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ABSTRACT only type I units showed an enhanced representation
of spatially separated signals and maskers that was con-
sistent with human perceptual performance in inde-Neurons in the central nucleus of the inferior collicu-
pendent psychoacoustic observations. These resultslus (ICC) of decerebrate cats show three major
support the interpretation that type I units play anresponse patterns when tones of different frequencies
important role in the auditory processing of nar-and sound-pressure levels (SPLs) are presented to the
rowband signals in background noise and suggest acontralateral ear. The frequency response maps of type
physiological basis for spatial factors that govern signalI units are uniquely defined by a narrow excitatory
detection under free-field listening conditions.area at best frequency (BF: a unit’s most sensitive fre-

Keywords: auditory system, binaural hearing, signalquency) and surrounding inhibition at higher and
encoding, background noiselower frequencies. As a result of this receptive field

organization, type I units exhibit strong excitatory
responses to BF tones but respond only weakly to
broadband noise (BBN). These response characteris-

INTRODUCTIONtics predict that type I units are well suited to encode
narrowband signals in the presence of background

Neurons in the central nucleus of the inferior collicu-noise. To test this hypothesis, the dynamic range prop-
lus (ICC) exhibit three major response types whenerties of ICC unit types were measured under quiet
single-unit responses are recorded in unanesthetizedconditions and in multiple levels of continuous noise.
decerebrate cats (Ramachandran et al. 1999). FigureAs observed in previous studies of the auditory nerve
1 (left panels) shows typical frequency response mapsand cochlear nucleus, type I units showed upward
for each unit type. The response maps of type I unitsthreshold shifts and discharge rate compression in
are distinguished by a receptive field organization thatbackground noise that partially degraded the dynamic
combines a narrowly tuned I-shaped area of excitationrange properties of neural representations at high
at frequencies around best frequency (BF: the mostnoise levels. Although the other two unit types in the
sensitive frequency) and flanking regions of inhibitionICC showed similar trends in threshold shift and noise
at higher and lower frequencies. Type V units producecompression, their ability to encode auditory signals
frequency response maps that display a broadly tunedwas compromised more severely in increasing noise
V-shaped excitatory area with no signs of inhibition.levels. When binaural masking effects were simulated,
Type O units have frequency response maps that are
dominated by inhibition except for an O-shaped island
of excitation at frequencies near BF and sound-pres-
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FIG. 1. Monaural response properties of a represen-
tative type I unit (unit number 2.10, BF 5 5.4 kHz,
experiment date: 01/26/1998), type V unit (unit num-
ber 4.01, BF 5 1.2 kHz, experiment date: 09/20/
1996), and type O unit (unit number 1.20, BF 5 20
kHz, experiment date: 04/30/1997). Combinations of
frequency and level that elicited excitatory (inhibi-
tory) discharge rates are identified by black (gray)
regions on frequency response maps in the left panels.
The scale that was used to plot response magnitude
is indicated by the axis at the bottom left of each
map. Tone levels are specified in dB attenuation by
numerical labels along the right margin of each map.
Rate-level functions for BF tones and bursts of broad-
band noise are shown in the right panels. Gray shad-
ing encompasses the range of spontaneous rates that
were recorded during the collection of rate-level data.

of on-BF inhibition that is typical for each ICC unit in the lateral superior olive (LSO). By contrast, type
V and type O units share monaural and binauraltype. Type I and V units show only excitatory responses

when BF tones or broadband noise bursts are pre- response properties with neurons in the medial supe-
rior olive (MSO) and the dorsal cochlear nucleussented at high stimulus levels; the resulting monotonic

or slightly nonmonotonic rate-level functions suggest (DCN), respectively.
The existence of ICC unit types with response prop-that on-BF inhibition is relatively weak for these units.

By contrast, the rate-level functions of type 0 units are erties matching those of the principal brainstem neu-
rons suggests that ascending auditory pathways maycharacterized by a pronounced nonmonotonicity. This

strong on-BF inhibition leads to almost complete cessa- remain functionally segregated at higher levels of pro-
cessing. Given this interpretation, physiological char-tion of type O discharge rates at high stimulus levels.

Variations in the strength and frequency organiza- acterization of single-unit responses in the ICC not
only can reveal the dominant sources of input to thetion of the excitatory and inhibitory inputs to ICC

neurons (Ramachandran et al. 1999), as well as con- midbrain but also can evaluate transformations in the
quality of these ascending representations at the levelcomitant differences in binaural response properties

(Davis et al. 1999; Ramachandran and May 1999a, b), of the inferior colliculus. One aspect of auditory infor-
mation processing that has interested physiologists andsuggest that ICC response types may reflect a higher-

order manifestation of the unique signal processing psychophysicists for many years is how acoustic signals
are made less detectable by competing sounds. In par-attributes of the auditory brainstem nuclei. Level-toler-

ant excitatory responses for contralateral tones, inhibi- ticular, the neural encoding of BF tones in background
noise has been the subject of detailed electrophysiolog-tory responses to ipsilateral stimulation, and binaural

inhibitory interactions have been cited as evidence ical measures in the auditory periphery, brainstem,
and inferior colliculus (auditory nerve: Rhode et al.that type I units receive ascending inputs from neurons
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1978; Costalupes et al. 1984; Gibson et al. 1985; of tentorium. Localization of recording sites was deter-
cochlear nucleus: Gibson et al. 1985; Rhode and mined online by the sequence of BFs along electrode
Greenberg 1994; inferior colliculus: Rees and tracks and by the prevalence of ICC response types
Palmer 1988). that were identified in previous experiments (Rama-

Rhode and Greenberg (1994) have noted that chandran et al. 1999; Davis et al. 1999). At the conclu-
mechanisms for lateral suppression and inhibition in sion of the recording session (48–72 hours after the
the cochlear nucleus potentially enhance the rate rep- start of surgery), cats were euthanized with an over-
resentation of auditory signals under noisy back- dose of sodium pentobarbital (125 mg, iv). Some sub-
ground conditions, presumably by sharpening jects were perfused to allow histological confirmation
frequency selectivity. The present study recorded sin- of the completeness of the decerebration and the loca-
gle-unit responses in the ICC of decerebrate cats under tion of recording sites.
quiet conditions and in various levels of continuous
broadband noise to evaluate the hypothesis that the
lateral inhibition of type I units also reflects an audi-

Recording protocoltory specialization that is well-suited for processing
signals in noise. A signal detection analysis of the elec-

Electrophysiological recordings were made in a sound-trophysiological results obtained in these experiments
attenuating chamber. Stimuli were delivered via elec-suggests that type I units provided a more sensitive
trostatic speakers that were coupled to the hollow earrate representation of auditory signals in background
bars; the closed-field acoustic system produced signalsnoise than auditory nerve fibers, cochlear nucleus neu-
with minimal variation in stimulus level either acrossrons, or ICC units with other patterns of receptive
frequencies (65 dB from 40 Hz to 40 kHz) or betweenfield organization.
ears (62 dB). All binaural tests were performed below
stimulus levels that were capable of stimulating the
contralateral ear via conduction through the stereo-

