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response (ABR) and the severity of damage to the
inner and outer hair cells (OHCs) in the gerbil as a
simulation of clinical sudden deafness.

MATERIALS AND METHODS

The experiments were conducted in accordance
with the Guidelines for Animal Experimentation at
Ehime University Graduate School of Medicine. The
animals received humane care as required by the
institutional guidelines and the Guide for the Care
and Use of Laboratory Animals (17).

LEH

The relevant characteristics of LEH (Terumo,
Tokyo, Japan) have been reported elsewhere (7).
Briefly, the liposome capsule, 230 nm in mean diam-
eter, contains purified hemoglobin from outdated
human RBCs. The liposome capsule is coated with
polyethylene glycol to reduce mutual aggregation, to
avoid recognition by the reticuloendothelial cell
system, and to prolong its half-life in the circulation
(8). In its preparation, inositol hexaphosphate was
used to control O, affinity to P50, =40 mm Hg for
low-affinity LEH (I-LEH) and to P50, =10 mm Hg
for high-affinity LEH (h-LEH) (Fig. 1). LEH, sus-
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FIG. 1. Oxygen dissociation characteristics for h-LEH, I-LEH,
and gerbil’'s RBC. Oxygen dissociation characteristics have been
determined for every batch of LEH by actually measuring O,
saturation using a UV-Spectrophotometer (MPS-2000, Shi-
madzu, Kyoto, Japan) in closed cells under a varying range of O,
(0 to 95%) and 5% CO, with N, replacement. Iron oxidation state
was determined by cyanmethemoglobin method. The equilibrium
curve for RBC was from gerbil's RBC (P50, =28.7 mm Hg).
While I-LEH (P50, = 40 mm Hg) is considered to have higher O,
delivery than gerbil's RBC (P50, =28.7 mm Hg) under physi-
ologic conditions, h-LEH (Ps,O, =10 mm Hg) is considered to
have more efficient O, delivery than gerbil’s RBC under hypoxic
condition.

pended in saline at a hemoglobin concentration of
6 g/dL. or 20% by volume, has reduced viscosity
(2 ¢P) compared to blood (5 cP), and specific gravity
close to that of plasma. Homologous RBCs were
washed with saline three times and suspended in
saline at a final concentration of 20% hematocrit.

Experimental animals

Adult male Mongolian gerbils (Meriones unguicu-
latus) weighing 60-80 g were purchased from Kyudo
(Tosu, Japan) and used at 12-16 weeks of age. Anes-
thesia was induced with a mixture of 3% halothane
and nitrous oxide:oxygen (7:3) gas, and was main-
tained with a mixture of 1% halothane gas. The
animals were ventilated artificially via a transoral
tracheal tube (tidal volume 1 mL; respiration rate
70/min). During the experiment, body temperature
was monitored with a thermocouple probe (PTI-200,
Unique Medical, Tokyo, Japan) placed in the rectum
and kept at 37 = 1°C using a heating pad (HP-1 M,
Physitemp, Clifton, NJ, USA). The femoral vein was
exposed to establish an intravenous infusion line by
polyethylene catheter. The animals were randomly
assigned to receive 2 mL/kg of h-LEH (n =6),1-LEH
(n=6), RBCs (n = 6), or saline (n = 6) 30 min before
cochlear ischemia over 10 min to avoid acute volume
load; after which, the catheter was removed and the
vein was ligated.

 Transient cochlear ischemia and reperfusion

Thirty minutes after administration of the solu-
tions, cochlear ischemia and reperfusion were
effected as previously described (15). Briefly, with the
animal in supine position, the vertebral arteries were
exposed bilaterally (Fig. 2A) and dissected free from
the surrounding tissues through a ventral midline
incision in the neck. Silk ligatures (4-0) were looped
loosely around each artery. Ischemia was then
induced in both cochleae by pulling on the ligatures
(Fig. 2B) simultaneously using 5-g weights for
15 min. Subsequently, the threads were removed to
allow reperfusion, which was confirmed by observa-
tion through an operating microscope. The wound
was closed and the animals were returned to cages
with water and food ad libitum until further testing.
As a preliminary study, changes in cochlear blood
flow during the bilateral vertebral artery occlusion
were monitored by laser Doppler flow meter (ALF-
21, Advance, Tokyo, Japan) focused on the lateral
aspect of its basal turn in six animals. The percent
level of cochlear blood flow was calculated, with the
value measured after exsanguination taken as 0%
and the preischemic value regarded as 100%.
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FIG. 2. Intact vertebral artery (A) and occlusion by pulling the
sling (B). Silk ligatures (4-0) were looped loosely around bilateral
vertebral artery. Ischemia was induced in both cochleae by
pulling the ligatures simultaneously using 5-g weights for 15 min.
Releasing and removing these slings allowed reperfusion of the
cochlear artery.

Evaluation of hearing by ABR

The hearing of each animal was assessed before
and at 1, 4, and 7 days after ischemia and/or
reperfusion. The animal was anesthetized with an
intramuscular injection of ketamine (50 mg/kg) and
xylazine (1 mg/kg), and then ABR was recorded
using a signal processor (NEC Synax 1200, NEC
Medical Systems, Tokyo, Japan). Recording and ref-
erence needle electrodes were placed at the vertex
and retroauricular area, respectively. The stimulus
sound was a pure tone burst at 8, 16, and 32 kHz (rise
and fall time, 1 ms; duration, 5 ms; repetition rate,
15/s) delivered in an open field system (DPS-725,
DIA Medical, Tokyo, Japan). The phases of the
stimuli were alternated, thereby negating interfer-
ence of the cochlear microphonics. The speaker was
located a constant 20 cm from the left external audi-
tory canal. Responses to 1000 consecutive stimuli
were averaged. The ABR threshold was determined
by recording responses in 5-dB steps.

Histological study

For the histological study, the animals were decapi-
tated under deep anesthesia 7 days after ischemia.
After removing the otic bullae, the cochleae were
perfused with 4% paraformaldehyde in 0.1 M phos-
phate buffer at pH 7.4 into the scala tympani and
postfixed for 2 h with the same fixative at 4°C. The
specimens were immersed in phosphate-buffered
saline (PBS) and the organ of Corti was dissected
using a surface preparation technique under an oper-
ating microscope. The walls of the bony cochleae
were removed entirely without disrupting the organ
of Corti. Then, the basal turn of the organ of Corti
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was isolated. The specimen was stained with
rhodamine-phalloidin (Molecular Probes, Eugene,
OR, USA) diluted 250 times in PBS containing
0.25% Triton X-100 and 1% bovine serum albumin
for 30 min at room temperature. After rinsing in
PBS, it was further stained with Hoechst 33342
(Calbiochem-Novabiochem, La Jolla, CA, USA) dis-
solved in PBS in a dark room for 1 h. It was again
rinsed in PBS and mounted in carbonate-buffered
glycerol (one part 0.5 M carbonate buffer at pH 9.5
to nine parts glycerol) containing 2.5% 14-
diazabicyclo[2,2,2]octane to retard bleaching of the
fluorescent signal. Fluorescence was detected using
an Olympus BX60 microscope (Olympus, Tokyo,
Japan) equipped with green (band pass filter [BP]
546, Farb Teiler Spiegel [FT] 580, long pass filter [LP]
590 nm) and UV (BP 365, FT 395, LP 397 nm) filters.
Rhodamine-phalloidin staining permits observation
of the hair cell stereocilia, whereas Hoechst 33342
staining reveals that of the nuclei. The numbers of
intact and dead hair cells at the basal turn were
counted, and the percentage of dead hair cells to
intact hair cells (IHCs) was determined. As gerbils
have about 300 IHCs at the basal turn, we examined
at least 200 IHCs in each specimen.

Statistics

All data are presented as mean * SD. Statistical
differences between groups were evaluated using the
Mann-Whitney U-test. The results were considered
significant at P < 0.05.

RESULTS

Cochlear ischemia

Occlusion of the bilateral vertebral arteries (Fig. 2)
severely reduced cochlear blood flow as measured
by laser Doppler flow meter (Fig.3), which then
increased over the preischemic level and returned to
baseline shortly after reperfusion.

Hearing loss

The preischemic ABR threshold was set at 0 dB,
and the subsequent increase (hearing impairment) in
threshold is shown on the ordinate (Fig. 4). At 8 kHz
(left panel), the increase in ABR threshold was sig-
nificantly suppressed in the order of the animals
treated with h-LEH, I-LEH, and RBCs or saline.
Among the frequencies tested (8,16, and 32 kHz), the
higher the frequency, the more severe the magnitude
of hearing loss and difference among the treatment
groups. The magnitude of hearing loss was most
prominent on day 1, then declining in severity with
time to day 7 at each frequency tested and in every
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FIG. 3. Occlusion of the bilateral vertebral arteries severely
reduced cochlear blood flow before reperfusion, which then
increased over the preischemic level after reperfusion, and
returned fo baseline shortly thereafter.

treatment group. This means that hearing loss
remained more severe in the order of animals treated
with RBC or saline, 1-LEH, and H-LEH at 32 kHz on
day 7 (right). In contrast, hearing impairment severity
was milder in each group with the h-LEH-treated
animals recovering to the preischemic level at 8 kHz.
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FIG. 4. The average increase in ABR threshold was significantly
milder (all P<0.05) in the order of animals receiving h-LEH
(closed circles), I-LEH (closed triangles), and RBCs (open tri-
angles) or saline (open rectangles). No difference was observed
between the latter two groups. Among the frequencies tested, the
higher the frequency, the more severe was the magnitude of
hearing loss and the difference among the treatment groups.
Hearing loss was most prominent on day 1, then decreasing in
severity with time to day 7 in each frequency or treatment group,
keeping the significant difference among animals treated with
h-LEH, I-LEH, and animals receiving RBCs or saline; the hash
symbol (#) and asterisk (*) indicate a significant difference (P <
0.05) from the other groups.

