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They improved the probe for gerbils, in which the internal
diameter was reduced to 1.4-2.0 mm, and the speaker tube was
connected to the two inlets for sound stimulus delivery.

In the present study, commercially-available transducers were
adapted to provide a probe sound system for more efficacious
measurement of DPOAEs during the early developmental stages
of the mouse. Furthermore, the development of the DPOAE and
ABR were compared during the postnatal period.

Methods

Design of the probe for measurement of DPOAES, and
evaluation of the probe by using the external auditory canal
model
It was essential to adapt commercially available transducers to
construct a probe system more suitable to the purposes of this
study, as illustrated in Figure 1. The probe consisted of two
speakers (ES1, Tucker-Davis Technologies, Alachua, FL, USA),
a microphone (ER-10B+, Etymotic Research, Elk Grove
Village, IL, USA), coupler tube, and plastic tip. Conical shaped
couplers were attached to the speakers, and a coupler tube was
connected to the conical shaped couplers. The other end of the
coupler tube was inserted into the probe and then it was slightly
extended to the outside of the tip of the probe. The specifications
of the speaker given by the manufacturer are as follows: The
typical output of the speaker is 95 dB SPL at a distance of 10 cm
when a 5-kHz signal with voltage of +9.9 V is applied to the
speaker. Although there is a dull peak at 40 kHz, the frequency
response of the speaker is roughly flat from 4 kHz to 110 kHz
(the variance is +11 dB) when a constant input voltage is
applied to the speaker. Although the manufacturer has not
tested the frequency response of the microphone at frequencies
higher than 10 kHz, the sensitivities were previously checked by
comparing the output from the reference microphone (MI1531,
Ono Sokki, Tokyo, Japan), the available frequency of which was
up to 100 kHz. The tip of the DPOAE probe was thinned to fit
into the external auditory meatus of the neonatal mice.

When the probe was inserted into the mouse’s external
auditory meatus, there was a distance of about 1.5 mm between
the diaphragm of the microphone of the probe and the eardrum,
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Figure 1. Structure of a newly developed probe. The material is
plastic. The speaker tubes are used as a coupler. The end of the
speaker tube is slightly extended to the outside of the tip of the
probe. The microphone (model ER-10B, Etymotic Research
Inc., Elk Grove Village, IL, USA) can be temporarily removed
from the probe.
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so that the sound pressure level detected by the microphone was
different from that at the eardrum. Therefore, not only the
frequency characteristics of the speakers but also that of the
microphone were evaluated using an external auditory meatus
model that is a plastic cylinder with 2.4 mm outside diameter,
2.0 mm inside diameter, which was determined by referring to
the shape of the external auditory meatus of 12- to 14-day-old
mice (Sauders & Crumling, 2001; Sauders & Garfinkle, 1983).
Figure 2 shows the experimental set up for evaluating the
characteristics of the probe.

The probe was inserted into one side of the external auditory
meatus model and the reference microphone was inserted into the
other side, which corresponded to the eardrum. The voltage of the
function generator was fixed at 12 Vp-p and frequencies were
swept from 1 kHz to 50 kHz. The sound pressure emitted from the
speaker was simultaneously detected by the microphone of
the probe and the reference microphone. The signals from the
microphones were transformed into sound pressure levels using
the fast Fourier transform on a personal computer using an
original program. The sound pressure levels originating from the
microphone of the probe and the reference microphones were
compared. The examination was performed within an acousti-
cally and electrically insulated and grounded test room.

The sound pressure detected by the microphone of the probe
was almost the same as that detected by the reference microphone
(Figure 3), although some differences appeared at the frequencies
of 5, 6, 7, and 17 kHz. This result suggests that the probe can
measure the correct sound pressure level in the external auditory
meatus, i.e. in front of the tympanic membrane, and then can
apply any sound pressure to the tympanic membrane by
monitoring the output from the probe microphone.

Function generator (WF1944, NF Corporation)

Speaker (ES1, Tucker-Davis Technologies)
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Reference microphone (MI3140, Ono Sokki)

Figure 2. Experimental set up for evaluating the characteristics
of the probe using the external auditory canal model. The
microphone (ER-10B, Etymotic Research Inc., Elk Grove
Village, IL, USA) and speakers (EC1, Tucker-Davis Technolo-
gies, Alachua, FL, USA) are set into the newly developed probe,
and the probe and the reference microphone (MI3140, Ono
Sokki, Yokohama, Japan) are connected to both sides of the
external canal model with 2.4 mm outside diameter and 2.0 mm
inside diameter. The speakers are connected to a function
generator (WF1944, NF Corporation, Yokohama, Japan)
through the amplifiers, and the microphones are connected to
a fast Fourier transform (FFT) analyser (FFT is performed on a
personal computer using an original program) through the
different amplifiers.

Narui/Minckawa/lizuka/Furukawa/ 7T
Kusunoki/Koike/Ikeda

RIGHTS LNy



Int J Audiol Downloaded from informahealthcare.com by Tohoku University on 05/22/12

For personal use only.

30 =O- Probe microphone

10 —m— Reference microphone | |

0 I T
20 30 40 50

frequency (kHz)

Input sound pressure level (dB SPL)
3

o

=

Figure 3. The measurement of sound pressure in an external
ear canal model. Sound pressure levels are detected by the
microphone of the probe and the reference microphone corre-
sponding to the eardrum. Each dot represents the time ensemble
averages of 256 epochs. The voltage of the function generator
is fixed at 12 Vp-p and frequencies are swept from 1 kHz to
50 kHz. The differences greater than 10 dB between these
microphones appeared at constant frequency areas such as 5, 6,
7, and 17 kHz.

