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Temporal and Harmonic Combination—-Sensitive Neurons in the Zebra

Finch’s HVc

Daniel Margoliash and Eric S. Fortune

Department of Organismal Biology and Anatomy, University of Chicago, Chicago, lilinois 60637

Song learning shapes the response properties of auditory
neurons in the song system to become highly selective for
the individual bird’s own (“autogenous’’) song. The auditory
representation of autogenous song is achieved in part by
neurons that exhibit facilitated responses to combinations
of components of song. To understand the circuits that un-
derlie these complex properties, the combination sensitivity
of single units in the hyperstriatum ventrale, pars caudale
(HVc) of urethane-anesthetized zebra finches was studied.
Some neurons exhibited nonlinear temporal summation,
spectral summation, or both. The majority of these neurons
exhibited low spontaneous rates and phasic responses. Most
combination-sensitive neurons required highly accurate
copies of sounds derived from the autogenous song and
responded weakly to tone bursts, combinations of simple
stimuli, or conspecific songs. Temporal combination-sen-
sitive (TCS) neurons required either two or more segments
of a single syllable, or two or more syllables of the autog-
enous song, to elicit a facilitated, excitatory response. TCS
neurons integrated auditory input over periods ranging from
80 to 350 msec, afthough this represents a iower limit. Har-
monic combination-sensitive (HCS) neurons required com-
binations of two harmonics with particular frequency and
temporal characteristics that were similar to autogenous song
syllables. Both TCS and HCS neurons responded much more
weakly when the dynamical spectral features of the autog-
enous song or syllables were modified than when the dy-
namical amplitude (waveform) features of the songs were
modified. These results suggest that understanding the tem-
poral dynamics of auditory responses in HVc may provide
insight into neuronal circuits modified by song learning.

A wide range of behavioral experiments in both humans (e.g.,
Stevens and Newman, 1936; Liberman et al., 1981) and other
animals (e.g., Griffin, 1958; Capranica, 1965; Heiligenberg et
al,, 1978; Knudsen and Konishi, 1979) demonstrate that a com-
mon strategy for signal identification and localization is sensi-
tivity to two or more spectral or temporal components of the
signal. Detection of such combinations can release instinctive
behaviors {Tinbergen, 1951). Compelling evidence for neuronal
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mechanisms underlying these strategies is the selective and fa-
cilitated, or nonlinear response of a neuron to combined ele-
ments of a signal as compared to the responses to the individual
elements. In the auditory system, such combination-sensitive
(CS) neurons have been described extensively in echolocating
bats (O’Neill and Suga, 1979; Suga et al., 1979, 1983; Sullivan,
1982; Tsuzuki and Suga, 1988; see Suga, 1990, for a recent
review), and to a lesser degree in frogs (Fuzessery and Feng,
1982, 1983) and songbirds (Langner et al., 1981; Margoliash,
1983). Neuronal combination sensitivity has often been de-
scribed in the context of species-specific vocalizations, but is
also important in target localization/identification in barn owls
(Moiseff and Konishi, 1981) and electric fish (Heiligenberg and
Rose, 1985). The sites of neuronal combination sensitivity are
often necessary for the behaviors under investigation, or project
to motor areas that can initiate those behaviors (Bastian and
Yuthas, 1984; Masino and Knudsen, 1990; Riquimaroux et al.,
1991; see also Brenowitz, 1991).

In the avian song system, CS neurons are found in the fore-
brain nucleus hyperstriatum ventrale, pars caudale (HVc). HVc
is part of the motor pathway for song production (Nottebohm
et al., 1976; McCasland and Konishi, 1981), but neurons in
HVec also receive auditory input (Katz and Gurney, 1981). A
subset of HVc¢ neurons of adult white-crowned sparrows (Zo-
notrichia leucophrys) are “song-specific’ temporal combina-
tion-sensitive (TCS) neurons that require sequential pairs of
sounds for excitation (Margoliash, 1983). These neurons are
highly selective for complex, idiosyncratic features of the in-
dividual bird’s own (“autogenous’) song, and are embedded in
a larger population of HVc neurons that exhibit somewhat less
selectivity for autogenous song (Margoliash, 1983, 1986). Each
bird’s autogenous song is a strongly excitatory stimulus for TCS
neurons in the HVc of that bird, but typically elicits much
weaker responses from TCS neurons of the HVc¢ of conspecific
birds. The idiosyncracy of these neuronal response properties
reflects the idiosyncratic nature of song learning (Margoliash,
1986), and presumably is a result of complex interactions of
auditory feedback and motor programs during song learning
(Margoliash, 1987; see also Volman and Konishi, 1987).

