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Fig.2 H&E-staining within the lower apical turn of a mouse cochlea.
a, ¢ Control ear. b, h 8 weeks after nosie exposure. d, e Zero and six
hours after exposure to 120 dB noige. No significant morphological
changes were observed in the spiral limbus. However, 12 h after noise
exposure, fibrocytes in the spiral limbus showed signs of degeneration

For SGCs (Fig. 3b) and spiral ligament (Fig. 3¢), no sig-
nificant cell loss was detected even at 8 weeks after noise
exposure.

Apoptosis in the spiral limbus after noise exposure

To determine whether the noise-induced disappearance of
fibrocytes in the spiral limbus was due to apoptosis, we
analyzed cochleas from each group with ssDNA and
TUNEL methods. Single-stranded DNA- and TUNEL-
labeled cells were only found in the spiral limbus within the
apical turns 12 h (Fig. ‘ic, g, j) and 24 h (Fig. 4d, h, k) after
noise exposure. Thereafter, no apoptotic staining was pres-
ent, even though fibrocyte loss was apparent.

No ssDNA- (data not shown) or TUNEL-labeled cells
(Fig. 4) were found in the lateral wall, organ of corti, or spi-
ral ganglion at any time prior to or after noise exposure.

| Springer

and were noticeably fewer in number (f). Twenty-four hours after noise
exposure, fibrocytes in the spiral limbus had disappeared completely
(2). We observed no regeneration of fibrocytes in the spiral limbus
8 weeks after noise exposure (h). Bar: 25 pm

Discussion

The loss of fibrocytes in the spiral limbus has been reported
previously with sensory structure damage [1, 11-13].
Ohlemiller etal. noted that the loss of fibrocytes only
happened in the apical tirn just as our results. But no
research paid attention to the time course and mechanism of
the cell loss of fibrocytes in the spiral limbus. In our study,
we found that the number of fibrocytes in spiral limbus
within the apical turns of the cochlea began to decrease
12 h after noise exposure, a time ssDNA and TUNEL
labeling was apparent in the fibrocytes of the spiral limbus.
This means that the loss of fibrocytes in the spiral limbus
within the apical turn was due to apoptosis. Since ssSDNA
and TUNEL are the common methods for detecting late-
stage apoptosis, no TUNEL or ssDNA positive cells were
detected until 12 h, initiation and progression of apoptosis
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Fig. 3 The nurmbers of fibrocytes in the spiral lirmbus (a), SGCs (b)
and cells in spiral ligament (¢) within the lower apical turns of mouse
cochlea. ***P < (.01

Fig. 4 TUNEL assay (a—h) and ssDNA staining (i-k) of the lower Lpihal turn of the cochlea after noise
. d, h, k Twenty-four hours. e Eight weeks. Bar: 25 p

¢, g, j Twelve hours
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of the fibrocytes in the spiral limbus may contribute to hear-
ing loss at initial stage after noise exposure.

Noise exposure may lead to insufficiencies of cochlear
blood flow [17], leading to ischemia and damage to capillary
structure in the cochlea [18]. Ischemic damage leads to
increased nitric oxide production, which causes cochlear cell
damage [19]. Thus, noise-induced ischemia in cochlea might
be associated with apoptosis in spiral limbus fibrocytes.

Ischemic damage, alteration in K* concentration, and
acute energy failure induced by noise exposure may dam-
age and cause dysfunction of fibrocytes in the spiral limbus.
Twenty-four hours after noise exposure, a near complete
loss of spiral limbus fibrocytes in the cochlea was detected
only in the apical limbus, suggesting that noise-related
injury to the limbus begins apically [11]. Interestingly, this
may also oceur in aging [20, 21], which is commonly asso-
ciated with hearing loss.

Fibrocytes in the spiral limbus play a role in the inner
route of the K* recyele in which the K released from inner
hair cells flows along the inner sulcus cells, fibrocytes and
interdental cells back to the endolymph [6]. Loss of fibro-
cytes in the limbus induced by noise might disrupt K™ recy
cling. Abnormal K concentration in the endolymph and the
endocochlear potential (EP) has been reported to influence
the activation of the hair cell, and then decrease the hearing
level [7]. Minowa et al. [22] found that only the abnormal-
ity of the fibrocytes in the cochlea, with the normal appear-
ance of the organ of Corti, the spiral ganglion even at the
electron microscopy level, can lead to the sensorineural
deafness in the mouse model of DFN3 nonsyndromic deaf-
ness. These results support our speculation that the fibro-
cytes play a critical role in the auditory function.

