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Supporting Information  
Methods 

Outer Hair Cell Mathematical Model 

We modeled electro-mechanics of outer hair cells (OHCs) by coupling passive 

properties of the cell with a 4-state chemical kinetic model of Kv7.4 and a piezoelectric model of 

prestin-dependent motility. The approach is shown schematically in Supplementary (S)5. The 

piezoelectric coefficient was modeled as voltage-dependent, which gives rise to the signature 

nonlinear capacitance of the membrane (25, 36). Passive electrical capacitance of the 

membrane was assumed to act in parallel with the piezoelectric element and ionic 

conductances. To capture voltage, mechanical, and temperature sensitivity, Kv7.4 was modeled 

using four states and Eyring's transition state theory (24), with the first three states closed and 

the fourth state open. The enthalpy associated with the first two transitions (A, B) was modeled 

as voltage-dependent, while enthalpy of the final transition (B) was modeled as tension 

dependent. Oligomerization was modeled as reducing the entropy of the first transition (A), thus 

favoring closed state 2 over closed-state 1. The increase in kinetics with oligomerization arises 

in this model from the difference in kinetics between transitions. Single-channel kinetics requires 

the final transition to the open state to be much faster than voltage-dependent transitions 

between closed states (37).   

 

A.  4-State Kv7.4 Model. 

Kv7.4 data in the parent report can be described reasonably well using a simple 

chemical kinetic model. We formulated the 4-state model with the goal of simplicity, while 

maintaining thermodynamic consistency, understanding that transitions of the Kv7.4 channel are 

undoubtedly more complex (S5).  Kinetics is modeled using  
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Where   provides the probability that the subunit is in one of 4 states.  

The matrix K is a function of the thermodynamic ( v, f , ,T ) state variables and has the form 
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Where  v is the membrane potential,  f  is membrane tension,   is oligomerization, and T  is 

temperature. The membrane tension is related to the intracellular pressure and the load 
(Appendix A), thus linking tension acting on Kv7.4 channels to the mechanical load and tension 
in the lateral wall motor elements. At steady state 
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The channel open probability is  P
O
 P

4
h  K

O
P

3 h
, where h  is selected based on experimental 

observations. The whole-cell Kv7.4 current is 
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Voltage-sensitivity   

The rate constants are modeled using Eyring's transition state theory 

  k
nm


nm
eGnm / RT    (6) 

where the Gibbs free energy G is written in terms of the enthalpy H  , entropy S  , and the 

potential v  through which the gating charge z  moves 
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Here, we define v  the full membrane potential and adjust the gating charge accordingly.  The 

half-activation voltage associated with transitions  &  is 


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 H
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nm  / z
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F , allowing the Gibbs free energy to be written in the form
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F . Symmetry is assumed z
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 . 

Oligomerization   

Oligomerization is modeled as reducing the entropy associated with the first forward 

transition by a scaling factor 0   1. This enters into the Gibbs free energy of the first state 

transition  
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In this model, oligomerization ( 1) increases the probability of the channel being in closed 

state 2 vs. closed state 1. This increases the speed of opening and shifts the voltage sensitivity 

in the hyperpolarized direction. Sensitivity to the parameter   is high, with data suggesting 

0.95  1. 

Thermo- and mechano-sensitivity 

  Temperature dependence is included directly in the model through modulation of all 

state transitions. One characteristic feature of voltage-gated K+ channels is that the peak 

conductance increases with temperature even when the cell is highly depolarized, and voltage 

sensitivity is entirely saturated (38). This means temperature sensitivity must arise at a transition 

state downstream from the voltage-dependent transitions—this is the final transition in the 

present 4-state Kv7.4 model and previously published models of other channels (37). The final 

transition describes the kinetics of single-channel opening and hence is extremely fast with a 

transition time on the order of microseconds (39). The high speed of K+ channel thermo-



sensitivity has been revealed previously in depolarized murine type II vestibular hair cells using 

infrared laser heat pulses (40). Analogous to temperature, present data demonstrate an 

increase in peak conductance with an increase in mechanical tension in the membrane even 

when the cell is highly depolarized, and Kv7.4 voltage sensitivity is saturated.  In the present 4-

state model, the only way to match the data is to place mechanical sensitivity downstream from 

voltage sensitivity at the final transition .  This final transition to the open state is fast, 

so mechano-sensitivity in the present Kv7.4 model is also fast and capable of operating cycle-

by-cycle at auditory frequencies. Mechano-sensitivity of transition "jk=34,43" is included by 

modulating the Gibbs free energy through the mechanical enthalpy  
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The rate constants are assumed to be k
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 
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e
G jk /RT

, giving the equilibrium constant  

K
C
 k

34
k

43
. In wild type outer hair cells, Kv7.4 channels are primarily in the basal pole of the 

cell, a location that senses the force between the motor element and the external load. Using a 

linear model, the stress in this region of the membrane is related to the whole-cell strain 
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0
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1
, where 

0
 is the resting pre-strain (constant or slowly changing) and 

1
 is the 

perturbation (changing cycle-by-cycle). It's essential to recognize that the strain is whole-cell 

load-dependent, and hence mechanical gating in this model will depend on specifics of the 

loading, which change with frequency (also see Appendix A). In the present model, we assume 

small perturbations in strain about the resting state and model strain dependence of the 

equilibrium constant as a saturating sigmoid function 
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B.  Outer Hair Cell Electromechanics 

Piezoelectric equations.   

