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Abstract

Carboplatin is a second generation platinum-containing anti-tumor drug which selectively alters the micromechanical function of
the inner hair cells (IHCs) of the organ of Corti in the chinchilla. Data from a recent study [Wake et al., Acta Otolaryngol. 116
(1996) 374^381], using the chinchilla model, have suggested that a moderate dose of carboplatin alters the efferent feedback loop
gain of the OHCs. The present study was designed to evaluate the possible ‘efferent feedback alteration mechanism’ in the
Sprague^Dawley rat using distortion product otoacoustic emissions (DPOAEs). A moderate dose of carboplatin (50 mg/kg body
weight) was administered by a 30 min i.p. infusion. Pre- and 72-h post-treatment DPOAE and auditory brainstem response (ABR)
recordings were acquired from a group of 12 rats. The animals were anesthetized with a ketamine^atropin anesthesia administered
in two consecutive phases. The DPOAE responses (cubic distortion products) were recorded with four asymmetrical protocols:
P1= 60^50, P2= 50^40, P3= 40^30 and P4= 30^20 dB SPL (sound pressure level), in the frequency range from 4.0 to 16 kHz. ABR
responses were obtained for bipolar clicks and tone pips at the frequencies 8.0, 10.0, 20.0 and 30 kHz using stimuli in the range
from 100 to 30 dB SPL. Significant ABR threshold shifts of 15 dB were observed at 30 kHz, and shifts of 10 dB at 20, 16 and 10
kHz. The comparison of pre- and post-treatment DPOAE responses did not reveal any significant changes for protocols P1, P2
and P4. Data from the P3 protocol indicated a decrease of the DPOAE amplitude. The findings from the rat model suggest that (a)
moderate doses of carboplatin do not affect the efferent feedback loop OHC function and (b) the cochlear susceptibility to
carboplatin across species is different, even at moderate-dose regimes.
D 2003 Elsevier B.V. All rights reserved.
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1. Introduction

Carboplatin is a second-generation antitumor drug,
which shows a signi¢cantly lower incidence of nephro-
toxicity and ototoxicity in comparison to cisplatin
(Taudy et al., 1992; Alberts, 1995; Meyer et al.,
2001). Traditionally, in experimental animals the over-
all alteration of the hearing threshold due to a platinum

compound administration has been studied by the use
of auditory brainstem responses (ABRs) (Fausti et al.,
1992; Ravi et al., 1995; Riggs et al., 1996; Campbell et
al., 1996; Taudy et al., 1992). These measurements rep-
resent the integration of individual responses from
many neural ¢bers, and to obtain a more detailed de-
scription of the dysfunction of cochlear microme-
chanics, caused by ototoxic drugs, recordings of oto-
acoustic emissions (OAEs) can be used (Hofstetter et
al., 1997a; Hatzopoulos et al., 2002). The OAEs are
considered responses of cochlear origin generated
when the auditory periphery is stimulated by a click
or a pure tone stimulus. Their close relationship with
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the non-linear micromechanics of the outer hair cells
(OHCs) has been well established (McFadden and
Plattsmier, 1984; Brownell et al., 1985; Brownell,
1990). Within this context, it can be said that the use
of OAEs can provide not only a veri¢cation of the
presence of toxic e¡ects on cochlear micromechanics,
but evidence regarding the progress of the ototoxicity
as seen from the perspective of the OHCs.
Shera and Guinan (1999) proposed two classes of

OAEs. The click-evoked OAEs (TEOAEs) are gener-
ated from re£ection o¡ pre-existing micromechanical
impedance perturbations, distributed along the organ
of Corti, which might include such conditions as
disorganized OHC arrays (Lonsbury-Martin et al.,
1988). Distortion product OAEs (DPOAEs) arise pri-
marily from non-linear elements in the cochlea that are
stimulated by the incoming traveling waves. The
TEOAE responses from laboratory animals demon-
strate a short bandwidth caused by the frequency lim-
itation of the invoking stimulus, i.e. the acoustic click
(Khvoles et al., 1996; Khvoles et al., 1998; Hatzopou-
los et al., 1999; Sochalingam et al., 2000). Although
TEOAEs are useful in a general evaluation of the co-
chlear function, the DPOAEs are the tool of choice
to probe cochlear functionality at higher frequencies
(s 8 kHz).
A number of previous studies have shown that inner

