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Adult zebra finches (7. guttata) form socially monogamous pair bonds characterized by
proximity, vocal communication, and contact behaviors. In this experiment, we tested
whether manipulations of the nonapeptide hormone arginine vasotocin (AVT, avian
homolog of vasopressin) and the V1a receptor (V1aR) early in life altered species-typical
pairing behavior in adult zebra finches of both sexes. Although there was no effect
of treatment on the tendency to pair in either sex, males in different treatments
exhibited profoundly different profiles of pair maintenance behavior. Following a brief
separation, AVT-treated males were highly affiliative with their female partner but sang
very little compared to Controls. In contrast, males treated with a V1aR antagonist sang
significantly less than Controls, but did not differ in affiliation. These effects on behavior
in males were also reflected in changes in the expression of V1aR and immediate early
gene activity in three brain regions known to be involved in pairing behavior in birds:
the medial amygdala, medial bed nucleus of the stria terminalis, and the lateral septum.
AVT males had higher V1aR expression in the medial amygdala than both Control and
antagonist-treated males and immediate early gene activity of V1aR neurons in the medial
amygdala was positively correlated with affiliation. Antagonist treated males showed
decreased activity in the medial amygdala. In addition, there was a negative correlation
between the activity of V1aR cells in the medial bed nucleus of the stria terminalis and
singing. Treatment also affected the expression of V1aR and activity in the lateral septum,
but this was not correlated with any behaviors measured. These results provide evidence
that AVT and V1aR play developmental roles in specific pair maintenance behaviors and
the neural substrate underlying these behaviors in a bird.
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INTRODUCTION

The nonapeptides—oxytocin (OT) and arginine vasopressin (AVP) in mammals; mesotocin (MT)
and arginine vasotocin (AVT) in birds—are important modulators of social behaviors, including
pair bonding and affiliation, across a wide range of vertebrate taxa (Insel and Young, 2001;
Goodson, 2005; Choleris et al., 2013). However, comparatively little is known about the role played
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by nonapeptide hormones during the development of the social
brain (Cushing, 2013).

Zebra finches (Taeniopygia guttata) establish life-long pair
relationships and both parents participate in the care of the
young. Additionally, zebra finches exhibit a shift in their social
preferences, from attachment to parents early in life to a pair
relationship with an opposite sex conspecific in adulthood
(Immelmann, 1972; Zann, 1996). Both of these relationships
are characterized by constant physical proximity, frequent
vocal communication, and affiliative contact behaviors, such as
clumping (perching in contact), allopreening (mutual grooming),
and spending time together inside of a nest (Zann, 1996).

In recent years, several studies have provided support for
the hypothesis that the nonapeptides play an important role in
pair bonding and affiliative behaviors in birds. These studies
have also identified several key nodes of the social behavior
network which are involved in affiliation and pairing, including
the paraventricular nucleus of the hypothalamus (PVN), the
medial amygdala (MeA, or the nucleus taeniae of the amygdala
in birds), the medial bed nucleus of the stria terminalis (BSTm),
and the lateral septum (LS; Newman, 1999; Goodson, 2005; Kelly
and Goodson, 2014). However, research from both rodents and
zebra finches suggests that courtship, pair formation, and pair
maintenance are each differentially regulated by multiple brain
regions and neuromodulators (Aragona et al., 2006; Prior and
Soma, 2015).

Unlike findings from socially monogamous rodents, partner
preference is not induced by central infusions of either AVT or
MT in adult zebra finches (Goodson et al., 2004). Nevertheless,
it is clear that nonapeptides are important in the formation and
maintenance of affiliative relationships in zebra finches. Pairing
for 48h increases expression of both AVT and MT in both the
PVN and the BSTm in both sexes (Lowrey and Tomaszycki,
2014). Consistent with this finding, experimental knockdown of
endogenous MT production in the PVN increases the latency to
pair in females and reduces affiliative behaviors in zebra finches of
both sexes (Kelly and Goodson, 2014). Furthermore, antagonists
acting primarily at the VT3 (OT-like) receptor increases the
latency to pair and decreases pair formation in zebra finches
(Pedersen and Tomaszycki, 2012; Klatt and Goodson, 2013).
Knockdown of AVT production in the PVN and BSTm cell
groups and infusion of AVT antagonists into the lateral septum
(LS) also reduces social flocking in both sexes (Kelly et al., 2011;
Kelly and Goodson, 2014). Additionally, contact behavior with
pair partners is correlated with immediate early gene activity in
the MeA in females (Svec et al., 2009).

