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Computational Methods  

 

Overview.  The Vestibular Hair Cell-Calyx (VHCC) model incorporates information on synapse morphology, 

ion transporters and ion channels expressed in type I hair cells (channel types: mechanotransduction 

(MET), KV, CaV, HCN; transporter: Na+/K+-ATPase), and in calyces and afferent fibers (channel types: KV, 

NaV, HCN; transporters: KCC, Na+/K+-ATPase) (see Fig. 1 in main text).  The dynamic behavior of the system 

is determined from measured or estimated channel open probabilities, time constants and whole-cell 

conductances, and from assumptions (which we describe) about the activity of ion transporters based on 

literature. We implemented the VHCC model with finite element analysis simulation software, using 

equations for K+ and Na+ electro-diffusion in the cleft, Hodgkin-Huxley-style equations to represent 

voltage-dependent ion flow through ion channels, and the cable equation for electrical propagation.  For 

each simulation, steady-state conditions are established and followed by a step or sinusoidal deflection 

of the hair bundle or voltage step; outputs include the basal-to-apical gradients within the synaptic cleft 

for K+, Na+ and electrical potential, and voltage across the hair-cell-facing postsynaptic membrane of the 

calyx (“calyx inner face”), and in the hemi-node and first two full nodes of the distal branch of the bipolar 

vestibular afferent neuron. The distal branch connects the synaptic terminals on hair cells (in this case a 

single calyx) to the neuronal cell body in the vestibular ganglion; the remainder of the distal branch, the 

cell body and the central branch projecting to the brain are not included in the model.  Negative currents 

represent the flow of cations into the compartment bearing the channel or transporter in its membrane.  

The hair cell is assumed to be equipotential based on its small overall size, compact form and low 

intracellular resistance. Intracellular ion concentrations ( [K+] = 150 mM; [Na+] = 12 mM ) within the hair 

cell and calyx are the same and are assumed constant over the course of the simulation as these spaces 

are much greater in volume than the synaptic cleft. Details of model development are described below. 

 

Model Geometry. The model was designed with the COMSOL Multiphysics 5.6 software package.  We 

used a 2D axisymmetric finite element boundary to represent the hair cell, synaptic cleft, and afferent 

calyx and a 1D finite element line to represent the afferent fiber (Fig. S1). The 2D boundary used to 

represent the hair cell (H), synaptic cleft (SC), the calyx inner face (CIF) and calyx outer face (COF) is an 

interpolation curve generated from (R,Z) coordinates of the perimeter of a central-zone type I hair cell 

and calyx from the central zone of the sensory epithelium of a crista in an adult Long-Evans rat (shown in 

Fig. 2C of Lysakowski et al. 2011; similar calyces from the striolar zone of the rat utricle are shown in our 



Fig. 1A).  The dimensions and interpolated points used to create the representative geometry in Comsol 

5.6 are shown in Fig. S1.  HN, N and M indicate the hemi-node, nodes and myelinated sections (inter-

nodes) of the afferent fiber, respectively.  In both 2D (hair cell and calyx) and 1D (fiber) geometries, local 

properties such as the conductance density for each channel type, steady state expressions for channel 

gating variables and gating time constants were defined.  Note that the apex of the calyx occurred at 11.3 

µm relative to the calyx base for all simulations in the manuscript, except for the variations in calyx height 

presented in Fig. 7.  

 



 

Fig. S1 – Hair Cell-Calyx and Fiber Geometries in the COMSOL 5.6 GUI. 
The 2D axisymmetric mesh representing the hair cell, synaptic cleft and calyx (top) was modelled based on 
the geometry of a type I hair-cell-calyx synapse from central/striolar zones of rodent vestibular organs.  
Dots in the above geometry represent finite element nodes, and lines represent connecting edge 
elements. The interpolation points were based upon the geometry of a hair cell and calyx reported in  
Fig. 2C of Lysakowski et al. (2011). The calyx width  𝑑𝑑𝐶𝐶  was obtained from the same calyx.  The width of 
the synaptic cleft 𝑑𝑑𝑆𝑆𝐶𝐶  was obtained from Spoendlin (1966).  The fiber radius (𝑟𝑟𝑓𝑓) is based on experimental 
measurements (Lysakowski et al. 1995; Hoffman and Honrubia 2002).  The fiber end was treated as a 
closed boundary.  Location of the hemi-node and the first node were estimated from confocal micrographs 
(Lysakowski et al. 2011).  𝑎𝑎𝐻𝐻,𝐶𝐶  denotes the surface area of the hair cell within the calyx. 



 

 

  

Fig. S2 – Gradients in current density exist from base to apex of the synaptic cleft.  
(A) Net currents through gK,L (hair cell, blue), KV7 (calyx, gold) and HCN channels (hair cell, dark green,  
and calyx, purple) following the onset of the full negative step.  (A1) Gradient in current density 
through gK,L 1 ms after the negative step at 300 ms. Small currents flow into the hair cell in basal 
regions, and larger currents flow out of the hair cell near the apical regions of the synaptic cleft.  The 
direction and magnitude of the current results from the difference between VH and EK which varies 
from base to apex and with the ongoing stimulus.  This behavior is illustrated at the base of the synapse 
in B, B1 and B2. 
(B) [K+]SC, φSC, VH, VCIF and EK at the base of the synapse during inhibitory stimuli.  Note the crossover of 
VH and EK following the onset (B1) and the termination (B2) of the negative step.  As the driving force 
for currents is (VH - EK), the separation between the VH and EK curves determines current magnitude 
and current direction is outward if VH is positive to EK.  During the negative steps, currents through gK,L 
in the basal regions in A1 are inward because VH is negative to EK.  



 

 

 

 

 

 

 

 

 

 

The VHCC model enables us to track the contributions of capacitive and resistive currents to NQT as a 

function of frequency (SI Eqs. S3-5, S8-13).  The model predicts that resistive currents (IH,R) are much larger 

than  capacitive current (IH,CAP) flowing from the type I hair cell.  The capacitive current does increase  

with frequency, as expected, and can noticeably affect NQT during large voltage step stimuli (discussed in 

Fig. 6). 

  

Fig. S3 – Resistive currents dominate capacitive currents during sinusoidal bundle stimulation  
Capacitive (IH,CAP) and resistive (IH,R) currents from the hair cell during bundle stimulation modeled in 
Figure 5 in the manuscript.  IH,R is the primary contributor to changes in the synaptic cleft during 
sinusoidal bundle displacement.  Note the different scale of the Y-axis for the capacitive and resistive 
currents.  A small stimulus (±0.3 μm) was used to avoid triggering APs and better reveal the underlying 
changes in hair cell currents. 

 

 



Table S1 - Abbreviations 

𝐻𝐻,𝐶𝐶, 𝑆𝑆𝐶𝐶,𝐶𝐶𝐶𝐶𝐶𝐶,𝐶𝐶𝐶𝐶𝐶𝐶,𝐶𝐶 

 

Subscripts denote the hair cell (H), calyx (C), synaptic cleft (SC), calyx inner face (CIF), 
calyx outer face (COF) and fiber (F) respectively.  

𝜙𝜙𝐻𝐻 ,𝜙𝜙𝐶𝐶, 𝜙𝜙𝑆𝑆𝐶𝐶, 𝜙𝜙𝐹𝐹  Electrical potential in the hair cell, calyx, synaptic cleft, and fiber respectively. 

𝜌𝜌𝐹𝐹  Resistivity of the afferent fiber. 

[𝐾𝐾+ ]𝑆𝑆𝐶𝐶  , [𝑁𝑁𝑎𝑎+ ]𝑆𝑆𝐶𝐶  K+, Na+ concentrations in the synaptic cleft 

𝑐𝑐𝐻𝐻 Total hair cell capacitance 

𝐶𝐶𝑚𝑚 Specific membrane capacitance 

𝐶𝐶𝑎𝑎𝑉𝑉, 𝐾𝐾𝑉𝑉 ,𝑁𝑁𝑎𝑎𝑉𝑉  Voltage-gated calcium, potassium, and sodium channels 

𝐷𝐷𝐾𝐾 , 𝐷𝐷𝑁𝑁𝑁𝑁  Effective diffusion coefficients for K+, Na+ in the synaptic cleft 

𝑑𝑑𝑆𝑆𝐶𝐶  Width of the synaptic cleft  

𝑔𝑔𝑥𝑥,𝑚𝑚𝑁𝑁𝑥𝑥  Maximum whole-cell conductance of specific channel type  

𝐺𝐺𝑥𝑥,𝑚𝑚𝑁𝑁𝑥𝑥  Maximum conductance density of specific channel type 

𝑔𝑔𝐾𝐾,𝐿𝐿 Low-voltage-activated potassium conductance of type I hair cells 

𝐻𝐻𝐶𝐶𝑁𝑁 Hyperpolarization-activated cyclic nucleotide-gated (channels)  

𝐶𝐶𝑀𝑀𝑀𝑀𝑀𝑀  Mechanotransduction current 

𝐽𝐽𝑥𝑥 Current density through channel or transporter ‘x’ 

𝐽𝐽𝑀𝑀𝑥𝑥 Current density through membrane ‘x’  

𝐾𝐾𝐶𝐶𝐶𝐶 Potassium Chloride Cotransporter 

𝐾𝐾𝑉𝑉7 Voltage-gated potassium channels formed by subunits encoded by the KCNQ gene 
family 

𝑃𝑃𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜 Channel open probability 

𝑉𝑉𝐻𝐻𝐶𝐶𝐶𝐶 Vestibular Hair Cell-Calyx 

𝑉𝑉𝑚𝑚  Membrane voltage  

 

 

  



  
Table S2 – Equilibrium Potentials and Voltages Across Membranes 

Property Hair Cell (H) Calyx inner face 
(CIF) 

Calyx outer face 
(COF) 

Fiber (F) 
HN|N|M 

𝐸𝐸𝐾𝐾  
K+ 

Equilibrium 
Potential 

𝑚𝑚𝑉𝑉 26 ⋅ 𝑙𝑙𝑙𝑙 �
[𝐾𝐾+]𝑆𝑆𝐶𝐶

150 � 26 ⋅ 𝑙𝑙𝑙𝑙 �
[𝐾𝐾+]𝑆𝑆𝐶𝐶

150 � 26 ⋅ 𝑙𝑙𝑙𝑙 �
[𝐾𝐾+]𝑆𝑆𝐶𝐶

150 � =  −88.4 −88.4 

𝐸𝐸𝑁𝑁𝑁𝑁  
Na+ 

Equilibrium 
Potential 

𝑚𝑚𝑉𝑉 26 ⋅ 𝑙𝑙𝑙𝑙 �
[𝑁𝑁𝑎𝑎+]𝑆𝑆𝐶𝐶

12 � 26 ⋅ 𝑙𝑙𝑙𝑙 �
[𝑁𝑁𝑎𝑎+]𝑆𝑆𝐶𝐶

12 � 26 ⋅ 𝑙𝑙𝑙𝑙 �
140
12

�  = 63.8 63.8 

𝑉𝑉𝑚𝑚  
Membrane 

Voltage 
𝑚𝑚𝑉𝑉 𝜙𝜙𝐻𝐻 − 𝜙𝜙𝑆𝑆𝐶𝐶  𝜙𝜙𝐶𝐶 − 𝜙𝜙𝑆𝑆𝐶𝐶  𝜙𝜙𝐶𝐶  𝜙𝜙𝐹𝐹  



General Modeling of Membrane Currents 

Membrane channels and transporters were distributed in the various compartments based on 

experimental observations (Table S6, S7).  Abbreviations used for ion channels and other parameters are 

listed in Table S1.  For each type of ion, local current density through a particular channel type ‘x’ was 

described by Eq. S1: 

𝐽𝐽𝑖𝑖𝑜𝑜𝑜𝑜,𝑥𝑥 =  𝐺𝐺𝑥𝑥,𝑚𝑚𝑁𝑁𝑥𝑥  ∙ 𝑃𝑃𝑥𝑥,𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜 ∙ (𝑉𝑉𝑚𝑚 − 𝐸𝐸𝑖𝑖𝑜𝑜𝑜𝑜) (S1) 

𝐺𝐺𝑥𝑥,𝑚𝑚𝑁𝑁𝑥𝑥 is the maximum conductance density through a channel ‘x’ per unit area of membrane, obtained 

by dividing the maximum whole-cell conductance, 𝑔𝑔𝑥𝑥,𝑚𝑚𝑁𝑁𝑥𝑥, by the surface area of the relevant membrane.  

