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Key points

• The endocochlear potential (EP) of +80 mV in cochlear endolymph is essential for audition
and controlled by K+ transport across the lateral cochlear wall composed of two epithelial
barrier layers, the syncytium containing the fibrocytes and the marginal cells.

• The EP depends upon the diffusion potential elicited by a large K+ gradient across the apical
surface of the syncytium.

• We examined by electrophysiological approaches an involvement of Na+,K+-ATPase, which
occurs at the syncytium’s basolateral surface comprising the fibrocytes’ membranes and would
mediate K+ transport across the lateral wall, in maintenance of the EP.

• We show that the Na+,K+-ATPase sustains the syncytium’s high [K+] that is crucial for the K+

gradient across the apical surface of the syncytium.
• The results help us better understand the mechanism underlying the establishment of the EP as

well as the pathophysiological process for deafness induced by dysfunction of the ion transport
apparatus.

Abstract The endocochlear potential (EP) of +80 mV in the scala media, which is indispensable
for audition, is controlled by K+ transport across the lateral cochlear wall. This wall includes
two epithelial barriers, the syncytium and the marginal cells. The former contains multiple cell
types, such as fibrocytes, which are exposed to perilymph on their basolateral surfaces. The apical
surfaces of the marginal cells face endolymph. Between the two barriers lies the intrastrial space
(IS), an extracellular space with a low K+ concentration ([K+]) and a potential similar to the EP.
This intrastrial potential (ISP) dominates the EP and represents the sum of the diffusion potential
elicited by a large K+ gradient across the apical surface of the syncytium and the syncytium’s
potential, which is slightly positive relative to perilymph. Although a K+ transport system in
fibrocytes seems to contribute to the EP, the mechanism remains uncertain. We examined the
electrochemical properties of the lateral wall of guinea pigs with electrodes sensitive to potential
and K+ while perfusing into the perilymph of the scala tympani blockers of Na+,K+-ATPase, the
K+ pump thought to be essential to the system. Inhibiting Na+,K+-ATPase barely affected [K+]
in the IS but greatly decreased [K+] within the syncytium, reducing the K+ gradient across its
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apical surface. The treatment hyperpolarized the syncytium only moderately. Consequently, both
the ISP and the EP declined. Fibrocytes evidently use the Na+,K+-ATPase to achieve local K+

transport, maintaining the syncytium’s high [K+] that is crucial for the K+ diffusion underlying
the positive ISP.
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Introduction

The mammalian cochlea harbours three tubular
chambers: the scala vestibuli and scala tympani containing
an ordinary extracellular fluid, perilymph; and the scala
media filled with a unique solution, endolymph (Fig. 1A).
Endolymph contains 150 mM K+ and shows an end-
ocochlear potential (EP) of +80 mV relative to peri-
lymph and other extracellular fluids including plasma (von
Békésy, 1952; Hibino & Kurachi, 2006). The sensory hair
cells upon the basilar membrane bathe their basolateral
surfaces in perilymph and expose their apical surfaces,
which are surmounted by stereocilia, to endolymph.
Sound-induced vibration of the basilar membrane deflects
the stereocilia and opens mechanosensitive channels that
permit K+ influx (Hudspeth, 1989). The positive EP
facilitates the K+ current and sensitizes hair cells by
enhancing the driving force. K+ exits the hair cells into
the perilymph of the scala tympani and returns to the
endolymph of the scala media through the lateral cochlear
wall comprising the spiral ligament and the stria vascularis
(Fig. 1A; Wangemann, 2006; Zdebik et al. 2009).

The lateral cochlear wall is made up of multiple cell types
(Fig. 1B). Marginal cells, which are connected laterally by
tight junctions, constitute a monolayered barrier whose
apical surface faces the endolymph. Fibrocytes, the major
constituents of the spiral ligament, strial intermediate cells
and basal cells are interconnected by gap junctions and
constitute an electrochemical ‘syncytium’ (Wangemann
et al. 1995; Takeuchi & Ando, 1998; Takeuchi et al. 2000;
Cohen-Salmon et al. 2007). Tight junctions between the
basal cells make the syncytium a diffusional barrier and
serve as the boundary for the apical surface composed
of intermediate cell membranes and the basolateral
surface comprising the fibrocyte membranes. These two
barriers were proposed in a two-cell model (Wangemann
et al. 1995) and a subsequent five-compartment model
(Takeuchi et al. 2000). Between the two systems there
exists a 15 nm extracellular separation, the intrastrial space
(IS), that is penetrated by numerous capillaries (Fig. 1B;

Hinojosa & Rodriguez-Echandia, 1966; Takeuchi et al.
2000; Spicer & Schulte, 2005; Wangemann, 2006; Hibino
et al. 2010).

The stria vascularis, which includes the intermediate
and basal cells of the syncytium, the IS and the marginal
cells, is essential for establishing the EP (Tasaki &
Spyropoulos, 1959). Previous electrophysiological studies
suggested that a K+ conductance in the stria vascularis is
involved in generation of the EP (Marcus et al. 1985). The
fluid of the IS has a low K+ concentration ([K+]) and a
positive potential similar to the EP (Salt et al. 1987; Ikeda
& Morizono, 1989). This IS potential (ISP) was proposed
to be the origin of the EP and to represent primarily a
K+ diffusion potential (Salt et al. 1987; Takeuchi et al.
2000). We demonstrated recently that the ISP dominates
the EP and is sustained by the electrical isolation of the
IS from the neighbouring perilymph, blood and end-
olymph (Nin et al. 2008). The ISP is formed by K+

diffusion through inward-rectifier Kir4.1 channels on the
apical membranes of intermediate cells of the syncytium
(Ando & Takeuchi, 1999; Marcus et al. 2002; Nin et al.
2008). We also confirmed that the low [K+] in the IS,
which is mandatory for the large K+ diffusion potential,
is maintained by K+ uptake apparatus, Na+,K+-ATPases
and Na+,K+,2Cl−-cotransporters (NKCCs) in the baso-
lateral membranes of marginal cells, as had previously
been suggested (Salt et al. 1987; Wangemann et al. 1995).
KCNQ1/KCNE1 K+ channels that occur in the apical
surface of marginal cells (Sakagami et al. 1991; Sunose
et al. 1994; Estévez et al. 2001) also produce a K+ diffusion
potential that contributes to the dynamics of the EP (Nin
et al. 2008).

