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Voice onset timgVOT) signifies the interval between consonant onset and the start of rhythmic
vocal-cord vibrations. Differential perception of consonants such as /d/ and /t/ is categorical in
American English, with the boundary generally lying at a VOT of 20—40 ms. This study tests
whether previously identified response patterns that differentially reflect VOT are maintained in
large-scale population activity within primary auditory cort@d) of the awake monkey. Multiunit
activity and current source density patterns evoked by the syllables /da/ and /ta/ with variable VOTs
are examined. Neural representation is determined by the tonotopic organization. Differential
response patterns are restricted to lower best-frequency regions. Response peaks time-locked to both
consonant and voicing onsets are observed for syllables with a 40- and 60-ms VOT, whereas
syllables with a 0- and 20-ms VOT evoke a single response time-locked only to consonant onset.
Duration of aspiration noise is represented in higher best-frequency regions. Representation of VOT
and aspiration noise in discrete tonotopic areas of A1 suggest that integration of these phonetic cues
occurs in secondary areas of auditory cortex. Findings are consistent with the evolving concept that
complex stimuli are encoded by synchronized activity in large-scale neuronal ensembl2803©
Acoustical Society of America[DOI: 10.1121/1.1582449

PACS numbers: 43.64.Qh, 43.64.Sj, 43.71 84S

I. INTRODUCTION nott and Brown, 1997; Kluendeet al, 1998; Ohlemiller
et al, 1999; Holtet al, 2001; Le Prelket al, 2001). Animals

Understanding how information relevant to speech proshow categorical perception of voiced versus unvoiced stop
cessing is extracted from the neural signal is a cardinal goajonsonants with VOT boundary values comparable to those
of modern auditory neurophysiology. In this study, we exam-n humans, suggesting that neurophysiological experiments
ine neural representation of voice onset tifwOT). This  jn animals may be directly relevant for investigating mecha-
important speech parameter is utilized by most of the worlthisms involved in VOT encoding. Earlier work examining
|anguages and SignifieS the interval between consonant leortical responses to Speech sounds in monkey primary au-
lease(onse} and the onset of periodic vocal-cord vibrations ditory cortex (A1) found that syllables with a short VOT
(voicing) (Lisker and Abramson, 1964In American En-  often evoked a single transient response at consonant onset,
glish, a short VOT promotes the perception of the voicedyhereas syllables with a long VOT typically evoked two
stop consonants /b/, /d/, and /g/, whereas a long VOT facilitransjent responses, one at consonant onset and another at
tates the perception of the unvoiced stop consonants /p/, ioicing onset(Steinschneideet al, 1994, 1995 These data
and /k/. Differential perception of these phonemes is catigq to the hypothesis that the perception of voiced from un-
egorical, with the boundary for discriminating a voiced from ygjced stop consonants is partly determined by the difference
an unvoiced stop consonant in syllable-initial position gen{etween these two response patterns.
erally lying at a VOT of 20—-40 ms. In this study, we examine the neural representation of

Various features of speech perception are similar in h“stop consonant-vowel syllables with variable VOT in A1,
mans and animals, indicating that phonetic processing re”eésing neuronal population measures in awake, naive old-
in part on basic auditory system mechaniseg., Kuhl and \yorid monkeys. The goal is to test the hypothesis that pre-
Miller, 1975, 1978; Kuhl and Padden, 1982; Sinnott and Ad-y;oysly identified temporal response patterns reflecting the
ams, 1987; Kluender and Lotto, 1994; Dettal, 1997; Sin-  yerceptual boundary in humans are maintained in large-scale
population activity. Alternatively, these response patterns
dElectronic mail: steinsch@aecom.yu.edu could be obscured in the overall population activity by other,
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less specific response components evoked by the syllables, fixation were embedded in a mound of dental acrylic secured
could be restricted to specific regions of A1l. Growing evi-to the skull with inverted bolts keyed into the bone. Peri- and
dence that complex stimuli are encoded by synchronized agostoperative anti-inflammatory agents were given to reduce
tivity in large-scale neuronal ensembles emphasizes the neg@wtential discomfort. Recordings began 2 weeks after sur-
to examine population responses sampled across a wide egery.

tent of auditory corteXCreutzfeldtet al, 1980; Gehret al, Recordings were performed with multicontact electrodes
2000; Rotmaret al,, 2001; Nagarajart al, 2002; Petersen constructed in our laboratoBarnaet al,, 1981). They con-

et al, 2002. Maintenance of temporal response patterns diftained 14 recording contacts arranged in a linear array and
ferentially representing VOT in population activity could fa- evenly spaced at 15@m intervals(<10% erroy, permitting
cilitate the rapid representation of stop consonants that ogimultaneous recording across Al laminae. Contacts were
curs during perception of real-time streams of speech25-um stainless-steel wires insulated except at the tip, which
Studies in awake animals are mandated by the marked efvere fixed in place within the sharpened distal portion of a
fects of anesthesia on auditory cortical and medial geniculatg0-gauge tube, and were maintained at an impedance of 0.1—
responses to sour(@itkin and Dunlap, 1968; Mkelaet al, 0.4 MQ at 1 kHz. The reference was an occipital epidural
1990; Madleret al, 1991; Zuritaet al, 1994; Gaese and electrode. Headstage preamplification was followed by am-
Ostwald, 2001; Talwar and Gerstein, 200Results obtained plification (X5000 with differential amplifiers(down 3 dB

in naive animals can serve as a benchmark for evaluatingt 3 and 3 kHx Signals were digitized at a rate of 3400 Hz
physiological changes that occur with learnifegg., Recan-  and averaged bxEUROSCAN software to generate auditory
zoneet al, 1993; Tremblayet al,, 1997; Weinberger, 1997; evoked potentialéAEPS. Multiunit activity (MUA) was ex-
Ahissar et al,, 1998; Merzenichet al., 1999; Blakeet al, tracted by high-pass filtering the raw input at 500 (¢t l-off
2002, a consideration especially relevant for modeling24 dB/octave, further amplifying(x8) and full-wave recti-
speech-evoked activity in young infants with limited lan- fying the derived signal, and computer averaging the result-
guage exposure. ant activity.

