Kapa et aL: Spiral Ligament Damage Model

|o5uoo

338



Kana €1 AL Spiral Ligament Damage Model

FIG. 4. Means of cell densities in the spiral ligament and types I-V p aplcal upper basal basal
fibrocyte areas following local saline or 3.NP application in the
apical, upper basal, and basal turns of cochleae. In the total area of A
the spiral ligament, significant and dose-dependent decreases of cell
densities are found in the apical, upper basal, and basal portions of 60 }
cochleae (A). In the type | fibrocyte area, no significant decrease is

(I

observed (B). Significant and dose-dependent loss of fibrocytes were o a0 b %'
found in types I (C), 1l (D), IV (B), and V (F) areas. Asterisks indicate 8 g g
significant differences 1o the control group at p<0.05 (ANOVA with o %
the Scheffe’s test). Bars represent standard errors. 20 | ? m
%
o & . g
both Cx26 and Na,K-ATPase a (Spicer and Schulte B
1991; Schulte and Steel 1994; Xia et al. 1999). T T r
— 0} % 1 :
Degeneration of the stria vascularis g_ ;'
; TR, s S5F0 1
Light microscopic examination of the HE-stained b g
samples revealed no significant degeneration of the
SV following saline, 1, or 3 mM 3-NP application 0

(Fig. 5A-C). Immunostaining for Na,K-ATPase o also G
demonstrated no alteration in its expression in the SV

among specimens treated with saline, 1, or 3 mM 3-NP st
(Fig. 51-K). In addition, the expression of Cx26 in the T
basal cell area of the SV in these specimens remained 8
similar to controls (Fig. 5E-G). The findings indicat- _a\
ing no significant damage in the SV following 1 or

3 mM 3-NP application were supported by a quanti-

tative assessment of the SV ratio showing no signifi-

cant differences in each portion of cochleae between D — '#j ”“ T

‘ T

these experimental groups (Fig. 6). The cochleae
injected with 5 or 10 mM $NP often exhibited the

atrophy of the SV (Fig. 5D). In the apical and mid-

basal tirns of the cochleae, a quantitative assessment 8_ 5} ; &
of the SV ratio demonstrated no significant decrease > é g !
= "

among the experimental groups, while in the basal

portion of the cochleae, significant decreases of the o

SV area were identified in both 5 and 10 mM 3-NP- = =T = [
i

Na,K-ATPase « and Cx26 was still observed in the SV o}

following 5 or 10 mM 3-NP application, their expres- 2
sion patterns were altered (Fig. 5H, L) in comparison 8.
>

—

treated cochleae (Fig. 6). Although the expression of = l W ”” B

with those in controls.

Degeneration of the organ of Corti L

Immunochistochemistry for myosin Vila and staining F Gt : I
with phalloidin in whole mounts of the organ of Corti [ "
demonstrated no significant loss of [HCs in cochleae 5r T

controls, 1, 3, 5, and 10 mM 3-NP treated cochleae. Hematoxylin
and eosin staining (A, C, E, G, 1) and immunostaining for Na,K-
ATPase a (B, D, F, H, ) show the loss of fibrocytes in the inferior 0
portion of cochleae with the loss of immunoreactivity for Na K- 4 2
ATPase a (arrows). The loss of immunoreactivity for Na, K-ATPase a in cells / 10" um

spiral ganglions in the apical and upper basal portions of cochleae control 1 mM &3mM 25mM m10 mM
(asterisks).

>
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FIG. 3. Low magnification images of mid-modiolar sections of S §
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FIG. 5. Expressions of connexin 26 and MNa K-ATPase a in the cochlear lateral wall following local saline or 3-NP application. HE staining
sections next 1o immunaostaining sections (A-D) demonstrate dose-dependent decreases of fibrocytes notably in the inferior portion of the spiral
ligament, and the atrophy of the stria vascularis in the specimen damaged by 5 mM 3-NP (D). Specimens damaged by 1 (F, ), 3 (G, K} or 5mM 3
NP (H, L) exhibit a decline in expressions of connexin 26 and Na,K-ATPase a in the inferior portion of the spiral ligament. Both expressions in the

a,K ATPase «a

stria vascularis are disarranged in the specimen damaged by 5 mM 3-NP (H, L

340



Kapa £T a: Spiral Ligament Damage Model

15 p
! % '

10 b, 8% 2 7 P’
27 2 7 &%
3 ? ‘¥ % 7 |
27 8 7 : ?

o5 L 87 : g ¥
z g 27 27
- . ; - ?

