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3. Adenosine Receptor Agonists

Although information on the cochlea is limited, several
mechanisms have been proposed to account for the protec-
tive effects of Al adenosine receptor agonists in nervous
tissues. It is thought that deleterious Ca®* influx due to glu-
tamate excitotoxicity is a primary target for neuroprotective
adenosine actions in the central nervous system [51-53]. The
excitotoxicity of cochlear afferent dendrites induced by kai-
nic acid was attenuated by the application of 2-chloro-N6-
cyclopentyladenosine (CCPA), a highly selective adenosine
Al receptor agonist. Ford et al. [54] reported the effects of
the round window application of R-PIA, a selective adeno-
sine Al receptor agonist, on cochlear antioxidant enzymes,
such as superoxide dismutase, glutathione peroxidase, and
catalase. R-PIA elicited significant increases in the activity
of these antioxidant enzymes and significantly reduced the
levels of malondialdehyde, a marker of lipid peroxidation,
generated in the cochlea. Namely, it is possible that adeno-
sine Al receptor agonists protect the cochlea against ische-
mia-reperfusion injury by attenuating glutamate excitotoxic-
ity and through a radical scavenging effect. Indeed, CCPA
attenuated cochlear injury induced by transient ischemia
[55].

4. Growth Factors

Several authors have shown that growth factors like insu-
lin-like growth factor-1 (IGF-1), epidermal growth factor
(EGF), and fibroblast growth factor may protect hair cells
against damage triggered by ototoxic drugs or aging. These
growth factors are important for the normal development and
survival of cells including hair cells of the organ of Corti
[56, 57]. Although the effects of growth factors on cochlear
ischemia-reperfusion injury have not been fully elucidated,
the protective effects of erythropoietin and IGF-1 have been
reported [58, 59].

5. Steroids

Glucocorticoids have been widely used in the treatment
of idiopathic sudden sensorineural hearing loss in humans. In
a basic animal study, the cochlear function 4 hours after tran-
sient ischemia was significantly improved by glucocorti-
coids, prednisolone and methylprednisolone, at a relatively
wide dose range in the case of pre-ischemic administration.
On post-ischemic administration, higher doses of glucocorti-
coids were necessary to ameliorate cochlear ischemia-
reperfusion injury [54]. It is considered that glucocorticoids
do not promote cochlear blood flow to protect hair cells [60,
61], but directly protect outer hair cells [62].

Dehydroepiandrosterone reportedly exhibits protective
effects against cochlear ischemia-reperfusion injury [63].
Interestingly, dehydroepiandrosterone also protects hair cells
against acoustic injury [64], suggesting that this steroid pro-
tects hair cells and the cochlea against other forms of co-
chlear injury.

CONCLUSION

An understanding of the mechanisms of cochlear ische-
mia-reperfusion injury is mandatory for the development of
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therapeutic interventions directed toward this type of injury.
When organs are rendered ischemic, there is a shift from
aerobic to anaerobic metabolism, which results in a decrease
in cellular ATP. Excitotoxicity induced by glutamate efflux
and its failed removal from extracellular spaces during
ischemia aggravates the ischemic injury of primary auditory
neurons. Outer hair cells are the most vulnerable to cochlear
reperfusion injury. Reactive oxygen species including hy-
droxyl radicals and NO are leading factors in the reperfusion
injury of outer hair cells. Once recirculation is achieved after
ischemia, efforts are needed to prevent cochlear injury in-
duced by reactive oxygen species and to minimize the loss of
cochlear function. Many chemical agents including gluta-
mate receptor antagonists, free radical scavengers and NOS
inhibitors, adenosine receptor agonists, and growth factors
are under investigation. Further research will clarify the de-
tails of the pathogenesis of cochlear ischemia-reperfusion
injuries, and efforts should be made to establish strategies to
protect the cochlea.
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ABSTRACT

Sphingolipid metabolites inducing ceramide, sphingosine, and sphingosine-1-phosphate (S1P) play
important roles in the regulation of cell proliferation, survival, and death. Aminoglycoside antibiotics
including gentamicin induce inner ear hair cell loss and sensorineural hearing loss. Apoptotic cell death
is considered to play a key role in this injury. The present study was designed to investigate the possible
involvement of ceramide and S1P in hair cell death due to gentamicin. In addition, the effects of other
metabolites of ceramide, gangliosides GM1 (GM1) and GM3 (GM3), on gentamicin ototoxicity were also
investigated. Basal turn organ of Corti explants from p3 to p5 rats were maintained in tissue culture and
exposed to 20 or 35 .M gentamicin for 48 h. The effects of ceramide, S1P, GM1, and GM3 on gentamicin-
induced hair cell loss were examined. Gentamicin-induced hair cell loss was increased by ceramide but
was decreased by S1P. GM1 and GM3 exhibited protective effects against gentamicin-induced hair cell
death at the limited concentrations. These results indicate that ceramide enhances gentamicin ototoxicity
by promoting apoptotic hair cell death, and that S1P, GM1, and GM3 act as cochlear protectants. In con-
clusion, sphingolipid metabolites influence the apoptotic reaction of hair cells to gentamicin ototoxicity.

© 2010 Elsevier Ireland Ltd. All rights reserved.

The sphingolipid metabolites ceramide, sphingosine, and
sphingosine-1-phosphate (S1P) are known as a new class of
lipid second messengers and reportedly play essential roles in
the regulation of cell proliferation, survival, and death [15,19].
Ceramide and sphingosine usually inhibit cell proliferation and
promote apoptosis, while ceramide-derived S1P acts against
apoptosis.

