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The precedence effe¢PE) is a perceptual phenomenon that reflects listeners’ ability to suppress
echoes in reverberant environments. The PE is not present at birth and appears only several months
postnatal. Recent physiological studies have demonstrated correlates of the PE in the central nucleus
of the inferior colliculus(ICC) of adult animals. The present study extended the same techniques to
search for similar correlates in the ICC of kittens during the first postnatal month. Stimuli consisted
of pairs of clicks or noise bursts presented from different locations in free field or with different
inter-aural differences in tim@TD) under headphones, with an inter-stimulus-d€I®p) between

their onsets. Results suggest that a physiological correlate of the PE, i.e. suppression of responses
to the second source, is present as early as 8 days postnatal, and occurs at similar ISDs to those
recorded in adult cats. Suppression in kitten neurons varies with stimulus level, duration, and
azimuthal position, in a similar manner to that in adult neurons. The age at which correlates of the
PE in the kitten can be found precedes the age at which kittens can localize sound sources
effectively, and presumably before the age at which they would demonstrate the PE behaviorally.
Thus, the neural mechanisms that might be involved in the first stages of processing PE stimuli may
be in place well before the behavioral correlate develops1998 Acoustical Society of America.
[S0001-496608)04604-9

PACS numbers: 43.10.Ln, 43.64.Qh, 43.72[BOF]

INTRODUCTION meadet al,, 1987. Although newborn infants and dogs are

When a sound is produced in a reverberant environmerﬁble to localize the_ hemifield cqntaining a single-source
it propagates in many directions and is subsequently reSound(one sound emitted from a single locatiponder con-
flected from nearby surfaces, hence a listener receives boff{tions of the PE the leading source does not seem to domi-
the direct sound and multiple reflections of that sound. On&'ate perception and localization in the same way that it does
can think of this scenario as involving competition betweenfor adults(for review see Litovsky and Ashmead, 199The

the first sound and its reflections for perception and localizaP’E iS first manifested behaviorally in humans at around 4-5
tion. Despite this clutter of information two-eared animalsmonths of age, however at this age it is still not fully mature
are remarkably accurate at identifying the location and con(Clifton, 1985; Muir et al, 1989. In fact, some aspects of
tent of sound sources. This reduction in interference fronthe PE are not fully mature in children as old as 5 years
reflections is thought to be related to the precedence effeétitovsky, 1997; Litovsky and Ashmead, 1997

(PE). Perceptual studies on the PE generally involve a sim-  Physiological substrates of the PE are not well under-
plified version of the multiple-source scenario that occurs irstood. In recent years there has been increasing interest in
real rooms. That is, one sourlead and one ech@lag) are  measuring the responses of neurons in the brainstem to PE
simulated, with a variable inter-stimulus-del@gD). Psy-  stimuli. Several studies have shown that the central nucleus
chophysical studies have shown that when the ISD is showf the inferior colliculus(ICC) may be involved in mediating
(<10 ms for clicks listeners perceive one fused auditory some basic physiological aspects of the PE. The ICC is an
event whose apparent location is dominated by the leadbligatory synaptic stage in the lemniscal pathways which
(Blauert, 1997; Litovskyet al, 1997; Wallachet al, 1949;  transmit information to the cortex. In the adult cat, ICC neu-

Zurek, 1980, 198y . . _rons are known to be sensitive to wide ranges of acoustic
~ Developmental studies suggest that the PE is not exhibsignals, and in particular, to interaural differences in time
ited behaviorally by newborn human infar(@lifton etal,  (ITD) and intensity(IID), which are the primary cues used in

1981; Muiret al,, 1989; Burnhanet al,, 1993 or dogs(Ash-  5zimuthal sound localizatiofiHind et al,, 1963; Kuwada and
Yin, 1983; Roseet al, 1966; Semple and Aitkin, 1979; Yin
AuSelected research articles” are ones chosen occasionally by the Editorand Kuwada, 1983 Studies on correlates of the PE in the
in-Chief that are judgeda) to have a subject of wide acoustical interest, |CC have been made in anaesthetized ¢¥ta, 1994; Yin
and (b) to be written for understanding by broad acoustical readership. . L L :
YPortions of these data were presented at the 127th Meeting of the Acoué’j:nd LItOVSky’ 1995; L_IIOVSk}et al, 1997; LI,tOVSkY and Yin,
tical Society of America in June 1994. 1998a, b as well as in the awake rabHiFitzpatrick et al,,
9Currently at: Boston University Department of Biomedical Engineering, 44 1995 and awake ow(Keller and Takahashi, 1996in these
Cummington St., Boston, MA 02218vhere reprint requests should be ; ; ; ; ; ;

senj, and Eaton Peabody Laboratory, Massachusetts Eye and Ear Infirstu.dles the PE.IS Slm.U|ated by presenting pairs Of C“(.:ks or
mary. noise bursts with variable ISDs. In all three species it has

9Electronic mail: litovsky@enga.bu.edu been shown that most neurons exhibit a physiological corre-
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late of the PE. That is, responses to the lagging stimulus are  Extracellular recordings were made from the IC using
suppressed at short ISDs at a similar time course to thossommercial tungsten microelectrod@dicroprobe with tip
observed in the psychophysics. More important, ICC neuronexposures of 8—12m. A motor-driven hydraulic microdrive
exhibit several direct correlates of the PE, such as variatiomas used to move the electrode remotely from outside the
of suppression with stimulus level, duration and location oroom. Single spikes were discriminated using either a level
ITD of the lead. Finally, at ISDs-2 ms neuronal responses detector or a peak-detector circuit. During the experiment
are consistent with an aspect of the PE known as “summingphysiological criteria were used to locate cells within the
localization” (Yin, 1994; Yin and Litovsky, 1995 whereby ICC (Carney and Yin, 1989 At the end of the experiment
both humans(Blauert, 1997 and cats(Populin and Yin, the animals were overdosed with anesthetic and the brains
1998 perceive a phantom sound source and localize it beimmersed in 10% formalin in saline. After fixation the brain-
tween the lead and lag locations. stem was removed and cut in the coronal plane with frozen
The present study describes similar physiological resections at 5Qum thickness and stained with cresyl violet.
cordings made in the ICC of kittens during the first month of Confirmation of the penetrations through the ICC was made
life. Kittens are known to orient towards single sound from anatomical examination of these sections.
source in a similar fashion to human infants and dogs, and
they do so by the third postnatal we@Blements and Kelly, g stimuli
1978; Norton, 1974; Olmstead and Villiblanca, 1988ug- o ) . . o
gesting that they may be utilizing binaural cues during those  Stimuli were either 10Qsec clicks or noise stimuli usu-
early postnatal days. In fact, kittens as young as 2 weeks of@lly delivered every 300 ms and repeated 20 or 50 times.
receive binaural excitatory and inhibitory input in about theNOise stimuli were either broadband or narrow bandpass

