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Abstract

Temporal modulations are fundamental components of human speech and animal communication sounds.

Understanding their representations in the auditory cortex is a crucial step towards our understanding of brain

mechanisms underlying speech processing. While modulated signals have long been used as experimental stimuli, their

cortical representations are not completely understood, particularly for rapid modulations. Known physiological data

do not adequately explain psychophysical observations on the perception of rapid modulations, largely due to slow

stimulus-synchronized temporal discharge patterns of cortical neurons. In this article, we summarize recent findings

from our laboratory on temporal processing mechanisms in the auditory cortex. These findings show that the auditory

cortex represents slow modulations explicitly using a temporal code and fast modulations implicitly by a discharge rate

code. Rapidly modulated signals within a short-time window (�20–30 ms) are integrated and transformed into a

discharge rate-based representation. The findings also indicate that there is a shared representation of temporal

modulations by cortical neurons that encodes the temporal profile embedded in complex sounds of various spectral

contents. Our results suggest that cortical processing of sound streams operates on a ‘‘segment-by-segment’’ basis with a

temporal integration window on the order of �20–30 ms.
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1. Introduction

The neural representation of temporal modu-
lations in the auditory cortex is of special interest

to our understanding of mechanisms underlying

speech processing. Temporal modulations are

fundamental components of communication sou-

nds such as human speech and animal vocaliza-

tions, as well as musical sounds. Low-frequency

modulations are important for speech perception

and melody recognition, while higher-frequency

modulations produce other types of sensations
such as pitch and roughness (Houtgast and Stee-

neken, 1973; Rosen, 1992). Both humans and an-

imals are capable of perceiving the information

contained in temporally modulated sounds across

a wide range of time scales from millisecond to

tens and hundreds of milliseconds. How the au-

ditory cortex encodes this wide dynamic range of

temporal modulations is not well understood.
The neural representation of temporal modu-

lations begins at the auditory periphery where
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auditory-nerve fibers faithfully represent fine de-

tails of complex sounds in their temporal discharge

patterns (Johnson, 1980; Joris and Yin, 1992;

Palmer, 1982; Wang and Sachs, 1993). At subse-
quent nuclei along the ascending auditory pathway

(CN––cochlear nucleus, IC––inferior colliculus

and MGB––auditory thalamus), the precision of

this temporal representation gradually degrades

(e.g., CN: Blackburn and Sachs, 1989; Frisina

et al., 1990; Wang and Sachs, 1994; IC: Langner

and Schreiner, 1988; MGB: Creutzfeldt et al.,

1980; de Ribaupierre et al., 1980) due to bio-
physical properties of neurons and temporal inte-

gration of converging inputs from one station to

the next. In a modeling study of the transforma-

tion of temporal discharge patterns from the au-

ditory nerve to the cochlear nucleus, Wang and

Sachs (1995) showed that the reduction of phase-

locking in stellate cells can result from three

mechanisms: convergence of subthreshold inputs
on the soma, inhibition, and the well-known den-

dritic low-pass filtering (Rall and Agmon-Snir,

1998). These basic mechanisms may also operate

at successive nuclei leading to the auditory cortex,

progressively reducing the temporal limit of stim-

ulus-synchronized responses.

It has long been noticed that neurons in the au-

ditory cortex do not faithfully follow rapidly
changing stimulus components (de Ribaupierre

et al., 1972; Goldstein et al., 1959; Whitfield and

Evans, 1965). A number of previous studies have

shown that cortical neurons can only be synchro-

nized to temporal modulations at a rate far less than

100 Hz (Bieser and M€uuller-Preuss, 1996; de Rib-

aupierre et al., 1972; Eggermont, 1991, 1994; Gaese

and Ostwald, 1995; Lu and Wang, 2000; Schreiner
and Urbas, 1988), compared with a limit of�1 kHz

at the auditory-nerve (Joris and Yin, 1992; Palmer,

1982). The lack of synchronized cortical responses

to rapid, but perceivable temporal modulation has

been puzzling. Because most of the previous studies

in the past three decades on this subject were con-

ducted in anesthetized animals, with a few excep-

tions (Bieser and M€uuller-Preuss, 1996; Creutzfeldt
et al., 1980; de Ribaupierre et al., 1972; Evans and

Whitfield, 1964; Goldstein et al., 1959; Whitfield

and Evans, 1965), it has been speculated that the

reported low temporal response rate in the auditory

cortex might be caused partially by anesthetics,

which have been shown to alter the temporal re-

sponse properties of the auditory cortex (Goldstein

et al., 1959; Zurita et al., 1994). Neural responses
obtained under unanesthetized conditions are

therefore of particular importance to our under-

standing of cortical representations of temporally

modulated signals. This article summarizes recent

findings from our studies in awake primates on the

issues related to cortical representations of tempo-

ral modulations.