Animals

C57BL/6] mice were purchased from a commercial breeder
(CLEA Japan Inc., Tokyo, Japan). The range of ages was 9-28
days after birth. The mice were housed in temperature-con-
trolled rooms at the vivarium in polyurethane cages bedded with
wood chips. Free access to food and water was provided. The
cages were cleaned twice weekly. At the beginning of each data-
collection session, the mice were lightly anesthetized with an
initial intramuscular dose of ketamine hydrochloride (100 mg/
kg) and xylazine hydrochloride (4 mg/kg). Anesthesia was
maintained by administering additional, less concentrated doses
(ketamine, 50 mg/kg; xylazine, 2 mg/kg) when twitching of the
vibrissae became noticeable. At all recording sessions, the body
temperature was maintained near 37°C with a heating pad. The
care and study protocol were approved by the Animal Care
Committee at Juntendo University School of Medicine.

DPOAE recording systems and procedures

The newly developed probe was inserted into the left ear after
examination for signs of middle ear infections or unusual
buildup of cerumen in the ear canal. Animals that experienced
either death or signs of middle-ear problems in the course of
experiments were excluded from the study, so the final numbers
of ears that yielded functional data were: nine days after birth,
n=3; 10 days after birth, n=3; 11 days after birth, n=35; 12
days after birth, n=35; 13 days after birth, n =4; 14 days after
birth, n =3; 15 days after birth, n =5; 16 days after birth, n =4,
17 days after birth, 21 days after birth, n =4, and 28 days after
birth, n =4. When inserting the probe into the external auditory
meatus, a small incision was made if necessary.

DPOAE stimuli consisted of two primary frequencies, f1 and
f2, such that f1 <f2. DPOAE input/output functions at {2 =12,
30, and 45 kHz with f2/f1 =1.2 were constructed. At each
frequency pair, primary levels L1 (level of f1 tone) and L2 (level
of 2 tone) were incremented in 5 dB steps from 20 to 80 dB (f2
=12 kHz), 20 to 75 dB (f2 =30 kHz), and 20 to 70 dB (f2=
45 kHz) with L1 =L2 (Parham et al, 2001).
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ABR recording system and procedures

Five mice were anesthetized within an acoustically and electri-
cally insulated and grounded test room. The stainless-steel
needle electrodes were placed at the bregma (active), the retro-
auricular region (inactive), and abdomen (ground). The acoustic
stimuli were synthesized and produced using TDT System 3 and
delivered to the mice through a speaker (ES1 with the conical
shaped coupler, which is the same as that used for DPOAE
measurements, but without the coupler tubes). The calibration
of the sound intensity generated by the speaker was done by
measuring the sound pressure near the outlet of the speaker with
a precision integrating sound level meter (LAS5111, ONO
SOKKI). Pure-tone bursts (0.5 ms rise/fall time, 2 ms duration,
200 ms repetition period, 128 repetitions) were delivered in 5-dB
steps between 0 and 85 dB sound pressure level at 12, 24, and
36 kHz. The electrodes were connected to an extra cellular
amplifier AC PreAmplifier (model P-55, Astro-Med, West
Warwick, RI, USA), and ABR waveforms were analysed using
the PowerLab system software program (model PowerLab4/25,
AD Instruments, Castle Hill, Australia). The lowest stimulus
level that yielded a detectable wave I of ABR was defined as the
threshold. If the hearing threshold was over 85 dB, then it was
assigned a value of 90 dB.

Statistics
Data were expressed as the mean+SEM and analysed via a
non-repeated measures analysis of variance (ANOVA). Signifi-
cant effects were analysed further by post hoc multiple compar-
ison tests using the Bonferroni and Student-Newman-Keuls
procedure.

Results

Distortion product otoacoustic emissions in neonatal C57BLI/
6J mice

The developmental trends for the mean input/output (1/0)
functions of 2f1-f2 DPOAEs at 8, 20, and 30 kHz including
the mean noise floors across the test frequencies are presented in
Figure 4. No DPOAE responses could be elicited before 11 days
after birth. The DPOAEs at 65 dB of input sound pressure
could be significantly detected at 8 kHz from 11 days after birth,
20 kHz from 12 days after birth and the 30 kHz from 13 days
after birth (Table 1). As development progressed, the range of
the primary levels required to register DPOAESs decreased to low
values, and the maximum level of the response quickly increased.
The DPOAE at 65 dB of input sound pressure reached a plateau
at 21 days after birth at 8 and 20 kHz. However, at 30 kHz,
DPOAE amplitude 21 days after birth was slightly but sig-
nificantly different from that of 28 days after birth (P <0.05;
Table 1).

Auditory brainstem responses in neonatal C57BLI6J mice

As illustrated in Figure 5, wave 1 of the ABR elicited by a tone
burst was not detected until 10 days after birth. The wave I of
ABR was significantly detected 11 days after birth at 12 and
24 kHz, and 12 days after birth at 36 kHz. The ABR thresholds
were gradually reduced and saturated 14 days after birth at all
tested frequencies.
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Figure 4. The developmental trends for the mean input/output
(I/0) functions of 2f1-f2 DPOAEs at 8 (a), 20 (b), and 30 kHz
(c). Note the mean noise floors from individual mice of different
ages. The level of these responses is expressed as input sound
pressure levels. DPOAEs are obtained at 8 and 20 kHz from 11
days and older mice, whereas the 13-day-old mice first respond
to 30 kHz.

