Task-related “cortical” bursting depends critically on
basal ganglia input and is linked to vocal plasticity
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Basal ganglia-thalamocortical circuits are critical for motor control
and motor learning. Classically, basal ganglia nuclei are thought to
regulate motor behavior by increasing or decreasing cortical ﬁring
rates, and basal ganglia diseases are assumed to reﬂect abnormal
overall activity levels. More recent studies suggest instead that
motor disorders derive from abnormal ﬁring patterns, and have led
to the hypothesis that surgical treatments, such as pallidotomy, act
primarily by eliminating pathological ﬁring patterns. Surprisingly
little is known, however, about how the basal ganglia normally
inﬂuence task-related cortical activity to regulate motor behavior,
and how lesions of the basal ganglia inﬂuence cortical ﬁring
properties. Here, we investigated these questions in a songbird
circuit that has striking homologies to mammalian basal gangliathalamocortical circuits but is specialized for singing. The “cortical”
outﬂow nucleus of this circuit is required for song plasticity and
normally exhibits increased ﬁring during singing and song-locked
burst ﬁring. We found that lesions of the striato-pallidal nucleus in
this circuit prevented hearing-dependent song changes. These
basal ganglia lesions also stripped the cortical outﬂow neurons of
their patterned burst ﬁring during singing, without changing their
spontaneous or singing-related ﬁring rates. Taken together, these
results suggest that the basal ganglia are essential not for normal
cortical ﬁring rates but for driving task-speciﬁc cortical ﬁring patterns, including bursts. Moreover, such patterned bursting appears
critical for motor plasticity. Our ﬁndings thus provide support for
therapies that aim to treat basal ganglia movement disorders by
normalizing ﬁring patterns.
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asal ganglia-thalamocortical circuits play a critical role in
learning and producing complex motor behaviors, and are the
locus of numerous movement disorders. Despite intense study of
these circuits in both normal and disease states, how they process
movement-related information and modulate cortical activity to
regulate motor output remain poorly understood. Classic models
of basal ganglia function emphasize the concept that changes in
overall ﬁring rates of basal ganglia nuclei affect the excitability of
cortical neurons, and thereby facilitate or suppress particular
motor programs (1, 2). For example, hyperkinetic disorders are
thought to derive from insufﬁcient pallidal inhibition of the
thalamus, resulting in increased cortical activity that abnormally
facilitates movement. Recent optogenetic manipulations that
increased or decreased locomotion through activation of striatal
pathways are consistent with such “ﬁring-rate” models (3).
Although rate models provide a simple framework for understanding the pathophysiology of movement disorders, they
do not explain many experimental and pathological ﬁndings. A
well-known example is the paradoxical effect of surgical lesions
of the globus pallidus internus (pallidotomy), a procedure used
to ameliorate parkinsonian motor symptoms. According to ﬁringrate models, pallidotomy should chronically disinhibit thalamic
neurons and increase excitatory drive to the cortex. This theory
explains how pallidotomy can enable movements in hypokinetic
subjects, but also predicts abnormal or increased movements. In
practice, however, involuntary or excessive movements are not
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observed in patients following pallidotomy (4, 5). Classic ﬁring-rate
models also fail to explain the presence of abnormal ﬁring patterns
that have been observed throughout the basal ganglia and cortex,
such as increased bursting, oscillations, and synchronized ﬁring
across neurons in both human patients and animal models of disease. In contrast to rate models, “ﬁring-pattern” models hypothesize that such aberrant activity patterns disrupt the normal
operation of cortical motor programs, and that pallidotomy acts by
eliminating abnormal ﬁring patterns in the downstream circuit,
thus blocking the spread of pathologic signals to the cortex (4, 6, 7).
The role of normal, task-related cortical ﬁring patterns and their
dependence on basal ganglia input, however, still remain unclear,
and few electrophysiological studies have addressed these questions speciﬁcally (6, 8).
