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distinct vasopressin sources

Nicole Rigney*, Geert J. de Vries and Aras Petrulis

Neuroscience Institute, Georgia State University, Atlanta, GA, United States
The neuropeptide arginine-vasopressin (AVP) is well known for its peripheral

effects on blood pressure and antidiuresis. However, AVP also modulates various

social and anxiety-related behaviors by its actions in the brain, often sex-

specifically, with effects typically being stronger in males than in females. AVP in

the nervous system originates from several distinct sources which are, in turn,

regulated by different inputs and regulatory factors. Based on both direct and

indirect evidence, we can begin to define the specific role of AVP cell populations

in social behavior, such as, social recognition, affiliation, pair bonding, parental

behavior, mate competition, aggression, and social stress. Sex differences in

function may be apparent in both sexually-dimorphic structures as well as ones

without prominent structural differences within the hypothalamus. The

understanding of how AVP systems are organized and function may ultimately

lead to better therapeutic interventions for psychiatric disorders characterized by

social deficits.
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Introduction

The neuropeptide arginine-vasopressin (AVP) has many peripheral functions, such as

maintenance of blood pressure and antidiuresis (1, 2). In addition to these well-established

physiological effects, AVP (and its non-mammalian analogue vasotocin) has long been

implicated in the regulation of social behavior and communication in vertebrates, including

humans (3–8). AVP acts on various brain regions to regulate social recognition (9–11),

communication (3, 12, 13), aggression (14), maternal care (15), pair bonding (16), and

cognition (17). Additionally, AVP contributes to avoidance and anxiety-like behavior in

response to stressful situations (18, 19). In humans, AVP has been implicated in

psychopathology, as variations in the vasopressin V1a receptor (V1aR) gene and AVP

serum levels are associated with autism spectrum disorder (ASD) (20, 21). As such, there has

been increasing interest in AVP mechanisms that regulate social behavior, thus opening up

translational opportunities (8).

AVP-like-peptides contain conserved features that evolved over half a billion years ago and

can be traced to similar molecules in invertebrates (22, 23). In non-mammalian vertebrates,

vasotocin (AVT) is the most common ancestral AVP-like molecule and is produced in birds,

fish, amphibians, and reptiles, while AVP is produced in most mammalian species. Other
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variants of AVP, such as lysine vasopressin and phenypressin, are

found in marsupials and a limited number of eutherian mammals (24–

26). In this review, we will use the term “AVP” for all these peptides. In

mammals, AVP acts on three canonical receptor types: V1aR, V1bR,

and V2R (27), as well as on the oxytocin receptor (OXTR) (28, 29), with

V1aR and OXTR being the predominant receptors expressed in the

nervous system. AVP acts on three canonical receptor types: V1aR,

V1bR, and V2R (27), as well as on the oxytocin receptor (OXTR) (28,

29), with V1aR and OXTR being the predominant receptors expressed

in the nervous system. Furthermore, AVP can have dual actions on cells

in target zones via V1aR action. For example, AVP causes both direct

excitation and indirect inhibition within the lateral septum (LS), in the

latter case via excitation of inhibitory interneurons (30). In mammals,

AVP is produced primarily in the paraventricular nucleus of the

hypothalamus (PVN), supraoptic nucleus (SON), and the

suprachiasmatic nucleus (SCN). AVP expressed in these nuclei

regulate homeostatic functions, such as water/salt balance, blood

pressure (i.e., PVN/SON), and circadian rhythms (i.e., SCN).

Additional AVP-producing cells are found in the anterior

hypothalamus (AH), nucleus circularis (NC), preoptic area (POA), as

well as within sensory systems, such as the olfactory bulb (OB) and

retina (31). Most mammals also produce AVP within the extended

amygdala (bed nucleus of the stria terminalis (BNST), medial amygdala

(MeA)), and do so in a steroid-dependent and sex-specific manner (32).

Other non-mammalian species (e.g., roughskin newt) have AVP-

expressing cells in other brain regions (33), and fish may lack the

BNST/MeA AVP system altogether [but see (34)].

While the role of brain AVP on social and other behaviors has been

well-described, the linkage of specific AVP sources to specific effects of

AVP on social behavior has been, until recently, been based

predominantly on circumstantial and correlational evidence, often

with varying results sometimes in contradiction with each other. For

example, AVP immunoreactivity, measured by immunohistochemical

detection of AVP fiber density, and V1aR expression in the septum,

detected by autoradiography, is positively correlated with aggression

levels in California mice (Peromyscus) (35), but the density of septal

AVP-immunoreactive (AVP-ir) fibers is negatively correlated with

male aggression in laboratory mice (M. musculus) and rats (36, 37).

Additionally, more aggressive rats release less (38) or more (39) AVP in

the septum, and bouts of aggression in deer mice (Peromyscus) are

positively correlated with BNST AVP-ir cell number (40). In addition,

BNST AVP neurons of male laboratory mice increase Fos expression in

response to sexual-, but not aggression-related stimuli (41). Direct

comparisons of correlational measures and RNA-interference

manipulations in birds have yielded different interpretations as to

how AVP influences avian social behavior (42). These differences in

the relationships between AVP expression, release, cell activity, and

aggression, while possibly due to species and other differences, make it

clear that studies that investigate the causal nature of AVP action are

needed, such as those that delineate which AVP cell populations

contribute to AVP effects on social behavior.

As most of our foundational knowledge of AVP’s influence on

social behavior has been gained from pharmacological targeting of

AVP receptors within different brain regions as well as from

microdialysis measurements of local AVP release during social

behavior (12, 15, 43–45), we have incomplete understanding about
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which AVP cell populations are directly regulating social behavior.

Indeed, the diverse anatomy of AVP projections across species

suggests that AVP control of social behavior is complex (42). An

additional complication is that distinct AVP sources overlap in their

projections to some terminal zones. For example, the LS receives AVP

input from both the BNST and PVN (46, 47) (Figure 1), and so

pharmacological manipulations within the LS may influence multiple

AVP pathways, each with potentially different functions. This may be

one reason for inconsistent results of manipulations of V1aR in the LS

on intermale aggression and anxiety (38, 48) (Figure 1). Similarly,

microdialysis measurements of AVP release in LS similarly cannot

distinguish between AVP derived from different sources (38, 39,

49, 50).

In addition to the adjacent or overlapping innervation of target

structures from different AVP sources, complications arise from

primarily focusing on targets of AVP action and not on the sources

of AVP. For example, somatodendritic release of AVP from

magnocellular PVN and SON neurons may generate both local

autocrine/paracrine effects and as well as influencing distal regions

(51), but see (52). Thus, AVP action on a particular brain region can

originate from multiple sources, both synaptic and extrasynaptic.

Moreover, the known cross-talk between AVP and OXT, a closely

related peptide (29, 53), on their cognate receptors suggests that AVP

may have some of its behavioral action via OXTR, further

complicating the analysis of sources and sites of AVP action (12,

23, 45, 54). Consequently, this review will assess the role of specific

AVP cell groups in social behavior by focusing on experiments that

directly manipulate these cell populations. Specifically, we will

examine the functional role of sexually dimorphic AVP cells within

the BNST and MeA, AVP cells within the hypothalamus, and AVP

cells in sensory systems, such as the retina and olfactory bulb. For

more in-depth information on AVP action within specific target brain

regions, see: (3, 12, 22, 44, 49).
Sexually differentiated vasopressin
expression within the bed nucleus of
the stria terminalis and
medial amygdala

The BNST and MeA, which is where the sexually-dimorphic and

steroid-sensitive AVP cell populations are found, belong to the

“extended amygdala” (55, 56) and are key nodes connecting the

Social Behavioral Neural Network (SBNN) and the Social Decision-

Making Network (57, 58). Work by de Vries and others demonstrated

that these cells are greater in number and express more AVP per cell in

males than in females (59, 60). They are also steroid-dependent and

express only AVP in the presence of gonadal hormones (61), which

may act directly on these cells, as they express both androgen receptor

(AR) and estrogen receptor alpha (ERa) (62, 63). AVP-expressing cells
in the posterior BNST/MeA are the most likely sources of sexually-

dimorphic and steroid-dependent AVP innervation of specific brain

regions that regulate various aspects of social behavior (e.g., the lateral

septum, ventral pallidum, dorsal raphe, lateral habenula, and other

areas; see Figure 2) (32). Although the BNST and MeA are complex
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structures with numerous subdivisions (65, 66), AVP cell populations

are generally limited to the intermediate and principal posterior

sections of BNST and the posterodorsal part of MeA (46, 47).

Steroidal effects on AVP peptide and AVP mRNA expression occur

during early development as well as in adulthood, reflecting

organizational and activational effects of steroid hormones,

respectively (67, 68). Additionally, phenotypically female mice with

XY sex chromosomes (compared to XX) have denser AVP-ir fibers in

the LS compared to XX female mice, demonstrating that genes on sex

chromosomes, independent of gonadal development, partially regulate

the sexually differentiation of BNST/MeA AVP expression (69).
Function of BNST AVP cells

Opposite-sex interactions
(affiliative behavior)

The BNST/MeA AVP cells have been linked to control of

affiliative or prosocial behavior, primarily in males. For example,

when male zebra finches and prairie voles pair-bond with females,

Avp mRNA increases in the BNST (68, 70), and male finches that fail

to court females have fewer BNST AVP-ir cells (71). Based on these
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findings and on the observation that BNST AVP cells show Fos

expression in the presence of females, but not other rewarding stimuli,

Goodson and colleagues argued that BNST AVP is important for

positively-valenced social interactions in birds (71). This idea was

further supported by BNST AVP cells in roosters and male mice

expressing more Fos after copulation, but not, or less so, following

aggressive interactions (41, 72). Similarly, BNST AVP neurons of

male brown anole lizards show Fos activation during sexual behavior,

while PVN AVP neurons show more Fos activation during aggressive

encounters (73).

