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Song-related dopamine receptor regulation in Area X of zebra finch male
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Abstract. Song learning and production have many parallels with speech and the mechanisms of 
their control have been studied extensively. There is an increasing amount of evidence that the
dopaminergic system is involved in song learning and maintenance. Dopamine receptors show 
distinct expression in most of the song nuclei and the highest levels in Area X of the striatum. 
Here we have investigated whether the mRNA expressions for D1A, D1B, and D2 receptors in 
Area X are associated with quantitative and/or qualitative characteristics of zebra finch song. We
found that quantitative parameters of song such as the amount of songs sang, motif duration, 
and numbers of distinct syllables and/or notes per motif did not correlate with expression of 
D1A, D1B nor D2 receptors in Area X or surrounding striatum. However, the mean accuracy 
of the song correlated negatively with D1A receptor expression levels and the sequential match 
correlated positively with D2 receptor expression levels in Area X relative to the surrounding 
striatum. These data suggest that dopamine receptor densities in Area X are associated with
song variability. 
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Introduction

Dopamine is one of the key neurotransmitters in brain hav-
ing regulatory role in motor functions, emotions, motivation, 
and cognition in mammals, as well as in birds (Durstewitz 
et al. 1999; Nieoullon and Coquerel 2003). It exerts its func-
tions via dopamine receptors (Missale et al. 1998), whose 
distribution in avian brain has been mapped using binding 
techniques and in situ hybridization histochemistry (Rich-
field et al. 1987; Dietl and Palacios 1988; Casto and Ball
1994; Ball et al. 1995; Schnabel and Braun 1996; Sun and 
Reiner 2000; Kubikova et al. 2010). Birds possess, similarly 
as mammals, D1A (called also D1), D1B (D5), D2, D3, and 
D4 dopamine receptors, and D1D receptor unique to birds. 
They are widely located in specific areas of the avian brain
and they also show a special distribution among song nuclei 
that control vocal learning and production in songbirds 
(Kubikova et al. 2010). 

Vocal learning is a rare trait in animal kingdom and 
songbirds often serve as a neurobiological model to study
mechanisms of vocal learning for parallels in song and speech 
acquisition (Brainard and Doupe 2002). Learning and produc-
tion of learned song patterns in songbirds is controlled by an 
anatomically discrete system of interconnected brain nuclei 
(Nottebohm et al. 1976). The nucleus residing in songbird
basal ganglia, Area X, receives the densest dopaminergic in-
nervations among all song nuclei from the midbrain ventral 
tegmental area (VTA) and substantia nigra, pars compacta 
(SNc) (Lewis et al. 1981; Person et al. 2008). It also shows 
the highest expressions of the D1A, D1B, and D2 dopamine 
receptor mRNAs and these levels are higher than those in the 
surrounding striatum (Kubikova et al. 2010). 

The role of dopamine receptors in Area X or in any of the
song nuclei in song learning and maintenance is not known 
yet. Dopamine levels in Area X as well as gene expression 
and electrical activity of neurons in Area X depend on social 
context of the song, i.e. they differ when the male sings un-
directed song while being alone and when he sings directed 
song to a female during courtship (Hessler and Doupe 1999a; 
Jarvis et al. 1998; Sasaki et al. 2006). Undirected song is 
necessary for song learning and maintenance but it does not 
result in any obvious immediate social reinforcement. Riters 
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(2011) proposed that this form of song may be intrinsically 
reinforced. The act of producing undirected song may induce
a rewarding neural state, i.e. dopamine is expected to trigger 
song, whereas opioids are expected to maintain undirected 
song. Possible role of the dopamine receptors regulation in 
these processes is unclear. 

The aim of this study was to test whether age, quantitative
parameters of undirected song structure, including singing 
duration, number of song bouts, number of distinct syllables 
per song motif, number of distinct notes per motif, motif 
duration, and the parameters of song variability, i.e. similarity 
score, percentage of similarity, mean accuracy, and sequential 
match, are related to the D1A, D1B, and D2 receptor densities 
in Area X and striatum of zebra finch male.

