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Supplementary Information

Supplementary Methods
1. Detailed description of the fi-NHK model
The computational model used in this study is an updated version of the NHK (Nin-Hibino-Kurachi) model that we previously developed to reproduce the circulation current and endocochlear potential (EP). 1 The major revision as well as the model’s principles, which are mostly identical to those of the former model, are described below. The model was designed to reproduce the electrochemical phenomena of the cochlea in 10-µm slices, a distance that is comparable to the width of one row of hair cells and lateral wall cells. The amplitudes and characteristics of EP and of the circulation current were inferred from the function of ion conductance and transporters as well as the morphological features of the cochlea, which includes three layers, i.e., syncytial, marginal-cell, and hair-cell layers, and three extracellular spaces, i.e., the intrastrial space (IS), perilymph, and endolymph (Figure 2b and 2c).
IS potential (ISP), marginal-cell potential (MCP), and EP represent different combinations of membrane potentials in the lateral wall1,2 (Equations S1–S3):
ISP = 𝑣SB − 𝑣SA,	Equation S1 (same as Equation 2)
MCP = 𝑣SB − 𝑣SA + 𝑣MB,	Equation S2
EP = 𝑣SB  − 𝑣SA + 𝑣MB − 𝑣MA,	Equation S3 (same as Equation 1) where vSB, vSA, vMB, and vMA are the membrane potentials across the basolateral and apical surfaces of the syncytial layer and through basolateral and apical surfaces of the marginal-cell layer,
respectively. Membrane potentials are relative to the neighboring extracellular fluid, which corresponds to 0 mV by our definition. ISP, MCP, and EP, which are potentials inside the IS, marginal cells, and endolymph, respectively, are shown in reference to perilymph (Figure 1b).
The circulation current was predicted to flow in a closed-loop circuit that crosses the two layers of the lateral wall and the hair-cell layer. In each membrane domain, ion conductance and transporters shown in Figure 2c help to drive the circulation current. They were extracted from immunohistochemical and electrophysiological data.3,4 The key players involved in the regulation of EP and of the circulation current include Na+,K+-ATPases on the fibrocyte membrane;5-7 Kir4.1 K+ conductance on the intermediate-cell membrane;8,9 Na+,K+,2Cl-cotransporters NKCC, Na+,K+- ATPases, and ClC/K Cl conductance on the basolateral membrane of marginal cells;10-12 and KCNQ1/KCNE1 K+ conductance on the apical membrane of marginal cells.13,14 Mechanoelectrical
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transduction (MET) channels were considered a sole pathway for the circulation current (ICir) across the apical surface of the hair-cell layer (Equation S4):
𝐼Cir = −𝑁HC ∙ 𝐼MET	Equation S4
where NHC is the number of hair cells, and IMET is the total MET current in a hair cell.
The amplitude of the MET current likely depends on the potential difference across the apical surface of the hair cell.15 Additionally, K+ appears to predominantly permeate the MET channels in vivo.16 These arrangements are given by the following two equations:
𝑣HA = −EP + 𝑣HB	Equation S5 (same as Equation 3)
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= 𝐺	(𝑣	− 𝑅𝑇 ∙ 𝑙𝑛 ([K+]EL ))	Equation S6 (same as Equation 4)
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MET	HA	𝐹

[K+]HC

42 
43 
44 
45 
46 
47 
48 

where [K+]EL and [K+]HC are [K+] in endolymph and in the hair cell, respectively; GMET is the conductance of MET channels; vHA and vHB denote the membrane potentials of a hair-cell’s apical and basolateral surfaces, respectively; R is the gas constant, T represents temperature, and F is the Faraday constant. Notably, the MET current exists even without acoustic stimuli (~1 nA/cell).17,18
In the model, the difference between ICir, which flows into a membrane, and IM, a net current that results from the sum of ionic flows through all the ion conductances and transporters on the same membrane, directly contributes to the change in membrane potential, v:

49 

𝑑𝑣 = 1 𝑑𝑄 = 𝐼Cir−𝐼M = 𝐼Cir−𝐼K−𝐼Na−𝐼Cl

Equation S7 (same as Equation 5)

𝑑𝑡	𝐶 𝑑𝑡	𝐶	𝐶
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where C is capacitance, Q is the charge accumulated on the membrane, and IK, INa, and ICl represent K+, Na+, and Cl current fractions constituting IM, respectively.
Furthermore, the change in ionic concentration, [X+], in six extracellular and intracellular
spaces depends on the difference between the inward and outward currents of X+ (IX,In and IX,Out, respectively):

55 

𝑑[X+]  = 𝐼X,In−𝐼X,Out

Equation S8 (same as Equation 6)

𝑑𝑡	𝑉∙𝐹
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where V is the volume of the intra- or extracellular space and was set to be constant (Figure 2b and Supplementary Table 1). Note that IX,In and IX,Out are constituents of IM. When EP is in the steady state, all membrane potentials and ionic concentrations are stable so that ICir corresponds to IM, and IX,In equals IX,Out (Equations S7 and S8). These relations are also applicable to any anions.
The number of fibrocytes was determined by histological analysis as described in the Model development of the main text (see the section “Morphometry of the tissues in the lateral cochlear wall”). In the model, we proposed that all cell types in the lateral wall and hair cells have equal
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volume (see Figure 2b and Supplementary Table 1).19 Basal cells have very thin cell bodies.20 Additionally, because these cells were tightly packed with intermediate cells and fibrocytes (Figure 1b),21 the membrane area exposed to perilymph and the IS fluid is small. On the basis of these characteristics, we omitted the contribution of basal cells to electrochemical properties of the lateral wall in the model. Of note, because the basolateral surface of the syncytial layer is composed of multiple fibrocytes, the total current through this membrane domain (ISB) and its capacitance (CSB) are described as

	70 
	𝐼SB = 𝑁FC ∙ 𝐼FC 
	 
	 
	 
	 
	Equation S9

	71 
	𝐶SB = 𝑁FC ∙ 𝐶FC 
	 
	 
	 
