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Chapter 1

1. A short history of cisplatin

Cisplatin is the generic drug name for m-dichlorodiammineplatinum(II), which 
in inorganic chemistry is also known as Peyrone’s Chloride1. Cisplatin 
(molecular formula: PtCl2(NH3)2; molecular weight: 300.06) is a water-soluble 
inorganic platinum coordination complex of the Ma2b, type, consisting of a 
central platinum(II) atom bound to four ligands - i.e., two ammonia groups and 
two chlorine atoms in the m-position - in a square planar arrangement (Figure 
1). In the isomer /ra/i.v-dichlorodiammineplatinumdl), also known as transplatin, 
the ligands are arranged in the mmv-position (Figure 2).
Cisplatin is well known for its cytotoxicity and anti-neoplastic activity. It also 
is moderately mutagenic in the Ames microbial mutagenicity assay, may 
cause chromosomal aberrations in mammalian cells in vitro, and is a suspected 
carcinogen. In contrast to cisplatin, the trans-isomer has a much lower 
cytotoxicity and no delectably mutagenic and anti-neoplastic activities (for 
reviews, see Rosenberg, 1985; Reed et al., 1996; Liu, 1998; Rosenberg, 1999). 
The cytotoxic activity of cisplatin was accidently discovered by Rosenberg et 
al. (1965) during a study designed to investigate the effect of electric fields 
on growing cells. They observed that cell division of Escherichia coli 
was inhibited in a continuous culture apparatus containing platinum electrodes. 
This effect was found to be due to one of several electrolysis products of the 
platinum electrodes formed in the presence of ammonium chloride in the 
nutrient medium. Further chemical analyses demonstrated that this compound 
was cA-dichlorodiammineplatinum(II), which in subsequent studies was found 
to have a potent anti-neoplastic activity as well (Rosenberg et al., 1967; 1969; 
see also Rosenberg, 1985, 1999).
This discovery eventually led to its introduction into clinical usage. Extensive

Figure 1: Structure of ci.y-platin

1 Cisplatin was first synthesized c. 1844 by the French chemist M. Peyrone, who started his research on ammoniated platinum chlorides in Justus 
von Liebig’s laboratory at the University of Giessen, Germany. This salt became to be known as Peyrone’s Chloride. Earlier, J. Reiset had 
synthesized the trans-isomer (transplatin), which was then known as Reiset’s Chloride. It took, however, nearly 50 years before the correct 
formulation of platinum coordination complexes was deduced by the Swiss chemist A. Werner (1866-1919), who discussed both the cis- and trans
isomers in his classic paper in 1893. In doing so, Werner established the basis of modem coordination chemistry, and for this achievement he 
received the Nobel Prize for Chemistry in 1913.
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Figure 2: Structure of /ran.v-platin

_____________________________________________________General introduction
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clinical trials were started in 1972 by the U.S. National Cancer Institute, and 
clinical use of cisplatin was finally approved in 1979 by the U.S. Food and 
Drug Administration. Cisplatin is now a widely used anticancer drug, mostly 
in combination with other cytotoxic drugs or combined with radiotherapy. 
Because cisplatin, unlike most other cytotoxic agents, has relatively little 
immunosuppressive activity, it is indicated primarily for the treatment of solid, 
mostly epithelial, tumours. Malignancies which may succesfully respond to 
cisplatin-based chemotherapy include advanced and metastatic forms of non- 
seminatous germ cell tumours, ovarian carcinoma, bladder tumours, non-small- 
cell carcinoma of the lung, and squamous cell carcinoma of the head and neck 
(Dollery, 1999; O’Dwyer et al., 1999).

2. Pharmacokinetics of cisplatin

Since cisplatin is not absorbed after oral administration, it is usually given by 
intravenous injection or by intravenous bolus infusion. Alternative routes 
of cisplatin administration have been occasionally reported and include 
intra-arterial and intraperitoneal delivery as well as direct instillation in the 
bladder, but none of these have been adopted as a standard method of treatment 
in chemotherapy (cf., Reed et al., 1996). Cisplatin is well absorbed following 
intraperitoneal delivery, and intraperitoneal cisplatin administration is the 
method of choice in experimental animal studies. The pharmacologic behaviour 
of cisplatin is in part determined by its equilibrium reaction in aqueous solutions. 
When cisplatin is dissolved in water, the chlorine atoms are substituted by 
water molecules, resulting in the formation of positively charged mono- and 
diaquated species, the chloro-aquo (m-[PtCI(H,0)(NH.)2]+) or diaquo (cis- 
[Pt( 11,0) 7NH ,)2]2+) forms, which are weak acids. This aquation reaction is driven 
by a low concentration of chloride ions and may be reversed by increasing the 
chloride concentration, resulting in the uncharged dichloro (cA-[PtCl2(NH3)2]°)
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form. In weakly acidic to neutral solutions, deprotonation of the chloro-aquo and 
diaquo forms may yield several species of the drug, i.e., the uncharged chloro- 
hydroxo (cis-[PtCl(OH)(NH3)J0) and dihydroxo (cis-[Pt(OHX(NH3)2]°) forms 
and the positively charged hydroxo-aquo (a's-[Pt(OH)(H00)(NH3)2]+) form 
(Jenssen, 1939; Lippard, 1982; Reed et al., 1996; Rosenberg, 1999; Martin, 
1999). The charged species can react with a variety of biomolecules, but - unlike 
the uncharged species - are not able to cross cellular membranes. Consequently, 
for clinical use cisplatin is dissolved in a 0.9% (= 150 mM) solution of sodium 
chloride, because the excess of chloride ions in the solution prevents the 
chlorides from leaving the molecule.
After intravenous administration, the high chloride concentration (=100 mM) of 
the blood plasma keeps cisplatin predominantly in the uncharged dichloro form 
(Martin, 1999), which may react to some degree with the sulfhydryl groups of 
plasma proteins (e.g., albumin). Protein-bound cisplatin represents more than 
90% of the dose, 2-4 hours after administration. After 4-5 hours, free cisplatin 
accounts for less than 2-3% of the total amount of circulating cisplatin. After an 
intravenous bolus infusion the elimination of total cisplatin from the plasma has 
a triphasic character. The half-life of the initial phase of removal (ty,a) is 20-30 
minutes and represents removal of free (not protein-bound) cisplatin. The half- 
life of the second phase (t| ,ß) is 48-67 minutes and is also primarily a function 
of the removal of free cisplatin from the circulation. These two phases are 
dependent on adequate renal function. More than 90% is removed through the 
kidneys as a combination of glomerular filtration and tubular secretion. The half- 
life of the third phase of removal (t|oy) is 24 hours and represents removal of the 
drug that is bound to plasma proteins. This phase of removal is governed by a 
combination of factors, including protein catabolism, renal and biliary excretion 
of the drug. Biliary excretion accounts for less than 10% of total drug removal 
from the systemic circulation. Thus, excretion is mainly through the kidney, but 
is incomplete and prolonged; approximately 27-45% is usually excreted within 5 
days, but the rest remains concentrated in the kidneys, liver, and intestines (Reed 
et al., 1996).

Chapter 1________________________________________________________________

3. Cytotoxic mechanism of cisplatin

It is generally accepted that the free dichloro (i.e., not protein-bound) form of 
cisplatin is passively transported across the plasma membrane of both normal 
and tumour cells (Rosenberg, 1985; Reed et al., 1996; Rosenberg, 1999). In the 
cell, the reactive species of cisplatin is not the uncharged and relatively
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unreactive dichloro form, but the positively charged aquated forms. The lower 
chloride concentration (=4 mM) of the cytoplasm and the lower cytosolic pH 
favour aquation of the dichloro form and successive deprotonation, which yields 
positively charged aquated species {vide supra). Due to its ionic charge the 
drug’s exit may be delayed from the cell (Reed et al., 1996). These reactive 
species are potent electrophilics that will react with any nucleophile, including 
the nucleophilic groups on nucleic acids (DNA, RNA) and the sulfhydryl 
moieties of peptides (e.g., glutathione), proteins (e.g., metallothionein) and 
other cellular macromolecules (Reed et al., 1996; Reedijk and Teuben, 
1999).
Most experimental data indicate that DNA-platination is the ultimate event in the 
cytotoxic mechanism of action of cisplatin. The positively charged chloro-aquo 
and diaquo forms, upon entry into the cell nucleus, are rapidly superseded by the 
highly reactive hydroxo-aquo form, which covalently binds to the nitrogen atoms 
of the DNA bases (Martin, 1999). The interaction between DNA and reactive 
cisplatin species results in the formation of cisplatin-DNA adducts, which 
include DNA-protein cross-links, DNA monoadducts, DNA interstrand cross
links, and DNA intrastrand cross-links. Cisplatin has been noted to bind to all 
DNA bases, but in intact DNA there seems to be a preferential binding to the 
imidazole ring at the N7 position of guanine and adenine. Quantitative studies 
have shown that intrastrand cross-links between two adjacent guanine residues 
or between an adenine and adjacent guanine residue account for «65% and 
=25%, respectively, of the cisplatin-DNA adducts formed in vitro. The 
intrastrand cross-link produces a severe local distortion in the DNA double helix 
(for reviews, see Lippard, 1982, 1987; Reed et al., 1996; Liu, 1998).

In contrast, the cellular consequences of cisplatin-induced DNA damage and the 
mechanism by which these adducts cause cell death are less well-understood. 
Cisplatin is generally considered a cell-cycle-phase non-specific drug, although 
the effects on cross-linking are most pronounced in dividing cells during their S- 
phase. It has been suggested that cisplatin-induced damage to DNA causes cells 
to arrest at either the G -, S- or G,-phase of the cell cycle and subsequently leads 
to apoptosis or programmed cell death, in sensitive cell lines (Chu, 1994; Chao, 
1996; Eastman, 1999). Recently, it has been found that cisplatin-DNA adducts 
bind to several cellular proteins, including some that are involved in nucleotide 
excision repair and DNA mismatch repair and others that influence cellular 
pathways in response to genotoxic stress. These proteins can regulate the 
processing of cisplatin-induced lesions in the DNA strands and thereby affect 
cellular sensitivity to the drug (Chao, 1996; Zamble and Lippard, 1995, 1999).

_____________________________________________________General introduction
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Although DNA damage has been the intracellular effect most clearly related to 
cisplatin-induced cell death, other effects may possibly be more important. Other 
intracellular effects include alteration of the cytoskeletal network (Köpf-Maier 
and Mühlhausen, 1992; Boekelheide et al., 1992), alteration of mitochondrial 
function (Rosen et al., 1992), and interaction with plasma membrane integrity 
and function (Aggarwal and Niroomand-Rad, 1983; Speelmans et al., 1996).

Chapter 1________________________________________________________________

4. Adverse effects of cisplatin chemotherapy

The clinical use of cisplatin can be limited by a number of drug-induced toxic 
side effects, such as renal dysfunction, peripheral neuropathies, auditory 
impairment, nausea and vomiting, visual impairment and myelosuppression. Of 
these, nephrotoxicity, neurotoxicity and ototoxicity are clinically the most 
troublesome, in that the toxic side effects are cumulative and in general are only 
partially reversible with discontinuation of therapy.
Cisplatin-induced nephrotoxicity is associated with tubular necrosis and inter
stitial nephritis, primarily in the distal portions of the nephron. In conventional 
treatment regimens, nephrotoxicity can be diminished or completely avoided by 
vigorous intravenous pre- and post-hydration and/or forced diuresis with 
osmotic diuretics, such as mannitol (Hayes et al., 1977), or by co-administration 
of various (usually sulfur-containing) “rescue agents” (for a review, see Reedijk 
andTeuben, 1999).
Also, cisplatin is known to induce damage to peripheral sensory nerves and 
dorsal root ganglia (Thompson et al., 1984; Cavaletti et al., 1991; Hamers et al., 
1991, 1997; Lomonaco et al., 1992), resulting in paresthesias and sensory ataxia. 
Even after cessation of treatment the neuropathy may progress within several 
months (Grunberg et al., 1989). It has been suggested that cisplatin-induced 
peripheral neuropathies can be attenuated or prevented in rodents and humans by 
melanocortins (e.g., the ACTH49) analogue ORG 2766), without adversely 
affecting the antineoplastic effect of cisplatin (De Koning et al., 1987; Gerritsen 
van der Hoop et al., 1990, 1994).
Furthermore, treatment with cisplatin may produce ototoxic effects, which will 
be addressed in the next section.
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_ General introduction

5. Cisplatin-induced ototoxicity

Cisplatin commonly causes a dose-related sensorineural hearing loss, which is 
usually permanent, mostly bilateral and characterized by a high-frequency deficit. 
The incidence in man varies between 11 and 80% (Aguilar Markulis et al., 1981; 
Tange et al., 1985; De Oliveira, 1989; Waters et al., 1991; Blakley and Meyers, 
1993; Schweitzer, 1993). Treatment with cisplatin may also result in tinnitus. The 
overall incidence of tinnitus is approximately 7% (range 2-36%). If tinnitus 
occurs, it is usually transient and disappears a few hours to days when cisplatin 
treatment is discontinued. A dose-related effect has not been found (Waters et al.,
1991) . Only sporadically, recovery of cisplatin-induced hearing loss has been 
reported, both in clinical (Aguilar-Markulis et al., 1981; Vermorken et al., 1983) 
and experimental studies (Stadnicki et al., 1975; Nakai et al., 1982). There is no 
histological evidence for post-treatment delay in the expression of toxic effects in 
cisplatin ototoxicity unlike aminoglycoside ototoxicity (Low and Federspil,
1992) .
At present, there is no consensus of opinion with regard to the primary target of 
cisplatin in the cochlea and the (sub)cellular mechanism(s) involved in its 
ototoxic action. Cisplatin may interact with the cochlea at three different main 
levels, i.e., the organ of Corti, the stria vascularis, and the auditory nerve.

5.1 Organ of Corti

Histologically, the most prominent changes in the cochlea after cisplatin 
treatment are seen in the organ of Corti. These changes consist of partial or 
complete loss of the outer hair cells (OHCs) - with only sporadic loss of inner 
hair cells (IHCs) - as well as protrusion of the Deiters’ cells into Nuefs space. 
Although initially there is a preference for the first row in the basal cochlear turn, 
lesions gradually extend to the other OHC rows and the more apical areas 
(Estrem et al., 1981; Komune et al., 1981; Nakai et al., 1982; Tange et al., 1982; 
Konishi et al., 1983; Laurell and Bagger-Sjöbäck, 1991; Fernändez-Cervilla et 
al, 1993; De Groot et al., 1997).
Ultrastructurally, the earliest identifiable changes in the OHCs include (not 
necessarily in this order of appearance): (1) an increase in the number of saccules 
of the Golgi complex in the infracuticular region; (2) a disarrangement of 
the smooth-surfaced endoplasmic reticulum, characterized by proliferation 
and vesiculation of especially the lateral (subsurface) cistemae; (3) an increase 
in the number of Hensen’s bodies; and (4) an increase in (autophago)lysosomes 
and myeloid bodies, situated primarily in the infracuticular region (Marco-
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Algarra et al., 1985; Salto and Aran, 1994a,b; De Groot et al., 1997). In the more 
severely affected OHCs, disappearance of stereocilia, distortion of the cuticular 
plate, extensive dilatation and vacuolation of the endoplasmic reticulum 
and nuclear envelope, and cell shape deformity are observed (Laurell and Bagger- 
Sjöbäck, 1991; Femändez-Cervilla et al., 1993). In the terminal phase, hair cell 
rupture with subsequent leakage of its contents into the scala media and/or Nuel’s 
space take place (Schweitzer, 1993; Saito and Aran, 1994a,b; 
De Groot et al., 1997). The histological findings correlate well with 
the frequency-dependent elevation in the auditory thresholds and with the 
decrease in both the cochlear microphonics (CM) and compound action potentials 
(CAP) (Komune et al., 1981; Konishi et al., 1983; Barron and Daigneault, 1987; 
McAlpine and Johnstone, 1990; Hamers et al., 1994; Stengs et al., 1998a).
The exact mechanism by which cisplatin induces OHC damage and loss and its 
cytotoxic site in the hair cells remain unknown. Comis et al. (1986) have 
demonstrated that X-ray spectra obtained from the organ of Corti of cisplatin- 
treated guinea pigs show significant increases in the intracellular levels of 
calcium in the OHCs. They suggest that secondary to the calcium level increase, 
the stereociliary bundles of the OHCs become damaged. Furthermore, 
electrophysiological studies have demonstrated that cisplatin, when applied 
directly into the cochlea or to dissociated cochlear OHCs, interferes indirectly 
with the mechano-electric transduction process by blocking the voltage-sensitive 
Ca2+-channels located in the lateral membranes of the OHCs (McAlpine and 
Johnstone, 1990; Saito et al., 1991; Kimitsuki et al., 1993; Yamamoto et al., 
1994; Ernst and Zenner, 1995). One must bear in mind that all the results have 
been obtained in in vitro experiments, and may not represent physiological 
alteration in cochlear physiology.
The sites of cisplatin uptake and distribution in cochlear tissues have not 
been properly identified so far. Although [195mPt]-labelled cisplatin could be 
detected in homogenated samples of the organ of Corti (Schweitzer, 1993), 
ultrastructural X-ray analysis has failed to localize cisplatin in the OHCs (Saito 
and Aran, 1994b). In contrast, cisplatin has been ultrastructurally localized 
in the supporting cells of the organ of Corti (Maruyama et al., 1993). It is 
uncertain if the cellular mechanism of cisplatin ototoxicity, which involves 
damage to terminally differentiated, post-mitotic OHCs, is identical to the 
cytotoxic action of cisplatin in tumour cells, which are more susceptible 
for damage by cytotoxic agents than non-proliferating cells. The cytotoxicity 
of cisplatin is assumed to be mediated through binding to DNA and formation 
of cisplatin-DNA adducts, eventually leading to G2-arrest and apoptosis. 
Despite a large volume of literature describing the ability of cisplatin to

Chapter 1________________________________________________________________
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induce apoptosis in various tumour cells, evidence for cisplatin-induced apoptosis 
of OHCs in the adult mammalian cochlea remains sparse (Alam et 
al., 2000). One may assume that the cellular mechanisms underlying the 
ototoxic and nephrotoxic actions of cisplatin share similar features, especially 
since most nephrotoxic drugs usually exhibit ototoxic activity and nephro- 
protective agents also ameliorate cisplatin ototoxicity. In cisplatin-intoxicated 
kidneys, high levels of cisplatin-DNA adducts are formed (Johnsson et al., 1995; 
Bergström et al., 1997), and cisplatin-induced apoptosis has been demonstrated in 
vitro in cultured human proximal tubular epithelial cells (Razzaque et al., 1999). 
In view of these findings, it cannot be excluded that cisplatin induces OHC loss 
by apoptotic cell death subsequently to the formation of cisplatin-DNA adducts. 
However, alternative cellular mechanisms might be involved in cisplatin-induced 
OHC loss. X-ray microanalysis studies of cisplatin-intoxicated kidneys have 
demonstrated that cisplatin is internalized through an endocytotic process and is 
accumulated in lysosomes in the proximal tubular epithelial cells (Makita et al., 
1986), and it has been suggested that subsequent release of the lysosomal 
contents into the cytoplasm provokes cellular necrosis. A similar model has been 
proposed for the mechanism by which the aminoglycoside antibiotics induce 
tubular necrosis in the kidney (Laurent et al., 1990) and OHC loss in the cochlea 
(De Groot et al., 1990). In addition, a role of glutathione has been implicated. 
Depletion of glutathione and antioxidant enzymes is associated with the 
generation of reactive oxygen species, and these can cause not only DNA strand 
breaks but also lipid peroxidation and aberrant expression of membrane-bound 
enzymes, which can alter the cell’s ability to maintain ionic gradients (Ravi et al., 
1995; Rybak et al., 1995, 2000; Lautermann et al., 1997; Touliatos et al., 2000).

___________ _________________________________________ General introduction

5.2 Stria vascularis

In addition to the toxic effects on the organ of Corti, there also are indications for 
an effect on the stria vascularis. Several authors (Komune et al., 1981; Konishi et 
al., 1983; Laurell and Engström, 1989; Klis et al., 1999; Tsukasaki et al., 2000) 
have observed a decrease in the endocochlear potential (EP) in the basal turn 
after application of cisplatin. Histologically, damage to the stria vascularis 
consists of swelling and blebbing of the marginal cells and vacuolation of their 
cytoplasm (Nakai et al., 1982; Tange and Vuzevski, 1984; Kohn et al., 1988; 
Laurell and Bagger-Sjöbäck, 1991; Saito and Aran, 1994a). General atrophy of 
the stria vascularis has been reported (Komune et al., 1981). However, there are 
also reports in which no changes were observed in the stria vascularis after 
cisplatin administration (Fleischman et al., 1975; Böheim and Bichler, 1985; De
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Groot et al., 1997). With regard to a possible effect of cisplatin on Reissner’s 
membrane only a few seemingly contradictory reports have been published. 
While a collapse of Reissner’s membrane has been reported by Komune et al. 
(1981) and Laurell and Bagger-Sjöbäck (1991), De Groot et al. (1997) have 
observed an endolymphatic hydrops in a considerable number of animals that 
had been treated with cisplatin. This implies that cisplatin may interfere with 
strial function.
Cisplatin inhibits adenylate cyclase activity in the stria vascularis. Adenylate 
cyclase is predominantly present in the basolateral membranes of the marginal 
cells (Bagger-Sjöbäck et al., 1980; Schacht, 1982; Koch and Gloddek, 1991). 
Bagger-Sjöbäck et al. (1980) and Koch and Gloddek (1991) proposed that 
cisplatin acts on the level of the G proteins. It has been speculated that the 
adenylate cyclase/cyclic AMP system is involved in electrolyte and solute 
transport in the stria vascularis (cf., Lohuis et al., 1999). This seems to be 
supported by the observation that both sodium and potassium concentrations in 
the endolymph are increased after cisplatin administration (Laurell et al., 1995). 
However, Barron and Daigneault (1987) could not detect a direct relation 
between cisplatin ototoxicity and the activity of the Na+, K+- ATPase enzyme 
system. Although cisplatin has no effect on paracellular transport of the inner ear 
barriers, it may result in a changed passive transport of solutes (Laurell et al., 
1997; Suzuki and Kaga, 1996, 1997).
Although [,95l"Pt]-labelled cisplatin has been detected in homogenated samples of 
the lateral wall of the cochlea, containing both the stria vascularis and spiral 
ligament (Schweitzer, 1993), data on the ultrastructural localization of cisplatin 
in the stria vascularis are conflicting (Welb et al., 1992; Maruyama et al., 1993).