To further elucidate the mechanisms underlying the
EP, we examined in this study the electrophysiological
properties of another integral component of the
lateral wall, the spiral ligament (Fig. 1A). Fibrocytes
occupying this tissue constitute the basolateral surface
of the syncytium (Fig. 1B). Although it is generally
assumed that the fibrocytes’ K+ transport system is
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critical for maintaining the EP (Konishi & Mendelsohn,
1970; Kuijpers & Bonting, 1970; Kusakari et al. 1978;
Marcus et al. 1981; Shugyo et al. 1990; Wangemann,
2002; Higashiyama et al. 2003, 2010), the mechanism
remains largely unexplored. We focused attention on
the Na+,K+-ATPase abundantly expressed in fibrocytes,
because this ion pump seems to play more important
roles in the K+ transport system of the ligament than
other apparatus (Diaz et al. 2007). While monitoring
the potential and [K+] in various compartments of the
lateral wall, we perfused into scala tympani blockers of
the Na+,K+-ATPase. The results constitute the first direct
demonstration that K+ transport driven by the fibrocytes’
ATPase is essential for maintaining the electrochemical
properties of the syncytium to form the positive ISP and
EP.

Methods

General information

The experimental protocol was approved by the Animal
Research Committees of Osaka University Graduate
School of Medicine and Niigata University School of
Medicine. The experiments were carried out under the
supervision of the Committees and were performed in
accordance with the Guidelines for Animal Experiments of
Osaka University and Niigata University and the Japanese
Animal Protection and Management Law.

Albino guinea pigs (200–400 g; SLC Inc., Hamamatsu,
Japan) were first deeply anaesthetized I.P. with pento-
barbital sodium (30 mg kg−1; Nembutal, Abbott, IL, USA).
To assess the depth of anaesthesia, toe pinch, corneal
reflex and respiratory rate were used as a guide. When
anaesthesia was not sufficient, pentobarbital sodium
(5 mg kg−1) was further given to the animals. Next, neuro-
muscular blockade was achieved with via an I.P. injection
of vecuronium bromide (4 mg kg−1), and the animals
were artificially respirated for the electrophysiological
experiments. Additional anaesthetic (10 mg kg−1) was
provided to the animals I.P. every 1–1.5 h (Ueno et al.
1982). Because neuromuscular blockade agents were used,
during the experiments the depth of anaesthesia was
monitored by fluctuations in heart rate. The animals
were finally killed by an overdose of pentobarbital sodium
(400 mg kg−1).

Measurement of potential and aK+

Using double-barrelled K+-selective microelectrodes and
a high input impedance differential amplifier/electrometer
(FD223a; WPI, Sarasota, FL, USA), we measured
simultaneously the potential and K+ activity (aK+) in
the lateral wall and endolymph of the second cochlear
turn. The experimental protocol largely followed that
described in Nin et al. (2008). Electrodes were fabricated

from double-barrelled borosilicate capillary glass (WPI)
and a K+ exchanger (IE190; WPI) was inserted into the
salinized interior of one barrel. The K+-selective barrel was
backfilled with 150 mM KCl and the reference barrel was
filled with 150 mM NaCl to avoid leakage influencing the
K+-selective electrode. Before every assay, the electrode
sensitivity was first calibrated at 37◦C with series of
aqueous solutions containing (in mM) 15 KCl, 50 KCl and
150 KCl. In these experiments, we used only electrodes
whose measured sensitivity profiles did not deviate from
an ideal slope by more than 10% at any KCl concentration.
Electrodes were calibrated at 37◦C before and after
each experiment by using reference solutions containing
([KCl]/[NaCl], in mM): 1.5/148.5, 5/145, 15/135, 50/100
and 150/0. The data were fit to a quadratic function that
was then used to convert measured diffusion potentials
into ionic activity (Supplemental Fig. 1).

The cochlea was exposed by a lateral approach (Kuijpers
& Bonting, 1970; Plontke et al. 2008), and the electrode
was driven through the lateral wall by a micromanipulator
(MP-285; Sutter Instrument Company, Novato, CA, USA).
An Ag–AgCl wire affixed to neck musculature served as a
reference electrode. Slow drifts in voltage were typically
less than 3 mV when measured with the pipette tip pulled
back to the perilymph.

Perilymphatic perfusion of blockers

A thin tube (MicroFil; WPI), which was connected to a
syringe containing the test solutions, was inserted into the
scala tympani of the cochlea through a tiny fenestra that
was made by a fine needle in the bony wall of the first
cochlear turn. Perilymphatic perfusion of the solutions
through the tube was then performed at a rate of 50 nl s−1

(Marcus et al. 1981) while the potential and aK+ were
monitored. The solutions were drained from the scala
vestibuli through a small hole in the bony wall of the
third cochlear turn. To perfuse the different solutions,
the syringe was exchanged while the tube remained
in the scala tympani. Ouabain (50 μM and 1 mM) was
added to a control solution containing (in mM): 136.5
NaCl, 5.4 KCl, 1.8 CaCl2, 0.53 MgCl2 and 5.0 Hepes
at pH 7.4. Strophanthidin (50 μM) was dissolved before
use in DMSO, which was present in test solutions at a
concentration of 0.05%. As reported previously (Kujawa
et al. 1996; Suzuki et al. 2004), this solvent negligibly
affected the EP and aK+ of the endolymph (Supplemental
Fig. 2).

