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Because auditory cortical neurons have limited stimulus-synchronized responses, cortical representa-
tions of more rapidly occurring but still perceivable stimuli remain unclear. Here we show that there
are two largely distinct populations of neurons in the auditory cortex of awake primates: one with
stimulus-synchronized discharges that, with a temporal code, explicitly represented slowly occurring
sound sequences and the other with non-stimulus-synchronized discharges that, with a rate code,
implicitly represented rapidly occurring events. Furthermore, neurons of both populations displayed
selectivity in their discharge rates to temporal features within a short time-window. Our results sug-
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gest that the combination of temporal and rate codes in the auditory cortex provides a possible
neural basis for the wide perceptual range of temporal information.

Sounds in the natural environment have complex temporal struc-
tures that include both slowly and rapidly changing acoustic tran-
sients. In particular, the temporal features of complex
communication sounds (such as human speech, animal vocal-
izations) that convey behaviorally relevant information display
a broad variety of acoustic transients that can occur within a few
milliseconds or that can span several hundred milliseconds and
longer. For example, speech has components that range from
slow (<10 Hz) rhythms of syllables and phrases to rapid
(>100 Hz) temporal features that can provide cues to a speaker’s
identityl. Neurons in the cortex show sensitivity to temporal
manipulations of species-specific communication calls?->. Cor-
tical lesion studies demonstrate the importance of the auditory
cortex in the perception of time-varying sounds across a large
range of time scales®-8. How this wide range of time-varying fea-
tures is represented by the auditory cortex is still unresolved, as
previous studies show that although auditory cortical neurons
can exhibit precise onset responses?, they still have limitations in
their stimulus-synchronized temporal discharge patterns in
response to trains of successive acoustic stimulation®-18, Where-
as the auditory nerve can show phase-locked discharges to pure
tones of up to several kilohertz!® or to the envelope of amplitude
modulated (AM) tones at modulation rates above 1 kHz?, neu-
rons in the primary auditory cortex (A1) do not typically exhib-
it stimulus synchronization to more than 100 Hz10-1821 The
known response properties of the auditory cortex, therefore, do
not adequately explain why the auditory system is capable of
resolving temporal differences on a millisecond time scale?2:23,
There are two issues concerning the apparent discrepancy
between the results of cortical neurophysiology and psy-
chophysics. First, neurophysiological studies of the auditory cor-
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tex have largely been conducted in the presence of anesthetics,
which have suppressive effects on stimulus-synchronized respons-
es in the auditory cortex?4. However, data from unanesthetized
animals are limited. Second, because neural responses in anes-
thetized auditory cortex are largely phasic, there is much focus
in analyzing stimulus-synchronized temporal discharge patterns
but less interest in rate coding as a possible way to represent time-
varying signals. Here we examined the possibility that rapid
acoustic transients may be encoded by non-synchronized dis-
charges. We show that rate representations are indeed an impor-
tant mechanism in the auditory cortex, especially in encoding
fine temporal features.

REsuLTS

The results are based on 94 neurons that were recorded from the
auditory cortex of 4 awake marmoset monkeys, a highly vocal
primate species?. All neurons were tested using sequences of
clicks and using sinusoids with temporally asymmetric envelopes
(see Methods). The click stimulus protocols were designed to
probe the stimulus-synchronizing ability of auditory cortical neu-
rons in awake monkeys. These neurons could be separated into
two populations based on their responses to click trains, one with
stimulus-synchronized discharges and the other with non-syn-
chronized discharges. The second stimulus protocol tested the
sensitivity of these same neurons to rapid acoustic transients
within a short time window. We found that both populations of
neurons showed selectivity, based on average discharge rate, to
rapid acoustic transients. The third stimulus protocol tested the
responses of neurons to successive stimuli with embedded tem-
poral asymmetry. We found that neurons could simultaneously
represent both temporal aspects of these stimuli.
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Fig. 1. Stimulus-synchronized responses to repetitive acoustic events. (a) Top, stimulus-synchronized responses to click trains, for a representative neu-
ron. Dot rasters from 10 trials at each interclick interval (ICI). Stimulus duration is indicated by the horizontal bar below the time axis. Bottom, dashed
line indicates vector strength of the responses to click trains (left ordinate); solid line indicates Rayleigh statistics of stimulus-synchronized activity (right
ordinate). Rayleigh statistics greater than horizontal dotted line at 13.8 indicate p < 0.001. The calculated synchronization boundary is indicated by an
arrow. (b) Example of stimulus-synchronized responses to click train stimuli with random ICls. Time-amplitude waveform of a click train (top) is shown
along with the corresponding post-stimulus time histogram (bottom). Bin sizes, 1 ms. Areas within dashed lines indicate portions of the stimulus and
response where ICls were long (red) or short (blue). (c) Comparison between responses to amplitude-normalized (left) and energy-normalized (right)
click trains recorded from a typical neuron. (d) An example of synchronized responses to sequences of linear upward frequency-modulated (FM) sweeps.
Each FM sweep was centered at the neuron’s characteristic frequency (CF) with a width of 0.8 octave and a duration of 12.5 ms.

