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ABSTRACT Neurons in the songbird forebrain area HVc
(hyperstriatum ventrale pars caudale or high vocal center) are
sensitive to the temporal structure of the bird’s own song and
are capable of integrating auditory information over a period
of several hundred milliseconds. Extracellular studies have
shown that the responses of some HVc neurons depend on the
combination and temporal order of syllables from the bird’s
own song, but little is known about the mechanisms underlying
these response properties. To investigate these mechanisms,
we recorded intracellular responses to a set of auditory stimuli
designed to assess the degree of dependence of the responses
on temporal context. This report provides evidence that HVc
neurons encode information about temporal structure by
using a variety of mechanisms including syllable-specific
inhibition, excitatory postsynaptic potentials with a range of
different time courses, and burst-firing nonlinearity. The data
suggest that the sensitivity of HVc neurons to temporal
combinations of syllables results from the interactions of
several cells and does not arise in a single step from afferent
inputs alone.

Temporal order is an important code in many acoustic signals
including speech, music, and animal vocalizations, but little is
known about the neural representation of temporal order or its
underlying cellular mechanisms. Auditory neurons that are
sensitive to temporal order have been found in several species,
such as the squirrel monkey (1-3), guinea fowl (4), and cat (5,
6), but the most complex tuning yet discovered is in the
songbird.

Neurons in the songbird forebrain nucleus HVc (hyperstria-
tum ventrale pars caudale or high vocal center) show a
preference for the bird’s own (autogenous) song over conspe-
cific songs and are sensitive to manipulations affecting the
spectral and temporal structure of the song (7-9). These HVc
cells can integrate auditory information over hundreds of
milliseconds (8, 10). Studies of these “song-specific”” neurons
have shown that many of them have responses that require the
normal sequence of two or three song syllables (10).

Some properties of HVc cells are illustrated in Fig. 1. HVc
auditory neurons typically show a strong preference for the
bird’s own song (Fig. 1la Left). The cell’s sensitivity to the
temporal context can be investigated by manipulating the
temporal structure of the song. For example, playing the song
backward completely alters the temporal context but preserves
the song’s spectral structure. This manipulation typically abol-
ishes the response (Fig. 1la Center), which indicates that the
response cannot be predicted from the spectral characteristics
of the song alone but also depends on the temporal pattern.
One way to estimate the extent of this dependence is to present
the syllables of the song in reverse order (Fig. 1a Right). This
manipulation preserves the local context but alters the global
context. Like backwards song, the reverse-order song also does
not evoke a response, indicating that the influence of the
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temporal context extends across syllable boundaries-and that
the cell is sensitive to the order of the syllables.

HVc neurons are often driven by a pair of syllables even
when they fail to respond to either syllable in isolation. This
illustrates another level of auditory context sensitivity called
temporal combination sensitivity (8). The response of tempo-
ral-combination-sensitive (TCS) cells depends on a combina-
tion of syllables from autogenous song presented in a specific
order (usually the natural order). Some manipulations to test
the properties of TCS cells are shown in Fig. 1b. The cell is
sensitive to the combination AB, since the response to the pair
is much greater than the sum of the responses to A and B in
isolation [32 = 15 vs. 13 * 11 spikes per sec (mean = SD); P
= 0.0139; paired ¢ test]. The cell is also sensitive to the order
of the syllables, since it responds to AB but not to BA. The
response to AB cannot be explained by a simple facilitation
from A, since repeated presentations of the same syllable do
not evoke a response. An additional property of TCS neurons
not shown here is their ability to respond to the same syllable
pair over intersyllable intervals ranging from tens to hundreds
of milliseconds (8).

Though the response characteristics of HVc cells have been
studied for some time, the mechanisms that give rise to these
properties are not known. To test several possible synaptic
models that can account for the properties of context-sensitive
cells, intracellular recordings were made in vivo from HVc
neurons. This report provides evidence that the mechanisms
used to create temporal combination sensitivity include sylla-
ble-specific inhibition and bursting nonlinearity. These results
suggest that the response properties of HVc neurons are an
emergent property of a network of cells and do not appear to
arise in a single step from afferent inputs alone.

