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Abstract 

Twenty-two chinchillas were given either a single intraperitoneal (i.p.) or intravenous (i.v.) injection (50 or 75 mg/kg) of 
Paraplatin TM, an asymptotic threshold shift-producing noise or a combination of the drug and noise in series. Auditory evoked potential 
(pure-tone) audiograms and cubic distortion product otoacoustic emissions were obtained on each animal before and after treatment, and 
the sensory epithelium of the cochlea was evaluated using the surface preparation method. Anatomical analysis indicated that the 
carboplatin alone caused relatively severe but scattered losses of inner hair cells throughout most of the cochlea which were dependent on 
dose and administration route. The outer sensory cell population remained essentially intact. In animals that had up to 40% scattered 
losses of only inner hair cells, evoked potential thresholds were near normal and the emission functions either were normal or showed an 
enhanced output. The severe losses of inner hair cells produced by the drug had no effect on the threshold shift dynamics produced by a 
five-day uninterrupted noise exposure. In general, there was not a consistent relation between the emission data and both the permanent 
threshold shift and outer hair cell losses. 
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1. Introduct ion  

Otoacoustic emissions, a product of normal cochlear 
function tied to the integrity of the outer hair cell system 
(Brownell et al., 1985), are rapidly developing into a tool 
for evaluating peripheral pathology (Lonsbury-Martin and 
Martin, 1990). However, the ultimate diagnostic value of 
emission measurements is proportional to the correlations 
that can be developed with specific pathologies of the 
cochlea. Ototoxic drugs and noise are not only common 
hazards for the peripheral auditory system but are also 
tools for experimentally creating pathologies for investigat- 
ing the viability of various diagnostic procedures. This 
paper focuses on the relations among cubic distortion 
product otoacoustic emissions, pure-tone thresholds as re- 
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flected in auditory evoked potentials from the inferior 
colliculus, and the cochlear sensory cell population follow- 
ing the creation of a series of unusual sensory cell losses 
as a result of the administration of the drug carboplatin and 
an asymptotic threshold shift-producing noise exposure. 

In the mammalian cochlea most ototoxic drugs as well 
as noise have their greatest and earliest effect on the outer 
hair cells (OHC) leading to a partial loss of this group of 
sensory cells while the inner hair cells (IHC) are normally 
much less affected. Consequently, there is considerable 
information on the physiology and psychoacoustics in 
various animal species in which the predominant pathol- 
ogy is an OHC lesion. Preparations in which the OHC 
population is normal in the presence of substantial IHC 
losses are not common (Schrott et al., 1991) and the 
properties of such cochleas not well examined. 

Recently Wake et al. (1993, 1994) and Takeno et al. 
(1994a,b) have shown that the anti-neoplastic drug carbo- 
platin administered to the chinchilla could cause a dose-re- 
lated loss of IHCs throughout the cochlea but leave the 
OHC population essentially intact. In the guinea pig, how- 
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ever, carboplatin produced the typical ototoxic configura- 
tion of  sensory cell loss (Takeno et al., 1994b). 

In their studies of  carboplatin in the chinchilla Takeno 
et al. (1994a,b measured the compound action potential 
(CAP), the cochlear microphonic (CM), and the auditory 
brainstem response (ABR). The sensory cell lesions, de- 
scribed in terms of  OHC and IHC damage in the 1, 2, 4 
and 8 kHz regions of  the cochlea consisted primarily of 
IHC damage. The overall status of the entire sensory 
epithelium was not indicated. Their results showed that the 
CM was near normal when 50 -70% IHCs were damaged 
and the OHCs were more than 80% intact in the appropri- 
ate region of the cochlea. However, with this sensory cell 
configuration, the CAP and ABR were elevated 4 0 - 6 0  dB. 

In the present study we examined the changes in the 
auditory evoked potential (AEP), pure-tone thresholds 
recorded from the inferior colliculus and the distortion 
product otoacoustic emissions in animals treated with vari- 
ous regimes of carboplatin. Recognizing the unusual pat- 
tern of sensory cell losses reported in the literature, we 
were also interested in how an animal whose IHC popula- 
tion had been severely reduced would respond to noise 
trauma which typically affects the OHC population earliest 
and most severely. The ultimate objective of  this work, 
however, was to evaluate the relation among the two 
diagnostic indices of  peripheral pathology (i.e., a threshold 
metric and otoacoustic emissions) and the sensory cell 
population. 

2. Methods 

Thirteen chinchillas were treated with carboplatin 
(Bristol Laboratories, Paraplatin-AQ'r~). Two dosages of 
Paraplatin TM were used: 50 m g / k g  and 75 m g / k g .  Three 
animals were given a 50 m g / k g  intravenous (i.v.) injec- 
tion using a vein in the pinna; three animals were injected 
intraperitoneally (i.p.) at 50 m g / k g ;  four animals were 
given a 75 m g / k g  i.p. injection and three animals were 
given a 75 m g / k g  i.v. injection and allowed to recover for 
30 days and then exposed to an asymptotic threshold shift 
(ATS) producing impact noise-exposure paradigm. The 
impact noise exposure consisted of  a narrow band of  noise 
centered at 1.0 kHz and presented one impact per second 
for 5 days, 24 h / d a y .  The impact was presented at 121 dB 
peak SPL. Nine additional chinchillas were exposed to 
only the impact noise in order to define the pattern of  
threshold shifts, both ATS and PTS, produced by the noise 
in non-drug-treated animals. 

2.1. Surgical preparation 

All animals were made monaural by the surgical de- 
struction of the left cochlea and an AEP-recording elec- 
trode was implanted into the left inferior colliculus. Details 
of the AEP procedures and surgery can be found in 

Ahroon et al. (1993). Briefly, each animal was anes- 
thetized (i.m. injection of  ketamine (35 m g / k g  b.wt.) and 
xylazine (1 m g / k g  b.wt.)) and made monaural by the 
surgical destruction of  the left cochlea. A bipolar, platinum 
EEG electrode with electrode lengths of 7.5 mm (probe) 
and 2.5 mm (ground) was implanted into the region of the 
inferior colliculus (IC) under stereotaxic control for 
single-ended recordings of  the AEP (Henderson et al., 
1973; Salvi et al., 1982). A xylazine reversing agent 
(yohimbine (2 m g / k g  b.wt. i.m.) was administered after 
the surgical procedure. The animals were allowed to re- 
cover for at least 2 weeks before AEP testing began. 

