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Immunohistochemical localization of voltage-gated potas-
sium channel Kv3.4 subunit was studied in the guinea-pig
cochlea. Kv3.4-like immunoreactivity was present in the
type I and suprastrial fibrocytes of the spiral ligament and
the basal cells of the stria vascularis. Immunostaining was
also found in the type II-IV fibrocytes of the spiral liga-
ment and the connective tissue cells of the spiral limbus. In
the organ of Corti, Kv3.4-like immunoreactivity was found
in the sensory cells and the neighboring supporting cells.
The root cells and interdental cells were positively
immunostained. Immunoreactivity was also found in the en-
dothelial cells of the blood vessels in the cochlear modiolus.
These results suggest that Kv3.4 may participate in the po-
tassium ion recycling mechanism in the cochlea.
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Introduction

The apical plasma membranes of cochlear sensory
cells face endolymph, which has a characteristic ionic
composition of high potassium and low sodium con-
centration and the endocochlear potential (EP) of 80 -
100 mV"Y. The acoustically evoked receptor potential
is generated by the influx of potassium ions from the
endolymph into the sensory cells. These K* ions are
then released to the extracellular space and from here
are recycled back to endolymph.

In 1995, Kikuchi et al?’ revealed the immunohistochemical
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localization of connexin 26, a gap junction protein, in
the mammalian inner ear, and clearly demonstrated
the existence of the two independent gap junction
systems in the cochlea. The first system, the epithelial
cell gap junction system, is mainly composed of sup-
porting cells of the organ of Corti, and also includes
root cells and interdental cells. The second system, the
connective lissue cell gap junction system, consists of
basal and intermediate cells of the stria vascularis,
fibrocytes in the spiral ligament, mesenchymal cells
lining the scala vestibuli and the connective tissue
cells in the spiral limbus. These two networks of gap
junctions are most likely the pathway for recirculation
of cochlear K ions®’ ®'. Recent molecular genetics
studies® ™ have shown that mutations of connexin 26
gene can cause non-syndromic deafness, a finding that
strongly support the functional significance of gap
junctions in the ion recycling mechanism in the inner
ear.

In the mammalian cochlea, the movement of potas-
sium ions is dependent upon the activities of Na, K-
ATPase® ¥, Na-K-Cl cotransporter (NKCC1)*' and vari-
ous types of potassium channels® ',

Voltage-gated potassium (Kv) channels form the ex-
tensive and diversified class of ion channels'®'”, and
are present in both excitable and nonexcitable cells. In
the excitable cells, Kv channels are involved in the
regulation of the resting membrane potential and the
control of the shape and frequency of action poten-
tials. They play important roles in muscle contraction,
cardiac pacemaking and hormone secretion, cell prolif-
eration, cell volume regulation and lymphocyte differ-
entiation.

In 2001, So et al.”’ reported that the voltage-gated
potassium channel Kv3.1b subunit is widely expressed
in the type I, type III, type IV and suprastrial
fibrocytes of the guinea pig cochlear lateral wall, and
suggested that Kv3.1b may play some important roles
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in regulating the potassium ion recycling mechanism
via gap junctions in the mammalian inner ear.

The voltage-gated potassium channel Kv3.4 forms
an A-type inactivating current'®'. Recent studies
have shown that Kv34 is expressed in the dentate
gyrus of the hippocampus, the pontine nuclei of the
brainstem, cerebellum'”'®. Kv3.4 is also known to be
expressed in the smooth muscle cells of the tail artery'®.

In the present investigation, the immunohistochemical
localization of voltage-gated potassium channel Kv3.4
subunit was studied in the guinea pig inner ear. The
possible role of Kv3.4 in the inner ear function is also
discussed.