2. The limit on stimulus-synchronized discharges in

the auditory cortex and a two-stage mechanism

Goldstein et al. (1959) showed that click-fol-

lowing rates of cortical evoked potentials were

higher in unanesthetized cats than in anesthetized

ones. In our study, we systematically investigated

responses of single neurons in the primary audi-

tory cortex (A1) of awake marmoset monkeys to

rapid sequences of clicks (Lu et al., 2001b). Both
wide- and narrow-band click trains with inter-click

intervals (ICIs) ranging from 3 to 100 ms were

studied. Narrow-band clicks were centered at each

neuron�s characteristic frequency (CF). In contrast

to neurons studied in A1 of anesthetized animals,

which responded strongly to both wide- and nar-

row-band clicks (Lu andWang, 2000), the majority

of neurons examined in A1 of unanesthetized an-
imals responded strongly to narrow-band clicks,

but were only weakly driven or, more often, un-

responsive to wide-band (rectangular) clicks (Lu

et al., 2001b). One type of response to click trains

is illustrated in Fig. 1(A). This neuron exhibited

significant stimulus-synchronized responses to

click stimuli at long ICIs (>25–30 ms). The dis-

charges to click trains became non-synchronized at
medium ICIs and diminished at short ICIs (<20–

25 ms), apparently due to inhibition (Fig. 1(A)).

The second type of neural response did not exhibit

stimulus-synchronized discharges. They responded,

however, to changes in ICI with monotonically

changing discharge rate when the ICI was shorter

than �20–30 ms, as illustrated by the example in

Fig. 1(B). We have shown that the limit on stim-
ulus-synchronized responses is on the order of
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20–25 ms (median value of sampled population) in

A1 in the unanesthetized condition (Lu et al.,

2001b). The observation that neurons are sensitive

to changes of short ICIs indicates that a discharge
rate-based mechanism may be in operation when

ICIs are shorter than �20–30 ms.

We have identified two populations of A1

neurons that displayed these two response types,

referred to as synchronized and non-synchro-

nized populations, respectively (Fig. 2). The two
populations appeared to encode sequential stim-

uli in very different manners. Neurons in the

Fig. 1. Examples of stimulus-synchronized and non-synchronized responses to click trains recorded from single neurons in the primary

auditory cortex (A1) of awake marmosets (Lu et al., 2001b). Click trains at various ICIs were delivered for 10 repetitions in ran-

domized blocks. (A) (top): Responses of a representative neuron with stimulus-synchronized discharges to click train stimuli are shown

in the form of dot raster plot and organized by ICI along the ordinate. ICIs ranged from 3 to 100 ms (3, 5, 7.5, 10, 12.5, 15, 20, 30, . . . ,
70, 75, 100 ms). Each dot indicates the occurrence of an action potential (spike). Stimulus onset was at 500 ms, and duration was 1000

ms as indicated by the horizontal bar below the time-axis. (bottom): Vector strengths, VS (dashed line) and Rayleigh statistic (solid

line) of the responses to the click-trains are shown. The dotted line at the Rayleigh statistics of 13.8 indicates the threshold for sta-

tistically significant stimulus-synchronized activity (p < 0:001). Insignificant VS were set to zero. A synchronization boundary was

calculated and is indicated by an arrow. (B) (top): Dot raster plot showing responses of a representative neuron with non-synchronized

discharges to click train stimuli. (bottom): Driven discharge rate is plotted versus ICI. Spontaneous discharge rate (estimated with a

time window of 0–500 ms) was subtracted from the total discharge rate. Vertical bars represent standard errors of the means (SEM).

The arrow indicates calculated rate-response boundary.
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synchronized population showed stimulus-syn-

chronized discharges at long ICIs, but few re-

sponses at short ICIs. This population of neurons

can thus represent slowly occurring temporal

events explicitly using a temporal code. The non-

synchronized population of neurons did not ex-

hibit stimulus-synchronized discharges at either

long or short ICIs. This population of neurons can
implicitly represent rapidly changing temporal in-

tervals by their average discharge rates. On the

basis of these two populations of neurons, the

auditory cortex can represent a wide range of time

intervals in sequential, repetitive stimuli (Fig. 2).

The large number of neurons with non-synchro-

nized and sustained discharges at short ICIs ob-

served in A1 of awake animals (Lu et al., 2001b)
was not observed in A1 of anesthetized animals

(Lu and Wang, 2000).