ear susceptibility to ototoxic drugs is dose-dependent
and varies considerably across di¡erent species (Saito
and Aran, 1994; Riggs et al., 1996; Hatzopoulos et
al., 1999; Sochalingam et al., 2000). For carboplatin,
the induced ototoxic patterns vary depending on the
animal model used. Studies on chinchillas (Wake et
al., 1993, 1994, 1996; Jock et al., 1996; Hofstetter et
al., 1997a, 1997b; McFadden et al., 1998; Lockwood et
al., 2000; Ding et al., 1999) have indicated that carbo-
platin-induced oxidative stress manifests ¢rst at the lev-
el of the inner hair cells (IHCs). At higher dosages of
carboplatin (200 mg/kg body weight (b.w.)) the OHC
population is also a¡ected (Hofstetter et al., 1997a,b)
and the induced ototoxic insult is re£ected by the sig-
ni¢cant reduction of the amplitude of the DPOAEs
(Hofstetter et al., 1997a). Earlier studies on carboplatin
ototoxicity in the guinea pig (Saito et al., 1989, 1995;
Taudy et al., 1992) have reported that high dosages of
carboplatin (s 150 mg/kg b.w.) destroy primarily
OHCs. In the rat high dosages of carboplatin (s 190
mg/kg b.w.) a¡ect both IHCs and OHCs (Husain et al.,
2001a, b).
There is evidence in the literature suggesting that at

moderate dosages of carboplatin di¡erent cochlear
mechanisms are at play. In a recent study by Wake et
al. (1996) moderate doses of carboplatin (400 mg/M2)
were used to damage the IHCs of chinchillas. TEOAEs
were not reduced but they were ampli¢ed. The authors

of that study have hypothesized that the main mecha-
nism responsible for this OAE signal alteration was
the malfunction of the e¡erent feedback on the
OHCs, caused by a malfunction of the IHCs and thus
by the alteration of the a¡erent input to the cochlear
nuclei.
This study evaluated the e¡ects observed by Wake et

al. (1996) in another animal model, the Sprague^Daw-
ley (SD) rat. The main objective was the veri¢cation of
any enhancement e¡ects on the OHCs, after moderate
carboplatin administration. We have hypothesized that
these e¡ects would be manifested as a statistically sig-
ni¢cant increase of the DPOAE amplitudes. In our
evaluation of the carboplatin ototoxicity we have:
(a) accessed cochlear functionality with DPOAEs which
o¡er the possibility of testing a wider range of frequen-
cies in comparison to the bandwidth of the TEOAE
responses used in Wake et al.’s study; (b) evaluated
the cochlear function at various operating points of
the cochlear ampli¢er, using di¡erent stimulus proto-
cols. ABRs were used as validators of the induced oto-
toxic e¡ects.

2. Materials and methods

2.1. Drugs

Carboplatin used in the animal treatments was Para-
platin from Bristol Myers (10 mg/ml in normal saline),
which is the product used clinically in Italy. The drug
was administered to anesthetized animals, according to
the protocol guidelines presented in Section 2.2, in dos-
ages of 50 mg/kg b.w. For the animal anesthesia, we
used an equal-volume solution of ketamine hydrochlo-
ride (Ketavet, Farmaceutici Gellini, Italy), xylazine
(Rombun; Bayer, Italy) and atropine (Atropina Solfa-
to; Jacopo Monico, Venice, Italy). The anesthesia was
used in dosages of 1 ml/kg b.w. Each ml of anesthesia
contained 33.3 mg of ketamine, 6.6 mg of xylazine and
0.16 mg of atropine. Each animal received a total of 50
mg of ketamine, 13.2 mg of xylazine and 0.24 mg of
atropine/kg. The employed anesthetics resulted in a
light anesthesia level, necessary to immobilize the tested
animal for approximately 70 min.

2.2. Animals

Twelve male SD rats obtained from Charles River,
Italy (mean weight 335P 30 g S.D.) were treated with
carboplatin administered by an intra-peritoneal infusion
(post-anesthesia) of about 30 min using a micro-pump
from Harvard Apparatus. The animals were treated ac-
cording to the Italian guidelines DL 116/92 with refer-
ence to EEC directive no. 86-609.
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2.3. Electrophysiological procedures

The ABR and DPOAE responses were recorded, dur-
ing anesthesia, pre-treatment and 72 h after the carbo-
platin administration. In the pre-treatment phase the
animals (i) were anesthetized, (ii) the DPOAE and
ABR responses were acquired, and (iii) the carboplatin
treatment was conducted.

