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lon channels in neurons and the transmitted signal between neurons are disrupted by drugs or

Aol poison. To have insight into the regulation of deformed neuron function by an extremely low-

Sodlum_C_ha_nne_I; frequency magnetic field (ELF-MF), a theoretical model is presented which introduces ELF

Magnetic; Field; Low- . . o . . .

frequency sinusoidal MF as an additive voltag(_e input. The Hodgkln-HuxIey neuronal m_odel iS exposed
' to an ELF-MF to suppress the blocking of the sodium ion channel. By analyzing the average

spiking frequency and average spiking amplitude, it can be found that the effects of ELF-MF
on neuronal activity will increase as the frequency [0 — 400]Hz and amplitude [5 — 50]mT of
MF increase. It is shown that by blocking sodium channels, the amplitude and number of
spikes of the action potential are decreased. Results show that an ELF-MF can increase INa
which indicates that toxic ion channels can be modulated and their impaired function can be
remedied.
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I.  INTRODUCTION

In 1952, Hodgkin-Huxley (HH) presented an
equivalent circuit describing the electrical be-
havior of the membrane [Hodgkin AL and Huxley
AF, 1952]. It is constructed of a membrane
capacitor and several resistors that regulate the
flow of ions. Channels are structures in the cell
membrane to move ions in and out of the cells. The
excitability mechanism of the chan- nel causes ions
to pass through. On the other hand, one of the
most  specific methods of investigating the
neuromodulatory effect is to use of magnetic
stimulation. This approach can be made through
various processes such as extremely low frequency
(ELF) [Barker AT et al., 1985], and transcranial
magnetic stimulation (TMS) [Modolo J et al.,
2010]. Former is a non-invasive neuromodulation
process and later is a nerve stimulation that is
applied to small and limited areas of the brain. In
the TMS procedure, a MF generator or “coil” is
placed near the patient’s head.  Through
electromagnetic induction, the coil generates a
gen- tle electric current in the lower part of the
brain. The coil is also connected to a pacemaker or
actuator that conducts it to electricity.

The study of MF effects on neurons is one of the
exciting topics for researchers. Roth and Basser
have presented a model that is introduced to
illustrate the physics of nerve stim- ulation by EM
field induction [Roth BJ and Basser PJ, 1990].
Furthermore, an analysis of magnetic stimulation
presented by Nagarajan et.al at a finite length
neuronal using com- puter modeling [Nagarajan
SSetal.,, 1993]. They described the effects of the
spatial and temporal distribution of the MF-
induced EF on finite neural structures. Moreover,
Pashut et.al calculated the induced currentin a
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nerve cell membrane using an external MF, by
introducing a numerical and simulation method
[Pashut T et al.,, 2011]. They studied the
mechanisms of magnetic stimulation of central
nervous system neurons with this outline. In this
way, Jiang Xiu-Yu et.al showed that an ELF-MF
is able to advance neuronal spike timing, as well
as delay spike timing [Xiu-Yu, Jiang, et al., 2012].
Similarly, Jiajia Yang et.al found that the effect of
the MF improved their depressive behavior and
cognitive dysfunction effectively, by experiments
on alpha mice [Yang, Jiajia, et al., 2019].

On the other hand, ionic channels are
sometimes blocked by external agents such as
drugs and toxins. There are many blockers that
interfere with the function of ion channels,
sometimes leading to their destruction
[Kushnarev et al., 2020]. In this regard,
tetrodotoxin (TTX) is a potent blocker of the
voltage-gated sodium channels [Narahashi et
al., 1964] in the nanomolar range. This was
later verified on systems such as squid giant
axon, eel elec- tric organ, and frog myelinated
axons [Nakamura et al., 1965; HILLE, B,
1966]. A class of drugs acts by inhibition of
sodium influx through cell membranes [Dokken
et al., 2020]. The blockade of sodium channels
slows the rate and amplitude of initial rapid
depolarization, reduces cell excitability, and
reduces conduction velocity. =~ The most
commonly used drugs in this group include
Propafenan, Quinidine,  Procainamide,
Mexiletine, Lidocaine, and Fle- cainide
[Trujilloand et al., 2000]. Experimental and

