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This study investigated the potential of bone-marrow stromal
cell transplantation for cell replacement therapy in the cochlea.
Bone-marrow stromal cells labeled with enhanced green fluores-
cent protein were injected into the perilymphatic space of normal
cochleae in mice. Histological analysis 2 weeks after transplanta-
tion demonstrated that transplanted cells settled within the
cochlear tissues, especially in the spiral ligament and the spiral

Keywords: bone-marrow stromal cell, cell therapy, cochlea, migration, transplantation

limbus, although most transplants were located in the perilympha-
tic space. Some of the transplanted cells expressed the cochlear
gap-junction protein connexin 26. These findings indicate the po-
tential of bone-marrow stromal cells for delivering therapeutic
molecules and for the restoration of cochlear cells, particularly in
the spiral ligament and the spiral limbus. NeuroReport 18:351-354
© 2007 Lippincott Williams & Wilkins.

Introduction
Treatment options for sensorineural hearing loss (SNHL) are
currently limited to cochlear implants and hearing aids.
Hence, there is a requirement for alternative means of
biological therapy, including cell and/or gene therapy.
Indeed, recent studies have indicated that cell or gene
therapy could be utilized to regenerate hair cells [1,2] and
neurons [3] in the inner ear, and to deliver therapeutic
molecules to the inner ear [4-6]. More recently, transplanta-
tion of gene-transfected cells has been reported as an
efficient strategy to deliver genes into the inner ear [7].
Bone-marrow stromal cells (BMSCs) are possible candi-
dates for transplants for cell therapy for the treatment of
SNHL. They have the potential for differentiation into
various types of cells and are easily obtained from one’s
own bone marrow. In addition, BMSCs are capable of
secretion of several growth factors [8], which are included in
cochlear protectants [9-11]. BMSC transplantation, there-
fore, could be utilized in three different strategies for inner
ear treatment, restoration of missing cells, providing growth
factors and delivering genes. In this study, we examined the
distribution and characteristics of BMSCs after transplanta-
tion into cochleae of C57BL/6 mice to evaluate the potential
of BMSCs as a source of cells for cell-replacement-therapy
for the cochlea.

Materials and methods

Animals

Male C57BL/6 mice (n=6, SLC Japan, Hamamatsu, Japan)
aged 10 weeks were used as the recipients. The experi-

mental protocols were approved by the Animal Research
Committee of Kyoto University Graduate School of Medi-
cine, and were conducted in accordance with the US
National Institutes of Health Guidelines for the Care and
Use of Laboratory Animals.

Bone-marrow stromal cells

The BMSCs were obtained from enhanced green fluorescent
protein (GFP)-transgenic mice [strain B6;C3-Tg(ACtb-
EGFP)CX-FM1390sb] [12]. Under general anesthesia with
ketamine (75 mg/kg) and xylazine (9 mg/kg), the tibias and
femurs of the animals (n=4) were collected, and the
medullary cavity was aspirated to harvest the bone marrow.
The BMSCs were cultured in a 25-cm? flask with 8ml of
Iscove’s modified Dulbecco’s medium (Invitrogen, Carls-
bad, California, USA) supplemented with 20% fetal bovine
serum (Thermo Trace, Victoria, Australia), 100U/ml of
penicillin (Nacalai Tesque Inc., Kyoto, Japan) and 100 pg/ml
of streptomycin (Nacalai Tesque Inc.). The cells were
cultured at 37°C under 5% CQO,. The medium was changed
twice weekly until the cells were 80% confluent. Non-
adherent cells were removed during the medium-change
procedure and the adherent cells were collected. After two
passages, the cells were suspended in Iscove’s modified
Dulbecco’s medium at a concentration of 1 x 10° cells/pl.

Transplantation

Cell transplantation was performed under general anesthe-
sia with ketamine and xylazine. A retroauricular incision
was made in the left ear of each mouse and the otic bulla
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was exposed. The bony wall of the bulla was partially
resected to expose the basal turn of each cochlea. A small
perforation was then made in the lateral wall at the basal
turn of the cochlea corresponding to the location of the scala
tympani (ST). Cell suspensions of GFP-labeled BMSCs
(2 ul; 10° cells/pl) were injected through a fine glass needle
using a microinfusion pump. Subsequently, the perforation
was plugged with a fat graft and covered with fibrin glue.

Histology

Under general anesthesia, the animals were transcardially
perfused with phosphate-buffered saline at pH 7.4, followed
by 4% paraformaldehyde in phosphate buffer at pH 7.4 on
day 14. The temporal bones were immediately dissected out
and immersed in the same fixative for 4h at 4°C. After
decalcification, cryostat sections (8 um thickness) were cut
and immunohistochemical analysis for GFP, CD43, nestin,
8-II-tubulin, E-cadherin and Cx26 was performed. BMSCs
grown on sterile cover glasses were also subjected to
immunocytochemical analysis to determine the character-
istics of the BMSCs before transplantation. Anti-GFP mouse
monoclonal (1:200; Invitrogen, San Diego, California, USA)
or rabbit polyclonal (1:500, Molecular probes, Eugene,
Oregon, USA), anti-CD43 rat monoclonal (1:200; Pharmin-
gen, San Diego, California, USA), anti-nestin rat monoclonal
(1:200; Pharmingen), anti-B-Ill-tubulin mouse monoclonal
(1:500, Covance Research Products, Berkeley, California,
USA), anti-Cx26 rabbit polyclonal (1:500; Zymed, San
Francisco, California, USA) and anti-E-cadherin mouse
monoclonal antibody (1:200; Takara Bio, Otsu, Japan) were
used as the primary antibodies. The secondary antibody
was Alexa-546 or 488-conjugated anti-mouse, rat or
rabbit antibody (1:400; Molecular Probes). Counterstain-
ing by 4 6-diamidino,2-phenylindole dihydrochloride
(DAPL 1pg/ml in phosphate-buffered saline; Molecular
Probes) was performed at the end of the staining proce-
dures. Specimens stained without primary antibodies
served as negative controls. Cryostat-sections of mouse
cerebellum on embryonic day 12 were used as positive
controls for nestin. The specimens were viewed with a
Nikon Eclipse E600 fluorescence microscope (Nikon, Tokyo,
Japan) or a Leica TCS-5P2 confocal laser-scanning micro-
scope (Leica Microsystems, Tokyo, Japan).

