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Abstract
Hearing loss is the most widespread sensory disorder, with an incidence of congenital genetic deafness of 1 in 1600 children. For
many ethnic populations, the most prevalent form of genetic deafness is caused by recessive mutations in the gene gap junction
protein, beta 2, 26 kDa (GJB2), which is also known as connexin 26 (Cx26). Despite this knowledge, existing treatment strategies
do not completely recover speech perception. Here we used a gene delivery system to rescue hearing in a mouse model of Gjb2
deletion. Mice lacking Cx26 are characterized by profound deafness from birth and improper development of cochlear cells.
Cochlear delivery of Gjb2 using an adeno-associated virus signiﬁcantly improved the auditory responses and development
of the cochlear structure. Using gene replacement to restore hearing in a new mouse model of Gjb2-related deafness may lead
to the development of therapies for human hereditary deafness.

Introduction
Severe-to-profound genetic hearing loss affects approximately
one in 1600 children (1). Although early management of hearing
impairment with hearing aids and cochlear implants often improves speech perception, profoundly deaf children cannot completely acquire the ability to develop spoken language, and thus
intelligible speech is severely restricted (2). Gene therapy may become a powerful technology that could fundamentally correct
the disease phenotype of genetic deafness. However, gene replacement approaches for animal models of inherited deafness
have been extremely limited (3–7).
Currently 160 loci for the monogenic forms of human deafness have been reported, and 60 genes have been identiﬁed (see
http://hereditaryhearingloss.org/). The most prevalent form of
genetic hearing loss in many ethnic populations is due to defects

in the gene encoding connexin26 (GJB2), which is expressed in
the non-sensory cells of the cochlea. The GJB2 mutations cause
between one-third and 50% of prelingual genetic non-syndromic
hearing loss, including dominant and recessive mutations (1).
In the inner ear of mice, both a spatially speciﬁc approach that
targeted the deletion of the Gjb2 in the cochlear sensory epithelium resulted in the death of different types in the inner ear after
onset of hearing (8). On the other hand, a dominant-negative Gjb2
R75W transgenic mouse created in our laboratories clearly
showed incomplete development of the cochlear supporting
cells, resulting in profound deafness from birth (9,10). The outer
hair cells from the dominant-negative mutation of Gjb2 showed
normal development and maturation (11). Furthermore, three independent lines of conditional Cx26 null mice, which were generated by methods different from those of the previous study,
revealed that postnatal development of the organ of Corti was
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arrested before the occurrence of cell death in the organ of Corti
(12). Thus, Gjb2 appears to be indispensable in the postnatal development of the organ of Corti and normal hearing. Very recently, we developed a conditional Cx26-deﬁcient mouse with a
localized gene deletion in the inner ear under the control of the
Protein 0 (P0) promoter. Wild-type mice revealed that both Cx26
and Cx30 were expressed at the cell border forming orderly pentagonal or hexagonal outlines in the whole-mount cochlear tissues. On the other hand, the punctate distribution of Cx30
alone was observed along the cell border in the Cx26-deﬁcient
mouse (13).
Gene delivery systems must be non-cytotoxic, and must be
able to return to a normal physiological state after treatment
(14). We developed a technique for successful transgene expression through the round window membrane in the supporting
cells of the neonatal mouse cochlea using adeno-associated
viral (AAV) vectors without causing additional damage to the
cochlear function (15). Therefore, we investigated the efﬁciency
and speciﬁcity of transcriptionally targeted AAV vectors to deliver Cx26 into the cochlea of Gjb2-deﬁcient neonatal mice. We
demonstrated efﬁcient expression of Cx26 in the non-sensory
cells of the organ of Corti. In addition, gene transfer prevented
the progression into profound deafness as indicated by the functional assessment of hearing when the treatment was performed
during the neonatal stage. The successful restoration of hearing
mediated by gene replacement in the genetically created deaf
mouse model of Gjb2 could contribute to the development of clinical applications for human hereditary deafness.