METHODS taxic apparatus (i.e., acoustic crosstalk; Gibson 1982).
Single-unit activity was recorded with platinum–

All surgical and recording procedures were performed iridium microelectrodes. The electrode signal was
under guidelines of The Johns Hopkins University Ani- amplified 10,000–30,0003 and lowpass filtered at 5
mal Care and Use Committee. kHz. A variable threshold Schmitt trigger was used to

discriminate action potentials from background activ-
ity. Digitized spike trains were created for subsequent

Surgical preparation analysis by recording spike times relative to stimulus
onset. Rate-level functions were obtained with 200-msAdult male cats with clean external ears and middle
tone bursts that were presented at a presentation rateears free of infection were anesthetized with xylazine
of 1 burst/s. Tone-driven rates were computed by(2 mg, im) and ketamine (initial dose 100 mg, im;
counting spikes that occurred during the stimulus-onsupplemental doses 15 mg, iv). Atropine sulphate (0.1
interval (200 ms in duration, beginning 10 ms aftermg, im) was given to control mucous secretions. The
stimulus onset); spontaneous rates were measured bycephalic vein was cannulated to allow intravenous
counting spikes during the final 400 ms of the stimulus-injections of fluids, and a tracheotomy was performed
off interval.to facilitate quiet breathing. The cat’s core tempera-

Search stimuli (50-ms tones or noise bursts) wereture was maintained at 398C by a regulated heating
presented as electrodes and advanced dorsoventrallypad. A midline incision was made over the skull and
through the inferior colliculus. Entry into ICC wasthe temporalis muscles reflected. The skull was opened
indicated by a reversal in the progression of BFs rela-over the parietal cortex and the cat was made decere-
tive to single units and background activity in the dor-brate by aspiration of the thalamus under visual con-
sal cortex of the inferior colliculus (Merzenich andtrol. Anesthesia was discontinued and the com-
Reid 1974; Aitkin et al. 1975). When an ICC unit waspleteness of decerebration was established by the lack
encountered and successfully isolated, it was testedof voluntary movements during subsequent electro-
with a series of tone bursts that swept in frequencyphysiological recording. Both ear canals were tran-
across a four-octave range centered on unit BF. Thesected to accept the hollow ear bars that delivered
frequency sweeps were presented at levels of 10 andclosed-field acoustic stimuli. The tympanic bullae were
40 dB re threshold. The resulting partial frequencyvented with polyethylene tubing to prevent static pres-
response maps were sufficient to identify ICC unitsure build-up in the middle ear. A second fenestration
types based on patterns of inhibition that werewas made over occipital cortex and the dorsal tectum

was exposed by cortical aspiration and partial removal described in Figure 1 (Ramachandran et al. 1999).



RAMACHANDRAN ET AL.: ICC Representation of Tones in Noise 147

Data collection

Rate-level functions were obtained by presenting a
series of fixed-frequency (BF) tone bursts that varied
in level over a 100-dB range; the lowest level in the
series was placed approximately 10 dB below the unit’s
threshold, as defined below. BF tones were presented
in four stimulus contexts: (1) monaural presentations
to the contralateral ear in quiet, (2) monaural (contra-
lateral) presentations in continuous broadband noise,
(3) binaural presentations in quiet, and (4) binaural
tones in binaural background noise. Rate-level func-
tions were sampled in 10-dB increments with ten repe-
titions to obtain statistical measures of the rate
representation of each stimulus level. In some
instances, rate-level functions were obtained with 1-dB
resolution without repeating levels to produce a more
detailed description of a neuron’s dynamic range
properties. Data collection for tone presentations in
background noise began five seconds after noise onset
to allow discharge rates to stabilize. On occasion, units
showed a slow rate of noise adaptation that progressed
throughout the collection of the rate-level function;
these long-term adaptation effects did not appear to FIG. 2. Statistical methods for measuring rate-level functions for BF

tones under quiet conditions and in continuous background noisebe more prevalent for any particular response class.
(data from type I unit number 7.10, BF 5 36.3 kHz, experiment date:Binaural stimuli simulated free-field interaural level
08/25/1997). A. Tone-driven rates during stimulus-on intervals (upper

difference (ILD) cues to investigate the influences of panel) and their corresponding background rates during stimulus-off
sound location on the representation of signals in intervals (lower panel). Responses were sampled 10 times at each

stimulus level. These data were obtained under quiet conditions. B.noise. ILD effects were characterized under quiet con-
Average rate-level functions and background rates for BF tones inditions using a contralateral tone with fixed level (10
quiet and in two levels of continuous background noise. The rate-dB re threshold) and ipsilateral tones that swept in level function in quiet (thin line) represents the average of data shown

level from 20 dB below the contralateral tone (120 in A. C. d8 functions based on differences between the tone-driven
dB ILD) to 20 dB above the contralateral tone (220 and background rates in B. See text for a description of the signal

detection methods that were used in these calculations. The gray-dB ILD). Responses to binaural tones in binaural noise
shaded region identifies tone levels that produced d8 values betweenwere studied by fixing the ILD of the tone signal at
6 1; from a signal detection perspective, the presentations of these

120 dB, fixing the noise level in the contralateral ear stimuli cannot be detected in the neuron’s discharge rates.
at 10 dB re threshold, and varying the noise level in
the ipsilateral ear to produce ILDs from 120 to 220
dB in 10-dB steps. Effects of background noise on rate-level

functions of type I units

Figure 2 illustrates the data collection methods that
were used to characterize the rate encoding of BF tone
levels by ICC neurons. The data shown in Figure 2RESULTS
were obtained from a type I unit. In Figure 2A, the
plots of driven rates during the tone-on interval (upper

Single-unit responses were recorded from 118 ICC panel) and background rates (BRs) during the tone-
neurons in 14 cats. The present analysis was based on off interval (lower panel) indicate the range of
average discharge rate and, therefore, was limited to responses obtained when each stimulus level in the
units that showed sustained responses to BF tones. 100-dB series was repeated ten times. These data were
Strictly onset responses are relatively uncommon in the obtained under quiet conditions; therefore, the unit’s
ICC of decerebrate cats [Ramachandran et al. (1999) BR is its spontaneous activity. In Figure 2B, the unit’s
observed 12 onset units in a sample of 146 ICC units]. mean driven rates and BRs are compared for recording
Additional stimulus protocols were performed in con- under quiet conditions (thin line), in continuous
junction with this study to maximize the collection of broadband noise with a 0-dB spectrum level (dashed

line), and in a noise spectrum level of 20 dB (bolddata from individual subjects.
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line). One prominent noise effect was a shift in the
dynamic range of the rate-level function to higher tone
levels. The second effect was rate compression, a
decrease in the range of rate changes that potentially
encode stimulus levels. Rate compression results from
an increase in background rates because of the unit’s
sustained noise-driven activity (lower panel) and a con-
comitant decrease in maximum tone-driven rates that
most likely results from a combination of noise inhibi-
tion and short term adaptation (upper panel).

