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Synopsis Although the modulation of social behaviors by most major neurochemical systems has been explored, there
are still standouts, including the study of vasoactive intestinal polypeptide (VIP). VIP is a modulator of circadian,
reproductive, and seasonal rhythms and is well known for its role in reproductive behavior, as it is the main vertebrate
prolactin-releasing hormone. Originally isolated as a gut peptide, VIP and its cognate receptors are present in virtually
every brain area that is important for social behavior, including all nodes of the core “social behavior network” (SBN).
Furthermore, VIP cells show increased transcriptional activity throughout the SBN in response to social stimuli. Using a
combination of comparative and mechanistic approaches in socially diverse species of estrildid finches and emberizid
sparrows, we have identified neural “hotspots” in the SBN that relate to avian affiliative behavior, as well as neural
“hotspots” that may represent critical nodes underlying a trade-off between aggression and parental care. Specifically, we
have found that: (1) VIP fiber densities and VIP receptor binding in specific brain sites, such as the lateral septum,
medial extended amygdala, arcopallium, and medial nidopallium, correlate with species and/or seasonal differences in
flocking behavior, and (2) VIP cells and fibers within the anterior hypothalamus—caudocentral septal circuit relate
positively to aggression and negatively to parental care while VIP elements in the mediobasal hypothalamus relate
negatively to aggression and positively to parental care. Thus, while a given behavior or social context likely activates
VIP circuitry throughout the SBN and beyond, key brain sites emerge as potential “hotspots” for the modulation of
affiliation, aggression, and parental care.

Introduction

The “social behavioral network” (SBN) originally de- (Fig. 1A). These nodes include the preoptic area

scribed by Newman (1999) has been uncovered in (POA), anterior hypothalam}ls (AH), ventromedial
the basal forebrain and midbrain of reptiles, birds, hypot'halamus (VMH), medial e)‘(tended amygdala
and mammals (Crews 2003; Goodson 2005 (medial amygdala, MeA, and medial bed nucleus of

O’Connell and Hofmann 2011: Goodson and the stria terminalis, BSTm), midbrain central gray
’ (CG; includes intercollicular nucleus, Kingsbury et

al. 2011), lateral septum (LS), as well as the ventral
tegmental area (VTA) and paraventricular nucleus of
the hypothalamus (PVN) as more recent additions

nition, social communication, anxiety-like behavior, (ManeY. et al. 2?08; Goodson and  Kingsbury
and response to stressors (Newman 1999; Goodson 2013)(Fig. 1A). O’Connell "and Hofmann (2011)

2005; Goodson and Kingsbury 2013). The central have propose(.i an éx.panded .model of the SBN
nodes of this network represent highly intercon- called the social decision making (SDM) network,

nected brain regions and each node is involved in which {nch.ldes the? mesolimbic dopaml'nerglc
the modulation of multiple social behaviors reward circuitry that is central for the evaluation of

Kingsbury 2013). This conserved network functions
as the core circuitry for the regulation of vertebrate
social behaviors, such as courtship, reproduction, pa-
rental care, aggression, social affiliation, social recog-
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Fig. 1 The “social behavior network” based on Newman (1999).
(A) The core components of the social behavior network (SBN)
include the medial extended amygdala (medial amygdala, MeA,
and the medial bed nucleus of the stria terminalis, BSTm), medial
preoptic area (POA) and paraventricular nucleus (PVN), anterior
hypothalamus (AH), ventromedial hypothalamus (VMH), lateral
septum (LS), central gray (CG) or periaqueductal gray (PAG), and
the ventral tegmental area (VTA). (B) Schematic representation
of immediate early gene data for the behavioral context of ag-
gression, which is characterized by a distinct pattern of activation
across the nodes of the SBN. Taken from Goodson (2005). Of
note is that another behavior, such as affiliation, would elicit a
different pattern of activation. Furthermore, each node will likely
have distinct cell populations (e.g., VIP cells) with different re-
sponse profiles for a given social context.

stimulus salience and appetitive/avoidance behavior.
Thus, together with the SBN, the SDM adds addi-
tional mesolimbic dopaminergic areas such as the
striatum, nucleus accumbens (NAcc), ventral palli-
dum (VP), basolateral amygdala (bIAMY), hippo-
campus, and prefrontal cortex (PFC; in mammalian
models) (O’Connell and Hofmann 2011).