The issues of rate and temporal coding have

long been studied at the auditory periphery and

brainstem regarding speech sounds (Sachs et al.,

1992). Both temporal-place and rate-place repre-

sentations appear to be adequate to represent a

vowel�s spectrum by the auditory-nerve fibers

(Sachs and Young, 1979; Young and Sachs, 1979).
At the cochlear nucleus, different types of neurons

begin to show specificity in utilizing rate and

temporal information in representing a vowel�s
spectrum, with the temporal-place code preserved

by bushy cells but degraded by chopper cells

(Blackburn and Sachs, 1990). As demonstrated by

findings from our studies, rate and temporal in-

formation are further segregated among popula-
tions of neurons in the auditory cortex, a processing

stage that is several synapses away from the

cochlear nucleus.

3. Temporal integration window of the primary

auditory cortex

The limited stimulus-synchronized responses

observed in neural responses to click trains (Figs. 1

and 2) suggest that cortical neurons integrate se-

quential or continuous stimuli over a brief time

window that we define operationally as the tem-
poral integration window. Two sequential acoustic

events falling within the temporal integration

window are not distinguished as separate events at

the output of a neuron. An implication of the

temporal integration window is that it should re-

sult in a maximum response of a neuron when the

integration of sequential or continuing stimulus

events is performed over the duration of this
window. We have further investigated these no-

tions through a series of experiments in which

cortical neurons were tested with a variety of

temporal modulations (Liang et al., 1999, 2002). In

these experiments, temporal modulations were in-

troduced by sinusoidally modulating tone or noise

carriers in amplitude or frequency. For amplitude-

modulated tones (sAM), the carrier frequency
remained constant while the amplitude was sinu-

soidally modulated. In the case of amplitude-

modulated noises (nAM), the amplitude of a noise

carrier (narrow-band or broad-band) was modu-

lated by a sinusoid. For frequency-modulated

tones (sFM), the amplitude remained constant

Fig. 2. A combination of temporal and rate representations can

encode a wide range of ICIs. Curves are the cumulative sum of

the histograms representing response boundaries of two neural

populations, one with stimulus-synchronized discharges (N ¼
36) and the other with non-synchronized discharges (N ¼ 50),

respectively. The dashed line shows the percentage of neurons

with synchronization boundaries less than or equal to a given

ICI. The solid line shows the percentage of neurons with rate-

response boundaries greater than or equal to a given ICI. The

total number of neurons analyzed is 94, including eight neurons

(not shown) with combined response characteristics (Lu et al.,

2001b).
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while the carrier frequency was sinusoidally mod-

ulated.

Fig. 3 shows responses of a representative au-
ditory cortical neuron to sAM and sFM stimuli at

various modulating frequencies. At a modulation

frequency of 16 Hz, the discharge rate reached the

maximum in this neuron for both sAM and sFM

stimuli (Fig. 3(B)). This modulation frequency is

conventionally referred to as the discharge rate-

based best modulation frequency (rBMF). Data

shown in Fig. 3(B) are generally referred to as the
discharge rate-based modulation transfer function

(rMTF). The majority of neurons in A1 of awake

marmosets responded maximally to modulated

tones at a particular modulation frequency with

sustained firings. In general, rMTFs derived from

responses of a neuron to sAM and sFM stimuli

had similar shapes and closely matched rBMF

(Fig. 3(B)). This similarity was also observed be-

tween cortical responses to amplitude-modulated
tone or noise, as shown by an example neuron in

Fig. 4(A) and (B). This neuron discharged maxi-

mally at modulation frequency of 64 Hz, regard-

less of whether the temporal modulation was

introduced in a tone or noise carrier (Fig. 4(C)).

Because amplitude and frequency modulations are

produced along different stimulus dimensions, the

match of rBMFs in various stimulus conditions
suggests an inherent temporal selectivity in cortical

neurons that is applicable to a wide range of time-

varying stimuli. The fact that auditory cortical

neurons showed similar rMTF and rBMF (Fig.

4(C)) in response to amplitude-modulated tones

and broad-band noises indicates that the observed

Fig. 3. Cortical responses to sinusoidally amplitude-modulated (sAM) and frequency-modulated (sFM) tones in a representative

neuron (Liang et al., 2002). (A) Post-stimulus histograms (PSTHs) showing responses to sAM (upper) and sFM (lower) stimuli. The

displays are arranged according to modulation frequency along the ordinate. Stimulus duration was 1000 ms (onset at 500 ms), as

indicated by a horizontal bar below the time axis. Stimulus parameters were as follows: fc ¼ 16:07 kHz, sound level ¼ 80 dB SPL,

dsAM ¼ 100%, dsFM ¼ 1024 Hz (fc: carrier frequency, d: modulation depth). fc was set equal to the neuron�s CF. (B) Discharge rMTF

derived from the data shown in (A). Average discharge rates were calculated over a period including the stimulus duration and 100 ms

after stimulus offset, with spontaneous discharge rates subtracted (Liang et al., 2002). rMTFs produced by sAM (solid line with circles)

and sFM (dashed line with crosses) stimuli are shown. (C) Temporal modulation transfer functions (tMTF), derived from the data

shown in (A), plotted in the form of Rayleigh statistics (equal to 2nVS2, where n is the total number of spikes and VS is the vector

strength). The horizontal dotted line at 13.8 indicates the threshold for statistically significant stimulus-synchronized responses