𝑃𝑃𝑥𝑥,𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜, calculated as a function of channel gating variables using the Hodgkin-Huxley formalism, is the 

percentage of the maximal conductance available.  The equations describing the kinetics of channel gating 

variables as functions of membrane voltage and current densities through each channel type are available 

in Table S6.  𝑉𝑉𝑚𝑚 is the transmembrane potential as defined in Table S2 for each membrane in the model. 

𝐸𝐸𝑖𝑖𝑜𝑜𝑜𝑜 is the equilibrium potential of the ion species across the membrane and is continuously updated as 

the ion concentration changes in the synaptic cleft.  In the notation for current densities, K, Na, O, indicate 

the potassium, sodium, and other ions such as Ca2+ or Cl-.  Current densities and fluxes, 𝐽𝐽, through channels 

and transporters were summed to describe the current densities of ionic species across Hair cell (H) and 

Calyx Inner Face (CIF) or Calyx Outer Face (COF) membranes.  The species currents were in turn summed 

to obtain the total current densities through each membrane (𝐽𝐽𝑀𝑀𝐻𝐻  , 𝐽𝐽𝑀𝑀𝐶𝐶𝐶𝐶𝐶𝐶  , 𝐽𝐽𝑀𝑀𝐶𝐶𝐶𝐶𝐶𝐶  , 𝐽𝐽𝑀𝑀𝐶𝐶)  (Table S3). 

 

 

See Table S6 for equations of current densities and kinetics for each channel type. 

  

Table S3– Local and Net Current Densities Across Individual Membranes 

𝑱𝑱𝑲𝑲𝑯𝑯  𝐽𝐽𝐾𝐾,𝐿𝐿 + 𝐽𝐽𝐾𝐾 ,𝐻𝐻𝐶𝐶𝑁𝑁1+ 𝐽𝐽𝐾𝐾 ,𝑁𝑁𝑁𝑁𝐾𝐾  𝑱𝑱𝑵𝑵𝑵𝑵𝑪𝑪𝑪𝑪𝑪𝑪 𝐽𝐽𝑁𝑁𝑁𝑁,𝐻𝐻𝐶𝐶𝑁𝑁2+ 𝐽𝐽𝑁𝑁𝑁𝑁,𝑁𝑁𝑁𝑁𝐾𝐾   𝑱𝑱𝑴𝑴𝑯𝑯 𝐽𝐽𝐾𝐾𝐻𝐻 + 𝐽𝐽𝑁𝑁𝑁𝑁𝐻𝐻 + 𝐽𝐽𝑂𝑂𝐻𝐻  

𝑱𝑱𝑵𝑵𝑵𝑵𝑯𝑯 𝐽𝐽𝑁𝑁𝑁𝑁,𝐻𝐻𝐶𝐶𝑁𝑁1+ 𝐽𝐽𝑁𝑁𝑁𝑁,𝑁𝑁𝑁𝑁𝐾𝐾   𝑱𝑱𝑶𝑶𝑪𝑪𝑪𝑪𝑪𝑪 − 𝐽𝐽𝐾𝐾𝐶𝐶𝐶𝐶4 𝑱𝑱𝑴𝑴𝑪𝑪𝑪𝑪𝑪𝑪 
𝐽𝐽𝐾𝐾𝐶𝐶𝐶𝐶𝐶𝐶 + 𝐽𝐽𝑁𝑁𝑁𝑁𝐶𝐶𝐶𝐶𝐹𝐹 +
𝐽𝐽𝑂𝑂𝐶𝐶𝐶𝐶𝐶𝐶   

𝑱𝑱𝑶𝑶𝑯𝑯 𝐽𝐽𝐶𝐶𝑁𝑁   𝑱𝑱𝑲𝑲𝑪𝑪𝑶𝑶𝑪𝑪  𝐽𝐽𝐾𝐾 ,𝐻𝐻𝐶𝐶𝑁𝑁2+ 𝐽𝐽𝐾𝐾 ,𝑁𝑁𝑁𝑁𝐾𝐾   𝑱𝑱𝑴𝑴𝑪𝑪𝑶𝑶𝑪𝑪 𝐽𝐽𝐾𝐾𝐶𝐶𝐶𝐶𝐶𝐶 + 𝐽𝐽𝑁𝑁𝑁𝑁𝐶𝐶𝑂𝑂𝐹𝐹 +
𝐽𝐽𝐿𝐿𝑜𝑜𝑁𝑁𝐿𝐿   

𝑱𝑱𝑲𝑲𝑪𝑪𝑪𝑪𝑪𝑪  𝐽𝐽𝐾𝐾𝑉𝑉7.4 + 𝐽𝐽𝐾𝐾𝑉𝑉11.1 + 𝐽𝐽𝐾𝐾 ,𝐻𝐻𝐶𝐶𝑁𝑁2+
𝐽𝐽𝐾𝐾 ,𝑁𝑁𝑁𝑁𝐾𝐾+  𝐽𝐽𝐾𝐾𝐶𝐶𝐶𝐶4  

𝑱𝑱𝑵𝑵𝑵𝑵𝑪𝑪𝑶𝑶𝑪𝑪 𝐽𝐽𝑁𝑁𝑁𝑁,𝐻𝐻𝐶𝐶𝑁𝑁2+ 𝐽𝐽𝑁𝑁𝑁𝑁,𝑁𝑁𝑁𝑁𝐾𝐾   𝑱𝑱𝑴𝑴𝑪𝑪  
𝐽𝐽𝐾𝐾𝑉𝑉7.𝑥𝑥 + 𝐽𝐽𝐾𝐾𝑉𝑉1.𝑥𝑥 +
𝐽𝐽𝐾𝐾𝑉𝑉3.4 + 𝐽𝐽𝑁𝑁𝑁𝑁𝑉𝑉1.𝑥𝑥  



Governing Equations 

Continuity equations describe the electric potential and ion concentrations in the various compartments 

(Quraishi 2008).  

 

Hair Cell Electrical Potential (𝜙𝜙𝐻𝐻).  The time dependence of the hair cell electrical potential is 

calculated as a function of hair cell capacitance (𝑐𝑐𝐻𝐻), mechanotransduction current (𝐶𝐶𝑀𝑀𝑀𝑀𝑀𝑀), and current 

across the basolateral membrane: 

𝑐𝑐𝐻𝐻
𝜕𝜕𝜙𝜙𝐻𝐻
𝜕𝜕𝜕𝜕

= −𝐶𝐶𝑀𝑀𝑀𝑀𝑀𝑀 − � 2𝜋𝜋𝑟𝑟 �𝐽𝐽𝑀𝑀𝐻𝐻 −  𝐶𝐶𝑚𝑚
𝜕𝜕𝜙𝜙𝑆𝑆𝐶𝐶
𝜕𝜕𝜕𝜕

�
𝐿𝐿

0
𝑑𝑑s  

(S2) 

𝐶𝐶𝑀𝑀𝑀𝑀𝑀𝑀 is calculated according to a peak current-displacement relationship  (Holt et al. 1997) and a maximal 

conductance of 5 nS, based on ~50 transduction channels of ~100-pS single-channel conductance (Corey 

et al. 2019).  We calculated the total capacitance of the hair cell (𝑐𝑐𝐻𝐻 = 6.4 𝑝𝑝𝐶𝐶) by multiplying the surface 

area of the cell by the specific capacitance of the membrane (𝐶𝐶𝑚𝑚).  𝐿𝐿 is the length of the synaptic cleft 

from base to apex;  𝑑𝑑𝑑𝑑 is an infinitesimal increment of the arclength of the cleft. The integral represents 

the total current across the hair cell basolateral surface within the calyx. 

 

Concentration and Electro-diffusion in the Synaptic Cleft.  [𝐾𝐾+ ]𝑆𝑆𝐶𝐶   and [𝑁𝑁𝑎𝑎+ ]𝑆𝑆𝐶𝐶  were calculated 

with the Nernst-Planck electro-diffusion equation for each ion: 

𝜕𝜕[𝐾𝐾+ ]𝑆𝑆𝐶𝐶
𝜕𝜕𝜕𝜕

= 𝛻𝛻 ⋅ (𝐷𝐷𝐾𝐾 𝛻𝛻[𝐾𝐾+ ]𝑆𝑆𝐶𝐶) + 𝛻𝛻 ⋅ (𝐷𝐷𝐾𝐾
𝐶𝐶
𝑅𝑅𝑅𝑅

[𝐾𝐾+ ]𝑆𝑆𝐶𝐶𝛻𝛻𝜙𝜙𝑆𝑆𝐶𝐶)  +
1
𝑑𝑑𝑆𝑆𝐶𝐶

�𝐽𝐽𝐾𝐾𝐻𝐻 + 𝐽𝐽𝐾𝐾𝐶𝐶𝐶𝐶𝐹𝐹�
𝐶𝐶

 
(S3) 

𝜕𝜕[𝑁𝑁𝑎𝑎+ ]𝑆𝑆𝐶𝐶
𝜕𝜕𝜕𝜕

= 𝛻𝛻 ⋅ (𝐷𝐷𝑁𝑁𝑁𝑁 𝛻𝛻[𝑁𝑁𝑎𝑎+ ]𝑆𝑆𝐶𝐶) + 𝛻𝛻 ⋅ (𝐷𝐷𝑁𝑁𝑁𝑁
𝐶𝐶
𝑅𝑅𝑅𝑅

[𝑁𝑁𝑎𝑎+ ]𝑆𝑆𝐶𝐶𝛻𝛻𝜙𝜙𝑆𝑆𝐶𝐶)  +
1
𝑑𝑑𝑆𝑆𝐶𝐶

�𝐽𝐽𝑁𝑁𝑁𝑁𝐻𝐻 + 𝐽𝐽𝑁𝑁𝑁𝑁𝐶𝐶𝐶𝐶𝐹𝐹�
𝐶𝐶

 
(S4) 

𝐷𝐷𝐾𝐾, the effective diffusion coefficient for 𝐾𝐾+, is calculated by dividing the diffusion coefficient of 𝐾𝐾+ in 

aqueous solution at 25 °𝐶𝐶:  1.957 ⋅ 10−9  𝑚𝑚
2

𝑠𝑠
  (Lide 2005) by the square of the tortuosity coefficient 1.55 

(Nicholson and Phillips 1981), yielding 𝐷𝐷𝐾𝐾 = 0.81 ⋅ 10−9 𝑚𝑚
2

𝑠𝑠
.  Similarly, 𝐷𝐷𝑁𝑁𝑁𝑁 =  0.56 ⋅  10−9 𝑚𝑚

2

𝑠𝑠
 .  The 

volume of the synaptic cleft is assumed to be constant and the width (dSC) and length of the synaptic cleft 

are fixed. 

