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Temporal Hierarchical Control
of Singing in Birds

Albert C. Yu and Daniel Margoliash*

Songs of birds comprise hierarchical sets of vocal gestures. In zebra finches, songs
include notes and syllables (groups of notes) delivered in fixed sequences. During
singing, premotor neurons in the forebrain nucleus HVc exhibited reliable changes in
activity rates whose patterns were uniquely associated with syllable identity. Neurons in
the forebrain nucleus robustus archistriatalis, which receives input from the HVc, ex-
hibited precisely timed and structured bursts of activity that were uniquely associated
with note identity. Hence, units of vocal behavior are represented hierarchically in the
avian forebrain. The representation of temporal sequences at each level of the hierarchy
may be established by means of a decoding process involving interactions of higher level
input with intrinsic local circuitry. Behavior is apparently represented by precise temporal
patterning of spike trains at lower levels of the hierarchy. )

T he neural codes that define discrete units
of episodic behavior and organize these
units into temporal sequences are not well
established. Vocalizations constitute a
group of behaviors for which correct tem-
poral sequencing of discrete, often stereo-
typed events is fundamental to proper exe-
cution (). Participation of midbrain struc-
tures in the generation of simple calls is well
known in both mammals and birds (2). Less

is known about the contribution of fore-

brain structures, particularly in the produc-
tion of more complex vocalizations such as
human speech and bird songs. Here, we
characterize singing-related neuronal activ-
ity in the nuclei HVc and robustus archis-
triatalis (RA) of the zebra finch (Taeniopy-
gia guttata). We present evidence for the
hierarchical organization of neural codes
‘that corresponds to the hierarchical organi-
zation of the singing behavior.

Zebra tinch songs are hierarchically or- -

ganized vocalizations formed by discrete
acoustic elements (syllables) separated by
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intervals of silence (3). Song syllables can
be classified into distinct classes (types) on
the basis of acoustic features. Each syllable,
in turn, can be further divided into acous-
tically distinct notes. The typical zebra
finch song begins with a variable number of
identical, simple introductory syllables
comprising one or two notes, followed by a
fixed sequence (motif) of multinote sylla-
bles. The motifs are repeated in longer ver-
sions of songs and are often separated by
introductory syllables or other simple “con-
necting” syllables. | |
We developed techniques to record sin-
gle-unit and multiple-unit neuronal activity
in the HVc and RA of singing adult male
zebra finches (4). Multiple sites were re-
corded in each nucleus in several birds who
were good singers, resulting in a large data-
base of vocalizations and associated neuro-
nal activities [94 = 92 (mean + SD) songs
per bird, n = 13 birds|. The onset and offset
time and the identity of each syllable and
note were established manually or by an
automatic technique (5) whose output was
verified manually. This procedure was es-
sential for veridical analysis because  the
exact timing of the sequence of song ele-
ments varied from song to song. Additional

long records (300 s) of ongoing activity
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during behavioral quiescence were collect-
ed to quantify baseline activity.

Each. HVc unit was strongly recruited
starting before the first introductory sylla-
ble, with overall excitation throughout the
entire duration of the song and with activ-
ity terminating before the end of the song

each unit’s activity relative to the onset of a
syllable or note type (6). For each HVc
neuron, activity levels close to the maxi-
mum firing rate were found during the pro-
duction of almost all syllable types. Each
syllable type was associated with a stable

and unique pattern of neuronal activity

(Fig. 1, A and B). We determined the exact

pattern of activation by calculating motor
activity histograms (MAHSs), representing