Results
Creation of Gjb2 conditional knockout mice
Mice lacking Gjb2 exhibit embryonic lethality because of defective glucose transport across the placenta (16). To circumvent
this lethality, we deleted Gjb2 in a speciﬁc spatial pattern by
crossing Cx26ﬂ/ﬂ mice with mice expressing Cre recombinase
under the control of the P0 promoter (P0-Cre; Fig. 1A). P0 promoter activity was clearly observed at the otic vesicle of the
mouse (17). To characterize Cx26 expression in the cochlea, we
performed immunohistochemistry. High levels of Cx26 protein
were detected in the supporting cells of the organ of Corti, spiral
limbus and the lateral wall ﬁbrocytes of littermate controls. However, Cx26 was not detected in the cochlear tissues of Cx26ﬂ/ﬂP0Cre mice (Fig. 1B). To conﬁrm the expression pattern of P0 in the
inner ear lineage, P0-Cre mice were crossed with R26RGFP reporter
mice, which contained GFP knocked into the ROSA26 locus, allowing for the activation of GFP using Cre recombinase, and
GFP signals were observed at the otocyst (13,17), which is consistent with the ﬁnding that Cx26 ablation disrupted gap junction
networks within both epithelial and connective tissues.
The body weight and litter size of Cx26ﬂ/ﬂP0-Cre mice were
normal, and the only apparent phenotypic difference exhibited
by these mice was deafness. We evaluated the auditory function
in Cx26ﬂ/ﬂP0-Cre mice by recording the auditory brainstem response (ABR), which is widely used to objectively determine
hearing thresholds. Thresholds for the wave III component of
the ABR were measured for click and tone burst stimuli of 8, 12,
16 and 20 kHz in adult Cx26ﬂ/ﬂP0-Cre (n = 5) and control (n = 7)
mice; the evaluated mice were 5–6 weeks old (Fig. 1C). ABR
thresholds in Cx26ﬂ/ﬂP0-Cre mice were ∼100 dB sound pressure
level (SPL) for click stimuli (data not shown) and >90 dB SPL for
tone bursts. Control mice exhibited normal values for these
thresholds (15–20 dB SPL). At P161, cochleae of Cx26ﬂ/ﬂP0-Cre

mice showed normal gross anatomy with no obvious collapse
or expansion of the Reissner’s membrane. No defects were apparent in the tectorial membrane, stria vascularis or spiral ligament
in mice lacking Gjb2 expression, although a dramatic collapse of
the organ of Corti including loss of hair cells and supporting cells
was evident (Fig. 1D). Transmission electron microscopy showed
collapse of both the tunnel of Corti and Nuel’s space and deformities in the shapes of supporting cells, despite the presence of
hair cells in the Cx26ﬂ/ﬂP0-Cre mice at P35. In contrast, ﬁne structures of the stria vascularis and the spiral ligament were intact
(Fig. 1E).
We then measured the endocochlear potential (EP), which is
the resting DC potential in the scala media of the cochlea that
is produced by the stria vascularis. These measurements were
taken from the basal turn. The average EP value in Cx26ﬂ/ﬂP0Cre mice was 40.3 ± 15.5 mV (n = 8), which was signiﬁcantly reduced as compared with control mice (80.5 ± 10.7 mV, n = 6; P <
0.01; Fig. 1F). However, the presence of a residual EP value of
∼40 mV cannot completely explain the reduced ABR thresholds
that characterized the Cx26ﬂ/ﬂP0-Cre mice. The EP is determined
by two K+ diffusion potentials of the stria vascularis across the
electrical barrier (18). The latter is closely related to tight junction
proteins around the cochlear duct (19–21). Since the EP depression previously reported in Gjb2-deﬁcient mice has been explained by the disruption of the reticular lamina (8), the tight
junctions between the hair cells and supporting cells were observed. The ﬁne structure of tight junctions within the organ of
Corti was well preserved in the Cx26ﬂ/ﬂP0-Cre mice (Fig. 1G).
Thus, the EP defects observed in Cx26ﬂ/ﬂP0-Cre mice may have
resulted from insufﬁcient K+ recycling through the gap junction
network rather than through a disruption of the intercellular
barrier associated with the cochlear duct.