	 
	Equation S10
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where IFC and CFC are the current through the membrane of a fibrocyte and its capacitance, respectively, and NFC denotes the number of the fibrocytes constituting the basolateral surface of the syncytial layer. CFC was assumed to be identical to the capacitance of an intermediate cell because both cell types harbor a highly invaginated membrane and are morphologically similar (Supplementary Table 1).2,8,21-23
On the basis of Equations S7–S10, vSB and ionic concentrations inside the syncytial layer ([K+]SY, [Na+]SY, and [Cl]SY), both of which were set to be constant under any conditions in our earlier model,1 were defined as follows in the present model (see Equations 5 and 6):
𝑑𝑣SB  = −𝐼SB−𝐼Cir  = −𝑁FC∙𝐼FC−𝐼Cir             	 	Equation S11

𝑑𝑡

𝐶SB

𝑁FC∙𝐶FC
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[K+]SY  = − 𝑁FC∙𝐼K,FC+𝑁IC∙𝐼K,IC   	 	 	Equation S12

𝑑𝑡

(𝑁FC+𝑁IC)∙𝑉Cell∙𝐹
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[Na+]SY   = − 𝑁FC∙𝐼Na,FC+𝑁IC∙𝐼Na,IC   	 	 	Equation S13

𝑑𝑡

(𝑁FC+𝑁IC)∙𝑉Cell∙𝐹
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[Cl−]SY = 0            	 	 	 	Equation S14
𝑑𝑡

where NIC is the number of intermediate cells constituting the syncytial apical surface; IK,FC, INa,FC, IK,FC, and INa,IC are the K+ and Na+ currents through the membranes of a fibrocyte and an intermediate cell, respectively; and VCell is the volume of a cell (Figure 2c and Supplementary Table 1). The change in the potential and [K+], [Na+], and [Cl] in the other compartments were simulated as reported in our earlier study1 (see also “Formulation of the model” described below). We assumed that the volume of the syncytial layer, which is the product of the number of cells constituting the layer (sum of NFC and NIC) and the volume of a cell (VCell), were constant (Supplementary Table 1). Therefore, [K+]SY, [Na+]SY, and [Cl]SY are controlled solely by ionic currents through the membranes.
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As assumed in the previous model, in the fi-NHK model, the Na+ current through leak conductance on the apical surface of the syncytial layer and nonselective cation (NSC) conductance on the apical surface of the marginal-cell layer were set to be cancelled out by Na+ outflow through the concomitant Na+ transporters (Figure 2d).1 As a consequence, these two membrane domains, in addition to the apical and basolateral surfaces of the hair-cell layer, allow only for K+ flow as net flow under any conditions, simplifying our model (Figure 2c and “Formulation of the model” described below). Moreover, as described in the main text, we determined the values of Na+ and leak conductance and activity of Na+,K+-ATPases on the basolateral surface of the syncytial layer by solving Equations 10–12, which represent local Na+ recycling among the three ion transport machineries under physiological conditions. Initial values that were applied to start the simulations in the model were based on the experimental data as denoted in Supplemental Table 2; a hair-cell’s ion concentrations were set to be similar to the measured values of an intermediate or marginal cell.24,25 Finally, to simulate effects of perilymphatic perfusion of ouabain at 10 µM, we determined a blocking rate for Na+,K+-ATPases on the basolateral surface of the syncytial layer as shown in “Model development” in the main text (see the section “Parameter settings”) and modulated the activity of the ATPases as described in “Formulation of the model” below (see subsection “e. Flow via Na+,K+-ATPase in fibrocyte: INaKATP,FC”). Other equations defining the fi-NHK model were taken from the previous model1 and are listed in the section “Formulation of the model.”

2. In vivo experimental arrangements
2-I. Electrophysiological recordings
The experimental protocol was approved by the Animal Research Committees of Niigata University School of Medicine. The experiments were carried out under the supervision of the Committees and in accordance with the Guidelines for Animal Experiments of Niigata University and the Japanese Animal Protection and Management Law. Male Hartley guinea pigs (200–400 g; 3-5 weeks, SLC Inc.), whose hearing level was confirmed by normal Preyer’s reflex, were anesthetized with intraperitoneal injection of pentobarbital sodium (64.8 mg/kg; Somnopentyl; Kyoritsu Seiyaku, Tokyo, Japan). A toe pinch, the corneal reflex, and respiratory rate served as indicators to evaluate the depth of anesthesia. When anesthesia was not sufficient, pentobarbital sodium (5 mg/kg) was additionally injected into the animals. Next, the animals were injected intramuscularly with the muscle relaxant vecuronium bromide (4 mg/kg) and were artificially ventilated with room air. Throughout the experiments, the body temperature of the animals was maintained at 37°C using a heating blanket (BWT-100A, Bio Research Center, Nagoya, Japan). The depth of anesthesia was



	125 
	assessed by fluctuations in the heart rate. Anesthesia was maintained by additional injection of

	126 
	pentobarbital sodium (10 mg/kg) every 1–1.5 h. Finally, the animals were euthanized with an

	127 
	overdose of pentobarbital sodium (400 mg/kg) at the end of the experiments.

	128 
	Electrophysiological assays of the cochleae of live guinea pigs were carried out using a

	129 
	procedure similar to that in our previous studies.25-28 Double-barreled K+-selective microelectrodes

	130 
	and single-barreled microelectrodes, which were prepared and calibrated as described in the above

	131 
	studies, were used to measure electrochemical properties of the lateral wall and EP, respectively.
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2-II.
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Although the values obtained by the K+-selective electrodes represented K+ activities, the ionic concentrations were calculated from these data by means of the activity coefficient for K+ of
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	Model development in the main text). SM: scala media, SV: scala vestibuli, ST: scala tympani, OC:

	159 
	organ of Corti.

	160 
	 

	161 
	Supplementary Figure 2	Estimation of the blocking rate of syncytial Na+,K+-ATPases for

	162 
	simulation during perilymphatic perfusion with ouabain.

	163 
	(a) Determination of the blocking rate  of syncytial  Na+,K+-ATPase (κOuabain,FC). The

	164 
	simulations of the potentials and [K+] in various compartments of the lateral wall and EP are displayed,

	165 
	with variation in κOuabain,FC from 0.6 to 0.3 (see Model development in the main text). Gray

	166 
	rectangles indicate ranges of the steady-state values of the experimental measurements conducted in

	167 
	the cochleae of guinea pigs at 40 min after the onset of the perilymphatic perfusion with 10 μM

	168 
	ouabain (mean ± SD, see Table 1). When κOuabain,FC was set to 0.46, EP, ISP, vSB, and [K+]SY converged

	169 
	within the expected ranges.

