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Objective: This study was conducted to evaluate the relationship between hearing and cochlear
histopathology after arginine vasopressin administration in rats.

Methods: A total of 30 Wistar rats were injected with either 0.02 unit/g of arginine vasopressin or the
same amount of isotonic saline solution. The initial auditory brain stem response threshold was recorded
and additional measurements were made at 10, 30, 60, and 90 min after injection of arginine vasopressin
or isotonic saline solution. The threshold for each timepoint was compared with the initial threshold.
Histological quantitative assessment of endolymphatic hydrops in the cochlea was performed using light
microscopy and assessment of the basal, intermediate, and marginal cells of the stria vascularis was
performed with electron microscopy.

Results: The auditory brain stem threshold 60 min after arginine vasopressin injection increased
significantly in comparison with the initial threshold (P < £.05). Although the index for endolymphatic
hydrops in rats administered arginine vasopressin was not different from that in controls (¥ > 0.05),
vacuoles in the intermediate cells were increased significantly in the treated rats (P < 0.01).
Conclusion: Hearing impairment was detected without endolymphatic hydrops in rats administered
arginine vasopressin. An increase of vacuoles in the intermediate cells may account for the hearing

impairment induced by arginine vasopressin injection,

© 2013 Published by Elsevier Ireland Ltd.

Q3 Introduction

Endolymphatic hydrops, a histopathological finding in the inner
ear of patients with Meniere’s disease, is caused by morphological
changes in the labyrinth brought about by an imbalance of water
and ion metabolism. This disorder is characterized by a bulge in
Reissner’s membrane due to enlargement of the scala media space
[1,2]. The mechanisms responsible for the development of this
condition remained to be clearly understodd. k-

A number of clinical and experimental studies have suggested
that arginine vasopressin (AVP) may be involved in the develop-
ment of endolymphatic hydrops [3-9]. Researchers have reported
that administration of a large amount of AVP can induce
endolymphatic hydrops in guinea pigs [5,7]. These studies revealed
dilatation of the scala media associated with extension of
Reissner’'s membrane toward the scala vestibuli in histological
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sections. It is well known that secretion of intrinsic AVP increases
with high serum osmotic pressure and/or with a decrease in
circulatory blood volume to prevent loss of water and mineral ions
from the body. Physical or mental stress also becomes a factor
involved in increased secretion of intrinsic AVP [10].

In previous reports detailing the development of endolym-
phatic hydrops in guinea pigs, the question remained as to whether
or not AVP administration could lead to hearing impairment. Thus,
our study was planned to explore the relationship between hearing
and both light and electron microscopic findings in the inner ear
after AVP administration in rats.

Materials and methods

This study was approved by Kitasato University School of
Medicine, Animal Care and Use Committee. This study was
approved by Kitasato University School of Medicine, Animal Care
and Use Committee. A total of 30 male 5-week-old Wistar rats
weighing 100-200 g were used. After administration of AVP or
isotonic saline solution the following three evaluations were
performed: (1) recordings of auditory brainstem responses (ABR)
to reveal hearing impairments, (2) histological study of the inner
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ear by light microscopy to evaluate development of endolymphatic
hydrops, and (3) electron microscopy (EM) of the stria vascularis to
quantify the cytoplasmic vacuoles. Both side of ear in each rat were
used for the evaluations.

Hearing impairment evaluation

The initial ABR threshold was recorded, after which 0.02 unit/g
of AVP (Pitressin; Arg-vasopressin, Daiichi-Sankyo, Japan) was
injected intraperitoneally to five rats and the same volume of
isotonic saline solution injected to five control rats. The ABR
threshold was measured at 10, 30, 60, and 90 min after the
injection. The interval time between the two latencies of the first
and third peak-wave of ABR was measured at each timepoint.

Measurements were made in a soundproof room. Rats were
anesthetized with intraperitoneal pentobarbital sodium (35 mg/
kg). Two silver-coated screws, 1 mm in diameter, were inserted on
the midline of the vertex (one on the forehead as a negative and the
other as a positive electrode). A ground electrode was inserted
subcutaneously into the back. Click sounds of 0.1-ms duration
were given for each ear through a speculum connected to a
headphone at a rate of 10 Hz. A total of 512 responses were band-
pass filtered at 50-3000 Hz and averaged with a Neuropack Sigma
system (Nihon Koden, Tokyo, Japan).

ABR thresholds were determined by visual detection of
reproducible responses, with a descending series of click intensities
in 10-dB sound pressure level (SPL) steps. We regarded a
reproducible response observed within 10 ms after a click presen-
tation as positive, and the smallest intensity of clicks that evoked
a visually detectable response of the first peak as the threshold.
All responses were double traced to confirm their reliability.

Histological study of the inner ear

AVP at a dose of 0.02 unit/g or the same volume of isotonic
saline was administered to rats in AVP group (five rats) or control
group {five rats), respectively. One hour after the injection rats
were transcardially perfused with isotonic saline while deeply
anesthetized with pentobarbital sodium. Fixation was performed
with 4% paraformaldehyde. The temporal bone was removed and
further fixed in 4% paraformaldehyde in a cold room at 4 °C for >10
days. Thereafter, specimens were decalcified with 10% ethylene-
diaminetetraacetic acid (EDTA) for 3 weeks, dehydrated ina graded
ethanol series, and embedded in Technovit 7100 (Heraeus Kulzer
GmbH & Co. KG, Wehrheim, Germany). Blocks: were cut
horizontally into 10-pm sections, stained with hematoxylm and
eosin, and observed under a light microscope (Olympus Provis
AX80, Tokyo, Japan).

For quantitative assessment of morphologlcal changes in the
endolymphatic space, ratios of the length (Ir-L) of Reissner’s
membrane and a cross-sectional area of the scala media (Ir-S) were
measured from the mid-modiolar section. of the cochlea. The
measurements and evaluation were performed as previously
described [6], with some improvements. The temporal bones were
decalcified with 10% EDTA instead of 5% trichloroacetic acid, and
embedded in Technovit 7100 instead of paraffin-celloidin mixture.
These changes may have improved the evaluation of the Ir-L and Ir-
S ratio because the shrinkage ratio of tissues using the new agents
was smaller than that previously reported. Ashlar-Vellum 3D
(Ashlar, Austin, TX, USA) measuring software was used for the
analysis and both ears from each rat were assessed.

EM of the stria vascularis

One hour after the injection of 0.02 unit/g of AVP or the same
volume of isotonic saline solution, five rats from each group were

euthanized and their temporal bones removed. Two small holes
were made on the lateral bony wall, one on the cochlea area of the
apical turn and the other on the vestibular organ. The cochleae in
the bilateral inner ears were then fixed by perilymphatic
perfusion of fixative containing 2.5% glutaraldehyde in 0.1 M
phosphate buffer (pH 7.2) via the hole on the wall of the vestibular
organ. The precise time between euthanasia and tissue fixation
was measured to ensure fixation quality and enable reliable
comparisons.

Each extirpated cochlea was immersed in the same fixative for
2 h at 4 °C. The tissue samples were washed in 7% sucrose in 0.1 M
phosphate buffer (pH 7.2) at 4 °C overnight. Then, they decalcified
with 10% EDTA for 5 weeks, trimmed at the columella cochlea
plane, and fixed with 2% buffered osmium tetroxide for 2 h. After
fixation, the tissue was washed in 0.1 M phosphate buffer (pH 7.2),
dehydrated in a graded.ethanol series, and embedded in Quetol
651 resin mixture (Nissin EM Co., Tokyo, Japan). Ultrathin sections
were stained with 3.5% uranyl acetate for 25 min and lead citrate
for 5 min, and then observed under transmission EM (TEM; JEM-
1230; JEOL Ltd., Tokyo, Japan) at 80 kV.