Within the SBN, Newman (1999) proposed that
behavior is not processed in a segregated linear fash-
ion. Rather, she suggested that many nodes within
the network respond to a social stimulus, and it is
the unique pattern of activation throughout the net-
work that is associated with a particular social con-
text and behavioral response (Fig. 1B). Indeed, when
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we examine cell responses across the network follow-
ing a given social stimulus or context, we observe
network-wide activation (Goodson 2005; Goodson
et al. 2005, 2015; Kingsbury et al. 2015). Similar to
the core structure, the subnuclear organization
within the nodes is likewise strongly conserved
(Risold and Swanson 1997; Goodson et al. 2004,
2009a; Kingsbury et al. 2011). Despite this remark-
able conservation, we continue to identify features
that likely contribute to individual and species dif-
ferences in behavior, such as variation in the number
and distribution of neuropeptide cells, fibers, and
receptors within the SBN, as well as differential ac-
tivation of neuropeptide cells across the SBN follow-
ing a given social stimulus.

Vasoactive intestinal polypeptide

While the roles of many neuropeptides and neuro-
modulators within the SBN have been explored, the
role of vasoactive intestinal polypeptide (VIP) re-
mains relatively unknown. VIP is a brain neuropep-
tide that is produced and released by many
hypothalamic and extrahypothalamic cell groups
(Table 1) and is best known as the major regulator
of prolactin (PRL) secretion from the pituitary in
vertebrates (Kato et al. 1978; Lam 1991; EL
Halawani 1997; Maney et al. 1999). PRL modulates
a number of reproductive behaviors in a variety of
species, such as nesting building in rabbits
(Gonzalez-Mariscal et al. 1996; Gonzalez-Mariscal
2001), parental feeding in ring doves (Buntin et al.
1991), lactation in mammals (Grattan and Bridges
2009), parental egg fanning in fish (de Ruiter et al.
1986), egg incubation in turkeys and bantam hens
(Sharp et al. 1989; el Halawani et al. 1996), and
chick-rearing in native Thai hens (Chaiyachet et al.
2013). Several studies suggest that it is the VIP cells
within the mediobasal hypothalamus, such as those
in the inferior nucleus (IH), infundibular nucleus
(INF), and median eminence (ME), which induce
the PRL release that is associated with parental care
(Cloues et al., 1990; Youngren et al., 1996; Chaiseha
et al., 1998; Chaiyachet et al., 2013). These medioba-
sal VIP cells, together with those in the lateral septal
organ (LSO), are also important for detecting pho-
toperiodic cues that seasonally stimulate the repro-
ductive axis and may facilitate migration (Silver et al.
1988; Saldanha et al. 1994; Li and Kuenzel 2008;
Rastogi et al. 2013; Kuenzel et al. 2015). However,
in addition to cells within the mediobasal hypothal-
amus, VIP cells, fibers, and receptors are present in
all core SBN nodes (Sims et al. 1980; Kuenzel and
Blahser 1994; Kuenzel et al. 1997; Joo et al. 2004;
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Table 1 The presence of VIP elements in the vertebrate SBN and
mesolimbic reward system and proposed neural hotspots for the
regulation of affiliation, aggression, and parental care by VIP

Area VIP cells VIP fibers VIP receptors
SBN

POA-hypothalamus

POA +++ +++ +

AH F++(AgP)  +++(AgP) +

PVN + +++ ++
VMH FH+(AgP) A+ AP+

IH +++ ++

INF +H+ AP+ +

ME +++ (Ag/PY 4+

Extended amygdala

MeA, anterior e ++ ++ (A)
MeA, posterior Ao 4+ ++ (A)
BSTm + ++ (A +(A)
BSTI ot ++
Septum

LSr - ++ ++ (A)
LSc.d (pallial) - +++ bt
LSc, (subpallial), - +++ ++ (A
nPC — 44

CcS - +++ (AglP?)  +

LSO, medial + +

Midbrain

CG +++ ++

ICo, medial +++ +++

ICo, lateral +

VTA, rostral* +4+ 44+

VTA, caudal* +++ ++

Mesolimbic reward system

Str +++ + ++
NAcc +++ +++
vP ++
HIP ++ ++ ++
Other telencephalic

Medial nidopallium - +(A) +++(A)
Rostral arcopallium, dorsal + ++ (A)
Rostral arcopallium, lateral + ++ (A)

Source: Data was generated from Goodson et al. (2006, 2012b),
Kingsbury et al. (2015), and Wilson et al. (2016).

Notes: (—) Areas where no VIP elements were observed. An absence
of — or+indicate brain areas not measured. (A): Neural hotspot for
the regulation of affiliative behavior by VIP. For (A), a positive rela-
tionship between VIP elements and social affiliation was observed.
(Ag/P): Neural hotspot for the regulation of a trade-off between
aggression and parental care by VIP.

