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Abstract 

Computational Model of Synaptic Transmission at the Vestibular Hair 
Cell Calyx Synapse 

by 

Aravind Chenrayan Govindaraju 

In the sensory neuroepithelia of the vestibular system, the organ which detects 

head orientation and acceleration, Type I sensory hair cells are enveloped by a cup-

like process (calyx) of the afferent neuron and possess a characteristic low voltage 

activated potassium conductance (gKL) on their basolateral surface. The presence of 

the calyx creates a unique synapse morphology which is thought to limit the diffusion 

of ions and support two modes of neurotransmission between the hair cell and 

afferent neuron: Quantal (Q) – through the release of neurotransmitters and Non-

Quantal (NQ) – through non-neurotransmitter mediated effects such as ephaptic 

coupling and potassium accumulation in the synaptic cleft.  The importance and 

necessity of NQ transmission has been unclear. Direct experimental measurement of 

electric potentials and ion concentrations in the hair cell and afferent, let alone the 

synaptic cleft, is difficult. We have developed a computational model to probe the 

dynamic behavior of the Vestibular Hair Cell Calyx (VHCC) synapse and understand 

the role of non-quantal transmission.   The VHCC model uses expressions for K+ and 

Na+ electro-diffusion in the cleft, Hodgkin-Huxley-like ion currents based on whole-

cell recordings, stochastic vesicle release, and the cable equation to calculate 

potentials in the hair cell, cleft, afferent calyx and afferent fiber. Model simulations 
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suggest that ephaptic coupling at the VHCC synapse is active at all frequencies, does 

not exhibit high-pass behavior as previously thought and may be an indefatigable 

method of communication between the type I hair cell and calyx. 
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Chapter 1 

1. Introduction 

1.1. Research Focus 

Within the sensory epithelia of the vestibular system, an organ responsible for 

detecting head acceleration and orientation, afferent neurons envelop the basolateral 

surface of type I hair cells and form calyx-like synaptic structures (Wersall 1956). In 

addition to conventional neurotransmitter dependent  (Quantal - Q) transmission, 

these synapses support a neurotransmitter independent (Non Quantal - NQ) 

(Yamashita and Ohmori 1990; J. C. Holt et al. 2007; Songer and Eatock 2013) mode of 

transmission between the hair cell and the afferent neuron, but the intricacies of its 

function and contribution to encoding of the vestibular signal are not completely 

understood.  

Experimental approaches using current or voltage clamping techniques, 

channel blockers, and knockout animals are necessary for elucidating the kinetics of 
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different channels and transporters, and lay the foundation for understanding the 

functioning of the system but do not allow for simultaneous observation of the 

dynamic interplay between currents flowing through each type of channel and the 

potential in the hair cell, cleft and afferent neuron. Computational models do not face 

these limitations and allow for the effects of channel expression to be investigated in 

an in-silico representation of the system as a whole.  

The main focus of this model is to simulate NQ synaptic transmission between 

the hair cell and the afferent calyx terminal. NQ driven spiking during sinusoidal 

bundle displacement (Songer and Eatock 2013) and NQ retrograde transmission to 

the hair cell during post-synaptic spikes (Contini, Price, and Art 2017) have been 

observed experimentally but there is no published model of the VHCC synapse 

which simulates these events accurately and in detail during physiological 

operation to delineate the role of potassium accumulation and ephaptic coupling.  

The simultaneous capture of NQ retrograde transmission, NQ driven spiking, 

ephaptic coupling and potassium accumulation while matching experimental 

observations of spiking behavior in vestibular afferents is the validation criteria for 

the model. In addition, the effects of varying maximal conductance densities and 

fluxes for the large low voltage activated potassium conductance (gKL), the voltage 

activated potassium channel Kv7.4 and the potassium-chloride co-transporter(KCC) 

are explored to determine their role in setting the resting concentration of potassium 

ions and electrical potential within the synaptic cleft as well as their influence on 

stimulus encoding.  
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1.2. Relation to Previous Work 

Goldberg (1996)  developed a  steady state model of the vestibular  hair cell 

calyx (VHCC) synapse and proposed that potassium accumulation might occur in the 

narrow, 20 nm, synaptic cleft between the type I hair cell and afferent neuron and 

may be the primary mechanism of transmission.  At the time however quantal 

transmission was not known to occur in the VHCC synapse and detailed knowledge 

of channels and transporters expressed in the hair cell and calyx was lacking. In 

addition, although the intercellular voltage in the synaptic cleft was calculated, 

ephaptic transmission, the flow of current into a cell due to changes in extra cellular 

potential caused by a change in the intracellular potential of an adjacent cell, was 

thought to be a minimal in size due to a low input resistance of the afferent.  However, 

the Goldberg model did not consider the non-linear properties of the conductances 

and did not consider the dynamic operation of the system. Bolstering prior evidence 

in the form of vesicles surrounding synaptic ribbons (Lysakowski 1996; Lysakowski 

and Goldberg 1997),  quantal transmission was demonstrated by recording from 

afferents under neurotransmitter block and by measuring the capacitance of hair 

cells (Bonsacquet et al. 2006; Rennie and Streeter 2006).  

An unpublished model by Quraishi (2007)  implemented both quantal and 

non-quantal  transmission with the hypothesis that non-quantal transmission 

modulates quantal transmission.  This hypothesis received subsequent experimental 
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support (Contini, Price, and Art 2017). However, quantal kinetics from type one 

synapses were not available at the time and parameters were set using data from 

auditory hair cells. Quraishi predicted the existence of retrograde NQ transmission to 

the hair cell and suggested that ephaptic transmission exhibited high-pass behavior, 

but like Goldberg, he did not present the possibility that NQ alone might trigger 

spiking in the afferent. Songer and Eatock (2013) presented whole-cell recordings 

showing that stimulation of the hair cell bundle could elicit action potentials in the 

calyx afferent even in the absence of any neurotransmitter release, effectively 

suggesting that non-quantal transmission could generate action potentials in the 

afferent on its own.  

The model presented in this thesis builds upon the Quraishi model by updating 

channel properties, considering the sodium gradient in the synaptic cleft while 

calculating currents across the hair cell and inner calyx membranes, implementing 

hyperpolarization activated cyclic nucleotide gated (HCN) channels, and utilizing 

measurements of quantal kinetics from the vestibular type I synapse.  

 

1.3. Modelling Framework 

Since the seminal work by Hodgkin and Huxley (1952) , conductance based 

modelling has been widely used to capture the firing properties of neurons.  This 

approach is able to accurately capture the changes in the membrane potential of 

neurons as a function of membrane capacitance and resistance given that membrane 



 
5 

conductances are well described. To study the role of quantal and non-quantal 

transmission, and the processes  from  which they arise  in the type I vestibular hair 

cell calyx (VHCC) synapse,  I have developed upon the conductance based 

compartmental model by Quraishi (2007).   In vestibular literature, the amount of 

electrophysiology data on channel function continues to grow, and the location of 

channels and transporters are being identified with great specificity (Lysakowski et 

al. 2011). In turn, the need for up to date computational models to consolidate these 

findings and represent the function of the cells, synapses and systems under study 

has grown.  Such models are necessary to obtain a holistic perspective and interpret 

the overall processes of encoding in the vestibular periphery.  

The model herein assumes that the geometry of the synapse is axisymmetric 

and takes a compartmental analysis approach to describe the hair cell, synaptic cleft, 

afferent calyx and afferent fiber. The interior of the hair cell is assumed to be 

equipotential from apex to base. The relation between currents and the potential of 

the compartments are described by continuity equations for resistive and capacitive 

currents and in the case of the synaptic cleft by the Nernst-Planck electro-diffusion 

equation for K+ and Na+.  The kinetics of currents are considered in all compartments, 

the activation and inactivation variables of channels are described by fit equations 

from experimental data.  Quantal transmission is modelled stochastically and the 

event probability for mini-epsc, excitatory post synaptic currents from the release of 

a single vesicle, depend on the magnitude of the calcium current. Concentration 

gradients are considered only in the synaptic cleft. Potential gradients are considered 

in both the cleft, afferent calyx and afferent fiber, although for typical calyx 
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dimensions the gradient in intracellular potential within the calyx will be small. The 

governing equations describing the operation of the VHCC synapse were defined and 

solved using COMSOL 5.5, a finite element PDE solver and MATLAB. 

The model incorporates 12 different channels and transporters (See section 3.4  

Currents and Conductances). At first this appears to be a large number of parameters, 

but these channels (or corresponding currents) are distributed to different 

compartments within the model and are necessary for capturing the interaction of 

the pre-synaptic and post-synaptic elements at the VHCC synapse. For example, four 

channels MET, gKL, HCN1, CaV1.3 and the transporter NaK-Atpase are situated on the 

hair cell. MET is required to connect bundle displacement to hair cell depolarization 

or hyperpolarization. gKL is characteristic of the hair cell and carries the primary 

outward K+ current. HCN1 and NaK-Atpase influence the resting conditions of the hair 

cell and affect cleft sodium concentrations. CaV1.3 currents are used to determine the 

rate of quantal events. The kinetics of these channels and transporters are adapted 

from experimental data as much as possible. In effect, the number of unconstrained 

free parameters per compartment in the model are limited. As the model only 

simulates a single hair-cell-calyx synapse and afferent, there was no need to optimize 

computational resources as is common in large network simulations. Further 

reduction of parameters or approximations to create a minimally realistic model was 

not pursued. 
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1.4. Summary of Results 

The model is validated by comparison to experiments and captures afferent 

firing patterns observed in vivo and in vitro (Figures 4-9, 4-10, 4-11, 4-12 and  4-13). 

Firing in the afferent fiber is shown to vary with the stimulus applied to the hair cell. 

Afferent response to sinusoidal stimulation (2 to 100 Hz ) of the hair bundle is similar 

to that seen by experiment (Songer and Eatock 2013) and indicates the equal 

importance of both potassium accumulation and ephaptic transmission. Potassium 

accumulation is more suited to aid presynaptic and postsynaptic depolarization at 

low frequencies while ephaptic coupling appears to be equally effective at all 

frequencies investigated at generating spikes in a similar manner to the rising phase 

of an EPSC – the sudden inward current into the calyx due to the transient 

depolarization of the synaptic cleft is optimal for the activation of the sodium 

channels expressed on the afferent. Observing the behavior of hair cell potential 

during a spike in the afferent suggests that retrograde NQ transmission may facilitate 

a quick reduction in vesicle release probability were the stimulus to suddenly reverse 

or stop – this may help prevent synaptic depletion. The hair cell has a lower resting 

potential as the gKL conductance is increased but the increase in cleft potential at 

stimulus onset is enhanced. By altering the maximal flux through the potassium 

chloride cotransporter, KCC4, situated on the inner face of the calyx, the influence of 

different steady state concentrations of potassium on synaptic transmission are 

shown. The model also captures the variations in firing pattern reported in striolar 
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and extrastriolar afferents thought to be a function of channel distribution by altering 

gKL and KV7.4 expression.  

1.5. Applications 

The model is a capable foundation for exploring the effects of genetic 

mutations, specifically gain and loss of function mutations to channels known to be 

expressed in the hair cell or afferent. The output of the model, the voltage in the 

peripheral fiber would be of use as the input into models of the vestibulo-ocular reflex 

and central processes coordinating vestibular inputs with proprioceptive senses. In 

addition, the model is of value to the design and development of vestibular implants, 

as extracellular potentials can be simulated surrounding the existing model geometry 

to predict the effects of electrode stimulation on the hair cells and their attending 

nerve fibers.  

1.6. Thesis Summary 

In chapter 2 I review literature on transduction of stimuli by vestibular hair 

cells, channel kinetics, location and characterization of afferent fibers by their firing 

properties. 

In chapter 3 I present the model of the vestibular hair cell calyx synapse, in 

particular the implementation of governing equations for currents, potentials, and 

ion concentrations and the descriptions of channel kinetics.  
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In conclusion, in chapter 4, I present the results of the vestibular hair cell calyx 

model and discuss the insights provided by the model and their merit to the 

understanding of the vestibular system and future work.
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Chapter 2 

2. Background 

This chapter contains an introduction to the structures of the inner ear and the 

process of transduction of head motion into sensory information by the vestibular 

system. The structure of the sensory epithelia in the vestibular system and the 

electrophysiology of hair cell and calyx are presented. The characterization of 

vestibular afferent neurons by firing rate and innervation pattern is also discussed. 
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2.1. Anatomy of the Ear 

The ear is divided into three regions, the outer ear, the middle ear and the 

inner ear (Figure 2-1). The outer ear consists of the pinna and the auditory canal, it is 

responsible for collecting vibrations from the surrounding media and directing it to 

the tympanic membrane. The resulting movement of the tympanum causes the 

movement of the three middle ear bones termed the malleus, incus, and stapes, the 

oscillatory motion of these actuators is transferred onto the oval window of the inner 

ear and leads to changes in pressure of the perilymphatic fluid found within. The 

inner ear is a complex structure consisting of an outer bony labyrinth and an inner 

membranous labyrinth. In amniotes, these labyrinths form the semicircular canals, 

Figure 2-1 – Anatomy of the Ear 
(Dickman 2018) 
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the utricle and saccule, which are vestibular organs, and the cochlea, the organ of 

hearing.  

2.2. Overview of the Vestibular System 

The three semicircular canals are roughly orthogonal to one another and together 

enable the detection of angular acceleration of the head in 3d space. The utricle and 

saccule enable the detection of head tilt and linear acceleration in the horizontal and 

vertical planes respectively. The sensory epithelia are located within the utricle, 

saccule and in enlargements, called ampulla, of the semicircular ducts (Figure 2-2) 

Figure 2-2 – Structures of the Membranous Labyrinth of the Inner Ear 
The location of the sensory epithelia of the vestibular organs are shown in 

green. Those located in the ampulae are called cristae, and those located in the utricle 
and saccule are termed maculae. The cristae are often referred to as the anterior, 
horizontal or posterior crista to indicate the semicircular duct in which they reside. 
(Dickman, 2018) 
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which are the semicircular sections of the membranous labyrinth within the bony  

semicircular canals. 

The sensory epithelia in the ampullae is called the crista and in the utricle and saccule 

is called the macula. The term crista means ridge and refers to the characteristic 

architecture of the sensory epithelia in the semicircular ducts. The term macula 

means ‘spot’ and refers to the structures situated in the utricle and saccule. In both 

the cristae and maculae, transduction of head motion is achieved through 

displacement of the stereociliary bundle of hair cells.  

  

Ampullae

 

Utricle/Saccule

 

Figure 2-3 – Structure of the Ampullae and Otolith Organs 
The large blue arrow indicates the direction of acceleration/displacement of 

the crista and macula. The small aqua arrow indicates the deflection of the cupula 
or otolithic membrane in opposite direction. This motion leads to the bending of 
the hair cell stereocilia. (Adapted from Dickman 2018) 
 

During rotary head motion the endolymph in the ampullae lags the displacement of 

the cristae and causes the cupula, a gelatinous structure covering the cristae and 

affixed to the ceiling of the ampulla, to be deflected in the opposite direction.  
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Similarly, during linear acceleration otoconia, small calceous granules that lie atop 

the otolithic membrane, lag behind the movement of the macula and cause the otolith 

membrane to shear opposite to the direction of motion. These processes lead to the 

displacement of the stereociliary bundle which protrudes from the apical surface of 

hair cells and into the gelatinous cupula and otolithic membrane respectively (Figure 

2-3).  



 
15 

 

2.3. The Type I Hair Cell 

There are two kinds of hair cells in the cristae and maculae (Wersall 1956). 

They are classified based on differences in morphology, electrophysiology and 

afferent innervation. The stereocilia and kinocilium (Figure 2-4) protruding from the 

apical surface of each hair cell are collectively called the hair bundle or just bundle. 

Bundle deflection towards the kinocilium results in a rise in hair cell potential and is 

termed excitatory bundle displacement. Bundle deflection away from the kinocilum 

results in the hair cell potential becoming more negative and is termed inhibitory 

bundle displacement.  

 

Figure 2-4 – Bundle Polarization and Hair Cell Types 
Left: The crista and macula contain two types of hair cells. Type I hair cells 

are found surrounded by a nerve calyx and Type 2 hair cells only contacted by 
afferent boutons. The protruding stereocilia and kinocilium are collectively called 
the hair bundle. Right: Hair bundle orientation varies with hair cell location. The 
direction of the arrow heads indicates the direction of the hair cell kinocilium and 
the direction of excitatory bundle displacement.(Dickman, 2018) 
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These changes in hair cell potential are mediated by the modulation of current 

through mechanotransduction channels (IMET) on the stereocilia and into the hair cell. 

IMET is modulated by mechanical forces that act upon mechanotransduction channels 

to increase and decrease channel conductance during excitatory and inhibitory 

bundle displacement respectively (McPherson 2018). The fluid within the 

membranous labyrinth is called the endolymph and the fluid surrounding the outside 

of the membranous labyrinth is called the perilymph. Perilymph bathes the 

basolateral surface of vestibular hair cells and surrounds their afferent neuron. The 

endolymph bathing the hair bundle, the collection of stereocilia projecting from the 

apical surface of the hair cell, has a high concentration of potassium in relation to the 

perilymph (150 mM vs 5 mM). However, the intracellular fluid within vestibular hair 

cells is similar in ion concentration to endolymph. As a result, the potassium Nernst 

potential across the apical surface of the hair cell is nearly 0 mV and the potential of 

the vestibular endolymph is nearly that of the vestibular hair cell (Zdebik, 

Wangemann, and Jentsch 2009; McPherson 2018). These conditions lead to the main 

driving force for IMET being the potential within the hair cell, a potential which is set 

by channels and transporters on the basolateral surface of the hair cell and the nature 

of the synapse. Here the type I hair cell and type II hair cell differ.  

The type I hair cell is distinguished by its rounded vase like shape, the location 

of its nuclei within the neuroepithelia (Figure 2-5), the nerve calyx which envelopes 

its basolateral surface (Lysakowski and Goldberg 1997; Lysakowski et al. 2011), and 

the presence of a large, characteristic, low voltage activated potassium conductance 
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“gKL” (Rusch and Eatock 1996). The type II hair cell is more cylindrical in shape, its 

nuclei are typically appear towards the top of the epithelia (Figure 2-5), it is 

innervated by bouton afferents and efferent inputs targets the type II hair cell 

directly.  An overview of transmission at the type I hair cell – calyx synapse is 

presented in section 2.5. 

 

Afferent calyces and thus the type I synapses only occur in organisms with necks, 

typically amniotes - a mammal, bird, or reptile (Eatock 2018) and may be an 

adaptation to quickly encode sensory signals for rapid head stabilization. The benefits 

offered by this unique synaptic morphology and the advantages of having two 

 

Figure 2-5 – Electron Photomicrograph of the Crista 
Taken from the central zone of the chinchilla’s posterior crista. Type I hair cells 

(blue), type II hair cells (orange), and afferent fiber/calyx (green) from the crista. 
Note the relative positions of type I and type II hair cell nuclei and that of 

supporting cells at the bottom of the neuroepithelium. 
(Adapted from Lysakowski and Goldberg 1997) 

Neuroepithelium 
~25-30 um high. 
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concomitant signaling modes (neurotransmitter release and the modulation of 

afferent potential by other means – potassium accumulation, and as our model results 

suggest, a change in cleft potential) are yet to be fully understood.  



 
19 

 

2.3.1. Currents and Conductances 

Channels and currents used in the model are discussed below. The location of 

channels and transporters is also illustrated in Figure 3-2. 

2.3.1.1. The Mechanotransduction Current (IMET) 

IMET has been characterized in mice (Géléoc et al. 1997; J. R. Holt, Corey, and 

Eatock 1997; Eatock, Hurley, and Vollrath 2002; Vollrath and Eatock 2003). In the 

model we utilize the current displacement relationship I(x) from (J. R. Holt, Corey, 

and Eatock 1997) but do not implement the adaptation of the MET current during 

sustained stimulus.  

