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The prairie vole (Microtus ochrogaster) is a socially monogamous rodent species that 
forms a lasting connection between mates, known as a pair bond. The pair bond is 
primarily characterized by three distinct behaviors: partner preference, selective aggres-
sion, and biparental care of the young. The presence of these behaviors in the prairie vole 
and their absence in closely related non-monogamous species makes the prairie vole 
an important model of social relationships and facilitates the study of the neurobiological 
mechanisms of social affiliation and attachment. The nona-peptide arginine-vasopressin 
(AVP) is an important neuromodulator of social behavior and has been implicated in the 
regulation of the pair bond-related behaviors of the prairie vole, through activation of the 
AVP receptor subtype 1a (AVPR1a). Modulation of AVPR1a activity in different regions of 
the prairie vole brain impacts pair bond behavior, suggesting a role of AVP in neurocir-
cuitry responsible for the regulation of social attachment. This review will discuss findings 
that have suggested the role of AVP in regulation of the pair bond-related behaviors of 
the prairie vole and the specific brain regions through which AVP acts to impact these 
unique behaviors.
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iNTRODUCTiON

The prairie vole (Microtus ochrogaster) is a small, mouse-sized rodent native to the Midwest region 
of the United States. This species performs behaviors related to social monogamy, a trait seen in fewer 
than 5% of mammalian species (1). This social exclusivity is beneficial in areas where populations 
of animals are spread out such as in the vast Midwest grasslands, as it may be difficult to encounter 
potential new mates. In fact, opposite-sex pairs of prairie voles are caught together more frequently 
in areas where the population is less dense (2). The pair bond is a unique, strong affiliative connection 
between mates of a socially monogamous species. This bond is characterized primarily by behavioral 
and physiological hallmarks, including preference for a social partner over unfamiliar conspecifics, 
selective aggression toward intruding conspecifics, nesting together during gestation, and displaying 
biparental care of offspring, distress, and social-seeking behavior during periods of separation or 
social loss, and stress alleviation among reunion and consoling behaviors (1, 3). The prairie vole 
exhibits these distinctive characteristics (2), but closely related non-monogamous species such as 
the meadow vole (Microtus pennsylvanicus) and the montane vole (M. montanus) do not (4, 5). 
Thus, manipulation and description of these behaviors in the prairie vole, as well as cross-species 
comparison with the meadow vole or montane vole, allows for the study and understanding of 
the neural mechanisms behind pair bond-related behaviors. For these reasons, the prairie vole has 
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become an attractive model for studying the neurobiological 
basis of behaviors related to social affiliation and attachment that 
are not easily modeled in other laboratory species.

Social behavior is regulated by a number of neuromodulators, 
such as the neuropeptide arginine-vasopressin (AVP). AVP is a 
key regulator of a number of social behaviors, including social 
recognition (6, 7), aggression (8, 9), and maternal care (10). 
Furthermore, it has been determined that the AVP system in the 
vole brain functions as a neuromodulator of a number of social 
behaviors critical for the establishment and maintenance of the 
pair bond between breeding pairs, including partner preference, 
selective aggression, and paternal care.1 AVP primarily acts 
through three G protein-coupled receptors: the AVP receptor 
subtype 1a (AVPR1a), subtype 1b (AVPR1b), and AVP receptor 
type 2 (AVPR2). The distribution of AVPR1a in the prairie vole 
brain has been well established (11–17). However, the distribu-
tion of AVPR1b and AVPR2 in the prairie vole brain has not been 
characterized, and thus the regulation of social behavior by AVP 
is primarily attributed to AVPR1a action. Comparative studies 
of AVPR1a distribution in closely related Microtus species have 
revealed an expression pattern in prairie voles that is similar to 
the monogamous pine vole (M. pinetorum) (11) and distinct 
from non-monogamous species such as the montane vole and 
the meadow vole (12–14). As these distribution patterns correlate 
with unique patterns of social organization and behavior, it has 
been theorized that expression of AVPR1a has some role in the 
neurobiological basis of social affiliation and attachment. The first 
study to investigate the role of central AVP administration in both 
prairie voles and montane voles found that AVP promoted pair 
bond-related behavior, namely selective aggression, in the prairie 
vole, but not in the montane vole (12). In addition, this study 
found that AVPR1a binding distribution correlated with avpr1a 
mRNA expression levels. Transgenic mice expressing the prairie 
vole avpr1a gene not only display more affiliative behaviors but 
also have a “prairie vole-like” distribution pattern of AVPR1a that 
is distinct from that of wildtype mice (18). These findings suggest 
a relationship between the avpr1a gene and AVPR1a protein dis-
tribution patterns, thus prompting investigation into the genetic 
basis of the role of AVPR1a in social behavior.