Four mid-modiolar sections were chosen from each
cochlea and subjected to quantitative analysis of the number
of transplanted cells in the cochlea. We counted the number
of cells expressing both GFP and DAPI as transplant-
derived cells. The distribution of the engrafted cells was
divided into four compartments: the scala vestibuli (SV), the
scala media, the ST and the cochlear tissues. In addition, the
cochlear tissues were further subdivided into three com-
partments: the spiral ligament (SL), the spiral limb (SLB)
and the other components of the cochleae. The number of
transplant-derived cells expressing CD34, nestin or Cx26
was also counted in four sections from each cochlea. The
expression ratio for each marker was then determined by
dividing the numbers of transplant-derived cells expressing
each marker by those of transplant-derived cells in each
section. The average in four sections was defined as the data
for the cochlea. The expression ratios for these markers were
also calculated using four samples of BMSCs grown on
sterile cover glasses. All the data were represented by the
means and the standard deviations.

Statistics

Statistical analyses for the location of BMSC-derived cells
in the cochlea were performed using one-way analysis
of variance followed by the Scheffe’s test. The unpaired
t-test was used in analyses of the expression ratios for
CD34, nestin and Cx26. A P value <0.05 was considered
statistically significant.

Results

BMSC-derived cells labeled with GFP were found in all the
transplanted cochleae (Fig. 1a). The mean number of GFP-
positive cells in one mid-modiolar section per cochlea was
180 +38 (11=6). The transplanted cells were distributed from
the base to the apex of the cochleae. No apparent difference
in distribution of transplanted cells was found among the
turns of cochleae. BMSC-derived cells were predominantly
located in the perilymphatic space of the cochleae:
67.3+7.3% in the ST and 18.1+10.8% in the SV (Fig. 1b).
The ST was the region in which BMSC-derived cells were
most frequently observed. BMSC-derived cells were also
observed within the cochlear tissues (12.8 4 9.2%), indicating
the migration activity of BMSCs into various parts of the
cochleae. Of BMSC-derived cells located in cochlear tissues,
57.448.0% were found in the SL (Fig. 1b—d) and 17.3+3.4%
were found in the SLB (Fig. 1b, e, p and s). In addition, cell
aggregates of transplants that were located in the perilym-
phatic space were adjacent to those located in the SL (Fig. 1c
and d). Within the SLB, the transplanted cells were located
in the medial region, which faced the SV (Fig. 1e, p and s).
BMSC-derived cells were also observed in other compart-
ments of the cochleae: the sensory epithelium (Fig. 1f and g),
the osseous spiral lamina (Fig. 1le and f) and the acoustic
nerve (Fig. 1h).

Before transplantation, 74.2+17.6% of the BMSCs ex-
pressed CD34 (Fig. 1i-k) and 3.5+2.0% were immunoreac-
tive for nestin (Fig. 11-n). No immunoreactivity for the other
markers used in this study was identified in the BMSCs
before transplantation. Two weeks after transplantation
into the cochleae, CD34-positive transplants were found
(Fig. 1p-1); however, the expression ratio for CD34 in the
BMSC-derived cells had significantly decreased to
7.3+8.3% (Fig. 1o, P=0.0003). Immunoreactivity for nestin
was still detected, but was significantly reduced to
0.9+0.8% (Fig. 1o, P=0.04). Cx26 expression was detected
in 471+2.7% of the BMSC-derived cells that had settled in
the cochleae (Fig. 1o, s~u). The difference in the ratio of Cx26
expression between before and after transplantation was
significant at P=0.02. By contrast, immunoreactivity for
E-cadherin and $-Il[-tubulin was not found in these cells.

Discussion

We hypothesized that BMSC transplantation could be
utilized in three different strategies for inner ear treatment,
restoration of missing cells, providing growth factors and
delivering genes. These findings demonstrate that BMSCs
can survive in various parts of the cochleae after injection
into the perilymphatic space of cochleae, indicating possible
use of BMSC transplantation for providing growth factors
in the cochlea. These results, however, demonstrated
significant decrease of the rate for CD34 expression in
BMSC-derived cells in cochleae in comparison with that
in BMSCs before transplantation, indicating maturation
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Fig. 1 Distribution of engrafted bone-marrow stromal cells in the cochlea and the expression of cell markers before and after transplantation, Trans-
planted cells expressing green fluorescent protein (GFP) were observed from the base to the apex of the cochleae, and were mainly located in the scala
tympani (§T) and the scala vestibuli (SV) (a). Among the cochlear compartments, the transplanted cells were most frequently found in the ST (analysis of
variance with the Scheffes test, *P <0.05 in b) and in cochlear tissue (CT), the spiral ligament (SL) is the site in which transplanted cells were most
frequently observed (b). Some of the transplanted cells in the ST (arrow in ¢) or the SV (arrow in d) were located adjacent to the SL (indicated by the
dotted lines in ¢, d) in which transplanted cells were found. Transplanted cells were also observed in the spiral limb (SLB) (e, p, s), the osseous spiral lamina
(OSL) (arrow in e, f), the sensory epithelium (SE) (asterisk in f, g), the connective tissue beneath the SE (arrows in g) and the acoustic nerve (AN) (arrow
in h). Before transplantation, the BMSCs expressed CD34 (i-k) and a few were positive for nestin expression (I-n). The ratio of CD34 or nestin expres-
sion was significantly reduced after transplantation (unpaired t-test, *P < 0.05 in 0), and that of connexin26é (Cx26) expression was significantly increased
after transplantation (o, the y-axis on the right side shows percentage for the CD34 ratio and the left for the ratio of nestin or Cx26). The transplanted
cells that settled in the SV exhibited the expression of CD34 (arrows in p—r), and those in the SLB showed Cx26 expression (arrow in s—u). The scale bars
represent 50 um. Bars in b and o show standard deviations.
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of BMSCs after transplantation. It is unclear whether BMSC-
derived cells in the cochlea preserve the capability for
secretion of growth factors displayed by BMSCs before
transplantation [8]. Therefore, the potential of BMSC-
derived cells in the cochlea for the secretion of growth
factors should be examined to determine the ability of
application of growth factors in the cochlea by BMSC
transplantation.

