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Kainic Acid Lesions of the Dorsal Nucleus of the Lateral Lemniscus:
Effects on Binaural Evoked Responses in Rat Auditory Cortex

S. Lynn Glenn and Jack B. Kelly

Laboratory of Sensory Neuroscience, Psychology Department, Carleton University, Ottawa, Ontario K1S 5B6, Canada

The effects of unilateral lesions of the dorsal nucleus of the
lateral lemniscus (DNLL) on binaural processing were ex-
amined by measuring the amplitude of auditory cortical
evoked responses in the albino rat. Lesions were made by
pressure injection of small quantities of kainic acid through
a micropipette lowered into the lateral lemniscus. Compar-
isons were made between normal animals and animals with
unilateral DNLL damage. In normal animals, the amplitude
of evoked potentials recorded from left and right primary
auditory cortex varied as a function of the time difference
between clicks delivered to the two ears. Maximum re-
sponses were obtained from the hemisphere contralateral
to the leading click, and response amplitude was progres-
sively reduced as the interaural time difference (ITD) was
shifted in favor of the ipsilateral ear over the range from
+600 usec to —600 usec. The functions in the left and right
hemisphere were symmetrical mirror images of one another.
Destruction of the DNLL had no significant effect on the
maximum response amplitude, evoked response threshold,
or response latency in either hemisphere. On the other hand,
the lesion did have the effect of greatly reducing the slope
of the ITD function in the hemisphere contralateral to the
lesion. The change in slope was attributed to a reduction in
the strength of inhibition produced by stimulation of the ip-
silateral ear. No effect was seen on the slope of the function
in the ipsilateral hemisphere. Animals with lesions that spared
DNLL but destroyed the intermediate and ventral nucleus of
the lateral lemniscus had normal binaural response func-
tions. These data show that the DNLL plays an important
role in shaping binaural responses in the contralateral au-
ditory pathway.

Several lines of evidence suggest that the dorsal nucleus of the
lateral lemniscus (DNLL) plays a role in shaping binaural re-
sponses in the central auditory system. First, the majority of
neurons in DNLL are sensitive to binaural stimulation. Both
binaural summation and binaural suppression responses can be
recorded from DNLL (Aitkin et al., 1970; Brugge et al., 1970).
Most binaural neurons are activated preferentially by sounds
representing positions in the contralateral spatial field. Thus,
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the physiological responses in DNLL are lateralized with regard
to binaural stimulation in much the same way as responses in
more rostral auditory structures, such as inferior colliculus (IC)
and auditory cortex. Second, the DNLL is the source of decus-
sating fibers through the commissure of Probst to the contra-
lateral DNLL and IC (Goldberg and Moore, 1967; Beyerl, 1978;
Adams, 1979; Brunso-Bechtold et al., 1981; Glendenning et al.,
1981; Kudo, 1981; Zook and Casseday, 1982, 1987; Coleman
and Clerici, 1987; Shneiderman et al., 1988; Hutsonetal., 1991).
This pathway might provide an important anatomical substrate
for neural interactions related to laterality of spatial responses
in the auditory system. Most of the neurons in DNLL are GA-
BAergic (Adams and Mugnaini, 1984; Thompson et al., 1985;
Moore and Moore, 1987; Roberts and Ribak, 1987; Glenden-
ning and Baker, 1988), and the projections to the contralateral
IC and DNLL are characterized by terminals with pleomorphic
vesicles and symmetrical synaptic contacts (Oliver and Shnei-
derman, 1989; Shneiderman and Oliver, 1989). Thus, one would
expect the DNLL to exert a net inhibitory influence on neural
responses on the opposite side of the brain. The orderly distri-
bution of GABAergic terminals along isofrequency laminae in
the IC and the interdigitation of these terminals with potentially
excitatory terminals arising from other sources suggest that the
DNLL may play a role in establishing contralateral dominance
of neural responses in the central auditory system (Shneiderman
et al., 1988). Third, physiological evidence indicates that local
application of the GABA, antagonist bicuculline can dramati-
cally alter binaural response characteristics of neurons in the
central nucleus of the IC (Faingold et al., 1989, 1991). These
data imply that binaural responses are influenced by inhibitory
mteractions occurring within the IC itself. The most likely source
of this inhibition is the contralateral DNLL.

