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Abstract

Recent evidence suggests a role for corticotropin-releasing factor (CRF) in the regulation of pair bonding in prairie voles. We have previously
shown that monogamous and non-monogamous vole species have dramatically different distributions of CRF receptor type 1 (CRF1) and CRF
receptor type 2 (CRF2) in the brain and that CRF1 and CRF2 receptor densities in the nucleus accumbens (NAcc) are correlated with social
organization. Monogamous prairie and pine voles have significantly lower levels of CRF receptor type 1 (CRF1), and significantly higher levels of
type 2 (CRF2) binding, in NAcc than non-monogamous meadow and montane voles. Here, we report that microinjections of CRF directly into the
NAcc accelerate partner preference formation in male prairie voles. Control injections of CSF into NAcc, and CRF into caudate-putamen, did not
facilitate partner preference. Likewise, CRF injections into NAcc of non-monogamous meadow voles also did not facilitate partner preference. In
prairie voles, this CRF facilitation effect was blocked by co-injection of either CRF1 or CRF2 receptor antagonists into NAcc.
Immunocytochemical staining for CRF and Urocortin-1 (Ucn-1), two endogenous ligands for CRF1 and CRF2 receptors in the brain, revealed
that CRF, but not Ucn-1, immunoreactive fibers were present in NAcc. This supports the hypothesis that local CRF release into NAcc could
activate CRF1 or CRF2 receptors in the region. Taken together, our results reveal a novel role for accumbal CRF systems in social behavior.
© 2007 Elsevier Inc. All rights reserved.
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The corticotropin-releasing factor (CRF) system is involved
in the neurobiology underlying stress and anxiety, but much
less is known about its role in social behavior. Microtine
rodents exhibit diverse social organizations and thus offer an
excellent comparative approach in the study of the neurobiol-
ogy of social behavior (Young and Wang, 2004). Prairie
(Microtus ochrogaster) and pine voles (Microtus pinetorum)
are monogamous; adult mates form long-lasting selective pair
bonds in the field and the laboratory (Getz et al., 1981; Salo et
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al., 1993). In contrast, closely related meadow (Microtus
pennsylvanicus) and montane voles (Microtus montanus) are
promiscuous and solitary (Gruder-Adams and Getz, 1985;
Shapiro and Dewsbury, 1990). Past research has revealed that
the brain distribution of neuropeptide receptors for oxytocin
and vasopressin appears to be responsible for the species
differences in social organization (Insel and Shapiro, 1992;
Insel et al., 1994; Lim et al., 2004b). However, more recent
evidence suggests that another neuropeptide system, CRF, also
appears to modulate pair bonding in prairie voles (DeVries et
al., 2002).

There are relatively few studies examining the role of stress
hormones in social behavior. One study found that administra-
tion of exogenous corticosterone to male prairie voles facilitated
pair bond formation with a novel female (DeVries et al., 1996).
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A subsequent study found that CRF administered intracerebro-
ventricularly (i.c.v.) facilitated partner preference in male prairie
voles, even at extremely low doses that did not appear to affect
locomotor activity or anxiety-like behavior (DeVries et al.,
2002). Furthermore, partner preference was blocked by i.c.v.
administration of alpha-helical CRF which non-selectively
blocks CRF receptors in the brain (DeVries et al., 2002).
These data suggest that CRF may play a role in pair bond
formation via anxiety-independent mechanisms through the
involvement of centrally acting brain receptors. However, i.c.v.
infused CRF could potentially be acting upon any number of
brain regions to facilitate partner preference, and it is presently
unknown which brain regions are specifically involved.

Since the CRF system has been implicated in the regulation
of pair bond formation, we predicted that neural circuits for
this system would differ between monogamous and non-
monogamous species. We have previously shown that, although
the distributions of CRF mRNA and peptide appear highly
conserved among vole species, the distributions of CRF
receptor types 1 and 2 (CRF1 and CRF2) dramatically differ
throughout the brain in four vole species exhibiting varying
social organizations (Lim et al., 2005, 2006). Receptor binding
appeared to correlate with monogamous social structure in
several brain regions; however, only binding within the nucleus
accumbens (NAcc) consistently predicted monogamous social
structure among vole species. Monogamous prairie and pine
voles have significantly lower levels of CRF receptor type 1
(CRF1), and significantly higher levels of type 2 (CRF2)
binding, in NAcc than non-monogamous meadow and montane
voles (Lim et al., 2005).

