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Interferon-y Expression in the Inner Ear of Rats Following Secondary Immune
Reaction in the Endolymphatic Sac
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Pawankar R, Tomiyama S, Ikezono T, Nonaka M, Jinnouchi K, Yagi T. Interferon-y expression in the inner ear of rats
Jollowing secondary immune reaction in the endolymphatic sac. Acta Otolaryngol 2004; Suppl 553: 6-12.

Recently, we demonstrated increased intercellular adhesion molecule-1 {ICAM-1) expression in the inner ear of systemically
pre-sensitized rats after antigen [keyhole limpet hemocyanin (KLH)] challenge into the endolymphatic sac (ES), in good
correlation with the cellular infiltration. Interferon-y (IFN-y) is an important cytokine that upregulates the expression of
ICAM-1. Here, we report upregulation of IFN-y expression in the inner ear of systemically pre-sensitized rats after antigen
(KLH) challenge into the ES. Immunocreactivity for IFN-y was detected in the spiral ligament, suprastrial region, spiral
mediolar veins, spiral collecting venules, surface membrane of the perilymphatic compartment and perilymphatic space of
immunized, but not control, rats. IFN-y expression was detected at 1.5 h post-challenge, peaked at 6 h and gradually
returned to baseline levels afier 7 days. Interestingly, the time kinetics of IFN-y expression were in goed correlation with
those of ICAM-1. These observations demonstrate that antigen challenge into the ES induces IFN-y expression, which can
then upregulate ICAM-1 expression and induce cell infiltration, suggesting that IFN-y may play a crucial role in immune-
mediated inner ear diseases. Key words: cellular infiltration, endolymphatic hydrops, inner ear, intercellular adhesion molecule-

1, interferon-y.

INTRODUCTION

It has been suggested (1)} that immune injury of the
inner ear may be an important etiology of various
inner ear diseases. It has been demonstrated (2) that
the inner ear is capable of independently mounting an
immune response and that the endolymphatic sac (ES)
plays an integral role in the inner ear immune response
(3). Recruitment of immunocompetent cells from the
systemic circulation into the inner ear is a prerequisite
for the development of this immune response, How-
ever, the precise mechanisms involved in the recruit-
ment of these immunocompetent cells into the inner
ear remain unknown.

Previously, we demonstrated (4-6) that secondary
antigen challenge directly into the ES of guinea pigs
resulted in fluctuating hearing loss, spontaneous
nystagmus, a suppressed caloric response and rapid
formation of endolymphatic hydrops. These functional
disorders were associated with the infiltration of a
large number of immunocompetent cells into the ES.
In addition, a small number of cells were detected in
the perilymphatic space of the cochlea, probably as a
result of migration from the spiral collecting venules.
It is well known (7, 8) that adhesion molecules contrel
cellular interactions within the immune system and
play a critical role in regulating leukocyte homing.
Thus, changes in the expression of adhesion molecules
on endothelial cells and circulating leukocytes are
clearly important factors in controlling the formation
of cellular exudates at sites of inflammation (9).
Intercellular adhesion molecule-1 (ICAM-1} is an
80-115-kDa glycoprotein belonging to the Ig super-
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family and is expressed on the surface of a variety of
leukocytes and other cell types (10). We recently
demonstrg’ted (11} that JCAM-1 was strongly ex-
pressed at various sites in the cochlea after secondary
injection of antigen into the ES.

The development of distinct subsets of CD4+
T cells during an immune response, which is
distinguished by their ability to produce distinct
patterns of cytokines, is well known. Thl cells produce
interferon-y (IFN-v) and lymphotoxin, which mediate
cell-mediated immune responses but may also be
implicated in the immunopathology resulting from
organ-specific autoimmune diseases (12-14). IFN-y is
known to suppress the production of Th2-type cyto-
kines and plays an important role in the upregulation
of adhesion molecules such as ICAM-1 on endothelial
cells, which results in the recruitment of inflammatory
cells (15). In the light of the above, the present study
was designed to elucidate the mechanisms involved in
the recruitment of immunocompetent cells into the
inner ear after secondary antigen challenge into the
ES, by investigating the expression of IFN-y in the
inner ear after such a challenge, its refation to the
expression of ICAM-1 and cell infiltration into the
inner ear and the development of endolymphatic
hydrops.

Our previous results (11) demonstrated that IFN-y
was expressed in the cochlea of secondary challenged
rats, although the challenged antigen was only loca-
lized to the ES. In addition, the intensity and time
course of IFN-y expression were in good correlation
with those of ICAM-1 expression and cell infiltration
into the cochlea, suggesting that IFN-y may be an
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important cytokine involved in the recruitment of
immunocompetent cells in an inner ear immune
response.

MATERIAL AND METHODS

Animals

The methods for the induction of endolymphatic
hydrops are as previously described (4-6). Briefly,
PVG/se rats were systemically immunized with 500 pg
of keyhole limpet hemocyanin (KLH)/complete
Freund’s adjuvant and boosted twice with KLH/
incomplete Freund’s adjuvant once every 2 weeks
until a high serum anti-KLH level was obtained.
Two weeks later, under general anesthesia, KLH
(30 pg in 1 ul) was directly injected into the ES of
" the animals via the intradural approach. Animals thus
immunized and challenged (with antigen or PBS) were
sacrificed at various time points (1.5, 3,6, 12and I5h,
1, 2, 4, 7 and 14 days) by intracardiac perfusion of
warm saline followed by periodate-lysine paraformal-
dehyde (PLP), which also served as a fixative. For each
point of termination we used at least six experimental
animals. Temporal bones were dissected out and fixed
for 3 h in the same fixative, decalcified for 3 weeks in
10% EDTA at 4°C, washed in a graded series of
sucrose in PBS (10%, 15% and 20%), embedded in
optimal cutting temperature compound, frozen in
liquid nitrogen and stored at —80°C until further
use. Lymph nodes of systemically immunized rats were
removed and processed in the same manner and used
as positive controls.

