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General Introduction

1.1 Introduction
Drug-induced ototoxicity is a serious side-effect of therapeutic 

intervention, and an important cause of sensorineural hearing loss. Hawkins 
(1976) has defined ototoxic: “any therapeutic agent or other chemical substance 
causing functional impairment and cellular damage to the tissues of the inner 
ear”. At the end of the last century, the first drugs to be recognized as ototoxic 
were the salicylates and quinines. With the discovery of the aminoglycoside 
antibiotics in 1944, a new group of compounds was added to the list of ototoxic 
drugs (Brown and Hinshaw, 1946). The incidence of drug-induced ototoxicity 
was studied by Porter and Jick (1977). In 39,000 patients they found an overall 
incidence of drug-induced hearing loss of 1.6 per 1,000 exposed. The drugs 
most frequently implicated were aspirin (11 per 1,000 exposed) and the 
aminoglycoside antibiotics (7 per 1,000 exposed).

Administration of ototoxic substances may result in damage to either the 
auditory or vestibular system or to both. Auditory effects of ototoxic drugs 
range from potentially transient symptoms such as diplacusis or tinnitus to 
permanent, total deafness.

In the post-war era, the list of ototoxic drugs has grown rapidly. Many 
drugs nowadays have been labeled as ototoxic, such as the aminoglycosides, 
loop-diuretics and several anti-tumor drugs. Although anti-tumor drugs are 
probably more toxic than any other widely used therapeutic agents, only a few 
of them are ototoxic such as nitrogen mustard and cis- 
diamminedichloroplatinum II (cisplatin). At present, cisplatin is one of the most 
ototoxic drugs known.

Cisplatin ototoxicity has been studied in both animal models and clinical 
practice. Controlled studies are easier to perform in animal models. However, it 
is difficult to extrapolate the findings in animals to the clinical situation.

1.2 Cisplatin

CA-diamminedichloroplatinum (cisplatin; Platinol®; cA-[PtC12(NH3)2J) 
is an anorganic complex consisting of a central platinum atom surrounded by 
ammonia and chlorine in the cis-position (Figure 1). Inhibition of Escherichia 
coli replication was observed when an electric current was applied between two 
platinum electrodes placed in a culture (Rosenberg et ah, 1965). This effect was 
demonstrated to be due to the formation of neutral platinum complexes. One of 
these complexes was cisplatin. Subsequent biological research has shown that
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cisplatin has antimicrobial, immunosuppressive and antineoplastic activity. Its 
mode of action is considered to be inter- and intrastrand crosslinking of DNA, 
thus preventing cell division but not growth.

Figure 1: Structure of cisplatin

Cisplatin is nowadays used for the treatment of various malignancies 
such as nonseminomatous germ cell tumors, ovarian carcinomas and squamous 
cell carcinomas of the head and neck. Cisplatin causes significant side-effects, 
such as nausea and vomiting, peripheral neuropathy, nephrotoxicity, 
vestibulotoxicity and, as was mentioned before, ototoxicity. The first reports 
about the ototoxicity of cisplatin were published in the seventies by Piel et al. 
(1974) and later by Einhorn and Williams (1979). Cisplatin-induced hearing 
loss was found to start in the higher frequencies, i.e., the basal turn of the 
cochlea. The cellular and molecular interactions leading to the toxic side- 
effects, including ototoxicity, are poorly understood. The observation that the 
occurrence of hearing loss is not correlated with the oncolytic efficacy of 
cisplatin implies that different mechanisms are involved in the oncologic and 
ototoxic effects of cisplatin (Blakley and Meyers, 1993). If indeed these 
mechanisms are different it may be possible to decrease ototoxicity without 
reducing its oncologic efficacy.

The synthetic second-generation platinum analog carboplatin 
demonstrated less nephrotoxicity and ototoxicity, but significant 
myelosuppression. Therefore, it is still essential to search for methods to alter 
the toxicity of the first-generation mother compound, cisplatin. Because of the 
wide spread use of cisplatin in the treatment of solid tumors, investigations of 
how to decrease the ototoxicity are of great importance. That is one of the aims 
of this study.
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General Introduction

1.3 Methods of studying ototoxicity

1.3.1 Animal models
The guinea pig has been used most often as an experimental animal in 

cisplatin studies and is the experimental animal in this thesis. Ototoxicity can 
be experimentally studied 1) electrophysiologically, by studying the electrical 
responses of the cochlea, and 2) morphologically, by studying the 
histophysiological effects on the various cochlear structures using different 
methods.

1.3.1.1 Electrophysiological methods

One way to investigate cochlear function and the first method to study 
the effect of ototoxic drugs upon the cochlea is by measuring the 
electrophysiological response of the cochlea to auditory stimuli. This response 
is dependent on the function of several structures such as the outer (OHCs) and 
inner hair cells (IHCs) of the organ of Corti (Figure 2). When sound waves 
enter the cochlea via the external and middle ear, pressure differences occur 
over the basilar membrane. The basilar membrane starts to vibrate, thus 
transmitting mechanical energy to the hair cells. The OHCs reinforce these 
vibrations that are transduced into electric signals by changing the electric 
potential across their membranes. Although electric signals are generated in 
both types of hair cells, only the signals from the IHCs are conducted to the 
central auditory system.

If an electrode is placed on the cochlear wall or in the vicinity of the 
cochlea, electric potentials can be recorded in response to acoustic stimuli (van 
Deelen and Smoorenburg, 1986). They can be divided into three components 
(Figure 3). 1) The Cochlear Microphonics (CM), an alternating current (AC) 
response which follows the sound-induced displacements of the basilar 
membrane (Sellick et al., 1982). The frequency of the CM is thus the same as 
that of the stimulus. In most circumstances, the CM is derived almost entirely 
from the activity of outer hair cells. 2) The Summating Potential (SP), a 
positive or negative direct current (DC) response, the polarity and magnitude of 
which depend on the position of the recording electrode and the stimulus 
conditions. Our knowledge of the origin of the SP is still incomplete, but inner 
hair cells (IHCs) are most likely its source (Zheng et al., 1997). 3) The 
Compound Action Potential (CAP), a signal which predominantly occurs at 
stimulus onset. It is produced by a discrete number of afferent nerve fibres 
responding synchronously to transients in the stimulus
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The greater part of this thesis is devoted to the electrophysiological study 
of the effects of cisplatin on these 3 potentials in the guinea pig. Earlier 
electrophysiological studies of inner ear function after cisplatin treatment have 
demonstrated an increase in thresholds and a decrease in the amplitudes of the 
cochlear microphonics (CM) and compound action potentials (CAP) (Konishi 
et al., 1983, Barron and Daigneault, 1987; McAlpine and Johnstone, 1990; 
Hamers et al., 1994).

Figure 2. A cross section of a turn of the cochlea and of the organ ofCorti.
SM-Scala Media; SV-Scala Vestibuli; ST-Scala Tympani; RM-Reissner's Membrane; BM- 
Basilar Membrane; StV-Stria Vascularis; TM-Tectorial Membrane; IHC - Inner Hair Cell; 
OHCI,2,3- Outer Hair Cells
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Figure 3. The three potentials (Cochlear Microphonics - CM, Summating Potential - SP, 
Compound Action Potential - CAP) recorded at the apex of the cochlea of a guinea pig with a 
12 kHz stimulus presented at 60 dB SPL. Tone burst were presented with alternating polarity 
(180°). The averaged responses to the tone burst of opposite polarity are shown in the upper 
part of the figure. The SP and CAP become visible after addition of the responses to the 
opposite polarity tone bursts, the CM after subtraction.
From van Ernst, Thesis Utrecht, 1996.

1.3.1.2 Morphological (histophysiological) methods
A second method to investigate ototoxicity is by studying the 

morphological (histophysiological) effects on the various functional structures 
of the inner ear, in particular the hair cells, stria vascularis, nerve fibres and 
spiral ganglion cells. Various methods may be helpful, such as light microscopy 
of midmodiolar sections, surface microscopy of the organ of Corti, 
transmission electron microscopy, scanning electron microscopy and 
histochemical and histo-immunological methods. All animals, used in the 
experiments for this thesis, were sacrificed immediately after the 
electrophysiological measurements. The cochlea’s were harvested, fixated, 
stained and studied by light microscopy and transmission electron microscopy. 
These results will be published separately.

Histological examination of the guinea pig cochlea after cisplatin 
treatment points first of all towards degeneration of the outer hair cells (Konishi 
et al., 1983; Barron and Daigneault, 1987; Schweitzer, 1993; De Groot et al., 
1997). Others found the stria vascularis involved and some have suggested that
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the stria vascularis might be the primary target of cisplatin (Tange and 
Vuzevski, 1984; Laurell and Engström, 1989; Kohn et al., 1991).

Finally, loss of nerve fibers and more central neuronal structures has 
been reported by Carenza et al. (1986) and Otto et al. (1988).

1.3.2 Clinical Model

1.3.2.1 Audiometrie studies in humans
Cisplatin-induced ototoxicity in humans has been reported by numerous 

authors since the early eighties. Cisplatin hearing loss is a pure-tone 
sensorineural hearing loss affecting the higher frequencies first. The hearing 
loss is mostly permanent, but it has been described as reversible in some cases 
(Aguilar-Markulis et al., 1981; Vermerken et al., 1983).

In most studies cisplatin ototoxicity was evaluated by conventional pure- 
tone octave audiometry (0.25-8 kHz) (Aguilar-Markulis et al., 1981; Brown et 
al., 1983; Schaefer et al., 1985; Boyer et al., 1990; Laurell and Jungnelius, 
1990; Blakley and Meyers, 1993; Laurell et al., 1995; Laurell et al., 1996). 
Others have measured thresholds above 8 kHz, in order to detect cisplatin- 
induced hearing loss at an early stage (Dreschler et al., 1985; Tange et al., 
1985; Kopelman et al., 1988; van der Hulst et al., 1988; Fausti et al., 1993; 
Fausti et al., 1994).

Various factors may play a role in cisplatin-induced ototoxicity, in 
particular its dose (both the single dose per infusion as well as the cumulative 
dose). The dose-dependency of cisplatin ototoxicity has been studied by many 
authors (Reddel et al., 1982; Brown et al., 1983; Schaefer et al, 1985; Laurell 
and Jungnelius, 1990).

It has also been claimed that a number of additional factors, such as pre
existing hearing loss, age and pigmentation, may play a role. One of the aims of 
this thesis was therefore to study the course of hearing impairment during and 
after cisplatin treatment and to investigate the influence of additional pre
existing factors.
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General Introduction

1.4 Protection against and recovery from cisplatin-induced 
ototoxicity

Because of the possible sites of action of cisplatin ototoxicity, different 
protective agents have been suggested such as, furosemide, gluthathione, 
thiosulfate, quinine and fosfomycine. The protective mechanism of these agents 
are assumed to be the (selective) inactivation of the cisplatin compounds in the 
general circulation and in various tissues without reducing its antitumoractivity. 
A compound like sodium thiosulphate however, has to be administered in large 
amounts, up to grams/kg, as it probably reduces ototoxicity by binding and 
possibly neutralizing cisplatin thereby interfering with its anti-tumor activity.

4 5 6 7 8 9

ORG2766

2 3 4 5 6 7 8 9 10 11 12 13

ACTH

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 39

Figure 4. Structures of some peptides of the melanocortin family

From Gispen (1990) Trends Pharmacol. Sei. 11, 221-222.
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Recently, protection by melanocortins against cisplatin-induced damage 
has been demonstrated in peripheral neurons (De Koning et al., 1987; Gerritsen 
van der Hoop et al., 1990, Hoi et al., 1994; Hamers et al., 1997). Melanocortins 
are peptides derived from pituitary hormones such as the Adreno Cortico 
Trophic Hormone (ACTH) (Figure 4). It is postulated that these hormones exert 
trophic influences and have neurotrophic and neuroprotective properties 
(Gispen, 1990; Hamers et al., 1991; Hoi et al., 1994; Hamers et al., 1997). This 
was demonstrated in particular for the ACTH^gj [Met(02)-Glu-His-Phe-D-Lys- 
Phe] analog, known as ORG2766. This compound was thought to enhance an 
intrinsic repair mechanism in peripheral neurons (Gispen, 1990; Hol et al., 1994; 
Hamers et al., 1997). In view of the low doses at which this compound is active, 
in the order of pg/kg, it is reasonable to assume that its mechanism of action 
does not involve binding of cisplatin but that the mechanism is more specific. 
Recent research in our laboratory has shown protective effects of ORG2766 on 
cisplatin-induced ototoxicity (Hamers et al., 1994; De Groot et al., 1997). One 
of the aims of this thesis is to further investigate the protective and/or 
regenerative effects of this compound with cisplatin ototoxicity in the guinea 
pig cochlea.
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1.5 Objectives of this study

This thesis presents four different studies which were performed to 
further evaluate cisplatin-induced ototoxicity both in albino guinea pigs and 
humans. They have been focused in particular on the course of cisplatin- 
induced hearing loss, its spontaneous recovery and possible prevention.

• Study 1 In the first study the dose-effect relation of cisplatin was evaluated 
electrophysiologically in albino guinea pigs. One of the main purposes was 
to determine the minimum dose at which cisplatin becomes ototoxic, as both 
recovery and protection mechanisms can best be studied at the lowest toxic 
dose.

• Study 2. In the second study the time course of cisplatin-induced hearing 
loss was investigated. Guinea pigs were examined electrophysiologically 1 
day, 1 week, 2, 4, 8 and 16 weeks after having received the ototoxic dose, 
found in study 1, of 1.5 mg/kg/day for 8 consecutive days.

• Study 3 In the third study the protective effect of the ACTH(4_9) analog, 
ORG2766, was investigated electrophysiologically in guinea pigs at the toxic 
cisplatin dose of 1.5 mg/kg/day for 8 days and at a dose of 1.0 mg/kg/day for 
8 days.

• Study 4 In the fourth study the course of cisplatin-induced hearing loss was 
investigated by conventional and high-frequency audiometry in humans 
during and after (up to 12 weeks) therapy with different doses of cisplatin as 
part of their therapy for a malignancy. Special attention was paid to the dose- 
dependency and spontaneous recovery and/or progression after termination 
of therapy. This in view of our findings of spontaneous recovery in our 
second study on guinea pigs.
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Electrophysiol ogical dose-effect study

Cisplatin ototoxicity. An electrophysiological dose-effect study in 
albino guinea pigs

Cornelis H.M. Stengs, Sjaak F.L. Klis, Egbert H. Huizing and 
Guido F. Smoorenburg

Abstract

Recently, the effect of the ACTH(4.9) analog, ORG2766, on cisplatin 
ototoxicity was studied by Hamers et al. (1994). This study showed that the 
ACTH(4.9) analog partially prevents the ototoxicity of cisplatin. The authors 
suggested that the daily dose of 2.0 mg/kg/day for 8 days might have been too 
high to obtain full protection. Knowledge about dose-effect relations for cisplatin 
ototoxicity is rather limited. Therefore, we conducted a basic dose-effect study 
for cisplatin without any concomitant additives. The effects of cisplatin on the 
Compound Action Potential (CAP), Cochlear Microphonics (CM) and 
Summating Potential (SP) were determined in acute experiments, in different 
groups of albino guinea pigs, each group injected with a different dose of 
cisplatin. Daily doses ranged from 0.7 to 2.0 mg/kg/day cisplatin (ip) for 8 
consecutive days. Electrocochleography was performed at day 10. The 
measurements were performed over a wide range of frequencies (0.5 kHz to 16 
kHz). The results showed clustering of the data in two groups, the first group 
which received treatments of 1.5 and 2.0 mg/kg/day showed large frequency- 
dependent losses in the three cochlear potentials, and the second group which 
received treatments with lower doses of cisplatin (0.7, 1.0 and 1.25 mg/kg/day) 
showed almost no losses in the three cochlear potentials. The threshold curves 
regarding the lower doses (0.7-1.25 mg/kg/day) were almost indistinguishable 
from the control threshold curve except at the higher frequencies (12 and 16 
kHz). Thus, a marked transition from almost no ototoxic effect to a large effect 
seems to occur between cisplatin doses of 1.25 and 1.5 mg/kg/day for 8 days. 
This implies that future studies concerning the protective effects of ORG2766 in 
cisplatin ototoxicity should be performed with a dose of 1.5 mg/kg/day of 
cisplatin for 8 days, rather than the dose of 2.0 mg/kg/day for 8 days applied by 
Hamers et al (1994).

Keywords: Cisplatin; Guinea pig; Compound Action Potentials; Cochlear 
Microphonics; Summating Potential; Ototoxicity.
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2.1 Introduction

Cisplatin (cw-diamminedichloroplatinum (II)) is used for the treatment of 
various malignancies such as nonseminomatous germ cell tumors, ovarian 
carcinoma and squamous cell carcinoma of the head and neck. The associated 
side-effects, however, restrict the use of cisplatin. Dose-limiting side-effects are 
nephrotoxicity, ototoxicity and peripheral neuropathies. Nephrotoxicity can be 
reduced by forced diuresis (Chary et al., 1977) and by co-administration of 
nephroprotective drugs (Bodenner et al., 1986). Peripheral neuropathies can be 
reduced or even prevented by melanocortins (Gerritsen van der Hoop et al., 
1990; Gispen, 1990; Hol et al., 1994; Hamers et al., 1997). A confirmed remedy 
for ototoxicity in humans, other than discontinuation of therapy, is not available.

Hearing loss, as a result of cisplatin treatment, typically commences in the 
high frequency region, at the basal end of the cochlea , and it may become quite 
extensive, both in humans (Schaefer et al., 1985; van der Hulst et al., 1988) and in 
experimental animals (Nakai et al., 1982; McAlpine and Johnstone, 1990; 
Schweitzer, 1993; Hamers et al., 1994). In animals, the nephroprotective 
compound sodium thiosulphate (Pfeifle et al., 1985; Otto et al., 1988), the 
antibiotic fosfomycin (Schweitzer, 1993) and the non-glucocorticoid 21- 
aminosteroids (Schweitzer, 1993) have been reported to ameliorate cisplatin- 
impaired auditory function. More recently, Hamers et al. (1994) and De Groot et 
al. (1997) studied the effect of the ACTH(4_9) analog, ORG2766 [Met(02)-Glu- 
His-Phe-D-Lys-Phe], on the ototoxicity of cisplatin in albino guinea pigs. 
Cisplatin was applied in a dose of 2 mg/kg/day for 8 days. ORG2766 was 
applied in a dose of 75 pg/kg/day during the same 8 days and on day 9. 
Electrophysiologically, three out of ten animals which were given both cisplatin 
and ORG2766 showed Compound Action Potential (CAP) input-output curves 
comparable to the CAP input-output curves of a control group not receiving any 
drugs (Hamers et al., 1994). Light-microscopically, these animals demonstrated 
no cochlear disorders. At the ultrastructural level, only minor subcellular 
changes in Outer Hair Cells (OHC’s) were observed (De Groot et al., 1997). In 
the remaining 6 animals of the co-treated group, the effects were comparable to 
the effects seen in cisplatin-treated animals not co-treated with the peptide. The 
conclusion of these investigations was that ORG2766 partially prevents the 
ototoxicity of cisplatin. The hypothesis was put forward that the clear dichotomy 
in the co-treated animals might be related to the daily dose of cisplatin chosen. 
This daily dose might have been too high to allow full protection.