FIG. 5. While the stereocilia (rhodamine staining, red, bottom)
and nuclei (Hoechst 33342, blue, top) of some IHCs had spo-
radically disappeared (vertical arrowheads) in the saline- and
RBC-treated groups, such phenomena were less frequent in the
LEH-treated groups. OHCs (horizontal arrows) remained essen-
tially intact. Scale bar indicates 20 um.

Morphological findings

Representative epifluorescence images of the
organ of Corti from one animal in each group 7 days
after ischemia (Fig.5) showed that the stereocilia
(rhodamine-phalloidin staining, red, bottom) and
(Hoechst 33342 staining, blue, top) of the IHCs simul-
taneously disappeared, indicating cell loss. Such spo-
radic IHC loss contrasted sharply with the underlying
OHGCs, which remained mostly intact. The average
ratio of dead/intact cells of IHCs on day 7 (Fig. 6)
was significantly smaller in the animal groups pre-
treated with h-LEH (3.7 £ 1.2%, P < 0.01) or I-.LEH
(6.5+12%, P<0.01), and was less with RBCs
(15.0 = 2.2%) or saline (14.5 * 2.5%). The latter two
groups were almost equal, showing no significant
difference. In contrast, cell loss was much less fre-
quent in OHCs, with no significant difference among
the treatment groups.

DISCUSSION

As acute interruption of the blood supply to the
cochlea is considered to be one of the major causes of
sudden deafness (1,2), remedies have been proposed
to treat cochlear hypoxia. Nonetheless, widely
accepted therapeutic approaches have been limited
(3,4), suggesting the complex nature of the mecha-
nism(s) involved and the variability of symptoms due
in part to the differential vulnerability of the hind-
brain to hypoxia (15). This led us, in the current study,
to examine the effect of LEH as an artificial O,
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FIG. 6. Average cell loss at the basal turn 7 days after ischemia/
reperfusion was more prominent in IHCs, significantly less fre-
quent in the order of animals receiving h-LEH, I-LEH, and saline
or RBCs, than in OHCs, which remained essentially intact. # P <
0.01 vs |I-LEH; * P < 0.01 vs Saline or RBC.

carrier with the aim of increasing the O, supply, and it
was revealed that the average increase in ABR
threshold was significantly milder in the order of
animals pretreated with h-LEH, [-LEH, and RBCs or
saline. Morphologically, the disappearance of stereo-
cilia and nuclei of IHCs in the organ of Corti was
clearly correlated with the functional results, with
significant differences among the treatment groups.

As the cochlea is solely perfused by the common
cochlear artery as an end artery with few collaterals
(18), there was severe reduction in cochlear blood
flow during occlusion of the bilateral vertebral arter-
ies (Fig. 3). Nonetheless, it remains unclear whether
the blood flow was completely interrupted or per-
sisted at least to some degree, as laser Doppler mea-
surements reflect the average RBC flow in the area
exposed to laser. In fact, plasma flow might have been
different, as in the observation of Villringer et al.
(19), who reported that plasma flow decreased along
with RBC flow, but it still remained homogeneous
and persistent even to the ischemic core. Therefore, it
is plausible that LEH flows with plasma, shortens the
O, diffusion distance, and thereby suppresses hearing
defect (function) as well as IHC loss (morphology),
leading to preservation of cochlear integrity. This
finding is in agreement with our previous observation
(16) that ABR threshold elevation caused by
cochlear ischemia was due mainly to the damage
to THCs, which is considered more vulnerable to
ischemia due to their high energy consumption, as
compared with OHCs.
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The current results disclosed that h-LEH was more
effective than I-LEH in preventing ischemic and/or
reperfusion injury to the inner ear. We consider that
the high sensitivity and specificity of ABR allowed
delineation of functional differences between treat-
ment groups, in contrast to our previous studies that
showed no apparent neurological improvements
despite morphological differences (9,20). Quantita-
tive morphometry, counting most of the IHCs in each
animal, might also have allowed precise delineation
of the morphological effects of each treatment. These
results were in accordance with our recent observa-
tion that h-LEH provided a similar level of protec-
tion at a 1/5 to 1/25 dosage as that of I-LEH after
middle cerebral artery (MCA) occlusion and reper-
fusion (11). As O, affinity is the only difference
between these LEHs, the superiority of h-LEH over
I-LEH may derive from the greater and more effi-
cient O, delivery (Fig. 1) to tissues under hypoxic
condition, or targeted O, delivery to ischemic
cochlear tissue.

The global hindbrain ischemia induced in the
current study may differ from the previous applica-
tion of LEHs to focal brain ischemia (9-12), where
LEH was reported to improve microcirculation to
the periphery of the ischemic focus (21) or penum-
bral lesion, thereby eventually reducing the extent of
infarction (22). Instead, the current model induced
bilateral and global ischemia and reperfusion injury
to the hindbrain, including the brain stem and cer-
ebellum, which can result in respiratory arrest, con-
vulsion, and death. For survival and long-term
observation, the length of ischemia was limited to a
maximum of 15 min, which was much shorter than in
our previous experiments in MCA regions (9-12).
This may have altered the severity of ischemia and
reperfusion injury, cell survival, and apoptosis, and
therefore the presentation of functional as well as
morphological sequelae. Sporadic versus concentric
distribution of neural cell loss may have been due to
these factors. While the tendency toward functional
recovery is common, the improvement was consid-
ered to be due to neural compensation rather than
recovery of the affected neuronal tissues. As the
development of edema may further reduce blood
flow and aggravate neuronal cell loss according to the
vulnerability to ischemia (15), LEH may be protec-
tive in such a global ischemia and reperfusion
response (23), as it was observed in our previous
study (10) that the reduction of brain edema by LEH
was not limited just to the focus of ischemia in the
MCA region but rather extended to the ipsilateral
hippocampus and even to the pyriform lobe and con-
tralateral hippocampus. We previously reported that
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transient cochlear ischemia causes a remarkable
increase in nitric oxide production in the perilymph,
and that this is attributable to the inducible nitric
oxide synthase (iNOS) pathway (24). As the iNOS
gene includes the hypoxia-responsive element (25),
oxygen delivery could alleviate reperfusion injury by
decreasing iNOS gene activation. Therefore, it is pos-
sible that the antioxidant property may also be
involved, may be more potent in h-LEH, and may be
able to better protect ischemic tissues from reperfu-
sion injury. Although the animals were pretreated in
order to examine the maximum effects of LEHs in
the current study, it is necessary to examine the effi-
cacy of LEHs used therapeutically or even after
reperfusion in order to delineate the effects on
reperfusion.

CONCLUSION

The results showed that pretreatment with LEH
could alleviate hearing impairment (function) as well
as inner hair cell loss (morphology) for up to 7
days following transient cochlear ischemia and reper-
fusion. While the results suggest that more efficient O,
delivery (I-LEH <h-LEH) during ischemia became
apparent after reperfusion as in our previous experi-
ments (9-12), the possible involvement of the antioxi-
dant property of LEH cannot be ruled out. Therefore,
timing, O, affinity, and dosage need to be explored
during a longer-term observation to determine the
effects of LEH on cochlear ischemia and reperfusion
in an experimental model of sudden deafness.
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Protection Against Ischemic Cochlear Damage
by Intratympanic Administration of AM-111

Yoshinori Omotehara, Nobuhiro Hakuba, Naohito Hato,
Masahiro Okada, and Kiyofumi Gyo

Department of Otolaryngology—Head and Neck Surgery, Ehime University, Ehime, Japan

Objective: AM-111, a cell-permeable peptide inhibitor of c-Jun
N-terminal kinase, was investigated for its protective effects
against ischemic damage of the cochlea in gerbils.

Methods: Transient cochlear ischemia was introduced in ani-
mals by occluding the bilateral vertebral arteries for 15 minutes.
Then, 10 pl of AM-111 at a concentration of 1, 10, or 100 uM
in hyaluronic acid gel formulation was applied onto the round
window 30 minutes after the insult. Gel without active sub-
stance was used in a control group. Treatment effects were
evaluated by auditory brainstem response (ABR) and histology
of the inner ear.

Results: In controls, transient cochlear ischemia caused a
25.0 £ 5.0 dB increase in the ABR threshold at 8 kHz and a
decrease of 13.3 + 2.3% in inner hair cells at the basal turn on

Day 7. Ischemic damage was mild at 2 and 4 kHz. When the
animals were treated with AM-111 at 100 pM, cochlear dam-
age was significantly reduced: the increase in ABR threshold
was 3.3 + 2.4 dB at 8 kHz, and the inner hair cell loss was 3.1 +
0.6% at the basal turn on Day 7. The effects of AM-111 were
concentration dependent: 100 pM was more effective than
1 or 10 pM.

