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NKCC:s in the fibrocytes of the spiral ligament are silent
on the unidirectional K transport that controls
the electrochemical properties in the mammalian cochlea
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Abstract Unidirectional K" transport across the lateral co-
chlear wall contributes to the endocochlear potential (EP) of +
80 mV in the endolymph, a property essential for hearing. The
wall comprises two epithelial layers, the syncytium and the
marginal cells. The basolateral surface of the former and the
apical membranes of the latter face the perilymph and the
endolymph, respectively. Intrastrial space (IS), an extracellu-
lar compartment between the two layers, exhibits low [K']
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and a potential similar to the EP. This IS potential (ISP)
dominates the EP and represents a K" diffusion potential
elicited by a large K" gradient across the syncytial apical
surface. The K* gradient depends on the unidirectional K"
transport driven by Na',K'-ATPases on the basolateral sur-
face of each layer and the concomitant Na“,K*2CI -
cotransporters (NKCCs) in the marginal cell layer. The
NKCCs coexpressed with the Na“ K'-ATPases in the syncy-
tial layer also seem to participate in the K" transport. To test
this hypothesis, we examined the electrochemical properties
of the lateral wall with electrodes measuring [K'] and poten-
tial. Blocking NKCCs by perilymphatic perfusion of bumet-
anide suppressed the ISP. Unexpectedly and unlike the inhi-
bition of the syncytial Na",K"-ATPases, the perfusion barely
altered the electrochemical properties of the syncytium but
markedly augmented [K'] of the IS. Consequently, the K*
gradient decreased and the ISP declined. These observations
resembled those when the marginal cells’ Na*,K"-ATPases or
NKCCs were blocked with vascularly applied inhibitors. It is
plausible that NKCCs in the marginal cells are affected by the
perilymphatically perfused bumetanide, and these trans-
porters, but not those in the syncytium, mediate the unidirec-
tional K transport.

Keywords Endocochlear potential - Inner ear - lon-selective
electrodes - K transport - Na“, K", 2CI -cotransporter

Introduction

The endolymph in the mammalian cochlea shows 150 mM
[K"] and an endocochlear potential (EP) of +80 mV relative to
the perilymph (Fig. 1A) [3, 10]. Hair cells’ basolateral mem-
brane bathes in perilymph while their apical surface and
stereocilia are exposed to endolymph. The EP maximizes
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the sound-induced K entry in hair cells from the endolymph,
thereby causing the excitation of the cells [14]. K" exits hair
cells to the perilymph and is transported unidirectionally back
to the endolymph through the lateral cochlear wall comprising
the spiral ligament and the stria vascularis (Fig. 1A) [47, 52].

The lateral wall is considered as a double-layered epithelial
system (Fig. 1B). One is a monolayer of strial marginal cells
whose apical surfaces face the endolymph. The other is a
syncytium comprising fibrocytes in the ligament and interme-
diate and basal cells in the stria; these three cell types are
interconnected by gap junctions and thereby bear similar
electrochemical properties [19, 43, 45, 48]. Between the two
layers lies a 15-nm extracellular compartment, the intrastrial
space (IS), which is transversed by numerous capillaries
(Fig. 1B) [13, 41]. The IS exhibits a low [K'] and a potential
similar to the EP [15, 35]. This IS potential (ISP) dominates
the EP in normal conditions [11, 27, 35].

The EP primarily represents the sum of two K diffusion
potentials in the lateral wall [27, 28]. We showed that one
diffusion potential governs the ISP and stems from K" chan-
nels Kir4.1 on the apical surface of the syncytium, as expected
by other works [2, 45]. The K" gradient across the apical
surface establishes a large diffusion potential and is main-
tained by the low [K'] of the IS and the high [K'] inside the
syncytium ([K+]Syn). The other diffusion potential emerges
from Ixs K channels on the marginal cells’ apical
membranes.

The unidirectional K" transport from the perilymph to the
endolymph contributes to the ISP and the EP by controlling
[K'] in various compartments of the lateral wall [28]. This K*
transport is proposed to be driven primarily by both the
NKCCs and Na',K'-ATPases that occur together on the
basolateral surfaces of each of the syncytial and the marginal
cell layers [10, 25, 49, 52]. Indeed, inhibiting the syncytial
Na', K'-ATPases decreases [K ' Jsyn, reducing the K* gradient
across the apical surface and thus the ISP [1]. Critical roles of
the marginal cells’ Na", K'-ATPases and NKCCs have been
also demonstrated [27]. Contrary to the common assumption,
we provide evidence here that the syncytial NKCCs under
physiological conditions may barely uptake K" and therefore
be “silent” on the unidirectional K transport.

Materials and methods
General information

The experimental protocol was approved by the Animal
Research Committees of Niigata University School of
Medicine. The experiments were carried out under the super-
vision of the Committees and in accordance with the
Guidelines for Animal Experiments of Niigata University
and the Japanese Animal Protection and Management Law.
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Fig. 1 Structure and electrochemical properties of the cochlea and its
lateral wall. A The ionic composition and potential of the endolymph are
considered to be maintained by the unidirectional K* transport through
the lateral cochlear wall (red arrow on the left). This transport seems to be
linked with the K™ flow through the hair cells (red arrow in the center).
The location of five types of the fibrocytes is indicated by roman
numbers. B The fop illustrates extracellular and intracellular compart-
ments of the lateral wall and ion transport apparatus involved in the
unidirectional K* transport. Of note, the lateral wall is made up of two
functional epithelial layers (see “Introduction”) and thereby contains four
membrane domains, apical (api) and basolateral (baso) surfaces of the
syncytial and marginal cell layers. The bottom shows the profile of the
electrochemical properties of the lateral wall under physiological condi-
tions. Each compartment is characterized by different combination of aK*
(blue) and potential (red). NKCC Na",K* 2CI -cotransporter, CIC CIC-K/
barttin CI” channels, 7.J tight junction, MC marginal cell, /C intermediate
cell, BC basal cell, ISP intrastrial potential, EP endocochlear potential. a
and b are modified from Fig. 1 by Nin et al. [27]

The electrophysiological assays with living animals were
performed with a procedure similar to those by Nin et al. [27]
and Adachi et al. [1] as described below.
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Double-barreled K*-selective microelectrode

Electrodes were fabricated from double-barreled borosilicate
capillary glass (WPI; Sarasota, FL, USA). A K exchanger
(IE190; WPI) was inserted into the salinized interior of one
barrel. The K'-selective barrel was silanized by vaporized
dimethyldichlorosilane (LS-130; ShinEtsu, Tokyo, Japan),
filled at the tip with K'-selective liquid ion exchanger
(IE190; WPI), and backfilled with 150 mM KCIl. The voltage
barrel was filled with 150 mM NaCl. Each barrel was con-
nected via an Ag/AgCl electrode to a dual electrometer with
high input resistance (FD223a; WPI).