Stimulus-synchronized temporal representation
Some neurons showed precise stimulus-synchronized discharges
to click trains with long interclick intervals (ICls; Fig. 1a, top).
At 100 ms ICI, the timings of the clicks were explicitly represented
by the timing of the discharges, with little adaptation in the
strength of the discharges. Shorter ICls produced correspond-
ingly shorter intervals between bursts of discharges. For ICls
shorter than 15 ms, the response consisted only of an onset to
the click train followed by inhibition that lasted for the duration
of the stimuli. These observations were quantified by vector
strength (VS) and Rayleigh statistics'828 (Fig. 1a, bottom). The
shortest ICI to which a neuron showed significant stimulus-
synchronized activity for all longer I1CIs was defined as the syn-
chronization boundary (see Methods) (Fig. 1a, bottom).

Stimulus-synchronized discharge patterns can also be demon-
strated with click trains containing random intervals (Fig. 1b).
Clicks that were separated by long intervals were readily resolved
by the individual responses (Fig. 1b). Where the clicks were close
together, the magnitude of the responses in the post-stimulus
time histogram was smaller (Fig. 1b), as predicted by the respons-
es to constant-interval click trains recorded from the same neu-
ron shown in Fig. 1c (left).

Because the click trains in Fig. 1a were amplitude-normal-
ized, click trains with shorter ICIs have greater energy level
within a given time period. However, normalizing each click
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train to the energy level of the 100 ms ICI click train did not
generally affect the pattern of stimulus-synchronized activity.
The responses in a representative neuron (Fig. 1c) to ampli-
tude-normalized (left) and energy-normalized (right) click
trains showed similar discharge patterns that were significant-
ly synchronized to click trains with ICls greater than 10 ms.
These results indicate that the temporal limitations in this type
of cortical neuron were largely determined by the temporal
characteristics of the click train stimuli, that is, the ICls rather
than by the overall energy level.

The limited stimulus-synchronized responses of auditory cor-
tical neurons illustrated in Fig. 1a—c can also be shown with
sequential stimuli other than click trains. For example, the neu-
ron in Fig. 1d responded to linear frequency-modulated (FM)
sweeps but not to most other stimuli tested (including click
trains). When the interstimulus interval (ISI) between successive
FM sweeps was sufficiently long (>25 ms), we observed neural
discharges synchronized to each sweep in the sequence. Neural
responses at shorter ISIs (<20 ms) showed strong onset respons-
es followed by weakly driven and non-synchronized discharges. In
general, when a neuron exhibited stimulus-synchronized dis-
charge patterns, the limit on its stimulus-synchronizing capacity
was similar when determined by click-train stimuli or other
sequential stimuli with different spectral characteristics. We refer
to these neurons as the synchronized population.
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Fig. 2. Non-synchronized rate
responses to click  trains.
(a) Sustained discharges at short
interclick intervals (ICIs) in a repre-
sentative neuron. Dot rasters (top)
and rate functions (bottom) are
shown. The calculated rate-
response boundary is indicated by
arrows. Vertical bars represent stan-
dard error of the mean in (a, c, d,
e). (b) Example of responses to click
trains with random ICls. Top, mean
ICI profile (averaged over a moving
time window of 200 ms). Mean ICls
longer than 100 ms are truncated in
the plot. Bottom, corresponding
past stimulus time histogram. Bin
sizes, 1 ms. Blue arrows indicate
clusters of short ICls. Right,
responses to fixed-interval click
trains recorded from the same neu-
ron. A red arrow indicates the calcu-
lated  rate-response  boundary. 0
(c) A representative example of rate

Unit M49L-

Interclick interval (ms)

n
o

Rate (spikes/s)

