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Abstract Ototoxicity is a common side effect of cisplatin
chemotherapy. This study was undertaken to determine the
potential protective effects of a systemic administration of
dexamethasone against cisplatin-induced ototoxicity. A
prospective controlled trial conducted in an animal model.
The setting was Animal care research facilities of the
Montreal Children’s Hospital Research Institute. An
experimental guinea pig model was used. The animals were
divided as follows: group 1 (n = 10): 12 mg/kg intraperi-
toneal (IP) cisplatin, group 2 (n = 14): 15 mg/kg/day
dexamethasone IP for 2 days followed by cisplatin 12 mg/
kg IP, group 3 (n = 14): 10 mg/kg/day dexamethasone IP
for 2 days, on day 3, they received cisplatin 12 mg/kg IP
followed by 20 mg/kg/day dexamethasone for 2 days and
group 4 (n = 5): 10 ml of saline IP twice a day for 3 days.
Auditory brainstem response (ABR) threshold shifts were
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measured at four frequencies (8, 16, 20 and 25 kHz) for
groups 1, 2 and 3. Histological changes in the organ of
Corti, the stria vascularis, the spiral ligament and the spiral
ganglion neurons as well as scanning electron microscopy
for outer hair cells were completed. Immunohistochemistry
for tumour necrosis factor-alpha (TNF-o) was performed.
ABR threshold shifts were similar in all groups. Histo-
logical and scanning electron findings demonstrate that
dexamethasone has greater protective effect on the stria
vascularis. Systemic dexamethasone administration in a
guinea pig model did not provide significant protection
against cisplatin-induced ototoxicity. Dexamethasone may
be useful in future applications as a complementary
treatment.

Keywords Cisplatin - Dexamethasone - Cochlea -
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Introduction

Cisplatin is a widely used chemotherapeutic agent in
pediatric and adult oncology protocols. Unfortunately,
hearing loss is a major dose-limiting side effect presenting
as a bilateral, irreversible and progressive sensorineural
hearing loss leading to a decrease in quality of life of
cancer patients [1]. In the inner ear, cisplatin targets the
organ of Corti, the spiral ganglion neurons (SGNs), the
stria vascularis and the spiral ligament [2, 3]. Once cis-
platin enters the cell, it induces cell death mainly by
apoptosis resulting from two main processes: oxidative
stress and inflammation [4].

Cisplatin stimulates the inner ear local inflammatory
response. Through the production of reactive oxygen spe-
cies, cisplatin activates nuclear transcription factor-kappa
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B (NF-xkB) which can regulate the expression of pro-
inflammatory cytokines such as interleukin-1§ (IL-1p),
tumour necrosis factor-o. (TNF-o) and interleukin-6 (IL-6)
[4-6]. TNF-o can activate NF-xB, resulting in a positive
feedback loop and increase the inflammatory response [7].
TNF-o also recruits inflammatory cells into the inner ear [8].

Glucocorticosteroids have a history of use for inner ear
conditions and have been proven non toxic for the cochlear
structures [9, 10]. Glucocorticosteroids inhibit mitogen-
activated protein kinases, important regulators of pro-
inflammatory transcription factors [11], by activating
mitogen-activated protein kinase phosphatase-1 [12]. They
can also induce nuclear factor of kappa light polypeptide
gene enhancer in B-cells inhibitor alpha (IxB-o) expression
which suppresses NF-«B inhibiting the inflammatory sig-
naling cascade [13]. Transtympanic injections of gluco-
corticosteroids have been evaluated as potential treatment
strategies for cisplatin-induced ototoxicity with variable
degrees of protection [10, 14-16]. We hypothesized that
the variability in the effectiveness of transtympanic dexa-
methasone might be caused, in part, by a variable degree of
penetration of the dexamethasone reaching the inner ear
from the middle ear space.

This led us to conduct the current study investigating the
potential protective effect of a systemic administration of
dexamethasone against the toxicity caused by cisplatin in
the inner ear. This is the first publication, to our knowl-
edge, addressing the systemic administration of dexa-
methasone for cisplatin-induced ototoxicity.