simulations show that EMF changes the
biological properties of the brain cells
membrane [Ramundo-Orlando A et al., 2000].
These  modifications include increasing
permeability to carbonic anhydrase, and
stimulating the activity of potassium ion-
dependent channels by increasing ion
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concentration [Pall ML,2013]. Furthermore, by
applying an external magnetic field, the
concentration of arachidonic acid increases,
which causes the activation of the sodium
channels of cerebellar granular cells [He YL et
al., 2013]. These works motivated us to
examine how an ELF-MF affects closed sodium
channels. For this purpose, first, the HH model
is developed by including an ELF- MF, and
then the effects of the magnetic field are
considered on blocked sodium channels by the
simulation process. Furthermore, it is analyzed
how the nervous system responds to changes at
different amplitudes and frequencies.

Il. MATERIALS AND METHODS

HH Model

The HH model is based on the assumption that
the electrical properties of a portion of a cell
membrane can be determined by an equivalent
circuit [Hodgkin AL and Huxley AF,1952]. By
arising the stimulus current sodium ion channels
open, and an influx of sodium ions flows through
the cell. The sodium ion channels closed and the
potassium ion channels opened until the action
potential had passed further down the cell axon.
According to this mechanism of ions flowing
across the cell membrane with sodium (N a) and
potassium  (K)(with any ion leakage L), the
membrane potential is described by:

Cm = v _ —8Na (V — VNa) — 8K (V — VK)

dt
— 8LV — VL) + lapp

1)

with gL being a constant that is experimentally
established and Cm is the membrane capacity. The
model breaks down if the values of gK and gNa

38

are both kept constant. The membrane conductance
of sodium and potassium is given by:

gNa = ﬁNam3h,gK =0K n (2)

in which g Na and g K are also experimentally
constants, m and h indicate the activation and
deactivation gates of the sodium ion and n being the
potassium ion diffusion gates. Both m and h are
functions of time and obey the two differential
equations as follows

drgft) =am(V)(1 — m) — Bm(V)m, %)
PO - an @)@ ~ b= Bnn, @

where the coefficients om(V ), Pm(V ), ah(V),
and PBh(V ) are voltage functions calculated
experimentally [Hodgkin AL and Huxley AF,
1952]. Similarly, for potassium ion gate (n)

one gets:

dn(t)
dt

=an()(A = n) = Bn(V)n, )

where the coefficients an(V ) and fn(V ) are also
functions of voltage determined by experi- mental
results. Accordingly, the stimulated cell
membrane’s behavior is described by a set of four
differential equations of the HH model as follows:

— VNa) — gLV — VL)
+ lapp (6)
T = am)(1 = m) — Bm(¥ym, %
PO - an @) ~ h= pnn, ®
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dn(t)
dt

=an ) = n) — Bn(V)n, ©)

Effects of ELF-MF on Action Potential

According to Faraday’s theorem, the magnetic
waves cause the electrical field E in the tissue as

follows

V X E= oB
T

(10)

We consider the radius r coil positioned in the x —
y plane at z = 0 (Fig. 1). The generated electrical
field E can be measured along with the closed-loop
L. For this situation, membrane depolarization
voltage AV induced by a stable EF satisfies the
following differential equation [Modolo J. et al.,
2010]:

dAV
AV + 17—

— AE =0.
o AE =0

(11D

Magnetic
field B

Coil

Electric ‘a—»

