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ABSTRACT

In the present study, anatomical projections from the medial geniculate body (MGB) to
primary auditory cortex (Al) were investigated in normal adult cats and in animals that were
neonatally deafened with the ototoxic drug amikacin. Cochleotopic/tonotopic maps in Al (based
on neural response characteristic frequency) were obtained with microelectrode recording tech-
niques, and single or multiple injections of retrograde tracers (horseradish peroxidase and
fluorescent dyes) were introduced into AI. The AI maps of the amikacin-treated cats had an
abnormal cochleotopic organization, such that deprived cortical areas exhibited an expanded
representation of intact regions of the damaged cochlea. However, retrograde tracer injections
into different regions of Al produced a normal pattern of labeling in the ventral division of the
medial geniculate body (MGBvV). In both experimental and control animals, the main mass of
labeled thalamic cells was found in the MGByv. Different isofrequency contours in Al receive input
from different portions of the MGBv. Thus, cell arrays labeled by anterior Al injections were
situated medially in MGBv, and injections into posterior Al labeled MGBv more laterally.
Furthermore, the deafened cats did not develop a more divergent thalamocortical projection
compared with normal control animals, indicating that an abnormal spread of the thalamocor-
tical afferents across the frequency domain in Al (anterior-posterior axis) is not responsible for
the altered cochleotopic map in these neonatally deafened animals. The relatively normal
thalamocortical projection pattern suggests that, after neonatal cochlear lesions, the major
reorganization of cochleotopic maps occurs at subthalamic levels. J. Comp. Neurol. 426:117-129,
2000. © 2000 Wiley-Liss, Inc.
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In primary auditory cortex (AI) of the cat, the cochlea is
represented by a functional map of sound frequency that
reflects the frequency-to-place coding within the cochlea.
This orderly topographic mapping of sound frequency also
exists within the thalamocortical projection from the me-
dial geniculate body (MGB) to AI. A number of studies
have demonstrated that central maps representing the
sensory epithelium are significantly modified by the re-
duced sensory input resulting from peripheral deafferen-
tation, particularly when this deprivation occurs during
early stages of development (Wiesel and Hubel, 1963a,b;
Waite and Taylor, 1978).

Neuroplasticity studies in the developing auditory sys-
tem have examined the effects of restricted cochlear le-
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sions on the cochleotopic organization of the central audi-
tory system. In Al, the representation of sound frequency
develops abnormally as a consequence of long-term neo-
natal cochlear hearing loss (Harrison et al., 1991, 1992,
1993a,b). Areas of the tonotopic map that would normally
receive input from the damaged region of the cochlea
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appear to represent the intact region near to the border of
the cochlear lesion. Although these changes are observed
at the cortical level, it is not clear whether they are re-
stricted to auditory cortex or what mechanisms mediate
this plasticity.

Because the thalamocortical projection may be the pri-
mary locus for changes underlying map reorganization in
AT (Schwaber et al., 1993), our experiments investigated
whether neonatally deafened animals with abnormal Al
maps also develop a correspondingly abnormal thalamo-
cortical projection. Mechanisms that have been suggested
for the reorganization of cochleotopic representation oc-
curring over a restricted distance in the adult Al include
the unmasking, strengthening, or proliferation of syn-
apses within the normal divergence and overlap of affer-
ent input (Robertson and Irvine, 1989; Schwaber et al.,
1993). On the other hand, functional changes that occur
during the development of the auditory system appear to
be more extensive and may involve structural changes,
including a proliferation of local circuitry and/or of inputs
from lower relay stations (Nordeen et al., 1983; Moore and
Kitzes, 1985; Harrison et al., 1991, 1996). It is possible
that subcortical auditory pathways associated with the
deafferented portion of the cochlea may be particularly
susceptible to structural modifications during the neona-
tal period.

Developmental studies in other sensory systems have
shown that morphological changes do occur as a conse-
quence of partial deafferentation and that abnormal pat-
terns of sensory input during a critical postnatal period
can disrupt the establishment of normal topographic order
within central pathways (see, e.g., Shatz and Stryker,
1978; Pidoux et al., 1979, 1980; LeVay et al., 1980; Swin-
dale, 1981; Jeffrey, 1984a,b; Stryker and Harris, 1986;
Trevelyan and Thompson, 1992). In newborn kittens, the
cochlea and the central auditory system are underdevel-
oped both structurally and functionally. However, during
the first few postnatal weeks, after the onset of cochlear
function, these structures continue to mature and may be
especially influenced by abnormal patterns of sensory in-
put (Carlier et al., 1979; Ehret and Romand, 1981; Brugge,
1983, 1988; Kitzes, 1984; Ehret, 1985; Moore, 1985; Har-
rison et al., 1991, 1996, 1998). Cochlear destruction in
neonatal rodents leads to substantial structural and func-
tional abnormalities in the auditory brainstem, including
neural degeneration in the deafferented cochlear nucleus
and altered projections from this nucleus to the inferior
colliculus (Trune, 1982; Nordeen et al., 1983; Kitzes, 1984;
Kitzes and Semple, 1985; Moore and Kitzes, 1985). The
effects of partial cochlear lesions on the cochleotopic orga-
nization of central auditory projections has been studied
in developmental models of auditory deprivation (see, e.g.,
Harrison et al., 1991, 1996, 1998), and the aim of the
present investigation was to examine the topography of
thalamocortical projections associated with reorganized
cochleotopic maps in Al after long-term auditory depriva-
tion. Thus, partial cochlear lesions were induced in neo-
natal kittens, and the effects of this on the development of
cortical cochleotopic maps and thalamocortical connec-
tions were studied with a combination of electrophysiolog-
ical and retrograde tracer techniques. We have found that,
despite significant functional changes in the Al frequency
map, a normal pattern of connections from MGB to Al is
maintained.
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MATERIALS AND METHODS