Immunohistochemical analysis for the detection of
IFN-y expression in the inner ear

IFN-v expression was detected with the mouse anti-rat
IFN-y monoclonal antibody (mAb; BioSource, USA)
using the alkaline phosphatase anti-alkaline phospha-
tase (APAAP) method (Dako APAAP kit; Dako,
Carpinteria, CA). Briefly, 5-um thick serial sections
were cut, air-dried, rehydrated in Tris-buffered saline
(TBS), pH 7.6, pretreated with 10% normal rabbit
serumn for 10 min and incubated with the anti-rat
IFN-y mAb for 30 min. Subsequently, the sections
were incubated with the rabbit anti-mouse IgG for 30
min and then with the APAAP reagent for 30 min.
Between each incubation the sections were rinsed in
TBS. The reaction was developed by incubation with
the substrate Naphthol AS-MX Fast-Red TR. Finally,
the sections were rinsed in distilled water, counter-
stained with Mayer’s hematoxylin and mounted in
Dako gel. The lymph nodes of systemically immunized
rats were used as positive controls. As a negative
control, the primary mAb was substituted by an

isotype-matched unrelated mAb (mouse myeloma
IgG1l; Dako).

Immunohistochemical analysis for the detection of
ICAM-I expression in the inner ear

ICAM-1 expression was detected with the mouse anti-
rat ICAM mAb (R & D Systems, Abingdon, UK)
using the APAAP method as described above. As a
negative control, the primary mAb was substituted by
an isotype-matched unrelated mAb (mouse myeloma
IgG1; Dako).

Intensity of 1EN-y immunoreactivity in the inner ear of
PVGlse rats

The intensity of IFN-y expression in the inner ear was
graded into four degrees of staining intensity as
follows: —, no staining; %, minimal; +, mild; ++,

moderate; and 4+, marked staining.

Histological analysis for the detection of cell infiltration
in the inner ear of PVGlse rats

At the termination of each experiment (5 h, 10-15 h,
I day and 7 days following secondary KLH challenge
into the ES), a total of 24 experimental rats and 10
coritrol rats were sacrificed by intracardiac perfusion
with warm saline followed by PLP fixative. Temporal
bones were fixed with PLP for a further 3 h,
decalcified in 10% buffered EDTA for 3 weeks in a
cold room, embedded in paraffin, serially sectioned at
a thickness of 5 pm parallel to the modiolus and
stained with hematoxylin—cosin for light microscopic
examination. The control animals were injected with
PBS into the ES. Cellular infiltration into the cochlea
was determined as follows: the maximum number of
infiltrating cells in any section was taken as the
representative number of infiltrated cells for the
cochlea. Grading of cell infiltration was performed
as follows: Grade 0, no cells; Grade. 1, 1-9 cells;
Grade 2, 1019 cells; Grade 3, >20 cells.

RESULTS

IFN-y immunoreactivity in the inner ear of normal
controls and secondary challenged rats

IFN-y immunoreactivity was distinctly detected with
varying degrees of intensity in the inner ear of
immunized rats (Table I). Negative controls showed
no staining (Fig. 1A and 1B). Almost no immunor-
eactivity for IFN-y was detected in the inner ears of
PBS-challenged rats at any time point. The distribu-
tion of IFN-y immunoreactivity is described in the
following sections.
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8 R. Pawankar et al.

Table . Immunoreactivity of IFN-y in the inner ear of PVGise rats following secondary challenge to the ES

Intensity of IFN-y
Region Precise anatomical site expression
Spiral ligament Suprastrial region +
Inferior part ++
Stria vascularis Marginal cells -
Intermediate cells -
Basal cells -
Endothelial cells +
Spiral prominence Epithelial cells -
Subepithelial area +
Organ of Corti Inner phalangeal cells, border cells, Deiter’s cells, +
Hensen’s cells, Claudius cells and Boettcher’s cells
Inner hair cells -
Outer hair celis -
Spiral limbus Interdental cells -
Supralimbus +
Tectorial membrane +
Basilar membrang Epithelial cells -
Basilar membrane +
Reissner's membrane +
Modiolar region Modiolar veins and arteries +4++
Capillaries of spiral ganglion ++
Utricle and Saccule Epithelial cells -
Subepithelial area +
Crista ampularis Epithelial cells -
Subepithelial area +
ES ++

The lateral wall of the cochlear duct

The spiral ligament, TFN-y immunoreactivity was
not detected in the spiral ligament of normal control
PVG/se rats at baseline. However, moderate levels of
IFN-y immunoreactivity were detected in the supras-
trial region and in the inferior part, starting at 1.5 h
and peaking at 6 h post-challenge (Table I, Fig. 1C). In
the basal turn, IFN-y immunoreactivity in the supras-
trial region persisted for 24 h, whereas it persisted for
~2 days in the inferior part. In contrast, IFN-y
immunoreactivity in the suprastrial region of the
second turn was detectable only until 12 h post-
challenge, but that in the inferior part was detectable
until 2 days post-challenge (Fig. 1D and 1E).

The stria vascularis. IFN-y immunoreactivity was
not detected either on the surface membrane of
marginal cells or in the intermediate or basal cells of
normal control rats at baseline or after secondary
challenge (Table I).

The spiral prominence and external sulcus. IFN-y
immunoreactivity was not detected in the epithelial
cells of the spiral prominence or the root cells of the
external sulcus in normal control rats at baseline or
after secondary challenge. However, the endothelium
of the spiral prominence demonstrated weak immu-
noreactivity for IFN-y in the secondary challenged
rats at 6 h post-challenge (Table I).

The tympanic wall of the cochlear duct

The organ of Corti. IFN-y immunoreactivity was
not detected in the inner or outer hair cells of normal
control rats at baseline or after secondary challenge.
However, after secondary challenge, negligible immu-
noreactivity for IFN-y was detected in Deiter’s cells,
Boettcher’s cells, inner phalangeal cells, border cells,
Hensen’s cells and Claudius cells (Table I},

The spiral limbus. Negligible IFN-y immunoreac-
tivity was detected in the superior part of the spiral
limbus and in the supralimbal area but not in the
interdental cells of secondary challenged rats at 6 h
post-challenge, Weak IFN-y expression was also
detected in the tectorial membrane (Table I). However,
immunoreactivity for IFN-y was not detected in
normal control rats at baseline.