2.3.1. DPOAEs
The DPOAE cubic distortion responses (2F13F2)

were recorded in a sound-proof cabin by the StarKey
DP-2000 apparatus. An in situ calibration was con-
ducted on the DP-2000 transducer prior to any record-
ing. A chirp stimulus was presented to the transducer
and the resulting sound pressure levels (SPLs) were
memorized. Based on these readings the DP-2000 out-
put levels were equalized for each animal. Each animal
was tested in the frequency range 4.0^16.0 kHz, with
four di¡erent asymmetrical protocols coded as:
P1= 60^50, P2= 50^40, P3= 40^30 and P4=30^20 dB
SPL. The frequency ratio of each protocol was set to
1.25, with a 6% resolution per octave and each fre-
quency was sampled for 4 s. The DPOAE responses
(DP-grams) presented a number of notches for frequen-
cies above 13 kHz; therefore the analyzed data in the
paper refer to F2 frequencies from 4.0 to 12.7 kHz.
In order to record the DPOAE response, the anes-

thetized animal was placed under a stereotaxic device.
The DP-2000 probe was connected to the external mea-

tus of the animal by a thin tube of 15 mm length and
3 mm diameter. A good seal was possible when the tube
was inserted on average 5 mm into the external audi-
tory meatus. According to the calibration data, it was
not possible to attain a good probe ¢t at both high
(s 10 kHz) and low (6 3 kHz) frequencies, and for
this reason we have not considered DPOAE responses
below 4 kHz. A typical DPOAE response from the P1
protocol (60^50) is shown in Fig. 1.
The DPOAE responses were evaluated using as a

criterion a minimum signal-to-noise (S/N) ratio of
3 dB. Using the latter, a number of observations from
the P4 (30^20 dB SPL) protocol were considered as
missing.

2.3.2. ABRs
The ABR responses were recorded by three plati-

num^iridium needle electrodes, placed subdermally
over the vertex (positive), the mastoid (negative) and
the dorsum area (reference/ground) of the animal. The
recordings were made in a sound-treated cabin whose
walls and ceiling were covered by phono-absorbent ma-
terial. The calibration of the sound ¢eld was done using
a Bruel and Kjaer microphone (type 2209), placed 4 cm
above the animal’s head and facing the loudspeaker.
The ABRs were ampli¢ed 20 000 times and ¢ltered

from 20 to 5000 Hz. Each recording was the average
of 500^1000 individual responses. The ABRs were gen-
erated in response to 100-Ws alternated clicks and 8, 10,
16, 20 and 30 kHz tone pips (1 ms rise^fall time, 10 ms

Fig. 1. DPOAEs from animal SD_4D evoked with protocol P1 (60^50 dB SPL) in the frequency range 4.0^16.0 kHz (referred to as F2).
(A) Graph of the primary tone levels at the tested frequencies. When the level of each tone deviates signi¢cantly from the pre¢xed value (i.e. 60
or 50 dB SPL for protocol P1) the ¢tting of the probe is considered erroneous, and a probe reposition is necessary. (B) DP-gram at the tested
frequencies. The top curve (circled line) indicates the DPOAE amplitude, while the lower line (straight) indicates the noise per tested frequency.
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plateau), in the range 100^30 dB SPL. The sound trans-
ducer, a Motorola tweeter (£at response P 1.5 dB from
4.0 to 35 kHz), was placed 4 cm away from the rat’s
ear. Threshold was based on the visibility and repro-
ducibility of wave III, according to Bourre et al., 1999.
At the minimum threshold level two recordings were
acquired. During all measurements the body tempera-
ture of the animal was maintained at 38P 0.5‡C by a
rectal probe connected to a Harvard Apparatus homeo-
thermic blanket. Ear plugs were used to occlude the
contra-lateral ear in order to avoid a binaural stimula-
tion at high stimulus intensities. Since the animals were
tested and re-tested within a 72 h frame, each animal
served as its own control.

