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Abstract Eukaryotic cells exhibit negative resting membrane
potential (RMP) owing to the high K permeability of the plas-
ma membrane and the asymmetric [K'] between the extracel-
lular and intracellular compartments. However, cochlear
fibrocytes, which comprise the basolateral surface of a multi-
layer epithelial-like tissue, exhibit a RMP of +5 to +12 mV in
vivo. This positive RMP is critical for the formation of an
endocochlear potential (EP) of +80 mV in a K -rich extracel-
lular fluid, endolymph. The epithelial-like tissue bathes
fibrocytes in a regular extracellular fluid, perilymph, and api-
cally faces the endolymph. The EP, which is essential for hear-
ing, represents the potential difference across the tissue. Using
in vivo electrophysiological approaches, we describe a potential
mechanism underlying the unusual RMP of guinea pig
fibrocytes. The RMP was +9.0 £3.7 mV when fibrocytes were
exposed to an artificial control perilymph (n =28 cochleae).
Perilymphatic perfusion of a solution containing low [Na']
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(I mM) markedly hyperpolarized the RMP to —31.1+
11.2 mV (n=10; p<0.0001 versus the control, Tukey—
Kramer test after one-way ANOVA). Accordingly, the EP de-
creased. Little change in RMP was observed when the cells
were treated with a high [K'] of 30 mM (+10.4+2.3 mV;
n="7; p=0.942 versus the control). During the infusion of a
low [CI] solution (2.4 mM), the RMP moderately
hyperpolarized to =0.9+3.4 mV (n=5; p<0.01 versus the
control), although the membranes, if governed by CI perme-
ability, should be depolarized. These observations imply that
the fibrocyte membranes are more permeable to Na' than K*
and CI, and this unique profile and [Na'] gradient across the
membranes contribute to the positive RMP.
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Introduction

It is well known that the resting membrane potential (RMP) of
eukaryotic cells is negative under physiological conditions.
Excitable cells, such as neurons, cardiac myocytes, skeletal
muscle cells, and smooth muscle cells, show an RMP of —50
to =90 mV, resulting from the high K" permeability of the
membranes [11, 15, 28]. The negative RMP induced by K"
permeability is also seen in non-excitable cells, including
astroglia and retinal Miiller cells [8]. Other cell types, such
as epithelial cells and cardiac fibroblasts, show a less polarized
RMP, but the potential never exceeds 0 mV [20, 30]. In con-
trast, the mammalian cochlea contains an atypical cell type
that deviates from this fundamental property of having a neg-
ative RMP. Cochlear fibrocytes possess a positive RMP.

The cochlea is filled with two different fluids—the peri-
lymph and the endolymph (Fig. 1a). While the perilymph
contains ion concentrations that are typical of extracellular
solutions, the endolymph exhibits a high [K'] of 150 mM
and an endocochlear potential (EP) of +80 mV [9, 39]. The
EP stems from a unique electrical property of the lateral co-
chlear wall, the epithelial-like tissue that contains fibrocytes.
Sensory hair cells lie between the two lymph fluids. Acoustic
stimulation opens the hair cells’ mechanoelectrical transduc-
tion (MET) channels on the apical surface, which is exposed
to the endolymph. This process excites the cells by causing K*
entry from the endolymph. The highly positive EP amplifies
the K" influx, thereby greatly sensitizing the hair cells [3, 6].

The lateral wall, which is a complex of two tissues, the stria
vascularis and the spiral ligament, consists of two functional
layers (Fig. 1a, b). Strial marginal cells are the typical epithelia
that expose their apical surface to the endolymph and consti-
tute the inner layer of the lateral wall. The neighboring outer
layer is composed of intermediate and basal cells in the stria
vascularis and fibrocytes in the spiral ligament. These three
cell types are interconnected by gap junctions and therefore
form an electrochemical syncytium (Fig. 1b) [17,35-37]. The
basal cells are attached to each other by tight junctions and
function as a diffusion barrier [7]. Fibrocytes and the interme-
diate cells, which are bordered by basal cells, provide the
basolateral and apical surfaces, respectively, for the syncy-
tium. In this arrangement, the fibrocytes are bathed in the
perilymph. Collectively, the syncytium likely acts as an epi-
thelial layer [38, 39]. Between the syncytial and marginal cell
layers, there is a 15-nm extracellular space termed the
intrastrial space (IS), which shows a low [K'] of ~5 mM
and a highly positive potential similar to the EP (Fig. 1b)
[12, 14, 33].

The EP emerges from the potential difference across the
two layers of the lateral wall (Fig. 1b) [26]. Under physiolog-
ical conditions, the transepithelial voltage across the syncytial
layer represents the positive potential in the IS. This IS poten-
tial (ISP) is primarily responsible for the EP [14, 26, 33]. In the
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syncytial layer, the apical RMP stems mainly from a K dif-
fusion potential on the membranes of intermediate cells,
whereas the basolateral RMP corresponds to the membrane
potential of the fibrocytes (Fig. 1b) [26]. In vivo, the mem-
branes of fibrocytes continuously show a significantly posi-
tive potential of +5 to +12 mV relative to the perilymph [1, 14,
26, 41]. If this RMP was negative, like the RMPs of neurons
and glial cells, then the ISP and EP would be markedly low.
Therefore, this atypical characteristic of fibrocytes is a key
element for hearing.