2.3.1.2. The Low Voltage Activated Potassium Conductance ( gKL) 

gKL is characteristic of mature type one hair cells and has a large whole cell 

conductance ~30 nS (Songer and Eatock 2013) and constitutes a major portion the 

basolateral outward current from the type I hair cell (Rennie and Correia 1994; 

Rennie, Ricci, and Correia 1996; Rusch and Eatock 1996). Combined with its low half 

activation voltage ~-80 mV (Spaiardi et al. 2017; 2019), it leads to more negative 

resting potentials for the type I hair cell, especially in-vitro. 
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2.3.1.3. The Hyperpolarization Activated Cyclic Nucleotide Gated Channel 

(HCN1) 

HCN channels were first characterized in cardiac tissue, and were termed 

pacemaker channels for their contribution to the repolarizing current (DiFrancesco 

1993). They are also known to play a similar role in neurons  (Pape 1996). In the 

vestibular system HCN1 is known to contribute to vestibular hair cell function by 

assisting in the repolarization of hair cell membrane voltage after a hyperpolarizing 

event (Kalluri, Xue, and Eatock 2010).  The HCN1 carries a mixed cationic (K+ and Na+) 

current and has also been localized to the type I haircell (Horwitz et al. 2011). The 

𝑉𝑉1/2 value is ~-90 mV and the channel open probability is expected to be low during 

resting membrane voltages. HCN1 is reported to have faster kinetics than HCN2 

which is found on afferent calyces. HCN1 channels have a permeability ratio of 4:1 for 

K+:Na+ (Lee and MacKinnon 2017). For HCN1, the time constants used in the model 

are (adapted from Hight and Kalluri 2016). 

2.3.1.4. The L-Type Calcium Current: 

Calcium channels are classified into multiple types  (Catterall 2011). A L-Type 

calcium channel was identified in the type I hair cell by (Bao et al. 2003) and is 

involved in the process of vesicle release. In the model, the magnitude of current 

through this calcium channel is used to determine the probability of vesicle release. 

The probability of evoked vesicle release is reported to be linearly proportional to the 

magnitude of the calcium current into the hair cell (Keen and Hudspeth 2006). 
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2.3.1.5. Other Channels and Transporters 

Like other cells, the hair cell expresses Na/K ATPases (Schuth et al. 2014). In 

the model the Na/K ATPases are assumed to work in a pseudo-steady state manner 

and depend only on the concentration of potassium in the synaptic cleft. Intracellular 

ion concentrations are assumed to be constant. They help regulate potassium and 

sodium concentrations in the synaptic cleft and also provide a small depolarizing 

current. The effects of ATP concentration and availability are not considered in this 

implementation of NaK activity. 

2.4. Afferent Neuron 

The afferent neurons innervating hair cells are classified based on their 

innervation pattern, and regularity of spontaneous firing. Their electrophysiological 

properties vary with the zone of the cristae and maculae that they innervate.  

2.4.1. Classification by Morphology of Nerve Endings 

Afferents may contact one or more type I hair cells with calyx endings, type II 

hair cells with bouton endings or both. The former two are classified as calyx 

afferents, bouton afferents and the latter dimorphic afferents. Calyx afferents occur 

more frequently within the central zone of cristae and the striolar regions of maculae. 

Bouton afferents primarily occur in the peripheral and extra-striolar zones of the 

cristae and maculae respectively. Dimorphic afferents occur in all regions. Calyx only 
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afferents have the largest fiber diameters ~3.47 𝜇𝜇𝜇𝜇 , bouton only afferents the least 

~ 1.2 𝜇𝜇𝜇𝜇, and dimorphic afferents have intermediate diameters ~2.67 𝜇𝜇𝜇𝜇 . These 

values are taken from the squirrel monkey (Lysakowski et al. 1995) but the pattern 

holds for other amniotes. 

2.4.2. Classification by Regularity of Spontaneous Firing 

In early work,  it was found that afferent fibers are also characterized by rate 

of spontaneous firing and the regularity of time intervals between successive spikes 

(Goldberg and Fernandez 1971b; 1971a; Goldberg, Smith, and Fernandez 1984; 

Goldberg 2000). The coefficient of variation (cv) used as a measure of spike regularity 

is defined by: 

𝑐𝑐𝑐𝑐 =  
𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 𝑠𝑠𝑑𝑑𝑐𝑐𝑑𝑑𝑠𝑠𝑠𝑠𝑑𝑑𝑑𝑑𝑠𝑠 𝑑𝑑𝑜𝑜 𝑠𝑠ℎ𝑑𝑑 𝑑𝑑𝑠𝑠𝑠𝑠𝑑𝑑𝑠𝑠𝑠𝑠𝑖𝑖𝑑𝑑𝑖𝑖𝑑𝑑 𝑑𝑑𝑠𝑠𝑠𝑠𝑑𝑑𝑠𝑠𝑐𝑐𝑠𝑠𝑖𝑖𝑠𝑠

𝜇𝜇𝑑𝑑𝑠𝑠𝑠𝑠 𝑑𝑑𝑠𝑠𝑠𝑠𝑑𝑑𝑠𝑠𝑠𝑠𝑖𝑖𝑑𝑑𝑖𝑖𝑑𝑑 𝑑𝑑𝑠𝑠𝑠𝑠𝑑𝑑𝑠𝑠𝑐𝑐𝑠𝑠𝑖𝑖
 

A cv of 0 implies that the interspike interval is the same between all spikes, ie, 

firing is completely regular. A larger cv value indicates a more varied distribution of 

spike timing.  However, due to this formulation, smaller cv values are found for higher 

firing rates and larger cv values occur for lower firing rates.  Mean firing rates vary 

between species. Typically, calyx afferents appeared to be irregular, bouton afferents 

were the most regular and dimorphic afferents had intermediate properties. These 

differences in spontaneous firing rate or even firing rates during stimulation can be 

described as a function of afferent morphology and the complement of channels that 

are expressed on its membranes (Kalluri, Xue, and Eatock 2010). 
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2.4.3. Channels and Currents 

2.4.3.1. Voltage Activated Potassium Channels Kv7.X 

Channels encoded by the genes KCNQ3-5 are found on the vestibular calyx 

(Lysakowski et al. 2011) and the soma of the afferent neurons (Kalluri, Xue, and 

Eatock 2010). Kv7.4 is expressed on both the outer and inner membranes of the calyx 

with expression on the basolateral surface of the inner membrane being four times 

denser (Lysakowski et al. 2011). In the model the description of  Kv7.4 kinetics is 

adapted from (Hurley et al. 2006) who characterized the associated current in 

utricular type I hair cells of rats. 

2.4.3.2. The Hyperpolarization Activated Cyclic Nucleotide Gated Channel 

(HCN2) 

HCN2 channels were characterized in the vestibular calyx (Horwitz, Risner-

Janiczek, and Holt 2014) and have slower kinetics and more negative 𝑉𝑉1/2 values than 

the HCN1 channels. They are known to be present on the inner face of the calyx but 

the exact distribution among the outer and inner membranes of the calyx are not 

known. In the model HCN2 is equally distributed on both the inner and outer calyx 

membranes. 
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2.4.3.3. Voltage Activated Sodium Channels (NaV) 

Voltage activated sodium currents have been recorded in vestibular afferents 

(Liu et al. 2016; Meredith and Rennie 2018). The vestibular afferents express Nav 

channels, Nav1.1 channels occur at the hemi-node of the fiber. Nav1.6 channels are 

present at the nodes (Lysakowski et al. 2011). These channels are responsible for 

initiating action potentials in response to sudden depolarizing changes in voltage in 

the afferent. In the model kinetics of Nav1.6 channels are adapted from sodium 

current recordings in vestibular afferents (Schneider and Eatock, unpublished). 

2.4.3.4. Other Potassium Currents 

In addition to the Kv7.4 channels, linopiridine, BDS and DTX sensitive 

potassium currents were recorded from the afferent fiber (Chabbert et al. 2001; Pérez 

et al. 2009; Kalluri, Xue, and Eatock 2010). These are outward currents influence the 

excitability of the fiber and speed with which the fiber is repolarized. A potassium 

current through Kv11.1 channels encoded by the Ether a-go-go related gene (ERG) is 

also reported (Hurley et al. 2006) 
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2.5. Synaptic Transmission at the Vestibular Hair Cell Calyx (VHCC) 

Synapse 

 

Figure 2-6 – Elements of Synaptic Transmission at the Type I Synapse. 
 

In electron micrograph images of cells capable of neurotransmitter release, synaptic 

ribbons are dense (appearing dark) ribbon like structures that are situated on the 

inside surface of cell membranes and are surrounded by vesicles. Synaptic ribbons 

are present in auditory and vestibular hair cells (Lysakowski 1996; Lysakowski and 

Goldberg 1997; Moser, Brandt, and Lysakowski 2006) and orchestrate the release of 

glutamate containing vesicles in response to hair cell depolarization. Corresponding 

excitatory post synaptic currents through AMPA channels situated on the inner face 
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of the calyx have been recorded (Rennie and Streeter 2006; Sadeghi et al. 2014; 

Highstein et al. 2014; Kirk et al. 2017). The modulation of calyx potential through this 

neurotransmitter mediated process is termed quantal transmission (QT). In this 

model, a stochastic description is used to model the EPSCs through AMPA channels, 

with the rate being a function of current through the calcium channel  (Section 3.4.3.1 

– The Quantal Current). 

There have been experimental reports of a neurotransmitter-independent 

mode of transmission which closely follows the stimulus provided by voltage 

clamping the hair cell (Yamashita and Ohmori 1990; Contini, Price, and Art 2017) or 

by bundle displacement (Songer and Eatock 2013). This mode is termed non-quantal 

transmission (NQT) and has been confirmed by recordings from calyx synapses under 

TTX and CNQX block which eliminate action potential spikes and mini excitatory post-

synaptic currents through AMPA channels (Yamashita and Ohmori 1991; J. C. Holt et 

al. 2007).  Songer and Eatock (2013) observed that action potentials are generated in 

the afferent neuron during hair cell stimulation even in the absence of quantal 

transmission, suggesting NQT alone is also capable of initiating spiking. 

The biophysical mechanisms underlying NQT are under active investigation. 

The synaptic cleft between the hair cell and calyx is generally 20-30 nm wide but 

narrows to 7 nm at small invaginations of the calyx into the hair cell (Lysakowski and 

Goldberg 1997). This led to early hypotheses that gap junctions may be present. 

However, gap junctions were not found (Ginzberg 1984; Gulley and Bagger-Sjöbäck 
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1979; Yamashita and Ohmori 1991). Subsequently it was suggested that the narrow 

cleft space between the hair cell and enveloping calyx structure could provide some 

resistance, limit the diffusion of ions and support an intercellular potential in the cleft 

space (Goldberg 1996). This is thought to support the accumulation of K+ ions 

(Goldberg 1996; Contini et al. 2012; Contini, Price, and Art 2017), H+ ions (Highstein 

et al. 2014; 2015) and released glutamate (Sadeghi et al. 2014). These accumulation 

effects contribute to NQT by changing K+ nernst potential across membranes, the pH 

and the kinetics of AMPA channels respectively. K+ accumulation is thought to occur 

within the synaptic cleft due to increased outward basolateral currents from the hair 

cell when it is depolarized. Although these processes partly explain the adaptation of 

receptor and calyx potential, they do not explain the fast, nearly instantaneous rise in 

calyx potential observed at the onset of hair bundle stimulation (Yamashita and 

Ohmori 1990; 1991; J. C. Holt et al. 2007; Songer and Eatock 2013). 

The coupling of adjacent cells due to a change in local electrical fields is termed 

ephaptic coupling, and is known to occur in nerve fibers (Katz and Schmitt 1940; 

Jefferys 1995). In his model Goldberg (1996) came to the conclusion that the ephaptic  

component is likely modest in size, of limited physiological importance and that its 

contribution to synaptic transmission appears unclear.  At the time however, 

biophysical information about ion channels expressed in the hair cell and calyx 

membranes was lacking and the effects of channel time constants, the non-linear 

dependence on voltage for channel opening were not considered. Furthermore, the 

channels expressed in the afferent fiber were not incorporated. Quraishi (2007) 



 
28 

 

predicted the existence of retrograde NQ transmission to the hair cell and suggested 

that ephaptic transmission could exhibit high-pass behavior, but did not explore the 

effects of potassium and sodium accumulation on the frequency response of the 

afferent fiber. 

Recently a near instantaneous current was recorded from the afferent calyx of 

turtles when the hair cell was depolarized from a holding potential where gKL was 

mostly open. The effect was termed resistive coupling but the underlying process was 

not described (Contini, Holstein, and Art 2020). We hypothesize that both resistive 

coupling and the frequency response of QT and NQT driven spiking (Songer and 

Eatock 2013) may be explained using the presence of significant ephaptic currents 

altering cleft potential and potassium accumulation altering the Nernst potential. 

 A full understanding of these two mechanisms requires a detailed biophysical 

model of the ion channels and transporters expressed on both the hair cell membrane 

and the inner face of the afferent calyx and is the focus of this work. 

2.6. Physiological Importance of Vestibular Function 

The firing of action potentials and the encoding of stimuli in the afferent 

neuron is the result of a cascade of steps involving changes in potential and currents 

that occur in the hair cell, synaptic cleft and the afferent. Changes in channel 

expression or the application of current or voltage stimulus can lead to changes in 

firing pattern and affect processes that receive vestibular input. 
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Signals generated in the peripheral afferents of the vestibular organs connect 

with neuronal pathways which affect the vestibulo-ocular reflex (VOR) which is 

responsible for the maintenance of gaze during head movement. In mice the knockout 

of KCNQ4, the gene encoding the Kv7.4 channel, was observed to cause severe 

vestibular impairment and the mice exhibited circling behavior (Spitzmaul et al. 

2013). The ability to investigate firing properties of vestibular neurons either through 

experimental approaches or by the establishment of a representative biophysical 

model as presented here is invaluable for understanding the origins of vestibular 

disease and impairment. 

2.7. Summary 

The potential and concentrations in the type I hair cell – calyx synaptic cleft 

cannot be directly measured, but are vital to understand the nature of synaptic 

activity occurring at the unique calyx synapse. Over the last decade 

electrophysiological studies and imaging studies have uncovered the kinetics and 

distribution of channels in type I hair cells and their afferent neurons. The 

development of an up to date computational model presented in this work serves to 

consolidate our knowledge of synaptic function and provide insight into the 

significance of individual channels and transporters in encoding the vestibular signal. 
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Chapter 3 

3. Computational Model of the 
Vestibular Hair Cell – Calyx Synapse 

3.1. Model Assumptions 

It is assumed that the hair cell and calyx are axisymmetric and that potential 

and ion concentration gradients in the synaptic cleft only vary from base to apex of 

the synapse. Due to the relatively large diameter of the hair cell, it is assumed that the 

intracellular potential is homogenous. In this work, the potential and ion 

concentration gradients in the synaptic cleft are of interest to understand the mode 

of synaptic transmission and the change in calyx potential. These gradients are 

assumed to exist from the base to apex of the ~20 nm wide synaptic cleft.  

3.2. Model Geometry  

The model is designed in COMSOL Multiphysics 5.5 using a 2D axisymmetric 

component for the hair cell, synaptic cleft, and afferent calyx and a 1D component for 

the afferent fiber. The 2D boundary used to represent the hair cell, synaptic cleft and 
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afferent calyx is an interpolation curve generated from (r,z) coordinates of the 

perimeter of a central zone hair cell and calyx from an adult Long-Evans rat 

(Lysakowski et al. 2011) and is the black line in Figure 3-1. The surface area of the 

hair cell (340.21 𝜇𝜇𝜇𝜇2), inner calyx membrane (294.63 𝜇𝜇𝜇𝜇2),  and outer calyx 

membrane (288.33 𝜇𝜇𝜇𝜇2),  were calculated by revolving the appropriate sections of 

the interpolation curve by 360° about the Z axis. In the 1D afferent fiber component, 

a line 425 𝜇𝜇𝜇𝜇 in length was drawn and points placed at 0, 20, 21, 145, 147, 285, 287, 

425 𝜇𝜇𝜇𝜇 to form the unmyelinated fiber at the base of the calyx (0 – 20 𝜇𝜇𝜇𝜇), the hemi-

node (HN: 20 – 21𝜇𝜇𝜇𝜇) (Lysakowski et al. 2011), nodes (N: 145 – 147 𝜇𝜇𝜇𝜇 and 285 – 

287 𝜇𝜇𝜇𝜇) (Arancibia-Cárcamo et al. 2017) and myelinated regions (M: remaining 

Hair Cell 

Synaptic Cleft 

Afferent calyx 

Figure 3-1 – Geometry 
Left: Descriptions of the hair cell, synaptic cleft and afferent calyx are collapsed 

onto a 2D boundary represented by the black curve. Right: Figure 2C from Anna 
Lysakowski et al. 2011 from which the perimeter values were obtained to generate the 
representative 2D boundary in the left figure. 
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sections of the fiber). Variables were created in both geometries to represent local 

properties such as the steady state expressions for channel variables and time 

constants. In the 2D axisymmetric geometry, we assume the gradients for 

concentration and potential only exist along the generated curve. 

3.3. Governing Equations 

Continuity equations are used to describe the behavior of potentials in the hair 

cell, synaptic cleft, afferent calyx and afferent fiber and ion concentrations in the 

synaptic cleft. We assume: 

1. The potential in the hair cell is homogenous. 

2. Ion concentrations within the hair cell, calyx and afferent fiber remain 

constant. The concentration of potassium and sodium within the hair 

cell and afferent are 150 mM and 12 mM respectively.  

3. The potential on the outside of the afferent is 0 mV, that is the 

perilymph outside the calyx is treated as ground. The concentration of 

potassium and sodium outside the afferent are 5 mM and 140 mM 

respectively. These are values typically used for the extracellular 

medium in electrophysiology experiments. 

4. We assume that anions quickly follow cations entering the cleft and 

potential within the cleft does not continually rise with the 

accumulation of potassium. 
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The following notation is employed: 

𝐼𝐼, Current [pA]; 𝐽𝐽, Current Density [pA/𝜇𝜇𝜇𝜇2]; 

 𝜙𝜙, Potential [mV]; V, membrane voltage [mV] 

The ordinary differential equations (ODEs) and partial differential equations (PDEs) 

described in the governing equations below were solved using COMSOL. The PDEs for 

cleft potential, ion concentrations in the synaptic cleft and calyx potential were 

represented in COMSOL in Weak Form along the generated boundary representing 

the hair cell, cleft and calyx. The Weak Form representations are shown in Appendix 

A. The governing equations are adapted from (Quraishi 2007) and updated to 

consider sodium concentrations in the synaptic cleft.  

3.3.1. Hair Cell Potential 

Potential within the hair cell is a function of the total capacitive and resistive 

currents and must satisfy the continuity equation:  

By convention inward resistive currents (influx of positive ions or efflux of 

negative ions) are negative in sign. So we express the above equation as:  

 

 
𝑐𝑐ℎ,𝑎𝑎𝑎𝑎

𝑠𝑠(𝜙𝜙ℎ − 𝜙𝜙𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑎𝑎ℎ)
𝑠𝑠𝑠𝑠

+ 𝑐𝑐ℎ,𝑏𝑏𝑒𝑒
𝑠𝑠(𝜙𝜙ℎ − 𝜙𝜙𝑐𝑐𝑒𝑒𝑒𝑒𝑐𝑐𝑐𝑐)

𝑠𝑠𝑠𝑠
= 𝐼𝐼𝑀𝑀𝑀𝑀𝑀𝑀  + 𝐼𝐼ℎ,𝑏𝑏𝑒𝑒   

 

 
𝑐𝑐ℎ,𝑎𝑎𝑎𝑎

𝑠𝑠(𝜙𝜙ℎ − 𝜙𝜙𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑎𝑎ℎ)
𝑠𝑠𝑠𝑠

+ 𝑐𝑐ℎ,𝑏𝑏𝑒𝑒
𝑠𝑠(𝜙𝜙ℎ − 𝜙𝜙𝑐𝑐𝑒𝑒𝑒𝑒𝑐𝑐𝑐𝑐)

𝑠𝑠𝑠𝑠
= −𝐼𝐼𝑀𝑀𝑀𝑀𝑀𝑀 − 𝐼𝐼ℎ,𝑏𝑏𝑒𝑒   
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where 𝑐𝑐ℎ,𝑎𝑎𝑎𝑎and 𝑐𝑐ℎ,𝑏𝑏𝑒𝑒 are capacitances of the apical and basolateral portions of the hair 

cell. 𝜙𝜙ℎ and 𝜙𝜙𝑐𝑐𝑒𝑒𝑒𝑒𝑐𝑐𝑐𝑐 are the  hair cell potential and the potential in the synaptic cleft. 