No correction of hearing by AAV-mediated delivery of
Gjb2 to adult Gjb2-deﬁcient mice
To potentially rescue deafness using gene therapy, we generated
an AAV vector that drove Gjb2 expression with the cytomegalovirus promoter. This AAV vector that encoded the Cx26 protein
was applied to the perilymph through the round window membrane in adult (P42) Cx26ﬂ/ﬂP0-Cre mice. Eight weeks after treatment, the ABR was measured, and cochlear sections were
examined for Cx26 expression. Although the Cx26 gene was
transduced moderately in the spiral ligament, the spiral limbus
and, weakly, in the organ of Corti, the organ of Corti remained
collapsed, and no sensory hair cells were observed. Non-treated
cochleae did not show restored Cx26 expression and did not
have rescued cochlear morphology (Fig. 2A). Furthermore, no signiﬁcant change in the ABR threshold was measured in treated
or non-treated cochleae (Fig. 2B). Thus, delivery of Gjb2 to the
perilymphatic space of adult Cx26ﬂ/ﬂP0-Cre cochleae failed to
improve hearing despite the successful restoration of Cx26
expression in the organ of Corti, the spiral ligament and the spiral
limbus. This suggests that the secondary degeneration of hair
cells observed in adult Cx26ﬂ/ﬂP0-Cre mice was not arrested or
repaired by Gjb2 gene delivery.

Developmental changes associated with auditory
function and cochlear morphology in Gjb2-deﬁcient mice
We next compared the developmental course of the ABR thresholds between Cx26ﬂ/ﬂP0-Cre and control mice. In controls, the
onset of hearing occurred between P11 and P12, and the ABR
thresholds essentially reached adult levels between P18 and
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Figure 1. Generation and functional analyses of Gjb2 conditional knockout mice. (A) Structure of the mutated alleles. A Cx26 conditional knockout allele was generated
using a targeting vector containing ﬂoxed Cx26 coding sequences (ﬁlled box). LoxP sequences (triangles) and the neomycin resistance gene (NEO; pMC1-neo) are shown. B,
BamHI; H, HindIII; Sc, SacI; X, XbaI; E1, exon 1; E2, exon 2; DTA, diphtheria toxin A; P1 and P2, PCR primers used for genotyping. (B) Cx26 distribution (red) in transverse
sections of the cochlear duct of control and Cx26ﬂ/ﬂP0-Cre mice at postnatal day (P)56. (C) Average ABR thresholds (dB SPL) to pure tone bursts in control (n = 7) and Cx26ﬂ/ﬂP0-Cre
(n = 5) mice (P35–P42). (D) Histological analysis of cochlear structure in control and Cx26ﬂ/ﬂP0-Cre mice (P161). (E) Electron micrographs of the organ of Corti in control and
Cx26ﬂ/ﬂP0-Cre mice (left two panels). The organ of Corti in the control showed the tunnel of Corti (*) and Nuel’s space (#) around the outer hair cells. The stria vascularis and
spiral ligament from a Cx26ﬂ/ﬂP0-Cre mouse are shown in the right panel (P35). (F) EP in control (n = 6) and Cx26ﬂ/ﬂP0-Cre (n = 8) mice (P63–P84). *P < 0.05 calculated using the
Student’s t-test. (G) ZO-1 localization (green) in control and Cx26ﬂ/ﬂP0-Cre mice (top panels). Electron micrograph of tight junctions (*) around hair cells and supporting
cells of Cx26ﬂ/ﬂP0-Cre mice (bottom panel). OHC, outer hair cell; IHC, inner hair cell; SV, stria vascularis; SL, spiral ligament; EP, endocochlear potential. Error bars represent
the SEM. Scale bars = 100 μm (except for electron micrographs).
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Figure 2. AAV-mediated delivery of Gjb2 to adult Cx26ﬂ/ﬂP0-Cre mice (P42). (A) Cx26 localization (red, left panels) and light micrographs (right panels) of transverse sections
of treated and non-treated cochleae from Cx26ﬂ/ﬂP0-Cre mice (P198). (B) Average ABR thresholds to pure tone bursts (12 and 24 kHz) in the treated and non-treated side of
Cx26ﬂ/ﬂP0-Cre mice (P98; n = 5). Signiﬁcance was calculated using the paired t-test. NS, not signiﬁcant. Scale bars = 100 μm.

