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Abstract

In terms of reproductive and social functions, vasoactive intestinal polypeptide (VIP) is best
known as a major regulator of prolactin secretion in vertebrates and hence, as an essential
contributor to parental care. However, VIP and its cognate VPAC receptors are distributed
throughout the social behavior network in the brain, suggesting that VIP circuits may play
important roles in a variety of behaviors. With the exception of VIP neuronal populations in the
suprachiasmatic nucleus and tuberal hypothalamus (which regulate circadian rhythms and
prolactin secretion, respectively), we have known very little about the functional properties of VIP
circuits until recently. The present review highlights new roles for VIP signaling in avian social
behaviors such as affiliation, gregariousness, pair bonding and aggression, and discusses recent
advances in VIP’s role as a regulator of biological rhythms, including the potential timing of
ovulation, photoperiodic response and seasonal migration.

Introduction

Vasoactive intestinal polypeptide (VIP) is a neuropeptide that is produced and released by
numerous hypothalamic and extrahypothalamic cell groups and is perhaps best known as a
major releasing factor of prolactin (PRL) from the pituitary in both birds [1] and mammals
[2]. Because PRL regulates many reproductive and parental behaviors, such as egg
incubation in bantam hens and turkeys [3, 4], parental regurgitation and feeding in ring
doves [5], lactation in mammals [6] and chick-rearing in native Thai hens [7], VIP has been
assumed to play an important role in reproductive behaviors. Indeed, VIP-immunization
blocks VIP-induced increases in plasma PRL levels, reducing nesting activity in turkeys [3]
and increasing nest desertion in incubating bantam hens [4]. This immunization can be
either passive, through injections of anti-chicken VIP serum [4], or active, whereby
synthetic chicken VIP is conjugated to keyhole limpet hemocyanin (KLH) for injections [8].
In the latter case, KLH serves as a carrier protein for VIP that enables a robust immune
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response in the form of antibody production. Furthermore, changes in VIP within the portal
blood, as well as VIP expression and immunoreactivity in hypothalamic regions, such as the
infundibular nucleus (INF) and median eminence, closely mirror changes in plasma PRL
levels across the reproductive cycle and different stages of parental care [7, 9-11].
Interestingly, VIP’s stimulation of PRL release from the pituitary in turkeys appears to be
regulated via dopamine (DA) and its receptors [12, 13], and changes in hypothalamic VIP
are associated with changes in tyrosine hydroxylase-immunolabeling during incubation and
nest deprivation in native thai hens [14], suggesting that DA may modulate the VIP/PRL
signaling cascade in certain avian species.

VIP’s other well-known role is as a regulator of circadian rhythms in mammals [15, 16],
mediated by GABAergic cells that contain VIP within the ventral core of the
suprachiasmatic nucleus (SCN), the brain’s main pacemaker nucleus. These core cells are
retinorecipient cells that sense and respond to light [17] and mediate the phase shifting of
activity rhythms [18, 19]. VIP’s effects can be mediated by VPAC receptors (VPAC; and
VPAC)), which bind both VIP and pituitary adenylate cyclase activating peptide (PCAP)
[20]. However, PCAP also acts through the PACAP receptor, PAC4, and binds to this
receptor with high affinity, as compared to VIP, which binds PAC4 with low affinity [20,
21]. In animals lacking VIP or VPAC, (one of the VIP receptors), circadian rhythms of rest/
activity are disrupted and the circadian system shows deficits in response to photic stimuli
[22-24]. In tissue slices lacking the VPAC, receptor gene, both molecular timekeeping
within individual SCN cells and spontaneous synchronization between SCN cells, is lost
[25]. Thus, VIP signaling plays very important roles in the generation, maintenance and
synchronization of circadian rhythms (for reviews see [15, 16]) and is likely at the top of a
hierarchy of paracrine signals that control SCN molecular pacemaking [26].