The monogamous prairie vole expresses higher levels of V1aR in

the VP and LS compared to other, non-monogamous, vole species,

suggesting that this difference in receptor density may contribute to the

differences in social behavior between vole species (16, 74, 75). Indeed,

blockade or knockdown of V1aR in these brain regions prevents pair

bonding and bi-parental behavior in male prairie voles (76–78) and

overexpression of Avpr1a in the VP of both prairie and meadow voles

facilitates pair bonding behavior (79, 80). Although rats do not form

monogamous pair bonds, inserting the prairie vole Avpr1a transgene in

LS cells increased social interactions (81). Overall, it appears that AVP

action within the LS and VP facilitates pair bonding and social

interactions. However, the AVP sources regulating these behaviors

have not been conclusively demonstrated.
A B

FIGURE 1

Vasopressin (AVP) projection site overlap in mice. (A) Image modified from (46) demonstrating that the LS and ventral forebrain receives steroid-
dependent AVP signal likely from BNST/MeA as well as from the hypothalamus. Red shading indicates location of AVP-ir fibers that decrease after
gonadectomy in males. Green shading indicates location of AVP-ir fibers likely originating from PVN, SON, or accessory cells (i.e., AVP-ir remained after
gonadectomy and SCN lesions). AVP-ir fiber density is indicated by color shade. (B) Examples of several regions from (46) that receive both BNST and
PVN AVP input: lateral septum (LS), medial preoptic area (MPOA), periaqueductal gray (PAG) (not all overlap regions are listed). Thickness of lines
represents the strength of AVP fiber projections. Created with BioRender.com.
frontiersin.org
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Same-sex social interactions (mate
competition and aggression)

In addition to its effects on prosocial behaviors, AVP can

influence male aggression, but in a way that depends on social

context and often differs between species. For example, AVP release

in the lateral habenula, a major BNST target, may regulate territorial

scent marking in mice (13, 82) and AVP release in the lateral septum

(LS), another major BNST target, facilitates aggression in male mice

(83) as well as in gregarious zebra finches that compete for a mate,

whereas LS AVP infusions inhibit resident-intruder aggression in

territorial bird species (42). However, blocking V1aR reduces

competition for mates in territorial bird species, while not affecting

territorial aggression (84). Indeed, AVP cell groups in the BNST may

be responding to female stimuli in the context of mate competition,

but not to other social stimuli in the context of territorial aggression

or social aversion (85). The activity patterns in BNST AVP cells may

also depend on social organization, as BNST AVP-Fos colocalization

increases after male-male interactions in gregarious bird species, but

decreases after such interactions in more territorial/asocial bird

species (85). This pattern suggests that increased BNST AVP cell

activity in more social birds may reflect positively-valenced male-

male interactions compared to typically more negatively-valenced
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interactions in more territorial species (85). In addition, the number

of BNST AVP cells positively correlate with aggression in California

mice (35, 40, 86). In this species, increased paternal care can increase

both territorial aggression and the number of BNST AVP-ir cells (87).

BNST AVP may also influence female aggressive behavior as AVP

injections within the LS reduces female resident-intruder

aggression (88).
Social memory

AVP can also influence social memory through its actions on the

putative targets of BNST/MeA AVP cells, such as the LS (89). In rats,

V1aR antagonist injected into the LS impaired social memory in

males but failed to do so in females when injected peripherally or

intracerebroventricularly (9, 90, 91). V1aR antagonist injected directly

into the LS, however, can block social recognition in adult males and

female rats (11), but only in males while juvenile (11). These effects of

V1aR antagonist are modulated by gonadal steroids in both rats and

mice (9, 10). This sex- and steroid-dependency of AVP action

suggests that projections from BNST (and/or MeA) cells are the

most relevant sources of AVP acting on social recognition (9, 10, 90,

92). Indeed, removal of BNST AVP cells in mice show that these cells

are necessary for social recognition in males, but not females (see

below) (93).
Developmental aspects of social behavior
(social play)

Social play fighting in juvenile rats, an important behavior for

social skill development, is mediated by V1aR action within the LS in

a sex-specific manner. Specifically, pharmacological blockade of V1aR

in the LS increased social play behavior in juvenile male rats but

reduced social play behavior in females (94, 95), and a similar effect

was found in the ventral pallidum (96). Therefore, in rats, AVP action

within the LS and ventral pallidummay prevent social play in juvenile

males, while facilitating social play in juvenile females. Additionally,

Avp mRNA expression in the BNST correlates negatively with social

play behavior in male, but not female, juvenile rats (97). Although the

BNST and MeA (as well as PVN) send AVP projections to the LS and

VP (32, 98), future studies are needed to dissect precisely which AVP

sources regulate social play.
Anxiety and social interactions

Since AVP has been implicated in the physiological stress response

(99), studies have examined AVP’s role in generating anxiety-like

behavior, which can greatly impact how animals interact socially

(100). Indeed, V1aR knockdown within the LS reduced anxiety-like

behavior in rats (101) and anxiety-like behavior is reduced only in

V1aR KO male, but not female, mice (102, 103). These results suggest

that the sexually dimorphic BNST/MeA AVP system regulates anxiety-

like states primarily in males (104). Since AVP plays a larger role in the
FIGURE 2

BNST AVP cell outputs. Brain regions that lose AVP innervation
following gonadectomy (46) or BNST lesions (47, 64): (LS), lateral
septum; (VP), ventral pallidum; (HBD)horizontal diagonal band; (MPOA)
medial preoptic area; (LPO) lateral preoptic area; (LHb) lateral
habenula; (EA) extended amygdala; (MeA) medial amygdala; (LH) lateral
hypothalamus, (PAG) periaqueductal gray; (VTA) ventral tegmental
area; (PMd) dorsal premammillary nucleus; (DR)dorsal raphe. Not all
BNST AVP cell output regions are listed. Thickness of lines represents
the density of AVP-ir fiber innervation. Created with BioRender.com.
frontiersin.org
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regulation of male anxiety-like behavior, this systemmay influence how

males interact with conspecifics, coping strategies, and social memory

formation (105).
Direct manipulation of BNST AVP cells

Despite the substantial indirect evidence implicating the sexually-

dimorphic BNST AVP cells in the control of male-typical social

behavior, direct evidence for their involvement has been limited. To

address this issue, we used intersectional genetic techniques to

selectively delete BNST AVP cells in mice and found that such

lesions strongly reduced male-male social investigation, modulated

aspects of male social communication (i.e., urine marking), and

impaired female sexual behavior, without altering resident-intruder

aggression, ultrasonic vocalizations, male copulation, or anxiety-

related behaviors (106). Similarly, shRNA knockdown of AVP

within the BNST also reduced male-male social investigation but,

unlike BNST AVP cell ablations, decreased consummatory aspects of

male copulatory behavior (107). Some of these effects align with the

effects of similar manipulations in birds (42). For example, in

territorial Angolan blue Waxbills, knockdown of BNST AVP

reduces social contact primarily between males but does not affect

anxiety-like behavior (108). However, in the more social zebra finch,

knockdown of BNST AVP reduces preference for larger flocking

groups (gregariousness), and increases anxiety-like behavior (109). In

housing situations that promote mate-guarding, BNST AVP

knockdown in zebra finches increases aggression and reduces

courtship communication, primarily in males (7, 109). Thus,

although species/context differences are apparent, reducing BNST

AVP seems to primarily influence male social interactions, mostly

(but not exclusively) in the context of male-male competition,

communication, and courtship behavior. This suggests that BNST

AVP neurons normally play a prominent role in driving specific

aspects of male-male competitive behavior and investigation as well as

affiliation (i.e., copulatory behavior; gregariousness in birds). In

addition, BNST AVP cells are also critical for male social

recognition, as deletion of these cells reduces social recognition in

males, but not females (93). This is consistent with AVP effects within

LS on social recognition (see above) and the recent finding that

stimulation of BNST AVP terminals in LS restores social recognition

in male mutant mice (Magel2-KO) with pre-existing social

recognition deficits (110).
Function of MeA AVP cells

The MeA is a heterogeneous structure that is implicated in the

control of defensive responses, aggression, parental behavior, play

behavior, social communication, sexual behavior, as well as social

recognition (65, 111). The posterior dorsal part of the MeA (MeApd)

contains the steroid-sensitive and sexually dimorphic AVP cell

population (32, 47). The MeA and BNST may form an integrated

system originating from a singular structure as there is developmental

continuity between these two cell groups around the internal capsule

(55, 112) and AVP expression is similarly modulated by sex-steroids
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in these two structures (46). Despite having been described several

decades ago (113, 114), few studies have tested the functional role of

this AVP cell population. Most of the existing work has focused on

the role of MeA AVP cells in regulating defensive responses to

stressors, such as predator odors, as well as reproductive behavior.