Several previous studies have shown that fibrocytes
degenerate and ion transporter expression decreases in
the spiral ligament after acoustic trauma [7, 23, 24]. In the
present study, no significant changes have bccn found in

J

exposure. a, £,i Control ear. b Six hours.
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the fibrocytes of spiral ligament. The genetic background
of the mice which we used may account for this difference.
The cochlear cells and structures in these mice may have
different susceptibilities to noise-induced damage. Indeed,
different strains of mice show marked variation in noise
susceptibility [25, 26]. Ohlemiller [11] showed, for equal
acoustic energy exposures, that CBA mice have a reduced
EP and show cellular changes in lateral walls, while B6
mice have a normal EP and show little of the pathology
seen in CBA mice.

Permanent changes in sensory structures after acoustic
injury include hair cell loss, stereocilia damage, and neuro-
nal loss [27], as well as loss of fibrocytes in the limbus and
lateral wall, and strial degeneration [11]. In the present
study, we did not observe damage in the organ of corti,
spiral ganglion, and lateral wall. Several previous studies
showed damage to the stereocilia only can lead to the hear-
ing loss, including the PTS and temporary threshold shift
(TTS) [27, 28]. Due to the type of histological material
used in this study, we could not confirm whether stereocilia
damage occurred or not. Although the loss of fibrocytes
was only detected in the apical turn, a profound hearing
loss was detected at 4, 8 and 16 kHz. Stereocilia damage
might attributed to the wide hearing loss in this study.
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ARTICLE INFO ABSTRACT

Articile history:

Hearing impairment can be the cause of serious socio-economic disadvantages. Recent studies have
shown inflammatory responses in the inner ear co-occur with various damaging conditions including
noise-induced hearing loss. We reported pro-inflaimmatory cytokine interleukin-6 (IL-6) was induced in
the cochlea 6 h after noise exposure, but the pathophysiological implications of this are still obscure. To
address this issue, we investigated the effects of IL-6 inhibition using the anti-IL-6 receptor antibody
(MR16-1).
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Keywords: Noise-exposed mice were treated with MR16-1 and evaluated. Improved hearing at 4 kHz as
Inner ear . 2 5 " . 5
Macrophage measured by auditory brainstem response (ABR) was noted in noise-exposed mice treated with MR16-1.
Interleukin-6 Histological analysis revealed the decrease in spiral ganglion neurons was ameliorated in the MR16-1
Noise exposure treated group, while nosignificant change was observed in the organ of Corti. Immunohistochemistry for
Inflammation Ibal and CD45 demonstrated a remarkable reduction of activated cochlear macrophages in spiral
Spiral ganglion ganglions compared to the control group when treated with MR16-1.

Cytokine Thus, MR16-1 had protective effects both functionally and pathologically for the noise-damaged

cochlea primarily due to suppression of neuronal loss and presumably through alleviation of
inflammatory responses. Anti-inflammatory cytokine therapy including IL-6 blockade would be a
feasible novel therapeutic strategy for acute sensory neural hearing loss.

@ 2009 Elsevier Ireland Ltd and the Japan Neuroscience Society. All rights reserved.

1. Introduction

Cochlea is the end-organ of the auditory system that encodes
sound stimuli to neuronal impulses. It is composed of mechan-
osensory ergans, organ of Corli, primary neurons, spiral ganglion
neurons, and surrounding mesenchymal compartments, spiral
ligament, limbs and stria vascularis, which coordinately give rise
ta endocochlear potential that is essential for hair cells in the organ
of Corti to generate action potentials in response to sound. When
sound vibration reaches the inner ear through material waves of the
middle ear ossicular chain, the mechanosensory-gated ion channels
at the stereocilial bundles of inner hair cells are stimulated and
opened, followed by inward potassium influx that eventually leads
to action potential. This is conducted to an impulse of cochlear
nerves via synapses between hair cells and axons of spiral ganglion
neurons, and finally to central processing in the auditory cortex

* Corresponding author. Tel: 481 3 5363 3747; fax: +81 3 3357 5445.
E-mail address: hidokano@sc.itckeio.ac.jp (H. Okano)

Overexposure to intense sound can cause permanent damage to
the auditory system and result in sensorineural hearing loss
{Hirose and Liberman, 2003; Saunders et al., 1985; Wang et al,,
2002). This damage involves most of the cell types of the cochlea
including spiral ligament, hair cells and spiral ganglion. Hair cells
die gradually within 2 weeks after the insult (Yamashita et al.,
2004}, and spiral ganglion neurons become swollen (Parker et al.,
2007; Wang et al., 2002). The pathophysiology of noise-induced
hearing loss is composed of different types of damage including not
only mechanical tissue damage but also secondary damage
including excitotoxic-delayed damage (Puel et al, 1998). The
molecular mechanisms of noise-induced delayed damage are not
fully understood, although the partial contribution of oxidative
stresses has been demonstrated (Yamashita et al., 2004).

