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ABSTRACT The HVe (hyperstriatum ventrale; pars
caudale) is a forebrain nucleus in the motor pathway for the
control of song. Neurons in the HVc also exhibit auditory
responses. A subset of these auditory neurons in tlie white-
crowned sparrow (Zonotrichia leucophrys) have beeri shown to
be highly selective for the individual bird’s own (autogenous)
song. By using multiunit recording techniques to sample from
a large population, we demonstrate that the entire population
of auditory neurons in the HVc is selective for autogenous song.
The selectivity of these neurons must reflect the song-learning
process, for the acoustic parameters of a sparrow’s song are
acquired by learning. By testing with laboratory-reared birds,
we show that HVc auditory neurons prefer autogenous song
over the tutor model to which the birds were exposed €arly in
life. Thus, these neurons must be specified at or after the time
song crystallizes. Since song is learned by reference to auditory
feedback; HVc auditory neurons may guide thé development of
the motor program for song. The inaintenance of a precise
auditory representation of autogenous song into adulthood can
contribute to the ability to distinguish the fine differences
among conspecific songs.

The song of birds is learned. Young birds memorize a song
model during an inipressionable phase early in life (1, 2). The
development of the motor program for song is dependent on
comparison of the individual’s vocal output with the previ-
ously established song memory. For birds such as the
white-crowned sparrow (Zonotrichia leucophrys), the ‘‘crys-
tallized’’ adult song is highly stereotyped throughout life, and
the maintenance of adult song does not require vocal feed-
back (3).

The song of the adilt white-crowned sparrow contributes
to his reproductive success by influencing mate attraction
and defense of the breeding territory. In the wild, a white-
crowned sparrow typically competes with conspecifics that
sing similar songs from the same dialect (4). Although the
songs of neighbors are similat, white-crowned sparrows can
distinguish among neighbors and between neighbors and
strangers solely on the basis of song (5, 6).

Recently, a projection between the avian auditory telen-
cephalon and the telencephalic nucleus HVc (hyperstriatum
ventrale, pars caudale) has been described (7). The HVc is
part of the motor pathway controlling song production (8, 9),
and neurons in the HVc also exhibit responses to auditory
stimuli (9-12). We report here that auditory neurons in the
HVc are optimally stimulated by the bird’s own adult (autog-
enous) song. Therefore, these auditory response properties
reflect specific modification by vocal feedback during devel-
opment.
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MATERIALS AND METHODS

Experiments were coriducted with four awake birds carrying
chronically implanted electrodes (see below) and with four
birds anesthetized with 20% urethane (Sigma). These and
other aspects of the experimental procedures have been
described (12). Briefly, birds were collected from Bodega
Bay, CA, as nestlings or adults; and housed in individual
sound-attenuation chambers (Industrial Acoustics, Bronx,
NY). Songs were recorded on analog tape, digitized, and
analyzed by zero-crossing techniques (13). The lack of
harmonic structure and short-time limited frequency modu-
lation of the white-crowned sparrow’s song permits accurate
recovery of the song from its zero-crossings. All songs in this
report were presented at peak values adjusted to 70 decibels
(dB) (relative to 20 uPa). ‘

Clusters of neurons were recorded, to efficiently sample
from a large number of cells (e.g., Fig. 14). A simple tech-
nique was developed to quantify the strength of multineu-
ronal responses. Beginning with the onset of a song stimulus,
values representing the strength of response of neuronal
activity were calculated for 500 consecutive 10-msec inter-
vals (*‘bins’’). Thus, sampling was contiriued beyond the end
of a stimulus until the neuronal activity recovered to spon-
taneous levels. For each 10-msec bin the absolute value of the
signal (i.e., signal area) was summed across 50 samples
acquired at a sampling rate of S kHz. An average for the
response strength for éach bin was maintained across all the
representations of a given stimulus. The final baséline value
representing thé spontaneous activity was subtracted from
the bin values (see Fig. 1B). The sum of all bin values
throughout the duration of a song was taken as a measure of
overall response strength.

The duration of a song stimulus will affect this and all
measures of neuronal response in a complex way depending
on the relative duration of the song components that do and
do not elicit excitation. For the present data, however,
differences between the overall duration or duration of
corresponding phrases of the bird’s own song and test songs
are small compared to differences in response strength.
Except where noted, correction of response strength for
overall duration does not alter the statistical significance of
the results.

For multineuronal recordings, this analysis enjoys several
advantages over counting spikes. These include obviating the
need to arbitrarily choose a threshold level for discrimination
of spikes, and increasing the sensitivity as a result of signal
averaging. The primary disadvantage is that neurons closer to
the electrode and those that produce larger spikes are given

Abbreviation: HVc¢, hyperstriatum ventrale (pars caudale).
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greater weighting; nevertheless, at any one recording site this
bias is constant across stimuli.

