using analysis of variance with Bonferroni/Dunn protected least sig-
nificant difference (p < 0.01).

Analysis of Cell Death Pathway

To determine the pathways involved in apoptosis in the SV as a
results of CDDP toxicity, immunohistochemistry for cleaved cas-
pase-3, -8, -9 or cytochrome ¢ was performed in CDDP-treated or
control specimens obtained on day 3. Rabbit polyclonal antibodies
against cleaved caspase-3 (1:50; Cell Signaling Technology, Beverly,
Mass., USA), cleaved caspase-9 (1:100; Cell Signaling Technology),
cytochrome ¢ (1:500; Santa Cruz Biotechnology, Santa Cruz, Calif,,
USA), mouse monoclonal antibody against cleaved caspase-8 (1:50;
Cell Signaling Technology) and goat polyclonal antibody against AIF
(1:100, Santa Cruz Biotechnology) were used as the primary anti-
bodies. Alexa-Fluor 594-conjugated goat antirabbit or antimouse
1gG (1:200; Molecular Probes) or Alexa-Fluor 594-conjugated don-
key antigoat IgG (1:200; Molecular Probes) was used as the second-
ary antibody. Counterstaining with DAPI was performed to demon-
strate nuclear morphology. Expression of these molecules and their
cellular location in apoptotic marginal cells was compared with that
in normal marginal cells using a Nikon ECLIPSE E600 fluorescence
microscope.

Generation of Reactive Radical Species

To examine the involvement of reactive oxygen species in
CDDP-induced degeneration of the SV, the expression of NT and
HNE was evaluated using immunohistochemistry. Rabbit anti-NT
polyclonal antibody (1:100; Upstate Biotechnology, Lake Placid,
N.Y., USA) or mouse anti-HNE monoclonal antibody (1:8; Oxis
Research, Portland, Oreg., USA) was used as the primary antibody.
Specimens were incubated overnight at 4°C with the appropriate
primary antibody then washed with PBS three times and incubated
for 1 h at room temperature with the secondary antibody. Rhodam-
ine-conjugated donkey antirabbit IgG (1:500; Chemicon, Temecula,
Calif.,, USA) or Alexa-Fluor 594-conjugated goat antimouse IgG
(1:200; Molecular Probes) was used as the secondary antibody. Gen-
eration of NO was indirectly evaluated using analysis of iNOS activi-
ty. To determine NOS activity in the SV, immunohistochemistry for
iNOS was employed. Rabbit anti-iNOS polyclonal antibody (1:20;
BD Biosciences, San Jose, Calif., USA) was used as the primary anti-
body. Alexa-Fluor 594-conjugated goat antirabbit IgG (1:200; Molec-
ular Probes) was used as the secondary antibody.

Results

Estimation of Stria Degeneration

HE staining revealed degenerative changes in the SV
following CDDP treatment. On day 3 after treatment,
. edematous swelling was observed in the SV (fig. 1b), while
atrophic changes were found on days 7 and 14 (fig. 1c, d).
Control specimens obtained on day 3 or day 14 showed
normal morphology (fig. 1a). The thickness of the SV on
days 7 and 14 was much reduced compared with that of
controls and quantitative analysis of the SV area support-
ed this morphological observation. A significant decrease
in the area of the SV was observed on days 7 and 14

Cisplatin and Stria vascularis

(fig. Im). In age-matched controls, no degenerative
changes in the SV were observed. TUNEL staining dem-
onstrated a rapid induction of apoptotic cell death in the
SV after CDDP application (fig. 1e~h). Age-matched con-
trols exhibited no TUNEL-positive cells in the SV. In
specimens obtained on day 3, numerous TUNEL-positive
cells were found in the SV (fig. 1f), with the majority
located in the layer of marginal cells. TUNEL-positive
cells were also observed in the SV on days 7 and 14,
although they were limited in numbers. No TUNEL-posi-
tive cells were observed in control specimens. Quantita-
tive analysis of TUNEL-positive cells in the SV clarified
the time course of induction of apoptosis following
CDDP treatment (fig. In). Merged DAPI fluorescence
and bright-field images demonstrated a decrease in cell
numbers in the cochlear lateral wall including the SV
(fig. 1i-1). Quantitative assessment of cell numbers in the
SV revealed a significant decrease in cell numbers be-
tween day 3 and day 7 (fig. 1o), corresponding to the
induction of TUNEL-positive cells on day 3.

Analysis of Cell Death Pathways

Expression of apoptosis-related molecules in apoptotic
marginal cells on day 3 was compared with that in healthy
marginal cells in age-matched controls. Marginal cells
affected by CDDP exhibited expression of cleaved cas-
pase-3 (fig. 2b), while none was observed in marginal cells
in controls (fig. 2a). In specimens obtained on day 3 af-
ter CDDP administration, a majority of marginal cells
were positive for cleaved caspase-3. In contrast, there
was no expression of cleaved caspase-8 in either control

~or CDDP-treated specimens (fig. 2¢, d). Expression of
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cleaved caspase-9 was found in about 50% of marginal
cells (fig. 2f), while normal marginal cells exhibited no
expression (fig. 2e). No expression of AIF was found in
either control or CDDP-treated specimens (fig. 2g, h). On
the other hand, immunohistochemistry for cytochrome ¢
indicated release of cytochrome ¢ from the mitochondria
into the cytoplasm in affected marginal cells. Marginal
cells in controls exhibited expression of cytochrome c,
which was extruded from the nuclear space, in the cyto-
plasm (fig. 3a—c). In contrast, marginal cells damaged by
CDDP exhibited a weak and diffuse distribution of cyto-
chrome ¢ in the cytoplasm including the nuclear spaces
(fig. 3d-f).

Generation of Reactive Radical Species

Immunohistochemistry for HNE demonstrated the oc-
currence of lipid peroxidation in the SV and spiral liga-
ment (SL) after CDDP treatment (fig. 4a—d). In controls,
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Fig. 1. Degeneration of the SV of the second turn of cochleae following CDDP treatment. HE staining (a—d)
showing edematous swelling of the SV on day 3 (b) and progressive atrophy on days 7 (¢) and 14 (d). TUNEL
staining (green; e~h) showing predominant induction of apoptotic cell death in the SV on day 3 (f). Asterisks
indicate the location of the SV. Combined images of DAPI fluorescence (blue) and bright fields (i-1) showing an
apparent decrease in cell numbers in the SV on days 7 (k) and 14 (1). Bar represents 30 pm. Quantitative assessment
of areas of the SV of the second turn of cochleae demonstrates a significant decrease in areas on day 7 and 14 (m).
n Mean numbers of TUNEL-positive cells in the SV. Predominant induction of TUNEL labeling is observed on
day 3. Residual cell numbers in the SV significantly decrease on days 7 and 14 (o). Bars represent standard devia-
tions. Statistical significance is determined by ANOVA with Bonferroni/Dunn test for significance (* p < 0.0083).

no positive staining for HNE was found in the SV or the
SL (fig. 4a). In specimens obtained on day 3, the SV and
SL both exhibited strong expression of HNE on their cyto-
plasmic membrane (fig. 4b), with no differences in immu-
noreactivity between the SV and SL. In contrast, the SV
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exhibited weak expression of HNE on days 7 and 14,
although strong expression of HNE remained in the SL
(fig. 4c, d).

Immunohistochemistry for NT verified the occurrence
of protein peroxidation by peroxynitrite in the SV and SL
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Fig. 2. Immunohistochemistry for apoptosis-related proteins in the SV of control specimens obtained on day 3 and of
CDDP-treated specimens also obtained on day 3. In control specimens, no expression of cleaved caspase-3, -8, -9 or AIF is
found in the SV (a, ¢, e, g). Damaged marginal cells express cleaved caspase-3 (arrowheads; b) and caspase-9 (arrowheads;
), but not cleaved caspase-8 (d) or AIF (h). Blue indicates counterstaining with DAPI. Bar represents 10 pm.

