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Singing-Related Neural Activity Distinguishes Two Putative
Pallidal Cell Types in the Songbird Basal Ganglia:
Comparison to the Primate Internal and External Pallidal
Segments
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The songbird area X is a basal ganglia homolog that contains two pallidal cell types—local neurons that project within the basal ganglia
and output neurons that project to the thalamus. Based on these projections, it has been proposed that these classes are structurally
homologous to the primate external (GPe) and internal (GPi) pallidal segments. To test the hypothesis that the two area X pallidal types
are functionally homologous to GPe and GPi neurons, we recorded from neurons in area X of singing juvenile male zebra finches, and
directly compared their firing patterns to neurons recorded in the primate pallidus. In area X, we found two cell classes that exhibited high
firing (HF) rates (�60 Hz) characteristic of pallidal neurons. HF-1 neurons, like most GPe neurons we examined, exhibited large firing
rate modulations, including bursts and long pauses. In contrast, HF-2 neurons, like GPi neurons, discharged continuously without bursts
or long pauses. To test whether HF-2 neurons were the output neurons that project to the thalamus, we next recorded directly from
pallidal axon terminals in thalamic nucleus DLM, and found that all terminals exhibited singing-related firing patterns indistinguishable
from HF-2 neurons. Our data show that singing-related neural activity distinguishes two putative pallidal cell types in area X: thalamus-
projecting neurons that exhibit activity similar to the primate GPi, and non-thalamus-projecting neurons that exhibit activity similar to
the primate GPe. These results suggest that song learning in birds and motor learning in mammals use conserved basal ganglia signaling
strategies.

Introduction
The basal ganglia (BG) are an evolutionarily conserved set of
brain nuclei widely implicated in motor control and learning
(Smeets et al., 2000). The songbird area X, for example, is a
specialized striatopallidal nucleus homologous to the mam-
malian basal ganglia (Fig. 1 A, B) (Farries and Perkel, 2002;
Doupe et al., 2005). A recent study suggests that, like the mam-
malian BG, area X has two populations of pallidal neurons—(1)
output neurons that send a long-range GABAergic projection to
the thalamus and (2) local neurons that do not project to the
thalamus but instead connect within the basal ganglia (Fig. 1B)
(Farries et al., 2005). The projection patterns of these two popu-
lations are similar to neurons in the internal (GPi) and external
(GPe) segments of the primate globus pallidus, consistent with

mounting evidence that the division of the BG into direct and
indirect pallidal pathways has existed for �300 million years,
predating the division of birds, mammals, and reptiles into sep-
arate classes (Reiner, 2009).

It has yet to be determined whether the structural homology
between the mammalian and non-mammalian BG extends to
the functional signals that they generate during behavior.
Most pallidal neurons in the primate exhibit a high baseline
firing rate (�60 Hz) that distinguishes them from striatal cell
types (DeLong, 1972). In addition, GPe and GPi neurons exhibit
distinct activity in awake mammals—while most GPe neurons
exhibit long pauses (�300 ms) and deep modulations in firing
rate, most GPi neurons fire continuously, exhibit shallow modu-
lations during movements, and do not generate long pauses
(DeLong, 1971; Turner and Anderson, 1997; Elias et al., 2007).

Here we test the hypothesis that a similar distinction in palli-
dal firing patterns exists in the avian brain. We have recorded
from two cell classes in area X that exhibited high firing (HF) rates
(�60 Hz) characteristic of pallidal neurons, and report that one
group of HF neurons (HF-1) generated novel singing-related
bursts and long pauses, while a second group (HF-2) fired con-
tinuously and never generated bursts or long pauses, similar to a
cell type previously observed (Hessler and Doupe, 1999). We
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developed a quantitative analysis of firing rate modulations that
cleanly separated these two classes of neurons.

To determine whether one cell class constituted the neurons
that project to the thalamus, we next recorded directly from the

pallidal axon terminals of area X outputs in the thalamic nucleus
DLM (Person and Perkel, 2007), and found that all terminals
exhibited singing-related firing patterns quantitatively indistin-
guishable from HF-2 neurons.

Qualitatively, the firing pattern of HF-1 neurons, including
long pauses and deep modulations in firing rate, was reminiscent
of published reports of GPe neuronal activity, while the activity of
HF-2 neurons and pallidal terminals resembled that of GPi neu-
rons (DeLong, 1971). To make a quantitative comparison, we
next analyzed 129 neurons recorded in the primate pallidus and
found that the analysis that separated HF-1 from HF-2 neurons
also distinguished most GPe neurons from GPi neurons. These
data suggest that the distinct signals generated by two pallidal
pathways are evolutionarily conserved aspects of the BG circuit,
and that motor learning in birds and mammals uses common,
and ancient, signaling strategies.

Materials and Methods
Finches. Subjects were 21 juvenile male zebra finches, 36 –70 d post-hatch
(dph). Birds were obtained from the Massachusetts Institute of Technol-
ogy (MIT) zebra finch breeding facility (Cambridge, MA). The care and
experimental manipulation of the animals were performed in accordance
with guidelines of the National Institutes of Health and were reviewed
and approved by the MIT Committee on Animal Care.

Songbird data acquisition. Neural recordings were performed using a
motorized microdrive described previously (Fee and Leonardo, 2001).
Cells in DLM and area X were isolated by searching for spontaneous or
antidromically evoked spiking activity; units had signal-to-noise ratios
(peak spike amplitude compared to SD of noise) greater than 15:1. An-
tidromic identification of LMAN-projecting DLM neurons was per-
formed with a bipolar stimulating electrode implanted in LMAN using
techniques described previously (Hahnloser et al., 2002). Data were ac-
quired and analyzed using custom Matlab software (A. Andalman, D.
Aronov, and J.H.G.). Small electrolytic lesions (20 �A for 15 s) were
made through the electrodes at the conclusion of experiments for histo-
logical verification of electrode position. To visualize pallidal terminals in
DLM (as in Fig. 3B), Alexa 555-dextran (molecular weight, 10,000; Molecu-
lar Probes) was injected into area X, for anterograde labeling of calyceal
terminals, and Alexa 647-dextran into LMAN for retrograde labeling of
DLM neurons. Brain slices (100 �m) were imaged with a Nikon PCM2000
confocal microscope, and ImageJ was used to merge serial sections.

Data analysis. Spikes were sorted offline using custom Matlab soft-
ware. Spike widths were computed as the full width at half maximum of
the negative-going deflection of the average of 50 spike waveforms (sup-
plemental Fig. 1, available at www.jneurosci.org as supplemental mate-
rial). We represented neural activities as instantaneous firing rates
(IFRs), R(t), defined at each time point as the inverse of the enclosed
interspike interval as follows (Eq. 1):

R�t� �
1

ti�1 � ti
, for ti � t � ti�1, (1)

where ti is the time of the ith spike. To compute the power spectra of the
IFRs, IFR signals were mean-subtracted and multiplied by a Hanning
window before calculating the fast Fourier transform.

