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Abstract
Female songbirds display preferences for certain song characteristics, but the neural and hormonal
mechanisms mediating these preferences are not fully clear. The present study sought to further
explore the role of estradiol, as well as assess potential roles of dopaminergic systems, on behavioral
responses to song. Adult female zebra finches were treated with estradiol and exposed to tutored or
untutored song or silence. Behavior was quantified and neurochemistry of the nucleus accumbens
and striatum was examined with high performance liquid chromatography. As a control, the
responses of these two systems to treatment with raclopride, a specific D2 receptor antagonist, were
also evaluated. This manipulation did not affect dopamine (DA), but did increase DOPAC and the
DOPAC/DA ratio. Estradiol reduced the display of two behaviors, distance calls and visual scanning,
but had no effect on dopaminergic responses. Auditory stimulus exposure affected other
vocalizations, but song presentation did not modulate the levels of DA or its metabolite, DOPAC in
the nucleus accumbens or striatum. Collectively, the results suggest that both estradiol and auditory
stimuli can modify the behavioral responses of adult zebra finches, but they may not change DA
concentration or turnover in striatal dopamine neurons.
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Introduction
Female songbirds display preferences for certain song characteristics, and perhaps as a
consequence, vary their behavioral responses to them. However, the neural mechanisms
involved in these processes are not completely clear. Increased immediate early gene
expression in response to male songs of higher quality is regularly seen in the auditory
perception regions in a variety of songbird species [e.g., 1-7]. Information on responses of other
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neural regions in songbirds is more limited and not as consistent. The mesolimbic dopamine
(DA) system is activated in mammals during reproduction in both sexes [reviewed in 8-10], as
well as in response to reproductive stimuli alone [8, 11], and is also implicated in mediating
motivation and motivated behavior in mammals [12, 13] and birds [14-16]. As song is a critical
element of courtship [17], and females likely display specific responses to quality song, the
involvement of this system in song responses is plausible. Exposure to song does not induce
immediate early gene expression in female zebra finches in the mesolimbic DA system, [7],
but these results do not completely eliminate the possibility that the regions respond to song
stimuli. Quantifying the concentrations of DA and its metabolites will provide more direct
assessments of the responses of striatal dopamine neurons.

The anatomical and physiological characteristics of the dopaminergic systems are highly
similar in birds and mammals [reviewed in 18, 19]. However, the precise location and
characteristics of the nucleus accumbens in avian species is still being discussed [see 20]. In
birds, dopaminergic neurons from the substantia nigra and ventral tegmental area project to
the basal ganglia, including the medial striatum (nigrostriatal system) and the nucleus
accumbens (mesolimbic system) [18, 21, 22]. In vitro, neurons from the ventral tegmental area
and substantia nigra have similar electrophysiological characteristics to mammalian
dopaminergic neurons, and D2 receptor agonists block their activity [23]. In addition, in
chickens and zebra finches release of DA in striatal slices decreases with D2 receptor agonist
treatment [24, 25]. Few avian studies, however, have simultaneously examined the responses
of the nigrostriatal and mesolimbic dopaminergic systems, as in this study.

In addition to physiological characteristics, functional similarities exist in these systems
between mammals and birds [see 26 for review]. In both groups, the regions are important to
the control of motor movements [see 27-30], as well as the mediation of reward [see 31-34]. In
particular, these two systems are activated when males sing sexually motivated song (measured
with immediate early gene expression in mesolimbic reward regions [15, 35] and microdialysis
in the striatum [16]). Additionally, tyrosine hydroxylase-(the rate limiting enzyme in DA
synthesis)-positive cells in the ventral tegmental area are ZENK-positive in male zebra finches
singing undirected song [36] or courting females [37].