In overview, the experimental protocol was as follows:
Four newborn kittens were treated with the ototoxic an-
tibiotic amikacin to induce partial (basal) cochlear lesions
bilaterally. After maturation (1.0-1.5 years of age), retro-
grade tracers were implanted into Al, and the frequency
representation within Al was mapped using standard mi-
croelectrode recording techniques. Auditory brainstem re-
sponses (ABRs) were used to examine the extent of the
cochlear lesion. Five adult cats with no detectable middle
or inner ear pathology served as controls. All experiments
were carried out within the guidelines set out by the
Canadian Council for Animal Care and were approved by
the local animal care committee at the University of To-
ronto.

Production and monitoring of
cochlear lesions

Restricted cochlear lesions were produced by a series of
daily subcutaneous injections of the ototoxic antibiotic
amikacin (400 mg/kg per day) beginning on day 2 postpar-
tum and continuing for 4 days. ABRs were used to monitor
the ototoxic effects of amikacin. Skin needle electrodes in
a mastoid-vertex configuration were used. Signals from
the recording electrodes were amplified (x10,000) and
band-pass filtered (from 150 Hz to 3 kHz). The electrical
activity was sampled over a poststimulus time interval of
20 msec, and 300 sweep averages were performed (Cam-
bridge Electronic Design 1401; hosted by a 80286 micro-
computer).

ABRs were elicited using tone-burst stimuli (rise/fall
time, 2 msec; 2-msec plateau; presented at a rate of 10 per
second) delivered through a free-field system and cali-
brated at the level of the external ear canal. At each
stimulus frequency used (0.5, 1, 2, 4, 8, 16, and 24 kHz), a
decreasing stimulus intensity series was used to deter-
mine ABR threshold. In Figures 2 and 4-6, ABR results
for the amikacin-treated cats are presented in an audio-
gram format, with thresholds at different stimulus fre-
quencies plotted as a threshold shift relative to 0 dB (no
hearing loss) based on the mean threshold of 11 normal
hearing adult cats.

Cortical mapping

Mapping experiments were conducted on the experi-
mental group with amikacin-induced cochlear lesions and
on an untreated control group. All animals were initially
anaesthetized with sodium pentobarbital (30 mg/kg, i.p.)
or a combination of sodium pentobarbital and ketamine
hydrochloride (i.m.) and were maintained at a surgical
level of anesthesia with an intravenous infusion of sodium
pentobarbital in lactated ringer solution. Atropine (1 mg,
im.) was given to reduce fluid accumulation in the lungs,
and we used dexamethasone sodium phosphate (0.14 mg/
kg) to prevent brain edema. Local anesthetic was used to
treat pressure points and wounds. Body temperature was
maintained at 37.5°C with a thermostatically regulated
heating pad. The duration of the cortical mapping exper-
iments was between 36 hours and 48 hours. After the
induction of anesthesia, the animal’s head was immobi-
lized in a custom-made head holder designed to leave the
ear canals unobstructed. The external meatae were re-
sected bilaterally and cleared of tissue; then, both pinnae
were reflected anteriorly. The auditory cortex, located
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within the middle ectosylvian gyrus, was exposed by par-
tial craniotomy and the dura mater removed. To prevent
drying, silicone oil was applied to the cortical surface
immediately after exposure. The surface of the cortex was
then photographed.