Immunohistochemical studies have identified several trans-
porter and channel types in fibrocytes (Fig. 1b) [9, 40, 42]. Of
these, Na'/K" ATPases appear to maintain high [K'] in the
syncytial layer by continuous K" uptake from the perilymph
[1, 41]. However, neither physiological nor pharmacological
assays targeting the channels and transporters, including the
ATPases, have revealed how cells establish the positive RMP.
Because fibrocytes are tightly embedded in the extracellular
matrix, it seems to be difficult to access individual cells using
electrodes for patch-clamp assays, as mentioned in a previous
study [16]. Therefore, in the present study, we performed in
vivo electrophysiological experiments. We showed that the
membranes of the fibrocytes are likely to harbor a unique
ion permeability profile and this element may be involved in
the maintenance of the positive RMP.

Methods
Animals and ethical statement

The experimental protocol was approved by the Animal
Research Committees of Niigata University School of
Medicine. Experiments were carried out under the supervision
of the Committees and in accordance with the Guidelines for
Animal Experiments of Niigata University and the Japanese
Animal Protection and Management Law. Male Hartley guin-
ea pigs (200400 g; SLC Inc., Hamamatsu, Japan), whose
hearing levels were confirmed by normal Preyer’s reflexes,
were anesthetized by intraperitoneal injection of pentobarbital
sodium (64.8 mg/kg; Somnopentyl; Kyoritsu Seiyaku, Tokyo,
Japan). Prior to the surgical procedures (see below), toe pinch
and corneal reflexes as well as respiratory rate were used as
guidelines to evaluate the depth of anesthesia. When anesthe-
sia was not sufficient, pentobarbital sodium (5 mg/kg) was
additionally provided to the animals. Next, the animals were
injected intramuscularly with the muscle relaxant vecuronium
bromide (4 mg/kg). The surgeries were then performed as
follows. The animals underwent tracheostomy and were arti-
ficially ventilated with room air. Then, the cochleae were ex-
posed by a ventrolateral approach to insert microelectrodes
[23]. During electrophysiological measurements, the depth
of anesthesia was assessed by fluctuations in the heart rate.
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<« Fig. 1 Structure and electrochemical properties of the cochlea and its

lateral wall. a Morphological characteristics of the cochlea. A cross
section of the cochlea shows the three chambers: the scala vestibule,
scala media, and scala tympani. The scala vestibuli and scala tympani are
connected at the apex of the cochlea, providing one continuous tubule
containing perilymph similar to a normal extracellular fluid. The scala
media is a separate tubule filled with endolymph characterized by a high
[K*] of 150 mM and an endocochlear potential of +80 mV. The location of
the spiral ligament and the stria vascularis, which are the constituents of the
lateral wall, is also shown. b Cellular components of the lateral cochlear
wall (boxed region in a). Fibrocytes of the ligament and the basal and
intermediate cells of the stria (BCs and ICs, respectively) are all
interconnected and thereby form a syncytium (upper panel). Fibrocytes
and ICs comprise the basolateral (baso) and apical (api) surfaces in the
syncytium, respectively. The location of the marginal cell (MC) layers, the
intrastrial space (/S), and the channels and transporters involved in
maintaining the endocochlear potential (£P) are described in the upper
panel. The lower panel shows the potential (red) and [K'] (blue) of each
compartment of the lateral wall. vc, viv, Vg, and vya correspond to the
membrane potentials of fibrocytes, ICs, the basolateral surface of MCs, and
the apical surface of MCs, respectively. CIC, CIC-K type CI channels; ISP,
intrastrial potential; NKCC, Na™/K*/2CI” cotransporter; 7J, tight junction. ¢
Recording of electrochemical properties of the lateral wall. The double-
barreled K* selective microelectrode, which simultaneously measured
potential (red) and [K'] (blue), was driven from the peritymph (PL) to
the endolymph (EL) across the lateral wall (upper panel), as shown in
the upper panel of b. In this and subsequent recordings, the wedge above
the trace indicates the period during which the electrode was advanced. In
the syncytial region (SY), open arrowheads point to the “spike-like”
appearance of variably elevated [K'] and arrowheads filled with gray
and black show relatively “flat-topped” peaks with high [K'] (see text).
The compartment just prior to the intrastrial space (IS) (arrowheads filled
with black) was inferred to represent the inside of this layer (see text). The
measurement of the SY region is expanded in the lower panel. Between the
IS and EL, the electrode detected the MC. a and b are modified from Fig. 1
of our previous work [26]

Anesthesia was maintained by an additional injection of pen-
tobarbital sodium (10 mg/kg) every 1-1.5 h. Finally, the ani-
mals were sacrificed with an overdose of pentobarbital sodium
(400 mg/kg) at the end of the experiments. Throughout the
experiments, the body temperature of the animals was main-
tained at 37 °C using a heating blanket (BWT-100A, Bio
Research Center, Nagoya, Japan).