 

Electrical Potential in the Synaptic Cleft (𝜙𝜙𝑆𝑆𝐶𝐶).  At bouton synapses, the electrical potential in the 

synaptic cleft, 𝜙𝜙𝑆𝑆𝐶𝐶, is assumed to be that of the extracellular medium (at reference potential or ground, 

~0 mV) because the resistance of the cleft is assumed to be low.  At the VHCC synapse, in contrast, the 



extended synaptic cleft created by the calyx geometry poses an increased resistance and large K+ currents 

that flow during transduction may allow a significant cleft potential.  𝜙𝜙𝑆𝑆𝐶𝐶  was calculated following the law 

of charge conservation as a function of the resistive and capacitive currents across both pre-synaptic (hair 

cell) and post-synaptic (calyx) membranes, as well as electro-diffusion of ions:  

 (2𝐶𝐶𝑚𝑚)
𝑑𝑑𝜙𝜙𝑆𝑆𝐶𝐶
𝑑𝑑𝜕𝜕

= 𝐶𝐶𝑚𝑚
𝑑𝑑𝜙𝜙𝐻𝐻
𝑑𝑑𝜕𝜕

+ 𝐶𝐶𝑚𝑚
𝑑𝑑𝜙𝜙𝐶𝐶𝑁𝑁𝐶𝐶𝐶𝐶𝑥𝑥
𝑑𝑑𝜕𝜕

+ 𝐽𝐽𝐻𝐻 + 𝐽𝐽𝐶𝐶𝐶𝐶𝐹𝐹 + 𝛻𝛻 ⋅ (𝐶𝐶𝐷𝐷𝐾𝐾𝛻𝛻[𝐾𝐾+ ]𝑆𝑆𝐶𝐶) ⋅ 𝑑𝑑𝑆𝑆𝐶𝐶 +  

𝛻𝛻 ⋅ (𝐶𝐶𝐷𝐷𝑁𝑁𝑁𝑁𝛻𝛻[𝑁𝑁𝑎𝑎+ ]𝑆𝑆𝐶𝐶) ⋅ 𝑑𝑑𝑆𝑆𝐶𝐶 +  𝛻𝛻 ∙ ��𝜎𝜎𝑂𝑂𝑆𝑆𝐶𝐶 + 𝐷𝐷𝐾𝐾 [𝐾𝐾+ ]𝑆𝑆𝐶𝐶 𝐹𝐹2

𝑅𝑅𝑀𝑀
+ 𝐷𝐷𝑁𝑁𝑁𝑁  [𝑁𝑁𝑁𝑁+ ]𝑆𝑆𝐶𝐶 𝐹𝐹2

𝑅𝑅𝑀𝑀
�  𝛻𝛻𝜙𝜙𝑆𝑆𝐶𝐶� ∙ 𝑑𝑑𝑆𝑆𝐶𝐶   

(S5) 

At room temperature, the terms 𝐷𝐷𝐾𝐾 [𝐾𝐾+ ]𝑆𝑆𝐶𝐶 𝐹𝐹2

𝑅𝑅𝑀𝑀
+ 𝐷𝐷𝑁𝑁𝑁𝑁 [𝑁𝑁𝑁𝑁+ ]𝑆𝑆𝐶𝐶 𝐹𝐹2

𝑅𝑅𝑀𝑀
 resolve to ~ 300 - 400 nS/μm when [𝐾𝐾+ ]𝑆𝑆𝐶𝐶 

and [𝑁𝑁𝑎𝑎+ ]𝑆𝑆𝐶𝐶  range between 5-40 and 120-140 mM, respectively.  The total conductivity contribution 

from ions (𝜎𝜎𝑂𝑂𝑆𝑆𝐶𝐶) other than K+ and Na+ is set equal to 600 nS/μm to be consistent with the 1000 nS/μm 

used in the calyx and afferent fiber.  1000 nS/μm (equivalent to 1 S/m) is within the conductivity range 

(0.75 – 1.45  S/m) reported from measurements in tumor cells (Wang et al. 2017), hippocampal neurons 

(Zhou et al. 2016) and cerebrospinal fluid (Baumann et al. 1997).  The diffusion of other ions, e.g., chloride, 

was not explicitly considered and their concentrations within the synaptic cleft are assumed to be 

constant and a part of the 𝜎𝜎𝑂𝑂𝑆𝑆𝐶𝐶 term. 

 

 Electrical Potential in the Calyx (𝜙𝜙𝐶𝐶).  The electrical potential within the calyx was calculated as a 

function of the resistive and capacitive currents across both the post-synaptic membrane and the calyx 

outer face membranes as well as the longitudinal current from the afferent fiber. 

The current from the fiber to the calyx, 𝐽𝐽𝐹𝐹, is equal to (−𝜋𝜋 ⋅   𝑟𝑟𝑓𝑓
𝜌𝜌𝑙𝑙
⋅ 𝑢𝑢𝑥𝑥), where 𝑟𝑟𝑓𝑓 the radius of the fiber is  

1.5 μm, 𝜌𝜌𝐶𝐶 the longitudinal resistivity is 1 MΩ μm, and 𝑢𝑢𝑥𝑥  is the longitudinal potential gradient within the 

fiber. The fiber radius used is comparable to diameters reported for calyx afferents (Hoffman and 

Honrubia 2002). 

 

Electrical Potential in the Afferent Fiber (𝜙𝜙𝐹𝐹). To describe the potential in the afferent fiber, 𝜙𝜙𝐹𝐹, we 

implemented the cable equation along the 1D line representing the fiber: 

𝑟𝑟𝐹𝐹2
𝑑𝑑2𝜙𝜙𝐹𝐹
𝑑𝑑𝑥𝑥2

=  2𝑟𝑟𝐹𝐹𝜌𝜌𝐶𝐶𝐶𝐶𝑚𝑚
𝑑𝑑𝜙𝜙𝐹𝐹
𝑑𝑑𝜕𝜕

− 2𝑟𝑟𝐹𝐹𝜌𝜌𝐹𝐹𝐽𝐽𝑀𝑀𝐶𝐶  
(S7) 

(2𝐶𝐶𝑚𝑚)
𝑑𝑑𝜙𝜙𝐶𝐶
𝑑𝑑𝜕𝜕

= 𝐶𝐶𝑚𝑚
𝑑𝑑𝜙𝜙𝑆𝑆𝐶𝐶
𝑑𝑑𝜕𝜕

+  𝛻𝛻 ∙ (𝜎𝜎𝐶𝐶𝑑𝑑𝐶𝐶  𝛻𝛻𝜙𝜙𝐶𝐶)− 𝐽𝐽CIF − 𝐽𝐽COF − 𝐽𝐽𝐹𝐹 (S6) 



Channel gating variables and conductance densities (see Table S6) were defined for the hemi-node, nodes 

and myelinated regions of the fiber as shown in Fig. 1.  Gating variables for channels present on the fiber 

were treated similarly to those on the calyx and hair cell. 

 

Initial and Boundary Conditions. Before running the simulation, the initial value of 𝜙𝜙𝐻𝐻 was set at -75 

mV, within the normal range of reported resting potentials for rodent type I hair cells (Rennie and Correia 

1994; Rennie et al. 1996; Rüsch and Eatock 1996; Chen and Eatock 2000; Lim et al. 2011; Spaiardi et al. 

2017).  Where necessary, initial values of 𝜙𝜙𝐻𝐻 were varied ±10 mV to assist solver convergence.  An initial 

value of 0 mV was used for the potential in the synaptic cleft, 𝜙𝜙𝑆𝑆𝐶𝐶. The boundary condition 𝜙𝜙𝑆𝑆𝐶𝐶 = 0 mV 

was applied at the apical end of the synaptic cleft. An initial value of –70 mV was used for 𝜙𝜙𝐶𝐶𝑁𝑁𝐶𝐶𝐶𝐶𝑥𝑥 and 𝜙𝜙𝐹𝐹, 

consistent with recorded resting potentials in rodent calyces ranging from –60 to –70 mV in (Meredith 

and Rennie 2015; Sadeghi et al. 2014; Songer and Eatock 2013). The boundary condition 𝜙𝜙𝐶𝐶𝑁𝑁𝐶𝐶𝐶𝐶𝑥𝑥 =  𝜙𝜙𝐹𝐹 

was applied at the base of the calyx and the far end of the fiber was treated as a closed boundary. [𝐾𝐾+]𝑆𝑆𝐶𝐶 

and [𝑁𝑁𝑎𝑎+]𝑆𝑆𝐶𝐶  were given initial values of 5 mM and 140 mM, respectively, throughout the cleft, based on 

the external (bath) recording solutions of electrophysiological data referenced in the model and similar to 

perilymph facing the outer face of the calyx and other extracellular fluids.  K+ and Na+ concentrations were 

pinned at these values at the apical end of the cleft but were allowed to vary elsewhere within the cleft. 

To better understand non-quantal transmission (NQT), we altered the initial conditions to independently 

analyze the contributions of changes in the synaptic cleft in (1) electrical potential and (2) potassium 

concentration.  As described below, this theoretical exercise gave greater insight into the mechanisms of 

NQT. 

  



Table S4 – Initial and Boundary Conditions  

Parameter Value  Reference 

𝜙𝜙𝐻𝐻,𝑖𝑖𝑜𝑜𝑖𝑖𝑖𝑖 -75 mV  Correia and Lang 1990; Rennie and Correia 1994; 
Rennie et al. 1996; Rüsch and Eatock 1996; Chen and 
Eatock 2000; Lim et al. 2011; Spaiardi et al. 2017 

𝜙𝜙𝑆𝑆𝐶𝐶,𝑖𝑖𝑜𝑜𝑖𝑖𝑖𝑖 0 mV  

Based on the external (bath) recording solutions of 
electrophysiological data referenced in the model 

𝜙𝜙𝑆𝑆𝐶𝐶,𝑁𝑁𝑜𝑜𝑖𝑖𝑎𝑎𝑁𝑁𝐶𝐶 0 mV  

[𝐾𝐾+]𝑆𝑆𝐶𝐶,𝑖𝑖𝑜𝑜𝑖𝑖𝑖𝑖 
[𝐾𝐾+]𝑆𝑆𝐶𝐶,𝑁𝑁𝑜𝑜𝑖𝑖𝑎𝑎𝑁𝑁𝐶𝐶 

5 mM  

[𝑁𝑁𝑎𝑎+]𝑆𝑆𝐶𝐶,𝑖𝑖𝑜𝑜𝑖𝑖𝑖𝑖 
[𝑁𝑁𝑎𝑎+]𝑆𝑆𝐶𝐶,𝑁𝑁𝑜𝑜𝑖𝑖𝑎𝑎𝑁𝑁𝐶𝐶 

 

140 mM 
 

𝜙𝜙𝐶𝐶,𝑖𝑖𝑜𝑜𝑖𝑖𝑖𝑖 -70 mV  Meredith and Rennie 2015; Sadeghi et al. 2014; Songer 
and Eatock 2013 

𝜙𝜙𝐹𝐹,𝑖𝑖𝑜𝑜𝑖𝑖𝑖𝑖 -70 mV  Assumed continuous with 𝜙𝜙𝐶𝐶,𝑖𝑖𝑜𝑜𝑖𝑖𝑖𝑖 

 

𝝓𝝓𝑺𝑺𝑪𝑪-Only Condition. To isolate the contribution of changes in electrical potential within the synaptic 

cleft to NQT, we held ion concentrations in the synaptic cleft constant at 5 mM for [𝐾𝐾+]𝑆𝑆𝐶𝐶  and 140 mM 

[𝑁𝑁𝑎𝑎+]𝑆𝑆𝐶𝐶 (Eqs. S3 and S4) and removed terms for ion diffusion in the cleft from Eq. S5. 

 

(2𝐶𝐶𝑚𝑚)
𝑑𝑑𝜙𝜙𝑆𝑆𝐶𝐶
𝑑𝑑𝜕𝜕

= 𝐶𝐶𝑚𝑚
𝑑𝑑𝜙𝜙𝐻𝐻
𝑑𝑑𝜕𝜕

+ 𝐶𝐶𝑚𝑚
𝑑𝑑𝜙𝜙𝐶𝐶
𝑑𝑑𝜕𝜕

+ 𝐽𝐽H + 𝐽𝐽CIF  + 𝛻𝛻

∙ ��𝜎𝜎𝑂𝑂𝑆𝑆𝐶𝐶 +
𝐷𝐷𝐾𝐾[𝐾𝐾+ ]𝑆𝑆𝐶𝐶𝐶𝐶2

𝑅𝑅𝑅𝑅
+
𝐷𝐷𝑁𝑁𝑁𝑁[𝑁𝑁𝑎𝑎+ ]𝑆𝑆𝐶𝐶𝐶𝐶2

𝑅𝑅𝑅𝑅 �  𝛻𝛻𝜙𝜙𝑆𝑆𝐶𝐶� ∙ 𝑑𝑑𝑆𝑆𝐶𝐶  

(S8) 

𝜕𝜕[𝐾𝐾+ ]𝑆𝑆𝐶𝐶
𝜕𝜕𝜕𝜕

= 0 ; [𝐾𝐾+ ]𝑆𝑆𝐶𝐶 = 5 𝑚𝑚𝑚𝑚 
(S9) 

𝜕𝜕[𝑁𝑁𝑎𝑎+ ]𝑆𝑆𝐶𝐶
𝜕𝜕𝜕𝜕

= 0; [𝑁𝑁𝑎𝑎+ ]𝑆𝑆𝐶𝐶 = 140 𝑚𝑚𝑚𝑚 
(S10) 

 

[𝑲𝑲+]𝑺𝑺𝑪𝑪-Only Condition.  To isolate the contribution of changes in K+ concentration in the synaptic 

cleft to NQT, we fixed 𝜙𝜙𝑆𝑆𝐶𝐶  at 0 mV and removed the electrical drift terms in Eqs. S3 and S4. 