P20 (Fig. 3A). For Cx26ﬂ/ﬂP0-Cre mice, however, click stimuli
never elicited detectable ABR waveforms, indicating that development of the auditory organ had been disrupted. Histological
examination of cochleae from Cx26ﬂ/ﬂP0-Cre mice revealed
that the tunnel of Corti, which normally opens by P10, failed to
open before the organ of Corti degenerated (Fig. 3B), indicating
a developmental defect. In the present mouse model of Gjb2 deﬁciency, functional and morphological ﬁndings conﬁrmed that
Gjb2 is indispensable during postnatal development of supporting cells in the organ of Corti. In other words, a well-timed transfer of functional Gjb2 may rescue the postnatal development of
the organ of Corti and prevent the secondary degeneration of
hair cells.

Successful hearing correction after AAV-mediated
delivery of Gjb2 to neonatal Gjb2-deﬁcient mice
We next used a different gene therapy strategy to prevent deafness caused by Gjb2 deﬁciency. At P0 (rather than P42), an AAV

vector containing wild-type Gjb2 was introduced into the
cochlear perilymph through the round window membrane. We
measured the ABR and examined cochlear sections 10–12
weeks post-treatment. A signiﬁcant improvement in the ABR
thresholds was observed (Fig. 4A), together with the successful
rescue of Cx26 expression in supporting cells of the organ of
Corti, the spiral ligament ﬁbrocytes and the spiral limbus
(Fig. 4B). Non-rescued cochleae lacked Cx26 expression in these
tissues (Fig. 4B). Fluorescence confocal images in the lateral
wall ﬁbrocytes showed that the Cx26 staining was punctate
along the plasma membrane (Fig. 4C and D).
Histological examinations revealed proper formation of the
tunnel of Corti and preservation of inner and outer hair cells,
as well as supporting cells (Fig. 5A). These rescued phenotypes
were more apparent at the basal turn than at the apical turn.
Morphological differences between turns may have resulted
from differential access to the perilymph through the round
window membrane. AAV transduction lasted over 6 months
(data not shown). Non-rescued cochleae showed unchanged
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Figure 3. Developmental changes associated with auditory function and cochlear
morphology in Gjb2-deﬁcient mice. (A) Postnatal ABR thresholds to click tones in
control and Cx26ﬂ/ﬂP0-Cre mice. (B) Transverse sections of the organ of Corti in
control and Cx26ﬂ/ﬂP0-Cre mice at P7, P10 and P12. Arrows indicate the tunnel
of Corti. Scale bar = 100 μm.

ABR thresholds (Fig. 4A) and collapsed organs of Corti and
degenerated hair cells (Fig. 5A). Spiral ganglion neuron degeneration was examined by light microscopy (Fig. 5B). In nonrescued cochleae, both apical and middle turns showed a
mild-to-moderate loss of spiral ganglion neurons, whereas a
marked reduction in spiral ganglion neurons was observed at
the basal turn. Spiral ganglion neurons at the middle and
basal turns were apparently better preserved than those in
non-rescued cochleae. Quantitative analysis of the height of
the pillar cell and the number of spiral ganglion neurons was
performed (Fig. 6). The height of the pillar cells of the basal
turn in rescued cochleae, which failed to reach full maturation
as compared with controls, was signiﬁcantly increased as compared with that of non-rescued cochleae (Fig. 6A). Quantitative
analysis showed that spiral ganglion neuron degeneration progressed from base to apex in Gjb2-deﬁcient mice (Fig. 6B). Gjb2
transfer resulted in a signiﬁcant increase in the density of neurons at the middle and basal turns. Thus, prevention of both hair
cell and spiral ganglion neuron degeneration well explains the
preservation of the ABR responses in Gjb2 transfected cochleae.