2.4. Statistical analyses

To evaluate any e¡ects on the post-treatment
DPOAE responses, we have generated 95% con¢dence
intervals for the di¡erences in the mean DPOAE am-
plitudes per protocol. Both normal-theory and boot-
strap BCa con¢dence intervals (for paired observations,
i.e. pre and post) were calculated.
Bootstrapping is a method of resampling the data to

estimate the underlying distribution of a statistical mea-
sure, in this case a mean di¡erence (Efron and Tibshi-
rani, 1993). Bootstrap intervals do not assume that the
data follow any particular distribution. BCa stands for
‘bias correction and acceleration’, and is an adjustment
which gives the intervals better statistical properties,
particularly in terms of coverage probability. For
more information on the application of this technique
to OAE data see Hatzopoulos et al. (2002). To control

the overall con¢dence level for the 36 computed in-
tervals (nine tested frequencies U four protocols) at
95%, Bonferroni-adjusted con¢dence intervals were es-
timated. More details on this procedure are presented in
Section A1 of the Appendix.
We have also evaluated the relationship between the

ABR-induced threshold shifts and the DPOAE ampli-
tude values per tested protocol using multiple regression
models (Section A2 of the Appendix). Such a relation-
ship is quite complex, but we have formulated the
following simplistic hypothesis. Considering the tradi-
tional concept that OAEs express mainly OHC func-
tionality and given a threshold shift indicated by the

Fig. 2. ABR threshold for the pre- and post-carboplatin treatment
(+1 S.E.M.). For the click responses the post-treatment responses
for all animals were the same (35 dB SPL). For the 10, 16, 20 and
30 kHz stimuli, signi¢cant threshold shifts were observed, but the
pre^post level di¡erences were small. An average shift of 10 dB was
observed in the frequencies 10, 16 and 20 kHz, while for the 30
kHz responses a 15 dB shift was observed. The stimulus step in the
ABR acquisition system was 5 dB.

Fig. 3. Average DP-grams (pre- and post-treatment) from the four tested protocols in the frequency range 4.0^12.7 kHz. The circles indicate
the three frequencies of the P3 protocol where the post-treatment DPOAE amplitudes were found statistically smaller.
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ABR recordings, a poor relationship between ABR and
DPOAE variables could provide additional evidence
suggesting that carboplatin does not a¡ect the e¡erent
loop to the OHCs in the SD rat.
All analyses were implemented with a mainframe

SAS package.

3. Results

A mean ABR threshold elevation of 10 dB was ob-
served at 10, 16 and 20 kHz and a mean threshold shift
of 15 dB was observed at 30 kHz, 72 h after carboplatin
infusion. No signi¢cant threshold di¡erences were ob-
served for the click and the 8 kHz tone pip. For all
tested stimuli, except the click and the 8 kHz tone
pip, the post-treatment ABR responses were found sig-
ni¢cantly di¡erent from the pre-treatment responses.
The data are summarized in Fig. 2. There was no sig-
ni¢cant change of weight.
Plots showing the DPOAE pre and post mean-ampli-

tude responses (per tested protocol) are presented in
Fig. 3. The 95% con¢dence intervals, computed from
the protocols P1 (60^50), P2 (50^40) and P4 (30^20),
indicated lack of any signi¢cant e¡ects on the post-
treatment DPOAE responses. These results were also
validated by the Bonferroni interval estimates. A sig-
ni¢cant reduction of the DPOAE mean amplitude
was observed at the tested frequencies of the P3
protocol (40^30). The post-treatment responses at the
F2 frequencies 6, 7, 8, 9, 10, and 12.7 kHz were
found signi¢cantly smaller than the pre-treatment re-
sponses at the same frequencies. The data were also
validated by the bootstrap method, but the Bonferroni
method showed that the DPOAE amplitudes were sig-
ni¢cantly smaller only at the F2 frequencies 6, 7, and
9 kHz.

4. Discussion

Platinum-containing antineoplastic drugs have gener-
ated great interest as models for ototoxic lesions.
Although carboplatin, the second-generation platinum
compound, is less toxic than cisplatin, the mechanism
of toxicity at the cellular level seems to be mainly iden-
tical. The study evaluated the possible alteration of the
suppressive e¡erent feedback on the OHCs, in the SD
rat, treated with a moderate dose of carboplatin. Earlier
data from the chinchilla (Wake et al., 1996) have sug-
gested that moderate doses of carboplatin (400 mg/m2)
can disrupt the e¡erent feedback to the cochlea and
alter the cochlear functionality as shown by the en-
hanced amplitudes of the recorded TEOAEs. The re-
sults from that study are important, because if such