Vascular perfusion of blockers

Vascular perfusion of the stria vascularis was performed at
a rate of 1.5 ml min−1 through a polyethylene tube located
in the left vertebral artery, from which capillaries extend
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into the stria vascularis (Hibino et al. 1997). The blockers
were dissolved in the aforementioned control solution.

Results

Effects of inhibiting fibrocyte Na+,K+-ATPase on the
EP

The first series of experiments were conducted to evaluate
our experimental technique and to confirm that inhibition
of the Na+,K+-ATPase in the spiral ligament led to a
loss of the EP. While measuring the EP and aK+ with a
double-barrelled electrode sensitive to both voltage and
K+, we perfused blockers of this K+ pump into the scala
tympani (Fig. 2 and Supplemental Fig. 3A). 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
monitored 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 aK+

was measured and reported in this study.
In the example of Fig. 2A, we measured an aK+ value of

3.7 mM in the perilymph. Upon advancing the electrode,
the potential and aK+ increased markedly and rapidly
became stable, indicating that the electrode had entered
the endolymph. The average EP and endolymphatic
aK+ under normal conditions were +83.3 ± 1.5 mV
and 103.5 ± 1.3 mM (mean ± SE, n = 12), respectively.
During perilymphatic perfusion of ouabain (50 μM),
an irreversible antagonist of Na+,K+-ATPases, the EP
declined monotonically, stabilizing at a minimum of
+8.0 mV after approximately 30 min; the aK+ of the end-
olymph, by contrast, was relatively unaffected (Fig. 2A).
Perfusing with this blocker for 40 min decreased the
EP by 67.1 ± 6.6 mV (n = 3) (Table 1). More extreme
effects were observed by perfusing 1 mM ouabain, which
reduced the EP by 116.7 ± 3.7 mV (n = 5) (Fig. 2B and
Table 1). In each of five experiments the potential fell
to a minimum of roughly –20 to –35 mV. In addition,
the endolymphatic aK+ decreased gradually during the
perfusion. These results accord with those reported in
previous studies (Konishi & Mendelsohn, 1970; Kuijpers
& Bonting, 1970; Sellick & Johnstone, 1974; Kusakari et al.
1978; Bosher, 1980; Marcus et al. 1981; Shugyo et al. 1990;
Higashiyama et al. 2010), confirming that the blockers
were perfused into the perilymph of the scala tympani.
Moreover, perfusion of 50 μM strophanthidin, a reversible
Na+,K+-ATPase blocker, reduced the EP by 73.0 ± 4.0 mV
(n = 4) (Table 1 and Supplemental Fig. 3A).

In the spiral ligament of the lateral cochlear wall,
the fibrocytes are the dominant cell type; they express
Na+,K+-ATPases (Schulte & Adams, 1989; Schulte & Steel,

1994; Sakaguchi et al. 1998) and directly contact the peri-
lymph (Fig. 1B). The pump in fibrocytes should therefore
be a target of blockers applied to perilymph. Together with
previous studies, the observations from Fig. 2 indicate that
the Na+,K+-ATPase expressed in fibrocytes is crucial for
establishing the EP.
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Figure 1. Structure of the cochlea and details of the lateral
cochlear wall
A, schematic diagram of the cochlea. K+ is transported from the
endolymph to the perilymph, then back again to the endolymph
through the lateral cochlear wall. The locations of the five types of
fibrocyte are indicated by roman numerals. The potentials and K+
concentrations of endolymph and perilymph are shown. B, an
enlargement of the boxed region in A. Note that intermediate cells,
basal cells and fibrocytes were interconnected by gap junctions and
form an electrochemical ‘syncytium’ (Wangemann et al. 1995;
Takeuchi & Ando, 1998; Takeuchi et al. 2000; Cohen-Salmon et al.
2007). The ion transport apparatus involved in the formation of the
EP includes: NKCC, Na+,K+,2Cl−-cotransporter; ClC-K, Cl−
channels ClC-K/barttin. Other abbreviations are: TJ, tight junction;
IC, intermediate cell; BC, basal cell; api, apical; baso, basolateral. A
and B are modified from figure 1 in Nin et al. (2008).
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Electrochemical properties of the IS during inhibition
of Na+,K+-ATPase

Two epithelial barriers and the IS in the lateral cochlear
wall separate the endolymph of the scala media and the
perilymph of the scala tympani (Fig. 1B). To further clarify
the mechanism underlying the reduction of the EP caused
by blocking the Na+,K+-ATPase in fibrocytes, we analysed
the electrochemical properties of the IS. By advancing
a double-barrelled, K+-selective electrode from the peri-
lymph into the stria vascularis, we were able to monitor the
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Figure 2. Effects of blocking fibrocyte Na+,K+-ATPase
on the EP
A double-barrelled K+-selective electrode, which simultaneously
monitored potential and K+ activity (aK+), was advanced from the
perilymph (grey bar above the traces) to the endolymph (open bar
above the traces) to measure the EP. In this and subsequent
recordings, the wedge at the top of each panel indicates the period
during which the electrode was driven forward or backward through
the tissue. The solution containing a blocker of Na+,K+-ATPase,
ouabain at 50 μM (A) or 1 mM (B), was perfused into the perilymph
of the scala tympani. The reagent was applied for the periods shown
by the bars. In each experiment the electrode was finally retracted
into the perilymph.

Table 1. Effects of perilymphatic perfusion of Na+,K+-ATPase
blockers on the EP

Blocker �EP (mV) n

Ouabain (50 μM) 67.1 ± 6.6 3
Ouabain (1 mM) 116.7 ± 3.7∗ 5
Strophanthidin (50 μM) 73.0 ± 4.0† 4

�EP, subtraction of initial EP from the minimum value that was
detected at the end of the period of the perfusion. ∗Significantly
different from any other values (P < 0.05). †Not significantly
different from the value obtained during perfusion of 50 μM

ouabain.

potential and aK+ simultaneously while the scala tympani
was perfused with blockers (Fig. 3).