2.2. Threshold testing 

The animals were awake during testing and restrained 
in a yoke-like apparatus to maintain the animal's head in a 
constant position within the calibrated sound field 
(Blakeslee et al., 1978). AEPs were collected to 20 ms 
pure-tone bursts with 5 ms rise/fall  times, presented at a 
rate of 10/s .  A general purpose computer was used to 
acquire the evoked potential data and control the fre- 
quency, intensity, and timing of the stimulus. The electri- 
cal signal from the implanted electrode was amplified 
(50,000 × ), filtered (30-3000 Hz), and sampled using an 
analog-to-digital converter at 20,000 samples /s  (50 p~s 
period) over 500 points to obtain a 25 ms sampling 
window. Each digitized waveform was analyzed for large 
amplitude artifacts and, if present, tile sample was rejected 
from the average and another sample taken. Averaged 
AEPs were obtained from 250 presentations of the 20 ms 
signal. Each waveform was stored to be used in threshold 
determination following the completion of the test stimulus 
intensity series. 

Thresholds were estimated from each tone-burst inten- 
sity series using 5 dB steps at octave intervals from 0.5 to 
16 kHz and at 11.2 kHz. Threshold was determined to be 
one half step size (2.5 dB) below the lowest intensity that 
showed a 'response'  consistent with the responses seen at 
higher intensities. The average of at least three separate 
threshold determinations at each frequency obtained on 
different days was used to define the pre-exposure audio- 
gram. Thirty days following drug injections, thresholds 
were tested again using the pre-treatment protocol and the 
average of three threshold measurements at each frequency 
was used to construct the post-drug-injection audiogram. 
Permanent threshold shift (PTS) was defined as the differ- 
ence between the post- and pre-drug-injection thresholds 
at each test frequency. 

For those animals that received the drug and noise, the 
noise exposure (see below) began immediately following 
the 30-day post-drug-injection test protocol. During the 
5-day noise exposures, one complete AEP audiogram was 
obtained daily on each animal to establish the level of  
asymptotic threshold shift (ATS), that is, the difference 
between the threshold during noise exposure and the pre- 
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injection threshold. The mean ATS was computed as the 
difference between the thresholds during exposure (aver- 
aged over 5 days) and the pre-injection threshold at each 
test frequency. At least 30 days after the noise exposure, 
final AEP audiograms were constructed using the average 
of three separate threshold determinations at each of the 
seven pre-exposure frequencies using the pre-exposure AEP 
protocol. PTS was defined as the difference between the 
post-exposure and pre-injection thresholds at each individ- 
ual test frequency. 

2.3. Cubic distortion product otoacoustic emissions (3DPE) 

Otoacoustic emissions were measured in the ear canal 
of the awake but restrained (Hargett et al., 1986) animal 
with the Etymotic ER-10C instrument using CUBeDIS 
v2.40 software. The 2 f l - f  2 distortion product was mea- 
sured at 32 points per octave. The set of 81 distortion 
product emissions collected at 81 different frequencies for 
a fixed set of primary levels is referred to as the DPEgram. 
The following parameters were used in collecting the 
3DPEs: 1.0 kHz < f2 -< l0 kHz, where f2 is the higher 
frequency primary tone; f2 / f l  = 1.22; the levels L 1 and 
L 2 of fl and f2, respectively, were equal and the averaging 
time was constant at 2 s. The primary levels were varied 
between 20 and 70 dB in 10 dB steps to produce six 
DPEgrams. All 3DPE data were plotted as a function of 
the geometric mean frequency of the primaries. The same 
number of DPEgrams was collected and at the same times 
during the experimental sequence as the AEP audiograms. 
The average of the three pre- and three post-treatment 
3DPE measurements was used to establish permanent 
treatment effects. During the ATS producing noise expo- 
sure a single set of DPEgrams (i.e., one DPEgram for each 
primary level) was acquired daily and the average DPE- 
gram at each primary level over the 5 days of exposure 
was used to establish the effect of the ATS state of the 
animal on the emissions. 

2.4. Noise exposure 

The noise impacts were synthesized using a Macintosh 
840AV computer system and the LabVIEW TM graphical 
programming language. A digital pulse was synthesized 
and passed through a 400-Hz-wide digital Butterworth 
filter centered at 1.0 kHz. The impulse was played at one 
impulse per second through an AB International amplifier 
and an Altec/Lansing Model 299-8A high-frequency driver 
with Model 84666 transition piece and MR 94B horn. The 
pressure-time waveform and spectrum of the 121 dB peak 
SPL impact are shown in Fig. 1. 

2.5. Histology 

All animals were killed under sodium pentobarbital 
anesthesia 32 days after either carboplatin injection or 
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Fig. 1. The pressure-time history and the spectrum of the 121 dB impact 
noise used to produce an asymptotic threshold shift. 

noise exposure. Cochleas were immediately removed and 
perfused with 2.5% glutaraldehyde and post-fixed in 1% 
osmium tetroxide, both with veronal acetate buffer at 7.3 
pH. Following complete removal of the basilar membrane 
with the attached sensory epithelium, the tissue was 
mounted in glycerin on glass slides. The sensory cell 
population was assessed using differential interference 
contrast microscopy. Cochleograms were constructed by 
computing the percent IHC and OHC loss across adjacent 
0.24 mm segments of the sensory epithelium over the 
entire length of the organ of Corti. Cell loss as a function 
of basilar membrane position was plotted as a function of 
frequency using the chinchilla frequency-place map con- 
structed by Eldredge et al. (1981). 

2.6. Animal care 

The care and use of the animals reported on in this 
study were approved by the SUNY-Plattsburgh Institu- 
tional Animal Care and Use Committee. In conducting the 
research described in this report, the investigators adhered 
to the Guide for Care and Use of Laboratory Animals, as 
promulgated by the Committee on Care and Use of Labo- 
ratory Animals of the Institute of Laboratory Resources 
Commission on Life Sciences, National Academy of Sci- 
ences-National Research Council, revised 1985. 

