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Abstract 

Pair bonds represent some of the strongest attachments we form as humans. These re-
lationships positively modulate health and well-being. Conversely, the loss of a spouse 
is an emotionally painful event that leads to numerous deleterious physiological effects, 
including increased risk for cardiac dysfunction and mental illness. Much of our under-
standing of the neuroendocrine basis of pair bonding has come from studies of mon-
ogamous prairie voles (Microtus ochrogaster), laboratory-amenable rodents that, unlike 
laboratory mice and rats, form lifelong pair bonds. Specifically, research using prairie 
voles has delineated a role for multiple neuromodulatory and neuroendocrine systems 
in the formation and maintenance of pair bonds, including the oxytocinergic, dopamin-
ergic, and opioidergic systems. However, while these studies have contributed to our 
understanding of selective attachment, few studies have examined how interactions 
among these 3 systems may be essential for expression of complex social behaviors, 
such as pair bonding. Therefore, in this review, we focus on how the social neuropep-
tide, oxytocin, interacts with classical reward system modulators, including dopamine 
and endogenous opioids, during bond formation and maintenance. We argue that an 
understanding of these interactions has important clinical implications and is required 
to understand the evolution and encoding of complex social behaviors more generally. 
Finally, we provide a brief consideration of future directions, including a discussion of 
the possible roles that glia, specifically microglia, may have in modulating social be-
havior by acting as a functional regulator of these 3 neuromodulatory systems.
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Understanding the endocrine, neuromodulatory, and 
neurobiological basis of pair bonding has dual import-
ance. Not only do we gain insight into what defines our 
humanity, but we also potentially identify ways in which 
we can harness the positive health consequences of social 
bonding and/or mitigate the deleterious effects of bond 
disruption and lack of attachment. A growing human re-
search literature has begun investigating the endocrine 
basis of human pair bonding via multiple perspectives—
for instance, by measuring peripheral hormone levels and 
manipulating nonapeptide systems through intranasal de-
livery of oxytocin (OXT) and via genetic studies linking 
variation in pair bond–relevant traits to allelic variation 
in neuroendocrine genes (1-3). In addition, neuroimaging 
studies have identified key neural circuits implicated in 
attachment and social processing (4-7). However, these 
studies are inherently limited in the types of manipulations 
and level of resolution they can attain.

To overcome these limitations, socially monogamous 
prairie voles (Microtus ochrogaster) provide an excellent 
and highly tractable model for studying pair bonding at 
multiple biological levels. These laboratory-amenable ro-
dents form lifelong pair bonds that are characterized by a 
selective affiliative preference for a mating partner and ag-
gression toward other voles. Additionally, prairie voles can 
be compared to closely related but promiscuous meadow 
voles, providing a valuable comparative model to home in 
on the species differences that have contributed to attach-
ment formation exclusively in prairie voles. In this review, 
we focus on a subset of the neuromodulatory systems that 
govern attachment formation with a focus on how the social 
neuropeptide OXT interacts with classical reward system 
modulators, including dopamine (DA) and endogenous 
opioids during bond formation and maintenance. We high-
light the role of these systems in monogamous pair bonding 
with brief consideration of their highly conserved role in 
other affiliative behaviors. Finally, in addition to consid-
ering the neural basis of social attachment, we discuss the 
possible roles that glia, specifically microglia, may have in 
modulating the communication among these 3 systems as 
it relates to complex social behaviors.

Sociocognitive and Reward Signaling in 
Attachment

Bonding is a form of complex social learning that incorp-
orates social sensory information with reward, overlaid by 
experience. Decades of research on voles has elucidated a 
role for nonapeptidergic, dopaminergic, and opioidergic 
systems; here we provide a brief overview of each of these 
systems, which have been extensively reviewed elsewhere 
(8-11). Much of the work delineating a role for these 

systems in pair bonding has relied on the partner pref-
erence test, a social choice assay in which the focal vole 
can choose to spend time with either their mating partner 
or a novel opposite-sex vole, each  tethered on opposite 
sides of an apparatus. Pair-bonded voles will show a ro-
bust preference to huddle with their tethered partner, while 
non-bonded animals will not show a social preference. 
Among the early observations was that mating facilitates 
partner preference, generating the opportunity to pursue 
gain- and loss-of-function experiments by facilitating bond 
formation in the absence of mating or blocking bond 
formation despite mating.

Social nonapeptides

Oxytocin (OXT) and vasopressin (AVP) are evolutionarily 
ancient 9-amino-acid peptides (nonapeptides) that have a 
strikingly conserved role in social behavior across organ-
isms (12). In mammals, both peptides, which differ at 2 of 
9 amino acid sites, are produced in the paraventricular nu-
cleus and supraoptic nucleus of the hypothalamus, as well 
as in sparse cell populations in limbic structures (13-15); 
the functional role of the latter source of these peptides re-
mains largely unknown. Hypothalamic AVP and OXT are 
the primary source of peripheral release of these peptides, 
where they modulate a variety of physiological functions, 
including osmotic balance and blood pressure, and partur-
ition and lactation, respectively (16-19). In addition, OXT 
and AVP neurons project throughout the central nervous 
system where peptide release can modify neuronal function 
either through volume or synaptic transmission (20, 21).

OXT and AVP both play important roles in pair 
bonding. However, unlike OXT, the effects of AVP are 
sexually dimorphic, likely due to the presence of a testos-
terone response element in the AVP promotor that leads 
to elevated levels of AVP in the brains of males compared 
to females (8, 22-24). There are 3 receptors for AVP — 
V1aR, V1bR, and V2R. However, only V1aR and V1bR 
are located within the central nervous system, with V1aR 
widely expressed across limbic regions and directly impli-
cated in pair bonding. Specifically, injections of AVP facili-
tate partner preference, whereas V1aR antagonists block 
partner preference formation (25-27). This is mediated by 
V1aR in the ventral pallidum—a region that reciprocally 
innervates the nucleus accumbens (NAc) and is a core part 
of the limbic loop of the basal ganglia that regulates mo-
tivational salience, behavior, and emotion (28-30). V1aR 
activation is necessary for bond expression in male prairie 
voles, even after the initial formation period (31).

OXT signaling is also necessary and sufficient for bond 
formation. While OXT was initially thought to play a more 
pronounced role in female prairie voles (25), more recent 
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work has solidly established a role for OXT in both male 
and female bonding (32). Administration of OXT facili-
tates partner preference formation even in the absence of 
mating, while blockade of oxytocin receptors (OXTR) im-
pairs preference formation despite mating in both male and 
female prairie voles (25, 33). More recent work has also 
shown that ongoing OXT signaling is required for the con-
tinued expression of an established pair bond. However, 
as demonstrated in male prairie voles, continuous receptor 
blockade across multiple days is required to impair an ex-
isting partner preference, suggesting that the bond is not 
immediately erased, but rather “unlearned” though an on-
going monitoring of the attachment relationship (34).

OXT signaling localized in the NAc is particularly im-
portant for mediating bonding. Monogamous prairie voles 
have much higher OXTR densities in the NAc than their 
promiscuous cousin, the meadow vole, in both males and 
females (27, 35, 36), and blockade of this receptor popu-
lation via local antagonist infusion is sufficient to impair 
partner preference formation in both male and female 
prairie voles (25, 32, 37). Furthermore, in female prairie 
voles, increasing OXTR expression in the NAc increases 
alloparental responsiveness and partner preference forma-
tion (38), whereas decreasing OXTR expression via RNAi 
in the NAc inhibits social attachment and parental care 
(39). In addition, OXT is released into the NAc of female 
prairie voles during mating, providing a potential explan-
ation for how mating facilitates preference formation (37). 
Finally, individual differences in OXTR levels in the NAc 
are also tied to variation in bond formation within male 
prairie voles (40).

Dopamine and endogenous opioids

In addition to OXT, reward signaling via NAc dopamine 
and endogenous opioids is also required for pair bond for-
mation in males and females (10, 41, 42). DA has been 
broadly implicated in mediating reward learning across 
species, and akin to OXT, DA is released during mating in 
male and female prairie voles (43, 44). Gain- and loss-of 
function pharmaceutical manipulations of DA signaling fa-
cilitate and impair partner preference formation, respect-
ively. However, unlike OXTR, there are multiple dopamine 
receptors, and more selective pharmacological manipula-
tions suggest that D2-like dopamine receptor (D2R) stimu-
lation facilitates bonding while D1-like receptor (D1R) 
stimulation impairs preference formation in male and fe-
male prairie voles (42, 43, 45, 46). Intriguingly, the D1:D2 
receptor ratio increases following bond formation, which 
may facilitate bond exclusivity, preventing the formation 
of another bond even in male voles that engage in extra-
pair copulation (47, 48). However, it is important to note 

that D2-like receptors include D2, D3, and D4 receptors 
and that D1-like refers to D1 and D5 receptors (49). As the 
pharmacology of these receptors is relatively promiscuous, 
it remains to be determined exactly which of the receptors 
within each class are important and required in pair bond 
formation and maintenance.

The role of opioids in social motivation, social reward, 
and social attachment has also been demonstrated in sev-
eral species, including rats, mice, puppies, guinea pigs, 
prairie voles, humans, and chicks (50-52). However, it is 
only within the last 2 decades that researchers have begun 
to study the functional role of opioids and their corres-
ponding receptors in the context of pair bonding. The en-
dogenous opioid system comprises 3 classes of receptors (μ, 
κ, δ), and their respective endogenous ligands, enkephalin, 
dynorphin, and endorphin (53). In 2011, Burkett et al dem-
onstrated in female prairie voles the necessity of μ opioid 
receptors (MORs) in the dorsal striatum in the formation 
of pair bonds, mediated partially through a reduction in 
mating behavior (54). Resendez and colleagues were able 
to further expand on this finding. They confirmed that in 
female prairie voles, MORs in the dorsal striatum mediate 
partner preference by affecting mating behaviors, whereas 
MORs in the dorsomedial NAc shell facilitate partner pref-
erence formation through positive hedonics associated with 
mating (55). Additionally, Resendez and colleagues dem-
onstrated in both male and female prairie voles that in the 
NAc shell, κ opioid receptors (KORs), and not MORs, me-
diate selective aggression, a maintenance behavior that is 
seen in an established pair bond (56).