(Fig. 1B). The activity pattern for the same
syllable type varied across HVc neurons,
and for each HVc neuron, the activity pat-
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Fig. 1. (A) Activity patterns of HVc neuron ZF_WT25_18 during production of a song motif formed by a
sequence of three syllables (I-J-K}. The five neuronal traces (top traces) show the loose organization of
bursts of activity preceding each syllable. Neuronal traces were aligned at the onset of syllable K (the
exact timing of syllable onsets and offsets was slightly different for each neuronal trace). The oscillograph
{amplitude envelope) and spectrograph (frequency representation) of an exemplar of the motif are
time-aligned below the neuronal traces, and the syllable type designation is indicated below the
spectrograph. (B) HVc activity during a song with two motifs. An extended MAH (eMAH; top trace) (20)
of neuron ZF_YLA49 4 shows the similarity of HV¢ activity across two song motifs (note similar peaks of
activity around syllable E). The oscillograph and spectrograph of the canonical song of the bird are
shown in the middle and bottom traces, respectively, and the syllable type designation is indicated
above the oscillograph. Vertical dashed lines indicate the relative positions of song onset and offset. (C)
Activity of HVc neuron ZF_GR46_2 for syllable S in different contexts (syllable sequences). The top three
traces show eMAHSs corresponding to three different sequences in which syllable S occurs (R-S-T, n =
137 entries; T-S-W, n = 133 entries; T-S-end of song, n = 67 entries). Vertical dashed lines indicate
onset and offset of syllable S. The oscillograph and spectrograph of the canonical song are shown in the
middle and bottom traces, respectively. (D) Similarity of HVc activity for the repeated syllables in
introductory sequences of songs. An eMAH of neuron ZF_GR43_1 (top trace) is time aligned with the
oscillograph and spectrograph (bottom traces) of the canonical song. The typical song of ZF_GR43 was
unusual, with many introductory syllables but onty one motif. |
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tern varied with syllable type. Temporal
features of neuronal activity associated with
each syllable type were sufficiently distinc-
tive that correct inference of vocal output
could be easily made in many instances by
inspection of the associated MAH. Align-
ing neuronal activity with the onset (or
offset) of the associated syllable was essen-
tial for detecting these features. The dis-
tinct features of the MAHs were lost when
the onset or offset of one syllable was used
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Fig. 2. (A) Activity pattemms of RA neuron
ZF_RAQT_7 during a sequence of introductory
syllables followed by the first syllable of the motif.
Neuronal traces were aligned at the onset of syl-
lable D. Individual MAHs that contributed to the -
eMAH were calculated starting 40 ms before their
corresponding syllable. (B) Activity patterns of RA
neuron ZF_RA02_5 during a motif that ends a
song. Neuronal traces were aligned at the onset of
syllable H. There was strong inhibition, lasting 400
to 800 ms, after song offset in all RA neurons, after
which the neurons returned to their nonsinging
ongoing oscillatory activity. In contrast, excitation -
is seen in the background during suppression of
activity associated with syllable G. Other single
units recorded in bird ZF_RAQZ2 exhibited excita-
tion during syilable G.



to caltulate the MAH for even immediately
precedmg or following syllables. This effect
resulted primarily from variation across
songs in the intervals between syllables
(there was much lower variation in the
duration of syllables), demonstrating that
the strong modulation of neuronal activity
in HVc¢ during singing was related to the
timing of syllables.

In all birds, MAHSs for syllables of the
same type occurring in different motifs of a
song were strikingly similar (Fig. 1B). To
quantify this, we calculated the linear cor-
relation coefficient r for pairs of MAHs
corresponding to syllables of the same type
and for pairs of MAHSs corresponding to
syllables of different types (7). Correlations
were high comparing pairs of MAHs from
- the same neuron for syllables of the same
type drawn from different motifs (r =
0.918 = 0.05, n = 644 MAH pairs). By
comparison, correlations were very low be-
tween pairs of MAHSs from the same neuron
for different syllable types drawn from the
first motifs (r = 0.042 = 0.263, n = 497
MAH pairs). The two distributions of cor-
relation coefficients were nonoverlapping
(Mann-Whitney U test, Z = —28.997, P =
0.0001). Additionally, several birds pro-

duced songs in which syllables of a given
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type occurred in two or more distinct se-
quences (different preceding or following
syllables, or where the focal syllable ended
the song) (Fig. 1C). Without fail, syllables
of the same type occurring in different syl-
lable sequences also had similar MAHs (r =
0.919 = 0.065, n = 14 MAH pairs, four
birds). The repeated introductory syllables
at the beginning of a song also presented
the same MAHSs whether in the middle of a

sequence of such syllables or as the last

syllable before the first motif (r = 0.895 =+

0.112, n = 78 MAH pairs, nine birds) (Fig.

