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Abstract
Carboplatin produces progressive damage to auditory nerve fibers, spiral ganglion neurons (SGNs)
and inner hair cells (IHC) in the chinchilla cochlea but leaves outer hair cells intact. Within 1 h after
injection, many afferent terminals beneath IHCs and myelin lamellae surrounding SGN processes
are vacuolated. One day after injection, approximately half of the nerve fibers are missing. IHCs are
intact at 2 d, but 20–30% are missing at 3 d. We studied the electrophysiological correlates of this
progressive morphological damage by recording cochlear microphonics (CM), distortion product
otoacoustic emissions (DPOAE), summating potentials (SP), compound action potentials (CAP),
and midbrain evoked potentials (IC-EVP) before and 1 h, 12 h, 1 d, 3 d, 5 d, 7 d and 14 d after
carboplatin injection (75 mg/kg IP) in four chinchillas. CM and DPOAEs tended to be unchanged
or enhanced. CAP and SP showed little change until Day 3, when amplitudes were reduced in all
animals and CAP thresholds were elevated by 9 dB; amplitudes declined further between Days 3 and
5 but not thereafter. IC-EVP amplitudes decreased on Days 3 or 5 but thresholds were relatively
unchanged. All animals showed some recovery of IC-EVP between Days 7 and 14, including one
with 70% enhancement on Day 14. The results indicate that threshold and amplitude measures fail
to detect peripheral pathology until some relatively high threshold level of damage has been
exceeded. This has important implications for monitoring peripheral damage and interpreting
electrophysiological test results in animals and humans.
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1. Introduction
Carboplatin, a widely used platinum-based chemotherapy agent, produces an unusual and well
documented pattern of damage in the peripheral auditory system of the chinchilla that is unlike
the damage produced in other species, including rats, guinea pigs and humans. When
administered at relatively low doses, carboplatin destroys sensory inner hair cells (IHCs) and
spiral ganglion neurons (SGNs) while leaving the outer hair cells (OHCs) intact and functioning
(Ding et al., 1999, 2001; Hofstetter et al., 1997a,b; Trautwein et al., 1996; Takeno et al.,
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1994; Wake et al., 1993, 1996; Wang et al., 1997, 2003). Damage to the chinchilla cochlea and
auditory nerve is rapid and progressive, with vacuolization of nerve terminals beneath IHCs
and separation of myelin lamellae surrounding nerve fibers being the earliest observable effects
(Ding et al., 1999, 2001; Wang et al., 2003). Wang et al. (2003) observed many small vacuoles
in afferent terminals beneath IHCs and separation of myelin layers surrounding nerve fibers
in the internal auditory meatus at 1 h after low-dose carboplatin injection (50 mg/kg IP). At 6
h post injection, IHCs still appeared normal while afferent terminals were frequently swollen
and myelin was more severely and extensively disrupted. Counts of nerve fibers in the habenula
perforata showed losses of approximately 45% at 24 h, 55% at 48 h, and 75% at 72 h post
injection, consistent with losses of approximately 50%, 60% and 80% at 24 h, 48 h, and 72 h,
respectively, following injection of a moderate dose (100 mg/kg) in a previous study (Ding et
al., 2001). At 72 h, nearly all afferent terminals were severely swollen, ruptured or undergoing
autolysis. In contrast to the rapid loss of nerve fibers (approximately half within 1 d following
injection), IHC counts remained normal until 3 d post-injection, when approximately 20–30%
of IHCs were missing.