Systems Communication in Social 
Attachment: Oxytocinergic, Dopaminergic, 
and Opioidergic Interactions

Each of the above-mentioned neuromodulatory systems 
does not act in a vacuum. In particular, OXT and AVP differ 
at only 2 amino acid residues and exhibit crossreactivity 
for their respective receptors. Evidence supporting a func-
tional role for such crossreactivity comes from studies 
showing that OXT can act via V1aR in the lateral septum 
to impair peer affiliation in non-monogamous meadow 
voles (57). However, the extent to which these interactions 
across nonapeptide systems modulate pair bonding re-
mains unknown, along with information about the AVP 
system’s interactions with the DA and opioidergic systems 
in the prairie vole model. As such, the remainder of this 
review will focus on behaviorally relevant interactions be-
tween OXT, DA, and opioid systems.

The full extent and mechanisms by which OXT, DA, and 
opioid systems interact to mediate behavioral transitions 
across bond formation and maturation remains largely 
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unexplored. In order to successfully form and maintain a 
bond, an animal must integrate social sensory information, 
social reward, experiential factors, and internal state. One 
way to integrate these multiple layers of information could 
be through coordinated signaling. Likewise, bonding results 
in profound changes in behavior, which could be mediated 
in part by effects of one system on another. Below we out-
line what is currently known about interaction of these sys-
tems in social bonds, as well as unexplored interactions that 
may contribute to bond-related behaviors based on known 
interaction of these neuromodulatory systems in other con-
texts (Fig. 1). The majority of studies investigating these sys-
tems in the context of pair bonding studies have focused on 
the nucleus accumbens, driving the focus on this region in 
the context of this review. However, other brain regions are 
also likely to be involved, particularly within the context of 
systems communication. Specifically, the medial prefrontal 
cortex, the dorsal striatum, the ventral pallidum, the ventral 
tegmental area, bed nucleus of the stria terminalis, insular 
cortex, and the amygdala are involved in social decision 

making and reward learning, and represent intriguing tar-
gets for future study (58-68). While most of the aforemen-
tioned brain regions have studied at least 1 of the 3 systems 
(OXT, DA, or opioid) within the context of pair bonding, 
the insular cortex remains unstudied in pair bonding. The 
insular cortex is positioned to link integrated social sen-
sory cues within this network to produce flexible and ap-
propriate behavioral responses to socioemotional cues, as 
evidenced by work on oxytocin-dependent social approach 
in rats (63). Therefore, this brain region, which directly in-
nervates the NAc, has the potential to serve a prominent 
role in modulating social behavior in prairie voles and rep-
resents an important target for future research.

Oxytocinergic, dopaminergic, and opioidergic systems 
act via G-coupled protein receptors (GPCRs). GPCRs are 
characterized by their cell surface 7-transmembrane domain 
that transduces extracellular signals across the membrane 
in order to initiate intracellular signaling pathways through 
activation of a trimeric G-protein (69). GPCR signaling 
has been traditionally characterized through 4 different 

Figure 1.  Known interactions among the oxytocinergic, dopaminergic, and opioidergic systems in pair bond formation and maintenance. While 
several neuromodulatory systems have been implicated in pair bonding, interactions of the oxytocinergic system with reward modulatory systems, 
such as the dopaminergic and opioidergic systems, have been the most well-studied. Known interactions are indicated in the above diagram with 
reference numbers. Further research is needed to address how the brain region–specific interaction(s) among these systems change depending on 
the stage of a pair bond and the sex of the animal. Abbreviations: D1R, dopamine 1 receptor; D2R, dopamine 2 receptor; DA, dopamine; KOR, κ opioid 
receptor; MOR, μ opioid receptor; mPFC, medial prefrontal cortex; NAc, nucleus accumbens; OP, opioid; OXT, oxytocin. Photo credits Paul Muhlrad 
(left) and Todd Ahern (right).
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G-protein classes: Gαs, Gαi/o, Gαq/11, Gα12/13 (70). But re-
search over the last several decades demonstrates additional 
models of GPCR signaling including G-protein coupled 
receptor kinases (GRKs) and β-arrestins (71, 72) and 
homo- and hetero-dimerization of monomeric GPCR mol-
ecules (73, 74). Despite the structural and general function 
commonality of GPCRs, individual GPCRs are extremely 
functionally diverse given the wide variety of ligands and 
stimuli they respond to, including but not limited to: bio-
genic amines, hormones, peptides, cations, lipids, glycopro-
teins, pheromones, synthetic drugs, tastes, odors, stress, and 
light (75, 76). Therefore, activation of GPCRs can lead to 
various effects on cellular function, including cell homeo-
stasis, intra- and extracellular signaling, and physiology at a 
macro level; and initiation/termination of transcription, ac-
tivation of ion channels and neuronal excitability, and hor-
mone release at a micro level. As such, signaling interactions 
between and among the oxytocinergic, dopaminergic, and 
opioid systems broadly encompass multiple potential levels 
of biological function—from one system changing the tran-
scriptional regulation of another to synergistic effects on 
neuronal activity within or between cell populations.

While studies of the interactions between these 
neuromodulatory systems are far from exhaustive, here we 
provide examples across multiple levels of biological inter-
action, ranging from effects on gene expression to signaling 
mechanisms. For the purposes of this review, we use the 
term “interaction” to refer to any biological effect of one 
system on another, as well as synergistic effects of coordin-
ated activation. We posit that the interactions among these 
systems will be critical to our understanding not only of 
complex social behavior, but specifically for pair bonding, 
and that such interactions represent one mechanism for 
integrating multiple internal and external information 
sources as outlined below.

Concurrent OXT and DA signaling is required for 
bond formation

Pharmacological studies suggest that concurrent activation of 
OXTR and D2R in the NAc is required for partner preference 
formation in female prairie voles (77). Specifically, boosting 
activity in one of these systems via agonist administration is 
not sufficient to overcome the impairing effects of blockade 
in the opposite system. Thus, neither of these systems serves 
as an upstream regulator of the other with respect to bond 
formation (77). However, whether the signaling between 
D2R and OXTR is occurring in a cell-autonomous fashion, 
and/or how this combined signaling impacts circuit function 
remains unknown. Specifically, whether OXTR expression is 
biased toward D1-expressing or D2-expressing NAc medium 
spiny neurons has not been determined. OXTR is typically 

Gq coupled while D2-like receptors are typically Gi coupled. 
If OXTR and D2R activation are occurring within different 
cell populations, concurrent activation may shift the balance 
of activity across these populations. Alternately, if signaling 
is occurring in a cell-autonomous fashion, coordinated acti-
vation of different intracellular signaling pathways may be 
required for and result in activation of specific bond-relevant 
transcriptional programs.

We may be able to gain some insights into OXT/DA 
interactions more broadly by drawing on what is known 
about how systems modulate the complex relationship be-
tween social bonding and drugs of abuse (78-80). Drugs 
of abuse have the capacity to impair pair bonds in prairie 
voles, and pair bonds have been demonstrated to protect 
against the abusive properties of amphetamine and meth-
amphetamine, effects that may be mediated by an inter-
action between oxytocinergic and dopaminergic systems. 
Specifically, amphetamine exposure in female prairie voles 
has been shown to (i) block partner preference formation; 
(ii) decrease OXTR in the medial prefrontal cortex (mPFC) 
and D2R the NAc; and (iii) increase extracellular DA in 
the NAc (78). However, OXT infusion into the mPFC re-
stored partner preference in amphetamine-exposed animals 
and increased NAc DA levels. Relatedly, other studies have 
examined that pair bonds are protective against the re-
warding properties of amphetamine, and that this buffering 
of reward is mediated through a D1-specific mechanism in 
male prairie voles (81). Taken together, these data indicate 
that the OXT and DA systems may interact not only in pair 
bonding, but also in mediating the relationship between 
drugs of abuse and social bonding, and that this is medi-
ated through specific OXT and DA signaling pathways.

There is further evidence that OXT/DA system inter-
actions are evident in work from other species, particularly 
in regard to gating reward and impacting social behavior. 
For example, in mice OXT gates DA release in the ventral 
tegmental area (VTA), another node in the mesolimbic re-
ward circuitry (82, 83). More specifically, Xiao et al dem-
onstrated in male and female mice that OXT enhances the 
activity of DA neurons in the VTA. However, this effect is 
region-specific, as the authors also demonstrated that OXT 
decreases activity of DA neurons in the substantia nigra, 
pars compacta (SNc) that subserve locomotion and ex-
ploratory activities (83). Furthermore, through optogenetic 
manipulation of OXT, Hung et al further corroborated the 
finding that OXT release in the VTA increased activity in 
DA cells, specifically on those cells that project to the nu-
cleus accumbens and that this OXT release and increased 
activity of DA neurons enhanced prosocial behaviors in 
male mice (82). Taken together, these studies demonstrate 
that OXT is able to bias DA signaling toward social reward 
and supports the interaction of these 2 systems.
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Oxytocin-opioidergic interactions are 
bidirectional

Oxytocinergic and opioidergic system interactions have 
been documented in multiple species, predominately at 
the level of ligand production and release. One of the 
first links between the OXT and opioid systems was dem-
onstrated by Bale and Dorsa in 1997 in rats (84) and 
by Young et  al in 2001 in prairie voles (85). Bale and 
Dorsa demonstrated that OXTR activation upregulated 
preproenkephalin gene expression (the precursor for en-
kephalin, the endogenous ligand for MOR) in rats, and 
Young et al showed that, in female prairie voles, an infu-
sion of OXT into the NAc also increased gene expression 
of preproenkephalin, but did not affect the expression 
of preprodynorphin, the precursor for the KOR ligand, 
dynorphin. It is also worth noting that Resendez et al dem-
onstrated an increase in NAc MOR mRNA during bond 
formation, a time associated with increased NAc OXT re-
lease, although whether this increase is OXT-dependent 
has not been directly tested (42, 55, 56). Thus, while pre-
liminary evidence suggests that OXT signaling can have 
top-down effects on the opioid system, the specific direc-
tionality is not known, as studies similar to what has been 
done with OXT and DA have not been performed with 
OXT and opioids to determine whether signaling occurs 
upstream, downstream, or concurrently. However, effects 
of OXTR on preproenkephalin suggest that OXT is po-
tentially upstream in some contexts.