Statistical analyses were performed on discharge
rates to evaluate the effects of noise-induced dynamic
range shifts and rate compression from a signal detec-
tion perspective (Green and Swets 1974). The discrimi-
nability index (d8) was calculated using eq. (1):

d8 5
mt1B 2 mB

!s2
t1B 1 s2

B
(1)

where mt 1 B is a unit’s mean driven rate for the ten
repetitions of a tone level in a background of either
quiet or noise, and mB is the unit’s mean background
rate during the corresponding stimulus-off intervals.
st 1 B and sB are the standard deviations of those
responses. This form of eq. (1) assumes that discrimi-
nation is based on two observation intervals (stimulus-
on and stimulus-off) and that the decision variable
is the difference in discharge rates between the two
intervals. By convention, a d8 value of 61 was used as
the criterion that the tone presentation produced a
detectable change in discharge rate relative to back-
ground activity. Figure 2C plots d8 values that were FIG. 3. Noise-induced shifts in the tone detection thresholds of type

I units. A. Threshold shift is plotted as a function of noise spectrumderived from the discharge rates shown in Figure 2A.
level for the representative type I unit (unit number 7.10, BF 5 36.3As was seen for average discharge rates, d8 values at
kHz, experiment date: 08/25/1997). The unit’s shift rate was derivedfixed sound-pressure levels decreased in the presence
by calculating the slope of a linear fit to the shift function (dashed

of noise; consequently, the dynamic component of the line). B. Shift functions for all type I units in the present study. The
signal detection function was translated to higher lev- dashed line indicates unity slope (i.e., 1 dB threshold shift per 1 dB

increase in noise spectrum level); the line has been arbitrarily placedels. This shift in the dynamic range of the rate response
to correspond to linear increases in the shift functions of most units.predicts that low levels of tone are less detectable in
C. Histogram showing the shift rates of all type I units. Arrow indicatesbackground noise, which is a well-established psycho-
the median shift rate of the type I distribution.

acoustic masking phenomenon.
Dynamic range shifts were quantified by calculating

the difference between signal detection thresholds in
quiet conditions and in various levels of background measured from all type I units in the present study.

The dashed line shows a unity slope which representsnoise (arrows labeled c in Fig. 2C). Figure 3A plots
shifts in the tone detection thresholds of the represen- the rate of threshold shift that is necessary to preserve

the dynamic range of the neural representation (Gib-tative type I unit as a function of noise spectrum level.
The unit’s tone thresholds were not affected by noise son et al. 1985). The distribution of shift rates derived

from linear fits to these data is plotted in Figure 3C.spectrum levels less than 0 dB because these noise
levels fell below the unit’s noise threshold and, there- Type I units exhibited a median threshold shift of

1.05 dB for each 1-dB increase in background noise;fore, failed to elicit inhibitory or adaptation effects. At
higher noise spectrum levels, the detection threshold consequently, this unit type is expected to maintain

sensitivity to changes in signal level in high levels ofshifted to progressively higher tone levels with each
increase in the level of background noise. The noise- background noise.

Figure 4 illustrates the compression effects of back-induced threshold shifts of type I units were linear
over a wide range of spectrum levels (dashed line in ground noise on rate-level functions of type I units.

These results are presented in terms of a scale factor,Fig. 3A). Figure 3B shows the threshold shifts that were
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scale factors . 0%). Figure 4C shows the distribution
of compression rates for type I units; these values repre-
sent the slopes of linear fits to the scale factor functions
in Figure 4B. A median scale factor of 1.5% per dB
suggests that most type I units lose their ability to
encode tones in terms of discharge rate when noise
levels reach 60–70 dB above the noise threshold.

Effects of background noise on rate-level
functions of type V and O units

Figures 5 and 6 show the effects of background noise
on the tone-driven responses of ICC type V and O
units. Rate-level functions of a representative type V
unit and its corresponding d8 statistics are shown in
Figure 5A,B. These data were obtained under quiet
testing conditions and in two levels of background
noise. In general, the effects of noise on the rate
responses of type V units were similar to those
described previously for type I units; that is, tone detec-
tion thresholds shifted to higher levels and discharge
rates compressed as the level of background noise
increased. Decreases in d8 suggest that noise-masking
effects diminish the neural discrimination of changes
in tone level. Figure 5C plots shifts in detection thresh-
old as a function of noise spectrum level for each of
the four type V units that were recorded in the current
study. This small sample reflects the fact that our sam-
pling methods isolate type V units much less frequently
than other unit types. Two type V units produced shift
rates that approached a unity slope across several levelsFIG. 4. Noise-induced compression of the tone-driven discharge
of background noise (dashed line), while therates of type I units. The dynamic range of rate responses is presented

in terms of scale factors (see text for a detailed description of this remaining two units displayed clear threshold shifts
measure). A. Effects of noise spectrum level on scale factors of the only at the highest noise spectrum level. Figure 5D
representative type I unit (unit number 7.10, BF 5 36.3 kHz, experi- plots the distribution of shift rates for the four type V
ment date: 08/25/1997). Scale factor rate (the rate of dynamic range

units. The median shift rate of this sample (0.84 dB/compression) was derived from the slope of a linear fit to the transi-
dB) implies a slight decrease in the magnitude of noise-tional component of the scale factor function (dashed line). B. Scale

factor functions for all type I units in the present sample. C. Distribu- induced threshold shifts relative to type I units, but
tion of scale factor rates for all type I units. such interpretations require a larger sample of type V

units than in the present study.
Type O units are dominated by inhibitory effects

that drive stimulus-driven discharge rates to zero oncethe ratio of the maximum tone-driven rate in back-
ground noise versus quiet conditions (100 3 b/a, as sound levels reach 20–30 dB above threshold (Rama-

chandran et al. 1999). When type O units are testedillustrated by arrows in Fig. 2B). Scale factors of the
representative type I unit are shown in Figure 4A. As with tones-in-noise, this powerful inhibition creates

a rate-level function that is distinct from the largelywith noise-induced threshold shifts, only noise spec-
trum levels above 0 dB produced major compression excitatory responses of type V and type I units. Rate-

level functions and their corresponding d8 functionseffects for this unit. These dynamic range changes
were also approximately linear (dashed line). Figure of a representative type O unit are shown in Figure

