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ABSTRACT
The neuropeptides oxytocin and vasopressin and their receptors have been implicated in
elements of mammalian social behavior such as attachment to mates and offspring, but their
potential role in mediating other types of social relationships remains largely unknown. We
performed receptor autoradiography to assess whether forebrain oxytocin receptor (OTR) or
vasopressin V1a receptor (V1aR) distributions differed with social structure in two closely related
and ecologically similar species of South American rodents, the colonial tuco-tuco (Ctenomys
sociabilis) and the Patagonian tuco-tuco (Ctenomys haigi). Long-term ﬁeld studies have revealed
that C. haigi is solitary, whereas C. sociabilis is social and provides a model of female-based group
living. Our analyses revealed marked differences in OTR and V1aR distributions between these
species. For example, only C. sociabilis had OTR binding in the piriform cortex and thalamus and
V1aR binding in the olfactory bulbs. In contrast, C. haigi exhibited dramatically higher levels of
OTR binding throughout the lateral septum and hippocampus. More generally, the group-living
C. sociabilis exhibited a pattern of nucleus accumbens OTR and ventral pallidum V1aR binding
different from that associated with the formation of opposite-sex pair bonds in microtine rodents.
Higher binding in the central nucleus of the amygdala of C. sociabilis was consistent with the
hypothesis that formation of social groups in C. sociabilis may be facilitated by reduced social
anxiety. Low OTR binding in the lateral septum might also be a permissive factor for group living
in C. sociabilis. Future studies will expand on these analyses to explore interspeciﬁc differences
in ctenomyid receptor binding patterns in a phylogenetic context. J. Comp. Neurol. 507:
1847–1859, 2008. © 2008 Wiley-Liss, Inc.
Indexing terms: OTR; V1aR; social behavior; sociality; colonial; rodent; afﬁliation; anxiety;
central amygdala; nucleus accumbens; ventral pallidum; lateral septum

Social relationships are contingent on the ability to distinguish familiar from unfamiliar individuals and to react
accordingly. The neuropeptides oxytocin (OT) and arginine vasopressin (VP) are critical for social recognition
(Ferguson et al., 2000; Bielsky et al., 2005) and for the
establishment of social relationships, including mother–
infant bonds, territory ownership, and pair bonds in socially monogamous species (for review see Numan and
Insel, 2003; Lim and Young, 2006). Little is known, however, about the neurobiological correlates of group-living
behavior outside the context of monogamous breeding
pairs (Tang-Martinez, 2003; Goodson et al., 2006). Among
rodents, female kin groups represent a common form of
sociality (Lacey and Sherman, 2007). Studies of rodent
species in which groups are composed primarily of related
© 2008 WILEY-LISS, INC.

females provide a valuable opportunity to characterize the
neurobiological substrates for the formation and maintenance of nonsexual social relationships between adult
mammals.
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To determine whether OT and VP are associated with
differences in social structure within the South American
rodent genus Ctenomys, we compared oxytocin receptor
(OTR) and vasopressin V1a receptor (V1aR) distributions
in the forebrains of two behaviorally distinct members of
this genus. Both male and female Patagonian tuco-tucos
(C. haigi) are solitary, with each adult occupying its own
burrow system (Lacey et al., 1998). In contrast, the colonial tuco-tuco (C. sociabilis) lives in groups, with burrow
systems occupied by up to six closely related adult females
and a single, unrelated adult male (Lacey et al., 1997;
Lacey and Wieczorek, 2004). Almost all adult males
(⬎94%) encountered in the ﬁeld share a burrow system
with one or more females (Lacey and Wieczorek, 2004),
whom they aggressively defend against other males (E.A.
Lacey, unpublished data). Despite the pronounced difference in social structure between C. sociabilis and C. haigi,
these species are syntopic in distribution and occur in
effectively identical habitats in southwestern Argentina
(Lacey and Wieczorek, 2003). Because both species are
thought to be polygamous (E.A. Lacey, unpublished data),
these congeners provide a potentially valuable opportunity to explore the neuroanatomical correlates of social
relationships in a species that lacks pronounced intersexual (i.e., monogamous) pair bonds.
Much of the current information regarding the role of
neuropeptides in social relationships comes from studies
of pair bonding in voles. Socially monogamous prairie
voles (Microtus ochrogaster) and pine voles (M. pinetorum)
have a pattern of OTR and V1aR expression that is distinctly different from that of nonmonogamous montane
voles (M. montanus) and meadow voles (M. pennsylvanicus), with the former characterized by high levels of OTR
in the nucleus accumbens and high levels of V1aR in the
ventral pallidum and other areas of the ventral forebrain
(Insel et al., 1994; Lim et al., 2004a). Similar contrasts in
V1a receptor distributions have been reported for socially
monogamous vs. promiscuous mice (Peromyscus californicus and P. maniculatus; Insel et al., 1991; Young, 1999).
The location of these receptors may determine whether
recognition of familiar individuals is positively reinforced
by interacting with the brain’s dopaminergic reward net-