0 50 100

b Poisson-distributed clicks
>100
S5 sof
© g
o
c
= S I} EEEE PR S EEREE 13 CEEE E| EEEE (£ EEEREEE B TEe ------40ms
8=
=
A A A
0 T -
E Unit M49L-074, CF 23.39 kHz, 40 dB . 100 —oo—rxo
@ 160f i
2 e —
= e
=
€ o} =
Q
© 0 2000
o Time (ms)

0 1,000 2,000 3,000 4,000 5,000 6,000
Time (ms)
d Unit M49L-074, CF 23.39 kHz
& 40 Click _40dB 20, Tone ¢ ‘
® - 60dB
Q
X
@ 20
]
©
x o0
0 50 100 0 40 80

responses to amplitude-normalized
and energy-normalized click trains.
Arrows indicate calculated rate-
response boundaries. (d, e) Left, dis-

Inter click interval (ms)

Unit M58L-056, CF 4.5 kHz, 80 dB

Interclick interval (ms)

Sound level (dB SPL)

Unit M1K-537, CF 2.12 kHz

. Amplitude-normalized Energy-normalized @

charge rates as a function of ICls 19 100 8
measured at different sound levels in 0 10 g
two representative neurons. Right, £ & 60 g

i i - o
corresponding rate-level _fu_nctlons g 2 50 o 70 20 o 50 100
measured by characteristic fre- £ 40— 4 Interclick interval (ms) Sound level (dB SPL)

i < 30 30
quency tones in the same neuron. g 2 - f
Arrows indicate sound levels tested. © 20— 20 o Z 60 1220
2 " « 2=
) Eﬁegts qf sound Ievel_ and energy- E 135 pm—diuem 128 53 40 +
normalization analyzed in a group of L] e verrrerammi | S e— 73 l ++
. . 3 re 3 rmy T8 >
neurons  with non-synchronized R e gf 2 .°°°°.¢+ ¢+
responses. Top, black circles |qd|cate Time (ms) Time (ms) €3 [e%ee
mean rate-response boundaries for 5 4o 40 5 50
@ . .
each neuron over the sound levels § 52 | ° | |
) . £ = .

tested using only amplitude-normal- & 20 / 20 / 22 . | | | [
ized clicks. White circles indicate g o se .

- ies X e - i 3
mean rate-response  boundaries o o0 o 0 80 & o - - ~ —

obtained using both amplitude-nor-
malized and  energy-normalized
clicks. Units are ordered by their

Interclick interval (ms)

Interclick interval (ms)

Neuron number

mean rate-response boundaries. Vertical lines indicate the range of minimum and maximum rate-response boundaries measured in each neuron.
Bottom, vertical lines indicate ranges of sound level tested for each neuron shown in the upper panel. Black circles indicate comparisons made between
amplitude-normalized and energy-normalized click trains at a single sound level. At least two conditions were tested in each neuron.

Non-synchronized rate representation

Neurons with stimulus-synchronized responses (Fig. 1) cannot
fully represent click trains (and likely other sequential stimuli)
over the full range of detectable ICIs (or ISls), particularly at
short ICls, by their limited responses. Another population of
neurons, referred to hereafter as the non-synchronized popula-
tion, had discharge rates inversely proportional to short ICI
lengths. In response to rapid clicks (ICls less than 20 ms), a typ-
ical non-synchronized neuron showed prominent and sustained
non-synchronized discharges for the stimulus duration (Fig. 2a).
An increase in the ICI produced a corresponding decrease in the
discharge rate. Discharge rate changed slowly as ICls lengthened
beyond 15 ms. The responses of this type of neuron to click
sequences at short ICls were typically sustained throughout the
stimulus duration. The ICI in which the discharge rates no longer
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monotonically decreased with increasing ICI is referred to here as
the non-synchronized rate-response boundary (Fig. 2a, arrows).
This rate-response boundary value indicates the maximum ICI
below which perturbations in the ICIs were reflected by changes
in the average discharge rate.

As illustrated by Fig. 2a, rate responses of neurons can implicit-
ly represent short ICls in constant-interval click trains. We also pre-
sented click trains with random ICls to a neuron that showed
non-synchronized rate responses (Fig. 2b, right). The neuron
showed large increases in discharge rate (Fig. 2b, bottom) following
the presence of short intervals (arrows, Fig. 2b, top), but was only
weakly responsive when the average ICI was greater than 40 ms.

