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Abstract

Some animals, including songbirds, vocalize at high rates when alone or in large groups. In
songbirds, vocal behavior in these contexts is important for song learning and group cohesion. It is
not obviously targeted at any particular individual and is described as “undirected.” Studies
suggest a role for dopamine in undirected song. The neuropeptide neurotensin can enhance
dopaminergic signaling upon binding to the neurotensin receptor 1 (NTR1) and is found in regions
where dopamine can influence song, including the ventral tegmental area (VTA), septum, and the
song-control nucleus Area X. To begin to test the hypothesis that neurotensin and dopamine in
these regions interact to influence undirected song, we used quantitative real time PCR to relate
undirected singing to mRNA expression of neurotensin, NTR1, tyrosine hydroxylase (a synthetic
enzyme for dopamine), and D1 and D2 receptors in male European starlings. Tyrosine
hydroxylase and neurotensin expression in VTA, and neurotensin and D1 expression in Area X,
positively correlated with song. Neurotensin markers also correlated positively with dopamine
markers in VTA. Given the role of VTA projections to Area X in song learning, these results
suggest that interactions between neurotensin and dopamine in these regions may contribute to
vocal learning. In septum, NTR1 expression positively correlated with song, and neurotensin and
dopamine markers were correlated, suggesting that neurotensin in this region may influence
dopaminergic transmission to facilitate undirected vocalizations. Overall, these findings implicate
interactions between neurotensin and dopamine in affiliative communication.

Keywords
dopamine; neurotensin; vocal communication; motivation; social behavior; songbird

Introduction

Many species communicate with vocalizations that are specific to particular situations, such
as courtship or territorial defense [Bradbury and Vehrencamp, 2011]. The neural circuitry
underlying the learning and production of vocal signals is well-known for some species,
such as songbirds [Zeigler and Marler, 2008], but it is less clear how the brain regulates
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vocalizations across contexts [Riters, 2012]. Neuropeptides may mediate behaviors in
appropriate social contexts by modifying neurotransmitter activity in highly conserved brain
regions that, across vertebrates, are involved in motivation and social behavior [Goodson,
2005; Newman, 1999; O'Connell and Hofmann, 2011]. However, relatively little is known
about the function, adaptive value, or neural control of vocalizations used for purposes other
than attracting mates or repelling intruders.

Some animals, including songbirds, vocalize at high rates spontaneously when alone or in
large groups. In songbirds, this type of communication does not appear to be targeted at any
particular individual even when produced in flocks, and it has been referred to as
“undirected” in studies in zebra finches and more recently in European starlings [Dunn and
Zann, 1996a; Immelmann, 1962; Kelm-Nelson and Riters, 2013; Riters, 2012]. The exact
functions of undirected song may differ across species, but this type of song is generally
thought to be important for flock maintenance [Hausberger et al., 1995] and song learning or
practice [Eens, 1997; Kao et al., 2005]. Data also suggest that male undirected song may be
attended to by females and used in future mating decisions [Dunn and Zann, 1996b; Holveck
and Riebel, 2007, 2009] and that the production of undirected song may be rewarding
[Riters and Stevenson, 2012; Riters et al., 2014].