Basilar membrane. Epithelial cells exhibited no
immunoreactivity for IFN-y espression. However,
the basilar membrane exhibited low levels of IFN-y
immunoreactivity (Table I).

The vestibular wall of the cochlear duct

Reissner’s membrane, Negligible IFN-y immunor-
cactivity was detected on both surfaces of Reissner’s
membrane at 12 h post-challenge (Table I},

The modiolar region. The modiolar veins and ar-
teries of the secondary challenged rats demonstrated
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Fig. 1. Immunoreactivity for IFN-y in the inner ear: (A) negative control (lymph node); (B) negative control (inner ear); (C)
IFN-y expression in the spiral modiolar region at § h post-challenge; (D) IFN-y expression in the suprastrial region of the
basal turn at 5 h post-challenge; (E) IFN-y expression in the second turn at 13 h post-challenge; {F) IFN-v expression in the

lateral crista at S5 h post-challenge.

strong IFN-y immunoreactivity peaking at Day 1.
In addition, moderate IFN-y immunoreactivity was
also detected in the capillaries of the spiral ganglion
(Table 1).

Utricle and saccule

Although the epithelial cells did not demonstrate any
IFN-y immunoreactivity, moderate IFN-y immuno-
reactivity was detected in the subepithelial region of
secondary challenged rats (Table I).

Crista ampularis

As observed in the utricle and saccule, epithelial cells
of the crista ampularis did not demonstrate any IFN-y
immunoreactivity, but IFN-y immunoreactivity was
detected in the subepithelial region of secondary

challenged rats (Table 1, Fig. [F). Immunoreactivity
for IFN-y was not detected in normal control rats at
baseline.

ES

Increased levels of immunoreactivity for IFN-y were
detected in the perisaccular region of the ES (Table 1).

Time kinetics of IFN-y and ICAM-1 immunoreactivity
in the inner ear of secondary PRSIKLH-challenged
PVGise rats

Assessment of the time kinetics of IFN-y expression in
the inner ear of normal PVGi/se rats revealed no
baseline IFN-y expression. IFN-y immunoreactivity
was detected as early as 1.5 h post-challenge, peaked at
5-6 h and plateaued at 13 h. Control rats showed
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almost no IFN-y expression at various survival times
(Fig. 2). Assessment of the time course of ICAM-1
expression in the inner ear of PV(/se rats revealed
minimal or no baseline [CAM-1 expression. [CAM-1
immunoreactivity was induced at 6 h after antigen
challenge, reached a peak at 13 h and was maintained
at those Ievels until Day 1, after which it gradually
returned almost to baseline levels at 2 weeks (Fig. 2).
In contrast, IFN-y expression was detected as early as
1.5 h, peaked at 6 h and was undetectable by 1 weck
after antigen challenge (Fig. 3).

Time kinetics of cell infiltration in the cochlea of PVG/
se rats

Cell infiltration (Grade 1) was detected asearlyas 6 h
in the basal and second turns, increased at 12 h (Grade
2) and peaked at Day 1 (Grade 3) (Fig. 4). At Day 7
only a few cells were detected. The time kinetics of cell
infiltration in the basal and second turns were almost
the same. Control animals did not demonstrate any
cell infiltration intoe the cochlea at any point of
termination.

Comparison of cell infiltration in the scala tympani and
seala vestibuli

No difference was noted in cell infiltration at 6 and
12 h. However, at Day 1, cell infiltration was
significantly greater in the scala tympani than the
scala vestibuli (Fig. 5).

DISCUSSION

An immunological etiology for Méniére’s disease has
been proposed for a long time (1, 3-5). The ES is the
only immunoprivileged site in the inner ear with a
resident population of immunocompetent cells as well
as a fenestrated vascular system (17). Gloddek and
Amold (18) demonstrated the expression of adhesion
molecules in lymphocytes infiltrating the lumen of the
ES in a guinea pig model of autoimmune labyrinthitis,
and proposed that the ES is the central immunologica!

—0— PBS - chullenped
~#— KLH - challenged

Grade of staining

T T T T

iwk Iwk

1] i.5h 6h 13 1d 2 44

Time after challenge

Fig. 2. Time kinetics of IFN-y expression in the inner ear
after ES challenge with PBS or KLH.

=0~ ICAM~—L expressian
—8— IFN-y expression

Grade of Staining

0 LSh 6h  13h 1d 24 44 Iwk 2wk
Time after challenge

Fig. 3. Time kinetics of IFN-y and ICAM-1 expression in
the inner ear.

control organ of the inner ear and a primary place for
antigen processing.

Tomiyama (4) previously demonstrated the occur-
rence of endolymphatic hydrops in guinea pigs follow-
ing secondary antigen challenge to the ES. It was also
demonstrated that, in addition to infiltration of
immunocompetent cells into the perisaccular space
and lumen of the ES, a smaller number of inflamma-
tory cells infiltrated into the perilymphatic space of the
cochlea and vestibule, As the migration of immuno-
compete}i’t cells into the perilymphatic space of the
cochlea ‘occurs through the spiral collecting venules
and vessels of the spiral ligament in the cochlea, we
recently investigated the precise mechanisms by which
these vessels in the cochlea function as an afferent
limb of the immune response in the inner ear, [CAM-1
is an adhesion molecule predominantly expressed in
human endothelial vessels (HEVs) in humans, mice
and rats and is primarily involved in the interaction
between leukocytes and endothelial cefls {19). In this
context, our recent observations {11) that secondary
antigen challenge into the ES of pre-immunized
animals resulted in the induction of an immune
response in the inner ear characterized by increased
expression of ICAM-1, cellular infiltration and devel-
opment of endolymphatic hydrops emphasizes the role
of the ES as the central immunological organ of the
inner ear and suggests that ICAM-1 may play a crucial

c
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E —&— PBS-challenged
7]

T 21

e

]
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s

C - 0 . 9

U 6h 2w 1d A
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Fig 4. Time kinetics of cell infiltration in the inner ear of
PVGise rats.
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Fig. 5. Comparison of cell infiltration in the scala tympani
{ST) and scala vestibuli (SV) of KLH-challenged PVG/se
rats.

role in the pathogenesis of immune-mediated inner ear
diseases.