The composite hair cell membrane is modeled as a 1-D piezoelectric cylindrical shell 

with axial strain  , membrane voltage v , and tension per unit membrane circumference f  (

f  stress  thicknessN.m-1).  The whole-cell volume is assumed to remain constant, thus relating 

the axial strain to the circumferential strain (Appendix A).  The whole-cell axial strain in the 

lateral wall is a superposition of strain in piezoelectric elements occupying area fraction   plus 

strain in the passive elements occupying area fraction (1 ) . We consider rapid motions 

where water transport is zero, and the cell volume is constant, thus providing a kinematic 

coupling between changes in length to changes in radius and membrane surface area. With 

this, the axial strain is related to the axial stress and voltage in the piezoelectric composite by 

 
  0 p  (10 ) s  f 0 pv
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Where 
p
 is the axial piezoelectric coefficient, 

p
 is the compliance of the parallel piezoelectric 

component, and 
s
 is the passive series compliance. Combining terms  

C
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0
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p
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effective axial piezoelectric coefficient of the cell and C  0 p  (10 ) s  is the effective 

axial compliance of the cell.    

Mechanical loading on the OHC relates the axial stress to the strain. Assuming the load 

arises from mass, stiffness, and viscosity of the cell itself plus the external load provides 
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L
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L
)  are the effective mass, damping, and stiffness loading parameters, g(t)  is 

the externally applied force (if any)? r  is the cell radius, and ℓ  is the length. We use Eq. 15 to 



eliminate the tension. For small changes in strain   
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Where the intrinsic stiffness of the cell comes from the compliance according to k
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The displacement current across the cell membrane is the addition of components in the 

piezoelectric material and the passive membrane 
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 Where A
p
 is the total membrane area containing piezoelectric elements, and C

L
 is the passive 

whole-cell capacitance ("linear capacitance"). The displacement current can be written as  
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From Kirchoff's current law, the whole-cell current is related to the membrane potential by 
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where i
j
 are the membrane currents, i is the whole-cell injected current (including the MET 

current).  

Nonlinear Capacitance  

In general, the nonlinear part of the capacitance depends on the load. Two limiting cases 

are of interest and arise directly from Eq. 21: the zero-strain case 
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and the zero-force case  
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Note, the nonlinear capacitance approaches zero in the zero-strain case only if the compliance 

of the passive component of the membrane is zero (
1
 0Eq. 22).  In general, the prestin-

dependent piezoelectric coefficient is voltage, strain, and temperature-dependent 


C
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C
v, , .  Simulations reported in the present study consider small perturbations about a 

resting strain 
0
 and temperature 

0
and assume voltage dependence of the piezoelectric 

coefficient follows the conventional Boltzmann form (25, 36)  

 
C
 4

C
0 e

(vvpk )/ pk 1 e
(vvpk )/pk 2








1

 . (20) 

Numerical simulations reported in the present report use Eq. 24, but for small perturbations in 

voltage about a resting value, it is sufficient to treat 
C
 as a constant.   

 Hair cell currents   



To examine the contribution of Kv7.4 to hair cell electromotility, in the present simulations 

we include only a passive conductance G
L
, a prescribed MET current  I

MET
, and a voltage-

strain dependent Kv7.4 conductance G
Kn

  

 i j
j1

N

  GL (V  EL )GKn
 P4

h (V  EK ) ... IMET   (21) 

Simulations and OHC Model Parameters.   

All simulations shown in the parent manuscript were based on data from OHCs in the ~3 kHz 

region of the cochlea.  Parameters used in the simulations are provided in Table 1.  Eqs. 5 and 

21 were solved numerically in the time domain (Mathematica) under voltage-clamp conditions 

with zero MET current (simulating voltage-clamp experiments) and in response to 100pA 

sinusoidal MET current injection (simulating physiological conditions).  The model is nonlinear.  