Conversely, endogenous opioids affect OXT release in 
various social behaviors, although this has not been directly 
examined in pair bonding. The relationship between OXT 
and opioids has been studied within the context of preg-
nancy, postpartum, lactation, maternal behavior, and drug 
addiction (86-89). In pregnant rats, MORs are primarily 
involved in the inhibition of the OXT response, with no ap-
parent involvement of KORs (90). However, other studies 
have reported that endogenous opioids decrease OXT re-
lease by MOR and KOR mechanisms (91, 92). In human 
studies, morphine inhibited the expected rise in plasma 
OXT seen both during the first stage of labor (93) and after 
delivery (94). In lactating rhesus macaques, females pos-
sessing the G allele of the MOR gene C77G SNP had higher 
OXT levels in their cerebrospinal fluid as compared with 
homozygous C females, but the 3 genotypes did not exhibit 
differences in quality of maternal behavior (87). Douglas 
and colleagues found that, in sex‐steroid–treated female 
rats, naloxone strongly increased stress-induced OXT re-
lease, revealing strong endogenous opioid inhibition of 
OXT activity (88). Additionally, MOR and KOR antagon-
ists were also able to potentiate stress-induced OXT secre-
tion in rats. Specifically, MOR antagonists potentiated the 

immobilization response, and KOR antagonists potentiated 
a response to dehydration, demonstrating that different re-
ceptor mechanisms are associated with different functional 
stimuli (95).

In summary, endogenous opioids have the capacity 
to decrease or inhibit OXT secretion in both animal and 
human studies (92). Both MORs and KORs appear to be 
involved in mediating the effects of opioids on OXT, and 
receptor involvement depends on physiological context (eg, 
stress, pregnancy, etc). However, whether opioid modu-
lation of OXT secretion occurs as a function of opioid 
signaling during social behavior, specifically pair bonding, 
remains unknown. Given the known timing of OXT release 
in pair bonding and the involvement of both MOR and 
KOR in various phases of pair bonding, there is likely to 
be crosstalk between the 2 systems. A study in prairie voles 
by Ulloa and colleagues demonstrate that the reward state 
induced by one ejaculation or 6 hours of mating (processes 
which release OXT and DA) is opioid dependent in males, 
but not females (89). This study indicates that there is the 
potential for sex differences within prairie voles in regard 
to opioid and OXT system interactions.

Dopamine and opioid systems interact to 
maintain pair bonds

Opioid and dopaminergic systems regulate reward, motiv-
ation, emotional responses, cognition, and autonomic func-
tions. Furthermore, the organization of these 2 systems is 
intimately intertwined. MOR’s endogenous ligand, enkeph-
alin, is expressed in D2-like neurons (96-98) while KOR’s 
endogenous ligand, dynorphin, is expressed in D1-like 
neurons (99-101). Given that D2- and D1-like receptors 
have been implicated in pair bond formation and mainten-
ance, respectively, this led to specific hypotheses about the 
role of MOR and KOR in selective affiliation and aggres-
sion, respectively (56, 102, 103).

Within the context of pair bonds, Resendez and col-
leagues demonstrated that D1-like receptors act upstream 
of KOR in the NAc shell to mediate aggressive behavior 
in pair-bonded males (42). In a series of experiments 
using D1R agonists/antagonists and KOR agonists/ant-
agonists, they showed that KOR-mediated decrease of 
stimulated DA release in the NAc shell was greater in 
brain slices from pair-bonded males compared with non-
bonded animals. However, non-bonded and pair-bonded 
females showed no difference in KOR-mediated DA re-
lease. Interestingly, both males and females show an in-
crease in D1R mRNA levels in the ventral striatum, and 
males show a decrease in KOR binding in the ventral 
NAc shell after 2 weeks of cohabitation. The evidence 
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for interaction of D1R and KOR was further strength-
ened through behavioral studies showing that attack 
frequency decreased when males or females received a 
local infusion of D1R antagonist or D1R agonist + KOR 
antagonist in the NAc, but returned to baseline levels 
when animals received a local infusion of D1R antag-
onist + KOR agonist. Similarly, attack latencies returned 
to normal levels when the antagonist for the D1R-like 
receptor was administered in combination with a KOR 
agonist, further providing support that D1R-mediated 
aggression occurs through downstream activation of 
KORs (Fig. 2). Finally, Resendez and colleagues demon-
strated that male-specific alterations in the dynorphin/
KOR system buffers against the rewarding properties of 

amphetamine, providing further support on the import-
ance of investigating these system interactions and their 
possible translational importance.

Microglia as System-level Regulators of 
Neuromodulation of Social Behavior

As we strive to understand the neuromodulatory organ-
ization of social behavior, it is important to note that 
neurons are not the only cell types that play a role within 
behavioral circuits and systems. Microglia, the resident 
macrophages of the brain, sculpt and refine neural cir-
cuits, and recent work has shown that microglia help 
organize social circuits and shape social behavior via ef-
fects on neuromodulatory systems (104-109) (Fig. 3A). 
While the mechanisms surrounding social behavior are 
complex, and the studies examining how glia modulate 
social behavior are newly emerging, there is evidence that 
microglia work in conjunction with the oxytocinergic, 
dopaminergic, and potentially, opioidergic systems to 
shape microglia function, neural circuits, and social be-
haviors, including pair bonding. However, while the evi-
dence to date suggests a hub-like position for microglia 
in integrating concurrent signaling information from 
nonapeptide and reward systems, this speculation re-
quires additional research, which is likely to hinge on the 
development and implementation of microglial-specific 
manipulations in prairie voles.

Microglial Mechanisms Regulate Social 
Behavior

Depletion of microglia leads to persistent 
changes in social behavior

While the role of microglia in cellular brain development 
is relatively well-studied, less is known about the micro-
glial role in behavioral development. A handful of studies 
have sought to determine how temporary depletion of 
microglia in early life contributes to programming of 
normal adult social behaviors (105, 128). Nelson and 
Lenz found that neonatal chemical depletion of micro-
glia via an infusion of liposomal clodronate affected 
several adult social behaviors in male and female rats 
including: increased social avoidance behavior, decreased 
passive interaction time, decreased behavioral despair as 
measured by the forced swim test, and a blunted cortico-
sterone response in females to acute stress in adulthood. 
VanRyzin and colleagues found that postnatal depletion 
of microglia using liposomal clodronate also affected 
several adult behaviors including deficits in male sexual 
behaviors, increased body weight in adult females, and 
decreased body weight in adult males. Taken together, 

Figure 2.  Proposed neural mechanism of D1R and KOR pair bond–me-
diated aggression. A, Non-pair-bonded prairie voles readily approach 
novel conspecifics and have lower levels of dopamine receptor 1 and 
prodynorphin mRNA expression within the ventral striatum and less 
stimulated DA release. B, Following the establishment of a pair bond 
and after 2 weeks of cohabitation with their partner, male and female 
prairie voles aggressively reject novel conspecifics. Pair bonding 
upregulates dopamine receptor 1 and prodynorphin mRNA within the 
ventral striatum and enhances DA release within the NAc shell of both 
males and females. Pair-bonded males also show a decrease in KOR 
binding within the NAc shell. This figure is reprinted with permission 
from the authors of “Dopamine and opioid systems interact within the 
nucleus accumbens to maintain monogamous pair bonds,” Resendez 
et al 2016, eLife, (42) https://doi.org/10.7554/eLife.15325.022
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these studies support a role for microglia in the normal 
development of motivated behaviors.

Similarly, Zhan and colleagues demonstrated that mice 
deficient in Cx3cr1, a chemokine fractalkine receptor, dem-
onstrate a reduced number of microglia, and ultimately 
show decreased functional connectivity between the pre-
frontal cortex and hippocampus (104). Furthermore, al-
tered social and repetitive behaviors were observed, such 
as reduced social exploration, decreased social interaction, 
and increased repetitive self-grooming behaviors under 
stressful conditions (104). These data imply a critical role 
for microglia in sculpting neural social circuit function and 
give insight into a potential mechanism that can contribute 
to aberrant social behaviors.

Microglia as master regulators of transitions in 
social play behavior

Juvenile male rats exhibit high levels of social play that 
wane as they transition to adulthood; females also play 
but at reduced levels (129). Microglia have been implicated 
in mediating both the onset and eventual curbing of this 
behavior (106, 108). In particular, sexual dimorphism in 
testosterone-mediated endocannabinoid tone sculpts sex 
differences in juvenile rat social play via microglial phago-
cytosis (108). The neonatal testosterone surge increases 
endocannabinoid tone, and thereby increases microglial 

phagocytosis of newborn astrocytes in the medial amyg-
dala of male rats. This leads to increased social play in ex-
clusively male, and not female, juvenile rats.

Microglia have also been implicated in closing the de-
velopmental social play window in rats through NAc D1R 
downregulation during adolescence (106, 130). This mech-
anism of patterning also occurs in a sexually dimorphic 
manner. More specifically, in males, D1Rs tagged by 
Complement Receptor 3 (C3) are phagocytosed by micro-
glia, resulting in decreased social play. Conversely, D1R 
downregulation in female rat adolescence is not associated 
with microglia and C3 immune signaling, and the authors 
speculate that this process is regulated by some other un-
known protein. Taken together, the above-cited studies 
(106, 108) indicate that microglia modulate social play be-
havior in sex-specific manners, and that these mechanisms 
vary depending on the brain region examined.

Interestingly, the 2 studies above (106, 108) that deter-
mined how microglia modulate social play behavior were 
done in 2 brain regions well-studied within the context 
of prairie voles and social behavior, the amygdala, and 
the NAc. Specifically, the amygdala is known to regulate 
various aspects of prairie vole social behavior (131, 132) 
although the role of microglia in mediating these behaviors 
has not been explored. In a model of social defeat, male and 
female prairie voles display social avoidance, in addition 
to increased D1R protein levels (132). Relatedly, increasing 

Figure 3.  Oxytocin-, dopamine-, and opioid-mediated microglial function. A, Summary of microglia functions related to neurons and the immune 
system. B, A simplified schematic demonstrating microglia functions while in the surveilling/resting state and while in the activated state. While 2 
activated state phenotypes are demonstrated here, there is evidence that there are more activation phenotypes and that they exist amongst a spec-
trum (110) C-E, Microglia work in conjunction with the oxytocinergic, dopaminergic, and potentially, opioidergic systems to shape microglia function, 
neural circuits, and social behaviors. Here is a summary of oxytocin- (C; (111-116), dopamine- (D (117, 118), and opioid- (E (117, 119-127) mediated 
microglial function.
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D1R signaling pharmacologically was sufficient to induce 
a socially avoidant state. And finally, microglia number 
and colonization increase in the medial amygdala in male 
prairie voles when exposed to low doses of the endocrine 
disruptor bisphenol A (BPA) and in female prairie voles at 
high doses of BPA (133). Interestingly, these doses of BPA 
have been demonstrated to abrogate partner preference in 
female prairie voles when assessed after 3 hours of pairing 
without mating (134). The effect of BPA on partner pref-
erence in male prairie voles is not known as the untreated/
control male prairie voles did not form a partner preference 
under these pairing conditions.