MATERIALS AND METHODS

Experiments were performed on adult (older than 120 days)
male zebra finches (Taeniopygia guttata) raised in our own
colony. Before each experiment the bird’s own song was
recorded, digitized, and analyzed on computer. A few days
before the experiment, birds were anesthetized with Equi-
thesin (0.03-0.04 ml i.m.; 0.85 g of chloral hydrate/0.21 g of
pentobarbital/0.42 g of MgSO4/2.2 ml of 100% ethanol/8.6 ml
of propylene glycol, brought to a total volume of 20 ml with
water), and a small metal post that immobilized the head
during physiological recordings was cemented to the skull with
dental cement. One or 2 days later, the birds were anesthetized
with urethane (65-90 ul of a 20% solution) for physiological
recordings.

The HVc was first located physiologically with extracellular
glass electrodes. Electrodes were lowered through a small
(<0.3 mm) hole in the skull to minimize brain edema and
pulsation. Intracellular recordings were obtained with sharp
electrodes [60-100 M), filled with 4 M potassium acetate (pH

Abbreviations: HVc, hyperstriatum ventrale pars caudale or high vocal
center; TCS, temporal combination sensitive; IPSP, inhibitory postsyn-
aptic potential; EPSP, excitatory postsynaptic potential.
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F1G. 1. (a) Peristimulus time histograms of the extracellular response recorded from a well-isolated cell in the HVc. The oscillograms of the
stimuli are shown below each histogram. The strong response to the bird’s own (autogenous) song (Left) is completely abolished when the song
is played backward (Center). This manipulation preserves the spectral structure of the song, but completely alters its temporal structure. The cell
also fails to respond when the order of the song syllables is reversed (Right), but each syllable still appears as it does in the forward song. This
manipulation preserves the local temporal structure within each syllable but alters the global temporal structure of the whole song. These data
indicate that the cell is sensitive not only to the spectral profile of a song syllable but also to the auditory temporal context. (b) Temporal combination
sensitivity is illustrated here by the extracellular responses of the same HVc cell to syllables from the bird’s own song. The sonograms and
corresponding oscillograms of the two syllables are shown on the left. The oscillogram and syllable labels are plotted below each peristimulus time
histogram. The data are taken from 10 interleaved presentations. The cell is combination sensitive because the response to the syllable pair AB
is greater than the sum of the response to A and B alone. The cell is also sensitive to the temporal order of the stimuli, since it shows no response
to the pair BA. The response is also not simple facilitation, because there is also no response to AA or to BB.

7.4)] or whole-cell patch electrodes (6-12 M), filled with 140
mM potassium gluconate/10 mM Hepes/4 mM MgCl,/0.1
mM CaCl,/1.1 mM EGTA/3 mM Na,ATP/2 mM NaGTP, pH
7.4, and adjusted to 300-330 milliosmolar). Both intracellular
and patch electrodes were pulled on a Flaming-Brown model
P-87 micropipette puller (Sutter Instruments, Navato, CA). In
some experiments, 1.75% biocytin was added to the pipette
solution to stain the cells. Intracellular potentials were ampli-
fied with an Axoclamp 2A amplifier (Axon Instruments, Foster
City, CA), filtered at 10 kHz, and digitized at a sampling rate
of 32 kHz for computer analysis.

The stimuli (autogenous song and its manipulations, white
noise, and pure tones) were presented in free field conditions
with a calibrated speaker (JBL, Northridge, CA) in a sound
attenuation chamber (Industrial Acoustics, Bronx, NY). The
peak amplitude of the stimuli was between 60 and 70 decibels
sound pressure level.

The anatomical location of the recordings was determined
from electrolytic lesions made by extracellular tungsten elec-
trodes (AM Systems, Everett, WA) and by filling the single

neurons with biocytin. At the end of the experiment the bird
was perfused with saline followed by 4% (wt/vol) paraform-
aldehyde for histological analysis. Electrolytic lesions were
located on 30-um frozen sections stained with cresyl violet.

RESULTS

Stable intracellular recordings were obtained from 97 cells.
The mean holding time was 16 min. The mean initial resting
potential was —61 * 9 mV, and the mean action potential
height was 58 + 13 mV. Cells not exhibiting a stable resting
potential for >2 min were omitted from the analysis. Twenty-
nine cells showed some auditory response, and 6 of these cells
were classified as song-specific cells. A song-specific cell was
defined as a neuron that produced significantly more action
potentials during forward song than during either reversed
song or the song syllables presented in reverse order. Also
counted as song-specific cells were cells that showed no
significant difference in terms of the number of action poten-
tials but did show a significantly different number of action



