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Computer modeling defines the system driving a constant
current crucial for homeostasis in the mammalian cochlea by
integrating unique ion transports
Fumiaki Nin1,2,3, Takamasa Yoshida4, Shingo Murakami5, Genki Ogata 1,2, Satoru Uetsuka6, Samuel Choi7, Katsumi Doi8,
Seishiro Sawamura1, Hidenori Inohara6, Shizuo Komune4,9, Yoshihisa Kurachi10,11 and Hiroshi Hibino 1,2,3

The cochlear lateral wall—an epithelial-like tissue comprising inner and outer layers—maintains +80mV in endolymph. This
endocochlear potential supports hearing and represents the sum of all membrane potentials across apical and basolateral surfaces
of both layers. The apical surfaces are governed by K+ equilibrium potentials. Underlying extracellular and intracellular [K+] is likely
controlled by the “circulation current,” which crosses the two layers and unidirectionally flows throughout the cochlea. This idea
was conceptually reinforced by our computational model integrating ion channels and transporters; however, contribution of the
outer layer’s basolateral surface remains unclear. Recent experiments showed that this basolateral surface transports K+ using Na+,
K+-ATPases and an unusual characteristic of greater permeability to Na+ than to other ions. To determine whether and how these
machineries are involved in the circulation current, we used an in silico approach. In our updated model, the outer layer’s
basolateral surface was provided with only Na+, K+-ATPases, Na+ conductance, and leak conductance. Under normal conditions, the
circulation current was assumed to consist of K+ and be driven predominantly by Na+, K+-ATPases. The model replicated the
experimentally measured electrochemical properties in all compartments of the lateral wall, and endocochlear potential, under
normal conditions and during blocking of Na+, K+-ATPases. Therefore, the circulation current across the outer layer’s basolateral
surface depends primarily on the three ion transport mechanisms. During the blockage, the reduced circulation current partially
consisted of transiently evoked Na+ flow via the two conductances. This work defines the comprehensive system driving the
circulation current.
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INTRODUCTION
The electrochemical balance between intracellular and extracel-
lular compartments is crucial for proper activity of all the tissues
and organs. The cochlea of the mammalian inner ear, a peripheral
organ of hearing, requires specific ionic and potential environ-
ments to effectively transduce the mechanical energy of sounds
into electrical signals. This organ comprises three chambers: the
scala media, scala tympani, and scala vestibuli (Fig. 1a). The scala
tympani and scala vestibuli contain perilymph, which maintains
ionic composition of a regular extracellular fluid. On the other
hand, the scala media is filled with an unordinary extracellular
solution that always contains high [K+], 150mM, and a high
potential of +80 mV relative to perilymph, called endocochlear
potential (EP).1, 2 A sensory epithelial layer of hair cells exposes the
apical surface to the endolymph of the scala media and immerses
the basolateral surface in the perilymph of the scala tympani.
Sound input activates mechanoelectrical transduction (MET)
channels on the stereocilia protruding from the apical site of hair
cells. This process introduces endolymphatic K+ into the cells,

depolarizing them.3 The highly positive EP greatly sensitizes hair
cells by accelerating the K+ entry. K+, after exciting hair cells, exits
to perilymph via K+ channels on the basolateral surface along the
electrochemical gradient, allowing the cells to recover their ionic
milieu back to the resting condition without consuming energy.4–9

Accordingly, the endolymphatic high [K+] as well as EP are
essential for hearing. These properties are likely to be maintained
by the lateral cochlear wall, an epithelial-like tissue composed
functionally of outer and inner layers.10–12 EP represents the sum
of all the membrane potentials on the apical and basolateral
surfaces of the two layers11, 13–15 (Fig. 1b). In vivo electrophysio-
logical experiments have revealed that the apical surface in each
layer is governed by K+ equilibrium potential (EK), which depends
on intracellular and extracellular [K+] across the membrane (Fig.
1b).13–15 An outline of the regulatory mechanisms underlying the
[K+] properties was shown by our earlier computational model
based on experimental observations as follows.16, 17 First, on each
basolateral and apical surface in the outer and inner layers of the
lateral wall, ion channels and transporters are engaged in an
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interplay and unidirectionally transport K+ under normal condi-
tions. Second, these four types of unidirectional K+ transport that
take place in the lateral wall and the transcellular K+ flow of the
hair-cell layer are linked, circulating K+ continuously between
endolymph and perilymph (Fig. 1a). Third, this circulation current,
namely K+ recycling,11, 18, 19 controls the lateral wall’s intracellular
and extracellular [K+] properties underlying the EP. The circulation
current has been recorded in vivo as the potential gradient
stemming from ionic fluxes using a probe placed in perilymph.6

This current likely contributes to the maintenance of not only EP
but endolymphatic high [K+].12, 18–21 Similar ionic circulation
seems to occur in retinal photoreceptors and intestinal epithelia
and may be involved in their electrochemical homeostasis.22, 23

Among the four membrane domains of the lateral cochlear wall,
the apical and basolateral surfaces of the inner layer and the apical
surface of the outer layer have been extensively analyzed by
different approaches8, 12, 17, 21; the relevance of the channels and
transporters to the circulation current has also been theoretically
described in the aforementioned computational model.16 In this
model, the unidirectional K+ transport across the outer layer’s
basolateral surface, which faces perilymph, was simply designed
with histochemically identified Na+,K+-ATPases and Na+,K+,2Cl−-
cotransporter (NKCC)24–27 although physiological significance of
these two K+ uptake transporters had remained elusive. In this
context, the modeling for the circulation current has not yet been
completed. Recent experimental endeavors have revealed that in
the outer layer’s basolateral surface, Na+,K+-ATPases but not NKCC
are likely to transport K+ in vivo.28, 29 Furthermore, this surface is
more permeable to Na+ than to K+ and Cl−, and therefore it shows
positive resting membrane potential (RMP) of +5 to +12mV with
reference to perilymph.28, 30 This permeability profile is relatively
unique because in the majority of cell types, K+ or Cl− permeability
dominates the membrane in the resting state.31–34 In the present
study, we theoretically determine whether and how the ion
transport mechanisms on the outer layer’s basolateral surface
contribute to the circulation current essential for hearing.

MODEL DEVELOPMENT
Formation of EP
Morphological characteristics of the lateral cochlear wall are
depicted in Fig. 1b. The lateral wall consists of two tissue
components: the stria vascularis and spiral ligament. The stria
vascularis contains marginal, intermediate, and basal cells,
whereas the spiral ligament comprises fibrocytes. Marginal cells
constitute a single epithelial layer that is apically exposed to
endolymph. Intermediate cells, basal cells, and fibrocytes are
connected via gap junctions, so that these three cell types
constitute an electrochemical syncytium.18, 19, 35 This syncytium
serves as an epithelial-like layer; the basolateral surface is primarily
composed of the fibrocytes’ membranes bathed in perilymph, and
the apical surface is dominated by intermediate cells’ membranes
facing the basolateral membranes of marginal cells. The marginal-
cell and syncytial layers correspond to the aforementioned inner
and outer layers, respectively; in the text below, the first two terms
will be used. In these two layers, tight junctions of marginal cells
and basal cells act as physical and electrical barriers, as observed in
common epithelial tissues.23, 36–39 Because intermediate cells’
membranes and basolateral membranes of marginal cells are
highly interdigitated, the extracellular space between the two layers
is narrow: ~15 nm.40 This so-called intrastrial space (IS) has a low
[K+] of 5 mM and a highly positive potential similar to EP.13, 15, 41

In accordance with some studies,11, 13–15 EP and the potential of
the IS (ISP) are defined as follows:

EP ¼ vSB � vSA þ vMB � vMA (1)

and

ISP ¼ vSB � vSA; (2)

where vSB and vSA are the membrane potentials across the
basolateral and apical surfaces of the outer syncytial layer,
respectively, and vMB and vMA are those across the basolateral
and apical surfaces of the inner marginal-cell layer, respectively
(Fig. 1b). Each membrane potential is measured with reference to
the neighboring extracellular fluid. Under physiological conditions,
the voltage difference across the marginal-cell layer (vMB − vMA) is
small: <10 mV13, 15; therefore, EP is governed primarily by ISP.14

