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Abstract

The Kir4.1 gene (KCNJ10) encodes an inwardly rectifying Kþ channel subunit abundantly expressed in the CNS. Its expression
in the mammalian inner ear has been suggested but its function in vivo in the inner ear is unknown. Because diverse human
hereditary deafness syndromes are associated with mutations in Kþ channels, we examined auditory function and inner ear
structure in mice with a genetically inactivated Kir4.1 Kþ channel subunit. Startle response experiments suggest that Kir4.13/3
mice are profoundly deaf, whereas Kir4.1+/3 mice react like wild-type mice to acoustic stimuli. In Kir4.13/3 mice, the Reissner
membrane is collapsed, the tectorial membrane is swollen, and type I hair cells and spiral ganglion neurons as well as their central
processes degenerate over the first postnatal weeks. In the vestibular ganglia, neuronal cell death with apoptotic features is also
observed. Immunostaining reveals that Kir4.1 is strongly expressed in stria vascularis of wild-type but not Kir4.13/3 mice. Within
the spiral ganglion, Kir4.1 labeling was detected on satellite cells surrounding spiral ganglion neurons and axons. We conclude that
Kir4.1 is crucial for normal development of the cochlea and hearing, via two distinct aspects of extracellular Kþ homeostasis: (1) in
stria vascularis, Kir4.1 helps to generate the cochlear endolymph; and (2) in spiral and vestibular ganglia, Kir4.1 in surrounding
glial cells helps to support the spiral and vestibular ganglion neurons and their projecting axons.
7 2003 Elsevier Science B.V. All rights reserved.
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1. Introduction

Inwardly rectifying Kþ channels regulate the resting
membrane potential by (a) contributing much of the
resting Kþ conductance in many cells and (b) maintain-
ing low extracellular Kþ via spatial bu¡ering mecha-
nisms (Hille, 1992; Lagrutta et al., 1996; Isomoto et

al., 1997; Reimann and Ashcroft, 1999). The Kir4.1
Kþ channel subunit underlies the major Kþ conduc-
tance in oligodendrocytes in the spinal cord and Mu«ller
cells in the retina (Ishii et al., 1997; Kusaka et al., 1999;
Kofuji et al., 2000; Neusch et al., 2001). Kir4.1 is also
the only inward recti¢er known to be expressed in the
stria vascularis of the inner ear to date (Hibino et al.,
1997; Ando and Takeuchi, 1999). Immunohistochemi-
cal studies suggest that Kir4.1 is localized to regions of
the stria vascularis near capillaries. An early report pre-
sented evidence for speci¢c Kir4.1 expression on mar-
ginal cells (Hibino et al., 1997), although later reports
show Kir4.1 expression in intermediate cells (Ando and
Takeuchi, 1999; Takeuchi et al., 2001). Non-speci¢c
blockers of inwardly rectifying Kþ channels decreased
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the endocochlear potential (EP) in vivo (Hibino et al.,
1997); furthermore, Kir4.1 expression follows the time
course of the developmental pattern of EP generation.
These observations have led to the speci¢c hypothesis
that Kir4.1 expressed on the intermediate cells helps to
generate the EP by spatially bu¡ering Kþ at a low level
in a distinct intrastrial compartment that is transcellular
from the much higher-Kþ cochlear endolymph (Take-
uchi et al., 2000, 2001). Thus Kir4.1 would help to
bu¡er Kþ in a low-Kþ extracellular compartment, sim-
ilar to its function in the Mu«ller cells of the retina and
probably elsewhere on glia.
This postulated role implies that animals without

Kir4.1 would be deaf. To investigate further the role
of the Kir4.1 Kþ channel subunit in the ear and in
other areas of the CNS, a mouse strain was developed
that has a highly speci¢c loss of the Kir4.1 gene prod-
uct. Impact of this deletion on other areas of the CNS
has been published elsewhere (Kofuji et al., 2000;
Neusch et al., 2001). Here we report consequences of
the gene inactivation for the inner ear at a behavioral
and anatomical level. The hypothesis of deafness has
been con¢rmed; furthermore, the Kir4.1 knockout
mouse has pronounced anatomical anomalies in the in-
ner ear, showing that Kir4.1 is directly or indirectly
required for proper development as well as for acute
auditory function. In another recent report, Kir4.1
knockout mice lack EP and have reduced Kþ concen-
tration in cochlear endolymph (Marcus et al., 2002).

2. Materials and methods

Experimentation on animals has been approved by
the California Institute of Technology’s Animal Care
and Use Committee.