Superscripts indicate the different studies where the trade-off was
observed:

‘Goodson et al. (2012a).

‘Goodson et al. (2012b).

‘Kingsbury et al. (2015); findings for VIP/Fos co-labeled cells are
presented rather than VIP cell number.

M. A. Kingsbury and L. C. Wilson

Goodson et al. 2006) and dopaminergic SDM sites
(Kuenzel et al. 1997; Goodson et al. 2006, 2012b)
(Table 1). Given this network-wide expression of
VIP cells and receptors, it is likely that VIP signaling
modulates a variety of social behaviors. Until re-
cently, however, the role of VIP in the behaviors
affiliated with these networks remained largely unex-
plored. Based on comparisons of VIP circuitry in
socially diverse species of estrildid finches and
emberizid sparrows, and manipulations of endoge-
nous VIP signaling in vivo, we describe VIP neural
“hotspots” in the SBN that relate to avian affiliative
behavior, as well as neural “hotspots” that may rep-
resent critical nodes underlying a trade-off between
aggression and parental These neural
“hotspots,” as we define them, are SBN nodes
where VIP signaling appears to be particularly im-
portant for the regulation of a given social behavior,
based on findings across multiple studies and/or
through the use of multiple techniques to assess
VIP function (Table 1).

care.

Neural hotspots for VIP’s modulation of
gregariousness
LSand BSTm

Both comparative and manipulative studies suggest
that VIP elements in select SBN nodes play an im-
portant role in avian grouping behavior and social
affiliation. In both birds and other vertebrates, VIP
effects are mediated by the VPAC receptors, VPAC1
and VPAC2, which bind both VIP and pituitary ad-
enylate cyclase activating peptide (PACAP) (Vaudry
et al. 2000), although PACAP also acts through a
single PACAP receptor, PAC1, which binds PACAP
with high affinity and VIP with very poor affinity
(Vaudry et al. 2000; Zawilska et al. 2003). In a
cross-species comparison, we examined VIP receptor
densities in five estrildid finches that differ selectively
in their species-typical group size but are similar in
other major aspects of behavior and physiology (i.e.,
all are socially monogamous, long-term pair bonders,
bi-parental, semi-opportunistic breeders, and inhabit
semi-arid and/or grassland scrub habitat) (Goodson
et al. 2006). These species included two highly terri-
torial asocial finches, the wviolet-eared waxbill
(Uraeginthus granatina) and melba finch (Pytilia
melba), that independently evolved territoriality and
have a species-typical group size of two (male—female
pair); one moderately gregarious finch species, the
Angolan blue waxbill (Uraeginthus angolensis), that
has an average group size of 8-40 individuals; and
two highly gregarious finch species, the zebra finch
(Taeniopygia guttata) and spice finch (Lonchura
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Fig. 2 VIP elements within specific brain sites are enhanced in
flocking species relative to non-flocking species. A-B.
Photomicrographs of '>I-VIP binding in the lateral septum of a
territorial melba finch (A) and a gregarious zebra finch (B).
Relative to territorial birds, gregarious birds have greater '*|-VIP
binding in the rostral lateral septum (LSr) and subpallial caudal
lateral septum (LSc.v and LSc.vl). Taken from Goodson et al.
(2006). (C) Gregarious species have significantly greater '**I-VIP
binding in the medial bed nucleus of the stria terminalis (BSTm),
LSr, and LSc, as compared to territorial species (adapted from
Table 1; Goodson et al. 2006). (D) VIP immunoreactive (-ir) fiber
density in the BSTm is greater in winter flocking emberizid spar-
rows (field sparrows and dark-eyed juncos) compared to winter
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punctulata), that independently evolved coloniality
and have a species-typical group size of 100 or
more (Skead 1975; Goodwin 1982; Zann 1996). We
found significantly higher densities of VIP binding
sites within LS nuclei (i.e., rostral LS, LSr; ventral
and ventraolateral nuclei of the caudal LS, LSc.v,
LSc.vl) in gregarious finches relative to territorial
finches (Fig. 2A-C). A similar pattern was observed
for the BSTm (Fig. 2C). Thus, VIP receptor sites
within two key nodes of the SBN appear to have
evolved in relation to sociality, with enhanced VIP
binding sites in more gregarious species (Goodson
et al. 2006).

