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Abstract

Transient receptor potential vanilloid-1 (TRPV1) channels play arolein several inflammatory
and nociceptive processes. Previous work showed that magnetic electrical field-induced antinoceptive
action is mediated by activation of capsaicin-sensitive sensory afferents. In this study, a modified
Hodgkin-Huxley model, in which TRP-like current (I1rp) wasincor porated, was implemented to predict
the firing behavior of action potentials (APs), as the model neuron was exposed to sinusoidal changes
in externally-applied voltage. When model neuron is exposed to low-frequency sinusoidal voltage,
increased maximal conductance of |trp can enhance repetitive bursts of APs accompanied by a short-
ening of inter-spikeinterval (1SI) in AP firing. The changein I SIswith number of interval is periodic
with the phase-locking. In addition, increased maximal conductance of |+gp can abolish chaotic pattern
of AP firing in model neuron during exposure to high-frequency voltage. The ISI pattern is converted
from irregular to constant, as maximal conductance of ITRP isincreased under such high-frequency
voltage. Our simulation results suggest that modulation of TRP-like channels functionally expressed
in small-diameter peripheral sensory neurons should be an important mechanism through which it
can contribute to the firing pattern of APs.
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Introduction

lon channels can be thought to have gates that
regulate the permeability of the pore to ions. These
gates can be controlled by membrane potential, pro-
ducing voltage-gated channels, by chemical ligands,
producing ligand-gated channels, or by a combination
of factors. Voltage- or ligand-gated ion channels and

the currents that flow through them are able to underlie
much of the electrical behavior of cells (7).
Capsaicin-sensitive, transient receptor potential
vanilloid-1 (TRPV 1) receptor-expressing sensory
nerves are recognized to play an important role in
several inflammatory and nociceptive processes via
the release of pro-inflammaory/pro-nociceptive sen-
sory neuropeptides such as substance P and calcitonin
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gene-related peptide into the innervated area (1, 2,
5, 11, 20). The TRPV1 receptor is a non-selective
cation channel, which is activated by exogenous va-
nilloid compounds (e.g., capsaicin or resinifera-
toxin), as well as noxious heat and several endogenous
chemical stimuli, such as protons, bradykinin, and
leukotrienes produced in the inflamed tissues (5, 10,
20). A recent study showed experimental evidence
for the involvement of capsaicin-sensitive sensory
nerves in the optimized static magnetic field-induced
anti-nociceptive action (14). However, the precise
mechanism through which the activation of TRPV 1
receptor is responsible for such anti-nociceptive ac-
tion remains largely unknown.

Over the past decade, arolefor transient receptor
potential (TRP)-like channels in temperature sen-
sation has emerged (11). TRPV1, a subset of TRP-
like channels, is a nonselective ligand-gated cation
channel that may be activated by avariety of exogenous
and endogenous stimuli, including heat greater than
43°C, low pH, anadamide, and capsaicin. TRPV1 can
act physiologically as atransducer of noxious heat, as
well as a detector of capsaicin, acid, and arachidonic
acid metabolites (5, 11). TRPV1 receptors are in-
volved in the transmission and modulation of pain,
as well as the integration of diverse painful stimuli.
Through binding to these receptors, capsaicin can
selectively activate Ad and C fibers, which transmit
nociceptive information to the spinal cord. The im-
portance of TRPV1 channels in peripheral sensitiza-
tion was demonstrated in vanilloid receptor-1-null
mice (1, 5).

Effect of temperature change on electrical be-
havior in modeled skin neuron has been recently
simulated (12). Electrical stimulation with different
frequencies was also experimentally reported to in-
duce neuropeptide release (6). However, whether the
activity of TRP-like channels contributes to electrical
firing thus far has not been explored. Therefore, in
this study, we used a simulation approach to the eval-
uation of the role of TRP-like current in generation of
neuronal firing in amodel neuron exposed to sinusoidal
voltage with varying frequency. The firing of action
potentials (APs) was modeled using the Hodgkin-
Huxley (HH) formalism of squid axon excitability not
only for convenience but because this conductance-
based model of neural systems has been well established
and tested at our laboratory (8, 16, 17, 19).