3. Results 

3.1. Effects o f  carboplatin on AEP thresholds and sensory 
cell populations 

A total of 10 animals received a carboplatin injection 
and were killed 32 days after the injection. Our intent was 
not to study the dose-response relation but rather to inves- 
tigate the IC evoked potential threshold and the otoacous- 
tic emission changes produced by the resulting pathologi- 
cal cochlea. Thus, the results from the animals that re- 
ceived only the drug will be described as accurately as 
possible in general terms, as well as with examples of data 
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Table I 
Percent IHC and OHC losses averaged over lengths of the organ of Corti corresponding to the indicated octave 
shifts (PTS; dB) at the indicated frequency in individual animals treated with the indicated doses of Paraplatin TM. 
in the entire cochlea 

band frequencies and permanent threshold 
"Total" refers to the average percent loss 

50 mg/kg i.p. 50 mg/kg i,v. 75 mg/kg i.p. 
Octave band(kHz) 1HC OHC PTS IHC OHC PTS IHC OHC PTS 

0.125 
0.25 
0.5 
1 

2 
4 
8 

16 
Total 

0.125 
0.25 
0.5 
1 

2 
4 
8 

16 
Total 

0.125 
0.25 
0.5 
1 

2 
4 
8 

16 
Total 

Chinchilla 2039 Chinchilla 2082 Chinchilla 2056 
6.6 1.5 22.4 4.5 25.5 2.3 

10.6 1.6 27.2 1.8 32.3 1.7 
12.2 1.2 0,0 31.7 0.6 3.3 37.5 1.0 - 1.7 
10.1 0.7 - 1.7 25.7 0.6 - 10.0 34.5 0,8 1,7 
22.4 0.4 1.7 43.7 0.4 - 10.0 31.9 1.4 1,7 
18.5 0.9 - 1.7 60.6 0.6 - 5.0 52.0 0.3 1.7 
4.7 0.2 -6 .7  51.4 0,0 1.7 26.6 0.9 -3 .3  
0 . 0  0 . 0  - 1.7 21.8 0.2 - 1.7 6.0 0.0 6.7 

11.5 0.8 39.7 1.0 33.5 1.0 
Chinchilla 2040 Chinchilla 2084 Chinchilla 2057 

6.7 15.7 6.8 35.4 31.8 2.5 
9.4 2.4 11.2 7.0 41.0 1.5 

11.9 2.1 6.7 17.1 2.4 0.0 35.8 1.6 3.3 
12.9 1.9 5.0 10.0 2.4 - 8.3 35.5 1.4 8.3 
17.8 0.4 1.7 10.0 1.3 - 3.3 30.6 0.4 1.7 
20.1 0.8 23,3 8.9 3.8 - 5,0 48.2 0.5 1.7 
6.4 0.4 11,7 19.8 1.1 6.7 37.6 0.4 - 3.3 
0.4 0.0 8.3 5.0 0,4 - 1,7 6.4 0.1 0.0 

12.5 2.7 11.8 5.4 36.3 1.0 
Chinchilla 2055 Chinchilla 2088 Chinchilla 2061 

4.0 1.8 3.4 14.1 20.3 6.2 
2.7 1.5 5.8 16,2 29.0 1.4 
1.1 0.5 -6 ,7  6.2 10.6 - 1.7 34.9 0.8 -6 .7  
1.6 0.6 -6 .7  3.6 10.8 - 1.7 28,1 0.5 6.7 
1.6 1.0 3.3 7.2 4.8 3.3 40,3 0.4 1,7 

11.4 1.0 - 3.3 22.2 3.2 - 1.7 80.3 1.0 0.0 
4.8 0.1 1.7 18.1 3.3 - 1.7 68.0 0.6 6.7 
0.4 0.1 - 3.3 5.0 2.7 - 3.3 13.4 0.2 - 1.7 
3.6 0.8 9.7 8.3 39.3 1.1 

f rom four individual  animals ,  each  chosen  to i l lustrate 

various fea tures  o f  the d rug- t rea ted  group.  

Both  doses  o f  the drug and adminis t ra t ion  routes  caused  

substant ia l  sca t tered  losses  o f  IHCs  th roughout  mos t  o f  the 

coch lea  wi th  usually very little O H C  loss. A summary  o f  

the percen t  sensory  cell  loss  wi th in  adjacent  octave band  

lengths  o f  the coch lea  and the total sensory  cell loss and 

PTS m easu red  in nine o f  these  an imals  is shown  in Table  

1. O f  the nine an imals  p r e sen t ed  in this table, e ight  s h o w e d  

normal  A E P  th resho lds  desp i t e  severe  IHC losses.  Fig. 2 

i l lustrates  the appea rance  o f  the surface of  the sensory  

ep i the l ium in two  animals  f rom the 75 m g / k g  i.p. group.  

In order  to get  both  the IHCs  and the O H C s  in focus two 

pho tog raphs  were  taken.  H o w e v e r ,  each pair  o f  micro-  

g raphs  was  taken f rom the same  locat ion on the organ of  

Cort i  and only  the focal  p lane  was  changed .  The O H C s  

genera l ly  appear  normal  at this level o f  analysis  with only  

an occas iona l  mi s s ing  cell  whi le  the scat tered pattern o f  

IHC loss ( ident i f ied  by a typical  ' x '  conf igured  scar  at the 

level o f  the ret icular  lamina)  seen in these  mic rographs  is 

typical  o f  that seen th roughout  the cochlea .  O H C  cilia, 

w h e n  clearly visible,  appeared  normal .  No es t imate  o f  the 

d is t r ibut ion o f  cilia d i s tu rbances  or o ther  more  subtle 

pa tho log ies  which  may  have resul ted  f rom the drug admin-  

istration (or noise  exposure )  was under taken  in these ani- 

mals .  Thus,  us ing the surface prepara t ion  only the lower  

bound  to the sensory  cell pa tho logy  exis t ing  in these 

p repara t ions  can be es t imated  wi th  conf idence .  