Discussion
Using the current mouse model of Gjb2-based deafness, we ﬁrst
identiﬁed a promising and novel strategy for restoring hearing.
Gene therapy failed to rescue hearing in adult Gjb2-null mice because secondary hair cell loss was not restored by wild-type Gjb2.
Performing the gene transfer at early stages of postnatal development, however, i.e. before hair cell degeneration, prevented the
onset of deafness. In our laboratory, the gene expression in supporting cells of the neonatal mouse cochlea has been evaluated
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concerning virus vectors and application routes (15). The extent
of adenovirus-GFP transfection was extremely limited in the
mesenchymal cells. AAV-directed gene transfer after injection
into the scala media through a cochleostomy showed transgene
expression in the supporting cells, inner hair cells and lateral wall
with resulting hearing loss. On the other hand, gene expression
was observed in supporting cells, inner hair cells and lateral
wall without hearing loss after the application of AAV into the
scala tympani through the round window membrane. Thus, injection of AAV into the scala tympani of the neonatal mouse
cochlea was considered to have the potential to efﬁciently and
noninvasively introduce transgenes into the cochlear supporting
cells and lateral wall ﬁbrocytes of the neonatal mouse. A successful hearing rescue mediated by AAV-based delivery of a wild-type
gene through the round window membrane during early postnatal stages in the present study is well comparable with a previous study to restore hearing in mice carrying a mutation in the
vesicular glutamate transporter-3 (VGLUT3) (4). However, AAVdriven transfer of Gjb2 into the scala media of early postnatal
conditional Gjb2 knockout mice did not show signiﬁcant hearing
improvement irrespective of the substantial reduction of both
cell death in the organ of Corti and degeneration of spiral ganglion neurons (7). The electrochemical environment in the endolymph is extremely feasible since physiological experiments
demonstrated that the injection of volumes >8 nl into the scala
media suppressed EP with swollen outer hair cells and shrunken
inner hair cells (22). The injection of sodium-based phosphatebuffered solution into potassium-rich endolymph is thought to
disturb the mechanotransduction of the hair cells (23). Thus,
the subtle change in the cochlear function is likely to be brought
about by the endolymphatic application of the vector.
To deliver Gjb2 to non-sensory cells of the neonatal cochlea,
we used an AAV vector that was developed as a stable, efﬁcient
and potentially long-term transgene expression system for preserving hearing function in the neonatal cochlea (15) and fetal
otocyst (24). The exogenous Cx26 protein in Gjb2 null mice was
expressed in various types of cochlear cells, similar to the expression pattern of GFP protein following AAV-GFP transfection in
wild-type mice (15). The same results were also reported in a previous study using another type of Gjb2-deﬁcient mice (7). However, in congenital deaf mice lacking VGLUT3 the expression of
VGLUT3 protein was restricted to the targeted cells, namely the
inner hair cells (4). Although the underlying mechanism of the
difference between Gjb2 and VGLUT3 genes is unknown, AAVGjb2 delivery to the Gjb2 null mice is expected to result in widespread expression in the cochlea. Among available viral vectors,
AAV is one of the most promising for use in human clinical trials
that involve gene therapy (25). However, the auditory systems of
mouse and humans develop quite differently, as the human
auditory end organ is almost completely matured by 26–28
weeks of gestation. Therefore, in uterine gene therapy must be
considered to treat human GJB2-related deafness.
Data regarding the Cx function in the cochlea support two hypotheses: (i) the epithelial gap junction network supplies metabolites, nutrients and second messengers that are essential for
postnatal development of the organ of Corti (biochemical or
metabolic coupling), and (ii) the connective tissue gap junction
network recycles K+ to establish and maintain the ionic and electrical environments of the endolymph after hearing onset (ionic
coupling) (9,12,25–31). The development and postnatal maturation of the organ of Corti are affected in a dominantnegative Gjb2 R75W transgenic mouse (9) and in conditional
Gjb2-null mice as shown previously (12) and in the present
study. Both homomeric (e.g. Cx26 or Cx30) and hybrid (e.g.
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Figure 4. AAV-mediated delivery of Gjb2 to neonatal (P0) Cx26-deﬁcient mice. (A) ABR thresholds to pure tone bursts (12 and 24 kHz) for rescued and non-rescued cochleae
of Cx26ﬂ/ﬂP0-Cre mice (P60–P90; n = 5). P < 0.05 was calculated using the paired t-test. (B) Cx26 localization (red) after Gjb2 delivery to Cx26ﬂ/ﬂP0-Cre mice. Scale
bars = 100 μm. (C) Cx26 distribution (in red) in lateral wall ﬁbrocytes of Cx26f/fP0-Cre mice cochlear cryosections at 10 weeks after AAV-Cx26 injection showing the
cochlear gap junctions with Cx26. Scale bars: 10 µm. (D) A magniﬁed image of region in (C). Nuclei were counterstained with DAPI (blue). Scale bars: 10 µm.

