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[ Slight recovery

B Nonrecovery

B Complete recovery
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Fig.2. a Hearing recovery results in group S. b Hearing improvement in patients with an initial mean hearing level <90 dB.

Side Effects

There was transient vertigo of about a minute associ-
ated with the injections. Some patients had tolerable pain
after the injection for a minute. No patients had otitis me-
dia. The perforations were closed spontaneously or with
a chitin sheet patch in most patients. For 12 patients, au-
tologous serum ear drops and/or basic fibroblast growth
factor with a chitin sheet patch therapy in the outpatient
clinic [Kakehata et al., 2008] were performed and the per-
forations were closed successfully except in 1 patient.
Small perforations remained in 2 patients. One patient
underwent myringoplasty.

Discussion

Recently, there hasbeen increased interest inIT admin-
istration of steroids for the treatment of ISSNHL, whether
as an initial or salvage treatment [Parnes et al., 1999;
Gianoli and Li, 2001; Guan-Min et al., 2004; Battista, 2005;
Lautermann et al., 2005; Dallan et al., 2006; Kakehata et
al., 2006; Haynes et al., 2007; Kilic et al., 2007; Plaza and
Herraiz, 2007; Van Wijck et al,, 2007; Ahn et al., 2008;
Battaglia et al., 2008; Han et al., 2009; Hong et al., 2009;
Plontke et al., 2009; Dallan et al., 2010; Kara et al., 2010],
since ITS seems to be a potent alternative treatment option
to systemic steroid therapy. As a first-line treatment, sev-
eral clinical studies reported efficacy of combination ther-
apies of ITS with systemic steroid therapy [Battista, 2005;
Lautermann et al., 2005; Ahn et al., 2008; Battaglia et al.,
2008]. However, there has been no I'TS treatment protocol
that seems to be superior [Hu and Parnes, 2009]. Thus,
before discussing the efficacy of combination therapy, it
seems necessary to elucidate a preferable ITS treatment

Daily IT DEX Treatment for ISSNHL as
an Initial or Salvage Treatment

protocol without concurrent or previous treatments. Here,
we performed daily short-term IT DEX treatment on fresh
ISSNHL patients without concurrent treatments in order
to investigate the efficacy of ITS alone.

Anideal treatment of ISSNHL should have a high cure
rate as well as a high rate of response. To improve the cure
rate is especially important because patients are not satis-
fied, even if their hearing level is improved by 30 dB, if it
does not improve to near the hearing level of the unaf-
fected ear. In this study, the rate of response and the cure
rate of daily short-term IT DEX administration alone as
an initial treatment reached 95 and 63%, respectively.
This cure rate is higher than that of IT DEX treatment
without concurrent systemic steroids in the recently pub-
lished studies. Battaglia et al. [2008] reported a cure rate
of 29% (5/17) by IT DEX therapy of 3 weekly injections.
In their study, a high-dose oral prednisone treatment (ta-
pering from 60 mg for 14 days; total 660 mg) and a com-
bination therapy (IT DEX plus high-dose oral steroids)
were also attempted. The cure rate of the oral steroid ther-
apy and the combination therapy was 17% (3/18) and 63%
(10/16), respectively. Battaglia et al. [2008] advocated the
efficacy of the combination therapy over the systemic
high-dose steroid therapy. Our cure rate was higher than
that of the IT DEX therapy of 3 weekly injections and
comparable to that of the combination therapy. This sug-
gests that daily administration through LAM for 8 days
is more effective than 3 weekly injections. In addition, in
patients who did not have a profound hearing loss, our
cure rate of 85% is higher than that of the combination
therapy (63%). In the profound hearing loss group, the
mean hearing improvement reached 37.8 dB, which was
not statistically significantly different compared to the
40.5 dB in the other group. However, the cure rate was

Audiol Neurotol 2011;16:191-197 195

138

Color version available online



low (17%) compared to that of 66% (deduced from figure
3 in Battaglia et al. [2008]) in the combination therapy,
which might suggest a limitation of the I'T DEX therapy
in this form for patients with a profound hearing loss.
This may also suggest that there are other pathological
conditions in the case of profound hearing loss which
cannot be reached by ITS treatment.

On the other hand, Ahn et al. [2008] reported an ad-
ditional effect of IT DEX (3 injections on days 1, 3 and 5)
through a 25-gauge spinal needle on oral methylprednis-
olone therapy (tapering from 48 mg for 14 days) in a study
with a larger number of subjects. The cure rate by the
combination therapy of IT DEX plus oral methylpred-
nisolone was 25% (15/60), which did not show significant
improvement compared to the oral methylprednisolone
alone (27%, 16/60).

Battaglia et al. [2008] and Ahn et al. [2008] used a
treatment protocol of 3 transtympanic injections of DEX
on infrequent days. In most studies, steroids were admin-
istered by transtympanic injection through a fine needle
under local anesthesia at 1-5 injections over 1-3 weeks
[Hu and Parnes, 2009]. Recently, Kara et al. [2010] re-
ported a high cure rate of 48% (14/29) by 5 transtympan-
ic injections of IT DEX on 5 consecutive days as an initial
treatment. Taking into account our high cure rate by 8
injections on 8 consecutive days, daily application of ITS
may be more effective than infrequent application.