same proportion as in the adult oatitkin and Reynolds, noise bursts, usually 0.2 kHz wide, digitally filtered with
1975; Moore and Irvine, 1980, 1981n addition, binaural Sharp slope$100 dB/octavgand centered at the character-
sensitivity to 11D has been reported at one mofitoore and  iStic frequency(CF) of the cell. CFs were determined by
Irvine, 1981, and as early as 8 days postna@latchley and to.nal tunlng curves in response to contralateral or binaural
Brugge, 1990 sensitivity to phase differences and ITDs hasStimulation.

been reported as early as 12 dgatchley and Brugge,

1990. To the author's knowledge, kittens’ behavioral re- C. Free field setup and stimuli

sponses to PE stimuli have not been measured. However, g, 0 iments were conducted in a sound-insulated room

given the similarity in the onset of responses to single SourCﬁAC) (2.25%2.15 and 2 ™ (Fig. 1A). To reduce acoustic
stimuli by kittens, dogs and humans, it is reasonable to SUSeflections all surfaces were lined with 4-in. reticulated

pect that kittens probably do not show the PE during the firstedged foan(Sonex. The skin overlying the skull was dis-

month or two of pos.tnatal life. 3ehaV|oraI studies must besected, and a stainless steel rod was secured to the skull on
conducted before a firm conclusion can be made.

... .the side opposite to the recording site with dental acrylic
Bhdror screws, depending on the thickness of the skull. The
. . . rod was attached to an animal holder which maintained the
n adult (_:ats. Thus, the neural mecr_\anlsms t_hat _m|ght bﬁead in a secure position for the duration of the experiment.
!nvolved in the first stages of processing PE s_t|muI| may beAfter exposure of the IC, the skin was sutured back so that
in place well before the behavioral correlate is expected t‘?he ears assumed a natural position while still allowing ac-
develop. cess to the brain. The electrode manipulator was also at-
tached to the head holder to increase stability during record-
. MATERIALS AND METHODS ing. The animal holder was anchored to the floor of the room
Recordings were made from 57 neurons isolated in théuch that the head was positioned in the center of a circle
ICC of 16 barbiturate/ketamine-anesthetized kittens 8—29%vith a 90 cm radius defined by the loudspeaker array. Thir-
days old. Methods are similar to those described previousljeen loudspeakergRealistic 3-in. midrange tweetewere
(Yin, 1994; Litovsky and Yin, 1993, 1994, 1998a) for positioned along the horizontal axis in the frontal hemifield
measurements made in the ICC of adult cats. at 0° elevation with loudspeakers every 1&¥e Fig. 1A.
Positive angles refer to sounds in the contralateral hemifield.
The loudspeakers were carefully matched for frequency re-
Preparation of the animal has been described in detadponse by monitoring their outputs to clicks and to tone
elsewhere(Brugge et al, 1978; Kettneret al, 1985. In bursts delivered from 100 to 25 000 Hz in steps of 100 Hz.
short, after anesthesia was induced using ketarf86emg/  All speakers were matched to within 2 dB at octaves span-
kg), a venous cannula was inserted into the femoral vein tming 250—8000 Hz.
administer pentobarbital as needed throughout the experi- Auditory stimuli were digitally stored in a general wave-
ment and a tracheal cannula was inserted. Body temperatuferm buffer for delivery by a digital stimulus system. The CF
was maintained at 37 °C. The dorsal surface of the inferioof each cell was defined as the frequency with the lowest
colliculus (IC) was exposed with a craniotomy on the right threshold to tonal stimuli at-45° on the horizontal axis. In
side. The overlying cortex was aspirated and in some ania small proportion of cells that preferred the ipsilateral hemi-
mals the tentorium was partially removed to expose a moréield, CF was obtained at45°. Thresholds for clicks and
posterior area of the IC. noise bursts were also obtainecdtad5°. Azimuthal response

to PE stimuli is remarkably similar in kittens to that observed

A. Surgery
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contralateral ear leading. As in the free field experiments,
thresholds were estimated for clicks and noise, but they were
obtained either for the contralateral ear alone or for binaural
stimuli with an ITD of zero. Stimuli with a PE configuration
were simulated by presenting two dichotic pairs of clicks or
noise separated by an ISD of several ms; ITDs were imposed
separately for each stimulus pdifig. 1B). The ISD was
defined as the time difference between the onset of the two
stimuli delivered to the contralateral ear.