Several authors have studied the relationship between the cisplatin dose, 
dosing schedule and ototoxicity. Nakai et al. (1982) applied three different 
schedules, 2 mg/kg/day (im) for five consecutive days, 4 mg/kg/day (im) for four

18



Electrophysiological dose-effect study

consecutive days and 2 mg/kg/day (im) for 8 consecutive days in albino guinea 
pigs. In the first group there was no alteration in the auditory brain stem (ABR) 
response. In the latter two there was a pronounced threshold shift. Konishi et al. 
(1983) injected pigmented guinea pigs five days a week with a dose of 1.5 
mg/kg/day (ip) for three weeks. Electrophysiological responses were measured 
with a chronically implanted electrode in the right retroauricular region. There 
was no reduction of the CAP during the first week of cisplatin administration. 
An acute decrease in CAP amplitude was mostly seen during the first two or 
three days of the second week. Laurell and Engström (1989) injected pigmented 
guinea pigs with a dose of 1 mg/kg/day (ip) until an ABR threshold shift 
occurred at 12.5 and 20 kHz. The cumulative dose of cisplatin which was needed 
to reach this threshold shift ranged from 31 to as much as 68 mg/kg. Schweitzer 
(1993) treated pigmented and albino guinea pigs with a dose of 1 mg/kg/day (sc) 
for 4, 8, 12 and 16 consecutive days. The OHC loss was 1, 11, 45 and 78%, 
respectively, for the albino guinea pigs, the OHC loss for the pigmented strains 
was 1, 3, 19 and 54% respectively. In a study applying 1.5 mg/kg/day (im) for 10 
days to pigmented female guinea pigs with implanted electrodes, Saito and Aran 
(1994) observed that hearing loss first appeared at day 8 or 9. It should be noted 
that Saito and Aran (1994) co-injected mannitol. This might have inhibited the 
action of cisplatin in their study. Summarizing the above results is not easy 
because of obvious differences in methods such as the guinea pig strain used, the 
injection site and the way ototoxicity was measured (histology, ABR, 
electrocochleography). However, if we focus on an 8 days injection scheme 
taking together the data for albino and pigmented guinea pigs, it seems that the 
largest transition from no effect to a pronounced effect occurs between 1.0 
nig/kg and 1.5 mg/kg (compare Laurell and Engström (1989) and Schweitzer 
(1993) with Nakai et al. (1982), Konishi et al. (1983) and Saito and Aran (1994). 
Thus, the dose of 2.0 mg/kg/day for 8 days used in the experiments by Hamers et 
al. (1994) and De Groot et al. (1997) seems to have been chosen well above the 
critical dose, in particular since they used albino guinea pigs, which are more 
sensitive (Schweitzer, 1993). This lends support to the hypothesis that the 
partial protection in the group of animals co-treated with ORG2766 might be 
related to the rather high amount of cisplatin administered. However, more 
information about dose-effect relations for cisplatin treatment in albino guinea 
pigs is clearly needed.

In this study, the effects of cisplatin on the CAP, Cochlear Microphonics 
(CM) and Summating Potential (SP) were studied in acute experiments, in 
several groups of albino guinea pigs, each group injected with a different dose of 
cisplatin (0.7 to 2.0 mg/kg/day cisplatin (ip) for 8 consecutive days). The 
measurements were performed over a broad range of frequencies (0.5 kHz to 16 
kHz) to evaluate possible frequency-dependent dose-effect relationships.
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2.2 Materials and Methods

2.2.1 Animals and animal care

Thirty-six young (250-350 g) female albino guinea pigs (strain: 
Cpb/Hsd:Dunkin Hartley, Harlan Laboratories, Zeist, The Netherlands) were 
used in the experiments. The animals were housed on saw dust, three of them 
together in a macrolon cage. They had free access to guinea pig food and water 
and were maintained on a 12:12 h dark/light cycle. Care and use of the animals 
reported on in this paper were approved by the Animal Care and Use Committee 
of the Faculty of Medicine, Utrecht University, under number FDC-89007, GDL- 
20008.

2.2.2 Drugs

Cisplatin (Bristol Meyers Squibb BV, Woerden, The Netherlands) was 
diluted with saline (NaCl 0.9%) under sterile conditions to a final concentration 
of 0.1 mg/ml and administered intraperitoneally. The high degree of dilution was 
chosen to stimulate diuresis.

2.2.3 Experimental design

Four groups of guinea pigs were given cisplatin at a dose of 0.7 (n=6), 1.0 
(n=12), 1.25 (n=6) and 1.5 (n=12) mg/kg/day for 8 days, respectively. 
Electrophysiological measurements were performed 2 days after the last 
injection. In addition, the previously published electrophysiological results for 
2.0 mg/kg/day (n=9) and for the control animals (0.0 mg/kg/day; n=10) (Hamers 
et ah, 1994) were incorporated in this study.

2.2.4 Electrophysiological measurements

Animals were anaesthetized with an intramuscular injection of 0.1 ml/100 
g body weight Thalamonal (2.5 mg/ml droperidol and 0.05 mg/ml fentanyl), 
followed by artificial ventilation through a tracheal cannula with a gas mixture 
containing 33% 02, 66% N20 and 1% Halothane. Rectal temperature was kept at 
about 38° C by means of a thermostatically controlled heating pad. Both 
cochleae were exposed through a ventral approach. Electrophysiological 
responses of the cochlea were recorded with a silverball electrode placed at the 
apical surface of the cochlea. The apical surface was chosen as the recording site
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because it is quickly approached and it carries large potentials of cochlear origin 
(van Deelen and Smoorenburg, 1986). The reference electrode was placed in the 
neck musculature.

Stimulus generation and data acquisition were controlled by computer. 
Tone bursts (probes) were synthesized in a revolving memory. Trains of 8 ms 
probes of 0.5, 1, 2, 4, 8, 12 and 16 kHz were used. The probes had cosine-shaped 
rise and fall times of 4 ms at 0.5 kHz, 2 ms at 1 kHz, 1.5 ms at 2 kHz and 1 ms at 
the higher frequencies. The stimuli were led to a Beyer DT48 dynamic 
transducer which was connected to a hollow ear bar fitted into the exposed outer 
ear canal. Based on the substitution method, calibration was performed at the 
approximate site of the tympanic membrane using a half-inch condenser 
microphone (Briiel and Kjaer type 4134) connected to a Brtiel and Kjaer type 
2619 pre-amplifier. Consecutive tone bursts were presented with alternating 
polarity. The inter-burst interval was 99 ms. The responses were amplified (2k, 
5k or 10k), bandpass filtered (12 dB/octave, -3 dB at 1 Hz and 10 kHz), AD 
converted at 33.3 kHz and stored on disk for off-line analysis. The responses to 
the tone bursts of alternating polarity were stored separately to allow accurate 
measurement of the CAP, CM and SP. CAP and SP were obtained by adding the 
responses evoked by the tone bursts of opposite polarity (cancelling the polarity- 
sensitive CM); CM by subtracting these responses (cancelling the polarity- 
insensitive CAP and SP). The SP was based on the DC-level measured at 
approximately 6 ms after the onset of the 8 ms probe. The CAP (Nl) was 
measured relative to the SP and not relative to the base line of the recording 
because, in principle, the CAP is superimposed on the SP. The CM was 
measured as the peak-to-peak amplitude in the middle of the sinusoidal response.

2.2.5 Statistics

Our data were evaluated by means of analysis of variance for repeated 
measurements (ANOVA). CAP and CM were logarithmically transformed before 
analysis to improve homogeneity of variance. The different cisplatin doses were 
a between subjects factor, right-versus-left ear and frequency and level of 
stimulation were within subject factors. Two series, separated in time, were 
Performed with a cisplatin dose of 1.0 and 1.5 mg/kg/day. ANOVA showed no 
significant differences between these two series (p~1.0) for all cochlear 
Potentials. Hence, all data for these two groups were pooled. The first analysis 
including cisplatin dose, right-versus-left ear, stimulus frequency and stimulus 
level showed a significant interaction between cisplatin dose and frequency. 
Therefore, the data will be presented for each stimulus frequency separately. 
Also, the first analysis showed a small effect of the factor right-versus-left ear
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(p=0.042). All right ears were measured first, so a small effect, due to slight 
physiological deterioration of the preparation in time was to be expected in the 
entire database. In the analysis per frequency, the factor right-versus-left ear 
never reached significance at the 5 % level. Therefore, in all figures, the mean 
values of right and left ears are shown. Significance of differences between 
cisplatin doses was tested post-hoc using Tukey ‘s HSD (Honestly Significant 
Differences) test. Statistica software was used in all analyses.

2.3 Results

2.3.1 Animal health

One animal placed in the 1.5 mg/kg/day cisplatin group and one in the 
1.25 mg/kg/day group died shortly after the cisplatin treatment. Two animals of 
the 1.0 mg/kg/day group died during the electrophysiological measurements. 
One animal of the 1.0 mg/kg/day group was excluded because of severe otitis 
media. During cisplatin treatment only the 1.5 mg/kg/day group lost some weight 
(average weight loss 7 g; range -45 to +15 g). This weight loss was comparable 
to the weight loss reported by Hamers et al. (1994) for the 2.0 mg/kg/day group, 
included in this study. The animals in all other groups gained weight during 
treatment (average weight gain: 44 g for the 0.7 mg/kg/day group; 23 g for the 
1.0 mg/kg/day group and 31 g for the 1.25 mg/kg/day group).

2.3.2 Cisplatin effects on the CAP

Figure 1 shows the growth of CAP amplitude with stimulus level for all 
probe frequencies separately. Different curves in each graph represent different 
cisplatin doses. At each frequency, the parameter ‘cisplatin dose’ proved to be 
significant (ANOVA; 500 Hz: p<0.0001; 1 kHz to 16 kHz: p<0.00001). 
Inspection of the graphs in Figure 1 shows a similar loss of sensitivity of the 
input-output curves of the 1.5 and 2.0 mg/kg/day groups at all frequencies.
This loss of sensitivity is larger at the higher frequencies. The curves describing 
the lower cisplatin doses (0.7 -1.25 mg/kg/day) also seem to cluster and they lie 
close to the control curve, except at the highest frequencies used (12 and 16 
kHz). To further evaluate the differences in the input-output curves from the 
various dose groups, we used Tukey's HSD test post hoc. The test was 
performed for each frequency separately. The results are presented in Table 1. At
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frequencies above 1 kHz, a clear and significant difference emerges between a 
cluster containing the 1.5 and the 2.0 mg/kg/day group and a cluster containing 
the groups with lower doses. At 500 Hz and 1 kHz, where the cisplatin effect 
Was small, this did not hold completely for the 2.0 mg/kg/day group.

Another way of presenting these data is by plotting the threshold at each 
frequency against cisplatin dose. Threshold was defined here as the probe level 
which yielded a CAP amplitude of 10 pV (base-lines of the panels in Figure 1). 
Visual interpolation between an average measurement just above and one just 
below 10 pV (although not shown we continued the measurements below 10 pV) 
was used in each dose group and at each frequency to obtain the mean threshold 
at each cisplatin dose. In addition, we determined the mean threshold for the 
control group. The results are presented in Figure 2. Once again, the threshold 
curves regarding the 1.5 and 2.0 mg/kg/day groups seem to cluster and they are 
Well separated from the curves found for the lower doses and the control curve. 
The threshold curves regarding the lower doses (0.7-1.25 mg/kg/day) are almost 
indistinguishable from the control threshold curve except at the higher 
frequencies (12 and 16 kHz).

Table 1. Significance of the differences between the log CAP amplitudes measured at the five 
different doses of cisplatin (0.7-2.0 mg/kg/day) at stimulus frequencies from 0.5 to 16 kHz 
{Tukey's HSD test post hoc).

0.5 kHz dose mg/kg/day;
8 days

0.7
1.0
1.25
1.5
2.0

1.0

n.s

1.25

n.s
n.s

1.5

< 0.05
< 0.001 
< 0.01

2.0

n.s
< 0.05

n.s
n.s

1 kHz 0.7 n.s n.s < 0.01 n.s
1.0 n.s < 0.001 < 0.01
1.25 <0.01 < 0.05
1.5 n.s

___ 2.0
2-16 kHz 0.7 n.s n.s < 0.001 <0.001

1.0 n.s <0.001 <0.001
1.25 <0.001 < 0.001
1.5 n.s

— 2.0
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Figure 1. Compound Action Potential (CAP) growth curves for the different cisplatin doses 
arranged by stimulus frequency. The control values (0.0 mg/kg/day cisplatin) are results taken 
from separate, unrelated experiments.
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CD
T3

O
OT
CD

■C
a.
<o

A cisplatin 0.7 mg/kg/day (n=6) O cisplatin 1.0 mg/kg/day (n=9)

V cisplatin 1.25 mg/kg/day (n=5) ♦ cisplatin 1.5 mg/kg/day (n=11)

• cisplatin 2.0 mg/kg/day (n=9) ■ cisplatin 0.0 mg/kg/day (n=10)

Frequency (kHz)

Figure 2. Compound Action Potential (CAP) threshold as a function of cisplatin dose at each 
stimulus frequency. Threshold was defined as the probe level at which the CAP amplitude 
reached a value of 10 pV. The control values (0.0 mg/kg/day cisplatin) are results taken from 
SeParate, unrelated experiments.

2-3.3 Cisplatin effects on the CM

Figure 3 shows the CM-amplitude versus stimulus-level growth curves. 
CM was not measured at 12 and 16 kHz, because these frequencies exceeded the 
uPper cut-off frequency of our measurement system. Essentially, the effects of 
cisplatin on the CM as a function of cisplatin dose are comparable to those found 
f°r the CAP. Thus, the CM growth curves regarding the higher doses (1.5 and 
2.0 mg/kg/day) seem to cluster and are clearly distinct from the curves for the 
lower doses (0.7-1.25 mg/kg/day). At each frequency, the parameter cisplatin
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dose proved to be significant (ANOVA; 500 Hz and 1 kHz: pcO.OOOl; 2 kHz to 
8 kHz: p<0.00001). As before, we applied Tukey’s HSD test post hoc to 
determine the significance of the differences between the CM growth curves 
from the different dose groups. However, at 8 kHz we restricted the analysis to 
the highest 4 applied sound levels only, because there was no measurable CM at 
the lower sound levels, especially for the 1.5 and 2.0 mg/kg/day dose groups. 
The results from the analysis are presented in Table 2. At all frequencies, a clear 
and significant difference is present between a cluster containing the results for
1.5 and 2.0 mg/kg/day and a cluster containing the results for the groups with 
lower doses.

Figure 4 shows CM threshold as a function of frequency for the 5 dose 
groups and the control group. Threshold was defined in the same manner as for 
the CAP, except that a threshold criterion of 20 pV instead of 10 pV was 
applied. Once again, the CM threshold curves regarding the 1.5 and 2.0 
mg/kg/day groups seem to cluster and are well separated from curves regarding 
the lower doses and the control curve. The curves for the lower doses match the 
control curve.

Table 2. Significance of the differences between the log CM amplitudes measured at the five 
different doses ofcisplatin (0.7-2.0 mg/kg/day) at the five stimulus frequencies from 500 to 
8000 Hz (Tukey ’s USD test post hoc).

0.5 kHz dose mg/kg/day;
8 days

0.7
1.0
1.25
1.5
2.0

1.0

n.s

1.25

n.s
n.s

1.5

< 0.05
< 0.001 
< 0.05

2.0

< 0.05 
<0.001 
<0.05

n.s

1 kHz 0.7 n.s n.s < 0.01 <0.001
1.0 n.s < 0.001 <0.001
1.25 <0.01 < 0.001
1.5 n.s
2.0

2- 8 kHz 0.7 n.s n.s < 0.001 <0.001
1.0 n.s < 0.001 < 0.001
1.25 < 0.01 < 0.001
1.5 n.s
2.0
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Figure 3. Cochlear Microphonics (CM) growth curves for the different cisplatin doses, 
arranged by stimulus frequency. The control values (0.0 mg/kg/day cisplatin) are results taken 
.from separate, unrelated experiments.
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Figure 4. Cochlear Microphonics (CM) threshold as a function of cisplatin dose at each 
stimulus frequency. Threshold was defined as the probe level at which the CM amplitude 
reached a value of 20 pV. The control values (0.0 mgAg/day cisplatin) are results taken from 
separate, unrelated experiments.

2.3.4 Cisplatin effects on the SP

Figure 5 shows the SP results for probes at 2 - 16 kHz. At probe 
frequencies of 0.5 and 1 kHz, we were not able to properly identify the SP 
because of frequency-following action potentials. The effects of cisplatin on the 
SP as a function of cisplatin dose appear to be comparable to those found for the 
CAP and CM, with pronounced clustering at the higher (1.5 and 2.0 mg/kg/day) 
and lower doses (0.7-1.25 mg/kg/day), respectively. Clustering was not seen at 
12 and 16 kHz, where the SP’s were small and variable. ANOVA showed 
significant main effects of the cisplatin dose at all frequencies except 16 kHz (2 
and 4 kHz: pc.001; 8 kHz: p<0.00001; 12 kHz: p<0.01).
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Figure 5. Summating Potential (SP) growth curves for the different cisplatin doses, arranged 
by stimulus frequency. With the electrode on the apical surface of the cochlea, SP polarity was 
always negative at the stimulus frequencies applied. The control values (0.0 mg/kg/day 
Clsplaiin) are results taken from separate, unrelated experiments
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2.4 Discussion

Cisplatin causes a dose-related sensorineural hearing loss, commencing at 
the high frequencies, both in humans (McHaney et al. 1983; Schaefer et ah, 
1985; van der Hulst et al, 1988) and in guinea pigs (Nakai et al., 1982; 
Schweitzer, 1993). Our CAP results obtained in albino guinea pigs treated with 
the higher doses (1.5 and 2.0 mg/kg/day) correlate well with these previous 
studies (Figures. 1 and 2). Also, loss of CM shortly after cisplatin treatment was 
noted before (Konishi et al., 1983; McAlpine and Johnstone, 1990). Our results 
are in general agreement with these previous ones (Figures. 3 and 4). 
Comparison of the reduction in CM and CAP amplitude on the basis of the 
threshold shifts given in Figures. 2 and 4 reveals a larger shift in CAP amplitude. 
This suggests that hair cell damage may not be the only cause of the reduction 
found in the CAP amplitude. An additional effect of cisplatin on the auditory 
nerve has to be taken into account; a possibility that has been suggested before 
(Carenza et al., 1986; Otto et al., 1988). However, the comparison between CM 
and CAP is not straightforward. Inspection of Figures. 1 and 3 shows that the 
effect of cisplatin on CM is smaller near the threshold levels than at the higher 
levels. Moreover, the effect of stimulus frequency may differ between CM and 
CAP. Since the recording electrode was placed on the apical surface we may 
expect that the CM recording is not very sensitive to high-frequency, basal 
lesions whereas the CAP is expected to be more frequency specific. Therefore, 
we tentatively conclude that the effect of cisplatin at the eighth nerve level may 
be larger than the effect at the hair cell level and thus, that there may be a 
neuronal component in cisplatin ototoxicity. Such a component is not at all 
unlikely because cisplatin is a known neurotoxic compound, primarily affecting 
peripheral sensory nerves (Gerritsen van der Hoop et al., 1990; Hamers et al., 
1991). Moreover, recently, additional evidence has been presented that cisplatin 
affects the auditory nerve. In organotypic cultures of postnatal cochlear explants 
from rats, cisplatin caused damage to both auditory neurons and hair cells. In 
contrast, gentamicin preferentially killed hair cells and salicylates preferentially 
induced degeneration of auditory neurons (Zheng and Gao, 1996).
Finally, our SP results, obtained in the 1.5 mg/kg/day group (Figure 5) are in 
agreement with previously reported data (Hamers et al., 1994).