5E,F. Note that this unit exhibited a narrow range of4B plots the scale factor functions of all type I units in
the present study. The threshold for noise compression excitatory responses under quiet conditions (d8 . 1)

but showed strictly inhibitory responses in backgrounddiffered widely within this sample, with most units
showing scale factors greater than 50% at noise spec- noise (d8 , 21). The threshold of the unit’s inhibitory

responses was subject to the same noise-inducedtrum levels approaching 20 dB. The few units that
were sampled at higher noise spectrum levels also dynamic range shifts as the excitatory responses of

type I and type V units. The inhibitory threshold ofmaintained some range of tone-driven activity (i.e.,
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FIG. 5. Comparison of noise-induced
threshold shifts for type V (left panels) and O
unit (right panels). A. Average rate-level curves
for a representative type V unit (unit 3.03,
BF 5 2.3 kHz, experiment date: 08/02/1999).
Arrows indicate the background rates of each
stimulus condition. B. d8 functions based on
the discharge rates shown in A. Tone levels
that failed to elicit detectable rate responses
fall within the gray-shaded region. C. Thresh-
old shift functions for all type V units. Dashed
lines have unity slopes. D. The distribution of
shift rates for all type V units. E, F. Average
rate-level curves and d8 functions for a repre-
sentative type O unit (unit 1.17, BF 5 16.2
kHz, experiment date: 09/17/1997). G, H.
Threshold shift functions and distributions for
all type O units.

type O units was defined as the tone presentation level noise. The distribution of scale factors for the four
type V units in the present study produced a medianthat evoked a rate decrease relative to the BR with a

d8 value of–1. Threshold shifts were calculated in terms value of–1.65% per dB, as shown in Figure 6B.
Calculation of scale factors for type O units is prob-of differences between inhibitory thresholds in back-

ground noise versus quiet (as shown by arrows labeled lematic because background noise exerts its major
effects on this unit type by changing levels of back-c in Fig. 5F). Shift magnitude is plotted as a function

of noise spectrum level in Figure 5G for all type O ground activity and not by tone-driven responses which
tend to indicate complete inhibition at most stimulusunits in the present study. The distribution of slopes

for these data is plotted in Figure 5H. The median levels above threshold regardless of the background
stimulus condition. Relative to spontaneous dischargeshift rate of type O inhibitory thresholds was 0.95 dB/

dB of background noise. Nonparametric statistical rates in quiet, the BR of the type O unit in Figure 5E
increased in a noise spectrum level of 220 dB (dashedanalysis found no significant differences between the

shift rates of type I and type O units (Mann–Whitney line) because of excitatory responses to the back-
ground stimulus. By contrast, the BR decreased belowU test, p . 0.2).

Figure 6A plots scale factors as a function of noise spontaneous rates when this unit showed an inhibitory
response to background noise with a spectrum levelspectrum level for the representative type V and O

units in Figure 5A,E. As for type I units, type V units of 20 dB (bold line). As a result of the nonlinear
changes in BRs and the constant inhibitory responsealso exhibited substantial rate compression (i.e., small

scale factors) with increasing levels of background at high BF tone levels, the unit’s scale factors exhibited
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FIG. 6. Noise-induced rate compression for
type V and O units. A. Scale factor functions
for representative units (data are from the same
units as in Fig. 5A, B). B. Histogram of scale
rates for the four type V units in the present
sample. C. Scale factor functions for all type O
units. Arrow points to three units that showed
excitatory responses to high levels of back-
ground noise; the remaining units were inhib-
ited by high levels of noise.

first expansion and then compression with increasing components of the rate-level functions. Actual physio-
levels of background noise. The scale factors of all type logical data and their corresponding curve fits are
O units are shown in Figure 6C. A few units in this shown for the representative type I and O units in
sample (3 out of 34) exhibited discharge rates to high Figure 7A; these results were obtained in quiet and in
levels of background noise that exceeded their maxi- continuous broadband noise with a spectrum level of
mum tone-driven rates. These excitatory effects pro- 20 dB. In accordance with previous conventions (e.g.,
duced the unusually large scale factors in Figure 6C Rees and Palmer 1988; May and Sachs 1992), shift
(arrow). magnitude was calculated as the difference between

the tone levels that evoked the half-maximal excitatory
response in noise versus quiet. Scale factors were calcu-

Effects of background noise on high-resolution lated as the ratio of maximum tone-driven rates in
rate-level functions noise versus quiet. As with the statistical measures illus-

trated in Figure 5F, the shifts of type O units wereThe effects of background noise on the rate-level func-
calculated as the difference in BF tone levels thattions of auditory neurons have been investigated in
evoked half-maximal inhibitory response in noise ver-many of the major nuclei of the ascending auditory
sus quiet. The noise compression of the discharge ratespathway (ANF: Costalupes et al. 1984; Gibson et al.
of type O units was not characterized because of strong1985; cochlear nucleus: Gibson et al. 1985; ICC: Rees
nonlinearities in the noise responses of this unit type.and Palmer 1988; primary auditory cortex: Phillips
Neurons that were studied with both high-resolutionand Hall 1986). Most previous studies have measured
and statistical sampling paradigms showed no signifi-the effects of noise on the dynamic range properties
cant differences in their rates of noise-induced shiftsof auditory neurons by sampling single-unit responses
or scale factor compression (paired t test, p . 0.1).with high-resolution (1-dB) changes in signal level. To

Figure 7B compares rates of dynamic range shiftfacilitate quantitative comparisons with these indepen-
for some of the principal single-unit response typesdent observations, rate-level functions with a tone level
along the ascending auditory pathway. The averageresolution of 1 dB were obtained from a subset of units
shift rate of ICC type I units (solid lines) serves as the(83 units, 28 type I, 7 type V, and 48 type O units).
reference for this comparison. Variation within theThe effects of background noise on high-resolution
sample of type I units is plotted in terms of the standardrate-level functions were characterized by measuring
deviation of the mean (dashed lines). Type I unitsrates of noise-induced dynamic range shifts and com-
(labeled 1) in the ventral subdivision of the cochlearpression in several levels of continuous broadband
nucleus (VCN) are characterized by a purely excitatorynoise. Prior to these calculations, Hill functions (Segel

1976) were fit to the data to smooth the transitional receptive field that resembles the frequency response
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FIG. 7. Effects of background noise on the
dynamic range of single-unit responses in the
auditory nerve, cochlear nucleus, and inferior col-
liculus. A. Rate-level functions of two ICC neurons
(type I unit 7.10, BF 5 36.3 kHz, experiment date:
08/25/1997 and type O unit 1.17, BF 5 16.2 kHz,
experiment date: 09/17/1997). Hill functions were
used to fit smoothed curves to the dynamic range
component of actual physiological responses to
tones in quiet (Q) and in background noise (spec-
trum level 5 20 dB SPL). B. Comparison of noise-
induced threshold shifts for the major response
types in the auditory nerve, cochlear nucleus, and
ICC. The reference line is the mean shift rate of
type I units; dashed lines indicate 61 standard
deviation (S.D.) of the mean. The mean (6S.D.)
of other unit types are plotted as symbols (error
bars). Open symbols identify unit types that were
exclusively excited by BF tones; filled symbols
mark unit types where shift rates were based on
changes in inhibitory thresholds. C.Scale rates for
units in the auditory nerve, cochlear nucleus, and
ICC. The scale factors of DCN type IV units were
calculated in terms of the strength of inhibitory
responses. ICC type O units have been excluded
from this analysis because of their nonlinear
responses to background noise. Numerical labels
in B and C are used in place of the standard
cochlear nucleus nomenclature for type I, III, and
IV units to avoid confusion with our non-numeri-
cal classification system for ICC units.