We first examined the effects of 50 μM ouabain
(Fig. 3A). At the outset of the experiment, while the
electrode was situated in the perilymph, aK+ was 3.2 mM.
Upon further insertion of the electrode, aK+ fluctuated
widely; peak values ranged from 32.0 to 71.5 mM (Fig. 3A,
inset; see also Fig. 4A). This finding is consistent with the
syncytium’s property that we have described previously
(Nin et al. 2008). Although in our previous study we found
that the syncytium exhibited a potential of 0 to +4 mV
(Nin et al. 2008), in this study, as shown in Fig. 3A, the
potential typically ranged from 0 to +6.3 mV and was
occasionally as high as +15.0 mV (see also Figs 4A and
5). In our earlier work, we additionally identified a region
with a slight negative potential (–4 mV) and a moderate
aK+ (20 mM; Nin et al. 2008); we did not detect this in
the present study. The inconsistencies could be due to
variability in the animal colonies.

Upon entering the IS, we measured a low aK+ value
similar to that in the perilymph and a highly positive
potential of+82.0 mV (Fig. 3A). Among 11 measurements
the average aK+ was 3.5 ± 0.2 mM and the average
potential was +77.8 ± 1.2 mV. In the example shown
in Fig. 3A, perilymphatic perfusion of 50 μM ouabain
gradually reduced the ISP to +12.0 mV with little change
in the aK+ of the IS. The average of the ISP decrease
in response to this blocker was 66.2 ± 2.5 mV (n = 4)
(Table 2). Upon the electrode’s entrance into endolymph,
signalled by a rapid and prominent elevation of aK+, the
potential dropped by 3 mV (Fig. 3A). Similar results were
observed in three other trials (Table 2).

In an earlier study we demonstrated that the ISP is
primarily a K+ diffusion potential that depends on a K+

gradient across the apical surface of the syncytium (Nin
et al. 2008), as had previously been suggested (Salt et al.
1987; Takeuchi et al. 2000). The ISP is described by the
Nernst equation

ISP = VSyn + RT

F
ln

(
aK+

i(Syn)

aK+
IS

)
, (1)
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Figure 3. Properties of the IS during blockage of
Na+,K+-ATPase in the lateral wall
The potential (red) and aK+ (blue) of compartments of the lateral
cochlear wall were recorded with a double-barrelled K+-selective
electrode advanced from the perilymph (PL; grey bars above the
traces) to the endolymph (EL; open bars above the traces). Before
encountering the intrastrial space (IS), we detected a region of the
syncytium (Syn, black bars above the traces). While the electrode
was held in the IS (green bars above the traces), blockers were
applied to particular compartments of the cochlea (see below). The
electrode was finally advanced until it entered the endolymph, which
was indicated by a sudden increase in the aK+. A and B, the effect
of perilymphatic perfusion of ouabain at 50 μM (A) or 1 mM (B). In A,

in which V Syn and aK+
i(Syn) are the potential and intra-

cellular K+ activity of the syncytium, aK+
IS is the

extracellular K+ activity of the IS, and R, T and F are the
ideal gas constant, temperature and Faraday constant (Nin
et al. 2008; Hibino et al. 2010). Under normal conditions,
V Syn is low (Fig. 3A; see also Figs 4A and 5), indicating that
its contribution to the EP is modest. Because inhibition
of the fibrocytes’ Na+,K+-ATPase by 50 μM ouabain had
little effect on aK+

IS in the present study (Fig. 3A), this
blocker probably reduced the ISP by decreasing aK+

i(Syn)

or V Syn.
Marginal cells are the sole boundary between the IS and

endolymph (Fig. 1B). The EP might therefore represent
the sum of the ISP and the potential difference across
the marginal cells (Takeuchi et al. 2000). The basolateral
surface of the marginal cells probably expresses little K+

and Na+ conductance (Shindo et al. 1992; Takeuchi et al.
1995). Furthermore, although this membrane exhibits Cl−

conductance (Takeuchi et al. 1995), Cl− activity in the IS is
similar to that inside the marginal cells (Nin et al. 2012). As
demonstrated in our early studies, the potential inside the
marginal cells is therefore nearly equal to the ISP (Nin et al.
2008, 2012). At the apical surfaces of the marginal cells,
the K+ permeability significantly exceeds the Na+ and Cl−

permeabilities (Takeuchi et al. 1992; Wangemann, 1995;
Shen & Marcus, 1998). The EP would therefore depend
primarily on the potential of the marginal cells and a K+

diffusion potential across the apical surface of marginal
cells:

EP = VMC + RT

F
ln

(
aK+

i(MC)

aK+
EL

)
, (2)

in which V MC is the potential of the marginal cells
with reference to the perilymph and aK+

i(MC) and aK+
EL

are the K+ activities inside the marginal cells and in
the endolymph. Supporting this formulation, we pre-
viously showed that the measured EP closely matched
the EP predicted by eqn (2) under various conditions,
using measured values of V MC, aK+

i(MC) and aK+
EL (Nin

et al. 2008). Because V MC is similar to the ISP (see
above), eqn (2) can be modified with eqn (1) as follows

the area surrounded by the broken square is displayed in the inset
with an expanded time scale. C, while the electrode was placed in
the IS, the animal was subjected to anoxia. After reoxygenation,
1 mM ouabain was injected into a vertebral artery, the origin of the
capillaries in the stria vascularis. Arrows point to the inside of
marginal cells, in which the aK+ was 48.0 mM and the potential was
similar to the ISP.
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Figure 4. Analysis of properties within the syncytium
Solutions containing no blocker (A), 50 μM ouabain (B) or 1 mM