(fig. 4e~h). In controls, faint or no expression of NT was
observed in the SV (fig. 4¢). In contrast, CDDP-treated
specimens exhibited striking expression of NT in the SV
on days 3 and 7 (fig. 4f, g). Specimens on day 14 exhibited
weak expression of NT in the SV (fig. 4h). The SL exhib-
ited expression of NT in all CDDP-treated specimens.

In controls, there was no expression of iNOS in the SV
and SL (fig. 4i). However, strong expression of iNOS was
identified in the SV on day 3 (fig. 4j). In specimens
obtained on day 7, expression of iNOS in the SV was
moderate (fig. 4k). On day 14, only faint expression of
iNOS was observed in the SV (fig. 41). The SL of CDDP-
treated animals exhibited weak expression of iNOS.

Discussion

Cell Death Model for the SV

In the present study, local application of CDDP into
the inner ear of mice caused degeneration of the SV. The
method for local application of ototoxic agents into the
mouse inner ear has been reported [18]. A single injection
of CDDP into the semicircular canal induces degenera-
tion of cochlear hair cells [19] and spiral ganglions [20].
Degeneration of spiral ganglions has been found from the
basal to apical portion of cochleae. These findings suggest
that CDDP administrated from the semicircular canal
reaches to the apical portion of cochleae.

Cisplatin and Stria vascularis
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control

Fig. 3. Immunohistochemistry for cytochrome ¢ (Cyt-c) of the SV of
control specimens obtained on day 3 (a~¢) and CDDP-treated speci-
men also obtained on day 3 (d—f). a, d Nuclear staining with DAPI.
b, e Immunohistochemistry for Cyt-c. ¢, f Merged images. The dis-
tribution of Cyt-c in marginal cells of the control is clearly extruded
from nuclear spaces (a-¢, arrows), while that of the CDDP-treated
specimen is diffuse throughout their nuclear spaces (d-f, arrows).
Bar represents 10 um.
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Fig. 4. Expression of HNE, NT and iNOS in the SV of the second turn of cochleae following CDDP treatment.
Immunostaining for HNE (a-d) showing expression of HNE in the SV and SL following CDDP treatment (b-d).
Strong expression in the SV on day 3 is noted (b). Immunostaining for NT (e-h) showing intense staining in the SV
on days 3 (f) and 7 (g). Immunostaining for iNOS (i-I) showing expression of iNOS in the SV on days 3 (j) and 7
(k). Asterisks indicate the location of the SV. Bar represents 30 um.

Morphologically, edema formation in the SV appeared
during the early phase of degeneration after CDDP treat-
ment, followed by severe atrophy during the late phase.
The time course of morphological changes of the SV
observed in this study was similar to that observed in pre-
vious studies using systemic CDDP application [3-5].
TUNEL assays revealed induction of apoptotic cell death
in the SV after CDDP treatment. Most TUNEL-positive
cells were located in the marginal cell layer of the SV, in
agreement with previous findings using systemic adminis-
tration of CDDP [9, 21]. The present findings demon-
strate that apoptotic cells in the SV appeared predomi-
nantly on day 3 following CDDP treatment. The predict-
ability of the induction of apoptotic cell death in the SV
makes this an ideal system in which to study cell death
mechanisms. In addition, there was a significant reduc-
tion in the area of the SV following induction of apoptotic
cell death. Since marginal cells constitute a major part of
the SV [5], their loss leads to a large reduction in the area
of the SV.
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Cell Death Pathways in Marginal Cells

Expression of proteins associated with apoptosis was
examined using specimens obtained on day 3 after CDDP
or control treatment. Day 3 was chosen as this was the day
on which induction of apoptosis in marginal cells was
most likely to be observed. Apoptosis is caused by a com-
plicated cascade of pathways (fig. 5). The majority of mar-
ginal cells affected by CDDP exhibited expression of
cleaved caspase-3, similar to the previous findings [22].
This indicates that caspases are involved in the process of
apoptotic cell death in marginal cells following CDDP
treatment. Activation of caspase-3 leads to activation of a
series of caspases [23]. On the other hand, expression of
AIF was not found in damaged marginal cells, which sup-
ports the hypothesis that the caspase family plays a central
role in the degradation of marginal cells affected by
CDDP. Apoptotic signaling is initiated by activation of
the death receptor mediated by damage to the mitochon-
drial membrane or stress to the endoplasmic reticulum
(fig. 5). In this study, damaged marginal cells exhibited no
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expression of cleaved caspase-8, indicating that the death
receptor-mediated pathway is not a major pathway of
apoptotic cell death in these cells after treatment with
CDDP. However, expression of cleaved caspase-9 was
observed in damaged marginal cells. In addition, immu-
nohistochemistry for cytochrome ¢ showed that there was
release of cytochrome c¢ from the mitochondria to the
cytoplasm in damaged marginal cells. These findings indi-
cate that the majority of damaged marginal cells die via
apoptosis initiated by permeabilization of mitochondrial
membranes. However, expression of activated caspase-9
was not observed in all of the affected marginal cells.
Therefore, there is a possibility that other apoptotic path-
ways activate caspase-3 in damaged marginal cells. Re-
cent studies have indicated that the mode of action of
CDDP involves endoplasmic reticulum stress [24]. It is
believed that endoplasmic reticulum stress results in re-
lease of calpain which in turn activates caspase-12 leading
to activation of caspase-3 (fig. 5) [11]. In addition, carbo-
platin, a second-generation cisplatin analogue, reportedly
causes activation of calpain in nerve fibers in the inner ear
[25]. Overall, further studies are required in order to
define the signaling pathways involved in CDDP-induced
apoptosis of marginal cells.

Reactive Radical Species in Damage of Marginal Cells

Immunohistochemical analysis demonstrates that
CDDP induced production of NT and HNE in the SV,
indicating the occurrence of protein peroxidation by per-
oxynitrite and lipid peroxidation by hydroxy radicals in
the SV. Notably, strong expression of these two molecules
in the SV was observed on day 3 when apoptosis of mar-
ginal cells was most likely to be induced. In addition,
expression of both molecules in the SV became weaker
when the numbers of apoptotic cells in the SV decreased.
These findings suggest that peroxynitrite and hydroxy
radicals are involved in the induction of apoptotic cell
death in the SV. Moreover, both peroxynitrite and HNE
have been shown to induce mitochondrial membrane per-
meabilization [26]. Immunohistochemical analysis for
caspases and apoptosis-related proteins indicated that
damage to mitochondria might play a key role in the
induction of apoptotic death of marginal cells. Therefore,
both peroxynitrite and hydroxy radicals may be media-
tors for induction of apoptosis by CDDP in marginal
cells. Peroxynitrite is formed by the reaction of NO with
superoxide (fig. 6) [15]. NO is produced by a group of
enzymes called NOS. Mammalian systems contain three
well-characterized isoforms of NOS. Amongst the three
isoforms of NOS, iNOS shows the highest activity. In fact,
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Fig. 5. Schematic diagram showing the pathways of apoptosis.
Fig. 6. Generation of reactive radical species and their products.
SOD = Superoxide dismutase.

overproduction of NO by iNOS is implicated in a number
of pathogenic conditions [27] including CDDP-induced
degeneration of the SV [28]. Thus, we have examined
expression of iNOS in the SV following CDDP treatment.
The pattern of expression of iNOS in the SV appears to
follow the same time course as that of NT in this study. In
fact, overproduction of NO by iNOS may be linked with
generation of peroxynitrite in the SV. We suggest that
inhibition of iNOS activity may therefore be a cue for pro-
tection of the SV from CDDP toxicity.
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The present findings have shown that there is genera-
tion of HNE in the SV following CDDP treatment, indi-
cating generation of hydroxy radicals. It has been shown
that hydroxy radical peroxidation of polyunsaturated fat-
ty acids in cellular membranes results in the production of
HNE (fig. 6), which causes further lipid peroxidation and
acts as a pro-apoptotic mediator [26]. Therefore, inhibi-
tion of hydroxy radical generation is crucial for stopping
this chain reaction. Superoxide is metabolized to hydroxy
radicals in the presence of iron ions [17]. In addition,
superoxide can form peroxynitrite by reaction with NO
(fig. 6). Therefore, inhibition of the production of hydroxy
radicals from superoxide may result in an increase in
peroxynitrite. Reduction of both hydroxy radicals and
peroxynitrite by, for example, treatment with an iNOS
inhibitor and a hydroxy radical scavenger may be effec-
tive for the protection of the SV from CDDP toxicity.

