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COCHLEAR OUTER HAIR CELLS IN A DOMINANT-NEGATIVE
CONNEXIN26 MUTANT MOUSE PRESERVE NON-LINEAR
CAPACITANCE IN SPITE OF IMPAIRED DISTORTION PRODUCT

OTOACOUSTIC EMISSION

A MNEKAWA,Z T.. ABE,” A. INOSHITA,* T. IZUKA,*
S KAKERATA,P Y. NARUL® T.. KOIKE,® K. KAMIYA,*
HH-Q). OKAMURA,© K. SHINKAWA® AND K. IKEDA™

“Departmentt off Qtortinelaryngelogy, Jumtemdo University School of
Medicine;, Takyay. Japam

“Department: off Qtortinolaryngolagy, Hirosaki University Sctiool of
Medicines, Hirasaki], Japam

°Department! of Meshanical Engimeerning and Intelligent: Systems, The:
Uhiversitly off Elestro-Communications, Tokyo, Japam

Abstract—Mutations im the connexin26 gene (GJB2) are the
muostt commoem genetic: cause of congenital hilaterall mon-syn-
dhemic: sensorimeunall hearing) loss.. Transgenic mice were es-
tabiistied! camying) humam Cx26 witl tie R75W mutation that
wass identified im a dieaff family with autosomall dominant nega-
tive: inhtenitance: [Kudo T et all. (2003)) Hurm Mol Genet 12:995—
1004]}. A dominant-negative Gjb2 R75W transgenic mouse
muodel showssincomplete: development of the cochlear support-
ingy cells;, resulting; im prefound deafiness firom birtin [inoshita A
ett all. (2008)) Neurascience: 156:1039—1047]. The Cx26 defect in
the: GJH2ZR75W transgenic mouse 1s restricted to the supporting
cells;; itt iss unclean why the: auditory response is severely dis-
tunhied! im spite: off the: presence of outer hair cells (QHCs). The
presentt studyy was designed to evaluate developmental
changessimthe: im vive andi im vitro functiom of the OHC, and the
fine: structurne: off thee QHIC andi adjacent supporting cells im the
R75W/ transgenic: mouse:. No detectable distortiom product oto-
acoustic emissions were: cliserved att any firequencies im R75W
transgenicmice thnoughout development. A characteristic phe-
notypecliservediimtiiese mice was tie alisence off tie tunnel of
Cartij, Nuells space;, and! spaces surmounding) tire OHC;, the OHC
werne:campressediand squeezedi by the surrounding supporting
cells. @m the ottier Handj, the OHC developed nomally. Struc-
tunall featuress off the: |atenall wall,, sucin as the memibrane-bound
subsurface: cisterna beneath the plasma memibrane, were in-
tactt. Prestii, the voltage-dependent motor proteim, was ob-
semvedi By immunohistochemistry im the OHC basolateral mem-
iraness off bethh transgenic and non-transgenic mice. No signif~
icantt differences im electromotility of isclated OHCs during
dievelopmentt was: abiserved betweem tramsgenic and control
mice:. The: presentt studiy indicates that nommall development of
the: supporting) cells is indispensable for proper cellular func-
tiom off thre: QHC.. © 2009 |IBRO.. Publisived by Elsevier Ltd. All
rightss reservedi.

cell], prestim, electramuotility,.

*Caorresponding) authior. Teli: +&1-3-6802-1229;, fax:: +&1-3-6840-7103.
E-maill adtress:: iike@juritendioacijp (K. lkeda).

Atbreviationss.C; ,, membrane: capacitance; C,, manlinear capacitance;
Cx26; connexin26;; DAR| 4!, 6-diamidino-2-phenylindole; DPOAE, dis-
tartiom praduct! otoacoustic emission; GJB2, commexin26 gene; OHC,
outen hair celli; P, posthatall day;; PB, phosphate: buffer; PBS, phos-
phate=buffered! saline;; PFA,, paraformaldetyde:

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-frisphosphate, 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
Koalliker'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 €t 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 posinatal 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

0306:4522/09 $;--see: ffont matter © 2009 IBRQ.. Pubilistied by Elsevier Ltd. All rights reserved.
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supporting) cells im the: R75W transgenic mouse, to provide a
betten understanding) off the: functionall properties of the: sup-
parting) cells;, andito gaim mew insights into the: molecular and
physiclogicall mechanisms off Gji2based deafness.