 

(2𝐶𝐶𝑚𝑚) 𝑑𝑑𝜙𝜙𝑆𝑆𝐶𝐶
𝑑𝑑𝑖𝑖

= 0 ; 𝜙𝜙𝑆𝑆𝐶𝐶 = 0 𝑚𝑚𝑉𝑉 (S11) 



𝜕𝜕[𝐾𝐾+ ]𝑆𝑆𝐶𝐶
𝜕𝜕𝜕𝜕

= 𝛻𝛻 ⋅ (𝐷𝐷𝐾𝐾 𝛻𝛻[𝐾𝐾+ ]𝑆𝑆𝐶𝐶) +
1
𝑑𝑑𝑆𝑆𝐶𝐶

�𝐽𝐽𝐾𝐾𝐻𝐻 + 𝐽𝐽𝐾𝐾𝐶𝐶𝐶𝐶𝐹𝐹�
𝐶𝐶

 
(S12) 

𝜕𝜕[𝑁𝑁𝑎𝑎+ ]𝑆𝑆𝐶𝐶
𝜕𝜕𝜕𝜕

= 𝛻𝛻 ⋅ (𝐷𝐷𝑁𝑁𝑁𝑁𝛻𝛻[𝑁𝑁𝑎𝑎+ ]𝑆𝑆𝐶𝐶) +
1
𝑑𝑑𝑆𝑆𝐶𝐶

�𝐽𝐽𝑁𝑁𝑁𝑁𝐻𝐻 + 𝐽𝐽𝑁𝑁𝑁𝑁𝐶𝐶𝐶𝐶𝐹𝐹�
𝐶𝐶

 
(S13) 

 

Model Simulation and Solver Conditions 

In the COMSOL 5.6 software, the finite element mesh was generated based on geometric parameters for 

the hair cell-calyx and fiber (Fig. S1). The number and distribution of finite element nodes (hair cell-calyx: 

26 nodes, 25 edge elements; fiber: 95 nodes, 94 edge elements) was chosen to minimize error in the 

solutions of the governing equations.  To obtain the resting conditions, we ran the model simulation with 

a stationary solver.  For a step or sinusoidal displacement of the hair cell’s stereociliary bundle or hair cell 

voltage steps, we used a time-dependent solver to determine the responses in the hair cell, synaptic cleft, 

calyx, and afferent fiber.   

For step stimuli, the specified output time ranges were 0:1:49; 49:0.1:50; 50:0.01:60; 60:0.1:500. In this 

notation, the middle value indicates the increment between the time values (in ms) on either side. For 

sinusoidal stimuli (Fig. 5) the increment was 0.1 ms and the duration of the simulation was adjusted to 

match the length of the stimulus taken from Songer and Eatock (2013). The time dependent solver in 

COMSOL utilizes adaptive time stepping which is also affected by an error tolerance setting within the 

software. A relative tolerance of 1E-4 was used. The solver has multiple settings which control aspects of 

adaptive time stepping and how solver time steps are taken in relation to the specified output times. 

Results are interpolated where solver time steps do not exactly coincide with specified output times. We 

first used the ‘strict’ setting which ensures a step is taken at each specified output time.  This produced 

results consistent with the ‘free’ setting where the solver dynamically takes smaller or larger steps while 

satisfying tolerances. We subsequently used the ‘free’ setting for our simulations as it reduced 

computation time and memory requirements. Enforcing smaller time steps for the full duration of the 

simulation did not significantly alter the computed results. The time-dependent solver was run using the 

backward difference formula (BDF) method.   

The model simultaneously solves Eqs. S1-S7 to simulate the electrical potential of the hair cell and the 

spatiotemporal evolution of electrical potential, potassium concentration, sodium concentration in the 

synaptic cleft, and potential in the afferent fiber. 

  



Table S5 – Conductances, Diffusion Coefficients and Capacitances  

𝜎𝜎𝐶𝐶  1000 nS/μm  Baumann et al. 1997; Geddes and Baker 1967; Zhou et 
al. 2016; Wang et al. 2017  

𝐶𝐶𝑚𝑚 0.01 pF/μm2  Curtis and Cole 1938; Hodgkin and Huxley 1952* 

𝐶𝐶𝑚𝑚,𝑀𝑀𝐶𝐶𝑜𝑜𝐶𝐶 0.00002 pF/μm2  Stämpfli 1954 

𝐷𝐷𝐾𝐾 0.81 μm/ms  Lide 2005. See methods near Eq. S4 

𝐷𝐷𝑁𝑁𝑁𝑁 0.56 μm/ms  Lide 2005. See methods near Eq. S4 

𝑔𝑔𝑏𝑏𝑏𝑏𝑜𝑜𝑑𝑑𝐶𝐶𝑜𝑜,𝑚𝑚𝑁𝑁𝑥𝑥 5 nS  Holt et al. 1997 

𝑔𝑔𝐶𝐶𝑁𝑁,𝑚𝑚𝑁𝑁𝑥𝑥 0.5 nS  Bao et al. 2003 

𝑔𝑔𝐻𝐻𝐶𝐶𝑁𝑁1,𝑚𝑚𝑁𝑁𝑥𝑥 4.2 nS  Horwitz et al. 2011 

𝑔𝑔𝐻𝐻𝐶𝐶𝑁𝑁2,𝑚𝑚𝑁𝑁𝑥𝑥 3.6 nS  Horwitz et al. 2014 

𝑔𝑔𝐾𝐾,𝐿𝐿,𝑚𝑚𝑁𝑁𝑥𝑥 80 nS  Spaiardi et al. 2017 

𝑔𝑔𝐾𝐾𝑉𝑉7.4,𝑚𝑚𝑁𝑁𝑥𝑥 24 nS  Hurley et al. 2006 

𝑔𝑔𝐾𝐾𝑉𝑉1.𝑥𝑥,𝑚𝑚𝑁𝑁𝑥𝑥 6.3 nS  Kalluri et al. 2010 

𝐺𝐺𝐾𝐾𝑉𝑉3.4,𝑚𝑚𝑁𝑁𝑥𝑥 0.2 nS/μm2  Chabbert et al. 2001 

𝑔𝑔𝐾𝐾𝑉𝑉7.𝑥𝑥,𝑚𝑚𝑁𝑁𝑥𝑥 4.5 nS  Kalluri et al. 2010 

𝑔𝑔𝑁𝑁𝑁𝑁𝑉𝑉,𝑏𝑏𝑜𝑜𝑖𝑖𝑖𝑖𝑁𝑁𝑟𝑟𝐶𝐶 10 pS  Bezanilla 1987; Kay et al. 1998 

𝜌𝜌𝑁𝑁𝑁𝑁𝑉𝑉 12,000/μm2  Ritchie and Rogart 1977 
 

*Reported Cm values vary between 0.008 to 0.015 pF/ μm2; we use 0.01 pF/ μm2.  
Also see: Gentet et al. (2000) which summarizes measurements of specific capacitance in various cells.  



Channel Distribution and Kinetics 

The governing equations depend upon the net current densities across the pre- and post-synaptic 

membranes in the model.  The constitutive currents and their kinetics as used in the model are detailed 

in Table S6.  All channel properties used were from electrophysiological measurements near room 

temperature (23 – 27°C).  For a given channel, 𝑎𝑎𝑐𝑐𝜕𝜕∞(𝑉𝑉) 𝑎𝑎𝑙𝑙𝑑𝑑 𝜏𝜏𝑁𝑁𝑎𝑎𝑖𝑖(𝑉𝑉)  are expressions for the dependence 

of the activation ‘act’ (or inactivation ‘inact’) gating variable on the membrane voltage and the 

corresponding time constant.  𝑎𝑎𝑐𝑐𝜕𝜕(𝜕𝜕) is the instantaneous value of the gating variable.  The expressions 

for 𝑎𝑎𝑐𝑐𝜕𝜕(𝑉𝑉) and 𝜏𝜏𝑁𝑁𝑎𝑎𝑖𝑖(𝑉𝑉) were stored in variables assigned to the VHCC and fiber geometry to make them 

locally available during model evaluation.  The maximum whole-cell conductance value 𝑔𝑔𝑥𝑥,𝑚𝑚𝑁𝑁𝑥𝑥 for any 

type of channel ‘x’ was divided by the surface area to obtain the maximum conductance density 𝐺𝐺𝑥𝑥,𝑚𝑚𝑁𝑁𝑥𝑥 

to allow us to evaluate local current densities at specific sites in the model. The transporters Na+/K+-

ATPase and KCC were assumed to operate at pseudo-steady state and depend only on extracellular [𝐾𝐾+]. 

On the hair cell, basolateral channels were only distributed to the part of the membrane enclosed by the 

calyx, consistent with immunolocalization data (Lysakowski et al. 2011).  

 

Table S6. Current Densities and Kinetics 
 

MET (Hair Cell Apical) 

𝐶𝐶(𝑋𝑋) = 𝑔𝑔𝑏𝑏𝑏𝑏𝑜𝑜𝑑𝑑𝐶𝐶𝑜𝑜,𝑚𝑚𝑁𝑁𝑥𝑥 ⋅ 𝑃𝑃𝑀𝑀𝑀𝑀𝑀𝑀 ⋅ �𝜙𝜙𝐻𝐻 − 𝑉𝑉𝑏𝑏𝑏𝑏𝑜𝑜𝑑𝑑𝐶𝐶𝑜𝑜,𝑟𝑟𝑜𝑜𝑟𝑟 − 𝜙𝜙𝑜𝑜𝑜𝑜𝑑𝑑𝑜𝑜𝐶𝐶𝐶𝐶𝑚𝑚𝑜𝑜ℎ�  

𝑃𝑃𝑀𝑀𝑀𝑀𝑀𝑀 = �1 +𝑒𝑒𝑥𝑥𝑝𝑝 �4.05 ⋅ �0.39− 𝑋𝑋+200
1000

�� �
−1
⋅ �1 + 𝑒𝑒𝑥𝑥𝑝𝑝 �14.5 ⋅ �0.25 − 𝑋𝑋+200

1000
�� �

−1
  

 
𝑋𝑋 =  𝑑𝑑𝑑𝑑𝑑𝑑𝑝𝑝𝑙𝑙𝑎𝑎𝑐𝑐𝑒𝑒𝑚𝑚𝑒𝑒𝑙𝑙𝜕𝜕(𝜕𝜕); Step or sinusoidal functions were used. 

