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ABSTRACT
The vasopressin V1a receptor is a gene known to be central to species differences in social

behavior, including differences between the monogamous prairie vole and its promiscuous
congeners. To examine how individual differences compare with species differences, we
characterize variability in the expression of the vasopressin V1a receptor (V1aR) in a large
sample of wild prairie voles. We find a surprising degree of intraspecific variation in V1aR
binding that does not seem attributable to experimental sources. Most brain regions exhibit
differences between upper and lower quartiles that are comparable to differences between
species in this genus. Regions that are less variable have been implicated previously in
regulating monogamous behaviors, suggesting that the lack of variation at these sites could
reflect natural selection on mating system. Many brain regions covary strongly. The overall
pattern of covariation reflects the developmental origins of brain regions. This finding
suggests that shared mechanisms of transcriptional regulation may limit the patterns of gene
expression. Such biases may shape both the efficacy of selection and the pattern of individual
and species differences. Overall, our data indicate that the prairie vole would be a useful
model for exploring how individual differences in gene expression influence complex social
behaviors. J. Comp. Neurol. 466:564–576, 2003. © 2003 Wiley-Liss, Inc.

Indexing terms: affiliation; neuropeptide receptor; individual differences; monogamy; evolution;

phenotypic correlations

Evolutionary biologists have long known that the rate
at which a trait evolves depends not only on the value of
possessing that trait, but on several factors that reflect the
details of how a trait is implemented. The complex inter-
action of gene products that produce a trait, the heritabil-
ity of gene expression, and the involvement of those genes
in other traits all contribute to the pace of evolutionary
change. In short, the genetic architecture of trait expres-
sion shapes its evolutionary potential. It follows that to
fully understand the origins of behavioral diversity, one
needs to characterize the extent and pattern of variation
in gene expression profiles that mediate particular behav-
iors. Because hormonal and neuromodulatory systems co-
ordinate the expression of complex behaviors, they make
excellent models for understanding the contributions of
individual genes to behavioral evolution.

One such model system is arginine vasopressin (AVP)
and the vasopressin V1a receptor (V1aR), a neuromodu-
latory system that has been widely implicated in the reg-
ulation of vertebrate social behaviors (Young, 1999; Good-
son and Bass, 2001). Vasopressin and its nonmammalian
homologue vasotocin are modulators of species-specific be-
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haviors, including social recognition (Englemann and
Landgraf, 1994), social communication (Boyd, 1994; Good-
son, 1998; Goodson and Bass, 2000), aggression (Ferris et
al., 1997; Goodson, 1998), scent marking (Ferris et al.,
1984), paternal care (Wang et al., 1994), and the formation
of pair-bonds in monogamous species (Winslow et al.,
1993). Consistent with the species-specific effects of AVP
on behavior, V1aR exhibits remarkable species differences
in its neuroanatomic distribution, even among closely re-
lated species (Young, 1999). Among microtine rodents, the
patterns of V1aR distribution in the brain are associated
with social organization (Insel et al., 1994). For example,
the monogamous prairie (Microtus ochrogaster) and pine
voles (M. pinetorum) share a common pattern of V1aR
distribution that is distinct from their promiscuous con-
geners, the meadow (M. pennsylvanicus) and montane (M.
montanus) voles. Several observations demonstrate that
patterns of V1aR binding in the brain directly influence
species-specific social behavior. First, intracerebroventric-
ular injection of AVP into prairie voles facilitates partner
preference formation and increases social interactions but
has no such effect in the promiscuous montane vole (Win-
slow et al., 1993; Young et al., 1999a). Second, AVP injec-
tions also enhance social affiliation in transgenic mice
with a prairie-like V1aR profile, but do not cause these
behaviors in wild-type mice (Young et al., 1999a). Finally,
increasing V1aR expression in the ventral forebrain of the
prairie vole by using viral vectors facilitates pair-bond
formation in the absence of mating (Pitkow et al., 2001).

The association between social organization and V1aR
distribution extends beyond Microtus. For example, the
monogamous Peromyscus californicus exhibits high levels
of V1aR binding in the ventral pallidum compared with
the promiscuous P. leucopus (Bester-Meredith et al.,
1999). Similarly in primates, the monogamous common
marmoset has high levels of V1aR binding in the ventral
forebrain compared with the nonmonogamous rhesus ma-
caque (Wang et al., 1997; Young et al., 1999b). There are
numerous additional species differences in receptor distri-
bution that have yet to be associated with species-typical
behaviors.

It seems that an important step toward understanding
the evolutionary diversification of social behavior is to
characterize the extent and pattern of V1aR variation
within natural populations of a single species. It is not
clear, for example, whether the emergence of profound

differences between congeners emerges during speciation
or might reflect a large pool of intraspecific variation that
has simply gone undocumented. Investigating the natural
history of neuroanatomic variation can provide insight
into the emergence of species differences, while offering a
novel model of individual differences in social behavior.

Here, we document the extent and nature of variation in
V1aR binding in the brains of a wild, free-living popula-
tion of prairie voles. First, we present the frequency dis-
tribution of receptor binding densities within the popula-
tion for a wide range of forebrain and thalamic structures,
some of which show bimodal distributions. We follow this
with simple tests for sex differences, taking advantage of
a large sample size (32 unmanipulated adults) to charac-
terize naturally occurring differences. Finally, we provide
a novel analysis of covariation in specific V1aR binding
among brain regions. We use hierarchical clustering
methods to describe natural patterns of correlation be-
tween structures and assess the validity of these clusters
by using bootstrap statistical analyses. The cluster anal-
ysis provides a more global synopsis of observed variation,
allowing us to determine whether there are any clear
patterns in the sorts of structures that are likely to covary.
These axes of variation and covariation define the pheno-
types upon which selection is able to act. Because V1aR
expression is so closely tied to social behavior, examina-
tion of such diversity can inform our understanding of the
evolutionary diversification of the complex suite of behav-
iors that comprise social systems.