Adequate assessment of speech-evoked activity requires  MUA measures the envelope of action potential activity
that temporal response patterns be related to organizationgénerated by neuronal aggregates, weighted by neuronal lo-
features of Al. Thus, the relationship between patterns ofation, size, and electrode impedan@ee Vaughan and
activity and the tonotopic organization is examined to assesfrezzo, 1988 MUA is similar to cluster activity but has
the degree to which specific response profiles are restrictegleater response stability than either cluster or single-unit
to discrete best-frequency regions. Laminar-specific reresponsegNelken et al, 1994. We observe sharply differ-
sponses are also evaluated to determine whether temporghtiated MUA at recording contact spacings of Z& (e.g.,
patterns are merely reflections of transmitted subcortical acschroedeet al, 1990, and other investigators have demon-
tivity or represent newly generated cortical transformationsgtrated a similar sphere of recordiiBroschet al, 1997.
occur in laminae that project to secondary auditory corticalgr some recording sessions, data were stored on either an
fields, and are preserved in later polysynaptic activity. analog(bandpass 0—5 kHaor a digital tape recordésample

rate 6 kHz. Due to limitations of the acquisition computer,
Il. METHODS sampling rates were less than the Nyquist frequency of the

Six male macaque monkeyéMacaca fascicularis low-pass filter setting of the amplifiers. Empirical testing re-
weighing between 2.5 and 3.5 kg were studied followingvealed negligible signal distortion, as almost all energy in the
approval by our institutional Animal Care and Use Commit-neural signals was less than 1 kHz. Samples of off-line data
tee. Animals were housed in our AAALAC-accredited Ani- from the digital tape recorder were redigitized at 6 kHz, and
mal Institute, and their health was monitored daily by theresultant MUA had waveshapes and amplitudes nearly iden-
investigators and veterinary staff. Experiments were contical to those of data sampled at the lower ratestortion
ducted in accordance with institutional and federal guidelines<1%). MUA acquired from the digitally taped data was also
governing the use of primates. Animals were initially trainedlow-pass filtered below 800 Hz using newer digital filté98
to sit comfortably with hands restrained in customized pri-dB/octave,RP2 modules, Tucker Davis Technologiesnd
mate chairs. Surgery was then performed using sterile teciihen averaged at a sampling rate of 2 kHz to further test the
nigues and general anesthe@adium pentobarbital Holes  accuracy of the initial measurements. Differences between
were drilled into the skull to accommodate epidural matriceghese and initial measurements were negligitfiéshman
that allowed access to the brain. Matrices consisted of 18t al, 2001). To further validate MUA measures,
gauge stainless-steel tubes glued together into a honeyconperistimulus-time-histograms(PSTHg were constructed
form. They were shaped to approximate the contour of thérom high-pass-filtered500 Hz data sampled at 65 kHz
cortical convexity, covered with a protective layer of sterile with a binwidth of 1 mgBRAINWARE32, Tucker Davis. Tech.
silastic, and stereotaxically positioned to target Al at arfor all electrode penetrations whose responses were stored on
angle 30 deg from normal to approximate the anterior-tape. Triggers for spike acquisition were set at 2.5 times the
posterior tilt of the superior temporal gyrus. This angle per-amplitude of the high-frequency background activity. Neu-
mitted electrode penetrations nearly orthogonal to the surfacenal cluster responses were acquired from lower lamina 3,
of Al, a requirement for performing one-dimensional currentthe same depth at which MUA was analyzed.
source densitfCSD) analysis(e.g., Vaughan and Arezzo, One-dimensional CSD analysis was used to characterize
1988. Matrices and Plexiglas bars permitting painless headhe laminar pattern of net current sources and sinks within

308 J. Acoust. Soc. Am., Vol. 114, No. 1, July 2003 Steinschneider et al.: Voice onset time encoding in auditory cortex



Da 0 msec VOT from 0.2 to 12 kHz, with 10-ms linear rise—decay ramps.
- They were digitally constructed, edited, and delivered at a

4 kHzl- sampling frequency of 44.1 kHz uSimGIDESIGN TURBO-
L > SYNTH and SOUND DESIGNER Iisoftware and hardware. All
TP rrrrrrerree™ stimuli were 175 ms in duration and were presented once
2 kHz}-

every 658 ms via a dynamic headphdiS®ny, MDR-7502
coupled to a 60-cc plastic tube that was placed against the
- R S P RS ear contralateral to the recording site. Sound intensity was
msec 50 100 130 40l measured with a Bruel & Kjaer sound-level meteype
Ta 60 msec VOT 2236 positioned at the opening of the plastic tube attached
r 2 to the headphone.
4 kHz| Recordings were performed in a sound-attenuated cham-
ber with the animals painlessly restrained. Monkeys main-
tained a relaxed, but alert state, facilitated by frequent con-
tact and delivery of juice reinforcements. Positioning of the
- - _ electrode was guided by on-line inspection of AEPs and
e MUA evoked by 80-dB clicks. Tone bursts and speech
msec S0 100 150 200 sounds were presented when the recording contacts of the
FIG. 1. Sound spectrographs of the synthetic syllables /da/ and /ta/ used linear-array electrode straddled the inversion of early cortical

this study. Syllables with a VOT of 0 and 60 ms are shown. Syllables withAEP components. Response averages were generated from
a VOT of 20 and 40 ms were also presented. See the text for details. 50—100 stimulus presentations

Al. CSD was calculated from AEP laminar profiles using an ~ After completion of a recording series, animals were
algorithm that approximated the second spatial derivative ofl€eply anesthetized with sodium pentobarbital and perfused
the field potentials across three adjacent deggreeman through the heart with physiological saline and 10% buffered
and Nicholson, 1975 Sinks generally index regions of net formalin. A1 was physiologically delineated by its typically
synaptic depolarization, although they can also represent cutarge amplitude responses and by a BF map that was orga-
rent return for hyperpolarization occurring at an adjacenflized with low BFs located anterolaterally and higher BFs
site. Sources denote either sites of net current return foposteromediallye.g., Merzenich and Brugge, 1973; Morel
nearby depolarizations or locations of hyperpolarization et al, 1993. Electrode tracks were reconstructed from coro-
These possibilities were distinguished by using the concurb@l sections stained with cresyl violet, and A1l was anatomi-
rently recorded MUA as a measure of net neuronal excitatio§ally identified using published criteriee.g., Morelet al,
and inhibition. A sink associated with increased MUA re- 1993. Depths of the earliest click-evoked current sinks were
flects excitatory post-synaptic potentigEPSP§ while a  used to locate lamina 4 and lower lamingS&einschneider
source associated with MUA reduction indicates hyperpolaret al, 1992. This method is compatible with findings of
ization. other studiegMdller-Preuss and Mitzdorf, 1984; Metherate
Speech sounds were the syllables /da/ and /ta/ wittend Cruikshank, 1999; Rose and Metherate, 2001; Cruik-
VOTs of 0, 20, 40, and 60 ms. They were initially synthe-shanket al, 2002. A later current sink in upper lamina 3 and
sized at the Haskins Laboratoriéllew Haven, CJ, and & concurrent source located more superficially were almost
later digitized at a sampling frequency of 44.1 kHz and ed-always identified in the recordings. The sink served as an
ited. Syllables with a VOT of 0 and 20 ms were reliably additional marker of laminar depth, and has been repeatedly
perceived by human listeners as /da/, while those with a VOPbserved(e.g., Muler-Preuss and Mitzdorf, 1984; Stein-
of 40 and 60 ms were perceived as /ta/. Sound spectrograpsshneideret al, 1992, 1994, 1998; Metherate and Cruiks-
of /da/ with a 0-ms VOT and /ta/ with a 60-ms VOT are hank, 1999; Fishmaat al, 2000b; Cruikshanlet al., 2002.
shown in Fig. 1. Syllables were composed of three formantd his physiological procedure for laminar identification was
with steady-state center values of 817 Hz for the first formanainatomically checked by correlation with measured widths
(F1), 1181 Hz for the second formanE2), and 2632 Hz of Al and its laminae at select electrode penetrations. MUA
for the third formant F3). Starting formant frequencies recorded from infragranular laminae and subjacent white
were 200 Hz forF1, 1835 Hz forF2, and 3439 Hz foFF3.  matter, and with onset and peak latencies earlier than intrac-
Formant transitions were 30 ms férl, and 40 ms fofF2 ortical activity, was ascribed to activity in thalamocortical
andF3. The fundamental frequency§) was 100 Hz. Syl- (TC) afferents(Steinschneideet al, 1992, 1994
lables were presented at 80 dB SPL. The intensity of aspira- Representation of VOT in temporal patterns of popula-
tion noise at onset was 17 dB less than the sound-pressutien responses was evaluated in several ways. We first exam-
peaks in the vowels, and it rose nearly linearly by 5 dB overined relative MUA amplitudes within lower lamina 3, segre-
the 60-ms maximum time span of the noise. Isointensity fregated according to the BF of the recording sites. Response
quency response functions based on pure-tone responsesratios were derived by dividing the amplitude of the MUA at
60 dB SPL were used to characterize the frequency sensitii0 ms increments after the peak “on” response by the maxi-
ity of the cortical sites and derive an estimate of the bestnum amplitude of the initial “on” response. Mean peak la-
frequency(BF). BF was defined as the frequency that elic-tencies of the initial “on” responses ranged from 12 to 13 ms
ited the largest response to tone onset. Pure tones rangém the four syllables and were not significantly different