In addition to the hypothalamic INF and SCN, VIP elements (i.e. cells, fibers and receptors)
are present in virtually every brain area that is known to be important for social behavior
[27-30], including core nodes of the brain’s “social behavior network” [31, 32], which
include the preoptic area (POA), anterior hypothalamus (AH), ventromedial hypothalamus
(VMH), medial extended amygdala (medial amygdala, MeA, and medial bed nucleus of the
stria terminalis, BSTm), midbrain central gray, ventral tegmental area (VTA) and lateral
septum (LS). However, until recently, VIP’s role in the social behaviors affiliated with this
network remained largely unexplored. In the present review, we highlight research
conducted within the last 3 years that describes new roles for VIP signaling in avian social
behaviors such as aggression, affiliation, gregariousness, pair bonding and nesting, as well
as recent advances in VIP’s role as a regulator of reproductive and seasonal rhythms in both
mammals and birds.

The role of VIP in grouping behavior, affiliation and pair bonding

Cross-species comparisons of VIP circuitry provided the first insight that VVIP signaling may
modulate grouping preferences and affiliative behavior in birds. VPAC receptors are found
at higher densities within the subpallial LS and BSTm of year-round gregarious finch
species relative to territorial species [27] and VIP innervation of the BSTm and PVN is

Curr Opin Behav Sci. Author manuscript; available in PMC 2016 December 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Kingsbury

Page 3

greater in sparrow species that flock during the winter compared to species that do not
winter flock [33].

Given these links of increased VIP elements to flocking, and the well documented role of
the BSTm and LS in grouping behavior and social affiliation, particularly with regards to
nonapeptide circuitry [34], we hypothesized that activation of VPAC receptors promotes
social contact and preference for larger groups, as well as pair bonding in the monogamous
and highly gregarious zebra finch (Taeniopygia guttata). Indeed, central antagonism of
VPAC receptors using a selective VPAC receptor antagonist (neurotensiné-11-
mouseVIP7-28) that is known to block VIP stimulation of cyclic AMP production in chick
brain slices without blocking PAC1 receptors [35], significantly impacts many affiliative
behaviors (Figure 1). When exposed to a group choice apparatus that allows zebra finches to
affiliate with either 2 or 10 unfamiliar conspecifics (Figure 1a), VPAC antagonism
significantly decreases the amount of time subjects spend in social contact with either group,
compared to control infusions, but only in the first trial when animals are tested in a novel
social environment (Figure 1b). The antagonist has no effect in the second trial (Figure 1b),
in subsequent novel-familiar conspecific choice tests in the same apparatus or in behavioral
tests of general anxiety, suggesting that endogenous VIP signaling specifically promotes
social contact in response to contextual novelty [36]. This finding complements studies in
mice where reduction of VIP signaling in utero leads to deficits in social approach and
sociability in adolescent and adult offspring [37, 38].

VPAC receptor antagonism also impacts gregariousness in zebra finches, with sex-specific
and site-specific effects [36]. Intracerebroventricular (ICV) antagonist infusions tend to
reduce gregariousness (i.e. preferences for the larger of two groups) in females but increase
gregariousness in males (Figure 1c). Since we have not observed sex differences in VIP
binding densities for the BSTm and subpallial LS [27], areas likely impacted by the ICV
infusions, we speculate that the sex difference in gregariousness may arise from sex
differences in VIP innervation and/or sex-specific VVIP neuronal activation. Interestingly, the
sex-specific modulation of gregariousness by the nonapeptides [39-41] is now known to be
associated with sex-specific activation of oxytocin (OT) or vasopressin (VVP) cells following
social stimuli exposure [42]. We further speculate that the sex-specific modulation of
gregariousness by VIP could arise from an interaction with OT and/or VP, acting together to
regulate behavior. Importantly, ICV infusions of VIP in rats increases plasma OT and VP
[43], likely by means of the hypothalamo-neurohypophyseal system [44], suggesting that
VIP may serve as a releasing factor for these hormones.