e¡ects are present in other species and in humans,
then using OAEs to monitor patients under carbopla-
tin-based chemotherapy might underestimate the in-
duced ototoxic damage. It should be noted, however,
that the chinchilla model is particularly sensitive to car-
boplatin treatment, showing an unusual pattern of co-
chlear damage (IHC losses and OHCs intact) not seen
in other species (Lockwood et al., 1999). The high sen-
sitivity of the chinchilla model to cisplatin has also been
noted (Hatzopoulos et al., 2002).
The results from studies evaluating the ototoxic ef-

fects of platinum-containing antineoplastic drugs de-
pend on two main pharmacokinetic factors, namely
the single-dose level and the cumulative dose. Data
from a previous study on cisplatin using a guinea pig
model (Ekborn et al., 2000) have suggested that the
modality of administration (bolus vs. infusion) does
not change the ¢nal OHC damage signi¢cantly. Based
on these observations we have selected the infusion
model to approximate as much as possible the currently
used clinical scenarios. The experimental dosage of car-
boplatin determines the extent of cochlear lesions. Pre-
vious studies by Husain et al. (2001a,b) on the Wistar
rat have demonstrated that severe cochlear damage (sig-
ni¢cant OHC P IHC deterioration) results from the
administration of 196 mg/kg of carboplatin. In order
to obtain a minor cochlear lesion suitable for the ex-
periment reported here, a moderate dose (50 mg/kg
b.w.) of carboplatin was chosen. Administration of car-
boplatin at this dose level was shown to elevate the
hearing threshold of SD rats at frequencies s 8.0
kHz. The post-carboplatin ABR thresholds were small,
suggesting minor lesions to the organ of Corti, data in
agreement with observations from the guinea pig
(Taudy et al., 1992). However, data from a 78 mg/kg
b.w. carboplatin treatment of the chinchilla (Jock et al.,
1996) suggest signi¢cant alterations of the IHC popu-
lation prior to an ABR threshold elevation. These ¢nd-
ings could suggest that the rats, guinea pigs and chin-
chillas have di¡erent resistance to carboplatin-induced
cochlear lesions, but the small number of animals used
in each study, and the di¡erent experimental protocols
used, require the acquisition of additional data to elu-
cidate this argument.
Three out of four protocols (P1, P2 and P4) indicated

that there are no signi¢cant changes in the DPOAE
amplitudes after moderate-dose carboplatin treatment.
The observations are in agreement with data from the
chinchilla studies of Jock et al. (1996) and Hofstetter et
al. (1997a) for responses evoked by 60^50 dB SPL tone
stimuli. The data from the P3 protocol (40^30 dB SPL)
indicated a number of F2 frequencies (6^12.7 kHz)
where the post-treatment responses were shown to de-
crease signi¢cantly. Small sample sizes (i.e. 12 animals)
can introduce some biasing errors and for this reason
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we have applied several methods for the statistical eval-
uation of the results from the P3 data set. Using the
Bonferroni method, which guarantees an experiment-
wise 95% con¢dence, the number of frequencies where
decreased post-treatment DPOAE responses were ob-
served was reduced to three (F2= 6, 7, and 9 kHz).
It should be noted that the amplitude of the

DPOAEs can be enhanced or decreased by shifting
the operating point (OP) of the distortion non-linearity.
Within this context, several hypotheses can be formu-
lated following our experimental data: (1) The results
from di¡erent DPOAE protocols show that in the SD
rat the operating point of the distortion non-linearity is
shifted (amplitudes are decreased), but does not enter a
region where a change of sign is possible (where ampli-
tudes increase); (2) it could be argued that an enhance-
ment of the DPOAE amplitude in the chinchilla corre-
sponds to a shift of the operating point of the distortion
non-linearity into a ‘sign-changing’ regime. What causes
that shift is currently unknown, but one can speculate
on the disruption e¡ect on the e¡erent feedback loop to
the OHCs. To elucidate these hypotheses further, addi-
tional investigations are necessary.
The ¢ndings from the regression analysis between the