0.0 - = -
apical upper basal basal

contol ®1mM “3mM ®5mM B10mM

FIG. 6. Means of the SV ratios following local saline or 3-NP
application in the apical, upper basal, and basal turns of cochleae
Significant decreases in the SV ratio are found in the basal tum of
cochleae injected with 5 and 10 mM 3-NP (*p<0.05, ANOVA with
the Scheffe’s test).

injected with 1, 3, or 5 mM 3-NP (Fig. 7A-D). The
cochleae injected with 10 mM 3-NP exhibited severe
loss of IHCs in each portion of cochleae (Fig. 7D).
The cochleae injected with 5 or 10 mM of 3-NP
exhibited severe degeneration of OHCs in each tum
of cochleae (Fig. 7E). In cochlear specimens damaged
by 3 mM 3-NP, a significant loss of OHCs was observed

A control B

in the basal portion of cochleae (Fig. 7C, E), while in
the apical portion, OHCs were well maintained
(Fig. 7E). Local application of 1 mM 3-NP induced
no significant loss of OHCs (Fig. 7B, E).

Degeneration of the spiral ganglion

The cochleae injected with 1 mM 3-NP exhibited no
degeneration of SGNs in any of the wms of the
cochleae (Fig. 8A, B, G). In the animals injected with
3 mM 3-NP, degeneration of the SGN was not
observed in the basal portion of the cochleae
(Fig. 8D), while in the upper basal and apical
portions, severe degeneration of the SGN was found
(Fig. 8C, G). The cochleae damaged by 5 mM of 3-NP
exhibited severe degeneration in the apical and upper
basal portions (Fig. 8E, G), while SGNs in the basal
portion of cochleae were preserved (Fig. 8F). After
application of 10 mM of 3-NP, severe degeneration of
the SGN was observed in all the turns of the cochleae
(Fig. 8G). In contrast to patterns of degeneration in
the SL, the SV, and the organ of Corti, there was a
trend of increasing severity of SGN degeneration from
the base to the apex in the cochleae.
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AG. 7. Degeneration of the organ of Corti following local saline or
3-NP application. The control specimen treated with saline (A) shows
a single row of inner hair cells (IHC) and three rows of outer hair cells
(OHC) in the basal turn of the cochlea. In the basal tum of the cochlea
Injected with 1T mM 3-NP (B), IHC and OHC are well preserved, while
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severe OHC loss is found in the basal turn of the cochlea injected with
3 mM 3-NP (C). Means of remaining IHC are shown in (D), and those
of remaining OHC are in E. Asterisks indicate significant differences 1o
the control group at p<0.05 (ANOVA with the Scheffe’s test), Bars in
D, E represent standard errors.
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FIG. 8. Degeneration of the spiral ganglion neurons following local
saline or 3-NP application. Immunostaining for jill-tubulin (red) and
nuclear staining with DAP1 (bluel demonstrates no degeneration of
spiral ganglion neurons in the apical (A) or basal (B) turn in the
cochlea injected with 1 mM 3-NP. In the cochlea injected with 3 (C
D) and 5 mM 3-NP (E, F), severe degeneration of spiral ganglion

neurons is observed in the apical wm, while spiral ganglion neurons
in the basal turn are preserved. Means of the densities of spiral
ganglion neurons are shown in G. Asterisks indicate significant
differences to the control group at p<0.05 (ANOVA with the Scheffe's

test). Bars in G represent standard errors.
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DISCUSSION