The response of neurons in the mesolimbic DA system to song exposure has only been
examined using immediate early genes, which are either expressed in these regions to a greater
degree in response to song [38] in white throated sparrows or are unchanged [7] in zebra finches.
In components of the social behavior network, Riters et al. [39] observed decreased
phosphorylated tyrosine hydroxylase in response to male starling song. Also, DA release is
increased in the auditory forebrain (caudomedial nidopalium) in female starlings exposed to
song [40]. It remains to be seen if exposure to song stimuli results in increased dopaminergic
actvity in the striatum and nucleus accumbens of female songbirds.

Although song is a critical component of reproduction, and estrogen is often used to prime
females in song response studies [i.e., 3, 41-44], the role of steroid hormones in neural responses
to song has only recently been evaluated. The effects are not completely consistent [see 7, 38,
39, 45]. Zebra finch females present more distance calls in response to complex song versus
other song types with estrogen but not control treatment [46, 47]. In our previous study in zebra
finches [7], estradiol specifically reduced expression of the immediate early gene ZENK in the
ventromedial hypothalamus but did not affect neural responses to song, behavioral preference
for tutored versus untutored male song, or general calling behavior in response to these auditory
stimuli. In contrast, a selective increase in ZENK expression in response to male song was
observed following estrogen treatment in several regions in the social behavior network in
white-throated sparrows [38].
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Estrogen may also affect the response of dopaminergic systems. The avian ventral tegmental
area contains estrogen receptors [45]. In female starlings, breeding condition affects the activity
of dopaminergic neurons in the ventral tegmental area, as well as regions in the social behavior
network in response to male song [39]. These results suggest potential for dopaminergic systems
to be modified by estradiol.

The present study had two primary goals. First, we examined the specific behavioral responses
of female zebra finches to tutored versus untutored song, and in particular how they might be
affected by an increase in estradiol. Second, we characterized the response of the nucleus
accumbens and striatum of estrogen-treated and control females to song stimuli using high
performance liquid chromatography (HPLC) to measure the levels of DA and its metabolite
3,4-dihydroxyphenylacetic acid (DOPAC). Prior to this main experiment, a separate group of
adult females was administered raclopride to verify that predictable changes in DA metabolism
could be detected with this procedure. Raclopride is a specific D2 receptor antagonist, which
blocks the action of DA on autoreceptors on the presynaptic neuron and increases DA neuronal
activity.

Methods
Animals

Adult female zebra finches were raised in mixed-sex aviaries in our breeding colony at
Michigan State University. They were kept on a 12:12 light:dark cycle, and seed and water
were provided ad libitum. Orange and spinach as well as a hard-boiled egg/bread mixture were
given once per week. After reaching adulthood (at least 100 days after hatching), they were
housed in a unisex aviary, in acoustic (but not visual) contact with adult males for at least three
weeks prior to testing. It is unlikely that these females had formed bonds, but they were housed
in a separate room from their mates in the time prior to testing. Bonds are not typically
maintained in this species when individuals are visually and acoustically separated, and new
bonds can be formed shortly after separation [48]. All procedures were approved by the
Michigan State IACUC and adhered to the guidelines of the National Institutes of Health.

Raclopride treatment
Females were removed from the all-female aviary, taken to a separate room in individual cages,
and given an intramuscular injection of either 1mg/kg raclopride (1 mg/kg; Sigma-Aldrich
Corp., St. Louis, MO) or vehicle (1ml/kg). They remained in cages in the room for 70 min,
after which they were rapidly decapitated and brain tissue was collected, flash-frozen, and
stored at -80°C until processing.