The frequency organization of Al was established by
conventional microelectrode mapping techniques. All cor-
tical mapping experiments were carried out in an electri-
cally shielded, sound attenuating room. Acoustic stimuli
were delivered through a closed, calibrated system (ear-
phone with flexible tubing inserted into the external me-
atus); the transducer bandwidth ranged from 100 Hz to 40
kHz. Tone stimuli were generated by a frequency synthe-
sizer shaped to a 80-msec duration with 10 msec rise/fall
times and presented at a rate of 1-2 per second. Tungsten
microelectrodes (1-4 mOhm impedance) were used to
record (extracellularly) cortical neuron cluster and single-
unit responses to tone-burst stimuli. The electrode was
advanced into the cortex by a microdrive and stepping
motor. Multiple penetrations were made normal to the
cortical surface. The microelectrode signal was amplified,
filtered (PBA-1; Frederick Haer Company) and monitored
on an oscilloscope and loudspeaker. The signal was passed
through a voltage discriminator (window discriminator;
Frederick Haer Company) and input to a D/D interface
(Cambridge Electronic Design 1401) hosted by an 80286
microcomputer to log all event times (stimulus and spike).
During the experiment, the location of each microelec-
trode penetration was marked on a photograph of the
cortical surface. At each electrode position, the character-
istic frequency (CF) of the cluster or single unit was de-
termined. Neural responses were collected using an auto-
mated procedure under computer control. Tone stimuli
were presented in a pseudorandom order from a matrix of
different frequency/intensity combinations, and raster
displays were constructed.

Retrograde tracers

Retrograde tracers were introduced into different re-
gions of Al using glass micropipettes. The tracers used
were 1) wheat germ agglutinin conjugated to horseradish
peroxidase (HRP; crystals), 2) nuclear yellow (NY; crys-
tals), 3) Fast Blue (FB; 3%), and 4) FluoroGold (FG; 1%).
In each AI field, up to three different tracers were used.
HRP and NY were implanted in crystalline form (Mori et
al., 1980) at the time of the acute electrophysiological
mapping experiment (survival time, 36—40 hours). Injec-
tions of FB and FG were carried out during chronic sur-
gery 19 days prior to the acute mapping experiment. In
each case, the injection site was mapped relative to corti-
cal landmarks for later superimposition onto the Al fre-
quency map.

At the end of the cortical recording experiment, animals
were deeply anaesthetized with an additional dose of so-
dium pentobarbital (65 mg/kg, i.p.), and intracardiac per-
fusion was performed with saline, followed by fixative
(0.5% glutaraldehyde and 2% paraformaldehyde in 0.1 M
phosphate buffer, pH 7.4), and finally with 10% sucrose.
The brain was removed and immersed in a series of 10%,
20%, and 30% sucrose solutions in phosphate buffer for
cryoprotection. Serial frozen sections (frontal sections; 50
pwm) were collected, and alternate sections were either
processed by the tetramethylbenzidine (TMB) method for
detection of HRP (Mesulam, 1982) or mounted for fluores-
cence microscopy. Alternate TMB-processed sections (ev-
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ery fourth section) were counterstained with neutral red.
All sections were then dehydrated through xylene and
coverslipped with Permount (TMB) or Krystalon (fluores-
cent).

The MGB was assessed for the occurrence of labeled
cells using brightfield and fluorescence microscopy. Im-
ages were obtained with an Optronics V1470 camera and
a Truevision Bravado frame grabber and were processed
in Photoshop software (Adobe Systems, Mountain View,
CA). Labeled cells were marked on a tracing of the section
using a drawing attachment. The location of relevant
structures within the thalamus was determined by super-
imposing the tracings of counterstained neutral red sec-
tions with adjacent sections containing labeled cells. Par-
cellation of the MGB into ventral (MGBv), medial
(MGBm), and dorsal (MGBd) divisions was according to
the scheme devised by Morest (1964, 1965) and has been
used in previous physiological and anatomical studies of
the MGB (Imig and Morel, 1984, 1985; Morel and Imig,
1987; Brandner and Redies, 1990; He and Hashikawa,
1998).

RESULTS
Normal control cats

The pattern of thalamocortical connections was studied
in four normal cats by injecting HRP and/or fluorescent
tracers into different regions of Al. A typical example of
the results is shown in Figure 1. The Al area is located on
the temporal gyrus and is bounded approximately by the
anterior ectosylvian fissure (AEF) and the posterior ecto-
sylvian fissure (PEF), as shown on the bottom right in
Figure 1. Within AI, sound frequencies are represented in
an orderly fashion, reflecting the frequency-place code
within the cochlea (cochleotopic or tonotopic organization).
Neurons that respond best to low-frequency acoustic stim-
uli represent the cochlear apex and are located posteri-
orly, whereas those that are activated best by high-
frequency stimuli and that derive input from the base of
the cochlea are positioned anteriorly. Isofrequency con-
tours have been superimposed at octave intervals. In gen-
eral, these contours tend to run in the dorsal-ventral
plane.