While both monogamous and non-monogamous vole species 
share 99% sequence homology of the avpr1a gene, prairie vole 
avpr1a is preceded by an extended 5′ flanking microsatellite 
region that is not present in non-monogamous species (18).  
It was originally suggested that this microsatellite region contains 
cis-regulatory elements, controlling avpr1a gene expression 
through binding of transcription factors or secondary DNA 
structure formation, and promotes species differences in AVPR1a 
expression and social behavior. However, there are incongruences 
in the reported relationship between microsatellite length and 
neuronal and behavioral phenotypes (19). For example, variation 
in microsatellite length has contrasting correlates with variation 
of AVPR1a binding in several brain regions and bond-related 

1 While AVP is an important neuromodulator of stress physiology [e.g., functioning 
as a secondary hypothalamic-pituitary-adrenal (HPA) axis secretagogue], it has 
yield to be determined the role that AVP serves in separation distress, consoling 
behavior, or social buffering.

behaviors of the prairie vole (19–25). Furthermore, insertion of 
either prairie or meadow vole microsatellite structure ahead of 
the mouse avpr1a coding region leads to measurable differences 
in AVPR1a density in mice brains, though these results do not 
fully explain the distribution variability observed among vole 
species (26). Recent work has expanded beyond microsatellite 
length into other sources of genetic variation. Single-nucleotide 
polymorphisms within regulatory sequences have been demon-
strated to be good predictors of individual differences in cortical 
AVPR1a expression, sexual fidelity, and spatial use (23, 27, 28), 
though this is a weaker relationship in wild-caught voles com-
pared with laboratory-reared animals potentially due to increased 
variation in the developmental environment in wild populations. 
Further research is needed to explain how cis-regulatory variants 
and other regulatory elements affect individual and species level 
AVPR1a distribution patterns and social behavior. Nevertheless, 
the relationship between AVPR1a distribution patterns and pair 
bond-related behaviors remains, and thus, it is appropriate to 
investigate the role of AVPR1a in the modulation of such behav-
iors unique to monogamous species such as the prairie vole. This 
review will discuss the role of general and site-specific AVPR1a 
activity in regulation of three key pair bond-related behaviors 
of the prairie vole: partner preference, selective aggression, and 
paternal care of the young.

PARTNeR PReFeReNCe

One of the defining characteristics of pair bond behavior in 
prairie voles is a preference for contact with the mate over an 
opposite-sex stranger, also known as partner preference (2, 29). 
In the lab, partner preference is measured using a three-chamber 
social interaction test in which the subject may choose to spend 
time by itself in a neutral chamber or interact with either the 
partner or a novel opposite-sex conspecific. If the subject shows a 
selective preference for contact with the partner rather than with 
the stranger during a 3-h assessment period, it is determined that 
a partner preference has been established (30). Male prairie voles 
will establish a partner preference after 24 h of cohabitation with 
a new mate (29, 31), and females exhibit this behavior as well 
(30, 32). This partner preference is enduring and lasts for at least 
2 weeks of separation from the mate (33, 34). This preference is 
not infallible, however, and is diminished after 4 weeks of separa-
tion from the mate (33) and may be interrupted if the breeding 
pair is reproductively unsuccessful (35).