Calibration of each K'-selective electrode was performed
using the following steps. First, the electrode sensitivity was
checked at 37 °C with a series of aqueous solutions containing
(in mM) 15 KCl, 50 KCl, and 150 KClI; the deviation of the
slope from the theoretical value was confirmed to be less than
10 %. Second, the electrode property was obtained from a
series of mixed KCIl-NaCl solutions containing ([KCl1]/
[NaCl], in mM): 1.5/148.5, 5/145, 15/135, 50/100, and 150/
0. Then, assuming that the activity coefficients for K of these
mixed solutions were constant at 0.727 [21], the potentials
were plotted as a function of ionic activity of K™ (aK"). The
data were fitted with a quadratic function that was then used to
convert measured diffusion potentials to K" in the experi-
ments. In every assay, standard solution (in mM: 5 KCl, 145
NaCl) was applied to the tympanic cavity, and its concentra-
tion was measured with K'-selective electrode for its calibra-
tion. After the experiment, the electrode was again evaluated
with the mixed solutions mentioned above.

Of note, an ionic activity is an effective concentration of an
ion or, in other words, a measure of the fraction of the ions that
are free and active and actually elicit a variety of chemical and
biological phenomena including the diffusion potential mon-
itored with the ion-selective electrode. An ionic activity is the
product of the ion’s concentration and its activity coefficient.
Because the coefficient is variable and unmeasurable in intact
cells and tissues, the value of the aK* was measured and
reported in this study.

Animals

Male Hartley guinea pigs with normal Preyer’s reflex (200-
400 g; SLC Inc., Hamamatsu, Japan) were first deeply anes-
thetized with intraperitoneal injection of pentobarbital sodium
(64.8 mg/kg; Somnopentyl; Kyoritsu Seiyaku, Tokyo, Japan).
To assess the depth of anesthesia, toe pinch, corneal reflex,
and respiratory rate were used as a guide. When anesthesia
was not sufficient, pentobarbital sodium (5 mg/kg) was fur-
ther given to the animals. Next, neuromuscular blockage was
achieved with intramuscular injection of vecuronium bromide
(4 mg/kg), and the animals were artificially ventilated with
room air during experiments. Throughout the experiments,

body temperature of the animals was maintained at 37 °C by
a heating blanket (BWT-100A, Bio Research Center, Nagoya,
Japan). The depth of anesthesia was monitored by fluctua-
tions in the heart rate, and anesthesia was maintained by
additional injection of pentobarbital sodium (10 mg/kg) every
1-1.5 h. The animals were sacrificed with an overdose of
pentobarbital sodium (400 mg/kg) at the end of the
experiments.

In vivo measurement

The cochlea was exposed by a ventrolateral approach, and a
fenestra (~200 pm in diameter) was made on the bony wall of
the second cochlear turn. With an Ag/AgCl wire on the neck
muscles as a reference, a K'-selective microelectrode was
inserted into the fenestra and advanced from the perilymph
towards the endolymph by a micromanipulator (MP-285;
Sutter Instrument Co., Novato, CA, USA) to record both the
potential and aK" of the lateral cochlear wall. The EP was
simultaneously measured by a single-barreled electrode filled
with 150 mM KCI; the electrode was inserted through the
above fenestra and held in the scala media.

Perilymphatic and vascular application of the blockers

The control solution had the following composition (in mM):
122 NaCl, 24 NaHCO3;, 0.5 NaH,POy, 5 KCI, 1.2 CaCl,, 1
MgCl,, 4 glucose, and 5 HEPES bubbled with 5 % O,, 5 %
CO,, and 90 % N, for 30 min, pH 7.4. This solution was used
to apply the blockers to the perilymphatic space as well as to
the vasculature (see below).

As for perilymphatic perfusion of solutions in the absence
or presence of the blockers, inlet and outlet holes were made
on the basal cochlear turn of the scala tympani and the third
turn of the scala vestibuli, respectively. A silica capillary
tube (P/N 062472; SGE Analytical Science, Melbourne,
Australia) connected to a syringe was inserted into the inlet
hole and sealed with cyanoacrylate glue. The perfusion was
performed at a rate of 10 ul/min using a syringe pump
(Pump 33; Harvard Apparatus, Holliston, MA, USA). In a
preliminary experiment, we found that the EP was relatively
unstable for ~10 min after starting the perfusion, probably
due to the artifact of initial pressure of the solution’s flow
[see Fig. 3A(d)]. Therefore, in assays of Figs. 2 and 3B, C,
we first perilymphatically applied the control solution for
approximately 30 min without recording and then advanced
the K'-selective electrode across the lateral wall. The control
solution was switched to the perfusate containing a blocker
by a flow selector (Univentor 8401405; Univentor Ltd.,
Zejtan, Malta).