Furthermore, as previously discussed in this review, many 
studies surrounding pair bonding have focused on the NAc 
and the DA system. Of relevance to microglia pruning D1R 
synapses in the NAc study, the ratio of D1R to D2R has 
been documented to change in the NAc as prairie voles tran-
sition from pair bond formation to maintenance. Therefore, 
these developmental reductions in social play behavior 
found in the NAc of rats mirror the reduction in general 
prairie vole affiliative behavior following bond formation. 
While the specific molecular mechanisms remain unknown, 
glial-mediated regulation of DA receptors may contribute 
to bond-associated behavioral transitions. Moving forward, 
it would be interesting to examine if microglia have a role 
in modulating well-known changes in DA receptor levels in 
the NAc during the transition from pair bond formation to 
pair bond maintenance, and if sex differences exist in the 
molecular mechanism of the development of a pair bond.

Lipopolysaccharide, a known microglia 
activator, induces partner preference in female 
prairie voles

While the above outlines the general role of microglia in af-
filiative social behavior, a role for microglia in pair bonding 
is further supported by the finding that lipopolysaccharide 
(LPS), which activates microglia, induces partner prefer-
ence (135). Broadly, LPS administration has been used to 
examine the mechanism underlying alterations in sexual, 
parental, and other social interaction behaviors associ-
ated with sickness behavior (135). Sickness behavior is a 
response to infection characterized by anorexia, depressed 
activity, loss of interest in usual activities, and disappear-
ance of body-care activities (136). LPS is a known endo-
toxin that induces a proinflammatory cascade by binding 
to Toll-like receptor 4 (TLR4), predominantly expressed 
in microglia in the central nervous system (137). LPS has 
been used in several models to induce an acute immune re-
sponse within an animal (135) and to activate microglia in 
cell culture studies (111, 138, 139) (Fig. 3B). Importantly, 
LPS has been shown to cross the blood-brain barrier (140) 

and systemic injections have been demonstrated to cause 
microglial activation and neuroinflammation (141, 142). In 
prairie voles, a single LPS injection facilitated partner pref-
erence formation at 6 hours in female prairie voles, but not 
male prairie voles (135). These results were somewhat sur-
prising as other stress-inducing manipulations, including 
manipulations of the hypothalamic-pituitary-adrenal axis, 
typically reduce bonding in female prairie voles (143, 144). 
However, the authors note that the “involvement of LPS 
with central hormonal and neurotransmitter systems are 
proximate mechanisms through which LPS may facilitate 
pair bonding.”

Although the neural circuitry involved in processing sig-
nals from the immune system is not yet fully understood, 
there are several areas of overlap in the systems known 
to be implicated in LPS exposure and pair bonding—
including DA release and OXT release. First, LPS admin-
istration increases DA release in  the nucleus accumbens 
(145) and locus coeruleus (146) in rats. As stated previ-
ously, DA release, in the NAc specifically is a requirement 
for pair bonding. Second, LPS also increases OXT release 
in the posterior pituitary gland in rats (147, 148). However, 
it has not been documented if LPS increases OXT release 
in other brain regions. Therefore, given that LPS facilitates 
partner preference formation in female prairie voles, acti-
vates microglia, and that LPS has known effects on DA and 
OXT release in other species, it is plausible that microglia 
may play a role within pair bonding, particularly within a 
pathological inflammatory context.

However, relatedly, the effect of a single LPS challenge 
during the postnatal period has been examined in mice, 
and differential effects have been found in males in fe-
males regarding effects on adult social behavior (149). 
More specifically, neonatal LPS treatment decreased soci-
ability in adult female, but not male mice. LPS-treated fe-
males also displayed reduced social interaction and social 
memory in a social discrimination task as compared to 
saline-treated females. The authors stated that these ef-
fects appear to be independent of microglia inflammatory 
signaling given that MyD88 knockdown (which prevents 
LPS-induced release of the proinflammatory cytokines 
TNFα and IL-1β) did not prevent LPS-induced changes. 
These data highlight the importance performing studies 
at different periods of development in both sexes in a 
species-specific manner. Smith et  al found that a single 
neonatal LPS injection results in reduced sociability in 
adult female mice and not male mice, whereas Bilbo et al 
found that a single LPS injection in adult prairie voles 
increases partner preference in female prairie voles and 
not male prairie voles. Importantly, sociability tests were 
done with animals of the same sex, so direct relevance to 
pair bonding remains a topic of future research.
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Microglia express OXTR, D1R, D2R, MOR, 
and KOR

The functional properties of microglia also suggest that 
they are responsive to OXT (111-116), DA (117, 118), and 
opioid signaling (117, 119-127) (Fig.  3C-3E). Of these, 
the most intriguing role for modulation of microglia as 
potentially important mediators of bonding comes from 
studies of DA and microglial function. Specifically, studies 
suggest microglia respond to D1R and D2R-specific lig-
ands through increased microglial migration, and chronic 
DA stimulation decreased LPS-induced microglial nitric 
oxide production. Thus, DA release may function to at-
tract microglia with DA receptors to areas with dopa-
minergic transmission (118). This could be relevant not 
only in development, but also when DA is released during 
mating and pair bond formation, and it provides further 
support for the hypothesis that DA is a potential mediator 
of neuroimmune mechanisms regulating social behavior 
(130). However, it remains to be determined if microglia 
expression and behavior change throughout pair bond for-
mation, maintenance, or dissolution.

Regarding microglia and OXTR functional studies, 
LPS upregulates OXTRs in microglia and macrophages 
(111, 142, 150). OXT dampens proinflammatory path-
ways in these cell types, but through separate mechanisms. 
Microglia work via a decrease in ERK and p38 phosphor-
ylation mechanism (142), and peripheral macrophages act 
through a decrease in p65 subunit of NF-kB phosphoryl-
ation mechanism (111, 150) to reduce proinflammatory 
pathways. Relatedly, pretreating LPS-exposed mice with 
OXT decreases microglial activation as determined by 
Iba-1 expression and decreases proinflammatory factor 
levels of TNF-α and IL-1β in the prefrontal cortex of ani-
mals, with the same effects being replicated in microglia 
studies in vitro (142). The authors concluded, as several 
others have (111-116, 150), that OXT may have anti-
neuroinflammatory properties, in which case it would 
be highly probable that microglia would be involved in 
mediating the anti-inflammatory properties of OXT in 
the brain. Intriguingly, the release of OXT during pair 
bond formation and OXT’s putative role in decreasing the 
proinflammatory responses of microglia could serve as a 
potential mechanism underlying the stress-protective ef-
fects of pair bonds (151, 152).

In regard to the opioid system, both MORs and KORs 
(but not DORs) appear to be present in microglia, ac-
cording to descriptive and/or functional studies (117, 119-
126), where they both appear to have anti-inflammatory 
properties. MOR studies demonstrate inhibition of chemo-
taxis and microglial migration, as well as increased BDNF 
gene expression (121, 122, 124, 153) in several systems 

including rat, cat, and human fetal microglia. Additionally, 
morphine inhibits RANTES (regulated upon activation, 
normal T-cell expressed and secreted chemokine) produc-
tion in activated microglia (124) and triggers microglial 
apoptosis (127). KOR studies demonstrate that KOR agon-
ists mitigate cytokine or PMA-induced superoxide pro-
duction (124, 126, 154, 155) and that KOR agonists also 
attenuate HIV-related toxicity and quinolinate release from 
human fetal microglia (126, 155). Thus, while signaling 
via these receptors in microglia is generally classified as 
anti-inflammatory, their potential role in social behavior 
remains largely unexplored. Notably, MORs and KORs are 
both implicated in juvenile rat social play (156) and, as pre-
viously mentioned, pair bonding.

A recent paper by Rivera and colleagues has provided 
some evidence that microglial MyD88 signaling is pro-
tective in reward learning and maintenance and that 
impairing this neuroimmune signaling pathway enhances 
opioid drug seeking and reward memories in male mice 
(157). More specifically, the authors demonstrated that in 
animals that had morphine (a known MOR agonist) con-
ditioned place preference, MyD88 depletion in microglia 
resulted in increased numbers of immature neurons in the 
dentate gyrus. Furthermore, this lack of MyD88-signaling-
induced increase in immature neurons was associated with 
prolonged extinction and enhanced reinstatement of a re-
ward memory (157). Thus, given that microglia signaling via 
these opioid receptors is generally classified as anti-inflam-
matory and that microglia have been documented to re-
spond directly to morphine, among other opioid agonists, 
it is possible that microglia may play a physiological role 
in modulating adult hippocampal neurogenesis through 
the phagocytosis of newborn neural precursor cells. This 
would enable microglia to mediate not only drug/context 
associations, but also other forms of learning and memory 
involving reward, such as pair bonding.

Why Is it Important to Examine These System 
Interactions?

The molecular toolkit hypothesis posits that a handful of 
neuromodulatory systems underlie social behavior across 
species (67, 158-161). To date, explanations for how these 
systems mediate species differences in social behavior have 
investigated differences in receptor patterning or ligand 
production/release. We posit that interactions across rele-
vant neuromodulatory systems may also have contributed 
to the elaboration of social behaviors in certain species. In 
particular, such interactions may be critical for the evolu-
tion of more complex forms of social behavior, such as pair 
bonding. For instance, the coordinated signaling of OXT 

D
ow

nloaded from
 https://academ

ic.oup.com
/endo/article/162/2/bqaa223/6046188 by U

niversity of C
olorado user on 10 M

ay 2021



Endocrinology, 2021, Vol. 162, No. 2� 11

and DA as outlined above may provide a mechanism by 
which social information conveyed by OXT is integrated 
with DA reward signaling to produce a partner-reward as-
sociation underlying a pair bond. As such, a further under-
standing of interactions between neuromodulatory systems 
in the context of pair bonding may elucidate the evolution 
of more complex, human-relevant social behaviors.

In addition, neuromodulatory systems represent 
common clinical targets. For instance, DA systems are 
targeted by pharmacotherapies for mental illness and 
neurodegenerative diseases (162-166) and opioids are rou-
tinely used for pain management and have great potential 
for abuse (167, 168). While less developed, OXT systems 
have recently become the focus of potential treatments for 
addiction, schizophrenia, and autism (169-172). A  better 
understanding of interactions among these systems may aid 
in the prediction of side-effects, the identification of new 
druggable targets, and the use of precision-based medicine 
to incorporate data on potential sex differences, as well as 
individual genetic variability.

Finally, as we look to expand our viewpoint and deter-
mine how systems within the brain are interacting with 
one another, it is important we also consider all pieces of 
the system and/or circuit that could contribute to commu-
nication, such as cell types in addition to neurons, including 
microglia, astrocytes, oligodendrocytes, and others. As briefly 
outlined here, microglia have the capacity to be system-level 
regulators of neuromodulation of social behavior, and as 
such, it would behoove us all to take their role into account 
when attempting to identify new clinical targets.