Based upon our neuroanatomical studies demonstrating
species differences in CRF1 and CRF2 densities in NAcc, we
hypothesized that CRF action within NAcc, in particular, was
critical for monogamous social behavior in prairie voles. First,
we determined whether CRF injected directly into NAcc can
facilitate partner preference formation after an abbreviated
cohabitation time with the partner. Next, we performed the
identical experiment in non-monogamous meadow voles. Then,
we manipulated CRF1 and CRF2 in NAcc using pharmacolo-
gical antagonists to determine their relative contributions to
CRF-facilitated partner preference formation. Lastly, we show
evidence for immunoreactive staining of two endogenous
ligands for CRF1 and CRF2 receptors in the brain, CRF- and
Urocortin-1 (Ucn-1), in NAcc in prairie voles. The results from
these studies demonstrate for the first time that CRF, acting in
the NAcc, can promote social attachment, and furthermore, that
both CRF1 and CRF2 receptors are involved in this process.

Methods

Subjects

Animals were adult, sexually naive, male and female prairie (70–100 days of
age) from a laboratory breeding colony at Florida State University that were
originally derived from field-captured voles in Illinois, USA. Adult sexually
naive meadow voles were from the laboratory breeding colony at Emory
University. After weaning at 21 days of age, subjects were housed in same-sex
sibling pairs or trios and water and Purina rabbit chow provided ad libitum. All
cages were maintained on a 14:10 light:dark cycle with the temperature at 20 °C.
Data from 87 male prairie voles were included in the CRF pharmacology
experiments, along with equal numbers of stimulus female prairie voles for the
pair bonding assay. Data from 10 male meadow voles were used as well, along
with equal numbers of stimulus female meadow voles. Eight prairie voles were
used in the CRF immunocytochemistry studies (n=4 for each sex).

CRF facilitation of partner preference

Adult male prairie voles (n=31) were bilaterally cannulated into NAcc using
stereotaxic methods as previously described (Aragona et al., 2003a; Liu and
Wang, 2003). Subjects were anesthetized with sodium pentobarbital (2.5 mg per
40 g body weight), and 26 gauge bilateral guide cannulas (Plastics One,
Roanoke, VA) aimed at the NAcc were implanted stereotaxically (Anterior
1.7 mm, Bilateral ±1 mm, Ventral −4.0 mm to bregma). Control injections
(n=6) were aimed at the caudate-putamen (Anterior 1.7 mm, Bilateral ±1 mm,
Ventral −2.5 mm to bregma). After 3–5 days of recovery, subjects received
microinjections (200 nl per side) of either artificial CSF or drug dissolved in
CSF. Injections were made with a 33 gauge needle that extended 1 mm below
the guide cannula into the target area. The needle was connected to a Hamilton
syringe (Hamilton, Reno, NV) via polyethylene-20 tubing, through which the
solution was infused slowly by a pump (MasterFlex L/S standard drive, Model
7016-21) at a speed of 200 nl/min, per side. Human/rat CRF was obtained from
Sigma (St. Louis, MO).

Animals were divided into one of four groups: CSF control (n=7), 0.01 pg
CRF into NAcc (n=9), 0.1 pg CRF into NAcc (n=15), and 0.1 pg CRF into
caudate-putamen (n=6). The caudate-putamen (CP) is a brain region just dorsal
to the NAcc and also contains CRF2 receptors, thus serving as an anatomical
control region for CRF effects. Each animal received bilateral injections of
200 nl volume prior to an abbreviated 6-hour cohabitation with a novel female.
The concentration of 0.01 pg CRF in 200 nl is 10 nM, while the concentration of
0.1 pg CRF in 200 nl is 100 nM. The calculated Ki for CRF1 is 11 nM, while the
calculated Ki for CRF2 is 25 nM relative to 125I-sauvagine (Primus et al., 1997).
Cohabitation for 6 h without mating consistently does not induce partner
preference, as demonstrated in previous studies (Aragona et al., 2003a, 2006).
Immediately following cohabitation, subjects were tested for partner preference.