Recognition and affiliation are vital components of partner 
preference formation, and AVP has been implicated as necessary 
for these behaviors in mice (6, 7). Winslow and colleagues first 
demonstrated that male prairie voles will form a partner prefer-
ence when receiving a central infusion of AVP during a short, 
non-mated cohabitation but not if receiving a central administra-
tion of a selective AVPR1a antagonist (AVPA) immediately prior 
to a long, mated cohabitation with a female (29). Another study 
later corroborated these results and revealed that AVP is involved 
in partner preference formation in female prairie voles as well 
(32). It has also been suggested that AVP is not only important in 
the formation of partner preference but also its expression (36). 
The display of a partner preference is inhibited in male prairie 
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FiGURe 1 | Role of AVP in modulation of prairie vole partner preference. (A) A prairie vole breeding pair in direct side-by-side contact. Duration of this kind of 
contact is a typical marker for affiliation in a partner preference test. Photo credit: Charles Badland. (B) Male prairie voles have significantly greater AVP-ir fiber 
density in the LS compared with male meadow voles. *p < 0.05. Females of both species do not show robust AVP-ir fiber density in this region (data not shown). 
(C) Direct administration of AVPA into the LS of male prairie voles prior to a 24-h cohabitation with a sexually receptive female inhibits partner preference formation in 
a dose-dependent manner. *p < 0.01 versus duration in contact with the partner. (D) Direct infusion of AVP into the LS during a 6-h cohabitation with a non-
receptive female induces partner preference in a dose-dependent manner. *p < 0.05 versus duration of contact with the partner. (e) Male prairie voles receiving a 
scrambled shRNA in the VP show a preference for the mate, but shRNA knockdown of AVPR1a in the VP leads to a preference for the stranger. *p < 0.05 between 
contact with the partner versus the stranger. (F) Administration of AVPA into the VP of male prairie voles inhibits partner preference formation. This effect is not seen 
in animals receiving Ringer’s solution, i.c.v. administration of AVPA, administration of AVPA into the medial amygdala or mediodorsal thalamus, or administration of a 
10-fold lower dose of AVPA into the VP. *p < 0.05 versus duration of contact with the partner. (G) Meadow voles overexpressing AVPR1a in the VP show a 
preference for the partner over the stranger following 24-h cohabitation with a sexually receptive female. This effect is not seen in control animals or stereotactic 
misses. *p < 0.01 versus duration of contact with the stranger. AVP, arginine-vasopressin; AVPA, AVPR1a antagonist; AVPR1a, AVP receptor subtype 1a; i.c.v, 
intracerebroventricular; ir, immunoreactive; LS, lateral septum; VP, vasopressin. Adapted/reproduced from Wang (39) and Liu et al. (40) with permission from 
American Psychological Association, Barrett et al. (41) and Lim and Young (42) with permission from Elsevier, and Lim et al. (38) with permission from Nature 
Publishing Group.
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voles that received centrally administered AVPA at the start of a 
24-h mated cohabitation or immediately prior to behavioral test-
ing. However, this was not the case for control subjects or those 
that received AVPA following the 24-h mated cohabitation period 
in which partner preference was assessed 3  d later, indicating 
that each administration of AVPA prior to cohabitation and the 
partner preference test was uniquely responsible for suppression 
of partner preference behavior. While these studies have sug-
gested both the necessity and sufficiency of AVP in modulating 
partner preference, they do not suggest which regions of the 
brain may be involved in AVP-mediated partner preference 
neurocircuitry. There are a number of regions within the prairie 
vole brain with high levels of expression of AVPR1a that have 
been quantified (11–16). Of these regions, AVP signaling in the 
lateral septum (LS) has been thought to modulate social behavior 
and organization, and shows different AVPR1a binding levels 
between monogamous and non-monogamous vole species (11). 
In addition, the ventral pallidum (VP) shows differential AVPR1a 
binding between monogamous and non-monogamous vole spe-
cies, and AVPR1a in this region promotes partner preference 
(37, 38). Thus, the LS and VP have become regions of interest in 

the study of the role of AVP in the modulation of partner prefer-
ence behavior (Figure 1).

Lateral Septum
Activity of AVP in the LS is known to be vital for social rec-
ognition in rats and mice (43–46). Gene transfer of prairie vole 
AVPR1a in the septum of the rat brain improves recognition of 
familiar juveniles and promotes more active social interaction 
behavior (47). Similarly, higher expression of AVPR1a in the LS 
of male prairie voles is correlated with higher levels of investiga-
tory behavior in response to a novel female (48). In addition, 
while AVPR1a expression is lower in the LS of male prairie 
voles compared with male meadow voles, vasopressinergic fiber 
density in the LS of male prairie voles is significantly higher 
than that of male meadow voles (39). This suggests that distinct 
and, potentially, more robust AVP signaling from presynaptic 
neurons into the LS, and despite lower postsynaptic receptor 
expression may serve as a mechanism of partner preference 
behavior. The LS receives vasopressinergic signaling from the 
bed nucleus of the stria terminalis (BNST) (39, 49), and AVP 
mRNA expression in the BNST is increased in male prairie voles 
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following a 3-d cohabitation with a female (50). This increase 
in AVP mRNA expression upstream of the LS is not seen in the 
non-monogamous meadow vole. Administration of AVPA into 
the LS of prairie voles during a 24-h mated cohabitation blocks 
partner preference, and AVP activation of AVPR1a in the LS 
during a 6-h non-mated cohabitation induces partner preference 
(40). While similar AVPR1a expression in the LS is observed in 
both male and female prairie voles (11, 12), AVP innervation into 
this region is significantly higher in males than it is in females  
(39, 51, 52). In addition, AVP innervation in the LS of male prairie 
voles varies over the course of cohabitation with a female, but this 
effect is not seen in females (53). Taken together, these findings 
not only implicate a role AVP activity in the LS in partner prefer-
ence in male prairie voles but also suggest sexual dimorphism in 
the impact of AVP on partner preference.