Fig. 1 Morphological and electrochemical characteristics of the
cochlea. a Structure of the cochlea. This organ is composed of three
tubules: the scala vestibuli (SV), scala tympani (ST), and scala media
(SM). The SV and ST contain a normal extracellular fluid, perilymph,
whereas the SM is filled with the endolymph, of which [K+] and
potential are 150mM and +80mV, respectively. This potential is
referred to as an endocochlear potential (EP). The locations of the
spiral ligament and stria vascularis, which constituent the lateral
wall, are also illustrated. Note that the ligament is dominated by
fibrocytes. The circulation current unidirectionally flows throughout
the cochlea, as depicted. The cellular composition of the stria and
ligament in the region indicated with a black rectangle is illustrated
in the upper panel of b. b Structure of the lateral cochlear wall. In the
lateral wall, fibrocytes (FC) of the ligament and the basal and
intermediate cells of the stria (BC and IC, respectively) are all
connected with gap junctions; therefore, they form a syncytium
(upper panel). Because of the tight junctions (TJs) between the basal
cells, fibrocytes and intermediate cells can be assumed to constitute
the basolateral and apical surfaces in the syncytium, respectively. On
the fibrocyte membrane, permeability of Na+ is larger than
permeability of K+ and Cl− (PNa> PK, PCl).

30 Between syncytial and
marginal-cell layers in the stria lies the intrastrial space (IS), an
extracellular compartment whose width is 15 nm. Channels and
transporters shown in the upper panel likely perform pivotal
functions in maintaining the circulation current and EP. The
syncytium and the layer of the other strial cell type, marginal cells,
are comparable to the outer and inner layers, respectively (see
Abstract and Introduction). The lower panel shows electrochemical
properties of each compartment of the lateral wall; vSB, vSA, vMB, and
vMA correspond to the membrane potentials across the basolateral
and apical surfaces of the syncytial and marginal-cell layers
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General description of the computational model
The computational model constructed and used in this study is an
updated version of the Nin–Hibino–Kurachi (NHK) model
described in our earlier work,16 and therefore principles of the
two are basically the same. The present model, which was
constructed using MATLAB 2016b (Mathworks, Natick, US), was
designed to simulate electrochemical phenomena of the cochlea
in 10-µm slices, a distance corresponding to the width of one row
of hair cells and lateral-wall cells. All the parameters used in the
model are shown in Supplementary Table 1 (see also the section
“Parameter settings” mentioned below). Besides aforementioned
Eqs. (1, 2), pivotal equations defining the model are described
below and in Fig. 2a; more detailed formulations are shown in
Supplementary Information. Briefly, the amplitudes and

characteristics of EP, ISP, and the circulation current depended
upon functionality of ion channels, ion transporters, and ion
permeability on the membrane as well as morphological profiles
of the cochlea, which includes three layers; outer syncytial, inner
marginal-cell, and hair-cell layers, and three extracellular spaces;
the IS, perilymph in the scala tympani and scala vestibuli, and
endolymph in the scala media (Fig. 2b, c). To reproduce the
circulation current flowing throughout the cochlea,4, 6 a large
closed-loop circuit was constructed by connecting the ion
transport mechanisms in six membrane domains (i.e., six surfaces)
in a series, as illustrated in Fig. 2c. In this arrangement, the
circulation current (ICir) is always comparable to the summed
current through MET channels of the hair-cell layer (MET current;
IMET). Because the amplitude of IMET is proportional to the potential
difference across the apical surface of the hair-cell layer; in other
words, the value obtained by subtraction of EP from the
membrane potential across the basolateral surface of the hair-
cell layer,4 the value of ICir (i.e., IMET) depends on that of EP as
follows16 (Fig. 2a):

vHA ¼ �EPþ vHB (3)

IMET ¼ GMET vHA � RT
F

ln
Kþ½ �EL
Kþ½ �HC

� �� �
; (4)

Fig. 2 Principles and key elements of the fi-NHK model. a
Membrane currents and spatial electrochemical properties defined
in the fi-NHK model. The schematic shows a general model of
current flows through a single layer or layer–layer interface. The
circulation current (ICir), which passes through all the membranes
and spaces, corresponds to the sum of ionic flows through three
hair cells; therefore, it depends on the conductance of mechan-
oelectrical transduction channels (GMET) and the potential difference
between endolymph and the hair-cell layer (vHA; first equation). Also
illustrated are currents carried by three ion species, K+, Na+, and Cl−,
which flow through channels and transporters across membrane 1
(M1) into the neighboring space (IK,1, INa,1, and ICl,1, respectively) and
leave from this space across membrane 2 (M2) (IK,2, INa,2, and ICl,2,
respectively). In this situation, a change in the membrane potential
across M1 (v1) depends on the difference between ICir and the sum
of IK,1, INa,1, and ICl,1. This is also the case for the membrane potential
across M2, as summarized in the second equation where n indicates
the ID number of a membrane. A change in each ion concentration
in the space is calculated by subtraction of the ionic flow across M2
from that across M1 as denoted in the third equation. In this
equation, each ionic species is represented by X. [K+]EL and [K+]HC
are K+ concentrations in endolymph and the hair cell, Cn is the
capacitance of membrane n, V is the volume of the intracellular or
extracellular space, and F, R, and T are the Faraday constant, Gas
constant, and absolute temperature, respectively. For details, see
also “General description of the computational model.” b Compo-
nents of the model. The number of cells of each type and the
volume of each tissue are shown with the volume of perilymph, of
the intrastrial space, and of endolymph. c, d All the ionic flows in the
fi-NHK model. In c, all the intracellular compartments and
membrane domains constructed in the model are also illustrated
and highlighted in graded green and brown, respectively. In the
model, syncytial, marginal-cell, and hair-cell layers are assembled in
a series. Ion conductance and transporters form a closed-loop circuit
which serves as the route for the circulation current (c). In the former
NHK model (right panel in d), the syncytial basolateral surface was
provided with Na+,K+-ATPases, Na+,K+,2Cl−-cotransporter (NKCC), and
Cl− transporter (Cl−-T). In the updated (fi-NHK) model (c and left panel
in d), this surface is assumed to harbor only Na+,K+-ATPases, Na+

conductance, and leak conductance and to locally recycle Na+ among
these three machineries. NKCC, which has been immunohistochemi-
cally detected in fibrocytes, appears to only minimally contribute to K+

transport,29 and therefore was not included in the fi-NHK model (also
see c). Na+ Na+ conductance, Leak leak conductance, NSC nonselective
cation conductance, Na+-T Na+ transporter, MET mechanoelectrical
transduction, ClC ClC/K Cl− channels
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where [K+]EL and [K+]HC are [K+] in endolymph and the hair cell,
respectively, GMET denotes the conductance of MET channels, vHA
and vHB are the potentials of the hair-cell apical and basolateral
surfaces, respectively, R is the gas constant, T represents
temperature, and F is the Faraday constant. The MET current
exists even without acoustic stimuli (~1 nA/hair cell)42, 43; there-
fore, ICir flows throughout the cochlea under physiological
conditions.
The definitions and relations among membrane potentials and

extracellular or intracellular ion concentrations are as follows (Fig.
2a). The change in the membrane potential of the apical and
basolateral surface of each layer obeys the difference between ICir
that flows into the membrane and the sum of currents that move
through the channels and transporters on the same membrane
(IM):

dv
dt

¼ 1
C
dQ
dt

¼ ICir � IM
C

¼ ICir � IK � INa � ICl
C

; (5)

where v is the membrane potential, Q is the electric charge
accumulated on the membrane, C denotes capacitance of the
membrane, and IK, INa, and ICl represent K

+, Na+, and Cl− current
fractions, respectively, constituting IM. Note that in the lateral wall,
ICir also stems from the sum of all the currents through the
channels and transporters. Furthermore, the ion concentrations in
each extracellular and intracellular compartment are regulated by
ionic currents through the membranes:

d½X�
dt

¼ IX;In � IX;Out
VF

; (6)

where [X] is the concentration of ion X, IX,In represents the inward
current of X, IX,Out is the outward current of X, and V denotes the
volume of the compartment. IX,In and IX,Out are constituents of IM
and ICir. Thus, in the steady state, ICir is equivalent to IM for all
membranes, and IX,In is the same as IX,Out for all the compartments,
providing constant values for all ionic concentrations (d[X]/dt = 0),
all membrane potentials (dv/dt = 0), and both EP and ISP, which
derive from the membrane potentials (Eqs. (1, 2)). If the channels
or transporters are modulated by certain perturbations, a
difference between IM and ICir emerges; consequently, the
membrane potentials, ionic concentrations, and EP change.