The positions of retrograde tracer injections are indi-
cated on the tonotopic map in Figure 1 by the star and the
inverted triangle symbols for FG and NY, respectively,
together with the histologically determined diffusion zone
around the injection point. Labeling sites in the MGB are
illustrated in four sections that were 200 wm apart. Al
receives thalamocortical projections from separate medial
and lateral arrays or columns in the auditory thalamus
(Andersen et al., 1980; Merzenich et al., 1982; Middle-
brooks and Zook, 1983; Brandner and Redies, 1990). Our
experiments reveal that labeling is most extensive in the
lateral array located in the MGBv. In general, this lateral
array appears as a dorsoventrally oriented band rostrally
that folds medially and subdivides into dorsal and ventral
components farther caudally. Additional discontinuities in
the lateral array were also observed in some cases. In
Figure 1, this pattern of retrograde labeling can be seen in
the lateral arrays located in MGBv.

The location and precise topographic pattern of labeling
in MGBv varied as a function of injection site location
along the cochleotopic (anterior-posterior) axis in Al. In
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Fig. 1. Auditory thalamocortical pathways of a normal adult cat.
Frequency map of the primary auditory cortex (AI; bottom right)
based on neuron characteristic frequency (CF; in kHz) with isofre-
quency contours marked at octave intervals. AEF, anterior ectosyl-
vian fissure; PEF, posterior ectosylvian fissure. Injection sites of Flu-

the example shown in Figure 1 and in another control
animal that also received two different tracer injections in
Al, when the injection sites do not overlap, a completely
separate array of cells in MGByv is labeled by each neural
tracer. These two bands of labeled neurons were spatially
segregated, thus forming two rather than one lateral ar-
ray of labeled cells. The FG-labeled cells in MGBv, as
illustrated in Figure 1, are situated medially when the
injection site (FG) is located in a more anterior (high-
frequency CF) region of Al; this band of labeled cells folds
around the more lateral band of cells labeled by a second
tracer injection (NY) into the posterior (low-frequency CF)
region of Al
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oroGold (FG; star) and nuclear yellow (NY; triangle) are shown
together with diffusion zones. The main drawing shows four sections
200 pm apart through the medial geniculate nucleus with dorsal (d),
ventral (v), and medial (m) subareas indicated. Cells labeled with FG
or NY are shown.

Experimentally treated subjects

In Figures 2—6, the results from animals with amikacin-
induced neonatal cochlear damage are presented. All of
the treated cats exhibited substantial ABR threshold ele-
vations and abnormal maps of frequency representation in
Al In each case, ABR thresholds to high-frequency stim-
uli were elevated, indicating a severe high-frequency
hearing loss. The degree of residual, low-frequency hear-
ing varied between subjects. Tonotopic maps in Al dem-
onstrate a dramatic departure from the normal pattern of
cochleotopic representation. The most obvious feature of
the cortical organization in each of these cats is the over-
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Fig. 2. Auditory thalamocortical pathways in adult cat after neo-
natally induced basal cochlear lesion. The top left graph is an auditory
brainstem response (ABR) audiogram. The bottom right shows the
characteristic frequency (CF)-based (in kHz) tonotopic map of AI
cortex with the 2-kHz isofrequency contour marked. AEF, anterior
ectosylvian fissure; PEF, posterior ectosylvian fissure. Injection sites

representation of neurons tuned to a restricted range of
stimulus frequencies.

Generally, we can note that retrograde tracer experi-
ments reveal lateral and medial arrays of labeled neurons
in MGB in all our amikacin-treated cats. Like in the
normal control animals, labeling in the neonatally deaf-
ened cats was most extensive in the lateral arrays, indi-
cating that the major input to Al originates in the MGBv.
In each case, labeled cells of the lateral array formed
narrow, dorsoventral bands in rostral MGBv that folded
and separated into clusters farther caudally. Fewer la-
beled cells were found in the medial array located rostrally
in posterior thalamus and farther caudally in MGBd and
MGBm.

For the cat shown in Figure 2, the ABR audiogram
shows a mild, 10—20 dB ABR threshold loss at frequencies
around 1 kHz and below and a high-frequency hearing
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of NY (solid circle), FG (star), and fast blue (FB; open square) are
indicated together with limits of diffusion zones. The main central
drawings show four sections from the medial geniculate nucleus with
dorsal (d), ventral (v), and medial (m) regions indicated. Cells labeled
with NY, FG, and FB are shown.