Previously, we have demonstrated the delivery of a
secreting protein to the inner ear by transplanting geneti-
cally manipulated fibroblasts without using virus vectors
[71. The fibroblasts were, however, distributed throughout
the perilymphatic space of the cochlea and not within the
cochlear tissues. These findings demonstrate the settlement
of BMSC-derived cells within the cochlear tissues, particu-
larly within the SL and SLB, after transplantation into the
perilymphatic space of cochleae, suggesting the potential of
BMSCs for migration into the SL and the SLB. These
observed trends in the sites for BMSC migration indicate
that the cells are suitable candidates for delivering genes in
these regions, because delivery of cochlear constructive
proteins may be required for the settlement of genetically
manipulated cells in the regions in which encoded proteins
should be expressed.

The gap junction network in the SL and the SLB has been
suggested to play a crucial role in the maintenance of the
endocochlear potential, which is necessary for hearing
[13,14]. Our data demonstrate that some of the BMSC-
derived cells that settled in the cochleae expressed Cx26,
indicating the possible use of BMSC transplantation for
restoration of the gap junction network in the cochlear
connective tissues. The number of BMSC-derived cells
expressing Cx26, however, may not be sufficient for the
restoration of the gap-junction network. We should develop
further strategies for increasing the number of BMSC-
derived cells that settle within these regions to realize
cochlear functional recovery by BMSC transplantation.

Immunohistochemical analyses in this study demon-
strated no transdifferentiation of BMSCs into the neural or
epithelial lineage after transplantation into the cochleae.
In contrast to these findings, previous studies have demon-
strated that BMSCs can differentiate into various types of
cells including a neural lineage [15,16]. Naito et al. [17] have
reported a differentiation of BMSCs into neurons after
transplantation into the modiolus of chinchilla cochleae that
had been damaged by aminoglycosides; however, the
number of BMSC-derived cells expressing a neural marker
is very limited. In this study, we identified the expression of
nestin in BMSCs before and after transplantation, although
the number is very limited. We therefore consider that
neural induction of BMSCs and selection of neural
progenitors from BMSC-derived cells before transplantation
might be necessary to achieve the restoration of cochlear
neurons through the transplantation of BMSCs.

Conclusion

In summary, our current findings demonstrate that BMSCs
have the capability to survive in the cochlea and migrate into
the cochlear tissues, which indicates possible use of BMSC
transplantation as a strategy for the treatment of SNHL.

Further studies are, however, necessary to realize the practical
use of BMSC transplantation for the treatment of inner ears.
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ABSTRACT

When the ear is exposed to traumatic loud noise, outer hair cells (OHCs) are damaged and thus
permanent hearing loss occurs. Recently, prior conditioning with heat stress has been reported
to protect OHCs from traumatic noise exposure by increasing the stiffness of the OHC soma and
has also been reported to enhance distortion product otoacoustic emissions [DPOAEs;
Murakoshi, M., Yoshida, N., Kitsunai, Y., lida, K., Kumano, S., Suzuki, T., Kobayashi, T., Wada,
H., 2006, Effects of heat stress on Young's modulus of outer hair cells in mice. Brain Res, 1107,
121-130]. In the present study, to further investigate the heat stress-induced protective
mechanism of hearing and such stress-induced DPOAE enhancement mechanism, the amount
of filamentous actin (F-actin), which is concerned with cell stiffness, and the amount of prestin,
which is concerned with the generation of DPOAESs, were examined in OHCs, with and without
heat stress. Heat stress was found to increase the amount of F-actin 6-24 h after heat stress. The
greatest increase in the amount of F-actin was observed at the cuticular plate where F-actin
anchors the roots of the stereocilia to the cell body. Based on this result, the part of the stereocilia
most reinforced and protected by heat stress was concluded to be the roots of the stereocilia. In
contrast with F-actin, heat stress did not affect the amount of prestin.

© 2007 Elsevier B.V. All rights reserved.

1. Introduction

which enables the high sensitivity, wide dynamic range and
sharp frequency selectivity of hearing in mammals.

Outer hair cells (OHCs), located on the basilar membrane as a
part of the organ of Corti in the cochlea, can change their
length in response to changes in membrane potential, which
is known as electromotility (Ashmore, 1987; Brownell et al,,
1985; Kachar et al.,, 1986; Santos-Sacchi and Dilger, 1988). The
force generated by this electromotility of OHCs amplifies the
vibration of the basilar membrane, i.e., cochlear amplification,

E-mail address: wada@cc.mech.tohoku.ac.jp (H. Wada).

When the ear is exposed to intense and/or prolonged sound,
the organ of Corti and hair cells, especially the OHCs, are dam-
aged, resulting in a permanent threshold shift (PTS). Recently, it
has been reported that OHCs can be protected from traumatic
noise exposure by prior sublethal conditioning such as nontrau-
matic sound exposure, heat stress, ischemia and physical
restraint (Canlon et al.,, 1988; Yoshida et al,, 1999; Yoshida and

Abbreviations: CLSM, confocal laser scanning microscopy; DPOAE, distortion product otoacoustic emissions; ECL, enhanced
chemiluminescence; F-actin, filamentous actin; FITC, fluorescein isothiocyanate; HRP, horseradish peroxidase; HSP27, heat shock

protein 27; OHC, outer hair cell; PTS, permanent threshold shift
! These authors contributed equally to this work.

0006-8993/$ -~ see front matter © 2007 Elsevier B.V. All rights reserved.
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Fig. 1 - Fluorescence micrographs of the organ of Corti labeled with rhodamine-phalloidin in the normal mouse cochlea.
The stereocilia, cuticular plate and lateral wall of the OHC were defined by referring to the OHC indicated by arrows.
(A) Stereocilia (2 pm above the cuticular plate). (B) Cuticular plate. (C) Lateral wall (3 pm below the cuticular plate). Scale bars

represent 10 pm.

Liberman, 2000; Wang and Liberman, 2002; Welch, 1992). Yoshida
et al. (1999) reported that heat-stressed mice showed a reduction
of PTS caused by subsequent intense sound exposure.
Although the mechanism of this protective effect remains
unclear, one possibility is that modification of the OHC
stiffness reduces the damage induced by traumatic exposure.
Recently, heat stress has been found to increase the amount of

filamentous actin (F-actin) in the OHC lateral wall with a
consequent increase in wall stiffness (Murakoshi et al., 2006).
Due to this increase in stiffness, intense noise causes less
strain in OHCs, resulting in prevention of cell destruction.
However, to clarify the mechanism of heat stress-related
hearing protection, investigation of only OHC lateral wall
modification is insufficient because in many cases, noise-induced

Fig. 2 - Fluorescence micrograph of the organ of Corti labeled with anti-prestin (C-16) primary antibody and FITGC conjugated
secondary antibody in the normal mouse cochlea. Because the surface of the organ of Corti is undulant, the z position
of the cuticular plate differed from OHC to OHC. This micrograph was obtained at 2 pm below the cuticular plate of the OHCs

which were indicated by arrows. Scale bar represents 10 pm.
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hearing loss occurs due to the destruction of the roots of the OHC
stereocilia (Liberman, 1987; Liberman and Beil, 1979), which are
one of the most important structures for OHC function and the
most mechanically vulnerable to sound exposure. However, the
structural changes of the stereocilia and cuticular plate in which
the stereocilia are anchored remain unclear.

