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THE ELECTRORECEPTOR ORGAN OF THE CATFISH,ICTALURUS
MELAS, AS A MODEL FOR CISPLATIN-INDUCED OTOTOXICITY

R. C. PETERS,*† P. M. C. MOMMERSTEEG* and P. S. HEIJMEN‡
*Department of Comparative Physiology, Utrecht University, Utrecht, The Netherlands

‡Department of Otorhinolaryngology, University Hospital Utrecht, Utrecht, The Netherlands

Abstract—The ototoxic side-effects of the anti-cancer drug cisplatin (cis-diaminedichloroplatinum) have
been widely investigated. However, the exact site of action remains unclear. In this study, the electro-
receptor organ of the freshwater catfishIctalurus melasis used as a model for examining the acute effects
of cisplatin. The sensory cells in the electroreceptor organ are homologous to the inner hair cells in the
cochlea of mammals. The effects of cisplatin administration can be investigated byin vivo recording of the
spike trains from the electroreceptor organ primary afferents. Exposure of electroreceptor organs to
330mM cisplatin for 1 h causes the spontaneous activity to drop, the overall sensitivity to diminish and
the shape of the frequency characteristics to change. These effects persist in the week after administration.
Control levels have returned at day 22.

These results demonstrate an acute and, with considerable hysteresis, reversible cisplatin effect on the
electroreceptor organs, which is to a large extent consistent with the cisplatin-induced effects in isolated
hair cells in mammals. The time-course of the effect supports the hypotheses that ion channels are blocked
immediately by cisplatin administration, and that cisplatin metabolites disturb enzymatic cellular
processes.q 1999 IBRO. Published by Elsevier Science Ltd.

Key words: cisplatin, hair cell, ototoxicity, electroreception, CDDP.

Cisplatin is a cytostatic agent, used against various
types of cancer. It has several serious dose-limiting
side-effects, among which are neurotoxicity,
nephrotoxicity and ototoxicity. The ototoxic side-
effects involve high-frequency hearing loss.7,26

Research on this particular subject in several animal
species, usually guinea-pigs, shows damage to the
outer hair cells (OHCs) in the lower coils of the
cochlea after cisplatin treatment.5,11,13,22,25,26After
acute high-dose cisplatin treatment, damage to the
stria vascularis13,22,25and sometimes to the inner hair
cells is found.16,26

A wide variability in individual responses has
been observed in both human beings and guinea-
pigs; not all cisplatin-treated subjects suffer from
ototoxicity.14,25 The discrepancy between chronic
and acute cisplatin treatment and the concentrations
used, as well as several methods of administration,
lead to different results that sometimes even seem
contradictory.11–16,18,22 This makes it difficult to
pinpoint the exact cause of cisplatin-induced
ototoxicity.

Hypotheses about the mechanisms of cisplatin-
induced ototoxicity are (i) apical ion channel block-
age in the OHCs,6,12,18,22(ii) damage via secondary
metabolites after chronic treatment,22,24 and (iii)
acute damage to the stria vascularis.14,22

In this study, we made use of the resemblance of

the electroreceptor organs to the other mechano-
receptive components of the octavolateralis system,
namely the cochlea, the vestibular apparatus and the
lateral line system.1–3,19 Since the electroreceptor
cell synapses are glutamatergic, like those of the
mechanoreceptive hair cells,1–3 and since a stria
vascularis is absent, the electroreceptor organ of
Ictalurus could prove an attractive model for the
study of cisplatin-induced malfunctioning. Further-
more, there is only one type of sensory cell in the
electroreceptor organ, which strongly resembles
inner hair cells of the cochlea, where transduction
takes place.1,2,4,17Also, the apical side of the electro-
receptor cells is in open contact with the outside
medium, so drugs can be applied locally and effects
can easily be followed over time. Stimulus
application and response recording are easily
performed2,3,20,21without any surgical intervention,
as was demonstrated in earlier experiments.3,9,10

The purpose of this study was to assess whether
cisplatin affects the easily accessible electroreceptor
cells like it affects the mechanoreceptive hair in the
mammalian cochlea.

