychiatric disorders.

Bl AVP-V1AR AXIS REGULATES SOCIAL BEHAVIORS
VIA SIGNALING IN DISCRETE BRAIN REGIONS

AVP and V1aR are essential for modulating species-typical male
social behaviors across vertebrates, including social attachment,
aggression, and parental care.”>*7>> AVP acts on 3 receptors,
two subtypes of V| receptor, V|, and V};,, and the V, receptor.
AVP also has low affinity for oxytocin receptors, resulting in
potential cross-reactivity.”> The experiments reviewed here
focus on the AVP-VlaR axis as this receptor has the widest
distribution in the brain and has been implicated in male social
behaviors across diverse taxa.”*

In male prairie voles, AVP mediates preference formation
and mate guarding, but it was not initially clear if this species-
typical social behavior was due to bulk release of AVP or
species-specific signaling activity. To test if AVP release
explained differences in social behavior across species, montane
voles and sexually naive prairie voles were administered an i.c.v.
infusion of AVP by minipump. In sexually naive male prairie
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Figure 2. Brain-region-specific V1aR densities modulate different social behaviors. Autoradiograms of V1aR densities in prairie voles (A) and
meadow voles (B). The lateral septum (LS) and ventral pallidum (VP) are two brain regions implicated in pair bonding. Adapted from ref 63 with
permission from Wiley-Liss, Inc., copyright 2004. (C) Autoradiogram of V1aR density in the VP of meadow voles after viral mediated gene transfer.
Adapted from ref 64 with permission from Macmillan Publishers Ltd., copyright 2004. (D) Increasing VP V1aR to levels comparable with prairie
voles increased the proportion of time meadow voles spent with their partner such that they display a partner preference. Adapted from ref 64 with
permission from Macmillan Publishers Ltd., copyright 2004. (E) Increased V1aR density in the anterior hypothalamus (AH) of a pair bonded versus
sexually naive male prairie voles, quantified in (F). Scale bar = 1 mm. Adapted with permission from ref 66.

voles, this treatment was sufficient to induce a partner
preference and aggression toward an intruder.”> However, in
the nonmonogamous montane vole, exogenous AVP did not
induce partner preference.”> These results indicated that bulk
AVP release alone is not responsible for species differences in
social behaviors.

To test whether AVP signaling via V1aR modulates pair-
bonding, a V1aR antagonist was infused i.c.v. in male prairie
voles. Post infusion, these males cohabitated and mated with a
receptive female for 24 h.>” Unlike their control counterparts,
males treated with the antagonist failed to demonstrate partner
preference and did not display mating-induced increases in
aggression.”” These experiments confirm the importance of
intact AVP-V1aR signaling for modulating multiple monog-
amous behaviors.

Given the key role of V1aR in partner preference, Insel,
Wang, and colleagues compared VI1aR expression and
patterning across monogamous and nonmonogamous vole
species’™’ (Figures 2a and b). They identified striking
differences in the distribution and density of VI1aR in
monogamous and polygamous vole species. The direction of
receptor density differences varied across brain regions; for

instance, higher V1aR was detected in the ventral pallidum
(referred to as the diagonal band in earlier publications) in
monogamous prairie voles, while in promiscuous montane
voles, higher levels were observed in the lateral septum.57 With
multiple differences in V1aR patterning throughout the brain,
researchers initially focused on regions that also had robust
activation following mating using an immediate early gene, c-
fos, as a proxy for neuronal activity.”*"*” V1aR-expressing brain
regions that had increased c-fos expression following mating in
prairie voles included the medial dorsal thalamus, medial
amygdala, and the ventral pallidum. A V1aR antagonist was
administered by local injection into each of these brain regions.
Of these, only bilateral blockade of V1aR in the ventral
pallidum inhibited partner preference.” This result suggests
that AVP-V1aR signaling modulates species-typical social
behaviors in a brain region dependent manner.