Materials and methods
Animals

Forty-three female albino Hartley guinea pigs weighing
500-800 g (Charles River Laboratory, Senneville, QC,
Canada) were used in the current study. The animals had
free access to water and food. The animals were kept in the
animal care research facilities of the Montreal Children’s
Hospital Research Institute under standard laboratory condi-
tions; housed in aroomat 20 + 4 °C ambient temperature and
a 12 h light/dark cycle. The study was approved and moni-
tored by the Animal Care Committee in accordance with the
Canadian Council of Animal Care guidelines.

Experimental design

The guinea pigs (43) were assigned to four groups: group 1
(n = 10) received 12 mg/kg of intraperitoneal (IP) cis-
platin; group 2 (n = 14) received 12 mg/kg cisplatin IP
followed by 15 mg/kg/day of dexamethasone IP for 3 days;
group 3 (n = 14) received 10 mg/kg/day of dexamethasone
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IP for 2 days, on day 3, 12 mg/kg of cisplatin IP was admin-
istered followed by 20 mg/kg/day of dexamethasone IP for
3 days; group 4 (n = 5) received 10 ml of isotonic saline IP
for 3 days. Dexamethasone injections for groups 2 and 3 were
dissolved in saline, therefore the negative control group
(group 4) received saline only and were employed as normal
controls.

Since dexamethasone reaches a maximal concentration
in perilymph 2 h following an IP injection [17], it was
decided to administer cisplatin an hour and a half following
the dexamethasone injections in order to obtain the greater
concentrations of both products simultaneously in the inner
ear.

The dosage of cisplatin has been determined by previous
research at our laboratory [15]. It was demonstrated that
this dose causes sufficient ototoxicity as a model yet very
low mortality rates.

Cisplatin and dexamethasone treatment

Animals were anesthetized with isoflurane. The animals
received 12 mg/kg of cisplatin IP under anesthesia. A
subcutaneous bolus of 10 ml of sterile isotonic saline was
injected following the cisplatin administration for hydra-
tion. Once treatment with cisplatin (1 mg/ml, Hospira,
Canada) began, animals received two subcutaneous injec-
tions of sterile saline (10 ml) per day for hydration. The
dexamethasone injections were prepared by dissolving the
dexamethasone 21-phosphate disodium salt (Cat. No.
D1159, Sigma-Aldrich Canada) in 0.9 % NaCl in order to
obtain a concentration of 5 mg/ml. Animals were eutha-
nized after 72 h following the cisplatin administration.

Auditory brainstem response

The auditory brainstem response (ABR) was performed
prior to any injection (baseline measurement) and 72 h
following the cisplatin IP administration (post measure-
ment) in order to determine the ABR threshold shifts (SPL
dB). Hearing threshold was defined as the lowest intensity
of stimulation that resulted in a clear reproducible wave-
form. The tympanic membranes and external auditory
canals were inspected prior to the ABR measurement using
an operating microscope. Animals with preexisting hearing
loss and/or any abnormality in the external or middle ear
were excluded from the study. The active electrode was
placed subcutaneously within the pinna of the tested ear,
the reference electrode at the vertex and the ground elec-
trode on the pinna of the contralateral pinna. The ABR was
measured at four frequencies (8, 16, 20 and 25 kHz) on the
Smart EP device (Intelligent Hearing Systems) using tone
burst stimulus with a rate of 39.1 bursts/s and alternating
polarity. The response to the stimulus was averaged from
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1,600 sweeps. The measurements began at 80 dB and
subsequently being decreased or increased by 20 dB and
then 10 dB until the last three clear reproducible wave-
forms were obtained. Threshold shifts were calculated by
comparing the pre- and post-cisplatin hearing threshold
values. Two animals in group 3 died before completing the
post measurement ABR.

Histological evaluation

Immediately following the post-ABR measurement, the
animals were euthanized and the cochleae were dissected.
The cochleae were fixed in 10 % neutral buffered formalin
for 48 h at room temperature. Subsequently, decalcification
was achieved by submerging the samples in 10 % EDTA at
room temperature for 7 days with daily change of the
solution. The specimens were then processed for an hour in
10 % neutral buffered formalin, next in 50 % alcohol and
were maintained in 70 % alcohol until preparation for
paraffin embedding. Once embedded in paraffin, the
specimens were then mounted in order to obtain mid-
modiolar plane cuts. Sections of 5 um of thickness were
collected on glass slides and stained with haematoxylin and
eosin staining. Sections were examined using a Zeiss Ax-
iophot light microscope equipped with a Zeiss AxioCam
MRc camera in which digitalized images were obtained.