In most previous studies of carboplatin-treated chinchillas, electrophysiological measurements
were made weeks or months after injection, after SGN and IHC loss had stabilized. The aim
of the present study was to investigate the effects of early morphological damage in the
chinchilla cochlea and auditory nerve on peripheral and central auditory system functioning.
Cochlear microphonics (CM) and distortion product otoacoustic emissions (DPOAE) were
used to assess OHC function; summating potentials (SP) were used to monitor IHC function;
compound action potentials (CAP) were measured to assess the functional integrity of the IHC/
afferent fiber synapses and auditory nerve; and evoked potentials measured from the inferior
colliculus (IC-EVP) were used to assess central auditory system functioning. By measuring
changes in auditory physiology at various levels of the auditory system over time in
carboplatin-treated chinchillas, we hoped to identify functional consequences attributable to
myelin damage and nerve fiber loss (i.e., the early effects of carboplatin) and compare them
to changes following SGN and IHC loss in the same animals.

2. Results
Hair cell loss 14 d after carboplatin injection is shown in Figure 1. The pattern of damage was
similar across the four animals, with IHC loss generally increasing from the apical end of the
basilar membrane to the basal region. Losses peaked at 77–96% in the region of the basilar
membrane representing frequencies between approximately 3 kHz to 9 kHz. OHC loss was
negligible (< 2% across the cochlea) in all animals. Averaged across the four animals, IHC
loss was 20.5% ± 6.0% in the apical half of the cochlea and 50.7% ± 13.8% in the basal half
of the cochlea; mean OHC loss was 1.1% ±1.0% across the entire cochlea.

Figure 2 shows the input/output (I/O) functions for the CM, DPOAE, SP, CAP, and the IC-
EVP measured from each animal before carboplatin injection. Figure 3 shows amplitudes
(averaged across 70, 75, and 80 dB SPL stimuli and shown as percent of pre-injection values)
as a function of carboplatin injection time. Because the results of electrophysiological testing
were similar across the three frequencies used in this study (1, 4 and 8 kHz), only the results
for 8 kHz stimuli are shown. Post-injection values within 10% (CM, SP, CAP, IC-EVP) or 1
dB SPL (DPOAE) of the pre-injection values are considered to be within the normal range.
Note that IHC loss in the 8 kHz region, located approximately 80% distance from the apex
along the basilar membrane, ranged from approximately 36% for Chinchilla #7395 to 88% for
Chinchilla #7397 (Fig. 1); mean IHC loss in the 8 kHz region was 58.4% ± 21.7%.
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2.1. The CM and DPOAE
Changes in the CM and DPOAE varied across animals following carboplatin injection (Fig.
3A). Except for a decrease in CM amplitude at 12 h for Chinchilla #7397, however, all post-
injection values were either within the normal range or enhanced. Two animals (#7389 and
#7392) had CM values within 10% of pre-injection values at all post-injection times; a third
animal (#7397) showed an 18% decrease at 12 h, followed by an increase of 20% above the
pre-injection value at 7 d; and #7395, the animal with the least amount of IHC loss in the 8
kHz region (Fig. 1C), showed increases of 85–101%, starting 1 h after injection and persisting
over the 14 d test period. Three of the four animals showed enhanced DPOAE after carboplatin
(Fig. 3B). Whereas #7389 showed little change at any time post-injection, the other three
animals demonstrated increases exceeding 10% beginning as early as 1 h (44% for #7397) or
1 d after injection (14% for #7392 and #7395) and generally persisting over the 14 d test period.

Averaged across animals, CM and DPOAE were enhanced at 1 h post-injection and thereafter
(Fig. 3F). One-way repeated measures ANOVA (using absolute values of amplitude across 8
measurement times; Greenhouse-Geisser correction used to adjust df for all tests) showed a
significant enhancement of the CM, F(1.58, 17.41) = 4.276, p =.038, and the DPOAE, F(2.53,
27.87) = 7.58, p = 0.001, with effect sizes (partial eta2) of .28 and .41, respectively.