EXPERIMENTAL PROCEDURES

Animals

Catfish,Ictalurus melas(n� 8), of both sexes, obtained
from a fish farm (Peschkes, Mu¨nchen-Gladbach, Germany),
weighing 120–280 g, were kept in Utrecht in glass con-
tainers filled with copper-free tap water at about 168C.
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Before the electrophysiological recordings, the fish were
anaesthetized with Saffan (Pitman–Moore, Harefield,
U.K.) at 24 mg/kg body weight (i.m.) and placed into a
1.8-l Perspex tray filled with copper-free tap water. They
were given artificial respiration during the experiments and
the temperature was kept at about 17.38C. If the recordings
took more than 3 h, additional anaesthesia of 12 mg/kg was
given after 2.5 h. After a recording session the animals were
allowed to recover.

Electrophysiological recordings

In order to obtain frequency characteristics, sinusoidal
currents of 2, 5, 8, 10, 14 and 20 Hz (current strengths
between 10 and 600 nA) were applied via a horseshoe-
shaped silver wire. The wire was placed around the record-
ing electrode at^2–5 mm above the skin. Extracellular
action potentials of electroreceptor organ primary afferents
were recorded via a tungsten microelectrode, which was
placed in the opening of the electroreceptor organ.20,21 The
recorded spikes were preamplified and led into a computer
via a filter amplifier, where they were processed in poststi-
mulus time histograms or, in case of spontaneous activity, in
interspike interval histograms.2,3 Each data point of the post-
triggertime histograms was generated from a 50-s recording.
The interval histograms were based on 1024 intervals. The
sensitivity, the modulation of the spontaneous firing rate
divided by the stimulus amplitude (Hz/nA), the phase shift
of the response (degrees) with respect to the stimulus, and
the spontaneous activity (average interval length in ms)
were measured from the histograms.4,20,21

Protocol and cisplatin treatment

On day 1, four test organs were selected on one side of the
head and four control organs on the other side. The control
organs were used to correct for normal fluctuations over
time. From all eight electroreceptor organs, the frequency
characteristics and the spontaneous activities were recorded
(day 1-pre). Thereafter, a rubber ring, of about 1 cm in
diameter, was placed over the piece of skin containing the
four test organs, so that a non-leaking compartment of skin
was isolated from the surrounding water. Cisplatin (0.1 mg/
ml; Platinolw, Bristol–Meyers Squibb BV, Weesp, The

Netherlands), dissolved in copper-free tap water to give a
330mM solution, was applied in the ring compartment for
1 h. The cisplatin solution was refreshed after 30 min.
Thereafter, the cisplatin solution was drained and the ring
was removed. Again, frequency characteristics and spon-
taneous activities were recorded from both the test and the
control organs (day 1-post).

In order to follow the behaviour of the electroreceptor
organs over time, additional recordings were made on
days 2, 4, 7 and 22 after cisplatin administration. To detect
a possible effect of the rubber ring on the test organs, four
other fishes, the shams, were “treated” with a normal
copper-free tap water solution instead of cisplatin in a
similar way. The sham-treated organs and control organs
(n� 2*4) of these fishes were recorded one day before
and after sham treatment, on days 2 and 6.

Statistics

Repeated measures ANOVA (within factors: frequency,
time; between factor: treatment) was performed to detect the
effects of treatment in the whole data set. Differences
between pairs of means were tested by means of at-test.

RESULTS

Sham

The frequency characteristics and the spon-
taneous activity of the sham-treated fishes showed
normal fluctuations over time. No significant differ-
ences were found between the tap water-treated
sham organs and the control organs on the sham-
treated fishes for spontaneous activity (repeated
measures ANOVA,P�0.911), relative sensitivity
(P� 0.744) and phase shift (P�0.063).