3.2. 3 D P E s  f o l l o w i n g  carbop la t in  t r e a t m e n t  

In a pre l iminary  study o f  over  40 monaura l  but un- 

t reated an imals  f rom which  five D P E g r a m s  (i.e., one DPE-  

g ram for  each  o f  the five pr imary  levels)  were  col lec ted  on 

each  animal  on five d i f ferent  days,  the s tandard  devia t ions  

o f  the 3DPEs,  at all f requenc ies  on every  animal ,  for a 

Fig. 2. Surface preparation micrographs taken from two different cochleas (A,B) of animals treated with 75 mg/kg i.p. of Paraplatin~, showing the 
scattered loss of IHC (arrow head) and the nearly normal OHC population. A single OHC (arrow head) is missing in the bottom panel of A. (Number 
refers to rows of OHCs.) 
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Fig. 3. A summary of  data for chinchil la 2055 injected with 50 m g / k g  
i.p. Paraplatin TM. a: 30-day post-injection cochleogram and PTS audio- 
gram; b: pre- and post-injection DPEgrams obtained using primary levels  
o f  30, 50, and  7 0  dB SPL. 

given level of the primary tones, were on the order of 3 - 4  
dB. Thus for the purpose of discussing the individual 
animal 3DPEs, post-treatment changes in the 3DPE at a 
given primary level and frequency that exceed the pre- 
treatment mean for that animal by more than 10 dB (better 
than a 95% confidence interval) were considered meaning- 
ful. Cochleograms, PTS audiograms, and DPEgrams from 
four individual animals given only the drug are shown in 
Figs. 3-6 .  These particular animals were chosen because 
they reflect four distinctively different outcomes of the 
drug treatment. 

The animal least affected by the drug is shown in Fig. 
3. Fig. 3a shows this animal's cochleogram and PTS 
audiogram. With virtually no OHC loss and a relatively 
small IHC loss in the 4 kHz region, there is no PTS in this 
animal. DPEgrams measured with 30, 50, and 70 dB SPL 
primaries shown in Fig. 3b indicate essentially no post- 
treatment changes at most frequencies. However, system- 
atic decrements exceeding 10 dB of pre-treatment values 
are seen in the 4.5-6.5 kHz region of the DPEgram at the 
lower (and presumably more diagnostic) primary levels 
(30 dB SPL). This is also the region in the cochlea having 
the largest IHC loss but a near normal OHC population. 

Fig. 4 shows a parallel data set for chinchilla 2061. This 
animal had a 39% overall loss of IHCs; particularly large 
IHC losses in the 3 -10  kHz region of the cochlea; a 
normal OHC population; and an essentially normal (within 
10 dB) audiogram. The 3DPE functions (Fig. 4b) show a 
consistent increase in output across a number of frequen- 
cies at the higher (60 dB SPL) primary levels. This is the 

only change observed in an animal having a severe IHC 
loss. At the lower primary levels (e.g., 40 dB SPL), other 
than a very narrow loss of 3DPEs just above 2 kHz, there 
were no changes in the 3DPE output. 

The PTS audiogram, cochleogram and 3DPE functions 
for chinchilla 2040 are shown in Fig. 5. This is the only 
animal in the group of nine animals summarized in Table 
1, receiving only the drug, that showed a substantial PTS 
of 23 dB at 4 kHz. For low level primaries (30-50 dB) the 
emissions, shown in Fig. 5b, were consistently reduced 
below about 3 kHz. In this region of the cochlea, AEP 
thresholds and the OHC population were very near normal. 
Although the emissions were consistently enhanced above 
4 kHz at higher primary levels (50-70  dB), the enhance- 
ment was within the 95% confidence interval established 
for meaningful changes in 3DPE measurements. 

Emissions and threshold data on the remaining animals 
presented in Table 1 were unremarkable, that is, there were 
no systematic pre- versus post-treatment changes in the 
emissions that exceeded the 95% confidence interval estab- 
lished for meaningful change. That is, in animals 2082, 
2056, and 2057 showing 30-40% IHC loss with essen- 
tially normal OHC populations and normal AEP thresh- 
olds, the emissions were also normal. 

Data from one animal (chinchilla 2192) that received 
the 75 m g / k g  i.p. dose and was not included in Table 1, is 
shown in Fig. 6. The animal was very unusual in that it 
had, by far, the most severe IHC losses throughout most of 
the cochlea (total IHC loss = 84%) and only a scattered 
5% overall loss of OHCs (Fig. 6a). AEP thresholds at and 
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gram; b: pre- and post-injection DPEgrams obtained using primary levels 
of 40 and 70 dB SPL. 
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Fig. 7. The group mean cochleograms, showing the mean percent sensory 
cell loss within adjacent octave band lengths of the cochlea, for the 
noise-alone (n = 9) and noise-plus-drug (n = 3) groups (SE = standard 
error of the mean.) 

typically seen following a noise exposure that produces a 
similar PTS but not the IHC loss. In this subject (2192), 
the 3DPE output it, the 2 - 6  kHz region shown in Fig. 6b 
was enhanced especially at the lower pr imary levels. Ex- 
cept for the narrow band around the 2 kHz region, there 
were no systematic decrements in the 3DPE functions 
despite the large PTS. 

3.3. Effects o f  noise trauma in subjects pretreated with 
carboplatin 

below 2 kHz and at 16 kHz were near normal, while they 
were elevated about 40 dB at 4 and 8 kHz. When the AEP 
waveforms for this animal were reviewed the AEP was 
robust and did not appear any different from what is 

,.o /vvvw . 
~ 80- /~ ~ 4 / ,  ,HC (84.3 % total loss ) , - ' ~  , -40 

~ -30 
r'o ~ 80- fi I~ L I -  °"°~4"7%'°'a"ess~ , 

'~ I -°- PTs / ° ~ ' \  -20 (.f) 

~ -10 ~ 

" 0 . .  ~ - Chinchilla 2192 i \ /  _ .  -o 13_ 20-  

'" ............... ~-.. ,."- ............. ' ........... 'v.../"",../", .................. - .............. ~ ~ ..... -"...io o , • .... ...~. . -. ..-- ,.- 

50 l I 

D P E g r a m s  . . . . , . ~  -,. (b) 
[3_ Primary levels 
Or) 
a3 30- 70 dB SPL 

~ 10 
~ .  40 dB SPL 

U.I 
I~ - -  Preiniecti°n Noise 
a 
CO ....... Postinjection floor 

-30 i i 
0.12 0.2 0.5 1.0 2.0 5.0 10.0 20.8 

Frequency (kHz) 

Fig. 6. A summary of data for chinchilla 2192 injected with 75 mg/kg 
i.p. Paraplatin TM. a: 30-day post-injection cochleogram and PTS audio- 
gram; b: pre- and post-injection DPEgrams obtained using primary levels 
of 40 and 70 dB SPL. 