loss above 1 kHz with a steep slope to the audiogram. In
the AI map, characteristic frequencies ranged from 0.7
kHz to 2.7 kHz. Although a low- to high-frequency pro-
gression along the posterior-anterior axis was present, the
cochleotopic organization below 2 kHz appears distorted.
The most abnormal feature of this map is the expansion of
the area containing neurons tuned to between 2 kHz and
3 kHz in the anterior portion of Al. This overrepresenta-
tion of the 2—3 kHz region corresponds to the steep slope of
the ABR audiogram at the same frequencies and, thus, to
the edge of the cochlear lesion. This amikacin-treated cat
was given multiple fluorescent tracer injections in Al, as
shown in Figure 2. FB (Fig. 2, open square) was injected at
a central position in Al, whereas NY (Fig. 2, solid circle)
and FG (Fig. 2, star) were placed at a more anterior site in
Al but were aligned along the same dorsal-ventral axis. A
photomicrograph of the cortical injection site is shown on
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the top in Figure 3, providing an indication of the diffusion
zone around each injection site and, thus, the degree of
separation between labeled areas. In a normal cat, these
tracers would be associated with high-frequency (NY and
FG) and middle frequency (FB) positions in the AI co-
chleotopic map. However, due to the abnormal co-
chleotopic map in this deafened cat, all tracers were ap-
proximately located in the 2.5-kHz region. Despite this
altered cortical frequency representation, the pattern of
labeling in MGBv was similar to that of the controls. In
Figure 2, representative sections from the rostrocaudal
series illustrate the pattern of labeling for all three tracers
in the middle one-third of the MGBv. The FB injection into
central Al produced a dorsoventrally oriented band of
labeled cells rostrally that then folded and divided into
dorsal and ventral components farther caudally in the
MGBv. The NY and FG injections into anterior Al to-
gether produced an elongated array of cells medial and
ventral to the FB-labeled area of MGBv. However, the NY-
and FG-labeled cells in the MGBv were not randomly
intermingled. In A, the NY injection site was positioned
at the same anterior location but dorsal to the FG site; in
MGBYv, these two tracers produced segregated cell clus-
ters. Specifically, the NY- and FG-labeled cells were ar-
ranged in a dorsoventral sequence of alternating clusters
that, together, formed a band that folded medially in sec-
tion 58. This array then separated into dorsal and ventral
components farther caudally, with both FG and NY clus-
ters in the dorsal component and FG-labeled cells only in
the ventral component. Small numbers of FB-labeled cells
were randomly distributed around the main FB clusters;
most occurred in isolated positions, whereas a few were
intermingled with the NY and FG patches. A “raw data”
photomicrograph of section 48 from this cat is shown on
the bottom in Figure 3. Note how the separate tracers are
easily distinguished even at this low magnification.

For the three cats illustrated in Figures 4—6, there was
more extensive damage to the cochlea, as indicated by the
greater elevation of the ABR thresholds. The AI map of
the subject in Figure 4 exhibits CFs from 0.6 kHz to 1.7
kHz, and the typical frequency progression is absent. A
similar disruption of the cochleotopic order in Al is ob-
served in the cat in Figure 5, in which the cortical map
contains neurons with CFs limited to between 0.4 kHz and
1.3 kHz. Figure 6 illustrates the subject with the most
severe low-frequency hearing loss, with ABR threshold
elevations of 30 dB or more below 4 kHz. Again, the
cortical frequency map is clearly abnormal, with no rep-
resentation of frequencies above 1.2 kHz. In all of these
animals with elevated low-frequency ABR thresholds, the
basic cochleotopic organization seems to be absent even in
the posterior (low-frequency) area of Al

In each of these three cats (Figs. 3—6), HRP was injected
into the posterior region of Al, whereas NY was placed at
a more anterior location. Under normal circumstances,
HRP would have been in a low-frequency position of the Al
map, and NY would have been at a middle- to high-
frequency position. The pattern of labeling in the MGB
suggests that the topography of the thalamocortical pro-
jection was normal, despite the abnormal frequency orga-
nization in Al. In each case, NY and HRP formed segre-
gated populations of labeled cells in the MGBv. The
correlation between the injection sites in Al and the loca-
tion of labeled cells in MGB was similar to that described
above for the amikacin-treated cat in Figure 2 and for the
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control group (exemplified in Fig. 1). In each case, the
HRP population (posterior Al injection site) was posi-
tioned lateral to the NY-labeled array (anterior Al injec-
tion site) in the MGBv. The topography of the HRP-
labeled array in each of these amikacin-treated cats is as
expected for neural tracer injections into a posterior, nor-
mally low-frequency region of AI. The HRP-labeled cells in
the rostral MGBv formed a vertical sheet (see, e.g., Fig. 5,
section 53; Fig. 6, section 59). In the middle one-third of
the MGBv, there was a horizontal extension of the array
or a medial cluster of labeled cells (see, e.g., Fig. 4, sections
43-55; Fig. 5, sections 41-45; Fig. 6, sections 47-55). A
reduction of the ventral component occurred in the most
caudal aspect of the array (see Fig. 5, section 41 and Fig.
6, section 47). The HRP array in most sections was not a
continuous sheet but, instead, was composed of clusters of
labeled cells.