maps of auditory nerve fibers. VCN type III units dynamic range adjustments that help preserve the
range of discharge rates that is available for stimulus(labeled 3) exhibit lateral inhibitory sidebands that

resemble ICC type I units and may serve as a source representation in the presence of background noise.
The small sample size of type V units contributes toof input for these higher-order neurons (Ramachan-

dran et al. 1999). Type IV (4) units are the projection the large variability of scale rates for this unit type.
neurons that link the dorsal cochlear nucleus (DCN)
to the midbrain. These ascending inputs may play an Effects of background noise on tone detectability
important role in the formation of type O responses
in the ICC (Ramachandran et al. 1999). Additional Signal detection measures were used to evaluate the

effects of noise-induced dynamic range shifts and ratedetails of cochlear nucleus response properties can be
found in Young et al. (1988). For unit types in which compression on the statistical magnitude of signal rep-

resentations. d8 values were calculated for tone-drivenshift rates are based on excitatory responses (open
symbols), mean shift rates (6SD) in the auditory discharge rates as a function of both changes in abso-

lute signal levels and changes in signal-to-noise ratiosnerve, cochlear nucleus, and inferior colliculus were
smaller than those exhibited by type I units. Unit types (S/Ns). The resulting distributions of d8 values for ICC

type I units are presented as statistical box plots inwith strong inhibitory responses in the cochlear
nucleus and inferior colliculus (filled symbols) showed Figure 8. Figure 8A illustrates neural responses to tones

in four different noise levels (240 to 20 dB) when theshift rates for inhibitory thresholds that were approxi-
mately equal to those of type I units. level of the test tone was held 10 dB above the detection

threshold for each background noise condition (i.e.,Figure 7C compares noise compression effects in
the auditory nerve, cochlear nucleus, and inferior col- constant S/N). Changes in noise spectrum level pro-

duced no significant differences in the neural detec-liculus. On average, ICC type I units exhibited less
dynamic range compression (i.e., larger scale factors) tion of the tone as long as this relative 10-dB S/N was

maintained ( p . 0.1, nonparametric Friedman test).than any other unit type. As the neural code for a
tone-in-noise ascends from the auditory nerve to the By contrast, the box plots in Figure 8B compare distri-

bution of d8 for a fixed absolute tone level of 40 dBcochlear nucleus and on to type I units in the inferior
colliculus, units with excitatory response patterns SPL in the different levels of background noise. As

S/Ns decreased at higher noise spectrum levels, lower(open symbols) show a progressive enhancement of
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FIG. 8. Signal detection measures for the effects of noise on the
tone-driven rates of type I units. A. d8 scores for responses to a 10-dB
re threshold tone in four noise spectrum levels. For this comparison,
absolute tone levels vary across noise conditions to maintain a con-
stant 10-dB ratio above the tone-in-noise detection threshold. B. d8

scores for a 40-dB SPL tone in the same four noise spectrum levels.
The upper and lower limits of each box plot indicate the interquartile
range (middle 50%) of the distribution of d8 scores. Each box is
divided at the median of the distribution. Error bars point to the most
extreme data points within 61.53 the interquartile range. Outliers
beyond this range are plotted as individual symbols.

FIG. 9. A comparison of tone detection in noise across ICC unit
types. A. Median d8 scores for responses to a 10-dB SPL tone in fourd8 scores indicate that the tone was masked more effec- noise spectrum levels. B, C. d8 scores obtained with tone levels of

tively. This loss of sensitivity was statistically significant 40 and 70 dB SPL. Responses within the gray-shaded regions failed
( p , 0.01, Friedman test). to detect the presence of the tone according to threshold criteria.

Figure 9 shows median tone-detection d8 scores as
a function of noise spectrum level for each ICC unit
type. These data are based on tone presentation levels (outside the gray shaded regions) as long as tone levels

exceeded noise spectrum levels by 10–15 dB.of 10, 40, and 70 dB SPL. Although type I units pro-
duced the highest d8 scores for almost all combinations
of tone and noise, the tone detection capabilities of Binaural influences on signal detection in
type I units were usually matched by those of type V background noise
units except for the lowest levels of noise and the
highest level of tone (70 dB SPL). Type O units consis- Each of the three principal ICC unit types shows a

different response pattern for binaural stimulationtently produced the lowest d8 scores. This unit type
showed positive d8 scores in Figure 9A because most (Davis et al. 1999) and, therefore, may exhibit a unique

sensitivity to tones in noise under more natural free-of the units in the sample were excited by 10-dB SPL
tones; conversely, the d8 scores of type O units were field conditions where acoustic filtering effects of the

head lead to interaural level disparities. Binaural influ-negative in Figure 9B,C because higher tone levels
evoked inhibitory responses. Responses where dis- ences on the detection of tones in noise were investi-

gated by measuring rate-level functions for BF tonescharge rates are presumed inadequate to convey the
presence of tones (d8 scores between 61) are indicated with a 20-dB contralaterally dominant interaural level

difference (ILD) against backgrounds of three differ-by the gray-shaded region. All unit types showed a
deterioration in the quality of the tone representation ent noise ILDs: a 20-dB contralaterally dominant ILD,

a 0-dB midfrontal ILD, and a–20-dB ipsilaterally domi-at higher noise spectrum levels, but the detection
scores of type I and V units remained above threshold nant ILD. Figure 10A shows d8 scores that were derived
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FIG. 10. Effects of ILD on the detection
of tones in noise. A. d8 functions for repre-
sentative type I, type V, and type O units.
The noise level of the background noise
was fixed at 10 dB re threshold (approxi-
mately 0-dB spectrum level) in the contra-
lateral ear and varied in the ipsilateral ear
to produce ILDs of 220, 0, and 120 dB.
Tone levels were changed simultaneously
in the two ears to maintain a fixed ILD of
120 dB. Responses that failed to attain the
detection threshold are indicated by the
gray-shaded region. B. Scatter plot of d8

scores for responses to the same tone levels
in noise ILDs of 120 vs. 220 dB. The differ-
ent symbols indicate values from different
units. Responses within the gray-shaded
regions showed enhanced tone detection
at the 120-dB noise ILD.

from the rate-level functions of representative units DISCUSSION
for the three major response types. The type I unit

Results obtained with monaural stimuli suggest thatshowed an improvement in signal detection when the
ICC neurons in decerebrate cats manifest the samebackground noise was presented with a–20-dB ILD
general patterns of noise-induced dynamic range shifts(bold lines). This stimulus condition simulates move-
and compression that have been described in otherment of the masker to ipsilateral locations remote from
principal nuclei of the auditory system. Within thethe signal. Psychoacoustic experiments (e.g., Saberi et
ICC, type I units displayed the most sensitive averageal. 1991) have demonstrated a similar directionally
rate responses to narrowband signals in broadbanddependent release from masking in human listeners.
masking noise. This enhanced representation showedBy contrast, the type V and O units exhibited threshold
further improvement when tests were performed withenhancements relative to ipsilateral masking effects
binaural stimuli that simulated free-field conditionswhen the simulated contralateral location of the signal
with spatial separation between signal and masker.was approached by background noise at midfrontal

(dashed lines) or contralaterally dominant sound loca-
tions (thin lines). Spatial masking release is not pre- Monaural effects of background noise on the
dicted under these conditions by psychophysical discharge rates of ICC neurons
results in free-field masking experiments.