heterotypic and heteromeric Cx26/Cx30) gap junction channels
form intercellular networks in non-sensory cells of the cochlea
(32,33). Homotypic Cx26 channels, but not homotypic Cx30
channels, are permeable to anion tracers (34). Compared with
homomeric channels, hybrid channels relay intercellular Ca2+
signals more rapidly (35) and are more permeable to neurobiotin
(34). Overexpression of mouse Gjb2 can rescue hearing loss in
Gjb6/Cx30 null mice (36). In addition, a Cx30 knockout mouse
model that preserved half of the Cx26 expression resulted in
normal hearing (37). Thus, biochemical coupling in the cochlea
requires hybrid Cx26/Cx30 or homotypic Cx26 gap junctions.
Targeted deletion of Cx26 in a mouse model impairs in vitro biochemical coupling (7,38). Transducing the cochlear cultures (38)
and the scala media (7) with an AAV vector containing Cx26
restores Cx26 expression and rescues biochemical coupling.
The rescue of gap junction biochemical coupling may represent
the mechanism by which gene transfer restored hearing in our
mouse model of Cx26 deﬁciency. In the present study, gene therapy likely reconstitutes the hybrid Cx26/Cx30 and/or homotypic
Cx26 gap junctions in the organ of Corti, as Cx30 was extensively
expressed in Cx26-deﬁcient mice (13). Restored biochemical or
metabolic coupling in the organ of Corti may lead to appropriate
postnatal development. To restore hearing, therefore, it may be
sufﬁcient to supply a wild-type version of Cx26 only during

postnatal development. In contrast, permanent or repeated reconstitution of the K+ recycling pathway would be required in
connective tissue gap junctions. Timed conditional null of Cx26
in mice demonstrated that Cx26 plays essential roles in the maturation process of the organ of Corti prior to the establishment of
high K+ in the endolymph and the onset of hearing (39,40).
The absence of Cx26 or Cx30 is unlikely to disrupt endolymphatic K+ recycling. The dominant-negative Gjb2 R75W transgenic
mouse is deaf but exhibits a normal EP (9). Normal EP in the dominant-negative R75W mouse can be explained by the fact that
homotypic Cx26 channels are permeable to K+ ions (34,41) and
that gap junctions harboring Cx26 mutations associated with
hearing loss have no abnormal electrophysiological characteristics, including K+ permeability (35,36). In Cx30 null mice, the ionic
coupling among cochlear supporting cells is indistinguishable
from that in wild type (30), and is thought to be easily comparable
to that of Cx26 null mice. These ﬁndings indicate that the movement of intercellular K+ can be mediated by gap junction channels composed of Cx30 alone. Lower EP values measured in the
current conditional Gjb2 null mice may reﬂect reduced K+ conductance in connective tissues that resulted from a decrease in
the total number of gap junction proteins, i.e. the absence of
Cx26. The transduction of wild-type Cx26 into cells of the pillar
cells is unlikely to be completely sufﬁcient on the basis of the
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Figure 5. Light micrographs of the organ of Corti (A) and the spiral ganglion neurons (B) at the apical, middle and basal turns. Images from control mice, non-rescued
Cx26ﬂ/ﬂP0-Cre mice and rescued Cx26ﬂ/ﬂP0-Cre mice are shown. Scale bars = 100 μm.
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Figure 6. The morphometric analysis derived from Figure 5. (A) The height of the pillar cells at the basal turn among control mice and non-rescued and rescued cochleae of
Cx26ﬂ/ﬂP0-Cre mice. (B) The density of the spiral ganglion neurons among control mice (white columns) and non-rescued (gray columns) and rescued cochleae (black
columns) of Cx26ﬂ/ﬂP0-Cre mice. Error bars represent the SEM. Signiﬁcance (*P < 0.05, **P < 0.01) was calculated using the Student’s t-test.

height of the organ of Corti (Fig. 5). The wild-type Cx26 was transduced into type I and IV ﬁbrocytes of the spiral ligament (Fig. 4B),
which was consistent with the distribution of native Cx26 (33),
suggesting that the EP would likely be partially recovered, although the EP was not measured in rescued cochleae.
Future experiments should focus on improving transduction
efﬁciency to the supporting cells as well as the long-lasting transduction of wild-type Cx26, or replaceable genes such as Cx30 and
Cx32 (34,42), in connective tissues.
Using a conditional knockout mouse and gene transfer techniques, we have clariﬁed the molecular mechanisms by which
Gjb2 affects cochlear physiology. The epithelial gap junction network composed of hybrid Cx26/Cx30 channels is required for
postnatal development of the organ of Corti and for normal hearing. In contrast, the K+ recycling pathway, which is mediated by
the gap junction network of connective tissues, can be supported
by both hybrid and homomeric channels involving Cx26 and/or
Cx30. These results will help begin a new era in the comprehensive treatment of hereditary deafness.