2.1. Targeting of the Kir4.1 subunit and polymerase
chain reaction analysis

A standard gene targeting approach was chosen to
disrupt Kir4.1 gene expression as described (Kofuji et
al., 2000; Neusch et al., 2001). Primers for genotyping
were: Kir4.1 forward 5P-GAT CTA TGG ACG ACC
TTC ATT GAC ATG CAA TGG-3P and reverse 5P-
GGC TGC TCT CAT CTA CCA CAT GGT AGA
AAG TCA GG-3P and neomycin resistance gene for-
ward 5P-ATC GCC TTC TAT CGC CTT CTT GAC
GAG TTC TTC-3P.

2.2. Auditory startle response

Testing was conducted on wild-type (WT), Kir4.1+/3
and Kir4.13/3 mice bred on a mixed genetic back-
ground. The Startle Response System (SR-LAB, San

Diego Instruments, San Diego, CA, USA) consisted
of a Plexiglas cylinder (5 cm in diameter) mounted on
a Plexiglas platform, in a ventilated, sound-attenuated
cubicle with a high-frequency loudspeaker (28 cm above
the cylinder) producing all acoustic stimuli. The back-
ground noise of each chamber was 68 dB. Movements
within the cylinder were detected and transduced by a
piezoelectric accelerometer attached to the Plexiglas
base and digitized and stored by a computer. Beginning
at the stimulus onset, 65U1 ms readings were recorded
to obtain the animal’s startle amplitude.
Each session was initiated with a 2 min acclimation

period followed by ¢ve successive 110 dB trials of
broadband noise. These trials were not included in the
analysis. Six di¡erent trial types were then presented:
startle pulse alone (120 dB/40 ms long), four di¡erent
trials in which 20-ms-long 85, 93, 105 or 120 dB stimuli
were presented and then one trial in which only the
background noise was presented to measure the base-
line movement in the cylinders. All trials were presented
in a pseudorandom order, and the average inter-trial
interval (ITI) was 15 s (10^20 s). The startle data
were analyzed by two-way analysis of variance and
the various stimulation intensities as the repeated mea-
sure, followed by post hoc Fisher’s least signi¢cance
di¡erence test.

2.3. Histology

Animals (n=3) at postnatal day 6, 9 and 18 were
anesthetized with halothane and cardioperfused with
phosphate-bu¡ered saline (PBS) followed by 4% para-
formaldehyde (PFA) in PBS. The temporal bones were
removed from the skull. The ears were immersed in a
solution containing 1% glutaraldehyde/4% PFA for
1 day. Thereafter they were placed in a decalcifying
solution (3% EDTA in bu¡ered phosphate solution
for 15 days) and then in 1% osmium tetroxide for 1 h.
The auditory bullae containing the cochlea and ves-

tibular endorgans was further microdissected, dehy-
drated and embedded in EPON-810. The tissue was
placed under vacuum for 3 h at 37‡C to allow resin
in¢ltration and thereafter polymerized at 65‡C for 48 h.
The cochlea was properly oriented to obtain cross-sec-
tions of the organ of Corti (mid-modiolar sections).
2 Wm thick sections were obtained with a diamond

knife for thick sections (Polysciences) using a Sorvall
MT2 ultramicrotome. Sections were counterstained
with 1% toluidine blue bu¡ered solution, coverslipped
sections were viewed and imaged in a Nikon Eclipse
E800 microscope.

2.4. Immunohistochemistry and immuno£uorescence

For immunohistochemistry, para⁄n sections were
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used. First, sections were dewaxed in xylene, rehydrated
in ethanol and PBS, and boiled for 2 min in an antigen
demasking solution (Vector Laboratories, Burlingame,
CA, USA). After blocking for 15 min in 0.2% Triton
X-100 and 10% normal goat serum (NGS) in PBS,
samples were washed and incubated with the primary
antibody in 1% NGS at 4‡C overnight. Samples were
incubated with a biotinylated secondary antibody fol-
lowed by an avidin-conjugated £uorochrome (Vector
Laboratories) or by a £uorescent (Cy-3, Alexa488)-con-
jugated secondary antibody alone (Jackson Immunore-
search, West Grove, PA, USA) for 1 h. Samples were
then extensively washed in PBS and analyzed ¢rst on a
Nikon Epi£uorescence microscope.
The anti-Kir4.1 polyclonal antibody was raised in

rabbits and tested in HEK and COS cells transfected
with the rat Kir4.1 subunit as described earlier (Kofuji
et al., 2000). The following antibody was also used in
this study: mouse-anti-cytokeratin (Chemicon, Temecu-
la, CA, USA). Confocal images of immunostaining
were obtained on a Zeiss LSM 410 microscope
equipped with argon (red), HeNe (green) and UV lasers.