Hormone treatment
Estradiol treatment was conducted as in Svec and Wade [7]. Briefly, females were implanted
subcutaneously with 5 mm long Silastic capsules (i.d. 0.076 mm, o.d. 1.65 mm) under
isoflurane anesthesia. Implants were made from Silastic tubing, 2mm of which was packed
with 17β-estradiol and sealed with silicone. In a recent study from this lab, implants of this
size used for this time period successfully increased the level of circulating estradiol, and
resulted in a change in basal ZENK expression within the ventromedial hypothalamus [7].
These estradiol levels were slightly above the natural range in a number of other studies in
female zebra finches [49, 50] and were comparable to those detected in estrogen-treated birds
in other songbird studies [42, 45, 51]. Females were not gonadectomized, as ovariectomy in this
species has been shown to result in an increased level of circulating estradiol [49]. Control
females received empty implants. Females were housed in individual cages in a room with
males and females in group aviaries for 5 days following the surgery.
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Song stimuli
The same auditory stimuli were used as in Svec and Wade [7], recorded by Dr. Adkins-Regan
at Cornell University [also used in 52]. Songs were recorded from males that had been tutored
(n= 3, raised with adult males present) or untutored (n= 3, raised in the absence of other males
after 18 days of age) during development. Twelve different 30-min song clips (six tutored and
six untutored) were created in Adobe Audition (Adobe Systems Inc., San Jose, CA) by
combining 30 sec song clips from three randomly chosen males (from a pool of six males in
each category) that were each separated by 30 sec of silence and repeated for 30 min.

Auditory stimulus exposure
Five days after implant surgery, females were taken to a novel room for auditory stimulus
exposure. The procedure was conducted as described in Svec and Wade [7], except that tissue
was collected 10 min rather than 1 hour after the conclusion of the song presentation. This time
point was chosen following a pilot study to determine appropriate time point for euthanasia.
Brains were collected from females 0, 10, or 20 min after the song presentation. The range in
this pilot was based on Sasaki et al. [16], which demonstrated that DA levels remain above
baseline for approximately 20 minutes after males stop singing. The levels of DA and DOPAC
did not differ substantially among the three time points, so the middle one was selected

For stimulus exposure, females were placed in a sound isolated box in their individual cages,
allowed 30 min for acclimation, and then exposed to 30 min of one of the two types of song.
A speaker with a taxidermic model of an adult male zebra finch on top broadcast the song at
60 dB three inches from the cage. As a control, some birds were not exposed to song and
remained in silence during the test. The stimulus exposure was videotaped, and behaviors
displayed were quantified by an observer blind to treatment condition (see Table 1 for
descriptions of behaviors, largely generated from [17]). Brain tissue was collected following
rapid decapitation, flash frozen, and stored at -80°C until processing.

Quantification of neurochemicals
Tissue from both the preliminary study including raclopride-treated birds and those in the main
experiment that were exposed to auditory stimuli was coronally sectioned frozen (500 μm
thick). Samples of the nucleus accumbens, rostral medial striatum and caudal medial striatum
were microdissected from these sections using the Palkovits method [53]. The lateral ventricles,
as well as the lamino-pallio-subpallius (which defines the dorsal and lateral border of the
striatum) were utilized to determine the location of the sampling regions (Figure 1). The more
rostral portion of the nucleus accumbens was sampled in this study, where the division between
the shell and the core is unknown in avian species [20]. A 21-gauge micropunch (i.d. 0.5 mm)
was utilized for the nucleus accumbens and rostral medial striatum, and an 18-gauge punch
(i.d. 0.75 mm) was used for the caudal medial striatum. Punches were placed in 0.1M
phosphate-citric buffer in 20% methanol (pH 2.5; 50 μl for nucleus accumbens and rostral
medial striatum, and 100 μl for caudal medial striatum) and stored at -20 °C. For visualization
of the location of tissue samples, other brain tissue was sliced at 30 μm and stained with thionin.