To analyze the modulations in firing rate, in particular to distinguish
HF-1 neurons from HF-2 neurons, we smoothed the IFR signals with a
finite impulse response (FIR) equiripple filter with a passband below 25
Hz and stopband greater than 75 Hz, with 80 dB attenuation in the
stopband. To remove the DC offset (i.e., the high average firing rate),
IFRs were mean-subtracted using an infinite impulse response (IIR) 1 Hz
high-pass filter generated with coefficients b � [1 �1] and a � [1
�0.9988] (supplemental Fig. 2 A, available at www.jneurosci.org as sup-
plemental material). Bursts were defined as peaks in the smoothed IFR
signal that exceeded 250 spikes per second.

For the primate GP neurons, which exhibited slower modulations,
IFRs were smoothed with a FIR equiripple filter with a passband below 2

Figure 1. Nonsinging firing rate distinguishes high- and low-frequency cell classes in area X.
A, Schematic of the avian song circuit showing the AFP (solid lines) and motor pathway (dotted
lines). B, The AFP is homologous to a mammalian BG–thalamocortical loop. Like the mamma-
lian BG, area X contains striatal neurons and two pallidal cell classes: one class that projects
within the basal ganglia—possibly homologous to the primate GPe—and a second class that
projects to the thalamus— homologous to the primate GPi. The AFP appears to lack a homolog
of the STN, which is interposed between cortex, striatum, and pallidus in the mammalian BG
(omitted in this figure). C, Mean rate during singing is plotted against the mean rate during
nonsinging epochs for each unit recorded in area X. Triangles and circles represent data from
subsong and plastic song birds, respectively. D, Histogram of nonsinging firing rates for all units
recorded in area X reveals a distinct population of high-firing-rate neurons.
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Hz and a stopband greater than 4 Hz, with 80 dB attenuation in the
stopband. IFRs were mean-subtracted using an IIR 0.1 Hz high-pass filter
generated with coefficients b � [1 �1] and a � [1 �0.9995] (supple-
mental Fig. 2 B, available at www.jneurosci.org as supplemental mate-
rial). Bursts were defined as peaks in the smoothed IFR that exceeded 50
spikes per second. Burst thresholds were defined to optimally separate
distinct classes of neurons, and in both songbirds and primates could be
varied �20% without significant changes to the results.

To determine the time at which terminal and HF-2 activity increased
before song onsets, we averaged the instantaneous firing rates during the
3 s that preceded song onsets, and used the first 500 ms of this epoch as
baseline. The averaged trace was smoothed with a 25 ms Gaussian filter.
The onset of the presinging increase in activity was estimated as the point
at which the smoothed trace exceeded 2 SDs from baseline. The time for
pallidal activity to return to baseline was determined as above, using the
3 s epoch following song offsets.

Interbout epochs were defined as silent periods separated from singing
by �5 s. Note that the interbout epoch includes both the seconds imme-
diately preceding bout onset, and following bout offset. Although burst-
ing in the seconds following bout offset appeared to be a prominent
feature of HF-1 neurons, there were in fact no statistical differences be-
tween burst rate or burst characteristics between the immediate postbout
period (�2 s following bout offset) and all interbout epochs combined.
Nonsinging firing rates were calculated from silent periods separated
from singing by �10 s.

Analysis of correlations of neural activity to song temporal structure. For
plastic song birds, syllables were identified both manually and with an
automated clustering algorithm (A. Andalman). The songs of the plastic
song birds in this study were not yet organized into motifs—thus we
analyzed correlations on a syllable-by-syllable basis. We included in this
analysis only those birds with song repertoires that included distinct,
identifiable syllables (67 syllables for HF-2 neurons, 82 syllables for ter-
minals; 45 syllables for HF-1 neurons), and only analyzed cells that were
recorded for �30 syllable renditions (mean � SD number syllables per
neuron � 195 � 207, range � 31–1337). Neural activity from 60 ms
before syllable onsets to 60 ms following the median syllable duration was
linearly time warped, using as a reference the syllable’s median duration
(supplemental Fig. 6, available at www.jneurosci.org as supplemental
material), as previously described (Olveczky et al., 2005; Kao et al., 2008).
Syllables of subsong birds (�45 dph) are highly unstructured, and neural
correlations to their acoustic or temporal structure are outside the scope
of this study.

To determine the significance of firing rate peaks and minima within
syllables, a rate histogram (10 ms bin size) was generated for the syllable-
aligned spike trains. Surrogate histograms were also calculated for all
spike trains after a random time shift, as described previously (Olveczky
et al., 2005). The shift was circular, such that spikes wrapped around to
the beginning of the syllable; time shifts were chosen randomly from a
uniform distribution with the width of the syllable plus 120 ms (60 ms
before and after syllable). Peaks and minima in firing rate were consid-
ered significant when they crossed the 1st (for minima) and 99th (for
peaks) percentile of the compiled minima and maxima of the surrogate
histograms. Modulation depths were computed for each syllable, and for
each neuron, and were defined as the difference between the peak and the
minimum of the rate histogram (10 ms bin size as above), divided by the
mean rate during that syllable (Fee et al., 1997).

To quantify trial-to-trial differences in neural activity on short time-
scales, we computed the average correlation coefficient (CC) between the
instantaneous firing rate for all pairs of trials, as follows (Eqs. 2, 3):

CC �
1

Npairs
�
j�i

Ntrials

CCij (2)

CCij �
	r̂i�t�r̂j�t�
t

�	r̂i�t�
2
t	r̂j�t�

2
t

, (3)

where r̂(t) was computed by smoothing spike trains with a Gaussian
kernel of 10 ms SD (Olveczky et al., 2005; Kao et al., 2008). To determine

the statistical significance of the correlation, we also compared the cor-
relation distributions to those calculated after random time shifts were
added to the spike trains, as described above (Olveczky et al., 2005). In all
neurons, independent of cell class, the correlation distributions were
significantly different from those of the randomly shuffled spike trains
( p � 0.01, Kolmogorov–Smirnov test). Finally, we also calculated CCs
on non-time-warped syllables, resulting in, on average, a 0.005 decrease
in CC value (supplemental Fig. 6, available at www.jneurosci.org as sup-
plemental material).

For the analyses examining trial-to-trial variability in pause or burst
times in HF-1 neurons, pauses were defined as intervals greater than the
99th percentile interspike interval (ISI), and bursts were defined as de-
scribed above. For each syllable that contained at least one pause (or
burst), we generated a vector of zeros and ones, where time within each
pause (or burst) equaled 1. This vector was then de-meaned and used as
the r̂(t) in Equations 2 and 3 to generate a distribution of correlation
coefficients. To determine the significance of the resulting distribution,
we performed a Kolmogorov–Smirnov test on a surrogate distribution of
CCs generated from randomly shuffled pause (or burst) times. For this
analysis, pauses and bursts were analyzed separately.