3. Results

3.1. Gross behavioral characterization

Kir4.13/3 mice present a general underdevelop-

ment: they gain less weight than their Kir4.1+/3 and
WT littermates. Death occurs at 9^21 postnatal days.
On a behavioral level, 8^10 days postnatally, mice ho-
mozygous for the mutation develop a severe motor im-
pairment with di⁄culties righting themselves. This be-
havior could be attributed to a severe defect in spinal
cord and brainstem myelination as well as to vacuola-
tion of deep cerebellar nuclei at early stages of devel-
opment (Neusch et al., 2001). Circling behavior, head
tilting or other signs of the classical Shaker/Walzer phe-
notype were not observed, but upon examination
Kir4.13/3 mice failed to show signs of startle.
Therefore Kir4.13/3, Kir4.1+/3 and WT mice were

tested systematically for their startle response (Fig. 1).
Kir4.13/3 mice exhibited a total loss of startle re-
sponse, in contrast to heterozygotes and WT animals.
Although control animals exhibited a signi¢cant startle
response to a 93 dB stimulus, Kir4.13/3 mice showed
no startle response at the highest stimulus strengths
tested (120 dB). The pre-pulse inhibition (PPI) assay
was not performed due to non-responsive Kir4.13/3
animals to acoustic stimuli. These results suggest
that the Kir4.1 knockout mice have compromised inner
ear function, although we cannot rule out additional
defects at more central levels in the auditory startle
circuitry. A generalized defect in the motor system
is excluded by the fact that the Kir4.13/3 animals
startled appropriately to tactile stimuli, such as air
pu¡s.

S
ta

rt
le

 A
m

p
li
tu

d
e
 

(a
rb

it
ra

ry
 u

n
it

s
)

0

50

100

150

200

Baseline 85 93 105 120

Acoustic stimulus magnitude in dB

Kir4.1-/-

Kir4.1+/-

WT

Fig. 1. Magnitude of the acoustic startle response in WT, heterozygous and Kir4.13/3 mice. Mice from postnatal day 12^18 were tested. Mag-
nitude (meanTS.E.M.) of the startle response (arbitrary units) to various acoustic stimuli (68 dB background noise; acoustic stimuli level
ranged from 85 to 120 dB). WT mice= closed bars (number of animals, n=9); Kir4.1+/3= striped bars (n=6); Kir4.13/3 mice=open bars
(n=4).
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3.2. Collapse of the scala media compartment and
degeneration of central processes of spiral
ganglion neurons and loss of spiral/vestibular
ganglion neurons

We examined the anatomy of the inner ear of
Kir4.1+/+ and 3/3 animals at postnatal day 6, 9 and
18 (referred to as P6, P9 and P18). The WT animal
control showed normally developed inner ear structures
from P6 to P18 (Fig. 2A,C,E). Kir4.13/3 animals
clearly demonstrated pathological changes at the apical,
medial and basal cochlea.
At P6 only subtle changes were observed in Kir4.13/

3 animals, while the organ of Corti was normal in
appearance. Both epithelial layers of the Reissner mem-
brane showed degenerative changes. Necrotic cells were
abundant in both the endolymphatic cuboidal epitheli-
um lining the cochlear duct and in the perilymphatic
squamous epithelium. The former is discontinuous
and the latter shows exfoliation of cells (Fig. 2B).
At P9, the tectorial membrane showed signs of swell-

ing and disorganization in the direction of the ¢bers as
compared to control animals. The Reissner membrane
was progressively atrophic with sections of it reduced to
the basal membrane or to a single squamous epithelium
on either side of the basal membrane. Some atypically