The stria vascularis facing the tympanic cavity at the second
turn in the mid-modiolar section of the cochlea was selected for
assessment because the second turn was the most stable during
histological section preparation, because the apical and basal turns
may have been damaged by the holes made for perilymphatic
perfusion. For qualitative analysis, the whole stria vascularis was
observed. As there was enlargement of an area lacking intracellular
organelles in the intermediate cells or a so called “vacuole” was
observed, it was quantitatively assessed. In the intermediate cells,
vacuoles of various sizes existed. Microvacuoles with a diameter
<1 m were indistinguishable from the normal space between the

" _intracellular organelles. Therefore, in the present study, “vacuole”

was _defined as a nonstructural area with a diameter >1 pm.
Attempts were made to quantitatively evaluate the difference in
the total amount of defined “vacuoles” in the intermediate cells in
the whole of the stria vascularis between the control and AVP

~-groups. The stria vascularis was photographed at 2000x magnifi-
- cation using TEM, scanned at 400 dpi, and saved in a computer. The

images were then merged with Adobe Photoshop Element 3.0
software (Adobe Systems Incorporated, Mountain View, CA, USA)
and the entire stria vascularis saved as 1 image (Fig. 3A and B). The
total area of each defined “vacuole” in the intermediate cells was
measured in the whole of the stria vascularis with National
Institute of Health (NIH) Image ] ver. 1.44 software (http://
rsh.info.nih.gov/ij/index.html).

To account for size disparity of each stria vascularis, the total
area of defined “vacuoles” and the stria vascularis were measured
in the same way and the ratios of the former to the latter calculated
and compared between the control and AVP groups. The portion of
the stria vascularis hidden behind the bar of the grid mesh (EM fine
grid, F-150 mesh, Nissin EM Co.) for TEM was excluded from the
calculations (Fig. 3A). The absence of defined “vacuoles” in
marginal and basal cells was also confirmed.

Statistical analyses

A Mann-Whitney U-test or Wilcoxon signed-rank test was
applied to find the difference between two independent or paired
groups. To detect significance among ABR thresholds of a series of
timepoints, a Friedman test was used to obtain a global Pvalue, and
a Steel test was used to obtain pair-wise significance by comparing
each ABR value to the initial ABR. A P-value <0.05 was considered
statistically significant. All reported P-values are two-sided.
Analyses were performed using GraphPad Prism version 4
(GraphPad Software, Inc., San Diego, CA, USA), and SPSS version
19.0 software (SPSS Inc., Chicago, IL, USA).
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Results

In this study, evaluation of hearing impairment in addition to
histological assessment after administration of 0.02 unit/g AVP to
rats was performed for the first time. The main findings obtained
were as follows: (1) hearing impairment occurred, (2) endolym-
phatic hydrops was not detected histopathologically in the
cochlea, (3) vacuoles were observed in the cytoplasm of the
intermediate cells of the stria vascularis, and (4) hearing loss of a
retrolabyrinthine origin was ruled out.

Hearing impairment

The initial ABR displayed six typical clear peaks in both the
control and AVP groups. The averages of the initial ABR
thresholds of the control and AVP group were 18 & 1.3 (SE) dB
SPL (range, 10-20dB SPL) and 16 + 2.2 dB SPL (range, 10-30 dB
SPL), respectively. There was no significant difference (P =0.436,
Mann-Whitney U-test).

In the control group, the ABR threshold of each timepoint
ranged from 10 to 30 dB SPL with averages of 20 £ 2.6, 22 + 2.5,
19 +2.3,and 20 + 2.1 dB SPL at 10, 30, 60, and 90 min after injection
(P=0.406, Friedman test) (Fig. 1D). The threshold of each ear
increased <10dB SPL in comparison with the initial threshold
(P> 0.05: Steel test, Fig. 1D-d).

Fig. 1A-C, depict the ABR waves recorded before, 10 min, and
60 min after AVP injection in a representative case. The initial ABR
presented six clear peaks (Fig. 1A). The ABR threshold at each
timepoint ranged from 10 to 40 dB SPL and the averages were
23+1.5,234+2.1,27+2.6, and 25+ 3.4dB SPL at 10, 30, 60, and
90 min after injection of AVP (Fig. 1D). ABR thresholds gradually
increased up to 60 min and then slightly decreased at 90 min after
injection (P = 0.012, Friedman test). The ABR threshold significantly

_J 20uV

1 ms

increased at 60 min in comparison with the initial threshold
(P < 0.05, steel test).

The interval time between two latencies of the first and third
peak of ABR was not prolonged in rats with impaired hearing. The
mean interval times of the initial ABR and ABR at 60 min were
0.952 £ 0.159 (SD) ms and 0.961 + 0.018 ms, respectively, with no
significant difference (P = 0.654, Wilcoxon signed-rank test). There-
fore, hearing loss of a retrolabyrinthine origin was ruled out.

Histological study of thg'iﬁner ear

Two representative 'stollogical images of the cochlea of the
control and AVP groups are shown in Fig. 2. No difference was
observed in the morphological aspects of the cochlear duct
between the groups. Table 1 presents the Ir-L and Ir-S values of
the 2 groups. There was no significant difference (P> 0.05,
Table 1). Endolymphatic hydrops was not detected in this
experiment.

EM of the stria vascularis

The low-magnified images of the stria vascularis in the control
and the AVP groups were shown in Fig. 34, and B, respectively. The
marginal, intermediate, and basal cells in the stria vascularis were
morphologically normal in the control group (Fig. 3C and E). In the
AVP group, however, the vacuole area, which had no cytoplasmic
organelles, was expanded in the intermediate cells (Fig. 3D and F)
but not in the marginal and basal cells (Fig. 3C and D).

The mean ratio of the total area of defined “vacuoles” in the
intermediate cells to the whole area of the stria vascularis was
calculated. The ratio was 0.03 £ 0.014 (SE) in rats administered
AVP and 0.011 +0.006 in the control group. The former value
showed a significant increase compared with the latter (P < 0.01,
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Fig. 1. Hearing assessment after injection of arginine vasopressin (AVP) or isotonic saline solution group. {A-C} A representative auditory brainstem response (ABR) series
from the AVP group. The initial ABR showing six clear peaks (A). The ABR threshold, which is indicated as the first peak that disappeared, increased gradually from 10 dB sound
pressure level (SPL) to 40 dB SPL at 60 min after AVP {{B and C) recorded at 10 and 60 min after AVP). ABR threshold levels are indicated as a bold wave. { | } the first peak. (D}
ABR thresholds in control and AVP groups. 7: The average ABR thresholds in the control group show no changes over the series of timepoints (P = 0.406: Friedman test,
mean + SE, ns: not significant, Steel test). [j: The average ABR thresholds in the AVP group show significantly changes over the series of timepoints (P =0.012: Friedman test,
mean =+ SE). The average ABR thresholds at 60 min after AVP injection significantly increased in comparison with the initial hearing level (*: P < 0.05, ns: not significant: Steel test).
Threshold show a gradual increase until 60 min after AVP administration.
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Fig. 2. Histological study of the cochlea to evaluate development of endolymphatic hydrops. Representative pictures of the cochlea in rats from control and AVP groups show
the basal, second, and apex turn in the mid-modiolar plane of the cochlea (Control group: (A} AVP group: (B)). Endolymphatic hydrops is not observed in the cochlea after AVP
administration. Arrow and asterisk show the Reissner membrane and the endocochlear space {cochlear duct), respectively. Hematoxylin and eosin stain. The bar represents

200 pm.

Mann-Whitney U-test, Fig. 3 G). The mean times from euthanasia to
fixation of the tissues in the control and AVP groups were 19.2 and
19.6 min, respectively, and were not statistically different (P > 0.05,
Mann-Whitney U-test).

Discussion

The pathology of the inner ear in Meniere's disease can be
characterized by endolymphatic hydrops [1,2]. Studies regarding
AVP-induced endolymphatic hydrops have been reported [5,7}.
Onset and/or reoccurrence of episodic attacks may be provoked by
mental or physical stress [11,12], and stress can accelerate
secretion of intrinsic AVP [10]. Thus, a putative relationship
among mental and/or physical stress, increased AVP secretion,
development of endolymphatic hydrops, and occurrence of
symptomatic manifestations, such as hearing loss, aural fullness,
tinnitus, and vertigo in Meniere's disease exists. )

In our study hearing was impaired after administration of
0.02 units/g of AVP to rats. Our findings indicate that an increase in
vacuoles in the intermediate cells might be a possible origin of
AVP-induced hearing impairment. i

Contrary to previous studies [5,7] endolymphatic hydrops was
not induced in this experiment. In Kumagami’s study [7], the total
amount of AVP administered was 10 times the dose administered
in our study and guinea pigs were used instead of rats. Takeda and
colleagues administered a dose of AVP half of what we used and
they provided it to guinea pigs during a 1-week period [5]. These

differences in study design might be responsible for inconsisten-
cies inresults between our study and theirs.

