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Cochlear endolymph has a highly positive potential of approx-
imately +80 mV. This so-called endocochlear potential (EP) is
essential for hearing. Although pivotal roles of K* channels in
the formation of EP have been suggested, the types and dis-
tribution of K* channels in cochlea have not been character-
ized. Because EP was depressed by vascular perfusion of
Ba®*, an inhibitor of inwardly rectifying K* (Kir) channels, but
not by either 4-aminopyridine or tetraethylammonium, we ex-
amined the expression of Kir channel subunits in cochlear stria
vascularis, the tissue that is supposed to play the central role in
the generation of positive EP. Of 11 members of the Kir channel
family examined with reverse transcription-PCR, we could de-

tect only expression of K g-2 (Kir4.1) mRNA in stria vascularis.
Kag-2 immunoreactivity was specifically localized at the baso-
lateral membrane of marginal cells but not in either basal
or intermediate cells. Developmental expression of K,g-2 in
marginal cells paralleled formation of EP. Furthermore, deaf
mutant mice (viable dominant spotting; WY/WY) expressed no
Kag-2 in their marginal cells. These results suggest that K g-2
in marginal cells may be critically involved in the generation of
positive EP.

Key words: inwardly rectifying potassium channel; endoco-
chlear potential: stria vascularis; vestibule; developoment; WY/W"Y
mice

The cochlear endolymph of inner ear has a highly positive poten-
tial of approximately +80 mV, which is called endocochlear
potential (EP). In addition, the endolymph is an unusual extra-
cellular fluid containing 150 mm K*, 2 mm Na™, and 20 um Ca®*
(Morgenstern et al., 1982). Cochlear hair cells expose their stere-
ocilia to endolymph and bathe their bodies in an ordinary extra-
cellular fluid, perilymph. Upon mechanical stimulation, K" ions
flow into hair cells through mechanosensor channels at the tips of
cilia, excite cells, and release the neurotransmitter glutamate (for
review, see Ashmore, 1991). The positive EP facilitates K* influx
by increasing its driving force, resulting in high sensitivity of hair
cells to mechanical stimulation (Dallos, 1978). The positive EP,
therefore, seems to be essential for auditory function.
Generation of high concentrations of K* ([K*]) and positive
EP in endolymph has been considered to occur at cochlear stria
vascularis (Tasaki and Spyropoulos, 1959). Stria vascularis con-
tains three types of cells: marginal, basal and intermediate. Mar-
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ginal cells form a continuous layer facing the endolymph, whereas
the layer of basal cells borders the spiral ligament filled with
perilymph. Intermediate cells and capillaries are scattered be-
tween the two layers. Various ion transporters and channels that
may be responsible for the generation of EP and endolymphatic
high [K™] exist in these cells.

Na* ,K*"-ATPase and Na* , K" ,2Cl~ cotransporter that are lo-
calized at the basolateral membrane of marginal cells contribute
to the generation of EP, because ouabain and furosemide, specific
blockers of Na*,K*-ATPase and Na*,K*2Cl™ cotransporter,
respectively, depressed EP (Kusakari et al., 1978; Konishi and
Mendelsohn, 1970). In vestibule, on the other hand, endovestibu-
lar fluid also contains 150 mm K™, but its potential is ~0 mV,
although dark cells, corresponding to cochlear marginal cells, also
express both Na*,K*-ATPase and Na*,K*,2Cl~ cotransporter at
their basolateral membrane (Schulte and Adams, 1989; Marcus et
al., 1994). Therefore, the pump and cotransporter are obligatory
but insufficient for generation of EP. Because vascular perfusion
of Ba?" dramatically reduces EP and because no basal cells exist
in vestibule, a K* conductance localized on basal cells in stria
vascularis has been supposed to be essential for EP formation
(Marcus et al., 1985; Salt et al., 1987); however, the types and
distribution of the K* channels involved in generation of EP in
stria vascularis have not been identified.

We propose that an inwardly rectifying K* (Kir) channel,
K.p-2 (Kird.1), is critically involved in Ba*" inhibition of EP.
Kg-2 was the only Kir channel subunit that could be detected to
be expressed in stria vascularis among 11 members of the Kir
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Table 1. The nucleotide positions of primers and protocols of PCR reactions

Base pairs

Names of channels Positions of primers of bands Protocols of PCR
ROMKI1 (Kirl.1) 67 ~ 84,522 ~ 538 472 94°C, 45 sec; 60°C, 1 min 30 sec; 72°C, 2 min

*793 ~ 812, 1100 ~ 1119 327 94°C, 1 min; 68°C, 1 min; 72°C, 2 min
IRK1 (Kir2.1) 1232 ~ 1249, 1517 ~ 1534 303 94°C, 1 min; 58°C, 1 min 15 sec; 72°C, 2 min
IRK2 (Kir2.2) 1288 ~ 1305, 1523 ~ 1539 252 94°C, 1 min; 68°C, 1 min; 72°C, 1 min 30 sec