𝐼𝐼𝑀𝑀𝑀𝑀𝑀𝑀 and 𝐼𝐼ℎ,𝑏𝑏𝑒𝑒 represent the total  mechanotransduction current and total basolateral 

current respectively. The potential in the vestibular endolymph, 𝜙𝜙𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑎𝑎ℎ , is ~ 0 

mV and the equation can be written as: 

 

Where 𝑐𝑐ℎ , the total hair cell capacitance, is equal to 𝑐𝑐ℎ,𝑎𝑎𝑎𝑎 +  𝑐𝑐ℎ,𝑏𝑏𝑒𝑒. Both 𝐼𝐼ℎ,𝑏𝑏𝑒𝑒 and 

𝑐𝑐ℎ,𝑏𝑏𝑒𝑒
𝑒𝑒(𝜙𝜙𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐)

𝑒𝑒𝑐𝑐
 occur along the basolateral surface of the hair cell and can be described 

in terms of the surface integral of the net basolateral current density 𝐽𝐽𝑒𝑒ℎ  and the 

capacitive current per unit area . 

 

  

  

 
𝑐𝑐ℎ,𝑎𝑎𝑎𝑎

𝑠𝑠(𝜙𝜙ℎ)
𝑠𝑠𝑠𝑠

+ 𝑐𝑐ℎ,𝑏𝑏𝑒𝑒
𝑠𝑠(𝜙𝜙ℎ)
𝑠𝑠𝑠𝑠

− 𝑐𝑐ℎ,𝑏𝑏𝑒𝑒
𝑠𝑠�𝜙𝜙𝑐𝑐𝑒𝑒𝑒𝑒𝑐𝑐𝑐𝑐�

𝑠𝑠𝑠𝑠
= − 𝐼𝐼𝑀𝑀𝑀𝑀𝑀𝑀 − 𝐼𝐼ℎ,𝑏𝑏𝑒𝑒   

 

 
𝑐𝑐ℎ
𝑠𝑠(𝜙𝜙ℎ)
𝑠𝑠𝑠𝑠

− 𝑐𝑐ℎ,𝑏𝑏𝑒𝑒
𝑠𝑠�𝜙𝜙𝑐𝑐𝑒𝑒𝑒𝑒𝑐𝑐𝑐𝑐�

𝑠𝑠𝑠𝑠
= − 𝐼𝐼𝑀𝑀𝑀𝑀𝑀𝑀 − 𝐼𝐼ℎ,𝑏𝑏𝑒𝑒   

 

 
𝑐𝑐ℎ
𝑠𝑠(𝜙𝜙ℎ)
𝑠𝑠𝑠𝑠

= −𝐼𝐼𝑀𝑀𝑀𝑀𝑀𝑀 − 𝐼𝐼ℎ,𝑏𝑏𝑒𝑒  + 𝑐𝑐ℎ,𝑏𝑏𝑒𝑒
𝑠𝑠(𝜙𝜙𝑐𝑐𝑒𝑒𝑒𝑒𝑐𝑐𝑐𝑐)

𝑠𝑠𝑠𝑠
  

 

 
𝑐𝑐ℎ
𝑠𝑠(𝜙𝜙ℎ)
𝑠𝑠𝑠𝑠

= −𝐼𝐼𝑀𝑀𝑀𝑀𝑀𝑀 − (𝐼𝐼ℎ,𝑏𝑏𝑒𝑒 − 𝑐𝑐ℎ,𝑏𝑏𝑒𝑒
𝑠𝑠(𝜙𝜙𝑐𝑐𝑒𝑒𝑒𝑒𝑐𝑐𝑐𝑐)

𝑠𝑠𝑠𝑠
) 

 

 
𝑐𝑐ℎ
𝜕𝜕𝜙𝜙ℎ
𝜕𝜕𝑠𝑠

= −𝐼𝐼𝑀𝑀𝑀𝑀𝑀𝑀 − � 2𝜋𝜋𝑠𝑠
𝐿𝐿

0
�𝐽𝐽𝑒𝑒ℎ −  𝐶𝐶𝑒𝑒ℎ

𝜕𝜕𝜙𝜙𝑐𝑐𝑒𝑒𝑒𝑒𝑐𝑐𝑐𝑐
𝜕𝜕𝑠𝑠

�𝑠𝑠𝑠𝑠   
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The above equation is implemented and solved as an ODE in COMSOL. 𝐶𝐶𝑒𝑒ℎ is 

the specific capacitance of the hair cell membrane and is equal to 0.01 𝑎𝑎𝑝𝑝
𝑢𝑢𝑒𝑒2. The 

integral with respect to arc length, 𝑠𝑠𝑠𝑠, is taken over the section of the boundary curve 

from the base to apex of the hair cell.  

Due to the axisymmetric representation, the integral term is equivalent to 

(340.21 𝜇𝜇𝜇𝜇2) ⋅ ∫ �𝐽𝐽𝑒𝑒ℎ −  𝐶𝐶𝑒𝑒ℎ
𝜕𝜕𝜙𝜙𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐
𝜕𝜕𝑐𝑐

�𝐿𝐿
0 𝑠𝑠𝑠𝑠 

 

3.3.2. Potassium Concentration in the Synaptic Cleft 

The change in concentration of some ionic species in a static fluid and under 

the influence of an electrical field can be described in terms of the diffusive flux, and 

the drift current. This is described by the Nernst planck electrodiffusion equation as: 

 

where 𝐷𝐷 is the diffusion coefficient; 𝛻𝛻 is the gradient operator; 𝑧𝑧 is the valence; 𝑑𝑑 the 

elementary charge; 𝑖𝑖𝑏𝑏 , the boltzmann constant; T, the temperature in kelvin;  𝜙𝜙 the 

electric field. While considering the concentration of potassium from the base to apex 

of the synaptic cleft, the currents through the hair cell and inner calyx membranes 

must also be accounted for by adding a source term which represents the change in 

 𝜕𝜕(𝑐𝑐)
𝜕𝜕𝑠𝑠

= 𝛻𝛻 ⋅ (𝐷𝐷 𝛻𝛻(𝑐𝑐)) + 𝛻𝛻 ⋅ (𝐷𝐷
𝑧𝑧𝑑𝑑
𝑖𝑖𝑏𝑏𝑇𝑇

(𝑐𝑐) ⋅  𝛻𝛻𝜙𝜙)  
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concentration effected by the net potassium current per unit area of membrane along 

the curve from base to apex of the synapse: 

1
𝑠𝑠𝑐𝑐𝑒𝑒𝑒𝑒𝑐𝑐𝑐𝑐

∙
(𝐽𝐽𝑖𝑖ℎ + 𝐽𝐽𝑖𝑖𝑐𝑐𝑐𝑐)

𝐹𝐹
 

With this addition the accumulation of potassium in the cleft is described by: 

𝜕𝜕(𝑐𝑐𝑖𝑖cleft)
𝜕𝜕𝑠𝑠

= 𝐷𝐷𝑘𝑘  𝛻𝛻2(𝑐𝑐𝑖𝑖cleft) + 𝛻𝛻 ⋅ (𝐷𝐷𝑘𝑘
𝐹𝐹
𝑅𝑅𝑇𝑇

(𝑐𝑐𝑖𝑖cleft) ⋅ 𝛻𝛻𝜙𝜙𝑐𝑐𝑒𝑒𝑒𝑒𝑐𝑐𝑐𝑐)  +
1

𝑠𝑠𝑐𝑐𝑒𝑒𝑒𝑒𝑐𝑐𝑐𝑐
∙

(𝐽𝐽𝑖𝑖ℎ + 𝐽𝐽𝑖𝑖𝑐𝑐𝑐𝑐)
𝐹𝐹

 

𝐷𝐷𝑘𝑘 = 0.81 𝜇𝜇𝑒𝑒2

𝑒𝑒𝑚𝑚
  . At the apical end, the synaptic cleft is exposed to perilymph, 

and the boundary condition for potassium concentration is set equal to 5 mM.  The 

initial value of potassium concentration within the cleft is 5 mM. 

 

3.3.3. Sodium Concentration in the Synaptic Cleft 

Under similar considerations as the potassium concentration in the cleft space, 

the sodium concentration is described by: 

𝜕𝜕(𝑐𝑐𝑠𝑠𝑠𝑠cleft)
𝜕𝜕𝑠𝑠

= 𝐷𝐷𝑒𝑒𝑎𝑎 𝛻𝛻2(𝑐𝑐𝑠𝑠𝑠𝑠cleft) + 𝛻𝛻 ⋅ (𝐷𝐷𝑒𝑒𝑎𝑎
𝐹𝐹
𝑅𝑅𝑇𝑇

(𝑐𝑐𝑠𝑠𝑠𝑠cleft) ⋅ 𝛻𝛻𝜙𝜙𝑐𝑐𝑒𝑒𝑒𝑒𝑐𝑐𝑐𝑐)  +
1

𝑠𝑠𝑐𝑐𝑒𝑒𝑒𝑒𝑐𝑐𝑐𝑐

∙
(𝐽𝐽𝑠𝑠𝑠𝑠ℎ + 𝐽𝐽𝑠𝑠𝑠𝑠𝑐𝑐𝑐𝑐)

𝐹𝐹
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𝐷𝐷𝑒𝑒𝑎𝑎 = 0.56 𝜇𝜇𝑒𝑒2

𝑒𝑒𝑚𝑚
  . At the apical end, the synaptic cleft is exposed to perilymph, 

and the boundary condition for sodium concentration is set equal to 140 mM. The 

initial value within the cleft is also 140 mM. 

 

3.3.4. Cleft Potential 

Considering a unit volume of the synaptic cleft as a compartment, the potential 

depends upon the capacitive and resistive currents of the hair cell and inner calyx 

membrane, and the diffusion and drift sodium and potassium ions. This is described 

by the continuity equation below. 

  (𝐶𝐶𝑒𝑒ℎ + 𝐶𝐶𝑒𝑒𝑐𝑐𝑐𝑐)
𝑒𝑒𝜙𝜙𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐

𝑒𝑒𝑐𝑐
= 𝐶𝐶𝑒𝑒ℎ

𝑒𝑒𝜙𝜙ℎ
𝑒𝑒𝑐𝑐

+ 𝐶𝐶𝑒𝑒𝑐𝑐𝑐𝑐
𝑒𝑒𝜙𝜙𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐

𝑒𝑒𝑐𝑐
+ 𝐽𝐽𝑒𝑒ℎ + 𝐽𝐽𝑒𝑒𝑐𝑐𝑐𝑐 + 𝐹𝐹 ⋅ 𝐷𝐷𝑘𝑘 ⋅ 𝛻𝛻2�ck ⋅

𝑠𝑠𝑐𝑐𝑒𝑒𝑒𝑒𝑐𝑐𝑐𝑐� +  𝐹𝐹 ⋅ 𝐷𝐷𝑒𝑒𝑎𝑎 ⋅ 𝛻𝛻2�cna ⋅ 𝑠𝑠𝑐𝑐𝑒𝑒𝑒𝑒𝑐𝑐𝑐𝑐� +  𝛻𝛻 ∙ ��𝜎𝜎𝑐𝑐,𝑒𝑒𝑐𝑐ℎ𝑒𝑒𝑒𝑒 + 𝐷𝐷𝑘𝑘𝑐𝑐𝑘𝑘𝑝𝑝2

𝑅𝑅𝑀𝑀
+ 𝐷𝐷𝑁𝑁𝑐𝑐𝑐𝑐𝑛𝑛𝑐𝑐𝑝𝑝2

𝑅𝑅𝑀𝑀
� ∙

𝑠𝑠𝑐𝑐𝑒𝑒𝑒𝑒𝑐𝑐𝑐𝑐 𝛻𝛻𝜙𝜙𝑐𝑐𝑒𝑒𝑒𝑒𝑐𝑐𝑐𝑐� 

𝐶𝐶𝑒𝑒ℎ and  𝐶𝐶𝑒𝑒𝑐𝑐𝑐𝑐 are the specific capacitances of the hair cell membrane and the inner 

calyx membrane, and are equal to 0.01 𝑎𝑎𝑝𝑝
𝑢𝑢𝑒𝑒2.  At the apical end, the synaptic cleft is 

exposed to perilymph, and the boundary condition for cleft potential is set equal to 0 

mV.  The initial value within the cleft is 0 mV. The conductivity of intercellular 

medium is approximately 1000 nS/ 𝜇𝜇𝜇𝜇. We define 𝜎𝜎𝑐𝑐,𝑒𝑒𝑐𝑐ℎ𝑒𝑒𝑒𝑒, the conductivity due to 

ions other than potassium and sodium as 𝜎𝜎𝑐𝑐,𝑒𝑒𝑐𝑐ℎ𝑒𝑒𝑒𝑒 =  1000 𝑒𝑒𝑛𝑛
𝜇𝜇𝑒𝑒

−  𝐷𝐷𝑘𝑘𝑐𝑐𝑘𝑘𝑝𝑝
2

𝑅𝑅𝑀𝑀
− 𝐷𝐷𝑁𝑁𝑐𝑐𝑐𝑐𝑛𝑛𝑐𝑐𝑝𝑝2

𝑅𝑅𝑀𝑀
 , 
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which for perilymph concentrations of sodium and potassium is approximately 

600 𝑒𝑒𝑛𝑛
𝜇𝜇𝑒𝑒

. 

3.3.5. Calyx Potential 

Likewise, the potential in the calyx is described by: 

(𝐶𝐶𝑒𝑒𝑐𝑐𝑐𝑐 + 𝐶𝐶𝑒𝑒𝑐𝑐𝑒𝑒)
𝑠𝑠𝜙𝜙𝑐𝑐𝑎𝑎𝑒𝑒𝑒𝑒𝑐𝑐
𝑠𝑠𝑠𝑠

= 𝐶𝐶𝑒𝑒𝑐𝑐𝑐𝑐
𝑠𝑠𝜙𝜙𝑐𝑐𝑒𝑒𝑒𝑒𝑐𝑐𝑐𝑐
𝑠𝑠𝑠𝑠

+  𝛻𝛻 ∙ �𝜎𝜎𝑐𝑐𝑎𝑎𝑒𝑒𝑒𝑒𝑐𝑐 ∙ 𝑠𝑠𝑐𝑐𝑎𝑎𝑒𝑒𝑒𝑒𝑐𝑐 𝛻𝛻 ⋅ 𝜙𝜙𝑐𝑐𝑒𝑒𝑒𝑒𝑐𝑐𝑐𝑐� − 𝐽𝐽𝑒𝑒𝑐𝑐𝑐𝑐 − 𝐽𝐽𝑒𝑒𝑐𝑐𝑒𝑒 − 𝐽𝐽𝑐𝑐𝑐𝑐𝑏𝑏𝑒𝑒𝑒𝑒 

𝑠𝑠𝑐𝑐𝑎𝑎𝑒𝑒𝑒𝑒𝑐𝑐 is the width of the calyx; 𝜎𝜎𝑐𝑐𝑎𝑎𝑒𝑒𝑒𝑒𝑐𝑐 is the intracellular conductivity and 

equal to 1000 nS/𝜇𝜇𝜇𝜇. 𝐶𝐶𝑒𝑒𝑐𝑐𝑐𝑐 and  𝐶𝐶𝑒𝑒𝑐𝑐𝑒𝑒 are the specific capacitances of the inner and 

outer calyx membrane respectively and are both equal to 0.01 𝑎𝑎𝑝𝑝
𝑢𝑢𝑒𝑒2. The initial value 

of calyx potential is set equal to -60 mV. 𝐽𝐽𝑐𝑐𝑐𝑐𝑏𝑏𝑒𝑒𝑒𝑒 = 𝑠𝑠𝑒𝑒 ⋅
𝑒𝑒𝜙𝜙𝑐𝑐𝑓𝑓𝑓𝑓𝑐𝑐𝑓𝑓

𝑒𝑒𝑐𝑐
 and represents the current 

passing between the base of the calyx and the afferent fiber. The PDE is solved in 

COMSOL using the weak form representation as shown in the appendix. 

3.3.6. Fiber Voltage 

The change in voltage within the afferent fiber is a function of the longitudinal 

and membrane currents. We describe this using a 1D cable equation derived as 

follows: 

𝜋𝜋 ⋅ 𝑠𝑠𝑐𝑐𝑐𝑐𝑏𝑏𝑒𝑒𝑒𝑒2 ⋅
𝑠𝑠𝐼𝐼𝑒𝑒
𝑠𝑠𝑑𝑑

=  2 ⋅ 𝜋𝜋 ⋅ 𝑠𝑠𝑐𝑐𝑐𝑐𝑏𝑏𝑒𝑒𝑒𝑒 ⋅ 𝐶𝐶𝑐𝑐 ⋅
𝑠𝑠𝑉𝑉𝑐𝑐
𝑠𝑠𝑠𝑠

− 2 ⋅ 𝜋𝜋 ⋅ 𝑠𝑠𝑐𝑐𝑐𝑐𝑏𝑏𝑒𝑒𝑒𝑒 ⋅ 𝐽𝐽𝑒𝑒𝑐𝑐 
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𝑠𝑠𝑐𝑐𝑐𝑐𝑏𝑏𝑒𝑒𝑒𝑒2 ⋅
1
𝑠𝑠𝑒𝑒
⋅
𝑠𝑠
𝑠𝑠𝑑𝑑

(
𝑠𝑠𝑉𝑉𝑐𝑐
𝑠𝑠𝑑𝑑

) =  2 ⋅ 𝑠𝑠𝑐𝑐𝑐𝑐𝑏𝑏𝑒𝑒𝑒𝑒 ⋅ 𝐶𝐶𝑐𝑐 ⋅
𝑠𝑠𝑉𝑉𝑐𝑐
𝑠𝑠𝑠𝑠

− 2 ⋅ 𝑠𝑠𝑐𝑐𝑐𝑐𝑏𝑏𝑒𝑒𝑒𝑒 ⋅ 𝐽𝐽𝑒𝑒𝑐𝑐 

𝑠𝑠𝑐𝑐𝑐𝑐𝑏𝑏𝑒𝑒𝑒𝑒2 ⋅
𝑠𝑠2𝑉𝑉𝑐𝑐
𝑠𝑠𝑑𝑑2

=  2 ⋅ 𝑠𝑠𝑐𝑐𝑐𝑐𝑏𝑏𝑒𝑒𝑒𝑒 ⋅ 𝑠𝑠𝑒𝑒 ⋅ 𝐶𝐶𝑐𝑐 ⋅
𝑠𝑠𝑉𝑉𝑐𝑐
𝑠𝑠𝑠𝑠

− 2 ⋅ 𝑠𝑠𝑐𝑐𝑐𝑐𝑏𝑏𝑒𝑒𝑒𝑒 ⋅ 𝑠𝑠𝑒𝑒 ⋅ 𝐽𝐽𝑒𝑒𝑐𝑐 

𝑠𝑠𝑐𝑐𝑐𝑐𝑏𝑏𝑒𝑒𝑒𝑒 is the fiber radius, 𝐶𝐶𝑐𝑐 is the specific capacitance of the fiber membrane. 

𝑠𝑠𝑒𝑒 is the longitudinal resistivity. The membrane current density 𝐽𝐽𝑒𝑒𝑐𝑐 is defined by: 

𝐽𝐽𝑒𝑒𝑐𝑐 = 𝐽𝐽𝑖𝑖𝑐𝑐,𝐿𝐿𝑐𝑐𝑒𝑒𝑒𝑒 +  𝐽𝐽𝑖𝑖𝑐𝑐,𝐵𝐵𝐷𝐷𝑛𝑛 + 𝐽𝐽𝑠𝑠𝑠𝑠𝑐𝑐,𝑁𝑁𝑎𝑎𝑁𝑁1.6 + 𝐽𝐽𝑒𝑒𝑒𝑒𝑎𝑎𝑘𝑘 

The fiber is sealed 𝑒𝑒�𝜙𝜙𝑐𝑐�
𝑒𝑒𝑐𝑐

= 0 at its far end. 
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3.4. Currents and Conductances 

The governing equations depend upon the net currents densities across the 

various membranes in the model. The constitutive currents and their kinetics are 

detailed below. The maximum conductance values of all are presented in Table 3-1. 

The location of channels and transporters is also shown in below. 

 

Figure 3-2 – Channel/Transporter Location 
 

Notation used in equations in the sections below: 𝑔𝑔𝑐𝑐ℎ𝑎𝑎𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒,𝑒𝑒𝑎𝑎𝑐𝑐 – maximal conductance 

density; 𝑃𝑃𝑐𝑐ℎ𝑎𝑎𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 – Channel open probability as a function of kinetic variables ;  𝑠𝑠𝑐𝑐 – 



 
41 

 

activation variable ; 𝑑𝑑𝑐𝑐 – inactivation variable ; 𝑠𝑠𝑐𝑐 – rectification variable; 𝜏𝜏 – Time 

Constant ; [ms] – the units are milliseconds. 

