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Abstract

Many species, including humans, engage in a series of behaviors that are preparatory to the arrival
of offspring. Such "nesting behaviors" are of obvious importance, but relevant neuroendocrine
mechanisms remain little studied. We here focus on the potential roles of vasoactive intestinal
polypeptide (VIP) in the performance of appetitive and consummatory nesting behaviors in male
and female zebra finches (Taeniopygia guttata). Using combined immunocytochemistry for Fos
and in situ hybridization for VIP, we now show that many VIP cell groups show increased
transcriptional activity in response to nest building in male and female zebra finches. Particularly
strong data come from the preoptic area (medial preoptic area and medial preoptic nucleus), where
VIP-Fos co-expression correlates positively with three different measures of nesting behavior, as
does the number of VIP-expressing cells. Remarkably, we find that VIP mRNA and/or VIP-Fos
co-expression is correlated with nesting behavior in virtually every brain area that we examined,
including the medial amygdala (anterior and posterior), medial bed nucleus of the stria terminalis,
medial preoptic area, medial preoptic nucleus, anterior hypothalamus, ventromedial hypothalamus,
periaqueductal gray complex (central gray and nucleus intercollicularis), and ventral tegmental
area. Near-significant effects are also obtained in the tuberoinfundibular hypothalamus. Although
most correlations are positive, negative correlations are observed for the VIP cell group of the
anterior hypothalamus, a population that selectively promotes aggression, and also the
periaqueductal gray complex. These data demonstrate a network-wide relationship between
peptide production and social behavior that is, to our knowledge, unparalleled by other peptidergic
modulators.

Introduction

Nesting behavior takes a variety of forms across vertebrates -- such as the location of a den,
provisioning of a human nursery, simple excavation of a depression, or highly complex
behaviors such as the construction of large communal nests, as in some weavers.
Importantly, unlike all other aspects of parental care, these nesting behaviors are exhibited
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prior to, and in the absence of, the stimuli associated with parturition, egg laying or
offspring. Hence, the neuroendocrine mechanisms that underlie nesting behavior may be
quite different from the mechanisms of actual offspring care. However, whereas the neural
mechanisms of offspring care have been extensively investigated, comparatively little is
known about the neural mechanisms of nesting. We here focus on the potential role of
vasoactive intestinal polypeptide (\VVIP) in the performance of nesting behaviors in male and
female zebra finches. VIP and its cognate VPAC receptors are essential for prolactin (PRL)
secretion (Macnamee et al., 1986; Lam, 1991; El Halawani et al., 1996; Chaiseha et al.,
1998; Maney et al., 1999; Vleck and Patrick, 1999; Christensen and Vleck, 2008;
Chaiyachet et al., 2013) and are present in virtually every brain area that is known to be
important for social behavior, including all nodes of the core "social behavior network
(social behavior network: Newman, 1999; Goodson and Kingsbury, 2013; VIP/VPAC: Sims
et al., 1980; Roberts et al., 1982; Antonopoulos et al., 1987; Kuenzel and Blahser, 1994;
Aste et al., 1995; Kuenzel et al., 1997; Chaiseha et al., 1998; Joo et al., 2004; Goodson et al.,
2006; Chaiyachet et al., 2013). These features suggest that VVIP may be an important
modulator of nesting behavior, yet the social functions of VIP circuits remain little known.

PRL regulates many aspects of reproductive behavior and parental care in a variety of
species, including nesting building in rabbits (Gonzalez-Mariscal et al., 1996; Gonzalez-
Mariscal, 2001), crop-sac development and parental feeding in ring doves (Buntin et al.,
1991; Lea et al., 1991; Buntin et al., 1999), lactation in mammals (Grattan and Bridges,
2009), parental egg fanning in fish (de Ruiter et al., 1986), incubation behavior in bantam
hens (Sharp et al., 1989) and turkeys (El Halawani et al., 1996), and chick rearing in native
Thai hens (Chaiyachet et al., 2013). It is well established that VIP is a major PRL-releasing
hormone for a variety of mammals (Lam, 1991; Watanobe and Sasaki, 1995; Christian et al.,
2007) and birds (El Halawani, 1997), such as domestic fowl (Lea and Vowles, 1986;
Macnamee et al., 1986; Kulick et al., 2005) and songbirds (Maney et al., 1999; Vleck and
Patrick, 1999), including the opportunisticly breeding zebra finches studied here (Vleck and
Patrick, 1999; Christensen and Vleck, 2008). In addition, changes in VIP portal blood levels
closely mirror changes in plasma PRL levels across the reproductive cycle, as do VIP
expression in the tuberoinfundibular hypothalamus (Inf) and VIP immunoreactivity in both
the Inf and median eminence, (Cloues et al., 1990; Youngren et al., 1996; Chaiseha et al.,
1998; Chaiyachet et al., 2013), suggesting a role for VIP in the control of PRL-mediated
breeding behaviors. Finally, immunization against VIP blocks VIP-induced increases in
plasma PRL levels and reduces nest visits/incubation behavior in turkeys (EI Halawani et al.,
1996) and increases nest desertion in incubating bantam hens (Sharp et al., 1989).
Interestingly, dopamine regulates the VIP-mediated release of PRL in turkeys via actions on
its receptors (Youngren et al., 1998; Al Kahtane et al., 2003; Bhatt et al., 2003) and changes
in hypothalamic VIP during incubation and nest deprivation in native Thai hens are
associated with changes in tyrosine hydroxylase-immunolabeling (Prakobsaeng et al., 2011),
providing evidence for a role for DA in the regulation of VVIP/PRL secretion and the
associated reproductive behaviors.

Beyond PRL secretion, an accumulating body of evidence demonstrates that VIP is involved
in the modulation of a variety of social behaviors, consistent with the widespread
distribution of VIP elements across brain areas that are essential for the expression of
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parental, aggressive, sexual and affiliative behaviors. To date, VIP has been shown to be
important for aggressive and agonistic communication in emberizid sparrows and estrildid
finches (Goodson, 19983, b; Goodson et al., 2012a); social contact, gregariousness, and pair
bonding in zebra finches (Kingsbury et al., 2013; Kingsbury and Goodson, 2014); and social
recognition and sociability in mice (Hill et al., 2007a; Hill et al., 2007b). Indirect evidence
suggests that VIP is also important for seasonal flocking in sparrows (Goodson et al.,
2012b). Notably, the effects of VIP signaling on behavior are often site specific and in some
instances, sex-specific.

To specifically explore VIP’s role in preparatory nesting, we here combined Fos
immunocytochemistry (ICC) and VIP in situ hybridization (ISH) in order to examine Fos
induction in VIP cells across the "social behavior network™ (Newman, 1999; Goodson and
Kingsbury, 2013) in response to nesting. ISH was chosen for the detection of VVIP because
some VIP populations are not detectable with ICC due to rapid peptide release (Goodson et
al., 2012a). Consistent with VVIP’s widespread distribution and its importance for a variety of
social behaviors, we find that VIP mRNA and/or VIP-Fos co-expression is correlated with
nesting behavior in virtually every socially relevant brain area that we examined.

Subjects and behavioral testing

Zebra finches were housed in male-female pairs in cages measuring 91 cm Wx43 cm Hx36
cm D. Subjects were kept on a 14L:10D photoperiod with full spectrum lighting and were
provided finch seed mix, cuttlebone, grit, and water ad libitum. Experimentation was
conducted in a humane manner and approved by the Institutional Animal Care and Use
Committee of Indiana University.

Behavioral observations were conducted as previously described (Klatt and Goodson, 2013).
Birds were prescreened for nesting behavior over a period of 4 days, during which unlimited
access to nesting material (shredded burlap) and a nest cup was provided. A millet stalk was
also placed in the cage, given that some subjects would be provided with a millet stalk as a
control stimulus in the Fos experiment. At the end of prescreening, all nesting material and
nests were removed from the cages. Only pairs that built complete nests were retained (n =
21 pairs). Nests and nesting material were removed for a period of 4-5 days prior to the Fos
experiment in an effort to promote nesting behavior.

