
Interaural disparities in time (ITDs) and level (ILDs) arise when a

sound from one side of the head reaches the opposite ear delayed

in time and attenuated in level with respect to that sound reaching

the closer ear. These cues are critical for accurate localization of

azimuth. The MSO extracts ITD information from low frequency

sounds and is relatively insensitive to ILDs (Goldberg and Brown

1969). Conversely, LSO units respond predominately to ILD cues

(Boudreau and Tsuchitani 1968).

Monaural spectral cues are created by the filtering properties of the

head and pinna as auditory stimuli propagate to the eardrum (figure

to right). In particular, the pinna of the cat introduces a directionally

dependent spectral notch at frequencies between 5 and 20 kHz

(Musicant et al. 1990; Rice et al. 1992). Spectral information is

critical for accurate localization of sound source elevation. Units in

the DCN have been implicated in the processing of spectral notches

through both behavioral (May 2000) and physiological studies

(Young et al. 1992; Imig et al. 2000).

The auditory system uses three cues to decode sound location: interaural differences in time and

level and spectral cues. Initial processing of these cues is done in separate brainstem nuclei.2
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3 The goal of this study was to test the hypothesis that different unit types in the ICC represent 

segregated pathways specialized to process one sound localization cue.

Data were acquired from decerebrate cats. The left IC was visualized by removing the skull above the occipital cortex and aspirating the underlying cortical

tissue; complete access to the IC often required partial removal of the tentorium.

Acoustic stimuli were delivered bilaterally via electrostatic speakers that were coupled to hollow ear bars. At the start of each experiment, the frequency

response of each system was measured with a probe tube microphone that inserted into the ear bar near the tympanic membrane. The magnitude spectra

of all stimuli were corrected to compensate for non-flat calibration curves. Interaural crosstalk was at least 30 dB down in the ear opposite to the sound

source, which is well below the maximum interaural level difference used during binaural testing.

All test stimuli, including tones, broadband noise, and óvirtualspaceô(VS) stimuli, were 200 ms in duration, gated on and off with 10 ms rise/fall times, and

presented once per second. The wideband stimuli were synthesized on-line in the frequency domain and converted to time domain waveforms by taking

the inverse Fourier transform of the digitally created noise spectrum. Head-related transfer functions (HRTFs) (from Rice et al. 1992) were used to filter

broadband noise spectra to synthesize binaural VS at azimuths ranging from -60 to +60 in 15 steps and elevations from -30 to +45 in 7.5 steps. 0-ITD

(0-ILD) stimuli were generated by equating the contralateral and ipsilateral phase (magnitude) spectra at each stimulus location so as to bring the ITD (ILD)

to zero for every azimuth. HRTFs were scaled in the frequency domain on a unit-by-unit basis to shift the 12 kHz notch contour to the center of the unitôs

receptive field. Analog signals were created by playing the waveforms through a 16-bit D/A converter at a sampling rate of 100 kHz.

Unit activity was recorded with platinum-iridium metal electrodes. The signal from this electrode was amplified (x10000-30000) and filtered from 0.1-6 kHz;

template matching software (Alpha-Omega) was used to discriminate action potentials from background noise.

Units were characterized by their BFs and response types. Response types were determined from responses to 200 ms BF tone and broadband noise

bursts presented once per second from approximately 0 to 99 dB SPL in 1 dB steps. Frequency response maps were generated from responses to

isointensity frequency sweeps presented at multiple levels. Units were classified as type V, I, or O using the standard criteria. Once a unit was classified,

responses to binaural and monaural VS stimuli were obtained. The level of these stimuli varied from 10-40 dB above the threshold of the unit to broadband

noise.

Our current results are based on recordings from 18 single units for which we obtained responses to VS stimuli presented both binaurally and monaurally.

All of these cells had BFs > 4 kHz; no type V units are included in this sample.

Units in the inferior colliculus (ICC) can be grouped into three major response types that are 

presumed to reflect dominant excitatory input from different lower-order nuclei.1
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Type O maps exhibit an O-shaped

island of BF excitation near threshold

with inhibition at higher levels. These

units give nonmonotonic responses

to BF tones and noise. Type O units

appear to be derived from inputs in

the dorsal cochlear nucleus (DCN).

Type I maps show narrow I-shaped

excitation flanked by inhibition (gray-

filled areas). These units usually

exhibit monotonic responses to BF

tones and noise. Type I units are

thought to receive inputs primarily

from the lateral superior olive (LSO).

Type V units are excited by a wide

V-shaped range of tone frequencies

and levels (black-filled areas), and

show monotonic rate-level curves to

BF tones and noise. It has been

speculated that type V units are

shaped by inputs from the medial

superior olive (MSO).

4 In response to binaural VS stimuli, type I units show excitatory responses in the contralateral 

hemifield and inhibitory responses in the ipsilateral hemifield é

Binaural VS stimuli were synthesized at 99

locations in the frontal field at azimuths and

elevations where the gridlines intersect.

