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Fig. 4. Changes in the charge density and « of prestin by salicylate. (A) Charge density. The charge density of WT prestin was not affected by salicylate. On the other hand, the
charge densities of G127A+Sal, T128A+Sal, S129A+Sal and R130A+Sal were statistically larger than those of G127A, T128A, S129A and R130A, respectively. (B) 2. Without
salicylate, the o values of G127A, T128A, S129A and R130A were statistically different from that of WT prestin. On the other hand, when 10 mM salicylate was used, there was
no statistical difference in the o between the prestin mutants and WT prestin. Asterisks show the statistical differences in the charge density and « between WT prestin and
the prestin mutants and between WT prestin+Sal and the prestin mutants+Sal (p < 0.05). Number signs indicate statistical differences in the charge density and x between
cells cultured with salicylate and those cultured without it in each prestin mutant (p < 0.05). Error bars represent standard deviations.

prestin. On the other hand, the charge densities of G127A+Sal,
T128A+Sal, S129A+Sal and R130A+Sal were statistically larger
than those of G127A, T128A, S129A and R130A, respectively
(p <0.05). Especially, the charge density of G127A+Sal and that
of R130A+Sal were similar to that of WT prestin+Sal. These results
indicate that the charge density of those four mutants was recov-
ered due to salicylate. On the other hand, H131A and S129T did
not show NLC even when transfected cells were cultured with
10 mM salicylate.

The o was considered to represent properties of the anion bind-
ing of prestin [15]. Such values of G127A, T128A, S129A and R130A
were statistically different from that of WT prestin when salicylate
was not used (Fig. 4). On the other hand, when transfected cells
were cultured with 10 mM salicylate, there was no statistical dif-
ference in o between the prestin mutants and WT prestin
(Fig. 4). These results may imply that culturing the cells with salic-
ylate somehow affects the properties of the anion binding of
prestin.

3.3. Correlation between the R, and the charge density

Without salicylate, the R, values of all prestin mutants were
lower than that of WT prestin. In this condition, the charge density
of the prestin mutants was also lower or not recorded. On the other
hand, salicylate increased both R, and the charge density of G127A,
T128A, S129A and R130A. Especially in G127A and R130A, R, as
well as the charge density recovered to the WT prestin level. This
trend suggests that the changes in the charge density were corre-
lated with changes in the Rp. Although R, increased to some degree
due to the addition of salicylate, H131A and S129T did not show

NLC, possibly indicating that the amount of those mutants in the
plasma membrane was still insufficient for detection of NLC. An-
other possibility is that H131A and S129T were promoted to be ex-
pressed in the plasma membrane but were non-functional.
Regarding S129A and S129T, the replacement of Ser-129 by
threonine affected both the R, and the charge density of prestin
more strongly than that by alanine. Alanine and threonine are,
respectively, smaller and larger than serine. Thus, the existence
of an amino acid larger than serine at position 129 of prestin
may be a steric constraint, affecting its characteristics significantly.

3.4. Changes in the concentration of salicylate

Salicylate at the concentration of 10 mM was found to recover
the plasma membrane expression and the charge density of
G127A and R130A to the WT prestin level as described above. Ef-
fects of decreasing the concentration of salicylate from 10 mM to
5mM and 1 mM on the promotion of the plasma membrane
expression were then evaluated using the cells transfected with
R130A. Confocal images of the stained cells and calculated R, are
shown in Fig. 5A and B, respectively. The R, of R130A was un-
changed by 1 mM salicylate, while it was increased by 5 mM salic-
ylate but not to the WT prestin level, suggesting that the
promotion by salicylate of the plasma membrane expression of
prestin mutants was concentration-dependent.

3.5. Discovery of new effect of salicylate on prestin

Salicylate is generally known to be an antagonist of prestin
[8,9]. In the present study, another feature of salicylate was
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Fig. 5. Concentration dependence of the effects of salicylate on the localization of
prestin. (A) Confocal microscopy images of stained cells. (B) Difference in the R, due
to the difference in the concentration of salicylate. The samples of R130A-
expressing cells cultured without salicylate, with 1 mM salicylate, with 5mM
salicylate and with 10 mM salicylate are termed R130A, R130A+Sal (1 mM),
R130A+Sal (5 mM) and R130A+Sal (10 mM), respectively, in this figure. In addition,
the samples of WT prestin-expressing cells cultured without salicylate and with
10 mM salicylate are termed WT prestin and WT prestin+Sal (10 mM), respectively.
The Ry, of R130A was unchanged by 1 mM salicylate, but was increased by 5 mM
salicylate. When transfected cells were cultured with 10 mM salicylate, the Ry
recovered to the WT prestin level. Asterisks represent significance vs. WT
prestin+Sal (10 mM) (p < 0.05). Error bars indicate standard deviations.

discovered, namely, it can promote the plasma membrane
expression of prestin mutants accumulated in the cytoplasm,
resulting in the recovery of the charge density. Various research
findings have reported that if membrane proteins were accumu-
lated in the cytoplasm due to their misfolding, a pharmacological
chaperone bound to these proteins and then promoted their cor-
rect folding, resulting in their plasma membrane expression [3-
7]. These reports may lead to a speculation that the prestin mu-
tants analyzed in the present study were misfolded in the cyto-
plasm and that salicylate bound to these mutants and then
induced their correct folding, promoting their transport to the

plasma membrane. The next step of our study is to clarify if such
speculation is correct, namely, to investigate the mechanism
underlying the salicylate-induced recovery of the plasma mem-
brane expression of prestin mutants.
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Prestin is the motor protein of cochlear outer hair cells and is essential for mammalian hearing. The
present study aimed to clarify the structure of prestin by atomic force microscopy (AFM). Prestin
was purified from Chinese hamster ovary cells which had been modified to stably express prestin,
and then reconstituted into an artificial lipid bilayer. Immunofluorescence staining with anti-
prestin antibody showed that the cytoplasmic side of prestin was possibly face up in the reconsti-
tuted lipid bilayer. AFM observation indicated that the cytoplasmic surface of prestin was ring-like

with a diameter of about 11 nm.
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1. Introduction

The basis of electromotility of outer hair cells (OHCs) which
realizes the high sensitivity of mammalian hearing is considered
to be the motor protein prestin [1]. Several characteristics of pres-
tin have been gradually clarified [2]. Murakoshi et al. [3] detected
prestin in the plasma membrane of prestin-transfected Chinese
hamster ovary (CHO) cells using Qdots as topographic markers
and observed ring-like structures, possibly prestin, by atomic
force microscopy (AFM). Mio et al. [4] observed prestin purified
from prestin-transfected insect cells by transmission electron
microscopy (TEM) and found prestin to be a bullet-shaped mole-
cule. Although those two studies are significant, their observed
images differed, indicating that the structure of prestin was un-
clear. Thus, the aim of the present study was to clarify such struc-
ture by reconstitution of purified prestin into an artificial lipid
bilayer and observation of the prestin-reconstituted lipid bilayer
by AFM.