2 kHz
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from each othefANOVA, p=0.32). Data were subjected to A. Representation of VOT in Al
a two-way ANOVA, andpost hocanalysis was performed Neural representation of VOT is determined by the tono-

\L;imgla Tukey—_Kr?jmtir adjgjst?w?nt for multlplel_tcodmpafnTonstopiC organization of Al. Results are graphically depicted in
€ also examine € absolute mean ampiitude of lowe ig. 2, which illustrates response ratios obtained in low,

Ie}mina 3 MUA segregated.accord.ing to .BF' Statistical analy_middle and higher BF regions for each stimulus VOT and at
S|sdwastphergzlrmed at kﬁy t||me pﬁ!nlts using OF‘e'Waty At'\lg.VAeach 10-ms incremental time point following the peak of the
2%(:2?;8 Igvefl\‘/g)rr:)]ggt_ho?iuesstrsn:v;;i%ognSpaSnisrfiPasr ae:a'ly 'Iinitial response to stimulus onset. Response patterns differ-
e : ' entially reflecting VOT are restricted to lower BF recordin
ses were performed for MUA measures of TC fiber activity, 1y g ! W 9

- . . sites. At sites with a BF oK1 kHz, response peaks time-
PSTH indices, and amplitudes of CSD sinks and source - ; !
Only p values of the ANOVA will be stated. Jocked to voicing onset are observed for syllables with 40

and 60-ms VOTdsolid arrows. This low-frequency region
would be predicted to respond to voicing onset, which ini-
IIl. RESULTS tiates the increase iRl sound energy. However, the stimu-
lus with a 20-ms VOT fails to evoke a significant peak of
Results are based on 78 electrode penetrations into Adctivity time-locked to voicing onsetlotted, unfilled arrow
where lower lamina 3 MUA exhibited a short lateneg25  The key statistical result is a significant stimukigne inter-
ms), transient response elicited by syllable onset. MUA had action (p=0.0001).Post hocanalysis reveals significant in-
BF of <1 kHz, 1-2 kHz, 2—4 kHz, and-4 kHz in 33, 15, creases in activity at voicing onset for the syllables with a
12, and 18 penetrations, respectively. Excitation without atwvOT of 40 and 60 ms when compared against all preceding
“on” response was evoked in five additional penetrations,time points. This effect is absent in the response evoked by
sustained MUA suppression occurred in one penetration, antthe 20-ms VOT syllable. MUA at locations with BFs be-
no responses were obtained in two penetrations. tween 2—4 kHz does not contain response peaks to voicing

310  J. Acoust. Soc. Am., Vol. 114, No. 1, July 2003 Steinschneider et al.: Voice onset time encoding in auditory cortex



BF <1.0kHz BF 1.0-2.0 kHz BF 2.0-4.0 kHz BF > 4.0 kHz

FIG. 3. Averaged absolute amplitude
responses in lower lamina 3 evoked by
the syllables and segregated by record-
ing site BF. Syllable VOT is shown at
the left and superimposed waveforms
at the bottom. Arrowheads above the
timelines indicate stimulus onset and
offset. Vertical dotted lines are aligned
with predicted times for responses to
voicing onset for the 20-ms VOT syl-
lable. See the text for details.

msec 0 100 200 0 100 200 o 100 200 0 100 200

onset(right-hand columi While the BF region of 1-2 kHz significant main effects of stimulus VOT p&0.0001,
has response peaks evoked by voicing onset for the longer0.0029, and<0.0025, respective)y Post hocanalyses re-
VOT stimuli, there is a marked increase in response variabilveal that peak responses to voicing onset evoked by the 40-
ity. Examination of the individual penetrations in this BF and 60-ms VOT syllables are larger than those evoked by the
range suggests that a differential VOT effect is observeather syllables at the same time points. In contrast, at the
when large-amplitude responses are evoked by lower fretime of the predicted response to voicing onset for the 20-ms
guency tones that approximafel. VOT syllable, activity is similar in amplitude to that elicited
Similar to results obtained using relative amplitude mea-by the 0-ms VOT syllable, and both responses are larger than
sures, differential representation of VOT is present in thehe responses evoked by the prolonged VOT syllables.
absolute mean amplitude of synchronously active A1 popuSomewhat less pronounced changes are observed in the 1.0—
lations (Fig. 3). Vertical dotted lines are aligned with the 2.0-kHz BF region. MUA increases time-locked to voicing
predicted location of the peak in the response to voicingonset are still only observed for the prolonged VOT stimuli
onset for the 20-ms VOT stimulus to facilitate waveform (unfilled, curved arrows and ANOVASs reveal main effects
comparisons. Overlaid responses to all four syllables are desf stimulus VOT at the 60-, 40-, and 20-ms VOT time points
picted at the figure bottom. Sites with BKsl.0 kHz show  (p<<0.0001, 0.0135, and 0.0008, respectiyeBost hoctests
peaks in MUA time-locked to both consonant release andeveal differences identical to those observed inttiekHz
voicing onset only in response to syllables with VOTs of 40BF region, with the exception that the response to voicing
and 60 ms(solid curved arrows MUA elicited by these onset for the 40-ms VOT syllable is not significantly larger at
syllables contains a brief period of suppression that followghat time point than the activity evoked by the 20-ms VOT
the responses to consonant release. This suppression decatimulus.
in the response to the 60-ms VOT stimulus, and is followed A different pattern of activity is seen in the BF region of
by a plateau of activity upon which the response to voicing2.0—4.0 kHz. Following an initial burst of MUA time-locked
onset occurs. The expected response to voicing onset for the consonant release, there is a sustained plateau of activity
20-ms VOT stimulus occurs at the peak of the MUA suppresthat persists throughout the higher frequency aspiration
sion, truncating the suppression but restricting the developaoise. Sustained activity is absent in the response evoked by
ment of a response peak time-locked to voicing onset. ANOthe 0-ms VOT stimulus, which has no aspiration noise. An-
VAs performed on response amplitudes at the times obther phasic burst of activity that is present for the two
response peaks evoked by voicing onset for the 60- antbnger VOT stimuli (Fig. 3, straight arrowsoccurs at the
40-ms VOT syllables, and at the time of the predicted retermination of the sustained increase, and is absent in the
sponse to voicing onset for the 20-ms VOT syllable, showresponse to the 20-ms VOT stimul(gertical, dotted ling
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Differences among these latter responses, however, fail to Thalamocortical Fiber MUA