Strial cross-sectional area

The strial cross-sectional area analysis was performed using
the public domain NIH ImageJ program (U.S. National Insti-
tutes of Health; http://rsb.info.nih.gov/ij/). The periphery of the
stria vascularis was delineated in every half turn of the cochlea
in three segments: apex, middle and base and the cross-sec-
tional area was determined (umz) (Fig. 1). Six different mea-
surements were made and averaged for every region.
Subsequently, the areas from the groups were compared.

Spiral ganglion cell densities

Spiral ganglion cell densities were determined with the use
of the NIH ImagelJ program. Images of the cochleae (TIFF)
were obtained, the boundaries of Rosenthal’s canal were
outlined and the areas of the outlined spaces were calcu-
lated in mm? (Fig. 1). The number of perikarya within the
outlined spaces was counted and densities (number of
perikarya/area in mm”) were determined as previously
described [18].

Scanning electron microscopy

Cochlear samples were processed as previously described
[19]. The samples were analyzed under a field emission

Fig. 1 Section of a cochlear sample. Dark outlined areas demon-
strate the spaces delineated in order to calculate the strial cross-
sectional areas (/) and the SGN densities (2). Hematoxylin stain

scanning electron microscope (Hitachi S4700, Hitachi Ltd.,
Tokyo, Japan) in order to visualize and evaluate outer hair
cell morphology.

Immunohistochemistry: TNF-alpha

Microtome sections were evaluated by immunohisto-
chemical staining for the detection of TNF-u using a biotin-
free detection system. Sections were deparaffinized with
xylene and ethanol baths. Slides were then heated in a
microwave oven with 0.01 M citrate buffer for 10 min
followed by 3 % H,0, in ethanol for 10 min at room
temperature. Slides were washed three times with 0.1 M
phosphate buffered saline (PBS) at pH 7.4 for 5 min and
were then incubated overnight with the primary antibody at
room temperature. Slides were washed with PBS for
15 min and then incubated with the enhancer reagent for
30 min at room temperature. After washing with PBS, slides
were incubated with polymer—horseradish peroxidase for
45 min. After a final wash in PBS, slides were treated with
diaminobenzidine to visualize the immunoreaction, counter-
stained with Mayer’s hematoxylin for 2 min, dehydrated in
ethanol, cleared in xylene and mounted in Eukitt.

All slides were evaluated in a blinded fashion, without
knowledge of the treatment administered. The expression
of TNF-o was graded as faint, moderate or strong.

Statistical analysis

The data were analyzed using analysis of variance (one
way ANOVA). Post hoc comparisons were made with
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Tukey’s multiple comparison test. Statistical significance
was set at p value <0.05. Sample size for the experimental
groups were calculated using the sample size calculator
from the Department of Statistics of the University of
British Columbia using the following criteria: power =
0.08, 2 = 0.05, ¢ = 15, ul = 0 and p2 = 25 (http://www.
stat.ubc.ca/ ~ rollin/stats/ssize/n2.html).

Results
Auditory brainstem response

Intraperitoneal cisplatin administration caused a marked
hearing loss. The average threshold shifts in the group
receiving cisplatin only are 46 =9 dB at 8 kHz,
47 £7.1dB at 16 kHz, 38 £ 4.3 dB at 20 kHz and
47 £44dB at 25 kHz (Fig. 2). Therefore, a single
injection of 12 mg/kg IP resulted in intense hearing loss
throughout all of the frequencies tested.

Guinea pigs receiving cisplatin and dexamethasone
(group 2) also presented marked hearing loss with thresh-
old shifts of 48 =54 dB at 8 kHz, 51 4.8 dB at
16 kHz, 51 £3.7dB at 20 kHz and 41 4.3 dB at
25 kHz (Fig. 2). There was no otoprotection following this
scheme of treatment.