(p < 0:001). tMTFs due to sAM (solid line with circles) and sFM (dashed line with crosses) stimuli were calculated at fm. An additional

tMTF (dashed line with triangles) is calculated at the frequency equal to twice the modulation frequency (2fm) for sFM responses.
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modulation selectivity was indeed a temporal in-

stead of a spectral phenomenon. Together, these

data show that neurons in the auditory cortex of

awake marmosets have a preferred temporal mod-

ulation frequency that is relatively independent of

how the temporal modulation is introduced (in the

time or frequency domain, by tone or noise car-

rier). The most frequently encountered rBMFs in

A1 of awake marmosets ranged from 8 to 64 Hz.

For the population of neurons we studied, the

distributions of rBMFs were centered near 30 Hz

for both sAM and sFM stimuli (Fig. 5(A)). In fact,
A1 is maximally excited near this particular tem-

poral modulation frequency (Fig. 5(B)). This sug-

gests that the optimal temporal integration

window for A1 as a whole is in the order of �30

ms.

The example given in Fig. 3 also shows that

discharges of cortical neurons, in response to sAM

and sFM stimuli, could exhibit stimulus-synchro-
nized temporal patterns (Fig. 3(A)). Discharge

patterns that are synchronized to the modulation

waveform of an sAM or sFM stimulus can be

quantified by the vector strength (Goldberg and

Brown, 1969) and the Rayleigh statistic (Mardia

and Jupp, 2000). The values of the Rayleigh sta-

tistic greater than 13.8 are considered as statisti-

cally significant (p < 0:001) (Mardia and Jupp,
2000). Fig. 3(C) plots Rayleigh statistics as a

function of modulation frequency, also referred to

as the discharge synchrony-based modulation

transfer function or temporal modulation trans-

fer function (tMTF). The modulation frequency

corresponding to the maximum of a tMTF is con-

ventionally referred to as the discharge synchrony-

based best modulation frequency (tBMF). This
neuron responded to sAM stimuli with well-syn-

chronized discharges at modulation frequencies up

to 128 Hz (Fig. 3(C)). The temporal discharge

patterns in response to sFM stimuli (Fig. 3(A),

lower) in the same neuron, however, differed

markedly from those to sAM stimuli (Fig. 3(A),

upper) in that there were two clusters of firings

within each modulation period. This was because
both the upward and downward trajectory of the

modulation waveform excited this neuron. As a

result, the discharge synchrony was much stronger

Fig. 4. Cortical responses to sAM, sFM and amplitude-modu-

lated broad-band noise (nAM) stimuli in a representative neu-

ron. (A) PSTHs of responses to sAM stimuli (onset at 500 ms,

duration of 1000 ms). The display is arranged according to

modulation frequency along the ordinate. (B) PSTHs of re-

sponses to nAM stimuli. (C) rMTFs measured for sAM (solid

line), sFM (dashed line with open circles) and nAM (dotted line

with filled squares). The stimulus parameters were: fc ¼ 4:7 kHz

(equal to the neuron�s CF), sound level ¼ 70 dB SPL,

dsAM ¼ 75%, dsFM ¼ 512Hz; dnAM ¼ 75% (d: modulation depth).
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when measured at twice the modulation frequency

than at the modulation frequency of the stimulus

(Fig. 3(C)). In general, discharges could be syn-

chronized at a rate approximately equal to the

modulation frequency when sAM stimuli were

used, whereas for sFM stimuli, response synchro-
nization could occur at a rate twice as large as the

modulation frequency. Moreover, stimulus-

induced synchronization was sometimes produced

by one type of modulated sound, but not by an-

other type in an individual neuron. Temporal

modulation in a stimulus is, therefore, not always

accurately reflected in the discharge synchrony of

cortical neurons.
Across populations of A1 neurons, tBMF is

lower than rBMF (comparing Fig. 6(A) with Fig.

5(A)). The distributions of tBMF, like those of

rBMF, are similar for sAM and sFM responses.