Chapter 1________________________________________________________________

5.3 Auditory nerve

Although cisplatin is known to affect peripheral nerves and to induce peripheral 
neuropathies (Thompson et al., 1984), a possible effect on the auditory nerve is 
not well documented. However, it seems plausible that cisplatin does affect the 
auditory nerve, especially since specific neurotrophins can attenuate cisplatin- 
induced damage to auditory neurons in organotypic cultures of cochlear explants 
of the postnatal rat (Zheng and Gao, 1996; Gabaizadeh et al., 1997). Yet, there is 
at present no clear histological evidence that cisplatin results in atrophy or loss 
of spiral ganglion cells, nor of the afferent and the efferent nerve endings in the 
adult guinea pig cochlea (Estrem et al., 1981; Laurell and Bagger Sjöbäck, 1991; 
De Groot et al., 1997).
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6. Protection against cisplatin-induced ototoxicity

Many attempts at reducing the ototoxic effects of cisplatin have been undertaken 
during the past decades (for reviews see, Rybak and Somani, 1999; Smoorenburg 
et ah, 1999). One may assume that the cellular mechanisms underlying the 
ototoxic and nephrotoxic action of cisplatin share similar features, especially 
since most nephrotoxic drugs usually demonstrate ototoxic activity and 
nephroprotective agents (’’rescue agents”) also ameliorate cisplatin ototoxicity. 
Sodium thiosulphate (STS) was the first rescue agent tested for possible 
protection against cisplatin-induced ototoxicity. Auditory brainstem responses 
(ABR) testing in guinea pigs treated with cisplatin and co-treated with STS 
demonstrated significant increases in the amplitudes of the cochlear potentials, 
when compared to animals treated with cisplatin alone (Otto et ah, 1988). 
Church et al. (1995) compared the efficacy of four potentially protective agents 
in hamsters: STS, diethyldithiocarbamate (DDTC), S2-(3-aminopropylamino)- 
ethylphosphorothioic acid (amifostine, WR-2721) and fosfomycin. They 
demonstrated that STS markedly ameliorates cisplatin-induced ototoxicity. In 
this study, DDTC provided a moderate degree of protection, whereas WR-2721 
and fosfomycin were completely ineffective. These results could be reproduced 
in a similar experiment by Kaltenbach et al. (1997). However, the co
administration of STS may reduce the anti-neoplastic action of cisplatin (Pfeifle 
et al., 1985). The protective effect of DDTC was confirmed by Rybak et al. 
(1995), but could not be reproduced in a clinical setting (Church et al., 1995). 
Fosfomycin demonstrated a protective effect against cisplatin ototoxicity in 
studies by Schweitzer (1986, 1993). In both albino and pigmented guinea pigs 
treated with cisplatin, fosfomycin significantly reduced the mean total 
percentage of OHC loss and elevation in ABR threshold shifts. Schweitzer 
(1986, 1993) reported also the possible protective role of non-glucocorticoid 21- 
aminosteroids (lazaroids), which act as free radical scavengers. Co-treatment 
with lazaroids resulted in less OHC loss in cisplatin-treated guinea pigs. 
Campbell et al. (1996) demonstrated an excellent protective effect of co
treatment with D-methionine, a sulfur-containing amino acid, in cisplatin-treated 
rats: ABR showed no significant threshold shift for any stimulus, and OHC 
counts were consistent with the ABR findings. In a more recent study, Campbell 
et al. (1999) demonstrated that co-treatment with D-methionine in rats results in 
less cisplatin-induced strial pathologies. The protective mechanism of d- 
methionine has not yet been determined.
Ciges et al. (1996) observed in guinea pigs treated with cisplatin that co
treatment with coenzyme A (CoA) or pantothenic acid (PA) resulted in

_____________________________________________________General introduction
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protection of hearing, measured by compound action potentials and OHC loss. 
They suggested that PA, which is a component of CoA, may neutralize free 
radicals.
Recently, the protective effect of 4-methylthiobenzoic acid on cisplatin-induced 
ototoxicity has been demonstrated in rats (Kamimura et al., 1999; Rybak and 
Somani, 1999). This rescue agent does not compromise anti-neoplastic activity 
(Boogaard et al., 1991).
Another class of otoprotective compounds that have been studied are the 
melanocortins, a class of ACTH-derived neuropeptides that demonstrate 
neurotrophic and neuroprotective properties. These properties of the melanocortins 
have been well demonstrated in various experimental and clinical disorders of 
the peripheral nervous system (for a review, see Hamers et al., 1997). 
Melanocortins constitute a class of closely related peptide fragments derived 
from the pituitary peptide adrenocorticotrophic hormone (ACTH) and include 
ACTHM 13) (a-melanocyte-stimulating hormone; a-MSH), ACTH(710), ACTH4 |0), 
and ORG 2766 (Figure 3). The latter is an ACTH(49j fragment (H-Met(0,)-Glu- 
His-Phe-o-Lys-Phe-OH), structurally modified to increase the stability of the 
compound, retaining its neurotrophic and neuroprotective activities but lacking 
an adrenocorticotrophic effect (De Wied and Jolles, 1982; Strand et al., 1991). 
ORG 2766 has been demonstrated to prevent the development of cisplatin- 
induced damage to peripheral nerves in rats (De Koning et al., 1987; Gerritsen 
van der Hoop et al., 1994). Furthermore, in a clinical trial with patients suffering 
from ovarian carcinoma, co-treatment with ORG 2766 protected from the 
development of cisplatin-induced neuropathy (Gerritsen van der Hoop et al., 
1990). Moreover, more recently, Hamers et al. (1994) and De Groot et al. (1997) 
showed a protective effect of ORG 2766 upon cisplatin-induced cochlear 
damage in guinea pigs as inferred from changes in cochlear potentials and OHC 
counts, respectively. The electrocochleographic results were corroborated in a 
similar study by Stengs et al. (1998b), although a dichotomy in their results was 
apparent.
The mechanisms underlying the neurotrophic and neuroprotective effect of 
melanocortins, including ORG 2766, are at present not clear, but it is generally

Chapter 1________________________________________________________________

4 5 6 7 8 9

ORG2766

Figure 3: Structure of the ACTH-derived melanocortin, ORG 2766

18



assumed that these peptides enhance an intrinsic repair mechanism in peripheral 
neurons (Gispen, 1990). This raises the question whether ORG 2766 stimulates 
some sort of intrinsic repair mechanism in the hair cell or that the peptide 
prevents cisplatin-induced OHC damage. An interesting finding in this respect is 
that ORG 2766 seems to protect against peripheral demyelinating diseases after 
cisplatin treatment by acting on neurons through the glial cells (Duckers et ah,
1993). In the organ of Corti, Deiters’ cells may function as glial cells (Rio et ah, 
2001) and, similarly, might be involved in the protection of the OHCs. Moreover, 
Dyer et al. (1995) reported that rat Schwann cells contain a receptor which 
specifically binds to ORG 2766. On the other hand, Hoi et al. (1994) presented 
evidence for a direct action of ORG 2766 on neurons. Reduction of cisplatin- 
induced OHC loss in co-treatment with ORG 2766 suggests that ORG 2766 may 
act at the hair cell level. Although hair cells are not derived from the neural crest, 
they behave like neuronal cells in certain aspects. They exhibit both pre- and 
postsynaptic features and also produce neurotransmitters. Furthermore, at least 
in the mouse cochlea they transiently express the 145-kDa neurofilament protein 
during postnatal development (Hasko et al., 1990).
Alternatively, ORG 2766 may exert its protective effect upon cisplatin oto
toxicity through an interaction with strial function. Cisplatin is known to have a 
strong inhibitory effect on strial adenylate cyclase, which is predominanty 
located in the basolateral infoldings of the marginal cells (Bagger-Sjöbäck et al., 
1980; Schacht, 1982; Koch and Gloddek, 1991). It has been suggested that 
cisplatin does not interfere directly with adenylate cyclase itself, but acts at the 
level of the G-proteins (Bagger-Sjöbäck et al., 1980; Koch and Gloddek, 1991). 
Since melanocortins such as a-MSH and ACTH bind specifically to G-protein- 
coupled melanocortin receptors (Mountjoy et al., 1992) and ORG 2766 shares a 
similar amino acid sequence with a-MSH and ACTH, it is tempting to speculate 
that ORG 2766 exerts its protective action by binding to a melanocortin receptor, 
thus preventing the inhibitory effect of cisplatin on strial adenylate cyclase. 
However, there are several arguments against this hypothesis. First, none of the 
five known subtypes of melanocortin receptors has been demonstrated as yet in 
peripheral nerves, nor in the inner ear. Second, though binding sites for ORG 
2766 are present on sensory neurons and Schwann cells, ORG 2766 does not 
bind to any of the known melanocortin receptors (Hamers et al., 1997).
Because the mechanism(s) underlying the otoprotective effect of melanocortins, 
in particular ORG 2766, are not well understood, one of the aims of this thesis 
is to further assess the possible protective effect of ORG 2766 on cisplatin 
ototoxicity in guinea pigs.
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7. Aims of this study

This thesis presents the histological counterpart of the earlier presented studies 
of Stengs et al. (1997, 1998a,b), reporting on the electrophysiological changes of 
cisplatin-induced ototoxicity in the guinea pig animal model. The studies were 
performed in order to further assess cisplatin-induced ototoxicity in the albino 
guinea pig.

The first study (Chapter 2) describes the histological effects in the guinea pig 
cochlea after treatment with different dosages of cisplatin (0.7 - 2.0 mg/kg/day) 
at a fixed post-treatment time interval. The objective of this study was to 
determine the minimum dose at which the ototoxic effect of cisplatin occurs with 
minimal systemic effects.

The second study (Chapter 3) reports on the post-treatment effect of cisplatin in 
the guinea pig cochlea. Guinea pigs were treated with 1.5 mg/kg/day for 8 
consecutive days after which they were sacrificed after different post-treatment 
time intervals.

The third study (Chapter 4) deals with the possible otoprotective effect of ORG 
2766, an ACTH . analogue. Animals were treated at a dose of either 1.0 or 1.5 
mg/kg/day for 8 consecutive days and co-treated with ORG 2766 at a daily dose 
of 75 |ig/kg for 9 consecutive days.

The fourth study (Chapter 5) reports the ultrastructural changes in the guinea pig 
cochlea after cessation of cisplatin treatment. Special emphasis was given to the 
possible occurrence of new OHCs and mitosis, the role of the supporting cells, 
the presence of atypical cells, the mechanism of “filling up” of the tunnel of 
Corti, the role of the stria vascularis and spiral ganglion.
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1. Introduction

Cisplatin is a frequently used anti-neoplastic agent, effective against different 
types of malignancies such as ovarian carcinoma, nonseminomatous germ cell 
tumours and squamous cell carcinoma of the head and neck. The therapeutical 
benefit of cisplatin is limited by the occurrence of side effects such as renal 
insufficiency, peripheral neuropathies and sensorineural hearing loss.
Cisplatin ototoxicity in humans is characterized by dose-related, cumulative and 
usually permanent high-frequency hearing loss and tinnitus (Schweitzer, 1993). 
Animal studies have shown that chronic cisplatin administration results in 
degeneration of the organ of Corti with partial or complete loss of the outer hair 
cells (OHCs) and - albeit sporadically - loss of inner hair cells (IHCs). Although 
initially there is a preference for the basal turn in the cochlea, lesions gradually 
extend apically along the entire basilar membrane (Estrem et al., 1981; Komune 
et al., 1981; Nakai et al., 1982; Tange et al., 1982; Hoeve et al., 1988; Laurell and 
Bagger-Sjöbäck, 1991; Femändez-Cervilla et al., 1994; De Groot et al., 1997). In 
addition to the toxic effects of cisplatin upon the organ of Corti, there are strong 
indications for an effect on the stria vascularis (Bagger-Sjöbäck et al., 1980; 
Komune et al., 1981; Nakai et al., 1982; Tange and Vuzevski, 1984; Kohn et al., 
1988; Laurell and Engström, 1989; Koch and Gloddek, 1991; Laurell and 
Bagger-Sjöbäck, 1991; Schweitzer, 1993; Saito and Aran, 1994). Furthermore, it 
has been speculated that cisplatin also affects the auditory neurons. Cisplatin- 
induced damage to auditory neurons in organotypic cultures of cochlear explants 
of the postnatal rat was attenuated by specific neurotrophins (Zheng and Gao, 
1996; Gabaizadeh et al., 1997). With regard to a possible effect of cisplatin on 
Reissner’s membrane only a few seemingly contradictory reports have been 
published. While a collapse of Reissner’s membrane has been reported by 
Komune et al. (1981) and Laurell and Bagger-Sjöbäck (1991), De Groot et al. 
(1997) have observed endolymphatic hydrops in a considerable number of 
animals that had been treated with cisplatin.
The degree of cisplatin ototoxicity depends not only on pharmacological factors 
(dose, cumulative dose, dosage schedule and mode of administration), but also 
on a multitude of systemic factors and conditions, for example skin 
pigmentation, age, diet, interaction with noise, interaction with other ototoxic 
drugs, and pre-existing hearing loss (Kohn et al., 1991; Laurell, 1992; 
Schweitzer, 1993; Wendell Tod et al., 1995; Lautermann et al., 1995).
Although a large number of studies concerning the dose-dependent effect of 
cisplatin in animals have been performed, comparison of available data from the 
literature is difficult. Many parameters, such as dose, mode of adminstration and
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dosage schedule, vary considerably among the different studies. Nakai et al. 
(1982) found that albino guinea pigs treated with intramuscular cisplatin at a 
daily dose of 2 mg/kg during 5 consecutive days did not show changes in 
auditory function or OHC loss, but after 3 more days ABR amplitudes were 
significantly reduced with corresponding damage to the OHCs in both the basal 
and middle turns. Konishi et al. (1983) treated pigmented guinea pigs with 
intraperitoneal cisplatin at a daily dose of 1.5 mg/kg for 3 or 4 periods of 5 
consecutive days per week. Suppression of the cochlear microphonics (CM) 
together with OHC loss in the basal and middle turns was observed mostly in the 
beginning of the second week. In a longitudinal study in which albino guinea 
pigs were treated with a daily cisplatin dose of 1.5 mg/kg (i.p.) for varying pre
determined periods, Hoeve et al. (1988) found that the onset of hearing loss, 
measured electrophysiologically, occurred after 10 days of treatment with 
cisplatin. In addition, hearing loss correlated well with both the cumulative dose 
of cisplatin and OHC loss in the basal and middle turns.
Laurell and Engström (1989) and Laurell and Bagger-Sjöbäck (1991) found that 
repeated low-dose intraperitoneal injections (1 mg/kg/day for 5 days per week, 
for 5 weeks) in pigmented guinea pigs produced a permanent hearing loss, 
whereas a single high-dose intravenous injection (either 8 mg/kg or 12.5 mg/kg) 
resulted in less impairment of the electrophysiological auditory thresholds than 
after repeated low-dose injections. At the histological level, repeated low-dose 
intraperitoneal injections of cisplatin caused similar damage to the OHCs as a 
single high-dose intravenous injection. Saito and Aran (1994) applied cisplatin to 
pigmented guinea pigs at a cumulative dose of 15 mg under different 
experimental conditions. One group received two intramuscular injections of 7.5 
mg/kg each with a 5-day interval. A second group was treated with 1.5 
mg/kg/day (i.m.) for 10 consecutive days. The animals in both groups were co
treated with mannitol to facilitate diuresis. In the first group, the compound 
action potential (CAP) threshold increased 24 hours after the second injection of 
cisplatin. In the second group, this threshold changed abruptly between the 
eighth and ninth day of treatment. OHC loss and partial damage to the stria 
vascularis were more obvious in the first group. Schweitzer (1993) used 
pigmented and albino guinea pigs to study OHC loss and changes in ABR after 
4, 8, 12 and 16 consecutive days of subcutaneous cisplatin treatment. Animals 
received a cisplatin dose of 1.0 mg/kg/day. In the albino animals OHC loss was 
calculated as 1%, 12%, 45%, and 78%, respectively. In contrast, the pigmented 
animals showed less OHC loss (1%, 3%, 19% and 54%, respectively). ABR 
threshold shifts were not significantly higher after 4-day and 8-day treatment 
intervals for either albino or pigmented strains.

___________________________________________________________ Dose-Dependency
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The studies mentioned above all suggest a critical cumulative dose of cisplatin 
above which ototoxic effects occur. In the present study, a re-evaluation of 
the dose-dependent effects of cisplatin on the guinea pig cochlea has been 
performed in order to provide a reference for future studies concerning 
protection against and recovery from cisplatin-induced ototoxicity. For this 
purpose, albino guinea pigs were treated with various doses of cisplatin using an 
8-day treatment protocol. In this paper we present the light microscopic changes 
in the organ of Corti, stria vascularis, spiral ganglion and Reissner’s membrane. 
The electrophysiological results have been reported previously (Stengs et al., 
1998).

2. Materials and methods

2.7 Experimental design

Healthy, female albino guinea pigs (strain Dunkin Hartley, weighing 250-350 g) 
were used for all experiments. They were housed under standard laboratory 
conditions and fed ad libitum. The care and use of animals reported in this study 
were approved by the Animal Care and Use Committee of Utrecht University 
(DEC-GNK 89007).
Cisplatin (Platinol®; Bristol-Myers Squibb, Woerden, The Netherlands) was 
diluted with physiological saline (pH 7.4) to a final concentration of 0.1 mg/ml. 
All solutions were freshly prepared.
Thirty-six animals were treated with cisplatin by daily intraperitoneal injections 
for 8 consecutive days. Animals were allotted at random to different groups, each 
of which received a different daily dose of cisplatin. Group A (n=6) received 
0.7 mg/kg/day, group B (n=12, in two independent series of 6 animals each) 
received 1.0 mg/kg/day, group C (n=6) received 1.25 mg/kg/day, and group D 
(n=12, in two independent series of 6 animals each) received 1.5 mg/kg/day. 
Electrocochleography was performed on day 10, i.e. 2 days after the final 
application of cisplatin (for details, see Stengs et al., 1998) followed by 
processing of the cochleas for histological examination.
The study was extended with an additional group of cochleas used previously by 
De Groot et al. (1997), consisting of animals treated with cisplatin at a daily dose 
of 2.0 mg/kg for 8 consecutive days (Group E; n=9). Cochleas obtained from 
age-matched non-treated animals (n=10) served as histological controls.
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2.2 Animal drop-out

Table 1 summarizes the number of animals and cochleas that were excluded 
from histological evaluation during the study. Two animals died during or shortly 
after cisplatin treatment; one animal in group C, and one animal in group D. Two 
animals in group B died during the electrophysiological measurements and were 
not included in the histological examination. One animal in group B contracted 
otitis media and was excluded from both electrophysiological measurement and 
histological examination. One cochlea of one animal in group A and one cochlea 
of one animal in group D were damaged during removal of the temporal bones 
and hence not suitable for histological examination. These results show that there 
was no systematic increase of death with the cisplatin dose.

2.3 Tissue processing for light microscopy

Immediately following electrocochleography, the cochleas were fixed by 
intralabyrinthine perfusion with a tri-aldehyde fixative (3% glutaraldehyde, 2% 
formaldehyde, 1% acrolein and 2.5% DMSO in 0.08 M sodium cacodylate 
buffer, pH 7.4; De Groot et al., 1987) followed by immersion in the same fixative 
for 3 h at room temperature. Following several rinses (2x15 min) in 0.1 M 
sodium cacodylate buffer (pH 7.4), the cochleas were decalcified in 10% 
EDTA.2Na for 5 days at room temperature. Next, the specimens were postfixed 
in 1 % 0s04, containing 1 % K4Ru(CN)( in 0.1 M sodium cacodylate buffer (pH
7.4) for 2 h at 4°C (De Groot et al., i987). Dehydration was performed in a 
graded ethanol series and the cochleas were embedded in toto in Spurr’s low- 
viscosity resin, containing 1% silicone DC-200 fluid. After division along a 
midmodiolar plane, the cochleas were re-embedded in the same resin. For light 
microscopic assessment of cochlear pathologies, semithin (1 |xm) sections were 
cut with glass knives on a Reichert-Jung 2050 microtome, collected on glass 
slides and stained with 1% methylene blue and 1% azur II in 1% sodium

Table 1 Design of the study.
Group Cisplatin administration Number of animals Drop-out cochleas

A 0.7 mg/kg/day (8 days) 6 1<3>
B 1.0 mg/kg/day (8 days) 12 4(d 2(2)
C 1.25 mg/kg/day (8 days) 6 2(>)
D 1.5 mg/kg/day (8 days) 12 2»>, 1“
E 2.0 mg/kg/day (8 days) 9 0

<') animal died (1 animal means 2 cochleas),t2) otitis media, “cochlea damaged during preparation
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tetraborate. Subsequently, sections were examined and photographed with a 
Zeiss Axiophot photomicroscope.

Chapter 2________________________________________________________________

2.4 Light microscopic evaluation criteria

During light microscopic examination all gross features were studied in each 
individual transection of the respective half turns of both the right and left 
cochleas. Special emphasis was given to: (1) the organ of Corti (partial or 
complete loss of OHCs and IHCs; supporting cells protruding into Nuel’s space 
and/or the tunnel of Corti; absence of the tunnel of Corti); (2) the stria vascularis 
(blebbing of marginal cells; strial atrophy and/or oedema); (3) the spiral ganglion 
(atrophy or loss of spiral ganglion cells and/or auditory neurons); and (4) 
Reissner’s membrane (collapse or distension).
Since there is considerable interindividual variability with regard to the degree of 
morphological alteration of the organ of Corti - which is difficult to quantify - 
OHC counts were performed to quantify the effect of cisplatin upon the organ of 
Corti in each experimental group (vide infra-, section 2.5). Previously, we 
reported that chronic cisplatin administration may induce an endolymphatic 
hydrops (De Groot et al., 1997). Therefore, we also determined the degree of 
distension of Reissner’s membrane in the present study (vide infra-, section 2.6).

2.5 Outer hair cell counts

OHC counts were performed using about six subsequent midmodiolar sections, at 
a half-turn spacing. The number of OHCs was counted in each individual 
transection of the respective half turns of both the right and left cochleas. OHC 
counts were expressed as the percentage of remaining OHCs per cross-sectioned 
half turn (two transections each for the basal and middle turns; three transections 
for the apical turn), relative to the number of OHCs found in non-treated cochleas. 
In semithin midmodiolar sections of cochleas the OHCs are not always sectioned 
in an ideal (i.e., longitudinal) plane and infrequently partially transected OHCs 
can be encountered. In such oblique transections of the organ of Corti and in 
cases of severe disturbance of the organ of Corti’s microarchitecture the 
following set of criteria was used for the identification of OHCs: (1) the presence 
of the reticular lamina and/or stereocilia; (2) the degree of cytoplasmic staining 
characteristic for OHCs (i.e., azurophilic staining along the basolateral 
membranes indicating the subsurface cistemar, and azurophilic inclusions 
indicating the presence of Hensen’s bodies and glycogen); and (3) the presence 
of basal nerve endings. All remaining OHCs were counted irrespective of their
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histological appearance. Histopathological features such as cytoplasmic 
vacuolation, Hensen’s bodies, shrinkage, absence of stereocilia or diminished 
cytoplasmic staining were not used as exclusion criteria.
All OHC counts were performed by two well-trained investigators, 
independently of one another, in a single-blind fashion. From the counts by both 
observers we calculated the standard error in this method of OHC counting per 
turn (two half turns of transections combined). The standard error depended on 
the count itself: It was 10.1% for counts between 0-20%, 20.7% between 20- 
40%, 14.4% between 40-60%, 18% between 60-80%, and 6.8% between 80- 
100%. It will be obvious that the error is smaller when nearly all OHCs are 
absent or present. In the range from 20% to 80% the error is found to be 16.8%, 
an error of one OHC to the six OHCs expected in the basal or the middle turn.

2.6 Quantification of endolymphatic hydrops

In order to quantify the degree of distension of Reissner’s membrane, we used 
the ratio l/d as an objective measure of endolymphatic hydrops (Bouman et al., 
1998). This ratio is calculated by dividing the length of Reissner’s membrane, lR, 
by the rectilinear distance, d, between the medial (i.e., the spiral limbus) and the 
lateral (i.e., the stria vascularis) attachment points of Reissner’s membrane. 
Midmodiolar sections (i.e., the same sections that were used for light microscopic 
evaluation and OHC counts) were examined with an inverted light microscope 
(Leica DM IRBE) connected through a Kappa CF9/1 FM2 videocamera to a Leica 
Quantimet 500 image analysis system. Video images were digitally stored for off
line measurement of lR and d. Ratios were determined for each individual 
transection of the respective half turns (two transections each for the basal and 
middle turns; three transections for the apical turn) of both the right and left 
cochleas. The ratios of the different experimental groups and those of non-treated 
animals were statistically analysed using ANOVA (Statistica Software Package) 
and the post hoc Tukey’s Honestly Significant Differences (HSD) test. A p value of 
<0.05 was considered to be the criterion for statistical significance.

