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Fig 4. Relationship between biood flow measured on co-
chlear bony wall and CBF.

the probe was inside the perilymph and those mea-
sured when one half of the bone was drilled or when
the bone had been drilled down to the membrane sur-
rounding the perilymph (p < .01).

DISCUSSION

Among the patients with congenital hearing loss
of unknown cause, there was 1 patient who was born
from a cryopreserved and thawed embryo after in
vitro fertilization. It has been demonstrated that in-
fants conceived by in vitro fertilization have higher
risks of major birth defects than do naturally con-
ceived infants.? To our knowledge, this is the first
report of profound sensorineural hearing loss in a
child born from a cryopreserved and thawed embryo,
although conductive hearing losses have been re-
ported in such children.*

Among the patients with IPSNHL, the CBFs were
significantly lower in those more than 40 years of age.
Two age groupings have been observed in patients
with IPSNHL, suggesting a juvenile-type IPSNHL
{(patients 10 to 19 years of age) and an adult-type
IPSNHL (patients 40 to 69 years of age).? The cause
of IPSNHL may therefore differ between the juve-
nile and adult types. Our results suggest that a dis-
turbance of CBF may be closely associated with hear-
ing loss in patients with adult-type IPSNHL..

Cochlear ossification is a common occurrence in
patients with postmeningitic deafness,8 and tempo-
ral bone studies have revealed some relationships be-
tween cochlear ossification and vascular distur-
bance.? In animal experiments, cessation of CBF re-
sulted in cochlear ossification.!” These reports and
our present findings strongly suggest that fibrous and
bony occlusion of the perilymphatic space, which
occasionally makes cochlear implantation difficult,
may be associated with the impairment of CBE. How-
ever, it seemed that a decrease in the perilymphatic

space might not always reduce the CBF, because the
CBF was not low in a patient whose perilymphatic
space was partially occluded by fibrous tissue after
typhoid fever. The mechanisms leading to deafness
after typhoid fever!! may therefore differ from those
following meningitis.

The CBF was low in a patient with narrow inter-
nal auditory canals, perhaps because the labyrinthine
artery running through the internal auditory canal was
poorly developed. The patient with a mitochondrial
DNA 1555 point mutation was unique, because this
case was associated with intrauterine aminoglycoside
ototoxicity.!%!3 The CBF in this patient was slightly
lower than average. Because temporal bone histopath-
ologic analysis in patients with mitochondrial point
mutations has revealed atrophy of the stria vascu-
laris,'4 it is likely that CBF may be reduced in the
pathological cochleas of patients with such a muta-
tion.

The possibility of disturbed CBF has been de-
scribed in patients with sudden deafness,!> Meniere’s
disease,!-16 and LVA syndrome.!” In the present study,
the CBF was lower in patients with sudden deafness
or LVA syndrome, and larger than average in the pa-
tient with Meniere’s disease. Further measurements
in more cases are necessary to evaluate the CBF pat-
tern in patients with such diseases.

There were correlations between the laser-Dop-
pler outputs measured when the tip of the probe was
inside the perilymph and those measured when the
tip of the probe was attached to other positions. Be-
cause blood flow in the bone surrounding the co-
chlea does not come from the anterior inferior cere-
bellar artery,!8 which usually gives off the labyrin-
thine artery, it is most appropriate to measure the CBF
when the tip of the probe is inserted into the peri-
lymph. However, the correlation indicated that it is
possible to evaluate the CBF by placing the tip of
the laser-Doppler probe on the mucous membrane
or on the surface of the bone surrounding the co-
chlea.!?

In patients with congenital hearing loss of un-
known cause, the degree of language acquisition af-
ter cochlear implantation may vary depending on in-
dividual age, intelligence, rehabilitation method, so-
cial environment, state of the cochlear implant, and
number of remaining spiral ganglion cells. In a tem-
poral bone study on postmeningitic deafness, there
was a strong negative correlation between the de-
gree of cochlsar bony occlusion and the normality
of the spiral ganglion cell count.?0 Because the re-
maining spiral ganglion cells are supplied by the CBF,
we plan to follow up the progress of language acqui-
sition in these patients, including the presence or ab-
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sence of a relationship between language acquisition
and CBF.

CONCLUSIONS

We evaluated the CBF in patients with profound
deafness by placing the tip of a laser-Doppler probe
at various positions during cochlear implantation. Re-

duction of the CBF was recognized in patients with
cochlear ossification following meningitis and in pa-
tients with aduli-type IPSNHL. Reduction of the CBF
was also recognized in some patients with profound
deafness of unknown cause. Evaluation of the CBF
thus promises to provide important information on
the cause of deafness.
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Results of Nationwide Epidemiological
Surveys in 2000-2001 on Recurrent Cases
of Acute Low-Tone Sensorineural Hear-

ing Loss

Masami Nakajima", Makito Okamoto”, Ha-
jime Sano”’, Kazuo Murai’and Tomoyuki
Hoshino” ‘
"Department of Otolaryngology, Iwate Medi-
cal University

#Department of Otolaryngology, Kitasato Uni-
versity School of Medicine

“Department of Otolaryngology, Hamamatsu
Medical College

New criteria have been proposed for acute low-
tone sensorineural hearing loss (ALHL) by the Re-
search Committee on Acute Profound Deafness of
the Ministry of Health, Labor and Welfare of Ja-
pan, and nationwide epidemiological surveys
based on these criteria were conducted in 2000-
2001. We especially investigated recurrent cases of
ALHL. The results in 96 cases, including 5 cases of
bilateral hearing loss were analyzed for two years.
All curative percentage of recurrent cases about
full recovery and better recovery in regard to the
criteria is 68 %. The outcome of hearing was better
in patients who consulted a physician within a
week after the onset of the recurrence. No signifi-
cant differences were noted in other factors, i. e.,
sex, age, severity of hearing loss at the time of the
examination for recurrence or recurrent time dur-
ing the first attack. The specification of recurrent
cases is that the percentage of cases cleared for the
criteria at recurrent attack (cleared at first attack)

are about 60 % in recurrent cases.
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Transient Cochlear Ischemia Causes
Delayed Cell Death in the Organ of
Corti: An Experimental Study in Gerbils