RESULTS

Many HVc neuronal clusters responded vigorously to song;
at these recording sites the individual bird’s own song proved
to be a most effective stimulus (Fig. 1B). As an initial test of
song selectivity, four white-crowned sparrows were prepared
for acute recordings. Two of the birds, R75 and Y73 (Fig. 24),
sang a song of the Bodega Bay dialect. For these birds, the
responses of neuronal clusters to autogenous song were
compared with the responses to three test songs (W73, G88,
W91, Fig. 2C) also of the Bodega Bay dialect. The test songs
were chosen as a small sample representative of the range of
intradialect variation. The other two birds, Y8 and Y14, had
been reared in the laboratory and exposed during the im-
pressionable phase to a computer-synthesized song that
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F1G. 1. (A) Neuronal activity elicited by five repetitions of the
bird’s own song (BOS), for bird R71. The multiunit activity is strong
during the whistle and trill (first and third phases) of song and weak
for the intervening buzz. (B) Response of the neuronal cluster
represented in A to four songs, including BOS (R71). The baseline
represents spontaneous activity. Arrows mark the offset of each
phrase (see Fig. 2 for sonograms). Note that response to BOS is
strongest, whereas the response to other songs, if any, is at the same
phrases as response to BOS. Each response was summed over 50
repetitions of the song (1 song per 12 sec).
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comprised unnatural elements, in particular a trill with
upward-sweeping frequency modulation (14). This tutoring
paradigm results in individual variation in learning (unpub-
lished results), and indeed Y14 formed a good copy of the
song, whereas Y8 failed to learn. For these birds, the
responses to autogenous song were compared with the
responses to the tutor song.

At 47 recording sites throughout the HVc that responded
robustly to song, a random sequence of songs was chosen,;
each song was then presented for 20 repetitions. Y73 and Y14
each received a single row of closely spaced (100 wpm)
penetrations that covered the rostrocaudal extent of the HVc,
whereas R75 and Y8 received more coarsely spaced pene-
trations in several rows that encompassed the entire HVc. At
each of the recording sites, the bird’s own song consistently
elicited stronger responses than the test songs (Table 1). No
systematic differences in song selectivity were observed
throughout the HVc. Abnormal components of song never
observed in the wild—i.e., reverse frequency modulation for
Y14 and a series of eight whistles of descending frequency for
Y8—elicited selective responses from HVc neurons in those
birds.

Although the individual bird’s song elicited the maximal
response, the test songs also typically elicited excitatory
responses. At 46 of the 47 recording sites, the overall
response to the bird’s own song was excitatory; of the 95
presentations of the test songs, 6 resulted in overall inhibi-
tion, while for 4 there was essentially no response. Further-
more, the response profile to the bird’s own song (e.g.,
response to whistle and trill but not to buzz) typically was
similar to the response profile to the other songs (Fig. 1B).
Thus, throughout the HVc, conspecific song is an effective
stimulus, and almost always the optimal song is the individ-
ual’s own.

Several experiments were conducted to verify that the
selectivity for autogenous song was not capriciously gener-
ated by sampling bias. As one control, the degree of
intradialect song selectivity of HVc neuronal clusters was
investigated further. At two recording sites in each of three
birds (R71, R77, Y85; Fig. 2B), a more stringent test of
selectivity was applied. At these sites, the responses to 10
different songs, all from the Bodega Bay dialect, were
compared with the response to each bird’s own song. These
10 songs were quite similar in general morphology both to
each other and to each bird’s song; typically these songs

Table 1. Comparison between the bird’s own song (BOS) and
three intradialect songs for birds R75 and Y73 or between the
BOS and the tutor song for birds Y8 and Y14

No. of recording
sites with stronger
response to

Bird Testsong n BOS Test song P*
R75 W73 11 8 (10) 3(Q) 0.113 (0.006)
G88 11 9 2 0.033
W91l 11 6 (11) 5(0) 0.274 (<0.001)
Y73 W73 13 13 0 <0.001
G88 13 13 0 <0.001
w91 13 1312 0(1) <0.001 (0.002)
Y8 Tutor 14 14 0 <0.001
Y14 Tutor 9 7 2 ©0.09
Total 95 83(89) 12 (6) <0.001

For values that changed when corrected for song duration (see
text), corrected numbers are shown in parentheses. Note that R75
sang an unusually short song, hence the effect of correction for song
duration is significant. Each song was repeated 20 times; repetition
rate was 1 per 12 sec.

*Based on one-tailed sign test.