3. Results

3.1 Outer hair cell counts

OHC counts are presented in Figure 1 and Table 2. Statistical analysis by means 
of ANOVA shows a highly significant effect of cisplatin dose, interacting with
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Table 2 OHC counts in the basal, middle and apical cochlear turns in relation to cisplatin dose. Data are 
expressed as the mean percentage of remaining OHCs (± standard error of the mean) per cross-sectioned 
half turn (n: number of cochleas).
Cisplatin dose n basal turn

%
middle turn
%

apical turn
%

non-treated 20 100 100 too
0.7 mg/kg/day 11 99±1 99+1 100
1.0 mg/kg/day 18 95±2 90+5 99±1
1.25 mg/kg/day 10 98±2 92±6 100
1.5 mg/kg/day 21 40±8 83±4 95±2
2.0 mg/kg/day 18 35+6 62+5 97±1

the cochlear turn considered (pcO.OOl); in this analysis the results for the 
transections of each individual half turn were combined. In the basal turn the 
number of remaining OHCs for doses of 1.5 and 2.0 mg/kg are significantly 
(p<0.001) lower than those for the lower doses (Tukey’s HSD test; Table 2). 
Figure 1 and Table 2 show little OHC loss at the lower doses, whereas the OHC 
loss for 1.5 mg/kg is 60% and for 2.0 mg/kg it is 65%. Also, in the middle turn 
the effect of cisplatin dose was highly significant (pcO.OOl). However, for the 
middle turn the significant (p<0.05) differences were limited to the dose of 2.0 
mg/kg as compared to the other groups (Table 3); OHC loss in the middle turn at 
2.0 mg/kg was 38%. In the lower apical turn there was no significant (p=0.07) 
effect of cisplatin dose.

Figure 1: Graphic representation of OFIC counts in the basal, middle and apical cochlear turns in 
relation to cisplatin dose. Data are expressed as the mean percentage (± standard error of the mean) 
per cross-sectioned half turn for each cisplatin dose (see also Table 2).
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Table 3 Statistical significance of differences between OHC counts of each cisplatin dose was tested 
post hoc by means of the Tukey’s Honestly Significant Differences (HSD) test (NS: not significant).

Cisplatin dose 0.7 1.0 1.25 1.5 2.0

Basal turn
0.7 mg/kg/day NS NS p<0.01 pcO.Ol
1.0 mg/kg/day NS p<0.01 p<0.01
1.25 mg/kg/day pcO.Ol p<0.01
1.5 mg/kg/day NS

Middle turn
0.7 mg/kg/day NS NS NS pcO.Ol
1.0 mg/kg/day NS NS pcO.Ol
1.25 mg/kg/day NS pcO.Ol
1.5 mg/kg/day pcO.Ol

The results presented in Figure 1 and Table 2 are based upon the pooled data of 
both the right and left ears. ANOVA demonstrates a significant (p=0.03) 
difference between the OHC counts in the right ears as compared to those in the 
left ears. However, the difference amounted to only 4.5%. More importantly, 
analysis of the relation between the OHC counts for the right and left ears shows 
a considerable correlation. The correlation coefficient reaches values up to 0.8 at 
counts around 50%. Figure 1 and Table 2 show that the variability in the data is 
highest in this mid-range of the OHC counts. A correlation will show up only 
when there is sufficient variability in the data. The correlation implies that the 
results in Figure 1 and Table 2 are not based on the indicated number of 
independent samples. Therefore, the standard errors of the mean included in 
Figure 1 and Table 2 may underestimate the true standard errors. The 
underestimation is at most a factor of \/2 in case of perfect correlation between 
the results for the right and left ears. The underestimation of the standard error of 
the mean in Figure 1 and Table 2 has no bearing on the ANOVA results (ANOVA 
was based on the results for the right and left ears submitted to the analysis as 
repeated measures).

3.2 General morphology of the organ of Corti

In addition to loss of OHCs, a disturbance of the normal microarchitecture of the 
organ of Corti was seen in the basal and middle turns of the cochleas in groups 
D and E (Figure 2). The tunnel of Corti and Nuel’s space could not be discerned 
as such. These spaces were completely filled up with cells that resemble
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Figure 2: Light micrograph of the organ of Corti in the basal cochlear turn from an animal treated 
with cisplatin at a daily dose of 1.5 mg/kg for 8 consecutive days. All OHCs are lost and the normal 
microarchitecture of the organ of Corti is disturbed. Nuel’s space and the tunnel of Corti are not 
discernible. (x550)

supporting cells. Such a disturbance of the organ of Corti was never observed in 
cochleas from non-treated animals (Figure 3).
Up to a daily dose of 1.25 mg/kg (groups A-C), the tunnel of Corti had a normal 
lightmicroscopic appearance. At a daily dose of 1.5 mg/kg (group D), 
disturbance of the microarchitecture of the organ of Corti was seen in 14 out of 
21 cochleas with considerable individual variation. It was either present in both 
the basal and middle turns (7/21), only in the basal turn (7/21) or totally absent 
(7/21). A daily dose of 2.0 mg/kg (group E) resulted in complete disappearance 
of the tunnel of Corti in the basal turns of 11 out of 18 cochleas. In only one 
cochlea this extended also to the middle turn.

3.3 Stria vascularis

Surprisingly, the stria vascularis had a normal appearance both with the lowest 
daily dose (0.7 mg/kg; group A) and with the highest daily dose (2.0 mg/kg; 
group E), whereas in the other experimental groups morphological changes were 
present in a varying degree of severity. The most prominent features were 
blebbing and vacuolation of the marginal cells and intermediate cell atrophy,
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Figure 3: Light micrograph of the organ of Corti from the basal cochlear turn from a non-treated 
animal. (x350)

which were mainly restricted to the basal and middle turns (Figure 4). Such strial 
changes were never seen in cochleas from non-treated animals (Figure 5).
In group B (1.0 mg/kg/day), atrophy of the intermediate cells occurred in nine 
out of 18 cochleas; in three cochleas (3/9) only in the basal turn, in four cochleas 
(4/9) only in the middle and in two cochleas both in the basal and middle turn 
(2/9). Blebbing of the marginal cells was present in two out of 18 cochleas; this 
was limited to the middle turn and concurrent with intermediate cell atrophy. 
Group C (1.25 mg/kg/day) showed atrophy of the intermediate cells, both in the 
basal and middle turns in seven out of 10 cochleas. Blebbing of the marginal 
cells was seen in four of these cochleas.
In group D (1.5 mg/kg/day) blebbing of the marginal cells was present only in 
the middle turn of two out of seven cochleas that at the same time demonstrated 
OHC loss and disturbance of the organ of Corti in both the basal and middle 
turns. In one of the seven cochleas that had OHC loss and disturbance of the 
organ of Corti, blebbing of the marginal cells was present only in the basal turn. 
Blebbing of the marginal cells and atrophy of the intermediate cells occurred in 
the basal and middle turns of two cochleas that demonstrated OHC loss, but in 
which the tunnel of Corti remained visible.
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Figure 4: Light microscopic view of the stria vascularis and spiral ligament in the middle cochlear 
turn from an animal treated with cisplatin at a daily dose of 1.25 mg/kg for 8 consecutive days. 
Note the extensive blebbing of the marginal cells and the atrophy of the intermediate cells. (x350)

3.4 Spiral ganglion and auditory neurons

In none of the experimental groups could atrophy and loss of spiral ganglion 
cells be observed. Morphological changes in the spiral ganglion cells, if present, 
consisted of cytoplasmic vacuolation (Figure 6). Spiral ganglion cells in 
cochleas from non-treated animals never demonstrated vaculation of their 
cytoplasm (Figure 7).
Groups A, D and E did not show any morphological changes in the spiral 
ganglion cells at all. In group B, vacuolation of the spiral ganglion cells was seen 
in only five out of 18 cochleas, mainly restricted to the middle turns, whereas in 
group C three out of 10 cochleas demonstrated vacuolation of the spiral ganglion 
cells in both the basal and middle turns.

3.5 ReISSNER’S MEMBRANE

Morphological changes of Reissner’s membrane were seldom seen in any of the 
experimental groups. Only two out of 18 cochleas (from two animals) from
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Figure 5: Light microscopic view of the stria vascularis and spiral ligament in the middle cochlear 
turn from a non-treated animal. (x350)

group B showed vacuolation of the epithelial cells (Figure 8); in one specimen in 
both the middle and basal turns and in one cochlea only in the middle tum. Such 
changes were not obvious in cochleas from non-treated animals (Figure 9).

3.6 Quantification of endolymphatic hydrops

In contrast to the lower doses, in group E (2.0 mg/kg/day) there was significant 
endolymphatic hydrops. ANOVA followed by post hoc Tukey’s HSD analysis, 
showed in group E an l/d ratio for the basal and middle half turns that was 
significantly higher (p<0.05) than those for all other groups, including an 
additional control group not receiving cisplatin. The results are presented in 
Figure 10 and Table 4.

4. Discussion

In the present study we systematically investigated the effect upon cochlear 
morphology of various daily cisplatin doses using an 8-day treatment protocol.
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Figure 6: Light microscopic detail of the spiral ganglion in the middle cochlear turn from an animal 
treated with cisplatin at a daily dose of 1.25 mg/kg for 8 consecutive days. Note the abundant 
vacuolation of the cytoplasm in the spiral ganglion cells. (x550)

OHC loss in the basal and the middle turns, together with a disturbance of the 
organ of Corti’s microarchitecture, is seen after treatment with daily cisplatin 
doses of 1.5 and 2.0 mg/kg. OHC loss is statistically not significant in the other 
experimental groups, indicating a dose-dependent effect of cisplatin. Presence or 
absence of OHC loss corresponds closely with the electrophysiological changes 
observed in the same groups of animals (Stengs et ah, 1998). The histological 
changes in the cochlea resemble those reported by others (Komune et ah, 1981; 
Estrem et ah, 1981; Nakai et ah, 1982; Tange et ah, 1982; Laurell and Engström, 
1989; Laurell and Bagger-Sjöbäck, 1991; Fernändez-Cervilla et ah, 1994; De 
Groot et ah, 1997).
An important finding in both the electrophysiological study by Stengs et ah 
(1998) and our study is that serious ototoxic effects are first observed after an 8- 
day treatment with cisplatin at a daily dose of 1.5 mg/kg. Schweitzer (1993) has 
applied the same cumulative doses (he., 12 mg and 16 mg) and found similar 
OHC losses in albino guinea pigs, although cisplatin was given at a daily dose of 
1.0 mg/kg during a period of 12 and 16 consecutive days, respectively. For a 
cumulative dose of 12 mg the comparison yields an OHC loss of 45% in
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Figure 7: Light microscopic detail of the spiral ganglion in the middle cochlear turn from a non- 
treated animal. None of the spiral ganglion cells demonstrate any signs of cytoplasmic vacuolation. 
(x550)

Schweitzer’s study and 60% in our study. For a cumulative dose of 16 mg, these 
values are 78% and 65%, respectively. Apparently, a critical cumulative dose 
level exists above which structural changes in the organ of Corti occur. This has 
been suggested previously by Laurell and Engström (1989) on the basis of their 
ABR analyses. They injected pigmented guinea pigs with cisplatin at a daily 
dose of 1.0 mg/kg until an ABR threshold shift occurred at 12.5 and 20 kHz. The 
cumulative dose to reach this threshold shift was very high, ranging from 31-68 
mg/kg. It should be noted however that cisplatin was injected for weekly periods 
of 5 days for 5 weeks, in contrast to the uninterrupted administration protocol as 
applied by Schweitzer (1993).
Morphological changes in the stria vascularis were present only in cochleas from 
animals treated with daily cisplatin doses of 1.0, 1.25 and 1.5 mg/kg. They 
consisted of blebbing and vacuolation of the marginal cells and atrophy of the 
intermediate cells. Schweitzer (1993) compared the distribution of radioactive 
platinum (195mPt) in various inner ear tissues and found a 2-3 times higher 
platinum concentration in the lateral wall (i.e., stria vascularis and spiral 
ligament) than in the organ of Corti. It can thus be surmised that the ototoxic
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Figure 8: Light micrograph of Reissner’s membrane in the basal cochlear turn showing vacuolation 
of its epithelial cells. Animal treated with cisplatin at a daily dose of 1.0 mg/kg for 8 consecutive 
days. (x350)

effect of cisplatin may be two-fold, both on the stria vascularis and on the organ 
of Corti, the latter reflected in OHC loss and disturbance of its microarchitecture. 
A correlation between strial changes and changes of the organ of Corti or spiral 
ganglion is unlikely, since histological changes in the stria vascularis are seen 
also in cochleas without any OHC loss or vacuolation of spiral ganglion cells. In 
addition, the histological changes are similar to those seen in the stria vascularis 
after administration of loop diuretics. Since loop diuretics induce a transient 
hearing loss (Rybak, 1993), it may be possible that the strial changes observed 
after cisplatin administration are also reversible. Such a transient nature is further 
supported by the fact that a decrease in the endocochlear potential (EP) is not 
permanent after chronic cisplatin administration, in contrast to the elevated 
auditory thresholds (Komune et al., 1981; Laurell and Engström, 1989; Taudy et 
al., 1992). More evidence for an effect upon the stria vascularis derives 
specifically from the finding that cisplatin inhibits strial adenylate cyclase 
activity through an extracellular effect on G-proteins (Bagger-Sjöbäck et al., 
1980; Koch and Gloddek, 1991). Surprisingly, strial changes were not observed 
in animals treated with cisplatin at a dose of 2 mg/kg/day for 8 consecutive days,
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Figure 9: Light micrograph of Reissner’s membrane in the basal cochlear turn from a non-treated 
animal. No histopathological changes are seen. (x350)

although an endolymphatic hydrops was obvious. Probably, the hydrops is the 
result of an overproduction of endolymph by the stria vascularis. In the 
experimental group receiving the highest dose, cisplatin has apparently affected 
endolymph homeostasis.
Structural changes at the level of the spiral ganglion cells and auditory neurons 
have not been observed lightmicroscopically in any of the experimental groups, 
except for vacuolation of spiral ganglion cells in animals treated with a daily 
cisplatin dose of 1.0 and 1.25 mg/kg. The biological implications of this finding 
are not clear, and further (electronmicroscopic) analysis of this observation is 
now in progress.
In conclusion, cisplatin exerts a dose-dependent effect upon the cochlea. The 
present study, however, does not allow us to draw any definite conclusion as to 
the primary target of cisplatin: the OHCs or the stria vascularis. Our light 
microscopic analyses demonstrate that a daily cisplatin dose of 1.5 mg/kg during 
an 8-day treatment protocol induces severe OHC loss, in particular in the basal 
and middle turns of the cochlea. Future studies investigating cisplatin-induced 
ototoxicity may be performed with a cisplatin dose of 1.5 mg/kg/day for 8
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cisplatin dose in mg/kg*8days

Figure 10: Graphic representation of l/d values in the basal, middle and apical cochlear turns in 
relation to cisplatin dose (see also Table 4).

Table 4 l/d Ratios of Reissner’s membrane of the basal, middle and apical turns of animals treated with 
various cisplatin doses for 8 consecutive days. Data are expressed as the mean ratio per cross-sectioned 
half turn ± standard deviation (n: number of cochlear half turns in which the length of Reissner’s 
membrane could be determined; *: statistically significant p<0.05).
Experimental
group

basal 1 (n) basal 2 (n) middle 1 (n) middle 2 (n) apical 1 (n) apical 2 (n) apical 3 (n)

non-treated 1.22±0.07 (9) 1.12±0.04(9) 1.17±0.02(9) 1.14±0.04 (8) 1.13±0.05 (8) 1.13±0.03 (8) 1.13±0.02(2)
0.7 mg/kg/day 1.22±0.13 (11) 1.15±0.08(11) 1.16±0.06(11) 1.14±0.05 (10) 1.14±0.08 (10) 1.10±0.06 (7) 1.07±0.03 (3)
1.0mg/kg/day 1.23±0.10(17) U7±0.08 (17) 1.19±0.11 (16) 1.19±0.11 (16) 1.18±0.08(14) 1.19±0.10 (11) 1.12±0.05 (6)
1.25 rag/kg/day 1.20±0.08 (10) 1.12±0.07 (10) 1.22±0.15 (9) 1.20±0.11 (9) 1.18±0.11 (8) 1.14±0.07 (6) 1.12±0.11 (4)

1.5 mg/kg/day 1.23±0.13 (20) 1.14±0.09(19) 1.15±0.08 (17) 1.14±0.06 (15) 1.09±0.03 (13) 1.08±0.02 (9) 1.09±0.05 (4)
2.0 mg/kg/day 1.43±0.16(14)* 1.27±0.14(16)* 1.30±0.13 (14)* 1.28±0.14(14)* 1.21±0.08(13) 1.17±0.08 (9) 1.18±0.06(3)

consecutive days in order to provide a degree of OHC loss that is well suited to 
study the effects of putative protective agents and possible hair cell recovery.
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1. Introduction

Cisplatin is a potent chemotherapeutic agent frequently used in the treatment of 
various forms of malignancies. At doses normally used for clinical therapy 
cisplatin has several side effects, e.g. peripheral neuropathies, renal 
insufficiency, and sensorineural hearing loss. Cisplatin ototoxicity is clinically 
characterized by a dose-related, cumulative and usually permanent sensorineural 
hearing loss, starting at the higher frequencies and progressively extending to the 
lower frequencies (Schweitzer, 1993).
At present, there is no consensus of opinion with regard to the primary target of 
cisplatin in the cochlea and the subcellular mechanism(s) involved in its ototoxic 
action. Cisplatin may interact with the cochlea at three different main levels, i.e 
the organ of Corti, the stria vascularis, and the auditory nerve. The most 
prominent histological changes seen in the guinea-pig organ of Corti after 
chronic administration of cisplatin consist of partial or complete loss of the outer 
hair cells (OHCs) - with only sporadic loss of inner hair cells (IHCs) - as well as 
protrusion of the Deiters’ cells into NueTs space. Although initially there is a 
preference for the basal turn in the cochlea, lesions gradually extend apically 
along the entire basilar membrane (Estrem et al., 1981; Komune et al., 1981; 
Nakai et al., 1982; Tange et al., 1982; Konishi et al., 1983; Laurell and Bagger- 
Sjöbäck, 1991; Femändez-Cervilla et al., 1994; De Groot et al., 1997). These 
findings correlate well with the frequency-dependent elevation in the auditory 
thresholds and with the decrease in both the cochlear microphonics (CM) and 
compound action potentials (CAP) (Komune et al., 1981; Konishi et al., 1983; 
Barron and Daigneault, 1987; McAlpine and Johnstone, 1990; Hamers et al., 
1994; Stengs et al., 1997).
In addition to the toxic effects on the organ of Corti, there are also indications for 
an effect on the stria vascularis. Komune et al. (1981), Konishi et al. (1983) and 
Laurell and Engström (1989) have observed a decrease in the endocochlear 
potential (EP) in the basal turn after application of a single high dose of cisplatin. 
Histologically, damage to the stria vascularis consists of swelling and blebbing 
of the marginal cells and vacuolation of their cytoplasm (Nakai et al., 1982; 
Tange and Vuzevski, 1984; Kohn et al., 1988; Laurell and Bagger-Sjöbäck, 1991; 
Saito and Aran, 1994), and also general atrophy of the stria vascularis has been 
reported (Komune et al., 1981).
However, there are some reports in which no changes were observed in the stria 
vascularis after cisplatin administration (Fleischman et al, 1975; Böheim and 
Bichler, 1985; De Groot et al., 1997). With regard to a possible effect of cisplatin 
on Reissner’s membrane only a few seemingly contradictory reports have been
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published. While a collapse of Reissner’s membrane has been reported by 
Komune et al. (1981) and Laurell and Bagger-Sjöbäck (1991), De Groot et al. 
(1997) has observed an endolymphatic hydrops in a considerable number of 
animals that had been treated with cisplatin.
Although cisplatin is known to affect peripheral nerves and to induce peripheral 
neuropathies (Thompson et al., 1984), a possible effect on the auditory nerve is 
not well documented. However, we may expect that cisplatin does affect the 
auditory nerve. Specific neurotrophins can attenuate cisplatin-induced damage 
to auditory neurons in organotypic cultures of cochlear explants of the postnatal 
rat (Zheng and Gao, 1996; Gabaizadeh et al., 1997). Yet, there is at present no 
clear histological evidence that cisplatin results in atrophy or loss of spiral 
ganglion cells, nor of the afferent and the efferent nerve endings in the adult 
guinea-pig cochlea (Estrem et al., 1981; Laurell and Bagger-Sjöbäck, 1991; De 
Groot et al., 1997). However, the recent finding of Cardinaal et al. (2000) 
presents evidence that cisplatin does have an effect on the spiral ganglion, since 
they observed cytoplasmic vacuolation of the spiral ganglion cells after 8-day 
treatment with this drug.
Little is known about the course of events over longer time intervals after 
cessation of cisplatin administration. Low and Federspil (1992) could not find 
any histological evidence for post-treatment delay in the expression of toxic 
effects of cisplatin upon the OHCs. On the other hand, recovery of cisplatin- 
induced hearing loss has been occasionally reported in rhesus monkeys 
(Stadnicki et al., 1975), guinea pigs (Nakai et al., 1982) and humans (Aguilar- 
Markulis et al., 1981; Vermorken et al., 1983). Stengs et al. (1997) treated guinea 
pigs with cisplatin at a daily dose of 1.5 mg/kg for 8 consecutive days and 
subsequently studied cochlear function after different survival times. 
Spontaneous improvement of the hair-cell-related potentials (CM and 
summating potentials) was observed starting 2 weeks after cessation of 
treatment. They suggested that this functional recovery might be due to an 
intrinsic repair mechanism in the cochlea, which may imply that repair or 
regeneration occurs at the hair cell level. In order to ascertain whether this 
functional recovery corresponds to actual hair cell recovery, we have 
investigated the effects of cisplatin upon guinea pig cochlear histology after 
various survival times following cessation of treatment. For this purpose we have 
used the cochleas from the animals that were used in the companion study of 
Stengs et al. (1997). We studied the light microscopic changes in the organ of 
Corti, stria vascularis, spiral ganglion and Reissner’s membrane.
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2. Material and methods

2.1 Experimental design

Healthy, female albino guinea pigs (strain Dunkin Hartley, weighing 250-350 g) 
were used for all experiments. They were housed under standard laboratory 
conditions and fed ad libitum. The care and use of animals reported in this study 
were approved by the Animal Care and Use Committee of Utrecht University 
(DEC-GNK 89007).
Cisplatin (Platinol®; Bristol-Myers Squibb, Woerden, The Netherlands) was 
diluted with physiological saline (pH 7.4) to a final concentration of 0.1 mg/ml. 
All solutions were freshly prepared.
Forty-eight animals were treated with cisplatin by daily intraperitoneal injections 
at a dose of 1.5 mg/kg for 8 consecutive days. These animals were also used in 
the electrophysiological study of Stengs et al. (1997). The choice of the dose of 
1.5 mg/kg/day was based on the results from previous dose-effect studies (Stengs 
et al., 1998; Cardinaal et al., 2000). The experiments were performed in two 
series (Table 1). In the first series, electrocochleography was performed 1 day 
(n=12, in two independent series of 6 animals each), 1 week (n=6), 2 weeks 
(n=6) and 4 weeks (n=6) after the final application of cisplatin. Since the data 
obtained in this first series suggested that recovery occurred over the 4-week 
survival period, it was decided to extend the study with a second series in which 
electrophysiological measurements and subsequent histological examinations 
were performed 4 weeks (n=6), 8 weeks (n=6) and 16 weeks (n=6) after the final 
application of cisplatin. To exclude systematic group differences, animals were 
assigned at random to the different survival-time groups. Cochleas obtained from 
age-matched non-treated animals (n=10) served as histological controls.
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2.2 Animal drop-out

Table 1 summarizes the number of animals and cochleas that were excluded 
from histological evaluation during the study. One animal in the 1-day survival 
group and one animal in the 2-week survival group died during or shortly after 
cisplatin treatment. Two animals died during the electrophysiological 
measurements, one animal in the first-series 4-week survival group and the other 
animal in the second-series 4-week survival group. They were not included in the 
histological examination. Two animals in the 16-week survival group contracted 
otitis media, and were excluded from both the electrophysiological 
measurements and histological examination. One cochlea from an animal in the
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Table 1 Design of the study.