Partner preference testing consisted of placing the male into a 3-chambered
apparatus in which the female partner was tethered in one cage, and a novel
female (“stranger”) of the same age and sociosexual experience was tethered in a
second cage, as previously described (Carter et al., 1995). Each stimulus female
was used in two separate partner preference tests, once as the partner and again
as another subject's stranger, and therefore each female had equivalent social
and sexual exposure during the 20-hour cohabitation. Subjects were allowed to
freely roam throughout the apparatus, and time spent in contact with the partner
and stranger was quantified over the course of the 3-hour test.

Locomotor activity was measured during the partner preference test to
determine whether chosen doses of CRF treatment affected general locomotor
activity or anxiety-like behavior, as previously described (Hotta et al., 1999). The
number of cage crossings through both tunnels of the partner preference apparatus
was assessed by using infrared detectors. There are four infrared beams across the
three cages of the partner preference apparatus, with two beams flanking each
tunnel connecting two cages. The total number of photo beam breaks was totaled
for each animal during the three-hour period. After behavioral testing, subjects
were sacrificed and injection sites were verified histologically.

Adult male meadow voles (n=10) were also tested for CRF facilitation of
partner preference. Animals were cannulated bilaterally into NAcc as described
above and randomly assigned to one of two groups: CSF control (n=4) or CRF
0.1 pg (n=6). Cohabitation and partner preference tests were performed exactly
as described above for prairie voles. Adult male meadow voles from our colony
typically do not form partner preferences when cohabitated with a female (Lim
et al., 2004b).

CRF1- and CRF2-selective pharmacology and partner preference

Adult prairie voles were cannulated bilaterally into NAcc as described above
and divided into one of three groups: 0.1 pg CRF (n=10), 0.1 pg CRF plus 10 pg
CRF1 antagonist (CP-154,526) (n=25), and 0.1 pg CRF plus 10 pg CRF2
antagonist (anti-sauvagine-30) (n=15). Anti-sauvagine-30 was obtained from



510 M.M. Lim et al. / Hormones and Behavior 51 (2007) 508–515
Sigma (St. Louis, MO), and the CP-154,526 from Michael Owens, Ph.D.
(Emory University, Atlanta, GA). The concentration of 10 pg CRF1 antagonist
(CP-154,526) in 200 nl solution is 100 nM, while the concentration of 10 pg
CRF2 antagonist (anti-sauvagine-30) in 200 nl solution is 10 nM. Each animal
received bilateral injections of 200 nl volume directly into NAcc prior to an
abbreviated 6-hour cohabitation with a novel female. Immediately following
cohabitation, subjects were tested for partner preference as described above.
After behavioral testing, subjects were sacrificed and injection sites were
verified histologically. Animals whose cannulation sites were placed outside the
NAcc were excluded from data analysis and not reflected in the total number of
animals used.

Data analysis

Data from the partner preference test for each experiment were analyzed
using a 2-way ANOVA in which stimulus (partner or stranger) and treatment
were factors. In addition, Student's t-tests were used to compare time in contact
with the partner and stranger within each treatment group. Bonferroni
corrections for the level of significance were made for each experiment in
order to minimize risk of type-I error risk due to multiple comparisons. Males
were categorized as having developed a partner preference if they spent more
than twice as much time in contact with the partner than the stranger.

Data collected for locomotor activity were totaled as the number of infrared
beam breaks for each animal, and averaged within each treatment group. Results
were analyzed using a one-way ANOVA with treatment as the independent
factor.