*152 ~ 172, 847 ~ 866 715 94°C, 1 min; 68°C, 1 min; 72°C, 2 min
IRK3 (Kir2.3) 304 ~ 323, 1198 ~ 1223 820 94°C, 1 min; 68°C, 1 min; 72°C, 1 min
GIRK1 (Kir3.1) 1192 ~ 1209, 1492 ~ 1509 318 94°C, 1 min; 57°C, 1 min 30 sec; 72°C, 2 min
GIRK2 (Kir3.2) 914 ~ 933, 1259 ~ 1277 364 94°C, 1 min; 64°C, 1 min; 72°C, 2 min
GIRK3 (Kir3.3) 611 ~ 630, 1048 ~ 1067 457 94°C, 1 min; 64°C, 1 min; 72°C, 2 min
GIRK4 (Kir3.4) 904 ~ 923, 1246 ~ 1265 362 94°C, 1 min; 68°C, 1 min; 72°C, 1 min

*4 ~ 22,362 ~ 380 377 94°C, 1 min; 63°C, 1 min 30 sec; 72°C, 1 min 40 sec
K,p-2/BIR10 (Kir4.1) 312 ~ 329, 966 ~ 983 672 94°C, 45 sec; 60°C, 1 min; 72°C, 2 min
uK,rp-1 (Kir6.1) 566 ~ 583, 943 ~ 959 394 94°C, 1 min; 68°C, 1 min; 72°C, 1 min 30 sec

*401 ~ 418, 704 ~ 722 322 94°C, 1 min; 63°C, 1 min 30 sec; 72°C, 1 min 40 sec
BIR (Kir6.2) 198 ~ 215, 623 ~ 642 445 94°C, 1 min; 60°C, 1 min; 72°C, 1 min

The sets of primers indicated by asterisks were also used, but the data were not shown in Figure 2.

channel family examined in this study. It was specifically localized
in cochlear marginal cells at their basolateral membrane but not
in vestibular dark cells. Developmentally, expression of K,5-2 in
stria vascularis started after endolymphatic high [K™] had been
established and increased to a plateau with a similar time course
as the development of EP. Deaf mutant mice (viable dominant
spotting, WY/WV), whose EP is ~0 mV, expressed no K,p-2 in
their stria vascularis. This is the first report of the identity of the
ion channel that may be involved in the generation of EP.

MATERIALS AND METHODS

Measurement of EP. Healthy albino guinea pigs (200-250 gm) (SLC,
Hamamatsu, Japan) were anesthetized intramuscularly with pentobarbi-
tal sodium (Nembutal; Abbott, Chicago, IL), paralyzed by intravenous
injection of pancuronium bromide (3 mg/kg), and artificially respired.
The right cochlea was exposed with a ventrolateral approach. EP on the
right side was measured with a glass microelectrode filled with 160 mm
KCl solution, inserted into the scala media of the second turn through the
spiral ligament (see Fig. 1, inset). Vascular perfusion of the stria vascu-
laris was performed at a rate of 1.5 ml/min through a polyethylene tube
located in the right vertebral artery.

Control perfusate contained (in mm): 136.5 NaCl, 5.4 KCl, 1.8 CaCl,,
0.53 MgCl,, 5.5 glucose, and 5.0 HEPES-NaOH buffer, pH 7.4. Barium
chloride and 4-aminopyridine (4-AP) were dissolved in control solution
before use. When 40 mM tetraethylammonium (TEA) chloride was used,
the NaCl concentration was adjusted to maintain the correct osmotic
pressure. Two syringe pumps were used to inject solutions: one was for
control solution and the other was for the solution containing blockers.
After injection of a blocker, control solution (~4 ml) was immediately
perfused at a rate of 1.5 ml/min.

Reverse transcription (RT)-PCR analyses and in situ hybridization histo-
chemistry of K z-2 in rat cochlea. Total RNA from whole cochleae of
female adult Sprague Dawley (SD) rats (130-170 gm) (SLC) was ex-
tracted by guanidine thiocyanate methods (Glisin et al., 1974). cDNA was
synthesized using oligo-(dT) primers after treatment of RNA with de-
oxyribonuclease (DNase) I. Each PCR reaction was performed in a
volume of 30 ul. For each reaction, 0.8 ug total RNA of whole cochlea
was used. Stria vascularis was isolated as follows. Female adult SD rats
(130-170 gm) were anesthetized. The ear capsules were exposed and
broken out, and then cochlear lateral walls with stria vascularis and spiral
ligament were isolated. Stria vascularis from all turns of cochleae were
separated from spiral ligament with a fine needle in cold PBS. The pieces
of isolated stria vascularis from 42 ears were suspended in 30 ul of 10 mm
Tris-HCI, 1 mM EDTA, pH 7.4. They were frozen rapidly with dry ice and
thawed twice. Then DNase I and tRNA (10 ug) were added to the
mixture in the presence of ribonuclease inhibitor and incubated for 15
min at 37°C. After incubation, the mixture was treated with proteinase K