An important result of this study is the apparent clustering of the data in 
two groups, the first group containing the animals treated with 1.5 and 2.0 
mg/kg/day, the second group containing the animals treated with lower doses. 
Thus, a marked transition from almost no ototoxic effect to a large effect seems 
to occur in albino guinea pigs between cisplatin doses of 1.25 and 1.5 mg/kg/day 
for 8 days. However, some caution is in order, because retrospectively, it became
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clear that the group receiving the 1.25 mg/kg/day dose was piedominantly 
injected at the end of the 12 hr lights-on period. There is some evidence that the 
time of injection is important with respect to cisplatin pharmacodynamics and 
toxicity. For instance, Boughattas et al. (1990) found circadian variation in bone 
marrow counts and cortical tubular lesions in mice receiving six weekly 
intravenous injections of cisplatin at various times after light onset. Yet, in our 
work Stengs et al. (1997) could not detect circadian variation in ototoxicity in 
two groups of guinea pigs four weeks after treatment with cisplatin (1.5 
mg/kg/day for 8 days) injected either in the morning or in the evening. 
Nevertheless, despite our reservations about the 1.25 mg/kg/day group, it 
remains obvious that an abrupt change in ototoxic effect of cisplatin occurs 
between 1.0 and 1.5 mg/kg/day for 8 days.

As reported, a few animals died either shortly after treatment or during the 
electrophysiological measurements. However, the distribution of deaths and 
exclusions for other reasons are such that they did not systematically effect the 
results as a function of dose.

If we focus on the 8 days injection scheme, an analysis of the literature 
Presented in the Introduction, also seems to indicate a large transition from no 
effect to pronounced effect between 1.0 mg/kg and 1.5 mg/kg. Nakai et al. 
(1982) applied 2 mg/kg/day (im) for 8 consecutive days in albino guinea pigs 
and found pronounced threshold shifts in brainstem responses. Komshi et al 
(1983) injected pigmented guinea pigs five days a week with a dose of 1.5 
mg/kg/day (ip) for three weeks. Electrophysiological responses were measured 
with a chronically implanted electrode. There was no reduction of the CAP 
during the first week. An acute suppression of CAP amplitude was often seen 
during the first two or three days of the second week in which injections were 
given. Thus, an effect was seen after day 8. Laurell and Engstrom ^89) injected 
Pigmented guinea pigs with a dose of 1 mg/kg/day (ip) until an AB R t res o 
shift occurred at 12.5 and 20 kHz. The cumulative dose of cisplatin which was 
needed to get this threshold shift was very high, ranging from 31-68 mg/kg 
Thus, no effect was seen after 8 days. Schweitzer (1993) treated pigmented and 
albino guinea pigs with a dose of 1 mg/kg/day (sc) for 4, 8, 12 and 
consecutive days. OHC loss was 1, 11, 45 and 78%, respectively, for the albino 
guinea pigs, for the pigmented strain, it was less. Thus, the effect of mg/kg/day 
is quite small at 8 days. In a study applying 1.5 mg/kg/day (im) for 10 days to 
Pigmented female guinea pigs Saito and Aran (1994) observed that hearing loss 
first appeared at day 8 or 9. As stated in the Introduction, summarizing the above 
results is complicated because of obvious differences in methods such as the 
guinea pig strain used, the injection site and the way the ototoxicity was 
determined (histology, ABR, electrocochleography). Nonetheless, our 
conclusion that an abrupt transition between almost no ototoxic effect and large
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effects occurs between 1.0 and 1.5 mg/kg/day for 8 days is well supported by the 
results described above.

In the Introduction, the hypothesis was put forward that the clear 
dichotomy in the group of animals co-treated with ORG2766 in the study of 
Hamers et al. (1994) might be related to the rather high amount of cisplatin 
administered (2.0 mg/kg/day for 8 days). We have now shown that a dose of 1.5 
mg/kg/day for 8 days produces comparable ototoxic effects, whereas lower doses 
produce much less dramatic effects. This implies that future studies concerning 
the protective effects of melanocortins in cisplatin ototoxicity should be 
performed with a dose of 1.5 mg/kg/day of cisplatin for 8 days, when one seeks 
to optimize the sensitivity to potential protective agents.
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Cisplatin-induced ototoxicity. Electrophysiological evidence of 
spontaneous recovery in albino guinea pigs

Cornelis H.M. Stengs, Sjaak F.L. Klis, Egbert H. Huizing and 
Guido F. Smoorenburg

Abstract
For 8 days albino guinea pigs (N=48) were treated with cisplatin (cis- 

diamminedichloro-platinum (II), 1.5 mg / kg body weig t ay), ompoun 
Action Potentials (CAP), Cochlear Microphonics (CM) and Summating 
Potentials (SP) were recorded from the apical surface of the cochlea in response 
to tone bursts ranging in frequency from 0.5 to 16 kHz. The recordings were 
collected in different groups of animals, 1 day, 1 week, 2, 4, 8, and 16 weeks 
after cisplatin treatment, respectively. One day after the eig t ay treatment we 
found frequency-dependent loss in the amplitudes o t e t ree coc ear 
Potentials, with the larger losses occurring at the higher frequencies. In terms of 
threshold shift the losses were larger for the CAP than for the hair cell relate 
Potentials SP and CM. A salient improvement in both CAP and CM amplitude 
occurred over the next eight weeks. Also, the SP showed improvement.

These results indicate that guinea pig cochlear transduction recovers 
spontaneously after cisplatin injury. Recovery of the hair cell related potentia s 
suggests that recovery occurs already at the hair cell level The ques ion o 
whether this recovery starts with the formation of new hair cells or with repair of 
damaged hair cells should be answered on the basis of subsequent morphological 
investigations.

Keywords: Cisplatin; Guinea pig; Compound Action Potential; Cochlear 
Microphonics; Summating Potential; Recovery.
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3.1 Introduction
Cisplatin (c/s-diamminedichloroplatinum (II)) is a potent cell cycle 

nonspecific chemotherapeutic agent. It is used for the treatment of various 
malignancies such as nonseminomatous germ cell tumors, ovarian carcinoma and 
squamous cell carcinoma of the head and neck. The associated side effects, 
however, restrict its use. An important side-effect is ototoxicity. Hearing loss, as 
a result of cisplatin treatment, typically commences in the high frequency region, 
at the basal end of the cochlea , and it may become quite extensive, both in 
humans (Schaefer et al., 1985; van der Hulst et al., 1988) and in experimental 
animals (Nakai et al., 1982; McAlpine and Johnstone, 1990; Schweitzer, 1993; 
Hamers et al., 1994).

The site of cisplatin ototoxicity is not exactly known. Nakai et al. (1982) 
have found a reduction in auditory brain stem responses in some individuals 
within a group of guinea pigs exposed to 2 mg/kg/day cisplatin for 8 consecutive 
days. Electrophysiological studies of inner ear function have revealed an 
increase in thresholds and a decrease in the amplitudes of the cochlear 
microphonics (CM) and compound action potentials (CAP) (Konishi et al., 1983; 
Barron and Daigneault, 1987; McAlpine and Johnstone, 1990; Hamers et al., 
1994). Histological examination of the cochlea points towards degeneration of 
the outer hair cells (Konishi et al., 1983; Barron and Daigneault, 1987; Gratton et 
al., 1990; Schweitzer, 1993; De Groot et al., 1997). However, some authors 
suggest that the primary action of cisplatin is found in the stria vascularis 
(Laurell and Engström, 1989; Kohn et al., 1991). Yet, the effects on the stria 
seem to be restricted to high doses of cisplatin (Laurell and Engström, 1989; 
Laurell et al., 1995). Moreover, McAlpine and Johnstone (1990) concluded, on 
the basis of acute studies using a single bolus of 6 mg/kg cisplatin together with 
furosemide, that the stria is not the primary site of cisplatin ototoxicity. 
According to our own preliminary observations we should not exclude effects of 
cisplatin on the stria at any dose. Finally, we cannot exclude primary toxicity of 
cisplatin to the auditory nerve or to more central neuronal structures (Carenza et 
al., 1986; Otto et al., 1988). In organotypic cultures of postnatal cochlear 
explants from rats, cisplatin caused damage to both auditory neurons and hair 
cells (Zheng and Gao, 1996). In contrast, gentamicin tended to kill hair cells and 
salicylates tended to induce degeneration of auditory neurons (Zheng and Gao, 
1996).

Little is known about the course of events over longer time intervals after 
cisplatin treatment. In humans, hearing loss, when it occurs, is in most cases 
permanent, but in some individual cases it has been described as partially 
permanent and even completely reversible (Aguilar-Markulis et al., 1981; 
Vermorken et al., 1983). A tendency towards recovery of cisplatin-induced
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hearing loss was observed in rhesus monkeys (Stadnicki et al., 1975) and guinea 
Pigs (Nakai et al., 1982) but no systematic studies have been performed.

The present study addresses the post-treatment course of cisplatin-induced 
lesions for three reasons: Firstly, recovery from and prevention of cisplatin- 
induced damage has already been demonstrated in peripheral neurons (De Koning 
et al., 1987; Gerritsen van der Hoop et al., 1990). Secondly, our recent research has 
shown some protective effects of an ACTH4-9 -analog on acute cisplatin ototoxicity 
(Hamers et al., 1994; De Groot et al., 1997). Previous research had demonstrated 
neuroprotective properties of the ACTH4-9 -analog. In peripheral neurons it seemed 
to enhance an intrinsic repair mechanism (Gispen, 1990; Hol et al., 1994, Hamers 
et al., 1997). The recent findings of protection with respect to ototoxicity 
suggested the possibility of a repair mechanism for hair cells. Thirdly, the site of 
cisplatin ototoxicity has to be clarified. By recording both hair cell re ated 
potentials (CM, and the summating potential, SP) and the auditory nerve related 
Potential (CAP) during the post-treatment time interval, we might be able to 
distinguish between cisplatin-induced auditory nerve damage and hair ce 
damage, the latter possibly in combination with strial damage.

In this study, the effects of cisplatin on the CAP, CM and SP were studied in 
acute experiments, in different groups of albino guinea pigs, each group 
examined at a certain post-treatment time interval, from one ay to sixteen wee s 
after the eight-days cisplatin treatment. The measurements were performed over 
a broad range of stimulus frequencies (0.5 - 16 kHz).

3.2 Materials and methods

^■2.1 Animals and animal care
Forty-eight young (250-350 g) female albino guinea pigs (strain: 

Cpb/Hsd:DH, Harlan Laboratories , Zeist, The Netherlands) were used in the 
experiments. The animals were housed on saw dust, three of them together in a 
macrolon cage. They had free access to guinea pig food and water and were 
maintained on a 12:12 h dark/light cycle. Care and use of the animals reported on 
in this paper were approved by the Animal Care and Use Committee of the 
Faculty of Medicine, Utrecht University, under number FDC-89007, GDL- 
20008.
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3.2.2 Drugs
Cisplatin (Bristol-Meyers Squibb BV, Woerden, The Netherlands) was diluted 
with saline (NaCl 0.9%) under sterile conditions to a final concentration of 0.1 
mg/ml and administered intraperitoneally in a dose of 1.5 mg/kg body weight. 
Pilot experiments had shown that this dose, applied during 8 days, produced 
considerable hearing loss; not much less than the loss found previously for a 
dose of 2.0 mg/kg/day for 8 days (Hamers et ah, 1994). The smaller dose of 1.5 
mg/kg was chosen to increase the probability of post-treatment recovery. The 
high degree of dilution was chosen to stimulate diuresis.

3.2.3 Experimental design
The experiments were performed in two series. In both series the animals 

were injected with 1.5 mg/kg cisplatin for 8 consecutive days. In the first series 
electrophysiological measurements were performed 1 day (n=12, in two blocks 
of 6 animals each), 1 week (n=6), 2 weeks (n=6) and 4 weeks (n=6) after 
cisplatin treatment. It soon became clear that recovery occurred over the 4 weeks 
survival time. Therefore, we decided to extend the study with a second series, in 
which electrophysiological measurements were performed 4 weeks (n=6, replica 
of the first series), 8 weeks (n=6) and 16 weeks (n=6) after cisplatin treatment. 
After the 8-days of cisplatin treatment we placed the animals at random in the 
respective post-treatment time interval groups. Age-matched control values 
(n=10) were obtained from normal animals in separate, unrelated experiments.

3.2.4. Electrophysiological measurements
Animals were anaesthetized with an intramuscular injection of 0.1 ml / 

100 g body weight Thalamonal (2.5 mg/ml droperidol and 0.05 mg/ml fentanyl), 
followed by artificial ventilation through a tracheal cannula with a gas mixture 
containing 33% O2, 66% N20 and 1% Halothane. Rectal temperature was kept at 
about 38°C by means of a thermostatically controlled heating pad. Both cochleae 
were exposed through a ventral approach. Electrophysiological responses of the 
cochlea were recorded with a silverball electrode placed at the apical surface of 
the cochlea. The apical surface was chosen as the recording site because it is 
quickly approached and it carries large potentials of cochlear origin (van Deelen 
and Smoorenburg., 1986). The reference electrode was placed in the neck 
musculature.

Stimulus generation and data acquisition were controlled by computer. 
Tone bursts (probes) were synthesized in a revolving memory. Trains of 8 ms
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Probes of 0.5, 1, 2, 4, 8, 12 and 16 kHz were used. The probes had cosine-shaped 
rise and fall times of 4 ms at 0.5 kHz, 2 ms at 1 kHz, 1.5 ms at 2 ^nd 1 ms at 
the higher frequencies. The stimuli were led to a Beyer DT48 dynamic 
transducer which was connected to a hollow ear bar fitted into the exposed outer 
ear canal. Based on the substitution method calibration was performed at the 
approximate site of the tympanic membrane using a a inc ^on enSer 
microphone (Brüel and Kjaer type 4134) connected to a Bruel and Kjaer type 
2619 pre-amplifier. Consecutive tone bursts were presented with alternating 
Polarity. The inter-burst interval was 99 ms. The responses were amplified (2k^ 
5k or 10k), bandpass filtered (-12 dB/octave, -3 dB at 1 Hz and 10 kHz), AD 
converted at 33.3 kHz and stored on disk for off-line analysis. The responses to 
the tone bursts of alternating polarity were stored separate y to a ow accura e 
measurement of the CAP, CM and SP. CAP and SP were obtained by adding the 
responses evoked by the tone bursts of opposite polarity (canceling the po ar y 
sensitive CM); CM by subtracting these responses (canceling e p y 
insensitive CAP and SP). The SP was based on the DC-bvel naeasured a 
approximately 6 ms after the onset of the 8 ms probe. The CAP (N,) was 
measured relative to the SP and not relative to the base line of the recording 
because, in principle, the CAP is superimposed on the SP. The CM was 
measured as the peak-to-peak amplitude in the middle of the sinusoidal response.

d-2.5 Statistics
Our data were evaluated by means of analysis of variance (ANOVA). CAP 

and CM were logarithmically transformed before analysis to improve 
homogeneity of variance. The post-treatment time interval was tested as a 
hetween-subjects factor. Further, within-subjects tests were performed on right- 
versus-left ear and frequency and level of stimulation. A first analysis including 
Post-treatment time interval, right-versus-left ear, stimulus frequency and 
stimulus level showed no main effect (p>0.10), nor interactions, for right-versus- 
left ear. Therefore, the data from the two ears were pooled. Also, the first 
analysis showed no significant differences between the two one-day groups 

for all cochlear potentials. Hence, all data for these two groups were 
Pooled too. Finally, the first analysis showed a significant interaction between 
Post-treatment time interval and frequency. Therefore, the data will be presented 
for each stimulus frequency separately. Significance of differences between 
mean values was tested post-hoc using Tukey’s HSD (Honestly Significant 
differences) test. StatisticaR software was used in all analyses.
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3.3 Results

3.3.1 Animal health
One animal placed in the two-weeks group died shortly after the cisplatin 

treatment. Two animals died during the electrophysiological measurements, one 
animal in the first 4-weeks group and the other in the second 4-weeks group. 
Two animals were excluded from the 16-weeks group because they contracted 
otitis media. During cisplatin treatment most animals either lost some weight or 
stopped growing. The average weight gain was 1 g over the 8 day treatment 
period (range -20 to +90 g). Post treatment, all animals allowed to survive for 
more than one day gained weight progressively (average weight gain: 15 g at 1 
week; 85 g at 2 weeks; 220 g at 4 weeks; 310 g at 8 weeks; 510 g at 16 weeks).

3.3.2. Cisplatin effects on the CAP
Figure 1 shows the growth of CAP amplitude with stimulus level for all 

probe frequencies and the respective post-treatment time intervals in the two 
series of experiments (1 day - 4 weeks and 4-16 weeks). As compared to the 
controls, the pooled data from the two one-day groups show a clear decrease in 
CAP amplitude at all frequencies. The decrease is more pronounced at the higher 
frequencies. At the frequencies up to and including 2 kHz, the one-day group 
shows growth curves reminiscent of recruitment; the decrease in CAP amplitude 
is larger at the lower stimulus levels.

When comparing the results for the consecutive post-treatment time 
interval groups, a salient improvement of the CAP growth curves is obvious, 
especially 4 and 8 weeks post-treatment. Furthermore, Figure 1 shows that the 4 
weeks curves from the two series of experiments are almost identical (Tukey 
HSD, p ~ 1.0), demonstrating the reproducibility of the recovery from cisplatin 
treatment found in this study. At each frequency ANOVA revealed a significant 
main effect of post-treatment time interval on CAP amplitude {p<0.01 at 500 Hz; 
p<0.0001 at all other frequencies). At 500 Hz and 1 kHz, several post-treatment
time groups seem to be better than the controls taken from separate experiments. 
However, this apparent effect never reached statistical significance.

To further quantify recovery, we used Tukey’s HSD test post hoc to 
determine the significance of the differences between the CAP amplitudes found 
across nine stimulus levels in the respective post-treatment time interval groups. 
For this purpose the two 4-weeks groups were treated as one group. The results 
are summarized in Table 1. This table shows (with the exception of 500 Hz) that 
the CAP growth curves measured 4 weeks after treatment are significantly 
different from both the 1-day and 1-week group while a similar difference is 
apparent for the 8 weeks data compared to the 1-day and 1-week data sets. As 
described above, the 16-weeks group showed poor CAP growth curves compared
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to the 4- and 8-weeks groups, which is reflected in Table 1. Thus, up to 8 weeks 
Post treatment there is significant improvement of the CAP growth functions.

able 1. Significance of the differences between the log CAP-amplitudes measured at the six 
Post-treatment time intervals from I day to 16 weeks and at stimulus frequencies from 500 to 

^000 Hz. (Tukey’s HSD test post hoc).