Cisplatin administration 
(1.5 mg/kg/day * 8 days)

Survival times
1 day 1 wk 2 wks 4 wks 8 wks 16 wks

Series 1 rc=30 animals 2x6 6 6 6 — -

Series 2 n=l 8 animals - - - 6 6 6

Drop-out cochleas
Ecog (Stengs et al., 1997) 2»> 2m 40) 4(2)
Histology 1<3> JO)

<1) animal died (1 animal means 2 cochleas),<2) otitis media, 01 cochlea damaged during preparation

1-day survival group and one cochlea from an animal in the second-series 4- 
week survival group were damaged during removal of the temporal bones and 
hence not suitable for histological examination. The drop-outs were not 
systematically related to survival time.

2.3 Light microscopy

Immediately following electrocochleography, the cochleas were fixed with 
aldehydes by means of intralabyrinthine perfusion and further processed for light 
microscopic evaluation as described previously by Cardinaal et al. (2000). 
Assessment of histopathological changes in the organ of Corti, stria vascularis, 
spiral ganglion and Reissner’s membrane as well as OHC counts and 
quantification of endolymphatic hydrops were performed in each individual 
transection of the respective cochlear half turns on semithin (1 pm) midmodiolar 
sections of both the left and right ears. More detailed information concerning the 
procedures used and the light microscopic evaluation criteria has been presented 
in a previous paper (Cardinaal et al., 2000).

3. Results

3.1 Generalfindings

There were no gross differences between the right and left cochleas of all 
animals examined. OHC loss, if present, was restricted to the basal and middle 
turns of the cochleas. In addition to the loss of OHCs, a disturbance of the normal 
microarchitecture of the organ of Corti was present in the basal and middle turns. 
In these cases, the tunnel of Corti and Nuel’s space could not be discerned as 
such. These spaces were completely fdled up with cells that resemble supporting
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cells. Such changes were never seen in cochleas from non-treated animals (cf., 
Cardinaal et al., 2000). In none of the experimental groups, except for the 16- 
week survival group, was IHC loss obvious.
Strial changes in varying degrees were diffusely distributed among the 
different experimental groups. When present, strial changes consisted of 
blebbing and vacuolation of the marginal cells and/or atrophy of the intermediate 
cells.
Histological changes in the spiral ganglion cells, consisting of vacuolation of 
their cytoplasm, were infrequently present throughout the different experimental 
groups, but not in the 1-day and 16-week survival groups. In none of the 
experimental groups, except for the 16-week survival group, did we observe 
atrophy and loss of spiral ganglion cells and/or auditory neurons.

Chapter 3________________________________________________________________

3.2 Outer hair cell counts

OHC counts are presented in Figure 1 and Table 2. Statistical analysis by means 
of ANOVA shows a highly significant effect of survival time, interacting with the 
cochlear turn considered (p<0.001); in this analysis the results for the 
transections of each individual half turn were combined.
Since the second series at both 1-day and 4-week survival showed very similar 
OHC loss compared to the first series, OHC counts from both series were taken

Figure 1: Graphic representation of OHC counts in the basal, middle and apical cochlear turns in 
relation to survival time (see also Table 2).
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Table 2 OHC counts in the basal, middle and apical turns in cochleas of animals treated with cisplatin 
at a daily dose of 1.5 mg/kg for 8 consecutive days as a function of survival time. Data are expressed as 
the mean percentage of remaining OHCs (+ Standard error of the mean) per cross-sectioned half turn (n: 
number of cochleas).

Survival time n Basal turn 
(%)

Middle turn
(%)

Apical turn
(%)

non-treated 20 100 100 100
1 day 21 40±8 83+4 95+2
1 week 12 32±10 76+6 97+2
2 weeks 10 55+9 80+4 93+3
4 weeks, first series 10 83+5 92+5 97+1
4 weeks, second series 9 82+4 92+4 97+2
8 weeks 12 86+8 90+5 97+1
16 weeks 8 52+12 92+7 95+1

together. In the basal turn the number of remaining OHCs in the 4-week survival 
group and in the 8-week survival group was significantly (pcO.OOl) higher than 
in the 1-day and 1-week survival group {post hoc Tukey’s HSD test, Table 3). In 
the middle and apical turns no statistically significant effect of survival time was 
observed (p^O.Q).
One day after cessation of cisplatin administration OHC loss in the basal turn 
averaged 60%. In the 1-week survival group, OHC counts were almost similar to 
those of the 1-day survival group. In the 4-week survival group, a relatively small 
loss of OHCs occurred in the basal turns; the loss averaged only 17%. Eight 
weeks after cessation of treatment, OHC loss in the basal turn was 14%. In the 
16-week survival group, OHC loss in the basal turn increased to 48% (Figure 1, 
Table 2), but this was not statistically significant (see Table 3).
The middle turn showed a small OHC loss of approximately 20%, which was 
statistically non-significant, in the 1-day, 1-week and 2-week survival groups. 
Middle-turn OHC loss in the 4-week, 8-week and 16-week survival groups 
amounted to 10%.

Table 3 Statistical significance of the OHC counts in each basal turn. Each survival time group was 
tested against each other survival time group post hoc by Tukey’s Honestly Significant Differences 
(HSD) test (NS: not significant).

Survival time 1 day 1 week 2 weeks 4 weeks 8 weeks

1 week NS
2 weeks NS NS
4 weeks p<0.01 p<0.01 NS
8 weeks p<0.01 p<0.01 NS NS
16 weeks NS NS NS NS NS
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Figure 2: Light micrograph of the organ of Corti in the basal cochlear turn from an animal treated 
with cisplatin at a daily dose of 1.5 mg/kg for 8 consecutive days, after a survival period of 1 day. 
All OHCs are lost and the normal microarchitecture of the organ of Corti is disturbed. Nuel’s space 
and the tunnel of Corti are not discernible. (x350)

3.3 General morphology of the organ of Corti

In addition to loss of OHCs, a disturbance of the normal microarchitecture of 
the organ of Corti was present in 14 out of 21 cochleas at 1-day survival (Figure 
2). In seven of these cochleas (7/14), such a disturbance was present in both 
the basal and middle turns; in the other seven cochleas (7/14) disturbance of 
the organ of Corti’s microarchitecture was restricted to the basal turn. In 
the remaining seven cochleas (7/21) the tunnel of Corti could be easily 
discerned.
After 1-week survival the tunnel of Corti was not discernible in eight out of 12 
cochleas, but this was limited to the basal turn. In the remaining four cochleas the 
tunnel of Corti was present. In the 2-week survival group disturbance of the 
organ of Corti’s microarchitecture was less outspoken as compared to the 1-day 
and 1-week survival groups; the tunnel of Corti could not be discerned in the 
basal turn of only three out of ten cochleas (from three different animals). In both 
4-week survival groups the tunnel of Corti could easily be discerned in all
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Figure 3: Light micrograph of the organ of Corti in the basal cochlear turn from an animal treated 
with cisplatin at a daily dose of 1.5 mg/kg for 8 consecutive days, after a survival period of 4 
weeks. Note that the organ of Corti has a normal appearance with all three OHCs present, whereas 
the Nuel’s space and the tunnel of Corti are clearly discernible. (x350)

cochleas (Figure 3). After 8 weeks’ survival time, only in one cochlea the tunnel 
of Corti was not present.
The organ of Corti showed a normal light microscopic appearance in the 16- 
week survival group, except for the basal turn of two cochleas from the same 
animal. In these cochleas the organ of Corti was completely degenerated and 
replaced by a layer of nondescript epithelial cells.

3.4 Stria vascularis

After 1-day survival (n=21 cochleas), blebbing of the marginal cells was present 
in the middle turn of two cochleas that at the same time demonstrated OHC loss 
and disturbance of the organ of Corti in both the basal and middle turns (Figure 
4). Blebbing of the marginal cells and atrophy of the intermediate cells occurred 
in the basal and middle turns of two cochleas that demonstrated OHC loss, but in 
which the tunnel of Corti remained visible.
In the 1-week survival group (n=12 cochleas) blebbing of the marginal cells was
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Figure 4: Light microscopic view of the stria vascularis and spiral ligament in the middle cochlear 
turn from an animal treated with cisplatin at a daily dose of 1.5 mg/kg for 8 consecutive days, after 
a survival period of 1 week. The marginal cells of the stria vascularis show some degree of 
blebbing. (x350)

observed in the basal turn of two cochleas from the same animal. In one of these 
cochleas disturbance of the microarchitecture of the organ of Corti was observed 
in the basal turn. This cochlea as well as one cochlea from another animal 
showed atrophy of the intermediate cells in both the basal and middle turns 
without disturbance of the organ of Corti.
After 2 weeks’ survival, five out of 10 cochleas showed atrophy of the 
intermediate cells; in two cochleas (2/5) atrophy was present in the basal turn and 
in three cochleas (3/5) in the middle turn. None of these cochleas showed 
disturbance of the organ of Corti at the same level. Blebbing of the marginal cells 
was seen in three out of 10 cochleas. In one of these cochleas this was limited to 
the basal turn and combined with atrophy of intermediate cells. In the other two 
cochleas blebbing of the marginal cells was present in the middle turn. In one 
cochlea, blebbing of the marginal cells was accompanied by disturbance of the 
microarchitecture of the organ of Corti.
In the 4-week survival group, four out of 19 cochleas showed blebbing of the 
marginal cells in both the basal and middle turns. In three out of 19 cochleas the
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Figure 5: Light microscopic detail of the spiral ganglion in the middle cochlear turn from an animal 
treated with cisplatin at a daily dose of 1.5 mg/kg for 8 consecutive days, after a survival period of 
2 weeks. Note the vacuolation of the cytoplasm of the spiral ganglion cells. (x550)

stria vascularis showed blebbing of the marginal cells in the middle turn. In two 
of these cochleas blebbing was accompanied by atrophy of the intermediate 
cells. No disturbance of the organ of Corti was observed in cochleas with these 
strial changes.
In the 8-week survival group (n=l 2 cochleas) signs of atrophy of the intermediate 
cells in the basal turn were observed in two cochleas; one of these also 
demonstrated atrophy of the intermediate cells in the middle turn. Disturbance of 
the organ of Corti’s microarchitecture was not observed in these cochleas.
In the 16-week survival group the two cochleas (2/8) demonstrating complete 
degeneration of the organ of Corti in the basal turn showed signs of atrophy of 
the intermediate cells in the middle turn. Two other cochleas also demonstrated 
atrophy of the intermediate cells in the middle turn without disturbance of the 
microarchitecture of the organ of Corti.

3.5 Spiral ganglion and auditory neurons

In the 1-week survival group vacuolation of spiral ganglion cells occurred in the
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Table 4 l/d Ratio in the basal, middle and apical cochlear turns of animals treated with cisplatin at a 
daily dose of 1.5 mg/kg for 8 consecutive days as a function of survival time. Data are expressed as the 
mean ratio per cross-sectioned half turn ± standard deviation (n: number of cochlear half turns in which 
the length of Reissner’s membrane could be determined).
Experimental
group

basal 1 (n) basal 2 (n) middle 1 (n) middle 2 (n) apical 1 (n) apical 2 (n) apical 3 (n)

non-treated 1.22+0.07 (9) 1.12+0.04(9) 1.17+0.02(9) 1.14+0.04 (8) 1.13+0.05(8) 1.13+0.03(8) 1.13+0.02 (2)
1-day survival 1.23+0.13 (20) 1.14+0.09(19) 1.15+0.08(17) 1.14+0.06(15) 1.10+0.03(13) 1.08+0.02 (10) - (0)
1-week survival 1.28+0.16(9) 1.20+0.07 (10) 1.19+0.09 (9) 1.19+0.08 (10) 1.14+0.05 (7) 1.12+0.05(4) 1.15+0.09 (2)
2-week survival 1.29+0.09 (9) 1.20+0.07 (9) 1.22+0.12(9) 1.17+0.05 (7) 1.21+0.09 (7) 1.16+0.06(9) 1.11 (1)
4-week survival 1.21+0.10(16) 1.1310.08(17) 1.16+0.09 (17) 1.17+0.10(16) 1.12+1.10(14) 1.19+0.29(8) 1.09+0.03 (3)
8-week survival 1.24+0.09(12) 1.14+0.07 (10) 1.16+0.06 (10) 1.14+0.05(11) 1.22+0.25(11) 1.11+0.03(9) 1.10+0.05 (3)
16-week survival 1.18+0.08 (10) 1.12+0.07 (8) 1.13+0.06(9) 1.14+0.08(10) 1.09+0.03(9) 1.17+0.20 (6) 1.08 (1)

basal turn of one cochlea (Figure 5). After 2 weeks’ survival, vacuolation was 
seen in three out of 10 cochleas, both in the basal and middle turns. In the 4-week 
survival group, spiral ganglion cells showed vacuolation both in the basal and 
middle turn of five cochleas. In one additional cochlea, vacuolation of the spiral 
ganglion cells was present only in the middle turn. After 8 weeks’ survival 
vacuolation of spiral ganglion cells occurred in the basal turn in four cochleas, 
and in the middle turn of one additional cochlea. In the 16-week survival group 
near-complete loss of the spiral ganglion cells and auditory neurons with 
degeneration of the organ of Corti in the corresponding turn was observed in one 
cochlea. In the other cochlea from the same animal, no loss of spiral ganglion 
cells and auditory neurons was observed.

3.6 Quantification of endolymphatic hydrops

In Table 4 the mean l/d ratios of the basal, middle and apical turns are presented 
for the different experimental groups as well as the non-treated group. ANOVA 
did not demonstrate a significant effect of survival time over all turns (p^O.5).

4. Discussion

The effect of systemic cisplatin administration upon the guinea pig cochlea has 
been documented extensively (Komune et ah, 1981; Nakai et ah, 1982; Tange et 
ah, 1982; Konishi et ah, 1983; Laurell and Bagger-Sjöbäck, 1991; De Groot et 
ah, 1997). The results of the present study, especially those from the 1-day and 
1-week survival groups, are in close agreement with those reported in previous 
histological studies. We could confirm that cisplatin-induced histological
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changes are most prominent in the organ of Corti resulting in a severe loss of 
OHCs, particularly in the basal and middle turns. Similarly to Laurell and 
Bagger-Sjöbäck (1991), we found that the tunnel of Corti and Nuel’s space both 
may fill up with supporting cells. At present we cannot indicate the cell 
biological implications of such a protrusion by supporting cells, especially since 
this phenomenon has never been reported after systemic administration of other 
ototoxic drugs (cf., De Groot et al., 1991).
A remarkable finding of the present study is that at survival times of 4 and 8 
weeks the OHC loss was significantly reduced as compared to the OHC losses 
that were observed after 1 day, 1 week and 2 weeks. This finding suggests that 
OHCs recover from cisplatin-induced damage 1-4 weeks after treatment. In 
order to accept this important finding, we had to ensure that this result could not 
be attributed to confounded variables, such as group differences. Systematic 
group differences were avoided by assigning the animals after cisplatin 
administration at random to the different survival time groups. Moreover, the 
excellent concordance of the OHC counts from the two independent 4-week 
survival-time groups implies that an artefact is unlikely. In addition, our 
observations are in line with the electrophysiological data from the same animals 
as described in the paper by Stengs et al. (1997). These authors found an initial 
reduction of the CM and SP at 1-day, 1-week and 2-week survival times, whereas 
significant improvement of these hair cell-related potentials was observed at 
survival times of 4 and 8 weeks. Recovery of hearing after cisplatin treatment 
was previously reported to occur sporadically in both animals and humans. 
Stadnicki et al. (1975) found recovery of hearing after 120 and 200 days of 
survival time in rhesus monkeys. However, despite the functional recovery 
observed, severe OHC loss was present. Nakai et al. (1982) described a tendency 
of recovery in the auditory brainstem responses after treating guinea pigs with 
cisplatin at a somewhat larger dose (2 mg/kg/day) than ours. Unfortunately, the 
authors did not perform OHC counts. Infrequently, recovery of hearing after 
cisplatin treatment has been reported in humans (Aguilar-Markulis et al., 1981; 
Vermorken et al., 1983). However, it is not clear if this functional recovery is due 
to transient damage to the organ of Corti (i.e., hair cells), stria vascularis or the 
auditory nerve.

The observed recovery of the OHCs may be the result of hair cell regeneration 
(either through cell proliferation or direct transdifferentiation) or (self-)repair. 
Hair cell regeneration in the mammalian cochlea has been claimed to occur after 
lesions had been induced by neomycin (Lefebvre et al., 1993). These authors 
observed that retinoic acid-stimulated hair cell regeneration (expressed as the

____________________________________________________________________ Recovery

61



number of phalloidin-positive cells) was blocked by the antimitotic drug 
cytosine arabinoside (ara C) in organotypic cultures of cochlear explants of 
newborn rats, suggesting that mitosis is required for regeneration of mammalian 
cochlear hair cells. The results of this study, however, have been seriously 
criticised and could not be duplicated by Chardin and Romand (1995). On the 
other hand, Lenoir and Vago (1997) observed the transient presence of atypical 
cells - with morphological characteristics reminiscent of immature OHCs - in 
the apical turns of the postnatal rat cochlea, in which OHC damage was induced 
by amikacin. Zine and De Ribaupierre (1998) and Vago et al. (1998) found that 
this attempt at neodifferentiation of OHCs is not due to cell proliferation, but 
rather that these atypical cells could arise from direct transdifferentiation of 
already existing supporting cells.
An alternative mechanism for hair cell recovery has been presented by 
Sobkowicz et al. (1992, 1996), who observed that OHCs in explant cultures of 
neonatal mice cochleas have the ability to survive mechanically induced damage. 
Since no incorporation of f 'H]thymidine could be detected, either in the hair cells 
or in the supporting cells, these authors state that recovery of the organ of Corti 
is due to repair of pre-existing post-mitotic hair cells rather than to the formation 
of new OHCs.
In the present study, strial changes were distributed diffusely throughout the 
different experimental groups. Only in a limited number of cochleas severe 
blebbing and vacuolation of the marginal cells and/or intermediate cell atrophy 
was observed. In most cochleas, however, strial damage was either minor or not 
obvious at all. There was no correlation between the occurrence of strial 
pathologies and the degree of OHC loss. Also, there was no systematic trend in 
strial pathologies with survival time. These findings are in agreement with the 
studies of several other authors (Nakai et al., 1982; Tange and Vuzevski, 1984; 
Kohn et al., 1988; Laurell and Bagger-Sjöbäck, 1991; Saito and Aran, 1994). 
From the studies of Laurell and Engström (1989) and Saito and Aran (1994) it is 
evident that there is a certain dose level above which changes occur both in the 
organ of Corti and the stria vascularis. Interanimal variability in this critical dose 
may explain the observed variability in strial damage.
Histological changes in the spiral ganglion cells, consisting of vacuolation of 
their cytoplasm, were infrequently present throughout the different experimental 
groups, but not in the 1-day and 16-week survival groups. These changes do not 
appear to be correlated with the degree of OHC loss. In one animal from the 16- 
week survival group the organ of Corti in both cochleas was completely 
degenerated and replaced by a layer of nondescript epithelial cells. In one 
cochlea of this animal near-complete loss of the spiral ganglion cells and

Chapter 3________________________________________________________________

62



auditory neurons was present, whereas in the contralateral cochlea degeneration 
of the organ of Corti was not accompanied by loss of spiral ganglion cells and/or 
auditory neurons. Clinically, cisplatin therapy is known to result in peripheral 
sensory neuropathies (Thompson et al., 1984; Hamers et al., 1991). Stengs et al. 
(1997) observed that the threshold shifts in the CAP amplitude appear to be 
larger than those in the CM amplitude and concluded that hair cell damage 
cannot be the only explanation for this reduction in the CAP amplitude. They 
suggested that cisplatin may also have an effect upon the auditory neurons. 
Degeneration of the spiral ganglion cells and auditory neurons in the 16-week 
survival group might reflect some form of delayed neuropathy, which has also 
been observed in peripheral nerves (Grunberg et al., 1989; LoMonaco et al.,
1992) . On the other hand, survival and regeneration of auditory neurons seem to 
depend on target-derived trophic factors (Lefebvre et al., 1993; Ylikoski et al.,
1993) . Degeneration of the organ of Corti could lead to a deficiency of these 
factors, finally invoking secondary degeneration of the auditory neurons. Zheng 
and Gao (1996) have observed that the neurotrophins NT-4/5, brain-derived 
neurotrophic factor (BDNF) and NT-3 can attenuate cisplatin-induced auditory 
neuron damage in organotypic cultures of cochlear explants of postnatal rats. 
Moreover, cisplatin-induced loss of neurons is greatly reduced when BDNF and 
the free radical scavenger o-methionine are applied to cultures of dissociated 
spiral ganglia (Gabaizadeh et al., 1997).