2.2. The SP and CAP
Changes in the SP after carboplatin injection are shown in Figure 3C. Three animals showed
a relatively steep drop in SP amplitude between Days 1 and 3, with a slower decline over the
next 2–4 days. The decline in SP was more gradual for the fourth animal, with an initial decline
of 12% on Day 3, 25% on Day 5, and 32% on Day 7; this was also the animal with the least
IHC loss in the 8 kHz region of the cochlea (see Fig. 1C). Averaged across animals (Fig. 3F),
SP amplitude was reduced by 7% or less until 3 d after the injection, when a reduction of 51%
occurred. A further reduction of 7% occurred between Days 3 and 5. Two weeks after injection,
SP amplitude was 43% of the pre-injection value. One-way ANOVA confirmed that SP was
significantly reduced after carboplatin, F(1.52, 16.76) = 58.23, p < 0.001, eta2 = 0.84. Tukey
pairwise comparisons (p < 0.05) showed that the SP declined significantly on Day 3 and
between Days 3 and 5, with no further significant reduction thereafter.

The CAP demonstrated the same pattern of changes as the SP, but the magnitude of change
was greater (Fig. 3F). As with the SP, the CAP declined precipitously between Days 1 and 3
for chinchillas #7389, 7392 and 7397, and more gradually for #7395 (Fig. 3D). Averaged across
animals, CAP amplitude was reduced by 7% or less until Day 3, when a 60% reduction
occurred. CAP amplitude declined 24% more between Days 3 and 5 with no further change
thereafter. Two weeks after carboplatin injection, CAP amplitude was 24% of the pre-injection
value. One-way repeated measures ANOVA, F(1.36, 14.97) = 113.38, p < 0.001, eta2 = 0.98,
and Tukey multiple comparison tests (p < 0.05) indicated that the changes described above
were statistically significant.

CAP threshold (Fig. 4) was essentially unchanged (± 1 dB SPL) until Day 3, when an elevation
of 9 dB SPL occurred. CAP threshold remained relatively stable between Days 3 and 14, with
threshold shifts ranging from 9.5 dB on Day 5 to 7.5 dB on Day 14. Repeated measures ANOVA
did not detect significant differences in threshold as a function of test time; however, the small
sample size limits the power of our statistical test to detect a significant effect.

2.3. The IC-EVP
Changes in the amplitude of the IC-EVP are shown in Figure 3E. For #7389, IC-EVP was
normal at 1 h but had decreased by 12% when measured 12 h after injection. The IC-EVP
remained depressed on Days 1 and 3 then returned to the normal range on Days 5 and 7. On
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the final day of measurement, the IC-EVP of #7389 was enhanced 71% above the pre-injection
value. In contrast to #7389, chinchillas #7392 and #7397 showed no change until Day 3, when
amplitudes declined by 20% and 42%, respectively. Chinchilla #7395, with the least IHC loss,
showed the smallest change over the 14 day period; amplitudes of the IC-EVP fell below the
normal range on Days 5 and 7 only (reductions of 16% and 17%, respectively). All four animals
showed a substantial recovery of response amplitude between 7 and 14 days after injection.

Averaged across animals, the IC-EVP remained normal until 3 d after injection, when a
reduction of 23% occurred (Fig. 3F). IC-EVP amplitude declined 13% further between Days
3 and 5, then recovered by 15% between Days 7 and 14. At 14 d post-injection, the amplitude
of the IC-EVP was 79% of the pre-injection value. One-way repeated measures ANOVA, F
(1.88, 20.69) = 8.58, p = 0.002, eta2 = .44, and Tukey tests (p < 0.05) showed that the declines
from Day 1 to 3 and Day 3 to 5 and the recovery between Days 7 and 14 were statistically
significant.

Threshold of the IC-EVP changed by less than ±5 dB SPL after injection (Fig. 4). However,
consistent with the CAP thresholds, the initial threshold shifts at 1 h and 12 h were in the
negative direction (improved thresholds) whereas shifts on Days 3 and thereafter were in the
positive direction (elevated thresholds).

3. Discussion
We investigated the peripheral and central auditory effects of progressive damage to myelin,
nerve fibers and IHCs in the chinchilla cochlea by recording CM, DPOAE, SP, CAP and IC-
EVP at multiple times after carboplatin injection. In addition to showing the early physiological
effects of carboplatin in this animal model, the results provide a novel perspective on the
sensitivity and specificity of the various physiological measures themselves.