+/+ -/-

+/+

-/-

Fig. 2. Histological analysis of the cochlear duct of Kir4.1+/+ and 3/3 mice. Panels A, C and E illustrate the normal morphology of the mid-
apical turn of the cochlea of Kir4.1+/+ mice of P6, P9 and P18 days of age. Panels B, D and F illustrate the mid-apical turn of the cochlea of
Kir4.13/3 mice at respective postnatal ages. At P6 (panel B), the Reissner membrane (Rm) appeared distended, while other structures ap-
peared normal. At P9 (panel D), the stria vascularis (StV) and Reissner’s membrane showed marked atrophy and the tectorial membrane (Tm)
was swollen. At P18 (panel F), the organ of Corti, the tectorial membrane, Reissner’s membrane and the stria vascularis were atrophic. Scale
bar= 50 Wm.
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enlarged clear nuclei were found on the cochlear side of
the basal membrane and the stria vascularis also
showed signs of shrinkage and atrophy. At P18, Reiss-
ner’s membrane was collapsed and subsequently almost
aligned onto the stria vascularis, narrowing the scala
media compartment. The tectorial membrane was
markedly swollen and a trichrome stain showed that
the direction of the ¢bers was irregular, undulating
and crisscrossing, in contrast to the regular parallel ar-
rangement seen in the WT mice.
Fig. 3 compares development of the organ of Corti in

WT (Fig. 3A,C,E) and Kir4.13/3 animals. At P6, no
obvious changes of the organ of Corti were observed
(Fig. 3B) in Kir4.13/3 animals; however, at P9 the

inner and outer hair cells showed signs of degeneration
(Fig. 3D). By P18, the inner and outer hair cells were
absent in Kir4.13/3 sections of the cochlea (Fig. 3F).
The tectorial membrane was swollen and completely
disrupted (Fig. 3F).
Histological analysis of the spiral ganglia neurons of

the Kir4.13/3 animals (Fig. 4B,C) demonstrates no
obvious alteration as compared with WT animals up
to P9 (Fig. 4A). The cytoplasm and peripheral process-
es of these neurons seem to be una¡ected. However, we
found cell loss on the order of 50% in spiral ganglion
neurons at P18 (Fig. 4F).
The central processes in the internal auditory canal

(processes that are surrounded by glial cells) showed

+/+ -/-

-/-

-/-+/+

+/+

A B
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D

Fig. 3. Higher magni¢cation of Fig. 2 to illustrate the organization of the organ of Corti in Kir4.1+/+ and 3/3 mice. (A,C,E) Normal mor-
phology of the organ of Corti of Kir4.1+/+ mice of P6, P9 and P18 days of age. (B,D,F) The organ of Corti of Kir4.13/3 mice at respective
postnatal days. In Kir4.13/3 mice at P6 (B), the outer (OHC) and inner hair cells (IHC) and surrounding supporting cells were normal in ap-
pearance, also the tectorial membrane (Tm) seemed una¡ected. Panel D shows Kir4.13/3 mice at P9; the outer and inner hair cells showed
signs of atrophy (their cytoplasm was vacuolated), also the tectorial membrane appeared progressively atrophic. Panel F illustrates Kir4.13/3
mice at P18 showing a complete absence of inner and outer hair cells and a completely atrophic tectorial membrane. Scale bars = 20 Wm.
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severe atrophy, i.e. the cochlear nerve bundle is atro-
phic (Fig. 5A).
The vestibular ganglia showed marked degeneration,

some neurons have apoptotic nuclei and in certain areas
neuronal cell bodies are missing (Fig. 5B). This change
is re£ected in the atrophy of the vestibular sensory epi-
thelia, where thick nerve ¢bers from the vestibular gan-
glia neurons penetrate the sensory epithelia and nor-
mally surround the type I hair cells forming a calyceal
terminal (Fig. 5C). Interestingly, mainly the type I hair
cells showed apoptotic nuclei, while type II hair cells
that are not innervated by vestibular ganglia neurons to
form calyceal terminals appeared normal. All these
changes were observed in the macula utriculi/sacculi,
as well as in the cristae ampullaris.

3.3. Kir4.1 expression in the postnatal mouse inner ear

A lack of Kir4.1 has major e¡ects on inner ear devel-
opment (above), but where is Kir4.1 expressed in the
inner ear? With immunostaining, we observed high lev-
els of Kir4.1 expression in the stria vascularis and the
satellite cells of the spiral ganglion, as well as weak
labeling on Deiters’ cells surrounding the outer hair
cell layer (Fig. 6A,B). Kir4.1 expression was not appar-
ent by immunohistochemistry on sections of Kir4.13/3
mouse inner ear at P18, showing that the mutation
successfully eliminated Kir4.1 protein expression (Fig.
6C). Within the stria vascularis, Kir4.1 labeling partly
overlapped with cytokeratin staining, suggesting that
marginal cells express Kir4.1 (Fig. 6D^I). Furthermore,

