
Neuropeptide Regulation of Social Attachment: The Prairie Vole 
Model

Manal Tabbaa1, Brennan Paedae1, Yan Liu1, and Zuoxin Wang1,*

1Department of Psychology and Program in Neuroscience, Florida State University, Tallahassee, 
Florida, USA

Abstract

Social attachments are ubiquitous among humans and integral to human health. Although great 

efforts have been made to elucidate the neural underpinnings regulating social attachments, we 

still know relatively little about the neuronal and neurochemical regulation of social attachments. 

As a laboratory animal research model, the socially monogamous prairie vole (Microtus 
ochrogaster) displays behaviors paralleling human social attachments and thus has provided 

unique insights into the neural regulation of social behaviors. Research in prairie voles has 

particularly highlighted the significance of neuropeptidergic regulation of social behaviors, 

especially of the roles of oxytocin (OT) and vasopressin (AVP). This article aims to review these 

findings. We begin by discussing the role of the OT and AVP systems in regulating social 

behaviors relevant to social attachments, and thereafter restrict our discussion to studies in prairie 

voles. Specifically, we discuss the role of OT and AVP in adult mate attachments, biparental care, 

social isolation, and social buffering as informed by studies utilizing the prairie vole model. Not 

only do these studies offer insight into social attachments in humans, but they also point to 

dysregulated mechanisms in several mental disorders. We conclude by discussing these 

implications for human health.

Introduction

Social behaviors are evident in a large number of animal species and range from simple to 

complex. Enduring selective social bonds are particularly interesting due to their complexity, 

rarity in the animal kingdom, prevalence in human societies, and profound effects on human 

health. A social bond is a hypothetical construct of adaptive, relatively enduring processes 

characterized by proximity seeking between partners, a preference for the partner, stress 

upon separation from the partner, and the cessation of the stress response at reunion (46, 

176). The terms “bond” and “attachment” may have different meanings across fields and 

therefore it is important to clarify the definition in the context of this review. In attachment 

theory in psychology, “attachment” is primarily used to describe the bond between a mother 

and child, while other fields use the terms attachment and bonding interchangeably, as in this 

text, to describe enduring relationships more generally (i.e., partner or parent) (4,37,46). The 

most common types of social bonds in human societies include selective attachments 

*Correspondence to zwang@psy.fsu.edu. 

HHS Public Access
Author manuscript
Compr Physiol. Author manuscript; available in PMC 2017 February 14.

Published in final edited form as:
Compr Physiol. ; 7(1): 81–104. doi:10.1002/cphy.c150055.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



between adult mates (pair bonds) and attachments between parents and their offspring 

(parent-offspring attachments). Although pair bonds are most evident in industrialized 

societies that primarily adopt monogamous life strategies, they occur across all human 

societies, as do parent-offspring attachments. Data from both human and animal studies 

indicate that the social attachments associated with monogamous life strategies are 

beneficial for all members involved. For example, paired individuals in stable marital 

relationships live longer than unpaired individuals (133). Paired individuals also benefit 

from decreased stress as well as better immune and cardiovascular health (15, 150, 266). 

Additionally, children benefit from biparental care which co-occurs with pair bonding 

(213,234). Studies in humans have provided some insights into brain regions that are 

potentially involved in regulating social attachments, both between members of the opposite 

sex and between parents and offspring. Notably, studies using functional magnetic resonance 

imaging (fMRI) have implicated a largely common set of brain regions involved in both 

types of attachments (151, 185, 192, 256). However, despite the importance of pair bonds in 

human welfare, we still know surprisingly little about the neurobiological and 

neurochemical mechanisms underlying social attachment.

While the depiction of social attachments may differ across species, most mammals display 

certain, similar forms of social relationships. As a result, non-human animal models have 

provided opportunities for scientists to systematically investigate the neurobiological 

underpinning of social attachment. In particular, several non-human primate species, such as 

marmosets (Callithrix jacchus) (83) and tamarins (Callicebus) (299), form family groups 

consisting of paired adults and their offspring and display social behaviors associated with a 

monogamous life strategy, including pair bonding and biparental care. These animals can 

serve as excellent models to research the neurobiology of social attachment, although such 

an approach is not practical for many labs. On the other hand, rodents display attachment 

behaviors, primarily mother-offspring attachments, and thus have been utilized extensively 

in the study of the neuronal and neurochemical regulation of maternal behavior (160). 

Although research in rodent models has greatly increased our understanding of the 

neurobiology underlying maternal behavior, most rodents do not display pair bonds nor 

father-offspring attachments and, therefore, cannot serve as appropriate animal models for 

the study of bonding behavior observed in humans.

Recently, the prairie vole (Microtus ochrogaster)—a rodent species that displays strong 

attachments between adult mates and biparental care toward offspring—has emerged as an 

excellent rodent model for studying social attachments and the underlying neurochemical 

mechanisms (231, 296). In prairie voles, pair bonding between mates, parental (both 

maternal and paternal) care toward offspring, and the influences of the social environment 

on those behaviors have been well described (47, 100, 288). In addition, the neurochemical 

regulation of pair bonding, particularly the roles of the neuropeptides oxytocin (OT) and 

vasopressin (AVP), has been extensively examined in prairie voles (39, 288). These data 

have greatly enhanced our understanding of the neurobiology of the formation and 

maintenance of adult mate attachments. In this review, we primarily focus on the 

neuropeptides OT and AVP. First, we provide some background information of these 

neuropeptides and their involvement in the brain in regulating specific social behaviors 

including social recognition as well as sexual and maternal behavior. Thereafter, we focus on 
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research from the prairie vole model regarding OT and AVP regulation of social attachments 

and responses to stress and social buffering.

Neuropeptides Oxytocin and Vasopressin

OT and AVP systems in the brain

OT and AVP are two nonapeptides that have received considerable attention due to their 

critical roles in a variety of physiological and behavioral functions. These two peptides are 

evolutionarily conserved and differ from each other by only two amino acids (1,184). OT 

and AVP producing neurons are found in the densest clusters in the paraventricular nucleus 

(PVN) and the supraoptic nucleus (SON) of the hypothalamus, and consist of large 

magnocellular neurons and relatively smaller parvocellular neurons (98, 161). Magnocellular 

neurons project primarily onto the posterior pituitary gland by which OT and AVP are 

released into the blood stream where they regulate bodily functions such as osmoregulation 

in the kidney by AVP and uterine contractions during childbirth as well as milk letdown 

from mammary tissue during lactation by OT. Magnocellular neurons also innervate the 

spinal cord, midbrain, and multiple forebrain regions, such as the nucleus accumbens 

(NAcc) and central amygdala (156,231,257,262). Magnocellular neurons can release 

neuropeptides via axonal, somatic, and dendritic release, resulting in passive diffusion and 

potentially into the third ventricle (107, 217, 262, 300). Parvocellular OT and AVP neurons 

project onto magnocellular neurons within the PVN as well as to the spinal cord, brain stem, 

forebrain, and median eminence, where release influences anterior pituitary function 

(13,82,161,262). In addition to the PVN and SON, OT and AVP synthesizing neurons are 

found in smaller densities in the amygdala (273), bed nucleus of the stria terminalis (BNST) 

(88), anterior hypothalamus (AH) and medial preoptic area (MPOA) (189,278), and project 

to each other as well as to the NAcc, lateral septum (LS), and ventral tegmental area (VTA) 

(161), among other brain regions (Fig. 1).

The receptors for OT and AVP are G protein-coupled receptors. OT acts on the OT receptors 

(OTR), while there are three types of AVP receptors, two of which (V1aR and V1bR) are 

primarily located in the central nervous system (CNS) and another (V2R) in the peripheral 

nervous system (252). While OT and AVP cells and their innervations are highly conserved 

across mammalian species, receptor distribution patterns and regional densities in the brain 

can vary greatly between species (6,139). A notable example is the difference in OTR and 

V1aR density between brain regions involved in visual processing in primates and brain 

regions involved in olfactory processing in rodents (91). These receptor patterns are thought 

to reflect the differences in primary sensory modalities between species. There is also 

substantial overlap in OTR and V1aR distribution in other forebrain and limbic regions that 

regulate conserved behaviors between primates and rodents, such as in the NAcc, BNST, and 

ventromedial nucleus of the hypothalamus (VMH) (89,90). The differences in OT and AVP 

systems across and even within species can be mediated by variation in gene sequences and 

differences in the regulation of gene expression (132). In contrast to classical 

neurotransmitters, OT and AVP as well as their receptors are directly encoded in the genome 

(161) and their expression can therefore be modulated through hormones, experience, and 

environment (80). Additionally, recent reports indicate that OT and AVP can act on each 
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other’s receptors to regulate behaviors due to the similarity of their molecular structure, and 

the high degree of conservation between the OT and AVP peptides, although the molecular 

signaling pathway activated by their receptors differs (249). Therefore, it cannot be excluded 

that the effects of OT/AVP on behavior and physiology, as informed through studies utilizing 

pharmacological injections, may be due to cross talk between receptors, and future studies 

can aim to clarify this discrepancy by identifying the activated signaling pathways since 

these differ between receptor types (6). Finally, it is relevant to mention that sex differences 

exist between OT and AVP producing neurons, fibers, and receptors in mammals, which will 

be discussed in more detail in later sections in the context of the prairie vole literature (79).

