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Abstract. Gap junctions play a critical role in hearing
and mutations in connexin genes cause a high inci-
dence of human deafness. Pathogenesis mainly occurs
in the cochlea, where gap junctions form extensive
networks between non-sensory cells that can be di-
vided into two independent gap junction systems, the
epithelial cell gap junction system and the connective
tissue cell gap junction system. At least four different
connexins have been reported to be present in the
mammalian inner ear, and gap junctions are thought
to provide a route for recycling potassium ions that
pass through the sensory cells during the mechano-
sensory transduction process back to the endolymph.
Here we review the cochlear gap junction networks
and their hypothesized role in potassium ion recy-
cling mechanism, pharmacological and physiological
gating of cochlear connexins, animal models har-
boring connexin mutations and functional studies of
mutant channels that cause human deafness. These
studies elucidate gap junction functions in the cochlea
and also provide insight for understanding the path-
ogenesis of this common hereditary deafness induced
by connexin mutations.
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Introduction

The mammalian cochlea is a highly organized sensory
organ for hearing composed of auditory hair cells
and supporting cells. Cochlear supporting cells
include pillar cells, Deiters cells, Hensen cells, and

All authors contributed equally to this article.
Correspondence to: T.W. White; email: thomas.white@sunysb.edu

Claudius cells, and these supporting cells are electri-
cally and metabolically coupled by gap junction
channels. In contrast, gap junctions are not found
between the sensory cells (inner and outer hair cells),
or between sensory and non-sensory cells in mam-
mals (Kikuchi et al., 1995; Lautermann et al., 1998;
Zhao & Santos-Sacchi, 1999, 2000; Zhao 2000).
Additional gap junctional coupling exists in the stria
vascularis, spiral limbus, and other cochlear struc-
tures (Jahnke, 1975; Gulley & Reese, 1976; Iurato
et al., 1976; Hama & Saito, 1977; Santos-Sacchi &
Dallos, 1983; Santos-Sacchi, 1987; Zwislocki et al.,
1992; Kikuchi et al., 1995, 2003; Zhao & Santos-
Sacchi, 1998, 2000; Forge et al., 1999). Thus, two
distinct gap junctional networks have been described
in the cochlea: an epithelial cell gap junction network
between the non-sensory epithelial cells, and a con-
nective tissue gap junction network between the
connective tissue cells (Kikuchi et al., 1995). These
gap junction networks are believed to be responsible
for cochlear ionic homeostasis (Santos-Sacchi, 1985;
Oesterle & Dallos, 1990, Kikuchi et al.,, 2000a;
Santos-Sacchi, 2000).

The cochlea is organized in a manner that seg-
regates the ionic environment presented to the sen-
sory cells within this organ. It contains two major
fluid-filled compartments, which hold the perilymph
and endolymph (Fig. 1a). The perilymphatic space
contains a high Na™ and low K™ solution, similar to
other extracellular fluids. In contrast, the apices of
the cochlear epithelial cells face the endolymph,
which has an opposite cationic composition of high
K™ and low Na™. The endolymph is further char-
acterized by the presence of a positive endocochlear
potential of 80 to 100 mV. Acoustically evoked
receptor potentials are generated by the influx of
potassium ions from the endolymph into the sensory
hair cells. These K" ions are then released into the
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Fig. 1. (a) A paraffin section of the guinea pig cochlea stained with hematoxylin and eosin. The perilymphatic space is composed of the scala
vestibuli (SV) and scala tympani (S7), and contains high levels of sodium and low levels of potassium ions. Endolymph is present in the
scala media (SM), and contains high levels of K™ and low levels of Na™. I, type I fibrocytes of the spiral ligament; /1, type II fibrocytes of
the spiral ligament; THC, inner hair cells; L, spiral limbus; OHC, outer hair cells; RM, Reissner’s membrane; SSZ, suprastrial zone; StV
stria vascularis. Bar = 100 pm. (») Thin section electron micrograph of a typical gap junction (arrowheads) between supporting cells in the
guinea pig organ of Corti. Bar = 100 nm. (¢) Freeze-fracture electron micrograph of a typical gap junction (arrow) between supporting cells
of the guinea pig organ of Corti. Gap junctions are clusters of homogeneous intramembranous particles, connexons, in the protoplasmic

fracture face of the plasma membrane. Bar = 100 nm.

basolateral extracellular spaces of the perilymph
prior to being taken up by supporting cells and
recycled back into the endolymph. The supporting
cell gap junction networks are thought to play a
critical role in the recirculation of cochlear K" ions
by providing an intercellular route of transport
(Spicer & Schulte, 1996; Kikuchi et al., 1995, 2000b).