Ion channels and transporters
Detailed equations for each type of ion channels and transporters
incorporated into our model are shown in Supplementary
Information; the principles are described below.
The current through ion channels in the model obeys Ohm’s

law:

IChannel ¼ GChannel v � EXð Þ; (7)

where IChannel is the current through a channel permeable to ion X,
GChannel is conductance of the channel, v is the membrane
potential in which the channel is located, and EX is the equilibrium
potential of ion X.
The function of ion transporters is regulated by different sets of

parameters, which vary among the transporter types. In our
model, the net current through a transporter (ITransporter) is defined
as follows:

ITransporter ¼ f v; Kþ½ �in; Kþ½ �out; Naþ½ �in; Naþ½ �out; Cl�½ �in; Cl�½ �out
� �

;

(8)

where v is the membrane potential, and [K+]in, and [K+]out, [Na
+]in,

[Na+]out, [Cl
−]in, and [Cl−]out are respective ionic concentrations

inside and outside the cell.

Parameter settings
All the parameters used in the model such as the conductances
and activities of channels and transporters, membrane

capacitances, the number of cells of each type, and the volume
of each intra/extracellular space are based on the experimental
observations and are listed in Supplementary Table 1. All the initial
values of the spatial ion concentrations and membrane potentials
applied to begin the simulations were also determined on the
basis of the measured data and are shown in Supplementary Table
2. Procedures for setting several crucial parameters are described
below.

Morphometry of the tissues in the lateral cochlear wall
In the updated version of the NHK model, we made the volumes
equal for all the cell types in the lateral wall and for hair cells
(Supplementary Table 1), as we proposed in the former model.16

Therefore, the number of cells constituting the stria vascularis or
spiral ligament correlates with the volume of the respective tissue,
except for the extracellular space. To determine the number of
fibrocytes for the simulation, we histologically analyzed a cochlear
section of guinea pigs as follows. All the animal experiments,
which were designed in accordance with the Japanese Animal
Protection and Management Law, were carried out in compliance
with the protocol that was reviewed by the Institutional Animal
Care Committee and the President of Niigata University (Permis-
sion Number: #26 Niigata Univ. Res. 96–1). Guinea pigs were
housed at the animal facility and kept in a 12-h light/12-h dark
cycle. Food and water were provided ad libitum. All animal
handling and reporting comply with the ARRIVE guidelines.44

Cochlear samples were prepared as described previously.45 Male
Hartley guinea pigs (200–400 g, 3–5 weeks of age; SLC Inc.,
Hamamatsu, Japan) were intraperitoneally administrated with
pentobarbital sodium (150mg/kg; Somnopentyl; Kyoritsu Seiyaku,
Tokyo, Japan). The depth of anesthesia was confirmed by the
absence of a response to a toe pinch and by the corneal reflex.
After that, the animals were perfused through their left ventricle
with 4% paraformaldehyde in 0.1 M sodium phosphate, pH 7.4.
The cochlea samples isolated from the temporal bone were
prepared as cryothin sections (5 µm) by Kawamoto’s film
method.46 These slices were stained with hematoxylin and eosin
and examined under a light microscope (FSX-100, Olympus,
Tokyo, Japan).
First, an image of the stria vascularis and spiral ligament in the

second turn of the cochlear cross-section was captured at low
magnification (×75) using a microscope. In this image, the edge of
each tissue was traced by means of the “Measurement and ROI
tool” in the cellSens software (Olympus) to measure the area
(Supplementary Fig. 1a). The total regions of the stria and
ligament had the area of 12,107.1 ± 798.4 and 74,353.8 ± 4709.5
μm2 (n = 3), respectively. Next, in a high-magnification image
(×1000; Supplementary Fig. 1b, c), the proportion of cell bodies
including a nucleus in each tissue was determined by means of
the “Manual HSV threshold tool” in the software (the stria: 91.6% ±
4.5%, the spiral ligament: 42.3% ± 1.6%; n = 3). By calculating these
percentages and the area, we found that the ratio of the total
cellular region in the stria to that in the ligament was
approximately 1:3. This ratio is comparable to the ratio of tissue
volumes excluding the extracellular space in the 10-µm slice of the
cochlea and therefore corresponds to the ratio of the cell
numbers. In our previous study,16 the number of strial cells
composed primarily of marginal and intermediate cells (MCs and
ICs, respectively) was estimated to be 56 per slice (NMC = 16 and
NIC = 40; Fig. 2b). Thus, in the present study, the number of
fibrocytes, which dominate cellular components of the ligament,
was set to 168 (Fig. 2b and Supplementary Table 1).

Conductances and activities of the ion transport apparatus
All the channels and transporters integrated into the model and
all the ionic currents carried by this ion transport apparatus are
illustrated in Fig. 2c. Major revisions of the previous model are as
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follows (Fig. 2d): In the present model, we omitted histochemically
detected NKCC from the syncytial basolateral surface and made
sure that in this membrane domain, the K+ transport, which likely
mediates the circulation current, was governed primarily by Na+,
K+-ATPases (see Introduction). In addition, our in vivo assays
indicated that the syncytial basolateral surface has a positive RMP
of +5 to +12mV because it is more permeable to Na+ than to K+

and Cl−.30 In the experiments, perilymphatic perfusion with a low-
Cl− solution moderately hyperpolarized vSB. This perturbation was
expected to cause depolarization if the membrane harbored
significant Cl− conductance; therefore, its manifestation is unlikely.
Existence of significant K+ conductance could also be ruled out for
two reasons. First, the perilymphatic perfusion with various K+

channel blockers had only moderate effects on EP.47, 48 Second, a
reduction in [K+] in the syncytial layer ([K+]SY) by a pharmacolo-
gical intervention led to hyperpolarization of vSB.

28, 29 These
recently identified profiles were simply reproduced in the updated
model with a few processes as follows (Fig. 2c, d). We incorporated
Na+ and leak conductances but none of the other conductances
into the basolateral surface of the syncytial layer to represent its
permeability profile mentioned above. Moreover, the value of
Na+ conductance was set to significantly exceed that of leak
conductance. No Cl− transport was included in the syncytial
basolateral surface.
Accordingly, the total current through the basolateral surface of

the syncytial layer (ISB) is described by the formula

ISB ¼ INaKATP;SB þ INaConductance;SB þ ILeak;SB; (9)

where INaKATP,SB is the net ionic flow through Na+,K+-ATPases, and
INaConductance,SB and ILeak,SB are the currents through Na+ con-
ductance and leak conductance, respectively. The activity of Na+,
K+-ATPases and values of Na+ conductance and leak conductance
were determined as follows. Under physiological conditions, the
membrane potential of the basolateral surface of the syncytial
layer and ionic concentrations inside this layer are constant.
Therefore, a net current through the basolateral surface of the
syncytial layer corresponds to ICir, and total K+ inflow and outflow
are equal in this layer. In this context, we proposed that Na+

excreted by Na+,K+-ATPases and leak conductance immediately
flows into the syncytial layer through Na+ conductances, thus
representing local Na+ recycling among the three machineries
(Fig. 2d). These relations are described by Eqs. (10–12):

INaKATP;SB þ INaConductance;SB þ ILeak;SB ¼ �ICir; (10)

IK;NaKATP;SB þ IK;Leak;SB ¼ �IK;Net;SA; (11)

INa;NaKATP;SB þ INaConductance;SB þ INa;Leak;SB ¼ 0; (12)

where IK,NaKATP,SB and INa,NaKATP,SB are the K+ and Na+ flows
through Na+,K+-ATPases, IK,Leak,SB and INa,Leak,SB are the K+ and Na+

current components through the leak conductance on the
basolateral surface of the syncytial layer, and IK,Net,SA is the net
K+ current through the apical surface (see Supplementary
Information for details). In a steady state, IK,Net,SA is equivalent to
ICir. The relations among Eqs. (10–12) indicate that Na+

conductance is constitutively active because its inward current
correlates with Na+ outflow through Na+,K+-ATPases that con-
tinuously work and contribute to the circulation current. We
solved Eqs. (10–12) simultaneously using the ionic concentrations
and potentials measured in various extracellular or intracellular
spaces and membrane domains in vivo under physiological
conditions, respectively (Supplementary Table 2), and obtained
values of Na+ and leak conductance and activity of the ATPases
(Supplementary Table 1). Taken together, the arrangements on
the syncytial basolateral surface mirror the assumption that the
membrane potential and circulation current on this membrane
rely on Na+ and leak conductances and Na+,K+-ATPases.
Other parameters of ion channels and transporters in the model

were also based on experimental data, and are listed in
Supplementary Table 1.