Preparation of microelectrodes

Two different microelectrode types were prepared. These elec-
trodes were fabricated from double- or single-barreled borosil-
icate capillary glass (WPI; Sarasota, FL, USA). For a double-
barreled K'-selective electrode that was subjected to measure-
ments of [K'] and potential in the lateral cochlear wall, one
barrel was silanized with vaporized dimethyldichlorosilane
(LS-130; Shin-Etsu, Tokyo, Japan) and filled at the tip with a
liquid ion exchanger (IE190; WPI) that predominantly perme-
ates K*, and was backfilled with 150 mM KCl. The other
barrel, which was non-silanized, was filled with 150 mM
NaCl. Each barrel was connected via an Ag/AgCl electrode
to a dual electrometer with high input-resistance (FD223a;
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WPI). Calibration of each K'-selective electrode was per-
formed before and after the experiment using previously de-
scribed methods [ 1, 41]. In this study, ionic concentrations were
calculated based on activity coefficients for K* of 0.727 [22].
For the single-barreled microelectrode that was used to record
the EP, the barrel was filled with 150 mM KCI and connected
via an Ag/AgCl electrode to a different electrometer (MEZ-
8300; Nihon Koden, Tokyo, Japan) [26].

In vivo electrophysiological recordings

Electrophysiological assays with the cochleae of live guin-
ea pigs were performed using procedures similar to those
of our previous studies [1, 26, 41]. Double-barreled K'-
selective microelectrodes and single-barreled microelec-
trodes, both of which were prepared as described above,
were used to measure the electrochemical properties of the
lateral wall and the EP, respectively. Although the values
acquired by the K'-selective electrodes represented K ac-
tivities, the ionic concentrations were calculated with these
data using a K" activity coefficient of 0.727 [22] and the
results are displayed in Figs. lc, 2, 3, 4, and Supplemental
Fig. 2. To insert double- and single-barreled electrodes
simultaneously into the cochlea, a fenestra of roughly
200 x 500 pum in diameter was made on the bony wall of
the second turn using a microchisel. Using 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 toward the endolymph (1-3 pm/s)
using a micromanipulator (MP-285; Sutter Instrument
Co., Novato, CA, USA) to record both the potential and
[K'] of the lateral cochlear wall. Potentials were measured
with respect to the perilymph, which was defined as 0 mV.
The EP was simultaneously monitored using a single-
barreled microelectrode, which was held in scala media
via the above fenestra.

To perfuse solutions into the perilymphatic space, inlet and
outlet holes were created on the basal cochlear turn of the scala
tympani and the third turn of the scala vestibuli, respectively.
Perfusates were applied at a rate of 10 pL/min using a syringe
pump through a capillary tube inserted in the inlet hole as
described previously [1, 41]. Although the native perilymph
likely contains 130-150 mM [Na'] and ~5 mM [K'] [14, 39],
for the control artificial perilymph, a solution with the follow-
ing ionic composition (in mM) was used: 100 Na*, 5 K, 46
N-methyl-p-glucamine (NMDG), 1.2 Ca®*, 1.0 Mg*", 131.4
CI', 24 HCO5, 5.0 HEPES, and 4.0 glucose saturated with
5% 0,,5 % CO,, and 90 % N, at pH 7.4 and 295 mOsm (fora
justification, see below). With reference to this control solu-
tion, perfusates containing altered [Na'], [K'], or [C] ] were
prepared. For the low Na" (1 mM) and high K™ (30 mM)
solutions, the altered cation concentrations were compensated
with equimolar NMDG (see also “Results”). Similarly, in the
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low CI” solution (2.4 mM), Cl™ was substituted with gluco-
nate. Notably, gluconate affects the accuracy of the K* ex-
changer in the microelectrode, to some extent [43].
Therefore, [K'] values recorded during the perfusion of
the low [CI] solution are less quantitative; these data were
used to qualitatively identify the intracellular and extracellular
compartments.

In the present study, we electrophysiologically examined
110 cochleae obtained from 69 individual guinea pigs. In each
cochlea, the EP was measured using a single-barreled elec-
trode; values exceeding +70 mV were interpreted as success-
ful measurements. Under this criterion, 84 cochleae were sub-
jected to further experiments. In 34 cochleae, compartments
within the lateral wall could not be clearly detected using a
double-barreled K'-selective microelectrode. Therefore, 50
cochleae were included in the final analysis.

References for in vivo measurements and membrane
potentials

As mentioned in “In vivo electrophysiological recordings” of
the Methods, in in vivo experiments, the potentials in extra-
cellular and intracellular compartments were measured with
respect to the perilymph, which was defined as 0 mV
(Fig. 1b). These potentials included the EP, the ISP, and the
potential inside of the syncytial layer. In the equations de-
scribed in the “Results,” four different membrane potentials
were estimated, i.e., the potentials across fibrocyte membranes
(Vre), intermediate-cell membranes (vpy), and the basolateral
and apical surfaces of marginal cells (v and vya, respec-
tively) (see Fig. 1b). Note that the membranes of fibrocytes
and intermediate cells correspond to the basolateral and apical
surfaces of the syncytial layer, respectively. Each of these
membrane potentials is expressed relative to the neighboring
extracellular fluid. In other words, vgc and vy represent the
potentials inside the syncytial layer with respect to the
perilymph and the fluid in the IS, respectively, whereas vy
and vy are equivalent to the potentials inside the marginal
cell with respect to the fluid in the IS and the endolymph,
respectively. Importantly, the potential recorded inside the
syncytial layer using an in vivo electrophysiological approach
corresponded to vgc.