The present study demonstrated that there was a
dose-dependent degeneration of the mouse cochlea
after a local application of 3-NP, which is an inhibitor
of succinate dehydrogenase and causes ATP deple-
tion. Local application of 5 or 10 mM 3-NP resulted in
extensive and severe degeneration of the cochleae
that led to severe functional loss, This indicated that
the animals injected with 5 or 10 mM 3-NP were not
suitable for experiments designed to develop an
injury model to assess therapeutic interventions for
the weatment of SL degeneration. In the animals
injected with 1 mM 3-NP, there were significant ABR
threshold shifts altmg with I\'l;‘;lll

ant reductions of
the EP. ”l.\{n!nglt'ﬁ.dl\., selective dl'gl:ll(‘raliull of the SL.
was found with this dose, which is preferable for an
anmimal model intended to investigate regeneration of
the SL fibrocytes. However, a significant elevation of
ABR thresholds was found only at 40 kHz, and the loss
of the EP was less than 20 mV, which would make it
difficult 1o show significant functional improvements by
new therapeutic interventions using this dose. The
application of 3 mM 3-NP induced moderate ABR
threshold shifts with an approximate 50% reduction of

the EP, making this model more suitable for inves
tigations designed to assess SL regeneration and moni-
tor functional recovery. However, the anir

ils injected
with 3 mM 3-NP exhibited not only SL degeneration
but also degeneration of the SGN and the organ of
Corti in particular regions of the cochlea. Therefore, if
complete regeneration of SL fibrocytes is achieved by
new therapeutic manipulations, ABR thresholds may
not recover completely. However, recovery of the EP
may be a useful measure of functional recovery

promoted by SL regeneration, and partial recovery of
ABR thresholds can be expected.

In the present study, a significant loss of SL
:s was found following local 3-NP application
in a dosedependent manner. The severity of SL
degeneration increased as a gradient from the apex
to the base of the cochlea. Significant decreases of

fibrocy

type I1-V fibrocytes were observed in a dose-dependent
manner, while no significant loss of type | fibrocytes
was found. Among type [I-V fibrocytes, type Il
fibrocytes are most vulnerable to 3-NP because
1 mM 3-NP application caused a significant loss of
fibrocytes in the apical portion only in the type Il
fibrocytes area (Fig. 4). It is well known that C56BL./6
mice have an age-related hearing loss beginning at a
very early age (Mikaelian et al. 1974). In parallel to
progress in hearing loss, a loss of SL fibrocytes
occurring in the type 1, II, and IV areas can be
observed as carly as 12 weeks of age in this strain
(Hequembourg and Liberman 2001). However, since
we used age-matched, sham-operated cochleae as the
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controls in the present study, age-related alterations in
cell densities of SL fibrocytes have been accounted for
and the remaining losses are attributed to toxicity. In
gerbils, age-related degeneration of the type 11 fibro-
cytes, which express Na,K-ATPase, is closely associated
with the reduction of the EP (Schulte and Schmiedt
1992; Spicer and Schulte 2002). Therefore, a signifi-
cant loss of type Il fibrocytes observed in the present
study may play a critcal role in significant reduction of
the EP.

Aging and noise are included in common causes
for SNHL, and both can induce SL degeneration.
In aged C57/BL6 mice, severe loss of SL fibrocytes
was found in the type I and IV areas rather than the
type Il area (Hequembourg and Liberman 2001). A
loss of type II fibrocytes due 1o aging is predominant
in the basal portion of the cochlea, which is similar to
the present findings. Acoustic overstimulation induces
the loss of SL fibrocytes in the type II and IV areas of
cochlear regions corresponding to frequencies that
show significant ABR threshold shifts in C57/BL6
mice (Hirose and Liberman 2003). The present
results also demonstrated severe degeneration of type
Il and IV fibrocytes following local 3-NP application.
These findings indicate the vulnerability of type II
and IV fibrocytes of C57/BL6 mice.