For example, MeApd AVP cell activation (Fos expression) in rats

positively correlates with male investigation of female conspecifics

and copulatory behavior (115) and reduced methylation of the Avp

promoter in MeA/BNST, which promotes gene transcription,

correlates with reduced aversion to predator odors (116). Similarly,

ablation of MeA AVP cells increases aversion to predator odors

whereas overexpression of AVP in MeA reduces aversion to predator

odors (117). Counter-intuitively, over-expression of AVP in MeA

increases activation of PVN-AVP neurons following predator odor

exposure, suggesting that MeA AVP may facilitate PVN AVP cell

responses during an acute stressor (118). However, while the

functional nature of this interaction is unknown, deletion of PVN

AVP cells increases anxiety-like behavior in male mice ((119); see

below), suggesting that activation of PVN AVP cells may be normally

anxiolytic, and therefore anti-defensive, in males. Taken together, this

data suggests that MeA AVP cells normally suppress defensive

behavior, perhaps in situations where defensive behavior would be

counter-productive, such as in reproductive contexts or during

competitive behavior (120). More experiments targeting these cells

are clearly needed to determine the social role of MeA AVP cells, their

projections, and neurochemical interactions.
Vasopressin cells of the paraventricular
nucleus of the hypothalamus

AVP is produced in magnocellular PVN and SON neurons that

project to the posterior pituitary where they release AVP into the

periphery to regulate, e.g., blood pressure and water balance (121,

122). AVP is also expressed in parvocellular PVN neurons that

project to the median eminence, where AVP is released into a

portal system between the median eminence and the anterior

pituitary to regulate adrenocorticotropic hormone (ACTH) from

the corticotrophs, and thereby indirectly release of glucocorticoids

from the adrenal cortex (123). A separate group of parvocellular

neurons project centrally to brain regions to modulate physiology as

well as social and other motivated behaviors (8, 12, 124). PVN AVP

neurons, while not differing in cell number in males and females (46),

do display projection patterns that partially differ by sex (125). In

females, PVN AVP cells send stronger projections to striatal areas

(i.e., nucleus accumbens; NAcc) whereas males have denser

innervation of mid- and hind-brain regions (125). Moreover, PVN

AVP cell projections are generally denser in females compared to

males (46). As many of these regions contain both V1aR and OXTR

(126), AVP released from PVN cells may act on both V1aR and

OXTR-expressing neurons to drive behavior, given the known cross-

talk between OXT/AVP receptors (29). Not only do PVN AVP cells

project to a variety of regions, they also receive input from brain

regions that regulate aspects of social and emotional behavior, such as

the ventral tegmental area (VTA), NAcc, dorsal raphe (DR), BNST,

LS, VP, and preoptic area (POA) (127) (Figure 3). Even though PVN
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and BNST/MeA AVP cell projections sometimes overlap, regions that

regulate prediction of aversive and reward outcomes (i.e., lateral

habenula and lateral septum) receive much stronger AVP input

from the BNST/MeA compared to the PVN (46, 128) (Figure 1B).
Function of PVN AVP cells

Opposite-sex interactions (affiliation)

Forming pair bonds increases AVP-ir in the PVN of male and

female zebra finches (70), whereas pair-bond breakage with

concomitant increases in anxiety-like and affiliative behavior also

increases PVN AVP-ir in prairie voles (129). In birds and prairie

voles, parenting and nesting behavior are consistently positively

correlated with levels of PVN AVP expression and cellular activity

(130–132).
Same-sex interactions (aggression)

The relationship between PVN AVP dynamics and aggression are

inconsistent. For example, dominant male, but not female, Mandarin

voles have greater PVN-AVP-ir than subordinates (133), and

aggressive behavior is positively correlated with this increased AVP

expression in Brandt’s voles (134). In male song sparrows, PVN AVP
Frontiers in Endocrinology 06
cells are more active after agonistic encounters and, in lizards, PVN

AVP cell activity is positively correlated with aggression and can

predict subordinate status (73, 135). However, PVN AVP-ir levels do

not differ between males of aggressive and less aggressive Peromyscus

species (86), and, in male mice, PVN AVP-ir is reduced following

aggressive interactions (136). It is clear that responses of PVN AVP

cells in agonistic contexts are complex, varying with social context,

sex, personality, and their interactions (137).
Social stress and aggression

A number of studies have focused on AVP interactions with the

hypothalamic–pituitary–adrenal (HPA) axis (138, 139). The HPA

axis is activated during aversive situations to facilitate both

physiological and behavioral coping responses/strategies (140).

Following HPA activation, animals may display increased vigilance

and arousal, and chronic HPA activation can lead to psychiatric

disorders (i.e., anxiety and depression) in humans (141, 142). During

stress, hypothalamic and systemic release of AVP are regulated in a

site- and stressor-specific manner. For example, parvocellular PVN

AVP cells can regulate ACTH secretion, which ultimately increases

corticosteroid release (138). In addition to its role in the regulation of

general stress physiology, several lines of evidence link PVNAVP cells

to behavioral responses to social stress and the regulation of anxiety-

related behaviors. AVP is released within the PVN of rats following
A B

FIGURE 3

PVN AVP cell inputs and outputs in mice. (A) Regions that receive prominent input from vasopressin cells in the PVN: (NAcc)* nucleus accumbens; (LS)
lateral septum; (HBD) horizontal diagonal band; (MPOA) medial preoptic area; (LPO) lateral preoptic area; (BNST) bed nucleus of the stria terminalis;
(LHb) lateral habenula; (PVT) paraventricular nucleus of the thalamus; (GP) globus pallidus, (CPu) caudate putamen; (SON) supra optic nucleus; (CA2/1)
hippocampus;(Thal) thalamus; (ZI)† zona interna; (LH) lateral hypothalamus; (Arc) arcuate nucleus; (SC) superior colliculus; (PAG)†, periaqueductal gray;
(MRN)†, median raphe nucleus; (SNC) substantia nigra pars compacta; (SNR) substantia nigra reticulata; (VTA), ventral tegmental area; Data based on PVN
AVP cell-specific tracing (125) and the location of AVP-ir fibers remaining after male gonadectomy or SCN lesions (46). Note that fiber measurements do
not determine AVP cell synapses in labeled regions. (B) Regions that send input to vasopressin cells in the PVN: NAcc, vertical diagonal band (VDB), LS,
ventral pallidum (VP), BNST, MPOA, LPO, PVT, SON, suprachiasmatic nucleus (SCN), Thal, ZI, LH, Arc, PAG, VTA, dorsal raphe (DR); data based on
transsynaptic-monosynaptic retrograde tracing from PVN AVP cells (127). Not all PVN AVP cell input/output regions are listed. Thickness of lines
represents the strength of projections. * Indicates greater projections in females, † indicates greater projections in males. Created with BioRender.com.
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soc ia l defea t , wi thout s t imulat ing the hypotha lamic–

neurohypophysial system or HPA axis (43, 140), implicating local

somatodendritic AVP release. In resident-intruder tests, intruder rats

that used active, but not passive (e.g., freezing behavior) coping

strategies, increased AVP release in the PVN (140). In contrast, the

effects of chronic social stress on AVP expression within PVN are

mixed, if not contradictory. For example, following long-term social

defeat, both increases and reductions in PVN Avp mRNA (or no

change in PVN AVP-ir) are observed in male mice (143, 144).

Moreover, changes in PVN AVP expression following chronic

social defeat have not been detected in male rats (145), and even

acute social defeat has little effect on PVN Avp gene expression in

mice (143, 144). However, acute social defeat does reduce PVN Avp

mRNA and AVP immunoreactivity in male, but not female,

California mice (40). These changes in California mice are not

correlated with changes in aggression but are correlated with a

reduction in social investigation. Overall, it is unclear if species

differences or differences in short versus long-term AVP action are

responsible for these conflicting results about the role of PVN AVP

cells in social stress.

The species-specific nature of PVN AVP signaling following

social stress are paralleled by findings that PVN AVP responses

following non-social stress also depend heavily on the species

investigated. Rats and mice bred for high anxiety traits (i.e., passive

coping) had greater Avp gene and AVP peptide expression within the

PVN compared to low-anxiety lines (146–151); an effect which is

found in male, but not female rats (149, 150). Additionally, Avp

mRNA increases in the PVN after acute stress in rats (43, 152).

However, this type of increase is not observed in prairie voles

following swim stress (153), and, in fact, reductions in Avp mRNA

occur in female mice following acute restraint (154), indicating that

species, sex, and type of acute non-social stressor determine the level

of Avp gene expression in PVN. Similar species differences are also

apparent in PVN AVP responses to chronic stress. Female mice, but

not male mice, show decreased Avp mRNA (155), whereas California

mice show increases in AvpmRNA after chronic variable stress (156).

Notably, neither acute nor chronic restraint in male rats or chronic

variable stress in mice alters AVP immunoreactivity (155, 157). This

may be due to significant heterogeneity in PVN AVP cell responses

such that different AVP cell groups within the PVN may respond in

opposite directions to chronic stressors (158).

The lack of agreement about PVN AVP stress-related signaling

across studies might reflect not only known sex- and species-

differences but also unresolved mechanisms. For example, because

PVN AVP cells can release AVP from soma and dendrites

independently from synaptic release (51), AVP levels within the

PVN may reflect non-synaptic, possibly autoregulatory, local

release, rather than release of AVP in PVN target structures.

Indeed, high anxiety rat lines do not increase AVP release in the

PVN during maternal aggression but do increase it in the central

amygdala (CeA), where V1aR antagonists can reduce maternal

aggression (159). This may explain the conflicting effects of AVP

agonists/antagonists injected into PVN on anxiety-like behavior (43,

149, 160). Additionally, changes in PVN AVP cell activity and AVP

production may reflect physiological adaptations linked to behavioral

changes but may not be causally involved in driving these behaviors.

Lastly, because the PVN contains several different AVP cell types (i.e.,
Frontiers in Endocrinology 07
magnocellular and parvocellular), it is likely that these different cell

populations could have different effects on behavioral responses to

social and non-social stressors and may themselves be composed of

heterogeneous subpopulations, such as the PVN AVP cell population

that expresses estrogen-receptor beta primarily in females (161, 162).

Consequently, intersectional genetic approaches, such as those used

to study PVN OXT (126, 163), may be useful in identifying the

function of specific PVN AVP cell subpopulations in social stress.
Developmental aspects of social behavior
(social play) and parental behavior

In addition to their responses following social stress and

aggression, PVN AVP neurons also respond in other social

contexts. Avp mRNA levels in the PVN are positively correlated

with social play in male, but not female, juvenile rats (97, 164).