Fig. 7 shows the 30-day post-exposure group mean 
(n  = 9) percent OHC and IHC losses over octave band 
lengths of  the cochlea centered at the indicated frequencies 
for animals that received only the noise compared with 
those (n = 3) that received the drug (75 m g / k g  i.v. dose 
of  Paraplatin TM) and after 30 days, the same ATS-produc-  
ing noise. It is clear from this figure that the noise alone 
produces a primarily low frequency ( <  2 kHz) based OHC 
loss and very little IHC loss, while the d r u g / n o i s e  group 
on average differs only in the amount of  IHC loss that is 
scattered through the extent of the cochlea with the largest 
losses focused in the 4 kHz region. The cell loss produced 
by the drug does not appear to influence the cell loss 
resulting from the noise exposure (i.e., the cell loss is 
additive). Fig. 8 shows the mean pre- and 30-day post- 
drug-injection AEP thresholds for the three animals that 
were given a 75 m g / k g  i.v. dose of  Paraplatin TM and, 
fol lowing the 30-day post-injection testing protocol, were 
exposed to the ATS-producing noise. There was no statisti- 
cally significant difference in the pre- and 30-day post-in- 
ject ion thresholds despite the presumed severe losses of  
IHCs. Thus, the three animals in this group had normal 
AEP thresholds but presumably a severely compromised 
IHC population when exposed to the noise. 

The IHC loss in these animals as a result of  the drug 
treatment alone can only be est imated by comparing the 
mean octave band sensory cell loss between the two sets of 
data shown in Fig. 7. Since the noise exposure alone did 
not produce any substantial IHC loss, the IHC loss seen in 
the d r u g / n o i s e  group should, on the basis of the results 
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Fig. 8. The group mean pre- and 30-day, post-drug-injection audiograms 
for the three animals that received the 75 mg/kg i.v. injection of 
Paraplatin T M  prior to exposure to noise (SE = standard error of the mean). 

from the drug-only  subjects,  be attributable to the drug. 
One  should s imilarly  be able to est imate  the effect  o f  the 
drug on sensory cel l  populat ions  in each o f  the three 

indiv idual  animals  from the individual  coch leograms  s h o w n  
in Fig.  9 a - I  l a  by assuming  that the IHC loss  is primarily 
due to the drug whi l e  the O H C  loss is primari ly  the result 
o f  the noise .  

The data s h o w n  in Figs. 9 - 1 1  from each of  the three 
animals  that comprised  the d r u g / n o i s e  group had features 
in c o m m o n  as a group as wel l  as s o m e  unique  features. 
Panel (a) o f  these figures displays  the individual  
coch leogram,  30-day post-drug-inject ion PTS,  and 30-day 
post -noise -exposure  PTS for each o f  the three animals .  The 
m e a n  A T S  and PTS from the group of  nine animals  
exposed  to the noise  but not having any drug treatment is 
compared  with the PTS and A T S  measured in each indi- 
vidual animal  that received the drug and then the noise  in 
Fig. 9b, 10b and l lb.  Panel (c) in each of  these f igures 
s h o w s  the D P E g r a m s  obtained using 50 dB primaries: 
prior to drug administration; 30 days post- injection; 30 
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Fig. 9. A summary of data for chinchilla 2119. The animal was given a 
75 mg/kg i.v. dose of Paraplatin T M  and, after 30 days, exposed to the 
asymptotic threshold shift (ATS)-producing noise, a: Cochleogram; the 
30-day post-injection, and 30-day post-exposure PTS audiograms, b: 
Mean ATS, and the mean PTS from the nine animals that were exposed 
to the 121 dB peak SPL impact noise for 5 days (solid and dotted lines, 
SD = group standard deviation), along with the comparable data (sym- 
bols) from chinchilla 2119. c: DPEgram obtained using 50 dB SPL 
primaries measured prior to drug injection, 30 days post-injection, during 
the ATS condition, and 30 days post-exposure. 
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Fig. 10. A summary of data for chinchilla 2115. The animal was given a 
75 mg/kg i.v. dose of Paraplatin T M  and, after 30 days, exposed to the 
asymptotic threshold shift (ATS)-producing noise, a: Cochleogram; the 
30-day post-injection, and 30-day post-exposure PTS audiograms, b: 
Mean ATS, and the mean PTS from the nine animals that were exposed 
to the 121 dB peak SPL impact noise for 5 days (solid and dotted lines, 
SD = group standard deviation), along with the comparable data (sym- 
bols) from chinchilla 2115. c: DPEgram obtained using 50 dB SPL 
primaries measured prior to drug injection, 30 days post-injection, during 
the ATS condition, and 30 days post-exposure. 
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days post-exposure;  and the DPEgram averaged over the 5 
days of  noise exposure (i.e., the mean DPEgram during the 
ATS condition). 

As a group, all animals showed relatively large, pre- 
sumably noise- induced OHC losses apicalward of the 2 
kHz region of the cochlea and large scattered IHC losses 
(presumably drug-induced) throughout the cochlea with 
largest IHC losses focused in the 2 - 8  kHz region. Each 
animal had normal AEP thresholds and DPEgrams prior to 
noise exposure. Each of  the three animals showed an ATS 
level at most frequencies that was similar to that produced 
in the noise-alone group. Thirty days following the noise 
exposure, PTS levels were similar  to those measured in the 
group exposed to only the noise. Thus, pre-treatment with 
the drug with the attendant loss of  IHCs did not seem to 
affect the levels of  ATS or PTS. The 3DPEs in each 
animal were general ly depressed during the ATS state and 

1 0 0 | .  - -  IHC Chinchilla2117 - 8 - -  PostinjectionPTS (a) 

4 OHC - • -  Postexposure PTS 
80 

,Ji , 
/ i~ - - . .  

0 ~ 40  ; ~ ~ ![~ , " S - -  - -  . 

~- 2o 

o /~ 

70- 
rn 

50 
¢.- 
03 

"O 30- 
O 
t-- 

-10 
50 

m 30 

"O 
~ lo- 

E 
-10- 

HJ 

aC~-3_30 

5O 

40  

-30 
133 

20 ~ 
CO 

-10 ~ 

.10 
, , , , , ,  , , I  , , , , , , , I  

....... Group Mean ATS (b) 

- -  Group Mean PTS t t 

t t t  ................ t .................................................. ......."" 