On the morning of testing, subjects received a nest cup and nesting material (n =7 pairs), a
nest cup and a stalk of millet (n = 7 pairs) or only a nest cup (n =7 pairs). The millet was
provided to control for Fos induction related to general activity and oral manipulation.
However, no differences were observed between the data collected for the millet group and
the control group that received no stimulus, and thus these groups were combined into a
single control group (n = 14 pairs) for analyses. Subjects were video recorded for 30 min
and we quantified the amount of time spent in the nest cup, the number of nest items picked
up ("pick-ups"), and the number of nest items carried to the nest ("deliveries"). Subjects
were sacrificed 90 min after the initiation of testing. Because all pairs were provided with a
nest cup, any between-groups differences in Fos induction must reflect group differences in
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actual nesting (i.e, consummatory behavior), rather than appetitive attraction to the nest cup.
This design allows us to correlate time in the nest cup (possibly representing appetitive
nesting behavior) with VIP and Fos labeling across the entire subject pool.

Cloning of finch VIP

Total RNA was isolated from brain using RNApure (GenHunter, Nashville, TN). For
standard and 3° RACE PCR reactions, cDNA was synthesized using Superscript I
(Invitrogen; 3’RACE System for Rapid Amplification of cDNA Ends). Conserved regions
of VIP mRNA sequence were identified by ClustalW comparison of VIP mRNA sequences
from chicken (Genebank NM205366) and sparrow (AB292731). Conserved regions were
used to design PCR primers for finch VIP. For 3’ RACE reactions, 500 nM gene-specific
upstream primers (ZFvip410F 5’ TAGAAATGCAAGGCATGCTG3’ and ZFvip510F
5’"CGAGTTAGCTCCCAGGACAG3’) were included in PCR reactions containing 200 nM
3’ RACE downstream primers (either the Universal or Abridged Universal Amplification
Primers, Invitrogen, Carlsbad, CA); 0.5ul cDNA and 1X concentration REDTag Ready Mix
PCR Mix (Sigma, St. Louis, MO) in a 25 pl reaction. Reactions were cycled 35X using a
touchdown PCR program [30 sec denaturation 95°C step, 1 min annealing step (65°C during
cycle 1, and a 0.5°C decrease for each subsequent cycle until a 60°C annealing temperature,
60°C annealing temperature for all subsequent cycles)] and a 3 min 72°C extension step.
Products were cloned using the TOPO TA Cloning Kit (Invitrogen). To select for plasmids
with cloned PCR inserts, bacteria were grown overnight on LB plates containing 50 pug/ml
kanamycin) and 80 ug/ml 5-bromo-4-chloro-3-indolyl-beta-D-galactopyranoside (X-gal).
Plasmids were purified using QlAprep Spin Miniprep Kit (QIAGEN, Valencia, CA).
Sequencing reactions were performed by the Mount Desert Island Biological Laboratory
(Salisbury Cove, ME). Sequence traces were analyzed using Finch TV 1.4 chromatogram
viewer (Geospiza, www.geospiza.com/finchtv). The NCBI BLAST database and ORF
Finder (NCBI) were used for sequence analysis and sequence translation. A 558 bp fragment
was found that shared 98% identity with sparrow VIP and 92% identity with chicken VIP.
The fragment contained the 3’ region of the transcript, including 81 amino acids of the
coding region, the stop codon, the 3’ untranslated region and 2 polyadenylation sites.

Riboprobe preparation

Plasmid DNA containing the 558 bp fragment was grown from bacterial stocks, isolated
with Wizard Plus SV Minipreps DNA Purification System (Promega, Madison, W1),
precipitated with 3M sodium acetate (pH 5.2) and 100% EtOH, and linearized with either
FastDigest Notl restriction enzyme (Thermo Scientific, Waltham, MA) or Hindlll (Roche
Diagnostics, Indianapolis, IN) to generate antisense and sense riboprobes. Linearized
plasmid DNA was purified with UltraClean PCR Clean-Up DNA purification Kit (MO BIO
Laboratories, Carlsbad, CA) or Agencourt AMPure XP beads (Beckman Coulter, Pasadena,
CA) and a magnetic separation rack (New England Biolabs, Ipswich, MA). Transcription
was performed using 10X Digoxigenin (DIG) RNA dNTP labeling mix (Roche
Diagnostics), RNAse inhibitor (Roche Diagnostics), SP6 or T7 RNA polymerases (New
England Biolabs) and 10X transcription buffer (New England Biolabs). Following
transcription, RNA was precipitated with 4M LiCl and 2.5 volumes of 100% EtOH and then
washed in 70% EtOH to remove unincorporated DIG dNTPs. Ribroprobe concentration was
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assessed on a Dot Blot using serial dilutions of probe and control RNA (100 ng/pul, Roche
Diagnostics). Visualization of probe and control RNA was performed using anti-DIG-AP
antibody (1:1000, Roche Diagnostics), followed by a detection reaction with 4-Nitro blue
tetrazoium chloride and 5-Bromo-4-chloro-3-indolyl-phosphate (Roche Diagnostics).

Histology and ICC-ISH

Subjects were sacrificed 90 min after the initiation of testing and brains were processed as
previously described (Klatt and Goodson, 2013). One of the three 40 um tissue series was
used here for ICC-ISH. Sections through areas of interest were first immunofluorescently
labeled for Fos using standard lab protocols (Goodson et al., 2012a) followed by fluorescent
ISH for VIP. Tissue was immunolabeled using the primary antibody, rabbit anti-Fos
(5:1000; Santa Cruz Biotechnology, Santa Cruz, CA) and a donkey anti-rabbit secondary
conjugated to Alexa Fluor 594 (5:1000, Invitrogen). Following two 15 min rinses in PBS,
sections were then processed for ISH under RNAse-free conditions as described previously
(Goodson et al., 2012a). Tissue was rinsed twice for 5 min in PBS + 0.1% Triton (PBST, pH
7.4), followed by a rinse in 0.1M Triethanolamine-HCL (TEA, pH 8.0) for 5 min. Sections
underwent acetylation in TEA + 0.25% acetic anhydride for 10 min with agitation, followed
by two additional 5 min rinses in PBST. Sections were then placed in hybridization buffer
consisting of 50% deionized formamide, 10% dextran sulfate, 4X sodium saline citrate
(SSC), 1X Denhardt’s solution and1pl transfer RNA (10.5 mg/ml) per 40 ml, to which 50 pl
salmon sperm DNA/mI hybe buffer was added for prehybridization at 37°C for 30 min.
Riboporobe was diluted to 750 ng/ml hybe buffer, denatured at 75°C for 5 min and
immediately placed on ice. Sections were hybridized with probe solution (500 pl probe
solution per well containing ~6 sections) at 52°C for 48 h in a humidified chamber protected
from light. Following hybridization, tissue sections underwent two 10 min rinses in 2X SSC,
two 10 min rinses in 1X SSC, and two 10 min rinses in 0.1X SSC, all at 37°C with agitation.
Tissue was then rinsed in TN buffer (100 mM Tris HCI, 150 mM NacCl, pH 7.5) for 10 min
at RT and blocked for 30 min in TNB buffer consisting of TN buffer + 0.5% blocking
reagent (Roche Diagnostics). Tissue was incubated with anti-DIG-POD, Fab fragments
(Roche Diagnostics) diluted in TNB buffer (1:500) for 1 h at RT. Tissue was rinsed twice
for 15 min each at RT in TNT buffer consisting of TN buffer + 0.05% Tween-20. Tissue
was then processed for Tyramide Signal Amplification using the TSA Plus Biotin Kit
(PerkinElmer, Waltham, MA). Tissue was incubated with Biotin amplification reagent
diluted 1:200 in 1X Plus amplification diluent for 10 min with agitation. Tissue was then
rinsed twice for 10 min each in TNT buffer and incubated for 2 h with streptavidin
conjugated to Alexa Fluor 488 (Molecular Probes, Eugene, OR) diluted in TNB buffer
(3:1000) for visualization of VIP mRNA. Sections were mounted on subbed slides and
coverslipped with ProLong Gold antifade reagent containing DAPI nuclear stain
(Invitrogen) and immediately photographed. The specificity of the VIP riboprobe was
confirmed by in situ hybridization of adjacent sections with antisense and sense strands and
is presented in Supplementary Figure 1.