Analysis of simultaneously recorded pairs of terminals and HF-2 neurons.
Each microdrive was equipped with three electrodes, spaced �300 �m
apart, enabling on rare occasions the simultaneous recording of pairs.
Two pairs of HF-2 and two pairs of terminals were recorded. Each unit
within each pair had �3500 spikes under each condition. Raw cross-
correlograms for singing and nonsinging periods were constructed for
each pair as rate histograms of spike times of neuron 2 aligned to spike
times of neuron 1. To determine the significance of peaks and minima in
the cross-correlograms, 1000 surrogate cross-correlograms of indepen-
dent spike trains were generated for each pair, under each condition, by
randomly phase shifting one of the spike trains, preserving its overall
spike statistics, as described above. Peaks (or minima) in the true cross-
correlograms were considered significant if they crossed the 1st (for min-
ima) or 99th (for peaks) percentile of the compiled minima and maxima
of the surrogate histograms.

Primate data acquisition. All experimental protocols were conducted
in accordance with the National Institutes of Health Guide for the Care
and Use of Laboratory Animals and the Hebrew University guidelines for
the use and care of laboratory animals in research. The experimental
protocols were approved and supervised by the Institutional Animal
Care and Use Committee of the Hebrew University and Hadassah Med-
ical Center. The Hebrew University is accredited by the Association for
Assessment and Accreditation of Laboratory Animal Care International.
Methods were given in detail in previous manuscripts (Joshua et al.,
2009). A brief summary of these methods is given here.

One monkey (L; Macaque fascicularis, female 4 kg) was used in this
study. During recording sessions, monkey L was engaged in a probabi-
listic delay classical-conditioning task. The monkey’s head was immobi-
lized and eight glass-coated tungsten microelectrodes were advanced
separately (EPS, Alpha-Omega Engineering) in a coronal plane, 50° from
the axial plane into the GPe or the GPi. Two experimenters controlled the
position of the eight electrodes and the real-time spike sorting (Alpha-
Map, ASD, Alpha-Omega Engineering). Recorded spike trains were sub-
jected to an offline quality analysis, which included tests for discharge
rate stability, refractory period, spike waveform isolation, and recording
time. GPe neurons were identified according to their stereotaxic coordi-
nates (based on MRI and primate atlas data) and their physiological
identification. The physiological parameters included the characteristic
symmetric, narrow, and high-amplitude spike waveform; the typical fir-
ing rate and pattern characterized by high-frequency discharge rates
(�20 Hz) interrupted by long intervals of total silence (DeLong, 1971);
and the preceding neuronal activity of the striatum obtained in the same
electrode trajectory to the GPe. GPe low-frequency discharge bursting
neurons, which may represent a different population of GPe neurons,
were excluded from the current data base. The identification criteria for
GPi neurons included, apart from stereotaxic coordinates (based on MRI
and primate atlas data), the depth of the electrode; the physiological
identification of border cells between the GPe and the GPi; and the real
time assessment of the firing pattern of the cell. Pallidal recordings were
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not restricted to specific areas within the GPe and GPi, but spanned the
entire nuclei.

Results
For area X recordings, we recorded 185 neurons from 10 juvenile
birds, aged 40 –70 dph. In awake, nonsinging birds, we found that

the average firing rate of area X neurons
fell into two main classes: high-frequency
(HF) neurons with average nonsinging
firing rates greater than 60 Hz (127 � 30
Hz, n � 70, all error bars indicate SD), and
low-frequency neurons with nonsinging
rates less than 30 Hz (4.9 � 6.3 Hz, n �
115) (Fig. 1C,D). We hypothesize that the
high and low firing cell classes represent
the pallidal and striatal neuronal cell
classes, respectively, that are known to re-
side in area X (Farries and Perkel, 2002).
This hypothesis is based on previous stud-
ies of area X neurons in brain slice, which
revealed high spontaneous firing rates in
pallidal neurons and low rates in striatal
neurons (Farries and Perkel, 2002), and in
vivo, which found that HF neurons in area
X project to DLM (Leblois et al., 2009), as
well as on numerous reports in mammals
demonstrating high pallidal and low striatal
firing rates in awake animals (DeLong,
1972; Johnstone and Rolls, 1990; Bar-Gad et
al., 2003). In the present study, we focus ex-
clusively on the HF neurons. The putative
striatal neurons were the subject of a differ-
ent study (Goldberg and Fee, 2010).

Singing-related neural activity
distinguishes two classes of HF neurons
We observed two different types of
singing-related firing patterns among HF
neurons. Some HF neurons exhibited
prominent bursts and long pauses (Fig.
2A,B), while others discharged continu-
ously (Fig. 2E,F). These differences in
spiking behavior were readily apparent in
the IFR (see Materials and Methods),
where bursting and pausing were associ-
ated with large modulations in firing rate
(Fig. 2A,B). We found, by quantifying the
modulations of the IFR (Fig. 2A–J), that
HF neurons in area X could be separated
into two distinct cell classes: those that
generated large peaks in a smoothed ver-
sion of the IFR (defined as HF-1), and
those that did not (defined as HF-2) (Fig.
2K) (see Materials and Methods).

Note that the large firing rate fluctua-
tions of HF-1 neurons occurred preferen-
tially at low modulation frequencies (�25
Hz), such that the power spectrum of the
IFRs of HF-1 neurons showed higher
power at low frequencies than did HF-2
neurons (Fig. 2 I, J, see Fig. 4L). In con-
trast, HF-2 neurons showed more fluctu-
ations in firing rate at modulation
frequencies above 35 Hz (see Fig. 4L). Al-

though the total fraction of power below 25 Hz largely separated
HF-1 and HF-2 neurons (Fig. 2K), the best separation of HF
neurons into two distinct clusters was obtained by examining the
smoothed IFR traces (see Materials and Methods). It can be seen
that, in the smoothed IFR, HF-1 neurons exhibited bursts with