In addition to being involved in motivation, reward, and learning [Berridge and Kringelbach,
2015; Bjorklund and Dunnett, 2007; Schultz, 2013], dopaminergic projections from the
ventral tegmental area (VTA) to striatal regions also have a role in birdsong [Kubikova and
Kostal, 2010; Riters, 2012; Simonyan et al., 2012]. In zebra finches, electrophysiological
recordings show that neural activity in VTA increases when a male sings undirected song
[Yanagihara and Hessler, 2006]. VTA sends dense dopaminergic projections to Area X
[Lewis et al., 1981], a song-control nucleus involved in song learning [Scharff and
Nottebohm, 1991; Sohrabiji et al., 1990] and altering structural features of song [Leblois and
Perkel, 2012; Leblois et al., 2010]. Immediate early gene (IEG) activity in Area X is greater
during undirected song than directed song [Hara et al., 2007; Jarvis et al., 1998], and lesions
of dopaminergic projections from VTA to Area X reduce IEG activity in Area X during
undirected song [Hara et al., 2007]. Dopamine (DA) levels in Area X are higher during
directed singing than undirected singing, but inhibition of DA reuptake removes this context
difference, which may indicate that DA reuptake during undirected singing is greater [Sasaki
et al., 2006]. DA in Area X affects acoustic features of undirected song, as use of a
neurotoxin to reduce dopaminergic input to Area X decreases variability in undirected song
[Miller et al., 2015]. IEG expression in Area X neurons containing D1 receptors increases
when male zebra finches sing undirected song, but decreases in neurons containing D2
receptors [Kubikova et al., 2010]. In starlings, however, D2 receptors have not previously
been linked to undirected song [Heimovics et al., 2009]. The lateral septum (LS) is another
site in which DA may influence undirected song. Immunolabeling for the IEGs ZENK and
cFOS in LS positively correlates with undirected song [Heimovics and Riters, 2006, 2007],
and autoradiography for D1-like DA receptors in LS relates positively to undirected song in
male starlings [Heimovics et al., 2009].

Neuropeptides are proposed to modify neurotransmitter activity to regulate behaviors in
appropriate social contexts [O'Connell and Hofmann, 2011]. Neurotensin (NT) is a
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candidate neuropeptide to modulate undirected song because it strongly interacts with
dopaminergic signaling [Binder et al., 2001] and is implicated in social behavior [Driessen
et al., 2014; Gammie et al., 2009; Merullo et al., 2015b; Merullo et al., 2015a] and learning
[Azmi et al., 2006; Feifel et al., 2009; Keiser et al., 2014; Laszlo et al., 2010; Tirado-
Santiago et al., 2006; Xiao et al., 2014]. NT and the NT1 receptor (NTRZ1; the only known
avian NT receptor [Numao et al., 2011]) co-localize with DA neurons in the ventral
tegmental area (VTA) and are also found in LS and Area X [Atoji et al., 1996; Binder et al.,
2001; Merullo et al., 2015b; Merullo et al., 2015a; Xie et al., 2010]. Upon binding to NTR1,
NT can modulate dopaminergic transmission in two main ways: either by depolarizing DA
neurons or reducing the affinity of inhibitory D2 receptors, both of which can result in an
overall increase of dopaminergic release [Binder et al., 2001; Ferraro et al., 2016; Lu et al.,
2009; St-Gelais et al., 2006]. Interactions between NT and DA may contribute to the process
of incorporating new features into vocal repertoires during undirected song, since DA plays
arole in song learning [Kubikova and Kostal, 2010; Simonyan et al., 2012] and
dopaminergic projections from VTA to Area X are hypothesized to be especially critical for
song acquisition [Fee and Goldberg, 2011].

The role of DA in undirected song and song learning, combined with the functional
relationships between NT and DA, suggest that NT may interact with dopaminergic
signaling to influence undirected song. To begin to test this hypothesis, we observed adult
male starlings singing undirected song and used quantitative real time PCR (gPCR) to
measure mMRNA expression of tyrosine hydroxylase (TH; a precursor synthetic enzyme to
DA), D1 receptors, D2 receptors, NT and NTR1. We focused on VTA, Area X, and LS
because they are rich in NT and NTR1, and DA in these regions has been associated
previously with undirected song.

Materials and Methods

Animals

This study used 21 male European starlings that had been caught during 2010-2014 in
Madison, WI with baited fly-in traps and brought to the University of Wisconsin-Madison.
Birds were housed indoors in stainless steel cages (91 cm x 47 cm x 47 cm) in single sex
groups of 5. Food and water were provided ad libitum. All procedures and protocols
followed the guidelines of the National Institutes of Health Guide for the Care and Use of
Laboratory Animals and a protocol approved by the University of Wisconsin Institutional
Animal Care and Use Committee.