Conclusion: Direct application of AM-111 in gel formulation on
the round window was effective in preventing acute hearing loss
because of transient cochlear ischemia. Key Words: AM-111—
c-Jun N-terminal kinase—Mongolian gerbil—Prevention of
hearing loss—Transient cochlear ischemia.

Otol Neurotol 32:1422-1427, 2011.

Cochlear ischemia is considered to be one of the etio-
logic factors that can trigger idiopathic sudden sensori-
neural hearing loss (ISSNHL). We developed an animal
model of transient cochlear ischemia in gerbils and
studied the mechanisms of ischemia/reperfusion injury of
the cochlea (1-3). In this model, acute sensorineural
hearing loss was induced, mainly at higher frequencies.
Histologic studies showed that the ischemic insult caused
apoptotic cell death of the neural structures in the cochlea;
the damage was more severe in the inner hair cells
(IHCs) than in the outer hair cells (OHCs) (4,5). Using
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this animal model, we investigated a variety of candidate
medicines for prevention of ischemia-induced hearing
loss (6-10).

AM-111 is a cell-penetrating peptide that selectively
inhibits the c-Jun N-terminal kinase (JNK) signaling
pathway in the process of apoptotic cell death. It is pre-
pared in a hyaluronic acid gel formulation to be placed on
the round window membrane. When administered, it is
transferred to virtually all sensorineural structures in the
cochlea because of its TAT peptide carrier and good
permeation through the round window membrane. It also
possessed long pharmacologic activity due to a highly
protease-resistant D-retro-inverso form (11). AM-111 has
been shown to be effective in protecting hearing in the
presence of various cochlear insults, such as noise trauma
(11-15), acute labyrinthitis (16), cochlear implant elec-
trode insertion trauma (17-19), aminoglycoside ototox-
icity (11,18,20), and semicircular canal injury in otitis
media (21). However, its effects on ischemic cochlear
damage remain unclear. The purpose of the present study
was to determine whether and how AM-111 can prevent
ischemic damage of the cochlea by applying it on the
round window.

Copyright © 2011 Otology & Neurotology, Inc. Unauthorized reproduction of this article is prohibited.



PROTECTION AGAINST ISCHEMIC COCHLEAR DAMAGE BY AM-111

MATERIALS AND METHODS

Under approval by the ethics committee of Ehime University
Graduate School of Medicine, the present study was conducted
according to our institute’s Guidelines for Animal Experi-
mentation. The animals were housed in an animal room with a
temperature of 21°C to 23°C and a 12/12-hour light/dark cycle
(lights on: 7 aM to 7 pm). The animals had free access to food and
water until the end of the experiment. All efforts were made
to minimize the number of animals and suffering after the ex-
perimental protocol.

Adult 12- to 16-week-old Mongolian gerbils weighing 60 to
80 g were used. Transient cochlear ischemia was induced using
a procedure described by Hata et al. (22). In Mongolian gerbils,
the posterior communicating arteries of Willis’ circle close
spontaneously at 2 to 3 weeks after birth. Because in adults, the
cochleae receive their blood supply solely from the vertebral
arteries, cochlear ischemia is easily introduced by obstructing
the bilateral vertebral arteries at the neck.

Anesthesia was introduced with a mixture of 3% halothane
and nitrous oxide/oxygen (7:3) gas and then maintained with
a mixture of 1% halothane gas. The animals were artificially
ventilated using a ventilation tube inserted through the mouth.
The tidal volume was set to 1 ml, and the rate was set to 70 times
per minute. Body temperature was maintained at 37°C to 38°C
with a heat lamp during the surgical procedure. The vertebral
arteries were exposed bilaterally and dissected free from the
surrounding connective tissue through a ventral transverse in-
cision of the neck. Silk threads (4-0) were loosely looped around
each artery, and the ischemia was induced on bilateral cochleae
by pulling the ligatures with weights of 5 g for 15 minutes. The
threads were subsequently removed to allow reperfusion, which
was confirmed by observation with an operating microscope
(Fig. 1). After these procedures, the otic bulla was opened to
expose the round window. Next, 10 pl of AM-111 at a con-
centration of 1, 10, or 100 wM in a hyaluronic acid gel for-
mulation (n = 6 for each group) was placed onto the round
window membrane 30 minutes after ischemia. The gel for-
mulation with no active substance (phosphate-buffered saline
[PBS]) was used in the control group (n = 6). Finally, the wound
was closed, and the animal was returned to the animal center.
Separate from these studies, the effects of AM-111 in gel for-
mulation placed onto the round window were investigated in
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6 animals without induction of cochlear ischemia. This was
performed to elucidate possible side effects of AM-111 by ap-
plying 100 pM of the agent. The experimental protocol was
identical to that for ischemic animals.

For evaluation of auditory function, auditory brainstem re-
sponses (ABRs) were recorded using a signal processor (NEC
Synax 1200, Tokyo, Japan) before and 4 and 7 days after the
ischemic insult. Needle recording electrodes were placed in the
vertex (reference), ipsilateral retroauricle (indifferent), and con-
tralateral retroauricle (ground). Stimulus sounds were tone bursts
of 8 kHz (0.5 ms rise/fall time), 4 kHz (I ms rise/fall time), and
2 kHz (1 ms rise/fall time) with a plateau of 10 ms and stimulus
rate 0of 9.5 Hz. They were applied in 10-dB steps, with 5-dB steps
near the threshold. The responses were processed through a 50- to
3,000-Hz bandpass filter and averaged 300 times. Sound pressure
in front of the tympanic membrane was monitored using a small
microphone incorporated in a sound conduction tube. Sequential
changes in hearing were assessed by comparing the thresholds of
ABR before and after the insult.

Animals were sacrificed for histologic study on Day 7 after
recordings of ABR. Under deep anesthesia, the animal was
decapitated, and the otic bullae were removed. Each cochlea was
intrascalarly perfused with 4% paraformaldehyde in 0.1 M phos-
phate buffer at pH 7.4 and postfixed for 2 hours with the same
fixative at 4°C. It was then immersed in PBS. After removal of the
lateral bony wall using sharp tweezers and microscissors, the
organ of Corti at the basal turn was dissected out by means of
surface preparation. According to our previous study, the basal
turn is most vulnerable to ischemic insult (2) and was thus the
preferred site for assessment of the protective effects of the agent.
The specimens were stained for 30 minutes at room temperature
with rhodamine-phalloidin (Molecular Probes, Eugene, OR,
USA) diluted 250 times in PBS containing 0.25% Triton C-100
and 1% bovine serum albumin. After rinsing in PBS, they were
again stained with Hoechst 33342 (Calbiochem-Novabiochem
Corporation, La Jolla, CA, USA), dissolved in PBS, in a dark
room for | hour. Specimens were then rinsed in PBS and mounted
in carbonate-buffered glycerol (1 part 0.5 M carbonate buffer
at pH 9.5 to 9 parts glycerol) containing 2.5% 1, 4 diazabicyclo
[2,2,2] octane to retard bleaching of the fluorescent signal.
Fluorescence was detected using an Olympus BX60 microscope
equipped with green (BP 546, FT 580, LP 590 nm) and UV (BP
365, FT 395, LP 397 nm) filters. Intact and dead hair cells were

FIG. 1.

Transient interruption of the cochlear blood flow. A, Exposure of the vertebral artery. B, Interruption of the cochlear blood flow by

pulling silk thread looped around the artery. C, After loading transient ischemia, the thread was released and removed to allow recirculation.
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counted, and the number of dead IHCs was calculated as a per-
centage of the whole number of THCs.

The data were presented as means + standard deviation.
Statistical significance was assessed with a 1-way analysis of
variance followed by Fisher’s post hoc test. Values of p < 0.05
were considered to indicate statistical significance.

RESULTS

Transient cochlear ischemia caused hearing loss im-
mediately after the insult, which subsequently recovered
to some extent over time. Figure 2 summarizes the
increases in ABR thresholds at 2, 4, and 8 kHz on Days 4
and 7, with the threshold before ischemia being defined as
0 dB. In control animals (gel formulation with PBS), the
ABR threshold increase at 8 kHz was 30.8 £ 5.3 dB on
Day 4, which recovered slightly on Day 7 (25.0 £ 5.0 dB).
The increase was mild at other frequencies: 4.2 + 3.8 dB
at 4 kHz and 5.0 £ 4.1 dB at 2 kHz on Day 7. Ischemic
cochlear damage was attenuated by administration of
AM-111. In animals treated with AM-111 at 100 pM, the
ABR threshold increase at 8 kHz was 6.7 + 2.4 dB on Day
4, which further improved to 3.3 + 2.4 dB on Day 7.
When animals were treated with AM-111 at 10 or 1 uM,
the increase on Day 7 was 12.5 + 2.5 dB and 16.7 %
3.7 dB, respectively. Statistical analysis revealed that
hearing impairment at 8 kHz was prevented by AM-111
at all 3 concentrations (p < 0.01 at 100 and 10 uM, and
p <0.05 at 1 wM). Hearing impairment at 4 and 2 kHz
was rather mild in this animal model, and the effects of
AM-111 were not evaluated at these frequencies.