Despite evidence that nonapeptides play an important role in
mediating social relationships across taxa in adulthood, there is
little work on their role in development. Manipulations of the
AVP system during development can affect social behaviors in
both juvenile and adult rats (Boer, 1985; Winslow and Insel, 1993;
Boer et al., 1994; Veenema et al., 2012; Bredewold et al., 2014).
In socially monogamous prairie voles (Microtus ochragaster), OT
or OT antagonist injections on postnatal day one impact both
pair formation and partner preference, and lead to alterations in
nonapeptide receptor binding in adults of both sexes (Bales and
Carter, 2003a,b; Yamamoto et al., 2004; Bales et al., 2007).

We previously demonstrated in zebra finches that
nonapeptide system manipulations early in life altered patterns
of affiliative interest in both parents and opposite sex conspecifics
throughout development (Baran et al., 2016). Thus, we predicted
that these effects would extend into adult pairing relationships.

In this experiment, we tested the hypothesis that AVT and
a nonapeptide antagonist exert developmental effects on the
neural pathways underlying species-typical affiliative behavior
in zebra finches. We manipulated the nonapeptide system of
zebra finch chicks on days 2-8 post-hatch via daily intracranial
(IC) injections of either AVT, Manning Compound (MC, a
potent vasopressin la receptor antagonist) or saline (vehicle
control) and assessed the effects on pairing behaviors in
adulthood, the expression of vasotocin la receptor (V1aR), and
the immunoreactivity of the immediate early gene, ZENK (Egr-1,
a marker of neural activation) in three brain regions—the MeA,
BSTm, and LS. We predicted that injections of AVT early in
development would lead to more rapid pair formation relative
to Controls, an increase in affiliation with the pair partner, and
increased V1aR expression and ZENK immunoreactivity. We
predicted that MC would have the opposite effect, decreasing
V1aR expression and affiliative behaviors.

MATERIALS AND METHODS

Breeding and Housing Conditions
Experimental subjects were raised in the breeding colony at
Cornell University. As juveniles, subjects were cared for by the
parents, which were provided with ad libitum access to finch
seed, cuttlebone, grit, water, and supplemented weekly with
hard-boiled egg. After 40-45 days post-hatch, subjects were
removed from their natal aviary and housed in same-sex aviaries
in a separate room from the parents. Each same-sex aviary
contained birds of the same treatment to control for possible
social interactions between birds in different treatments. The
present study used the same subjects as Baran et al. (2016).

Intracranial Injections

Chicks of each sex were randomly assigned to a treatment
group on day 2 post-hatch, following genetic sexing. From
day 2 through day 8 post-hatch, subjects received daily 2
WL intracranial injections of either (1) AVT (10ng, (Arg8)-
Vasotocin, Bachem 1785.0005); (2) Manning Compound (MC),
a potent Vla and mild OT receptor antagonist (50ng,
d(CH2)51,Tyr(Me)2,Arg8)-Vasopressin, Bachem 5350.0005); or
(3) 0.9% isotonic saline (Manning et al., 1989; Goodson et al.,
2004). AVT and MC act at multiple receptor subtypes in the
zebra finch brain, including the VT4 (V1aR), VT3 (OT-like),
and V2 receptors (Manning et al., 2012; Busnelli et al., 2013).
IC injections were performed by hand using a sterile 31G insulin
syringe, similar to Bender and Veney (2008) and see also Baran
etal. (2016). The chicks behaved normally immediately following
injections, including normal begging and locomotor behavior,
and there was no increase in mortality associated with treatment.
All procedures were developed with veterinary supervision and
approved by Cornell University’s Institutional Animal Care and
Use Committee (Protocol # 2011-0130).
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Pairing

Subjects were randomly assigned an unmanipulated pair partner
of the opposite sex (hereafter “partner,” regardless of pair status)
on day 90 post-hatch. Partners were drawn from a population of
unpaired birds 180-365 days old. All partners had been housed
in same-sex aviaries and rooms since 45-50 days post-hatch and
thus were sexually-naive and unpaired.