The present findings suggest that CDDP toxicity
causes apoptosis initiated by mitochondrial damage in the
SV. Apoptosis occurs mainly in marginal cells and is
mediated by the formation of peroxynitrite and hydroxy
radicals. We suggest that reduction of these reactive radi-
cal species may lead to stabilization of mitochondrial
membrane permeability, leading to protection of the SV
from CDDP toxicity.
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Radixin deficiency causes deafness associated with
progressive degeneration of cochlear stereocilia
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ments to plasma membranes to integrate the function

of cortical layers, especially microvilli. We found that
in cochlear and vestibular sensory hair cells of adult wild-
type mice, radixin was specifically enriched in stereocilia,
specially developed giant microvilli, and that radixin-defi-
cient (Rdx™") adult mice exhibited deafness but no obvi-
ous vestibular dysfunction. Before the age of hearing onset
(~2 wk), in the cochlea and vestibule of Rdx™™ mice, ste-
reocilia developed normally in which ezrin was concen-
trated. As these Rdx™" mice grew, ezrin-based cochlear

E zrin/radixin/moesin (ERM) proteins cross-link actin fila-

stereocilia progressively degenerated, causing deafness,
whereas ezrin-based vestibular stereocilia were maintained
normally in adult Rdx™ mice. Thus, we concluded that
radixin is indispensable for the hearing ability in mice
through the maintenance of cochlear stereocilia, once de-
veloped. In Rdx™" mice, ezrin appeared to compensate for
radixin deficiency in terms of the development of cochlear
stereocilia and the development/maintenance of vestibular
stereocilia. These findings indicated the existence of com-
plicate functional redundancy in situ among ERM proteins.

Introduction

Deafness is one of the most prevalent forms of sensory
impairment in humans, and it affects ~1 in 1,000 children
(for reviews see Morton, 1991; Fortnum and Davis, 1997).
Various gene mutations are known to cause hereditary hear-
ing loss in humans (for reviews see Holme and Steel, 1999;
Petit et al., 2001; Tekin et al., 2001; Zuo, 2002). Hearing is
achieved through a number of steps: first, acoustic stimuli
reaching the cochlea deflect the stereocilia on the apical
surface of the inner and outer hair cells in the organ of Corti,
which in turn opens the mechanotransduction channels
located at the tips of stereocilia. Potassium then floods
through these open channels, resulting in plasma membrane
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depolarization, and an electrical signal is transmitted to the
central nervous system (for reviews see Roberts et al., 1988;
Hudspeth, 1989; Pickles and Corey, 1992). Thus, the stereo-
cilia of cochlear hair cells are key elements in the transduction
of acoustic stimuli into electrical signals. Stereocilia also
occur in the hair cells of the vestibule to detect acceleration
(Eatock et al., 1998; Corey, 2003). Deaf mouse models
have provided crucial clues for understanding the molecular
and cellular biology of cochlear sensory hair cells, and sev-
eral forms of hearing loss are now understood to be caused
by mutations of the cytoskeletal proteins of cochlear stereo-
cilia (Probst and Camper, 1999; Gillespie and Walker,
2001; Steel and Kros, 2001; Call and Morton, 2002; Zuo,
2002; Belyantseva et al., 2003). In these mice, vestibular
stereocilia were also defective, concomitantly causing imbalance.

Abbreviations used in this paper: ABR, auditory-evoked brainstem response;

dB, decibel; ERM, ezrin/radixin/moesin; SPL, sound pressure level;
VOR, vestibulo-ocular reflex.

559

2002 ‘9 ydteyy uo B10°qof-mmm LLIoI) papeojumo



560 The Journal of Cell Biology | Volume 166, Number 4, 2004

Stereocilia are specifically developed giant microvilli (fin-
ger-like projections of plasma membrane that are underlain
by actin filaments). Microvilli show significant variations in
morphology, diameter, and length depending on cell types;
some are formed by densely packed rigid-looking actin fila-
ments, whereas others are formed by loosely packed fragile-
looking actin filaments (Furukawa and Fechheimer, 1997;
Bartles, 2000; DeRosier and Tilney, 2000). Of these mi-
crovilli, the stereocilia of cochlear sensory hair cells are the
most specialized with a characteristic morphology (DeRosier
et al., 1980; Gillespie and Walker, 2001; Zuo, 2002). The
stereocilia of vestibular sensory hair cells show a more fragile
appearance (Sobin and Flock, 1983; Denman-Johnson and
Forge, 1999). Besides the general microvilli cytoskeletal pro-
teins such as actin, fimbrin, and myosin Ic, which were im-
munolocalized to stereocilia (Tilney et al., 1989; Drenck-
hahn et al., 1991; Skowron et al., 1998; Dumont et al.,
2002), the positional cloning of deafness genes in humans
and mice has enabled the identification of the novel cyto-
skeleton-associated constituents of stereocilia such as espin,
harmonin, SANS, whirlin, unconventional myosins (VI/
VIIa/XV), and cadherins (cadherin 23 and protocadherin
15); these proteins are most likely implicated during stereo-
cilia formation and/or maintenance (Avraham et al., 1995;
Gibson et al., 1995; Probst et al., 1998; Liang et al., 1999;
Littlewood Evans and Miiller, 2000; Zheng et al., 2000;
Alagramam et al., 2001; Di Palma et al.,, 2001; Wada et al,,
2001; Boeda et al., 2002; Karolyi et al., 2003; Mburu et al,,
2003; Weil et al., 2003). Despite these advances, we are still
far from having a comprehensive view of how the stereocilia
of hair cells are built during development and maintained
throughout life.

Ezrin/radixin/moesin (ERM) proteins are three closely re-
lated proteins in the band 4.1 superfamily that are thought
to function as cross-linkers between plasma membranes and
actin filaments, thus integrating the actin cortical layer, espe-
cially the microvilli (Sato et al., 1992; Berryman et al., 1993;
Mangeat et al., 1999; Tsukita and Yonemura, 1999; Bretscher
et al., 2002). The COOH-terminal domains of these ERM
proteins bind to the actin filaments (Algrain et al., 1993;
Turunen et al., 1994; Martin et al., 1995), and the NH,-ter-
minal halves, the FERM domains (band 4.1/ezrin/radixin/
moesin homology domains; Algrain et al., 1993; Henry et
al., 1995; Bretscheret al., 2002), associate directly with the
cytoplasmic domains of several integral membrane proteins
such as CD43, CD44, and ICAM-1/2/3 (Tsukita et al.,
1994; Helander et al., 1996; Serrador et al., 1997; Yonemura
et al., 1998, 1999; Shaw, 2001). These NH,-terminal halves
are also indirectly associated with membrane transporters/
channels such as the Na*/H" exchanger 3, CFTR (cystic fi-
brosis transmembrane conductance regulator), B2-adrener-
gic receptor, and PDGF-receptor, via a cytoplasmic phos-
phoprotein, EBPSO/NHE-RF (Reczek et al., 1997; Yun et
al., 1997; Murthy et al., 1998; Short et al., 1998; Maudsley
et al., 2000; Bretscher et al., 2002). The cross-linking activity
of ERM proteins between actin filaments and plasma mem-
branes is thought to be regulated by PIP; in the downstream
of Rho (Hirao et al., 1996; Mackay et al., 1997; Heiska et
al., 1998; Matsui et al., 1999; Yonemura et al., 2002).
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The suppression of ERM protein expression in lympho-
cytes using antisense oligonucleotides results in the complete
disappearance of microvilli, suggesting that they play an es-
sential role in cortical microvilli formation (Takeuchi et al.,
1994). To examine the physiological functions of ERM pro-
teins at the entire body level (Ingraffea et al., 2002), moesin-
and radixin-deficient mice have been generated (Doi et al.,
1999; Kikuchi et al., 2002). Moesin-deficient mice showed
no abnormalities when examined under laboratory condi-
tions (Doi et al., 1999). By contrast, radixin deficiency
caused congenital conjugated hyperbilirubinemia with losses
of multidrug resistance protein 2, a bilirubin transporter,
from the bile canalicular membranes of the hepatocytes with
concomitant decrease of microvilli in number as well as in
length (Kikuchi et al., 2002). In wild-type mice, radixin was
the dominant ERM protein in the hepatocytes, and was not
substituted by either ezrin or moesin in Rdx ™'~ mice.