KENICHIRO KOGA,'”¥ NOBUHIRO HAKUBA,' FUTOSHI WATANABE,!
MASACHIKA SHUPOU,” TAKAYUKI NAKAGAWA,® anp KIYOFUMI GYO!
'Department of Otolaryngology, Ehime University School of Medicine, Ehime,

791-0295 Japan
fCentral Research Laboratory, Ehime University School of Medicine, Ehime,
791-0295 Japan
*Department of Otolaryngology, Head and Neck Surgery Graduate School of Medicine
Kyote University, Kyoto, 606-8507 Japan

. ABSTRACT

To elucidate whether ischemia—reperfusion can cause delayed cell death in the cochlea, the
effects of transient cochlear ischemia on hearing and on neuronal structires in the cochlea were
studied in Mongolian gerbils. Ischemia was induced by bilaterally occluding the vertebral arteries
for 5 minutes in gerbils, which lack posterior cerebral communicating arteries. In gerbils, the
labyrinthine arteries are fed solely by the vertebral arteries. Occlusion of the vertebral arteries
caused a remarkable increase in the threshold of compound action potentials (CAPs), which
recovered over the following day. However, 7 days after the onset of reperfusion, the threshold
began to increase again. Morphologic changes in the hair cell stereocilia were revealed by electron
microscopy. The number of nuclear collapses was counted in cells stained for DNA and F-actin to
evaluate the degree of cell death in the organ of Corti. Changes in spiral ganglion cell (SGC)
neuron number were detected, whether or not progressive neuronal death occurred in the SGC.
These studies showed that sporadic fusion of hair cells and the disappearance of hair cell
stereocilia did not begin until 4 days after ischemia. On subsequent days, the loss of hair cells,
especially inner hair cells (IHCs), and the degeneration of SGC neurons became apparent. Ten
days after ischemia, the mean percentage cell loss of THCs was 6.4% in the basal turn, 6.4% in the
second turn, and 0.8% in the apical turn, respectively, and the number of SGC neurons had
decreased to 89% of preischemic status. These results indicate that transient ischemia causes
delayed hearing loss and cefl death in the cochlea by day 7 after ischemia. J. Comp. Neurol. 456:
105-111, 2003.  © 2002 Wiley-Liss, Inc.

Indexing terms: compound action potentials; inner hair cells; delayed hearing loss; rhodamine-
prhalloidin; Hoechst 33342

Ischemic injury to the cochlea is considered one of the
major causes of acute sensorineural hearing loss
(Schuknecht and Donovan, 1986; Shikowitz, 1991). Inter-
ruption of the blood supply to the cochlea is known to
cause immediate losg of function and to produce charac-
teristic damage to the inner ear (Billett et al., 1989;
Kimura and Perlman, 1958; Perlman et al.,, 1959). It has
been reported that anoxia of the cochlea causes an in-
" crease in the compound action potential (CAP) threshold
(Konishi et al., 1961) and that the CAP threshold recovers
completely when the duration of anoxia is shorter than 10
minutes. (Kusakari et al., 1981). Permanent cochlear isch-
emia in the lateral wall was induced by a photochemical

© 2002 WILEY-LISS, INC.

reaction (Iwasaki et al,, 1997), and a histologic study
revealed thrombus formaticn in the stria vascularis, spi-
ral ligament, and modiolus (Saito et al., 2001), Further-
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more, cochlear vessel obstruction was induced by a ferro-
magnetic thrombosis method (Gieble et al., 1985), By
using this method, Schweinfurth and Cacace (2000)
showed a correlation between the absence of distortion-
product otoacoustic emissions ahd ischemic cochlear in-
Jjury. Recently, the ability of chemical asphyxiants (cya-
nide and carbon monoxide) to disrupt the CAP and
endocochlear potential was also investigated (Tawackoli
et al., 2001). However, the details of the effects of tran-
sient cochlear ischemia on the cochlea are unclear, be-
cause of the difficulty in temporarily interrupting the
blood supply to the cochlea, and animal experimentation
seems unfeasible. Nevertheless, by using a technique
called experimental hindbrain ischemia (Hata et 2l,
1993}, we successfully made a chronic animal model of
transient cochlear ischemia in Mongolian gerbils. Mongo-
lian gerbils lack the posterior cerebral communicating
arteries; the labyrinthine arteries are fed solely by the
vertebral arteries.

This study was designed to determine whether the hear-
ing of ischemic animals changed over a follow-up period of
10 days and to determine what histologic changes oc-
curred in the organ of Corti and the spiral ganglion cells
{SGCs), We report here the first evidence that delayed cell
death occurs in the cochlea after transient ischemia.