ventral Pallidum
The VP is located within the basal ganglia and is known to play a 
role in reward and motivation (54–56). In male prairie voles, it has 
been determined that AVP signaling and AVPR1a expression in 
the VP are important in partner preference formation. After 17 h 
of cohabitation with a non-receptive female, males overexpress-
ing AVPR1a in the VP, but not in the caudate putamen or those 
treated with LacZ vector, exhibited a significant partner prefer-
ence (37). A more recent study investigated the role of AVPR1a 
expression in the VP in modulating partner preference by using 
short hairpin RNA knockdown of the receptor in this region 
(41). Male prairie voles with reduced levels of AVPR1a in the VP 
showed a complete elimination of partner preference behavior. 
Pharmacological data have also determined that AVPR1a 
expression in the VP, but not all regions associated with reward 
or sociosexual neurocircuits, is specifically necessary for partner 
preference formation. Introduction of AVPA into the VP, but not 
the medial amygdala or mediodorsal thalamus, prior to a 22-h 
cohabitation with a receptive female blocked partner preference 
formation (42). AVPR1a expression in the VP of the prairie vole is 
considerably higher than in the VP of promiscuous cousins such 
as the montane vole and the meadow vole (M. pennsyl vanicus) 
(13, 38), and overexpression of AVPR1a via virally mediated 
gene transfer into the VP of the meadow vole induces partner 
preference formation, a behavior not normally observed in this 
promiscuous species (38).

Expression of AVPR1a in the VP of female prairie voles varies 
depending on pair bond and reproductive status. Pair-bonded 
females exhibit elevated AVPR1a expression in the VP relative to 
single females, and AVPR1a expression in the VP drops during 
pregnancy (57). However, AVPR1a levels in the VP are actually 
elevated immediately following fertilization, and drop back down 
to pre-pregnancy levels as parturition approaches (58). These 
findings may also suggest a reason why earlier studies required 
a higher dose of AVPA in order to manipulate female partner 
preference behavior (32, 34). Pharmacological treatment of 
females early in pregnancy may yield different results. However, 
the behavioral effects of AVP in female prairie voles are not well 
characterized, and thus further study is needed to understand 
the behavioral significance of this variation in VP AVPR1a 
expression.

SeLeCTive AGGReSSiON

Sexually naïve prairie voles are highly affiliative and socially 
tolerant, and will rarely act aggressively to unknown conspecifics. 
However, after mating has occurred and a pair bond has been 
established, prairie voles will display robust levels of aggression 
toward conspecifics entering their territory, but remain highly 
affiliative to their mates (29, 31, 59–63). This behavior is known 
as “selective aggression,” which is a type of mate guarding (64, 65) 
that is specifically a result of mating and the formation of a pair 
bond. Male prairie voles that have a 24-h cohabitation and mating 
period with a female will display selective aggression, but prairie 
voles cohabitating with a same-sex conspecific or for a brief time 
with a female without mating will not (31, 59). In addition, the 
promiscuous montane vole, which does not form pair bonds, 
does not exhibit selective aggression (4). This selective aggres-
sion behavior is not limited to intruders of the same sex, as pair 
bonded male prairie voles will attack unknown female strangers 
(59–61, 63). Similar to other rodent species, female prairie voles 
are aggressive during pregnancy and following parturition (2). 
However, female prairie voles stand apart from females of other 
rodent species in that female prairie voles also display pair bond 
induced selective aggression, just as males do (66, 67). Similar to 
partner preference, selective aggression endures even after a week 
of separation from the mate (29), but is diminished after 4 weeks 
of separation (33).