The roles of OT and AVP in cognitive and behavioral functions

There is a substantial amount of evidence from animal models indicating that OT and AVP 

act across an interconnected neural network to regulate social behaviors including social 

recognition, maternal care, reproduction, and aggression. For rodents, social communication 

begins with the olfactory system, as odorants are the primary form by which conspecifics 

distinguish each other. Odors containing an individual signature are initially detected by the 

olfactory epithelium and vomeronasal organ which project onto the olfactory bulbs (211), 

where OT and AVP neurons as well as their receptors reside and are involved in social 

recognition (75, 260). Both the main and accessory olfactory bulbs project to the medial 

amygdala (MeA) where OTR is necessary for social recognition in mice (85). AVP/OT 

projections between the MeA, LS, and hippocampus additionally regulate social recognition 

and behaviors where the ability to recognize conspecifics is important (28, 63, 158, 263, 

264).

In addition to social recognition, OT and AVP have been shown to regulate sexual and 

maternal behavior. During mating, OT neurons in the PVN are activated and OT is released 

locally in both male and female rats (87, 193, 265). In males, PVN OT regulates penile 

erections via projections to the spinal cord, hippocampus, VTA, and cortical amygdala and 

through interactions with dopamine, glutamate, and nitric oxide (12, 181, 254). PVN OT 

release during mating has also been implicated in mediating the anxiolytic effects of sex in 

both male and female rats (193,265). On the other hand, AVP acts in an opposing manner, 

decreasing sexual behavior, and facilitating aggression. ICV injections of AVP in female rats 

decreases lordosis behavior, the reflexive mating posture in female rodents, as well as 

proceptive hop and darting behaviors and increases aggression toward males (207). In the 

context of maternal behavior, OT plays a critical role in regulating maternal behavior 

particularly during the onset, when OT is released centrally before, during, and directly after 

parturition (162,186,191,206). OTR has also been implicated in high maternal 

responsiveness to pups (49,50), with female rats that display high levels of maternal 

responsiveness demonstrating higher OTR binding in brain regions such as the MPOA, 

VTA, and PVN compared to females that display low levels of maternal care (49). The AVP 

system has also been implicated in maternal behavior particularly by its actions within the 

MPOA and BNST (33–36). Notably, virally upregulating V1aRs in the MPOA increases 

maternal behavior (33). These data highlight the role of OT and AVP in modulating multiple 

types of social behaviors in a common set of brain regions. Figure 1 shows schematic 

Tabbaa et al. Page 4

Compr Physiol. Author manuscript; available in PMC 2017 February 14.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



drawings of rodent sagittal brain sections illustrating OT and AVP projections and their 

receptors in the brain, as well as their involvements in a variety of social behaviors.

While studies in traditional laboratory rodent species have provided insights into the neural 

regulation of some aspects of social behaviors, they are limited by species-specific behaviors 

and context. Unfortunately, most rodents do not display features of monogamy characteristic 

of human behaviors, such as adult mate attachments and biparental care, thereby restricting 

the research into these behaviors important for human health. In recent years, emergence of 

the prairie vole model has provided an excellent opportunity to study the neurobiology of 

social bonds. Great efforts have been made to examine the roles of neurochemicals, 

especially the neuropeptides OT and AVP, and their interactions in regulating social 

behaviors and processes associated with the monogamous life strategy in prairie voles. 

These data have significantly enhanced our understanding of the neurochemical mechanisms 

regulating the full repertoire of social attachment behaviors in humans.

The Prairie Vole Model

Monogamous life strategy and social behaviors

Voles are small rodent species belonging to the genus Microtus that exhibit remarkable 

variations in life strategies and social behaviors (48,271,293,296,297). Of particular interest 

is the prairie vole (Microtus ochrogaster), a species that exhibits features of social 

monogamy including long term, selective pair bonds between adult males and females and 

biparental care toward offspring (Fig. 2). The prairie vole has provided a useful model to 

investigate the neurobiology of social attachments especially for their pair bonding behavior 

that is easily inducible in a laboratory setting and is paralleled to the male-female bonding 

observed in human societies. Moreover, other species of voles, such as the meadow vole 

(Microtus pennsylvanicus), display a promiscuous life strategy, tolerating conspecifics 

seasonally, with pair bonds and paternal investment depending on fertility status and winter-

like day-lengths (27, 117, 202, 203). Comparative studies between monogamous and 

promiscuous vole species have provided some of the first insights into the neural 

mechanisms regulating pair bonds, to be reviewed further later (293, 296).

Early field studies utilized live-traps and tracking technology to characterize the natural 

social structure of the prairie vole. Live-trapping data revealed that pairs of males and 

females were repeatedly caught together during breeding and nonbreeding seasons (96). 

Data from subsequent studies using radiotelemetry demonstrated that male-female pairs 

exhibited overlapping home ranges, inhabited the same nest, and often remained together in 

the nest especially during the breeding seasons (130). These discoveries were followed by 

laboratory experiments which confirmed male-female pair bonding in prairie voles and 

provided further details regarding the behaviors associated with a monogamous life strategy 

(93). Virgin male and female prairie voles are socially affiliative and nonaggressive toward 

each other. However, mating induces drastic changes in their behaviors—paired males and 

females remain affiliative toward each other, but no longer display affiliative behavior 

toward other conspecifics. Instead, the pair bonded prairie voles avoid and even attack 

conspecific strangers if they come too close (97). Moreover, the pair bonded male and 
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female share a nest and display biparental behaviors toward their offspring (117, 178, 199, 

259).

In prairie voles, pair bonding behavior has been examined in the laboratory primarily by 

using two behavioral tests. The partner preference test was initially developed by Dr. Sue 

Carter’s lab and is conducted using an apparatus consisting of three chambers connected by 

tubes (281, 283) (Fig. 2B). During the test, the subject is free to roam the apparatus while 

the familiar (partner) and unfamiliar (stranger) conspecifics are confined in their own cages. 

During the 3-h test, the duration and frequency that the subject spends in each cage and 

interacts with the partner or stranger are recorded. Partner preference formation is defined if 

the subject spends significantly more time in side-by-side contact with the partner versus a 

stranger. It has been shown that sexually naïve male and female prairie voles usually spend 

approximately equal times with the partner and stranger, and 18 to 24 h of ad lib mating 

reliably induces partner preferences in prairie voles (105, 281) (Fig. 2C).

Another behavioral index of pair bonding is selective aggression. As aforementioned, 

sexually naïve prairie voles are highly affiliative toward conspecifics. However, after mating, 

both the male and female become aggressive toward conspecific strangers but not the 

partner, and this “selective” aggression can be assessed by a resident intruder test (RIT) 

(278,283). In this paradigm, the intruder (partner or stranger) is introduced into the home 

cage of the subject for 5-min behavioral interactions. The duration and frequency of 

offensive (e.g., biting and chasing) and defensive (e.g., defensive upright postures) 

aggression as well as nonsocial behaviors (e.g., self-grooming and locomotion) displayed by 

the subject are recorded. Data have shown that sexually naïve prairie voles are not 

aggressive (241). However, mating induces aggression selectively toward conspecific 

strangers but not the partner (102, 136, 283) (Fig. 2D). This selective aggression is displayed 

by both male and female prairie voles, but more robust in the former than the latter (97, 

281).

Prairie voles also display biparental care, another unique behavioral characteristic associated 

with their monogamous life strategy. Male prairie voles stay in the natal nest after birth of 

their offspring (Fig. 2E) and display paternal behavior, similar to maternal behavior except 

for nursing, toward their offspring (199). Male prairie voles contribute to nest building and 

display direct parental behaviors including licking, grooming, huddling, and retrieving the 

pups (95). Interestingly, sexually naïve male prairie voles can display this spontaneous 

paternal behavior when they are exposed to unrelated pups, and this behavior can be 

enhanced by mating and pair bonding experience with females and by the birth of males’ 

own offspring (22). Prairie voles therefore provide a unique opportunity for the study of the 

neurobiology of paternal behavior, paralleling and in comparison to the neurobiology of 

maternal behavior.

It is worth mentioning that the life strategy and associated behaviors of other vole species 

have also been studied. For example, the meadow vole is a promiscuous species. Sexually 

naïve meadow voles are largely solitary, depending on season, and aggressive toward 

conspecifics (94,117). Mating does not induce partner preference nor selective aggression in 

meadow voles (117, 199). As Microtine rodent species are phylogenetically similar but show 
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remarkable differences in their life strategy and social behaviors, they have provided a 

unique comparative model for studying social behaviors and their underlying neurochemical 

mechanisms.

OT and AVP systems in the vole brains

Early comparative studies took advantage of the species differences in life strategies and 

social behaviors and compared the OT and AVP systems in the brains between monogamous 

and promiscuous vole species. These studies uncovered striking species differences in the 

OTR and V1aR distribution patterns (137, 138) (Fig. 3). For example, monogamous vole 

species, such as the prairie voles and pine voles (Microtus pinetorum), have higher densities 

of OTR binding in the prefrontal cortex (PFC) and NAcc as well as the BNST and lateral 

amygdala, compared to the promiscuous meadow and montane (Microtus montanus) voles 

(137). Conversely, lower densities of OTR binding are found in the LS, ventromedial 

nucleus of the hypothalamus, and cortical amygdala in the former than the latter vole 

species. Similarly, differences are also found for V1aR binding in the brain between vole 

species with different life strategies and social behaviors. Specifically, monogamous vole 

species have higher densities of V1aR binding in the ventral pallidum (VP), BNST, and 

central and lateral amygdala, among other regions, as well as lower densities of V1aR 

binding in the LS and PFC compared to promiscuous vole species (138,244,278,294). These 

species differences in protein receptors were confirmed by subsequent studies on OTR and 

V1aR mRNA labeling using in situ hybridization (292,298). It is important to note that such 

differences in the distribution patterns and regional quantities of the OTR and V1aR are not 

just species specific, but closely related to the different life strategy and social behaviors of 

the vole species, implicating their potential roles in different social behaviors (123, 169, 

290).