In contrast to ICV infusions, antagonism in the medial telencephalon reduces gregariousness
in both sexes (Figure 1d). Together, these results suggest that gregariousness is modulated
via VPAC activation in both the medial nidopallium and in one or more sites likely impacted
by ICV infusions, such as the BSTm and LS.

Chronic VPAC receptor antagonism also significantly impairs zebra finches ability to pair
bond. When tested in a colony environment (Figure 1e), zebra finches receiving chronic ICV
infusions of the VPAC receptor antagonist took longer to form a pair bond [45], were paired
for fewer observation sessions [45] and were less likely to be paired in the final observation
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session (Figure 1f). We hypothesize that VIP’s sites of action likely include brain areas that
are known to be important for the establishment of pair bonding in prairie voles [46],
including the LS, VTA, nucleus accumbens (NAcc), and ventral pallidum. These proposed
sites of VIP action are based on VIP’s association with the mesolimbic dopamine system
(for discussion, see [45]), including a strong expression of VIP mRNA in the VTA [29], a
high density of 1251-VIP binding sites in the NAcc [27], and increased 12°1-VIP binding sites
in the LS of gregarious zebra finches [27]. Based on this association of VIP elements with
the mesolimbic dopamine system, we hypothesize that VIP and dopamine may interact to
mediate behaviors characterized by incentive motivation. VIP may also interact with the
nonapeptides as they are also found within the SBN and are known to modulate affiliative
behavior and/or pair bonding [34, 39, 40, 47].

VIP’s role in modulating aggression

A role for VIP in aggressive behavior was first suggested by field and laboratory studies
modulating central VIP in finches and sparrows in the late 1990s. Whereas VIP infusions
into the LS of violet-eared waxbills, a highly territorial estrildid finch, facilitate aggression
in the context of territorial defense [48], similar infusions decrease mate competition
aggression in gregarious zebra finches [49] and inhibit agonistic dawn song in territorial
field sparrows [50]. The LS receives projections from the AH [51], a brain area well known
for the mediation of aggression and agonistic communication [52]. The dorsal AH (AHd)
contains a discrete population of VIP cells that can be visualized by both in situ
hybridization [53] and by immunolabeling after colchicine treatment (Figure 2a-b).
Knockdown of VIP peptide production in AHd cells using antisense oligonucleotides
essentially abolishes aggression in highly territorial violet-eared waxbills, as observed by an
increase in latency to aggress (Figure 2¢) and a reduction in displacements (Figure 2d) [53].
Within male zebra finches, VIP knockdown in the AHd decreases aggressive behaviors in
the context of nest defense (Figure 2e). This AHd VIP cell population represents an
aggression-specific cell type in the brain since VIP knockdown had no effect on social
preferences, anxiety-like behaviors, courtship, pair bonding or maintenance behaviors [53].
Consistent with these findings are the observations that VIP immunolabeling in the AH and
caudocentral septum correlates positively with aggression in sparrows [33] and VIP cell
numbers in the AH correlate positively with aggressive behaviors in waxbills [53].

As with affiliative behaviors, VIP may interact with other neuropeptides to modulate
aggressive behavior. Whereas infusions of VIP and VP in the lateral septum have opposing
roles in regulating aggressive behaviors in violet-eared waxbills, zebra finches and field
sparrows [48-50], both OT and AHd VIP appear to facilitate aggression in violet-eared
waxbills [53, 54]. Thus, we are currently investigating if VIP may interact with OT to
mediate aggression and response to stressors in both social and asocial finches.

In summary, through the use of ICV and site-specific infusions of VIP and VIP receptor
antagonists, site-specific infusions of VIP antisense oligonucleotides and cross species
comparisons of VIP binding, we have demonstrated a role for VIP signaling in avian
affiliative and aggressive behaviors. We have also identified particular SBN nodes that are
key players for these social behaviors. Based on the ideas put forth by Newman and
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Goodson [32, 55], we believe many nodes within the SBN network respond to a social
stimulus, yet it is the unique pattern of activation throughout the network that is associated
with a particular social context and behavioral response [55]. Currently, we are examining
network-wide VIP cell activation in response to social and non-social stressors to gain
insight as to how VIP might regulate responses to stress and how these responses relate to an
animal’s social phenotype (i.e. asocial versus gregarious). We are also exploring whether
VIP may interact with OT to modulate stress responses as OT is known to be anxiolytic and
to mediate stress-coping [34].