Discussion

Improvement of the probe

Some slight modifications were applied to the conventional probe
microphone systems as described by Mills and Rubel (1996) to
the study of mice, such as reducing the diameter of the probe and
use two inlets for sound stimulus delivery to the additional
improvement. The microphone was temporarily removed from
the hole of the probe for visualizing the external ear canal through
the hole. Furthermore, the probe was thinned to fit into the
external auditory meatus of the neonatal mice. However, when
the probe tip was thinned, a small cavity with a narrow outlet was
formed in the probe. In this case, if the stimulus sound was
emitted into the cavity in the probe, only the sound pressure in the
cavity increases, and the stimulus sound cannot be emitted to the
outside of the probe. To avoid such a resonance of the probe and
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to emit sounds to the eardrum efficiently, the end of the coupler
tube was slightly extended to outside of the tip of the probe. These
developments reduced insertion time and solved the problems
that occurred by reducing the diameter of the probe.

Referring to the frequency response of the speaker with a
coupler tube measured and presented by the manufacturer
(Tucker-Davis Technologies), no significant peaks were found in
the frequency response, and the frequency response that was
measured as shown in Figure 3 was similar to that presented by
the manufacturer, although the speakers were connected to the
probe with coupler tubes which were longer than the wavelength
of the applied sounds of high frequencies. The resonance may
have been avoided at high frequencies because of the damping of
the tube connected to the speaker. The frequency response in
Figure 3 was caused by the characteristics of the speaker itself,
and both the structure of the probe and the model of the external
auditory canal scarcely affected the frequency response. In
addition, because the length of the model of the external auditory
canal was only 1.5 mm, the standing wave may not have been
generated in the canal. In contrast, since the distance between the
tympanic membrane and the diaphragm of the microphone
installed in the ER-10B+ was approximately 15 mm, there was
a possibility that this distance caused standing waves. However,
Figure 3 shows that sound pressure level detected by the
microphone of the probe was almost consistent with that in front
of the tympanic membrane. This point is essential to apply the
proper sound pressure to the tympanic membrane and measure
the sound pressure level of the DPOAEs emitted from the
tympanic membrane.

Comparison of postnatal development of DPOAEs between the
mouse and other animals

The present report is the first demonstration showing the
postnatal development of DPOAE in mice although this has
been demonstrated in other rodents such as the rat and gerbil
(Lenoir & Puel, 1987; Henley et al, 1989; Norton et al, 1991; Mills
et al, 1993; Mills & Rubel, 1996). A significant DPOAE response
could be obtained at 8 kHz from 11 days after birth, 20 kHz from
12 days, and 30 kHz from 13 days. Adult-like patterns of DPOAE
were obtained 21 days after birth at 8 and 20 kHz, and 28 days
after birth at 30 kHz. Investigation of the cochlear function at the
onset of auditory responses has been performed by measuring
DPOAE in the rat and gerbil (Lenoir & Puel, 1987; Henley et al,
1989; Norton et al, 1991; Mills et al, 1993; Mills & Rubel, 1996).
In both rodent species, all reports indicated that DPOAEs were
detected first 12-14 days after birth, which is later than that of the
mice investigated in the present study. In mammals, DPOAE
develops in a frequency-specific fashion. In low frequency ranges,
Lenoir and Puel (1987) reported that maturation of the DPOAEs
was found first at a high frequency in rat pups (measurement of
DPOAE:s to 2f1-f2 =3, 5, and 7 kHz). Henley (1990) reported
similar data suggesting that responses were first detected from a
high frequency in rat pups (measurement of DPOAEs to 2f1-f2
=2.8-8.0 kHz). Norton et al (1991) detected responses first from
a high frequency (measurement of DPOAEs 2f1-f2=1.3
—13.0 kHz) in gerbils. Mills and Rubel (1996) reported that
maturation begins first at a lower frequency in the high frequency
range (measurement of DPOAESs to 2f1-f2 =0.5-48 kHz), which
was consistent with the current findings that maturation of
DPOAE began first at a lower frequency in the high frequency
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Table 1. Comparison of DPOAE amplitudes (mean +S.E.) among postnatal days at 8, 20,and 30 kHz (input sound pressure =65 dB).

Noise level Amplitude (dB SPL) noise level P9 PI0 Pl1 PI2 PI3 P14 P21 P28

8 kHz 0 ns. ns. P<005 P<00l P<00l P<00l P<0.01 P<0.01
P9 0.98 +0.03 ns. P<0.01 P<0.0l P<00l P<00l P<00l P<0.01
P10 1.240.18 P<0.01 P<0.01l P<0.01l P<0.0l P<00l P<0.01
P11 8.48 +2.53 P<0.01 P<0.0l P<0.01l P<0.01 P<0.0l
P12 23.57+4.41 n.s. n.s. P <0.01 P<0.01
P13 25.06+3.06 n.s. P <0.01 P <0.01
P14 27.67+1.45 P <0.01 P<0.01
P21 40.56 +0.65 n.s.
P28 41.734+0.65

20 kHz —10
P9 —8.29+0.84
P10 —10.28+0.67
P11 —1.9440.12
P12 9.034+2.18
P13 15.664+2.20
P14 13.674+3.53
P21 33.2143.17
P28 3490+2.23

30 kHz —10 n.s. n.s. n.s. n.s. P <0.01 P<0.01 P<0.01 P<0.01
P9 —10.16+1.03 n.s. n.s. ns. P<0.01 P<00l P<0.0l P<0.01
P10 —8.41+0.60 n.s. ns. P<0.01 P<0.01 P<0.01 P<0.01
P11 —7.77+1.78 ns. P<00l P<0.01 P<0.01 P<0.0l
P12 —6.174+2.66 P <0.01 P<0.01 P<0.01 P<0.01
P13 9.29+4.28 n.s. P <0.01 P <0.01
P14 9.2940.99 P <0.01 P <0.01
P21 23.66+1.52 P <0.05
P28 28.644+0.83

n.s. =not significant.

range (at 8 and 20 kHz). The available data in mammals indicate
that the representation of low frequencies at the cochlear apex is
developmentally stable, whereas the tonotopy shifts at more basal
(mid- and high-frequency) locations. This model of the develop-
ment of peripheral tonotopy is likely to be explained by
developmental changes in the passive mechanical properties of
the basilar membrane and the active cochlear process (Norton
et al, 1991; Mills & Rubel, 1996), but this bears further
examination.