works (de Wied et al., 1993; Aragona et al., 2003, 2006).
Experimental manipulations of receptor activation and
expression corroborate the importance of OT and VP signaling for the expression of social behavior (see, e.g., Liu
and Wang, 2003; Lim et al., 2004c).
OT receptors may also affect social behavior via their
distribution in the amygdala and subsequent modulation
of the hypothalamic-pituitary-adrenal (HPA) axis. Several
lines of evidence highlight the importance of OT in the
amygdala. First, psychological stressors induce both central and peripheral OT release, and exogenous OT reduces
the amygdalar metabolic response to fear-inducing visual
stimuli in humans (Kirsch et al., 2005). Second, highly
maternal female rats with low stress reactivity have
greater OTR binding in the central amygdala than rats
with greater stress reactivity (Francis et al., 2002). Finally, OT-deﬁcient (knockout) mice display more anxiety
behaviors and release more corticosterone in response to
stressors than do their wild-type counterparts (Amico et
al., 2004). Collectively, these data suggest that high OTR
density in the central amygdala may function to reduce
anxiety and thereby promote the expression of social relationships.
A number of studies suggest that OT may also play a
role in both maternal and male–female aggression. Although the directionality of this relationship is somewhat
equivocal, most studies reveal that OT neurotransmission
acts to reduce aggression (Campbell, 2007). For example,
infusion of an OTR antagonist into the central amygdala
increases maternal aggressive behavior in rats (Lubin et
al., 2003), whereas OT infusion decreases agression (Consiglio et al., 2005). Furthermore, female OT knockout mice
display an increased tendency to initiate aggressive interactions (Ragnauth et al., 2005), suggesting that OT may
facilitate social behavior by reducing aggressive tendencies.
VP has also been implicated in the regulation of social
behavior and anxiety in mammals (for review see Debiec,
2005), particularly in the lateral septum, where it is associated with social recognition, anxiety, and aggression
(Bielsky et al., 2005). For example, male VP knockout
mice exhibit reduced anxiety (Bielsky et al., 2004), and

Abbreviations
ACg
AOB
AOP
Arc
BLA
BnST
CA1
CA2
CA3
CeA
Cl
CM
CPu
Ctx
DG
En
FStr
Hb
Hipp
ICj
IG
LG

anterior cingulate gyrus
accessory olfactory bulb
anterior olfactory nucleus, posterior
arcuate nucleus of the hypothalamus
basolateral nucleus of the amygdala
bed nucleus of the stria terminalis
hippocampus, ﬁeld 1 of Ammon’s horn
hippocampus, ﬁeld 2 of Ammon’s horn
hippocampus, ﬁeld 3 of Ammon’s horn
central nucleus of the amygdala
claustrum
central medial thalamic nucleus
caudoputamen
cortex
dentate gyrus
endopiriform nucleus
fundus striati
habenula
hippocampus
islands of Calleja
indusium griseum
lateral geniculate nucleus

LO
LS
MPOA
MThal
NAcc
Olf bulb
PCg
PFC
Pir
PostA
PV
PVA
Rt
SCN
SHi
SM
Sv
Thal
TT
VMH
VP
ZI

lateral orbital cortex
lateral septum
medial preoptic area
midline thalamus
nucleus accumbens
olfactory bulb
posterior cingulate gyrus
prefrontal cortex (infralimbic region)
piriform cortex
posterior amygdala (medial/cortical)
paraventricular nucleus of the hypothalamus
paraventricular thalamus
reticular thalamic nucleus
suprachiasmatic nucleus
septohippocampal nucleus
stria medullaris of the thalamus
ventral subiculum
thalamus
taenia tecta
ventromedial hypothalamus
ventral pallidum
zona incerta
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V1aR agonists selectively block aggressive behavior in
Syrian hamsters and mice in the genus Peromyscus
(Bester-Meredith et al., 2005; Ferris et al., 2006). In addition, the eusocial naked mole rat, which lives in highly
cooperative groups of 70 – 80 individuals (Sherman et al.,
1991), has recently been shown to have a surprising lack
of VP-immunoreactive ﬁbers in the lateral septum (Rosen
et al., 2007), as might be expected if VP is associated with
mediation of agonistic interactions. VP and the V1aR are
thought to be most important for male social behavior (for
review see Carter, 2006), but a few studies suggest that
VP neurotransmission might also play a role in female
behavior (Caldwell and Albers, 2004; Rosen et al., 2006).
If social bonds among females are an important component of group living in C. sociabilis, then, based on receptor distributions in other rodents, we would expect to ﬁnd
greater OTR expression in the nucleus accumbens of this
species than in C. haigi. If a reduction of social anxiety or
aggression is important for group living, then we would
expect to ﬁnd interspeciﬁc differences in OTR expression
in the central nucleus of the amygdala, with greater binding predicted in C. sociabilis. Finally, if VP is involved in
aggressive behavior among tuco-tucos, we would expect
V1aR expression to be reduced in C. sociabilis relative to
C. haigi. Our comparative analyses of OTR and V1aR
distributions in the forebrains of these species provide the
ﬁrst characterization of possible neurobiological correlates
of social structure in this genus and offer potentially important insights into the roles of OT and VP in the regulation of same-sex social relationships in mammals.