A FNP solution injected from the PSCC should
first reach the basal portion of the cochlea and then
spread to the apex. Hence, the concentration of 3-NP
in different regions of the cochlea should differ. The
concentration of 3-NP in the basal portion of cochleae
is expected to be higher than the apical portion. Type
Il fibrocytes have abundant mitochondria (Henson
and Henson 1988; Hirose and Liberman 2003),
indicating high energy demands of this cell type.
Therefore, more severe degeneration of type II
fibrocytes in the basal than apical portion of cochleae
observed at lower doses in the present study may
reflect a higher concentration. OHCs, on the other
hand, have a relatively low volume density of mito-
chondria and lack appreciable Na K-ATPase, suggest-
ing that OHCs may be resistant to 3-NP toxicity.
However, in this study, severe degeneration of OHCs
was found in the basal portion of the cochleae. One
possible explanation for OHC degeneration is sec-
ondary degeneration of OHCs due to disruption of
the gap junction networks in the cochlea. Degenera-
tion of SL fibrocytes by 3-NP resulis in the destruction
of connective tssue gap junction networks of the
fibrocytes in the lateral wall. Gap junctions are
responsible not only for anionic molecule permeabil-
ity but also for metabolic communications (Zhang et
al. 2005; Zhao 2005). Therefore, destruction of gap
junctions may cause metabolic disorders in OHCs
leading to OHC death. Actually, the disruption of the
epithelial gap junction network between supporting
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cells in the organ of Corti due 1 genetic disorders
results in secondary degeneration of OHCs (Cohen-
Salmon et al. 2002). In addition, even if the epithelial
gap junction network remains intact, OHCs could
suffer from acute potassium ion intoxication owing 1o
the loss of type Il fibrocytes.

In contrast to SL fibrocytes and OHCs, the severity
of SGN degeneration that was observed following the
3-NP application increased in a gradient from the
basal to the apical portion of the cochleae, although
the concentration of 3-NP in the apical portion of the
cochleae may be lower than that in the basal portion.
In the current study, HCs in the apical portion of the
cochleae were well preserved, indicating that the SGN
degencration in the apical portion was not caused by
depletion of the wophic supports from HCs. On the
other hand, several studies using the endolymphatic
hydrops model (Nadol et al. 1995; Bixenstine et al.
2008), which is a model for Méniére’s disease, and of
age-related pathological changes in the cochlea
(Schulte and Schmiedt 1992; Suryadevara et al.
2001) have demonstrated predominant losses of the
SGN in the apical portion of the cochleae, suggesting
the vulnerability of SGNs in this region. In gerbils, the
loss of SGN due 1o aging is observed parallel to the
decrease of the EP (Suryadevara et al. 2001). There-
fore, reduction of the EP due to SL degeneration
might contribute to SGN degeneration demonstrated
in the present study,

In conclusion, the present findings demonstrate
that local 3-NP application causes functional and
histological degeneration of the mouse cochleae in a
dose-dependent manner. An injection of 1 mM 3-NP
into the PSCC induces selective degeneration of the
SL fibrocytes along with a significant reduction of the
EP; however, the loss of the EP was limited to 20 mV.
The animals injected with 3 mM 3-NP demonstrated
significant ABR threshold shifts with an approximate
50% reduction of the EP, which is suitable for
investigations designed to test the feasibility of
therapeutic interventions for functional recovery of
the SL. In the near future, we are planning on using
these models o examine the efficacy of cell trans-
plantation for histological and functional regenera-
tion of the SL.
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Hydrogen protects auditory hair cells from free radicals
Yayoi S. Kikkawa, Takayuki Nakagawa, Rie T. Horie and Juichi lto

Reactive oxygen species (ROS) play a role in the
degeneration of auditory hair cells because of aging, noise
trauma, or ototoxic drugs. Hydrogenation is a fundamental
reduction/deoxidation reaction in living organisms. This
study thus examined the potential of hydrogen to protect
auditory hair cells from ROS-induced damage. To generate
ROS, we applied antimycin A to explant cultures of auditory
epithelia, and examined the effect of hydrogen on the
protection of hair cells against ROS. Incubation with a
hydrogen-saturated medium significantly reduced ROS
generation and subsequent lipid peroxidation in

the auditory epithelia, leading to increased survival

of the hair cells. These findings show the potential of
hydrogen to protect auditory hair cells from ROS-induced

Introduction

Hearing disorders affect nearly 10% of the world population.
The common causes of sensorineural hearing loss because of
cochlear injury are aging, hereditary disorders, noise trauma,
and ototoxic drugs. The mechanisms underlying cochlear
injury are srill not completely known. However, numerous
studies have suggested that they involve the production of
reactive oxygen species (ROS), which cause cellular injury
in the cochlea resulting in sensorineural heaning loss [1-4).
Although they are probably intended t fight against
invasive pathogens, ROS seem to produce substantial
collateral damage through DNA strand breaks, lipid and
protein oxidation [5-7].