Because discharge rate generally depends on sound intensity,
we verified that the non-synchronized rate response to short ICIs
was maintained under energy-normalized stimulus conditions
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Fig. 3. Population responses to click trains. g g 129 Sé
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(Fig. 2¢). Amplitude-normalized (rate-response boundary,
26.1 ms ICI; Fig. 2c, left) and energy-normalized conditions (rate-
response boundary, 12.1 ms; Fig. 2c, right) had similar rate-
response profiles. We further verified that the rate-response
profile was maintained over different overall sound levels. As an
example, the neuron in Fig. 2d had similar rate-response profiles
as a function of ICI at both 40 and 60 dB sound pressure level
(SPL). In another neuron, the non-synchronized rate responses
to click trains, measured at three sound levels (30, 50 and 70 dB
SPL), appeared to converge near 15 ms ICI (Fig. 2e). We observed
that most neurons tested under different sound-level conditions
maintained similar rate-response boundaries (Fig. 2f). In gener-
al, changing the sound level of the click trains did not cause non-
synchronized neurons to show synchronized activity, nor did it
cause stimulus-synchronized neurons to show the type of rate
responses illustrated in Fig. 2. As non-synchronized rate-respons-
es were preserved despite the normalized energies of the click
trains, rate-responses were most likely due to the temporal fea-
tures but not the energy level of the stimuli.

Population properties and a two-stage mechanism

The stimulus-synchronized and stimulus-non-synchronized
populations of neurons can be largely segregated using two
response measures, the Rayleigh statistic at 100 ms ICl and a
discharge rate ratio of two ICI lengths (Fig. 3a, see Methods).
Synchronized neurons (36/94) generally had high Rayleigh sta-
tistics and low discharge rate ratios; non-synchronized neurons
(50/94) generally had low Rayleigh statistics and high discharge
rate ratios. A few neurons (8/94) did not fall into either of these
categories. The synchronization boundaries (Fig. 3b) had a
median value of 21.3 ms ICI (25-75%, 12.4-54.3 ms). The rate-
response boundaries (Fig. 3c) had a median value of 12.9 ms
ICI (25-75%, 9.9-23.3 ms). The distributions of characteristic
frequency (CF) between the synchronized (0.8-32.3 kHz) and
non-synchronized (0.6-26.9 kHz) populations were not signif-
icantly different (p = 0.21, Wilcoxon rank-sum). We found no
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correlation between CF and synchronization boundary for the
synchronized population (r = 0.06) or between CF and rate-
response boundary for the non-synchronized population
(r =-0.05), indicating that both temporal and rate codes were
available over a wide frequency range.

At long ICls, most neurons showed stimulus-synchronized
activity (Fig. 3d). The situation was reversed at short ICls, where
the percentage of neurons with non-synchronized rate-
responses was much greater than the percentage with synchro-
nized responses. There was a deflection point in the cumula-
tive distribution of the synchronized population near 25 ms
because of the denser clustering of synchronization boundaries
below that point (Fig. 3b). Synchronized and non-synchronized
neurons overlap between 10 to 25 ms ICI with greater than 10%
of total samples in each population. Thus, for any ICI tested in
this study (3—100 ms), there was always a subpopulation of neu-
rons whose activities reflected the stimulus parameters. Addi-
tionally, both mean VS (Fig. 3e) and mean discharge rate
(Fig. 3f) averaged over the synchronized and non-synchronized
populations, respectively, reflected the trends of the response
boundaries of individual neurons. The complementary prop-
erties of the two populations of neurons indicate that their com-
bined activities may represent, in a two-stage mechanism, a
wide range of temporal intervals. The timing of relatively slow-
ly occurring sequential acoustic events can be explicitly repre-
sented by the temporal discharge patterns of the
stimulus-synchronized population. Faster rates of acoustic
events can be implicitly represented by the average discharge
rate of neurons in the non-synchronized population.