Materialsand Methods

To simulate firing of capsaicin-sensitive sen-
sory neuron in this study, a Hodgkin-Huxley (HH)
type model (8, 17, 19) was mathematically constructed.
In addition, TRP-like current is included, given that
thiscurrent isfunctionally expressed in sensory neuron
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Fig. 1. Circuit model corresponding to a modified HH model
exposed to external electrical field (Vey). Notably, a
TRP-like current is also included.

(2, 5, 10, 20). Because these types of channels iden-
tified thus far are nonselective cation ion channels
(5, 10), their reversal potential was assumed to be
nearly zero. The circuit model used in this study is
illustrated in Fig. 1. lon currents were modeled ac-
cording to the HH kinetic scheme:

Cm%v_t = _[gNamsh(V + Vext — Vna)
+ gKn4(V + Vext - VK)
+ gL(V + Vext - VL)

+ G’[rp(v + Vext - Vtrp)] + Iappy
dm = o (V)(1 = m) = Bu(V)m,

Tt
dh = op(V)(2 =) = Bu(W)h,
0= (V)L =) = Ba(W)n,

where V is the membrane potential, C,, the membrane
capacitance and t the time (msec). QGna, Ok, and Jrre
represent the maximal conductance of inward Na*
current (Iya), outward K* current (1), and TRP-like
current (Itrp), respectively, and g, leak current con-
ductance. |,y is the externally-applied current in-
jected into the cell and Vg sinusoidal voltage with
varying frequencies. The dimensionless gating vari-
ables are denoted by m, h, and n respectively. Gating
variable dynamics are modeled as the solution of the
first-order ordinary differential equation. Na* current
conductance is modeled using m°h formalism, whereas
K* current conductance using n* formalism (8, 16,
19). ay(V) and B,(V) (y = m, h, n) represent nonlinear
function of V.

The rate constants used in the simulation were,
for Ina:
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Table 1. Default parameter valuesused for the modified HH model used in this study
Symbol Description Value
Cm Membrane capacitance 1uF
O\ Maximal Na* current conductance 120 mS/cm?
Ox K* current conductance 30 mS/cm?
o Leak current conductance 0.3 mS/cm?
[o I TRP-like current conductance* 0.03 mS/cm?
VNa Na'* reversal potential 50 mV
Vk K™ reversa potential -80 mv
\A Reversal potential for leak current -49 mV
Vige Reversal potential for TRP-like current omv
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Fig. 2. Simulation used to study effect of Igp on the firing of APsin modified HH model. The amplitude and frequency of external
voltage were set to be 8 mV and 0.3 Hz, respectively. In (&) and (b), the maximal conductance of |1rp (i.€., Grrp) iS0.03 and
0.06 mS/c?, respectively. The uppermost part denotes sinusoidal voltage with afrequency of 0.3 Hz applied to the model. For
the sake of clarity, theinset shown in the rightmost side indicates expanded time scale of potential traces (dashed box). Notably,
entrainment pattern of 19:1 and 42:1 is shown in (@) and (b), respectively. There are 19 and 42 APs generated for one cycle

stimulation in (&) and (b), respectively.

Om = 0.1(V + 40)/{ 1 — exp[-0.1(V + 40)]},
Bm = 4exp[—0.055(V + 65)],
o, = 0.07exp[-0.05(V + 65)],
Br = 1{1 + exp[-0.1(V + 55)]},
for Iy:

o = 0.01(V + 55)/{1 — exp[-0.1(V + 55)]},

B = 0.125exp[-0.0125(V + 65)],

and for l1gp:

ltrp = Grre(V + Vext — Vre)-

Vet Was generated using the equation: Ve =
Vasin(2z x f x t), where V, and f are amplitude and
frequency of sinusoidal external voltage, respectively.
Simulations presented here were performed using
Euler algorithm as implemented in Microsoft Excel
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(3, 19) or in the program XPP with the aid of the
X-Win32 version of XPPAUT on a Hewlett Packard
Workstation (HP xw9300; Palo Alto, CA) or on a
LINUX workstation (4, 16, 18). XPPAUT isatool for
solving differential equations, difference equations,
delay equations, functional equations, boundary value
problems, and stochastic equations. The program
code can bring together a number of useful algorithms
and be portable. The information for XPP software is
readily available at http://www.math.pitt.edu/~bard/
XPP/XPP.html. The conductance values and reversal
potentials, together with other parameter val ues, used
to solve the set of differential equations, are givenin
Table 1. Source files used in this study can be avail-
able at http://senselab.med.yal e.edu/sensel ab/model db.