	170 
	(b and c) Electrochemical dynamics  in the lateral-wall compartments under different

	171 
	conditions. The simulation was performed using the fi-NHK model under normal conditions or with

	172 
	blockage of syncytial Na+,K+-ATPases (κOuabain,FC = 0.46; see a). b shows the potentials in

	173 
	extracellular and intracellular spaces (left panel, reference: perilymph) and those across different

	174 
	membrane domains (right panel, reference: the neighboring extracellular space). In c, ion

	175 
	concentrations in various extracellular and intracellular spaces are plotted. In the assays of panels a–

	176 
	c, the activity of marginal-cell Na+,K+-ATPases remained unchanged, and the initial values of the

	177 
	potential and ion concentrations were the data obtained at 600 s after the start of the simulation.

	178 
	EP: endocochlear potential, ISP: intrastrial potential, MCP: marginal-cell potential, v:

	179 
	membrane potential, MA: apical surface of marginal-cell layer, MB: basolateral surface of marginal-

	180 
	cell layer, SA: apical surface of syncytial layer, SB: basolateral surface of syncytial layer, HB:

	181 
	basolateral membrane of hair cells, PL: perilymph, IS: intrastrial space, HC: hair cells, SY: syncytial

	182 
	layer, MC: marginal cells, EL: endolymph.

	183 
	

	184 
	Supplementary Figure 3	Dynamics of the current across various compartments of the

	185 
	lateral wall.

	186 
	Panels a, b, and c depict respectively K+, Na+, and Cl currents flowing through the ion transport

	187 
	machineries in both the basolateral and apical surfaces of the syncytial and marginal-cell layer under

	188 
	normal and Na+,K+-ATPase blockage conditions. The sum of K+ and Na+ currents carried by all the

	189 
	machineries across the basolateral membrane of the syncytial layer (a and b, respectively)

	190 
	corresponds to the net K+ and Na+ currents described in the upper and lower panels in Figure 4b,
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respectively; this sum is also applicable to Cl currents shown in c. In a, the behavior of the circulation current is overlaid in blue for comparison. NaKATP: Na+,K+-ATPases, Leak: Leak channels, Kir: Kir4.1, NSC: Nonselective cation channels, NKCC: Na+,K+,2Cl-cotransporters, Natrans: Na+ transporter.
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Supplementary Tables
Supplementary Table 1	Parameters used in the fi-NHK model.

	Parameter
	Value
	References

	GNaKATP,FC
	2.2x10-11 S/cell
	Methods

	GNaConductance,FC
	1.2x10-9 S/cell
	Methods

	GLeak,FC
	0.6x10-9 S/cell
	Methods

	GKir,IC
	63.3x10-9 S/cell
	8,23,31

	GLeak,IC
	12.0x10-9 S/cell
	1,8,23

	GNaKATP,MB
	0.1x10-9 S/cell
	1,7

	PNKCC,MB
	0.1x10-12 mmol
	1,12

	GClC,MB
	100.0x10-9 S/cell
	10,19

	GNSC,MB
	1.0x10-9 S/cell
	1,32

	GKs,MA
	32.0x10-9 S/cell
	13,14

	GNSC,MA
	2.0x10-9 S/cell
	14,33

	GMET
	6.4x10-9 S/cell
	1,16

	GKConductance,HB
	40.0x10-9 S/cell
	34,35

	CFC
	5x10-11F/cell
	21,22, Supplementary Methods

	CIC
	5x10-11F/cell
	2,8,23,36

	CMB
	5x10-11F/cell
	19,32,33,36

	CMA
	5x10-13F/cell
	19,32,33,36

	CHB
	3x10-11F/cell
	37

	NFC*
	168
	Methods

	NIC*
	16
	38

	NMC*
	40
	38

	NHC*
	3
	39

	VPL*
	350x10-10L
	39

	VIS*
	21x10-12L
	1

	VEL*
	350x10-12L
	20

	Vcell*
	350x10-15L
	1, 19

	κOuabain,FC
	0.46
	Methods


* Values in a 10-µm thick slice of the cochlea. For a list of abbreviations, see Definitions and abbreviations.
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 (
Ion
 
concentration
Initial
 
value*
 
(
mM
)
Steady-state
 
(600
 
sec)**
 
(
mM
)
Steady-state
 
(42000
 
sec)**
 
(
mM
)
References
[K
+
]
PL
2.9
2.9
2.9
25
[K
+
]
SY
100.0
97.6
97.6
28
[K
+
]
IS
4.3
6.1
6.1
25
[K
+
]
MC
131.0
128.2
128.2
25
[K
+
]
EL
160.0
160.0
160.0
25
[K
+
]
HC
133.0
133.0
133.0
SI
[Na
+
]
PL
133.0
133.0
133.0
24
[Na
+
]
SY
30.0
32.4
32.4
24
[Na
+
]
IS
132.0
132.0
132.0
24
[Na
+
]
MC
4.0
4.0
4.0
24
[Na
+
]
EL
3.0
3.0
3.0
24
[Na
+
]
HC
3.0
3.0
3.0
SI
#
[Cl
-
]
PL
106.7
106.7
106.7
1
#
[Cl
-
]
SY
70.0
70.0
70.0
1
[Cl
-
]
IS
90.0
91.9
91.9
1
[Cl
-
]
MC
112.0
109.2
109.2
1
[Cl
-
]
EL
#
160.0
160.0
160.0
1
[Cl
-
]
HC
#
70.0
70.0
70.0
SI
Potential
Initial
 
value*
 
(mV)
Steady-state
 
(600
 
sec)**
 
(mV)
Steady-state
 
(42000
 
sec)**
 
(mV)
References
v
SB
9.0
9.7
9.7
28
v
SA
-89.5
-71.4
-71.4
25
v
MB
-1.3
3.7
3.7
25
v
MA
12.6
12.1
12.1
25
v
HB
-76.1
-77.7
-77.7
37
)202 

Supplementary Table 2	Initial and steady-state values of simulated ion concentrations and potentials in the lateral-wall compartments
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	# Constant values. * Values initially applied to the model1. ** Steady-state values developed during

	204 
	600 and 42000 sec. For a list of abbreviations, see Definitions and abbreviations. SI: Supplementary

	205 
	Information.
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Supplementary Table 3	Effects of perilymphatic perfusion with ouabain at different concentrations