Gap junctions are membrane specializations
containing intercellular channels for the passage of a
wide variety of small molecules, including ions, nu-
cleotides, siRNAs, and inositol phosphates (Veenstra,
1996; Harris, 2001; Goldberg et al., 2004; Valiunas
et al., 2005). Each gap junction is recognized in
transmission electron micrographs as a segment
where the plasma membranes of two adjacent cells
are separated by a uniform narrow gap of about 2 nm
(Fig. 1b). Freeze-fracture electron micrographs dem-
onstrate that each gap junction is composed of closely
aggregated intramembranous channel particles
(Fig. 1¢), which in turn are hexameric assemblies of
connexin proteins. Several different connexin (Cx)
subunits have been reported to be expressed in the
mammalian inner ear. These include Cx26, Cx30,
Cx31 and Cx43 (Kikuchi et al., 1995, 2000a;
Lautermann et al., 1998; Forge et al., 1999, 2003;
Xia et al., 2000; Ahmad et al. 2003; Suzuki et al.,
2003; Zhao, 2005). However, the precise cellular
localization of Cx43 in the cochlea has been contested
(Cohen-Salmon et al., 2004). It is widely accepted
that Cx26 and Cx30 are the predominant isoforms
expressed in cochlear supporting cells. Cx26 is pres-
ent in the epithelial cell gap junction system and the

connective tissue cell gap junction system, and Cx30
has a comparable distribution pattern. Additional
connexins may also be present within the cochlea
(Buniello et al., 2004).

Because intercellular channels span two neigh-
boring cells, it is possible for each cell to contribute
different mixtures of connexin proteins, thereby
increasing the functional diversity of gating and
permeability (White & Bruzzone, 1996). Gap junction
channels can be gated by transjunctional voltage (V;),
membrane potential (V,,), pH, Ca®", or membrane
tension (Bennett et al., 1991; Harris, 2001). Each
connexin has unique voltage-gating sensitivities, and
hybrid channel configurations add further complex-
ity. A homotypic channel generally has symmetric
voltage-gating properties on either side of its sym-
metrical structure. A heterotypic channel can have
asymmetrically rectified voltage-gating properties
owing to each hemichannel having its own unique
gating (Barrio et al., 1991; Rubin et al., 1992; Verselis
et al., 1994; White et al., 1994). Cx26 and Cx30 can
form heterotypic channels in vitro that show asym-
metrically rectified voltage gating (Dahl et al., 1996).
Cx26 and Cx30 can also co-assemble to form het-
eromeric hemichannels in liposomes, allowing for
further structural variety (Locke et al., 2004). Thus,
the precise nature of the communication between
adjacent supporting cells could be profoundly influ-
enced by the available complement of expressed
connexin subunits.