MATERIALS AND METHODS
Ischemia of the cochlea

The following experiments were conducted in accor-
dance with the Guide for Animal Experimentation at
Ehime University School of Medicine. Transient cochlear
ischemia was induced by the technique called experimen-
tal hindbrain ischemia (Hata et al., 1993) in Mongolian
gerbils. Mongolian gerbils, each weighing 60—80 g, were
anesthetized with a mixture of nitrous oxide/oxygen (7:3)
gas and 3% halothane. The vertebral arteries were ex-
posed bilaterally, just before their entry into the trans-
verse foramina of the cervical vertebra, through a ventral
midline incision of the neck. They were dissected free from
surrounding connective tissue, and 4-0 silk sutures were
loosely looped around each artery. The animals were ad-
ministered artificial respiration through a ventilation
tube inserted into the mouth. Cochlear ischemia was in-
duced bilaterally by pulling the sutures with the force of a
5-g weight. After a 5-minute ischemic load, the sutures
were removed to allow recirculation. Recirculation was
confirmed by direct observation with an operating micro-
scope. The animals were kept in incubators until they had
completely recovered from anesthesia.

Measurement of CAPs

Sixteen animals were used in this study. These animals
were divided into two groups (n = 8, ischemia group; n =
8, sham operation group). After exposure of the otic bulla,
a platinum electrode coated with epoxy resin was placed
into the stylomastoid foramen. The electrode was then
fixed to the bony bulla with dental cement, and a wire was
fed under the scalp to the outside of the skin at the vertex.
This was the reference electrode. A second electrode made
of a stainless-steel needle was placed in the ipsilateral
mastoid muscle to measure CAPs. Cochlear function be-
fore and after occlusion of the vertebral arteries was eval-

K. KOGA ET AL

uated by using a signal processor (NEC Synax 1200, To-
kyo, Japan) to record CAPs in response to 8,000 Hz, 4,000
Hz, and 500 Hz tone bursts of 1.25 msec rise/fall time and
10-msec duration. The responses were processed through
a 50 to 31 kHz band-pass filter and averaged 300 times.
Sound pressure in front of the tympanic membrane was
monitored by using a small microphone incorporated in
the conduction tube of a sound stimulator. The threshold
of the CAPs was obtained by applying acoustic stimuli in
10-dB steps. Near the threshold, the acoustic stimuli were
applied in 5-dB steps. For the sham operation experi-
ments, the same procedure was performed without bilat-
eral ocelusion of the vertebral arteries.

Scanning electron microscopic study

Twelve animals were used in this study. Animals were
subjected 1, 4, 7, or 10 days after the 5-minute ischemia
{n = 3 for each group). After intraperitoneal administra-
tion of an excessive dose of pentobarbital sodium (50 mg/
kg), the otic bullae were removed, and an intrascalar
perfusion of the cochlea with 2.5% glutaraldehyde in 0.1 M
cacodylate buffer (pH 7.4) was performed. The cochleas
were immersed overnight at 4°C in the same fixative.
After removal of the bony capsule, they were post-fixed
with 2% osmium tetroxide. The specimens were then se-
quentially dehydrated in ethanel, mounted on a metal
base, and coated with gold. The cochleas were cbserved
with a scanning electron microscope (Hitachi 5-800, To-
kyo, Japan).

Counting hair cell loss

Filamentous actin (F-actin), which is the primary struc-
tural filament of hair cells, can be stained by using
rhodamine-phalloidin, a fluorescent marker for filamen-
tous actin, and morphologic changes in the nuclei of hair
cells can be evaluated by DNA staining using Hoechst
33342. In this study, the two staining procedures were
combined to simultanecusly observe the stereocilia and
the nuclei of hair cells, so that the loss of hair cells in the
cochlea could be precisely detected.

Thirty-two animals were used in this study. Animals
were subjected to either ischemia (killed 1, 4, 7, or 10 days
after 5-minute ischemia, n = 4 for each group) or a sham
operation (killed 1, 4, 7, or 10 days after sham operation,
n = 4 for each group). Immediately after the removal of
the bilateral otic bullae after deep pentobarbital anesthe-
sia (50 mpg/kg), intrascalar perfusion of the cochlea with
4% paraformaldehyde (in 0.1 M phosphate buffer, pH 7.4)
was performed. The cochleas were post-fixed for 2 hours
with the same fixative at 4°C. The cochleas were im-
mersed in phosphate buffered saline (PBS), pH 7.4, and all
parts of the organ of Corti were dissected through all of
the turns. The specimens were then stained for 30 min-
utes at room temperature with rhodamine-phalloidin (Mo-
lecular Probes, Eugene, OR), which was diluted 1:250 in
PBS containing 0.25% Triton-X-100 and 1% bovine serum
albumin. After rinsing in PBS, the specimens were
stained with Hoechst 33342 in PBS (20 pg/ml;
Calbiochem-Novabiochem Corporation, La Jolla, CA) in
the dark for 1 hour. The specimens were rinsed again in
PBS and mounted in carbonate-buffered glycerol (1 part
0.5 M carbonate buffer, pH 9.5, 9 parts glycerol) contain-
ing 2.5% 1,4-diazabicyclo-(2,2,2,)-octane to retard bleach-
ing of the fluorescent signal. Fluorescence was detected by
using a Zeiss Axiophot FL microscope with a green filter
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(BP 546, FT 580, LP 590) and a UV filter (BP 365, FT 395,
LP 397). Because the structure of hair cells is three-
dimensional, we adjusted the focus to obhserve the stereo-
cilia and nuclei of inner hair cells (IHCs; 300 cells in the
bagal turn, 200 cells in the second turn, and 100 cells in
the apieal turn) and outer hair cells (OHCs; 800 cells in
the basal turn, 600 cells in the second turn, and 300 cells
in the apical turn) in each cochlea. We counted the num-
bers of hair cells lost and intact, and the percentage of hair
cell loss was calculated.