Ischemic insult causes apoptotic cell death in the organ
of Corti, and the damage is more severe in the IHCs than
in the OHCs (5). In controls, the percentage of IHC loss at
the basal turn was 13.3 +2.7% on Day 7, whereas that of
OHC loss was 2.4 + 0.7%. Figure 3 summarizes the loss
of IHCs at 3 turns of the cochlea. As expected, the basal
turn was most affected. Administration of AM-111 at
100 uM in gel formulation was proven effective in pre-
venting ischemic damage to the cochlea: the mean THC
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FIG. 3. Percentages of IHC loss at 3 turns of the cochlea and
the effects of AM-111 in gel formulation placed on the round
window. Administration of AM-111 prevented loss of IHCs at the
basal turn (n = 6 for each group).

loss at the basal turn was only 3.1 = 0.6%. At lower
concentrations, the protective effects of AM-111 were
less pronounced: THC loss was 5.5 + 0.7% in animals
treated with the 10-pM concentration and 9.9 £ 1.2% in
those treated with AM-111 at 1 pM. The effects were
statistically significant (»p < 0.01 at 100 and 10 pM, and
p <0.05 at 1 wM). The effects of AM-111 on OHC loss
were unclear, as the OHC damage was minor in this
animal model: the percentage of OHC loss at the basal
turn was 1.5 £ 0.9%, 2.6 £ 0.8%, and 3.4 £ 1.1%, when
treated with 100, 10 and 1 uM of the agent, respectively.
Microscopic findings of the organ of Corti at the basal
turn are shown in Figure 4.

In animals without induction of cochlear ischemia, the
ABR threshold increase on Day 7 after application of
AM-111 at 100 pM was 0.8 + 2.5 dB at 2, 4, and 8 kHz,
respectively. These changes were minor and statistically
not significant. Histologic study results also revealed that
the inner ear was not affected by application of the agent.
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FIG. 2. ABR threshold increase after transient cochlear ischemia and the effects of AM-111 in gel formulation placed on the round
window. ABR threshold before occlusion of the bilateral vertebral arteries was defined as 0 dB. Relative increases in ABR threshold at 2, 4,
and 8 kHz and 1 standard deviation (n = 6 for each group) are represented. Administration of AM-111 prevented an increase in the ABR
threshold, especially at 8 kHz, where it was most affected by ischemic insult. Effects of AM-111 were concentration dependent: AM-111 at

100 M was more effective than that at 1 or 10 pM.
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FIG. 4. Histologic findings of the cochlea at the basal turn on Day 7. Triangles indicate sites of hair cell loss. Rhodamine-phalloidin was
used for staining cellular structures in red color and Hoechst 33342 for staining nuclei in blue color.

These findings suggest that AM-111 in gel formulation
can be safely applied onto the round window without
causing cochlear damage.

DISCUSSION

According to recent experimental studies, the JNK
signaling pathway plays an important role in a cascade
of programmed cell death (23). In the cochlea, various
insults, such as loss of trophic factor (19), administration
of ototoxic agents (11,18,20), and exposure to loud noise
(11-15), were shown to cause apoptotic cell death of
auditory neurons and hair cells through activation of the
JNK pathway. AM-111, or D-JNKI-1 as it was previously
named, is a novel medicine developed by Bonny et al.
(24) to protect the cochlea by blocking the JNK pathway.
It is now distributed for clinical and experimental studies
by Auris Medical (Switzerland). The compound was ef-
fective in animal experiments in preventing neomycin
ototoxicity and hearing loss due to acoustic trauma
(14,15), semicircular canal injury (21), and acute laby-
rinthitis (16). In a study of focal cerebral ischemia, the
active substance also was effective in the reduction of
early calpain activation, late caspase 3 activation, and

autophagosome formation, indicating involvement of the
JNK pathway in 3 different types of cell death: necrosis,
apoptosis, and autophagic cell death. Based on these
findings, Ginet et al. (25) predicted that blocking the JNK
pathway would be a novel modality in the treatment of
brain ischemia in the future. In an experimental study in
rats, it was further shown to be effective in preventing
ischemic damage of the brain, even when administered
6 or 12 hours after the insult (26-28). The JNK inhibitor
not only reduced the size of ischemic brain lesions but
also lessened brain edema. Similar findings were noted in
an animal model of cardiac ischemia (29).

In the present study, administration of AM-111 pre-
vented an increase in the ABR threshold and loss of IHCs
due to transient cochlear ischemia. The percentage of
IHC loss caused by ischemia seemed rather great for
the increase in ABR threshold. This is probably related to
the cochlear anatomy, in which the IHCs are innervated
much more densely than the OHCs. A single IHC is in-
nervated by numerous nerve fibers, whereas a single nerve
fiber innervates many OHCs. Correspondingly, the ABR
threshold depends on whether the main lesion involves
the OHC or IHC, although the hair cell damage is usually
mixed. As previously stated, apoptosis is the dominant
mode of cell death in this animal model (5). Various
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mechanisms are supposedly involved in the process of
cochlear cell death, such as excess production of free
radicals, glutamate excitotoxicity, and failure of energy
supply. Excess production of free radicals occurs as a
process of ischemia/reperfusion injury that induces disin-
tegration of the cell membrane through lipid peroxidation.
Ischemic insult also facilitates expression of inducible nitric
oxide (NO) synthase, a potent NO-synthesizing enzyme
(30). Although NO is a reactive oxygen species and
plays an important role in regulating vasoconstriction and
neurotransmission, an excessive amount of NO leads to
reactions with other molecules and increases the pro-
duction of harmful free radicals, such as peroxynitrite
radicals, which, in turn, cause hair cell loss by activation
of JNK (14). Glutamate is a neurotransmitter released at
the synapse between IHCs and primary auditory neurons.
Ischemia leads to a drop in energy supply, increased
depolarization, and excessive release of glutamate from the
synaptic cleft, which then spreads to the surroundings
(1,31). ITHCs undergo apoptotic cell death as glutamate
activates the JNK signaling pathway (26). This may ex-
plain why IHCs are more vulnerable to ischemic insult than
OHCs, as shown by Amarjargal (32). Energy failure also
causes cell death by a necrotic process. The cochlear
sensory organ is sensitive to ischemic insult because in the
cochlea, there is no storage of energy sources, such as
glycogen. Neural structures in the inner ear use ATP as an
energy source, which is produced during aerobic glycol-
ysis. Because the glucose concentration is limited in the
cochlea, existing ATP is soon exhausted by ischemia.

AM-111 is a water-soluble compound that can be
intravenously administered. This is usually convenient
and advantageous; however, delivery of a sufficient con-
centration of medicine into the cochlea is not always
possible because the inner ear is protected by the blood-
labyrinth barrier. Furthermore, systemic administration
might cause unpredictable side effects. Alternatively, drug
delivery through the round window has been proposed as
an efficient way to supply pharmaceutical compounds into
the cochlea. Wang et al. (13) used an osmotic mini-pump
to administer AM-111 through the round window. Histo-
logic examination showed that cellular uptake started as
early as 30 minutes after AM-111 application. They con-
cluded that the round window membrane was permeable
not only to small molecules but, because of the intracellular
transporter D-TAT, also to larger molecules such as
the 31-amino-acid AM-111 peptide, with a molecular
weight of 3820 Da. The authors also applied AM-111 in
gel formulation directly on the round window. Using
this procedure, the protective effect of AM-111 can be
obtained with a single administration and a relatively
low concentration of 100 wM.

The clinical development of AM-111 was initiated in
2006 with a prospective randomized phase I/Il study in
Germany by Suckfuell et al. (15). In the trial, a single
dose of AM-111 at 0.4 or 2.0 mg/ml in gel formula-
tion was administered by intratympanic injection to 11
patients with acute acoustic trauma within 24 hours after
noise exposure. The results were encouraging: the pure-
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tone average at 4 and 6 kHz before treatment was 36 +
16 dB, and this improved by 11 + 12 dB after 3 days and
11 + 14 dB after 30 days of treatment with AM-111.
Currently, a much larger phase IIb clinical trial is ongoing
in several European countries to treat patients with acute
noise trauma or ISSNHL within 48 hours from onset.
Cochlear ischemia is one of several possible origins of
ISSNHL.

In conclusion, AM-111, an inhibitor of the JNK sig-
naling pathway, can prevent ischemic damage of the
cochlea when administered shortly after the incident.
Application of the medicine on the round window in a gel
formulation could be a promising procedure in the treat-
ment of acute sensorineural hearing loss triggered not
only by loud noise, surgical trauma, and ototoxic agents
but also by cochlear ischemia.

Acknowledgment: AM-111 was supplied courtesy of Dr.
Thomas Meyer of Auris Medical.
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Expression of antioxidant enzymes is regulated by transcription factor NF-E2-related factor (Nrf2) and
induced by oxidative stress. Reactive oxygen species contribute to the formation of several types of
cochlear injuries, including age-related hearing loss and gentamicin ototoxicity. In this study, we exam-
ined the roles of Nrf2 in age-related hearing loss and gentamicin ototoxicity by measuring auditory brain-
stem response thresholds in Nrf2-knockout mice. Although Nrf2-knockout mice maintained normal
auditory thresholds at 3 months of age, their hearing ability was significantly more impaired than that
of age-matched wild-type mice at 6 and 11 months of age. Additionally, the numbers of hair cells and
spiral ganglion cells were remarkably reduced in Nrf2-knockout mice at 11 months of age. To examine
the importance of Nrf2 in protecting against gentamicin-induced ototoxicity, 3-day-old mouse organ
of Corti explants were cultured with gentamicin. Hair cell loss caused by gentamicin treatment was
enhanced in the Nrf2-deficient tissues. Furthermore, the expressions of some Nrf2-target genes were acti-
vated by gentamicin treatment in wild-type mice but not in Nrf2-knockout mice. The present findings
indicate that Nrf2 protects the inner ear against age-related hearing injuries and gentamicin ototoxicity
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by up-regulating antioxidant enzymes and detoxifying proteins.

