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Abstract

The role of the dorsal cochlear nucleus (DCN) in directional hearing was evaluated by measuring sound localization behaviors
before and after cats received lesions of the dorsal and intermediate acoustic striae (DAS/IAS). These lesions are presumed to disrupt
spectral processing in the DCN without affecting binaural time and level difference cues that exit the cochlear nucleus via the ventral
acoustic stria. Prior to DAS/IAS lesions, cats made accurate head orientation responses toward sound sources in the frontal sound
field. After a unilateral DAS/IAS lesion, subjects showed increased errors in the azimuth and elevation of their responses; in
addition, the final orientation of head movements tended to be more variable. Largest deficits in response elevation were observed in
the hemifield that was ipsilateral to the lesion. When a second lesion was placed in the opposite DAS/IAS, increased orientation
errors were observed throughout the frontal field. Nonetheless, bilaterally lesioned cats showed normal discrimination of changes in
sound source location when tested with a spatial acuity task. These findings support previous interpretations that the DCN
contributes to sound orientation behavior, and further suggest that the identification of absolute sound source locations and the
discrimination between spatial locations involve independent auditory processing mechanisms. ß 2000 Elsevier Science B.V. All
rights reserved.
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1. Introduction

Cats accurately orient toward randomly placed sound
sources in the frontal auditory ¢eld (May and Huang,
1996). This biologically relevant behavior is aided by
directional cues that are derived from ¢ltering e¡ects
of the head-related transfer function (HRTF: the func-
tion relating the free-¢eld spectrum of a broadband
sound to energy propagating to the eardrum). Rice et
al. (1992) have shown that a particularly robust ¢ltering
e¡ect of the cat's HRTF is the introduction of a mid-
frequency spectral notch that changes in frequency with
sound source azimuth and elevation (Fig. 1A,B). Cats
show well directed responses to sound sources if mid-

frequency localization cues are present in acoustic stim-
uli (Huang and May, 1996a). For example, the orienta-
tion responses of cat M91 fell close to actual sound
source locations when stimuli were bursts of broadband
noise (Fig. 1C) or bandpass noise with energy at 5^20
kHz (Fig. 1D). Orientation responses became less accu-
rate and more variable when mid-frequency cues were
removed by high-pass ¢ltering the stimuli at 18 kHz
(Fig. 1E).

Electrophysiological studies suggest that neural re-
sponses in the dorsal cochlear nucleus (DCN) are sen-
sitive to the spectral cues produced by directional ¢lter-
ing properties of the HRTF. This specialization can be
seen in the tonotopic organization of the nucleus as an
8^30-kHz bias in the distribution of single-unit best
frequencies (Spirou et al., 1993). In addition, the dis-
charge rates of DCN principal cells are modi¢ed by the
frequency of notched-noise stimuli that mimic HRTF-
based localization cues (Spirou and Young, 1991).
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These observations have led to the hypothesis that audi-
tory processing within the DCN may contribute to di-
rectional hearing by decoding HRTF-based spectral
cues for sound localization (Young et al., 1992).

A number of previous behavioral studies have failed
to demonstrate auditory de¢cits with DCN lesioning
procedures. Masterton and Granger (1988) found that
the cat's detection of pure tones or noise bursts did not
require an intact dorsal acoustic stria (DAS) or inter-
mediate acoustic stria (IAS). These ¢ber tracts convey
ascending axonal projections from the dorsal and post-
eroventral cochlear nuclei to the auditory brainstem
and midbrain. Hearing sensitivity was severely compro-
mised by lesions of the trapezoid body. Similarly, Mas-
terton et al. (1994) observed that DCN processing was
neither necessary nor su¤cient for enhancing the detec-
tion of auditory signals in the presence of masking
noise. Sutherland et al. (1998b) failed to obtain sound
localization de¢cits after DAS/IAS lesions in behavioral
tasks that were based on the learned discrimination of
sound source elevation.

The ¢rst demonstration of a DCN lesioning e¡ect
was reported by Sutherland et al. (1998a) who noted
a loss of re£exive sound orientation accuracy in the
median vertical plane after bilateral DAS/IAS lesions.
The re£ex orientation paradigm used by the investiga-
tors facilitated the behavioral testing of several animal

subjects by eliminating the need for long-term training,
but a detailed analysis of lesioning e¡ects was not pos-
sible in that study because response habituation limited
the number of tests that could be repeated within indi-
vidual subjects. As an alternative behavioral measure,
our present study examined the role of the DCN in
sound localization behavior using food-reinforced
sound orientation and spatial acuity tasks. Our goal
was to perform extensive psychophysical testing in
highly trained cats before and after the output pathway
of the DCN was lesioned with surgical procedures. This
psychophysical approach made it possible to extend the
orientation measures of Sutherland et al. (1998a) to a
more complete range of azimuths and elevations in the
frontal sound ¢eld. Moreover, the development of a
`learned' head orientation task allowed us to test the
hypothesis that DAS/IAS de¢cits may be less obvious
in learned sound localization responses than in re£exive
behaviors, as proposed by Sutherland et al. (1998b).
Results obtained with these methods indicate that
DCN processing is critical for accurate performance
in learned orientation tasks just as it is necessary for
re£exive orientation; however, the most robust DAS/
IAS de¢cits in the present study were con¢ned to tasks
that demanded absolute identi¢cation of sound source
locations and not a simple discrimination of directional
changes between sound source locations.