OT and AVP producing cells and fibers have also been examined in vole brains. Cells that 

contain and are immunoreactive (-ir) for OT are found in the PVN, SON, MPOA, amygdala, 

and BNST while AVP-ir cells are also found in the PVN, SON, and MPOA as well as the 

suprachiasmatic nucleus of the hypothalamus (SCN), BNST, MeA, and AH (21,270,279). 

OT-ir fibers are found in the NAcc, while dense clusters of AVP-ir fibers are found in the 

PVN, SON, LS, lateral habenula, and MPOA (229). Some scattered AVP-ir fibers are aslo 

found in the BNST and MeA (21, 279). Similar distribution patterns of OT-ir and AVP-ir 

cells and fibers are found in the brains of monogamous and promiscuous voles with some 

subtle species differences (270, 279). In general, the patterns of OT and AVP cells and fibers 

in the vole brains are similar to that found in other species of rodents including rats and mice 

(229), indicating that such systems are evolutionarily conserved. Most interestingly, the 

different patterns of OTR and V1aR in the vole brains indicate their roles in regulating social 

behaviors associated with species-specific life strategies (123, 138).

The role of OT and AVP in pair bonding

The functional role of OT in partner preference formation was first identified in a 

pharmacological study in female prairie voles (282). In this study, ICV injections of OT 

potentiated partner preference formation in sexually naive female prairie voles briefly 

exposed to a male (for 6 h) compared to females injected with a vehicle, and this effect was 

Tabbaa et al. Page 7

Compr Physiol. Author manuscript; available in PMC 2017 February 14.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



blocked by an OTR antagonist (282). Furthermore, ICV injections of an OT antagonist 

disrupted partner preference in female prairie voles (135). These effects were further 

replicated in female prairie voles and expanded into male prairie voles (52, 144). Subsequent 

studies have been focused on identifying the specific brain areas in which OT facilitates 

partner preferences. As OTR densities in the NAcc and PFC are significantly higher in 

prairie voles than in meadow and montane voles (137), these two areas have been the focus. 

Indeed, infusions of an OTR antagonist directly into either the NAcc or PFC disrupts partner 

preference formation in female prairie voles, indicating the necessity of the OTR in these 

brain regions for pair bonding (290, 293). OT is also released in the NAcc of female prairie 

voles during interactions with a male (229), and OT injections directly into the NAcc 

facilitate partner preference formation (172). Furthermore, upregulation of OTRs in the 

NAcc facilitates partner preference formation in female prairie voles, and this effect is 

blocked by injections of an OTR antagonist (147,230,269). Moreover, drug induced 

decreases in the OTR in the PFC disrupts partner preference formation in female prairie 

voles, but this deficit is rescued via OT administration directly into the PFC, which also 

results in altered NAcc activity (288).

As OTR signaling plays a critical role in mediating OT effects on partner preferences, efforts 

have also been made to alter OTR densities in selected brain areas and then examine the 

effects on behavior. Increasing OTR expression in the NAcc via viral vector-mediated gene 

transfer accelerates partner preference formation in adult female prairie voles (230). In 

addition, virally upregulating OTR in the NAcc of juvenile female prairie voles also results 

in accelerated partner preference formation as adults (147). Conversely, decreasing OTR 

density in the NAcc disrupts partner preference formation. Injections of a viral vector into 

the NAcc containing a short hairpin RNA (shRNA) designed to interfere with OTR mRNA 

results in OTR knockdown by approximately 45% in female prairie voles (146). This 

selective and incomplete knockdown is sufficient to disrupt partner preference formation 

(146). Prairie voles naturally display remarkable variation in the density of OTRs in brain 

regions, such as the NAcc, and this variation has been implicated in mediating individual 

differences in affiliative behaviors in this species (197, 230). Furthermore, drugs of abuse 

alter central OTR densities and impair pair bonding in prairie voles (289). For example, 

amphetamine treatment decreases OTR density in the PFC and disrupts partner preference 

formation in female prairie voles (289). Injections of OT into the PFC of amphetamine 

treated subjects rescues partner preference formation and alters NAcc activity via OTR 

activation (289). Interestingly, data from a recent study show that epigenetic events 

associated with mating and cohabitation with a male partner can enhance OTR expression in 

the NAcc of female prairie voles to facilitate partner preferences and suggests a mechanism 

by which experience with a mate can facilitate pair bond formation (269). 

Pharmacologically blocking histone deacetylation in female prairie voles during 

cohabitation with a male increases OTR gene expression in the NAcc as well as histone 

acetylation levels at the OTR gene promotor region. These changes are associated with a 

facilitation of partner preference, which can be blocked by subsequent injections of an OTR 

antagonist into the NAcc. Overall, data indicate that OT in the brain, particularly in the 

NAcc and PFC, plays an important role in partner preference formation (Fig. 4A and B). 

These data also implicate the rewarding aspects of mating and affiliation with a partner and 
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possible interactions between OT and other “reward” neurochemicals, such as dopamine, in 

regulating partner preferences in prairie voles (289, 293).

AVP is also involved in pair bonding behaviors and the V1aR is of particular importance 

(Fig. 4C and D). ICV injections of AVP facilitate, while V1aR antagonists inhibit partner 

preference formation in both male and female prairie voles (52,283,295). Specifically, V1aR 

activation is necessary for partner preference formation and expression (78). ICV V1aR 

antagonism prior to mating blocks partner preference formation while central V1aR 

antagonism after mating but before a partner preference test blocks the expression of partner 

preference (78). In the nonmonogamous montane vole, AVP administration does not alter 

affiliative behaviors (295). Subsequent studies aimed to identify specific brain regions where 

V1aRs act to regulate partner preference formation in prairie voles. As AVP in the LS was 

recognized for its role in social recognition (29, 62) and an increase in AVP release in the LS 

had been reported in male prairie voles that have mated and cohabited with a female (22), 

V1aR in the LS was tested for a role in partner preference formation (171). Injections of 

AVP directly into the LS induced partner preference formation in the absence of mating 

while a V1aR antagonist blocked mating-induced partner preference formation in male 

prairie voles (171). Therefore, AVP in the LS plays a critical role in the neurobiology of pair 

bond formation in prairie voles.

In addition to the LS, V1aR activation in the VP regulates partner preference formation in 

prairie voles. V1aR in the VP was initially implicated in pair bonding due to comparative 

studies demonstrating the higher densities of V1aR in the monogamous voles compared to 

promiscuous voles and due to the neuroanatomical location of the VP in the brain’s reward 

circuitry; the VP is the main output center of the NAcc and has been implicated in drug 

reward and reinforcement (177). Mating has additionally been shown to increase neural 

activity in the VP of male prairie voles, and this is dependent on pallidal V1aRs (170). 

Injections of a V1aR antagonist into the VP blocks partner preference formation in male 

prairie voles (170), while overexpressing the V1aR in the VP induces partner preference 

formation in the absence of mating (215). Conversely, decreasing V1aR in the VP disrupts 

partner preference formation in mated male prairie voles (23). Considering these results and 

the fact that V1aR densities vary considerably within prairie voles, natural variation in V1aR 

distribution in the VP may account for intraspecies variation in pair bonding behaviors (23, 

214). In support of this interpretation, artificially increasing V1aR density in the VP of 

promiscuous meadow voles by using viral vector V1aR gene transfer can induce a partner 

preference in this species (169).

Comparison of the V1aR gene between monogamous and nonmonogamous vole species has 

revealed differences in gene structure (295). Specifically, there is an expanded repetitive 

microsatellite in the 5′ regulatory region of the V1aR gene in monogamous vole species 

compared to nonmonogamous vole species which may account for differences in receptor 

distribution (124). To determine if these differences in gene structure translated to 

differences in social behaviors, Young and colleagues created transgenic mice containing the 

prairie vole V1aR gene (295). Transgenic mice carrying the prairie vole V1aR genetic 

sequence demonstrated a V1aR binding pattern in the brain that was more comparable to a 

prairie vole than a wild-type mouse (295). Furthermore, these transgenic mice showed 
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increased affiliative behaviors after central injections of AVP (295). The significance of 

differences in v1ar gene structure and transcription were later tested in cell cultures and 

shown to be cell-type specific (124). Altogether, data indicate that species differences in 

gene structure may give rise to species-specific differences in central V1aR densities and 

distribution patterns (120, 124).

In addition to an involvement in regulating partner preference formation, AVP is also both 

necessary and sufficient for selective aggression in prairie voles. ICV injections of AVP 

facilitate whereas a V1aR antagonist blocks selective aggression in male prairie voles, 

respectively (283). In particular, AVP actions in the anterior hypothalamus (AH) have been 

shown to regulate selective aggression in prairie voles (102, 103). Selective aggression in 

pair bonded male prairie voles is associated with an increase in neuronal activation of AVP 

cells in the AH as well as increased V1aR binding in the same brain region (102). 

Furthermore, this is associated with an increase in AVP release in the AH as measured via 

brain microdialysis during a RIT test in pair-bonded males (103). In sexually naïve male 

prairie voles, selective aggression toward a conspecific can be induced via pharmacological 

activation of V1aRs in the AH (101,103). Viral vector mediated V1aR over-expression in the 

AH also facilitates aggression toward novel females in sexually naive males (103). 

Interestingly, treatment with amphetamine also results in increased V1aRs in the AH and 

induces aggression toward conspecifics, although the selectivity is lost as these males also 

attack their partners (103). This amphetamine induced aggression is blocked via 

administration of a V1aR antagonist in the AH (103).