Bumetanide (Sigma, St Louis, MO, USA) was dissolved in
1 M NaOH at the concentration of 100 mM [38]. This stock
solution was diluted in the control solution before bubbling.
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Fig.2 Properties of the IS during application of blockers for K* transport P>

apparatus. The AK" (blue) and potential (red) of compartments of the
lateral cochlear wall were recorded with a double-barreled K -selective
electrode advanced from the perilymphatic space (PL; open bars above
the traces) to the endolymph (blue bars above the traces) (upper panels in
A, B, and C). In each experiment, the EP (orange) was simultaneously
monitored by a single-barreled electrode located in the endolymph (lower
panels in A, B, and C). In this and subsequent recordings (see Figs. 3 and
4), open and filled wedges at the top of each panel indicate the periods
during which the electrode was inserted towards the endolymph and
withdrawn to the perilymph, respectively. A The effect of the
perilymphatic perfusion of bumetanide. In this experiment, the control
solution was first perfused for ~30 min. Then, while the solution contin-
ued to be applied, the K -selective electrode was driven across the lateral
wall. Before entering the IS, we detected a region of the syncytial layer
(black bars above the traces). While the electrode was held in the
intrastrial space (IS) (green bars above the traces), the animal was
imposed to anoxia. After reoxygenation, the perfusate was switched to
the solution containing bumetanide (100 uM). The electrode was further
inserted into the endolymph, which was signaled by a rapid and promi-
nent elevation of aK" and finally retracted into the perilymphatic space.
The area surrounded by square and broken square in upper panel is
displayed in Fig. 4A(a, b), respectively. B The effect of vascular injection
of bumetanide. While measuring the «K" and potential by the K"-selec-
tive electrode located in the IS, the solution containing bumetanide
(30 mg/kg; 3 ml) was injected to the right jugular vein in 3 min (iv). C
The effect of perilymphatic perfusion of ouabain. The experiment was
also performed in accordance with the protocol in A. In this case, while
the K'-selective electrode was held in the IS, the solution containing
ouabain (50 uM) was perfused to the perilymphatic space. The area
surrounded by square and broken square in upper panel is displayed in
Fig. 4B(a, b), respectively

The final concentration of bumetanide applied to the peri-
lymph was 100 pM. When 1 M NaOH without the blocker
was added to the control solution at the same ratio, the pH
after bubbling was ~7.5; the perilymphatic perfusion of this
solution negligibly affected the EP. Ouabain (sigma), an in-
hibitor of Na*,K"-ATPase, was dissolved in distilled water to
make the stock solution (100 mM). This solution was diluted
with the control solution to 50 uM before the experiments.
Note that the two blockers at the concentrations mentioned
above barely affected the measurements of K" with the K
exchanger.

For intravenous injection, a 3-ml solution containing
30 mg/kg bumetanide was made from its stock solution and
the control solution and applied to the right jugular vein in
3 min [24] through a catheter.

Statistical analysis

Mean + standard deviation (SD) was used as a descriptive
statistic. The distributions of the measured values among
groups were compared using one-way analysis of variance
(ANOVA) followed by Tukey-Kramer post hoc test. A p value
of <0.05 was considered significant. All statistical analyses
were carried out using JMP 9.0.2 (SAS institute Japan inc.,
Tokyo, Japan).
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Results

Generally, NKCCs carry one K, one Na', and two Cl~ from
the extracellular fluid to intracellular space. The perilymphatic
perfusion of furosemide or bumetanide, blockers of NKCCs,
markedly reduce the EP [12, 23], indicating that the functional
transporters are expressed in the lateral wall. Histochemical
studies including immunogold microscopic examination
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Fig. 3 Analyses of the syncytium. A, B, and C While perfusates were
being applied into the perilymphatic space, the K'-selective electrodes
were inserted multiple times from the perilymph (PL; open bars above the
traces) to the endolymph (EL; blue bars above the traces) to examine the
electrochemical properties of the syncytium (black bars above the traces)
(a, b, and c). The traces of the EP (orange), which was simultaneously
recorded by a single-barreled electrode placed in the endolymph, were
displayed in d as well as overlaid with the traces of the potentials
measured by the K'-selective electrodes (see @, b, and c¢). Insertions of
the K'-selective electrodes were performed during the periods highlight-
ed by squares in d. In A, we performed the first measurement with a
double-barreled K*-selective electrode in the lateral wall treated with no
perfusate (@). Thereafter, while perilymphatically applying the control
solution, we advanced different electrodes twice across the lateral wall (b
and c¢). In B and C, the perfusates were first the control solution and then
switched to the solutions containing bumetanide (100 1M; B) or ouabain
(50 uM; C). Green bars above the traces indicate the region that is likely

o

3
$’§

to be the IS. In some measurements, the compartment that probably
represents the marginal cell layer (M) was detected. Open and filled
circles mark to the syncytial compartments whose properties were stably
measured (a, b, and ¢; see “Results”). As described in “Results” and by
Adachi et al. [1], the «K™ and potential of the compartment adjacent to the
IS probably represents the properties of the syncytium (filled circles) and
thereby were used to quantitatively characterize the effects of the blockers
in d. D Comparison of the effects of the blockers on the electrochemical
properties of the syncytium. For this analysis, the values of aK+Syn and
Vgyn that were recorded when the EP became stable in each experiment
were used. PL and iv indicate perilymphatic and intravenous application
of the blockers, respectively. Bars and error bars in the two panels
represent the mean+SD obtained from the measurements under the five
conditions: normal (11 cochleae), control PL (22 cochleae), bumetanide
PL (12 cochleae), ouabain PL (6 cochleae), and bumetanide iv (6 cochle-
ae) [one-way ANOVA: p<0.0001 for aK+Syn and p<0.0001 for Vgyy,].
The values of mean+SD are also shown above each bar
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revealed that type-1 NKCCs occur on the plasma membrane
of fibrocytes in the spiral ligament [5, 26, 49]. The fibrocytes’
membrane provides the basolateral surface of the syncytium,
which is directly exposed to the perilymph (Fig. 1B) [19, 40].
These observations suggest that the NKCCs, like the concom-
itant Na",K"-ATPases, would uptake K" from the perilymph
to the inside of the syncytium and be crucially involved in the
unidirectional K" transport through the lateral cochlea wall
[10, 25, 52]. The idea could be supported by abnormalities
detected in type-1 NKCC knockout mice such as the collapse
of the endolymphatic space and hearing loss [9, 29]. However,
because these mice lack NKCCs not only in the syncytium but
also in the marginal cells, it is impossible to understand
separately the roles of the transporters in the former region.
In this study, we thereby performed in vivo experiments as
follows. The ISP is a major contributor to the EP and depends
on the IS’s [K'] that is controlled by the K transport [11, 27,
28, 35]. To examine the role of the syncytial NKCCs in the
lateral wall, we measured the electrochemical properties of the
IS of guinea pigs with double-barreled electrodes that monitor
both K" and potential (Fig. 2) (as for the reason of measuring
aK", see “Materials and Methods™). In each experiment, the
EP is simultaneously recorded with a single-barreled electrode
inserted into the endolymph.