Dual temporal and rate coding by single neurons

The limit on stimulus-synchronized responses to sequential,
click-train stimuli did not reveal, however, whether the neu-
rons in the synchronized population were sensitive to fine tem-
poral features within a resolved acoustic event. To address this,
we tested the synchronized population of neurons using ramped
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Fig. 4. Neural selectivity to tempo-
ral asymmetry. (a) Top, examples of
temporally asymmetric ramped
(red) and damped (black) sinusoids.
The corresponding responses are
colored accordingly. Middle, expres-
sion of both stimulus-synchronized
responses and selectivity to ramped
sinusoids, in a representative neu-
ron. Bottom, stimulus-synchronized
responses showing selectivity to
damped sinusoids, in a representa-
tive neuron. (b) Asymmetry indices
(see Methods) for neurons in the
synchronized and non-synchronized
populations. Data points represent
statistically significant asymmetry
index values calculated at multiple
half-life values tested for each neu-
ron. (c) Response of a synchronized
neuron selective to damped sinu-
soids across different repetition
periods (3-100 ms). Top, post stim-
uli time histogram. Bottom, average
discharge rate as a function of stimu-
lus repetition period. Both ramped
and damped stimuli were presented
for each repetition period. Half-life,
4 ms. (d) Selectivity of ramped sinu-
soids in a non-synchronized neuron.
The stimuli were the same as those
in (c), but the half-life was 1 ms. (c,
d, bottom) Vertical bars indicate
standard error of the mean.

to temporal asymmetry within a
short time window. Asymmetry
indices (see Methods) that quan-
tify the selectivity to the ramped
and damped sinusoids were not
correlated with either the syn-
chronization boundary or the
rate-response boundary for the
synchronized and non-synchro-
nized populations, respectively
(Fig. 4b). These results indicate
that a neuron’s preference to rapid
temporal changes within a short
time window was largely inde-
pendent of its response property
as defined by sequential stimuli.
When the repetition periods

and damped sinusoids with temporally asymmetric envelopes?’”  of the ramped and damped stimuli were systematically varied, a
(Fig. 4a, top). The long-term Fourier magnitude spectra  neuron could show stimulus-synchronized discharge patterns at
between the ramped and damped sinusoids are identical, asthey  long repetition periods and, at the same time, an overall selec-
are time-reversed versions of each other. Psychophysical studies  tivity to temporal asymmetry. In an example neuron (Fig. 4c),

show that the ramped and damped sinusoids can be discrimi-  discharge rates in response to damped sinusoids were consistently
nated by both humans and animals?’-28, and a neural correlate higher than discharge rates in response to the ramped sinusoids
may exist in auditory cortex?®. for almost all repetition periods tested. We also observed stimu-

Neurons in the synchronized population can be selective to  lus-synchronized neurons selective for ramped stimuli (for exam-
the temporal asymmetry within a time window of 25 ms. One  ple, Fig. 4a). Thus, explicit temporal representation of 1Sls at
representative neuron (Fig. 4a, middle) discharged more strong- ~ coarser time scales can occur simultaneously with a rate-repre-
ly to the ramped sinusoids than to the damped sinusoids. Anoth-  sentation of fine temporal features by single neurons.
er showed the opposite response selectivity (Fig. 4a, bottom). Selectivity of temporal asymmetry at different repetition peri-
Neurons in the non-synchronized population can also be selective  ods occurred in non-synchronized neurons as well. In the exam-
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ple illustrated in Fig. 4d, as the repetition period was increased
from 3 ms to 20 ms, discharge rates decreased in a manner sim-
ilar to responses to click train stimuli, while overall responses to
ramped sinusoids were stronger than responses to damped sinu-
soids. These observations suggest that rate representations of two
different temporal aspects of stimuli can occur simultaneously
in the same neuron in the non-synchronized population.

Discussion

Temporal and rate representations

Here we examined the representation of time-varying sounds
over a wide time scale by neurons in the auditory cortex of
awake primates. Our results provide evidence that the auditory
system transforms rapidly changing temporal features into a
rate representation at the cortical level that bears no fine struc-
tural similarities to the stimuli. Although characteristics of the
neurons with stimulus-synchronized discharges have long been
studied (for review, see ref. 30), response properties of non-
synchronized neurons in auditory cortex have not been previ-
ously reported. The existence of these non-synchronized
neurons provides a possible means for the auditory cortex to
represent rapidly occurring sequences of acoustic events. These
observations suggest that perceptual capacity related to fine
temporal features (such as roughness) might be due in part to
rate representations by cortical neurons.