1D). These observations demonstrate that
motor activity in the zebra finch HVc is
centered on the syllable, is based on syllable
type, and is independent of syllable context.

In contrast to the relatively tonic dis-
charge patterns of HVc neurons, neuronal
activity in the RA during singing was char-

acterized by trains of short bursts of spikes

separated by periods of profound inhibition

(Fig. 2, A and B). The spike bursts associ-

ated with all introductory syllables up to the
last one had imprecise and variable timing
(compare Figs. 1D and 2A). Otherwise,
each spike burst was characterized by a ste-
reotyped and unique pattern of intraburst

timing. The reliability of activity patterns
was suff1c1e1'1t to allow correct inference of

\%

100 ms

Fig. 3. MAHs for syllable pairs that start with different note types but otherwise comprise the same
sequence of notes. (Left) Two syllables of bird ZF_RA01 share the same sequence of notes, except for
different introductory notes (to the left of the open triangles). MAHSs are shown for RA neuron ZF. RAO1 7
for the two syllable types (top MAH, n = 91 entries: bottor MAH, n = 85). The dashed line through the
MAHs marks 40 ms before the start of the first shared note. (nght) An equivalent analysis for HVc
neuron ZF_WT25_18 for two similar syllable types. One syllable type (bottom panel, associated MAH
has 70 entries) has an introductory note that is m:ssmg from the other syllable type (top panel, associated

-MAH has 93 entries).
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vocal output from individual spike trains.
The RA neurons could be recruited after
the onset of some syllable types, remain
active after the offset of some syllable types,
or exhibit complete suppression of activity
even for complex syllables that formed part
of a motif (Fig. 2B), phenomena never ob-
served. for HV¢ neurons.

During singing, each RA spike burst pat-
tern was associated with a unique subsyl-
labic acoustic event. For example, two of
the four birds sang a pair of syllable types
that had different initial note types but
thereafter shared the same sequence of note

types (Fig. 3). For these four syllable types,
all of the RA neurons (n = 8) exhibited

similar activity patterns corresponding to

0.883 = 0.081,

the shared note types (r =
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Fig. 4. (A and B) The discharge pattern of an RA
neuron during 86 occurrences of the same sylla-
ole type. In (A), the time of each spike train is
adjusted relative to the acoustics of the corre-
sponding syltables by a cross-correlation tech-
nigue {9). In (B), the same spike data are aligned

0N a per-burst basis, minimizing time differences

(70). The horizontal bars below {A) indicate the
time windows used to define each burst. (C) The

“spectrograph of the syllable, time-aligned with (A)

and (B). (D) The burst pattern of another RA neu-
ron, demonstrating reduction in spike amplitude
for very fast bursts. As in this case, we commonly
observed that the first interspike intervals of very
fast bursts were of longer duration than the sub-
sequent interspike intervals, which were relatively
constant in duration.
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n = 8 comparisons of MAHSs corresponding

to the sequence of notes of the same type)
and dissimilar activity patterns correspond-
ing to the dissimilar note types drawn from

the same syllables (r = 0.190 = 0.304, n =
8 comparisons of MAHs) (8). Thus, the

pattern of activity of RA neurons depends

“on note type. There were also two examples
of birds with HVec recordings who sang a
pair of syllable types that differed in the
sequence of initial note types but shared the
same sequence of subsequent note types. In
contrast to the RA neurons, however, all
"HVe¢ neurons (n = 12) displayed dissimilar
MAHs for all segments of these similar
syllable types (Fig. 3). For HVc neurons, the
correlation coefficients for MAHs corre-
sponding to the sequence of notes of the
same type were low (r = 0.401 %= 0.158,