CRF and Urocortin-1 immunohistochemistry

Adult prairie voles were deeply anesthetized between the hours of 10:00 and
14:00 with isoflurane and perfused with saline followed by 2% paraformalde-
hyde in 10 mM (pH 7.4) phosphate-buffered saline (PBS). Dissected brains were
postfixed overnight in the 2% paraformaldehyde/PBS solution and cryopro-
tected in 30% sucrose/PBS. Thirty micrometer thick free-floating coronal
sections were sliced on a cryostat and processed for immunohistochemistry
according to standard protocols (Ryabinin et al., 1997; Weitemier et al., 2005)
with adjustments for vole tissue made in earlier experiments (Lim et al., 2006).
Briefly, endogenous peroxidase activity was quenched by 15-minute incubation
with 0.3% hydrogen peroxide. For the Urocortin-1-specific antibody, blocking
Fig. 1. Bilateral microinjections of CRF into NAcc facilitate partner preference in mal
0.1 pg CRF into the caudate-putamen (CP), did not significantly prefer the partner ov
Animals that received 0.01 pg CRF into NAcc (or 10 nM) trended towards significant
dose, 0.1 pg CRF (or 100 nM), into the NAcc spent significantly more time in contac
at p<0.01). (B) Less than half of the control animals displayed a partner preference
partner preference. Partner preference is defined as spending twice as much time in
was performed by a five-hour incubation with 2% Bovine Serum Albumin, 0.1%
heparin and 0.01% Triton X-100 in PBS. For the CRF-specific antibody,
blocking was performed by a five-hour incubation with 4.5% goat serum, 0.3%
Triton X-100 in PBS. The primary rabbit antibodies recognizing Urocortin-1
(Sigma-Aldrich, St. Louis, MO) were used in dilution 1:5000. The primary
antibodies recognizing CRF (Peninsula Laboratories, San Carlos, CA) were
used in dilution 1:15,000. Biotinylated anti-rabbit secondary antibodies (Vector
Laboratory Inc., Burlingame, CA) were used to detect the primary antibodies.
Detection of the secondary antibodies was made using Vectastain ABC kit
(Vector), and enzymatic development was done with the Metal Enhanced DAB
kit (Pierce, Rockford, IL, USA). The specificity of immunostaining was
assessed by a complete lack of immunoreactivity in areas not known to express
CRF or Urocortin-1. Furthermore, control preabsorption experiments for these
antibodies were previously performed (Bachtell et al., 2003).

Qualitative image analysis was performed using a system consisting of an
Olympus BX40 microscope and a high-resolution digital videocamera
(Olympus Qcolor3) interfaced to a Macintosh personal computer running OS-
X. Images from a single section best matched across animals for each brain
region were digitally collected at the same lighting intensity. Since no
immunopositive staining was observed in cell bodies in NAcc, the number of
immunoreactive neurons was not quantitatively counted.
Results

Pharmacological manipulation of CRF receptors in NAcc

It had been previously demonstrated that infusion of CRF
i.c.v. facilitates partner preference in prairie voles (DeVries et al.,
2002). Based on our neuroanatomical data demonstrating
species differences in CRF1 and CRF2 in NAcc, we hypothe-
sized that the NAcc was the site of action for the CRF facilitation
of partner preference. The earlier study showed that dose-
dependent i.c.v. administration of CRF could facilitate partner
preferences in male prairie voles after an abbreviated
cohabitation with a female (DeVries et al., 2002). Based on
this study, we designed CRF doses for site-specific injections
e prairie voles. (A) Control animals that received artificial CSF into the NAcc, or
er the stranger after 6 h of cohabitation with the partner (p>0.3, Students t-test).
partner preferences (p>0.08, Students t-test). Animals receiving a 10-fold higher
t with the partner than the stranger (p<0.01, Student's t-test, Bonferroni level set
, while 80% of the animals receiving 0.1 pg of CRF into the NAcc developed a
contact with the partner than with the stranger.



Fig. 2. Bilateral microinjections of CRF into NAcc fail to facilitate partner
preference in non-monogamous male meadow voles. Adult meadow voles
injected with artificial CSF, or 0.1 pg of CRF into NAcc, did not spend more
time in contact with the partner than with the stranger (p>0.5, Student's t-test).

Table 1
Locomotor activity represented by the total number of infrared beam breaks or
cage crossings, averaged within each treatment group

Treatment Beam breaks Std Err

CSF in NAcc 379 ±87
0.1 pg CRF in CP 446 ±95
0.01 pg CRF in NAcc 292 ±62
0.1 pg CRF in NAcc 290 ±27
CRF+R1 antag in NAcc 469 ±73
CRF+R2 antag in NAcc 402 ±77

There are no significant differences between treatment groups (F=1.37,
p>0.05, one-way ANOVA).
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into NAcc. The doses that we used, 0.1 pg and 0.01 pg CRF,
dissolved in 200 nl isotonic saline solution (or 100 nM and
10 nM, respectively) were well below the minimum effective i.
c.v doses of 0.1 ng and 1 ng CRF dissolved in 1 μl (or 210 nM
and 2.1 μM, respectively) (DeVries et al., 2002). Although
CRF has been shown to bind preferentially to CRF1, it also
binds to CRF2 with substantial affinity (Ki equal to 11 and 25,
respectively) (Primus et al., 1997).