Given that many species exhibit temporal varia-
tion in group size, we were interested in exploring
whether seasonal variation in grouping behavior is
associated with similar VIP mechanisms. For in-
stance, does VIP circuitry in a species that switches
to a gregarious phenotype resemble that of a year-
round gregarious species? For this cross-species
comparison, we examined VIP fiber densities in
four species of emberizid sparrows: two species that
switch between a territorial phenotype in the breed-
ing season and a flocking phenotype in the winter
(field sparrow, Spizella pusilla, and dark-eyed junco,
Junco hyemalis); a sparrow that is territorial year-
round (song sparrow, Melospiza melodia); and a
sparrow that switches from breeding territorially to
loosely distributing, but not flocking, in the winter
(eastern towhee, Pipilo erythrophthalmus)(Goodson
et al. 2012b). We found that VIP innervation of
the BSTm is greater in the two sparrow species
that flock during the winter compared to the two
species that do not winter flock (Fig. 2D). Thus,
VIP elements in the BSTm seem to be important
for both species-typical grouping and seasonal
grouping: BSTm VIP receptor density is associated
with a species-typical flocking phenotype and
BSTm VIP fiber density is associated with a winter
flocking phenotype.

MeA and arcopallium

We conducted an additional comparison in our four
sparrow species to determine if VIP receptor densi-
ties in sparrows that seasonally switch to a gregarious

Fig. 2 Continued

non-flocking sparrows (song sparrows and eastern towhees).
Taken from Goodson et al. (2012b). E-F. Seasonally flocking
sparrows show a winter increase in '**I-VIP binding density in the
medial amygdala (MeA) (E) and lateral rostral arcopallium (F) as
compared to the non-flocking sparrows. Taken from Wilson et al.
(2016), courtesy of S. Karger AG, Basel.
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winter phenotype resemble receptor density patterns
in year-round gregarious finches (Wilson et al.
2016). We predicted that increased VIP binding
would be observed in the LS and BSTm of winter
flocking sparrows (field sparrows and dark-eyed
juncos), as compared to non-winter flockers (song
sparrows and eastern towhees), as these SBN nodes
are characterized by greater VIP receptor density in
year-round flocking finches as compared to year-
round asocial finches. While we did not observe a
positive association between winter flocking and VIP
binding density in the LS or BSTm, we did find that
winter flocking is associated with a specific winter
increase in VIP binding in the MeA (Fig. 2E) and
rostral arcopallium, both lateral (Fig. 2F) and dorsal
arcopallial divisions (Wilson et al. 2016). The arcopal-
lium, formerly termed the archistriatum, has both
amygdaloid and somatic properties (Zeier and
Karten 1971; Reiner et al. 2004). We refer to the ros-
tral arcopallium as the arcopallial region dorsal to
MeA (nucleus taeniae) and immediately dorsal and
lateral to the robust nucleus of the arcopallium
(RA) (see Fig. 2F from Wilson et al. 2016). The
MeA, together with the BSTm, are components of
the medial extended amygdala, and the arcopallium,
whose homology still remains to be clarified (Reiner
et al. 2004), has been hypothesized to encompass parts
of pallial amygdala (Jarvis 2009; Hanics et al. 2016),
which is part of the mammalian SDM (O’Connell and
Hofmann 2011).

Medial nidopallium

Outside the core nodes of the SBN, VIP circuitry in
the medial nidopallium is also important for avian
affiliative behavior. The medial nidopallium, for-
merly termed the neostriatum (Reiner et al. 2004),
is part of the medial pallium, an area that is pro-
posed to be a prefrontal cortex homolog (Reiner
et al. 2004; Husband and Shimizu 2011; Kingsbury
et al. 2013). Given the links described above between
flocking behavior and increased VIP binding sites, we
hypothesized that activation of VPAC receptors in
gregarious zebra finches (T. guttata) promotes pref-
erences for larger groups. To test this hypothesis, we
infused a selective VPAC receptor antagonist (neuro-
tensin6-11-mouseVIP7-28; Nowak et al. 2003) or
saline control into the medial nidopallium of both
male and female zebra finches and examined whether
each subject chose to affiliate with 2 or 10 unfamiliar
same-sex conspecifics (Kingsbury et al. 2013). The
medial nidopallium of zebra finches is characterized
by an incredibly high density of VIP binding sites in
both male and female zebra finches (Fig. 3A, white

M. A. Kingsbury and L. C. Wilson

arrow; Goodson et al. 2006) and VPAC receptor an-
tagonism at this brain site reduces gregariousness
(i.e., preference for the larger group) in both sexes
(Fig. 3B), but has no effect on social contact or anx-
iety-like behaviors (Kingsbury et al. 2013). We have
also compared VIP fiber density in the medial nido-
pallium of a seasonally flocking sparrow (field spar-
row) and a year-round territorial sparrow (song
sparrow). Whereas both sparrows have similar VIP
fiber innervation of the medial nidopallium in the
spring breeding season, within the non-breeding
season, the winter flocking sparrow has greater VIP
innervation compared to the non-flocking sparrow
(Fig. 3C). Together, these results suggest that gregar-
iousness is modulated via VPAC activation in the
medial nidopallium.