Taking all of the above into consideration, it would seem
important that the possible involvement of ERM proteins in
the formation, maintenance, and functions of stereocilia on
hair cells be examined. In this work, we found that radixin
was the only detectable species of ERM protein in the ste-
reocilia of the cochlea of adult wild-type mice, whereas ves-
tibular stereocilia appeared to contain a detectable amount
of ezrin in addition to radixin. Adult Rdx™'~ mice exhibited
profound deafness, but not imbalance; consistent with this,
stereocilia were significantly defective in the outer and inner
hair cells of the cochlea, but not in the hair cells of the vesti-
bule. Furthermore, we found that in the cochlea of Rdx™'~
mice, ezrin-based stereocilia appeared to develop normally
from birth to postnatal day 14 (P14), the onset of hearing,
after which they progressively degenerated. Thus, the ra-
dixin knockout provides a type of mouse deafness model
caused by mutation in cytoskeletal components in stereo-
cilia, which presents with progressive degeneration of co-
chlear (but not vestibular) stereocilia. The present paper
provides a new insight into the ERM-based molecular mech-
anisms for the formation and maintenance of stereocilia, and
the functional specificity/redundancy among ERM proteins
in situ.

Results

Radixin is specifically enriched in stereocilia in the
cochlear and vestibular sensory hair cells in adult
wild-type mice

As a first step to examine the possible involvement of ERM
proteins in the formation/maintenance of stereocilia on hair
cells, the organ of Corti and the crista ampullaris of the ves-
tibule were isolated from adult wild-type mice aged 5 wk,
and then whole-mount stained with ezrin-, radixin-, and
moesin-specific mAbs (Kondo et al., 1997; Doi etal., 1999).
In the organ of Corti, only radixin was concentrated both in
one row of the inner hair cell stereocilia and three rows of
the outer hair cell stereocilia (Fig. 1, a~c): Individual stereo-
cilia appeared resolved both by radixin staining in immuno-
fluorescence microscopy (Fig. 1 d) and by scanning EM (Fig.
1 e). In addition to such intense signals, diffuse weak staining
for ezrin and radixin was also detected in both hair and sup-
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ERM proteins in the cochlea and vestibule in adult wild-type mice at the age of 5 wk. (a-c) Whole-mount immunofluorescence

micrographs of the organ of Corti isolated from the cochlea with mAbs specific for ezrin, radixin, or moesin. The stereocilia of inner hair
cells (IHC) and outer hair cells (OHC) are intensely stained with anti-radixin mAb (arrows). Ezrin and moesin are undetectable in the stereo-
cilia, though moesin (moesin; green) is detected in large amounts in VE-cadherin—positive blood vessel endothelial cells (VE-cad; red) at a
different focus plane (inset). Bar, 15 pm. (d and e) Comparison of the whole-mount radixin staining image with the scanning electron
microscopic image of stereocilia on outer hair cells. Both radixin immunostaining (d) and scanning EM (e) reveal a highly organized array of
stereocilia (arrows). Bars, 5 um. (f-h) Whole-mount immunofluorescence micrographs of the crista ampullaris isolated from the vestibule
with mAbs specific for ezrin, radixin, or moesin. Stereocilia are intensely stained with anti-radixin mAb, and weakly but reproducibly
stained with anti-ezrin mAb (arrows). Moesin is detected only in the blood vessels at a different focus plane from radixin/ezrin-positive stereo-
cilia (inset), as judged by the double-staining images for moesin (moesin; green) and VE-cadherin (VE-cad; red, inset). Bar, 15 pm. (i and j)
Comparison of the whole-mount radixin staining image with the scanning electron microscopic image of stereocilia on vestibular hair cells.
Radixin appears to concentrate along the entire length of long fragile stereocilia. Bars, 3 pm.

porting cells of the organ of Corti, whereas moesin was not
detected in either; instead it was concentrated in the VE-
cadherin—positive blood vessels (Berryman et al., 1993). In
the crista ampullaris of the vestibule, radixin was concen-
trated in the stereocilia of the hair cells, but ezrin was also
detectable in stereocilia, though faintly (Fig. 1, £h). At
higher magnification, individual long fragile vestibular ste-
reocilia were also resolved both by radixin staining in immu-
nofluorescence microscopy (Fig. 1 i) and by scanning EM
(Fig. 1 j). Moesin was detected only in the VE-cadherin—
positive blood vessels. These results indicated that radixin is
the dominant ERM protein in the hair cell stereocilia of the
inner ear, although the degree of contribution of ezrin ap-
peared to be different between the cochlear and vestibular
stereocilia.

Radixin deficiency causes deafness

Thus, it would be interesting to examine the physiological
roles of radixin in hearing and balance in mice. First, we fo-
cused on the hearing ability of radixin-deficient (Rdx™'")
mice. These mice showed a normal growth rate (Fig. 2 A)
and were fertile, although they suffered from congeniral con-
jugated hyperbilirubinemia (Kikuchi et al., 2002). Inter-
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estingly, when a sound stimulus was administrated in the
form of a loud handclap, adult Rdx™'~ mice (5-10-wk-old)
showed no reflexive reaction, so-called Preyer’s reflex, al-
though Rdx*'* and Rdx™'~ mice quickly moved their heads
(Fig. 2 A). The auditory-evoked brainstem response (ABR)
was then measured in two sets of heterogeneous Rix™"™ in-
tercross adult littermates aged 5 and 10 wk (12 littermates in
total) in response to a stimuli with a sound pressure level
(SPL) of 70 decibels (dB) (20 kHz; Fig. 2 B). Of the 12 lit-
termates, three showed no ABR; the others all showed a typ-
ical ABR waveform. Afterwards, these mice were genotyped,
and these three littermates showing no ABR were all found
to be Rdx™'~ mice. This perfect correlation between the
Rdx™'~ genotype and a lack of ABR was reproducibly ob-
tained in different series of measurements. In Fig. 2 C, the
hearing thresholds of 10-wk-old mice were measured at vari-
ous sound frequencies. Wild-type and Rdx*'™ mice showed
normal hearing thresholds (10-50 dB SPL), whereas Rdx™'~
mice showed profound deafness (hearing threshold, >70-
90 dB SPL).

Then, we compared light microscopic images of toluidine
blue—stained sections prepared from Epon-embedded tissues
of the inner ear between Rdx™'* and Rdx™'~ P60 mice (Fig.
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Figure 2. Deafness of Rdx™'~ mice. (A) Loss of Preyer’s reflex in
Rdx™"™ mice. Time-lapse photography captures Preyer’s reflex