Mutations in human Cx26, Cx30, or Cx3l1
(GJB2, GJB6, and GJB3) have been linked to both
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Fig. 2. Schematic illustration of a
potassium ion recycling mechanism in the
mammalian cochlea. There are two
independent gap junction systems, the
epithelial cell gap junction system and the
connective tissue cell gap junction system in
the cochlea. Potassium ions, which play a
pivotal role in the mechanoelectrical sound
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transduction process in the cochlea, are
recycled via these two gap junction systems.
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syndromic and nonsyndromic forms of deafness
(Kelsell et al., 1997; Zelante et al., 1997; Richard
et al., 1998; Xia et al., 1998; Grifa et al., 1999). In
addition, genetically engineered ablation or mutation
of Cx26 or Cx30 has produced deafness in mice
(Cohen-Salmon et al., 2002; Teubner et al., 2003;
Kudo et al., 2003). These findings strongly demon-
strate the importance of gap junctional communica-
tion in the normal functioning of the inner ear, yet
they do not fully explain why loss of a single gap
junction subunit within the cochlea (i.e., by genetic
mutation) would not be compensated for by the
remaining connexin isoforms. Because there are
connexin-dependent differences in permeation and
gating, one must also consider that loss of one sub-
unit type would not only change the macroscopic
levels and gating of ionic communication, but could
also significantly alter the range of molecules being
exchanged between the coupled supporting cells. In
this article, the detailed organization of the cochlear
gap junction networks and the hypothesized potas-
sium ion recycling mechanism are described, and re-
lated to what is known about pharmacological and
physiological gating of Cx26 and Cx30. Studies of the
functional properties of mutant channels that cause
human deafness and animal models harboring
connexin mutations are also discussed.

Gap Junction Organization in the Mammalian
Cochlea

The presence of two independent gap junction net-
works, the epithelial cell system and the connective
tissue cell system (Fig. 2) was first described by
Kikuchi et al. (1995), and both Cx26 and Cx30 were

root cells; SC, supporting cells; Type 1 FC,
type I fibrocytes; Type II FC, type 11
fibrocytes. This illustration is modified with

- gap junction permission from Kikuchi et al. (2000a).

shown to be widely distributed throughout these
systems (Kikuchi et al., 1995; Lautermann et al.,
1998). The epithelial cell gap junction system consists
of interdental cells in the spiral limbus, all of the
cochlear supporting cells, and root cells within the
lower part of the spiral ligament. No direct commu-
nication via gap junctions exists between the hair cells
and the neighboring supporting cells within the organ
of Corti. The connective tissue cell gap junction sys-
tem is composed of various types of fibrocytes in the
spiral ligament and suprastrial zone, basal and
intermediate cells in the stria vascularis, mesenchymal
cells that line the perilymphatic space of the scala
vestibuli, the supralimbal mesenchymal dark cells and
the fibrocytes in the spiral limbus. The constituent
cells of the epithelial cell gap junction system are
lined by a basement membrane, and have no direct
contact with the underlying connective tissue cells.

Potassium Ion Recycling Mechanism via Gap
Junctions in the Cochlea

The formation and maintenance of the unique ion
composition of the endolymph and the resulting en-
docochlear potential are essential for the auditory
function. Activation of cochlear sensory cells by
acoustic stimuli induces the influx of K" ions from
the endolymph to the hair cells. These K ions are
then released basolaterally to the extracellular spaces
of the organ of Corti, from which they can be picked
up by the cochlear supporting cells (Boettger et al.,
2002; Boettger et al., 2003). Once inside the sup-
porting cells they move via the epithelial cell gap
junction system laterally to the lower part of the
spiral ligament. The K™ ions are released into the
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extracellular space within the spiral ligament by root
cells, which are the outermost elements of the epi-
thelial cell gap junction system, and are taken up by
the Na, K-ATPase and Na-K-Cl cotransporter
(NKCC1) in the plasma membrane of type II fibro-
cytes. This uptake incorporates the K into the
connective tissue gap junction system. Within this
system the K™ ions pass through the tight junctional
barrier at the basal cell layer of the stria vascularis
and are released to the extracellular space within the
stria vascularis. The marginal cells of the stria vasc-
ularis also take up K™ ions via the combined activi-
ties of Na, K-ATPase and NKCCI1, and return the
K™ to the endolymphatic space, where it can be used
again in mechanosensory transduction (Schulte &
Adams, 1989; Crouch et al., 1997). An alternative
model for potassium cycling involving inositol tri-
phosphate-induced calcium waves has also been de-
scribed (Bruzzone & Cohen-Salmon, 2005).

