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D2 dopamine receptor activation induces female preference for
male song in the monogamous zebra finch

ABSTRACT
The evolutionary conservation of neural mechanisms for forming
and maintaining pair bonds is unclear. Oxytocin, vasopressin and
dopamine (DA) transmitter systems have been shown to be important
in pair-bond formation and maintenance in several vertebrate
species. We examined the role of dopamine in formation of song
preference in zebra finches, a monogamous bird. Male courtship
song is an honest signal of sexual fitness; thus, we measured female
song preference to evaluate the role of DA in mate selection and pairbond formation, using an operant conditioning paradigm. We found
that DA acting through the D2 receptor, but not the D1 receptor, can
induce a song preference in unpaired female finches and that
blocking the D2 receptor abolished song preference in paired
females. These results suggest that similar neural mechanisms for
pair-bond formation are evolutionarily conserved in rodents and birds.
KEY WORDS: Monogamy, Social behavior, Mate choice, Operant
conditioning, Song bird, Birdsong

INTRODUCTION

Forming monogamous pairs is important in many social animals for
survival and reproductive success. The prairie vole has given clues
to some of the neurotransmitter systems that are critical for pairbond formation (McGraw and Young, 2010; Young et al., 2011;
Young and Wang, 2004). In general, nonapeptides such as oxytocin
and vasopressin are important for pair-bond formation in females
and males, respectively (McGraw and Young, 2010). Activation of
D2 dopamine receptors (D2Rs) in the nucleus accumbens can
induce a partner preference in both males and females (Aragona
et al., 2003; Liu and Wang, 2003), whereas D1 dopamine receptors
(D1Rs) block partner formation and contribute to selective
aggression (Aragona et al., 2003; Hostetler et al., 2011). Although
much has been gleaned from prairie voles, the specific mechanisms
by which DA and nonapeptides influence neural circuits that
underlie partner preference are still unknown, in part because
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manipulation of specific neurons and receptors in the mesolimbic
reward system and social behavior network is difficult. Oxytocin,
vasopressin and dopamine have also been implicated in pair-bond
formation in humans and titi monkeys (Bales et al., 2017; Feldman,
2017; Hostetler et al., 2017), suggesting conserved neurotransmitter
systems, although the neural circuitry may differ (Hostetler et al.,
2017; Young et al., 2019). Social monogamy is more common in
birds; >85% of avian species are classified as socially monogamous
(Cockburn, 2006; Lack, 1968) compared with ∼9% in mammals
(Lukas and Clutton-Brock, 2013). Therefore, comparing
mechanisms of affiliative behavior in birds with those in other
vertebrates is critical to understanding the conserved neural
underpinnings (Banerjee et al., 2013; O’Connell and Hofmann,
2011a,b).
The zebra finch (Taeniopygia guttata) provides an excellent
avian system to understand the neural mechanisms of pair
bonding. In addition to the formation of monogamous pairs,
their courtship behavior is well described (Zann, 1994, 1996),
much of the circuitry involved in social behaviors is known
(O’Connell and Hofmann, 2011b; Prior and Soma, 2015; Wild and
Botelho, 2015) and the system is becoming more accessible to
specific neural manipulations (Heston et al., 2018; Murugan et al.,
2013; Xiao et al., 2018; Yazaki-Sugiyama et al., 2015).
Additionally, previous studies in zebra finches have identified
that partner preference is dependent on many neurotransmitters
and other signaling molecules, including oxytocin (Klatt and
Goodson, 2013; Pedersen and Tomaszycki, 2012), vasopressin
(Goodson et al., 2004), cortisol (LaPlante et al., 2014), hormones
(Prior and Soma, 2015) and dopamine (Adkins-Regan, 2009;
Banerjee et al., 2013; Goodson et al., 2009; Iwasaki et al., 2014;
Tokarev et al., 2017).
Female song birds use male song as an honest signal of sexual
fitness and song is important for forming affiliative bonds (Gil and
Gahr, 2002; Tomaszycki and Adkins-Regan, 2005). In zebra
finches, only the males sing and females exhibit a preference for
their mate’s song (Woolley and Doupe, 2008). To test whether
neural mechanisms are evolutionarily conserved in the formation
and maintenance of partner preference, we evaluated female
preference for male song. Dopamine, acting through D2Rs, can
induce partner preference in prairie voles (Wang et al., 1999);
thus, we tested whether activation or blockage of D2Rs altered
song preference. We predicted that, in female zebra finches, a
D2R agonist would induce a song preference in females and that
a D2R antagonist would reduce song preference in pair-bonded
females.
MATERIALS AND METHODS
Animals and housing