The importance of the ventral pallidum for regulating partner
preference prompted further functional experiments to
determine how V1aR contributes to differences in social
behaviors between monogamous and nonmonogamous vole
species.””>*>> A series of gain of function experiments
demonstrated that ventral pallidum V1aR modulates partner
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preference. Using adeno-associated viral (AAV) vector-
mediated gene delivery, the V1aR gene was injected directly
in the ventral pallidum of male prairie voles. This treatment
nearly doubled the amount of V1aR in the ventral pallidum
and, even in the absence of mating, these males demonstrated
partner preference and more general affiliative behaviors than
their control counterparts.”> When AAV-mediated gene transfer
was used to increase ventral pallidal V1aR density of meadow
voles to levels typically observed in prairie voles, this
nonmonogamous species exhibited partner preference®*
(Figures 2c and d). Loss of function experiments complement
these results. RNA interference (RNAI) is a technique used to
degrade a specific target mRNA, resulting in decreased levels of
the associated gene product. A cocktail of AAV-packaged short
hairpin RNAs targeting avprla was injected into the ventral
pallidum of prairie voles, resulting in an approximately 30%
maximal reduction in V1aR expression. The RNAi males with
the lowest V1aR densities demonstrated impaired partner
preference.”” Together, these functional manipulations dem-
onstrate that the levels of V1aR in the ventral pallidum are a
key driver for attachment behaviors irrespective of endogenous
AVP levels. These results are parsimonious with a model in
which selection for the expression of a single gene, avprla, in a
single brain region, led to the ability to form a partner
preference.

Vl1aR signaling is also crucial for modulating the onset of
selective aggression following pair bonding. In bonded male
prairie voles, the experience-dependent onset of selective
aggression toward conspecifics occurs as a result of increased
levels of V1aR in the anterior hypothalamus following bond
formation® (Figures 2e and f). In gain of function experiments,
overexpression of V1aR using AAVs or injection of a V1aR
agonist into the anterior hypothalamus of sexually naive males
induced aggression toward novel females. In contrast, local
infusion of a VI1aR antagonist into the same brain region
reduced aggression in pair bonded males.”® Together, these
results indicate that experience-dependent changes in anterior
hypothalamus V1aR levels modulate aggressive behaviors in
bonded male prairie voles and that the mechanistic basis of
AVP-modulated aggression is independent of that underlying
partner preference.

Another distinguishing feature of social monogamy, paternal
care, is also modulated by AVP-V1aR signaling.”> Pharmaco-
logical manipulations of AVP-V1aR signaling in the lateral
septum of male prairie voles modulates behaviors such as
grooming, crouching over, and retrieving pups. When AVP was
injected into the lateral septum of sexually naive male prairie
voles, these animals increased parental behaviors such as
crouching over and contacting pups. In contrast, when a V1aR
antagonist was administered into the lateral septum of bonded
male prairie voles, these animals spent less time performing
parental behaviors.”” Neither of these treatments affected pup
retrieval. This result suggests that the component behaviors
underlying monogamy and parental behavior may have distinct
biological underpinnings. The dissociated paternal phenotypes
seen in prairie voles are paralleled by recent genetic studies of
paternal behaviors in a wild mouse species (Peromyscus
polionotus).*®

In addition to the notable differences in social behaviors
between vole species, there is a spectrum of attachment-related
phenotypes among individual prairie voles. This raises the
question: are individual behavioral differences regulated by the
same mechanisms as species differences? Similar to the
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Figure 3. Individual variation in V1aR densities within a population of
semiwild prairie voles. Autoradiograms of the lower (L) and upper (R)
quarter of V1aR densities within a prairie vole population. Panels: (a)
ventral pallidum (VP), (b) retrosplenial cortex (RsC), (c) laterodorsal
(LD) and mediodorsal thalamus (MDThal), and (d) central (CeA)
and medial amygdala (MeA). Scale = S mm. Adapted from ref 69 with
permission from Wiley-Liss, Inc., copyright 2003.

pioneering studies across vole species, initial investigations of
V1aR patterning within a semiwild population of prairie voles
revealed that there is as much variation in V1aR densities
between individuals as between vole speciesé9 (Figure 3).
Despite this tremendous diversity in V1aR in most brain
regions, the ventral pallidum had the lowest individual variance.
In addition, within an individual, brain regions with shared
developmental origins had similar V1aR levels. In a population
of laboratory-reared prairie voles, there was considerably less
variation in the V1aR densities between individuals, but brain
region covariance was retained and, as initially observed in wild
populations, the highest correlation in levels were observed
across regions with shared developmental origins.”” These
results highlight the tremendous individual variation in V1aR
expression across prairie voles and provide insights into the
ontogeny of expression pattern variability.