Recent studies on cochlear pharmacokinetics with lo-
cal ear drug delivery revealed that after the end of the 30-
min application, the concentration in the base of the sca-
la tympani rapidly declines due to clearance from the co-
chlea and diffusion into other compartments and apical
regions [Plontke et al., 2007]. To conquer this drawback,
several delivery methods have been devised for the sus-
tained application of the drug to the RW membrane, such
as the Silverstein MicroWick [Silverstein et al., 1997] or
the MicroCatheter [Kopke et al., 2001; Plontke et al,
2009]. However, the latter is no longer available because
the FDA removed it from the market. With the Silverstein
MicroWick, the patient can apply the steroid several
times a day. In our previous study, we speculated that our
high response rate and the degree of improvement might
be due mainly to the delivery methods used and/or the
frequency of the applications. The delivery method with
awide opening to the mesotympanum assures the certain
filling of the mesotympanum with the treatment agent
and allows the air to escape from the mesotympanum,
permitting the treatment agent to contact the RW mem-
brane. The high cure rate as an initial treatment in this
study might support this speculation.
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As a salvage treatment, improvement of more than 10
dB was achieved in 58% and the cure rate was 8% with
successful treatment in 29%. The mean improvement was
16.8 dB. In the responder group, the mean improvement
reached 30.1 dB. There are a number of studies of ITS as
a salvage treatment. Reported response rates were be-
tween 27.5 and 73.6% [Parnes et al.,, 1999; Chandrasekhar
et al., 2000; Gianoli and Li, 2001; Guan-Min et al., 2004;
Dallan et al., 2006; Haynes et al., 2007; Kilic et al., 2007;
Plaza and Herraiz, 2007; Van Wijck et al., 2007; Plontke
et al., 2009; Dallan et al., 2010}.

Initial severity of hearing loss is one of the known
prognostic factors. Although there were no significant
differences between the initial and salvage groups re-
garding the hearing level before the IT DEX treatment
(77.7 £ 18.2 vs. 74.6 £ 15.3 dB) (p < 0.01), the hearing
level after the treatment (38.8 * 22.3 vs. 57.8 *+ 21.8 dB)
and gain of improvement (39.7 * 18.4 vs. 16.8 * 21.6 dB)
were significantly higher in group I (p < 0.01). One of the
reasons for these better results is the shorter duration be-
tween the onset and IT DEX treatment (4.8 + 5.0vs. 15.3
* 6.4 days; p<0.01). However, between the patients with
successful treatment and those with no response in group
S, the difference in the mean duration between onset of
symptoms and IT DEX treatment (12.3 £ 3.5vs. 16.5 *
7.1 days) was not statistically significant, although the pa-
tients starting I'T DEX treatment later than 19 days after
onset did not have successful outcomes, suggesting the
therapeutic window of this treatment. It is also likely that
group S may include those with poor response to steroid
therapy, which was not overcome by the high dose of ste-
roid induced by the ITS therapy.

There are at least 3 requirements for successful IT
treatment. Firstly, a secure and confirmable delivery
method is necessary. For the agent to perfuse via the RW
membrane, it is important to replace the air around the
RW membrane [Nomura, 1984; Silverstein et al., 1997]
with the solution containing the agent. Secondly, sequen-
tial or continuous administration of the drug might be
desirable because it is expected to maintain the concentra-
tion of the drug in the target cells at a high level [Plontke
et al., 2007]. Finally, it should be an easy and painless de-
livery method. The daily short-term IT DEX treatment
using LAM seems to meet these 3 requirements.

In conclusion, daily short-term IT DEX treatment us-
ing LAM for ISSNHL patients without concurrent thera-
py is effective as an initial treatment as well as a salvage
one and proved to be an alternative therapeutic option
to high-dose systemic steroids. However, a prospective
study is necessary to validate the conclusion.

Kakehata/Sasaki/Futai/Kitani/Shinkawa
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Changes in the MCL/UCL test for patients undergoing Tinnitus
retraining therapy (TRT)

Takashi KiMITSUKL Nozomu MATSUMOTO, Shumei SHIBATA, Akihiro TAMAE, Mitsuru
OuAsHt Yoshihiro UMENO, Atsuko NogucH, Kazuha HORIKIRI and Shizuo KOMUNE

Department of Otorhinolaryngalogy. Graduate School of Medical Sciences. Kyushu University, Fukuoka 812-8582.
Japan

Tinnitus retraining therapy {TRT) has become a popular treatment for the treatment of patients with tinnitus.
This method involves the habituation of tinnitus perception using a low level sound generator and directive
counseling. In this paper. we examined whether the most comfortable loudness level {MCL) and uncomfortable
loudness level (UCL) changed after undergoing TRT. Nine patients (four males. five females) underwent TRT for
4-22 months (for an average of 12 months). The tinnitus handicap inventory (THI) score improved from 59.7 to
20.2, but neither the MCL nor the UCL showed any changes after TRT. In one patient where the UCL was
particularly low prior 1o treatment, no changes were observed in either MCL or UCL after TRT.
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One of the potassium currents, Iy ,, is already activated at the resting potential of the cell and thus deter-
mines the membrane potential. KCNQ4 channel has been identified as the molecular correlate of I ,. In
the present study, we measured Iy, in acutely isolated IHCs of guinea-pig cochlea using the whole-cell
voltage-clamp techniques, and investigated the properties of the currents. I, was 70% activated around
the resting potential of —60 mV and deactivated on hyperpolarization. ¢, was blocked by the KCNQ-
channel blockers, linopirdine (100 pM) and XE991 (10 uM), but was insensitive to both Iy blocker, tet-
raethylammonium (TEA), and Ixs blocker, 4-aminopyridine (4-AP). There was no significant difference
in the size of I, between the apical and basal turn IHCs.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

