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Targeted Ablation of Connexin26 in the Inner Ear
Epithelial Gap Junction Network Causes
Hearing Impairment and Cell Death

Results and Discussion

Generation of Cx26-Deficient Mice in the Epithelial
Gap Junction Network of the Inner Ear
In the inner ear, gap junctions assemble into two inde-
pendent cellular networks, i.e., the epithelial and con-
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mice. In Cx26loxP/loxPOtogCre (abbreviated Cx26OtogCre)
double transgenic mice, from birth onward, Cx26 was
detected neither in the sensory epithelium nor in adja-

Summary cent epithelial cells of the cochlea (see Figure 2E) and
the vestibular end organs (data not shown). In contrast,

Mutations in the gene encoding the gap junction protein Cx26 labeling in the fibrocytes and the stria vascularis
connexin26 (Cx26) are responsible for the autosomal basal cell layer was similar to that of wild-type mice
recessive isolated deafness, DFNB1, which accounts for (Figures 2E and 2F). No modification in the expression
half of the cases of prelingual profound hereditary deaf- pattern of connexin30 (Cx30), another gap junction pro-
ness in Caucasian populations [1–5]. To date, in vivo tein that normally colocalizes with Cx26 in the inner
approaches to decipher the role of Cx26 in the inner ear ear [11], could be detected in Cx26OtogCre mice (data not
have been hampered by the embryonic lethality of the shown).
Cx26 knockout mice [6]. To overcome this difficulty,
we performed targeted ablation of Cx26 specifically Phenotypic Analysis of Cx26OtogCre Mice
in one of the two cellular networks that it underlies in We examined inner ear function, i.e., balance and audi-
the inner ear, namely, the epithelial network. We show tion of 3- to 12-week-old mice: Cx26OtogCre (n � 41), het-
that homozygous mutant mice, Cx26OtogCre, have hear- erozygous (Cx26loxP/�OtogCre) (n � 17), and control
ing impairment, but no vestibular dysfunction. The in- (Cx26loxP/loxP) mice (n � 52). In Cx26OtogCre mice, vestibular
ner ear developed normally. However, on postnatal tests failed to reveal any balance dysfunction. To test
day 14 (P14), i.e., soon after the onset of hearing, cell audition, auditory brainstem responses (ABR) were re-
death appeared and eventually extended to the co- corded from the two ears upon a broad-band click stim-
chlear epithelial network and sensory hair cells. Cell ulus covering sound frequencies from 2 to 20 kHz and
death initially affected only the supporting cells of the pure tone pips at 8, 16, and 32 kHz (see Figure S1 in
genuine sensory cell (inner hair cell, IHC), thus sug- the Supplementary Material available with this article
gesting that it could be triggered by the IHC response online). Similar hearing thresholds were measured in
to sound stimulation. Altogether, our results demon- heterozygous and control mice. In contrast, Cx26OtogCre

strate that the Cx26-containing epithelial gap junction mice showed a significant hearing loss, compared to
network is essential for cochlear function and cell sur- heterozygous and control mice, for all frequencies
vival. We conclude that prevention of cell death in tested (p � 0.0001) (see Figure S1); it ranged from 30
the sensory epithelium is essential for any attempt to dB to more than 70 dB, with an average of 30 dB at 8
restore the auditory function in DFNB1 patients. kHz, 31 dB at 16 kHz, and 36 dB at 32 kHz. Only 4 inner

ears out of 41 had a hearing threshold � 100 dB sound
pressure level (SPL). Analysis of mutant mice individually5 Correspondence: cpetit@pasteur.fr

6 These authors contributed equally to this work. showed that the hearing loss was more pronounced at
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Figure 1. Schematic Representation of a
Transverse Section of the Cochlear Duct