Figure 2. Singing-related neural activity distinguishes two classes of HF neurons in area X. A–D, Example of an HF-1 neuron.
A, Representative spectrogram plotted above the IFR computed from the spikes of a single neuron (top), and the same IFR trace
smoothed by low-pass filtering below 25 Hz. The high mean firing rate was removed (mean-subtracted) using a high-pass filter
above 1 Hz (see Materials and Methods). Bursts were detected as peaks in the mean-subtracted, smoothed IFR that exceeded 250
spikes per second (dotted line). B, Expanded view of the IFR (black) and the smoothed IFR (blue), and the raw voltage data from the
period indicated by the red bar beneath the spectrogram in A. C, D, The log of the ISI distributions (C) and the lag-autocorrelation
function of the IFR (D) are plotted for data from singing and nonsinging periods (solid and dotted lines, respectively) for the neuron
shown in A. E–H, Data are plotted exactly as in A–D, for a neuron classified as HF-2. I, J, The power spectra of the IFRs (median over
all cells, shaded areas indicate 25th to 75th percentile) for 37 HF-1 neurons (red) and 33 HF-2 neurons (blue), for data from singing
periods (I ) and from nonsinging periods (J ). Note that HF-1 neurons have more power at low frequencies (�25 Hz). K, For each
HF-1 neuron (red) and HF-2 neuron (blue) recorded in area X, the percentage of the IFR power spectrum at low frequencies is
plotted against the peak (99th percentile) of the mean-subtracted, smoothed IFR. Triangles and circles are data from subsong and
plastic song birds, respectively. At bottom, the histogram of peak values of the mean-subtracted, smoothed IFR distinguishes two
classes of HF neurons. Neurons with peaks greater than 250 spikes per second were defined as HF-1 neurons. At left, the histogram
of percentage of IFR power spectrum at frequencies less than 25 Hz.
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peak firing rates between 300 and 700 spikes per second, whereas
HF-2 neurons exhibited peak firing rates between 100 and 250 spikes
per second (Fig. 2K). Thus, peak firing rate in the smoothed IFR
served as the metric by which HF-1 and HF-2 neurons were classified.
We first discuss the firing patterns of the HF-1 cell class.

HF-1 neurons exhibited singing-related high-frequency
bursts and long pauses
High-frequency bursts, defined as events where the band-passed
IFR exceeded 250 Hz (see Materials and Methods), were a prom-
inent feature in the firing pattern of HF-1 neurons (Fig. 2A,B).
Bursts in HF-1 neurons occurred frequently during singing
(1.16 � 0.85 s�1) and in the brief silent periods in between sing-
ing bouts (0.58 � 0.31 s�1, interbout epochs, see Materials and
Methods), but much less frequently when the bird was not sing-
ing (nonsinging burst incidence: 0.24 � 0.24 s�1).

Bursting was associated with a prominent shoulder, and in
some cases a second peak, in the short interval side of the ISI
distributions of HF-1 neurons (Fig. 2C; supplemental Fig. 3B,
available at www.jneurosci.org as supplemental material). In ad-
dition, because bursts consisted of multiple intervals generated in
quick succession, they were associated with broad peaks in the
instantaneous firing rate (Fig. 2A; supplemental Fig. 3A, available
at www.jneurosci.org as supplemental material). Accordingly,
the autocorrelation of the IFR exhibited a broad peak (full width
at half maximum � 15.7 � 8.7 ms) that was significantly wider
than the average duration of a single interspike interval (8.0 � 2.8
ms, p � 0.0001, paired t test, n � 37 neurons) (Fig. 2D).

Despite the incidence of high-frequency bursts during sing-
ing, this was not associated with a significant increase in the mean
firing rate of HF-1 neurons (121 � 29 Hz nonsinging vs 135 � 42
Hz singing, p � 0.09) (supplemental Fig. 3D, available at www.
jneurosci.org as supplemental material; Table 1). Between bursts,
HF-1 neurons frequently exhibited long pauses in firing. As has
been noted in some mammalian pallidal neurons, pauses were
not discrete events, but represented the long intervals along the
distribution of interspike intervals (ISIs) (Fig. 2C) (Elias et al.,
2007). Thus, we defined pauses as intervals longer than the 99th
percentile ISI during singing and found that they have an average
duration of 53.1 � 35.0 ms. In summary, HF-1 neurons did not
fire continuously during singing— discharge was regularly inter-
rupted by bursts and long pauses. Finally, the firing statistics of
HF-1 neurons in plastic song and subsong birds were identical by
all of these measures (Table 1).

HF-2 neurons did not generate bursts or long pauses
In contrast to HF-1 neurons, HF-2 neurons did not exhibit large
peaks in the band-passed IFR (burst rate � 0.01 � 0.03 s�1) (Fig.

2E,F). Several features of the firing patterns of HF-2 neurons
further distinguished them from HF-1 neurons. First, all HF-2
neurons significantly increased their firing rates during singing
(133 � 31 Hz nonsinging vs 258 � 66 Hz singing, p � 0.0001,
paired t test n � 33; 10 birds) (Fig. 2E–G; supplemental Fig.
3H–K, available at www.jneurosci.org as supplemental material).
The firing rate increased in the hundreds of milliseconds before
singing (0.45 � 0.52 s), and slowly returned to baseline following
singing (1.40 � 0.57 s, see Materials and Methods). Second, dur-
ing singing, HF-2 neurons exhibited substantially less variability
in interspike interval duration than HF-1 neurons [HF-1: coeffi-
cient of variation (C.V.) � 0.90 � 0.32; HF-2: C.V. � 0.48�.09,
p � 0.001] (supplemental Fig. 3, available at www.jneurosci.org
as supplemental material; Table 1). Third, firing rate fluctuations
in HF-2 neurons were extremely rapid, such that a given inter-
spike interval was weakly correlated with its neighboring inter-
vals, resulting in flat spike train autocorrelations (supplemental
Fig. 4, available at www.jneurosci.org as supplemental material)
and a sharp peak in the IFR autocorrelation. In fact, peaks in the
IFR autocorrelation were significantly narrower in HF-2 neurons
than HF-1 neurons during singing (full width at half maximum:
5.1 � 1.6 ms, p � 0.001 t test vs HF-1) (Fig. 2H; supplemental Fig.
3B, available at www.jneurosci.org as supplemental material;
Table 1), and in the range of the average duration of a single
interspike interval (4.2 � 1.4 ms).

Finally, HF-2 neurons did not exhibit long pauses in firing.
During singing, even intervals as short as 20 ms occurred rarely
(0.59 � 0.91 s�1). In contrast, such intervals occurred 10 times as
often in HF-1 neurons (6.0 � 4.2 s�1, p � 0.001, unpaired t test).
In addition, singing-related pauses in HF-2 neurons (defined as
intervals greater than the 99th percentile ISI) were significantly
shorter than in HF-1 neurons (HF-2: 16.1 � 7.0 ms; HF-1: 53.1 �
35.0 ms; p � 0.001, unpaired t test) (supplemental Fig. 3B, avail-
able at www.jneurosci.org as supplemental material; Table 1).
Notably, the discharge of HF-2 neurons— continuous spiking
with only brief fluctuations in rate, and without the generation of
bursts or long pauses—is remarkably similar to the firing pat-
terns reported in the mammalian GPi (DeLong, 1971). This led
us to hypothesize that the HF-2 neurons constituted the area X
output neurons that project to the thalamic nucleus DLM.