Despite the fact that endolymphatic hydrops was not observed
in our case, hearing impairment was revealed after AVP
administration. Endolymphatic pressure might increase without
dislocation of Reissner's membrane. According to Tonndorf[13}],an
elastic bias of the basilar membrane and/or mass loading of the
cochlear duct accounts for low-frequency hearing loss; thus, with a
pressure rise in the endolymph, hearing loss may occur. If the
endolymphatic pressure increased in a range that did not cause
Reissner's membrane to bulge, vibration of the basal lamina might
be suppressed and hearing might be impaired.

When histopathological changes are analyzed, it is necessary to
consider artifacts. In the AVP group, expansion of the area lacking
organelles in the cytoplasm of intermediate cells was observed
(Fig. 3C and E}. A small area of vacuoles in the cytoplasm of
intermediate cells was also observed in controls. However, the
ratio of the total area of vacuoles in the cytoplasm of the
intermediate cells to the whole area of the stria vascularis was
significantly increased in the AVP group in comparison with the
control group. Thus, it was assumed that an increase in the ratio as
a result of AVP administration might be a significant finding.

Previous studies have detailed morphological changes in the
stria vascularis following administration of exogenous substances
such as bumetanide {14] and furosemide [15]. Although morpho-
logical changes represented by vacuole formation in the interme-
diate cells was induced, as shown in our previous study [16], the

Table 1
Influence on morphological change in scala media.
Control group S AVP group P-vajue
Median 25% Percentile 75% Percentile Median 25% Percentile 75% Percentile
Ir-L Basal turn 0.034 0.015 0.046 0.016 0.008 0.043 0.481
Second turn 0.044 0.014 0.069 0.034 0.018 0.045 0.630
Apex turn 0.033 0,019 0.176 0.038 0.008 0.051 0.603
Ir-S Basal turn —0.020 -0.101 0.030 ~0.005 -0.066 0.042 0.528
Second turn -0.019 -0.077 0.041 0.050 -0.017 0.166 0.105
Apex turn 0.100 0.023 0.158 0.028 —0.004 0.102 0.217

The Ir-S and Ir-L in the AVP group were not significantly different from those in the control group (P> 0.01, Mann-Whitney’s U-test).
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Fig. 3. Representative pictures of the stria vascularis. {A and B): The low-magnified
images of the stria vascularis in the control (A) and AVP group (B). The whole stria
vascularis was photographed at 2000x magnification using transmission electron
microscopy (TEM). The films were scanned at 400 dpi and the images were merged.
The black area (asterisk) is a bar of the grid mesh for TEM and the parts of the stria
vascularis hidden behind it were excluded from calculation of whole areas of
defined “vacuoles” and stria vascularis. The white areas were observed in the stria
vascularis in the AVP group. The bar represents 20 pum. {C): Representative pictures
of the stria vascularis in the control group: Intermediate, marginal, and basal cells
appear histologically normal. Enlargement of the cytoplasm in the intermediate
cells is not observed. The cytoplasm in the intermediate cells was thin and
organelles were distributed homogeneously. The curved line in the figure indicates
the boundary between different cell types. MC: marginal cell, IC: intermediate cell,
BC: basal cell, the bar represents 4 um. {D} Representative picture of the stria
vascularis in the AVP group: In the AVP group, the intermediate cell cytoplasm is
enlarged with many defined “vacuoles” seen homogenously. The marginal and
basal cells were histologically normal. The curved line in the figure indicates the
boundary between different cell types. The bar represents 4 wm. (E} Magnified
picture of intermediate cells in the control group: The “intermediate cell” was
histologically normal. The curved line in the figure indicates the boundary of the
intermediate cell. The bar represents 2 um. {F) Magnified picture of intermediate

present study’s crucial finding may be that excessive AVP
administration induced not only morphological changes but also
hearing impairment.

The present study agrees with the previous manuscript
described by Nishimura et al. [17], but is more precisely
evaluated. In our study, the defined vacuoles were increased
significantly in the intermediate cells in 60 min after AVP
administering. As the ABR thresholds were significantly increased
in 60 min after AVP injection, the morphological change in the
stria vascularis was investigated at this time point. In their
manuscript [17], it .was reported that the intrastrial space
enlargement in stria vascularis was induced by AVP and it was
observed in 20 min after AVP injection then disappeared in 60 min
after it. The reason regarding the differences of timepoint and
morphological changes was unclear. The possible reasons were,
however, thought as follows : (1) The kind of Vasopressin and (2)
the route administering AVP were different. In present study,
0.02 unit/g of AVP (Pitressin; Arg-vasopressin, Daiichi-Sankyo,
Japan) was administered intraperitoneally. In their one, 50 mg/kg
of VP ([Arg8]-vasopressin acetate salt, synthetic; Sigma-Aldrich,
Inc., St Louis, MO, USA) was administered subcutaneously. These
differences-might be related to the speed to absorb AVP and
morphological changes.

It has been reported that intermediate cells might play an
important role in maintaining endocochlear potential (EP) [18-
20]. Vacuoles might cause disorder of oxygen diffusion in
intermediate cells [21] and lead to functional disturbances of
the Na-K ATPase pump in intermediate cells and Na-K-2Cl
cotransporter in marginal cells. Therefore, it is appropriate to
consider that vacuole formation in the intermediate cells could

) ‘dégrade the function of intermediate cells and ultimately lead to a

decrease in EP.

Mori et al. [22] reported that perilymphatic perfusion of AVP
produced an increase in electrical resistance of the scala media
concomitant with a drop in EP, suggesting that the main action site

‘of AVP in the cochlea might be the stria vascularis. An increase in

electrical resistance in the scala media and a concomitant decrease
in EP after administering vasopressin could be the origin of hearing
impairment. As a suspected mechanism of hearing impairment in
this study, vacuole formation in the intermediate cells might be a
substitute pathway of endolymphatic hydrops.

Conclusion

Although the amount of AVP used in this study did not cause
endolymphatic hydrops, a significant increase of vacuoles in the
intermediate cells of the stria vascularis was revealed. These
findings indicate that an increase of vacuoles in the intermediate
cells might be a possible origin of AVP-induced hearing im-
pairment. Further studies are needed to investigate the physiolog-
ical alterations relevant to the morphological changes in the stria
vascularis revealed in this study and to examine the effects of AVP
receptor antagonists.

cells in the AVP group: Many defined “vacuoles” (red asterisks) are observed
homogenously in the cytoplasm of the intermediate cells. The curved line in the
figure indicates the boundary of the intermediate cell. The bar represents 2 um. {G)
Quantitative analysis regarding vacuoles in each cell: Ratios of the total area of
defined “vacuoles” in the cytoplasm of each cell to the whole area of the stria
vascularis were compared in the control and AVP groups. In the marginal and basal
cells, defined “vacuoles” are not present. In the intermediate cells, the ratio in the
AVP group significantly increased in comparison with the control group
(**: P < 0.01, Mann-Whitney U-test, mean = SE). MC/Control: marginal cell in the
control group, MC/AVP: marginal cell in the AVP group, IC/Control: intermediate cell in
the control group, IC/AVP: intermediate cell in the AVP group, BC/Control: basal cell in
the control group, BC/AVP: basal cell in the AVP group.
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Cochlin-tomoprotein (CTP) detection test identifies traumatic
perilymphatic fistula due to penetrating middle ear injury
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Abstract

Conclusions: The cochlin-tomoprotein (CTP) detection test can be used to make a definite, objective diagnosis of traumatic
perilymphatic fistula (PLF), and therefore offers valuable information on patient selection for surgical treatment. Objectives:
Penetrating middle ear injury can cause traumatic PLF, which is a surgically treatable otologic emergency. Recently, we have
reported on CTP, a novel perilymph-specific protein. The purpose of this study was to determine if the CTP detection test is
useful for the diagnosis of traumatic PLF. Merhods: This was a prospective study of CTP detection in penetrating middle ear
injury cases with tympanic membrane perforation and hearing loss. Results: A total of seven individuals were included in this
study. CTP was detected in three of four cases with posterosuperior quadrant perforation of the tympanic membrane. In one of
these three cases, even though the high resolution CT scan was not suggestive of PLF and the perilymph leakage could not be
visualized intraoperatively, the CTP detection test was able to detect PLF. In two cases, the preoperative positive test results
enabled us to make a diagnosis of PLF and a decision for surgical treatment. CTP was not detected in the cases with anterior or

inferior tympanic membrane perforation.