reach statistical significance. BF <1 kHz BF 1-2kHz BF 2 -4 kHz
Regions with BFs greater than the spectral content of the vOT I'd

syllables(>4.0 kH2 are also responsive to the sounds pre- ('gz) »WWL’W*

sented at 80 dB. Response bursts are evoked by consonan

onset, and are followed by variable responses occurring dur- I'd

ing the aspiration noise, and modest increases in activity to ’\ Ml WW wal

voicing onset in the longer VOT stimularrowheads As for 40

all BF regions greater than 1.0 kHz, periodic activity phase-

locked to the 100-H# is present. These modulations are I'd " m

in-phase across the neuronal populations of the three higher 20

BF regions. Izw
Similar response patterns reflecting VOT are observed in

PSTHs derived from lower lamina 3 cell cluster activity 0 Mwm

(data not shown Responses are drawn from BF regions

where MUA contained components time-locked to consonant L AR AW VTR RN

release and voicing onset: BF was less than 1 kHz in 18 ™ o 100 200 o 100 200 o 100 200
penetrations, and 1__2 kHz in 10 others. PSTHs contain 'S1G. 4. TC fiber MUA recorded from infragranular laminae and white mat-
sponse components time-locked to both consonant and voiger immediately beneath A1. Response peaks to voicing onset are evoked by
ing onset for the 40- and 60-ms VOT stimuli, while the O- the prolonged VOT stimuli but not by the syllable with the 20-ms VOT in
the low-BF regionarrows. Low amplitude response peaks to voicing onset,

and 20-ms VOT syllables evoke a response only to Consoéspecially to the 60-ms VOT syllables, are also observed in the TC fiber

nant release fo”QW?(_j by a Plateau of SU.Stained activitymua recorded in higher BF regions. Additional speech features are repre-
ANOVAs reveal significant main effects of stimulus VOT at sented in TC fiber responses. In all BF regions, the 100 i represented

the 60-, 40-, and 20-ms VOT time pointp<€0.0128, 0.05, by phase-locked responses. This pattern is absent from the cortical MUA

. P within low BF regions(Fig. 3), paralleling findings using click train and
and 0.0006, respectivelyPost hocanalyses indicate that complex tone stimul(Steinschneideet al, 1998: Fishmaret al, 20004.

responses to the 49'_ and 60-ms VOT Sylllables are larger &l guration is tracked by sustained increases in MUA within BF regions
the time of their voicing onsets than activity evoked by theless than 1 kHz and by sustained suppression in the highest BF region,

shorter VOT syllables at the same time points. The respongegtterns also observed in the cortical MUAG. 3).
to the 20-ms VOT syllable at the expected peak to voicing

onset is not different from that evoked by the 0-ms VOTe oked by short and long VOT syllables. The TC fiber re-
sound, and both are larger than responses to the 40- a@%onse peak evoked by voicing onset in the 60-ms VOT
60-ms VOT syllables. syllable fails to reach statistical significance when compared
against responses evoked by the other syllables at the same
time point (p0<<0.15). While this failure could be due to the
Cortical responses could simply reflect transmission of alecreased sample size relative to the lower lamina 3 MUA
preexisting pattern present in the activity of TC fibers, or(N=22 vs 33, the same analysis performed on lower lamina
alternatively, they could represent a transformation of the8 MUA from these 22 penetrations demonstrates a significant
input activity. This issue was addressed by examining MUAresponse increase at voicing onspt(0.0001). Similarly,
from infragranular laminae and subjacent white matter rewhile TC fiber response amplitudes at the time of voicing
corded simultaneously with that in lower lamina 3. MUA onset for the 40-ms VOT syllable are significantly different
was ascribed to activity in TC afferents based on its depttirom each other§<0.03), nopost hoctest is significant. In
and earlier response latency. TC fiber MUA was identified incontrast,post hocanalysis performed on the more limited
22, 7, and 7 electrode penetrations that entered low, middleortical sample does demonstrate a larger response to voicing
and higher BF regions of A1, respectively. The average sepanset for the 40-ms VOT syllable when compared against
ration between MUA recorded from lower lamina 3 and activity evoked by the other syllables at the same time point
deeper activity in TC afferents was 0.9, 0.8, and 1.2 mm inassociated ANOVAp=0.0007).
the low, middle, and high BF groups, respectively. Peak la- CSD profiles recorded in lower lamina 3 partly reflect
tencies of the initial “on” responses of TC fibers were 3, 2, the initial synaptic activity in A1 evoked by its thalamic
and 2 ms earlier than those of lower lamina 3 MUA for theinput, and display a differential pattern of VOT representa-
three BF groups, respectively. tion that is also less pronounced than the MUA in lower
TC fiber MUA recorded from low BF regions of Al also lamina 3(Fig. 5). Following large amplitude sinks evoked by
exhibits accentuated response peaks evoked by voicing onsginsonant release, low amplitude sinks are generated by the
in the 40- and 60-ms VOT stimuliFig. 4, solid arrows syllables with a 40- and 60-ms VOT in lower BF regions
Responses evoked by the 0- and 20-ms VOT stimuli are verfleft-hand column, solid arrowsTheir low amplitude may
similar in morphology. The absent peak in the response tbe partly based on net current summation with current
the 20-ms VOT stimulus is indicated by the unfilled arrow. sources evoked by other concurrent synaptic events. Despite
While this finding indicates that the cortical MUA is partly their small size, activity evoked by voicing onset in the four
based on subcortical response patterns, intracortical preyllables is significantly different<0.032 andp<0.0001
cesses appear to amplify differences between responséw the 60- and 40-ms VOT stimuli, respectivelyand post

B. Thalamocortical fiber (TC) representation of VOT
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FIG. 5. Averaged CSD profiles recorded from lower lamina 3 segregated b

hoc analyses indicate that the sinks evoked by the 40- and
60-ms VOT syllables are significantly larger than the activity
evoked by the other two syllables at the same time points.
While activity at the time point for the expected peak in the
response to voicing onset for the 20-ms VOT sound is dif-
ferent among the syllable&0.005), the sinks evoked by
the 0- and 20-ms VOT syllables are equival@mfilled ar-
rows), and are greater than the responses to the longer dura-
tion VOT sounds. A different CSD pattern is observed in the
higher BF regionright-hand columj Here, sinks occurring
after the termination of the aspiration noise are seen for the
syllables with 20-, 40-, and 60-ms VOTarrows, followed

by sources and sinks evoked by syllable offsets.