Introductions (Day 1) between the subjects and their pair
partner occurred in a small aviary (57 x 32 x 42cm) in a room
with no other birds. After the introductions (lasting 15-45 min),
the pair was moved into a pair aviary in a colony room. Each
aviary (57 x 32 x 42 cm or 61 x 36 x 43 cm) was provided with
ad libitum access to finch seed, cuttlebone, grit, and water. To
avoid the potentially confounding effects of breeding attempts,
pairs were not provided access to either nesting material or nest
boxes. Pairs were visually, but not acoustically, separated from
other pairs.

Pairs were filmed in their home aviaries for 16 min on each
of days 2, 3, 4, and 6 following introduction between 12:00 and
18:00. All videos were scored by a trained coder who was blind
to treatment for the duration of time spent perched in contact
(clumping) and allopreening (both by the subject and by their
partner). To test for the effects of AVT treatment on both general
activity level and on water balance, we also measured the time
spent with the head in the food dispenser and the number of visits
to both the food dispenser and water dispenser.

Mate Separation, Reunion, and Euthanasia

On the seventh day following introduction, subjects were
separated briefly from their pair partner. The partner was
removed from the pair aviary for 1 h and moved temporarily to a
same-sex social aviary located in another room. Previous studies
have shown that a brief separation induces a stress response
and leads to an increase in affiliative behaviors upon reunion
(Remage-Healey et al., 2003; Prior et al., 2013, 2014). After 1h
of separation, the partner was returned to the pair aviary and the
reunion was filmed for 25 min. Videos were scored for the same
measures as above, plus the number of song bouts performed by
male subjects.

Following an additional 55-65 min (90 min post-reunion) in
the pair cage which was not filmed, the subjects were euthanized
via rapid decapitation. Brains were immediately extracted, frozen
in cold methylbutane, and stored at —80°C. Brains were
sectioned coronally into six series at 20 um and mounted onto
charged slides. The number of birds that completed the study are
as follows: Control males (N = 7); AVT males (N = 11); MC
males (N = 11); Control females (N = 10); AVT females (N =
9); and MC females (N = 9).

Probe Preparation

We developed primers from published sequences (Genbank:
V1aR = XM_002187285) using the NCBI primer tool
(Forward = AGCGCGGCTCGCAAGTCTAC; Reverse =
GAAGGGCGCCCAGCAAACGA). We conducted reverse-
transcribed PCR (Life Technologies: #12574-035) per
manufacturer’s instructions on isolated RNA to obtain the cDNA
and sequenced the product at the Applied Genomics Technology

Center (AGTC) at Wayne State University. We prepared the
probe using a DIG RNA Labeling kit according to manufacturer’s
instructions (Roche Applied Science: # 11175025910).

Immunocytochemistry and In situ
Hybridization

Fluorescence immunocytochemistry and in situ hybridization
were conducted using a protocol adapted from previous
work (Lowrey and Tomaszycki, 2014). Slides were fixed with
3% paraformaldehyde, acetylated, dehydrated, and air dried.
Hybridization with a probe concentration of 1:1000 occurred
at 55°C overnight. After a series of washes, slides were
incubated in 0.3% hydrogen peroxide in Tris-NaCl-Tween
(TNT) buffer for 10 min, and blocked in TNT buffer with
2mg/ml of bovine serum albumin for 30 min. Slides were then
incubated in the secondary antibody (1:100, Anti-DIG-POD,
Roche Applied Science: #11207733910) for 2h, followed by
30 min in a tyramide-conjugated fluorophore (1:100, Alexa 488,
Life Technologies: # T-20922). Slides were then processed for
ZENK immunocytochemistry. Each step was preceded by 3
washes (5min each) in Tris-buffered saline (TBS). Slides were
blocked in 2% normal goat serum and 0.3% Triton X-100 for
30 min. This was followed by a 48h incubation in the ZENK
primary antibody (1:1000, Santa Cruz Biotechnology: # sc189) at
4°C. Slides were then incubated for 2 h in the secondary antibody
(5 pl/ml; goat anti-rabbit secondary conjugated to Alexa 594,
Life Technologies: # A-11012). Finally, slides were cover-slipped
with Slow Fade Antifade Gold with DAPI (Life Technologies:
#536938) and sealed. V1aR sense slides exhibited no staining, and
staining in the anti-sense slides appeared to have a distribution
similar to that reported in earlier studies (Leung et al., 2011).
All slides were stained at the same time, to control for potential
differences in staining quality.