Although the current review is focused on the neuropeptides AVP and OT, it is worth 

mentioning that several other neurochemicals and hormones have also been implicated in 

pair bonding behavior in prairie voles. For example, the neurotransmitter dopamine (DA) 

has been implicated in regulating the salience of social cues via interactions with OT, and is 

necessary for the formation and maintenance of pair bonds (10, 172, 239). Activating DA 

receptors in the NAcc results in a receptor-specific effect—D2R activation facilitates partner 

preference formation whereas D1R activation enhances selective aggression associated with 

pair bonding in prairie voles (10). Concurrent activation of both OTR and D2R in the NAcc 

is essential for partner preference formation, implicating DA and OT interactions in social 

bonding (172). The D1R and D2R are located on cell specific populations containing opioids 

and regulate the motivational aspects of pair bond formation and maintenance. D2Rs in the 

NAcc shell are located on enkephalin containing neurons which bind to the μ-opioid receptor 

to regulate the hedonic properties of mating and is necessary for partner preference 

formation in prairie voles (220–222). In contrast, D1Rs in the NAcc shell are located on 

dynoprhin containing neurons which regulate aversive motivation and are necessary for the 

expression of selective aggression in prairie voles (220, 222).

Hormones, such as estrogen and corticosterone (CORT), also play roles in regulating 

affiliative behavior in prairie voles. In female rodents, the effects of OT on adult behaviors, 

including sexual (12) and maternal (26, 49, 204, 208) behaviors, are largely dependent on 

estrogen. Interestingly, OT also has organizational effects on ERα expression in prairie 

voles, and ERα can modulate changes in social behavior (58,60,159,286). For example, in 

male prairie voles, ERα expression in the MeA and BNST is inversely correlated with 
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prosocial behavior (60, 163). It has also been demonstrated that pair bond formation in 

prairie voles are partly mediated by the HPA axis and CORT responses (68). For example, 

exposure to an opposite sex, but not same sex, conspecific reduces circulating CORT levels 

in prairie voles and CORT, in turn, influences the formation of pair bonds (69,72). 

Interestingly, increases in circulating CORT show sexually dimorphic effects on pair 

bonding—it facilitates partner preference in male, but inhibits the same behavior in female 

prairie voles (68, 69, 72). Both AVP and OT can influence CORT release via interactions 

with the HPA axis. For example, ICV injections of OT in male and female prairie voles 

decrease CORT (72). OT largely inhibits HPA activity while AVP activates it. Therefore, the 

HPA axis is sensitive to social cues and can influence the regulation of social behavior via 

interactions with OT and AVP (68).

The role of OT and AVP in parental behavior

Prairie voles belong to 3% to 4% of mammalian species that display male-female bonding 

and biparental care toward offspring—behaviors associated (155). After mating and pair 

bond formation, both male and female prairie voles stay in the same nest where females 

become pregnant and gestation occurs in approximately 21 days following mating. Upon 

litter birth, mother voles display the full range of maternal behaviors, including pup nursing, 

huddling, licking/grooming, and retrieving, as observed in other rodent species (117). Prairie 

vole fathers also display high levels of parental behaviors like their female partners except 

for pup nursing (117). Prairie vole pups raised with both parents receive significantly higher 

levels of licking/grooming and have a faster rate of physical development (e.g., eat solid 

food and move out of the nest) compared to pups raised in the absence of their fathers, 

indicating the importance of paternal behavior on pup development in this species (2, 3, 

275). Parental behavior, such as pup licking and grooming, appears to be coordinated 

between mother and father prairie voles (2). Mothers lick and groom pups more than the 

father when both parents are present. However, when the mother leaves the nest, the father 

increases pup licking and grooming (2). It also appears that prairie vole mothers and fathers 

can coordinate their nesting time, so that one parent is almost always in the nest and pups are 

left alone very rarely (2). Interestingly, prairie voles are among few rodent species where 

sexually naïve individuals can display spontaneous parental behaviors toward conspecific 

pups (199). In prairie voles, the instance and levels of spontaneous parental behaviors varies 

among individuals and between sexes as more males display spontaneous parental behavior 

than females (173). In addition, the levels of spontaneous parental behavior displayed by 

sexually naïve prairie voles can be enhanced by the animal’s sexual and social experience 

with opposite sex conspecifics (22, 142, 227). Finally, juvenile voles that stay in the parent’s 

nest also display parental behavior toward their younger offspring (alloparental behavior), 

except for nursing (117, 199, 276).

One interesting aspect from the study of parental behavior in prairie voles is their individual 

differences in parental and other social behaviors as well as the heritability of their 

behavioral traits over generations. Prairie voles display remarkable individual variation in 

the levels of parental care toward their offspring and these levels are consistent among 

individuals (209). Differences in parental behavior received by pups (i.e., high contact vs. 

low contact parenting styles) are associated with altered social and alloparental behaviors 

Tabbaa et al. Page 11

Compr Physiol. Author manuscript; available in PMC 2017 February 14.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



displayed by those pups during their adolescence (209). Furthermore, offspring raised by 

single mothers demonstrate lower levels of spontaneous parental behavior, delayed partner 

preference formation, and altered anxiety-like behaviors in adulthood, compared to those 

reared by both parents, further demonstrating the importance of biparental environment for 

the normal development of the offspring (2, 3).

In an early effort in studying neural mechanisms of parental behavior in voles, c-Fos, a 

protein product of the immediate early gene c-fos, was used as a neural activation marker to 

map brain areas activated by pup exposure. Increased neuronal activation was found by pup 

exposure in several limbic brain areas including the MeA, LS, AOB, MPOA, and medial 

BNST (153, 279). The involvement of these brain areas in parental behavior has been further 

supported by data from subsequent studies. For example, lesions of the MeA have been 

found to affect parental behavior in male and female prairie voles, albeit differently. In 

virgin females, lesions of the MeA facilitate maternal behavior and this effect is dependent 

on gonadal steroid hormones as ovariectomy eliminates this effect (190). Conversely, MeA 

lesions in adult, pair bonded male prairie voles decrease paternal behavior toward a pup 

(152). The MeA receives direct projections from the main and accessory olfactory bulbs 

(167, 183), and these upstream structures have also been implicated in parental behavior in 

prairie voles. For example, a significantly higher number of male prairie voles receiving 

bilateral lesions of the olfactory bulbs attacked pups compared to control males (154). These 

data suggest that the olfactory system and subsequent downstream brain regions (i.e., MeA) 

are necessary for normal paternal responding in males and females but in a sexually 

dimorphic manner.

Several pieces of evidence have laid out a foundation for studying neuropeptide, especially 

OT and AVP, regulation of parental behavior in prairie voles. First, neuropeptides, such as 

OT and AVP, have been well documented in regulating maternal behavior in other 

mammalian species (30, 35, 192). Second, many of the brain areas that are activated by pup 

exposure/interaction in prairie voles contain OT and/or AVP producing neurons, projections, 

or receptors (153, 192, 195). Third, monogamous and promiscuous vole species show 

remarkable differences in the OTR and V1aR expression in the brain, indicating the potential 

role of OT and AVP systems in regulating species-specific social behaviors including 

parental behavior (137, 138). Fourth, OT and AVP have been shown to play important roles 

in regulating pair bonding behavior in prairie voles (99, 192). It is hypothesized that the 

same neurochemical systems and circuitry are involved in the regulation of a suit of social 

behaviors, such as pair bonding and biparental care, associated with a monogamous life 

strategy (104,144). It should be noted that although the neurochemical regulation of 

maternal behavior has been extensively studied using other rodent models such as rats, mice, 

and even primates (196, 226, 251), we know virtually nothing about the neurochemical 

regulation of paternal behavior. Therefore, the prairie vole model provides an excellent 

opportunity to examine endogenous (e.g., neurochemicals and hormones) and exogenous 

(e.g., mating and/or social experience with the partner) factors that regulate/influence male 

parental care (192,226). Indeed, the majority of the efforts in studying the neurobiology of 

parental behavior in voles has been focused on paternal behavior, although maternal 

behavior has also been examined.
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In an early study comparing monogamous prairie voles with promiscuous montane voles 

(M. montanus), males and females at 1 or 6 days following the birth of their offspring were 

compared with their conspecific, sexually naïve counterparts for OT and AVP gene 

expression and receptor binding in the hypothalamus (280). OT mRNA expression in the 

PVN and SON as well as OTR binding in the VMH were significantly increased in females 

of both species following parturition and maternal experience, but these changes were not 

found in males of either species. These data are consistent with the demonstrated role of 

hypothalamic OT in maternal behavior found in other rodent species (35). Most 

interestingly, AVP gene expression in the PVN and SON were significantly increased in 

mother and father prairie voles, but not in promiscuous montane voles, compared to their 

sexually naïve counterparts, indicating a species-specific role of brain AVP in regulating 

monogamous social behaviors (280). In a separate study, it was found that compared to 

virgin males, father prairie voles displayed higher levels of OT labeled neurons in the PVN 

(149). Additionally, pup exposure increases the percentage of c-Fos labeled neurons that 

coexpress OT or AVP staining in the PVN and increases peripheral OT in virgin males (148). 

These data further implicate a role for OT and AVP in the transition and regulation of 

parental behaviors in male prairie voles.

Additional data further indicate the role of OT and AVP in mediating parental behaviors in 

both male and female prairie voles. In male prairie voles, ICV injections of an OTR 

antagonist or a V1aR antagonist have no effects on paternal behaviors in virgin males. 