Fig. 1. HRTFs of the cat at di¡erent locations in the horizontal (A) or median plane (B); numerical labels identify sound source locations (in
degrees). A directionally dependent mid-frequency notch is a prominent feature of the HRTFs. Orientation responses of cat M91cbn6 to bursts
of broadband noise (C), 5^18-kHz bandpass noise (D), and 18-kHz highpass noise (E). Lines connect average orientation responses to stimulus
locations; ellipses show variability ( þ 1 S.D.) of responses at each location. The performance de¢cits that were observed during testing with
high-frequency noise suggest that mid-frequency notches are important sound localization cues for cats. Acoustic data taken from Rice et al.,
1992; behavioral results are from Huang and May, 1996a.
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2. Materials and methods

2.1. Subjects

Experiments were performed on three adult male cats
with an extensive history of psychophysical testing.
These subjects' orientation responses to bursts of
broadband noise were described by May and Huang
(1996, see Fig. 1C); their responses to mid-frequency
localization cues were reported by Huang and May
(1996a, see Fig. 1D,E). Subjects are identi¢ed in the
text by the ¢rst three characters of their identi¢cation
numbers (E92 = E92bm6, H91 = H91az4, M91 =
M91cbn6). Previous audiometric testing determined
that the cats had normal hearing thresholds at frequen-
cies between 6 and 32 kHz (May and Huang, 1996).

The present study tested subjects for approximately
2 years in a sequence of ¢ve behavioral paradigms.
First, the orientation accuracy of intact cats was as-
sessed under binaural and monaural conditions. Mon-
aural orientation tests were conducted by temporarily
inserting a foam ear plug in one ear. Upon completion
of pre-lesion baseline measures, the left DAS/IAS was
surgically transected. After a 1-month period of post-
operative recovery, binaural and monaural orientation
tests were repeated for several months until subjects
attained their most accurate post-lesion performance.
A second surgical procedure was then performed to
produce a bilateral DAS/IAS lesion. The post-lesion
performance of bilaterally lesioned cats was evaluated
with the binaural orientation task as well as a spatial
acuity task that measured the discrimination threshold
for changes in sound source azimuth and elevation (i.e.,
the minimum audible angle).

The lesioning procedure was not performed on the
right DAS/IAS of cat M91 because this subject experi-
enced major orientation impairments after the unilat-
eral lesion. Subsequent histological evaluation indicated
neurological damage spreading well beyond the ex-
pected degeneration of the DCN. Results from this sub-
ject are presented to distinguish the speci¢c e¡ects of
DCN lesions from the more generalized sensorimotor
debilitation that may arise as a consequence of manip-
ulations of the lateral brainstem and cerebellum that
are necessary during the surgical procedure.

All experimental procedures were approved by the
Institutional Animal Care and Use Committee of The
Johns Hopkins School of Medicine (NIDCD Grant 5
R01 DC00954: Spectral Cues for Sound Localization).
Periodic examinations by veterinary sta¡ ensured that
each cat maintained good general health and normal
adult weight (3.5^4.0 kg) during the course of this
study.

2.2. Surgical preparation

Axons of DCN principal cells (fusiform and giant
cells) exit the cochlear nucleus via the DAS and project
to the central nucleus of the contralateral inferior colli-
culus (ICC). As the DAS crosses the dorsal aspect of
the restiform body it is joined by the IAS, which is
primarily composed of axons originating from octopus
cells in the posteroventral cochlear nucleus (PVCN).
Our surgical manipulation involves both of these path-
ways and is referred to as a DAS/IAS lesion (Masterton
and Granger, 1988).

The DAS/IAS was lesioned bilaterally in two sepa-
rate surgical procedures; the left DAS/IAS was lesioned
¢rst. Cats were anesthetized with intramuscular injec-
tions of xylazine (0.5 mg/kg) and ketamine (25 mg/kg),
followed by atropine (0.05 mg/kg) to control mucous
secretions. Temporalis muscles were dissected and a
1-cm fenestration was placed in the squamous temporal
bone to gain access to the lateral cerebellum. Dura was
incised and the cerebellar hemisphere was elevated to
expose the projections of the DAS/IAS arising from the
dorsal neck of the DCN. The striae form a relatively
compact ¢ber bundle as they pass behind the inferior
cerebellar peduncle and were sectioned just above the
nucleus by making knifecuts or by aspiration. A period
of post-lesion behavioral testing was conducted to de-
termine the e¡ects of a unilateral DAS/IAS lesion, then
surgical procedures were repeated in the right brainstem
of cats H91 and E92. A bilateral lesion was not at-
tempted in cat M91 because this subject showed almost
complete loss of orientation behavior after the unilat-
eral lesion.

2.3. Histological and electrophysiological assessments of
DAS/IAS lesions

The completeness of surgical lesions was assessed
with retrograde labeling techniques at the conclusion
of post-lesion behavioral testing. The central nucleus
of the inferior colliculus (IC) receives direct projections
from the contralateral DCN via the DAS (Osen, 1972;
Ryugo and Willard, 1985) and from stellate cells in the
contralateral ventral cochlear nucleus (VCN) via the
trapezoid body (Adams, 1979). The independent path-
ways linking the dorsal and ventral cochlear nuclei to
IC allow incomplete DAS/IAS lesions to be con¢rmed
by the presence of labeled DCN principal cells after
injections of retrograde labels are made in the IC. Con-
versely, the absence of DCN labeling can be interpreted
as a complete lesion when the success of the histological
procedure is veri¢ed by the presence of labeled cells in
the VCN.
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Cats were anesthetized with barbiturate (dial ure-
thane) and the ICs exposed by aspirating occipital cor-
tex. Both ICs received multiple injections of wheat germ
agglutinin^horseradish peroxidase (WGA^HRP) along
the tonotopic (dorsoventral) axis of the nucleus. The
surgical exposure was closed and cats were maintained
in light anesthesia for 48 h to allow su¤cient time for
retrograde transport of label to the cochlear nucleus.
Cats were then killed by barbiturate overdose (Nembu-
tal) and immediately perfused. Brainstems were cut into
50-Wm sections and reacted with tetramethyl benzidine
to visualize WGA^HRP labeling using the method of
Mesulam (1978).