in Rdx*’* and Rdx*~ mice, head movements (arrows), but not in
Rdx™"~ mice. Two successive frames after a loud handclap (1-s
interval) were superimposed. These 10-wk-old mice show similar
growth rates. (B) ABR to stimuli of 70-dB SPL (20 kHz) in two sets
of Rdx™~ intercross littermates (left, 5-wk-old; right 10-wk-old).
Among 12 littermates in total, three show no ABR, and were
afterwards genotyped as Rdx™~ mice (blue squares). (C) Hearing
thresholds of 10-wk-old Rdx*'*, Rdx™", and Rdx™'~ mice at vari-
ous sound frequencies. Rdx*’* and Rdx*'~ mice show normal
hearing thresholds (10-50 dB SPL), whereas Rdx™~ mice show
profound deafness (hearing threshold, >70-90 dB SPL). (D) Toluidine
blue-stained Epon semi-thin sections of the cochlea. No gross
morphological difference is observed in the organ of Corti (double-
headed arrows) including hair cells (single-headed arrows) between
Rdx*"* and Rdx™'~ mice. Bars, 50 pm (top panels); 10 pm (bottom
panels). (E) Western blot analysis of isolated cochleae of the Rdx*'*,
Rdx*"~, and Rdx™"~ mice with anti-ERM pAb (TK89) that recog-
nizes ezrin (E), radixin (R), and moesin (M) equally. In the Rdx™"~
cochlea, radixin becomes undetectable without significant up-
regulation of ezrin or moesin. Silver-stained bands of actin (Ac)
in the same gels are present to show that an equal amount of cell
lysate was applied in each lane.
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2 D): No obvious gross morphological malformations were
observed in Rdx™'~ cochlea including hair cells, which was
consistent with the scanning electron microscopic observa-
tion (see Fig. 3 A). However, as Rdx™"™ mice became much
older (>>90 d), hair cells appeared to begin to be eliminated,
leaving a fairly disorganized cell architecture of the organ of
Corti (unpublished data). The expression of ERM proteins
were examined in the Rdx*'*, Rdx™'~, and Rdx™'~ cochleae
isolated from P40 adult littermates by Western blotting with
anti-ERM pAb (Fig. 2 E). Ezrin, radixin, and moesin were
detected in both Rdx'™ and Rdx™™ cochleae, but Rdx™'~
cochlea lacked radixin expression specifically and showed no
significant up-regulation of ezrin or moesin.

Radixin deficiency causes progressive degeneration of
stereocilia of cochlear hair cells after the onset

of hearing

The question then naturally arose as to what is the conse-
quence of radixin deficiency in the cochlear stereocilia in
Rdx™'"~ mice. Isolated cochleae of P40 Rdx*'* and Rdx™'~
littermates were examined by scanning EM (Fig. 3 A, a-f).
When removing the lateral wall and tectorial membrane of
the cochlea in P40 Rdx™"" mice to expose the organ of Corti,
the cellular arrangement of the outer and inner hair cells as
well as the supporting cells appeared normal, but very inter-
estingly, the stereocilia in both outer and inner hair cells
were significantly defective compared with those in Rdx*'*
organ of Corti. Instead of being regularly arranged in a “W”
shape, stereocilia of the outer hair cells of Rdx™’~ mice were
deformed to 1-3 residual knoblike protrusions on the apical
surfaces (Fig. 3 A, d). Inner hair cells had several shorter
fused protrusions instead of stereocilia (Fig. 3 A, f). When
the organ of Corti isolated from these Rdx™'~ cochleae was
whole-mount stained with ezrin-, radixin-, and moesin-spe-
cific mAbs, ezrin, radixin, or moesin was not detected in the
residual structures of outer and inner stereocilia, i.e., knob-
like protrusions and shorter fused protrusions, respectively
(Fig. 3 A, g~j). Diffuse ezrin staining in the organ of Corti
and intense moesin staining in blood vessels did not appear
to be affected. Considering that stereocilia play a central role
in transducing acoustic stimuli into electrical signals in the
cochlea, it is likely that these defects in cochlear stereocilia
are responsible for the hearing impairments observed in
adult Rdx™'~ mice.

Cochlear hair cells of mice were reported to continue to
develop after birth, and to become functionally mature at
the onset of hearing around the age of 14 d (Lim and An-
niko, 1985; Erven et al., 2002; Zuo, 2002). Therefore, we
next attempted to distinguish whether in Rdx™'~ mice co-
chlear stereocilia are defective in their development or de-
generate after they have developed normally. As previously
reported (Lim and Anniko, 1985; Zuo, 2002), in the co-
chleae of wild-type P1 mice, scanning EM showed that both
the inner and outer hair cells already bore well-developed
stereocilia in a characteristic arrangement (Fig. 3 B, a, ¢, and
¢). The central tubulin-based kinocilium of the W-shaped
array of stereocilia on inner hair cells were especially promi-
nent at this early stage. In addition to stereocilia, at this stage
hair cells as well as supporting cells were covered with a large
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Figure 3. Stereocilia on Rdx*'* and Rdx™'~ cochlear hair cells of adult and newborn mice. (A) Scanning electron micrographs (a—f) and
whole-mount immunofluorescence micrographs for radixin and ezrin (g—j) of the Rdx** and Rdx™"~ organ of Corti at 40 d of age (P40). The
levels of outer hair cells (blue arrows) and inner hair cells (black arrows) are shown. At low magnification in the scanning electron micrograph
of the Rdx*"* organ of Corti (a), the luminal surface is characterized by three rows of outer hair cells (blue arrow) and one row of inner hair
cells (black arrow). Outer hair cells bear stereocilia arranged regularly in the form of a letter W (c), and inner hair cells have more disorganized
arrays of stereocilia (e). In the Rdx™~ organ of Corti (b), no significant abnormalities are detected in the cellular arrangements on the luminal
surface, but the morphology of the stereocilia on both the outer (blue arrow) and inner (black arrow) hair cells is severely affected. In Rdx™~
outer hair cells, instead of regularly arranged stereocilia, 1-3 residual knoblike protrusions are observed on their apical surface (d). Rdx™"~
inner hair cells bear several shorter fused irregularly shaped protrusions instead of long stereocilia (f). By immunostaining, in the Rdx™" organ
of Corti (h and j), no staining for radixin is detected without any increase in the staining intensities for ezrin. Bars, 10 wm (a and b); 2 pm (c
and d); 1 pm (e and f); 20 pm (g~j). (B) Scanning electron micrographs (a~f) and whole-mount immunofluorescence micrographs for radixin
and ezrin (g-j) of the Rdx*"* and Rdx™"~ organ of Corti at 1 d of age (P1). Scanning electron microscopic images of the cochlea of PT Rdx™~
mice (b, d, and f) are indistinguishable from those in the Rdx™* mice (a, ¢, and e). In addition to stereocilia arrays carrying central tubulin-based
kinocilium (arrows in c and d), hair cells as well as supporting cells are covered with large numbers of short conventional microvilli that have
mostly disappeared in adult mice. Whole-mount immunostaining reveals that in the P1 Rdx*"* organ of Corti, radixin is highly enriched in
stereocilia of inner and outer hair cells as well as the apical surface of hair and supporting cells (i), but in contrast to adult mice ezrin is also
detected in stereocilia, weakly but clearly (g, arrowheads). In the Rdx™™ organ of Corti, instead of radixin, ezrin is highly concentrated at
stereocilia on both inner and outer hair cells (h, arrowheads). Bars, 10 wm (a and b); 2 pm (c and d); 1 wm (e and f); 20 pm (g—j).

number of short conventional microvilli that disappeared in ~~ Whole-mount immunostaining was then performed (Fig. 3
adult mice (Fig. 3 A). To our surprise, the scanning electron B, g-j). In P1 Rdx*'* mice, radixin was highly enriched in
microscopic images of the cochlea of P1 Rdx™'~ mice were stereocilia of inner and outer hair cells, but in contrast to

indistinguishable from those in the Rdxe*'* mice (Fig. 3 B, b, adult mice, ezrin was also detected in stereocilia, weakly but
d, and f). The question is how stereocilia were developed clearly (Fig. 3 B, g and i). Furthermore, the P1 R co-
normally in the absence of radixin in P1 Rdx™'~ mice.  chlea was characterized by punctate radixin and ezrin signals
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radixin