In the following sections the equation for Nernst potential is: 

𝐸𝐸 =
𝑧𝑧𝐹𝐹
𝑅𝑅𝑇𝑇

⋅  𝑖𝑖𝑠𝑠 �
𝑐𝑐𝑒𝑒𝑢𝑢𝑐𝑐
𝑐𝑐𝑐𝑐𝑒𝑒

� 

Where 𝑧𝑧 is the valence of the ion; 𝐹𝐹 the faraday constant, 𝑅𝑅 the universal gas constant, 

𝑇𝑇 the temperature in Kelvin.  The model is calculated at room temperature (300 

Kelvin), the term 𝑧𝑧𝑝𝑝
𝑅𝑅𝑀𝑀

  is approximately 26 mV.  𝑐𝑐𝑒𝑒𝑢𝑢𝑐𝑐 and 𝑐𝑐𝑐𝑐𝑒𝑒 are the concentration of 

ions outside the compartment and inside the compartment respectively. 

3.4.1. Hair Cell – Apical 

3.4.1.1. The Mechanotransduction Current (IMET) 

𝐼𝐼𝑀𝑀𝑀𝑀𝑀𝑀 = 𝑔𝑔𝑏𝑏𝑢𝑢𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒,𝑒𝑒𝑎𝑎𝑐𝑐 ⋅ 𝑃𝑃𝑀𝑀𝑀𝑀𝑀𝑀 ⋅ (𝜙𝜙ℎ − 𝜙𝜙𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑎𝑎ℎ − 𝑉𝑉𝑒𝑒𝑒𝑒𝑁𝑁) 

𝑔𝑔𝑏𝑏𝑢𝑢𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒,𝑒𝑒𝑎𝑎𝑐𝑐 = 5 [𝑠𝑠𝑛𝑛] 

𝑃𝑃𝑀𝑀𝑀𝑀𝑀𝑀 =
1

�1 + 𝑑𝑑𝑑𝑑𝑖𝑖 �4.05 ∗ �. 39 − 𝑑𝑑 + 200
1000 ��� ⋅ �1 + 𝑑𝑑𝑑𝑑𝑖𝑖 �14.5 ∗ �. 25 − 𝑑𝑑 + 200

1000 ���
  

This description of 𝐼𝐼𝑀𝑀𝑀𝑀𝑀𝑀 was adapted from (J. R. Holt, Corey, and Eatock 1997). 

𝑑𝑑 is the displacement of the stereociliary bundle in nm. 𝑉𝑉𝑒𝑒𝑒𝑒𝑁𝑁 is the reversal voltage for 

𝐼𝐼𝑀𝑀𝑀𝑀𝑀𝑀; here it is 0 mV. The adaptation of MET current was not modelled. 
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3.4.2. Hair Cell - Basolateral 

The membrane voltage across the basolateral surface of the hair cell is defined 

as: 

𝑉𝑉𝑒𝑒ℎ = 𝜙𝜙ℎ − 𝜙𝜙𝑐𝑐𝑒𝑒𝑒𝑒𝑐𝑐𝑐𝑐 

 The Nernst potentials are: 

𝐸𝐸𝑘𝑘 = 26 ⋅ ln (
ckcleft

150
) 

𝐸𝐸𝑒𝑒𝑎𝑎 = 26 ⋅ ln (
cnacleft

12
) 

𝐸𝐸𝑐𝑐𝑎𝑎 = 13 ⋅ ln (
0.1
1.3

) 

The net current density through a given section of the basolateral membrane 

𝐽𝐽𝑒𝑒ℎ  is given by: 

𝐽𝐽𝑒𝑒ℎ = 𝐽𝐽𝑘𝑘ℎ + 𝐽𝐽𝑒𝑒𝑎𝑎ℎ + 𝐽𝐽𝑐𝑐𝑎𝑎ℎ + 𝐽𝐽ℎ,𝑒𝑒𝑒𝑒𝑎𝑎𝑘𝑘 

𝐽𝐽𝑘𝑘ℎ = 𝐽𝐽𝑘𝑘ℎ,𝑔𝑔𝐾𝐾𝐾𝐾 + 𝐽𝐽𝑘𝑘ℎ,𝐻𝐻𝐻𝐻𝑁𝑁1 + 𝐽𝐽𝑘𝑘ℎ,𝑃𝑃𝑢𝑢𝑒𝑒𝑎𝑎 

𝐽𝐽𝑒𝑒𝑎𝑎ℎ = 𝐽𝐽𝑒𝑒𝑎𝑎ℎ,𝐻𝐻𝐻𝐻𝑁𝑁1 + 𝐽𝐽𝑒𝑒𝑎𝑎ℎ,𝑃𝑃𝑢𝑢𝑒𝑒𝑎𝑎 

Where 𝐽𝐽𝑘𝑘ℎ and 𝐽𝐽𝑒𝑒𝑎𝑎ℎ  are the net potassium and sodium currents through the 

hair cell membrane. On its basolateral surface the hair cell contains the low voltage 
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activated potassium conductance gKL (Rusch and Eatock 1996), the hyperpolarization 

activated cyclic nucleotide gated channel HCN1 (Horwitz et al. 2011), a calcium 

conductance (Bao et al. 2003), a leak conductance and Nak ATPases (Schuth et al. 

2014) which are referred to as “Pump” in the following text. 

3.4.2.1. gKL 

𝐽𝐽𝑘𝑘ℎ,𝑔𝑔𝐾𝐾𝐾𝐾 = 𝑔𝑔𝐾𝐾𝐿𝐿,𝑒𝑒𝑎𝑎𝑐𝑐 ⋅ 𝑃𝑃𝑔𝑔𝐾𝐾𝐾𝐾 ⋅ (𝑉𝑉𝑒𝑒ℎ − 𝐸𝐸𝑘𝑘) 

𝑃𝑃𝑔𝑔𝐾𝐾𝐾𝐾 = 𝑠𝑠𝑐𝑐𝑔𝑔𝐾𝐾𝐾𝐾  

𝜏𝜏𝑎𝑎𝑁𝑁𝑔𝑔𝐾𝐾𝐾𝐾
𝑠𝑠�𝑠𝑠𝑐𝑐𝑔𝑔𝐾𝐾𝐾𝐾�

𝑠𝑠𝑠𝑠
= 𝑠𝑠𝑐𝑐∞,𝑔𝑔𝐾𝐾𝐾𝐾 −  𝑠𝑠𝑐𝑐𝑔𝑔𝐾𝐾𝐾𝐾  

𝜏𝜏𝑎𝑎𝑁𝑁𝑔𝑔𝐾𝐾𝐾𝐾 =  429.7 ⋅ 𝑑𝑑𝑑𝑑𝑖𝑖(−0.2826 ⋅
𝑉𝑉𝑒𝑒ℎ − −80

2.84
)  + 10 

𝑠𝑠𝑐𝑐∞,𝑔𝑔𝐾𝐾𝐾𝐾 =
1

1 + 𝑑𝑑𝑑𝑑𝑖𝑖 �−𝑉𝑉𝑒𝑒ℎ −  −80
2.84 �

 

𝜏𝜏𝑎𝑎𝑁𝑁𝑔𝑔𝐾𝐾𝐾𝐾  was a fit of the slow time constants from (Wong, Hurley, and Eatock 

2004; Songer and Eatock 2013; Spaiardi et al. 2017). 𝑠𝑠𝑐𝑐∞,𝑔𝑔𝐾𝐾𝐾𝐾was adapated from 

(Spaiardi et al. 2017).  

3.4.2.2. HCN1 

𝐽𝐽𝑘𝑘ℎ,𝐻𝐻𝐻𝐻𝑁𝑁1 =
4
5
⋅ 𝑔𝑔𝐻𝐻𝐻𝐻𝑁𝑁1,𝑒𝑒𝑎𝑎𝑐𝑐 ⋅ 𝑃𝑃𝐻𝐻𝐻𝐻𝑁𝑁1 ⋅ (𝑉𝑉𝑒𝑒ℎ − 𝐸𝐸𝑘𝑘) 
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𝐽𝐽𝑒𝑒𝑎𝑎ℎ,𝐻𝐻𝐻𝐻𝑁𝑁1 =
1
5
⋅ 𝑔𝑔𝐻𝐻𝐻𝐻𝑁𝑁1,𝑒𝑒𝑎𝑎𝑐𝑐 ⋅ 𝑃𝑃𝐻𝐻𝐻𝐻𝑁𝑁1 ⋅ (𝑉𝑉𝑒𝑒ℎ − 𝐸𝐸𝑒𝑒𝑎𝑎)  

𝑃𝑃𝐻𝐻𝐻𝐻𝑁𝑁1 = 𝑠𝑠𝑐𝑐𝐻𝐻𝐻𝐻𝑁𝑁1 

𝜏𝜏𝑎𝑎𝑁𝑁𝐻𝐻𝐻𝐻𝑁𝑁1
𝑠𝑠(𝑠𝑠𝑐𝑐𝐻𝐻𝐻𝐻𝑁𝑁1)

𝑠𝑠𝑠𝑠
= 𝑠𝑠𝑐𝑐∞,𝐻𝐻𝐻𝐻𝑁𝑁1 −  𝑠𝑠𝑐𝑐𝐻𝐻𝐻𝐻𝑁𝑁1 

𝜏𝜏𝑎𝑎𝑁𝑁𝐻𝐻𝐻𝐻𝑁𝑁1 =
105

�237 ⋅ exp �𝑉𝑉𝑒𝑒ℎ + 60
12 �� + �17 ⋅ exp �−𝑉𝑉𝑒𝑒ℎ + 60

14 ��
+ 25 

𝑠𝑠𝑐𝑐∞,𝐻𝐻𝐻𝐻𝑁𝑁1 =
1

1 + 𝑑𝑑𝑑𝑑𝑖𝑖 �𝑉𝑉𝑒𝑒ℎ − −90
6.8 �

 

𝜏𝜏𝑎𝑎𝑁𝑁𝐻𝐻𝐻𝐻𝑁𝑁1  is adapted from (Hight and Kalluri 2016). 𝑠𝑠𝑐𝑐∞,𝐻𝐻𝐻𝐻𝑁𝑁1was adapted from 

(Horwitz et al. 2011). The permeability ratios are from (Lee and MacKinnon 2017).  

3.4.2.3. CaV1.3 - L-Type Calcium Current 

𝐽𝐽𝑐𝑐𝑠𝑠ℎ = 𝑔𝑔𝑐𝑐𝑎𝑎,𝑒𝑒𝑎𝑎𝑐𝑐,⋅ 𝑃𝑃𝑐𝑐𝑎𝑎 ⋅ (𝑉𝑉𝑒𝑒ℎ − 𝐸𝐸𝑐𝑐𝑎𝑎)  

𝑃𝑃𝑐𝑐𝑎𝑎 = 𝑠𝑠𝑐𝑐𝑐𝑐𝑎𝑎 

𝜏𝜏𝑎𝑎𝑁𝑁𝑐𝑐𝑐𝑐
𝑠𝑠(𝑠𝑠𝑐𝑐𝑐𝑐𝑎𝑎)
𝑠𝑠𝑠𝑠

= 𝑠𝑠𝑐𝑐∞,𝑐𝑐𝑎𝑎 −  𝑠𝑠𝑐𝑐𝑐𝑐𝑎𝑎 

𝜏𝜏𝑎𝑎𝑁𝑁𝑐𝑐𝑐𝑐 = 0.6 [𝜇𝜇𝑠𝑠] 

𝑠𝑠𝑐𝑐∞,𝑐𝑐𝑎𝑎 =
1

1 + 𝑑𝑑𝑑𝑑𝑖𝑖 �−𝑉𝑉𝑒𝑒ℎ − −46
6.8 �

 



 
45 

 

The steady state open probability, time constants and conductance are 

adapted from (Bao et al. 2003). 

3.4.2.4. NaK Atpase 

The pumps are assumed to operate under pseudo steady state conditions and 

only depend upon the concentration of potassium in the cleft space.  

𝐽𝐽𝑘𝑘ℎ/𝑐𝑐𝑐𝑐,𝑃𝑃𝑢𝑢𝑒𝑒𝑎𝑎 =  −2 ⋅
𝐹𝐹
𝑁𝑁𝑎𝑎

⋅
# 𝑃𝑃𝑃𝑃𝜇𝜇𝑖𝑖𝑠𝑠
𝑃𝑃𝜇𝜇2 ⋅ 𝑐𝑐 ⋅ �

𝑐𝑐𝑖𝑖𝑐𝑐𝑒𝑒𝑒𝑒𝑐𝑐𝑐𝑐
ck𝑐𝑐𝑒𝑒𝑒𝑒𝑐𝑐𝑐𝑐 +  1.5

�
2

 

𝐽𝐽𝐽𝐽𝑒𝑒𝑎𝑎ℎ/𝑐𝑐𝑐𝑐,𝑃𝑃𝑢𝑢𝑒𝑒𝑎𝑎 =  3 ⋅
𝐹𝐹
𝑁𝑁𝑎𝑎

⋅
# 𝑃𝑃𝑃𝑃𝜇𝜇𝑖𝑖𝑠𝑠
𝑃𝑃𝜇𝜇2 ⋅ 𝑐𝑐 ⋅ �

𝑐𝑐𝑖𝑖𝑐𝑐𝑒𝑒𝑒𝑒𝑐𝑐𝑐𝑐
ck𝑐𝑐𝑒𝑒𝑒𝑒𝑐𝑐𝑐𝑐 +  1.5

�
2

 

Where 𝑐𝑐 is the pump rate, 100 𝑐𝑐𝑒𝑒𝑐𝑐𝑒𝑒𝑒𝑒𝑚𝑚
𝑚𝑚

  or 0.1 𝑐𝑐𝑒𝑒𝑐𝑐𝑒𝑒𝑒𝑒𝑚𝑚
𝑒𝑒𝑚𝑚

; 𝑁𝑁𝑎𝑎is Avogadro’s number. 

The pump densities on the hair cell (1000
𝜇𝜇𝑒𝑒2   ) and calyx inner membrane (1000

𝜇𝜇𝑒𝑒2   ) 

were chosen such that the sodium concentration in the synaptic cleft will remain close 

to perilymph values to ensure that quantal currents through AMPA channels are 

effective in depolarizing the calyx. Pump density on the calyx outer membrane is 

(2000
𝜇𝜇𝑒𝑒2) and the pump current is dependent upon the perilymph potassium 

concentration, 5 mM. 

3.4.3. Afferent Calyx 

The membrane voltage across the inner calyx membrane is defined as: 
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𝑉𝑉𝑒𝑒𝑐𝑐𝑐𝑐 = 𝜙𝜙𝑐𝑐𝑎𝑎𝑒𝑒𝑒𝑒𝑐𝑐 − 𝜙𝜙𝑐𝑐𝑒𝑒𝑒𝑒𝑐𝑐𝑐𝑐 

The membrane voltage across the inner calyx membrane is defined as: 

𝑉𝑉𝑒𝑒𝑐𝑐𝑒𝑒 = 𝜙𝜙𝑐𝑐𝑎𝑎𝑒𝑒𝑒𝑒𝑐𝑐 − 0 = 𝜙𝜙𝑐𝑐𝑎𝑎𝑒𝑒𝑒𝑒𝑐𝑐  

The Nernst potentials are: 

𝐸𝐸𝑘𝑘,𝑐𝑐𝑐𝑐 = 26 ⋅ ln �
ckcleft
150

� ;  𝐸𝐸𝑘𝑘,𝑐𝑐𝑒𝑒 = 26 ⋅ ln (
5

150
) 

𝐸𝐸𝑒𝑒𝑎𝑎,𝑐𝑐𝑐𝑐 = 26 ⋅ ln �
𝑐𝑐𝑠𝑠𝑠𝑠𝑐𝑐𝑒𝑒𝑒𝑒𝑐𝑐𝑐𝑐

12
�+ 𝐸𝐸𝑒𝑒𝑎𝑎,𝑐𝑐𝑐𝑐 = 26 ⋅ ln (

140
12

) 

The net current density through a given section of inner calyx membrane 𝐽𝐽𝑒𝑒𝑐𝑐𝑐𝑐  

is given by: 

𝐽𝐽𝑒𝑒𝑐𝑐𝑐𝑐 = 𝐽𝐽𝑘𝑘𝑐𝑐𝑐𝑐 + 𝐽𝐽𝑒𝑒𝑎𝑎𝑐𝑐𝑐𝑐+𝐽𝐽𝑐𝑐𝑐𝑐,𝑒𝑒𝑒𝑒𝑎𝑎𝑘𝑘 +  𝐽𝐽𝑐𝑐𝑐𝑐,𝑞𝑞𝑢𝑢𝑎𝑎𝑒𝑒𝑐𝑐𝑎𝑎𝑐𝑐 

𝐽𝐽𝑘𝑘𝑐𝑐𝑐𝑐 = 𝐽𝐽𝑘𝑘𝑐𝑐𝑐𝑐,𝐾𝐾𝑣𝑣7.4 + 𝐽𝐽𝑘𝑘𝑐𝑐𝑐𝑐,𝐻𝐻𝐻𝐻𝑁𝑁2 + 𝐽𝐽𝑘𝑘𝑐𝑐𝑐𝑐,𝑃𝑃𝑢𝑢𝑒𝑒𝑎𝑎 

𝐽𝐽𝑒𝑒𝑎𝑎𝑐𝑐𝑐𝑐 = 𝐽𝐽𝑒𝑒𝑎𝑎𝑐𝑐𝑐𝑐,𝐻𝐻𝐻𝐻𝑁𝑁2 + 𝐽𝐽𝑒𝑒𝑎𝑎𝑐𝑐𝑐𝑐,𝑃𝑃𝑢𝑢𝑒𝑒𝑎𝑎 

 

The net current density through the outer membrane is described by: 

𝐽𝐽𝑒𝑒𝑐𝑐𝑐𝑐 = 𝐽𝐽𝑘𝑘𝑐𝑐𝑒𝑒 + 𝐽𝐽𝑒𝑒𝑎𝑎𝑐𝑐𝑒𝑒+𝐽𝐽𝑐𝑐𝑒𝑒,𝑒𝑒𝑒𝑒𝑎𝑎𝑘𝑘 

𝐽𝐽𝑘𝑘𝑐𝑐𝑒𝑒 = 𝐽𝐽𝑘𝑘𝑐𝑐𝑒𝑒,𝐾𝐾𝑣𝑣7.4 + 𝐽𝐽𝑘𝑘𝑐𝑐𝑒𝑒,𝐻𝐻𝐻𝐻𝑁𝑁2 + 𝐽𝐽𝑘𝑘𝑐𝑐𝑒𝑒,𝑃𝑃𝑢𝑢𝑒𝑒𝑎𝑎 

𝐽𝐽𝑒𝑒𝑎𝑎𝑐𝑐𝑒𝑒 = 𝐽𝐽𝑒𝑒𝑎𝑎𝑐𝑐𝑒𝑒,𝐻𝐻𝐻𝐻𝑁𝑁2 + 𝐽𝐽𝑒𝑒𝑎𝑎𝑐𝑐𝑒𝑒,𝑃𝑃𝑢𝑢𝑒𝑒𝑎𝑎 
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The calyx membrane contains Kv7.4(Hurley et al. 2006), HCN2(Horwitz, 

Risner-Janiczek, and Holt 2014), ERG1(Hurley et al. 2006), KCC4 (Ho, Goldberg, and 

Lysakowski 2007), and NaK pumps (Schuth et al. 2014). In addition, AMPA channels 

are present on the inner calyx membrane (Kirk et al. 2017; Sadeghi et al. 2014) and 

permit the neurotransmitter mediated current 𝐽𝐽𝑐𝑐𝑐𝑐,𝑞𝑞𝑢𝑢𝑎𝑎𝑒𝑒𝑐𝑐𝑎𝑎.  