Voltage Gating of Cx26 and Cx30 in Cochlear Cell
Pairs and in vitro Expression Systems

In cochlear supporting cells, multiple examples of
asymmetrical (rectifying) gap junctional voltage gat-
ing have been documented, with marked variation
between different cell pairs. Analysis of coupling in
either Hensen or Deiters cells revealed a large
heterogeneity in the voltage dependence of the gap
junction coupling in individual cell pairs (Zhao &
Santos-Sacchi, 1998, 2000; Zhao, 2000; Todt et al.,
2001). In some pairs, a nearly symmetrical, but less
pronounced dependence of Gj on V; (Gj/V;) was
observed with G; decreasing by 15% when Vs ranged
from 0 mV to = 120 mV. In contrast, other cell pairs
displayed a rectifying G;/V; behavior with a near
constant Gj value at negative Vjs and Gj decreasing by
about 50% at positive voltages. A less pronounced
rectification of opposite polarity was also observed in
other cases, with Gj constant at positive Vjs and de-
creased by 15% at negative voltages. Finally, a linear
decrease of G;j by about 60% was also observed when
V; was varied from —120 mV to 120 mV. In addition
to the asymmetric responses to the polarities of V.,
the channels were also sensitive to the membrane
resting potential, and this V,, gating was independent
of the Vj gating (Zhao & Santos-Sacchi, 2000). This
combination of the asymmetry in transjunctional
voltage gating with the dependence of coupling on
membrane potential could produce asymmetric cur-
rent flow between cells in the intact cochlea, and in
turn influence K passage through the supporting
cell gap junction network.

Gap junction channels between cochlear sup-
porting cells are primarily composed of Cx26 and
Cx30 (Kikuchi et al., 1995; Lautermann et al., 1998;
Ahmad et al. 2003; Forge et al.,, 2003), and the
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voltage-gating properties of these connexins has been
well documented in vitro. However, the Gj/V; rela-
tionships obtained from homotypic gap junction
channels in functional expression systems were not
directly comparable to the results obtained in freshly
isolated pairs of cochlear supporting cells. Cx26 ex-
pressed in Xenopus oocytes formed gap junction
channels with slightly asymmetric voltage dependence
(Barrio et al. 1991; Rubin et al., 1992; Oh et al.,
1999). The instantaneous conductance increased lin-
early by about 10% as the transjunctional voltage V;
changed from —60 mV to 60 mV, while transjunc-
tional potentials larger than + 60 mV symmetrically
reduced the steady-state conductance (Barrio et al.
1991; Verselis et al., 1994; Oh et al. 1999). When Cx30
was expressed in Xenopus oocytes or Hela cells, it
formed homotypic gap junction channels, which were
characterized by a voltage dependency with a bell
shape. G;j was rapidly reduced at Vjs greater than
+30 mV to a residual conductance of about 25% the
initial value (Dahl et al., 1996; Valiunas et al., 1999;
Manthey et al., 2000; Valiunas & Weingart, 2000;
Essenfelder et al., 2004). Thus, simple homotypic
Cx26 or Cx30 channels could not explain the gap
junctional voltage gating seen in cochlear supporting
cell pairs.

Since the Gj/V; relationships observed in pairs of
isolated cochlear supporting cells were not easily ex-
plained by the Gj/V; relationships of homotypic gap
junctions formed by Cx26 or Cx30 in vitro, it was
proposed that supporting cells form heterotypic or
heteromeric gap junction channels with variable
stoichiometry and/or posttranslational modifications
(Zhao & Santos-Sacchi, 2000). The asymmetrical
voltage gating observed in cochlear supporting cells
could play an important role in the cochlea by
inducing a directional transjunctional current be-
tween coupled supporting cells (Zhao, 2000, 2005). If
voltage-gating variability resulted from a positional
related differentiation of cells within the population,
directional currents would facilitate a directed fun-
neling of ions (e.g., K" ions) away from the sensory
cells after acoustic stimulation (Todt et al., 2001). To
fully understand the importance of the variability of
the voltage-dependent modulation of the gap junc-
tion coupling in cochlear supporting cells, it would be
desirable to analyze gap junction coupling in an in-
tact cochlea preparation.

