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Abstract

The KCNJ10 gene which encodes an inwardly rectifying K* channel Kir4.1 subunit plays an
essential role in the inner ear and hearing. Mutations or deficiency of KCNJ10 can cause hearing
loss with EAST or SeSAME syndromes. This review mainly focuses on the expression and
function of Kir4.1 potassium channels in the inner ear and hearing. We first introduce general
information about Kir potassium channels. Then, we review the expression and function of Kir4.1
channels in the inner ear, especially in endocochlear potential (EP) generation. Finally, we review
KCNJ10 mutation induced hearing loss and functional impairments. Kir4.1 is strongly expressed
on the apical membrane of intermediate cells in the stria vascularis and in the satellite cells of
cochlear ganglia. Functionally, Kir4.1 has critical roles in cochlear development and hearing
through two distinct aspects of extracellular K* homeostasis: First, it participates in the generation
and maintenance of EP and high K* concentration in the endolymph inside the scala media.
Second, Kir4.1 is the major K* channel in satellite glial cells surrounding spiral ganglion neurons
to sink K* ions expelled by the ganglion neurons during excitation. Kir4.1 deficiency leads to
hearing loss with the absence of EP and spiral ganglion neuron degeneration. Deafness mutants
show “loss-of-function” and reduced channel membrane-targeting and currents, which can be
rescued upon by co-expression with wild-type Kir4.1. This review provides insights for further
understanding Kir potassium channel function in the inner ear and the pathogenesis of deafness
due to KCNJ10 deficiency, and also provides insights for developing therapeutic strategies
targeting this deafness.
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1. Introduction

Inwardly rectifying potassium (Kir) channels exhibit an asymmetrical conductance at
hyperpolarization (high conductance) compared to depolarization (low conductance) and
demonstrate an inward rectification in the current-voltage relationship. They have various
functions in setting the resting membrane potential, regulating neurotransmitter release,
heart rate, insulin secretion, neuronal excitability, epithelial electrolyte transport, smooth
muscle contraction, and cell volume regulation (Hille, 1992; Shieh et al., 2000). Kir
channels also have a critical role in the inner ear for hearing. Kir4.1 is a predominant
isoform in the inner ear. Mutations or knockout (KO) of Kir4.1 (KCNJ10) induce hearing
loss. In this review, we mainly focus on reviewing the expression and function of Kir4.1
channels in the inner ear and mutation-induced functional impairments to provide insights
for understanding the pathogenesis of deafness induced by KCNJ10 deficiency.

2. Kir channel family and Kir4.1 channels

Inwardly rectifying K* currents were first identified in skeletal muscle (Katz, 1949). Later,
the underlying Kir channels were identified and found to have widespread expression in a
variety of cells, including cardiac myocytes (Kurachi, 1985; Nobles et al., 2005), neurons
(Brown et al., 1990; Gahwiler and Brown, 1985; North et al., 1987; Takahashi, 1990), blood
cells (McKinney and Gallin, 1988; Lewis et al., 1991), osteoclasts (Sims and Dixon, 1989),
endothelial cells (Silver and DeCoursey, 1990), glial cells (Newman, 1984; Kofuji et al.,
2002), and epithelial cells (Greger et al., 1990; Lorenz et al., 2002; Hebert et al., 2005).
Based on molecular and electrophysiological features, the Kir channel family is divided into
seven subfamilies (Kirl.0 — Kir7.0), which contain more than 20 members (Doupnik et al.,
1995; Fakler and Ruppersberg, 1996; Isomoto et al., 1997; Nichols and Lopatin, 1997;
Ruppersberg, 2000; Stanfield et al., 2002). On the other hand, based on their biophysical
properties, Kir channels can also be divided into 4 sub-groups, namely: (1) Classical Kir
channels (Kir2.x), (2) G protein-gated Kir channels (Kir3.x), (3) ATP-sensitive K* channels
(Kir6.x), and (4) K*-transport channels (Kirl.x, Kir4.x, Kir5.x, and Kir7.x).

Kird.1 (KCNJ10) was initially identified from a brain cDNA library independently by
several groups and has been assigned different names, such as BIR10 (Bond et al., 1994),
KAB-2 (Takumi et al., 1995), BIRK-1 (Bredt et al., 1995), and Kirl.2 (Shuck et al., 1997).
Kir4.1 has extensive expressions in glial cells of the brain (Higashi et al., 2001; Seifert et al.,
2009; Harada et al., 2013), kidney (Garcia et al., 2007), and inner ear (Hibino et al., 1997,
1999; Ando and Takeuchi, 1999; Takeuchi et al., 2001).