Spontaneous activity

Treatment of the ring-isolated test organs
with cisplatin lowered the spontaneous activity
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Fig. 1. Relative spontaneous activity of electroreceptor organ primary afferents in the catfishIctalurus melas
before (pre) and after (post) 0.1 mg/ml cisplatin administration. Abscissa: interspike interval length per organ as a
fraction of the reference value one day before cisplatin administration. Values are means of 16 organs in four
fisheŝ S.E.M. Asterisks: significant differences between cisplatin-treated (test) and control organs (repeated

measures ANOVA,P, 0.05,n�16). Inset: example of a 100-ms extracellularly recorded spike train.



immediately, as is evident from the increase in inter-
spike interval lengths (Fig. 1). This effect persisted
in the week after administration and had disappeared
at day 22. Significant differences between the spon-
taneous activity of the test organs and the control
organs were seen at days 1, 2, 4 and 7 (P, 0.004;
Fig. 1). At day 22, no differences between control
and test organs were found (P�0.890). No differ-
ence was seen between the values of day 22 and one
day before cisplatin treatment (test:P�0.495;
control: P�0.425).

Sensitivity

Cisplatin treatment decreased the sensitivity of
the test organs (Fig. 2) at all measured frequencies
(P, 0.000). At high frequencies (20 Hz), the
decrease seemed less severe. The sensitivity drop
of the test organs slowly recovered in the week
after administration. However, at day 7, it was still

significantly lower than the values of the control
organs (P, 0.000). The values of the test organs
returned to control levels at day 22 (P�0.955).
The control organs did not show this decrease in
sensitivity, although there were some fluctuations
over time.

The shape of the frequency characteristics of the
tested organs also changed after treatment with
cisplatin (P� 0.008; Fig. 3). The relative sensitivity
of the test organs after treatment showed a decrease
in the lower frequency range and an increase at
20 Hz. This was not significant at all frequencies.
At day 22, the frequency curve appeared normal
again (P�0.548).

Phase

Cisplatin treatment significantly changed the
phase characteristic of the test organs relative to
the control organs (P�0.017; Fig. 4). At 2 and
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Fig. 2. Time-course of the relative sensitivity of electroreceptor organs in the catfishIctalurus melasbefore (pre)
and after (post) 0.1 mg/ml cisplatin administration at different frequencies. Same set of subjects as in Fig. 1.
Abscissa: sensitivity per organ as a fraction of the reference sensitivity one day before cisplatin administration.
Values are means of 16 organs in four fishes^S.E.M. Asterisks: significant differences between cisplatin-treated
(test) and control organs (repeated measures ANOVA,P, 0.05,n�16). The asterisks over day 7 also refer to

days 1-post, 2 and 4.



5 Hz, the phase lag increased, but returned to the
control level at day 22. At the higher frequencies
the phase lag decreased, but recovered in 22 days.
In the week after administration, the phase shift of
the test organs was not always significant for all
frequencies, as compared to the values of the control
organs (Fig. 4). There was no difference between the
test and control organs at day 22 (P�0.789) at any
frequency.

DISCUSSION

Sham

The sham experiment showed no significant
differences between the sham-treated test and
control organs. There were some differences
between single pairs of means of sham-treated
organs and control organs, on some days. However,

these small, incidental effects do not explain the
large effects found between cisplatin-treated organs
and control organs. The conclusion is that the differ-
ences between test organs and control organs are
effectively due to cisplatin treatment and not to the
use of the rubber ring.

Cisplatin

General effect and time-course.The statistical
tests show an unequivocal effect of cisplatin on
electroreceptor organ functioning, which manifests
itself immediately upon administration. Since it has
been found earlier that cisplatin blocks membrane-
bound ion channels both in isolated OHCs12,23,24and
in OHCs in the cochlea,18 it is most likely that the
immediate effect of cisplatin on electroreceptor
organs is also caused by such a mechanism. Block-
ade of ion channels in the apical membrane would
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Fig. 3. Frequency dependence of the relative sensitivity (in dB) of electroreceptor organs in the catfishIctalurus
melasbefore (pre) and after (post) 0.1 mg/ml cisplatin administration. Same set of subjects as in Fig. 1. Abscissa:
sensitivity per organ relative to the reference sensitivity one day before cisplatin administration. Values are means
of 16 organs in four fisheŝ S.E.M. Asterisks: significant differences between cisplatin-treated (test) and control
organs at days 1 and 4 (repeated measures ANOVA,P, 0.05,n�16). N.B. Day 1-post is not significant for 2 and