3.4.3.1.  Quantal Current  

A mini excitatory post synaptic current (mini-epsc) is defined as the current 

entering the calyx through AMPA channels due to release of the neurotransmitter 

glutamate into the synaptic cleft from a single vesicle (quanta) at the hair cell 

membrane. The time course of a mini-epsc reflects the kinetics of the AMPA channels 

and that of glutamate concentration in the synaptic cleft. The conductance of each 

mini-epsc is described by: 

𝑔𝑔𝑞𝑞𝑢𝑢𝑎𝑎𝑒𝑒𝑐𝑐𝑎𝑎(𝑠𝑠𝑒𝑒𝑒𝑒, 𝑠𝑠) =  𝑔𝑔𝑞𝑞𝑢𝑢𝑎𝑎𝑒𝑒𝑐𝑐𝑎𝑎,𝑒𝑒𝑎𝑎𝑐𝑐 ⋅ �exp �
𝑠𝑠𝑒𝑒𝑒𝑒 − 𝑠𝑠

1.5
� − 1� ⋅  exp �

𝑠𝑠𝑒𝑒𝑒𝑒 − 𝑠𝑠
2.2

� ⋅  �
1

0.3213
� 

Where 𝑠𝑠𝑒𝑒𝑒𝑒 is the time at which the mini-epsc event was initiated.  𝑔𝑔𝑞𝑞𝑢𝑢𝑎𝑎𝑒𝑒𝑐𝑐𝑎𝑎,𝑒𝑒𝑎𝑎𝑐𝑐 

is 0.13 nS and was obtained from recordings of mini-epscs from calyx afferents 

(Lopez Ramirez and Eatock, Unpublished). The probability of a mini-epsc being 

initiated at any given 0.1 ms time step in the model depends on the magnitude of the 

calcium current. The total quantal conductance at any given time is then: 

𝑔𝑔𝑞𝑞𝑢𝑢𝑎𝑎𝑒𝑒𝑐𝑐𝑎𝑎,𝑐𝑐𝑡𝑡𝑐𝑐𝑐𝑐𝑐𝑐 = Σ 𝑔𝑔𝑞𝑞𝑢𝑢𝑎𝑎𝑒𝑒𝑐𝑐𝑎𝑎(𝑠𝑠𝑒𝑒𝑒𝑒𝑚𝑚𝑒𝑒𝑐𝑐, 𝑠𝑠𝑒𝑒𝑒𝑒) 
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The probability of a vesicle being released at any 0.1 ms time step is given by 

𝑃𝑃𝑒𝑒𝑐𝑐𝑒𝑒𝑐𝑐 = 𝐼𝐼ℎ,𝑐𝑐𝑎𝑎/𝐼𝐼ℎ,𝑐𝑐𝑎𝑎,𝑒𝑒𝑎𝑎𝑐𝑐  

𝐼𝐼ℎ,𝑐𝑐𝑎𝑎,𝑒𝑒𝑎𝑎𝑐𝑐   =  −171 pA 

 A random value between 0 and 1 is generated and if it is less than or equal to 

the probability of release, a mini-epsc event is initiated and added to the existing 

values of 𝑔𝑔𝑞𝑞𝑢𝑢𝑎𝑎𝑒𝑒𝑐𝑐𝑎𝑎(𝑠𝑠𝑒𝑒𝑒𝑒𝑚𝑚𝑒𝑒𝑐𝑐, 𝑠𝑠𝑒𝑒𝑒𝑒). The matlab code used to perform this action is presented 

in the Appendix B. 

𝐽𝐽𝑐𝑐𝑐𝑐,𝑞𝑞𝑢𝑢𝑎𝑎𝑒𝑒𝑐𝑐𝑎𝑎 =  𝐽𝐽𝑘𝑘𝑐𝑐𝑐𝑐,𝑞𝑞𝑢𝑢𝑎𝑎𝑒𝑒𝑐𝑐𝑎𝑎 +  𝐽𝐽𝑒𝑒𝑎𝑎𝑐𝑐𝑐𝑐,𝑞𝑞𝑢𝑢𝑎𝑎𝑒𝑒𝑐𝑐𝑎𝑎 

𝐽𝐽𝑘𝑘𝑐𝑐𝑐𝑐,𝑞𝑞𝑢𝑢𝑎𝑎𝑒𝑒𝑐𝑐𝑎𝑎 =  
1
2
⋅ 𝑔𝑔𝑞𝑞𝑢𝑢𝑎𝑎𝑒𝑒𝑐𝑐𝑎𝑎,𝑐𝑐𝑡𝑡𝑐𝑐𝑐𝑐𝑐𝑐

(𝑠𝑠) ⋅ (𝑉𝑉𝑒𝑒𝑐𝑐𝑐𝑐 − 𝐸𝐸𝑘𝑘) 

𝐽𝐽𝑒𝑒𝑎𝑎𝑐𝑐𝑐𝑐,𝑞𝑞𝑢𝑢𝑎𝑎𝑒𝑒𝑐𝑐𝑎𝑎 =  
1
2
⋅ 𝑔𝑔𝑞𝑞𝑢𝑢𝑎𝑎𝑒𝑒𝑐𝑐𝑎𝑎,𝑐𝑐𝑡𝑡𝑐𝑐𝑐𝑐𝑐𝑐

(𝑠𝑠) ⋅ (𝑉𝑉𝑒𝑒𝑐𝑐𝑐𝑐 − 𝐸𝐸𝑒𝑒𝑎𝑎) 

3.4.3.2. KCC4 

A molar affinity, for potassium, of 17.5 mM, (Mercado et al. 2000), and a Hill 

Coefficient of 2 (Marcoux et al. 2017) is used to determine the transport rate of KCC4. 

Although KCC4 has been localized to the inner membrane of the calyx (Ho, Goldberg, 

and Lysakowski 2007), information on transporter kinetics at the vestibular calyx is 

limited. The molar affinity value above is obtained from the expression of mouse 

KCC4 in Xenopus laevis Oocytes. The maximum flux density through KCC4 is set 
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appropriately to prevent excessive ckcleft at rest, the exact rate and magnitude of 

potassium clearance in the type I hair cell – calyx synaptic cleft is not known. 

𝐽𝐽𝑘𝑘𝑐𝑐𝑐𝑐,𝐾𝐾𝐻𝐻𝐻𝐻4 = −𝐽𝐽𝐾𝐾𝐻𝐻𝐻𝐻4,𝑒𝑒𝑎𝑎𝑐𝑐  
1

1 +  � 17.5
ck𝑐𝑐𝑒𝑒𝑒𝑒𝑐𝑐𝑐𝑐

�
2 

𝐽𝐽𝐾𝐾𝐻𝐻𝐻𝐻4,𝑒𝑒𝑎𝑎𝑐𝑐 = 2
𝑖𝑖𝑝𝑝
𝜇𝜇𝜇𝜇2 

3.4.3.3. Kv7.4 

𝐽𝐽𝑘𝑘𝑐𝑐𝑐𝑐,𝐾𝐾𝑣𝑣7.4 = 𝑔𝑔𝑐𝑐𝑐𝑐,𝐾𝐾𝑣𝑣7.4,𝑒𝑒𝑎𝑎𝑐𝑐 ⋅ 𝑃𝑃𝐾𝐾𝑣𝑣7.4 ⋅ (𝑉𝑉𝑒𝑒𝑐𝑐𝑐𝑐 − 𝐸𝐸𝑘𝑘)  

𝐽𝐽𝑘𝑘𝑐𝑐𝑒𝑒,𝐾𝐾𝑣𝑣7.4 = 𝑔𝑔𝑐𝑐𝑒𝑒,𝐾𝐾𝑣𝑣7.4,𝑒𝑒𝑎𝑎𝑐𝑐, ⋅ 𝑃𝑃𝐾𝐾𝑣𝑣7.4 ⋅ (𝑉𝑉𝑒𝑒𝑐𝑐𝑒𝑒 − 𝐸𝐸𝑘𝑘)  

𝑔𝑔𝑐𝑐𝑐𝑐,𝐾𝐾𝑣𝑣7.4,𝑒𝑒𝑎𝑎𝑐𝑐 =  19.8 nS ; 𝑔𝑔𝑐𝑐𝑒𝑒,𝐾𝐾𝑣𝑣7.4,𝑒𝑒𝑎𝑎𝑐𝑐 =  4.2 nS 

𝑃𝑃𝐾𝐾𝑣𝑣7.4 = 𝑠𝑠𝑐𝑐𝐾𝐾𝑣𝑣7.4 

𝜏𝜏𝑎𝑎𝑁𝑁𝐾𝐾𝑣𝑣7.4

𝑠𝑠�𝑠𝑠𝑐𝑐𝐾𝐾𝑣𝑣7.4�
𝑠𝑠𝑠𝑠

= 𝑠𝑠𝑐𝑐∞,𝐾𝐾𝑣𝑣7.4 −  𝑠𝑠𝑐𝑐𝐾𝐾𝑣𝑣7.4 

𝜏𝜏𝑎𝑎𝑁𝑁𝐾𝐾𝑣𝑣7.4 = 𝜇𝜇𝑠𝑠𝑑𝑑 �
1

0.0002488 ⋅ 𝑑𝑑𝑑𝑑𝑖𝑖(−0.04401 ⋅ 𝑉𝑉𝑒𝑒) + 0.4506 ⋅ 𝑑𝑑𝑑𝑑𝑖𝑖(0.05437 ⋅ 𝑉𝑉𝑒𝑒) , 1� 

 

𝑠𝑠𝑐𝑐∞,𝐾𝐾𝑣𝑣7.4 =
1

1 + 𝑑𝑑𝑑𝑑𝑖𝑖 �−𝑉𝑉𝑒𝑒 + 52
16 �
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𝑉𝑉𝑒𝑒 is equal to 𝑉𝑉𝑒𝑒𝑐𝑐𝑐𝑐 on the inner membrane of the calyx and equal to 𝑉𝑉𝑒𝑒𝑐𝑐𝑒𝑒 on the 

outer membrane of the calyx.  𝑔𝑔𝐾𝐾𝑣𝑣7.4 and 𝑠𝑠𝑐𝑐∞,𝐾𝐾𝑣𝑣7.4are from (Hurley et al. 2006) and 

𝜏𝜏𝑎𝑎𝑁𝑁𝐾𝐾𝑣𝑣7.4was obtained from a fit of Karen M Hurley’s data by Imran Quraishi. The whole 

cell conductance is 24 nS, 19.8 nS on the calyx inner face and 4.2 nS on the calyx outer 

face.  

3.4.3.4. HCN2 

𝐽𝐽𝑘𝑘𝑐𝑐𝑐𝑐,𝐻𝐻𝐻𝐻𝑁𝑁2 =
4
5
⋅ 𝑔𝑔𝐻𝐻𝐻𝐻𝑁𝑁2,𝑒𝑒𝑎𝑎𝑐𝑐 ⋅ 𝑃𝑃𝐻𝐻𝐻𝐻𝑁𝑁2 ⋅ (𝑉𝑉𝑒𝑒𝑐𝑐𝑐𝑐 − 𝐸𝐸𝑘𝑘,𝑐𝑐𝑐𝑐) 

𝐽𝐽𝑒𝑒𝑎𝑎𝑐𝑐𝑐𝑐,𝐻𝐻𝐻𝐻𝑁𝑁2 =
1
5
⋅ 𝑔𝑔𝐻𝐻𝐻𝐻𝑁𝑁2,𝑒𝑒𝑎𝑎𝑐𝑐 ⋅ 𝑃𝑃𝐻𝐻𝐻𝐻𝑁𝑁2 ⋅ (𝑉𝑉𝑒𝑒𝑐𝑐𝑐𝑐 − 𝐸𝐸𝑒𝑒𝑎𝑎,𝑐𝑐𝑐𝑐)  

𝐽𝐽𝑘𝑘𝑐𝑐𝑒𝑒,𝐻𝐻𝐻𝐻𝑁𝑁2 =
4
5
⋅ 𝑔𝑔𝐻𝐻𝐻𝐻𝑁𝑁2,𝑒𝑒𝑎𝑎𝑐𝑐 ⋅ 𝑃𝑃𝐻𝐻𝐻𝐻𝑁𝑁2 ⋅ (𝑉𝑉𝑒𝑒𝑐𝑐𝑒𝑒 − 𝐸𝐸𝑘𝑘,𝑐𝑐𝑒𝑒) 

𝐽𝐽𝑒𝑒𝑎𝑎𝑐𝑐𝑒𝑒,𝐻𝐻𝐻𝐻𝑁𝑁2 =
1
5
⋅ 𝑔𝑔𝐻𝐻𝐻𝐻𝑁𝑁2,𝑒𝑒𝑎𝑎𝑐𝑐 ⋅ 𝑃𝑃𝐻𝐻𝐻𝐻𝑁𝑁2 ⋅ (𝑉𝑉𝑒𝑒𝑐𝑐𝑒𝑒 − 𝐸𝐸𝑒𝑒𝑎𝑎,𝑐𝑐𝑒𝑒)  

𝑃𝑃𝐻𝐻𝐻𝐻𝑁𝑁2 = 𝑠𝑠𝑐𝑐𝐻𝐻𝐻𝐻𝑁𝑁2 

𝜏𝜏𝑎𝑎𝑁𝑁𝐻𝐻𝐻𝐻𝑁𝑁2
𝑠𝑠(𝑠𝑠𝑐𝑐𝐻𝐻𝐻𝐻𝑁𝑁2)

𝑠𝑠𝑠𝑠
= 𝑠𝑠𝑐𝑐∞,𝐻𝐻𝐻𝐻𝑁𝑁2 −  𝑠𝑠𝑐𝑐𝐻𝐻𝐻𝐻𝑁𝑁2 

𝜏𝜏𝑎𝑎𝑁𝑁𝐻𝐻𝐻𝐻𝑁𝑁2 =
105

�237 ⋅ exp �𝑉𝑉𝑒𝑒 + 60
12 �� + �17 ⋅ exp �−𝑉𝑉𝑒𝑒 + 60

14 ��
+ 25 

𝑠𝑠𝑐𝑐∞,𝐻𝐻𝐻𝐻𝑁𝑁2 =
1

1 + 𝑑𝑑𝑑𝑑𝑖𝑖 �𝑉𝑉𝑒𝑒 − −90
6.8 �
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𝑉𝑉𝑒𝑒 is equal to 𝑉𝑉𝑒𝑒𝑐𝑐𝑐𝑐 on the inner membrane of the calyx and equal to 𝑉𝑉𝑒𝑒𝑐𝑐𝑒𝑒 on the 

outer membrane of the calyx. 𝜏𝜏𝑎𝑎𝑁𝑁𝐻𝐻𝐻𝐻𝑁𝑁2  is adapted from (Hight and Kalluri 2016). 

𝑔𝑔𝐻𝐻𝐻𝐻𝑁𝑁2 and 𝑠𝑠𝑐𝑐∞,𝐻𝐻𝐻𝐻𝑁𝑁2are adapted from (Horwitz, Risner-Janiczek, and Holt 2014). The 

permeability ratio, K+:Na+ is 4:1 (Lee and MacKinnon 2017).  

3.4.3.5. ERG1 

𝐽𝐽𝑘𝑘𝑐𝑐𝑐𝑐,𝑀𝑀𝑅𝑅𝐸𝐸1 = 𝑔𝑔𝑀𝑀𝑅𝑅𝐸𝐸1,𝑒𝑒𝑎𝑎𝑐𝑐 ⋅ 𝑃𝑃𝑀𝑀𝑅𝑅𝐸𝐸1 ⋅ �𝑉𝑉𝑒𝑒𝑐𝑐𝑐𝑐 − 𝐸𝐸𝑘𝑘,𝑐𝑐𝑐𝑐� 

𝐽𝐽𝑘𝑘𝑐𝑐𝑒𝑒,𝑀𝑀𝑅𝑅𝐸𝐸1 = 𝑔𝑔𝑀𝑀𝑅𝑅𝐸𝐸1,𝑒𝑒𝑎𝑎𝑐𝑐 ⋅ 𝑃𝑃𝑀𝑀𝑅𝑅𝐸𝐸1 ⋅ (𝑉𝑉𝑒𝑒𝑐𝑐𝑒𝑒 − 𝐸𝐸𝑘𝑘,𝑐𝑐𝑒𝑒) 

𝑃𝑃𝑀𝑀𝑅𝑅𝐸𝐸1 = 𝑠𝑠𝑐𝑐𝑀𝑀𝑅𝑅𝐸𝐸1 ⋅ 𝑠𝑠𝑐𝑐𝑀𝑀𝑅𝑅𝐸𝐸1 

𝜏𝜏𝑎𝑎𝑁𝑁𝐸𝐸𝐸𝐸𝐸𝐸1
𝑠𝑠(𝑠𝑠𝑐𝑐𝑀𝑀𝑅𝑅𝐸𝐸1)

𝑠𝑠𝑠𝑠
= 𝑠𝑠𝑐𝑐∞,𝑀𝑀𝑅𝑅𝐸𝐸1 −  𝑠𝑠𝑐𝑐𝑀𝑀𝑅𝑅𝐸𝐸1 

𝜏𝜏𝑒𝑒𝑁𝑁𝐸𝐸𝐸𝐸𝐸𝐸1
𝑠𝑠(𝑠𝑠𝑐𝑐𝑀𝑀𝑅𝑅𝐸𝐸1)

𝑠𝑠𝑠𝑠
= 𝑠𝑠𝑐𝑐∞,𝑀𝑀𝑅𝑅𝐸𝐸1 −  𝑠𝑠𝑐𝑐𝑀𝑀𝑅𝑅𝐸𝐸1 

𝜏𝜏𝑎𝑎𝑁𝑁𝐸𝐸𝐸𝐸𝐸𝐸1 =
1

� . 022
1 + 𝑑𝑑𝑑𝑑𝑖𝑖�−.11 ⋅ (𝑉𝑉𝑒𝑒 + 100)�

� + .00035 ∗ 𝑑𝑑𝑑𝑑𝑖𝑖�−0.07 ⋅ (𝑉𝑉𝑒𝑒 + 25)�
 

𝑠𝑠𝑐𝑐∞,𝐻𝐻𝐻𝐻𝑁𝑁2 =

. 022
1 + 𝑑𝑑𝑑𝑑𝑖𝑖�−.11 ⋅ (𝑉𝑉𝑒𝑒𝑐𝑐𝑐𝑐 + 100)�

� . 022
1 + 𝑑𝑑𝑑𝑑𝑖𝑖�−.11 ⋅ (𝑉𝑉𝑒𝑒 + 100)�

� + .00035 ∗ 𝑑𝑑𝑑𝑑𝑖𝑖�−0.07 ⋅ (𝑉𝑉𝑒𝑒 + 25)�
 

𝜏𝜏𝑒𝑒𝑁𝑁𝐸𝐸𝐸𝐸𝐸𝐸1 =
1

 � 30
1 + 𝑑𝑑𝑑𝑑𝑖𝑖�0.04 ⋅ (𝑉𝑉𝑒𝑒 + 215)�

� +  � 0.15
1 + 𝑑𝑑𝑑𝑑𝑖𝑖�−0.05 ⋅ (𝑉𝑉𝑒𝑒 + 120)�

�
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𝑠𝑠𝑐𝑐∞,𝐻𝐻𝐻𝐻𝑁𝑁2 =
 � 30

1 + 𝑑𝑑𝑑𝑑𝑖𝑖�0.04 ⋅ (𝑉𝑉𝑒𝑒𝑐𝑐𝑐𝑐 + 215)�
�

 � 30
1 + 𝑑𝑑𝑑𝑑𝑖𝑖�0.04 ⋅ (𝑉𝑉𝑒𝑒 + 215)�

� +  � 0.15
1 + 𝑑𝑑𝑑𝑑𝑖𝑖�−0.05 ⋅ (𝑉𝑉𝑒𝑒 + 120)�

�
 

𝑉𝑉𝑒𝑒 is equal to 𝑉𝑉𝑒𝑒𝑐𝑐𝑐𝑐 on the inner membrane of the calyx and equal to 𝑉𝑉𝑒𝑒𝑐𝑐𝑒𝑒 on the 

outer membrane of the calyx. The ERG1 potassium conductance is found in the calyx 

(Hurley et al. 2006). We use kinetics and conductance values described by (Faravelli 

et al. 1996) in neuroblastoma cells.  