1 2 4 8 16
0.5 kHz week weeks weeks weeks weeks

1 day n.s. <0.05 < 0.01 n.s. n.s.
1 week n.s. n.s. n.s. n.s.
2 weeks n.s. n.s. n.s.
4 weeks n.s. n.s.
8 weeks n.s.

1-2 kHz
1 day n.s. < 0.05 < 0.001 <0.05 <0.05
1 week n.s. <0.05 n.s. n.s.
2 weeks n.s. n.s. n.s.
4 weeks n.s. n.s.
8 weeks n.s.

4 kHz
1 day n.s. n.s. <0.001 < 0.01 n.s.
1 week n.s. <0.01 n.s. n.s.
2 weeks n.s. n.s. n.s.
4 weeks n.s. n.s.
8 weeks n.s.
8-12 kHz

1 day n.s. n.s. <0.001 < 0.01 n.s.
1 week n.s. < 0.01 <0.05 n.s.
2 weeks n.s. n.s. n.s.
4 weeks n.s. n.s.
8 weeks n.s.
8 weeks n.s.

16 kHz
1 day n.s. n.s. <0.001 <0.001 <0.05
1 week n.s. <0.01 <0.01 n.s.
2 weeks n.s. n.s. n.s.
4 weeks n.s. n.s.
8 weeks n.s.
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Figure 1. Compound Action Potential (CAP) growth curves for post-treatment time intervals 
from 1 day up to 16 weeks arranged by stimulus frequency. The control values are results taken 
from separate experiments

Another way of presenting these data is by plotting the threshold shift at 
each frequency against post-treatment time interval. Threshold was defined here 
as the probe level which yielded a CAP amplitude of 10 pV (base lines of the 
Panels in Figure 1). Visual interpolation between an average measurement just 
above and just below 10 pV was used in each group and at each frequency to 
obtain the mean threshold at each frequency for each post-treatment time 
interval. In addition, we determined the mean threshold for the control group and 
used this threshold as a reference to calculate the threshold shift as a function of 
post-treatment time interval. Figure 2 shows the result. The thresho d shift is 
largest at 12 and 16 kHz. Recovery from the threshold shift can readily be seen 
in the period up to and including 8 weeks. From 8 to 16 weeks there is little 
offect at the lower frequencies while regression is observe at an z.

500 Hz —0— 1kHz
8 kHz 12 kHz

2 kHz 
16 kHz

■B— 4 kHz

post-treatment time (weeks)

uz- r, .■ I srAP) threshold shift as a function of post-treatment
Figure 2. Compound Action Potential (CA ) ^ ^ ^ /(?ve/ at which the
time interval at each stimulus frequency. Thresho ■ J difference
r.. T. , j ein uV Threshold shift was defined as the aijjerenceCAP amplitude reached a value of W fiv- threshold of
, , , nnst-treatment time interval ana the thresnoia ujbetween the threshold measured at a certain post tr
the non-treated control group.
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3.3.3 Cisplatin effects on CM
Figure 3 shows the CM amplitude versus stimulus level growth curves. 

CM was not measured at 12 and 16 kHz, because these frequencies exceeded the 
upper cut-off frequency of our measurement system. We present the growth 
curves above 20 pV; below this value there often was imperfect cancellation 
when subtracting the responses to the tone bursts of alternating polarity. 
Imperfect cancellation yielded spurious CM results.

Essentially, the effects of cisplatin on the CM as a function of post
treatment time interval are comparable to those found for the CAP: Immediately 
after cisplatin administration CM amplitude decreases in a frequency dependent 
manner. As post-treatment time interval increases there is a clear tendency of 
recovery of the growth curves up to 8 weeks. The /?-values for the main effect of 
post-treatment time interval at each frequency were p<0.0001 at 500 Hz; p<0.01 
at 1 kHz; p<0.0001 at 2 and 4 kHz; p<0.001 at 8 kHz. Similar to our findings for 
the CAP there was virtually no difference between the CM results for the two 4- 
weeks groups from both experimental series..

Figure 4 shows the threshold shift of the CM plotted against post
treatment time interval for each stimulus frequency. Threshold and threshold 
shift were defined in the same manner as for the CAP except that a threshold 
criterion of 20 pV in stead of 10 pV was applied. In comparison with the CAP 
threshold shifts, plotted in Figure 2, the CM threshold shifts are smaller. Yet, the 
same general trend of a decrease in threshold shift during the first 4 weeks post 
treatment is observed. Furthermore, at post-treatment periods exceeding 4 weeks 
recovery levels off, except at the highest frequency of 8 kHz where we find some 
increase in threshold.
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■ controls (n=10) 2
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10 110 130

E" , • „r„u,th curves for the respective post-treatment timeFigure 3. Cochlear Microphonics (CM) growth curves jar /

intervals, arranged by stimulus frequency

As before, we applied Tukey’s HSD test post hoc to determine the 
significance of the differences between the results for the different post
treatment time interval groups. Again, the two 4-weeks groups were treated as 
0lie group. The results are summarized in Table 2. The table shows results quite 
similar to those for the CAP. At most frequencies, the CM growth curves
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measured 4 and 8 weeks after treatment show significantly higher CM 
amplitudes than those measured 1 day and 1 week after treatment. Thus, also for 
the CM we find significant recovery of the cisplatin-induced threshold shifts. 
Similarly to the CAP, the 16-weeks group showed poor CM growth curves 
compared to the 4- and 8-weeks groups, which is reflected in Table 2 where 
there are no significant differences between the results for this group and those 
for the 1-day and 1-week groups.

500 Hz —0— 1kHz —^ 2 kHz —B— 4 kHz —8 kHz

post-treatment time (weeks)

Figure 4. Cochlear Microphonics (CM) threshold shift as a function of post-treatment time 
interval at each stimulus frequency. Threshold was defined as the probe level at which the CM 
amplitude reached a value of 20 p V. Threshold shift was defined as the difference between the 
threshold measured at a certain post-treatment time interval and the threshold of the non- 
treated control group.
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Table 2. Significance of the differences between the log CM-amplitudes measured at the six 
Post-treatment time intervals from 1 day to 16 weeks and at five stimulus frequencies from 500 
to 8000 Hz. {Tukey’s HSD test post hoc).

0.5 kHz 1 week 2 weeks 4 weeks 8 weeks 16 weeks
1 day
1 week
2 weeks
4 weeks
8 weeks

n.s. n.s.
n.s.

<0.05
<0.05

n.s.

n.s.
n.s.
n.s.
n.s.

n.s.
n.s.
n.s.
n.s.
n.s.

1 kHz
1 day n.s. n.s. < 0.01 n.s. n.s.
1 week n.s. <0.05 n.s. n.s.
2 weeks n.s. n.s. n.s.
4 weeks n.s. n.s.
8 weeks n.s.

2 kHz
1 day n.s. n.s. < 0.001 < 0.05 n.s.
1 week n.s. < 0.01 <0.05 n.s.
2 weeks n.s. n.s. n.s.
4 weeks n.s. n.s.
8 weeks n.s.

4 kHz
1 day n.s. n.s. <0.001 <0.01 n.s.
1 week n.s. <0.01 n.s. n.s.
2 weeks n.s. n.s. n.s.
4 weeks n.s. n.s.
8 weeks n.s.

8 kHz
1 day n.s. n.s. < 0.001 <0.01 n.s.
1 week n.s. <0.001 < 0.05 n.s.
2 weeks n.s. n.s. n.s.
4 weeks n.s. n.s.
8 weeks n.s.

3-3.4. Cisplatin effects on the SP
Figure 5 shows the SP growth curves for probes at 2 - 16 kHz. At probe 

frequencies of 0.5 and 1 kHz, we were not able to properly identify the SP 
because of frequency following action potentials. With the electrode placed on 
frie apical surface of the cochlea, the SP was negative at all stimulus frequencies 
aPplied. By and large, the effects of cisplatin as a function of post-treatment time 
mterval appear to be comparable to those found for the CAP and CM. However, 
the measurements were more variable which is reflected in the results of 
statistical analysis. The effect of post-treatment time interval was significant for
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12 kHz only, although the results of the analysis came close to the p<0.05 level 
at the neighboring frequencies (p<0.06 at 2 kHz; p<0.07 at 4 kHz; p<0.06 at 8 
kHz; p=0.7 at 16 kHz).

4000 Hz2000 Hz

E©</>+i
>

CLW

20

-60

-140

-220

-300

8000 Hz 12000 Hz

Probe Level (dB SPL)

O 1 day(n=11)
0 1 week (n=6)
V 2 weeks (n=5)
• 4 weeks I (n=5)
♦ 4 weeks II (n=5)
▼ 8 weeks (n=6)
▲ 16 weeks (n=4)
■ controls (n=10)

20

E -60 
0)
« -140

-220
CLO)

-300

—rr

16000 Hz

10 30 50 70 90 110 130

Probe Level (dB SPL)

Figure 5. Summating Potential (SP) growth curves for the respective post-treatment time 
intervals, arranged by stimulus frequency. With the electrode on the apical surface of the 
cochlea, SP polarity was always negative at the stimulus frequencies applied.
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3.4 Discussion
Previous human studies (McHaney et al. 1983; Schaefer et ah, 1985, van 

der Hulst et al., 1988) and animal studies (McAlpine and Johnstone, 1990, Nakai 
et al, 1982; Schweitzer, 1993; Hamers et ah, 1994) have shown that cisplatin 
causes a dose-related sensorineural hearing loss, commencing at the high 
frequencies. The results presented in this paper, especially those for the CAP 
measured one day after treatment (Figures 1 and 2), correlate well with these 
previous studies. Also, loss of CM shortly after cisplatin treatment was noted 
before (McAlpine and Johnstone, 1990; Konishi et al., 1983, Hamers et al., 1994). 
Those previous results are in general agreement with the present ones (Figures 3 
and 4). Finally, our SP results one day after treatment (Figure 5) are in agreement
with previously reported data (Hamers et al., 1994).

An important new aspect of the present data is the clear recovery of cochlear 
function during at least eight weeks after cisplatin treatment as measured 
electrophysiologically. The recovery is most obvious for the CAP ( igure ut it 
is also clearly present in the CM data (Figure 3). The CM data are comp emente 
by the SP results (Figure 5). Although the latter ones are more variable, the trend 
of recovery is also unmistakable in the SP data; at several frequencies it is c ose to
or reaches statistical significance at the 5 % level.

Recovery found in this study is based on comparisons etween i erent 
groups of animals, each group measured at a certain post-treatment time interva . 
Recovery has not been established within one and the same anima . n or er o 
accept the important finding of recovery we have to secure that this result cannot 
be attributed to confounded variables such as group differences, irst o a , we 
avoided systematic group effects by assigning the animals after cisp atm treatment 
at random to the different post-treatment time groups. Secon y, t e C1SP a in 
solution was freshly prepared every other day during treatment, o las was 
expected, in view of the random assignment to post-treatment time interval groups, 
and no bias could be detected retrospectively with respect to t e i cti me o e 
cisplatin solution at the time of administration to the anima s o t e i eren pos 
treatment time interval groups. Thirdly, the excellent concor ance o t e resu s 
from the two 4- weeks groups demonstrates that it is high y un i e y t a recovery 
would be an artefact of differential treatment of the respective post-treatment time 
interval groups. Finally, recovery might be confounded with survival; the chance 
of survival being higher for animals less affected by cisplatin. However, loss of 
animals was very limited and it did not increase systematica y wit post rea men 
time interval. Therefore, we conclude that cochlear function, as measure 
electrophysiologically, does recover from cisplatin-induced damage.

While our results one day after cisplatin treatment are well in line with the 
literature, the finding of recovery is quite outstanding. The finding is the result of 
the experimental design, including a systematic post-treatment time interval series.
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The finding may be related to the choice of the dose (1.5 mg/kg/day over 8 days). 
Recovery might not, or to a considerably smaller extent, occur at higher doses.

In this respect, we also considered the time of the day cisplatin was 
administered. The time of the day may affect the magnitude of the cisplatin effect 
(Boughattas et al., 1990). In the first series, cisplatin was administered 
predominantly in the morning, in the second series early evening. The absence of 
any difference between the 4 weeks groups of the first and second series indicates 
that time of administration of cisplatin did not effect the results.

Some recovery has previously been reported. It has been described in 
humans (review by de Oliveira, 1989), but the majority of evidence remains 
anecdotal. McHaney et al. (1983) did not observe any recovery in children tested 
systematically up to 15 months after cessation of treatment. In contrast, Aguilar- 
Markulis et al. (1981) and Vermerken et al. (1983) report occasional recovery in 
their populations. Most animal studies do not address the question of 
reversibility of cisplatin ototoxicity. Nevertheless, some peculiar examples of 
recovery have been described by Stadnicki et al. (1975) in rhesus monkeys, 
where in some individual cases complete recovery from 100 dB hearing loss was 
found with behavioral methods. Nakai et al. (1982) noted a tendency for 
recovery of auditory brainstem responses in some guinea pigs belonging to a 
group treated with 2 mg/kg/day cisplatin for 8 days.

In addition to the total dose, the treatment protocol might be very 
important with respect to the occurrence of recovery. The protocol might 
influence the effect at the end of the administration period. In a study applying
1.5 mg/kg/day for 10 days to pigmented female guinea pigs Saito and Aran 
(1994) observed that hearing loss first appeared at day 8 or 9. Applying the same 
total dose in two parts of 7.5 mg/kg each, separated by 5 days, gave a 
considerably larger effect. However, it should be noted that Saito and Aran 
(1994) co-injected mannitol. This might have inhibited the action of cisplatin in 
their study and it complicates a comparison to our study.

Also the choice of albino versus pigmented guinea pigs might affect the 
occurrence of recovery. Albino guinea pigs are more susceptible to the ototoxic 
effects of cisplatin than their pigmented relatives (Schweitzer, 1993). With the 
same ototoxic effects, requiring higher doses of cisplatin, pigmented guinea pigs 
might be prone to much stronger systemic effects, which might interfere with 
recovery.

Although cisplatin-induced strial damage cannot be excluded, it is 
unlikely to account for the reduction and recovery of cochlear potentials found in 
our animals. Several authors have reported that small consecutive doses of 
cisplatin do not result in a reduction of the endocochlear potential (Konishi et al., 
1983; Laurell and Engström, 1989; Taudy et al., 1992; Laurell et al., 1995) nor to 
changes in Na, K-ATPase activity (Barron and Daigneault, 1987).
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The recovery observed in this study might be related to clearance of 
cisplatin from the cochlea with a concomitant reduction in acute effects. 
However, the plasma levels of free platinum become undetectable within one to 
two hours after cisplatin administration (Schweitzer, 1993). Lagasse et al. (1981) 
could not detect any platinum in various tissues from dogs killed 22 days after 
cisplatin treatment. The cochlea, however, was not specifically investigated. 
Though it is remotely possible that the guinea pig cochlea accumulates cisplatin 
during treatment and slowly releases the compound in the post-treatment period, 
it is not very likely that this process would take 4 to 8 weeks, the period over 
which we observed recovery. Our result is more likely due to recovery from 
transient damage to hair cells or nerve fibers incurred during cisplatin treatment.

The possibility of recovery from ototoxic insults has become an important 
question since we know that in lower vertebrates new hair cells are formed after 
the induction of various lesions including those due to ototoxic insults (Corwin, 
1992). Quite recently, hair cell regeneration has also been found in mammals, 
albeit in in vitro preparations derived from the vestibular system (Warchol et al., 
1993; Forge et al., 1993). Our present findings invite to further explore the 
possibility of hair cell recovery from transient damage, or even regeneration
following loss, after cisplatin treatment (see also Smoorenburg et a ., ).

Histological examination of the cochleae of cisplatin-treated animals 
points into the direction of damage to outer hair cells (Komshi et al., 1983, 
Barron and Daigneault, 1987; Gratton et al., 1990; Schweitzer, 1993, De Groot 
et al, 1997). With the same cumulative dose as used in this study Schweitzer 
(1993) found profound outer hair cell loss in albino guinea pigs. The outer hair 
cells are the major source of CM. In our study we found indeed a significant 
reduction in CM immediately after cisplatin treatment. The recovery of the CM 
during the post-treatment period suggests that the outer hair ce s may ave een
damaged after which they recovered. , , • r

One can compare the reduction in CM and CAP amplitude on the basis of 
the threshold shifts given in Figures 2 and 4. The shifts in CAP amplitude appear 
to be larger. This suggests that hair cell damage may not be the only cause of the 
reduction found in the CAP amplitude. An additional effect of cisplatin on the 
auditory nerve has to be taken into account; a possibility that has been suggested 
before (Carenza et al., 1986; Otto et al., 1988). However, the comparison 
between CM and CAP is not straightforward. Inspection of Figures 1 and 3 
shows that the effect of cisplatin on CM is smaller near the threshold levels than 
at the higher levels. Moreover, the effect of stimulus frequency may differ 
between CM and CAP. Since the recording electrode was placed on the apical 
surface we may expect that the CM recording is not very sensitive to ig 
frequency, basal lesions whereas the CAP is expected to be more frequency 
specific. Therefore, we tentatively conclude that the effect of cisplatin at the 
eighth nerve level might be larger than the effect at the hair cell level and thus,
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that there may be a neuronal component in cisplatin ototoxicity. Such a 
component is not at all unlikely because cisplatin is a known neurotoxic 
compound, primarily affecting peripheral sensory nerves (Gerritsen van der 
Hoop et ah, 1990; Hamers et al., 1991). Moreover, recently, additional evidence 
has been presented that cisplatin affects the auditory nerve. In organotypic 
cultures of postnatal cochlear explants from rats, cisplatin caused damage to both 
auditory neurons and hair cells. In contrast, gentamicin preferentially killed hair 
cells and salicylates preferentially induced degeneration of auditory neurons 
(Zheng and Gao, 1996).