for 30 min at 55°C and then for 10 min at 70°C. RNA was treated with
phenol and chloroform, and precipitated with ethanol. The RNA thus
obtained was used to synthesize cDNA, 1/20 of which was used for one
PCR reaction (30 wl). The nucleotide positions of primers specific to
cDNA of different inwardly rectifying K (Kir) channel subunits and the
protocols of each PCR reaction are depicted in Table 1. All PCR
reactions were performed for 30 cycles. In the analysis of stria vascularis
mRNA, two rounds of amplification by PCR were performed. In the
second round, 4 ul of the first PCR products was used and amplified with
the same primers and the same condition as in the first reaction. For
positive control reactions, cDNA of each Kir channel subunit was used as
a template. All PCR products were analyzed by a 2% agarose gel.
Ethidium bromide was used for staining of PCR products. To increase the
sensitivity for detection of PCR products, SYBR Green I (FMC Bio
Products, Rockland, ME), which is at least 25 times more sensitive than
ethidium bromide, was also used. Nucleotide sequences of the PCR
products from whole cochlea were performed using a sequencer (A-381;
Applied Biochemicals, Foster City, CA) with dye termination method.

In situ hybridization of cochlear cryosections (10 wm thick) was per-
formed essentially as described previously (Takumi et al., 1995). After
fixation with 4% paraformaldehyde/0.1 M sodium phosphate, pH 7.4,
isolated cochleae were decalcified in EDTA solution (9% EDTA 2 Na,
10% EDTA 4 Na, pH 7.4) at 4°C for 5 d.

Immunohistochemistry. Adult female SD rats (SLC) were used in
whole-mount and slice immunohistochemistry and in immunogold elec-
tronmicroscopic examination. In developmental studies, SD rats at dif-
ferent ages were examined. In double-immunostaining, WY/W" mice
(SLC) and adult ddY mice (SLC) were used.

Affinity-purified anti-K,5-2C2 antibody, which was raised against the
amino acid sequence in the C-terminal end of rat K,5-2 (EKEGSALS-
VRISNV), was prepared as reported previously (Ito et al., 1996). Anti-
Kp-2C2 antibody can recognize both rat and mouse K, -2, because the
amino acid sequence in the C-terminal end of mouse K,z-2 is identical
with that of rat K,5-2 (our unpublished observations). Anti-mouse (2
subunit of Na*,K"-ATPase (adhesion molecule on glia) monoclonal
antibody was kindly provided by Dr. Sergio Gloor (Department of Neu-
robiology, Swiss Federal Institute of Technology, Ziirich, Switzerland).

‘Whole-mount immunohistochemistry was performed according to Yo-
shida et al. (1996) with anti-K,5-2C2 antibody (0.1 ug/ml) and ABC kit
(Vectastain Elite ABC kit; Vector Laboratories, Burlingame, CA).
Stained cochleae were examined using a stereoscope (WILD M10; Leica,
Heerbrugg, Switzerland).

Slice immunohistochemistry was performed as described previously
(Ito et al., 1996). The cryosections were incubated with anti-K,g-2C2
antibody (0.08 ug/ml) and treated with ABC kit (Vector Laboratories) or
fluorescein isothiocyanate (FITC)-labeled anti-rabbit antibody. Nuclei
were stained with hematoxylin after immunostaining. Negative control
sections were treated with anti-K,5-2C2 antibody with an excess of the
antigen oligopeptide. In double-immunostaining, we confirmed that
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Figure 1. Effects of blockers of various K* channels on endocochlear potential (EP). The EP of guinea pig was measured with a glass microelectrode

inserted into scala media (inser). The blockers were perfused into a vertebral artery for the periods indicated by the bars. 4-AP, 4-aminopyridine; TEA,

tetraethylammonium; SV, scala vestibuli; SM, scala media; ST, scala tympani.

WY/WY mice were almost deaf by measurement of their auditory evoked
brainstem response before fixation. Cochlear sections were treated with
both anti-K,5-2C2 and anti-B2 subunit of Na*,K"-ATPase antibodies
and incubated with FITC and Texas Red-labeled secondary antibodies.
Confocal images were obtained under a laser scanning microscope
(MRC-1024; Bio-Rad, Hertfordshire, England).

The method of preembedding immunogold (5 nm) electronmicroscopy
was almost the same as that reported previously (Gotow et al., 1995).
Small fixed blocks of stria vascularis were immersed in 2.3 M sucrose in 0.1
M phosphate buffer and frozen in liquid nitrogen. Cryothin sections were
cut on a microtome equipped with cryoattachment (OmU4, Reichert,
Vienna, Austria) and collected on formvar carbon-coated grids. These
cryothin sections on grids were incubated with anti-K,-2C2 antibody (8
pg/ml) and with goat anti-rabbit IgG coupled to 5 nm colloidal gold
particles (Amersham, Buckinghamshire, England). The sections were
again fixed with 2% glutaraldehyde and post-fixed with 1% Og0,, stained
with 0.5% uranyl acetate, dehydrated in ethanol, and embedded in
London Resin white.

RESULTS

Effects of blockers of K* channels on EP

To estimate which types of K* channels might be crucially in-
volved in the generation of the highly positive EP, we perfused
three kinds of K™ channel blockers, Ba®", a nonselective blocker
of inwardly rectifying K™ (Kir) channels, and 4-AP and TEA,
blockers of voltage-dependent K* (Ky,) channels, into a right
vertebral artery while measuring EP in guinea pig (Fig. 1). Cap-
illaries in the stria vascularis diverge from the anterior inferior
cerebellar artery, one of the branches of the vertebral artery.
Thus, the blockers were probably applied to intermediate cells,
the basolateral surface of marginal cells, and the apical side of
basal cells in the stria vascularis.