Fig. 4. Spiral ganglia neurons and ¢bers in the Kir4.1+/+ versus Kir4.13/3 mice. (A,C,E) Kir4.1+/+ mice. (B,D,F) Kir4.13/3 mice at P6, P9
and P18, respectively. The cytoplasm of Kir4.13/3 neurons is normal in appearance as well as their peripheral processes when compared with
Kir4.1+/+ mice at P6 and P9. However, there is considerable loss of neurons and surrounding non-neuronal cells in Kir4.13/3 mice at P18
(panel F). Magni¢cation bar= 30 Wm.
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most intense Kir4.1 staining was observed in close
proximity to capillaries. However, given the close asso-
ciation of intermediate and marginal cells in the stria
vascularis, our technique lacks the sensitivity to clarify
this issue.

4. Discussion

Thus far human hereditary deafness syndromes have
been largely associated with mutations in outwardly
rectifying, voltage-gated (Kv, KvLQT) Kþ channels
(Vetter et al., 1996; Romey et al., 1997; Schulze-Bahr
et al., 1997; Wollnik et al., 1997; Wang et al., 1998;
Chen et al., 1999; Talebizadeh et al., 1999; Van Hauwe
et al., 1999; Chouabe et al., 2000; Kharkovets et al.,
2000). Here we report that disruption of a gene encod-
ing an inwardly rectifying Kþ channel can lead to deaf-
ness in a mammalian system. The present study pro-
vides an in vivo con¢rmation of the prediction, based
on the localization of Kir4.1 (Hibino et al., 1997; Ando
and Takeuchi, 1999; Takeuchi et al., 2001), that a
Kir4.1 knockout mouse would be deaf. This deafness
is accompanied by severe structural changes: the scala
media compartment is collapsed, tectorial membrane is
swollen and partly disrupted, and spiral/vestibular gan-
glion neurons degenerate.

4.1. Kir4.1 in the stria vascularis

Our study reveals that Kir4.1 exerts a critical role in
the development of the cochlea and suggests a role in

generating the cochlear endolymph and therefore the
EP. The temporal and spatial expression pattern of
Kir4.1 is appropriate for such a role: Kir4.1 is strongly
expressed in the stria vascularis. The present highly
speci¢c results are a satisfactory extension of previous
studies showing that Kir4.1 expression follows the time
course of the EP generation and that non-speci¢c phar-
macological blockade of Kir channels, or depolariza-
tion by increased K0, a¡ect EP generation and develop-
ment in vivo (Hibino et al., 1997). These concepts are
supported by the recent report that Kir4.1 knockout
mice lack EP and have reduced Kþ concentration in
cochlear endolymph (Marcus et al., 2002).
Formation of the high Kþ endolymph is a multistep

process, involving several pumps, transporters and
channels on serially disposed membranes in the stria
vascularis (Takeuchi et al., 2000). The process involves
at least two Kþ channels whose genetic ablation causes
collapse of the scale media, presumably because insu⁄-
cient or incorrect endolymph is produced. The ¢rst of
these reported channels is the heteromeric voltage-gated
ISK/KvLQT1 channel (Vetter et al., 1996; Lee et al.,
2000); now, the second is an inwardly rectifying Kþ

channel including the Kir4.1 subunit. Because Kir4.1
hetero-oligomerizes with other Kir subunits in vitro
(Lagrutta et al., 1996; Xu et al., 2000; Yang et al.,
2000), we believe it likely that the channels contain
Kir4.1 in association with other Kir subunits.
Kir channels are open at resting membrane potentials

of excitable as well as non-excitable cells. Inward rec-
ti¢ers in the CNS maintain Kþ homeostasis, temporally
and spatially bu¡ering Kþ. In the stria vascularis Kir4.1

Fig. 5. Cross-section of the inner ear of a representative Kir4.13/3 P9 animal. (A) The area of the internal auditory canal containing the co-
chlear nerve bundle (CN), the inferior vestibular ganglia (IVG) and macula sacculi. Arrowhead points to the saccular membrane, which is col-
lapsed. Notice the marked atrophy in the VIIIth nerve bundle. (B) The inferior vestibular ganglion at higher magni¢cation. Arrow points to ap-
optotic nuclei, asterisks show areas where vestibular neurons are missing. (C) Cross-section of the macula utriculi showing the sensory
epithelium Type I (I) hair cells with pycnotic nuclei. Type II (II) hair cells and supporting cells (SC) appear normal. Arrow points to thick
nerve ¢bers penetrating the sensory epithelium; there are signs of atrophy in this structure. Bar in panel A=250 Wm, in panel B= 125 Wm, in
panel C= 20 Wm.
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is expressed in close proximity to capillaries and could
function in this compartment as in Mu«ller cells of the
retina, where Kir4.1 siphons Kþ away from the neuro-
nal environment to the vitreous humor and into vessels
(Kofuji et al., 2000).