Keywords: Middle ear trauma, hearing loss, COCH gene, cochlin isoform

Introduction

Penetrating trauma of the middle ear can occur as a
result of the introduction of a variety of foreign bodies,
for example, a knitting needle, hairpin, bullet, twig of
a tree, ear pick, cotton-tipped applicators, stone, and
iatrogenic damage [1-9]. Trauma associated with the
ossicular chain is a frequent finding in these cases and
carries a good prognosis. Inner ear damage, however,
while less frequent, exposes the patient to permanent
disabilities in hearing and vestibular function.
Etiologies of inner ear damage due to penetrating
middle ear injury include labyrinthine concussion,
acoustic trauma, and perilymphatic fistula (PLF)
[10-12]. Among these conditions, PLF is an otologic

emergency and is surgically correctable by sealing
the fistula. Appropriate recognition and treatment
of PLF can improve hearing and balance in the
afflicted patients; otherwise, permanent deafness
may result [2]. In the absence of high resolution
CT scan (HRCT) findings suggestive of PLF, such
as otic capsule fracture, stapes luxation or pneumo-
labyrinth, it is difficult to make a definite, objective
diagnosis of PLF.

Recently, we reported our findings on cochlin-
tomoprotein (CTP), a novel perilymph-specific pro-
tein. By proteomic analysis of inner ear proteins,
certain unique properties of cochlin isoforms were
discovered. We detected three cochlin isoforms, p63s,
p44s, and p40s, in the inner ear tissue and a short
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16 kDa isoform, named cochlin-tomoprotein (CTP),
in the perilymph [13,14]. CTP was selectively
expressed only in the perilymph, not in cerebrospinal
fluid (CSF), saliva or serum on testing 65, 60, 29, and
28 samples, respectively [14-16].

We have reported a standardized CTP detection
test for the diagnosis of PLF, using a spiked stan-
dard of recombinant human (th)CTP on Western
blot [17].

Using this diagnostic method, we detected CTP
in three of seven cases of penetrating middle ear
injury. To the best of our knowledge this is the first
definite diagnosis of traumatic PLF using CTP as the
diagnostic marker.

Material and methods
Study design and participants

The participants in this investigation were derived
from the patients who had been consecutively referred
to the first author’s outpatient clinic. Enrolment took
place from June 2003 to December 2007, and patients
were included based on a history of insertion of an
object into the middle ear, tympanic membrane per-
foration, and accompanying hearing loss with or
without balance disorders. A total of seven patients
were enrolled in this study. An ear pick caused injury
while removing cerumen (a common practice in
Japan) in cases 1-5 and 7. A screwdriver was
accidentally inserted into the ear of case 6.

We performed physiological testing by pure tone
audiometry and nystagmoscopy with infrared radia-
tion. HRCT was performed in all cases. In this study,
HRCT findings suggestive of PLF are defined as otic
capsule fracture, pneumolabyrinth (vestibulum or
cochlea), ossicular dislocation of the stapes or incu-
dostapedial joint. Fistula test (applying positive
and negative pressure to the middle ear) was not
performed to avoid further damage of the inner ear.

Standardized CTP detection test by Western blot

Samples were tested by the standardized CTP
detection test [17] with minor modifications. For
Western blot analysis, the rabbit polyclonal anti-
CTP antibody (formerly anti-LLCCL-C Ab) was pre-
pared as described previously. In brief, a 14-mer
peptide (LSRWSASFTVTKGK) corresponding to
residues 114-127 in the LCCL domain was used
as an antigenic peptide to generate antibody. The
rhCTP was used as a spiked standard on Western
blot. A putative CTP sequence predicted from our
previous study, the 101 to 403 positions of the cDNA
corresponding to amino acid residues 32-132, was

amplified by PCR from a human expressed sequence
tag clone, IMAGE ID 27789 (Kurabo, Japan). thCTP
was produced using pCR/T7/TOPO/TA Expression
Kits (Invitrogen).

Samples were loaded onto 15% polyacrylamide gels
and transferred onto PVDF membranes. Membranes
were blocked overnight at 4°C in 5% skim milk and
0.2% polyoxyethylenesorbitan (Tween-20) dissolved
in phosphate-bufferd saline (PBS; pH 7.5). Mem-
branes were then incubated in PBS containing 1%
skim milk and 0.1% Tween-20 for 2 h at room
temperature with the primary antibody (anti-CTP
antibody) diluted at 1:2000. After washing with
0.05% Tween-20 in PBS, membranes were incubated
for 1 h at room temperature with horseradish
peroxidase-labeled goat anti-rabbit IgG antibody
(Dako, Japan) diluted at 1:10 000 in the same buffer
as used for the primary antibody reaction. They were
washed again and the reaction was developed with a
chemiluminescence reaction kit (ECL Advance,
Amersham), and then analyzed by an image analyzer
LAS-3000 (Fuji Film, Japan). Tests were performed
and analyzed by well-trained personnel who did not
have any information on the clinical background of
the patients.

The detection limit of the serially diluted rhCTP
was between 0.27 and 0.13 ng/well. These two
amounts of thCTP were set as the high and low
spiked standards, respectively, and were the amounts
electrophoresed each time when we tested the sam-
ples. When the intensity of the band in the samples
tested was below the high standard signal, the
result was considered to be negative. The low spiked
standard was used to estimate the protein transfer
efficiency.

Test results were expressed qualitatively (positive
or negative) by the presence or absence of the anti-
CTP antibody reacting protein with the molecular
weight, which exactly matched the molecular weight
of native CTP (16 kDa) on Western blot. The result of
the CTP detection test was provided to the clinic
within 4 days of sampling.

Performance of the CTP detection test

The performance of the CTP detection test was
described previously [17]. In brief, the detection limit
of perilymph was 0.161 ul per lane in an average of
five samples. This means that the test can detect CTP
if there is 3.3 pl of perilymph in 0.3 ml of middle ear
lavage (MEL) (explained in detail by Ikezono et al.
[17]). We also studied the stability of CTP protein
when samples were stored at room temperature
(25°C) or 4°C for as long as 55 days. The effect of
repeated freezing and thawing was also evaluated. The
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results showed that CTP is a stable protein and
detection is not affected by the storage condition or
repeated freezing and thawing [16].

We also reported the specificity of the CTP detec-
tion test by testing non-PLF cases [17]. We defined
‘non-PLF’ as those cases with otosclerosis (that had
undergone stapedectomy), profound deafness
(cochlear implant surgery), or conductive hearing
loss (exploratory tympanotomy) without any sign of
inflammation or infection. We took MEL before the
stapedectomy or cochleostomy, or before surgical
treatment of conductive hearing loss. The MEL in
54 of 55 non-PLF cases was negative with the CTP
detection test, i.e. the specificity of the test was found
to be 98.2%. To further elucidate the limitations to
this test, we analyzed the MEL collected from patients
with middle ear infections, which can give a false-
positive result. The MEL in 43 of 46 cases with
chronic suppurative otitis media or middle ear cho-
lesteatoma was negative for CTP. The specificity of
the CTP detection test decreases to 93.5% when
applied to inflamed and infected ears. The high pro-
tein concentration of the thick pus present with
infection was the most likely cause. In the present
investigation inflamed ears were studied, so the spec-
ificity is thought to be due to the latter. These findings
indicate that CTP can be considered a marker for the
diagnosis of PLF.

Sampling method

We aimed to establish an easy-to-perform sampling
method. Samples were collected by lavaging the
middle ear cavity four times with the same bolus
of 0.3 ml of saline and recovering the fluid. This
was defined as middle ear lavage (MEL). In the
outpatient clinic, MEL was collected through a per-
forated tympanic membrane (cases 3—7), or at myr-
ingotomy in case 2 whose traumatic tympanic
membrane perforation had been closed during the

27 day period between the onset and the first visit to

our clinic. MEL was also collected during surgery in
cases 1-3. Hence, in cases 2 and 3, MEL was
collected twice (before and during operation) and
we could test whether the leakage continued during
these two sampling time points. Samples were cen-
trifuged at 1250 g for 1 min and the supernatants
were frozen and stored at —80°C until use. Sixteen pul
of MEL were mixed with 8 pul of three times con-
centrated sample buffer (150 mM Tris-HCl (pH
6.8), 6% SDS, 30% glycerol, 0.3% bromophenol
blue, 300 mM DTT) for Western blot analysis.
All patients gave their full informed consent and
the study was approved by the Ethics Committee
of Nippon Medical School.