Enhancement of distortion product otoacoustic emissions
(DPOAES), which reflects the activity of OHC electromotility,
after heat stress was also observed by Murakoshi et al. (2006).

These findings indicate the possibility that the amount of
prestin increases after heat stress because prestin is a
generator of the OHC electromotility and its expression has
been reported to be concerned with the production of DPOAEs
(Huang et al,, 2005; Liberman et al., 2002; Zhu et al.,, 2006);
however, it is unknown whether the amount of prestin
increases after heat stress.

In the present study, therefore, animals were heat stressed
by a previously proposed protocol, ie, 15-min whole-body
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Fig. 3 - Intensity of F-actin labeling in the control group (n=25) and anesthesia only groups with 3-h (n=8), 12-h (n=7),

24-h (n=8) and 48-h (n=7) intervals. (A) Stereocilia. (B) Cuticular plate. (C) Lateral wall, In the left panels, each dot represents the
normalized average intensity of F-actin labeling obtained from 16 OHCs in each organ of Corti. In the right panels, each bar
represents the mean of the normalized average intensity of F-actin labeling. Asterisks indicate statistically significant
differences between the control group and anesthesia only groups (P<0.05, Student’s t-test).
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heat stress (Yoshida et al,, 1999), and heat stress-induced
changes in the amount of F-actin, prestin and heat shock
protein 27 (HSP27), which is a factor affecting the formation of
F-actin, were investigated. The amount of F-actin was mea-
sured at several positions of OHCs, i.e., the stereocilia, cuticular
plate and lateral wall of OHCs by confocal laser scanning
microscopy (CLSM). The amount of prestin was investigated at
the OHC lateral wall by CLSM. The amount of HSP27 within the
cochlea was examined by Western blotting.

2. Results

2.1,  Distribution of F-actin and prestin in the mouse OHCs

Fig. 1 shows fluorescence micrographs of the organ of Corti
labeled with rhodamine-phalloidin in the normal mouse
cochlea. The stereocilia, cuticular plate and lateral wall of
the OHC, which were defined by referring to the OHC indicated
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Fig. 4 - Intensity of F-actin labeling in the control group (n=25) and anesthesia +heat groups with 3-h (n=10), 6-h {n=19),
12-h (n=6), 24-h (n=10), 48-h (n=10) and 96-h (n=8) intervals. (A) Stereocilia. (B) Cuticular plate. (C) Lateral wall. In the left panels,
each dot represents the normalized average intensity of F-actin labeling obtained from 16 OHCs in each organ of Corti.

In the right panels, each bar represents the mean of the normalized average intensity of F-actin labeling. Asterisks indicate
statistically significant differences between the control group and anesthesia+heat groups (P<0.05, Student’s t-test).
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Fig. 5 - Intensity of prestin labeling in the control group (n=18) and anesthesia +heat groups with 6-h (n=10), 24-h (n=11)
and 48-h (n=10) intervals. In the left panel, each dot represents the normalized average intensity of prestin labeling obtained
from 9 OHCs in each organ of Corti. In the right panel, each bar represents the mean of the normalized average intensity of

prestin labeling.

by arrows, are shown in Figs. 1A-C, respectively. As shown in
these figures, rhodamine-phalloidin labeled the V-shaped
stereocilia, cuticular plate and circumferential-ringed lateral
wall of OHCs, indicating that F-actin is distributed at these
positions.

Fig. 2 shows a fluorescence micrograph of the organ of

Corti labeled with anti-prestin primary antibody and FITC
conjugated secondary antibody. This micrograph was ob-
tained at 2 pm below the cuticular plate of the OHCs
indicated by arrows. The annular patterns can be clearly
seen, indicating that prestin exists on the lateral plasma
membrane of OHCs.
2.2.  Changes in the amount of F-actin after anesthetization
Fig. 3 shows the intensity of F-actin labeling after anesthetiza-
tion. The left panels show the normalized average intensities of
F-actin labeling in the control and anesthesia only groups
obtained at the stereocilia, cuticular plate and lateral wall,
respectively. Dots represent the normalized average intensities
in each organ of Corti. The right panels show the mean and
standard deviation of the corresponding left panels.

As shown by the right panel of Fig. 3A, the mean of the
normalized average intensities at the stereocilia increased 1.58-,
1.18-, 1.51- and 1.25-fold by 3 h, 12 h, 24 h and 48 h after
anesthetization, respectively. Statistical analysis indicated
significant differences between the control group and anesthe-
sia only groups with 3-h, 24-h and 48-h intervals (P<0.05 by
Student’s t-test).

As shown by the right panel of Fig. 3B, the mean of the
normalized average intensities at the cuticular plate increased
1.51-, 1.12-, 1.38- and 1.16-fold by 3 h, 12 h, 24 h and 48 h after
anesthetization, respectively. Statistical analysis indicated a
significant difference between the control group and anesthesia
only group with a 3-h interval (P<0.05 by Student’s t-test).

As shown by the right panel of Fig. 3C, the mean of the
normalized average intensities at the lateral wall increased 1.58-,
1.23-, 1.48- and 1.37-fold by 3 h, 12 h, 24 h and 48 h after

anesthetization, respectively. Statistical analysis indicated sig-
nificant differences between the control group and anesthesia
only groups with all intervals (P<0.05 by Student’s t-test).