Materials and Methods
Generation of mice with a ﬂoxed Cx26 allele
A targeting vector of a ﬂoxed Cx26 allele was constructed using
phage DNA clones that included exons 1 and 2 of Cx26 from a
genomic library of J1 embryonic stem cells. An ∼8.4 kb HindIII–
BamHI fragment containing exon 1 and a 2.85 kb ‘SacI–SacI’ fragment containing the 3′ half of exon 2 (long and short homologous
sequences, respectively) were isolated and used to construct the
targeting vector. One loxP sequence was introduced at the end of
intron 1, and the Neo cassette was introduced between two loxP
sequences in exon 2. The diphtheria toxin A chain expression
cassette was used as a negative selection marker. The linearized
targeting vector was introduced into J1 embryonic stem cells by
electroporation, and G418-resistant clones were analyzed by
Southern blotting to isolate homologous recombinants as described (43). Recombinant embryonic stem cells were injected
into C57/BL6J blastocysts. A mouse strain harboring the ﬂoxed
Cx26 allele was established by crossing chimeras with C57/BL6J
females to produce F1 heterozygotes (Cx26ﬂ/+). F2 offspring

were generated by crossing two F1 double heterozygotes. Genotyping was performed via PCR ampliﬁcation using tail lysates
as templates and the primers shown in Figure 1A (P1: AAAC
TACCGGGAAGCGACACGGGGT; P2: GGTTACGGGGTGCACCAAAG
CACAG). No abnormalities were apparent in Cx26ﬂ/ﬂ mice. Otic
vesicle-speciﬁc Cx26 knockout mice (Cx26ﬂ/ﬂP0-Cre) were generated by breeding Cx26ﬂ/ﬂ mice with P0-Cre mice. All animal work
was carried out in accordance with institutional guidelines (see
below).

Injection of the AAV-Cx26 viral vector
Animals were anesthetized with an intraperitoneal injection of
ketamine (100 mg/kg) and xylazine (10 mg/kg) in all experiments.
All experimental 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.
The same protocol was used to treat both the adult and neonatal mice. An AAV serotype 5 vector was generated that used the
CMV promoter to drive the expression of mouse Cx26. The coding
region from mouse Gjb2 cDNA (GenBank accession number
BC013634.1) was inserted into the pAAV-IRES-hrGFP vector (Agilent Technologies, CA, USA). This AAV-Cx26 vector was injected
into the perilymph through the round window membrane.
Glass capillaries (Drummond Scientiﬁc Co., PA, USA) were
drawn with a PB-7 pipette puller (Narishige, Tokyo, Japan) to
achieve an outer tip diameter of ∼10 μm. A polyethylene tube
(outer diameter, 1.7 mm; Atom Medical Co., Saitama, Japan)
was connected to the glass micropipette. The viral vector with
a concentration of 8.6 × 1011 viral particles was injected into the
perilymph at a rate of 0.05 μl/min in adult mice and 0.02 μl/min
in neonatal mice for 10 min using a syringe connected to a polyethylene tube. To allow the vector to spread throughout the inner
ear, the glass micropipette was left in place for 1 min after the injection procedure. The leakage of perilymph was conﬁrmed to be
nominal after removing the micropipette. It took ∼20 min to complete the surgical procedure. After the surgery, the mice were
kept in another cage until they awoke from anesthesia.
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Auditory brainstem response

Immunohistochemistry

All electrophysiological measurements were performed within a
grounded test room that was acoustically and electrically insulated. For the ABR measurement, mice were anesthetized and
maintained in a headholder. Stainless steel needle electrodes
were placed at the vertex and ventrolateral to the left and right
ears. The ABRs were measured using waveform storing and
stimulus control with Scope software on the Power Lab system
(PowerLab4/25; AD Instruments, Castle Hill, Australia). Electrocardiogram recordings were performed using an extracellular
AC Preampliﬁer (P-55; Astro-Med, Inc., RI, USA). Acoustic stimuli
were delivered using a coupler type speaker (ES1spc; Bio Research
Center, Nagoya, Japan). Thresholds were determined for click
sounds and tone bursts (frequencies of 8, 12, 16, 20 and 24 kHz)
from a set of responses at different intensities (5 dB intervals).
Electrical signals were averaged over 512 repetitions. Hearing
thresholds >95 dB were listed as 100 dB.