Therapeutic procedure

All cases except for cases 4 and 5 received tapering
doses of oral prednisolone (60-30 mg) down to 5 mg
in an 8-14 day period depending on the patient’s
general condition and any other systemic illnesses.
Surgery (exploratory tympanotomy and PLF repair
surgery) was performed under general anesthesia in
cases 1-3, in order to inspect and seal the potential
perilymph leak from the fistula and to reconstruct the
ossicular chain (explained in detail in the Results
section). Conservative treatment (medication and
bedrest) was selected in cases 4-7 and tympanic
membrane perforation was closed with patching.

Evaluation of the therapeutic outcome

Pure tone audiogram was obtained before and after
treatment. The pure tone average (PTA) hearing
thresholds of bone conduction and air conduction
were determined by four frequencies (500, 1000,
2000, and 4000 Hz). The patients were followed
up regularly and PTA was performed until complete
recovery, or for more than 2 months (average
8 months). Hearing improvement after treatment
was gauged by PTA of air conduction using the
following criteria; CR, complete recovery (final audio-
gram <20 dB HL, or improvement to the same degree
of hearing as the unaffected ear); RI, remarkable
improvement (improvement >30 dB HL); I, improve-
ment (improvement of 10-30 dB HL); NC, no
change or deterioration (improvement <10 dB HL)
(modified from Kanzaki et al. [18]). Successful hear-
ing improvement was defined as complete recovery or
remarkable improvement.

Results

The patient information and test results (age, sex,
affected side, HRCT suggestive of PLF, CTP test
results, onset to MEL sampling (days), site of perfo-
ration, pre- and post-treatment PTA, air-bone gap,
hearing improvement, nystagmus) are summarized
in Table I. Representative Western blot analysis of
CTP detection in MEL from cases 2, 3, and 7 are
shown in Figures 1 and 2. None of these cases pre-
sented with infection in the middle ear. The contra~
lateral ear exhibited normal hearing in all cases.
Successful hearing improvement (complete recovery
or remarkable improvement) was achieved in all cases
except in case 7. Vertigo, as a sign of inner ear
damage, was observed in cases 1-4, and disappeared
in all cases during the follow-up period. In cases 5-7,
perforation was not in the posterosuperior quadrant
(PSQ) and CTP was negative (Figure 2), suggesting
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Table I. Summary of patient information and test results.

Case no.

Parameter 1 2 3 4 5 6 7
Age 54 29 7 27 28 39 48
Sex F F M F F M M
Affected side L R L R L L
HRCT suggestive of PLF + + - - - - -
CTP test results + +, + +, + - - - ‘ -
Onset to MEL sampling (days) 8 27, 35 2,9 1 4 1 1
Site of perforation PSQ PSQ PSQ PSQ Inferior Anterior Anterior
Pretreatment bone PTA 33 20 5 35 14 20 35
Pretreatment air PTA 65 70 20 56 40 58 56
Pretreatment ABG 32 50 15 21 26 38 21
Post-treatment Bone PTA 20 19 3 24 11 15 28
Post-treatment air PTA 23 33 10 36 15 19 36
Post-treatment ABG 3 14 8 13 4 4 9
Hearing improvement RI RI CR CR CR CR 1
Nystagmus S S, P S S, P, BPPV = P S

Middle ear lavage (MEL) was collected only once except in cases 2 and 3, where MEL was taken twice preoperatively and during the operation.
+, +, CTP detection test was performed twice and both results were positive. ABG, air-bone gap; BPPV, benign paroxysmal positional vertigo;
CR, complete recovery; CTP, cochlin-tomoprotein; HRCT, high resolution CT scan; I, improvement; MEL, middle ear lavage; NC, no
change or deterioration; P, rotatory and horizontal, paretic; PLF, perilymphatic fistula; PSQ, posterosuperior quadrant; PTA, pure tone
average; RI, remarkable improvement; S, rotatory and horizontal, stimulatory.

that the inner ear damage could be attributed to non-
PLF causes. Therefore, in the following section we
focus on discussing cases 1-4.

Case 1 had mixed hearing loss and developed
severe rotatory vertigo 36 h after the traumatic event.
HRCT exhibited pneumolabyrinth in the vestibulum
and dislocation of the incudostapedial joint. The
stapedial footplate seemed to be in an intact position.
The intraoperative findings showed that the stapes
annular ligament was lax with excess mobility of the
stapes. The stapedial footplate was slightly elevated
(probably an ear pick with a spoon-like tip lifted the
stapes when the patient pulled it out after penetration,
as shown by Kobayashi and Gyo [1]). Perilymph
leakage was detected, the stapes was replaced after
coverage of the oval window with fascia, and the
ossicular chain was reconstructed. The MEL per-
formed intraoperatively was positive for CTP. The
PTA demonstrated remarkable hearing improvement
after surgery (Figure 3a).

Case 2 was referred to our clinic because of sus-
tained conductive hearing loss and vertigo for 1 month
post injury. HRCT revealed stapes luxation and air in
the vestibulum. MEL was taken on the 35th day
and CTP was detected (Figure 1), suggesting that
the perilymph had been continuously leaking out
and/or had pooled in the middle ear cavity for

35 days without remarkable exacerbation of the sen-
sorineural component of hearing loss. During sur-
gery, perilymph leakage was detected and the stapes
was smoothly taken out through the oval window.
The ossicular chain was reconstructed with a Teflon
piston and the oval window was covered with fascia to
seal the perilymphatic leakage. MEL taken intrao-
peratively was positive for CTP. The PTA demon-
strated remarkable hearing improvement post surgery
(Figure 3b).

Case 3 had severe rotatory vertigo 10 h after the
traumatic event and mild conductive hearing loss
(Figure 3c). HRCT did not exhibit any findings
suggestive of PLF. MEL taken on the second day
after the event showed positive CTP expression
(Figure 1). Due to the traumatic PLF and the pos-
sibility that the hearing might worsen, surgery was
performed on the ninth day. Intraoperatively, the
stapes annular ligament was lax with excess mobility
of the stapes, and there was slight dislocation of the
incudostapedial joint. Granulation was observed
around the stapes without identifiable leakage of
perilymph. MEL taken intraoperatively was positive
for CTP. The oval window was sealed with fascia and
fibrin glue and the incudostapedial joint was recon-
structed. The audiometric findings were normal and
there was no vertigo post surgery (Figure 3c). The
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Figure 1. The middle ear lavage (MEL) samples collected preop-
eratively from cases 2 and 3 were tested by Western blot using anti-
cochlin-tomoprotein (CTP) antibody to detect CTP. The MEL
from both cases 2 and 3 shows a positive result. Lane 1, thCTP low
spiked standard (0.13 ng/well), CTP-negative; 2, thCTP high
spiked standard (0.27 ng/well), CTP-positive; 3, 16 ul of MEL
from case 3, CTP-positive; 4, 2 pl of perilymph (positive control),
CTP-positive; 5, blank, CTP-negative; 6, 16 ul of MEL from case 2,
CTP-positive.

MEL samples taken preoperatively and at surgery
were both positive for CTP, indicating that the peri-
lymph was still leaking out and/or had pooled in the
middle ear cavity for 8 days.

In case 4, perforation was in the PSQ, but the
HRCT finding was not suggestive of PLF and the
CTP was negative. The vertigo and hearing loss
resolved with conservative treatment.

Discussion

Penetrating middle ear injuries are reportedly com-
monly caused by the insertion of various kinds of
foreign objects. These foreign objects result in perfo-
ration of the tympanic membrane, ossicular disloca-
tion or, most seriously, direct damage to the stapes. In
Japan, removing the cerumen by an ear pick is a
common practice, and there were 20 cases of pene-
trating middle ear injuries reported over a 10-year
period [1]. The current report comprises the largest
number of middle ear injury cases (seven cases) in a
single study.

We would like to emphasize that even though it is
not a common trauma, penetrating middle ear injury
is a very important condition for understanding the
pathomechanisms of traumatic inner ear injuries. An
improved understanding will enable therapeutic and

Figure 2. The middle ear lavage (MEL) sample from case 7 was
tested by Western blot using anti-cochlin-tomoprotein (CTP) anti-
body to detect CTP, which shows a negative result. Lane 1, thCTP
low spiked standard (0.13 ng/well), CTP-negative; 2, rthCTP
high spiked standard (0.27 ng/well), CTP-positive; 3, blank,
CTP-negative; 4, 16 ul of MEL from case 7, penetrating middle
ear injury, CTP-negative; 5, 0.25 l of perilymph (positive control),
CTP-positive.

preventative strategies for acute, late onset, and debil-
itating neuro-otological problems of patients with
similar pathomechanics, such as temporal bone frac-
ture, pneumolabyrinth or iatrogenic injuries during
otologic surgery.