Previously, the inner ear had been believed to be an immune-
privileged organ isolated by the blood-labyrinthine barrier (Juhn
and Rybak, 1981), similar to the blood-brain barrier of the central
nervous system (CNS) and the blood-eye barrier of the cornea and
retina of the eye. Recently, however, the induction of inflammatory
responses and up-regulation of pro-inflammatory cytokines in the

0168-0102/$ - see frent matter & 2009 Elsevier Ireland Ltd and the Japan Neuroscience Society. All rights reserved.
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inner ear have been reported in vanous damaging conditions
including noise-over stimulation (Hirose et al, 2005; Keithley
etal., 2008; Ladrech et al., 2007; Ma et al., 2000; Satoh et al., 2002;
Tornabene et al,, 2006). The existence of inflammatory cells at
steady state and their increase after insults of the inner ear have
been reported by several groups (Hirose et al., 2005; Jolkay et al.,
2001; Ladrech et al., 2007; Okano et al., 2008; Tanet al., 2008). One
explanation of the components for secondary damage would be the
[ocal up-regulation of pro-inflammatory cytokines because these
molecules are endogenously elevated early stages in the damaged
cochlear (within 1 day) and generally induce infiltration of
inflammatory cells, of which increases are actually observed in
the cochlea up toa maximum level at 3-7 days after the damage. [n
fact, one of the pro-inflammatory cytokines, tumor necrosis factor
o (TNF-a), induces the recruitment of pro-inflammatory cells into
the cochlea (Keithley et al., 2008), and the suppression of the
infiltration of these cells by inhibiting the TNF-a signal reduces
hearing [oss inan animal model of immune-mediated labyrinthitis
induced by immunization with keyhole limpet hemocyanin (Satoh
et al., 2002; Wang et al., 2003).

Another pro-inflammatory cytokine, IL-6, is produced by a
variety of cell types during tissue damage, infection and
inflammatory diseases (Johnston et al, 2005; Loddick et al,
1998; Yang et al, 2005). Elevated IL-6 levels have been
documented in various chnical conditions, indicating that IL-6 1s
produced in coordination with the disease response (Yoshizaki
et al, 1989). Involvement of [L-6 in inner ear damage has also been
shown previously. So etal. observed transient up-regulation of IL-6
in cisplatin-treated models, a common damaged cochlea model as
well as one with noise-over stimulation (Se et al, 2007). We
reported that IL-6 is induced in spiral ganglion and lateral wall cells
in the early phase of noise-induced cochlea trauma (Fujioka et al,,
2006). In the brain and spiral cord, the function of IL-6 is still
controversial. [n spiral cord injury, the blockade of IL-6 suppressed
reactive astrogliosis and ameliorated functional recovery (Okada
et al, 2004), whereas, in sharp contrast, it aggravated cerebral
damage in brain ischemia (Yamashita et al., 2005). These findings
clearly show that the function of IL-6 1s [argely context-dependent,
making it reasonable to address the issue of whether [L-6 acts as an
inducer of acute cochlear damage. If it does, inhibition of IL-6
signaling may ameliorate impaired hearing function, which would
be of clinical benefit.

IL-6 receptors represent a protein complex consisting of IL-6
receptor subunit (IL-6R) and IL-6 signal transducer (gp130). IL-6R
can exist in both soluble and membrane-anchored forms. When
ligands bind IL-6R, this complex moves to gp130 anchoring in cell
membranes, and therefore the IL-6 signal is transmitted. Recently,
a specific humanized neutralizing antibody against a soluble IL-6
receptor (MRA), which efficiently blocks IL-6 signaling, has been
clinically used with promising effects in patients with rheumatoid
arthritis (RA) (Nishimoto et al, 2004) and inflammatory bowel
disease (Ito, 2005).

In the present study, we used rat anti-mouse [L-6 receptor
neutralizing antibody (MR16-1) to inhibit IL-6 signals in noise-
induced damaged cochlea. MR16-1 binds soluble IL-6 receptor and
blocks transmitting signals to gp130 (Okazala et al,, 2002; Tamura
et al., 1993).

The aim of the present study is to analyze the functional and
pathological effects and the influence on inflammatory cells on
inhibiting [L-6 signal in noise-induced damaged cochlea.

2. Materials and methods
2.1 Animak
Four-to-six-weel-old male C57BL/6] mice were used (n = 60). The animals were

purchased from Saitama-Experimental Animal Center and were bred at the
Laboratory Animal Center, School of Medicine, Keio University under SPF conditions

All procedures were approved by the ethics committee of Keio University Union on
Laboratory Animal Medicine in accordance with the Guide for the Care and Use of
Laboratory Animals (National Institute of Health, Bethesda, MD).