However, combined ICV injections of the OTR and V1aR antagonist at a high dose 

decreases paternal behavior, indicating that OT and AVP may coordinate with each other in 

regulating paternal behavior in prairie voles (17). In female prairie voles, alloparental 

responsiveness (specifically huddling) is correlated with OTR binding in the shell 

subdivision of the NAcc (197). Adult virgin females that display maternal behavior also have 

higher OTR binding in the NAcc compared to females that have either attacked pups or 

showed no maternal behavior (198) (Fig. 5A). These data indicate that OTR in the NAcc 

may be important for maternal behavior in prairie voles. Indeed, injections of an OTR 

antagonist directly into the NAcc of adult virgin female prairie voles impairs maternal 

behavior (198) (Fig. 5B). In a recent study, RNAi knockdown of OTR in the NAcc blocked 

alloparental behavior in female prairie voles (146) (Fig. 5C and D). Additionally, virally 

upregulating OTRs in the NAcc of juvenile female prairie voles increases adult alloparental 

responding (147). As of yet, no investigations have looked at the functional role of OTR in 

the NAcc in paternal behavior in prairie voles. However, a recent study has found that in the 

monogamous mandarin vole (Microtus mandarinus), fathers have higher levels of OTR 

mRNA in the NAcc compared to both virgin and pair bonded males (268). Additionally, pup 

exposed prairie vole fathers have higher levels of OT-ir staining in the PVN, compared to 

virgin males, and OT neurons in the PVN project to the NAcc, among other brain regions 

(149). Further support for OT action within the NAcc in facilitating male parental behavior 

comes from manipulations of OT release in mice. Although mice display low levels of OTRs 

in the NAcc and male mice are generally not paternal, male mice still displayed more 

paternal behaviors toward pups after OT activity was facilitated in the NAcc (5). These data 

implicate OT regulation of parental behavior in the NAcc although future studies need to 

address this specificity in male prairie voles.
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Brain AVP has been particularly implicated in parental behavior in prairie voles. Early 

studies mapping AVP system in the vole brain found that male voles have more AVP-ir 

mRNA labeled cells in the BNST and MeA and a higher density of AVP-ir fibers in the LS, 

compared to females (21, 277). This sexually dimorphic AVP pathway is similar to what has 

been reported in other species of rodents (66). However, an interesting species difference 

was also found: male prairie voles have a higher density of AVP-ir fibers in the LS than male 

meadow voles (270). In studies comparing prairie voles at different stages during 

reproduction, it was found that after 3 days of mating/cohabitation with a female, male 

prairie voles showed a significant increase in the number of AVP mRNA labeled cells in the 

BNST but a decrease in the density of AVP-ir fibers in the LS, compared to their sexually 

naïve counterparts (21,22,277). As AVP neurons in the BNST project to the LS (65), the 

decreased AVP-ir staining in the LS has been interpreted as an increase in AVP release 

associated with fatherhood (21). Importantly, such changes in AVP activity in the BNST-LS 

pathway were not found in promiscuous meadow voles nor in female prairie voles, 

indicating a species- and sex-specific effect in male prairie voles (21, 22, 277). This change 

in AVP activity could be associated with the increase in paternal responsiveness postpairing 

(22). In fact, the functional significance of AVP action in the LS on regulating paternal 

behavior has been demonstrated in a pharmacological study in virgin male prairie voles. 

AVP injections into the LS increased paternal behavior, whereas this effect was blocked by 

preinjections of a V1aR antagonist (272) (Fig. 5E). It is interesting to note that intra-LS AVP 

injections also facilitate pair bonding behavior in male prairie voles (171). AVP’s role in 

maternal behavior has been less studied compared to paternal behavior, but it has been 

shown that intra-LS AVP injections induce persistent parental behavior in female rats (205). 

Additionally, in a study in female prairie voles, the density of V1aR in the VP and PVN 

positively correlated with the length of female’s pregnancy (200) raising the intriguing 

possibility that pregnancy may facilitate V1aR upregulation in these brain regions in 

preparation for increasing maternal approach to pup stimuli.

The literature on the neural regulation of paternal behavior is severely lacking compared to 

maternal and adult mate bonding behaviors. Due to the paternal nature of male prairie voles, 

future studies can benefit from utilizing the prairie vole model to further investigate the brain 

regions and neurochemicals involved in the onset and maintenance of paternal care.

Stress and social buffering

It is well known that in humans, attachment with partners, relatives, or even friends act as a 

protective buffer against many negative consequences of life stress, whereas disruption or 

lack of social attachments can lead to pathologies via dysregulation of the HPA axis and 

downstream effects (55, 99, 247). For example, divorce is associated with increased reports 

of distress and depressive symptoms, but increased social support ameliorates some of these 

effects (174). Loss of partners or close relatives leads to grief and associated symptoms 

including dysphoria, anxiety, depression, sleep disturbance, cardiovascular problems, and 

immune system deficits (242). Loneliness has been used to describe real or perceived social 

isolation in the human literature (45). Feelings of loneliness include distressing feelings of 

social isolation and increase the risk for depression as well as other chronic diseases (40, 42, 

43, 45, 56, 126, 127). Partner loss often leads to increased loneliness which has also been 
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linked to an increased mortality risk (125, 131, 210). Although several hormones (e.g., 

cortisol and estrogen) and neurochemical systems (e.g., OT, AVP, and DA) have been 

implicated in mediating loneliness, the consequences of social attachment disruption, and 

social buffering on stress responses in humans (41, 42, 44, 92, 250), we still know little 

about the neurobiology of attachment disruption and social buffering. In traditional 

laboratory rodent species and primates, studies have shown that social isolation leads to 

negative responses. Acute and chronic social isolation, in general, induce anxiety-like and 

depression-like behaviors, enhance the response of the HPA axis, and increase activities of 

several neurochemical systems, including OT and AVP, compared to socially housed 

counterparts (247). Conversely, reunion with conspecifics can ameliorate the behavioral, 

hormonal, and neurochemical responses associated with social isolation and stress 

experience (132, 219, 248). Recent emergence of the prairie vole model has provided an 

excellent opportunity to study both the benefits and consequences of social relationships, 

especially the relationship with a bonding partner, on the brain and behaviors (99, 247). Data 

have shown that OT and AVP are involved not only in the formation of pair bonds (as 

reviewed earlier), but also in the response to social isolation/ partner separation as well as 

social buffering of stress responses in prairie voles (38, 99, 247).

Social isolation paradigms have been utilized to study the effects of social isolation on 

behavior and bodily functions in prairie voles. In general, sexually naïve voles that are singly 

housed (socially isolated) are compared with ones that are housed together with same-sex 

cage mates. In adult female prairie voles, 4-weeks social isolation increases heart rate, 

decreases heart rate variability, and enhances anxiety-like and depression-like behaviors as 

well as pup-directed aggression (108, 109, 111, 112, 115). Four weeks of social isolation 

also induces endothelial dysfunction—an implication for depression and cardiovascular 

diseases (212)—as well as enhances agnostic behavior in females and disrupts immune 

responses in both male and female prairie voles (236). Thus, social isolation induces 

behavioral, autonomic, and immune dysregulations in prairie voles similar to those induced 

by other stressors (109) (Fig. 6A–C). Further, such chronic social isolation has been found to 

affect neurochemical systems in the brain: it significantly decreases OTR mRNA in the 

hypothalamus in both male and female prairie voles, and increases plasma OT in females 

(216) (Fig. 6D). Another study found that plasma OT is increased in both socially isolated 

males and females in addition to increasing the number of c-Fos/OT double labeled cells in 

the PVN after experiencing the RIT, suggesting that OT is involved in the neuroendocrine 

responses to acute behavioral stressors in socially isolated prairie voles (109) (Fig. 6E and 

F). Most interestingly, chronic (14 days), peripheral OT treatment prevents the autonomic 

and behavioral consequences of social isolation in female prairie voles (Fig. 6G–I). 

Specifically, OT treatment prevents the autonomic changes in response to acute behavioral 

stressors (e.g., EPM and RIT) and prevents isolation-induced increases in depression-like 

behaviors (e.g., reduced sucrose intake and increased immobility in the forced swim test) 

(114) (Fig. 6G–I). Therefore, the OT system is activated when animals experience social 

isolation, and OT may compensate for the autonomic response and its subsequent effects on 

behaviors (113, 114).

Social isolation during development has also been shown to affect behaviors and 

neurochemical markers in the brain. In male prairie voles, social isolation for 6 weeks 
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following weaning significantly increases anxiety-like behavior and enhances mRNA 

expression in the PVN of OT, AVP, and corticotrophin-releasing hormone (CRH), a hormone 

and neurotransmitter involved in stress responses (201). In addition to increasing anxiety and 

depressive-like behaviors, 6 weeks of social isolation reduces cell proliferation, survival or 

neuronal differentiation in the amygdala, MPOA, and VMH in a brain region-specific 

manner in female prairie voles (168). In female prairie voles, social isolation for either 4 or 

21 days following weaning also increases CRH-ir staining in the PVN and AVP-ir in the 

SON, compared to pair housed controls (232). Further, chronic social isolation at longer 

durations (e.g., 60 days) also increases depression-like behavior, plasma levels of OT, AVP, 

and the stress hormone CORT, as well as OT-ir and CRH-ir staining in the PVN of female 

prairie voles (109). In another study, repeated social isolation (one hour each day for 4 

weeks) increased plasma AVP in both male and female prairie voles (216).