Seminaturalistic field studies support the idea that variation
in social behaviors correlates with individual differences in
V1aR patterning. In a naturalistic setting, bonded male prairie
voles can adopt distinct strategies for space use where
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meadow vole has a nearly nonexistent microsatellite, while prairie voles have a polymorphic microsatellite-containing element. Reprinted/adapted
with permission from Springer Nature: Springer. Animal Models of Behavior Genetics by J.C. Gewirtz, Y.-K. Kim (eds.), copyright 2016. (B) There
exists a diversity of avprla microsatellite alleles within a population of semiwild prairie voles ranging from 711 bp to 760 bp. (C) In vitro luciferase
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central amygdala (CeA), and dentate gyrus (DG). Reprinted/adapted by permission from Springer Nature: Springer. Animal Models of Behavior
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reprinted from ref 76 with permission from AAAS, 2005.

“resident” males have small home ranges while “wanderer”
males have large home ranges that overlap multiple resident
territories. As result of their large home ranges, wandering
males have more opportunities to interact with females and
engage in extra-pair copulations. This variation in sexual fidelity
may be advantageous at certain population densities, which can
fluctuate across generations in wild rodents. The V1aR densities
in resident and wanderer male prairie voles were examined. In
brain regions implicated in social monogamy, such as the
ventral pallidum and lateral septum, there was little variation in
V1aR densities between individuals. However, in brain regions
implicated in spatial memory, such as the retrosplenial cortex,
resident males had nearly sixfold more V1aR expression than
wanderer males.”" While further functional studies are needed
to determine the causal role of V1aR in the retrosplenial cortex,
these results suggest that, similar to pair bonding and selective
aggression, space use and sexual fidelity may be independently
regulated via V1aR signaling in a distinct brain region.
Together, functional and correlative evidence supports the
hypothesis that AVP signaling via V1aR coordinates multiple
component behaviors of monogamy, from partner preference
to aggressive mate guarding and space use. These studies
provide a working model in which signaling of AVP-V1aR
within different brain regions drive specific, dissociable social
behaviors. The region-specific tuning of V1aR levels between
brain regions provides a flexible system; component behaviors
can be modified and selected for without disrupting all aspects
of pair bonding. This leads to a critical question: what
regulatory mechanisms enable the independent tuning of V1aR
levels in a brain-region-specific manner? The answer to this
question has important implications for understanding the
origins and organization of complex human social behaviors.

B REGULATORY MECHANISMS FOR V1AR
PATTERNING

AVP modulates multiple species-specific social behaviors. The
high conservation of AVP and, to a lesser extent, V1aR suggests
that modulation of social behaviors is more likely attributed to
the evolution of different expression patterns rather than
mutations in protein-coding sequences.”* The regulatory code
that maintains diverse expression patterns of V1aR throughout
the brain has not been fully elucidated, but we posit that brain-
wide patterns of V1aR are determined by multiple, potentially
modular, cis-regulatory elements. In this model, expression
patterning is the combined result of independent genetic
regulatory mechanisms. Brain-region-specific variation in
patterning can therefore be achieved via genetic and epigenetic
changes that affect one or a subset of these regulatory
mechanisms. Such a modular regulatory system provides a
mechanism for natural selection to independently sculpt
different AVP-dependent social behaviors.