Abbreviations: OHC, outer hair cell; CHO, Chinese hamster ovary; AFM, atomic
force microscopy; TEM, transmission electron microscopy
* Corresponding author. Hiroshi Wada, Department of Bioengineering and
Robotics, Tohoku University, 6-6-01 Aoba-yama, Sendai 980-8579, Japan. Fax: +81
22 795 6939.
E-mail address: wada@cc.mech.tohoku.ac.jp (H. Wada).

2. Materials and methods
2.1. Purification of prestin

The purification of prestin was performed by the method estab-
lished in our previous study with some modifications [5]. CHO cells
which had been modified to stably express C-terminal 3 xFLAG-
tagged prestin were suspended in Tris-KCl buffer (10 mM Tris,
150 mM KCl, pH 7.4) and sonicated, followed by centrifugation at
1000xg for 7 min at 4 °C to remove nuclei and undisrupted cells.
The obtained supernatant was centrifuged at 20360xg at 4 °C for
2 h to collect the membrane fraction of the cells. Membrane pro-
teins were solubilized by resuspending the obtained membrane
fraction in Tris-KCl buffer containing 10 mM n-nonyl-p-p-thiomal-
topyranoside (NTM, Dojindo, Kumamoto, Japan). After 3-h incuba-
tion on ice, samples were centrifuged at 20360xg at 4 °C for 3 h to
remove non-solubilized proteins. The supernatant was applied to a
column filled with anti-FLAG affinity gel (Sigma-Aldrich, St. Louis,
MO). The column was then washed with Tris-KCI buffer containing
0.065 mM Fos-Cholin-16 (Anatrace, Maumee, OH) to replace the
detergent NTM with Fos-Choline-16. Afterward, prestin was com-
petitively eluted with 1 ml of that buffer containing 500 pg/ml of
3xFLAG peptide (Sigma-Aldrich). Whether prestin was purified
or not was confirmed by SDS-PAGE, followed by Western blotting
with anti-FLAG antibody and HRP-conjugated anti-mouse IgG anti-
body and by silver staining.

0014-5793/$36.00 © 2010 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.
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2.2. Reconstitution of prestin into a preformed lipid bilayer

The method of direct reconstitution of membrane proteins into
a preformed lipid bilayer was applied in the present study [6]. An
artificial lipid bilayer was formed on mica using dioeoyl-phospha-
tidylcholine (DOPC) and dipalmitoyl-phosphatidylcholine (DPPC)
(Avanti Polar Lipids, Alabaster, AL). The lipid bilayer was preincu-
bated for 30 min at 4 °C with Tris-KCl buffer containing 5 mM
CaCl, and 0.0065 mM Fos-cholin-16 for equilibration of the deter-
gent within the lipid bilayer. Afterward, such bilayer was incu-
bated with Tris-KCl buffer containing purified prestin, 5mM
CaCl; and 0.039 mM Fos-cholin-16 for 15 min at 4 °C. Excess pres-
tin was then removed by extensive rinsing with Tris-KCl buffer. As
a negative control, the lipid bilayer treated with detergent but
without prestin was also prepared.

2.3. Staining of prestin in the reconstituted lipid bilayer

The existence of prestin in the lipid bilayer was confirmed by
immunofluorescence staining. The prestin-reconstituted lipid bi-
layer was incubated with Block Ace (Dainippon Pharmaceutical
Co. Osaka, Japan) for 30 min at 37°C to avoid non-specific
binding of antibodies. Afterward, that bilayer was stained with
goat anti-prestin N-terminus primary antibody (Santa Cruz Bio-
technology, Santa Cruz, CA, USA) at a dilution of 1:100 in PBS
overnight at 4°C and with anti-goat IgG Texas Red (Santa Cruz
Biotechnology) at a dilution of 1:200 in PBS at 37°C for
60 min. The stained lipid bilayer was observed by confocal
microscopy.

2.4. AFM imaging

The height images of the lipid bilayer were acquired in Tris—KCl
buffer filtered with a 0.2-um nylon filter by Multimode V AFM with
a Nanoscope V controller (Veeco, Santa Barbara, CA) at 24-26 °C.
V-shaped Si3N, cantilevers (OMCL-TR400PSA-2, Olympus, Tokyo,
Japan) with a spring constant of 0.06 N/m were used. The AFM
was operated in the oscillation imaging mode (Tapping mode™,
Digital Instruments) at a scan frequency of 1-0.5 kHz. In the pres-
ent study, three types of images were obtained by AFM, namely,
low- (5.0 x 5.0 um), middle- (1.0 x 1.0 pm) and high-magnifica-
tion images (300 x 300 nm). Each scan line has 256 and 512 points
of data and an image consists of 256 and 512 scan lines for low
magnification images and for middle- and high-magnification
images, respectively. Obtained AFM images were flattened by use
of a software program (NanoScope v7.00, Veeco) to eliminate back-
ground slopes and to correct dispersions of individual scanning
lines. In addition, only high-magnification images were low-pass
filtered to reduce high frequency noise. When the observed struc-
ture was ring-like, the distance between two peaks based on the
cross sections was taken to be its diameter, as was done in our pre-
vious study [3].

3. Results
3.1. Purification of prestin

Whether prestin was indeed purified or not was investigated by
SDS-PAGE, followed by Western blotting and silver staining. Re-
sults of Western blotting and silver staining are shown in Fig. 1A
and B, respectively. In the Western blotting image, the 100 kDa
band, probably showing prestin, was detected. In the results of sil-
ver staining, only one band corresponding to the band observed in
Western blotting was recognized.

A kDa B kDa
175 e 175 w—
-
B2 it 62 wem B
475 m— 47.5 m— |
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Fig. 1. Results of Western blotting and silver staining. (A) Western blotting data. A
100 kDa band probably showing prestin is seen. (B) Result of silver staining of SDS-
PAGE gel. Only one band at 100 kDa, which was thought to correspond to the band
detected in the result of Western blotting, is recognized.

3.2. Immunofluorescence staining of the prestin-reconstituted lipid
bilayer

After the reconstitution process, immunofluorescence staining
was employed to investigate whether prestin had been incorpo-
rated into the preformed lipid bilayer. Representative immunoflu-
orescence images of the prestin-reconstituted lipid bilayer and
negative control sample are shown in Fig. 2. Red fluorescence
was detected in the prestin-reconstituted lipid bilayer but not in
the negative control sample.