IFN-y is a Thl-type cytokine and one of the potent
cytokines known to upregulate the expression of
ICAM-1 (15). Therefore, in the present study, we
studied the distribution and time kinetics of IFN-y
expression in the inner ear of rats following inocula-
tion of antigen into the ES. Our results demonstrated
strong immunoreactivity for IFN-y in the spiral
ligament, suprastrial region, spiral prominence, spiral
modiolar veins, spiral collecting venules, the surface
membrane of the perilymphatic compartment in the
cochlea, the perilymphatic space benecath the vestibu-
Jar sensory epithelial cells and the endolymphatic sac
of immunized rats, but no immunoreactivity for IFN-y
in normal and control rats. In centrast, IFN-y
immunereactivity was not detected in the stria vascu-
laris or in the outer and inner hair cells, vestibular
sensory epithelial cells, transitional cells or dark cells.
In this context it is of interest that immunaoreactivity
for the KLH antigen was detected only in the ES, and
not in the cochlea or vestibule of immunized PVG/se
rats (11).

Estimation of the time course of IFN-y immunor-
eactivity demonstrated the detection of IFN-y immu-
noreactivity as early as 1.5 h after immunization.
Maximum IFN-y immunoreactivity occurred at 6 h
post-challenge, was reduced by Day 2 and reached
baseline levels by Day 7. This was of interest as
ICAM-] immunoreactivity could be detected at 6 h,
reaching a maximum at 10-15 h. Furthermore, the
strong immunoreactivity of ICAM-1 in the spiral
collecting venules and the suprastrial areas of the
inferior area of the spiral ligament occurred concomi-
tantly at 12 h with the infiltration of immunocompe-
tent cells into the perisaccular space. This celiular
infiltrate comprised predominantly leukocytes and
macrophages and was rapidly reduced by Day 7.
These close relations between the immunoreactivity
for IFN-y {6 ) and the onset of ICAM-1 expression

(13 h), and between the peak of ICAM-1 expression
(13 h) and the onset of cellular infiltration (6--12 h) in
secondary challenged animals strongly suggests that
IFN-y may upregulate ICAM-1 expresston, which in
turn may be critical to the recruitment of immuno-
competent cells into the inner ear.

Previous studies have demonstrated diffuse dissemi-
nation of Ig, complement (20) and myeloperoxidase
{21) in the perilymphatic tissue of the vestibule and
cochlea following secondary challenge to the ES,
suggesting the same diffusion of inflammatory cyto-
kines to the vestibule and cochlea. As we recently
demonstrated (11) that the injected antigen KLH was
detected only in the ES and not in the cochlea and
vestibule, enhancement of IFN-y expression in the
inner ear may occur in response to an immunological
stimulus from an immune reaction initiated in the ES
resulting in the upregulation of ICAM-] expression
and the infiltration of immunocompetent cells inte the
posterior spiral modiolar veins and the venules
surrounding the ES. This may contribute to the
formation of endolymphatic hydrops, probably by
increasing the vascular permeability of the vessels in
the spiral ligament and suprastrial area and altering
the function of the ES.

This study demonstrates for the first time that
secondary antigen challenge into the ES of immunized
animals results in the induction of IFN-v locally in the
inner ear. The distribution, intensity and time course
of the IFN-y expression were in good correlation with
the expression of ICAM-1, suggesting that IFN-y may
play a crucial role in the inner ear immune response
via the upregulation of ICAM-1 and the subsequent
influx of immunocompetent cells.
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Abstract

The COCH gene mutated in DFNAS9, an autosomal dominant hereditary sensorineural hearing loss and vestibular disorder,
encodes Cochlin. Previously, we reported three bovine Cochlin isoforms, p63s, p44s, and p4ls, which exhibit significant molecular
heterogeneity in vivo. Here we have characterized Cochlin isoforms by generating four isoform-specific anti-Cochlin antibodies. The
same three Cochlin isoforms, p63s, p44s, and p40s, were detected in human and cow inner ear tissue; however, p44s and p40s were
not detected in perilymph. We identified a novel short 16kDa isoform in human perilymph and a 18-23kDa isoform in cow
perilymph, named Cochlin-tomoprotein (CTP), corresponding to the N-terminus of full-length Cochlin (p63s) and the LCCL
domain. Notably, CTP contains all of the known mutation sites associated with DFNAS. The pathogenesis of DFNAS is not fully
clarified as yet, and this novel perilymph-associated CTP isoform might provide mechanistic clues to how mutations in the COCH

gene damage the inner ear function.
© 2003 Elsevier Inc. All rights reserved.

Keywords: Hereditary hearing impairment; DFNA9;, COCH gene; Cochlin; Human; Inner ear; Isoform; CTP

Mutations in the COCH gene have been shown to
correlate with DFNA9, an autosomal dominant non-
syndromic hearing disorder that causes sensorincural
deafness and vertigo [1-7]. We previously performed a
proteomic analysis of bovine inner ear proteins to
characterize gene products associated with deafness [8].
Our results showed that the protein product of the bo-
vine Coch gene [5], Cochlin, constitutes 70% of inner ear
protein and is composed of 16 isoforms that are heter-
ogeneous in charge and size. Cochlin isoforms can be
classified into three groups, p63s, p44s, and p40s, ac-
cording to their molecular weight. Analysis of the

® Abbreviations: p63s (plural), isoform p63-1 to p63-8; pdds,
isoform p44-1 to pdd-5; pdls, isoform p40-1 to p40-3 [8): 1D-GE,
one-dimensional gel electrophoresis; 2D-GE, two-dimensional gel
electrophoresis,

* Corresponding author. Fax: +81-3-5685-0830,

E-mail address: tikezono@nms.ac.jp (T. Ikezono).

