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Stem cells « ES cells—inner ear stem cell
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The inner ear contributes to sense of hearing and bal-
ance, consisting of cochlea and vestibular systems.
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- . . 1) el i i 4. Rl {
Each system is composed of a few thousand DHHIECD TR0 BRI NS, b a7z
mechanosensory receptors, hair cells and ganglion neu- 5 & L HEOMIaA SR W 2 2 & THRBEL T
rons. The inner ear has not been thought to possess B, BT EERRNL - Tl & - 2R 4

potentials to regenerate after loss of hair cells and neu-

. . e 'r'f-"‘4“1L?J¥'”H’\E:{;Eﬁ’§'4‘b fEiAE & >
rons. However, recent studies showed existence of

. . ) A T oy P01 e A A T B Al
progenitor and pluripotent stem cells in the adult mam- BT S . 2 ORFA AU AN RS S i
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Abstract

Mechanisms of age-related hearing loss and strategies for protection and restoration of hearing

Takayuki Nakagawa

Hearing impairment is the most frequent disability in elderly individuals : however, we have limited options for treatment
of age-associated hearing loss. To establish novel strategies for the treatment of age-associated hearing loss, it is crucial to
elucidate the mechanisms of age-associated hearing loss. Studies on animal models and human temporal bones have indi-
cated a close relationship between degeneration of the spiral ganglion neurons and stria vascularis and age-associated hear-
ing loss. We have developed a drug delivery system using biodegradable gel for the inner ear to protect inner ears against
aging. In addition, recent studies on cel} therapy for the inner ear have suggested the efficacy of cell transplantation for res-
toration of hearing.

Key words : Aging, Hearing loss, Protection, Regeneration
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Abstract

Degeneration of the stria vascularis (SV) is amongst the
major causes of cisplatin (CDDP)-induced hearing im-
pairment. The pathways of apoptosis occurring in the SV
due to CDDP were examined using a mouse experimen-
tal model. Temporal bones of adult C57BL/6 mice were
collected on days 3, 7 and 14 after the local application of
CDDP. Terminal deoxynucleotidy! transferase-mediated
dUTP nick-end labeling assay and immunostaining for
apoptosis-related proteins or reactive radical species
were employed for analysis. Local application of CDDP
caused apoptotic cell death of marginal cells 3 days after
CDDP treatment. Immunohistochemical analyses dem-
onstrated activation of caspase-3 and -9, but not -8, and
redistribution of cytochrome ¢ in affected marginal cells,
indicating a caspase-dependent, mitochondrion-medi-
ated apoptotic pathway in marginal cells. Temporary
expression of hydroxynonenal, nitrotyrosine and induci-
ble nitric oxide synthase in the SV was observed at the
induction of apoptosis in marginal cells. CDDP toxicity
generates reactive radical species in the SV, which
causes mitochondrial membrane permeabilization lead-

ing to apoptosis of marginal cells.
Copyright© 2004 S.Karger AG, Basel

Introduction

Cisplatin (cis-diamminedichloroplatinum II; CDDP)
is widely used as an effective and potent antineoplastic
drug. It has been shown to be efficient against cancers of
the head and neck; however, several side effects have been
reported limiting its use. Ototoxicity remains a major
problem and there is a high correlation between the
degree of hearing loss and CDDP dosage [1, 2]. CDDP
toxicity has been shown to cause degeneration in various
regions of the inner ear. The stria vascularis (SV) is known
as a primary site of CDDP ototoxicity. In the SV, it has
been shown that marginal cells are especially vulnerable
to CDDP-induced damage [3, 4]. In addition, it has been
demonstrated that there is a high correlation between
marginal cell damage and hearing loss [5]. Marginal cells
play an important role in ion transport and maintenance
of a high concentration of potassium in the perilymph of
the cochlea [6]. Protection of marginal cells in the SV
from CDDP toxicity is therefore critical for the preserva-
tion of hearing during CDDP treatment.

Protection of marginal cells of the SV from cell death
due to CDDP requires an understanding of the mecha-
nisms of cell death occurring in these cells during CDDP
treatment. Cell death occurs by one of two methods, apop-
tosis or necrosis. Various ototoxic insults have been
shown to induce apoptotic cell death in a variety of cell
types in the inner ear [7-9]. Several pathways of apoptosis
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have been described. In the death receptor-mediated
pathway, activation of the receptor induces activation of
caspase-8, leading to activation of caspase-3 [10]. Acti-
vated caspase-3 then causes a chain reaction resulting in
cell degradation. In the mitochondrion-mediated path-
way, death signals cause permeabilization of the mito-
chondrial membrane, resulting in release of cytochrome ¢
from the mitochondria to the cytoplasm. Released cyto-
chrome ¢ activates caspase-9, followed by activation of
caspase-3 [11]. Stress of the endoplasmic reticulum also
induces apoptosis, involving activation of caspase-12 and
calpain [12]. These pathways require activation of the cas-
pase family for degradation of cells. On the other hand,
the apoptosis-inducing factor (AIF) is a key molecule for
the caspase-independent pathway of apoptosis [13].