Analysis of the overall data set using a 2-way ANOVA
revealed a significant main effect of stimulus animal (F(1,66)=
6.77, p<0.05), but no other main effects or interactions were
detected. To determine which groups preferentially spent time
in contact with the partners over the strangers, Student's t-tests
Fig. 3. Both CRF1 and CRF2 receptors in the NAcc are necessary for CRF-facilitated
CRF into NAcc spent more time in contact with the partner than the stranger (p<0.0
blocked by the co-infusion of a selective CRF1 antagonist (CP-154,526) (p>0.5, Stud
30) (p>0.3, Student's t-test). (B) 80% of the CRF-treated animals developed a partn
CRF1 or CRF2 antagonist developed a partner preference.
were performed with Bonferroni corrections of the p-value.
Control prairie voles with bilateral injections of artificial CSF
into the NAcc, or 0.1 pg CRF into the caudate-putamen, did not
spend significantly more time in contact with the partner than
the stranger stimulus animal (p>0.3, Student's t-test, Bonfer-
roni level set at p<0.01) (Fig. 1A). Prairie voles injected with
the lower CRF dose, 0.01 pg, trended towards spending more
time in contact with the partner than the stranger (p>0.08,
Student's t-test, Bonferroni level set at p<0.01). In contrast,
prairie voles receiving bilateral injections of the 10-fold higher
CRF dose, 0.1 pg into the NAcc septal pole, spent significantly
more time in contact with the partner than the stranger (p<0.01,
Student's t-test, Bonferroni level set at p<0.01) (Fig. 1A).
Furthermore, while only 6 of the 13 control animals displayed a
partner preference (defined as spending twice as much time in
contact with the partner compared to the stranger) 12 of the 15
animals receiving 0.1 pg of CRF displayed a partner preference
(Fig. 1B). The 3 animals that did not display a partner
preference had strong stranger preferences, which likely
contributed to the lack of a main effect of treatment or an
interaction effect in the 2-way ANOVA. Thus, while CRF
partner preference formation in prairie voles. (A) Animals injected with 0.1 pg
1, Student's t-test, Bonferroni level set at p<0.016). This facilitation effect was
ent's t-test), and the co-infusion of a selective CRF2 antagonist (anti-sauvagine-
er preference in the absence of antagonist, while less than half of those received



Fig. 4. Histological verification of cannula placement. (A) Receptor autoradio-
gram on the left half depicts the location of CRF2 in prairie vole NAcc. (B)
Representative photomicrograph of Nissl-stained brain section depicting cannula
placement terminating within NAcc (see arrow). Scale bar=1 mm.
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infusions into the NAcc significantly increased the time in
contact with the partner relative to the stranger, it did not result
in an overall increase in contact time with the partner.

Because of dramatic species differences in CRF1 and CRF2
densities in NAcc, we hypothesized that CRF action within
NAcc would only facilitate partner preference formation in
prairie voles, and not in non-monogamous meadow voles.
Indeed, meadow voles injected with CSF, or the high dose 0.1 pg
CRF, did not spend significantly more time in contact with the
partner than the stranger (p>0.5, Student's t-test) (Fig. 2).