In conclusion, our findings seem to support the view that the toxic effect of 
cisplatin upon the cochlea might be a three-fold phenomenon, i.e. on the organ 
of Corti, the stria vascularis and the auditory neurons. Both our histological 
results and the electrophysiological data from the study of Stengs et al. (1997) 
suggest that spontaneous recovery of OHCs in the organ of Corti and restoration 
of auditory function may occur after systemic cisplatin administration. However, 
the results do not allow a conclusion with respect to the important question 
whether the observed recovery is due to the formation of new OHCs or to (self-) 
repair of damaged OHCs.
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1. Introduction

Cisplatin, one of the most potent anti-neoplastic drugs presently known, is 
commonly used in the treatment of various malignancies such as 
nonseminomatous germ cell tumours, ovarian carcinoma and head and neck 
squamous cell carcinoma. However, its therapeutical efficacy is seriously limited 
by several side effects, such as peripheral neuropathies, renal insufficiency and 
sensorineural hearing loss.
Cisplatin is known to induce damage to peripheral sensory nerves and dorsal root 
ganglia (Thompson et ah, 1984; Cavaletti et ah, 1991; Hamers et ah, 1991; 
LoMonaco et ah, 1992), resulting in paresthesias and sensory ataxia. In recent 
years a number of studies have demonstrated that ACTH-derived peptides 
exhibit neurotrophic and neuroprotective potencies. One of these so-called 
melanocortins, the ACTH(49) analogue ORG 2766, has been shown to protect 
against cisplatin-induced damage in peripheral nerves of rodents, when 
administered concomitantly with cisplatin (De Koning et al., 1987; Gerritsen van 
der Hoop et al., 1994). Moreover, it has been suggested that ORG 2766 can 
attenuate or prevent cisplatin-induced peripheral neuropathies in humans, 
without adversely affecting the anti-neoplastic effect of cisplatin (Gerritsen van 
der Hoop et al., 1990).
Since cisplatin-induced nephrotoxicity can be managed by either forced diuresis 
(Chary et al., 1977) or co-administration of various drugs such as chelating 
agents (Bodenner et al., 1986), free oxygen radical scavengers (Hoffman, 1987) 
and sulfur nucleophile inhibitors (Gandara et al., 1990) ototoxicity remains a 
major dose-limiting factor in cisplatin treatment.
Cisplatin ototoxicity in humans is characterized by a usually permanent 
sensorineural hearing loss, which starts at the higher frequencies and extends 
progressively to the lower frequencies (Schweitzer, 1993). Histological 
investigations in animals have established that administration of cisplatin results 
in degeneration of the organ of Corti, with partial or complete loss of the 
outer hair cells (OHCs) and sporadic loss of the inner hair cells (IHCs), 
predominantly in the basal turn of the cochlea (Komune et al., 1981; Estrem 
et al., 1981; Tange et al., 1982; Nakai et al., 1982; Konishi et al., 1983; Laurell 
and Bagger-Sjöbäck, 1991; Femändez-Cervilla et al., 1994; De Groot et al., 
1997). These findings correlate well with the frequency-dependent elevation in 
auditory thresholds and with the reduction of both the cochlear microphonics 
(CM) and compound action potentials (CAP) (Komune et al., 1981; Konishi et 
al., 1983; McAlpine and Johnstone, 1990; Hamers et al., 1994; Stengs et al., 
1997).
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Several compounds that are known for their nephroprotective effects also seem 
to reduce the incidence and severity of cisplatin-induced ototoxicity. These 
compounds include sodium thiosulphate (Otto et ah, 1988; Saito et ah, 1997; 
Kaltenbach et ah, 1997), the non-glucocorticoid 21-aminosteroids or lazaroids 
(Schweitzer, 1993), diethyldithiocarbamate (Kaltenbach et ah, 1997), 
panthotenic acid (Ciges et ah, 1996), and D-methionine (Campbell et ah, 1996). 
Hamers et ah (1994) and De Groot et ah (1997) investigated the possibly 
protective effect of concomitant administration of the ACTH 4 9) analogue ORG 
2766 upon cisplatin ototoxicity in guinea pigs. Animals were treated with 
cisplatin at a daily dose of 2.0 mg/kg for 8 consecutive days and ORG 2766 at a 
daily dose of 75 pg/kg for 9 consecutive days. Concomitant administration of 
cisplatin plus ORG 2766 resulted in a bimodal distribution of the electro- 
physiological data (CAP and CM amplitudes) and the histological data (OHC 
counts): Some animals were protected, some were not. It was surmised that this 
dichotomy might depend on a critical cisplatin dose. Recent studies by Stengs 
et ah (1998a) and Cardinaal et ah (2000a) demonstrated that when using an 
8-day cisplatin treatment protocol without co-treatment, the largest transition 
from “no effect” to “pronounced effect” occurs at daily cisplatin doses between 
1.25 and 1.5 mg/kg. Thus, the daily dose of 2.0 mg/kg for 8 consecutive days 
used in the experiments of Hamers et ah (1994) and De Groot et ah (1997) may 
well have been above the dose allowing for a substantial protective effect of 
ORG 2766.
Therefore, we have extended the previous studies on the effect of co
administration of the ACTH(4 9) analogue ORG 2766 upon cisplatin-induced 
ototoxicity, using daily doses of cisplatin lower than 2.0 mg/kg for 8 consecutive 
days. The electrophysiological data have been published in a previous paper 
(Stengs et ah, 1998b). In this paper we present the light microscopic changes in 
the organ of Corti, stria vascularis, spiral ganglion and Reissner’s membrane.
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2. Material and methods

2.1 Experimental design

Healthy, female albino guinea pigs (strain Dunkin Hartley, weighing 250-350 g) 
were used in all experiments. They were housed under standard laboratory 
conditions and fed ad libitum. The care and use of animals reported in this study 
were approved by the Animal Care and Use Committee of Utrecht University 
(DEC-GNK 89007).
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Cisplatin (Platinol®; Bristol-Myers Squibb, Woerden, The Netherlands) was 
diluted with physiological saline (pH 7.4) to a final concentration of 0.1 mg/ml. 
The ACTH49) analogue ORG 2766 (H-Met(0,)-Glu-His-Phe-o-Lys-Phe-OH; 
Organon BY, Oss, The Netherlands) was dissolved in physiological saline (pH
7.4) at a concentration of 50 (tg/ml. All solutions were freshly prepared. 
Thirty-six animals were treated with daily intraperitoneal injections of cisplatin 
at a dose of 1.0 mg/kg (“low-dose” group; n=18) or 1.5 mg/kg (“medium-dose” 
group; n=18) for 8 consecutive days. Six animals of each cisplatin-treated group 
were concomitantly treated with daily subcutaneous injections of ORG 2766 at a 
dose of 75 |ig/kg. The remaining 12 animals received no ORG 2766. Injections 
with ORG 2766 were administered within 2 min after each cisplatin injection 
on days 1-8, and a final injection was given on day 9. Electrocochleography 
was performed on day 10, i.e. 24 hours after the final application of ORG 
2766, followed by processing of the cochleas for histological examination. 
These animals were also used in the electrophysiological study of Stengs et al. 
(1998b).
To facilitate comparison we included the results from an additional group of 
animals treated with cisplatin at a daily dose of 2.0 mg/kg for 8 consecutive days 
(“high-dose” group; n=20) (Hamers et ah, 1994; De Groot et ah, 1997); 11 of 
these animals were co-treated with ORG 2766 for 9 consecutive days in 
completely the same way as in the present experiment. The remaining nine 
animals received no ORG 2766. The cochleas were processed for histological 
examination on day 10.
Cochleas obtained from age-matched non-treated animals (n=10) served as 
histological controls.
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2.2 Animal drop-out

Two animals in the low-dose cisplatin-alone group and one animal in the 
medium-dose cisplatin-alone group died during or shortly after treatment. One 
cochlea of one animal in the medium-dose cisplatin-alone group was damaged 
during removal of the temporal bones and hence not suitable for histological 
examination. One animal in the low-dose cisplatin-alone group contracted otitis 
media and was excluded from both electrophysiological measurement and 
histological examination. These drop-outs did not bias the results.

2.3 Light microscopy

Immediately following electrocochleography, the cochleas were fixed with
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aldehydes by means of intralabyrinthine perfusion and further processed for light 
microscopic evaluation as described previously by Cardinaal et al. (2000a). 
Assessment of histopathological changes in the organ of Corti, stria vascularis, 
spiral ganglion and Reissner’s membrane as well as OHC counts and 
quantification of endolymphatic hydrops were performed in each individual 
transection of the respective cochlear half turns on semithin (1 pm) midmodiolar 
sections of both the left and right ears. More detailed information concerning the 
procedures used and the light microscopic evaluation criteria has been presented 
in a previous paper (Cardinaal et al., 2000a).
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3. Results

3.1 General findings

There were no gross differences between the right and left cochleas of all 
animals examined. OHC loss, if present, was restricted to the basal and middle 
cochlear turns. In addition to this loss of OHCs, a disturbance of the normal 
microarchitecture of the organ of Corti was present in the basal and middle turns. 
In some cochleas the tunnel of Corti and Nuel’s space could not be discerned as 
such. These spaces were completely filled up with cells that resemble supporting 
cells (Figure 2). This was never observed in cochleas from non-treated animals 
(cf., Cardinaal et ah, 2000a).
Strial changes in varying degrees were diffusely distributed among the different 
experimental groups. When present, strial pathologies consisted of blebbing and 
vacuolation of the marginal cells and/or atrophy of the intermediate cells (Figure 
4). Histological changes in the spiral ganglion cells, consisting of vacuolation of 
their cytoplasm, were infrequently seen (Figure 5). In none of the experimental 
groups, did we observe atrophy and loss of spiral ganglion cells and/or auditory 
neurons.

3.2 Low-dose cisplatin-alone group (n=18 cochleas)

The organ of Corti showed no changes in its microarchitecture and significant 
OHC loss was not observed. In nine out of 18 cochleas atrophy of the 
intermediate cells in the stria vascularis was present either in the basal turn 
(3/18), the middle turn (4/18) or in both the basal and middle turns (2/18). 
Blebbing of the marginal cells was present in only two out of 18 cochleas; this 
was limited to the middle turn and combined with intermediate cell atrophy.
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Figure 1: Graphic representation of OHC counts in the basal, middle and apical cochlear turns in 
relation to cisplatin dose and co-treatment with ORG 2766 (see also Table 1).

Vacuolation of spiral ganglion cells was seen in five out of 18 cochleas. In one 
cochlea this was present in both the basal and middle turns, and in the other four 
cochleas only in the middle turn.

3.3 Low-dose cisplatin+ORG 2766 group (n=12 cochleas)

Two cochleas from one animal showed disturbance of the microarchitecture of 
the organ of Corti in the basal turn. No significant OHC loss was observed. The

Table 1 OHC counts in the basal, middle and apical turns of animals treated with cisplatin alone at doses 
of 1.0 mg/kg/day, 1.5 mg/kg/day and 2.0 mg/kg/day for 8 consecutive days and animals co-treated with 
ORG 2766 for 9 days. Data are expressed as the mean percentage of remaining OHCs (± standard error 
of the mean) per cross-sectioned turn (n: number of cochleas).
Experimental group n basal turn (%) middle turn (%) apical turn (%)

non-treated 20 100 100 100
1.0 mg/kg/day 18 95+2 90+5 99+1
+ORG 2766 12 87+5 100 100
1.5 mg/kg/day 21 40+8 83+4 95+2
+ORG 2766 12 68+9 87+5 99+1
2.0 mg/kg/day 18 35+6 62+5 97+1
+ORG 2766 22 50+9 80+3 100
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strial effects in this group were less than in the corresponding cisplatin-alone 
group. Only one cochlea showed blebbing of the marginal cells in the middle 
turn.

3.4 Medium-dose aspLATiN group (n=21 cochleas)

OHC losses in the basal turn averaged 60% and in the middle turn 17% (Table 1, 
Figure 1). Two cochleas (from one animal) did not show any OHC loss at all. In 
addition to the OHC loss, a disturbance of the microarchitecture of the organ of 
Corti was present in 14 out of 21 cochleas. In seven of these cochleas (7/21), this 
disturbance was present in both the basal and middle turns; the other seven 
cochleas (7/21) showed a disturbed microarchitecture only in the basal turn. In 
the remaining seven cochleas (7/21) the tunnel of Corti could be easily 
discerned.
Blebbing of the marginal cells was present in the middle turn of two out of seven 
cochleas, that at the same time demonstrated OHC loss and disturbance of the 
organ of Corti in both the basal and middle turns. In one of the seven cochleas 
that had OHC loss and disturbance of the organ of Corti in the basal turn, 
blebbing of the marginal cells was present in the same turn. Blebbing of the 
marginal cells and intermediate cell atrophy occurred in the basal and middle 
turns of two cochleas that demonstrated OHC loss, but in which the tunnel of 
Corti remained visible.
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3.5 Medium-dose cisplatin+ORG 2766 group (n=12 cochleas)

Two out of 12 cochleas (as compared to 14/21 in the corresponding cisplatin- 
alone group) showed disturbance of the organ of Corti’s microarchitecture, in the 
basal turn only. OHC loss was less, compared to the corresponding group treated 
with cisplatin alone (Figure 3). It averaged 32% and 13% for the basal and 
middle turn, respectively.
The stria vascularis showed intermediate cell atrophy in both the basal and 
middle turns in four out of 12 cochleas from three different animals. In two 
cochleas these changes were combined with blebbing of the marginal cells in the 
middle turn. In two cochleas from one animal with histological changes in the 
stria vascularis, a disturbed microarchitecture of the organ of Corti was present. 
Thus, at this cisplatin dose the strial effects with and without co-treatment were 
comparable. In one cochlea slight vacuolation of spiral ganglion cells was seen 
in the middle turn.
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Figure 2: Light micrograph of the organ of Corti in the basal cochlear turn from an animal treated 
with cisplatin at a daily dose of 1.5 mg/kg for 8 consecutive days. Note that the microarchitecture 
of the organ of Corti is severely disturbed, with complete loss of the OHCs as well as Nuel’s space 
and the tunnel of Corti. (x350)

3.6 High-dose cisplatin-alone group (n=18 cochleas)

OHC loss was present in the basal and middle turns and averaged 65% and 38%, 
respectively (Table 1). In 10 out of 18 cochleas a disturbance of the 
microarchitecture of the organ of Corti was seen in the basal turn. In one out of 
18 cochleas this disturbance was present also in the middle turn. No changes 
were observed in the stria vascularis, nor in the spiral ganglion.

3.7 High-dose cisplatin+ORG 2766 group (n=22 cochleas)

OHC loss occurred in the basal and middle turns and averaged 50% and 20%, 
respectively (Table 1). In addition to the OHC loss, a disturbance of the 
microarchitecture of the organ of Corti was seen in nine out of 22 cochleas in the 
basal turn. The stria vascularis and the spiral ganglion showed no light 
microscopic changes.
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Figure 3: Light micrograph of the organ of Corti in the basal cochlear turn from an animal treated 
with cisplatin at a daily dose of 1.5 mg/kg for 8 consecutive days and co-treated with ORG 2766. 
The organ of Corti demonstrates a normal microarchitecture with all three OHCs present (arrows) 
and Nuel’s space and the tunnel of Corti are clearly discernible. (x350)

3.8 Statistical analysis of OHC counts

OHC counts are presented in Figure 1 and Table 1. A small loss was observed in 
the low-dose cisplatin-alone group. In the basal turn, the percentages of 
remaining OHCs in the medium-dose (40%) and high-dose (35%) cisplatin- 
alone group were significantly (pcO.OOl) less than those in the low-dose (95%) 
cisplatin-alone group, while there was no significant difference between the 
percentages of the medium- and high-dose groups. The main effect of co
treatment with ORG 2766 across the three different cisplatin doses, the three 
cochlear turns, the left and right ears and the two observers was significant at the 
5% level. The significance could have been adversely affected by the near-100% 
OHC counts found in the low-dose group. However, excluding this dose, the 
main effect shows only a slightly better level of significance (p=0.04). Analysis 
of the results per cochlear turn shows a significant effect of co-treatment with 
ORG 2766 at the 5% level, both in the basal and the middle turns.
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Figure 4: Light microscopic view of the stria vascularis and the spiral ligament in the middle 
cochlear turn from an animal treated with cisplatin at a daily dose of 1.5 mg/kg for 8 consecutive 
days and co-treated with ORG 2766. The marginal cells of the stria vascularis show signs of 
Webbing. (x350)

3.9 Quantification of endolymphatic hydrops

In contrast to the lower doses, there was a significant endolymphatic hydrops in 
the group of animals treated with 2.0 mg/kg/day. ANOVA followed by post hoc 
Tukey’s HSD analysis showed in this group an l/d ratio for the basal and middle 
half turns that was significantly higher (p<0.05) than those for all other groups, 
including an additional control group not receiving cisplatin. Co-treatment with 
ORG 2766 did not result in a different l/d ratio in any of the experimental groups 
(Figure 6 and Table 2).

4. Discussion

The neurotrophic properties and neuroprotective effects of the melanocortins 
have been well demonstrated in various experimental and clinical disorders of 
the peripheral nervous system (for a review, see Hamers et ah, 1997).
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Figure 5: Light microscopic detail of the spiral ganglion in the middle cochlear turn from an animal 
treated with cisplatin at a daily dose of 1.5 mg/kg for 8 consecutive days. Note the severe 
vacuolation in the cytoplasm of most spiral ganglion cells. (x550)

Melanocortins constitute a class of closely related peptide fragments derived 
from the pituitary peptide adrenocorticotrophic hormone (ACTH) and include 
ACTH , (a-melanocyte-stimulating-hormone; a-MSH), ACTH(710), ACTH(410)
and ORG 2766. The latter is an ACTH(49) fragment (H-Met(02)-Glu-His-Phe-

Table 2 l /d Ratios of the basal, middle and apical cochlear turns from animals treated w.th various 
cisplatin doses for 8 consecutive days alone and co-treated w.th ORG 2766 for 9 consecutive days. Data 
are expressed as the mean ratio per cross-sectioned half turn ± standard deviation («: number of cochlear 
half turns in which the length of Reissner’s membrane could be determined).
Experimental

group
Basal 1 (n) Basal 2 (n) Middle 1 (n) Middle 2 (n) Apical 1 (n) Apical 2 (n) Apical 3 (n)

Non-treated 1.22+0.07 (9) 1.12+0.04(9) 1.17+0.02 (9) 1.14+0.04(8) 1.13+0.05(8) 1.13+0.03(8) 1.13+0.02(2)
10mg/kg/day 1.23±0.10(17) 1.17±0.08 (17) 1.19+0.11 (16) 1.19+0.11(16) 1.18+0.08 (14) 1.19+0.10(11) 1.12+0.05(6)
+ORG2766 1.29±0.09 (11) 1.17±0.09 (12) 1.16+0.05(11) 1.16+0.08(12) 1.14+0.04(10) 1.13+0.03 (10) 1.15+0.04(4)
E5 mg/kg/day 1.23±0.13 (20) 1.14±0.09 (1) 1.15+0.08(17) 1.14+0.06(15) 1.09+0.0 (13) 1.08+0.02(9) 1.09+0.05 (4)
±ORG 2766 1.23±0.12(9) 1.16±0.16 (9) 1.19+0.08 (10) 1.24+0.25(10) 1.18+0.14(7) 1.15+0.05 (8) 1.12+0.06 (4)
2.0 mg/kg/day 1.43±0.16 (14) 1.27±0.14 (16) 1.30+0.13 (14) 1.28+0.14(14) 1.21+0.08(13) -H

r— 1.18+0.06(3)
+ ORG 2766 1.40±0.16(17) 1.21±0.12 (17) 1.23+0.09 (18) 1.20+0.08(20) 1.21+0.13(15) 1.21+0.18(14) 1.28+0.18(6)
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Figure 6: Graphic representation of l/d values in the basal, middle and apical cochlear turns in 
relation to cisplatin dose and co-treatment with ORG 2766 (see also Table 2).

o-Lys-Phe-OH), structurally modified to increase the stability of the compound, 
retaining its neurotrophic and neuroprotective activities but lacking an 
adrenocorticotrophic effect (De Wied and Jolles, 1982; Strand et al., 1991). 
Recently, it has been demonstrated that ORG 2766 (Hamers et al., 1994; De 
Groot et al., 1997) and a-MSH (Heijmen et al., 1999) also exert an otoprotective 
effect. Albino guinea pigs treated with cisplatin (2.0 mg/kg/day) for 8 
consecutive days and ORG 2766 (75 pg/kg/day) for 9 consecutive days 
demonstrate a less severe reduction of the CAP and CM amplitudes (Hamers et 
al., 1994) as well as the OHC counts (De Groot et al., 1997), suggesting some 
degree of protection by the peptide. In these studies, of which the OHC 
counts are included in this paper, the electrophysiological and histological data 
showed a bimodal distribution: Some animals were completely or partially 
protected, whereas some animals did not respond at all to ORG 2766 treatment. 
The authors assumed that this dichotomy is related to the amount of cisplatin 
administered: the daily dose of cisplatin relative to that of ORG 2766 might have 
been too high, which could have led to ORG 2766 failing to protect all animals. 
In the present study, we investigated whether the protective effect of ORG 2766 
could be enhanced by reducing the daily dose of cisplatin using an 8-day 
treatment protocol, while maintaining the ORG 2766 dose at the same level. 
However, statistical analysis of the data (ANOVA) showed no interaction
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between the effect of co-treatment and the two highest doses of cisplatin (1.5 and 
2.0 mg/kg/day). Moreover, the effect of cisplatin itself at a dose of 1.0 mg/kg/day 
was too small to reveal an effect of co-treatment with ORG 2766. The 
significance of these results is limited by the small number of experimental 
animals, but the results do suggest that the effect of co-treatment with ORG 2766 
does not critically depend on the cisplatin dose in proportion to the ORG 2766 
dose.
When comparing the OHC counts in the basal turn of the individual animals, 
some animals in the group treated with high-dose cisplatin plus ORG 2766 were 
highly protected, whereas others did not respond at all to ORG 2766 treatment. 
In the group treated with medium-dose cisplatin plus ORG 2766 the OHC counts 
were distributed more equally. The bimodal distribution of the data, found in 
particular in the high-dose cisplatin group, suggests that the effect of co
treatment with ORG 2766 might be enhanced by an intrinsic factor that varies 
from one animal to another (see also Hamers et al. (1994) and De Groot et al. 
(1997)).
It should be noted that four out of 11 (36%) animals treated with high-dose 
cisplatin plus ORG 2766 and three out of six (50%) animals in the medium-dose 
cisplatin plus ORG 2766 group demonstrated virtually no light microscopic 
OHC loss at all, suggesting complete protection by the peptide. However, 
the otoprotective effect of ORG 2766 should not be overestimated, since 
the percentage of animals without OHC loss (non-responders) was 11 % in the 
high-dose cisplatin-alone group, and 9% in the medium-dose cisplatin-alone 
group.
Our observations lends additional support to the earlier finding that ORG 2766 
protects the cochlea from the toxic effects of 8-day cisplatin treatment (Hamers 
et al., 1994; De Groot et al., 1997). One explanation could be that the amount of 
cisplatin entering the cochlea is diminished by a direct interaction with ORG 
2766, thus reducing the ototoxic effect of the drug. However, given the small 
dose of ORG 2766 (75 jig/kg/day) as compared to that of cisplatin (1.5-2.0 
mg/kg/day), it is unlikely that binding of ORG 2766 to cisplatin accounts for the 
observed protective effect.
The observed reduction in OHC loss after concomitant ORG 2766 
administration could be the result of an action of the peptide in the cochlea at 
several sites. It can be surmised that ORG 2766 acts at the same level(s) at which 
cisplatin exerts its action. At present, however, there is no consensus of opinion 
with regard to the primary target of cisplatin in the cochlea. Although cisplatin 
treatment results in degeneration and loss of OHCs (Konishi et al., 1983; 
McAlpine and Johnstone, 1990; Laurell and Bagger-Sjöbäck, 1991; De Groot et
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al., 1997; Cardinaal et al., 2000a, b), recent studies suggest that cisplatin may 
also affect the auditory neurons and/or spiral ganglion cells (Zheng and Gao, 
1996; Gabaizadeh et al., 1997; Cardinaal et al., 2000a, b). In addition, cisplatin 
induces structural and functional changes in the stria vascularis (Bagger-Sjöbäck 
et al., 1980; Tange and Vuzevski, 1984; Kohn et al., 1988; Laurell and Engström, 
1989; Koch and Gloddek, 1991; Saito and Aran, 1994; Suzuki and Kaga, 1996; 
Cardinaal et al., 2000a, b).
Reduction of cisplatin-induced OHC loss as observed in some animals in this 
study suggests that ORG 2766 may act at the hair cell level. Although hair cells 
are not derived from the neural crest, they behave like neuronal cells in certain 
aspects. They exhibit both pre- and postsynaptic features and also produce 
neurotransmitters. Furthermore, at least in the mouse cochlea, they transiently 
express the 145-kDa neurofilament protein during postnatal development (Hasko 
et al., 1990). Thus, it might be possible that (outer) hair cells are sensitive to 
compounds that exhibit neurotrophic activity, such as the melanocortin ORG 
2766. The mechanisms underlying the neurotrophic and neuroprotective effect of 
melanocortins, including ORG 2766, are at present not clear, but it is generally 
assumed that these peptides enhance an intrinsic repair mechanism in peripheral 
neurons (Gispen, 1990). This raises the question whether ORG 2766 stimulates 
some sort of intrinsic repair mechanism in the hair cell or that the peptide 
prevents cisplatin-induced OHC damage. An interesting finding in this respect is 
that ORG 2766 seems to protect against peripheral demyelinating diseases after 
cisplatin treatment by acting on neurons through the glial cells (Duckers et al., 
1993). In the organ of Corti, Deiters’ cells may function as glial cells and, 
similarly, might be involved in the protection of the OHCs.
ORG 2766 has been shown to protect against cisplatin-induced damage in 
peripheral nerves of rodents (De Koning et al., 1987; Gerritsen van der Hoop et 
al., 1994) and to attenuate or prevent cisplatin-induced peripheral neuropathies 
in humans (Gerritsen van der Hoop et al., 1990). Since cisplatin provokes loss of 
auditory neurons and spiral ganglion cells in organotypic cultures of cochlear 
explants of postnatal rats (Zheng and Gao, 1996; Gabaizadeh et al., 1997), it can 
be surmised that systemic administration of cisplatin might induce histo- 
pathological changes and/or loss of cochlear neurons and/or spiral ganglion 
cells. However, no histopathological alterations of the auditory neurons and 
spiral ganglion cells immediately after cisplatin administration have been 
observed in the adult guinea-pig cochlea (Estrem et al., 1981; Laurell and 
Bagger-Sjöbäck, 1991; De Groot et al., 1997). This is supported by the finding 
that cisplatin-induced alterations in the cochlear potentials are not limited to the 
CAP, but that hair-cell-related potentials, CM and SP, change concomitantly
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(Hamers et al., 1994; Stengs et al., 1997). In a longitudinal study, Cardinaal et al. 
(2000b) observed that vacuolation of the spiral ganglion cells occurs 
occasionally, but only at 1 week and 2,4, and 8 weeks after cessation of cisplatin 
(1.5 mg/kg/day) using an 8-day treatment protocol and not after 1 day and 16 
weeks after cessation. Atrophy and loss of spiral ganglion cells and auditory 
neurons occurred only after 16 weeks. Since all animals in the present study were 
sacrificed 1 day after the final application of ORG 2766 (i.e., 2 days after the 
final application of cisplatin), any effects of ORG 2766 on the spiral ganglion 
cells and auditory neurons were not anticipated.
Alternatively, ORG 2766 may exert its protective effect upon cisplatin 
ototoxicity through an interaction with strial function. Cisplatin is known to have 
a strong inhibitory effect on strial adenylate cyclase, which is predominanty 
located in the basolateral infoldings of the marginal cells (Bagger-Sjöbäck et al., 
1980; Schacht, 1982; Koch and Gloddek, 1991). It has been suggested 
that cisplatin does not interfere directly with adenylate cyclase itself, but acts at 
the level of the G-proteins (Bagger-Sjöbäck et al., 1980; Koch and Gloddek, 
1991). Since melanocortins such as a-MSH and ACTH bind specifically to G- 
protein-coupled melanocortin receptors (Mountjoy et al., 1992) and ORG 2766 
shares a similar amino acid sequence with a-MSH and ACTH, it is tempting to 
speculate that ORG 2766 exerts its protective action by binding to a 
melanocortin receptor, thus preventing the inhibitory effect of cisplatin on strial 
adenylate cyclase. However, there are several arguments against this hypothesis. 
First, none of the five known subtypes of melanocortin receptors has been 
demonstrated as yet in peripheral nerves, nor in the inner ear. Second, though 
binding sites for ORG 2766 are present on sensory neurons and Schwann cells, 
ORG 2766 does not bind to any of the known melanocortin receptors (Hamers et 
al., 1997).
In animals treated with a daily cisplatin dose of 2.0 mg/kg strial pathologies were 
not observed, although in most animals an endolymphatic hydrops was present, 
suggesting that cisplatin might have affected strial function (cfi, De Groot et al., 
1997). After co-administration with ORG 2766 no statistically significant 
difference in the degree of distension of Reissner’s membrane was observed. 
This suggests that ORG 2766 does not interact with the strial site that is 
responsible for the regulation of endolymph production. In contrast, cochleas of 
animals treated with daily cisplatin doses of 1.0 mg/kg and 1.5 mg/kg did 
demonstrate strial pathologies in varying degrees, but no endolymphatic hydrops 
was observed (cf, Nakai et al., 1982; Tange and Vuzevski, 1984; Kohn et al., 
1988; Saito and Aran, 1994; Cardinaal et al., 2000a, b).
In conclusion, the present study supports the previously reported protective
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effect of ORG 2766 upon cisplatin-induced OHC loss. However, further 
investigations are needed to elucidate the underlying mechanism.
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1. Introduction