EXPERIMENTAL PROCEDURES
Animals andi anesttiesia

Alimicesusedifanthisstudiy were: obtained! frorm a: reeding) colomy off
R7BW transgenic: mice: ((Kudo «t @l,, 2003) andi maintained at the:
Institute:far Animall Reprodiictiom (Ibaraki, Japam). R7SW tramsgemic
mice: were: maintained! am & mixed! C57BIL/6G background! amd imter-
crossed! to generate: R75W/ transgenic animals:. The: animals were:
genotypediusing) DNA\obtained from tail clips and! amplified witt the:
Tissue: PCR Kitt (Sigma;, Saintt Louis;, MO), USA)). The: animals were:
deeplyyanesthetizediwitthamintraperitomeallinjectiom of ketamine: (100
mg/Kg;, Oharas Pharamaceuticall Cay,, LLtd!,, Takyoy, Japam) and! xyla-
zines (10) mgiKg)) im alll experiments:. Alll experiment! protocols were:
appraved! by, the: Institutionall Animall Care: and! Use: Committee: att
Juntendo Whiversityy School! off Medicine;, and! were: conducted im
accordance: withh the: US Mational| Institutes off Healtth Guidelines for
the: Care and! Use: off Labioratony Animals:.

Distontiom prodiict ctoacaustic emissiom

Alll electrophiysiologyy wass performedi withim am acoustically and
electrically insulated! and! groundedi testt room. Distortiom product
otoacoustic: emigsiom (DPFOAE)) nespenses att 2f1—2 were mea-
sured! through thie: meatuss using) & measuring system (model
ER:10B; EtymaoticResearch Ihc:,, Elk Grove: Village, 1L, USA)) wittn
a probe: developed! for immature: mice: accarding to a previous
paper ((Narui «t l,, 2009). DFOAE stimulii were: administered at
twae primaryy frequencies;, fitl andl f2, suchn that fil<f2. DPOAE
input/outputt fanctionss att f2=12,, 30), and! 45 kidz witth f2/f1=1.2
were:constructed! Atteact frequency, pair;, primany levels L1 (level
of ffft tane)) andi L2 (level| of f2 tone)) wene: increased imcrementally
byy 5 dB: steps: from 30 te 80 dB (f2=12 kifz and! 30 kiHz)), and 30
to 70) dBS (f2=46> kHiz)) witth LL1=1L2. The: DPOAE threshold level
wassdefined! assthe: dB |evel| att which the: 212 distortiom product
wass mare: tham 10) dB abiove: the: noise: levell.

Nan+ineanr capacitance:

OHCs were: abitained! flam acutelly dissected organs off Cortii from
bothh transgenicand! nonstransgenic mice: according) to a previous
report!((Abestal,, 2007)). Briefliy, cochleae were: dissected, and the:
arganss off Cortti were: separated! fiom the: modiolus amd! stria vas-
culariss. The: argans: were: ttrem digestedi witth trypsim (11 mgy/ml)) im
externall solutiom (100 mivt NaCl|, 20 miVi tetraettylammaonium, 20
mMI CsCl, 2 miW CaCly,, 1.52 mivi MgClh,, 10 mi 4-@2-hydroxy-
ethyl)+1+piperazinestianesulfonic acidl and 5 ml dextrose: (pH
7.2)) 300mosmaol/LL, imerdentoblockionic conductance) for 10-12
mim att raorm temperature: andl transfemed! into 35 mm plastic
dishiess(Falcon LincalmParks, NUi, USAY)) witth 2 mil extenmall solutiom..
QHCs weres isolated! by gentle: trituratiom. The: distn was mountedi
amaminverted! micrascope: (IX71; Qlympus;, Toky, Japam).

The: patchh pipette: solutiom contaimed! 14Q@ miVil CsCl, 2 mM
MgCls, 1OmWethyleneglycoltettaacetic acid], 10 mii4-2-hydioxy-
ethiyl);1+piperazinesttanesulfonic acid (pi 7.2)), 300 mosmol/L (ad-
justediwitth dextrose)).

The:cellsswereswhole=cell valtage-clamped witth am Axom (Bur-
lingame;, CAY, USA)) 200) B amplifier using patch pipettes having
initial| resistancess off 3+-5 MQ.. Series resistances;, whict ranged
5-20) M), remainedi uncampensated! for memtirane: capacitance:
(C;,)) measurements;, tHougth carmections fon series resistance valt-
age: errorss were: made: offfines.

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

The C,, functions were obtained 1 min after establistiment: of the:
whale-cell configuration. C,,, was assessed using a comtimuouss High:-
resolution (2.56 ms sampling) two-sine voltage stimulus protocal| (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 €t
al., 1998; Santos-Sacchi, 2004). The capacitance data were: fit to the:
first derivative of a two-state Boltzmann functiom (Santos-Sacchi,
1991).