Ceramide has been shown to regulate diverse cellular pro-
cesses including apoptosis, cell senescence, the cell cycle, and
cellular differentiation [12]. The levels of ceramide are increased
by stimulating sphingomyelinase which converts sphingomyelin
to ceramide. Several signaling molecules, such as tumor necro-
sis factor, Fas ligand, vy-interferon, interleukin 1, vitamin D,
and stressful events including radiation and ischemia, can acti-
vate sphingomyelinase and promote ceramide-induced apoptosis.
Ceramide activates stress-activated protein kinases (SAPKs) such as
jun kinases (JNKs), kinase suppressor of Ras (KSR), and atypical pro-
tein kinase C (PKC). Ceramide also activates protein phosphatases
such as protein phosphatase 1 (PP1) and protein phosphatase 2A
(PPA2) [19]. However, the mechanisms of how ceramide activates
protein kinases and phosphatases have never been fully elucidated.
Sphingosine is formed only by the deacylation of ceramide [8]. Sph-

* Corresponding author. Tel.: +81 29 853 3147; fax: +81 29 853 3147.
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ingosine has been reported to be a protein kinase C inhibitor and
induce apoptosis [ 15]. In contrast, another metabolite of ceramide,
sphingosine-1-phosphate (S1P), influences opposing pathways of
apoptosis and cell survival. For example, S1P stimulates the extra-
cellular signal-regulated kinase (ERK) pathway and counteracts
SAPKs [4]. Ceramide, sphingosine, and S1P are interconvertible, and
their relative levels are suggested to be important to determine cell
fate. It has been shown that sphingosine kinase, the enzyme that
phosphorylates sphingosine to form S1P, is a critical regulator of
this “sphingolipid rheostat” [15].

Gangliosides are also metabolites of ceramide. Ganglioside GM1
(GM1) has beenreported to induce the synthesis of SIP[3]. GM1 has
also been considered to exhibit a neurotrophic effect. Namely, GM1
prevents the degeneration of neuronal cells [5], being beneficial in
treating stroke [11], spinal cord injuries [7], and Alzheimer’s dis-
ease [24]. Ganglioside GM3 (GM3) is also a metabolite of ceramide
that lies upstream of ganglioside GM1 [20]. There have been many
studies on the effects of these sphingolipid metabolites on apopto-
sisin several cell lines, but their effects on cochlear pathophysiology
poorly understood.

Aminoglycoside antibiotics including gentamicin induce sen-
sorineural hearing loss and inner ear hair cell loss. Although
apoptotic cell death is considered to play a key role in
cochlear injury induced by aminoglycosides, the mechanisms of
aminoglycoside-induced hair cell apoptosis have not been fully
elucidated. This study was designed to investigate the possible
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Fig. 1. Effect of ceramide on cochlear hair cells. Representative microphotographs of hair cells cultured with 10, 100, or 200 uM ceramide (without gentamicin) (upper,
phalloidin staining). Quantitative analysis of hair cell loss in explants treated with ceramide (without gentamicin) for 48 h (lower). Ceramide itself induced hair cell loss at

150 and 200 wM (*one-way ANOVA and Bonferroni test: p<0.05).

involvement of sphingolipid metabolites in hair cell death due to
gentamicin.

The basal turn of the organ of Corti was dissected from
Sprague-Dawley rats on postnatal days 3 (p3) to 5(p5) and cultured
based on the methods of Van de Water and Ruben [29] and Sobkow-
icz et al. [22]. All animal procedures were carried out according to
guidelines of the Laboratory Animal Research Center at the Univer-
sity of Tsukuba.

Cochlear explants were maintained in Dulbecco’s modified
Eagle’s medium (DMEM) with 10% fetal bovine serum (FBS), 25 mM
HEPES, and 30 U/ml penicillin and were cultured in an incubator at
37 °C with 5% CO, and 95% humidity. Cochlear cultures were main-
tained in the above-described medium overnight (8-12 h) and then
exposed to a medium containing 20 or 35 WM gentamicin for 48 h
to assess the effects of sphingolipid metabolites [25,17].

All sphingolipid metabolites examined in this study were pur-
chased from Sigma (Tokyo, Japan). The tested concentrations of
ceramide, S1P, GM1, and GM3 were 10-200, 10-100, 10-1000,
and 10-1000 uM, respectively. Ceramide was initially dissolved
in ethanol to 15mM and stored at —20°C, which was diluted in
the culture medium to the final concentration immediately before
use. S1P was initially dissolved in methanol to 13 mM and stored
at —20°C. GM1 and GM3 were directly dissolved in the culture
medium immediately before use.

After explants were cultured for 48 h in culture media con-
taining 35 wM gentamicin alone or 35 uM gentamicin plus each
concentration of sphingolipid metabolites, the explants were fixed
with 4% paraformaldehyde in phosphate-buffered saline (PBS) for
20 min and then permeabilized with 5% TritonX-100 (Sigma, St.
Louis, MO, USA) in PBS with 10% fetal bovine serum (FBS) for 10 min
[25,26]. The specimens were stained for phalloidin with a conju-
gated Alexa Fluro probe (1:100, Molecular Probes Inc., Carlsbad,
CA, USA) atroom temperature for 1 h. Phalloidin is a specific marker
for cellular F-actin and labels the stereociliary arrays and cuticular
plates of hair cells [17,25].

To identify apoptosis, the terminal deoxynucleotidyl tranferase-
mediated biotinylated UTP nick-end labeling (TUNEL) procedure
was applied to cultured explants using the DEAD EndTM Fluoro-
metric TUNEL System (Promega Inc., Madison, WI, USA). At the end
of culture, the explants were fixed with 4% paraformaldehyde in
PBS for 20 min and then treated with blocking solution containing
5% TritonX-100 in PBS with 10% FBS for 10 min. Using the manu-
facturer’s protocol, after rinsing in PBS and pre-equilibrating, the

explants were incubated at 37 °C for 1 h in darkness in the labeling
solution which contained terminal deoxynucleotidyl transferase
and fluorescein nucleotides. They were then washed again in PBS.
The explants were subsequently stained with an Alexa Fluro phal-
loidin probe to differentiate hair cells from supporting cells.