In Fig. 2A, the control solution containing no blocker was
first perfused to the perilymph of the scala tympani for ap-
proximately 30 min (see “Materials and Methods™).
Thereafter, the perfusate continued to be applied, and the
double-barreled electrode was driven from the perilymphatic
space towards the endolymph. At the outset of the experiment,
we detected that aK™ and potential fluctuated widely; peak
values ranged from 51.9 to 64.2 mM and from +4.0 to +
9.5 mV, respectively. This finding is consistent with the syn-
cytial profile that we described previously [1]. On further
insertion of the electrode, we recorded a low aK' of 5.2 mM
that is similar to the value in the perilymph and a highly
positive potential of +73.1 mV [1, 15, 27, 35]. These electro-
chemical properties resemble those in the IS [15, 27, 35].
Anoxia has been known to increase aK " in the IS (aK'(g)
and decrease ISP [1, 27]. Therefore, to confirm the position of
the electrode, we imposed anoxia on the animal. We obtained
the results similar to those observed in other works (Fig. 2) [1,
27], assuring that the electrode had entered the IS. As expect-
ed, the EP also remarkably decreased [20]. Upon reoxygena-
tion, the EP, ISP, and aK'g recovered and returned to their
initial level. We next perfused the solution containing bumet-
anide (100 uM) to the perilymph. The ISP began to decrease
as soon as the blocker was applied, and several minutes later,
the aK g commenced increasing. These two values gradually
changed and became stable around 40 mM and +20 mV in
~30 min. The average aK |5 and ISP at the steady state were
41.1+£3.8 mM and +21.0+3.1 mV, respectively (mean+SD;
11 cochleae). Notably, in the example of Fig. 2A, the EP
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declined more dramatically than the ISP and reached a mini-
mum of —28.9 mV. This potential difference was confirmed
when the double-barreled electrode was advanced to the en-
dolymph and recorded essentially the same potential as an-
other electrode placed in the endolymph. These results
(Fig. 2A) resemble the alteration of the IS’s properties and
EP when the NKCCs on the basolateral surface of the mar-
ginal cells were directly inhibited by vascular injection of
bumetanide (30 mg/kg; Fig. 2B) and those when the
Na",K"-ATPases on the same membrane domain were
blocked by vascular perfusion of ouabain or by anoxia [27]
(for effect of anoxia, see Kuijpers and Bonting [22]).
However, the delayed increase of aK'jg relative to the ISP
reduction occurred exclusively in the case of the
perilymphatic perfusion of bumetanide. Also, this perturba-
tion altered the properties of the IS and the EP more slowly
than the vascular injection (Fig. 2A, B) [46]. Of note, the
vascularly applied reagents might mainly reach the marginal
cells’ basolateral surface and the syncytial apical surface, but
only modestly in the syncytial basolateral surface because the
capillaries in the stria vascularis form the densest network in
the lateral wall [39] (Fig. 1B). In contrast, blocking the syn-
cytial Na" K'-ATPases that occur together with the NKCCs
on the basolateral surface caused different phenotypes
(Fig. 2C). During perilymphatic perfusion of ouabain
(50 uM), the ISP and EP declined in a similar manner whereas
the aK g remained nearly constant, as we found previously
[1]. The inconsistence between these observations (Fig. 2C)
and those during the perilymphatic perfusion of bumetanide
(Fig. 2A) is surprising because on the basolateral surface of
the syncytial layer, the NKCCs and the Na",K"-ATPases have
been assumed to cooperatively uptake K [10, 25, 52] and
play similar roles in the K transport.

In our earlier studies, we analyzed the electrochemical
properties of the IS during inhibition of the marginal cells’
Na',K"-ATPases with anoxia and demonstrated that the ISP is
primarily a K" diffusion potential yielded by the K" gradient
across the apical surface of the syncytium [1, 27], as had
previously been suggested [35, 45]. The ISP is described by
the following equation

RT aKtg
ISP~ Vg, + —-In| —22 1
Sy + F n< aK+IS ) ( )

in which Vg, and aK sy, are the potential and intracellular
K" activity of the syncytium; aK ' is the extracellular K*
activity of the IS; and R, 7, and F are, respectively, the ideal
gas constant, absolute temperature, and Faraday constant.
Inhibition of the syncytial Na",K'-ATPases, which barely
affect aK s (Fig. 2C), impairs the ISP by dramatically reduc-
ing aK+syn [1]. Hence, we concluded that the pumps drive the
unidirectional K transport on the basolateral surface of the
syncytium. Consequently, to determine the involvement of the
NKCCs coexpressed with the Na”, K -ATPases in the K"
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transport, we focused on the electrochemical properties of the
syncytium (Fig. 3). Generally, it is difficult to maintain a
prolonged intracellular recording with an electrode [4, 51].
Nevertheless, it took approximately 30 min to observe the
maximum response of the perilymphatic perfusion of the
bumetanide to the ISP (Fig. 2A). In order to circumvent that
problem, we utilized an approach similar to that of Adachi
et al. [1] as follows (Fig. 3). While the perfusate in the
presence or absence of the blockers continued to be applied
to the perilymph, the double-barreled K -selective electrode
was being driven from the perilymph towards the endolymph
(1-3 pum/s). With this procedure, we cannot continuously
monitor the syncytium during the perfusion of the blockers
and therefore repetitively inserted the electrodes to the same
cochlea multiple times. The EP was simultaneously recorded
with the single-barreled electrode placed in the endolymph of
the scala media.