ouabain (C) were first perfused into the scala tympani for 50 min.
The K+-selective electrode was subsequently advanced from the
perilymph (PL; grey bars above the traces) to the endolymph (EL;
open bars above the traces) to examine the properties of the
syncytium (black bars above the traces) while the perfusates were
being applied. In A, on passage through the syncytium region, the
electrode detected five compartments showing an elevated aK+ and
a slightly positive potential. The properties of three compartments
indicated by grey and filled arrowheads were stably measured
whereas those of two compartments marked by open arrowheads
showed a spike-like appearance. When examining the cochleae
perfused with ouabain at 50 μM (B) or at 1 mM (C), we could not
clearly observe compartments other than the IS (arrow in B) and the
endolymph. In A, B and C, the aK+ and the potential of the region
that neighboured the IS or the endolymph (filled arrowheads) were
taken to characterize the effect of the blockers on the syncytium’s
properties in Fig. 5 (see text).

(Hibino et al. 2010):

EP = ISP + RT
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)
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Under physiological conditions, aK+
EL (95–110 mM)

exceeds aK+
i(MC) (80 mM), which imposes a K+ diffusion

potential of up to 15 mV through KCNQ1/KCNE1
channels in the apical surfaces of the marginal cells
(Fig. 1B; Melichar & Syka, 1987; Offner, 1987; Nin et al.
2008). In the present study, during the perfusion of
50 μM ouabain the potential difference across the marginal
cells, which resembles the potential difference across the
apical surfaces of marginal cells (see above), was small,
5.6 ± 1.1 mV (n = 4) (Fig. 3A and Table 2). We also found
that in this condition aK+

EL was nearly constant (Fig. 2A).
These two observations imply that the reduction of the EP
(Fig. 2A) stems primarily from a decrease in the ISP, with
a negligible change in aK+

i(MC) (eqn 3). Similarly, when
50 μM strophanthidin was perfused into the perilymph,
the ISP was reduced by 67.9 ± 4.1 mV and exceeded the
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Figure 5. Effects of blocking the fibrocytes’ Na+,K+-ATPase on
the syncytium’s aK+ and potential
Displayed are syncytium’s properties that were characterized as
described in the text, on the basis of the experimental results of
Fig. 4 and Supplemental Fig. 3C, for cochleae treated with no
perfusate (n = 40), or perilymphatically perfused with control
solution (n = 6), 50 μM ouabain (n = 8), 1 mM ouabain (n = 10), and
50 μM strophanthidin (n = 11). Averages and SE are shown.
∗Significantly different (P < 0.01). NS, not significantly different
(P > 0.05).
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Table 2. Effects of perilymphatic perfusion of Na+,K+-ATPase
blockers on the ISP

Blocker �ISP (mV) ISP – EP (mV) n

Ouabain (50 μM) 66.2 ± 2.5 5.6 ± 1.1 4
Ouabain (1 mM) 75.8 ± 2.1† 24.2 ± 3.5∗ 3
Strophanthidin (50 μM) 67.9 ± 4.1† 8.6 ± 5.2‡ 4

�ISP, subtraction of initial ISP from the minimum value that
was detected at the end of the period of the perfusion.
†Not significantly different from any other values. ∗Significantly
different from any other values (P < 0.05). ‡Not significantly
different from the value obtained during perfusion of 50 μM

ouabain.

EP by 8.6 ± 5.2 mV in the steady state (n = 4) (Table 2 and
Supplemental Fig. 3B). These values were not significantly
different from those recorded during perfusion of 50 μM

ouabain (Table 2). Moreover, as in the case of 50 μM

ouabain, 50 μM strophanthidin barely affected the value of
aK+

IS (Supplemental Fig. 3B). Perilymphatic perfusion of
1 mM ouabain also had little effect on aK+

IS and decreased
the ISP by 75.8 ± 2.1 mV (n = 3) in a manner similar
to ouabain at 50 μM (Fig. 3B and Table 2). Therefore,
application of 50 μM strophanthidin or 1 mM ouabain
seems to impair the ISP by affecting aK+

i(Syn) or V Syn

(eqns 1 and 3), as predicted in the case of 50 μM ouabain.
However, when 1 mM ouabain was perfused, the ISP
greatly exceeded the EP in the steady state, providing across
the marginal cells a difference of 24.2 ± 3.5 mV (n = 3)
(Fig. 3B). This value significantly exceeds the difference
elicited by the perfusion of 50 μM ouabain or 50 μM

strophanthidin (Table 2). These results might account for
the observation that perfusion of 1 mM ouabain reduced
the EP more strongly than that of 50 μM ouabain or 50 μM

strophanthidin (Table 1), because the three perturbations
decreased the ISP in a similar manner (Table 2 and eqn 3).
Ouabain at the higher concentration might additionally
alter the properties of other cell types, such as marginal
cells, that could significantly influence the EP (eqn 3;
see Discussion). Nevertheless, even in the case of 1 mM

ouabain, because the reduction of the ISP greatly exceeded
the potential difference across marginal cells (75.8 ± 2.1
vs. 24.2 ± 3.5 mV, Table 2), it is clear that the decline of the
EP stemmed mainly from the change of the syncytium’s
electrochemical properties.