Quantification

Slides were analyzed using a Leica DM 5500B microscope. We
quantified the number of cells in a 400 X 400 pum counting frame
for BSTm and MeA and 200 X 400 pwm counting frame for LS
(by hand, using the Image J Cell Counter plugin to keep track of
cell counts). For ZENK-ir, red cells exhibiting a punctate nuclear-
associated staining were quantified. We counted the number of
DAPI+ nuclei using the particle analysis in Image J. For the
MeA, 4 + 2 counting frames taken from 3 separate sections
(one anterior, one intermediate, and one posterior) representing
both left and right hemispheres were quantified per animal.
For the BSTm, 3 + 1 counting frames taken from 2 separate
sections [one ventral to the anterior commissure (AC) where
the AC is strongest and the second where the AC just begins to
disappear and the BSTm cells appear to spill over the occipito-
mesencephalic tract (OM)]. For LS, 4 & 2 counting frames taken
from 3 separate sections (one anterior, one intermediate, and one
posterior). Counts from the LS were scaled by a factor of two to
be comparable to the other two regions.

For each counting frame, 3 measurements were taken:
the number of cells expressing VlaR, the number of cells
immunoreactive for ZENK (ZENK-ir), and the number of cells
expressing both. Due to tissue quality, 1 Control male, 2 AVT
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males, and 4 MC males were excluded from the analysis. The final
sample size was 6 Control males, 9 AVT males, and 7 MC males.

Statistical Analysis

All statistical analyses were performed with R software (R Core
Team, 2015). To test if treatment affected whether or not an
individual formed a pair, we used a general linear model (GLM)
with a binomial link function. To test the effect of the treatment
on the amount of clumping, allopreening, time in the food
dispenser, visits to the food dispenser, and visits to the water
dispenser across test days, we used a random slope linear mixed
model (LMM). In this model, Sex, Treatment, and Test Day
(Day 2, 3, 4, 6, and Reunion) were specified as fixed factors.
Random factors were individual ID nested within Family ID. The
interaction effect considered was SexxTreatmentxTest. We used
a Poisson GLM to test the effect of treatment on the number of
song bouts performed by males during the reunion.

To analyze cell count data, we averaged the cell counts within
regions and within subjects and rounded the counts to the nearest
integer. We then analyzed the counts using weighted negative
binomial GLMs using the glm.nb function in the MASS package,
with the number of sections contributing to the averaged count
included as the weight. Poisson GLMs are preferable to log-
transforming count data (O’Hara and Kotze, 2010). Negative
binomial regression is a generalization of Poisson regression, but
it has an extra parameter to model over-dispersion. We used
weights to ensure that counts obtained from a larger number
of sections were weighted more in the analyses, since we can be
more confident that these counts represent the true mean within
a given individual and brain region.

First, we tested whether there was an effect of treatment on
the expression of V1aR, ZENK-ir, V1aR+ZENK cells, and the
number of DAPI-stained nuclei within the MeA, BSTm, and LS.
Second, we tested for associations between these neural measures
and behavior, including treatment as a factor in the model. To
perform model comparisons for the GLM, LMM, and negative
binomial GLM models, we used likelihood ratio tests to compare
the full model to a reduced null model with the factor of interest
removed using the anova function to perform a chi-square test. In
addition, we performed post-hoc tests using the testInteractions
function in the phia package. All data are available in Data
Sheet 1.

RESULTS

Pairing Behavior

There was no effect of treatment in either sex on whether subjects
formed a pair [GLM: Males, X?(2) = 4.2, p = 0.1; Females,
X2(2) = 1.6, p = 0.4] nor on the number of days until the first
observed instance of either perching in contact or allopreening
[Log-rank test: Males: X?(2) = 2.6, p = 0.3; Females: X>(2) =
0.7, p = 0.71]. Consistent with previous studies, both male and
female subjects spent more time either perched in contact or
allopreening during the reunion compared to observations on
previous days, controlling for both sex and treatment [LMM,
Clumping, X2(4) = 19.5, p = 0.0006; Allopreening, X2(4) = 27.6,

p < 0.0001]. This demonstrates that our separation and reunion
paradigm reliably elicited pair maintenance behaviors.