The pattern of retrograde labeling that was observed
in the intact right cochlear nucleus of cat M91 is shown
in Fig. 2A. Under low magni¢cation (upper panel), ex-
tensive labeling is seen in the fusiform and deep layers
of the DCN and throughout the dorsoventral limits of
the VCN. Under higher magni¢cation (lower panel),
labeled neurons in the DCN can be identi¢ed as the
more super¢cial fusiform cells and the deeper giant cells
that project axons directly to the central nucleus of the

IC via the DAS. The pattern of labeling that was asso-
ciated with a DAS/IAS lesion is shown in Fig. 2B.
These histological results were obtained in the right co-
chlear nucleus of cat H91. As a result of axotomy,
principal cells in the medial portions of the DCN
have degenerated during the months of behavioral test-
ing that following the surgical procedure. With the loss
of tissue, the folium of the cerebellum has collapsed
onto the lateral edge of the brainstem. The lesioning
procedure did not eliminate all DCN projections to
the IC. Clusters of labeled cells were usually observed
in the more dorsal portions of the nucleus (arrow in
upper panel). The absence of a distinct DCN/VCN
boundary makes it di¤cult to distinguish surviving fusi-
form cells in the most ventral regions of the DCN from
stellate cells in the VCN (lower panel), but the e¡ective-
ness of the lesion in the remainder of the nucleus was
unmistakable.

Unlike the remaining subjects in the study, the le-
sioned cochlear nucleus of cat M91 did not show the
pattern of retrograde labeling that is described in Fig.
2B. Instead, this subject exhibited widespread tissue loss
throughout the lateral brainstem. Visual inspections
during histological preparation suggested that the sub-
ject's most severe pathology bordered the site of the
DAS/IAS lesion and involved the cochlear nucleus, ves-
tibular nucleus, and lateral cerebellum. A more detailed
light microscopic con¢rmation of these initial impres-
sions was not possible because this highly degenerated
material failed to withstand the sectioning procedure.

Electrophysiological tests of hearing sensitivity were
performed on cats H91 and E92 immediately before the
surgical preparation for WGA^HRP labeling. The
thresholds of just detectable click-evoked auditory
brainstem responses (ABRs) for both ears of these bi-
laterally lesioned subjects fell within the range of nor-
mal variability for unlesioned controls in our laborato-
ry. ABR testing was not performed on cat M91.

2.4. Acoustic stimuli

Gaussian noise bursts were synthesized using an ar-
ray processor (Tucker Davis Technologies AP2) and
digital-to-analog converter (Tucker Davis Technologies
DD1) with a sampling rate of 100 kHz. Stimuli were
gated with an electronic switch (Tucker Davis Technol-
ogies SW2) using cos2-shaped rise/fall times of 10 ms.
The average spectrum level of the noise bursts was 5 dB
SPL. A programmable attenuator (Tucker Davis Tech-
nologies PA4) randomized the overall level of individ-
ual noise bursts using a uniform distribution of þ 5 dB
(increments of 1 dB) to eliminate loudness cues that
may have coincided with speaker changes. Signals
were presented from high-frequency speakers with
closely matched frequency response characteristics (Ra-

Fig. 2. Retrograde labeling in the intact right cochlear nucleus of
cat M91cbn6 (A) and the lesioned right cochlear nucleus of subject
H91az4 (B). Labeling within the rectangular ¢elds in the upper pan-
els is shown under higher magni¢cation in the lower panels. CBL,
cerebellum; DCN, dorsal cochlear nucleus; VCN, ventral cochlear
nucleus; D, dorsal; L, lateral.
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dio Shack, Super Tweeter). All speakers showed a rel-
atively £at output at frequencies between 5 and 20 kHz
that deviated by less than þ 3 dB across speakers. Rep-
resentative calibrations are shown in Fig. 3. A fresh
noise burst was synthesized for each stimulus presenta-
tion. The magnitude spectrum of each stimulus was di-
vided into 100-Hz bins and then scrambled using a uni-
form distribution of 0^8 dB to minimize the importance
of potential cues derived from any remaining di¡erences
in speaker response characteristics (Wightman and Kis-
tler, 1989).

2.5. Behavioral assessments of DAS/IAS lesions

The cats' ability to identify the free-¢eld location of
auditory stimuli was measured with a food-reinforced
sound orientation task (May and Huang, 1996). Unlike
more traditional re£ex-based procedures, this paradigm
was able to sample thousands of behavioral responses
from each subject across a variety of experimental con-
ditions. At the conclusion of orientation testing, the
cats' discrimination thresholds for changes in sound
source azimuth and elevation were evaluated with a
food-reinforced spatial acuity task (Huang and May,
1996b).

2.5.1. The sound orientation task
The sound orientation task has been used in our pre-

vious behavioral studies of directional hearing in cats
(May and Huang, 1996; Huang and May, 1996a), and
was described in greater detail by May and Huang
(1996). The task was based on three trial conditions.
Fixation trials ensured that each testing sequence
started with cats placing their head in a standardized
orientation of 0³ azimuth (AZ), 0³ elevation (EL).
Fixed-orientation trials trained cats to follow ¢xation
with a head pointing response that was directed toward
the location of a brief noise burst. For these tests, the
subject was required to meet a criterion of accuracy to
within 10³ of the sound source location and to hold the
response for a few seconds while head position was
measured with a search coil device (Polhemus Isotrak;
Colchester, VT). The search coil creates an electromag-
netic ¢eld around the subject and tracks the three-di-
mensional movements of the head by inducing currents
in a head-mounted sensor. This system is more fully
described in May and Huang (1996). Free-orientation
trials were identical to ¢xed-orientation trials except
that no accuracy criterion was in e¡ect. In this trial
context, the cat's head movements were assumed to
re£ect the perceived location of the sound source rather
than procedural rules.

Fixation trials started when the cat pressed down on
a lever near its right front paw. The observing response
produced a single 40-ms noise burst from the ¢xation

speaker at 0³ AZ, 0³ EL. The cat was required to hold
down on the lever while directing its head toward the
¢xation speaker. At the conclusion of a 3^5-s silent
interval following the initial noise burst, head position
was checked to con¢rm that the subject was oriented to
within þ 10³ of the ¢xation speaker. If the alignment
criterion was met, an LED on the ¢xation speaker
£ashed on for 40 ms and the cat obtained a food re-
ward by releasing the lever within 2 s. For trials in
which the head was not properly positioned, the LED
£ash was delayed until the cat made a correct ¢xation
response. Fixation trials were reset to their initial values
if the cat released the lever at any time other than the
2-s response window that went into e¡ect at the onset
of the LED £ash. Experiments were performed in a
dimly lit chamber to minimize visual cues regarding
speaker placements and to enhance the perceptual im-
pact of LED £ashes.