Anoxia and vascular perfusion of 1 mM ouabain, both of
which block Na+,K+-ATPase expressed at the basolateral
surface of marginal cells, decreased the ISP and increased
the aK+

IS (Fig. 3C) as we previously found (Nin et al.
2008). The increase of aK+

IS is a major factor that under-
lies the reduction of the ISP, as aK+

i(Syn) probably does not
change (Nin et al. 2008; eqn 1). As depicted in Fig. 3C,
during blockage of the marginal cells’ Na+,K+-ATPase by
1 mM ouabain, the electrode was advanced farther. Before
encountering the endolymph, we detected the marginal

cells’ cytoplasm showing a potential similar to the ISP
and an aK+ of 48 mM that was prominently lower than
aK+

IS and aK+
EL (Fig. 3C, arrow). Under this condition,

aK+
i(MC), which is approximately 80 mM under physio-

logical conditions, was probably reduced by ouabain (Nin
et al. 2008). aK+

EL seemed to be constant even when
the marginal cells’ Na+,K+-ATPase was inhibited (Nin
et al. 2008). Therefore, the change in aK+

i(MC) might
enhance the K+ diffusion potential across the apical
surfaces of marginal cells, providing a prominent potential
difference across these cells (eqns 2 and 3; Fig. 3C and
Table 2; Nin et al. 2008). Indeed, the electrode recorded
a large reduction of the potential (41 mV) when it was
advanced beyond the marginal cells and into the end-
olymph (Fig. 3C). Taking these data together, it is clear
that the mechanism underlying the reduction of the EP by
the perilymphatic perfusion of the blockers differs from
that induced by anoxia and by the vascular perfusion of
ouabain (see Fig. 3 and Supplemental Fig. 3B).

Role of fibrocyte K+ transport in generation of the EP

Analysis of the IS (Fig. 3) suggests strongly that
suppression of the ISP by perilymphatic perfusion of the
blockers is caused by a change of aK+

i(Syn) or VSyn. To
determine which factor was responsible, we examined
the syncytium with a K+-selective electrode. Fibrocytes,
the major constituents of the syncytium, have little cyto-
plasm and highly invaginated membranes (Takahashi &
Kimura, 1970; Kikuchi et al. 1995; Spicer & Schulte, 1996,
2002). These features complicate insertion of an electrode
in the syncytium. Among 24 experiments, the electrode
seemed to enter and remain inside the syncytium, but the
measurement became unstable after several minutes. At
such short delay, the blockers cannot sufficiently suppress
the EP and the ISP (Figs 2 and 3). We therefore took
an alternative approach: the solution in the presence or
absence of the blockers was first perfused into the peri-
lymph for 50 min. Thereafter, the perfusate continued to
be applied and the K+-selective electrode was driven from
the perilymph toward the endolymph across the lateral
cochlear wall (1.5 μm s−1) to examine the syncytium
(Figs 4 and 5).

Figure 4A shows at an expanded time scale the electro-
chemical properties of the lateral wall during perfusion
of a control solution that contained no blocker. Within
the syncytium region, the electrode clearly encountered
five compartments other than the perilymph. When
the electrode was inserted into each of the three
compartments closer to the endolymph than the other
two compartments, the aK+ abruptly increased and
reached a plateau of 62.0–67.6 mM (Fig. 4A, grey and
filled arrowheads). The potential also followed a similar
course, reaching a maximum of +8.9 to +10.2 mV. These
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observations indicate that the electrode had entered the
cells constituting the syncytium and steadily monitored
the electrochemical properties. By contrast, when the
electrode passed through the other two compartments,
aK+ and the potential displayed spike-like variations
with peak values of 28.3–48.6 mM and +1.9 to +6.3 mV,
respectively (Fig. 4A, open arrowheads). This could have
occurred if the electrode penetrated the invaginated
processes of the fibrocytes, injured the cells or was trans-
iently advanced into the cells’ small volume of cytoplasm.
In support of these possibilities, aK+ in the former three
compartments (>60 mM) was significantly higher than
aK+ in the latter two compartments (<50 mM). In the
assay depicted in Fig. 4A, the IS was not clearly detected
before the endolymph; this result was sometimes observed
in our previous studies (Nin et al. 2008).

Within the syncytium region in each of the six cochleae
perfused with the control solution, we observed the
compartment other than the perilymph multiple times
(2–5) and never recorded a negative potential. The
compartment neighbouring the IS or the endolymph
exhibited the highest aK+ (58.6–60.4 mM) in five cochleae,
and it also exhibited aK+ similar to the highest value
(66.7 vs. 67.6 mM) in one case. In addition, aK+ and the
potential in this compartment were always stable (n = 6).
Similar results were obtained when the cochleae treated
without perfusate were assayed (n = 40). We conclude
that, in each experiment, this compartment probably
represents the inside of the syncytium (Fig. 4A, filled
arrowhead). These measurements were therefore used
to characterize the electrochemical properties of the
syncytium (Fig. 5). The mean values of aK+ and potential
measured in cochleae that were perfused with a control
solution were 60.9 ± 1.2 mM and +7.2 ± 0.9 mV (n = 6);
these values are not significantly different from those
recorded in the cochleae that were not perfused (aK+

62.3 ± 1.0 mM, potential +6.9 ± 0.5 mV, n = 40; Fig. 5).
The compartment that was observed adjacent to the IS
or the endolymph may correspond to the inside of basal
cells or of intermediate cells for the following reasons.
Fibrocytes are scattered throughout the spiral ligament
and in some cases might not be encountered by the
electrode. Additionally, basal cells form a continuous
monolayer and many intermediate cells overlie this layer
(Fig. 1B); the electrode could enter either of these two cell
types in every trial.