3. Expression of Kir4.1in the inner ear

Kir4.1 is a predominant isoform in the inner ear. In the inner ear, Kir4.1 mainly expresses in
the cochlear lateral wall, the spiral ganglion area, and supporting cells in the organ of Corti
(Hibino et al., 1997, 1999; Ando and Takeuchi, 1999; Takeuchi et al., 2001).
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3.1 Kir4.1 expression in the stria vascularis in the cochlear lateral wall

Kird.1 mRNA is the only detectable Kir channels in the stria vascularis (Hibino et al., 1997).
Based on immunochemistry staining, they reported that Kir4.1 was located at the marginal
cells. However, it was later found that Kir4.1 is expressed at the apical membrane of
intermediate cells rather than the marginal cells (Ando and Takeuchi, 1999; Takeuchi et al.,
2001). We also found that Kir4.1 labeling was only detectable in the intermediate cells and
that no labeling was found in the marginal cells and the basal cells in dissociated cell
preparations and in the cochlear cross-sections (Liu and Zhao, 2008; Wang et al., 2009).
Currently, Kir4.1 is believed to be expressed only at the intermediate cells in the stria
vascularis in the cochlear lateral wall (Fig. 1).

3.2 Kir4.1 expression in the cochlear ganglia

Using immunohistochemistry, Hibino et al. (1997, 1999) also found that Kir4.1 has
prominent expression in the satellite glial cells of cochlear ganglia. The subcellular
localization of Kir4.1 was further examined by immunoelectron microscopy. The Kir4.1
location was identified at the myelin sheaths of satellite glial cells wrapping the somata of
the ganglion neurons (Hibino et al., 1999).

3.3 Kir4.1 expression in the organ of Corti

In the organ of Corti, weak-labeling for Kir4.1 was visible at Deiters’ cells surrounding the
outer hair cells (Rozengurt et al., 2003). This specific location implies that Kir4.1 may also
play a role in K* absorption for K*-recycling in the cochlea.

4. Kir4.1 function in the inner ear

Kir4.1 in the inner ear is mainly involved in the generation of positive endocochlear
potential (EP) and high K* concentration in the endolymph. It also plays an important role in
the maintenance of spiral ganglion neuron excitation

4.1 Kir4.1 function in the generation of endocochlear potential in the cochlear lateral wall

The EP is a driving force for hair cells to produce the auditory receptor current. The positive
EP and high concentration of K* in the endolymph are generated by the cochlear lateral wall
(Tasaki and Spyropoulos, 1959). Kir4.1 channels play an essential role in the generation of
the EP. The cochlear lateral wall is composed of the stria vascularis (SV) and the spiral
ligament (SPL). The stria vascularis comprises two epithelial layers: one layer of marginal
cells and another composed of intermediate cells and basal cells (Fig. 1). Marginal cells are
connected together through tight junctions forming a continuous layer facing the
endolymph, whereas the layer of basal cells borders the spiral ligament that is filled with
perilymph. Between the two layers there is an extracellular space termed the intrastrial space
(IS) (Salt et al., 1987; Wangemann and Schacht, 1996; Wangemann 2006), which is
surrounded by the apical membranes of intermediate cells and the basolateral membranes of
marginal cells (Fig. 1B).