As for a control experiment, we tested whether the multiple
insertions of the electrodes would affect the electrochemical
profile of the lateral wall (Fig. 3A). We first measured the
profile in physiological conditions [Fig. 3A(a)]. Before enter-
ing the IS, the electrode clearly encountered several compart-
ments within the syncytial region that exhibited elevated aK"
and potential and thus differed from the perilymph. Some of
them showed “flat-topped” peaks with high aK" of 70—
80 mM and slightly positive potential of ~+10 mV (open
and filled circles), the hallmark for steady insertion of the
electrode into the cells constituting the syncytium [1]. Other
compartments showed lower and variable aK" and potential
with spike-like appearance. This could have occurred if the
electrode penetrated the invaginated processes of the
fibrocytes, injured the cells, or was transiently advanced into
the cells’ small volume of cytoplasm [1]. When the electrode
was further advanced, the potential abruptly became highly
positive of +65.0 mV and the K" dropped to the low value
similar to the perilymph. It indicates that the electrode had
entered the IS [1, 15, 27, 35]. We previously found that, in
each experiment, the compartment neighboring the IS consis-
tently exhibited the highest aK " or the nearly highest aK ™ with
the flat-topped appearance in the syncytial region and there-
fore concluded that it likely represents the inside of the syn-
cytium [1]. These measurements were used to quantitatively
characterize the electrochemical properties of the syncytium
[17 (see Fig. 3D). Consistently, within the syncytial region
shown in Fig. 3A(a), the compartment adjacent to the IS
showed the highest aK" of 75.8 mM (filled circle). After the
IS, further along the electrode insertion, we found that K"
transiently increased to 84.7 mM, but then gradually de-
creased by 30 mM whereas the potential exhibited a similar
pattern between the ISP and EP. The peak aK " was lower than
the recorded endolymphatic aK "™ (110.3 mM). Between the IS
and the endolymph, there is the marginal cell layer in which
aK" never exceeds the endolymphatic «K™ and where the

potential is close to the ISP and EP [27]. Therefore, the
aforementioned variations in measurement of «K" and poten-
tial demonstrate that the electrode penetrates the marginal cell
layer before entering the endolymph.

After retracting the electrode to the perilymph, we perfused
the control solution to the perilymph [Fig. 3A(d)]. Then,
during the perfusion, we performed the same assay twice more
with different double-barreled electrodes [Fig. 3A(b, c)].
Notably, in this series of the experiment, the EP remained
almost constant [Fig. 3A(d)]. It indicates that physiological
conditions of the lateral wall were affected neither by repeated
insertions of the electrodes nor by the perfusion of the control
solution. However, in the second and third measurements
[Fig. 3A(b, c)], the aK" and potential of the compartment that
likely represented the IS were gradually changed and did not
stabilize to the typical values observed in our earlier studies
(see also Fig. 2) [1, 27]. This should be owed to the continuous
insertion of the double-barreled electrodes. Additionally, the
region of the marginal cells was likely undetectable in the
second insertion [Fig. 3A(b)], as we sometimes experienced in
our previous work [27]. Nevertheless, in every insertion, the
properties of the syncytium seemed to be stably recorded
because flat-topped peaks of K" and potential were clearly
detected multiple times within the region prior to the IS [open
and filled circles in Fig. 3A(b, c¢)]. The values of the syncytial
compartment adjacent to the IS in the second measurement
[70.8 mM and +11.4 mV; Fig. 3A(b)] and in the third mea-
surement [81.3 mM and +10.6 mV; Fig. 3A(c)] were similar to
those in the first measurement (75.8 mM and +10.4 mV)
[filled circles; see also Fig. 3A(a)]. We conclude from this
control experiment that the procedure is adequate to analyze
the properties of the syncytium, although in some occasions, it
may be unable to precisely measure those of the IS or the
marginal cells.

Figure 3B displays the effect of the perilymphatically per-
fused bumetanide. In this experiment, we first measured the
electrochemical properties of the syncytium with the double-
barreled electrode once while applying the control solution
[Fig. 3B(a)]. Thereafter, we switched the perfusate to the
solution containing bumetanide (100 M) and inserted differ-
ent electrodes twice when the EP was reduced to ~+35 mV
[Fig. 3B(b)], and it became stable at ~—53 mV [Fig. 3B(c)]
[see also Fig. 3B(d)]. Overall, the syncytial profiles were
likely similar among three measurements. The values of the
aK" and potential of the syncytial compartment neighboring
the IS were 75.0 mM and +10.9 mV in the first insertion
[Fig. 3B(a)], 70.9 mM and +11.5 mV in the second insertion
[Fig. 3B(b)], and 73.5 mM and +11.8 mV in the third insertion
[Fig. 3B(c)] (filled circles). Moreover, in Fig. 3B, the mea-
surements of marginal cells’ properties were relatively stable
and thereby likely to be successful. During the perfusion, the
aK" and potential of marginal cells seemed to decrease; these
values were 81.6 mM and +91.3 mV in the first insertion
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[Fig. 3B(a)], 63.1 mM and +32.1 mV in the second insertion
[Fig. 3B(b)],and 41.7 mM and +21.1 mV in the third insertion
[Fig. 3B(c)]. In contrast, the perilymphatic perfusion of oua-
bain (50 uM) had significant effects on the syncytium
(Fig. 3C). This perturbation markedly decreased aK+Syn as
well as moderately hyperpolarized Vg, [Fig. 3C(a, b, and ¢)].
These results resemble our previous findings [1] and confirm
that the syncytial Na*, K -ATPases actively uptake K to
maintain high aK*Syn. This local K" transport must be re-
quired for the unidirectional K" transport through the lateral
wall. Additionally, in the example of Fig. 3C, it seemed
probable that, during the perfusion, the marginal cells’ poten-
tial was gradually reduced in a similar manner to the EP (see
Fig. 2C) whereas their «K" remained almost unchanged (80—
90 mM).

We further statistically compared the syncytial properties
recorded in five different conditions: under the normal condi-
tion (11 cochleae), during perilymphatic perfusion of the
control solution (22 cochleae), that of bumetanide (12 cochle-
ae), that of ouabain (6 cochleae), and under vascular injection
of bumetanide (6 cochleae) (Fig. 3D). Among the latter four
conditions, only the data during the perfusion of ouabain
significantly differ from those under the normal condition
(Tukey-Kramer, p<0.0001 for aK+Syn and p<0.0001 for
Vsyn), as previously reported [1]. Notably, the syncytial prop-
erties measured during the perilymphatic perfusion of bumet-
anide failed to show a significant difference from those under
the normal condition (Tukey-Kramer, p=0.9996 for aK+syn
and p=0.4427 for Vgyn).