Further support for the formation of mixed Cx26
and Cx30 channels in the cochlea has been provided by
co-immunoprecipitation experiments and immuno-
histological studies. Cx26 and Cx30 have been
co-immunoprecipitated from a cochlear homogenate
that included the organ of Corti, as well as vestibular,
bone and neural tissues. (Ahmad et al. 2003; Forge
et al., 2003; Sun et al., 2005). Forge et al. (2003) also
reported that Cx26 and Cx30 could be co-localized in
the same gap junctional plaque in the cochlear tissue.
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Although these studies do not provide conclusive
proof that Cx26 and Cx30 indeed assemble into het-
eromeric or heterotypic channel configurations, they
are consistent with the in situ electrophysiological data
suggesting that Cx26 and Cx30 form hybrid channels
in supporting cells. Hybrid Cx26/Cx30 channels sug-
gest a possible mechanism of connexin mutation-
induced hearing loss (Zhao & Santos-Sacchi, 2000). If
hybrid Cx26/Cx30 channels are strictly required for
K™ recycling and cochlear homeostasis, then muta-
tion of either connexin would induce altered channel
function even when the other partner remained nor-
mal. A need for hybrid channels would account for
why continued expression and homotypic function of
either Cx26 or Cx30 could not compensate for the
mutations in the other gene.

Inner Ear Gap Junction Permeability

The diameter of the gap junction channel lumen is 1 to
1.5 nm for all connexins that have been structurally
studied, consistent with the observed upper size limit
for the minor diameter of molecules that can traverse
the channel (Harris, 2001; Goldberg et al., 2004,
Valiunas et al.,, 2005). Despite this shared pore
diameter, channels formed by different connexin
isoforms have distinct charge preferences and selec-
tivity for molecules with diameters well below the
upper limit (Elfgang et al., 1995; Veenstra, 1996;
Bevans et al., 1998; Cao et al., 1998). In transfected
cells, Cx26 channels show permeability to both
cationic and anionic dyes (Elfgang et al., 1995;
Nicholson et al., 2000; Beltramello et al., 2003),
whereas Cx30 channels show a strong cationic pref-
erence and are impermeable to the anionic dyes
Lucifer yellow and Alexa Fluor 488 (Manthey et al.,
2001; Beltramello et al., 2003; Sun et al., 2005). In the
cochlear sensory epithelium, gap junctional coupling
also showed a strong charge-selectivity in permeabil-
ity. Permeation of negatively charged dyes correlated
with Cx26 expression, suggesting that Cx26 could be
primarily responsible for anionic molecular perme-
ability in the cochlear epithelial network (Zhao, 2005).
Given most important cell signaling molecules, such
as ATP, cAMP, cGMP, glutamine, and IP3, are neg-
ative anions, Cx26 channels may play an important
role in intercellular signaling and nutrient sharing in
the cochlea. Functional analysis of deafness causing
mutations has provided strong support for this view
(Beltramello et al. 2005; Zhang et al., 2005; see below).

Pharmacological Modulation of Gap Junction
Coupling in Cochlear Supporting Cells

It has also been postulated that supporting cell gap
junctional coupling is involved in cochlear patholo-
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gies such as drug-induced ototoxicity. In isolated
Hensen cells, it was shown that the ototoxic antibiotic
gentamicin reduced the conductance of the gap
junctions (Todt et al., 1999). In line with this obser-
vation another ototoxic drug, cisplatin, was able to
uncouple the gap junctions of fibroblasts (Zhao et al.,
2004). Since the effects of gentamicin on gap junction
coupling of Hensen cells could be counterbalanced by
application of catalase, it was concluded that genta-
micin first stimulates the production of H,O,, which
in turn induces the inhibition of gap junctional cou-
pling (Todt et al., 1999). This conclusion was sup-
ported by experiments in which H,O, was directly
applied on Hensen cells, where it inhibited gap
junction coupling in a concentration-dependent
manner (Todt et al., 2001). Furthermore, it was
shown that the effect of gentamicin was related to
presence of Fe?™, since the Fe?" chelator deferox-
amine was able to block the gentamicin-induced gap
junction uncoupling of Hensen cells (Ngezahayo
et al., unpublished data). Thus, gentamicin stimulated
production of H»>O,, which was transformed by a
Fenton reaction into free radicals like hydroxyl,
which in turn inhibited the gap junction coupling.