In the mammalian cochlea, there are two types of hair cells that
subserve distinct functions and receive characteristic patterns of
innervations. Inner hair cells (IHCs) receive nearly all the afferent
innervations and are primary acoustic transducers. The three IHC
potassium currents are distinguishable by their pharmacology
and their activation kinetics (Kros and Crawford, 1990; Marcotti
et al,, 2003). The fast activating current, I, is blocked by TEA
but resistant to 4-AP. I is activated more slowly on depolariza-
tion and is blocked by 4-AP but not by TEA. Another potassium cur-
rent, I, is already activated at the resting potential of the cell and
thus determines the membrane potential and membrane constant
(Housley and Ashmore, 1992; Nakagawa et al., 1994; Marcotti and
Kros, 1999). Initially I¢, was identified in outer hair cells (OHCs)
(Housley and Ashmore, 1992). Although there is no detectable
expression of KCNQ4, which is thought to constitute the major
conductance Iy, in IHCs (Beisel et al., 2000; Kharkovets et al.,
2000), a recent article suggested that KCNQ4 is expressed in IHCs
(Oliver et al., 2003). This current has recently been implicated in
developmental changes in IHCs during the postnatal days just pre-
ceding functional maturation of hearing in mice (Kros et al., 1998;
Marcotti et al., 2003).

Abbreviations: IHC, inner hair cell; OHC, outer hair cell; TEA, tetraethylammo-
nium; 4-AP, 4-aminopyridine; CAP, compound action potential
* Corresponding author. Tel.: +81 92 642 5668; fax: +81 92 642 5685.
E-mail address: kimitaka@qent.med.kyushu-u.ac.jp (T. Kimitsuki).

0378-5955/$ - see front matter © 2010 Elsevier B.V. All rights reserved.
doi:10.1016/j.heares.2010.01.002
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Ix» in THCs has been identified and characterized in mice previ-
ously (Oliver et al., 2003; Marcotti et al., 2003), however, it is
important to confirm this current in guinea-pig, which is a com-
monly used model. In the present study, we isolated the IHCs from
mature guinea-pig cochlea and investigated the properties of Iy,
such as the K blocker effect and the activation properties. Tono-
topic differences of Iy, in the cochlear turn were also investigated.

2. Material and methods
2.1. Preparation of isolated IHCs

An adult albino guinea-pig (200-350 g, 3-6 weeks) was killed
by rapid cervical dislocation, both bullae were removed and the co-
chlea exposed. The cochlea, fused to the bulla, was placed in a Ca**-
free external solution (mM: 142 NaCl, 4 KCl, 3 MgCl,, 2 NaH,P0,, 8
Na,HPO,, adjusted to pH 7.4 with NaOH). The otic capsule was
opened, allowing removal of the organ of Corti attached to the
modiolus. IHCs were isolated by micro-dissecting a selected turn
of the organ of Corti; from turn 1-2 (basal portion) and turn 4 (api-
cal portion). The organ of Corti was treated with trypsin (0.5 mg/
ml, T-4665, Sigma) for 12 min, and gentle mechanical trituration
was carried out. Trypsin was rinsed from the specimen by super-
fusing with a standard external solution (mM: 142 NaCl, 4 KCl, 2
MgCl,, 1 CaCl,, 2 NaH,P04, 8 Na,HPO,, adjusted to pH 7.4 with
NaOH) for at least 10 min before starting any experiments. The
most important landmarks for identifying IHCs are a tight neck
and angle between the cuticular plate and the axis of the cell as
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described previously (He et al., 2000; Yang et al., 2002; Kimitsuki
et al., 2009).

2.2. Recording procedures

Membrane currents were measured by conventional whole-cell
voltage-clamp recordings using an EPC-10 (HEKA, Lambrecht, Ger-
many). Data acquisition was controlled by the software PatchMas-
ter (HEKA, Lambrecht, Germany). Recording electrodes were pulled
on a two-stage vertical puller (PP830 Narishige, Tokyo, Japan)
using 1.2 mm outside diameter borosilicate glass (GC-1.2, Narishi-
ge, Tokyo) filled with an internal solution (mM: 144 KCl; 2 MgCl,;
1 NaH,POy4; 8 Na,HPOy; 2 ATP; 3 p-glucose; 0.5 EGTA; adjusted to
pH 7.4 with KOH.). Pipettes showed a resistance of 4-8 MQ in the
bath and were coated with ski wax (Tour-DIA, DIAWax, Otaru,
Japan) to minimize capacitance. The cell’s capacitance was 9.6 +
3.0 pF (mean = SD) and the series resistance was 16.4+ 6.1 MQ
(n=16). Tetraethylammonium (TEA, T-2265, Sigma), 4-aminopyri-
dine (4-AP, A-0152, Sigma), Linopirdine (L-134, Sigma), XE991 (No.
2000, Tocris), replacing an equivalent amount of NaCl in the stan-
dard external solution, was applied under pressure (Pressure mi-
cro-injector: PMI-200, Dagan, Minneapolis) using pipettes with a
tip diameter of 2-4 pum positioned around 50 um from the IHCs.
Cells were continuously perfused with external saline and all
experiments were performed at room temperature (20-25 °C).

2.3. Animal care

The experimental design was reviewed and approved (Acces-
sion No. A19-104-0) by the Animal Care and Use Committee, Kyu-
shu University. All procedures were conducted in accordance with
the Guidelines for Animal Care and Use Committee, Kyushu
University.