3.3. AFM imaging of the lipid bilayer

The AFM height image of the lipid bilayer without treatment
showed two kinds of flat domains (Fig. 3A). A similar image was
also obtained from the negative control sample (Fig. 3B). Unlike
those two images, in addition to the flat domain, bumpy domains
indicated by white arrows were detected in the low magnification
AFM image of the prestin-reconstituted lipid bilayer (Fig. 3C). The
boxed area in Fig. 3C was scanned by AFM and the obtained image
is depicted in Fig. 3D. Dense small particles, some of which were
recognized as ring-like structures, can be observed in that image.
To clearly visualize the observed particles, the boxed area in
Fig. 3D was scanned by AFM, the acquired image being shown in
Fig. 3E. Moreover, three-dimensional representation of Fig. 3E is
depicted in Fig. 4. Many ring-like structures were confirmed to
be densely embedded in the lipid bilayer. The average diameter
of such structures in Fig. 3E and other AFM images which are not
shown here is 11.0 £ 1.3 nm (n = 42).

4. Discussion
4.1. Reconstitution of prestin into an artificial lipid bilayer

After the purification process, only the 100 kDa band corre-
sponding to the band in Western blotting data was detected by sil-
ver staining of SDS-PAGE gel, indicating that prestin had been
purified. The 100 kDa band probably shows the monomer of pres-
tin. As SDS possibly affects the binding between prestin molecules,
to clearly confirm the oligomerization of purified prestin, a mild
detergent such as perfluoro-octanoic acid should be used as in
the study by Zheng et al. [7]. The AFM height image of the lipid bi-
layer without treatment shows two types of flat domains (Fig. 3A),
as seen in previous studies [6,8-11]. At 24-26 °C, DOPC forms
fluid-phase domains, while DPPC forms gel-phase domains. The
thickness of DPPC in the gel-phase is larger than that of DOPC in



2874 S. Kumano et al. /FEBS Letters 584 (2010) 2872-2876

Negative control

Prestin-reconstituted
lipid bilayer

Fig. 2. Immunofluorescence staining of prestin-reconstituted lipid bilayer. Negative control sample and the prestin-reconstituted lipid bilayer were stained with anti-prestin
antibody and anti-goat IgG Texas Red. Red fluorescence indicating the existence of prestin is only found in the prestin-reconstituted lipid bilayer.
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Fig. 3. AFM height images of the lipid bilayer. (A) AFM image of the lipid bilayer without treatment at low magnification. (B) AFM image of the negative control sample at low
magnification. (C) AFM image of prestin-reconstituted lipid bilayer at low magnification. (D) Middle-magnification image obtained by scanning of the boxed area shown in
(C). (E) High-magnification image obtained by scanning of the boxed area shown in (D). Two kinds of flat domains in (A) and (B) probably represent the domain of DPPC in the
gel-phase and that of DOPC in the fluid-phase. Bumpy domains indicated by white arrows can be detected in the prestin-reconstituted lipid bilayer shown in (C). Many small
particles can be found in the middle-magnification AFM images and those particles were recognized as ring-like in the high-magnification image. Such ring-like structures

probably show prestin molecules.

the fluid-phase, thus indicating that the two types of observed
domains were due to the difference in the thickness between the
two lipids. After the reconstitution process, immunofluorescence
staining using anti-prestin antibody showed that prestin existed
in the reconstituted lipid bilayer (Fig. 2). In the AFM image, the
bumpy domains, which probably corresponded to prestin, were
recognized only in DOPC domains of the prestin-reconstituted lipid
bilayer. Milhiet et al. [6] have also suggested that proteins of

interest were reconstituted only into the DOPC domains in the
fluid state. Thus, the present study and their study imply that pro-
teins tend to be reconstituted into the DOPC domains in the fluid
state. In the AFM image at high-magnification, ring-like structures
probably showing prestin were densely reconstituted into the lipid
bilayer. However, the alignment of such structures as found in the
OHC plasma membrane by Sinha et al. [12] was not detected,
which might have resulted from differences in the environment
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Fig. 4. Three-dimensional AFM height image of the prestin-reconstituted lipid
bilayer. This figure was created from Fig. 3E. Representative examples of ring-like
structures were digitally magnified and are shown (A and B). Ring-like structures,
considered to be similar to those observed in the study of Murakoshi et al. [3], are
found to be densely embedded in the lipid bilayer.

Table 1

Comparison of the size of prestin.
Sample Method Diameter References

(nm)
OHC plasma membrane AFM 11-25 Le Grimellec
etal. [15]
Purified prestin TEM 7.7-9.6 Mio et al. [4]
Prestin-expressing CHO cell AFM 9.6/13.0 Murakoshi et al.
plasma membrane [3]

OHC plasma membrane AFM 10 Sinha et al. [12]
Prestin-reconstituted lipid bilayer ~AFM 11.0+1.3  This study

between the OHC plasma membrane and the artificial lipid bilayer.
The existence of actin cytoskeleton in OHCs and that of mica in the
present study would affect the alignment of prestin.

4.2. Orientation of prestin

The orientation of prestin should be considered to confirm
which side of prestin was observed by AFM, the extracellular side
or the cytoplasmic side. Previous reports have suggested that when
membrane proteins were reconstituted into a preformed lipid bi-
layer as done in the present study, their unidirectional orientation
was obtained [6,13,14], indicating that all prestin molecules recon-
stituted into the lipid bilayer might be oriented in the same direc-
tion. In the present study, the standard deviation of the diameter of
the observed ring-like structure, 1.3 nm, was small. Small standard
deviation might increase the possibility that only either prestin
molecules whose extracellular side was exposed or such molecules
whose cytoplasmic side was exposed existed in the reconstituted
lipid bilayer. Data showed in the previous reports, small standard
deviation of the diameter and successful staining of such bilayer
with anti-prestin antibody which binds to the cytoplasmic side of
prestin possibly implied that the cytoplasmic side of prestin was
face up. Although the possibility that the extracellular side of a
few prestin molecules was exposed was not completely ruled

out, it was considered that AFM possibly visualized the cytoplas-
mic side of prestin in the present study.

4.3. Structure and size of prestin

The AFM image of the prestin-reconstituted lipid bilayer
showed dense ring-like structures, each with a diameter of
11.0 + 1.3 nm, which were probably the surface structure of the
cytoplasmic side of prestin. The previously reported sizes of prestin
obtained by observation of the cytoplasmic side of prestin are
listed in Table 1 [3,4,12,15]. Although it is unclear whether the par-
ticles detected in OHC plasma membranes are only comprised of
prestin or not, our result is consistent with the previously reported
sizes, supporting the assumption that the observed structures were
prestin.