MATERIALS AND METHODS

Animal subjects

Male and female prairie voles were caught in and
around Champaign, Illinois, by using Sherman Live Traps
(3 inches � 3.5 inches � 9 inches) baited with cracked
corn. Traps were checked twice daily for captures. Ani-
mals were weighed, sexed, and examined for several mor-
phologic features used to identify the species caught. An-
imals that were clearly microtine rodents were assigned to
the species prairie vole based on three initial criteria: a
tail shorter than 37 mm, a reddish hue to the venter, and
the presence of five toe pads (Hofmeister, 1989). Animals
that seemed ambiguous in any of these features were
assessed for the number of cuspids in the third upper
molar, a definitive morphologic feature distinguishing
prairie voles from their sympatric congener, the meadow
vole, Microtus pennsylvanicus (Hofmeister, 1989). Analy-
sis of molars revealed no species misidentifications.

Animals were euthanized by CO2 asphyxiation, the
brains were removed and stored on dry ice and shipped to
Emory University where they were stored at �70°C until
processing. Gonads were dissected to confirm reproductive
condition of the animals. A total of 18 males and 14 fe-
males were caught. All animals were reproductively ma-
ture. Animal protocols were approved by the IACUC com-
mittee at Emory University.

Radioligand receptor autoradiography

Brains were sectioned on a cryostat at a thickness of 20
�m. Coronal sections were taken every 100 �m, beginning
in the olfactory bulb and extending caudally past the level
of the ventroposterior thalamus, stopping at approxi-
mately the level of the medial geniculate and superior

Abbreviations

AOB accessory olfactory bulb
C Amyg central nucleus of the amygdala
GrAOB granule cell layer of accessory olfactory bulb
Olf Bulb olfactory bulb
L BST lateral bed nucleus of the stria terminalis
L Sept lateral septum
LD Thal laterodorsal thalamus
M Amyg medial nucleus of the amygdala
M BST medial bed nucleus of the stria terminalis
M Gen medial geniculate
MD Thal, L lateral mediodorsal thalamic nucleus
MD Thal, M medial mediodorsal thalamic nucleus
P Cing posterior cingulate cortex
V BST ventral portion of lateral and medial bed nucleus of the

stria terminalis
V Pall ventral pallidum
VP Thal ventral posterior thalamic nucleus
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colliculus. Slides were allowed to dry at room temperature
during the slicing, and then were stored at �70°C until
autoradiographic binding was performed.

Receptor autoradiography was performed by using 125I-
labeled linear vasopressin V1a receptor ligand (HO-
phenylacetyl1-D-Tyr(Me) 2-Phe3-Gln4-Asn5-Arg6-Pro7-Arg8-
NH2, Perkin-Elmer Scientific [NEX-310]) as described
previously (Young et al., 1997). The sections were pretreated
with 0.1% paraformaldehyde in phosphate-buffered saline
(pH 7.2) for 2 minutes at room temperature. After a pre-
wash in 50 mM Tris-HCl (pH 7.4), slides were exposed to
a 60-minute room temperature incubation of 50 pM 125I-
antagonist in 50 mM Tris with 10 mM MgCl2 and 0.1%
bovine serum albumin (radioimmunoassay grade, fraction
V; Sigma, St. Louis, MO). The binding buffer was made in
sufficient volume that all sections were incubated simul-
taneously using the same buffer, removing variation in
binding buffer as a source of variation in binding. Un-
bound ligand was removed by four washes in 50 mM Tris,
pH 7.4, 100 mM MgCl2. After air-drying, the slides were
exposed to BioMax MR film (Kodak, Rochester, NY) along
with 125I-labeled autoradiographic standards for 68 hours.

After film exposure, slides were counterstained for ace-
tylcholinesterase and used to identify landmarks needed
to delineate neuroanatomic boundaries. Neuroanatomic
boundaries were defined by using a rat brain atlas (Paxi-
nos and Watson, 1998) and are summarized in Figure 1.

Data analysis

Optical density readings were measured and converted
to decompositions per minute (dpm)/milligram tissue
equivalent (TE) based on autoradiographic standards us-
ing the NIH Image software (available free at http://
rsb.info.nih.gov/nih-image). Each brain region was mea-
sured bilaterally in at least three sections 100 �m apart,
and the average of the six readings was recorded. Specific
binding for a given region was calculated by subtracting
the mean density of nonspecific binding in an adjacent
region of cortex from the mean binding density in the
region of interest. Individual differences in specific bind-
ing are reported in Figure 2, which displays histograms
for many of the regions investigated.

Analysis of covariation

Before examining patterns of covariation across brain
regions, we first regressed “whole-brain–specific binding”
against each individual region. Variation in tissue quality
could conceivably lead to variation in binding that would
lead to positive correlations in many structures; the resid-
uals of these regressions represent binding that is not
attributable to variation in whole-brain binding. Whole-
brain binding was defined as the sum of the total specific
binding measured in the brain regions investigated. After
statistically controlling for whole-brain binding, we calcu-
lated pair-wise correlations between regions. Using the
regression residuals reduced the strength of positive cor-
relations between many regions and revealed negative
correlations between many others, but did not change the
hierarchical pattern of the correlations. We do not report
the exact values or significance levels of individual corre-
lations because they were not used in hypothesis testing.