2.3. Changes in the amount of F-actin after heat stress
Fig. 4 shows the intensity of F-actin labeling after heat stress. The
left panels show the normalized average intensities of F-actin
labeling in the control and anesthesia+heat groups measured at
the stereocilia, cuticular plate and lateral wall, respectively. The

right panels show the mean and standard deviation of the
corresponding left panels.
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Fig. 6 - HSP27 expression within the cochlea in the control
group and anesthesia + heat group with a 6-h interval. (A) An
example of Western blotting. Bands were visible at around
27 kDa. (B) The mean of the normalized intensity of the HSP27
band in the control group (n=14) and the anesthesia+heat
group with a 6-h interval (n=14). The asterisk indicates a
statistically significant difference between the control group
and anesthesia + heat group (P<0.05, Student’s t-test).
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As shown by the right panel of Fig. 4A, the mean of the
normalized average intensities at the stereocilia increased
1.49-, 1.50-, 1.90- and 2.10-fold by 3 h, 6 h, 12 h and 24 h after
heat stress, respectively, and then decreased and returned to
the control level by 48-96 h after heat stress. Significant
differences were found between the control group and
anesthesia+heat groups with 3-h, 6-h, 12-h and 24-h intervals
(P<0.05 by Student’s t-test).

As shown by the right panel of Fig. 4B, the mean of the
normalized average intensities at the cuticular plate increased
1.72-, 2.32-, 2.40- and 2.53-fold by 3 h, 6 h, 12 h and 24 h after
heat stress, respectively, and then returned to the control level
by 96 h after heat stress. Statistical analysis indicated
significant differences between the control group and anes-
thesia+heat groups with 6-h, 12-h, 24-h and 48-h intervals
{P<0.05 by Student’s t-test).

As shown by the right panel of Fig. 4C, the mean of the
normalized average intensities at the lateral wall increased
1.33-, 1.31-, 1.62- and 1.75-fold by 3 h, 6 h, 12 h and 24 h after
heat stress, respectively, and then returned to the control level
by 48-96 h after heat stress. Significant differences were found
between the control group and anesthesia+heat groups with
3-h, 6-h, 12-h and 24-h intervals (P<0.05 by Student’s t-test).

2.4, Changes in the amount of prestin after heat stress

The left panel of Fig. 5 shows the normalized average intensity
of prestin labeling in the control and anesthesia+heat groups.
The mean and standard deviation of the left panel of Fig. 5 are
shown in the right panel of this figure. Significant differences
were not found between the control and anesthesia+heat
groups with any intervals (P>0.05 by Student’s t-test).

2.5. Changes in the amount of HSP27 after heat stress

Fig. 6A shows an example of the result of HSP27 expression
within the cochlea examined by Western blotting. In the present
study, we used anti-HSP25 antibody to detect HSP27 in the mouse
cochlear sample since anit-HSP25 antibody would combine with
both HSP27 and HSP25 on a nitrocellulose membrane (see Section
4.4.2). Because the molecular weight of HSP25 and HSP27 is 25 kDa
and 27 kDa, respectively, the bands would theoretically be visible
at those positions. However, as shown in Fig. 6A, a band is visible
at only around 27 kDa and there is no band at around 25 kDa.
Therefore, the expression level of HSP25 is low; rather, HSP27 is
dominantly expressed in the mouse cochlea.

Fig. 6B shows the mean and standard deviation of the
normalized intensity of the HSP27 band. The intensity of this
band increased 1.53-fold by 6 h after heat stress. A significant
difference was found between the control and anesthesia+heat
group (P<0.05 by Student’s t-test).

3. Discussion
3.1 Effects of anesthetization on the amount of F-actin
The anesthetic drugs, ketamine and xylazine, used in this

study have been reported to induce physical stress (Lei et al.,
2001; Oren et al., 1987). Because various kinds of physical and

psychological stress, such as ischemia and physical restraint,
have been reported to have protective effects against trau-
matic exposure (Canlon et al, 1988; Yoshida et al., 1999;
Yoshida and Liberman, 2000; Wang and Liberman, 2002;
Welch, 1992), any stress can possibly modulate OHCs to
reduce the damage they suffer due to traumatic exposure.
Thus, it is necessary to investigate the effects of anesthetiza-
tion on the amount of F-actin of OHCs before the effect of heat
stress on it can be examined.

As shown by the right panels of Figs. 3A-C, the amount of F-
actin in the stereocilia, cuticular plate and lateral wall increased
after anesthetization. Thus, the effect of anesthesia on the
amount of F-actin is not negligible. In contrast to F-actin, the
amount of prestin did not change after heat stress with
anesthetization (Fig. 5). Therefore, it is not necessary to investi-
gate the amount of prestin after the treatment of anesthetization.

3.2. Effect of heat stress on the amount of F-actin

3.2.1. Heat stress-induced increase in the amount of F-actin
As shown by the left panels of Figs. 4A-C, interanimal variability
of the increase in F-actin induced by heat stress was greater
than that induced by anesthesia (Figs. 3A-C), indicating that in
the anesthesia+heat groups, F-actin in some animals greatly
increased due to heat stress, while in others, it was hardly
affected by heat stress. Because there were animals which were
hardly affected by heat stress, the mean value of the normalized
average intensity of F-actin labeling in the anesthesia+heat
groups was thought to be underestimated (Fig. 4, right panels).
Hence, when comparing the effect of heat stress with that of
anesthetization on the amount of F-actin, comparison of their
mean values would cause an error. Therefore, we focused on the
individual data shown in the left panels of Figs. 3 and 4 rather
than on the mean values shown in the right panels. In the
animals which were greatly affected by heat stress, the increase
in the amount of F-actin was greater than the anesthesia-
induced increase in F-actin. Based on these results, in the
presentstudy, it can be said that the increase in the amount of F-
actin in the stereocilia, cuticular plate and lateral wall tended to
be induced by heat stress rather than by anesthesia, although it
depended on the animals.

3.2.2.  Mechanism of an increase in the amount of F-actin after
heat stress

In our previous study, only the effects of heat stress on F-actin
at the lateral wall of OHCs were examined (Murakoshi et al,,
2006). In the present study, we measured changes in the
amount of F-actin at the stereocilia and the cuticular plate as
well as at the lateral wall after heat stress because the
stereocilia and cuticular plate are of great importance in the
realization of OHC function, i.e., electromotility. As shown in
Figs. 4A-C, the amount of F-actin increased at all measured
positions of OHCs 6-24 h after heat stress and returned to the
control level 48-96 h after such stress.