0006-291X/8 - see front matter ® 2003 Elsevier Inc. All rights reserved.

doi:10.1016/1.bbrc.2003.12.106

COCH gene in families afflicted with DFNA9 has
identified six different single amino-acid mutations,
which all converge in the LCCL (Limulus factor C,
Cochlin, and late gestation protein Lgll) domain [9], the
only region that shows alterations [10]. Protein se-
quencing and structure analysis of Cochlin isoforms
showed that the mutations influence only the full-length
isoform of Cochlin (p63s), and not the processed
Cochlin isoforms (p44s and p40s), which do not contain
the LCCL domain [8]. What happens to the LCCL
domain once it is cleaved from full-length Cochlin is an
open issuc.

Here, we have generated isoform-specific antibodies
that recognize three distinct domains in Cochlin to
confirm our previous results and to characterize further
the expression and structure of Cochlin isoforms. Using
these antibodies, we have analyzed human and bovine
inner ear proteins, as well as perilymph proteins, by 1D
and 2D Western blot analysis. We have identified a

— 107 —



T. Tkezono et al. | Biochemical and Biophysical Research Communications 314 (2004) 440-446

novel Cochlin isoform in the perilymph that is not
present in the inner ear tissue. This shortened isoform,
which we designate Cochlin-tomoprotein (CTP), is
present in both human and cow asa 16 and a 18-23kDa
protein, respectively, by SDS-PAGE. Our results on the
formation and processing of these isoforms in the inner
ear will be central to a better understanding of Cochlin
function and its role in the pathophysiology of DFNASY.

Materials and methods

Peptide synthesis, immunization, and antibedy purification. Using
the amino acid sequence of the bovine Cochlin isoforms (for peptides
#1, 3, and 4) [8], and that of the human protein deduced from the
corresponding gene sequence {for peptide #2), we designed antigenic
peptides with the Epitope Advisor program (Fuiitsu Kyushu System
Engineering} in order to generate isoforn-specific antibodies (Figs. 1A
and B and Table 1). Peptide #1, which was used to generate “anti-
LCCL-N,” was an 18-mer (TRGLDIRKEKADVLCPGG) corre-
sponding to residues 36-49 in the N-terminal region of the LCCL
domain of full-length Cochlin. Peptide #2, which was used to generate
“anti-LCCL-C,” was a ]14-mer (LSRWSASFTVTKGK) correspond-
ing to residues 114-127 in the LCCL domain; this region is not present
in the p44 isoform. Peptide #3, which was used 1o generate “anti-ivd].”
was a 15-mer (AVSTAHPATGKRLKK) corresponding to residues

441

137-151 in the region between the LCCL domain and the vWF-A1
domain; this region is present in p44s but not in p40s. Peptide #4,
which was used to generate “anti-vWF-Al,” was a 19-mer (KAD-
JAFLIDGSENIGQRRF) corresponding to residues 163-181 i the
vWF-A1 domain: this sequence is present in all three Cochlin isoforms.

As shown in Table 1, peptides #1 and #4 were completely, and #3
was 93% homologous, with sequences in the human, bovine, and
mouse proteins, as deduced from the sequence of the corresponding
genes and the sequence of bovine Cochlin [8]. Peptide #2 was 93%
homologous with sequences in the mouse protein, as deduced from the
sequence of the corresponding gene [11].

We added cysteine residues 1o the C-termini of peptides #1, #2, and
#3 and 1o the N-terminus of peptide #4 to permit coupling of the
peptides to KLH as a carricr protein for immunization. Rabbits were
immunized by repeated subcutaneous injections of the KLH-coupled
peptides emulsified in incomplete Freund's adjuvant on days 1, 14, 28,
and 42. The serum was purified by a protein A column, followed by
peptide-aflinity chromatography. The specificity of the antibodies for
the corresponding antigenic peptides was confirmed by dot blot anal-
ysis and a peptide absorption test {data not shown).

Sample preparation. Bovine temporal bones were purchased from a
slaughterhouse and guinea-pig temporal bones were removed under
deep ancsthesia. We first approached the middle ear via the externat
auditory canal and removed the stapes, and then carcfully sucked out
the perilymph with a small pipet. By this maneuver, we could minimize
contamination from the labyrinthine tissues into the perilymph. Nexi.
we approached the inner ear via the internal auditory canal and dis-
sected the cochlear and vestibular membranous fabyrinthine tissues

A IR
COCH gene _——-“
SP,  LOCL 1val vHP-A1 ivdz  VWP-A2
Inner ear tissue
Cochlin 133 - i
152- P
Parilymph
L
CTF {Cochlin-temoprotein)
B P51S V66G GBBE I109N W1l7R AllS9T
l l L) [ ] 1
: 1 Vo
T Tt e [ ] eep—— T e
COCH i o o T 7
3z-121; |} 165-308
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LCCL | ivdl
1 3 1
L} 1 1
1 ] L}
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| VWF-Al
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137-1

Fig. 1. (A) Representation of the COCH gene and Cochlin protein. The top line denotes the deduced amino acid sequence of human COCH, showing
the positions of the signal peptide (SP), the Limulus factor C, Cochlin and the late gestation Jung protein Lgll domain (LCCL), the intervening
domains | and 2 (ivd1.2}, and the von Willebrand factor type A like domains 1 and 2 (vWF-A1, vWF-A2). Vertical arrows indicate mutation sites in

DFNAS. The middle lines depict bovine Cochlin isoforms, p63s, p4ds, and

p40s, expressed in inner ear tissue. The numbers of the N-terminal amino

acid of each isoform are indicated. The bottom Jine depicts the Cochlin-tomeprotein (CTP) isoform expressed in the perilymph. (B) Enlargement of
the N-terminal region shown in (A). Dashed bars indicate the location of antigenic peptides 1-4. Vertical dashed lines represent the alignment of
peptides 1-4 with the amino acid sequence deduced from human COCH cDNA and bovine Cochlin,
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Table 1
Antigenic peptide design
Isoform N-terminus positien  AA sequence Antigenic Antigen
of each isoform in peptide sequence
full-length hCOCH identity
pEas human 25- EGAAPTAITCFTRGLDIRKEKADVLCPGGCPLEEFS 3649 (#1} —
bovina -V Pe-¥§ooooo oo *---unknown 100
mouse R A R R Seemnn 100
pé3s human § YSSVDANGIQSQMLSRWSASFTVIKGKSST 114-127 (#2 ) —
bovine unknown
mousa e ees Aceomnnn- a3
pdds human 133- ATGQAVSTARPPTGKRLKKTPEKKTGNKD 137-151 (#3) —
bovine ~ eaesaaeaa-- L P T T T a3
mouse ---R----n--- R R 93
p4als human 152- TPEKKTGNKDCKADIAFLIDGSFNIGQRRFNLQKNFY 163-181 (#4) —
bovine e Memeeedsuooacmeauns unknown 100
MOUSeE  ceieeessmescsecsassssacesese——mecamo~ ‘ 100