Initial experiments asked whether the regulatory elements
required for prairie vole-like V1aR patterning existed proximal
to the coding region. To do this, transgenic mice were made by
randomly inserting a prairie vole V1aR minigene that included
the coding region and intron, with flanking 2.2 kb upstream and
2.4 kb downstream sequences. Out of four transgenic lines, one
partially recapitulated the prairie vole-like V1aR patterning and
showed increased affiliative behaviors after ic.v. infusion of
exogenous AVP.”” This prompted Young and colleagues to ask
what sequence differences existed between monogamous and
nonmonogamous vole species within the minigene region.
They identified a complex microsatellite in the 5’ flanking
region of the avprla gene consisting of di- and tetranucleotide
repeats interspersed with nonrepetitive sequence. In prairie and
pine voles, this microsatellite is roughly 700 bp long but is
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Figure 5. Variation in retrosplenial cortex V1aR levels of male prairie voles are correlated with genetic variation in the avprla locus, epigenetic
modifications, and differences in space use and fidelity. (A, B) Representative autoradiogram of a male prairie vole with high (A) and low (B) V1aR
density in the retrosplenial cortex (RSC). (C) Quantification of the association of RSC-V1aR density and fidelity/space use strategy in male prairie
voles. Males with a resident (res.) strategy have higher RSC-V1aR levels, while males a wanderer (wand.) strategy have with low RSC-V1aR levels.
(D) avprla gene locus with genetic variants and epigenetic markers. Red bars are the SNPs associated with RSC-V1aR abundance. Fixed CpG sites
are in gray with polymorphic CpG sites in blue. The shaded gray box indicates a putative intronic enhancer. (E) Males with high RSC-V1aR have
fewer CpG sites in the intron and (F) lower levels of enhancer methylation. (G) RSC-V1aR abundance is correlated with enhancer methylation. Bars
are means + SE *¥*P < 0.001. From Okhovat, M. et al,, Science. 2013. Reprinted with permission from AAAS.**

nearly nonexistent in meadow and montane voles”* (Figure
4a). Throughout evolution, microsatellites undergo repeated
expansions and contractions due to slippage of the DNA
polymerase during replication. As a result, microsatellites
located within regulatory regions can alter chromosome
architecture or produce novel enhancers or promoters.”>”*
The striking difference in microsatellite length between species
provided an attractive candidate for explaining the inter- and
intraspecies differences in V1aR patterning and, by extension,
social behaviors. Below we provide an overview of the extensive
research examining this genetic element, the conclusion of
which is that while there is substantial evidence that cis-
regulatory variation shapes V1aR patterns, the avprla micro-
satellite is not a sole or even primary driver of V1aR pattern
diversity or behavior.

The correlation between microsatellite length and monog-
amous behaviors prompted the question: can avprla micro-
satellite length regulate avprla expression to produce the
spectrum of monogamous behaviors observed in a population?
Multiple microsatellite alleles were identified within a
population of semiwild prairie voles with the most common
lengths between 721 and 745 bp (Figure 4b). An in vitro
luciferase assay demonstrated that a “long” microsatellite of 746
bp had 2-fold higher expression over a “short” microsatellite of
727 bp (Figure 4c). This result was found to be cell-type
dependent but provided a promising indication that the

expression level of V1aR may be dependent on microsatellite
length. To determine if the microsatellite length was also
correlated with monogamous behaviors, laboratory-reared
prairie voles were bred to be homozygous for either the long
or short microsatellite allele.’® A subset of parental behaviors
correlated with allele length such that long allele males
exhibited increased pup licking and grooming. However, no
other parental behaviors were significantly different between
the two populations. In a partner preference test of males
cohoused with a receptive female for 18 h, long allele males
demonstrated a partner preference, while the short allele males
did not.”® These correlative results were promising, but one
limitation of this study is that the subtle phenotype differences
could also be attributed to unknown genetic variants linked to
either the long or short microsatellite allele.

Donaldson and Young addressed this limitation and tested
the direct contribution of the microsatellite using genome
editing in mice. They generated three mouse lines in which the
mouse avprla S flanking region was replaced with correspond-
ing sequence from prairie voles. These lines were identical
except for the insertion of different avprla microsatellites,
originating from the meadow vole or long or short alleles from
prairie voles. The resulting transgenic mouse lines showed that,
overall, the 5’ flanking region plays a minimal role in driving
species-typical receptor patterns; the transgenic mice had V1aR
patterns much more similar to that of mice than of prairie voles.
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Mouse (Mus)

Figure 6. Receptor autoradiograms for V1aR and S-HT1a in three rodent species: mouse (Mus musculus), prairie vole, and meadow vole. VIaR
patterns show remarkable diversity across species (upper row), while spatial patterns of S-HT1A tend to be conserved (bottom).

However, patterning of V1aR across the lines recapitulated
individual and species differences in specific brain regions,
namely the hippocampus, thalamus, and amygdala”’ (Figure
4d). These results suggest that microsatellite diversity may
modulate V1aR levels in discrete brain regions, but that it is not
the primary driver of brain-wide variation in V1aR expression
patterns across or within species. Instead, these studies suggest
that a combination of proximal and distal regulatory elements
coordinate to produce diversity in brain-wide V1aR patterning.