Cortical accentuation of responses reflecting VOT is ex-
emplified by the laminar profile of MUA simultaneously re-
corded across middle and lower laminae during an electrode
penetration into a lower BF ard&ig. 6). Latencies of MUA
peaks at depths A—F are more than 2 ms later than those
recorded at depths G—I. The very short onset latency of the
deeper responsés-5 mg is indicative of their TC fiber ori-
gin. Tone-evoked responses are sharply tuned and are maxi-
mal to frequencies below 1 kHz at all sites except depth H,
which has a broad tuning curve spanning 0.2 to 8 kHz. MUA
at the three deeper sitd&—1) contains prominent bursts
evoked by syllable onset followed by activity phase-locked
to theF, and variable increases time-locked to voicing onset.
In contrast, MUA at the more superficial deptt#s-F) con-

BF of the recording sites. Superimposed waveforms are shown at the botiNS prominent responses to both syllable and voicing onsets

tom. See the text for details.

R aaaanaany s ks
msec 0 100 200 0 100

for the longer VOT stimuli(solid arrows and an absence of

Y
100 200 0 100 200

FIG. 6. Laminar profile of MUA simultaneously recorded at 1&0-intervals during an electrode penetration into a low BF site in Al. Each recording depth
is labeled at the far left, where approximate laminar boundaries are also shown. Note the difference in response patterns from the cortical &l record

depths A through F, and those from TC fibers recorded at depths G through I. Dotted lines facilitate comparisons across responses at consomant and voici

onsets, and help illustrate the greater than 2-ms latency shift in the TC fiber responses and those from cortex. Following the response bunst tmsetjsona

there is a period of MUA suppression denoted by the symbol S. The predicted response to voicing onset for the 20-ms VOT syllable occurs during this
suppressioridotted arrow, and the response is similar to that evoked by the 0-ms VOT stimulus. In contrast, both consonant and voicing onset elicit phasic

responses for the two longer VOT stim@siolid arrows.
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FIG. 7. Laminar CSD profile recorded simultaneously with the MUA shown in Fig. 6. Depths shown at the left correspond to the same depths in the previous
figure. Note that responses to voicing onset at depth C in the CSD are present to syllables with VOTs of 20, 40, atebli® anows, while the cortical

MUA shown in Fig. 6 has responses to voicing onset for only the two more prolonged VOT stimuli. MUA suppression in the previous figure is coincident with
current sources at depths B and(infilled arrows.

phase-locked activity to the,. The location of the predicted

response to voicing onset for the 20-ms VOT syllable is

shown by the unfilled dotted arrow. At the time when the

response to voicing onset should occur, MUA suppression VOT J

below baseline levelédenoted by $is present throughout (msec)

depths A—F. This suggests that MUA patterns differentially 60

reflecting VOT are accentuated by transient neuronal sup:

pression. /
Simultaneously recorded CSD supports this conclusion /7

(Fig. 7). Sinks located at depths B—D mark the initial cortical 40

depolarizations. At the center of the initial depolarization

BF <2 kHz
Upper Lamina 3 CSD Superficial CSD

(depth @, additional sinks evoked by voicing onset are ob- / N
served for the syllables with VOTs of 20, 40, and 60 ms 29
(solid arrows. This pattern is less restrictive than the simul- f

taneously recorded MUAFig. 6), which fails to reveal a
cortical response to voicing onset for the 20-ms VOT syl- 0
lable. However, the CSD does resemble the pattern of TC
fiber MUA recorded at depth G, suggesting that the CSD B Sink
represents activity derived from TC fiber input. This change

in temporal response patterns between TC fiber MUA and e 0 e 00 as e e  on s 500 280,
subsequent synaptic activity, and the intracortical MUA, sup-

ports the conclusion that intracortical processes sharpen re

sponses reflecting VOT. Sources concurrent with MUA sup-

pression (Fig. 7, unfilled dotted arrows likely reflect

currents induced by inhibitory events.

Source
= ]:0.5 mV/mm?

C. Interlaminar processing of VOT

Early cortical response patterns reflecting syllable VOT
are maintained in subsequent interlaminar processing withigiG. 8. Averaged upper lamina 3 and more superficial CSD recorded from
regions with BFs2 kHz (Fig. 8). The left-hand column de- penetrations into Al areas with BFs less than 2 kHz. Average separation
picts the averaged CSD recorded in upper lamina 3, Wh”getween the earlier lower lamina 3 sink and the more superficial and later
. . sink in upper lamina 3 is 38@m, while the even more superficial activity
the “ght'ha'?d_ COlumn illustrates CSD recorded from €VeNyas recorded an average of 3@36 above the upper lamina 3 CSD. Super-
more superficial laminae. The averaged CSD recorded froricial sources are coincident with the upper lamina 3 sinks, consistent with a
these upper lamina 3 sites consists of an initial current sinkurrent dipole within apical dendrites of pyramidal cells. Response evoked
v0|C|ng onset to the longer VOT syllables is greater than that elicited by
evoked by consonant release with onset and peak Iatenuene 20-ms VOT syllablgarrows. Effects are highlighted by the superim-
5-6 ms later than those in lower lamina 3. Sinks evoked b)f)osed waveforms shown at the bottom of the figure, which also illustrates

voicing onset(arrowy show a marked amplitude reduction boundary demarcations used to quantify the data.
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20 FIG. 10. Averaged lower lamina 3 MUA evoked by syllables presented at
the standard 80-dB SPL intensity and at 62 dB SPL. Activity represents the
mean of the responses recorded from six Al sites, three located in areas with
BFs <1 kHz and three with BFs between 1 and 2 kHz. Solid arrows mark

the accentuated responses evoked by voicing onset of the 40-ms VOT syl-

Uad

0] . - i ; o
lable. There is an increase in the ratio of responses evoked by voicing onset
[1Source relative to the activity evoked by consonant release for the less intense
0.5 mV/mm’ Il sink syllables, including that elicited by the 20-ms VOT stimulumfilled ar-

N v row).
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evoked by the 40-ms VOT sound is larger than that evoked
by the 20-ms VOT syllable. These effects are best illustrated
by the superimposed waveforms shown at the bottom of the
figure.