Samples were thawed, sonicated with three 1-sec bursts (Sonicator Cell Disruptor, Heat
Systems-Ultrasonic, Plainview, NY, USA) and centrifuged (12000 rpm) for 1 min. The
supernatant was removed and stored at -20°C. HPLC coupled with electrochemical detection
was conducted to determine the levels of DA and DOPAC as described in Lindley et al. [54]
and Behrouz et al. [55]. Briefly, the supernatant was injected into a C-18 reverse phase analytical
column and using a mobile phase of 1.0M phosphate citrate buffer with 0.1M EDTA, 0.35%
sodium octylsulfate and 20% methanol. DA and DOPAC content were determined by
comparing the heights of peaks generated by a Hewlett Packard Integrator (Model 3393A) with
those generated the same day with standards. To determine the protein content, the pellet was
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dissolved in 1 N NaOH, sonicated, and assayed using the method developed by Lowry [56].
Briefly, samples were compared to a standard curve serially diluted from 12.5 μg to 50 μg of
protein. Samples and the standard curve were reacted with a reagent of sodium carbonate,
cupric sulfate, and KNA tartrate for 10 min and then reacted with Folin reagent (phenol in
ddH20) for 30 min. Absorbance was measured with a microplate reader (MicroQuant, Biotek
Instruments, Winooski, VT).

To control for variation in size of each sample, concentrations of DA and DOPAC were
determined by dividing the absolute quantity of each neurochemical by the protein content
within the sample. The DOPAC/DA ratio was also calculated as a measure of the ratio of
metabolized to stored DA. No differences in the values were observed between the two portions
of the striatum, so they were pooled to form a total striatum value.

Statistics
Two-way ANOVAs were conducted to examine effects of estrogen and auditory stimulus type
on behaviors. These were followed by Tukey-Kramer post-hoc tests for pairwise comparisons
when significant main effects were observed. The HPLC results were analyzed with mixed-
model ANOVAs to compare DA and DOPAC concentrations and the DOPAC/DA ratio across
treatments and song exposure (between animals) and brain regions (within animals) for both
the raclopride and song exposure studies. All statistical analyses were conducted using
StatView (SAS Institute; Carey, NC). Sample sizes for each group are indicated in the legends
to Figures 2, 3, and 4 and Table 2.

Results
Estrogen and Song Exposure - Behavior

A main effect of treatment was observed, such that estradiol decreased the number of distance
calls (F= 5.12, p= 0.031) and visual scanning (F= 6.26, p= 0.018), regardless of type of stimulus
exposure (Figure 2; data pooled across the groups of auditory stimuli for ease of viewing in
the figure since they did not differ). In addition, a main effect of auditory stimulus was observed
in the number of ‘other calls’ (F= 5.93, p= 0.006); females produced more of them when
exposed to untutored song than silence (Tukey Kramer, p< 0.05; Figure 3). No main effects of
song or treatment or interactions between these variables, were observed for any of the other
behaviors (all F< 3.99, p> 0.055).

Raclopride
A main effect of treatment was observed in the concentration of DOPAC (F= 23.35, p= 0.001)
and the DOPAC/DA ratio (F= 25.95, p= 0.001); raclopride increased both compared to the
control manipulation (Figure 4). An interaction between brain region and treatment indicated
that the effect of raclopride on DOPAC concentration was greater in the striatum than in the
nucleus accumbens (F= 10.14, p= 0.008). In addition, the concentrations of DOPAC and DA
were higher in the striatum than in the nucleus accumbens (F= 39.70, p< 0.001; F= 40.48, p<
0.001, respectively). As expected, no effect of raclopride treatment on DA concentration was
observed (F= 2.43, p= 0.145).

Estrogen and Song Exposure - Neurochemistry
A main effect of brain region was observed such that concentrations of DA (F= 250.314, p<
0.001) and DOPAC (F= 0.82.24, p<0.001) were greater in the striatum than in the nucleus
accumbens. In addition, the DOPAC/DA ratio was higher in nucleus accumbens than in the
striatum (F= 58.69, p< 0.001). A trend for an interaction among treatment and song type was
detected in concentration of DA (F= 03.26, p= 0.051), but one-way ANOVAs between
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treatments or among song exposure groups revealed no significant differences (all F< 4.44, p>
0.059). No other effects of song or treatment on neurochemistry approached statistical
significance (all F< 1.92, p> 0.16; Table 2).