E. Normalizing the lagging responses in recovery
curves

Data were analyzed by comparing the lagging response
in the presence of the leading stimulus with the lagging re-
sponse in absence of the leading stimulus. For each neuron,
B L the number of spikes in response to the leading and lagging

ead Lag A X N . A 2
stimuli at each ISD was counted during discrete time win-
dows (chosen to accommodate the latency and duration of
| | Ipsi ear each neuron’s responsén cases where the leading and lag-
;AO us'; :;(')0 uls;: ging stimuli were identical, such as under dichotic conditions
with the same ITDs imposed, at each ISD the lagging re-
Time sponses were divided by the leading responses within the
discrete time windows. In free field the leading and lagging
stimuli never occurred at the same location and were thus
FIG. 1. Stimulus configuration in free field\) and under dichotic condi- never identical. The Iagging responses were therefore nor-
tions (B). A: A cat is placed in an anechoic chamber in the center of a lized i ' f tw 2 by th to the |
semicircular array of loudspeakers positioned every 15° along the horizont:ma IZe_ In oné o 0 Ways(a) y. € réesponse to e_ ag-
axis from+90° on the rightcontralateralto —90° on the left. B: Two pairs ~ 9iNg stimulus presented in isolation; @) by the lagging
of clicks are delivered dichotically, separated by an inter-stimulus-delayresponse at a Iarge ISD where there was no apparent effect of
(ISD); each click pair contains an interaural time delay, e-g200 and the Ieading stimulus. When the analysis time windows for
+200 msec as diagrammed. Positive ITDs refer to the convention of th(%h leadi dl . | d h h
contralateral stimulus presented first. € leading anad lagging r.esponse overlapped, such as when
ISD was very shor{see Fig. 5 we assumed that there was

no variation in the response to the leading stimulus as a

area curves were obtained by presenting 50 repetitions %nction of ISD and subtracted the mean leading responses at
either clicks or noise b.ursts from each Ioud;peaker at 5-20 - five longest ISDs from the total number of spikes at the
dB above threshold. Finally, the PE was simulated by Pre1sps with overlap. In the resulting normalization recovery to

senting two sounds_ from different Ioudspegkers with oné o represents a lagging response that equals the response
sound delayed relative to the other by a variable ISD. obtained in the absence of a leading stimulus

|<— ISD ——»I Contra ear

D. Dichotic experiments Il. RESULTS

The animal was placed in a double-walled, sound insu-  Results from recordings made in kitten ICC are com-
lated chambe(IAC). Both pinnae were dissected away andpared with those reported by Litovsky and Yit998a, b in
the external ear canals were transected so that the tympartise ICC of adult cats. Results were obtained from 57 neurons
membrane was visible. Acoustic stimuli were delivered in-recorded from the ICC of 16 kittens, ages 8—29 days. Table
dependently to each ear through hollow ear-pieces which shows the distribution of units recorded from animals at
were connected to the earphon@®lex 140 and tightly  various ages, under free field or dichotic conditions. Once
sealed into the ear canals with Audalin ear impression comencountered and isolated, each neuron was studied for 1-6
pound. A small hole was drilled in each bulla and polyeth-hours. Since the survival time of most kittens was 12-18
ylene tubeq0.9 mm internal diameter and 30 cm in length hours, each animal yielded data from a small number of neu-
were inserted into the hole to equalize middle ear pressurgns.
during the experiment. Acoustic stimuli were generated by
digital stimulus system which was calibrated in amplitud
and phase for each animal. A 0.5-in. Bruel and Kjaer con-  Free field experiments always began by measuring a
denser microphone was coupled to a probe tube which waseuron’s receptive field, i.e., sensitivity to clicks or noise
positioned inside the ear canal 1-2 mm away from the tymvarying in azimuth. Sensitivity is defined by the neuron’s
panic membrane, and 50 ms tone bursts were delivered fromesponse to stimuli presented 5-10 dB above threshold; if
100 to 42 000 Hz in 50-Hz steps. The CF of each cell wasneasurements were obtained at more than one level, sensi-
defined as the frequency with the lowest threshold for theivity was defined at the lowest level. Threshold is defined as
contralateral ear. By convention positive ITDs refer to thethe neuron’s response to clicks at 45 deg to the left or right,

eaA. Sensitivity to stimulus location in free field
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TABLE I. List of animals according to the age at which measurements were

made, and the number of neurons that were studied in each afinal o | K'tten N A
=dichotic; F=free field. A total of 16 animals participated, with a mean ‘\/\A/‘ —o— 84 85
age of 16 days. /.- g —a- 22 &, 60
(7] —& - 224,55
Expt. # Age(days #Neurons = 1 —— 274,58
= -0 10d, 70
049 F 8 5 £ —e--9d, 65
164 F 9 9 =0 - NP —-- 294, 40
089 F 10 2 7 I
099 D 10 4 ~ 90-60-30 0 30 60 90
008 D 11 3 3
039 F 12 5 X2
109 D 13 1 '5_
103 F 14 4 (7) —e— 60
165 F 15 5 —= - 40
018 F 15 5 1 —-— 50
105 D 20 2 e
009 D 20 2 —e—- 50
056 F 22 2 0
096 D 24 2 I I I | I T
086 F 27 7 -90 -60 -30 0 30 60 90
030 F 29 4

Azimuth (deg)

whichever is lower. There does not seem to be any differFIG. 2. Effect of varying the location of single clicks along the azimuthal
ences in azimuthal sensitivity to noise or clicks, thus meaplane in free field. Top: 7 reprgsentative neurons studied in kittens; Bottom:
. . . 6 representatlve neurons studied in cats. Each curve represents the response
surements with those two stimuli are shown together. (number of spikes per stimulu®f one neuron to 50 repetitions of the

At 5—-10 dB above threshold, most neurons show sensistimuli. The legends contain the ages of the kittens and the threshold of each
tivity to locations along the horizontal dimension, defined by"neuron.
a modulated response with a differened.5 in spike rate
(number of spikes per stimulubetween the azimuthal loca- levels; a neuron that shows sensitivity at low levels is likely
tions that results in the maximal and minimal spike rates. Fofo0 lose that sensitivity at higher levels.
the population of kitten neurons studied, ranging in age from  Of the 15 neurons studied with the level manipulation,
8 to 29 days, 85%29/34 of neurons exhibit maximal re- nine (60%) show decreased azimuthal sensitivity at higher
sponses to stimuli presented in the contralateral hemifield. Aévels, and 5/15 neuror{86%) show no azimuthal selectiv-
minority of neurons(15%:; 5/34 are omni-directional, i.e. ity atany level. The 8-day-old neuron shown in Fig. 3 is the
show no preference for either hemifield; these neurons ar@nly one that does not lose azimuthal sensitivity at higher
found in animals aged 14 and 27 days. No neurons resporl§V€ls. The corresponding values in the adult data are: 31/60
maximally to stimuli presented in the ipsilateral hemifield. (52%) of neurons show decreased spatial sensitivity with
Figure 2 shows the azimuthal receptive field for several repl€vel, 8/60(13%) of neurons show no shift into the ipsilateral
resentative neurons studied in kitteitep) and catgbottom).