Statistical analyses

Means + standard deviation (SD) were used as descriptive sta-
tistics. Statistical significance was determined using a paired ¢
test or one-way analysis of variance (ANOVA) followed by
the Tukey—Kramer post-hoc test. A p value of <0.05 was
considered significant. All analyses were carried out using
JMP 11.0.0 (SAS Institute Japan Inc., Tokyo, Japan).
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Fig. 2 Effects of varying ionic composition of the perilymph on the
properties of the lateral wall. A Effects of the perfusion of the solution
containing a low [Na'] of 1 mM. In a, while the endocochlear potential
(EP, orange) was monitored using a single-barreled microelectrode placed
in the endolymph, different perfusates (control and low Na") were applied
to the scala tympani in the period marked by the bars above the trace. The
double-barreled microelectrodes were transiently inserted three times from
the perilymph (PL) toward the endolymph (£L) during the periods marked
by boxes in a. For each insertion, the potential (red) and [K'] (blue) were
visualized in various compartments of the lateral wall (b, ¢, and d). The
traces of the EP (orange; see a) were overlaid in b, ¢, and d. Note that the
compartment (arrowheads) just prior to the intrastrial space (IS) likely
represents the properties inside the syncytial layer (SY) (see text). B
Perfusion of a high K™ solution (30 mM). Using similar procedures as those
in A, the EP (a) and the electrochemical properties the lateral wall (b and ¢)
were assayed. Arrows in a indicate flickering of the EP. In this trial, the
marginal cell layer (M) was detected prior to the endolymph (see also
Fig. 1c). Arrowheads point to the compartment that likely represents the
properties inside the syncytial layer

Results

Identification of the profile associated
with the establishment of the positive RMP in fibrocytes

To elucidate the mechanism underlying the maintenance of
the positive RMP of fibrocytes, we utilized an in vivo

electrophysiological approach. The extracellular and intracel-
lular compartments of the lateral wall can be characterized by
different combinations of the potential and [K'] (Fig. 1b) [14,
26, 33]. Therefore, in the assays, we used double-barreled
microelectrodes sensitive to potential and [K'].

Initially, we confirmed our experimental technique and the
electrochemical properties of each compartment under physio-
logical conditions by analyzing six cochleae of live guinea pigs.
Figure 1c shows a representative recording of the lateral wall. A
double-barreled K -selective microelectrode was inserted from
the perilymph toward the endolymph across the lateral wall.
Potentials were measured with respect to the perilymph (see
“Methods”). The electrode in the perilymph recorded a [K']
of 4.7 mM. In our earlier work [1], we attempted to hold the
electrode within the fibrocytes for a few minutes to analyze the
inside of the syncytial layer. However, this procedure was un-
successful, probably because these cells contain small and
highly invaginated cytoplasm [17, 35, 36]. Therefore, in this
study, we continued to move the electrode forward from the
perilymph to visualize the syncytial layer, as we performed
previously [1, 41]. Before reaching the IS, we detected multiple
compartments showing elevated [K ] and potential. This result
indicates that the electrode passed through several fibrocytes in
the syncytial layer, consistent with previous results [1, 26, 41].
Some compartments were characterized by relatively “flat-
topped” peaks with high [K'] values of 89.6 to 103.4 mM
and slightly positive potentials of +6.7 to +7.3 mV, demonstrat-
ing that the electrode was stably inserted into the cells consti-
tuting the syncytial layer [1]. Other compartments had a “spike-
like” appearance with reduced and more variable [K'] (35.5 to
80.7 mM) and potentials (+2.3 to +4.6 mV). This observation
could result from processes in which the electrode penetrated
the infolded processes of the fibrocytes, injured the cells, or was
transiently passed through the small quantity of cytoplasm [17,
35, 36], as discussed previously [1]. When the IS was reached,
the electrode recorded a low [K'] of 7.8 mM and a high poten-
tial of +75.4 mV. In our previous studies, we comprehensively
analyzed the syncytial region containing multiple compart-
ments; the compartment just prior to the IS showed stable and
nearly the highest values for the potential and [K'] and thus
likely represented the inside of the syncytial layer [1, 41].
Consistent with this observation, in the example shown in
Fig. 1c, the compartment just prior to the IS exhibited the
highest values within the syncytial layer (103.4 mM
and +7.3 mV). This intracellular potential, which was measured
with respect to the perilymph, corresponded to the membrane
potential of fibrocytes (Vec). On further insertion of the elec-
trode from the IS, [K'] abruptly increased to 113.8 mM
(Fig. lc), representing the inside of the marginal cell (see
Fig. 1b). Finally, we recorded a [K'] of 144.6 mM when ad-
vancing the electrode to the endolymph. Notably, both the IS
and the endolymph show a similar potential of approximately
+80 mV with respect to the perilymph, indicating little potential
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Fig. 3 Comparison of the effects of various perfusates. Displayed are
means + SD (bars and error bars, respectively) for EP values (left panel),
syncytial potential (vic, center panel), and [K'] ([K sy, right panel) during
perilymphatic perfusion of four different solutions. Number of the cochleae
examined is shown below the bars. For analyzing the EP, a minimum, stable
value in each experiment was used. The syncytial data were acquired
simultaneously with the EP value. The control group (n=28 cochleae)
included the data obtained prior to the perfusion of low Na', high K, and