Likewise, increases in PVN Avp mRNA are positively correlated with

levels of adult male-male interactions in prairie voles and mice (165,

166) and with parental care (both sexes) in prairie, but not montane,

voles (130). Taken together, PVN AVP levels/activity appears to be

correlated with changes in both agonistic and affiliative interactions,

with the direction of the correlation largely depending on the

species examined.
Direct manipulation of PVN AVP cells

Opposite- and same-sex interactions
(aggression and social investigation)

Although there have been a number of correlational studies

suggesting PVN AVP’s involvement in aggression (see above),

direct manipulations of PVN AVP cells suggest that these cells are

not required for aggressive behavior. In mice, ablations of AVP-

expressing cells in the PVN did not alter resident-intruder aggression

(119), and PVN AVP knockdown in zebra finches did not alter same-

sex aggression (137). Therefore, other hypothalamic AVP-expressing

cell groups, such as the nucleus circularis (NC) (see below), may be

driving pro-aggressive effects of AVP (167–169).

PVN AVP cells may have a greater influence on female social

interactions compared to males. For example, PVN AVP cell

ablations increase female, but not male, social approach and

investigation in mice (119). Similarly, chronic variable stress

increases social investigation in female, but not male, mice while

concomitantly reducing Avp mRNA levels in PVN (155). In addition,

PVN AVP action on CRF cells can mediate the effects of social

buffering in female mice, effectively “erasing” the synaptic effects of a

stressful experience (170). Therefore, AVP within the PVN may

regulate, among other things, female stress resilience.
Social memory

Unlike the effects of BNST AVP cell deletions, removing PVN

AVP cells did not affect the ability of mice to distinguish between

familiar and unfamiliar mice (171). However, activation of PVN AVP
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afferents to the CA2 subfield of the hippocampus enhances social

memory in male mice (172). This discrepancy between results may be

due to procedural differences in behavioral testing but may also

indicate that, while this circuit is sufficient to modulate memory, it

may not be absolutely required. Alternatively, critical PVN AVP sub-

circuits, such as those projecting to CA2, may have been spared in the

lesion experiment.
Parental behavior

Recent work in monogamous mice has demonstrated that

chemogenetic inhibition of PVN AVP cells increases nest building

in male mice, while excitation reduces nest building in females,

without altering any other aspects of parental behavior (173). These

sex differences in PVN AVP function may be examples of

compensation for other biological sex differences as monogamous

male and female mice display similarly high levels of nest building

and parental care (174).
Anxiety and social interactions

In addition to social behavior, PVN AVP cells contribute to

sexually differentiated aspects of anxiety-like behavior. For example,

removal of these cells increases non-social, anxiety-related behaviors

in males, but not in females (119). In contrast, administration or

knockdown of AVP in the PVN does not alter anxiety-like behavior in

male rats or male and female zebra finches (137, 160). The lesion

results also diverge from some correlational studies showing that

PVN AVP-ir positively correlates with levels of anxiety-like behavior

in rats and mice (148, 149, 151), and that reductions of PVN AVP

expression correlated with increases in anxiety in juvenile male, but

not female, rats (175). Collectively, however, these data suggest that

AVP within the PVN may influence anxiety-like states primarily in

males, while not affecting their ability to socially interact with male

and female conspecifics, suggesting a lack of linkage between social-

and non-social anxiety states (119).
Vasopressin cells of the SON and
nucleus circularis

Although the peripheral effects of SON AVP on physiology are well

known (176), much less is known about the behavioral function of

these cells. Changes in measures of cellular activity in SON AVP cells

suggest that they may modulate aggressive behavior or aggression-

related physiology in rats and hamsters (169, 177, 178). More directly,

non-selective lesions of the medial SON impaired odor-induced flank

marking in hamsters (179), suggesting that a subpopulation of SON

AVP cells may drive aspects of social communication.

The nucleus circularis (NC) is a small cluster of cells that contain

AVP located within the anterior hypothalamus between the SON and

PVN and has been historically implicated in osmotic thirst (180, 181).

The discovery that AVP release within the anterior hypothalamus
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(AH) drives social communication (i.e., flank marking) in male

hamsters (182) and that non-selective NC lesions reduces flank

marking, led to the suggestion that these cells could be one of the

AVP sources important for flank marking (179). Indeed, in male

hamsters, the number of NC AVP-ir neurons positively correlates

with offensive aggression, social dominance status, and flank marking

(167, 177, 183), and, in prairie voles, the number of cells correlates

with the level of mating-induced aggression (50, 168, 184). This may

explain why PVN and BNST AVP cell lesions in mice did not affect

aggressive behavior in resident-intruder settings (106, 119). However,

as lesions to NC were non-specific, damaging both NC and the nearby

AH, i.e., the location where AVP drives flank marking in males (182,

185), it is difficult to discern whether AVP production within the NC

drives flank marking. Specific manipulations of NC AVP cells, such as

those used to assess BNST AVP function (106), will be necessary for

determining their role in social behavior.
Vasopressin cells of the SCN and retina

AVP is also produced within the suprachiasmatic nucleus (SCN), a

key driver of circadian rhythms in behavioral and physiological

regulation (186–188). The AVP cells, located in the dorsomedial

SCN, receive their inhibitory inputs from the ventrolateral SCN,

which, in turn, is targeted by a subpopulation of retinal ganglion cells

some of which also express AVP (189). SCN AVP release, as well as the

expression of genes involved in photo-entrainment of biological

rhythms, likely mediate aspects of jetlag (189, 190). SCN AVP

neurons project locally as well as to the PVN, the subparaventricular

zone, MPOA, BNST, PVT, ARC, dorsal medial hypothalamus, NTS,

and into the cerebrospinal fluid (CSF) (46, 186, 188, 191).

Although it has been suggested that SCN AVP may interact with

sex hormones to influence sexual preference in humans (192), the

direct influence of SCN AVP on social behavior is much less clear.

Non-specific SCN lesions in male Syrian hamsters did not influence

AVP-sensitive social communication (i.e., flank marking) (193).

Lesions of AVP cells in SCN of mice did not influence their social

behavior but did increase anxiety-like behavior and sucrose

consumption in both sexes (194). However, since these lesions only

reduced the number of SCN AVP cells by about 50%, greater

reductions in the population of SCN AVP cells may reveal

additional effects on social behavior.
Vasopressin cells in the olfactory
system

In rats, the main (MOB) and accessory (AOB) olfactory bulbs

contain projection neurons that express AVP (195, 196). These AVP

cells are non-bursting, tufted cells (31), which extend their primary

dendrites toward glomeruli, thereby receiving information from

olfactory sensory neurons (195). Some of these AVP cells also co-

express V1bR and may therefore be strongly autoregulated (196). In

the AOB, AVP cells project to MePD, which may influence kisspeptin

release within this region (which also contains AVP cells) (197). In
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addition, AVP neurons have also been found in the olfactory cortex

(anterior olfactory nucleus, piriform cortex), indicating their

involvement in complex odor recognition (31, 195).

In most mammals, olfactory processing is critical for appropriate

social communication via chemosignals produced by a conspecific

(198). Pharmacological work suggests that AVP is released in the OB

to modulate early stages of sensory processing and social recognition

(195) via feedback inhibition, a key component in sensory processing

(199). As with other OB projection neurons, AVP cells are modulated

by cholinergic systems to ultimately regulate social odor processing

(200). More work is needed to determine the specific excitation,

inhibition, or disinhibition pathways within which OB AVP cells

function to modulate social interactions.
AVP action in humans and
other primates

Like humans, many non-human primates are highly social and

capable of complex social cognition, making them desirable models

for studies of social competence. As in other species, AVP and V1aR is

expressed in social brain regions of primates (201–204) and is likely to

influence their social behavior. For example, AVP concentration in

CSF, but not CSF OXT or blood AVP concentration, predicts social

functioning in Rhesus monkeys and positively correlates with time

spent in social grooming (21, 205). In humans, manipulation of AVP

and V1aR systems have been explored as therapies for ASD,

schizophrenia, and drug-abuse (21, 53, 206, 207). Indeed, CSF AVP

is linked to ASD symptom severity in children (208) and blood AVP

concentration may be useful in predicting social development

outcomes in newborns (21). Intranasal AVP also increases risky

cooperative behavior in men (209) and enhanced social skills in

autistic children (210). Additionally, intranasal AVP has been shown

to modulate emotional responses to faces (211, 212), improve

memory for emotional faces, and identification of social words (5,
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21, 213). Although intranasal administration of AVP may offer a

promising future therapeutic, the mechanisms by which AVP acts to

modulate social behavior in humans remains to be seen. This will be

especially important because of sex differences in ASD diagnoses (21)

and sex-specific effects observed in animal models. In none of these

cases, it is clear which source of AVP contributes to AVP effects on

social behavior.
Conclusions

AVP in the nervous system originates from several distinct

sources which are, in turn, regulated by different inputs and

regulatory factors. Based on both direct and indirect evidence, we

can begin to define the specific roles of AVP cell populations in social

behavior (Figure 4). The cell population that has been most directly

linked to social behavior is the sexually differentiated, steroid-

sensitive BNST AVP cells. This population appears to be a likely

driver of male-typical social investigation (of potential competitors)

and social recognition, as well as regulators of affiliative responses

(pair bonding, flocking, sexual behavior). Although much less is

known about the other sex-different, steroid-sensitive AVP

population in the MeA, it too may be involved in social

investigation as well as defensive behavior. The BNST and MeA

AVP cells send projections to several regions known to regulate social

behavior (32); however, it is unknown if these projections originate

from the same or different AVP cell populations within the BNST/

MeA. Paradoxically, one of the largest AVP cell populations, the

PVN, has the least amount of direct evidence for its role in social

behavior. The indirect evidence that is available presents a rather

inconsistent picture of the role of PVN AVP cells in social behavior

and may, at best, suggest a modest role for PVN AVP cells in the

behavioral responses to stress. In contrast, direct manipulations of

PVN AVP cells in mice suggest that these cells normally suppress

inappropriate social/emotional behavior: social investigation in
FIGURE 4

Sources of vasopressin relevant for social behavior. Based on the available direct evidence, the AVP cells within PVN, BNST, OB, and AON directly influence
social recognition and social approach, whereas NC and SON AVP cells modulate aggression and competitive signaling. MeA AVP cells primarily regulate
defensive responses. SCN AVP cells regulate circadian rhythms but are not directly linked to social behavior. Created with BioRender.com.
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https://BioRender.com
https://doi.org/10.3389/fendo.2023.1127792
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org


Rigney et al. 10.3389/fendo.2023.1127792
females and anxiety-like behavior in males. However, the specific role

that PVN AVP cells play in social behavior may depend heavily on

species- and social system- differences. For example, PVN AVP may

promote social affiliation in gregarious bird species of both sexes as

well as suppressing inappropriate (mate-directed) male aggression.