Aspiration noise modulates interlaminar processing in
the 2—4-kHz BF regior(Fig. 9. The prolonged VOT syl-
lables elicit extended sinks in upper lamina 3 and sources in
FIG. 9. Averaged upper lamina 3 and more superficial CSD recorded fronfn€ more superficial CSDarrows overlying superimposed
penetrations into Al areas with BFs of 2—4 kHz. Separation between thgvaveforms at figure bottom Sources and sinks evoked by
lower lamina 3 and upper lamina 3 recording sites averagesu855wvhile the 20-ms VOT sound are intermediate in amplitude between

separation between the latter depth and the superficial CSD isu868 . . .
Arrows overlying the superimposed waveforms at the bottom of the figurethose elicited by the /ta/ stimuli and those generated by the

highlight the extended sources and sinks evoked by the 40- and 60-ms VO®-ms VOT syllable. Areas of sources and sinks were com-

syllables. Vertical lines denote boundaries for the areas used to quantify trputed from the intervals of 20 to 100 ms, and 100 to 190 ms,

data. boundaries representing common points of diversion in the
waveforms. The magnitude of the sink from 20 to 100 ms in

when elicited by the 20-ms VOT syllable. More superficial upper lamina 3 is the (_)nly difference rea_ch|_ng_stayst|cal SIg-
nificance £=0.02), with post hocanalysis indicating that

CSD patterns mirror these findingarrows. This dipole h he | VOT svilabl | han th
configuration is consistent with synaptic activation of pyra-t e responses to the longer syllables are larger than the
activity evoked by the 0-ms VOT syllable.

midal cell apical dendrites in lamina 3 with passive current
return occurring in more superficial laminae. Effects are
guantified by examining the area of sources and sinks evoked
by the various stimuli. Two portions of the waveforms are
examined. The first encompasses the time interval from 50 t
120 ms, and the second incorporates the interval from 120 t
190 ms. Interval boundaries correspond to points of common Comparisons between syllable-evoked activity elicited
divergence in upper lamina 3 between the ends of the initiaby stimuli presented at 80 and 62 dB SPL were made at a
sink, the period ending the second sink evoked by voicindimited number of Al sites. Three sites had Bfs kHz,
onset and start of the following source, and the CSD rewhile 3 had BFs between 1 and 2 kHz. The averaged MUA
sponse elicited by stimulus offs€fig. 8, drop lines in su- responses elicited by the syllables with a 20- and 40-ms VOT
perimposed waveformsin the 50—120-ms time interval, re- are shown in Fig. 10. Accentuated responses evoked by voic-
sponses evoked by the syllables are significantly differening onset of the more prolonged 40-ms VOT stimulus persist
from one another in both upper lamina 3 and the more sudespite attenuation of syllable intensifjiled arrows and a
perficial CSD(both p<<0.0001). In both cases, the syllable twofold decrease in overall response amplitudes. There is for
with the 60-ms VOT produces a larger response than théhe softer stimuli, however, an increase in the ratio of re-
syllables with a VOT of 0 and 20 ms, while the response tasponses evoked by voicing onset relative to that elicited by
the 40-ms VOT syllable is greater than that to the 0-ms VOTconsonant onset that occurs for both the 40-ms and the
sound. Additionally, the source in the superficial CSD20-ms VOT stimuli(unfilled arrow.

. Effects of stimulus intensity
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IV. DISCUSSION native language of the chilEimaset al, 1971; Laskyet al,
1975; Eilerset al, 1979; Jusczylet al,, 1989. An interval of
20—-40 ms is generally required to perceive the temporal or-
der of two acoustic eveniglirsh, 1959; Kewley-Porét al.,,

The present study demonstrates that features of speeq@gg; Jusczylet al, 1989, supporting the notion that VOT
important for discriminating voicece.qg., /dj from unvoiced  perception is partly based on the ability to determine whether
(e.g., /th stop consonants are represented by synchronizeghnsonant release and voicing onset are sequential in time
responses in A1l neuronal populations. VOT is the principatpisoni, 1977. Many animal species respond to VOT dis-
determinant of this phonetic perceptidnsker and Abram-  ¢riminations in a categorical manner with perceptual bound-
son, 1964; Faulkner and Rosen, 1998yllables which are  gries of+20 to +40 ms(e.g., Kuhl and Miller, 1975, 1978;
generally perceived as /ta/ evoke statistically reliable rexynl, 1981: Kuhl and Padden, 1982: Sinnott and Adams,
sponses to both consonant release and voicing onset in Alps7: Doolinget al, 1989. “Single on” vs “double on”

whereas syllables which are usually perceived as /da/ elicemporal response patterns could serve as neurophysiological
statistically significant activity only to consonant release.cyes for all these perceptual phenomena.
Syllables generating a “double on” response pattern could  Temporal response patterns do not directly account for
be rapidly placed into the category of unvoiced stop consoyOT boundary shifts that occur with changes in consonant
nants, whereas those eliciting a “single on” response couldhlace of articulation. Boundaries are shortest for the distinc-
be identified as a voiced consonant. Discrimination betweerion between /b/ and Ip(~20 m3, longest for /g/ and /k/
syllables that straddle these response patterns would requife-40 mg, and intermediate for /d/ and f/~30 m9 (Lisker
only that the brain differentiate between “single on” and and Abramson, 1964 Boundary shifts similar to those in
“double on” activity profiles, whereas more subtle timing humans are observed in animals, suggesting that the phe-
discriminations would be required for differentiating syl- nomenon is not based on language-specific procesagd
lables residing on the same side of the perceptual boundagnd Miller, 1978. F1 frequency at voicing onset is the key
(Pisoni and Lazarus, 1974; Carneyal,, 1977; Pisonet al,  acoustic feature responsible for this boundary stifsker,
1982; Kewley-Portet al, 1988. This scheme is consistent 1975; Summerfield and Haggard, 1977; Soli, 1988 is
with the idea that phonetic encoding is partly based on aighest for labial stops, lowest for velar stops, and interme-
“warped” representation of acoustical properties, such thadiate for alveolar stops. AB1 frequency is lowered, a longer
some acoustic differences located along a specific portion ofOT is required for perceiving an unvoiced stop consonant.
a physical continuum are readily distinguished from one anGreater frequency differences between two consecutive tones
other, whereas similar magnitude differences located along icrease the likelihood that they will be perceived as occur-
different portion of that continuum are difficult to discrimi- ring simultaneouslyParker, 1988 Japanese quail are more
nate(Stevens, 1981 likely to label stop consonants as unvoiced when they incor-
Three main categories of VOT relationships occur inporate a highF1 frequency(Kluender, 1991; Kluender and
speech(Lisker and Abramson, 1964Voicing either begins Lotto, 1994. These studies implicate auditory system
before (lead, after (lag), or near the time of consonant re- mechanisms and stress the importance tf spectral cues
lease, and there is a nonoverlapping trimodal distribution ofnteracting with VOT in modulating discrimination of voiced
VOTs for almost all the world’s languages. Voicing lead falls from unvoiced consonants. Preliminary data in both humans
in the range of—125 to —75 ms, voicing near the time of and monkeys suggest that the capacity of Al to generate one
consonant release at 0 625 ms, and voicing following vs two onset responses is determined by the frequency dis-
release att60 to +100 ms. Averages for these three catego-parity betweerF1 and higher frequency componeri&tein-
ries are—100, +10, and+70 ms, respectively. An Al physi- schneideret al, 2000, supporting the capability of these
ological boundary of betweer-20 and+40 ms falls well  temporal response patterns to account for the perceptual
within the range of the latter two VOT categories. This tem-VOT boundary shifts that occur with changes in consonant
poral processing scheme is not negated by changes in spegiace of articulation.
ing rate modulating VOTSummerfield, 1981; Utman, 1998; Aspiration noise is an additional cue important for dis-
Allen and Miller, 1999; Boucher, 2002While faster rates crimination of voiced from unvoiced stop consonants that is
shorten VOTs of unvoiced, aspirated stops, values remairepresented in patterns of Al activitRepp, 1979; Sinnott
greater than 40 ms. Temporal patterns alone, however, caand Adams, 1987; Kluendet al., 1995; Lotto and Kluender,
not distinguish between voicing lead and voicing lag catego2002. The likelihood of perceiving an unvoiced stop paral-
ries, as both would yield “double on” responses. Represeniels increases in aspiration noise intensity. This acoustic cue
tation of spectral cues such as the presence of low-frequendy represented by sustained activity extending throughout its
voicing energy prior to consonant release, or high-frequencyuration in higher BF regions.
aspiration noise after consonant release, could facilitate this ~ Syllable intensity is an important variable that was not
discrimination. thoroughly examined in the present study. Perception of un-
The +20- to +40-ms VOT interval likely represents a voiced stop consonants diminishes with decreases in syllable
natural psychoacoustical boundary in mammalian hearingntensity (Kluenderet al, 1995: Lottoet al, 2002. This ef-
Developmentally, young infants with little language expo-fect cannot be satisfactorily predicted on the basis of whether
sure can discriminate a VOT contrast -©20 with +40 ms, low BF areas in A1 produce a “single” or “double on” neu-
even when this contrast is not phonetically relevant for theral response. Our limited data obtained at lower stimulus