VIP elements as modulators of affiliative behavior at
key brain sites

While many nodes within the SBN and SDM re-
spond to a social stimulus, it is the unique pattern
of activation throughout the network that is associ-
ated with a particular behavioral response (Goodson
2005; Goodson et al. 2005; O’Connell and Hofmann
2011). Furthermore, the magnitude of cell activity
within each individual node depends on the partic-
ular social behavior being assessed, the behavioral
phenotype of the animal, and the neurochemical
phenotype of the cells being examined (Goodson
2005). Based on our cross-species comparisons, we
propose that variation in VIP fiber and receptor den-
sity in the LS, BSTm, MeA, rostral arcopallium, and
medial nidopallium contribute to species differences
in grouping behavior by modulating VIP signaling
throughout the network.

It is perhaps not surprising that several SBN
nodes, such as the LS, BSTm, and MeA, emerge as
neural hotspots for the regulation of avian affiliative
behavior. Peptide circuits of the BSTm and LS are
known to be important for grouping behavior and
social affiliation in both birds and mammals, al-
though this has been mostly studied with regard to
the nonapeptides, oxytocin and vasopressin (Kelly
and Goodson 2014). The LS is also part of a brain
circuit linking contextual stimuli with reward pro-
cessing via projections to the VTA (Luo et al
2011), an area that is part of the mesolimbic dopa-
mine circuitry and implicated in pair bonding in
male prairie voles (Curtis and Wang 2005). With
regards to the medial extended amygdala, it is also
not unexpected that we observe a positive association
between VIP elements in the BSTm and MeA with
affiliative behavior since both regions (1) are highly
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Fig. 3 VIP in the medial nidopallium modulates gregariousness.

(A) "™31-VIP binding in a cross section through a zebra finch brain.

The medial nidopallium has an extremely high density of VIP
binding sites (white arrowhead). Taken from Goodson et al.
(2006). (B) VPAC antagonism in the medial nidopallium signifi-
cantly decreases gregariousness (i.e., preference for a larger
group of same-sex conspecifics) in both male and female zebra
finches. Taken from Kingsbury et al. (2013). (C) VIP immunore-
active (-ir) fiber density in the medial nidopallium is greater in
winter flocking male field sparrows compared to winter non-
flocking male song sparrows.
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interconnected (Newman 1999; Goodson 2005), (2)
are involved in the processing of stimuli with posi-
tive and negative valence (Nishijo et al. 1988;
Knapska et al. 2006; Paton et al. 2006), and (3) me-
diate social approach and avoidance (Newman 1999;
Sheehan et al. 2001; Goodson and Wang 2006).

Multiple lines of evidence, including our work,
suggest that the arcopallium may be a hotspot of
social modulation. We find that facultative flocking
is associated with enhanced VIP binding in the ros-
tral arcopallium (Wilson et al. 2016), an area whose
homology is not yet clear but which is believed to be
sensory somatic and/or pallial amygdalar in nature
(Reiner et al. 2004; Jarvis 2009). The pallial amygdala
includes the bIAMY (Martinez-Garcia et al. 2002), a
structure that integrates multi-model sensory infor-
mation for emotional regulation (LeDoux 2000) and
is involved in the modulation of goal-directed behav-
iors (O’Connell and Hofmann 2011). Interestingly,
similar to VIP binding sites, oxytocin binding sites
are also enhanced in the lateral rostral arcopallium in
winter flocking species compared to non-flocking
species (Wilson et al. 2016). Like VIP (Kingsbury
et al. 2013), oxytocin modulates grouping and affilia-
tive behavior (Young and Wang 2004; Goodson et al.
2009b; Goodson and Kingsbury 2011; Young et al.
2011). In pigeons, the dorsal arcopallium is rich in
dopaminergic fibers (Reiner et al. 2004). Within
golden-collared manakins, the arcopallium, together
with the MeA, express an extremely high density of
androgen receptors (Fusani et al. 2014), and thus the
arcopallium has been implicated in the premotor
control of courtship displays (Fusani et al. 2014).
In Japanese quail, cells within the arcopallium are
activated in response to appetitive and consumma-
tory sexual behavior, which may relate to activation
in both limbic and sensorimotor systems that coor-
dinate copulatory behavior (Ball and Balthazar 2001).
Finally, VIP cells in the acropallium are implicated in
the vocal control of song (Ball et al. 1988). We spec-
ulate that neuropeptide signaling in the arcopallium
could facilitate social approach that is a component
of affiliative behavior, either for courtship/copulation
or flocking (Wilson et al. 2016).