The present study was undertaken to evaluate the contribu-
tion of DNLL to binaural responses in the auditory pathway.
Auditory cortical evoked responses were used as an index of
binaural sensitivity in normal animals and animals with uni-
lateral kainic acid lesions of the DNLL. In the normal rat, the
amplitude of the cortical evoked response is sensitive to small
time differences between paired clicks delivered separately to
the two ears. The response amplitude is larger in the hemisphere
contralateral to the ear that is stimulated first and varies sys-
tematically with manipulation of interaural time differences
(ITDs) over the range between +600 and —600 usec. The size
of the cortical response can be reduced by half as the ITD is
shifted in favor of the ipsilateral ear. Comparison of cortical
responses in normal and brain-damaged animals allowed an
assessment of the contribution of DNLL to binaural sensitivity
ipsilateral and contralateral to the lesion.



Materials and Methods

Subjects. Successful electrophysiological studies were completed on 17
male Wistar rats (Ratfus norvegicus) obtained from Charles River, Inc.
(St. Constant, Quebec). All animals were between 250 and 500 gm at
the time of physiological recording. Otoscopic examination revealed no
obstruction or abnormality of the external meatus or tympanic mem-
brane in any animal. Five of the 17 rats received unilateral kainic acid
lesions of the DNLL at least 2 weeks prior to the recording session.
Three received lesions of the right DNLL (R167, R168, and R173), and
two received lesions of the left DNLL (R171 and R178). Three animals
(R162, R175, and R165) received lesions that spared the DNLL but
damaged neighboring auditory structures including the ventral (VNLL)
and intermediate (INLL) nuclei of the lateral lemniscus or the inferior
colliculus. Three other animals (R174, R164, and R170) underwent
surgery, including insertion of a glass micropipette into DNLL for de-
livery of the kainic acid, but no lesion was made. In each of the animals
with kainic acid lesions or insertion of the micropipette, the posterior
neocortex was aspirated on one side of the brain to facilitate access to
the auditory brainstem.

Six additional animals served as normal controls. For these animals,
the pipette was not inserted and no kainic acid injection was made. In
five of the six cases, however, the posterior neocortex was aspirated to
control for possible effects of cortical ablation. Three cases received left
(R172, R182, and R189) and two received right (R163 and R179)
aspiration of the posterior neocortex. The remaining animal (R169) had
no surgical treatment.

Kainic acid lesions. In preparation for kainic acid lesions, the animals
were deeply anesthetized with Equithesin (3 ml/kg, i.p.). Equithesin was
prepared from 21.3 gm of chloral hydrate and 4.8 gm of sodium pen-
tobarbital dissolved in 1.5% benzyl alcohol, 40% propylene glycol, 10%
ethanol, 2.5% sodium benzoate, 2.5% benzoic acid, and 43.5% distilled
H,O to make 500 ml of solution. The pH was adjusted to 6.7 using
sodium hydroxide. Atropine sulfate (0.05 mg/kg, i.p.) was administered
prior to surgery to prevent respiratory distress. The animal was then
placed in a head holder that left the ear canals free so that damage to
the tympanic membranes could be avoided. Following a midline inci-
sion and retraction of the scalp, a wide craniotomy was performed to
expose the posterior neocortex. The caudal pole of the neocortex was
then aspirated to expose the ventrolateral portion of the inferior collic-
ulus.

Kainic acid was dissolved in Locke’s solution (1 mg/ml) and delivered
into the DNLL through a glass micropipette with a tip diameter of 60—
80 um. The pipette was inserted into the DNLL with a micromanipu-
lator. The micropipette was connected via Sylastic and polyethylene
tubing to a 10 ul Hamilton syringe. The syringe and tubing were filled
with distilled water, and the pipette tip was filled with kainic acid. After
the pipette was positioned in the brain, 1.5-2 ul (up to 15 nmol) of
kainic acid were pressure injected with a syringe pump at the rate of
1.5 nmol/min. To allow for diffusion of the kainic acid into the sur-
rounding tissues, the micropipette was left in place for approximately
5-10 min. Gelfoam, moistened with saline, was used to cover the ex-
posed tissue, and the scalp was sutured in place. Approximately 45 min
following surgery, diazepam (4.5 mg/kg, i.p.) was administered as a
prophylactic against seizure activity.

Physiological recordings. Following a recovery period of at least 2
weeks, the animals were prepared for recording from the auditory cortex.
Anesthesia was induced with Equithesin (3 ml/kg, i.p.) and maintained
with supplemental doses (0.5 ml/kg, i.p.) administered approximately
every 45 min to achieve a state of areflexia throughout the recording
session, which typically lasted 10-12 hr. Body temperature was held
constant at 37°C with a hot-water heating pad. The animal’s head was
secured in a head holder, leaving the ears unobstructed for the insertion
of acoustic couplers and headphone drivers. Following a midline inci-
sion and retraction of the scalp, a wide craniotomy was performed to
expose the auditory cortex on both sides of the brain.