EP under control conditions was +84 mV in the example shown
in Figure 1. Perfusion of Ba** (300 um-3 mm) caused rapid (<1
min) and prominent decline of EP in a dose-dependent fashion, as
reported previously (Marcus et al., 1985). Continuous perfusion
of Ba?" for 2 min depressed EP by 20.5 + 2.1 mV at 300 um,
413 + 41 mV at 1 mMm, and 71 = 2.6 mV at 3 mm (mean *+ SD;
n = 4). These responses were reversible (Fig. 1). On the other
hand, perfusion of high concentrations of 4-AP (3 mm) or TEA
(40 mm) had little effect on EP (n = 4) (Fig. 1, bottom panel). The
Ba?*-induced depression of EP is likely, therefore, to be the result
of inhibition of Kir channels and not K, channels, although high
concentrations of Ba** could also inhibit Ky, channels.

RT-PCR analyses and in situ
hybridization histochemistry
The Kir channel family has more than 10 members (Doupnik et
al., 1995). To identify which Kir channel subunits are expressed in
cochlea, the RT-PCR analysis of rat cochlear total RNA was
performed using specific sets of primers for 11 Kir channel sub-
units: K,5-2 (Kir4.1), ROMK1 (Kirl.1), GIRK1-4 (Kir3.1-3.4),
IRK1-3 (Kir2.1-2.3), uK,1p-1 (Kir6.1), and BIR (Kir6.2) (Fig.
2A). These primers can identify all Kir channel subunits reported
so far, with the exception of BIR9 (Kir5.1). Because BIR9 alone
did not form a functional Kir channel (Bond et al., 1994), in this
study we have examined all of the subunits that cover practically
all functional Kir channels cloned so far.

Each set of primers amplified its specific DNA fragment when
cDNA of each Kir channel subunit was used as a template (Fig.
2A, Table 1). We found that five Kir channel subunits, i.e., K,5-2
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Figure 2. RT-PCR analyses and in situ hybridization histochemistry in rat cochlea. 4, RT-PCR analysis of 11 Kir channel subunits in cochlea. PCR
products were stained with ethidium bromide. Cochlea expressed mRNAs of K, -2, ROMKI1, GIRK4, uK,p-1, and IRK2. B, RT-PCR analysis
of Kir channel subunits in stria vascularis. PCR products were stained with SYBR Green I. Expression of only K,3-2 mRNA was detected
in stria vascularis. C, In situ hybridization histochemistry of K,-2 in rat cochlea. Cochlear sections were hybridized with [>°S]-labeled antisense
cRNA (a) or sense cRNA (b). Stria vascularis expressed abundant mRNA of K,3-2. SM, Scala media; SV, stria vascularis; SL, spiral ligament. Scale
bars, 50 um.
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(Kir4.1), ROMKI1 (Kirl.1), GIRK4 (Kir3.4), uK,rp-1 (Kir6.1),
and IRK2 (Kir2.2), were expressed in whole cochlea (Fig. 24).
PCR reactions with pBluescript or without DNA gave no frag-
ment (Fig. 24). We performed further RT-PCR analysis of the
total RNA isolated from stria vascularis (Fig. 2B). Among the five
subunits, only K, 5-2 could be detected to be expressed, even with
SYBR Green I in stria vascularis (Fig. 2B). The nucleotide
sequence of this amplified DNA fragment agreed completely with
that of K, -2 (data not shown). To further ensure the absence of
ROMKI1, GIRK4, uK , 1p-1, and IRK?2 in stria vascularis, we also
performed RT-PCR using other sets of primers (indicated by
asterisks in Table 1). We found that these primers also did not
amplify their DNA fragments from RNA of stria vascularis, al-
though in whole cochlear mRNA they detected expression of
these Kir channel subunits (data not shown). We further exam-
ined the distribution of K,5-2 mRNA in rat cochlea using in situ
hybridization histochemistry (Fig. 2C). K 5-2 mRNA was ex-
pressed strongly in stria vascularis (Fig. 2C-a), but little signal was
detected in spiral ligament. The reaction was specific, because the
sense probe of K,p-2 gave no signal (Fig. 2C-b). Therefore,
among the 11 Kir channel subunits examined so far, K, -2 is the
only one expressed in stria vascularis.

Whole-mount and section immunohistochemistry

We have developed a specific polyclonal antibody against the
C-terminal region of K ,5-2 subunit (anti-K ,5-2C2 antibody) (Ito
etal., 1996). We examined the distribution of K ,5-2 in rat cochlea
using this antibody (Fig. 3). Figure 34 shows whole-mount immu-
nohistochemistry of rat cochlea. K 5-2 immunoreactivity (dark
blue) appeared in a “spiral”’-shaped band at the lateral wall in
cochlea. This spiral band of the immunoreactivity had two and
one-half turns and was uniform from basal to apical portions of
cochlea. These results suggest that K, -2 protein expresses ho-
mogeneously in all turns of cochlea, probably in stria vascularis
(Schuknecht, 1993) (Fig. 1, inset). This positive reaction was not
detected when preimmune serum was used (Fig. 3B).