To examine basal ganglia contributions to task-related cortical
activity and motor behavior, and to determine how damage to the
circuit alters cortical ﬁring properties, we investigated the songbird anterior forebrain pathway (AFP) (Fig. 1A), a discrete circuit
that shares many similarities with basal ganglia-thalamocortical
circuits in mammals (9, 10). Unlike its mammalian counterparts,
however, the AFP is specialized for a single, well-deﬁned behavior—singing—greatly facilitating investigation of information
processing in basal ganglia-thalamocortical circuits and the link
between neural activity and behavior. The AFP indirectly connects the song premotor cortical analog HVC (HVC is used as its
proper name) and the song motor cortical analog RA (robust
nucleus of the arcopallium) via the basal ganglia (striato-pallidal)
nucleus Area X, the thalamus, and the prefrontal cortical analog
LMAN (lateral magnocellular nucleus of the nidopallium) [see
Fig. 1A for speciﬁc parallels to mammals; although these parallels
are not complete (11, 12), for simplicity we hereafter refer to
LMAN as cortical]. As in mammals, the AFP is not required for
the production of well-learned behaviors, but it is critically important for motor plasticity (13–18). For example, in adult zebra
ﬁnches, manipulations that distort or eliminate auditory feedback
normally drive gradual changes in song structure (Figs. 1B and
2A, second group) (19–21), but lesions or inactivation of the AFP
output nucleus LMAN prevent hearing-dependent changes to
song (Fig. 1C) (16, 17). Although previous studies have shown
that LMAN neurons exhibit robust singing-related activity, little is
known of how the basal ganglia contribute to LMAN activity nor
what features of LMAN activity are required for song plasticity.
To study these questions, we made bilateral lesions of the basal
ganglia nucleus Area X in adult birds, eliminating pallidal projections to the thalamus (akin to pallidotomy), and examined
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Fig. 1. Contributions of an avian basal ganglia-thalamocortical circuit to vocal motor plasticity. (A) The AFP of songbirds indirectly connects the motor nuclei
HVC and RA, and consists of the basal ganglia (striato-pallidal) nucleus Area X (9, 10), the thalamic nucleus DLM, and the cortical nucleus LMAN. Although
LMAN is not a layered structure with classic pyramidal cells, it shares many anatomic and physiologic similarities with the mammalian prefrontal cortex: LMAN
lies anterior to motor and premotor areas, receives input from a dorsal thalamic nucleus that is not a primary sensory area, projects to the basal ganglia and to
the primary song motor nucleus RA, and is more densely innervated by dopaminergic ﬁbers than the region surrounding it (31, 60–62). Moreover, as with the
prefrontal cortex, stimulation of LMAN does not evoke motor (song) output (24, 46, 63). Alternatively, or in addition, with respect to the hypothesis that avian
nuclei are homologous to mammalian cortical layers (11, 12, 64), LMAN shares some but not all of the features of layer II/III intracortically connecting neurons.
Yellow, green, and purple boxes indicate basal ganglia, thalamic, and cortical structures, respectively. Str, striatum; GPi, internal segment of the globus
pallidus. (B) Removal of auditory feedback (via deafening) induces gradual degradation of song (20). (C) Lesions of LMAN prevent deafening-induced changes
in song (17). (D) Experimental paradigm: To investigate basal ganglia contributions to cortical activity and motor plasticity, lesions of Area X were made
before deafening and their effects on LMAN activity and song were examined.

Results
Consistent with previous studies, we found that the songs of birds
that were deafened as adults gradually deteriorated over a period
of weeks, in comparison with the stable songs of normal adults
(e.g., Fig. 2A, compare two top groups; all songs were recorded
from birds singing alone; i.e., “undirected” song) (20). Deafening induced changes in both the structure of individual song

elements (syllables) and the temporal pattern of song. In contrast, we found that the songs of birds that received bilateral
lesions of Area X before deafening (hereafter “lesion-deaf”
birds) (see Fig. S1 for lesions) remained largely unchanged (Fig.