Now, consider the topography of the NY-labeled areas.
In each amikacin-treated cat, NY was placed in a more
anterior position in Al compared with HRP, a region that,
in normal hearing cats, would represent the middle- to
high-frequency range of CF. In the middle one-third of the
MGBYv, dorsal and ventral components appear and are
separated by a region that is devoid of NY-labeled cells.
Figure 5 (sections 41 and 45) and Figure 6 (sections 47 and
51) show that the NY-labeled dorsal and ventral compo-
nents are further segregated into discontinuous clusters.
In each case, the NY-labeled dorsal and ventral compo-
nents are intersected by a medial cluster of HRP-labeled
cells (see, e.g., Fig. 4, sections 47 and 48; Fig. 5, section 45;
Fig. 6, sections 51 and 55). This portion of the HRP-
labeled array is the horizontal extension described above
that, in some cases, lies within the void or “hole” in the NY
array. These dorsal and ventral components then merge
into a single, dorsoventrally labeled band in the rostral
one-third of the MGBv (Fig. 5, section 53; Fig. 6, section 59).

In summary, tracer injections into Al produced a pat-
tern of retrograde labeling in the auditory thalamus of the
amikacin-treated cats similar to that found in the normal
control group. Labeling was most extensive in the lateral
array or column located in the MGBv; each injection of
tracer into Al produced a dorsoventrally oriented, folded
sheet of labeled cells. The pattern of labeling varied sys-
tematically with the location of the tracer injection site in
Al Thus, anterior Al injections produced labeled cells in
the lateral MGBv, and posterior Al injections labeled
more medially in the MGBv. When multiple tracers were
used in the same subject and the injection sites in Al did
not overlap, these different tracers labeled spatially seg-
regated bands of cells in the MGBv in both deafened
animals and control animals. These results demonstrate
that, despite the abnormal maps in Al, the topographic
pattern of labeling in the auditory thalamus was normal
in our neonatally deafened cats.

DISCUSSION
Thalamocortical pathways

Combined retrograde tracer and electrophysiological
mapping techniques have previously shown that, in nor-
mal cats, thalamic neurons of a similar CF are organized
into segregated bands or laminae in MGBv and, in turn,
innervate a corresponding cortical region of the same
characteristic (Andersen et al., 1980; Merzenich et al.,
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Fig. 3. Ultraviolet fluorescence photomicrographs from the cat shown in Figure 2. Top: The injection
sites at the level of the primary auditory cortex. Bottom: Labeled cells in one section (no. 48) through the
medial geniculate nucleus.
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Fig. 4. Thalamocortical pathway tracing in adult cat after neona-
tal cochlear lesion. The top right graph is an ABR audiogram. The
bottom left shows cortical tonotopic map (CF's in kHz). AEF, anterior
ectosylvian fissure; PEF, posterior ectosylvian fissure. Injection sites

1982; Imig and Morel, 1983, 1984, 1985; Middlebrooks and
Zook, 1983; Winer, 1985; Morel and Imig, 1987). For each
neural tracer, the thalamic arrays of labeled cells form
separate, elongated lamina in MGBv. These labeled neu-
rons cluster into patches or bands with similarly labeled
cells to form these segregated lamina. Merzenich et al.
(1982) described one cat that received two injections of the
same retrograde tracer at different frequency locations
along the anteroposterior axis in Al. The results of that
experiment revealed two clearly separate bands of label-
ing: one located medially in MGBv and the other located
more laterally. Both arrays formed dorsoventral lamina in
the rostral MGBv, then folded medially farther caudally, a
topography similar to that found in our subjects. Brand-
ner and Redies (1990) also reported that labeled cell pop-
ulations in the MGB did not overlap when multiple AI
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of horseradish peroxidase (HRP; open triangle) and NY (solid circle)
are shown with local diffusion zones. The central drawings show four
sections from the medial geniculate body (MGB) with dorsal (d),
ventral (v), and medial (m) regions and tracer-labeled cells indicated.

tracer injections were placed along the anteroposterior
axis of Al, but no data were presented.

A topographical pattern of connections between MGB
and Al may exist not only across the frequency dimension
but also within the projection associated with a single
isofrequency contour. Evidence from previous anterograde
and retrograde tracer studies reveal clustered, “patchy”
connections between the MGBv and the AI. These patches
are distributed in a pattern aligned with the orientation of
isofrequency contours in Al and MGBv (Andersen et al.,
1980; Merzenich et al., 1982; McMullen and deVenecia,
1993; deVenecia and McMullen, 1994). However, other
details relating to the complexity of this topographic pat-
tern of thalamocortical connections between isofrequency
bands of similar CF (individual variation in rostral/caudal
and local gradients, differences associated with CF, and
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PEF

Fig. 5. Thalamocortical pathways in adult cat after neonatal co-
chlear lesion. The functional state of the auditory system is indicated
by the ABR audiogram (top right). The cochleotopic map in primary
auditory cortex (CFs in kHz) is shown on the bottom left with the
injection sites and diffusion zones for HRP (open triangle) and NY

extent of divergence/convergence; functional significance)
require further investigation (Middlebrooks and Zook,
1983; Brandner and Redies, 1990; Winer et al., 1999).
Nevertheless, a common finding in the retrograde neural
tracer studies was that, with small tracer injections into
Al the labeled cells in MGBv are segregated into clusters
rather than forming a solid, dorsoventrally oriented array
of labeled cells (Andersen et al., 1980; Merzenich et al.,
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(solid circle) indicated. AEF, anterior ectosylvian fissure; SF, sylvian
fissure. Four representative sections through the MGB are shown
with dorsal (d), ventral (v), and medial (m) regions indicated and with
all sites of tracer-labeled cells shown.