C(.v-dichlorodiammineplatinum (II) (cisplatin) is a potent anti-neoplastic drug, 
which is frequently used in the treatment of various forms of malignancies. 
However, this drug is well known to produce serious dose-limiting side effects, 
in particular nephrotoxicity and ototoxicity. Cisplatin-induced ototoxicity is 
clinically characterized by a cumulative, dose-related and usually permanent 
sensorineural hearing loss, commencing at the higher frequencies and 
progressively involving the lower frequencies. Although the ototoxic effect of 
cisplatin has been extensively studied, there is still no consensus of opinion with 
respect to its primary intracochleär target. Histological studies have established 
that chronic administration of cisplatin mainly results in degeneration of the 
outer hair cells (OHCs) in the organ of Corti. In addition, cisplatin-induced 
ototoxicity involves damage to the stria vascularis, both at the biochemical and 
morphological level (for a review, see Schweitzer, 1993).
The most prominent histological changes in the organ of Corti consist of partial 
or complete loss of the OHCs and - only sporadically - the inner hair cells 
(IHCs) as well as protrusion of supporting cells into the tunnel of Corti and 
Nuel’s space. Although initially there is a preference for the first row in the basal 
cochlear turn, lesions gradually extend to the other rows and the more apical 
areas (Estrem et ah, 1981; Komune et ah, 1981; Nakai et ah, 1982; Tange et ah, 
1982; Konishi et ah, 1983; Laurell and Bagger-Sjöbäck, 1991; Femändez- 
Cervilla et ah, 1993; De Groot et ah, 1997; Cardinaal et ah, 2000a,b). 
Ultrastructurally, the earliest identifiable changes in the OHCs include (not 
necessarily in this order of appearance): (1) an increase in the number of saccules 
of the Golgi complex in the infracuticular region; (2) a disarrangement of the 
smooth-surfaced endoplasmic reticulum, characterized by proliferation and 
vesiculation of especially the lateral (subsurface) cistemae; (3) an increase in the 
number of Hensen’s bodies; and (4) an increase in (autophago)lysosomes and 
myeloid bodies, situated primarily in the infracuticular region. In the more 
severely affected OHCs, disappearance of stereocilia, distortion of the cuticular 
plate, extensive dilatation and vacuolation of the endoplasmic reticulum and 
nuclear envelope, and cell shape deformity are observed. In the terminal 
phase, OHCs rupture with subsequent leakage of their contents into the scala 
media and/or Nuel’s space (Marco-Algarra et ah, 1985; Laurell and Bagger- 
Sjöbäck, 1991; Femändez-Cervilla et ah, 1993; Schweitzer, 1993; Saito and 
Aran, 1994; De Groot et ah, 1997). Although all of these studies have described 
ultrastructural changes that are commonly associated with necrosis (cf., Ray, 
2000), some recent experiments seem to indicate that apoptotis may also be
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involved in cisplatin-induced OHC loss (Liu et al., 1998; Alam et al., 2000). 
Data concerning the effects of cisplatin administration upon the ultrastructural 
morphology of the stria vascularis are rather limited. Most experimental studies 
show that morphological damage to the stria vascularis is limited to the marginal 
cells and consists of swelling, blebbing of their apical membrane, and 
vacuolation of their cytoplasm (Komune et al., 1981; Nakai et al., 1982; Tange 
and Vuzevski, 1984; Kohn et al., 1988; Laurell and Bagger-Sjöbäck, 1991; Saito 
and Aran, 1994; Meech et al., 1998; Campbell et al., 1999). Recently, Cardinaal 
et al. (2000a) demonstrated that cisplatin-induced changes in the stria vascularis 
are dose-dependent. Strial lesions were observed only in animals treated with 
daily doses of 1.0, 1.25 and 1.5 mg/kg, but not at doses of 0.7 and 2.0 mg/kg. 
With the latter dose a significant endolymphatic hydrops was measured in all 
cochleas, suggesting that cisplatin may interfere with endolymph production by 
the stria vascularis.
Little is known about the course of events over longer time intervals after 
cessation of cisplatin administration. Low and Federspil (1992) could not find 
any histological evidence for post-treatment delay in the expression of toxic 
effects upon the OHCs, which is commonly observed after aminoglycoside 
administration. On the other hand, recovery of cisplatin-induced hearing loss has 
been occasionally reported in rhesus monkeys (Stadnicki et al., 1975), guinea 
pigs (Nakai et al., 1982) and humans (Aguilar-Markulis et al., 1981; Vermorken 
et al., 1983). Stengs et al. (1997) treated guinea pigs with cisplatin at a daily dose 
of 1.5 mg/kg for 8 consecutive days and subsequently studied cochlear function 
after different survival times. Spontaneous improvement of the hair cell-related 
potentials (cochlear microphonics (CM) and summating potential (SP)) was 
observed starting 2 weeks after cessation of treatment. Cardinaal et al. (2000b) 
performed OHC counts in midmodiolar sections of the cochleas from these 
animals and found that the mean OHC counts at survival times of 4 weeks and 8 
weeks were significantly higher than those after 1 day and 1 week. This finding 
was corroborated by additional cytocochleogram data obtained from resin- 
embedded surface preparations (De Groot et al., 2000). The results from these 
studies imply that recovery of OHCs after cessation of cisplatin administration 
may occur in the adult guinea pig cochlea. In addition, morphological changes in 
both the spiral ganglion cells (i.e., vacuolation) and the stria vascularis (i.e., 
apical membrane blebbing and vacuolation of the marginal cells and 
intermediate cell atrophy) were diffusely present throughout the different 
survival groups (Cardinaal et al., 2000b), suggesting that the effect of cisplatin 
upon the cochlea is not a singular phenomenon.
In order to further characterize this post-treatment effect of cisplatin, we have
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performed an evaluation of the ultrastructural changes seen in several cochlear 
tissues (i.e., organ of Corti, stria vascularis and spiral ganglion) at different 
survival times (i.e., 1 day, 1 week, 2 weeks, 4 weeks, 8 weeks, and 16 weeks) 
following cessation of cisplatin administration. Most publications on the effects 
of cisplatin upon the organ of Corti (viz., the OHCs) lack data on the stria 
vascularis and vice versa, making any comparison as to the simultaneous effects 
of cisplatin difficult. In this paper we report on the ultrastructural changes 
observed in the organ of Corti as well as the stria vascularis and spiral ganglion. 
In addition, we have looked for ultrastructural evidence to answer the following 
questions: (1) is the observed recovery of OHCs due to neodifferentiation and/or 
to self-repair of partially damaged OHCs?; and (2) is OHC degeneration due to 
necrosis and/or apoptosis?

Chapter 5________________________________________________________________

2. Material and methods

2.7 Experimental design

Healthy, female albino guinea pigs (strain Dunkin Hartley, weighing 250-350 g) 
were used in all experiments. They were housed under standard laboratory 
conditions and fed ad libitum. The care and use of animals reported in this study 
were approved by the Animal Care and Use Committee of Utrecht University 
(DEC-GNK 89007).
Cisplatin solution (Platinol®; Bristol-Myers Squibb, Woerden, The Netherlands) 
was diluted with physiological saline (pH 7.4) to a final concentration of 0.1 
mg/ml. All solutions were freshly prepared.
Forty-eight animals were treated with cisplatin by daily intraperitoneal injections 
at a dose of 1.5 mg/kg for 8 consecutive days. These animals were also used in 
the electrophysiological study of Stengs et al. (1997) and the histological study 
of Cardinaal et al. (2000b). The choice of the dose of 1.5 mg/kg/day was based 
on the results from previous studies (Stengs et al., 1998; Cardinaal et al., 2000a). 
The experiments were performed in two series (Table 1). In the first series, 
electrocochleography was performed 1 day (n=12, in two independent series of 
6 animals each), 1 week (n=6), 2 weeks (n=6) and 4 weeks (n=6) after the final 
application of cisplatin. Since the data obtained in this first series suggested that 
recovery occurred over the 4-week survival period, it was decided to extend the 
study with a second series in which electrophysiological measurements and 
subsequent histological examinations were performed 4 weeks (n=6), 8 weeks 
(n=6) and 16 weeks (n=6) after the final application of cisplatin. To exclude
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systematic group differences, animals were assigned at random to the different 
survival-time groups. Cochleas obtained from age-matched non-treated animals 
(n=10) served as histological controls.

_____________________________________________________Ultrastructural aspects

2.2 Animal drop-out

Table 1 summarizes the number of animals and cochleas that were excluded 
from ultrastructural evaluation during the study. One animal in the 1-day survival 
group and one animal in the 2-week survival group died during or shortly after 
cisplatin treatment. Two animals died during the electrophysiological 
measurements, one animal in the first-series 4-week survival group and the other 
animal in the second-series 4-week survival group. They were not included in the 
ultrastructural examination. Two animals in the 16-week survival group 
contracted otitis media, and were excluded from both the electrophysiological 
measurements and ultrastructural examination. One cochlea from an animal in 
the 1-day survival group and one cochlea from an animal in the second-series 4- 
week survival group were damaged during removal of the temporal bones and 
hence not suitable for further examination. The drop-outs were not 
systematically related to survival time.

2.3 Tissue processing for electron microscopy

Immediately following electrocochleography, the cochleas were fixed by 
intralabyrinthine perfusion with a tri-aldehyde fixative (3% glutaraldehyde, 2% 
formaldehyde, 1% acrolein and 2.5% DMSO in 0.08 M sodium cacodylate 
buffer, pH 7.4; De Groot et al., 1987) followed by immersion in the same 
fixative for 3 h at room temperature. Following several rinses (2x15 min) in 0.1 
M sodium cacodylate buffer (pH 7.4), the cochleas were decalcified in 10%

Table 1 Design of the study.

Cisplatin administration 
(1.5 mg/kg/day * 8 days)

Survival times

1 day 1 wk 2 wks 4 wks 8 wks 16 wks
Series 1 n=30 animals 2x6 6 6 6 - —

Series 2 n=l 8 animals - - - 6 6 6

Drop-out cochleas
Ecog (Stengs et al., 1997) 2(1) 2«> 4(D 4.(2)

Histology J(3) 10)

(1) animal died (1 animal means 2 cochleas),(2) otitis media,cochlea damaged during preparation
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Figure 1: Low-power electron micrograph of the organ of Corti from the 1-week survival group 
(basal turn). All OHCs are missing and have been completely replaced by supporting cells, 
whereas the IHC is still present. The tunnel of Corti and NueTs space are not discernible as such. 
Note the extruded cell debris in the scala media. It is not possible to differentiate between the 
different supporting cells in the lateral region. (xl,800)

EDTA.2Na for 5 days at room temperature. Next, the specimens were postfixed 
in 1 % 0s04, containing 1 % K4Ru(CN)6 in 0.1 M sodium cacodylate buffer (pH
7.4) for 2 h at 4°C (De Groot et al., 1987). Dehydration was performed in a 
graded ethanol series and the cochleas were embedded in toto in Spurr’s low- 
viscosity resin, containing 1% silicone DC-200 fluid. After division along a 
midmodiolar plane, the cochleas were re-embedded in the same resin. For 
lightmicroscopic assessment of cochlear pathologies, semithin (1 pm) sections 
were cut with glass knives on a Reichert-Jung 2050 microtome, collected on 
glass slides and stained with 1% methylene blue and 1% azur II in 1% sodium 
tetraborate.
For ultrastructural examination, representative or interesting turns were selected 
and re-embedded. Serial ultrathin sections of the re-embedded quarter turns were 
cut with a diamond knife on an LKB Ultrotome Nova and collected on 
Pioloform-coated, single-slot copper grids. The sections were contrast-stained 
with 7% uranyl acetate in 70% methanol and Reynolds’ lead citrate, and 
examined in a JEOF 1200EX transmission electron microscope operating at 80 
kV. During examination, special emphasis was given to the ultrastructural 
morphology of: (1) the organ of Corti (OHCs, IHCs and supporting cells); (2) the 
stria vascularis (marginal cells, intermediate cells); and (3) the spiral ganglion 
(spiral ganglion cells).
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Figure 2: Low-power electron micrograph of 
the organ of Corti from the 4-week survival 
group (basal turn) demonstrating a normal 
architecture. All OHCs are present, whereas 
the tunnel of Corti and Nuel’s space are 
obvious, (x 1,350)

3. Results

3.1 Organ of Corti

The overall findings with electron microscopy were consistent with our previous 
light microscopic observations (Cardinaal et ah, 2000b). Morphological changes 
in the organ of Corti consisted predominantly of partial or complete loss of 
OHCs and disturbance of the organ of Corti’s microarchitecture.
In all survival groups, OHC loss was restricted to the basal and middle turns of 
the cochleas. Ultrastructural examination corroborated that, in cochlear turns 
showing complete loss of OHCs at the light microscopic level, OHCs were 
indeed missing and had been completely replaced by supporting cells (Figure 1). 
In the 1-day, 1-week and 2-week survival groups OHC loss was more 
pronounced than in the 4-week, 8-week and 16-week survival groups (Figure 2), 
with OHC losses in the 1-day survival group being similar to those in the 1-week 
survival group. In none of the specimens, did we observe ultrastructural evidence 
for mitosis (e.g., mitotic figures).
Also, the number of affected OHCs in the 1-day, 1-week and 2-week survival
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Figure 3: Electron micrograph of an OHC 
(basal turn) from the 1-day survival group, 
containing several myeloid bodies and 
autophagolysosomes as well as a Hensen’s 
body. Note that the OHC is completely 
surrounded by supporting cells. (x4,500)

Figure 4: Detail of the apical region of an OHC 
(basal turn) from the 1-day survival group, 
showing a cytoplasmic bleb protruding from 
the cuticle-free region into the scala media. The 
bleb contains numerous vesicles and lysosome- 
like bodies. Note the secondary lysosomes and 
numerous vesicles located in the infracuticular 
region. Due to shortening of the OHC, the cell 
nucleus is dislocated to the infracuticular 
region. (xl3,500)

groups was considerably higher than in the 4-week and 8-week groups. 
Moreover, the degree of intracellular changes in the OHCs in the 1-day, 1-week 
and 2-week survival groups was higher than in the 4-week and 8-week survival 
groups. The mean OHC loss in the 16-week survival group was statistically not 
significantly different from those of the 4-week and 8-week survival groups (cf., 
Cardinaal et al., 2000b), but the number of affected OHCs and the degree of 
intracellular changes were higher. Furthermore, in our specimens it was not 
possible to ultrastructurally distinguish between newly formed OHCs and 
remaining OHCs.
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Disturbance of the microarchitecture of the organ of Corti, either with partial or 
complete OHC loss, was frequently observed in the basal and middle turns in the 
1-day and 1-week survival groups, and to a lesser degree in the 2-week, 4-week, 
8-week and 16-week survival groups (Figures 1-2). The tunnel of Corti and 
Nuel’s space could not be discerned as such and were completely fdled up with 
supporting cells. These cells demonstrated the ultrastructural characteristics of 
Deiters’ cells. Moreover, they were frequently rather electron-dense in 
appearance. However, Deiters’ cells with an electron-dense cytoplasm were also 
frequently observed in non-treated cochleas. In cochlear turns from the less 
affected cochleas, inner phalangeal cells were sometimes seen protruding into 
the tunnel of Corti, implying that these cells together with the Deiters’ cells may 
be involved in the fdling up of the tunnel of Corti.
In basal cochlear turns that demonstrated a severe disturbance of the organ of 
Corti’s microarchitecture, it was generally not possible to differentiate between the 
various types of supporting cells (i.e, Deiters’ cells, Hensen’s cells and Claudius’ 
cells) in the lateral region of the organ of Corti (Figure 1). In basal cochlear turns 
without any disturbance of the organ of Corti’s microarchitecture, Hensen’s cells 
occasionally demonstrated an electron-dense cytoplasm with a relatively irregular 
cell nucleus and many small microvilli on their apical surfaces: these cells 
resemble the “darkly stained cells” described by Fredelius et al. (1988) after 
acoustic stimulation. In addition, polymorphic electron-dense cells with microvilli 
on the membrane facing the scala media and with ramified cell processes were 
seen between the Deiters’ and Hensen’s cells: these cells resemble the “microglia
like” cells that were described by Wang and Li (2000) after neomycin treatment, 
although these cells did not contain phagocytosed material. However, it should be 
noted that both cell types were also observed in cochleas of non-treated animals. 
Macrophages or macrophage-like cells were never observed in the organ of Corti, 
nor did we observe phagocytosed material in supporting cells.

_____________________________________________________Ultrastructural aspects

3.2 Outer hair cells

Ultrastructurally, in cochlear turns showing partial or no OHC loss, the OHCs 
demonstrated either a normal appearance or a varying degree of intracellular 
changes, ranging from minor alterations to severe degeneration. All OHCs in the 
process of degeneration demonstrated ultrastructural features commonly 
associated with necrosis. Ultrastructural features typical of apoptosis, such as 
nuclear condensation, nuclear segmentation, cell fragmentation and apoptotic 
bodies, were never observed in our specimens.
In the less affected OHCs, ultrastructural changes were restricted to the
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infracuticular region, and consisted of a disarrangement of the smooth-surfaced 
endoplasmic reticulum and dilatation and vesiculation of its subsurface 
cistemae. Frequently, these cells also contained Hensen’s bodies (Figure 3). 
Occasionally, OHCs demonstrated organelle-containing cytoplasmic blebs, 
protruding from the cuticle-free region into the scala media (Figures 4-5). 
Sometimes, OHCs showed a more electron-dense cytoplasm, possibly due to 
shrinkage at this stage. Also, shrinkage was obvious by the diminished length of 
the OHCs, with the nucleus located more apically in the cell (Figure 4). OHCs 
frequently, but not always, demonstrated loss of stereocilia before any 
ultrastructural changes in the cytoplasm were obvious (Figure 6).
In the more affected OHCs, additional ultrastructural changes consisted of an 
abundance of (autophago) lysosomes and myeloid bodies (Figure 5), extraction of 
the cytoplasmic matrix and severe vacuolation of the cytoplasm (Figure 7). The 
cells also showed a swollen appearance, but were often shorter than normal OHCs. 
The mitochondria retained virtually a normal appearance. The nuclei of these de
generating cells demonstrated a swollen appearance with irregular aggregation of 
heterochromatin and extraction of the euchromatin, but no segmentation or frag
mentation; the nuclear membrane remained virtually intact. In all cells, the cuti- 
cular plate and intercellular adhesion at the level of the reticular lamina remained 
intact. Sometimes, in these cells the stereocilia were still present (Figure 7).
In the most affected OHCs virtually most cell organelles were absent and the 
cells showed signs of lysis and disintegration of the plasma membrane (Figure 
8). Frequently, in both the scala media and Nuel’s space, when obvious, cell 
debris of degenerated OHCs could be observed (Figures 1 and 8).

Chapter 5________________________________________________________________

3.3 Inner hair cells

None of the cochleas demonstrated IHC loss, nor were intracellular changes 
observed in the IHCs (Figure 1). However, in two cochleas from the 16-week 
survival group, the organ of Corti in the basal turns had degenerated completely 
and had been replaced by a monolayer of large, cuboidal epithelial cells with 
microvilli on their apical surfaces. These cells resembled and were contiguous 
with inner sulcus cells and Claudius’ cells.

3.4 Stria vascularis

Lightmicroscopically, strial changes were diffusely distributed throughout all 
experimental groups. These changes varied from no obvious alterations (Figure 
9) to severe blebbing of the apical membrane of the marginal cells and
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Figure 5: Detail of the apical region of an OHC (basal turn) from the 4-week survival group, 
showing a cytoplasmic bleb protruding from the cuticle-free region into the scala media. Note the 
secondary lysosomes and electron-lucent vesicles as well as the increased number of Golgi 
saccules in the infracuticular region. (x6,750)

intermediate cell atrophy (Cardinaal et al., 2000a). In cochleas that 
lightmicroscopically demonstrated no obvious changes in the stria vascularis, 
blebbing of the apical membrane of the marginal cells was sometimes seen at the 
ultrastructural level. No further ultrastructural alterations could be observed. 
Blebbing of the apical membrane of the marginal cells as seen light 
microscopically could be confirmed at the ultrastructural level. The apical 
membrane of the marginal cells protruded into the scala media, without any other 
histopathological changes in the marginal cell; these cytoplasmic blebs were 
devoid of organelles (Figure 10). In addition, marginal cells sometimes 
demonstrated extreme vacuolation (Figure 11).
Occasionally, basal and middle cochlear turns from all experimental groups 
demonstrated intermediate cell atrophy, apparent as translucent areas in semithin 
sections. Ultrastructural examination of these areas showed an increase in 
intercellular space, possibly due to shrinkage of the cell bodies of the 
intermediate cells (Figure 12). The basal cells demonstrated no ultrastructural 
changes. In none of the specimens, ultrastructural evidence for apoptosis in the 
stria vascularis was obvious.