Figure 3C,D demonstrates immunohistochemical localization
of K -2 in slice sections of cochlea. K, -2 immunoreactivity
existed in stria vascularis in all turns of cochlea (Fig. 3C.D,
arrowheads), as indicated in the whole-mount immunohistochem-
istry (Fig. 34). The immunoreactivity was also detected in organ
of Corti (Fig. 3D, arrow). At a higher magnification, the immu-
noreactivity was detected on Deiters’ cells in the organ, but not in
outer hair cells (data not shown). K,5-2 immunoreactivity was
also detected in spiral ganglions (Fig. 3D, open arrow). Careful
observation revealed that this immunoreactivity was detected not
in the ganglion neurons but in the satellite cells surrounding
neurons (Schulte and Steel, 1994). These reactions were specific,
because no immunoreactivity was detected when anti-K,5-2C2
antibody with excess immunized oligopeptide was used (data not
shown).

On the other hand, the vestibular dark cell area showed no
immunoreactivity of K -2 (Fig. 3E, arrowheads). Because the
dark cell area in vestibule is thought to correspond to the stria
vascularis in cochlea and may be responsible for the generation of
high K*-endolymph in the vestibule, this observation suggests that
the K, 5-2 might play an important role specific to the function of
stria vascularis in cochlea.

Confocal image and immunogold electron microscopy
analyses of K,g-2 immunoreactivity

Figure 44 depicts a high-power magnification of a section immu-
nostained with anti-K , 5-2C2 antibody. Nuclei in this section were
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stained with hematoxylin. The schema of this section is shown on
the left. Both intermediate (Fig. 44, asterisks) and basal cells (Fig.
4A,B, arrowheads) were free from staining, and only marginal
cells exhibited K,p-2 immunoreactivity. Laser confocal micro-
scopic examination (Fig. 4B) showed that K,5-2 immunoreactiv-
ity (green) appeared as a “fold”-like structure of the basolateral
side of marginal cells. The apical side facing the scala media
showed no immunoreactivity (Fig. 4B, arrows). This strongly sug-
gests that the K, 5-2 immunoreactivity is localized at the basolat-
eral, but not apical, membrane of marginal cells. The fold-like
appearance of immunoreactivity is consistent with the extensive
invaginations of the basolateral membrane of marginal cells
(Schuknecht, 1993).

The subcellular localization of K,z-2 was examined further
with immunoelectron microscopy of ultra-thin sections (Fig. 5).
Gold particles of K -2 immunoreactivity were detected at the
invaginated basolateral membrane of marginal cells (Fig. 54,C).
Abundant mitochondria and invaginated membrane are features
of the basolateral side of marginal cells (Schuknecht, 1993). No
gold particles were detected at the apical membrane of marginal
cells (Fig. 5B) and in intermediate cells (Fig. 5C, arrows). These
results clearly indicate that K, -2 is distributed specifically at the
basolateral membrane of marginal cells.

It has been suggested that cochlear marginal cells and vestibular
dark cells share the same transporters and ion channels, such as
Na* ,K*-ATPase, Na*,K*,Cl~ cotransporter, a nonselective cat-
ion channel and a Cl™ channel (for review, see Wangemann,
1995). No difference in the ion-transport systems between co-
chlear marginal and vestibular dark cells has been reported. Thus
the K, -2 is the first ion-transport molecule that is shown to exist
in cochlear marginal cells but not in vestibular dark cells (Fig. 3E).

Developmental expression of K,g-2 immunoreactivity

It was reported that both EP and the concentrations of K* ([K™])
in cochlear endolymph were elevated after birth, but EP started to
become positive after endolymphatic [K*] reached the adult level,
as indicated in the top panel in Figure 64 (quoted from Anniko,
1985). We examined the developmental change of K,p-2 immu-
noreactivity in stria vascularis at various postnatal days and com-
pared it with elevation of [K™] and EP (Fig. 64,B). At 1 and 5 d
after birth, no K, ;-2 immunoreactivity was detected (Fig. 64). At
8 d, weak immunoreactivity was detected only at the basal side of
marginal cells. The immunoreactivity appeared simultaneously in
stria vascularis in all turns of cochlea (Fig. 6 B). The expression of
K g-2 then increased rapidly during the following days (P10 and
P12 in Fig. 6A4). At 14 d, abundant staining of K,-2 protein was
observed at the basolateral side, probably on the infolded baso-
lateral membrane, similar to that of adult rats (Fig. 6A4,B). The
time course of K,5-2 expression was closely correlated with that
of the elevation of EP but not of endolymphatic [K™] (Fig. 6A4). It
is also noteworthy that developmental expression of K,p-2 in
satellite cells surrounding ganglion neurons seemed to be compa-
rable with that in marginal cells (Fig. 6B).