While the available evidence suggests a minor role for PVN, BNST,

and MeA AVP cells in aggressive behavior, the reputation of AVP as a

pro-aggressive neuropeptide in males rests almost exclusively on AVP

action within the anterior hypothalamus, with the NC and parts of the

SON likely contributors of behaviorally-relevant AVP. More recently,

AVP expression within early segments of the olfactory systems has

been shown to facilitate odor-based social recognition. Consequently,

AVP may facilitate social odor memory by both biasing social odor

processing (olfactory bulb and cortex) and by modulating memory

consolidation through more central circuits (BNST-LS, PVN-

hippocampus). Even though AVP in the SCN plays an important

role in adjusting circadian rhythms, it does not appear to play a

critical role in social behavior but may, instead, regulate reward and

anxiety-like behavior. How (or whether) these different AVP systems

interact in influencing social behavior is completely unknown.

Several themes and conclusions emerge from examining the

evidence implicating different AVP sources in social and emotional

behavior. First, because different AVP systems project to overlapping

or contiguous brain regions, limiting analysis to sites of AVP action

prevents a complete understanding of how AVP regulates social

behavior (42, 214). Similarly, as indirect measures of AVP action

often show contradictory results (particularly in the PVN), direct
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tests of AVP cell population function are needed to clarify how

different systems function across the neural axis. Second, the few

studies that have tested the function of specific AVP cell projection

zones have only examined a limited set of social behaviors (social

investigation, communication, and recognition). Consequently, the

role of AVP sources in social processing must be expanded to include

other aspects of social behavior, different contexts, and other model

organisms, preferably using comparable and robust measures of

function. Lastly, it is clear that sex differences in function may be

apparent in both sexually-dimorphic structures (BNST/MeA) as well

as ones without prominent structural differences (PVN). For

example, PVN and BNST AVP cells in mice control social and

emotional behavior differently in the two sexes (106, 107, 119)

(Figure 5), such that BNST AVP cell ablations decrease male social

investigation of other males (106) (Figure 5A), whereas PVN AVP

cell ablations increase only female social investigation of males and

females (119) (Figure 5B). This suggests that the PVN may

contribute to baseline sex differences in social investigation, since

males show higher levels of investigation than do females (90, 215–

217) and removal of these cells removes the sex difference in social

investigation (119).

The application of modern molecular approaches will greatly

increase our basic understanding of how and where AVP acts to

regulate social behavior, much in the same way as it has transformed

research on oxytocin systems (126). This increasingly precise

understanding of how AVP systems are organized and function

may ultimately lead to better therapeutic interventions for

psychiatric disorders characterized by substantial social deficits.
A B

FIGURE 5

Distinct vasopressin cells modulate social investigation in a sex-specific manner. (A) BNST AVP cell ablations in males reduce male-male social
investigation [redrawn from (106)]. Boxplot and individual data points of time spent investigating male or female stimulus versus clean empty cage within
the three-chamber apparatus. p = 0.003. A significant interaction was found between genotype and sex (F(1,41) = 4.9, p = 0.03. (B) PVN AVP cell
ablations increase female social investigation of male (p = 0.004) and female (p = 0.009) stimuli compared to controls to similar levels as male social
investigation [redrawn from (119)]. A significant interaction was found between genotype and sex (F(1,44) = 5.33, p = 0.02). Created with BioRender.com.
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10. Bluthé RM, Gheusi G, Dantzer R. Gonadal steroids influence the involvement of
arginine vasopressin in social recognition in mice. Psychoneuroendocrinology (1993) 18
(4):323–35. doi: 10.1016/0306-4530(93)90028-j

11. Veenema AH, Bredewold R, De Vries GJ. Vasopressin regulates social recognition
in juvenile and adult rats of both sexes, but in sex- and age-specific ways. Horm. Behav
(2012) 61:50–6.

12. Albers HE. Species, sex and individual differences in the vasotocin/vasopressin
system: relationship to neurochemical signaling in the social behavior neural network.
Front Neuroendocrinol. (2015) 36:49–71.

13. Rigney N, Beaumont R, Petrulis A. Sex differences in vasopressin 1a receptor
regulation of social communication within the lateral habenula and dorsal raphe of mice.
Horm. Behav (2020) 121:104715. doi: 10.1016/j.yhbeh.2020.104715

14. Ferris CF, Melloni RHJR, Koppel G, Perry KW, Fuller RW, Delville Y.
Vasopressin/serotonin interactions in the anterior hypothalamus control aggressive
behavior in golden hamsters. J Neurosci (1997) 17:4331–40.

15. Bayerl DS, Bosch OJ. Brain vasopressin signaling modulates aspects of maternal
behavior in lactating rats. Genes Brain Behav (2019) 18:e12517.

16. Johnson ZV, Young LJ. Neurobiological mechanisms of social attachment and pair
bonding. Curr Opin Behav Sci (2015) 3:38–44.

17. Landgraf R, Neumann ID. Vasopressin and oxytocin release within the brain: a
dynamic concept of multiple and variable modes of neuropeptide communication. Front
Neuroendocrinol. (2004) 25:150–76.
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26. Rouill é Y, Chauvet MT, Chauvet J, Acher R. Dual duplication of
neurohypophysial hormones in an Australian marsupial: Mesotocin, oxytocin, lysine
vasopressin and arginine vasopressin in a single gland of the northern bandicoot
(Isoodon macrourus). Biochem Biophys Res Commun (1988) 154(1):346–50.
doi: 10.1016/0006-291x(88)90691-2

27. Frank E, Landgraf R. The vasopressin system— from antidiuresis to psychopathology.
Eur J Pharmacol (2008) 583(2-3):226–42. doi: 10.1016/j.ejphar.2007.11.063

28. Manning M, Misicka A, Olma A, Bankowski K, Stoev S, Chini B, et al. Oxytocin
and vasopressin agonists and antagonists as research tools and potential therapeutics. J
Neuroendocrinol. (2012) 24:609–28.

29. Song Z, Albers HE. Cross-talk among oxytocin and arginine-vasopressin receptors:
Relevance for basic and clinical studies of the brain and periphery. Front Neuroendocrinol.
(2018) 51:14–24. doi: 10.1016/j.yfrne.2017.10.004

30. Allaman-Exertier G, Reymond-Marron I, Tribollet E, Raggenbass M. Vasopressin
modulates lateral septal network activity via two distinct electrophysiological
mechanisms. Eur J Neurosci (2007) 26(9):2633–42. doi: 10.1111/j.1460-9568.2007.05866.x

31. Wacker DM. The role of vasopressin in olfactory and visual processing. Cell Tissue
Res (2019) 375:201–15.

32. De Vries GJ, Panzica GC. Sexual differentiation of central vasopressin and
vasotocin systems in vertebrates: different mechanisms, similar endpoints. Neuroscience
(2006) 138:947–55.

33. Lowry CA, Richardson CF, Zoeller TR, Miller LJ, Muske LE, Moore FL.
Neuroanatomical distribution of vasotocin in a urodele amphibian (Taricha granulosa)
revealed by immunohistochemical and in situ hybridization techniques. J Comp Neurol
(1997) 385:43–70.

34. Rodriguez-Santiago M, Nguyen J, Winton LS, Weitekamp CA, Hofmann HA.
Arginine vasotocin preprohormone is expressed in surprising regions of the teleost
forebrain. Front Endocrinol (2017) 8:195.

35. Bester-Meredith JK, Young LJ, Marler CA. Species differences in paternal behavior
and aggression in peromyscus and their associations with vasopressin immunoreactivity
and receptors. Horm. Behav (1999) 36:25–38.

36. Compaan JC, Buijs RM, Pool CW, De Ruiter AJ, Koolhaas JM. Differential lateral
septal vasopressin innervation in aggressive and nonaggressive male mice. Brain Res Bull
(1993) 30:1–6.

37. Everts HG, De Ruiter AJ, Koolhaas JM. Differential lateral septal vasopressin in
wild-type rats: correlation with aggression. Horm. Behav (1997) 31:136–44.

38. Beiderbeck DI, Neumann ID, Veenema AH. Differences in intermale aggression
are accompanied by opposite vasopressin release patterns within the septum in rats bred
for low and high anxiety. Eur J Neurosci (2007) 26:3597–605.

39. Veenema AH, Beiderbeck DI, Lukas M, Neumann ID. Distinct correlations of
vasopressin release within the lateral septum and the bed nucleus of the stria terminalis
with the display of intermale aggression. Horm. Behav (2010) 58:273–81.
frontiersin.org

https://doi.org/10.1210/endocr/bqac111
https://doi.org/10.1016/0306-4530(93)90028-j
https://doi.org/10.1016/j.yhbeh.2020.104715
https://doi.org/10.1016/0006-291x(88)90691-2
https://doi.org/10.1016/j.ejphar.2007.11.063
https://doi.org/10.1016/j.yfrne.2017.10.004
https://doi.org/10.1111/j.1460-9568.2007.05866.x
https://doi.org/10.3389/fendo.2023.1127792
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org


Rigney et al. 10.3389/fendo.2023.1127792
40. Steinman MQ, Laredo SA, Lopez EM, Manning CE, Hao RC, Doig IE, et al.
Hypothalamic vasopressin systems are more sensitive to the long term effects of social
defeat in males versus females. Psychoneuroendocrinology (2015) 51:122–34.