The blocking rate of syncytial Na+,K+-ATPases during
perilymphatic perfusion with ouabain
Perilymphatic perfusion with ouabain causes dysfunction of Na+,
K+-ATPases on the basolateral surface of the syncytial layer.
Because the extent of blockage of an ATPase has not been
measured experimentally, we used estimated blocking rates to
simulate the effect of ouabain. The blocking rate of the fibrocyte
ATPases (κOuabain,FC) was determined as follows. First, in the model,
we inhibited the Na+,K+-ATPases to different degrees (κOuabain,FC:
0.3 to 0.6) (Supplementary Fig. 2a). Next, we compared the
simulated values of EP, vSB, [K

+]SY, ISP, and [K+]IS at 40 min after the
onset of the inhibition with the stable values that were measured
at 40min after applying 10 μM ouabain to perilymph in the
present study (see “Results”). This comparison is displayed in
Supplementary Fig. 2a. When κOuabain,FC was set to 0.46, all the
simulated data reached values within the ranges of the experi-
mental measurements as summarized in Table 1. Accordingly, we
used this value (0.46) to reproduce the effects of ouabain
perfusion (Supplementary Table 1).

RESULTS
Validation of the updated model by experimental results
Our previous model could not reproduce changes in vSB and [K+]SY
because of a lack of ion transport machineries on the basolateral

Table 1. Comparison of simulated results and experimental measurements

Potential or [K+] Simulation Experiment

Normala Na+,K+-ATPase blockb Controlc Ouabaind p value

EP +72.7mV +9.6mV +83.2± 3.6 mV (n= 4) +5.8± 6.2 mV (n= 4) 0.0002

vSB +9.6mV −3.0 mV +9.9± 1.2 mV (n= 3) −6.2± 2.6 mV (n= 3) 0.0170

[K+]SY 98.3 mM 10.4mM 101.7± 15.1 mM (n= 3) 14.3± 1.5 mM (n= 3) 0.0082

ISP +81.2mV +15.1mV +68.7± 4.6 mV (n= 4) +10.6± 4.4 mV (n= 4) 0.0004

[K+]IS 6.1 mM 4.7mM 8.6± 2.5 mM (n= 4) 4.2± 1.4 mM (n= 4) 0.0051

EP endocochlear potential, vSB the membrane potential across the basolateral surface of the syncytial layer, [K+]SY: [K
+] inside the syncytial layer, ISP intrastrial

potential, [K+]IS: [K
+] in the intrastrial space

a The steady-state values developed during 600 s after the onset of the calculation (Supplementary Table 2)
b Values determined by the simulation at 40min after the onset of Na+,K+-ATPase blockade
c Values collected from the experimental data at 5 min before the onset of ouabain perfusion
d Values obtained at 40 min after the onset of ouabain perfusion
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surface of the syncytial layer16 (Fig. 2d). vSB was hyperpolarized
whereas [K+]SY and EP were reduced during the perfusion of
ouabain, an inhibitor of Na+,K+-ATPases, into a perilymphatic
space: the scala tympani.28, 29 In the present study, we attempted
to test whether these experimental observations could be
replicated by our updated “fibrocyte-integrating Nin-Hibino-
Kurachi (fi-NHK) model” for its overall evaluation. In preliminary
experiments, we succeeded in reducing the size of fenestrae
(<100 μm in diameter) for insertion of electrophysiological
microelectrodes into the cochlea, as compared to earlier works
(fenestrae≥ 200 μm in diameter).29, 30 This improvement must
decrease the damage to the cells constituting the lateral wall (see
Discussion). Accordingly, we first repeated the in vivo experiments
described above.
While EP was continuously monitored with the glass micro-

electrode located in the endolymph of the scala media, the
potential and [K+] in the lateral wall were recorded by double-
barreled microelectrodes sensitive to the [K+] and potential,
namely K+-selective microelectrodes. For measurements of
potentials, perilymph always corresponded to 0mV by our
definition. Figure 3a–d shows the representative data obtained
from a cochlea. Under physiological conditions, EP was +83.9 mV
(Fig. 3a). This value changed only minimally during the perfusion
with control artificial perilymph. To simultaneously analyze the
syncytial layer, a K+-selective microelectrode continued to be
advanced from perilymph to the IS (Fig. 3b) because it is difficult
to hold the electrode inside this compartment, which comprises
morphologically infolded and complicated fibrocytes.28–30, 49 At
the outset, the K+-selective microelectrode in perilymph recorded
[K+] of 5.1 mM. On the pathway toward the IS, spikelike increases
of [K+] were detected along with synchronized mild increases in
the potential. These data indicated that the electrode passed
across multiple fibrocytes constituting the basolateral surface of
the syncytial layer, as reported elsewhere.28–30 Then, the electrode
encountered the IS showing low [K+], 7.3 mM, and a highly
positive potential: +61.0 mV.13, 15, 41 Our previous studies revealed
that among the aforementioned multiple compartments within
the syncytial layer, the one immediately prior to the IS has the
highest and stable values of [K+] and potential, and therefore it
represents the properties of the layer.28–30 According to this
criterion, in the experiment shown in Fig. 3b, syncytial [K+] (i.e.,
[K+]SY) and potential (i.e., vSB) were found to be 96.3 mM and +5.7
mV, respectively. During the subsequent recording, while holding
the same K+-selective microelectrode in the IS, we applied a
solution containing 10 µM ouabain to the perilymphatic space of
the scala tympani (Fig. 3d). ISP was gradually hyperpolarized with
time constants of τ = 1031.3 s and reached a plateau of +14.7 mV
approximately 40 min after the onset of the perfusion. Careful
observations clearly revealed that [K+] in the IS ([K+]IS) was
reduced moderately during the perfusion (Fig. 3d, inset). EP
decayed in a manner similar to that of ISP (τ = 1006.3 s; Fig. 3a).
When the EP reduction stabilized, the K+-selective microelectrode
was moved forward to endolymph; it recorded +6.2 mV (Fig. 3d).
This potential resembled the measurement by the other electrode
that had been placed in endolymph (+8.0 mV; Fig. 3a), confirming
the accuracy of our experiments. After withdrawal to perilymph
(Fig. 3d), a K+-selective microelectrode was again inserted from
perilymph toward endolymph to evaluate syncytial properties
during the perfusion with ouabain as shown in Fig. 3c (see also
Fig. 3a). vSB and [K+]SY, which represented the properties of the
compartment immediately prior to the IS, were −4.3 mV and 11.7
mM, respectively. These results indicate that ouabain reduced
both vSB and [K+]SY, as compared with the data during application
of the control solution (Fig. 3b). After farther insertion of the K+-
selective electrode (Fig. 3c), we detected the IS with a potential of
+10.9 mV. This value was almost identical to the EP value recorded
by the other electrode in endolymph (+8.2 mV; Fig. 3a, c). It

indicates that ouabain barely modified the voltage difference
across the marginal-cell layer.
Using the same procedures as in Fig. 3a–d, we examined 28

cochleae; only in three cases did we clearly analyze all the
compartments of the lateral wall, and additionally, in one trial, we
could evaluate the IS properties but could not stably detect the
syncytial layer. In all these measurements, the effects of ouabain
on EP stabilized at approximately 40 min after the onset of its
perfusion. Averaged values of EP and the potentials and K+

concentrations of the lateral-wall compartments at 40 min after
the onset of perfusion with ouabain as well as those at 5 min
before the onset are shown in Table 1. Thus, the perfusion with 10
µM ouabain reduced all of the following: EP, vSB, [K