We transformed the correlation matrix into a distance
matrix simply by defining distance as 1-r, where r is the
Pearson correlation coefficient. Distances were thus max-
imal (near 2.0) when correlations were strong and nega-

tive, and minimal (near 0.0) when correlations were
strong and positive. The resulting distance matrix was
used to perform a hierarchical cluster analysis.

Hierarchical cluster analysis is a means of visualizing
the similarity between variables. The distance matrix is
first used to determine which pair of variables are least
distant; these two variables are joined into a cluster, and
the distances between the cluster and all other variables
are calculated, resulting in a new distance matrix in
which the new cluster replaces its component variables.
This procedure is done iteratively until all variables are
joined into a single cluster. (For convenience, we refer to
the complete set of clusters as a tree or dendrogram.) In
general, which clusters are formed and how they are in-
terpreted vary somewhat with the criteria used to calcu-
late the distance matrix from the original data, and with
the method used to calculate distances between new clus-
ters and the remaining variables. In our analysis, the
distance at which a cluster is formed represents the mean
distance between members of the cluster. A cluster formed
at a distance d � 0.25, for example, would be composed of
a series of brain regions that have an average pair-wise
correlation coefficient of r � 0.75; a cluster joined at a
distance of 1.75 would have an average r � �0.75. In our
analysis, distance represents both the strength and sign of
the correlations between the clustered brain regions.

Bootstrap analysis of cluster results

To assess the stability of cluster results, it is necessary
to use simulation methods to resample the original data
set and estimate the frequency of each cluster in the
resulting sample of trees. Brown (1994) reviews three
types of hypothesis tests that can be performed on den-
drograms, including but not limited to trees produced by
hierarchical cluster analysis.

The first, type I, is a test that assesses whether a given
cluster is significantly more likely to occur in a resampling
of the data than in a null data set. The null data set is
defined to be one in which the distributions of individual
variables are identical to those of the original data sample,
but in which the variables are independent of one another.
This strategy is executed by drawing individuals with
replacement from the original data set, yielding a new
data set with an identical number of individuals. A null
data set is constructed from this bootstrapped data by
randomly reassigning a variable’s entries to different in-
dividuals. This permutation of the data preserves the dis-
tributions of each variable, but makes all variables inde-
pendent. The cluster analysis is then performed on both
the bootstrapped data and the null data. Both trees are
surveyed to see if a particular cluster is present. If one tree
displays the cluster but the other does not, this iteration of
bootstrapping is considered informative and scored. New
bootstrapped and null data sets are generated until a
desired number of informative samples have been ob-
tained. The probability that the cluster is more likely in
the bootstrapped data than in the null data is computed
using a sign-test. Because several mutually exclusive clus-
ters can be supported over those gleaned from null data,
this approach represents the weakest of the three tests
Brown (1994) outlined.

The second class of test (Brown’s type II) directly com-
pares the support for one grouping over another grouping.
To perform this test, a bootstrapped data set is con-
structed and the resulting tree assessed for the presence
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Fig. 1. a–g: Regions in which vasopressin V1a receptor (V1aR)
binding was measured. Sections are arranged in rostral (a) to caudal
(g) order. The left side of each panel is an autoradiography film; the
right side is a matching section stained for acetylcholinesterase and

counterstained with cresyl violet. The sections are not necessarily
from the same brain. Panels in this figure have been adjusted for
brightness and contrast by using Adobe Photoshop version 6.0. For
abbreviations, see list. Scale bar � 5 mm in g (applies to a–g).
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of one of two mutually exclusive clusters. If one of the
clusters is present, the iteration is informative. Again the
bootstrap procedure is repeated until a desired number of
informative replicates has been obtained. The probability
that one cluster is more likely than a second is computed
using a sign-test. We used this test to compare the support
for a cluster obtained from our original analysis to that of
a cluster predicted a priori from the proximity of different

regions on a slide. This test allows us to directly assess
whether our clusters could be explained as by-products of
between-section variation in binding.

We report a novel modification of the type II test that
allows one to assess whether a given cluster is the most
supported of all possible alternatives. In this procedure,
we generate bootstrapped data sets and record the pres-
ence or absence of the cluster in question. If the cluster is

Fig. 2. Histograms summarizing individual differences in nine of
the brain regions measured. Binding density is measured in disinte-
grations per milligram of tissue equivalents. Note that closely related
brain regions that were measured separately for the purposes of

examining patterns of covariation (P Cing A and B, and MD Thal L
and M; see Materials and Methods for details) have been pooled here.
For abbreviations, see list.
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absent, a list is made of all alternative clusters containing
one or more of the variables from the original cluster. We
repeat the bootstrap iterations until the frequency of the
two most common clusters sum to obtain the desired num-
ber of informative replicates. We use a sign-test to com-
pare the support for the most frequent and second most-
frequent clusters. If the original cluster is the most
frequent, and if it is more strongly supported than the
second most-frequent cluster, it follows that the original is
more likely than any single alternative.

The third test Brown describes is the most conservative.
It tests whether a given cluster is more likely than all
other alternatives combined. In this test, the bootstrapped
data are scored as either possessing or lacking the cluster
in question. Because all trees contain either the hypothe-
sized cluster or a mutually exclusive alternative, all iter-
ations of the bootstrap procedure are informative. The
support for the cluster over all possible alternatives com-
bined is computed using a sign-test.

Our analysis consisted of 17 variables joined together in
15 clusters. (The 16th cluster is simply the set of all
variables, and so has no alternatives.) To minimize the
number of tests performed, we began by assessing each
cluster with the most conservative test. Those that failed
a conservative test were tested with the next most conser-
vative. Bonferroni corrections of the alpha level were
made for multiple tests. The number of informative boot-
strapped samples was set to 100, the desired alpha level to
0.05. We first tested all 15 clusters on independently boot-
strapped samples to see which of the clusters were more
strongly supported than all alternatives combined, cor-
recting the alpha level to 0.003 (0.05/15 � 0.0033). Of
these 15 clusters, 6 were significantly more supported
than all alternatives combined (P � 0.003). The nine that
were not supported were tested to determine whether
each cluster was significantly better than any single al-
ternative, with an alpha level now set to 0.002 (0.05/24).
Of these, six were not supported over every alternative.