The effects of broadband noise on single-unit
Figure 10B presents results from additional units in

responses in ICC also have been measured in anesthe-
our study of binaural interactions (6 type I, 2 type V, tized guinea pigs (Rees and Palmer 1988). In place
and 6 type O units). Each symbol contrasts d8 values of the classification system used in the present study,
that were obtained at the same BF tone level with neural responses were characterized in this earlier
background noise ILDs of 120 (abscissa) versus 220 report on the basis of monotonic versus nonmono-
dB (ordinate). The ILD of the tone was maintained tonic rate-level functions for monaural tones. On aver-
at 120 dB. Each unit in the sample was tested with age, single-unit responses in the ICC of guinea pigs
several tone levels and therefore contributed multiple showed noise-induced dynamic range shifts of 0.97 dB
points to the plots. Shaded regions identify d8 scores for each 1-dB increment in background noise regard-
that indicate enhanced signal detection with the nega- less of the shape of rate-level functions. Our own prior
tive ILD background noise. Data falling within these studies (Ramachandran et al. 1999) found that units
regions replicate the psychoacoustic observation that with monotonic rate-level functions in decerebrate cats
auditory signals are more detectable when they are typically displayed type I response properties; whereas,
spatially separated from masking noise. Only type I most nonmonotonic units had type O characteristics.
units exhibited a consistent enhancement of tone rep- Consistent with previous findings in guinea pigs, the

present study found no significant differences in theresentations under these conditions.
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shift rates of type I (monotonic) and type O (nonmon- rationale for this procedure is that neurons with sharp
frequency tuning will produce lower tone detectionotonic) units.

Noise compression effects also did not differ signifi- thresholds in broadband noise (i.e., smaller critical
ratios) because a reduction in the effective bandwidthcantly between ICC response types in anesthetized

guinea pigs when single-unit responses were grouped of the masker improves the signal-to-noise ratio of
sound energy within a neuron’s receptive field. Ehreton the basis of the shape of rate-level functions (Rees

and Palmer 1988). Although statistical comparisons of and Merzenich found that low critical ratios are charac-
teristic of ICC units with strong lateral inhibition. Ourscale factor rates were not performed for type I and

type O units in the present study because of the nonlin- prior studies in anesthetized cats have indicated that
units with lateral inhibition (level tolerant units) dis-ear noise responses of type O units, qualitative compar-

isons suggest that the discharge rates of most ICC units play the same basic response properties as type I units
in decerebrate cats (Ramachandran et al. 1999). Fromin the two species compressed at approximately the

same rate over the same range of noise spectrum levels this perspective, the present observation that type I
units provided the most sensitive representation of(e.g., compare the scale factor functions in Figures 4B

and 6C in this report with Figure 8 in Rees and Palmer monaural tones in noise supports Ehret and Merzen-
ich’s earlier findings that lateral inhibition improves1988). One clear difference between the two studies,

however, is the magnitude of inhibitory influences signal encoding in background noise. Rhode and
Greenberg (1994) reached similar conclusions in theirshown by the rate-level functions of type O (nonmono-

tonic) units. In decerebrate cats, the discharge rates study of the cochlear nucleus.
of the majority of type O units were effectively elimi-
nated by high levels of tone or background noise (Fig. Binaural processing of auditory signals in
5E). In anesthetized guinea pigs, nonmonotonic units background noise
displayed tone-driven rates that remained above spon-
taneous activity at high stimulus levels. Two basic stimulus paradigms have been used to inves-

tigate the effects of binaural interactions on the detec-The diminished noise compression effects shown
by nonmonotonic units in anesthetized guinea pigs tion of auditory signals in background noise. In one

procedure, natural binaural effects are produced bymay be explained by methodological factors that
affected the strength of ICC inhibitory influences in presenting signals and maskers in free field; in the

other, virtual sound fields are created by closed-fieldthe Rees and Palmer (1988) study relative to our pres-
ent results in decerebrate cats. For example, the short simulation of the spatial cues that arise from head-

related transfer functions (HRTFs: the filter functionstone bursts with rapid presentation rates used as stim-
uli by Rees and Palmer primarily evoke onset responses describing the transformation of free-field sounds to

energy at the tympanic membrane).that tend to show less nonmonotonicity at high stimu-
lus levels. These transient responses, therefore, are Previous free-field studies have shown that single-

unit responses in the inferior colliculus are sensitivepresumed to be less sensitive to level-dependent inhibi-
tory effects (Rees 1992). The balance of excitatory to variations in stimulus location (Aitkin et al. 1984).

The spatial receptive fields of ICC neurons can ariseand inhibitory interactions that shape ICC discharge
rates may also be modified by the effects of anesthesia from simple transformations of BF sound-pressure lev-

els that are produced by the directional filtering prop-(Kuwada et al. 1989). Relative to decerebrate cats,
barbiturate-anesthetized cats show less spontaneous erties of the pinna (Phillips et al. 1982), or from more

complex binaural interactions that are determined byactivity and a stronger bias toward onset activity (Rama-
chandran et al. 1999). Both of these changes in respon- the relative amplitude and timing of acoustic stimuli

at the two ears (Delgutte et al. 1999). Correlationssivity make it difficult to characterize the normal
strength of inhibitory influences in the presence of between free-field effects on neural responses to tones

in noise and the psychoacoustic phenomenon of mask-anesthesia. Our present study avoided these confounds
by characterizing noise effects in unanesthetized ing release have been investigated in a previous electro-

physiological study of paralyzed frogs (Ratnam anddecerebrate cats.
Other investigators have measured masked thresh- Feng 1998). Single-unit responses in the amphibian

ICC were distinguished on the basis of transient (pha-olds in the ICC of barbiturate-anesthetized cats to eval-
uate neural mechanisms for sharpening auditory sic) or sustained (tonic) responses to tonal stimuli.