Hydrogenation is a fundamental reduction/deoxidation
reaction in living organisms, Many reduction processes in
the body involve electron transfer from molecular hydrogen.
This molecule was recently established as an antioxidant
that selectively reduces the hydroxyl radical, and was
shown to decrease the cerebral infarction volume after
ischemia in rats [8]. Subsequently, protective effects of
hydrogen gas have been demonstrated in a mouse model
for heparic injury [9] and in a rat model for myocardial
infarction [10]. In the nervous system, hydrogen-rich
water was shown to prevent superoxide formation in
mouse brain slices [11], and to prevent stress-induced
impairments in learning tasks during chronic physical
restraint in mice [12]. Moreover, a clinical study showed
that consuming hydrogen-rich pure water improves lipid
and glucose metabolism in type 2 diabetes patients [13].

The ex-vivo study reported here tested the hypothesis
that molecular hydrogen, hydrogen gas, protects against
cochlear impairment by scavenging free radicals, We
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initially generated in situ ROS in the cochlea using an
inhibitor of mitochondrial respiratory chain complex 11,
antimycin A, and showed that they caused direct damage
to the hair cells. Then, using a hydrogen (hydrogen gas)-
saturated culture media, we demonstrated that hydrogen
gas alleviated ROS-induced ototoxicity, suggesting that
hydrogen gas has the potential to act as an antioxidant for
the treatment of cochlear damage. We also evaluated the
generated hydroxyl radicals by fluorescence emission of
2-[6-(4'-hydroxy) phenoxy-3H-xanthen-3-on-9-yl] benzoate
(HPF) and lipid peroxidarion by immunohistochemistry for
4-hydroxynonenal (HNE).

Materials and methods

Animals

The ICR mice (Japan SLC, Hamamatsu, Japan) used in
this study were cared for in the Institute of Laboratory
Animals of the Kyoto University Graduate School of
Medicine. The Animal Rescarch Committee of the Kvoro
University Graduate School of Medicine approved all
experimental protocols, which were performed in accordance
with the National Institutes of Health Guidelines for the
Care and Use of Laboratory Animals.

Cochlear explant culture

Postnatal day 2 (P2) ICR mice were deeply anesthetized
with diethyl ether and decapitated. The temporal bones
were dissected, and the cochleae were freed from the
surrounding tissue and placed in 0.01M phosphate-
buffered saline (PBS; pH 7.4). After removing the
cochlear lareral wall, the auditory epithelia were dissected
from the cochlear modiolus. The tissue samples were
then placed on glass-mesh inserts (Falcon, Billerica,
Massachuserts, USA) and cultured initially in serum-free

DO1: 10.1087/WNR 0b013032832a5¢68
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modified Eagle’s medium (MEM; Invitrogen, Eugene,
Oregon, USA), supplemented with 3 g/l glucose (Wako
Pure Chemicals, Osaka, Japan) and 0.3g/l penicillin G
(Wako), for 24 h at 37°C in a humidified (95%) air: 5%
atmospheric CO;. In total, 20 cochlear explants were
used in a single culture, and at least three independent
cultures were performed for each condition. As the hair
cells in the apex are resistant to free radicals [14], the
basal turns of the cochlea were used in this study.

Antimycin A application

The explants were transferred o medium  containing
antimvein A (Sigma-Aldrich, St Louis, Missouri, USA) at
concentrations of 0.1, 1, or 10pg/ml, with six to nine
cochleae incubated at each concentration. The cultures
were maintained for 24 h. At the end of the culture period,
the samples were fixed for 15min in 4% paraformaldehyde
in 0.1 M phosphate buffer (pH 7.4), and then provided for
immunostaining for myosin V1la to evaluate the number of
surviving hair cells. The specimens were incubated with
primary rabbit polyclonal antibodies against myosin Vlla
(1:500; Proteus Bioscience Inc., Ramona, California, USA).
Alexa-Fluor 568 goat anti-rabbit IgG (1:200; Invitrogen)
was used as the secondary antibody. Specimens were then
incubated in  Alexa-Fluor 488-conjugated phalloidin
(1:250; Invitrogen) to label F-actin. The specimens
were examined with a Leica TCS-SP2 laser-scanning
confocal microscope (Leica Microsystems Inc., Werelar,
Germany). To quantify the hair-cell loss in the cochlea
after the different treatments, inner hair cells (IHCs) and
outer hair cells (OHCs) were counted over a 100-pm-long
strerch of the auditory epithelia, in two separate regions
of the basal turn in each culture (rowaling 200 pm). For
each rreatment, six to nine cultures were evaluated.