 (
Potential
 
or
 
[K
+
]
10 
μM
 
ouabain
 (n =
 
4)
50 
μM
 
ouabain
 
(n =
 
4)
p
 
value
Normal
 
EP
+83.2 ±
 
3.6
 
mV
+88.0 ±
 
5.7
 
mV
0.5624
Changed
 
EP*
+5.8 ±
 
6.2
 
mV
+7.5 ±
 
8.7
 
mV
0.6611
ΔEP
+81.0 ±
 
7.2
 
mV
+80.5 ±
 
12.0
 
mV
0.9509
Normal
 
ISP
+68.7 ±
 
5.3
 
mV
+68.5 ±
 
10.9
 
mV
0.9716
Changed
 
ISP*
+10.6 ±
 
4.4
 
mV
+14.4 ±
 
2.0
 
mV
0.1728
ΔISP
+58.1 ±
 
6.4
 
mV
+54.2 ±
 
12.9
 
mV
0.6033
Normal
 
[K
+
]
IS
8.6 ±
 
2.5
 
mM
7.5 ±
 
1.7
 
mM
0.5672
Changed
 
[K
+
]
IS
*
4.2 ±
 
1.4
 
mM
4.7 ±
 
1.5
 
mM
0.9304
Δ[K
+
]
IS
-3.6 ±
 
1.1 
mM
-2.8 ±
 
2.0 
mM
0.7212
)*Values obtained at 40 min after the onset of perfusion with ouabain.
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	Definitions and
	abbreviations.

	212 
	
	

	213 
	NHK model
	Nin-Hibino-Kurachi model

	214 
	fi-NHK model
	fibrocyte-integrated NHK model

	215 
	
	

	216 
	FC
	Fibrocyte

	217 
	BC
	Basal cell

	218 
	IC
	Intermediate cell

	219 
	SY
	Syncytial layer

	220 
	MC
	Marginal cell

	221 
	HC
	Hair cell

	222 
	
	

	223 
	SM
	Scala media

	224 
	ST
	Scala tympani

	225 
	SV
	Scala vestibuli

	226 
	PL
	Perilymph

	227 
	IS
	Intrastrial space

	228 
	EL
	Endolymph

	229 
	
	

	230 
	SB
	Basolateral surface of syncytial layer

	231 
	SA
	Apical surface of syncytial layer

	232 
	MB
	Basolateral surface of marginal-cell layer

	233 
	MA
	Apical surface of marginal-cell layer

	234 
	HA
	Apical membrane of hair cell

	235 
	HB
	Basolateral membrane of hair cell

	236 
	
	

	237 
	RMP
	Resting membrane potential

	238 
	EP
	Endocochlear potential

	239 
	ISP
	Intrastrial potential

	240 
	MCP
	Marginal-cell potential

	241 
	v
	Membrane potential

	242 
	vSB
	Membrane potential of basolateral surface of syncytial layer, mV

	243 
	vSA
	Membrane potential of apical surface of syncytial layer, mV





	244 
	vMB
	Membrane potential in basolateral membrane of marginal cell, mV

	245 
	vMA
	Membrane potential in apical membrane of marginal cell, mV

	246 
	vHA
	Membrane potential in apical membrane of hair cell, mV

	247 
	vHB
	Membrane potential in basolateral membrane of hair cell, mV

	248 
	
	

	249 
	CFC
	Capacitance of fibrocyte membrane, F/cell

	250 
	CSB
	Capacitance of basolateral surface of syncytial layer, F

	251 
	CIC
	Capacitance of intermediate cell membrane, F/cell

	252 
	CSA
	Capacitance of apical surface of syncytial layer, F

	253 
	CMB
	Capacitance in basolateral membrane of marginal cell, F/cell

	254 
	CMA
	Capacitance in apical membrane of marginal cell, F/cell

	255 
	CHB
	Capacitance in basolateral membrane of hair cell, F/cell

	256 
	
	

	257 
	NFC
	Number of fibrocytes

	258 
	NIC
	Number of intermediate cells

	259 
	NMC
	Number of marginal cells

	260 
	NHC
	Number of hair cells

	261 
	
	

	262 
	VPL
	Volume of fibrocyte, L/section

	263 
	VIS
	Volume of intrastrial space, L/section

	264 
	VEL
	Volume of endolymph, L/section

	265 
	VCell
	Volume of cell (Fibrocyte, Intermediate cell, Marginal cell, Hair cell), L/section

	266 
	
	

	267 
	[K+]PL
	K+ concentration in perilymph, mmol/L

	268 
	[K+]SY
	K+ concentration in syncytium, mmol/L

	269 
	[K+]IS
	K+ concentration in intrastrial space, mmol/L

	270 
	[K+]MC
	K+ concentration in marginal cell, mmol/L

	271 
	[K+]EL
	K+ concentration in endolymph, mmol/L

	272 
	[K+]HC
	K+ concentration in hair cell, mmol/L

	273 
	[Na+]PL
	Na+ concentration in perilymph, mmol/L

	274 
	[Na+]SY
	Na+ concentration in syncytium, mmol/L

	275 
	[Na+]IS
	Na+ concentration in intrastrial space, mmol/L

	276 
	[Na+]MC
	Na+ concentration in marginal cell, mmol/L





	277 
	[Na+]EL
	Na+ concentration in endolymph, mmol/L

	278 
	[Na+]HC
	Na+ concentration in hair cell, mmol/L

	279 
	[Cl–]PL
	Cl– concentration in perilymph, mmol/L

	280 
	[Cl–]SY
	Cl– concentration in syncytium, mmol/L

	281 
	[Cl–]IS
	Cl– concentration in intrastrial space, mmol/L

	282 
	[Cl–]MC
	Cl– concentration in marginal cell, mmol/L

	283 
	[Cl–]EL
	Cl– concentration in endolymph, mmol/L

	284 
	[Cl–]HC
	Cl– concentration in hair cell, mmol/L

	285 
	
	

	286 
	NaKATP
	Na+,K+-ATPase

	287 
	NKCC
	Na+,K+,2Cl– cotransporter

	288 
	Kir4.1
	Kir4.1 K+ conductance

	289 
	ClC
	ClC/K Cl– conductance

	290 
	KCNQ1/KCNE1
	KCNQ1/KCNE1 K+ conductance

	291 
	Leak
	Leak conductance

	292 
	NSC
	Nonselective cation conductance

	293 
	Na+-T
	Na+ transporter

	294 
	
	