Tone detection thresholds improved when transientfrequency resolution within the central nervous system
(Ehret and Merzenich 1988). Using methods devised units were tested with spatially separated tones and

noise, but a loss of sensitivity was observed for tonicin psychoacoustic studies (Fletcher 1940), critical
ratios were computed in these studies as the difference units under the same stimulus conditions. Although

the receptive field properties of neurons in thebetween the masked detection threshold for monaural
tones and the spectrum level of masking noise. The amphibian ICC have not been classified, type O units
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in decerebrate cats show transient onset responses at al. 1999) have found that contralateral noise produces
strong excitatory responses in both type I and type Vstimulus levels above the circumscribed range of their

excitatory response area; type I units have sustained units; therefore, the loss of signal representation that
was evident for these units under monaural stimulusresponses. If our present classification system can be

extended to the frog, the results of Ratnam and Feng conditions presumably was due to excitatory masking
effects (Fig. 9). In the case of type I units, excitatorysuggest that type O units provided an enhanced detect-

ability of tones in noise relative to type I units. The response areas are decreased in bandwidth at high
stimulus levels by inhibitory inputs (Ramachandran etphysiological basis of this apparent contradiction to

results in Figure 10 remains to be determined with al. 1999). Broadband maskers, therefore, are likely
to exert their influences on this unit type through atemporal manipulations of binaural stimuli. Only ILD-

based binaural interactions were investigated in the combination of excitatory and suppressive effects. It
is interesting to note that type I units exhibit anpresent study. The role of ILD cues in the sound local-

ization behaviors of the frog is likely to be of secondary enhanced signal representation relative to type V units
at high stimulus levels (Fig. 9C). This observation sug-importance to binaural temporal interactions because

of the predominance of low-frequency hearing in the gests that monaural inhibitory mechanism are capable
of attenuating the masking of narrowband signals byspecies and the existence of an internal acoustic cou-

pling between the two ears that may attenuate broadband noise even when spatial factors are not
favorable for binaural masking release.interaural level differences (Narins et al. 1988).

The majority of psychoacoustic and physiological Type V units are excited by ipsilateral presentations
of broadband noise. Type I units, on the other hand,studies of spatial masking release have used close-field

procedures to allow precise independent manipula- are inhibited by ipsilateral noise and show an addi-
tional narrowing of the excitatory receptive field fortion of ILD, interaural time difference (ITD), and

spectral information at the two ears. The importance contralateral stimuli (Davis et al. 1999). These differ-
ences in ipsilateral response properties suggest thatof ITD cues on signal detection has been known since

the early psychoacoustic observation that a simple excitatory versus suppressive masking effects dominate
the responses of the two unit types for signals andinversion of the interaural phase relationship between

a tone and background noise could decrease the tone maskers that arrive at the two ears from sound sources
in opposite sound fields. When the present study simu-detection threshold by as much 15 dB (see McFadden

1975 for a review of human psychoacoustic literature). lated these free-field conditions by manipulating the
ILD of binaural stimuli, only type I units displayedPhysiological correlates of the temporal factors that

govern binaural masking level differences (BMLDs) spatial masking release for contralateral signals when
the masker was shifted to an ipsilateral locationhave been identified for low-frequency neurons in the

inferior colliculus of anesthetized guinea pigs (Caird et (Fig. 10).
al. 1991; Jiang et al. 1997). Although temporal masking
effects have not been characterized in the ICC of Comparisons of tone-in-noise representations
decerebrate cats, type V units are presumed to receive across levels of processing
ascending inputs from ITD-sensitive neurons in the
MSO and provide the most sensitive representation Figure 11A illustrates the putative ascending pathways

for the ICC response types that were investigated inof ITD information of the major ICC response types
(Ramachandran and May 1999a). the present study. Based on similarities of monaural

and binaural response properties (Ramachandran etDetailed acoustic analyses of the HRTF of the cat
(Musicant et al. 1990; Rice et al. 1992) have provided al. 1999; Davis et al. 1999; Ramachandran and May

1999a,b) and the effects of pharmacological manipula-accurate assessments of interaural differences of level,
time, and spectral shape that result from directional tions (Davis et al. 1999), type I units appear to derive

their dominant ascending inputs from the ventralchanges in free-field sound sources. Virtual space stim-
uli can be simulated from these measures to determine cochlear nucleus (VCN) via the lateral superior olive

(LSO). Inferences about transformations in the neuralhow binaural acoustic interactions influence the detec-
tion of free-field sounds in background noise. Recent information that passes directly from the LSO to the

inferior colliculus are complicated by a lack of quanti-studies in the inferior colliculus of anesthetized cats
(Lane et al. 1999) have used HRTF-based stimuli to tative data on the encoding of tones in noise by LSO

neurons; however, it is possible to speculate on howshow that the directionally dependent masking of audi-
tory signals in background noise can result from excit- the quality of discharge rate representations from the

cochlear nucleus may be improved by the combinedatory (line busy) effects related either to responses
evoked by the noise masker or to suppressive effects effects of noise-cancellation circuitry in the LSO

and ICC.mediated through inhibitory influences in the absence
of noise-driven activity. Our previous studies (Davis et Cochlear nucleus sperical and globular bushy cells
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FIG. 11. Ascending pathways for the representa-
tion of tones in noise. A. Putative brainstem projec-
tions to the major ICC response types. B. Idealized
rate-level functions illustrating transformations in
the dynamic range of the neural representation of
tones in noise as rate information ascends from the
auditory nerve, to cochlear nucleus, and inferior
colliculus. Auditory nerve responses are shown for
tones in quiet (Q) and in background noise with a
30-dB spectrum level (AN). Cochlear nucleus
responses (CN) are based on the median discharge
rates of type I (1) units, which have been proposed
as a source of input for ICC type I units. Inferior
colliculus responses reflect the median discharge
rates of type I units during testing with monaural
(IC) and binaural stimuli (ICb). Binaural masking
release was maximized by setting the ILDs of tones
and noise to 120 and 220 dB, respectively.

link primary afferent (auditory nerve) inputs from the of auditory nerve fibers and VCN neurons did not
attain significance in the Gibson et al. study. Thesecochlea to the LSO, medical nucleus of the trapezoid

body (MNTB), and medial superior olive MSO (see similarities led Gibson and colleagues to conclude that
background noise indirectly influences VCN dischargeCant 1992 for a review). Along this pathway, powerful

endbulb synapses create a precisely timed coupling of rates through the effects of two-tone suppression and
short-term adaptation that occur in the cochlea (Costa-auditory nerve inputs to the cochlear nucleus (Ryugo

and Fekete 1982; Ryugo and Sento 1991) that allows lupes et al. 1984).
The rate-level functions for type I units in Figurebushy cells to be identified in electrophysiological

studies by their primary-like response properties 11B suggest that noise-cancellation effects within the
ICC have enhanced the neural encoding of signals in(Rhode et al. 1983). Primary-like units in the cochlear

nucleus exhibit a V-shaped excitatory receptive field noise. In addition to decreases in rate compression
that are noted under both monaural and binauralthat is similar to the frequency response map of the

ICC type V unit (Fig. 1). This receptive field organiza- stimulus conditions, an improvement in sensitivity is
gained by binaural interactions that can decrease thetion is designated a type I (numerical 1) response in

physiological studies of the cochlear nucleus (Shofner tone detection thresholds of type I units by as much
as 15 dB. As discussed above, this masking release isand Young 1985).