Simulations shown in the frequency domain determine the magnitude and phase of the 

response (voltage, displacement) based on first-harmonic time-domain modulation.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 



S Table 1.  Model Physical Parameters 

Parameter Symbol Value Units 

Area: Total Membrane A
m

  r 2ℓ  3r  m2 

Area: Lateral Wall A
p
  2rℓ  m2 

Capacitance: linear C
L
 0.0175A

m
 F 

Compliance: cell 
C

 1/ (hk
0
)  m.N-1 

Compliance: piezo 
p
 

C
/ (

0
 (1

0
) / r )   m.N-1 

Compliance: ratio r  1  - 

Damping: total 
T

 2 k
T
m

T  N.m-1s-1 

Density    1000 kg.m3 

Entropy: 12,21 S
12

,S
21

 227.9 Joule 

Entropy: 23,32 S
23

,S
32

 22.8 Joule 

Entropy: clustering    0.98 - 

Faraday const. F  96485.33 s.A.mol-1 

Fraction area 
0
 0.9 - 

Fraction stiffness 
1
  (1

0
) / r

k
 - 

Frequency: 
n
  

n
  4000 Hz 

Gas const. R   8.3145 J.mol-1.°K-1  

Half activation: 12,21 
12

,
21

 -0.05 V 

Half activation: 23,32 
23

,
32

 -0.06 V 

Length of lateral wall ℓ   25e-6 m 

Mass: total m
T

  k
T

/
n
2  Kg 

Mech. Gating: 1 K
1
  10 - 

Mech. Gating: 2 K
2
  -8 - 



Mech. Gating: 3 K
3
  1e-4 - 

Piezo.: coef. 
p
0   -1.4 V-1 

Piezo.: V width 
pk

  0.0389 - 

Piezo.: V peak v
pk

  -0.040 V  

Radius of OHC r  5e-6 m 

Resting potential v
0
  -0.055 V  

Resting strain 
0
  

C
(v

0
)v

0
k

C
/ k

T
 - 

Reversal: K+ E
K

 -0.07 V 

Rate: 12, 21 
12

,
21

 75 s-1 

Rate: 23, 32 
23

,
32

 225 s-1 

Rate: 43, 43 
34

,
43

  3750 s-1 

Stiffness: Reference k
0
  1e6 N.m-2 

Stiffness: cell k
C

 2r / (ℓ
C

) N.m-1 

Stiffness: total k
T

 1.25k
C

  N.m-1 

Temperature T  283.15 °K 

Thickness: Reference h   1e-8 m 

 

 

 

 

 

 

 

 

 

 



Appendix 1.  Kinematics 

For a piezoelectric shell, the strains 
n
  in the axial and circumferential directions are related to 

the tensile forces f
n
  (stress times thickness) and in the membrane and the voltage V  by 

 


1


11
f
1


12
f

2


1
V (a)


2


21
f
1


22
f

2


2
V (b)

   (A1) 

Assuming constant volume cycle-by-cycle deformations of a cylinder requires 
2
 

1
/ 2 .   

Substitution into Eq. A1 provides the equivalent 1-D piezoelectric model for the axial strain in 

the OHC 
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Where Eq. A2b is the axial piezoelectric model used in Eq. 11.  Notice, constant-volume 

cylindrical kinematics has the effect of decreasing the effective axial stiffness while increasing 

the effective piezoelectric constant.  OHCs are under intracellular pressure consisting of a static 

turgor pressure plus a perturbation  P  P
0
 P .     The extracellular pressure on the outside of 

the lateral wall is set to zero, thus by Laplace's law requiring  f
2
 rP .  The external load is 

modeled as a pressure  P
load

  on the end caps of the OHC, by static force balance requiring  

f
1
 r(P  P

load
) / 2,  where the external pressure is related to the external force by 

P
load

 2 f
load

/ r .     Modulation of the strain and force by action against an external load at the 

ends of the cell also modulates the intracellular pressure and the force acting on the motor 

element along the lateral wall as well as the force acting on Kv7.4.   

 

 

 

 

 



S1. Developmental changes in time constant of activation of linopirdine (lino)-sensitive 

K+ current in OHCs. The time constant of activation of the lino-sensitive currents against 

activation voltages (P8 ○, P24, ●) (n = 24, for P8 and P24). Data were assembled from OHCs 

located at 3-4 kHz region of the cochlea. 

  

S2. Kv7.4 and fusion CIBN-EGFP-Kv7.4 channels have similar properties. a-b, Current 

traces recorded from HEK 293 cells transfected with EGFP-Kv7.4. a, traces in black) and 

CIBN-EGFP-Kv7.4 (b, traces in green). Cells were held at -80 mV and stepped from -120 to 

60 mV, using 10-mV increments.  The tail current was generated at -30 mV. c, Current 

density-voltage (I-V) relation of data obtained from 17 cells in each group (color-coded as in a 

and b).  d, Voltage-dependence of the steady-state activation was fitted with a single Boltzmann 

function. The half-activation voltage (V1/2) and the voltage sensitivity at half-activation (1/k, (V-1)) 

derived for EGFP-Kv7.4 and CIBN-EGFP-Kv7.4 currents were, -15.2 + 1.2 mV and 76.3 + 12.4 