	295 
	IFC
	Current on fibrocyte, A/cell

	296 
	ISB
	Current on basolateral surface of syncytial layer, A

	297 
	INa,FC
	Na+ current through membrane of fibrocyte, A/cell

	298 
	IK,FC
	K+ current through membrane of fibrocyte, A/cell

	299 
	INaKATP,FC
	Flow via Na+,K+-ATPases on membrane of fibrocyte, A/cell

	300 
	fNaKATP,FC
	Voltage-dependent parameter of INaKATP,FC

	301 
	σFC
	[Na+]-dependent factor of fNaKATP,FC

	302 
	IK,NaKATP,FC
	K+ component of INaKATP,FC, A/cell

	303 
	INa,NaKATP,FC
	Na+ component of INaKATP,FC, A/cell

	304 
	INaConductance,FC
	Current through Na+ conductance on membrane of fibrocyte, A/cell

	305 
	ILeak,FC
	Current through leak conductance on membrane of fibrocyte, A/cell

	306 
	IK,Leak,FC
	K+ component of ILeak,FC, A/cell

	307 
	INa,Leak,FC
	Na+ component of ILeak,FC, A/cell

	308 
	GNaKATP,FC
	Activity of Na+,K+-ATPase on a fibrocyte membrane, S/cell

	309 
	GNaConductance,FC
	Na+ conductance on fibrocyte membrane, S/cell





	310 
	GLeak,FC
	Leak conductance on fibrocyte membrane, S/cell

	311 
	
	

	312 
	IIC
	Current on intermediate cell, A/cell

	313 
	ISA
	Current on apical surface of syncytial layer, A

	314 
	INa,IC
	Na+ current on membrane of intermediate cell, A/cell

	315 
	IK,IC
	K+ current on membrane of intermediate cell, A/cell

	316	IKir,IC	K+ current through Kir4.1 K+ conductance on membrane of intermediate cell,

	317 
	
	A/cell

	318 
	ILeak,IC
	Current through leak conductance on membrane of intermediate cell, A/cell

	319 
	IK,Leak,IC
	K+ component of ILeak,IC, A/cell

	320 
	INa,Leak,IC
	Na+ component of ILeak,IC, A/cell

	321 
	INa,trans,IC
	Flow through Na+ transporter in intermediate cell, A/cell

	322 
	GKir,IC
	Conductance of Kir 4.1 K+ conductance on intermediate cell, S/cell

	323 
	GLeak,IC
	Leak conductance on intermediate cell, S/cell

	324 
	
	

	325 
	IMB
	Current on basolateral membrane of marginal cell, A/cell

	326 
	INaKATP,MB
	Flow via Na+,K+-ATPase on basolateral membrane of marginal cell, A/cell

	327 
	fNaKATP,MB
	Voltage-dependent parameter of INaKATP, MB

	328 
	σMB
	[Na+]-dependent factor of fNaKATP, MB

	329 
	IK,NaKATP,MB
	K+ component of INaKATP,MB, A/cell

	330 
	INa,NaKATP,MB
	Na+ component of INaKATP,MB, A/cell

	331 
	INKCC,MB
	Flow via NKCCs on basolateral membrane of marginal cell, A/cell

	332 
	k,α,β
	rate constants, s1

	333 
	PNKCC,MB
	Factor to define the flux via NKCCs on basolateral membrane of marginal cell,

	334 
	
	mmol

	335 
	p(X)
	probability of state X in multiple-state gate

	336 
	IK,NKCC,MB
	K+ component of INKCC,MB, A/cell

	337 
	INa,NKCC,MB
	Na+ component of INKCC,MB, A/cell

	338 
	ICl,NKCC,MB
	Cl– component of INKCC,MB, A/cell

	339 
	IClC,MB
	Cl– current through ClC/K-barttin Cl– conductance in basolateral membrane of

	340 
	
	marginal cell, A/cell

	341 
	INSC,MB
	Current through NSC conductance on basolateral membrane of marginal cell,

	342 
	
	A/cell





	343 
	IK,NSC,MB
	K+ component of INSC,MB, A/cell

	344 
	INa,NSC,MB
	Na+ component of INSC,MB, A/cell

	345 
	GNaKATP,MB
	Activity of Na+,K+-ATPase on basolateral membrane of marginal cell, S/cell

	346 
	PNKCC,MB
	Factor to define flux via NKCCs on basolateral membrane of marginal cell, S/cell

	347 
	KNa
	Na+-binding constant of NKCC, L/mol

	348 
	KK
	K+-binding constant of NKCC, L/mol

	349 
	KCl
	Cl-binding constant of NKCC, L/mol

	350 
	kffull
	Rate constant of ion-filled NKCC, /s

	351 
	kb
full
	Rate constant of ion-filled NKCC, /s

	352 
	kfempty
	Rate constant of NKCC in empty form, /s

	353 
	kb
empty
	Rate constant of NKCC in empty form, /s

	354 
	GClC,MB
	Conductance of ClC/K-barttin Cl– conductance on basolateral membrane of

	355 
	
	marginal cell, S/cell

	356 
	GNSC,MB
	Conductance of NSC conductance on basolateral membrane of marginal cell,

	357 
	
	S/cell

	358 
	
	



359 
360 

IMA	Current on apical membrane of marginal cell, A/cell
IKs,MA	K+ current through KCNQ1/KCNE1 K+ conductance channels on apical


	361 
	
	membrane of marginal cell, A/cell

	362 
	n
	The open probability of activation gate

	363 
	n∞
	The steady state open probability of activation gate n

	364 
	τKs
	Time constant of activation of KCNQ1/KCNE1 K+ conductance

	365 
	INSC,MA
	Current through NSC conductance in apical membrane of marginal cell, A/cell

	366 
	IK,NSC,MA
	K+ component of INSC,MA, A/cell

	367 
	INa,NSC,MA
	Na+ component of INSC,MA, A/cell


 (
368
 
G
Ks,MA
Conductance
 
of
 
KCNQ1/KCNE1
369
 
marginal
 
cell, S/cell
)K+ conductance on apical membrane of


	370 
	GNSC,MA
	Conductance of NSC conductance on apical membrane of marginal cell, S/cell

	371 
	
	

	372 
	IMET
	Current of MET channels on apical membrane of hair cell, A/cell

	373 
	GMET
	Conductance of MET channels on apical membrane of hair cell, A/cell

	374 
	ICir
	Circulation current, A

	375 
	
	





	376 
	IHB
	Current on basolateral membrane of marginal cell, A/cell

	377 
	IKConductance,HB
	Current through K+ conductance on basolateral membrane of hair cell, A/cell

	378 
	GKConductance,HB
	Conductance of Ca2+-activated K+ conductance on basolateral membrane of hair

	379 
	
	cell, S/cell

	380 
	
	

	381 
	κOuabain,FC
	Factor of blocking rate of Na+,K+-ATPase in fibrocyte during ouabain

	382 
	
	perilymphatic perfusion

	383 
	
	

	384 
	F
	Faraday constant, 96,487 C/mol

	385 
	R
	Gas constant, 8314.47 J/kmol/K

	386 
	T
	Temperature, 310.15 kelvin





387 
388 
389 
390 
391 
392 
393 
394 
395 
396 

Formulation of the model.