Hair cells were characterized as missing if no stereocilia and/or
no cuticular plate was observed by phalloidin staining. Quantitative
results were obtained by evaluating 30 outer hair cells associated
with 10 inner hair cells in a given microscopic field [17,25]. The
average of three separate counts was used to represent each cul-
ture.

All data are expressed as the mean =+ S.E.M. Statistical analysis
was performed employing unpaired t-tests or one-factor ANOVA
followed by Bonferroni post hoc tests, as required (StatView 5.0).
p-Values of less than 0.05 were considered significant. All experi-
ments consisted of n=7-12 explants per experimental group.

In control explants maintained in the initial medium for 48 h
without exposure to ceramide, almost all hair cells including one
row of inner and three rows of outer hair cells were present. The
effects of ceramide and ethanol as a solvent on hair cells were exam-
ined and compared with the control. There was no significant hair
cell loss when explants were cultured for 48 h in the medium con-
taining 10-100 wM ceramide without gentamicin (Fig. 1). However,
150 and 200 p.M ceramide significantly induced hair cell loss (one-
factor ANOVA and Bonferroni test: p<0.05 in the 150 and 200 wM
subgroups as compared with the control group). Ethanol alone did
not induce hair cell loss.

The effect of ceramide on hair cell loss induced by gentamicin of
20 uM (Fig. 2(A)) or 35 wM (Fig. 2(B)) was examined. Ten or 20 pM
ceramide did not affect hair cell loss induced by gentamicin. How-
ever, hair cell loss significantly increased in the presence of 50 and
100 M ceramide, although ceramide per se did not have any effect
at these concentrations, as shown in Fig. 1.

In TUNEL staining, apoptotic cells were labeled if they had
shrunken and fragmented nuclei. Explants exposed to 35 wM gen-
tamicin were labeled by TUNEL staining (Fig. 3). The number of
TUNEL-positive cells significantly increased in the specimens cul-
tured with 35 M gentamicin plus 50 WM ceramide, compared with
the gentamicin control group (unpaired t-test: p<0.05). Ceramide
treatment enhanced the apoptosis of outer hair cells induced by
gentamicin.

The effect of S1P on gentamicin-induced hair cell damage was
examined. S1P itself did not induce hair cell loss without gentam-
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Fig. 2. Effect of ceramide on gentamicin-induced cochlear hair cell loss. (A) Representative photomicrographs of hair cells cultured with 20 uM gentamicin plus 50 or 100 uM
ceramide (upper, phalloidin staining). Hair cell loss induced by 20 uM GM significantly increased in the presence of 50 and 100 wM ceramide, although ceramide without
gentamicin did not exhibit any effect at these concentrations (lower, one-way ANOVA, Bonferroni test: 'p<0.05 at 50 and 100 wM). (B) Representative microphotographs of
hair cells cultured with 35 WM gentamicin plus 50 or 100 .M ceramide (upper, phalloidin staining). Hair cell loss induced by 35 uM significantly increased in the presence
of 50 and 100 wM ceramide (lower, one-way ANOVA, Bonferroni test: "p<0.05 at 50 and 100 uM). Gent: gentamicin; Cer: ceramide.

icin at a concentration of 10-100 M (data not shown). Compared
to gentamicin alone, treatment with S1P reduced hair cell damage
induced by gentamicin at concentrations of 50 and 100 pM of S1P
(Fig. 4(A)), and significantly decreased the rate of hair cell loss (two-
way ANOVA and Bonferroni test: p<0.05). There were significant
differences in the rate of hair cell loss among the 20, 50, and 100 u.M
subgroups, suggesting the dose dependency of hair cell protection
(Bonferroni test: p<0.05).

The effect of GM1 on gentamicin-induced hair cell damage was
examined. GM1 itself did not significantly induce hair cell loss at a
concentration of 10-1000 pM (data not shown). GM1 significantly
decreased hair cell loss induced by 35 M gentamicin at concen-
trations of 100-600 wM. However, the protective effect decreased
on an increase in the GM1 concentration, and GM1 significantly
increased hair cell loss induced by gentamicin at concentrations of
700 and 1000 M (Fig. 4(B)).

The effect of GM3 on gentamicin-induced hair cell damage was
examined. GM3 itself did not significantly induce hair cell loss
at a concentration of 10-1000 wM. GM3 significantly decreased

hair cell loss induced by 35uM gentamicin at concentrations
of 100-600 wM. Similarly to GM1 treatment, GM3 significantly
increased hair cell loss induced by gentamicin at concentrations
of 700 and 1000 wM (Fig. 4(C)).

It has been reported that ceramide causes the death of
neuronal cells in the central and peripheral nervous systems.
This effect of ceramide to induce cell death was also reported
in other cell lines, such as PC12 cells, heart fibrocytes, and
tumor cells [2,3,9]. In the present study, it was demonstrated
that ceramide also induced the cell death of auditory hair
cells.

Ceramide accelerated the cell death of hair cells when admin-
istered simultaneously with gentamicin. The results of TUNEL
staining strongly suggested that hair cell death was induced via
the apoptotic pathway. This apoptosis-inducing effect of ceramide
in gentamicin ototoxicity was observed at the low concentrations
at which ceramide per se did not induce hair cell death. The precise
mechanisms of ceramide-induced apoptosis have not been made
clear, but it is currently considered that ceramide induces apopto-
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Fig. 3. Effect of ceramide on gentamicin-induced apoptosis. Quantitative analysis
employing TUNEL labeling on treatment with gentamicin and ceramide at 50 uM
for 48 h. Ceramide significantly increased the TUNEL labeling of outer hair cells
(* unpaired t-test: p<0.05). Representative photographs of TUNEL labeling (green
staining) of the outer hair cells (red phalloidin staining) are shown. Apoptotic cells
were noted in outer hair cells treated with 35 M gentamicin alone. TUNEL-positive
hair cells increased on treatment with gentamicin and 50 wM ceramide. Gent: gen-
tamicin; Cer: ceramide.

sis via multiple pathways such as activation of the JNK, PKC, KSR,
PP2A, and PP1 pathways [19].