In males, there was a significant effect of treatment on
affiliative behavior during the25 min reunion period [LMM,
X2(2) = 15.7, p = 0.0004; Figure 1A, Supplementary Video].
AVT males spent, on average, 45% of the 25 min reunion period
perched in contact with their female partner, which was 790%
more than Control males [X2(1) = 17.5, p < 0.0001] and 360%
more than MC males [X?(1) = 14.0, p = 0.0004]. MC and Control
males did not differ from each other in the time spent clumping
[X3(1) = 0.4, p = 0.5]. Treatment did not affect the amount of
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FIGURE 1 | Time perched in contact and number of song bouts by
male subjects. (A) Mean + SE time (s) spent perched in contact with the
female partner during the 25 min reunion period following a 1 h separation. (B)
Box-and-whisker plot of the number of song bouts during the first 25 min
following reunion with the female partner after a 1 h separation. Data beyond
the ends of the whiskers are outliers and plotted as points. Subjects received
intracranial injections on post-hatch days 2-8 of either arginine vasotocin
(AVT), Manning Compound (MC, a V1aR antagonist), or vehicle control of
saline (Control). Letters indicate groups that are significantly different from each
other.
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time females spent perched in contact with their male partner
[LMM, X?(2) = 2.2, p=0.3].

We also observed a significant effect of treatment on the
number of song bouts performed by subject males during the
reunion period [Poisson GLM: X%(2) = 80.1, p < 0.0001;
Figure 1B]. Control males sang the greatest number of song
bouts and AVT males sang the fewest (Control-AVT: Z = —8.7,
p < 0.0001; Control-MC: Z = —3.2, p = 0.003; and AVT-
MC: Z = 5.7, p < 0.0001). Typically, AVT males sang a small
number of directed songs upon reunion with the female, whereas
both Control and MC males sang throughout the entire reunion
period.

Feeding and Drinking Behavior

Treatment did not alter the proportion of time spent in the food
dish or number of visits to the food dish, controlling for both
sex and test day [Proportion: X2(2) = 0.1, p = 0.9; Number of
visits: X?(2) = 2.6, p = 0.3]. There was also no significant effect of
treatment on the number of drinks of water consumed by subjects
across test days [X2(2) = 4.5,p=0.1].

Effect of Treatment on ViaR Expression
and the Immediate Early Gene ZENK

We next examined the effects of the intracranial injections on
the expression of V1aR and immediate early gene activity in the
BSTm, LS, and MeA. Because we only found treatment effects
on behavior in males, we restricted our analyses to male subjects.
Across all treatment groups, there were more V1aR-expressing
cells per 1600 um? counting frame in the BSTm (190 + 61 cells)
and the LS (204 =£ 85 cells) compared to the MeA (82 =+ 33 cells)
[nbGLM: X%(2) = 265.3 p < 0.0001]. In addition, there were
more ZENK-ir cells in the LS compared to the other two regions
(BSTm: 31 = 24; LS: 48 & 23; MeA: 31 + 18) [nbGLM: X2(2) =
48.7, p < 0.0001; Figure 2].

Treatment was a significant predictor of the number of V1aR-
expressing cells in both the MeA [nbGLM: X?(2) = 34.6, p <
0.0001] and LS [nbGLM: X?(2) = 27.9, p < 0.0001], but not the
BSTm [nbGLM: X2(2) = 1.9, p = 0.4; Figure 3A]. In the MeA,
AVT subjects had more V1aR-expressing cells compared to the

other groups [Control-AVT: X2(1) = 21.9, p < 0.0001; Control-
MC: X2(1) = 0.2, p = 0.6; AVT-MC: X2(1) = 32.8, p < 0.0001].
In the LS, both MC and AVT subjects had more V1aR expressing
cells, with MC having the most [Control-AVT: X%(1) = 9.1, p=
0.005; Control-MC: X(1) = 33.7, p < 0.0001; AVT-MC: X*(1) =
8.0, p < 0.005].

Treatment was also a significant predictor of ZENK-ir in
all three brain regions [nbGLM, BSTm: X2(2) = 11.8, p =
0.003; LS: X2(2) = 27.3, p < 0.0001; MeA: X*(2) = 5.8, p =
0.05; Figure 3B]. MC males had fewer ZENK-ir cells in the
BSTm compared to AVT males [Control-AVT: X?(1) = 6.5, p=
0.02; Control-MC: X?(1) = 0.3, p = 0.6; AVI-MC: X*(1) =
11.7, p = 0.002]. In the LS, MC males had the most ZENK-
ir cells, followed by AVT males, with Control males having the
fewest [Control-AVT: X?(1) = 13.4, p = 0.0005; Control-MC:
X2(1) = 32.5, p < 0.0001; AVI-MC: X?(1) = 4.4, p = 0.04].
AVT males were found to have fewer ZENK-ir cells in the MeA
compared to MC males [Control-AVT: X?(1) = 0.1, p =07
Control-MC: X?(1) = 2.8, p = 0.18; AVI-MC: X*(1) = 5.8,
p=0.05].