Population of spiral ganglion neurons

Twenty animals were used in this study. Animals were
subjected preischemia or 1, 4, 7, or 10 days after 5-minute
ischemia (n = 4 for each time point). After intraperitoneal
administration of an excessive dose of pentobarbital so-
dium (50 mg/kg), transcardial perfusion with 4% parafor-
maldehyde in 0.1 M phosphate buffer (pH 7.4} was per-
formed. After removing the cochleas bilaterally, they were
fixed overnight in the same fixative at 4°C and decalcified
in 10% ethylenediaminetetraacetic acid for 2 weeks, The
specimens were embedded in paraffin, serially sectioned
in 5-pm slices, and stained with hematoxylin and eosin.
Every tenth section was examined by light microscopy
(Olympus BX60, Tokyo, Japan), and the neurons in
Rosenthal's canal with a distinct nucleus more than 1 pm
in size were counted. The raw neuronal cell density count

- for each slide was corrected for double counting by using
the formula of Abercrombie (1946): Hi = hi X ¢/t + d),
where, Hi is the corrected density of spiral ganglion neu-
ronal cells, Af is the counted density of spiral ganglion
neuronal cells, ¢ is the section thickness (5 pm), and d is
the diameter of the nucleus. The mean nucleus diameter
determined by measuring 50 spiral ganglion neurons was
2.25 pm (+0.25). The total Hi was multiplied by 10 to give
the total population of spiral ganglion neurons.

Statistical evaluation

Individual differences between experimental groups for
the average increase in CAPs, the percentage of hair cell
death, and the population of spiral ganglion neurons were
evaluated by one-way or two-way analyses of variance
followed by Scheffe’s multiple comparison test.

Photomicrograph production

Photographic film was scanned by a film scanner (Cool-
scan III, Nikon, Tokyo, Japan) into & personal computer
(Power Mac G4, Apple, Cupertino, CA). The contrast and
brightness of a photograph was adjusted by using Adobe
Photoshop 5.02 software (Adobe Systems Incorporated,
San Jose, CA) and then printed (PICTROGRAPHY 3000,
Fyjifilm, Tokyo, Japan).

RESULTS -
Hearing sequences after ischemic insult

Sequential changes in the CAP thresholds are shown in
Figure 1. In the sham operation group, there were no
significant changes in the CAP threshold at any fre-
quency. Bilateral occlusion of the vertebral arteries
caused a remarkable increase in the CAP threshold by
more than 65 dB, which was the maximal output intensity
of our measuring system. The responses recovered after
reperfusion. Hearing recovered completely during the fol-
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Fig. 1. Sequential changes in the threshold of compound action
potentials {CAPs) in response to 8,000 Hz, 4,000 Hz, and 500 Hz after
5-minute ischemia. Each point shows the mean value of the threshold
after the occlusion of bilateral vertebral arteries 1, 4, 7, and 10 days
after reperfusion. The CAP threshold before occlusion was defined as
0 dB. Error bars depict standard deviation, After the seventh day, the
CAP threshold for 8,000 Hz and 4,000 Hz increased. Individual dif-
ferences between ischemia group and sham operation group for the
average increase in CAPs were evaluated by two-way analyses of
variance followed by Scheffe’s multiple comparison test. *P < 0.05,
P < 0.01.

lowing day at all frequencies. However, after the 7th day,
the threshold for 8,000 Hz and 4,000 Hz increased again.
The average increase in CAP threshold 10 days after isch-
emia was 11.3 dB and 10.6 dB for 8,000 Hz and 4,000 Hz,
respectively.

Scanning electron microscopic study

The IHCs, OHCs, and supporting cells remained intact
until 4 days after ischemia (Fig. 24A). Seven days after
ischemia, hair cell stereocilia were found to have sporad-
ically fused or disappeared in IHCs more frequently than
in OHCs (Fig. 2B). Ten days after ischemia, such findings
were obvious in all specimens (Fig. 2C).

Quantitying hair cell loss

The stereocilia and nuclei of hair cells génerally re-
mained intact until 4 days after ischemia (Fig. 3A,B).
However, by 7 days after ischemia, they had sporadically
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Fig. 2. Scanning electron photomicrographs showing an organ of
Corti 4 days (A), 7 days (B), and 10 days (C) after 5-minute ischemia.
No degenerative chanpes are seen in inner hair cells (IHCs), outer
hair cells (OHCs), and supporting cells 4 days after ischemic insult.
The stereocilia of IHCs had sporadically fused (arrow) or disappeared
(arrowheads) 7 and 10 days after the ischemic insult, while OHCs
remained almost intact. Scale bars = 10 pm in A-C.

disappeared (Fig. 3C,D). The percentages of hair cell loss
are summarized in Figure 4. Ten days after ischemia, the
mean percentages of cell loss in the JHCs and OHCs,
respectively, were 0.8 = 2.0% and 0.1 * 0.2% in the apical
turn, 6.4 = 2.6% and 0.5 = 0.6% in the second turn, and
6.4 + 2.5% and 0.2 * 0.2% in the basal turn. These results
show that IHCs were more vulnerable than OHCs. Fur-
thermore, hair cells in the basal and second turn were
more vulnerable than were those in the apical turn.

Population of spiral ganglion neurons

The populations of spiral ganglion neurons before and
after ischemia are summarized in Figure 5. The average
number of spiral ganglion neurons before ischemia was
15,762 = 729. On days 1 and 4 after ischemia, the num-
bers were 16,221 = 453 and 15,874 = 1,199, respectively.
These numbers are in the same range as those obtained
for the preischemia group. However, by 7 days after isch-
emia, the number had decreased. The numbers at 7 and 10
days after ischemia were 15,103 * 845 and 14,010 = 957,
respectively. This indicates that approximately 11% of the
spiral ganglion neurons had been lost by 10 days after
transient ischemia.
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Fig. 3. The prepared surface of organ of Corti stained with
rhodamine-phalloidin and with Hoechst 33342. Photomicrographs of
the inner hair cells (IHCs) 4 days (A,B) and 7 days (C,D) after
5-minute ischemia. The stereocilia and nuclei were almost intact 4
days after ischemia. However, the loss of JHC, in which both stereo-
cilia and nuclei had disappeared (arrows), was observed 7 days after
ischemic insult, Scale bars =10 pm in A-T.