The IS is electrically isolated from the neighboring perilymph and endolymph and the fluid
in the 1S exhibits a low concentration of K* (1-2 mM) and a positive potential (+115-120
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mV), which is 10-15 mV higher than the EP (Salt et al., 1987; Ikeda and Morizono, 1989).
Early experiments indicated that this positive IS potential is generated by K* diffusion
across the apical membranes of intermediate cells (Marcus et al., 1985; Salt et al., 1987;
Wangemann and Schacht, 1996; Takeuchi et al., 1996; Takeuchi and Ando, 1998). Later, it
was found that Kir4.1 channels located at the apical membrane of the intermediate cells are
responsible for this K* permeability (Ando and Takeuchi, 1999; Takeuchi et al., 2001). In
conjunction with a lower K* concentration (1-2 mM) in the 1S and a normal high K*
concentration (140-150 mM) in the cytosol of intermediate cells, Kir4.1 at the apical
membrane of the intermediate cells can generate approximately 100-110 mV
transmembrane potential. According to a widely-accepted “two-cell model” (Salt et al.,
1987; Takeuchi et al., 2000; Marcus et al., 2002; Nin et al., 2008), the intermediate cells are
electrically connected with the basal cells and neighboring fibrocytes in the SPL by gap
junctions (Carlisle et al., 1990; Kikuchi et al., 1995; Lautermann et al., 1998; Forge et al.,
2003; Liu and Zhao 2008; Kelly et al., 2011). Because the fibrocytes have high expression
of Na*, K*-ATPase (Schulte and Adams, 1989; Schulte and Steel, 1994; ten Cate et al.,
1994) and Na*, K*, 2CI~-cotransporter (Crouch et al., 1997; Sakaguchi et al., 1998) that
pump K* and CI~ ions into the intracellular space leading to cells depolarizing, their
intracellular potentials are approximately =5 mV (Melichar and Syka, 1987; Salt et al.,
1987; Ikeda and Morizono, 1989; Nin et al., 2008). Consequently, the intracellular potential
of the intermediate cells is driven to be at ~ =5 mV by gap junctional coupling. Because
there is an approximately 100-110 mV transmembrane potential between the IS and the
intracellular space of the intermediate cells generated by Kir4.1 potassium channels at the
apical membrane of the intermediate cells, this eventually leads to the IS becoming positive
and having a high positive potential (+105-115 mV) with respect to normal extracellular
space (Fig. 2).

4.2 Function of Kir4.1 channels in the cochlear ganglia

Cochlear ganglion neurons belong to bipolar sensory neurons and are excited at their
dendrites by neurotransmitters released from the hair cells. These neurons project to the
cochlear nucleus and thus transfer auditory neural signaling from hair cells to the central
auditory system. The somata of cochlear ganglion neurons are usually surrounded by more
than two satellite glial cells (Rosenbluth, 1962; Ryan and Schwartz, 1983), as other types of
sensory and autonomic ganglia. Electron microscopy shows that cochlear satellite glial cells
wrap the somata of ganglion neurons with multiple layers of myelin sheaths, in which Kir4.1
is located (Hibino et al., 1999). This specific subcellular localization of Kir4.1 suggests that
Kir4.1 channels in the satellite glial cells can sink K* ions, which are extruded from the
ganglion neurons during excitation.

5. Kir4.1 expression in the inner ear development and functional maturation
5.1. Kir4.1 expression in the cochlear lateral wall and associated EP generation in the inner
ear postnatal development

Both EP and the concentrations of K* ([K*]) in cochlear endolymph gradually increase after
birth. The EP starts to become positive after endolymphatic [K*] reaches the adult level
around the postnatal day 8 (P8) in the rat (Hibino et al., 1997, 2004). The expression of
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Kir4.1 in the SV starts after endolymphatic high [K*] is established and increases to a
plateau with a similar time course as the development of EP. In rats, Hibino et al. (1997)
examined the developmental change of Kir4.1 immunoreactivity in SV at various postnatal
days and compared it with the elevation of [K*] and EP. At P1 and P5, no Kir4.1
immunoreactivity was detected. At P8, weak immunoreactivity was detected. The
immunoreactivity appeared simultaneously in the SV in all turns of cochlea. The expression
of Kir4.1 then increased rapidly during the following days. At P14, abundant staining of
Kir4.1 protein was observed, similar to that of adult rats. The time course of Kir4.1
expression was closely correlated with that of the elevation of EP but not of endolymphatic
[K*], which further supports the idea that Kir4.1 has a critical role in EP generation.

In guinea pigs, Jin et al., (2006) investigated the developmental expression and localization
of Kir4.1in the inner ear using semi-quantitative RT-PCR and immunohistochemistry.
Kir4.1 expression was first observed in the strial intermediate cells at embryonic day 50,
which suggests roles for Kir4.1 channels in inner ear development and onset of auditory
function. However, the expression of Kir4.1 in the postnatal development of inner ears still
remains largely undetermined and needs to be further investigated.