A total of 46 adult female (>90 days post-hatch) and 44 adult male
zebra finches, Taeniopygia guttata (Vieillot 1817), were used in this
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study. All birds were subject to a 12 h:12 h light:dark cycle and had
access to food and water ad libitum. All experiments were approved
by the W.M. Keck Science Department IACUC, in accordance with
NIH guidelines.
Experimental design

Birds were divided into two groups: pair-bonded and unpaired
females. Pair-bonded females were housed with a male for at least
2 weeks, which is long enough to form pair bonds (Zann, 1996),
and unpaired females were housed with other females. Prior to the
behavioral experiment, each female was isolated for 24–48 h in a
sound-isolation chamber with her partner in the pair-bonded group
or with a novel male partner in the unpaired group (Fig. 1A).
During this time, females were injected twice, 6–24 h apart, with a
drug (see below) or saline given by a 50 μl subcutaneous injection
in the inguinal fold, at the base of each leg. All drugs (Sigma)
were dissolved in 0.9% saline at a dose of 1 mg kg−1 body mass
(Balthazart et al., 1997; Kabelik et al., 2010), with an average
body mass of 13 g. To test the role of each dopamine receptor, we
used (±)-SKF-38393 (D1R) and (−)-quinpirole-hydrochloride
(D2R) as agonists, and SCH 23390 (D1R) and raclopride (D2R)
as antagonists.
During the isolation period, male courtship song was collected
with a microphone (Shure SM94), digitized at 44100 Hz (PreSonus,
AudioBox) and stored on a PC using Sound Analysis Pro 2011
(Tchernichovski et al., 2000).
Behavioral test

Immediately following isolation with a single male, females were
tested for their song preference using an operant testing cage
(Fig. 1B) modeled after Woolley and Doupe (2008). This testing
cage was composed of identical chambers (400×400×440 mm)
connected by a window (100×140 mm). Each chamber included a
single perch with an infrared beam (Banner Engineering) set at the
level of the perch and a speaker (Pioneer TS-F1643R) positioned at
either end of the two chambers. When a subject landed on a perch,
the infrared beam was interrupted and a song playback was
triggered, using the Matlab software ARTSy (Gess et al., 2011) or
Sound Analysis Pro 2011.
For an hour before each test, the chamber bias of the female
was determined by recording the number of perch triggers, with no
song played (silence). During the preference test, song from
the male that was isolated with the female ( partner song) was played
through the speaker in the non-preferred chamber for 1 h (see

Isolated with male

Pair-bonded females prefer their partner’s song (Woolley and
Doupe, 2008). To validate the operant conditioning paradigm (Gess
et al., 2011) for song preference, we tested saline-injected females
that were unpaired (isolated with an unfamiliar partner for 24–48 h
prior to testing) or pair-bonded (housed with a partner for
>2 weeks). After a female’s chamber bias was determined by
recording the number of perch landings triggering no song playback
(silence), female song choice was compared with her chamber
preference (Fig. 2A). As expected, we found that paired females
preferred their partner’s song to an unfamiliar song (side preference:
silence, 0.35±0.15; partner song, 0.62±0.20; P=0.003, t=4.59,
d.f.=7, n=8), and unpaired females showed no preference for their
partner’s song (side preference: silence, 0.35±0.12; partner song,
0.38±0.26; P=0.63, t=0.50, d.f.=7, n=8).
Induction of song preference is mediated by D2R

To determine the effect of D1R or D2R on induction of song
preference, we tested unpaired females that were injected twice with
1 mg kg−1 of either a D1R agonist (SKF-38392) or a D2R agonist
(quinpirole). Females injected with the D2R agonist showed a
significant preference for their partner’s song (Fig. 2B; side
preference: silence, 0.22±0.11; partner song, 0.76±0.13; P<0.0001,
t=9.26, d.f.=7, n=8). However, females injected with the D1R
agonist did not show a preference for their partner’s song (side
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All statistical tests were performed in Prism (GraphPad, version
8.01). Paired t-tests were used to determine whether a treatment
changed the chamber preference from silence to song playback,
where data are presented as means±s.d. To compare the overall
change in preference from silence to song playback (mean±s.e.m.),
a one-way ANOVA with a post hoc Tukey’s test for multiple
comparisons was used. Sample size (N=7 to 8 birds per group) was
determined using the ‘pwr’ package in R (3.5.1) for a desired effect
size of 0.8.