We next examined the lateral wall during perfusion with
50 μM ouabain (Fig. 4B). On insertion of the electrode but
before encountering the endolymph, we observed the IS
exhibiting an aK+ similar to that measured in the peri-
lymph and a potential of +7.5 mV (filled arrow) but could
not clearly detect other compartments. It strongly suggests
that aK+

i(Syn) was low in this condition. We examined 10
cochleae and, to estimate the properties of the syncytium,
averaged the aK+ and potential of the regions observed

adjacent to the IS or the endolymph (filled arrowhead
in Fig. 4B). The mean values were 10.4 ± 1.2 mM and
−3.9 ± 0.8 mV, respectively (Fig. 5). These observations
imply that the inhibition of fibrocytes’ Na+,K+-ATPase
by the perilymphatic perfusion of 50 μM ouabain greatly
reduces aK+ and modestly hyperpolarizes the potential in
the syncytium. Reduction of the aK+ probably diminishes
the K+ gradient across the apical surface of the syncytium,
thereby suppressing the ISP (see eqn 1 and Fig. 6).
This mechanism might account for the decline in the
EP because, in the presence of 50 μM ouabain, the
potential difference across the marginal cells is small and
relatively unaffected (Fig. 3A, Table 2, and eqn 3). Hyper-
polarization of the syncytium is also low, roughly 11 mV
(Fig. 5B), and thereby modestly contributes to the change
of the EP (eqn 3). The marked reduction of aK+

i(Syn)

by ouabain strongly supports the hypothesis that active
K+ transport occurs across the fibrocytes’ membranes
in vivo as expected. Similar effects were observed during
perfusion with 1 mM ouabain (Fig. 4C); the average aK+

and potential in the syncytium were 11.3 ± 1.2 mM and
−5.8 ± 1.2 mV (n = 8) (Fig. 5). These values were not
significantly different from the results obtained during
perfusion of 50 μM ouabain (Fig. 5). Therefore, the
fibrocytes’ Na+,K+-ATPase seemed to be fully blocked by
ouabain at a concentration as low as 50 μM. Perfusion
of 50 μM strophanthidin similarly hyperpolarized the
potential (−5.0 ± 0.8 mV) but reduced the aK+ to lesser
extent (16.5 ± 1.5 mM; n = 11) (Fig. 5 and Supplemental
Fig. 3C). This blocker nevertheless suppressed the ISP to
the same extent as 50 μM ouabain (Supplemental Fig. 3B;
see also Figs 3A and 3B and Table 2).

Discussion

The spiral ligament has been thought to be involved
in formation of the EP (Konishi & Mendelsohn, 1970;
Kuijpers & Bonting, 1970; Kusakari et al. 1978; Marcus
et al. 1981; Komune et al. 1985; Shugyo et al. 1990;
Minowa et al. 1999; Kikuchi et al. 2000; Wangemann,
2002; Higashiyama et al. 2003, 2010). Fibrocytes express
several types of K+ transport apparatus that might
participate in the flow of K+ across the ligament,
including Na+,K+-ATPase, NKCC type 1 (NKCC1),
K+,Cl−-cotranspoter and H+,K+-ATPase (Schulte &
Adams, 1989; Schulte & Steel, 1994; Spicer & Schulte, 1996;
Crouch et al. 1997; Xia et al. 1999; Boettger et al. 2003;
Shibata et al. 2006). Of these apparatus, Na+,K+-ATPase
and NKCC1 have been most extensively analysed using
electrophysiological techniques (Konishi & Mendelsohn,
1970; Kuijpers & Bonting, 1970; Sellick & Johnstone, 1974;
Kusakari et al. 1978; Marcus et al. 1981; Komune et al.
1985; Shugyo et al. 1990; Flagella et al. 1999; Higashiyama
et al. 2003, 2010). Recently, progressive hearing loss and
impairment of the EP have been detected in heterozygotic
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Figure 6. Summary of the electrochemical milieu of the lateral
cochlear wall.
Top, the structure of the lateral wall and K+ transport apparatus
involved in the formation of the EP. The other panels display the
predicted potential and aK+ in each compartment under normal
condition (second panel) and during inhibition of Na+,K+-ATPase in
fibrocytes by perilymphatic perfusion of 50 μM ouabain (third panel)
and that in marginal cells by vascular perfusion of 1 mM ouabain or
anoxia (fourth panel). Arrowheads filled with yellow point to the
membrane compartments in which a K+ diffusion potential occurs.
Upward and downward arrows show increases and decreases of aK+
as compared to those in the normal condition. Of note, in the
second condition (third panel), the aK+ of the syncytium decreases
whereas the aK+ of the IS remains constant. This change diminishes
the K+ diffusion potential across the apical surface of the syncytium
and, considering that potential difference across the marginal cells
remains unchanged, is primarily responsible for reduction of the ISP
and the EP. In contrast, the third condition (fourth panel) not only
increases the aK+ of the IS, which reduces the ISP, but also decreases
the aK+ within the marginal cells, which enlarges the K+ diffusion
potential across their apical surface. These two elements contribute
to impairment of the EP. NKCC, Na+,K+,2Cl−-cotransporter; ClC,
Cl− channels ClC-K/barttin; MC, marginal cell; IC, intermediate cell;
BC, basal cell; IS, intrastrial space; TJ, tight junction; api, apical; baso,
basolateral.

α1- and α2-Na+,K+-ATPase+/− mice, which are expected
to experience a reduced activity of fibrocyte ATPase in the
cochlea, as well as in NKCC1+/− animals (Diaz et al. 2007).
This and previous studies suggest two things: first, in the
fibrocytes the active K+ transport may occur and be driven
by the K+ uptake apparatus; and second, the K+ trans-
port would contribute to the EP. In vivo experiments
that examine electrochemical properties of the lateral wall
during blockage of the apparatus could provide evidence
that supports these hypotheses, but have heretofore not
been performed. We therefore examined the lateral wall
with K+-selective electrodes. As for the aforementioned
mutant animals, elevation of the hearing threshold
occurred earlier in the α1- and α2-Na+,K+-ATPase+/−

mice than in the NKCC1+/− mice during development.
This implies primacy of Na+,K+-ATPase over NKCC1 in
the K+ transport system of fibrocytes (Diaz et al. 2007).
Additionally, it was difficult to measure the narrow spaces
of the IS and syncytium with an electrode. Therefore, in the
present study we have focused on one transport process,
the Na+,K+-ATPase, to examine the fibrocytes’ K+ trans-
port and its relevance to the EP.