The present results and the previous finding of protection against acute 
cisplatin ototoxicity by the ACTH4.9 -analogue ORG2766 (Hamers et al., 1994; 
De Groot et al., 1997) suggest the presence of an intrinsic repair mechanism. 
Gispen (1990) has shown that the ACTH4.9 -analogue possesses neuroprotective 
properties and that it seems to enhance an intrinsic repair mechanism in 
peripheral neurons. After cisplatin treatment we found substantial cochlear 
recovery whereas there is little recovery after treatment with aminoglycosides 
(Nicol et al., 1992). Since the aminoglycosides affect primarily the hair cells and 
cisplatin may also affect the nerves it is tempting to speculate that the intrinsic 
neuronal repair mechanism activated after cisplatin-induced damage also 
stimulates hair cell repair.
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Protective effects of a neurotrophic ACTH(4-9) analog on eisplatin 
ototoxicity in relation to eisplatin dose. An electrocochleographic 
study in albino guinea pigs.
Cornelis H.M. Stengs, Sjaak F.L. Klis, Egbert H. Huizing and 
Guido F. Smoorenburg

Abstract
Cisplatin is a potent cell cycle non-specific chemotherapeutic agent that 

produces side effects among which high-frequency hearing oss. amers e a . 
(1994) studied electrophysiologically the effect of an ACTH^) analog, a so 
known as ORG2766, on the ototoxicity of eisplatin (administered at 2 mg/kg/ ay 
for 8 days) in guinea pigs. ORG2766 was given concomitantly with eisplatin 
during the 8 day period and an additional dose was given on day 9. The 
conclusion of this study was that ORG2766 might partially prevent eisplatin 
ototoxicity, but that the chosen cisplatin dose (2 mg/ g ay, ays mi^ ave 
been too high. Because of the high cisplatin dose the protective power of the co- 
treatment with ORG2766 might not have stretched to all animals. In this study 
the results of co-treatment with the same dose an^ ai y sc e u e o 
and cisplatin doses of 1.0 mg/kg/day and 1.5 mg/kg/day for 8 days are presented^ 
The measurements were performed over a broad range o requencies ■
16 kHz). Electrocochleography was performed at day lO^In the 1.0 mg/kg/day 
group there was no beneficial effect of ORG2766 although a 

division between a subgroup resembling control amma s an . g P 
severe cisplatin-induced effects was noted in the co-treated group. In the .5 
mg/kg/day co-treated group 3 animals showed CA amp 1 u es
the control group at all frequencies except the very hig es ( , . J •
remaining 3 had CAP amplitudes comparable to those of animals m the cis ph 
alone group. The effect of ORG2766 on the latter group of 6 animals taken 
together was statistically significant. The dichotomy in ^ resu ,e a
mg/kg/day group co-treated with ORG2766 sugges s a
protective effect against cisplatin ototoxicity which, however, depends on 
factor presently unknown.

Keywords: Cisplatin; Guinea pig; Compound Action Potentials; Cochlear 
Microphonics; Summating Potential; Ototoxicity; Prophylaxis.
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4.1 Introduction

Cisplatin (d.v-diamminedichloroplatinum (II)) is a potent cell cycle non
specific chemotherapeutic agent that produces side-effects such as high- 
frequency hearing loss, peripheral neuropathy and renal insufficiency. Continued 
aggressive high-dose cisplatin therapy necessitates the search for ways to 
decrease these dose-limiting side-effects. In the past, pharmacological research 
has been focused on the elimination of nephrotoxicity. Nephrotoxicity can be 
reduced by forced diuresis (Chary et ah, 1977) and by the co-administration of 
nephroprotective drugs such as diethyldithiocarbamate (Bodenner et ah, 1986) 
and sodium thiosulphate (Pfeifle et al, 1985). Nowadays, neuro- and ototoxicity 
are important dose-limiting side-effects.

Various drugs have been reported to prevent cisplatin neurotoxicity. 
Sodium thiosulphate and diethyldithiocarbamate have been tested positively in 
this respect (Gandara et ah, 1990). However, compounds like 
diethyldithiocarbamate and sodium thiosulphate have to be administered in large 
amounts, up to grams/kg, and probably work by binding and possibly 
neutralizing cisplatin. This might interfere with its anti-tumor activity. A 
considerable research effort in the Netherlands has shown that peptides known as 
melanocortins, such as AdrenoCorticoTrophic (ACTH) and a-Melanocyte 
Stimulating (a-MSH) Hormones, possess neurotrophic and neuroprotective 
properties. These properties have been tested in various models of peripheral 
neuropathy, including cisplatin-induced peripheral neuropathy (De Koning et ah, 
1987; Gerritsen van der Hoop et ah, 1990; Gispen, 1990; Hamers et ah, 1991a; 
1991b; Hoi et ah, 1994; Hamers et ah, 1997). They were demonstrated in 
particular for the ACTH(4.9) analog ORG2766 [Met(02)-Glu-His-Phe-D-Lys- 
Phe]. Given the low doses at which this compound is active, in the order of 
pg/kg, it is reasonable to assume that its mechanism of action does not involve 
binding of cisplatin but that the mechanism is a more specific one. The studies 
cited above suggested that ORG2766, co-administered with cisplatin, prevents 
the development of neuropathy or speeds up neuronal repair by stimulating an 
already existing, intrinsic repair mechanism (Gispen, 1990).

Various compounds have been tested as candidate inhibitors of cisplatin- 
induced ototoxicity in animals. Otto et ah (1988) reported that the nephro- and 
neuroprotective compound sodium thiosulfate described above can ameliorate 
cisplatin ototoxicity in guinea pigs. This effect was confirmed in hamsters by 
Church et ah (1995) who also showed protective effects of 
diethyldithiocarbamate. The antibiotic fosfomycin protected against cisplatin 
ototoxicity in albino guinea pigs (Schweitzer, 1993) but not in hamsters (Church 
et ah, 1995). Also, the non-glucocorticoid 21-aminosteroids (Schweitzer, 1993) 
have been reported to reduce cisplatin effects on auditory functions in animals. 
Recently, we speculated that also the melanocortins might possess otoprotective
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properties. Hamers et al. (1994) studied electrophysiologically the effect of a 
melanocortin ACTH(4.9) analog, also known as ORG2766, on the ototoxicity of 
cisplatin (administered at 2 mg/kg/day for 8 days) in guinea pigs. ORG2766 was 
given concomitantly with cisplatin during the 8 day period and an additional 
dose was given on day 9. The histological findings of this study were described 
by De Groot et al. (1997). Electrophysiologically, 3 out of 10 animals showed 
Cochlear Microphonics (CM) and Compound Action Potentials (CAP) 
comparable to those of an untreated control group. Light-microscopically these 
animals demonstrated no cochlear disorders at all and only minor subcellular 
changes in the outer hair cells at the ultrastructural level. Six animals showed 
effects comparable to those of the animals treated with cisplatin alone, 1 animal 
was in between these extremes. We concluded that the ACTH(4.9) analog, 
ORG2766, might partially prevent cisplatin ototoxicity.

The partial protection in our previous experiments suggested that we 
might have chosen too high a daily dose of cisplatin so that the protective power 
of the co-treatment with ORG2766 did not stretch to all animals. Subsequently, 
we initiated a systematic dose-effect study (see companion paper, Stengs et al 
1998). The study showed that reduction of the cisplatin dose from 2.0 to 1.5 
mg/kg daily for 8 days produced about the same hearing loss measured 
electrophysiologically. Reducing the dose even more showed a sudden decrease 
in hearing loss. These results suggested the present stu y in w 1C ^ ^
cisplatin doses of 1.5 and 1.0 mg/kg daily for 8 days and the same ORG2766 
dose of 75 ug/kg/day for 9 days. With a cisplatin dose of 1.5 mg/kg we expected 
to find more protective power from ORG2766. Such an increase in protective 
power should show up clearly in the electrophysiological measurements because 
this lower dose does not produce less electrophysiologica earing oss. t . 
mg/kg/day one might expect even more protective power ut t ere was a ns 
that this increase in protective power would not show up ecause tee ec o 
cisplatin at this dose is so small that the protective e ect mig t not ex‘-'e^ 
measurement variability. The electrophysiological measurements included the 
CM, the Summating Potential (SP) and the CAP.

4.2 Materials and methods

4.2.1 Animals and animal care
Thirty-six young (250-350 g) female albino guinea pigs (CPB/Hsd:DH, 

Harlan Laboratories , Zeist, The Netherlands) were used in the present 
experiments. The animals were housed on saw dust, 3 together in macrolon 
cages, and had free access to guinea pig food and water. They were maintained 
°n a 12:12 h dark/light cycle. Care and use of the animals reported in this paper
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were approved by the Animal Care and Use Committee of the Faculty of 
Medicine, Utrecht University, under number FDC-89007.

4.2.2 Drugs

Cisplatin (Bristol-Meyers Squibb BV, Woerden, the Netherlands) was 
diluted with saline (NaCl 0.9%) under sterile conditions to a final concentration 
of 0.1 mg/ml. The high degree of dilution was chosen to stimulate diuresis and 
thus to diminish nephrotoxicity. It was administered intraperitoneally in a daily 
dose of 1.0 or 1.5 mg/kg body weight for 8 consecutive days. ORG2766 
(Organon BY, Oss, The Netherlands) was dissolved in saline to a concentration 
of 50 pg/ml and was administered subcutaneously in a daily dose of 75 pg/kg 
body weight. It was injected within 2 minutes after injection of the cisplatin. An 
additional dose of ORG2766 was given on day 9 without administration of 
cisplatin.

The administration scheme was based on previous research (Hamers et al.,
1994).

4.2.3 Experimental design

Twelve albino guinea pigs were injected with the 1.0 mg/kg/day cisplatin 
dose; 12 others with the 1.5 mg/kg/day dose. Each group of 12 animals actually 
consisted of 2 groups of 6 animals which were treated in different periods. These 
animals were also used in other studies (Stengs et al., 1997; 1998).

In addition, a further 6 animals were treated with 1.0 mg/kg/day cisplatin 
and co-treated with 75 pg/kg ORG2766; 6 more were treated with 1.5 mg/kg/day 
cisplatin dose and co-treated with the same dose of 75 pg/kg/day ORG2766. As 
mentioned before co-treatment was extended to a 9th day without administration 
of the cisplatin itself. The electrophysiological measurements of all groups were 
performed on the 10th day. Age-matched control data were obtained from a 
group of ten normal animals investigated in non-related experiments.

4.2.4 Electrophysiological measurements

Animals were anaesthetized with a preoperative intramuscular injection of 
0.1 ml / 100 g body weight Thalamonal (a mixture of 2.5 mg/ml droperidol and 
0.05 mg/ml fentanyl), followed by artificial ventilation through a tracheal 
cannula with a gas mixture containing 33% 02, 66% N20 and 1% Halothane. 
Rectal temperature was kept stabile at about 38° C by means of a 
thermostatically controlled heating pad.
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Both cochleae were exposed surgically through a ventral approach. 
Electrophysiological responses of the cochlea were recorded with a silverball 
electrode placed at the apex (van Deelen and Smoorenburg, 1986). The reference
electrode was placed in the neck musculature.

Stimulus generation and data acquisition were controlled by computer. 
Tone bursts were synthesized in a revolving memory. Trains of 8 ms tone bursts 
at 0.5, 1, 2, 4, 8, 12 and 16 kHz were used. The stimuli were led to a Beyer DT48 
dynamic transducer which was connected to a hollow ear bar fitted into the 
exposed outer ear canal. Calibration was performed by using the substitution 
method with a half-inch condenser microphone (Briiel and Kjaer type 4134 with 
the type 2619 amplifier) at the approximate site of the tympanic membrane. 
Consecutive tone bursts were given at alternating polarity, with an inter tone 
burst interval of 99 ms. The responses were amplified (2k, 5k or 10k), band-pass 
filtered (slope 12 dB/octave, -3 dB at 1 kHz and 10 kHz), AD converted at 33.3 
kHz and stored on disk for off line analysis. The responses to the alternating 
polarity tone bursts were stored separately to allow accurate measurements of t e 
SP, CAP and CM at each frequency. The polarity insensitive CAP and SP were 
obtained by adding the responses to the alternating polarity tone bursts; the 
polarity sensitive CM by subtracting these responses. The SP was measured as 
the DC-level at approximately 6 ms after the start of the 8 ms tone burst The 
amplitude of the CAP (N.) was measured relative to the SP because the CAP is, 
in principle, superimposed on the SP. The CM was me^su^ 1 e Pea t0 pea 
amplitude halfway the stimulus tone burst (Hamers et a .,

4.2.5 Statistics
The data were subjected to analysis of variance (ANOVA) for repeated

measurements for the two doses of cisplatin d }
separately. Co-treatment or no co-treatment w.th ORG2766 was a between 
subjects factor; right-or-left ear. stimulus frequency and sttmu us level we e 
Witiin subject factors. The CAP and CM amplitudes were logar thm«Uy 
transformed before analysis in order to improve the homogeneity of vanance 
required by ANOVA. The SP was not logarithmically transformed because it 
may assume both positive and negative values. Where appropriate, the data were 
subsequently subjected to the post-hoc Tukey's Honestly-Sigmficant-D.fferences 
(Tukey HSD) test. Statistica software was used in all analyses.
In all conditions we found no significant difference between the nght and left 
ear. Therefore, the data for the two ears are pooled in all figures. Mentionmg 
statistical significance in this paper without any further specification implies

P<0.05.
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4.3 Results

4.3.1 Animal health

Four animals died during the cisplatin treatment or died during 
electrocochleography, 2 of the 1.0 mg/kg/day cisplatin alone group, 1 of the 
group which received 1.0 mg/kg/day of cisplatin and ORG2766, and 1 of the 
group treated with 1.5 mg/kg/day cisplatin alone. One additional animal of the 
1.0 mg/kg/day group was excluded because of severe otitis media. During the 
8 days treatment of the 1.5 mg/kg/day cisplatin alone group, the animals lost 
some weight (average weight loss 7 g; range -45 to +15 g); the 1.0 mg/kg/day 
cisplatin alone group gained weight during treatment (average weight gain 23 g; 
range -5 to +85 g). The ORG2766 co-treated animals of the 1.0 mg/kg/day group 
gained some weight (average weight gain 27 g; range -5 to +40 g). The 
ORG2766 co-treated animals of the 1.5 mg/kg/day group lost some weight 
(average weight loss 8 g; range -45 to +20 g).

4.3.2 Effects on the CAP

Figure 1 shows the CAP growth curves for the animals treated with a dose 
of 1.0 mg/kg/day of cisplatin alone and in combination with 75 pg/kg ORG2766. 
In view of the large interindividual variability Figure 1 presents the individual 
data. ANOVA, applied to the logarithmically transformed data, collected at the 5 
highest stimulus levels including the conditions yielding CAP amplitudes below 
10 pV which are not presented in the figure, showed no significant main effect of 
ORG2766 at the 5% level (p=0.22). The data collected with ORG2766 tend to 
follow a bimodal distribution, severely affected versus slightly affected, while 
the data for cisplatin alone are more evenly distributed.

Figure 1. Individual Compound Action Potential (CAP) growth curves for the animals treated 
with cisplatin 1.0 mg/kg/day and cisplatin 1.0 mg/kg/day together with ORG2766 75 
pg/kg/day. For reference, mean CAP growth curves (with S.E.M.) of a group of 10 non-treated 
animals is also shown.
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Figure 2. Individual Compound Action Potential (CAP) growth curves for the animals treated 
with cisplatin 1.5 mg/kg/day and cisplatin 1.5 mg/kg/day together with ORG2766 75 
pg/kg/day. For reference, mean CAP growth curves (with S.E.M.) of a group of 10 non-treated

animals is also shown.

Fig. 2 shows the input-output curves for the 1.5 mg/kg/day groups. Again, 
the data for the ORG2766 group appear to be bimodally distributed. They 
suggest that three animals might have received some protection from the co
treatment with ORG2766. In spite of the large interindividual variability, 
ANOVA, applied to the data at the 5 highest levels, revealed a significant effect 
(p=0.01) of co-treatment with ORG2766. The mean CAP amplitude was a factor 
of 3.3 higher with co-treatment than without. In addition there was a significant 
interaction of the co-treatment with stimulus frequency. At each frequency we 
found that the mean co-treated CAP amplitude was higher than the cisplatin- 
alone amplitude. The factor increased monotonously from 1.5 at 500 Hz to 5.5 at 
16 kHz. Post-hoc Tukey HSD analysis showed that this factor was significantly 
greater than 1.0 at the frequencies of 4 kHz and above.

4.3.3 Effects on the CM

Figures 3 and 4 show the growth curves for the CM measured for the 
cisplatin doses of 1.0 and 1.5 mg/kg, respectively. The CM was measured at 
stimulus frequencies of 0.5 to 8 kHz. At 12 and 16 kHz the CM could not be 
determined reliably because these frequencies exceeded the upper cut-off 
frequency of the measurement system. Like for the CAP the CM data show large 
interindividual variability. No clear difference between the co-treated and 
cisplatin-alone groups is noted. ANOVA, applied to the logarithmically 
transformed CM amplitudes collected at the 5 highest stimulus levels, showed no 
significant main effect of the co-treatment with ORG2766 and no significant 
interaction with stimulus frequency at either dose ot cisplatin.

67



Chapter 4

1000 Hz500 Hz

1000 r
: 2000 Hz

Probe Level (dB SPL)

0 Cisplatin 1.0 mg/kg/day (n=9)

• Cisplatin 1.0 mg/kg/day and >
3.

ORG2766 75 gg/kg/day (n=5) ^
O

■ Cisplatin 0.0 mg/kg/day (n=10)

4000 Hz

8000 Hz

10 30 50 70 90 110 130

Probe Level (dB SPL)

Figure 3. Individual Cochlear Microphonics (CM) growth curves for the animals treated with
cisplatin 1.0 mg/kg and cisplatin 1.0 mg/kg/day together with ORG2766 75 pg/kg/day
arranged by stimulus frequency. For reference, mean CM growth curves (with S.E.M.) of a
group of 10 non-treated animals is also shown.
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Figure 4. Individual Cochlear Microphonics (CM) growth curves for the anMs treated with
cisplatin 1.5 mg/kg/day and cisplatin 1.5 mg/kg/day together with ORG2766 75 pgAg/day,
arranged by stimulus frequency. For reference, mean CM growth curves (with S.E.M.) of a

group of 10 non-treated animals is also shown.
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4.3.4. Effects on the SP

Figures 5 and 6 show the summating potential (SP) growth curves for the 
cisplatin doses of 1.0 and 1.5 mg/kg, respectively. The SP was measured over the 
frequency range from 2 to 16 kHz. At stimulus frequencies of 0.5 and 1 kHz we 
were not able to properly identify the SP because of interfering frequency 
following action potentials. With the electrode placed on the apical surface of the 
cochlea, the mean SP was negative at all stimulus frequencies applied.

In spite of the large interindividual variability one might notice a tendency 
of higher SP values in the co-treated animals as compared to the cisplatin alone 
group at the cisplatin dose of 1.5 mg/kg (Figure 6). ANOVA, applied to the SP 
data without logarithmic transformation and collected at the five highest stimulus 
levels, revealed no significant main effect of the co-treatment with ORG2766 
when the cisplatin dose was 1.0 mg/kg. With the cisplatin dose of 1.5 mg/kg, 
however, the effect of co-treatment was statistically significant (p=0.04). The 
mean SP measured with co-treatment was higher. Even when restricting the data 
to the higher 5 stimulus levels ANOVA showed a significant interaction 
(p=0.01) of the effect of co-treatment with stimulus level; the difference between 
the SP values measured with cisplatin alone and with co-treatment grows with 
stimulus level. However, the ratio of these values is limited to the range of 2 to 3.