Singing-related activity of pallidal axon terminals recorded in
DLM was indistinguishable from HF-2 neurons
To directly test this hypothesis, we implanted electrodes into
DLM, where the large axon terminals of area X pallidal projection
neurons can be recorded extracellularly (Fig. 3A,B) (Person and
Perkel, 2007; Kojima and Doupe, 2009; Leblois et al., 2009). We
recorded 66 units in DLM of 11 birds (10 juveniles, aged 36 –70

Table 1. Singing and nonsinging spiking statistics for HF neurons in area X and pallidal terminals recorded in DLM

Rate,
nonsinging
(Hz)

Rate,
singing
(Hz)

C.V.,
nonsinging

C.V.,
singing

99th
percentile ISI,
singing (ms)

99th
percentile ISI,
nonsinging

IFR autocorrelation
half-width (ms),
singing

IFR autocorrelation
half-width (ms),
nonsinging

% of IFR
spectrum in
the 1–25 Hz
band,singing

% of IFR spectrum
in the 1–25 Hz
band, nonsinging

HF-1, subsong (n � 16) 120.0 � 30.1 135.8 � 34.1* 0.39 � 0.10 0.86 � 0.25* 37.5 � 24.7* 19.7 � 7.9 14.1 � 7.6 20.1 � 14.0* 8.8 � 1.4 9.1 � 2.1
HF-1, plastic (n � 21) 121.7 � 29.8 142.6 � 44.4* 0.48 � 0.36 0.95 � 0.36* 41.1 � 26.5* 22.9 � 15.5 16.8 � 9.8 25.6 � 14.7* 9.1 � 1.7 9.8 � 1.9
HF-2, subsong (n � 22) 131.4 � 34.1 232.5 � 60.8* 0.32 � 0.12 0.49 � 0.07* 12.6 � 5.4 19.0 � 15.8* 5.4 � 1.7 7.1 � 2.4* 5.8 � 1.1 7.0 � 1.9
HF-2, plastic (n � 11) 136.0 � 23.2 308.6 � 46.0* 0.27 � 0.05 0.42 � 0.06* 9.3 � 2.1 13.2 � 4.6* 4.5 � 1.4 7.1 � 2.4* 5.3 � 0.7 6.5 � 1.6
Terminals, subsong (n � 14) 149.5 � 36.0 296.0 � 54.0* 0.31 � 0.08 0.47 � 0.09* 10.1 � 3.9 13.0 � 3.1* 5.1 � 1.8 7.6 � 2.1* 5.5 � 0.9 6.7 � 1.2
Terminals, plastic (n � 23) 137.6 � 22.4 286.2 � 59.2* 0.31 � 0.08 0.47 � 0.11* 10.2 � 3.7 14.3 � 2.6* 5.1 � 1.3 6.9 � 1.2* 5.8 � 0.9 6.7 � 0.9
Interclass comparisons n.s. HF-1 � HF-2,

terminals
HF-1 � HF-2,

terminals
HF-1 � HF-2,

terminals
HF-1 � HF-2,

terminals
HF-1 �

terminals
HF-1 � HF-2,

terminals
HF-1 � HF-2,

terminals
HF-1 � HF-2,

terminals
HF-1 � HF-2,

terminals

Asterisks indicate significant within-class differences of singing versus nonsinging data ( p � 0.01, paired t test). Interclass comparisons indicate significant differences between cell classes ( p � 0.01, unpaired t test). Data from subsong
and plastic song birds were combined for comparisons across neuronal classes.
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dph, and one young adult, aged 120 dph), and, as has been de-
scribed in anesthetized birds, we encountered two classes of units:
DLM neurons and the pallidal axon terminals. These units in
DLM were separable by spike duration, mean singing firing rate,
and by antidromic activation from LMAN (Fig. 3C,D) (see Ma-
terials and Methods).

Pallidal terminals recorded in DLM exhibited singing-related
activity that was indistinguishable from HF-2 neurons (Fig.
3E–H ). First, terminals did not exhibit bursts (burst rate:
0.02 � 0.05 Hz), or long pauses (average interval greater than
the 99th percentile ISI: 14.6 � 5.8 ms). Second, terminals exhib-

ited increased mean firing rates during
singing (142 � 28 Hz nonsinging vs 290 �
59 Hz singing, p � 0.0001, paired t test
n � 37/37; 11 birds) (supplemental Fig. 5,
available at www.jneurosci.org as supple-
mental material). As in HF-2 neurons, the
firing rate increased gradually before sing-
ing (0.56 � 0.22 s), and slowly returned to
baseline following singing (1.64 � 1.20 s).
During singing, fluctuations in firing rate
were extremely rapid, such that the auto-
correlation of the instantaneous firing
rate during singing was narrow (5.1 � 1.5
ms)—slightly longer than the average
duration of a single ISI (3.6 � 1.0 ms)
(Fig. 3H ).

Notably, in all of these parameters, ter-
minals significantly differed from HF-1
neurons but not from HF-2 neurons ( p �
0.01 vs HF-1, p � 0.1 vs HF-2 for all un-
paired t tests) (Table 1). In addition, all
pallidal terminals exhibited only weak
modulations in the 1–25 Hz band (Fig.
3I), and exhibited a distribution of peak
firing rates that overlapped entirely with the
HF-2 distribution (Fig. 3K). These data
support the hypothesis that HF-2 neurons
constitute the thalamus-projecting pallidal
neurons in area X. As with HF-1 and HF-2
neurons, the activity of terminals was not
different in subsong and plastic song birds
(Table 1).

The activity of primate GPe and GPi
neurons differs on the same metrics as
area X HF-1 and HF-2 neurons
We next wondered whether the features
that distinguish thalamus-projecting and
putative nonprojecting area X neurons in
the songbird generalize to mammals. To
test this hypothesis, we examined the fir-
ing patterns of 70 GPe and 59 GPi neurons
recorded in the awake behaving primate
(see Materials and Methods). We were
particularly interested in the possibility
that the same analyses that distinguished
HF-1 from HF-2 neurons would also dis-
tinguish neurons in the GPe from neurons
in the GPi.

We examined the IFRs of GPe and GPi
neurons and found that, as has been pre-
viously described (Elias et al., 2007;

Joshua et al., 2009), most GPe neurons exhibited prominent
bursts and long pauses (Fig. 4A,B). In contrast, most GPi neu-
rons discharged continuously (Fig. 4E,F). As with HF-1 neurons,
the large rate modulations of GPe neurons resulted in increased
power at low frequencies of their IFR power spectra (�2 Hz)
(Fig. 4 I). In fact, GPe neurons were almost completely distin-
guishable from GPi neurons on the basis of their increased
power at low frequencies (Fig. 4 J, Table 2). We mean-
subtracted and smoothed the IFRs by low-pass filtering below
2 Hz (Fig. 4 A, B, E, F, blue traces) (see Materials and Methods),
and found that GPe neurons were also largely distinguishable