0 Subject ATS 0 0 

• Subject PTS i • 0 ( T ~ L T  

T±I sd 

i 

- -  Preinjection ....... 5dATS - - - -  Noise (0) 
floor 

. . . .  30d Post Iniection - -  30d Postexposure 

DPEgrams 

50 dB primaries 

o.12 o12 ' ' o . s "  I'.o 2.° ' 2 1 o ' " ~ d . o  20.8 
Frequency (kHz) 

Fig. 11. A summary of data for chinchilla 2117. The animal was given a 
75 mg/kg i.v. dose of Paraplatin TM and, after 30 days, exposed to the 
asymptotic threshold shift (ATS)-producing noise, a: Cochleogram; the 
30-day post-injection, and 30-day post-exposure PTS audiograms, b: 
Mean ATS, and the mean PTS from the nine animals that were exposed 
to the 121 dB peak SPL impact noise for 5 days (solid and dotted lines, 
SD = group standard deviation), along with the comparable data (sym- 
bols) from chinchilla 2117. c: DPEgram obtained using 50 dB SPL 
primaries measured prior to drug injection, 30 days post-injection, during 
the ATS condition, and 30 days post-exposure. 

showed some depression 30 days after the noise exposure 
in some animals at some frequencies. The frequency corre- 
spondence of  these changes in the emissions,  however,  did 
not always correspond with the frequency of  PTS or 
location of  OHC lesions. 

3.4. Individual subject presentations 

Chinchil la 2119 (Fig. 9) showed the most severe loss of  
both OHCs and IHCs of  the three animals as well as the 
largest PTS which exceeded 40 dB at the 11.2 kHz test 
frequency. Despite large IHC and OHC losses in the 0 . 5 - 4  
kHz region, AEP thresholds were either normal or elevated 
less than 10 dB. The ATS measured in this subject fell 
very close to the mean of  the noise-only group as seen in 
Fig. 9b. DPEgrams before and after drug treatment exhib- 
ited no differences; at ATS, however,  the emissions were 
severely depressed or el iminated (below the noise floor) 
across the entire frequency range in agreement with the 
ATS frequency profile. Thirty days after the noise expo- 
sure, emissions were reduced at the high frequencies where 
a large PTS also was measured and where there were large 
IHC and some OHC losses. In the vicinity of  i kHz where 
thresholds were normal but there was a large loss of both 
IHCs and OHCs the 3DPEs also were reduced. 

Chinchil la  2115 (Fig. 10) showed a bimodal  sensory 
cell loss; below about 2 kHz primari ly OHCs were miss- 
ing, while above 2 kHz, the loss consisted primari ly of 
missing IHCs. This subject showed less than a 10 dB loss 
of  threshold at 0.5, 1, and 2 kHz compared to the post- 
drug-treatment thresholds which were normal, while 
thresholds were normal at and above 4 kHz. ATS was 
similar to the noise-only group at and below 2 kHz but 
more than a standard deviation below the noise-only group 
above 2 kHz. During the ATS state, the emissions (Fig. 
10c) were depressed across most frequencies, but the 
largest depression was measured above 3 kHz, a region 
with relatively little OHC loss and less ATS than at the 
lower frequencies. Emissions pre- and post-drug adminis- 
tration were essentially the same while at 30-day post-noise 
exposure there is some evidence of  an enhanced 3DPE 
output in the 4 kHz region. Thus, in this animal, the 
emissions responded to the ATS state, but not in as 
frequency-specific a fashion as might  have been expected. 
Despite a low-frequency OHC lesion penetrating well into 
the 2 kHz region of  the cochlea, the emissions were 
normal in this region 30-days post-exposure.  

Chinchil la  2117 (Fig. 11) showed mixed OHC and IHC 
losses throughout the entire cochlea; less than a 10 dB 
increase in thresholds at and below 4 kHz relative to the 
thresholds recorded 30 days after drug administration. ATS 
levels at and below 2 kHz were similar to the noise-alone 
group mean while above 2 kHz the ATS was substantially 
less. ATS and PTS in this animal were very similar to 
Chinchil la  2115 (Fig. 10). The emissions shown in Fig. 
l l c  were essentially the same before and 30 days after 
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drug administration. At ATS the emissions were depressed 
from the lowest frequency through about the 5 kHz region 
where there was a second sizable OHC lesion. Above 5 
kHz, the emissions showed much less depression. The 
frequency profile of  the 3DPE at ATS generally reflected 
the ATS profile. Thirty-day post-exposure emissions 
showed significant depression in spectrally narrow regions 
of the DPEgram that tended to reflect the pattern of  OHC 
loss. 

4. Discussion 

While there is a consensus that otoacoustic emissions 
are primarily the result of  the bi-directional transduction 
properties of  the OHC (Brownell, 1990), a role for the 
IHCs in the generation or maintenance of emissions cannot 
be entirely ruled out. Since it is the OHCs that are first 
damaged by excessive noise and many drugs, emissions 
would seem to be ideal for the early detection of noise or 
drug-induced damage to the auditory system. The effects 
of  noise combined with the ability of carboplatin to elimi- 
nate large numbers of  IHCs in the chinchilla while leaving 
the OHCs intact allows for the creation of some very 
unusual patterns of sensory cell loss. These unusual lesions 
may be of  use in better understanding the role of the two 
populations of sensory cells in hearing and in the develop- 
ment of more reliable diagnostic procedures. 

The summary data shown in Table 1 are in essential 
agreement with the data of Takeno et al. (1994b), which 
showed that carboplatin has, in terms of  sensory cell loss, 
its greatest effect on the IHC system of the chinchilla and 
that the group average IHC loss is increased with an 
increased drug dose and with an i.v. route of  drug delivery. 
As shown in this table, there were very few OHCs lost as a 
result of  the drug. One of the interesting features, however, 
of the summary data shown in Table 1 is that even for 
relatively large losses (30-40%)  of  IHCs (e.g., the 75 
m g / k g  i.p. group) AEP pure-tone thresholds recorded 
from the IC were not, in general, elevated. These IC AEP 
thresholds are not too different from those of the Group B 
(n = 10) animals in the Takeno et al. (1994b) study. In 
general, in our material, when the drug-treated animals 
showed normal IC AEP thresholds despite the large losses 
of IHCs their AEP waveform morphology was normal. A 
detailed comparison of  the growth of the AEP waveform 
amplitudes with stimulus intensity or change in the laten- 
cies of the response in each of  these animals was not 
undertaken. Qiu et al. (1996) recently presented data from 
carboplatin-treated chinchillas that also showed normal IC 
AEP thresholds in animals with a severely compromised 
IHC population but the AEP amplitudes were reduced at 
suprathreshold levels. They also showed normal thresholds 
and normal I / O  functions in the auditory cortex of  these 
animals. While all of  these results are a little surprising 
considering the reduced afferent flow to the central net- 

vous system, they do support the results of  Schuknecht and 
Wollner (1953) who found normal behavioral thresholds 
following more than a 50% sectioning of  the VIII nerve. 
Normal thresholds in certain strains of  mice with intact 
OHCs but losses of  IHCs have also been reported by 
Schrott et al. (1989). 