Treatment also predicted the co-localization of V1aR and
ZENK in all three brain regions [nbGLM, BSTm: X2(2) = 12.4,
p = 0.002; LS: X?(2) = 128, p = 0.001; MeA: X*(2) = 8.1,
p = 0.02; Figure3C]. In the BSTm, AVT males had fewer
V1aR+ZENK cells compared to both MC and Control males
[Control-AVT: X?(1) = 5.7, p = 0.03; Control-MC: X2(1) = 0.7,
p = 0.4; AVT-MC: X(1) = 13.1, p = 0.0009]. In the LS, both
MC and AVT males had more V1aR+ZENK cells than Controls
[Control-AVT: X2(1) = 5.7, p = 0.03; Control-MC: X?(1) = 13.9,
p = 0.0006; AVT-MC: X2(1) = 1.9, p = 0.17]. In the MeA, AVT
males had more V1aR+ZENK cells than MC males [Control-
AVT: X2(1) = 3.4, p = 0.1; Control-MC: X2(1) = 0.3, p = 0.5;
AVT-MC: X2(1) = 7.2, p = 0.02].

There was no significant effect of treatment on the total
number of cells per counting frame (i.e., the number of DAPI-
stained nuclei) in the extended medial amygdala [nbGLM, BSTm:
X2(2) = 0.4, p = 0.8; MeA: X?*(2) = 5.4, p = 0.07; Figure 3D].
This suggests that treatment did not impact the overall density of
cells in these regions. However, treatment did impact the number
of DAPI stained nuclei in the LS [nbGLM: X2(2) = 16.8, p=

DAP|I—combined. The frame is 200 x 200 um and the scale bar is 50 pwm.

FIGURE 2 | Example double-label fluorescence in situ staining of the BSTm of a Control male. In the first panel, V1aR expressing cells are labeled in green.
In the second panel, punctate nuclear-staining for ZENK is shown in red, with DAPI nuclear stain shown in blue. The third panel shows all three—V1aR, ZENK, and
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0.0002], with MC males having more DAPI stained nuclei in the
LS compared to Control and AVT males [Control-AVT: X?(1) =
1.6, p = 0.2; Control-MC: X2(1) = 17.8, p < 0.0001; AVT-MC:
X%(1) = 8.7, p = 0.006].

Correlations between Behavior, Immediate

Early Gene Activity, and V1aR

ZENK-ir in the MeA was positively correlated with the time the
subject spent perched in contact with his female partner [nbGLM:
X2(1) = 5.6, p = 0.02]. We also observed a significant negative
correlation between singing and ZENK-ir in the BSTm [nbGLM:
X%(1) = 5.7, p = 0.02]. There were no correlations observed
between ZENK-ir and either clumping or singing in the LS.

The number of V1aR+ZENK cells in the extended medial
amygdala (BSTm and MeA) was correlated with behaviors
exhibited by males during the reunion. In the BSTm, there was
a negative relationship between the number of V1aR+ZENK
cells and clumping behavior [nbGLM: X2(1) = 8.0, p =
0.005; Figure 4A], but was no significant relationship between
V1aR+ZENK co-localization and singing behavior [nbGLM:
X?(1) = 14, p = 02; Figure4B]. In the MeA, there
was a strong positive relationship between V1aR+ZENK co-
localization and clumping behavior [nbGLM: X2(1) = 11.5, p=
0.0007; Figure 4C] and a strong negative relationship between
V1aR+ZENK co-localization and the number of song bouts

[nbGLM: X2(1) = 9.9, p = 0.002; Figure 4D]. There was no
relationship between V1aR+ZENK co-localization in the LS and
behavior [nbGLM, Clumping: X?(1) = 0.016, p = 0.90; Singing:
X2(2) = 0.005, p = 0.94].