Additionally, we showed that sensitivity of a cortical neuron to
rapid temporal features could be coded alongside the represen-
tation of slowly occurring sequential events. These results sug-
gest that an auditory cortical neuron can play multiple roles in
encoding different temporal features of a stimulus, and that the
auditory cortex can sufficiently encode the wide range of com-
plex, time-varying sounds by a combination of temporal and rate
representations, or explicit and implicit mechanisms (Fig. 3d).
The overlap between operating ranges of the synchronized and
non-synchronized populations of neurons in the auditory cor-
tex provides continuity for representing slow and rapid time-
varying features. Although rate coding is widely discussed in the
literature on visual cortex3! and somatosensory cortex32, it has
not attracted much attention in the literature about the auditory
cortex, as there are limited stimulus-driven, sustained discharges
to support rate-coding schemes in the auditory cortex of anes-
thetized animals. Although the proposed two-stage mechanism is
largely based on cortical responses to click train stimuli, it can
be generalized to other types of time-varying sounds (Figs. 1d,
4c and 4d). It also has direct implications for cortical coding of
time-varying signals in other sensory systems.

Comparison with previous studies

Most previous studies investigating auditory cortical responses
to sequential stimuli such as click trains have been conducted in
anesthetized animals. Stimulus-synchronization rates reported
in the few studies conducted on unanesthetized animals016.17.24
are generally higher than those reported in studies done on anes-
thetized animals.

Our observations on the synchronized population of audi-
tory cortical neurons are largely consistent with previous obser-
vations in unanesthetized animals. Recordings from
unanesthetized cat auditory cortex reveal evoked potentials
stimulus-synchronized up to 200 Hz%* (5 ms ICI) and neural
discharges up to 300 Hz with a median value between 50 and
100 Hz10 (10-20 ms ICI). Stimulus-synchronized multi-unit
activity in the auditory cortex of awake macaque monkeys
occurred up to 300 Hz (3.33 ms ICI) using click trains!”. In the
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auditory cortex of unanesthetized rabbits, 50% recovery of
response to the second click in a click pair occurred at [20 ms33,
There is nevertheless some—Ilikely small—possibility that our
sampling and those of others missed neurons in the auditory
cortex with synchronization rates higher than those reported
here and elsewhere. It is also possible, however, that neurons in
thalamocortical input layers have higher synchronization rates
than those in upper cortical layers, where most of our record-
ings were made. Neurons in upper layers of Al, representing
outputs to other cortical fields, process further thalamocortical
inputs and outputs of neurons in middle layers. It has been
demonstrated by generic compartment models that discharge
synchronization to stimulus carrier or envelope can be reduced
by dendritic filtering and temporal integration3*. Moreover, we
found that the median synchronization boundary for neurons
recorded from the auditory cortex of awake marmosets (Fig. 3)
was lower than that determined from anesthetized cats in our
previous study?8 using the same set of click train stimuli (mar-
moset, 21.3 ms; cat, 39.8 ms).

The most striking difference between this and previous stud-
ies is the observation of a large percentage of neurons with non-
synchronized rate responses (Fig. 2). We describe in a previous
study!® a very small number of neurons recorded in the audi-
tory cortex of anesthetized cats that also exhibit rate responses
at short ICls. However, these responses are generally weak and
transient in nature. Neurons in the auditory cortex of awake
marmosets, on the other hand, responded to click trains of short
ICls with strong and sustained firings (Fig. 2a). Previous find-
ings show that neurons in the auditory cortex of awake squirrel
monkeys show sensitivity in their discharge rates to high mod-
ulation frequencies of AM stimulil6. Although high-frequency
modulations by stimulus components placed away from a neu-
ron’s excitatory receptive field may influence the firing rate of
a cortical neuron3®, this is a phenomenon fundamentally dif-
ferent from the rate response to short temporal intervals
described in this report. Temporal modulations in our stimuli
were created by spectral components centered on a neuron’s
excitatory receptive field.

Correlation with psychophysics

The results presented in this study may explain some of the
changes in perceptual quality of sounds as the intervals between
successive acoustic events vary over time. The number of neu-
rons in the synchronized population decreased as the ICI was
shortened, predicting reduced perceptual ability to resolve indi-
vidual acoustic events at short ISls. Indeed, the perception of
repeated noise bursts is described as discrete when the ISls are
long (>25 ms) and as continuous when they are short
(<4 ms)%, About 20 ms of separation between a pair of clicks is
required for 75% correct judgment of temporal order when the
two clicks have different amplitudes3”. Cortical magnetoen-
cephalographic recordings in humans show that responses to
individual clicks in a pair become difficult to resolve when the
intervals become shorter than 15-20 ms38, Although our data
and those cited psychophysical measurements were obtained
from different species, several studies show that non-human
primates and humans display similar properties in psy-
chophysical measures such as temporal integration functions
and temporal modulation transfer functions39:40,