In contrast to the apoptosis-inducing actions of ceramide, S1P
protected hair cells against gentamicin. Five subtypes of G protein-
coupled S1P receptors have been reported: S1P1 to S1P5. S1P1,
S1P2, and S1P3 are reportedly expressed in the cochlea [10].
Recently, three groups independently showed that S1P signaling
was essential for the maintenance of the cochlea after birth via the
activation of S1P2 [10,13,16]. These findings strongly suggest that
the modulation of S1P signaling may affect the survival or degen-
eration of hair cells associated with exposure to ototoxic drugs. In
addition, S1P, generally known to be an anti-apoptotic substance,
has been reported to activate ERK and to counteract SAPKs [4].
Recent studies have indicated that the dynamic balance between
ceramide and S1P may be important for the determination of cell
survival through cell injury [8,15]. Considering the recent studies
and present findings, it is considered that the balance of ceramide
and S1P may be an important factor to determine the fate of audi-
tory hair cells in terms of gentamicin ototoxicity.

We also examined the effects of GM1 and GM3 on gentamicin
ototoxicity. GM1 has been reported to exhibit protective effects
through an anti-apoptotic action on not only neuronal cells but
also other cell lines [1]. Its protective mechanism is not fully
understood, but several reports on central nervous system injury
suggest that GM1 is a multifunctional agent. GM1 shows neu-
rotrophic effects, and activates Trk neurotrophin receptors [5]. GM1
induces neurotrophin-3 (NT3) in cultured microglia [18], and also
affects sphingolipid metabolism which plays important roles in cell
death and survival, as described above. Cavallini et al. [3] demon-
strated GM1 promoted the synthesis of S1P through the activation
of sphingosine kinase (SK) activity. Furthermore, GM1 exhibited
antioxidative activities and reduced oxidative injury [6,21,27], and
also regulated the nuclear calcium level [14]. In the present study,
we demonstrated that GM1 exhibited protective effects against the
gentamicin-induced damage of hair cells at limited concentrations.
However, a higher concentration of GM1 adversely increased hair
cell loss. This phenomenon was also reported in heart fibroblasts
[3]. Although the precise reason why the action of GM1 on the
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Fig. 4. (A) Effect of S1P on gentamicin-induced cochlear hair cell loss. Hair cell
loss significantly decreased in the presence of 50 and 100 wM S1P (Bonferroni test:
*p<0.05 at 50 and 100 wM). There were significant differences in the rate of hair
cell loss among the 20, 50, and 100 wM subgroups, suggesting the dose-dependency
of hair cell protection (Bonferroni test: p <0.05). (B) Effect of GM1 on gentamicin-
induced cochlear hair cell loss. Hair cell loss significantly decreased in the presence
of 200-600 uM GM1 (Bonferroni test: "p<0.05 at 200 and 600 M), however, con-
versely, 700 and 1000 uM GM1 significantly increased gentamicin-induced hair cell
loss (Bonferroni test: fp <0.05 at 200 and 600 uM). (C) Effect of GM3 on gentamicin-
induced cochlear hair cell loss. Hair cell loss significantly decreased in the presence
of 100-600 .M GM3 (Bonferroni test: “p<0.05 at 100 and 600 M), however, con-
versely, 700 and 1000 M GM3 significantly increased gentamicin-induced hair cell
loss {Bonferroni test: fp<0.05 at 100 and 600 .M).

cochlea was concentration-dependent is unclear, it was unques-
tionably derived from the multifunctional nature of GM1. GM3
exhibited a similar protective pattern to GM1, i.e., GM3 protected
the cochlea against gentamicin ototoxicity, although it accelerated
hair cell loss at high concentrations. It has been reported that mice
lacking GM3 synthase show complete hearing loss due to selective
degeneration of the organ of Corti [30], suggesting that GM3 may be
important for the maintenance of the cochlea. However, it has also
been reported that ceramide is produced from GM3 [28], and the
overexpression of GM3 results in neuronal cell death in the central
nervous system [23]. Further research is necessary to clarify the
exact protective and degenerative mechanisms of the gangliosides
GM1 and GM3.

In conclusion, the effects of sphingolipid metabolites on gen-
tamicin ototoxicity were examined in the present study. Ceramide
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enhances the apoptotic death of outer hair cells, although S1P pro-
tected hair cells in the presence of gentamicin ototoxicity. GM1
and GM3 exhibited protective effects against gentamicin-induced
hair cell death at the limited concentrations. Although the function
of sphingolipid metabolites is still obscure in the cochlea, regula-
tion of their metabolism has the possibility to suppress gentamicin
ototoxicity.
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Abstract

Objective: Intratympanic (IT) steroid therapy has been pro-
posed as an alternative treatment option for patients with
idiopathic sudden sensorineural hearing loss (ISSNHL). How-
ever, the number and frequency of IT treatments and drug
delivery methods remain to be determined. The purpose of
this study was to evaluate the efficacy of daily short-term IT
dexamethasone (DEX) treatment alone in ISSNHL patients
using laser-assisted myringotomy (LAM) for the drug deliv-
ery route as an initial and/or salvage treatment. Study De-
sign: Retrospective study. Setting: University hospital. Pa-
tients: Seventy-six ISSNHL patients receiving IT DEX. Pa-
tients with low-tone hearing loss, unilateral or bilateral
fluctuating hearing loss or contralateral hearing loss were
excluded. Intervention: DEX (4 mg/ml) was injected through
a perforation made by LAM. IT DEX administration was per-
formed on 8 sequential days. Main Outcome Measures: Pre-