Housing Conditions

Birds were housed indoors on a photoperiod of 18 h light:6 h dark for at least 6 weeks.
Under this condition, starlings become photorefractory, a state in which they have regressed
gonads and are not in reproductive condition [Dawson et al., 2001]. This mimics the early
fall condition, when starlings sing high rates of undirected song that are important for
learning [Bohner et al., 1990]. Males were randomly assigned to indoor aviaries (3.5 m x
2.25 m x 2 m) containing 4 individuals with 4 perches, a nest box, a water bath, and ad
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libitum food and water. Birds habituated to the aviaries for at least 2 weeks before
behavioral testing began.

Behavioral Observations

A single experimenter seated behind a one-way mirror observed 4 birds simultaneously for
20 min and recorded behavior. Starling complete song consists of a distinct sequence of 4
vocal segments: introductory whistles, complex phrases, click-series, and high frequency
phrases [Eens, 1997; Eens et al., 1989]. The observer recorded the number of complete
songs, total time singing (s), incomplete songs (vocalized elements of the song sequence that
do not comprise a complete song), and calls (non-song vocalizations). Displacements of
other individuals were counted when a bird flew to within 5 cm of another bird and the
approached bird immediately flew away. Other behaviors observed were bouts of feeding,
drinking, and preening, with bouts separated by at least 2 s. Each of these behaviors is
readily quantifiable in real time by an observer watching four starlings because starlings
generally do not constantly change locations and an individual bird does not produce
multiple behaviors simultaneously. These methods are common in studies of starling
behavior and have been used previously to quantify behavior in flocks of this size [e.g. Eens
et al., 1990; Merullo et al., 2015b; Merullo et al., 2015a].

We observed birds singing three times for 20 min. First we observed birds as part of a
separate study not reported here (Day 1), then a second time (Day 2) five to 26 days later
(mean = 11.29 days, median = 9.00, sd £ 6.47), and finally a third time (Day 3)
approximately two days later (mean = 2.52, median = 2.00, sd + 1.33). Starlings typically
sing consistently across observation days [e.g., Riters et al., 2014], but in the present study
the number of songs was not correlated across days. Birds sang most on Day 2 with a
substantial drop in song production on Day 3 (mean / median / sd of time singing (s): Day 1
=265.4/209.0/224.29; Day 2 = 282.7 / 318.0 / 189.34; Day 3 = 143.4/109.0 / 145.31).
We therefore decided to use Day 2 for analysis because we consider the day of maximal
singing nearest to brain collection to be most representative of a bird’s individual propensity
to sing. Furthermore, for each individual bird, the number of songs on Day 2 was consistent
with the number of songs on Day 1 and Day 3 with the exception of only four birds; one
sang at high rates on Day 1, two sang at high rates on Day 2 only, and one sang at high rates
on Day 3. Without these points, there are positive correlations between the number of songs
on Day 2 and the number of songs on Day 1 (r = 0.53. p = 0.028) and Day 3 (r = 0.67, p =
0.0032). Thus, we consider that the consistency in singing behavior observed for 17 of 21
birds indicates persistent individual differences in the propensity to sing, and we focused on
the day when birds sang most in order to collect a representative sample of general singing
activity.

Tissue Collection and Tissue Preparation

Animals were sacrificed within a week of the observation day (mean = 2.52 days, median =
2.00, sd £ 1.33). Brains (n=21) were collected by rapid decapitation, fresh frozen in
isopentane (Catalog No. 277258; Sigma-Aldrich, St. Louis, MO) chilled by dry ice for at
least 30 s, and then stored at —80 °C. Brains were sectioned coronally at 200 um on a
cryostat (-14 °C) and mounted onto slides. Punches of samples were taken from target brain
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regions (in Area X, 4 punches of 2 mm diameter; in LS, 1 punch of 2 mm diameter; in VTA,
2 punches of 1 mm diameter; Fig. 1) using Fine Science Tools sample corers (Catalog Nos.
18035-01 and 18035-02; Foster City, CA). Due to technical limitations, tissue punches
centered on LS also contained medial septum so we refer to this region as septum (see Fig.
1), and tissues punches centered on VTA also contained small amounts of surrounding area
(see Fig. 1). Punches were then transferred to centrifuge tubes on dry ice and stored at

-80 °C.