DISCUSSION
Morphologic changes of IHCs

The degeneration and sporadic fusion of stereocilia were
obviously cbserved by scanning electron microscopy more
frequently in [HCs than in OHCs 4 days after transient
ischemia. In our previous study, we demonstrated that the
ischemia induced obvious swelling of afferent dendrites of
the auditory nerve in contact with IHCs & minutes after
reperfusion. In contrast, the efferent nerves ending in
synaptic contact with OHCs appeared to be intact 5 min-
utes after reperfusion (Hakuba, 1998). The fluorescence
microscopic study further demonstrated that the sterco-
cilia and nuclei had begun to disappear 7 days after isch-
emia in IHCs, whereas OHCs remained almost intact.
These results suggest that delayed ischemic damage af-
fects THCs much more than OHCs.

Transient ischemia of the forebrain causes delayed neu-
ronal death, especially in the CAl field of the hippocam-
pus. This area of the brain is known to have glutamate

— 122 —



DELAYED CELL DEATH IN THE COCHLEA

O ischemia-group (n=8)
A sham ope-group ( n=8}

IHC QHC
10 apical turn 10 = apical turn
8 81
6 6
4 4 }
f\g 2 2t
< 0 0 e
§ 1day 4days 7days 10days lday d4days Tdays 10days
; 10 2nd turn 10, 2ndturn
8 | [#% [o% !
8t 1 8
5
= St e [ 6
© 47 4
o
& 2 2
8 ol tr ) e
g lday 4days 7days 10days 1day 4days Tdays 10days
2 10¢ _imaltt_u'l;l 10, basal turn
o %k [w%
8r 8
gl %k | [%ok ) [
40 4
2| 2
O = L aa— o ——
lday 4days 7days 10 days 1day 4days 7days 10days
Time after reperfusion

Fig. 4. The percentages of cell loss of inner hair cells (fHCs) and
outer hair cells (OHCs) in each cochlear turn. Each point shows the
mean value of the percentages of cell death 1, 4, 7, and 10 days after
5-minute ischemia. Error bars depict standard deviation. Circles,
IHCs; triangles, OHCs. The percentage of cell death of IHCs increased
significantly 7 days after the ischemic insult in the second and basal
turns. Individual differences between each time point for the average
increase in the percentage of hair cell death were evaluated by one-
way analyses of variance followed by Scheffe’s multiple comparison
test. **P < 0.01.

receptors (Kirino, 1982). The exact mechanism of this
phenomenon is still controversial, but is proposed to be
mainly cauged by excessive release of glutamate, which
normally works as an excitatory neurctransmitter (Ben-
veniste et al., 1984), Matsubara et al, (1996) observed that
ghitamate receptors are present on synapses between
IHCs and afferent dendrites, but not on those of OHCs. In
the ear, glutamate is known to be a major neurotransmit-
ter in auditory hair cells (Eybalin, 1993). In a previous
study using the same ischemic model in gerbils, we dem-
onstrated that glutamate levels in the perilymph in-
creased dramatically after ischemic insult (Hakuba et al,,
2000) and that hypothermia prevented the release of glu-
tamate into the perilymph (Hyodo et al., 2001), as well as
progressive hair cell loss in the cochlea after transient
ischemia (Watanabe et al., 2000). These findings suggest
that delayed cell death in the IHCs after ischemia is in
part caused by an increased glutamate concentration in
the perilymph. This process is similar to what oceurs in
the hippocampus after brain ischemia.
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Fig. 5. The number of spiral ganglion neurons, after transient
ischemia. Each point shows the mean value of the number of spiral
ganglion neurons preischemia and 1, 4, 7, and 10 days after ischemia.
Error bars depict standard deviation. The number of neurons did not
change significantly for 4 days after ischemia. However, 10 days after
ischemia, there was an evident neuronal loss. Individual differences
between each time point for the average increase in the population of
spiral ganglion neurons were evaluated by one-way analyses of vari-
ance followed by Scheffe’s multiple comparison test. **P < 0.01.

Ischemic damage to SGC neurons

By 10 days after ischemia, the number of SGC neurons
had decreased to 11% of the number in the preischemic
condition. The percentage IHC loss and SGC decrease
after the injection of carboplatin into chinchillas has been
studied (Takeno et al., 1998). Of interest, the rate of IHC
impairment was very high (75.5%), but the total SGC
decrease was only 11.8% in the previous study. The reason
for this difference may be that the loss of SGC neurons
after carboplatin injection is caused by a loss of IHCs,
rather than by a direct effect of drug toxicity on ganglion
cells (Bichler et al., 1983; Leake and Hradek, 1988; Du-
pont et al., 1993). In contrast, the degree of 3GC degen-
eration that we observed was approximately twice that of
the total IHC impairment rate (4.5%). In this study, isch-
emic insult was induced by the total hindbrain ischemia
method (Hata et al., 1993), which might cause immediate
damage to SGC neurons. As far as we know, the SGC
neuronal degeneration caused by cochlear ischemia has
not been studied to date. It can be assumed that the
damage was caused by the loss of IHCs to some extent, but
it may also have heen partly caused by direct impairment
of biood supply and energy. Therefore, it is suggested that
cochlear damage after transient ischemia induces IHC
loss and SGC neuronal degeneration. Both were appar-
ently involved in increasing the CAP threshold in our
study.