Symptoms commonly associated with this type of
injury include acute hearing loss, vertigo, tinnitus,
and pressure sensation in the affected ear. The sever-
ity of the injury was first analyzed by the symptoms
and test results such as HRCT findings, audiogram,
and nystagmus. Inner ear damage can have various
etiologies, such as labyrinthine concussion, acoustic
trauma or PLF [10-12]. Conservative treatment is
adequate for labyrinthine concussion and acoustic
trauma, but traumatic PLF is an otologic emergency
that may require surgical treatment. Appropriate rec-
ognition and treatment of PLF is especially important
and it can improve hearing and balance, and hence
the quality of life of the afflicted patients.

However, differential diagnosis among these vari-
ous etiologies is not a simple task. This has led to
a series of research efforts to identify an endogenous
marker of perilymph [14]. Previously beta2-
transferrin was thought to be a marker; however, a
more recent study showed that, because of the relative
amount of serum and perilymph in a mixed sample,
electrophoretic separation of the transferrin variant
might not be diagnostic [19]. As explained in the
Methods section, we have shown that CTP was selec-
tively detected in the perilymph and established a
standardized CTP detection test for the diagnosis
of PLF, using a spiked standard of thCTT on Western
blot [15-17]. We have reported the performance of
the CTP detection test, including the specificity of the
test and the stability of the CTP protein.

In the present study, we have shown the usefulness
of the CTP detection test for the diagnosis of trau-
matic PLF in the clinical setting. In four middle ear
trauma cases suspected to have stapes injury due to
the symptoms and the site of perforation (i.e. the
PSQ), three cases had a positive CTP detection test
(cases 1-3). When the site of perforation was in the
PSQ and HRCT detected pneumolabyrinth, a diag-
nosis of traumatic PLF due to the direct injury to the
stapes was made, as in cases 1 and 2. Even HRCT
was not clearly indicative of PLF, since it was the
CTP detection test that enabled the detection of
PLF in case 3. If the site of perforation and
HRCT findings are not suggestive of PLF, a negative
CTP result can thus help to exclude PLF, as in
cases 5-7.

The conventional gold standard for PLF detection
is the intraoperative microscopic visualization of peri-
lymph leakage and fistula [17]. By this intraoperative
microscopic visualization, a definitive diagnosis of
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Figure 3. Pre- and post-treatment pure tone audiograms of case 1 (a), case 2 (b), and case 3 (c), with positive CTP detection test results.

traumatic PLF was made in both cases 1 and 2, and
the CTP positive result confirmed this. In case 3, the
oval window fistula and leakage were not apparent,
even though the annular ligament was identified as lax
with excess mobility. Even in this type of ambiguous

condition, the CTP detection test was able to clearly
identify PLF. In these cases with a positive CTP
test result, severe rotatory vertigo was one of the
main complaints. Even if the hearing loss was stable
or had not deteriorated remarkably, the presence of
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vestibular symptoms is important for an accurate
diagnosis.

The preoperative CTP detection test was valuable
for the decision as to the need for surgery in cases 2
and 3. In chronic cases such as case 2, the key
question is whether the perilymph leakage persists
or not due to spontaneous healing with granulation
formation in the oval window. When the leakage
ceases, conservative treatment is indicated. When
the leakage persists, surgical treatment (sealing the
fistula and reconstruction of ossicular chain) is
needed to prevent inner ear infection, meningitis or
further deterioration of the inner ear dysfunction.
On the other hand, with mild traumatic PLF as in
case 3, sealing the damaged annular ligament can be
performed without serious complications.

We were able to achieve improvement in both
hearing and vestibular symptoms in cases 1-3. How-
ever, surgical treatment is still a controversial issue in
these types of stapes injury. Hearing and vestibular
function vary after surgical treatment due to the
initial degree of inner ear damage caused by the
injury, and the additional effect caused by the sur-
gical procedure itself, which may further damage the
inner ear.

Conclusion

The CTP detection test enabled a definite diagnosis
of traumatic PLF among penetrating middle ear
injury cases. These PLF cases, which were definitely
diagnosed with the positive CTP test results, revealed
the patient symptoms and physiological test results
to be widely variable. The inner ear damage may be
dependent upon the rapidity of onset, duration of the
perilymph leakage, the site of the leakage, and other
biological factors. Using this CTP detection test, a
definitive diagnosis of PLF can be made and appro-
priate therapeutic options for this surgically correct-
able disease can be taken into consideration. Further
studies will be needed to provide insight into the
etiology and pathomechanisms, and such insight may
lead to the development of therapeutic and preven-
tative strategies for acute, late onset, and debilitating
neuro-otological problems.
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Cochlin expression in the rat perilymph during postnatal development
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Abstract

Conclusions: The changes in the cochlin isoforms in the perilymph may provide important insights to the understanding of
cochlin function and the pathogenesis of related inner ear diseases. Objectives: Cochlin is involved in various pathologies of the
inner ear. Altered levels of cochlin isoforms in developing inner ear tissue were reported previously. The purpose of this study
was to elucidate the cochlin isoform expression in the perilymph of rats during postnatal development in relation to Coch gene
mRNA expression. Merhods: We studied the cochlin isoforms in the rat perilymph during postnatal development by Western
blot analysis. Real-time PCR was also performed to elucidate the expression level of Coch mRNA in the developing inner ear of
rats. Results: Western blot analysis showed that the expression of p63s in the perilymph was highest on the 12th day after birth
(DAB12), the earliest age at which we could identify the perilymphatic space microscopically, and it decreased gradually as the
cochlea developed. On the other hand, the expression of Cochlin-tomoprotein (CTP)was lowest on DAB12 and increased
gradually up to DAB24. COCH mRNA was detected from DAB3 and gradually increased to DAB15, and then gradually
decreased to DAB70.

Keywords: DFNAY, COCH gene, Western blot, real-time PCR

Introduction

The COCH (coagulation factor C homology) gene,
which encodes the abundant inner ear protein
cochlin, has been shown to be mutated in the auto-
somal dominant, late-onset, and progressive nonsyn-
dromic hearing loss and vestibular disorder DFNAO9.
To date, 13 different missense mutations and one in-
frame deletion have been reported in patients [1-4].
Balance problems, vertigo, positional nystagmus,
dizziness, tinnitus, night blindness, memory loss,
and cardiovascular diseases have been reported in
the affected family members [5,6]. Cochlin is also a
prominent target antigen in CD4+ T-cell-mediated
autoimmune hearing loss [7}]. Additionally, increased

levels of cochlin have been found in the trabecular
meshwork of glaucomatous mice and are presumed to
have a causal role in the development of increased
intraocular pressure and glaucoma [8]. Cochlin is
thus clearly involved in various pathologies of the
inner ear and eye. However, the precise mechanisms
underlying the pathogenesis and the function of the
cochlin protein, the most highly expressed protein
in the human and mouse inner ear, at present still
remain unclear.

We have conducted a series of studies to elucidate
the cochlin isoforms and the mechanism of expres-
sion. The three cochlin isoforms p63s, p44s, and
p40s, were detected in the inner ear tissue and a short
16 kDa isoform, Cochlin-tomoprotein (CTP), was
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found in the perilymph [9,10]. We also show that
dynamic changes occur in cochlin isoform expression
during postnatal development in the rat inner ear.
Both immunohistochemistry and Western blot anal-
ysis showed an increase in the expression of the total
amount of cochlins [11] during development. The
level of expression of p63s was the highest among the
three isoforms between the 17th day after birth
(DAB17) and DAB24. In contrast, on DAB70, the
expression of p63s had decreased and p40s had
become the predominant isoform. The importance
of isoform analysis was reported in a study of Usher
syndrome type 1F (USHI1F) [12], where altered levels
of cochlin isoforms were suggested to be pathogenic.

To determine how expressions of COCH isoforms
are controlled, we investigated the perilymph in this
study. Contrary to expectations, Western blot analysis
showed that the expression of p63s in the perilymph
was the highest on DAB12, the earliest age at which
the perilymphatic space could be visualized micro-
scopically, and decreased gradually as the cochlea
developed. On the other hand, the expression of
CTP was lowest on DAB12 and increased gradually
to DAB24. Coch mRNA was detected on DAB3.
This study demonstrates the temporal changes in
the expression of the cochlin isoforms in the peri-
lymph of the developing ear of the rat.