Cowmparison of the N-terminaf amino acid (AA) sequences of the bovine Cochlin isoforms with those deduced from the human COCH and mouse
Coch cDNAs [8]. The N-terminal position of each isoform in full-length human Cochlin is shown in the first column. The sequence identity between
human Cechlin and bovine or mouse Cochlin is given. Underlining indicates the sequence of the anligenic peptide used to raise antibodies. *, not
determined (cysteine residues cannot be determined definitely by the Ednan degradation method); —, the same residue as in human Cochlin. §, human

Cochlin amino acids 101-130. § human sequence 101-130.

from bovine temporal bones. We collecied human membranous lab-
yrinthine tissues from the posterior and lateral semicircular canals
during surgery performed to remove an acoustic neuroma by a trans-
labyrinthine approach. We obtained samples of human perilymph by
collecting leakage from the oval window during small fenestra stape-
dectomy for otosclerosis surgery. Patients gave full informed consent
for the use of the surgical specimens. Samples were frozen and stored at
-80°C until use.

One-dimensional gel electrophoresis and Western blot analysis. We
prepared a solubilization mixture containing 0.5% SDS and protease
inhibitors {Complete mini EDTA(-), Boehringer-Mannheim, Mann-
heim, Germany) in 10 m] of phosphate-buffered saline (PBS). We ho-
mogenized 180 mg of inner ear tissue in 1 ml of solubilization mixture
using a mortar and pestie. The homogenate was centrifuged at 1000g for
15min and the supernatant was used for SDS-PAGE as follows.

Either 0.5l of the homogenates prepared from human or bovine
inner ear, or 2 p! of perilymph, was diluted with 0.188 M Tris buffer to a
total volume of 10 pl and then mixed with 5pl sample buffer (0.183 M
Tris buffer, 2.39mM SDS, 30% glycerol, and 15% of 2-mercap-
toethanol). The samples were heated to 98 °C for 5min and then loaded
into each lane of the gel. Electrophoresis was performed using gels with
3% stacking and either 10% or 15% separating polyacrylamide
(ReadyGell, Bio-Rad) in the Mini Protean ]I cell (Bio-Rad} in running
buffer (25 mM Tris, 192 mM glycine, and § g/L SDS, pH 8.3)at 27 mA for
1h.

The separated proteins were electrophoretically transferred onto a
(.45 pm nitrocellulose membrane (Bio-Rad) in transfer bufler (25 mM
Tris, 192mM glycine, and 20% v/v methanol, pH 8.3) at 100V for
90 min. Proteins on the membrane were detected by staining with 3%
Ponceau § in 3% sulfosalicylic acid.

Two-dimensional gef electrophoresis and Western blot analysis. Two-
dimensional gel electrophoresis {2D-GE) was performed according to
our previous repott [8]. In brief. first dimension electrophoresis was
done by a Multiphorll electrofocusing apparatus (Amersham Phar-
macia Biotech). The perilymph was mixed with 20 volumes of
solubilization mixture containing 7M urea. 2M thiourea, 2% Triton
X-100, 1% Pharmalyte, 100mM dithiothreitol (DTT), and amtipro-
tease mixture (Complete mini EDTA(-). Boehringer-Mannheim,
Mannheim, Germany}. To detect the target protein (CTP) clearly, we
loaded 20 pl of perilymph for Western blot analysts and 15l for gels

was stained with silver (Silver Stain II, Daiich Pure Chemicals, Tokyo,
Japan).

The electrofocusing steps were as follows: 300V for 60s, followed
by a gradient increase from 300 to 3500V over 90min, and then a
constant voltage of 3500V for [8h. Second dimensicn electrophoresis
was performed using 3% stacking and 15% separating polyacrylamide
gels (22 x 20cm with 1 mm thickness) containing 0.1%% SDS in running
buffer (25 mM Tris base, 192 mM glycine, and 0.1% SDS) at 35mA for
5h. Gels were blotted onto a PYDF membrane and the area of the blot
containing the target protein was cut cut and subjected to immun-
odetection. The isoelectric point (pH), relative molecular weight (kDa)
of each feature were calculated by the ImageMaster system formally
calibrated with respect to two-dimensional size marker, 2ID SDS-
PAGE standards (Bio-Rad).

Imnumodetection. Membranes were blocked overnight at 4 °Cin 5%
skim milk and 0.2% polyoxyethylenesorbitan (Tween 20} dissolved in
PBS (pH 7.4). Membranes were then incubated in PBS containing 1%
skim milk and 0.1% Tween 20 for 2h at room temperature with the
primary antibody diluted 1:2000 for the anti-vWF-Al antibody, and
1:1000 for the anti-LCCL-N, anti-LCCL-C, and anti-ivd[ antibodics.
After washing with 0.1% Tween 20 in PBS, membranes were incubated
for 1h at room temperature with horse radish peroxidase-labeled goat
anti-rabbit IgG diluted 1:1000 in the same bufler used for the primary
antibody reaction. They were washed again and developed with 0.5 mg/
m} DAB (3,3¥-diaminobenzidine) in 50mM Tris buffer (pH 7.6) con-
taining 0.03% hydrogen peroxide or a chemiluminescence reaction kit
{ECL, Amersham). To strip the antibodies from the membranes, the
membranes were incubated at 68 °C for 30 min in stripping buffer (2%
SDS,100mM of 2-mercaptoethanol, and 62.5mM Tris-HC], pH 6.8)
and then washed with 0.1% Tween 20 in PBS, The membranes were
then probed with a second antibody,