Acknowledgments
Financial Support: This work was supported by awards from 

the Dana Foundation, the Whitehall Foundation, National Science 
Foundation (NSF) IOS-1827790, and National Institute of Health 
(NIH) DP2OD026143 to Z.R.D.  and T32 DA 17637 support to 
M.K.L..

Additional Information
Correspondence: Zoe R. Donaldson, PhD, University of Colorado 

Boulder, 347 UCB, Boulder, CO 80309, USA. Email: zoe.donaldson@
colorado.edu.

Disclosures: The authors have no disclosures.
Data Availability: Data sharing is not applicable to this article 

as no datasets were generated or analyzed during the current study.

References
	 1.	 Walum H, Westberg L, Henningsson S, et al. Genetic variation 

in the vasopressin receptor 1a gene (AVPR1A) associates with 

pair-bonding behavior in humans. Proc Natl Acad Sci U S A. 
2008;105(37):14153-14156.

	 2.	 Walum  H, Waldman  ID, Young  LJ. Statistical and methodo-
logical considerations for the interpretation of intranasal oxy-
tocin studies. Biol Psychiatry. 2016;79(3):251-257.

	 3.	 Schneiderman  I, Kanat-Maymon  Y, Ebstein  RP, Feldman  R. 
Cumulative risk on the oxytocin receptor gene (OXTR) under-
pins empathic communication difficulties at the first stages of ro-
mantic love. Soc Cogn Affect Neurosci. 2014;9(10):1524-1529.

	 4.	 Feldman R. The neurobiology of human attachments. Trends 
Cogn Sci. 2017;21(2):80-99.

	 5.	 Acevedo BP, Aron A, Fisher HE, Brown LL. Neural correlates 
of long-term intense romantic love. Soc Cogn Affect Neurosci. 
2012;7(2):145-159.

	 6.	 Fisher H, Aron A, Brown LL. Romantic love: an fMRI study 
of a neural mechanism for mate choice. J Comp Neurol. 
2005;493(1):58-62.

	 7.	 Fisher HE, Aron A, Brown LL. Romantic love: a mammalian 
brain system for mate choice. Philos Trans R Soc Lond B Biol 
Sci. 2006;361(1476):2173-2186.

	 8.	 Tabbaa M, Paedae B, Liu Y, Wang Z. Neuropeptide regulation 
of social attachment: the prairie vole model. Compr Physiol. 
2016;7(1):81-104.

	 9.	 Neurobiological and molecular approaches to attachment and 
bonding. In: Carter CS, Ahnert L, Grossmann KE, et al., eds. 
Attachment and Bonding. Cambridge, MA: The MIT Press; 
2015. doi: 10.7551/mitpress/1476.003.0008.

	10.	 Burkett JP, Young LJ. The behavioral, anatomical and pharma-
cological parallels between social attachment, love and addic-
tion. Psychopharmacology (Berl). 2012;224(1):1-26.

	11.	 Young  KA, Gobrogge  KL, Liu  Y, Wang  Z. The neurobiology 
of pair bonding: insights from a socially monogamous rodent. 
Front Neuroendocrinol. 2011;32(1):53-69.

	12.	 Donaldson  ZR, Young  LJ. Oxytocin, vasopressin, and the 
neurogenetics of sociality. Science. 2008;322(5903):900-904.

	13.	 de Vries GJ. Sex differences in vasopressin and oxytocin innerv-
ation of the brain. Prog Brain Res. 2008;170:17-27.

	14.	 Wang Z. Species differences in the vasopressin-immunoreactive 
pathways in the bed nucleus of the stria terminalis and medial 
amygdaloid nucleus in prairie voles (Microtus ochrogaster) and 
meadow voles (Microtus pennsylvanicus). Behav Neurosci. 
1995;109(2):305-311.

	15.	 Kelly AM, Hiura LC, Ophir AG. Rapid nonapeptide synthesis 
during a critical period of development in the prairie vole: plas-
ticity of the paraventricular nucleus of the hypothalamus. Brain 
Struct Funct. 2018;223(6):2547-2560.

	16.	 Iovino M, Guastamacchia E, Giagulli VA, et  al. Role of cen-
tral and peripheral chemoreceptors in vasopressin secre-
tion control. Endocr Metab Immune Disord Drug Targets. 
2013;13(3):250-255.

	17.	 Lozić  M, Šarenac  O, Murphy  D, Japundžić-Žigon  N. 
Vasopressin, central autonomic control and blood pressure 
regulation. Curr Hypertens Rep. 2018;20(2):11.

	18.	 Kiss  A, Mikkelsen  JD. Oxytocin–anatomy and functional as-
signments: a minireview. Endocr Regul. 2005;39(3):97-105.

	19.	 Crowley  WR, Armstrong  WE. Neurochemical regulation of 
oxytocin secretion in lactation. Endocr Rev. 1992;13(1):33-65.

D
ow

nloaded from
 https://academ

ic.oup.com
/endo/article/162/2/bqaa223/6046188 by U

niversity of C
olorado user on 10 M

ay 2021

mailto:zoe.donaldson@colorado.edu?subject=
mailto:zoe.donaldson@colorado.edu?subject=
https://doi.org/10.7551/mitpress/1476.003.0008


12 � Endocrinology, 2021, Vol. 162, No. 2

	20.	 Oti T, Satoh K, Uta D, et al. Oxytocin influences male sexual 
activity via non-synaptic axonal release in the spinal cord. Curr 
Biol. 2020. doi: 10.1016/j.cub.2020.09.089.

	21.	 Dölen  G. Oxytocin: parallel processing in the social brain? J 
Neuroendocrinol. 2015;27(6):516-535.

	22.	 Bamshad M, Novak MA, De Vries GJ. Sex and species differences 
in the vasopressin innervation of sexually naive and parental 
prairie voles, Microtus ochrogaster and meadow voles, Microtus 
pennsylvanicus. J Neuroendocrinol. 1993;5(3):247-255.

	23.	 Bales KL, Plotsky PM, Young LJ, et al. Neonatal oxytocin ma-
nipulations have long-lasting, sexually dimorphic effects on 
vasopressin receptors. Neuroscience. 2007;144(1):38-45.

	24.	 Auger CJ, Coss D, Auger AP, Forbes-Lorman RM. Epigenetic 
control of vasopressin expression is maintained by steroid hor-
mones in the adult male rat brain. Proc Natl Acad Sci U S A. 
2011;108(10):4242-4247.

	25.	 Cho  M, DeVries  AC, Williams  JR, Carter  CS. The effects of 
oxytocin and vasopressin on partner preferences in male and 
female prairie voles (Microtus ochrogaster). Behav Neurosci. 
1999;113:1071-1079.

	26.	 Winslow JT, Hastings N, Carter CS, Harbaugh CR, Insel TR. 
A role for central vasopressin in pair bonding in monogamous 
prairie voles. Nature. 1993;365(6446):545-548.

	27.	 Young  LJ. Frank A.  Beach Award. Oxytocin and vasopressin 
receptors and species-typical social behaviors. Horm Behav. 
1999;36(3):212-221.

	28.	 Berridge  KC, Kringelbach  ML. Pleasure systems in the brain. 
Neuron. 2015;86(3):646-664.

	29.	 Lim MM, Young LJ. Blockade of vasopressin V1a receptors 
in the ventral pallidum prevents partner preference forma-
tion in monogamous male prairie voles. Soc Neurosci Abs. 
2002;82:2.

	30.	 Lim  MM, Young  LJ. Vasopressin-dependent neural circuits 
underlying pair bond formation in the monogamous prairie 
vole. Neuroscience. 2004;125(1):35-45.

	31.	 Donaldson ZR, Spiegel L, Young LJ. Central vasopressin V1a 
receptor activation is independently necessary for both partner 
preference formation and expression in socially monogamous 
male prairie voles. Behav Neurosci. 2010;124(1):159-163.

	32.	 Johnson  ZV, Walum  H, Xiao  Y, Riefkohl  PC, Young  LJ. 
Oxytocin receptors modulate a social salience neural network 
in male prairie voles. Horm Behav. 2017;87:16-24.

	33.	 Williams JR, Catania KC, Carter CS. Development of partner 
preferences in female prairie voles (Microtus ochrogaster): 
the role of social and sexual experience. Horm Behav. 
1992;26(3):339-349.

	34.	 Grippo  AJ, McNeal  N, Watanasriyakul  WT, Cacioppo  S, 
Scotti  ML, Dagner  A. Behavioral and cardiovascular conse-
quences of disrupted oxytocin communication in cohabitating 
pairs of male and female prairie voles. Soc Neurosci. 
2019;14(6):649-662.

	35.	 Insel TR, Shapiro LE. Oxytocin receptor distribution reflects so-
cial organization in monogamous and polygamous voles. Proc 
Natl Acad Sci U S A. 1992;89(13):5981-5985.

	36.	 Young  LJ, Huot  B, Nilsen  R, Wang  Z, Insel  TR. Species dif-
ferences in central oxytocin receptor gene expression: com-
parative analysis of promoter sequences. J Neuroendocrinol. 
1996;8(10):777-783.

	37.	 Ross  HE, Freeman  SM, Spiegel  LL, Ren  X, Terwilliger  EF, 
Young  LJ. Variation in oxytocin receptor density in the nu-
cleus accumbens has differential effects on affiliative be-
haviors in monogamous and polygamous voles. J Neurosci. 
2009;29(5):1312-1318.

	38.	 Keebaugh AC, Young LJ. Increasing oxytocin receptor expres-
sion in the nucleus accumbens of pre-pubertal female prairie 
voles enhances alloparental responsiveness and partner prefer-
ence formation as adults. Horm Behav. 2011;60(5):498-504.

	39.	 Keebaugh AC, Barrett CE, Laprairie JL, Jenkins JJ, Young LJ. 
RNAi knockdown of oxytocin receptor in the nucleus accumbens 
inhibits social attachment and parental care in monogamous fe-
male prairie voles. Soc Neurosci. 2015;10(5):561-570.

	40.	 King  LB, Walum  H, Inoue  K, Eyrich  NW, Young  LJ. 
Variation in the oxytocin receptor gene predicts brain region-
specific expression and social attachment. Biol Psychiatry. 
2016;80(2):160-169.

	41.	 Wang Z, Aragona BJ. Neurochemical regulation of pair bonding 
in male prairie voles. Physiol Behav. 2004;83(2):319-328.