The animal was then transported to an electrically shielded, sound-
attenuated room and earphones were positioned in the left and right
external meatuses for delivery of paired click stimuli. Evoked potentials
were recorded with silver ball electrodes placed on the surface of the
dura mater overlying primary auditory cortex. Potentials were amplified
10,000 x, bandpass filtered (0.3-10,000 Hz), and averaged on line (Grass
model P511 amplifier and Tracor Northern model 1550 signal averager).
Evoked responses were determined from an average of 50 single sweeps.
Thresholds for eliciting an averaged evoked response by monaural con-
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Figure 1. An auditory cortical evoked response to clicks presented
binaurally with an interaural time delay of —400 gsec (left leading right
ear stimulation). The response was recorded from the right primary
auditory cortex and is based on an average of 50 stimulus presentations.
The response is characterized by a large positive deflection (P) followed
by a negative deflection (V) with the cortical electrode referenced to an
electrode inserted between the scalp and skull at the rostral margin of
the midline incision. The latency of the response was measured from
stimulus onset (S) to the positive peak (P), and the amplitude was
obtained by measuring the difference in microvolts between the positive
peak (P) and the immediately following negative peak (N) as indicated
by the arrows. The peak-to-peak amplitude of this response was 63 uV.

tralateral stimulation were determined for left and right hemispheres
by lowering the sound pressure level (SPL) until no response was de-
tected. The sound pressure was then fixed at approximately 40 dB above
threshold in both ears and amplitude and latency measures were ob-
tained.

Amplitude and latency measurements are illustrated in Figure 1, which
shows a typical averaged evoked response from the rat’s primary au-
ditory cortex. The response is characterized by a large positive (down-
ward) deflection labeled “P” on the sample waveform followed by a
negative (upward) excursion labeled “N.” The latency of the response
was measured from stimulus onset to the first positive peak, and the
amplitude was obtained by measuring the difference in microvolts be-
tween the first positive peak and the immediately following negative
peak as indicated by the arrows.

Stimulus conditions. Clicks were produced by passing square waves,
100 usec in duration, through two passive decade attenuators (Hewlett
Packard, model 350D) and a power amplifier to headphone drivers
mounted in customized housings (Pioneer stereo headphone driver SE-
50D). Each headphone housing was connected to a sealed acoustic cou-
pler with an open speculum that could be inserted into the rat’s external
meatus. The couplers were constructed so that a probe tube could be
inserted for acoustical measurements along the length of the speculum
with its tip centered at the open end within a few millimeters of the
tympanic membrane. Maximum click intensity was determined at the
earphone opening with a measuring amplifier (Bruel and Kjaer, model
2218) and a % inch condenser microphone (Bruel and Kjaer, model
4134) connected to the probe tube assembly. The stimulus repetition
rate was 2/sec.

A series of binaural clicks was presented with ITDs ranging from
—600 usec to +600 usec. The order of presentation was randomized
according to a predetermined schedule. The ITD values were +600,
+500, +£400, +300, +200, +£150, £100, £75, £50, =25, and 0 usec.
These values were selected on the basis of previous experiments with
normal animals to provide a detailed description of the amplitude changes
around O usec. The entire sequence of ITD values was repeated 10 times



3690 Glenn and Kelly » DNLL Lesions

Figure 2. Photomicrographs of cresyl violet-stained frontal sections taken through the brainstem of an animal with a left DNLL lesion (R178).
A shows the extent of cell loss in DNLL on the left side of the brain. B shows the DNLL on the right side of the brain in the same animal. C shows
a corresponding frontal section through the right DNLL of a normal animal (R179). D-F are higher-power photomicrographs taken from DNLL
as delineated in A-C, respectively. Nerve cell loss is apparent throughout the left DNLL (D), but no cell loss is seen in the right DNLL (E). The
cell loss illustrated in D can also be compared to cells in a normal DNLL (F). ¢p, commissure of Probst; dnll, dorsal nucleus of the lateral lemniscus;
inll, intermediate nucleus of the lateral lemniscus. Scale bars: A, 500 um for 4-C, D, 200 um for D-F.

to control for possible changes in the response amplitude over time.
Therefore, the data obtained from each animal consisted of 10 blocks
of trials, each of which covered the full range of ITD values. For ease
of comparison of data from different animals, the evoked response
amplitudes were normalized and expressed as a percentage of the max-
imum response obtained from each hemisphere. The mean amplitude
was plotted as a function of interaural time differences for each animal.
The ITD response amplitude functions for animals with DNLL lesions
were compared with those from normal control and lesion control cases.