Elucidation of the triggers for cell death is also neces-
sary for establishment of protective strategies against
CDDP toxicity. Recent studies have revealed that reac-
tive radical species play a central role in the degeneration
of the inner ear due to various ototoxic insults including
CDDP [14]. Superoxide is readily generated in the inner
ear under pathological conditions. Superoxide is not in
itself highly toxic, but it can be metabolized to highly reac-
tive radical species. Superoxide is readily metabolized to
two highly toxic radicals, peroxynitrite and hydroxy radi-
cals. Superoxide can also react with nitric oxide (NO) to
yield the toxic oxidizing agent peroxynitrite. This causes
nitration of tyrosine residues and leads to changes in pro-
tein structure and function [15]. Nitrotyrosine (NT) is a
useful marker for the analysis of protein peroxidation by
peroxynitrite [16]. In another pathway, superoxide trans-
forms into hydrogen peroxide and, as a result of catalysis
by iron, forms highly toxic hydroxy radicals. Hydroxy
radicals initiate lipid peroxidation. One of the products
associated with lipid peroxidation, 4-hydroxynonenal
(HNE), is a useful marker for the analysis of lipid peroxi-
dation [17].

The aim of the present study was to elucidate the
mechanisms of cell death in the SV caused by CDDP tox-
icity and the relationship between induction of cell death
and generation of reactive radical species. Firstly, we
established a mouse model for the rapid induction of
apoptosis in the SV, We directly applied CDDP into inner
ears of mice to cause massive and acute degeneration of
the SV. Using this model, the pathway of apoptosis occur-
ring in the SV was analyzed. The production of NT and
HNE in the SV of this animal model was then examined
together with expression of inducible nitric oxide syn-
thase (iNOS).
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Materials and Methods

Experimental Animals

C57BL/6 mice (6 weeks of age; n = 27) were purchased from
Japan SLC Inc. (Hamamatsu, Japan). Animals had free access to
water and to a regular mouse diet. All experimental protocols were
approved by the Animal Research Committee, Graduate School of
Medicine, Kyoto University. Animal care was under the supervision
of the Institute of Laboratory Animals, Graduate School of Medi-
cine, Kyoto University.

Ototoxic Treatment and Tissue Preparation

Animals were anesthetized by an intraperitoneal injection of
ketamine (100 mg/kg) and xylazine (9 mg/kg). A CDDP solution
(10 ul, 2.0 mg/ml in physiological saline; Sigma, St. Louis, Mo., USA)
was directly applied into the left posterior semicircular canal. The
procedures used are described in detail elsewhere [18]. Animals
treated with physiological saline acted as controls (n = 6). On day 3
(n=7),day 7 (n=7)or day 14 (n = 7) after CDDP treatment, the
animals were deeply anesthetized with a lethal dose of ketamine and
xylazine. They were then perfused intracardially with physiological
saline, followed by 4% paraformaldehyde in 0.01 M phosphate-buff-
ered saline (PBS) at pH 7.4. Controls were sacrificed on day 3
(n = 3) or day 14 (n = 3). The temporal bones were excised and
immersed in fixative at 4°C for 4 h. Specimens were prepared
(10 pum thick) using a cryostat after decalcification with 0.1 M ethyl-
enediaminetetraacetic acid in PBS for 24 h at 4°C. Sections were
then mounted on y-aminopropyl triethoxysilane-coated glass slides.
Mid-modiolus sections from each animal were used for histological
analysis. An average of 4 sections from each animal was used for
quantitative analysis.

Estimation of Stria Degeneration

Hematoxylin and eosin (HE) staining was used for estimation of
morphological changes in the SV after CDDP treatment. In addition,
quantitative analysis of the volume of the SV was performed using
HE-stained sections. The area of the SV of the cochlear second turn
was measured using NIH Image software. The dying cells in the SV
were labeled by the terminal deoxynucleotidyl transferase-mediated
dUTP nick-end labeling (TUNEL) method. An Apoptag fluorescein
direct in situ apoptosis detection kit (Intergen Company, Purchase,
N.Y., USA) was used. After treatment with 0.5% Triton-X 100 in
PBS for 20 min at room temperature, TUNEL staining was per-
formed according to the manufacturer’s instructions. At the end of
the staining procedure, specimens were incubated in PBS containing
2 pg/ml 4',6-diamino-2-phenylindole dihydrochloride (DAPI;, Mo-
lecular Probes, Eugene, Oreg., USA) to demonstrate nuclear chroma-
tin. The specimens were then viewed with a Nikon ECLIPSE E600
fluorescence microscope (Nikon, Tokyo, Japan). TUNEL-positive
cells in the SV were identified using fluorescence images of TUNEL
and DAPI staining. The numbers of TUNEL-positive cells in the SV
of the second turn of the cochlea were also counted in 4 sections from
each animal. Cell numbers in the SV were determined by counting
DAPI signals in the SV using bright-field images merged with images
of DAPI fluorescence. The area of the SV, the number of TUNEL-
positive cells in the SV and the total cell numbers in the SV were
statistically analyzed using StatView software (StatView Version 5.0,
SAS Institute Inc., Cary, N.C., USA). The data obtained from control
animals on day 14 were used as the control in this analysis. Differ-
ences between experimental groups were examined for significance
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