Despite the high concentration of VIP receptors in
the medial nidopallium of gregarious zebra finches
(Goodson et al. 2006), we were initially surprised to
discover that endogenous VIP signaling within this
area promotes gregariousness (Kingsbury et al. 2013).
However, the medial nidopallium, which is part of
the medial pallium, may be homologous to the
mammalian PFC based on connectional and func-
tional data. For instance, both the medial pallium
of pigeons and the mammalian PFC (1) are part of
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a “limbic loop” that includes the mediodorsal thal-
amus, VP, and NAcc, (2) have extensive connections
to the NAcc, and (3) have a direct connection from a
homologous thalamic nucleus (the anterior dorsome-
dial nucleus in birds and the mediodorsal nucleus in
mammals) (Metzger et al. 1996; Veenman et al. 1997;
Montagnese et al. 2003; Husband and Shimizu 2011).
Furthermore, both the mammalian PFC and NAcc
are components of the mesolimbic dopaminergic
reward circuitry, mediate the reinforcing effects of
drugs and natural stimuli, and are important for af-
filiation and social attachment (McBride et al. 1999;
Young et al. 2001). In birds, cells within the medial
pallium respond to both appetitive and consumma-
tory sexual behavior (Ball and Balthazar 2001). Thus,
the avian medial nidopallium may regulate social ap-
proach to rewarding stimuli.

While the arcopallium and medial nidopallium are
not core components of the SBN, these structures may
be part of the mesolimbic reward circuitry, and hence,
the SDM proposed by O’Connell and Hofmann. For
instance, the arcopallium is hypothesized to encom-
pass parts of pallial bIAMY (Reiner et al. 2004; Jarvis
2009), a structure that is part of the mesolimbic do-
paminergic system (O’Connell and Hofmann 2011).
The medial nidopallium is part of the medial pallium,
a proposed homologue for mammalian PFC
(Husband and Shimizu 2011), and within mammals,
the PFC is included as part of the mesolimbic reward
circuitry (McBride et al. 1999).

In summary, we hypothesize that the modulation
of affiliation by VIP is mediated by increases in VIP
fiber density within the BSTm and/or medial nidopal-
lium, increases in VIP receptors within the MeA,
BSTm, LS, medial nidopallium and/or rostral arcopal-
lium, or some combination thereof. As regards to
whether VPAC receptors are activated by locally pro-
duced VIP or VIP produced in more distal cell bodies,
it is possible that VPAC receptors in the extended
medial amygdala are activated by locally produced
VIP, as well as VIP from distant sites, due to the
presence of both VIP cells and fibers in the MeA
and BSTm. We speculate that activation of VPAC
receptors in the LS, medial nidopallium, and arcopal-
lium is likely due to VIP produced at distal cell bodies
due to a lack of VIP cells observed with these regions.

Neural hotspots for VIP’s modulation of
parental care and aggression
Mediobasal hypothalamus

The mediobasal hypothalamus includes the VMH, IH,
INF, and median eminence and previous research sug-
gests that VIP cells within these regions (1) mediate
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the PRL release that is associated with reproductive
and parental behaviors (Cloues et al. 1990; Youngren
et al. 1996; Chaiseha et al. 1998; Chaiyachet et al.
2013) and (2) detect the photoperiodic changes nec-
essary for the seasonal stimulation of gonadal devel-
opment (Saldanha et al. 1994; Li and Kuenzel 2008;
Kuenzel et al. 2015). VIP-immunization in domestic
fowl blocks VIP-induced increases in plasma PRL
levels, reducing nesting activity in turkeys (el
Halawani et al. 1996) and increasing nest desertion
in incubating bantam hens (Sharp et al. 1989).