Histological Procedures. Following the recording sessions, the animals
were deeply anesthetized with Equithesin and perfused through the heart
with saline and 10% formalin. The brains were then immersed in for-
malin, sectioned at 50 pm in the frontal plane, and stained with cresyl
violet to examine the extent of the lesions. The extent of damage was
plotted for each case with reference to a standard series of sections
through the auditory midbrain. The extent of cell loss was ranked in
comparison with normal animals as either complete (96-100%), severe
(76-95%), moderate (46-75%), or mild (16-45%). Tissue with cell loss
less than 15% was considered normal. The extent of damage was illus-
trated at 200 pm intervals through the DNLL.

Results

Kainic acid lesions. Kainic acid lesions destroyed nerve cell
bodies in the vicinity of the injection site with varying degrees
of cell loss. Lesions were often accompanied by intense gliosis
in the area damaged by the injection. Cell loss was restricted to
the vicinity of the cannula tip, and there was no indication of
damage to areas remote from the target site except for cases in
which the cannula tip was inadvertently misplaced. A typical
DNLL lesion is shown in Figure 2.

Anatomical reconstructions are presented in Figure 3 for three
rats (R167, R168, and R173) with right DNLL lesions. In two
of these cases (R167 and R168), DNLL suffered moderate to
mild cell loss throughout its rostral to caudal extent. The INLL,
VNLL, and IC were not damaged in these cases. In the third
rat (R173), DNLL had moderate to severe damage. The INLL
and VNLL were also damaged.
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Figure 3. Anatomical reconstructions for three animals (R167, R168, and R173) with right DNLL lesions. Standard frontal sections represent
200 um intervals through the lateral lemniscus. For Figures 3-5, dark shading (Figs. 4, 5), cross-hatching, hatching, and light shading indicate
complete, severe, moderate, and mild cell loss, respectively.

Anatomical reconstructions for two rats with left DNLL le- INLL, VNLL, and a small portion of the ventral IC were also
sions (R171 and R178) are shown in Figure 4. In the case of  damaged.
R171, DNLL exhibited moderate to mild cell loss, while INLL In three cases the kainic acid lesions failed to damage DNLL

and VNLL were completely spared. In the case of R178, the but inadvertently destroyed cells in other auditory structures.
injection resulted in severe to complete cell loss in DNLL. The Two rats (R162 and R175) received unilateral lesions that dam-
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Figure 4. Anatomical reconstructions for two animals (R17] and R178) with left DNLL lesions. Conventions are as in Figure 3.

aged INLL and VNLL on the right side of the brain but caused
no cell loss in DNLL. In R162, the damage in INLL ranged
from severe to complete and VNLL was completely destroyed.
In R175, both INLL and VNLL were completely destroyed. A
third rat (R1635) sustained minor damage to the IC on the left
side of the brain. Cell loss was confined to a small portion of
the ventral central nucleus of the IC with no involvement of
DNLL. The anatomical reconstructions for these rats are shown
in Figure 5.

In three additional cases (R164, R170, and R174), the mi-
cropipette was inserted into the DNLL but no kainic acid was
injected due to blockage of the pipette tip. No neurological
damage was found in any of these cases beyond that produced
by the micropipette track. These three cases, together with the
three animals with misplaced lesions (R162, R165, and R175),
form a lesion control group.

Monaural response thresholds and latencies. Evoked poten-
tials were recorded from primary auditory cortex in both left
and right hemispheres of all animals. Prior to systematic tests
with binaural clicks, thresholds and latencies were obtained in
each hemisphere for responses elicited by a contralaterally pre-
sented monaural click. Thresholds, defined as the minimum
click intensity (in dB SPL) necessary to elicit an averaged evoked
response, were obtained for control animals and animals with
DNLL lesions. For normal control cases, the mean thresholds
were 43 and 44 dB for the two hemispheres. For the lesion
control group, the mean thresholds were 41 and 42 dB for the
hemispheres ipsilateral and contralateral to the site of pipette
insertion. For the DNLL lesion group, the mean thresholds were
33 and 31 dB for the hemispheres ipsilateral and contralateral
to the lesion site.

Although there was a tendency for the mean thresholds to be
lower in animals with DNLL lesions than either normal or lesion
control cases, the differences were not statistically significant.
ANOVA failed to show significant differences due to either le-
sion effect [F(2,12) = 2.74; p > 0.05], hemisphere [F(1,12) =
0.20; p > 0.05], or hemisphere by lesion interaction [F(2,12) =
0.44; p > 0.05]. Comparison of mean thresholds for all groups
is shown in Figure 6.