Le Grimellec et al. [15] found structures with a central depres-
sion in the cytoplasmic side of the OHC plasma membrane by
AFM. Murakoshi et al. [3] showed by AFM that prestin might form
a ring-like structure. On the other hand, Mio et al. [4] suggested
that prestin is a bullet-shaped molecule which protrudes into the
cytoplasmic side. Although Sinha et al. [12] found 10-nm particles
in the cytoplasmic side of the OHC plasma membrane by AFM,
whether those particles were ring-like or not was not specified.
Thus, the structure of prestin has been a controversial issue. Our
results demonstrate that prestin may form a ring-like structure
with a diameter of about 11 nm, which agrees with results of Le
Grimellec et al. [15] and Murakoshi et al. [3].

In summary, the present study attempted to visualize prestin
purified and reconstituted into the artificial lipid bilayer by AFM.
From the obtained AFM image, the cytoplasmic surface of prestin
was indicated to be ring-like with a diameter of about 11 nm.
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GJB2 is the gene most frequently associated with hereditary hearing loss,
and the GJB2 mutation spectrums vary among different ethnic groups. In
this study, the mutation spectrum as well as clinical features of patients
with GJB2 mutations as found in more than 1000 Japanese hearing loss
families are summarized. The present results show that the frequency of
GJB2 mutations in the Japanese population with hearing loss is 14.2%
overall and 25.2% in patients with congenital hearing loss. ¢.235delC was
the most frequent allele (49.8%), was associated with a more severe
phenotype, and was mainly found in patients who were diagnosed by the
age of 3. In contrast, the second most frequent was p.V37I (16.5%), which
has a milder phenotype and was mainly found in patients diagnosed at a
higher age. Additional clinical features in hearing loss patients with GJB2
mutations in this study were the near absence of tinnitus, vestibular
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dysfunction and inner ear malformations.

Mutations in the GJ/B2 gene have recently been of
particular interest because GJB2 is the common-
est causative gene for hereditary hearing loss in
all populations. To date, more than 100 variations
have been reported worldwide (see the Connexin-
deafness homepage: http://www.davinc.crg.es/
deafness) and the mutation spectrums vary among
different ethnic groups. There have been many
papers describing the frequency of GJB2 muta-
tions among hearing loss populations, but most
studies have been based on small numbers of
patients from a single center. A large cohort study
may prevent bias and provide a more precise esti-
mate of mutation frequencies. Therefore, with the
goal of establishing a database of the mutations
found in the East Asian populations, we estimated
the GJ/B2 mutation frequency and spectrum as
well as associated clinical features using more than
1500 Japanese hearing loss families collected from
multiple centers.
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Subjects and methods
Subjects

Data on 3056 Japanese subjects of 1511 indepen-
dent families were collected from 33 ENT depart-
ments nationwide in Japan. All subjects gave prior
informed consent for participation in the project,
which was approved by the ethical committee of
each hospital. Of the 1511 probands, 1343 had
bilateral sensorineural hearing loss and 168 had
unilateral sensorineural hearing loss. The control
group consisted of 252 unrelated Japanese individ-
uals without any noticeable hearing loss evaluated
by auditory testing.

Mutation analysis

To identify GJB2 mutations, a DNA fragment con-
taining the entire coding region was sequenced as
described elsewhere (1). Screening for the known



large DFNBI1 deletions was performed in the
patients with a single heterozygous allele without
the presence of a second pathogenic mutant allele,
but none were detected (data not shown).

Computational analysis

To evaluate the importance of each amino acid
affected by novel missense mutations found in this
study, we used a computational analysis program
for identification of functionally and structurally
important residues in protein sequences: CONSEQ
(http://conseq.tau.ac.il/index.html).

Clinical evaluations

Hearing levels were determined by pure-tone
audiometry. For the young patients, conditioned
orientation response audiometry (COR) or auditory
steady-state response (ASSR) were used. Clinical
data, including hearing loss progression, episodes
of tinnitus and vestibular dysfunction (vertigo,
dizziness, faintness), were collected by anamnestic
evaluation. Thin section temporal bone computed
tomography (CT) was used to investigate inner ear
malformations.

Results
GJB2 mutation spectrum in hearing loss probands

There were a total of 26 GJB2 variants observed
in the ascertained probands with bilateral hearing
loss (Table 1). Fourteen of those were missense
mutations. To evaluate the evolutionary conserva-
tion of the amino acids affected by these missense
mutations, we used a computational alignment
program CONSEQ (not shown). On the basis of
this alignment program, all missense mutations
had changed evolutionary conserved amino acids,
except for p.T123N and p.Y68C. Because p.N54S
and p.M195V were found in the compound het-
erozygous state, they are likely to be pathogenic.
Eight of the mutations were found in the con-
trol group (Table 1). p.V27I, p.E114G, p.1203T
(1, 2), and p.T123N (3), frequently found in both
probands and controls, were thought to be non-
pathological polymorphisms. The ¢.235delC and
p.V371 mutations found in the control group most
likely represent the detection of carriers.

Frequency of GJB2 mutations in hearing loss
probands

With regard to the frequency of GJB2 mutations in
the 1343 independently ascertained probands with
bilateral hearing loss, 191 (14.2%) had at least

Large cohort study of Japanese G/B2 mutations

one pathogenic G/B2 mutant allele (Table 2). The
most prevalent mutation was ¢.235delC (49.8% of
all pathogenic mutant alleles) and the second most
frequent was p.V37I (16.5%) (Fig. 1).

The frequency of GJB2 mutations was signifi-
cantly higher in probands who were diagnosed at
an earlier age: 25.7% (108/420) in those diagnosed
at age 0-3, 14.9% (15/101) in those diagnosed
at age 4-5, and 7.8% (49/627) in age 6 or over
(Table 2). ¢.235delC was also significantly higher
in probands diagnosed at an earlier age (58.5%)
compared to those who were diagnosed at the age
of 6 and over (19.6%) (p < 0.001; ¥ test). In con-
trast, p.V37I was significantly more frequent in
probands who were diagnosed at the ages of 4-5
(36.4%) or 6 and over (41.1%) than in prelingual
hearing loss probands (6.9%) (p < 0.001; y? test)
(Fig. 1).

Audiologic studies

Of the total 3056 subjects, 134 with bilateral
hearing loss and biallelic G/B2 mutations were
selected for audiologic studies. We excluded 22
subjects who were from a family with another sub-
ject who had the same mutation. In the remaining
112 subjects, audiometric results were available for
105 probands, of 23 different genotypes. Figure 2
shows a collection of overlapping audiograms from
those 105 subjects. We compared the hearing lev-
els in the six genotypes that were shared by five or
more subjects. The subjects with the p.V37I allele
had significantly milder hearing loss (p < 0.027;
Mann-Whitney U test).

p.V371/p R143W showed a significantly worse
hearing level than p.V371/p.V371 (p = 0.025;
Mann—-Whitney U test) and also tended to be
worse  than  p.V37l/c.235delC  (p = 0.076;
Mann-Whitney U test). Moreover, comparison
of ¢.235delC/c.235delC (n = 35) and ¢.235delC/
p-R143W (n = 13) revealed that subjects with the
p-R143W allele had a significanlly worse hear-
ing level than homozygotes (p = 0.025; Mann—
Whitney U test).