2A, third group). Just like intact birds and hearing birds with
lesions of Area X (e.g., Fig. 2A, fourth group) (13, 15), lesiondeaf birds continued to sing the same stereotyped sequence of
syllables (motif), even eight wks after deafening. Effects of experimental manipulations on song were quantiﬁed using two
measures that represent separately how well the spectral and

Fig. 2. Bilateral lesions of Area X block vocal plasticity and acute song variability. (A) Spectrograms
illustrate striking changes in the song of a deafened
bird (second group) but not in those of an intact
bird (ﬁrst group), a bird that received lesions of
Area X before deafening (third group), nor a hearing bird with lesions of Area X (fourth group). Preand 8-wk-postoperative songs are shown. Syllables
are labeled with letters; question marks denote
unidentiﬁable syllables. (B) Summary of spectral
(Upper) and temporal (Lower) similarity between
preoperative and 8-wk-postoperative song. Each
point corresponds to one bird; *P < 0.005; **P <
0.001. (C) Percent differences in fundamental frequency (FF) variability between pre- and 1–3 d
postoperative syllables (control: 16 syllables in four
sham-lesion birds; deaf only: 23 syllables in ﬁve
birds; lesion-deaf: 13 syllables in four birds; lesionhearing: 28 syllables in nine birds). Error bars, SEM;
*P < 0.02; **P < 10−4.
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their effects on neural activity in LMAN, as well as on the song
plasticity that normally follows adult deafening (Fig. 1D).

temporal structure were maintained in postoperative songs (analyzed eight wks after deafening) in comparison with preoperative songs (Fig. 2B and Materials and Methods). Both
measures of song similarity were signiﬁcantly higher for lesion-deaf
birds (n = 13) than for deafened birds (n = 6 deaf and n = 2 deaf
and sham-lesion). Although there were subtle changes in the ﬁne
structure of songs of birds with lesions of Area X, such as increased
spectral entropy, maintenance of the spectral and temporal
structure of the songs of both hearing (n = 8) and deaf birds with
lesions of Area X was comparable to that of intact birds (n = 5)
over the same period (Fig. 2B) (P > 0.05). These ﬁndings demonstrate that the basal ganglia are required for normal, hearingdependent vocal motor plasticity but not for the performance
of well-learned song, and they strikingly mirror clinical ﬁndings
that pallidotomy does not markedly affect the execution of wellpracticed skills but impairs motor plasticity (22, 23).
Lesions of Area X also acutely reduced trial-by-trial variability in
song, which has been hypothesized to be critical for song plasticity

(24–27). Compared with control (sham-lesion) and deafened birds,
variability in the pitch, or fundamental frequency, of individual
syllables across repeated renditions was signiﬁcantly lower in birds
with lesions of Area X (both hearing and deaf; fundamental frequency variability was measured 1–3 d after surgery) (Fig. 2C).
Our ﬁnding that lesions of Area X block auditory feedbackdependent changes to song mimics the behavioral effects of
lesions/inactivation of the cortical nucleus LMAN (16, 17), and
suggests that basal ganglia lesions abolish cortical ﬁring properties
that are critical for motor plasticity. What might these critical
properties be? As in mammals, pallidal neurons in Area X send
strong inhibitory input to the thalamus, which in turn sends excitatory input to LMAN (Fig. 1A) (28–33). Previous work has
shown that acute inactivation of Area X in anesthetized adult
zebra ﬁnches tonically disinhibits thalamic neurons, inducing
higher spontaneous ﬁring rates in LMAN (34), consistent with
ﬁndings in mammals (8, 35). According to ﬁring-rate models of
basal ganglia function, lesions of Area X should increase

Fig. 3. Lesions of Area X alter ﬁring patterns in LMAN without affecting ﬁring rate increases during singing. (A) Song spectrograms (Upper) and singingrelated activity of single LMAN neurons (Lower) in an intact (Left) and a lesion-deaf bird (Right). Note the increase in activity both before and during singing
in both cases. (Inset) Fifty randomly selected spike waveforms sorted from single LMAN neurons are superimposed. (B) Raster plots of activity during 50 motif
renditions (Upper) and when the bird was quiet (spontaneous activity, Bottom) for the neurons in A. (C) Smoothed instantaneous ﬁring rates computed from
the spikes of the same LMAN neurons (30 motifs overlaid). (D) Corresponding ﬁring rate histograms for motif-aligned (solid line) and spontaneous activity
(dotted line). (E) LMAN neurons in intact [n = 19 single units (circles) in nine birds] and lesion birds [n = 10 single units (circles) and 8 small clusters of units
(triangles) in eight birds] increased their ﬁring rates during singing. Red, data from lesion-deaf birds; purple, data from lesion-hearing birds. Statistical
comparisons across experimental groups were performed on single units. (F) ISI histograms of LMAN neurons during singing in intact (black) and lesion-deaf
birds (red) shown in A–D; shading highlights ISIs ≤ 5 ms (bursts). (G) Mean fraction of spikes that occurred as part of bursts (burst fraction). LMAN neurons
exhibited burst ﬁring in intact birds but not in lesion birds. Conventions as in E. **P < 0.0005.