41. Ho JM, Murray JH, Demas GE, Goodson JL. Vasopressin cell groups exhibit
strongly divergent responses to copulation and male–male interactions in mice. Horm.
Behav (2010) 58:368–77.

42. Kelly AM, Goodson JL. Social functions of individual vasopressin–oxytocin cell
groups in vertebrates: What do we really know? Front Neuroendocrinol. (2014) 35:512–29.

43. Wotjak CT, Kubota M, Liebsch G, Montkowski A, Holsboer F, Neumann I, et al.
Release of vasopressin within the rat paraventricular nucleus in response to emotional
stress: a novel mechanism of regulating adrenocorticotropic hormone secretion? J
Neurosci (1996) 16:7725–32.

44. Dumais KM, Veenema AH. Vasopressin and oxytocin receptor systems in the
brain: Sex differences and sex-specific regulation of social behavior. Front
Neuroendocrinol. (2016) 40:1–23.

45. Smith CJW, DiBenedictis BT, Veenema AH. Comparing vasopressin and oxytocin
fiber and receptor density patterns in the social behavior neural network: Implications for
cross-system signaling. Front Neuroendocrinol. (2019) 53:100737.

46. Rood BD, Stott RT, You S, Smith CJW, Woodbury ME, De Vries GJ. Site of origin
of and sex differences in the vasopressin innervation of the mouse (Mus musculus) brain. J
Comp Neurol (2013) 521:2321–58.

47. Otero-Garcia M, Martin-Sanchez A, Fortes-Marco L, Martıńez-Ricós J, Agustin-
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114. Caffé AR, Van Leeuwen FW. Vasopressin cells in the medial amygdala of the rat
project to the lateral septum and ventral hippocampus. J Comp Neurol (1987) 261(2):237–
52. doi: 10.1002/cne.902610206

115. Hari Dass SA, Vyas A. Copulation or sensory cues from the female augment fos
expression in arginine vasopressin neurons of the posterodorsal medial amygdala of male
rats. Front Zool (2014) 11:42.

116. Tong WH, Abdulai-Saiku S, Vyas A. Testosterone reduces fear and causes drastic
hypomethylation of arginine vasopressin promoter in medial extended amygdala of Male
mice. Front Behav Neurosci (2019) 13:33.

117. Tong WH, Abdulai-Saiku S, Vyas A. Medial amygdala arginine vasopressin
neurons regulate innate aversion to cat odors in Male mice. Neuroendocrinology (2021)
111:505–20.

118. Tong WH, Abdulai-Saiku S, Vyas A. Arginine vasopressin in the medial
amygdala causes greater post-stress recruitment of hypothalamic vasopressin neurons.
Mol Brain (2021) 14:141.

119. Rigney N, Whylings J, de Vries GJ, Petrulis A. Sex differences in the control of
social investigation and anxiety by vasopressin cells of the paraventricular nucleus of the
hypothalamus. Neuroendocrinology. (2021) 111(6):521–35. doi: 10.1159/000509421

120. Wang Y, He Z, Zhao C, Li L. Medial amygdala lesions modify aggressive behavior
and immediate early gene expression in oxytocin and vasopressin neurons during
intermale exposure. Behav Brain Res (2013) 245:42–9.

121. Rocha E Silva MJR, Rosenberg M. The release of vasopressin in response to
haemorrhage and its role in the mechanism of blood pressure regulation. J Physiol (1969)
202:535–57.

122. Kortenoeven MLA, Pedersen NB, Rosenbaek LL, Fenton RA. Vasopressin
regulation of sodium transport in the distal nephron and collecting duct. Am J Physiol
Renal Physiol (2015) 309:F280–99.

123. Gillies GE, Linton EA, Lowry PJ. Corticotropin releasing activity of the new CRF
is potentiated several times by vasopressin. Nature (1982) 299:355–7.
Frontiers in Endocrinology 13
124. Buijs RM, Swaab DF. Immuno-electron microscopical demonstration of
vasopressin and oxytocin synapses in the limbic system of the rat. Cell Tissue Res
(1979) 204:355–65.

125. Freda SN, Priest MF, Badong D, Xiao L, Liu Y, Kozorovitskiy Y. Brainwide input-
output architecture of paraventricular oxytocin and vasopressin neurons. bioRxiv (2022).
doi: 10.1101/2022.01.17.476652

126. Froemke RC, Young LJ. Oxytocin, neural plasticity, and social behavior. Annu
Rev Neurosci (2021) 44:359–81.

127. Wei H-H, Yuan X-S, Chen Z-K, Chen P-P, Xiang Z, Qu W-M, et al. Presynaptic
inputs to vasopressin neurons in the hypothalamic supraoptic nucleus and
paraventricular nucleus in mice. Exp Neurol (2021) 343:113784.

128. Lammel S, Lim BK, Ran C, Huang KW, Betley MJ, Tye KM, et al. Input-specific
control of reward and aversion in the ventral tegmental area. Nature (2012) 491:212–7.

129. Sun P, Smith AS, Lei K, Liu Y, Wang Z. Breaking bonds in male prairie vole: long-
term effects on emotional and social behavior, physiology, and neurochemistry. Behav
Brain Res (2014) 265:22–31.

130. Wang ZX, Liu Y, Young LJ, Insel TR. Hypothalamic vasopressin gene expression
increases in both males and females postpartum in a biparental rodent. J Neuroendocrinol.
(2000) 12:111–20.

131. Kenkel WM, Paredes J, Yee JR, Pournajafi-Nazarloo H, Bales KL, Carter CS.
Neuroendocrine and behavioural responses to exposure to an infant in male prairie voles.
J Neuroendocrinol. (2012) 24:874–86.

132. Klatt JD, Goodson JL. Sex-specific activity and function of hypothalamic
nonapeptide neurons during nest-building in zebra finches.Horm. Behav (2013) 64:818–24.

133. Qiao X, Yan Y, Wu R, Tai F, Hao P, Cao Y, et al. Sociality and oxytocin and
vasopressin in the brain of male and female dominant and subordinate mandarin voles. J
Comp Physiol A Neuroethol. Sens. Neural Behav Physiol (2014) 200:149–59.

134. Huang S, Li G, Pan Y, Liu J, Zhao J, Zhang X, et al. Population variation alters
aggression-associated oxytocin and vasopressin expressions in brains of brandt’s voles in
field conditions. Front Zool (2021) 18:56.

135. Goodson JL, Evans AK. Neural responses to territorial challenge and nonsocial
stress in male song sparrows: segregation, integration, and modulation by a vasopressin
V1 antagonist. Horm. Behav (2004) 46:371–81.

136. Veenema AH, Bredewold R, Neumann ID. Opposite effects of maternal
separation on intermale and maternal aggression in C57BL/6 mice: link to
hypothalamic vasopressin and oxytocin immunoreactivity. Psychoneuroendocrinology
(2007) 32:437–50.

137. Kelly AM, Goodson JL. Hypothalamic oxytocin and vasopressin neurons exert
sex-specific effects on pair bonding, gregariousness, and aggression in finches. Proc Natl
Acad Sci U. S. A. (2014) 111:6069–74.

138. Engelmann M, Landgraf R, Wotjak CT. The hypothalamic–neurohypophysial
system regulates the hypothalamic–pituitary–adrenal axis under stress: An old concept
revisited. Front Neuroendocrinol. (2004) 25:132–49.

139. Aguilera G, Subburaju S, Young S, Chen J. The parvocellular vasopressinergic
system and responsiveness of the hypothalamic pituitary adrenal axis during chronic
stress. Prog Brain Res (2008) 170:29–39.

140. Ebner K, Wotjak CT, Landgraf R, Engelmann M. Neuroendocrine and behavioral
response to social confrontation: residents versus intruders, active versus passive coping
styles. Horm. Behav (2005) 47:14–21.

141. Faravelli C, Lo Sauro C, Lelli L, Pietrini F, Lazzeretti L, Godini L, et al. The role of
life events and HPA axis in anxiety disorders: a review. Curr Pharm Des (2012) 18:5663–74.

142. Juruena MF. Early-life stress and HPA axis trigger recurrent adulthood
depression. Epilepsy Behav (2014) 38:148–59.

143. Keeney A, Jessop DS, Harbuz MS, Marsden CA, Hogg S, Blackburn-Munro RE.
Differential effects of acute and chronic social defeat stress on hypothalamic-pituitary-
adrenal axis function and hippocampal serotonin release in mice. J Neuroendocrinol.
(2006) 18:330–8.

144. Neumann ID, Landgraf R. Balance of brain oxytocin and vasopressin:
implications for anxiety, depression, and social behaviors. Trends Neurosci (2012)
35:649–59.

145. Albeck DS, McKittrick CR, Blanchard DC, Blanchard RJ, Nikulina J, McEwen BS,
et al. Chronic social stress alters levels of corticotropin-releasing factor and arginine
vasopressin mRNA in rat brain. J Neurosci (1997) 17:4895–903.

146. Aubry JM, Bartanusz V, Driscoll P, Schulz P, Steimer T, Kiss JZ. Corticotropin-
releasing factor and vasopressin mRNA levels in roman high- and low-avoidance rats:
response to open-field exposure. Neuroendocrinology (1995) 61:89–97.