These six were tested to determine whether they were
more likely than clusters drawn from the null samples
(� � 0.05/30 � 0.0016). For each of these statistics, any
observed cluster with � � P � 0.05 is considered a non-
significant trend. We consider this series of tests and
Bonferroni corrections to be a conservative analysis of our
data.

Programs for the bootstrap analyses were written by the
authors and implemented within the MatLab program-
ming environment. Academic researchers wishing to use
the software for comparable analyses should contact SMP
for free copies of the source code.

RESULTS

Individual differences in forebrain
V1aR binding

Despite the large sample size, there were no significant
sex differences in the binding of any of these regions (P �
0.10; Table 1), even using the most liberal statistics (single
t tests, uncorrected for multiple comparisons). This find-
ing is consistent with reports that prairie V1aR expression
is generally insensitive to the influence of gonadal hor-
mones (Cushing et al., 2003; Wang, personal communica-
tion) and suggest that nongonadal mechanisms must be
responsible for individual differences. The data were
pooled across sexes for further analysis.

Histograms illustrating the distribution of binding den-
sities for most brain regions analyzed are presented in
Figure 2. As one might expect, the variation in many
regions was unimodal, with every subject showing a mean
binding greater than zero. Among the regions displaying
unimodal (one-peaked) distributions (all telencephalic
structures except posterior cingulate cortex [P Cing] and
perhaps central nucleus of the amygdala [C Amyg]), some
regions displayed little variation (ventral pallidum [V
Pall], M Amyg) while others displayed substantially more

TABLE 1. Individual Differences in V1aR Binding1

Region

Quartile boundaries Sex comparisons (n � 14 females, 18 males)
Individual vs.
species diffs

Low � High Female � std Male � std P Indiv Species

AOB 3742 4456 5142 4305 � 757 4580 � 927 0.37 1.37 —
BST, L 474 781 989 717 � 232 831 � 715 0.53 2.09 1.80*
BST, M 125 307 460 358 � 180 268 � 257 0.26 3.68 —
BST, V 681 1286 1645 1245 � 612 1318 � 1162 0.82 2.41 1.83*
C Amyg 1236 1733 2365 1781 � 683 1695 � 599 0.71 1.91 3.14*
Gr AOB 2815 3465 4019 3379 � 681 3536 � 975 0.60 1.43 —
L Sept 977 1750 2286 1728 � 642 1767 � 956 0.89 2.34 2.67*
LD Thal 1492 2092 3078 1987 � 1232 2175 � 1204 0.67 2.06 7.30*
M Amyg 1186 1436 1660 1571 � 547 1331 � 439 0.19 1.40 1.17
MD Thal (Avg) 1033 1575 2273 1576 � 978 1574 � 804 0.99 2.20 1.69*
MD Thal, L 901 1641 2388 1614 � 1002 1661 � 890 0.89 2.65 —
MD Thal, M 946 1510 2236 1539 � 973 1487 � 756 0.87 2.36 —
M Gen 182 1502 2206 1515 � 919 1492 � 1394 0.96 12.12 1.37
Olf Bulb 989 1595 2022 1575 � 617 1612 � 652 0.87 2.05 —
P Cing (Avg) 157 873 1602 979 � 728 791 � 758 0.48 10.19 2.36
P Cing A 153 810 1425 886 � 626 751 � 748 0.58 9.31 —
P Cing B 180 937 1846 1072 � 887 832 � 812 0.44 10.25 —
V Pall 1314 1903 2218 1790 � 623 1991 � 1173 0.54 1.69 1.51*
VP Thal 0 597 975 789 � 661 447 � 662 0.16 �10.00 3.87*

1Quartile boundaries: Low quartile boundaries represent the level of V1aR binding (dpm/mg TE) of the eighth lowest of 32 subjects, � the mean, and High the eighth highest
binding. Sex comparisons: Female � std represents the mean binding for females (n � 14) � standard deviation, Male � std the mean male binding (n � 18) � standard deviation.
The reported P values correspond to t-tests assuming unequal variance, with no corrections for multiple comparisons. Note that the smallest P values are 0.16 (VP Thal) and 0.19
(M Amyg), suggesting a general absence of sex differences. Individual vs. species diffs: Indiv is defined as the ratio of the upper and lower quartile boundaries for each brain region
(High/low). (Because the lower quartile boundary for the VP Thal is zero, we enter its ratio as “�10.”) To calculate a similar metric for species differences, we looked at the means
reported for prairie and montane voles in Wang et al. (1997). Species is defined as the larger of the two means divided by the smaller of the two. Asterisks denote species differences
that were statistically significant at the P � 0.05 level in Wang et al. (1997). The — symbol refers to brain regions that were not reported in comparable terms in Wang et al. (1997).
Note that we consider V Pall to be the structure Wang et al. referred to as the diagonal band. V1aR, vasopressin V1a receptor. For other abbreviations, see list.
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variation (lateral septum [L Sept]). Perhaps more striking
is the finding that many brain regions showed a profound,
bimodal (two-peaked) pattern of variation. Such a discrete
pattern of variation could correspond to alternative behav-
ioral phenotypes. The P Cing, for example, displayed bind-
ing at background levels in at least 30% of the subjects; a
second mode occurs near 1,500 dpm/mg TE. Similarly, in
each thalamic structure 10–30% of the individuals exhib-
ited specific binding at background levels (�250 dpm/mg
TE above background). In laterodorsal thalamus (LD
Thal), four subjects lacked binding, with a second mode of
six animals displaying approximately 1,250 dpm/mg TE.
The same four subjects that lacked binding in the LD Thal
lacked binding in the MD Thal, VP Thal, and medial
geniculate (M Gen), while having normal binding in sev-
eral other brain regions (e.g., Fig. 3c). A total of 11 subjects
lacked binding in the VP Thal, with a second mode of eight
subjects at 1,250 dpm; and seven subjects lacked binding
in the M Gen, with a second mode of seven subjects at
2,250 dpm/mg TE. All of the thalamic structures displayed
bimodal distributions, with one mode at background and a
second nearer the population mean. The C Amyg seemed
somewhat bimodal (Fig. 2), but because the distance be-
tween the modes is relatively small (1,750 vs. 2,500) and
the lower mode is well above background, it is less clear
whether this represents discrete variation or sampling
error. The bimodal distributions seen in the diencephalon
and in the posterior cingulate cortex raises the interesting
possibility that there may be discrete behavioral pheno-
types associated with each mode.