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Fig. 4. Song-locked rate modulations of LMAN neurons are reduced in lesion birds. CVs of the motif-aligned rate histogram (A), mean cross-trial
correlations in spike trains (B), and within-trial CVs of instantaneous ﬁring
rates (C) of LMAN neurons were lower in lesion birds (red, lesion-deaf;
purple, lesion-hearing) than in intact birds (black). In B, ﬁlled circles indicate
a signiﬁcant difference from correlations computed from time-shufﬂed
spike-trains (Materials and Methods). *P < 0.05; **P < 0.01.

Kojima et al.

short intervals in the ISI distributions (e.g., Fig. 3F, red), and the
mean burst fraction was signiﬁcantly smaller than in control birds
(Fig. 3G, Right) (mean burst fraction = 4 ± 3.7%). This loss of
burst ﬁring in LMAN was not a result of the absence of auditory
feedback, as LMAN neurons in deafened birds with intact Area
X exhibited prominent burst ﬁring similar to that in intact birds
(mean burst fraction = 54 ± 18%; n = 10 neurons in three deaf
birds; P > 0.5 vs. control birds). These results indicate that
LMAN burst ﬁring in adult birds depends strongly on afferent
input from the basal ganglia (via the thalamus), and is not purely
an intrinsic property of this cortical nucleus.
Lesions of Area X also eliminated the song-locked ﬁring patterns
characteristic of LMAN neurons in adult birds. Previous work has
shown that in both intact and deaf birds, LMAN neurons typically
ﬁre phasically at particular times in song (Fig. 3 B–D, Left) (36–38).
In contrast, in lesion birds, such motif-locked spike patterns were
not apparent, despite the increased ﬁring during singing (Fig. 3 B–D,
Right, and Figs. S3 and S4). Across all neurons, modulation of
the average, song-aligned rate histograms was signiﬁcantly smaller
in lesion birds than in intact birds (Figs. 3D and 4A).
Reduced modulation of the motif-aligned rate histograms in
lesion birds stems from two factors. First, LMAN activity in lesion birds was no longer aligned to songs across repeated trials.
Correlations in the spike trains across different renditions of the
motif were signiﬁcantly smaller in lesion birds compared with
intact birds (Figs. 3C and 4B, and Materials and Methods). For
44% of the neurons in lesion birds, correlation distributions did
not differ signiﬁcantly from those calculated after random time
shifts were added to the spike trains (versus 5% in intact birds)
(Fig. 4B and Materials and Methods). Second, ﬁring rates of
LMAN neurons in lesion birds were not strongly modulated even
during individual motifs, but were instead relatively tonic (Fig. 3
B and C, Right). The average coefﬁcient of variation (CV) of the
instantaneous ﬁring rate (computed within each trial and averaged across trials) was signiﬁcantly smaller in lesion birds than in
intact birds (Fig. 4C).