Kinetics: (Holt et al. 1997).  
𝑉𝑉𝑏𝑏𝑏𝑏𝑜𝑜𝑑𝑑𝐶𝐶𝑜𝑜,𝑟𝑟𝑜𝑜𝑟𝑟, the reversal voltage: 0 mV (Corns et al. 2014).  
𝜙𝜙𝑜𝑜𝑜𝑜𝑑𝑑𝑜𝑜𝐶𝐶𝐶𝐶𝑚𝑚𝑜𝑜ℎ, the endolymphatic potential: 5 mV (Köppl et al. 2018; Li et al. 2020). 
 

gK,L (Hair Cell) 

𝐽𝐽𝐾𝐾,𝐿𝐿  =  𝐺𝐺𝐾𝐾,𝐿𝐿,𝑚𝑚𝑁𝑁𝑥𝑥 ⋅ 𝑃𝑃𝐾𝐾,𝐿𝐿 ⋅ (𝑉𝑉𝑚𝑚 −  𝐸𝐸𝐾𝐾) 

𝐺𝐺𝐾𝐾,𝐿𝐿,𝑚𝑚𝑁𝑁𝑥𝑥 =
𝑔𝑔𝐾𝐾,𝐿𝐿,𝑚𝑚𝑁𝑁𝑥𝑥

𝑎𝑎𝐻𝐻,𝐶𝐶
 

𝑃𝑃𝐾𝐾,𝐿𝐿 = 𝑎𝑎𝑐𝑐𝜕𝜕𝐾𝐾,𝐿𝐿  

𝜏𝜏𝐾𝐾,𝐿𝐿 ⋅
𝑑𝑑�𝑎𝑎𝑐𝑐𝜕𝜕𝐾𝐾,𝐿𝐿�

𝑑𝑑𝜕𝜕
= 𝑎𝑎𝑐𝑐𝜕𝜕∞,𝐾𝐾,𝐿𝐿 −  𝑎𝑎𝑐𝑐𝜕𝜕𝐾𝐾,𝐿𝐿 

𝜏𝜏𝐾𝐾,𝐿𝐿 =  429.7 ⋅ 𝑒𝑒𝑥𝑥𝑝𝑝 �−0.2826 ⋅
𝑉𝑉𝑚𝑚 − (−80)

2.84
� + 10 



𝑎𝑎𝑐𝑐𝜕𝜕∞,𝐾𝐾,𝐿𝐿 = �1 + 𝑒𝑒𝑥𝑥𝑝𝑝 �−
𝑉𝑉𝑚𝑚 − (−80)

2.84
��

−1

 

 
Presence in hair cell: (Rennie and Correia 1994; Rüsch and Eatock 1996).  
Activation Kinetics in the model: (Spaiardi et al. 2017, 2020).  
𝜏𝜏𝐾𝐾,𝐿𝐿 is based on measurements of the slow time constant:  (Wong et al. 2004; Songer and 
Eatock 2013; Spaiardi et al. 2017). 
 

gCa (Hair Cell) 

𝐽𝐽𝐶𝐶𝑁𝑁  =  𝐺𝐺𝐶𝐶𝑁𝑁,𝑚𝑚𝑁𝑁𝑥𝑥 ⋅ 𝑃𝑃𝐶𝐶𝑁𝑁 ⋅ (𝑉𝑉𝑚𝑚 −  𝐸𝐸𝐶𝐶𝑁𝑁)  

𝐺𝐺𝐶𝐶𝑁𝑁,𝑚𝑚𝑁𝑁𝑥𝑥 = 𝑔𝑔𝐶𝐶𝑁𝑁,𝑚𝑚𝑁𝑁𝑥𝑥 / 𝑎𝑎𝐻𝐻,𝐶𝐶  

𝑃𝑃𝐶𝐶𝑁𝑁 = 𝑎𝑎𝑐𝑐𝜕𝜕𝐶𝐶𝑁𝑁  

𝜏𝜏𝐶𝐶𝑁𝑁 ⋅
𝑑𝑑(𝑎𝑎𝑐𝑐𝜕𝜕𝐶𝐶𝑁𝑁)

𝑑𝑑𝜕𝜕
= 𝑎𝑎𝑐𝑐𝜕𝜕∞,𝐶𝐶𝑁𝑁 −  𝑎𝑎𝑐𝑐𝜕𝜕𝐶𝐶𝑁𝑁   

𝜏𝜏𝐶𝐶𝑁𝑁 =  0.6 𝑚𝑚𝑑𝑑  

𝑎𝑎𝑐𝑐𝜕𝜕∞,𝐶𝐶𝑁𝑁 =
1

1 + exp �−𝑉𝑉𝑚𝑚 − (−44)
5.8 �

 

 
Presence and Kinetics: (Bao et al. 2003), assuming an intracellular [𝐶𝐶𝑎𝑎2+] of 1 𝜇𝜇𝑚𝑚 lower than 
estimated for synaptic zone Ca2+ concentration in frog saccular hair cells, which have much 
larger Ca2+ currents at resting potential (Roberts et al. 1991). 
 

HCN1 (Hair Cell) 

𝐽𝐽𝐾𝐾,𝐻𝐻𝐶𝐶𝑁𝑁1  =  4
5
⋅ 𝐺𝐺𝐻𝐻𝐶𝐶𝑁𝑁1,𝑚𝑚𝑁𝑁𝑥𝑥 ⋅ 𝑃𝑃𝐻𝐻𝐶𝐶𝑁𝑁1 ⋅ (𝑉𝑉𝑚𝑚 −  𝐸𝐸𝐾𝐾) 

𝐽𝐽𝑁𝑁𝑁𝑁,𝐻𝐻𝐶𝐶𝑁𝑁1  = 1
5

 ⋅ 𝐺𝐺𝐻𝐻𝐶𝐶𝑁𝑁1,𝑚𝑚𝑁𝑁𝑥𝑥 ⋅ 𝑃𝑃𝐻𝐻𝐶𝐶𝑁𝑁1 ⋅ (𝑉𝑉𝑚𝑚 −  𝐸𝐸𝑁𝑁𝑁𝑁) 

𝐺𝐺𝐻𝐻𝐶𝐶𝑁𝑁1,𝑚𝑚𝑁𝑁𝑥𝑥 = 𝑔𝑔𝐻𝐻𝐶𝐶𝑁𝑁1,𝑚𝑚𝑁𝑁𝑥𝑥 / 𝑎𝑎𝐻𝐻,𝐶𝐶   

𝑃𝑃𝐻𝐻𝐶𝐶𝑁𝑁1 = 𝑎𝑎𝑐𝑐𝜕𝜕𝐻𝐻𝐶𝐶𝑁𝑁1  

𝜏𝜏𝐻𝐻𝐶𝐶𝑁𝑁1 ⋅
𝑑𝑑(𝐴𝐴𝐻𝐻𝐶𝐶𝑁𝑁1)

𝑑𝑑𝜕𝜕
= 𝑎𝑎𝑐𝑐𝜕𝜕∞,𝐻𝐻𝐶𝐶𝑁𝑁1 −  𝑎𝑎𝑐𝑐𝜕𝜕𝐻𝐻𝐶𝐶𝑁𝑁1 

𝜏𝜏𝐻𝐻𝐶𝐶𝑁𝑁1 = 209.479 +
�𝑒𝑒𝑥𝑥𝑝𝑝 �−𝑉𝑉𝑚𝑚 + 80.646

6.916 ��
−1

+  𝑒𝑒𝑥𝑥𝑝𝑝 �𝑉𝑉𝑚𝑚 + 80.646
14.881 �

2551.988
 

𝑎𝑎𝑐𝑐𝜕𝜕∞,𝐻𝐻𝐶𝐶𝑁𝑁1 =
1

1 + 𝑒𝑒𝑥𝑥𝑝𝑝 �𝑉𝑉𝑚𝑚 − (−90))
6.8 �

 

Location and Kinetics: (Horwitz et al. 2011). 



𝜏𝜏𝐻𝐻𝐶𝐶𝑁𝑁1: (Ventura and Kalluri 2019), Parameters for the HCN “Max Activation” case. These 
parameters were for IH in rat vestibular ganglion neurons, no distinction was made between 
HCN1 vs HCN2. We assume the time constants are similar. 
The K+ : Na+ permeability ratio through HCN1 channels is 4:1 (Lee and MacKinnon 2017). The 
fractions 4/5 and 1/5 in the equations for 𝐽𝐽𝐾𝐾,𝐻𝐻𝐶𝐶𝑁𝑁1 , and 𝐽𝐽𝑁𝑁𝑁𝑁,𝐻𝐻𝐶𝐶𝑁𝑁1 reflect this. 
 

Na+/K+-ATPase (Hair Cell | Calyx Inner Face | Calyx Outer Face) 

𝐽𝐽𝑜𝑜𝑏𝑏𝑚𝑚𝑜𝑜 = (3 − 2) ⋅
𝐶𝐶 ⋅ 1012

𝑁𝑁𝐴𝐴
⋅ 𝜌𝜌𝑁𝑁𝑁𝑁𝐾𝐾 ⋅ 𝑣𝑣𝑁𝑁𝑁𝑁𝐾𝐾 ⋅ 𝑃𝑃𝑜𝑜𝑏𝑏𝑚𝑚𝑜𝑜 

𝜌𝜌𝑁𝑁𝑁𝑁𝐾𝐾 =  1000 | 1000 | 2000 pumps/μm2 

𝑃𝑃𝑜𝑜𝑏𝑏𝑚𝑚𝑜𝑜 = � [𝐾𝐾+]𝑆𝑆𝐶𝐶
[𝐾𝐾+]𝑆𝑆𝐶𝐶+1.5

�
2
� � [𝐾𝐾+]𝑆𝑆𝐶𝐶

[𝐾𝐾+]𝑆𝑆𝐶𝐶+1.5
�
2
�   � 5

5+1.5
�
2

 ; 

 
Presence of Na+/K+-ATPase:  (Schuth et al. 2014).  
A pseudo-steady state expression was used with 𝑣𝑣𝑁𝑁𝑁𝑁𝐾𝐾 of 100/s, a Hill coefficient of 2 (Jaisser et 
al. 1994) and a K+ molar affinity of 1.5 mM, adapted from (Crambert et al. 2000).  𝜌𝜌𝑁𝑁𝑁𝑁𝐾𝐾 values 
were chosen such that the [Na+]SC at rest, at the base of the cleft, was between 120 – 140 mM 
with the reasoning that quantal currents occurring at the calyx inner face would require 
sufficient Na+ driving forces.  In the expression for 𝐽𝐽𝑜𝑜𝑏𝑏𝑚𝑚𝑜𝑜, 1012 is a conversion factor from 
Coulombs to picoCoulombs. 𝑃𝑃𝑜𝑜𝑏𝑏𝑚𝑚𝑜𝑜 is a simplified expression of pump activity as a function of 
external [K+] and the molar affinity of K+. 
 

KCC4 (Calyx Inner Face) 

𝐽𝐽𝐾𝐾𝐶𝐶𝐶𝐶4 = 𝐽𝐽𝐾𝐾𝐶𝐶𝐶𝐶4,𝑚𝑚𝑁𝑁𝑥𝑥 ⋅ 𝑃𝑃𝐾𝐾𝐶𝐶𝐶𝐶4  
 
𝐽𝐽𝐾𝐾𝐶𝐶𝐶𝐶4,𝑚𝑚𝑁𝑁𝑥𝑥 = 2 pA/μm2 

𝑃𝑃𝐾𝐾𝐶𝐶𝐶𝐶4 = �1 +  � 17.5
[𝐾𝐾+]𝑆𝑆𝐶𝐶

�
2
�
−1

  

 
Molar affinity (17.5 mM) from (Mercado et al. 2000).  Hill Coefficient based on discussions in 
(Marcoux et al. 2017).  𝐽𝐽𝐾𝐾𝐶𝐶𝐶𝐶4,𝑚𝑚𝑁𝑁𝑥𝑥 was chosen such that the [K+]SC at rest, at the base of the cleft 
as calculated by the stationary solver was between 5-7 mM.  Although  𝐽𝐽𝐾𝐾𝐶𝐶𝐶𝐶4 is expressed as a 
current, transport activity of KCC is electroneutral and does not contribute to a change in 
potential.  KCC4 was localized to the calyx inner face, see Experimental Methods. 
 

KV7.4 (Calyx Inner Face | Calyx Outer Face) 

𝐽𝐽𝐾𝐾𝑉𝑉7.4  =  𝐺𝐺𝐾𝐾𝑉𝑉7.4,𝑚𝑚𝑁𝑁𝑥𝑥 ⋅ 𝑃𝑃𝐾𝐾𝑉𝑉7.4 ⋅ (𝑉𝑉𝑚𝑚 −  𝐸𝐸𝐾𝐾) 

𝐺𝐺𝐾𝐾𝑉𝑉7.4,𝑚𝑚𝑁𝑁𝑥𝑥 =
4
5 𝑔𝑔𝐾𝐾𝑉𝑉7.4,𝑚𝑚𝑁𝑁𝑥𝑥

𝑎𝑎𝐶𝐶𝐶𝐶𝐹𝐹
  |  

1
5 𝑔𝑔𝐾𝐾𝑉𝑉7.4,𝑚𝑚𝑁𝑁𝑥𝑥

𝑎𝑎𝐶𝐶𝑂𝑂𝐹𝐹
   

𝑃𝑃𝐾𝐾𝑉𝑉7.4 = 𝑎𝑎𝑐𝑐𝜕𝜕𝐾𝐾𝑉𝑉7.4 

𝜏𝜏𝐾𝐾𝑉𝑉7.4 ⋅
𝑑𝑑�𝑎𝑎𝑐𝑐𝜕𝜕𝐾𝐾𝑉𝑉7.4�

𝑑𝑑𝜕𝜕
= 𝑎𝑎𝑐𝑐𝜕𝜕∞,𝐾𝐾𝑉𝑉7.4 −  𝑎𝑎𝑐𝑐𝜕𝜕𝐾𝐾𝑉𝑉7.4 



𝜏𝜏𝐾𝐾𝑉𝑉7.4 =  𝑚𝑚𝑎𝑎𝑥𝑥(�0.0002488 ⋅ 𝑒𝑒𝑥𝑥𝑝𝑝(−0.04401 ⋅ 𝑉𝑉𝑚𝑚) + 0.4506 ⋅ 𝑒𝑒𝑥𝑥𝑝𝑝(0.05437 ⋅ 𝑉𝑉𝑚𝑚)�−1, 1)  

𝑎𝑎𝑐𝑐𝜕𝜕∞,𝐾𝐾𝑉𝑉7.4 = �1 + 𝑒𝑒𝑥𝑥𝑝𝑝 �
𝑉𝑉𝑚𝑚 − (−52)

16
��

−1

  

 
Location & Kinetics: (Hurley et al. 2006). 
In 𝐺𝐺𝐾𝐾𝑉𝑉7.4,𝑚𝑚𝑁𝑁𝑥𝑥, the fractions 4/5 and 1/5 reflect the relative density of the channel on either 
membrane observed in electron microscope immunogold experiments.  See Experimental 
Methods. 
 