Discussion
Summary

Estradiol decreased long-distance calls and visual scanning behavior, and across hormone
manipulations, females presented a greater number of ‘other calls’ when hearing untutored
song compared to silence. Through the raclopride study, we verified our measures of
dopaminergic activity in the nucleus accumbens and striatum. However, neither estrogen
treatment nor exposure to either tutored or untutored song affected these values in the two
neural centers.

Behavioral response to estrogen treatment and song exposure
The present results provide a more detailed analysis of the effect of estradiol on behavior than
our previous work on female zebra finches [7]. In the earlier study, we did not observe an effect
of these manipulations on a general call measure. However, vocalizations were not separated
into distance and ‘other calls’ in that study, and visual scanning behavior was not quantified.
In the current study, the estrogen-induced decrease in distance calls and visual scanning
behavior indicates that behavioral effects of the hormone do occur. These effects may be
associated with the same function, involving a reduced need or desire for locating other
individuals. Visual scanning behavior would be consistent with this idea, and distance calls
are typically used for localization of other birds and often uttered when an individual is isolated
[17]. It is interesting to note that this reduction in behavior parallels a general reduction of
ZENK expression in the ventromedial hypothalamus following estrogen treatment in a previous
study [7].

At least three potential explanations exist for the observed reductions in behaviors. First, it is
possible that estrogen treatment results in decreased social interest. Perhaps the visual cues
received from the model zebra finch were sufficient for estrogen-treated females and increased
attempts to contact or find an individual were not required. Second, estradiol facilitates
receptive behaviors in a variety of vertebrate species [see 57-59 for reviews]. Perhaps an
increased focus on mating results in a decrease in the amount of time the female spends on
other behaviors such as calling or scanning their environment. Third, it is possible that estrogen-
treated females have decreased anxiety, as has been observed in mammals [reviewed in 60].
This reduction in anxiety may then result in a diminished response to the novelty of the testing
environment, which is manifested in fewer distance calls and visual scanning. Although
modulated by estradiol treatment, these behaviors were unaffected by auditory stimulus type.
This result suggests that these behaviors may be displayed in response to some other aspect of
the testing situation, perhaps isolation or one or more features of the novel environment.

Our results differ from those of Vyas et al. [46, 47] who showed that estrogen treatment resulted
in increased selectivity of the behavioral response to song (i.e. increased number of distance
calls in response to high versus lower quality song). However, several important differences
exist between their studies and ours. First, Vyas et al. [46, 47] utilized three song stimuli:
prototypical song (normal song), long bout song (which had additional motifs), and complex
song (which included acoustically different song motifs and high numbers of unique syllables).
Thus, female responses to normal song were compared to those of artificially higher quality.
In our study, we compared behavior following exposure to normal versus lower quality song.
It is possible that females employ distinct mechanisms to distinguish between the features, and
estradiol mediates these mechanisms in different ways. Second, we exposed females to only
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one song type during the behavioral test, whereas in the other studies, females were exposed
to all three song types during each test, and proportional responses to them were compared
across the groups. Third, no silence group was utilized by Vyas et al. [46, 47].

In contrast, other types of calls (tets and stacks, collectively) were not affected by estradiol
treatment in our study but were increased in response to untutored song compared to silence.
This result is consistent with the idea that females are responding to the unfamiliarity of this
song type, which they would not have previously heard. In parallel, exposure to novel stimuli
can result in increased locomotion. Tets are used as contact calls and are often associated with
movement, and stacks are frequently presented when taking off in flight [17]. We did not detect
an effect of song type on movement, but that may be due to the small size of the cage in which
the test was conducted. However, it is also possible that hearing this unusual and novel stimulus,
untutored song, induces females to increase their attempts to contact other birds.