MATERIALS AND METHODS

Under the deep anesthesia with an intraperitoneal
injection of sodium pentobarbital (28 mg/kg) and an
inhalation of diethyl ether, six guinea pigs, 300-380 g
in body weight, were transcardially perfused with 0.01
M phosphate buffered saline (PBS), pH 7.2, followed
by 10% formalin in PBS. The middle ear cavity was
opened rapidly, the stapes was removed, the round
window membrane was pierced, and the perilymphatic
space was gently perfused with 10% formalin containing
1% acetic acid in PBS. The temporal bones were rapidly
removed and immersed in the fixative. After fixation
for 2 hours at room temperature, the perilymphatic
cavity was flushed with PBS. The temporal bones
were decalcified in 0.12 M ethylenediaminetetraacetic
acid (EDTA), pH 7.0, for 3 - 4 weeks at room tempera-
ture. They were dehydrated with a graded series of
ethanol solutions, cleared in xylenes, and embedded in
paraffin. Sections were cut continually at 6 mm and
mounted on slides coated with poly-L-lysine and every
20th section was stained with hematoxylin and eosin.

The mounted sections were deparaffinized, rehydrated,
and exposed to 5% normal goat serum in PBS for 1 hour.
They were incubated at room temperature overnight
with a dilution of 1:200 - 1:400 of rabbit anti-Kv3.4
polyclonal antibody (Alomone labs, Jerusalem, Israel)
in 1% bovine serum albumin in PBS at room tempera-
ture overnight. This antibody was raised against
highly purified peptide EAGDDERELALQRLGPHEG(C),
corresponding to residues 177-195 of rat or 176-194 of
human Kv3.4, with additional C-terminal cysteine. After
washing with PBS, the sections were flooded for 30 min-
utes with a horseradish peroxidase (HRP)-conjugated goat
anti-rabbit immunoglobulin (Envision+, DakoCytomation
California Inc., Carpinteria, CA, USA), and rinsed in
PBS. The immunohistochemical reaction was visualized
by development for 10 minutes in 3,3'-diaminobenzidine

tetrahydrochloride (DAB)-H:0; substrate medium prior
to dehydration and cover slipping.

Cytochemical controls entailed replacing the pri-
mary antiserum with a similar dilution of non-immune
rabbit serum. The primary antibody was preincubated
with the Kv3.4 control peptide as a further specificity
control.

RESULTS

As illustrated in Figure 1, an intense and highly
specific voltage-gated potassium channel Kv3.4
subunit-like immunoreactivity was present in the
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Figure 1. Paraffin section of guinea pig cochlea immunostained
with anti-Kv3.4 antibody. In the cochlear lateral wall, intense
Kv3.4 subunit-like immunoreactivity is observed in type 1
fibrocytes (I), fibrocytes in the suprastrial zone (SSZ) and the
basal cells in the stria vascularis. Weak Kv3.4-like
immunoreactivity is observed in the type II (II), type III (III)
and type IV (IV) fibrocytes in the spiral ligament. Intense
immunostaining is also found in the mesenchymal dark cells
in the supralimbal zone (SLZ) and nearby fibrocytes in the
spiral limbus. Immunostaining is also found in the outer hair
cells (OHC) and inner hair cells (IHC) of the organ of Corti.
Cochlear supporting cells, including the Boettcher's cells (ar-
rowhead), Deiters' cells (DC) and outer pillar cells (OPC) and
inner pillar cells (IPC), are also positively immunostained. L,
spiral limbus; RM, Reissner's membrane; SM, scala media; ST,
scala tympani; StV, stria vascularis; SV, scala vestibuli. Bar =
50mm
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Figure 2. Section from the region similar to that depicted in
Fig. 2. Application of the primary antibody, which was
preabsorbed with Kv3.4 control peptides, in the first step of
immunostaining sequence resulted in no specific staining. I,
type I fibrocyte area; II, type II fibrocyte area; III, type III
fibrocyte area; IV, type IV fibrocyte area; L, spiral limbus;
RM, Reissner's membrane; SLZ, supralimbal zone; SM, scala
media; SSZ, suprastrial zone; ST, scala tympani; StV, stria
vascularis; SV, scala vestibuli. Bar = 50mm.

guinea pig cochlea. In contrast, no positive immunostaining
was observed in the control sections where the pri-
mary antibody was replaced by the non-immune
serum or the primary antiserum, which was
preabsorbed with the Kv3.4 control peptides (Fig. 2).