3. Results
3.1. I activated at resting potentials

Currents in response to hyperpolarizing and depolarizing volt-
age steps from a holding potential of —60 mV were recorded from
IHCs. Typical current records are shown in Fig. 1A. IHCs had out-
wardly rectifying currents (lxy) in response to depolarizing voltage
pulses, with only a slight inward current when hyperpolarized.
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Fig. 1B demonstrated the inward components by enlarging the
scale. Sizeable currents were detected as decaying inward currents
that commenced instantaneously when the membrane was
stepped below —90 mV. At hyperpolarized potentials the decay
time of the transient, indicating the channel deactivation, varied
considerably depending on membrane potentials. These deactivat-
ing inward currents corresponded to I, previously found in OHCs
(Housley and Ashmore, 1992; Nakagawa et al., 1994; Marcotti and
Kros, 1999) and immature IHCs (Kros et al., 1998; Marcotti et al.,
2003) already activated at resting potentials.

3.2. voltage-dependent activation of I,

The voltage-dependent activation of Iy, was examined by ana-
lyzing the peak of the tail currents at a fixed membrane potential of
—160 mV, following depolarizing and hyperpolarizing voltage
steps. In most cases, the tail currents observed from large hyperpo-
larizing steps (—140 to —160 mV) overlapped, suggesting that Iy,
was fully turned off at these negative potentials. Conversely, there
was overlap of the traces when the pre-pulse was greater than
—20 mV, which is interpreted as complete activation of the current.
Fig. 2 shows an activation curve derived for Iy ,, fitted by first-order
Boltzmann equation:

[/Tax = 1/[1 + exp((Vhar — V)/S)]

where Vy, ¢ is the potential of half-maximal activation, V is
the membrane potential of the preceding voltage step and S de-
scribes the voltage sensitivity of activation. Fitting was performed
by using the average values (filled squares) at various membrane
potentials in 10 cells. Vyar and S were —84.5 mV and 25.3 mV,
respectively.

3.3. K channel blocker effect to Ik,

The fast activating current, Iy, is blocked by TEA and slow acti-
vating current, I, is blocked by 4-AP. The effects of 25 mM TEA
(Fig. 3A) and 30 mM 4-AP (Fig. 3B) were investigated. Both K chan-
nel blockers reduced the amplitude of outward-going currents (in-
sets in Fig. 3A showed the TEA block onto the fast activating Ixy)
but did not affect the inward currents, suggesting that Ik, is insen-
sitive to TEA and 4-AP. KCNQ4 channel has been identified as the
molecular correlate of the Iy, in OHCs (Marcotti and Kros, 1999)
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Fig. 1. I, activated at resting potentials. Currents in response to hyperpolarizing and depolarizing voltage steps from a holding potential of —~60 mV (A, lower panel). Voltage
protocol (A, upper panel). The inward component of the currents by enlarging the scale (B).
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Fig. 2. Voltage-dependent activation of I ,. The voltage-dependent activation was
evaluated by analyzing the tail currents at a fixed membrane potential of —160 mV,
following depolarizing and hyperpolarizing voltage steps (inset). An activation
curve derived from Ik, fitted by first-order Boltzmann equation: I/l =
1/[1 +exp((Vhar — V)/S)]. Vhar and S were —84.5 mV and 25.3 mV, respectively.

and IHCs (Oliver et al., 2003), so we used the KCNQ-channel block-
er linopirdine and XE991 to examine whether they block the cur-
rents. Inward currents were obviously blocked by 100 uM
linopirdine (Fig. 4A) and 10 pM XE991 (Fig. 4B). In contrast, out-
ward currents were not changed by either linopirdine or XE991,
suggesting that only inward currents consist of Ig,. In linopirdine
solutions, four out of five cells showed the inward current depres-
sion, and in XE991 solutions, three out of four cells showed the in-
ward current depression.

3.4. Amplitude of Ik, in apical and basal turn IHCs

A comparison of the amplitude of I, recorded from apical and
basal turn IHCs is shown in Fig. 5. The amplitudes of inward cur-

A control

‘m‘

B control

rents at —130 mV were measured from seven apical cells and five
basal cells, and shown as a boxplot. Minimum value (x), 25th per-
centile line, median line, 75th percentile line and maximum value
(x) were shown. Mean (open square) * standard deviation were
377 +192 pA and 338 £ 113 pA in apical and basal IHCs, respec-
tively, showing that there was no difference between apical and
basal turn IHCs in Ix, amplitude (P =0.65 in analysis of variance:
ANOVA). The cell capacitances were 9.3 +3.0 pF and 9.0 + 3.5 pF
in apical and basal IHCs, respectively, suggesting that current den-
sity is not different for the two tonotopic locations. Maximum cur-
rents from tails (fixed at —160 mV) were compared to avoid the
influence of open probability. Mean + standard deviation were
146 £ 62 pA (n=4) and 154 £+ 66 pA (n =3) in apical and basal turn,
respectively, suggesting that the voltage dependence of this cur-
rent is independent of tonotopic location.

4. Discussion

Using whole-cell voltage-clamp recordings, we studied the I,
in acutely isolate [HCs of guinea-pig cochlea. I , was 70% activated
at around the resting potential of —60 mV and deactivated on
hyperpolarization (Fig. 2). Ik, was blocked by the KCNQ-channel
blockers linopirdine and XE991 but was insensitive to TEA and 4-
AP (Figs. 3 and 4). There was no significant difference in the size
of Ik, between the apical turn and basal turn.

Recently, mutations in the KCNQ4 K* channel gene have been
shown to underlie the progressive autosomal dominant hearing
loss classified as DFNA2 (Kubisch et al., 1999). KCNQ4 is expressed
in the basolateral membrane of cochlear outer hair cells (OHCs)
and is thought to constitute the major OHC K* conductance I,
(Housley and Ashmore, 1992; Marcotti and Kros, 1999; Kharkovets
et al., 2000). To date, expression of KCNQ4 has been thought to be
restricted to cochlear OHCs, vestibular hair cells, and central audi-
tory neurons (Kubisch et al., 1999; Kharkovets et al., 2000). How-
ever, recent reports demonstrated the expression of KCNQ4 in
IHCs of mice using immunofluorescence (Oliver et al., 2003) or
in situ hybridization and RT-PCR analysis (Beisel et al., 2000). The
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Fig. 3. TEA and 4-AP effects on Ix,. The outward currents were blocked by 25 mM TEA (A) and 30 mM 4-AP (B). Inward currents were insensitive to both TEA and 4-AP
(arrows). Insets in Fig. 3A showed the expanded time scale in the activating phase of the currents. TEA blocked the fast activating outward I .