Guinea pigs treated with dexamethasone in a greater
dose (group 3) also demonstrated a marked hearing loss in
the ABR measurements. The threshold shifts were
61 £ 16.5dB at 8 kHz, 52+ 10.2dB at 16 kHz,
43 £9.5dB at 20kHz and 48 £9.1 dB at 25 kHz
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Fig. 2 Auditory brainstem response (ABR) threshold shifts in
decibels (mean + SEM) for cisplatin (CDDP) and CDDP + dexa-
methasone treated guinea pigs. ABR measurements were taken before
and 72 h following the CDDP injection. No statistically significant
difference was observed between the group receiving CDDP only and
the groups receiving CDDP + dexamethasone. *p < 0.05

@ Springer

(Fig. 2). There was no otoprotection observed following a
2 day prophylaxis and a high dose dexamethasone treatment.
No statistically significant difference in ABR threshold
shifts was observed between the groups (p > 0.05 for all
frequencies tested). No significant otoprotection on ABR
measurements was conferred by the use of systemic
dexamethasone on cisplatin-induced ototoxicity.

Light microscopy examination

Light microscopy of cochlear samples was performed in
order to obtain general histological characteristics. Cochlear
samples obtained from animals receiving only cisplatin
demonstrated partial loss of outer hair cells (OHCs) with
collapse of the tunnel of Corti and Nuel’s space. The lateral
wall findings consisted of protrusion of marginal cells into the
endolymphatic space as well as strial edema. SGNs displayed
partial detachment of the myelin sheath (Fig. 3b). These
results were observed in the three cochlear segments (apex,
middle, base). A very slight detachment was also observed in
animals receiving saline only (Fig. 3a).

Samples obtained from animals receiving cisplatin and
dexamethasone (group 2) revealed disruption of the mic-
roarchitecture of the organ of Corti similar to the samples
obtained from the animals receiving cisplatin only
(Fig. 3c). The lateral wall and SGN findings were also
similar. On the other hand, animals treated with cisplatin
and a greater dose of dexamethasone (group 3) exhibited
preserved morphology of the tunnel of Corti and Nuel’s
space (Fig. 3d). Also, strial edema was decreased as
compared to the cisplatin animal samples (Fig. 4). How-
ever, the SGN myelin sheath detachment findings did not
differ from the animals receiving cisplatin only.

Strial cross-sectional area

The strial cross-sectional areas were calculated for all of
the groups. Saline-treated animal samples were used to
establish the area of the half sections for the apex, middle
and base segments of the cochlea in normal guinea pigs.
The cross sections observed in the saline-treated group
demonstrated dense striae and clearly defined nuclei with
no bulging of cells into the endolymphatic space (Fig. 4a).
The cross sections pertaining to the animals treated only
with cisplatin revealed decreased strial density, increased
cellular vacuolization (Fig. 4b) and greater cross-sectional
areas as compared to the saline-treated animals (Fig. 5).
The areas calculated for samples obtained from the
animals treated with cisplatin and dexamethasone (group 2)
were greater compared to the saline-treated group and
slightly lower compared to the cisplatin-treated group
(Fig. 5); the striae were denser and exhibited less vacuo-
lization (Fig. 4c). Samples from group 3 also demonstrated
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Fig. 3 Sections of cochlear
samples: base of cochlea:

a saline (negative control),

b cisplatin (positive control),

¢ cisplatin 4+ dexamethasone
(group 2) and

d cisplatin + greater dose of
dexamethasone (group 3).
Hematoxylin and eosin stain.
Collapse of the tunnel of Corti
and Nuel’s space is observed in
cisplatin-treated animals as well
as protrusion of marginal cells
into the perilymphatic space and
strial edema. Similar changes
are visible in ¢

Fig. 4 Strial cross sections. a Saline (negative control), b cisplatin eosin stain. Greatest strial edema and increased cross-sectional areas
(positive control), ¢ cisplatin + dexamethasone (group 2) and d cis- were observed in cisplatin-treated animals (b)
platin + greater dose of dexamethasone (group 3). Hematoxylin and
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Fig. 5 Cross-sectional area (um?) of the apex, middle and base of
the cochleae. Measurements for the right and left cochleae were
averaged. Six different measurements were assessed for every
segment of every cochlea in order to increase the precision of the
measurements. The cisplatin (CDDP)-treated group demonstrated the
greatest areas. No statistically significant difference was observed
between CDDP-treated animals and animals receiving CDDP and
dexamethasone in low or high dosage (Dex.)

reduced areas as compared to the cisplatin-treated group, yet
no statistically significant difference was observed. We can
appreciate dense striae, minimal bulging into the endolymph
and a rather conserved morphology (Fig. 4d). No statistically
significant difference was detected between the groups in
terms of strial areas (p > 0.05 for all segments of the cochlea).

