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Abstract— An accurate model of auditory nerve fibers (ANFs)
would help in improving cochlear implant (CI) functionality.
Previous studies have shown that the original Hodgkin–Huxley
(1952) model (with kinetics adjusted for mammalian body
temperature) may be better at describing nodes of Ranvier in
ANFs than models for other mammalian axon types. However,
the HH model is still unable to explain a number of phenomena
observed in auditory nerve responses to CI stimulation such
as long-term accommodation, adaptation and the time-course
of relative refractoriness. Recent physiological investigations of
spiral ganglion cells have shown the presence of a number
of ion channel types not considered in the previous modeling
studies, including low-threshold potassium (IKLT) channels and
hyperpolarization-activated cation (Ih) channels. In this paper
we investigate inclusion of these ion channel types in a stochastic
HH model. For single biphasic charge-balanced pulse, an
increase in spike threshold was typically produced by inclusion
of one or both of these channel types. The addition of IKLT
increases random threshold fluctuations in the stochastic model,
particularly for longer pulse widths. Pulse-train responses were
investigated for pulse rates of 200, 800, and 2000 pulse/s. Initial
results suggests that both the IKLT channels and Ih channels can
produce adaptation in the spike rate. However, the adaptation
due to IKLT is restricted to higher stimulation rates, whereas
the adaptation due to Ih is observed across all stimulation rates.

I. INTRODUCTION

Several computational models have been developed to
describe ANF responses to CI stimulation. Many of these
have been based on the deterministic Hodgkin–Huxley (HH)
model [1]. Cartee [2] showed that the temperature-adjusted
HH model may be a better model for ANFs than alternative
models developed for other myelinated nerve fibers. Bruce
et al. showed that stochastic models for ANFs better predict
physiological responses and psychophysical performance [3].
However, several aspects of AN responses to CI stimulation
are still not accurately described by any of these models.
Recent physiological studies have shown the presence of
different ion channel-types in spiral ganglion cells [4], [5],
[6], [7], other than the fast voltage-gated sodium (Nav) and
delayed rectifier potassium (Kv) channels of the HH model.
[4] and [7] have shown that the diversity in ion channel types
and distribution affect the firing properties and participate
in the signal coding and transformation in the auditory
periphery.
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In this paper, we present a model for a patch of mem-
brane (at the node of Ranvier of an ANF) where the low-
threshold potassium (KLT) and hyperpolarization-activated
cation (HPAC) channels are taken into consideration, in
addition to the classical fast Nav and delayed rectifier Kv
of the HH model. There were several reasons for choosing
these two channel types: First, Mo et al. [6] have observed
that the IKLT current is responsible for spike adaptation to a
constant current injection in a patch-clamped spiral ganglion
cell. Second, Ih is a major source of inward rectification in
spiral ganglion cells [4].

Our result suggest that inclusion of Ih and IKLT currents
improve the accuracy of auditory nerve models and better
explain the intrinsic response properties of ANFs to cochlear
implant stimulation.

II. METHODS

A. The Model

The patch of membrane at an ANF node of Ranvier was
modeled. The model comprises four voltage-gated ion chan-
nel types: 1) fast sodium Nav, 2) delayed-rectifier potassium
Kv, 3) low-threshold potassium, and 4) hyperpolarization-
activated cation channels where they control the passage
of INa, IK, IKLT, and Ih currents, respectively. A passive
leakage current (Ilk) was also included, and the leakage
reversal potential (Elk) was adjusted to produce a fixed
resting potential of −78 mV [8]. Fig. 1 shows the equivalent
electric circuit of the model. The membrane equation is:

Cm
dVm

dt
+ INa + IK + IKLT + Ih + Ilk = Iinj, (1)

where Vm is the membrane potential, Cm is the membrane
capacitance, and Iinj is the stimulus current. Model parameter
values are given in Table I.

Hodgkin and Huxley [1] assumed that the sodium chan-
nel has three independent activation particles m and one
inactivation particle h, while the delayed rectifier potassium
has four independent activation particles n. Using the same
concept, the low-threshold potassium is considered to have
four independent activation particles w and one inactivation
particle z, and finally the hyperpolarization cation has one
activation particle r [9]. Gating kinetics of stochastic ion
channels can be modelled as continuous-time, discrete-state
Markov processes [8].
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The equations describing the Markovian transitions be-
tween states for the four channel types are:
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where αx and βx are the state transition rates.
Transition rate equations (αx and βx versus Vm) for fast