Sections representing binding in the upper and lower
quartile for many of these regions are presented in Figure
3. Similar levels and patterns of variation have been ob-
served within our lab colony (data not shown). We find
individuals lacking binding in the P Cing or thalamus
while binding in other brain areas is intact. We have not
seen an animal from this population lacking binding in
either the LD Thal or the MD Thal, without lacking bind-
ing throughout the thalamus.

Covariation in binding: Hierarchical
clustering, and bootstrap analysis

There were extensive correlations in V1aR binding den-
sities between brain regions. Before correcting for whole-
brain–specific binding, pair-wise correlations ranged from
�0.24 to 	0.89, with a mean correlation coefficient of
	0.27 and a median of 	0.24. Correcting for variation in
whole-brain–specific binding yielded a range of �0.46 to
	0.87 (mean � 	0.13, median � 	0.11, see Fig. 4a),
revealing negative correlations that were masked by
whole-brain variation and reducing the strength of spuri-
ous positive correlations. Despite the change in the size
and sign of some correlations, the hierarchical pattern of
correlations proved remarkably robust to such transfor-
mations, suggesting a general stability of our hierarchical
cluster results to various analysis procedures (data not
shown). Bootstrapped samples of our data set demon-
strate the overall stability of the correlation matrices (Fig.
4b). Null data resulting from breaking the correlations
present in corresponding bootstrapped samples revealed
no reliable patterns of correlation between regions. All
clusters occurred significantly more often in bootstrapped
samples than in null samples (P � 0.001).

The hierarchical cluster analysis (Fig. 4a) revealed a
tight linkage of the AOB and the GrAOB (distance d �

0.16, supported over all alternatives combined, P � 0.003),
two functionally and developmentally related structures.
This cluster was nested within a general olfactory cluster
that includes the main olfactory bulb (d � 0.39, repre-
sented by the red cluster in Fig. 4a, supported over all
alternatives combined, P � 0.003).

The lateral and ventral divisions of the bed nucleus of
the stria terminalis (BST) clustered with one another (d �
0.19, supported over null, P � 0.001; not supported over
any single alternative, P � 0.05), joined first by the ven-
tral pallidum (d � 0.21, combined, P � 0.003), and then by
the medial BST (d � 0.46, better than any single alterna-
tive, P � 0.002). Bootstrap samples often changed the
groupings within the cluster {L BST, V BST, V Pall}, but
other groupings were extremely stable. We refer to the
cluster containing the BST and V Pall brain regions as
“pallidal,” shown in orange in Figure 4a.

Rostral and caudal measures of the posterior cingulate
(A and B, respectively) were joined at a distance of 0.13,
despite being separated from one another by 
700 �m and
often being located on separate slides (Fig. 4a, combined,
P � 0.003). The P Cing cluster is joined by the M Amyg at
d � 0.63 (single alternative, P � 0.002). Whereas the P
Cing is pallial in origin, the M Amyg derives from the
“intermediate zone” adjacent to the pallial anlage; in the
laboratory mouse, these structures exhibit overlapping
patterns of transcription factor expression (Smith-
Fernandez et al., 1998; Puelles et al., 2000).

The pallial/amygdaloid cluster was then joined by L
Sept, but this grouping was not reliably observed in our
bootstrap analysis (d � 0.77, single alternative, P � 0.05).
Although the placement of L Sept within this cluster was
more likely in the bootstrapped data than in the null data
(P � 0.001), our results indicate that there were several
alternative groupings of the L Sept that were no less likely
than the observed grouping (single alternative, P � 0.05).
Such alternative clusters did reliably place the L Sept
within the telencephalon cluster.

The olfactory and pallidal clusters joined at a distance of
0.66, which then joined the cluster consisting of L Sept
and the pallium at d � 0.82. The deeper groupings within
the telencephalic cluster were not observed any more fre-
quently than alternative groupings of these regions (P �
0.05). The telencephalon cluster itself was supported over
null data (P � 0.001) and was favored by a nonsignificant
trend when compared with the second most-likely cluster
(P � 0.02).