WY/WVY mutant mice expressed no K,g-2 in
stria vascularis
WY/WY mice were reported to be deaf because of the loss of the
positive EP (Steel et al., 1987; Steel and Barkway, 1989). We
compared K,5-2 expression in cochleae between normal and
WY/WY mice (Fig. 7).

The structure of cochlea of mouse was essentially identical to
that of rat (Fig. 74-a). The K,z-2 immunoreactivity in mouse
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Figure 3.

Immunohistochemistry of inner ear with anti-K,5-2C2 antibody. 4, B, Whole-mount immunohistochemistry with anti-K, z-2C2 antibody (A4)

and preimmune serum (B). C, D, Slice immunohistochemistry. Stria vascularis of all turns was stained (C, arrowheads). At higher magnification (D),
positive staining was detected in stria vascularis (arrowheads), satellite cells surrounding spiral ganglion neurons (open arrow), and Deiters’ cells (arrow).
E, Vestibular dark cell area (arrowheads). No K ,5-2 immunoreactivity was detected. Scale bars: 4, B, 1 mm; C, 200 um; D, 100 um; E, 50 wm.

cochlea was detected in stria vascularis, satellite cells, and Deiters’
cells as in rat (Figs. 3D, 74-a). On the other hand, the stria
vascularis of WY/WY mouse was poorly developed and did not
exhibit prominent invaginations of basolateral membrane of mar-
ginal cells as reported previously (Fig. 74-b) (Steel and Barkway,
1989). In WY/WY mouse, K, -2 was not detected in the stria
vascularis (Fig. 74-b, arrowheads), whereas its immunoreactivity
in satellite cells remained almost the same as control (Fig. 74-a,
A-b, open arrows).

Next, we performed double-immunostaining of K,p-2 and 2
subunit of Na*,K*-ATPase (Fig. 7B). In the control mouse, the
Na* ,K"-ATPase staining showed a prominent infolding shape at
the basolateral membrane of marginal cells (Fig. 7B-b), as re-
ported previously (Schulte and Steel, 1994; ten Cate et al., 1994),
and seemed to be colocalized with the K, 5-2 immunoreactivity, as
shown in the double-staining (Fig. 7B-c). In the stria of WY/ WV
mouse, although K,5-2 immunoreactivity was completely lost
(Fig. 7B-¢), Na* , K" -ATPase immunoreactivity could be detected
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Figure 4.
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Immunohistochemistry of K -2 in stria vascularis. K, -2 immunoreactivity was visualized by the DAB-ABC method (4) or FITC-conjugated

secondary antibody (B). A, Nuclei were stained with hematoxylin. B, Confocal image. Positive staining was observed only at the basolateral membrane
of marginal cells. Note no immunoreactivity at the apical membrane of marginal cells (B, arrows), in intermediate cells (4, asterisks), or in the layer of
basal cells (4, B, arrowheads). The schema of A is shown on the left. Intermediate cells are indicated by arrows in the schema. MC, Marginal cell; IC,
intermediate cell; BC, basal cell; SV, stria vascularis; SL, spiral ligament; SM; scala media; CA, capillary. Scale bar, 10 wm.

at the basolateral side of marginal cells but was weaker than that
of control mouse (Fig. 7B-f) (Schulte and Steel, 1994).

DISCUSSION

Putative functional role of K,5-2 in formation of EP

In this study, we first confirmed the results of Marcus et al.
(1985) that Ba®" ions injected into a vertebral artery sup-
pressed EP. Furthermore, we found that high concentrations of
blockers of K, channels, i.e., 4-AP and TEA, had little effect on
EP. Because Ba?" is an effective blocker of Kir channels, it is
strongly suggested that some Kir channels, but not K,, chan-
nels, are involved in the formation of positive EP. Among 11
members of Kir channel subunits, which cover almost all func-
tional Kir channels cloned so far, we detected expression of
ROMKI1, GIRK4, uK,1p-1, IRK2, and K,5-2 mRNAs in co-
chlea, but only K,5-2 mRNA in stria vascularis in the present
conditions (see Materials and Methods). Several other reports
on Kir subunits in the inner ear have appeared recently. Chick
IRK1 (cIRK1, a variant of IRK1) and BIR10 (K,p-2/Kir4.1)
were cloned from chick cochlear hair cells (Navaratnam et al.,
1995) and from cultured rat outer hair cells (Glowatzki et al.,
1995), respectively. Nevertheless, K,p-2 is the only Kir channel
subunit identified so far to be expressed in stria vascularis.
Thus, K,5-2 is one candidate for the K* channel responsible
for Ba®" inhibition of EP, although a possibility still remains
that Kir channel subunits that have not yet been cloned also
exist in the stria vascularis.