Results

Inaninitial set of simulations, the value of Grrp
was arbitrarily set to be 0.03 mS/cm?. The initial
values of the variables, V, m, h and n are -71 mV,
0.038, 0.69, and 0.159, respectively. Under these
conditions, when amplitude and frequency of the
externally-applied voltage (i.e., Veyx) Was set to be 8
mV and 0.3 Hz, repetitive bursts of action potentials
(APs) were readily generated in this model neuron
(Fig. 2). The firing of APs in response to sinusoidal
change in externally-applied voltage was found to
be phase-locked. The appearance of bursting APsin
response to sinusoid voltage tends to be entrained by
the cycle stimulation with a frequency of 0.3 Hz. As
the resting potential was sinusoidally changed, such
bursting pattern with a 19:1 phase locking was clearly
seen in thissimulation. That is, nineteen APs with the
same waveform can be generated for each cycle
stimulation. The firing pattern was also found to vary
with changes in the frequency of sinusoid voltage.
When the frequency reached to 10 Hz, the synchronous
firing of APsin a1:1 fashion was observed. Of note,
as the value of grrp Was arbitrarily increased to 0.06
mS/cm? with afixed frequency of 0.3 Hz, the bursting
frequency of APs was greatly increased and a 42:1
phase-locking pattern emerged , although the shape
for each single AP remains unchanged. The results
indicate that as low-frequency sinusoidal voltage
(i.e., from 0.01 to 5 Hz) is applied, gtrp Of Varying
conductances can reach activation threshold of AP,
thereby leading to a significant alteration of the p:q
phase-locking patterns in this model neuron where
Itrp Was incorporated. Therefore, the simulation
results show that the pattern of entrainment can vary
with changes in the activity of TRP-like channels.

Figure 3 showed the evolution of interspike
interval (1SI) with change in the number of intervals
(n), when the different values of gtrp (0.03 and 0.06
mS/cm?) are applied to the model neuron. The inter-
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Fig. 3. Interspike interval (1SI) versus interval number. [S|
map derived from electrical firing of model neuron
in which the different value of Grrp Were included. In
(a) and (b), Grrp Was set to be 0.03 and 0.06 mS/cm?,
respectively. Notably, the peak value of S| is greater
in (a) than in (b), although the pattern of ISl map be-
tween them was found to be similar.

spike intervals are measured when the membrane
potential crosses a threshold (at -50 mV) with a
positive derivative. As stimulus frequency of 0.3 Hz
with a fixed amplitude of 8 mV was applied, the ISI
pattern, which exhibited to be periodic in the phase-
locking pattern, remains similar between these two
conditions (Fig. 3). However, the maximal values
of I1SIs are greater with Grgrp = 0.03 mS/cm? than with
Jrre = 0.06 mS/cm?. The model neuron thus tends
to shorten 1Sls as Grrp Was increased. The results sug-
gest that activation of TRP-like channel can result
in facilitation of bursting activity induced by low-
frequency sinusoidal voltage.

In another series of simulations, applying high-
frequency voltages (e.g., 60 Hz), we could found a
chaotic pattern of AP firing when the amplitude and
frequency of external voltage were set to be 2 mV and
60 Hz (Fig. 4). Interestingly, when the value of grrp
was elevated from 0.015 to 0.03 mS/cm?, the increased
firing rate was found to be accompanied by the con-
version from anirregular to aregular discharge pattern.

Figure 5 illustrates the evolution of ISI as a
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Fig. 5. 1SI map obtained when high-frequency electrical po-
tential was applied to model neuron. The amplitude
and frequency of external voltage were set to be 2 mV
and 60 Hz, respectively. Notably, the duration of 1SIs
is not constant in (a) where the value of Grrp is 0.015
mS/cm?; however the duration of 1SIs shown in (b)
where Grrp = 0.03 mS/cm? remains unchanged.
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Effect of Itre 0n modified HH model during exposure to high-frequency sinusoidal voltage. The amplitude and frequency of
external voltage were set to be 2 mV and 60 Hz, respectively. In (a) and (b), Grre is 0.015 and 0.03 mS/cm?, respectively.
In (a), the entrainment pattern in (a) tends to be chaotic with 3:2/4:3. However, when Grge Was increased to 0.06 mS/cm?, the
firing of APs becomesregular. Time course of |rp isillustrated in the lower part of each panel. Notably, the amplitude of
ltre in (@) islower thanin (b).