Arginine-vasopressin has been suggested to have a role 
in aggression in the prairie vole. Administration of AVP via 
intracerebroventricular (i.c.v.) infusion increases aggressive 
behaviors of sexually experienced and reproductively successful 
male prairie voles toward unknown conspecifics (12). This effect 
is not seen in the non-monogamous montane vole. Infusion of 
AVPA into the lateral ventricles of male prairie voles that had 
experienced a 24-h mated cohabitation with a female reduces 
aggressive behaviors to pre-mated levels, suggesting that AVPR1a 
is the mediator of this effect (29). In addition, i.c.v. administra-
tion of AVP induces selective aggression in sexually naïve males. 
These findings suggest that AVP has a role in not only general 
aggressive behaviors but the formation of selective aggression as 
a form of mate guarding. However, central AVPA administration 
does not reduce aggression in established breeders, suggesting 
that full-brain modulation of AVPR1a activity is not sufficient to 
understand the role of AVP in established selectively aggressive 
behavior. Therefore, it is necessary to investigate the site-specific 
regulation of selective aggression by AVP in order to understand 
its role in expression and maintenance of this behavior.

Anterior Hypothalamus
Arginine-vasopressin in the anterior hypothalamus (AH) has 
been found to regulate aggression in hamsters (68, 69). Similarly, 
recent work by Gobrogge and Wang has established AVPR1a 
expression in the AH that is modulated by pair bonding, and 
its activation is important in the regulation of selective aggres-
sion in the prairie vole (Figure  2). AVPR1a binding levels are 
elevated in the AH of pair-bonded male prairie voles relative 
to non-pair-bonded animals (61). Intriguingly, virally medi-
ated overexpression of AVPR1a in the AH facilitates selective 
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FiGURe 2 | Role of AVP in regulation of selective aggression in prairie voles. (A) Aggressive behavior is seen in prairie voles following cohabitation and mating with 
an opposite-sex animal. Photo credit: Charles Badland. (B) A significant increase in AVPR1a binding is observed in the AH of pair-bonded male prairie voles 
compared with sexually naïve male prairie voles. Scale bar is 1 mm. (C) Direct administration of AVP into the AH of sexually naïve male prairie voles induces 
aggressive behavior, and this effect is blocked by coadministration with AVPA. An increase in aggression is not observed with a stereotactic miss of the AH. Similarly, 
administration of AVPA into the AH of pair-bonded male prairie voles blocks bond-induced aggressive behavior. *p < 0.05 versus CSF-treated levels. (D) Virally 
mediated gene transfer of AVPR1a into the AH of sexually naïve male prairie voles induces aggressive behavior. *p < 0.05 versus LacZ vector control. AH, anterior 
hypothalamus; AVP, arginine-vasopressin; AVPA, AVPR1a antagonist; AVPR1a, AVP receptor subtype 1a; CSF, Cerebrospinal fluid. Adapted/reproduced from 
Gobrogge et al. (61) with permission from Proceedings of the National Academy of Sciences.
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aggression in sexually naïve male prairie voles, suggesting that 
the increase in receptor expression following pairing may prime 
the selective aggression observed in male prairie voles. Certainly, 
exposure of either a female or male stranger, but not the partner, to 
a pair-bonded male increases neural activation, measured by Fos-
immunoreactive (ir) labeling, in the AH (60). This information is 
supported by the finding that AVP release in the AH is positively 
correlated with aggression and negatively correlated with affilia-
tion (61). Similar to the i.c.v. studies described above, site-specific 
AVP administration into the AH induces aggression toward novel 
females in naïve male prairie voles, and AVPA into the AH of 
pair-bonded animals reduces aggressive behavior toward stran-
ger females (61). In addition, real-time infusion of AVPA into 
the AH of a pair-bonded male prairie vole while in the presence 
of a novel female reduces aggression and increases affiliation, and 
similar treatment with AVP while in the presence of the partner 
induces aggression toward the partner (63). These results suggest 
that AVPR1a in the AH is important not only for the formation 
of selective aggression but also the decision between aggressive 
or affiliative behaviors toward the partner or a novel female. 
Modulation of selective aggression by AH-AVPR1a has not yet 
been investigated in female prairie voles. Still, similar to a newly 

pair-bonded male, an increase in AH-AVPR1a has been observed 
in pregnant pair-bonded female prairie voles relative to pregnant 
non-pair-bonded female prairie voles (57). This may suggest that 
the role that AH-AVPR1a plays in regulating selective aggression 
in female prairie voles may be quite complex, involving both pair 
bond and pregnancy status.

