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SOCIAL BEHAVIOR

Sexual fidelity trade-offs promote
regulatory variation in the prairie

vole brain

Mariam Okhovat,' Alejandro Berrio,' Gerard Wallace,'

Alexander G. Ophir,? Steven M. Phelps'*

Individual variation in social behavior seems ubiquitous, but we know little about how it relates
to brain diversity. Among monogamous prairie voles, levels of vasopressin receptor (encoded
by the gene avprla) in brain regions related to spatial memory predict male space use and
sexual fidelity in the field. We find that trade-offs between the benefits of male fidelity and
infidelity are reflected in patterns of territorial intrusion, offspring paternity, avprla
expression, and the evolutionary fitness of alternative avprla alleles. DNA variation at the
avprla locus includes polymorphisms that reliably predict the epigenetic status and neural
expression of avprla, and patterns of DNA diversity demonstrate that avprla regulatory
variation has been favored by selection. In prairie voles, trade-offs in the fitness consequences
of social behaviors seem to promote neuronal and molecular diversity.

ocial behavior emerges from the complex,
dynamic, and often strategic interactions

of individuals—a complexity that places it
among the most challenging and interesting
behaviors to study. Neuroscience has eluci-
dated many mechanisms of social behavior (7, 2).
In parallel, evolutionary biology has outlined how
social interaction can promote variation within a
species (3-5). Frequency- or density-dependent
selection, for example, maintains individual dif-
ferences in the parental care of sunfish (3), the
territorial defense of lizards (4), and the can-
nibalistic behavior of tadpoles (5). Among hu-
mans, similar forces have been proposed to
explain differences in personality, resilience,
and psychiatric risk (6-8). Given that social
diversity is central to behavioral ecology, social
psychology, and mental health, it is surprising
that we know so little about natural variation in
the social brain, how it emerges from the in-
teraction of genetic and epigenetic processes, or
how it has been sculpted by evolutionary forces.
We explored individual differences in neuronal
gene expression in the monogamous prairie vole,
Microtus ochrogaster, a small North American
rodent whose males and females form pair
bonds and share parental care (9). Prairie vole
pair-bonding is governed by multiple modulators
and brain regions (2, 10, 1I). Of these genes,
the vasopressin 1a receptor (V1aR, encoded by
avprla) is particularly well studied (2, 11-15).
Vi1aR expression can vary profoundly across
individual prairie voles (12), and its abundance
in a spatial-memory circuit predicts sexual fi-
delity in males (13, 14) but not females (sup-
plementary materials), a finding consistent with

'Department of Integrative Biology, University of Texas at
Austin, 1 University Station, Campus Code C0930, Austin, TX
78712, USA. “Department of Psychology, Cornell University,
224 Uris Hall, Ithaca, NY 14853, USA.

*Corresponding author. E-mail: sphelps@mail.utexas.edu

male-specific vasopressin effects in other con-
texts (15). We used the relationship between
avprla expression and male fidelity to examine
how social forces contribute to brain diversity.
Specifically, we asked whether the fitness con-
sequences of male sexual fidelity promote genetic
and epigenetic variation in avpria.

Although prairie voles are socially monogamous,
they are not sexually exclusive (16). Approximately
25% of young are conceived outside a pair bond
(termed extra-pair fertilizations, or EPFs). Male
fidelity is often thought to depend on spatial
strategies that balance the demands of mate-
guarding against the value of mating multiply
(17, 18). To examine the relationship between
space use and sexual fidelity among male prairie
voles, we estimated the intensity of a male’s space
use by fitting kernel density estimates to animal
positions measured over several weeks by radio-
telemetry (Fig. 1, A and B, and fig. S1). By over-
laying these maps of space-use intensity, we
could estimate how often males encounter other
individuals either at home or in neighboring
territories. We found that the spatial behavior
of EPF males differs from that of males who sire
young only with a partner (intra-pair fertiliza-
tions, IPF). EPF males have larger home ranges
(P < 0.05; Fig. 1C), and they more frequently en-
counter extra-pair females (P < 0.0001; Fig. 1D),
intrude on territories (P < 0.01; Fig. 1E), and
are intruded upon (P < 0.01; Fig. 1F). The rate at
which a male intrudes on a neighbor’s territory is
correlated with the rate at which he encounters
extra-pair females [Pearson’s correlation coefficient
(r) = 0.69, P < 0.0001], but also with the rate at
which he is intruded upon by other males (r =
0.83, P < 0.0001; Fig. 1G). Overall, the data
suggest that venturing away from a male’s core
home range increases encounters with both extra-
pair females and their aggressive mates; these
intrusions may offer the opportunity for extra-
pair paternity, but they also increase the rates at
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which a male’s home range is visited by neigh-
boring males. This pattern is consistent with data
suggesting that pair-bonded EPF males are more
likely to be cuckolded (74). Increasing the extra-
pair female encounter rate seems to come at
the expense of intra-pair mate-guarding.