AH and caudal septum

Previous work in territorial violet-eared waxbills
demonstrates that VIP signaling in the AH and
caudal septum mediates aggression. Septal infusions
of VIP targeting the caudal septum in male violet-
eared waxbills significantly increase aggressive behav-
iors (i.e., chases and threats) and decrease the latency
to aggress in a modified resident-intruder paradigm
(Goodson 1998). In a detailed study of the che-
moarchitectonic divisions of the avian septum, VIP
fibers were found to be concentrated in the subpallial
LS and caudocentral septum (CcS)(Goodson et al.
2004). The septum receives projections from the
AH (Atoji and Wild 2004), a brain area well
known for the mediation of aggression and agonistic
behavior (Nelson and Trainor 2007). Because the
dorsal AH (AHd) contains a discrete population of
VIP cells, we hypothesized that VIP in the AHd
modulates aggression. Indeed, knockdown of VIP
peptide using antisense oligonucleotides significantly
decreases resident-intruder aggression in violet-eared
waxbills and nest defense aggression in zebra finches
compared to control animals (Goodson et al. 2012a).

VIP mediated trade-off between aggression and
parental care

A common avian life history trade-off involves effort
directed toward mating (i.e., mate competition and
resident-intruder aggression) versus effort directed
toward parental care. This trade-off can be modu-
lated by testosterone, with higher levels generally in-
creasing mating effort at the expense of parental care
(McGlothlin et al. 2007). Based on data from three
independent studies, we propose that two different
populations of VIP neurons may represent critical
neural nodes underlying a trade-off between male
aggression and male parental care. Within the con-
text of the SBN, we hypothesize that aggression is
facilitated by a simultaneous increase in VIP signal-
ing within the AH/CcS and decrease within the med-
iobasal hypothalamic areas. Similarly, we hypothesize
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Fig. 4 VIP elements in the anterior hypothalamus (AH) and mediobasal hypothalamus (tuberal hypothalamus and ventromedial hy-
pothalamus, VMH) suggest that VIP signaling mediates a trade-off between aggression and parental care. A-B. VIP cell numbers in the
AH and tuberal hypothalamus of male violet-eared waxbills differentially relate to aggression. (A) VIP-ir cells in the AH of controls
infused with scrambled oligonucleotides correlate positively with aggressive displacements (Spearman rank correlation). (B) For controls
infused with scrambled oligonucleotides, subjects that did not exhibit displacements have significantly more VIP-ir cells in the tuberal
hypothalamus compared to controls that did exhibit aggressive displacements (n=2 and 7, respectively, unpaired t-test). Taken from
Goodson et al. (2012a). C-D. VIP fiber density in the AH and VMH of male sparrows differentially relates to aggression. Aggression
(measured as PC1 from a principal component analysis) in field sparrows (closed circles) and song sparrows (open circles) correlates
positively with the optical density (O.D.) of VIP-ir fibers in the AH (C) and negatively with the O. D. of VIP-ir fibers in the lateral VMH
(D). Note that more negative PC1 values stand for higher aggression (arrows on Y axis). Taken from Goodson et al. (2012b). E-F. VIP
cell activation in the AH and VMH of zebra finches differentially relates to nesting behavior. (E) VIP-Fos colocalization in the AH
correlates negatively with the amount of time spent in the nest cup by nesting males. F. VIP-Fos colocalization in the VMH correlates
positively with time in nest for males (F). Data points from nesting males are shown in heavy circles; data points from males with nest
cups only (no nest material) are shown in lighter circles. Taken from Kingsbury et al. (2015).

that parental care is facilitated by a concurrent en-
hancement of VIP signaling in the mediobasal hypo-
thalamus and suppression within the AH/CcS.

In support of this hypothesis, we find that VIP cell
number in the AH and tuberal hypothalamus (INF
and ME; parts of the mediobasal hypothalamus) dif-
ferentially relates to aggression in male violet-eared
waxbills (Fig. 4A-B). For instance, the number of