_ ze b
Co=Quax T (1+—b)2+ Cin

—2&(ViiViem))
b=exp€ ze(Vn ,,m)))]

kT

where Q. is the maximum nonlinear charge moved,, V., iS valt-
age at peak capacitance or half-maximum charge tramsfern, V,, is
membrane potential, z is valence, Cy,, is linear membrane: capaci+
tance, e is electron charge, k is Boltzmann's comstant, and! 7 is
absolute temperature. For analyses, we quantified C, peak, am
estimate of maximum voltage-dependent, nonlimear capacitance;, as
the absolute peak capacitance minus linear capacitamce:.
Histology

The mice were perfused with 4.0% paraformaldetyde (PFA)) amd!
2.0% glutalaldehyde (pH 7.4) in 0.1 M phosphate buffer (PB).. The:
inmer ears were dissected and immersed in fixative: avennightt att
room temperature. Decalcification was completed by immensiomim
0.12 M ethylenediaminetetraacetic acid with gentle: stimimg at:noom
temperature for a day. The cochleas were flusthed agaim with
buffer prior to perfusion with a warm solution off 10% gelatim. They
were chilled on ice, thus allowing the gelatim to solidify, andi them
cut im half under a dissecting microscope. The halff cochleas were:
rinsed (four times for 1 min each) with warm PB (40 °C)) to remaove:
residual gelatin. The specimens were post-fixed 1.5 f im 2.0%
OsO, in 0.1 M PB, then dehydrated through graded ettramols andi
embedded in Epon. Semithin sections (1 wm)) werne: staimed! wittn
Toluidine Blue for light microscopy. Ultrathim sectioms were:
stained with uranyl acetate and lead citrate and examimed! by
electron microscopy (HITACHI H7100, Japanm).

Immunohistochemistry

The cochleae were removed after cardiac perfusiom witth 4% PFA
(pH 7.4), placed in the same fixative at room tempenatunre: fan 1/ i,
decalcified with 0.12 M ethylenediaminetetraacetic acidl (pit 7.0))
at 4 °C overnight. The specimens were dehydrated througfn
graded concentrations of alcohol, embedded im paraffim blockss
and sectioned into 5 um thick slices. The sections werne: wasted!im
several changes of 0.01 M phosphate-buffered saline (PBS;; pH
7.2), blocked with 2% bovine serum albumim im .01 M PBS fon 30
mim, and then were incubated for 1 h at room tempenature: witth
goat paolyclonal antibodies to Prestin (1:100; Santa Cruz Biotech:
nology, Santa Cruz, CA, USA) (Kitsunai €t al., 2007) diluted im
0.01 M PBS+1% bovine serum albumin. The following day,, the:
tissues were rinsed with 0.01 M PBS, incubated for 11 i att raom
temperature with a Alexa-Fluor-594 conjugated domkey anti-goatt
(1:1000; Malecular Probes, Eugene, OR, USA)), rimsed! wittn Q@1 M
PBS, and then mounted in Vectashield containimg; DARI (Vecton
Laborataries, Burlingame, CA, USA). Labeling was viewed! using)
a confocal laser scanning microscope (LSMS10 META, Canll
Zeiss, Esslingen, Germany), and each image was amalyzed and
saved using the ZeissL SM image Browzer (Carll 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
off variamce: (ANOVA). The: significance of DPOAE amplitudes was
amalyzed further by post hoc muitiple comparison tests using the
Bonfermonii 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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Figs. 1. Inputfoutiput fumctiom 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
(@ft—2) framm P11 to P27. DPOAE data were: plotted as mean=SEM. The dotted line is the noise level. Non-Tg: non-transgenic mice, R75W+: R75W

tramsgemic mice:.

Please: cite: this article im press as: Minekawa A, et al., Cochlear outer hair cells in a dominant-negative connexin26 mutant mouse
presenve mom-imear capacitance in spite of impaired distortion product otoacoustic emission, Neuroscience (2009), doi: 10.1016/.

133



4 A. Minekawa et al. / Neuroscience xx (2009) xx

ences: of ttre DPOAE amplitudes of the mon-tramsgenic
mice:imcompanisom to moise levels appeared at P12—14 for
the differentt stimulii tested!.. Im contrast, there were no sta-
tistically significant differences between noise level and
DFPOAE amplitudes att & kitz, 20 kiHiz, and 30 kiHz through-
outt postnatall development im the R75W tramsgenic mice.
Furthermore;, no DPOAE was detected at any frequencies
im R78\W/ transgenic mice throughout postnatall develop-
mentt(Fig. 1D, E, F).