From this result, there is a possibility that some proteins
responsible for the increase in the amount of F-actin were
upregulated in OHCs due to heat stress. One possibility is
HSP27 because it has been reported to be involved in actin
formational activity (Lavoie et al., 1993} and its expression level
has been reported to increase after whole-body heat stress (Leger
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et al., 2000). Therefore, to investigate the mechanism responsible
for the increase in the amount of F-actin after heat stress, change
in the amount of HSP27 due to such stress was examined by
Western blotting. As shown in Fig. 6B, the amount of HSP27
increased 1.53-fold by 6 h after heat stress. This increase may
induce actin polymerization, resulting in the increase in the
amount of F-actin, Other than HSP27, Rho protein family GTPases
have also been reported to contribute to the increase in the
amount of F-actin (Schwartz, 2004). Their activities may also
induce the increase in F-actin after heat stress.

In a previous study, it was reported that actin filaments of
the mature stereocilia are continuously being turned over and
that the entire core of the stereocilium is renewed every 48 h
(Schneider et al., 2002). The time course of this 48-h renewal
process of the stereocilia is consistent with that of the heat
stress-induced change in the amount of F-actin in OHCs
reported in the present study. This congruence of time courses
implies that the increase in the amount of F-actinbegunby 3 h
after heat stress at the stereocilia, possibly induced by
regulation of HSP in OHCs, was regulated to return to the
control level by 48 h after stress due to this turnover process.
However, the exact mechanism of heat stress-induced
changes in the amount of F-actin is still controversial.

Although the amount of F-actin increased at all measured
positions of OHCs after heat stress, the levels of such increase
at the stereocilia and the cuticular plate were greater than that
at the lateral wall. The greatest increase in the amount of F-
actin was observed at the cuticular plate; thatis, the amount of
F-actin increased 2.32-, 2.40- and 2.53-foldby6h,12hand 24 h
after heat stress, respectively (Fig. 4B). The mechanisms that
resulted in these different degrees of increase from position to
position in this study are unclear. It is speculated that this
phenomenon may be concerned with the relationship between
F-actin formation and endocytotic activity as the formation of
the actin filament has been reported to require such activity
(Gottlieb et al,, 1993). Additionally, Griesinger et al. (2004)
reported that endocytosis of OHCs was the most prominent at
the cuticular plate. Based on these reports, because of the
active endocytosis at the cuticular plate, the formation of actin
filaments may be accelerated at the cuticular plate after heat
stress, resulting in the great increase in the amount of F-actin
there. The distribution of the actin isoform was reported to
differ from position to position in OHCs. Furness et al. (2005)
demonstrated that 3- and y-actin colocalized at the stereocilia
and cuticular plate while only y-actin existed at the lateral
wall, and that the rootlet was mainly composed of p-actin.
Although it is unclear if F-actin formation activity differs
between p-actin and «y-actin, the possibility that these
differences may be concerned with the different levels of
increase of F-actin in OHCs cannot be ruled out.

3.2.3. Protective effects of heat stress on hearing

F-actin has been reported to contribute to the stiffness of the
cells. As reported by An et al. (2002) and Laurent et al. (2003), the
stiffness of the cells increased when the amount of F-actin
increased while it decreased when the amount of F-actin
decreased. Those reports thus indicate that the increase in the
amount of F-actininduced an increase in cell stiffness. Hence, in
the present study, the stereocilia, cuticular plate and lateral wall
of OHCs were thought to be stiffened by heat stress. According to
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the protective mechanism of heat stress that we previously
proposed (Murakoshi et al,, 2006}, mammalian OHCs would
experience less strain when they are exposed to loud noise due
to increased stiffness of their lateral wall, resulting in protection
of hearing from traumatic noise exposure. Based on this
mechanism, the increased stiffness of the stereocilia and
cuticular plate also probably contribute to this protective effect.

Actin filament in the cuticular plate tightly anchors the
roots of the stereocilia to the cell body. The roots of the
stereocilia are very vulnerable and the stereocilia are at a risk
of being broken off from their roots (Liberman, 1987). This
vulnerability of the roots of the stereocilia can be explained by
considering a simple equivalent mechanical model in which a
stereocilium is expressed as a homogeneous cylindrical
cantilever beam which is fixed at the cuticular plate, as
shown in Fig. 7. When the top of the stereocilium is subjected
to shear force from the tectorial membrane, Frectorial membrane,
the stereocilium bends, as shown by the dashed line in Fig. 7.
The bending stress, ¢, is given by

U:MX:F(l—x)y

where M is the bending moment, | is the length of the
stereocilium, x is the distance from the cuticular plate, y is the
perpendicular distance from the neutral axis, i.e., the x axis,
and I is the moment of inertia of the cross-sectional area of the
stereocilium, which is given by

nd?

=%

(2)
where d is the diameter of the stereocilium. Derived from Egs. (1)
and (2), the bending stress becomes the greatest at x=0 and
y=+d/2, i.e., at the circumference of the root of the stereocilium.
Therefore, when animals are overexposed to intense noise, the
damage to the stereocilia is the greatest at their roots and they
may break off from their roots. Based on these considerations, it
is reasonable to conclude that the phenomenon of the increased
amount of F-actin being the greatest at the cuticular plate
protects the roots of the stereocilia and thus maintains the
normal function of OHCs following traumatic noise exposure.
The left panels of Figs. 4A-C indicate that F-actin in some
animals greatly increased due to heat stress while F-actin in
others was hardly affected by heat stress. However, most heat-
stressed animals showed a reduction of PTS after heat stress
(Yoshida et al., 1999). This incongruity suggests that there may
be factors other than F-actin which increase the stiffness of
OHCs and also suggests the presence of factors which prevent
OHC apoptosis, oxidative stress, etc., induced by traumatic
exposure other than the above-mentioned increase in the
stiffness of OHCs.
3.3. Effects of heat stress on the amount of prestin
In previous studies, the changes in the amount of prestin in
OHCs after certain treatments have been examined. Weber etal.
(2002) reported that the expression level of prestin was
decreased by the administration of an antithyroid drug. On the
other hand, Zhu et al. (2006) reported that its expression level
was increased by the administration of salicylate. Chen (2006)
also reported that prestin gene expression was increased by
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Fig. 7 - Mechanical model of the stereocilium. The
stereocilium is expressed as a cantileverbeam linlength and d
in diameter, which is fixed at the cuticular plate. When the
shear force, Frectorial membrane, D€tween the tectorial membrane
and reticular lamina is applied to the top of the stereocilium,
the stereocilium bends as shown by the dashed line. Bending
stress then occurs in the stereocilium, which is dependent on
the distance, x, from the cuticular plate and the perpendicular
distance, y, from the neutral axis, i.e., the x axis. The bending
stress becomes the largest at x=0 and y=xd/2, i.e., at the
circumference of the root of the stereocilium.

traumatic noise exposure. These findings indicate that the
expression level of prestin may possibly be altered by external
treatment.