difference across the marginal cell layer. Similar results were
also observed in all five other cochleae; the [K'] and potential
in the syncytial layer were 101.4 +8.2 mM and +7.9 £4.0 mV,
respectively, and the EP was +83.1 £4.4 mV (mean+SD,
n =06 cochleae, including the case shown in Fig. 1c). These ob-
servations agree with previous reports [1, 14, 26, 41] and thereby
validate the experimental techniques used in the present study.
To characterize the elements that establish the positive RMP
of fibrocytes, we perfused the scala tympani, a perilymphatic
space, with solutions containing different Na™, K™, or CI” con-
centrations, while measuring the electrochemical properties of
the lateral wall (Fig. 2). In each perfusate, we modified the
concentration of individual ions without changing the total
ion concentration. For this purpose, we used a solution contain-
ing cation concentrations of 100 mM Na*, 5 mM K7, and
46 mM NMDG as the control artificial perilymph (as previous-
ly outlined in the “Methods” section), the perfusion of which
negligibly altered the EP (Supplemental Fig. 1). For some ex-
periments, we intended to transiently insert a double-barreled
K'-selective microelectrode across the syncytial layer, as
shown in Fig. 1c, when the effects of the perfusates were stable.
However, we could not determine the appropriate timing for
microelectrode insertion. To resolve this problem, we placed a
single-barreled microelectrode in the endolymph and moni-
tored the EP throughout each experiment; this potential, which
represents the transepithelial voltages across the lateral wall
composed of the syncytial and marginal cell layers, is related
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low CI solutions (n=22 cochleae as a total; see Figs. 2Ab, Bb,
and Supplemental Fig. 2B) and the data obtained during the application of
only artificial control perilymph (n=6 cochleae). Asterisks indicate
significant differences compared with the control data (*p <0.05,
**p<0.01, ¥***p<0.0001, Tukey—Kramer after one-way ANOVA). n.s.,
not significant. Notably, because gluconate (129 mM) added to the low
CI” solution affected the K exchanger in the microelectrode to some extent,
the measurement of [K] was relatively qualitative (see Supplemental Fig. 2)

to the membrane potential of fibrocytes (vgc) according to the
following Eq. [26, 27]:

EP = vic—vim + VMB~VMA (1)

where v, Vvp, and vy correspond to the membrane poten-
tials of intermediate cells, and basolateral and apical surfaces of
marginal cells, respectively (see Fig. 1b). Each membrane po-
tential was relative to the neighboring extracellular fluid, which
was defined as 0 mV (see “Methods”™).

We first examined the effects of modulating [Na'] in the peri-
lymph ([Na'Jp) (Fig. 2A). As seen in Fig. 2Aa, the EP was
relatively stable at approximately +85 mV during the application
of the control solution. The K -selective microelectrode was ad-
vanced across the lateral wall. Initially, the electrode in the peri-
lymph recorded a [K'] of 5.2 mM (Fig. 2Ab). After further inser-
tion, but before reaching the IS, we detected the syncytial layer
composed of multiple fibrocytes ([K'], 57.6 to 99.7 mM; poten-
tial, +5.5 to +10.8 mV), as observed in the cochlea under physi-
ological conditions (Fig. 1c). Within this region, peaks of relative-
ly low [K'] (57.6 to 67.4 mM) can likely be attributed to processes
in which the electrode penetrated the thin and infolded processes
of the fibrocytes, or was transiently passed through the small
quantity of cytoplasm. The compartment just prior to the IS
showed the highest [K'] of 99.7 mM and the highest potential
of +10.8 mV, which were defined as the properties of the syncytial
layer. In the IS, the electrode recorded a low [K'] of 10.4 mM and
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Fig. 4 Process of EP reduction during the perilymphatic perfusion of a
low Na" solution. a Relationship between the reduction in the EP and the
hyperpolarization of fibrocyte membrane potential (vpc) under low
perilymphatic [Na"] ([Na‘]p) conditions. Data were obtained from the
series of experiments summarized in Fig. 3. The solid line represents a
linear regression fitted to the data (slope=0.880, #=0.605) and the
broken line represents the y =x equivalence. b Analysis of the intrastrial
space (IS). The EP (orange) continued to be monitored using a
microelectrode in the endolymph. During the perilymphatic perfusion
of the control solution, the K*-selective double-barreled electrode was
advanced from the perilymph toward the endolymph. During recording,
the wedges at the top of the panel indicate the period during which the
K"-selective electrode was driven forward or backward through the lateral
wall. The bar filled with black above the trace points to the syncytial
layer. Imposition of anoxia caused a decrease in the potential of the IS
(ISP) and an increase in [K'] of the IS, as reported previously [26]. The
perfusate was switched to a solution containing a low [Na'] of 1 mM, as
described by the bar above the trace. The K -selective electrode was
further inserted into the endolymph (£) and finally retracted to the
perilymphatic space