Figure 4. Postnatal degeneration of stereocilia on Rdx™'~ cochlear hair cells. (A) Scanning electron micrographs (a~f) and whole-mount

immunofluorescence micrographs for radixin and ezrin (g-j) of the organ of Corti isolated from Rdx™* and Rdx™" mice at 6 d of age (P6).
The levels of outer hair cells (blue arrows) and inner hair cells (black arrows) are shown. Scanning EM does not detect any significant
differences between Rdx™* (a, ¢, and e) and Rdx™"~ cochlea (b, d, and f). In contrast to P1 Rdx™* cochlea, in P6 Rdx*'* cochlea, whole-
mount immunostaining detects a weak signal of ezrin at radixin-enriched stereocilia on inner hair cells (black arrow), and a trace of ezrin
in outer hair cells (blue arrow) (g and i). In Rdx™"~ cochlea (h and j), ezrin is still highly concentrated at stereocilia on both inner hair cells
(black arrow) and outer hair cells (blue arrow). Bars, 10 pm (a and b); 2 pm (c and d); T pm (e and f); 20 wm (g—j). (B) Scanning electron
micrographs (a—f) and whole-mount immunofluorescence micrographs for radixin and ezrin (g-j) of the organ of Corti isolated from Rdx*/*
and Rdx™~ mice at 14 d of age (P14). Scanning EM detects the initial sign for the degeneration of stereccilia on outer hair cells (blue arrow)
(a—d). The central part of the W-shaped row of stereocilia is lost, leaving discontinuous and disorganized arrays of stereocilia in Rdx™/~
cochlea. At this stage, no significant defects can be observed in stereocilia on the inner hair cells {black arrow) (b and f). in P14 Rdx™"*
cochlea, ezrin is only weakly detected at radixin-enriched stereocilia on inner hair cells (black arrow), and is not detected in outer hair
cells (blue arrow) (g and i). In Rdx™~ cochlea, ezrin was still concentrated in the degenerating stereocilia in large amounts in outer and inner
hair cells (h). Bars, 10 pm {(a and b); 2 pm (c and d); 1 um (e and f); 20 um (g—j).

on the apical surface of hair cells and supporting cells, which
may correspond to numerous conventional microvilli. Of
course, in the organ of Cort in P1 Rdx™"" littermates, ra-
dixin was undetectable (Fig. 3 B, j), but instead of radixin,
ezrin was markedly increased in stereocilia of both inner
and outer hair cells as well as in conventional microvilli on
hair and supporting cells (Fig. 3 B, h). Therefore, ezrin ap-
peared to compensate for radixin deficiency in the develop-
ment of hair cell stereocilia, at least up to 1 d after birth.
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Subsequently, these ezrin-based stereocilia degenerated
postnarally.

We then pursued the possible postnatal degeneration pro-
cess of stereocilia in Rdx™'~ mice (Fig. 4). At PG, scanning
EM did not detect any significant differences between Rax™'*
and Rdx™'~ cochlea, indicating that there was still no sign
for stereocilia degeneration (Fig. 4 A, a-f). However, in
Rdx*'" cochlea, ezrin became weaker during P1 to P14, al-
most undetectable from stereocilia at ~P14, and radixin was
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Figure 5. Ultrathin-section electron

Rdx™”

micrographs of stereocilia of cochlear
outer hair cells of Rdx*/* and Rdx™'~
mice aged 3 wk. (A) Low power electron
micrographs. All of the Rdx™* hair cells
bear numerous stereocilia with normal
appearance, whereas Rdx™'" hair cells
were frequently characterized by abnor-
mal 1-3 residual knoblike cellular pro-
trusions on their apical surfaces. These
images may correspond to the scanning
electron micrographs of Fig. 3 A, ¢ and
d, respectively. Bars, 2 pm. (B) Rdx™*
radixin-based stereocilia (a) and Rdx™"~
ezrin-based stereocilia at various degen-
eration stages (b-d). Rdx™~ ezrin-based
stereocilia contained highly-organized

Rdx™"

bundles of actin filaments as cores (b)
that were indistinguishable in appearance
from those in Rdx*"* radixin-based stereo-
cilia (a), and during the process of
degeneration, these stereocilia as well
as core bundles appeared to be fused to
form abnormal thick and short protru-
sions (c and d). Bars, 0.5 pm.

dominantly detected among ERM proteins in stereocilia
(Fig. 4 A, g and i). Supporting cells were intensely stained
for ezrin and radixin. In P6 Rdx™'" cochlea, ezrin was highly
concentrated in stereocilia on both inner and outer hair cells
(Fig. 4 A, h) with no radixin staining (Fig. 4 A, j). Around
age P14 (onset of hearing in mice), in Rdx™"~ cochlea, the
sign for stereocilia degeneration began to be detected on
outer hair cells by scanning EM (Fig. 4 B, a~f): The central
part of the W-shaped row of stereocilia was lost, leaving dis-
continuous and disorganized arrays of stereocilia. Ezrin was
still concentrated in these degenerating stereocilia in large
amounts, though in Rdx*™"™ hair cells, radixin, but not ezrin,
was enriched at stereocilia (Fig. 4 B, g—j). We concluded
that in Rdx™'~ cochleae, ezrin can counterbalance radixin
deficiency to normally develop stereocilia up to the onset of
hearing, but not to maintain these once-developed stereo-
cilia to transmit acoustic stimuli into electrical signals.

To clarify the interior structure of ezrin-based stereocilia in
Rdx™'~ cochleae, the cochleae of Rdx™'™ mice aged 3 wk were
examined by ultrathin-section EM (Fig. 5). In these mice,
stereocilia at various stages of degeneration were observed.
Ezrin-based stereocilia contained highly organized bundles of
actin filaments as cores that were indistinguishable in appear-
ance from those in wild-type radixin-based stereocilia, and
during the process of degeneration these stereocilia as well as
core bundles appeared to be fused to form abnormal thick
and short protrusions.

Finally, a natural question is what are the membrane-bind-
ing partners for radixin/ezrin in cochlear stereocilia. To eluci-
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date an answer, we first performed immunoprecipitation ex-
periments with anti-radixin or anti-ezrin mAb using isolated
Rdx™™ or Rdx™'~ cochlea; however, the results were incon-
clusive, probably due to the limitation of the material and the
low insolubility of radixin and ezrin. We also performed a gel
overlay blot with labeled radixin/ezrin, but again failed to de-
tect any bands specifically associated with radixin/ezrin.

Ezrin compensates radixin deficiency in the
development/maintenance of stereocilia in the
vestibular hair cells

As shown in Fig. 1, in the vestibule of wild-type mice aged
5-10 wk, radixin was predominantly concentrated in stereo-
cilia among ERM proteins, but distinct from cochlear ste-
reocilia, these stereocilia contained detectable amounts of
ezrin. The question then arose as to the structure and func-
tion of vestibular stereocilia in adult Rdx™'~ mice. Structur-
ally, scanning EM identified no abnormality in the number/
density and morphology of stereocilia at the crista ampullaris
of the vestibule of adult Rdx™~ mice (Fig. 6 A). Also, scan-
ning EM identified no abnormality in the otolith organs
(che utricle and saccule) of adult Rdx™'™ mice (unpublished
dara). Functionally, Rdx™'~ vestibular stereocilia appeared to
be normal because adult Rdx™"~ mice showed no signs of
imbalance in their behavior as far as we examined up to 100
d after birth. Then, their vestibulo-ocular reflex (VOR) was
measured, in which the function of horizontal semicircular
canals, but not otolith organs (the utricle and saccule), can

be evaluated. Heads of Rdx™*, Rdx*'~, or Rdx™'™ mice aged
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Figure 6. The vestibule and the balance function of 5-wk-old Rdx™/~ mice. (A) Scanning EM of the Rdx*™"* and Rdx™" crista ampullaris of
the vestibule. The appearance of stereocilia (arrows) was indistinguishable between Rdx*"* and Rdx™"~ mice. Bar, 5 um. (B) VOR. A mouse
head was rotated sinusoidally and the eye position recorded by a CCD camera (left). The eye velocity was calculated from the change of
eye position, and was fitted with sinusoidal curves (red lines). The gain was obtained by dividing the peak eye velocity by the peak head
velocity. No difference is detected in the VOR between Rdx™* and Rdx™~ mice. The VOR gains of Rdx™" mice are also normal at any frequency
of the head rotation stimulus in Rdx*'* and Rdx™"~ mice (right). (C) Western blot analysis of isolated Rdx*™* and Rdx™'~ vestibule (mainly crista
ampullaris) with anti-ERM pAb (TK89) that recognizes ezrin, radixin, and moesin with almost the same affinity. In Rdx™" vestibule, radixin (R)
became undetectable without significant up-regulation of ezrin (E) or moesin (M). Silver-stained bands of actin (Ac) are presented on the
right to show that equal amounts of cell lysate were applied in each lane. (D) Whole-mount immunostaining of the crista ampullaris isolated
from the Rdx*'* and Rdx™"~ vestibules with ezrin-, radixin- and moesin-specific antibodies. In the Rdx*"* crista ampullaris, radixin is highly
concentrated in the stereocilia where ezrin is detected weakly but reproducibly (inset, a frozen section stained with anti-ezrin antibody).
Moesin is detected only in the blood vessels at a different focus plane from stereocilia (inset), as judged by the double staining images for
moesin (moesin; green) and VE-cadherin (VE-cad; red) (inset). By contrast, in the Rdx™'~ crista ampullaris, the concentration of ezrin in the
stereocilia is significantly increased. All samples were treated under completely identical conditions, paying special attention to ensure that

the signals were not saturated. Bar, 40 um.