Double ICC for Fos and VIP

We observed poor resolution of Fos- immunoreactive (-ir) neurons along the midline of the
Inf in tissue processed for ICC-ISH. We therefore processed an additional series for both
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VIP and Fos ICC. Tissue was labeled for ICC as described above, with the addition of a
primary goat anti-VIP antibody (1:1000; Santa Cruz Biotechnology) alongside the primary
rabbit anti-Fos. To visualize VIP-ir cells, tissue was incubated with a donkey anti-goat
secondary conjugated to Alexa Fluor 488 (3:1000, Invitrogen), in addition to the donkey
anti-rabbit secondary conjugated to Alexa Fluor 594 for visualization of Fos-ir cells. The
specificity of the primary goat anti-VIP antibody was demonstrated by the pre-absorption
test and is presented in Supplementary Figure 2.

Quantification

Images were acquired as previously described (Klatt and Goodson, 2013) and cell counts
were conducted according to standard lab protocols (Goodson and Wang, 2006; Goodson et
al., 2009; Goodson et al., 2012b). Labeling was quantified in the medial amygdala (MeA;
anterior, capping the solid band of the ventral amygdalofugal tract, and posterior,
ventromedial to the fascicles of the ventral amygdalofugal tract; (see Goodson et al., 2012b);
medial bed nucleus of the stria terminalis (BSTm; supracommissural); medial preoptic
nucleus and medial preoptic area (MPO and MPA, respectively; both rostral, medial to the
septomesencephalic tract); anterior hypothalamus (AH; delineated as in (Goodson et al.,
2012a; Goodson and Kingsbury, 2013); ventromedial hypothalamus (VMH);
tuberoinfundibular hypothalamus (Inf); periaqueductal gray (PAG) complex including the
central gray, CG, and nucleus intercollicularis, I1Co; see (Kingsbury et al., 2011) ventral
tegmental area (VTA,; rostral and caudal; see Goodson et al., 2009).

Statistical analyses

Group differences in VIP-Fos colocalization (i.e., the percent of VIP-expressing neurons
that were Fos-ir-positive) were examined using SexxCondition ANOVAS. No significant
differences were observed between the two control conditions (nest cup plus millet versus
nest cup alone) and thus those conditions were combined to form a single Control group. For
the Nesting subjects only, linear regressions were conducted that each included one of the
behavioral variables (time spent in the nest cup; pick-ups; and deliveries) and one of the
three anatomical variables -- VIP-Fos colocalization, as just defined; the total number of
VIP-expressing neurons; and the raw number of neurons double-labeled for VIP and Fos.
Finally, because all subjects were given nest cups, regressions for time spent in the nest cup
were performed with Nesting and Control subjects combined.

An obvious concern with this analytical approach is that the potential for type 1 error is
high. However, calculating that probability is not straightforward, given that the multiple
analyses for any given brain area are not independent. For instance, the number of VIP-
expressing neurons is not independent of the raw number of double-labeled neurons, and the
raw number of double-labeled neurons is not independent of VIP-Fos colocalization
(defined as the percent of VIP neurons that co-express Fos). Thus, in our interpretations of
the data, we consider findings for a given brain area to be significant only if 2 or more
analyses yield a consistent pattern of results. Importantly, even if all analyses for each brain
area were independent, only a single significant effect should be expected by chance. The
probability that 2 significant effects would be obtained by chance is much lower, and the
probability that those 2 (or more) effects would all fall in the same direction is lower yet.
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Notably, for several brain areas, numerous significant effects are obtained that all fall in the
same direction, and we observe no effects for a given brain area that are contradictory (i.e.,
all correlations for a given brain area are either positive or negative). In fact, with the
exception of the AH cell group and cell groups of the PAG complex, all other cell groups
exhibit positive relationships to nesting. As addressed in the Discussion, the negative
relationship between the AH cell group and nesting behavior is expected a priori based on
previous experimental evidence and on recent Fos data on nesting behavior, as are the
negative relationships for the PAG complex (i.e. medial 1Co and CG), based on circuit
models of maternal care (Numan, 2007).

Overview of results

Representative VIP-Fos labeling is shown in Fig. 1. Multiple and consistent significant
effects are observed for most of the brain regions examined, including the MeA, BSTm,
MPA, MPO, AH, VMH, CG, and ICo. Strong trends were also observed for the Inf. Single
effects are observed for the VTA and lateral 1Co (putative dorsomedial PAG), but for
reasons addressed above (*Statistical Analyses™), we regard single effects of p < 0.05 as
insufficient evidence for a functional relationship to behavior. Virtually all significant
effects are obtained from regressions with behavior, and thus unless explicitly addressed
below, all ANOVA models are not significant (p > 0.10). This general lack of group
differences is not unexpected, given that all subjects had nest cups and could therefore
exhibit appetitive behavior towards the cup, even if they were not offered nesting material.
Indeed, as described below, we observe numerous significant effects for the time spent in
the nest cup with all subjects pooled, suggesting extensive relationships between VIP cell
groups and appetitive aspects of nesting behavior. Finally, most significant regressions for
nesting behaviors reveal positive relationships, with the exceptions of models for the AH, a
brain region where VIP production strongly promotes aggression, and the avian PAG (CG-
ICo complex). Results of significant regressions for nesting behavior and the number of
VIP-expressing cells, the number of VIP-expressing cells co-labeled with Fos and VIP-Fos
colocalization are presented in Tables 1, 2 and 3, respectively.

Extended amygdala

MeA—Previous data suggest that, as in mammals (Newman, 1999), the anterior portion of
the avian MeA (i.e., the portion of the MeA capping the ventral amydalofugal, or
"occcipitomesencephalic,” tract) is functionally distinct from the caudal portions of this
nucleus (Goodson et al., 2012b). We therefore analyzed anterior and posterior regions
separately, although the results were extensively comparable.

As shown in Fig. 2, the number of cells expressing VIP in the anterior MeA significantly
predicts pick-ups with sexes pooled and deliveries with sexes pooled. Similar results are
obtained for analyses with nesting males alone. In addition, the number of VIP-Fos double-
labeled neurons significantly predicts pick-ups with sexes pooled and deliveries with sexes
pooled.
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As in the anterior MeA, the number of cells expressing VIP in the posterior MeA
significantly predicts pick-ups and deliveries in nesting subjects (Table 1). Similar results
are obtained for analyses with nesting males alone. The number of VIP-Fos double-labeled
neurons also significantly predicts pick-ups with sexes pooled and deliveries with sexes
pooled (Table 2).

In addition to these similarities with the anterior MeA, we further find that the number of
VIP-expressing cells in the posterior MeA significantly predicts the amount of time spent in
the nest cup for the entire subject pool (Fig. 3A) and for nesting females alone (Fig. 3A).
Finally, the number of VIP-Fos double-labeled neurons also predicts the amount of time that
nesting females spent in the nest cup (Fig. 3B).

BSTm—As shown in Fig. 4A, a weak Sex*Condition effect is observed for VIP-Fos
colocalization in the BSTm (F(y, 23) = 3.129, p = 0.09, partial eta squared = 0.120), with a
clear tendency for nesting males, but not nesting females, to exhibit greater colocalization
than control subjects that were not offered nesting material. Given this trend, we conducted
sex-specific t-tests and find that nesting males do exhibit greater VVIP-Fos colocalization
than control males (unpaired t = 2.28, p = 0.04, Cohen’s d = 1.134). Consistent with this
effect, we find that VVIP-Fos colocalization correlates positively with the amount of time that
all male subjects (nesting and those with nest cups only) spent in the nest cup (Fig. 4B).