V-1; and -17.2 + 2.7 mV and 84.0 + 12.2 V-1, (n = 17), respectively. Comparing the V1/2 and 1/k 

for EGFP-Kv7.4 and CIBN-EGFP-Kv7.4 currents (V1/2, p = 0.01 and 1/k, p = 0.08). e. Images of 

representative HEK 293 cells transfected with CIBN-GFP-Kv7.4 and CRY2-mCherry in the dark 

(left panel) and 5-min after exposure to blue light to induce CIBN-CRY2 dimerization. Scale bars 

represent 5-m. f, (Upper panel) activation of CIBN-EGFP-Kv7.4 channels before (black trace) 

and after 4-min blue light exposure (blue trace). Light- and voltage-pulse protocols are shown in 

the left inset. Holding, step and deactivation/tail voltages were -80, 0, and -40 mV. The right 

inset is an expanded view of the test-pulse (p2) elicited current before and after blue light 

exposure. Lower panel shows similar current records from CIBN-EGFP-Kv7.4 and CRY2-

mCherry co-expressed cells. Of note, blue light exposure and by extension, induction of channel 

clusters sped up the current onset and mediated faster activation kinetics. 



S3.  Acute application of hypertonic solution did not visibly alter Kv7.4 expression in 

OHCs. a Expression pattern of Kv7.4 in OHCs from P21 mice. Hair cells were labelled with 

myosin 7A antibody (Alexa 488 or FITC in green) and Kv7.4 antibody (Alexa 555, in red). Nuclei 

were stained with Dapi (in blue). The merged image is shown (left panel). b, 5 min after 

application of 630 mmOsmol mannitol solution, the distribution of Kv7.4 remained infra-nuclear 

in OHCs (n = 210 OHCs from 3 different cochleae). Scale bar = 5 m. 

 

S4. Effects of prestin (Slc26a5 encoding gene) and membrane tension on the properties 

of IKn and expression of Kv7.4. a, IKn traces recorded from Slc26a5+/+ OHC (black traces) from 

a holding potential of -60 mV to step potentials ranging from -130 to 60 mV using voltage 

increment of 15-mV steps. Similar recording conditions from Slc26a5-/- OHC (blue traces). b, 

The steady-state activation curves were generated from the tail currents and fitted with a 

Boltzmann function; the V1/2  for IKn in Slc26a5+/+ OHC was -72.3 ± 1.3 mV and the voltage 

sensitivity at half-activation, 1/k, was 133.3 ± 11.6 V-1 and for Slc26a5-/- OHC was -48.2 ± 0.6 

mV and the 1/k was 86.2 ± 9.8 V-1 (n = 7). Comparing V1/2 and 1/k, p < 0.0001. c, Changes in 

the act relative to step voltage for IKn in Slc26a5+/+ (black) and Slc26a5-/- (blue) OHC (n = 7). d, 

the Expression pattern of Kv7.4 in OHCs from P21 Slc26a5+/+ (left two panels) and Slc26a5-/- 

(right two panels) mice. Outer hair cells were labeled with myosin 7A antibody (Alexa 488 or 

FITC in green) and Kv7.4 antibody (Alexa 555, in red). In Slc26a5-/- OHCs, the distribution of 

Kv7.4 is scattered and supra-nuclear compared to the basolateral infra-nuclear consolidation in 

Slc26a5+/+ OHCs. Shown with white X are sites of lost OHCs in Slc26a5-/- cochlea.   

 

S5. Kv7.4 OHC model. a, The mechanical portion of the model with the cochlear load on the 

OHC represented as a spring-mass-damper (kL,mL,ηL) system. Electromotility is modeled as a 

voltage-dependent piezoelectric element (
p
) in parallel with passive compliance (

p
). The 



contractile element acts in series with passive compliance (
s
). Modulation of turgor pressure 

and membrane tension depend on contraction and the load, causing the mechanical force 

acting on Kv7.4 to depend on frequency and loading conditions. b, A whole-cell model including 

MET current input, voltage-dependent piezoelectric charge displacement (CNL), passive linear 

capacitance (CL), the Kv7.4 conductance, and other ion channels. c, A simple 4-state Kv7.4 

model based on Eyring's transition state theory. The Kv7.4 open probability is modulated by the 

Gibbs free energy of each transition accounting for voltage, clustering, temperature, and 

mechanical tension in the membrane. d-h, Voltage clamp simulations for Kv7.4 transfected HEK 

cells: d, control condition, e-f, with blue light to evoke clustering, and g, with mechanical stress 

applied.  h, Voltage sensitivity of the peak current ( I / I
max

) for control (black), clustered (blue) 

and stressed (red) conditions. 
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