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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.
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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 (i) 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., EIk 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 2, 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—2 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/mi) 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 MQ). 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).
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where Q. is the maximum nonlinear charge moved, V., 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%
0s0O, 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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