Material and methods
Awnimals

For real-time PCR, the inner ear membranous laby-
rinth was excised from Wistar rats (Sankyo Labo
Service Corporation, Tokyo, Japan) including the
temporal bones on DAB3 and DAB6 (n = 20 ears
for each group), as well as DAB 9, 12, 15, 24, 36, and
70 (n = 10 ears for each group), and the samples were
mixed in each group. The perilymph was collected as
follows. Under microscopy, after removing the stapes,
the perilymphatic space was identified and the peri-
lymph was suctioned out slowly with a thin pipette,
taking special care not to touch or damage the mem-
branous labyrinth. In the preliminary stage of the
experiment, we investigated the identification of the
perilymphatic space, and DAB12 was the youngest
age at which perilymph could be collected. Wistar rats
on DAB12 and 18 (n = 8 ears for each group) as well
as DAB 24, 30, and 70 (n = 4 ears for each group)
were used for Western blot analysis of the perilymph
and the samples were mixed for each group.

For the performance of the experimental proce-
dure, each rat was deeply anesthetized with sodium
pentobarbital (50 mg/kg, ip.) This study was
approved by the Animal Experimentation Ethics

Cochlin in the rat perilymph during development 1135

Committee (No. 19-108, approved on May 16,
2008) of Nippon Medical School.

Western blot

Since human, bovine, and rat perilymph contains
two cochlin isoforms, the full-length isoform p63 and
the short truncated isoform CTP, we used the rabbit
polyclonal anti-LCCL-C Ab (Figure 1), which
recognizes these isoforms [10,13]. This antibody
was prepared as described previously [10]. In brief,
a 14-mer peptide (LSRWSASFTVTKGK) corre-
sponding to residues 114-127 of the LCCL (Limu-
lus factor C, Coch-5b2, and Lgll) domain was used
to generate the antibody. We added cysteine residues
to the C termini of the peptides to permit coupling of
the peptides to KLH as a carrier protein for immu-
nization. Rabbits were immunized by repeated sub-
cutaneous injections of the KILH-coupled peptides.
The serum was purified using a protein A column,
followed by peptide-affinity 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).
The perilymph was centrifuged at 1000 g for 15 min
and the supernatant was stored at —80°C until use.
Then 0.5 ul of each perilymph sample was loaded
- onto a 15% SDS-polyacrylamide gel. Before loading,
samples were diluted with 0.188 M Tris buffer to a
total volume of 10 pl and mixed with 5 ul of sample
buffer (0.188 M Tris buffer, 2.39 mM SDS, 30%
glycerol, and 15% 2-mercaptoethanol). The samples

CcocH 1-24 32-121) |
SP LCCL| |ivdl  yWF-A1
i
; —
Cochlin %

g
CcTP

114-127
Antigenic peptide

Figure 1. Representation of the antigenic peptide location, and the
COCH gene, cochlin, and CTP. The top line denotes the deduced
amino acid sequence of human COCH, showing the positions of the
signal peptide (SP), Limulus factor C, cochlin, the late gestation
lung protein Igll domain (LCCL), intervening domain 1 (ivd1),
and von Willebrand factor type A-like domain 1 (vWF-A1). The
middle lines depict the cochlin isoforms p63s, p44s, and p40s that
are expressed in inner ear tissue. The bottom line depicts the
cochlin-tomoprotein (CTP) isoform expressed in the perilymph.
The black bar indicates the location of the antigenic peptide and
vertical lines represent the alignment of the antigenic peptide and
cochlin isoforms. The numbers indicate the corresponding amino
acid sequence of human cochlin.
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were heated to 98°C for 5 min and then loaded into
each lane of the gel. Electrophoresis was performed
on 15% polyacrylamide gels (PAG mini Daiichi,
Daiichi Pure Chemicals, Japan) in running buffer
(25 mM Tris, 192 mM glycine, 1 g/l SDS, pH 8.3)
at 20 mA for 2 h. The separated proteins were
electrophoretically transferred onto a PVDF mem-
brane (Immobilon-PSQ, Millipore, USA) using an
Atto HorizBlot semi-dry transfer unit with a discon-
tinuous buffer system, as recommended by the man-
ufacturer (ATTO, Japan). Nonspecific binding was
blocked by incubating the membranes overnight at
4°C in 5% skimmed milk and 0.2% polyoxyethylene
sorbitan (Tween-20) dissolved in PBS. Membranes
were then incubated in PBS containing 1% skimmed
milk and 0.1% Tween-20 for 2 h at room temperature
with the primary anti-LCCL-C Ab diluted at 1:2000.
After washing in 0.05% Tween-20 in PBS, mem-
branes were incubated for 1 h at room temperature
with horseradish peroxidase-labeled goat anti-rabbit
IgG (P0448, Dako, Denmark) diluted at 1:5000 in the
same buffer used for the primary antibody reaction.
The membranes were washed again and the reaction
was developed with a chemiluminescence reaction kit
(ECL Advance, GE Healthcare, England). The pro-
tein expression level of each isoform was determined
with a densitometer LLAS-3000 (Fuji Film, Japan),
and the relative amount in each lane was calculated
based on the p63 signal on DAB12 and the CTP
signal on DAB24, respectively.

Real-time PCR

RNA preparation. Inner ear tissue was stored in RNA-
later reagent (QIAGEN Inc., Mississauga, ON,
Canada) at —-80°C until RNA extraction. For the
extraction of RNA, tissue was homogenized using
1.5 ml pellet pestles with Matching Microtubes (Kim-
ble-Kontes, Vineland, NJ, USA) and QIAshredder
spin columns (QIAGEN). Total RNA was extracted
using an Ambion mirVana miRNA Isolation Kit
(Applied Biosystems, Foster City, CA, USA) follow-
ing the manufacturer’s protocol. The RNA concen-
tration was determined by measuring absorbance
at 260 nm with a spectrophotometer UV-1800
(Shimadzu, Kyoto, Japan), and the RNA concentra-
tion was normalized to 50 ng/ul.

Reverse transcription. Total RNAs from the membra-
nous labyrinth were reverse-transcribed using a
TaKaRa PCR Kit (AMYV) Ver3.0 (Takara bio, Ohtsu,
Shiga, Japan) with an oligo-dT-adapter primer for
30 min at 50°C, 5 min at 95°C, and 5 min at 5°C
using a thermal cycler GeneAmp® PCR System
9700 (Applied Biosystems).

Real-time PCR assay validation. We conducted a pre-
liminary study to validate the detection method, and
verified the amplification efficiencies of COCH and
the housekeeping gene GAPDH (glyceraldehyde-
3-phosphate dehydrogenase) using RNA from the
rat inner ear. The differences in the threshold cycle
(ACT) between COCH and GAPDH at serial dilu-
tons of cDNA samples (x4, x20, x100, and x500)
were evaluated.

Real-time PCR assay. All the real-dme PCR samples
were set up in Fast96Well optical plates using 1 pl of
cDNA. The reaction mixture was prepared using
COCH primers (TagMan Gene Expression Assays:
Assay ID; Hs00187937_ml Gene Symbol; hCG40905
Applied Biosystems). Since no TagMan Gene Expres-
sion Assay targeting N terminus COCH mRNA was
available, we selected a probe covering exon 8-9, which
encodes the N-terminal portion of p40. Then 10 ul of
2x TagManUniversal PCR Master Mix 10, 1 ul of
20x Primer&Probe Mixture, and 8 pl of RNA-free
water were added to a final volume of 20 pl per
reaction. GAPDH was used as a housekeeping gene.
Then 10 pl of 2x TagManUniversal PCR Master Mix
(Applied Biosystems), 0.9 pl of 10 pM Forward and
Reverse Primers, 0.5 pl of 5 uM TagManProbe, and
6.7 ul of RNA-free water were added to a final volume
of 20 ul per reaction.

All the samples were tested in triplicate. The real-
time PCR program consisted of incubation at 50°C
for 2 min, and 95°C for 10 min, 40 cycles at 95°C for
15 s, and 60°C for 1 min using the 7500 Real-Time
PCR System (Applied Biosystems).

Data were evaluated using the AACt method
[14,15]. The method of Livak and Schmittgen [15]
and the reference ACt values obtained from the bio-
logical control GAPDH were applied for calculation of
AACT and the relative quantity values, respectively.