Based on the species differences in CRF1 and CRF2
distribution in NAcc, we hypothesized that both CRF1 and
CRF2 would modulate partner preference behavior, perhaps
in opposite directions. Analysis of the overall data set using a
2-way ANOVA revealed a significant main effect of stimulus
animal (F(1,94)=7.52, p<0.05), but no other main effects or
interactions were detected. Prairie voles injected with a cocktail
of 0.1 pg of CRF, plus 10 pg selective CRF2 antagonist anti-
sauvagine-30, did not spend significantly more time with the
partner or the stranger (p>0.3, Student's t-test, Bonferroni level
set at p<0.016) (Fig. 3A). Interestingly, prairie voles injected
with a cocktail of 0.1 pg of CRF, plus 10 pg selective CRF1
antagonist CP-154,526-1, also showed a blockade of partner
preference (p>0.5, Student's t-test, Bonferroni level set at
Fig. 5. CRF and Ucn-1 immunoreactivity in prairie voles. (A) Rat atlas schematic show
1998). (B) Prairie vole section showing CRF-immunoreactive fibers in NAcc (see arr
lack of Ucn-1 immunoreactive fibers in NAcc. ac=anterior commissure. Scale bar=
p<0.016) (Fig. 3A). Control prairie voles injected with 0.1 pg
CRF into the NAcc were tested simultaneously and were found
to replicate the original results of facilitation of partner
preference (p<0.01, Student's t-test, Bonferroni level set at
p<0.016) (Fig. 3A). In addition, while 8 out of the 10 CRF-
treated prairie voles displayed a partner preference, only 11 of
the 25 animals receiving CRF1 antagonist, and 6 out of 15
animals receiving CRF2 antagonist, displayed a partner
preference (Fig. 3B). Our results suggest that the activation of
both CRF1 and CRF2 receptors in NAcc is necessary for CRF-
induced facilitation of partner preference in prairie voles.

Locomotor activity did not significantly differ between
treatment groups (F(1,80)=1.37, p>0.05, one-way ANOVA),
although locomotor activity tended to be lower in the animals
receiving CRF into the NAcc. Results are shown in Table 1. A
representative histology section showing the cannulation site for
the NAcc is shown in Fig. 4.

CRF- and Ucn-1 immunoreactivity in NAcc

To determine which endogenous CRF receptor ligands are
present in NAcc, we performed CRF- and Urocortin-1 (Ucn-1)
immunoreactivity in adult prairie voles. Representative brain
sections processed for CRF immunocytochemistry are shown in
Fig. 5. CRF-immunoreactive fibers were seen in NAcc in both
sexes with no obvious differences in distribution or density of
fibers (Fig. 5B). Ucn-1 fibers were not detected in NAcc in
either male or female prairie voles (Fig. 5C). Thus, it is possible
that CRF is one of the endogenous ligands which could
physiologically bind CRF1 and CRF2 receptors in the vole
NAcc to facilitate partner preference. Of note, CRF has been
shown to bind to both CRF1 and CRF2, with approximately
two- to ten-fold higher affinity for CRF1 (Primus et al., 1997).
However, we cannot rule out the possibility that other
endogenous ligands such as Urocortin-2 or Urocortin-3 may
also contribute in the neural control of pair bond formation.

Discussion

In the previous studies, we identified species differences in
accumbal CRF1 and CRF2 receptor density that correlated with
social organization across four vole species. Monogamous
prairie and pine voles had higher levels of CRF2 in NAcc, and
ing the area of 10× magnification of NAcc (see rectangle) (Paxinos andWatson,
ows). (C) Prairie vole section stained for Ucn-1 immunocytochemistry. Note the
100 μm.
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lower levels of CRF1 in NAcc, compared to non-monogamous
meadow and montane vole species (Lim et al., 2005). Based on
these data, we hypothesized that CRF action within NAcc was
critical for monogamous social behavior in prairie voles. In the
present study, we show for the first time that microinjections of
CRF directly into NAcc do in fact facilitate partner preference in
male prairie voles.

Two-way ANOVA analysis detected a main effect of
stimulus animal, i.e., overall more time was spent in contact
with the partner than the stranger, but no main effect of
treatment or interaction was detected. Strong stranger prefer-
ences in 3 animals of the 0.1 pg CRF NAcc group inflated the
variance, preventing detection of an interaction effect. However,
separate comparisons of time spent with partner verses stranger
revealed significant preferences for the partner in the 0.1 pg
CRF NAcc group. This effect was replicated in the antagonist
study, attesting to the robustness of the effect. This shift in
partner preferences was not associated with a statistically
significant increase in time spent with the partner or a decrease
in time spent with stranger, but rather was the result of an overall
increased preference for the partner relative to the stranger.