The detailed single-unit analysis of auditory neurons in the
song system is limited to a single study of TCS neurons (Mar-
goliash, 1983), and although many species, including zebra finches
(Taeniopygia guttata), produce songs rich in harmonics, there
has been no evidence to date regarding harmonic combination—
sensitive (HCS) neurons in the song system. Here, we describe
the response properties of TCS and HCS neurons in adult male
zebra finches. The response properties of these neurons share
several features with those previously described for white-
crowned sparrows. The song selectivity and specificity for acous-
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Figure 1. The response of single-syllable TCS neuron 30b/ 5/2

with the sonograph (frequency vs time, middle) of the autogenous song and the oscillograp
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_ For this and all other figures, response histograms show sequential 30 msec bins
of the summed activity to 20 repetitions of the stimulus. 4, The stimulus is the autogenous song (zf_30). The histogram (top) is shown time aligned

h (amplitude vs time, bottom) of the autogenous song.

the histogram shows 2 sec of response. The number of each syllable appears below
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tic parameters of song of CS neurons in the HVc make the
description of these response properties in terms of classical
auditory mechanisms challenging.

Some of these data have previously appeared in abstract form
(Fortune and Margoliash, 1989; Margoliash, 1989).

Materials and Methods

Songs. Male zebra finches were acquired from a breeder (Magnolia Bird
Farm) and maintained in small groups in cages in a general aviary. Prior
to days of experiments, birds were transferred to small sound attenuation
booths (Industrial Acoustics Corp.) equipped with microphones and
electronics. The birds’ songs were transmitted 30 m from the animal
facility to the laboratory, processed as a differential signal to eliminate
noise, subjected to anti-alias filtering (9 kHz, 4 pole), and digitally re-
corded at 20 kHz sampling rate with a 1 5-bit-resolution analog-to-digital
subsystem (Preston GMAD-2A). Song stimuli were visualized as spec-
trograms and as other frequency-domain and time-domain analyses on
2 computer with a graphics terminal (VAXstation 3200, DEC) coupled
to an array processor (CSPI Mini-Map XL). A more detailed description
of the custom-built recording and signal processing systems can be found
elsewhere (Margoliash et al., 1991). Signals were also analyzed with the
ESPS/WAVES+ (Entropic Research), MATLAB (The Math Works),
and MATHEMATICA (Wolfram Research) programs.

Zebra finch songs comprise a sequence of vocal gestures, or “sylla-
bles,” separated by silent intervals. For example, the song of Figure la
had 15 syllables. Songs typically started with “introductory” syllables
(e.g., Fig. la, syllables 1, 1’, 2) followed by one or more “motifs”—
identical or nearly identical repeated sequences of syllables (e.g., Fig.
1a, syllables 3-7, 3'-7°). (In the nomenclature adopted here, the prime
notation designates repeated syllables of the same type. Thus, 3’ refers
1o the second occurrence of syllable 3 in the song.) For some songs,
motifs were separated by other syllables (e.g., Fig. 1a, syllables 8, 9)
and/or by introductory syllables. Although most birds delivered song
with a variable number of motifs during bouts of singing, typically each
bird had a preferred number of motifs. Using this description of song,
a single song exemplar that was loud, well formed, and contained two
or three motifs was chosen for each bird based on visual inspection and
analysis of 10200 sonographs. This song is referred to as the autogenous
song.

Experimental procedures. After recording a bird’s song, the bird was
anesthetized (pentobarbital/chloral hydrate) and a small stainless-steel
pin was implanted onto the lower shelf of the skull centered 1.5 mm
posterior to the bifurcation of the midsagittal sinus. One to several days
later, birds were anesthetized with 7 ul/gm 20% urethane (Sigma), wrapped
in a loose cloth jacket, and supported on a foam couch. The head was
fixed into stereotaxic coordinates by capturing the pin with a small
screw. Body temperature was maintained with external heating. Plati-
num-iridium electrodes coated with solder glass (Corning) with tip ex-
posures of 5-10 um (1-2 MQ) were lowered in a dorsal approach into
HVc using a hydraulic microdrive (Narishige). Single-unit isolation was
achieved with a time and level window discriminator (M. Walsh Elec-
tronics}. Only well-isolated single units were accepted for analysis. The
computer that delivered the stimuli also recorded the times of action
potentials and displayed on-line rasters and histogram analyses of the
spike data.

Sound stimuli were delivered free-field in a double-walled 7 foot IAC
sound-attenuation chamber whose inner surfaces were covered with
foam (Ilbruck) to achieve anechoic conditions at the frequencies of
interest. The frequency response of the overall sound system was +4.5
dB from 500 Hz to 8 kHz, calibrated with a 1 inch Bruel and Kjaer
microphone {model 4145). Amplitude was calibrated with a Bruel and
Kjaer sound level calibrator (modet 4230). All amplitude measurements
reported here are referenced to 20 uPa (0 dB). Songs, tone bursts, and
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other artificial stimuli were generated by a computer (VAXstation 3200,
DEC) using custom-built software. Digital representations of these stim-
uli were converted to analog waveforms with 12-bit resolution at 20
kHz (Data Translation model 2751), and filtered with a 7-pole elliptical
switch-capacitor filter (XR 1016). Harmonic speaker distortion was 40—
45 dB below the fundamental between 2 and 8 kHz, as measured with
a wave analyzer (Hewlett Packard model 3581C).