PATeRNAL CARe

Prairie voles stand out from many mammalian species in parental 
care of young. Other than nursing, prairie vole fathers are just as 
involved in the rearing of pups as mothers are, performing parental 
behaviors such as nest building, licking, grooming, huddling, and 
pup retrieval (70). In addition, juvenile and sexually naïve male 
prairie voles display alloparental care of neonates (51, 71–73). 
While juvenile females will display alloparental behaviors (74), 
sexually mature but inexperienced females are often neglectful 
of pups or even infanticidal (71, 72) unless raised to adulthood 
with the parents (75). For this reason, studies of alloparental care 
are often performed using male prairie voles. Administration 
of AVP into the lateral ventricles of sexually naïve male prairie 
voles does not increase parental behaviors above untreated and 
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FiGURe 3 | Impact of AVP activity in paternal behavior of prairie voles. (A) Prairie voles are a biparental species, and with the exception of nursing, fathers perform 
all of the same parental behaviors as mothers such as nest building, huddling, and grooming of the young. Photo credit: Charles Badland. (B) Prairie vole fathers 
show a significant decrease in AVP-ir fiber density in the LS relative to sexually naïve prairie voles. This effect is not seen in meadow voles. *p < 0.01 versus naïve 
voles. (C) Administration of AVP into the LS of sexually naïve prairie voles increases paternal responsiveness. *p < 0.0001 versus saline-treated animals. (D) 
Administration of 1 ng AVPA in the LS reduces the AVP-induced (0.1 ng AVP) increase in paternal responsiveness. *p < 0.05 versus saline/AVP-treated animals. (e) 
Administration of 1 ng AVPA reduces baseline levels of paternal responsiveness. *p < 0.001 versus saline-treated controls. AVP, arginine-vasopressin; AVPA, 
AVPR1a antagonist; LS, lateral septum. Adapted/reproduced from Bamshad et al. (51) with permission from Karger Publishers and Wang et al. (78) with permission 
from Proceedings of the National Academy of Sciences.
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vehicle-treated levels (76); this may be the result of a ceiling effect, 
since sexually naïve male prairie voles are already highly parental. 
In fact, central administration of AVP can diminish infanticide 
and promote paternal behavior in male meadow voles that were 
previously non-paternal, but does not affect paternal behavior 
in already paternal males (77). However, a high dose of AVPA 
leads to a higher frequency of pup attack, which is normally a rare 
behavior. Coadministration of AVPA with an oxytocin receptor 
(OTR) antagonist significantly reduces parental behaviors as well 
as further increases the incidence of infanticidal behavior, sug-
gesting that AVPR1a and OTR may work in tandem to promote 
alloparental behavior.

Lateral Septum
Several studies have established a correlation between AVP-ir 
fiber expression in the LS and parental behaviors in both male 
and female prairie voles (Figure  3). AVP-ir fiber density is 
significantly higher in the LS of male prairie voles than female 
prairie voles (39, 51). In addition, an increase in AVP-ir fiber 
density in the LS following estrogen replacement is correlated 
with an increase in the incidence of maternal behavior in nor-
mally infanticidal, ovariectomized females (71). These findings 

are supported by pharmacological manipulation of AVPR1a in 
the LS; administration of AVP into the LS promotes parental 
behavior in naïve male prairie voles, and this effect is prevented 
by administration of AVPR1a prior to pup exposure (78). Not 
only does AVP in the LS regulate parental behavior, but AVP fiber 
density in the LS of male prairie voles is affected by cohabitation 
and the birth of the first litter as well. Male prairie voles have 
significantly fewer AVP-ir fibers in the LS than sexually naïve 
males shortly after mating, as well as 6 days following parturition 
(51, 53). This decrease in AVP fiber immunoreactivity may reflect 
an increase of AVP release that has not been recovered. This idea 
is supported by the finding that AVP mRNA expression in the 
BNST of male prairie voles is increased as a result of cohabitation 
with a female (50). These changes in AVP fiber density in the LS 
and mRNA expression in the BNST are not observed in female 
prairie voles or meadow voles of either sex (50, 51, 53), suggesting 
a role of AVP in the LS specifically in paternal behavior.