In contrast, CRF has no effect on partner preference in non-
monogamous meadow voles. Additionally, we show that this
facilitation effect is modulated by the action of CRF at both
CRF1 and CRF2 receptors. Lastly, we show photomicrograph
evidence that CRF-immunoreactive fibers are present within the
prairie vole NAcc, indicating that CRF could be one of the
endogenous ligands acting upon CRF1 and CRF2 receptors in
NAcc during partner preference formation. Taken together,
these data demonstrate a novel role for CRF systems acting
within NAcc in social behavior.

Our data showing that CRF in NAcc facilitates partner
preference support our initial hypothesis that accumbal CRF
systems are involved in pair bond formation in prairie voles. We
had further hypothesized that CRF2 receptors, in particular,
were critical given the abundance of CRF2 receptors in the two
monogamous vole species but not the two non-monogamous
vole species (Lim et al., 2005). The results from the meadow
vole experiment support this hypothesis because CRF infusion
has no effect on partner preference in a species that effectively
lacks CRF2 receptors in NAcc. In addition, we found that co-
administration of a CRF2-selective antagonist blocks partner
preference in prairie voles. These data reveal a potentially
critical role for CRF2 receptors in pair bond formation.

However, we also found that co-administration of a CRF1-
selective antagonist blocked partner preference in prairie voles.
This result was more surprising, given that CRF1 receptors are
expressed in NAcc in both non-monogamous and monogamous
species. Taken together, these data underscore the importance of
both receptor subtypes for the expression of partner preference
and point to the possibility that receptor specificity is a complex
issue which may benefit from further exploration. It is possible
that there may be dynamic interplay between the two receptor
subtypes in NAcc during pair bonding behavior, and it might be
interesting to further explore the cellular phenotypes of CRF1-
and CRF2-expressing neurons, or to see if CRF1 and CRF2
receptors might even colocalize to the same neurons. It is also
possible that other agents such as the CRF binding protein,
which may act as a reservoir for endogenous CRF, may be
involved (Jahn et al., 2002).

The effective CRF doses for site-specific injections into
NAcc that facilitated partner preference resulted in no
significant effect of drug treatment on locomotor activity,
which is commonly interpreted as anxiety-like behavior.
DeVries and Carter found effective CRF i.c.v. doses for partner
preference at 0.1 and 1.0 ng (210 nM and 2.1 μM, respectively)
and did not detect differences in locomotor activity between
treatment groups (DeVries et al., 2002). Their doses were 1000
to 10,000 fold greater and at least twice to twenty-fold higher in
concentration than the doses that we used site-specifically into
NAcc (10 nM and 100 nM). In our study, though we did not
detect significant differences in locomotor activity across
treatment groups, there was, however, a slight trend toward
fewer cage crossings in the animals receiving CRF alone into
NAcc. While it is possible that the CRF may exert subtle effects
on anxiety-like behavior and therefore locomotion, which could
in turn affect partner preference formation, we believe the more
plausible explanation is that decreased cage crossings in the
CRF alone group are a byproduct of increased partner
preference, i.e., time spent within the partner's cage only.
This supports the hypothesis that CRF may have a novel,
separate role in regulating social behavior, possibly independent
from HPA axis effects on anxiety.

We also show photomicrograph evidence of CRF-immunor-
eactivity in NAcc in the same region as CRF2 receptors in
monogamous prairie voles. This suggests that CRF could be one
of the endogenous ligands which acts upon CRF1 and CRF2
receptors in NAcc. Although CRF has been shown to bind
preferentially to CRF1, it also binds to CRF2 with substantial
affinity (Primus et al., 1997). Ucn-1-immunoreactive fibers
were not seen in NAcc, but were observed in other regions of
the brain such as the Edinger–Westphal nucleus (Lim et al.,
2006). We were unable to map Urocortin-2 or Urocortin-3 fibers
in the vole brain due to lack of specific immunostaining;
however, it would be interesting to determine if these potential
ligands, which also bind CRF2 receptors with high affinity, are
also present in NAcc along with CRF2 receptors.