During experiments, fiduciary points were marked with electrolytic
lesions (5 kA for 5 sec). At the end of an experiment, birds were ad-
ministered a lethal dose of anesthetic (sodium pentobarbital) and then
exsanguinated with 4% formal-saline. Lesions were reliably recovered
in standard frozen section histology with cresyl violet staining of 50 um
sections. The locations of the lesions confirmed that recording sites were
within the borders of HVc.

Signal processing and stimulus repertoires. The starting and ending
times of all the syllables of autogenous song were determined. Each
syllable was extracted from the autogenous song and the initial and
terminal 5 msec segments were ramped to minimize transient distor-
tions. A song or song segment was synthesized as a series of syllables.
In most cases, we did not broadcast the background noise of the intervals
between syllables. Where the intervals between syllables were very short
or absent, two or more syllables were presented as a unit (¢.g., Fig. 1a,
syllables 4-5, 6-7, 4'-5', 6'=7’). For purposes of analysis, however, these
units were treated as sequences of their constituent syllables.

Three modifications of syllables were developed to help isolate pa-
rameters of song to which HVc neurons were sensitive. The first mod-
ification, termed *“Reverse,” was composed of a sequence of one or
more syllables in the natural order, each syllable reversed in time. This
manipulation modified both the time-varying frequency and amplitude
of syllables while maintaining the temporal order of the syllables and
their overall spectrum. The second modification, termed “Noise,” sub-
stituted wideband noise for each syllable of the signal without changing
the time-varying amplitude (envelope) of the signal. Thus, each syllable
of Noise had the same envelope but different dynamic (and overall)
spectral properties compared to the original syllable. The third modi-
fication, termed “LinAM,” imposed a simple amplitude envelope on
each syllable. Thus, all syllables of LinAM had the same amplitude
envelope. At any point in time, the relative power of different spectral
components of LinAM syllables was the same as the relative power of
different spectral components of the corresponding original syllables,
but the absolute power of the spectra differed.

Neurons were tested with numerous stimuli, including tone bursts
(500 Hz to 6.0 kHz, 500 Hz steps; 100, 200, or 400 msec duration; 70
and occasionally 55 dB), noise bursts, complex artificial stimuli devel-
oped on line on an ad hoc basis, artificial stimuli based on models of
autogenous song syllables, autogenous song, up to five conspecific songs,
individual syllables and syllable sequences, segments of syllables, and
Reverse, Noise, and LinAM modifications of songs and/or syllable se-
quences. Songs, syllable sequences, and Reverse and Noise stimuli were
typically delivered with peak amplitudes of 80 dB. LinAM stimuli were
typically delivered with peak amplitudes of 70 dB. In several cases, we
also measured the rate—intensity functions for autogenous song, syllables
of autogenous song, and LinAM stimuli (50-90 dB, 10 dB steps). For
cells that did not respond to tone bursts, we attempted to develop an
artificial model that elicited strong excitation from the neuron. System-
atic variants of this*“‘canonical” model were presented. This approach
was successful for those cells that required only simple frequency mod-
ulations (FMs), but many HVc¢ neurons required sufficiently complex
stimuli that we were unable to stimulate them effectively with artificial
stimuli.

It should be noted that we explicitly biased our sample by using
autogenous song as the search stimulus, and in many cases did not
extensively characterize tone burst-responding cells. Thus, questions
regarding the relative frequency of HVc neurons that do not respond
to autogenous song, or do not respond to tone bursts, are not fully

the sonograph. Note the strong, phasic responses, especially after syllables 6 and 8. b—g and i~/, Only histograms and oscillographs are shown. The
histograms show 1 sec of response (b—g), or 2 sec of response (i-{). The time bar under the oscillograph in d represents 100 msec. b, The stimulus
is syllable 8. Note the strong response at the end of the syliable, somewhat stronger than for syllable 8 in a. For the other panels, the stimuli are
first part of syllable 8 (c); second part of syllable 8 (d); syllable 8 presented in reverse (e); Noise-modified syllable 8 (see Materials and Methods)
(/i LinAM-modified syllable 8 (see Materials and Methods) (g); conspecific songs zf.._15, zf_16, zf~_17, and zf__18 (i-/, respectively). Note that
al] other stimuli elicit weak responses. i, No or very weak response to tone bursts. The total number of spikes over 20 repetitions of each 200
msec tone burst is plotted as a function of the tone burst frequency. The broken line represents the spontaneous rate.