Response latencies were measured from stimulus onset to the
first positive peak of the cortical response with click intensity
set approximately 40 dB above threshold. Latencies ranged from
10 to 17 msec. For normal control cases, the mean latencies
were 14.3 and 14.2 msec for the two hemispheres. For the lesion
control group, the mean latencies were 12.6 and 12.7 msec for
the hemispheres ipsilateral and contralateral to the pipette track.
For the DNLL lesion group, the mean latencies were 13.7 and
13.0 msec for the hemispheres ipsilateral and contralateral to
the lesion. ANOVA indicated no significant difference among
groups for either the main effect of lesions [F(2,12) = 1.15; p >
0.05], the main effect of hemisphere [F(1,12) = 0.46; p > 0.05],
or the interaction term [F(2,12) = 0.49; p > 0.05]. The mean
latencies for all groups are shown in Figure 7.

Binaural response amplitude. No differences were found among
groups or between hemispheres in the maximum evoked re-
sponse amplitude produced by binaural stimulation. In every
case, the largest response was elicited by contralateral leading
ipsilateral click pairs. The mean maximum response amplitude
was 69 uV. ANOVA revealed no significant differences among
the means for lesion group, hemisphere, or group by hemisphere
interaction [F(2,12) = 0.96, p > 0.05; F(1,12) = 0.69, p > 0.05;
F(1,12) = 0.89, p > 0.05]. For all further analysis of binaural
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Figure 5. Anatomical reconstructions for three cases with control lesions. In two animals (R162 and R175), the lesion destroyed cells in right
INLL and VNLL without producing damage in DNLL. In the third case (R165), the lesion destroyed cells in the left central nucleus of the IC
without damaging the nuclei of the lateral lemniscus. Conventions are as in Figure 3.

data, evoked response amplitudes for each hemisphere were
scaled and expressed as a percentage of the maximum for that
hemisphere.

In the normal rat, the evoked response amplitude was found
to be a sigmoidal function of the ITD between paired clicks

delivered to the two ears. Evoked response amplitude was great-
est contralateral to the ear that was stimulated first and became
progressively reduced as the time difference was shifted in favor
of the ipsilateral ear, The ITD functions in the left and right
hemispheres tended to be symmetrical mirror images of one
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Figure 6. The mean thresholds for eliciting an averaged evoked re-
sponse in animals with DNLL lesions, animals with control lesions, and
normal animals. The thresholds are plotted separately for responses
obtained from the hemisphere ipsilateral (open bars) and contralateral
(hatched bars) to the lesion. Error bars indicate 1 SE above the mean.
There were no significant differences in threshold between hemispheres
Or among groups.

another, with the two curves intersecting around ITD = 0 usec.
The slopes of ITD functions in the two hemisphere were similar.
The ITD functions for each of the six normal control cases are
shown in Figure 8. The evoked response amplitudes were max-
imum under conditions in which the contralateral click was
leading the ipsilateral click by 600 usec. Evoked response am-
plitudes were reduced by roughly 50% under conditions in which
the ipsilateral click was leading the contralateral click by 600
usec. The most pronounced change in amplitude occurred be-
tween +250 and —250 usec.

The ITD functions for animals in the lesion control group
were similar in every respect to those of normal controls. The
ITD curves for each of these six animals are shown in Figure
9. The first two examples were taken from animals with lesions
that completely spared DNLL but severely damaged the right
INLL and VNLL (R162 and R175). The third was obtained
from an animal (R165) with a lesion that destroyed cells in the
left ventral IC. The remaining three examples were obtained
from animals (R164, R170, and R174) in which the micropi-
pette was inserted into the DNLL without making a kainic acid
lesion. In each of these cases, response amplitude was greatest
contralateral to the ear that was stimulated first, and was greatly
reduced as the binaural time difference was shifted in favor of
the ipsilateral ear. The slopes of the functions in the two hemi-
spheres were similar and symmetrical. The amount of reduction
in response amplitude was close to 50% in every case except
for R175.

Response amplitude ITD functions were obtained from five
animals with unilateral DNLL lesions. The curves for each of
these animals are presented in Figure 10. The first three ex-
amples were from animals with right DNLL lesions (R167,
R168, and R173). The other two were from animals with left
DNLL lesions (R171 and R178). As can be seen, the ITD func-
tions were markedly asymmetrical with a pronounced reduction
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Figure7. The mean latencies of averaged evoked responses in animals
with DNLL lesions, lesion control animals, and normal animals. La-
tencies of responses from the hemisphere ipsilateral to the lesion are
represented by open bars, and latencies from the hemisphere contra-
lateral to the lesion are represented by hatched bars. Error bars indicate
1 SE above the mean. There were no significant differences in latency
between hemispheres or among groups.

in the steepness of the slope contralateral to the side of the lesion.
The ITD functions from the hemisphere ipsilateral to the lesion
were similar to those obtained from normal control cases. In
contrast, the functions from the hemispheres contralateral to
the lesion were flattened relative to normal and the extent of
reduction in response amplitude was much less than expected
from controls.