n = 12 comparisons of MAHs), much lower -

than those for the corresponding analysis
for RA neurons but higher than those for
comparisons of HV¢ activity patterns asso-
ciated with completely different syllables.
Thus, the pattern of activity of HVc neu-
rons associated with each note depends in
part on the identity (type) of the syllable in
which the note is embedded.
For the fixed sequences of syllables that
form a motif, the discharge patterns of RA
" but not HVc neurons exhibited highly reli-
able and precise timing at the level of indi-
vidual spikes. For all RA neurons, applica-
tion of an analysis procedure to improve the
temporal registry of syllables (9) resulted in
a visually striking alignment of bursts, ex-
posing a consistent temporal structure with-
in each burst, albeit with some remaining
temporal jitter (Fig. 4A). Adjustment of the
temporal registry of individual bursts within
a syllable (10) revealed a remarkable preci-
sion of temporal patterning in individual
bursts, often associated with a reliability of
spike occurrence approaching 100% (Fig.
4B). In many cases, the temporal jitter at a
given spike position within a burst was of
the order of the rate at which the original
analog wave forms had been sampled (50 ws
per sample). Additionally, during singing,
RA neurons operated through most of the
dynamic range of activity available to ner-
vous systems. Against a background of com-
plete suppression of activity, some neurons

exhibited zero or one spike for a given

syllable, whereas the spike rate of the fastest
burst for each neuron was 383 = 119
spikes/s {(n = 15 neurons), in many cases
with consistent intraburst instantaneous
spike rates > 700 Hz. For many neurons, we
observed bursts that consistently drove the
neuron into its relative refractory period,

causing dramatic reduction in spike ampli-

tude and potentially approaching spike fail-
ure (Fig. 4D). Thus, the stereotype of bird

song is achieved by means of a neuronal
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code within the forebrain (RA) operating
over a wide dynamic range that exhibits
precise and reliable temporal patterning of
spikes.

Singing is a motor program, representing
the coordinated spatiotemporal activation
of many syringeal and vocal tract muscles in
conjunction with the respiratory and pos-
tural systems (11). Our data indicate that in
the zebra finch, successively smaller units of
vocalization—syllables and = presumptively
notes—are reliably coded in the activity

patterns of single HVc and RA neurons,

respectively [compare with (12)]. The phys-
iological signature of a note depends on
note sequence in HVc and is independent
of note sequence in RA. Thus, on the basis
of these data, the precise sequencing of
notes apparently emerges from the interac-
tion of HVc input with RA local circuits.
Similarly, the temporal sequence of sylla-
bles may result from an interaction of affer-
ent input to HVc (I13) with local HVc
circuitry. These data imply a hierarchical
organization for the forebrain control of
bird song production (14). A hierarchical
organization has long been anticipated in
the neural control of behavior (15).

Qur results indicate that the neural code
for syllables (movements) is transformed in
the projection of HVc onto RA (motor
control). Neurons of the RA have simple,
oscillatory, ongoing discharge patterns that
probably result from combinations of intrin-
sic properties and local circuits (16). The
driving and coupling of simple oscillators
could produce during singing the complex
burst patterns that we observed. Such pro-
cesses must be dynamically regulated at the
rate of note production, resulting in rapid
resynchronization of the neuronal popula-
tion, as has been seen in other systems (17).
Dynamic modulation of RA burst patterns
by HVc¢ input may result from regulation of
the phase relations of stable groups of oscil-
lators organized into functional units, as
well as from dynamic coupling of different
groups of RA neurons into functional units.
A temporal structure similar to that of the
fastest RA bursts has been seen in the burst
patterns of inferior olivary neurons, where
the first spike results from a somatic sodium
spike and the timing of subsequent spikes is
modulated by dendritic calcium influx (18).-
Bursting in the RA is under the control of
similar cellular mechanisms (16). The tight
regulation of discharge timing in the RA