Hydrogen treatment

To assess the cfficacy of hydrogen gas for cochlear
protection, explants were cultured initially in an airtight
box (Chopla Industries, Inazawa, Japan) with reduced-
COzdependence media, MEM, and Leivovitz's L-15
media (Invitrogen) mixed in a 1:1 ratio [15], supplemen-
ted with 3g/l glucose and 0.3 g/l penicillin G, at 37°C in a
humidified (100%) atmospheric air. After 24 h, the medium
was changed to one containing anrimycin A at a concentra-
tion of 0.1, 1 or 10 pg/l, with or withour hydrogen gas for
another 24 h. Hydrogen gas was dissolved directly into the
media, and a high content of dissolved hydrogen
(1.3 + 0.1 mg/l) was confirmed using a hydrogen electrode
{Model M-10B2; Able Corporation, Tokyo, Japan). The pH
of the culture media without hydrogen gas was 7.18 = 0.02,
and that of the culture media with hydrogen gas was
7.52+0.02. The prepared media were used for culture
within 30 min. At the end of the experiments, the explants
were fixed and provided for histological analysis to evaluate
hair-cell survival. Between six and 12 cochleae were used
for each condition.
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Detection of reactive oxygen species by fluorescent
indicators

The cochlear explants were treated with 30uM HPF
(Daiichi Pure Chemicals Co., Tokyo, Japan) for 20 min to
detect cellular hydroxyl radicals. Fluorescent images were
captured with a Leica TCS-SP2 confocal microscope
using excitation and emission filters of 488 and 510 nm,
respectively. All images were taken with the same laser
intensity, derecror gain, and offset values. Fluorescent
signals were quantified from two separate OHC regions of
the basal turns, each of which was 1250 pm” (50 x 25 pm),
using Image ] software (Mp:/irsb.infonih.govlijly NTH,
Bethesda, MD). Intensity measurements were expressed
relative to the levels in the control samples.

Lipid-peroxidation assay

Lipid peroxidation was assessed in cultures treated with
antimycin A, in the presence or absence of hydrogen gas, by
measuring the expression of HNE immunohistochemically.
Explants were labeled with mouse anti-HNE monoclonal
antibody (1:8: Oxis Research, Portland, Oregon, USA)
and fluorescein horse anti-mouse immunoglobulin G
(1:250; Vector Laboratories, Burlingame, California,
1JSA) as the primary and secondary antibodies, respectively.
Specimens were then counterstained with Alexa 568
phalloidin (1:250; Invitrogen). All images were taken
with the same exposure and shutter speed. The green
fluorescence intensity was measured in the same area
using Image ] software. Intensity measurements were
expressed relative to the levels in the control samples.
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Antimycin A induced dose-dependent auditory hair-cell loss. The graph
shows the relationship between the antimycin A concentration and the
hair-cell count following 24-h culture. The inner hair cells (IHCs) and
outer hair cells (OHCs) were counted in 200-um-length regions from
each cochlea. The hair-cell densities decreased systematically as the
antimycin A concentration increased. Bars represent standard errors.




Statistical analysis

The overall effects on the hair-cell number, and the HPF
and HNE staining intensities, were analyzed by rwo-way
factorial analysis of variance (ANOVA) using the Statcel2
application (OMS Publishing, Saitama, Japan). P values
than 0.05 considered be staustically
significant. For that were found to be
significant, mulriple paired comparisons were analyzed

less were to

interactions
using the Tukey-Kramer rest.