and postprocedure hearing levels. The average hearing level
was determined by 5 frequencies (250, 500, 1000, 2000 and
4000 Hz). Results: Nineteen out of 76 patients fit the criteria
for initial treatment in the study (group 1), while 24 patients,
who had failed systemic therapy, received salvage treatment
(group S). The mean age of the patients in groups i and S was
56.2 years with a range from 31 to 73 years of age and 46.0
years with a range from 11 to 76 years of age, respectively.
The mean number of days from onset of symptoms to IT
therapy in groups | and S was 4.8 days with a range of 1-23
days and 15.3 days with a range of 6-28 days, respectively. In
group |, 18 of the 19 patients (95%) showed improvement of
more than 10 dB in the pure-tone audiogram, with a mean
improvement of 40 dB. Twelve patients (63%) recovered
completely and 16 patients (84%) demonstrated successful
results with an improvement of more than 30 dB. In group S,
14 of the 24 patients (58%) showed improvement of more
than 10 dB with a mean improvement of 16 dB. Two (8%) of
the 7 patients (29%) with successful results recovered com-
pletely. Conclusions: Daily short-term IT DEX administration
using LAM for ISSNHL patients without concurrent therapy
showed a high response rate and high cure rate and proved
to be an alternative therapeutic option to high-dose system-
ic steroids as a first- and/or second-line treatment.
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introduction

Idiopathic sudden sensorineural hearing loss
(ISSNHL) is the most frequent acute sensorineural hear-
ing loss and is one of the few types of sensorineural hear-
ing loss which can be cured. One of the main problems in
the treatment of ISSNHL is that the therapeutic options
are limited [Conlin and Parnes, 2007]. Systemic gluco-
corticoids have been the mainstay for treatment of
ISSNHL [Wilson et al., 1980], but as the etiology of
ISSNHL is thought to be multifactorial and the mecha-
nism of action of glucocorticoids in the inner ear remains
unclarified, the optimal dose is currently unknown. Up
to now, higher concentrations of glucocorticoids in the
inner ear have been considered desirable because they
were thought to exert a stronger effect on hearing recov-
ery. However, systemic application of glucocorticoids,
oral or intravenous (IV), had limitations in providing
higher concentrations in the perilymph [Parnes et al.,
1999; Chandrasekhar et al., 2000; Niedermeyer et al.,
2003] because of the blood-labyrinthine barrier. In addi-
tion, high-dose systemic administration of glucocorti-
coids causes higher occurrences of undesirable side ef-
fects, in particular, the potential risk of avascular necrosis
of the femoral head, and should be avoided in patients
with diabetes mellitus, hypertension, gastric ulcer, tuber-
culosis and so on. Given this background, intratympanic
(IT) injection of glucocorticoids for ISSNHL has attract-
ed attention. It could induce higher concentrations of the
agent in the target organ and produce less side effects in
other parts of the body. Several lines of evidence in ani-
mal models and human studies revealed that IT admin-
istration results in significantly higher perilymph con-
centrations of steroids than IV or oral administration
[Parnes et al., 1999; Chandrasekhar et al., 2000; Chan-
drasekhar, 2001; Niedermeyer et al., 2003].

Since Parnes et al. [1999] reported efficacy of IT ste-
roid (ITS) in animal models and a human study, clinical
reports of ITS therapy for ISSNHL have been increasing
(see review by Hu and Parnes [2009]). Most of the studies
have focused on the ITS therapy as a salvage treatment
option for patients with ISSNHL [Parnes et al., 1999;
Chandrasekhar et al., 2000; Gianoli and Li, 2001; Guan-
Min et al., 2004; Dallan et al., 2006; Haynes et al., 2007;
Kilic et al., 2007; Plaza and Herraiz, 2007; Van Wijck et
al., 2007; Plontke et al., 2009; Dallan et al., 2010]. On the
other hand, there are several studies which investigated
the efficacy of the ITS treatment alone as an initial treat-
ment [Kakehata et al., 2006; Battaglia et al., 2008; Han et
al., 2009; Hong et al., 2009; Kara et al., 2010], although
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some reported efficacy of the concurrent use of ITS with
high-dose steroids as an initial treatment [Battista, 2005;
Lautermann et al., 2005; Ahn et al., 2008; Battaglia et al.,
2008].

An ideal treatment of ISSNHL should have a high cure
rate as well as a high response rate. A high cure rate is
important because patients are not satisfied with results,
even an improvement of 30 dB, if their hearing ability
does not return to its previous level.

We previously reported efficacy of IT dexamethasone
(DEX) treatment on 8 sequential days in ISSNHL patients
with diabetes mellitus using laser-assisted myringotomy
(LAM) for the drug delivery route as an initial treatment
[Kakehataetal.,2006]. Theadministration of DEX through
the small perforation made by LAM [Kakehata etal., 2004]
is an easy, secure and confirmable delivery with minimal
or no pain. Although a blinded, controlled and random-
ized study is preferred, as the number and frequency of IT
treatments and drug delivery methods remain to be deter-
mined, we undertook a retrospective study to ascertain the
effective protocol for the treatment of ISSNHL.

The purpose of this study was to evaluate the efficacy
of daily short-term IT DEX treatment using LAM with-
out concurrent therapy in ISSNHL patients as an initial
treatment as well as a salvage treatment and whether it
could be a therapeutic option to high-dose systemic ste-
roids.

Materials and Methods

Seventy-six ISSNHL patients were treated with IT DEX be-
tween April 2002 and December 2009. Patients were included in
this study if they had a sensorineural hearing loss of 30 dB or more
with over 3 contiguous audiometric frequencies that occurred in
fewer than 3 days. Patients with low-tone hearing loss, unilateral
or bilateral fluctuating hearing loss or contralateral hearing loss
and Méniére’s disease were excluded. Patients with no identifiable
cause of sudden hearing loss were considered to have ISSNHL.
Additionally, patients with inadequate follow-up after the treat-
ment (less than 4 weeks) or late I'T DEX therapy (beginning more
than 4 weeks after onset) were excluded. In the initial treatment
group (group I), patients who had received any preceding therapy
were excluded. On the other hand, patients who had received sys-
temic steroids for more than 5 subsequent days before the IT DEX
therapy were included in the salvage group (group S).