22 Western biot

For westernblotting, animals were killed at pre-noise (n =3),6 h(n=3)and 24 h
(1= 3] after noise exposure, Bilateral cochleae were used as a single sample, The
whole cochlea was rapidly dissected out, placed in ice-cold lysate buffer (10 mM
Tris-HCl, pH 7.6, 100 mM NaCl, 1 mM EDTA, 1% TritonX-100, and protease inhibitor
mixture), and then mashed and homogenized. After scnication, the samples were
centrifuged at 15000 cpm for 4 min at 4°C and then stored at 80 °C until
electrophoresis. Samples each containing 10 pug protein were subjected to 15% SDS
PAGE gel electropheresis and transferred to membranes. We used rabbit and-
meuse interleukin-G antibedy (Sigma-Aldrich) as a primary antibedy and
secondary antibodies conjugated with biotin. They were enhanced with ABC Elite
complex (Vectaswin ABC Elite KKit; Vector Laboratories) and visualized with the ECL
Elctting Analysis System (GE Healthcare). 3-Actin (Sigma-Aldrich) was used as a
primary antibody (standard control).

23, Rot onti-mouse iL-6 receptor monoclonal ontibody (MR16-1)

The ratanti-mouse IL-6 receptor monoclonal antibody MR16-1 was prepared as
described previcusly (Tamura et al, 1583), MR16-1 was shown to bind w the
soluble IL-6 receptor of mice, suppressing IL-5-induced cellular responses in adose-
dependent manner (Okazaki et al, 2002). Other basic characterizations of this
antibedy have been reported previously (Okazaki etal, 2002; Tamura =t al., 1853).

2.4 Administrorion of MR16-1

Immediately after noise exposure, mice were intraperitoneally injected with a
single dose of MR16-1 (100 pg/g body weight; MR16-1 group) or with the same
volume and concentration of purified rat IgG (ICN/Cappel; control group)

25 Noise exposure and auditory brofnstem response (ABR)

In all the experiments, the animals were exposed for 2 h to octave-band noise
(OBN)with a peak at4 kkHz, 124 dBSPL To determine the magnification of the noise-
induced hearing loss under the noise conditons in this study, we tested the threshold
shift for the contrel group (n=4) and MR16-1 group (n=3) using the auditory
brainstem response (ABR ) Noise exposure and the ABR measurements were carried
out using methods and equipment reported previously (Fujiola etal,, 2005; IKanzaldi
eral, 2006). ABRs were performed at3 days before and 3 weelesafter noise exposure at
4 and 20 kHz. ABRs were determined onbilateral sides and averaged. The operator
measuring the ABRs was unaware of the identities of the animals.

2.6. Preporation of epon-embedded sections

Epon-embedded plastic sections were made to investigate the pathological
changes. Animals were killed at pre-noise (n =3) and 3 weelks after noise exposure
(MR16-1 group, n=6; control group, n=5) Animals were anesthetized and
perfused with 8.6% sucrose in 0.01 mol/L phosphate-buifered (PB), followed by 2%
paraformaldehyde (FFA), 2.5% glutaraldehyde and 5% sucrose in 0.1 moljL PB
transcardially, and then the inner ear was dissected from the temporal bone. After
overnight fixation following perilymphatic perfusion with 2% PFA and 2.5%
gluraraldehyde and 5% sucrose in 0.1 mol{L PB, the inner ears were decalcified in
0.1 mel/L EDTA and 5% sucrose in 0.1 molfL P8 for 7 days. After decalcification, the
inner ears were postfixed with 1% 0s0, and 5% sucrose in 0.1 mol{L PB for 20 min
followed by gradual dehydraton, and they were then embedded in epon. Epon
blocks were sectioned with an ultramicrotome (ULTRACUT type E Leica) at 1 um
thickness in a roughly horizontal plane parallel to the spiral axis of the modiolar,
every five slices were picked up, and then staining with toluidine blue was done.
Finally, three semi-thin sections parallel to the mid-modiolar plane (every 5 jum) of
each animal were subjected to microscopic evaluation. The number of spiral
ganglion neurons and tangent areas of Rosenthal canals were measured to calculate
cell densides (number of neurons per area). The average cell density from three
sections per one animal was determined and used for the evaluation.

2.7, immunchistochemistry

Animals were anesthetized and perfused, and inner ears were fixed and
decalcified similarly to the epon sections. We used phosphate-buffered saline (PBS)
for transcardial perfusion, 4% PFA for fixation, and 1 mol/L EDTA for decalcification.
After decaldfication, the inner ears were embedded in Tissue-Tek 0.C.T. Compound
(Sakura Finetechnical) and then frozen. Frozen blocks were sectoned with a
ayostat (MICROM HMS50, ZEISS) at B8 um thickness. The mid-modiclar sections
were used for immunchistechemistry,

27.1. -6R ond gpi30
Animals were killed at pre-noise (n=3). Rabbit anti-IL-GR antibody (Santa Cruz
Biotechnology) and rabbit anti-gp130 antibody (Upstate cell signaling solutions)
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were used as primary antibodies. 0.1% Triton-X was added to the gp130 sclution.
Slides were visualized using secondary antibodies conjugated with Alexa 553
[Alexa Fluor® 555 Goat Anti-rabmit IgG (A21429): Invitrogen].