This observation again supports the proposition

that auditory cortical neurons have a preferred

temporal modulation frequency, regardless of how

the modulation is introduced (in the time or fre-
quency domain). Moreover, the selectivity for a

particular temporal modulation frequency was of-

ten observed in average discharge rate in the

absence of stimulus-synchronized discharges, in-

dicating a temporal-to-rate transformation in the

cortical coding of temporal modulations (Liang

et al., 2002).

Another useful measure of discharge synchrony
in a neuron is the maximum synchronization fre-

quency (fmax), which is defined as the highest

modulation frequency at which significant dis-

charge synchrony exists. The distribution of fmax is

centered between 32 and 64 Hz (Fig. 6(B)), which

is consistent with the distribution of the synchro-

nization boundary of cortical neurons determined

by click train stimuli (Fig. 2). Fig. 2 shows that the
percentage of neurons with the synchronization

boundary less than �25 ms (equivalent to >40 Hz

modulation frequency) drops rapidly.

In Fig. 6(C), we plot the percent of sampled

neurons that exhibited statistically significant dis-

charge synchrony as a function of modulation

frequency. This figure shows that A1 is maximally

synchronized to the temporal modulation at a
modulation frequency of �8 Hz, which is lower

than the modulation frequency (�30 Hz) that

elicits the maximum discharge rate (Fig. 5(B)).

Fig. 5. Population properties for discharge rate-based modu-

lation frequency selectivity (Liang et al., 2002). (A) Overlapping

histograms showing distributions of rBMF derived from sAM

(open) and sFM (shaded) stimuli, respectively. The neurons

included in the histogram exhibited band-pass tMTF. The bin-

widths of the histograms are on a base-2 logarithmic scale. The

distributions of rBMFsAM and rBMFsFM are not statistically

different from each other (Wilcoxon rank sum test, p ¼ 0:1).

The means of the two distributions are 25.9 Hz (rBMFsAM) and

19.2 Hz (rBMFsFM) on the base-2 logarithmic scale and 48.8 Hz

(rBMFsAM) and 35.1 Hz (rBMFsFM) on the linear scale, re-

spectively. The medians of the two distributions are 22.6 Hz

(rBMFsAM) and 18.1 Hz (rBMFsFM), respectively. (B) Discharge

rates averaged over the entire population of sampled neurons

are plotted versus modulation frequency for sAM (solid line)

and sFM (dashed line) stimuli. Spontaneous rates were not

subtracted in the calculations.
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These observations further support the two-stage
mechanism proposed on the basis of cortical re-

sponses to click trains (Lu et al., 2001b).

Do the response properties of cortical neurons

revealed by temporally modulated signals bear any

implications for the processing of complex sounds

such as speech or species-specific vocalizations? As

we know, speech and musical sounds contain
prominent modulations in both amplitude and

frequency domains. In particular, low-frequency

(<30 Hz) modulations are important for melody

recognition which, as suggested by our data, may

be encoded on the basis of temporal discharge

patterns of cortical neurons. One possible psycho-

Fig. 6. Population properties for discharge synchrony-based modulation frequency selectivity (Liang et al., 2002). (A) Overlapping

histograms showing distributions of tBMF derived from sAM (open) and sFM (shaded) stimuli, respectively. The bin-widths of the

histograms are on a base-2 logarithmic scale. The distributions of tBMFsAM and tBMFsFM are not statistically different from each other

(Wilcoxon rank sum test, p ¼ 0:82). The means of the two distributions are 9.7 Hz (tBMFsAM) and 9.2 Hz (tBMFsFM) on the base-2

logarithmic scale and 15.6 Hz (tBMFsAM) and 14.2 Hz (tBMFsFM) on the linear scale, respectively. The medians of the two distributions

are 9.6 Hz (tBMFsAM) and 10.0 Hz (tBMFsFM), respectively. (B) Overlapping histograms showing distributions of maximum syn-

chronization frequency (fmax) derived from sAM (open) and sFM (shaded) stimuli, respectively. The bin-widths of the histograms are

on a base-2 logarithmic scale. The distributions of fmax(sAM) and fmax(sFM) are not statistically different from each other (Wilcoxon

rank sum test, p ¼ 0:97). The means of the two distributions are 34.2 Hz (sAM) and 32.9 Hz (sFM) on the base-2 logarithmic scale and

58.9 Hz (sAM) and 57.4 Hz (sFM) on the linear scale, respectively. The medians of the two distributions are 34.2 Hz (sAM) and 39.4

Hz (sFM), respectively. (C) Percentage of neurons with statistically significant Rayleigh statistic (>13.8) over the entire population of

sampled neurons is plotted versus modulation frequency for sAM (solid line) and sFM (dashed line) stimuli.
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physical correlate of the maximum synchronization

frequency is the lower limit of pitch, which is de-

fined as the lowest repetition rate that evokes a

sensation of pitch and has been found near 30 Hz
(Krumbholz et al., 2000; Pressnitzer et al., 2001).