Twenty-six subjects with biallelic GJB2 muta-
tions were followed at least two years by audiomet-
ric testing with progression of hearing loss seen in
four subjects (15%), two (7%) of those being uni-
lateral progression and two (7%) being bilateral
progression.

Clinical findings

Based on the data availability, clinical findings
were statistically evaluated. Episodes of tinni-
tus in patients with GJB2 mutations were at a
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Table 1. GJBZ2 variants in deafness patients and controls

Patients Controls
Allele Compound Allele

Amino acid Nucleotide Allele frequency Homozygous heterozygous Heterozygous Alleles  frequency Controls  Carrier  Evolutionary

change change (n = 2686) (%) () (n) (n) (n = 504) (%) (n = 252) rate (%) conservation Reference
- c.235 delC 142 5.29 34 45 28 2 0.40 2 0.80 NA Fuse et al. (19)
p.vV371 c.109G>A 47 1.75 3 11 30 3 0.60 3 1.20 Yes Abe et al. (1)
p.G45E” c.134G>A
p.Y136X¢ c.408C>A 34 1.27 1 22 10 Yes Fuse et al. (19)
p.R143W ¢.427C>T 18 0.67 0 16 2 Yes Brobby et al. (20)
- ¢.176_191 del16bp 15 0.56 0 10 5 NA Abe et al. (1)
- ©.299-300 delAT 11 0.41 0 8 3 NA Abe et al. (1)
p.T86R c.257C>A 8 0.30 0 5 8 Yes Ohtsuka et al. (2)
— ¢.512insAACG 3 0.11 0 B 0 NA Hismi et al. (21)
— ¢.35insG 2 0.07 0 2 0 NA Estivill et al. (22)
pJ7ATP ¢.212T=C 2 0.07 0 0 2 Yes Ohtsuka et al. (2)
p.T8M 6.28C>T 1 0.04 0 0 1 Yes Kenna et al. (23)
p. I33NP c.98T>A 1 0.04 0 0 1 Yes This study
p.A4QVP c.146C>T 1 0.04 0 0 1 Yes Ohtsuka et al. (2)
p.N54S c.161A>G 1 0.04 0 1 0 Yes This study
p.Y68C? c.203A=>G 1 0.04 0 0 1 No This study
p.M93l c.276G>A 1 0.04 0 1 0 Yes Wu et al. (24)
p.K112MP c.335A>T 1 0.04 0 0 1 Yes This study
- c.376-377 delAA® 1 0.04 0 0 1 NA This study
p.W133X c.398G>A 1 0.04 0 1 0 NA Primignani et al.’
p.K168RP ¢.5083A>G 1 0.04 0 0 1 Yes This studly
p.M195V c.583A=>G 1 0.04 0 1 0 Yes This study
— ¢.605ins46bp 1 0.04 0 0 1 NA Yuge et al. (25)
p.F191L ¢.571T>C 0 0 0 0 0 1 0.20 1 0.40 yes Feng et al. (26)
p.R127H ¢.380G>A 0 0 0 0 0 1 0.20 1 0.40 yes Seeman et al.!
Polymorphism
p.\V27l c.79G>A 865 32.20 — == — 196 38.90 158 62.70 Yes Kelley et al. (8)
p.E114G c.341A>G 259 9.64 - - — 64 12.70 62 24.60 No Fuse et al. (19)
p.T123N¢ c.368C>A 18 0.67 0 3 5 2 0.40 2 0.80 No Park et al. (3)
p. 1203T ¢.608T>C 112 4 — — — 21 4.10 21 8.30 No Abe et al. (1)

aVariant probably representing polymorphism because no evolutionary conservation was observed.

bVariants with unproven pathogenic nature.

“p.G45E and p.Y136X(c.134G>E) mutations are on the same parental allele.

9p. T123N was found with equal frequency in the probands and controls, and three out of eight subjects with compound heterozygous state did not have any hearing loss, suggesting
the polymorphic nature of p. T123N.

©c.376-377 delAA is thought to be a pathogenic mutation, but it was present as a single heterozygous allele without the presence of a second pathogenic mutant allele, therefore it
could not clearly be classified as pathogenic in this study.

‘Ballana E, Ventayol M, Rabionet R et al. Connexins and deafness Homepage. World wide web URL.: http://www.crg.es/deafness.

‘[ 19 epeyns],



Table 2. The frequency of GJB2 mutations and diagnostic age

Large cohort study of Japanese GJB2 mutations

GJB2 mutations Homozygote Compound heterozygote Heterozygote
Total (n = 1343) 191 (14.2%) 38 (2.8%) 63 (4.7%) 0 (6.7%)
0-3y.0. (n = 420) 108 (25.7%) 2 (7.6%) 7 (11.2%) (6 9%)
4-5y.0. (n =101) 5(14.9%) 1(0.99%) 6 (5.9%) 8 (7.9%)
=6 y.0. (N = 627) 49 (7.8%) 3(0.48%) 4 (0.64%) 42 (6.7%)
Unknown (n = 195) 19 6 11

@other

MC.176-191 16bpder
DpR143W

B p.G45E Y136X
Opvan
Bc.23500/C

4~5y.o0 6~ya

total 0~3yo

Fig. 1. Frequency of mutant GJB2 alleles in different diag-
nostic age groups. ¢.235de/C was mainly found in the group
diagnosed at up to 3 years, where it was significantly higher
than in age 6 and over (p < 0.01; x?2 test). On the contrary,
p.V371 was mainly found in the diagnostic age groups of 4-5,
and 6 and over, at a rate significantly higher than in up to age

3 (p < 0.01).

significantly lower rate (7/75: 9.3%) than in
all bilateral hearing loss probands (520/1022:
50.9%) (p < 0.001; x* test). Concerning episodes
of vestibular dysfunction, only 4% (3/75) of
those with biallelic GJB2 mutations had ver-
tigo, dizziness, or faintness, while 25.1% of
all hearing loss probands (258/1029) had ver-
tigo (p < 0.001; %2 test). Inner ear abnormalities
were significantly lower in patients with biallelic
GJB2 mutations (5/62: 8.1%) than in all bilat-
eral hearing loss probands (126/599: 21%) (p =
0.014; %2 test). In the five patients with biallelic
GJB2 mutations who had inner ear abnormalities,
enlarged vestibular aqueduct (EVA) was found in
three and the other two had hypoplasty of the
cochlea and semicircular canals.