The disruption of song-locked ﬁring patterns following lesions
of Area X was especially apparent during courtship singing to
females. Normally, in intact birds, the precision and reliability of
song-locked ﬁring of LMAN neurons are greatest when males
sing to females, and cross-trial correlations in spike trains are
high (Fig. 5, Left) (36, 39). In lesion birds, however, we found
that cross-trial correlations were small even during courtship
song (Fig. 5, Right, and Fig. S5), and in 58% of the neurons,
LMAN activity was random with respect to song (versus 0% in
intact birds). Thus, in addition to eliminating burst ﬁring, lesions
of Area X also stripped LMAN neurons of much of their songlocked ﬁring pattern without affecting overall activity levels.
Together with our behavior data, these results demonstrate
a critical contribution of Area X both to song-locked ﬁring
patterns of LMAN neurons and to song plasticity.
Discussion
Our experiments in the songbird basal ganglia-thalamocortical
circuit address outstanding questions about how the basal ganglia
modulate task-related cortical activity to regulate motor behavior.
We found that lesions of the striato-pallidal nucleus Area X
eliminated the normal phasic, song-locked rate modulations and
burst ﬁring of LMAN neurons without altering their overall ﬁring
rates (neither spontaneous nor during singing). Concomitant with
the loss of temporally patterned activity in the AFP, vocal plasticity
in response to deafening was largely eliminated. Taken together,
these results indicate that singing-related increases in LMAN ﬁring rates, which do not depend on Area X, are not sufﬁcient for
driving changes in adult song. Rather, it is the temporally patterned burst ﬁring in LMAN—which depends on input from Area
X—that appears to be critical for driving gradual, hearingdependent changes in song. Given the high degree of homology
PNAS | March 19, 2013 | vol. 110 | no. 12 | 4759
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spontaneous ﬁring rates in LMAN, which, in turn, could mask the
normal singing-related rate increases observed in intact birds (36–
38). Alternatively, lesions of Area X could change the ﬁring statistics of LMAN neurons, as predicted by ﬁring-pattern models,
with or without affecting their overall ﬁring rates. To examine
these possibilities directly, we made extracellular recordings of
LMAN activity in awake, singing birds following lesions of Area X
(both hearing and deaf) and compared these with recordings in
intact birds.
In birds with lesions of Area X (n = 2 hearing and n = 6 deaf),
we found that the spontaneous ﬁring rates of LMAN neurons
(i.e., when birds were not singing) were similar to those in intact
birds (Fig. 3 A, B Bottom, D and E; data from birds with lesions
of Area X are plotted in two different colors, denoting hearing
vs. deaf birds, but hereafter are described together as data from
lesion birds, as results were similar between groups). This ﬁnding
indicates that although pharmacological inactivation of Area X
transiently disinhibits the thalamus and increases spontaneous
ﬁring rates in LMAN (34), excitatory drive to LMAN does not
remain chronically elevated following lesions of Area X. Rather,
spontaneous ﬁring rates of LMAN neurons recover to normal
levels, perhaps because of homeostatic mechanisms.
Lesions of Area X also had little effect on singing-related
increases in the ﬁring rates of LMAN neurons. In both intact and
deaf birds, LMAN neurons increase their discharge before and
during singing, consistent with premotor signaling (36–38). In the
absence of Area X, we found that LMAN neurons continued to
exhibit robust increases in ﬁring rate before song initiation and
during singing (Fig. 3 A–E, Right, and Fig. S2). Singing-related ﬁring
rates did not differ signiﬁcantly between lesion and intact birds (Fig.
3E). Our results show that the maintained singing-related increases
in LMAN ﬁring in birds with lesions of Area X are not sufﬁcient to
drive deafening-induced song plasticity, and challenge models of
basal ganglia function that focus solely on ﬁring rates.
We therefore analyzed the ﬁring patterns of LMAN neurons
after lesions of Area X, and found that they were dramatically
altered in several ways. Previous studies have shown that LMAN
neurons in intact birds typically ﬁre brief, high-frequency bursts
of action potentials when they sing alone (Fig. 3B, Left) (36, 37).