The female C. sociabilis used in this study were housed
alone (n ⫽ 3), in male–female pairs (n ⫽ 4), or in multifemale groups (n ⫽ 4). Males (n ⫽ 5) were drawn from the
same pairs as females, plus one additional male–female
pair. Each of these social groupings occurs in free-living
populations of this species (Lacey, 2004), so the conditions
under which captive animals were housed represent natural variation in social setting. Captive animals were provided ad libitum with rodent chow and water; in addition,
the animals were provided daily with lettuce, carrot, and
corn. Animals were euthanized December 22–23, 2005, in
long day lengths. Brains were removed, immediately frozen on dry ice, and stored at – 80°C until analysis. Animal
care and euthanasia procedures were in compliance with
National Institutes of Health (NIH) guidelines and were
approved by the Animal Care and Use Committee of the
University of California, Berkeley.

MATERIALS AND METHODS
Animal subjects
Male and female C. haigi were captured near San Carlos de Bariloche, Rı́o Negro province, Argentina (41°08⬘ S,
71°16⬘ W). Animals were trapped between December 4
and 14, 2005, in long, summer day lengths. Animals were
captured using unbaited plastic tube traps (30 cm long, 7.5
cm OD) placed in underground tunnels. Traps were inspected within 1–2 hours of placement and reset as
needed. Sex and body mass were determined for each
animal captured; vaginal patency and evidence of lactation were also recorded (no females were lactating). Captured animals were killed with an overdose of anesthetic
(sodium pentobarbital), and brains were immediately removed and frozen with liquid nitrogen. Tissue samples
from nine animals (six females, three males) were transported to UC Berkeley on dry ice and stored at – 80°C until
analysis. Field notes and skulls from all animals collected
were accessioned into the Museum of Vertebrate Zoology
at UC Berkeley.
Five male and eleven female C. sociabilis were obtained
from a captive breeding colony maintained at UC Berkeley.
C. sociabilis could not be collected in the ﬁeld because of the
protected conservation status of this species (Dı́az and
Ojeda, 2000). Captive animals were three to six generations
descended from individuals trapped on Estancia Rincón
Grande, Neuquén Province, Argentina (40°57⬘ S, 71°03⬘ W).
This site is approximately 300 m from the nearest population of C. haigi and approximately 15 km from the C. haigi
captured during this study. In the laboratory, C. sociabilis
were housed on a simulated – 41° latitude photoperiod;
hence, day lengths experienced by these animals were the
same as those for the ﬁeld-caught C. haigi.

Receptor autoradiography
Brains were sectioned coronally on a cryostat at a thickness of 20 m. For both study species, sequential sections
were obtained from the prefrontal cortex to the dorsal
hippocampus and thaw-mounted on Superfrost Plus slides
(Fisher, Pittsburgh, PA). In addition, olfactory bulb samples were taken from four C. haigi and three C. sociabilis.
Slides were stored at – 80°C until the time of assay.
Slide-mounted sections were processed via receptor autoradiography following the protocol described by Francis et al.
(2002). For OTR binding, 125I-ornithine vasotocin analog
( 125 I-OVTA) [vasotocin, d(CH 2 ) 5 [Tyr(Me) 2 ,Thr 4 ,Orn 8 ,
(125I)Tyr9-NH2] was employed (Perkin Elmer, Norwalk,
CT). For V1aR binding, the receptor antagonist
[125I]phenylacetyl-D-Tyr(Me)-Phe-Gln-Asn-Arg-Pro-ArgTyr-NH2 (125I-linear vasopressin) was employed (Perkin
Elmer, Inc.); this ligand has also been used successfully in
rats and voles (Wang et al., 1997). Slides were placed in
racks and thawed until dry, then ﬁxed for 2 minutes in fresh,
chilled 0.1% paraformaldehyde (0.1% paraformaldehyde in
0.1 M PBS). Sections were rinsed for 2 ⫻ 10 minutes in 50
mM Tris (pH 7.4), then incubated for 60 minutes at room
temperature in a solution containing the radioactively labeled antagonist 125I-OVTA or 125I-linear vasopressin (50
mM Tris, 10 mM MgCl2, 0.1% BSA, 0.05% bacitracin, 50 pM
radioligand). Slides processed for nonspeciﬁc binding were
incubated with an additional 50 M nonradioactive ligand
([Thr4Gly7]oxytocin or d(CH2)51[Tyr(Me)2,Arg8]vasopressin;
Bachem). All slides were rinsed for 3 ⫻ 5 minutes in chilled
Tris-MgCl2 (50 mM Tris, 10 mM MgCl2, pH 7.4), dipped in
cold distilled water, and air dried.
Sections were apposed to Kodak BioMax MR ﬁlm
(Kodak, Rochester, NY) for 2 days (V1aR assay) or 3 days
(OTR assay) and subsequently developed. All slides for
each autoradiographic assay (OTR or V1aR) were processed simultaneously to ensure consistency of assay conditions.