We demonstrated that perilymphatic perfusion of
50 μM ouabain decreases aK+

i(Syn) in living guinea
pigs (Figs 4 and 5). This result may support a pre-
vious finding that the K+ content of the lyophilized
spiral ligament, measured by helium-glow photometry,
declined during perilymphatic perfusion of ouabain
(Marcus et al. 1981). Because ouabain had little effect
on aK+

IS (Figs 3A and 6), it diminished the K+ gradient
and thus the K+ diffusion potential across the apical
surface of the syncytium (eqn 1). This effect was largely
responsible for reducing the ISP, because the syncytium
was only moderately hyperpolarized (Figs 5 and 6; eqn 1).
Furthermore, perfusion of 50 μM ouabain negligibly or
only modestly changed the potential difference across
the marginal cells (Figs 3A and 6; Table 2). These results
imply that the decline of the EP is due primarily to a
decrease of aK+

i(Syn) (eqn 3). Interestingly, perfusion of
1 mM ouabain induced across the marginal cells a large
potential difference, which would significantly contribute
to the reduction of the EP to negative values (Fig. 3A
and Table 2). Although the mechanism that establishes
the potential difference remains uncertain, it is possible
that ouabain reaches marginal cells through an alternative
pathway and modulates ionic properties within these cells.
Alternatively, ouabain might induce a negative EP by
affecting the transporter in other epithelial cells that are
involved in maintenance of the EP. Nevertheless, because
the reduction of the ISP greatly exceeds the marginal
cell’s potential difference (Table 2), the decline of the EP
during the perfusion of 1 mM ouabain also stems primarily
from the decrease of aK+

i(Syn) (eqn 3). Taken together, the
results indicate that fibrocytes use the Na+,K+-ATPase to
take up K+ from the perilymph and thus maintain high
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aK+
i(Syn), which is essential for the K+ diffusion potential

underlying the highly positive ISP and EP (Fig. 6).
These observations provide the first in vivo evidence
for active K+ transport through fibrocytes and elucidate
the mechanism of its contribution to the formation
of the EP. This local K+ transport could also mediate
the unidirectional K+ circulation through a pathway
comprising perilymph, the lateral wall, endolymph and
hair cells (Fig. 1). Strophanthidin at 50 μM reduces the ISP
and the EP by a process similar to 50 μM ouabain, although
strophanthidin appears to have an additional effect on the
syncytium (see below). The mechanism underlying the
reduction of the EP by anoxia and by vascularly perfused
ouabain, however, is clearly different. These perturbations
should block Na+,K+-ATPase on the basolateral surfaces of
marginal cells because the capillaries in the stria vascularis
form the densest network in the lateral wall (Slepecky,
1996). During anoxia or vascular perfusion of ouabain,
the aK+

IS increases markedly (Figs 3C and 6) as previously
reported (Nin et al. 2008). The alteration diminishes the
K+ gradient across the apical surface of the syncytium
because aK+

i(Syn) was probably unchanged (Nin et al. 2008;
Fig. 6). The K+ diffusion potential eventually decreases
and the ISP declines (eqn 1). Simultaneously, ouabain and
anoxia reduce aK+

i(MC) with little effect on aK+
EL, causing

the K+ diffusion potential across the apical surface of
marginal cells to enlarge (Fig. 3C; Nin et al. 2008). Due
to the augmented potential difference across the marginal
cells and the reduced ISP, the EP is largely impaired and
becomes negative (eqn 3 and Fig. 6). Note that our pre-
vious study (Nin et al. 2008) quantitatively verified all the
above processes by comparing the measured ISP and EP
to those calculated by eqns (1) and (3) with the measured
values of aK+ in various compartments.

Under physiological conditions, V Syn is slightly positive
relative to the potential of the perilymph (Figs 4, 5
and 6), which permits the K+ diffusion potential across
the apical surface of the syncytium to form the highly
positive ISP (Nin et al. 2008). The mechanism that
sustains this electrical property of the syncytium remains
elusive. Although aK+

i(Syn) declined markedly during peri-
lymphatic perfusion of ouabain and strophanthidin, V Syn

was only modestly more negative and never more positive
(Figs 4 and 5), suggesting that fibrocyte membranes
express little K+ permeability. Immunolabeling of ClC-K
Cl− channels has been detected in type II and IV fibrocytes
(Qu et al. 2006). This has not been observed in other
studies (Estévez et al. 2001; Sage & Marcus, 2001; Rickheit
et al. 2008) but Cl− conductance has been recorded in
cultured fibrocytes (Maehara et al. 2003; Qu et al. 2006,
2007). Even if functional Cl− channels are expressed
in native fibrocytes, they might not be responsible for
establishing the syncytium’s characteristics: under physio-
logical conditions, because [Cl−] seems to be higher in
perilymph than within the syncytium (Ikeda & Morizono,

1989; Nin et al. 2012), a Cl− conductance could hyper-
polarize the fibrocytes with reference to the perilymph.
Alternatively, if fibrocytes express non-selective cation
channels and the cation concentration of the peri-
lymph is higher than that inside the syncytium, then the
syncytium’s potential could be measured as positive. When
Na+,K+-ATPase is blocked, the cation concentration
inside the syncytium would increase and exceed that of the
perilymph. This could subsequently allow non-selective
cation channels to hyperpolarize the syncytium, an effect
that we observed in the present study (Figs 4B and 5).

Although strophanthidin at 50 μM reduced the ISP
and V Syn as much as ouabain at all concentrations
(Table 2), the effect of strophanthidin on aK+

i(Syn)

was less prominent (Fig. 5 and Supplemental Fig. 3C).
This inconsistency might indicate that strophanthidin,
which is permeable through the membranes to some
extent (Garner, 2002), affects ion transport mechanisms
other than Na+,K+-ATPase on the apical surface of the
syncytium and modulates ionic concentrations inside
the syncytium or ionic permeabilities on this membrane
compartment. Future studies should reveal ion transport
mechanisms that control the milieu of the syncytium and
its pharmacological properties.
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