- suggests that information is coded in the

temporal structure of the bursts. Temporal
patterns of neural activity may convey in-
formation in other systems as well (19). An

“analysis of such patterning in relation to the

behavioral requirements of the animal can

lead to explication of the nature and func-

tion of the putative temporal codes.
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NEUROBIOLOGY

How the Songbird Makes His Song

In human organizations, those at the top
tend to set strategy while leaving the details
to their underlings. The same thing seems to
happen in the brain—at least in the brain of
the male zebra finch as it controls the bird’s
singing. On page 1871, Albert Yu and Daniel
Margoliash of the University of Chicago pro-
vide the most detailed look yet at how the
finch’s brain controls the bird’s singing

muscles, and they find a chain of command

that might be familiar to any management-
school graduate.

The work shows, Margohash says, that
the singing instructions are relayed down a
hierarchy of brain regions, getting progres-
sively more detailed as they go. The firing
patterns of the neurons in the higher brain
centers apparently specify the more complex

components of the birds’ songs, the syllables, -

which are collections of notes, while the pat-
terns at the lower level in this neural chain
of command define the basic sounds'—.most
likely, the notes themselves. .
While neuroscientists have long sus-
pected that the brain has such hierarchical
motor programs, there was little direct evi-

dence. for the hierarchy. This report “is

something that people have been looking

for,” comments neuroscientist Eric Vu of .

the Barrow Neurological Institute in Phoe-

nix, whose own earlier work on zebra finches

had hinted at a similar result. “It shows that

to perform more complex behavior, the brain
follows a chain of command: Higher brain
centers are responsible for more abstract
linformation], and lower brain centers fill
out the details.” As they traced this hicrar-
chy, Yu and Margoliash also found addi-

“tional support for the idea that the timing of

Singing for science. Lightweight headgear includ-
ing implanted electrodes, doesn’t stop his song.

the impulses from a nerve cell, not just the
number of pulses in a given period of time,
carries information (Science, 3 November
1995, p. 756).

The findings may also help neuroscien-
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tists understand speech production in hu-

mans, because human speech, like bird song,
is modular. Whereas a song consists of notes
strung together in syllables and then phrases,
human speech consists of phonemes, basic
utterances such as the sounds associated
with particular letters, linked together in
words, which then form sentences and para-
graphs. If the firing patterns of neurons in
different brain regions define the finch’s
notes and syllables, then some similar orga-
nization may be at work in the human
brain’s speech production centers, Mar-
goliash and others suggest.

Until now, the most direct evidence
suggesting hierarchical control of bird
song came from work done in 1994 by

“Vu’s team. At the time, other research-
ers had already implicated several re-
gions in controlling bird song. Vu, and
subsequently Margoliash and Yu, stud-
ied two of them: the HVe¢, a cluster of
nerve cells sometimes called the song
production center, and the robustus arch-

 istriatalis, which relays input from the
HVc¢ down toward the base of the brain,
where the RA’s nerve cells interface
with those that activate the right muscles
for making sounds.
For his study, Vu implanted tiny elecu
trodes in either the HVc or the RA of various
zebra finches and observed how sending an
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electrical pulse down the electrode while the

bird was singing disrupted the song. Pulses to
the RA just caused the birds to make a small
mistake—perhaps dropping a note. But a
pulse to the HVe¢ stopped their singing alto-
gether for a moment, and the birds would
start that part of the song over again.