Differences between DPOAE and ABR during development

In the present study, the mice showed a discrepancy in
maturation between the DPOAE amplitude and ABR threshold.
No studies have investigated the relationship between DPOAE
and ABR in the postnatal period of the mammalian cochlea.
The DPOAE amplitude in the mouse showed a saturating
increase from 11 to 20 days, which reached a plateau at 21 to
28 days after birth. Abe et al (2007) reported that nonlinear
capacitance (observed using the isolated outer hair cell of mice)
increases until 18 days after birth, which is somewhat consistent
with the DPOAE maturation observed in the present study. The
DPOAE development corresponds to that of the outer hair cell
electromotility (Long & Tubis, 1988; Brown et al, 1989). There-
fore, the postnatal changes of DPOAE can be used to assess
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outer hair cell functioning, contributing to frequency selectivity
(tuning). On the other hand, ABR thresholds in the present
study, showing detection at 11-12 days and maturation up to 14
days after birth, is comparable to trends previously reported by

Days after birth (day)
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O 20
% 30 /
g 40
2
5 50
e 60 / / Input sound
'g 7 z frequency
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o~ -l 24 kHz
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Figure 5. Developmental changes of ABR thresholds at 12, 24,
and 36 kHz from 10 to 28 days after birth. The level of
thresholds is expressed as the days after birth. The ABRs are
detected first 11 days after birth at 12 and 24 kHz, and 12 days
after birth at 36 kHz. The ABR thresholds are gradually reduced
and saturated 14 days after birth.
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Shnerson and Pujol (1981), which apparently differs from the
developmental change observed for DPOAE responses. The
wave I of the ABR reflects an indicator of the functional
development of the inner hair cells as well as the ganglion cells
and auditory nerves. On the other hand, the DPOAE explains
the developmental change of the OHC. Therefore, both the
DPOAE and ABR can be utilized as measures of development
but naturally reflect different elements of the mouse auditory
periphery.

Future application of the DPOAE measurement in the
developing mice

Mice have often been used as an animal model of various
hearing disorders, such as age-related hearing loss, ototoxic
hearing loss, and noise-induced hearing loss (Perham, 1997
Mills, 2003). Furthermore, in recent years the mouse has served
as a valuable model for human hereditary inner ear disease
because its genome is being rapidly sequenced and the time
course of its development is relatively short. The evaluation of
cochlear amplification in the neonatal stage contributes to a
better understanding of the underlying mechanism in hereditary
deafness.

In conclusion, the present study has demonstrated a new
efficacious method of measuring DPOAEs during the develop-
ment of wild-type mice, which should facilitate future studies of
deafness using this animal model.
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CAPACITANCE IN SPITE OF IMPAIRED DISTORTION PRODUCT
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Abstract—Mutations in the connexin26 gene (GJB2) are the
most common genetic cause of congenital bilateral non-syn-
dromic sensorineural hearing loss. Transgenic mice were es-
tablished carrying human Cx26 with the R75W mutation that
was identified in a deaf family with autosomal dominant nega-
tive inheritance [Kudo T et al. (2003) Hum Mol Genet 12:995—
1004]. A dominant-negative Gjb2 R75W transgenic mouse
model shows incomplete development of the cochlear support-
ing cells, resulting in profound deafness from birth [Inoshita A
et al. (2008) Neuroscience 156:1039-1047]. The Cx26 defect in
the Gjb2 R75W transgenic mouse is restricted to the supporting
cells; it is unclear why the auditory response is severely dis-
turbed in spite of the presence of outer hair cells (OHCs). The
present study was designed to evaluate developmental
changes in the in vivo and in vitro function of the OHC, and the
fine structure of the OHC and adjacent supporting cells in the
R75W transgenic mouse. No detectable distortion product oto-
acoustic emissions were observed at any frequencies in R75W
transgenic mice throughout development. A characteristic phe-
notype observed in these mice was the absence of the tunnel of
Corti, Nuel’s space, and spaces surrounding the OHC; the OHC
were compressed and squeezed by the surrounding supporting
cells. On the other hand, the OHC developed normally. Struc-
tural features of the lateral wall, such as the membrane-bound
subsurface cisterna beneath the plasma membrane, were in-
tact. Prestin, the voltage-dependent motor protein, was ob-
served by immunohistochemistry in the OHC basolateral mem-
branes of both transgenic and non-transgenic mice. No signif-
icant differences in electromotility of isolated OHCs during
development was observed between transgenic and control
mice. The present study indicates that normal development of
the supporting cells is indispensable for proper cellular func-
tion of the OHC. © 2009 IBRO. Published by Elsevier Ltd. All
rights reserved.

Key words: hereditary deafness, connexin26, Gjb2, outer hair
cell, prestin, electromotility.

*Corresponding author. Tel: +81-3-5802-1229; fax: +81-3-5840-7103.
E-mail address: ike@juntendo.ac.jp (K. lkeda).

Abbreviations: C,,, membrane capacitance; C,, nonlinear capacitance;
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tortion product otoacoustic emission; GJB2, connexin26 gene; OHC,
outer hair cell; P, postnatal day; PB, phosphate buffer; PBS, phos-
phate-buffered saline; PFA, paraformaldehyde.