Nav and delayed rectifier Kv channels were taken directly
from [8] and [10]. These sets of equations were already de-
veloped at mammalian body temperature (37 ◦C). However,
equations for KLT and hyperpolarization-activated cation
channels were developed for a temperature of 22 ◦C in [11].
These latter sets of equations have been adjusted from 22 ◦C
to 37 ◦C following the method in [2]. We used a channel
number tracking algorithm to simulate the Markov kinetics
in discrete time. [8] showed that the algorithm introduced
by Chow and White [12] is more efficient than other
stochastic methods. The number of open channels (NX ) for
each channel type X is given by

NNa(t) = Nm3h1(t) , (6)

NK(t) = Nn4(t) , (7)

NKLT(t) = Nw4z1(t) , (8)

Nh(t) = Nr1(t) , (9)

where Nx indicates the number of channels in the state x.

B. Simulation Parameters

In order to assess the effect of adding IKLT and Ih currents
on firing properties of the membrane, we compared response
properties of four versions of the model: 1) the standard
model incorporating INa and IK only; 2) adding IKLT alone
to the standard model; 3) adding Ih alone to the standard
model; and 4) adding both IKLT and Ih.

The stimulus current was injected intracellularly for sim-
plicity. The current waveform was a charge-balanced sym-
metric biphasic pulse. The effect of flipping the leading
phase polarities (hyper- and depolarizing) at pulse widths
of 100, 200, 300, 500, and 700 µs per phase was evaluated.
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Fig. 1. Model for a patch of membrane at a node of Ranvier: Cm, Rm,
γx, Ex are the membrane capacitance, membrane resistance, single channel
conductances, and reverse potentials, respectively. X̃n are the stochastic
single-channel states (open or closed). Elk is the leakage potential.

TABLE I
SUMMARY OF PARAMETERS FOR THE MEMBRANE MODEL

Parameter Symbol Value Ref.
Membrane Capacitance Cm 0.0714 pF [13]
Membrane Resistance Rm 1953.49 MΩ [13]
Na Reverse Potential ENa 66 mV [8]
K Reverse Potential EK −88 mV [8]

HPAC Reverse Potential Eh −43 mV [9]
Resting Potential Vrest −78 mV [8]

Na Channel Conductance γNav 25.69 pS [8]
Kv Channel Conductance γKv 50.0 pS [10]

KLT Channel Conductance γKLT 13.0 pS
HPAC Channel Conductance γh 13.0 pS

# of Na Channels NNav 1000 [8]
# of Kv Channels NKv 166
# of KLT Channels NKLT 166

# of HPAC Channels Nh 100
KLT Channels Thermal coeff. Q10KLT 3.0

HPAC Channels Thermal coeff. Q10h 3.3

To test how IKLT and Ih affect spike-rate adaptation, pulse-
train stimuli of frequencies 200, 800, and 2000 pulse/s, sim-
ilar to rates used in cochlear implants [14], were applied for
a duration of 300 ms at three different current amplitudes (to
produce first-pulse firing probabilities of 0.2, 0.5 and 0.8).

III. RESULTS
First, the influence of IKLT and Ih on firing threshold (TH)

is evaluated. Threshold is defined as the stimulus level at 50%
spike probability or firing efficiency (FE) [15]. Fig. 2 shows
firing efficiency in response to different input current levels.
For each curve, data points are evaluated for one thousand
simulation repetitions, and integrated-gaussian functions are
fit [3]. Top and bottom panels show the cases of inject-
ing depolarizing and hyperpolarizing phase leading biphasic
pulses, respectively, at 100 µs (filled symbols) and 700 µs
(open symbols) per phase. Adding IKLT (� & ♦), Ih (N & M),
or both (� & �) shift the FE curves to the right of the
standard model (• & ◦) in most cases.

However, for the 100 µs-hyperpolarizing phase leading
stimulus, a very slight decrease in TH from the standard
model is observed for the other three channel-combinations.
Curves for IKLT-added are shallower than the others curves
in most of the cases. Adding both IKLT and Ih produces an
additive increase in threshold.
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Fig. 2. Firing efficiency as a function of the stimulus current intensity for
four different ion channel combinations. Response of depolarizing phase
leading (top panel) and hyperpolarizing phase leading (bottom panel) for
stimulus pulses at 100 µs and 700 µs pulse width per phase (filled and open
symbols, respectively). Actual data from simulations (symbols) were fit with
integrated-Gaussian functions (solid lines) to estimate stimulus threshold
(TH) and relative spread (RS).