The mechanism by which free radicals induce
closure of gap junction channels of Hensen cells is
still a matter of speculation. Lin and Takemoto
(2005) have shown that accumulation of reactive
oxygen species (ROS) in lens epithelial cells stimu-
lated PKC-y, which in turn phosphorylated Cx43,
thereby reducing the conductance of the gap junction
channels (Moreno, 2005). A similar mechanism can
be postulated in supporting cells of the organ of
Corti. Although Cx26 cannot be phosphorylated
(Traub et al., 1986), it can be speculated that free
radicals stimulate PKC in Hensen cells, which could
then phosphorylate Cx30 and cause closure of gap
junction channels containing Cx30. Further studies
are needed to determine the pathways by which free
radicals inhibit gap junction coupling in the cochlear
supporting cells.

Nitric oxide (NO) has also been identified as an-
other pharmacological modulator of gap junctional
coupling in cochlear supporting cells (Blasits et al.,
2000). It was shown that the gap junction coupling
between Deiters cells could be blocked by application
of the NO donor sodium nitroprusside (SNP). The
effect of SNP on gap junction coupling could be
suppressed by intracellular application of the Ca’"-
chelator BAPTA and was mimicked by application of
the membrane-permeable 8-bromo-cGMP. Thus, NO
affected the gap junction coupling of Deiters cells by
increasing the intracellular free Ca®* concentration
([Ca”* ) and production of cGMP, which stimulated
a cGMP-dependent cascade of reactions to reduce the
gap junction coupling of the Deiters cells. The origin
of the Ca?" (Ca’"-entry versus Ca’"-release from
intracellular stores) as well as the relationship between
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the rise in [Ca®*]; and the production of cGMP have
not yet been studied. However, NO was demonstrated
to induce a rise in [Ca’>"]; as well as a production of
c¢cGMP, and both messengers were required for gap
junction uncoupling (Blasits, et al., 2000). Calmodulin
has been postulated as an additional potential medi-
ator of Ca?"-dependent gap junctional gating
(Peracchia et al., 1983; Perrachia et al., 2000). In iso-
lated Hensen cells, Blodow et al. (2003) have shown
that calmodulin inhibitors like W7, trifluoperazine
(TFP), or MLCK suppressed gap junction coupling.
A calmodulin binding motif has been identified by
sequence analysis in the C-termini of both Cx26 and
Cx30, suggesting that calmodulin could directly
interact with the connexins to modulate gap junction
coupling between Hensen cells. Additional modula-
tors of gap junction coupling in cochlear supporting
cells, such as temperature, membrane tension, and
pH, have been described, although their detailed
mechanisms of action are still unclear. (Santos-Sacchi,
1986; Sato & Santos-Sacchi, 1994; Sato et al., 1998;
Zhao & Santos-Sacchi, 1998).

Mouse Models of Cochlear Connexin Loss of Function

Data supporting a critical role for gap junctional
coupling in cochlear homeostasis have emerged
through the generation of mice with mutated or de-
leted Cx26 and Cx30 genes. Complete knockout of
Cx26 in mice results in neonatal lethality, preventing
analysis of its function in hearing (Gabriel et al.,
1998). Cohen-Salmon et al. (2002) successfully per-
formed targeted ablation of Cx26 specifically in the
epithelial gap junctional network in the cochlea.
These animals displayed normal patterns of cochlear
development, but following the onset of hearing on
postnatal day 14, showed an increase in postnatal cell
death within the cochlea along with significant hear-
ing loss. The initiation of cell death was found to
occur near the inner hair cells, and coincided with
decreases in the endolymphatic potential and endo-
lymphatic potassium concentration. It was hypothe-
sized that loss of Cx26 prevented recycling of K™
ions after sound stimulation and that elevated K in
the extracellular perilymph inhibited uptake of the
neurotransmitter glutamate, which ultimately re-
sulted in cell death within the hair cell population.
These data demonstrated that the epithelial gap
junction network plays a critical role in cochlear
function, but delineating the precise role of Cx26
becomes more complex since the tissue-specific dele-
tion of the Cx26 gene did not alter the expression
pattern of Cx30 in these mice (Cohen-Salmon et al.,
2002). Cx30 is highly permeable to K * ions (Valiunas
et al., 1999), yet it alone could not prevent hearing
loss in the absence of Cx26, and the presence of a
single type of connexin with similar ionic selectivity
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was unable to rescue the phenotype observed in these
mice. Further investigation of these conditional
knockout animals will be invaluable toward further
elucidation of the role of gap junctional communi-
cation in the recycling of K ions in the etiology of
deafness.