HCN2 (Calyx Inner Face | Calyx Outer Face) 

𝐽𝐽𝐾𝐾,𝐻𝐻𝐶𝐶𝑁𝑁2  = 4
5
⋅ 𝐺𝐺𝐻𝐻𝐶𝐶𝑁𝑁2,𝑚𝑚𝑁𝑁𝑥𝑥 ⋅ 𝑃𝑃𝐻𝐻𝐶𝐶𝑁𝑁2 ⋅ (𝑉𝑉𝑚𝑚 −  𝐸𝐸𝐾𝐾) 

𝐽𝐽𝑁𝑁𝑁𝑁,𝐻𝐻𝐶𝐶𝑁𝑁2  = 1
5
⋅ 𝐺𝐺𝐻𝐻𝐶𝐶𝑁𝑁2,𝑚𝑚𝑁𝑁𝑥𝑥 ⋅ 𝑃𝑃𝐻𝐻𝐶𝐶𝑁𝑁2 ⋅ (𝑉𝑉𝑚𝑚 −  𝐸𝐸𝑁𝑁𝑁𝑁) 

𝐺𝐺𝐻𝐻𝐶𝐶𝑁𝑁2,𝑚𝑚𝑁𝑁𝑥𝑥 =
1
2 𝑔𝑔𝐻𝐻𝐶𝐶𝑁𝑁2,𝑚𝑚𝑁𝑁𝑥𝑥

𝑎𝑎𝐶𝐶𝐶𝐶𝐹𝐹
|
1
2 𝑔𝑔𝐻𝐻𝐶𝐶𝑁𝑁2,𝑚𝑚𝑁𝑁𝑥𝑥

𝑎𝑎𝐶𝐶𝑂𝑂𝐹𝐹
 

 

𝑔𝑔𝐻𝐻𝐶𝐶𝑁𝑁2,𝑚𝑚𝑁𝑁𝑥𝑥 was distributed equally to both the CIF 
and COF. 

𝑃𝑃𝐻𝐻𝐶𝐶𝑁𝑁2 = 𝑎𝑎𝑐𝑐𝜕𝜕𝐻𝐻𝐶𝐶𝑁𝑁2  
 
𝜏𝜏𝐻𝐻𝐶𝐶𝑁𝑁2

𝑑𝑑(𝑁𝑁𝑎𝑎𝑖𝑖𝐻𝐻𝐶𝐶𝑁𝑁2)
𝑑𝑑𝑖𝑖

= 𝑎𝑎𝑐𝑐𝜕𝜕∞,𝐻𝐻𝐶𝐶𝑁𝑁2 −  𝑎𝑎𝑐𝑐𝜕𝜕𝐻𝐻𝐶𝐶𝑁𝑁2   

𝜏𝜏𝐻𝐻𝐶𝐶𝑁𝑁2 = 209.479 + ��𝑒𝑒𝑥𝑥𝑝𝑝 �−
𝑉𝑉𝑚𝑚 + 80.646

6.916
��

−1

+  𝑒𝑒𝑥𝑥𝑝𝑝 �
𝑉𝑉𝑚𝑚 + 80.646

14.881
��/2551.988 

𝑎𝑎𝑐𝑐𝜕𝜕∞,𝐻𝐻𝐶𝐶𝑁𝑁2 = �1 + 𝑒𝑒𝑥𝑥𝑝𝑝 �𝑉𝑉𝑚𝑚+95
11.7

��
−1

  

 
Presence and Kinetics: (Horwitz et al. 2014). Adapted for a simple calyx. 
𝜏𝜏𝐻𝐻𝐶𝐶𝑁𝑁2: (Ventura and Kalluri 2019), Parameters for the HCN “Max Activation” case.  
The K+ : Na+ Permeability ratio through HCN1 channels is 4:1 (Lee and MacKinnon 2017). The 
same ratio was assumed for HCN2 channels. The fractions 4/5 and 1/5 in the equations for 
𝐽𝐽𝐾𝐾,𝐻𝐻𝐶𝐶𝑁𝑁2 , and 𝐽𝐽𝑁𝑁𝑁𝑁,𝐻𝐻𝐶𝐶𝑁𝑁2 reflect this. 
 

ILeak (Calyx Outer Face) 

𝐽𝐽𝐿𝐿𝑜𝑜𝑁𝑁𝐿𝐿 =  𝐺𝐺𝐿𝐿𝑜𝑜𝑁𝑁𝐿𝐿,𝑚𝑚𝑁𝑁𝑥𝑥 ⋅ (𝑉𝑉𝑚𝑚 −  0)  

𝐺𝐺𝐿𝐿𝑜𝑜𝑁𝑁𝐿𝐿,𝑚𝑚𝑁𝑁𝑥𝑥 =
𝑔𝑔𝐿𝐿𝑜𝑜𝑁𝑁𝐿𝐿,𝑚𝑚𝑁𝑁𝑥𝑥

𝑎𝑎𝐶𝐶𝑂𝑂𝐹𝐹
 

 
𝑔𝑔𝐿𝐿𝑜𝑜𝑁𝑁𝐿𝐿,𝑚𝑚𝑁𝑁𝑥𝑥 was set equal to 2 nS. The value was chosen to compensate for unknown membrane 
properties and assist in setting the resting calyx potential. 
 

  



KV7.x (Hemi-Node | Node)  

𝐽𝐽𝐾𝐾𝑉𝑉7.𝑥𝑥  =  𝐺𝐺𝐾𝐾𝑣𝑣7.𝑥𝑥,𝑚𝑚𝑁𝑁𝑥𝑥 ⋅ 𝑃𝑃𝐾𝐾𝑉𝑉7.𝑥𝑥 ⋅ (𝑉𝑉𝑚𝑚 −  𝐸𝐸𝐿𝐿)  

𝐺𝐺𝐾𝐾𝑣𝑣7.𝑥𝑥,𝑚𝑚𝑁𝑁𝑥𝑥 =
𝑔𝑔𝐾𝐾𝑉𝑉7.𝑥𝑥,𝑚𝑚𝑁𝑁𝑥𝑥

𝑎𝑎𝐹𝐹,𝐻𝐻𝑁𝑁 + 2𝑎𝑎𝐹𝐹,𝑁𝑁
 

𝑃𝑃𝐾𝐾𝑉𝑉7.𝑥𝑥 = 𝑎𝑎𝑐𝑐𝜕𝜕𝐾𝐾𝑉𝑉7.𝑥𝑥   

𝜏𝜏𝐾𝐾𝑉𝑉7.𝑥𝑥 ⋅
𝑑𝑑�𝑁𝑁𝑎𝑎𝑖𝑖𝐾𝐾𝑉𝑉7.𝑥𝑥�

𝑑𝑑𝑖𝑖
= 𝑎𝑎𝑐𝑐𝜕𝜕∞,𝐾𝐾𝑉𝑉7.𝑥𝑥 −  𝑎𝑎𝑐𝑐𝜕𝜕𝐾𝐾𝑉𝑉7.𝑥𝑥   

𝜏𝜏𝐾𝐾𝑉𝑉7.𝑥𝑥 = 1.2 ⋅ 𝑒𝑒𝑥𝑥𝑝𝑝(−0.08 ⋅ 𝑉𝑉𝑚𝑚) ⋅
1

1 +  𝑒𝑒𝑥𝑥𝑝𝑝 �−𝑉𝑉𝑚𝑚 + 47
8 �

 

𝑎𝑎𝑐𝑐𝜕𝜕∞,𝐾𝐾𝑉𝑉7.𝑥𝑥 =
1

1 +  𝑒𝑒𝑥𝑥𝑝𝑝 �−𝑉𝑉𝑚𝑚 + 47
8 �

 

 
Kinetics: (Kalluri et al. 2010). 
 

KV3.4 (Hemi-Node | Node) 
𝐽𝐽𝐾𝐾𝑉𝑉3.4  =  𝐺𝐺𝐾𝐾𝑉𝑉3.4,𝑚𝑚𝑁𝑁𝑥𝑥 ⋅ 𝑃𝑃𝐾𝐾𝑉𝑉3.4 ⋅ (𝑉𝑉𝑚𝑚 −  𝐸𝐸𝐿𝐿) 

𝑃𝑃𝐾𝐾𝑉𝑉3.4 = 𝑎𝑎𝑐𝑐𝜕𝜕𝐾𝐾𝑉𝑉3.4 ⋅ 𝑑𝑑𝑙𝑙𝑎𝑎𝑐𝑐𝜕𝜕𝐾𝐾𝑉𝑉3.4  

𝜏𝜏𝐾𝐾𝑉𝑉3.4,𝑁𝑁𝑎𝑎𝑖𝑖 ⋅
𝑑𝑑�𝑁𝑁𝑎𝑎𝑖𝑖𝐾𝐾𝑉𝑉3.4�

𝑑𝑑𝑖𝑖
= 𝑎𝑎𝑐𝑐𝜕𝜕∞,𝐾𝐾𝑉𝑉3.4 −  𝑎𝑎𝑐𝑐𝜕𝜕𝐾𝐾𝑉𝑉3.4   

𝜏𝜏𝐾𝐾𝑉𝑉3.4,𝑖𝑖𝑜𝑜𝑁𝑁𝑎𝑎𝑖𝑖 ⋅
𝑑𝑑�𝑑𝑑𝑙𝑙𝑎𝑎𝑐𝑐𝜕𝜕𝐾𝐾𝑉𝑉3.4�

𝑑𝑑𝜕𝜕
= 𝑑𝑑𝑙𝑙𝑎𝑎𝑐𝑐𝜕𝜕∞,𝐾𝐾𝑉𝑉3.4 −  𝑑𝑑𝑙𝑙𝑎𝑎𝑐𝑐𝜕𝜕𝐾𝐾𝑉𝑉3.4 

𝜏𝜏𝐾𝐾𝑉𝑉3.4,𝑁𝑁𝑎𝑎𝑖𝑖 = 5 ⋅  1.41 ⋅  𝑒𝑒𝑥𝑥𝑝𝑝(−0.05589 ⋅ 𝑉𝑉𝑚𝑚) ⋅ �1 +  𝑒𝑒𝑥𝑥𝑝𝑝 �− 𝑉𝑉𝑚𝑚+31.3
8.5

��
−1

   
𝜏𝜏𝐾𝐾𝑉𝑉3.4,𝑖𝑖𝑜𝑜𝑁𝑁𝑎𝑎𝑖𝑖 = 25.4 ms  

 𝑎𝑎𝑐𝑐𝜕𝜕∞,𝐾𝐾𝑉𝑉3.4 = �1 +  𝑒𝑒𝑥𝑥𝑝𝑝 �−𝑉𝑉𝑚𝑚+31.3
8.5

��
−1

  

𝑑𝑑𝑙𝑙𝑎𝑎𝑐𝑐𝜕𝜕∞,𝐾𝐾𝑉𝑉3.4 = �1 + 𝑒𝑒𝑥𝑥𝑝𝑝 �𝑉𝑉𝑚𝑚+65.84
5.51

��
−1

  

 
Kinetics: (Chabbert et al. 2001). 𝐺𝐺𝐾𝐾𝑉𝑉3.4,𝑚𝑚𝑁𝑁𝑥𝑥 was adapted to a value of 0.2 nS/μm2 and is 
comparable to the values for 𝐺𝐺𝐾𝐾𝑉𝑉1.𝑥𝑥,𝑚𝑚𝑁𝑁𝑥𝑥 and 𝐺𝐺𝐾𝐾𝑉𝑉7.𝑥𝑥,𝑚𝑚𝑁𝑁𝑥𝑥. 
 