Anatomical localization
Subsequent to autoradiographic analysis, acetylcholinesterase stains were performed on all sections following
the protocol of Lim et al. (2004b) to allow for the anatomical localization of regions with binding. Slides were incubated for 6 hours in an enzymatic solution (0.0072% ethopropazine, 0.075% glycine, 0.05% cupric sulfate, 0.12%
acetyl thiocholine iodide, 0.68% sodium acetate, adjusted
to pH 5.0 with glacial acetic acid), and then rinsed for 3 ⫻
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Fig. 1. a– d: Brain sections from C. haigi showing anatomical landmarks and the regions quantiﬁed
in this study. Images are a composite of adjacent sections stained with cresyl violet (left half) and for
acetylcholinesterase (right half). Sections are displayed rostral to caudal; a and b correspond to Figure
3, views c/d and g/h respectively; c and d correspond to Figure 3, views i/j and o/p, respectively.
Anatomical stains of C. sociabilis appear nearly identical. For abbreviations see list. Scale bar ⫽ 1 mm.

5 minutes in double-distilled water. Slides were developed
for 30 minutes in 0.77% sodium sulﬁde, pH 7.8 (adjusted
with HCl), then rinsed again for 3 ⫻ 5 minutes in distilled
water. Slides were incubated in the dark for 10 minutes in
an intensifying solution of 1% silver nitrate, rinsed for 3 ⫻
5 minutes in distilled water, and air dried. A subset of
parallel sections were stained with cresyl violet for additional anatomical reference. Anatomical localizations
were made using the Stereotaxic atlas of the forebrain of
the guinea pig (Luparello, 1967) and The rat brain in
stereotaxic coordinates (Paxinos and Watson, 2005).

Data analysis
Photographs of the autoradiographic ﬁlms presented in
Figures 2– 4 were taken in MCID Basic 7.0 running a
Photometrics CoolSnap CF camera (Roper Scientiﬁc Inc.)
and were exported as tiff ﬁles. All photographs were taken
at the same exposure settings, and the brightness and
contrast of these images were not altered. The contrast of
the anatomical stains presented in Figure 1 was adjusted
in GraphicConverter 4.9 (Lemkesoft GmbH).
Receptor density in brain regions of interest, as well as in
all regions with appreciable binding, was quantiﬁed in
MCID Basic. Autoradiographic standards on each ﬁlm were
used to convert optical density into nCi/mg tissue equivalent.
Nonspeciﬁc binding was subtracted from total binding to
yield values for speciﬁc binding to OT and V1a receptors. For

each animal, each brain region was scored bilaterally in
three brain sections 100 m apart. Measurements were
made on an area of predeﬁned size for each brain region (size
varied by region). The area was selected to provide good
coverage of the region within its boundaries. After it was
determined that there was no difference in binding between
hemispheres, right and left values were averaged to produce
individual means for each region.
Both interspeciﬁc differences and intraspeciﬁc sex differences in receptor binding were compared using t-tests
assuming unequal variances. We have reported unadjusted P values; adjusted values were also computed for
all nonplanned comparisons using the Hochberg method,
a modiﬁed Bonferroni test that provides strong control of
the familywise error rate for independent hypothesis tests
(Hochberg, 1988). Cases in which interspeciﬁc differences
were rendered nonsigniﬁcant by this adjustment are
noted in Results (see Tables 1, 2). All statistical analyses
were performed in JMP 5.1 (SAS institute) or R version
2.3.1 (R project for statistical computing; GNU Foundation).

RESULTS
125

I-OVTA and 125I-linear-vasopressin selectively bound
several regions in the forebrains of both study species. Quantiﬁed regions are shown for a sample C. haigi brain (Fig. 1);
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Fig. 2. Autoradiograms of 125I-OVTA and 125I-linear-vasopressin binding in the presence and absence
of selective receptor antagonists: 125I-OVTA alone (a), 125I-OVTA and excess [Thr4Gly7]-oxytocin (b),
125
I-linear-vasopressin alone (c), and 125I-linear-vasopressin and d(CH2)51[Tyr(Me)2,Arg8]-vasopressin
(d). Scale bar ⫽ 1 mm.

C. sociabilis brains are nearly identical in appearance.
Speciﬁc binding was eliminated in all regions by the presence
of excess OTR-selective ligand [Thr4Gly7]-oxytocin or the V1aRselective ligand d(CH2)51[Tyr(Me)2,Arg8]-vasopressin, so binding appears to be speciﬁc to the OT and V1a receptors (Fig. 2).
For both species, intraspeciﬁc variation in receptor densities
were low relative to other nondomesticated rodent species such
as prairie voles (Phelps and Young, 2003). The functional
consequences of this homogeneity are unknown. In contrast, C. haigi and C. sociabilis showed a high degree of
interspeciﬁc variation in OTR (Fig. 3) and V1aR (Fig. 4)
densities, including in regions that participate in neuroanatomical circuits involved in social behavior.