1982; Middlebrooks and Zook, 1983). In our study, a sim-
ilar pattern of labeling was observed, with cell arrays
often arranged into several bands and clusters within the
dorsoventrally oriented and folded arrays; this was the
case for both the normal animals and the amikacin-
treated animals. In the amikacin-treated cat shown in
Figure 2, two different tracers (FG and NY) at different
dorsoventral positions in the anterior Al labeled separate,
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Fig. 6. Thalamocortical pathways in adult cat after neonatal co-
chlear lesion. The top right graph shows an ABR audiogram. The
cochleotopic map in primary auditory cortex (CFs in kHz) is in the
bottom left with the injection sites and diffusion zones for HRP (open

alternating cell clusters within the same dorsoventrally
oriented array in the MGBv. This general finding of seg-
regated labeling is similar to that reported by others using
multiple retrograde tracers injected at different dorsoven-
tral locations in the AI (Middlebrooks and Zook, 1983;
Brandner and Redies, 1990). In this study, binaural re-
sponse properties were not mapped in Al, and the rela-
tionship between the functional significance and the to-
pography of thalamocortical connections within the
isofrequency domain cannot be addressed. Further studies
examining the detailed topography of thalamocortical con-
nections within isofrequency laminae are necessary to
determine whether the pattern of connections within the
isofrequency dimension is maintained despite neonatally
induced hearing loss.
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triangle) and NY (solid circle) shown. AEF, anterior ectosylvian fis-
sure; PEF, posterior ectosylvian fissure. Four representative sections
through the MGB are shown with dorsal (d), ventral (v), and medial
(m) regions indicated and with all sites of tracer-labeled cells shown.

Thalamocortical connections after Al
reorganization

The development and maintenance of the spatial repre-
sentation of sound frequency (cochleotopic/tonotopic
maps) in Al appear to depend on normal levels of excita-
tion of the auditory periphery. Damage to the cochlear
sensory epithelium can disrupt the organization of these
cortical maps in the adult subject (Robertson and Irvine,
1989; Rajan et al., 1993) and, perhaps more substantially,
when peripheral lesions are made during early postnatal
development (Harrison et al., 1991). In this study, we
examined the consequences of neonatal cochlear lesions
with a focus on the relationship between the cochleotopic
organization of Al and the topography of thalamocortical
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connections between the ventral division of the MGB
and AL

Our electrophysiological mapping experiments demon-
strate that an abnormal cochleotopic representation de-
velops in the auditory cortex as a consequence of partial
deafferentation, resulting from ototoxic cochlear damage
in newborn kittens. In this paper, we use the ABR audio-
gram (ABR thresholds to tone pip stimuli) to represent the
functional condition of the cochlea after amikacin-induced
lesions. The ABR thresholds quite accurately reflect the
integrity of the cochlear sensory epithelium, as we have
previously shown in amikacin-treated kittens (Mount et
al., 1991; Harrison et al., 1993a). Thus, in the ABR audio-
grams of the cats in the present study, threshold shifts >
55 dB are associated with a total loss of inner and outer
hair cells and, thus, a cochlear deafferentation in that
region. ABR threshold elevations > 15 dB reliably indi-
cate a partial loss of cochlear hair cells that is likely to
result in a reduced amount of cochlear afferent activity
compared with that arising from an intact region of the
cochlea. In amikacin-treated kittens, ABR thresholds
within 15 dB of normal are almost always indicative of an
intact cochlear sensory epithelium (Mount et al., 1991)

For each of the amikacin-treated cats presented here,
the AI frequency map is characterized by an overrepre-
sentation of a restricted CF range. For example, the cor-
tical map of the amikacin-treated cat of Figure 2 exhibits
an expanded representation of the 2-3 kHz range, corre-
sponding to the high-frequency, cut-off slope of the ABR
audiogram that, in turn, corresponds with the boundary of
the cochlear lesion. This “expanded” section of the cortical
map occupies the region of auditory cortex that would
normally represent the “missing” cochlear input. In the
other three experimental cats (Figs. 4—6), the organiza-
tion of low-frequency representation in the posterior re-
gion of AT appears to reflect the status of the cochlea in the
apical turn. When low-frequency ABR thresholds are nor-
mal, the posterior area of cortex usually exhibits a rela-
tively normal representation of low-frequency sound (Har-
rison et al.,, 1991). However, in these three amikacin-
treated cats (Figs. 4—6) with more severe deficits (as
reflected in greater ABR threshold elevations), the entire
Al map is limited to the representation of frequencies
below 2 kHz, with no apparent cochleotopic order. For
these animals with greater functional deficits, the reduc-
tion of ascending input appears to prevent the develop-
ment of a normal cortical representation even in the low-
frequency regions of the AI map.