5.2. Postnatal development of Kir4.1 expression in the cochlear ganglia and auditory
functional maturation

The expression of Kir4.1 in satellite cells also parallels maturation of auditory function
during development. In rats, the function and structure of auditory systems, including the
cochlea, are immature and nonfunctional just after birth. They develop gradually and
become mature within 2 weeks, when the onset of hearing occurs in rats (Blatchley et al.,
1987). Hibino et al., (1999) examined the developmental change of Kir4.1 immunoreactivity
in cochlear satellite glial cells of rats at various postnatal days. At the first day after birth
(P1) and P5, cochlear ganglion cells are small and poorly developed but the satellite glial
cells are well-enveloped (Sobkowicz, 1992). No Kir4.1 labeling is visible in the satellite
glial cells at P1 and P5. At P8, approximately when the myelin sheaths of the satellite glial
cells begin to envelop the somata of ganglion neurons (Sobkowicz, 1992), weak
immunoreactivity of Kir4.1 can be detected in some but not all satellite glial cells. The
Kird.1 immunoreactivity gradually increases in the following several days and reaches the
adult level at P14. This developmental pattern of Kir4.1 expression appears the same in all
turns of the cochlea. The onset of hearing in rats occurs at P14 (Blatchley et al., 1987),
which is just after the complete maturation of Kir4.1 expression in the satellite glial cells
and the strial intermediate cells in the stria vascularis. Similarly, in mice, the action potential
of the cochlear nerve was first detected at P9, increased over several days, and reached a
plateau at P14 (Mikaelian and Ruben, 1965; Sadanaga and Morimitsu, 1995), when hearing
onset occurs. However, the relationship between auditory function and Kir4.1 expression in
the mouse inner ear has not been completely established.
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6. Hearing loss due to Kir4.1 (KCNJ10) deficiency

6.1 Deafness due to KCNJ10 mutations

Kir4.1 (KCNJ10) mutations can cause hearing loss. In humans, the KCNJ10 gene is located
on chromosome 1g22-23. KCNJ10 mutations can produce autosomal recessive EAST
syndrome, which entails epilepsy, ataxia, sensorineural deafness, and renal tubulopathy
(Bockenhauer et al., 2009; Reichold et al., 2010; Freudenthal et al., 2011; Thompson et al.,
2011), or SeSSAME syndrome, characterized by seizures, sensorineural deafness, ataxia,
mental retardation, and electrolyte imbalance (Scholl et al., 2009, 2012; Tang et al., 2010).
Missense and nonsense mutations in KCNJ10 have been identified in EAST/SeSAME
syndromes. Bockenhauer et al. (2009) identified five children from two consanguineous
families who had the clinical features of EAST syndrome. Sequencing of the complete
coding region of KCNJ10 revealed a homozygous missense mutation, ¢.194G — C
(p.R65P), in the four affected patients in Family 1 and another homozygous missense
mutation, ¢.229G —C (p.G77R), in Patient 2-1. Hearing impairment was found in Patient
1-1 at the age of 5 years and in Patient 2-1 at 1 year. The grade of hearing impairment in
Patient 1-1 remained stable over the subsequent 8 years. Patients 1-3 and 1-4 also had
sensorineural hearing impairment. The audiograms showed moderate hearing loss, which
was more pronounced at higher frequencies.

Scholl et al. (2009) also screened the 4 kindreds with SeSSAME syndrome and found
homozygous missense mutations (p.C140R and p.T1641) in two consanguineous kindreds,
compound heterozygous missense mutation (p.A167V/R297C) in one outbred kindred, and a
compound missense/premature termination mutation (p.R65P/R199Stop) in one kindred.

Recently, three new homozygous mutations (p.R65C, p.F75L and p.F75C) and two new
compound heterozygous mutations (p.V259fs259X and p.V91fs197X) in KCNJ10 were also
identified in patients with EAST syndrome (Freudenthal et al., 2011; Parrock et al., 2013).
In addition, Parrock et al. (2013) found the homozygous mutation p.A167V, which had
previously been reported to cause disease only in its compound heterozygous state
(Williams et al., 2010), in an affected individual in one family; no other mutations were
found in the entire coding sequence and adjacent splice sites.