Criteria for Outcome

Pure-tone audiograms were obtained before, during and after
the procedure and at periodical checkups. Average hearing was
determined by 5 frequencies (250, 500, 1000, 2000 and 4000 Hz).
A final audiogram was obtained at least 4 weeks after the final
injection. Criteria for audiologic improvement were based on the
classification prepared by the Acute Severe Hearing Loss Study
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Table 1. Patient profiles

Groupl  GroupS

Patients 19 24
Sex (male/female) 12/7 10/14
Age, years

Mean = SD 56.2+9.7 46.0 £18.7

Range 31-73 11-76
Vertigo 4 (21%) 12 (50%)
Diabetes mellitus 14 (74%) 3(13%)
Initial hearing level, dB

Mean * SD 77.7%18.2 74.6 153

Range 49—102 42-102
Duration between onset and IT
DEX, days

Mean * SEM 4.8%5.0 15.3*+6.4

Range 1-23 6—28

Group [Kanzaki et al., 2003] of Japan, which classifies the out-
comes as complete recovery, marked recovery, slight recovery, or
nonrecovery. Complete recovery is defined as recovery of hearing
to within 10 dB of the contralateral pure-tone average, marked
recovery as an improvement of the average hearing of 30 dB or
more, and slight recovery as an improvement of the average hear-
ing of between 10 and 30 dB. Complete recovery or marked recov-
ery is considered successful treatment.

Treatment Procedure

Patients only received I'T DEX treatment and did not undergo
additional treatment. Delivery methods were described elsewhere
[Kakehata et al., 2006]. Briefly, DEX was injected through a per-
foration made by LAM, or through a tympanostomy tube (Papa-
rella type II) for the first 6 cases. In the outpatient clinic, a perfo-
ration with a diameter of 1.4-2 mm was made in the tympanic
membrane with a CO, laser unit (OtoLAM; LUMENIS, Yokneam,
Israel) using a single pulse of 10-13 W after tympanic membrane
anesthesia with iontophoresis [Kakehata et al., 2004]. The loca-
tion of the perforation was between the oval window and the
round window (RW).

The patient lies flat with the affected ear upward and the head
is tilted 45° away with the chin upward so that the RW membrane
is bathed. 0.5 ml of DEX (4 mg/ml) is injected through the perfo-
ration made by LAM using a 1-ml tuberculin syringe with a
26-gauge needle. DEX 4 mg/ml was used because it is the only
DEX available in our country. Under direct visualization with an
otomicroscope or a magnifying otoscope, one can confirm that
the tip of the needle is inserted through the perforation and the
mesotympanum is filled with DEX, replacing the air. 0.5 ml is
usually more than enough to fill the mesotympanum and a small
amount of DEX spills to the outside of the tympanic membrane
as a reservoir. The patient is instructed to remain in this position
for 30 min without swallowing. DEX administration is performed
on 8 sequential days because our previous study showed that dai-
ly IT DEX treatment for 8 sequential days was at least as effective
as IV DEX treatment (tapering over 8 days) for ISSNHL patients
with diabetes mellitus [Kakehata et al., 2006].

Daily IT DEX Treatment for ISSNHL as
an Initial or Salvage Treatment

Results

Profile of Patients

Table 1 summarizes the profiles of the patients in
groups I and S. Nineteen out of 76 patients fit the criteria
outlined in Materials and Methods for group I, while 24
patients, who had failed systemic therapy, received the IT
DEX treatment as a salvage treatment (group S). Twelve
men and 7 women were included in group I and 10 men
and 14 women in group S. The mean age of groups I and
S was 56.2 years with a range from 31 to 73 and 46.0 years
with a range from 11 to 76, respectively. The mean num-
ber of days from onset of symptoms to IT DEX treatment
in group I was 4.8 days with a range of 1-23 days and in
group S it was 15.3 days with a range of 6-28 days.

The average hearing level before the IT DEX treatment
in group I was 77.7 * 18.2 dB (mean * standard devia-
tion) with a range from 49 to 102 dB. There were 4 (21%)
patients who had vertigo and 14 (74%) patients with diabe-
tes mellitus. On the other hand, in group S, the average
hearinglevel before the IT DEX treatment was 74.6 + 15.3
dB with a range from 42 to 102 dB. There were 12 (50%)
patients with vertigo and 3 (13%) patients with diabetes
mellitus. There was no significant difference in the hear-
inglevel before the I'T DEX treatment between the 2 groups
(Welch’s t test). The difference in duration between onset
and the IT DEX treatment was significant (p < 0.001).

In group S, the mean duration between onset of the
symptoms and the initial systemic steroids treatment was
1.9 days with a range from 0 to 20 days. All patients but 1
started the initial treatment within 6 days. Twelve (50%)
patients received the treatment on the day of onset. The
patients in group S received various kinds of systemic ste-
roids at least 5 consecutive days before being referred to
our hospital as well as other therapies such as agents that
decrease blood viscosity (dextran), prostaglandin E,
(PGE;), ATP and vitamin B,. In 18 out of 24 patients,
DEX was used intravenously or orally, usually starting
from an amount of 8 mg/day followed by tapered doses
for 8 days, with a total amount of 40 mg. Prednisolone or
betamethasone was also used in other patients. Six pa-
tients received PGE, therapy after the failure of the initial
steroid therapy. One patient who failed the initial sys-
temic IV DEX therapy starting from an amount of 32 mg
received PGE; therapy and oxygen at hyperbaric pressure
as a salvage treatment.