In cats 60% of neurons prefer the contralateral hemifield 1

35% are omni-directional, and 5% prefer the ipsilateral S fh'::‘fd,, 2

hemifield. @ =
The receptive field profiles of many ICC neurons depenc § i

on the level of presentation. In all neurons but one there is= : oS ik

increased discharge rate with increased level. In additior o o =

most neurons show a widened receptive field at higher lev ac

els, extending into the opposite hemifield. Responses fror £ 2 - > A me s 27 e

four neurons at several levels are shown in Fig. 3, at 8 day:¢p - M&g.-\-z_g:/\ V2 W

10 days, 29 days, and adult age. The lowest levels at whic’y 1 _,/_,o- ad 147 TR

neurons were tested were usually near or at threshold. In a_g ] EZ%EE e

four cases the receptive fields at the lowest levels are re &0 _I-" cseTeed 0 Y "l 2 ¢

stricteq to Fhe contralateral hemifi('ald,' and in thrgg cases th 90 60 30 0 30 60 90 90 60 30 © 30 60 90

rgceptlve fields extend out tp the ipsilateral hemlfleld at the Azimuth (deg) Azimuth (deg)

higher levels, thereby reducing the neuron’s spatial sensitiv-

ity. In the omni-directional neurons higher stimulus levelsFiG. 3. Effect of varying overall stimulus level on receptive fields. Neurons

result in increased discharge rate, but no changes in receptifiem four animals are shown, at ages 8-dag$ 3 kH2, 10-days(CF 3

field sensitivity are observed. In summary, a neuron thaft'?: 29-days(CF 2.5 kHa, and adult(CF 6 kH2. Each panel shows the
Lo . responses of one neuron to 50 clicks presenteti®Q° in 15° steps, and at

showed an omni-directional response at 5 dB above thresr%’ewsxral levels. The threshold for responding to the stimulus at 45° is shown

old is not likely to gain receptive field sensitivity at higher below the age.
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FIG. 4. Echo suppression for two neurons studied in free field, one in a 12-day-old (kiftierCF=2.3 kH2) and one under in an adult catght; CF=2.4

kHz) conditions. Top: Dot rasters showing the responses to the leading and lagging stimuli, with 1SDs rangingboitard) to 101 (top) ms. The leading

and lagging stimuli were placed at locations along the horizontal plane that elicited robust responses by each-8@trmj 0°, respectively. Each row of

dots represents responses to 50 repetitions of the stimuli. The leading response occurs in each row at a latency of 14 ms, and the lagging response occurs with
greater latency which depends on the ISD. For example, at ISDs of 91 and 101 ms, the lagging responses occurs at 105 and 115 msec, respectively. Bottom:
Recovery curves for the dot rasters shown above. The normakeedSec.)lresponse to the lagging stimulus is plotted as a function of ISD. The delay at

which the horizontal lines at 0.5 meets the function representsatfenaximal ISDwhich is 35 ms and 29 ms, for the kitten and adult neurons, respectively.

hemifield with level, and 21/6035%) show no directional most disappearing completely by 21 ms. The bottom panels
selectivity at any level tested. in the figure show recovery functions for the lagging re-
From the kitten data it is difficult to determine whether sponses of each neuron. The neural correlates of echo thresh-
all response types exist at 8 days of age, since only oneld, or half-maximal ISDsdelays at which recovery func-
neuron was studied at that age. The next youngest neurotions reach 50% of the un-suppressed respoase 33 ms
studied at 10 days, does show a decrease in azimuthal senaihd 30 ms, for the kitten and cat, respectively. These particu-
tivity with increased level. It is important to note that both |ar examples were chosen to reflect the similarity between

response types can be found in the adult data. recovery functions observed in kitten and cat.

Figure 5 shows responses from populations of neurons
B. Precedence and neural echo thresholds  (half- in kittens (top) and adult cat¢bottom. Since no differences
maximal I1SD ) were observed between free field and dichotic data, Fig. 5

Results presented below describe responses of ICC negontains results from both procedures. Each neuron was
rons to PE stimuli. Figure 4 shows examples from a 12-daystudied at a level 5-10 dB above threshold. Leading and
old kitten (left) and a catright), with the ISDs varied from 1 lagging stimuli were both selected so that each produced a
to 101 ms. In both cases the leading and lagging stimulifobust response when presented in isolation, i.e. within the
when presented in isolation, elicit robust neural dischargesieuron’s receptive field in free field or at an ITD that pro-
When the ISDs are longt1-101 m§ each neuron responds duced a robust response under headphones. The left panels
vigorously to both the leading and the lagging stimuli. As the(A and O each contain recovery functions from 20 neurons,
ISDs are decreased, the delayed response is diminished, @lemonstrating that within each population there is tremen-
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FIG. 5. Exemplary recovery functiorieft) and population histogran{sight) of neural echo thresholds, aalf-maximal ISDsplotted for kittens(top) and
adults(bottom). For all neurons, both leading and lagging stimuli were at locations or ITDs which elicited robust responses with single stimuli. The recovery
functions(left) represent the normalized lagging responses as a function of ISD. Although the recovery functions only include 22 sample neurons from each

population, the histograms on the right are based on the entire populations of neurons (Muddddfor adults andN=34 for kitteng. Adult data are from
Litovsky and Yin(19983.