4.4 Discussion

4.4.1 Effects of administration of cisplatin alone

The effects of cisplatin alone have been discussed in the companion paper 
(Stengs et al., 1997). Because of the way we have presented the data in this 
paper, individual growth curves instead of mean curves, an additional point can 
be made regarding the variability of the cisplatin effect. Especially in the group 
of animals treated with 1.0 mg/kg/day this variability is evident. For example, in 
the graph depicting CAP growth curves at 8 kHz (Figure 1), 5 animals do not 
show any evidence of cisplatin ototoxicity, 4 show a clear shift of the CAP 
growth curves towards higher sound levels. Variability in cisplatin effect 
becomes less pronounced in the 1.0 mg/kg/day group at both lower and higher 
frequencies. At lower frequencies this may be due to a smaller, at some 
frequencies almost absent, cisplatin effect (Figure 1, 500 Hz). At higher 
frequencies, all animals in the 1.0 mg/kg/day group experience some cisplatin 
effect on CAP growth curves (Figure 1, 16 kHz), which also makes the effect 
less variable. Variability in the other potentials, CM and SP, was comparable. 
Pronounced variability in cisplatin effect on cochlear physiology was also noted 
by Laurell and Engström (1989b). They found large interindividual differences in
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the susceptibility to cisplatin at a dose of 1 mg/kg/day, the same dose at which 
we found the largest variability. With the higher cisplatin dose, 1.5 mg/kg/day, in 
our study, variability was less pronounced. All 11 animals treated with cisplatin 
alone at this dose show a clear loss of CAP amplitude at all frequencies (Figure 
2).

4.4.2 Effects of administration of cisplatin and ORG2766

The variability in the cisplatin alone group, especially the 1.0 mg/kg/day 
group, might obscure a possible protective effect of ORG2766. For this reason 
statistical analysis might not have demonstrated a significant effect of ORG2766. 
Nevertheless, a tendency towards a division between a subgroup resembling 
control animals and a subgroup with severe cisplatin effects was noted in the co
treated group. •

In the groups treated with 1.5 mg/kg/day the situation is quite different.
All animals in the cisplatin alone group had CAP growth curves affected by 
cisplatin (Figure 2). In the co-treated group 3 animals had CAP amplitudes close 
to controls at all frequencies except the very highest ( an z), t e
remaining 3 had CAP amplitudes comparable to animals in the cisplatin alone 
group. Thus, a clear dichotomy emerged in the co-treated group, comparable to
the results obtained with the same ORG2766 dose, but a ig er C1SP °
2.0 mg/kg/day for 8 days (Hamers et ah, 1994). Overall the effect of ORG2766 
was statistically significant. In contrast with the previous stu y o amers e a . 
(1994), CM results were not significantly different in the co-treated groups, 
neither at 1.0 mg/kg/day nor at 1.5 mg/kg/day. More variability in the effect of 
cisplatin itself on the CM than on the CAP seems to be respons,ble for this 
discrepancy. Some animals in the cisplatin alone group ave near norma 
growth curves. Stengs et al. (1997) already noted that the effects on the CM were 
generally smaller than on the CAP, which might indicate the existence of a 
neuronal component in cisplatin ototoxicity. The sma er e ect on e ^i 
the lower cisplatin dose, together with the smaller number of animals in this 
study, might explain the discrepancy between this stu y an t e s u y o amers 
et al (1994). In this study we found significant beneficial effects from ORG2766 
on the SP growth curves in the 1.5 mg/kg/day group. A tendency towards 
protection of the SP against cisplatin damage was noted in the study of Hamers

et al. (1994).
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Figure 5. Individual Summating Potential (SP) growth curves for the animals treated with
cisplatin 1.0 mg/kg and cisplatin 1.0 mg/kg/day together with ORG2766 75 pg/kg/day,
arranged by stimulus frequency. With the electrode on the apical surface of the cochlea, SP
polarity was always negative at the stimulus frequencies applied. For reference, mean SP
growth curves (with S.E.M.) of a group of 10 non-treated animals is also shown.
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Figure 6. Individual Summating Potential (SP) growth curves for the animals treated with 
cisplatin 1.5 mg/kg/day and cisplatin 1.5 mg/kg/day together with ORG2766 75 pg/kg/day. 
With the electrode on the apical surface of the cochlea. For reference, mean SP growth curves 
(with S.E.M.) of a group of 10 non-treated animals is also shown.
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The partial protection in the experiment of Hamers et al. (1994) suggested 
that the daily dose of cisplatin was too high, to allow for full protection by 
ORG2766. In the present study we found a slightly larger proportion of animals 
seemingly protected in the co-treated group which received cisplatin at a dose of
1.5 mg/kg/day for 8 days. Based on the CAP growth curves 3 out of 6 animals in 
this study could be classified as near normal, whereas 3 out of 11 in the study of 
Hamers et al. (1994) could be classified as such. However, this difference is only 
marginal. Despite the lower cisplatin dose, a clear dichotomy in the co-treated 
groups was still observed. This result suggests that there is a subgroup which 
responded to ORG2766 and another subgroup which did not respond. The 
dichotomy in the results for the 1.5 mg/kg/day group co-treated with ORG2766 
suggests that ORG2766 may have a protective effect against cisplatin ototoxicity 
which, however, depends on a factor presently unknown.

Identification of this factor is seriously hampered by our lack of 
knowledge concerning the mechanism of action for the protective effect of 
ORG2766. Given the small dose of ORG2766 as compared to the cisplatin dose, 
it is unlikely that binding of cisplatin to ORG2766 accounts for the protective 
effect. Ototoxic effects of cisplatin are generally thought to be due to direct 
damage to hair cells (Konishi et al., 1983; McAlpine and Johnstone, 1990; 
Laurell and Bagger-Sjöbäck, 1991), but primary toxicity to the auditory nerve 
has also been suggested (Otto, 1988; Zheng and Gao, 1996; Stengs et al., 1997). 
Further, some authors suggest that the primary action of cisplatin is found in the 
stria vascularis (Laurell and Engström, 1989“; Kohn et al., 1991). Thus, the 
ORG2766 effect on cisplatin-induced hearing loss might be related to 1. its 
proven beneficial effect on peripheral nerves (Gerritsen van der Hoop et al., 
1990; Hamers et al., 1991a), 2. to a direct effect on hair cells (Hamers et al., 
1994; De Groot et al., 1997), or 3. to an indirect effect on hair cell survival 
through a mechanism involving strial activity. In either case, the present state of 
knowledge concerning melanocortin effects (Gispen, 1990) needs expanding to 
permit definite statements about (sub)cellular targets of ORG2766 which might 
help in the formulation of hypotheses to explain the dichotomy in our results.
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Cisplatin-induced hearing loss in humans

The course of cisplatin-induced hearing loss in humans measured 
by conventional and high-frequency audiometry

Cornelis H.M. Stengs, Sjaak F.L. Klis, Andries Clemens,
Guido F. Smoorenburg and Egbert H. Huizing

Abstract
Twenty-four patients receiving 3 or 4 doses of 100 mg/m cisplatin or 6 

doses of 75 mg/m2 as part of their therapy for a malignancy were examined by 
pure-tone audiometry up to 16 kHz, before, during and after treatment. This 
study addresses the questions of: 1) the course and characteristics of cisplatin 
induced-hearing loss during and after treatment, 2) the relationship between 
cisplatin dose and the amount of hearing loss, 3) whether recovery of hearing 
loss occurs after termination of cisplatin therapy and 4) whether the ototoxic 
effect of cisplatin is influenced by factors such as age, pre-treatment hearing 
loss, and the color of the iris.

In 19 of the 24 patients sensorineural hearing loss was measured at 
frequencies above 2 kHz 12 weeks after cisplatin therapy. Cisplatin-induced 
hearing loss was found to be largest at 8, 10 and 12.5 kHz We therefore 
conclude that very-high frequency audiometry is a helpful tool in monitoring 
cisplatin ototoxicity, but also, that very-high frequency audiometry does not 
offer major advantages over conventional audiometry up to z. earing
loss became evident after the 1st or 2nd dose. Distributing a certain dose over a 
number of consecutive days appeared to reduce the risk of hearing loss 
considerably. Also, the presence of pre-treatment hearing loss seeme to re uce 
the cisplatin-induced hearing loss. Age and iris color showed no clear 
relationship with the amount of hearing loss. No recovery was found to occur 
after termination of the cisplatin therapy. On the contrary, in the patients 
receiving 100 mg/m2 cisplatin (head and neck and testis carcinoma) a slight 
progression was measured.

Keywords'. Cisplatin ototoxicity; High-frequency audiometry.
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5.1 Introduction
Cisplatin is a potent inhibitor of DNA synthesis. Its mode of action is 

interstrand cross-linking of DNA (alkylation), thus preventing cell division. 
Cisplatin is used for the treatment of various malignancies such as 
nonseminomatous germ cell tumors, ovarian carcinomas and squamous cell 
carcinomas of the head and neck. However, cisplatin causes significant side- 
effects such as nausea and vomiting, peripheral neuropathy, nephrotoxicity, 
vestibulotoxicity and ototoxicity. Despite these risks, cisplatin is considered a 
valuable drug in treating certain malignancies. There is extensive literature 
describing the early pharmacokinetics, the distribution and the elimination of 
cisplatin. Platinum is mainly excreted by the kidney and to a small extent also 
in bile (Tothill et al. (1992).

Cisplatin-induced ototoxicity has been reported by many authors since 
the early eighties. Patients complain of (high)-tone hearing loss, high-pitched 
tinnitus and sometimes dizziness. All authors agree that cisplatin-induced 
hearing impairment is a purely sensorineural hearing loss starting at the high 
frequencies and progressing gradually towards the middle and the low 
frequencies. In most studies cisplatin ototoxicity has been documented by 
standard pure-tone audiometry at octave intervals from 0.25 - 8 kHz (Aguilar- 
Markulis et al., 1981; Brown et al., 1983; Schaefer et al., 1985; Boyer et al., 
1990; Laurell and Jungnelius, 1990; Blakley and Meyers, 1993; Laurell et al., 
1995; Laurell et al., 1996). Some authors included threshold measurements at 
very high frequencies (above 8 kHz) in order to detect damage at an early stage 
(Dreschler et al., 1985; Tange et al., 1985; Kopelman et al., 1988; van der Hulst 
et al., 1988; Fausti et al., 1993; Fausti et al., 1994). It is assumed that checking 
for very-high frequency hearing loss might provide a first sign of cisplatin 
ototoxicity.

The pathogenesis of cisplatin ototoxicity is not fully understood. 
Cisplatin induced-ototoxicity has been studied in numerous animal 
experiments, mostly in guinea pigs. Histological examination of the guinea pig 
cochlea points towards degeneration of the outer hair cells, primarily in the 
basal turns of the cochlea (Konishi et al., 1983; Barron and Daigneault, 1987; 
Gratton et al., 1990; Schweitzer, 1993; De Groot et al., 1997). Others have 
found that the stria vascularis is also involved and some have suggested that the 
stria vascularis might be the primary target of cisplatin (Tange and Vuzevski, 
1984; Laurell and Engström, 1989; Kohn et al., 1991). Loss of nerve fibers and 
more central neuronal structures has been reported by Carenza et al. (1986) and 
Otto et al. (1988). For an extensive overview of recent literature we refer to a 
previous paper (Stengs et al. 1997).

Wright and Schaefer (1982) studied temporal bone histopathology in five 
patients with a head and neck carcinoma who had been affected by
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sensorineural hearing loss after cisplatin therapy with a dose of 100 mg/m , 
every 3 weeks, with a total of 3 doses. They found varying degrees of hair cell 
loss in the organ of Corti, mainly of the outer hair cells in the basal turn but 
occasionally involving the inner hair cells too. They also observed loss ot 
myelinated fibers in the osseous spiral lamina adjacent to areas of hair cell 
degeneration.

Various factors seem to play a role in cisplatin-induced ototoxicity, in 
particular the dose (single or distributed dose per treatment), the mode of 
administration (bolus or slow infusion) and the individual susceptibility. Pre
existing hearing loss and age have also been suggested to be additional factors.

The dose-effect relationship of cisplatin ototoxicity has been studied by 
many authors (Helson et al. 1978; Reddel et al., 1982, Brown et al., 1983, 
Schaefer et al., 1985; Laurell and Jungnelius, 1990). Helson et al. (1978) and 
Reddel et al. (1982), for example, reported that hearing loss between 4 - 8 kHz 
occurs at all therapeutic doses, whereas hearing loss at 2 and 4 kHz appears to 
occur at the higher cumulative doses (> 400 mg). However, Kopelman et al. 
(1988) found no evident differences between their different dose groups. 
Laurell and Jungnelius (1990) concluded that the degree of hearing loss 
depends on the single cisplatin dose per infusion rather than on the cumulative 
dose. Vermerken et al. (1983) found a more severe toxic effect when cisplatin 
was given as a single bolus than when administered as a slow infusion of 2 hrs. 
With both procedures the dose was 100 mg/nT. The number of patients with a 
high-frequency hearing loss was 86% after the bolus infusion and 27% after the
slow infusion. ■

There is a wide variation in individual susceptibility to cisplatin
ototoxicity. According to some authors this phenomenon is related to 
differences in pigmentation. Barr-Hamilton et al. (1991) and Todd et al. (1995) 
found a greater cisplatin-induced hearing loss in patients with brown irises, 
than in those with blue irises. Melanin is considered to accumulate the ototoxic 
drug within the ear and the melanin content of the inner ear is probably related
to that of the eyes. . , .

It has been suggested that pre-existent hearing oss is a negative
prognostic factor for cisplatin ototoxicity. Brown et al. (1983) reporte greater 
ototoxic damage with increasing age. However, this could not be confirmed in 
recent studies by Laurell et al. (1990) and Blakley et al. (1993).

Recovery from cisplatin-induced hearing loss in humans has been 
reported by several authors (Aguilar-Markulis et al. 1981; Vermorken et al. 
1983; review by de Oliviera, 1989). Also, this was observed clearly in our 
recent guinea pig experiments, both electrophysiologically (Stengs et a . 
and morphologically (Cardinaal et al., to be published). However, other authors 
(McHaney et al., 1983; Fausti et al., 1993; Laurell et al., 1996) did not find 
signs of spontaneous recovery in their follow-up studies.
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It is difficult to present a synthesis of the above results because they 
concern a heterogeneous patient population receiving different doses of 
cisplatin while different criteria of ototoxicity were applied.

5.2 Aims of this study
In view of the different findings published in literature, we decided to 

run a prospective audiometric study in patients, who were treated for a 
malignancy with different doses of cisplatin, before, during and after treatment 
The objectives of this study were:
• 1) to investigate in detail the degree and characteristics of cisplatin-induced 

hearing loss at 0.125 to 16 kHz;
• 2) to study the relation between cisplatin dose and hearing loss;
• 3) to (re-)evaluate very-high frequency audiometry as a tool of monitoring 

cisplatin-induced hearing loss;
• 4) to determine to what extent additional factors such as pre-existent hearing 

loss, age and iris color play a role in cisplatin induced hearing loss;
• 5) to investigate in particular whether recovery or progression of hearing loss 

occurs after the termination of cisplatin administration. The latter in view of 
our recent findings in guinea pigs in whom partial recovery of cisplatin 
ototoxicity was observed, both electrophysiologically and histologically.

5.3 Materials and methods
Patients receiving cisplatin therapy for the treatment of a malignancy 

were monitored by conventional and high-frequency pure-tone audiometry, 
before treatment, 3 weeks after each individual treatment and 4 and 12 weeks 
after the last treatment. After the last audiometric examination patients were 
asked, via a questionnaire, about their subjective complaints during the 
cisplatin therapy, in particular as to their hearing loss, tinnitus and vertigo.

The study was performed in collaboration with the Department of 
Medical Oncology of our Hospital and was approved by the Ethical Committee. 
All patients entering the study gave their informed consent.

5.3.1 Patients
Forty- two patients suffering from a head and neck , testis or ovarian 

carcinoma entered the study. Excluded were patients with any known ear 
disease such as otitis media and those receiving another potentially ototoxic 
drug as part of their therapy. Twenty-four patients were able to complete the
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study, 18 dropped out for different reasons. In some patients therapy had to be 
changed from cisplatin to carboplatin, other patients died (Table 1).

Table 1. Number and age of the patients that entered and completed the study.

localization of 
carcinoma

number of 
patients that 
entered the 
study

number of 
patients that 
completed the 
study

mean age 
(range) 
in years

head and 
neck

21 11 47.4 (34-65)

testis 10 9 30.5 (21-46)
ovarium 11 4 51 (41-64)

The cisplatin dose regimes differed per group (Table 2). Patients with a 
head and neck carcinoma received a dose of 100 mg/m2 of cisplatin per 
infusion in combination with 5-fluorouracil, every 3 weeks, with a total of 3 
doses. Patients with a testicular carcinoma received a dose of 100 mg/m2, 
distributed over 5 consecutive days, in combination with etoposide and 
bleomycine. This dose was given every 3 weeks, with a total of 4 doses. 
Patients with an ovarian carcinoma received a dose of 75 mg/m2 of cisplatin 
per treatment in combination with cyclophosphamide or taxol, every 3 weeks, 
with a total of 6 doses. The co-treatment medicines (fluorouracil, etoposide, 
bleomycin, cyclophosphamide, taxol) are not known to be ototoxic (Osanto et 
al„ 1992; van der Wall et ah, 1995; Alberts, 1995; Montefusco et ah, 1997). 
Slow intravenous cisplatin infusion was performed after prehydration with 
intravenous electrolyte solution. Hydration was continued afterwards. During 
cisplatin treatment, the patients were given mannitol and furosemide to 
maintain their urine output.

5.3.2 Audiometry
Pure-tone air- and bone conduction audiometry was performed at the 

frequencies 0.125, 0.25, 0.5, 1, 2, 4 and 8 kHz in dB HL. In addition, the air 
conduction threshold was measured at 10, 12.5, 14 and 16 kHz in dB HL’. The 
very-high frequency hearing level HL’ was based on measurements on 28 
persons performed by the Physikalisch-Technische Bundesanstalt (Richter, 
1992).
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Audiograms were made 1) prior to the cisplatin treatment, 2) three weeks 
after each treatment and 3) four and twelve weeks after the last treatment. All 
tests were performed in a sound-insulated anechoic cabin, using the Madsen 
OB922 audiometer with an accuracy of 1 dB. TDH 39 earphones (calibrated 
according to ISO 389-1985(E)) were used for the conventional frequency 
range. For the very-high-frequency range we used Sennheiser HDA 2000 
earphones, calibrated according to the data of the Physikalisch-Technische 
Bundesanstalt (Richter, 1992; Table 3).

Table 3. SPL equivalent of 0 dB HL’ for the HDA 200 Sennheiser very-high frequency 
earphones. Data according to the measurements by U. Richter of the Physikalisch- 
Technische Bundesanstalt (1992).

frequency
(kHz)

equivalent SPL 
(re 20 pPa) in dB

10 21.5
12.5 27.5
14 37.5
16 58

Subjects had to respond to the pure-tone stimulus by pressing a hand
held response button. Sound levels were changed in steps of 5 dB. 
Reproducibility of the conventional audiometry was 5 dB, for the very-high 
frequency range it was 12.5 dB. These data include replacement of the 
earphones. Hearing loss was calculated relative to the pre-treatment threshold.
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5.4 Results

5.4.1 Complaints and general findings
Tinnitus was the most common (subjective) complaint (Table 4). It was 

observed in 14/18 patients but diminished or disappeared in all of them after 
termination of the cisplatin therapy. Two patients complained about vertigo. 
The origin of the dizziness was not examined. Some minor weight loss was 
observed during treatment. In all cases serum creatinine levels remained within 
the normal range. None of the patients complained of a (subjective) hearing 
loss.