I. Currents and capacitances in the syncytial layer.
𝐼SB = 𝑁FC ∙ 𝐼FC 
𝐼SA = 𝑁IC ∙ 𝐼IC 
𝐶SB = 𝑁FC ∙ 𝐶FC 
𝐶SA = 𝑁IC ∙ 𝐶IC 

II. Membrane potentials.

𝑑𝑣SB = −𝐼SB−𝐼Cir = −𝑁FC∙𝐼FC−𝐼Cir = 𝑁HC∙𝐼MET−𝑁FC∙(𝐼NaKATP,FC+𝐼NaConductance,FC+𝐼Leak,FC)

𝑑𝑡

𝐶SB

𝑁FC∙𝐶FC

𝑁FC∙𝐶FC



397 

𝑑𝑣SA  = 𝐼Cir−𝐼SA  = 𝐼Cir−𝑁IC∙𝐼IC   = −𝑁HC∙𝐼MET−𝑁IC∙(𝐼Kir,IC+𝐼Leak,IC+𝐼Na,trans,IC)

𝑑𝑡

𝐶SA

𝑁IC∙𝐶IC

𝑁IC∙𝐶IC



398 

𝑑𝑣MB   = −𝑁MC∙𝐼MB−𝐼Cir   = 𝑁HC∙𝐼MET−𝑁MC∙(𝐼ClC,MB+𝐼NSC,MB+𝐼NaKATP,MB)

𝑑𝑡

𝑁MC∙𝐶MB

𝑁MC∙𝐶MB



399 

𝑑𝑣MA   = 𝐼Cir−𝑁MC∙𝐼MA   = −𝑁HC∙𝐼MET−𝑁MC∙(𝐼Ks,MA+𝐼NSC,MA+𝐼Na,trans,MA)

𝑑𝑡

𝑁MC∙𝐶MA

𝑁MC∙𝐶MA



400 

𝑑𝑣HB   = 𝐼Cir−𝑁HC∙𝐼HB   = −𝑁HC∙𝐼MET−𝑁HC∙𝐼KConductance,HB


401 

𝑑𝑡

𝑁HC∙𝐶HB

𝑁HC∙𝐶HB

402 
403 
III. 
Ionic concentrations in intracellular and extracellular fluids.
[K+]PL = 𝑁HC∙𝐼HB+𝑁FC∙(𝐼K,NaKATP,FC+𝐼K,Leak,FC)

𝑑𝑡

𝑉PL∙𝐹



404 

𝑑[K+]SY   = − 𝑁FC∙(𝐼K,NaKATP,FC+𝐼K,Leak,FC)+𝑁IC∙(𝐼Kir,IC+𝐼K,Leak,IC)

𝑑𝑡

(𝑁FC+𝑁IC)∙𝑉Cell∙𝐹



405 

𝑑[K+]IS     =  𝑁IC∙(𝐼Kir,IC+𝐼K,Leak,IC)+𝑁MC∙(𝐼K,NSC,MB+𝐼K,NaKATP,MB+𝐼K,NKCC,MB)

𝑑𝑡

𝑉IS∙𝐹



406 

𝑑[K+]MC    =  − 𝑁MC∙(𝐼K,NSC,MB+𝐼K,NaKATP,MB+𝐼K,NKCC,MB)+𝑁MC∙(𝐼Ks,MA+𝐼K,NSC,MA)

𝑑𝑡

𝑁MC∙𝑉Cell∙𝐹



407 

[K+]EL   = 𝑁MC∙(𝐼Ks,MA+𝐼K,NSC,MA)+𝑁HC∙𝐼MET

𝑑𝑡

𝑉EL∙𝐹



408 

[K+]HC   = − 𝑁HC∙𝐼MET+𝑁HC∙𝐼KConductance,HB

𝑑𝑡

𝑁HC∙𝑉Cell∙𝐹




409 

[Na+]PL = 𝑁FC∙(𝐼Na,NaKATP,FC+𝐼NaConductance,FC+𝐼Na,Leak,FC)

𝑑𝑡

𝑉PL∙𝐹



410 

𝑑[Na+]SY     =  − 𝑁FC∙(𝐼Na,NaKATP,FC+𝐼NaConductance,FC+𝐼Na,Leak,FC)+𝑁 IC∙(𝐼Na,Leak,IC+𝐼Na,trans,IC)

𝑑𝑡

(𝑁FC+𝑁IC)∙𝑉Cell∙𝐹



411 

𝑑[Na+]IS     =  𝑁 IC∙(𝐼Na,Leak,FC+𝐼Na,trans,FC)+𝑁MC∙(𝐼Na,NSC,MB+𝐼Na,NaKATP,MB+𝐼Na,NKCC,MB)

𝑑𝑡

𝑉IS∙𝐹



412 

𝑑[Na+]MC    =  − 𝑁MC∙(𝐼Na,NSC,MB+𝐼Na,NaKATP,MB+𝐼Na,NKCC,MB)+𝑁MC∙(𝐼Na,NSC,MA+𝐼Na,trans,MA)


413 

𝑑𝑡


[Na+]EL = 𝑁MC∙(𝐼Na,NSC,MA+𝐼Na,trans,MA)

𝑁MC∙𝑉Cell∙𝐹


414 

415 

416 

𝑑𝑡


[Na+]HC = 0
𝑑𝑡

[Cl−]PL = 0
𝑑𝑡


[Cl−]SY = 0
𝑑𝑡

𝑉EL∙𝐹



417 

[Cl−]IS   = − 𝑁MC∙(𝐼ClC,MB+𝐼Cl,NKCC,MB)