. Bio ted MR16-1

MR16-1 was biotinylated with EZ-Link NHS-Biotin reagents (Thermo Fisher
Scientific). Control group animals (n =2) were killed at pre-noise and animals
injected with molinylated MR16-1 (n = 2) were killed at 6 h after noise exposure.
After quenching with 1.5% hydrogen peroxide, the slides were enhanced using the
Elite ABC Kit (Vector Laboratories) and visualized with diaminobenzidine (DAB)
solution (Wake Pure Chemical Industries).

2.7.3. ibal and (D45 (including count met )
Animals were killed at pre-ncise (n= 3] and 3, 7, 14 days after nvise exposure
(MR16-1 group,n = 3; contrel group, n = 3 ). Rat anti-mouse CD435 antibody conjugated
wilh Phycoerythrin (PE} (eBioscience] and radbil anli-Ibal antibody (Wako Pure
Chemical Industries) were used as primary antibodies. The Iha 1-immunostaining was
performed using a secondary antibody conjugated with Alexa 288 [Alexa Fluor™ 488
Goat Anti-rabbit IgG (A11034): Invitrogen]. We also used a secondary antibody
conjugated with Alexa 555 [Alexa Fluor® 555 Geat Anti-rat IgG {A2 1434): Invitrogen]
for CD45 - immunostaining to enhance the signal, CD45 15 a leckocyte common antigen
and al is specific for microglia/macrophages. Sections were stained every five slices
and three sections were selected randomly from 6 te 8 stained sections. The cell
densities of positive cells were calculated similarly to those of epen sections

2.8. Statistical analysis

Statistical analyses were performed by one-way analysis of variance (ANOVA)
Tollowed by the Tukey-test for analysis of spiral ganglion cell density and Iba1 (D45
positive cell density. Mann-Whitney U-test was used for analysis of ABR thresholds.
p <0.05 was considered statistically significant. All data are presented as
mean + SEM,

3. Results

3.1. Expression of IL-6 and ils receplors after noise exposure

In the present study, we first performed Western blot analysis
to confirm the induction of IL-6 in the inner ear after noise

A Pre
IL-6

fractin m——

6h  24h
T —

IL-B (relative ratio

exposure in the mouse model. IL-6 increased at 6 h and then
decreased at 24 h after noise exposure, indicating consistent
transient up-regulation in the mouse model (Fig. 1A}.

We next examined the expression of IL-6R and gp130 in the
inner ear by immunestaining. Both IL-6R- and gp130-immunor-
eactivities (IRs) were detected in the spiral ganglions and lateral
walls (Fig. 1B, D-F, H and 1. In the organ of Corti, IL-6R-IR was
observed in both hair cells and supporting cells, whereas gp130-IR
was detected only in hair cells (Fig. 1C and G). These results
confirmed that IL-6R {a target of MR16-1} and gp130 (a signal
transducer of IL-6) were expressed in the mouse inner ear.

3.2. Drug delivery of MR16-1 in the inner ear

To confirm whether injected MR16-1 reaches the inner ear,
biotinylated MR16-1 was injected intraperitoneally and its
distribution in the inner ear was assessed by immunostaining.
Biotin IR was found in spiral ganglions, the organ of Corti and stria
vascularis, and lateral walls {Fig. 2A-F}, and there was no apparent
difference in staining density among the areas in all turns {from
apical to basal). These results confirmed the delivery of MR16-1 in
the inner ear of noise-exposed mice.

The levels of STAT3 and Erk1, which are down-stream signal
cascades of 1L-6 receptor, did not change between the control and
MR16-1-treated groups, but the levels of the phosphorylated forms
of both STAT3 and Erk1 decreased in the sample after administra-
tion of MR16-1 (Supplementary Fig. 1}.

3.3. Improvement in hearing function
With the noise centered at 4 kHz in a one-octave wide band of

which the peak magnitude was 124 dB, we produced a noise-
induced hearing loss model in the present experiment. We