Figure 3. Pallidal axon terminals recorded in DLM exhibit singing-related firing patterns indistinguishable from HF-2 neurons.
A, Schematic of the avian song circuit, as in Figure 1 A. Recording electrodes were chronically implanted into DLM and stimulating
electrodes placed in its target, LMAN. B, Small electrolytic lesions confirmed the location of the recording electrode in DLM (left)
and the stimulating electrode in LMAN (middle). Right, A confocal image of a pallidal axon calyceal terminal (red) and the
postsynaptic thalamic neuron (green). C, Antidromic identification and collision testing of LMAN-projecting DLM neurons.
D, Scatter plot of mean firing rate during singing versus spike duration for all neurons recorded in DLM. Units with spike durations of�0.06
ms were identified as pallidal terminals (black circles). Putative DLM units (black circles) and antidromically identified DLM units (green
circles) form a distinct cluster. E–K, Data are laid out exactly as in Figure 2 E–K. Compare this pallidal terminal to the HF-2 neuron in
Figure 2. Note that power spectrum of the terminals (black) overlaps the HF-2 power spectra (I, J ), and that the terminals
overlap with the HF-2 cluster in peak firing rate and fraction of power below 25 Hz (K ).
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from GPi neurons by their large peaks in
the smoothed IFR (Fig. 4 J). In fact, with
bursts defined as events where the mean-
subtracted, smoothed IFR exceeds 50
spikes per second (see Materials and
Methods), we found that GPe neurons
generated bursts significantly more fre-
quently than GPi neurons (GPe: 0.43 �
0.26 s�1 vs GPi: 0.09 � 0.08 s�1, p �
0.001). Thus, an analysis that distin-
guished HF-1 from HF-2 neurons also
distinguished most neurons in the GPe
from neurons in the GPi.

Additional well documented differ-
ences between GPe and GPi firing pat-
terns were similar to the differences
between HF-1 and HF-2 neurons, respec-
tively (DeLong, 1971; Elias et al., 2007).
First, GPi neurons exhibited less variabil-
ity in interspike interval duration than
GPe neurons (GPi: C.V. � 0.80 � 0.22;
GPe: C.V. � 2.27 � 1.00, p � 0.001) (Ta-
ble 2). Second, firing rate fluctuations in
GPi neurons were rapid, such that a given
interspike interval was weakly correlated
with its neighboring intervals. As a result,
the IFR autocorrelation exhibited a signif-
icantly narrower peak in GPi neurons
than in most GPe neurons (half-width:
GPe: 114.4 � 90.2 ms, GPi: 9.2 � 6.8 ms,
p � 0.0001 unpaired t test) (Fig. 4D,H,
Table 2). Finally, as has been previously
reported, most GPe neurons exhibited
more robust pausing in their activity than
GPi neurons. For example, intervals
greater than 100 ms occurred significantly
more frequently in GPe neurons (0.48 �
0.30 s�1) than in GPi neurons (0.17 �
0.29 s�1, p � 0.001, unpaired t test), and
pauses, here defined as intervals greater
than the 99.9th percentile ISI, were sig-
nificantly longer in GPe neurons (mean
pause duration, GPi: 104.9 � 63.4 ms;
GPe: 470.7 � 271.3 ms, p � 0.001)
(Table 2).

To further elucidate the relation be-
tween firing rate modulations in songbird
HF neurons and primate pallidal neurons,
we plotted the power spectra of the instan-
taneous firing rate side by side on log-log
plots. Remarkably, the shape of the GPe
and GPi power spectra strongly resembled
those of HF-1 and HF-2 neurons. In both

Figure 4. Primate GPe and GPi neurons resemble songbird HF-1 and HF-2 neurons. Data are presented exactly as in Figure 2.
A–D, Example of a neuron recorded from the GPe of an awake monkey. A, The IFR computed from the activity of a single neuron
(top), and the same IFR trace smoothed by low-pass filtering below 2 Hz (bottom). The high mean firing rate was removed
(mean-subtracted) using a high-pass filter above 0.1 Hz (see Materials and Methods). B, Expanded view of the IFR (black) and
smoothed IFR (blue) from the period indicated by the red bar beneath the IFR trace in A. Bottom, The raw voltage data of the
isolated neuron. C, D, The log of the ISI distributions (C) and the lag-autocorrelation function of the IFR (D) are plotted for
data from the neuron shown in A. E–H, Data are plotted exactly as in A–D, for a neuron recorded from the primate GPi. I, The
power spectra of the IFRs (median over all cells, shaded areas indicate 25th to 75th percentile) for 79 GPe neurons (red) and 50 GPi
neurons (blue). Note that the IFRs of GPe neurons exhibit more power at low frequencies (�2 Hz). J, For each GPe neuron and GPi
neuron recorded, the percentage of the IFR power spectrum at low frequencies (�2 Hz) is plotted against the peak (99th percentile) of the

4

mean-subtracted, smoothed IFR. At bottom, the histogram of
peak values of the smoothed IFR and, at left, the histogram of
fraction of IFR power below 2 Hz. Note that these metrics dis-
tinguish GPi neurons from most GPe neurons. K, L, Side-by-
side comparison of the complete IFR power spectra, plotted on
log-log axes, of all GPe and GPi neurons (K) and all HF-1 and
HF-2 neurons from the songbird (L). Data show the average
spectrum over all neurons within each group.
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the primate and the songbird, HF-1 neurons and GPe neurons
exhibited increased fluctuations in firing rate at low modulation
frequencies compared to their HF-2 and GPi counterparts. Fur-
thermore, in both songbird and primate, the firing rate modula-
tions of HF-1 and GPe neurons fell off rapidly at higher
frequencies such that HF-2 and GPi neurons exhibited more
modulation at frequencies above some cross-over point. This
cross-over happened at �2.5 Hz in primates, and at �25 Hz in
the zebra finch (Fig. 4K,L).

Thus, while primate pallidal neurons exhibited slower dy-
namics than area X HF neurons, including lower firing rates,
longer pauses, and more power distributed at lower frequencies
in their IFR spectra (Tables 1, 2, Figs. 3I, 4 I), the differences
between GPe and GPi neurons paralleled the differences between
HF-1 and HF-2 neurons in all of the features examined (Tables 1,
2). These data raise the possibility that low-frequency modula-
tions, including bursts and long pauses, are general features of
pallidal neurons that primarily do not project to the thalamus,
while continuous spiking without long bursts and long pauses is a
general feature of thalamus-projecting pallidal neurons.

Correlations of firing patterns with syllable
temporal structure
Several additional features of pallidal firing patterns in primates
were also observed in HF neurons recorded in area X. First, pal-
lidal neurons exhibit firing rate modulations that are time locked
to behavioral tasks (DeLong, 1971; Arkadir et al., 2004; Turner
and Anderson, 2005; Joshua et al., 2009). To determine whether
HF neurons also exhibited “task-related” correlations, we exam-
ined spike rasters aligned to song. Song-aligned rate histograms
revealed that both rate increases (peaks) and rate decreases (min-
ima) could be significantly correlated with song temporal struc-
ture (Fig. 5A–F) (see Materials and Methods for assessment of
statistical significance). In fact, correlations to song timing were
pervasive: almost every neuron exhibited one or more significant
rate peaks (or minima) during every syllable in the bird’s reper-
toire (n � 66/67 syllables in HF-1, 44/45 syllables in HF-2, 81/82
syllables in terminals).