Preoptic area

MPO—The number of cells expressing VIP in the MPO significantly predicts time spent in
the nest cup for all nesting subjects (i.e., with sexes pooled; Fig. 5A) and more strongly for
nesting females alone (Fig. 5A). In addition, the number of VIP-Fos double-labeled neurons
significantly predicts pick-ups with sexes pooled (Fig. 5B), deliveries with sexes pooled
(Fig. 5C), and the amount of time that nesting subjects spent in the nest cup (sexes pooled;
Fig. 5D). Finally, VIP-Fos colocalization significantly predicts the amount of time that male
subjects spent in the nest cup (Fig. 5E).

MPA—The number of cells expressing VIP in the MPA significantly predicts time spent in
the nest cup for all nesting subjects (i.e., with sexes pooled; Fig. 6A) and significantly
predicts pick-ups and deliveries by nesting males (Fig. 6B-C). The number of VIP-Fos
double-labeled neurons also predicts pick-ups and deliveries by nesting males and tends to
predict the amount of time that nesting subjects spent in the nest cup (Table 2).

Hypothalamus

VMH—A significant Sex*Condition effect is observed for VIP-Fos colocalization in the
VMH (F(1,32) = 6.129, p = 0.02, partial eta squared 0.161; Fig. 7A), reflecting a tendency for
colocalization to decrease in nesting females relative to controls, but increase in nesting
males. Consistent with this male-specific increase, we find that VIP-Fos colocalization
correlates positively with the amount of time that all male subjects (nesting and those with
nest cups only) spent in the nest cup (Fig. 7B).
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AH—VIP-Fos colocalization in the AH correlates negatively with the amount of time spent
in the nest cup by all subjects (Fig. 8) and by nesting males alone (Fig. 8).

Inf—As addressed in the Methods, we obtained poor resolution of Fos-ir neurons along the
midline of the Inf (where the majority of VIP-expressing cells are located) in the ICC-ISH
material. We therefore conducted analyses based on ICC for both VIP and Fos. These
analyses show that the amount of time that nesting subjects spent in the nest cup tends to
correlate positively with the number of VIP-Fos double-labeled neurons (Table 2) and with
VIP-Fos colocalization (Table 3).

VTA—Because functional variation is observed along the rostrocaudal axis of the VTA in
both birds and mammals (Lammel et al., 2008; Goodson et al., 2009; Alger et al., 2011), we
analyzed data separately for a far-rostral level and for a far-caudal level. No effects are
obtained for the rostral VTA. A single significant effect is obtained for the caudal VTA,
with the number of VIP-expressing cells predicting the amount of time that female subjects
spent in the nest (Table 1).

PAG complex (CG-ICo)—Due to the hypertrophy and lateral displacement of the avian
optic tectum, regions that lie in the dorsal portion of the mammalian PAG (i.e., under the
optic tectum, or superior colliculus) lie laterally in birds, medial to the optic tectum, within
territory classically defined as ICo. In addition, the ICo region medial to the auditory torus is
likely homologous to the lateral and dorsolateral columns in the mammalian dorsal PAG,
whereas the 1Co region lateral to the auditory torus is likely homologous to the dorsomedial
column of the mammalian PAG. The avian CG (or "griseum centrale™) is clearly
homologous to the ventrolateral PAG (Kingsbury et al., 2011; Goodson and Kingsbury,
2013). Hence, we here conducted separated analyses for the lateral ICO (putative
dorsomedial PAG), medial ICo (putative lateral-dorsolateral PAG) and CG (ventrolateral
PAG).

Only a single significant effect was obtained for the lateral ICo (putative dorsomedial PAG),
with VIP-Fos colocalization correlating positively with deliveries in nesting females (Table
3).

The number of cells expressing VIP in the medial ICo (putative lateral-dorsolateral PAG)
significantly predicts pick-ups and deliveries by nesting males (Fig. 9A-B), although these
correlations are negative. Similarly, the number of VIP-Fos double-labeled neurons tends to
correlate negatively with pick-ups and correlates negatively with deliveries by nesting males
(Fig. 9C).

VIP-Fos co-localization in the CG (ventrolateral PAG) correlates negatively with the
amount of time spent in the nest cup by all females (Fig. 10) and by nesting females alone
(Fig. 10).
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Because these three subdivisions of the PAG are functionally distinct in birds and mammals
(Bandler and Shipley, 1994; Kingsbury et al., 2011), we will not consider the lateral ICo
(dorsomedial PAG) further below, as only a single effect is observed for this area.

Discussion

The present experiments demonstrate that VIP expression and VIP-Fos colabeling is
associated with nesting behaviors across brain regions that comprise an evolutionarily
conserved "social behavior network™ (Newman, 1999; Goodson and Kingsbury, 2013).
Although other neuropeptides exert effects throughout this network, they tend to be
produced in only a subset of loci (e.g., the vasopressin-oxytocin peptides; Goodson and
Kingsbury, 2013). In contrast, we here show that virtually all nodes of the social behavior
network contain VIP-expressing neurons that show relationships to nesting behavior. The
extent of this association is, to our knowledge, unparalleled by any other neuromodulator.
As addressed in the sections below, the present findings suggest that VVIP neurons relate to
individual differences in nesting readiness (i.e., "motivation™) in addition to nesting
performance, and to both appetitive and consummatory aspects of behavior. In addition, the
results reported here substantially expand the number of brain areas that are potentially
involved in nesting behavior.

It is important to note that for several areas (i.e. MPA, MPO and VMH), 36-54% of animals
in the nesting condition showed no or very little VVIP cell labeling and/or VIP-Fos co-
labeling (Fig. 5A-D, Fig. 6A and Fig. 7B). One possible explanation for these results is
individual variation in response to nesting material, coupled with the short time interval in
which individuals had access to nest material. Thirty minutes of exposure to nest material
and a nest cup may not be enough time to induce VIP expression in these brain areas in
every animal. Previous literature demonstrates that immunolabeling for VIP is dynamic
across the reproductive cycle. For instance, in ring doves, greater amounts of VIP-
immunoreactivity are observed during incubation, hatching and brooding as compared to
isolated birds or newly paired birds (Cloues et al., 1990). VIP transcription in the
hypothalamus of turkeys and VIP-immunolabeling in the hypothalamus of native Thai hens
also varies across the reproductive cycle with the greatest expression and number of cells
during incubation (Chaiseha et al., 1998) and hatching (Chaiyachet et al., 2013),
respectively. Thus we might predict to find more VIP-labeled cells in the MPO, MPA and
VVMH of nesting zebra finches during the reproductive stages of incubation and chick care as
apposed to the beginning of nesting. We might also predict that the longer zebra finches are
together with their nest, the greater the labeling of VIP cells in the MPO and MPA and
VMH. Furthermore, zebra finches in the present study were forced paired and did not self-
pair. Thus, individual variation in VIP cell labeling may be due to how well and how fast a
male and female exhibit pairing behavior and begin to build a nest as latency to pair-bond is
variable (Kingsbury and Goodson, 2014).