Materials and Methods

Animals

Twenty two male zebra finches (Taeniopygia guttata) were 
used in this study. The birds were 83 to 1007 days old (480.9 ±
53.7 days, mean ± SEM). They were kept on a 14:10 light/
dark cycle, food and water were provided ad libitum, and 
the birds were housed in sound attenuating boxes for two 
weeks before sacrifice.

The experiments were performed in accordance with the
Slovak law and the corresponding EU regulations and were 
approved by the Institutional Animal Care and Use Com-
mittee and the State Veterinary and Food Administration of 
the Slovak Republic.

Behaviour

On the last day, the birds were allowed to sing for 1 h after
the lights were turned on and the onset of singing. The
songs were recorded and later analysed using the Sound 
Analysis Pro 2.062 software (Tchernichovski et al. 2000).
Song is organized in a hierarchical manner: syllables – dis-
tinct song elements that can consist of one or more notes 
and are separated by at least 5 ms silent intervals, motifs 
– stereotyped sequences of syllables, and bouts – periods of 
singing separated by silent intervals at least 2 s long (Sossinka 
and Böhner 1980). Two independent observers quantified
the following measures from all songs sang during the one 
hour after the onset of singing on the day of sacrifice and at
two other days before sacrifice within two weeks before: the
number of song bouts, the number of distinct syllables per 
motif, and the number of distinct notes per motif. There were
only minor differences between the observers and in case of
differences the observers reached the consensus value after
discussion. The singing duration was also calculated in the
same songs. Further, motif variability was assessed by meas-

uring four parameters of similarity provided by the Sound 
Analysis Pro software: score, percentage of similarity, mean
accuracy, and sequential match. They were calculated from
10 comparisons of randomly selected pairs of motifs from 
songs sang during the same one hour periods as explained 
above. Lastly, motif duration was quantified from the first
20 motifs sang on the three measured days. 

In situ hybridization 

After behavioural observation the males were sacrificed by
decapitation, their brains were quickly dissected, frozen in 
optimum cutting temperature (OCT) embedding compound 
(Sakura Finetek, Japan) in the embedding molds (Peel-A-
Way, Polysciences, USA), and stored at –20°C until they 
were cut.

Sagittal sections from left hemispheres containing the
song nucleus Area X and striatum were cut on the cryocut 
Leica CM 1800 (Reichert-Jung, USA). The 10 µm thick sec-
tions were mounted onto silanized glass slides and stored at 
–80°C. Riboprobes for D1A, D1B, and D2 dopamine recep-
tors were labelled using 35S-UTP and prepared according 
to the protocol of Kubikova and co-authors (Kubikova et 
al. 2010). The reaction mixture (10 µl) composed of 1 µl of
diethyl pyrocarbonate (DEPC) water, 0.15 µg of particular 
DNA fragment, 1 µl of 10 × RNA transcription buffer, 0.5 µl
of 0.1 M dithiothreitol (DTT), 0.5 µl of RNase inhibitor, 1.5 µl 
of AGC nucleotides (ATP, GTP, CTP) mix, 3 µl of 35S-UTP 
(Perkin-Elmer Life Sciences, USA), and 1 µl of RNA polymer-
ase. It was incubated for 2 hours at 37°C and precipitated after
addition of 40 µl DEPC water, 5 μl of 3 M sodium acetate, 
and 125 μl of 100% ethanol. Before hybridization, the sec-
tions were fixed in 3% paraformaldehyde for 5 min, rinsed
3 × 1 min in PBS (pH 7.4), acetylated for 10 min in 1.36% 
triethanolamine and 0.252% acetic anhydride solution, rinsed 
3 × 1 min in 2 × SSPE buffer (containing NaCl, NaH2PO4, 
and ethylenediaminetetraacetate), and finally dehydrated in
70%, 95%, and 100% ethanol for 2 min in each. The tissue
on slides was covered with 100 µl of hybridization solution 
with the appropriate amount of riboprobes to obtain the final
concentration of 106 cpm per slide, coverslipped, and hybrid-
ized overnight (12–20 hours) in mineral oil bath at 64°C. On 
the next day, the slides were shortly washed in xylene, and 
the sections were incubated for 1 h at room temperature in 
2 × SSPE buffer with 0.1% mercaptoethanol, 1 h at 64°C in
2 × SSPE buffer containing 50% formamide and 0.1% mer-
captoethanol, and 2 times for 30 min at 64°C in 0.1 × SSPE 
buffer. The sections were then dehydrated in 70%, 95%, and
100% ethanol for 2 min in each, and apposed to X-ray film
(Kodak BioMax MR, Perkin-Elmer Life Sciences, USA) for 3 
days (D1A and D1B) or 2 days (D2). The in situ hybridizations 
for one receptor subtype were performed at the same time and 
the sections for each receptor were apposed to one film.
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Quantification and statistics