+]SY, ISP, and
[K+]IS. We also tested 50 µM ouabain. Out of 24 cochleae we
examined, in four cochleae, we succeeded in measuring all the
five values mentioned above. The results were similar to those
obtained with 10 µM ouabain (Supplementary Table 3).
In live guinea pigs, the perfusion with ouabain seems to

dysfunction Na+,K+-ATPases on the syncytial basolateral surface
directly exposed to perilymph.28, 50 Under physiological condi-
tions, ISP resembles EP; therefore, the voltage difference across
the marginal-cell layer is small.13, 15, 17 When Na+,K+-ATPases on
the basolateral surface of marginal-cell layer are inhibited by any
perturbation, [K+] in this layer ([K+]MC) is reduced, and thus EK on
its apical surface is enhanced.15 As a consequence, the
transepithelial voltage across the marginal-cell layer increases.
These changes may account for the induction of a significant
difference between ISP and EP by perilymphatic perfusion of
ouabain at 1 mM.28 In these contexts, during the application of
ouabain at 10 µM, the difference between ISP and EP was small
(several millivolts) even when the effects of the drug were
maximized and stabilized (see Fig. 3c, d). This observation
indicates that the perturbation seemed to minimally affect the
marginal-cell Na+,K+-ATPases. Accordingly, we intended to simu-
late the experimental condition of 10 µM drug perfusion using the
fi-NHK model by blocking only the syncytial Na+,K+-ATPases.
Because the degree of this blockage is unmeasurable in vivo, in
the model, we used an estimated value. When the activity of
syncytial Na+,K+-ATPases was reduced to 46% of their normal
value (i.e., blocking rate κOuabain,FC = 0.46), all the simulated steady-
state values of EP, vSB, [K

+]SY, ISP, and [K+]IS fell approximately
within the range of the experimental data obtained during
perfusion with 10 µM ouabain (Supplementary Fig. 2a) and
resembled their averaged values (Table 1). The dynamics of these
parameters are displayed in Fig. 3e–g. Under normal conditions,
EP, vSB, and [K+]SY were +72.7 mV, +9.6 mV, and 98.3 mM,
respectively (Fig. 3e, f); the IS showed a potential of +81.2 mV
(ISP) with [K+] of 6.1 mM ([K+]IS; Fig. 3g). As shown in Fig. 3f, we
reconstituted the conditions of ouabain perfusion; vSB gradually
hyperpolarized with a time constant of τ = 240.0 s and stabilized in
25min. [K+]SY declined more slowly (τ = 288.2 s; Fig. 3f). EP, ISP,
and [K+]IS decayed in a similar manner (τ = 454.4, 453.6, and 454.1
s, respectively) and reached a plateau in ~30min (Fig. 3e, g). In Fig.
3h–j, the measured steady-state values of EP and the potential
and [K+] in the syncytial layer and IS in individual experiments
were plotted and compared to the simulated steady-state values;
these two lists of data were comparable with each other. Taken
together, our simulations did not completely replicate time course
data on the responses of our in vivo assays but reasonably
mirrored overall observations (Fig. 3a–d). It is noteworthy that the
measured change of [K+]IS (Fig. 3d) was reasonably reproduced by
the model (Fig. 3g; see also Fig. 3j and Table 1) although the IS is
not adjacent to the syncytial basolateral surface harboring Na+,K+-
ATPases, which were blocked in the simulation (see Figs. 1b and
2c). These results confirm the assumption of the fi-NHK model.
Experimental approaches have previously indicated that ISP, a

major component of EP, depends on EK produced on the apical
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surface of the syncytial layer9, 13–15, 20, 21:

ISP ¼ vSB � vSA � vSB � RT
F
ln

Kþ½ �IS
Kþ½ �SY

� �
: (13)

For further evaluation of our updated model, we tested whether
this characteristic could be reproduced in silico. ISP was calculated
using Eq. (13) and the vSB, [K

+]SY, and [K+]IS values obtained in the
fi-NHK model during the inhibition of syncytial Na+,K+-ATPases
(Fig. 3f, g). These ISP values were overlaid with the ISP values
simulated directly by the model (Fig. 3g). The two traces matched

well, reinforcing the validity of the model. Therefore, the
circulation current across the syncytial basolateral surface is likely
to depend primarily on Na+,K+-ATPases, Na+ conductance, and
leak conductance.

Relevance of the syncytial ion transport mechanisms to the
circulation current
We finally used the fi-NHK model to study how the three ion
transport machineries on the syncytial basolateral surface partici-
pate in the establishment of the circulation current. Figure 4a

Fig. 3 Experimental measurements and simulation of the potential and [K+] in the cochlea. a–d In vivo assays by electrophysiological
methods. While EP was continuously recorded with a single-barreled microelectrode placed in the scala media, control artificial perilymph or a
solution containing ouabain (10 µM) was perfused into the scala tympani in the period indicated by the bars above the trace (a).
Administration of the guinea pig with anoxia induced a reduction in EP to a negative value as reported elsewhere.55 Double-barreled
microelectrodes were transiently inserted from the perilymph of the scala tympani (PL) toward the endolymph (EL) of the scala media twice
during the periods marked by dashed boxes in a. During each insertion, the potential (red) and [K+] (blue) were recorded (b–d). Note that
recordings of b, d were performed sequentially during the first insertion. The traces of EP (orange) are overlaid in b, c. In these panels, the
compartment immediately prior to the intrastrial space (IS) represents the profile within the syncytial layer (arrowheads). In d, the double-
barreled microelectrode was located in the IS for approximately an hour and then advanced to EL. The [K+]IS dynamics marked by a dashed box
are expanded in the inset (d). In each panel, a wedge above the trace shows the period when the microelectrode was moved forward or
backward. e–g In silico assays using the fi-NHK model. Traces show the simulated results on EP (orange; e), membrane potential on the
basolateral surface of the syncytial layer, and its intracellular [K+] (vSB and [K+]SY; f), and the potential and [K+] in the IS (ISP and [K+]IS; g) under
normal conditions and during the blockade of syncytial Na+,K+-ATPases (bars above the traces). In the latter situation, the activity of ATPases
was reduced to 46% of the initial value. In e–g, the initial values of all the potentials and concentrations were steady-state values that
developed during 600 s after the onset of the simulation (for all the values, see Supplementary Table 2). The [K+]IS behavior indicated by a
dashed box is shown in the inset (g). In g, the simulated ISP dynamics (red) were compared to the change in the sum of the membrane
potential across the syncytial basolateral surface (vSB) and a K+ equilibrium potential across the syncytial apical surface (EK,SA) (green). The vSB
values were derived from the simulation data described in f. EK,SA was calculated by means of the Nernst equation EK= RT/F([K+]o/[K

+]i), where
[K+]o and [K+]i are intracellular and extracellular [K+] adjacent to the membrane, with the [K+]SY and [K+]IS values simulated in the model f, g. h–
j Comparison of the simulated and experimental data. The panels show values of endocochlear potential (EP; h), the membrane potential of
the syncytial basolateral surface and syncytial [K+] (vSB and [K+]SY, respectively; i), and the potential and [K+] of the IS (ISP and [K+]IS,
respectively; j). Open squares indicate simulated steady-state values under the normal conditions and under conditions of blockage of
syncytial-Na+,K+-ATPases (left and right in each panel, respectively). Under the latter conditions, κOuabain,FC was set to 0.46. Filled circles are
steady-state values obtained by experimental measurements during perilymphatic perfusion with a control solution and a solution containing
10 µM ouabain (left and right in each panel, respectively); a set of these two data types was obtained from each individual cochlea we
examined, and therefore they are connected by lines in the respective panel. Of note, in three cochleae, all the compartments in the lateral
wall were successfully captured by K+-selective microelectrodes, whereas in one cochlea, only the data on EP, ISP, and [K+]IS were acquired. All
the displayed values are the same as the individual simulated and experimental data used for the analyses in Table 1
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illustrates the dynamics of the circulation current and Na+ and K+