Second, it has been noted that individual GPe neurons exhibit
a broad range of firing rates during a motor task, and that the
depth of these rate modulations is larger in GPe than in GPi
neurons (Turner and Anderson, 1997; Joshua et al., 2009). From
the rate histograms, we computed the modulation depths for
each neuron during each syllable, defined as the peak-to-
minimum difference in the rate modulations relative to the mean
rate during that syllable (see Materials and Methods). We found that
modulation depths in HF-1 neurons were, on average, significantly
larger than HF-2 neurons and terminals (Fig. 5G) (HF-1: 0.34�.17,
HF-2: 0.12 � 0.05 and terminals: 0.14 � .07, p � 0.01 HF-1 vs HF-2
and terminals, p � 0.05 HF-2 vs terminals).

Third, both significant increases and decreases in the firing
rates of primate pallidal neurons can be distributed throughout
multiple stages of a sequential motor task (Arkadir et al., 2004).
We found for HF-1, HF-2, and terminals that both statistically

significant firing rate peaks in the average rate histograms and
significant firing rate minima were distributed throughout the
song and were not clustered around syllable onsets or offsets (Fig.
5H, I; supplemental Fig. 6, available at www.jneurosci.org as sup-
plemental material) (see Materials and Methods).

Finally, many primate pallidal neurons can exhibit trial-to-
trial variability in the timing of their activity during motor tasks
(Turner and Anderson, 2005). Similarly, the firing rate modula-
tions of HF neurons exhibited trial-to-trial variability across syl-
lable renditions. In fact, CCs computed between spike trains on a
trial (syllables)-by-trial basis were significant but low (HF-1:
0.047 � 0.045; HF-2: 0.034 � 0.027; terminals: 0.050 � 0.45, see
Materials and Methods). Next, because HF-1 neurons exhibited
two distinct modes of firing— bursts and pauses—we wondered
whether there was any difference in the relative temporal preci-
sion of burst and pause events. We computed cross-correlation
coefficients between burst events, and, for comparison, between
pause events, in all pairs of trials, and found that both bursts and
pauses could be significantly correlated to song timing (burst CC:
0.046 � 0.063, significant in 37/65 syllables; pause CC: 0.12 �
0.12, significant in 33/50 syllables, see Materials and Methods).
However, the timing of pauses was on average more reliable over
repeated syllable renditions than the timing of bursts (supple-
mental Fig. 7, available at www.jneurosci.org as supplemental
material) ( p � 0.001, paired test).

Spike correlations between simultaneously recorded pairs of
area X output neurons
HF-2 neurons and terminals discharged at high rates with a rela-
tively narrow distribution of interspike intervals, especially dur-
ing nonsinging periods (Fig. 2). In mammals it has been shown
that GPi neurons, which exhibit similar firing patterns, are not
synchronized with one another, exhibiting flat spike train cross-
correlations between simultaneously recorded neurons (Nini et
al., 1995). Although it was difficult to record more than one
neuron at the same time, our dataset included four simulta-
neously recorded pairs of area X output neurons (supplemental
Fig. 8A, available at www.jneurosci.org as supplemental mate-
rial) (n � 2 pairs of terminals and n � 2 pairs of HF-2 neurons).
We calculated spike train cross-correlograms (bin size 2 ms) and
found that they did not exhibit strongly correlated spike times, as
evidenced by flat cross-correlograms without significant peaks or
minima (supplemental Fig. 8B,C, available at www.jneurosci.org
as supplemental material) (see Materials and Methods). Thus,
similar to what has been observed in the primate GPi (Nini et al.,
1995), in this limited dataset area X output neurons were not
synchronized. Of course, the absence of a significant peak in these
four pairs does not rule out the possibility that some area X neu-
rons exhibit synchronous firing.

Discussion
The existence of direct and indirect striatopallidal pathways is a
highly conserved feature of basal ganglia circuitry (Reiner, 2009).
It has long been known that in awake mammals, most output

Table 2. Spiking statistics of primate GPe and GPi neurons

Rate (Hz) C.V. ISI
99th percentile
ISI (ms)

99.9th percentile
ISI (ms)

IFR autocorrelation
half-width (ms)

% of IFR spectrum in
the 0.1– 4 Hz band

% of IFR spectrum in
the 1–25 Hz band

GPe (n � 70) 84.0 � 23.4 2.27 � 1.00 39.6 � 25.1 470.7 � 271.3 114.4 � 90.2 3.9 � 1.2 8.8 � 1.6
GPi (n � 59) 88.7 � 23.6 0.80 � 0.22 11.9 � 5.2 104.9 � 63.4 9.2 � 6.8 1.5 � 0.4 6.2 � 1.3
Interclass comparisons n.s. GPe � GPi* n.s. GPe � GPi* GPe � GPi* GPe � GPi* GPe � GPi*

Interclass comparisons indicate significant differences between cell classes ( p � 0.01). Asterisks indicate the metrics that distinguished, as a group, GPe from GPi neurons as well as HF-1 from HF-2 neurons and terminals.
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pallidal neurons that project to the thala-
mus (GPi) exhibit firing patterns that are
distinguishable from pallidal neurons that
project primarily within the BG circuit
(GPe) (DeLong, 1971). To determine
whether these differences represent a re-
cent adaptation specific to mammals or
whether they are essential features of BG
function that predate the division of
mammals, reptiles, and birds into distinct
classes, we recorded from putatively ho-
mologous pallidal cell classes in the song-
bird area X, and compared their firing
patterns to neurons recorded in the pri-
mate globus pallidus.

HF units in area X are putative
pallidal neurons
In mammals and in songbird area X, the
hallmark feature distinguishing pallidal
from striatal cell types is their high spon-
taneous firing rate (�60 Hz) (DeLong,
1972; Farries and Perkel, 2002; Leblois et
al., 2009). In the present study, we suggest
this distinction also applies to neurons
in area X of awake birds (Fig. 1), and
hypothesize that the high-firing-rate units
correspond to pallidal neurons, while the
low-firing units are striatal. This hypothe-
sis was strengthened by the finding that all
pallidal terminals recorded in DLM (n �
37/37) exhibited spontaneous firing rates
entirely within the distribution of HF
neurons in area X (Table 1). All terminals
gradually increased their rates before
singing, fired continuously at high rates
during singing without prominent bursts
or long pauses, and gradually returned to
baseline (Fig. 3). Because HF-2 neurons
behaved identically to terminals (Figs. 2,
3; supplemental Figs. 2, 3, available at
www.jneurosci.org as supplemental ma-
terial), we propose that HF-2 neurons,
and those recorded in area X of a previous
study (Hessler and Doupe, 1999), consti-
tute DLM-projecting neurons in area X.
Pallidal terminals recorded in DLM never
exhibited the singing-related burst and
pausing behavior observed in HF-1 neu-
rons, suggesting that HF-1 neurons con-
stitute the pallidal neurons in area X that
do not project to DLM. Future studies
with intracellular labeling of HF neu-
rons in singing birds could confirm this
hypothesis.