	42.	 Resendez SL, Keyes PC, Day JJ, et al. Dopamine and opioid sys-
tems interact within the nucleus accumbens to maintain monog-
amous pair bonds. Palmiter RD, ed. eLife. 2016;5:e15325.

	43.	 Aragona BJ, Liu Y, Curtis JT, Stephan FK, Wang Z. A critical role 
for nucleus accumbens dopamine in partner-preference forma-
tion in male prairie voles. J Neurosci. 2003;23(8):3483-3490.

	44.	 Gingrich B, Liu Y, Cascio C, Wang Z, Insel TR. Dopamine D2 
receptors in the nucleus accumbens are important for social at-
tachment in female prairie voles (Microtus ochrogaster). Behav 
Neurosci. 2000;114(1):173-183.

	45.	 Wang Z, Yu G, Cascio C, Liu Y, Gingrich B, Insel TR. Dopamine 
D2 receptor-mediated regulation of partner preferences in fe-
male prairie voles (Microtus ochrogaster): a mechanism for pair 
bonding? Behav Neurosci. 1999;113(3):602-611.

	46.	 Aragona BJ, Wang Z. Dopamine regulation of social choice in a 
monogamous rodent species. Front Behav Neurosci. 2009;3:15.

	47.	 Balthazart  J, Young  L. Knobil and Neill’s Physiology of 
Reproduction, Chapter 48 Mate Selection, Sexual Orientation, 
and Pair Bonding. 4th ed. Elsevier; 2015. doi: 10.1016/
C2011-1-07288-0.

	48.	 Aragona BJ, Liu Y, Yu YJ, et al. Nucleus accumbens dopamine 
differentially mediates the formation and maintenance of mon-
ogamous pair bonds. Nat Neurosci. 2006;9(1):133-139.

	49.	 Baskerville  TA, Douglas  AJ. Dopamine and oxytocin inter-
actions underlying behaviors: potential contributions to behav-
ioral disorders. CNS Neurosci Ther. 2010;16(3):e92-123.

	50.	 Kleiman  DG. Monogamy in mammals. Q Rev Biol. 
1977;52(1):39-69.

	51.	 Panksepp  J, Herman  B, Conner  R, Bishop  P, Scott  JP. The 
biology of social attachments: opiates alleviate separation dis-
tress. Biol Psychiatry. 1978;13(5):607-618.

	52.	 Panksepp J, Herman BH, Vilberg T, Bishop P, DeEskinazi FG. 
Endogenous opioids and social behavior. Neurosci Biobehav 
Rev. 1980;4(4):473-487.

	53.	 Le  Merrer  J, Becker  JA, Befort  K, Kieffer  BL. Reward pro-
cessing by the opioid system in the brain. Physiol Rev. 
2009;89(4):1379-1412.

	54.	 Burkett  JP, Spiegel  LL, Inoue  K, Murphy  AZ, Young  LJ. 
Activation of μ-opioid receptors in the dorsal striatum is 

D
ow

nloaded from
 https://academ

ic.oup.com
/endo/article/162/2/bqaa223/6046188 by U

niversity of C
olorado user on 10 M

ay 2021

https://doi.org/10.1016/j.cub.2020.09.089
https://doi.org/10.1016/C2011-1-07288-0
https://doi.org/10.1016/C2011-1-07288-0


Endocrinology, 2021, Vol. 162, No. 2� 13

necessary for adult social attachment in monogamous prairie 
voles. Neuropsychopharmacology. 2011;36(11):2200-2210.

	55.	 Resendez  SL, Dome  M, Gormley  G, et  al. Opioid receptors 
within subregions of the striatum mediate pair bond formation 
through parallel yet distinct reward mechanisms. J Neurosci. 
2013;33(21):9140-9149.

	56.	 Resendez  SL, Kuhnmuench  M, Krzywosinski  T, Aragona  BJ. 
κ-Opioid receptors within the nucleus accumbens shell me-
diate pair bond maintenance. J Neurosci. 2012;32(20): 
6771-6784.

	57.	 Anacker AM, Christensen JD, LaFlamme EM, Grunberg DM, 
Beery  AK. Septal oxytocin administration impairs peer 
affiliation via V1a receptors in female meadow voles. 
Psychoneuroendocrinology. 2016;68:156-162.

	58.	 Smeltzer MD, Curtis JT, Aragona BJ, Wang Z. Dopamine, oxy-
tocin, and vasopressin receptor binding in the medial prefrontal 
cortex of monogamous and promiscuous voles. Neurosci Lett. 
2006;394(2):146-151.

	59.	 Curtis  JT, Wang  Z. Ventral tegmental area involvement 
in pair bonding in male prairie voles. Physiol Behav. 
2005;86(3):338-346.

	60.	 Smith  KS, Tindell  AJ, Aldridge  JW, Berridge  KC. Ventral 
pallidum roles in reward and motivation. Behav Brain Res. 
2009;196(2):155-167.

	61.	 Wang  Z, Smith  W, Major  DE, De  Vries  GJ. Sex and species 
differences in the effects of cohabitation on vasopressin mes-
senger RNA expression in the bed nucleus of the stria terminalis 
in prairie voles (Microtus ochrogaster) and meadow voles 
(Microtus pennsylvanicus). Brain Res. 1994;650(2):212-218.

	62.	 Lei K, Cushing BS, Musatov S, Ogawa S, Kramer KM. Estrogen 
receptor-alpha in the bed nucleus of the stria terminalis regulates 
social affiliation in male prairie voles (Microtus ochrogaster). 
PLoS One. 2010;5(1):e8931.

	63.	 Rogers-Carter  MM, Djerdjaj  A, Gribbons  KB, Varela  JA, 
Christianson  JP. Insular cortex projections to nucleus 
accumbens core mediate social approach to stressed Juvenile 
rats. J Neurosci. 2019;39(44):8717-8729.

	64.	 Rogers-Carter  MM, Christianson  JP. An insular view of the 
social decision-making network. Neurosci Biobehav Rev. 
2019;103:119-132.

	65.	 Debiec  J. Peptides of love and fear: vasopressin and oxytocin 
modulate the integration of information in the amygdala. 
Bioessays. 2005;27(9):869-873.

	66.	 Hirota Y, Arai A, Young LJ, Osako Y, Yuri K, Mitsui S. Oxytocin 
receptor antagonist reverses the blunting effect of pair bonding 
on fear learning in monogamous prairie voles. Horm Behav. 
2020;120:104685.

	67.	 O’Connell LA, Hofmann HA. Evolution of a vertebrate social 
decision-making network. Science. 2012;336(6085):1154-1157.

	68.	 Zheng DJ, Larsson B, Phelps SM, Ophir AG. Female alternative 
mating tactics, reproductive success and nonapeptide receptor 
expression in the social decision-making network. Behav Brain 
Res. 2013;246:139-147.

	69.	 Sladek CD, Song Z. Diverse roles of G-protein coupled recep-
tors in the regulation of neurohypophyseal hormone secretion. J 
Neuroendocrinol. 2012;24(4):554-565.

	70.	 Gilman AG. G proteins: transducers of receptor-generated sig-
nals. Annu Rev Biochem. 1987;56:615-649.

	 71.	Gurevich EV, Tesmer JJ, Mushegian A, Gurevich VV. G protein-
coupled receptor kinases: more than just kinases and not only 
for GPCRs. Pharmacol Ther. 2012;133(1):40-69.

	 72.	Reiter E, Lefkowitz RJ. GRKs and β-arrestins: roles in receptor 
silencing, trafficking and signaling. Trends Endrocrinol Metab. 
2006;17(4):159-165.

	 73.	Bulenger S, Marullo S, Bouvier M. Emerging role of homo- and 
heterodimerization in G-protein-coupled receptor biosynthesis 
and maturation. Trends Pharmacol Sci. 2005;26(3):131-137.

	 74.	Franco  R, Casadó  V, Cortés  A, et  al. Basic concepts in 
G-protein-coupled receptor homo- and heterodimerization. 
Scientificworldjournal. 2007;7:48-57.

	 75.	Azam S, Haque ME, Jakaria M, Jo S-H, Kim  I-S, Choi D-K. 
G-protein-coupled receptors in CNS: a potential therapeutic 
target for intervention in neurodegenerative disorders and 
associated cognitive deficits. Cells. 2020;9(2). doi: 10.3390/
cells9020506.

	 76.	Heng  BC, Aubel  D, Fussenegger  M. An overview of the di-
verse roles of G-protein coupled receptors (GPCRs) in the 
pathophysiology of various human diseases. Biotechnol Adv. 
2013;31(8):1676-1694.

	 77.	Liu Y, Wang ZX. Nucleus accumbens oxytocin and dopamine 
interact to regulate pair bond formation in female prairie voles. 
Neuroscience. 2003;121(3):537-544.

	 78.	Young KA, Liu Y, Gobrogge KL, Wang H, Wang Z. Oxytocin 
reverses amphetamine-induced deficits in social bonding: evi-
dence for an interaction with nucleus accumbens dopamine. J 
Neurosci. 2014;34(25):8499-8506.

	 79.	Baracz  SJ, Rourke  PI, Pardey  MC, Hunt  GE, McGregor  IS, 
Cornish  JL. Oxytocin directly administered into the nu-
cleus accumbens core or subthalamic nucleus attenuates 
methamphetamine-induced conditioned place preference. 
Behav Brain Res. 2012;228(1):185-193.

	 80.	Qi  J, Yang  JY, Song  M, Li  Y, Wang  F, Wu  CF. Inhibition by 
oxytocin of methamphetamine-induced hyperactivity related to 
dopamine turnover in the mesolimbic region in mice. Naunyn 
Schmiedebergs Arch Pharmacol. 2008;376(6):441-448.

	 81.	Liu  Y, Young  KA, Curtis  JT, Aragona  BJ, Wang  Z. Social 
bonding decreases the rewarding properties of amphetamine 
through a dopamine D1 receptor-mediated mechanism. J 
Neurosci. 2011;31(22):7960-7966.

	 82.	Hung  LW, Neuner  S, Polepalli  JS, et  al. Gating of social re-
ward by oxytocin in the ventral tegmental area. Science. 
2017;357(6358):1406-1411.

	 83.	Xiao L, Priest MF, Nasenbeny J, Lu T, Kozorovitskiy Y. Biased 
oxytocinergic modulation of midbrain dopamine systems. 
Neuron. 2017;95(2):368-384.e5.

	 84.	Bale  TL, Dorsa  DM. Regulation of oxytocin receptors and 
their role in female rat sex behavior. Soc Neurosci Abst. 
1997;23:1852.