In our previous study, DPOAE amplitude was found to be
enhanced with statistical significance after heat stress
(Murakoshi et al., 2006). DPOAE amplitude has been reported
to be concerned with the amount of prestin. In a report on
prestin knockout mice, DPOAE thresholds of homozygous
mice (~/-), which did not express the prestin gene and protein,
were higher than those of wild type mice (Liberman et al,
2002). In addition, 2-week administration of salicylate in
guinea pigs has been reported to enhance DPOAE amplitude
(Huang et al.,, 2005) as well as to enhance prestin mRNA
expression (Zhu et al., 2006), suggesting that the high level
expression of prestin induced by salicylate results in the
enhancement of DPOAE amplitude. These results indicate that
there is a possibility that the amount of prestin in OHCs
increases after heat stress. However, in the present study, we
found that the amount of prestin did not change after heat
stress, Thus, the DPOAE enhancement demonstrated in our
previous study is thought to be induced by a prestin-
independent pathway. Instead, this enhancement is induced
by the increase in OHC stiffness, as reported in our previous
study (Murakoshi et al., 2006).

4, Experimental procedures

4.1.  Experimental groups and design

The care and use of the animals in this study were approved
by the Institutional Animal Care and Use Committee of
Tohoku University, Sendai, Japan.

CBA/JNCrj strain male mice, aged 10-12 weeks (25-30 g),
were used. Both left and right cochleae were used as samples,

thatis, two samples could be extracted from one experimental
animal. Sample number, n, represents the number of cochleae
examined. As shown in Fig. 8, animals were divided into three
groups, i.e., a control group, an anesthesia only group and an
anesthesia+heat group. Animals in the control group, which
were used to clarify the normal amount of F-actin (n=25),
prestin (n=18) and HSP27 (n=14) in OHCs of 10- to 12-week-old
CBA/JNCrj mice, were not exposed to any stress. In the
anesthesia only group, the animals were anesthetized 3 h
(n=8), 12 h (n=7), 24 h (n=8) and 48 h (n=7) before F-actin
labeling and CLSM observation. This group was established to
differentiate the effects of heat stress on the amount of F-actin
from those of anesthesia. The anesthesia+heat group con-
sisted of three subgroups, that is, the animals for F-actin
investigation, those for prestin investigation and those for
HSP27 investigation. In the first group, animals were anes-
thetized and heat stressed 3 h (n=10), 6 h (n=19), 12 h (n=6),
24 h (n=10), 48 h (n=10) and 96 h (n=_8) before F-actin labeling
and CLSM observation. In the second group, animals were
anesthetized and heat stressed 6 h (n=10),24 h (n=11)and 48 h
(n=10) before prestin labeling and CLSM observation. In the
third group, animals were anesthetized and heat stressed 6 h
{n=14) before Westemn blotting.

4.2, Anesthesia and heat stress

4.2.1.  Anesthesia only

Animals were anesthetized with ketamine (60 mg/kg, i.p)) and
xylazine (6 mg/kg, i.p.). After injection, they were placed on a
heating pad maintained at 37 °C and were left on the pad
before they fully recovered from the anesthesia (approximate-
ly 1 h). The rectal temperature of dormant animals was
monitored by using a rectal thermometer and maintained at
36-37 °C. After recovery from anesthesia, the animals were
returned to the animal care facility.

4.2.2. Anesthesia+heat stress

The animals were heat stressed as described previously
(Yoshida et al, 1999; Murakoshi et al, 2006). They were
anesthetized with ketamine (60 mg/kg, i.p.) and xylazine
(6 mg/kg, i.p.). Once they were deeply anesthetized (approx-
imately 10 min later), they were placed in an aluminum boat
floating in a hot water bath maintained at 47.5 °C. To avoid
direct effects of heat from the bottom of the boat, the animal’s
head was placed on a gauze pad. The rectal temperature was
controlled so as to rise at an average rate of 0.6 °C/min. After it
reached 41.5 °C, it was maintained at that temperature for
15 min. The animals were then transferred from the boat to
the heating pad to fully recover from the anesthesia before
being returned to the animal care facility.

4.3.  Protein expression analysis by CLSM

4.3.1.  Cell preparation

4.3.1.1. Cochlear extraction and fixation. Animals were anes-
thetized with diethylether and subsequently decapitated. Both
left and right bullae were immediately removed and transferred
to Petri dishes containing tissue culture medium (Leibovitz’s
L-15, Invitrogen, Carlsbad, CA) and the cochleae were then
exposed with tweezers. Under a dissection microscope, 4%
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Fig. 8 —~ Experimental design. Experimental mice were
divided into three groups, i.e., a control group, an anesthesia
only group and an anesthesia +heat group. There were three
subgroups of mice in the control group, i.e., the animals for
F-actin investigation (n=25), those for prestin investigation
(n=18) and those for HSP27 investigation (n=14). Their
F-actin, prestin and HSP27 were observed without exposure
to any stress. Mice in the anesthesia only groups were
anesthetized 3 h (n=8),12h (n=7),24 h (n=8) and 48 h (n=7)
before F-actin observation. There were three subgroups of
mice in the anesthesia + heat groups, i.e., the animals for
F-actin investigation, those for prestin investigation and
those for HSP27 investigation. In the first group, animals
were anesthetized and heat strtessed 3 h (n=10), 6 h (n=19),
12 h (n=6), 24 h (n=10), 48 h (n=10) and 96 h (n=8) before
F-actin labeling and CLSM observation. In the second group,
animals were anesthetized and heat stressed 6 h (n=10),24h
(n=11) and 48 h (n=10) before prestin labeling and CLSM
observation. In the third group, animals were anesthetized
and heat stressed 6 h (n=14) before Western blotting.

paraformaldehyde in 0.1 M phosphate buffer adjusted to pH 7.4
(Wako, Osaka, Japan) was gently perfused into the cochlea
through the round window with a fine pipette. Since the fixative
penetrates the cochlear duct in accordance with concentration
gradient, no exit hole was made in this study. The entire
cochleae were then immersed in the same fixative for 1 h.