6.2 The role of KCNJ10 mutations in enlarged vestibular aqueduct and Pendred syndrome

KCNJ10 mutations or deficiency may also be associated with enlarged vestibular aqueduct
(EVA) and Pendred syndrome (PDS)/DNFB4 (Wangemann et al., 2004; Singh and
Wangemann, 2008), which is an autosomal recessive syndromic deafness mainly caused by
mutations of SLC26A4. The fact that large phenotypic variability exists among patients with
biallelic SLC26A4 mutations suggests that EVA/PDS is a complex disease and may involve
other genetic or environmental factors influencing the clinical manifestations. Yang et al.
(2009) screened 89 patients who had a clinical diagnosis of EVA/PS and were known
carriers of only one SLC26A4 coding sequence mutation. In two patients, they identified
either p.P194H (c.581C) or p.R348C (c.1042C) missense mutations in KCNJ10. Neither
change was found in 800 chromosomes from ethnically-matched normal-hearing controls.
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However, a recent study (Landa et al., 2013) reported a lack of association between
mutations of KCNJ10 or FOXI1 and SLC26A4 mutations in EVA/PDS. They examined 68
patients with monoallelic mutations of SLC26A4 who were tested for mutations in KCNJ10
and FOXI1, and found no evidence for a significant association between KCNJ10 or FOXI1
mutations and SLC26A4 (Landa et al., 2013). Song et al. (2014) also reported that there is no
mutation identified in the FOXI1, FOXI1-DBD, and KCNJ10 genes in 11 multiplex Korean
families with EVA and hearing loss that carry biallelic mutations of the S.C26A4 gene.
There were also no FOXI1 or KCNJ10 mutations detected in 32 EVA Chinese patients who
carried pathogenic SL.C26A4 mutations (Chen et al., 2012). In addition, Jonard et al., (2010)
reported that there were no mutations in FOXI1 and KCNJ10 genes in 25 patients presenting
unilateral hearing impairment and ipsilateral EVA. So, the possible digenic inheritance of
PDS due to single allele mutations in both KCNJ10 and S_LC26A4 has not been firmly
established. The role of KCNJ10 mutations in EVA needs further clarification in future
studies.

7. Functional analyses of KCNJ10 deafness mutations

So far, deafness alleles of homozygous p.T571, p.R65P, p.R65C, p.F75C, p.F75L, p.G77R,
p.C140R, p.T1641, p.A167V, p.R175Q, and p.R297C, compound heterozygous p.R65P/
R199Stop and p.A167V/R297C, and frame-shift mutations of p.vV91fs197X and
p.VV259fs259X have been identified (Bockenhauer et al., 2009; Scholl et al., 2009, 2012;
Freudenthal et al., 2011; Parrock et al., 2013). For functional assay, these mutants and
wildtype (WT) KCNJ10 constructs were cloned and expressed in Xenopus oocytes
(Williams et al., 2010, Freudenthal et al., 2011; Parrock et al., 2013) and mammalian cell
lines (HEK293 and CHO cells: Reichold et al., 2010; HEK293 cells: Tang et al., 2010;
Williams et al., 2010; Scholl et al., 2012; COSm6 cells: Sala-Rabanal et al., 2010). All of the
mutations compromised channel function, but the underlying mechanisms are different.

7.1 Impairment in Kir4.1 membrane targeting

Kir4.1 is a membrane protein. Cell-surface membrane targeting assays indicate that all
mutants with the exception of the nonsense mutant p.R199X, exhibit plasma membrane
expression, however reduced (Tang et al., 2010; Sala-Rabanal et al., 2010; Williams et al.,
2010, Scholl et al., 2012). The p.A167V mutant also can decrease surface expression in
p.A167V/R297C (Sala-Rabanal et al., 2010).

7.2 Impairment in Kir4.1 channel function

All of the disease-associated mutants (p.T571, p.R65P, p.R65P/R199X, p.G77R, p.C140R,
p.T1641, p.A1l67V, p.A167V/R297C, p.R175Q, and p.R199X) show loss-of-function
mutations and reduced K* current to 0-23% of the WT level (Reichold et al., 2010; Tang et
al., 2010; Sala-Rabanal et al., 2010; Williams et al., 2010, Scholl et al., 2012; Parrock et al.,
2013). A majority of mutations (p.R297C, p.C140R, p.R199X, and p.T164I) resulted in
complete loss of Kir4.1 channel function (Tang et al., 2010). Single-channel analysis
revealed that p.R65P, p.G77R, and p.R175Q mutations reduced channel activity by
decreasing channel mean open time (Reichold et al., 2010). It has also been found that
p.R65P, p.T1641, p.R175Q, and p.R297C mutants can cause a remarkable shift of pH
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sensitivity to the alkaline range (Reichold et al., 2010; Sala-Rabanal et al., 2010). Reducing
pH from approximately 7.4 to 6.8 significantly decreased currents of all tested-mutants
(p.R65P, p.R65P/R199X, p.G77R, p.C140R, p.T164l, and p.A167V/R297C) except
p.R199X, but did not affect WT channels (Williams et al., 2010). This leads to the
hypothesis that perturbed pH gating may underlie the loss of channel function in the disease-
associated Kir4.1 mutants and may have important physiologic consequences (Williams et
al., 2010).