3.1. CAP can be normal despite significant nerve fiber loss and myelin disruption
Previous studies (Ding et al., 1999, 2001; Wang et al., 2003) have shown that carboplatin
produces rapid and severe morphological damage to myelin and nerve fibers in the cochlea.
Within 1 h after injection, the layers of myelin surrounding nerve fibers are separated and many
afferent nerve terminals beneath IHCs are severely swollen. Afferent nerve fibers deteriorate
rapidly, with approximately 45–50% of distal fibers missing at 1 d and 55–60% missing at 2
d after injection. Despite the widespread early damage to myelin and loss of approximately
50% of the afferent nerve fibers, there were no significant changes at 1 h, 12 h or 1 d in the
threshold or amplitude of the CAP, a measure commonly assumed to be sensitive to neural
dysfunction and demyelination. The mean amplitude of the CAP, as well as the SP and IC-
EVP, changed by less than 7% until Day 3 and therefore did not exceed changes expected from
normal test-retest variability. This result shows that in ears with intact OHCs and IHCs, CAP
is surprisingly insensitive to relatively high levels of nerve fiber loss and myelin abnormality.

The most likely explanation for the insensitivity of the CAP to neural damage is that relatively
few nerve fibers are required to sustain ostensibly normal function under simple listening
conditions. The high degree of divergence from each IHC to multiple afferent nerve fibers
(Spoendlin, 1967) may ensure that basic functionality remains despite a 50% or greater
reduction of neural channels. An additional factor may be hyperactivity of remaining afferent
fibers. Wang et al. (2003) found that surviving auditory nerve fibers have significantly higher
mean driven discharge rates than normal at 1, 3, 4 and 5 h after injection, followed by a return
to normal levels at 8 h. After cochlear damage has increased and stabilized, surviving auditory
nerve fibers have significantly lower mean spontaneous and driven discharge rates than normal
(Wang et al., 1997). Thus, it is possible that temporary hyperactivity in surviving afferent nerve
fibers contributed to an ostensibly normal CAP in the face of massive nerve fiber damage.
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Regardless of the underlying reason, the results have important implications for using CAP as
the sole indicator of auditory nerve fiber integrity or for monitoring the onset and progression
of neural damage when IHCs and OHCs are intact. By the time electrophysiological changes
are observed, cochlear damage may be more advanced than previously recognized.

3.2. Late cochlear damage is associated with reliable depression of CAP and SP
The first significant decline of CAP and SP amplitudes occurred between Day 1 (when
approximately 50% of afferent nerve fibers were missing) and Day 3 (when approximately 75–
80% of afferent fibers and 20–30% of IHCs were missing and nearly all afferent terminals were
morphologically abnormal). It appears that the additional loss of afferent nerve fibers and the
loss of IHCs between Days 1 and 3 exceeded a critical level of damage for producing
measurable changes in electrophysiological potentials. After the critical damage level had been
exceeded, changes in SP and CAP were consistent across animals. Changes in CAP were large
and reliable, resulting in an effect size of .98, followed by an effect size of .84 for the SP.

Previous studies have suggested that CAP amplitude recorded from the RW is a sensitive index
of the magnitude of IHC loss (Wang et al., 1997; Qui et al., 2000). Consistent with this, the
animal with the smallest decrease in CAP amplitude (#7395; Fig. 3D) also had the least IHC
loss in the 8 kHz region (Fig. 1). However, it is important to emphasize that the correlation
between CAP amplitude and IHC loss is indirect, mediated by the loss of nerve fibers or
disruption of IHC/afferent fiber synapses rather than a loss of IHCs per se. In chinchillas treated
with kainic acid (Zheng et al., 1997, 1999), CAP was abolished even though IHCs were
morphologically normal and SP recorded from the round window was within the normal range.
Thus, CAP can be affected independently of IHC loss by disrupting the synapse between the
IHC and the afferent fibers innervating them or by damaging afferent nerve fibers, and CAP
depression should not be interpreted as a sign of IHC loss.