Discussion

GJB2 mutations were found in 14.2% of our
bilateral hearing loss probands and 25.2% of those
diagnosed at age 0-3 (for practicality categorized
as congenital hearing loss). In previous studies
in East Asia (1-6), frequency of GJB2 mutations
ranged from 10% to 38% in smaller cohorts. In
the present large study using Japanese hearing

loss patients collected from multiple centers, we
could more accurately estimate the frequency
of GJB2 mutations in Japan and the mutation
spectrum. We also found two novel mutation
candidates, p.N54S and p.M195V, which cause
non-conservative amino acid changes.

In Asian populations, ¢.235delC is the most
common GJB2 mutation, and its allele frequency
in patients ranges from about 5% to 22% (1-7).
The present study reconfirmed this mutation’s high
frequency in the Japanese hearing loss population.
¢.235delC accounted for 5.3% of the deafness
alleles in all patients and 13.1% of those in patients
diagnosed at age 0-3.

The p.V371 mutation was originally reported
as a polymorphism (8); however, recent reports
tend to consider it pathogenic with a milder
phenotype (9—12) and this was supported by our
results.

Only four out of twenty-six probands showed
progressive hearing loss, and bilateral progression
was found in only two of those, with a deteri-
oration of less than 20 dB. Therefore, our study
supports the previously reported notion that hear-
ing loss due to GJ/B2 mutations is typically non-
progressive (13—15). With regard to the milder
phenotype of p.V37I, none of the five patients with
this mutation showed progression. We conclude
that this mutation causes milder congenital hear-
ing loss which may not be noticed until age 4 or
older.

However, even though it was the second most
frequent allele in the hearing loss patients, the
p.V37l allele was the most frequent in the
control subjects. This may be due to the milder
phenotype and non-progression of patients with
p-V371 mutation, who therefore either do not visit
ENT clinics or do not receive a recommendation
for genetic testing from clinicians. Therefore, ENT
clinicians should bear in mind the existence of the
milder phenotype caused by the p.V37I mutation.

We found that patients with ¢.235de/C/p.R143W
were significantly more severely affected than
those with other c¢.235delC-containing pheno-
types. A recent study also reported that the hear-
ing level of ¢.35delG/p.R143W is significantly
worse than that of homozygous ¢.35delG (9).
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Fig. 2. Overlapping audiograms from the better ear for each genotype. The average audiogram from all subjects (1343 with bilateral
sensorineural hearing loss) is indicated by a red line with standard deviation (shadow).

We compared homozygous for c.235del/C with
compound heterozygous with p.R143W (except
for the p.V37l allele, which is thought to be a
milder phenotype), finding the hearing level of
the latter to be significantly worse. Also, com-
paring only the milder p.V371 allele, the hear-
ing level of p.V37l/p.R143W was worse than that
of p.V371/p.V371 and p.V37l/c.235delC. These
results suggest that p.R143W leads to a worse phe-
notype than other G/B2 mutations.

The majority of our probands did not have
tinnitus or vestibular dysfunction. Only 8% (5/65)
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of the patients with biallelic G/B2 mutations had
inner car malformation, significantly lower than in
the overall population with bilateral hearing loss,
and in accordance with previous reports (14, 16,
17). Hearing loss patients with GJB2 mutations
also had a near absence of tinnitus, vestibular
dysfunction and inner ear malformations.

In conclusion, our results describe the frequency
of GJ/B2 mutations and associated clinical features
in a large Japanese cohort. Recently, based on our
database of mutation spectrums found in Japanese,
we have developed a genetic test for use in
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Fig. 2. Continued

diagnostic screening for hearing loss based on
the invader assay (18). This database will also
facilitate clinical application, and we intend to
expand it to cover all Asian populations.
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Partial labyrinthectomy can result in maintenance of hearing under certain circumstances, and the mech-
anism of the hearing impairment caused by labyrinthectomy is unclear. We hypothesized that disruption
of the membranous labyrinth results in electrical leakage and electrolyte imbalance. This study investi-
gated the change in cochlear function by measurement of endocochlear potential (EP) and potassium
concentration ([K']) caused by vestibular labyrinth destruction in the acute phase. Hartley guinea pigs
underwent lateral semicircular canal (LSCC) transection with suctioning of the perilymph, ampullectomy,
or destruction of the LSCC, superior SCC, and lateral part of the vestibule. The EP and [K*] were monitored
using double-barreled ion-selective microelectrodes in the second turn of cochlea. The EP showed little to
mild change after LSCC transectioning or ampullectomy, but declined variously and drastically after ves-
tibulotomy. The EP did not recover but [K'] partially recovered after vestibulotomy. Disturbance of the
mechanism of cochlear function caused by vestibular labyrinth destruction may involve reduction in

the [K*] concentration in the endolymph.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

Surgical injury of the labyrinth is generally believed to result in
complete hearing loss (Cawthorne, 1948). However, recent clinical
experience and experimental studies have allowed surgical access
to the inner ear with preservation of the cochlear function, thus
providing a new gateway for the treatment of Méniére’s disease
(Yin et al., 2008), benign paroxysmal positional vertigo (Parnes
and McClure, 1990), cholesteatoma (Kobayashi et al., 1995), skull
base tumors (Hirsch et al,, 1993), and acoustic neuromas (McElv-
een et al, 1991). Previous experimental reports support the idea
that partial labyrinthectomy can result in maintenance of hearing.
Mechanical trauma of the single semicircular canal in guinea pigs
did not result in degeneration of the organ of Corti when examined
by Preyer’s reflexes (Kristensen, 1952, 1959). Auditory brain stem
response (ABR) hearing thresholds were preserved after posterior
semicircular canal occlusion in guinea pigs (Parnes and McClure,

Abbreviations: [K"], potassium concentration; EP, endocochlear potential; LSCC,
lateral semicircular canal; SSCC, superior semicircular canal; ABR, auditory brain
stem response

* Corresponding author. Tel.: +81 22 717 7304; fax: +81 22 717 7307.

E-mail address: ryoukich@hotmail.com (R. Ikeda).

0378-5955/% - see front matter © 2009 Elsevier B.V. All rights reserved.
doi:10.1016/j.heares.2009.12.027

1985). Transection of the lateral semicircular canal (LSCC)
resulted in preservation of ABR thresholds, but removal of the
semicircular canal ampulla in guinea pigs produced variable re-
sults, with some animals maintaining and others losing hearing,
whereas widely opening the vestibule usually results in hearing
loss (Smouha et al., 1996, 1999). Histological studies revealed
early blind sac formation and late bony obliteration after transec-
tion and occlusion of the semicircular canal in guinea pigs (Nam
et al, 1997, 2002).

We previously reported that endocochlear potential (EP) was
preserved during extensive destruction of the semicircular canals
of the guinea pig, whereas EP was lost by vestibulotomy (Kobay-
ashi et al, 1991). The mechanism of the hearing impairment
caused by labyrinthectomy is unresolved. Electrophysiologic
changes, rather than cell death, may be responsible for the hearing
loss after labyrinthectomy (Smouha et al., 1996). The high positive
EP (80-90 mV) results from the unique ionic composition of the
cochlear endolymph with a high potassium concentration ([K']:
~150 mM), and is essential for the excitation of the hair cells that
are the basis of hearing (Konishi et al., 1978). Therefore, we
hypothesized that disruption of the membranous labyrinth could
result in electrical leakage and electrolyte imbalance.