The expression levels of D1A, D1B, and D2 dopamine recep-
tor mRNAs were quantified from the X-ray films. The images
were digitized using Canon EOS 40D camera with Canon EF 
100 mm f/2.8 USM Macro lens (Canon, Japan) and Kaiser 
Slimlite B lightbox (Kaiser Fototechnik, Germany). The
mean optical densities of Area X, surrounding striatum, and 
the film immediately adjacent to the measured areas in the
brain were quantified using the ImageJ software (Abramoff
et al. 2004). The background optical density of film was
subtracted from the receptor densities in the Area X and 
striatum and the ratio of expression in Area X and the sur-
rounding striatum (Area X/striatum) were calculated. 

The age, the quantitative parameters of undirected song
structure, including singing duration, number of song bouts, 
number of distinct syllables per motif, number of distinct 
notes per motif, motif duration, and the parameters of the 
song variability, i.e. similarity score, percentage of similar-
ity, mean accuracy, and sequential match were related to the 
D1A, D1B, and D2 receptor densities in Area X, striatum, 
and Area X/striatum ratio. The strength of the association 
between the two variables was estimated by the Pearson’s 

correlation coefficient. Statistical analyses were performed
using SigmaPlot 11 (Systat Software Inc., USA).

Results

Dopamine receptors expression in relation to age

All three dopamine receptor subtypes studied, D1A, D1B, 
and D2, had high mRNA expressions in striatum and 
even higher in Area X (Fig. 1). The ratios of expressions in
Area X to striatum were 1.36 ± 0.04 (mean ± SEM) for D1A, 
1.19 ± 0.02 for D1B, and 1.41 ± 0.04 for D2 receptors.

Dopamine receptor mRNAs levels did not change with 
age in birds that aged between 83 and 1007 days (Fig. 2) 
neither in Area X, nor in striatum, as indicated by linear 
regression analysis. The ratio of expression in Area X to
striatum also did not correlate with the age of the birds.

Dopamine receptors expression in relation to song structure

On the day of sacrifice the birds sang up to 98 song bouts
(30.47 ± 5.27, mean ± SEM) and spent up to 409.75 s by 

Figure 1. Representative autoradiograms of the mRNA expression of the D1A (A), D1B (B) and D2 (C) dopamine receptors in striatum 
and Area X of zebra finch male and the schematic view of the region (D). N, nidopallium; St, striatum.
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We found that the number of distinct syllables used by 
an individual (2–8) and the number of distinct notes within 
motif (4–15) was the same during the 3 days in which the 
songs were analysed. The motif length (250–1009 ms) did
not change significantly among these days either. Means of
these parameters for the 3 days did not correlate significantly
with D1A, D1B, or D2 receptor densities in the measured 
areas (Fig. 4 for motif length).