4.2. Kir4.1 in the spiral and vestibular ganglion

Central processes of spiral ganglion neurons in

Kir4.13/3 mice degenerate, and there is severe degen-
eration in the VIIIth nerve, which contains their axons.
Kir4.1 expression on spiral ganglion neurons has not
been reported and was not detected in the present
study. On the other hand, we did ¢nd high levels of
Kir4.1 expression on the satellite cells which surround
the neurons and axons of the spiral ganglion. These
¢ndings agree with earlier studies showing that Kir4.1
is speci¢cally localized on myelin sheaths of satellite

Fig. 6. Regional and cellular expression of the Kir4.1 channel subunit in sections of the cochlea as revealed by immunostaining. (A) Overview
showing a transverse section of the cochlea of a WT mouse at P18. Kir4.1 labeling was observed in the stria vascularis, in the spiral ganglion,
and weakly on Deiters’ cells. (B) Higher power magni¢cation of Kir4.1 immunoreactivity in the spiral ganglion of a WT mouse. (C) No immu-
noreactivity was observed in a Kir4.13/3 mouse, showing that Kir4.1 gene expression was successfully inactivated. (D^F) Inset of panel A. In
WT mice immunoreactivity for both Kir4.1 (panel D, green) and cytokeratin (panel E, red) was detected within the stria vascularis. (F) Over-
lay. (G^I) Inset of panel D. Note that Kir4.1 labeling (panel G) is concentrated mainly around capillaries and partly overlaps with cytokeratin
immunoreactivity (panel H). (i) Overlay of confocal images. DC, Deiters’ cells ; SG, spiral ganglion; C, capillaries; StV, stria vascularis; SL,
spiral ligament. Scale bars: panels A,C, 100 Wm; panel B, 40 Wm; panels D^F, 20 Wm; panels G^I, 10 Wm.
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cells wrapping the somata of ganglion neurons, and
that the time course of Kir4.1 expression followed the
development of action potentials of the auditory nerve
(Hibino et al., 1999).
Our results show that spiral ganglion neurons and

their axons as well as neurons of the vestibular ganglia
degenerate, although Kir4.1 is expressed on surround-
ing supporting cells that myelinate the axons. These
results are consistent with our previous ¢nding that
spinal cord neurons and their axons in Kir4.13/3
mice degenerate, although Kir4.1 is expressed primarily
on oligodendrocytes (Neusch et al., 2001). As in the
previous study, we suggest that neuronal/axonal degen-
eration is secondary to inadequate Kþ siphoning or
other metabolic support by the poorly functioning
Kir4.13/3 satellite cells whose somata neighbor the
neuronal cell bodies and whose processes surround their
axons. The similarities between the pathology in the
inner ear and in the spinal cord lead us to predict
that the detailed physiology of Kir4.1 in oligodendro-
cytes also applies to the satellite cells : Kir4.1-containing
channels would be the principal inwardly rectifying Kþ

channels in satellite cells, would set the resting mem-
brane potential in these cells, and would be the major
mechanism for siphoning away extracellular Kþ that is
released during activity. Whether the neurons or satel-
lite cells display apoptosis has yet to be determined,
though on a histopathological level, we could detect
nuclei with typical apoptotic features.
Additionally, we detected weak Kir4.1 labeling on

Deiters’ cells surrounding the outer hair cell layer.
This indicates that the channel is located near or sur-
rounding neuronal cells of the organ of Corti. Our
study reveals progressive degeneration of inner and out-
er hair cells. Whether this is due to disturbed function
of Deiters’ cells or a secondary phenomenon to the
observed degeneration of innervating spiral ganglia
neurons remains open.
Thus, the pathology of the Kir4.13/3 mouse agrees

with the spatial and temporal distribution of Kir4.1,
suggesting that Kir4.1 has two major roles in the inner
ear. First, it is an important membrane component of
the stria vascularis, the organ regulating the generation
and maintenance of the endolymph inside the scala me-
dia. Second, Kir4.1 is the major Kþ channel in glial
cells surrounding spiral ganglion neurons and axons,
and possibly in epithelial cells which surround hair
cells, allowing these cells to support these excitable
cells.
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