Although acute antagonism of AVPR1a in the LS leads 
to a decrease in paternal responsiveness (78), elimination of 
AVP-ir fibers in the LS as a result of castration does not lead 
to a decrease in parental behavior (71). This implies that AVP 
action alone in the LS is not responsible for the modulation of 

http://www.frontiersin.org/Endocrinology/
http://www.frontiersin.org
http://www.frontiersin.org/Endocrinology/archive


7

Tickerhoof and Smith Vole and Vasopressin

Frontiers in Endocrinology | www.frontiersin.org October 2017 | Volume 8 | Article 265

parental behaviors, such that dampened AVP signaling can affect 
parental behavior transiently while other modulating signals 
compensate for a prolonged AVP deficit. The onset of paternal 
behavior may be independent of hormonal regulation, as 
paternal behavior is spontaneous and observed even in sexually 
immature juveniles (73). As AVPR1a activity in the LS promotes 
social recognition in rats and prairie voles (45, 46, 48) and 
promotes partner preference behavior (40), AVPR1a activation 
in the LS may induce recognition of a pup as a non-threatening 
and familiar conspecific that should be cared for. In addition, 
more recent research has found that only central administration 
(i.c.v.) of both AVPA and an OTR antagonist together, but not 
either antagonist alone, is sufficient to reduce parental behavior 
in naïve male prairie voles (76). This is in contrast to some of the 
site-specific pharmacology results with AVPA only, which may 
be due to the quite low concentration of AVPA used in the study, 
but it does raise the intriguing possibility that AVP and OXT 
act as redundant and compensatory signals to promote paternal 
behavior in voles. Moreover, OTR is expressed in the LS (17, 79) 
and OTR expression in LS is correlated with absence or presence 
of female alloparental care (74). Therefore, although AVP activity 
in the LS may promote recognition and reduce infanticide, OTR 
and AVPR1a in the LS may work in tandem to promote paternal 
care of the young, though this is only speculation.

DiSCUSSiON

The studies discussed above have supported a role of AVP in the 
formation, expression, and regulation of the pair-bond-related 
behaviors of the prairie vole. This role of AVP is absent in non-
monogamous vole species that do not normally exhibit these 
behaviors. However, genetic manipulation of AVPR1a expres-
sion in specific regions of the brain can induce similar behavior 
in non-monogamous species, or conversely, eliminate these 
behaviors in the prairie vole. With this, and site-specific phar-
macological manipulation of AVPR1a activity and subsequent 
behavioral consequences, there is strong evidence supporting a 
role of AVPR1a distribution and function in the neurobiologi-
cal basis of social attachment. Central administration of AVP 
or an AVPR1a selective antagonist regulates behaviors such 
as partner preference, selective aggression, and paternal care  
(12, 29, 76). AVP regulation of social behaviors in the prairie vole 
may be acting through distinct neurocircuits with different roles 
in relationship formation and maintenance.

The regions in which AVP regulation of partner preference has 
been characterized, the VP and LS, play important roles in motiva-
tion and social recognition in prairie voles (37, 40, 48) and other 
rodent species (44, 55). In these regions, AVP has a role in regulat-
ing affiliative behavior such as partner preference and paternal 
response. Upregulation of AVPR1a activity in the VP promotes 
partner preference (37, 42), and reduction of AVPR1a expression 
in this region drives male prairie voles to prefer an unknown 
female over the mate (41). In addition, an increase in AVPR1a 
expression in this region in the non-monogamous meadow 
vole induces partner preference behavior (38). Upregulation of 
AVPR1a activity in the LS promotes partner preference (40) and 
increases paternal behaviors (78). This signaling may have an 

important role in the formation of affiliative relationships through 
promotion of recognition of social stimuli, such as a new partner 
or pup, as conspecifics that should be affiliated with or cared for.

Conversely, AVP signaling in the AH regulates behavior in a 
manner distinct from VP and LS modulation of positive social 
relationships. In the AH, AVP signaling regulates selective aggres-
sion, and the decision-making process between affiliation toward 
partners and aggression toward strangers is advantageous in the 
maintenance of an established bond. Manipulation of AVPR1a 
activity in the AH not only regulates aggressive behavior in male 
prairie voles (60, 61), but also appears to regulate the decision to 
be aggressive or affiliative to a conspecific (63). This regulation of 
selective aggression occurs as a result of various neurochemicals 
and brain regions signaling to the AH to either promote or inhibit 
AVPR1a activity. Overall, burgeoning evidence support a role of 
AVP in the formation and maintenance of social bonds in prairie 
vole, possibly through distinct neurocircuitry responsible for 
social recognition and social decision-making.