Clinical Outcomes
Figure la depicts the overall results in group I. Eigh-
teen of 19 patients (95%) showed improvement in the
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Fig. 1. a Hearing recovery results in group I. b Hearing improve-
ment in patients with an initial mean hearing level <90 dB.
c Hearing improvement in patients with a profound hearing loss.

pure-tone audiogram of more than 10 dB. After the treat-
ment, the mean pure-tone average reached 38.8 dB from
77.7 dB with a mean improvement of 39.7 * 18.4 dB. Six-
teen (84%) patients demonstrated successful treatment
and 12 (63%) patients recovered completely, reaching a
hearing level identical to that of the unaffected ear. How-
ever, a 62-year-old man, who underwent treatment 23
days after the onset with an initial hearing level of 61 dB
without vertigo, showed no improvement. As it is known
that patients with a profound hearing loss (initial pure-
tone average worse than 90 dB) have a poor prognosis,
those patients were evaluated separately. There were 13
patients who did not have a profound hearing loss. This
group had 11 (85%) with complete recovery, 1 (8%) with
marked recovery and 1 (8%) with no hearing recovery
(fig. 1b). The mean hearing improvement was 40.5 £ 19.2
dB. In the profound hearing loss group, all patients re-
sponded to the treatment with a mean hearing improve-
ment of 37.8 * 18.2 dB; 1 (17%) with complete recovery,
3 (50%) with marked and 2 (33%) with slight recovery
(fig. 1c). Hearing improvement between the 2 groups was
not statistically different.

The results for all patients in group S are presented in
figure 2a. Fourteen of 24 (58%) patients showed improve-

194 Audiol Neurotol 2011;16:191-197

Bl Complete recovery
B Marked recovery
[ Slight recovery

B Nonrecovery

ment. The mean pure-tone average reached 57.8 from
74.6 dB with a mean improvement of 16.8 £ 21.6 dB.
Seven (29%) patients demonstrated successful treatment,
including 2 (8%) with complete recovery. Ten patients did
not show improvement. There were 20 patients who did
not have a profound hearing loss, whose mean hearing
improvement was 16.9 * 23.6 dB. This group had 11
(55%) with improvement and 7 (35%) with successful
treatment and 2 (10%) with complete recovery (fig. 2b). In
the profound hearing loss group, all patients responded
to the treatment with a mean improvement of 16.5 *+ 7.2
dB.

In the responders of group S, the mean hearing im-
provement was 30.1 * 18.3 dB. Several factors which are
known to affect the prognosis of patients were compared
between the responders and nonresponders. The mean
duration between onset of symptoms and IT DEX treat-
ment was 14.5 * 59 days and 16.5 ® 7.1 days in the re-
sponders and nonresponders, respectively, which is not
statistically different. On the other hand, the average
hearing level before the IT DEX treatment was 82.0 *
12.4 dB and 64.2 %+ 13.0 dB in the responders and non-
responders, respectively, which is statistically different
(p <0.01).
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Fig. 2. a Hearing recovery results in group S. b Hearing improvement in patients with an initial mean hearing level <90 dB.

Side Effects

There was transient vertigo of about a minute associ-
ated with the injections. Some patients had tolerable pain
after the injection for a minute. No patients had otitis me-
dia. The perforations were closed spontaneously or with
a chitin sheet patch in most patients. For 12 patients, au-
tologous serum ear drops and/or basic fibroblast growth
factor with a chitin sheet patch therapy in the outpatient
clinic [Kakehata et al., 2008] were performed and the per-
forations were closed successfully except in 1 patient.
Small perforations remained in 2 patients. One patient
underwent myringoplasty.

Discussion

Recently, there has been increased interest in IT admin-
istration of steroids for the treatment of ISSNHL, whether
as an initial or salvage treatment [Parnes et al., 1999;
Gianoli and Li, 2001; Guan-Min et al., 2004; Battista, 2005;
Lautermann et al., 2005; Dallan et al., 2006; Kakehata et
al., 2006; Haynes et al., 2007; Kilic et al., 2007; Plaza and
Herraiz, 2007; Van Wijck et al., 2007; Ahn et al., 2008;
Battaglia et al., 2008; Han et al., 2009; Hong et al., 2009;
Plontke et al., 2009; Dallan et al., 2010; Kara et al., 2010],
since I'TS seems to be a potent alternative treatment option
to systemic steroid therapy. As a first-line treatment, sev-
eral clinical studies reported efficacy of combination ther-
apies of ITS with systemic steroid therapy [Battista, 2005;
Lautermann et al., 2005; Ahn et al., 2008; Battaglia et al.,
2008]. However, there has been no ITS treatment protocol
that seems to be superior [Hu and Parnes, 2009]. Thus,
before discussing the efficacy of combination therapy, it
seems necessary to elucidate a preferable ITS treatment

Daily IT DEX Treatment for ISSNHL as
an Initial or Salvage Treatment

protocol without concurrent or previous treatments. Here,
we performed daily short-term I'T DEX treatment on fresh
ISSNHL patients without concurrent treatments in order
to investigate the efficacy of ITS alone.