VIP-immunoreactive (-ir) cells in the AH correlates
positively with aggression (Fig. 4A) and violet-eared
waxbills that did not displace intruders had signifi-
cantly more VIP-ir tuberal cells, as compared to
those who actively displaced intruders (Fig. 4B).
More support for this hypothesis comes from our
sparrow dataset where we investigated whether indi-
vidual and species differences in VIP neurochemistry
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can predict aggressive behavior, given that field spar-
rows are less aggressive than song sparrows during
the breeding system (Goodson et al. 2012b). A prin-
ciple component analysis was conducted using ag-
gressive behaviors measured during the spring
breeding season for field and song sparrows. This
analysis yielded a single component, PC1, which
strongly loaded all four aggressive variables with pos-
itive scores indicating low aggression and negative
scores indicating high aggression. A significant neg-
ative correlation with PC1, and hence, positive cor-
relation with aggression was observed for VIP-ir fiber
density in the AH (Fig. 4C) and CcS (Goodson et al.
2012b). In contrast, a significant positive correlation
with PC1, and hence, negative correlation with ag-
gression was observed for VIP-ir fiber density in
VMH (Fig. 4D). Note that VIP-ir fiber density pre-
dicts both individual differences in aggression as well
as species differences (Fig. 4C-D). Finally, a study
examining VIP cell number and VIP cell activation
in nesting zebra finches lends further support for this
hypothesis (Kingsbury et al. 2015). Whereas time
spent in a nest cup correlates negatively with the
percent of VIP/Fos double-labeled cells in the AH
(Fig. 4E), time spent in the nest cup correlates pos-
itively with the percent of VIP/Fos double-labeled
cells in the VMH (Fig. 4F). Thus, studies from
male territorial violet-eared waxbills, field sparrows,
song sparrows, and gregarious zebra finches support
the hypothesis that VIP elements within the AH and
mediobasal hypothalamus mediate a trade-off be-
tween aggressive behavior and reproduction. We do
not know as much about VIP’s proposed trade-off
for reproduction versus parental care in females, al-
though what we do know is partially consistent with
what we have found for males. Similar to results
from males, knockdown of AHd VIP production in
female violet-eared waxbills drastically reduces ag-
gression, indicating that the AHd VIP cell group reg-
ulates aggression in both sexes. Furthermore, time
spent in a nest cup is negatively correlated with
VIP cell activation in the AHd of both male and
female zebra finches (Kingsbury et al. 2015).
However, whereas nest cup time is positively corre-
lated with VIP cell activation in the VMH for male
zebra finches, no such relationship is found for fe-
males (Kingsbury et al. 2015). In addition, while we
present additional evidence to support our hypothe-
sis for VIP’s modulation of a trade-off between re-
production and parental care in Fig. 4A-D, we were
only able to examine males within these studies due
to the greater difficulty in catching females in the
field. Thus, it remains to be determined whether
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the regulation of a trade-off between aggression
and parental care by VIP exists for females.

Within the context of the SBN, we hypothesize
that the trade-off between aggression versus parental
care is mediated by an opposing change in VIP cell
number, fiber density, and/or VIP cell activation
within the mediobasal hypothalamus (VMH, INF,
ME) and the AH/CcS (Table 1).

Conclusions

The comparative and mechanistic studies presented
here within socially diverse species of estrildid
finches and emberizid sparrows highlight a role for
VIP signaling in avian grouping, aggression, and pa-
rental care. We propose that enhancement of VIP
receptors and/or VIP fiber innervation in neural
“hotspots,” such as the LS, BSTm, medial nidopal-
lium, and arcopallium, promote flocking in species
characterized by stable year-round group size, as well
as in species that switch between gregarious and ter-
ritorial phenotypes. Based on correlations of VIP cell
number, VIP fiber density, and VIP cell activity with
aggressive and reproductive behaviors, we also pro-
pose that VIP elements in the AH/CcS and medio-
basal hypothalamus may represent critical nodes that
underlie a trade-off between male aggression and
male reproductive behavior. Thus, while VIP cir-
cuitry throughout multiple nodes of the SBN and
SDM is likely activated in response to a given
social context, key brain sites emerge as potential
“hotspots” for a given social behavior.

Outside of birds, we know surprisingly little with
regards to the role of VIP in affiliation, aggression,
and parental care. Most of the work in mammals has
focused on the role of VIP in the modulation of
circadian and reproductive rhythms (reviewed in
Kingsbury 2015). Furthermore, while our findings
in birds are complemented by studies in mice,
which demonstrate that a reduction of VIP signaling
in utero leads to deficits in social approach and so-
ciability in adolescent and adult offspring (Hill et al.
2007; Stack et al. 2008), the brain site of VIP action
for social affiliation within mammals is unknown.
Thus, a future direction could be to examine the
role of VIP signaling with the SBN of different ver-
tebrate taxa with regards to the social behaviors stud-
ied here.

VIP can stimulate the release of other brain neu-
ropeptides, such as oxytocin and vasopressin
(Bardrum et al. 1987, 1988), which are also impor-
tant for the social behaviors described here.
However, a major gap in our knowledge is how
these brain neuropeptides might act together to
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modulate behavior, especially since each of these
peptides is found widely distributed throughout the
SBN and SDM. Thus, another future direction is to
examine how these neuropeptide systems collectively
act with the SBN and SDM to coordinate various
social behaviors.
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