flows through each ion transport machinery on the syncytial
basolateral surface (see also Supplementary Fig. 3). Under normal
conditions, the circulation current, which consists solely of K+ in any
compartments, equals the sum of all the ionic currents in each
membrane domain. On the syncytial basolateral surface, the
circulation current is occupied mainly by the K+ flow of Na+,K+-
ATPases. This phenomenon stems from the arrangement where
Na+ flow is canceled out by Na+ recycling among the three ion
transport machineries, i.e., the ATPases, Na+ conductance, and leak
conductance (Fig. 4a; see also Eqs. (10–12) and Fig. 2d). When the
activity of syncytial Na+,K+-ATPases was reduced to 46% of its
normal value, outward Na+ flow and inward K+ flow through the
ATPases rapidly and concomitantly decreased (Fig. 4a). In response
to this perturbation, the circulation current declined more slowly,
with a time constant of τ = 467.9 s, and stabilized at −1.9 nA in ~30
min. Ionic flows through the leak conductance showed complicated
behaviors. During the perturbation, the outward K+ flow decreased
almost to zero with a time constant of τ = 89.2 s. On the other hand,
the Na+ flow, which had initially been outward, switched to the
inward direction at ~3min after the onset of the blockage.
Furthermore, the current through Na+ conductance was gradually
suppressed with a time constant of τ = 169.6 s. These kinetics were
slower than the change in Na+ flow via ATPases and more rapid
than the change in the circulation current (τ = 467.9 s). We next
calculated the net K+ and Na+ currents carried by all the ion
transport machineries (Fig. 4b; see also Supplementary Fig. 3).
Under normal conditions, the circulation current consisted only of
K+. At the onset of the perturbation, the inward K+ current abruptly

decreased. Simultaneously, a remarkable Na+ current emerged.
Thereafter, the K+ current partially recovered, whereas the Na+

current gradually decreased toward the initial level. Finally, in the
steady state, the net Na+ current disappeared; therefore, the
circulation current was again governed completely by the K+ flow.
These observations indicate that a fraction of the circulation current
during its reduction phase was transiently switched from K+ to Na+

across the syncytial basolateral surface. Furthermore, throughout
the perturbation, the amplitude of the outward Na+ current via Na+,
K+-ATPases remained approximately constant (2.5–2.8 nA, Fig. 4a).
Accordingly, the changed behaviors of the currents through the
Na+ and leak conductances are involved in the transiently evoked
Na+ inflow. This finding also confirms the contribution of these ion
transport machineries to the circulation current.

DISCUSSION
Using the fi-NHK model, here we demonstrated that establish-
ment and a change of the circulation current across the syncytial
basolateral surface depend primarily on the Na+ and leak
conductances and Na+,K+-ATPases. This achievement results in
determination of the whole system driving the circulation current.
Again, abundance of Na+ conductance is relatively unusual,
because in general, cell membranes are dominated by K+ or Cl−

conductance in the resting state31–33 (see Introduction). None-
theless, our simulations implied that this profile is necessary for
the electrochemical homeostasis in the cochlea. On the syncytial
basolateral surface, the behavior of Na+ plays key roles in ionic
flow. Under normal conditions, the net Na+ current is zero because
this ion locally recycles among the three ion transport machineries
on the syncytial basolateral surface (Figs. 2d and 4b). In contrast,
when the Na+,K+-ATPases are blocked, the currents through the
two conductances are modulated in different ways, contributing
to the emergence of Na+ inflow as net flow (Fig. 4). This Na+ flow
and the reduced net K+ inflow contribute to the circulation current
as well as to changes in syncytial ion concentrations underlying
vSB hyperpolarization (Figs. 3f and 4; Supplementary Fig. 2b, c). In
vivo, neither currents via channels and transporters nor ionic flows
across the membranes are measurable by electrophysiological
methods. Computational modeling using the fi-NHK model is an
effective way to address the topics related to the circulation
current.
Perilymphatic perfusion with 50 μM ouabain significantly

reduced [K+]IS in this study, where we used an improved
experimental technique (Supplementary Table 3), but previously,
this perturbation had little or no effect on [K+]IS.

28, 29 The reason
for this discrepancy may be the following. In our earlier work,
larger fenestrae for insertion of the microelectrodes were made on
the cochlear bony wall.28, 29 Membranes of some lateral-wall cells
may have been somehow injured and could have become fragile
during the surgical procedure. Therefore, when the electrodes
were advanced, [K+] could have been leaked to the narrow IS from
inside the cells. This event could compensate the [K+]IS decrease
induced by inhibition of the syncytial Na+,K+-ATPase. Further
studies will be necessary to test the above hypothesis.
Steady-state values of EP and various electrochemical profiles of

the lateral wall during application of 10 μM ouabain resembled
those during application of 50 μM ouabain (Supplementary Table
3). Therefore, the effects on the cochlea were likely to be saturated
at the ouabain concentration of 10 μM. In vitro experiments
indicated that 10 μM ouabain suppressed more than 90% of the
activity of Na+,K+-ATPases composed of α1 and β1 subunits (IC50 =
2 μM),51 which are assembled in cochlear fibrocytes as well.25 This
evidence allows us to hypothesize that in vivo, a population of
syncytial ATPase molecules, which was directly exposed to the
artificial perilymph containing ouabain at 10 or 50 μM, was
blocked to a similar degree and functioned only minimally at
either concentration of ouabain. Nevertheless, the experimental

Fig. 4 Simulated dynamics of the current across the syncytial
basolateral surface. a The circulation current and the K+ and Na+

currents through Na+,K+-ATPases, through leak conductance, and
through Na+ conductance on the syncytial basolateral surface (SB)
under normal conditions and during blockade of Na+,K+-ATPases
(46% of the initial activity) were simulated and are displayed in the
upper, middle, and bottom panels, respectively. b Illustrated in upper
and lower panels are the net K+ and Na+ currents across the syncytial
basolateral surface, respectively. Each current represents a sum of
the K+ or Na+ flow conveyed through all the conductances and
transporters on the membrane (Supplementary Fig. 3)
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measurements were reasonably reproduced in the fi-NHK model
when the activity of the ATPases was reduced to 46% of the
normal value (Fig. 3 and Table 1; Supplementary Fig. 2a). There are
two scenarios to explain the validity of the blocking rate in the
simulation. The first possibility is related to the morphology and
distribution of the fibrocytes that constitute the syncytial
basolateral surface. The fibrocytes harbor highly invaginated
membranes and are tightly wrapped with connective tissue
including collagen.49 Moreover, the cells are scattered in the spiral
ligament.49, 52 Because of these characteristics, the perfused
artificial perilymph containing ouabain could reach a limited
number of the fibrocytes or a limited region of their membrane. In
other words, the number of Na+,K+-ATPase molecules fully
blocked with 10 μM ouabain may be similar to that with 50 μM
ouabain and the rest of the transporters in both cases may be
almost unaffected. Of note, in the present study, this condition
was reproduced by changing total Na+,K+-ATPase activity of each
fibrocyte by the same factor: 0.46 (i.e., the determined blocking
rate; see Model development and Supplementary Information),
because the aforementioned configuration of fibrocytes and Na+,
K+-ATPases, which has not yet been quantitatively determined by
a histological approach, is not incorporated into the fi-NHK model.
Alternatively, unidentified ion transport machineries in the
fibrocytes could partially cancel the electrochemical change
induced by the complete blockade of Na+,K+-ATPases.
In Fig. 3, the time course of the reduction in EP and ISP in the

experiment was slower than that in the simulation. This difference
may be caused by only a rough estimate of the volumes of the
intracellular and extracellular compartments in the model or the
aforementioned histological profile of the fibrocytes. Furthermore,
to replace all native perilymph with the artificial one (8.9 µl in a
cochlea) using our perfusion system (speed: 10 µl/min), approxi-
mately 1 min would be required.53 The perfusion speed
would also be reduced by the flow of native perilymph.54 Tuning
the kinetics for inhibition of Na+,K+-ATPase in the model will be
mandatory to simulate the experimental observations more
precisely.