Because stimulus-synchronized discharges do not occur at
short ISIs, non-synchronized discharges seem to provide a basis
for the auditory cortex to differentiate unresolved temporal fea-
tures. Only a few milliseconds are required for humans to dis-
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criminate between pairs of time-reversed click pairs2341, even
though they cannot individually resolve the clicks at such a short
time scale. Detection thresholds as short as 2 ms are found with
sinusoid pairs of different amplitudes*2 or when introducing gaps
in noises?2. In addition, humans can discriminate temporal asym-
metry within a short time window introduced by ramped and
damped sinusoids?”:4344, Stimulus-synchronized responses can-
not fully account for such fine perceptual capacity?®, At suffi-
ciently short intervals, click trains elicit a sensation of pitch equal
to the click rate (independent of click polarity) if repetition rates
are less than 100 Hz, or equal to the fundamental frequency
(dependent on click polarity) for rates greater than 200 Hz*°.
Pitch can arise from stimuli with no frequency components at
the perceived pitch frequency?8, that is, stimuli with a missing
fundamental frequency. The lower limit of pitch, defined as the
lowest repetition rate that evokes a sensation of pitch, is about
30 Hz*7, which is near the 25-ms ICI deflection point in the
cumulative distribution of synchronization boundary of the stim-
ulus-synchronized population (Fig. 3d).

Findings of our study suggest that a combination of temporal
and rate codes in the auditory cortex, representing slowly and rapid-
ly occurring acoustic events, respectively, may serve as the neural
basis for the wide perceptual range of temporal information.

METHODS

Recording procedure. Marmoset monkeys (Callithrix jacchus jacchus)
were adapted to sit quietly in a semi-restraint device within a sound-
proof chamber (Industrial Acoustics, Bronx, New York). We developed
a chronic recording preparation to laterally approach the auditory cor-
tex2%, which lies largely on the surface of the superior temporal gyrus
in the marmoset*4849, Action potentials of single neurons were record-
ed using tungsten microelectrodes (A-M Systems, Carlsborg, Wash-
ington) with impedances of 2-5 MQ (at 1000 Hz) and detected by a
template-based spike discriminator (MSD, Alpha Omega Engineer-
ing, Nazareth, Israel). The data presented were mainly obtained from
the primary auditory cortex (Al) and may have included a few neu-
rons from the immediately adjacent areas. The location of the prima-
ry auditory cortex was determined by its tonotopic organization, its
relationship to the lateral belt area (which was more responsive to nois-
es than tones®?), and the response properties of its neurons (which
have short latencies and are highly responsive to tones). Single neu-
rons were encountered at all cortical layers, but most recorded data
were from upper layers, judging by the depths and response charac-
teristics. All experimental procedures were approved by the Johns Hop-
kins University Animal Use and Care Committee.

Acoustic stimuli. Acoustic signals were generated digitally and delivered
in free-field through a speaker located approximately 1 m in front of the
animal. Once a neuron was isolated and its basic response properties
(such as CF, latency and rate-level characteristics) were determined, other
stimulus protocols were executed in randomized blocks for 5 or 10 rep-
etitions. Intertrial intervals were at least 1.5 s long. Unless indicated,
sound intensity was typically set at the peak of the neuron’s rate-level
function if it was non-monotonic or 10-30 dB above the threshold if it
was monotonic.

We used three sets of acoustic stimuli. The first set were wide- and
narrow-band click trains with constant interclick intervals (ICI) rang-
ing from 3 to 100 ms. Wide-band clicks were 0.1-ms rectangular puls-
es. Because only a small percentage of neurons in the unanesthetized
auditory cortex were responsive to this type of stimulus, we also used
narrow-band clicks, sinusoids at a neuron’s CF that were amplitude-
modulated by a Gaussian envelope!8. The bandwidths were controlled
by the standard deviation parameter, g, ranging from 0.1 to 0.4. A
larger o value gives a wider temporal envelope and a narrower spec-
tral peak. An optimal o value was chosen for each neuron. We also
tested some neurons with five-second-long click trains of random ICls
based on a modified Poisson distribution (A = 70 ms) with a dead time
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of 3 ms. Fifty repetitions of the same sequence were delivered for each
random-ICI click train.