Salt et al. (1987) discovered that the extracellular fluid in the
space between the layer of marginal cells and that of basal cells
(interlayer space) in stria vascularis has a potential of approxi-
mately +100 mV with its [K™] of ~5-10 mm. They proposed that
the layer of basal cells is essential for maintenance of the potential
difference between the interlayer space and perilymph, which may
be the source of positive EP. On the other hand, the potential of
vestibular endolymph, which contains 150 mm [K*], is ~0 mV,
probably because the vestibular dark cell area consists of a single
layer of dark cells and lacks the layer of basal cells (for review, see
Wangemann, 1995). Furthermore, previous studies have indicated

that cochlear marginal cells and vestibular dark cells shared iden-
tical ion-transport molecules and ion channels (Wangemann,
1995). It was speculated, therefore, that the Ba?*-sensitive K*
channel was localized at the apical membrane of basal cells. This
speculation has been widely accepted (Wangemann, 1995). In this
study, however, we showed that the only Kir channel subunit
identified in stria vascularis, K, -2, existed in marginal cells but
not in vestibular dark cells. Thus, the presumption that marginal
and dark cells share identical ion-transport molecules, which has
been one basis for their speculation, is no longer valid. The role of
K4p-2 in marginal cells should be taken into account in consid-
eration of formation of EP.

The blockers applied through a vertebral artery probably reach
the basolateral side of marginal cells, the apical side of basal cells,
and intermediate cells in stria vascularis. Because we showed that
K4p-2 immunoreactivity in stria vascularis was specifically at the
basolateral membrane of marginal cells, the Ba>* ions applied
through a vertebral artery could reach the K,5-2 channels and
inhibit them. Therefore, K, -2 channels at the basolateral mem-
brane of marginal cells should be responsible, at least partly, for
Ba?*-suppression of EP, as initially proposed by Marcus et al.
(1985). Other kinds of K* channels than Kir may exist at the
basolateral membrane of marginal cells and also at the apical
membrane of basal cells; however, these putative K* channels
may not be responsible for Ba?* suppression of EP, because other
types of K* channels, such as K, channels and Ca*"-activated K*
channels, are relatively insensitive to Ba>* and/or can be inhibited
by high concentrations of 4-AP or TEA (Osterrieder et al., 1982;
Benham et al., 1985; for review, see Pongs, 1992). A possibility still
remains, however, that unknown Kir channel subunits may exist in
stria vascularis and may be involved in Ba**-suppression of EP.
To obtain the final conclusion that K" channels are involved in
Ba®* suppression of EP, it is necessary to fully characterize the
functional K* channels at the basolateral membrane of marginal
cells and also at the apical membrane of basal cells, using patch-
clamp technique.

Because both the potential of marginal cells and that of
extracellular fluid in the interlayer space is approximately +100
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Figure 5.
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Immunogold electron microscopic examination of K,-2 in stria vascularis. A-C, Electron microscopic images of the portions as indicated in

the top left schema. Positive gold particles were observed only at the basolateral membrane of marginal cells (4, C), but at neither the apical membrane
of marginal cells (B) nor the membrane of intermediate cells (C, arrows). Asterisks show mitochondria, which exist abundantly in the basolateral foldings
of marginal cells (4). SM, Scala media; MC, marginal cell; IC, intermediate cell; BC, basal cell; CA, capillary; asterisks, mitochondria; star, nucleus. Scale

bars: A-C, 0.25 pm.

mV, and because this extracellular fluid contains ~5-10 mm
[K*] (Salt et al., 1987), K* ions should flow through K ,5-2, at
least theoretically, outward from the basolateral side of mar-
ginal cells to the extracellular space. Abundant Na™ K-
ATPase and Na", K" ,2Cl~ cotransporter are localized at the
basolateral membrane of marginal cells. These ion-transport
molecules, when working actively, may cause depletion of K*
ions in the extracellular fluid surrounded by the prominent
infoldings of basolateral membrane of marginal cells (Fig. 5),
which may result in inhibition of these ion transporters. To
sustain high activity of Na®,K"-ATPase and Na*,K*,2Cl~

cotransporter, K* secretion through K,p-2 into interlayer
space from marginal cells may be mandatory. This function of
Kp-2 in stria vascularis is comparable with that in renal distal
tubules, where K,5-2 is colocalized with Na™,K*-ATPase at
the basolateral membrane of renal epithelial cells (Ito et al.,,
1996). K, -2 in renal epithelial cells probably secretes K* ions
into the narrow spaces surrounded by the infoldings of epithe-
lial basolateral membrane to sustain the activity of Na™,K*-
ATPase (for review, see Giebisch, 1995). Ba>" inhibition of EP
thus might be explained as follows. Ba>* ions, applied into a
vertebral artery, may inhibit K, -2 channels at the basolateral
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Figure 6. Developmental studies of the expression of K,p-2 in marginal cells. 4, Comparison of developmental change of K,z-2 expression in stria
vascularis with elevation of EP and that of endolymphatic [K*] in postnatal rats. The lines of EP and [K™] shown in the fop panel were obtained from
a review (Anniko, 1985). B, Sagittal sections of cochlea at various postnatal days. Note that expression of K,g-2 in satellite cells is comparable with that
in stria vascularis. All sections of 4 and B were stained with the ABC-DAB method. Scale bars: A, 25 um; B, 200 um.
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Figure 7. Expression of K, -2 in normal mice and WY/ WY mutant mice. 4, Inmunostaining of K -2 in normal mouse (a) and WY/ WY mouse (b) with
the DAB-ABC method. Note that in WY/WY mouse, K,5-2 immunoreactivity was not observed in stria vascularis (b, arrowheads), but it was detected
in satellite cells (b, open arrow) as much as control (a, open arrow). B, Double-immunostaining of K,p-2 and 82 subunit of Na*,K"-ATPase in stria
vascularis. The top (a—d) and bottom panels (e-h) show the immunohistochemistry of control mouse and that of WY/ WY mouse, respectively. In control
mouse, both the immunoreactivity of K,5-2 () and that of Na*,K*-ATPase (b) were detected and seemed to be colocalized at the basolateral membrane
of marginal cells (c). On the other hand, in WY/W" mouse, the immunoreactivity of K,5-2 was not detected (e), although that of Na*,K"-ATPase was
expressed moderately (f, g). d and & are transmitted images of stria vascularis. These were consistent findings in all eight mutant mice examined. Scale