The temporal integration window of cortical neu-

rons on the order of 20–30ms suggests that spectro-

temporal transients, such as formant transitions,

may be integrated in the auditory cortex and im-

plicitly coded by discharge rates. For modulation

frequencies below �30 Hz, modulation periods can

be resolved temporally because there are significant
synchronized discharges to the modulation periods

(Liang et al., 2002). For higher modulation fre-

quencies that correspond psychophysically to the

sensation of roughness (Zwicker and Fastl, 1999),

they are likely represented by discharge rate instead

of temporal discharge patterns. The rBMF can be

as high as 256 Hz in unanesthetized auditory cortex

(Bieser andM€uuller-Preuss, 1996; Liang et al., 2002).
Our recent study using click train stimuli showed

rate-coding for even higher repetition frequencies

(Lu et al., 2001b). The primate species studied, the

common marmoset, produces two types of vocal-

izations (trill and trillphee) that display prominent

sinusoidal frequency modulations (Wang, 2000).

The distributions of the modulation frequency in

both types of vocalizations are centered close to 30
Hz (Agamaite and Wang, 1997), near the temporal

modulation frequency preferred by most cortical

neurons (Liang et al., 2002). Temporal modulation

frequency in these vocalizations differed among

individual marmosets, suggesting that this param-

eter may be used in caller identification. Behav-

iorally, trill and trillphee calls are considered

contact calls that marmosets use during intra-spe-
cies vocal exchanges. Having the calls� modulation

frequencies close to the temporal modulation fre-

quency that maximally excites the auditory cortex

should facilitate cortical processing of these vo-

calizations.

4. Cortical responses to stimulus transients within

the temporal integration window

The experiments discussed above suggest that
A1 neurons integrate stimulus components within

a time window of �30 ms and treat components

outside this window as discrete acoustic events.

Humans and animals are known to discriminate

changes in acoustic signals at time scales shorter
than the temporal integration window of A1 neu-

rons, suggesting that cortical neurons must be able

to signal such rapid changes. We have investigated

sensitivity of cortical neurons to rapid changes

within the putative temporal integration window

(Lu et al., 2001a) using a class of temporally

modulated signals termed ramped and damped si-

nusoids (Patterson, 1994a,b) (Fig. 7(A)). A damped
sinusoid consists of a pure tone amplitude-modu-

lated by an exponential function. It has a fast

onset followed by a slow offset. The rate of am-

plitude decay is determined by the exponential

half-life. A ramped sinusoid is a time-reversed

damped sinusoid. Both types of sounds have

identical long-term Fourier spectra. Our experi-

mental stimuli consisted of ramped or damped si-
nusoid segments, typically with a period of 25 ms,

repeated consecutively for 500 ms. For each neu-

ron, the carrier frequency was set to a neuron�s CF
and the half-life was varied from 0.5 to 32 ms.

Most cortical neurons that we studied showed a

clear preference for either ramped or damped si-

nusoids (i.e., they responded more vigorously to a

single stimulus type), with a greater portion of
neurons preferring ramped stimuli (Lu et al.,

2001a). Some neurons responded nearly exclu-

sively to one stimulus type. A representative ex-

ample of a neuron preferring ramped sinusoids to

damped sinusoids is shown in Fig. 7(B). This

neuron responded more strongly to ramped sinu-

soids at most half-lives (Fig. 7(B), a and b). The

response asymmetry was observed in average dis-
charge rate, but not in stimulus-synchronized dis-

charges (Fig. 7(B), c). Fig. 7(C) shows a neuron

that responded preferentially to damped sinusoids.

Generally, preference for stimulus type was con-

sistent across half-lives as illustrated by these ex-

amples. These observations demonstrated that

temporal characteristics within the temporal inte-

gration window can profoundly modulate a cor-
tical neuron�s responsiveness.

We found that neurons in both synchronized

and non-synchronized populations (Fig. 2) were

sensitive to temporal asymmetry within a brief
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time window (�25 ms) as measured by their av-
erage discharge rates. Fig. 8 shows responses of

two representative A1 neurons to sequences of

ramped and damped sinusoids at different inter-

stimulus intervals or repetition periods (3–100 ms),

one with stimulus-synchronized discharges (Fig.