Table 4. Subjective complaints, weight loss and serum creatinine level

localization of tinnitus
carcinoma

vertigo weight loss in kg creatinine in 
mean (range) pmol/l (range)

head and neck 7 2 -1 (-4/0) 74 (42/95)

testis 5 0 0 (-4 / 7) 83 (67/88)

ovarium 2 0 3(1/7) 73 (65/85)

5.4.2 Hearing loss

5.4.2.1 Patients with head and neck carcinoma
All 11 patients showed a hearing loss. In 5 of them hearing threshold was 

increased at the very-high frequencies only, in 6 in both the very-high 
frequency range and the conventional frequency range. The hearing thresholds 
of these patients before, during and after treatment are presented in Figure 1. 
We see a progressive hearing loss during treatment for all frequencies above 2 
kHz, especially after the 1st and 2nd treatment. The greatest impairment is 
found at 8, 10 and 12.5 kHz and diminishes towards the lower (4 and 2 kHz) 
and the higher frequencies (14 and 16 kHz). In Figure 2 the individual 
thresholds at 10 kHz are given for all patients as a function of time. No 
recovery of the hearing threshold is seen after termination of the therapy. On 
the contrary, some further progression of hearing loss is apparent at 8 kHz and 
at the higher frequencies. Note the distinct threshold increase after the 1st and 
2nd treatment. A characteristic example, concerning a 34-year-old male, is 
shown in Figure 3. In this audiogram a Z-shaped hearing loss curve is observed 
indicative of outer hair cell loss (Huizing et al., 1965).
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head and neck carcinoma

8 100.125

before 
treatment 
3 wks after 
1st treatment
3 wks after 
2nd treatment
4 wks after 
3rd treatment
12 wks after 
3rd treatment

frequency (kHz)

Figure 1. Mean pure-tone threshold in 11 patients with a head an nee - carcinoma, efore< 
during and 12 weeks after treatment with cisplatin ( 3 doses of 1 mg m eac t at wee 
intervals). In the very-high frequency range 7 patients were out of range of t e measurement 
capacity of the audiometer; therefore only 4 patients are included. HL denotes the hearing 
level based on special high-frequency calibration (Richter, 1992).
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head and neck carcinoma

serial number of audiogram

Figure 2. Pure-tone thresholds at 10 kHz of the individual patients with a head and neck 
carcinoma, before, during and 12 weeks after cisplatin therapy (0 = before treatment; 1=3 
weeks after the 1st treatment; 2=3 weeks after the 2nd treatment; 3 = 4 weeks after the 3rd 
treatment and 4 = 12 weeks after the 3rd treatment).
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HL HL’

—• — before 
treatment 

—A — 3 wks after 
1st treatment

—■—12 wks after 
2nd treatment

0.125
frequency (kHz)

Figure 3. Pre-, per- and post-treatment audiogram of a 34-year-old male with a head and 
neck carcinoma. In this audiogram a Z-shaped hearing loss is obseive w ic is in icatne 
Of outer hair cell loss (Huizing et ai, 1965). This patient received only two treatments rather than 

three.

S.4.2.2 Patients with a testis carcinoma
Six of the 9 patients (6/9) with a testis carcinoma showed an ototoxic effect. In 
4 patients the hearing loss was located in the very-high frequency range on y, in 
two patients in the conventional frequency range too. The mean earing 
thresholds of these patients are presented in Figure 4. In Figure 1 e in 1V1 
thresholds at 10 kHz are presented for all patients as a function of time. A slight 
progression of hearing loss is seen after termination of the therapy.
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_ before 

treatment 
3 wks after 

~A—1st treatment
(over 5 days)

_v_3 wks after 
2nd treatment
(over 5 days)

_ 4 _3 wks after 
3rd treatment
(over 5 days)

—+—4 wks after 
4th treatment
(over 5 days)

— “12 wks after 
4th treatment

0.125 0.5 8 10 12.5 14 16

frequency (kHz)

Figure 4. Mean pure-tone threshold in 9 patients with a testis carcinoma, before, during and 
12 weeks after treatment with cisplatin (4 treatments of 100 mg/m2 at 3 weeks intervals, each 
treatment distributed over 5 consecutive days).
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10 kHz

testis carcinoma

serial number of audiogram

Figure 5.. Pure-tone threshold at 10 kHz of the individual patients with a testis carcinoma, 
before, during and 12 weeks after treatment (0 = before treatment; 1 - 3 weeks after the ht 
treatment; 2 = 3 weeks after the 2nd treatment; 3 =3 weeks after the 3rd treatment, 
weeks after the 4th treatment and 5 = 12 weeks after the 4th treatment).

5.4.2.3 Patients with an ovarian carcinoma
Two of the 4 patients (2/4) treated for an ovarian carcinoma showed an ototoxic 
effect. In one patient the hearing loss was located in the very-high frequency 
range only, in the other case in the conventional range too. The mean 
thresholds of these 2 patients are presented in Figure 6. The individual 
thresholds at 10 kHz as a function of time are shown in Figure 7.
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n=2

0.125

|_|U _#_before
treatment

3 wks after

2 8 10 12.5

frequency (kHz)
14

1st treatment

_3 wks after 
2nd treatment
3 wks after 

“3rd treatment

3 wks after 
4th treatment

3 wks after 
—5th treatment

4 wks after 
“6th treatment

12 wks after 
■| 0 — — 6th treatment

Figure 6. Mean pure-tone threshold in 4 patients with an ovarian carcinoma, before, during 
and 12 weeks after treatment with cisplatin (6 treatments of 75 mg/m2 each at 3 weeks 
intervals). In the very-high frequency range two patients were out of range of the 
measurement capacity of the audiometer. They were excluded from the means.
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10 kHz

ovarian carcinoma

serial number of audiogram

Figure 7. Pure-tone thresholds at 10 kHz of the individual patients with an ovarian 
carcinoma, before, during and 12 weeks after treatment (0 - before treatment, 5,
after the 1st treatment; 2 = 3 weeks after the 2nd treatment; 3 =3 weeks after the 3rd 
treatment, 4 = 3 weeks after the 4th treatment; 5 = 3 weeks after tie ti treatment, 
weeks after the 6th treatment and 7 = 12 weeks after the 6th treatment).

5.4.3 Relation between hearing loss and treatment protocol
For all subjects we calculated the hearing loss that occurred between the 

last audiometric measurement at 12 weeks after the last treatment and the pre
treatment threshold. At 10 kHz (cf Figures 2, 5 and 7) the average values and 
the standard deviations for the three groups were: head and neck carcinoma
37.5 ± 22.0 dB, testis carcinoma 14.4 ± 16.5 dB, and ovarian carcinoma 1.25 ±
14.4 dB. The difference between the loss for head and neck carcinoma and 
testis carcinoma was significant at p=0.02; the difference for head and neck and 
ovarian carcinoma was significant at p=0.01. There was no significant 
difference between the losses for testis and ovarian carcinoma (p=0.2). This
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result suggests that the distribution of the cisplatin dose of 100 mg/m2 over 5 
consecutive days applied with testis carcinoma effectively reduces the risk of 
hearing loss. Four treatments with the 100 mg/m2 dose distributed over 5 days 
gave significantly less hearing loss than the 3 treatments with single infusions 
of 100 mg/m2 cisplatin for head and neck carcinoma. However, this conclusion 
is based on the assumption that the different co-treatments did not affect the 
hearing loss.

5.4.4 Relation between hearing loss and pre-treatment factors
Pre-treatment hearing loss may affect the loss induced by the cisplatin 

therapy. Taking again the hearing loss that occurred at 10 kHz between the 
measurement 12 weeks after the last treatment and the pre-treatment threshold 
we found some correlation between hearing loss and pre-treatment threshold 
for the group with head and neck carcinoma, r = -0.61 (p = 0.06). The results 
for this patient group with small to severe hearing loss suggest that cisplatin- 
induced hearing loss tends to be smaller with enhanced pre-treatment 
thresholds. For the testis carcinoma group, with less severe hearing loss, there 
was no correlation, r = -0.06. The pre-treatment threshold will increase with age 
so that a negative correlation between cisplatin-induced hearing loss and age 
could be expected. However, the correlation between the pre-treatment 
threshold at 10 kHz and age in the three patient groups together was limited to 
r = 0.38 (p = 0.07).

Only the group with head and neck carcinoma allowed for testing the 
effect of eye color on cisplatin-induced hearing loss. It appeared to be 
statistically insignificant. However, group size was very limited.

5.4.5 Progression and/or recovery after termination of cisplatin therapy
No recovery of hearing loss after termination of the cisplatin therapy was 

observed. On the contrary, in the patients treated for a head and neck carcinoma 
some progression was observed in the very-high frequency range (10-16 kHz) 
and at 8 kHz. In the very-high frequency range progression was also observed 
in the patients treated for a testis carcinoma.
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5.5 Discussion
In this study 24 patients receiving different doses of cisplatin as part of 

their therapy for a malignancy were examined by pure-tone audiometry up to 
16 kHz, before, during and after treatment. In 19/24 of them sensorineural 
hearing loss was measured at frequencies above 2 kHz. Temporary tinnitus was 
the major complaint and was observed in 14/24 cases. Temporary tinnitus was 
also described by Laurell et al. (1996). Subjective complaints about hearing 
loss and/or vertigo were rare.

Cisplatin-induced hearing loss was largest at the frequencies 8, 10 and
12.5 kHz and diminished towards the frequencies 4 and 2 kHz and 14 and 16 
kHz. This confirms the conclusions of previous studies that very-high 
frequency audiometry is a helpful tool in monitoring cisplatin ototoxicity. Our 
data suggest however, that very-high frequency audiometry does not offer 
major advantages over audiometry at 8 and 10 kHz as was advocated by several 
authors (Fausti et al. 1982; Tange et al., 1985; Dreschler et al., 1985; van der 
Hulst et al., 1988; Fausti et al., 1993; Fausti et al., 1994). Pure-tone audiometry 
at the latter two frequencies seems to suffice in monitoring cisplatin ototoxicity, 
in particular since very-high tone audiometry has the disadvantage of a limited 
output of the audiometer and headphones in relation to the normal age-related 
thresholds. The difference between the maximum output of the audiometer and 
normal hearing threshold at the age of 40 (mean age of our patients) is only 60 
dB at 12.5 kHz, 35 dB at 14 kHz and 20 dB at 16 kHz.

Our results for 100 mg/m2 and 75 mg/m2 reconfirm the findings of others 
that cisplatin-induced hearing impairment is highly dose-dependent (Reddel et 
al., 1982; Laurell and Engsstrom, 1989; Laurell and Jungnelius, 1990, Waters 
et al., 1991; Laurell et al., 1995), in particular that ototoxicity depends mainly 
on the dose per individual infusion (Laurell and Jungnelius, 1990). The dose of 
75 mg/m2 every 3 weeks appears to be the critical dose. This finding is in 
accordance with the previous findings by Laurell and Jungnelius (1990), who 
concluded that a dose of 50 - 75 mg/m2 diminishes the risk of further hearing 
deterioration, even if the cumulative dose is increased.

In our study hearing impairment became evident after the 1st and 2nd 
treatment. Further treatments did not cause a significant progression of hearing 
loss, which was found also by Laurell and Jungnelius (1990).
After termination of the treatment we found no recovery of the hearing 
threshold; this in contrast to results of our experimental animal studies (Stengs 
et al, 1997). On the contrary at the 12 weeks post-treatment follow-up a slight 
progression of hearing loss was seen in the very-high frequency range in the 
patients who received three infusions of 100 mg/m2 each. These findings are in 
accordance with the results of Osanto et al. (1992).
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The effect of the pre-treatment threshold on cisplatin induced hearing 
loss in the group with the largest losses (head and neck carcinoma) is in line 
with the results from Laurell et al. (1990) and Blakley et al. (1993). However, 
no relationships were found between the magnitude of cisplatin-induced 
hearing loss and age or iris color, possibly because of the limited number of 
patients included in this study.

5.6 Conclusions
• Cisplatin treatment for malignancies is associated with sensorineural hearing 

loss at the high frequencies.

• The largest hearing loss was measured at the frequencies 8, 10 and 12.5 kHz 
and was found to decrease towards 4 and 2 kHz and towards 14 and 16 kHz.

• It was confirmed that high-frequency audiometry may be of value in 
monitoring cisplatin ototoxicity. However, audiometry at frequencies above
12.5 kHz does not provide more information than audiometry at 8 and 10 
kHz.

• Cisplatin ototoxicity appears to be dose-dependent.

• The dose per individual infusion seems to be the major determining factor.

• No recovery of hearing loss after termination of therapy was observed. On 
the contrary some progression was measured in both 100 mg/m2 dose- 
groups.

• In the group with the largest hearing loss (100 mg/m2 per infusion) a 
decrease of cisplatin-induced hearing loss with increasing pre-treatment 
threshold was found.

• No correlation could be established between cisplatin ototoxicity and age or 
iris color.
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Summary
Ototoxicity caused by cisplatin is a serious problem, especially with 

today’s more intensive cisplatin treatment protocols. Since the exact 
mechanism of cisplatin ototoxicity is not yet understood, a rationale for its 
prophylaxis is still lacking. Nevertheless much effort has already been made to 
reduce the ototoxic effects of cisplatin.

This thesis presents four different studies which were performed to 
further evaluate cisplatin-induced ototoxicity both in albino guinea pigs and 
humans. They have focused in particular on the natural course of cisplatin- 
induced hearing loss, its spontaneous recovery and its possible prevention.

Chapter 1

General Introduction
In this chapter a short overview is given of our knowledge of the 

therapeutic properties and the side-effects of cisplatin, in particular its 
ototoxicity.

The experimental methods that may be applied to study ototoxicity are 
summarized. The electrophysiological techniques, used in this thesis, applied in 
experimental animals, such as the guinea pigare are discussed in more detail. 
The morphological methods that may be used are mentioned briefly.

A short overview is given of the audiometrical techniques that may be 
used in humans to investigate ototoxic hearing impairment.

Finally, the recent developments regarding the protection against 
cisplatin ototoxicity by an ACTH(4-9) analog, also known as ORG2766 and 
melanocortins, are discussed.

Chapter 2

Cisplatin ototoxicity. An electrophysiological dose-effect study in 
albino guinea pigs

In this chapter we describe a dose-effect study of cisplatin. The effects of 
cisplatin on the Cochlear Microphonics (CM), Summating Potential (SP) and 
Compound Action Potential (CAP) were measured, in different groups of 
albino guinea pigs, receiving different doses of cisplatin (0.7, 1.0, 1.25, 1.5 and 
2.0 mg/kg/day, ip) for 8 consecutive days. All animals, used in these 
experiments were sacrificed immediately after the electrophysiological 
measurements. The cochlea’s were harvested, fixated, stained and studied by 
light microscopy and transmission electron microscopy. The morphological
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results will be presented separately. The results showed clustering of the data in 
two groups. The animals receiving cisplatin in a dose of 1.5 and 2.0 mg/kg/day 
showed large frequency-dependent losses of all cochlear potentials. The 
animals treated with 0.7, 1.0 and 1.25 mg/kg/day did not show much 
differences as compared to the controls except at the higher frequencies (12 and 
16 kHz). Thus, a marked rapid transition from almost no ototoxic effect to a 
large effect was found at a dose of 1.25 to 1.5 mg/kg/day. This implies that 
studies of protection against and recovery from cisplatin-induced ototoxicity 
can best be performed at a dose of 1.5 mg/kg/day (for 8 days). In general, the 
ototoxic effects were larger for the CAP than for the CM. This might imply that 
a neuronal component plays a role in cisplatin ototoxicity, additionally to the 
well-known outer hair cell damage.

Chapter 3

Cisplatin-induced ototoxicity. Electrophysiological evidence of 
spontaneous recovery in albino guinea pigs

This chapter presents an electrophysiological study in guinea pigs about 
the course of events at different time intervals after cisplatin treatment. Albino 
guinea pigs (n=48) were treated with the minimum toxic dose of 1.5 mg/kg/day 
for 8 days (Chapter 2). Cochlear potentials were recorded 1 day, 1 week, 2, 4, 8, 
and 16 weeks after cisplatin treatment. All animals, used in these experiments 
were sacrificed immediately after the electrophysiological measurements. The 
cochlea’s were harvested, fixated, stained and studied by light microscopy and 
transmission electron microscopy. The morphological results will be presented 
separately.

One day after the treatment a frequency-dependent loss of the amplitudes 
of the three cochlear potentials was found, the larger losses occurring at the 
higher frequencies. Remarkably, a salient improvement in both CAP and CM 
amplitude occurred over the next 8 weeks, whereas the SP showed a moderate 
improvement. These results indicate that guinea pig cochlear transduction tends 
to recover spontaneously after moderate cisplatin injury. The recovery of the 
hair cell related potentials suggests that recovery occurs at hair cell level. The 
question whether the functional recovery found in this experiment are the 
results of temporarily damaged hair cells or regeneration of new hair cells 
cannot be answered in this thesis. This should be answered on the basis of 
subsequent morphological investigations.
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Chapter 4

Protective effects of a neurotrophic ACTH(4.9) analog on cisplatin 
ototoxicity in relation to the cisplatin dose. An 
electrocochleographic study in albino guinea pigs

In this chapter we present a study of the protective effect of the ACTH(4_ 
9) analog, ORG2766, in guinea pigs treated with the critical toxic dose of 
cisplatin.

In the study described in Chapter 2 we found a sharp transition from no 
ototoxic effect to a large ototoxic effect between 1.25 and 1.5 mg/kg/day (for 8 
days). Recently, Hamers et al. (1994) found that the ACTH(4.9) analog, 
ORG2766, partially prevents against cisplatin ototoxicity. The cisplatin dose 
given in his study was rather high (2 mg/kg/day; 8 days).
We therefore designed an electrophysiological study in which guinea pigs 
received the critical dose (1.5 mg/kg/day for 8 days; Chapter 2) and a dose of 
1.0 mg/kg/day (8 days) with and without co-treatment with ORG2766 (75 
pg/kg/day; 9 days). All animals, used in these experiments were sacrificed 
immediately after the electrophysiological measurements. The cochlea’s were 
harvested, fixated, stained and studied by light microscopy and transmission 
electron microscopy. The morphological results will be presented separately.

In the 1.0 mg/kg/day co-treated group there was no significant effect of 
ORG2766. This finding may be due to the rather small and highly variable 
effect of cisplatin at this dose (Chapter 2). In the 1.5 mg/kg/day co-treated 
group there was a statistically significant effect of ORG2766. Three animals 
showed CAP amplitudes close to those of the controls at all frequencies except 
the very highest (12 and 16 kHz), the remaining 3 had CAP amplitudes 
comparable to those of animals in the cisplatin alone group. The dichotomy in 
the results for the 1.5 mg/kg/day group co-treated with ORG2766 suggests that 
although ORG2766 may have a potentially protective effect against cisplatin 
ototoxicity, this effect evidently depends on an additional factor presently 
unknown.