ABR and the DPOAE responses (see Section A2 in the
Appendix) indicated that the relationship of these two
types of measurements was not signi¢cant. These anal-
yses verify the lack of enhancement of the DPOAE
amplitudes, and suggest that at this dose level of carbo-
platin the e¡erent e¡ects in the SD rat are either very
small or non-existent.
In summary, this study shows that the SD rat is less

suitable for carboplatin ototoxic studies than the chin-
chilla in low to moderate dose regimes. At a dose level
producing signi¢cant ototoxic changes in the chinchilla
only borderline threshold changes were achieved in the
SD rat. It is known from dose-escalation studies regard-
ing cisplatin ototoxicity that there is a certain dose level
above which electrophysiological changes can be re-
corded (Laurell and Engstro«m, 1989a,b). Since carbo-
platin has been shown to produce more pronounced
ototoxic changes in the Wistar rat at higher doses (Hu-
sain et al., 2001a, 2001b), one can expect that 50 mg/kg
b.w. carboplatin is approximately the threshold dose
for ototoxic e¡ects in the SD rat. The borderline toxic
e¡ect of this dose was indirectly supported by the fact
that no signi¢cant weight loss was shown. The hypoth-
esis from Wake et al.’s group that an alteration of the
a¡erent input (output of the IHCs) causes a disruption
of the suppressive e¡erent mechanisms to the OHCs,
was not validated in the SD rat at this dose level. In
this context, our data suggest that di¡erent e¡erent
mechanisms might suppress or enhance the activity of
the OHCs of the organ of Corti across various species.
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Appendix

A1. Bonferroni intervals

For the 36 intervals (nine tested frequencies U four
protocols) computed using the collected data, the Bon-
ferroni adjustment requires that the con¢dence level for
each interval be set at the 100U(130.05/36) = 99.861%
level. This ensures that the probability of at least one
interval failing to contain the true di¡erence of means
it is estimating is less than or equal to 0.05. Because it
uses an upper bound, the Bonferroni method tends
to be conservative, which means that if we are using
intervals which do not contain 0 to identify signi¢cant
di¡erences in the population means, then: (a) the meth-
od ¢nds fewer signi¢cant e¡ects than the 5% false pos-
itive rate suggests; but (b) for these e¡ects, we can be
more con¢dent that they are signi¢cant (i.e. the overall
con¢dence level is likely greater than the advertized
95%).

A2. Multiple regression between DPOAE and
ABR responses

To evaluate the relationship between the data, ABR
values were regressed on di¡erenced (i.e. post minus pre
carboplatin treatment) DPOAE amplitude values corre-
sponding to frequencies from 8 to 12.7 kHz. The latter
was dictated by the observation that in the P3 and P4
protocols the DPOAE responses for frequencies below
7 kHz were negative or very close to zero (for both pre-
and post-treatment data sets). Stepwise regression was
used for model selection due to the small number of
observations (in some cases, as few as six). A partial
F statistic with a signi¢cance at the 0.15 level was re-
quired for regressor entry, and non-signi¢cance at the
0.15 level was required for removal.
The strongest signi¢cant relationship, having P value

0.0097 and R2 value 0.7677 was observed for the
DPOAE amplitude at 12.7 kHz (protocol P3: 40^30)
and the ABR response at 16 kHz (see Table 1). It
was noted that as the protocol stimulus intensity was
increasing (i.e. moving from the P4 DPOAE responses
to P1 responses) the number of signi¢cant relationships
between ABR and DPOAE variables was decreasing
and for the P1 protocol no relationship between ABR
and DPOAE data was found.

HEARES 4705 18-8-03

S. Hatzopoulos et al. /Hearing Research 182 (2003) 48^55 53



References

Alberts, D.S., 1995. Carboplatin versus cisplatin in ovarian cancer.
Sem. Oncol. 22, 88^91.

Bourre, J.M., Durand, G., Erre, J.P., Aran, J.M., 1999. Changes in
auditory brainstem evoked potentials in alpha-linolenic acid de¢-
ciency as a function of age in rats. Audiology 38, 13^18.

Brownell, W.E., 1990. Outer hair cell electromotility and otoacoustic
emissions. Ear Hear. 11, 82^92.

Brownell, W.E., Bader, C.R., Bertrand, D., de Ribaupierve, Y., 1985.
Evoked mechanical responses of isolated cochlear outer hair cells.
Science 227, 194^196.

Campbell, C.M., Rybak, L.P., Meech, R.P., Hughes, L., 1996. D-me-
thionine provides excellent protection from cisplatin ototoxicity in
the rat. Hear. Res. 102, 90^98.

Ding, D.L., Wang, J., Salvi, R., Henderson, D., Hu, B.H., McFad-
den, S.L., Mueller, M., 1999. Selective loss of inner hair cells and
type-I ganglion neurons in carboplatin-treated chinchillas. Mech-
anisms of damage and protection. Ann. N.Y. Acad. Sci. 884, 152^
170.