A different mouse model examined the pathology
of dominant mutations by transgenically expressing
the dominant-negative Cx26 mutant R75W in the
inner ear (Kudo et al., 2003). This mutation caused
syndromic deafness associated with skin disease and
its dominant-negative effects were verified by showing
that R75W lacked channel activity when expressed
alone and efficiently inhibited the activity of co-ex-
pressed wild-type Cx26 (Richard et al., 1998). Trans-
genic mice expressing the R75W mutation exhibited
profound deafness that was evident as early as at two
weeks of age. In addition, these mice developed sig-
nificant histological abnormalities within the inner ear
by two weeks of age, including deformities of the
tunnel of Corti, supporting cells and hair cell degen-
eration (Kudo et al., 2003). However, the stria vasc-
ularis and spiral ligament, which are also rich in Cx26
expression, appeared normal. By seven weeks of age,
hair cells and the tunnel of Corti had completely
degenerated in R75W animals (Kudo et al., 2003).
These findings suggested that R75W exerted its effects
within the epithelial transport system of the inner ear
by altering the circulation of K* ijons into the
cortilymph, instead of the extracellular perilymph,
as was reported in the conditional Cx26 model
(Cohen-Salmon et al., 2002). These data further
highlight that diverse cochlear pathologies may arise
depending on the pattern of inheritance and/or the
nature of the Cx26 mutation.

A Cx30 knockout mouse model has been suc-
cessfully established as well (Teubner et al., 2003).
Similar to Cx26 ablation in cochlear supporting cells,
deletion of Cx30 in mice resulted in hearing loss but
the cochlea and vestibular end organs developed
normally (Teubner et al., 2003). Despite normal
development, the Cx30 knockouts lacked the endo-
cochlear potential that normally results from the
asymmetric Na® and K concentrations in the
endolymph and perilymph. At postnatal day 18,
shortly after the onset of hearing, Cx30 knockouts
displayed increased apoptosis within the cochlear
sensory epithelium. Deletion of Cx30 did not alter the
cochlear expression of Cx26, again raising the ques-
tion of why the continued expression of Cx26 was not
able to compensate for the loss of Cx30 (Teubner
et al., 2003). One possible explanation for these
phenotypes is that gap junctions may have other roles
in addition to recycling K™ ions. This idea is sup-
ported by data from functional studies showing that
while the K" conductance of Cx26 and Cx30 is
similar, the channels display significant differences
regarding the permeability of larger molecules
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(Valiunas et al., 1999; Manthey et al., 2001). Thus,
specific loss of either Cx26 or Cx30 within cochlear
epithelial cells would not simply reduce the intercel-
lular passage of K™ ions, but could also significantly
alter the exchange of larger solutes between the
coupled cells.