RNA was extracted with the Bio-Rad Aurum Total RNA Fatty and Fibrous Tissue Kit
(Catalog No. 732-6830; Bio-Rad, Hercules, CA) following the manufacturer’s instructions.
RNA concentration was measured and integrity confirmed with NanoDrop
(Thermoscientific, Wilmington, DE). RNA was converted to single-stranded cDNA with the
Invitrogen SuperScript 111 First-Strand Synthesis System (Catalog No. 18080-051; Life
Technologies, Carlsbad, CA) following the manufacturer’s instructions. RNA starting
amounts for synthesis were 100 ng. cDNA pooled from tissue punches collected in
surrounding regions was used for standards.

Primers were designed and screened with NCBI Primer-Blast using either the zebra finch
(Taeniopygia guttata) or chicken (Gallus gallus) genome. Primer quality was examined on
NetPrimer (Premier Biosoft) for secondary structures. Details of the primers are in Table 1.
Sanger sequencing of both the forward and reverse primers was done at the University of
Wisconsin Biotechnology Center for all genes reported (Table 2). All sequences match the
specified targets using NCBI BLAST. The D1 receptor primer specifically targets the D1a
receptor subtype [Yamamoto et al., 2015], which is highly expressed in Area X and septum
of zebra finches [Kubikova et al., 2010]; the D2 receptor primer targets the D2 receptor
subtype of the D2 family (which also includes D3 and D4 receptors) [Yamamoto et al.,
2015], which is expressed in VTA, Area X, and septum [Kubikova et al., 2010].

The BioRad CFX96 Touch Real-Time PCR Detection System (Catalog No. 185-5195; Bio-
Rad, Hercules, CA) was used to run gPCR. Samples were mixed with Sso Fast Evagreen
Supermix (Catalog No. 172-5204; Bio-Rad, Hercules, CA), nuclease free H,0, and forward
and reverse primers for the gene of interest (prepared by the University of Wisconsin,
Biotechnology center) as per manufacturer’s instructions. Samples were run along with 5
amplification standards in a 1:10 dilution series, beginning with 500 ng/pul, and a non-
template control containing nucleotide free water instead of cDNA. Samples and standards
were run in triplicate. Runs had an initiation step at 95 °C for 30s, followed by 40 cycles of
95 °C for 5 s, followed by a 30 s annealing phase based on the annealing temperature for the
primer, and a 30 s elongation phase at 72 °C. Plates went through a melt curve from 65 °C to
88 °C, at 0.5 °C for each 5 s step. Plates were read at each elongation and melt curve step.
Runs were only used if the reaction efficiencies as assayed by the standard amplification
curve were between 90-110% and had an R? greater than 0.990. A melt curve with a single
peak verified the specificity of the PCR products.

Relative gene expression for NT, NTR1, TH, D1, and D2 was quantified as a normalized
ratio to two reference genes (glyceraldehyde 3-phosphate dehydrogenase (GAPDH) and
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hydroxymethylbilane synthase (HMBS)). Mean Ct values (the cycle number at which a
sample crossed the amplification threshold of 200 RFU) were transformed for each sample
through the Pfaffl Method [Cordes et al., 2015; Pfaffl, 2001]. The geometric mean of the Ct
values for the two reference genes for each region was used to transform the Ct values for
each gene to a normalized ratio, resulting in a relative expression value for each gene of
interest. Expression levels for some genes in some regions were so low that they were
unquantifiable for these numbers of individuals: in VTA 1 for TH, 6 for D1, 5 for D2, and 7
for NTR1; in Area X 17 for TH; in septum 5 for TH, 1 for D2, and 1 for NTR1. Due to
technical problems with tissue, gene expression in VTA could not be quantified for 2
individuals.