dous variability in the delays at which th&lf-maximal ISD  neurons with CFs between 1 and 16 kife=67) revealed a
is reached. The right pane({8 and D compare histogram lack of significant differencép=0.08).
distributions forhalf-maximal ISDsf 34 kitten neurong20 Figure 6 shows a correlation plot betwelealf-maximal
free field and 14 dichotjc and 94 cat neuron&9 in free ISDsand age for the kitten data; the low correlation value
field and 45 dichotically. In both populations these values (r=0.058 suggests that, within the kitten group, the distri-
have wide range&—-80 ms for kittens and 2 to over 100 for bution of neural echo thresholds is not age-dependent. Fi-
adulty; means and standard deviations are28 ms and 36  nally, Fig. 7 shows a scatter plot of neural echo thresholds as
+32 ms for kittens and cats respectively. In addition, for thea function of CF for the kitteritop) and adult(bottom popu-
entire population the proportion of neurons with echo threshlations. There is no apparent relationship between these vari-
olds less than 10 ms, which approximates the range for pe@bles for either the adult group=0.06) or the kitten group
ceptual echo thresholds in huma®auert, 1997; Freyman (r=-—0.12. Within the adult population, if the analysis is
et al, 1991 and cats(Cranford, 1982 is 32% (11/34 in restricted to the 67 neurons with CF 1-16 kHz the correla-
kittens and 249%423/94 in cats. Statisticallyhalf-maximal  tion is higher(0.2488, but still not significant.
ISDsare significantly lower in the kitten population than in
the cat population{=0.02. . .

A closer look at the data suggests that in the adult popug' Effects of varying level and duration
lation many of the neurons with hidghalf-maximal ISD$had In addition to investigating a mechanism for suppression
either very low CFs €1 kHz) or very high CFs 16 kH2). of responses to a lagging source, this study investigated ad-
Since the CFs of neurons in the kitten population were reditional correlates of psychophysical effects. In everyday lis-
stricted to 1-16 kHz(perhaps due to a sampling bias  tening environments various stimulus parameters associated
further t test between all the kitten neurons and only catwith the original sourcdlead and its echdlag) change dy-
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PE (Yin, 1994; Litovsky and Yin, 1998b Psychophysical

° 80 o =.058 data using this approach have shown that the PE is signifi-
3 cantly stronger when the level of the lead alone is increased
£ 60 - ® (Blodgett et al,, 1956; Thurlow and Parks, 1961; Babkoff
E ° d and Sutton, 1966 Similar studies on duration have not been
7] conducted. Comparisons made below between kitten and
% 40 - ° g : adult cat refers to adult data reported by Litovsky and Yin
(19984, b.

E , o , © 8 o While one can expect leading stimuli of increasing level
g 20 i LI to generate more suppression, it is not obvious what to ex-
u ‘:.0 LI ‘ $. '0 It pect when the lagging stimulus level is raised concomitantly.
] 0 - i o o d Plotted in Fig. 8 are results from six neurons, all studied with
e I I I I I I click stimuli. The four neurons at the top show an effect of

increased suppression at lower overall stimulus level at ages
10 days, 13 days, 20 days, and adult. The majority of kitten
neurons(87%; 13/15 show this effect, which is consistent
with findings in adult neuron&72.5%; 29/40. The two neu-
rons at the bottom show the opposite effect, of decreased
FIG. 6. Correlation plot of neural echo thresholds,haif-maximal ISDs,  suppression at lower levels, an effect that is observed in 13%
and number of days postnatal for the population of kittens neurons studiect.2/15) of kitten neurons and 10%#/40) of adult neurons.

The effect of varying the level of the leading stimulus
namically. Some examples are the level and duration of th@lone was also measured. Although only 8 kitten neurons
stimuli, which are modulated in cases of ongoing dynamicwere studied, they all show a strong effect of increased sup-
stimuli such as speech or music. One approach to studyingression with increased lead level. The same effect was also
effects of level and duration is to co-vary the lead and lagseen by Litovsky and Yin(1998b in all neurons studied
i.e., to change the overall level or duration of a stimulus,(N=17). Figure 9 shows examples from a 12-day-old kitten
which is congruent with realistic changes that occur in aneuron(9A and 9B and from an adult neurof®C). There is
reverberant environment. In fact, the PE is reportedly weakean interesting interaction between delay and lead level: In 9A
at higher overall stimulus levelg.g., Shinn-Cunningham at a delay of 20 ms the lead at 40 dB produces a very weak
et al, 1993, and stronger when the overall stimulus durationresponse, but the lagging response is completely suppressed.
is longer (Damaske, 1971 A second approach is to vary At a longer delay of 40 ms the lead at 40 dB produces
only the level or duration of the leading source, while hold-weaker suppression, and finally, at a 60 ms delay the lead at
ing constant that of the lag. Although such stimulus manipu40 dB produces almost no suppression. Hence, increasing the
lations may not reflect phenomena that occur in real listeningjelay compensates for the suppressive effect of the lead.
environments, they are geared towards understanding thgote that once the lead is above threshold the neuron only
neural mechanisms that m|ght be involved in mediating tthsponds to the |agg|ng sound at 60 ms, but even at that |Ong
delay the lag response is suppressed when the lead level
reaches 50 dB.

The effect of stimulus duration was tested using short

5 10 15 20 25 30 35 40
Age (days)

FIG. 7. Correlation plots ohalf-maximal ISDand CF for kittengtop) and

adults(bottom).