	 85.	Young LJ, Lim MM, Gingrich B, Insel TR. Cellular mechanisms 
of social attachment. Horm Behav. 2001;40(2):133-138.

	 86.	Keverne E. Trophoblast regulation of maternal endocrine func-
tion and behavior. In: Moffett A, ed. Biology and Pathology 
of Trophoblast. Cambridge, UK: Cambridge University Press; 
2005:368-411.

	 87.	Higham  JP, Barr  CS, Hoffman  CL, Mandalaywala  TM, 
Parker  KJ, Maestripieri  D. Mu-opioid receptor (OPRM1) 

D
ow

nloaded from
 https://academ

ic.oup.com
/endo/article/162/2/bqaa223/6046188 by U

niversity of C
olorado user on 10 M

ay 2021

https://doi.org/10.3390/cells9020506
https://doi.org/10.3390/cells9020506


14 � Endocrinology, 2021, Vol. 162, No. 2

variation, oxytocin levels and maternal attachment in free-
ranging rhesus macaques Macaca mulatta. Behav Neurosci. 
2011;125(2):131-136.

	 88.	Douglas  J, Brunton  R. Sex-steroid induction of endogenous 
opioid inhibition on oxytocin secretory responses to stress. J 
Neuroendocrinol. 2000;12(4):343-350.

	 89.	Ulloa M, Portillo W, Díaz NF, et al. Mating and social exposure 
induces an opioid-dependent conditioned place preference in 
male but not in female prairie voles (Microtus ochrogaster). 
Horm Behav. 2018;97:47-55.

	 90.	Kutlu  S, Yilmaz  B, Canpolat  S, et  al. Mu opioid modula-
tion of oxytocin secretion in late pregnant and parturient 
rats. Involvement of noradrenergic neurotransmission. 
Neuroendocrinology. 2004;79(4):197-203.

	 91.	Kubinyi E, Bence M, Koller D, et al. Oxytocin and opioid re-
ceptor gene polymorphisms associated with greeting behavior 
in dogs. Front Psychol. 2017;8:1520.

	 92.	Vuong C, Van Uum SH, O’Dell LE, Lutfy K, Friedman TC. The 
effects of opioids and opioid analogs on animal and human 
endocrine systems. Endocr Rev. 2010;31(1):98-132.

	 93.	Lindow  SW, van  der  Spuy  ZM, Hendricks  MS, Rosselli  AP, 
Lombard  C, Leng  G. The effect of morphine and naloxone 
administration on plasma oxytocin concentrations in the 
first stage of labour. Clin Endocrinol (Oxf). 1992;37(4): 
349-353.

	 94.	Lindow  SW, Hendricks  MS, Nugent  FA, Dunne  TT, 
van  der  Spuy  ZM. Morphine suppresses the oxytocin re-
sponse in breast-feeding women. Gynecol Obstet Invest. 
1999;48(1):33-37.

	 95.	Carter DA, Lightman SL. Opioid control of oxytocin secretion: 
evidence of distinct regulatory actions of two opiate receptor 
types. Life Sci. 1987;40(23):2289-2296.

	 96.	Bozarth MA, Wise RA. Heroin reward is dependent on a dopa-
minergic substrate. Life Sci. 1981;29(18):1881-1886.

	 97.	Gerfen  CR, Young  WS 3rd. Distribution of striatonigral 
and striatopallidal peptidergic neurons in both patch and 
matrix compartments: an in situ hybridization histochem-
istry and fluorescent retrograde tracing study. Brain Res. 
1988;460(1):161-167.

	 98.	Peciña S, Berridge KC. Hedonic hot spot in nucleus accumbens 
shell: where do mu-opioids cause increased hedonic impact of 
sweetness? J Neurosci. 2005;25(50):11777-11786.

	 99.	Chavkin  C, James  IF, Goldstein  A. Dynorphin is a specific 
endogenous ligand of the kappa opioid receptor. Science. 
1982;215(4531):413-415.

	100.	Mucha  RF, Herz  A. Motivational properties of kappa and 
mu opioid receptor agonists studied with place and taste 
preference conditioning. Psychopharmacology (Berl). 
1985;86(3):274-280.

	101.	Pfeiffer  A, Brantl  V, Herz  A, Emrich  HM. Psychotomimesis 
mediated by kappa opiate receptors. Science. 1986;233(4765): 
774-776.

	102.	Le  Moine  C, Bloch  B. D1 and D2 dopamine receptor gene 
expression in the rat striatum: sensitive cRNA probes dem-
onstrate prominent segregation of D1 and D2 mRNAs in dis-
tinct neuronal populations of the dorsal and ventral striatum.  
J Comp Neurol. 1995;355(3):418-426.

	103.	Perreault ML, Hasbi A, O’Dowd BF, George SR. The dopamine 
d1-d2 receptor heteromer in striatal medium spiny neurons: 

evidence for a third distinct neuronal pathway in Basal Ganglia. 
Front Neuroanat. 2011;5:31.

	104.	Zhan  Y, Paolicelli  RC, Sforazzini  F, et  al. Deficient neuron-
microglia signaling results in impaired functional brain con-
nectivity and social behavior. Nat Neurosci. 2014;17(3): 
400-406.

	105.	Nelson  LH, Lenz  KM. Microglia depletion in early life 
programs persistent changes in social, mood-related, and loco-
motor behavior in male and female rats. Behav Brain Res. 
2017;316:279-293.

	106.	Kopec AM, Smith CJ, Ayre NR, Sweat SC, Bilbo SD. Microglial 
dopamine receptor elimination defines sex-specific nucleus 
accumbens development and social behavior in adolescent rats. 
Nat Commun. 2018;9(1):3769.

	107.	Lenz KM, Nelson LH. Microglia and beyond: innate immune 
cells as regulators of brain development and behavioral func-
tion. Front Immunol. 2018;9:698.

	108.	VanRyzin  JW, Marquardt  AE, Argue  KJ, et  al. Microglial 
phagocytosis of newborn cells is induced by endocannabinoids 
and sculpts sex differences in juvenile rat social play. Neuron. 
2019;102(2):435-449.e6.

	109.	Eisenberger  NI, Moieni  M, Inagaki  TK, Muscatell  KA, 
Irwin MR. In sickness and in health: the co-regulation of in-
flammation and social behavior. Neuropsychopharmacology. 
2017;42(1):242-253.

	110.	Silvin  A, Ginhoux  F. Microglia heterogeneity along a 
spatio-temporal axis: More questions than answers. Glia. 
2018;66(10):2045-2057.

	111.	Bordt EA, Smith CJ, Demarest TG, Bilbo SD, Kingsbury MA. 
Mitochondria, oxytocin, and vasopressin: unfolding 
the inflammatory protein response. Neurotox Res. 
2019;36(2):239-256.

	112.	Szeto  A, Nation  DA, Mendez  AJ, et  al. Oxytocin attenuates 
NADPH-dependent superoxide activity and IL-6 secretion 
in macrophages and vascular cells. Am J Physiol Endocrinol 
Metab. 2008;295(6):E1495-E1501.

	113.	Kato  TA, Hayakawa  K, Monji  A, Kanba  S. Missing and 
possible link between neuroendocrine factors, neuropsychi-
atric disorders, and microglia. Front Integr Neurosci. 
2013;7:53.

	114.	Amini-Khoei H, Mohammadi-Asl A, Amiri S, et al. Oxytocin 
mitigated the depressive-like behaviors of maternal separ-
ation stress through modulating mitochondrial function 
and neuroinflammation. Prog Neuropsychopharmacol Biol 
Psychiatry. 2017;76:169-178.

	115.	Wang  Y, Zhao  S, Liu  X, Zheng  Y, Li  L, Meng  S. Oxytocin 
improves animal behaviors and ameliorates oxidative stress 
and inflammation in autistic mice. Biomed Pharmacother. 
2018;107:262-269.

	116.	Mairesse J, Zinni M, Pansiot J, et al. Oxytocin receptor agonist 
reduces perinatal brain damage by targeting microglia. Glia. 
2019;67(2):345-359.

	117.	Pocock  JM, Kettenmann  H. Neurotransmitter receptors on 
microglia. Trends Neurosci. 2007;30(10):527-535.

	118.	Färber  K, Pannasch  U, Kettenmann  H. Dopamine and nor-
adrenaline control distinct functions in rodent microglial cells. 
Mol Cell Neurosci. 2005;29(1):128-138.

	119.	Svensson CI, Hua XY, Powell HC, Lai J, Porreca F, Yaksh TL. 
Prostaglandin E2 release evoked by intrathecal dynorphin is 

D
ow

nloaded from
 https://academ

ic.oup.com
/endo/article/162/2/bqaa223/6046188 by U

niversity of C
olorado user on 10 M

ay 2021



Endocrinology, 2021, Vol. 162, No. 2� 15

dependent on spinal p38 mitogen activated protein kinase. 
Neuropeptides. 2005;39(5):485-494.

	120.	Liu  Y, Qin  L, Wilson  BC, An  L, Hong J-S, Liu B.  Inhibition 
by naloxone stereoisomers of beta-amyloid peptide (1–42)-in-
duced superoxide production in microglia and degeneration 
of cortical and mesencephalic neurons. J Pharmacol Exp Ther. 
2002;302(3):1212-1219.

	121.	Dobrenis  K, Makman  MH, Stefano  GB. Occurrence of 
the opiate alkaloid-selective mu3 receptor in mamma-
lian microglia, astrocytes and Kupffer cells. Brain Res. 
1995;686(2):239-248.

	122.	Takayama  N, Ueda  H. Morphine-induced chemotaxis and 
brain-derived neurotrophic factor expression in microglia. J 
Neurosci. 2005;25(2):430-435.

	123.	Chao CC, Hu S, Shark KB, Sheng WS, Gekker G, Peterson PK. 
Activation of mu opioid receptors inhibits microglial cell 
chemotaxis. J Pharmacol Exp Ther. 1997;281(2):998-1004.

	124.	Hu  S, Chao  CC, Hegg  CC, Thayer  S, Peterson  PK. 
Morphine inhibits human microglial cell production of, 
and migration towards, RANTES. J Psychopharmacol. 
2000;14(3):238-243.

	125.	Maduna T, Audouard E, Dembélé D, et al. Microglia express 
mu opioid receptor: insights from transcriptomics and fluores-
cent reporter mice. Front Psychiatry. 2018;9:726.

	126.	Wallace DR. HIV neurotoxicity: potential therapeutic interven-
tions. J Biomed Biotechnol. 2006;2006(3):65741.

	127.	Hu  S, Sheng  WS, Lokensgard  JR, Peterson  PK. Morphine 
induces apoptosis of human microglia and neurons. 
Neuropharmacology. 2002;42(6):829-836.