DISCUSSION

To our knowledge, these results are the first demonstration that
the nonapeptide system may function early in development to
influence adult social behaviors in birds, similar to what has been
observed in prairie voles (Stribley and Carter, 1999; Bales and
Carter, 2003a,b; Yamamoto et al., 2004). Males in each of the
three treatment groups exhibited dramatically different profiles
in their pair maintenance behaviors, and yet they all appeared to
form pair bonds. AVT males were highly affiliative, perching in
contact with their partner eight times as much as Control males.
AVT males also had higher expression levels of V1aR and more
cells which co-localized both V1aR and ZENK in the MeA. MC
males, on the other hand, were as affiliative as Controls, but sang
far less. MC males also had reduced ZENK-ir in the BSTm and
more V1aR+ZENK cells in the LS. We also demonstrated that
co-localization of V1aR expression and ZENK-ir in the MeA
and BSTm is correlated with both affiliation and amount of
singing.
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These findings are broadly consistent with the now
accumulating evidence that nonapeptides play an important role
in pair bonding in birds. However, they are the first results to
demonstrate that AVT and the V1aR receptor are important
in pairing behavior in male zebra finches. Previous research
on the role of nonapeptides in pairing in zebra finches found
significant effects of MT and OT-like receptors, mostly in
females, but had not identified a role for V1aR in pairing in
either sex (Goodson et al., 2004; Pedersen and Tomaszycki,
2012; Klatt and Goodson, 2013; Kelly and Goodson, 2014). The
present findings are thus consistent with decades of research in
prairie voles demonstrating that AVT and V1aR are important
for pairing in males (Winslow et al., 1993; Pitkow et al., 2001).
It should be noted, however, that one possible explanation for
the lack of observed effects in females is that the intracranial
injections occurred before functional receptors were expressed
at high enough levels in females to have obvious developmental
effects on brain and behavior. In rodents, the development of the
AVT system of females is delayed relative to males and a similar
phenomenon may be occurring in birds as well (Buijs et al., 1980;
Szot and Dorsa, 1993).

Although previous studies have provided only modest
evidence of V1aR expression in the MeA, LS, or BSTm in zebra
finches (Leung et al, 2009, 2011), we consistently observed
staining in these regions. V1aR expression is relatively low, but

highly variable (15.1 & 6.8% of neurons in the MeA, 26.9 + 7.8%
in the LS, and 30.6 &= 12.0% in the BSTm). All of these regions
do express this receptor subtype in prairie voles and there is
evidence of AVT binding within these regions in zebra finches,
white throated sparrows, and canaries (Voorhuis et al., 1988;
Leung et al,, 2009, 2011). Thus, these results suggest that there
is potential for plasticity in the expression of V1aR, and that the
expression of nonapeptide receptors in these regions may depend
on developmental experiences, pairing status, or other aspects of
social context.

Additionally, we found that affiliation with the pair partner
was positively correlated with immediate early gene activity
in the MeA, including the activity of V1aR expressing cells.
This is consistent with evidence that the MeA is involved in
affiliative behavior between pair partners in both mammals and
songbirds (Kirkpatrick et al., 1994; Svec et al., 2009). These
results suggest that the MeA may be similarly involved in pair
maintenance behaviors across taxa, perhaps playing a role in
both individual recognition and the modulation of contextually-
appropriate reproductive behaviors.

Unlike a previous study in zebra finches, we did not find a
positive relationship between ZENK-ir in the BSTm and singing
(Goodson et al., 2009). Instead, we observed a slight negative
correlation between singing and both ZENK-ir in the BSTm,
as well as between singing and V1aR+ZENK co-localization in
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both the BSTm and MeA. In the present study, these samples
were not collected from males courting novel females, but instead
singing to females with whom they are already paired and in the
context of re-establishing or maintaining an already formed pair
bond. Heimovics and Riters (2005, 2006) observed differential
regulation of starling song by the BSTm depending upon the
context in which it is produced. Thus, it is likely that song in this
context functions as a pair maintenance behavior, rather than a
courtship or sexual behavior, particularly given that no attempted
or successful copulations were observed in any of the reunion
periods.