Taken together, the syncytial properties seem to be unaf-
fected during the perilymphatic perfusion of bumetanide
(Fig. 3D); on the basis of Eq. 1, the suppression of the ISP
under this condition may be attributable to the increase of
aK'ig (Fig. 2A). We finally intended to prove this hypothesis
(Fig. 4). Again, the ISP primarily represents the sum of Vgy,
and the K diffusion potential across the apical surface of the
syncytium (Eq. 1). This is obvious when we evaluated the
experimental results during the perilymphatic perfusion of the
control solution as well as imposition of anoxia (in Fig. 2A);
the ISP calculated by Eq. 1 with the recorded aK ' g, Vsyn, and
aK+Syn corresponded to the measured ISP [Fig. 4A(b), b(b)],
as we reported previously [27]. As shown in Figs. 2, 3, and 5,
during the perilymphatic perfusion of bumetanide, the aK ;g
increased and the ISP decreased, but the aK+Syn and Vg,
were likely to remain constant. On the assumption that the
syncytial properties were unchanged, we predicted the ISP by
Eq. | with measured values of aK syn, Vsyn, and aK's (see
Fig. 2A) and compared it with the recorded ISP (Fig. 4A).
While aK '} remained almost unchanged, the predicted ISP
exceeded the measured ISP by ~20 mV at maximum. This
difference gradually diminished as the aK'|g increased. In
15 min, the two ISPs corresponded with each other. These
observations verify the above assumption and demonstrate
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Fig. 4 Mechanism underlying the reduction of the ISP by bumetanide.
A(a) and B(a) These panels show the syncytial electrochemical properties
surrounded by square in Fig. 2A, C with an expanded time scale. The aK"
and potential of the compartment neighboring the IS (filled circle) in each
panel (Vgy, and aK+Syn) were used to calculate the ISP in A(b) and B(b)
on the assumption that these values were constant throughout the
perilymphatic perfusion of bumetanide (A) or ouabain (b) (see below).
A(b) and B(b) The ISP during anoxia and the perfusion of bumetanide
[A(D)] and that of ouabain [B(b)] (the area surrounded by broken square
in Fig. 2A, C) was predicted (green) with the equation, ISP~V +(RT/F)
ln(alcsyn/alcls). The aK g (blue) was derived from the data surrounded
by broken square in Fig. 2A, C. The ISP recorded in Fig. 2A, C is also
displayed (red). Syn syncytium, PL perilymph, IS intrastrial space

that the ISP reduction stems primarily from modulation of
the K" diffusion potential across the apical surface of the
syncytium, although in the initial phase it may involve differ-
ent factors (see “Discussion”).

During the perilymphatic perfusion of ouabain as well, the
ISP reduction primarily depends on the modulation of the K™
diffusion potential because Vg, hyperpolarizes only moder-
ately (Figs. 2C, 3C, D, and 5; see Eq. 1) [1]. In this condition,
the aKJrSyn greatly decreases, but aK g remains nearly con-
stant, indicating that the mechanism underlying the ISP re-
duction differs from that during the perfusion of bumetanide.
In support of this, when aKJ'Syn and Vg, were assumed to be
constant, the ISP predicted with the measured aK g were
constantly never matched with the measured ISP (Fig. 4B).

If the syncytial NKCCs would also contribute to the K"
transport, then inhibition of the transporters should decrease
aK+syn in a manner similar to that of the Na" K'-ATPases.
However, this was not the case (Figs. 3 and 4). Therefore,
contrary to the marginal cells’ NKCCs, the NKCCs on the
basolateral surface of the syncytium would negligibly uptake
K" and thus be silent on driving the unidirectional K" trans-
port. The effects on the electrochemical properties of the
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lateral wall of the perilymphatically perfused bumetanide
were similar to those of the vascularly injected bumetanide
(Fig. 2A, B, and D). This result implies that the former reaches
the basolateral surface of marginal cells and inhibits their
NKCCs.

Discussion

The syncytial NKCCs may be silent on the unidirectional K
transport across the lateral wall

The unidirectional K" transport through the lateral wall plays
central roles in maintaining the EP and perhaps endolymphat-
ic high [K'] [11, 25]. Because these properties are essential for
cochlear function, analyses of the mechanisms underlying the
establishment of the K™ transport are of importance to under-
stand signal transduction networks in the hearing system and
clarify the pathophysiological processes of deafness. Out of
the four membrane domains forming the two functional layers
of the lateral wall (Fig. 1B), ion transport mechanisms on the
basolateral surface of the marginal cells have been well char-
acterized. On this domain, the NKCCs and the Na" K*-
ATPases occur together and seem to be functionally coupled
to drive the unidirectional K™ transport [27, 28]. In support of
this, inhibition of either the transporters or the pumps causes
aK'ig to increase and aK ¢ to decrease (Figs. 2B and 5)
[27]. On the basolateral surface of the syncytium, the elements
involved in the K" transport remains largely uncertain, al-
though the crucial role of the Na",K'-ATPases has been
demonstrated [1]. A major reason might be that patch-clamp
analyses of the fibrocytes are technically difficult owed to
complicated morphology of the cell membranes and excess
amount of extracellular matrix [16]. Therefore, in vivo exper-
iments with double-barreled ion-selective electrode are effec-
tive and are currently the sole procedures to investigate the
physiological ion transport through the basolateral surface of
the syncytium.

Classical electrophysiological assays and various histologi-
cal experiments imply that the functional NKCCs occur on the
fibrocytes’ plasma membrane (see first paragraph in
“Results”). Our earlier study with K -selective electrodes dem-
onstrated that the syncytial Na‘,K'-ATPases, which are
coexpressed with the NKCCs, actually uptake K* and play
pivotal roles in maintenance of high aK+syn (Fig. 30) [1]. In
accordance with these observations as well as on the analogy of
the K" transport system across the marginal cells’ basolateral
surface, it is reasonable to assume that the NKCCs on the
basolateral surface of the syncytium participate in the unidirec-
tional K transport through the lateral wall and thereby con-
tribute to the establishment of the EP [10, 25, 49, 52].
However, our findings contradict this assumption (Figs. 2
and 3). We conclude that on the basolateral surface of the

syncytial layer, the Na", K -ATPases would dominate in the
pathway for the K transport, whereas on the basolateral sur-
face of the marginal cell layer, both the NKCCs and Na',K -
ATPases are involved in it (Fig. 5).