Figure 1

Here t indicates the time constant of Maxwell-
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Wagner. For a sinusoidal form of external MF
as B = By sin(2nft), relation (10) leads to
E(t) = rnfBg cos(2nft) (12)
where B, is constant and T represents

frequency. For this EF one can easily show that
AV is given by

cos(2mft) + 2mfrsin(2mft)
1 + (2nfr)2

AV (t) = ArBomf ( (13)

which can be used to find the field-induced
membrane depolarization at any time. For this
purpose, it is appropriate to define a parameter
called the “polarization length”. This pa- rameter
is used to consider the cell’s shape from its
geometrically and polarizability aspects. In fact,
the electric field induced by an external magnetic
field causes charges to accumulate on parts of the
cell membrane, which leads to further membrane
depolarization [Radman et al., 2009]. In the
present model, the polarization length, time
constant of Maxwell-Wagner and the radius of
exposure are assumed A = 0.5 x 10—-3m, t = 10—4s
and r = 0.1m respec- tively [C. Bedard, et al.,
2006]. These values are chosen because of the
hypothetical area of the part of the brain that is
stimulated by the external electromagnetic field.

Effects of Extremely Low-Frequency Magnetic
Field

We can take a commonly used approach to explain
the interactions between neuronal behav- ior and
applied MF to depict applied MF action as a
cellular level perturbation of membrane voltage
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[Yi, Guosheng, etal., 2014]. MF exposure can also
be modeled over physiological membrane
potential as an additive concept AV [J. Modolo et
al., 2010; T. Y. Tsong and R. D. Astumian, 1987
K. R. Foster and H. P. Schwan, 1986; M. Giann‘l
et al.,, 2006]. So, it is possible to express the
equations of the modified HH model representing
the dynamics of a neuron exposed to ELF
sinusoidal MF by:

d(V + AV) 3
— VNa) — gkn (V + AV
— VK) — gL(V + AV
— VL) (14)
Here, the ] = Nlj\I factor is the non-blocked

ion channels relati\?e to the total sodium Nna

ion channels, the j factor represents non-blocked
channels, and Nna indicates all sodium ion channels
[Xu, Ying et al., 2018].

Clearly, from Eq. (14), MF exposure can stimulate
an added substance to perturbation
AV in the membrane potential based on the HH
model. This perturbation does not change the
fundamental structure of the neuron model.
Rather it adds nonlinear potential (AV ) to the

membrane potential (V ) and leads to an extra
current C = %The perturbation AV affects

the operation of ionic channels depending on

the amount of voltage value.
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Table 1: Parameters values related to Eq. (14) [Hodgkin AL
and Huxley AF, 1952].

Parameters Values
C 1pF/cm2
lapp 20pA/cm?2
gNa 120mS/cm2
VNa °5mV
g K 36mS/cm2
VK —72mV
gL 0.3mS/cm2
VL —50mV
Discussion
In this investigation, a numerical model was

proposed to study the behavior of neurons in
response to blocked sodium ion channels as well as
the effect of an ELF-MF on them. Fur- thermore,
a generalized HH biological model was used to
consider the behavior of neurons for blocked
sodium ion channels. In this way, we consider a
small area of the brain amount

10cm under the influence of the magnetic field
with the amplitude (5 —50) mT and fre- quency
(0—400)Hz ranges. The reaction of a single neuron
exposed to an external ELF-MF with differing
frequencies and amplitudes is analyzed using
simulation. This procedure was carried out using a
fourth-order Runge-Kutta process with a random
time step of [0.01, 0.02] ms. The simulation
experiment lasts 10000 ms, to achieve the steady-
state situation for each period. First, the neuron
function is stimulated for both a) without blocked
sodium channels, and b) with blocked sodium
channels without exposure to MF. In the absence
of a magnetic field, the constant stimulated current
lapp = 20pA/cm2 was applied to the cell and
simulation was performed for J = 1 in the situation
with non-blocked sodium channels; and
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for J = 0.96 in which some of the sodium channels
are blocked. According to figure 2, am- plitude and
duration of spike occurrence were changed for J =
0.96 and spikes occurred with lower magnitude
and time delay compared with the non-blocked
sodium channels J = 1. Furthermore, the number
of spikes is reduced from 862 (for J=1) to 854 (for
J=0.96) in comparison with the non-blocked
channel. At the same time, the amount of
interspike in- terval (ISI) for the poisoned cell (J
= 0.96) was increased from 0.0202 to 0.0211
relative to a healthy cell (J = 1). Itis also evident
that the distance between the occurrences of spikes
in the poisoned cell was increased compared to the
healthy cell, which obviously indicates the pattern
of the spikes in the two cells is different (Fig. 2).
To consider the effects of the MF on the spiking
pattern, in the following, the neuron activation is
stimulated during ELF-MF exposure. For each
intensity of the MF, simulations are performed ten
times. The frequency range of the ELF-MF s [0,
400] Hz with steps of 1