a high potential of +56.4 mV. Next, the perfusate was replaced
with a low [Na'] solution containing 1 mM Na" (Fig. 2Aa). Over
the course of a few minutes, EP transiently increased by ~7 mV
and then rapidly decreased from peak levels by ~15 mV. The
potential continued to decline gradually, reaching a minimum of
+35.9 mV after 1 h of perfusion. Then, we inserted a different
K'-selective microelectrode into the lateral wall (Fig. 2Ac). The
IS was still characterized by low [K'] (for the behavior of the IS
properties, see Fig. 4). We found that the compartment just  prior
to the IS, which represented the syncytial layer, was
hyperpolarized at —23.6 mV (Fig. 2Ac). Upon replacement of
the low Na' solution with the control solution, the EP was recov-
ered and approached baseline values (Fig. 2Aa). A different
K "-selective electrode that was advanced across the lateral wall
when the EP became nearly plateaued recorded the representative

syncytial properties of 116.1 mM [K'] and a +11.8 mV potential
(Fig. 2Ad). This [K'] value exceeded the syncytial [K'] value
detected during the first insertion of the electrode (99.7 mM; see
Fig. 2Ab), despite the similarity in observed potential between the
two trials (+10.8 mV in the first insertion). Nevertheless, in a
statistical analysis of the measurements of the six cochleae with
the protocol used in Fig. 2A, the difference in the syncytial [K']
between the first and third insertion was not significant (5.5 mM
increase on average; t=0.87, p = 0.4254, two-tailed paired ¢ test).
Taken together, the results illustrated in Fig. 2A indicate that the
reduction in [Na'Jp;. caused vgc to significantly hyperpolarize.

We further tested the solution containing a high [K'] of
30 mM (Fig. 2B). As shown in Fig. 2Ba, the perfusion of this
solution elevated the EP by ~15 mV over the course of a few
minutes. This transient elevation may be an artifact resulting
from the change in solution, as a similar phenomenon was
observed when the control perilymph was switched to a low
Na' solution in the scala tympani (Fig. 2Aa). Thereafter, the
EP gradually decreased and showed some fluctuations,
reaching a minimum of +66 mV in ~20 min. After the high
[K'] perfusate was washed using the control solution, the EP
only exhibited minimal recovery. Such flickering and irrevers-
ibility suggest that high K" conditions can damage some cell
types involved in EP formation. Nevertheless, this perturba-
tion was likely to have only a moderate effect on syncytial
properties; when EP was reduced to +67.3 mV during the
perfusion of the high K" solution (Fig. 2Ba), vgc and [K'] in
the syncytial layer ([K']gy) were +6.2 mV and 121.3 mM,
respectively (Fig. 2Bc), which were similar to the values ob-
served during the infusion of the control solution (Fig. 2Bb).
In addition, we found that the perfusion of the solution con-
taining a low [CI | of 2.4 mM decreased both EP and vgc
(Supplemental Fig. 2).

Figure 3 summarizes the effects of the perilymphatic per-
fusion of four different solutions, i.e., control, low Na', high
K", and low CI” (Fig. 2 and Supplemental Fig. 2), on the EP
and electrochemical properties of the syncytial layer in numer-
ous cochleae (n =28, 10, 7, and 5 cochleae, respectively); one-
way ANOVA was used to compare the results obtained for
these solutions (p <0.0001 for EP, p <0.0001 for vgc, and
p<0.0001 for [K']gy). In this analysis, syncytial properties
were determined when the EP became relatively stable during
the application of each perfusate. As compared to the perfu-
sion of the control solution, the application of the high K"
solution (30 mM [K]) elevated [K ]gy by ~1.2-fold (98.9 +
9.7 mM; versus 117.0£10.5 mV; p = 0.0038, Tukey—Kramer)
and was expected to increase perilymphatic [K'] ([K']pr) by
~6-fold. Under these conditions, if the membranes of the
fibrocytes were governed by K permeability, v should be
significantly depolarized. However, there was no statistical
difference between the results for the control solution and
the high K" solution (+9.0 3.7 versus +10.4+2.3 mV;
p=0.942, Tukey—Kramer). Therefore, K permeability may
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not dominate the fibrocyte membranes. In support of this,
vec was never depolarized, even when [K']gy was dra-
matically reduced to ~15 mM by the perilymphatic perfu-
sion of artificial perilymph containing the Na'/K" ATPase
blocker ouabain [1]. Such a prominent change in intracel-
lular [K"] would substantially rise the membrane potential
if it was determined primarily by K' permeability (for
localization of the ATPase, see Fig. 1b). Furthermore, if
the fibrocyte membranes harbored abundant CI” perme-
ability, then the application of a low Cl solution should
significantly depolarize vgc. The opposite result was ob-
tained in our experiments (+9.0 £3.7 mV for the control
versus —0.9+3.4 mV for low Cl'; p=0.006, Tukey—
Kramer). It is again noteworthy that vpc was remarkably
hyperpolarized during the perfusion of the low Na" solu-
tion (—31.1 £ 11.2 mV; n=10 cochleae) compared with the
control solution (p <0.0001, Tukey—Kramer). These ob-
servations indicate the possibility that fibrocyte mem-
branes exhibit Na* permeability that exceeds the K and
Cl  permeabilities under physiological conditions.
Therefore, Na™ permeability may play a key role in the
maintenance of the positive RMP of fibrocytes. However,
the contribution of K" and CI~ permeability to fibrocyte
RMP cannot be ruled out by our experimental findings
(see “Discussion”). [K']gy during the perfusion of the
low Na" solution was moderately lower than [K"]gy under
control conditions (76.5+11.4 versus 98.9+9.7 mM,;
p<0.0001, Tukey—Kramer). The decrease in [K']gy may
depolarize the membrane via K permeability, and this
element could be involved in changes in vgc.