 
Kv1.x (Hemi-Node | Node) 

𝐽𝐽𝐾𝐾𝑉𝑉1  =  𝐺𝐺𝐾𝐾𝑉𝑉1,𝑚𝑚𝑁𝑁𝑥𝑥 ⋅ 𝑃𝑃𝐾𝐾𝑉𝑉1 ⋅ (𝑉𝑉𝑚𝑚 −  𝐸𝐸𝐿𝐿)  

𝐺𝐺𝐾𝐾𝑣𝑣1.𝑥𝑥,𝑚𝑚𝑁𝑁𝑥𝑥 =
𝑔𝑔𝐾𝐾𝑉𝑉1.𝑥𝑥,𝑚𝑚𝑁𝑁𝑥𝑥

𝑎𝑎𝐹𝐹,𝐻𝐻𝑁𝑁 + 2𝑎𝑎𝐹𝐹,𝑁𝑁
 

𝑃𝑃𝐾𝐾𝑉𝑉1 = 𝑎𝑎𝑐𝑐𝜕𝜕𝐾𝐾𝑉𝑉1   

𝜏𝜏𝐾𝐾𝑉𝑉1 ⋅
𝑑𝑑�𝑁𝑁𝑎𝑎𝑖𝑖𝐾𝐾𝑉𝑉1�

𝑑𝑑𝑖𝑖
= 𝑎𝑎𝑐𝑐𝜕𝜕∞,𝐾𝐾𝑉𝑉1 −  𝑎𝑎𝑐𝑐𝜕𝜕𝐾𝐾𝑉𝑉1   

𝑎𝑎𝑐𝑐𝜕𝜕∞,𝐾𝐾𝑉𝑉1 =
1

1 +  𝑒𝑒𝑥𝑥𝑝𝑝 �−𝑉𝑉𝑚𝑚 + 44
7.1 �

 



𝜏𝜏𝐾𝐾𝑉𝑉1 =  3.7 𝑚𝑚𝑑𝑑 

Kinetics: (Kalluri et al. 2010).  

 
 
 
Nav (Unmyelinated|Hemi-Node | Node) 
𝐽𝐽𝑁𝑁𝑁𝑁𝑉𝑉  =  𝐺𝐺𝑁𝑁𝑁𝑁𝑉𝑉,𝑚𝑚𝑁𝑁𝑥𝑥 ⋅ 𝑃𝑃𝑁𝑁𝑁𝑁𝑣𝑣 ⋅ (𝑉𝑉𝑚𝑚 −  𝐸𝐸𝑁𝑁𝑁𝑁) 
𝐽𝐽𝑁𝑁𝑁𝑁𝑉𝑉,𝑈𝑈𝑜𝑜𝑚𝑚𝐶𝐶𝑜𝑜𝐶𝐶 = 1

4
⋅ 𝐺𝐺𝑁𝑁𝑁𝑁𝑉𝑉,𝑚𝑚𝑁𝑁𝑥𝑥 ⋅ 𝑃𝑃𝑁𝑁𝑁𝑁𝑣𝑣 ⋅ (𝑉𝑉𝑚𝑚 −  𝐸𝐸𝑁𝑁𝑁𝑁) 

𝐺𝐺𝑁𝑁𝑁𝑁𝑉𝑉,𝑚𝑚𝑁𝑁𝑥𝑥 = 𝑔𝑔𝑁𝑁𝑁𝑁𝑉𝑉,𝑏𝑏𝑜𝑜𝑖𝑖𝑖𝑖𝑁𝑁𝑟𝑟𝐶𝐶 ⋅ 𝜌𝜌𝑁𝑁𝑁𝑁𝑉𝑉 

𝑃𝑃𝑁𝑁𝑁𝑁𝑉𝑉 = 𝑎𝑎𝑐𝑐𝜕𝜕𝑁𝑁𝑁𝑁𝑉𝑉 ⋅ 𝑑𝑑𝑙𝑙𝑎𝑎𝑐𝑐𝜕𝜕𝑁𝑁𝑁𝑁𝑉𝑉 

𝜏𝜏𝑁𝑁𝑁𝑁𝑉𝑉,𝑁𝑁𝑎𝑎𝑖𝑖 ⋅
𝑑𝑑�𝑁𝑁𝑎𝑎𝑖𝑖𝑁𝑁𝑁𝑁𝑉𝑉�

𝑑𝑑𝑖𝑖
= 𝑎𝑎𝑐𝑐𝜕𝜕∞,𝑁𝑁𝑁𝑁𝑉𝑉 −  𝑎𝑎𝑐𝑐𝜕𝜕𝑁𝑁𝑁𝑁𝑉𝑉    

𝜏𝜏𝑁𝑁𝑁𝑁𝑉𝑉,𝑖𝑖𝑜𝑜𝑁𝑁𝑎𝑎𝑖𝑖 ⋅
𝑑𝑑�𝑑𝑑𝑙𝑙𝑎𝑎𝑐𝑐𝜕𝜕𝑁𝑁𝑁𝑁𝑉𝑉�

𝑑𝑑𝜕𝜕
= 𝑑𝑑𝑙𝑙𝑎𝑎𝑐𝑐𝜕𝜕∞,𝑁𝑁𝑁𝑁𝑉𝑉 −  𝑑𝑑𝑙𝑙𝑎𝑎𝑐𝑐𝜕𝜕𝑁𝑁𝑁𝑁𝑉𝑉 

𝜏𝜏𝑁𝑁𝑁𝑁𝑉𝑉,𝑁𝑁𝑎𝑎𝑖𝑖 =  �1 + exp �−
𝑉𝑉𝑚𝑚 + 41.58

5.733
��

−1

⋅  �1 + exp �
𝑉𝑉𝑚𝑚 + 8.295

16.28
��

−1

 +  0.2  
(for -55 ≤ 𝑉𝑉𝑚𝑚 ≤ 60 𝑚𝑚𝑉𝑉); 0.2 ms otherwise. 
 
𝜏𝜏𝑁𝑁𝑁𝑁𝑉𝑉,𝑖𝑖𝑜𝑜𝑁𝑁𝑎𝑎𝑖𝑖 =   0.0001452 𝑒𝑒𝑥𝑥𝑝𝑝(−0.2211 𝑉𝑉𝑚𝑚) + 0.2382  
(for -45 ≤ 𝑉𝑉𝑚𝑚 ≤ 60 𝑚𝑚𝑉𝑉); else, linearly extrapolated. 
 

𝑎𝑎𝑐𝑐𝜕𝜕∞,𝑁𝑁𝑁𝑁𝑉𝑉 = �1 + 𝑒𝑒𝑥𝑥𝑝𝑝 �− 𝑉𝑉𝑚𝑚+40
8

��
−1

  

𝑑𝑑𝑙𝑙𝑎𝑎𝑐𝑐𝜕𝜕∞,𝑁𝑁𝑁𝑁𝑉𝑉 = �1 + 𝑒𝑒𝑥𝑥𝑝𝑝 �𝑉𝑉𝑚𝑚+69
7.6

��
−1

  

 
Kinetics:  (Liu et al. 2016; Meredith and Rennie 2018).  
𝜏𝜏𝑁𝑁𝑁𝑁𝑉𝑉,𝑁𝑁𝑎𝑎𝑖𝑖 and 𝜏𝜏𝑁𝑁𝑁𝑁𝑉𝑉,𝑖𝑖𝑜𝑜𝑁𝑁𝑎𝑎𝑖𝑖, see Experimental Methods. 
 
A reduced channel density was assumed at the unmyelinated segment and the maximum 
conductance density reduced to ¼ of the full value. This reflects evidence for greater channel 
clustering near regions adjacent to myelinated segments of fiber (Freeman et al. 2016). 
 

  



Table S7 - Sources 

Model 
Compartment 

Property Reference Animal Location Age 

General Calyx 
Dimensions 

Lysakowski et al. 2011 
Fig. 2C – central calyx-
only afferent 

Rat SCC 6 Months 

Hair Cell MET Holt et al. 1997 Mouse Utricle P1 - P10 

MET, P0 = 10% Songer and Eatock 2013 Rat Saccule P1 - P9 

MET, 5nS Holt et al. 1997 Mouse Utricle P1 - P10 

gK,L Spaiardi et al. 2017 Mouse SCC P6 - P19 

𝜏𝜏𝑔𝑔𝐾𝐾,𝐿𝐿
 

Fit of slow 
time constant  

Wong et al. 2004 Rat Utricle P16 - P24 

Songer and Eatock 2013 Rat Saccule P1 – P9 

 

Spaiardi et al. 2017 Mouse SCC P6 - P19 

 

gCa Bao et al. 2003 Rat SCC P4 - P20 

HCN1 Horwitz et al. 2011 Mouse Utricle P0 - P25 

HC/Calyx Na+/K+-
ATPase 

Schuth et al. 2014 Rat Utricle/SCC P17– P25 

𝜏𝜏𝐻𝐻𝐶𝐶𝑁𝑁 Ventura and Kalluri 2019 
- HCN Max Activation 
parameters 

Rat VGN P9 - P21 

Calyx HCN2 Horwitz et al. 2014 Mouse Utricle P0 - P25 

Kv7.4 Hurley et al. 2006 Rat Utricle P2 - P26 

Lysakowski et al. 2011 Rat Utricle/SCC 6 Months 

KCC4 See Experimental 
Methods 

Rat SCC 6 months 

Mercado et al. 2000 Frog oocyte 
(expressing 
mouse KCC4) 

- Day 5 

Marcoux et al. 2017 Various mammals - - 

Fiber HN, N1 
Location 

Lysakowski et al. 2011 Rat Utricle, Saccule and 
SCC 

6 Months 



NaV Liu et al. 2016 Rat VGN P1 - P8 

Meredith and Rennie 
2018 

Gerbil SCC P5 - P31 

Kv7 Kalluri et al. 2010 Rat VGN P8 - P15 

Kv1 Kalluri et al. 2010 Rat VGN P8 - P15 

Kv3.4 Chabbert et al. 2001 Mouse VGN P5 - P8 

 

SCC – Semicircular Canal Crista. Utricle and saccule reference their maculae. Conductance values are 
presented in Table S5 and kinetics are presented in Table S6. 

 

Additional Sources 
The following were not used in this iteration of the model, but we include them for readers of this 
supplement. 
 

HCN Kinetics – Gerbil  (Meredith et al. 2012) 
 
gK,L – Turtle (Brichta et al. 2002) 
 
gK,L – Mouse - (Rüsch and Eatock 1996)  



Notes 

Model Repository: https://github.com/acgsci/vestibularHairCellCalyxNQT 

Width of the synaptic cleft 

Previously, a phenomenological cleft width of  ~67 nm was derived using measurements of EK across the 
hair cell membrane  and a multi-compartment model that related the rise time of cleft potassium to cleft 
width (Lim et al. 2011).  This value differs more than 3-fold from that measured in EM studies: ~20 nm 
(Spoendlin 1966).  Accepted fixation shrinkage in EM preparations is ~15%.  Correspondingly, cryo-fixed 
material that does not involve sample dehydration reports cleft widths of 23-35 nm (Korogod et al. 2015) 

Ions needed to change EK vs. Vm  

The number of ions necessary to alter EK is typically greater than the number of uncompensated charges 
required to effect an equivalent change in Vm. For example, assuming a uniform 5 mM of K+ in the 
modelled synaptic cleft (~6 μm3

 in volume), and 150 mM K+ in the hair cell (~600 μm3 in volume), increasing 
EK by 1 mV requires a ~0.2 mM increase in cleft K+ concentration or ~720,000 K+ ions. EK also changes non-
linearly such that more K+ ions are required as the cleft K+ concentration increases. In comparison, 
increasing the voltage of the hair cell membrane facing the cleft (~300 μm2; Cm = 0.01 pF/μm2) by 1 mV 
requires ~19,000 uncompensated charges.  Similarly, considering the cleft as a compartment bounded by 
the hair cell and calyx inner face membranes (~600 μm2) increasing its potential by 1 mV requires ~38,000 
uncompensated charges. 