api api
: Intrastrial | Marginal
H v H ]
+80{ Normal Condition 390 100
(ISP & s0
+40
0 mv +7
0 0
. +100
+80 Bumetanide (PL)
s 50
e By %f 20y v o
® 0 = Ju 0 2
< -40 _
515-40 — %
o =
O 60| Ouabain (PL) 100
+40 r50
+
0 mv ¢ Y 20 |_+10
0 === I} 5 0
-4
. . 100
+80 Bumetanide (iv)
+40 +20 ¢ Y 50
| o AT}
-40
-40

Fig. 5 Model for the unidirectional K™ transport through the lateral wall.
Displayed on the top panel is the K transport apparatus significantly
involved in the unidirectional K transport. Based on our findings, it
seems probable that the NKCCs on the basolateral surface of the syncy-
tium barely contribute to the K transport under normal condition, and
therefore, the transporters are omitted in the revised model (see also
Fig. 1B). The second, third, and fourth panels show the predicted poten-
tial and K" in each compartment under the normal condition during the
perilymphatic perfusion (PL) of 100 uM bumetanide or 50 ptM ouabain
respectively. In addition, the effects of intravenous injection (iv) of
bumetanide on the lateral wall were summarized in the bottom panel.
Arrowheads filled with yellow mark the membrane domains in which a
K" diffusion potential occurs. Upward and downward arrows show
increases and decreases of aK' as compared to those under the normal
condition. As described in “Results”, the profile during the
perilymphatically applied bumetanide (third panel) is similar to that
induced by intravenous injection of bumetanide (bottom panel). NKCC
Na",K",2CI -cotransporter, ISP intrastrial potential, EP endocochlear
potential, api apical, baso basolateral. Top panel modified from Fig. 1
by Nin et al. [27]
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Roles of “silent” NKCCs in the syncytium of the lateral
cochlear wall remain elusive, but they could be involved in
ion homeostasis of the extracellular fluid as suggested in
NKCCs of the choroid plexus epithelium (for a review, see
Damkier et al. [6]). This epithelium also coexpresses type-1
NKCCs and Na",K"-ATPases on the surface exposed to the
cerebrospinal fluid (CSF), which is connected with the peri-
lymph. The Na®,K'-ATPases actively uptake K" from the
CSF. Like the syncytium [15], under physiological conditions,
the choroid plexus epithelium exhibits unusually high intra-
cellular [Na™] and [Cl] and low intracellular [K'], as com-
pared with common tissue types. This arrangement in the
epithelium significantly attenuates the concentration gradient
of each ion across the membrane and therefore provides the
NKCCs with little driving force for ion transport. In other
words, the NKCCs are “silent”, and the Na', K -ATPases
govern the K transport from the CSF into the epithelium
under physiological conditions. Previous experiments demon-
strated that significant augmentation of extracellular [K']
modulated the driving force and permitted the NKCCs to
import [K'] [50]. This regulatory system could operate by
pathophysiological events such as cell injury in order to keep
the CSE’s [K'] constant. On the analogy to the choroid plexus
epithelium, the syncytial NKCCs may be silent under physi-
ological conditions due to the unique intracellular ionic prop-
erties (see above) and they could also serve the similar feed-
back mechanism in particular cases to control the
perilymphatic [K'] in the microenvironment surrounding the
cochlear fibrocytes. Because intracellular [Na'] of the mar-
ginal cells is as low as that of common cell types [15], the
large concentration gradient of Na' occurs across the
basolateral surface and it drives NKCCs to actively import
K" even under physiological conditions.

Mechanism underlying the reduction of the EP

Our experiments further indicate the possible processes by
which the EP was reduced during the perilymphatic perfu-
sion of bumetanide. Under this condition, the ISP always
exceeded the EP (Figs. 2A and 3B). The potential differ-
ence, which occurs across the marginal cell layer, might be
significantly involved in the reduction of the EP. The similar
potential difference was detected when the Na* K'-ATPases
or the NKCCs on the basolateral surface of the marginal cell
layer were blocked by anoxia or by the vascularly perfused
blockers (Fig. 2B) [1, 27]. We previously identified that,
during anoxia, the potential difference resulted primarily
from the altered membrane potential across the apical sur-
faces of the marginal cells, and the ISP was nearly equal to
the potential inside the marginal cells relative to the peri-
lymph (Fig. 5). Furthermore, aK" inside the marginal cells
(aK"ye) dramatically decreased whereas K™ in the endo-
lymph (aK'gr) remained constant [1, 27]. On the apical
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membranes of the marginal cells, the K permeability, which
mainly stems from I K channels (Fig. 1B) [8, 34], sig-
nificantly exceeds the Na“ and CI™ permeabilities [42].
These observations imply that the potential difference across
the marginal cell layer emerges from a K diffusion poten-
tial, and the EP represents the sum of the diffusion potential
and the ISP [11, 27]:

RT aK+MC
EP = ISP 4+ —-/ . 2
+ F " ( GK+EL ( )

In support of this formulation, the measured EP closely
matched the EP predicted by Eq. 2 during anoxia using
measured values of the potential of the marginal cells (equal
to the ISP; see above), aK "y and aK gy [11, 27]. Similarly,
the aK "\ greatly decreases during the vascular injection of
bumetanide [11, 27], and this is likely to be the case during its
perilymphatic perfusion (Figs. 3B and 5). Therefore, in the
latter condition, the EP reduction depends not only on the
modulation of the ISP (Fig. 2A and Eq. 1) but also on the
modulation of the K diffusion potential across the apical
membranes of the marginal cells (Eq. 2 and Fig. 5). When
the blocker markedly causes the ISP to decrease and the K"
diffusion potential to enlarge, the EP reaches a negative value
(Figs. 2A and 5).