147. Keck ME, Welt T, Müller MB, Uhr M, Ohl F, Wigger A, et al. Reduction of
hypothalamic vasopressinergic hyperdrive contributes to clinically relevant behavioral
and neuroendocrine effects of chronic paroxetine treatment in a psychopathological rat
model. Neuropsychopharmacology (2003) 28:235–43.

148. Murgatroyd C, Wigger A, Frank E, Singewald N, Bunck M, Holsboer F, et al.
Impaired repression at a vasopressin promoter polymorphism underlies overexpression
of vasopressin in a rat model of trait anxiety. J Neurosci (2004) 24:7762–70.

149. Wigger A, Sánchez MM, Mathys KC, Ebner K, Frank E, Liu D, et al. Alterations in
central neuropeptide expression, release, and receptor binding in rats bred for high
anxiety: critical role of vasopressin. Neuropsychopharmacology (2004) 29:1–14.

150. Bosch OJ, Neumann ID. Brain vasopressin is an important regulator of maternal
behavior independent of dams’ trait anxiety. Proc Natl Acad Sci U. S. A. (2008)
105:17139–44.
frontiersin.org

https://doi.org/10.1101/2021.01.31.429043
https://doi.org/10.1523/ENEURO.0415-18.2019
https://doi.org/10.1111/jne.13083
https://doi.org/10.1172/JCI144450
https://doi.org/10.1002/cne.902610206
https://doi.org/10.1159/000509421
https://doi.org/10.1101/2022.01.17.476652
https://doi.org/10.3389/fendo.2023.1127792
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org


Rigney et al. 10.3389/fendo.2023.1127792
151. Bunck M, Czibere L, Horvath C, Graf C, Frank E, Kessler MS, et al. A
hypomorphic vasopressin allele prevents anxiety-related behavior. PloS One (2009) 4:
e5129.

152. Wotjak CT, Naruo T, Muraoka S, Simchen R, Landgraf R, Engelmann M. Forced
swimming stimulates the expression of vasopressin and oxytocin in magnocellular
neurons of the rat hypothalamic paraventricular nucleus. Eur J Neurosci (2001)
13:2273–81.

153. Liu Y, Curtis JT, Fowler CD, Spencer C, Hopt T, Wang ZX. Differential
expression of vasopressin, oxytocin and corticotrophin-releasing hormone messenger
RNA in the paraventricular nucleus of the prairie vole brain following stress. J
Neuroendocrinol (2001) 13(12):1059–65. doi: 10.1046/j.1365-2826.2001.00729.x

154. Borrow AP, Heck AL, Miller AM, Sheng JA, Stover SA, Daniels RM, et al. Chronic
variable stress alters hypothalamic-pituitary-adrenal axis function in the female mouse.
Physiol Behav (2019) 209:112613.

155. Borrow AP, Bales NJ, Stover SA, Handa RJ. Chronic variable stress induces sex-
specific alterations in social behavior and neuropeptide expression in the mouse.
Endocrinology (2018) 159:2803–14.

156. De Jong TR, Harris BN, Perea-Rodriguez JP, Saltzman W. Physiological and
neuroendocrine responses to chronic variable stress in male California mice (Peromyscus
californicus): Influence of social environment and paternal state. Psychoneuroendocrinology
(2013) 38:2023–33.

157. Sánchez MM, Aguado F, Sánchez-Toscano F, Saphier D. Neuroendocrine and
immunocytochemical demonstrations of decreased hypothalamo-pituitary-adrenal axis
responsiveness to restraint stress after long-term social isolation. Endocrinology (1998)
139:579–87.

158. Grassi D, Lagunas N, Calmarza-Font I, Diz-Chaves Y, Garcia-Segura LM, Panzica
GC. Chronic unpredictable stress and long-term ovariectomy affect arginine-vasopressin
expression in the paraventricular nucleus of adult female mice. Brain Res (2014) 1588:55–62.

159. Bosch OJ, Neumann ID. Vasopressin released within the central amygdala
promotes maternal aggression. Eur J Neurosci (2010) 31:883–91.

160. Blume A, Bosch OJ, Miklos S, Torner L, Wales L, Waldherr M, et al. Oxytocin
reduces anxiety via ERK1/2 activation: local effect within the rat hypothalamic
paraventricular nucleus. Eur J Neurosci (2008) 27:1947–56.

161. Alves SE, Lopez V, McEwen BS, Weiland NG. Differential colocalization of
estrogen receptor b (ERb) with oxytocin and vasopressin in the paraventricular and
supraoptic nuclei of the female rat brain: An immunocytochemical study. Proc Natl Acad
Sci (1998) 95:3281–6.

162. Oyola MG, Thompson MK, Handa AZ, Handa RJ. Distribution and chemical
composition of estrogen receptor b neurons in the paraventricular nucleus of the female
and male mouse hypothalamus. J Comp Neurol (2017) 525:3666–82.

163. Qian T, Wang H, Wang P, Geng L, Mei L, Osakada T, et al. Compartmental
neuropeptide release measured using a new oxytocin sensor. bioRxiv (2022). doi: 10.1101/
2022.02.10.480016

164. Veenema AH, Neumann ID. Maternal separation enhances offensive play-
fighting, basal corticosterone and hypothalamic vasopressin mRNA expression in
juvenile male rats. Psychoneuroendocrinology (2009) 34:463–7.

165. Pan Y, Liu Y, Young KA, Zhang Z, Wang Z. Post-weaning social isolation alters
anxiety-related behavior and neurochemical gene expression in the brain of male prairie
voles. Neurosci Lett (2009) 454:67–71.

166. Murakami G, Hunter RG, Fontaine C, Ribeiro A, Pfaff D. Relationships among
estrogen receptor, oxytocin and vasopressin gene expression and social interaction in
male mice. Eur J Neurosci (2011) 34:469–77.

167. Ferris CF, Axelson JF, Martin AM, Roberge LF. Vasopressin immunoreactivity in
the anterior hypothalamus is altered during the establishment of dominant/subordinate
relationships between hamsters. Neuroscience (1989) 29:675–83.

168. Gobrogge KL, Liu Y, Jia X, Wang Z. Anterior hypothalamic neural activation and
neurochemical associations with aggression in pair-bonded male prairie voles. J Comp
Neurol (2007) 502:1109–22.

169. Cheng S-Y, Taravosh-Lahn K, Delville Y. Neural circuitry of play fighting in
golden hamsters. Neuroscience (2008) 156:247–56.

170. Loewen SP, Baimoukhametova DV, Bains JS. Sex-specific vasopressin signaling
buffers stress-dependent synaptic changes in female mice. J Neurosci (2020) 40:8842–52.

171. Whylings J, Rigney N, de Vries GJ, Petrulis A. Removal of vasopressin cells from
the paraventricular nucleus of the hypothalamus enhances LPS-induced sickness
behaviour in mice. J Neuroendocrinol. (2021) 33(1):e12915. doi: 10.1111/jne.12915

172. Smith AS, Williams Avram SK, Cymerblit-Sabba A, Song J, Young WS. Targeted
activation of the hippocampal CA2 area strongly enhances social memory.Mol Psychiatry
(2016) 21:1137–44.

173. Bendesky A, Kwon Y-M, Lassance J-M, Lewarch CL, Yao S, Peterson BK, et al.
The genetic basis of parental care evolution in monogamous mice. Nature (2017)
544:434–9.

174. De Vries GJ. Minireview: Sex differences in adult and developing brains:
compensation, compensation, compensation. Endocrinology (2004) 145:1063–8.

175. Tanaka K, Osako Y, Yuri K. Juvenile social experience regulates central neuropeptides
relevant to emotional and social behaviors. Neuroscience (2010) 166:1036–42.

176. Carter CS, Grippo AJ, Pournajafi-Nazarloo H, Ruscio MG, Porges SW. Oxytocin,
vasopressin and sociality. Prog Brain Res (2008) 170:331–6.
Frontiers in Endocrinology 14
177. Delville Y, De Vries GJ, Ferris CF. Neural connections of the anterior hypothalamus
and agonistic behavior in golden hamsters. Brain Behav Evol (2000) 55:53–76.

178. Veenema AH, Blume A, Niederle D, Buwalda B, Neumann ID. Effects of early life
stress on adult male aggression and hypothalamic vasopressin and serotonin. Eur J
Neurosci (2006) 24:1711–20.

179. Ferris CF, Irvin RW, Potegal M, Axelson JF. Kainic acid lesion of vasopressinergic
neurons in the hypothalamus disrupts flank marking behavior in golden hamsters. J
Neuroendocrinol. (1990) 2:123–9.

180. Peterson RP. Magnocellular neurosecretory centers in the rat hypothalamus. J
Comp Neurol (1966) 128(2):181–90. doi: 10.1002/cne.901280205

181. Wallace FL, Harrell EH. Nucleus circularis and lateral preoptic regulation of
osmotic thirst. Physiol Psychol (1983) 11:195–200.

182. Ferris CF, Meenan DM, Albers HE. Microinjection of kainic acid into the
hypothalamus of golden hamsters prevents vasopressin-dependent flank-marking
behavior. Neuroendocrinology (1986) 44:112–6.

183. Melloni RHJR, Ricci LA. Adolescent exposure to anabolic/androgenic steroids
and the neurobiology of offensive aggression: a hypothalamic neural model based on
findings in pubertal Syrian hamsters. Horm. Behav (2010) 58:177–91.

184. Gobrogge KL, Liu Y, Young LJ, Wang Z. Anterior hypothalamic vasopressin
regulates pair-bonding and drug-induced aggression in a monogamous rodent. Proc Natl
Acad Sci U. S. A. (2009) 106:19144–9.

185. Terranova JI, Ferris CF, Albers HE. Sex differences in the regulation of offensive
aggression and dominance by arginine-vasopressin. Front Endocrinol (2017) 8:308.

186. Kalsbeek A, Fliers E, Hofman MA, Swaab DF, Buijs RM. Vasopressin and the
output of the hypothalamic biological clock. J Neuroendocrinol. (2010) 22:362–72.