Recent advances in VIP’s role as a regulator of biological rhythms

In 1976, the estrous cycle was shown to have a circadian organization and it was proposed
that estrus and daily activity rhythms might be controlled by a single pacemaker nucleus
such as the SCN or by multiple oscillators working within a hierarchical organization [56].
There is now support for both hypotheses. Furthermore, while the SCN does provide a daily
signal to the gonadotropin-releasing hormone (GnRH) cells of the hypothalamus that are
part of the hypothalamic-pituitary-gondal axis, these GnRH cells only stimulate the
preovulatory surge in luteinizing hormone (LH) if there is concomitantly sufficient levels of
estradiol [57]. From studies conducted in the late 1990s and early 2000s in rodents, it is now
known that hypothalamic GnRH cells express VPAC,, and that VIP projections from the
SCN to these GnRH cells regulate the surge in GnRH and LH that stimulate ovulation
(reviewed in [57]). Consistent with this research, it has recently been shown that female VIP
knockout mice, in addition having a disrupted circadian system, have disrupted
reproduction, characterized by a delayed estrous cycle, less frequent ovulation and a reduced
number of offspring, compared to wild-type sisters [58].

Circadian rhythms in the SCN also encode seasonal changes, displaying different neuronal
activity patterns in long versus short days and a means for storing a memory of photoperiod
[59, 60]. Recently it has been proposed that VIP is required for this seasonal encoding since
VIP knockout mice display no “after-effects” in either their locomotor activity patterns or
SCN electrical activity when transferred to constant darkness. In contrast, wild-type controls
do show these “after effects” that reflect a memory of the previous photoperiod [61].

Previous work suggests that VIP may have a related role in birds for sensing photoperiodic
changes for the timing of seasonal reproduction [62, 63]. However, whereas the eyes, SCN
and pineal gland are important for sensing and transducing photoperiodic information in
mammals, deep brain photoreceptors in the lateral septal organ (LSO) and hypothalamic
regions appear to detect photoperiodic cues in birds [64]. Furthermore, VIP cells within the
mediobasal hypothalamus (MBH) and LSO likely serve as the encephalic photoreceptors
[62-66]. Most recently it has been shown that VIP-immunoreactivity is significantly
increased in all regions of the MBH of black-headed buntings in a migratory state, as
compared to a non-migratory state, suggesting that the increase in VIP cells and fibers may
mediate increased light sensitivity for seasonal night migration [65].
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VIP’s role in preparatory nesting

Given VIP’s roles in reproductive behavior via its modulation of prolactin secretion, the
timing of the preovulatory GnRH/LH surge, and the proposed encoding of seasonal
photoperiod, VIP may also be important for behaviors that are preparatory to the arrival of
offspring, such as “nesting” behaviors. In a recent study examining the activation of VIP
brain cells groups within zebra finches in response to nesting, VIP mRNA and VIP-Fos co-
expression were correlated with nesting behaviors (i.e. time in nest cup, nest items picked
up, nest items carried to the nest) in virtually all key nodes of the social behavior network,
with particularly strong positive correlations for the POA and MeA [67]. Future experiments
manipulating VIP signaling in vivo will be useful to establish a causal link between VIP and
nesting behavior, as well as other parental behaviors such as incubation and nestling care.