Dopamine receptor expression in relation to song variability

Finally, we have related the measures of motif variability with 
the dopamine receptor expressions. We found that the mean 
accuracy correlated negatively with the intensity of D1A 
dopamine receptor mRNA expression in Area X/striatum 
(Fig. 5). We also found a positive correlation of the sequential 
match and the intensity of D2 receptor mRNA expression in 
Area X/striatum (Fig. 6). The other measures of variability
were not associated with the dopamine receptor densities in 
the measured areas. 

Discussion

Dopaminergic neurotransmission has been implied to play 
a role in birdsong in many studies (for review see Kubikova 
and Kostal 2010). The expression patterns of the D1A,
D1B, and D2 receptor mRNAs reported here correspond 
with the previously published data in adult songbirds using 
in situ hybridization (Kubikova et al. 2010) and receptor 
binding (Casto and Ball 1994). Here we studied association 
of dopamine receptors rich in the vocal nucleus Area X of 
striatum with various parameters of song. We found that 
not quantitative but qualitative parameters of song are 
associated with changes in dopamine receptor densities 
in Area X relative to the surrounding striatum. Bellow we 
discuss the implications of these findings.

Dopamine receptors expression in relation to age

There is a general pattern of age-related alteration in striatal
dopamine D1 and D2 receptors expression and binding, 
characterized by an initial increase in an early postnatal life, 
than reaching a peak followed by gradual decline (Reeves 
et al. 2002). It may be applicable to a wide range of species 
ranging from Aplysia (Chandhoke et al. 2001), through rats 
(Henry et al. 1986; Teicher et al. 1995) to humans (Suhara et 
al. 1991; Antonini et al. 1993; Meng et al. 1999).

Dopamine D1A and D1B receptors within Area X in 
juvenile zebra finch males up to 75 days of age showed ini-
tial increases followed by decreases in absolute expression 
levels, whereas D2 exhibit a gradual increase into adulthood 
(Kubikova et al. 2010). Similar results were found in the sur-

Figure 2. Expression of the D1A, D1B and D2 receptor mRNAs in 
Area X, striatum and the ratio of the X/St expression in relation to 
age (n = 22). ODX: optical density in Area X; ODSt: optical density 
in striatum.

singing (106.42 ± 24.35 s) during the last 1 h period. None 
of these factors was associated with the expression of D1A, 
D1B, or D2 receptors.

Further we compared the time spent by singing during 
the first hour of singing on the last day with two other days
before sacrifice. We found that the time spent by singing
correlated positively among these three days (p = 0.05 to 
p < 0.001; r = 0.61–0.93). When averaged the time spent by 
singing during the three days, we did not find any significant
correlation between the dopamine receptor densities and 
singing duration in Area X, striatum, or the ratio of expres-
sions in Area X and striatum (Fig. 3).
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Figure 3. Expression of D1A, D1B and D2 receptor mRNAs in 
Area X, striatum and the ratio of the X/St expression in relation to 
singing duration (mean of the data from one hour before the sacrifice
and one hour after the onset of singing on two other days) (n = 22). 
ODX: optical density in Area X; ODSt: optical density in striatum.

Figure 4. Expression of D1A, D1B and D2 receptor mRNAs in 
Area X, striatum and the ratio of the X/St expression in relation 
to the motif length (mean motif duration was quantified from the
first 20 motifs on the three measured days) (n = 19; one outlier 
with extremely long motif length 2167.6 ms and two males that 
were never singing were excluded from the analyses). ODX: optical 
density in Area X; ODSt: optical density in striatum.

rounding striatum. The present study involving age group of
zebra finch males from 83 days to 2.8 years did not indicate
any dramatic age-related changes in dopamine receptor 
subtypes expressions. Their levels seem to be relatively stable
during the studied period, although we can see moderate 
age-dependent decline in the D1B and D2 receptors expres-
sion in both Area X and surrounding striatum.