function of changes in n as grrp Was set to be 0.015
and 0.03 mS/cm?. When Grgp Was 0.015 mS/cm? with
a high frequency of sinusoidal voltage (60 Hz), the
I SIs became out of order. The maximum values of
ISIs turned out to vary irregularly. The entrainment
pattern of 3:2 was found to alternate with that of 4:3.
However, as Grrp Was increased to 0.03 mS/cm?, the
ISI was converted to be constant as the number of
interval was increased. Therefore, it is possible that
as the value of grrp is properly increased, electrical
pattern can be converted from irregular to regular
pattern during the exposure to high-frequency sinu-
soidal voltage.

Discussion

The output of many mammalian neurons is not
a single action potential, but a burst of action po-
tentials. Critical to the importance of burst firing is
the fidelity of information transfer during a burst of
action potentials. Burst firing has been previously
shown to increase the probability of long-term po-
tentiation induction in CA1 pyramidal neurons, sug-
gesting that information storage may be enhanced
during this mode of action potential firing. Interms
of neuropeptide release, burst stimulation was also
noted to be more effective than constant-frequency
stimulation (6). Thus, it islikely that sinusoidal volt-
age with varying ranges of low frequency may have
a significant impact on neuronal function, as it alters
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the pattern of burst firing in model neuron. This
simulation also suggest that burst firing in small-
diameter peripheral sensory neurons can be facilitated
by the activation of TRP-like channel.

Changesin the extracellular (e.g., VR1 receptor
activation) or intracellular environment (gene ex-
pression), and in externally-applied voltage, in many
cases, can be reflected in an alteration of spontaneous
firing properties such as the frequency and firing
pattern of excitable cells and also in changes in the
shape of their action potentials. Electrical stimulation
with different frequencies was demonstrated to affect
the release of many neuropeptides from neurons or
neuroendocrine cellsin vivo (8, 10). Electrical stimu-
lation of acupuncture needles which activates afferent
nerve fibers (i.e., electro-acupuncture) was also re-
cently reported to mimic the application of sinusoidal
voltage to the HH model neuron (15). Our simulations
extend the results to show that activation of Itgp may
qualitatively alter different firing pattern of APsin
model neuron exposed to sinusoidal voltage with
varying frequencies.

The mathematical model presented here may
provide a general rule in determining the relationship
between the property and role of individual ion channel
(e.g., TRP channels). This approach will be useful,
especially because an extremely large diversity of ion
channel properties is expected from the presence
of multiple pore forming and accessory subunits and
alternative splicing of transcripts in various animal
species. Our simulations also led us to propose that
either different expression levels of the TRP-like
channels or gain-of-function mutations in these
channels may affect the firing pattern in capsaicin-
sensitive sensory neurons to some extent.

A recent study showed that as activation and
inactivation parameters in response to prolonged
depolarization were altered, there was an emergence
of periodicity in membrane potential from model
neuron (13). Asthe activity of TRP-like channel is
properly elevated, membrane would be expected to be
depolarized due to influx of alarge amount of cations
into the cell. It thus remains to be further evaluated
whether modification in activation and inactiva-
tion kinetics of Iy, can influence electrical behavior
of APs in neurons exposed to oscillating external
voltage.

An important feature of the simulation isthat it
can provide insight about the hypothesized mecha-
nisms involved in excitation in away that is not prac-
tical with real experiments. Therefore, we expect that
mathematical approach used here may help to select
effective paths for experiments that would otherwise
require enormous time. The model helps us to make
predictions that can be tested experimentally and
more importantly, to facilitate the experimental search.

This model may also explore the different levels of
TRP gene expression not yet achieved in experiments.
Genetic engineering techniques have been recently
employed to clone, modify, and characterize the gating
mechanisms of many different types of ion channels
(9). Inthisway, it may be possible to score the overall
effect of a mutation of TRP channels and to build
predictive links between genotype and phenotype.
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