This result is characterized by a prominent peak at short intervals
(∼2–3 ms) in the distribution of interspike intervals (ISI) (Fig.
3F, black). On average, in intact birds, more than half of all
LMAN spikes occur as part of bursts [ISIs ≤ 5 ms; mean burst
fraction = 57 ± 13% (SD)] (Fig. 3G, Left). In contrast, in lesion
birds, LMAN neurons rarely ﬁred bursts of action potentials
(e.g., Fig. 3B, Right, and Figs. S3 and S4). There were no peaks at

Fig. 5. LMAN neurons in lesion birds do not
exhibit song-locked ﬁring, even during
courtship singing. (A) Motif-aligned raster
plots and corresponding rate histograms of
LMAN neurons recorded during courtship
singing in an intact (Left) and a lesion-deaf
bird (Right). (B) Mean cross-trial correlations
in spike trains were lower in lesion birds
than in intact birds. Conventions as in Fig.
4B. **P < 0.001.

between avian and mammalian basal ganglia-thalamocortical
circuits (9, 10), our ﬁndings imply that a key function of the intact basal ganglia is to modulate cortical activity to generate
task-related ﬁring patterns critical for motor plasticity.
Our study also demonstrates that removal of basal ganglia input
to the thalamus does not induce chronic increases in cortical activity, as had been previously thought based on synaptic connectivity
and acute inactivation studies (8, 34, 35). The normal levels of
cortical activity that we observed in birds with pallidal lesions are
consistent with the observation that patients with Parkinson
disease do not exhibit involuntary or excessive movements after
pallidotomy. Moreover, the loss of behavior-locked cortical ﬁring
patterns in our birds supports the idea that pallidotomy ameliorates
Parkinsonian motor deﬁcits by blocking the spread of abnormal
ﬁring patterns from the basal ganglia to the cortex (4, 6, 7). Finally,
the elimination of auditory feedback-driven motor plasticity in our
birds by pallidal lesions parallels the impaired ability of postpallidotomy patients to learn new motor sequences (22, 23).
Our ﬁnding that basal ganglia input contributes critically to songlocked cortical ﬁring patterns in adult birds contrasts strongly with
a recent study in juvenile birds that examined the basal gangliarecipient thalamic nucleus that projects to LMAN [medial portion
of the dorsolateral thalamus (DLM)] (Fig. 1A) (40). That study
suggested that song-locked rate modulations in DLM are driven
primarily by excitatory input from the motor cortical nucleus RA,
because they were not eliminated by lesions of Area X. The discrepancy between the two studies raises some intriguing possibilities. First, because the previous study recorded thalamic activity
after lesions of Area X but did not examine LMAN activity, it is
possible that coordinated inputs from both RA and Area X are
required to endow thalamic neurons with the ability to drive patterned activity in their cortical target LMAN. Alternatively, or in
addition, there may be a developmental change in the relative
contributions of basal ganglia inputs (Area X) and descending
cortical inputs (RA) to patterned activity in thalamocortical circuits, such that inputs from RA decline with age or contributions
from Area X increase (41–43). Such a developmental shift would
explain the contradictory ﬁndings that lesions of Area X acutely
reduce song variability in adult birds (Fig. 2C) but not in juvenile
birds (13, 44). Regardless of the reasons for the discrepancy between the two studies, our ﬁndings indicate that although RA-tothalamus projections are a likely source of the maintained singingrelated increases in LMAN activity that we observed, pallidal inputs
are the primary drivers of song-locked ﬁring patterns in LMAN in
adult birds.
In contrast to previous studies that eliminated all activity in
LMAN, here, by removing basal ganglia input, we altered LMAN
ﬁring patterns without changing overall activity levels and found
that song-locked bursting appears essential for song plasticity.