Functional Properties of Mutant Channels

Mutations in Cx26 are associated with pathogenesis
of most autosomal recessive and dominant hearing
loss, as well as sporadic congenital deafness (Kelsell et
al., 1997; Estivill et al., 1998; Rabionet et al., 2000;
Kenneson et al., 2002). These mutations include
nonsense or insertion/deletion, which results in the
premature termination of protein translation, and
missense mutations that alter a single amino acid.
35delG is the most frequently found mutation in Cx26
involved in 70-85% of Cx26-related deafness (Zelante
et al., 1997). Deletion of this one base results in a
frame shift introducing a premature stop codon and
resulting in termination of protein translation. In
addition to 35delG, numerous missense mutations
have been identified throughout the Cx26 gene (http://
davinci.crg.es/deafness/) and many of them have been
analyzed for alteration of their functional properties
(White, 2000). For example, Bruzzone et al. (2003)
found that the V84L mutation was able to form
functional channels as well as wild-type Cx26 and that
the voltage-gating properties shared similar features.
In another study by D’Andrea et al. (2002), two
additional Cx26 mutations, L90P and RI127H,
induced low levels of Lucifer Yellow dye transfer be-
tween transfected HeLa cells. Thus, not all deafness-
causing mutations resulted in complete loss of activity
and the functional mutations may provide unique
insights into the specific role of Cx26 in hearing.
This view has been supported by other functional
studies of connexin mutants. Thus far, most mutants of
Cx26 cannot form functional gap junction channels in
vitro (White et al., 1998; Martin et al., 1999; Choung
et al., 2002; D’Andrea et al., 2002; Thonnissen et al.,
2002; Bruzzone et al., 2003; Marziano et al., 2003;
Wang et al., 2003; Mese et al., 2004; Melchionda et al.,
2005; Piazza et al., 2005). However, some deafness-
associated mutants in the Cx26, for example T8M,
V84L, A88S, VI95M, E114G and N2068S, were still able
to form functional homotypic gap junction channels in
vitro (Choung et al., 2002; Thonnissen et al., 2002;
Bruzzone et al., 2003; Wang et al., 2003; Mese et al.,
2004; Zhang et al., 2005). Many of these functional
mutants were shown to induce electrical coupling in
experimental expression systems. Given that potas-
sium is the dominant permeant ion of normal cyto-
plasm, itis very likely that these mutant channels retain
high permeability to K™ ions. Thus, deafness associ-
ated with these missense mutations in the Cx26 gene
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may not solely depend on the loss of K * coupling and
K™ re-circulation. Instead, these mutations may
interfere with the coupling of larger biochemical sol-
utesin the inner ear. This concept has been validated by
recent experiments showing that the V84L mutation
had impaired permeability to the cell signaling mole-
cule inositol 1,4,5-trisphosphate (IP3;) compared to
wild-type Cx26 (Beltramello et al., 2005). This study
showed that potassium conductance and open proba-
bility of V84L were indistinguishable from those of
Cx26, but V84L failed to propagate Ca’" waves
stimulated by direct intracellular injection of IP5. Bel-
tramello et al. (2005) further documented that injection
of IP; into supporting cells of the rat organ of Corti
produced a regenerative wave of Ca®>* throughout the
tissue, although the precise role played by calcium
waves in the process of sound transduction remains
speculative (Bruzzone & Cohen-Salmon, 2005).

Additional evidence that gap junction-mediated
exchange of larger biochemical molecules was re-
quired for normal cochlear function came from a
second study examining IP; and Ca?" waves. Zhang
et al. (2005) also showed that organotypic cochlear
cultures mediated the propagation of intracellular
Ca’>" waves by facilitating intercellular diffusion of
injected IP They then documented that a subset of
Cx26 mutations, V84L, V95M, and AS88S, specifically
altered the intercellular exchange of larger biochem-
ical solutes like propidium iodide and IP;, but re-
tained permeability to simple ions, as measured by
both electrical coupling and experiments where Na "
and Ca®>" were directly injected into one cell and then
detected in a neighboring cell using fluorescent dyes
(Zhang et al., 2005). These data suggested that ino-
sitol 1,4,5-trisphosphate was the critical permeant
molecule for calcium wave propagation and con-
firmed that additional Cx26 deafness-linked muta-
tions that retained ionic coupling were deficient in
their permeability to larger biochemical molecules.
The combined results of Beltramello et al. (2005) and
Zhang et al. (2005) strongly suggest that potassium
permeability is not the only function of supporting
cell gap junctions, and that permeability to cyto-
plasmic signaling molecules and metabolites may also
be required for normal hearing.
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