The cochlear duct is filled with a K�-rich liq-
uid, the endolymph (in yellow), and is im-
mersed in a Na�-rich liquid, the perilymph (in
blue). The endolymphatic compartment and
the intrastrial compartment are delimited by
a tight junction network (red line). The organ
of Corti, the cochlear sensory epithelium, lies
on the basilar membrane (bm). The cochlear
epithelial gap junction network appears by
embryonic day 16 (E16) and comprises inter-
dental cells (i), inner sulcus cells (is), Claudius
cells (c), outer sulcus cells (os), and root cells
(r) (all in pink). It also comprises supporting
cells of the organ of Corti (all in blue), which
include border cells (b), inner phalangeal cells
(ip), inner and outer pillar cells (p), Deiters’
cells (d), and Hensen’s cells (h), but not the
sensory hair cells [7, 8, 33]. The cochlear con-
nective tissue gap junction network begins to
develop at birth and comprises fibrocytes (f)
of the spiral ligament (slg) and spiral limbus
(sl), mesenchymal cells lining the scala vesti-
buli (m), and the basal and intermediate cells
(but not the marginal cells) of the stria vascu-

laris (sv) (in green) [7, 8, 34]. The stria vascularis is a bilayered epithelium, which secretes the K� into the endolymph [35], and is responsible
for the generation of the endocochlear potential [36]. rm, Reissner’s membrane; ohc, outer hair cells; ihc, inner hair cells; tm, tectorial membrane;
cn, cochlear nerve; sp, spiral prominence.

32 kHz than at 8 kHz (p � 0.0001) (see Figure S1). These at the active zone (Figure S2A). Second, direct efferent
synapses were present on these cells (Figure S2B). Bothresults thus establish that the Cx26 in the epithelial gap

junction network has a crucial role for the auditory features are found in normal immature IHCs [15, 16].
Whether these anomalies are related to an interruptionfunction.
of development of afferent synapses or reflect an
adaptative process to the damage of the organ of CortiHistological Analysis of Cx26OtogCre Cochlea

Histological analysis of the inner ear showed that, up remains to be clarified. Finally, in contrast to these alter-
ations of the organ of Corti, the sensory epithelia of theto P14, the Cx26OtogCre cochlea was indistinguishable

from that of control and heterozygous mice (Figures 3A vestibular end organs, which were analyzed up to P60,
were morphologically normal (data not shown).and 3B), thus indicating that Cx26-containing epithelial

gap junctions are dispensable up to the late maturation
of the organ of Corti. In contrast, from P15–P16 onward, Endocochlear Potential and Endolymphatic

Potassium Concentration Measurementsthe organ of Corti tended to collapse (Figure 3D), and
many epithelial cells had an altered shape (Figure 3D). The endocochlear potential (EP), which represents the

transepithelial electric potential difference between theA collapse of the tunnel of Corti (between pillar cells)
was also observed (data not shown). Several cells, i.e., endolymphatic and perilymphatic compartments of

the cochlea, has a major contribution to the remarkablethe supporting cells of OHCs and OHCs themselves
(mainly from the two most internal of their three rows) sensitivity of the auditory sensory cells. The EP is gener-

ated in the stria vascularis. It develops from P5 to P6were damaged or lost (Figures 3D, 4B, and 4C). The
OHCs are considered to be the cochlear amplifier of the and reaches adult values by P17–P18 [17]. Maintenance

of both the EP and the high endolymphatic K� concen-sound stimulus (reviewed in [12]). Electron microscopy
analysis of the organ of Corti showed that the reticular tration depends on the integrity of the reticular lamina,

which prevents ionic exchanges between endolymphlamina, i.e., a thick net-like plate at the apical surface
of the sensory epithelium formed by the tight junctions and perilymph. EP values at P12–P13, i.e., before any

damage occurs to the organ of Corti, were similar inbetween the hair cells and their supporting cells, was
disrupted (Figures 4B and 4C). The damage of the reticu- homozygous mutants (56 � 12 mV) and control (58 �

12 mV) mice (Figure S3). These data thus show that thelar lamina is likely due to the degeneration of hair cell-
supporting cells in addition to the death of OHCs. In- Cx26-containing epithelial gap junction network is not

necessary for the development of the EP, at least up todeed, when only OHCs died, as is often observed after
aminoglycoside treatment or noise trauma, their sup- P14. In contrast, adult Cx26OtogCre mice had a significantly

decreased EP (38 � 14 mV) compared to control miceporting cells were able to preserve the integrity of the
reticular lamina [13, 14]. At P60, some interdental cells (110 � 12 mV) (p � 0.001). The endolymphatic K� con-

centration was also significantly lower in adult mutantof the spiral limbus were also missing (data not shown).
In contrast, with the exception of profoundly deaf mice, mice (85 � 21 mM) compared to control mice (153 � 7

mM) (p � 0.001). The decrease of these two parameters,the IHCs were preserved in adult mutants. However,
ultrastructural analysis revealed two anomalies in the since they are concomitant to the appearance of mor-

phological anomalies in the organ of Corti (from P15 toIHC synaptic area. First, several synaptic ribbons, in-
stead of the usual single one, were frequently observed P16), likely results from the disruption of the reticular
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Figure 3. Histological Analysis of the Cochlear Structure in Cx26OtogCre

Mice

(A–D) Longitudinal sections of the cochlea and details of the organ
of Corti in two Cx26OtogCre homozygous mutants at (A and B) P12 and
at (C and D) P33. The structure of the organ of Corti at P12 is normal.
The number and shape of the cells are normal. The arrows show
the three rows of OHCs and Deiters’ cells. The arrowhead indicates
the IHC. (D) In contrast, the organ of Corti of a Cx26OtogCre mutant at
P33 (auditory threshold value: 75 dB at 8 kHz and 16 kHz, and 85
dB at 32 kHz) shows signs of degeneration: arrows indicate the
normal emplacement of the three rows of OHCs and Deiters’ cells in
which some cells of both types are now missing compared to P12.
The IHC is conserved in this mutant (arrowhead). (C) The Reissner’s
membrane remains well positioned. The scale bars in (A) and (C) repre-
sent 200 �m, and the scale bars in (B) and (D) represent 20 �m.

lamina. Consistently, no collapse of the Reissner’s mem-
brane was observed in the mutants (see Figure 3C).
Finally, although Cx26OtogCre adult mice still possess sen-
sory cells, no negative EP was recorded under anoxia,
thus substantiating the loss of integrity of the reticular
lamina (data not shown) [18].

Detection of Cell Death in the Cx26OtogCre Cochlea
To monitor the process of cell death within the cochlea,
we performed TUNEL experiments during postnatal de-

Figure 2. Generation of Mice Deficient for Cx26 in the Epithelial Gap velopment of the Cx26OtogCre. Labeled cells were counted
Junction Network of the Inner Ear and identified, i.e., hair cells versus supporting cells,
(A–C) Generation of Cx26loxP/loxP mice. (A) Structure of the wild-type using a myosin VIIA antibody that exclusively labels the
Cx26 allele, the gene targeting vector, and the floxed allele (from hair cells [19, 20] (Figure 5 and Table S1 in the Supple-
the top to the bottom). The coding region of Cx26 exon II is marked mentary Material). The first difference between Cx26OtogCre

by an arrow. Black triangles represent the loxP sites. The probe and control or heterozygous mice was seen at P14 (Ta-
used for the Southern blot analysis and the EcoRI (E) restriction

ble S1). From this stage onward, no cell death was de-fragments detected with this probe (12 kb and 4 kb) are indicated.
tected in the cochlear neuroepithelium of both controlSmall arrows mark the positions of the PCR primers, Cx26R and
and heterozygous mice (Table S1). By contrast, inCx26F, used for genotyping. TK, thymidine kinase selection cas-
Cx26OtogCre mice, the two supporting cells flanking thesette; Neo, neomycin-resistance selection cassette. (B) Southern

blot analysis of properly targeted ES cell clones. Wild-type (wt) and IHC, namely, the border cell and the inner phalangeal
mutated (fl) restriction fragments are indicated. (C) Genotyping of cell, displayed TUNEL labeling (Figure 5A). No other
mice by PCR amplification. M, DNA size ladder. cells were labeled at this stage. From P16 onward, the
(D) Structure of the Otog-Cre transgene. Cre was inserted into a labeling extended to other cell types in the organ of
BAC containing Otog by homologous recombination. polyA, bovine Corti, i.e., to OHCs and their supporting cells (Deiters’
growth hormone polyadenylation signal; nls, nuclear localization