3.4.4. Afferent Fiber 

The currents identified in the afferent fiber are: 𝐼𝐼𝑖𝑖𝑐𝑐,𝐿𝐿𝑐𝑐𝑒𝑒𝑒𝑒 ,a linopiridine 

sensitive potassium current (Pérez et al. 2009), 𝐼𝐼𝑖𝑖𝑐𝑐,𝐵𝐵𝐷𝐷𝑛𝑛 a  BDS sensitive potassium 

current (Chabbert et al. 2001), and 𝐼𝐼𝑠𝑠𝑠𝑠𝑐𝑐,𝑁𝑁𝑎𝑎𝑁𝑁1.6 , sodium currents through Nav1.6 

channels (Schneider and Eatock, Unpublished). They are used to describe the net 

current through the membrane: 

𝐽𝐽𝑒𝑒𝑐𝑐 = 𝐽𝐽𝑘𝑘𝑐𝑐,𝐿𝐿𝑐𝑐𝑒𝑒𝑒𝑒 +  𝐽𝐽𝑘𝑘𝑐𝑐,𝐵𝐵𝐷𝐷𝑛𝑛 + 𝐽𝐽𝑒𝑒𝑎𝑎𝑐𝑐,𝑁𝑁𝑎𝑎𝑣𝑣1.6 + 𝐽𝐽𝑐𝑐,𝑒𝑒𝑒𝑒𝑎𝑎𝑘𝑘 

𝐸𝐸𝑘𝑘,𝑐𝑐𝑒𝑒 = 26 ⋅ ln (
5

150
) + 𝐸𝐸𝑒𝑒𝑎𝑎 = 26 ⋅ ln (

140
12

) 

 

3.4.4.1. BDS sensitive K+ Current 

𝐽𝐽𝑘𝑘𝑐𝑐,𝐵𝐵𝐷𝐷𝑛𝑛 = 𝑔𝑔𝐵𝐵𝐷𝐷𝑛𝑛,𝑒𝑒𝑎𝑎𝑐𝑐 ⋅ 𝑃𝑃𝐵𝐵𝐷𝐷𝑛𝑛 ⋅ (𝑉𝑉𝑒𝑒𝑐𝑐 − 𝐸𝐸𝑘𝑘) 
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𝑃𝑃𝐵𝐵𝐷𝐷𝑛𝑛 =  𝑠𝑠𝑐𝑐𝐵𝐵𝐷𝐷𝑛𝑛 

𝜏𝜏𝑎𝑎𝑁𝑁𝐵𝐵𝐵𝐵𝐵𝐵 ⋅
𝑠𝑠(𝑠𝑠𝑐𝑐𝐵𝐵𝐷𝐷𝑛𝑛)

𝑠𝑠𝑠𝑠
= 𝑠𝑠𝑐𝑐∞,𝐵𝐵𝐷𝐷𝑛𝑛 − 𝑠𝑠𝑐𝑐𝐵𝐵𝐷𝐷𝑛𝑛 

𝜏𝜏𝑎𝑎𝑁𝑁𝐵𝐵𝐵𝐵𝐵𝐵 =  5 ⋅  1.41 ⋅  𝑑𝑑𝑑𝑑𝑖𝑖�−0.05589 ⋅ 𝑉𝑉𝑒𝑒𝑐𝑐� ⋅
1

1 +  𝑑𝑑𝑑𝑑𝑖𝑖 �−
𝑉𝑉𝑒𝑒𝑐𝑐 + 31.3

8.5 �
 

𝑠𝑠𝑐𝑐∞,𝐵𝐵𝐷𝐷𝑛𝑛 =
1

1 +  𝑑𝑑𝑑𝑑𝑖𝑖 �−
𝑉𝑉𝑒𝑒𝑐𝑐 + 31.3

8.5 �
 

 

3.4.4.2. Linopiridine sensitive K+ Current 

𝐽𝐽𝑘𝑘𝑐𝑐,𝐿𝐿𝑐𝑐𝑒𝑒𝑒𝑒 = 𝑔𝑔𝐿𝐿𝑐𝑐𝑒𝑒𝑒𝑒,𝑒𝑒𝑎𝑎𝑐𝑐 ⋅ 𝑃𝑃𝐿𝐿𝑐𝑐𝑒𝑒𝑒𝑒 ⋅ (𝑉𝑉𝑒𝑒𝑐𝑐 − 𝐸𝐸𝑘𝑘) 

𝑃𝑃𝐿𝐿𝑐𝑐𝑒𝑒𝑒𝑒 =  𝑠𝑠𝑐𝑐𝐿𝐿𝑐𝑐𝑒𝑒𝑒𝑒 

𝜏𝜏𝑎𝑎𝑁𝑁𝐾𝐾𝑓𝑓𝑛𝑛𝑡𝑡 ⋅
𝑠𝑠(𝑠𝑠𝑐𝑐𝐿𝐿𝑐𝑐𝑒𝑒𝑒𝑒)

𝑠𝑠𝑠𝑠
= 𝑠𝑠𝑐𝑐∞,𝐿𝐿𝑐𝑐𝑒𝑒𝑒𝑒 − 𝑠𝑠𝑐𝑐𝐿𝐿𝑐𝑐𝑒𝑒𝑒𝑒  

𝜏𝜏𝑎𝑎𝑁𝑁𝐾𝐾𝑓𝑓𝑛𝑛𝑡𝑡 =  1.2 ⋅ 𝑑𝑑𝑑𝑑𝑖𝑖�−0.08 ⋅ 𝑉𝑉𝑒𝑒𝑐𝑐� ⋅
1

1 +  𝑑𝑑𝑑𝑑𝑖𝑖 �−
𝑉𝑉𝑒𝑒𝑐𝑐 + 47

8 �
 

𝑠𝑠𝑐𝑐∞,𝐿𝐿𝑐𝑐𝑒𝑒𝑒𝑒 =
1

1 +  𝑑𝑑𝑑𝑑𝑖𝑖 �−
𝑉𝑉𝑒𝑒𝑐𝑐 + 47

8 �
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3.4.4.3. Nav1.6 

𝐽𝐽𝑒𝑒𝑎𝑎𝑐𝑐,𝑁𝑁𝑎𝑎𝑣𝑣1.6 = 𝑔𝑔𝑁𝑁𝑎𝑎𝑣𝑣1.6,𝑒𝑒𝑎𝑎𝑐𝑐 ⋅ 𝑃𝑃𝑁𝑁𝑎𝑎𝑣𝑣1.6 ⋅ (𝑉𝑉𝑒𝑒𝑐𝑐 − 𝐸𝐸𝑒𝑒𝑎𝑎) 

𝑃𝑃𝑁𝑁𝑎𝑎𝑣𝑣1.6 =  𝑠𝑠𝑐𝑐𝑁𝑁𝑎𝑎𝑣𝑣1.6
3 ∗ 𝑑𝑑𝑐𝑐𝑁𝑁𝑎𝑎𝑣𝑣1.6 

𝜏𝜏𝑎𝑎𝑁𝑁𝑁𝑁𝑐𝑐𝑣𝑣1.6 ⋅
𝑠𝑠�𝑠𝑠𝑐𝑐𝑁𝑁𝑎𝑎𝑣𝑣1.6�

𝑠𝑠𝑠𝑠
= 𝑠𝑠𝑐𝑐∞,𝑁𝑁𝑎𝑎𝑣𝑣1.6 − 𝑠𝑠𝑐𝑐𝑁𝑁𝑎𝑎𝑣𝑣1.6 

𝜏𝜏𝑐𝑐𝑁𝑁𝑁𝑁𝑐𝑐𝑣𝑣1.6 ⋅
𝑠𝑠�𝑑𝑑𝑐𝑐𝑁𝑁𝑎𝑎𝑣𝑣1.6�

𝑠𝑠𝑠𝑠
= 𝑑𝑑𝑐𝑐∞,𝑁𝑁𝑎𝑎𝑣𝑣1.6 − 𝑑𝑑𝑐𝑐𝑁𝑁𝑎𝑎𝑣𝑣1.6 

𝜏𝜏𝑎𝑎𝑁𝑁𝑁𝑁𝑐𝑐𝑣𝑣1.6 =
1

8 ∗ 𝑑𝑑𝑑𝑑𝑖𝑖 �
𝑉𝑉𝑒𝑒𝑐𝑐
70 � + 0.4 ⋅ 𝑑𝑑𝑑𝑑𝑖𝑖 �−

𝑉𝑉𝑒𝑒𝑐𝑐
50 �

 

𝜏𝜏𝑐𝑐𝑁𝑁𝑁𝑁𝑐𝑐𝑣𝑣1.6 =  �0.161 ⋅ 𝑑𝑑𝑑𝑑𝑖𝑖 �−
𝑉𝑉𝑒𝑒𝑐𝑐
15.4

�� 

𝑠𝑠𝑐𝑐∞,𝑁𝑁𝑎𝑎𝑣𝑣1.6 =
1

1 + 𝑑𝑑𝑑𝑑𝑖𝑖 �−
𝑉𝑉𝑒𝑒𝑐𝑐 + 39

8 �
 

𝑑𝑑𝑐𝑐∞,𝑁𝑁𝑎𝑎𝑣𝑣1.6 =
1

1 + 𝑑𝑑𝑑𝑑𝑖𝑖 �
𝑉𝑉𝑒𝑒𝑐𝑐 + 69

7.6 �
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Table 3-1 – Maximal Conductances 
 Hair Cell Calyx, Inner Calyx, Outer Fiber 
𝑔𝑔𝑏𝑏𝑢𝑢𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒,𝑒𝑒𝑎𝑎𝑐𝑐 5 𝑠𝑠𝑛𝑛    
𝑔𝑔𝑘𝑘𝑒𝑒,𝑒𝑒𝑎𝑎𝑐𝑐 30 𝑠𝑠𝑛𝑛    
𝑔𝑔𝐻𝐻𝐻𝐻𝑁𝑁1,𝑒𝑒𝑎𝑎𝑐𝑐 4.2 𝑠𝑠𝑛𝑛    
𝑔𝑔𝑐𝑐𝑎𝑎,𝑒𝑒𝑎𝑎𝑐𝑐 3 𝑠𝑠𝑛𝑛    

𝑔𝑔𝑞𝑞𝑢𝑢𝑎𝑎𝑒𝑒𝑐𝑐𝑎𝑎,𝑒𝑒𝑎𝑎𝑐𝑐  0.13 𝑠𝑠𝑛𝑛   
𝑔𝑔𝐾𝐾𝑣𝑣7.4,𝑒𝑒𝑎𝑎𝑐𝑐  19.8 𝑠𝑠𝑛𝑛 4.2 𝑠𝑠𝑛𝑛  
𝑔𝑔𝐻𝐻𝐻𝐻𝑁𝑁2,𝑒𝑒𝑎𝑎𝑐𝑐  1.85 𝑠𝑠𝑛𝑛 1.85 𝑠𝑠𝑛𝑛  
𝑔𝑔𝑀𝑀𝑅𝑅𝐸𝐸1,𝑒𝑒𝑎𝑎𝑐𝑐  4 𝑠𝑠𝑛𝑛 4 𝑠𝑠𝑛𝑛  
𝑔𝑔𝐵𝐵𝐷𝐷𝑛𝑛,𝑒𝑒𝑎𝑎𝑐𝑐    U: 1.88 𝑠𝑠𝑛𝑛 

HN: 1.88 𝑠𝑠𝑛𝑛 
N: 7.54 𝑠𝑠𝑛𝑛  

𝑔𝑔𝐿𝐿𝑐𝑐𝑒𝑒𝑒𝑒,𝑒𝑒𝑎𝑎𝑐𝑐     U: 1.88 𝑠𝑠𝑛𝑛 
HN: 0.09 𝑠𝑠𝑛𝑛 
N: 0.38  𝑠𝑠𝑛𝑛 

𝑔𝑔𝑁𝑁𝑎𝑎𝑣𝑣1.6,𝑒𝑒𝑎𝑎𝑐𝑐    U: 5.65 𝑠𝑠𝑛𝑛 
HN: 282.74 nS   
N: 282.74 𝑠𝑠𝑛𝑛 

     
Surface areas: Hair Cell - (340.21 𝜇𝜇𝜇𝜇2), Hair cell basolateral membrane and inner 
calyx membrane (294.63 𝜇𝜇𝜇𝜇2),  and outer calyx membrane (288.33 𝜇𝜇𝜇𝜇2). U: 
Unmyelinated region, HN: Hemi Node, N: Node. When calculating current densities 
the above values are divided by the surface area of the corresponding section of 
membrane. 
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Chapter 4 

4. Results and Discussion 

The PDEs and ODEs describing the governing equations for potential and 

concentration were solved using COMSOL 5.5, a finite element modelling software 

and solver.  Matlab was utilized to describe the quantal current. The input to the 

model was either step or sinusoidal displacement of the hair bundle. 

Mechanotransduction, synaptic currents, the effects of varying gKL, KCC, and Kv7.4 and 

the frequency response of the fiber to sinusoidal bundle stimulation are all discussed 

in the following sections. The model is validated by comparison to experiments; the 

model captures experimentally observed retrograde NQ transmission (Figure 4-1, 

Figure 4-5 and Figure 4-7), firing patterns in response to sinusoidal stimuli (Figure 

4-9), and variations in Kv7.4 (Figure 4-10). 
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4.1. Mechanotransduction of Bundle Displacement 

IMET increases during excitatory bundle displacement and decreases during negative, 

inhibitory, bundle displacement.  However, some transient reductions in IMET during 

excitatory bundle displacement can also be seen. These reductions are a result of 

retro-grade transmission (Figure 4-1, black arrow) from the afferent calyx. Spiking in 

the afferent transiently changes membrane voltages across inner calyx membrane, 

Figure 4-1 – IMET generated by Step and Sinusoidal (20 Hz) Bundle 
Displacement. 
Displ: Displacement of the hair cell bundle. PMET : Open probability of the 
mechanotransduction channels. IMET : The total current entering the hair cell 
through the mechanotransduction channels. A negative sign indicates an inward 
current into the hair cell. A: Mechanotransduction of step bundle stimulus. A 
displacement of 1000 nm is applied for 50 ≤ 𝑠𝑠 ≤ 300 𝜇𝜇𝑠𝑠. Black arrow points to 
transient changes in IMET due to retrograde transmission.  B: 20 Hz sinusoidal 
displacement of the hair bundle with an amplitude of 1000 nm. Here, the quantal 
current is disabled. Only the non-quantal behavior is shown. 

A B 
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and the hair cell membrane. This decreases the amount of outward current from the 

basolateral surface of the hair cell (Figure 4-2) and temporarily depolarizes hair cell 

potential. The depolarization of the hair cell potential decreases the driving force of 

IMET and causes the transient reductions in current as seen Figure 4-1. 

4.2. Synaptic Currents 

In Figure 4-2 the time dependence of all the individual currents in the synaptic 

cleft are shown in response to bundle displacement or sinusoidal stimulation. 

Currents through gKL, and Kv7.4 are large in magnitude. At rest both currents are 

outward, into the synaptic cleft. During excitatory bundle stimulation, the hair cell is 

depolarized due to increased IMET (Figure 4-1) and the driving force for outward 

current through gKL is increased. This causes an increase in cleft potential and 

potassium in the synaptic cleft (Figure 4-7 B & C). The rise in cleft potential leads to 

the a 4-5 mV hyperpolarization of the inner calyx membrane ( 𝑉𝑉𝑒𝑒𝑐𝑐𝑐𝑐 = 𝜙𝜙𝑐𝑐𝑎𝑎𝑒𝑒𝑒𝑒𝑐𝑐 − 𝜙𝜙𝑐𝑐𝑒𝑒𝑒𝑒𝑐𝑐𝑐𝑐 

becomes more negative) and potassium accumulation makes the Nernst potential 

𝐸𝐸𝑘𝑘,𝑐𝑐𝑐𝑐 more positive by nearly 15 mV. In conjunction both processes reduce the 

outward driving force (𝑉𝑉𝑒𝑒𝑐𝑐𝑐𝑐 − 𝐸𝐸𝑘𝑘,𝑐𝑐𝑐𝑐) for current through Kv7.4. This depolarizes the 

calyx (non-quantal transmission) and leads to spiking in the afferent fiber. When 

spikes occur the calyx is transiently depolarized and suddenly the outward driving 

force for currents through Kv7.4 increases, this process is responsible for the large 

spikes of outward current through Kv7.4 (Figure 4-2). In turn this leads to a transient 
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~ 10 mV depolarization of cleft potential, small ~0.25 mM increase in cleft potassium, 

Figure 4-2 – Currents Facing the Synaptic Cleft 
A: Synaptic currents during step bundle stimulus. A displacement of 1000 nm is 
applied for 50 ≤ 𝑠𝑠 ≤ 300 𝜇𝜇𝑠𝑠. The black arrow indicates the change in current 
through gKL involved in retrograde transmission. B: Synaptic currents during a 20 
Hz sinusoidal displacement of the hair bundle with an amplitude of 1000 nm. Here, 
the quantal current is disabled. Only the non-quantal behavior is shown. Currents 
with negative values are inward, into the hair cell or calyx, those with positive values 
are outward. 

A B 
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a reduction in outward driving force through gKL (Figure 4-2, black arrow) and is the 

primary source of the retrograde transmission to the hair cell. It is also seen that the 

calcium currents are smaller in magnitude during high frequency bundle stimulus of 

equal amplitude to step stimulus. This suggests that the release probability for 

vesicles will likely be less at higher frequencies and that a non-quantal mode of 

transmission may be beneficial. The frequency response of the afferent fiber is 

presented in Figure 4-13. The current through HCN channels on both the hair cell and 

calyx membranes is small in size, comparable to the current through the sodium 

potassium ATPase. However, the HCN currents are inward and serve to repolarize 

their respective compartments. The reduction in inward current through HCN1 

during step displacement is due to the increased outward driving force for K+ ions. 

ERG1 (Kv11.1) channels appear to provide a small hyperpolarizing influence to their 

compartments. The potassium flux through KCC4, a potassium chloride co-

transporter, as implemented in the model is fairly large, but the transport is 

electroneutral and does not affect the potential in either the synaptic cleft nor the 

calyx. 
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4.3. Effects of Calyx Size on Resting [K+]Cleft and VCleft 

To observe the role of the size of the calyx on resting [K+]Cleft and VCleft, the model was 

run with calyx height reduced to ½ and ¼ of the whole value (11.34 μm) implemented 

thus far in the model. Potassium accumulation and cleft potential approached their 

corresponding values in perilymph as calyx size was reduced. This supports the idea 

that the calyx enables gradients in electrical potential and ion concentration within 

the synaptic cleft and permit unique modes of NQ transmission which may not occur 

in smaller bouton like synapses which do not have a large contact area with pre-

synaptic cells. 

1
4 

Figure 4-3 – Effects of Calyx Size on Resting [K+]Cleft and VCleft.  
 [K+]Cleft and VCleft are shown at 𝒕𝒕 = 𝟎𝟎 ms along the length of the calyx from base to apex 
(Y-Axis). The model was run with the calyx reduced to half or quarter of its size. [K+]Cleft 
and VCleft at rest are seen to diminish with as calyx size is reduced. Here, the quantal 
current is disabled. Only the non-quantal behavior is shown. 
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4.4. Influence of KCC and gKL on resting [K+]Cleft and VCleft 

 Both the maximal flux through KCC and the maximal conductance of gKL were 

varied to observe their influence on [K+]Cleft and VCleft resting conditions calculated by 

the model before any stimulus was applied. Increasing the maximal flux through KCC 

reduced [K+]Cleft  and increased VCleft. Increasing the maximal conductance of gKL 

reduced resting [K+]Cleft and VCleft at rest. The changes in [K+]Cleft and VCleft are 

presented in Table 4-1 and Table 4-2 respectively and depicted in Figure 4-4. 