The lateral and medial segments of the MD Thal covary
strongly and were joined at a distance of 0.15 (combined,
P � 0.003). These join with the LD Thal at a distance of
0.24 (combined, P � 0.003). Surprisingly, these are joined
by C Amyg (d � 0.77), but this cluster is not significantly
supported over the second most likely alternative, a tha-
lamic cluster that includes VP Thal but excludes C Amyg
{LD Thal, MD Thal M, MD Thal L, VP Thal} (single
alternative, P � 0.04). VP Thal and M Gen are joined at a
distance of 0.56 (NS single alternative, P � 0.05). A deep
cluster is then formed {D Thal, MD Thal L,M, VP Thal, M
Gen, C Amyg} that consists of all investigated dience-
phalic structures together with C Amyg (d � 0.84). This
“diencephalic” cluster was supported over null groupings
(P � 0.001) but was not significantly better than the
second-best alternative (P � 0.05). The final cluster, then,
consists of joining the telencephalic regions (main and
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Fig. 3. Representative sections from prairie vole brains in the
lower (left) and upper (right) quartiles of vasopressin V1a receptor
(V1aR) binding. Arrows indicate the regions illustrated in each pair of
panels: ventral pallidum (a), posterior cingulate (b), laterodorsal and
mediodorsal thalamus (c), and central and medial amygdala (d).

Anatomic boundaries used for each of these structures are illustrated
in Figure 1. The depicted sections underwent uniform adjustments of
brightness and contrast by using Adobe Photoshop version 6.0 soft-
ware. Scale bar � 5 mm in d (applies to a–d).



Fig. 4. Patterns of covariation among brain regions exhibiting
vasopressin V1a receptor (V1aR) binding. a: The left panel is a cor-
relation matrix produced by estimating pair-wise correlation between
brain regions following the removal of “whole-brain–specific binding”
(see Materials and Methods for details). The color scale is given in
Figure 4b. The right panel denotes the hierarchical cluster generated
for the data. All clusters were supported over null data (P � 0.002, see
Fig. 4b, Results section). Clusters with cross-bars were significantly
more likely any other cluster (single alternative, P � 0.002). Clusters
with cross-bars and asterisks were significantly more likely than all

alternative clusters combined (P � 0.003). b: Examples of correlation
matrices generated by bootstrap analyses. The upper series depicts
the original matrix (left) and three matrices generated by re-sampling
individuals with replacement. Note the similarities in the overall
patterns of correlations. The lower series depicts the scale used for all
matrices in Figure 4 (left), and three “null” matrices generated by
randomly re-sampling data for each brain region independently of the
individual the region was measured in. Note that the correlations in
the null matrices show no hierarchical patterns and have a mean near
zero. For abbreviations, see list.



accessory olfactory bulb, pallidum, pallium, and L Sept)
with the diencephalon and C Amyg (d � 1.06).

Between-section variation is not sufficient
to explain observed clusters

If there exist significant procedural sources of between-
section variability, regions that are measured on the same
section would tend to be correlated and clusters could
reflect artifacts of tissue preparation and binding proce-
dures. We minimized this variation by preparing a com-
mon binding buffer containing the appropriate concentra-
tion of 125I-labeled linear-AVP. Fortunately, we can make
a series of a priori predictions for clusters that would
emerge as a result of proximity alone. We tested the sup-
port for the observed clusters versus artifactual,
proximity-based clusters with our bootstrap analysis.

The lateral and medial divisions of the bed nucleus were
measured at the same level, a level that included the
lateral septum. In our cluster analysis, the lateral and
ventral BST clustered with the more rostrally measured V
Pall (Fig. 1). We compared the support for the observed
cluster {L BST, V BST, V Pall} with that of a predicted
proximity-based cluster {L BST, V BST, M BST} and found
that the originally observed cluster occurred significantly
more often than did the cluster of adjacent BST subdivi-
sions (91 of 100 informative bootstrapped samples, P �
0.001). Indeed, the observed cluster was significantly more
likely than all other clusters combined (P � 0.003), which
would include any clustering of its members with the
adjacent L Sept.

The posterior cingulate cortex was measured at two
levels, termed A and B (Fig. 1). Level B occurred on the
same sections that were used to measure binding in the
VP Thal, M Amyg, and C Amyg. In fact, the distance
between P Cing A and B was 
700 �m, and the two were
often on separate slides. A clustering based on between-
section variability would join P Cing B with the VP Thal,
C Amyg, or M Amyg. In every bootstrapped sample as-
sessed, however, P Cing A and P Cing B always formed a
cluster (100 of 100, combined, P � 0.003). Despite the
distance between these measurements, the correlation be-
tween P Cing A and B was stronger than that observed
between any other pair (r � 0.87).

At the level of the thalamus, the MD and LD Thal are on
the same sections and the VP Thal, C Amyg, and M Amyg
were slightly caudal. The M Gen, in contrast, was typi-
cally 
900 �m caudal to the VP Thal. We compared the
observed cluster {VP Thal, M Gen} with the artifactual
cluster {VP Thal, C Amyg}. We found the observed {VP
Thal, M Gen} to be much more likely than the artifactual
cluster {VP Thal, C Amyg} (99 of 100 informative boot-
strapped samples, P � 0.001).

Because the Olf Bulb, AOB, and GrAOB are adjacent, as
well as functionally and developmentally related, the clus-
tering of these three regions could be attributed either to
biological or procedural sources of variation. However, if
the correlations across these regions are due to section
variability, there is no reason to predict any particular
pair-wise clustering of these regions. Yet the AOB and
GrAOB covary strongly (r � 0.84). The observed cluster
{AOB, GrAOB} is significantly more likely than all other
alternative clusters combined (P � 0.003), including the
possible pairs {Olf Bulb, GrAOB} and {Olf Bulb, AOB}.

Observed clusters within every major grouping—the ol-
factory, pallidal, pallial and thalamic clusters—clearly

preclude clusters based on between-section variability.
The bootstrap analysis refutes between-section variability
as an adequate explanation for the hierarchical cluster
results.