Among prairie voles, we find that neuropeptide
receptors show profound variation in nodes of a

Fig. 1. Male sexual fidelity predicted by patterns
of space use, social interaction, and V1aR.
(A and B) Intensity of male space use. The x and y
axes are enclosure dimensions (20 m x 30 m);
the height and color of the peaks indicate prob-
ability densities. A focal male is indicated as a
solid peak; nonfocal males are indicated as blue-
contoured peaks. Single males are not shown.
Arrows indicate the regions of likely intrusion by
the focal male. (C to F) EPF and IPF males differ
in space use. (G) Rates of intrusion and of male
visitation are correlated. (H) Regions of a spatial-
memory circuit (31) vary in receptors for vasopressin
(red) or oxytocin (blue) (13, 19). Abbreviations
are as follows: ERC, entorhinal cortex; Hipp, hip-
pocampus; AThal, anterior thalamus. (I to K)
Autoradiograms for V1aR in the RSC. RSC-V1aR
abundance (in dissociations per minute per milli-
gram of tissue) predicts sexual fidelity and (L) in-
trusion rate. All bars show mean * SE. *P < 0.05,
**P < 0.01, ***P < 0.001.

Fig. 2. SNPs in regulatory regions of the avprila
locus predict RSC-V1aR. (A) DNAse | hypersen-
sitivity in Mus brain and mammalian conservation
(22). (B) Structure of prairie vole avprla locus
(exons, blue; microsatellites, white). (C) Associa-
tion of avprla SNPs with RSC-V1aR abundance.
Each bar is a SNP; the x axis depicts position
along the avprla locus; the y axis depicts strength
of association [-logo(P)]. The lower horizontal gray
line shows uncorrected o = 0.05; the upper hori-
zontal gray line shows corrected o = 0.00054.
(D) Fold enrichment by H3K4mel ChlP-seq com-
pared to input chromatin. Horizontal bars mark
peaks corresponding to putative enhancers.
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spatial memory circuit including the hippocampus,
laterodorsal thalamus (LDThal), and retrosplenial
cortex (RSC; Fig. 1H). Remarkably, variation in
each of these regions predicts aspects of space
use and paternity in the field (13, 19). The re-
lationship between spatial memory and sexual
fidelity is not clear, but males with low Vi1aR in
RSC or LDThal have been hypothesized to have

a poor memory for locations of aggressive inter-
actions, a cognitive strategy that could promote
territorial intrusion and extra-pair encounters (74).
In contrast, a male with abundant ViaR may
better monopolize a mate but might encounter
fewer extra-pair females. To look for evidence of
fitness trade-offs that could promote forebrain
diversity, we examined the relationship between
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RSC-ViaR and our measures of space use. As
reported previously, faithful IPF males have more
RSC-ViaR than EPF males [P < 0.001, Fig. 1, I
to K; (13)]. Low levels of RSC-V1aR were also
associated with high intrusion rates (RSC, P <
0.01; pairing status, P < 0.0001; RSC x status, P <
0.05; Fig. 1L) and poor mate-guarding (male
visits received: RSC, P < 0.05; pairing status, P <
0.0001; RSC x status, P > 0.10). ViaR levels in
another node in this circuit (the LDThal) also
predicted sexual fidelity and space use, whereas
brain regions associated with pair-bonding and

aggression (the ventral pallidum and lateral sep-
tum) did not [supplementary materials (13)].
These data suggest that trade-offs between the
fitness benefits of intra-pair and extra-pair pater-
nity could contribute to diversity in this memory
circuit.