Table 4-1 – Influence of KCC and gKL on resting [K+]Cleft  (mM) 

gKL,max (nS) JKCC,max  𝑖𝑖𝑝𝑝/𝜇𝜇m2 

 1.0 1.5 2.0 2.5 3.0 
15 10.6 9.33 8.48 7.86 7.37 
20 10.4 9.2 8.4 7.81 7.34 
25 10.2 9.1 8.34 7.76 7.31 
30 10.1 9.01 8.28 7.72 7.28 
35 9.93 8.93 8.22 7.69 7.26 
40 9.82 8.86 8.17 7.65 7.23 
45 9.72 8.79 8.13 7.62 7.21 
50 9.63 8.73 8.09 7.59 7.19 
55 9.55 8.68 8.05 7.57 7.17 
60 9.48 8.63 8.02 7.54 7.15 
65 9.41 8.59 7.99 7.52 7.14 
70 9.35 8.55 7.96 7.5 7.12 
75 9.29 8.51 7.93 7.48 7.11 
80 9.24 8.47 7.9 7.46 7.09 
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Table 4-2 – Influence of KCC and gKL on resting VCleft (mV) 

gKL,max (nS) JKCC,max  𝑖𝑖𝑝𝑝/𝜇𝜇m2 

 1.0 1.5 2.0 2.5 3.0 
15 0.13 0.64 1.01 1.31 1.56 
20 0.12 0.62 1.00 1.30 1.56 
25 0.10 0.60 0.98 1.29 1.55 
30 0.09 0.58 0.97 1.28 1.54 
35 0.07 0.57 0.95 1.27 1.53 
40 0.05 0.55 0.93 1.25 1.52 
45 0.04 0.53 0.92 1.24 1.51 
50 0.02 0.51 0.90 1.23 1.50 
55 0.01 0.50 0.89 1.21 1.49 
60 -0.01 0.49 0.88 1.20 1.48 
65 -0.02 0.47 0.86 1.19 1.47 
70 -0.03 0.46 0.85 1.18 1.46 
75 -0.04 0.45 0.84 1.17 1.45 
80 -0.05 0.44 0.83 1.16 1.45 

Figure 4-4 – Effects of varying maximal flux and conductance of KCC and gKL on 
resting [K+]Cleft and VCleft at rest. 
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4.5. Influence of KCC on NQ synaptic transmission 

Although the potassium chloride co-transporter KCC4 is known to be 

expressed in the afferent calyx (Ho, Goldberg, and Lysakowski 2007), its activity has 

not been characterized. In his model, Goldberg (1996) observed that eliminating 

potassium accumulation from the cleft would require transport rates significantly 

faster than seen in other tissues. However, there is a balance to be struck, excessive 

or prolonged potassium accumulation in the cleft would lead to a constant 

depolarization of the hair cell and calyx, via a reduction in the outward current 

through gKL and Kv7.4. Both effects entail a reduction in sensitivity of the afferent to 

the transduction of vestibular stimulus by the hair cell, and sustained depolarization 

may deplete available synaptic vesicles. The maximal flux through KCC was chosen 

such that, at rest, potassium concentration in the synaptic cleft is relatively close, 

within 5 mM of the potassium concentration in perilymph. This maximal flux was then 

varied as a parameter to observe the role of potassium accumulation in the synaptic 

cleft (Figure 4-5 and Figure 4-6). As expected, the reduction of the maximal flux 

through KCC increases potassium accumulation and depolarizes both the hair cell and 

calyx. However, even the lower maximal flux value tested would support a flux 

equivalent to a ~100 pA current. This is still sizeable and of the same order of 

magnitude as the current through gKL and Kv7.4. Lowering KCC even further will likely 

lead to hyperexcitability of the neuron. To prevent this either fast transport rates are 

necessary or vestibular afferents must express large outward potassium 
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conductances elsewhere along the fiber and outer face of the calyx.  A phase plane 

A 

Figure 4-5 – Effects of KCC Variation 
The maximum flux through KCC is varied to investigate the role of potassium 
accumulation in the cleft during a step bundle stimulus of 1000 nm applied for 50 ≤
𝑠𝑠 ≤ 300 𝜇𝜇𝑠𝑠. A Increased potassium accumulation depolarizes hair cell potential. B 
Potassium concentration in the synaptic cleft. C Increased potassium accumulation 
reduces cleft potential. D Increased potassium accumulated depolarizes the afferent 
calyx. Here, the quantal current is disabled. Only the non-quantal behavior is shown. 

B 

C 

D 
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plot of [K+]Cleft and VCleft as a function of hair cell potential was generated after action 

potential generation was disabled to show only the impacts of NQ transmission 

between the hair cell and calyx (Figure 4-6). Increasing the maximal flux through KCC 

resulted in the resting potential of the hair cell becoming more negative, reduced the 

maximum depolarization of hair cell potential, decreased the rate of change of [K+]Cleft 

Figure 4-6 – Effects of KCC variation – Rate of change of  [K+]Cleft and VCleft 

A step bundle stimulus of 1000 nm was applied for 50 ≤ 𝑠𝑠 ≤ 300 𝜇𝜇𝑠𝑠. The maximum 
conductance of gKL was varied to illustrate its effect on the rate of change of [K+]Cleft 
and VCleft as a function of hair cell potential. Here action potential generation was 
disabled so that only the impacts of transmission between the hair cell and calyx are 
seen. Increasing KCC made the resting potential of the hair cell more negative, 
reduced the maximum depolarization of hair cell potential, decreased the rate of 
change of [K+]Cleft and increased the rate of change of VCleft. Here, the quantal current 
is disabled. Only the non-quantal behavior is shown. 
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and increased the rate of change of VCleft. There is currently no available measurement 

of KCC activity at the vestibular hair cell-calyx synapse. Nonetheless, these parameter 

variations using the model permit the exploration of possible roles of transporters at 

the VHCC synapse. 

4.6. Influence of gKL on NQ synaptic transmission 

The low voltage activated potassium conductance (gKL) is characteristic of 

type I hair cells. Its large conductance and negative 𝑉𝑉1/2 values lead the hair cell to sit 

at relatively hyperpolarized resting potentials ~-72 mV. gKL is involved in the 

phenomena of resistive coupling (Contini, Holstein, and Art 2020) which we 

hypothesize is due to its large conductance and thus its ability to quickly change cleft 

potential during the onset of sudden or high frequency stimulus. To test this idea, 

maximal conductance value of gKL was varied as a parameter during  step bundle 

displacement (Figure 4-7).  Increasing the maximum conductance of gKL led to a faster 

change in cleft potential and more depolarized cleft potentials at both the onset and 

duration of the stimulus. Interestingly, although the time to first spike was decreased, 

the interspike intervals grew in size. This is likely due to a smaller change reduction 

in the outward driving force of Kv7.4 due to reduced accumulation of potassium in the 

synaptic cleft. A phase plane plot of [K+]Cleft and VCleft as a function of hair cell potential 

was generated after action potential generation was disabled to show only the 
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impacts of NQ transmission between the hair cell and calyx. Increasing gKL resulted in  

Figure 4-7 – Effects of gKL variation 
The maximum conductance of gKL is varied to investigate its possible role in ephaptic 
transmission during a step bundle stimulus of 1000 nm applied for 50 ≤ 𝑠𝑠 ≤ 300 𝜇𝜇𝑠𝑠. 
Increasing gKL A Hyperpolarized hair cell potential. B Reduced the magnitude of 
potassium accumulation in the cleft. C Increased the depolarization of cleft potential 
at the both onset and duration of the step bundle displacement. D Reduced time to 
first spike but increased inter spike interval. Here, the quantal current is disabled. Only 
the non-quantal behavior is shown. 

B 

C 

D 

A 
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the resting potential of the hair cell becoming more negative, reduced the maximum 

depolarization of hair cell potential, and increased the rate of change of both [K+]Cleft 

and VCleft.  In addition the the maximal conductances of 15, 30 and 45 nS used 

previously which reflect lower neonatal conductances, 80 nS maximal gKL 

conductance was also modelled as it is more indicative of gKL in mature mice. The 

greater rate of change of [K+]Cleft and VCleft afforded by increased gKL may suggest a 

possible adaptation for faster transmission.  

Figure 4-8 – Effects of gKL variation – Rate of change of  [K+]Cleft and VCleft 

A step bundle stimulus of 1000 nm was applied for 50 ≤ 𝑠𝑠 ≤ 300 𝜇𝜇𝑠𝑠. The maximum 
conductance of gKL was varied to illustrate its effect on the rate of change of [K+]Cleft and 
VCleft as a function of hair cell potential. Here action potential generation was disabled so 
that only the impacts of transmission between the hair cell and calyx are seen. Increasing 
gKL made the resting potential of the hair cell more negative, reduced the maximum 
depolarization of hair cell potential, increased the rate of change of both [K+]Cleft and VCleft. 
Here, the quantal current is disabled. Only the non-quantal behavior is shown. 
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4.7. Influence of Kv7.4 on Afferent Firing Patterns 

The Kv7.4 channel is found on both inner and outer face of the calyx 

(Lysakowski et al. 2011) and its expression is known to vary by location in the 

maculae and cristae. Central and striolar zone calyces are known to have more 

transient firing patterns and have greater expression of Kv7.4. The Kv7.x family of 

potassium channels are known to affect the firing patterns of vestibular afferents. 

(Kalluri, Xue, and Eatock 2010). Variation of the maximal conductance of Kv7.4 

showed that the model can capture transient, sustained and spontaneous firing as 

Figure 4-9 – Effects of pharmacologically blocking Kv7 and Kv1 channels 
(Experiment) 
It was shown that the application of Kv7 channel blockers converts the firing pattern 
of the fiber from transient to sustained. (Kalluri et al. 2010) – Figure 9 
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Kv7 potassium conductances in the afferent calyx are reduced - this matches the 

experimentally observed effects on afferent firing (Figure 4-9 and Figure 4-10).   

 
Model  

 

Experiment 
Observation of different firing 
patterns in vestibular ganglion 
neurons. (Kalluri et al. 2010) 

Figure 4-10 – Effects of Kv7.4 Variation on afferent spike patterns  
The maximum conductance of Kv7.4 was varied as a parameter during step bundle 
displacement to observe the effect on afferent firing patterns. At the low Kv7.4 
conductance values, the afferent became more excitable and exhibited spontaneous 
firing and an increased spike rate during bundle displacement, the coefficient of 
variation (CoV) was 0.43. At the intermediate conductance value, spontaneous firing 
did not occur but the afferent displayed a sustained firing in response to step 
displacement of the hair bundle The CoV was 0.47. At the high conductance value, the 
afferent exhibited a transient response and fired a single spike following at stimulus 
onset. Here, the quantal current is disabled. Only the non-quantal behavior is shown. 
 



 
72 

 

4.8. Components of NQ Transmission – Step Bundle Displacement 

The contributions of potassium accumulation and ephaptic coupling to NQ 

transmission have been difficult to delineate. The VHCC model makes this possible 

for the first time. To observe the role of ephaptic coupling in NQ transmission, the 

concentration in the synaptic cleft was fixed to 5 mM and the potential in the cleft was 

left to vary. To observe the role of potassium accumulation the potential in the 

synaptic cleft was fixed at 0 mV and the potassium concentration left to vary. In both 

cases, a step bundle stimulus of 150 nm was applied for 50 ≤ 𝑠𝑠 ≤ 300 𝜇𝜇𝑠𝑠 and the rate 

of change of calyx potential was plotted. The smaller displacement value was chosen 

to prevent the occurrence of action potentials and ensure only anterograde NQ 

transmission occurred. The ephaptic component was near instantaneous and had a 

Potassium 
Accumulation  

Non-Quantal Ephaptic 

Figure 4-11 - Components of NQ Transmission 
A step bundle stimulus of 150 nm was applied for 50 ≤ 𝑠𝑠 ≤ 300 𝜇𝜇𝑠𝑠. The rate of 
change of calyx voltage (dVcalyx/dt) in units of mV/ms is plotted against time to 
delineate the role of ephaptic coupling and potassium accumulation in the cleft in 
non-quantal transmission. Here, the quantal component was disabled. 

dV
ca

ly
x/

dt
 

Time (ms) 
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greater maximal amplitude. The maximal rate of change of calyx potential ascribed to 

potassium accumulation is smaller in magnitude but greater in duration.  

4.9. Hair Cell-Calyx Response to Sinusoidal Bundle Displacement 

The response of the afferent fiber to sinusoidal stimulation of different frequencies 

was investigated.  Here, the quantal current was enabled in order to investigate the 

role of quantal and non-quantal transmission to neural encoding in the vestibular 

system. The model successfully captures non-quantal and quantal responses to  

sinusoidal stimuli as seen in experimental recordings (Figure 4-12 & Figure 4-13). 

The quantal current is seen to diminish in size with an increase in stimulus frequency. 

To further investigate the frequency response of NQ transmission through potassium 

accumulation and ephaptic coupling, the potential in the hair cell was varied in 

sinusoidal fashion at 2, 20 and 100 Hz. Amplitude of variation was 10 mV. The model 

was run in the ephaptic only and potassium accumulation only modes as described in 

section 4.8 and the change in calyx potential was recorded. Action potential 

generation was disabled by increasing the activation time constant of sodium 

channels distributed on the afferent fiber to permit transmission from hair cell to 

calyx to be viewed clearly with minimal influence of nodal currents. Transmission due 

to potassium accumulation was seen to exhibit low pass behavior – it diminished in 

magnitude with increasing frequency. Meanwhile transmission due to ephaptic 

coupling remained relatively uniform in magnitude across all frequencies tested (2-
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100 Hz). Both effects are shown in Figure 4-14 for 2, 20 and 100 Hz variation of hair 

cell potential. Quraishi (2007) suggested that ephaptic coupling may exhibit high-

pass behavior, however these results show that the change in calyx potential due to 

Figure 4-12: Afferent Fiber Response to Sinusoidal Stimuli (Experiment).  
The quantal and non-quantal response of afferent fibers to sinusoidal hair bundle 
displacement (Songer & Eatock 2013). 
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Figure 4-13 – Frequency Response of the Afferent Fiber 
To evaluate the frequency response of the afferent fiber, the model was evaluated 
for 5 cycles of 2, 5, 10, 20, 40, 60, 80 and 100 Hz sinusoidal hair bundle 
displacement. The voltages shown are from the first node on the afferent fiber. A 
The quantal current is disabled. The non-quantal response is shown. B The quantal 
current is enabled. The quantal + nonquantal response is shown. C Three cycles of 
2 hz, 20 Hz, and 80 Hz from A. D Three cycles of 2 hz, 20 Hz, and 80 Hz from B. The 
quantal current (orange) entering the afferent calyx is also shown. C & D The 
number of spikes per cycle varies with frequency. E Variation in cleft sodium 
concentration with the quantal current in D. 

C 

D 

E 

B 
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ephaptic coupling rather closely follows changes in hair cell potential across the 

physiological frequency range and is equally effective at all frequencies. These results 

suggest that ephaptic coupling and potassium accumulation work together to 

enhance synaptic transmission at all frequencies.  

 

   

Figure 4-14 - Components of NQ Transmission upon Sinusoidal Variation of 
Hair Cell Potential. 
A Hair cell potential was varied sinusoidally with an amplitude of 10 mV at 2,20 and 
100 Hz. B The corresponding change in calyx potential is shown in the potassium 
accumulation only, ephaptic only cases and with both enabled (NQ).  Here, the quantal 
component was disabled.  

Potassium accumulation is shown to exhibit low pass behavior.  The ephaptic 
component has almost no variation in magnitude when stimulus frequency is altered. 

B 

A 



 
77 

 

4.10. Importance of this work 

This is the first model of the Vestibular Calyx to capture non-quantal and 

quantal driven spiking and consider the sodium concentration in the synaptic cleft. It 

forms a foundation for consolidating knowledge of channel expression and kinetics 

in the vestibular periphery. The simulations presented in this work are consistent 

with the observed variation of firing pattern by region in the maculae of the utricle 

and saccule, and the cristae of semicircular ducts. The model provides valuable 

insight into the function of ion channels in the encoding of vestibular stimuli and has 

advanced our understanding of the interplay between non-quantal transmission and 

quantal transmission at the type I hair cell – calyx synapse. In particular, the results 

suggest that that ephaptic coupling occurs at the VHCC synapse for all frequencies of 

interest to the vestibular system and does not exhibit high-pass behavior as 

previously thought.  

4.11. Summary of Results 

The model simulates currents and fluxes through channels and transporters 

(Figure 4-1and Figure 4-2) to  calculate the dynamic changes in potentials in the hair 

cell, synaptic cleft and afferent calyx as well as the sodium and potassium 

concentration in the cleft.  The calyx is thought to limit the diffusion of ions in the 

synaptic cleft, to verify proper operation of the model I varied the size of the calyx and 

found that a larger calyx supports greater potassium accumulation and potentials in 
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the synaptic cleft (Figure 4-3) at rest. This is consistent with the idea that the unique 

calyx morphology of the synapse supports ion accumulation and changes in synaptic 

potential which can influence transmission between the hair cell and afferent. The 

transporters responsible for potassium clearance in type I synapse are not well 

studied. I varied the maximum flux through KCC4, (Figure 4-4, Figure 4-5, and Figure 

4-6) a potassium chloride co-transporter known to be located on the inner membrane 

of the calyx, to investigate its possible contribution to transmission at the synapse. 

Consistent with expectation, lower clearance rates lead to increased depolarization 

of the afferent and altered spike patterns. gKL is the characteristic conductance on the 

type I hair cell. I varied the maximal conductance of gKL to explore its influence on the 

resting conditions and transmission characteristics (Figure 4-4, Figure 4-7 and Figure 

4-8). Increasing gKL hyperpolarized hair cell potential, reduced the magnitude of 

potassium accumulation in the cleft, increased the depolarization of cleft potential at 

the both onset and duration of the step bundle displacement, reduced time to first 

spike but increased inter spike interval and increased the rate of change of potential 

in the synaptic cleft. Kv7.4 is known to be present in significant quantities on the inner 

face of the calyx and also on the outer face. Its distribution is also known to vary 

between the central and peripheral zones. By altering the conductance density of 

Kv7.4 in the model I was able to predict the typical firing patterns transient, sustained 

and spontaneous, found in the vestibular system (Figure 4-9and Figure 4-10). I also 

evaluated the firing patterns in the afferent fiber in response to different frequencies 

of sinusoidal bundle displacement (Figure 4-13). The frequency response of the fiber 
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and the occurrence of spikes at particular points of the stimulus wave form were 

similar to that reported in vestibular literature. The above results validate the 

operation and implementation of the model. 

To delineate the effects of potassium accumulation and ephaptic coupling on 

synaptic transmission, I ran simulations where either the potential in the synaptic 

cleft or the ion concentrations in the synaptic cleft were fixed and the other property 

was left to vary. In both conditions step and sinusoidal stimuli were applied. Ephaptic 

effects at the VHCC synapse were previously thought to be small and possibly exhibit 

high-pass behavior but the results of these simulations showed that ephaptic 

coupling can play a significant role at all frequencies of interest in the vestibular 

system (Figure 4-11 and Figure 4-14). The change in cleft potential by the rapid efflux 

of potassium from the hair cell through the large low voltage activated conductance 

gKL appears to be the primary mechanism affecting the rate of change of potential in 

the synaptic cleft (Figure 4-8) and thus ephaptic coupling. Potassium accumulation 

works in conjunction with ephaptic coupling by altering the potassium Nernst 

potential across the inner calyx membrane after stimulus onset. Both mechanisms 

serve to quicken transmission between the hair cell and afferent calyx. The above 

insights into the role and mechanisms of ephaptic coupling at the VHCC synapse 

constitute the novel contribution of this work. 
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4.12. Future Directions 

The model contains multiple channels and currents, many are described by 

empirical fits of channel kinetics and known magnitudes of current observed by 

electrophysiological studies, but there is still room for much improvement. In 

particular, the implementation of EPSC can be improved with a better description of 

calcium channel kinetics. Type II hair cells and efferent neurons can contact the outer 

face of the calyx or locations on the descending afferent fiber (Figure 4-15), the model 

could be expanded to include their contributions.  The adaptation of the 

mechanotransduction current and of synaptic vesicle release were not included in the 

model. These processes could be added to better approximate physiological 

responses. 

Figure 4-15 – Neural Circuits in Vestibular Sensory Epithelia 
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The model is an effective testbed to evaluate the effects of gain of function and 

loss of function mutations on stimulus encoding by the vestibular afferent. Kv7.4 

knockout mice exhibit severe vestibular impairment and circling behavior (Spitzmaul 

et al. 2013).  I varied the density of Kv7.4  in the afferent calyx (Figure 4-10) and found 

that decreasing Kv7.4 density led to increased afferent excitability and spontaneous 

firing. This finding suggests that in Kv7.4 knockout mice vestibular afferents may have 

fired spontaneously and at excessive rates. Such firing would presumably manifest as 

a false sense of rotation and invoke a corrective response – the circling behavior. 

Other diseases conditions can similarly be explored by changing channel conductance 

and kinetics. 

In addition, the model has value for the development of vestibular implants. 

Electric fields and currents could be applied to the hair cell, calyx or afferent fiber to 

perform a comparative study of afferent encoding in response to natural bundle 

stimulus and current stimulus delivered by electrodes. Lastly, the voltage signal from 

the afferent fiber could be fed into models of neurons at the next step of the vestibular 

pathway or in parts of the central nervous system. 
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Appendix A 

 

Weak form 

Consider a PDE of form 

𝑠𝑠𝑇𝑇
𝑠𝑠𝑑𝑑

= 𝛼𝛼
𝑠𝑠2𝑇𝑇
𝑠𝑠𝑑𝑑2

+ 𝑛𝑛 

Where S represents a source term. 

The PDE is typically converted into weak form with the following steps: 

1. Rearrange the PDE such that the terms are equal to 0 

𝑠𝑠𝑇𝑇
𝑠𝑠𝑠𝑠

− 𝛼𝛼
𝑠𝑠2𝑇𝑇
𝑠𝑠𝑑𝑑2

− 𝑛𝑛 = 0 

The weak representation is enforced by stipulating that taking integral of this 

equation multiplied by a test or weighing function over the region of interest should 

equal 0. 