For comparison between the control group and anesthesia+
heat groups, and between the control group and anesthesia
only groups, the specimens of all groups should be prepared
under the same conditions. For this reason, some specimens of
the control group and the anesthesia+heat groups, and some
specimens of the control group and anesthesia only groups
were simultaneously prepared in an experimental chamber by
the same experimenter. In addition, the experimenter was
blind to the groups to which the specimens belonged until all
data acquisition had been completed.

4.3.1.2. F-actin labeling.  After the cochlea had been fixed for
1h, it was dissected and the apical turn of the organ of Corti was
removed and kept in the same fixative for 30 min. The
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specimens were immersed in 0.5% Triton X-100 (ICN Biomedi-
cals, Irvine, CA) for 30 min, washed with PBS, immersed in Block
Ace (Dainippon pharmaceutical, Osaka, Japan) for 1 h and rinsed
in PBS. The specimens were then stained with 0.3 uM rhoda-
mine-phalloidin (Sigma-Aldrich, St. Louis, MO) for 3 h. These
procedures were performed at room temperature,

4.3.1.3. Prestin labeling.  After 1-h fixation, the cochleae were
washed in 10 uM glycine in PBS four times and dehydrated
through a graded series of ethanol concentrations (30%, 50%,
70% and 100%) each for 15 min. The cochleae were dissected in
100% ethanol and the modiolus was exposed. The specimens
were then immersed in 0.5% Triton X-100. The apical turn of the
organ of Corti was then removed from the modiolus in this
detergent and kept there for 30 min. Nonspecific background
staining was blocked by incubation in blocking solution (5%
donkey serum in Block Ace) for 2 h. The specimens were then
incubated in 4 pg/ml of goat anti-prestin (C-16) antibody (Santa
Cruz Biotechnology, Santa Cruz, CA} in the blocking solution for
12 h at4 °C. After the specimens had been rinsed with PBS three
times, they were incubated in 4 pg/ml of fluorescein isothio-
cyanate (FITC) conjugated donkey anti-goat 1gG (Santa Cruz
Biotechnology) dissolved in 5% donkey serum in PBS for 2 h at
room temperature. To determine the position of an OHC,
270 nM rhodamine-phalloidin was also used to stain F-actinin
the specimens. These procedures were performed at room
temperature.

432. CLSM

4.3.2.1. CLSM observation. The specimens were placed on
glass-bottomed dishes (MatTek, Ashland, MA) and immobi-
lized with coverslips (Matsunami, Osaka, Japan). They were
observed by CLSM (FV500, Olympus, Tokyo, Japan) with a 60x
oil immersion objective. Gain and sensitivity of photomulti-
plier, laser power, exposure time and other parameters were
set to be the same in every experiment.

Schemata of fluorescence micrograph acquisition for the
F-actin observation and prestin observation are shown in
Figs. 9A and B, respectively. Because fluorescence decay of FITC
is faster than that of rhodamine, the sample labeled with FITC
for prestin observation could not sustain as long an exposure
time as the sample labeled with rhodamine for F-actin
observation. Therefore, for prestin observation, 32-35 sheets of
serial fluorescence micrographs were obtained from the top of
the stereocilia to the bottom of the soma with intervals of 0.5 ym
along the z axis, over a period of 50 s. For F-actin observation, 80-
90 sheets of serial fluorescence micrographs were obtained from
the top of the stereocilia to the bottom of the soma with in-
tervals of 0.2 ym along the z axis, over a period of 500 s. Because
the specimens were observed under the same conditions, the
fluorescence of each substance decayed at the same speed.
Hence, although the fluorescence decay occurred while micro-
graphs were being acquired, the intensities in each group could
be compared.

4.3.2.2. Intensity analysis. In the fluorescence micrographs,
each pixel has an intensity value ranging from 0 (dark) to
4095 (light). For F-actin observation, circular analytic regions
(¢ 8 pm) were defined so that an OHC was located in each
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Fig. 9 - CLSM observation. (A} Acquisition of the fluorescence micrographs of the organ of Gorti for F-actin investigation.
Fluorescence micrographs were obtained from the top of the stereocilia to the bottom of the soma with intervals of 0.2 pm. In
the micrograph, each pixel has an intensity value ranging from 0 (dark) to 4095 (light). Circular analytic regions (¢ 8 pm) were
defined so that an OHC was located in the center of each region. (B) Acquisition of the fluorescence micrograph of the organ of
Corti for prestin investigation. Fluorescence micrographs were obtained from the top of the stereocilia to the bottom of the soma
with intervals of 0.5 pm. Rectangular analytic regions (22.35 x 9.60 pm) were defined so that 3 OHCs were located in each region.
(G, D) Definition of the position of the OHGC, i.e,, the stereocilia, cuticular plate and lateral wall. The position of OHCs was defined
using the intensity of F-actin labeling. The intensity of F-actin labeling obtained from the cuticular plate is greater than that
obtained from the stereocilia or lateral wall because the area occupied by the cuticular plate in the circular and rectangular
analytic regions is larger than that occupied by the stereocilia (V shape) or lateral wall (circumference). Thus, the position where
the greatest intensity of F-actin labeling was obtained was defined as the cuticular plate. The position 2 pm above and that
3 pm below the cuticular plate were referred to as the stereocilia and lateral wall, respectively. BM, basilar membrane; IHC,
inner hair cell; OHC, outer hair cell.

region. The summation of the intensity of rhodamine in each the difference in the length of the OHCs analyzed. For F-actin
pixel within a circular analytic region was defined as the observation and prestin observation, intensities of the OHC
intensity of F-actin labeling in the OHC (Fig. 9A). For prestin lateral wall were analyzed up to 3 pm and up to 7 pm below the
observation, rectangular analytic regions (22.35x9.60 um) cuticular plate, respectively. A larger region along the OHC
were defined so that 3 OHCs were located in each region. lateral wall was analyzed for prestin observation. As OHCs
The summation of the intensity of rhodamine and that of FITC curved with distance from the cuticular plate, if the circular
in each pixel within a rectangular analytic region was defined analytic region had been applied to prestin observation, the
as the intensity of F-actin labeling and prestin labeling in the 3 object OHC would have protruded from the analytic region or
OHCs, respectively (Fig. 9B). The difference in the analytic some OHCs adjacent to the object OHC would have been
regions between F-actin and prestin observations was due to involved in the analytic region. To reduce the measurement
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