and Hensen’s cells) (Figures 5B and 5C and Table S1),signal. The white box represents the 5�-untranslated region of Otog
as well as to the Claudius cells and outer sulcus cells.exon 1 (left arrow). Gray boxes represent the coding sequences of
At P30, TUNEL labeling was limited to OHCs (Table S1).Otog exons 1 (right arrow) and 2. “A” and “B” indicate the sequences
At P60, some interdental cells were labeled (Figure 5D).used for homologous recombination in the original BAC.

(E and F) Immunohistofluorescence analysis of Cx26 distribution at Cell death was not detected, at any stage, either in the
P15 on transverse sections of the cochlear duct. White lines indicate
the position of the organ of Corti. (E) Cx26OtogCre mice. (F) Cx26loxP/loxP

mice. In Cx26OtogCre mice, Cx26 is no longer expressed in the support-
ing cells of the organ of Corti or in the flanking epithelial cells. In and spiral ligament, as well as by the basal and intermediate cells
contrast, Cx26 is still expressed by the fibrocytes of the spiral limbus of the stria vascularis. The scale bars in (E) and (F) represent 40 �m.
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Figure 4. Electron Microscopy of the Organ
of Corti in Cx26OtogCre Cochlea

(A–C) Transmission electron microscopy at
P30. (A) OHC in a heterozygous mouse with
normal tight junctions on both sides of the
cell. Note the presence of the dense cuticular
plate at the base of the stereocilia. (B and C)
Degenerated OHCs and Deiters’ cells (D) in
a Cx26OtogCre cochlea. Note the vacuolization
of the cytoplasm and the absence of a cuticu-
lar plate and stereocilia in the OHC in (B) and
in the left OHC in (C). (B and C) The processes
of Deiters’ cells are damaged and no longer
stick to the OHCs, thus resulting in the disrup-
tion of the reticular lamina at several em-
placements indicated by arrows. P, outer pil-
lar cell. The scale bars represent 2.3 �m in
(A), 1.25 �m in (B), and 0.8 �m in (C).

neurons of the cochlear ganglion that mainly innervate detectable anomaly in the Cx26OtogCre mice. It occurs at
P14, at the onset of hearing, while the endolymphaticthe IHCs, in the fibrocytes of the spiral limbus and spiral

ligament, or in the stria vascularis. Finally, using immu- potential rises. This strongly suggests that the activity
of IHCs triggers the death of the IHC-supporting cells.nofluorescent detection of activated caspase 3 on tissue

sections, we identified apoptosis as the mechanism un- Upon sound stimulation, the IHC releases K� and the
neurotransmitter glutamate [21] into the perilymph thatderlying the cell death observed in Cx26OtogCre mice (Fig-

ure 5B). bathes its basolateral membrane. It has been proposed
that K� could be taken up by the supporting cells flank-Cell death of the IHC-supporting cells is thus the first

Figure 5. Detection of Dying Cells by TUNEL
and Activated Caspase 3 Immunodetection
in Cx26OtogCre Cochlea

(A–D) Four sections of the organ of Corti in
Cx26OtogCre mice at P14, P16, P30, and P60.
Myosin VIIA immunofluorescent staining of
the hair cells (in red) was performed prior to
the TUNEL reaction (in green). White arrows
indicate dying cells, namely, an IHC-support-
ing cell (border cell) in (A), an OHC-supporting
cell in (B), an OHC in (C), and an interdental
cell in (D). Note the normal structure of the
organ of Corti at P14 compared to P16. The
picture framed in (B) shows the immunofluo-
rescent detection of the activated form of
caspase 3 in a Cx26OtogCre section of the organ
of Corti at P17. Punctiform labeling is de-
tected in the three rows of Deiters’ cells. The
arrowheads indicate the hair cell emplace-
ments. The scale bars represent 10 �m in
(A)–(C) and 40 �m in (D).
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