Results

Antimycin A induced dose-dependent hair-cell loss
Initially, we established the dose-response relationship
between the antimycin A concentration and its toxic
effect on hair cells. The addition of 1 pg/ml antimycin A
to cultures for 24h significantly reduced the hair-cell
numbers in both the ITHC and OHC regions, with the
effect being more severe in the latter (Fig. 1). The

Fig. 2
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addirion of 1 pg/ml antimycin A destroved 46.2 + 4.6% of
the IHCs and 65.6 = 5.8% of the OHCs. The hair-cell
density decreased depending on the concentrations of
antimyein A and few could be detected in the auditory
epithelia cultured in 10 pg/ml antimycin A (Fig. 2g).

Protective effect of hydrogen supplementation

Next, we assessed the potential of hydrogen to protect
against antimycin-induced ototoxicity by administering 0,
0.1, 1, or 10pg/ml antimycin to samples cultured in
hydrogen-saturated media in an airtight environment.
The addition of hydrogen markedly increased both [HC
and OHC survival, with a substantial number of hair cells
surviving even at the highest antimycin A dose (Figs 2
and 3). Two-way ANOVA showed thar hydrogen gas had a
significant effect on the numbers of surviving IHCs and
OHCs (P =0.00305 P =0.00016, respectively)
Tukey—Kramer tests for multiple paired comparisons

and
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Effect of hydrogen on the survival of cochlear hair cells. (a-h) Photomicrographs of phalloidin (green) and myosin Vila (red)-labeled cochiear cultures,
treated with O (a and b}, 0.1 (cand d), 1 (e and f}, and 10 ug/mi (g and h) antimycin A (AM), with (b, d, f and h) or without (a, ¢, @ and g) hydrogen gas

(Hz). Bar, 5pm. IHCs, inner hair calls; OHCs, outer hair calls.
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showed that the loss of OHCs was significantly lower
(P <0.01) in the groups treated with 0.1 pg/ml antimycin
A and hydrogen than in the groups treated with antimycin
A alone (Fig. 3). These data showed that hydrogen
protected hair cells against antimycin A-induced toxicity
in this model of cochlear damage.

Reactive oxygen species reduction by molecular hydrogen
To investgate the mechanism by which hydrogen
alleviated hair-cell damage, we measured the ROS
production in the cochlear cultures (Fig. 3). HPF is

Fig. 3
s b
0 0.1 | 10
2
& (b) 80
&0 | .
40
1 ri__lfi
D i A
0 0.1 1 10
Anumycin A (1g/ml)
[0 Control W +H,

Hair-cell counts in molecular hydrogen-treated cultures. After 24-h
culture with antimycin A, inner hair cells (IHCs) (a) and outer hair cells
(OHCs) (b) were counted. White box symbols represent the counts
from control cultures without molecular hydrogen, and black symbols
represent those from cultures with molecular en. Molecular
hydrogen significantly attenuated the loss of IHCs (P=0.0031) and
OHCs (P=0.0018) in antimycin A-damaged cochleae according to a
two-way analysis of variance. Post hoc analyses with Tukey—Kramer
tests for multiple paired comparisons showed that the OHC loss was
significantly lower in cultures treated with antimycin A plus hydrogen
gﬁlhan in those treated with 0.1 pg/mi antimycin A alone (*P<0.01).
represent standard errors.

a reagent that was developed to detect certain highly
ROS directly [16]. In cochlear cultures treated with
0-10 pg/ml antimycin A for 45min, in the absence of
hydrogen gas, the HPF signals increased (Fig 4a),

indicating that antimycin A induced the production of
hydroxyl radicals. The intensity of the HPF fluorescence
after the treatment with 10 pg/ml antimycin A was 3.61

umes greater than that in the absence of antimycin A
(Fig. 4a). By contrast, adding hydrogen gas to the cultures
resulted in a reduction of the HPF signal intensity. In the