Conclusions

It is well established that hypothalamic VIP is the primary regulator of prolactin secretion in
vertebrates and a major regulator of mammalian circadian rhythms. We now describe new
roles for VIP that likely include the modulation of affiliation within novel environments,
group size preferences, pair bonding and nesting behavior, based on recent findings from
central VPAC antagonism studies, immediate early gene studies, and comparisons of VIP
circuitry in territorial and flocking species of finches and sparrows. In addition, VIP potently
mediates aggression, based on recent findings of site-specific VIP knockdown in the dorsal
AH of finches, effects of central VIP infusions, and correlations between VIP elements and
aggressive behaviors. Recent advances within the field of circadian and biological rhythms
propose roles for VIP in the timing of ovulation during the estrous cycle, the seasonal
encoding of photoperiod, and perhaps the timing of seasonal migration. Based on the
findings presented here and the distribution of VIP cells and receptors throughout the brain’s
“social behavior network”, it is likely that VVIP has significant roles in many aspects of social
behavior, which are only just beginning to be elucidated (Table 1).
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Highlights

We propose new roles for VIP signaling in avian affiliation, pair bonding and
aggression.

We describe advances in VIP’s role as a regulator of reproductive and seasonal
rhythms.

VIP has widespread actions throughout the “social behavior network” in the brain.
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Fig. 1.
VPAC antagonism alters social contact in a novel environment, gregariousness and pair

bonding in zebra finches. (a) Our choice test apparatus consists of a 1 M wide testing cage
subdivided into zones by seven perches with stimulus cages containing either two or ten
familiar same-sex conspecifics at either end. The percent of test time spent on the two end
perches combined (within 6 cm of a stimulus cage) provides a measure of “social contact
time”. The percent of social contact time spent with the large group provides a measure of
“gregariousness” (group size preference). (b) Ventricular VPAC antagonist infusions
decrease social contact time in the choice apparatus (shown in a) on the first test day when
the testing paradigm is novel, but not on the second test day. (c, d) VPAC antagonism has
site- and sex-specific effects on gregariousness in choice tests. (c) A significant interaction
of Sex and Treatment is observed following ICV antagonist infusions whereby VPAC
antagonism tends to decrease gregariousness in females and increase it in males. (d) A main
effect of Treatment is observed following VPAC antagonist infusions into the telecephalon
whereby VPAC antagonism reduces gregariousness in both males and females. (a-d),
modified from [36]. (€) A 1 M wide cage showing the standard setup for colony
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observations, with a single nest cup in each of the 4 corners, and a food dish, water sipper
and burlap nesting material placed on the cage floor. Modified from Kelly and Goodson
[41]. (f) Chronic VPAC receptor antagonism significantly decreases the percentage of zebra
finches that are paired in the final behavioral session, as compared to control animals. Blue
bars denote male values and red bars denote female values. Modified from [45].
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Fig. 2.
Knockdown of VIP peptide in the dorsal anterior hypothalamus (AHd) greatly reduces

aggression in territorial and gregarious finches. (a) VIP elements in the hypothalamic region
of the zebra finch. TH-ir, tyrosine hydroxylase immunoreactivity (-ir) (purple); NPY-ir,
neuropeptide Y-ir (red); VIP-ir, vasoactive intestinal polypeptide-ir (green). Scale bar, 200
pum. (b) The AHd region is defined by a distinct VIP cell group, shown here for a violet-
eared waxbill. VIP-ir, vasoactive intestinal polypeptide immunoreactivity (red); VT-ir,
vasotocin-ir (green); DAPI nuclear stain (purple). Green asterisk shows site of cannula tip
for VIP antisense or scrambled oligonucleotide infusions. Scale bar, 100 um. AC, anterior
commissure; AHd and AHv, anterior hypothalamus, dorsal and ventral; ME, median
eminence; ot, optic tract; PVN, paraventricular nucleus; VMH-lat and VHM-med, ventral
medial hypothalamus, lateral and medial. (c, d) Compared to control (scrambled) infusions,
VIP antisense infusions significantly increase the latency to displace an intruder (c) and
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eliminate aggressive displacements in most male and female violet-eared waxbills during a
resident-intruder test (d). **P = 0.01. (e) VIP Antisense infusions in male zebra finches
significantly reduce aggressive behaviors in the context of nest defense within a colony
environment. Males were placed into either high aggression (black bars) and low aggression
(white bars) colony cages based on aggressive behavior during pre-screenings. *P = 0.02,
main effect of Treatment. Modified from [53].
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Proposed associations between VIP signaling and various social behaviors across taxa