bars: A, 100 um; B, 10 pwm.

membrane of marginal cells, which diminishes the supply of K*
ions to Na*,K"-ATPase and Na*,K*,2Cl~ cotransporter, in-
hibits them, and finally suppresses EP.

Expression of K,g-2 during development and in deaf
mutant mice
The relationship between elevation of EP and expression of
K4p-2 in normal development after birth also supports the idea
that K,5-2 may be important for the generation of EP. For
several days after birth when K,5-2 was not expressed, EP was
reported to be very low, although Na* K*-ATPase should have
already been expressed moderately, and endolymphatic [K*]
started to elevate (Anniko, 1985; Yao et al., 1994). It was also
reported that the adult level of endolymphatic [K*] and that of
Na*,K*"-ATPase had been established before EP reached its
maximum plateau, whereas the developmental expression of
K, g-2 shown in this study paralleled the reported time course of
elevation of EP (Yao et al., 1994) (Fig. 6). These results strongly
suggest the importance of K, -2 in the formation of EP. It seems
probable that moderate expression of Na* K*-ATPase is suffi-
cient to elevate endolymphatic [K™] but insufficient to elevate EP.
High-level expression of Na*,K*-ATPase may be needed for
elevation of EP, which may essentially require K 5-2 for supply of
K" ions to the K" site of the ATPase. Thus, the expression of
K g-2 in marginal cells might be induced by the demand of high
activity of Na* ,K*-ATPase. The regulatory mechanism of expres-
sion of K,p-2 is unknown, however, and further studies are
definitely needed.

We found that in WY/WV, K,5-2 was not expressed in stria
vascularis but exhibited normal expression in spiral ganglions.
Therefore, the loss of K, -2 in the marginal cells of WY/W" may

not be caused by abnormalities of the K, -2 gene itself, but may
be secondary to abnormality in differentiation of marginal cells.
Consistent with this notion, we found that the stria vascularis in
WY/WY was thin, and its marginal cells did not develop much
infolding of their basolateral membrane as in the early stages of
development of control mice (Steel and Barkway, 1989). The
expression of Na®™ K*-ATPase in these marginal cells was also
moderate (Schulte and Steel, 1994) (Fig. 7). Thus, similar to the
early stages of normal development, the moderate expression of
Na™,K*-ATPase alone in WY/W" may be insufficient for eleva-
tion of EP. The mechanism responsible for poor differentiation of
the stria vascularis in WY/WY is unknown but might be related to
the absence of intermediate cells in this mutant (Steel et al,
1987); it is known that melanocytes, to which intermediate cells
belong, play essential roles in normal differentiation of various
tissues (Mayer, 1970). Further studies are needed to clarify the
mechanism of normal differentiation of marginal cells and its
relation to expression of K, p-2.

Localization mechanism of K,5-2 at basolateral
membrane of epithelia

K4g-2 immunoreactivity was detected specifically at the basolat-
eral membrane of cochlear marginal cells and distal convoluted
renal epithelial cells (Ito et al., 1996). Recently, several mecha-
nisms that determine subcellular localization of membrane pro-
teins have been identified (Rothmann and Wieland, 1996). Low-
density lipoprotein receptor has tyrosine-containing motifs in its C
terminus that are necessary to sort the receptor to basolateral
membrane (Matter et al.,, 1993). It is considered that Na*,K*-
ATPase is localized at the basolateral membrane of epithelial cells
by binding to the fodorin—ankyrin system via a motif of Ala-Leu—
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Leu-Lys (Jordan et al., 1995). PSD-95/SAP90 and its homologs
have been shown to cluster various receptors and ion channels
whose C termini possess a motif of Thr/Ser-X-Val (Kim et al.,
1995; Kornau et al., 1995; Gomperts, 1996). K, -2 has the motif
of Ser—Asn—Val in its C-terminal end but not that of Ala-Leu-
Leu-Lys. Because SAP97, one of the PSD-95/SAP90 family, was
expressed at the basolateral membrane of epithelial cells of small
intestine and choroid plexus (Miiller et al., 1995), it is possible
that PSD-95/SAP90 family proteins in marginal cells are respon-
sible for the localization of K, -2 at their basolateral membrane.
Further studies are needed, however, to elucidate the molecular
mechanism responsible for subcellular localization of K, z-2 at the
basolateral membrane of marginal cells.
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