Spiral ganglion neuron densities

SGN densities were calculated for all groups. No statisti-
cally significant difference was detected between the
groups in terms of SGN densities (p > 0.05) (Fig. 6).

Scanning electron microscopy

Animals receiving saline did not present with OHC loss or
irregularities of stereocilia (Fig. 7a). Damage and loss of
stereocilia as well as rupture of the cuticular plate were
clearly visible in cisplatin-treated animals (Fig. 7b) and in
animals receiving cisplatin and the lower dose of dexa-
methasone (Fig. 7c). Greater preservation of OHCs was
detected in the group receiving cisplatin and the greater
dose of dexamethasone (Fig. 7d).

Immunohistochemistry
Immunohistochemical detection of TNF-« in the normal

cochlea was faint; the OHCs, stria vascularis, spiral liga-
ment and SGNs stained weakly (Fig. 8a), whereas strong
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Fig. 6 Spiral ganglion cell densities. The control group consisted of
the saline-treated animals. Treatment with cisplatin (CDDP) did not
significantly decrease the SGN densities as compared to the control
group. No statistically significant difference was observed between
any of the groups and for any segment of the cochlea. *p < 0.05

immunostaining was observed in the cisplatin-treated ani-
mal samples for the above mentioned cochlear areas
(Fig. 8b). Strong immunostaining was also observed for the
samples obtained from group 2 (Fig. 8c). Most interesting
was the staining observed for the last group, receiving
cisplatin and the greater dose of dexamethasone (group 3).
Here, moderate immunostaining was observed (Fig. 8d).

Discussion

Cisplatin is a commonly used chemotherapeutic agent. It
has potent antineoplastic activity and can cause important
adverse effects such as nephrotoxicity, ototoxicity and
neurotoxicity which limit its clinical use [20]. Cisplatin
ototoxicity leads to a bilateral and irreversible sensori-
neural hearing loss that is progressive from higher to the
lower frequencies [1]. It quickly binds DNA and proteins
and thereby inhibits their functions. Once bound, cisplatin
induces the generation of reactive oxygen species and
initiates the inflammatory cascade. These events can lead
to apoptosis and therefore to a decrease in the number of
cells in the cochlea necessary for an adequate function of
the inner ear [4].

To date, the literature on transtympanic administration
of dexamethasone against cisplatin-induced ototoxicity
presents different magnitudes of protective effects. Hill
et al. [10], Daldal et al. [14] and Murphy et al. [15] pre-
viously reported that intratympanic dexamethasone injections
may provide some protection against cisplatin-induced
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Fig. 7 Scanning electron microscopy of outer hair cells (OHCs).
a Saline b cisplatin, ¢ cisplatin + lower dose of dexamethasone
(group 2) and d cisplatin 4 greater dose of dexamethasone (group 3).

ototoxicity in a mouse [10] and guinea pig model,
respectively [14, 15]. Paksoy et al. [16] observed a sig-
nificant protective effect from intratympanic dexametha-
sone injections in a rat model with decreased threshold
shifts on ABR testing. The previously mentioned studies
only reported hearing test results (ABR or distortion
product otoacoustic emissions) as evidence. A transtym-
panic administration can avoid systemic side effects, nev-
ertheless the technique can cause local complications [21].
Also, concentrations reached in cochlear fluids are unpre-
dictable [22]. To our knowledge, no previous study has
evaluated the protective effect of a systemic administration
of glucocorticosteroids on cisplatin-induced ototoxicity. It
has been demonstrated that an intraabdominal or intra-
tympanic injection of dexamethasone provides similar
concentrations in perilymph in 30 min [17]. A systematic
approach is the easiest route of administration and is easily
controlled. In addition, dexamethasone does not interfere
with the cytotoxic action of cisplatin [23], a frequently
cited concern.

In our study, ABR outcomes did not demonstrate a func-
tional protection from dexamethasone on cisplatin-induced

Greater loss of OHCs is observed in b and ¢. Animals receiving saline
did not present with OHC loss. Some OHC loss was detected in d

ototoxicity. No difference was detected comparing animals
treated with cisplatin alone or with cisplatin and dexametha-
sone. All experimental animals presented significant hearing
loss at all frequencies tested (Fig. 2).