Fixed-orientation trials were added to the testing se-
quence once cats accurately performed ¢xation trials.
As in ¢xation trials, ¢xed-orientation trials started
with a noise burst from the ¢xation speaker; however,
the LED on the ¢xation speaker did not £ash after the
criterion for ¢xation was achieved. Instead, a second
noise burst was delivered from one of eight randomly
selected speaker locations. These locations changed on
a daily basis. The cat was required to redirect its head
from the ¢xation point to within þ 10³ of the orienta-
tion speaker. Head position was checked after a 3^5-s
silent interval and an accurate orientation response pro-
duced an LED £ash from the orientation speaker;
whereupon the cat obtained a food reward by releasing
the lever within 2 s. If the orientation response failed to
meet the criterion for accuracy, the trial was terminated
without the LED £ash. Fixed-orientation trials were
designed to enforce orientation accuracy by only ac-
cepting head movements that were properly directed
toward speci¢c sound source locations.

Free-orientation trials were introduced at the end of
training to provide a less controlled context for sam-
pling orientation behavior. For these trials, the LED

Fig. 3. Acoustic calibrations of the free-¢eld speaker array. These
representative functions were obtained from seven di¡erent speakers
at randomly selected locations in the frontal sound ¢eld.
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£ashed on the orientation speaker regardless of the sub-
ject's head position. Results are based only on re-
sponses that were measured during free-orientation tri-
als. Trials were selected at random with the following
probabilities: ¢xation trials, 0.15; ¢xed-orientation tri-
als, 0.20; and free-orientation trials, 0.65.

Methods for summarizing orientation responses are
shown in Fig. 4 using pre-lesion data from cat E92.
Data collected during one session are presented in
Fig. 4A,B. The eight randomly selected speaker loca-
tions for this session are indicated in Fig. 4A. Re-
sponses are plotted in double-pole coordinates so that
directional changes (described in degrees AZ and EL)
are of constant arc length for both central and eccentric
locations on the spherical speaker array, as discussed by
Middlebrooks et al. (1989). Lines in Fig. 4A follow
head trajectories during a representative trial to each
location. Initial movements are completed within 1 s
after the onset of the noise burst and the head is held
in a stable position for 2^4 s while the cat waits for the
LED on the orientation speaker to £ash. Fig. 4B shows
the average azimuth and elevation of stable head ori-
entation for all trials in the session. The tight clustering
of responses around target locations indicates that in-
tact cats make accurate and consistent orientation re-
sponses when tested with broadband noise bursts
(Huang and May, 1996a).

The accuracy of orientation responses was assessed
for several months prior to the DCN lesions. During
this period, the position of the eight test speakers
changed daily with any location within the speaker ar-
ray potentially available for testing. Speaker locations
above 75³ EL or below 345³ EL were not tested be-
cause of physical limitations in the speaker array. Sum-
mary orientation measures were derived by averaging
the data from di¡erent speaker locations using spatial
bins that spanned the frontal ¢eld with a resolution of

30³ AZ and EL. The double-pole coordinates of bin
locations are indicated by the intersection of grids in
Fig. 4.

Lines in Fig. 4C connect the grand averages of multi-
session orientation responses to the locations of the
orientation speakers. Ellipses indicate the variability
of responses that contributed to the grand averages.
The x-dimension of each ellipse represents þ 1 S.D. of
the range of response azimuths for the spatial bin (i.e.,
the range of right^left errors); the y-dimension equals
þ 1 S.D. of response elevations (up^down errors). As
shown in Fig. 4C, summary data for intact cats indicate
small errors and little variability for orientation re-
sponses to the more centrally located speaker positions.
The underestimation of more lateral or highly elevated
speaker locations by E92 is a common response pattern
that is assumed to result from a decrease in the quality
of spectral cues at more eccentric sound locations (May
and Huang, 1996; Sutherland et al., 1998a).

After the conclusion of pre-lesion orientation testing,
the importance of binaural directional cues was eval-
uated by testing cats with one ear occluded by a foam
ear plug (Cabot Safety; Southbridge, MA). Subjects
were habituated to the ear plug by having them wear
the device during feeding or exercise periods in the ani-
mal quarters. Once subjects were accustomed to tempo-
rary monauralization, the ear plug was inserted a few
minutes before the start of behavioral sessions and re-
moved at the end of the sessions. The plug was lubri-
cated with a topical anesthetic (Xylocaine, 2.5% lido-
caine) to facilitate placement and to improve the seal of
the ear canal. The e¡ectiveness of the plugging proce-
dure was evaluated at the conclusion of behavioral test-
ing by measuring thresholds of click-evoked ABRs in
both ears of cats H91 and E92, ¢rst with the ear open
and then with the ear plug in place, the average thresh-
old shift was 29 dB.

Fig. 4. Pre-lesion orientation behaviors of cat E92bm6. A: Head trajectories toward the source location of a single burst of broadband noise
for each of eight randomly selected speaker locations (plus symbols). B: Final position of all orientation responses in one session (9/13/96);
lines connect responses to speaker locations. C: Complete sample of broadband orientation responses for cat E92bm6 (3258 trials). Data are
binned at intervals of 30³ AZ and EL. Lines connect grand average responses to the center of spatial bins; ellipses are centered on average re-
sponses and show spatial distribution of responses within each bin ( þ 1 S.D.).
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2.5.2. Spatial acuity task
The spatial acuity task is a modi¢cation of the mini-

mum audible angle procedure that was described in de-
tail by Huang and May (1996b). In the current study,
this paradigm was used to demonstrate that cats were
able to discriminate changes in sound source location
even after their sound orientation behaviors were dis-
rupted by DAS/IAS lesions.