Separation from a paired partner has also been utilized to examine the consequences of 

breaking pair bonds in prairie voles (Fig. 7). In the first study to investigate the effects of 

partner separation on prairie voles, pair bonded male prairie voles were separated from their 

bonded partner for 5 days and compared with pair-housed controls for their behavioral and 

hormonal responses to an acute behavioral stressor (32). Male voles separated from the 

female partner had increased circulating levels of CORT and displayed increased depression-

like behavior in the forced swim test and tail-suspension test (32). Interestingly, 

administration of a CRHR antagonist into the ventricles prevented the increase in 

depression-like behaviors in male prairie voles separated from their female partner. A 

subsequent study also found that in addition to increasing depression-like behavior and 

circulating stress hormones, 5 days of partner separation also leads to autonomic imbalance 

characterized by increased sympathetic and decreased parasympathetic tones in both male 

and female prairie voles (179) (Fig. 7A–C). A more recent study investigated longer-term 

effects of partner separation on emotional and social behaviors, stress hormones, and 

neurochemistry (255). Partner loss for 2 weeks significantly increased anxiety-like as well as 

depression-like behaviors, and increased the density of OT-ir, AVP-ir, and CRH-ir staining in 

the PVN of male voles (Fig. 7D–I). At 4 weeks following partner loss, males also failed to 

display partner preferences as well as selective aggression and had elevated levels of plasma 

CORT. Thus, partner loss elicits anxiety-like and depression-like behaviors, disrupts social 

bonding, and alters OT and AVP as well as CRH, systems that are initially involved in the 

regulation of pair bond formation. These data indicate the utility of the prairie vole model to 

study the neurobiology underlying partner loss and grief (243).

A most recent study has shed light on potential mechanisms of action underlying separation 

induced depression-like behaviors in pair bonded male prairie voles and found an interaction 

between the OT and CRH system in the NAcc. Depression-like behavior in pair bonded 

males separated from their female partner for 5 days is abolished with administration of a 

CRHR2 antagonist directly into the NAcc (31). Notably, OT administration in the NAcc also 

prevents depression-like behaviors in separated males compared to paired males (31). 

Furthermore, partner separation decreases OT mRNA in the PVN and OTR binding in the 

NAcc of pair bonded male prairie voles (31). The major source of OT in the NAcc is from 

the PVN and as the majority of OT projection neurons in the PVN contain somatic and 

dendritic CRHR2, these data suggest that CRHR2 activation may decrease PVN to NAcc OT 
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transmission in male prairie voles separated from the female partner resulting in depression-

like behaviors (31). In fact, brain microdialysis reveals that CRHR2 antagonist or agonist 

injections into the ventricle increase and decrease OT release within the NAcc, respectively 

(31). Moreover, CRHR2 in the NAcc is majorly restricted to OT fibers suggesting that 

CRHR2 manipulations in the NAcc alter OT activity (31). Electrophysiological recordings 

of PVN OT neurons after administration of a CRHR2 agonist indicate that CRHR2 

activation indirectly decreases the activity of OT neurotransmission, most likely by reducing 

glutamatergic drive to OT neurons (31). Therefore, partner loss increases CRHR2 and 

decreases OT activity in the NAcc, respectively, and CRHR2 may act on OT neurons in the 

PVN that project to the NAcc to suppress NAcc OT release and increase depression-like 

behavior.

It is well documented that OT is released during social interactions and can act as an 

anxiolytic, such as during sex (265) and in response to pup suckling (188). The 

aforementioned data in prairie voles, altogether, indicate that the OT system in the brain is 

activated during mating, pair bonding, and responses to social isolation and separation from 

the bonded partner, suggesting that OT may play biphasic roles not only in facilitating the 

cognitive and behavioral functions associated with pair bond formation, but also in 

mediating the consequences of breaking a pair bond. In addition, OT release during social 

interactions may alleviate some of the negative consequences of stress. Data from a recent 

study in female prairie voles clearly illustrates the effects of social buffering from a mating 

partner on stress responses and the role of brain OT in mediating such effects (248) (Fig. 8). 

For example, 1 h of immobilization (IMO) is an established stressor for both sexually naive 

and pair bonded prairie voles as it induces anxiety-like behavior and increases plasma levels 

of CORT (245, 248). For pair-bonded female prairie voles, however, such behavioral and 

hormonal stress responses are only found in ones recovering alone but not in ones recovering 

with the male partner following the stress (248) (Fig. 8A). Brain micro-dialysis revealed that 

OT release within the PVN increased during IMO and this increase was sustained when 

female voles were recovering with the male partner, but not alone (Fig. 8B). These data 

indicate that the bonded partner may have social buffering effects in ameliorating stress 

responses to IMO, probably due to the augmented social interactions initiated from the male 

partner during recovery (248). Intra-PVN administration of an OTR antagonist blocked the 

effects of social buffering whereas administration of OT reduced behavioral and CORT 

responses to IMO in females that recovered alone (Fig. 8C and D). Together, these data 

indicate that PVN OT is both necessary and sufficient to regulate the ameliorating effects of 

social support from a male partner on the stress response in female prairie voles (248). 

Potential mechanisms of action were further explored in a subsequent study. In this study 

(246), intra-PVN OT administration diminished behavioral and hormonal responses to an 

acute behavioral stressor [elevated platform stress (EPS)], again demonstrating anxiolysis 

(Fig. 9A and B). Most interestingly, such OT treatment increased activation of GABAergic 

neurons in the PVN after stress, as indicated by increased GABA/Fos double labeling of 

neurons, and deactivated the CRH system, indicated by decreased CRH/Fos double labeling, 

compared to the cerebrospinal fluid (CSF) treated controls (Fig. 9C–F). As in the PVN many 

synapses are GABAergic (67,129) and more than half of CRH neurons express GABAA 

receptors (57), it has been hypothesized that PVN OT activates GABA which, in turn, 

Tabbaa et al. Page 17

Compr Physiol. Author manuscript; available in PMC 2017 February 14.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



diminishes CRH activity, leading to a decrease in HPA activity and subsequent changes in 

behavioral responses to stress. This hypothesis is further supported by data showing that 

GABA receptor antagonism impairs the anxiolytic effects of OT (246) (Fig. 9G). Together, 

these data suggest that OT in the brain can interact with other neurochemicals to mediate 

social buffering effects on stress responses in a brain region-specific manner in prairie voles 

(Fig. 9H).

Social buffering in prairie voles has been further documented in a recent study as well as 

evidence of consoling behavior by this species (38). Similar to the previous study, prairie 

voles that experience a stressor demonstrate decreased anxiety-like behaviors after 

recovering with a familiar cage-mate versus recovering alone. Moreover, the nonstressed 

cagemate increased affiliative behavior toward their stressed cagemate, but not toward the 

stranger, indicating consoling behavior in this species. Interestingly, meadow voles did not 

show consoling behaviors toward stressed conspecifics. Administration of an OT antagonist 

into the anterior cingulate cortex blocked consoling behavior indicating a role for OT in 

consoling behavior and empathy in prairie voles. The anterior cingulate cortex may be one 

brain region involved in regulating empathy directed behaviors in prairie voles and has been 

implicated previously in empathy in humans (38).

Research in humans has demonstrated parallels between the neural circuitry involved in 

regulating effects of subjective social isolation in humans (loneliness) and social isolation in 

rodent models like the prairie vole (45). Therefore, the prairie vole can be used as a model to 

study both the benefits and consequences of social relationships on the brain and behavior. 

Data indicate that in addition to being sensitive to the social environment, both OT and AVP 

are also integrally involved in regulating the HPA axis and social buffering (128). 

Considering the ubiquity of social attachments and impact on human health, it will be 

beneficial to understand the mechanisms underlying the adaptive aspects of social buffering 

as well as the maladaptive consequences associated with loneliness and partner loss 

(bereavement) to combat stress induced negative symptomology. While partner loss, 

especially through death, is associated with grieving in humans, complicated grief represents 

a prolonged state of grief resulting in maladaptive consequences (242). It may in fact be 

adaptive to terminate a bond after partner loss versus maintaining this bond in the absence of 

the partner. Therefore, identifying the mechanisms associated with disintegration of a pair 

bond can help inform treatment for individuals suffering from prolonged bereavement. The 

prairie vole can be used as a model for partner loss induced depression and anxiety (32, 

255).

Sex differences

Sex differences have been amply demonstrated in behavior and in the neurochemical and 

hormonal systems that underline the behavior. Males and females are exposed to different 

concentrations of endogenous hormones which may differentially affect the expression of 

neurochemicals in some brain regions in a sex-specific manner, such as AVP expression in 

the extended amygdala (6). Such sex differences have also been demonstrated in the 

neurochemical regulation of social behaviors in prairie voles. For example, early studies on 

the neuropeptide regulation of pair bonding were primarily focused on OT in females and 
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AVP in males, implicating potential sex-specific effects of OT and AVP on pair bonding (48, 

135, 281, 283). Subsequent studies have shown that OT and AVP are likely involved in 

regulating pair bonding in both male and female prairie voles (52,144,170). For example, 

ICV administrations of either OT or AVP were shown to mediate partner preference 

formation in both male and female prairie voles (52). However, male voles seem to be more 

sensitive than female voles to AVP in displaying partner preferences, still indicating 

potential sex differences in the neuropeptide regulation of pair bonding (52). Furthermore, 

sex differences in developmental exposure to neuropeptides may exist independently from 

adult exposure (16, 18, 19). In addition, sex differences may also exist in the target brain 

regions where AVP and OT regulate pair-bonding behavior. The literature suggests that OT 

in the NAcc seems to be more important in females (293), whereas AVP in the VP (215, 

293), LS (171), and AH (103) plays a critical role in males.