Inj

B

Inj

ec
ti

on

no
.1

6–24 h

Statistics

So

A

Fig. 1B). The other chamber played back a female-directed song
from an unfamiliar male. The same unfamiliar male song was used
for all experiments to reduce variability of perceived song
complexity. To calculate chamber and song preference, the
number of triggers on the partner’s side of the cage was divided
by the total number of triggers.

Unfamiliar
song

Partner
song

Fig. 1. Schematic diagram of the experimental design to test
the song preference of female zebra finches. (A) Each
female was isolated with a partner during the injection of either
saline or a D1 or D2 dopamine receptor (D1R or D2R) agonist or
antagonist. Two injections (1 mg kg−1) were delivered during the
co-housing period (gray arrow). After isolation with a male,
females were placed in the testing arena and their side bias
(Silence) was determined prior to their song preference (Song) by
counting the number of perch landings on each side of the
chamber in 1 h. (B) Schematic diagram of the operant testing
cage. The side of the chamber with fewer perch landings during
silence was paired with the partner song. When the bird landed on
a perch, song playback from a speaker on that side of the cage
was triggered.
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Pair bonded

preference: silence, 0.31±0.13; partner song, 0.34±0.15; P=0.55,
t=0.63, d.f.=7, n=8). These data indicate that activation of the D2R,
but not the D1R, is sufficient to induce a song preference in female
finches.
D2Rs are required for maintaining partner preference

In order to determine whether D2Rs are necessary to maintain
partner preference, we used D1R and D2R antagonists in paired
females (Fig. 2C). We found that females injected with the D2R
antagonist raclopride did not have a song preference (side
preference: silence, 0.41±0.07; partner’s song, 0.47±0.05;
P=0.14, t=1.72, d.f.=6, n=7). The paired females injected with the
D1R antagonist SCH 23390 retained a preference for their partner’s
song (side preference: silence, 0.38±0.09; partner’s song, 0.49
±0.10; P=0.003, t=4.87, d.f.=6, n=7). These data suggest that D2Rs,
but not D1Rs, are necessary to maintain song preference in paired
female finches.

The song preference of females across treatments was compared
by calculating the change in chamber preference ( playback–silence)
(Fig. 2D). We found that administration of the D2R agonist
quinpirole significantly increased the preference for partner song
compared with all other groups (one-way ANOVA, F5,40=14.3,
P<0.0001; Tukey post hoc, D2R agonist versus unpaired saline,
D1R agonist, D2R antagonist and D1R antagonist, P<0.0001; D2R
agonist versus paired saline, P=0.01). In addition, paired finches
given saline had a significantly stronger preference for their
partner’s song than unpaired females given saline (P=0.03) and
unpaired females given the D1R agonist SKF-38392 (P=0.03).
Taken together, these data indicate that D2Rs are both necessary and
sufficient for song preference in female finches.
Drug application does not change finch activity

The increase in song preference could be due to a change in motor
activity in females as D2R can result in increased motor behavior
3
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Fig. 2. Ratio of perch triggers during operant testing indicates preference for songs produced by conspecific males. Each female’s side preference
was tested initially by playing ‘silence’ when she landed on a perch. Her partner’s song was then played when she landed on a perch in the non-preferred
chamber. Connected symbols are changes in preference for each individual; bars represent the mean for each group. (A) Saline-injected unpaired females
do not have a preference for song produced by a ‘partner’ male following 48 h of cohabitation, but pair-bonded females prefer the song of their partner to an
unfamiliar male song. **P<0.01. (B) Following injection of a D2R agonist (quinpirole), unpaired females significantly prefer the song of their partner. Preference for
partner song is not observed following injection of a D1R agonist (SKF-38392). ****P<0.0001. (C) In pair-bonded females, delivery of a D2R antagonist
(raclopride) is sufficient to abolish partner song preference. Pair-bonded females injected with a D1R antagonist (SCH 23390) retain a preference for their
partner’s song. **P<0.01. (D) Change in preference ( playback – silence) for each group of females. The difference between the percentage of perch
landings during song playback compared with that during silence is plotted for each group of females (means±s.e.m.). *Unpaired females given the D2R agonist
showed a significant increase in song preference compared with all other groups (see Results and Discussion for details). Dots indicate changes in preference
for each individual.
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Fig. 3. Drug injection does not change the number of perching events.
The total number of times (mean±s.e.m.) females in each treatment group
landed on the two perches during the 2 h test trial (no song playback+song
playback). The saline group includes both unpaired and paired females
injected with saline.