Fig. 1. The expressicn of interleukin-6, gp130 and interleukin-6R (A} The results of Western dlotting for IL-6 at three dilferent time points. Significant differences m IL-6
expression were ohserved between pre-noise, 6 and 24 h after noise exposure. The vertical bar represents the relative ratio of IL-6 versus 3-actin (inrernal control). (B-1) The
expressions of gp130 {B-E) and IL-6R (F-1). gp130 and IL-6R were expressed in spiral ganglions (E and 1), lateral walls (D and H) and the organ of Corti (C and G). Red 15 IL-6R
and blue is hoechst (B-E); red is 2p130 and blue is hoechst (F-1). C-E and G-1 were high magnifications of boxes in B and F, respectively. Both hair cells (white arrow] and
supporting cells (white arrowhead) expressed both gp130 and IL-6R(C and G). Spiral ganglion neurons expressed both gp130 and IL-6R (white arrows) (D and H) (scale bars: B

and F, 50 pm: C-E and G-1, 20 pm)}
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Fig. 2. Drug delivery of MR16-1 in the inner ear: (A, C and E) contrel group; (B, D and F) biotinylated MR16-1 group. Accumulation in the organ of Corti, stria vascularis and
spiral ganglions and spotty staining in the lateral walls were observed (red arrows). Scale bars = A-F, 20 um.

performed ABR to evaluate hearing function. After noise exposure,
the threshold shifts of the IgG-injected control group were
494 + 2.1 dB and 55.6 + 3.3 dB. and those of the MR16-1 injected
group were 333 +58dB and 508 +7.1dB at 4 and 20KkHz,
respectively. We observed significant hearing improvement in the
MR16-1 group compared with the control group at 4 kHz (p < 0.05),
but not at 20 kHz, at 3 weeks after noise exposure {Fig. 3). Particularly,
hearing function was improved in apical turn by the MR16-1
administration.

3.4. Protection of spiral ganglion treated with MR16-1

The damage caused by noise exposure was seen in many different
cell types in the inner ear including spiral ganglion neurons. Previous
studies revealed that the extent and intensity of the damage
depended on the level, frequency and duration of the exposure. In
particular, the severity of vacuoles or swelling observed in the spiral
ganglion neurons varied depending on the strength of the noise
(Parkeret al., 2007; Wang et al., 2002). In the present study, we found
decreased cell density in the spiral ganglion due to the disappear-
ance of ganglion neurons in the noise-exposed animals. In contrast,
the cell density of spiral ganglion neurons in the MR16-1-treated
group was well preserved. Although a significant protective effect
was observed in the apical turn of spiral ganglion neurons by MR16-
1 administration, the spiral ganglion neurons in the middle or basal
turn were damaged in a similar way to the non-treatment control
group (Fig. 4).

Fig. 4. Pathalogical changes in spiral gangli Spiral i
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Fig. 3. Hearing function (auditory brainstem response). Functional improvement
with MR16-1 measured by auditory brainstem response (ABR). We gave a tone
burst sound stimulus, lowered the volume, recorded ABR waveforms, and then
determined the threshold. Significant hearing improvement was observed at 4 kHz
with MR16-1 treatment 3 weeks after noise exposure (p < 0.05).

To evaluate the damages in the hair cells after noise exposure,
we performed surface preparation of the inner ear. Both inner and
outer hair cells were decreased by noise exposure, but no
significant difference was observed between MR16-1 treatment
group and the control group in all turns (Supplementary Fig. 2).

E spiral ganglion neurons

0o
¥ pee fo=3)

cell density (numzer of cells / pixals)
E B E B

=

in the apical turn were decreased in the control group after noise expasure (C: black arrow), not in

MR16-1 treatment group (D: black arrows ): A and C, control group; B and D, MR16-1 treatment group; C and D are high magnifications of the boxes in A and B. Scale bars = A

and B, 100 pm; C and D. 50 pm. The decrease in spiral ganglion neuron d

ities was

d significantly in the MR16-1 treatment group (p < 0.01) (E).
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treatmenl group in all turns on day 3, and inmiddle turn on day 7 (J-1). Cell densities of the MR16-1 treatment group were lowered at all time peints and turns compared with

the control group in apical (]), muddle (K), and basal turn (L}, respectively
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3.5. MR16-1 suppressed inflammation in inner ear

We assessed the number of 1bal/CD45- double positive cells
by immunostaining to examine whether MRI16-1 affected
inflammatory cells in the inner ear. Following noise exposure,
Iba1/CD45-double positive cells in the spiral ganglion increased
to a peak at day 3, then decreasing at days 7 and 14 after noise
exposure in apical, middle and basal turns. Treatment with
MR16-1 significantly lowered the number of Ibal/CD45-double
positive cells at day 3 after noise exposure in all turns (Fig. 5}. In
the spiral ganglions of all groups, Ibal was detected in
99.1 £ 0.7% of (D45 positive cells, and (D45 was positive in
99.1 + 0.8% of Ibal-positive cells. Almost all positive cells
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expressed both (D45 and Ibal, with very few cells expressing
only either CD45 or Ibal. These results indicated that MR16-1
effectively suppressed the infiltration of cochlea macrophages in
the spiral ganglion after noise exposure.