Comparison of HF neurons in area X
with primate pallidal neurons
In mammals, the pallidal neurons that project to the ventral thal-
amus and those that do not are anatomically segregated (the GPi
and GPe of primates). Although both pallidal cell types exhibit
high spontaneous firing rates, several differences in their firing
patterns have been noted: most GPe neurons tend to exhibit

longer interspike intervals (pauses) and slower modulations in
their firing rates (DeLong, 1971). In amphibians, reptiles, and
birds, the two pallidal cell types are intermingled, but it has re-
mained unknown whether this intermingling is associated with
an absence of distinct firing patterns (Reiner, 2009). Do the dis-

Figure 5. The activity of HF neurons in area X is modulated by syllable timing. A, Voltage waveform of an HF-1 neuron is plotted
beneath the time-aligned song spectrogram. B, Raster plot of spiking activity during 122 consecutive motif renditions. C, Rate
histogram compiled from the raster plot. Asterisks indicate significant rate peaks (black) and minima (gray) in firing rate. Time axis
in C also applies to A and B. D–F, Data plotted as in A–C for an HF-2 neuron. G, Histogram of the modulation depths observed
during all syllables for all HF-1 neurons (red), HF-2 neurons (blue), and pallidal terminals (black). H, I, Histograms showing the
incidence of significant peaks (top, black) and minima (bottom, gray) in HF-1 neurons (H) and HF-2 neurons (I). Note that
significant modulations occur throughout the syllables.
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tinct firing patterns of GPe- and GPi-like pallidal neurons arise
during evolution in tandem with their anatomical segregation?
To our knowledge, this is the first study to address this question,
and we suggest that despite their colocalization in area X,
thalamus-projecting (HF-2 and terminals) and putative non-
projecting (HF-1) pallidal neurons exhibit distinct firing patterns
during behavior.

Intriguingly, the features that distinguished HF-1 from HF-2
and terminal firing patterns also distinguished most neurons in
the GPe from those in the GPi (Fig. 4). Like HF-2 neurons and
terminals, GPi neurons typically discharged continuously with-
out long intervals of silence and showed considerable irregularity
with frequent brief fluctuations in rate (Fig. 4). In contrast, HF-1
neurons and most GPe neurons exhibited slower modulations in
firing rate, including long pauses and bursts. As a result, several
measures of neural activity—pause duration, burst rate, percent-
age of the IFR spectra in a low-frequency band, and half-width of
IFR autocorrelation—were larger in the GPe than in GPi, and
also larger in HF-1 neurons than in HF-2 neurons and terminals
(Tables 1, 2).

Despite these similarities, there were also substantial differ-
ences between the firing patterns of HF neurons in area X and
primate pallidal neurons we recorded. Primate pallidal neurons
exhibited significantly slower firing rate modulations than HF
neurons. First, the firing rates of HF neurons (higher than �150
Hz during singing) were higher than what was observed in the
primate pallidus (�80 Hz) (Tables 1, 2). Second, pauses in GPe
neurons (�470 ms) were significantly longer than in HF-1 neu-
rons (�50 ms). Third, although GPe neurons frequently exhib-
ited bursts in between long pauses, the large, singing-related
burst events generated by HF-1 neurons were not typical in GPe
neurons. Indeed, traditionally pauses, but not bursts, have been
used as a feature to differentiate GPe from GPi neurons. In prin-
ciple, many of these differences could be attributable to the
higher temperature of songbirds, or to the fact that the primate
pallidal neurons have not been examined in a behavioral task that
requires the fast motor timescales of singing. However, they may
also signify interspecies differences in pallidal signaling.

In addition, although the basic wiring diagram of the anterior
forebrain pathway (AFP) is similar to mammalian BG–thalamo-
cortical loops (Fig. 1), a major difference is that the mammalian
indirect pathway includes a relay through the subthalamic nu-
cleus (STN), a glutamatergic structure functionally interposed
between the external and internal pallidal segments. While birds
do have an STN (Jiao et al., 2000), it does not appear to be inter-
connected with area X, suggesting that either the STN is not
required to generate distinct firing patterns in thalamus-
projecting and nonprojecting pallidal cell types (Nambu et al.,
2000), or the functionality of the STN is performed by circuit
elements within area X, such as direct excitatory projections to
pallidal neurons from HVC and LMAN (Farries et al., 2005).

Relationship of neural activity to singing behavior
Several features of the correlations observed in HF neurons in this
study are similar to what has been observed in mammalian palli-
dal neurons in other studies. First, primate pallidal neurons can
encode the timing of task events with either rate increases or
decreases, and at multiple times within a task (Arkadir et al.,
2004). Similarly, significant rate modulations occurred in HF
neurons throughout the song (Fig. 5). Second, mammalian pal-
lidal neurons can exhibit significant trial-to-trial variability in
their spike timing (Turner and Anderson, 1997), although the
function of this variability remains unclear. HF neurons were also

variable in their spiking, exhibiting correlation coefficients simi-
lar to what has been observed in LMAN, a frontal cortical ho-
molog that forms the output of the AFP. LMAN drives vocal
variability (Kao et al., 2005; Olveczky et al., 2005) and also gen-
erates an error-related signal that biases vocal output to improve
performance (Andalman and Fee, 2009). The correlations to
song timing observed in this study (Fig. 5) may be a neural fin-
gerprint underlying this premotor bias.

Summary
We have recorded pallidal axon terminals in the thalamic nucleus
DLM, as well as high-firing-rate neurons in the striatopallidal
nucleus area X, and report two HF cell classes. HF-1 neurons
exhibit singing-related bursts and large modulations in firing
rate, while HF-2 neurons did not burst and exhibited continuous
discharge. All pallidal terminals recorded in DLM produced fir-
ing patterns indistinguishable from HF-2 neurons (Figs. 2, 3,
Table 1). This led us to hypothesize that HF-1 neurons, putative
nonprojecting pallidal neurons, were functionally homologous
to GPe neurons, while HF-2 neurons and terminals were func-
tionally homologous to thalamus-projecting neurons in the GPi.
To directly test this hypothesis, we analyzed data recorded in
awake behaving primates, and found that most GPe neurons dif-
fered from GPi neurons in the same measures used to separate
HF-1 from HF-2 neurons (Fig. 4). Our data suggest that the
conserved structural organization of two pallidal pathways in
the basal ganglia of mammals and non-mammals extends to the
types of functional signals they generate.
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