DISCUSSION

We found a surprising level of variation throughout the
prairie vole forebrain. For most regions, the intensity of
binding in the upper quartile of individuals was at least
twice that of the binding observed in the lower quartile
(Table 1). In the M Gen, P Cing, and VP Thal, individuals
in the upper quartile had levels of binding that were at
least 10-fold greater than those in the lower quartile (Ta-
ble 1). For the 11 structures in which comparable mea-
sures were taken in both our study and that of Wang et al.
(1997), only two structures showed higher mean species
differences than the differences we report within prairie
voles (Table 1). Given that species differences in V1aR
contribute to species-typical social behaviors, it seems
likely that intraspecific variation in V1aR binding will
contribute to individual differences in social behaviors.
Structures showing some of the lowest levels of variation
(e.g., V Pall, M Amyg) have been implicated in species-
specific patterns of pair-bonding and paternal care (Kirk-
patrick et al., 1994a, b; Pitkow et al. 2001; Phelps et al.,
2002); low variation may reflect selection favoring the
expression of these behaviors.

Of interest, those structures showing the most profound
individual differences are among the least studied in the
context of sociality. The posterior cingulate, for example,
is known to be involved in spatial reference memory, pre-
sumably through its interactions with the hippocampus
and the laterodorsal thalamus (Cooper et al., 2001; Whishaw
et al., 2001). Perhaps V1aR variability in the P Cing and
LD Thal influences the ability of these animals to recall
the spatial position of social cues—an ability that would
be useful for the dampening of aggression toward familiar
individuals along familiar borders (the “dear enemy” ef-
fect), to locating preferred mates for extra-pair copula-
tions, and other sociosexual interactions that can be ex-
pected to take place in a natural setting. To our
knowledge, no studies have investigated a role for either
structure in social behaviors. Similarly, the mediodorsal
thalamus, with its input from the ventral pallidum and its
output to the prefrontal cortex, is a portion of the limbic
thalamus central to reward processing. Vasopressin and
the related neuropeptide oxytocin mediate pair-bonding in
prairie voles, at least in part through their actions on
reward structures (Gingrich et al., 2000; Insel and Young,
2001; Young et al., 2001): one might reasonably expect
receptor expression in the MD Thal to influence pair-
bonding or other forms of pro-social behaviors. Moreover,
the bimodal variation (Fig. 2) within the thalamus and
posterior cingulate suggests that high and low levels of
V1aR expression might be associated with discrete behav-
ioral phenotypes.

Although there were tremendous individual differences,
we could find no evidence for sexually dimorphic V1aR in
any brain region, despite considerable sample sizes (P �
0.10; Table 1). This finding is consistent with prior reports
derived from smaller samples, but reinforces how anoma-
lous it is that vasopressin seems to be a more potent
activator of pair-bonding in male prairie voles (e.g., Cho et
al., 1999). The absence of sex differences also suggests
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that gonadal steroids are not driving individual differ-
ences. This finding is consistent with studies that have
failed to find an influence of neonatal or adult castration
on the pattern of V1aR (Cushing et al., 2003; Wang, per-
sonal communication). Perhaps developmental differences
in adrenal steroids or neonatal environments may shape
V1aR expression profiles. Neonatal exposure to adrenal
steroids influences adult behavior in prairie voles (Roberts
et al., 1997). Variation in maternal care has been linked to
V1aR in the brains of male rats (Francis et al., 2002).
Although developmental perturbations may plausibly con-
tribute to the observed variation, there is no precedent for
developmental influences on many of the most variable
structures (e.g., P Cing and thalamus). Another possible
source of variation lies in the architecture of the V1aR
gene itself. The prairie vole promoter contains a microsat-
ellite, or repetitive DNA sequence that tends to have ex-
tremely high mutation rates (Young et al., 1999a). We
found tremendous V1aR promoter diversity in a sample
from this population (Phelps et al., 2002). Analogous al-
lelic variation has been implicated in human differences
in the serotonin transporter, for example (Lesch et al.,
1996; Hariri et al., 2002). A high level of heritable poly-
morphism in V1aR phenotype would represent a pool of
variation that could facilitate the evolution of the striking
species differences previously reported.

Although there were many compelling differences in the
variation of individual brain regions, patterns of covaria-
tion across regions were also striking. The global pattern
of covariation shows a general agreement with the devel-
opmental origins of distinct brain structures. This pattern
is inconsistent with clusters produced simply by the prox-
imity of brain structures to one another. The BST and V
Pall covaried strongly; we refer to this grouping as pallidal
because both are derived from the pallidal ridge (Alvarez-
Bolado and Swanson, 1996). The posterior cingulate cor-
tex and the medial amygdala form a cluster. Although the
posterior cingulate is pallial, most authors now consider
the medial amygdala to be subpallial (Swanson and
Petrovich, 1998; Puelles et al., 2000). Nevertheless, the
precursors of the medial amygdala and the pallium are
adjacent during development, and share common patterns
of expression for several transcription factors, including
Emx-1 and Pax-6 (Smith Fernandez et al., 1998; Puelles et
al., 2000). The pattern of transcription factors shared by
the pallium and segments of the subpallium could poten-
tially explain the observed covariation in V1aR expres-
sion. The olfactory, pallidal, and pallial clusters combine
with the lateral septum to form a deep telencephalic clus-
ter (Fig. 4a). Similarly, the thalamic regions coalesce to
form a diencephalic cluster. In fact, the only brain region
that joined a cluster of clearly unrelated regions was the
central nucleus of the amygdala. This finding suggests
that the regulation of V1aR expression in C Amyg is
somehow modified by mechanisms not shared by other
regions of the telencephalon. Of interest, in a study of
maternal environments on adult rat V1aR patterns, only
C Amyg expression was linked to neonatal social experi-
ence (Francis et al., 2002). In any case, we cannot confi-
dently suggest a cause for the C Amyg pattern of varia-
tion; we can, however, highlight it as an anomaly that
deserves attention.