200 :(|=tte12 noise bursts rather than clicks, which allows changes in du-
150 ration that do not compromise the frequency bandwidth of
100 . the stimulus. Figure 10 shows data from one 27-day old neu-
o . . ron (left) and one adult neurofright), each tested under
@ 507 . '-&:. . conditions in which either the overall duratigtop) or lead
g 0 4 l :.“}-i! duration alongbottom were varied. In the overall duration
i~ cases shown here, increasing the stimulus duration results in
g 200 -{Adult . increased suppression in both kitten and adult neurons. In
=¢; 150 4 r='°‘f . kittens this trend was observed in all neurons stud&),
T although in adult cats the effect had been reported for only
100 ,‘ R R 56% of neurongLitovsky and Yin, 19983 In the bottom
50 | o oo, plots the lag was held constant at 10 fk#ten) or 5 ms
- -'54""‘;‘:.". “ (adulp, while the lead duration was varied. In both examples
0 P shown here the suppression increases as the durations are
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increased. This trend was observed in 7%848) neurons
studied in kittens, with no effect of duration in 25¢2/8)
neurons. In adult cats longer duration produced stronger sup-
pression in 86%12/14 of neurons, with no effect in 14%
(2/114).
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FIG. 8. Effect of overall level is shown for 6 neurons. The stimulus level of both leading and lagging sounds was always equal and co-varied between
conditions. In each plohalf-maximal ISDsire marked by the ISD at which the normalized lagging response recovers to 0.5. The top four neurons, at 10 days

(CF 2.4 kHz; threshold 80 dB13 days(CF 8.6 kHz; threshold 90 dB20 days(CF 3.7 kHz; threshold 40 dBand adult(CF 5.5 kHz; threshold 25 dBare
examples in which lower levels resultedstrongersuppression. The bottom two neurons, at 9 d& 2.4 kHz; threshold 60 dBand adult(CF 3.0 kHz;
threshold 35 dB are examples in which lower levels resultednrakersuppression.

D. Effect of lead stimulus position on suppression sentative ICC cell in a 27-day-old kitten, in which the ISDs

Echoes occurring in a normal listening environment Vere 10 ms and 20 ms, respectively. In both cases, the lead-

naturally appear from many different locations. Since a well"d Stimulus was varied along the azimuth fror0° to
known feature of ICC neurons is their sensitivity to stimulus +90° while the lagging stimulus was held constant-at5®
direction along the azimuth, a natural question is whether thélack arrow in Fig. 118 At both 10 and 20 ms delays the
location of the leading sound influences the degree of echtSponse to the leading sound, which occurs at a latency of
suppression. In the experimental setup the locations of th@bout 10-13 ms, is strongest on the contralateral side be-
leading or lagging source could be independently varied ifween 0° and 30°; responses is weaker at negative azimuth
free field. The paradigm in this experiment consisted of varyvalues on the side ipsilateral to the recording site.

ing the location of the leading stimulus while holding con- ~ These data are summarized by plotting the responses to
stant that of the lagging stimulus. Hence one can comparthe leading(Fig. 11Q and lagging(Fig. 11D stimuli sepa-

the amount of suppression that each leading stimulus exertately. Figure 11C shows the neuron’s response to the lead-
on the same lagging response. Figure 11A and B show réng sound when presented as a single click in isolation, i.e.,
sponses to click stimuli in the form of dot rasters of a repre-with no lagging stimulugdark circle$, and when followed
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FIG. 9. Effect of the SPL of the lead. A: Data from one neuron in a 12-day-old kitten studied in fre€dflek®.8 kHz; threshold 40 dB Both lead and lag

locations were chosen such that when presented in isolation they elicited a robust response; the lagging response is slightly more robust than the leading
response at 40 dB. Leading click SPL was varied from 25 to 50 dB in steps of 5 dB, while the SPL of lagging click was held constant at 40 dB. Results are
shown at ISDs of 20, 40, and 60 nffsom left to righy. B: Data from A are summarized, showing normalized lagging response as a function of lead level.

C: Data from one neuron in an adult cat studied in free f{€l8=2.65; threshold 40 dB Lag level was held constant at 40 dB, lead level varied from 30 to

60 dB in steps of 5 dB, and measurements were conducted at ISDs of 10, 20, and 30 ms.

by a lagging stimulus at 5, 10, and 20 ms deldgtars, respond to the leading source, there is no suppres&ibd).
triangles and squares, respectiyelynder all conditions the The effect of lead location on suppression was observed
lead response shows a peak in the contralateral hemifield. lin kittens as young as 9 days and as old as 29 days. Figure
the single click condition the neuron also responds to d@2A and B shows an effect of lead location in 9-day-old and
stimulus at—90°, but for unknown reasons that response27-day-old neurons, respectively. In 12B suppression is
does not occur in the other conditions. Figure 11D shows thetrongest at the shortest delays, as well as when the leading
response to the lagging stimulus at 5, 10, and 20 ms, as source exerts maximal responses. In 12A, the youngest ani-
function of the location of the leading stimulus, as well asmal for which these data were obtained, the effect of lead
the response to single click@illed circles. For all delay location is quite strong, although the effect of delay is some-
conditions the lagging sound was placed-#a45°, which  what weak. No examples with strong effects of both delay
elicited maximal response to the lead. If the leading sourcand location are available at the youngest ages studied. Fig-
has no suppressive effect then all lagging responses shoultgte 12D shows an effect of both delay and lead location in an
approximate the neuron’s response to a single click4%°;  adult neuron. The response types shown in Figs. 11, 12A, B,
any reductions in responses reflect a suppressive effect. &ind D are termed SMAXLitovsky and Yin, 1998, h since
positive angles suppression is maximal when response to thgippression is strongest when the lead response is maximal.
lead is maximal, at 0° ta-60°. Suppression is also strongest These responses were seen at all ages studied and represent
at the shortest delay® and 10 msand weak at the long 73% (11/15 of neurons; this proportion is consistent with
delay(20 m9. At negative angles, where the neuron does noproportions found in the adult daté2%; 24/39.
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KITTEN ADULT several other very young neurof® 10, 15, and 20 days of

Overall Duration age, all of which did show decreased azimuthal sensitivity
at higher leveldi.e., Fig. 3, 10 day neurgnAny develop-
mental effects would thus have to occur between 8 and 10
days. A more likely explanation is that, given the small num-
ber of neurons studied for this effedil £15) the difference
may be attributed to a sampling bias.

g
£

|
°

Lagging Response

B. Physiological correlates of precedence

The general finding that most cells in the IC show a
suppressed response to the lagging stimulus is consistent
with previous reports using stimuli that mimic the PEn,
1994; Yin and Litovsky, 1995; Fitzpatriclet al, 1995;
Keller and Takahashi, 1996; Litovslat al, 1997; Litovsky