8(A)) and the other with non-synchronized dis-

charges (Fig. 8(B)). At repetition periods longer

than the presumed temporal integration window
(>20–25 ms), discharges of the neuron shown in

Fig. 8(A) were synchronized to each period of

ramped and damped sinusoids while the neuron

showed stronger responses to damped sinusoids

(Fig. 8(A), top). When repetition periods were

shorter than the presumed temporal integration

window, synchronized discharges disappeared but

Fig. 7. Cortical responses to ramped and damped sinusoidal stimuli (Lu et al., 2001a). (A) Ramped and damped sinusoidal stimuli

(Patterson, 1994a) with half-life ranging from 0.5 to 32 ms. The examples shown have a period of 25 ms and carrier frequency of 10

kHz. Only the first 100 ms of the stimuli are shown. Ramped sinusoids are shown in the shaded blocks. (B) A representative example of

neurons with a preference for ramped sinusoids recorded in marmoset A1 (Lu et al., 2001a). (a) PSTHs are plotted in the order

of increasing half-life along the ordinate, with alternating responses to ramped (shaded) and damped (unshaded) sinusoids. The heights

of PSTHs are normalized to the maximum bin count over all stimulus conditions. Stimulus onset was at 500 ms, and duration was 500

ms. (b) Driven discharge rates are plotted as a function of half-life for ramped (thick line) and damped (thin line with open circles)

sinusoids, respectively. (c) Asymmetry index is shown for calculations based on discharge rate (cross) or vector strength, VS (square)

and is defined as ðRr � RdÞ=ðRr þ RdÞ, where Rr and Rd are average discharge rates or VS to ramped and damped stimuli, respectively.

Non-significant index values were set to zero (pP 0:05, Wilcoxon rank-sum). Significant asymmetry preference based on discharge rate

was present over most half-lives tested in this neuron. No statistically significant asymmetry index was found for stimulus-synchronized

activity in this neuron. (C) A representative example of neurons with preference for damped sinusoids. The format is the same as in (B).
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the overall preference for the damped sinusoids

was maintained (Fig. 8(A), bottom). Fig. 8(B)

shows a neuron of the non-synchronized popula-

tion that responded more strongly to ramped

Fig. 8. Examples showing that the selectivity of A1 neurons for temporal asymmetry is unchanged at different inter-stimulus intervals

(Lu et al., 2001b). The stimuli used were ramped or damped sinusoids with different repetition periods (3–100 ms) and a fixed half-life.

(A) Response of a neuron with stimulus-synchronized discharges. This neuron responded more strongly to damped sinusoids across

different repetition periods. (top): PSTHs are plotted in the order of increasing repetition period along the ordinate, with alternating

responses to ramped (gray) and damped (black) sinusoids. The heights of PSTHs are normalized to the maximum bin count over all

stimulus conditions. Stimulus onset was at 500 ms, and duration was 500 ms. (bottom): Average discharge rates for ramped (dashed

line) and ramped (solid line) stimuli are plotted as functions of stimulus repetition period. Vertical bars represent standard errors of the

means (SEM). (B) Example of a non-synchronized neuron that responded more strongly to ramped sinusoids across different repetition

periods. The format of the plots is the same as in (A).
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sinusoids at all repetition periods tested. These

observations demonstrate that the sensitivity to
temporal asymmetry within the temporal integra-

tion window is independent of a cortical neuron�s
ability to synchronize to stimulus events, suggest-

ing a rate-based coding mechanism for time scales

shorter than the temporal integration window for

A1 neurons.

In Fig. 9 we compare response asymmetry of

populations of A1 neurons with psychophysical
performance in discriminating ramped versus

damped sinusoids by humans (Lu et al., 2001a).

The shape of the curve based on average discharge

rate is qualitatively similar to psychophysical data

with both tone carriers (Patterson, 1994a) and

wide-band noise carriers (Akeroyd and Patterson,

1995). Psychophysical performance across half-life

appears to be related to the percentage of A1
neurons that showed significant response asym-

metry in their average discharge rates. A popula-

tion measure based on discharge synchrony, on the

other hand, reveals that only a very small portion

of A1 neurons (<5%) showed response asymmetry

in their temporal discharge patterns for the stim-

ulus period used (25 ms).

5. The role of temporal selectivity and its behavioral

relevance in cortical processing of species-specific

vocalizations

The neural mechanisms involved in producing

the temporal selectivity discussed above (at long

and short-time scales) may possibly contribute to

neural selectivity of complex vocalizations (Esser

et al., 1997; Margoliash, 1983; Wang et al., 1995a).