95



Chapter 5

Figure 6: Electron micrograph of an OHC 
(basal turn) from the I-day survival group, 
demonstrating a normal appearance, except for 
the absence of its stereocilia. The stereociliary 
rootlets are still obvious in the cuticular plate. 
Note that the OHC is completely surrounded by 
supporting cells. (x4,500)

Figure 7: Electron micrograph of a severely 
affected OHC (basal turn) from the 1-day 
survival group. The OHC demonstrates 
extraction of the cytoplasmic matrix and 
diffusely distributed cistemae of the smooth
surfaced endoplasmic reticulum. The mito
chondria retain a virtually normal morphology. 
The cell nucleus shows extraction of the 
euchromatin. but the nuclear membrane appears 
to be intact. Note that the cuticular plate seems 
to detach from the cell body through 
constriction by the surrounding phalangeal 
processes of the Deiters’ cells. (x6,750)

3.5 Spiral ganglion

Lightmicroscopically, vacuolation of the spiral ganglion cells was diffusely 
present throughout the different experimental groups, but not in the 1-day and 
16-weeks survival groups. Upon ultrastructural examination this cytoplasmic 
vacuolation proved to be based upon a severe swelling of the mitochondria 
(Figures 13-14). Mitochondrial swelling was not present in all cochlear turns and
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Figure 8: Electron micrograph of a swollen 
OHC (basal turn; 1-day survival group), 
demonstrating severe extraction of the 
cytoplasm. Only the cell nucleus, some 
mitochondria and membrane ghosts remain. 
The cuticular plate and some afferent synapses 
are present. (x4,500)

even within the affected cochlear turns it was present in varying degrees. Since 
mitochondrial swelling was never observed in the spiral ganglion cells of non- 
treated cochleas, it is unlikely that this swelling is due to a fixation artefact 
introduced during tissue processing.
All other organelles demonstrated a normal ultrastructural appearance. Spiral 
ganglion cells lightmicroscopically classified as normal, showed no ultrastructural 
changes at all (Figure 15). No loss of spiral ganglion cells was observed in all 
experimental groups, except for one cochlea from the 16-week survival group.

4. Discussion

Previous work by our group has demonstrated that functional recovery of OHCs 
after cessation of cisplatin treatment may occur in the adult guinea pig cochlea. 
Stengs et al. (1997) found that in adult albino guinea pigs treated for 8 
consecutive days with intraperitoneal cisplatin (1.5 mg/kg/day) the hair-cell 
related potentials (CM and SP) spontaneously recover starting 2 weeks after 
cessation of treatment. Subsequent quantitative analyses, in both midmodiolar
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Figure 9: Low-power electron micrograph of 
the stria vascularis (basal turn) from the 4-week 
survival group. The stria vascularis 
demonstrates a normal appearance. (x3,375)

Figure 10: Detail of the apical region of a 
marginal cell in the stria vascularis (basal turn, 
1-week survival group), demonstrating a 
cytoplasmic bleb devoid of any organelles. The 
cell further shows a normal ultrastructural 
morphology. (x9,000)

sections and surface preparations, demonstrated that OHC counts at survival 
times of 4 weeks and 8 weeks were significantly higher than those after 1 day 
and 1 week (Cardinaal et al., 2000b; De Groot et al., 2000). In the present study 
we have further characterized this post-treatment effect of cisplatin upon several 
cochlear tissues, i.e. the organ of Corti, the stria vascularis and the spiral 
ganglion.
Ultrastructural examination of the organ of Corti demonstrated that, in cochlear 
turns showing complete loss of OHCs at the light microscopic level, OHCs were 
indeed missing and had been completely replaced by supporting cells. OHC 
losses, the number of affected OHCs and the degree of intracellular changes in 
the OHCs in the 1-day, 1-week and 2-week survival groups were considerably 
higher than those in the 4-week and 8-week survival groups. OHCs displayed a 
high diversity of ultrastructural changes ranging from mild to severe. At survival
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Figure 11: Electron micrograph of some 
marginal cells in the stria vascularis (basal turn, 
4-week survival), demonstrating severe 
vacuolation of their cytoplasm. In addition, an 
increase in the intercellular space is obvious. 
(x2,250)

Figure 12: Low-power electron micrograph of 
the stria vascularis (basal turn) from the 4-week 
survival group. The stria vascularis demon
strates a severe increase in the intercellular 
space, probably due to intermediate cell 
atrophy. (x2,250)

times of 1 day and 1 week the tunnel of Corti and Nuel’s space were often not 
discernible as such and were filled up with supporting cells. In contrast, in the 4- 
week and 8-week survival groups the OHCs appeared to be more normal and the 
architecture of the organ of Corti was normal in the majority of the cochlear 
turns. These results are in agreement with our earlier assumption that recovery of 
the organ of Corti (viz., OHCs) is possible in the adult guinea pig cochlea.
Hair cell regeneration is well documented in the sensory epithelia of the inner 
ears of lower vertebrates and birds and may occur in the vestibular end organs of 
mammals, whereas OHC loss in the adult mammalian cochlea has been 
generally considered irreversible (for reviews, see Stone et al., 1998; Staecker 
and Van de Water, 1998). However, Lefebvre et al. (1993) observed that, in 
organotypic explant cultures of neonatal rat cochleas, retinoic acid-stimulated 
hair cell regeneration is blocked by the anti-mitotic drug cytosine arabinoside,
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Figure 13: Electron micrograph of a spiral ganglion cell (basal turn) from the 2-week survival 
group, showing mitochondrial swelling. All other organelles demonstrate a normal appearance. 
(x3,375)

suggesting that mitosis is required for regeneration of mammalian cochlear hair 
cells. These results could not be duplicated by Chardin and Romand (1995). 
Moreover, mitotic activity (as demonstrated by [ HJthymidine and 5-bromo-2’- 
deoxyuridine incorporation studies) could not be detected in the postnatal rat 
organ of Corti after aminoglycoside intoxication (Daudet et al., 1998; Zine and 
Ribaupierre, 1998; Wang and Li, 2000). In the present study, ultrastructural 
evidence of mitosis was not observed in the organ of Corti.
Recent reports have suggested that an attempt at OHC regeneration could occur 
in the postnatal rat organ of Corti following aminoglycoside administration 
(Lenoir and Vago, 1997; Daudet et al., 1998; Zine and De Ribaupierre, 1998; 
Wang and Li, 2000). These authors have observed “atypical cells” in the lateral 
region of the organ of Corti in the apical turns, which demonstrate morpho
logical and immunohistochemical characteristics reminiscent of OHCs. Since 
incorporation of either [3H]thymidine or 5-bromo-2’-deoxyuridine could not be 
detected in the organ of Corti, they suggest that these (immature) OHCs arose 
through direct transdifferentiation (phenotypic conversion) of some of the 
supporting cells that reorganize during hair cell degeneration. However, these 
cells ultimately fail to differentiate into mature and functional hair cells. In our
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Figure 14: Electron microscopic detail of the Figure 15: Electron micrograph of a spiral 
mitochondria in a spiral ganglion cell (basal ganglion cell (basal turn) from the 1-day survival 
turn) from the 1-day survival group. (x6,750) group showing a normal appearance. (x4,500)

study, it was not possible to differentiate between the various types of supporting 
cells (i.e., Deiters’ cells, Hensen’s cells and Claudius cells) in the lateral region 
of the organ of Corti in the most severely affected basal cochlear turns. Nor could 
we identify cells with ultrastructural features characteristic of atypical cells, 
which could be explained by (1) atypical cells are not present in the guinea pig 
organ of Corti; (2) cisplatin does not induce supporting cells to transdifferentiate 
into atypical cells; (3) atypical cells are restricted to the apical cochlear turns and 
are not present in the basal cochlear turns; (4) atypical cells are only present in 
the neonatal organ of Corti; or (5) the time window of analysis is critical and, 
thus, the chance of finding atypical cells is rather limited. On the other hand, it is 
unlikely that atypical cells are involved in the recovery of OHCs in the adult 
guinea pig organ of Corti in our study, especially since it is clear from the above 
studies that these cells ultimately fail to differentiate into mature and functional 
OHCs. Since in our experiments in the 4-week and 8-week survival groups 
reached near-normal values, we suggest that in our experiments OHC counts the
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observed recovery of OHCs is the result of direct transdifferentiation of another, 
as yet not identified, type of supporting cell. It should be noted that hair cell 
precursors might be ultrastructurally indistinguishable from mature supporting 
cells, thus limiting the chance of being identified as such. Also, it should be 
realized that the process of direct transdifferentiation may occur within a short 
period of time.
An alternative mechanism for hair cell recovery in the organ of Corti has been 
presented by Sobkowicz et al. (1992, 1996), who observed that OHCs in explant 
cultures of neonatal mice cochleas have the ability to survive mechanically 
induced damage. Since incorporation of [3H]thymidine could not be detected, 
either in the OHCs or in the supporting cells, these authors suggested that 
recovery of the organ of Corti is due to self-repair of partially damaged OHCs 
rather than to the neodifferentiation. Since in our experiments the 1-day and 1- 
week survival groups demonstrated a considerable OHC loss in the basal 
cochlear turns whereas in the 4-week and 8-week survival groups OHC counts 
reached near-normal values, it is not plausible that the self-repair model accounts 
for the observed recovery of OHCs.
Based upon these findings, we assume that the recovery of OHCs in the guinea 
pig cochlea after cisplatin administration might be due to direct trans
differentiation of supporting cells. Future studies combining the use of 
proliferation markers with OHC-specific and supporting-cell-specific markers 
will be helpful in identifying both hair cell precursors and newly formed OHCs.

Another important issue is whether cisplatin-induced degeneration of OHCs is 
the result of necrosis or apoptotic cell death. Alam et al. (2000) observed 
TUNEL-positive cells and an increase in the bax/bcl-2 ratio, which is an 
important parameter in the regulation of apoptosis, in the organ of Corti after 
cisplatin administration. Furthermore, Liu et al. (1998) found that caspase 
inhibitors prevent cisplatin-induced OHC degeneration in 3-day-old rat organ of 
Corti explants, suggesting that apoptotic cell death is involved. However, we 
could not find any ultrastructural evidence for apoptosis in the organ of Corti. In 
none of the specimens, nuclear condensation and/or segregation were present, 
nor were any apoptotic bodies found in the organ of Corti. Furthermore, we did 
not observe phagocytotic activity, either by the surrounding Deiters’ cells, 
infiltrating macrophages or microglia-like cells, in the organ of Corti. Cell debris 
was present both in the scala media and Nuel’s space (in the less affected 
cochlear turns), and this may represent the mechanism by which remnants of 
degenerated OHCs are eliminated from the organ of Corti.
Strial changes were distributed diffusely throughout the experimental groups.
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These changes, which were present predominantly in the basal and middle 
cochlear turns, consisted of blebbing of the apical membrane of the marginal 
cells, vacuolation of the marginal cells and shrinkage of the intermediate cells. 
Our ultrastructural findings are similar to those reported in previous studies 
(Tange and Vuzevski, 1984, Kohn et ah, 1988, Meech et ah, 1998; Campbell et 
ah, 1999). Recently, Alam et ah (2000) observed TUNEL-positive cells and an 
increase in the bax/bcl-2 ratio, indicating that apoptosis is involved in cisplatin- 
induced strial damage. However, we could not find any ultrastructural evidence 
for apoptosis in the stria vascularis. In none of the specimens, nuclear 
condensation and/or segregation were present, nor were any apoptotic bodies 
found in the stria vascularis.
Ultrastructural examination of the spiral ganglion showed that the vacuolation of 
the spiral ganglion cells, seen at the light microscopic level (Cardinaal et ah, 
2000b), is due to swelling of the mitochondria. The biological implication of 
this finding is not clear as yet, but the observed change in mitochondrial 
morphology may indicate an early phase of necrosis (Ray, 2000). Our finding is 
in contrast with the increased bax/bcl-2 ratio reported in mongolian gerbil 
cochleas after cisplatin administration, suggesting the involvement of apoptotic 
cell death (Alam et ah, 2000). Although cisplatin is known to affect peripheral 
nerves and to induce peripheral neuropathies (Thompson et ah, 1984), a possible 
effect on the auditory nerve is not well documented. Stengs et ah (1997) 
observed that the threshold shifts in the amplitude of the compound action 
potential (CAP) appear to be larger than those in the CM amplitude and 
concluded that hair cell damage cannot be the only explanation for this reduction 
in the CAP amplitude. They suggested that cisplatin may also have an effect 
upon the auditory neurons.
Degeneration of the spiral ganglion cells and auditory neurons in one cochlea in 
the 16-week survival group might reflect some form of delayed neuropathy, 
which has also been observed in peripheral nerves (Grunberg et ah, 1989; 
LoMonaco et ah, 1992). On the other hand, survival and regeneration of auditory 
neurons seem to depend on target-derived trophic factors (Lefebvre et ah, 1993; 
Ylikoski et ah, 1993). Degeneration of the organ of Corti could lead to a 
deficiency of these factors, finally invoking secondary degeneration of the 
auditory neurons. Zheng and Gao (1996) have observed that the neurotrophins 
NT-4/5, brain-derived neurotrophic factor (BDNF) and NT-3 can attenuate 
cisplatin-induced auditory neuron damage in organotypic explant cultures of 
postnatal rat cochleas. Moreover, cisplatin-induced loss of neurons is greatly 
reduced when BDNF and the free radical scavenger o-methionine are applied to 
cultures of dissociated spiral ganglia (Gabaizadeh et ah, 1997).

__________________________________________________Ultrastructural aspects

103



In conclusion, the present ultrastructral study is in agreement with our previous 
light microscopic findings (Cardinaal et al., 2000b). Cisplatin induces histo- 
pathological changes in the organ of Corti, stria vascularis and the spiral 
ganglion. Furthermore, OHCs may spontaneously recover following cessation of 
cisplatin administration. However, our ultrastructural findings as yet do not allow 
any definite conclusion with respect to the cellular mechanism(s) involved in the 
observed recovery of OHCs.
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The studies described in this thesis were based upon the following questions: (1) 
is there a dose-dependent effect of cisplatin on the cochlea of the albino guinea 
pig?; (2) does recovery from cisplatin-induced cochlear damage occur in the 
albino guinea pig?; and (3) do melanocortins protect against cisplatin-induced 
cochlear damage in the albino guinea pig? These questions have also been 
addressed in the electrophysiological studies of Stengs et al. (1997, 1998a,b), in 
which the elfects of cisplatin upon the compound action potential (CAP), the 
cochlear microphonics (CM), and the summating potential (SP) in albino guinea 
pigs were analyzed. Following the electrophysiological experiments, the 
cochleas of these animals were appropriately fixed and processed for further 
light microscopic and ultrastructural evaluation. This thesis presents the results 
of the histological studies and is the counterpart of the electrophysiological 
experiments. Therefore, it is now possible to compare and integrate the 
electrophysiological data with the structural changes in the cochlea.

Chapter 6________________________________________________________________

6.1 Dose-dependent effect of cisplatin upon the albino guinea pig 
cochlea

Histological evaluation did not show a significant OHC loss in either cochlear 
turn with cisplatin doses up to and including 1.25 mg/kg/day during an 8-day 
treatment regimen. With a dose of 1.5 mg/kg/day, the OHC counts dropped to 
40% in the basal turn and to 83% in the middle turn, whereas with a dose of 2.0 
mg/kg/day, these counts were 35% and 62%, respectively. In addition, in animals 
given cisplatin at a dose of 1.5 mg/kg/day, a disturbance in the microarchitecture 
of the organ of Corti in the basal turns was observed in 14 out of 21 cochleas. 
With a dose of 2.0 mg/kg/day, the tunnel of Corti could not be discerned as 
such in the basal turns of 11 out of 18 cochleas. The OHC losses paralleled 
the electrophysiological data, which show a distinct decrease in both the CM and 
CAP amplitudes measured at 4 kHz, when the daily dose is increased from 1.25 
mg/kg/day to 1.5 mg/kg/day. However, at 8 kHz the CAP threshold shift tended 
to be larger than that of the CM. This suggests that hair cell damage may not be 
the only explanation for the reduction in CAP amplitude, but a neuronal 
component may also be involved. These findings are supported by the 
histological observation that spiral ganglion cells demonstrate vacuolation of 
their cytoplasm, although present only at doses of 1.0 mg/kg/day and 1.25 
mg/kg/day.
In the stria vascularis, the most prominent changes consisted of blebbing and 
vacuolation of the marginal cells and shrinkage of the intermediate cells in the
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basal and middle turns at all doses, except at 0.7 mg/kg/day and 2.0 mg/kg/day. 
Remarkably, the latter was the only dose at which we found a significant 
endolymphatic hydrops, possibly related to excessive production of endolymph 
by the stria vascularis. In a recent study albino guinea pigs with implanted 
electrodes were treated with cisplatin at a daily dose of 2.0 mg/kg, until a 
profound hearing loss otxurred (>40dB at 8 kHz): These animals demonstrated 
a reduction in the cndocoèhlcar potential, which recovered to its initial value 
after cessation of cisplatin administration (Klis et al., 2000). This observation 
corresponds to the observed strial changes and may imply that the stria 
vascularis also is a target for cisplatin.

6.2 Recovery after cisplatin treatment in the albino guinea pig 
cochlea?

A remarkable finding in this study is that at survival times of 4 and 8 weeks OHC 
losses were significantly reduced as compared to those observed after 1 day 
and 1 week following cessation of 8-day cisplatin administration. In the 1-day 
and 1-week survival groups OHC losses in the basal turn were 60 and 68%, 
respectively, whereas after 4 and 8 weeks OHC losses averaged only 15%. The 
2-week survival group showed an OHC loss of 45%, statistically not 
significantly different from both the 1-day and 1-week survival groups, and the 
4-week and 8-week survival groups. In the 16-week survival group OHC loss in 
the basal turn increased to 48%, but this was statistically not significantly 
different from both the 4- and 8-week survival groups. Furthermore, a 
disturbance in the microarchitecture of the organ of Corti in the basal turn was 
observed more frequently in the 1-day survival group (14 out of 21 cochleas) 
than in the other survival groups. Disturbance of the organ of Corti was less 
frequently seen with progression of survival times; in the 1-week survival group 
it was obvious in eight out of 12 cochleas, in the 2-week survival group it was 
present in three out of 10 cochleas whereas in the 4-week survival group none of 
the cochleas did demonstrate disturbance of the organ of Corti and the tunnel of 
Corti was obvious. In the 8-week survival group only in one out of 12 cochleas 
the tunnel of Corti could not be discerned as such. In the 16-week survival group, 
except for two cochleas, the tunnel of Corti could be discerned as such. This 
finding suggests that morphological recovery from cisplatin-induced damage 
may be possible 1-4 weeks after treatment. The light microscopic findings were 
supported by the ultrastructural observations. The degree of degeneration of 
OHCs and the number of affected OHCs seemed to decrease with increasing

109



survival times up to 8-week survival. In addition, the electrophysiological results 
showed a clear recovery in cochlear potentials from 1-week survival to 8-week 
survival, whereas the potentials declined in the 16-week survival group. The 
recovery was most obvious for the CAP. The CM data were comparable to those 
found for the CAP, although the CM threshold shifts were smaller. SP 
measurements showed variable data, although the trend of recovery was 
unmistakable. The correspondence between the CAP and CM data suggests that 
OHC function may recover after cessation of cisplatin treatment. The time course 
of the OHC losses corresponds well to the time course of the electrophysiological 
data. Comparison of the CM and CAP data demonstrated that the shift in CAP 
complitude is larger than the CM amplitude shift, suggesting that cisplatin may 
affect to a certain extent the auditory nerve, as mentioned in section 6.1. In 
addition, the degree of cytoplasmic vacuolation in the spiral ganglion cells 
progressed with survival time: spiral ganglion cell vacuolation was not seen after 
1-day survival, but was present in one out of 12 cochleas after 1-week survival, in 
three out of 10 cochleas after 2-week survival, in six out of 19 cochleas after 4- 
week survival, and in four out of 12 cochleas after 8-week survival. In addition, 
cytoplasmic vacuolation of spiral ganglion cells could not be observed after 16 
week survival, although loss of spiral ganglion cells was observed in one out of 
eight cochleas. Ultrastructural evaluation showed that cytoplasmic vacuolation of 
the spiral ganglion cells was due to swelling of mitochondria, without 
degenerative changes in any of the other cell organelles. These findings support 
the view that the toxic effect of cisplatin may include the auditory nerve.

Chapter 6_______________________________________________________________

6.3 Protection by melanocortins against cisplatin-induced 
ototoxicity in the albino guinea pig

The organ of Corti from animals treated with cisplatin alone at a dose of 1.0 
mg/kg/day for 8 days showed no changes in its microarchitecture and significant 
OHC loss was not observed. Cisplatin alone at 1.0 mg/kg/day resulted in strial 
changes in nine out of 18 cochleas as well as vacuolation of spiral ganglion cells 
in five out of 18 cochleas. The group co-treated with ORG 2766 for 9 days 
showed no significant OHC loss and disturbance of the organ of Corti’s 
microarchitecture was present in only two cochleas (from one animal). Only one 
cochlea showed strial changes. The electrophysiological data (CAP, CM, and 
SP) in both the 1.0 mg/kg/day cisplatin-alone and co-treated groups 
demonstrated a large variability, making it difficult to compare the histological 
findings with the electrophysiological data.
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At a dose of 1.5 mg/kg/day, the overall OHC counts in the basal turn increased 
from 40% without co-treatment to 68% with ORG 2766 co-treatment, which 
proved to be statistically significant. Two out of 12 cochleas in the latter group 
(as compared to 14 out of 21 in the corresponding cisplatin-alone group) showed 
disturbance of the organ of Corti’s microarchitecture. Electrophysiologically, all 
animals in the cisplatin-alone group had CAP growth curves affected by 
cisplatin. However, in the co-treated group three out of six animals demonstrated 
CAP amplitudes comparable to control animals at all frequencies; the remaining 
three animals had CAP amplitudes comparable to animals in the cisplatin-alone 
group. Thus, a clear dichotomy was apparent in the co-treated group for the CAP 
data. Overall, the effect of co-treatment was statistically significant. This 
dichotomy in CAP data was not apparent in the histological results. However, it 
should be noted that six cochleas (from three animals) in the co-treated group 
showed no OHC loss at all, while the average OHC counts of the other animals 
were distributed more equally. Strial effects in the group co-treated with ORG 
2766 were comparable to those seen in the cisplatin-alone group. Vacuolation of 
the spiral ganglion cells was seen in only one cochlea.

6.4 Suggestions for future research

The mechanism by which cisplatin provokes degeneration of the organ of Corti 
and loss of OHCs still remains unknown. Also, it remains uncertain if the 
degenerative changes in the organ of Corti and the morphological changes in the 
stria vascularis and spiral ganglion cells are induced by one and the same 
mechanism. The histological findings mentioned in the above sections raise the 
important question of whether or not cisplatin-induced ototoxicity is a singular 
phenomenom: it involves damage to the stria vascularis, the spiral ganglion, and 
the organ of Corti. However, the possibility of linked phenomena cannot be ruled 
out. Degeneration of the organ of Corti and OHC loss may result from strial 
dysfunction. Moreover, a subsequent effect on the auditory neurons cannot be 
ruled out. It is even uncertain if the cellular mechanism of cisplatin ototoxicity is 
identical to the cytotoxic action of cisplatin in tumour cells, which are more 
susceptible to damage by cytotoxic agents than non-proliferating cells. The sites 
of cisplatin uptake and distribution in cochlear tissues have not been properly 
identified. It is necessary to gain additional insight into the cellular mechanism 
underlying the ototoxic effect of cisplatin itself.
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In order to achieve this insight, the following experiments could be performed:

• (Sub)cellular distribution of cisplatin should be determined in the organ of 
Corti, stria vascularis and the spiral ganglion in ultrathin sections of individual 
cochlear turns, using ultrastructural X-ray microanalysis. Given the fact that 
cisplatin binds to DNA and forms cisplatin-DNA adducts, immuno- 
histochemical detection of such adducts in the various cochlear tissues could 
be a useful alternative.