Hz and the domain of intensity is BO =[5 — 50]
mT with steps of 5 mT .
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Figure 3 indicates noises occurring at the
threshold of the action potential, which can
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be explained by the inability of the ELF-MF to
produce the induced current required to stimulate
the cell to generate the action potential.
Accordingly, induced currents of very low
amplitude emerge as noise.

According to figure 4, up to 100 Hz, no significant
change in the average amplitude of the spikes
occurs, and by increasing frequency, the average
amplitude  of the action potential fluctuates.
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Obviously, by increasing the MF, the average
amplitude of the action potential increases and
also by decreasing the MF, fluctuations start at
higher frequencies.

In the absence of poisoning which all sodium
channels are non-blocked, the number of spikes
is N = 862 and the average action potential is V =
30.2 mV . As shown in figure 5 for the case that J
=0.96 and domain ELF-MFinB=5mT, only in a
few limited points is the number of spikes closer
to the number of spikes in a healthy cell. Also, the
average action potential of a poisoned cell in this
range of the MF is much smaller than that of a
healthy

B=10 mT
B=50 mT—
401

0 100 200 300 400
f(Hz)

Figure 4

cell. Therefore, in this situation, no suitable
frequency was found to observe the function of a
healthy cell. By keeping the sodium channel
blockade, the amplitude ELF-MF increased to find
a suitable MF in which the average action potential
and the number of spikes are close to a healthy cell.
According to figure 6, under an ELF-MF with BO
= 45 mT amplitude and frequency in the range
[150-155] Hz, the function of the nerve cell is
modulated.  Actually, the mean values of the
action potential and the number of spikes of the
poisoned cell are affected by the ELF-MF close to
the values of the healthy cell (black dash line). It
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was also observed in this amplitude that in the
higher frequency range, the deviation of the
action potential values and the number of spikes
of the poisoned cell increased compared to the
healthy cell.

In addition, it was observed that the presence of
ELF-MF causes an increase in sodium

ELF MF’s amplitude Is set at B=6mT

31 - [—No blocking mode (@

o o o mo = wo w0 w0
Figure 5
50(?, [ With EMF 1 Error bar ——non-EMF(J=1)
e bﬂmﬂmkhmﬁ%wl&{@qéHJE%HJHH{LL»JFLEM
o m
ST
Bl T
f(Hz)
Figure 6
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current. Two states J = 0.96 and J = 0.8 were
considered with the same BO =45 mT amplitude
and f=153 Hz frequency and the results showed
that the application of an external field increases
the INa (Fig. 7). Furthermore, in state J=0.8,
the amount of sodium current increases with
increasing frequency, and in general, the results
obtained in figure 7 are consistent with
experimental studies. Moreover, studies imply
that INa and the average speaking potential
increase with ELF-MF exposure significantly [He
YL et al., 2013]. Also, figure 7 displays that the
external electromagnetic field can increase the
INa despite the blockage of sodium ion channels.
By blocking the sodium channels, it was observed
that the factor J, which represents the number of
unblocked sodium channels relative to its total
number, leads to the action potential with lower
amplitude. Actually, blocking sodium channels
causes defects in neural responses and
consequently the message is not fully transmitted.
In fact, blocking the sodium channel leads to the
potential depolarization of the membrane in the
new amplitude.
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On the other hand, according to figure 3, noises
have appeared at the threshold of the action
potential, which can be attributed to the inability
of the ELF-MF to produce an in- duced current to
stimulate  the cell for generating the action
potential. Therefore, inductions of induced current
with a very weak amplitude appear as noise. Also,
experimental  studies have shown that toxic
substances such as astrodotoxin and tetraethyl
ammonium can act as ion channel blockers and
disrupt their function usually. Actually, they
cause a pertur- bation in the conduction of
channels and cause drastic changes in the behavior
of neurons [T. Narahashi et al., 1964; Hagiwara,
So, and N. Saito, 1959]. Some research also
indicates that drugs can be used to reduce
neuropathic pain based on blocking ion channels
properties [Wood, John N., and James Boorman,
2005; Kalso, Eija, 2005]. Since an external source
with an appropriate frequency and amplitude of
magnetic field can reopen blocked channels, but it
can also damage healthy cells, a simulation was
performed for 10 s to find a suitable external
magnetic  source. On the other hand, using
chemical drugs to open the blockage of ion
channels has side effects. Therefore, use of suitable
ELF-MF with a low amplitude and frequency
prevents damage to organs adjacent to the target
tissue. By choosing an appro- priate ELF-MF with
45 mT amplitude and a suitable frequency in the
range [150 — 155] Hz, the cause of poisoning and
its effect on neuronal behavior was eliminated.
Also, the defective nerve cell was modified and the
spiking was modulated to healthy cells.