Results

Western blot analysis of cochlin isoform expression in the
rat perilymph

The perilymph samples of eight ears (DAB12 and 18)
and four ears (DAB 24, 30, and 70) were mixed and
0.5 pl of each sample was loaded into one lane. Using
anti-LCCL-C Ab, immunoreactive proteins of 63 kDa
and 16 kDa (CTP) were detected (Figure 2A). The level
of protein expression for each was measured with a
densitometer (1LAS-3000; Fuji Film, Japan), and the
relative amount of each band was calculated relative to
the expression of p63 on DABI12, with the CTP on
DABI18 taken as 100. Analysis was performed in tripli-
cate and the data are presented as the mean + standard
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Figure 2. (A) Western blot analysis of perilymph proteins from the rat. Wistar rats on DAB 12 and 18 (n = 8 ears for each group) as well as
DAB, 24, 30, and 70 (n = 4 ears for each group) were used for Western blot analysis of the perilymph. The samples from these ears were mixed
for each DAB group. A representative Western blot is shown. The anti-LCCL-C antibody detected immunoreactive proteins of 63 kDa and 16
kDa (cochlin-tomoprotein, CTP). (B and C) The protein expression level of each of the isoforms in the perilymph: p63 (B) and CTP (C). The
protein expression level of each isoform in the perilymph was measured by an LLAS-3000 densitometer (Fuji Film, Japan), and the relative
amount of each isoform was calculated relative to the expression of p63 on DAB12, with CTP on DAB18 taken as 100. Analysis was performed

in triplicate and the data are presented as the mean + standard error.

error. On DAB12, p63 expression was the highestamong
the perilymph samples tested and it gradually decreased
to 52.8 = 10.9% by DAB18, 28.7 + 5.5% on DAB24,
23.7+7.3% onDAB30, and then 6.7+2.9% on DAB70.
On the other hand, CTP expression was not detected on
DABI12, detected on DAB18, and reached a peak of
121.4+33.6% on DAB24. Then it gradually subsided to
80.3 + 35.3% on DAB 30 and 56.7 + 24.2% on DAB
70 (Figure 2B, C).

Real-time PCR assay validation

The threshold cycle (ACy) difference between COCH
and GAPDH in a serial dilution of cDNA samples
(x4, x20, x100, and x500) gave a linear slope of
0.0185, indicating that these genes have proportional
expression efficiencies (Figure 3). It was appropriate
to use the AACt method since the slope of the
standard curves of the COCH was <0.1.

Real-time PCR assay

The inner ear tissue of 20 ears (DAB 3, 6) or 10 ears
(DAB 9, 12, 15, 24, 36, 70) was mixed and analyzed

using real-time PCR assay. Comparative Ct (AACT)
analysis was performed to evaluate the fold changes in
mRNA expression. Analysis was performed in tripli-
cate and the data are presented as the mean + standard
error. As shown in Figure 4, COCH mRNA was
detected on DAB3, and continued to increase, reach-
ing a maximum of 56.36 + 0.84-fold on DABI15.
Then it began to decrease gradually, and it was
10.73 + 2.83-fold on DAB70.

Discussion

Cochlin, which is encoded by COCH, is a secreted
protein for which the function is not completely under-
stood, but it is believed to have a role in the formation
and/or maintenance of the extracellular matrix (ECM)
in the inner ear [1,16]. Cochlin appears to have numer-
ous heterogeneous isoforms that are caused partly by
N-glycosylation and proteolytic cleavage, and poten-
tially also by alternative splicing [9,10,13,17]. Previous
2D gel investigation identified a full-length isoform, as
well as smaller isoforms with truncations of the
N terminus. The molecular weight values of the pre-
dominant isoforms were 44 and 40 kDa [10,12].
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Figure 3. Real-time PCR assay validation. The differences in
threshold cycle (ACt) between COCH and GAPDH at serial
dilution of cDNA samples (x4, %20, x100, and x500) gave a
lineal slope of 0.0185, indicating that both genes have proportional
expression efficiencies.

Isoform-specific antibodies further identified the short
truncated isoform CTP in the perilymph [10], and
this isoform contains the N-terminal LCCL domain
devoid of the C-terminal vWFA domain. The mole-
cular weight of CTP is different in different species, e.g.
rat (11-17 kDa), human (16 kDa), and bovine
(18-23 kDa) [13].

The importance of cochlin has been shown in a
variety of pathological conditions, such as DFNAG9,
autoimmune hearing loss, glaucoma, and others.
One of the keys to understanding the pathogenetic
mechanisms in these conditions is the analysis of the
isoform expression patterns. Chance et al. [12] iden-
tified certain proteins and protein networks associated
with cochlear pathogenesis in the Ames Waltzer (av)
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Figure 4. Real-time PCR assay of COCH gene expression in the
developing inner ear tissue. The inner ear tissue of 20 ears (DAB 3,
6) or 10 ears (DAB 9, 12, 15, 24, 36, 70) was mixed and analyzed
using real-time PCR assay. Comparative Ct (AACt) analysis was
performed to evaluate the fold changes in mRNA expression.
Analysis was performed in triplicate and the data are presented
as the mean #* standard error.

mouse, a model for deafness in Usher syndrome 1F
(USHI1F). Sequence analysis by mass spectrometry
showed that, in the av cochlea, a set of full-length
cochlin isoforms was up-regulated, while the isoforms
lacking the N-terminal FCH/LCCL domain were
down-regulated. The potential effects that are con-
veyed by this molecular phenotype are currently
unknown, but the observed change is counter to
what has been reported in normal development.
Our previous data indicated that the abundance of
the full-length isoform p63s decreases relative to the
abundance of the N-terminally truncated form p44s
and p40s as a function of age in the rat, with the full-
length isoform predominant on DAB24 but decreased
relative to the truncated form on DAB70 [11,12].

In the present study, contrary to expectations,
Western blot analysis showed that the expression of
p63s in the perilymph was the highest on DAB12 and
decreased gradually as the cochlea developed. On the
other hand, CTP expression was lowest on DAB12 and
increased gradually to DAB24. In our previous study of
cochlin isoform expression analysis in inner ear tissue
[11], p63s was below the detection limit on DAB13, but
its expression gradually increased up to DAB24. On
DAB70, p63s expression was lower than on DAB24.
The N-terminally truncated forms, p44s and P40s, were
not detected at DAB13 and were only weakly expressed
from DAB17 to DAB70, although the expression did
gradually increase up to DAB70 [11]. Notably, this
change in p63 expressionin the inner ear tissueis counter
to what was found in the perilymph. p63 may be secreted
into the perilymph in the early stage of postnatalinner ear
developmentand then gradually come to be expressed in
the inner ear tissue. The real-time PCR data on COCH
expression confirmed the gene expression in the early
stages, even though the expression level was minimal
compared with that of DAB 12-24. The dynamic
changes in the expression of the cochlin isoforms in
the postnatal inner ear development suggest that cochlin
plays an important role in the development and matu-
ration process of the inner ear.

Perilymph is an important fluid not only for the
delivery of the mechanical vibrations to hair cells, but
also in the homeostatic regulation of certain ionic
components, proteins, and other molecules, and it
also provides a crucial microenvironment for labyrin-
thine cells. In our preliminary investigation, it was
possible to microscopically identify the perilymphatic
space as early as DAB12, and perilymph by itself
could be collected without any other tissue contam-
inadon. Human, bovine, and rat perilymph contain
two cochlin isoforms, the full-length isoform p63 and
the short truncated isoform CTP [10,13]. The origin
of these cochlin isoforms has been attributed to a
variety of mechanisms, including proteolysis of
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peptide bonds, chemical modifications such as glyco-
sylation, phosphorylation and/or deamination, and
multiple transcripts [9,17-19]. CTP may be formed
by post-translational cleavage from full-length cochlin
or directly encoded by a unique COCH gene splice
variant [13]. Of the 13 DFNA9 mutations now
reported for the COCH gene, 10 affect the residues
of the LCCL domain. Yao et al. recently showed that
full-length cochlin with mutations in this domain is
cytotoxic when it is introduced into the perilymphatic
space in vivo [20]. This study also suggests that
mutant CTP in the perilymph may be harmful to
inner ear function.

An adequate elucidation of the formation and pro-
cessing of the cochlin isoforms, including the isoforms
expressed in the perilymph, would provide insight
into cochlin in the developing ear and mechanistic
clues to how it is that mutations in the COCH gene
damage the inner ear and other organs.
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