It has been shown that natural vocalizations of

marmoset monkeys produced stronger responses
in A1 than do spectrally similar, but temporally

altered vocalizations (Wang et al., 1995a). Fig. 10

shows that a subpopulation of neurons in A1 of

anesthetized marmosets responded more strongly

to a natural twitter call than to its time-reversed

version. Responses of this subpopulation of neu-

rons were found to have a clearer representation of

the spectral shape of the call than did responses of
the non-selective neurons (Wang, 2000;Wang et al.,

1995a). While these observations demonstrate a

role of temporal selectivity in cortical responses to

complex vocalizations, they also suggest that

marmoset auditory cortex may preferentially re-

spond to sounds with behavioral significance. To

further test this notion, we have directly compared

responses to natural and time-reversed calls in the
auditory cortex of the cat, an extensively studied

mammalian species, whose A1 shares similar basic

physiological properties (e.g., CF, threshold, la-

tency, etc.) to that of the marmoset (Aitkin and

Park, 1993; Schreiner et al., 2000). Unlike neurons

in A1 of marmosets, however, neurons in cat A1

did not differentiate natural marmoset vocaliza-

tions from their time-reversed versions (Wang and
Kadia, 2001). Together, these observations suggest

that temporal selectivity of cortical neurons may

be dependent on the behavioral relevance of

acoustic signals that a species encounters. A par-

ticular form of temporal selectivity under one be-

havioral context may not exist under other

behavioral contexts. One potential mechanism that

may give rise to such behavioral dependence is
experience-dependent cortical plasticity (Buono-

Fig. 9. Comparison between asymmetry preference of cortical

neurons and human psychophysical performance in discrimi-

nating ramped and damped sinusoids (Lu et al., 2001a). The

percentages of neurons (left ordinate) having significant asym-

metry indices based on discharge rate are indicated as rate (solid

line with filled circles). The percentages of neurons with sig-

nificant asymmetry indices in vector strength are indicated as

VS (solid line with open squares). Human psychophysical per-

formance curves (right ordinate) using ramped and damped

sinusoids is shown for tone carriers (dashed line), averaged over

the different carrier frequencies (Patterson, 1994a), and noise

carriers (dotted line) (Akeroyd and Patterson, 1995).
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mano and Merzenich, 1998; Merzenich et al.,

1984). In fact, it has been shown in the somato-

sensory cortex that temporal aspects of a complex

stimulus are crucial in determining specific forms

of learning-induced cortical reorganization (Wang

et al., 1995b). We have argued (Wang, 2000) that
the two central issues in our understanding of

cortical representation of communications sounds

are: (a) neural encoding of statistical structure of

communication sounds and (b) the role of behav-

ioral relevance in shaping cortical representations.

Behaviorally relevant temporal modulations are

clearly important acoustic features to be consid-

ered in the exploration of neural encoding mech-
anisms for speech-like signals in the auditory

cortex.

6. Summary

Based on our findings from the studies dis-

cussed above, we suggest a two-stage model for

processing temporal modulations by the auditory

cortex. In this model, the auditory cortex inte-

grates continuous acoustic streams over a tempo-
ral integration window of �30 ms. Temporal

patterns that are separated by intervals longer than

this integration window are explicitly coded by

temporal discharge patterns of cortical neurons.

Rapid time-varying components within the tem-

poral integration window are instead represented

implicitly by a discharge rate-based code. The

combination of both temporal and rate codes
should sufficiently encode the wide range of tem-

poral modulations of biologically important com-

plex sounds.

The significant reduction in the temporal limit

on stimulus-synchronized discharges at the audi-

tory cortex, as compared with the auditory peri-

phery, has an important functional implication. It

suggests that cortical processing of sound streams
operates on a ‘‘segment-by-segment’’ basis rather

than on a ‘‘moment-by-moment’’ basis as found in

the auditory periphery. This is perhaps necessary

for complex integration and comparison to take

place at this level of the auditory system, since

higher-level processing tasks require a broader

view of acoustic events preceding and following a

particular time of interest. Moreover, auditory
information is encoded at the periphery at a much

Fig. 10. Temporal discharge patterns of responses to a natural

marmoset twitter call (A) and its time-reversed version (B) re-

corded from marmoset A1 (Wang et al., 1995a). Both the

waveform (top) and spectrogram (middle) of the stimuli are

shown. The corresponding cortical responses are shown in the

form of a composite PSTH (bottom), averaged over a popula-

tion of neurons that responded more strongly to the natural

twitter call than to the time-reversed twitter call.
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higher temporal modulation rate than the rates at

which the visual or tactile information is encoded.

The slow-down of temporal response rate along

the ascending auditory pathway allows fast-paced
auditory information to be integrated in the cere-

bral cortex with information from other sensory

modalities that is intrinsically slower.
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