- As a result, Vu concluded that the HVc

contributed at a higher level, perhaps by
defining syllables or sequences of syllables,
‘while the RA conveyed instructions about
the notes needed to create syllables. But to
actually prove that, neuroscientists needed
to see the actual firing patterns of the neu-
rons controlling bird song. And that is what
Margoliash and Yu have provided in their
current work,

For their experiments, Yu and Margoliash
first outfitted 13 male birds with brain elec-

trodes, projecting into cither the HVc or the

RA. These electrodes were in turn con-
nected to a computer that recorded and ana-
lyzed the electrical impulses from individual
neurons in the two brain centers as the birds
sang. Because Margoliash also kept track of
what sounds the birds made as various cells
fired, the researchers could compare the ac-
tivity of these different cells at the same
point in the bird’s song, which it repeats over
and over again. |

These comparisons showed, Margoliash

says, that each HVc cell measured had a
signature firing pattern that differed from
cell to cell but corresponded to a specific
syllable. These patterns weren’t apparent at
first, however, because of what Margoliash
calls their “sloppiness.” The firing patterns
were variable both in the number of bursts
in a series and the time between each series.
But by lining these patterns up with the
corresponding sound recordings, Yu and
Margoliash found that the patterns did have
subtle similarities, with some characteristic
pauses and a recognizable, although not iden-

tical, series of bursts for each syllable. Even-

~tually the researchers were able to predict
the syllable to be sung ]ust by looking at
these patterns. -

In the RA, in contrast, the firing pat-
terns were much easier to discern, because
- the timing of firing varied very little from

one round of singing to the next. And in
this region of the brain, the patternsseem to

correspond generally to individual notes
rather than syllables. “As you get closer to
the muscles, [the brain] is breaking [the
message] down into smaller and smaller
units,” explains Allison Doupe, a neurobi-
ologist at the University of California, San

Francisco. “The precision of the timing [in

nerve cells] gets more and more exact.” Thus
by the time the signal to sing reaches the
muscles, that signal has been broken into
very specific commands that synchronize
 each muscle contraction.
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feat,’
when they are at ease, and any recording

Yu and Margoliash have also shown, as
Doupe puts it, that there is information not
only in neuroscientists’ traditional focus,

“the neuron turning on and off, but also in
the timing of when it goes on and off.” In a
given RA nerve cell, for example, the re-
searchers found that two bursts of activity
with almost no pause in between seem to
lead to a different note than, say, three bursts
with a slight pause after the first, or two

~ bursts with a long pause between them.

And because Yu and Margoliash could

look at the individual activity of several nerve
cells at the same point in the generation of the
song, they could also see how the combined
temporal patterns of groups of cells can have
specific meaning to the cells receiving this

~input. Somehow, the input from several HVc

cells, with each firing according to its syllable-
specific pattern, sums. together to communi-
cate to the RA cells what notes need to be
generated for that particular syllable. “It’s
clear that the brain is a temporal pattern pro-
cessor,” says Margoliash.

Just accomplishing these kinds of mea-
surements in birds was “quite a significant
> says Doupe. Male finches sing only

system has to cope with theit tendency to

puff up their chests and hop about when
they sing. Indeed, Margoliash says, he and

Yu struggled for a long time to design a
workable technique. “We had years where
we got virtually no data,” Margoliash re-
calls, until they finally designed a light and
robust recording device.

The work should aid more than just fu-
ture zebra finch studies, because it has pos-
sible implications for how the human brain
controls speech. Indeed, neuroscientist John
Middlebrooks of the University of Michi-
gan, Ann Arbor, suggests that its implica-
tions may be even wider. He points, for ex-
ample, to an intriguing tie between Yu and

‘Margoliash’s findings and his own studies of
“how the ear responds to sounds. Middle-

brooks has found that when nerve endings
in the ear are stimulated they send a very
precise signal to the brain, much like the
precise signal the RA sends to the throat
muscles in a singing finch. Then as the
sound’s message travels to ever higher brain
centers, it becomes ever more abstract, he

“notes—Yu and Margohash hierarchy in a
‘new setting.

Moreovet, Middlebrooks suggests that
the way the brain executes the series of
movements necessary to make sounds may
prove to be the way the brain controls many
of the body’s activities. “|The findings] will
have relevance to many aspects of human
behavior,” he predicts. If so, then the song of
the zebra finch will indeed be music to the
ears of neuroscientists. |

—Elizabeth Pennisi \
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