© 2011 Elsevier Inc. All rights reserved.

1. Introduction

The antioxidant responsive element (ARE) is a cis-acting regula-
tory element, through which Nrf2 regulates transcription of genes
encoding phase II detoxification enzymes, antioxidants, and other
factors essential for cell survival. Under normal conditions, Nrf2
is anchored in the cytoplasm through interaction with Kelch-like
ECH-associated protein 1 (Keap1) and subsequently proteolyzed
by proteasomes. In contrast, under oxidative stress conditions,
Keap1-censored electrophiles inhibit the proteolysis of Nrf2. Hav-
ing thus escaped Keapl-mediated proteolysis, Nrf2 accumulates
in the nucleus and activates ARE-mediated gene transcription
[1,2]. To date, many genes driven by Nrf2, including heme oxygen-
ase 1 (HO1), NAD({P)H:quinone oxidoreductase 1 (NQO1), NHR:qui-
none oxidoreductase 2 (NQO2), glutathione peroxidase (GPx),
superoxide dismutase 1 (SOD1), and peroxiredoxin I (PrxI), have
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Tsukuba 305-8575, Japan. Fax: +81 298 53 3147.

E-mail addresses: tomofumi@md.tsukuba.ac.jp (T. Hoshino), ktabuchi@md.tsu
kuba.ac.jp (K. Tabuchi).

0006-291X/$ - see front matter © 2011 Elsevier Inc. All rights reserved.
doi:10.1016/j.bbrc.2011.10.019

been reported to be involved in the antioxidant defense system
[3-5].

Accumulated evidence suggests that reactive oxygen species
(ROS) are involved in the pathogenesis of a wide range of cochlear
injuries, including cochlear ischemia-reperfusion injury [6-9],
acoustic injury [10-12], aminoglycoside ototoxicity [13}], and age-
related hearing loss (AHL) [14]. Because ROS are one of the Nrf2-
inducing stressors, Nrf2-ARE responses are predicted to give rise
to cochlear injuries. However, little is known about the protective
role of Nrf2 in the cochlear pathophysiology.

In contrast, several contributions of Nrf2-driven antioxidant en-
zymes to the cochlea have been revealed. For example, SOD1 is one
of the best-characterized enzymes in the cochlear pathology. Age-
related hearing loss was accelerated in SOD1-knockout (KO) mice
[15,16], and SOD1-KO mice are more susceptible to noise-induced
hearing loss [17]. Acoustic injury was also reported to be prevented
by tempol, a SOD-mimetic agent [11]. Furthermore, HO1 and GPx
effectively work to prevent inner ear injury after exposure to oxi-
dative stresses [18-21]. Since PrxI scavenges hydrogen peroxide, li-
pid hydroperoxide, and peroxynitrite, PrxI is thought to contribute
to the prevention of oxidative injury in the cochlea.

Here, we examined the contribution of Nrf2 to cochlear protec-
tion by using Nrf2-KO mice. The results from the auditory brainstem

110



T. Hoshino et al./Biochemical and Biophysical Research Communications 415 (2011) 94-98 95

response (ABR) and morphological analyses indicated significant
impairment of auditory function in aged mice in the absence of
Nrf2. Furthermore, the cochlear cells of Nrf2-KO mice were severely
injured after gentamicin treatment, to the extent that they lacked
the expression of several Nrf2-driven antioxidant enzymes. These
analyzes of Nrf2-KO mice provide new insight into preventive med-
ical procedures for age-related and drug-induced hearing loss.

2. Materials and methods
2.1. Animals

Nrf2-KO mice were produced and maintained on a BDF1 back-
ground as previously described [2]. Wild-type BDF1 mice were
used as the control. The animals were maintained under a normal
day/night cycle and given free access to food and water. The care
and use of animals were approved by the Animal Research Com-
mittee and Safety Committee for Gene Recombination Research
of the University of Tsukuba.

2.2. ABR testing

Mice were anesthetized with an intraperitoneal injection of
pentobarbital sodium (Nembutal; Abbott Laboratories, Chicago,
IL). Anesthesia was supplemented during the course of measure-
ment of ABR as necessary.

Positive, negative, and ground electrodes were subcutaneously
inserted at the vertex, mastoid, and back, respectively [11,12,22].
Bursts of 4, 8, or 16 kHz pure tones were used to evoke ABR. Evoked
responses were amplified, filtered with a bandpass of 200 Hz to
3 kHz, and averaged with 500 sweeps using a signal processor
(Synax2100; NEC, Tokyo, Japan). The visual detection threshold
was determined with increment or decrement of sound pressure
at 5 dB steps.

2.3. Staining of hair cells

Eleven-month-old mice were transcardially perfused with 4%
paraformaldehyde under deep anesthesia with pentobarbital so-
dium. After decapitation, the cochleae were kept in the same fixa-
tive at 4 °C overnight, decalcified with ethylenediaminetetraacetic
acid (EDTA), and then dissected for surface preparation. Whole
mounts of the organ of Corti were permeabilized with 5% Tri-
tonX-100 (Sigma, St. Louis, MO) in phosphate-buffered saline
(PBS) with 10% fetal bovine serum (FBS) for 10 min. The specimens
were stained with a rhodamine-phalloidin probe (1:100; Invitro-
gen, Carlsbad, CA) at room temperature for 1 h [23]. Phalloidin spe-
cifically binds to cellular F-actin and is used to visualize the
stereociliary arrays and cuticular plate of hair cells.

2.4. Assessment of hair cell damage

A hair cell was characterized as “missing” if neither the stereo-
cilia nor the cuticular plate were observed in the cell by phalloidin
staining. Quantitative results were obtained by evaluating 30 outer
hair cells associated with 10 inner hair cells in a given microscopic
field. The average of five separate counts was used to represent
each specimen [23,24].

2.5. Assessment of spiral ganglion cells

The Nrf2-KO and wild-type mice were killed at 11 months of
age. The cochleae were fixed with 4% paraformaldehyde, decalci-
fied with EDTA, and then embedded in paraffin. The cochleae were
cut into 5-um-thick midmodiolar sections. After the sections were
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stained with hematoxylin and eosin, the number of spiral ganglion
cells was counted.

2.6. Culture techniques

The basal turn of the organ of Corti was dissected from the mice
on postnatal day 3 (P3). The methods for culture of the organ of
Corti were previously reported [23]. The explants were maintained
in Dulbecco’s modified Eagle’s medium (DMEM) with 10% FBS,
25 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid, and
30 U/mL penicillin and cultured in an incubator at 37 °C with 5%
CO, and 95% humidity with or without gentamicin treatment at
a concentration of 50 pm. For the morphological analysis, after
72 h of culture, the explants were fixed with 4% paraformaldehyde
in PBS for 20 min and then permeabilized with 5% TritonX-100 in
PBS with 10% FBS for 10 min [23,24]. The specimens were stained
with a rhodamine-phalloidin probe, as described above.

2.7. RT-PCR

Dissected cochleae of P3-5 pups were cultured in DMEM media
as described above for up to 24 h. Total RNAs were isolated from
the culture specimens using an Isogen RNA preparation kit (Nippon
Gene, Tokyo, Japan). The cDNA samples were synthesized with
SuperScript Il reverse transcriptase (Invitrogen, Carlsbad, CA). gPCR
Mastermix (Nippon Gene, Tokyo, Japan) was used for the analyzes of
the HO1 and NQOT genes and a Power SYBR Green RNA-to-CT 1 step
kit (Applied Biosystems, Carlsbad, CA) for the SOD1 and PrxI genes
according to the manufacturer’s instructions. Real-time RT-PCR
was performed using an ABI-PRISM 7700 Sequence Detector System
(Applied Biosystems, Carlsbad, CA). The primers were as follows, and
otherwise were described previously [25]: (SOD1 forward: 5'-GAC-
AAACCTGAGCCCTAAG-3"; SOD1 reverse: 5'-CGACCTTGCTCCTT-
ATTG-3"; Prxl forward: 5-CGTTCTCACGGCTCTTTCTGT3'; PrxI
reverse:5'-GCATTTCCTGAAGACATCTTGCT-3).

2.8. Statistical analyses

All data were evaluated by the ¢ test or two-way ANOVA. Any
test resulting in a p value of less than 0.05 was considered signifi-
cant. Error bars represent the standard error of means.

3. Results

3.1. Hearing ability deteriorates rapidly with increasing age in Nrf2-KO
mice

To elucidate the contribution of Nrf2 to the auditory organ, we
examined hearing thresholds in Nrf2-KO mice by measuring the
ABR thresholds. The ABR thresholds in the Nrf2-KO and age-
matched wild-type mice at 3 months of age were not significantly
different (Fig. 1). Next, to elucidate age-induced changes in hearing
ability, we measured the ABR thresholds of the mice at 6 and
11 months of age. Expectedly, the ABR thresholds of the wild-type
mice were elevated in an age-dependent manner (Fig. 1). Notably,
the ABR thresholds of the 6- and 11-month-old Nrf2-KO mice rose
to much higher levels than those of the age-matched wild-type
mice (Fig. 1). These results indicated that Nrf2 was involved in
maintaining hearing function in older mice.