METHODS
In vivo electrophysiological recordings
Ethical statement about animal use and approval of the experimental
protocol are the same as the ones described in the section “Morphometry
of the tissues in the lateral cochlear wall.” Each experiment was conducted
during the light phase. Male Hartley guinea pigs (200–400 g, 3–5 weeks of
age; SLC Inc.), whose hearing level was determined with normal Preyer’s
reflex, were intraperitoneally administrated with pentobarbital sodium
(64.8 mg/kg). The corneal reflex, toe pinch, and respiratory rate were
examined to evaluate the depth of anesthesia. When anesthesia was
insufficient, the drug (5 mg/kg) was added into the guinea pigs. Next, the
animals were treated intramuscularly with vecuronium bromide (4 mg/kg)
and were artificially ventilated with room air. Throughout the assays, the
animals were kept at 37°C using a heater (blanket type; BWT-100A, Bio
Research Center, Nagoya, Japan). The heart rate was monitored to assess
the depth of anesthesia. During each experiment, pentobarbital sodium
(10mg/kg) was added to the animal every 1–1.5 h. After termination of the
recordings, the animals were euthanized with an excess amount of the
anesthesia (400mg/kg).
The cochleae of living guinea pigs were electrophysiologically examined

using a procedure similar to that in our earlier reports.15, 28, 29 The details
are described in Supplementary Information. A measurement was assumed
to be successful when it satisfied both of the following conditions; first, the
EP value recorded in physiological settings exceeded +60mV, and second,
voltage drift observed when the glass microelectrode was pulled back to
perilymph was less than ± 5mV. Randomization and blinding of the
experimental groups were not required.

Statistics
Mean ± standard deviation served as a descriptive statistic. No statistical
analyses were performed to predetermine sample sizes, but our sample

sizes are similar to those generally employed in the field. 13, 15, 28–30, 41

Because of the low success rate of the experiments, 13, 15, 28–30, 41

measured values in a group were empirically estimated to follow a normal
distribution. The distributions of the measured values among groups were
compared using the paired t test and unpaired t test as shown in Table 1
and Supplementary Table 3, respectively. Data with a p value < 0.05 were
considered significant. All the statistical analyses were carried out using
GraphPad Prism 7 (GraphPad Software, Inc., CA, USA).

Data availability
Supplementary Information includes a detailed description of the model,
definitions and abbreviations, formulations of the model, experimental
procedures, three figures, and three tables. All data supporting the findings
of this study are available within the paper and Supplementary
Information. All custom MATLAB code (fibrocyte integrated NHK model
version X) used in the simulation and Supplementary Information are freely
available at https://doi.org/10.6084/m9.figshare.5188681.v1 and on the NPJ
Systems Biology and Applications website, respectively.

ACKNOWLEDGEMENTS
We thank Ms. Karin Hori for technical assistance and Editage (www.editage.jp) for
English language editing. This work was partially supported by the following research
grants and funds: Grants-in-Aid for Scientific Research on Innovative Areas “HD
Physiology” 25136704 (to F.N.), 22136002 (to Y.K.); Grant-in-Aid for Scientific Research
B 25293058 (to H.H.); Grants-in-Aid for Young Scientists B 25870248 (to F.N.) and
26870210 (to G.O.); from the Ministry of Education, Culture, Sports, Science and
Technology of Japan; AMED-CREST, AMED (to H.H.); a Grant for Promotion of Niigata
University Research Projects 24A006 (to H.H.); and grants from The Salt Science
Research Foundation No. 1318 and 1549 (to F.N.), the Takeda Science Foundation (to
F.N.), the Uehara Memorial Foundation (to F.N.), and Astellas Foundation for Research
on Metabolic Disorders (to F.N.).

AUTHOR CONTRIBUTIONS
F.N., T.Y., Y.K., and H.H. designed the experiments; G.O., S.C., H.I., and S.K. prepared the
experimental devices; F.N., T.Y., S.M., S.C., and S.U. carried out the experiments and
simulation; F.N., T.Y., S.M., H.I., S.K., and H.H. analyzed the data; and F.N., T.Y., and H.H.
wrote the paper.

ADDITIONAL INFORMATION
Supplementary Information accompanies the paper on the npj Systems Biology and
Applications website (doi:10.1038/s41540-017-0025-0).

Competing interests: The authors declare that they have no competing financial
interests.

Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims
in published maps and institutional affiliations.

REFERENCES
1. Von Bekesy, G. Resting potentials inside the cochlear partition of the guinea pig.

Nature 169, 241–242 (1952).
2. Smith, C. A., Lowry, O. H. & Wu, M. L. The electrolytes of the labyrinthine fluids.

Laryngoscope 64, 141–153 (1954).
3. Hudspeth, A. J. How the ear’s works work. Nature 341, 397–404 (1989).
4. Davis, H. Some principles of sensory receptor action. Physiol. Rev. 41, 391–416

(1961).
5. Ashmore, J. F. & Meech, R. W. Ionic basis of membrane potential in outer hair cells

of guinea pig cochlea. Nature 322, 368–371 (1986).
6. Zidanic, M. & Brownell, W. E. Fine structure of the intracochlear potential field. I.

The silent current. Biophys. J. 57, 1253–1268 (1990).
7. van Den Abbeele, T., Teulon, J. & Huy, P. T. Two types of voltage-dependent

potassium channels in outer hair cells from the guinea pig cochlea. Am. J. Physiol.
277, C913–C925 (1999).

8. Zdebik, A. A., Wangemann, P. & Jentsch, T. J. Potassium ion movement in the
inner ear: insights from genetic disease and mouse models. Physiol. (Bethesda).
24, 307–316 (2009).

9. Hibino, H., Nin, F., Tsuzuki, C. & Kurachi, Y. How is the highly positive endoco-
chlear potential formed? The specific architecture of the stria vascularis and the
roles of the ion-transport apparatus. Pflugers Arch. 459, 521–533 (2010).

Computer modeling of cochlear electric machineries
F Nin et al.

9

Published in partnership with the Systems Biology Institute npj Systems Biology and Applications (2017)  24 

https://doi.org/10.6084/m9.figshare.5188681.v1
http://www.editage.jp
http://dx.doi.org/10.1038/s41540-017-0025-0


10. Tasaki, I. & Spyropoulos, C. S. Stria vascularis as source of endocochlear potential.
J. Neurophysiol. 22, 149–155 (1959).

11. Wangemann, P. Comparison of ion transport mechanisms between vestibular
dark cells and strial marginal cells. Hear. Res. 90, 149–157 (1995).

12. Wangemann, P. & Schacht, J. in The Cochlea (eds Dallos, P., Popper, A. N. & Fay, R.
R.) Ch. 3, 130–185 (Springer-Verlag, 1996).

13. Salt, A. N., Melichar, I. & Thalmann, R. Mechanisms of endocochlear potential
generation by stria vascularis. Laryngoscope 97, 984–991 (1987).

14. Takeuchi, S., Ando, M. & Kakigi, A. Mechanism generating endocochlear potential:
role played by intermediate cells in stria vascularis. Biophys. J. 79, 2572–2582
(2000).

15. Nin, F. et al. The endocochlear potential depends on two K+ diffusion potentials
and an electrical barrier in the stria vascularis of the inner ear. Proc. Natl. Acad. Sci.
USA 105, 1751–1756 (2008).

16. Nin, F. et al. Computational model of a circulation current that controls electro-
chemical properties in the mammalian cochlea. Proc. Natl. Acad. Sci. USA 109,
9191–9196 (2012).

17. Nin, F. et al. The unique electrical properties in an extracellular fluid of the
mammalian cochlea; their functional roles, homeostatic processes, and patho-
logical significance. Pflugers Arch. 468, 1637–1649 (2016).

18. Kikuchi, T., Kimura, R. S., Paul, D. L. & Adams, J. C. Gap junctions in the rat cochlea:
immunohistochemical and ultrastructural analysis. Anat. Embryol. (Berl.). 191,
101–118 (1995).

19. Kikuchi, T., Adams, J. C., Miyabe, Y., So, E. & Kobayashi, T. Potassium ion recycling
pathway via gap junction systems in the mammalian cochlea and its interruption
in hereditary nonsyndromic deafness. Med. Electron Microsc. 33, 51–56 (2000).

20. Wangemann, P. K+ cycling and the endocochlear potential. Hear. Res. 165, 1–9
(2002).

21. Wangemann, P. Supporting sensory transduction: cochlear fluid homeostasis and
the endocochlear potential. J. Physiol. 576, 11–21 (2006).