It is also possible that the perfusion of a low Na" solution
alters the intracellular pH and/or [Ca®"] by modulating ion
fluxes via Na' transporters expressed in fibrocytes, and this
could hyperpolarize vgc by affecting membrane permeability.
Indeed, reverse transcription-PCR analysis detected mRNA of
the Na"/Ca®" exchanger NCX1 in the lateral wall [29] and
immunohistochemical assays detected protein of the Na"/H"
exchanger NHELI in fibrocytes [2]. However, we found that
the perilymphatic perfusion of benzamil (100 uM), an NCX1
inhibitor, had little effect on the EP that involves vgc
(Supplemental Fig. 3A) (Eq. 1). Furthermore, the application
of amiloride (1 mM), which can block NHEI, to the scala
tympani barely changed the EP in previous studies [10, 32].
This observation was also confirmed in our experiment
(Supplemental Fig. 3B). Histochemical studies identified the
expression of Na"/K/2Cl" cotransporter type 1 (NKCC1) in
fibrocytes [5, 25]. Perfusion of the low Na' solution to the
scala tympani is expected to affect the function of NKCC.
However, this process is unlikely to be associated with chang-
es in vic because the transporter is electroneutral. In addition,
we previously demonstrated that the perilymphatic perfusion
of a NKCC blocker bumetanide minimally altered vgc [41].
Taken together, it is probable that the hyperpolarization of vic

@ Springer

by the perfusion of a low Na" solution was not related to the
effects on the aforementioned transporters, although effects of
other unidentified Na'-dependent carriers cannot be excluded.

Analysis of the reduction in EP caused by low [Na‘lpr

We further examined the mechanism underlying the reduction
in the EP via low [Na']p,. Consistent with the results de-
scribed in Fig. 2A, the steady-state value of the EP during
the perfusion of a low Na' solution was significantly lower
than that during the perfusion of the control solution, as shown
in Fig. 3 (+34.6 +13.6 versus +80.7+£5.8 mV; p<0.0001,
Tukey—Kramer). The difference between these two average
EP values (46.1 mM) resembled the difference between the
average vpc values between the two conditions (40.1 mM)
(Fig. 3). This similarity led us to hypothesize that the EP loss
is mainly attributable to the vgc change (Eq. 1). In support of
this, the hyperpolarized values of vg¢ in the low Na' perfusion
assays analyzed in Fig. 3 (10 cochleae) were highly correlated
with the reduced values of EP (slope=0.880, r*=0.605)
(Fig. 4a). To further confirm the above hypothesis, we ana-
lyzed other compartments of the lateral wall. We focused on
the IS because the ISP stems from vgc and vy, as described by
the following Eq.:

ISP = VFC~VIM (2)

Notably, the difference between the ISP and EP is equiva-
lent to the transepithelial voltage across the marginal cell layer
(see Fig. 1b):

EP = ISP + VMB~VMA (3)

In the experiment shown in Fig. 4b, during the perfusion of
the control solution into the scala tympani, the K -selective
microelectrode held in the IS showed a potential of +88.2 mV
and a [K'] of 5.1 mM. This ISP value was similar to the EP
value (+84.5 mV) measured by a separate electrode in the
endolymph. When the perfusate was replaced with a solution
containing 1 mM [Na'], both ISP and EP decreased in a sim-
ilar manner. This indicates that the transepithelial voltage
across the marginal cell layer (vyp—vma; see Eq. 3 and
Fig. 1b) remained nearly unchanged and thereby contributed
negligibly to EP loss (Eq. 1). In five experiments, including
the example shown in Fig. 4b, the average maximum ISP
reduction (36.0 + 6.6 mV; steady state) was similar to the max-
imum EP reduction (40.6 5.9 mV; steady state). These ob-
servations, in addition to the similarity between the vgc hyper-
polarization and the EP reduction (Fig. 4a), reinforce the idea
that the vy alternation is limited and the EP change results
primarily from the vgc change (Egs. 1-3). It is also noteworthy
that the perfusion of a low Na" solution had little effect on
[K']is (Fig. 4b).
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Fig. 5 A possible mechanism underlying the positive RMP in fibrocytes
and its relevance to the EP. Our observations (Figs. 2, 3, and 4) imply that,
in the fibrocyte membranes, Na™ permeability (Py,) exceeds the K™ and
Cl" permeabilities (Px and Py, respectively), as shown in the top panel.
This unique profile may continuously depolarize the membrane potential of
the fibrocytes (vrc) to ~+7 mV (from +5 to +12 mV) under physiological
conditions (middle panel). When Na™ was depleted in the perilymph
(bottom panel), vpc was remarkably hyperpolarized. In this situation, the
EP was reduced as much as the vgc is changed. vy, Vg, and vy represent
the membrane potential of intermediate cells, the basolateral surface of
marginal cells, and the apical surface of marginal cells, respectively. The
top panel was modified from Fig. 1 of our earlier work [26]