Inclusion of Ih and/or IKLT increases thresholds for long
pulse widths almost equally for depolarizing phase leading
and hyperpolarizing phase leading (unfilled symbols in left
panel of Fig. 3). In contrast, for short pulse widths the Ih
and/or IKLT channels tend to increase thresholds for biphasic
pulses with a leading depolarizing phase but decrease thresh-
olds for leading hyperpolarizing phase by the same amount.

The effect of Ih and IKLT channels on the relationship
between the relative noise level (relative spread, RS) and
pulse width and leading polarity is given in the right panel of
Fig. 3. RS is defined as the ratio of the standard deviation of
the integrated gaussian to the threshold [15]. A large value
of RS corresponds to a shallow FE versus current ampli-
tude curve, indicating relatively large stochastic threshold
fluctuations, whereas smaller values of RS correspond to
step FE versus current curves and relatively small threshold
fluctuations. Ih has only a minor effect on the RS. In
contrast, adding IKLT increases membrane noise significantly,
especially with longer pulse widths. Including Ih in addition
to IKLT reduces this effect of pulse width on RS somewhat.

TH decreases exponentially with increasing pulse width,
reach the asymptotic threshold at a pulse width of
around 600 µs per phase–see the top panels of Fig. 4.

The effect of pulse width on RS is shown for a range
of phase durations in the bottom row of Fig. 4. Here it
can be seen that the pulse width has relatively little effect
on RS in the model with the standard HH sodium and
potassium channels (◦), and Ih alone included (∗). Inclusion
of IKLT alone (×) or with Ih (+) creates an increase in RS
with increasing pulse width, irrespective of leading phase.
However, the RS versus pulse width effect is large for IKLT
alone, as noted above. These results are consistent with the
physiological data of [3], in which cat ANFs stimulated by a
cochlear implant were found to have an increasing RS with
increasing pulse width.

Poststimulus-time histograms (PSTHs) and interspike in-
terval (ISI) histograms for pulse-train responses are given in
Figs. 5 and 6, respectively. The stimulus pulse amplitude was
adjusted to give a 50% firing efficiency for the first pulse for
each of the pulse rates of 200, 800, 2000 pulse/s (columns:
left to right). Regardless of the group of channels included,
adaptation is stronger at higher pulse rates, consistent with
results from [14]. The adaptation in the standard model is
due only to refractory effects. Adding Ih and/or IKLT produces
more adaptation than the standard model for all pulse rates.
Inclusion of Ih has the largest adaptation effect (second row
of Fig. 5). It was expected that IKLT would be the dominant
factor of adaptation as suggested in [9]. IKLT still shows a
degree of adaptation not observed in the standard model at
higher pulse rates (third row of Fig. 5). This is supported by
the ISI histogram for the model including IKLT at a pulse rate
of 2000 pulse/s (third row-third column of Fig. 6). Responses
to stimulus pulse amplitudes producing 20% and 80% first-
pulse FEs exhibit similar behavior (results not shown).
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Fig. 3. Summary plots showing threshold (left panel) and relative spread
(right panel) as a function of leading phase polarities for four different
channel combinations. Filled and open symbols represent pulse widths at
100 µs and 700 µs per phase, respectively.
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Fig. 4. TH (top row) and RS (bottom row) as a function of pulse width
for both depolarizing phase leading (left column) and hyperpolarizing phase
leading (right column) for four different channel combinations. Pulse widths
were 100, 200, 300, 500, and 700 µs per phase
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IV. CONCLUSIONS AND FUTURE WORKS

A. Conclusions

Simulation results show that incorporating low-threshold
potassium or/and hyperpolarization-activated cation channels
into a stochastic HH model of ANFs has an effect on
spike threshold, relative noise, and adaptation. The results
help provide an interpretation of the spiking behavior of
ANFs in physiological studies of CI stimulation. The IKLT
channel appears to explain the increase in random threshold
fluctuations with increasing pulse width observed in the
physiological data, while the Ih channel is a likely candi-
date to explain the stimulus-dependent spike-rate adaptation
exhibited in responses to high-rate pulse trains. An improved
understanding of the physiological response properties in CI
stimulation should lead to development of new stimulation

strategies for CIs that provide increased benefit for CI users.

B. Future Works
Investigating the effect of varying the inter-pulse gap is

needed to get a more complete picture of the behavior of the
model in response to different stimulus waveforms. A more
quantitative analysis of the pulse-train responses is needed
to determine how exactly the different ion channel types
are contributing to the observed adaptation. Finally, a more
accurate model of the Ih channel gating kinetics for spiral
ganglion cells would be beneficial.
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