Linear correlations were performed between each behavior and gene expression in Area X,
VTA, and septum. To account for multiple comparisons between regions, the Holm-
Bonferroni test was employed post-hoc, 3 regions were analyzed, so the thresholds for alpha
in respective order of significance were p< 0.017, p< 0.025, and p < 0.05. Correlations
were also analyzed in each region for expression of NT and TH, D1, or D2, as well as
expression of NTR1 and TH, D1, or D2. The Holm-Bonferroni test was used to correct for
each of these 6 correlations per region post-hoc, so the thresholds for alpha in respective
order of significance were p< 0.0083, p< 0.01, p<0.0125, p< 0.017, p< 0.025, and p<
0.05. Assumptions were not violated for any of the correlations as shown by residual plots.
Outlier qPCR values were removed from analyses if they were greater than 2 standard
deviations from the mean and were significantly influential such that their inclusion or
removal entirely drove or masked a correlation. Specific instances are detailed in the
Results; as seen from descriptive statistics, these high gPCR values appear to be abnormal
and may be a result of technical errors such as contamination. Analyses to control for group
were performed and no contributing effects were seen. Statistics were conducted in R v3.1.1
[R Core Team, 2014].

TH expression in VTA positively correlated with song

TH mRNA expression in VTA positively related to the number of complete songs (/2 = 0.38,
p=0.0086; Fig. 2). One outlier was excluded from this analysis (relative expression value =
9.61; average = 2.02 + 2.42) and although its inclusion did not affect the significance of the
correlation, its removal improved the fit; therefore, 7=17. TH mRNA expression in Area X
or septum did not relate significantly to singing.

D1 expression in Area X positively correlated with song

D1 mRNA expression in Area X positively related to the number of complete songs (/2 =
0.28, p=0.016) and time singing (/2 = 0.39, p = 0.0034; Fig. 3). One outlier was removed
from these analyses (relative expression value = 2.43; average = 1.11 + 0.49), so n=20. D1
expression in VTA or septum did not correlate significantly with singing, and D2 mRNA
expression in any brain region did not correlate significantly with song measures.

Brain Behav Evol. Author manuscript; available in PMC 2017 September 10.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Merullo et al. Page 7

NT expression in Area X and VTA positively correlated with song

NT mRNA expression in Area X also positively correlated with the number of complete
songs (2 = 0.31, p= 0.0093; Fig. 4) and time singing (/2 = 0.31, p = 0.0088; Fig. 5); n= 21.
NT mRNA expression in VTA positively correlated with the number of complete songs (/2 =
0.37, p=0.0061; Fig. 4) and time singing (/2 = 0.28, p = 0.020; Fig. 5); 7= 19. There were
no significant relationships between NT expression in septum and singing behavior.

NTR1 expression in septum positively correlated with song

NTR1 expression in septum positively correlated with the number of complete songs (72 =
0.33, p=0.0078; Fig. 6); n=20. NTR1 expression in Area X and VTA did not relate
significantly to song.

Other behaviors

Gene expression in any brain regions for the genes mentioned above did not relate
significantly to calling, displacements, preening, feeding, or drinking.

Correlations between NT and DA expression markers

In VTA, NT expression correlated with TH expression (/2 = 0.54, p= 0.00082; n= 17; Fig.
7). One outlier was removed because its value for TH expression was 3 standard deviations
beyond the mean (relative expression value = 9.61; average = 2.02 + 2.42). Also in VTA,
NTR1 expression correlated with both D1 (2 = 0.58, p= 0.0067; n= 11; Fig. 7) and D2 (/2
=0.85, p=5.4e-05; n= 11; Fig. 7) expression. One outlier was removed from the analysis
with D2 because its expression value was 2 standard deviations beyond the mean (relative
expression value = 6.43; average = 1.42 + 1.58).

In septum, NTR1 expression correlated with D1 expression (/2 = 0.50, p= 0.00051; /7= 20;
Fig. 8); one outlier was removed (relative expression value = 2.80; average = 1.12 + 0.48).
Two additional correlations were seen in septum, although their statistical significance did
not surpass the threshold of the Holm-Bonferroni correction. NT expression in septum
related to D1 expression (/2 = 0.25, p= 0.026; 7= 20; Fig. 8) and NTR1 expression in
septum related to D2 expression (/2 = 0.26, p= 0.025; n= 19; Fig. 8). In Area X, there were
no significant correlations between expression of NT or NTR1 and TH, D1, or D2.