Area Taxonomic group or Species Sex Behavior/Physiological Response Reference
Extended amyadala:
MeA, anterior zebra finches M, F nesting [67¢]
MeA, posterior zebra finches M, F nesting [67]
BSTm zebra finches M nesting [67¢]
BSTm estrildid finches, emberizid sparrows2 M, F flocking [27,33+]

tum:

CcS field sparrows, song sparrows M aggression [33¢]
LS violet-eared waxbills M aggression [48]
LS zebra finches M aggression (=) [49]
LS field sparrows M agonistic song (-) [48]
LSc, subpallial estrildid finches? M, F flocking [27]
LSO, medial chickens, doves, pigeons, quail2 M seasonal photoperiodic response [62-64, 66]
Other Telencephalic:
N, medial zebra finches M, F grouping [36°]
POA-hypothalamus:
AH, dorsal violet-eared waxbills, zebra finches M, F aggression [53e]
AH, dorsal zebra finches M, F nesting (-) [67]
IH/INF native Thai hens F incubation [14]
IH/INF native Thai hens F rearing [7]
INF/ME zebra finches M, F nesting” [67]
INF/ME bantam hens, turkeys F incubation [3, 4]
INF/ME ring doves M, F incubation [10]
MBH chickens, black-headed buntings M seasonal photoperiodic response [62, 64, 65¢]
MPA zebra finches M, F nesting [67¢]
MPO zebra finches M, F nesting [67¢]
SCN hamsters, humans, mice, rats> M, F circadian rhythms [15, 16+, 26+]
SCN mice, rats? F reproduction, ovulation [57e, 580¢]
SCN mice2 M seasonal encoding of photoperiod [61ee]
PVN zebra finches M, F flocking [33ee]
VMH zebra finches M, F nesting4 [67¢]
Midbrain:
CG zebra finches F nesting (-) [67<]
1Co, medial zebra finches M nesting (=) [67]
ICo, lateral zebra finches F nesting [67¢]
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Area Taxonomic group or Species Sex Behavior/Physiological Response Reference
VTA, caudal zebra finches F nesting [67¢]
Other:
ICV (VPAC antagonism) zebra finches M, F Grouping3, social contact, pair bonding [36¢e, 45¢]
IP (VPAC antagonism) NIH Swiss mice M sociability [37]
VIP genetic knockdown mice? M, F sociability [38]

Abbreviations: Extended amygdala: BSTm, medial bed nucleus of the stria terminalis; MeA; medial amygdala. Septum: CcS, caudocentral
septum; LS, lateral septum; LSc, caudal division of lateral septum (here subpallial includes ventrolateral and ventral LSc); LSO, lateral septal
organ. Other telencephalic: N, nidopallium. POA-hypothalamus: AH, anterior hypothalamus; IH, inferior nucleus; INF, infundibular nucleus;
MBH, mediobasal hypothalamus; ME, median eminence; MPA, medial preoptic area; MPO, medial preoptic nucleus; POA, preoptic area; PVN,
paraventricular nucleus; SCN, suprachiasmatic nucleus; VMH, ventromedial hypothalamus. Midbrain: CG, central gray; ICo, intercollicular
nucleus; VTA, ventral tegmental area. Other: ICV, intraventricular (infusion); IP, interperitoneal (injection).

Proposed relationship between VIP and behavior is positive unless otherwise indicated.

2 . . - . .
For these entries, please refer to the listed references for specific strains, crosses or species used.

A positive relationship is observed for females and a negative relationship is observed for males.

4 - . . . . -
A positive relationship is observed for males and a negative relationship is observed for females.

*
Trends were observed between the amount of VIP/Fos cells and nesting in the INF/ME.
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