Relationship of VIP neurons to nesting readiness versus performance

We here examined the relationships of nesting behavior to 1) the number of VIP-expressing
neurons; 2) the number of VIP-Fos double-labeled neurons; and 3) the percent of VIP
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neurons that were positive for Fos, which we have referred to as "VIP-Fos colocalization."
Unless we assume that VIP expression changes on the timescale of an immediate early gene
such as c-fos (i.e., over 90 min in the present experiment), which is unlikely, all correlations
between VIP expression and behavior must reflect a relationship between VIP and a
readiness, or "motivation,” to engage in nesting behavior. Such relationships may be specific
to nesting, or may reflect more general aspects of reproductive readiness. Of note is that
zebra finches are opportunistic breeders, photoperiodic insensitive and will breed whenever
they deem conditions to be permissive (Christensen and Vleck, 2008). In contrast,
relationships between VIP-Fos colocalization should reflect rapid, phasic shifts in behavioral
state and/or motor performance. The raw number of VIP-Fos double-labeled neurons
represents a somewhat hybrid measure, and likely provides the most accurate indicator of
the total neuromodulatory impact of each cell group. We observe the fewest effects for VIP-
Fos colocalization, the most effects for the numbers of VIP-expressing neurons, and an
intermediate number of effects for the numbers of VIP-Fos double-labeled neurons. Hence,
we can conclude that VIP is most strongly related to individual differences in nesting
readiness/motivation and more modestly involved in the phasic performance of nesting.
However, this varies substantially across cell groups.

Of the cell groups that exhibit relationships to nesting readiness, the MeA and MPA are
clear standouts. Results are largely similar for the anterior MeA, posterior MeA, and MPA,
with positive correlations observed for VIP expression and all three behaviors measured in
nesting subjects (time spent in the nest cup, pick-ups and deliveries; with the exception that
no effects are observed in the anterior MeA for time spent in the nest cup). Time spent in the
nest cup by all subjects combined (i.e., in nesting subjects and control subjects with nest
cups only or nesting females and males combined) also correlates positively with VIP
expression in the posterior MeA and MPA, as it does in the MPO. Although not all of the
effects just described are observed in separate analyses of males and females, most are
nonetheless significant with sexes pooled, and thus there is not strong evidence for sex-
specificity. However, correlations in the MPA for pick-ups and deliveries are indeed male-
specific. This fact should not be over-interpreted, however, given that males perform these
behaviors at much higher rates than females (Zann, 1996). Finally, VIP expression correlates
negatively with pick-ups and deliveries by nesting males in the medial ICo (putative lateral-
dorsolateral PAG).

Relationship of VIP neurons to appetitive versus consummatory aspects of nesting

Behaviors are often categorized as appetitive or consummatory. Appetitive behaviors are
anticipatory and serve to bring an animal into contact with a goal object, often in the absence
of direct stimulation from that goal object. In contrast, consummatory behaviors are those
behaviors that represent the realization of the goal through direct interaction with the goal
object (e.g., copulation or ingestion of food). As discussed by Ball and Balthazart (2008),
the appetitive-consummatory distinction has been criticized for a variety of reasons. One of
these is that the distinction is often not clear, such that a given aspect of behavior cannot
readily be described as appetitive or consummatory. However, as Ball and Balthazart (2008)
point out, the distinction is still quite useful if viewed as a continuum rather than a
dichotomy (also see Pfaus, 1996). As an example, male Japanese quail (Japonix japonica)
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crow in the absence of females, which serves to bring females into close proximity
(Goodson and Adkins-Regan, 1997). At this point the males cease to crow (Potash, 1974)
and begin to strut in front of the female prior to copulation (Balthazart and Ball, 2007; Ball
and Balthazart, 2008). In this case, crowing is clearly appetitive, copulation is clearly
consummatory, and strutting is likely somewhere in between. The question then is whether
this behavioral continuum is "real," in the sense that it is reflected in functional aspects of
the nervous system. Opponents of the appetitive-consummatory distinction have argued that
the terms are historically rooted in models that were flawed in their views of neural
processes, but regardless of this history, behaviors that can be clearly categorized as
appetitive or consummatory are indeed differentially regulated within the brain, as shown
for sexual behaviors in male quail (Balthazart et al., 1998; Taziaux et al., 2006; Balthazart
and Ball, 2007).

In contrast to the example above, appetitive aspects of nesting behavior are less clear.
Certainly searching for an appropriate nest site could be viewed as appetitive, but once a
pair begins to investigate a potential site (e.g., a cluster of forking branches or a plastic cup),
the distinction of appetitive versus consummatory becomes less obvious, as with strutting in
male quail. In order to address this problem, we here sought to determine whether any VIP
cell groups exhibit only positive relationships to time spent in the nest cup (potentially
appetitive), but not to pick-ups and deliveries (consummatory), thus differentiating cell
groups that may selectively promote appetitive aspects of nesting. The strongest evidence
that we obtained for such a pattern was in the BSTm and VMH, but for males only, where
VIP-Fos colocalization correlates positively with time in the nest for all males combined
(i.e., including those without nesting material). In addition, we observed trends for the
number of VIP-Fos double-labeled neurons and VIP-Fos colocalization in the Inf to
correlate positively with time spent in the nest cup by nesting subjects. Although not quite
significant (both p = 0.07), these findings are worth noting, given that these neurons are
involved in the regulation of PRL secretion and may therefore "prime" animals to exhibit an
interest in nesting.

VIP cell groups of the AH and CG (homologue of the ventrolateral PAG; (Kingsbury et al.,
2011) also exhibit relationships only to time in the nest cup, but these relationships are
negative. Notably, extensive behavioral testing demonstrates that VVIP knockdown in the AH
selectively reduces overt aggression in territorial waxbills, and selectively reduces
aggression in zebra finches -- primarily in the context of nest defense, but not mate
competition (Goodson et al., 2012a). Given this pattern, it seems likely that at the same time
that AH VIP neurons promote aggression, they concomitantly reduce interest or attention to
other aspects of social and reproductive behavior. Similarly, the ventrolateral PAG of
mammals promotes quiescence and hyporeactivity (Bandler and Shipley, 1994), and must
therefore exert inhibitory effects on exploratory and seeking aspects of behavior.

In sum then, with the possible exception of VIP cells in the BSTm, VMH and perhaps the
Inf, we find no evidence that VVIP cell groups promote only appetitive aspects of nesting
behavior. However, the present experimental design is not optimal for the study of appetitive
nesting behavior, which could be more readily identified through conditioning studies such
as those used in Japanese quail (Domjan and Hall, 1986; Balthazart and Ball, 2007). This
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issue notwithstanding, we provide evidence that several cell groups are involved in
behaviors that are clearly consummatory (pick-ups and deliveries; MeA, MPA, MPO and
medial 1Co), in addition to behavior that is potentially appetitive (time spent in the nest cup;
MeA, MPA and MPO).

Sex differences: real or artifact?

A variety of sex-specific effects are observed in the present dataset. However, because males
and females do not exhibit all nesting behaviors at the same frequencies, it is difficult to
determine whether these findings truly reflect sex-specific aspects of VIP neuronal function.
Males tend to perform the majority of the gathering and delivery of nest material, whereas
females tend to spend more time in the nest arranging of the material (Zann, 1996). Hence,
our measures of gathering nest material (pick-ups) and delivering it to the nest (deliveries)
are apt to be more robust in males, whereas our measure of time spent in the nest is apt to be
more robust in females. Indeed, of the 11 male-specific correlations obtained here, all but 3
are observed for pick-ups and deliveries. These are observed for correlations of pick-ups and
deliveries with VIP expression and VIP-Fos double-labeling in the MPA and medial I1Co,
with no effects for VIP-Fos colocalization. Within the MeA, the number of VIP-expressing
cells and VIP-Fos double-labeled neurons significantly predicts pick-ups and deliveries with
sexes pooled, however one nesting female may account for the significant correlations as
this female was unusual in her frequency of pickups and deliveries compared to the other
nesting females (Fig. 2A-D). Thus, like the VIP-Fos double-labeling in the MPA and medial
ICo, VIP expression in the MeA may primarily correlate with pick-ups and deliveries in
males. Indeed similar results are obtained for analyses with nesting males alone for the
MeA. Support for the idea that time in nest may be a more robust behavior in females are the
findings that the only two female-specific correlations we observed were for time spent in
the nest cup (VIP-Fos double-labeling in the posterior MeA and VIP-Fos colocalization in
the CG).