The: meam DPOAE thresholds of mon-transgenic mice
were: abinuptlyy reduced anoumnd P13-P14 to reach the adult
levell by P16 Im contrast, the: meam DOPAE thresholds of
R75W/ transgenic mice: stayed at high level throughout
posthatall development (Fig. 2).
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Figy. 2. DPOAE thresholds att & kittiz (A)), 20 kitiz (B)), amd! 30 kHz (C)
frequenciessafinon+transgenicmice (epemcircle) amd! R75W transgemnic
mices (filled! cincle)) fram P to P27.. Tie: DPOAE threshold level was
definediassttiedBlevel attwhich the: 2fit—2 distortiom product was mare:
thiam 10) dB above: the: noise: levell. Im the: case of no DPOAE, the:
threstioldilevel was defined as 30 dB. *:: Significant difference betweem
nomtransgenic and! transgenic mice (F<0.08). Nom-Tgr: mon-trans-
genicmice;, R7ZEWA::: R78W/ transgemic mice:

Histology and immunohistochemistry

The cytoarchitecture of the organ of Cortii of the R75W
transgenic mouse was remarkably different from that of the:
non-transgenic mouse (Fig. 3A, B). Transverse sections off
the organ of Corti in R75W transgenic mouse revealed
compression and squeezing of the OHC by the surmound-
ing supporting cells, and Nuel's space around eacth OHC
was occupied by Deiter’s cells (Fig. 3B). Structural changes
im the OHCs and adjacent cells are likely to restrict the: elec-
trically-induced motility of the OHC. The mesathelial cells
associated with the basilar membrane in the tramsgenic
mouse were cuboidal and more densely packed im contrastt
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 baoth mice showed consistent
characteristic features; (i) a relatively high proportiom off
cytoplasm having a basally located nucleus, (i) 2 smoottn
plasma membrane lined by a thick layer of subsurface
cisternae, (iii) numerous mitochondria along the laterall
membrane, and (iv) no vacuole formation im the cytoplasm
and no condensation of chromatin in the nucleus.

Immunofluorescence microscopy of cross-cochlear sec~
tions was used to examine the distribution of prestim im the:
apical turns of the cochlea of non-transgenic and R75W/
transgenic mice at P12. Prestin labeling was clearly visible:
an the whole OHC basolateral wall in both the contrall (Fig.
4A) and R75W+ mice (Fig. 4B) at P12. On the other handi,
the nucleus and the cuticular plate of botihh mice were
devoid of immunostaining.

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

Electromaotility 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-transgemic
mice showed somatic shape change in response to the
voltage change (data not shown) and showed a typicall
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-tramsgenic mice:
showed no significant difference (Fig. 5B). These results
indicate that the development of OHC motility is mot 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 andi
apparently normal electromotility. The DPOAE depends am
two factors, an intact OHC system (Long and Tuibis, 1988;
Brown et al., 1989) and a positive endocochlear potential
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Figy. 3. Histologyyand tramsmissiomelectram micrograptis of non-transgenic (A, C) and R75W transgenic (B, D) mice. At P12, tunnel of Corti is detected
imnomtransgeniccmice: (X)), buttnott (asterisk)) im R75W/ transgenic mice: (B).. Nuel's space is formed in non-transgenic mice (A, C), but nat in R75W
tramsgeniccmice= (B3, 0)) QHCss are: déetected! im botth nom-transgenic (A)) and R75W transgenic mice, but are squeezed by the surrounding Deiter’s in
R78W/ ttamsgeniccmice: (B)). The: OHTs stiowed! narmall development!, with presemnved fine structure of the lateral wall, membrane-bound subsurface
cisternaebensatttheplasmeaamembrane;, andi enmictied! mitochaondria im bhott the: non-transgenic (C) and R75W transgenic mice (D). Scale bars are 10
Hmw(m B))andi22 umm(C; D)) Abbreviationss usedt: TC,, tunmell oft Cartii; IP, inmer pillar cell; OP, outer pillar cell; BM, basilar membrane; M, mesathelial

(Browngll, 1990). The: R7EW/ transgenic mice have a nor-
mail endacocthiear potentiall ((Kudo «t al,, 2003). Further-
mares, the: OHC developss normally witth apparently intact
fies structure: off the: laterall wall|, includimg) mormall mem:-
brame:bound! subsurface: cisterna bemeatth the plasma
membrane:. THe: characteristic phenotype: obsenved im the:
R7BW ttansgenic: mice: was: the: alisence: of the: tunmnel of
Cartij, Nuels space;, andl spaces sumounding the OHC,
retatedito abnarmal| develapmentt off the: supporting cells.
Theemammaliamcoghiea uses a unigue: mechanism for
amplificatiom off sound! signals:. Cachieanr amplification is
thougtitite ariginate: from (1) somatic motility based on the:
cogtilearr maotor prestim andi (2)) hair celll bundle motor re-
latedito mechanoelestticall channel (Robles and Ruggero,
2002) Distartiomandicoctilear amplificatiom ane believed to
stermfformascammaommeghanismm. A necemnt studly (Venpy et
al,, 2008) postulated] thatt thee maim sounce of cochiear
wavefarmdistartionssissadeffection-dependent: hair bundle:
stifffresss déerivedi from stereacilim associated witt the: hari-
zantal|top connestors: . However;, the: relationship betweemn
stereneilim and! prestimiss stilll unclean:.

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., 2008), 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 electromatility 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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