OT receptor autoradiography
Both study species exhibited 125I-OVTA binding in several of the same brain regions (Table 1). These included
the infralimbic region of the prefrontal cortex (Fig. 3a,b),
indusium griseum (Fig. 3c,d), lateral septum (Fig. 3e– h),
bed nucleus of the stria terminalis and medial preoptic
area of the hypothalamus (Fig. 3i,j), ventromedial hypothalamus and central nucleus of the amygdala (Fig. 3k,l),
basolateral nucleus of the amygdala (Fig. 3m,n), and posterior (medial/cortical) amygdala (Fig. 3o,p). Signiﬁcant
interspeciﬁc differences in degree of binding were detected
for most of these regions, with the most dramatic differ-

ence occurring in the lateral septum (Table 1, Fig. 3e,f).
Neither species had above-background levels of 125IOVTA binding in the nucleus accumbens (Table 1).
For other brain regions, 125I-OVTA binding was observed in one study species but not the other. For example,
although C. sociabilis had moderate but consistent
binding in the piriform cortex (Fig. 3b,d,f) and two subregions of the thalamus that we interpret to be the
paraventricular/midline thalamus and stria medullaris
(Fig. 3i,n,p), such binding was absent in C. haigi. In contrast, only C. haigi exhibited high levels of binding in the
cornu ammonis ﬁelds (CA1, CA2, CA3) of the hippocampus (Fig. 3o). Thus, differences in the distribution as well
as the density of receptor binding were evident between
the species studied.
For C. sociabilis, no signiﬁcant differences in 125I-OVTA
binding were detected between females housed alone vs.
in same- or opposite-sex groups for any brain region examined. Two nearly signiﬁcant trends were observed: in
the basolateral amygdala, binding was highest for solohoused females, followed by females housed with females,
followed by females housed with males. In the nucleus
accumbens, all housing groups had binding levels within
the background range, but females housed with males had
consistently higher scores (mean binding of 8 nCi/mg tissue equivalent vs. 4 nCi/mg tissue equivalent).
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Fig. 3. Autoradiograms of OTR binding in C. haigi and C. sociabilis. Arrows indicate binding in the infralimbic prefrontal cortex
(a,b), indusium griseum and piriform cortex (c,d; Pir also visible in b
and f), and lateral septum (e– h). LS binding is much more pronounced in C. haigi, whereas Pir binding is present only in C. sociabilis. Autoradiograms of OTR binding (caudal to Fig. 3 part 1). Arrows
indicate binding in the bed nucleus of the stria terminalis and medial

preoptic area of the hypothalamus (i,j), thalamus, ventromedial hypothalamus, and central nucleus of the amygdala (k,l), basolateral
nucleus of the amygdala (m,n), medial/cortical amygdala, and hippocampal ﬁelds (o,p). CeA and thalamic binding is more pronounced
in C. sociabilis. C. haigi shows greater binding in the hippocampus
and the posterior and basolateral amygdala. Scale bar ⫽ 1 mm.
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Fig. 4. Autoradiograms of V1aR binding in C. haigi (left column) and C. sociabilis (right column).
Arrows indicate binding in the olfactory bulb (a,b), ventral pallidum and nucleus accumbens (c,d),
ventral caudoputamen (e,f), and dentate gyrus of the hippocampus (g,h). Scale bars ⫽ 1 mm.
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TABLE 1
Brain region

1

* P ⬍ 0.05 (t-test);

TABLE 2

I-OVTA Speciﬁc Binding (Mean ⫾ SEM nCi/mg Tissue Equivalent)

125

Abbreviation

Olfactory bulbs
Prefrontal cortex (infralimbic region)
Indusium griseum
Piriform cortex
Nucleus accumbens
Lateral septum
Bed nucleus of the stria terminalis
Medial preoptic area (female)
Medial preoptic area (male)
Ventromedial hypothalamus (female)
Ventromedial hypothalamus (male)
Midline thalamus
Stria medullaris
Central n. of amygdala
Basolateral n. of amygdala
Posterior amygdala (medial/cortical)
Hippocampus, ﬁeld 1
Hippocampus, ﬁeld 2
Hippocampus, ﬁeld 3

C. haigi
2

Olf bulb
PFC
IG
Pir
NAcc
LS
BnST
MPOA
MPOA
VMH
VMH
MThal
SM
CeA
BLA
PostA
CA1
CA2
CA3

—
130 ⫾ 15
145 ⫾ 12
—
—
141 ⫾ 9
100 ⫾ 3
90 ⫾ 5
71 ⫾ 18
111 ⫾ 6
104 ⫾ 7
—
—
65 ⫾ 5
171 ⫾ 15
312 ⫾ 12
128 ⫾ 11
132 ⫾ 12
218 ⫾ 18