The present study investigated the mechanism of acute phase
change in cochlear function caused by vestibular labyrinth destruc-
tion by measurement of EP and [K*].
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2. Materials and methods
2.1. Animal preparation

Male Hartley guinea pigs, weighing between 200 and 250 g,
were anesthetized by intraperitoneal injection of 40 mg/kg keta-
mine and 10mg/kg xylazine, and spontaneous breathing was
maintained with room air through a tracheal cannula. Additionally,
1% lidocaine was infiltrated into the surgical area for local anesthe-
sia before the surgery. Animal pain responses were monitored
during the procedures, and additional anesthetic was administered
as needed. Four or five animals were used in each of three experi-
mental surgery groups. The Animal Care and Ethics Committee of
Tohoku University Graduate School of Medicine approved all
experimental protocols.

2.2. Measurement of EP and K*

The endolymphatic [K*] and the EP were measured using dou-
ble-barreled K*-selective electrodes. All measurements were made
in the second cochlear turn after thinning the bone over the stria
vascularis and forming a small hole. The methods used to fabricate
the ion-sensitive, double-barreled electrodes were described previ-
ously (Nakaya et al., 2007). Double-barreled glass microelectrodes
were manufactured from filament-containing glass tubing
(1B100F-4; World Precision Instruments, Sarasota, FL) using a
micropipette puller (PD-5; Narishige Group, Tokyo, Japan). The
two capillaries were gently rotated through 180° along the longitu-
dinal axis by heating, to fix the tips of the two pipettes, and then
pulled. Before silanization, the microelectrodes were heated at
200 °C for 2 h to ensure dryness. The longer ion-selective barrel
was mounted in the lid of a beaker. The beaker was heated to
200 °C and silanized by a 90-s exposure to 0.02 ml dimethyldichlo-
rosilane (Fluka 40136; Fluka Chemical, Ronkonkoma, NY). The
shorter reference barrel was protected from silanization by sealing
the open end with Parafilm (PM-992; American National Can,
Menasha, WI). After silanization, the microelectrodes were heated
at 200 °C for 2 h. The EP was recorded simultaneously from the ref-
erence barrel of the electrode. The reference barrel was filled with
500 mM NaCl solution and the ion barrel was filled with 1 M KCI. A
Fluka 60398 exchanger was used for this electrode (Fluka Chemi-
cal). All electrodes were calibrated before and after use in three
standard solutions containing 15, 47.5, and 150 mM KCI at 37 °C.
Signals were amplified by an FD223a Electrometer (World Preci-
sion Instruments, New Haven, CT), converted by an analog-to-dig-
ital converter (Power Lab/4s; Power Lab, Gladstone, Australia), and
then stored digitally on a hard disk. Each barrel was connected to
an input of a grounded dual electrometer (FD223a; World Preci-
sion Instruments) via Ag-AgCl wire electrodes. The animal was
grounded via an Ag-AgCl wire electrode inserted under the skin
at the abdomen.

2.3. Surgery

Surgery was begun with a retroauricular skin incision. The epi-
tympanic bulla was opened by drilling a burr hole approximately
2 mm directly superior to the external canal. The individual proce-
dures performed were as follows.

2.3.1. LSCC transection with suctioning of perilymph (four animals)
The tympanic bulla was enlarged posteriorly, the ridge of bone
was drilled down superior and posterior to the facial nerve, and the
lumen of the LSCC was identified and drilled for 0.4 mm in a single
location. After fluid was visualized exiting the holes, suction was
used gently through filament-containing glass tubing (1B100F-4;

World Precision Instruments, Sarasota, FL) and held for 5 min.
The tips of the glass tubing were cut to 0.2 mm outer diameter.

2.3.2. Ampullectomy (four animals)

The labyrinth was approached via the tympanic bulla directly
above the external canal, and the LSCC ampullae were identified
and opened. As only a slight shift caused by the ampullectomy
maneuver would destroy the ion-selective electrode inserted in
the cochlea, EP and [K"] could not be reliably measured during this
period. Therefore, we inserted the double barrel electrodes after
the surgery. The measurement was made about 3 min after
destruction of the ampulla.

2.3.3. Vestibulotomy (five animals)

The LSCC and SSCC ampullae were drilled out. Drilling of the
vestibule was continued until a hole twice the size of the LSCC
ampullae was made. Care was taken not to damage the membra-
nous labyrinth excessively. Recordings of EP and [K*] were similar
to those for ampullectomy.

2.4. Statistical methods

EP and [K'] data was statistically analyzed to determine signif-
icance. Differences were determined by unpaired t-test. Signifi-
cance was assumed at P < 0.05.

3. Results

LSCC transection and suctioning for 5 min showed little change
in the EP or the [K'] recorded in the second cochlear turn. During
surgery, the EP was almost stable and [K'] was elevated slightly
(Fig. 1). Before surgery in the normal condition, EP was
79.00£1.71mV (n=4) and [K'] was 15528 +8.49 mM (n=4).
After surgery, EP and [K'] finally reached 73.95+7.33 mV (n=4)
and 174.08 + 6.26 mM (n = 4).

Ampullectomy resulted in EP of 80.48 + 8.17 mV (n = 4), but [K*]
declined  immediately and  eventually recovered to
169.38 £ 6.89 mM (n = 4) (Fig. 2). The results showed no significant
difference between LSCC transection and ampullectomy in the final
state of EP and [K"].

Vestibulotomy caused EP to drastically decline without recov-
ery to 49.08 + 15.06 mV (n = 5) (Fig. 3). [K*] also declined abruptly
and gradually increased to 143.4+14.22 mM (n=5), but never
completely returned to the original level, and the individual results
were more variable than those of LSCC transection and ampullec-
tomy. These changes were significantly different to those induced
by LSCC transection and ampullectomy (Fig. 4).

4. Discussion

The present study demonstrated that LSCC destruction without
suctioning and ampullectomy caused little to mild change in EP,
whereas vestibulotomy caused drastic decline in EP which did
not recover, and decrease in [K*] which partially recovered.