Dopaminergic response to raclopride treatment
The increased levels of DOPAC and DOPAC/DA ratio in both the striatum and nucleus
accumbens of raclopride-treated birds indicates that activity of these neurons was increased by
blocking D2 dopaminergic receptors. In mammals, D2 receptors serve as autoreceptors, and
raclopride treatment results in an increase in DOPAC in both of the regions [61, 62]. Based on
the results of several in vitro studies, it appears that this also holds true in birds. For example,
DA release decreases when D2 receptor agonists are administered to chicken hyperstriatal
slices [25], and the activity of striatal dopaminergic neurons is decreased with activation of the
D2 receptor [63]. The results here confirm that this effect is also observed following in vivo
treatment with raclopride, validating the use of DOPAC concentration and the DOPAC/DA
ratio as reliable indicators of dopaminergic activity in birds, as in mammals.

Dopaminergic response to estrogen treatment
The lack of effects of estrogen treatment on DA, DOPAC, and the DOPAC/DA ratio was
surprising, as estradiol increases DA release in both the striatum [64, 65] and the nucleus
accumbens [66, 67] in mammals. Estradiol also increases labeling for tyrosine hydroxylase in
white-throated sparrows in the ventral tegmental area, the location of dopaminergic cell bodies
[45]. We cannot rule out the possibility that there may be a ceiling effect, such that more
estradiol than baseline has no effect on these measures. It is also possible that the period of
implantation may not have been long enough to affect dopamine responses in these regions,
but the fact that behavior was affected suggests that some changes within the brain did occur.
A more interesting potential explanation is the hypothesis that hormones play a different role
in opportunistic breeders such as the zebra finch compared to seasonal breeders like sparrows.
For example, it is possible that a physiological difference exists, such that various features
might be inherently less sensitive to changes in hormone level. This idea would need to be
tested in future experiments.

Parallel to the lack of DA response, we did not detect an effect of estrogen on ZENK expression
in response to song in either the social behavior network or mesolimbic dopaminergic system
in zebra finches [7]. Similarly, ZENK expression in catecholamine neurons (tyrosine
hydroxylase positive neurons which may be dopaminergic or noradrenergic) following song
exposure was unaffected by estrogen treatment in white-throated sparrows [45]. Perhaps in this
system estradiol is involved with slower or more long-term modulation, but short-term
neurochemical responses within these regions are less sensitive to the hormone.

Dopaminergic responses to song exposure
To our knowledge, the present study is the first to concurrently examine the effects of song
perception on dopaminergic neurons in the striatum and nucleus accumbens in songbirds.
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Concentrations of DA, DOPAC and the DOPAC/DA ratio were not affected by song exposure
in the nucleus accumbens or striatum. This result corresponds with the fact that presentation
of the same auditory stimulus did not increase the density of ZENK immunoreactive nuclei in
the nucleus accumbens or the ventral tegmental area in zebra finches [7]. Similarly, in female
starlings, male song had no effect on immunoreactivity of phosphorylated tyrosine hydroxylase
(an indicator of dopaminergic activity) in the ventral tegmental area [39]. In contrast,
dopaminergic neurons in some brain regions do appear to be involved in song perception. For
example, the level of DOPAC in the auditory perception regions increases following exposure
to high quality song stimuli [40], and phosphorylated tyrosine hydroxylase increases after
exposure to male song in the breeding season in the lateral septum and ventromedial
hypothalamus of starlings [39].

Perception of zebra finch song may differ from what is observed in other songbirds in part
because adult male zebra finch song is simple and highly stable in adulthood [17]. Therefore,
it may not be as critical for female zebra finches to utilize additional neuronal processing (such
as the activity of these dopaminergic systems) to assess the relative value of or distinguish
among song types. Alternatively, females may utilize auditory perception systems to determine
whether or not song is present and then process other cues such as visual courtship or tactile
stimuli to determine the relative value of those signals via the dopaminergic system.