Figure 11B illustrates how the discharge rate encod- presumed to result from ipsilateral inhibitory mecha-
nisms that suppress excitatory responses to contralat-ing of signals in noise is transformed as the neural

representation passes from the auditory nerve to the eral noise stimuli. The binaural rate-level function of
the type I unit reveals this decrease in noise-drivencochlear nucleus type I unit (this specification refers

to the Roman numeral 1) and then the ICC type I activity as a drop in background rates at subthreshold
tone levels (i.e., the leftmost data points on the rate-unit (this specification refers to the unit’s i-shaped

receptive field). These idealized BF tone rate-level level functions).
It is not known to what extent auditory processingfunctions were created by calculating the median

noise-induced threshold shift and rate compression in the LSO contributed to the dynamic range adjust-
ments of the ICC type I rate-level functions in Figurefor populations of neurons in decerebrate cats. The

electrophysiological data for each tone-in-noise func- 11B, but LSO neurons do show features of the inhibi-
tory interactions that allow type I units to enhance thetion were recorded in the presence of a 30-dB re

threshold noise spectrum level. Auditory nerve and neural encoding of signals in noise. Under monaural
stimulus conditions, the frequency response maps ofcochlear nucleus measures were calculated from archi-

val data of Gibson et al. (1985). As a reference for LSO principal cells exhibit lateral inhibitory sidebands
that constrain the excitatory bandwidths of theirgauging the magnitude of noise effects, the auditory

nerve rate-level function for testing in quiet is shown receptive fields (Caird and Klinke 1983). LSO neurons
also receive contralateral inhibitory inputs from globu-(bold dashed line). Relative to auditory nerve

responses in background noise (bold solid line), the lar bushy cells via the MNTB (Morest 1968). Although
the projection of the cochlear nucleus into the MNTBrate-level function of VCN type I (1) units shows only

slightly more shift and less rate compression. Statistical is sharply tuned and shows a precise tonotopic organi-
zation, MNTB inputs to the LSO are highly divergenttests of differences in the dynamic range adjustments
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(Gabriele and Henkel 1997). This innervation pattern (see Cant 1992; Schwartz 1992 for a review). Whereas
the LSO to type I projections appear to modify theseincreases the frequency bandwidth of inhibitory

responses to contralateral stimuli. The broadband cochlear nucleus inputs with binaural inhibitory inter-
actions that enhance the encoding of ILD cues, pro-inhibitory influences that LSO neurons display under

both ipsilateral and contralateral stimulus conditions cessing specializations in the MSO to type V pathway
impart a sensitivity to the low-frequency temporalsuggest that precursors of the noise-cancellation cir-

cuitry of type I units exist at lower levels of processing properties of binaural stimuli (Ramachandran and
May 1999a). A potential consequence of this temporalin the auditory brainstem.

A subset of type I units may be created by ascending specialization is the observation that type V units
invariably have BFs that fall within the range whereprojections from stellate cells in the VCN that reach

the ICC without the synaptic intervention of the supe- most peripheral auditory neurons exhibit good phase-
locked responses (, 3 kHz). In addition to the con-rior olivary nuclei (see Cant 1992; Oliver and Huerta

1992 for review). These units respond to acoustic stim- straints on frequency encoding that are imposed by
these frequency limitations, further questions con-ulation with a regularly timed “chopping” discharge

rate (Rhode et al. 1983) and produce either a type I cerning a primary role of type V units in the auditory
representation of signals in noise are raised by results(1) frequency response map or a type III (3) map that

is characterized by a central region of excitation and shown in Figure 9C, which indicate that the more
broadly tuned excitatory receptive fields of the type Vlateral inhibitory areas (Shofner and Young 1985). If

VCN type I (1) units were to provide the dominant units produce a less sensitive representation at high
stimulus levels relative to the more sharply tuned excit-excitatory inputs to some ICC type I units, then conver-

gence with a suitable inhibitory input would be neces- atory response areas of type I units. Under binaural
conditions, type V units displayed their largest spatialsary to create the lateral inhibitory areas. This

possibility is supported by findings that iontophoresis masking release when ILD manipulations simulated
cospatial signals and maskers (Fig. 10B). In combina-of bicuculline in ICC can sometimes expand the nar-

row excitatory area in a type I-like map into the V- tion, these results cast doubt on the ability of the type
V pathway to support psychoacoustic performance inshaped response area of a type V-like map (Yang et al.

1992; LeBeau et al. 1995). Similarities in the receptive terms of discharge rate over a wide range of stimulus
conditions; nevertheless, type V units must play anfield organization of VCN type III (3) units and ICC

type I units suggest that direct VCN inputs might also important role in temporal processes that contribute
to binaural masking release for low-frequency stimulidictate some characteristics of the ICC type I response

pattern. This interpretation is supported by the obser- (Jiang et al. 1997; Palmer et al. 1999).
Type O units in the ICC are thought to be derivedvation that a minority of ICC type I units are insensitive

to binaural temporal cues, as would be expected for from direct projections from fusiform and giant cells
in the dorsal cochlear nucleus (DCN). In electrophysi-higher-order neurons receiving inputs from the

strongly binaural LSO (Ramachandran and May ological experiments these neurons exhibit type O-
like frequency response maps (Ramachandran et al.1999a,b). Unlike type I units, VCN type I (1) and type

III (3) units exhibit broadly tuned excitatory response 1999) which are designated type IV (4) responses in
studies of the cochlear nucleus (Young and andareas at high stimulus levels (Young et al. 1988) and

weak inhibitory inputs from the opposite ear (Pfalz Brownell 1976). Additional evidence linking DCN type
IV (4) inputs to ICC type O units comes from the1962). In addition, the noise-induced shifts and rate

compression of type I (1) and type III (3) units tend observation that some type O responses are eliminated
by surgical or pharmacological manipulations of theto be smaller than ICC type I units (Fig. 7). If VCN

type I (1) or type III (3) projections to the ICC do fiber tracts that convey the axons of DCN principal
cells to the inferior colliculus (Davis 1999).contribute to type I responses, these differences in

response characteristics suggest that the signal-in-noise In prior studies of the effects of background noise
on discharge rates in the cochlear nucleus (Gibson etprocessing capabilities of type I units are further modi-

fied by alternate sources of ascending binaural inputs al. 1985), type IV (4) units were the only response type
to show significantly larger noise-induced dynamiclike the LSO and local inhibitory influences within

the ICC. range shifts than auditory nerve fibers (ANFs). These
results suggest that the DCN representation of signalsType V units in the ICC are thought to receive their

dominant afferent inputs from the MSO (Ramachan- in noise is determined not only by cochlear mecha-
nisms but also by the action of inhibitory inputs fromdran et al. 1999; Davis et al. 1999). The effects of

background noise on auditory signal processing in this multiple sources within and beyond the cochlear
nucleus (Lorente de No

´
1933; see Cant 1992 fornucleus have not been studied in detail. Like LSO

neurons, MSO principal cells receive their dominant review). Comparisons of these previous measures with
our present findings suggest that the median shift ratesipsilateral inputs from spherical bushy cells in the VCN
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