149



60 T. Kimitsuki et al. /Hearing Research 261 (2010) 57-62

A control linopirdine
i il .
subtraction
st +20mY
e zomy
- -130my .
— - )
B S —— e - Y
N et O] 20ms
\ 2nA N\ - -
20ms "\ '
\\ »
N | 10004
20ms
B control XE991 subtraction
e ] l +20mV
e ——————
—
] -430mv

20ms

-
]

¥ i50pA

20ms

N\ Jmam

20ms

Fig. 4. Linopirdine and XE991 effects to I, Inward currents were blocked by the KCNQ-channel blocker 100 pM linopirdine (A) and 10 uM XE991 (B). Inward currents are
shown by enlarging scale (right panel). Gray traces indicate control currents and black traces indicate I, with linopirdine or XE991. Insets showed the linopirdine- or XE991-

sensitive currents by subtracting blocker traces from controls.
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Fig. 5. Comparison between the amplitudes of I, in apical and basal turn IHCs. The
amplitudes of inward currents at —130 mV were compared. Minimum value (x),
25th percentile line, median line, 75th percentile line and maximum value (x) were
shown. Open squares indicate the mean values in the apical (377 pA) and basal turn
(338 pA).

size of I, of IHCs was 45% of that of OHCs on comparison of 264 pA
in IHCs (at a membrane potential of —124 mV: Marcotti et al.,
2003) and 584 pA in OHCs (Marcotti and Kros, 1999). The ampli-
tude of I, at —130 mV was 358 pA (Fig. 5, n=12) in the present
data, which is slightly larger than that in the previous report. The
size of Iy, of IHCs was 61% of that of OHC, that is matching the
respective sizes of the transducer conductance of IHCs and OHCs
(Kros et al., 1992).

In the present study, trypsin was used and mechanical tritur-
ation was carried out to isolate the [HCs. Trypsin diminished the
inactivation of BK channel (Kimitsuki et al., 2005) by attacking
the N-terminal cytosolic hydrophobic peptide segments of

auxiliary B subunit (Zhang et al., 2009). However, I, from the iso-
lated IHCs, which is similar to that from the semi-intact prepara-
tion (Marcotti et al., 2003; Oliver et al., 2003), suggested that
trypsin and trituration is inconsequential.

The first sign of I, was seen at postnatal day 12 (P12) in mouse
IHCs (Marcotti et al., 2003), when the one-to-one axosomatic con-
figuration between afferent fibers and IHCs found in mature syn-
apses is established and the hearing onset occurs. The amplitude
of I, increased and reached the maximum level at around P20.
In the immunofluorescence study, KCNQ4 expression was ob-
served initially around embryonic day 18.5 (E18.5) in the basal
turn and proceeded longitudinally toward the apex (Beisel et al.,
2000). At P8, the basal hook region showed the adult expression
pattern and developmental upregulation had reached the apical
turn. At P21, all hair cells, except those in the apical tip, had ac-
quired the adult pattern. In the present study, I, was recorded
from adult guinea-pigs, so the amplitude was slightly larger com-
pared to the previous report (Marcotti et al., 2003).

There was a significant difference in the size of I, between the
apical and basal turn IHCs in mice, showing larger Ik, in apical IHCs
than that in basal IHCs (Marcotti et al., 2003). However, the resting
membrane potential, that is mainly established by I ,, was similar
in apical and basal IHCs. In contrast, the highest expression levels
of KCNQ4 were found in the basal turn (Beisel et al., 2000), those
findings contradicted the electrophysiological findings (Marcotti
et al., 2003). Beisel et al. observed the longitudinal expression in
the KCNQ4 protein by immunofluorescence technique, but they
could not clarify the function of KCNQ4 K* channel. In the present
study, there were no significant differences in I, amplitude be-
tween apical and basal turn IHCs (Fig. 5). This discrepancy might
be due to the difference of species.

KCNQ K*-channel blocker linopirdine has been a useful tool to
define heterologous and native KCNQ currents (Wang et al.,
1998; Kubisch et al., 1999; Lerche et al., 2000; Schroeder et al.,
2000). The inward currents were insensitive to TEA and 4-AP but
obviously blocked by the linopirdine (Fig. 4A) and XE991
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(Fig. 4B). In mouse [HCs, blockage of I, by linopirdine was dose-
dependent and slowly reversible with an ICso of 0.58 pM (Oliver
et al,, 2003) or 0.56 UM (Marcotti et al., 2003). The concentration
used in the present study was sufficient to block I, completely.
In vivo study for guinea-pig, linopirdine significantly increased
the threshold of the compound action potential (CAP) with an
ICs5o of 101 pM (Nouvian et al., 2003). They indicated that there
was no recovery of CAP threshold after rinsing the cochlea with
control artificial perilymph solutions. The blocking effect of an-
other KCNQ-channel blocker XE991 for Iy, was described in mouse
IHCs (Oliver et al., 2003). Sensitivity to XE991 was even higher
than that to linopirdine because 100 nM blocked 77% of the cur-
rent, and XE991-induced inhibition was irreversible contrary to
the effect of linopirdine. XE991 block for KCNQ-channel was
clearly demonstrated in OHCs in wild mouse (Kcng4”" but
XE991-sensitive component was significantly reduced in Kcng4™~
mice and was completely abolished in Kcng4~/~ mice (Kharkovets
et al,, 2006).