Field studies also indicate that the effects of the avprla
microsatellite cannot fully explain the vast diversity in V1aR
patterns or AVP-mediated sociobehavioral traits. A comparative
study of 62 Microtus species did not find a correlation between
microsatellite length and social organization.”® The same lack of
association was found for an analogous region in the primate
avprla gene.”” Further, while some field studies have found
associations between microsatellite length and V1aR levels in
some brain regions, a review of the existing lab and field studies
identified inconsistencies in the association between micro-
satellite length and receptor expression in specific brain regions
(see Table 2 in ref 81).”*>®" Together, these results suggest
that cis-regulatory variation is an important driver of VI1aR
expression diversity, but the inconsistent associations between
region-specific V1aR levels and microsatellite length and the
nuanced effects in transgenic mice have led to the conclusion
that the microsatellite is not a primary source of VIaR
patterning.

Determining that the microsatellite is not a master regulator
of V1aR expression prompted the search for additional cis-
regulatory mechanisms that may influence behavioral diversity.
Phelps and colleagues searched for regulatory elements that
could account for the known correlation between V1aR
abundance in the retrosplenial cortex and a resident or
wanderer mating strategy in male prairie voles”' (Figures Sa—
c). They found that a particular avprla SNP haplotype in male
prairie voles was strongly associated with V1aR density in the
retrosplenial cortex and with differences in space and, by
extension, sexual fidelity®” (Figure 5d). Additionally, the SNP
haplotype was correlated with increased H3K4mel marks and

CpG site abundance, both of which are epigenetic indicators of
active transcription (Figures Se—g). These results led to a
model in which SNPs potentially interacted with specific
epigenetic alterations to produce individual differences in
retrosplenial V1aR levels and mating strategies.

The role of epigenetic marks has also been independently
studied in the context of pair bonding. Epigenetics changes can
alter transcription independent of DNA sequence. Therefore,
epigenetics can potentially fine-tune gene expression in
response to different experiences, such as mating. When a
histone deacetylase inhibitor was infused icv. into female
prairie voles that had been cohoused with a male for 6 h in the
absence of mating, they displayed a partner preference and
increased avprla mRNA levels in the nucleus accumbens.
However, the use of a deacetylase inhibitor to manipulate
chromatin marks has genome-wide effects and may alter the
transcription of many genes. Specifically, Wang et al. also
observed increased levels of oxytocin receptor in animals
receiving the inhibitor. Therefore, future experiments designed
to selectively modify histone marks only at the avprla locus and
its relevant enhancers are needed to determine how epigenetic
changes affect region and cell-type-specific gene expression and
behavior.

To date, experimental evidence suggests that brain-region-
specific regulation of avprla requires the coordination of
proximal and distal regulatory elements including SNP
haplotypes, microsatellite elements, and epigenetic regulation.
Of note, none of the regulatory mechanisms identified to date
can account for how V1aR is regulated in the ventral pallidum,
a brain region essential for partner preference formation. Future
work using advanced sequencing techniques, such as ATAC-seq
and 4C-seq performed on pallidal tissue in prairie and meadow
voles is needed to delineate the contributions of distal
regulatory elements.*** In addition, advanced genome and
epigenome editing techniques provide a powerful approach for
functionally interrogating candidate regulatory differences.
Ultimately, a combination of neuromolecular techniques is
needed to fully elucidate the diverse regulatory elements for
V1aR expression across species and individuals.

DOI: 10.1021/acschemneuro.7b00475
ACS Chem. Neurosci. XXXX, XXX, XXX—=XXX


http://dx.doi.org/10.1021/acschemneuro.7b00475

ACS Chemical Neuroscience

Review

B COMBINATORIAL GENE REGULATION FOR BRAIN
REGION SPECIFIC EXPRESSION

Signaling via the AVP-VI1aR axis in different brain regions
enables independent control of distinct social behavior traits.
For example, AVP modulates preference formation via signaling
in the ventral pallidum, selective aggression via the hypothal-
amus and, potentially, space use strategies via the retrosplenial
cortex. This evidence suggests a model where a single, highly
conserved ligand can act on brain-region-specific receptor
populations to coordinate a suite of social behaviors.