	128.	VanRyzin  JW, Yu  SJ, Perez-Pouchoulen  M, McCarthy  MM. 
Temporary depletion of microglia during the early postnatal 
period induces lasting sex-dependent and sex-independent ef-
fects on behavior in rats. eNeuro. 2016;3(6). doi: 10.1523/
ENEURO.0297-16.2016.

	129.	Panksepp  J. The ontogeny of play in rats. Dev Psychobiol. 
1981;14(4):327-332.

	130.	Kopec AM, Smith CJ, Bilbo  SD. Neuro-immune mechanisms 
regulating social behavior: dopamine as mediator? Trends 
Neurosci. 2019;42(5):337-348.

	131.	Cushing BS, Perry A, Musatov S, Ogawa S, Papademetriou E. 
Estrogen receptors in the medial amygdala inhibit the 
expression of male prosocial behavior. J Neurosci. 
2008;28(41):10399-10403.

	132.	Tickerhoof MC, Hale LH, Butler MJ, Smith AS. Regulation of 
defeat-induced social avoidance by medial amygdala DRD1 
in male and female prairie voles. Psychoneuroendocrinology. 
2020;113:104542.

	133.	Rebuli ME, Gibson P, Rhodes CL, Cushing BS, Patisaul HB. 
Sex differences in microglial colonization and vulnerabil-
ities to endocrine disruption in the social brain. Gen Comp 
Endocrinol. 2016;238:39-46.

	134.	Sullivan AW, Beach EC, Stetzik LA, et  al. A novel model for 
neuroendocrine toxicology: neurobehavioral effects of BPA 
exposure in a prosocial species, the prairie vole (Microtus 
ochrogaster). Endocrinology. 2014;155(10):3867-3881.

	135.	Bilbo SD, Klein SL, DeVries AC, Nelson RJ. Lipopolysaccharide 
facilitates partner preference behaviors in female prairie voles. 
Physiol Behav. 1999;68(1-2):151-156.

	136.	Kent S, Bluthé RM, Kelley KW, Dantzer R. Sickness behavior 
as a new target for drug development. Trends Pharmacol Sci. 
1992;13(1):24-28.

	137.	McCarthy GM, Bridges CR, Blednov YA, Harris RA. CNS cell-
type localization and LPS response of TLR signaling pathways. 
F1000Res. 2017;6:1144.

	138.	Choi J, Ifuku M, Noda M, Guilarte TR. Translocator protein 
(18  kDa)/peripheral benzodiazepine receptor specific ligands 
induce microglia functions consistent with an activated state. 
Glia. 2011;59(2):219-230.

	139.	Loth MK, Guariglia SR, Re DB, et al. A novel interaction of 
translocator protein 18 kDa (TSPO) with NADPH oxidase in 
microglia. Mol Neurobiol. 2020;57(11):4467-4487.

	140.	Vargas-Caraveo  A, Sayd  A, Maus  SR, et  al. 
Lipopolysaccharide enters the rat brain by a lipoprotein-
mediated transport mechanism in physiological conditions. 
Sci Rep. 2017;7(1):13113.

	141.	Qin L, Wu X, Block ML, et  al. Systemic LPS causes chronic 
neuroinflammation and progressive neurodegeneration. Glia. 
2007;55(5):453-462.

	142.	Yuan L, Liu S, Bai X, et al. Oxytocin inhibits lipopolysaccharide-
induced inflammation in microglial cells and attenuates 
microglial activation in lipopolysaccharide-treated mice. J 
Neuroinflammation. 2016;13(1):77.

	143.	DeVries AC, DeVries MB, Taymans SE, Carter CS. The effects 
of stress on social preferences are sexually dimorphic in prairie 
voles. Proc Natl Acad Sci U S A. 1996;93(21):11980-11984.

	144.	Lim MM, Nair HP, Young LJ. Species and sex differences in 
brain distribution of corticotropin-releasing factor receptor 
subtypes 1 and 2 in monogamous and promiscuous vole spe-
cies. J Comp Neurol. 2005;487(1):75-92.

	145.	Borowski  T, Kokkinidis  L, Merali  Z, Anisman  H. 
Lipopolysaccharide, central in vivo biogenic amine variations, 
and anhedonia. Neuroreport. 1998;9(17):3797-3802.

	146.	Molina-Holgado  F, Guaza  C. Endotoxin administration in-
duced differential neurochemical activation of the rat brain 
stem nuclei. Brain Res Bull. 1996;40(3):151-156.

	147.	Kasting NW. Characteristics of body temperature, vasopressin, 
and oxytocin responses to endotoxin in the rat. Can J Physiol 
Pharmacol. 1986;64(12):1575-1578.

	148.	Kasting  NW. Simultaneous and independent release of vaso-
pressin and oxytocin in the rat. Can J Physiol Pharmacol. 
1988;66(1):22-26.

	149.	Smith  CJ, Kingsbury  MA, Dziabis  JE, et  al. Neonatal im-
mune challenge induces female-specific changes in social be-
havior and somatostatin cell number. Brain Behav Immun. 
2020;90:332-345.

	150.	Szeto A, Sun-Suslow N, Mendez AJ, Hernandez RI, Wagner KV, 
McCabe PM. Regulation of the macrophage oxytocin receptor 
in response to inflammation. Am J Physiol Endocrinol Metab. 
2017;312(3):E183-E189.

	151.	Gobrogge  K, Wang  Z. Neuropeptidergic regulation of pair-
bonding and stress buffering: Lessons from voles. Horm Behav. 
2015;76:91-105.

	152.	McNeal N, Appleton KM, Johnson AK, et al. The protective 
effects of social bonding on behavioral and pituitary-adrenal 
axis reactivity to chronic mild stress in prairie voles. Stress. 
2017;20(2):175-182.

D
ow

nloaded from
 https://academ

ic.oup.com
/endo/article/162/2/bqaa223/6046188 by U

niversity of C
olorado user on 10 M

ay 2021

https://doi.org/10.1523/ENEURO.0297-16.2016
https://doi.org/10.1523/ENEURO.0297-16.2016


16 � Endocrinology, 2021, Vol. 162, No. 2

	153.	Chao  CC, Hu  S, Shark  KB, Sheng  WS, Gekker  G, 
Peterson  PK. Activation of mu opioid receptors in-
hibits microglial cell chemotaxis. J Pharmacol Exp Ther. 
1997;281(2):998-1004.

	154.	Hu  S, Peterson  PK, Chao  CC. Kappa-opioid modulation of 
human microglial cell superoxide anion generation. Biochem 
Pharmacol. 1998;56(3):285-288.

	155.	Chao  CC, Hu  S, Gekker  G, Lokensgard  JR, Heyes  MP, 
Peterson  PK. U50,488 protection against HIV-1-related 
neurotoxicity: involvement of quinolinic acid suppression. 
Neuropharmacology. 2000;39(1):150-160.

	156.	Vanderschuren LJ, Niesink RJ, Spruijt BM, Van Ree JM. Mu- 
and kappa-opioid receptor-mediated opioid effects on social 
play in juvenile rats. Eur J Pharmacol. 1995;276(3):257-266.

	157.	Rivera PD, Hanamsagar R, Kan MJ, et al. Removal of microglial-
specific MyD88 signaling alters dentate gyrus doublecortin and 
enhances opioid addiction-like behaviors. Brain Behav Immun. 
2019;76:104-115.

	158.	Saul MC, Blatti C, Yang W, et al. Cross-species systems analysis 
of evolutionary toolkits of neurogenomic response to social 
challenge. Genes Brain Behav. 2019;18(1):e12502.

	159.	Young RL, Ferkin MH, Ockendon-Powell NF, et al. Conserved 
transcriptomic profiles underpin monogamy across vertebrates. 
Proc Natl Acad Sci U S A. 2019;116(4):1331-1336.

	160.	Robinson GE. Dissecting diversity in the social brain. Sciece. 
2015;350(6266):1310-1312.

	161.	Dulac C, O’Connell LA, Wu Z. Neural control of maternal and 
paternal behaviors. Science. 2014;345(6198):765-770.

	162.	Wauters E, Sleegers K, Cruts M, Van Broeckhoven C. Chapter  
8 - Frontotemporal dementia. In: Baekelandt V, Lobbestael 
E, eds. Disease-Modifying Targets in Neurodegenerative 
Disorders. Academic Press; 2017:199-249.

	163.	Belujon  P, Grace  AA. Dopamine System Dysregulation in 
Major Depressive Disorders. Int J Neuropsychopharmacol. 
2017;20(12):1036-1046.

	164.	Napier  TC, Kirby  A, Persons  AL. The role of dopamine 
pharmacotherapy and addiction-like behaviors in Parkinson’s 
disease. Prog Neuropsychopharmacol Biol Psychiatry. 
2020;102:109942.

	165.	Bauman ML, Kemper TL. Chapter 21: the roles of dopamine 
and norepineprine in autism: from behavior and pharmaco-
therapy to genetics. In: The Neurobiology of Autism. JHU 
Press; 2005:276-299.

	166.	Li P, Snyder GL, Vanover KE. Dopamine targeting drugs for the 
treatment of schizophrenia: past, present and future. Curr Top 
Med Chem. 2016;16(29):3385-3403.

	167.	Rosenblum A, Marsch LA, Joseph H, Portenoy RK. Opioids and 
the treatment of chronic pain: controversies, current status, and fu-
ture directions. Exp Clin Psychopharmacol. 2008;16(5):405-416.

	168.	Hollmann  MW, Rathmell  JP, Lirk  P. Optimal postoperative 
pain management: redefining the role for opioids. Lancet. 
2019;393(10180):1483-1485.

	169.	Macdonald  K, Feifel  D. Oxytocin in schizophrenia: a review 
of evidence for its therapeutic effects. Acta Neuropsychiatr. 
2012;24(3):130-146.

	170.	Modi ME, Young LJ. The oxytocin system in drug discovery for 
autism: animal models and novel therapeutic strategies. Horm 
Behav. 2012;61(3):340-350.

	171.	Lee  MR, Weerts  EM. Oxytocin for the treatment of drug 
and alcohol use disorders. Behav Pharmacol. 2016;27(8): 
640-648.

	172.	Lee MR, Rohn MC, Tanda G, Leggio L. Targeting the oxytocin 
system to treat addictive disorders: rationale and progress to 
date. CNS Drugs. 2016;30(2):109-123.

D
ow

nloaded from
 https://academ

ic.oup.com
/endo/article/162/2/bqaa223/6046188 by U

niversity of C
olorado user on 10 M

ay 2021