Quantitative analysis of these data was conducted by statis-
tical comparison of the slopes of ITD curves for each of the
three groups composed of DNLL lesion, normal control, and
lesion control cases. Slopes were defined by the linear best fit
of the ITD data between +250 and —250 usec. Responses from
the hemisphere ipsilateral and contralateral to the lesion site
were treated separately for animals in the DNLL group. For all
other animals, cortical responses were parcellated relative to the
site of surgical intervention, that is, micropipette placement in
the case of the lesion control group and cortical aspiration in
the case of the normal controls.

The mean slopes of all ITD curves for each of the three groups
are shown in Figure 11. As can be seen, the slope of the curve
is greatly reduced only in the hemisphere contralateral to the
site of the DNLL lesion. ANOVA indicated that there was a
significant effect due to lesion group [£(2,12) = 5.95; p < 0.05],
hemisphere [F(1,12) = 14.08; p < 0.005], and hemisphere by
lesion group interaction [F(2,12) = 24.54; p < 0.0001]. All
significant effects were attributed to the reduction in slope in
the curves recorded from the hemisphere contralateral to the
DNLL lesion. No other significant differences were found.

Discussion

The results of the present study lend support to the idea that
the DNLL plays an important role in establishing the laterality
of binaural responses in the auditory system (Shneiderman et
al., 1988; Oliver and Shneiderman, 1989; Shneiderman and
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Figure 8. The ITD functions for normal control cases (R169, R163, R172, R179, R182, and R189). Response amplitudes are plotted as a function
of the ITD for each hemisphere. The amplitudes are expressed as a percentage of the maximum response amplitude obtained during each replication
of the ITD sequence. The curves are based on the average of 10 replications. The open squares designate the left hemisphere responses, and solid
squares designate the right hemisphere responses. ITDs are expressed in usec (right ear minus left ear). Thus, positive values indicate right leading

left and negative values indicate left leading right click pairs.

Oliver, 1989). Unilateral damage of the DNLL greatly reduced
the binaural sensitivity of evoked responses in the auditory
cortex contralateral to the lesion, thus weakening the laterality
of the response in that hemisphere. The slopes of ITD functions
in the hemisphere contralateral to the lesion were flattened rel-
ative to normal. As the binaural time difference was shifted
progressively in favor of the ipsilateral ear, the evoked response
amplitude in normal animals dropped by as much as 50% in
most cases. In contrast, the evoked response amplitude in an-
imals with DNLL lesions was reduced by only 25%. This dra-
matic difference was not associated with any significant differ-
ence in the maximum response amplitude. Rather, the flattened
ITD functions in animals with DNLL lesions were due to a
reduction in the strength of inhibition produced by stimulation
of the ipsilateral ear.

Furthermore, unilateral DNLL lesions had no significant ef-
fect on monaural response thresholds or response latencies of
evoked responses in either hemisphere. Thus, abnormal ITD
functions cannot be attributed to alterations in absolute sensi-
tivity or changes in monaural processing. The flattened ITD
functions reflect, specifically, a disruption of binaural processing
in the central auditory system.

The abnormal binaural response functions are probably caused
by a reduction or elimination of inhibitory projections from
DNLL to either IC or DNLL on the opposite side of the brain.
This interpretation is consistent with both neuroanatomical and
neurochemical studies of DNLL efferent projections. Immu-

nocytochemistry has shown that most of the neurons in DNLL
react positively for the inhibitory neurotransmitter GABA or
its related enzyme glutamic acid decarboxylase (Adams and
Mugnaini, 1984; Thompson et al., 1985; Moore and Moore,
1987; Roberts and Ribak, 1987; Glendenning and Baker, 1988).
Electron microscopic investigations combined with anterograde
transport techniques indicate that more than 90% (perhaps all)
of the DNLL terminals in the contralateral IC have flattened or
pleomorphic synaptic vesicles characteristic of inhibitory neu-
rons (Shneiderman and Oliver, 1989). A similar projection has
been described from DNLL to the contralateral DNLL (Oliver
and Shneiderman, 1989). It is likely that both projections are
GABAergic. Also, unilateral kainic acid lesions of the DNLL
greatly reduce the in vitro electrically evoked release of GABA
in the IC contralateral to the lesion (Potashner et al., 1991).
Therefore, the most likely interpretation of our physiological
data is that unilateral kainic acid lesions of the DNLL eliminate
or reduce GABAergic inhibition in the auditory midbrain con-
tralateral to the lesion and that this effect is reflected in the
amplitude of evoked responses recorded from primary auditory
cortex.