187. MiedaM, OkamotoH, Sakurai T.Manipulating the cellular circadian period of arginine
vasopressin neurons alters the behavioral circadian period. Curr Biol (2016) 26:2535–42.

188. Buijs RM, Hurtado-Alvarado G, Soto-Tinoco E. Vasopressin: An output signal
from the suprachiasmatic nucleus to prepare physiology and behaviour for the resting
phase. J Neuroendocrinol. (2021) 33:e12998.

189. Tsuji T, Allchorne AJ, Zhang M, Tsuji C, Tobin VA, Pineda R, et al. Vasopressin
casts light on the suprachiasmatic nucleus. J Physiol (2017) 595:3497–514.

190. Yamaguchi Y, Suzuki T, Mizoro Y, Kori H, Okada K, Chen Y, et al. Mice
genetically deficient in vasopressin V1a and V1b receptors are resistant to jet lag. Science
(2013) 342:85–90.

191. Taub A, Carbajal Y, Rimu K, Holt R, Yao Y, Hernandez AL, et al. Arginine
vasopressin-containing neurons of the suprachiasmatic nucleus project to CSF. eNeuro
(2021) 8. doi: 10.1523/ENEURO.0363-20.2021

192. Swaab DF, Slob AK, Houtsmuller EJ, Brand T, Zhou JN. Increased number of
vasopressin neurons in the suprachiasmatic nucleus (SCN) of “bisexual” adult male rats
following perinatal treatment with the aromatase blocker ATD. Dev Brain Res (1995) 85
(2):273–9. doi: 10.1016/0165-3806(94)00218-o

193. Delville Y, De Vries GJ, Schwartz WJ, Ferris CF. Flank-marking behavior and the
neural distribution of vasopressin innervation in golden hamsters with suprachiasmatic
lesions. Behav Neurosci (1998) 112:1486–501.

194. Whylings J, Rigney N, de Vries GJ, Petrulis A. Reduction in vasopressin cells in
the suprachiasmatic nucleus in mice increases anxiety and alters fluid intake.Horm. Behav
(2021) 133:104997.

195. Tobin VA, Hashimoto H, Wacker DW, Takayanagi Y, Langnaese K, Caquineau
C, et al. An intrinsic vasopressin system in the olfactory bulb is involved in social
recognition. Nature (2010) 464:413–7.

196. Wacker DW, Tobin VA, Noack J, Bishop VR, Duszkiewicz AJ, Engelmann M,
et al. Expression of early growth response protein 1 in vasopressin neurones of the rat
anterior olfactory nucleus following social odour exposure. J Physiol (2010) 588:4705–17.

197. Pineda R, Plaisier F, Millar RP, Ludwig M. Amygdala kisspeptin neurons: Putative
mediators of olfactory control of the gonadotropic axis. Neuroendocrinology (2017)
104:223–38.

198. Wyatt TD. Pheromones and animal behaviour. Cambridge: Cambridge University
Press (2003).

199. Namba T, Taniguchi M, Murata Y, Tong J, Wang Y, Okutani F, et al. Activation
of arginine vasopressin receptor 1a facilitates the induction of long-term potentiation in
the accessory olfactory bulb of male mice. Neurosci Lett (2016) 634:107–13.

200. Suyama H, Egger V, Lukas M. Top-down acetylcholine signaling via olfactory bulb
vasopressin cells contributes to social discrimination in rats. Commun Biol (2021) 4:603.

201. Freeman SM, Inoue K, Smith AL, Goodman MM, Young LJ. The
neuroanatomical distribution of oxytocin receptor binding and mRNA in the male
rhesus macaque (Macaca mulatta). Psychoneuroendocrinology (2014) 45:128–41.

202. French JA, Taylor JH, Mustoe AC, Cavanaugh J. Neuropeptide diversity and the
regulation of social behavior in new world primates. Front Neuroendocrinol. (2016) 42:18–39.

203. Grebe NM, Sharma A, Freeman SM, Palumbo MC, Patisaul HB, Bales KL, et al.
Neural correlates of mating system diversity: oxytocin and vasopressin receptor
distributions in monogamous and non-monogamous eulemur. Sci Rep (2021) 11:3746

204. Rogers Flattery CN, Coppeto DJ, Inoue K, Rilling JK, Preuss TM, Young LJ.
Distribution of brain oxytocin and vasopressin V1a receptors in chimpanzees (Pan
troglodytes): comparison with humans and other primate species. Brain Struct Funct
(2022) 227(5):1907–19. doi: 10.1007/s00429-021-02369-7
frontiersin.org

https://doi.org/10.1046/j.1365-2826.2001.00729.x
https://doi.org/10.1101/2022.02.10.480016
https://doi.org/10.1101/2022.02.10.480016
https://doi.org/10.1111/jne.12915
https://doi.org/10.1002/cne.901280205
https://doi.org/10.1523/ENEURO.0363-20.2021
https://doi.org/10.1016/0165-3806(94)00218-o
https://doi.org/10.1007/s00429-021-02369-7
https://doi.org/10.3389/fendo.2023.1127792
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org


Rigney et al. 10.3389/fendo.2023.1127792
205. Parker KJ, Garner JP, Oztan O, Tarara ER, Li J, Sclafani V, et al. Arginine
vasopressin in cerebrospinal fluid is a marker of sociality in nonhuman primates. Sci
Transl Med (2018) 10(439):eaam9100. doi: 10.1126/scitranslmed.aam9100

206. Bolognani F, Del Valle Rubido M, Squassante L, Wandel C, Derks M, Murtagh L,
et al. A phase 2 clinical trial of a vasopressin V1a receptor antagonist shows improved
adaptive behaviors in men with autism spectrum disorder. Sci Transl Med (2019) 11(491):
eaat7838. doi: 10.1126/scitranslmed.aat7838

207. Clarke L, Zyga O, Pineo-Cavanaugh PL, Jeng M, Fischbein NJ, Partap S, et al.
Socio-behavioral dysfunction in disorders of hypothalamic-pituitary involvement: The
potential role of disease-induced oxytocin and vasopressin signaling deficits. Neurosci
Biobehav Rev (2022) 140:104770.

208. Oztan O, Garner JP, Partap S, Sherr EH, Hardan AY, Farmer C, et al. Cerebrospinal
fluid vasopressin and symptom severity in children with autism. Ann Neurol (2018) 84:611–5.

209. Brunnlieb C, Nave G, Camerer CF, Schosser S, Vogt B, Münte TF, et al.
Vasopressin increases human risky cooperative behavior. Proc Natl Acad Sci U. S. A.
(2016) 113:2051–6.

210. Parker KJ, Oztan O, Libove RA, Mohsin N, Karhson DS, Sumiyoshi RD, et al. A
randomized placebo-controlled pilot trial shows that intranasal vasopressin improves
social deficits in children with autism. Sci Transl Med (2019) 11(491):eaau7356.
doi: 10.1126/scitranslmed.aau7356
Frontiers in Endocrinology 15
211. Thompson RR, George K, Walton JC, Orr SP, Benson J. Sex-specific influences of
vasopressin on human social communication. Proc Natl Acad Sci U. S. A. (2006)
103:7889–94.

212. Price D, Burris D, Cloutier A, Thompson CB, Rilling JK, Thompson RR. Dose-
dependent and lasting influences of intranasal vasopressin on face processing in men.
Front Endocrinol (2017) 8:220.

213. Guastella AJ, Kenyon AR, Alvares GA, Carson DS, Hickie IB. Intranasal arginine
vasopressin enhances the encoding of happy and angry faces in humans. Biol Psychiatry
(2010) 67:1220–2.

214. Kelly AM, Goodson JL. Personality is tightly coupled to vasopressin-oxytocin
neuron activity in a gregarious finch. Front Behav Neurosci (2014) 8:55.

215. Markham JA, Juraska JM. Social recognition memory: influence of age, sex, and
ovarian hormonal status. Physiol Behav (2007) 92:881–8.

216. Holmes MM, Niel L, Anyan JJ, Griffith AT, Monks DA, Forger NG. Effects of bax
gene deletion on social behaviors and neural response to olfactory cues in mice. Eur J
Neurosci (2011) 34:1492–9.

217. Karlsson SA, Haziri K, Hansson E, Kettunen P, Westberg L. Effects of sex and
gonadectomy on social investigation and social recognition in mice. BMC Neurosci (2015)
16:83.
frontiersin.org

https://doi.org/10.1126/scitranslmed.aam9100
https://doi.org/10.1126/scitranslmed.aat7838
https://doi.org/10.1126/scitranslmed.aau7356
https://doi.org/10.3389/fendo.2023.1127792
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org

	Modulation of social behavior by distinct vasopressin sources
	Introduction
	Sexually differentiated vasopressin expression within the bed nucleus of the stria terminalis and medial amygdala
	Function of BNST AVP cells
	Opposite-sex interactions (affiliative behavior)
	Same-sex social interactions (mate competition and aggression)
	Social memory
	Developmental aspects of social behavior (social play)
	Anxiety and social interactions

	Direct manipulation of BNST AVP cells
	Function of MeA AVP cells
	Vasopressin cells of the paraventricular nucleus of the hypothalamus
	Function of PVN AVP cells
	Opposite-sex interactions (affiliation)
	Same-sex interactions (aggression)
	Social stress and aggression
	Developmental aspects of social behavior (social play) and parental behavior

	Direct manipulation of PVN AVP cells
	Opposite- and same-sex interactions (aggression and social investigation)
	Social memory
	Parental behavior
	Anxiety and social interactions

	Vasopressin cells of the SON and nucleus circularis
	Vasopressin cells of the SCN and retina
	Vasopressin cells in the olfactory system
	AVP action in humans and other primates
	Conclusions
	Author contributions
	Funding
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