In order for selection to have promoted neu-
ronal diversity, such variation must be heritable.
We asked whether single-nucleotide polymor-
phisms (SNPs) in avpria predicted individual
differences in VlaR abundance. We sequenced
~8 kb of the avpria locus (Fig. 2 and fig. S2)
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from lab-reared males with substantial field
data [Fig. 1 (3)] and from wild-caught adults.
Of 151 SNPs, 4 tightly linked polymorphisms
predicted RSC-V1aR (Fig. 2, multiple-test corrected
a = 54 x 107™"). These SNPs were upstream of
the coding sequence (SNP -1392, P = 6.3 x 10°%),
in the intron (SNPs 2170 and 2676, P = 4.7 x 10°°),
and in the second exon (SNP 3506, P = 5.0 x
107%). We refer to the genotypes defined by these
linked SNPs as HI (high)- and LO (low)-RSC al-
leles. The effects of HI and LO alleles were
stronger among lab-reared animals (P < 0.0001)
than wild-caught animals (P < 0.05; genotype x
rearing P = 0.002; fig. S3), which suggests that
population structure or developmental environ-
ment may influence cortical ViaR. We also found
that a distinct SNP predicted V1aR in the LDThal
(SNP 5168, P = 3.6 x 10™*), but none of the 151
SNPs predicted V1aR in the ventral pallidum or
lateral septum (fig. S4). Thus, Vl1aR levels in
regions implicated in spatial memory and sexual
fidelity were linked to auprla sequence variation,
whereas regions important in pair-bonding and
aggression were not.

We examined the stability and specificity of
the HI- and LO-RSC associations with a breeding
design that controlled for potential confounds of
our initial study. We obtained a new genetic
stock from a third site >100 miles from prior
sites. Heterozygous HI/LO parents were crossed
to produce siblings that differed in their geno-
types but shared a common genetic background,
rearing environment, and lack of sexual experi-
ence. We again found that HI and LO alleles
influenced V1aR in the RSC (P < 0.0001; Fig. 3A),
but not in other brain regions (fig. S5). Thus, our
data demonstrate a replicable, robust, and spe-
cific association between the HI-RSC allele and
high RSC-V1aR expression. However, differences
between wild-caught and lab-reared animals (fig.
S3), as well as previously reported developmental
manipulations (20), suggest that epigenetic var-
iation may also be at play.

If individual differences in RSC-V1aR abundance
are due to differences in the regulation of auvpria,
then HI/HI and LO/LO genotypes should differ in
avprla transcript abundance. We dissected the
RSC of the lab crosses reported above and used
quantitative polymerase chain reaction to quan-
tify avpria mRNA. Genotypes differed significantly
in auvprla transcript abundance (ACt versus
B-actin, P < 0.001, Fig. 3B). Moreover, individual
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differences in avpria mRNA were strongly as-
sociated with RSC-V1aR protein [linear regression
coefficient (R%) = 0.75, P < 0.0001, Fig. 3C].

To determine whether any RSC-associated
SNPs were within DNA sequences that might
contribute to avprla regulation, we performed
chromatin immunoprecipitation sequencing (ChIP-
seq) targeting the histone modification H3K4mel,
a marker for regulatory sequences known as
enhancers (21). We dissected RSC samples from
eight new lab-reared animals. Within a 25-kb
sequence centered on the avpria translation
start site (Fig. 2D), the H3K4mel mark was
specifically associated with two regions within
the avpria locus [P < 1 x 107, false discovery
rate (@) < 0.0001; supplementary materials].
One putative enhancer was in the center of the
intron, including both intron SNPs of the HI/
LO alleles; the second overlapped the second
exon and included the fourth linked SNP (Fig.
2C). Three of the polymorphisms that define the
HI and LO alleles are within putative enhancer
regions, and the fourth is within a conserved
deoxyribonuclease I (DNAse I) hypersensitive
site [Fig. 2A (22)]. Thus, all four RSC-associated
SNPs coincide with markers of transcriptional
regulation.