Mice were anesthetized and then perfused intracardially with
PBS, followed by 4% PFA in PB. Cochleae were excised and ﬁxed
in 4% PFA for 2 h and then decalciﬁed in 0.12 M EDTA for 7 d at
room temperature. For frozen sections, specimens were cryo-protected in 30% sucrose in PBS overnight at 4°C and then embedded
in OCT compound, frozen and sectioned (10 μm). For immunoﬂuorescence, sections were incubated with 50% Block Ace (DC
Pharma Biomedical, Osaka, Japan) in PBS/0.3% Triton X-100 for
60 min and then incubated overnight at 4°C with rabbit polyclonal antibodies directed against Cx26 and Cx30 (1:200; Zymed
laboratories, CA, USA) that were diluted in PBS. Tissue specimens
were then rinsed with PBS, incubated with goat anti-rabbit IgG
antibodies conjugated with Alexa Fluor 594 (1:500; Molecular
Probes, OR, USA) for 60 min and then rinsed with PBS. Specimens
were mounted in Vectashield antifade mounting medium (Vector Laboratories, CA, USA). Images were captured using a Zeiss
Axioplan2 microscope, an AxioCam HRc CCD camera and AxioVision Rel.4.5 software (Carl Zeiss, Esslingen, Germany). Fluorescence confocal images were obtained with a LSM510-META
confocal microscope (Carl Zeiss, Jena, Germany).

Endocochlear potential
For EP measurements, each mouse was artiﬁcially ventilated
with a respirator through a tracheal cannula after deep anesthesia and muscular relaxation. Rectal temperature was maintained
at 37°C, and an electrocardiometer was used to monitor the heart
rate. A glass microelectrode ﬁlled with 150 m KCl was inserted
into the scala media of the basal turn through the lateral wall of
the cochlea as previously reported (44). Output was recorded
using a high-impedance dual electrometer.

Light microscopy
Animals were anesthetized and then perfused intracardially with
0.01 M phosphate-buffered saline (PBS; pH 7.2), followed by 4%
paraformaldehyde (PFA; pH 7.4) in 0.1 M phosphate buffer (PB;
pH 7.4). The mice were decapitated and their cochleae dissected
under a microscope. Dissected cochleae were placed in 4% PFA at
room temperature overnight. Cochleae were then placed in
0.12 M ethylenediaminetetraacetic acid (EDTA; pH 7.0) in PBS
for 1 week for decalciﬁcation. Specimens were then dehydrated,
embedded in parafﬁn and sectioned (6 µm). Serial sections were
stained with hematoxylin and eosin staining.

Quantitative analyses of spiral ganglion neurons
To evaluate the survival of the spiral ganglion neurons, four
animals from each group were used for cell counting. Five
cross-sections of hematoxylin and eosin staining randomly
selected from each animal were analyzed. The area of the
Rosenthal’s canal at the basal, middle and apical turns was measured using Image Pro Plus 6.0 software. The number of spiral
ganglion neurons per 1000 μm2 was calculated for each proﬁle.

Transmission electron microscopy
Animals were anesthetized and then perfused intracardially with
0.01 M PBS, followed by 4% PFA and 2% glutaraldehyde (GA) in
0.1 M PB. The cochleae were opened and ﬂushed with buffered
4% PFA and 2% GA and ﬁxed for 2 h at room temperature. The specimens were washed and then post-ﬁxed using 2% OsO4 in 0.1 M
PB for 1.5 h. Specimens were then dehydrated through graded
concentrations of ethanol and embedded in Epon. Samples
were sectioned (1 μm), stained with uranyl acetate and lead
citrate and examined using an electron microscope (H-7100;
Hitachi, Tokyo, Japan).

Statistical analyses
Error bars represent the SEM. Statistical differences were calculated using the Student’s t-test or paired t-test where indicated.
Differences were considered signiﬁcant for P < 0.05.
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