Spatial acuity trials were initiated when the cat
pushed down on the response lever with its right front
paw. As the cat held down on the lever, 20^40 noise
bursts (250 ms in duration) were presented at a rate of
2 bursts/s from a speaker located at 0³ AZ, 0³ EL.
These standard stimuli were followed by a 2-s interval
in which the sound source alternated between the stan-
dard speaker and a comparison speaker at some other
location. If the cat released the lever during the period
of speaker alternations (hit), 1 ml of lique¢ed meat
paste was delivered to the subject's mouth. Releasing
the lever before the speaker alternations or failing to
release the lever during the alternations was punished
with a 5-s time out during which no acoustic stimuli
were presented.

Catch trials were presented on 20% of all trials to
estimate each cat's tendency to release the lever in the
absence of the sound localization cues that were asso-
ciated with speaker changes. The catch trial procedure
involved prolonging presentations of stimuli from the
standard speaker for an additional 2-s interval, which
was the duration of speaker alternations in a spatial
acuity trial. If the subject correctly held through the
period of additional standard stimulus presentations,
a comparison trial was presented and cats could then
obtain a food reward by releasing the lever during
speaker alternations. Releases during catch trials (false
alarms) were followed by time out intervals.

Psychometric functions were created by sampling hit
and false alarm rates at three positive azimuths in the
interaural horizontal plane (to the right of the cat at 6³,
12³, and 18³ AZ) or at three positive elevations in the
median vertical plane (6³, 15³, and 30³ EL). Speaker
locations were selected to produce near threshold dis-
crimination when sounds were presented from the com-
parison speaker in closest proximity to the standard
speaker, and near perfect performance at the largest
angular separation. Physical dimensions of the test
speakers (Realistic Super Tweeters) allowed a minimum
speaker separation of 6³.

3. Results

Orientation results from each cat are based on more
than 10 000 trials that were sampled during periods
when the subjects showed stable optimum performance

after experimental manipulations. Pre-lesion binaural
and monaural trials were obtained during a 7-month
period that preceded surgical transection of the left
DAS/IAS. After the surgical procedure, subjects were
given a 1-month hiatus from behavioral testing. The
e¡ects of unilateral lesions were then studied for
4 months. When the evaluation of unilaterally lesioned
cats was completed, a second surgical lesion was made
in the right DAS/IAS of cats E92 and H91. Both sub-
jects were able to return to post-operative retraining
sessions after 1 week of recovery. Once post-operative
performance stabilized, the e¡ects of bilateral lesions on
orientation behavior were studied daily for 2 months.
Cat M91 continued to produce unilateral lesion data
throughout this period without exhibiting any indica-
tion of improved performance. During the ¢nal months
of the study, all three cats were trained to perform the
spatial acuity task. Minimum audible angles re£ect data
that were combined over 1 month of testing.

3.1. E¡ects of DCN lesions on sound orientation

E¡ects of DCN lesions on sound orientation behav-
ior are shown in Fig. 5. Table 1 summarizes the number
of sessions and trials, and the average error and varia-
tion scores for cats E92 and H91. All three cats showed
relatively accurate performance during pre-lesion base-
line testing (Fig. 5A), although there was a general ten-
dency to underestimate the location of the orientation
speaker at the highest elevations and most lateralized
azimuths. This `undershoot' has been attributed to a
diminution of mid-frequency spectral cues at eccentric
sound locations (Rice et al., 1992; May and Huang,
1996). Underestimation of negative elevations is not
apparent in these data because the design of the speaker
array did not allow testing at elevations below 345³.

Cats showed increases in orientation error and re-
sponse variability after unilateral lesion of the left
DAS/IAS (Fig. 5B). In two of the three cats (E92 and
H91) the most substantial loss of performance was con-
¢ned to higher elevations ipsilateral to the lesion. Small-
er de¢cits were noted at other locations in the frontal
¢eld, while near normal performance was seen at the
more front and center test locations. The more gener-
alized neural degeneration in cat M91 resulted in a
complete loss of orientation accuracy. Although capa-
ble of making large inaccurate head movements, this
cat typically maintained a ¢xation response (head
pointed toward 0³ AZ, 0³ EL) regardless of the location
of the orientation speaker.

Further decreases in orientation accuracy were ob-
served after a second surgical procedure was performed
to lesion the right DAS/IAS of cats E92 and H91 (Fig.
5C). Both bilaterally lesioned subjects showed increases
in average response error and variability relative to pre-
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lesion performance; however, at most locations, losses
of elevation accuracy tended to be larger in magnitude
than azimuthal de¢cits.

Non-parametric sign tests (Armitage and Berry,
1987) were used to evaluate the statistical signi¢cance

of lesioning e¡ects. For example, to determine the sig-
ni¢cance of the increase in elevation error shown by cat
E92 after the bilateral lesion, error di¡erence scores (xi)
were calculated by subtracting the average post-lesion
error in each spatial bin (i) from pre-lesion errors.

Table 1
Summary statistics for e¡ects of DAS/IAS lesions on orientation behavior

Cat Sessions Trials AZ error EL error AZ S.D. EL S.D.

Pre-lesion
E92bm6 31 3258 8.9 7.9 8.1 10.9
H91az4 33 3094 5.9 8.5 6.6 6.7

Left DAS/IAS lesion
E92bm6 32 2283 12.0** 8.4 13.0* 9.8
H91az4 35 2006 7.9 9.4 16.3** 12.1**

Bilateral DAS/IAS lesion
E92bm6 15 1272 11.4 19.8* 13.8** 11.0
H91az4 21 1990 9.2 15.4** 12.3* 13.4*

Values indicate total number of sessions and trials for each testing condition and average error or S.D. scores for all spatial bins tested under
di¡erent conditions. Statistical signi¢cance is based on di¡erences in pre-lesion versus post-lesion error and S.D. scores for the same spatial
bins (*P6 0.05; **P6 0.01).