The organ of Corti in mammals is a complex three-dimen-
sional structure containing both sensory and supporting cells
sitting on the basilar membrane. The supporting cells, includ-
ing the pillar cells and Deiter’s cells, form a rigid scaffold
adjacent to and surrounding the outer hair cell (OHC) and
confer essential mechanical properties for efficient transmis-
sion of stimulus-induced motion of the hair cells between the
reticular lamina and the basilar membrane. Although devel-
opment of pillar cells and the formation of a normal tunnel of
Corti are required for normal hearing (Colvin et al., 1996), the
physiological function of the supporting cells in postnatal
development remains unclear.

Gap junction proteins in the cochlear supporting cells are
believed to allow rapid removal of K* away from the base of
hair cells, resulting in recycling back to the endolymph (Kiku-
chi et al., 1995). In addition to these effects on K*, gap
junction proteins act to mediate Ca?' and anions such as
inositol 1,4,5-trisphosphate, ATP, and cAMP as cell-signal-
ing, nutrient, and energy molecules (Beltramello et al., 2005;
Zhao et al., 2005; Piazza et al., 2007; Gossman and Zhao,
2008). In the developing postnatal cochlea, Tritsch et al.
(2007) further found that within a transient structure known as
Kolliker's organ, ATP can bind to P2X receptors on the inner
hair cells, thus causing depolarization and Ca®" influx, while
also mimicking the effect of sound.

In the organ of Corti, most gap junctions are assembled
from connexin (Cx) protein subunits, predominantly connexin
26 (Cx26, Gjb2 gene) and co-localized Cx30 (Forge et al.,
2003; Zhao and Yu, 2006). Mouse models have confirmed
that Cx26 encoded by Gjb2 is essential for cochlear function
(Cohen-Salmon et al., 2002; Kudo et al., 2003). A dominant-
negative Gjb2 R75W transgenic mouse model shows incom-
plete development of the cochlear supporting cells, resulting
in profound deafness from birth (Inoshita et al., 2008). Char-
acteristic ultrastructural changes observed in the developing
supporting cells of the Gjb2 R75W transgenic mouse model
include (i) the absence of the tunnel of Corti, Nuel’s space, or
spaces surrounding the OHCs; and (ii) reduced numbers of
microtubules in the pillar cells. On the other hand, the devel-
opment of the OHCs, at least from postnatal day 5 (P5) to
P12 was not affected. The Cx26 defect in the Gjb2 transgenic
mouse is restricted to the supporting cells; it is thus difficult to
explain why the auditory response is extensively disturbed
despite the presence of the OHCs.

The present study was designed to evaluate develop-
mental changes in the in vivo and in vitro function of the OHC
together with the ultrastructure of the OHC and its adjacent
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supporting cells in the R75W transgenic mouse, to provide a
better understanding of the functional properties of the sup-
porting cells, and to gain new insights into the molecular and
physiological mechanisms of Gjb2-based deafness.

EXPERIMENTAL PROCEDURES
Animals and anesthesia

All mice used for this study were obtained from a breeding colony of
R75W transgenic mice (Kudo et al., 2003) and maintained at the
Institute for Animal Reproduction (Ibaraki, Japan). R75W transgenic
mice were maintained on a mixed C57BL/6 background and inter-
crossed to generate R75W transgenic animals. The animals were
genotyped using DNA obtained from tail clips and amplified with the
Tissue PCR Kit (Sigma, Saint Louis, MO, USA). The animals were
deeply anesthetized with an intraperitoneal injection of ketamine (100
mg/kg, Ohara Pharamaceutical Co., Ltd., Tokyo, Japan) and xyla-
zine (10 mg/kg) in all experiments. All experiment protocols were
approved by the Institutional Animal Care and Use Committee at
Juntendo University School of Medicine, and were conducted in
accordance with the US National Institutes of Health Guidelines for
the Care and Use of Laboratory Animals.

Distortion product otoacoustic emission

All electrophysiology was performed within an acoustically and
electrically insulated and grounded test room. Distortion product
otoacoustic emission (DPOAE) responses at 2f1—f2 were mea-
sured through the meatus using a measuring system (model
ER-10B, Etymotic Research Inc., Elk Grove Village, IL, USA) with
a probe developed for immature mice according to a previous
paper (Narui et al., 2009). DPOAE stimuli were administered at
two primary frequencies, f1 and f2, such that f1<f2. DPOAE
input/output functions at f2=12, 30, and 45 kHz with f2/f1=1.2
were constructed. At each frequency pair, primary levels L1 (level
of f1 tone) and L2 (level of f2 tone) were increased incrementally
by 5 dB steps from 30 to 80 dB (f2=12 kHz and 30 kHz), and 30
to 70 dB (f2=45 kHz) with L1=L2. The DPOAE threshold level
was defined as the dB level at which the 2f1—f2 distortion product
was more than 10 dB above the noise level.

Non-linear capacitance

OHCs were obtained from acutely dissected organs of Corti from
both transgenic and non-transgenic mice according to a previous
report (Abe et al., 2007). Briefly, cochleae were dissected, and the
organs of Corti were separated from the modiolus and stria vas-
cularis. The organs were then digested with trypsin (1 mg/ml) in
external solution (100 mM NaCl, 20 mM tetraethylammonium, 20
mM CsCl, 2 mM CoCl,, 1.52 mM MgCl,, 10 mM 4-(2-hydroxy-
ethyl)-1-piperazineethanesulfonic acid and 5 mM dextrose (pH
7.2), 300 mosmol/L, in order to block ionic conductance) for 10—12
min at room temperature and transferred into 35 mm plastic
dishes (Falcon, Lincoln Park, NJ, USA) with 2 ml external solution.
OHCs were isolated by gentle trituration. The dish was mounted
on an inverted microscope (IX71; Olympus, Tokyo, Japan).