The suppression of the EP by blocking the syncytial
Na“,K"-ATPases is attributed to a different mechanism.
During the perilymphatic perfusion of ouabain, the potential
difference across the marginal cell layer remains unchanged
and is small (~6 mV; Figs. 2C and 3C). It indicates that the
change of the EP depends on the ISP reduction that emerges
primarily from the aK+syn decrease (Egs. 1 and 2; Figs. 4
and 5), and the blocker affects the pumps on the basolateral
surface of the syncytium but does not reach those of the
marginal cells [1]. Our experiment showed that the mini-
mum ISP during the perfusion of ouabain was a positive
value of +12 mV (Fig. 2C). Therefore, the EP reduced to
approximately 0 mV when ouabain sufficiently blocked the
Na“,K™-ATPases.

Of note, aforementioned Eqs. 1 and 2 contain a few ap-
proximations. It seems probable that, in vivo, the K transport
through the lateral wall links with K flow across the hair
cell’s layer and thereby K" is unidirectionally “circulated”
between these two components [7, 18]. This circulation cur-
rent would continuously flow throughout the cochlea even
without acoustic stimulation [7]. On the basis of this idea as
well as of the Hodgkin-Huxley model, we previously devel-
oped an equivalent circuit model that incorporated the chan-
nels and transporters involved in the circulation current in
order to simulate the electrochemical properties of the extra/
intracellular fluids of the lateral wall and the endolymph under
various conditions [28]. In accordance with the principles of
the model, the ISP, which is the sum of Vg, and the
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membrane potentials of the apical surface of the syncytium,
under normal conditions can be described by

&natcENaic + gk e Exiac + gaic - Eciic + Lcir (3)

ISP = Vs, +
gnaic T &kic + &aiic

where gna 10, gk ic»> and gc 1c are conductances of Na', K,
and Cl” on the intermediate cells’ membranes that provide the
apical surface of the syncytium, Enaic, Exic, Eciic are the
diffusion potentials or alternatively termed the equilibrium
potentials of Na", K" and CI” on the intermediate cells’
membranes, and Iq;, is the circulation current.

Since K" permeability dominates the apical surface of the
syncytium [43], the conductances of Na”™ and CI™ can be
neglected from Eq. 3:

RT dK+S
ISP =~ Vgyy + —-1 n
S Vsyn + ja I’l( 2K s >

1 ir
+ 9 (4)
8k.IC

In this equation, the third term on the right side corresponds
to the transmembrane voltage drop that is yielded by the
constant flow of the circulation current. Under normal condi-
tions, this voltage drop might be negligible because the ISP
predicted with the measured Vgyp, aK+Syn, and aK "1 by Eq. 1
that comprises the first and second terms on the right side of
Eq. 4 matched well with the recorded ISP during the perfusion
of the control solution (Fig. 4). Indeed, with Ic;; and gx ic that
are estimated from the measured current across the isolated
hair cells and intermediate cells [17, 44], the transmembrane
voltage drop is calculated to be roughly 2 mV, which is much
less than the amplitude of the diffusion potential of K"
(~80 mV; Eq. 4) [28]. Accordingly, it is reasonable to omit
the transmembrane voltage drop for simplicity, as described in
Eq. 1. These approximations can be also applied to the apical
surface of marginal cells (Eq. 2) [27, 28].

Equation 1 was valid during anoxia and when the change
of IS’s properties by perilymphatically perfused bumetanide
was being saturated [Fig. 4A(b)]. On the other hand, in the
initial phase of the perfusion, the ISP predicted by Eq. 1
significantly exceeded the measured ISP [Fig. 4A(b)]. The
mechanism underlying the difference remains uncertain, but
might be owed to the possibility that gna 1c, gk.1c, gciic, and/
or even Ic;, were transiently affected when bumetanide was
crossing the syncytium and/or by other factors (Eq. 3).

Ion transport profile on the basolateral surface
of the syncytium

In the marginal cells, the Cl™ channels comprising CIC-K and
barttin subunits occur together with NKCCs on the basolateral
surfaces and locally recycle the CI™ taken up by the trans-
porters (Fig. 1B) [8, 33]. Qu et al. [30, 31] detected the
immunolabeling of the CIC-K in the type II, IV, and V

fibrocytes and measured Cl currents in cultured cells. They
therefore proposed that, on the basolateral surface of the
syncytium, the CIC—K/barttin channels could play similar
roles in the CI™ recycling. However, this is currently contro-
versial because the immunolabeling of neither CIC-K nor
barttin has been observed in other studies [8, 32, 33]. Under
physiological conditions, Vgyy, is slightly depolarized relative
to the perilymph (Fig. 3A, D) and [Cl ] in the perilymph
exceeds that inside the syncytium [15, 28]. The electrochem-
ical gradient elicited by these milieus is expected to cause the
influx of C1" from the perilymph to the syncytium through the
channels even if they would exist in the syncytium. This
direction of the Cl" flux is inconsistent with that in the afore-
mentioned proposal. Because the syncytial NKCCs are un-
likely to transport K (Figs. 3 and 5), they may be silent on the
uptake of Cl as well. In this case, the basolateral surface of
the syncytium could require neither the CI -recycling system
nor the CI' conductance. It might be important to prove these
hypotheses.

Possible routes of bumetanide transport across the syncytium

Our present study implies that the perilymphatically applied
bumetanide crosses the syncytial layer, reaches the IS, and
affects the NKCCs on the basolateral membranes of the mar-
ginal cells. It might explain that the time course of the change
of IS’s properties by the perilymphatic perfusion was signifi-
cantly slower than that by the vascular injection (Fig. 2A, B).
The above implication is supported by following observa-
tions. Vascular injection of bumetanide enlarges the IS, indi-
cating that ion transport of the marginal cells” NKCCs signif-
icantly contributes to the water homeostasis in the stria
vascularis [36]. Higashiyama et al. [12] found that the
perilymphatically perfused bumetanide had a similar effect
on the IS. Based on this, they claimed that the major action
site of bumetanide would be the basolateral membranes of the
marginal cells.

It remains uncertain how bumetanide reaches the IS, but
there are a few possibilities. First, this reagent is lipophilic,
and therefore, it could considerably permeate the membranes
of the cells constituting the syncytium, as discussed by
Higashiyama et al. [12]. Second possibility is an involve-
ment of the membrane transport mechanisms such as the
organic anion transporters. Indeed, in the renal proximal
tubules, these apparatus transport the vascularly applied
bumetanide to the apical surface of the epithelial cells [37].
It is of interest to determine the pathway for bumetanide in
the lateral wall.
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