In the cochlear lateral wall, intense Kv3.4-like
immunoreactivity was observed in the basal cells of
the stria vascularis (Fig. 1, Fig. 3a), the type I
fibrocytes, which are distributed lateral to the stria
vascularis, and in the fibrocytes in the suprastrial
zone (Fig. 1). Weak Kv3.4-like immunoreactivity was
observed in the type II, type Il and type IV fibrocytes
in the spiral ligament (Fig. 1). Intense immunostaining
was also found in the supralimbal mesenchymal dark
cells and nearby fibrocytes in the spiral limbus (Fig. 1,
Fig. 3d).

In the organ of Corti, intense Kv3.4-like immunoreac-
tivity was found in the stereocilia, apical plasma mem-
brane and the infracuticular zone of the outer and
inner hair cells (Fig. 1, Fig. 3c). Cochlear supporting

cells, including the Boettcher's cells, Deiters' cells and
outer and inner pillar cells, were also positively
immunostained (Fig. 1). Reaction product was present
in the root cells in the lower part of the spiral liga-
ment (Fig. 3b) and the interdental cells in the spiral
limbus (Fig. 3d).

The endothelial cells of the blood vessels in the
modiolus of the cochlea were also positively
immunostained (Fig.3e). In contrast, no reaction prod-
uct was detected in the capillaries in the stria
vascularis (Figs. 3a).

DISCUSSION

In the present study, we have shown that intense
voltage-gated Kv3.4 subunit-like immunoreactivity is
present in the connective tissue cells, including the
type I and suprastrial fibrocytes in the spiral ligament
and the basal cells of the stria vascularis. Intense
Kv3.4-like immunostaining was also found in the
epithelial cells, including the sensory hair cells and
the neighboring supporting cells of the organ of Corti.
In the mammalian cochlea, the movement of potas-
sium ions can be controlled by the various types of
potassium channel proteins, including Kv3.1b*® |
KCNQ1 (or KvLQT1)", IsK", KCNQ4'?, Kir4.1'?, ether
a go-go (eag)"”, and maxi-K (or BK) channel®.

In 2001, So et al.?”’ have shown voltage-gated potas-
sium channel Kv3.1b subunit-like immunoreactivity in
the type I fibrocytes, type III fibrocytes, type IV
fibrocytes and suprastrial fibrocytes in the guinea pig
cochlear lateral wall, and suggested that Kv3.1b in the
fibrocytes of the cochlear lateral wall may play an im-
portant role in regulating the potassium ion recycling
mechanism via gap junctions in the inner ear.

Lecain et al.'¥ have shown that the eag mRNA was
expressed in the type [, type III, type IV and
suprastrial fibrocytes of the cochlear lateral wall and
in some epithelial cells of the organ of Corti.

Liang et al.’® have shown that the voltage- and Ca?*
-dependent maxi-K channels in the type I fibrocytes of
the gerbil cochlear lateral wall.

It is interesting to note that the basic distribution
pattern of Kv3.4 in the cochlear lateral wall is compa-
rable to that of Kv3.1b, eag and maxi-K channels in
the cochlear lateral wall. The co-expression of these
four different types of voltage-gated potassium chan-
nel proteins in the fibrocytes in the cochlear lateral
wall strongly suggests that the voltage-gated potas-
sium channels in the connective tissue cells of the spi-
ral ligament may be essential in the normal function-
ing of the mammalian cochlea.
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Figure 3. (a, b) A higher magnification of the cochlear lateral wall, immunostained with anti-Kv3.4 antibody. (a) The stria
vascularis and the nearby type I fibrocyte area of the spiral ligament. Intense immunoreactivity is found in the basal cells
(BC) in the stria vascularis and type I fibrocytes (I) in the spiral ligament. No reaction product is detected in the other com-
ponents in the stria vascularis (StV), including the marginal cells, intermediate cells and the endothelial cells of the
intrastrial capillaries (asterisks). Arrowheads, cytoplasmic processes of the basal cells of the stria vascularis. Bar=10mm. (b)
The lower part of the spiral ligament. The root cells (RC) are positively immunostained. II, type II fibrocytes. Bar=10mm.

(¢) A higher magnification of the cochlea hair cells immunostained with anti-Kv3.4 antibody. Intense Kv3.4-like
immunoreactivity is found in the stereocilia, the apical plasma membrane and the subcuticular region of the outer hair cells
(OHC) and inner hair cells (IHC). IPC, inner pillar cells; OPC, outer pillar cells. Bar=10mm.