The finding that intraspecific variation in the expres-
sion of a single gene is structured by the developmental
origins of brain regions is a novel finding. It is, however,

consistent with a long tradition of using patterns of neu-
romodulator expression to define developmental and evo-
lutionary homology between brain regions. Our data sug-
gest that developmental homologies govern more than the
presence or absence of a given gene product; differences
among brain regions exhibit more subtle, quantitative
patterns of covariation as well.

Perhaps surprisingly, regions that comprise functional
circuits do not necessarily covary. The posterior cingulate
did not show a particularly strong affinity for the lat-
erodorsal thalamus, nor did the mediodorsal thalamus
show an affinity for the ventral pallidum, medial amyg-
dala, or the olfactory structures. Binding in the lateral
septum was not reliably associated with the bed nucleus
or the medial amygdala. Where functionally related re-
gions did covary—as among olfactory or pallidal
structures—this covariation seems easily explained by de-
velopmental homology.

The covariation of distinct regions executing quite dif-
ferent functions has clear evolutionary implications. Ani-
mals expressing high V1aR in the MD thalamus, for ex-
ample, are more likely to express high levels of V1aR in
the LD thalamus. These correlations raise the possibility
of coordinated variation among behaviors related to pair-
bonding and space-use. Given the tight evolutionary link-
age of male home-range size and mating system (reflected,
for example, in sex and species differences in hippocampal
size [Sherry, 1998]), this is an intriguing possibility. Our
data reveal a need to test whether intraspecific variation
in V1aR can cause individual differences in social behav-
iors and whether correlations between brain regions lead
to covariation in related behaviors.

Microarray studies have used cluster analysis to look at
the coregulation of gene expression at the level of mRNA
abundance by using correlations among genes to infer
common transcriptional regulation. In one of the few stud-
ies we could find relating gene expression profiles to neu-
roanatomic boundaries and developmental homology,
Zhao et al. (2001) found that brain regions that were
developmentally related were more likely to share gene
expression profiles. Given what is known regarding the
hierarchical, combinatorial control of cell development
and gene expression, hierarchical patterns of correlations
among developmentally related structures seem likely to
be a general phenomenon. Our data, however, are mea-
sures of functional protein expression and not of gene
transcription. We previously have demonstrated that
V1aR ligand binding and mRNA abundance are strongly
related (Young et al., 1997), so our measures may indeed
reflect changes in transcription. Nevertheless, whether
the observed correlations between developmentally re-
lated structures are caused by shared mechanisms of tran-
sciptional regulation remains to be demonstrated.

Whatever the causes of covariation in expression, the
findings have implications for the investigation of individ-
ual differences. They suggest, for example, that behavioral
consequences of individual differences in neurochemistry
might present themselves as complex, correlated suites of
traits that reflect coordinate variation across brain re-
gions. Promoter differences in several neuromodulatory
systems have been linked to individual differences in tran-
scription and behavior (e.g., Lesch et al., 1996; Caspi et al.,
2002; Hariri et al., 2002). To our knowledge, however,
such behavioral variation is rarely considered in light of
the developmental homology of brain systems influenced
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by a particular neuromodulator. That prairie voles exhibit
complex social behaviors, extraordinary diversity in V1aR
binding, and patterns of marked covariation across re-
lated brain structures suggest that the species would be a
fruitful model for experimental explorations of individual
differences in neuroanatomy and behavior.

The extensive covariation among structures has compa-
rable consequences for the emergence of species differ-
ences in receptor expression profiles. Because genetic cor-
relations enable selection on one trait to drive the
evolution of another (Lynch and Walsh, 1998), correlated
expression raises the possibility that expression in any
particular brain region is an evolutionary by-product of
genetically correlated expression in another. In the rhesus
macaque, for example, V1aR is densely expressed in lay-
ers IV and VI of the cingulate and insular cortex (Young et
al., 1999b). Detailed immunocytochemical mapping stud-
ies have failed to detect any vasopressin-immunoreactive
cells or fibers in any cortical layers (Caffé et al., 1989).
However, the extensive cortical V1aR binding in the rhe-
sus brain is continuous with the cortical binding in a small
region of the subcallosal cingulate cortex, where vasopres-
sin immunoreactive fibers are found. V1aR expression in
some regions may not be functional but rather a byproduct
of the limitations of transcriptional regulation. Mecha-
nisms of gene regulation may drive the evolution of neu-
roanatomic patterns in which some aspects of gene expres-
sion are functional and adaptive while others are
incidental consequences of “genetic hitch-hiking” driven
by genetic correlations (Lynch and Walsh, 1998). Such
hypotheses require that correlated patterns of expression
are heritable—a prediction that could be readily tested.

In summary, our data demonstrate how population bi-
ology can inform our understanding of individual and
species differences in neuroanatomy. Our model system,
the prairie vole, exhibits individual differences compara-
ble to interspecies differences. Despite this tremendous
diversity, areas known to play a role in monogamous be-
havior show relatively low levels of variation—a pattern
consistent with selection at these regions. We find covaria-
tion between brain regions reflects their developmental
origins. This finding suggests that shared mechanisms of
transcriptional regulation may influence the patterns of
individual and species differences in neuropeptide func-
tion. This model system may prove tremendously useful
for understanding the causes and consequences of natural
diversity in neuropeptide systems. By studying the natu-
ral history of a neuropeptide receptor, we hope to inform
future studies of how naturally occurring differences in
the expression of a single gene can shape the origin and
evolution of species differences in complex social behavior.
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