Similarly, the lateral walls also exhibited the infiltration of
cochlea macrophages after noise exposure. Ibal/CD45-double
immunostaining was detected mainly in the inferior region and
adjacent to the junction of the ligament with the bony cochlear
capsule among type Il fibrocytes. Following noise exposure,
cochlea macrophages were found throughout the spiral ligament.
On the other hand, MR16-1 treatment did not significantly reduce
the number of Ibal/CD45-double positive cells in the lateral walls
compared with the control group (Supplementary Fg. 3.
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4. Discussion
4.1. Protective effect of MR16-1 in NIHL

Our present data clearly showed that the blockade of IL-6
attenuated inflammatory reactions within the cochlea. In general,
the pathophysiology of noise-induced hearing loss is diverse,
including not only primary physical tissue damage, but also
secondary damage including excitotoxic-delayed damage in hair
cells, spiral ganglion cells and lateral wall (Hirose and Liberman,
2003; Wang et al, 2002). Infiltration of inflammatory cells,
especially macrophages, may also be another pathophysiological
source of secondary damage. We have shown herein that MR16-1
exerts a protective effect both functionally and pathologically in
the area of most intense sound exposure (4 kHz). However, we did
notobserve any changein the number of hair cells (Supplementary
Fig. 2), suggesting that MR16-1 could not prevent delayed hair cell
loss; this assumption is also supported by the in vitro result that
recombinant IL-6 protein did not affect cell viability onto an organ
of Corti-derived cell-line, HEI-OCI, which has been used for the
screening of ototoxity for many vears (data not shown). Over the
past few years, Liberman and colleagues have revealed that the
damage of cochlea is, at least partially, primarily by the loss of
spiral ganglion cells independently from hair cell damage (Kujawa
and Liberman, 2006). In the present study, the only area where
significant histopathological changes were observed was in the
spiral ganglion, which was accompanied by significant decreases of
Iba1/CD45-double positive cells specifically in the Rosenthal canal
where the preserved neurons were located. Subtle changes of
lateral wall fibrocytes in the type [l area were also observed, but the
difference was not significant. As a consequence, we concluded
that the effect of MR16-1 against noise-over exposure would
presumably be due to the attenuation of primarily neuronal loss in
the cochlea through strong suppression of immune cell recruit-
ment, which 1s distinctively seen in the Rosenthal canal.

4.2 Involvement of cochlear macrophages in MR16-1 treatment

Several groups have reported the infiltration of inflammatory
cells into the inner ear at peak periods of 3-7 days after several
types of damage including noise exposure, drugs, and surgical
stress (Fujioka et al., 2006; Hirose et al., 2005; Ma et al.,, 2000;
Okano et al,, 2008; Sato et al., 2008; Satoh er al., 2002; Tan et al,,
2008; Tornabene et al,, 2006). Our results were compatible with
those reports, although none of them reported the strong
suppression of macrophage infiltration. Hirose et al. reported that
the increase of inflammatory cells with CD45 or Ibal in the inner
ear after noise exposure arises from migration from the circulation
(Hirose et al., 2003), and they proposed that these cells were
“cochlear macrophages”. Lang et al. first reported that those cells
were recruited from bone marrow by prospective labeling
experiments (Lang et al., 2006), and Tan et al. observed that those
cells expressed CD45 (Tan et al., 2008). Therefore, we considered
that CD45 and Ibal were the best markers for cochlear macro-
phages and assessed the number of [bal- and CD45-double
positive cells. In the animal model we used in this study, their
densities were increased four to five times compared to pre-noise,
and were decreased by more than 90% by MR16-1 treatment. In
spinal cord injury, some studies have reported that hematogenous
macrophages were cytotoxic, and that their excessive infiltrations
into the [esion were rather detrimental (Gris et al., 2004; Popovich
et al., 1999; Saville et al, 2004). Most recent findings showed that
the excessive infiltration of hematogenous macrophages in the
cochlea resulted in severer damage in the cochlea after ototoxic
insult, revealed by bone marrow transplantation from (X3CR1
knock-out mice (Sato et al, 2009). Taking our successful

attenuation of hearing loss into account, we assume that reduced
cochlear macrophages were possibly cytotoxic for spiral ganglion
neurons and that the blockade of 1L-6 signal by MR16-1 reduced
deteriorative infiltrating hematogenous macrophages, resulting in
the improvement of noise-induced hearing loss both functionally
and pathologically.