The second set of stimuli, ramped and damped sinusoids?’ (Fig. 4a,
top), were generated by modulating a sinusoidal carrier at a neuron’s CF
with an exponential function. The half-life of the exponential function,
ranging from 0.5 to 32 ms, determined the time course of the amplitude
modulation. A smaller half-life corresponded to a more rapid rising
(ramped) or falling (damped) envelope. Each stimulus was repeated every
25 ms to a total duration of 500 ms. The sinusoidal carrier was continu-
ous in phase throughout the entire duration.

The third set of stimuli were ramped and damped sinusoids with rep-
etition periods that were systematically changed from 3 to 100 ms in the
same steps as used for the click train ICls, resulting in a set of sequential
stimuli with embedded temporal asymmetries.

Data analysis. Data were analyzed using custom software implemented
in Matlab (Mathworks, Natick, Massachusetts). Average discharge rates
were calculated over the entire stimulus duration and spontaneous dis-
charge rates were subtracted. Of 217 neurons tested in 4 animals, 190 neu-
rons responded in some manner to the click stimuli. Of these 190 neurons,
86 (45%) showed clearly defined synchronized responses or non-syn-
chronized rate responses. Synchronized and non-synchronized neurons
seemed to be intermingled and were encountered throughout different
recording sites and depths. Eight additional neurons (4%) showed mixed
responses (Fig. 3a). The remaining neurons showed varying degrees of
responsiveness to click-train stimuli, but had no significant stimulus-syn-
chronized discharges at an ICI of 100 ms. Among them, approximately
14% (26/190) of neurons showed monotonically increasing discharges
rates with increasing ICI. A smaller percentage, 7% (14/190), showed
band-passed rate responses. Another 6% (12/190) showed only inhibit-
ed responses. The remaining 23% (44/190) did not seem to have definite
ICl-dependent responses. Neurons in the last two groups did not seem
to be optimally driven by the click train stimuli used in this study.

Stimulus-synchronized temporal patterns were quantified by VS and
statistically assessed with a Rayleigh test!8.25, To ensure sustained syn-
chronized responses, two values of the Rayleigh statistic were calculated
for each ICI using the first and second halves of the response, and the
minimum of the two statistics was used in the determination. Onset
responses (<100 ms) were excluded from the calculation of the VS. For
neurons in the synchronized population, a synchronization boundary
was calculated from the Rayleigh statistic versus ICI curve with a two-
step analysis. First, an estimate of the synchronization boundary was
obtained using a threshold value of 13.8 (p < 0.001, Rayleigh)2. A lin-
ear interpolation between the estimated boundary ICI and the next test-
ed shorter ICI were used to obtain the synchronization boundary, that
is, the ICI where the Rayleigh threshold was crossed.

For neurons in the non-synchronized population, an estimate of rate-
response boundary was obtained as the minimum ICI where the discharge
rate was not significantly different from either the spontaneous rate or
the rate at the preceding, shorter ICI (p > 0.05, Wilcoxon rank-sum). The
rate-response boundary was calculated to be where a linear curve fit, based
on discharge rates from 3 ms ICI to the estimated boundary, crossed the
level of discharge rate corresponding to the estimated boundary.

A discharge rate ratio was used to further quantify the separation of the
two populations of neurons based on their responses to click trains (Fig. 3a).
It was defined as the maximum discharge rate occurring at ICls less than
5 ms divided by the maximum discharge rate occurring at ICIs greater than
30 ms. Neurons in the non-synchronized population typically had stronger
discharges at short ICls than at the longer ones. Consequently, their dis-
charge rate ratios were generally greater than one. Conversely, neurons from
the synchronized population tended to have weaker discharges at short ICls,
and therefore, their discharge rate ratios were typically less than one or less
than zero if they were inhibited (for example, Fig. 1a).

To quantify the asymmetry preference of a cortical neuron to ramped
or damped sinusoids, we defined an asymmetry index (1) at each half-
life value of the stimulus as follows: | = (R, — Ry)/(R, + Ry), where R, and
R4 are the discharge rates to the ramped and damped sinusoids, respec-
tively. Statistical significance of the asymmetry index at each half-life, on
a trial-by-trial basis, was assessed using a Wilcoxon rank-sum test. Non-
significant (p > 0.05) asymmetry index values were set to zero.
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