Fig. 5. Performance of three cats in the sound orientation task prior to DAS/IAS lesions (A), after a unilateral lesion of the left striae (B), and
after a second lesion was made in the right striae (C). Cat M91az4 showed complete loss of orientation accuracy after the left DCN was le-
sioned and did not receive a lesion of the right DCN.
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Under the assumption that the bilateral lesion had no
e¡ect on orientation behavior, positive and negative
values of xi have equal likelihood and should follow a
binomial distribution. Instead, the bilateral lesion data
of cat E92 yielded negative xi values (i.e., larger eleva-
tion errors after the lesion) for 13 out of 17 spatial bins.
This departure from chance expectancies was statistical-
ly signi¢cant (P6 0.05). Cat H91 also showed signi¢-
cant increases in elevation error after the bilateral lesion
(16 out of 19 bins, P6 0.005). The sign test is a con-
servative method in this application because statistical
signi¢cance is based on the number of spatial bins
showing de¢cits and not on the magnitude of loss in
individual bins. Although the S.D.s of cat H91 almost
doubled after the bilateral lesion relative to pre-opera-
tive values, the increases were con¢ned to ¢ve out of 19
bins and therefore did not attain statistical signi¢cance
in the sign test. Each test condition showing statistically
signi¢cant lesioning e¡ects is identi¢ed with asterisks in
Table 1.

Fig. 6 provides a direct comparison of the orientation
behaviors of cats E92 and H91 before and after bilat-
eral DAS/IAS lesions. Here, results are limited to azi-
muth errors in the interaural horizontal plane (Fig. 6A)
and elevation errors in the median vertical plane (Fig.
6B). Although both cats showed increased errors for
many sound source locations in the horizontal plane
after the lesioning procedure, these de¢cits were re-
stricted to sound source azimuths in either the left
(E92) or right hemisphere (H91). Locations in the op-
posite sound ¢eld elicited near normal performance.
This clustering of accurate orientation responses con-
tributed to the lack of statistical signi¢cance for azi-
muth measures in bilaterally lesioned cats (Table 1).
By contrast, surgical transections of DAS/IAS projec-
tions increased response errors at both positive and
negative source elevations in the median plane. These
lesioning e¡ects were statistically signi¢cant in both cats
(Table 1).

Fig. 6. Orientation accuracy of cats E92bm6 and H91az4 for sound sources in the interaural horizontal plane (A) and median vertical plane
(B). Filled symbols plot performance prior to surgical manipulations; open symbols indicate performance after the completion of bilateral
DAS/IAS lesions. Error bars show the S.D. of responses in each spatial bin.
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3.2. E¡ects of DCN lesions on spatial acuity

Cats were tested with the spatial acuity task to con-
¢rm that the e¡ects of DAS/IAS lesions on orientation
accuracy did not re£ect general hearing loss, lack of
motivation, or inability to perform the operant task;
the results of these tests are shown in Fig. 7. All sub-
jects produced very high detection rates for changes in
speaker location when the standard and comparison
speakers were arranged in the horizontal plane (Fig.
7A), even when tested with the smallest speaker change
available in the apparatus (6³ AZ). Cats showed false
alarm rates (releases during catch trial presentations)
that averaged less than 20%. A signal detection analysis
of these data yielded a discrimination threshold (the
smallest change in azimuth producing dP= 1) of less
than 6³, which corresponds well with previously pub-
lished minimum audible angles for normal cats (Martin
and Webster, 1987; He¡ner and He¡ner, 1988; Huang
and May, 1996b).

It could be argued that normal spatial acuity in the
horizontal plane is expected for cats with bilateral
DAS/IAS lesions because discrimination of changes in
azimuth may be primarily determined by binaural pro-
cessing of interaural time di¡erences (ITDs) and inter-
aural level di¡erences (ILDs) that do not require the

DCN. In fact, this interpretation may explain why re-
sponse azimuth was less a¡ected than response eleva-
tion during orientation tests with bilaterally lesioned
cats (Fig. 6). To minimize the importance of interaural
cues, spatial acuity was also measured in the median
plane (Fig. 7B). The pattern of discrimination for
changes in elevation was essentially the same as results
obtained in the horizontal plane. Detection rates re-
mained above 75% for all comparison speaker loca-
tions, while false alarms rates were less than 20%.
Again, these data predict minimum audible angles
that fall within the range of normal performance.

3.3. E¡ects of monaural ear plugging on sound
orientation

E¡ects of ear plugging on the accuracy of sound ori-
entation may explain the absence of large behavioral
de¢cits after unilateral DAS/IAS lesions. These results
are shown in Fig. 8 using data from cat H91. Orienta-
tion responses in Fig. 8A were obtained prior to the
lesion with the right ear plugged. Although increases
in error and variability were noted under monaural test-
ing conditions, the cat continued to make reasonably
well directed head movements toward speaker locations
ipsilateral to the open ear. This pattern of accurate
behavior persisted even at the more frontal locations
on the side of the plugged ear. If it is assumed that
the plugging procedure modi¢ed pinna ¢ltering e¡ects
in the plugged ear and binaural directional cues, it is
likely that the monauralized cat performed the task by
attending to HRTF-based spectral cues in the unoc-
cluded ear. Based on these results, it is not surprising
that cats with unilateral DAS/IAS lesions also per-
formed the orientation task well (Fig. 5B) since these
subjects could rely on binaural time and level di¡erence
cues as well as monaural spectral cues in the intact ear.

An alternative explanation for the conservation of
accurate orientation behavior in monauralized cats is
that the ear plugging procedure may have failed to sub-
stantially disrupt binaural cues for sound localization.
In particular, low-frequency interaural delay cues can
persist even with substantial sound attenuation in the
plugged ear (Wightman and Kistler, 1997). Given the
electrophysiologically measured attenuation of the plug
and the steep low-frequency roll-o¡ of the speaker sys-
tem (Fig. 3), noise levels at 2 kHz were approximately
80 dB less than levels at 10 kHz, and therefore should
have been well below detection thresholds in this fre-
quency region.