More intriguing are male-specific effects in the BSTm and VMH. In both areas, nesting
males exhibit significant increases in VIP-Fos colocalization relative to controls that are not
exhibited by females. This might be expected if those areas are particularly important for the
male-biased behaviors of gathering and delivering nest material, but in both areas,
colocalization is significantly correlated with time spent in the nest, not with pick-ups and
deliveries. Furthermore, significant correlations are obtained only with all males pooled; that
is, including control males that could spend time in the nest cup but had no nest material.
Hence, the present data suggest that VIP neurons of the BSTm and VMH contribute to
appetitive aspects of nesting in a manner that is indeed sex-specific. In addition, because the
only effects in these brain areas are obtained for colocalization, the sex-specificity likely
relates to the phasic performance of behavior rather than the constitutive readiness to nest.

These sex differences in the BSTm and VMH are certainly not unique. For instance,
vasotocin/vasopressin production in the BSTm is sexually dimorphic (male-biased) across a
wide variety of species (Goodson and Bass, 2001; De Vries and Panzica, 2006), and recent
experiments in zebra finches and Angolan blue waxbills (Uraeginthus angolensis)
demonstrate that this sex difference is associated with male-specific and/or male-biased
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effects on courtship, aggression and gregariousness (Kelly and Goodson, 2013a, b).
However, we observe no sex differences in VIP expression within the BSTm (present
study), and local densities of VIP binding sites are likewise not sexually differentiated
(Goodson et al., 2006). In the case of the VMH, arguably the most notable sex difference is
in the stronger requirement of this brain area for sexual behavior in females than males, a
pattern that is associated with greater post-copulatory Fos induction in the VMH of females
than males. This is observed in both mammals (Newman, 1999) and birds (Meddle et al.,
1997; Meddle et al., 1999), although the VMH is still important for male mating and
aggression (e.g., (Lin et al., 2011). Regardless, we are aware of no VMH functions that are
male-biased, as suggested here for male nesting behavior.

Nesting circuits in the brain

Despite the fact that nesting behaviors are essential for reproduction in many species -- and
that humans likewise invest a great deal of time and resources into preparation for the arrival
of offspring -- the neural mechanisms of nesting have been studied far less than other
aspects of parental behavior. However, reproductive nesting behavior is somewhat more
difficult to study in laboratory rodents (e.g., rats and mice) than are other forms of parental
behavior, given that rodents build nests for both reproductive and thermoregulatory purposes
(Deacon, 2006). In fact, several of the brain areas that regulate parental behavior (e.g.,
(Gonzalez-Mariscal, 2001; Numan, 2007) are also involved in thermoregulation (Crawshaw
et al., 1985; Morrison and Nakamura, 2011).

From the standpoint of differentiating thermoregulatory and reproductive nest building, data
from rabbits are particularly useful, given that female rabbits dig burrows and line them with
straw for strictly reproductive purposes. Numerous hormones influence nest building in
rabbits, particularly estradiol, which promotes nest building when implanted into the
preoptic region, nucleus accumbens, and BSTm (Gonzalez-Mariscal, 2001; Gonzalez-
Mariscal et al., 2005).

As described below, the medial portion of the preoptic region is particularly important for
nesting behavior in rodents, as well -- a finding that is very consistent with the present data
in finches. Note, however, that whereas the medial portion of the preoptic region in birds is
subdivided into the MPA and MPO, the medial preoptic area of mammals (MPOA) typically
is not. The recognition of an MPO subdivision in birds is based largely on its sexually
dimorphic size (males > females; Panzica et al., 1996). Similar sexual dimorphisms have
been found in various mammals (e.g., rats; Gorski et al., 1980), but these appear to be
species-specific and are not necessarily functionally equivalent to the avian MPO (Panzica
et al., 1996; De Vries and Sddersten, 2009). Regardless, our data suggest that VIP neurons
of both the MPA and MPO are important for nesting behavior, allowing fairly direct
comparison to the mammalian MPOA.

Numerous lines of evidence demonstrate that the MPOA is essential for nest building in rats,
Syrian hamsters (Mesocricetus auratus), and mice. The most extensive data come from rats,
in which the importance of the MPOA has been demonstrated through knife cuts lateral to
the MPOA, and both electrolytic and cytotoxic lesions (Terkel et al., 1979; Jacobson et al.,
1980; Miceli et al., 1983; Kalinichev et al., 2000; Oxley and Fleming, 2000; Olazabal et al.,
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2002). These manipulations virtually abolish nesting behavior and concomitantly impair
other aspects of maternal behavior. Also consistent with the present data, nesting is reduced
by lesions to the MPOA but not the adjacent AH (Gray and Brooks, 1984). Knife cuts lateral
to the MPOA in hamsters likewise disrupt nest building (Miceli and Malsbury, 1982), as
does genetic ablation of MPOA galanin neurons in mice (Wu et al., 2014).

The MPOA (or MPA/MPO in birds) is interconnected with several other areas of the social
behavior network and mesolimbic dopamine system that are important for the regulation of
maternal care, including the lateral septum (LS), MeA, BSTm, PAG, and VTA (Balthazart
et al., 1994; Newman, 1999; Numan, 2007; O'Connell and Hofmann, 2011; Goodson and
Kingsbury, 2013). All of these areas also influence nesting behavior in mammals (Slotnick
and Nigrosh, 1975; Numan and Smith, 1984; Flannelly et al., 1986; Oxley and Fleming,
2000; Gonzalez-Mariscal et al., 2005; Moura et al., 2010), although amygdalar lesions have
not been restricted to the MeA and have produced inconsistent results (Oxley and Fleming,
2000; Sheehan et al., 2001). In contrast, lesions of the LS consistently abolish nesting
(Slotnick and Nigrosh, 1975; Flannelly et al., 1986). We did not reliably observe VIP
expression in the LS and therefore did not conduct relevant quantification in this area.
However, the LS expresses high densities of VIP binding sites (putative VPAC receptors;
(Goodson et al., 2006) and VIP innervation of the ventrolateral LS is significantly denser in
the more parental morph of the polymorphic white-throated sparrow (Zonotrichia albicollis)
(Maney et al., 2005). The present findings are also consistent with findings in rats for the
PAG (see below) and BSTm (Gonzalez-Mariscal et al., 2005), although we here obtained
nesting-related effects in the BSTm only for males. Experimental evidence in rats further
demonstrates that projections of the MPOA to the VTA are essential for the normal display
of nest building (Numan and Smith, 1984). Although we here obtained only a single
significant correlation for the VTA (a positive correlation between VIP neuron number and
female nest time), the finding is nonetheless consistent with the data in rats.

As noted above, lesions of the amygdala do not produce consistent effects on nesting,
although Oxley and Fleming (2000) have shown that lesions facilitate nest building in rats.
This finding is consistent with the fact that MeA lesions facilitate other aspects of maternal
care in rats, as well (Sheehan et al., 2001). In contrast, we here obtained numerous positive
correlations for the MeA. These seemingly inconsistent results may reflect the fact that
amydgalar regions tend to express intercalated populations of functionally opposed neurons,
such as intermingled neurons that respond to positive and negative valence (e.g., (Goodson
and Wang, 2006; Paton et al., 2006)).