The differences in behavior between pair-bonded male and female prairie voles can be at 

least partly accounted for by differences in the regulation of AVP and OT synthesis by 

hormones. Synthesis of AVP is dependent on androgens (73, 182), and androgen-dependent 

vasopressin synthesis is critical, particularly during development, for partner preference 

formation in adult male prairie voles (59). Additionally, OTR expression can be regulated by 

estrogen and estrogen levels differ between males and females across the lifespan (98, 223). 

In turn, OT can also regulate estrogen receptor expression differently between male and 

female prairie voles (159). AVP and OT signaling during development also affects the 

expression of adult AVP and OT systems, probably via interactions with sex hormones, 

thereby further influencing sex specific behaviors. For example, OT manipulations on PND1 

affect later expression of OT and AVP cells in the PVN in a sexually dimorphic manner 

(287). OT manipulations early in development also affect later V1aR expression differently 

between male and female prairie voles (20). An OT injection on PND1 increases V1aR 

binding in the VP of adult males while an OTR antagonist injection decreases binding (20). 

Conversely, OT treatment on PND1 decreases V1aR binding in the VP of adult females. 

Furthermore, an OTR antagonist injection on PND1 differentially affects male and female 

prairie vole alloparental behavior, implicating the functional significance of receptor 

differences in behavior (19).

Stressors also affect pair bonding differently between male and female prairie voles and this 

is mediated by CORT. Increased CORT release, either after stress or CORT injections, 

potentiates partner preference formation in male prairie voles (71), but inhibits the same 

behavior in females (69,70). In unstressed sexually naive females, CORT levels decrease 

upon interaction with a novel male but increase if the female is already pair bonded, thereby 

influencing the facilitation or blockade of partner preference depending on the social history 

of the female (69). Furthermore, in males, partner loss increases CORT as well as depressive 

and anxiety-like behaviors, effects which are blocked with a central CRHR antagonist 

injection (32). This suggests that partner loss is stressful and therefore CORT as well as 

other stress hormones, are mediating factors of pair bond maintenance.

Alcohol can also influence pair bonding behavior in prairie voles in a sexually dimorphic 

manner (8). When given access to both water and alcohol, prairie voles show a preference 

for the alcohol over the water. This alcohol preference is further influenced by social 
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housing status (8). Pair-housed siblings will drink more alcohol than singly housed subjects 

(8), suggesting that social interactions promote alcohol drinking. Interestingly, voluntary 

alcohol consumption in male prairie voles inhibits partner preference formation but 

facilitates the same behavior in females (7). It has been hypothesized that alcohol acts as an 

anxiolytic resulting in decreased CORT levels and thereby facilitating pair bonding in 

females but inhibiting it in males, although the relationship between alcohol, anxiety, and the 

CORT response in prairie voles needs to be investigated in more detail (7).

Conclusions and Implications

Research in lower order taxa reveals a role for nonapeptides in regulating social behaviors, 

such as reproduction and courtship, while research in rats and mice largely informs of a role 

in regulating maternal behavior. The main evidence from the large body of research now in 

prairie voles strongly implicates that OT and AVP play critical roles in mediating multiple 

facets of social bonds that are characteristic of monogamy and akin to human attachment. 

These findings have translated to humans with high predictive validity, suggesting 

evolutionarily conserved neuronal mechanisms. For example, intranasal OT treatment in 

humans has been shown to increase the recognition of emotion, the memory of human faces, 

gaze and fixation to the eye region of faces, the attractiveness of faces, altruism, and positive 

communicative behavior (14, 74, 77, 119, 224, 225, 237, 253). Intranasal AVP treatment has 

also been found to increase facial recognition memory, altruism, and empathy 

(118,224,225,258). A growing number of human studies have also found correlations 

between differences in the OT and AVP receptor genes and social behaviors (141). For 

example, single nucleotide polymorphisms in the OTR gene have been implicated in general 

emotional facial recognition, (180), memory (243), empathy (61, 228, 284), and infant to 

caregiver attachment style (51). Moreover, sequence variations in the v1ar and v1br genes 

have been associated with social functioning including aggression, emotion, and empathy 

(141, 166, 175, 285). Interestingly, sequence variations of the genes for V1aR and OTR 

between the prairie vole and other vole species have also been implicated in deferentially 

regulating social behaviors by regulating the distribution patterns of V1aR and OTR 

(124,140,194), indicating the utility of the vole model in specifically examining genetic 

mechanisms and their potential roles in social behaviors.

It is important to note that the effects of OT and AVP on human behavior are largely studied 

by intranasal administration. The extent to which intranasal administration activates central 

receptors is not entirely clear and sometimes even controversial (165). For instance, in a 

recent fMRI study in rats, the blood-oxygen-level dependent (BOLD) response to peripheral 

administration of OT did not match the BOLD response to ICV OT administration (86). 

Therefore, the findings from human studies utilizing intranasal OT/AVP should be 

interpreted with caution. Additionally, the effects of OT in social behavior in humans, such 

as in increasing trust (157), are not always replicated and sometimes contradicting effects 

are reported in the human literature (25,240). This may be at least in part due to several 

factors that are not always accounted for in human studies including differences in testing 

contexts, baseline OT levels, prior early life experiences of the participants, and sex 

differences (224,239,261). These data indicate the necessity for further use of appropriate 

animal models under more controlled laboratory conditions to study the role of OT and AVP 
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and interactions with genes and environment in the regulation of social behavior and 

cognitive functions.

Nevertheless, the large volume of data now existing on the effects of OT across species have 

informed conceptualizations on the role of OT in social behavior (53, 64, 84, 107, 

134,187,218,239). Updated conceptualizations posit that OT mediates salience assignment 

and regulates attentional selection to social signals via interactions with the dopaminergic 

system (239). During development, OT signaling interacts with the early environment to 

shape these processes and to generate internal working models, based off sensory input, to 

influence self-referential processing and contextual behavior (134, 164, 218). Genetic or 

environmental insults that affect early OT signaling or influence sensory processing, 

therefore, can have long-term downstream consequences on OT regulation of adult behavior 

(218). Data from both human and animal studies lend support to these perspectives. For 

instance, in humans, intranasal OT facilitates social stress, indicating enhanced awareness of 

social stimuli and valence appraisal (81). Intranasal OT also increases attention toward the 

eye region of faces (119) and social stimulus-induced pupil dilation (164), suggesting a role 

for OT in social attention. In rodents, OT not only facilitates maternal care, but it also 

facilitates maternal aggression during the presence of an intruder indicating context 

dependent effects (35). Furthermore, OTRs are located throughout the mesolimbic 

dopaminergic system and central injections of OT increase DA release in brain reward 

regions (107,233). OT and DA interactions also regulate maternal behavior (238) and are 

necessary for the formation of a pair bond in prairie voles (172). Notably, in humans, 

intranasal OT increases neural responses to images of female partners but not unfamiliar 

females in brain reward regions such as the VTA and NAcc in male participants (235), 

implicating OT and DA interaction effects in human pair bonding as well. Intranasal OT in 

humans has also been reported to increase VTA activity in response to both positive and 

negative cues, further supporting the role of OT in salience assignment, regardless of the 

direction (116). Within this conceptual framework, OT can regulate prosocial or antisocial 

behavior depending on context as well as individual differences and early life experience. 

However, relatively less is known about the role of OT and AVP signaling during early 

development in organizing the socioemotional brain and adult behavior. The expression of 

OTR and V1aR during development is transient in a species specific manner suggesting that 

OT and AVP may play particularly significant roles at specific time periods to shape adult 

behavior (122, 145). Significantly, recent data from mice indicates a novel role for OT 

signaling in regulating cross-modal and experience-dependent cortical plasticity during a 

developmental time period that coincides with peak cortical OTR expression (122, 300). 

These data implicate a sensitive time period during development where neuropeptides and 

experience may interact to organize the neural circuitry regulating social behavior, but 

further research into this area is necessary (106,121,122,300). Further, considering the role 

of OT in regulating all aspects of maternal-offspring interactions including birth, lactation, 

and the suckling response as well as OTR distribution of the offspring, it would be 

interesting to further explore the impact of the mother on regulating infant OT during 

sensitive developmental time periods and subsequent adult behavior (49, 106, 121, 143).

Finally, data from research in humans implicates the OT and AVP systems in disorders, 

including neurodevelopmental disorders, such as autism spectrum disorder (ASD) and 
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schizophrenia, as well as social anxiety disorder (SAD). OT has been proposed as a 

therapeutic for treating individuals with ASDs (9, 267, 291) as well as SAD (54, 76), 

although further basic science is necessary to fully understand OT and AVP neurobiology 

(267). Furthermore, loneliness is associated with various health risks such as cardiovascular 

disease, anxiety, and depression in humans (127). As OT is involved in mediating the 

negative effects of social isolation and stress responses, it would be interesting to explore the 

potential role of OT in preventing these deficits. The therapeutic potential of neuropeptides 

in improving social function is very exciting. However, the mechanistic details remain to be 

further understood in humans, including interactions of the OT and AVP systems with 

genetic predispositions and early environment. The unique social behavior displayed by 

prairie voles combined with the rich data set of neuropeptidergic regulation of social 

behavior make the prairie vole a useful animal model in research significant for human 

health.
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Figure 1. 
Schematic drawings of sagittal brain sections illustrating OT (right) and AVP (left) neurons 

and their projections to selected brain regions important in social behaviors. Colored brain 

regions also indicate the distribution and regional density of OT receptors (red) and AVP 

receptors (blue) in the brain. OT and AVP are released from the pituitary gland into the 

blood circulation to regulate peripheral functions such as the milk letdown reflex and uterine 

contractions in females as well as vasoconstriction and water retention in both males and 

females. In addition, OT and AVP are released throughout the brain to regulate a variety of 

complex social behaviors including social recognition, mating, bonding, parenting, and 

social buffering. AH, anterior hypothalamus; BNST, bed nucleus of the stria terminalis; HP, 

hippocampus; LS, lateral septum; MeA medial amygdala. MPOA, medial preoptic area of 

the hypothalamus; NAcc, nucleus accumbens; OB, olfactory bulb; PFC, prefrontal cortex; 

Pit, pituitary gland; SON, supraoptic nucleus; VMH, ventromedial hypothalamus; VP, 

ventral pallidum; VTA, ventral tegmental area.
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Figure 2. 
Socially monogamous prairie voles display several types of social behaviors that have been 

studied in laboratory conditions. (A) Photograph of a pair of male and female prairie voles 

with their pups in the nest. (B) Pair bonding behavior is measured using a 3-h partner 

preference test. The testing apparatus consists of three chambers connected by hollow tubes. 