2. Multiply the above equation by a test function, here we denote it as ‘𝑇𝑇𝑐𝑐𝑒𝑒𝑚𝑚𝑐𝑐’ 

𝑇𝑇𝑐𝑐𝑒𝑒𝑚𝑚𝑐𝑐 �
𝑠𝑠𝑇𝑇
𝑠𝑠𝑠𝑠

− 𝛼𝛼
𝑠𝑠2𝑇𝑇
𝑠𝑠𝑑𝑑2

− 𝑛𝑛� = 0 

3. Take the integral of the above expression over the region of interest 
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� 𝑇𝑇𝑐𝑐𝑒𝑒𝑚𝑚𝑐𝑐 �
𝑠𝑠𝑇𝑇
𝑠𝑠𝑠𝑠

− 𝛼𝛼
𝑠𝑠2𝑇𝑇
𝑠𝑠𝑑𝑑2

− 𝑛𝑛�
Ω

𝑠𝑠𝑑𝑑 = 0 

The “weakening” occurs in the reduction of the order of the spatial derivative. 

This is achieved by using Green’s theorem or in the case of a domain that is 

1dimensional, integration by parts. 

4. Expand the integral 

� 𝑇𝑇𝑐𝑐𝑒𝑒𝑚𝑚𝑐𝑐 �
𝑠𝑠𝑇𝑇
𝑠𝑠𝑠𝑠
� 

Ω
𝑠𝑠𝑑𝑑 − 𝛼𝛼� 𝑇𝑇𝑐𝑐𝑒𝑒𝑚𝑚𝑐𝑐

𝑠𝑠2𝑇𝑇
𝑠𝑠𝑑𝑑2Ω

− �𝑇𝑇𝑐𝑐𝑒𝑒𝑚𝑚𝑐𝑐𝑛𝑛
Ω

= 0 

5. Weaken the order of the spatial derivative using Green’s theorem or 

integration by parts (∫ 𝑃𝑃 𝑠𝑠𝑐𝑐 = 𝑃𝑃𝑐𝑐 − ∫ 𝑐𝑐𝑠𝑠𝑃𝑃 ), here we treat 𝑒𝑒
2𝑀𝑀

𝑒𝑒𝑐𝑐2
 as the 𝑠𝑠𝑐𝑐 term and get: 

� 𝑇𝑇𝑐𝑐𝑒𝑒𝑚𝑚𝑐𝑐 �
𝑠𝑠𝑇𝑇
𝑠𝑠𝑠𝑠
� 

Ω
𝑠𝑠𝑑𝑑 − 𝛼𝛼 �𝑇𝑇𝑐𝑐𝑒𝑒𝑚𝑚𝑐𝑐 ⋅

𝑠𝑠𝑇𝑇
𝑠𝑠𝑑𝑑

−  �
𝑠𝑠𝑇𝑇𝑐𝑐𝑒𝑒𝑚𝑚𝑐𝑐
𝑠𝑠𝑑𝑑

⋅
𝑠𝑠𝑇𝑇
𝑠𝑠𝑑𝑑

 
Ω

 𝑠𝑠𝑑𝑑� −�𝑇𝑇𝑐𝑐𝑒𝑒𝑚𝑚𝑐𝑐𝑛𝑛
Ω

= 0 

In comsol, the convention is to have 0 on the left hand side: 

0 =  −� � 𝑇𝑇𝑐𝑐𝑒𝑒𝑚𝑚𝑐𝑐 �
𝑠𝑠𝑇𝑇
𝑠𝑠𝑠𝑠
� 

Ω
𝑠𝑠𝑑𝑑 − 𝛼𝛼 �𝑇𝑇𝑐𝑐𝑒𝑒𝑚𝑚𝑐𝑐 ⋅

𝑠𝑠𝑇𝑇
𝑠𝑠𝑑𝑑

−  �
𝑠𝑠𝑇𝑇𝑐𝑐𝑒𝑒𝑚𝑚𝑐𝑐
𝑠𝑠𝑑𝑑

⋅
𝑠𝑠𝑇𝑇
𝑠𝑠𝑑𝑑

 
Ω

 𝑠𝑠𝑑𝑑� − �𝑇𝑇𝑐𝑐𝑒𝑒𝑚𝑚𝑐𝑐𝑛𝑛 𝑠𝑠𝑑𝑑
Ω

� 

0 =  − �−𝛼𝛼𝑇𝑇𝑐𝑐𝑒𝑒𝑚𝑚𝑐𝑐 ⋅
𝑠𝑠𝑇𝑇
𝑠𝑠𝑑𝑑

+ � �𝑇𝑇𝑐𝑐𝑒𝑒𝑚𝑚𝑐𝑐 �
𝑠𝑠𝑇𝑇
𝑠𝑠𝑠𝑠
� −

𝑠𝑠𝑇𝑇𝑐𝑐𝑒𝑒𝑚𝑚𝑐𝑐
𝑠𝑠𝑑𝑑

⋅
𝑠𝑠𝑇𝑇
𝑠𝑠𝑑𝑑

− 𝑇𝑇𝑐𝑐𝑒𝑒𝑚𝑚𝑐𝑐𝑛𝑛� 𝑠𝑠𝑑𝑑 
Ω

�  

Governing Equations in Weak form 

Using the approach described above, the governing equations described in 

section 3.3 were entered as the following “weak expressions”. ‘Tr’ and ‘Tz’ are comsol 
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functions representing tangential derivatives with respect to r and z respectively. The 

‘test( )’ function in the equations below corresponds with the usage of test function 

in the example above. 

Potassium Concentration in the Cleft: 

0 = −𝑠𝑠 ⋅ 𝐷𝐷𝑖𝑖 ⋅ (𝑠𝑠𝑑𝑑𝑠𝑠𝑠𝑠(𝑐𝑐𝑖𝑖𝑇𝑇𝑠𝑠) ⋅ 𝑐𝑐𝑖𝑖𝑇𝑇𝑠𝑠 +  𝑠𝑠𝑑𝑑𝑠𝑠𝑠𝑠(𝑐𝑐𝑖𝑖𝑇𝑇𝑧𝑧) ⋅ 𝑐𝑐𝑖𝑖𝑇𝑇𝑧𝑧)  −  𝑠𝑠 ⋅ 𝐷𝐷𝑖𝑖 ⋅ 𝑐𝑐𝑖𝑖/26

⋅ (𝑠𝑠𝑑𝑑𝑠𝑠𝑠𝑠(𝑐𝑐𝑖𝑖𝑇𝑇𝑠𝑠) ⋅ 𝑉𝑉_𝑐𝑐𝑖𝑖𝑑𝑑𝑜𝑜𝑠𝑠𝑇𝑇𝑠𝑠 +  𝑠𝑠𝑑𝑑𝑠𝑠𝑠𝑠(𝑐𝑐𝑖𝑖𝑇𝑇𝑧𝑧) ⋅ 𝑉𝑉_𝑐𝑐𝑖𝑖𝑑𝑑𝑜𝑜𝑠𝑠𝑇𝑇𝑧𝑧)  + 𝑠𝑠𝑑𝑑𝑠𝑠𝑠𝑠(𝑐𝑐𝑖𝑖) ⋅ 𝑠𝑠

⋅ (𝐽𝐽𝑖𝑖_𝜇𝜇ℎ +  𝐽𝐽𝑖𝑖_𝜇𝜇𝑐𝑐𝑑𝑑)/𝑤𝑤𝐶𝐶𝑖𝑖𝑑𝑑𝑜𝑜𝑠𝑠/𝐹𝐹 − 𝑠𝑠 ⋅ 𝑠𝑠𝑑𝑑𝑠𝑠𝑠𝑠(𝑐𝑐𝑖𝑖) ⋅ 𝑠𝑠(𝑐𝑐𝑖𝑖, 𝑠𝑠) 

 

Sodium Concentration in the Cleft: 

0 = � (−𝑠𝑠 ⋅ 𝐷𝐷𝑠𝑠𝑠𝑠 ⋅ (𝑠𝑠𝑑𝑑𝑠𝑠𝑠𝑠(𝑐𝑐𝑠𝑠𝑠𝑠𝑇𝑇𝑠𝑠) ⋅ 𝑐𝑐𝑠𝑠𝑠𝑠𝑇𝑇𝑠𝑠 +  𝑠𝑠𝑑𝑑𝑠𝑠𝑠𝑠(𝑐𝑐𝑠𝑠𝑠𝑠𝑇𝑇𝑧𝑧) ⋅ 𝑐𝑐𝑠𝑠𝑠𝑠𝑇𝑇𝑧𝑧) −  𝑠𝑠 ⋅ 𝐷𝐷𝑠𝑠𝑠𝑠
𝑒𝑒Ω

⋅ 𝑐𝑐𝑠𝑠𝑠𝑠/26 ⋅ (𝑠𝑠𝑑𝑑𝑠𝑠𝑠𝑠(𝑐𝑐𝑠𝑠𝑠𝑠𝑇𝑇𝑠𝑠) ⋅ 𝑉𝑉_𝑐𝑐𝑖𝑖𝑑𝑑𝑜𝑜𝑠𝑠𝑇𝑇𝑠𝑠 +  𝑠𝑠𝑑𝑑𝑠𝑠𝑠𝑠(𝑐𝑐𝑠𝑠𝑠𝑠𝑇𝑇𝑧𝑧) ⋅ 𝑉𝑉_𝑐𝑐𝑖𝑖𝑑𝑑𝑜𝑜𝑠𝑠𝑇𝑇𝑧𝑧 )

+ 𝑠𝑠𝑑𝑑𝑠𝑠𝑠𝑠(𝑐𝑐𝑠𝑠𝑠𝑠) ⋅ 𝑠𝑠 ⋅ ((𝐽𝐽𝑠𝑠𝑠𝑠_𝜇𝜇ℎ +  𝐽𝐽𝑠𝑠𝑠𝑠_𝜇𝜇𝑐𝑐𝑑𝑑)/𝑤𝑤𝐶𝐶𝑖𝑖𝑑𝑑𝑜𝑜𝑠𝑠)/𝐹𝐹 − 𝑠𝑠 ⋅ 𝑠𝑠𝑑𝑑𝑠𝑠𝑠𝑠(𝑐𝑐𝑠𝑠𝑠𝑠)

⋅ 𝑠𝑠(𝑐𝑐𝑠𝑠𝑠𝑠, 𝑠𝑠)) 𝑠𝑠𝑑𝑑 

Cleft Potential: 0 = ∫ � – �𝑠𝑠𝑑𝑑𝑔𝑔𝜇𝜇𝑠𝑠𝑐𝑐𝑒𝑒𝑒𝑒𝑐𝑐𝑐𝑐 ⋅ .6 +  �(𝐷𝐷𝑖𝑖 ⋅ 𝑐𝑐𝑖𝑖) + (𝐷𝐷𝑠𝑠𝑠𝑠 ⋅ 𝑐𝑐𝑠𝑠𝑠𝑠)� ⋅𝑒𝑒Ω

𝑝𝑝
26
� ⋅ 𝑤𝑤𝐶𝐶𝑖𝑖𝑑𝑑𝑜𝑜𝑠𝑠 ⋅ 𝑠𝑠 ⋅ �𝑠𝑠𝑑𝑑𝑠𝑠𝑠𝑠�𝑉𝑉𝑐𝑐𝑒𝑒𝑒𝑒𝑐𝑐𝑐𝑐𝑀𝑀𝑒𝑒� ⋅ 𝑉𝑉𝑐𝑐𝑒𝑒𝑒𝑒𝑐𝑐𝑐𝑐𝑀𝑀𝑒𝑒 + 𝑠𝑠𝑑𝑑𝑠𝑠𝑠𝑠�𝑉𝑉𝑐𝑐𝑒𝑒𝑒𝑒𝑐𝑐𝑐𝑐𝑀𝑀𝑧𝑧� ⋅ 𝑉𝑉𝑐𝑐𝑒𝑒𝑒𝑒𝑐𝑐𝑐𝑐𝑀𝑀𝑧𝑧� +  𝑠𝑠 ⋅ (−𝐷𝐷𝑖𝑖 ⋅ 𝐹𝐹 ⋅

𝑤𝑤𝐶𝐶𝑖𝑖𝑑𝑑𝑜𝑜𝑠𝑠) ⋅ �𝑠𝑠𝑑𝑑𝑠𝑠𝑠𝑠�𝑉𝑉𝑐𝑐𝑒𝑒𝑒𝑒𝑐𝑐𝑐𝑐𝑀𝑀𝑒𝑒� ⋅ (𝑐𝑐𝑖𝑖𝑇𝑇𝑠𝑠) +  𝑠𝑠𝑑𝑑𝑠𝑠𝑠𝑠�𝑉𝑉𝑐𝑐𝑒𝑒𝑒𝑒𝑐𝑐𝑐𝑐𝑀𝑀𝑧𝑧� ⋅ (𝑐𝑐𝑖𝑖𝑇𝑇𝑧𝑧)�+  𝑠𝑠 ⋅ (−𝐷𝐷𝑠𝑠𝑠𝑠 ∗ 𝐹𝐹 ⋅

𝑤𝑤𝐶𝐶𝑖𝑖𝑑𝑑𝑜𝑜𝑠𝑠) ⋅ �𝑠𝑠𝑑𝑑𝑠𝑠𝑠𝑠�𝑉𝑉𝑐𝑐𝑒𝑒𝑒𝑒𝑐𝑐𝑐𝑐𝑀𝑀𝑒𝑒� ⋅ (𝑐𝑐𝑠𝑠𝑠𝑠𝑇𝑇𝑠𝑠) +  𝑠𝑠𝑑𝑑𝑠𝑠𝑠𝑠�𝑉𝑉𝑐𝑐𝑒𝑒𝑒𝑒𝑐𝑐𝑐𝑐𝑀𝑀𝑧𝑧� ⋅ (𝑐𝑐𝑠𝑠𝑠𝑠𝑇𝑇𝑧𝑧)�+  𝑠𝑠𝑑𝑑𝑠𝑠𝑠𝑠�𝑉𝑉𝑐𝑐𝑒𝑒𝑒𝑒𝑐𝑐𝑐𝑐� ⋅ 𝑠𝑠 ⋅
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�𝐽𝐽𝑒𝑒ℎ + 𝐽𝐽𝑒𝑒𝑐𝑐𝑐𝑐 + 𝐶𝐶𝜇𝜇ℎ ⋅ 𝑉𝑉ℎ𝑐𝑐 + 𝐶𝐶𝜇𝜇𝑐𝑐𝑑𝑑 ⋅ 𝑠𝑠�𝑉𝑉𝑐𝑐𝑎𝑎𝑒𝑒𝑒𝑒𝑐𝑐, 𝑠𝑠�� −  (𝐶𝐶𝜇𝜇ℎ +  𝐶𝐶𝜇𝜇𝑐𝑐𝑑𝑑) ⋅ 𝑠𝑠 ⋅ 𝑠𝑠𝑑𝑑𝑠𝑠𝑠𝑠�𝑉𝑉𝑐𝑐𝑒𝑒𝑒𝑒𝑐𝑐𝑐𝑐� ⋅

𝑠𝑠�𝑉𝑉𝑐𝑐𝑒𝑒𝑒𝑒𝑐𝑐𝑐𝑐, 𝑠𝑠��  𝑠𝑠𝑑𝑑 

 

Calyx Potential: 

0 = � (−𝑠𝑠𝑑𝑑𝑔𝑔𝜇𝜇𝑠𝑠𝑐𝑐𝑎𝑎𝑒𝑒𝑒𝑒𝑐𝑐 ⋅ 𝑤𝑤𝐶𝐶𝑠𝑠𝑖𝑖𝑤𝑤𝑑𝑑 ⋅ 𝑠𝑠
𝑒𝑒Ω

⋅ �𝑠𝑠𝑑𝑑𝑠𝑠𝑠𝑠�𝑉𝑉𝑐𝑐𝑎𝑎𝑒𝑒𝑒𝑒𝑐𝑐𝑀𝑀𝑒𝑒� ⋅ 𝑉𝑉𝑐𝑐𝑎𝑎𝑒𝑒𝑒𝑒𝑐𝑐𝑀𝑀𝑒𝑒 +  𝑠𝑠𝑑𝑑𝑠𝑠𝑠𝑠�𝑉𝑉𝑐𝑐𝑎𝑎𝑒𝑒𝑒𝑒𝑐𝑐𝑀𝑀𝑧𝑧� ⋅ 𝑉𝑉𝑐𝑐𝑎𝑎𝑒𝑒𝑒𝑒𝑐𝑐𝑀𝑀𝑧𝑧� +  𝑠𝑠𝑑𝑑𝑠𝑠𝑠𝑠�𝑉𝑉𝑐𝑐𝑎𝑎𝑒𝑒𝑒𝑒𝑐𝑐�

⋅ 𝑠𝑠 ⋅ �−𝐽𝐽𝑒𝑒𝑐𝑐𝑐𝑐 − 𝐽𝐽𝑒𝑒𝑐𝑐 + 𝐶𝐶𝜇𝜇𝑐𝑐𝑑𝑑 ⋅ 𝑠𝑠�𝑉𝑉𝑐𝑐𝑒𝑒𝑒𝑒𝑐𝑐𝑐𝑐, 𝑠𝑠�� − (𝐶𝐶𝜇𝜇𝑐𝑐𝑑𝑑 + 𝐶𝐶𝜇𝜇𝑐𝑐𝑑𝑑) ⋅ 𝑠𝑠

⋅ 𝑠𝑠𝑑𝑑𝑠𝑠𝑠𝑠�𝑉𝑉𝑐𝑐𝑎𝑎𝑒𝑒𝑒𝑒𝑐𝑐� ⋅ 𝑠𝑠�𝑉𝑉𝑐𝑐𝑎𝑎𝑒𝑒𝑒𝑒𝑐𝑐, 𝑠𝑠� )  𝑠𝑠𝑑𝑑 

A guide to the usage of weakform is also available on the COMSOL website1.  

                                                        
 

1 https://www.comsol.com/blogs/how-to-implement-the-weak-form-for-
time-dependent-equations-2/ 

https://www.comsol.com/blogs/how-to-implement-the-weak-form-for-time-dependent-equations-2/
https://www.comsol.com/blogs/how-to-implement-the-weak-form-for-time-dependent-equations-2/
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Appendix B 

 

Matlab Code For the Creation and Summation of Mini-EPSCs: 

epscInit.m 
 

%% EPSC Communication Initializer 
function [message] = 
epscInit(studyDuration,timeIncrement) 
totTime = studyDuration; 
epsc = zeros(length(1:1:totTime*(1/timeIncrement) + 
1),1); 
message = length(epsc); 
currentdir = cd; 
cd('C:\Users\Aravind\Documents\MATLAB'); 
writematrix(epsc,'epsc.txt'); 
%cd(currentdir); 
end 

 
addEPSC.m 
 

function [message] = 
addEPSC(chance,onTime,offTime,studyDuration) 
    setstate(onTime,0.1,983396); 
    if chance > rand 
        %currentdir = cd; 
        %cd('C:\Users\Aravind\Documents\MATLAB'); 
        epsc = csvread('epsc.txt'); 
        epscShape = @(x) -(exp((-x./1.5))-1) .* 
exp((-x)./2.2) .* (1./0.3213); 
         
        offTime = round(offTime,1)*10; 
        onTime = round(onTime,1)*10; 
        studyDuration = studyDuration*10; 
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        if offTime > studyDuration 
            offTime = studyDuration; 
        end 
  
        epsc(onTime+1:1:offTime+1) =  
epsc(onTime+1:1:offTime+1)+epscShape( 
(0:1:(offTime-onTime))/10 )'; 
             
        writematrix(epsc,'epsc.txt'); 
        message = 1; 
        %cd(currentdir) 
        clear vars onTime offTime 
    else 
        message = 0; 
    end 
end 
 

 
queryEPSC.m 
 

function [epscValue] = queryEPSC(time) 
%currentdir = cd; 
cd('C:\Users\Aravind\Documents\MATLAB'); 
%epsc = csvread('epsc.txt'); 
%epscValue = epsc(round(time,1)*10 + 1); 
epscValue = 
csvread('epsc.txt',round(time,1)*10,0,[round(time,1
)*10,0,round(time,1)*10,0]);  
% For csv read the indices start from 0. For matlab 
variables indices start from one. That is why the 
expression here and in addEPSC look different. 
%writematrix(epsc,'epsc2.txt'); 
%cd(currentdir); 
end 
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