Discussion

This study examined neural gene expression associated with a form of undirected
communication that is important for vocal learning [Adret-Hausberger et al., 1990; Chaiken
et al., 1994] and group maintenance [Eens, 1997; Hausberger et al., 1995] in adult starlings.
The data highlight relationships between DA- and NT-related genes in Area X and VTA and
undirected song. Correlations between NT and DA expression markers within these regions
are consistent with the hypothesis that these systems interact to facilitate undirected song.
This study additionally indicates that NTR1 expression in the septum relates to the
production of undirected song. Based on past studies showing that DA can modify birdsong
and NT interacts with DA (reviewed in the introduction), we interpret our findings to suggest
a causal role for interactions between DA and NT in undirected song; however, because all
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results are correlational, it is also possible that expression is influenced by singing or that
another factor is responsible for both singing and gene expression. No correlations among
any of the genes in any region were seen for calling, displacements, feeding, drinking, or
preening, suggesting that our findings were specific to song rather than general motor
behaviors.

Song and gene expression in VTA

Both TH and NT mRNA expression in VTA positively correlated with undirected singing.
TH expression also positively correlated with NT expression in VTA. High TH in VTA
could lead to DA production and release into projection regions, and binding of NT to
receptors on dopaminergic neurons in VTA could enhance DA release [Lu et al., 2009;
Mercuri et al., 1993]. Dopaminergic projections from VTA to Area X are hypothesized to be
important for song learning [Fee and Goldberg, 2011], so it is possible that NT could act on
TH-positive neurons in VTA to enhance DA release into Area X to facilitate song
modification. We also found that NTR1 expression in VTA correlated positively with both
D1 and D2 receptor expression. In VTA, NTR1 is found on dopaminergic neurons that can
contain D2 receptors and on non-dopaminergic neurons that can contain D1 and D2
receptors [Binder et al., 2001]. These correlations suggest that coordinated patterns of DA-
and NT-related gene expression in VTA may fine tune DA release and undirected singing
behavior. The final locations and functional interactions of the protein products of these
genes must now be examined.

Song and gene expression in Area X

Area X contains high densities of D1 receptors [Casto and Ball, 1994; Heimovics et al.,
2009] and receives a major dopaminergic projection from VTA [Lewis et al., 1981]. The
finding that undirected singing positively correlated with D1 receptor expression in Area X
may indicate that these D1 receptors are a target of DA synthesized and released from VTA.
This idea is supported by multiple past studies. DA and D1 receptor expression levels in
Area X peak when male zebra finches are actively learning songs, i.e., singing undirected
song [Harding et al., 1998; Kubikova et al., 2010]. In Area X of adult zebra finches, IEG
expression in neurons containing D1, receptors increases during undirected singing
[Kubikova et al., 2010] and relates to song variability [Bosikova et al., 2012]. Although
[Bosikova et al., 2012] did not find a correlation between D1 receptor expression and the
number of songs, [Bosikova et al., 2012] differs from the present study in that it examined
zebra finches (a different species), it used /n situ hybridization (a less quantitative method
than gPCR), and animals were housed in isolation (a different social condition), all of which
could have contributed to the differences in results. Activation of D1 receptors in Area X can
alter spiny neuron excitability [Ding et al., 2003], facilitate long term potentiation [Ding and
Perkel, 2004], and influence song variability [Leblois and Perkel, 2012; Leblois et al., 2010].
These findings have led to strong proposals for the roles of DA and D1 receptors in Area X
in song learning [Fee and Goldberg, 2011; Kubikova and Kostal, 2010; Simonyan et al.,
2012].

The positive correlation between undirected singing and NT expression in Area X suggests
that NT may act in this region to modify the learning, maintenance, and variability of song.
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A previous study also found a positive correlation between NT expression in Area X and
sexually-motivated song in starlings [Merullo et al., 2015b]. Given that song variability
differs between directed and undirected song [Sossinka and Boéhner, 1980], and that DA in
Area X can alter song variability within distinct contexts, it could be that NT modifies DA
activity in Area X to adjust song variability context-appropriately. Future studies are needed
to examine the causal relationship between song production, NT, and DA in Area X.