Current evidence suggests that the regulatory mechanisms
for V1aR expression are brain-region-specific. The avprla
microsatellite influences V1aR levels in hippocampal, amygdala,
and thalamic brain regions while genetic variants, in
combination with epigenetic mechanisms, appear to modulate
VlaR levels in the retrosplenial cortex and parts of the
thalamus. However, none of these proximal regulatory
mechanisms can explain V1aR densities in the prefrontal cortex
or the ventral pallidum, two brain regions crucial for pair bond
formation. The full suite of regulatory mechanisms for V1aR
expression therefore likely encapsulates both proximal and
distal regulatory elements that range from DNA variants to
altered binding of regulatory proteins to epigenetic modifica-
tions. We propose that genetic and epigenetic diversity
synergistically creates a code for brain-region and cell-type-
specific V1aR expression. This facilitates the evolvability of
species-typical social behaviors. By uncoupling the mechanisms
that guide V1aR expression in different brain regions, one
behavior can be maintained while another is independently
selected for or against. The result is a remarkable diversity of
social behaviors across and within species.*®

An open question is the extent to which this framework
applies to other neuromodulatory systems. Other behaviorally
relevant neuromodulators, such as a serotonin, exhibit much
more highly conserved patterns of receptor expression across
species (Figure 6). However, unlike nonapeptides, the
serotonin system has 14 identified receptors in humans.®’
This suggests that modifications that specialize receptor gene
function may be more important than patterning diversity.
Future research incorporating cross-disciplinary approaches is
needed to characterize the full suite of regulatory mechanisms
underlying neuromodulatory and social behavior diversity.

B TRANSLATIONAL RELEVANCE

The basic science underlying attachment in prairie voles has
translational validity in humans. Tissue accessibility and
experimental approaches remain limited in humans. However,
intranasal AVP or V1aR antagonists have probed the effects of
AVP-V1aR signaling on social behavior, and genetic association
studies have examined correlations between variation in the
AVPRIA gene and social traits. These initial studies, a subset of
which are detailed below, suggest that signaling through the
AVP-V1aR axis impacts human social behavior and may have
relevance for treating the social deficits observed in autism
spectrum disorders. Supporting this, the V1aR antagonist,
balovaptan, was recently granted Breakthrough Therapy
designation by the Food and Drug Administration and is
proceeding to phase II testing.*”

Noninvasive intranasal delivery of neuropeptides or their
antagonists remains an attractive therapeutic. Studies in
nonhuman primates suggest that intranasal delivery of AVP
crosses the blood brain barrier, providing validity to this route

of administration for future therapeutics.”” The behavioral
effects of intranasal AVP further support its potential
therapeutic utility, albeit with careful consideration of sexually
dimorphic effects. For instance, when men were administered
intranasal AVP, they perceived a friendly facial expression more
negatively while the same treatment in women shifted
perception of neutral facial expressions to friendly.”” In a
separate study, subjects that had received intranasal AVP were
presented with images of happy, angry, or neutral human faces.
The next day they were presented with a mixture of known and
unknown images and asked to remember if they had already
seen each image. Those that had administered AVP were more
likely to remember the happy and angry faces, thus sugggesting
that AVP facilitates the encoding of salient social cues.”’ While
promising, these studies were conducted in individuals that did
not have diagnosed social deficits, such as those observed in
autism. To test the validity of manipulating the AVP-V1aR axis
as a therapy for social deficits, a small group of 10 adult males
diagnosed with autism spectrum disorder received intravascular
injections of the V1aR antagonist, RG7713.”> The participants
displayed nominal positive effects on social cognition (effect
size = 0.8) as measured by an increase in biological motion
orienting when free viewing videos of two people interacting.
However, the authors point out that these behavioral changes
were quantitatively small, and when they aggregated effects
across traits into an overall performance score, the antagonist
did not significantly improve performance. The authors also
acknowledge that their study was not appropriately powered,
which remains an ongoing challenge in interpreting similar
intranasal studies.”””” In addition to the bolavaptan phase II
trial mentioned previously, an ongoing clinical trial in children
is testing the validity of intranasal AVP for treating the social
symptoms observed in high functioning forms of autism.”*
Together, these studies suggest that noninvasive manipulation
of the AVP-V1aR axis could be harnessed to positively alter
social behavior.