Results
1D-GE and Western blot analvsis of inner ear tissue

As shown in Fig. 2, the rabbit polyclonal anti-LCCL-
N (lane 1) and anti-LCCL-C (lane 2) antibodies,
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Fig. 2. One-dimensicnal gel electrophoresis (1D-GE) Western blot analysis of inner ear proteins from human (A) and cow (B) using a 10 separating
gel. The anti-LCCL-N (lane 1} and anti-LCCL-C (lane 2) antibodics detected isoform p63s; the anti-ivd] antibody (lane 3) detecled isoforms p63s
and pdds; and the anti-vWF-A1 antibedy (lanc 4) detected isoforms p63s, p4ds, and p40s. Proteins were visualized by DAB.

coupled with DAB development, detected a predomi-
nant protein of 63kDa in human (Fig. 2A) and bovine
(Fig. 2B) inner ear tissue. The anti-ivd1 antibody reacted
with two predominant proteins of 63 and 44 kDa in both
types of tissues (fane 3). This antibody also reacted with
protein fragments resulting from the degradation of the
63 and 44kDa proteins. The anti-vWF-Al antibody
detected three distinet proteins in inner ear tissue of 63,
44, and 40kDa in each lane (lane 4). There were no
marked differences in the size and quantity of the pro-
teins detected with these antibodies between human and
bovine inner ear tissue.

ID-GE and Western blot analysis of perilymph

In human perilymph (Fig. 3A), the anti-LCCL-N (lane
1) and anti-LCCL-C (lane 2) antibodies, coupled with
chemiluminescence, detected a predominant protein of
16 kDa and also reacted with a protein of 60-63 kDa. The
anti-ivd]l and anti-vWF-Al antibodies reacted with pro-
tein of 63 kDa (lanes 3 and 4). None of the four antibodies
detected proteins of 44-40 kDa, indicating that the pd4
and p40 isoforms are not present in human perilymph.

In bovine perilymph (Fig. 3B). the anti-LCCL-N
(lane 1} and anti-LCCL-C (lane 2) antibodies detected
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Fig. 3. In human perilymph (A}, the anti-LCCL-N {lane 1) and anti-LCCL-C (lane 2} antibodies reacted with CTP (16 kDa) and also with a protein
of 60-63kDa. The anti-ivd! and anti-vWF-A] antibodics reacted with a protein of 63kDa (lunes 3 and 4). None of the four antibodies detected
proteins of 44-40kDa. In bovine perilymph (B), anti-LCCL-N (lane 1} and anti-LCCL-C (lane 2) antibodies detected CTP (18-23 kDa), us well as
proteins of 63 kDa. The anti-ivd] (lane 3} and anti-vWF-Al (lane 4) antibodics detected proteins of 50- 60k Da. As in human perilymph, none of the
antibodies detected the pd0 or p4d isoforms. Proteins were visualized hy chemiluminescence.
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Fig. 4. 2D-GE and Western blot analysis of bovine perilymph. To detect the target proteins clearly, pH6-9 electrofocusing was performed using 20 ul
of the perilymph for western blot analysis and 15pl for the gels stained with silver. (A} Representative 2D-GE gel. Arrows: 1, CTP(7.7), MW
23.1kDa; 2, CTP(7.7), MW 18.8kDa; 3. CTP(7.9}, MW 22kDa; and 4, CTP(7.9). MW 17.7kDa. (B) The blotted membrane was probed with the
anti-LCCL-N antibody and the proteins were visualized by chemiluminescence. (C} The membrane was stripped and re-probed with the anti-LCCL-
C antibody. These two antibodies detected the same two lines of proteins, CTP(7.7) and CTP(7.9), each composed of protein spots with different
molecular weights. Arrows show the same proteins indicated in (A). The major component of bovine CTP is at 18-19kDa.

predominant proteins at about 18-23kDa, and the
quantities of these proteins were larger than that of the
16 kDa protein in human perilymph. These two anti-
bodies also detected proteins of 63 kDa; in addition, the
anti-LCCL-N antibody detected several other minor
protein bands, possibly corresponding to degradation
products. The anti-ivd1 (lane 3) and anti-vWF-A1 {lane 4)
antibodies detected only proteins of 50-60 kDa. None of
the four antibodies detected proteins of 44-40kDa, in-
dicating that, as in the human perilymph, there are no p44
nor p40 isoforms of Coclilin present in the bovine peri-
lymph.

2D-GE and Western blot analysis of perilymph

To characterize further the predominant 16-23kDa
proteins detected in the perilymph with the anti-LCCL-
N and anti-LCCL-C antibodies, we subjected bovine
perilymph to 2D-GE analysis (Fig. 4A).

The blotted membrane was first probed with the anti-
LCCL-N antibody (Fig. 4B) and the proteins were de-
tected by chemiluminescence. The membrane was then
washed, stripped, and re-probed with the anti-LCCL-C
antibody (Fig. 4C). These two antibodies detected the
same two lines of proteins, composed of protein spots
with two different isoelectric points and different mo-
lecular weights. The more acidic isoelectric point of
these proteins is 7.7; we therefore designated this group
‘CTP(7.7)." The molecular weight of CTP(7.7) ranges
from 18.8 to 23.1kDa. As the more alkaline isoelectric
point of these proteins is 7.9, we designated this group
*CTP(7.9)." The molecular weight of CTP(7.9) ranges

from 17.7 to 22kDa. As shown in Figs. 4B and C, the
major bovine CTP component is 18-19kDa.

Discussion

We have detected human and bovine Cochlin iso-
forms in the inner ear tissue and a novel Cochlin isoform
in the perilymph by using isoform-specific antibodies.
The positions of the peptides in Cochlin used to generate
the antibodies are shown in Fig. 1B. The anti-LCCL-N
and anti-LCCL-C antibodies were designed to recognize
the N-terminus of only the full-length p63 isoform. the
anti-ivdl antibody was expected to detect the p63s and
p#4s isoforms, and the anti-vWF-Al antibody was ex-
pected to detect all three Cochlin isoforms. As predicted,
Western blot analysis using these antibodies detected
one, two, and three predominant proteins, respectively,
in human and bovine inner ear extracts with predicted
molecular weights corresponding to the expected size of
full-length Cochlin, as deduced from its cDNA and from
proteomic analysis [8] (Fig. 2). We detected no other
unexpected bands with these antibodies. Taken together,
these data indicate that the Cochlin isoform structures
are conserved in mammals and that they are consistent
with our proposed domain structure of Cochlin.