(d) A higher magnification of the spiral limbus immunostained with anti-Kv3.4 antibody. Intense immunostaining is observed
in the mesenchymal dark cells of the supralimbal zone (SLZ) and nearby fibrocytes in the spiral limbus. Immunostaining is
also observed in the interdental cells (IDC). L, spiral limbus; RM, Reissner's membrane. Bar=10mm.

(e) A higher magnification of the blood vessels (asterisks) in the modiolus of the cochlea immunostained with anti-Kv3.4 an-
tibody. The endothelial cells of the blood vessels in the modiolus of the cochlea are also positively immunostained. Bar=10mm.

Ionic exchanges via gap junctions are known to be
affected by transjunctional voltage (V7)*. Recently,
membrane voltage (Vm or Vi-o)-sensitive gating has been
documented in vertebrate gap junctions® ?. In the
mammalian inner ear, Zhao and Santos-Sacchi®®
ined the voltage-dependence of gap junctional conduc-
tance in cochlear supporting cells, and have found
asymmetric voltage-dependencies for both Vj and Vm.

exam-

These data suggest that the conductance of gap junc-
tions in the inner ear can be controlled by the intra-
cellular electrical potentials, and also indicate that the
movement of potassium ions via gap junctions in the
inner ear can be controlled by the electrical potentials
of the constituent cells of the gap junction systems in
the inner ear. The control of the electrical potential in
the fibrocytes of the cochlear lateral wall and in the
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supporting cells of the organ of Corti by Kv3.4 may
play a fundamental role in regulating the K" ion recy-
cling mechanism in the inner ear.

Recent studies suggested that maxi-K channels',
and Kv3.1b*’, might serve to regulate the K' concen-
tration in the type I fibrocytes of the spiral ligament
during its intracellular transit via gap junctions from
type II fibrocytes of the spiral ligament to basal cells
of the stria vascularis. It is also probable that Kv3.4
may play a comparable role in the potassium ion recy-
cling mechanism via gap junctions in the cochlear lat-
eral wall and in the organ of Corti.

In the organ of Corti, we have also shown that
Kv3.4, which forms an A-type potassium current, is
strongly expressed in the stereocilia, the apical plasma
membrane and the infracuticular zone of the cochlear
sensory cells. An electrophysiological study® has
clearly shown the existence of A-type current in the
sensory hair cells of the mammalian inner ear, and
suggested that A-type current may play a role in sta-
bilizing membrane potential in these sensory cells. It
is also suggested that the canalicular reticulum in the
infracuticular zone of the cochlear sensory cells pro-
vides a possible structural basis for sequestering the
apical K* influx and for directing its diffusion to the
site of efflux across the lateral plasma membrane® %,

The strong expression of Kv3.4 in the stereocilia,
the apical plasma membrane and the infracuticular
zone of the mammalian auditory hair cells will pro-
vide the initial framework for the better understand-
ing of the functional contribution of voltage-gated po-
tassium channels to these cochlear sensory cells.

The results obtained in the present study suggest
that the voltage-gated potassium channel Kv3.4
subunit in the cochlea may be involved in the potas-
sium ion recycling mechanism in the inner ear.
Further investigations are needed in order to elucidate
the precise physiological role of the Kv3.4 in the
cochlear function.

CONCLUSION

Immunohistochemical localization of a voltage-gated
potassium channel Kv3.4 subunit was studied in the
guinea pig cochlea. Intense Kv3.4-like immunoreactivity
was observed in the type I and suprastrial fibrocytes
of the spiral ligament and the basal cells of the stria
vascularis. Immunostaining was also found in the type
II, type III and type IV fibrocytes in the spiral liga-
ment, supralimbal mesenchymal dark cells and
fibrocytes in the spiral limbus. In the organ of Corti,
Kv3.4-like immunostaining was found in the outer

hair cells, inner hair cells and the neighboring sup-
porting cells. The root cells and interdental cells were
also positively immunostained. Reaction product was
also found in the endothelial cells of the blood vessels
in the modiolus of the cochlea.

The results obtained in the present study suggest
that the voltage-gated potassium channel, containing
Kv3.4 subunit, may participate in the recycling sys-
tem of potassium ions in the inner ear.
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