3.2. Hair cells and spiral ganglion cells are missing in aged Nrf2-KO
mice

To elucidate the reason for the hearing disturbance in older
Nrf2-KO mice, the cochlear morphology was microscopically exam-
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Fig. 1. ABR thresholds of Nrf2-KO and wild-type mice at 3, 6, and 11 months of age.
The ABR thresholds in the Nrf2-KO mice at 6 and 11 months of age were
significantly more elevated than those in the age-matched wild-type mice
(p < 0.01, two-way ANOVA), while the Nrf2-KO mice showed a similar ABR pattern
to that of the wild-type mice at 3 months of age. Ten wild-type and 10 Nrf2-KO mice
at 3 months of age, 10 wild-type and 6 Nrf2-KO mice at 6 months of age, and 10
wild-type and 12 Nrf2-KO mice at 11 months of age were used for this experiment.

ined and phalloidin staining used to observe the hair cells. As
shown in Fig. 2A, degeneration of the outer hair cells was apparent
in the first cochlear region, while hair cell loss in the second turn
and the region of inner hair cells was not obvious in the 11-
month-old wild-type mice (Fig. 2A), consistent with previous re-
ports. In contrast, the cochlear architecture of the Nrf2-KO mice
was destroyed in the outer hair cell layer, and the hair cell loss ex-
tended into the inner hair cell layer of the second turn (Fig. 2A). We
next attempted quantitative analyses of the hair cells. In good
agreement with the morphological analyses, the number of resid-
ual outer hair cells was significantly more decreased in the Nrf2-
KO mice than in the age-matched wild-type mice (p < 0.001, two-
way ANOVA;) (Fig. 2B, upper panel). In addition, significant inner
hair cell loss in the first turn of the Nrf2-KO mouse cochlea was also
observed (p < 0.05, two-way ANOVA) (Fig. 2B, lower panel).

Next, the ganglion cell population in the midmodiolar sections
in the 11-month-old Nrf2-KO and wild-type mice was counted.
Microphotographs of the lower first and lower second turns of
these mice showed spiral ganglion cells in the Rosenthal canal
(Fig. 3A). Loss of spiral ganglion cells in the lower turn of the co-
chlea was clearly observed in both the wild-type and the Nrf2-KO
mice (Fig. 3A). On the other hand, spiral ganglion cell density in
the upper turn was also decreased in the Nrf2-KO mice, whereas
it was comparatively maintained in the wild-type mice (Fig. 3A).
Quantitative analysis of the spiral ganglion cells in each turn re-
vealed that the number of residual spiral ganglion cells was signif-
icantly more decreased in the Nrf2-KO mice than in the wild-type
mice (p < 0.05, two-way ANOVA). Taken together, hair cell loss and
spiral ganglion cell loss rapidly progressed with age in Nrf2-KO
mice, causing significant hearing impairments in older mice.

3.3. Nrf2 knockout accelerated gentamicin ototoxicity

Nrf2 regulates expression of genes that protect cells from oxida-
tive damage. To investigate the roles of Nrf2 in protection against
oxidative stress in the cochlea, we attempted explant organ culture
in the presence of gentamicin. Gentamicin is a well-known oto-
toxic drug, and its ototoxicity is involved in the ROS- and nitric
oxide-related mechanisms.

Hair cell explants were dissected from P3 pups of Nrf2-KO and
wild-type mice. Subsequently, the explants were incubated in
50 pm gentamicin for 72 h. As shown in Fig. 4A, the outer hair cells
were severely damaged in the Nrf2-KO mice. Quantitative analysis
revealed that the number of residual outer hair cells was much
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Fig. 2. Age-related degradation of cochlear hair cells in Nif2-KO mice. (A)
Representative sections through the organ of Corti showing inner and outer hair
cells of wild-type and Nrf2-KO mice at 11 months of age. Bar: 50 um. (B)
Quantitative analyses of the number of residual outer and inner hair cells in mice
at 11 months of age. Note the severe outer hair cell loss in the Nrf2-KO mice not
only in the first but also in the second turn (p < 0.01, two-way ANOVA). The hair cell
loss extended into the inner hair cell region in the first turn of the Nrf2-KO mice
(p < 0.01, two-way ANOVA). Six or seven mice in each group were used for this
experiment.

more decreased in the Nrf2-KO mice than in the wild-type mice
(p<0.01, ¢ test) (Fig. 4B).

We next examined the expression of Nrf2-dependent enzymes
in the cultured cochleae exposed to gentamicin. As shown in
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Fig. 3. Age-related spiral ganglion cell loss in Nrf2-KO mice. (A) Representative
sections through the organ of Corti showing spiral ganglion cells of the wild-type
and Nrf2-KO mice at 11 months of age. The areas of the Rosenthal canal in the lower
first turn (arrows) and the lower second turn {(arrowheads) are indicated by dotted
lines. Bar: upper panel 100 pm; lower panel 20 um. (B) Quantitative analyses of the
number of residual spiral ganglion cells. The residual spiral ganglion cell population
was significantly more decreased in the Nrf2-KO mice than in the wild-type mice
(p < 0.05, two-way ANOVA). Five mice in each group were used for this experiment.

Fig. 4C, the mRNA levels of HO1, NQO1, and SOD1 in the wild-type
mice were increased at 6 h and had recovered to the basal level at
24 h after gentamicin exposure. On the other hand, such induc-
tion was not observed in the Nrf2-KO mice during the observation
period. Especially, the expression of NQO1 and SOD1 genes after
6-h exposure was significantly more elevated in the wild-type
mice than in the Nrf2-KO mice (p < 0.05, t test). In contrast, induc-
tion by gentamicin of Prxl gene expression was not detected in
either the wild-type mice or the Nrf2-KO mice during this exper-
iment. These findings suggest that Nrf2 protects the cochlear
from gentamicin ototoxicity through induction of antioxidant
enzymes.
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Fig. 4. Gentamicin ototoxicity in the cultured cochlear hair cells. (A) Representative
sections of hair cell explants exposed to gentamicin for 72 h. The hair cells of the
Nrf2-KO mice were more damaged than those of the wild-type mice. Bar: 50 pm. (B)
Quantitative analysis of the number of residual outer hair cells after gentamicin
exposure. The number of residual outer hair cells in the Nif2-KO mice was
significantly more reduced than that in the wild-type mice (p <0.01, t test). Ten
wild-type and 15 Nif2-KO mice were used for this experiment. (C) Expression levels
of genes coding for Nrf2-driven antioxidant enzymes after gentamicin exposure.
The vertical axes indicate the relative ratio of the gene expression in the explants
exposed to gentamicin to that in the untreated explants. Four wild-type and four
Nrf2-KO mice were used for this experiment.

4. Discussion

Reactive oxygen species are involved in a wide range of cochlear
injuries [6-14). In addition, AHL is ascribed to the production of
ROS, at least in part [26]. Nrf2 is believed to protect against oxida-
tive tissue damage through ARE-mediated transcriptional activa-
tion of several phase II detoxifying enzymes and antioxidant
enzymes. However, little is known about the function of Nrf2 in
the cochlea. So et al. demonstrated the roles of Nrf2 in the protec-
tion of cisplatin-induced hair cell loss via HO1 gene activation by
means of an ex vivo organ culture assay [20]. Furthermore, recent
work using mice suffering from progressive hearing loss demon-
strated that sulforaphane, an Nrf2 inducer, was effective in allevi-
ating the mouse phenotype [27]. Hence, the molecular dissection
of the Nrf2 function in the cochlea has become very important
for the development of preventive strategies for patients at high
risk of ear damage. In this study, we clarified the importance of
Nrf2 in the cochlea in protecting against AHL and ototoxic agents
by using genetically manipulated Nrf2-KO mice.

The spiral shape of the cochlea was not disturbed in Nrf2-KO
mice. In addition, the hearing ability of these mice was within nor-
mal levels until 3 months of age. In contrast, the hearing ability of
Nrf2-KO mice rapidly worsened with age in comparison with that
of wild-type mice and was accompanied by significant loss of hair
cells and spiral ganglion cells. Therefore, we surmise that Nrf2 is
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preventive against progression of AHL, while loss of Nrf2 is dis-
pensable during auditory organ development.

Aminoglycoside antibiotics, such as gentamicin, are ototoxic
drugs damaging to cochlear hair cells. As in cisplatin-induced oto-
toxicity, ROS are one of the leading factors involved in aminoglyco-
side-induced cochlear injury. We here demonstrated that Nrf2
protects against progression of gentamicin-induced hair cell dam-
age by regulating antioxidant enzymes. The expression of NQO1
and SOD1, which are representative ARE-dependent Nrf2-mediated
detoxifying/antioxidant enzymes, was significantly upregulated
after 6-h gentamicin exposure in wild-type mice, but such upreg-
ulation was not observed in Nrf2-KO mice. We surmise that in a
similar manner to these two genes, HO1 is cooperatively involved
in otoprotection, since it is one of the important Nrf2-mediated en-
zymes against oxidative stress-induced inner ear injury. We could
not detect any significant difference in HO1 gene induction by gen-
tamicin exposure between the wild-type and Nrf2-KO mice, prob-
ably because the expression of HO1 is regulated by a combination
of Nrf2 and Bach1, which is another b-Zip protein Bach1 [28]. Fur-
ther analysis using Nrf2- and Bach1-double KO mice is required to
clarify the regulation of HO1 in the cochlea by gentamicin expo-
sure. It is noteworthy that the expression of such Nrf2-target genes
was increased in a transient manner when the induction response
was complete by 24 h. This result is somewhat unexpected because
the induction of Nrf2 target genes by conventional Nrf2-inducers
usually continues beyond 24 h. It was previously reported that a
transient response by diethyl maleate, a strong Nrf2 inducer, was
observed in HO1 but not in NQO1 gene expression because of a
gene-specific epigenetic modification [29]. We speculate that a
variety of modification mechanisms divers the gene regulation
profiles depending on the tissue identity.