The patch pipette solution contained 140 mM CsCl, 2 mM
MgCl,, 10 mM ethyleneglycoltetraacetic acid, 10 mM 4-(2-hydroxy-
ethyl)-1-piperazineethanesulfonic acid (pH 7.2), 300 mosmol/L (ad-
justed with dextrose).

The cells were whole-cell voltage-clamped with an Axon (Bur-
lingame, CA, USA) 200 B amplifier using patch pipettes having
initial resistances of 3-5 M(). Series resistances, which ranged
5-20 MQ, remained uncompensated for membrane capacitance
(C.,) measurements, though corrections for series resistance volt-
age errors were made offline.

Data acquisition and analysis were performed using the Win-
dows-based patch-clamp program jClamp (SciSoft, New Haven,
CT, USA).

The C,,, functions were obtained 1 min after establishment of the
whole-cell configuration. C,,, was assessed using a continuous high-
resolution (2.56 ms sampling) two-sine voltage stimulus protocol (10
mV peak at both 390.6 and 781.2 Hz) superimposed onto a voltage
ramp (200 ms duration) from —150 to +150 mV (Santos-Sacchi et
al., 1998; Santos-Sacchi, 2004). The capacitance data were fit to the
first derivative of a two-state Boltzmann function (Santos-Sacchi,
1991).

ze

b
Cm: Qmaxﬁ- m + len

- Ze( Vm_ vpkcm) )

b=exp "

where Q,, is the maximum nonlinear charge moved, Vi, is volt-
age at peak capacitance or half-maximum charge transfer, V,,, is
membrane potential, z is valence, C;, is linear membrane capaci-
tance, e is electron charge, k is Boltzmann’s constant, and T is
absolute temperature. For analyses, we quantified C,, peak, an
estimate of maximum voltage-dependent, nonlinear capacitance, as
the absolute peak capacitance minus linear capacitance.

Histology

The mice were perfused with 4.0% paraformaldehyde (PFA) and
2.0% glutalaldehyde (pH 7.4) in 0.1 M phosphate buffer (PB). The
inner ears were dissected and immersed in fixative overnight at
room temperature. Decalcification was completed by immersion in
0.12 M ethylenediaminetetraacetic acid with gentle stirring at room
temperature for a day. The cochleas were flushed again with
buffer prior to perfusion with a warm solution of 10% gelatin. They
were chilled on ice, thus allowing the gelatin to solidify, and then
cut in half under a dissecting microscope. The half cochleas were
rinsed (four times for 1 min each) with warm PB (40 °C) to remove
residual gelatin. The specimens were post-fixed 1.5 h in 2.0%
0sO, in 0.1 M PB, then dehydrated through graded ethanols and
embedded in Epon. Semithin sections (1 um) were stained with
Toluidine Blue for light microscopy. Ultrathin sections were
stained with uranyl acetate and lead citrate and examined by
electron microscopy (HITACHI H7100, Japan).

Immunohistochemistry

The cochleae were removed after cardiac perfusion with 4% PFA
(pH 7.4), placed in the same fixative at room temperature for 1 h,
decalcified with 0.12 M ethylenediaminetetraacetic acid (pH 7.0)
at 4 °C overnight. The specimens were dehydrated through
graded concentrations of alcohol, embedded in paraffin blocks
and sectioned into 5 um thick slices. The sections were washed in
several changes of 0.01 M phosphate-buffered saline (PBS; pH
7.2), blocked with 2% bovine serum albumin in 0.01 M PBS for 30
min, and then were incubated for 1 h at room temperature with
goat polyclonal antibodies to Prestin (1:100; Santa Cruz Biotech-
nology, Santa Cruz, CA, USA) (Kitsunai et al., 2007) diluted in
0.01 M PBS+1% bovine serum albumin. The following day, the
tissues were rinsed with 0.01 M PBS, incubated for 1 h at room
temperature with a Alexa-Fluor-594 conjugated donkey anti-goat
(1:1000; Molecular Probes, Eugene, OR, USA), rinsed with 0.01 M
PBS, and then mounted in Vectashield containing DAPI (Vector
Laboratories, Burlingame, CA, USA). Labeling was viewed using
a confocal laser scanning microscope (LSM510 META, Carl
Zeiss, Esslingen, Germany), and each image was analyzed and
saved using the ZeissLSM image Browzer (Carl Zeiss).
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Statistical analysis

Data were expressed as mean+SEM. Input/output function data of
the amplitudes were analyzed via a non-repeated measures analysis
of variance (ANOVA). The significance of DPOAE amplitudes was
analyzed further by post hoc multiple comparison tests using the
Bonferroni procedure. The statistical difference of DPOAE threshold
was determined by a two-sided Mann—Whitney's U-test. P<<0.05 was
accepted as the level of significance.
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RESULTS
Distortion product otoacoustic emission

DPOAE responses were examined during postnatal devel-
opment. Non-transgenic mice started to show a measur-
able response of DPOAE from P12-14 followed by gradual
increase of amplitude (Fig. 1A, B, C). Significant differ-
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Fig. 1. Input/output function of the amplitudes of non-transgenic (A, B, C) and R75W transgenic (D, E, F) mice at 8 kHz, 20 kHz and 30 kHz frequencies
(2f1-f2) from P11 to P27. DPOAE data were plotted as mean+=SEM. The dotted line is the noise level. Non-Tg: non-transgenic mice, R76W+: R75W

transgenic mice.
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ences of the DPOAE amplitudes of the non-transgenic
mice in comparison to noise levels appeared at P12—14 for
the different stimuli tested. In contrast, there were no sta-
tistically significant differences between noise level and
DPOAE amplitudes at 8 kHz, 20 kHz, and 30 kHz through-
out postnatal development in the R75W transgenic mice.
Furthermore, no DPOAE was detected at any frequencies
in R75W transgenic mice throughout postnatal develop-
ment (Fig. 1D, E, F).