A. Summary of findings and relationship to
psychoacoustic studies
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intensities suggest that as intensity is lowered there is ation has been previously observéelg., Creutzfeldtet al,
increased relative response to voicing onset. This would sugt980; Miller et al, 2001, and may facilitate the representa-
gest more unvoiced stop perceptions at softer intengitees  tion of VOT.
a greater number of “double on” neural responsesd runs Present findings are compatible with those of other Al
contrary to the perceptual data. A different interpretation of-investigations. Spatio-temporal profiles of activity in cat Al
fered by a reviewer suggests that as response amplituds/oked by the onsets of /be/ and /pe/ are similar, whereas a
evoked by voicing onset increases relative to that evoked bgecond burst of activity is evoked by the 60-ms VOT of /pe/
consonant onset, a bias towards a percept of a voiced stap low BF regions(Schreiner, 1998 A boundary of 15-20
consonant would ensue. This mechanism could be especiallyis is seen in the ability to generate a “double on” response
important at stimulus intensities where the aspiration noise iso /pa/ in epidural recordings overlying guinea pig auditory
near or below threshold. In either case, a key component afortex (McGeeet al, 1999. Reliable “double on” profiles
the intensity effect is the relative loudness of the aspiratiorare observed for syllables with VOTs of 30 ms or longer at
noise(Repp, 1979; Kluendeet al,, 1995; Lottoet al, 2002.  stimulus levels of 45-65 dB SP(Eggermont, 1995a For
One can predict that as intensity decreases, responses to tBiglables presented at 45—75 dB, the ratio of the response
lower amplitude component in higher BF regions of Al evoked by voicing relative to that evoked by consonant onset
would also diminish, thereby decreasing aspiration noise as @arkedly increases when the VOT is greater than 25 ms
potential cue for unvoiced stops and shifting VOT perceptionEggermont, 1995b These temporal response patterns are
towards voiced stops. This physiological result could in turnnot restricted to syllables varying in their VOT, and similar
counterbalance any opposite effect on perception based @ittivity occurs for gap-in-noise stimulEggermont, 1995b
activity within lower BF regions. Given that VOT and aspi- repetitive frequency-modulated tonésu et al, 2003, and
ration noise are represented in different tonotopic areas afvo-tone complexes varying in their relative onset times
Al, it follows that integration of these cues does not occur atSugimotoet al, 2002.
this level of the auditory system. Secondary areas of auditory  The spatially distributed activity representing VOT and
cortex, however, do integrate activity from multiple regions aspiration noise supports the emerging concept that complex
of Al (Rauscheckeet al, 1995, implicating these down- sounds are encoded by temporally precise responses within a
stream cortical fields as pOSSible sites that will UltimatEIynetwork of neuronal popu]a’[ions distributed across tonotopi_
determine VOT perception. cally organized Al(e.g., Creutzfeldtet al, 1980; Wang
et al, 1995; Gehret al, 2000; Nagarajaret al., 2002; see
also Petersert al, 2002. These distributed responses are

B. Relationship to other auditory physiological time-locked to transient elements embedded within the
studies sounds, and synchronized with each otf@reutzfeldtet al.,

Many response features similar to those seen in Al ard980; Wanget al, 1995. This property may help bind to-
also observed in auditory-nerve fibers and cells of the audigether activity engaged in the processing of speech, which
tory brainstem, indicating that the auditory periphery ini- has multiple spectral components activating widespread ar-
tiates a physiological representation of VOT that is main-eas of Al. A temporally precise population coding method is
tained through the auditory pathways. In low BF auditory-relatively resistant to the addition of background noise
nerve fibers, syllables evoke a transient response toMangetal, 1995, a prerequisite for speech perception in
consonant release, a period of suppression, and a responsg@sy environments.
voicing onset for syllables with VOTs greater than 20 ms  Integration of the distributed activity in Al likely occurs
(Sinex and McDonald, 1988Response increases evoked byin secondary auditory cortex. Primate Al projects to multiple
voicing onset are abrupt for syllables with VOTs of 30—40surrounding areas, including those located on the lateral sur-
ms, and more gradual for longer VOT values. Activity in low face of the superior temporal gyrsee Morelet al, 1993;
BF regions of Al parallel these peripheral pattefsee Figs. Kaaset al, 1999. MUA and PSTHs recorded from lower
2 and 3. Within the inferior colliculus, responses evoked by lamina 3 are especially relevant to this process, as pyramidal
consonant release and voicing onset usually merge into meurons from this depth project to these secondary fields
single burst at a VOT less than 20 rS8henet al, 1996, (Galaburda and Pandya, 1983; Jomtsl, 1995. Lateral
though response patterns are also modulated by interaurbélt areas preferentially respond to vocalizations and noise
time differences for binaurally presented syllabl€sen and  bursts (Rauscheckeret al, 1995; Tianet al, 2001. This
Sinex, 1999. characteristic implies that their activation requires integrated