The ventral forebrain, and particularly the NAcc, has been
repeatedly identified as the critical brain region for pair bond
formation in prairie voles. Given the role of NAcc in the
mesolimbic dopamine reward pathway, it has been hypothe-
sized that natural reward and reinforcement mechanisms
underlie pair bond formation, such that the partner is selectively
associated with reward (Aragona et al., 2003a; Lim et al.,
2004a). We have previously shown through pharmacological
and genetic manipulations that ventral forebrain vasopressin
V1a receptors are necessary for male pair bond formation, even
when over-expressed in non-monogamous vole species (Lim et
al., 2004b; Lim and Young, 2004). Oxytocin receptors in the
NAcc are necessary for partner preference in female prairie
voles (Young et al., 2001). Accumbal dopamine D1 and D2
receptors have also been shown to modulate partner preference
formation and maintenance in both males and females, and in
fact dopamine interacts with oxytocin during this behavioral
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process (Aragona et al., 2003a, b, 2006; Liu and Wang, 2003).
Thus, CRF receptor activation likely contributes to a larger
circuit which converges in the NAcc to produce this complex
social behavior. Consistent with this hypothesis, there is
evidence that CRF receptors in the NAcc can modulate
dopamine release into the striatum (Lu et al., 2003), and recent
preliminary evidence suggesting that NAcc CRF receptor
activation can stimulate bar pressing for natural reinforcement
(Berridge et al., 2004). Another study has shown that CRF2
receptors in the ventral tegmental area, which sends dopami-
nergic projections to NAcc, can induce long-term potentiation, a
physiologic correlate of behavioral learning and reward
association (Ungless et al., 2003). Because partner preference
is postulated to be a form of natural reward learning, CRF
receptors in NAcc may play a similar role in underlying
synaptic potentiation during pair bond formation in prairie
voles.

Pair bond formation in nature is a complex cognitive
process that requires the integration of many external stimuli
and internal states. Pair bond formation results from the
synthesis of several behavioral processes including social
recognition, approach, and social motivation and involves
learning and memory. Oxytocin and vasopressin are integrally
involved in the neural processing of social stimuli and the
formation of social memories (Bielsky et al., 2004; Ferguson
et al., 2000). Dopamine may be involved in the heightened
motivational state driving social interaction with one's partner,
and the reinforcement needed to establish a partner preference.
CRF may provide a mechanism by which the internal stress
state modulates partner preference. CRF signaling could also
enable the long-term changes in neural plasticity during pair
bond formation. Each neurotransmitter system plays a different
but crucial role in the complex behavior of pair bonding, and
blockade of any one system would disrupt the formation of a
pair bond.

The role of CRF in the regulation of social behavior has been
minimally studied, despite the abundance of studies relating
CRF to stress and anxiety behaviors. There is strong evidence
that CRF2 receptor activation functions to decrease anxiety and
depression-like behaviors in mice (Bale et al., 2000; Bale and
Vale, 2003). Social behavior, stress, and anxiety are heavily
interrelated, especially in behaviors involving social support or
coping with social isolation. Prairie voles that have formed pair
bonds show elevated plasma corticosterone levels during social
separation from the partner, and reunion with the partner returns
these levels back to baseline (Carter et al., 1997). Male prairie
voles undergoing forced swimming, a psychological stressor,
show a facilitation of pair bond formation after an abbreviated
cohabitation with the partner (DeVries et al., 1996). Finally,
pair-bonded males that are separated from their partners show
more passive coping strategies in the forced swim test than their
sibling-separated counterparts, and such behavioral changes are
accompanied by an increase in CRF mRNA in the NAcc (Bosch
et al., 2005).

These data suggest that social and stress behaviors have a
reciprocal relationship, and furthermore, the same molecules
implicated in stress and anxiety also play an important role in
social behavior. In fact, there is evidence that the “social”
neuropeptides vasopressin and oxytocin may modulate stress
and anxiety behavior (Bielsky et al., 2004; Landgraf et al.,
1995; Liebsch et al., 1996; Mantella et al., 2003; Ring et al.,
2006; Windle et al., 1997). Thus, the same molecules that
modulate the internal stress state may contribute to the
regulation of social behaviors such as pair bond formation
and that the molecules and circuits evolved for the purpose of
one behavior may in fact dynamically control the other.
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