I-Linear Vasopressin Speciﬁc Binding (Mean ⫾ SEM nCi/mg
Tissue Equivalent)

Olfactory bulbs
Prefrontal cortex
Indusium griseum
Nucleus accumbens
Ventral pallidum
Lateral septum
Arcuate nucleus
Dentate gyrus

C. sociabilis
—
102 ⫾ 8
125 ⫾ 9
44 ⫾ 2
—
51 ⫾ 4
46 ⫾ 3
23 ⫾ 4
51 ⫾ 4
70 ⫾ 6
106 ⫾ 8
89 ⫾ 9
62 ⫾ 4
82 ⫾ 3
124 ⫾ 4
200 ⫾ 13
—
—
—

Species
difference1

**
**
**
**
**
**
**
*
*
**
**
**
**

P value
No binding
0.13
0.19
⬍0.0001
No binding
⬍0.0001
⬍0.0001
⬍0.0001
0.38
0.0002
0.86
⬍0.0001
⬍0.0001
0.020
0.016
⬍0.0001
⬍0.0001
⬍0.0001
⬍0.0001

** P ⬍ 0.001 (t-test). 2—, Not distinguishable from background binding.

125

Brain region
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Abbreviation

C.
haigi

Olf bulb
PFC
IG
NAcc
VP
LS
ARC
DG

—2
121 ⫾ 11
102 ⫾ 11
156 ⫾ 14
151 ⫾ 15
132 ⫾ 13
206 ⫾ 10
311 ⫾ 17

C.
Species
sociabilis difference1
235 ⫾ 4
—
—
85 ⫾ 8
43 ⫾ 6
139 ⫾ 7
159 ⫾ 19
361 ⫾ 11

**
**
**
**
**
(*)
(*)

P
value
⬍0.0001
⬍0.0001
0.0002
0.0009
⬍0.0001
0.65
0.047
0.030

1

* P ⬍ 0.05 (t-test); ** P ⬍ 0.001 (t-test); (*)not signﬁcant once adjusted for multiple
comparisons. 2—, Not distinguishable from background binding.

No sex differences in total 125I-OVTA binding were detected for either study species (P ⫽ 0.73 C. haigi; P ⫽ 0.29
C. sociabilis, t-tests), but sex differences were detected in
the hypothalamus of C. sociabilis. Speciﬁcally, male C.
sociabilis (n ⫽ 5) had greater OTR binding than did females (n ⫽ 11) in the MPOA (P ⬍ 0.0006) and VMH (P ⬍
0.005). Consequently, interspeciﬁc comparisons of binding
for these two regions are presented separately by sex in
Table 1.

V1a receptor autoradiography
No signiﬁcant sex differences in V1a receptor density
were found in either study species. As a result, data from
both sexes were pooled for interspeciﬁc comparisons of
receptor density and distribution (Table 2).
Both C. sociabilis and C. haigi exhibited V1aR binding in
the ventral pallidum (Fig. 4c,d), nucleus accumbens (Fig.
4c,d), ventral caudoputamen (Fig. 4e), lateral septum, arcuate nucleus of the hypothalamus, and dentate gyrus of the
hippocampus (Fig. 4g,h). Neither species had extensive binding in the ventral pallidum, but C. haigi had strong and
consistent binding in a narrow region adjacent to the diagonal band (Fig. 4c); low levels of binding in this region were
present in only a few C. sociabilis. Signiﬁcant interspeciﬁc
differences in receptor density were detected for most regions (Table 2). Only C. sociabilis exhibited speciﬁc binding
to the V1aR in the olfactory bulbs (Fig. 4b), and only C. haigi
exhibited V1aR binding in the infralimbic prefrontal cortex
and indusium griseum.

DISCUSSION
Patterns of OTR and V1aR binding differed between the
two species of Ctenomys examined, as well as between Ctenomys and other rodents for which both OT and VP receptor
distributions have been described (Table 3). Such diversity
in receptor distributions is consistent with previous data on
the degree of differentiation between closely related species
(Insel and Young, 2000). Interestingly, the two Ctenomys
species did not appear to be more similar to the one other
hystricognath rodent (guinea pig) listed in Table 3 than to
the nonhystricognath species considered (Table 3).
Despite frequent differences between species, some of
the areas with binding in Ctenomys are consistently labeled across all of the rodent species presented in Table 3.
For example, all species exhibit OTR binding in at least
one nucleus of the amygdala. OT receptors have also been
detected in the lateral septum of all species examined,
with the exception of an apparent absence of binding in
guinea pigs. In contrast, OTR expression appears to be
quite variable in the olfactory system, hippocampus, and
other brain regions. V1a receptors are present in the lateral septum of all species studied and are frequently found
in the ventral pallidum and various thalamic nuclei. One
region of binding that appears to be unique to the two
tuco-tucos examined is a portion of the anterior hippocampal continuation, which, by acetylcholinesterase staining,
appears to be indusium griseum (IG). Although Syrian
hamsters also have OTR binding in the IG, it is only in the
dorsal, posterior aspect. Histochemical work in mice, rats,
and tenrecs suggests that at least the anterior portion of
the IG recieves direct projections from the olfactory bulb
(Adamek et al., 1984; Künzle, 2004) and may therefore be
relevant for the processing of olfactory cues.