The anti-LCCL-N and anti-LCCL-C antibodies de-
tected a predominant protein of 16 and 18-23kDa in
human and bovine perilymph, respectively, in Western
blots. The specificity of these antibodies indicates that the
16-23 kDa proteins correspond to the N-terminal part of
full-length Cochlin as shown in Fig, 1. This molecular
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weight range matches the difference between the p63 and
p44 isoforms, ranging from 16 to 22kDa as predicted
from mobilities in 2D-GE [8]. We have designated this
short N-terminal Cochlin isoform ‘Cochlin-tomoprotein’
(CTP). CTP is a novel Cochlin isoform, so far detected
only in the perilymph, and thus will be an important
molecule by which to understand the function of Cochlin
and the pathophysiology of DFNA9 (see below). The
anti-LCCL-N and anti-LCCL-C antibodies detected a
single protein of 16 kDa in human peritymph; by contrast,
these antibodies detected proteins of 18-23 kDa in bovine
perilymph, and these were present in larger amounts than
in human perilymph. The reason for this difference is not
yet known; however, it is possible that the types of
Cochlin isomers that are formed are species-specific.

We speculate that the N-terminal portion of full-
length Cochlin is enzymatically cleaved to form the CTP
isoform, which is then secreted into the perilymph. In
human and bovine perilymph, all four antibodies de-
tected proteins of 60-63kDa, but in much small
amounts as compared with CTP. One possible expla-
nation is that these proteins are p63s and products of its
degradation or processing [12,13]. The pd44s and p40s
were, however, not detected in the perilymph. Therefore,
it seems unlikely that full-length Cochlin is processed in
this compartment. Moreover, the anti-LCCL-N and
anti-LCCL-C antibodies detected only p63s and not
CTP in the inner ear tissue, even when coupled with
chemiluminescence detection {data not shown). Taken
together, these data imply that CTP is produced from
full-length Cochlin by inner ear cells and then secreted
into the endo- or peri-lymphatic space in the inner ear.
There are other possibilities that might explain the for-
mation of the CTP isoform; for example, the CTP iso-
form may be directly coded from a unique COCH gene
splice variant or from a COCH homologue.

The whole molecule of CTP is composed of only an
LCCL domain and to date no other proteins have been
reported to have thisunique character. Interestingly, all of
the mutations of Cochlin reported in DFNA9 are located
in CTP [7,10]. Thus, studying the role of CTP might help
us to understand the function of the LCCL domain, as
well as that of Cochlin. NMR structure analysis revealed
that the LCCL domain adopts an unusual fold. in which a
centrally located helix is wrapped by extended polypep-
tide segments of mostly irregular secondary structure.
The N- and C-terminal ends of the LCCL domain are
fairly close inspace [14]. It seems likely that the function of
CTP might utilize this unique structure. In the same study,
Trp91 of the LCCL domain was shown to participate in
interactions with a binding partner such as LPS and ex-
hibit antimicrobial properties [I14]. A previous motif
analysis of the COCH gene has also suggested that
Cochlin may have a role in host defense through anti-
body-independent innate immunity [9]. This hypothesis
seems fairly reasonable from an anatornical point of view

of the inner ear, The perilymphatic space, where CTP is
found, is both connected and exposed to the outside of the
inner ear labyrinth via round, oval windows, the internal
auditory canal, and the cochlear aqueduct.

While this manuscript was in preparation, Robertson
et al. [12] published a study of the post-translational
processing of wild-type Cochlin. They used molecular
biology techniques to transiently transfect the entire
protein coding region of COCH into the mammalian call
lines COS7 and NIH3T3 cells. Expression of full-length
Cochlin (HA or FLAG tagged) was detected in cell ex-
tracts by an anti-HA or anti-FLAG antibody. In the
culture media, however, full-length Cochlin and only one
isoform, a processed Cochlin of 50 kDa, were detected by
Western blot performed after immunoprecipitation. This
isoform formation pattern is very different from what we
have found in human and bovine samples. Moreover.
they did not detect the N-terminal fragment containing
the LCCL domain (i.e., CTP) in either the cell extracts or
in the culture media. This indicates that proper enzymatic
cleavage and processing of Cochlin may only occur in the
unique extracellular environment of the inner ear.

To date, the mechanisms of pathogenesis of the
Cochlin mutations that cause the deafness disorder
DFNAY are unknown. When expressed in bacteria,
most of the Cochlin mutations that cause the deafness
disorder DFNASY result in a misfolding of the LCCL
domain [14]. However, expression of these mutations in
mammalian cell lines did not affect the processing of
Cochlin and did not cause degradation or aggregation.
as is often seen in the case of misfolded proteins [12,13].
Alternatively, the pathogenesis of these mutations may
stem from the complexity of Cochlin processing. By 2D-
GE analysis, we detected 16 different protein spots in the
bovine inner ear [8] and CTP(7.7) and CTP(7.9) in the
perilymph, all of which are considered to be Cochlin
isoforms. Thus, Cochlin is probably highly modified in
the inner ear, and several steps of post-translational
modification could account for the different molecular
weight, and isoelectric points of these proteins. Such
steps might include peptide bond proteolysis to remove
C-terminal or other sequences for intracellular process-
ing, action of proteolytic cascades for metabolizing se-
creted molecules, and chemical modifications such as
glycosylation, phosphorylation, and deamination [13].
In fact, Cochlin contains two consensus sites for as-
paragine-linked glycosylation at residues 100 in the
LCCL domain and 221 in the vWF-Al domain [12].
When mutated, altered modification and processing of
this protein and/or its interaction with the extracellular
environment might lead to functional disturbance.

Elucidating the whole picture of formation and pro-
cessing of the Cochlin isoforms, including the novel
Cochlin isoform CTP identified here, might provide
mechanistic clues to how mutations in the COCH gene
damage the inner ear function of DFNA9 patients.
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