I n, although small compared to the other outward currents Iy ¢
and I s, plays an important role close to the resting membrane po-
tential because it showed around 70% activity in the present study
(Fig. 2). I » provides a large K* conductance at the resting potential,
and thus determines the membrane potential and membrane time
constant (Housley and Ashmore, 1992; Marcotti and Kros, 1999).
Although the Iy blocker TEA did not change the resting potential
(Oliver et al., 2003; Kros and Crawford, 1990) and the Ik s blocker
4-AP slightly shifted the resting potentials (Kros and Crawford,
1990), the I, blocker linopirdine markedly shifted the resting
potentials toward a depolarization direction (Marcotti et al.,
2003). Thus, I, sets the resting membrane potential and conse-
quently maintains the intracellular Ca** at a low level by keeping
the Ca?* channels on closed state (Oliver et al., 2003). Another role
of Ix is the efflux route of K* ions to the perilymphatic space and
prevention of K* accumulation in the cells. In OHCs, Iy, channels
are located at the basolateral membrane facing the perilymphatic
space (Nakagawa et al., 1994). Loss of this conductance in
KCNQ4/DFNA2 patients is considered to impair K efflux from
OHCGs, leading to degeneration of OHCs (Jentsch, 2000; Kharkovets
et al, 2000). I, may also be important in IHCs to provide an exit
route for K* ions entering through the mechano-electrical trans-
ducer channels.

KCNQ4 channels have been associated with the nonsyndromic
dominant deafness DFNA2 (Kubisch et al., 1999; Talebizadeh
etal, 1999; Van Hauwe et al., 2000; Van Camp et al., 2002). DFNA2
is characterized by a slowly progressive hearing loss that develops
from high to low frequencies and finally leads to severe deafness
(Marres et al., 1997; De Leenheer et al., 2002). In knockout and
knock-in mouse, the hearing loss in DFNA2 is predominantly
caused by the slow degeneration of OHCs due to chronic depolar-
ization (Kharkovets et al., 2006), but complete loss of OHCs will
ultimately reduce the hearing threshold by 40-50 dB (Ryan and
Dallos, 1975). Although the loss of OHCs is compatible with
DFNA2 hearing loss in its early stages, profound hearing loss in
DFNA2 at the later age is insufficiently explained by nonfunc-
tional OHCs. There might be an additional impairment of IHCs
at the age when presbyacusis sets in. Destabilization of the rest-
ing potential and increase intracellular Ca®*, which may be caused
by impaired KCNQ4 function in IHCs, may promote the progres-
sive hearing loss observed in DFNA2 patients. KCNQ4 is also ex-
pressed in spiral ganglion neurons (Beisel et al., 2005), and the
nuclei of many neurons in the central auditory pathway, e.g., in
the cochlear nuclei, nuclei of the lateral lemniscus, and the infe-
rior colliculus (Kharkovets et al., 2000). The profound deafness
in DFNA2 patients may be due to the later dysfunction of the
KCNQ4 channels expressed in the nuclei and tracts of the central
auditory pathway.
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Effect of hydrogen peroxide on potassium currents
in inner hair cells isolated from guinea pig cochlea
Takashi Kimitsuki, Noritaka Komune, Teppei Noda, Kazutaka Takaiwa,

Mitsuru Ohashi and Shizuo Komune

Hydrogen peroxide (H,0,) is a ubiquitous reactive oxygen
species that can induce several inner ear disorders. In this
study, we recorded the potassium (K) currents in acutely
isolated inner hair cells of guinea pig cochlea, and
investigated the effects of H,0,. We also observed the
morphological changes in inner hair cells induced by H,0,.
In the H,0, solutions, the amplitude of outward K currents
(Ixs and ly ) clearly decreased after perfusion for
approximately 15 min, Despite the decrease in outward
currents, small inward currents (ly,) did not show any
reduction. H,0, induced morphological changes in the
inner hair cells. All the inner hair cells in the H,0, solutions
showed shrinkage and granularity of the cell body and led
to loss of viability. These results showed the vulnerability

Introduction

Reactive oxygen species (ROS) have been postulated to
be involved in disorders of the inner ear, such as ischemic
impairment [1], presbycusis [2], acoustic trauma 3], and
labyrinthitis [4]. ROS are also involved in drug-induced
hearing impairment. Gentamicin, an aminoglycoside anti-
biotic, produced ROS, and free radicals were detecred
in auditory hair cells after gentamicin treatment [5].
Cisplatin damages hair cells by lowering the anti-
oxidant defense system of the inner ear [6]. In humans,
the production of superoxide in inner ear perilymph has
recently been reported in profound hearing loss [7].

Hydrogen peroxide (H;0;) is a ubiquitous ROS that can
easily penetrate the cell membranes and is converted to
the hydroxyl radical in the presence of Fe’™* . In addition
to the transition of hydroxyl radical formation, an intra-
cellular Ca®* was elevated [8], which has been suggested
to be involved in H,0, toxicity [9]. H;O,-induced
morphological changes, including bleb formation ar the
synaptic pole and shortening of the major axis of the cells
has been observed in both cochlear hair cells [10,11] and
vestibular hair cells [12].