Sekiya et al. (2001) induced loss of SGC by mechanical
injury, i.e., direct compression of the cochlear nerve, and
showed almost 70% degeneration of SGC neurons 2 weeks
after compression, compared with a noncompression
group. We suggest that compression injury to the cochlear
nerve has a much greater effect on SGC neuronal degen-
eration than does damage to the cochlear blood supply.
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Correlation between physiological
dysfunction and morphologic changes

In the morphologic examination, hair cells and SGC
neurons were almost unchanged 4 days after ischemia.
However, the loss of hair cells and degeneration of SGC
neurons appeared later, at a time corresponding to the
CAP findings. The auditory brainstem response (ABR)
threshold shift in response to IHC loss and SGC degener-
ation for different acoustic stimuli were previously studied
in chinchillas after injection of carboplatin (Takeno et al.,
1998). Our resulfs are similar to those for chinchillas. Our
highest CAP threshold (10 days after ischemia) was in the
8 kHz region, with an 11.3 4B threshold shift. Further-
more, we observed a 6.4% loss of IHCs and an 11% de-
crease in SGCs. This damage is very mild compared with
carboplatin-induced THC impairment, which resulied in a
49-dB increase in ABR threshold with a 67% loss of IHCs
in response to 8 kHz and an 11.8% decrease in SGCs
(Takeno et al,, 1998). The difference in the ratio of THC
loss and SGC degeneration in the two models makes it
very difficult to compare changes in physiological dysfunc-
tion and morphology. However, according to our results,
the degeneration of SGCs seems to be more responsible for
the rise in the hearing threshold than does the loss of
IHCs. By comparing the models in more detail, we believe
that it will become clearer to what degree the damage to
THCs and/or SGC neurons is responsible for the funetional
hearing disorder.

Vulnerability to ischemic damage at
corresponding frequency locations

This study also demonstrated that the basal and second
turns are more vulnerable to transient ischemia than the
apical turn and showed that an increase in the CAP
threshold occurred at 4,000 and 8,000 Hz but not at 500
Hz. The threshold shift was more pronounced in the high-
frequency regions. Mizukoshi and Daly (1967) demon-
strated that the rate of oxygen consumption in the basal
turn is approximately 2.5 times that of the apical turn. It
may be that the basal turn is more vulnerable to anoxia
than the apical turn, because the aercbic metabolism of
the hair cells is more active in the basal turn than in the
apical turn. Fechter et al. (1987) used electrophysiological
techniques to show that CAP thresholds at high frequen-
cies are more susceptible to hypoxia than those at low
frequencies, reflecting the basal turn’s greater vulnerabil-
ity to hypoxia. Their findings support the results of this
study.

In conclusion, we have demonstrated that delayed cell
death occurs in hair cells and SGC neurons after transient
cochlear ischemia. It remains unknown what damage
transient ischemia causes to human Corti. However, these
results indicate that transient ischemia may be one of the
causes of progressive hearing loss that is resistant to
conventional treatments. Glutamate neurotoxicity might
be one of the major causes. In addition, Seidman and
Quirk (1991) found that an inhibitor of lipid peroxidation
was otoprotective against ischemic/reperfusion injury in
the inner ear. Oxygen-derived free radicals (Yamane et
al., 1995) and nitric oxide (NO; Tabuchi et al., 1999; Ta-
kun:uda and Anniko, 2002) are reported to play an 1mpor-
tant role in cochlear anoxia/ischemia re-perfusion injury.
In fact, increased production of hydroxyl radicals (Ohle-
millaer and Dugan, 1999) and NO (Ruan et al., 2001) were
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measured in the cochlear perilymphatic spaces after isch-
emic injury. Huang et al. (2000) suggested that ischemia/
hypoxia is linked to oxidative stress and induces apoptosis
in both auditory hair cells and the neurons of the spiral
ganglions. Further study is needed to clarify the cause of
ischemia-induced hearing loss and to learn how to prevent
or relieve damage to the cells involved.
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Abstract Mutations in the GJB2 (connexin 26, Cx26) gene
are the major cause of nonsyndromic hearing impairment
in many populations, Genetic testing offers opportunities
to determine the canse of deafness and predict the course
of hearing, enabling the prognostication of language
development. In the current study, we compared severity
of hearing impairment in 60 patients associated with
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biallelic GJB2 mutations and assessed the correlation of
genotypes and phenotypes. Within a spectrum of GJB2
mutations found in the Japanese population, the pheno-
type of the most prevalent mutation, 235delC, was found
to show more severe hearing impairment than that of
V371, which is the second most frequent mutation. The
resulis of the present study, taken together with pheno-
types caused by other types of mutations, support the
general rule that phenotypes caused by the truncating
GJB2 mutations are more severe than those caused by
missense mutations. The present in vitre study further
confirmed that differences in phenotypes could be ex-
plained by the protein expression pattern.