In the neonatally deafened group, the extent of ex-
panded cortical representation was up to 5 mm in some
cases. This expansion is considerably greater than the
previously reported reorganization of auditory cortex in
adult animals (Robertson and Irvine, 1989; Rajan et al.,
1993; Schwaber et al., 1993). Similar but less extensive
expansions of cortical representation, previously observed
in adult sensory systems, were thought to occur within the
normal spread of thalamocortical afferents in cortex (Kaas
et al., 1983; Merzenich et al., 1984; Robertson and Irvine,
1989; Gilbert and Wiesel, 1992; Schwaber et al., 1993).
Because the potential for morphologic change is greater
during the neonatal period (Shatz and Stryker, 1978; Pi-
doux et al., 1979, 1980; LeVay et al., 1980; Swindale, 1981;
Jeffrey, 1984b; Shook and Chalupa, 1986; Stryker and
Harris, 1986; Trevalyan and Thompson, 1992), we hypoth-
esized that changes in the organization of the thalamocor-
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tical projection might account for the massive expansions
that develop in the cortical maps of our neonatally le-
sioned animals. However, the results of the present study
do not support this hypothesis; the normal pattern of
segregated, cochleotopically organized connections is still
present in the thalamocortical projection despite the al-
tered physiological organization of the cortical frequency
map in the neonatally deafened cats. Our results concur
with those described for digit-amputation studies in the
adult raccoon that also found that expansions in somato-
sensory cortex were not accompanied by a change in the
thalamocortical projection (Rasmusson and Nance, 1986).

A number of important questions arise from this work.
First, at which level(s) within the auditory pathway does
the reorganization of cochleotopic maps that we observe
occur? Second, what are the differences between adult
plasticity (i.e., map reorganization induced in the mature
animal) and developmental plasticity (changes resulting
from peripheral lesions made during early postnatal de-
velopment)? The question of where reorganization occurs
was central to the initiation of these studies. If the co-
chleotopic map reorganization was within the cortex, then
the patterns of thalamocortical projections would be con-
siderably different from those that we observed. The clear
point-to-point connections that we report mean that co-
chleotopic maps at the thalamic level are similarly reor-
ganized. With regard to lower levels, no studies have been
reported so far in the cat at subthalamic levels. However,
essentially the same experiments have been carried out in
the chinchilla in which cochleotopic map changes in the
inferior colliculus (central nucleus) have been observed
after neonatal cochlear lesions (Harrison et al., 1996,
1998). The midbrain reorganization observed is similar
with respect to the extent of the overrepresentation of a
frequency region related to the boundary of the cochlear
lesion. We also note that partially damaged cochlear areas
give rise to abnormally organized maps. These findings
support previous work by Willott (1984) in presbyacusic
mice. Therefore, we can confidently suppose that the re-
organization that we observe in the present study at the
level of auditory cortex is, in large measure, a reflection of
changes at the midbrain level. Furthermore, although
there is no direct evidence to date, it is logical to hypoth-
esize that, in a developmental plasticity model, where ever
there are synapses, there is potential for reorganization
based on synaptogenesis and synaptic strengthening.
Thus, one could speculate that, at the brainstem level and
even at the cochlea, reorganization is feasible.

Most of the seminal studies on cochleotopic map reor-
ganization were done in the adult animal at the cortical
level (see, e.g., Robertson and Irvine, 1989; Rajan et al.,
1993). Implicit in the discussion of these studies was the
notion that the reorganization observed was cortical or
perhaps thalamocortical. Later adult plasticity studies
have determined that there is no real plasticity at the
level of the cochlear nucleus (Kaltenbach et al., 1992,
1996). We have preliminary data (unpublished) to suggest
that there is very little reorganization (in terms of ex-
panded frequency representation) in the inferior colliculus
of the chinchilla after cochlear lesions in the adult animal.
Thus, we can tentatively suggest that adult plasticity is
largely the result of high-level changes, primarily at the
thalamocortical level. However, given the intimacy of as-
cending and descending fibers at all levels in the auditory
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pathway, one should not expect a find an absolute bound-
ary in this regard.

Finally it is important to mention that this work on
cochleotopic map reorganization in animal models bears
directly on the developmental consequences of long-term
cochlear hearing loss in children. Thus, the amikacin-
treated kittens in the present study are directly equiva-
lent to an infant with a high-frequency sensorineral hear-
ing loss. In this regard, the ABR audiograms that we use
to characterize the functional deficits in our kittens are
closely related (£12 dB) to behavioral audiograms (Har-
rison et al., 1992). The cochleotopic map abnormalities
that we report here, as well as the thalamocortical con-
nection patterns, are likely to have strong cross-species
analogies.
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