In general, 30 days after injection with carboplatin, in 
regions of  the cochlea where a large, nearly total IHC 
lesion exists; where there is a near normal OHC popula- 
tion, and where there is a severe PTS; the emissions were 
either normal or there was an increase in the 3DPE output 
at some primary levels (e.g., Figs. 4 and 6). As with the 
mouse data of  Schrott et al. (1991), and the chinchilla data 
of  Trautwein et al. (1996) the emissions are robust in 
cochleas having a normal OHC population but severe 
losses of  IHCs. The only consistent change in the 3DPEs 
observed in our experimental population seems to be the 
increase in the output levels of the 3DPEs at some frequen- 
cies in some animals. An enhancement of 3DPEs has also 
been reported by Franklin et al. (1991) in some rabbits 
following a noise exposure. The possible mechanisms for 
such an enhancement effect are not obvious, but consider- 
ing the severely reduced afferent flow to the central ner- 
vous system in some of these preparations, an efferent 
mechanism might be hypothesized. Unfortunately, the role 
of the efferent system in the modulation of the emissions is 
not clear and conflicting results can be found in the 
literature (e.g., Siegel and Kim, 1982; Littman et al., 1992; 
Lowe and Robertson, 1995; Liberman et al., 1996). In 
animals toughened by intermittent noise exposures Kujawa 
and Liberman (1996) also showed consistent increases in 
3DPEs. Clearly there are situations in which enhanced 
emissions can be measured, but what seems to be more 
unusual as well as difficult to explain is the appearance of 
enhanced emissions over a broad range of  frequencies that 
show a 3 0 - 4 0  dB PTS as measured with the IC AEP (Fig. 
6). 

Chinchilla 2040 shown in Fig. 5 was the only animal 
that consistently showed a reduction of  3DPEs despite a 
relatively low-level sensory cell loss and little PTS. In this 
animal at 4 kHz a 25 dB PTS did not elicit any 3DPE 
change. Based upon the data of  the other eight animals 
summarized in Table 1, a number of which showed much 
larger IHC losses, the reason for the PTS and 3DPE 
changes in animal 2040 is not obvious and recourse to a 
damaged-cilia argument or other more subtle changes be- 
ing responsible for the 3DPE reduction (Brown et al., 
1989) is not satisfactory. Other animals (e.g., Fig. 4) with 
more substantial lesions and presumably more substantial 
subtle morphological changes in the OHCs did not show 
such 3DPE depression or PTS. 

Another effect which can be seen in this and in other 
30-day post-treatment animals is that the 3DPE output 
often displayed large excursions at relatively close fre- 
quencies. When present, these large peaks and valleys in 
the DPEgrams were consistent in magnitude and frequency 
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on the three, 30-day post-treatment test sessions which 
took place on three different days. While the fine structure 
of the DPEgram is different for each animal it is quite 
consistent within each animal over many days of testing. 
The extent to which some of the fine structure of the 
DPEgram might relate to sensory celt morphology must 
await more detailed anatomical analysis. 

When animals, whose IHC population has been severely 
compromised by carboplatin, are exposed to an ATS-pro- 
ducing noise that results in some sensory cell loss and 
PTS, the animals respond as if they were completely 
normal prior to the exposure. On the basis of the DPE- 
grams and audiograms the animals were normal despite 
having 20 -60% inferred IHC losses scattered throughout 
the cochlea. In some cochleas in which there is also 
substantial OHC loss as a result of a subsequent noise 
exposure, the changes (or lack of them) in the 3DPE 
output are not always clearly related either to the PTS or 
OHC loss. A lack of correspondence between cell loss, 
cilia damage and 3DPE changes was also reported by 
Subramaniam et al. (1994). Despite this lack of correspon- 
dence, the 3DPEs did respond to the transient changes 
induced by the ATS-producing noise although there was 
not always a congruence in the frequency dimension be- 
tween the ATS and the emission changes. Franklin et al. 
(1991), however, reported close agreement in the fre- 
quency pattern of behavioral threshold shifts and emission 
changes, while Hamernik et al. (1996) showed that in the 
chinchilla exposed to high-level impulses, the 3DPE was a 
more sensitive, frequency-specific indicator of noise-in- 
duced cochlear effects than pure-tone thresholds. 

5. Conclusions 

Severe losses of IHCs accompanied by a normal com- 
plement of OHCs does not result in a parallel reduction of 
AEP thresholds measured at the level of the inferior 
colliculus. Near-normal thresholds can be consistently 
measured with as much as a 40% overall loss of IHCs and 
in the apical half of the cochlea, with nearly total IHC loss 
(Fig. 6). On the basis of the animals that received the 
d rug /no i se  treatment, threshold shifts are clearly deter- 
mined more by damage to the OHC system than by IHC 
loss. 

The 3DPEs measured from cochleas with only IHC 
losses and little or no OHC loss or PTS are either normal 
or show an increased output. 

The presence of large pre-noise-exposure IHC losses 
does not alter the ATS, PTS, or OHC loss that would be 
anticipated from the subsequent noise exposure. 

The 3DPEs measured during ATS are shifted but not 
necessarily at the same frequencies that ATS occurs. 

There is not always a clear relation in the frequency 
dimension between the changes in the 3DPEs and the 
OHC loss. 

The peaks and valleys in the 3DPE functions (i.e., the 
DPEgram fine structure), that are consistent within an 
animal but differ across animals, increase in number and 
become exaggerated in many of the post-treatment ani- 
mals. 

Acknowledgements 

We gratefully acknowledge the support of the Bristol- 
Myers Oncology Division. This work also was supported, 
in part, by Grant 1-R01-OH02317 from the National Insti- 
tute for Occupational Safety and Health. The able technical 
assistance of G.A. Turrentine is greatly appreciated. 

References 

Ahroon, W.A., Hamernik, R.P. and Davis, R.I. (1993) Complex noise 
exposures: An energy analysis. J. Acoust. Soc. Am. 90, 997-1006. 