DNLL lesions had no obvious effect on binaural responses
recorded from the auditory cortex in the ipsilateral hemisphere.
The lack of effect is significant in light of the fact that the DNLL
does have an ipsilateral projection to the IC. Two considerations
may have bearing on the lack of physiological effect. First, unlike
the contralateral projection, the ipsilateral projection from DNLL
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Figure 9. The ITD functions for lesion control animals (R162, R175, R165, R164, R170, and R174). Two animals (R162 and R175) had extensive
damage to the right INLL and VNLL. One animal (R165) had moderate cell loss in the right IC. The other animals had no damage beyond that
produced by introduction of a micropipette into the lateral lemniscus. Symbols are as in Figure 8.

to IC is not exclusively associated with inhibitory terminals,
but has both an excitatory and inhibitory component. Following
injection of an anterograde tracer into DNLL, a significant num-
ber of axon terminals in ipsilateral IC are characterized by
rounded synaptic vesicles usually associated with excitatory
transmitters. The density of terminals with pleomorphic vesicles
is much less in ipsilateral than in contralateral IC (Shneiderman
and Oliver, 1989). Also, the effect of unilateral DNLL lesions
on electrically evoked release of GABA in vitro is less pro-
nounced in ipsilateral than in contralateral IC (Potashner et al.,
1991). Thus, the ipsilateral inhibitory projection to IC may be
less effective than the contralateral projection. Second, the ip-
silateral and contralateral projections to IC arise from separate
populations of neurons in DNLL. Only a small percentage of
the neurons in DNLL have collaterals to both sides of the brain
(Hutson et al., 1991). Thus, the separate populations of ipsila-
terally and contralaterally projecting neurons may be driven by
different synaptic input or activated under quite different stim-
ulus conditions. It is highly probable, based on the anatomical
segregation of the cells involved, that the ipsilateral and con-
tralateral projections serve different physiological functions.
Therefore, the ipsilateral projection may make little or no con-
tribution to binaural responses in auditory cortex at least under
the conditions employed in this study.

The predominantly contralateral effect of DNLL lesions has
been confirmed recently by single-unit recordings directly from
the central nucleus of the IC (Li and Kelly, 1992). In this study,
neural activity in DNLL was temporarily blocked by local in-
Jection of the glutamate antagonist, kynurenic acid. Unilateral

blockade resulted in a partial release from inhibition and a
reduction in the slope of interaural intensity difference (IID)
functions contralateral to the injection, but produced no dis-
cernible change in IID functions ipsilateral to the injection. This
effect was probably due to elimination of the GABAergic in-
hibitory projection from DNLL to the contralateral DNLL or
IC.

Although unilateral lesions of DNLL reduced the slope of
evoked response ITD functions in the contralateral hemisphere,
the slope was not reduced to zero. This result may be related
to the completeness of the DNLL lesions. In most cases pre-
sented here, the lesions produced incomplete cell loss in DNLL.
On the other hand, some evidence of binaural interaction was
found even in animals with severe or nearly complete lesions
(e.g., R178). Other sources of binaural interaction might have
contributed to cortical responses even in the complete absence
of cells in DNLL. For example, it is well known that the nuclei
ofthe superior olivary complex (SOC) are involved in processing
binaural time and intensity differences. Binaural interactions
are established in the SOC prior to any further processing in
the DNLL (Boudreau and Tsuchitani, 1968; Goldberg and
Brown, 1969; Tsuchitani and Boudreau, 1969; Guinan et al.,
1972a,b; Harnischfeger et al., 1975; Inbody and Feng, 1981;
Caird and Klinke, 1983; Yin and Chan, 1990). Therefore, the
binaural responses that remain following a unilateral DNLL
lesion may be a reflection of binaural interactions in the SOC.
The excitatory output of neurons in SOC almost certainly in-
fluences activity in the IC through pathways that completely
bypass the DNLL. Furthermore, the lateral superior olive (LSO)
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Figure 10. The ITD functions for three animals with right DNLL (R167, R168, and R173) and two animals with left DNLL lesions (R171 and
R178). The slope of the ITD function was reduced in every case in the hemisphere contralateral to the lesion. Symbols are as in Figure 8.

is the source of an extensive inhibitory glycinergic projection to
the ipsilateral IC (Hutson et al., 1987; Saint Marie et al., 1989;
Saint Marie and Baker, 1990). This projection would be ex-
pected to have a physiological effect on binaural responses sim-
ilar to that proposed for GABAergic projections from DNLL,
namely, an inhibition of binaural responses under conditions
in which ipsilateral stimulation predominates over contralateral
stimulation. Both the ipsilateral glycinergic projection from LSO
and the contralateral GABAergic projection from DNLL might
contribute to the suppression of cortical evoked responses by
ipsilateral sound sources.