In the mammalian cochlea, inner hair cells receive nearly
all the afferent innervations and are primary acoustic
transducers, Several ion channels are involved in the
inner hair cell function, that is, receiving the mechanical
displacement of stereocilia on the apical surface of the
cells generates transmitter release onto auditory nerve
endings at the basal pole of the cells. The potassium
(K) currents are largest and possess the most robust
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properties compared with other ion currents, such as
mechanoelectrical transducer currents and voltage-gated
Ca’™* currents. Potassium currents, which determine
the resting membrane potentdials and allow the cells to
perform high-frequency transduction by shortening the
membrane time constant [13], are crucial for maintaining
the cell physiological functions.

In this study, we isolated the inner hair cell from guinea
pig cochlea and identified K currents to evaluate the
influence of H;0, on membrane ion channels in inner
hair cells. The morphological changes in the inner hair
cells by H,0; were also investigated.

Materials and methods

Adult albino guinea pigs (200-350 g) with normal Preyer
reflex were killed by rapid cervical dislocation, both
bullae were removed and the cochlea was exposed. The
cochlea, fused to the bulla, was placed in a Ca®* -free
external solution (in mM: 142 NaCl, 4 KCI, 3 MgCl,,
2 NaH,PO,, 8 Na,HPO,, adjusted to pH 7.4 with
NaOH). The otic capsule was opened, allowing removal
of the organ of Corti attached to the modiolus. The organ
of Corti was treated with trypsin (0.5 mg/ml, T-4665;
Sigma-Aldrich, Missouri, USA) for 12min, and gentle
mechanical trituration was carried out. Trypsin was rinsed
from the specimen by perfusing with a standard external
solution (in mM: 142 NaCl, 4 KCI, 2 MgCl,, 1 CaCl,,
2 NaHPQO,, 8 Na;HPO,, adjusted to pH 7.4 with
NaOH) for at least 10 min before starting any experiment.

DOL 10.1097/WNR.0b0 13e32833fcb56
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The most important landmarks for identifying inner hair
cells are a right neck and the angle between the curicular
plate and the axis of the cell.

Membrane currents were measured by conveational whole-
cell voltage-clamp recordings using an EPC-10 (HEKA,
Lambrecht, Germany). Data acquisition was controlled by
the software ParchMaster (HEKA). Recording electrodes
were pulled with a two-stage vertical puller (PP830,
Narishige, Tokyo, Japan) using a borosilicate glass of an
ourer diameter of 1.5mm (GC-1.5, Narishige, Tokyo,
Japan) filled with an internal solution (in mM: 144 KCI;
2 MgClz; 1 NaH;PO,; 8 NapHPO4; 2 ATP; 3 D-glucose; 0.5
EGTA; adjusted to pH 7.4 with KOH). Pipettes showed a
resistance of 4-8MQ in the bath and were coated with
ski wax (Tour-DIA, DIAWax, Otaru, Japan) to minimize
capacitance. The capacitance of the cell was 11.3 3.2 pF
[mean * standard deviation (SD)]| and the series resistance
was 16.3+54MQ (#=19). Hydrogen peroxide (H,0,,
H1009, Merck, Darmstadt, Germany) was applied under
pressure (Pressure micro-injector: PM1-200, Dagan, Min-
neapolis) using pipettes with a tip diameter of 2—4pum
positioned approximately 50 pm from the inner hair cells.
These cells were continuously perfused with exrernal
saline and all experiments were performed at room
temperature (20-25°C).

Isolated inner hair cells were observed under an inverted
microscope (TE2000-U, Nikon, Tokyo, Japan) using a
CCD video camera (Sony, XC-ST70/ST70CE, Tokyo,
Japan) and images were captured into the video frames
(Sony DCR HC62).

The experimental design was reviewed and approved
(accession number: A21-085-0) by the Animal Care and
Use Committee, Kyushu University. All procedures were
conducted in accordance with the Guidelines for Animal
Care and Use Commirtee, Kyushu University.

Results

Membrane currents in response to hyperpolarizing and
depolarizing voltage steps from a holding potential of
—60mV were recorded from inner hair cells. Typical
current records in standard solutions are shown in Fig. 1a.
Inner hair cells showed outwardly rectifying K currents (I ¢
and Ig,) in response to depolarizing voltage pulses, with
only a slight inward current (Ig,) when hyperpolarized.
After 15min, the K currents did not show noticeable
changes in either amplitude or shape (Fig. la in right
panel). In the solution of 10mM H,0;, the amplitude of K
current decreased after perfusion for 15Smin (Fig. 1b).
Despite the decrease in outward currents, small inward
currents did not show any reduction. The activating
kineties in each voltage-dependent outward K current
preserved a fast rising rate (lower enlarged scale in Fig. 1b).

Morphological changes in inner hair cells were observed
after the application of 10 mM H;0, with the depression

of K currents (Fig. 2). H,0, induced shrinkage and
granularity of the cell body after approximately 10 min
and led to loss of viability. All four inner hair cells were
unable to survive in 10 mM H,O0, solutions for 20 min.

A comparison of the amplitude of outward K currents
recorded in control solutions and 10 mM H,0; solutions
is shown in Fig. 3. The amplitudes of outward K currents
at +110mV were measured after the application of
standard or H;O, solutions for 5, 10, and 15min and
amplitudes relative ta those at 0 min were shown from 15
inner hair cells in control and four inner hair cells in H,O,
solutions. Five minutes after application, mean = SDs
were 0.97 £0.16 and 0.76 £ 0.09 for control and H,0,
solutions, respectively, showing a significant difference
(P <0.05). After 10 min, mean % SDs were 0.91 £0.14
and 0.66 £ 0.10 for control and H;0; solutions, respec-
tively, showing a significant difference (P <0.05). After
15 min, mean % SDs were 0,90 £ 0.09 and 0.45 £ 0.12 for
control and H,0; solutions, respectively, also showing
a significant difference (P < 0.01).