Receptor distributions and the social brain
In contrast to the OTR and V1aR binding proﬁles
thought to be associated with social bonds between reproductive partners (Broad et al., 2006), neither species of
tuco-tuco had detectable OTR binding in the nucleus accumbens, and C. sociabilis had much less V1aR binding in
the ventral pallidum than did C. haigi. Thus, our social
study species did not exhibit the pattern of receptor binding associated with opposite-sex pair bond formation in
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Relative binding was visually estimated from manuscript ﬁgures or nonquantitative tables.
3
H-VP was used to detect vasopressin binding sites, so more than the V1a subtype might be represented.
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TABLE 3 OTR and V1aR Binding in a Comparative Context1
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microtine rodents. Preliminary laboratory trials indicate
that female C. sociabilis do not display a preference for
familiar over unfamiliar male conspeciﬁcs (E.A. Lacey,
unpublished data), suggesting that the nature of social
bonds in this species differs from those in monogamous
microtines. Thus, if oxytocin and vasopressin are involved
in the regulation of social behavior in ctenomyids, then the
neuroendocrine pathways by which these peptides act to
shape social interactions must differ from those associated
with the formation of reproductive pair bonds in voles.
Overall, OTR binding was greater for C. haigi. Exceptions to this pattern occurred in three regions: the piriform cortex, the central nucleus of the amygdala, and the
thalamus, each of which exhibited signiﬁcantly greater
OTR binding in C. sociabilis. Binding in the piriform cortex may be of interest because projections from the olfactory bulb are routed to both the amygdala and piriform
cortex. In mice, Fos activity—a correlate of neural
activity—is increased in both structures during social encounters (Lim and Young, 2006).
As hypothesized based on behavioral differences between our study species, binding was higher in the central
nucleus of the amygdala of C. sociabilis. This interspeciﬁc
difference may be particularly relevant, given that high
OTR binding in the central and lateral amygdala has been
reported for female meadow voles housed in day lengths
that promote same-sex social bonds (Parker et al., 2001;
Parker and Lee, 2003). Social relationships among females also form the basis for group living in C. sociabilis
(Lacey and Wieczorek, 2004). Although members of this
species do not appear to form selective same-sex partner
preferences, they rarely act aggressively toward unfamiliar females (E.A. Lacey, unpublished data). These observations, combined with data suggesting that OTR binding
in the central amygdala can reduce social stress (Debiec,
2005) and aggression (Campbell, 2007), lend support to
the hypothesis that formation of social groups in C. sociabilis is facilitated by an OT-mediated reduction in social
anxiety or aggression.
Intriguingly, OTR binding in the lateral septum was
signiﬁcantly greater in C. haigi. It is not known whether
OT and OTR in the lateral septum play an important role
in social behavior among females. Although socially monogamous prairie voles exhibit less binding in the lateral
septum than do solitary, nonmonogamous montane voles
(Insel and Shapiro, 1992), this distinction is not evident
between monogamous and nonmonogamous Peromyscus
(Insel et al., 1991; see also Table 3). Rodent species with
low OTR in the lateral septum exhibit greater alloparental
responsiveness as juveniles than do species with higher
levels of OTR in this region (Olazábel and Young, 2006),
and it is intriguing to consider the possibility that low
OTR in the lateral septum is a permissive factor for prosocial behaviors such as alloparenting and cohabitation.
With regard to VP receptors, no differences in V1aR
binding in the lateral septum were found between C. sociabilis and C. haigi. Thus, although increased V1aR binding in this region has been implicated in social recognition
and anxiety in male rodents (Bielsky et al., 2005) and in
male aggression and territoriality (Everts et al., 1997;
Bester-Meredith et al., 2005; Rosen et al., 2006), this
tendency does not appear to be associated with differences
in social structure between the study species. Our ﬁndings
from tuco-tucos differ from data in birds indicating that
members of more gregarious species have greater vasoto-

cin binding in the lateral septum (Goodson et al., 2006).
Although adult male C. sociabilis cohabitate with females,
they respond aggressively to one another and do not share
burrows with other males. In this regard, male–male interactions may not differ greatly between the study species. As a result, the lack of differences in V1aR binding in
the lateral septa of these animals may not be surprising.
Finally, it is interesting to note the somewhat higher
level of V1aR binding in the arcuate nucleus/anterior hypothalamus of C. haigi relative to C. sociabilis (signiﬁcant
until corrected for multiple comparisons; Table 2). In hamsters, the anterior hypothalamus has been a focus for
research aimed at exploring neuroendocrine correlates of
social housing and aggression. Infusion of V1aR antagonist in the anterior hypothalamus reduces aggression,
whereas infusion of VP into aggressive animals increases
aggression; housing hamsters in social isolation increases
both anterior hypothalamic V1aR expression and aggressive behavior (Albers et al., 2006). Although male C. sociabilis ﬁght with one another over access to burrow systems (E.A. Lacey, unpublished observations), they appear
to live amicably with females, and this social structure
may inﬂuence V1aR expression in the anterior hypothalamus.