Chapter 5

The course of cisplatin-induced hearing loss in humans measured 
by conventional and high-frequency audiometry

In this chapter, a study is described in which 24 patients, receiving 
different doses of cisplatin as part of their therapy for a malignancy, were 
examined by pure-tone audiometry up to 16 kHz, before, during and after 
treatment. Patients suffered from either a head and neck, testis or ovarian 
carcinoma. This study was designed to investigate the characteristics and the
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course of events of cisplatin ototoxicity, in particular after termination of 
treatment. Since we found spontaneous recovery of cisplatin-induced 
ototoxicity in guinea pigs (Chapter 3), we were interested whether we could 
detect a similar phenomenon in humans. Recovery from cisplatin-induced 
hearing loss in humans has been reported in a few cases.

In 19 of the 24 patients a sensorineural hearing loss was measured at all 
frequencies above 2 kHz 12 weeks after termination of the cisplatin therapy and 
was found to be largest at the frequencies of 8, 10 and 12.5 kHz. We therefore 
conclude that very-high frequency audiometry may be a helpful tool in 
monitoring cisplatin ototoxicity, but also, that very-high frequency audiometry 
does not offer major advantages over conventional audiometry when carried 
out up to 10 kHz.

The hearing loss became evident after the 1st or 2nd treatment. There 
was a significant difference between the hearing loss in these patients with head 
and neck carcinoma and testis carcinoma, and between the loss in the patients 
with a head and neck carcinoma and ovarian carcinoma. The cisplatin dose per 
treatment was found to be a major factor; when a certain dose was distributed 
over a number of consecutive days it seemed to reduce the risk of hearing loss 
considerably.
The presence of pre-treatment hearing loss seemed to reduce the cisplatin- 
induced hearing loss. Age, and iris color showed no relationship with the 
amount of hearing loss.

No recovery was found after termination of cisplatin therapy. On the 
contrary in the patients receiving 100 mg/m2 (head and neck and testis 
carcinoma) a slight progression was measured.
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General conclusions and future research

The recovery of cisplatin-induced hearing loss found in guinea pigs (Chapter 3) 
is a remarkable phenomenon, which deserves further study.

Our electrophysiological studies will be followed by morphological studies on 
the same animals. This will provide insight into the site of damage and the 
recovery mechanism.

Then longitudinal studies in individual animals with implanted electrodes will 
be performed in order to allow more powerful conclusions. These studies are 
now in progress in our laboratory.

Finally, further studies, both longitudinal and morphological, are required to 
further elucidate the protective effect of ORG2766. At this moment, it is too 
early to make definite statements about the protective mechanism. A relation 
with the recovery phenomenon found in the study described in Chapter 3, 
seems plausible.
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Samenvatting
De ototoxische bijwerking van cisplatinum is een serieus probleem vooral 

bij de huidige intensieve behandelingsschema’s. De aetiologie van de 
ototoxiciteit van cisplatinum is nog steeds onbekend, een effectieve profylaxe 
ontbreekt daarom nog steeds. In het verleden is al veel onderzoek verricht om 
het ototoxisch effect van cisplatinum te verminderen. Dit proefschrift bevat vier 
studies met als doel het ototoxisch effect van cisplatinum nader te bestuderen 
zowel bij de cavia als de mens. Het onderzoek was voornamelijk gericht op het 
natuurlijk verloop van het door cisplatinum geïnduceerde gehoorverlies, het 
spontane herstel en de mogelijke preventie.

Hoofdstuk 1

Algemene introductie
In dit hoofdstuk wordt een kort overzicht gegeven van de klinische 

toepassingen van cisplatinum en de bijwerkingen, in het bijzonder de 
ototoxiciteit.

De experimentele methoden voor het bestuderen van ototoxiciteit worden 
beschreven. Dit betreft in de eerste plaats de elektrofysiologische technieken bij 
proefdieren, zoals de cavia, die in dit proefschrift zijn toegepast.

Verder worden de morfologische methoden voor de bestudering van 
ototoxiciteit nader belicht.

Een kort overzicht wordt gegeven van de audiometrische technieken die 
bij de mens kunnen worden toegepast voor de bestudering van ototoxisch 
gehoorverlies.

Tenslotte worden de recente ontwikkelingen met betrekking tot de 
bescherming tegen het ototoxisch effect van cisplatinum nader belicht. Dit 
betreft met name de beschermende werking van melanocortinen zoals ACTH, 
aMSH en ORG2766.

Hoofdstuk 2

Cisplatinum-ototoxiciteit. Een elektrofysiologische dosis-effect 
studie bij albino cavia’s

In dit hoofdstuk wordt een dosis-effect studie van cisplatinum 
beschreven. Het effect van cisplatinum op de Cochleaire Microfonie (CM), 
Sommatie Potentiaal (SP) en de Samengestelde Actie Potentiaal (CAP) in 
verschillende groepen cavia’s behandeld met verschillende cisplatinum 
doseringen (0,7, 1,0, 1,25, 1,5 en 2,0 mg/kg/dag (intraperitoneaal geïnjecteerd
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gedurende acht achtereenvolgende dagen) werd gemeten. De cavia’s, die 
behandeld waren met een dosis van 1,5 en 2,0 mg/kg/dag toonden een duidelijk 
frequentie-afhankelijk verlies voor alle cochleaire potentialen. De dieren, die 
behandeld waren met de lagere doseringen (0,7, 1,0 en 1,25 mg/kg/dag) toonden 
weinig verschil ten opzichte van de controle dieren, behalve bij de hogere 
frequenties (12 en 16 kHz). Er trad derhalve een duidelijke en scherpe overgang 
op van nagenoeg geen ototoxisch effect naar een duidelijk ototoxisch effect 
tussen een dosis van 1,25 en 1,5 mg/kg/dag. Dit impliceert dat studies met 
betrekking tot de bescherming tegen en herstel van cisplatinum geïnduceerd 
gehoorverlies het best verricht kunnen worden met een dosis van 1,5 mg/kg/dag 
(gedurende 8 dagen).

In het algemeen waren de ototoxische effecten groter voor de CAP dan 
voor de CM. Dit houdt in dat een neurale component een additionele rol speelt 
bij cisplatinum ototoxiciteit, naast de reeds bekende buitenste haarcel 
aantasting.

Hoofdstuk 3

Cisplatinum-geïnduceerde ototoxiciteit. Elektrofysiologisch bewijs 
van spontaan herstel in albino cavia’s

In dit hoofdstuk wordt een elektrofysiologische studie beschreven waarin 
op verschillende tijdsintervallen na cisplatinum toediening het functioneren van 
het gehoor werd bepaald. Achtenveertig albino cavia’s werden behandeld met 
de minimum toxische dosis van 1,5 mg/kg/dag (Hoofdstuk 2). De cochleaire 
potentialen werden gemeten 1 dag, 1 week, 2, 4, 8 en 16 weken na de 
cisplatinum behandeling. De metingen verricht 1 dag na de cisplatinum 
behandeling lieten een duidelijk ototoxisch effect van cisplatinum op de drie 
cochleaire potentialen zien. Een opmerkelijke herstel van CAP, CM en SP werd 
evenwel geconstateerd tot en met acht weken na de cisplatinum behandeling. 
Deze resultaten tonen een spontaan herstel van de cochleaire potentialen na een 
aanvankelijk ernstige cisplatinum beschadiging. De verbetering van de haarcel- 
gerelateerde potentialen geeft aan dat het herstel plaatsvindt op haarcelniveau. 
De vraag blijft of dit herstel het gevolg is van een tijdelijke beschadiging van de 
haarcellen of van een generatie van nieuwe haarcellen. Deze vraag kan niet 
beantwoord worden door dit experiment maar mogelijk wel door aanvullend 
morfologisch onderzoek.
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Hoofdstuk 4

Beschermende effecten van een neurotrofisch ACTH(4.9) analogon 
op de ototoxiciteit van cisplatinum in relatie tot de cisplatinum 
dosering. Een elektrofysiologische studie in albino cavia’s

In dit hoofdstuk presenteren we een studie betreffende het beschermend 
effect van het ACTH(4.9) analogon ORG2766. In een recent onderzoek van 
Hamers et al. (1994) werd gevonden dat ORG2766 partieel beschermt tegen het 
ototoxisch effect van cisplatinum. De cisplatinum dosis in dit onderzoek was 
relatief hoog (2.0 mg/kg/dag; 8 dagen). In Hoofdstuk 2 vonden wij een scherpe 
overgang van nagenoeg geen ototoxisch effect naar een zeer duidelijk 
ototoxisch effect tussen 1,25 en 1,5 mg/kg/dag (gedurende 8 dagen). Daarom 
hebben wij een elektrofysiologische studie uitgevoerd waarbij groepen albino 
cavia’s werden behandeld met de kritische dosis van 1,5 mg/kg/dag (Hoofdstuk 
2) en met een dosis van 1.0 mg/kg/dag; bij beide doseringen met of zonder 
gelijktijdige toediening van ORG2766 (75 |Xg/kg/dag; 9 dagen). In de 1,0 
mg/kg/dag behandelde groep was geen significant effect van ORG2766 
aantoonbaar. Dit was mogelijk het gevolg van het variabele en zeer geringe 
ototoxisch effect van cisplatinum bij deze dosis (Hoofdstuk 2). In de 1,5 
mg/kg/dag groep was een statistisch significant effect van ORG2766 aanwezig. 
De CAP potentialen van drie cavia’s van deze groep kwamen ongeveer overeen 
met de potentialen van de controle dieren behalve bij de hogere frequenties (12 
en 16 kHz). De andere drie cavia’s van deze groep hadden CAP potentialen, die 
overeen kwamen met de potentialen van de groep die alleen met cisplatinum 
behandeld was. De tweedeling in de resultaten geeft aan dat ORG2766 een 
partieel beschermend effect tegen de cisplatinum ototoxiciteit bezit, maar dat dit 
effect mede afhankelijk is van een tot op heden onbekende additionele factor.

Hoofdstuk 5

Het verloop van cisplatinum-geïnduceerd gehoorverlies bij de 
mens, gemeten met conventionele en hoogfrequente audiometrie

In dit hoofdstuk wordt een klinische studie beschreven, waarin 24 
patiënten, behandeld met verschillende cisplatinum doseringen in verband met 
een maligniteit, onderzocht werden met conventionele en hoogfrequente 
audiometrie (tot en met 16 kHz) voor, tijdens en na cisplatinum therapie.

Deze studie was ontworpen om inzicht te krijgen in het verloop van het 
door cisplatinum geïnduceerd gehoorverlies. Omdat spontaan herstel na 
cisplatinum behandeling werd gevonden bij cavia’s (Hoofdstuk 3), waren wij 
speciaal in geïnteresseerd in de vraag of een dergelijke fenomeen ook bij de
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mens aangetoond zou kunnen worden. Herstel na een cisplatinum behandeling 
is tot nu toe incidenteel in de literatuur beschreven.

Bij 19 van de 24 patiënten werd een perceptief gehoorverlies gevonden 
bij alle frequenties > 2 kHz, 12 weken na de cisplatinum behandeling, Dit 
verlies was het grootst bij 8, 10 en 12,5 kHz. De conclusie is dan ook dat de 
hoogfrequente audiometrie een belangrijk hulpmiddel kan zijn bij de follow-up 
van cisplatinum ototoxiciteit, maar tevens dat de hoogfrequente audiometrie 
geen extra voordelen biedt ten opzichte van de conventionele audiometrie 
indien deze wordt uitgevoerd tot en met een frequentie van 10 kHz.

Het gehoorverlies trad op na de eerste of tweede cisplatinum kuur. Het 
gehoorverlies bij patiënten behandeld voor een hoofd/hals carcinoom bleek 
significant groter dan bij de patiënten met een testis of ovarium carcinoom. De 
dosis cisplatinum per kuur was hierbij de belangrijkste factor. Vooral als 
toediening over een aantal opeenvolgende dagen werd verdeeld verminderde 
het ototoxische effect aanmerkelijk.

Een reeds aanwezig gehoorverlies verminderde het ototoxische effect van 
cisplatinum. Tussen leeftijd, kleur van de ogen en het gehoorverlies kon geen 
relatie worden aangetoond.

Herstel van het gehoorverlies na het staken van de cisplatinum 
behandeling kon niet worden aangetoond. Integendeel, bij patiënten behandeld 
met een dosis van 100 mg/m2 (hoofd/hals tumoren en testis tumoren) werd een 
lichte progressie van het gehoorverlies gevonden.
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• Het herstel van het door cisplatinum geïnduceerde gehoorverlies bij cavia’s, 
zoals beschreven in Hoofdstuk 3, is een opmerkelijk fenomeen dat 
aanvullend onderzoek verdient.

• Het hier beschreven elektrofysiologisch onderzoek moet gevolgd worden 
door morfologisch onderzoek. Dit werk zal hopelijk het herstelmechanisme 
ophelderen en aanvullende informatie over het werkingsmechanisme van 
cisplatinum leveren.

• Longitudinale studies bij cavia’ s met geïmplanteerde elektroden kunnen onze 
resultaten bevestigen waardoor krachtiger conclusies getrokken kunnen 
worden.

• Tenslotte is verder onderzoek noodzakelijk, zowel longitudinaal als 
morfologisch, om de beschermende werking van ORG2766 te kunnen 
verklaren. Op dit moment kunnen nog geen definitieve standpunten worden 
bepaald over de klinische toepassingsmogelijkheden van deze stof. Een 
relatie met het spontane herstel zoals beschreven in Hoofdstuk 3 is 
aannemelijk.
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Dankwoord
Het is een bekend gegeven dat het dankwoord, samen met de stellingen en de 
Nederlandse samenvatting, het meest gelezen deel van een proefschrift is. 
Daarom is het van belang dat niemand vergeten wordt. Om deze reden wil ik 
dan ook alle collega-assistenten en de collega’s van het “elfy”- en “hisfy” 
laboratorium bedanken voor de zeer prettige samenwerking en de (veelal 
indirecte) bijdrage die zij geleverd hebben aan de totstandkoming van dit 
proefschrift. De “bijlessen” in Excel0, Statistica® en Word® waren zeer 
stimulerend.

Professor G.F. Smoorenburg, beste Guido, bedankt voor het gestelde 
vertrouwen. Je heldere kijk op het cisplatinum-onderzoek heeft geleid tot dit 
resultaat. Met veel plezier kijk ik terug op onze wetenschappelijke en 
persoonlijke gesprekken.

Professor E.H. Huizing, bedankt voor het gestelde vertrouwen. Vooral de laatste 
maanden hebben wij zeer intensief samengewerkt met en zonder de hulp van de 
moderne communicatie-middelen. De besprekingen bij U thuis vonden plaats in 
een gastvrije sfeer. Uw adviezen ten aanzien van het onderzoek en over andere 
zaken hebben zeer veel indruk op mij gemaakt. Hieraan bewaar ik bijzondere 
herinneringen.

Dr. S.F.L. Klis, beste Sjaak, jouw ondersteuning was onontbeerlijk voor dit 
proefschrift. Vooral jouw hulp bij het omzetten van “data” in artikelen was voor 
mij zeer belangrijk. Soms ben je wel erg kritisch, maar toch vooral een zeer 
goede (co-) promotor.

Annemarie Marshall en Peter Paul van der Houven. Jullie wil ik danken voor de 
finishing touch.

Henk, jij was altijd stimulerend aanwezig.

Lieve Lida, het is eindelijk zover. Bedankt voor je hulp, geduld en liefde. Nu 
nog een goede KNO-plaats en een huis met een tuin voor onze lieve kinderen.
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Curriculum Vitae

Curriculum Vitae

Cor Stengs werd geboren op 8 januari 1959 te Ens (N.O.P). In 1978 
behaalde hij het eindexamen Atheneum-B aan het Prof. Ter Veenlyceum te 
Emmeloord. In datzelfde jaar werd begonnen met de opleiding tot 
fysiotherapeut aan de Twentse Academie voor Fysiotherapie te Enschede. In 
1982 werd het diploma van fysiotherapeut behaald. In de periode van 1982 tot 
september 1985 werkte hij als fysiotherapeut in het Streekziekenhuis Almelo 
(het huidige Twenteborg Ziekenhuis).

In september 1985 werd, na vier maal uitgeloot te zijn, aangevangen met 
de studie Geneeskunde aan de Universiteit Utrecht. Het arts-examen werd 
behaald in februari 1992. Per 1 mei 1992 startte hij als arts-assistent in de 
kliniek voor Keel- Neus- en Oorheelkunde van het Academisch Ziekenhuis te 
Utrecht (opleiders: Prof. dr. E.H. Huizing en Prof. dr. GJ. Hordijk), in welke 
kliniek hij van 1 januari 1993 tot 1 januari 1998 werd opgeleid tot KNO-arts. In 
de periode van 1 juni 1996 tot 1 december 1996 was hij, in het kader van de 
perifere stage, werkzaam op de KNO-afdeling van het Ziekenhuis Centrum 
Apeldoorn (B-opleider: J.B. Antvelink).

Het experimentele onderzoek werd tijdens de opleiding tot KNO-arts 
verricht op het laboratorium voor experimentele Audiologie (Hoofd: Prof. dr. 
G.F. Smoorenburg) van het Academisch Ziekenhuis te Utrecht. In 
ditzelfde ziekenhuis is hij vanaf 1 januari werkzaam als junior staflid. Hij is 
getrouwd met Uida Stengs-Dik; zij hebben een dochter, Elana, en een zoon 
Martijn.
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Stellingen behorend bij het

proefschrift

PROTECTION AGAINST 

AND

RECOVERY FROM 

CISPLATIN-INDUCED

HEARING LOSS



1. Gehoorverlies tengevolge van cisplatinum is niet alleen 
afhankelijk van de cumulatieve dosis cisplatinum maar vooral van 
de individuele cisplatinum dosis per gift.

2. Indien de gebruikelijke cisplatinum-dosis van de behandeling van 
het hoofd/halscarcinoom over een aantal dagen verdeeld wordt, zal 
het hoogfrequente perceptieve verlies verminderen.

3. Voor het volgen van gehoorverlies tijdens cisplatinum therapie is 
hoge-frequentie audiometrie niet essentieel.

4. Er is grote behoefte aan een ISO-norm voor audiometrie bij hoge 
frequenties.

5 Herstel, van door cisplatinum veroorzaakt gehoorverlies, is
mogelijk. Dit impliceert de aanwezigheid van een intrinsiek 
herstelmechanisme in de cochlea.

6. ORG2766 beschermt in een deel van de gevallen tegen het door 
cisplatinum geïnduceerd gehoorverlies.

7. Het pijnstillend effect van naproxen is soms shockend (British 
Journal of Dermatology (1995) 133: 647-649).



8. De Moiré topografie is onbetrouwbaar bij de follow-up van 
scoliosen (European Spine Journal (1995) 4: 176-179).

9. Deadlines zijn noodzakelijk.

10. Problemen bestaan niet, alleen uitdagingen.
Complicaties bestaan niet, slechts fouten (de laatste vrij naar Prof. 
dr. E.H. Huizing).

11. Het krijgen van kinderen tijdens een proefschriftonderzoek of 
assistentenperiode werkt stimulerend.

12. Wie veel lacht staat open voor de wereld (John Cleese).

C.H.M. Stengs, maart 1998.
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