LSCC destruction without suctioning resulted in hearing preser-
vation in ABR (Parnes and McClure, 1985; Smouha et al., 1996,
1999) and EP of the first cochlear turn (Kobayashi et al., 1991).
Interruption of the duct of the LSCC hardly altered the N1 input-
output function curve during the 1-h observation period in acous-
tic neuroma patients (Kobayashi et al., 1991). Individual cases of
incidental hearing preservation following injury to the LSCC have
been reported in patients following fenestration surgery for oto-
sclerosis (Cawthorne, 1948) and chronic otitis media (Palva et al.,
1976). Based on these reports, several innovative inner ear surgical
procedures have been developed.
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Fig. 1. Changes in the EP and [K’] recorded in the second cochlear turn during interruption and suctioning for 5 min of the lateral semicircular canal (n =4). Each line

represents data from one animal.
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Fig. 2. Changes in the EP and [K"] recorded in the second cochlear turn during destruction of the lateral semicircular canal ampulla (n = 4).

Previously, LSCC transection and suctioning of inner ear fluid
led to a transient loss of hearing measured with ABR although
thresholds eventually recovered in the guinea pig (Smouha et al.,
1999). This contradiction may be explained by the different tech-
niques used, as the previous study used a No. 3 Baron suction de-
vice held directly between two holes for 5min, whereas we

transected and suctioned only one location and the suction instru-
ment had a smaller diameter. Our results showed that slight suc-
tioning of inner ear fluid in semicircular canal resulted in
preserved hearing in the guinea pig. Guinea pigs differ significantly
from humans in the smaller diameter of the bony labyrinth and the
patency of the cochlear aqueduct. The patent cochlear aqueduct is
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important in the replacement of lost perilymph, and cerebrospinal cochlear aqueduct is often constricted and sometimes obstructed
fluid can flow from the subarachnoid space into the perilymphatic in humans (Rask-Andersen et al., 1977). Other routes, such as the
space in the guinea pig (Moscovitch et al., 1973). In contrast, the perivascular and perineural at the modiolus, may compensate for
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loss of perilymph. Ampullectomy resulted in hearing preservation,
which is consistent with previous findings (Smouha et al., 1996,
1999).

Entry of the vestibule caused significant EP decline without
complete loss of cochlear function. These findings paralleled other
observations in animals and humans. Wide vestibulotomy led to
permanent, incomplete loss of hearing recorded by click-evoked
ABR (Smouha et al., 1996), tone-burst ABR (Smouha et al., 1999),
and EP (Kobayashi et al., 1991) in the guinea pig. In addition, these
individual results were variable. Vestibulotomy had a variable ef-
fect on hearing thresholds, with permanent partial hearing loss
that was moderate in some subjects and severe in others. There-
fore, entering the inner ear at or near the vestibule results in vary-
ing degrees of damage to the membranous labyrinth and to the
cochlea (Smouha et al., 1999). Furthermore, the membranous lab-
yrinth is very difficult to identify precisely in vestibulotomy under
a light microscope, so these inconsistent results including our
study may be due to the variable extent of damage of the utricle
and the saccule which is impossible to quantify. Intrusion into
the vestibule led to intraoperative hearing loss, as measured by
ABR, suggesting that maintaining fluid in the vestibule is important
for hearing preservation. Several factors seem important for hear-
ing preservation (McElveen et al., 1993). The semicircular canals
have narrow body canal lumens, and are located far from the
cochlea. The endolymphatic valve in the utricle has a protective
function, which may prevent excessive loss of perilymph during
surgery (Schuknecht and Belal, 1975). Occlusion following transec-
tion of the LSCC in the guinea pig formed blind ducts in the mem-
branous endolymphatic canal. Interruption of the communication
between the endolymph and perilymph as quickly as possible
seems to be important in preserving postoperative hearing (Nam
et al, 2002). There seems to be no effective means to prevent intra-
labyrinthine communication following a saccular or utricular
rupture in the vestibule.

Recently, the “pools” concept of endolymph homeostasis was
proposed (Salt, 2001). Endolymphatic compartments are repre-
sented by a number of pools (endolymphatic sac, saccule, and co-
chlea) connected by small ducts (endolymphatic duct and ductus
reuniens). Flow between the compartments occurs as needed to
balance the levels of the individual pools. Small volume changes
of less than 5 nl/min are corrected locally, without inducing longi-
tudinal flow in the cochlea. Increases or decreases of cochlear
endolymph volume beyond the capacity of local mechanisms re-
sult in substantial longitudinal volume flows. Local volume regula-
tion processes in the saccule or other vestibular structures have
not been demonstrated, but are possible.

The EP is generally understood to originate in the stria vascular-
is and to provide the main driving force for sensory transduction
(Wangemann et al., 1996). K" is important in the cochlea. K* is
the major cation in the endolymph, and is the charge carrier for
sensory transduction and generation of the EP (Wangemann,
2006).

Vestibular dark cells in the ampulla secrete K* into endolymph
by mechanisms similar to those found in strial marginal cells
(Wangemann, 1995), although cycling is not associated with the
generation of a large voltage equivalent to the EP. K" in the vestib-
ular endolymph flows into the vestibular hair cells via the trans-
duction channel and is released via KCNQ4 and other K* channels
in the basolateral membrane (Griguer et al., 1993). Vestibular dark
cells release K" into endolymph via the K* channel KCNQ1/KCNE1
in the apical membrane. Mice lacking KCNJ10 are deaf but appear
to maintain normal vestibular function, consistent with the finding
that KCNJ10 is expressed in the cochlea but not the vestibular lab-
yrinth (Hibino et al., 1997; Marcus et al., 2002). The endolymphatic
[K'] in the utricle of mice lacking the KCNJ10K" channel was not
different from that in wild-type mice (Marcus et al., 2002).

This study showed that [K'] declined abruptly and recovered
gradually after ampullectomy and vestibulotomy. Strong mechan-
ical disturbance of the membranous labyrinth resulted in mixing of
the perilymphatic and endolymphatic fluids. The destruction area
of vestibulotomy was wider than that of ampullectomy, so [K']
after vestibulotomy declined suddenly and never completely re-
turned to the original levels. In addition, the dark cells in the utricle
cover almost the entire posterior wall and the periphery of the
anterior wall, and in the ampullae at the base of the cristae on
the canal side, so the K* channels in these areas were interrupted.
After LSCC destruction with suctioning, [K*] showed little change
because only the ampulla contains the dark cells in the semicircu-
lar canal (Oudar et al., 1988) and is the site of endolymph secretion
(Bernard et al., 1986).

In conclusion, the inner ear of guinea pigs is capable of with-
standing surgical trauma to the semicircular canals, ampulla, and
vestibule without suffering complete loss of cochlear function. Fur-
thermore, vestibule destruction had a variable effect on EP.
Destruction of the vestibule causes the greatest damage to the
membranous labyrinth among the three procedures. Torn mem-
brane also gives rise to mixtures of endolymph and perilymph,
and loss of K* in the endolymph. The [K'] declines abruptly and
recovers gradually after ampullectomy and vestibulotomy. Distur-
bance of the mechanism of cochlear function caused by vestibular
labyrinth destruction may involve reduction in the K* concentra-
tion in the endolymph.
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