Keywords Connexin 26 - GJB2 - 235delC - V371
Deafness - Phenotype - Genotype

introduction

Mutations of the GJB2 (connexin 26, Cx26) gene have
recently drawn much attention because they have been
recognized as the most prevalent genctic cause of con-
genital hearing loss. A broad range of phenotypes, from
mild to profound hearing loss, is associated with GJB2
mutations (Cryns et al. 2004), and more than 90 different
GJB2 mutations are associated with recessive forms of
nonsyndromic hearing loss (The Connexins-deafness
Homepage: htip://www.ctg.es/deafness). Universal neo-
natal heating screening programs are the current trend
and have become popular in many countries (Govaerts
et al. 2001; Joint Committee on Infant Hearing 2000;
Mehl and Thomson 2002; National Institutes of Health
1993), because it is thought that optimum language
development requires early identification of hearing loss
and early intervention (Yoshinaga-Itano et al. 1998).
Cochlear implantation has resulted in remarkable
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improvement in auditory skills and development of
speech production for patients with profound hearing
loss associated with GJB2 mutations (Fukushima et al.
2002; Matsushiro et al, 2002). It is clear that genetic
testing to determine the cause of deafness facilitates
prediction of the course of hearing loss and prognosti-
cation of language development. There is, however, some
controversy regarding genotype/phenotype correlation
{Cohn et al. 1999; Cryns et al. 2004; Denoyelle et al. 1999;
Estivill et al. 1998; Murgia et at. 1999; Orzan et al. 1999),
For example, prediction of the degree of hearing loss was
difficult, and environmental factors as well as modifier
genes may have been involved (Cohn et al. 1999; Murgia
et al. 1999; Orzan et al. 1999). On the other hand, a series
of reports have indicated that certain phenotypes are
dependent on certain genotypes (Denoyelle et al. 1999;
Estivill et al. 1998). A recent report of a multi-center-
based study in Europe and the United States suggested
that inactivating mutations, which include stop or
frameshift mutations, show significantly severer pheno-
types than those caused by noninactivating mutations
{missense mutations) (Cryns et al. 2004).

We have recently shown that mutation spectrums are
quite different between the Japanese population and
populations with European ancestry and emphasized the
importance of specific population-based genetic data-
bases for genetic testing (Ohtsuka et al. 2003). In Japa-
nese (who are one example of Asian populations), the
most common, mutation was an inactivating mutation,
235delC, which is comparative to the 35delG mutation
known as the most prevalent mutation in those with
European ancestry. Interestingly, the second most com-
mon mutation was the V37I mutation, which has recently
been reported as a mild phenotype causative genotype
{Cryns et al. 2004). Given this background, we attempted
to: (1) compare the differences in phenotypes caused by
the 235delC and V370 mutations, (2) test a hypothetical
general rule that inactivating mutations show more se-
vere phenotypes than those caused by noninactivating
mutations, and (3) test whether the differences in phe-
notype could be explained by protein expression study.

Materials and methods
Subjects and clinical evaluation

Pure-tone audiometry results were available for 60
individuals from independent families in whom biallelic
GJB2 mutations were identified. These patients were
from seven university hospitals (Hirosaki, Iwate, Gun-
ma, Shinshu, Kokusai Iryoufukushi, Hamamatsu, and
Kyushu) located in different regions in Japan. The age
when the patients/parents noticed hearing impairment
was from 0 to 49 (mean 8.00, SD 12.51) years of age.
None of these patients had any other associated neuro-
logical signs. All subjects gave prior informed consent
for participation in the project, which was approved by
the ethical committee of each hospital. -
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Severity was classified by using a pure-tone average
over 500, 1,000, 2,000, and 4,000 Hz in the better-
hearing ear. Hearing impairment was classified as
follows: normal hearing, <20 dB; mild hearing loss, 21—
40 dB; moderate hearing loss, 41-70 dB; severe hearing
foss, 71-95 dB; and profound hearing loss, greater than
95 dB. When the threshold exceeded the output limits of
the audiometer, it was recorded as the output limit for
air-conducted sounds plus 10 dBHL,; i.e., if the output
limit of the audiometer was120 dBHL, the threshold was
described as 130 dBHL.

Mutation Analysis

To identify GJB2 mutations, a DNA fragment con-
taining the entire coding region was amplified using the
primer pair Cx48U/Cx1040L, as described elsewhere
(Abe et al. 2000). Polymerase chain reaction {(PCR)
products were sequenced and analyzed with an ABI se-
quencer 377XL (Perkin-Elmer, Wellesley, MA, USA).
DNA samples from 147 uprelated Japanese who had
normal hearing were used as controls.

Reverse transcription (RT)-PCR analysis

Total RNA was extracted from NCTC2544 cells with the
Catrimox-14 RNA Isolation Kit Ver.2.11 (Jowa Bio-
technology, Urbandale, TA, USA). The yield of total
RNA was determined by Agilent 2100 Bioanalyzer RNA
6000 Nano Assay (Agilent Technologies, Palo Alto, CA,
USA). Reverse transcription (RT)-PCR assay was per-
formed with the aid of an RNA PCR kit (Takara, Tokyo,
Japan). The primers for human G./B2 and the specific sites
of restriction enzymes were added with the amplification
step. The primers were sense Xho [-Cx26 5'-cccctegag-
gatggatiggegcacectpcagacgatectggg-3’  and  antisense
Cx26-EcoR | 5'-ccegaattecgttaaactgecttttitgacttcccagaac-
3. These primers vield oligomer products of a distinctive
size: 712 bp. PCR steps were denaturing at 94°C for
2 min, followed by 30 cycles of 94°C for 30 s, 60°C for
30 s, and 72°C for 1 min, and then processing with a final
extension at 72°C for 5 min. After amplification, expected
sizes of PCR products were confirmed on 2% agarose gel,
and the bands were visualized by ethidium bromide upon
exposure to an uitraviolet transilluminator,

Transformation

Wild-type Cx26 PCR products were inserted into a
pEGFP-C2 vector (Clontech, Palo Alto, CA, USA). The
PCR products and vector were digested with EcoR 1 and
Xho . Prepared PCR products were inserted into vector.
Ligation reactants were transformed into Escherichia
coli DH5w. Positive colonies were incubated in Luria-
Bertani (LB) liquid medium containing kanamycin. A
QIAprep spin miniprep kit (Qiagen, Valencia, CA,
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USA) was used for purification of plasmid DNA
according to the manufacturer’s protocol. Plasmid DNA
was identified by restriction enzyme analysis. Selected
constructs were sequenced and analyzed with an ABI
sequencer 377XL (Perkin-Elmer).