𝑑𝑡

𝑉IS∙𝐹



418 

[Cl−]MC   = 𝑁MC∙(𝐼ClC,MB+𝐼Cl,NKCC,MB)


419 

420 
421 

𝑑𝑡


[Cl−]EL = 0
𝑑𝑡

[Cl−]HC = 0
𝑑𝑡

𝑁MC∙𝑉Cell∙𝐹

422 
423 
IV. 
Ionic flows and currents.
a. MET current and circulation current: IMET and ICir



424	𝐼

= 𝐺	(𝑣	− 𝑅  ∙ 𝑙𝑛 ([K+]EL ))
	

MET

MET	HA	𝐹

[K+]HC

425 
426 
427 
428 

𝐼Cir = −𝑁HC ∙ 𝐼MET

b. Current through Ca2+-activated K+ conductance on a basolateral membrane of a hair cell:
IKConductance,HB




429	𝐼

= 𝐺


· (𝑣	− 𝑅𝑇 ∙ 𝑙𝑛 ([K+ ]PL ) )
	

KConductance,HB

430 

KConductance,HB

HB	𝐹

[K+]HC
[bookmark: _GoBack]
431 
c. 
Current through Na+ conductance in a fibrocyte: INaConductance,FC



432	𝐼

= 𝐺

+
· (𝑣	− 𝑅𝑇 ∙ 𝑙𝑛 ([Na ]PL))
	

NaConductance,FC

433 

NaConductance,FC

SB	𝐹

[Na+]SY

434 
d. 
Current through leak conductance in a fibrocyte: ILeak,FC



435	𝐼

= 𝐺

· (𝑣

− 𝑅𝑇   ∙ 𝑙𝑛 ([K+]PL+[Na+]PL))
	

Leak,FC

Leak,FC

SB	𝐹

[K+]SY+[Na+]SY

436 

𝐼𝑓 𝐼Leak,FC > 0,



437 

438 

𝐼K,Leak,FC

𝐼

= (		[K+]SY [K+]SY+[Na+]SY

= (	[Na+]SY

) ∙ 𝐼Leak,FC

) ∙ 𝐼

Na,Leak,FC


[K+]SY+[Na+]SY

Leak,FC

439 

𝐼𝑓 𝐼Leak,FC ≤ 0,



440 

441 

𝐼K,Leak,FC

𝐼

= (		[K+]PL [K+]PL+[Na+]PL

= (	[Na+]PL

) ∙ 𝐼Leak,FC

) ∙ 𝐼


442 

Na,Leak,FC


[K+]PL+[Na+]PL

Leak,FC

443 
e. 
Flow via Na+,K+-ATPase in a fibrocyte: INaKATP,FC

444	𝐼

= 𝜅

· 𝐺

·     𝑓NaKATP,FC      ∙	1


NaKATP,FC

Ouabain,FC

NaKATP,FC

      10	1.5  1+   1.5 


445	𝑓

1+([Na+]SY)
=	1


[K+]PL

NaKATP,FC

−0.1∙𝑣SB∙𝐹	−𝑣SB∙𝐹
1+0.1245∙𝑒	𝑅𝑇	+0.0365∙𝜎FC∙𝑒 𝑅𝑇


446 
447 


𝜎FC


= 𝑒

[Na+]PL
67.3     −1
7

448 
f. 
Current through Kir4.1 K+ conductance in an intermediate cell: IKir,IC




 		𝑣

−𝑅𝑇∙𝑙( [K+]IS )


449	𝐼

= 𝐺

· √[K+]

SA     𝐹
· (

[K+]SY )

Kir,IC

Kir,IC

IS
1+𝑒

𝑣SA+0.05928 0.04846



450 
451 


g. Current through leak conductance in an intermediate cell: ILeak,IC



452	𝐼

= 𝐺

· (𝑣

− 𝑅𝑇 ∙ 𝑙𝑛 ( [K+]IS+[Na+]IS ))
	

Leak,IC

Leak,IC

SA	𝐹

[K+]SY+[Na+]SY

453 

𝐼𝑓 𝐼Leak,IC > 0,



454 

455 

𝐼K,Leak,IC

𝐼

= (		[K+]SY [K+]SY+[Na+]SY

= (	[Na+]SY

) ∙ 𝐼Leak,IC

) ∙ 𝐼

Na,Leak,IC


[K+]SY+[Na+]SY

Leak,IC

456 

𝐼𝑓 𝐼𝐿𝑒𝑎𝑘,𝐶 ≤ 0,



457 

458 

𝐼K,Leak,IC

𝐼

= (		[K+]IS [K+]IS+[Na+]IS

= (	[Na+]IS

) ∙ 𝐼Leak,IC

) ∙ 𝐼


459 

Na,Leak,IC


[K+]IS+[Na+]IS

Leak,IC


	460 
	h. Flow via Na+ transporter in an intermediate cell: INa,trans,IC

	461 
	𝐼Na,trans,IC = −𝐼Na,NSC,IC

	462 
	

	463 
	i. Flow via Na+,K+-ATPases on a basolateral membrane of a marginal cell: INaKATP,MB




 (
464
 
𝐼
N
465
 
𝑓
N
466
 
𝜎
MB
467
 
)= 𝐺

·     𝑓NaKATP,MB      ∙	1


aKATP,MB

NaKATP,MB

 	10	1.5     1+   1.5 




aKATP,MB

1+([Na+]MC)
 (
=
)1
−0.1∙𝑣MB∙𝐹


[K+]IS

−𝑣MB∙𝐹



= 𝑒

1+0.1245∙𝑒

[Na+]IS
67.3    −1
7

𝑅𝑇	+0.0365∙𝜎MB∙𝑒

𝑅𝑇



468 


j. Flow via Na+,K+,2Cl– cotransporters in a marginal cell: JNKCC,MB

469	𝐽

= 𝑃

· (𝑝(𝐸

) ∙ 𝑦 ∙ 𝑘𝑓	− 𝑝(𝐸

) ∙ (1 − 𝑦) ∙ 𝑘𝑏	)