Bearing in mind that our results are based on a small sample of four animals, the SP appears
to be an equally sensitive, and perhaps more specific, index of IHC loss when OHCs are intact.
Overall, a 58% loss of IHCs in the 8 kHz region of the cochlea resulted in a 57% reduction in
the amplitude of the SP. These results are consistent with evidence from other studies
suggesting that IHCs are the major source of the SP recorded from the round window (Durrant
et al., 1998; Zheng et al., 1997). Zheng et al. (1997) recorded SP, DPOAE, CM and CAP from
chinchillas that underwent surgery for application of kainic acid to the round window
membrane or transection of the auditory nerve. Kainic acid produced selective excitotoxic
damage to most if not all IHC/afferent fiber synapses but spared IHCs, whereas surgical
deafferentation caused secondary loss of IHCs, primarily in the basal half of the cochlea. CM
and DPOAE were relatively unchanged in both groups; SP was somewhat enhanced in the
kainic acid group with morphologically normal IHCs but significantly decreased in the group
with IHC loss. Results such as these suggest that the decline of SP may serve as a specific
marker of IHC damage in ears with intact OHCs.

3.3. CM and DPOAE may be enhanced after nerve fiber loss
As in previous studies (e.g., Jock et al., 1996; Trautwein et al., 1996; Takeno et al., 1994), there
was no significant depression of CM or DPOAE at any time following carboplatin injection.
The results provide further evidence that OHCs are the major source for the CM and DPOAE
with little or no contribution from the IHCs or the auditory nerve afferents (Dallos et al.,
1972; Martin et al., 1987; Schrott et al., 1991). When substantial changes in CM or DPOAE
occurred, they were in the direction of enhancement. However, the effects of cochlear damage
on CM and DPOAE were variable across animals and time. Two animals showed substantial
enhancement of the CM, but with different time courses and magnitudes (Fig. 3A). Three
animals showed clearly enhanced DPOAE, again with different time courses and magnitudes
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(Fig. 3B). For both CM and DPOAE, enhancement could be seen as early as 1 h after carboplatin
injection. Averaged across animals, both the CM and DPOAE enhancements were significant
at 1 h post-injection, although the effect size was larger for the DPOAE (eta2 = .41) than the
CM (eta2 = .28).

Enhancement of the OAE after carboplatin injection was reported by Takeno et al. (1994) for
the click evoked otoacoustic emission (CEOAE) and by Jock et al. (1996) for the DPOAE.
These investigators speculated that enhancement was due to the loss of tonic medial
olivocochlear (MOC) efferent feedback to the OHCs as a result of IHC loss and reduced input
from the afferent arm of the feedback loop. The MOC feedback circuit involves sound-driven
neurons in the medial superior olivary region that synapse with OHCs in the cochlea and
decrease cochlear output by modulating basilar membrane movement (McFadden, 2007).
Reduced input to these brainstem neurons as a result of peripheral damage might be expected
to decrease or eliminate the inhibitory effects of MOC efferents on OHC activity, resulting in
enhanced OAEs and CM. Our results are not inconsistent with this interpretation, and they
show that IHC loss is not a necessary condition to trigger changes consistent with enhanced
cochlear sensitivity. However, this explanation involving reduced MOC hyperpolarization of
the OHCs may not be sufficient to account for the OAE enhancement observed in the current
study. We have shown previously that chronic cochlear deefferentation enhances DPOAE
amplitudes at low frequencies (1 and 2 kHz) but not at higher frequencies (4 and 8 kHz) in the
chinchilla (Zheng et al., 2000). Thus, the mechanism underlying OAE enhancement remains
to be elucidated. It is interesting to note that enhanced sensitivity was also evident in slightly
lower thresholds of both the CAP and the IC-EVP at 1 h and 12 h post-injection (Fig. 4).