An additional test of the importance of binaural lo-
calization in ear-plugged cats was evaluated by repeat-
ing monaural tests after bilateral DCN lesions. As
shown in Fig. 8B, a substantial loss of performance
was observed when the plug was placed in the right

Fig. 7. E¡ects of DCN lesions on spatial acuity. These tests were
performed after bilateral lesions in cats E92bm6 and H91az4, and
after a unilateral lesion in cat M91cbn6. Psychometric functions
plot the percentage of trials in which the subject correctly released a
response lever during a period of alternations between two speaker
locations as a function of the magnitude of the directional changes.
Results are shown for tests in the horizontal (A) and median plane
(B). No change in location occurred during catch trials (xts).
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ear of the bilaterally lesioned cat H91. Since the major
pathways carrying ITD and ILD information from the
VCN to the superior olivary complex (SOC) were not
compromised by the surgical procedure, a response
based on interaural delay cues would be expected to
produce performance that more closely matched the
results shown in Fig. 8A. Instead, these di¡erences in
the subject's pre-lesion versus post-lesion performance
suggest that DCN processing of spectral cues is neces-
sary to achieve accurate orientation to sound source
elevation and may be su¤cient for accurate orientation
to sound source azimuth when binaural cues are un-
available.

4. Discussion

The main ¢nding of this study is that cats with DAS/
IAS lesions show a loss of performance in a sound
orientation task. In two of three subjects, a bilateral
lesion was required to produce large elevation errors
at most spatial locations in the frontal sound ¢eld. By
contrast, lesioned cats showed spatial acuity for sound
sources in the horizontal and median planes that was
equivalent to the minimum audible angles of unlesioned

cats in our previous studies (Huang and May, 1996b)
and those of other investigators (Casseday and Ne¡,
1975; Martin and Webster, 1987; He¡ner and He¡ner,
1988). The following discussion evaluates the speci¢city
of the functional de¢cits that follow DAS/IAS lesions,
the relative importance of binaural versus spectral in-
formation in spatial hearing tasks, and the putative
physiological basis of DAS/IAS lesioning e¡ects.

4.1. Is the loss of orientation accuracy following
DAS/IAS lesions a DCN de¢cit?

Spectral integration properties of DCN principal cells
(Spirou and Young, 1991; Nelken and Young, 1994)
have led to the proposal that the DCN may be involved
in the auditory processing of spectral cues for sound
localization (Young et al., 1992). That hypothesis is
supported by our observation that DAS/IAS lesions
produced behavioral de¢cits in the sound orientation
task. Although a loss of DCN processing is likely to
have contributed to these results, it cannot be stated
unequivocally that damage to the DCN is the only
source of orientation de¢cits in the present study be-
cause lesioning procedures also damaged IAS projec-
tions carrying information in and out of the PVCN.

Most ascending IAS projections are octopus cell ax-
ons that terminate in the ventral nucleus of the lateral
lemniscus (VNLL: Warr, 1969; Adams and Warr,
1976). The thick diameter and calyceal endings of octo-
pus cell ¢bers suggest a pathway that is capable of
rapidly conducting cochlear nucleus activity to the
VNLL. In addition, single-unit recordings from octopus
cells show a precisely timed response at stimulus onset
(Godfrey et al., 1975; Rhode et al., 1983; Rouiller and
Ryugo, 1984). These anatomical and physiological spe-
cializations have implicated the PVCN as a component
of the acoustic startle re£ex (Davis et al., 1982). Poten-
tial consequences of a disruption of PVCN processing
on sound orientation behavior are unknown since the
HRTF sensitivity of PVCN onset units has not been
established. Nor is it known how binaural processing
in ventral auditory pathways may be modi¢ed by the
loss of descending projections that enter the cochlear
nucleus by way of the DAS/IAS (Adams, 1976). Never-
theless, relatively normal binaural hearing was sug-
gested by each cat's performance in the spatial acuity
task.

The DCN lies on the dorsolateral surface of the me-
dulla beneath the para£occulus of the cerebellum and
immediately caudal to the inferior cerebellar peduncle.
These surrounding structures can be injured during the
surgical retraction to expose the DCN or during lesion-
ing procedures if knifecuts are not con¢ned to the tar-
get structure. The potential for cerebellar damage is of
particular concern in a study of orientation behavior

Fig. 8. Monaural orientation responses of cat H91az4 (right ear
plugged). Results are shown before (A) and after bilateral DCN le-
sions (B).

HEARES 3516 31-8-00

B.J. May / Hearing Research 148 (2000) 74^8784



because the ensuing loss of balance or motor control
can compromise a cat's ability to make coordinated
head movements; when this impairment occurs, sub-
jects may perceive normally but perform poorly.

Cats H91 and E92 showed no signs of vestibular or
motor de¢cits after bilateral DAS/IAS lesions. These
subjects interacted with other cats during exercise peri-
ods and were able to execute 1-m vertical leaps without
unusual e¡ort as they entered and exited their home
cage. Informal testing with the head tracking device
indicated that the cats could rotate their heads well
beyond þ 90³ AZ and þ 70³ EL to obtain food re-
wards. Cat M91 displayed a similar range of head
movements but vestibular and cerebellar damage was
suggested by the broad-based gait that this subject as-
sumed when walking to and from the testing apparatus.
Subsequent histological evaluation of the brainstem of
this subject con¢rmed extensive tissue damage including
the lateral cerebellum and vestibular nuclei. Unlike the
other two subjects in this study, cat M91 showed large
orientation errors after the unilateral lesion presumably
because of more generalized sensorimotor de¢cits.
Although collateral damage to neighboring structures
of the DCN confounded interpretations of the e¡ects
of DAS/IAS lesions in cat M91, the post-operative ori-
entation behaviors of this subject illustrate a di¡erent
pattern of behavioral de¢cit for nonspeci¢c lesions.

In conjunction with ABR measures in cats H91 and
E92, spatial acuity testing in all three cats suggested
normal hearing sensitivity and good discrimination of
directional changes after DAS/IAS projections were
severed. Previous DAS/IAS lesioning studies by Master-
ton and colleagues also failed to note signi¢cant
changes in detection thresholds (Masterton and
Granger, 1988; Masterton et al., 1994) and spatial dis-
crimination (Sutherland et al., 1998b). ABRs were not
obtained from cat M91, but it is unlikely that normal
auditory function was maintained in the left ear of this
subject given the extensive neural degeneration of the
lesioned cochlear nucleus and ventral acoustic stria
(Masterton and Granger, 1988).