Negative azimuths indicate sound sources

in the ipsilateral hemifield and positive

elevations indicate sound sources above

the horizontal plane. Firing rates at each

stimulus location are color-coded (bars). All

type I units show a left-vs-right asymmetry

in response rates; some units also show a

trough of low rates in the contralateral

hemifield which coincides with a spectral

notch in the HRTF at the unitôsBF.

é whereas type O unit responses are dominated by inhibition except for a tuned excitatory 

response in the contralateral hemifield that follows a diagonal contour.

Type O unit responses to binaural VS

stimuli show a tuned excitatory response

(red area) in the contralateral hemifield that

follows a diagonal contour from low contra-

lateral to high ipsilateral elevations. This

peak in the elevation functions coincides

with the rising edge of a spectral notch in

the HRTF at the unitôsBF (i.e. type O units

show excitatory responses only for notches

located just below their BF).
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In response to binaural VS stimuli, type I units show a ñcontra-preferenceò

receptive field, and may or may not exhibit a pronounced rate trough along a

diagonal contour in the contralateral hemifield The responses of type O units

are dominated by inhibition except for an excitatory response in the contra-

lateral hemifield that follows a diagonal contour (i.e. they are ñtunedòin both

azimuth and elevation).

Consistent with these findings, Delgutte et al. (1999) found that most units in

the ICC of anesthetized cat showed either a contra-preference or tuned

receptive field for the azimuth of VS stimuli in the horizontal plane. Elevation-

sensitive units showed a rate trough or peak at a particular elevation in the

median plane. Unlike in this study, Delgutte et al. did not find an obvious

relationship between the azimuth and elevation sensitivity exhibited by a unit.

Previous studies of the free-field spatial receptive fields of neurons in the ICC

of anesthetized cat (Aitkin and Martin 1987, 1990) also found units with

contra-preference receptive fields for azimuth that are suggestive of type I

units. Other units exhibited spatial tuning for both azimuth and elevation like

that observed in type O units.
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Summary and Conclusions

The present findings suggest that type I units are energy detectors which

process ILDs. Type O units are sensitive to both spectral notches and ILDs,

but the effects of ILD fine-tune the processing of notches. These data are

thus consistent with the hypothesis that the different unit types in the ICC

represent segregated pathways specialized to process one sound localization

cue.

Chase and Young (2005) used information theoretical techniques to assess

how information about spatial localization cues was represented among the

various physiological classes of ICC neurons. Consistent with the present

findings, high-frequency (BFs > 4kHz) type I and type O units were found to

provide information about ILDs and not ITDs. In contrast, type I units were

found to provide the most information about spectral notches. The present

results suggest that the information conveyed by type I units is not about

notches per se, but about the level of the stimulus energy at their BF.
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6 The contralateral monaural sensitivity of type I units is attributable to the effects of sound level 

(i.e. they are energy detectors), whereas type O units are sensitive to spectral features.

VS stimuli vary in the level of energy delivered at unit

BF as a function of stimulus location (shown above).

The contralateral monaural receptive fields of type I

units resemble that of the energy map with driven rates

increasing with increasing stimulus energy (column 2).

In contrast, type O unit maps appear to be the inverse

of the energy map with discharge rates decreasing

with increasing stimulus level (column 3). Type O units

show an unexpectedly strong excitatory response for

(otherwise high-energy) spectral notches located just

below BF (red circles). Taken together, these results

suggest that type I units are not sensitive to spectral

notches per se, but are energy detectors, whereas

type O units are sensitive to spectral features.
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7 Manipulations of the binaural cues suggests that interaural differences in level, and not timing, 

are a strong determinant of the directional sensitivity of type I and type O units.
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The first row of this figure shows

an example of the relationship

between binaural (full-cue) VS

and modified VS spatial receptive

fields for a type O unit. Note that

the 0-ITD map resembles strongly

that of the full-cue binaural map,

whereas the 0-ILD map shows

greater excitation in the ipsilateral

hemifield.
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The second row of this figure shows

the resultant maps when the 0-ITD

and 0-ILD maps are subtracted

from the binaural map. Note that

the ñILDmapòalone resembles that

of the ñbinauraleffectsòmap (far

right; the binaural map minus the

contralateral monaural map). These

results suggest that ILD, not ITD,

cues affect the directional sensitivity

of type I and type O units.
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Type I and type O units are sensitive to both binaural and monaural sound localization cues.5

The figure above presents examples of the relationship between binaural

and monaural spatial receptive fields for a type I unit (top row) and a type O

unit (bottom row). The first column shows the response to binaural VS

stimuli; the second column shows the response to contralateral monaural

stimulation; and the third column shows the difference between these two

maps, i.e. the effect of stimulating the ipsilateral ear. The monaural and

ñbinauraleffectsòmaps show clear structure indicating that type I and type O

units are sensitive to both monaural and binaural sound localization cues. To

quantity the relative sensitivities of type I and type O units to these cues,

correlations were computed between each unitôsmonaural and ñbinaural

effectsòmaps and its binaural map. The figure to the right shows that the

binaural spatial receptive fields of type O units tend to resemble less either

their monaural or ñbinauraleffectsòmaps. However, there are no clear signs

of coding specialization within the type I and type O unit populations in that

neurons of both unit types distribute across a wide range of relative

sensitivities.
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