Conclusions
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In this paper we investigated the consequences of
neuronal activation through exposure to ELF-MF
with the blocking of sodium channels along the
axon, in the framework of the HH model. When
the axon is injured or ion channels are blocked by
drugs, signal transmission can be blocked and
signal signaling between neurons can be
disturbed. It was seen that ELF-MF could
improve the performance of blocked sodium ion
channels, by analyzing neural average spiking
frequency and amplitude exposed to ELF-MF and
choosing an appropriate amplitude and frequency.
It was also shown that ELF-MF modulates
neuronal spiking rhythms of blocked sodium ion
channels by evaluating the neural average spiking
frequency and amplitude exposed to ELF-MF
with  distinct amplitude and  frequency.
Furthermore, the fluctuations of MF on neuronal
function increase asthe frequency and amplitude
of MFrise. For the study of blocked signals, the
heterogeneity or local injury is generated by
blocking sodium channels. When the sodium
channels are blocked, it is found that the amplitude
and number of spikes of the action potential are
decreased. As the amplitude of the external
magnetic field increases, while the frequency is set
for specific amplitudes in the range of [0—400] Hz,
the amplitude and number of spikes grow. Studies
that have been done following experimental work
have displayed that the ELF-MF field can
modulate channels and currents of sodium ions.
The present model and its results can contribute to

exploring the mechanism and therapeutic
application  of magnetic brain  stimulation
techniqgues  and the treatment of localized

neurological disorders caused by ion channel
blockage.

Figure Captions Page
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Figure 1: The TMS device induces electric field
E near the patient’s head through a coil that
generates magnetic field B [Sack, Alexander T.,
and David EJ Linden, 2003].

Figure 2: Vs. time.

b)Membrane potential Vs. timeat J=0.96 and J

a) Membrane potential

=1 for a small time interval.

Figure 3: The action potential of neurons with and
without ELF-MF exposure. Figure 4: Function of
ELF-MF exposure in neuronal average spiking

amplitude.

Figure 5: a) The average value of the neuron
membrane potential as a function of ELF- MF
exposure with frequency f and intensity B=5mT
. The solid black line is the action potential of a
neuron without an ELF-MF exposure and the black
circles show the membrane potentials of the
poisoned neuron with ELF-MF exposure. b) The
number of spikes Vs. fre- quency of ELF-MF
exposure. For J =1 black line shows the number
of spikes of neurons without ELF-MF exposure.
Also, black circles indicate the number of spikes
of poisoned neurons during exposure to ELF-MFs

with different frequency and B =5 mT

Figure 6: Evolutions of a) membrane potential
and b) number of spikes VVs. frequencyat B =
45 mT forJ=0.96. The black dash line in both
figures indicates the values of V (mV ) and N in
the non-ELF and J = 1 state.
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Figure 7: Frequency-dependent increase in INa
exposure to ELF-MF (B =45mT ).
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