The underlying mechanisms of how MR16-1 reduced the
number of macrophages remains to be elucidated. IL-6 is widely
recognized as a multifunctional pro-inflammatory cytokine that
has a variety of roles in immune responses and inflammations,
such as antibody production through B-cell activation, T-cell
differentiation and macrophage infiltration to local damaged areas
(Kishimoto, 1989; Muraguchi et al, 1988). Several reports
concerning CNS showed a strong impact of IL-6 on inflammatory
responses, leading to translational application in a clinical setting:
in spinal cord injury, blockage of IL-6 using MR16-1, reduced
inflammatory cells and reactive astrogliosis, resulting in functional
recovery (Okada et al., 2004). IL-6-null mice are less vulnerable to
brain trauma by cryo-ablation (Morganti-Kossmann et al., 2002)
and are resistant to experimental autoimmune encephalomyelitis
due to a significant decrease in inflammatory reactions (Mendel
et al, 1998). The underlying mechanisms for many of those
phencmena are not vet fully understood, although increasing
knowledge about this classical cytokine is gradually leading to a
new conceptualization: the pivotal pro-inflammatory cytokine IL-
6 brings the immune system from “steady state” to “inflammatory
phase”, and CD4-positive T-cells from “arresting” state to “armed”
inflammatory T-cells, so-called Th17 (Chen and 0'Shea, 2008), that
enhance multiple inflammatory reactions including chemokine
secretion. B-cells are also affected, so antibody production will be
increased. Our results clearly demonstrated that blockage of 11-6
signaling dramatically suppressed inflammatory reaction in the
damaged cochlea. Although we lack the evidence, a similar
phenomenon seemed to have occurred in our model, suggesting
that MR16-1 worl¢s as an “anti-inflammatory” agent in regard to
noise damage. Further investigations are warranted to address this
1ssue.

In our model, functional and pathological improvement was
observed only in the apical turn. Generally, when a band noise is
chosen for damaging cochleae, cellular loss in spiral ganglion
neurons is observed in the part corresponding to the frequency
(Wang et al,, 2002). [n this study, we used 4 kHz octave-band noise,
of which the expected damage was possibly at a maximum level in
the apical turn. Severer damage in the apical turn may change the
cytokine expression and result in harmfulness of hematogenous
macrophages being stronger than inanother turn. We propose that
MR16-1 inhibited this stronger harmfulness and improved hearing
function and pathological changes.

Iba1 and CD45 positive cells shown in [ateral walls were derived
from mainly the inferior region and adjacent to the junction of the
ligament with the bony cochlear capsule among the Lype [l
fibrocytes at pre-noise. After noise exposure, double positive cells
were found throughout the spiral ligament (Supplementary Fig. 3).
These findings were compatible with those of previous reports
(Hirose et al.,, 2005; Tan et al., 2008). In lateral walls, significant
suppression of infiltrating cells was not found after treatment with
MR16-1. This suggests that MR16-1 treatment was not effective in
inhibiting recruitment of macrophages but that there mught at
least be some influence at the cytokine level.

4.3, Drug delivery

Our result shows that the systemic application successfully
delivered MR16-1 into the cell membrane throughout the cochlea
and blocked the induction of 1L-6signaling in the damaged cochlea,
even though endogenous IgG [evel in the labyrinth is at a very [ow
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concentration. Previous reports showed that vascular contusion or
disruption frequently occurred after intense noise-induced dam-
age, and thus we assume that this drug entry is mediated by the
disruption of the blood-[abyrinth barrier. Currently, more than 20
monoclonal antibodies are being used in clinics or are undergoing
clinical trials. Our findings suggested that monoclonal antibody
treatment will be a feasible option for acute inner ear disorder
including noise-induced hearing loss.

4.4. Clinical relevance—transiational study

One of the advantages of anti-1L-6 receptor antibody treatment
is that the humanized anti-1L-6R antibody (MRA; Atlizumab) has
already been used in clinics and showed high efficacy in
Castleman's disease and rheumatoid arthritis (Nishimoto et al.,
2004). The results of our study might be of help in the development
of anti-]L-6 receptor antibody treatment for the clinical setting,
presenting the possibility of minimizing the risk for sensorineural
hearing loss.

5. Conclusion

In conclusion, we have successfully demonstrated the signifi-
cance of anti-IL-6 treatment as a novel strategy for acute
sensorineural hearing loss. This treatment would be accompanied
by a decrease in infiltrating macrophages through non-steroido-
genic anti-inflammatory response. Different from the varnety of
adverse effects of corticosteroids, IL-6 antibody treatment agents
have less side effects, thus potentially offering a clinically
preferable option.
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Imaging findings and treatment of invagination of the stapes and stapes

prosthesis into the vestibule
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We experienced cases of invagination into the vestibule of a Teflon piston following
stapes surgery as well as of the stapes itself caused by an earpickrelated injury. In all
three cases, the pathology was accurately determined by diagnostic imaging centered
around high-resolution CT. All patients had severe invagination, and stapedectomy was
considered necessary for improvement of their symptoms. Although the vestibular symp-
toms improved postoperatively, one patient developed hearing loss and relapse of nystag-
mus two months later. Qur examination of the problems involved in the treatment of in-
vagination of the stapes or stapes prosthesis into the vestibule for the acute, subacute, and
chronic phases showed that different problems existed during each phase.

Key words: stapes invagination, teflon piston, high resolution CT
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