470 
471 

NKCC,MB
(𝐸1,𝑀𝐵) =

NKCC,MB

1NaClKCl,MB

𝑓𝑢𝑙𝑙



1

2NaClKCl,MB

𝑓𝑢𝑙𝑙


472 

(1+𝐾𝑁𝑎[Na+]IS+𝐾𝑁𝑎[Na+]IS𝐾𝐶𝑙[Cl−]IS+𝐾𝑁𝑎[Na+]IS𝐾𝐶𝑙[Cl−]IS𝐾𝐾∙[K+]IS+𝐾𝑁𝑎[Na+]IS∙𝐾𝐶𝑙[Cl−]IS𝐾𝐾[K+]IS∙𝐾𝐶𝑙[Cl−]IS)
𝑝(𝐸1𝑁𝑎𝐶𝑙𝐾𝐶𝑙,𝑀𝐵) = 𝐾𝑁𝑎[Na+]IS𝐾𝐶𝑙[Cl−]IS𝐾𝐾[K+]IS𝐾𝐶𝑙[Cl−]IS ∙ 𝑝(𝐸1,𝑀𝐵)



473 
474 

(𝐸2,𝑀𝐵) =
1




475 

(1+𝐾𝐶𝑙[Cl−]MC+𝐾𝐾[K+]MC𝐾𝐶𝑙[Cl−]MC+𝐾𝐾[K+]MC𝐾𝐶𝑙[Cl−]MC𝐾𝐾[K+]MC+𝐾𝑁𝑎[Na+]MC𝐾𝐶𝑙[Cl−]MC𝐾𝐾[K+]MC𝐾𝐶𝑙[Cl−]MC)
𝑝(𝐸2𝑁𝑎𝐶𝑙𝐾𝐶𝑙,𝑀𝐵) = 𝐾𝑁𝑎[Na+]MC𝐾𝐶𝑙[Cl−]MC𝐾𝐾[K+]MC𝐾𝐶𝑙[Cl−]MC ∙ 𝑝(𝐸2,𝑀𝐵)



 (
476
 
𝛼
=
 
𝑘
𝑓
𝑙𝑙
 
∙
 
𝑝
(
𝐸
1
𝑁𝑎𝐶𝑙𝐾𝐶𝑙
,
𝑀𝐵
)
 
+
 
𝑘
𝑏
 
𝑝𝑡𝑦
 
∙
 
𝑝
(
𝐸
1,
𝑀𝐵
)
𝑒𝑚
477
 
𝛽
=
 
𝑘
𝑏
·
 
𝑝
(
𝐸
)
 
+
 
𝑘
𝑓
∙
 
𝑝
(
𝐸
)
𝑙𝑙
2
𝑁𝑎𝐶𝑙𝐾𝐶𝑙
,
𝑀𝐵
𝑒𝑚𝑝𝑡𝑦
2,
𝑀𝐵
)𝑀𝐵

𝑓𝑢




478 

𝑀𝐵

𝑑𝑦 = 𝛽


𝑓𝑢

(1 − 𝑦) − 𝛼	𝑦


479 

𝑑𝑡

𝑀𝐵

𝑀𝐵

480 
481 
k. 
Current through ClC/K-barttin Cl– conductance on the basolateral membrane of a marginal cell:
IClC,MB



482	𝐼

= 𝐺

−
· (𝑣	− 𝑅𝑇 ∙ 𝑙𝑛 ([Cl ]MC))
	

ClC,MB

483 

ClC,MB

MB	𝐹

[Cl−]IS

484 
l. 
Current through NSC conductance on the basolateral membrane of a marginal cell: INSC,MB



485	𝐼

= 𝐺

· (𝑣

− 𝑅𝑇 ∙ 𝑙𝑛 ( [K+]IS+[Na+]IS   ))
	

NSC,MB

NSC,MB

MB	𝐹

[K+]MC+[Na+]MC

486 

𝐼𝑓 𝐼NSC,MB > 0,



487 

488 

𝐼K,NSC,MB

𝐼

= (		[K+]MC [K+]MC+[Na+]MC

= (	[Na+]MC

) ∙ 𝐼NSC,MB

) ∙ 𝐼

Na,NSC,MB


[K+]MC+[Na+]MC

NSC,MB

489	𝐼𝑓 𝐼NSC,MB ≤ 0,


490 

491 

𝐼K,NSC,MB

𝐼

= (		[K+]IS [K+]IS+[Na+]IS

= (	[Na+]IS

) ∙ 𝐼NSC,MB

) ∙ 𝐼


492 

Na,NSC,MB


[K+]IS+[Na+]IS

NSC,MB

493 
494 
m. 
Current through KCNQ1/KCNE1 K+ conductance on the apical membrane of a marginal cell:
IKs,MA



495	𝐼

= 𝐺

+
· 𝑛 ∙ (𝑣	− 𝑅𝑇 ∙ 𝑙𝑛 ([K ]EL ))
	

Ks,MA

Ks,MA

MA	𝐹

[K+]MC




496 

𝑛∞

1
𝑣MA−0.02048)


 (
=
 
(
)1+𝑒

−0.0106


	497 
	𝜏	= 0.401 + 0.687 ∙ (	1	
𝐾𝑠	𝑣MA−0.02616)

	
	1+𝑒	0.00838

	498 
	

	499 
	n. Current through NSC conductance on the apical membrane of a marginal cell: INSC,MA




500	𝐼

= 𝐺

· (𝑣

− 𝑅𝑇 ∙ 𝑙𝑛 ( [K+]EL+[Na+]EL ))
	

NSC,MA

NSC,MA

MA	𝐹

[K+]MC+[Na+]MC

501 

𝐼𝑓 𝐼NSC,MA > 0,



502 

503 

𝐼K,NSC,MA

𝐼

= (		[K+]MC [K+]MC+[Na+]MC

= (	[Na+]MC

) ∙ 𝐼NSC,MA

) ∙ 𝐼

Na,NSC,MA


[K+]MC+[Na+]MC

NSC,MA

504	𝐼𝑓 𝐼NSC,MA ≤ 0,


505 

506 

𝐼K,NSC,MA

𝐼

= (		[K+]EL [K+]EL+[Na+]EL

= (	[Na+]EL

) ∙ 𝐼NSC,MA

) ∙ 𝐼


507 

Na,NSC,MA


[K+]EL+[Na+]EL

NSC,MA

508 
509 
510 

o. Flow via Na+ transporter on the apical membrane of a marginal cell: INa,trans,MA
𝐼Na,trans,MA = −𝐼Na,NSC,MA    
 


511 
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