An ideal treatment of ISSNHL should have a high cure
rate as well as a high rate of response. To improve the cure
rate is especially important because patients are not satis-
tied, even if their hearing level is improved by 30 dB, if it
does not improve to near the hearing level of the unaf-
fected ear. In this study, the rate of response and the cure
rate of daily short-term IT DEX administration alone as
an initial treatment reached 95 and 63%, respectively.
This cure rate is higher than that of IT DEX treatment
without concurrent systemic steroids in the recently pub-
lished studies. Battaglia et al. [2008] reported a cure rate
of 29% (5/17) by IT DEX therapy of 3 weekly injections.
In their study, a high-dose oral prednisone treatment (ta-
pering from 60 mg for 14 days; total 660 mg) and a com-
bination therapy (IT DEX plus high-dose oral steroids)
were also attempted. The cure rate of the oral steroid ther-
apy and the combination therapy was 17% (3/18) and 63%
(10/16), respectively. Battaglia et al. [2008] advocated the
efficacy of the combination therapy over the systemic
high-dose steroid therapy. Our cure rate was higher than
that of the IT DEX therapy of 3 weekly injections and
comparable to that of the combination therapy. This sug-
gests that daily administration through LAM for 8 days
is more effective than 3 weekly injections. In addition, in
patients who did not have a profound hearing loss, our
cure rate of 85% is higher than that of the combination
therapy (63%). In the profound hearing loss group, the
mean hearing improvement reached 37.8 dB, which was
not statistically significantly different compared to the
40.5 dB in the other group. However, the cure rate was
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low (17%) compared to that of 66% (deduced from figure
3 in Battaglia et al. [2008]) in the combination therapy;,
which might suggest a limitation of the IT DEX therapy
in this form for patients with a profound hearing loss.
This may also suggest that there are other pathological
conditions in the case of profound hearing loss which
cannot be reached by ITS treatment.

On the other hand, Ahn et al. [2008] reported an ad-
ditional effect of IT DEX (3 injections on days 1, 3 and 5)
through a 25-gauge spinal needle on oral methylprednis-
olone therapy (tapering from 48 mg for 14 days) in a study
with a larger number of subjects. The cure rate by the
combination therapy of IT DEX plus oral methylpred-
nisolone was 25% (15/60), which did not show significant
improvement compared to the oral methylprednisolone
alone (27%, 16/60).

Battaglia et al. [2008] and Ahn et al. [2008] used a
treatment protocol of 3 transtympanic injections of DEX
on infrequent days. In most studies, steroids were admin-
istered by transtympanic injection through a fine needle
under local anesthesia at 1-5 injections over 1-3 weeks
[Hu and Parnes, 2009]. Recently, Kara et al. [2010] re-
ported a high cure rate of 48% (14/29) by 5 transtympan-
ic injections of IT DEX on 5 consecutive days as an initial
treatment. Taking into account our high cure rate by 8
injections on 8 consecutive days, daily application of ITS
may be more effective than infrequent application.

Recent studies on cochlear pharmacokinetics with lo-
cal ear drug delivery revealed that after the end of the 30-
min application, the concentration in the base of the sca-
la tympani rapidly declines due to clearance from the co-
chlea and diffusion into other compartments and apical
regions [Plontke et al., 2007]. To conquer this drawback,
several delivery methods have been devised for the sus-
tained application of the drug to the RW membrane, such
as the Silverstein MicroWick [Silverstein et al., 1997] or
the MicroCatheter [Kopke et al., 2001; Plontke et al.,
2009]. However, the latter is no longer available because
the FDA removed it from the market. With the Silverstein
MicroWick, the patient can apply the steroid several
times a day. In our previous study, we speculated that our
high response rate and the degree of improvement might
be due mainly to the delivery methods used and/or the
frequency of the applications. The delivery method with
awide opening to the mesotympanum assures the certain
filling of the mesotympanum with the treatment agent
and allows the air to escape from the mesotympanum,
permitting the treatment agent to contact the RW mem-
brane. The high cure rate as an initial treatment in this
study might support this speculation.

196 Audiol Neurotol 2011;16:191-197

As a salvage treatment, improvement of more than 10
dB was achieved in 58% and the cure rate was 8% with
successful treatment in 29%. The mean improvement was
16.8 dB. In the responder group, the mean improvement
reached 30.1 dB. There are a number of studies of ITS as
a salvage treatment. Reported response rates were be-
tween 27.5 and 73.6% [Parnes et al., 1999; Chandrasekhar
et al., 2000; Gianoli and Li, 2001; Guan-Min et al., 2004;
Dallan et al., 2006; Haynes et al., 2007; Kilic et al., 2007;
Plaza and Herraiz, 2007; Van Wijck et al., 2007; Plontke
et al., 2009; Dallan et al., 2010].

Initial severity of hearing loss is one of the known
prognostic factors. Although there were no significant
differences between the initial and salvage groups re-
garding the hearing level before the IT DEX treatment
(77.7 £ 18.2 vs. 74.6 £ 15.3 dB) (p < 0.01), the hearing
level after the treatment (38.8 * 22.3 vs. 57.8 * 21.8 dB)
and gain of improvement (39.7 * 18.4vs. 16.8 * 21.6 dB)
were significantly higher in group I (p < 0.01). One of the
reasons for these better results is the shorter duration be-
tween the onset and IT DEX treatment (4.8 = 5.0vs. 15.3
+ 6.4 days; p <0.01). However, between the patients with
successful treatment and those with no response in group
S, the difference in the mean duration between onset of
symptoms and I'T DEX treatment (12.3 * 3.5vs. 16.5 *
7.1 days) was not statistically significant, although the pa-
tients starting IT DEX treatment later than 19 days after
onset did not have successful outcomes, suggesting the
therapeutic window of this treatment. It is also likely that
group S may include those with poor response to steroid
therapy, which was not overcome by the high dose of ste-
roid induced by the ITS therapy.

There are at least 3 requirements for successful IT
treatment. Firstly, a secure and confirmable delivery
method is necessary. For the agent to perfuse via the RW
membrane, it is important to replace the air around the
RW membrane [Nomura, 1984; Silverstein et al., 1997]
with the solution containing the agent. Secondly, sequen-
tial or continuous administration of the drug might be
desirable because it is expected to maintain the concentra-
tion of the drug in the target cells at a high level [Plontke
et al,, 2007]. Finally, it should be an easy and painless de-
livery method. The daily short-term IT DEX treatment
using LAM seems to meet these 3 requirements.

In conclusion, daily short-term IT DEX treatment us-
ing LAM for ISSNHL patients without concurrent thera-
py is effective as an initial treatment as well as a salvage
one and proved to be an alternative therapeutic option
to high-dose systemic steroids. However, a prospective
study is necessary to validate the conclusion.
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