7.3 Impairment in function of Kir4.1/Kir5.1 heteromers

A Kir4.1 channel is composed of four isoforms. Besides homomeric channel configuration,
Kir4.1 can assemble with Kir5.1 (KCNJ16) to form heteromeric channel configurations,
which are required for Na/K-ATPase pump activity. The co-localization of Kir4.1 and
Kir5.1 was found in the basolateral membrane of the cortical thick ascending limb in the
kidney (Lourdel et al., 2002; Lachheb et al., 2008) and Muller cells in the retina (Kofuji et
al., 2000; Ishii et al., 2003) but not in the cochlea (Hibino et al., 2004). When the
aforementioned mutants were co-expressed with Kir5.1, currents remained reduced, similar
to that as mutants were expressed alone (Reichold et al., 2010; Tang et al., 2010; Williams et
al., 2010; Parrock et al., 2013). This suggests that Kir4.1 isoforms in Kir4.1/Kir5.1
(KCNJ10/KCNJ16) heteromers may play a dominant role in channel function.

8. Kir4.1KO mouse model and associated pathology in the inner ear

Kir4.1 KO mice were established by genetic deletion (Kofuji et al., 2000). The coding exon
(amino acids 33-266) in the KCNJ10 sequence was deleted and replaced with a neomycin
resistance gene. The deleted fragment contains the putative transmembrane domain (TM)
and part of the C-terminus. Most of the homozygous mice could survive up to 3 weeks after
birth (Kofuji et al., 2000).

The absence of KCNJ10 gene expression in the inner ear in homozygous KO mice was
confirmed by immunolabeling (Rozengurt et al., 2003). Kir4.1 KO mice have profound
deafness with the absence of the EP and loss of endolymphatic K* (Marcus et al., 2002;
Rozengurt et al., 2003). In Kir4.1 KO mice, Reissner’s membrane is collapsed, the tectorial
membrane is swollen, and inner and outer hair cells degenerate over the first postnatal weeks
(Rozengurt et al., 2003). These pathological changes in the Kir4.1 KO mouse agree with the
spatial and temporal distribution of Kir4.1 in the cochlea.

In the Kir4.1 KO mice, spiral ganglion neurons as well as their central processes also show
quick degeneration after birth (Rozengurt et al., 2003). Kir4.1 is located at the myelin
sheathes of satellite glial cells but not at the spiral ganglion neurons (Hibino et al., 1997,
1999, 2004). The satellite glial cells wrap the somata of the spiral ganglion neurons and
share many similarities with brain glial cells. Both of them have high expression of Kir4.1
(Hibino et al., 1997, 1999; Higashi et al., 2001; Seifert et al., 2009; Harada et al., 2013). It
has been reported that Kir4.1 channels are crucial for oligodendrocyte maturation and
oligodendrocyte-dependent myelination of axons in the spinal cord (Neusch et al., 2001).
Kir4.1 knockout results in oligodendrocyte depolarization, dysmyelination or demyelination,
and a failure to form compact myelin sheaths. This eventually results in axonal degeneration
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of neurons in the spiral cord (Neusch et al., 2001). Kir4.1 may also play the same role in the
maturation and myelination of the spiral ganglion neurons in the inner ear. Deficiency of
Kir4.1 may cause satellite glial cell depolarization and spiral ganglion neuron
dysmyelination as well, leading to eventual spiral ganglion neuron degeneration (Rozengurt
et al., 2003). However, such hypothesis currently lacks evidence. Further studies are
required.

9. Functional rescue of KCNJ10 deficiency

The channel function of Kir4.1 mutations can be rescued upon by co-expression with WT
KCNJ10 (Tang et al., 2010; Sala-Rabanal et al., 2010). Co-expression of mutants with WT
KCNJ10 restored channel function for p.R65P, p.T1641, p.A167V, and p.R297C mutations.
For p.G77R and p.C140R mutants, the channel function was not fully restored by co-
expression of WT KCNJ10; a partial dominant negative effect was detected (Williams et al.,
2010). The restoration of channel function was also observed in p.R65C, p.F75L, and
p.VV259fs259X mutations with co-expression of WT KCNJ10 (Freudenthal et al., 2011). It
has been reported that p.R199Stop reduced surface expression, but channel activity could be
restored by co-expression with WT KCNJ10 (Sala-Rabanal et al. 2010). However, so far, no
functional rescue data are available in intact animals.