Damage to the INLL and VNLL had no effect on binaural
evoked responses recorded in auditory cortex of either hemi-
sphere. This result is consistent with the anatomical connections
and physiological responses in these nuclei. Tract tracing studies
indicate that neither of these nuclei receive substantial binaural
input. The VNLL receives an overwhelming majority of its
afferent input from the contralateral ventral cochlear nucleus,
and INLL receives its afferent projections from the contralateral
cochlear nucleus and the medial nucleus of the trapezoid body,
which is itself contralaterally innervated (Glendenning et al.,
1981; Warr, 1982; Zook and Casseday, 1982). The cells in VNLL
and INLL are primarily driven by contralateral monaural rather
than binaural stimulation (Aitkin et al., 1970; Brugge et al.,
1970; Covey and Casseday, 1986, 1991). Although the possi-
bility cannot be ruled out that either or both of these nuclei
might make some contribution to binaural responses through
connections with more rostral structures, the results of the pres-
ent study provide no indication of involvement in binaural
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50l T /"3” | Coi;alateral
w08 / T /
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TREATMENT GROUPS
Figure 11. The mean slopes derived from the ITD functions in both

hemispheres plotted for the DNLL lesion group, the lesion control group,
and the normal group. The slopes obtained from the hemisphere ipsi-
lateral to the DNLL lesion, pipette placement, or cortical extirpation
are shown as open bars. The slopes obtained from the hemisphere con-
tralateral to these treatments are shown as hatched bars. Error bars
indicate 1 SE above the mean. The mean slope obtained from the
hemisphere contralateral to the DNLL lesion was significantly reduced
relative to that obtained under any other condition.
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processing. It is possible that these nuclei serve exclusively mon-
aural auditory functions.

In conclusion, our data support the concept of multiple levels
of binaural interaction in the auditory pathway. The SOC pro-
vides an early opportunity for binaural processing. The neurons
in both the LSO and the medial superior olive (MSO) are sen-
sitive to binaural input and respond selectively to ITDs and/or
IIDs. In the LSO, most cells are excited by ipsilateral stimulation
and are inhibited by contralateral stimulation, thus showing a
strong preference for sounds located in the ipsilateral acoustic
field. In the MSO, many cells are excited by stimulation of either
ear alone and are facilitated by combined binaural stimulation.
Others are excited by stimulation of one ear and are inhibited
by stimulation of the opposite ear. The maximum firing of neu-
rons in MSQ is typicaily produced by binaural input associated
with contralateral field positions. The rostral excitatory projec-
tions of LSO and MSO converge to provide a predominantly
contralateral representation of space in the DNLL and central
nucleus of the IC (Glendenning and Masterton, 1983; Glenden-
ning et al., 1985; Saint Marie et al., 1989).

The DNLL plays a role in shaping binaural responses in more
rostral structures by reinforcing the imbalance in neural activity
already established on the two sides of the brain. The contri-
bution of DNLL might, in part, be a reflection of parallel pro-
cessing independent of the SOC. Many neurons in DNLL (about
10% in the cat) are driven monaurally by sounds presented to
the contralateral ear, probably through a direct connection from
the opposite cochlear nucleus (Aitkin et al., 1970). These neu-
rons likely form part of the inhibitory pathway from DNLL to
the DNLL and IC on the opposite side of the brain. This in-
hibitory projection from DNLL could converge with a direct
contralateral excitatory projection from cochlear nucleus to IC
to establish binaural interactions within the IC itself. Consistent
with this possibility is the finding that kainic acid lesions of the
SOC do not completely eliminate binaural responses in IC (Kelly
and Li, 1992; Sally and Kelly, 1992). Also, the DNLL might
play a role in lateralization through hierarchical processing of
binaural responses that originate in the SOC. One of the major
projections to the DNLL comes from the SOC, which has al-
ready provided an initial stage of binaural processing. In either
case, the increased activity in DNLL associated with a contra-
lateral sound source would exert a net inhibitory effect on DNLL
and IC on the opposite side of the brain. This “lateral inhibition”
produced by the crossed GABAergic projection from DNLL
would have the effect of maintaining or enhancing the laterality
of binaural responses in the auditory pathway.
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