14 Hz. Significant differences between test and control data have disappreared at day 22.



cause a rise in membrane (serial) resistance and
result in a reduction of sensitivity and, according
to the electronic equivalent circuit,8,9 also in
frequency-dependent changes as presented in Figs
3 and 4. Blockade of ion channels, in both the apical
and basal membranes, could also cause an overall
reduction in transmitter release, and thus in primary
afferent activity.10

On the other hand, the cisplatin-induced effects
last longer than merely the duration of administra-
tion. Whereas in earlier patch-clamp experiments on
isolated OHCs6 the cisplatin effect disappeared soon
after washout of concentrations of 1mM to 1 mM,
the cisplatin (330mM)-induced disturbances in
electroreceptor organs last for more than a week,
and full recovery needs longer than two weeks, in
spite of the 1-h exposure. Such a time-course rather
suits the finding that metabolites of cisplatin inter-
fere as toxicants with cellular biochemistry.24

Cisplatin concentration. Although there is a
nice correspondence between the results of earlier
in vitro experiments and the present study, we have
to discuss the matter of effective concentration.
When OHCs in earlier experiments were exposed
directly to cisplatin, concentrations in the surround-
ing medium ranged from 1mM to 1.25 mM.6,12 In
guinea-pigs, when cisplatin was brought into the
bloodstream via intraperitoneal injection in single
or repeated doses, plasma concentrations up to
3mM (1 ppm)11 and 28.1mM after 48 h13 were
reported. In patients, peak plasma concentrations
were found up to 2.6mg/l after a 4- to 6-h intra-
venous injection.14 In general, no adverse effects
were found at plasma concentrations below 1 nM
(1mg/l).14 The dose used in the present experiment,
0.1 mg/ml, corresponds to 330mM (M�300.5),
which roughly equals the highest dose ofcis-platinum
to which OHCs were exposed,6 and is within the
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Fig. 4. Time-course of the relative phase shift of electroreceptor organ evoked responses in the catfishIctalurus
melasbefore (pre) and after (after) 0.1 mg/ml (330mM) cisplatin administration. Same set of subjects as in Fig. 1.
Abscissa: phase shift per organ as difference with the reference phase shift one day before cisplatin administra-
tion. Values are means of 16 organs in four fishes^S.E.M. Asterisks: significant differences between cisplatin-

treated (test) and control organs at days 1 and 4 (repeated measures ANOVA,P, 0.05,n�16).



60–1500mM range used by other investigators,12,18

but exceeds human plasma levels by a factor of 100.
The methodological advantages of the present
approach are that the effects of exposure of sensory
hair cells to cisplatin in intact subjects can be
recorded immediately, like in acute experiments,
whilst they can also be recorded over time, as in a
chronic experiment.

Spontaneous activity, sensitivity and phase
shift. The average firing levels at days 4 and 7
after treatment seem similar, whereas the sensitivity,
which is the modulation of the average firing level,
at day 7 has recovered considerably with respect to
the sensitivity at day 4 (cf. Figs 1 and 2). At this
stage we do not attribute this difference to a specific
cisplatin-related action. Furthermore, there is a
frequency dependence of the cisplatin-induced
sensitivity changes, as is demonstrated by the
shape of both the relative gain curves (Figs 2, 3)
and the relative phase curves (Fig. 4). These effects
can be explained by assuming that the apical chan-
nels are blocked by cisplatin. Evidence for this is
given by calculations in an earlier model study.10

CONCLUSIONS

We conclude that catfish electroreceptor organs
show cisplatin-induced dysfunctioning, which to a
large extent can model cisplatin-induced dysfunc-
tioning of the hair cells in the cochlea of mammals.
The electroreceptor model is also particularly well
suited to follow the effects of cisplatin in single
specimens over time, and might also be used to
test the effects of protective agents like ORG2766.
Because a stria vascularis is absent in electrorecep-
tor organs, we conclude that the cisplatin-induced
effects are primarily expressed in the receptor
cell–primary afferent complex, most likely via
blocking of ionic channels and intoxication of intra-
cellular enzymatic pathways.
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