In contrast to the areas discussed above, we here observe negative correlations between
nesting behavior and VIP expression and/or VIP-Fos co-expression in the AH and PAG
complex (CG-ICo). Interestingly, indirect evidence suggests that both of these areas inhibit
maternal care in rats (Numan, 2007), which may reflect the fact that these areas promote
aspects of behavior such as aggression and defense that are inconsistent with affiliation
behaviors. Indeed, a variety of findings in birds directly demonstrate or indirectly suggest
that the dorsal AH and ICo promote aggression, whereas the ventral AH and CG are
associated with defense (Kingsbury et al., 2011; Goodson et al., 2012a; Goodson et al.,
2012b). Most notably, antisense knockdown of VIP production in the dorsal AH virtually
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abolishes offensive aggression in zebra finches and the territorial violet-eared waxbill
(Uraeginthus granatina), and does so in a highly selective manner (Goodson et al., 2012a).
Consistent with this finding, 1) VIP-ir cell numbers in the AH (quantified following
colchicine treatment) correlate positively with aggression in waxbills (Goodson et al.,
2012a), and 2) VIP immunolabeling in the AH correlates positively with individual and
species differences in aggression in sparrows (Goodson et al., 2012b). Similarly, aggression
is positively related to Fos induction in the ICo (putative lateral-dorsolateral PAG) of violet-
eared waxbills and zebra finches, and VIP immunolabeling in the ICo tends to correlate
positively with aggression in sparrows (p = 0.09, Table S13, (Goodson et al., 2012b). In
contrast, Fos induction in the ventral AH correlates positively with the amount of aggression
received by subordinate waxbills (Goodson et al., 2012a) and Fos induction in the CG
(ventrolateral PAG) is observed following aggressive subjugation and pursuit by a human
hand (i.e., following the expression of defensive behaviors; (Kingsbury et al., 2011).

Finally, the present results are somewhat consistent with a recent study of Fos induction
following in zebra finches (Hall et al., 2014), in which several nodes of the social behavior
network were examined (MPO, LS, BSTm, VMH, AH, and CG) in addition to the VTA and
other areas not examined here. Surprisingly, Hall et al. obtained no significant effects for the
MPO, although significant effects were obtained for the VTA, BSTm and AH. The AH data
are of particular interest, given that they show a negative relationship between Fos induction
and the amount of time that females spend in the nest (regressions for other areas are
positive). Hence, converging lines of evidence from zebra finches and rats indicate that the
AH exhibits a negative relationship to nesting and parental care (Numan, 2007; Hall et al.,
2014;). The lack of effects for the MPO in Hall et al. (2014) may reflect the fact that they
focused their analysis on the caudal MPO (at the level of the anterior commissure), whereas
we focused our own analysis on the rostral MPO where the majority of VIP-expressing
neurons are located. Notably, maternal care in rats is more substantially impaired by small
lesions of the rostral MPOA as compared to the caudal MPOA (Gray and Brooks, 1984).

Roles of other hormones, neurotransmitters and neuropeptides in nesting

In rabbits, discrete stages of nest-building are correlated with unique combinations and
levels of particular hormones. For instance, nest-digging is correlated with high levels of
estradiol (E) and progesterone (P), straw carrying with decreasing P, increasing PRL and
high E, and hair pulling/hair lining of the nest with low P and high PRL (Gonzalez-Mariscal
et al., 1994). Subsequent studies showed that blocking PRL with bromocriptine did not
affect digging but abolished straw carrying and hair-pulling, supporting a role for PRL in
these stages of nest-building in rabbits (Gonzalez-Mariscal et al., 1996). In turkeys, a
photosensitive species, gonadal stimulative photoperiods induce PRL release (Burke and
Dennison, 1980) and this release of PRL is dependent on hypothalamic VIP since VIP
immunoneutralization blocks photo-induced PRL secretion (El Halawani et al., 1996).
Furthermore, incubation behavior is blocked in VIP-immunized female turkeys compared to
control, non-immunized birds (EI Halawani et al., 1996). DA also plays a role in PRL
secretion. For instance, the stimulatory role of DA in PRL release does not occur in VIP-
immunized turkeys (Youngren et al., 1996). Incubation behavior is also disrupted in VIP-
immunized chickens (Sharp et al., 1989) but is unaffected in VIP-immunized ring doves
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(Leaetal., 1991). Thus, it remains to be seen whether the association of VIP with nesting
behavior in zebra finches is mediated through PRL release. Most recently, a role for the
vasopressin-oxytocin (VP-OT) peptides in nest building in zebra finches has been shown
(Klatt and Goodson, 2013). Peripheral OT receptor antagonists greatly reduce time in nest
for females while peripheral antagonism of V1, receptors reduces time on nest for both
sexes. Because 1) these effects are not observed after central receptor antagonist infusions
and 2) Fos induction is increased in paraventricular (PVN) vasotocin (VT; homologue to
mammalian VP) neurons within females in response to nesting conditions, it is hypothesized
that peptide release from PVN VT neurons stimulates nesting behavior through peripheral
feedback of OTR binding in the oviduct (Klatt and Goodson, 2013).

Conclusions

We now demonstrate that VVIP expression and VIP-Fos co-expression are correlated with
nesting behavior in all nodes of the social behavior network except the LS, which was not
examined due to low numbers of VIP-expressing neurons. Thus, the present data suggest
that VIP neurons in the MPO/MPA, MeA, BSTm, AH, VMH, and PAG complex may play a
role in nesting. Hence, the relationship between VIP and nesting behavior appears to span
the entire social behavior network, and may also extend to the mesolimbic dopamine system.
Furthermore, several brain areas appear to exhibit relationships to both appetitive and
consummatory aspects of nesting. As discussed above, many of our results are consistent
with findings for maternal and nesting behavior in mammals (i.e., in terms of the relevant
brain areas and their positive or negative relationships to behavior), and thus the present data
may productively inform further research in a wide variety of species. Future experiments
using VPAC receptor antagonism and/or knockdown of VIP production in specific brain
areas are now needed to explore a causal link between VIP signaling and nesting behavior.
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Fig. 1.
Representative labeling for VIP mRNA (green) and Fos immunoreactivity (red) in cross-

sections from a nesting male (A, H, 1) and nesting female (B-G) zebra finch. DAPI nuclear
stain is shown in blue. (A) Labeling in the anterior portion of the MeA, where the MeA caps
the ventral amygdalofugal pathway (vaf; also known as the occipitomesencephalic tract).
(B) Labeling in the mid-caudal portion of the MeA, where the MeA is situated ventromedial
to fascicles of the vaf. Asterisks denote matching locations in the main panel and inset. As
shown in the inset, many VIP cells in the MeA express low levels of mRNA, although
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numerous cells are strongly labeled, as well. Arrows highlight VVIP-Fos double-labeled
neurons. (C-D) Labeling in the MPO and MPA. The asterisk in panel C corresponds to the
location of the asterisk in panel D. (EG) Representative labeling in the VMH (E), AH (F)
and Inf (G). (H) VIP-Fos double-labeled neurons in the VMH, as indicated by arrows. (1)
Labeling in the CG, putative homologue of the mammalian ventrolateral PAG. Asterisks
denote matching locations in the main panel and inset. All scale bars = 100 um except insets,
which =25 um.

Additional abbreviations: AC, anterior commissure; ca, cerebral aqueduct; MPO, medial
preoptic area; ot, optic tract; ME, median eminence; MLF, medial longitudinal fasciculus;
MPN, median preoptic nucleus; PVN, paraventricular nucleus; SPa, subparaventricular
hypothalamus; TrSM, septomesecephalic tract; VMH, ventromedial hypothalamus.

Horm Behav. Author manuscript; available in PMC 2016 March 01.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Kingsbury et al.

A 140 -
120
100
80 -

Pick-ups
o
o
1

all nesting: # =0.43; p = 0.01
nesting males: # = 0.81; p < 0.01

I L] I & I x I £ I % 1
100 150 200 250 300 350
VIP neurons (anterior MeA)

C14o_
120
100
80
60 ]
40
20

Pick-ups

all nesting: * = 0.33; p = 0.03

0

<l

-20

-10 0

I d I . I . I ¥ I Y 1 L 1
10 20 30 40 50 60 70 80
VIP-Fos double-labeled neurons (anterior MeA)

Fig. 2.