Fig. 4
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Molecular hydrogen reduced reactive oxygen species (ROS)
production and lipid oxygenation. White circle symbols represent the
counts from control cultures without molecular hydrogen, and black

aggbols ruprewn those from cultures with molecular hydrogen.
(a) R 1 in cultures treated with antimycin
A with or without for 40 min, according to the intensity of
chemifiuorescence of 2-[6- 4’-h)rdro:y]phanowy-3H-mlhen-3‘on-9-)'1]
benzoate (HPF). The relative HPF fluorescence intensity in the organ of
Corti increased dose dependently in the presence of anfimycin A, but
was significantly reduced by the addition of hydrogen gas (P=0.0439).
(b) Lipid oxygenation was measured in cultures treated with antimycin A
with or without hydrogen gas for 24 h, according to the intensity of
immunohistochemical labeling for 4-hydroxynonenal (HNE). The relative
HNE:-staining intensity in the organ of Corti increased dose
dependently in the presence of antimycin A, but was significantly
reduced by the addition of hydrogen gas (P=0.0447). Bars represent
standard errors.
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presence of hydrogen gas, the intensity of the HPF
fluorescence after the trearment with 10 pg/ml antimycin
A was 2.34 times greater than that in the absence of
antimyein A (ie. 52.1% of that without molecular
hydrogen). Two-way ANOVA showed that hydrogen had
a significant effect on the production of hydroxyl radicals
(P=0.0439). No significant differences were identified
in multiple paired comparisons with Tukey-Kramer tests.

We also investigated the expression of HNE, which is a
lipid-peroxidation marker, in the explant cultures. HNE
production increased dose dependently in the presence
of antimycin A. The intensity of the HNE fluorescence
after the treatment with 10 pg/ml antimycin was 8.68
times greater than that in the absence of antimycin A
(Fig. 4b). Adding molecular hydrogen to the cultures
resulted in a significant reduction of HNE expression.
Two-way ANOVA showed that hydrogen had a significant
effect on the production of HNE (P = 0.0446), but, no
significant differences were identified in multiple paired
comparisons with Tukey—Kramer tests. Molecular hydrogen
had its greatest effect at an antimycin concentration of
1 pg/ml, when the HNE production was attenuated o 42.4%
of the level seen in the absence of molecular hydrogen.

Discussion

To our knowledge, this study was the first to evaluate the
therapeutic  potential of molecular hydrogen for the
auditory system. A quantitative assessment of the hair-cell
loss caused by antimycin A showed a dose-dependent
effect, indicating thar the roxic effects in this explant
culture system represented a good model for the cochlea
in vivo. ‘Treating the cultures with hydrogen gas
significantly influenced the dosc response for hair-cell
loss because of antimycin A, indicating that hydrogen gas
has a protective effect on hair cells against ROS toxicity.

We also investigated the mechanisms by which hydrogen
gas protected hair cells from damage in the cochlea. Our
results showed that the hydrogen gas in fact reduced the
production of cellular ROS and subsequent lipid oxygena-
tion. Our antimycin A cochlea culture system, along with
chemiluminescence detection, was shown to be useful in
screening for antioxidant drugs, because antimycin A
directly produces ROS in the cochlea and the direct
measurement of ROS was possible when HPF was used.

Hydrogen is one of the most abundant and well-known
molecules. Inhalation of hydrogen gas has been used in
the prevention of decompression sickness in divers and
has shown a good safety profile [8]). Hydrogen has been
approved by the US Food and Drug Administration for
the treatment of several different discases. Ohsawa ef al
[8] demonstrated that hydrogen gas is a potent anti-
oxidant with certain unique propertics. First, hydrogen
gas is permeable to cell membranes and can rtarget
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organelles, including mitochondria and nuclei. Second,
hydrogen gas specifically quenches detrimental ROS,
such as the hydroxyl radical and peroxynitrite, while
maintaining the metabolic oxidation-reduction reaction
and other less-potent ROS, such as hydrogen peroxide
and nitric oxide. The first feature is especially favorable
in inner-car medicine, because many therapeutic
compounds are blocked by the blood—cochlear barrier
and cannot reach cochlear hair cells [17,18]. Therefore,
hydrogen therapy could be widely used in medical
applications as a safe and effective antioxidant with
minimal side effects.

Conclusion

In conclusion, this study showed that hydrogen gas
markedly decreased oxidative stress by scavenging ROS,
and protected cochlear cells and tissues against oxidative
stress. These results have prompred us to perform in-vive
studies to determine whether treatrment with hydrogen
gas might exert a beneficial effect on damaged cochleae
and promote hearing recovery.
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