- ps o . and Yin, 1998a, b The results presented here also show that
Inter-Stimulus Delay (msec) Inter-Stimulus Delay (msec) many perceptual phenomena related to the PE exhibit corre-
lates in responses of IC neurons. It is notable that, whereas
FIG. 10. Effect of stimulus duration. Top: Effects of co-varying the lead andneural echo thresholds range from 2 to 100 ms. the PE is
lag durations. Responses of one kitten ney@hdays, CF4 kHz) and one . 9 ’
adult neuron(CF=10 kH2), each tested using narrow-band noise bursts atpsychophysically strongest at delays that are below 10 ms
CF. Bottom: Effects of varying lead duration for a constant lag duration.(Wallachet al,, 1949; Blauert, 1997; Zurek, 1987; Freyman

Responses of the same two neurons shown above; lag duration were 10 rag |, 1991). However, the physiological results are consis-
and 5 ms, for the kitten and adult neurons, respectively. Both lead and la . .
locations were chosen such that when presented in isolation they elicited %nt with the idea that perceptual thresholds are generated by

robust response. those neurons with the lowest thresholds, rather than by
mean behavior of the populatidilliot et al,, 1960; Liber-

In the adult data there exist an additional, much smallef™@": 1978; Yin, 1994 The proportion of neurons withalf-
(13%: 5/39, category of neurons termed SMIN, in which maximal ISDgneural correlate of echo thresholdsss than
suppression is minimal when the lead response is maximaf-0 MS iS quite substantial: 32¢41/34 and 24%(23/94) in
In the kitten data 13%2/15) of neurons exhibited a similar Kittens and adults, respectively. Fitzpatriekal. (1995 have
response type as well. For example, in Fig. 12C when th&lso argued that several aspects of the PE, such as accurate
lead produces maximal excitatidFkBO," to +90°) the lag localization of the lag at its respective position, and equal-
response is high; the lag response is weaker when the leagdness perception of the lead and lag, are not fully in place
response is weaker at15° to —45°. However, this neuron until the delays are in the tens of milliseconds, which may
is not completely SMIN, since at the locations which pro-2ccount for the neurons whosalf-maximal 1SDsare long.
duce minimal lead excitatiof—90° to —60°), suppression Responses in kitten neurons showed further correlates of
of the lag at 5 ms is weak. Finally, the proportion of neuronsPSychophysical findings. First, using noise stimuli, half-
with no effect of lead location on suppression is 1615  Maximal ISDs were longefi.e., suppression strongewith

in kitten neurons, compared with 25650/39 in adult cats. more excitable stimuli having longer durations, which is con-
' sistent with findings in adult catgitovsky and Yin, 19983

and with human behaviofDamaske, 1971 Second,half-
maximal ISDsvaried with stimulus level, however, in this
The principal finding is that cells in the ICC exhibit an case a more excitatory stimulus at higher levels resulted in
adult-like physiological correlate of the PE. This occurs agreduced suppression in most neurons, which is consistent
early as 8—9 days of age, before the full maturation of thewith psychophysical reports(Shinn-Cunninghamet al,,
structure or function of the auditory system and before thel993. These findings suggest that the strength of suppres-
time that a kitten functions behaviorally in its auditory envi- sion is not always predictable from the amount of excitation
ronment. that a stimulus produces when presented in isolation. Rather,
there seems to be a more refined interaction between the
excitability of the lag and the suppression produced by the
The data presented here suggest that azimuthal sensitikead, which may be independent of spike réYén, 1994).
ity is well developed early in life. One difference betweenThird, our findings on the effect of varying the leading
kitten and adult neurons is the lack of kitten neurons thasource level are consonant with psychophysical results in
prefer stimuli presented in the ipsilateral hemifield. How-humans: an increase in the level of the lagging stimulus re-
ever, given that ipsilateral neurons only represent 5% of theluces echo thresholds, and an opposite effect occurs when
adult population(Litovsky and Yin, 1998j this difference the lag level is decreaséBlodgettet al., 1956; Thurlow and
could be due to a sampling bias; adult data were based dRarks, 1961; Babkoff and Sutton, 1968in (1994 has pre-
almost 70 neurons, whereas kitten data were based on 3dously reported similar results in the ICC of adult cats.
neurons. A second difference is that the youngest neurons Finally, the ICC is thought to be an important structure
studied(8 days did not show changes in azimuthal sensitiv- for encoding auditory cues that are used in sound localization
ity with increased levels. The effect of level was studied in(Yin and Kuwada, 1983; Yin and Chan, 198®&1ost neurons

Ill. DISCUSSION

A. Azimuthal sensitivity
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FIG. 11. Modulation of echo suppression by azimuthal location of the leading stimulus in response to clicks in one 12-da{CRetBddz). A and B: Dot

rasters with an ISD of 10 m@\) and 20 mgB). Responses to the leading stimuli occur at a latency of 10-14 ms, and varies with locatioh 3@nitop)

to —90° (bottom). The responses to the lagging responses occur later in time with the stimulus alwag5°atThese responses are summarized in C and

D. C: Responses to the leading stimulus from A andrBingles and squargdo the lead at 5 méot shown aboveand to single clickgclosed circles The

maximum lead/single response occurs-dt5° to +60°, in the contralateral hemifield. D: Responses to the lagging stimuli from A and B, as a function of the
azimuthal location of the leading stimulus. Responses to single clicks from panel C are shown again in dark circles for comparison. If no suppression occurs
then the lagging response should approximately equal the response of the neuron to a single click at 45°. Open symbols represent responses to the lagging
clicks at ISDs of 5, 10, and 20 ms.