Although both the CM and DPOAE showed enhancement after carboplatin injection in the
current study, the pattern of enhancement was different for each function. This finding suggests
that although both functions are linked to the OHC and could involve the MOC efferent system,
the process that governs the amplification of each function after peripheral loss is different.
The one animal with substantial CM enhancement at 1 h (#7395) did not show reliable DPOAE
enhancement until Day 5, and the animal with the earliest (1 h) and largest (50–70%)
enhancement of DPOAE (#7392) had normal CM at all times after injection. Dissociation
between CM and DPOAE effects following cochlear damage is a well known phenomenon
(e.g., Zheng et al., 2000); however, DPOAE is typically normal or enhanced while CM is
typically normal or depressed rather than enhanced as in the current study. The most obvious
reasons for this discrepancy are sample size and the number of animals showing a particular
effect. In the current study, the CM enhancement effect was primarily due to one animal that
showed substantial enhancement at all post-injection times. In a large sample, data from this
single animal would be lost in the mean. Here, however, we can note that CM enhancement,
although apparently rare, is one possible outcome of carboplatin-induced cochlear damage.
The factors governing the variety of changes and time courses seen in CM and DPOAE remain
to be determined.

3.4. The IC-EVP showed significant recovery after one week
Like the SP and CAP, the first significant decline of IC-EVP amplitude occurred 3 d after
injection. However, the IC-EVP was less sensitive to cochlear damage than the CAP or SP, as
evidenced by a much smaller effect size (eta2 = .44). As shown in Figure 3, changes in the IC-
EVP were less pronounced and more variable among animals than were changes in the CAP
or SP. Moreover, there was significant recovery of IC-EVP amplitude between 7 and 14 d.
Three animals showed partial recovery of IC-EVP amplitude, and the fourth showed not only
recovery but response enhancement at 14 d. It is interesting that the recovery and enhancement
occurred after SP and CAP had stabilized (Fig. 3D). The results are consistent with previous
data showing faster recovery of IC-EVP amplitudes than CAP amplitudes following temporary
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deafferentation by kainic acid (Zheng et al., 2000). The results are also consistent with previous
studies showing that evoked response amplitudes can decrease, increase or remain unchanged
after carboplatin, depending on the recording site. The amplitude of the CAP recorded from
the round window decreases in proportion to the magnitude of IHC loss, whereas evoked
potentials recorded from the IC and the auditory cortex can decrease, increase or remain
unchanged in the same animals (Burkard et al., 1997;McFadden et al., 1998; Qui et al., 2000).
It is not clear what governs the recovery or the enhancement of the IC-EVP amplitude after
the initial reduction, but we have previously speculated that enhancement may result from a
reduction of tonic inhibitory input to IC neurons, most likely via a circuit originating in the
cochlear nucleus (McFadden et al. 1998). Why one animal showed an enhancement of the IC-
EVP amplitude while others did not is not clear. However, it is interesting to note that the one
animal showing IC-EVP enhancement (#7389) also showed the largest reduction of CAP and
SP but not the most IHC loss.

3.5. CAP and IC-EVP thresholds
CAP and IC-EVP thresholds were remarkably insensitive to both massive neural damage and
IHC loss in animals with intact OHCs. IC-EVP threshold showed a 4 dB improvement at 12
h, and was ±2 dB of the pre-injection threshold at all other times. The maximum CAP threshold
elevation was 9.5 dB at 5 d. Even when more than 75% of nerve fibers and 50% of IHCs (Fig.
1) were missing at 14 d, CAP threshold was elevated by less than 8 dB. Similar results were
reported by others (e.g., McFadden et al., 1998;Salvi et al. 2000) and can be explained by
findings of Wang et al. (1997) and Wake et al. (1996) that auditory nerve fibers and IC neurons
have normal thresholds, tuning, and characteristic frequencies despite massive IHC loss. It is
clear that the CAP and IC-EVP amplitudes are more sensitive to the effect of IHC and auditory
nerve fiber loss than thresholds and that relatively few IHCs and auditory nerve fibers are
required to maintain normal threshold of the CAP and IC-EVP (Qiu et al., 2000;Salvi et al.,
2000;Wang et al., 1997). The fact that both peripheral (CAP) and central (IC-EVP) threshold
measures were relatively unaffected by early morphological damage cautions against invoking
“central plasticity” as an explanatory mechanism for preserved central auditory system
thresholds in these animals.