Mutagenesis of the GJB2 gene

The following primers were used to produce the GJB2Z
mutations: V27I sense 5'-ctggetcaccatectcticatt-3, V371
sense 5'-tatgatcctcattgtggctgeaa-3°, and 235delC sense 5'-
ccggetatgggectgeagetgatet-3. First,  PCR reactions
(100 pl) were prepared containing 4 pg of the plasmid
DNA (see above), 1.0 pM of mutation primer, 1.0 uM
of Cx26-EcoR 1 primer, 2.5 U of Takara Ex tag Hot
Start Version (Takara, Tokyo, Japan), and Ex-tag buffer
(10x) consisting of 100 mM Tris-HCI (pH 8.3), 500 mM
KCIL, 15 mM MgCl2, and | mM deoxynucleoside tri-
phosphate mixture. These PCR reactions were dena-
tured at 94°C for 2 min, followed by 30 cycles of 94°C
for 30 s, 60°C for 30 s, and 72°C for 1 min, and then
processed with a final extension at 72°C for 5 min.
Second PCR reactions (100 pl) were prepared contain-
ing 10 pl of first PCR products, 1.0 uM of Xho 1-Cx26
primer, 2.5 U of Takara Ex taq Hot Start Version
(Takara), and Ex-taq buffer (10x) consisting of 100 mM
Tris-HCI (pH 8.3), 500 mM KCl, 15 mM MgCl2, and
1 mM deoxynucleoside triphosphate mixture. Second
PCR conditions were the same as above. These PCR
products were inserted into a pEGFP-C2 vector with the
same techniques as transformation (see above). The
plasmid DNA containing Cx26 mutations were se-
quenced and analyzed with a sequencer and identified by
restriction enzyme analysis.

Transfection and visualization

COS-7 cells grown on glass cover slips were transfected
with the cloned plasmid vectors using Lipofectamine
2000 (Invitrogen, Carlsbad, CA, USA). Forty-eight
hours after the transfection, cells were fixed by 4%
formaldehyde and stained by DAPI and TRITC-conju-
gated phalloidin (Chemicon, Temecula, CA, USA).
Cover slips were mounted onto glass slides and visual-
tzed under a Leica confocal microscope TCS SP2 AOBS
(Leica Microsystems, Wetzlar, Germany).

Results
Mutation spectrums

Among thirteen mutations that have been reported in
Japanese (Ohtsuka et al. 2003), 11 were identified in our
60 biallelic patients. These biallelic mutations were found
to be either four different homozygous or 14 different
compound heterozygous mutations. These included five

inactivating mutations and six missense mutations. The
five inactivating mutations were one stop mutation
{¥'136X), three deletion frameshift mutations (235delC,
176-191dell 6, 299-300delAT), and one insertion frame-
shift mutation (605ins46). The six missense mutations
were V371 (109G — A), G45E (134G — A), T86R
(257C —= G), T123N (368C — A), R143W (427C —» T),
and F191L (570T — C). T123N and FI191L were cate-
gorized as changes with unknown relation to disease ( The
Connexin-deafness Homepage: http://www.crg.es/deal-
ness); however, we included both mutations as missense
mutations in the present report because both were found
among the hearing-loss patients in either a homozygous
or compound heterozygous state. The nonsense muta-
tion, Y136X (408C — A), converts a tyrosine residue
(TAC) at codon 136 to a stop codon (TAA). Three dele-
tion frameshift mutations, 235delC, 176-191dell6, and
299-300del AT, and one insertion frameshift mutation,
605ins46, were found. The 235delC mutation causes a
frameshift at codon 79 resulting in a truncated polypep-
tide and was found in two of the 147 controls (294 alleles).
The 176-191dellé mutation, present in four subjects,
causes a frameshift leading to an altered amino-acid se-
quence from codon 59 followed by a stop at codon 76.
The 299-300del AT deletion, seen in two subjects, causes a
frameshift leading to an altered amino-acid sequence
from codon 100 followed by a stop at codon 113. The
605ins46 mutation has a tandem repeat of 46 nucleotides
(corresponding to the positions 559-604 of the Cx26
DNA sequence) at the position 605. A stop codon (TGA)
is produced at the 202nd amino acid, leading to the pre-
mature truncation in the series of polypeptide synthesis.
Three previousty described common sequence changes,
V271 (719G — A), E114G (34]1A — G), and I1203T
(608T — C), which were thought to be nonpathological
polymorphic changes (Abe et al. 2000), were frequently
found in patients as well as controls.

Audiometric evaluation of the patients
with biallelic GJB2 mutations

Audiometric results were obtained from 60 patients with
biallelic GJB2 mutations. Fig. | shows a collection of
overlapping audiograms from subjects bearing 18 com-
binations of mutations. Although the severity of hearing
impairment in individuals varied according to the com-
binations of mutations, there seemed to be certain phe-
notypes determined by each combination. First, the
hearing levels of the patients homozygous for 235delC
mutations were comparatively severe to profound
(Fig. 1). In addition, 235delC/299-300ATdel, G45E/
G45E/Y136X/Y 136X, G45E/Y136X/R143W, 235delC/
RI43W, and RI143W/T86R also showed severe hearing
impairment. In contrast, the patients homozygous for
V371 had significantly - mild-to-moderate hearing
impairment (Fig. 1). Similarly, relatively milder pheno-
types were found in the patients with 235delC/V37I,
V37I/R143W, FI91L/F191L, T123N/176-191del16, and
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