10. Implication of mutations on Kir4.1channel structure-function

The membrane topology of KCNJ10 consists of two transmembrane helices and intracellular
N- and C-termini (Fig. 3). Disease alleles are located at the first and second transmembrane
helices and N- and C-termini. Functional analyses (Sala-Rabanal et al. 2010; Reichold et al.,
2010) show that p.R65P, p.T164l, and p.R297C, located at N-terminus near the first
transmembrane domain (TM1), the cytoplamic site of the second transmembrane domain
(TM2), and C-terminus, respectively, caused an alkaline shift in pH sensitivity, indicating
that these positions are crucial for pH sensing and pore gating. Mutant p.G77R locates at the
middle of the TM1 and introduces a positive charge within the bilayer, which may be able to
affect channel structure or gating. Mutant p.C140R that locates at the extracellular side of
the TM2 breaks the Cys(108)-Cys(140) disulfide bond, which is essential for protein folding
and function. Mutant p.R297C at the C-terminus disrupts the intersubunit salt bridge
Glu(288)-Arg(297). Mutant p.R199Stop at C-terminus also dramatically reduced surface
expression. However, the channel activity could be restored by co-expression with WT
Kird.1 (Sala-Rabanal et al. 2010).

11. Conclusions and prospects

In summary, Kir4.1 is vital for inner ear physiology and hearing. Kir4.1 is strongly
expressed in the intermediate cells of stria vascularis and the satellite glial cells of cochlear
ganglia and has two major roles in the inner ear. First, Kir4.1 in the stria vascularis
participates in generating and maintaining positive EP in the endolymph. Second, Kir4.1 is
the major K* channel in satellite glial cells surrounding spiral ganglion somas and axons and
possibly in epithelial cells surrounding hair cells and serves to sink expelled K* during
excitation maintaining these cells excitable. Deficiency of Kir4.1 functions can cause
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hearing loss and is associated with EAST syndrome or SeSAME syndrome. Functional
assays reveal that deafness mutants show “loss-of-function” and reduced channel current.
The deficient channel function can be rescued by co-expression with wildtype KCNJ10.
However, the mechanisms underlying these functions and deafness still remain largely
unclear. For example, a recent study reveals that aging mice have lower levels of KCNJ10
expression in the cochlear lateral wall but retained the normal level of EP with a reduction
of expression of Na-K-ATPase and NKCC1 potassium transporters (Yang et al., 2013). This
result suggests that Kir4.1 function requires coordination of other potassium transporter
performance and its expression may be dependent on K* influx and efflux.
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Fig. 1.
Expression of Kir4.1 in the cochlear lateral wall. A-B: Schematic drawing of the cochlea and the cochlear lateral wall. C-E:

Kir4.1 labeling in the intermediate cells in the cochlear lateral wall. The basal cells are visible by Pannexin2 (Panx2) labeling
(red) (Wang et al., 2009). Note that the basal cells have no Kir4.1 labeling (green). SV: stria vascularis; SPL: spiral ligament.
Scale bar: 25 pm.
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Fig. 2.

Schematic drawing of “two-cell” model for EP generation. Ir?termediate cells (IC), basal cells (BC) and fibrocytes (FC) are
coupled by gap junctions (GJ) acting as one cell. Marginal cells (MC) act as another cell. Na*, K*-ATPase and Na*, K*, 2CI~-
cotransporter are located at the bottom of the FCs to pump K™ ions into cells leading to cells depolarizing. Kir4.1 is located at

the apical membrane of the ICs facing to the intrastrial space (IS) to generate positive EP.
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Predicted structure of the Kir4.1 channel and locations of mute?tions. A: Sequence alignment of human Kir4.1 (P78508.1) with
hKirl.1 (P48048.1), hKir2.1 (P63252.1), hKir3.1 (P48549.1), hKir5.1 (QINPI9.1), hKir6.2 (Q14654.2), and hKir7.1
(060928.1). B: A Kir4.1 subunit consists of two transmembrane domains (TM1 and TM2) that flank a K*-selective pore (F). A
functional channel is assembled by 4 subunits. Only two are displayed for clarity. Modified from Sala-Rabanal et al., 2010.
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