We indirectly examine activity in medial geniculate by activity emanating from multiple frequency-specific areas of
investigating TC fiber response patterns, and find populatioAl. Thus, neuronal activity in these areas could unite the
responses that differentially reflect VOT. These response patlifferent attributes of speech sounds represented in Al. The
terns, while consistent with continued transmission of VOT-synchronized responses within A1 would be well-suited for
related information from inferior colliculus, are not as robustdriving these integration cells of nonprimary cortéggger-
as those seen in Al. Findings parallel our earlier observamont, 1994, 2000a; deCharms and Merzenich, 1986&ding
tions on the transformation of activity between TC fibers ando a more holistic phonetic representation that incorporates
neuronal populations in AlSteinschneideet al, 1994, and  many of the acoustic variables modifying the differential per-
indicate that one effect of A1 processing is to accentuateeption of voiced and unvoiced stop consonants.
responses to lower rate acoustical transients. This accentua- The ability to ascribe MUA and CSD sinks and sources
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to specific neuronal populations and events is central to ouhose observed in humans. Multiple studies in humans using
interpretations. Response latencies obtained in the presenoninvasive recording techniques have observed temporal
study and attributed to responses of TC fibers and Al neuesponse patterns evoked by syllables and their nonspeech
rons are similar to those previously reportéelg., Allon  analogs similar to those in monkey Ak.g., Kaukoranta
et al, 1981; Phillips and Hall, 1990; Heil, 1927We found et al, 1987; M&elaet al, 1988; Kurikiet al, 1995; Sharma
peak response latencies of 12—13 ms following stimulus onand Dorman, 1999 One study of note has reported that the
set in Al populations within lower lamina 3, and responseghysiological boundary for the N1 component of the scalp-
in TC fibers located 0.8—1.2 mm below the cortical record-recorded AEP did not reliably predict the voiced/voiceless
ings that peaked 2—-3 ms earlier. A conduction velocity ofdistinction between stop consonants varying in both VOT
about 0.4 m/s is calculated if responses were only derivednd place of articulatioiSharmaet al, 2000. While there
from distal segments of TC afferents. This is much slowewas concordance between the perceptual and physiological
than calculated velocities of distal TC afferent inputs into A1boundaries for the /ba/—/pa/ contrast, the perceptual bound-
(Metherate and Cruikshank, 199%upporting the conclu- ary for /ga/—/ka/ increased to greater than 40 ms while the
sion that lower lamina 3 MUA predominantly reflects activ- physiological boundary remained between 20 and 40 ms.
ity in postsynaptic cortical cells, while deeper MUA is This report, however, needs to be interpreted with caution.
mainly a reflection of distal, TC fiber input. This conclusion N1 is a later, composite wave that reflects activation of mul-
is further supported by cross correlations that reveal an awiple auditory cortical fields, each with its own capacity to
erage lag time of 1-5 ms between A1 activity and that in thefollow temporal features of complex soun¢iteinschneider
medial geniculate(Creutzfeldt et al, 1980; Miller et al,, et al, 1999; Fishmaret al,, 200)). It is therefore difficult to
2001; see also Usrey, 2002 extrapolate the relevance of short latency, A1 temporal re-
The early cortical sink in lower lamina 3 and the later, Sponse patterns for phonetic processing from N1 properties.
more superficial sink that we have analyzed are characteristicinally, the two studies examining speech-evoked activity
findings in A1, and likely reflect monosynaptic EPSPs fromrecorded directly from Heschl's gyrus identified response
TC fiber input induced by glutamate and mediated byPatterns similar to those seen in the monkey, with short VOT
AMPA/KA receptors, and later polysynaptic EPSPs indica-SYllables eliciting a “single on” response and those with a
tive of intracortical processing, respectivélMetherate and Prolonged VOT eliciting “double on” response&iegeois-
Ashe, 1994: Klinket al, 1999; Metherate and Cruikshank, Chauvelet al,, 1999; Steinschneidest al., 1999 The latter
1999; Rose and Metherate, 2001; Cruikshatlal, 2002. study, using the same synthetic syllables as those in the
TC fibers emanating from the main lemnis¢aéntra) divi- present study, showed differential responses with a boundary
sion of the medial geniculate nucleus ascend through lowe?f between 20- and 40-ms VOT that paralleled subject per-
cortical laminae and primarily terminate within lamina 4 and ¢eption. Clearly, additional research must address this prob-
lower lamina 3 of Al(Jones and Burton, 1976: Hashikawa lem in greater detail. At the very least, the primate data serve
et al, 1995. It is the synaptic activity induced by this input @S @ valuable model for human physiological activity, whose
that largely generates the coextensive, early cortical sinRPeCific relevance to phonetic perception remains to be de-
(Steinschneideet al, 1992. In contrast, the later, more su- termined by future investigations.
perficial sink is likely the net result of depolarizations pro-
duced by multiple inputs, including those from lamina 4 andV- SUMMARY AND CONCLUSIONS
contralateral A1(Mitani et al, 1985; Wallaceet al,, 1991; Representation of stop consonant—vowel syllables with
Pandya and Rosene, 199Furthermore, synaptic events in variable VOT is examined in A1l of awake monkeys to test
this laminar region are modulated by cholinergic activity the hypothesis that temporal response patterns differentially
(Metherate and Ashe, 1995; Bandrowskial, 2001. Thus, reflecting onsets of consonant release and voicing are main-
the persistence of differential responses reflecting syllabléained in large-scale population activity. In low BF areas,
VOT and aspiration noise in the superficial sink offers ansyllables with VOTs of 0 and 20 ms evoke a peak of activity
opportunity for speech-related activity to interact with time-locked to consonant release, while those with VOTs of
learning-related processes. The early current source assodi® and 60 ms elicit an additional peak time-locked to voicing
ated with MUA suppression is also a feature of A1l physiol-onset. Aspiration noise is represented by sustained increases
ogy (Fig. 7), and has been attributed to GARAeceptor-  in neural activity within higher BF areas. While similar pat-
mediated inhibitory post-synaptic potentials from inhibitory terns are seen in responses emanating from thalamocortical
interneurons(Metherate and Ashe, 1994; Metherate andafferents, there is an accentuation of differential activity in-
Cruikshank, 1999; Cruiksharét al, 2002 and C4 *-gated  duced by intracortical mechanisms. Neural suppression fol-
K™ channel-mediated afterhyperpolarizatidEggermont, lowing responses to consonant release may serve as a func-
2000B. This functional refractory period appears to amplify tional refractory period that diminishes responses to voicing
differential processing of VOT by suppressing responses tenset for syllables with a short VOT. Physiological responses
voicing for short VOT stimuli, suggesting that multiple fac- are compatible with the perceptual boundarydtO to +40
tors including peripheral and subcortical processing, Al in-ms that occurs in many languages. These findings support the
hibitory circuitry, and intrinsic membrane properties are re-hypothesis that the 20- to 40-ms interval represents a natural
sponsible for shaping the temporal response patterns. psychoacoustical boundary utilized for VOT perception,
Ultimately, the utility of studying speech processing in based in turn on determining whether the onsets of consonant
animals must be assessed by how well the responses modelease and voicing onset occur sequentially in time. Syn-
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chronized responses offer an economical way in which stogggermont, J. X19953. “Representation of a voice onset time continuum
consonants can be rap|d|y represented by auditory cortex us4dn primary auditory cortex of the cat,” J. Acoust. Soc. A88, 911-920.

; _ : ; ; Eggermont, J. J1995h. “Neural correlates of gap detection and auditory
ing the well-described propensity of Al for responding to fusion i cat auditory cortex,” NeuroRepoBt 16451648,

low-frequency acoustic transients. These signature patternggermont, J. 120008. “Sound-induced synchronization of neural activity
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