The mean DPOAE thresholds of non-transgenic mice
were abruptly reduced around P13-P14 to reach the adult
level by P16. In contrast, the mean DOPAE thresholds of
R75W transgenic mice stayed at high level throughout
postnatal development (Fig. 2).
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Fig. 2. DPOAE thresholds at 8 kHz (A), 20 kHz (B), and 30 kHz (C)
frequencies of non-transgenic mice (open circle) and R75W transgenic
mice (filled circle) from P11 to P27. The DPOAE threshold level was
defined as the dB level at which the 2f1—f2 distortion product was more
than 10 dB above the noise level. In the case of no DPOAE, the
threshold level was defined as 90 dB. *: Significant difference between
non-transgenic and transgenic mice (P<0.05). Non-Tg: non-trans-
genic mice, R75W+: R75W transgenic mice.

Histology and immunohistochemistry

The cytoarchitecture of the organ of Corti of the R75W
transgenic mouse was remarkably different from that of the
non-transgenic mouse (Fig. 3A, B). Transverse sections of
the organ of Corti in R75W transgenic mouse revealed
compression and squeezing of the OHC by the surround-
ing supporting cells, and Nuel's space around each OHC
was occupied by Deiter’s cells (Fig. 3B). Structural changes
in the OHCs and adjacent cells are likely to restrict the elec-
trically-induced motility of the OHC. The mesothelial cells
associated with the basilar membrane in the transgenic
mouse were cuboidal and more densely packed in contrast
to a flattened layer in the control mouse. However, the
ultrastructure of the OHCs in the non-transgenic mouse
was comparable to that of the R75W transgenic mouse
(Fig. 3C, D). The OHC of both mice showed consistent
characteristic features; (i) a relatively high proportion of
cytoplasm having a basally located nucleus, (i) a smooth
plasma membrane lined by a thick layer of subsurface
cisternae, (i) numerous mitochondria along the lateral
membrane, and (iv) no vacuole formation in the cytoplasm
and no condensation of chromatin in the nucleus.

Immunofluorescence microscopy of cross-cochlear sec-
tions was used to examine the distribution of prestin in the
apical turns of the cochlea of non-transgenic and R75W
transgenic mice at P12. Prestin labeling was clearly visible
on the whole OHC basolateral wall in both the control (Fig.
4A) and R75W+ mice (Fig. 4B) at P12. On the other hand,
the nucleus and the cuticular plate of both mice were
devoid of immunostaining.

These ultrastructural and immunohistochemical results
support the notion that the OHC are equipped with the
morphological and molecular bases to produce electromo-
tility.

Electromotility of OHCs

The signature electrical response of an adult OHC is a
bell-shaped, voltage-dependent capacitance, which repre-
sents the conformational fluctuations of the motor mole-
cule. In wild-type of C57BL/6J mice, Cv increased rapidly
during development, saturating at P18 (Abe et al., 2007).
OHCs from both R75W transgenic and non-transgenic
mice showed somatic shape change in response to the
voltage change (data not shown) and showed a typical
bell-shaped voltage dependence (Fig. 5A). Cv increased
progressively from P9 and saturated at P24. The time
course of Cv in R75W transgenic and non-transgenic mice
showed no significant difference (Fig. 5B). These results
indicate that the development of OHC motility is not af-
fected in R75W transgenic mice.

DISCUSSION

The present study demonstrated that a dominant-negative
R75W mutation of Gjb2 failed to generate a detectable
DPOAE from birth in spite of the presence of OHCs and
apparently normal electromotility. The DPOAE depends on
two factors, an intact OHC system (Long and Tubis, 1988;
Brown et al., 1989) and a positive endocochlear potential
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Fig. 3. Histology and transmission electron micrographs of non-transgenic (A, C) and R75W transgenic (B, D) mice. At P12, tunnel of Corti is detected
in non-transgenic mice (A), but not (asterisk) in R75W transgenic mice (B). Nuel's space is formed in non-transgenic mice (A, C), but not in R75W
transgenic mice (B, D). OHCs are detected in both non-transgenic (A) and R75W transgenic mice, but are squeezed by the surrounding Deiter’s in
R75W transgenic mice (B). The OHCs showed normal development, with preserved fine structure of the lateral wall, membrane-bound subsurface
cisterna beneath the plasma membrane, and enriched mitochondria in both the non-transgenic (C) and R75W transgenic mice (D). Scale bars are 10
um (A, B) and 2 um (C, D). Abbreviations used: TC, tunnel of Corti; IP, inner pillar cell; OP, outer pillar cell; BM, basilar membrane; M, mesothelial

cell.

(Brownell, 1990). The R75W transgenic mice have a nor-
mal endocochlear potential (Kudo et al., 2003). Further-
more, the OHC develops normally with apparently intact
fine structure of the lateral wall, including normal mem-
brane-bound subsurface cisterna beneath the plasma
membrane. The characteristic phenotype observed in the
R75W transgenic mice was the absence of the tunnel of
Corti, Nuel's space, and spaces surrounding the OHC,
related to abnormal development of the supporting cells.