In conclusion, the present study demonstrated that disruption
of Nrf2 causes AHL and renders the cochlea vulnerable to gentami-
cin ototoxicity. Although Nrf2 does not contribute to the formation
of the inner ear in the developmental period, it cleans up the ROS
induced by several postbirth environmental factors, thereby mini-
mizing AHL-related cochlear injuries. We propose that compounds
that activate Nrf2 prevent progression of cochlear injury related to
AHL and ototoxic agents.
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Ototoxicity: Mechanisms of Cochlear Impairment and its Prevention
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Abstract: Aminoglycosides, cisplatin, and non-steroidal anti-inflammatory drugs (NSAIDs) arc widely used pharmacological agents.
There is a possibility, however, that the use of these agents may induce transient or permanent hearing loss and tinnitus as side effects.
Recent animal studies have clarified mechanisms leading to the ototoxicity induced by these agents, at least in part. The permanent
hearing loss caused by aminoglycosides and cisplatin is suggested to be predominantly associated with the apoptotic death of outer hair
cells. Both drugs generate reactive oxygen species (ROS) in the inner ear. ROS can activate cell-death pathways such as the c-Jun N-
terminal kinase (JNK) and p38 mitogen-activated protein kinase (MAPK) pathways, which in turn, induce hair cell apoptosis. On the
other hand, the abuse of NSAIDs may transiently cause tinnitus and mild to moderate hearing loss. NSAIDs impair the active process of
the outer hair cells and affect peripheral and central auditory neurons. Conversely, recent reports clarified that NSAIDs are potential
therapeutic agents against cochlear injuries. In this review, recent findings from animal studies regarding the ototoxicity induced by
aminoglycosides, cisplatin, and NSAIDs are summarized. Their ototoxic mechanisms are focused on.

Keywords: Aminoglycosides, cisplatin, non-steroidal anti-inflammatory drugs (NSAIDs), ototoxicity.

INTRODUCTION

Hearing impairment can result from the wuse of
chemotherapeutic agents, such as aminoglycoside antibiotics,
cisplatin, and non-steroidal anti-inflammatory drugs (NSAIDs).
Although these agents are useful and widely employed, ototoxicity,
as a side effect, may restrict their uses. Basic research using
experimental animals have helped to clarify, in part, the
mechanisms by which these agents impair the function of the inner
ear. The aim of this review is to provide an overview of recent
insights regarding the ototoxicity of these three important classes of
pharmaceutical.

AMINOGLYCOSIDES

Aminoglycoside antibiotics are bactericidal aminoglyosidic
aminocyclitols that exhibited a therapeutic action by inhibiting
bacterial protein synthesis. They bind to the bacterial 30S ribosomal
subunit and inhibit the elongation of bacterial protein synthesis.
They were developed mainly in 1940s to treat Gram-negative
bacteria that were not responsive to the conventional antibiotics of
that time, such as penicillin. Despite side effects such as
nephrotoxicity and ototoxicity, aminoglycosides are still useful
today to treat tuberculosis and other serious bacterial infections.
The aminoglycoside superfamily comprises the compounds
amikacin, dibekacin, dihydrostreptomycin, fradiomycin,
gentamicin, isepamicin, kanamycin, netilmicin, streptomycin, and
tobramycin. Streptomycin, the first member of aminoglycosides,
was isolated from Strepfomyces griseus between 1939 and 1944 [1].
The three most commonly prescribed aminoglycosides are
gentamicin, tobramycin, and amikacin, and gentamicin is currently
the most widely used aminoglycoside [2, 3]. The incidence of
ototoxicity when these drugs are administered for several days
reportedly lies in the 20% range [4, 5]. The incidence can increase
to about 80% when administered for months, which is often
necessary for the treatment of tuberculosis [6]. Recent studies have
demonstrated that aminoglycoside ototoxicity begins with the
disarray of hair cell stereocilia, leading to their complete
disappearance, along with the degeneration and death of hair cells
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MECHANISM OF AMINOGLYCOSIDE OTOTOXICITY
Reactive Oxygen Species

The generation of reactive oxygen species (ROS) is thought to
be the initiating step of aminoglycoside ototoxicity. ROS are
products of oxygen metabolism, which are highly reactive and
potentially destructive to cell constituents, resulting in necrotic or
apoptotic cell death. The formation of ROS by aminoglycosides has
been observed in vitro in the presence of iron salt [8] as well as in
cultured cells exposed to these agents [9-11]. It is considered that
aminoglycosides achieve their redox capacity by binding to the
transition metal iron. An ir virro study demonstrated that
aminoglycoside antibiotics increased luminescence on employing
lucigenin or luminol in cultured cells, and this luminescence was
inhibited by the addition of iron chelators [11]. The redox activity
of the aminoglycoside-iron complex was also revealed on the
monitoring of arachidonic acid peroxidation [8]. In addition, the
supplemental administration of iron exacerbated aminoglycoside
ototoxicity [12].

The critical roles of ROS in hair cell death induced by
aminoglycosides are supported by the observation that mice
overexpressing  superoxide  dismutase are resistant  to
aminoglycoside ototoxicity [13]. Additionally, the participation of
reactive nitrogen species in aminoglycoside ototoxicity has also
been reported [14].

Apoptotic Hair Cell Death

The excess generation of ROS is thought to trigger pathways of
apoptotic cell death. Apoptosis primarily occurs through the
activation of caspases by either an extrinsic or intrinsic pathway.
The extrinsic pathway begins with the activation of cell surface
death receptors that are members of the tumor necrosis factor
(TNF) family of receptors. Activation of these death receptors
cleaves caspase-8, which, in turn, activates downstream effector
caspases such as caspase-3. In contrast, the intrinsic pathway is
initiated by changes in mitochondrial membrane permeability.
Cytochrome c released from mitochondria forms a protein complex
with Apaf 1. This, in turn, activates caspase-9 and the downstream
effector caspases. The activated effector caspases then cleave
critical intracellular proteins to induce the final stages of cell death
[15].

The current literature suggests that the intrinsic apoptotic
pathway is the major pathway of hair cell death induced by
aminoglycosides in the cochlea [16-19]. Caspase-3 and -9 inhibitors
but not caspase-8 inhibitors decreased auditory hair cell loss
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mediated by gentamicin [19]. However, caspase-9 inhibitors did not
reduce hair cell apoptosis induced by gentamicin when the
apoptotic pathway was enhanced by inhibitors of the X-linked
inhibitor of apoptosis protein (XIAP) [19]. In addition, caspase-8,
as well as caspase-3 and caspase-9, was activated by neomycin in
utricular hair cells [17]. These findings suggest that the extrinsic
apoptotic pathway or cross-talk between the intrinsic and extrinsic
pathways may also be involved in the aminoglycoside-induced
apoptosis of hair cells.

Mitogen-activated protein kinases (MAPKs) are serine-
threonine kinases that mediate intracellular signaling associated
with a variety of cellular activities including cell proliferation,
differentiation, survival, death, and transformation. The mammalian
MAPK family consists of extracellular signal-regulated kinase
(ERK), p38 MAPK, and c-Jun NH,-terminal kinase (JNK). JNK is
also known as stress-activated protein kinase (SAPK). The JNK and
p38 signaling pathways are activated by various stimuli such as
oxidative stress and pro-inflammatory cytokines [20]. Several
reports indicated that the JNK pathway was activated during the
course of the aminoglycoside-induced apoptosis of hair cells, and
that aminoglycoside-induced hearing loss was alleviated by JNK
inhibitors [21-23]. Another report indicated that the p38 pathway is
involved in hair cell death in aminoglycoside ototoxicity [24]. In
addition to the excessive administration of gentamicin, acoustic
overstimulation and aging are also known to activate p38 MAPK in
the cochlea [25, 26].

PREVENTION OF AMINOGLYCOSIDE OTOTOXICITY

ROS are considered to be involved in various types of cochlear
injury [27]. Several chemical agents have been investigated to
prevent the initial stages of lipid peroxidation and cell damage by
blocking the formation of ROS or scavenging ROS once these
radicals are formed [28]. These include vitamin E [29], D-
methionine [30], a-lipoic acid [31], mannitol [32], EGb 761 [33],
and a superoxide dismutase (SOD) mimetic [34]. Other compounds
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that display antioxidant properties and have recently been
investigated as protective agents against aminoglycoside ototoxicity
include iron chelators [32, 35] and salicylate [36].