Efron, B., Tibshirani, R.J., 1993. An Introduction to the Bootstrap.
Chapman and Hall, New York.

Ekborn, A., Laurell, G., Anderson, A., Wallin, I., Eksborg, S., Ehrs-
son, H., 2000. Cisplatin induced hearing loss. In£uence of mode of
administration in the guinea pig. Hear. Res. 140, 38^44.

Fausti, S.A., Frey, R.H., Henry, J.A., Olson, D.J., Scha¡er, H.I.,
1992. Early detection of ototoxicity using high-frequency tone-
burst-evoked auditory brainstem responses. J. Am. Acad. Audiol.
3, 397^404.

Hatzopoulos, S., Di Stefano, M., Albertin, A., Martini, A., 1999.
Evaluation of cisplatin ototoxicity in a rat animal model. In:
Henderson, D., Salvi, R.J., Quaranta, A., McFadden, S.L., Burk-
ard, R.F. (Eds.), Ototoxicity. Basic Science and Clinical Applica-
tions. Ann. N.Y. Acad. Sci. 884, 211^225.

Hatzopoulos, S., Petruccelli, J., Laurell, G., Avan, P., Finesso, M.,
Martini, A., 2002. Ototoxic e¡ects of cisplatin in a Sprague Daw-
ley rat animal model as revealed by ABR and transiently evoked
otoacoustic emission measurements. Hear. Res. 170, 70^82.

Hofstetter, P., Ding, D., Powers, N., Salvi, R.J., 1997a. Quantitative
relationship of carboplatin dose to magnitude of inner and outer
hair cell loss and the reduction in distortion product otoacoustic
emission amplitude in chinchillas. Hear. Res. 112, 199^215.

Hofstetter, P., Ding, D., Salvi, R., 1997b. Magnitude and pattern of
inner and outer hair cell loss in chinchillas as a function of carbo-
platin dose. Audiology 36, 301^311.

Husain, K., Whitworth, C., Somari, S.M., Rybak, L.P., 2001a. Car-
boplatin induced oxidative stress in rat cochlea. Hear. Res. 158,
14^22.

Husain, K., Scott, R.B., Whitworth, C., Somari, S.M., Rybak, L.P.,
2001b. Dose response of carboplatin-induced hearing loss in rats:
antioxidant defense system. Hear. Res. 151, 71^78.

Jock, B.M., Hamernik, R.P., Aldrich, L.G., Ahroon, W.A., Petriello,
K.L., Johnson, A.R., 1996. Evoked potential thresholds and cubic
distortion product otoacoustic emissions in the chinchilla follow-
ing carboplatin treatment and noise exposure. Hear. Res. 96, 179^
190.

Khvoles, R., Freeman, S., Sohmer, H., 1996. Transient evoked oto-
acoustic emissions can be recorded in the rat. Hear. Res. 97, 120^
126.

Khvoles, R., Freeman, S., Sohmer, H., 1998. Development of transi-
ent evoked otoacoustic emissions in the neonatal rat. Audiol. Neu-
rootol. 3, 40^53.

Laurell, G., Engstro«m, B., 1989a. The combined e¡ect of cisplatin and
furosemide on hearing function in guinea pigs. Hear. Res. 38, 19^
26.

Laurell, G., Engstro«m, B., 1989b. The ototoxic e¡ect of cisplatin on
guinea pigs in relation to dosage. Hear. Res. 38, 27^34.

Lockwood, D.S., Ding, D.L., Salvi, R.J., 2000. D-methionine attenu-
ates inner hair cell loss in carboplatin treated chinchillas. Audiol.
Neurootol. 5, 263^266.

Lonsbury-Martin, B.L., Martin, G.K., Probst, R., Coats, A.C., 1988.
Spontaneous otoacoustic emissions in a nonhuman primate: II.
Cochlear anatomy. Hear. Res. 33, 69^94.

McFadden, D., Plattsmier, H.S., 1984. Aspirin abolishes spontaneous
oto-acoustic emissions. J. Acoust. Soc. Am. 76, 443^448.

McFadden, S.L., Kasper, C., Ostrowski, J., Ding, D., Salvi, R.J.,
1998. E¡ects of inner hair cell loss on inferior colliculus evoked
potential thresholds, amplitudes and forward masking functions in
chinchillas. Hear. Res. 120, 121^132.