Dopamine receptors expression in relation to song structure

Although immediate early gene expression and activity in 
Area X are strongly related to the amount of songs pro-
duced (Jarvis and Nottebohm 1997; Hessler and Doupe 

1999b; Kubikova et al. 2007) we did not find a significant 
correlation between the singing duration, the number 
of distinct syllables, the number of distinct notes within 
motif or motif length and dopamine receptor expressions 
in this song nucleus. Similarly, Sasaki et al. (2006) did not 
find a significant correlation between dopamine levels and 
the amount of female-directed or undirected zebra finch 
male song produced per 10 min bin. Heimovics and Rit-
ers (2008) found in starlings that measures of thyrosine 
hydroxylase (the rate-limiting enzyme in catecholamine 
synthesis) correlated with song produced within, but not 
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outside of a breeding context. Dopamine agonists induce 
and antagonists suppress singing in starling males in the 
presence of females (Schroeder and Riters 2006) and 
VTA/SNc lesions decrease female-directed but not un-
directed song rate in male zebra finch (Hara et al. 2007). 
Therefore motivation to sing is probably more related to 
VTA/SNc and the song production might be related to 
dopamine receptor activation in the motor pathway but 
not in Area X.

Dopamine receptor expression in relation to song variability

We found lower D1A and higher D2 receptor expression in 
Area X relative to the surrounding striatum of zebra finch
males singing stereotyped as compared to variable song 
(in the first case variability expressed in terms of accuracy
and in the second case as sequential match). Although 
adult “crystallized” song is a well-learned motor skill, there 
still remains small variation. Recent studies in zebra finch

Figure 5. Expression of D1A, D1B and D2 receptor mRNAs in 
Area X, striatum and the ratio of the X/St expression in relation 
to mean accuracy (calculated from 10 comparisons of randomly 
selected pairs of motifs from songs sang during the first hour of
singing on three different days) (n = 20; two males that were never 
singing were excluded from the analyses). ODX: optical density in 
Area X; ODSt: optical density in striatum.

Figure 6. Expression of D1A, D1B and D2 receptor mRNAs in 
Area X, striatum and the ratio of the X/St expression in relation 
to sequential match (calculated from 10 comparisons of randomly 
selected pairs of motifs from songs sang during the first hour of
singing on three different days) (n = 20; two males that were never 
singing were excluded from the analyses). ODX: optical density in 
Area X; ODSt: optical density in striatum.
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suggest that residual variability in adult song might reflect
continuous maintenance and optimization of song (Kao et 
al. 2005; Sakata et al. 2008). Our results imply that dopamine 
receptors belonging to families with opposing functions in 
mammals (Kebabian and Calne 1979) as well as in birds 
(Ding and Perkel 2002) could be involved in opposing 
features of song.

We do not know if changes in densities of dopamine 
receptors are involved also in song learning when in zebra 
finch it is transformed from variable to stereotyped version
(Tchernichovski et al. 2001; Liu et al. 2004). The computa-
tional model of birdsong learning assumes that the striatal 
Area X receiving midbrain dopaminergic projections 
provides teaching signal for song learning (Doya and Se-
jnowski 1995). Neural mechanisms mediating behavioural 
plasticity are under extensive study where long-lasting ac-
tivity-dependent changes in synaptic strength play a critical 
role. Activity-dependent synaptic plasticity in zebra finch
Area X was shown to require both activation of D1-like 
dopamine receptors and N-methyl-D-aspartate (NMDA) re-
ceptors (Ding and Perkel 2002; Ding et al. 2003). Leblois and 
co-authors (2010) showed that dopamine increases intrinsic 
activity of Area X output neurons through D1-like dopamine 
receptors, and decreases the response of Area X neurons to 
HVC stimulation. The changes in D1A and D2 dopamine
receptor densities related to song variability suggest that part 
of the neuronal plasticity responsible for behavioural differ-
ences is associated with regulation of dopamine receptors.

Overall, our findings indicate that the expression of dis-
tinct dopamine receptors is related to song variability/ster-
eotypy rather than to quantitative parameters of the zebra 
finch song and that D1A and D2 mediate opposite functions.
These results also suggest that part of the corticostriatal
synaptic plasticity responsible for song learning and main-
tenance can be due to dopamine receptor regulation. 
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