Song and NTR1 expression in septum

NTR1 expression in septum positively correlated with the production of undirected song, as
well as with D1 and D2 expression. This is the first instance in which NTR1 has been
associated with singing behavior, although LS has previously been implicated in undirected
song production [Heimovics and Riters, 2006, 2007]. In male starlings, concentrations of the
DA metabolite DOPAC and D1 receptor densities in LS positively correlate with undirected
song [Heimovics et al., 2009; Heimovics et al., 2011], suggesting that DA activity in LS may
stimulate this type of vocalization. NT neurons in VTA project to LS [Binder et al., 2001],
and NTR1 activation in septum could depolarize DA neurons or reduce dopaminergic
inhibition, as reported in other brain regions [Binder et al., 2001; Lu et al., 2009; Mercuri et
al., 1993], and thereby facilitate song. In both rodents and birds, NT neurons are also found
in sub-regions of LS that receive dopaminergic projections from VTA [Atoji et al., 1996;
Binder et al., 2001; Merullo et al., 2015b; Merullo et al., 2015a; Xie et al., 2010]. The
observed correlations in septum between expression of NT and D2, and expression of NTR1
with D1 and D2, support the possibility that NT and DA in LS may interact to facilitate
undirected song.

D2 receptor expression

In the present study we did not find any associations between undirected singing and D2
receptor expression in VTA, Area X, or LS, agreeing with a previous experiment in male
starlings that found no correlations between the production of undirected song and D2
receptors in these regions as measured using autoradiography [Heimovics et al., 2009].
Although D2 expression did not correlate with singing behavior, we did find positive
correlations between D2 expression and NTR1 expression in both VTA and septum. Upon
binding to NTR1, NT can modulate dopaminergic transmission by reducing the affinity of
inhibitory D2 receptors, which can result in an increase in dopaminergic activity [Binder et
al., 2001; Ferraro et al., 2016; St-Gelais et al., 2006]. This suggests that interactions between
NT and DA activity at the D2 receptor may occur in VTA and septum to modify
dopaminergic signaling. Research is now needed to understand these relationships and the
extent to which they influence song.

Technical Limitations

Since the methods in this study measured mRNA expression, the final location of the protein
product is not known, and upregulated gene expression in a particular region could indicate
either that the translated protein remains there or is transported down axons that terminate in
another area. For example, it is unknown if the upregulated NTR1 mRNA production in
septum reflects receptors that remain there or are transferred down axons to another area,
and likewise for DA- and NT-related gene expression in VTA and Area X. Subsequent work
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is needed to identify the sites of action for the genes described here. Furthermore, all the
reported results are correlational, and it is a non-mutually exclusive possibility that singing
behavior alters expression of the observed genes. Studies manipulating the activity of these
genes and receptors are needed to determine the directionality of these relationships.

The present data implicate both the DA and NT systems in undirected song and provide
further support for the hypothesis that these two systems interact to modulate vocal
communication. The DA and NT systems may be involved in regulating undirected song
differently compared to female-directed song, or they could function similarly across
contexts. Future work should investigate the causal role of these neurochemicals in song
production and song learning, as well as seasonal or context-specific differences of these
measures.
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Figure 1.
Approximate sizes and locations for tissue punches in Area X (2 mm diameter), LS (2 mm

diameter), and VTA (1 mm diameter). Abbreviations: A, arcopallium; Cb, cerebellum; CoA,
anterior commissure; CO, optic chiasm; HA, hyperpallium accessorium; Hp, hippocampus;
HVC, letter-based proper name; M, mesopallium; mMAN, medial magnocellular nucleus of
the anterior nidopallium; MS, medial septum; MSt, medial striatum; N, nidopallium; NIII,
third cranial nerve; LS, lateral septum; PAG, periaqueductal gray; VTA, ventral tegmental
area.
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Figure 2.
Correlation between the total number of complete songs and TH expression in VTA (n=

17). Each point represents data from a single individual.
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Figure 3.
Correlations between D1 expression in Area X and the total number of complete songs (top;

n=20) and time singing (bottom; 7= 20). Each point represents data from a single
individual.
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Figure 4.
Correlations between the total number of complete songs and NT expression in Area X (left;

n=21) and VTA (right; n=19). Each point represents data from a single individual.
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Correlations between time singing and NT expression in Area X (left; n=21) and VTA
(right; n=19). Each point represents data from a single individual.
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Figure 6.