(Cousins and Salamone, 1996; Gadagkar et al., 2016; Howe and
Dombeck, 2016). To test whether injection of any drug changed
motor activity in females, we compared the total number of times
each female landed on the two perches during the operant task,
combining the number of perching events in both silence and
playback (Fig. 3). Overall, there was no significant difference in the
average number of perching events per bird between any group
(one-way ANOVA, F4,41=0.82, P=0.52), suggesting the increase in
song preference after injection of the D2R agonist was not due to an
increase in motor activity.
Taken together, we found that systemic injection of a D2R
agonist, but not a D1R agonist, induced a song preference in
unpaired females. In addition, injection of a D2R antagonist
abolished song preference in paired female finches. Paired
females injected with a D1R antagonist still showed a preference
for their partner’s song, presumably as a result of the continued
activation of D2Rs. Taken together, these data indicate that D2Rs
are both necessary and sufficient for song preference in female
finches. These results are similar to those seen in other
monogamous species, including voles and titi monkeys
(Hostetler et al., 2017; Walum and Young, 2018; Young and
Wang, 2004). Both voles and titi monkeys show an increase in
D1Rs in paired animals; however, there may be some differences
in the mechanisms of maintenance of partner preference across
species (Walum and Young, 2018). Future studies will need to
more directly test the role of D1R activation in partner formation
in finches. Our song preference behavioral assay provides a
robust experimental framework in which to examine the
mechanisms by which dopamine and other neurotransmitter
and/or neurohormone systems contribute to song preference and
mate selection.
Location of dopamine action in formation of song preference

In male finches, D2Rs are primarily localized to the striatum, ventral
tegmental area, substantia nigra pars compacta and midbrain
central gray (Kubikova et al., 2010). The anatomical distribution
of dopamine receptors in female finches has not been well
characterized. Using positron-emission tomography (PET),
Tokarev et al. (2017) found activation of D2Rs in the striatum of
female finches in response to presentation of their partner’s song.

Banerjee et al. (2013) measured an increase in dopamine and its
metabolite 3,4-dihydroxyphenylacetic acid (DOPAC) in the ventral
medial striatum in newly paired female finches. These studies and
others (Alger et al., 2011; Goodson et al., 2009; Iwasaki et al., 2014)
suggest that dopamine influences female song preference via striatal
circuitry.
The mechanisms by which dopamine might act in the striatum
to influence song preference are not known. The mesolimbic
dopamine system is implicated in salience and reward-based
processes, particularly reward learning (Goodson et al., 2009;
Schultz, 2004). Dopamine, acting through D2Rs in the striatum,
could act as a reinforcement signal and attach a positive association
to the male’s song as the pair bond develops. Consistent with this
idea, we found that blocking D2Rs, but not D1Rs, in paired females
blocked song preference. D2R blockade could disrupt the rewarding
association that the female had developed for her partner’s song,
resulting in this lack of song preference. Additional experiments
will test the combinatorial effects of D1Rs and D2Rs, and the
influence of different drug concentrations on song induction. In
addition, future work will identify specific regions within the
mesolimbic dopamine pathway or social behavior network critical
for song preference and pair bonding. With this behavioral test we
can deliver D1R or D2R agonists or antagonists (separately or
together) directly to identified brain regions to test their role in the
induction and maintenance of song preference.
Induction versus maintenance of song preference

Although we have shown that antagonizing D2Rs reduces song
preference, the contribution of dopamine to the maintenance of
song preference most likely differs from the induction of preference.
For example, in voles, D1Rs have been implicated in the
maintenance of partner preference by increasing selective
aggression, perhaps to prevent additional pair formation (Aragona
et al., 2006). Future experiments will address the neural mechanisms
by which dopamine and other neurotransmitter systems influence
the maintenance of song preference. Untangling this important and
complex behavior will require understanding not only of the
individual neural networks but also of the interaction between
the networks.
In conclusion, we used an operant conditioning paradigm to
show that activation of D2Rs is important for the formation and
maintenance of song preference for a mate. These data will
contribute to our understanding of the evolution and mechanisms of
a social behavior network shared by most vertebrates (O’Connell
and Hofmann, 2011b; Young et al., 2019).
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