AVT has been found to play an important role in vocal
behaviors in many species of songbirds, though many details
remain poorly understood. The effects of AVT have been found
to vary widely depending on the social context, as well as whether
the treatments were administered peripherally vs. centrally or
acutely vs. chronically (Voorhuis et al., 1991; Maney et al., 1997;
Goodson, 1998; Harding and Rowe, 2003). In zebra finches,
nonapeptide receptors are expressed in a number of sensorimotor
regions where they may influence song production. There is no
AVT receptor expression in HVC (a key sensorimotor nucleus
in song) and limited expression within the robust nucleus of
the arcopallium (RA, homologous to laryngeal motor cortex;
Leung et al., 2009, 2011). However, there are high levels AVT
immunoreactivity in the intercollicular nucleus (ICo, a region
implicated in vocal control) and nXIIts (the key motor nucleus
which innervates the syrinx and is considered to be part of the
song system).

Previous work in zebra finches and other song birds has
demonstrated that adult AVT plays a prominent role in both
gregariousness and aggression, but not pairing, particularly in
the lateral septum (Kelly et al., 2011). In zebra finches, the LS
exhibits a high density of binding of both AVT and OT, as
well as high expression of OTR (Leung et al., 2009, 2011; Kelly
et al.,, 2011). Infusions of MC in the LS reduce the preference
to affiliate with larger flocks of birds and increase anxiety-like
behaviors (Kelly et al., 2011). Consistent with this work, we also
failed to find a relationship between activity in the LS and either
singing or affiliative behavior, though we did not investigate more
generalized sociality.

Indeed, it is possible that housing subjects with a single partner
may have obscured many aspects of affiliative and courtship
behavior in this species, which normally live in large social
flocks. For example, evidence suggests that MC males are more
gregarious than either Control or AVT males. In a previous
study, these same MC males were found to spend more time
than Control or AVT males in proximity with other birds in
four-way affiliation tests throughout development, but showed
no specific preference to affiliate with female conspecifics (Baran
etal., 2016). Because this was a forced-choice pairing experiment,
the presence of affiliative behavior observed in the MC males
may be a function of preferring to affiliate with other birds in
general, rather than the tendency to form a specific pair bond
with a female. Furthermore, our paradigm did not allow us to test
the effects of treatment on competition between males for female
partners.

Nevertheless, our effects were quite specific to the social
domain. We observed no effect of the treatment on either

feeding or drinking behaviors. We also found no effects of
these treatments on growth or survival in chicks or on activity
level throughout development (Baran et al., 2016). However,
we cannot rule out the possibility that these treatments exerted
widespread effects on the hypothalamic-pituitary-adrenal (HPA)
axis. AVP/AVT, along with corticotropin releasing factor (CREF),
modulates the production of adrenocorticotropic hormone
(ACTH) in the anterior pituitary (Buckingham, 2009). Previous
work in our lab has shown that separation from the partner
results in an elevation of corticosterone, which returns to baseline
when individuals are reunited with their pair partner (Remage-
Healey et al, 2003). Thus, while there does appear to be a
relationship between the HPA axis and pairing, whether the
behavioral effects observed in the present study are also partially
mediated through alterations to the HPA axis remains to be
tested.

In a wide range of socially monogamous species, attachment
to parents is observed very early in development, suggesting that
the neural substrate underlying affiliative behavior is established
long before the formation of adult pair bonds (Bowlby, 1960;
Ainsworth, 1989). Furthermore, early experience with caregivers
during development is known to influence adult relationships,
suggesting that these systems are plastic and sensitive to
experience (Bowlby, 1960; Ainsworth, 1989; Champagne et al.,
2003; Zayas et al., 2011). From a broader perspective, a deeper
understanding of the mechanisms involved in the development
of affiliative behaviors is critical for our understanding of
how evolution alters developmental processes to create novel
behavioral phenotypes (Toth and Robinson, 2007; Hofmann,
2010).

Nonapeptides are among the most evolutionarily labile and
context-dependent signaling systems in the vertebrate brain
(Goodson, 2005; Choleris et al., 2013). In this experiment,
we determined that the nonapeptides play a developmental
role in the social brain by injecting large doses of either
AVT or MC into the brains of young songbirds. The ability
to interpret these effects would be enhanced by descriptive
studies of the development of the nonapeptide system in zebra
finches. Furthermore, future studies with better spatiotemporal
precision will help to elucidate the function of nonapeptides
in specific brain regions during development. This would allow
researchers to understand how these circuits are contributing
to the development of social behaviors, both adaptive and
maladaptive. Nevertheless, these results provide strong evidence
that the nonapeptides play a critical role in social development
and that changes to this system during development can have a
profound effect on the social brain throughout life.
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