4.2. Are separate processes involved in the identi¢cation
of azimuth and elevation?

Cats with DAS/IAS lesions exhibited their largest
behavioral de¢cits when orienting to stimulus elevation.
This observation is consistent with the interpretation
that spectral cues processed in the DCN are critical
for determining the elevation of sound sources. Local-
ization of stimulus azimuth, on the other hand, may
rely on ILDs or ITDs that are primarily conveyed to
binaural neurons in the SOC via ventral pathways that
are not directly a¡ected by DAS/IAS lesions. A direc-
tional bias in the importance of spectral versus binaural

information is supported by psychoacoustic studies in
human listeners. If HRTF ¢ltering e¡ects are con-
founded by narrowing the bandwidth of free-¢eld stim-
uli, human subjects make accurate assessments of sound
source azimuth but large errors in the identi¢cation of
stimulus elevation (Middlebrooks, 1992). These errors
suggest a processing scheme in which stimulus elevation
is derived from spectral cues by ¢nding the best match
between the frequency of a narrowband stimulus and
the peaks in the HRTF ¢lter function at di¡erent sound
source locations. By contrast, binaural processes appear
to play the primary role in the determination of stim-
ulus azimuth. Wightman and Kistler (1992) have shown
that binaural time di¡erence cues dominate the percep-
tion of azimuth for low-frequency stimuli when an un-
natural con£ict is created in the ITD and ILD direc-
tional signatures of virtual sound sources (i.e., closed-
¢eld sounds that simulate free-¢eld directional proper-
ties).

Results obtained with human subjects indicate that
localization of stimulus azimuth is based on redundant
binaural and spectral information, and that listeners
may attend to whatever cues are most reliable in a given
testing situation. Similar contextual e¡ects are seen in
studies with cats. For example, cats showed substantial
errors in response azimuth and elevation when orienta-
tion responses were probed with high-pass ¢ltered noise
bursts (Fig. 1E) or mid-frequency pure tones (Huang
and May, 1996a). Thus, performance was adversely af-
fected by removing mid-frequency spectral cues and
low-frequency binaural cues. A convenient method for
distinguishing the relative importance of these two
forms of directional information is to `monauralize'
the subject by placing a plug in one ear. While the
e¡ectiveness of ear plugging procedures for achieving
a natural monaural state is debatable (Wightman and
Kistler, 1997), erroneous ITD and ILD cues that result
from attenuating high-frequency sounds in one ear
would be expected to alter localization performance.
In our study, temporarily monauralized cats maintained
good orientation accuracy in the hemi¢eld of the un-
plugged ear (Fig. 8A), but only prior to DAS/IAS le-
sions (Fig. 8B). By contrast, when auditory processing
of spectral information was compromised by damaging
the DCN, cats lost the ability to direct the head toward
sound source elevation but continued to make reason-
ably accurate responses to stimulus azimuth (Fig. 5C).
It can be concluded from these results, just as it was in
studies of human listeners, that spectral cues are neces-
sary for localization of stimulus elevation by cats,
whereas binaural and spectral cues alone or in combi-
nation are su¤cient for the determination of stimulus
azimuth.

Cats with DAS/IAS lesions exhibited large elevation
errors when tested with the orientation task (Fig. 6B),
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but performed the spatial acuity task as well as normal
controls (Fig. 7). This ¢nding suggests that fundamental
di¡erences may exist between the auditory processes
governing the absolute identi¢cation of sound source
locations and the relative spatial discrimination of
changes between locations. Sutherland and colleagues
noted similar task-speci¢c de¢cits in their studies of
DAS/IAS lesioning e¡ects. Because their analysis was
based on re£exive head orientation measures that dem-
onstrated behavioral de¢cits (Sutherland et al., 1998a)
and an operantly conditioned elevation discrimination
task that did not (Sutherland et al., 1998b), these inves-
tigators proposed that DAS/IAS lesioning e¡ects may
be most apparent in unlearned re£exive auditory behav-
iors. Our present study o¡ers a direct test of this pre-
diction by evaluating the e¡ects of DAS/IAS on behav-
ioral performance in a learned head orientation task.
The observation that both learned and re£exive head
orientation responses are compromised by DAS/IAS
lesions suggests that the actual distinction between the
two procedural contexts may be due to di¡erences in
the auditory processes that contribute to accurate iden-
ti¢cation of sound source locations versus the precise
discrimination between sound sources.

Our studies of the auditory nerve representation of
spectral cues for sound localization in cats support the
existence of these dual processes (May and Huang,
1997). Movements of a sound source in the horizontal
or median planes lead to broadly distributed changes in
auditory nerve ¢ber discharge rates. The largest rate
changes in the population response are seen among
neurons that are tuned to high frequencies where the
HRTF exerts the most robust directionally dependent
¢ltering e¡ects on the magnitude spectrum of a complex
sound. Consistent with the interpretation that this rate
information represents a neural code for the discrimi-
nation of directional changes, cats perform well in spa-
tial acuity tasks when tested with high-frequency noise
bursts (Huang and May, 1996b). The unique directional
characteristics of mid-frequency spectral notches appear
to dominate the absolute identi¢cation of sound source
locations. The signi¢cance of these spectral cues has
already been demonstrated in behavioral studies of
cats (Huang and May, 1996a), and is summarized in
Fig. 1. Given the critical importance of accurately lo-
cating sound sources, it is not surprising that the central
auditory pathways have evolved specialized processes
for extracting narrowband spectral features from their
auditory nerve inputs (Young et al., 1992). Our current
behavioral study suggests a functional link between
these biologically relevant sounds and the unusual spec-
tral integration properties of the principal output neu-
rons of the dorsal cochlear nucleus (Spirou and Young,
1991; Nelken and Young, 1994).
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