~5-10 wk were rotated sinusoidally and eye positions were
recorded using a CCD camera at various head rotation fre-
quencies. As shown in Fig. 6 B, the VOR gains of Rdx™'~
mice were normal at all head rotation frequencies.

Western blotting of the isolated vestibule with anti-ERM
pAb revealed no significant up-regulation of ezrin or moesin
in adult Rdx™’" mice (Fig. 6 C). We then whole-mount
stained the crista ampullaris isolated from adult Rdx™"™" and
Rdx™"~ vestibule with ezrin-, radixin-, and moesin-specific
mAbs (Fig. 6 D). In the vestibule of Rdx*"* mice, radixin
was specifically and highly enriched in the stereocilia of the
crista am?ullaris with a small amount of ezrin, whereas in
the Rdx™'" crista ampullaris, instead of radixin, ezrin was
highly concentrated in stereocilia, although this up-regula-
tion of ezrin in stereocilia could not be detected by immuno-
blotting of the whole vestibule (Fig. 6 C). Therefore, in the
vestibule, ezrin appears to be able to compensate radixin de-
ficiency not only in developing stereocilia, but also in main-
taining them to transmit acceleration stimuli into electrical
signals.
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Discussion

The physiological functions of ERM proteins, ezrin, radixin,
and moesin, have attracted increasing interest, but the rele-
vance of the existence of these three closely related proteins
in mammalian cells remains elusive (Berryman et al., 1993;
Takeuchi et al., 1994; Doi et al., 1999; Tsukita and Yone-
mura, 1999; Ingraffea et al., 2002; Kikuchi et al., 2002). In
most cultured mammalian cells, all ERM proteins are coex-
pressed and codistributed (Sato et al., 1992; Berryman et al,,
1993). Using antisense oligonucleotides, ERM proteins were
shown to be functionally redundant, without a quantita-
tively compensatory increase in their expression levels, in
cell-cell/cell-substrate adhesion and the formation of mi-
crovilli in cultured cells (Takeuchi et al., 1994). At the
whole-body level, the expression levels and combinations of
ERM proteins varied significantly depending on cell type
(Sato et al., 1992; Berryman et al., 1993; Franck et al,
1993; Doi et al., 1999; Ingraffea et al., 2002), and to date

no clear example has been found to indicate the functional

/002 ‘9 yosepy uo B10°qol-mmm LI PBapeojuUMO(



redundancy among ERM proteins. Radixin deficiency causes
hyperbilirubinemia due to the loss of multidrug resistance
protein 2 from the bile canalicular membranes, where mi-
crovilli were decreased in number as well as in length (Kiku-
chi et al,, 2002). Radixin was the dominant ERM protein in
the liver of wild-type mice, but no compensatory up-regula-
tion of expression level of ezrin or moesin was detected in
the Rdx™'™ liver.

To discuss the functions of ERM proteins and their possi-
ble redundancy in situ, the inner ear provides an advanta-
geous system, as in it there are two distinct types of stereo-
cilia, cochlear and vestibular stereocilia, which play central
roles in transmitting acoustic and acceleration stimuli, re-
spectively, into electrical signals. (Roberts et al., 1988; Hud-
speth, 1989; Pickles and Corey, 1992; Eatock et al., 1998;
Corey, 2003). In wild-type cochlea, before ~P14, ezrin was
detectable in addition to large amounts of radixin in stereo-
cilia, and then progressively disappeared, leaving purely ra-
dixin-based stereocilia. In the Rdx™'~ cochlea, ezrin was sig-
nificantly up-regulated, and purely ezrin-based stereocilia
developed normally up to ~P14 and then progressively de-
generated. By contrast, in the Rdx*'" vestibule, stereocilia
contained a small amount of ezrin in addition to large
amounts of radixin throughout life, whereas in the Rdx™""
vestibule, stereocilia containing up-regulated ezrin devel-
oped and was maintained normally throughout the life.
These findings would provide the first clear example that
these members of the ERM family, ezrin and radixin, func-
tion redundantly in situ at the whole-body level: ezrin com-
pensates for radixin deficiency functionally in stereocilia. In
Rdx""™ mice, the cochlear hair cells up to ~P14 and the ves-
tibular hair cells throughout the life expressed both radixin
and ezrin in large and small amounts, respectively, and prob-
ably due to the difference in their expression levels or affinity
to plasma membranes, radixin was the main contributor to
the formation of stereocilia. In these hair cells, in the ab-
sence of radixin (Rdx™'™ mice), a larger amount of ezrin was
recruited, which appeared to compensate for radixin defi-
ciency in the formation of stereocilia.

The molecular mechanism behind the progressive degener-
ation of the cochlear stereocilia after the onset of hearing
(~P14) remained elusive. At present, two explanations appear
possible. First, if the expression of ezrin is genetically pro-
grammed to be suppressed in cochlear hair cells after the onset
of hearing in the wild-type mice, and if this program is not
changed by radixin deficiency, in Rdx™'~ mice, cochlear hair
cells lack both ezrin and radixin after the onset of hearing, re-
sulting in progressive degeneration of stereocilia. As the total
lack of ERM proteins was reported to cause cell death (Kondo
et al., 1997), this mechanism can explain why cochlear hair
cells were eliminated in older Rx~'~ mice. The second possi-
bility is that sound stimulation induces the progressive degen-
eration of ezrin-based stereocilia in the Rdx™'™ cochlea. It
would be possible that these ezrin-based stereocilia are more
labile against the noise stimulation (i.e., frequent deflection)
than the wild-type radixin-based stereocilia due to the qualita-
tive or quantitative difference between radixin in wild-type
stereocilia and ezrin in Rdx™'" stereocilia. Consistently, the
noise-induced loss of stereocilia was reported in the wild-type
mice as well as humans (Ou et al., 2000). As deflection fre-
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quency for vestibular stereocilia is expected to be much lower
than for cochlear stereocilia, Rdx™'™ vestibule ezrin-based ste-
reocilia could be maintained without degeneration. According
to Western blotting of the whole cochlea and vestibule, there
were no signs for up-regulation of the expression of ezrin (or
moesin), but as it was technically difficult to examine the ex-
pression of ERM proteins in individual sensory hair cells, the
two above explanations cannot be further evaluated for now.
Furthermore, to understand the molecular mechanism behind
the progressive degeneration of the cochlear stereocilia, identi-
fication of the specific molecular partners of radixin and ez-
rin, including integral membrane proteins, within stereocilia
would be important, although it is again technically difficult
due to the small number of stereocilia in the cochlea. Indeed,
as described in the results, we performed immunoprecipita-
tion and gel overlay experiments, but were unable to identify
the radixin- or ezrin-binding partners in stereocilia. To be suc-
cessful, any future work will need to overcome several techni-
cal difficulties.