How might basal ganglia-dependent, song-locked bursting in
LMAN inﬂuence activity in the motor pathway and contribute to
4760 | www.pnas.org/cgi/doi/10.1073/pnas.1216308110

song plasticity? First, LMAN bursting may be especially effective
at modulating activity in the song motor nucleus RA, driving
ﬂuctuations in song that could function as motor exploration (24–
27, 36, 45–47). Second, given recent evidence that LMAN can
adaptively bias song output (16, 48, 49), it is also possible that
song-locked bursting contributes to song plasticity directly, by
instructing speciﬁc changes in the synaptic connections between
the premotor nucleus HVC and RA via spike-timing–dependent
mechanisms (24, 27, 36, 47, 50, 51). Third, burst ﬁring might also
increase the synchrony of activity across multiple neurons in
LMAN, and thus enhance their effectiveness in inﬂuencing RA
and subsequent song output. Although the mechanisms by which
bursts contribute to motor plasticity may differ across systems, our
ﬁndings suggest that task-related bursting is an important feature
of normal basal ganglia-thalamocortical circuits. Moreover, our
results raise the possibility that when such activity is altered and is
no longer tightly locked to movement, as in the case of the exaggerated bursting and synchronized ﬁring observed in Parkinson
disease (4, 6, 7), it can disturb information processing in these
circuits and contribute to motor deﬁcits.
In summary, our results shed light on how the basal ganglia
regulate motor behavior by modulating cortical ﬁring patterns.
Numerous studies in mammals have shown that basal ganglia
neurons change their task-related ﬁring during learning (52, 53),
and that such changes can precede changes in cortical activity and
behavior (54–56). Here, we extend these ﬁndings by directly
demonstrating that the basal ganglia are required for speciﬁc,
task-related cortical ﬁring patterns that are critical for song motor
plasticity. Although our ﬁndings do not rule out rate models of
basal ganglia function in mammals, by dissociating ﬁring patterns
from changes in ﬁring rates in the song circuit, our data suggest
that therapeutic strategies that aim to normalize discharge patterns may be especially useful for ameliorating motor deﬁcits of
basal ganglia disorders (57).
Materials and Methods
Subjects and Surgery. Subjects were adult male zebra ﬁnches (Taeniopygia
guttata). All procedures were approved by the University of California at San
Francisco Institutional Animal Care and Use Committee. Young adult birds
(∼110 d posthatch) were deafened as described previously (58). In a subset of
these birds, bilateral lesions of Area X were made 0–2 d before deafening by
local injection of 1% ibotenic acid. Lesions of Area X were also made in
a third group of birds with intact hearing. All lesions were evaluated in
tissue labeled with an antibody to Substance P (lesion sizes: 75–100%).
Song Analysis. To quantify song changes, we randomly chose 5 preoperative
and 10 postoperative (8 wk after) songs, and measured the spectral and
temporal similarity between all possible pairs of pre- and postoperative songs
using Sound Analysis Pro (v 1.04) (59) and custom-written software. These
analyses were also performed on the songs of intact, age-matched birds.
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Neural Recording. Recordings and analyses of singing-related activity in LMAN
were performed as previously described (36, 37). Brieﬂy, extracellular neural
signals were recorded in awake, behaving birds using a microdrive carrying
tungsten electrodes. Spikes were sorted ofﬂine, and spike trains during quiet
(baseline) periods and during singing were extracted. Neural activity during
repeated motifs was aligned and linearly time-warped using a reference motif.
Mean ﬁring rates and the fraction of spikes that occurred as part of bursts (ISI
≤ 5 ms) were calculated. To analyze ﬁring rate modulations, spike trains were
smoothed with a Gaussian ﬁlter (SD = 5 ms). Trial-by-trial differences in activity
patterns were quantiﬁed by computing the average correlation coefﬁcient

between instantaneous ﬁring rates for all pairs of trials (36). Neural data from
intact birds were collected previously (36) and are replotted here for comparison. More detailed methods of surgery, song analyses, neural recording,
and statistical tests are described in SI Materials and Methods.
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