Effects of external [K+] on gK,L 

Prior data on the rodent VHCC (our model preparation; see Fig. 4, Rüsch and Eatock, 1996) demonstrates 
an increase in gK,L with increased external K+.  This change in conductance with [K+] is well explained by 
the Goldman-Hodgkin-Katz (GHK) Flux equation.  We used Eq. S1 to describe currents in the model as 
most of our sources report channel conductances, not permeabilities.  Upon replacing the current 
equation for gK,L in the model with the GHK equation obtained by Rüsch and Eatock, we found that the 
effects on model results were small (2 mV depolarization of resting hair cell potential and maximal 
depolarization during bundle displacement). 

‘K+ Relief of Block’ (KRB) Model   

Contini et al. (2020) proposed that the activity of gK,L can be explained by potassium relief of block.  Their 
KRB model involves a number of parameters, including the concentration of the blocking particle over the 
half blocking dose (B), the voltage at half-maximal block (VB), and the voltage dependence of the block 
(Ve).  These parameters were presented in relation to external [K+] of 4 mM and 20 mM K+.  To evaluate 
how the KRB model of gK,L alters VHCC model predictions, we linearly extrapolated the above parameters 
as functions of concentration using the 4 mM and 20 mM datapoints. We then modified the activation 
curve of gK,L  as follows : 

𝑎𝑎𝑐𝑐𝜕𝜕∞,𝐾𝐾,𝐿𝐿 = �1 + 𝐵𝐵𝑒𝑒𝑥𝑥𝑝𝑝 �−
𝑉𝑉𝑚𝑚 − 𝑉𝑉𝐵𝐵

𝑉𝑉𝑜𝑜
��

−1

  
(S14) 

https://github.com/acgsci/vestibularHairCellCalyxNQT


Vm is VH, the hair cell membrane voltage. For + 1-μm step bundle displacement, modifying the gK,L 
activation curve to include KRB had small effects: decreases of ~10-25 pA in resting and steady state gK,L 
currents, and ~3-4 mV more positive hair cell resting potential and steady-state receptor potential.  With 
the KRB activation curve, gK,L open probabilities were enhanced at the base and reduced at the apex of 
the cleft following the gradient in cleft [K+]. 

We performed preliminary simulations to evaluate the influence of KRB on NQT.  For the sinusoidal 
displacement stimulus of Fig. 5, using the KRB model (1) had minor effects on the amplitude and phase of 
the simulated calyx postsynaptic potentials (Fig. S4); (2) did not affect our conclusion that fast NQT at 
voltage step onset is mediated by changes in cleft electrical potential.   

In summary, the KRB model produces results comparable with previous descriptions of gK,L over the 
physiological range of hair cell operation, with the added benefit of explaining data under large voltage 
excursions at high potassium concentrations.  

Fig. S4 – Comparison of post-synaptic depolarization during sinusoidal bundle displacement with the 
existing and KRB activation curves of gK,L.  
The predicted responses to bundle stimulation modeled in Figure 5A in the manuscript (grey) using 
the description of gK,L (Table S6) is overlaid by the simulated response when gK,L steady-state activation 
is described by KRB (Eq. S14). 

 

 



Effect of Series Resistance on Fast Postsynaptic Currents 

In the main text, in Figure 6, we simulated an ideal voltage clamp to control the intracellular potentials of 
the hair cell and calyx.  Here, we present the effect of including a series resistance of 5 MΩ  - the value 
after 65% compensation of 15 MΩ, the maximal series resistance reported in Contini et al. (2020).  In  
Table S8 we show the effect of adding series resistance on hair cell intracellular potential (ϕH), the cleft 
electrical potential (ϕSC) and membrane voltage of the calyx inner face (VCIF).  At the -70 mV holding 
potential (green, Fig. S5), series resistance effects will reduce the cleft electrical potential by 10 mV, from 
54 to 44 mV (Table S8), and slightly reduce the fast post-synaptic currents (Fig. S5, middle). Simulating 
the series resistance and using the KRB model of gK,L resulted in a further decrease (Fig. S5, right) coming 
closer to the data recorded by Contini et al. (2020).  

 

  

RS = 5 MΩ;  Values are at the time of peak ICIF,R following steps to 20 mV from the given holding potential. 

   

 

 

  

Table S8. Effect of Series Resistance on Cleft Electrical Potential and Membrane Voltages.   
 
Holding condition 𝛟𝛟𝐇𝐇, mV 𝛟𝛟𝐒𝐒𝐒𝐒, mV 𝐕𝐕𝐒𝐒𝐂𝐂𝐂𝐂, mV 

 

  Ideal +RS Ideal +RS Ideal +RS 

-100    (t=50.05 ms) 20 -8.5 41.4 41.3 -141.4 -139.8 

-70     (t=50.1 ms) 20 2.7 54.7 44.8 -124.7 -113.6 

Fig. S5 – Effects of series resistance and KRB on fast post synaptic currents.  
Fast post-synaptic resistive currents (I_CIF,R) are shown in response to voltage steps to 20 mV from 
holding potentials of -100 mV (blue) and -70 mV (green) for the ideal voltage clamp simulated in Figure 
6 (left), voltage clamp with series resistance of RS = 5 MΩ (middle) and with both Rs = 5 MΩ and KRB 
(right).   
 

RS = 5 M𝛀𝛀 RS = 5 M𝛀𝛀 and KRB 
Ideal voltage clamp 
(in main text) 



Experimental Methods  

Below we describe the experimental methods used to determine some parameters listed in the Tables, 
and imaged cells shown in Fig. 1A. 

NaV time constants (Table S6):  

Whole-cell patch clamp recordings from mouse vestibular afferent neurons. The kinetics of 
postsynaptic (afferent) NaV currents were obtained from mouse vestibular ganglion neurons isolated in 
the first postnatal month.  Animals were handled in accordance with the National Institutes of Health 
Guide for the Care and Use of Laboratory Animals, and all procedures were approved by the animal care 
committee at the University of Chicago.  Mice were deeply anesthetized with isoflurane and decapitated.  
Vestibular ganglia were dissected out and mechanically dissociated following enzymatic digestion (with 
0.12% collagenase and 0.12% trypsin for 15-20 minutes at 37°C) and cultured overnight to remove satellite 
cells, in minimal essential medium with Glutamax (MEM, Invitrogen, Carlsbad, CA) supplemented with 10 
mM HEPES, 5% fetal bovine serum (FBS), and 1% penicillin in 5% CO2-95% air at 37°C.  Whole-cell patch 
clamp recordings were made with solutions designed to minimize contamination from K+ and Ca2+ 
currents.  The external medium comprised (mM): 75 NaCl, 5.4 CsCl, 2.5 MgCl2, 75 TEA Cl, 5 HEPES, 10 D-
glucose, titrated with CsOH to pH 7.4, with osmolality ~310 mmol/kg.  The internal (pipette) solution 
contained: 148 CsCl, 0.8 CaCl, 3.5 Na2-creatine phosphate, 3.5 MgATP, 0.1 LiGTP, 5 EGTA, 5 HEPES, 0.1 Na-
cAMP, titrated with CsOH to pH 7.4, and ~300 mmol/kg. Recordings were made at room temperature (23-
25℃). Signals were delivered and recorded with a Multiclamp 700B amplifier, Digidata 1440A digitizer, 
and pClamp 10 or 11 software (Axon Instruments, Molecular Devices, Sunnyvale, CA), with low-pass Bessel 
filtering set at 10 kHz and sampling interval set at 5 µs.  Seal resistance exceeded 1 GΩ.  Membrane 
voltages were corrected off-line for a measured liquid junction potential of 6.4 mV and for series 
resistance errors.  Analysis was performed with MATLAB (The MathWorks, Natick, MA), Clampfit (Axon 
Instruments, Molecular Devices), and Origin Pro 2018 (OriginLab, Northampton, MA).  Series resistance 
(RS) ranged between 3 and 10 MΩ and was compensated by 75%.  The holding potential was −66.4 mV.  
Activation and inactivation time courses were measured for currents evoked by depolarizing voltage steps 
following a pre-pulse to −127 mV to de-inactivate NaV current.  The currents were fit with the following 
Hodgkin-Huxley equations for NaV channel activation (n=6) and inactivation (n=9): 

𝐶𝐶(𝜕𝜕) = 𝐶𝐶𝑝𝑝𝑒𝑒𝑎𝑎𝑝𝑝  �1− 𝑒𝑒−
𝜕𝜕
𝜏𝜏𝑚𝑚�

3
; 𝐶𝐶(𝜕𝜕) = 𝐶𝐶𝑆𝑆𝑆𝑆 + 𝐶𝐶𝑜𝑜𝑜𝑜𝑁𝑁𝐿𝐿(𝑒𝑒−𝑖𝑖/𝜏𝜏ℎ)  

where 𝐶𝐶 is current, 𝜕𝜕 is time; 𝐶𝐶𝑜𝑜𝑜𝑜𝑁𝑁𝐿𝐿 and 𝐶𝐶𝑓𝑓 are peak and steady-state (inactivated) currents, respectively; 
and τm and τh are the time constants for the activation and inactivation transitions, respectively.  

  



Location of KCC, relative density of KV7.4 (Table S6) and image of hair cells and calyces (Fig. 1A):  
Confocal microscopy and immunocytochemistry 

Fixation.  Animals were handled in accordance with the National Institutes of Health Guide for the 
Care and Use of Laboratory Animals, and all procedures were approved by the IACUC at the Univ. of Illinois 
at Chicago.  Long-Evans rats (Charles River Laboratories, Wilmington, MA) were deeply anesthetized with 
Nembutal (80 mg/kg), then perfused transcardially for 1 min with physiological saline containing heparin 
(2000 IU), followed by a dialdehyde fixative for 10 min (4% paraformaldehyde, 1% acrolein, 1% picric acid, 
and 5% sucrose in 0.1 M phosphate buffer (PB), pH 7.4).  After decapitation, the head was post-fixed in 
the fixative for 20 min and then placed in 30% sucrose in 0.1 M PB.  Vestibular and auditory organs were 
dissected out with the head immersed in PB.  Decalcification of cochleas and removal of bone debris and 
otoliths from vestibular organs was accomplished through incubation in Cal-X solution.  Background 
fluorescence was reduced by incubating the tissues in a 1% aqueous solution of sodium borohydride for 
10 min.  All organs were then placed in 30% sucrose in 0.1 M PB overnight. 

Immunohistochemistry.  Dissected tissues were gelatin-embedded and cut with a freezing sliding 
microtome.  Tissue permeabilization was carried out with 4% Triton X-100 in PBS for 1 hr, and a blocking 
solution composed of 0.5% fish gelatin, 0.5% Triton X-100 and 1% BSA in 10 mM phosphate-buffered 
saline (PBS) was used for 1 hr.  Samples were incubated in primary antibodies diluted 1:200 in blocking 
solution:  goat anti-calretinin (AB1550), rabbit anti-KCC4 (AB3270) (all available or formerly available from 
Chemicon/Millipore-Sigma, St. Louis, MO) or rabbit anti-myosin 6 (a generous gift from Dr. Tama Hasson).  
The anti-calretinin antibody served as a marker of type II hair cells and calyx afferents (Desai et al. 2005).  
Specific labeling was revealed with these secondary antibodies (1:200 in the blocking solution):  FITC-
conjugated donkey anti-goat and rhodamine-conjugated donkey anti-rabbit (both from Chemicon, 
Temecula, CA).  Sections were mounted on slides using a medium containing Mowiol (Calbiochem, 
Darmstadt, Germany) and examined on a confocal microscope (LSM 510 META, Carl Zeiss, Oberköchen, 
Germany).  The relative density of Kv7.4 channels was based on electron microscopic (EM) immunogold 
experiments, with methods described in Hurley et al. (2006).  In brief, 40-µm vibratome sections 
were incubated in primary antibody [1:200 rabbit anti-KCNQ4, a generous gift from Dr. Bechara Kachar] 
for 72 h and secondary antibody (1:50; colloidal gold-labeled goat anti-rabbit IgG; Amersham Biosciences, 
Piscataway, NJ) for 24 h.  Colloidal gold staining was silver-enhanced (4–8 min; IntenSE M kit; Amersham 
Biosciences).  For more details, see Hurley et al. (2006). 
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