Meyer, W.H., Pratt, C.B., Poquette, C.A., Rao, B.N., Parham, D.M.,
Marina, N.M., Pappo, A.S., Mahmoud, H.H., Jenkins, J.J.,
Harper, J., Neel, M., Fletcher, B.D., 2001. Carboplatin/ifosfomide
window therapy for osteosarcoma: results of the St. Jude child-
ren’s hospital OS-91 trial. J. Clin. Oncol. 19, 171^182.

Ravi, R., Somani, S., Rybak, L., 1995. Mechanism of cisplatin oto-
toxicity. Antioxidant Syst. Pharm. Toxicol. 76, 384^386.

Riggs, L.C., Brummett, R.E., Guitjens, S.K., Matz, G.J., 1996. Oto-
toxicity resulting from combined administration of cisplatin and
gentamicin. Laryngoscope 106, 401^406.

Saito, T., Aran, J.M., 1994. Comparative ototoxicity of cisplatin dur-
ing acute and chronic treatment. ORL 56, 315^320.

Saito, T., Saito, H., Saito, K., Wakui, S., Manabe, Y., Tsuda, G.,
1989. Ototoxicity of carboplatin in guinea pigs. Auris-Nasus_lar-
ynx 16, 13^21.

Table 1
Data from the regression analyses between ABR and DPOAE re-
sponses

Protocol ABR freq.
(kHz)

DPOAE freq.
(kHz)

R2 P value

30^20 (P4) 8 none
10 8 0.7092 0.0354
16 none
20 none
30 11 0.6136 0.0653

40^30 (P3) 8 12.7 0.3910 0.1332
10 12.7 0.5774 0.0474
16 12.7 0.7677 0.0097a

20 none
30 11 0.6427 0.0301b

50^40 (P2) 8 none
10 none
16 11 0.3129 0.1495
20 none
30 12.7 0.4464 0.0702

60^50 (P1) 8 None
10 None
16 None
20 None
30 None

Column 1 indicates the DPOAE protocol (P1^P4); column 2 shows
the ABR variable; column 3 shows the DPOAE variable; column 4
shows the R2 value; column 5 shows the probability of signi¢cance
(6 =0.05); and indicates whether the relationship between the
ABR and the DPOAE variable is signi¢cant.
aFit signi¢cant at the 0.01 level.
bFit signi¢cant at the 0.05 level.

HEARES 4705 18-8-03

S. Hatzopoulos et al. /Hearing Research 182 (2003) 48^5554



Saito, T., Manabe, Y., Honda, N., Yamada, T., Yamamoto, T., Saito,
H., 1995. Semiquantitative analysis by scanning electron micros-
copy of cochlear hair cell damage by ototoxic drugs. Scanning
Microsc. 9, 271^280.

Shera, C.A., Guinan, J.J., 1999. Evoked otoacoustic emissions arise
by two fundamentally di¡erent mechanisms: a taxonomy for
mammalian OAEs. J. Acoust. Soc. Am. 105, 782^798.

Sochalingam, R., Freeman, S., Cherny, T.L., Sohmer, H., 2000. E¡ect
of high-dose cisplatin on auditory brainstem responses and oto-
acoustic emissions in laboratory animals. Am. J. Otol. 21, 521^
527.

Taudy, M., Syka, J., Popelar, J., Ulehlova, L., 1992. Carboplatin and
cisplatin ototoxicity in guinea pigs. Audiology 31, 293^299.

Wake, M., Takeno, S., Ibrahim, D., Harison, R., Mount, R., 1993.
Carboplatin ototoxicity: An animal model. J. Laryngol. Otol. 107,
585^589.

Wake, M., Takeno, S., Ibrahim, D., Harison, R., 1994. Selective inner
hair cell ototoxicity induced by carboplatin. Laryngoscope 104,
488^493.

Wake, M., Anderson, J., Takeno, S., Mount, R., Harrison, R., 1996.
Otoacoustic emission ampli¢cation after inner hair cell damage.
Acta Otolaryngol. 116, 374^381.

HEARES 4705 18-8-03

S. Hatzopoulos et al. /Hearing Research 182 (2003) 48^55 55


	Electrophysiological findings in the Sprague-Dawley rat induced by moderate-dose carboplatin
	Introduction
	Materials and methods
	Drugs
	Animals
	Electrophysiological procedures
	DPOAEs
	ABRs

	Statistical analyses

	Results
	Discussion
	Acknowledgements
	A1
	Bonferroni intervals
	A2
	Multiple regression between DPOAE and ABR responses
	References