Gene association studies have found nuanced correlations
between genotype and human social behaviors, a few of which
are highlighted here. Humans and other primates have a
microsatellite element, termed RS3, upstream of the AVPRIA
transcription start site that is similar to but not homologous
with the repetitive region identified in voles.”” A study of 552
same-sex Swedish twins and their partners found that, in men
but not women, the V1aR microsatellite allele 334 was strongly
correlated with a lower Partner Bonding Scale score in a dose
dependent manner (heterozygous p < 0.001 and Cohen’s d =
0.27, homozygous p < 0.0004 and Cohen’s d = 0.38).”
Additionally, males homozygous for the 334 allele were twice as
likely to have discussed divorce in the past year (34 vs 15%)
and less likely to be married to their partner when compared to
males that did not have the allele (32 vs 17%). While intriguing,
these results represent a single study in a relatively
homogeneous genetic population, and additional investigation
is needed to replicate this finding and begin to understand
potential mechanisms.

One important consideration that has received relatively little
attention is the potential sensitive periods and developmental
trajectories in which the AVP-V1aR system may impact
complex social behaviors in humans.”*”” For instance, the
relationship between age, RS3 genotype, and altruism is not
straightforward. In children, the most common RS3 allele (327
bp) was associated with lower giving behavior, while in adults,
RS3 alleles of similar length were found to be positively
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associated with altruism. The authors of the study suggest that
this apparent contradiction reflects the known maturation of
giving behaviors.”®

To date, the association between the AVPRIA microsatellite
allele and the risk or severity of autism is not clear. There is
evidence both supporting and refuting the predictive power of
microsatellite length.”””" Similar to voles, other cis-regulatory
variation may be more important than RS3 for explaining
human sociobehavioral diversity and autistic phenotypes.
Additionally, these studies may be confounded in their
inclusion of diverse types of autism spectrum disorders and a
lack of examination of intermediate phenotypes. For instance,
autism is characterized by stereotypies, developmental delays,
and social deficits, each of which can differ in severity; based on
available evidence, one would not necessarily expect the AVP-
V1aR axis to be important for the first two traits.

A final line of evidence suggests a generally conserved role of
the AVP-V1aR axis in primate social behavior. In our
evolutionary cousin, the chimpanzee, RS3 is found within a
larger duplicated region that exists as duplicate and single allelic
variants. A number of studies have now investigated the
relationship between this duplicated region and social traits in
captive chimpanzees.”””'%" Similar to work in voles and
humans, the results of these gene-association studies are
sexually dimorphic. Like humans, chimpanzees will follow the
gaze or a pointed finger of another individual (including a
human), a trait referred to as receptive joint attention. Males
heterozygous for the duplication are better at receptive joint
attention, and genetic variation at this locus can explain 25% of
the variance in attention scores. This study augments initial
work that showed that heterozygous males have significantly
higher dominance scores and lower conscientiousness.”
However, these results have not been confirmed in wild
populations.

While dysfunctional social behavior is a hallmark of multiple
psychiatric and neurodevelopmental disorders, the presentation
of these social deficits is highly diverse. These deficits can
include social anhedonia, social anxiety, impaired ability to form
attachments, and overattachment. The biological mechanisms
of different forms of sociobehavioral dysfunction may be
nonoverlapping. As a result, these disorders may require
distinct treatments. To achieve customized therapies that can
target specific V1aR receptor subpopulations within the human
brain, there is a pressing need to delineate the factors that
contribute to brain-region-specific regulation of neuromodula-
tory systems as they relate to diverse aspects of social behavior.

B CONCLUSIONS

Comparative studies between vole species provide an excellent
model system to study the biological basis for complex social
behaviors. These studies support a model in which brain-
region-specific V1aR patterning and densities modulate differ-
ent facets of social behavior, from affiliation to aggression. We
propose that independent regulatory control of different V1aR
subpopulations within the brain facilitates the evolvability of
social traits. Although the extent of variation in the expression
of human AVPRIA remains unknown, delineating the
mechanisms that underlie brain-region-specific expression of
V1aR has important implications for identifying how the AVP-
Vl1aR axis may be disrupted in disease states as well as for
providing opportunities to develop novel therapeutics.
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