• The mechanism of cisplatin-induced OHC loss must be elucidated in order to 
determine if an apoptotic mechanism is involved. For this purpose, DNA- 
strand fragmentation can be demonstrated by using the TUNEL assay. 
However, although the TUNEL assay indicates the presence of DNA 
fragmentation, it is not a specific marker for apoptosis. Therefore, immuno- 
histochemical detection of proteins involved in the cellular regulation of 
apoptosis may provide more insight whether or not cisplatin induces apoptotic 
cell death in the cochlea.

• The time sequence of degeneration of the organ of Corti, the spiral ganglion 
and the stria vascularis should be investigated in more detail, in order to 
determine whether the ototoxic effects of cisplatin run in parallel or constitute 
a multiphase process. For this purpose, additional experiments combining 
electrophysiological and histological methods should be performed using a 
sequence of survival times with a more narrow time window of analysis.

• To answer the important question of whether the observed recovery is due to 
neodifferentiation of OHCs (either through cell proliferation or direct 
trausdifferentiation of supporting cells) further experiments should be done. 
Experiments as described in Chapter 3 could be performed using a narrow 
time window of analysis. Quantitative analysis including counts of the 
remaining OHCs, supporting cells and the total number of cells present in the 
organ of Corti should be performed at various survival times. Using OHC- 
specific and supporting-cell-specific markers, it may be possible to 
differentiate between OHCs and supporting cells, on the one hand, and 
immature OHC’s cells on the other hand.

Chapter 6________________________________________________________________
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Summary

The clinical use of cisplatin is limited by a number of drug-induced toxic 
reactions of which nephrotoxicity, neurotoxicity and ototoxicity are the most 
troublesome. In Chapter 1 an overview is given of the pharmacokinetical and 
cytotoxic properties of cisplatin. Also, its adverse effects, in particular its 
ototoxic effect, and possible protection against cisplatin-induced ototoxicity are 
discussed.
Cisplatin-induced ototoxicity is characterized by a dose-related, usually 
permanent sensorineural hearing loss starting at the higher frequencies. At 
present, there is no consensus of opinion with regard to the primary target of 
cisplatin in the cochlea and the (sub)cellular mechanism(s) involved. Cisplatin 
may interact with the cochlea at three different levels, i.e. the organ of Corti, the 
stria vascularis, and the auditory nerve. The most prominent morphological 
changes in the cochlea after cisplatin treatment are seen in the organ of Corti. 
These changes consist of partial or complete loss of the outer hair cells (OHCs) 
as well as protrusion of Deiters’ cells into Nuel’s space and the tunnel of Corti. 
In addition to the toxic effects on the organ of Corti, there are also indications for 
an effect on the stria vascularis. Histologically, damage to the stria vascularis 
consists of swelling and blebbing of the marginal cells and vacuolation of their 
cytoplasm. A possible effect of cisplatin on the auditory nerve is not well 
documented, but there is no clear histological evidence that cisplatin results in 
atrophy or loss of spiral ganglion cells.
Many attempts at reducing the ototoxic effects of cisplatin have been undertaken, 
such as the simultaneous administration of protective compounds (rescue 
agents). Among these are the melanocortins (ACTH-derived neuropeptides), 
which have neuroprotective and neurotrophic properties. Recently, it has been 
demonstrated that ORG 2766 (which itself is an ACTH 4 9) analogue) exerts an 
otoprotective effect. The mechanisms underlying this protective effect are at 
present not clear, but it has been suggested that these neuropeptides enhance an 
intrinsic repair mechanism.
In this thesis we have focused both lightmicroscopically and ultrastructurally on: 
(1) the dose-dependent effects of cisplatin; (2) the post-treatment effects of 
cisplatin; and (3) the possible protection against cisplatin-induced cochlear 
damage in the albino guinea pig.

Chapter 7_________________________________________________________ ______

Dose-dependent effect of cisplatin upon the albino guinea pig cochlea

Numerous studies investigating cisplatin ototoxicity in animals have been
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performed, but it is difficult to derive a clear dose-effect relation from these 
studies. The degree of cisplatin-induced ototoxicity depends on a multitude of 
pharmacological factors. Many parameters, such as dose, mode of adminstration, 
dosage schedule and concomitant administration of protective agents, vary 
among the published studies. Therefore, we performed a dose-effect study 
(Chapter 2) in which albino guinea pigs were treated with cisplatin at daily 
doses of either 0.7, 1.0, 1.25, 1.5 or 2.0 mg/kg for 8 consecutive days. Electro- 
cochleography was performed on day 10, after which the cochleas were removed 
and processed for histological examination. The electrophysiological data 
showed a marked transition from almost no ototoxic effect to a large effect 
between a daily dose of 1.25 and 1.5 mg/kg (Stengs et al., 1998a). Outer hair cell 
(OHC) counts corresponded well with the electrophysiological results. At daily 
doses of 0.7, 1.0 and 1.25 mg/kg no statistically significant OHC loss was 
observed, whereas OHC loss averaged 60% and 65% in the basal turns at daily 
doses of 1.5 and 2.0 mg/kg, respectively. Morphological changes in the stria 
vascularis were present only in cochleas from animals treated with cisplatin 
doses of 1.0, 1.25 and 1.5 mg/kg/day. Cochleas from animals treated with a daily 
cisplatin dose of 2.0 mg/kg for 8 consecutive days showed an endolymphatic 
hydrops. This study shows that cisplatin, administered at a daily dose of 1.5 
mg/kg for 8 consecutive days, provides a degree of OHC loss that is well suited 
to study the effects of putative protective agents and possible OHC recovery.

______________ _________________________________________________ Summary

Outer hair cell recovery after cisplatin treatment in the albino guinea pig cochlea?

Little is known about the course of hearing loss over longer time intervals after 
cessation of cisplatin administration. Infrequently, recovery of hearing has been 
described in animals and humans. Stengs et al. (1997) treated guinea pigs with 
cisplatin at a daily dose of 1.5 mg/kg for 8 consecutive days and subsequently 
studied cochlear function after survival times varying from 1 day to 16 weeks. 
Spontaneous improvement of the hair-cell-related potentials, i.e., cochlear 
microphonics (CM) and summating potential (SP), was observed starting 2 
weeks after cessation of treatment. In the present study we examined 
lightmicroscopically the cochleas used in the study of Stengs et al. (1997) 
(Chapter 3). One day after cessation of cisplatin administration OHC loss in the 
basal cochlear turn averaged 60%. In the 1-week survival group, OHC counts 
were similar to those of the 1-day survival group. In the 4-week survival group, 
however, only a relatively small loss of OHCs was found in the basal cochlear 
turn; OHC loss averaged only 15%. A similar loss was found after 8 weeks. In 
the 16-week survival group, OHC loss in the basal turn increased to 48%, but this
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was not significantly different from the 8-week survival group. Our histological 
observations are in line with the electrophysiological data from the same 
animals. The findings suggest that OHCs may recover from cisplatin-induced 
damage 1-4 weeks after treatment. However, the results do not allow a 
conclusion as to whether the observed recovery is due to the formation of new 
OHCs or to self-repair of partially damaged OHCs.

Chapter 7________________________________________________________________

Prevention of cisplatin-induced ototoxicity in the albino guinea pig

Several compounds that are known for their nephroprotective effects, also seem 
to reduce the incidence and severity of cisplatin-induced ototoxicity. Hamers et 
al. (1994) and De Groot et al. (1997) investigated the possibly protective effect 
of concomitant administration of the ACTH49 analogue ORG 2766 upon 
cisplatin ototoxicity in guinea pigs. Animals were treated with cisplatin at a daily 
dose of 2.0 mg/kg for 8 consecutive days and ORG 2766 at a daily dose of 75 
pg/kg for 9 days. Concomitant administration of cisplatin plus ORG 2766 
resulted in a bimodal distribution of the electrophysiological and histological 
data (OHC counts). It was surmised that this dichotomy might occur at a certain 
cisplatin dose. We investigated whether this protective effect of ORG 2766 could 
be enhanced by reducing the daily dose of cisplatin while maintaining the same 
dose of ORG 2766 (Chapter 4). Animals were treated with daily intraperitoneal 
injections of cisplatin at a dose of 1.0 mg/kg and 1.5 mg/kg for 8 consecutive 
days. When comparing the mean OHC counts of the different experimental 
groups, treatment with cisplatin at a daily dose of 1.5 mg/kg for 8 consecutive 
days resulted in a considerable loss of OHCs, which was significantly reduced 
after co-administration of ORG 2766. Co-treatment with ORG 2766 did not 
result in a change in the volume of the scala media. The present results are in 
agreement with the electrophysiological results published earlier (Stengs et al., 
1998b).

Ultrastructural evaluation of cisplatin-induced damage after different survival times in 
the albino guinea pig cochlea

Previous results suggest that OHCs recover from cisplatin-induced damage 1-4 
weeks after treatment (Chapter 3). In addition, morphological changes in both 
the spiral ganglion cells (i.e., vacuolation) and the stria vascularis (consisting of 
blebbing and vacuolation of the marginal cells and intermediate cell atrophy) 
were diffusely present throughout the different experimental groups.
In Chapter 5 we have further investigated the effect of cisplatin administration
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upon the ultrastructural morphology of the organ of Corti, the stria vascularis and 
spiral ganglion in the cochleas used in Chapter 3. Ultrastructural examination 
corroborated that, in cochlear turns showing complete loss of OHCs at the light 
microscopic level, OHCs were indeed missing and had been completely replaced 
by supporting cells. OHC losses, the number of affected OHCs and the degree of 
intracellular pathologies in the OHCs in the 1-day, 1-week and 2-week survival 
groups were considerably higher than in the 4-week and 8-week survival groups. 
All degenerated OHCs demonstrated ultrastructural features commonly 
associated with necrosis. No morphological signs of apoptosis were observed. 
Strial changes consisted of protruding of the apical membrane of the marginal 
cells into the scala media (’’blebs”), without any other histopathological 
changes. Intermediate cell atrophy, apparent as translucent areas at the light 
microscopic level, consisted of an increase in intercellular space possibly due to 
shrinkage of intermediate cells.
Ultrastructural examination of the spiral ganglion showed that the vacuolation of 
the spiral ganglion cells, seen at the light microscopic level, was due to a severe 
swelling of the mitochondria.
The present results corroborate our previous light microscopic findings. 
However, the ultrastructural results still do not allow a conclusion as to whether 
the observed recovery is due to the formation of new OHCs or to self-repair of 
partially damaged OHCs, although the latter is less likely.

________________________________________________________________ Summary

General discussion

In Chapter 6 the electrophysiological data are integrated with the histological 
observations. Furthermore, suggestions are made for future research.
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De klinische toepassing van cisplatine wordt beperkt door een aantal schadelijke 
effecten, waaronder nefrotoxiciteit, neurotoxiciteit en ototoxiciteit de meest 
ernstige zijn. In Hoofdstuk 1 wordt een overzicht gegeven van de 
farmacokinetische en cytotoxische eigenschappen van cisplatine. Daarnaast 
worden de ototoxische bijwerkingen van dit cytostaticum alsmede de mogelijke 
bescherming hiertegen besproken.
Behandeling met cisplatine kan resulteren in perceptief gehoorverlies, dat wordt 
gekarakteriseerd door een dosis-afhankelijk, meestal permanent verlies van de 
hoge tonen. Op dit moment is nog onbekend wat het primaire aangrijpingspunt 
is van cisplatine in de cochlea en welke (sub)cellulaire mechanismen betrokken 
zijn bij het ontstaan van dit gehoorverlies. Cisplatine kan in principe op drie 
verschillende niveau’s aangrijpen in de cochlea, namelijk: het orgaan van Corti, 
de stria vascularis en de gehoorzenuw. De meest opvallende morfologische 
veranderingen in de cochlea na behandeling met cisplatine treden op in het 
orgaan van Corti. Deze veranderingen bestaan uit een gedeeltelijk of compleet 
verlies van de buitenste haarcellen en een opvulling van de ruimte van Nuel en 
de tunnel van Corti door steuncellen (o.a. cellen van Deiters). Naast de 
schadelijke effecten op het orgaan van Corti zijn er ook aanwijzingen voor een 
effect op de stria vascularis. Histologische afwijkingen in de stria vascularis 
bestaan uit zwelling en vacuolisatie van de marginale cellen alsmede het 
optreden van bolvormige uitstulpingen van deze cellen in de scala media 
(“blebs”). Een duidelijk effect op de gehoorzenuw is nog niet goed beschreven; 
er is nog geen histologisch bewijs dat behandeling met cisplatine resulteert in 
atrofie of verlies van de cellen in het spirale ganglion.
Vele pogingen zijn ondernomen om de ototoxische bijwerkingen, die kunnen 
optreden na behandeling met cisplatine, te reduceren door het simultaan 
toedienen van otoprotectieve agentia. Tot deze agentia behoren ook de 
melanocortinen, van ACTH-afgeleide neuropeptiden die neuroprotectieve en 
neurotrofische eigenschappen bezitten. Onlangs is aangetoond dat het ACTH 4 9) 
analogen ORG 2766 een otoprotectieve werking heeft. Het onderliggende 
mechanisme van deze beschermende werking is op dit moment nog niet 
duidelijk, maar men vermoedt dat dit neuropeptide een intrinsiek herstel- 
mechanisme bevordert.
Het doel van dit proefschrift was om het ototoxisch effect van cisplatine nader 
histologisch te bestuderen. Onderzocht werden: (1) de dosis-afhankelijke 
effecten van cisplatine op diverse cochleaire weefsels; (2) het “post-treatment” 
effect van cisplatine op de cochlea volgend op diverse overlevingstijden na

Chapter 7_______________________________________________________________
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stopzetten van de behandeling, zowel op licht- als elektronenmicroscopisch 
niveau; en (3) de mogelijke bescherming van cochleaire weefsels door ORG 
2766 na behandeling met cisplatine.

DoSIS-AFHANKELIJK EFFECT VAN CISPLATINE IN DE COCHLEA VAN DE ALBINO CAVIA

Het is moeilijk om een duidelijk en betrouwbaar beeld van de dosis-effect relatie 
van cisplatine op de cochlea te verkrijgen, ondanks de grote hoeveelheid 
publicaties die verschenen zijn met betrekking tot de ototoxiciteit van cisplatine, 
met name door de grote verscheidenheid aan essentiële parameters, zoals 
proefdiersoort, dosis, manier van toedienen, doseringsschema, etc. Daarom 
hebben wij een studie uitgevoerd om onder gecontroleerde omstandigheden de 
dosis-effect relatie van cisplatine ototoxiciteit te onderzoeken (Hoofdstuk 2). 
Albino cavia’s werden behandeld met cisplatine (dagelijkse dosis van 0,7, 1,0, 
1,25, 1,5 of 2,0 mg/kg) gedurende acht opeenvolgende dagen. Elektro- 
cochleografie werd op de tiende dag verricht, waarna de cochleas werden 
verwijderd en opgewerkt voor verdere histologische beoordeling. De 
elektrofysiologische resultaten lieten een evidente en scherpe overgang zien van 
bijna géén ototoxisch effect tot een duidelijk ototoxisch effect tussen een 
dagelijkse dosis van 1,25 en 1,5 mg/kg (Stengs et al., 1998a). Buitenste haarcel- 
tellingen correspondeerden met de elektrofysiologische resultaten. Bij 
dagelijkse doses van 0,7, 1,0 en 1,25 mg/kg werden geen statistisch significante 
verliezen van buitenste haarcellen geconstateerd, terwijl bij dagelijkse doses van 
1,5 en 2,0 mg/kg verliezen van buitenste haarcellen in de basale windingen van 
de cochlea werden gevonden van respectievelijk 60% en 65%. Morfologische 
veranderingen in de stria vascularis waren alléén aanwezig in de cochlea s van 
dieren behandeld met doses van 1,0, 1,25 en 1,5 mg/kg/dag. Cochleas van 
dieren behandeld met een dagelijkse dosis van 2,0 mg/kg vertoonden een 
toename in het volume van de scala media (’’endolymfatische hydrops ). Deze 
studie toont aan dat toediening van cisplatine in een dagelijkse dosering van 1,5 
mg/kg gedurende acht opeenvolgende dagen, een geschikt protocol is om de 
effecten van beschermende middelen en eventueel optreden van herstel van 
buitenste haarcellen te bestuderen.

Herstel van buitenste haarcellen na stopzetten van behandeling met cisplatine in de

COCHLEA VAN DE ALBINO CAVIA?

Over het beloop van het gehoorverlies na stopzetten van behandeling met 
cisplatine is relatief weinig bekend. Een enkele maal wordt herstel van het
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gehoor beschreven, zowel bij dieren als bij mensen. Stengs et al. (1997) 
behandelden cavia’s met cisplatine in een dosering van 1,5 mg/kg/dag gedurende 
8 opeenvolgende dagen, waarna de cochleaire potentialen werden gemeten na 
verschillende tijdsintervallen, variërend van 1 dag tot 16 weken. Spontane 
verbetering van de haarcel-gerelateerde potentialen, cochleaire microfonie (CM) 
en sommatie- potentiaal (SP), werd geconstateerd vanaf twee weken na 
beëindiging van de behandeling. In Hoofdstuk 3 hebben wij de cochlea’s van 
deze dieren lichtmicroscopisch onderzocht. Eén dag na het beëindigen van de 
behandeling bedroeg het verlies van buitenste haarcellen in de basale windingen 
60%. Na 1 week werd een verlies waargenomen dat vergelijkbaar is met dat na 1 
dag. Na 4 weken was echter slechts een relatief klein verlies van buitenste 
haarcellen in de basale windingen aanwezig; dit verlies bedroeg slechts 15%. 
Een vergelijkbaar verlies werd gemeten na 8 weken. Na 16 weken nam het 
verlies toe tot 48%, maar dit was niet significant verschillend van dat na 8 weken. 
Deze histologische bevindingen komen overeen met de elektrofysiologische data 
van dezelfde dieren en suggereren dat buitenste haarcellen kunnen herstellen van 
door cisplatine geïnduceerde beschadiging, 1 tot 4 weken na stopzetten van de 
behandeling. Vooralsnog is het nog onduidelijk of het geconstateerde herstel een 
gevolg is van de vorming van nieuwe buitenste haarcellen of door herstel van 
gedeeltelijk beschadigde buitenste haarcellen, hoewel het laatste minder 
waarschijnlijk is.

Chapter 7________________________________________________________________

Bescherming tegen cisplatine ototoxiciteit in de albino cavia

Diverse middelen die bekend staan om hun nefroprotectieve effect lijken ook de 
incidentie en ernst van door cisplatine geïnduceerde ototoxiciteit te reduceren. 
Hamers et al. (1994) en De Groot et al. (1997) onderzochten het mogelijk 
beschermende effect van gelijktijdige toediening van ORG 2766 op cisplatine 
ototoxiciteit in cavia’s. Dieren werden behandeld met cisplatine in een dagelijkse 
dosis van 2,0 mg/kg gedurende 8 opeenvolgende dagen en met ORG2766 in een 
dagelijkse dosis van 75 pg/kg gedurende 9 dagen. Gelijktijdige toediening van 
cisplatine en ORG 2766 resulteerde in een bimodale distributie van zowel de 
elektrofysiologische als de histologische data (buitenste haarcel-tellingen). Deze 
tweedeling in de resultaten zou mogelijk pas kunnen optreden bij een bepaalde 
dosering van cisplatine. Wij onderzochten daarom of het beschermend effect van 
ORG 2766 verhoogd kon worden door de dagelijkse dosis van cisplatine te 
verlagen (Hoofdstuk 4). Dieren werden behandeld met dagelijkse 
intraperitoneale injecties met zowel 1,0 mg/kg als 1,5 mg/kg cisplatine 
gedurende 8 opeenvolgende dagen en 75 pg/kg ORG 2766 gedurende 9 dagen.
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Samenvatting

Behandeling met 1,5 mg/kg cisplatine gedurende 8 opeenvolgende dagen 
resulteerde in een aanzienlijk gemiddeld verlies van buitenste haarcellen. Dit 
verlies was significant lager na gelijktijdige toediening van ORG 2766. 
Gelijktijdige behandeling met ORG 2766 resulteerde niet in een verandering in 
het volume van de scala media. Deze resultaten zijn in overeenstemming met de 
elektrofysiologische data (Stengs et al., 1998b).

UltRASTRUCTURELE EVALUATIE VAN COCHLEAIRE SCHADE DOOR CISPLATINE NA VERSCHILLENDE 

OVERLEVINGSTIJDEN IN DE ALBINO CAVIA

Eerdere resultaten suggereerden dat buitenste haarcellen kunnen herstellen na 
stopzetten van behandeling met cisplatine (Hoofdstuk 3). Tevens werden 
morfologische veranderingen in de cellen van het spirale ganglion (vacuolisatie) 
en de stria vascularis (“bieb”-vorming en vacuolisatie van de marginale cellen en 
atrofie van intermediaire cellen) waargenomen.
In Hoofdstuk 5 hebben wij het effect van cisplatine op de ultrastructurele 
morfologie van het orgaan van Corti, de stria vascularis en het spirale ganglion 
verder onderzocht, gebruikmakend van de cochlea s die eerder licht- 
microscopisch onderzocht waren (Hoofdstuk 3). Ultrastructurele evaluatie 
bevestigde dat in cochleaire windingen met een totaal verlies van buitenste 
haarcellen op lichtmicroscopisch niveau, de haarcellen inderdaad afwezig waren 
en volledig waren vervangen door steuncellen. De mate van verlies, het aantal 
aangedane buitenste haarcellen en de ernst van de intracellulaire afwijkingen in 
de buitenste haarcellen na 1 dag, 1 week en 2 weken was aanzienlijk groter dan 
na 4 en 8 weken. De degeneratieve afwijkingen in de buitenste haarcellen 
vertoonden alle ultrastructurele aspecten die geassocieerd zijn met necrose. 
Morfologische aanwijzingen voor apoptose werden niet geconstateerd. 
Veranderingen in de stria vascularis bestonden uit “bieb ’-vorming van de apicale 
membraan van de marginale cellen en vacuolisatie van het cytoplasma. Atrofie 
van de intermediaire cellen, te herkennen als heldere gebieden in licht- 
microscopische coupes bleek na ultrastructurele bestudering te wijten te zijn aan 
een toename van de intercellulaire ruimte, mogelijk ten gevolge van krimp van 
de intermediaire cellen en marginale cellen.
Ultrastructurele evaluatie van het spirale ganglion toonde aan dat de vacuolisatie 
die werd gezien in licht microscopische coupes, bestond uit zwelling van de 
mitochondriën.
Deze resultaten ondersteunen onze eerdere lichtmicroscopische bevindingen. Op 
grond van deze bevindingen kunnen vooralsnog geen conclusies getrokken 
worden aangaande de processen die betrokken zijn bij dit herstel.
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Algemene discussie

In Hoofdstuk 6 worden de reeds eerder gepubliceerde elektrofysiologische data 
met de huidige histologische resultaten geïntegreerd. Daarnaast worden 
suggesties gedaan voor verder onderzoek.

Chapter 7________________________________________________________________
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