Cisplatin is known to target the organ of Corti, the
OHCs, the SGNs, the stria vascularis and the spiral liga-
ment [2, 3]. Morphological alterations were observed
following cisplatin administration. Partial loss of OHCs
with collapse of the tunnel of Corti and Nuel’s space,
protrusion of marginal cells into the endolymphatic space,
strial edema as well as partial detachment of the myelin
sheath of SGN were observed. Similar findings have been
previously reported [3, 18, 24]. OHC loss was further
demonstrated with scanning electron microscopy which
allowed detection of missing OHCs as well as rupture of
the cuticular plates. A high dose of dexamethasone pre-
served the morphology of the tunnel of Corti, Nuel’s
space and the stria vascularis and decreased the strial
edema.

Various authors [3, 24-27] have aimed to assess the
histological pattern of injury to the stria vascularis caused
by cisplatin. We observed decreased strial density,
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Fig. 8 TNF-o
immunoexpression in cochlear
samples: a saline, b cisplatin,
¢ cisplatin + lower dose of
dexamethasone (group 2) and
d cisplatin + greater dose of
dexamethasone (group 3).
Counterstained with Mayer’s
haematoxylin. Strong
immunostaining is observed in
b and ¢, moderate
immunostaining is observed in
d and very faint
immunostaining is observed in a

increased cellular vacuolization and increased cross-sectional
areas in cisplatin-treated animals. The cross-sectional area
measurements coincide with previous studies [24, 25]. The
group that received the highest dose of dexamethasone in
addition to cisplatin demonstrated similar area measurements
to the saline-treated group (Fig. 5). Statistical analysis of the
strial measurements are limited by the number of animals in
each group seen as cochleae that did not meet histological
criteria were discarded, i.e., section not in midmodiolar plane,
broken cochleae from dissection. We can observe a tendency
but further studies with a greater number of animals are
required.

The reason for greater morphological preservation of
the stria vascularis is unclear. Glucocorticosteroid recep-
tors are highly expressed in the spiral ligament, stria
vascularis and OHCs [28, 29]. Yet, our results demon-
strate the lack of protection from dexamethasone on
OHCs. Dexamethasone has also been shown to increase
cochlear blood flow [9]. It may be that since the stria
vascularis is highly vascularised and that cochlear blood
flow is increased, the quantity of dexamethasone reaching
the lateral wall may be greater as compared to other areas
of the cochlea.

The SGNs displayed partial detachment of the myelin
sheath when exposed to cisplatin. Findings did not differ
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from the animals receiving cisplatin and dexamethasone at
any dosage. As for SGN densities, no statistically signifi-
cant difference was detected between the groups. As pre-
viously reported, our results also suggest that cisplatin
administration may not result in SGN loss (12 mg/kg IP)
[18].

TNF-o has been shown to be a key pro-inflammatory
cytokine in cisplatin-induced ototoxicity [6]. Immunohis-
tochemistry for TNF-o was performed in order to detect
whether dexamethasone administration decreases the
expression of this cytokine. Cisplatin administration led to
a strong immunoexpression of TNF-« in OHCs, the stria
vascularis, the spiral ligament and in SGNs. Concomitant
administration of dexamethasone in a high dose provided
only a slight reduction in staining. It seems that the
inflammatory component of cisplatin-induced ototoxicity
may play a small role in the pathophysiology, given that
when administering a high dose of dexamethasone,
cochlear morphological and functional alterations are still
observed. A limitation of the study is the lack of long-term
follow-up. The guinea pig model used allows post-ABR
testing to be performed on day 3, a situation not occurring
in a clinical setting. Further studies employing different
animal models allowing for long-term treatment and fol-
low-up would be required.
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Conclusion

We studied the protective effect of a systemic dexameth-
asone administration against cisplatin-induced ototoxicity
in a guinea pig model. We did not observe significant
protection against cisplatin-induced ototoxicity. Dexa-
methasone seems to decrease TNF-o expression slightly as
well as protect the stria vascularis from morphological
alterations. Dexamethasone may be useful in future appli-
cations as a complementary treatment for cisplatin-induced
ototoxicity.
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