We next asked whether differences in RSC
avprla transcript and V1aR protein abundance
reflected differences in the epigenetic state of
the avpria locus. We focused on the putative
intron enhancer: This sequence had strong
evidence of H3K4mel enrichment and included
the two SNPs most strongly linked to RSC-V1aR.
SNP 2170 proved to be a G/T polymorphism
that altered the presence of a CpG site, a common
target of DNA methylation (23). Moreover, this
CpG/CpT polymorphism is linked to a cluster of
CpG polymorphisms within the enhancer (Fig.
3D). HI-RSC alleles have fewer CpG sites than
LO alleles (P < 0.0001, Fig. 3E), suggesting fewer
opportunities for methylation. We isolated DNA
from the RSC, treated it with bisulfite, and
performed pyrosequencing of this enhancer. HI/
HI animals had less enhancer methylation than
LO/LO animals (P < 0.0001, Fig. 3F). Genotypes
also differed in enhancer methylation if we
focused solely on nonvariable CpG sites [mean
(w) = SE, HI/HI 67.6 + 1.6%, LO/LO 75.6 + 1.3%;
P = 0.001]. Moreover, avprla enhancer meth-
ylation is significantly associated with RSC-
Vi1aR abundance (P < 0.0001, Fig. 3G). Methylation
at noncoding CpG sites is known to recruit
methyl-binding proteins, histone de-acetylases,
and other silencing proteins (24); our data
suggest that SNP 2170 and neighboring CpG
polymorphisms may alter the function of an
intron enhancer by changing the number of CpG
sites available for methylation.

Our molecular data indicate that specific
alleles are robust predictors of RSC-V1aR, and
they suggest mechanisms by which specific
SNPs might exert influence on aupria expression.
If genetic differences in RSC-V1aR are adaptive—
a “balanced polymorphism” of the brain—we
might expect differences in how HI- and LO-
RSC alleles gain fitness. Using data from lab-

1374 11 DECEMBER 2015 « VOL 350 ISSUE 6266

reared animals monitored in the field (Fig. 1),
we calculated the number of embryos that each
male sired either with a partner (IPFs) or non-
partner (EPFs) and estimated the relative fitness
of HI and LO alleles in each context. Although
the alleles had similar fitness overall, selection
favored HI alleles in the context of IPFs and LO
alleles in the context of EPFs (Fig. 4A, P < 0.05).
Thus, fluctuations in the defensibility of females
could profoundly influence the strength and di-
rection of selection on HI and LO alleles. Prairie
voles exhibit wide fluctuations in population den-
sity, ranging from ~25 to 600 voles per hectare
in a year (25); high densities increase the rate of
extra-pair interactions (26) and reduce the defen-
sibility of prairie vole females (27). Manipulative
studies will be needed to test whether fluctua-
tions in population density or allele frequency
promote variation in aupria and related behaviors.

If genetic variation at avpria produces variation
in memory regions, and this in turn influences
space use and sexual fidelity, then over time we
expect selection to have influenced patterns of
aovprla nucleotide variation. We tested for a
history of balancing selection by comparing the
frequencies of SNPs at auprila to three putatively
neutral nuclear loci among our original wild-
caught samples. We found that the avpria lo-
cus was strongly skewed toward an excess of
intermediate-frequency alleles, a classic signature
of balancing selection (Fig. 4B, likelihood ratio =
120.3, df = 4, P = 4.7 x 107%°). Similarly, avpria
had a positive Tajima’s D value (P < 0.05) (28),
whereas our neutral loci had negative values (P >
0.10, Fig. 4C). Lastly, a Hudson Kreitman Aguade
test (29) comparing the number of within- and
between-species differences indicated an excess
of standing variation within regulatory regions
(defined by H3K4mel ChIP-seq and DNAse hyper-
sensitivity P < 0.01, Fig. 4D). We conclude that
balancing selection has actively maintained
regulatory variation at the avprla locus. This
regulatory variation seems to be specifically as-
sociated with brain regions related to memory
and space use.

These data provide a remarkably coherent
perspective on the origin and maintenance of
diversity in the social brain. V1aR levels in memory
structures predict whether males will intrude on
neighbors and gain extra-pair paternity, or ex-
clude intruders and improve intra-pair pater-
nity. Nucleotide polymorphisms within regulatory
sequences robustly and specifically predict ViaR
variation in these same brain regions. Within the
RSC, we find that low-expressing alleles differ in
CpG abundance and methylation status. Because
CpG sites can be gained or lost easily [~25% of
single nucleotide differences between humans
and chimps, for example, consist of the gain or
loss of a CpG site (30)], we hypothesize that CpG
polymorphisms may often shape heritable varia-
tion in environmental sensitivity. Genetic markers
for this neuronal phenotype exhibit strong evi-
dence of balancing selection. Together these data
suggest that trade-offs in the fitness consequences
of spatial behaviors promote diversity in the
social brain. By focusing on what would seem

to be the simplest of social phenotypes—the
neural expression patterns of a single gene—
we gain insights into the complex interplay of
forces that shape both gene function and social
evolution.
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