Mutations in the actin-bundling protein espin have been
reported in jerker mice and DFENB36, a form of nonsyndro-
mic deafness in humans (Griineberg et al., 1941; Zheng et al,,
2000; Belyantseva et al., 2003). Adult jerker mice exhibit im-
paired hearing and balance dysfunctions, as well as short
cochlear and vestibular stereocilia. Analyses of various aged
jerker mice revealed apparently normal cochlear stereocilia de-
velopment until the onset of hearing, after which the stereo-
cilia progressively degenerate (Sjostrom and Anniko, 1992).
This aspect of jerker mice is very similar to Rdx™'™ mice, but
jerker mice are completely different from Rdx™'~ mice in
terms of the balance dysfunction. Because espin is likely to
play a role in bundling actin filaments in stereocilia (Loomis
et al., 2003), it was suggested that the organization of core ac-
tin filaments is critical for the maintenance of stereocilia after
the onset of hearing. Furthermore, genetic studies of deafness
in mice and humans have identified several genes for other cy-
toskeleton-related proteins, harmonin, myosin VI/V1la, whir-
lin, and SANS, and for cadherin-related proteins, cadherin 23
and protocadherin 15, as causal genes (Avraham et al., 1995;
Gibson et al., 1995; Probst et al., 1998; Self et al., 1998; Lit-
tlewood Evans and Miiller, 2000; Zheng et al., 2000; Alagra-
mam et al.,, 2001; Di Palma et al., 2001: Petit et al., 2001;
Boeda et al., 2002; Mustapha et al., 2002; Karolyi et al.,
2003; Kikkawa et al., 2003; Mburu et al., 2003; Weil et al,,
2003). In these mice, the formation of not only cochlear, but
also vestibular stereocilia was affected, resulting in the deaf-
ness associated with imbalance. All these cytoskeleton-related
proteins, including ERM proteins and epsin, may act in coop-
erative ways to form and maintain dynamic stereocilia in co-
chlear and vestibular sensory hair cells.

To date, three mouse models in which there is profound
hearing loss and no vestibular dysfunction have been re-
ported: the deafness (dn) gene mutant mice (Bock and Steel,
1983), Beethoven mice (Vreugde et al., 2002), and the clau-
din 14-knockout mice (Ben-Yosef et al., 2003). Rdx™"™ mice
can now be added as a new member of this list. Réx™"™ mice
should provide a valuable resource for further analysis of the
functional redundancy of ERM proteins at the whole-body
level, and of the molecular mechanisms behind the formation
and maintenance of highly specialized microvilli, stereocilia;
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the elucidation of which will shed light on the pathogenesis of
human deafness and imbalance.

Materials and methods

Antibodies

Rabbit anti-ERM pAb, TK89, recognized COOH-terminal domains of all
ERM proteins almost equally (Kondo et al., 1997; Doi et al., 1999).
We previously raised and characterized rat anti-ezrin (M11), anti-radixin
(R21), and anti-moesin mAb (M22) (Kondo et al., 1997; Doi et al., 1999).
Goat anti-VE-cadherin (C-19) was obtained from Santa Cruz Biotechnol-
ogy, Inc.

Generation of Rdx™/'~ mice

Rdx™"~ mice were generated as previously reported (Kikuchi et al., 2002).
Two independent mouse J1 ES clones (129/Sv) in which the radixin gene
was correctly disrupted were injected into C57BL/6 blastocysts, and the re-
sulting chimeras were mated with C57BL/6 mice (Doi et al., 1999).

ABR measurements

ABR measurements were performed in a soundproof room (Zheng et al.,
1999). In general, the ABR waveforms were recorded for 12.8 ms at a sam-
pling rate of 40,000 Hz using 50-5,000-Hz filter settings; waveforms re-
corded from 1,024 stimuli at a frequency of 9 Hz were averaged. ABR
waveforms were recorded in decreasing 5-dB SPL intervals from a maxi-
mum amplitude until no waveforms could be visualized.

VOR measurements

VOR was measured as described by Iwashita et al. (2001). Head move-
ments were transduced to DC signals using a small angular velocity sensor
(Gyrostar; Murata Corporation) that was fixed on the turntable. Eye move-
ments were detected by LED and a CCD camera (C53500; Tokyo Elec-
tronic Industry), and eye velocities were calculated online by downloading
them onto a computer through a video capture board. Both the head and
eye velocity curves were fitted with sinusoidal curves using the least
squares criterion, and the gain of eye velocity relative to the head velocity
was obtained.

Immunofluorescence microscopy

Temporal bones were removed from 1-, 6-, 14-, or 40-d-old mice, and to-
gether with the small holes in the cochlear apical turn and superior semi-
circular canal, the round and oval windows were opened. The lymphatic
space was gently perfused with 10% TCA through a round window (Ha-
yashi et al., 1999; Kitajiri et al., 2004). Samples were then immersed in
10% TCA for 1 h at 4°C, washed three times with PBS, and decalcified
with 5% EDTA in PBS for 3 d at 4°C. The cochlea and vestibule were then
carefully microdissected, treated with 0.2% Triton X-100 in PBS for 15
min, and soaked in 1% BSA in PBS at RT. They were then incubated with
rat anti-ezrin (M11), anti-radixin (R11), or anti-moesin (M22) mAb for 30
min at RT. Samples were washed three times with PBS, followed by a 30-
min incubation with Cy3- (Jackson ImmunoResearch Laboratories, Inc.)
or Alexa Fluor® 488-conjugated secondary antibody (Molecular Probes,
Inc.). After a wash with PBS, they were embedded in 95% glycerol-PBS
containing 0.1% paraphenylendiamine and 1% n-propylgalate. Fluores-
cence images were obtained with a confocal microscope (model LSM 510
META; Carl Zeiss Microlmaging, Inc.) or with a DeltaVision optical sec-
tioning microscope (version 2.10; Applied Precision, inc.), equipped with
an Axioplan2 (Plan Apochromat 63x/1.40 NA oil immersion objective;
Carl Zeiss Microlmaging, Inc.) or 1X70 (PlanApo 60X/1.40 NA oil immer-
sion objective; Olympus) microscope, respectively.

Immunoblotting

The membranous labyrinths of 5-wk-old mice were dissected under a mi-
croscope. Whole organ of Corti and vestibules isolated from each mouse
were sonicated in 100 wl SDS sample buffer (50 mM Tris-HCl, pH 6.8, 2%
SDS, 20% glycerol, 2% 2-mercaptoethanol, and 0.01% bromophenol
blue), applied to SDS-PAGE, and immunoblotted by a blotting detection
kit with biotinylated 1g and streptavidin-conjugated alkaline phosphatase
(Amersham Biosciences).

Scanning EM

Temporal bones obtained from 1-, 6-, 14-, or 40-d-old mice were fixed us-
ing perilymphatic perfusion as described above with 1% glutaraldehyde
in 0.1 M phosphate buffer (pH 7.2). They were then washed with phos-
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phate buffer and post-fixed in 1% OsQ, for 2 h, after which they were
once again treated with perilymphatic perfusion. The organ of Corti or
crista ampullaris was microdissected, dehydrated, critical-point dried,
sputter coated, and observed by scanning EM (model S-800 microscope;
Hitachi Co.).

Ultrathin-section EM

Samples were processed as previously described, using 2% formaldehyde,
2.5% glutaraldehyde, and 0.1 M sodium cacodylate buffer (pH 7.4) as a
fixative (Yonemura et al., 2002).
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Transplamtation of neural stem cells into the inner ear
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Hearing and balance disorders are included in most common disabilities, and the majority is incurable be-
cause of the low capability for regeneration of the inner ear. New therapeutic approaches including cell trans-
plantation are therefore subjected to overcome degenerative diseases of inner ears. Firstly, transplantation of
neural stem cells (NSCs) into inner ears has been attempted as well as the retina. Grafted NSCs can survive
and migrate into inner ear tissues including sensory epithelia after transplantation into inner ears of newborn
rats. Histological analysis following transplantation of NSCs into injured, matured inner ears of mice demon-
strates the potential of NSCs for replacement of inner ear hair cells or primary neurons. In vitro analysis also
support the hypothesis that NSCs can differentiate into inner ear hair cells. In addition, NSC-derived cells have
the potential for producing several neurotrophins in the inner ear, suggesting the potential of NSC transplanta-
tion for protection of inner ear tissues from degeneration.

Rec.3/29/2004, Acc.5/12/2004, pp562-566
Takayuki Nakagawa, Fukuichiro Iguchi, Juichi Ito
Department of Otolaryngology, Head and Neck Surgery,
Kyoto University Graduate School of Medicine
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