Neuropeptides and paths to sociality
Numerous ecological factors contribute to the tendency
to live in groups (Alexander, 1974; Lacey and Sherman,
2007). This diversity of inﬂuences may be reﬂected in
different neural underpinnings for sociality; in species
where group living is consistently favored as a response to
environmental conditions, individuals may seek to form
social bonds with one another. In other species in which
the beneﬁts of group living are less pronounced or more
transient, individuals may not seek social relationships
but, instead, simply tolerate the presence of conspeciﬁcs.
Given that the intensity and duration of social bonds differ
among species, the role of OT, VP, and their receptors in
maintaining these bonds might also vary.
Social groups also vary in their composition; in some
rodent species, male–female pairs form the basis for sociality; in other species, groups are composed primarily of
multiple related females (Lacey and Sherman, 2007). The
exact relationship between these two social structures is
unknown, but it is possible that they represent distinct
routes to sociality (Lacey and Sherman, 2007). If male–
female vs. same-sex social bonds reﬂect distinct adaptive
responses to different environmental factors, then it
seems reasonable to postulate that the neural and endocrine underpinnings for these two types of social relationships might also vary substantially.
The striking differences in receptor densities reported
here for several brain regions in C. sociabilis and C. haigi
may be indicative of the contrast between a solitary and a
socially tolerant but not strongly pair-bonded species. Previous studies of the neuroanatomical correlates of sociality
in rodents have emphasized socially monogamous species
in which individual males and females form enduring
social and reproductive partnerships. To our knowledge,
this is the ﬁrst study to examine neuroanatomical differences between a solitary rodent species and one in which
groups are composed primarily of females. The differences
in receptor distributions identiﬁed here reveal candidate
brain regions in which OTR and V1aR expression may be
important for maintenance of sociality in species charac-
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terized by the formation of female groups. To determine
whether these interspeciﬁc differences in receptor distributions represent general correlates of female-based sociality, additional studies of solitary and social species are
required. Speciﬁcally, analyses of other solitary and social
ctenomyids will allow us to distinguish the effects of differences in social structure from phylogenetically determined patterns of neuroanatomical variation in this rodent lineage.
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Olazábal DE, Young LJ. 2006. Species and individual differences in juvenile female alloparental care are associated with oxytocin receptor
density in the striatum and the lateral septum. Horm Behav 49:681–
687.
Parker KJ, Lee TM. 2003. Female meadow voles (Microtus pennsylvanicus)
demonstrate same-sex partner preferences. J Comp Psychol 117:283–
289.
Parker KJ, Phillips KM, Kinney LF, Lee TM. 2001. Day length and sociosexual cohabitation alter central oxytocin receptor binding in female
meadow voles (Microtus pennsylvanicus). Behav Neurosci 115:1349 –
1356.
Paxinos G, Watson C. 2005. The rat brain in stereotaxic coordinates.
Boston: Elsevier Academic Press.
Phelps SM, Young LJ. 2003. Extraordinary diversity in vasopressin (V1a)

receptor distributions among wild prairie voles (Microtus ochrogaster):
patterns of variation and covariation. J Comp Neurol 466:564 –576.
Rabhi M, Stoeckel ME, Calas A, Freund-Mercier MJ. 1999. Historadioautographic localisation of oxytocin and vasopressin binding sites in the
central nervous system of the merione (Meriones shawi). Brain Res
Bull 48:147–163.
Ragnauth AK, Devidze N, Moy V, Finley K, Goodwillie A, Kow LM, Muglia
LJ, Pfaff DW. 2005. Female oxytocin gene-knockout mice, in a seminatural environment, display exaggerated aggressive behavior. Genes
Brain Behav 4:229 –239.
Rosen GJ, De Vries GJ, Villalba C, Weldele ML, Place NJ, Coscia EM,
Glickman SE, Forger NG. 2006. Distribution of vasopressin in the
forebrain of spotted hyenas. J Comp Neurol 498:80 –92.
Rosen GJ, De Vries GJ, Goldman SL, Goldman BD, Forger NG. 2007.
Distribution of vasopressin in the brain of the eusocial naked mole-rat.
J Comp Neurol 500:1093–1105.
Sherman PW, Jarvis JUM, Alexander RD. 1991. The biology of the naked
mole-rat. Princeton, NJ: Princeton University Press.
Szot P, Ferris CF, Dorsa DM. 1990. [3H]arginine-vasopressin binding sites
in the CNS of the golden hamster. Neurosci Lett 119:215–218.
Tang-Martinez Z. 2003. Emerging themes and future challenges: Forgotten
rodents, neglected questions. J Mammal 84:1212–1227.
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