Blakeslee, E.A., Hynson, K., Hamernik, R.P. and Henderson, D. (1978) 
Asymptotic threshold shift in chinchillas exposed to impulse noise. J. 
Acoust. Soc. Am. 63, 876-882. 

Brown, A.M., McDowell, B. and Forge, A. (1989) Acoustic distortion 
products can be used to monitor the effects of chronic gentamicin 
treatment. Hear. Res. 42, 143-156. 

Brownell, W.E., Bader, C.R., Bertrand, D. and de Ribauierre, Y. (1985) 
Evoked mechanical response of isolated cochlear hair cells. Science 
227, 194-196. 

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

Eldredge, D.H., Miller, J.D. and Bohne, B.A. (1981) A frequency-posi- 
tion map for the chinchilla cochlea. J. Acoust. Soc. Am. 69, 1091- 
1095. 

Franklin, D.J., Lonsbury-Martin, B.L,, Stagner, B.B. and Martin G.K. 
(1991) Altered susceptibility of 2f:-fe acoustic-distortion products to 
the effects of repeated noise exposure in rabbits. Hear. Res. 53, 
185-208. 

Hamernik, R.P., Ahroon, W.A. and Lei, S.-F. (1996) The cubic distortion 
product otoacoustic emissions from the normal and noise-damaged 
chinchilla cochlea. J. Acoust. Soc. Am., in press. Also paper pre- 
sented at the 19th midwinter research meeting of the Association for 
Research in Otolaryngology, St. Petersburg Beach, FL, February 
1996, (A) p. 27. 

Hargett, C.E., Jr., Patterson, J.H., Jr., Curd, D.L., Carrier, M., Lomba- 
Gautier, I.M. and Jones, R.J. (1986) A chinchilla restraint system. 
USAARL Report 861, US Army Aero Medical Res. Lab. 

Henderson, D., Hamernik, R.P., Woodford, C., Sitler, R.W. and Salvi, 
R.J. (1973) Evoked response audibility curve of the chinchilla. J. 
Acoust. Soc. Am. 54, 1099-1101. 

Kujawa, S.G. and Liberman, M.C. (1996) Sound conditioning enhances 
cochlear emissions in guinea pig. Paper presented at the 19th midwin- 
ter research meeting of the Association for Research in Otolaryngol- 
ogy, St. Petersburg Beach, FL, February 1996, (A) p. 34. 

Liberman, M.C., Duria, S. and Guinan, J.J. (1996) The ipsilaterally 
evoked olivocochlear reflex causes rapid adaptation of the 2f l-f2 
DPOAE. Paper presented at the 19th midwinter research meeting of 
the Association for Research in Otolaryngology, St. Petersburg Beach, 
FL, February 1996, (A) p. 23. 

Littman, T.A., Cullen, J.K. and Bobbin, R.P. (1992) The effect of 
olivocochlear bundle transection on tuning curves and acoustic distor- 
tion products. J. Acoust. Soc. Am. 92, 1945-1952. 



190 B.M. Jock et a l . /  Hearing Research 96 (1996) 179-190 

Lonsbury-Martin, B.L. and Martin, G.K. (1990) The clinical utility of 
distortion-product otoacoustic emissions. Ear Hear. 11, 144-154. 

Lowe, M. and Robertson, D. (1995) The behavior of  the f2-f~ acoustic 
distortion product: lack of effect of brainstem lesions in anaesthetized 
guinea pigs. Hear. Res. 83, 133-141. 

Qiu, C.X., Salvi, R.J., Hofstetter, P. and Powers, N.U (1996) Selective 
inner hair cell loss significantly reduces the neural output of the 
cochlea, but does not alter threshold or the evoked response amplitude 
of the auditory cortex. Paper presented at the 19th midwinter research 
meeting of the Association for Research in Otolaryngology, St. 
Petersburg Beach, FL, February 1996, (A) p. 112. 

Salvi, R.J., Ahroon, W.A., Perry, J.W., Gunnarson. A.D. and Henderson, 
D. (1982) Comparison of psychophysical and evoked-potential tuning 
curves in the chinchilla, Am. J. Otolaryngol. 3, 408-416. 

Schrott, A., Stephan, K. and Spoendlin, H. (1989) Hearing with selective 
inner hair cell loss. Hear. Res. 40, 213-220. 

Schrott, A., Puel, J.-U and Rebillard, G. (1991) Cochlear origin of 
2ft -f2 distortion products assessed by using 2 types of mutant mice. 
Hear. Res. 52, 245-254. 

Schuknecht, HF.  and Wollner, R. (1953) Hearing losses following partial 
section of the cochlear nerve. Laryngoscope 63, 441-465. 

Siegel, JH. and Kim, D.O. (1982) Efferent neural control of cochlear 
mechanics? Olivocochlear bundle stimulation affects cochlear biome- 
chanical nonlinearity. Hear. Res. 6, 171-182. 

Subramaniam, M., Salvi, R.J., Spongr, V.P., Henderson, D. and Powers, 
N.L. (1994) Changes in distortion product otoacoustic emissions and 
outer hair cells following interrupted noise exposures. Hear. Res. 74, 
204-216. 

Takeno, S., Harrison, R.V., Ibrahim, D., Wake, M. and Mount, R.J. 
(1994a) Cochlear function after selective inner hair cell degeneration 
induced by carboplatin. Hear. Res. 75, 93-102. 

Takeno, S., Harrison, R., Mount, R.J., Wake, M. and Harada, Y. (1994b) 
Induction of selective inner hair cell damage by carboplatin. Scan. 
Microsc. 8, 97-106. 

Trautwein, P.G., Hofstetter, P., Wang, J., Salvi, R.J. and Nostrant, A. 
(1996) Selective inner hair cell loss does not alter distortion product 
otoacoustic emissions. Paper presented at the 19th midwinter research 
meeting of the Association for Research in Otolaryngology, St. 
Petersburg Beach, FL, February 1996, (A) p. 94. 

Wake, M., Takeno, S., Ibrahim, D., Harrison, R. (1994) Selective inner 
hair cell ototoxicity induced by carboplatin. Laryngoscope 104, 488-  
493. 

Wake, M., Takeno, S., lbrahim, D., Harrison, R. and Mount, R. (1993) 
Carboplatin ototoxicity: an animal model. J. Laryngol. Otol. 107, 
585-589. 