We also cannot completely rule out the possibility that the time point at which we collected
the tissue may have affected our results. However, DA levels rapidly increase and remain
elevated for 20-30 minutes in Area X (in the medial striatum) of male zebra finches after singing
[16]. As tissue for the present experiment was collected 10 min after the conclusion of the song
presentation, it seems likely that if dopaminergic activity had changed with song exposure, it
would still be detectable.

Summary
The results from this study, along with other recently collected data from this lab, reveal that
estrogen has specific effects on both behavior and neural activity in adult female zebra finches.
Estrogen decreased the display of distance calls and visual scanning (present study) and
inhibited the expression of ZENK in the ventromedial hypothalamus [7]. These effects,
however, appear independent of auditory stimulus presentation, and therefore may result from
some other aspect of the behavior testing environment. As estradiol in the ventromedial
hypothalamus in other model systems affects both anxiety and sexual receptivity (see above),
either of these factors could have influenced the present behavioral results. Other vocalizations
were increased in response to untutored song (present study), and female zebra finches spend
more time near tutored compared to untutored song [7]. Neither estradiol treatment nor song
exposure appears to affect dopaminergic responses in the nucleus accumbens or the medial
striatum. However, DA innervation is also present in cortical regions in songbirds [i.e., 68,
69], and it is possible that their activity plays a role in mediating responses to song. This idea
should be investigated in future studies.
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Figure 1.
Example of microdissections taken from thionin-stained coronal sections of the zebra finch
brain. Panel A depicts punches of (1) the nucleus accumbens and (2) rostral medial striatum
(both 21-gauge). Panel B depicts punches from the caudal medial striatum (3; 18-gauge). LV=
lateral ventricle, LPS= Lamina pallio-subpallialis. Scale bar = 1 mm.
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Figure 2.
Effects of estradiol on distance calls (top) and visual scanning behavior (bottom). Data (mean
±S.E.) were pooled across song exposure groups, as the effects of the auditory stimuli did not
differ among them. Sample sizes: Estradiol-treated tutored song = 6, estradiol-treated untutored
song = 8, estradiol-treated silence = 7, blank-treated tutored song = 5, blank-treated untutored
song = 6, blank-treated silence = 6. * p< 0.031
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Figure 3.
Effect of auditory stimulus on ‘other calls’, which included tets and stacks (mean±S.E.). Data
were pooled across treatment groups, as estradiol did not affect the number of these
vocalizations. Sample sizes: Estradiol-treated tutored song = 6, estradiol-treated untutored song
= 8, estradiol-treated silence = 7, blank-treated tutored song = 5, blank-treated untutored song
= 6, blank-treated silence = 6. * p= 0.006.
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Figure 4.
Effects of raclopride treatment (mean±S.E.) on the concentration of DOPAC (top) and DA
(middle), and the DOPAC/DA ratio (bottom) in the nucleus accumbens and medial striatum.
Sample sizes are indicated at the bottom of each bar; * p< 0.008.
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Table 1
Descriptions of measured behaviors

Behavior Description

Distance calls Long, loud sounds emitted by the female,
typically presented by the female after male
song begins and shortly after it stops, often
used for localizing other individuals

Other calls Shorter calls (∼half the duration of distance
calls), at a lower volume, including both tets
and stacks, presented frequently throughout
the test in many cases

Duration of
movement

The amount of time an individual bird was
moving throughout the cage, excluding time in
which the bird was sitting still either on the
perch or on the ground for more than 10 sec

Flights/Jumps Movement to or from the perch or up to the
sides of the cage

Beak wipes Rhythmic movement of the beak back and
forth along the perch

Allopreening Cleaning feathers with beak

Visual Scanning Turning head to one side, including craning
the neck and/or moving one of the eyes in the
direction of the speaker and bird model

Beak open Top and bottom beak are separated slightly
for more than 2 sec

Tail quiver Rapid movement of the tail, often associated
with a bowed position on the perch
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