Discussion

The effects of H,O; on the K channels in cochlear inner
hair cells were studied. H;0; inhibited channel activity
and decreased the current amplitudes within 15 min.
There was no change in the activating kinetics of the
channel (Fig. Ib). H;0; by iwelf is not sufficiently
reactive to oxidize organic molecules in an aqueous
environment. Nevertheless, H0; has the ability to gen-
eratc highly reactive hydroxyl-free radicals through its
interaction with redox-active transitional merals (Fe?* or
Cu™, ‘Fenton reaction’). Hydroxyl-free radicals oxidize
cell membrane lipids and alter cell membrane enzymes
and receprors, leading to changes in membrane perme-
ability and the ionic gradient [14]. Although H,0; is
a physiologically ubiquitous ROS, an excess production of
superoxide in human perilymph of the inner ear with
profound hearing loss was established by spectrophoto-
metric analyses [7].

In addition to the ‘Fenton reaction’ an increase in the
cytosolic Ca®* concentration [Ca®*]; has been sug-
gested to be involved in H,0; toxicity [9]. HyOz-induced
[Ca®* ]i elevation was reported to be in a concentration-
dependent manner [8]. Protection by the calcium
channel blocker, nifedipine, of the H,Os-induced outer
hair cell death |11}, suggests the participation of voltage-
gated Ca?* channels in H,0,-induced [Ca®*); eleva-
tion. An increase of cytosolic calcium has been shown to
be involved in the intracellular Ca®* stores [9], which
was independent of voltage-gated Ca’* channels [15].
The reduction of K channel activity in this study showed
a voltage-independent behavior (Fig. 1b), suggesting the
contribution of Ca®* stores. A rise of [Ca®* |; has been
associated with cvtotoxic effects, such as destruction of
the cytoskeleton, membrane injury, DNA fragmentation,
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Effects of hydrogen peroxide (H,0,) on potassium (K) currents in inner hair cells. (a) K currents in control solutions at 0 and 15 min. The upper panel
shows the voltage step protocal. (b) K currents in 10 mM H,0, solutions at 0 and 15 min after application. The lower insets show the initial activating

phase in expanded time scales.

and damage to cell organelles such as mitochondria |16].
Exposure of the cells to H20; results in an increased
formation of oxidized protein sulfhydryl groups. The
redox state of protein sulfhydryl groups also affects Ca®*
homeostasis [17]. Antioxidants, such as glutathione and
N-acetyleysteine, suppressed the continuous increase of
cytosolic Ca** and protected against H,0,-induced cell
damage [18].

Oxidative stress is related to swelling of the cell body,
bleb formation, and shortening of the neck region in
vestibular hair cells [12], formation of cytoplasmic blebs
at the infranuclear pole, and the diminution of outer hair
cells [10]. These marphological changes were concentra-
tion-dependent. Although a concentration of 10mM

H;0; is sufficient to produce the morphological changes
in the cells, inner hair cells in this study did not show any
bleb formations or shortening of the cells, but showed
shrinkage and granularity of the cell body. Bleb formarion
in the cell membrane is considered as the response to
altered membrane integrity in the absence of cytoskeleral
support elements [10,12]. The cortical lattice is one of
the cytoskeleral support elements and has a nerwork of
actin filaments with colocation of spectrin [19]. Gamma-
actin was particularly associated with the lateral wall of
the outer and inner hair cells, but became sparse in areas
in which the cortical lattice terminates below the region
of the nucleus [20]. The amount and distribution of the
cortical lattice are different between the outer and inner
hair cells [21], so the alteration of the membrane
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Fig. 2
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Morphological changes of inner hair cells after the application of 10 mM hydrogen peroxide (H3O5). The lower records show the potassium currents
before and 15 min after the HoO, application. H,O5 induced shrinkage and granularity of the cell body.
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Comparison of the amplitude change in outward potassium (K) currents
between control and 10 mM hydrogen peroxide solutions. Test pulse
voltage was + 110mV. *P<0.05, **P<0.01.

integrity by H;O; might also be different, causing differ-
ences in the pattern of morphological changes berween
the outer and inner hair cells.

In the inner hair cells, three types of potassium currents
(It Ixs, and Iy,) were distinguishable [13]. The
fast-activating current, I, was blocked by tetraethylam-
monium but was resistant to 4-aminopyridine. The
properties of Iy in the inner hair cells resemble the
Ca’* -activated K* [big potassium (K), BK] currents
because of their kinetics and pharmacology [22], and the
K* currents in the inner hair cells are potentiated by

increasing intracellular Ca®* [23]. Ca®* -activated K*
channels expressed in Xenapus oocytes were inhibited by
oxidation with H,0, [24,25]. They reported that H,O,
decreased both the open channel probability and the
number of active channels based on noise analysis of
macroscopic currents. H,O, did not affect channel
activity when added to the exrracellular side, providing
evidence for an intracellular site of H;O; action [24].
H,0; also accelerated the rate of channel ‘run-down’
[25]. In this study, the channel activity inhibited by H;0;
was time-dependent (Fig. 3), which might represent the
time course of H;O, uptake into the cell or represent the
process of K channel ‘run-down’.

Conclusion

In cochlear inner hair cells, H:0;, a ubiquitous ROS,
inhibited the activation of ourward K currents after
perfusion of approximately 15 min. H;O; induced acute
morphological changes in inner hair cells such as
shrinkage and granularity of the cell body, leading to loss
of viability. Inner ear disorders involving ROS could be
initially elicited by functional and morphological changes
in the inner hair cell.
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