3.6. Summary and conclusions
Early morphological damage to auditory nerve fibers and myelin were not associated with
reliable changes in the electrophysiological measures used in the current study, even though
previous studies indicate that the nerve fiber population was reduced by approximately 50%.
As nerve fiber damage progressed and IHC loss occurred, CAP, SP and IC-EVP amplitudes
significantly declined. CAP and SP remained depressed, while IC-EVP amplitudes recovered
significantly over time, suggesting central auditory system plasticity in the face of peripheral
damage. In the same animals, CM and DPOAEs could be normal or enhanced. This collection
of results points to a relative insensitivity of the CAP and other measures to cochlear damage
when OHCs are intact. The critical level of neural damage for triggering measurable changes
in CAP is higher than previously recognized. Thus, results of electrophysiological testing
should be interpreted cautiously and in the context of other results when using them to infer
or monitor cochlear damage. Furthermore, both peripheral and central measures should be
available when interpreting the effects of peripheral damage on the central auditory system, as
it cannot be assumed that peripheral damage will result in measurable changes in peripheral
auditory function. More sensitive and specific measures of cochlear damage are clearly needed
for experimental and clinical use.
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4. Experimental Procedure
4.1. Subjects and electrode implantation surgery

Four adult chinchillas (Chinchilla laniger) obtained from a vendor licensed by the U.S.
Department of Agriculture (Jarr Chinchilla Inc., Hubbard, OH) underwent surgery for
implantation of three recording electrodes. Animals were anesthetized with an intramuscular
injection of ketamine (50 mg/kg) and acepromazine (0.3 mg/kg), and placed on a Deltaphase®
Isothermal Pad (Braintree Scientific, Inc., Braintree, MA) in a stereotaxic apparatus. A
postauricular incision was made to expose the cochlear part of the right bulla and a small hole
was made in the dorsal bulla. A silver-ball electrode was placed against the round window
(RW) niche and fixed to the bulla with dental cement. The dorsal cranium was then exposed
and small holes were drilled in the rostral cranium and in the region above the left inferior
colliculus (IC) for implantation of ground and midbrain recording electrodes, respectively
(McFadden et al., 1997a). Electrodes for IC recordings were Teflon-coated tungsten wire with
a bared tip at one end and a gold-plated male connector pin soldered to the other end. As
described elsewhere (McFadden et al., 1998), the low-impedance (typically 20–50 k)
electrodes pick up electrical activity from a very wide region of the auditory midbrain and
thresholds are independent of electrode placement and impedance. The electrode was inserted
into the midbrain to a depth that evoked a clear two-phase waveform in response to clicks
delivered to the left ear. Electrodes were fixed to the skull using dental cement. Buprenorphine
(0.05 mg/kg) was administered subcutaneously for 3 days after surgery, and animals were
allowed to recover for at least 14 days before electrophysiological testing was initiated.

4.2. Electrophysiology and carboplatin injection
Physiological recording was conducted in a single-walled sound booth, with the awake animal
placed in a custom-designed animal restraint (Snyder et al., 1994). Electrical activity was
recorded in response to stimuli presented to the right ears of the animals through an insert
earphone (Etymotic ER-2). The CM, SP and CAP were recorded from the RW electrode, and
the IC-EVP was recorded from the IC electrode. DPOAEs generated in response to stimuli
presented to the right ears through insert earphones (Etymotic ER-2) were recorded using an
Etymotic 10B microphone. After baseline physiological measures were obtained, each animal
received a single injection of carboplatin (75 mg/kg IP; LKT Laboratories, Inc.).
Electrophysiological measures were then obtained 1 h, 12 h, 1 d, 3 d, 5 d, 7 d, and 14 d after
injection.