in the ICC are sensitive to stimulus locations along the azifurther echo is less likely to be suppressed. Our results are
muth (Sempleet al,, 1983; Aitkin et al,, 1985, 1984; Lito- insufficient for resolving this issue; however, it should be
vsky and Yin, 1994; Delguttet al,, 1999, hence the impor- noted that psychophysically, the PE and forward masking are
tance of stimulus location for physiological correlates of theconsidered to reflect different mechanisms in the auditory
PE was studied. For most neurons, suppression of responsgstem(Zurek, 1987.

to the lagging source occurred when the leading stimulus
was presented from the same locations as the lagging sourc
Since those locations were most excitatory for the neurons, |
may seem that these results are related to the phenomenon of During the first few weeks after birth the central audi-
forward masking, whereby the excitability of a signal is re-tory pathway of mammals undergoes remarkable structural
duced by a stimulus that precedes it in time. However, inchanges, hence it is quite surprising to find that many basic
several neurons suppression of the lagging response couddements of responses to auditory stimuli emerge very early
occur even when the response to the leading source is weak postnatal life(Brugge, 1992 In the kitten, the pattern of
(see Fig. 12¢ The SMAX neurons might be related to the innervation of hair cells stabilizes at around three weeks after
auditory system’s ability to separate the signal from its echobirth (Pujol et al,, 1978, but myelenation of the auditory
an echo that arrives from a nearby location is potentially lessierve is not completed until 3—6 months postpart(Ro-
confusing than one arriving from further locations, hence thenandet al,, 1976; Walshet al, 1985. During the neonatal

. Developmental issues
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adult neurons. Thus, the qualitative similarity between kitten
and adult neurons appears to be strong.

Although the site of generation of the PE in the auditory
pathway is not known, there is strong evidence to suggest
that the IC is an important station in the initial stages of the
pathway(Yin, 1994; Fitzpatricket al, 1995. Studies con-
ducted on kittens in the IC have shown that the neural cir-
cuitry involved in sensitivity to ITD and IIDBlatchely and
Brugge, 199D as well as amplitude-modulatiofBrugge
et al, 1993 is well-developed before the binaural system is
matured, and before the cochlea is even capable of respond-
ing to those stimuli. Thus, it is not surprising that the re-
sponses of ICC neurons to PE stimuli is also fully matured at
birth.

How do these findings relate to the behavioral data
which suggest that newborn mammals do not experience the
PE in a similar fashion to adult mamma(€lifton et al,

) . 1981; Muiret al, 1989; Burnhanet al, 1993? The auditory
Lead Azimuth Lead Azimuth cortex has been implicated as an important structure in the
behavioral manifestation of the PE. Cats with lesions in their
FIG. 12. Responses from four neurons whose echo suppression is moduy itnry cortex are impaired in their ability to localize PE
!ated b_y the I_eadlng stimulus Iocathn. Rgsponses to th_e leading s‘tlmulus bg . . . : .
itself (filled circles and to the lagging stimulus at various 1SDfilled timuli at the leading source, however, their localization of a
symbol3 are plotted as a function of the location of the leading stimulus. Single sound remains inta@Cranfordet al., 1971; Cranford
The arrows in each panel point to the azimuthal location of the lagginggnd Oberholtzer, 1976: Whitfieldt al,, 1973_ In addition,

stimulus, which was held constant. Neurons in panels A-C are exampleg,.: . .
from kitten neurons, at 9 day€F=11 kH2), 27 days(CF=4 kHz) and 29 Ehildren with temporal lobe epilepsiHochster and Kelly,

days(CF=3.7 kH2), respectively. The fourth example in D is from an adult 1981 and adults with cerebrovascular damag@®rnelisse
neuron(CF=0.85 kH2. and Kelly, 1987, whose localization of single sounds is

nearly perfect, show marked decrease in their ability to lo-

period significant structural changes also occur in the supeqalize PE stimuli. It has been suggestéifton, 1983 that

rior olivary complex(Schwartz, 1972, 1937 which is the the auditory cortex provides sensory i.nhibition of the Iagg_ing
first site of binaural interaction in the auditory pathway. source, which produces the perception of a fused auditory

Physiological changes in stimulus coding also undergoevent at the Iead.ing source location. This inhi_bition presum-
significant changes during development. The response Ifﬁbly unfolds during the first few months of life when the

tency to sound sources appears to decrease with age at ggdltory cortex is undergoing significant changBekaban,

levels of the auditory pathwagMoore, 1983. In the lateral 1 78; dY.akov(Ijev tanl.d kL(ejzcoulrs, 195t7||:uLther reger;\rr]ch 'St
superior olive(LSO), where neurons encode interaural dif- needed in order 1o link developmental changes in the cortex

ferences in level, the resolution of single cells is poor inW'th the late onset of the PE in mammals. In particular,

young gerbils tested immediately after ear canal openingehavioral studies in kittens demonstrating a similar time

(Sanes and Rubel, 1988This functional immaturity is also ourse to that observed in dogs and humans are important.

; : ; . In summary, this study provides the first measurement of
found in the IC of kittengMoore and Irvine, 1981; Blatchle . . . .
g y physiological correlates of the PE in the IC of kittens. Our

Oftinding that most single-unit physiological observations
made in adult cats can be replicated in young kittens is con-

be accounted for simply by changes at the level of the co-. . ; . . .
chlea ply by g sistent with the notion that the behavioral manifestation of

In spite of all the changes that occur in the auditorythe PE is mediated at higher levels in the auditory pathway

system of developing animals, our data show that neurons iWan the IC(e.g., Cliftonet al, 1994; Clifton and Freyman,

the ICC of kittens display a physiological correlate of the PE1997)' Th_us, the neurons in t_he brainstem are rc_eady to carry
that is remarkably similar to effects found in the ICC of adult relevant information concerning sounds and their echoes at a

animals (Fitzpatrick et al., 1995; Yin, 1994; Litovsky and Very young age,_much b_efore highgr cgnters are capable of
Yin, 1998a, b. In fact, the only potential difference in the processing that information and using it effectively for be-

data was that of lowenalf-maximal ISDsn the kitten popu- havioral purposes.
lation than adult population, a difference which disappeareég
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