Despite this knowledge, some questions remain unanswered. 
For example, while the cis-regulatory element, specifically single-
nucleotide polymorphisms and microsatellites, of the prairie vole 
avpr1a gene has been implicated in the regulation of AVPR1a dis-
tribution patterns, the specific mechanisms of control of protein 
expression have been poorly studied. Chromatin remodeling at 
the avpr1a gene has been implicated in the regulation of partner 
preference behavior. Administration of a histone deacetylase 
inhibitor into the nucleus accumbens of female prairie voles, 
but not male prairie voles, upregulates AVPR1a expression and 
promotes partner preference behavior (80, 81). These findings 
suggest a sex-specific mechanism of epigenetic modulation of pair 
bond-related behaviors, and further investigation in this direc-
tion could give valuable insight into regulation of social behavior 
at the transcriptional level. Second, the downstream signaling of 
AVPR1a and its impact on the regulation of social behavior in the 
prairie vole has been hardly investigated. One study has examined 
site-specific induction of phosphoinositol, a second messenger of 
Gαq signaling, following introduction of AVP into the brains of 
prairie voles and montane voles, and found species differences in 
regional induction (11). This study, however, did not investigate 
the impact of site-specific phosphoinositol induction or reduc-
tion on social behavior in these species, nor did it investigate 
induction of other secondary messengers such as cAMP. While 
AVPR1a has been characterized as a Gαq-GPCR in hepatocytes 
(82), it has been suggested to have Gαs action in neurons (83). 
Thus, its signaling cascade should not be assumed.

In addition, one of the shortcomings of not only the studies 
discussed above, but of prairie vole research in general, is the 
use of the standard 24-h cohabitation to study neurobiological 
regulation of pair bond-related behaviors. While this length of 
cohabitation plus the presence of mating is usually sufficient to 
induce partner preference and selective aggression, two charac-
teristic behaviors of a pair bond, this model only gives insight into 
the early stages of pair bond formation. A longer cohabitation 
period on the scale of days to weeks would allow for investigation 
of the maintenance of this bond and the behaviors associated with 
it. Finally, one of the major benefits of the prairie vole model is 
the similarity of behavior between males and females (29, 30). 
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This allows for investigation of sexual dimorphism in the neuro-
biological basis of these behaviors. However, much of the research 
of the impact of AVP on pair bond-related behaviors use male 
voles and neglect to study any potential impact of AVP in female 
voles. While it does seem males may be more sensitive to AVP 
and females to oxytocin (34), there does still appear to be some 
impact of AVPR1a in the pair bond-related behaviors of female 
prairie voles (32, 57). Therefore, it is worth including female prai-
rie voles in any study investigating the impact of AVP in social 
behavior, and if no impact is found, it can be reported so that 
sexual dimorphism can be noted. In conclusion, while much has 
been established about the impact of AVP and its action through 
AVPR1a in the regulation of social behavior, much remains to 
be discovered. The prairie vole will continue to be a useful model 
in answering these questions.

SUMMARY

One of the cognitive mechanisms underlying the formation of 
a pair bond is theorized to be the learned association between 
the memory of a partner and reward. Intriguingly, AVP in the 
LS serves to promote social recognition in rats and prairie voles 

(45, 46, 48) and partner preference behavior in prairie voles 
(40). In addition, partner preference formation is facilitated by 
AVP signaling and AVPR1a expression in the VP (37), a brain 
region known to play a role in reward and motivation. It is pos-
sible that these two neuronal inputs, one regulating recognition 
and the other reward, converge to promote the selective partner 
preference. If so, the AVP signal functions as a multimodal neu-
romodulator of this cognitive mechanism that triggers such bond 
formation. The AVPR1a distribution in the brain contributes to 
the social structure of the prairie vole, and genetic variation of 
the cis-regulatory elements of the avpr1a gene appear to contrib-
ute to these patterns. Thus, as more is learned about the genetic 
variants that contribute to AVPR1a distribution in the brain, as 
well as a stronger effort to determine downstream signaling of 
AVPR1a, this will lead to a coherent framework of the genetic 
and cellular basis of the AVP system on individual and species 
level differences in social behavior.
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