Stimuli for the CM, CAP, SP and IC-EVP were tone bursts at 1, 4, and 8 kHz, generated digitally
using an array processor (TDT AP2) and a 16-bit D/A converter (TDT DA 3–4). The signals
were attenuated with a programmable attenuator (TDT PA5), then routed through a headphone
buffer (TDT HB7) to the insert earphone. Repetition rates were 10.1/s for the CAP and IC-
EVP, 21/s for the SP, and 6.1/s for the CM. Stimulus duration was 5 ms for the CAP and IC-
EVP, 15 ms for the SP, and 50 ms for the CM. Rise/fall time was shaped with a cos2 window
of 2 cycles of the stimulus frequency. Stimulus level was decremented in 5 dB steps from 80
dB SPL to 0 dB SPL (CM, CAP and IC-EVP) or 40 dB SPL (SP).

Evoked responses were band-pass filtered (100–3000 Hz for the CAP and IC-EVP; 5–300 Hz
for the SP; 100 Hz-15 kHz for the CM), amplified 10,000 x using a bioamplifier (TDT DB4),
and digitized using an A/D converter (TDT AD1). One hundred sweeps were averaged for each
stimulus level.

Input-output functions for the DPOAE were obtained using two primary tones, f1 and f2, where
f2 / f1 = 1.2 and f1 frequency ranged from 1 kHz to 8 kHz in octave steps. Stimuli were digitally
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generated and attenuated (McFadden et al., 1997b). Stimulus level was incremented in 5 dB
steps from 0 to 80 dB SPL; L1-L2 = 10 dB SPL.

4.3. Cochleograms
Chinchillas were deeply anesthetized and perfused intracardially with phosphate buffered
saline (PBS, phosphate buffer pH 7.4 at 37°C) followed by 2.5% glutaraldehyde in PBS. The
animals were then decapitated and the right bulla was quickly removed and dissected. The
cochlea was immersed in fixative for 24 h, then dissected to obtain a surface preparation of the
basilar membrane. Specimens were stained with hematoxylin and hair cell loss was assessed
by microscopic inspection. A cochleogram showing the percent of IHC and OHC loss as a
function of percent distance from the apex was constructed for each ear (Ding et al., 2001).
Position in the cochlea was translated to frequency using a generalized cochlear frequency-
place map (Greenwood, 1990).

All procedures regarding the use and care of animals in this study were reviewed and approved
by the Institutional Animal Care and Use Committee at the University at Buffalo.
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Figure 1.
Cochleograms of the individual animals showing hair cell loss two weeks after carboplatin
injection. OHC counts were averaged across the three rows.

El-Badry and McFadden Page 11

Brain Res. Author manuscript; available in PMC 2007 March 8.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 2.
Input/output functions for 8 kHz stimuli measured before carboplatin injection. A. CM; B.
DPOAEs; C. SP; D. CAP; E. IC-EVP.
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Figure 3.
Response amplitudes for 8 kHz stimuli as a function of time relative to carboplatin injection.
Amplitudes are expressed as a percentage of pre-injection values (averaged for 70, 75 and 80
dB SPL stimuli; see Fig. 1). Panels A–E show amplitudes of individual animals; panel F shows
amplitudes averaged across the four animals. A. CM; B. DPOAEs; C. SP; D. CAP; E. IC-EVP;
F. Average CM, DPOAE, SP, CAP and IC-EVP compared.
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Figure 4.
Thresholds for 8 kHz stimuli as a function of time. A. CAP thresholds; B. IC-EVP thresholds.
Bars show SD.
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