In addition to protecting the cochlea from oxidative stress that
would promote cell death, it could also be applied for cochlear
protection to slow or reverse the process of apoptotic cell death.
Since apoptosis participates in aminoglycoside-induced ototoxicity,
trials with compounds that can block aminoglycoside-induced
apoptosis have recently been a focus of studies. Caspase-3 and -9
inhibitors alleviated gentamicin ototoxicity [19]. IAPs represent a
family of endogenous caspase inhibitors that share a conserved
structure known as the BIR (baculovirus inhibitory repeat) domain,
a zinc-binding region consisting of less than 70 amino acids [37]. A
pharmacological experiment suggested that XIAPs normally act to
limit hair cell death during gentamicin ototoxicity [19].

MAPKSs may also be targets of therapy against aminoglycoside
ototoxicity. JNK inhibitors, CEP1347 and SP600125, have been
shown to reduce the aminoglycoside-induced apoptosis of hair cells
[21, 23]. Estradiol, the most potent estrogen, suppressed gentamicin
ototoxicity by inhibiting the activation of the JNK pathway [23].
Minocycline is known to be an inhibitor of caspases and
cytochrome-c-release into the cytoplasm, and minocycline has been
shown to reduce the activation of p38 MAPK and protect hair cells
against gentamicin ototoxicity [24, 38].

The sphingolipid metabolites ceramide, sphingosine,
sphingosine-1-phosphate (S1P), and gangliosides are known as a
new class of lipid second messengers and reportedly play essential
roles in the regulation of cell proliferation, survival, and death [39].
Nishimura ef al. [40] reported that ceramide accelerated the
gentamicin-induced apoptosis of outer hair cells, and, conversely,
S1P inhibited hair cell apoptosis. These findings suggest that
inhibition of the synthesis and/or action of ceramide as well as S1P
agonists may serve for cochlear protection. In addition, protective
effects of gangliosides GM1 and GM3 against gentamicin
ototoxicity were also reported [40] (Fig. 1).
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Fig. (1). A putative model of the signaling events leading to apoptosis of cochlear hair cells following exposure to aminoglycoside and cisplatin.
Aminoglycoside and cisplatin induce the generation of ROS, activation of p38 MAPK and JNK, and cleavage of caspases.
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In addition to the agents described above, glucocorticoids {41,
42], an enhancer of KCNQ4 (Kv7.4) potassium channels [43], and
neurotrophic growth factors [44] also exert protective effects
against aminoglycoside ototoxicity.

GENOTYPE AND SUSCEPTIBILITY TO AMINOGLYCO-
SIDES

Several mitochondrial mutations are associated with non-
syndromic and syndromic hearing loss, including 1555A>G,
3243A>G, 1494C>T, and 1095T>C. The 1555A>G mutation is the
most common mutation attributed to aminoglycoside-induced
sensorineural hearing loss [45, 46]. Aminoglycosides exert their
antibacterial effect by specifically binding to the bacterial ribosome,
thus inhibiting protein synthesis or inducing the mistranslation of

messenger RNAs [47]. Prezant et al. [48] first demonstrated that
1555A>G mutation canses the structure of the mitochondrial 128
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ribosomal RNA (t1RNA) to be more similar to that of bacterial
rRNA, thus making the mitochondrial ribosomal decoding site more
accessible to aminoglycoside antibiotics. Since then, multiple
reports have confirmed this association [49].

CISPLATIN

Cisplatin is one of the most active platinum compounds in
experimental tumor systems, and was introduced into clinical
chemotherapy in the early 1970s. Today, it is used for the treatment
of cancers of the head and neck, lung, ovary, bladder, and testis.
Although the treatment of cancers with this drug is effective,
serious adverse effects such as nausea, nephrotoxicity,
neurotoxicity, and ototoxicity may occur during or after the course
of treatment. These adverse effects often limit the dose of cisplatin.
Experimental studies have demonstrated that cisplatin ototoxicity
begins with damage to the first row of outer hair cells in the basal
turn of the cochlea, and progresses to the other rows of outer hair
cells in the organ of Corti [S0]. Besides the organ of Corti, cisplatin
also affects the spiral ganglion and stria vascularis. Van Ruijven et
al. [51] demonstrated that the time sequence of damage to spiral
ganglion and outer hair cells showed a similar time course. In
addition, a strong correlation was reported among the damage of
marginal cells of the stria vascularis, damage of hair cells, and
hearing loss [52]. Those findings suggest that cisplatin injury
occurs in parallel in the organ of Corti, spiral ganglion, and stria
vascularis. The clinical presentation of cisplatin ototoxicity includes
tinnitus and high-frequency sensorineural hearing loss, which can
be permanent and progressive, and involves the lower frequencies
as toxicity progresses. The incidence of ototoxicity due to cisplatin
therapy varies in different clinical treatment data. For example, De
Jongh et al. [53] suggested that 42% of patients receiving weekly
cisplatin at a dose of 70-85 mg/m* showed signs of hearing loss.
Risk factors that increase the incidence of cisplatin ototoxicity
include: renal disease, larger cumulative doses, pre-existing hearing
loss, younger age in children, and irradiation of the skull base [1,
54-56].

MECHANISM OF CISPLATIN OTOTOXICITY
Reactive Oxygen Species

ROS plays a crucial role in cisplatin as well as aminoglycoside
ototoxicity [9]. The administration of ototoxic doses of cisplatin to
experimental animals results in the depletion of glutathione and
antioxidant enzymes (SOD, catalase, glutathione peroxidase, and
glutathione reductase) in cochlear tissues, with a corresponding
increase in malondialdehyde levels [57]. Furthermore, it is thought
that reactive nitrogen species also contribute to cisplatin ototoxicity
[58, 59]. Kim et al. [60] recently examined the roles of NADPH
oxidases in cisplatin-induced ROS generation. Their immunohisto-
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chemical studies demonstrated that cisplatin induced the expression
of NADPH oxidase isoforms NOX-1 and NOX-4 in HEI-OCI
auditory cells. Expression of mRNA for NOX-1, NOX-4, NOXO1,
NOXAI1, p47(phox), and p67(phox) was also increased. The
inhibition of NADPH oxidase with diphenyleniodonium chloride or
apocynin abolished ROS production and the subsequent apoptotic
cell death in cisplatin-treated cells. Their data suggest that ROS
were generated, in part, through the activation of NADPH oxidase
in cisplatin ototoxicity [60].

Rybak ef al. [1] suggest that the reduction of cochlear
antioxidant enzymes activities may result from: (1) direct binding
of cisplatin to essential sulfhydryl groups within the enzymes; (2)
depletion of copper and selenium, which are essential for
superoxide dismutase and glutathione peroxidase activities [61]; (3)
increased ROS and organic peroxides which inactivate antioxidant
enzymes [62]; and (4) depletion of glutathione and the cofactor
NADPH, which are essential for giutathione peroxidase and
glutathione reductase activities [63]. The depletion of antioxidant
enzymes increases ROS formation in the cochlea.

Apoptotic Hair Cell Death

Recent studies have suggested that apoptosis participates not
only in aminoglycoside but also cisplatin ototoxicity. As perfusion
of the cochlea with a caspase-8 inhibitor was not effective in
preventing either cisplatin-induced hair cell death or hearing loss,
the apoptosis of cochlear hair cells induced by cisplatin does not
appear to be dependent on the activation of caspase-8 [64].
Moreover, because caspase-3 and -9 are activated in cisplatin-
damaged hair cells, and because the intracochlear perfusion of
inhibitors of these caspases prevented apoptosis and hearing loss, it
is likely that cisplatin ototoxicity is mediated by mitochondrial
damage in the affected hair cells, with the sequential activation of
initiator and effector caspases, resulting in apoptosis, hair cell
destruction, and hearing loss [64].

PREVENTION OF CISPLATIN OTOTOXICITY

Since the formation of ROS is thought to be one of the most
important factors initiating cisplatin ototoxicity, strategies to
prevent this ototoxicity have involved the administration of free
radical scavengers, such as amifostine [65], acetylcysteine [66],
salicylates [67], and vitamin E [68]. These agents prevent the
reactions of ROS with cellular proteins, lipids and DNA. Inducible
NOS inhibitors and ebselen, a peroxynitrite scavenger, also
protected the cochlea against cisplatin ototoxicity [57-59]. Other
strategies involve the coadministration of compounds (sodium
thiosulfate [22] and D-methionine [69]) which are able to induce
the production of endogenous antioxidants or agents such as
adenosine agonists [70] that can prevent the formation of ROS.

The protective effects of apoptosis inhibitors on cisplatin
ototoxicity have also been reported. Wang et al. [64] reported that a
caspase-3 inhibitor (z-DEVD-fink) and caspase-9 inhibitor (z-
LEHD-fink) reduced the incidence of apoptosis, hair cell loss, and
hearing threshold elevation induced by cisplatin in the guinea pig.
Gene therapy with adeno-associated virus (A AV) containing a gene
encoding XIAP protected the cochlea from cisplatin ototoxicity
[71].

In addition to ROS scavengers and apoptosis inhibitors,
dexamethasone [72, 73], flunarizine [74], a copper transporter
inhibitor [75], and neurotrophins such as neurotrophin-3 (NT-3)
[76] and brain-derived nerve growth factor (BDNF) [77] also
exhibited protective effects against cisplatin ototoxicity.

NSAIDs

NSAIDs are usually used as painkillers, antipyretics, etc., and
are some of the most commonly used drugs in daily clinical