At the beginning of the test, the subject is placed in the center cage and allowed to freely 

explore the other two cages containing either the partner or a conspecific stranger. (C) In 

both male and female prairie voles, 24-h cohabitation with mating reliably induces an 

increase in side-by-side contact with the partner versus a stranger, and this partner 

preference is not observed following 6-h cohabitation. (D) Selective aggression is another 

indicator of pair bonding. While sexually naïve males are not aggressive, pair-bonded males 

display aggression selectively toward stranger males and females, but not toward their 

partners. (E) Upon litter birth, both male and female prairie voles share the natal nest and 

engage in parental care. Data are shown as mean ± SEM. *P < 0.05. Alphabetic letters 

indicate the results from a post-hoc test following an ANOVA. Bars labeled with different 

letters differ significantly from each other. Data adapted, with permission, from (11, 102, 

274, 283).
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Figure 3. 
Autoradiograms showing the distribution of the OTR and vasopressin 1a receptor (V1aR) in 

the brain of the monogamous prairie voles and nonmonogamous montane voles. The 

densities of OTR binding in the nucleus accumbens (NAcc) and medial prefrontal cortex 

(mPFC) are higher in the prairie vole (A) than in the montane vole (B). Additionally, the 

density of V1aR binding is higher in the BNST and lower in the lateral septum (LS) in the 

prairie vole (C) compared to the montane vole (D). Data adapted, with permission, from 

(137,138,279).
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Figure 4. 
The effects of OT and AVP on partner preference behavior in prairie voles. (A) Control 

females that receive ICV injections of CSF do not display partner preferences after 6 h of 

cohabitation with a male, whereas females receiving OT injections into the ventricle (OT 

ICV), nucleus accumbens (OT NAcc), or viral vector injections (AAV-OTR) for OTR over 

expression in the NAcc, do display partner preferences. (B) 24 h of mating and cohabitation 

with a male reliably induces partner preferences in control females (CSF), but this behavior 

is prevented by ICV or intra-NAcc injections of an OTR antagonist (OTRA) or 

downregulation of OXTR by injections of interfering short hairpin RNA (OTR-shRNA). (C) 

In male prairie voles, brief cohabitation does not induce partner preferences. However, AVP 

injections into the ventricle (ICV) and lateral septum (LS) as well as upregulation of the 

V1aR in the ventral pallidum (VP) via viral vector mediated gene transfer (AAV-V1aR) 

facilitate partner preference formation. (D) 24-h mating and cohabitation with a female 

induces partner preference in male prairie voles but this behavior is blocked by injections of 

the V1aR antagonist (V1aRA) into the ventricle (ICV), LS, or VP. Although OT and AVP 

effects are illustrated here by data from females and males, respectively, both neuropeptides 

have been shown to affect partner preference behavior in male and female prairie voles. Data 

are shown as mean ± SEM. *P < 0.05, **P < 0.01. Data adapted, with permission, from 

(135,171,172,215,231,282,283).
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Figure 5. 
The role of brain OT and AVP in the regulation of parental behaviors in prairie voles. (A) 

Oxytocin receptor (OTR) binding in the nucleus accumbens (NAcc) is higher in 

spontaneously maternal than in nonmaternal females. (B) Intra-NAcc injections of an OTR 

antagonist (OTR-NA) result in more female voles that do not display spontaneous maternal 

behavior compared to controls (CSF-NA). (C) Downregulating OTR expression in the NAcc 

via injections of a short hairpin OTR interfering RNA (shRNA-OTR) decreases the number 

of juvenile female voles displaying alloparental behavior, compared to control females 

(control) injected with a scrambled sequence. (D) Female voles receiving shRNA-OTR 

injections into the NAcc spend less time licking and grooming pups, compared to control 

females. (E) Male prairie voles receiving ICV injections of AVP display a higher level of 

spontaneous paternal responsiveness to pups compared to males receiving control injections 

(Saline) or injections of AVP with an AVP receptor antagonist (antagonist/AVP). Data are 

shown as mean ± SEM. *P < 0.05. Data adapted, with permission, from (24, 198, 272).
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Figure 6. 
The effects of social isolation on behaviors, brain OT, and immune responses in sexually 

naive female prairie voles. Compared to the pair-housed controls (paired), females that are 

socially isolated from cage mates for 4 weeks (isolated) spend less time in the open arms 

during an elevated plus maze test (EPM) (A) and more time immobile during a forced swim 

test (FST) (B). Isolation experience also decreases CH50, which measures the activity of the 

immune system’s classical complement pathway (C). In addition, Isolated females show a 

decrease in OTR mRNA expression in the hypothalamus (D), an increase in the percentage 

of c-Fos labeled OT-immunoreactive neurons in the PVN following a 5-min RIT (E), and an 

elevation in circulating OT levels (F), compared to the Paired controls. Such social isolation-

induced increases in heart rate (G) and immobile duration during the FST (H) as well as the 

decrease in sucrose intake (I) are prevented by daily OT administration. Data are shown as 

mean ± SEM. *P < 0.05. Alphabetic letters indicate the results from a post-hoc test 

following an ANOVA. Bars labeled with different letters differ significantly from each other. 

Data adapted, with permission, from (109, 110, 114, 216, 236).
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Figure 7. 
The effects of partner separation on the physiology, behavior, and neurochemical staining in 

the brain of pair-bonded prairie voles. Compared to the paired controls (paired), 5 days of 

separation from the mating partner (separated) resulted in increases in heat rate (A), 

immobile time during a forced swim test (FST) (B), and circulating levels of CORT 

following the FST (C) in both male and female prairie voles. In male prairie voles, 2 weeks 

of separation from their female partners led to a decreased entry to the open arms during an 

elevated plus maze test (EPM) (D) and an increased duration in the dark box during a light-

dark box test (E), in comparison to the Paired controls. Furthermore, these Separated males 

also showed an increase in social affiliation and a decrease in aggression during an RIT (F) 

as well as increases in the number of neurons stained for OT and AVP in the paraventricular 

nucleus of the hippocampus (PVN) (G, H, and I), compared to Paired controls. Data are 

shown as mean ± SEM. *P < 0.05. Scale bar = 100 μm. Data adapted, with permission, from 

(179, 255).
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Figure 8. 
The effects of IMO stress and social buffering on anxiety-like behaviors and brain OT 

activity in female prairie voles. Subjects experience 1-h IMO stress, recover alone (alone) or 

with the male partner (partner) for 30 min, and receive a 5-min EPM test. (A) Females that 

recover alone (alone) enter the open arms less frequently and spend less time there in the 

EPM test, compared to handled females (control) and females recovering with a partner 

(partner). (B) Data from in vivo brain microdialysis show that OT release in the PVN 

increases during IMO stress, and this increased OT release is sustained during the recovery 

if the subject recovers with a partner but not alone. (C and D) Intra-PVN injections of an 

OTRA in the subjects recovering with the partner block social buffering effects on anxiety-

like behaviors and plasma CORT. Conversely, OT injections into the PVN of the subjects 

recovering alone mimic the effects of a partner by reducing anxiety like behaviors and 

circulating levels of CORT (D). Data are shown as mean ± SEM. *P < 0.05. Alphabetic 

letters indicate the results from a post-hoc test following an ANOVA. Bars labeled with 

different letters differ significantly from each other. Data adapted, with permission, from 

(248).
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Figure 9. 
The effects of OT treatment in the PVN on stress induced changes in circulating CORT, 

anxiety-like behaviors, and neural activity in female prairie voles. Intra-PVN injections of 

OT before an EPS inhibit the stress-induced rise in plasma CORT (A) and anxiety-like 

behavior during the EPM (B). Although such OT injection does not alter the percentage of 

OT (C) or AVP (D) neurons in the PVN that are double-labeled with c-Fos, it decreases the 

number of CRH/Fos neurons (E) and increases the number of GABA/Fos (F) neurons in the 

PVN. Blue arrows point to double labeled cells. Furthermore, intra-PVN injections of the 

GABAA receptor antagonist, bicuculline (Bic), prevent OT effects in reducing anxiety-like 

behavior following the EPS stress (G). (H) A hypothetical model suggesting that OT release 

in the PVN may activate GABAergic interneurons in the PVN and GABAergic projecting 

neurons to the PVN, which, in turn, can inhibit CRH neurons and potentially decrease 

Tabbaa et al. Page 46

Compr Physiol. Author manuscript; available in PMC 2017 February 14.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



activity of the hypothalamic-pituitary-adrenal axis. Data are shown as mean ± SEM. *P < 
0.05. Data adapted, with permission, from (246).
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