Correlation between the total number of complete songs and NTR1 expression in septum (7
= 20). Each point represents data from a single individual.

Brain Behav Evol. Author manuscript; available in PMC 2017 September 10.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Merullo et al.

Page 20

TH Relative mRNA Expression in VTA

D1 Relative mRNA Expression in VTA
06 08 10 12 14 16 18

D2 Relative mRNA Expression in VTA

0.5 1.0 1.5
NT Relative mRNA Expression in VTA

Figure 7.

Correlations in VTA between NT expression and TH expression (left;

2 3
NTR1 Relative mRNA Expression in VTA

© |
N
o |
N
o | .
- D
.
=
- D
4T . s
1 2 3
NTR1 Relative mRNA Expression in VTA
n=17), NTR1

expression and D1 expression (middle; 7=11), and NTR1 expression and D2 expression

(right; n=11). Each point represents data from a single individual.
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Figure 8.
Correlations in septum between NT expression and D1 expression (left; 7= 20), NTR1

expression and D1 expression (middle; 7= 20), and NTR1 and D2 expression (right; 7=
19). A dashed line indicates that the statistical significance of the correlation did not surpass
the threshold of a post-hoc test corrected for 6 comparisons. Each point represents data from

a single individual.
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Table 2

Product sequencing of primers. GAPDH and HMBS were reference genes.

Gene

Species for primers

Sequence

TH

D1

D2

NT

NTR1

GAPDH

HMBS

Taeniopygia guttata

Taeniopygia guttata

Taeniopygia guttata

Taeniopygia guttata

Gallus gallus

Gallus gallus

Taeniopygia guttata

CTTCCCACTGGTCCCGCGGTCCTTAAGGTGTTTGAGACATTTG
AAGCTAAAATTCACCACCTGGAGACGAGGCTTAGCCGAAAG
CCCCGTGAAGGGACTGCTGAACTGGAATACTTTGTGCGCTGT
GAAGTCCACAGCTCAGACCTCAATACTTTCATTAGCTCCATC
AAGAGAGTGGCAGAAGATGTGAGGACTACTAAGGAGGACAA
ATTTCACTGGTTTCCCAGAAAGATCTGTGAATTGGACAAGTG
CCACCATCA

GAGGAANACACGGGACAAAGGTCCACGGCCACGCCTGGATC
ATGGATGAAGGGCTGCCTTGGGGGGTCATTTTCCCTCTT

GGGGNTNNTTGGTGCTGTGGGNTTTGAAGGGCCGCTTTCTCA
GGGGGACCTGGATAA

GCTCGATCGAGAGGAATGAAAGCATTAGAGGCAGATTTATTG
ACCAATATGTACACATCAAAGATTAACAGAGCAAAACTTCCT
TACTGGAAAATGACCCTGCTA

TCCCCTCCAGGCCACTGGGAACAGATTTCCTTTTACAACTTCT
ACCACTACCTTTTTACATGGCTGACAAACGTCCTCTTCTACGG
TCAGCATCAGCAATCAACCCCATCCTCTACAACCTGGTGTCG
GCAAACTTCCGCCAGATCTTCCTCTCCACGCTCACCATCNTGT
GCCTGCCATGGAGGAAGAAGAAGAAACGACTGGCCTTCACC
AGGAAATCCAACAGCATCTCCAGCAACCACACTTA

AGGGCTGGCAGGTATCCATGACACTTTGGCATCGTGGAGGGT
CTCATGACCACTGGTCCATGCCATCACAGCCACACAGAAGAC
AGAT

TCGCAAAGGGAAACCCACCTTGNATGCTGTTGTCTTTCATCCC
AAAAACTGTGGAAAAACACTGAGCCTCCTTCCTGAAAAGAGT
GTGATTGGAACNAA
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