Discussion

Our electrophysiological experiments (Figs. 2 and 3) showed
that vpc was dramatically hyperpolarized by the perilymphatic
application of a low Na" solution (Fig. 5) and this change was
much larger than the changes induced by the perfusion of high
K" or low CI solutions. These results indicate that the mem-
branes of cochlear fibrocytes likely exhibit Na* permeability
and it significantly exceeds K and CI™ permeability (Fig. 5).
Therefore, it is plausible that in these cells, Na" permeability
plays key roles in the maintenance of the unusually positive
RMP of +5 to +12 mV. The RMP is critical for harvesting the
Kir4.1-induced K" diffusion potential on the intermediate-cell
membranes to set the EP to a highly positive value, which is

essential for hearing (Figs. 1b and 5). This illustrates the crucial
role of Na" permeability in the cochlea. In many excitable cell
types, such as neurons and muscle cells, only slight Na" per-
meability is observed in the resting state, and it increases when
an action potential is produced [4, 11, 15, 28]. Some non-
excitable cell types, including renal epithelial cells, exhibit sig-
nificant Na" permeability, but it is less than other ion perme-
abilities [30]. Accordingly, fibrocyte membrane profile appears
to be relatively unique, although it may occur in other cell types
that have not yet been characterized by electrophysiological
experiments. The Na" equilibrium potential provided by mea-
sured [Na '] in the perilymph and the syncytial layer (146.6 and
33.9 mM, respectively [14]) is +39.1 mV. This value exceeds
the recorded vic value (+5 to +12 mV) [1, 14,26, 41] (see also
Fig. 2). This difference may be explained by permeability for
other ion(s) than Na" and also electrogenicity of Na'/K"
ATPases.

The specific Na" conductance types involved in establish-
ing the Na' permeability of fibrocytes remain unclear.
Perilymphatic perfusion of tetrodotoxin, a voltage-gated Na"
channel blocker, only slightly affected EP [21]. Nevertheless,
the application of amiloride barely affected the EP [10, 32]
(also see our experimental result in Supplemental Fig. 3B),
suggesting little contribution from epithelial Na* channels
(ENaCs) that form a constitutive active conductance. In sup-
port of this, the perfusion of benzamil at 100 uM, which also
serves as a potent inhibitor of ENaCs (ICso, 66 nM) [13], to
the scala tympani negligibly suppressed the EP (Supplemental
Fig. 3A). The proteins underlying fibrocyte Na* permeability
should be identified in future studies.

Konishi and Kelsey (1968) and Shindo et al. (1992) report-
ed that the perilymphatic perfusion of an Na'-free solution had
a minimal effect on the EP [21, 34]. Kuijpers and Bonting
(1970) and Higashiyama et al. (2003) performed similar ex-
periments and detected an EP reduction of ~15 mV [10, 24],
but we observed more remarkable reductions in EP (~45 mV)
(Figs. 2A and 3). Moreover, two groups have previously
shown that the perfusion of a Cl -free solution negligibly
changes the EP [19, 34]. However, in our studies, a low CI™
solution decreased the EP by ~40 mV (Fig. 3 and
Supplemental Fig. 2). These inconsistencies may be related
to differences in the efficiency of the perilymphatic perfusion.
In previous studies [10, 21, 24, 34], the EP was only measured
with a single-barreled glass microelectrode. Thus, the fenestra
that was made on the bony wall of the cochlea for electrode
insertion was likely small (for instance, ~50 pwm in Kuijpers
and Bonting [24]). We created a larger fenestra (200 x
500 pm; see “Methods”) to simultaneously insert a double-
barreled microelectrode and a single-barreled microelectrode
(Figs. 2 and 4a and Supplemental Fig. 2). This fenestra, which
was adjacent to the spiral ligament, may serve as a significant
drainage pathway for solutions, in addition to the outlet hole
made on the third turn, and thereby it could allow effective
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perfusion across the fibrocytes. Notably, potential leakage of
solutions through the fenestra was unlikely to affect the stabil-
ity of electrophysiological measurements because the perfu-
sion of control artificial perilymph minimally altered the EP
values (Supplemental Fig. 1).

The mechanism underlying the reduction in the EP for a
low CI'" solution remains uncertain, but may involve outer
sulcus cells and/or Reissner’s membrane epithelial cells, both
of which are exposed to the perilymph and express Cl chan-
nels or transporters [18, 31]. These cells constitute the bound-
ary between perilymph and endolymph and they are believed
to contribute to the EP. This hypothesis should be confirmed
by electrophysiological assays.
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