Page 26

Deliveries
»
o
1

nesting males: r* = 0.79; p < 0.01

all nesting: r* = 0.42; p = 0.02

1 4 I % T J I % I L 1
100 150 200 250 300 35¢(
VIP neurons (anterior MeA)

D 140
120 ]
100j
80
60
40
20
o

Deliveries

all nesting: * = 0.32; p = 0.03

-

-20

-10 0

I 4 I 5 I g | 4 I
10 20 30 40 50 60 70 80
VIP-Fos double-labeled neurons (anterior MeA)

VIP expression and VIP-Fos double-labeling in the anterior MeA correlate positively with
nesting behavior in male and female finches. Note that very similar data are obtained for the
posterior MeA (see Results). (A,B) The number of VIP-expressing neurons (per 40 pm
section) in the anterior MeA correlates positively with pick-ups of nesting items (A) and
deliveries of nesting items to the nest (B), both with sexes pooled and in males alone. Males
are shown in blue; females in red. Black regression lines are from analyses with sexes
pooled. (C,D) The number of VIP-Fos doubled-labeled neurons also correlates positively
with pick-ups (C) and deliveries (D) (sexes pooled).
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Fig. 3.

VIP expression and VIP-Fos double-labeling in the posterior MeA correlate positively with
time spent in the nest cup. (A) The number of VIP neurons (per 40 pm section) in the
posterior MeA correlates positively with time spent in the nest cup for all subjects (i.e.,
including nesting subjects and those that were not given nesting material; black regression
line) and in nesting females alone (red line). Males are shown in blue; females in red. Data
points from nesting subjects are shown in heavy circles; data points from subjects with nest
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cups only are shown in lighter circles. (B) The number of VIP-Fos doubled-labeled neurons
also correlates positively with the time spent in the nest for nesting females.
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VIP-Fos colocalization (% of VIP neurons co-expressing Fos) increases in the BSTm of
nesting males and correlates with the amount of time that males spend in the nest cup. (A)
ANOVA shows a trend for a Sex*Condition interaction for VIP-Fos colocalization in the
BSTm, with male nesting subjects (solid bar) showing greater colocalization than males that
were not given nesting material (open bar). This difference is confirmed in a pairwise
comparison (different letters above the error bars indicate p < 0.05; unpaired t-test). Nesting
subjects are shown in solid bars. (B) VIP-Fos colocalization correlates positively with time
in the nest cup for all males. Data points from nesting subjects are shown in heavy circles;
data points from subjects with nest cups only are shown in lighter circles.
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Fig. 5.

VIP expression, VIP-Fos double-labeling, and VIP-Fos colocalization (% of VIP neurons
co-expressing Fos) in the MPO correlate positively with nesting behavior in male and
female finches. (A) The number of VVIP neurons (per 40 pm section) in the MPO correlates
positively with time spent in the nest cup by nesting subjects, both with sexes pooled and in
females alone. Males are shown in blue; females in red. Black regression lines are from
analyses with sexes pooled. (C-E) The number of VIP-Fos doubled-labeled neurons also
correlates positively with pick-ups (B), deliveries (C) and time spent in the nest cup (D) by
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nesting males and females (sexes pooled). (E) VIP-Fos colocalization correlates positively
with time in the nest cup for all males. Data points from nesting subjects are shown in heavy
circles; data points from subjects with nest cups only are shown in lighter circles.
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Fig. 7.

Ngsting induces sex-specific effects on VIP-Fos colocalization (% of VIP neurons co-
expressing Fos) in the VMH. (A) A significant Sex*Condition interaction (ANOVA) is
observed for VIP-Fos colocalization in the VMH. (B) VIP-Fos colocalization also correlates
positively with time in nest for males. Data points from nesting subjects are shown in heavy
circles; data points from subjects with nest cups only are shown in lighter circles.
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Fig. 8.

VIgP-Fos colocalization (% of VIP neurons co-expressing Fos) in the AH correlates
negatively with the amount of time spent in the nest cup by all subjects (black regression
line) and by nesting males alone (blue regression line). Males are shown in blue; females in
red. Data points from nesting subjects are shown in heavy circles; data points from subjects
with nest cups only are shown in lighter circles.
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Fig. 9.
(A-B) The number of cells expressing VIP in the medial ICo (putative lateral-dorsolateral

PAG) significantly predicts pick-ups (A) and deliveries (B) by nesting males. (C) The
number of VIP-Fos double-labeled neurons also correlates negatively with deliveries by
nesting males.
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Fig. 10.
VIP-Fos colocalization in the CG (ventrolateral PAG) correlates negatively with the amount

of time spent in the nest cup by all females (light regression line) and by nesting females
alone (heavy regression line). Data points from nesting subjects are shown in heavy circles;
data points from subjects with nest cups only are shown in lighter circles.
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Results of simple regressions between the number of VIP-labeled neurons and nesting behaviors (time in nest,

pick-ups and deliveries).

Area Subjects Behavior r2 P
Extended amygdala:
MeA, anterior all nesting pick-ups 043 | 0.01
all nesting deliveries | 0.42 | 0.02
nesting males pick-ups 0.81 | <0.01
nesting males deliveries | 0.79 | <0.01
MeA, posterior all nesting pick-ups 041 | 0.01
all nesting deliveries | 0.42 | 0.01
nesting males pick-ups 0.75 | 0.01
nesting males deliveries | 0.73 | 0.01
all subjects timeinnest | 0.14 | 0.01
nesting females | timeinnest | 0.76 | 0.01
BSTm all males timeinnest | 0.35 | 0.03
POA-hypothalamus:
MPA (medial preoptic area) nesting males pick-ups 0.65 | 0.05
nesting males deliveries | 0.66 | 0.05
all nesting timeinnest | 0.38 | 0.04
MPO (medial preoptic nucleus) all nesting timeinnest | 0.48 | 0.02
nesting females | timeinnest | 0.94 | <0.01
Midbrain:
VTA, caudal all females time innest | 0.19 0.05
1Co, medial nesting males pick-ups 0.68 | 0.04
nesting males deliveries 0.70 | 0.04
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Results of simple regressions between the number of VIP-Fos co-labeled neurons and nesting behaviors (time
in nest, pick-ups and deliveries).

Area Subjects Behavior r2 P
Extended amygdala:
MeA, anterior all nesting pick-ups 0.33 | 0.03
all nesting deliveries | 0.32 | 0.03
MeA, posterior all nesting pick-ups 0.46 | <0.01
all nesting deliveries | 0.46 | <0.01
nesting females | timeinnest | 0.56 | 0.05
POA-hypothalamus:
MPA (medial preoptic area) nesting males pick-ups 0.85 | <0.01
nesting males deliveries | 0.84 | 0.01
all nesting timeinnest | 0.35 | 0.06
MPO (medial preoptic nucleus) all nesting pick-ups 0.37 | 0.05
all nesting deliveries 0.39 | 0.04
all nesting timeinnest | 0.49 | 0.02
Inf (tuberoinfundibular) all nesting timeinnest | 0.25 | 0.07
Midbrain:
1Co, medial nesting males pick-ups 0.62 | 0.06
nesting males deliveries | 0.64 | 0.05
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Results of simple regressions between the percent of VIP-Fos co-labeled neurons and nesting behaviors (time
in nest, pick-ups and deliveries).

Subjects Behavior r2 P
Extended amygdala:
BSTm all males timeinnest | 0.35 | 0.03
POA-hypoth alamus:
MPO (medial preoptic nucleus) all males timeinnest | 0.38 | 0.02
VMH all males timeinnest | 0.29 | 0.03
AH all subjects timeinnest | 0.16 | 0.05
nesting males | timeinnest | 0.81 | 0.04
Inf (tuberoinfundibular) all nesting timeinnest | 0.25 | 0.07
Midbrain:
I1Co, lateral nesting females deliveries 0.59 0.04
CG all females timeinnest | 0.38 | <0.01
nesting females | timeinnest | 0.63 | 0.03
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