22. Penn, R. D. & Hagins, W. A. Signal transmission along retinal rods and the origin of
the electroretinographic a-wave. Nature 223, 201–204 (1969).

23. Tamura, A. & Tsukita, S. Paracellular barrier and channel functions of TJ claudins
in organizing biological systems: advances in the field of barriology revealed in
knockout mice. Semin. Cell Dev. Biol. 36, 177–185 (2014).

24. Schulte, B. A. & Adams, J. C. Distribution of immunoreactive Na+,K+-ATPase in
gerbil cochlea. J. Histochem. Cytochem. 37, 127–134 (1989).

25. Schulte, B. A. & Steel, K. P. Expression of alpha and beta subunit isoforms of Na,K-
ATPase in the mouse inner ear and changes with mutations at the Wv or Sld loci.
Hear. Res. 78, 65–76 (1994).

26. Nakazawa, K., Spicer, S. S. & Schulte, B. A. Ultrastructural localization of Na,K-
ATPase in the gerbil cochlea. J. Histochem. Cytochem. 43, 981–991 (1995).

27. Crouch, J. J., Sakaguchi, N., Lytle, C. & Schulte, B. A. Immunohistochemical loca-
lization of the Na-K-Cl co-transporter (NKCC1) in the gerbil inner ear. J. Histochem.
Cytochem. 45, 773–778 (1997).

28. Adachi, N. et al. The mechanism underlying maintenance of the endocochlear
potential by the K+ transport system in fibrocytes of the inner ear. J. Physiol. 591,
4459–4472 (2013).

29. Yoshida, T. et al. NKCCs in the fibrocytes of the spiral ligament are silent on the
unidirectional K+ transport that controls the electrochemical properties in the
mammalian cochlea. Pflugers Arch. 467, 1577–1589 (2015).

30. Yoshida, T. et al. The unique ion permeability profile of cochlear fibrocytes and its
contribution to establishing their positive resting membrane potential. Pflugers
Arch. 468, 1609–1619 (2016).

31. Koester, J. & Siegelbaum, A. S. in Principles of Neural Science. (eds Kandel, E. R.
et al.) Ch. 6, 126–147 (McGraw-Hill, 2013).

32. Hille, B. Ion Channels of Excitable Membranes 3rd edn (Sinauer, 2001).
33. Rodan, A. R., Cheng, C. J. & Huang, C. L. Recent advances in distal tubular

potassium handling. Am. J. Physiol. Ren. Physiol. 300, F821–F827 (2011).
34. Hibino, H. et al. Inwardly rectifying potassium channels: their structure, function,

and physiological roles. Physiol. Rev. 90, 291–366 (2010).
35. Takeuchi, S. & Ando, M. Dye-coupling of melanocytes with endothelial cells and

pericytes in the cochlea of gerbils. Cell Tissue Res. 293, 271–275 (1998).
36. Jahnke, K. The blood-perilymph barrier. Arch. Otorhinolaryngol. 228, 29–34 (1980).
37. Kitajiri, S. I. et al. Expression patterns of claudins, tight junction adhesion mole-

cules, in the inner ear. Hear. Res. 187, 25–34 (2004).

38. Kitajiri, S. et al. Compartmentalization established by claudin-11-based tight
junctions in stria vascularis is required for hearing through generation of endo-
cochlear potential. J. Cell Sci. 117, 5087–5096 (2004).

39. Gow, A. et al. Deafness in Claudin 11-null mice reveals the critical contribution of
basal cell tight junctions to stria vascularis function. J. Neurosci. 24, 7051–7062
(2004).

40. Hinojosa, R. & Rodriguez-Echandia, E. L. The fine structure of the stria vascularis of
the cat inner ear. Am. J. Anat. 118, 631–663 (1966).

41. Ikeda, K. & Morizono, T. Electrochemical profile for calcium ions in the stria
vascularis: cellular model of calcium transport mechanism. Hear. Res. 40, 111–116
(1989).

42. Russell, I. J., Cody, A. R. & Richardson, G. P. The responses of inner and outer hair
cells in the basal turn of the guinea-pig cochlea and in the mouse cochlea grown
in vitro. Hear. Res. 22, 199–216 (1986).

43. Kennedy, H. J., Evans, M. G., Crawford, A. C. & Fettiplace, R. Fast adaptation of
mechanoelectrical transducer channels in mammalian cochlear hair cells. Nat.
Neurosci. 6, 832–836 (2003).

44. Kilkenny, C., Browne, W. J., Cuthill, I. C., Emerson, M. & Altman, D. G. Improving
bioscience research reporting: the ARRIVE guidelines for reporting animal
research. PLoS Biol. 8, e1000412 (2010).

45. Hibino, H. et al. An ATP-dependent inwardly rectifying potassium channel, KAB-2
(Kir4. 1), in cochlear stria vascularis of inner ear: its specific subcellular localization
and correlation with the formation of endocochlear potential. J. Neurosci. 17,
4711–4721 (1997).

46. Kawamoto, T. Use of a new adhesive film for the preparation of multi-purpose
fresh-frozen sections from hard tissues, whole-animals, insects and plants. Arch.
Histol. Cytol. 66, 123–143 (2003).

47. Salt, A. N. & Konishi, T. Functional importance of sodium and potassium in the
guinea pig cochlea studied with amiloride and tetraethylammonium. Jpn. J.
Physiol. 32, 219–230 (1982).

48. Marcus, D. C., Rokugo, M. & Thalmann, R. Effects of barium and ion substitutions
in artificial blood on endocochlear potential. Hear. Res. 17, 79–86 (1985).

49. Kelly, J. J., Forge, A. & Jagger, D. J. Contractility in type III cochlear fibrocytes is
dependent on non-muscle myosin II and intercellular gap junctional coupling. J.
Assoc. Res. Otolaryngol. 13, 473–484 (2012).

50. Marcus, D. C., Marcus, N. Y. & Thalmann, R. Changes in cation contents of stria
vascularis with ouabain and potassium-free perfusion. Hear. Res. 4, 149–160
(1981).

51. Berrebi-Bertrand, I. et al. Two functional Na+/K+-ATPase isoforms in the left
ventricle of guinea pig heart. Eur. J. Biochem. 196, 129–133 (1991).

52. Spicer, S. S. & Schulte, B. A. The fine structure of spiral ligament cells relates
to ion return to the stria and varies with place-frequency. Hear. Res. 100, 80–100
(1996).

53. Shinomori, Y., Spack, D. S., Jones, D. D. & Kimura, R. S. Volumetric and dimensional
analysis of the guinea pig inner ear. Ann. Otol. Rhinol. Laryngol. 110, 91–98 (2001).

54. Ohyama, K., Salt, A. N. & Thalmann, R. Volume flow rate of perilymph in the
guinea-pig cochlea. Hear. Res. 35, 119–129 (1988).

55. Konishi, T. & Fernandez Cesar, B. A. R. Effect of anoxia on cochlear potentials. J.
Acoust. Soc. Am. 33, 349–356 (1961).

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,

adaptation, distribution and reproduction in anymedium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly
from the copyright holder. To view a copy of this license, visit http://creativecommons.
org/licenses/by/4.0/.

© The Author(s) 2017, corrected publication 2021

Computer modeling of cochlear electric machineries
F Nin et al.

10

npj Systems Biology and Applications (2017)  24 Published in partnership with the Systems Biology Institute

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Computer modeling defines the system driving a constant current crucial for homeostasis in the mammalian cochlea by integrating unique ion transports
	Introduction
	Model development
	Formation of EP
	General description of the computational model
	Ion channels and transporters
	Parameter settings
	Morphometry of the tissues in the lateral cochlear wall
	Conductances and activities of the ion transport apparatus
	The blocking rate of syncytial Na+,K+-ATPases during perilymphatic perfusion with ouabain

	Results
	Validation of the updated model by experimental results
	Relevance of the syncytial ion transport mechanisms to the circulation current

	Discussion
	Methods
	In vivo electrophysiological recordings
	Statistics
	Data availability

	Acknowledgements
	Author contributions
	Competing interests
	ACKNOWLEDGMENTS