The mammalian cochlea uses a unique mechanism for
amplification of sound signals. Cochlear amplification is
thought to originate from (1) somatic motility based on the
cochlear motor prestin and (2) hair cell bundle motor re-
lated to mechanoelectrical channel (Robles and Ruggero,
2002). Distortion and cochlear amplification are believed to
stem from a common mechanism. A recent study (Verpy et
al., 2008) postulated that the main source of cochlear
waveform distortions is a deflection-dependent hair bundle
stiffness derived from stereocilin associated with the hori-
zontal top connectors. However, the relationship between
stereocilin and prestin is still unclear.

Somatic electromotility of the OHC is a voltage-depen-
dent rapid alteration of OHC length and stiffness. The
electromotility of the OHC is thought to amplify the motion
of the basilar membrane at low sound pressure levels and
compress it at high levels (Patuzzi et al., 1989; Ruggero
and Rich, 1991; Kossl and Russell, 1992). Prestin, which
resides in the basolateral membrane of the cochlear OHC
(Yu et al., 2006), acts as a voltage-dependent motor pro-
tein responsible for OHC electromotility (Belyantseva et
al., 2000; Zheng et al., 2000; Liberman et al., 2002). The
present study demonstrated that the voltage-dependent,
nonlinear capacitance representing the conformational
fluctuations of the motor molecule progressively increased
from P10 to P18 in Gjb2 R75W transgenic mice. The
developmental changes in the OHC electromotility ob-
served in the Gjb2 R75W transgenic mice resemble those
of both the C57BL/6J mouse in a previous study (Abe et
al., 2007) and the littermate non-transgenic mice in the
present study.

At least three factors that could explain the discrep-
ancy between the DPOAE and the OHC electromotility
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Fig. 4. A cross-sectional immunofluorescent analysis of prestin dis-
tributed in the apical turns of the cochlea of non-transgenic (A) and
R75W transgenic mice (B) at P12. Prestin labeling (red) is clearly
visible on the whole OHC basolateral wall in both the non-transgenic
(A) and R75W transgenic mice (B) at P12. The extracellular space
around the OHC in R75W transgenic mice is narrower than that in
non-transgenic mice. On the other hand, the nucleus stained with
DAPI (blue) and the cuticular plate of both mice are devoid of immu-
nostaining. Abbreviations used: OHC, outer hair cell: IHC, inner hair
cell. Scale bars are 10 um (A, B).

arising from the failure of development of the supporting
cells can be proposed. First, mature OHCs are supported
by underlying Deiter's cells, flanked on the lateral edge by
a several rows of Hensen's cells, and anchored by the
reticular lamina at their apical surface. The three-dimen-
sional structure of the OHCs enable the longitudinal
changes driven by transmembrane potential changes. In

the transgenic mouse, the OHCs were compressed by the
surrounding Deiter’s cells, thus restricting motility. Second,
vibration of the basilar membrane may be related to its
thickness, which would contribute to the sensitivity and the
production of the otoacoustic emissions (Koss| and Vater,
1985) and further to the tonotopic changes of the devel-
oping gerbil cochlea (Schweitzer et al., 1996). The thick-
ened basilar membrane observed in the transgenic mice
might suppress the DPOAE by reducing the basilar mem-
brane vibration. Structural changes in the basilar mem-
brane may also reduce the sound-induced vibration of the
cochlear partition, thus inhibiting deflection of stereocilia
on inner hair cells. This could explain why Gjb2 R75W
transgenic mice show remarkable elevation of the auditory
brainstem response threshold (Inoshita et al., 2008). Third,
morphometric analysis of the organ of Corti suggest pos-
sible changes in ionic composition of the cortilymph sur-
rounding the basolateral surface of the OHCs (Inoshita et
al., 2008). Increased K* ions in the cortilymph would de-
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Fig. 5. Electrical responses of isolated OHC. C,, is expressed as a
function of V, at P14 in the R75W transgenic mouse (A). Fitted
parameters are Q,,,,=0.704 pC, z=0.89. C,, peak is expressed as a
function of postnatal day (B). The number of cells in non-transgenic
(closed circle) and R75W transgenic mice (open circle) was (from P9
to P24) 1-2, 0-3, 2-3, 5-2, 3-3, and 1-1, respectively. Standard error
is plotted. Non-Tg: non-transgenic mice, R75W-: R75W transgenic
mice.
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polarize the OHCs, and decreased driving force across the
mechanosensitive channels could affect OHC electromo-
tility. The progressive degeneration of OHCs observed
in the adult R75W transgenic mice (Kudo et al., 2003)
may be brought about by disturbed homeostasis of the
cortilymph.

The secondary hair cell loss in adult R75W transgenic
mice (Kudo et al., 2003; Inoshita et al., 2008) implies that
the restoration of hearing requires the regeneration of hair
cells in addition to introduction of the Gjb2 gene. The
present study clearly showed both morphological and func-
tional maturation of OHC until late in development, sug-
gesting that a dominant-negative R75W mutation of Gjb2
does not affect the genes that determine or control the
differentiation of the OHC. Therefore, gene transfer of Gjb2
into the supporting cells before hair cell degeneration could
be used to treat deafness. Transgene expression has been
accomplished in the supporting cells of the neonatal
mouse cochlea using adeno-associated viral vectors with-
out causing additional damage to the cochlea (lizuka et al.,
2008). Therefore, the present study provides a new strat-
egy to restore hearing in Gjb2-based mutation.

CONCLUSION

OHC from the dominant-negative R75W mutation of Gjb2
showed normal development and maturation, and isolated
OHC clearly showed voltage-dependent, nonlinear capac-
itance with characteristic subcellular features. However,
the DPOAE, which serves as an index for in vivo cochlear
amplification, was remarkably suppressed in the mutant
mice. This may result from disturbed development of the
supporting cells surrounding the OHCs. The present
study confirmed that the normal development of the
supporting cells is indispensable for the cellular function
of the OHC.
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