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The physical processes occurring at open Na™ channels in neural fibers are essential for the understanding of the nature
of neural signals and the mechanism by which the signals are generated and transmitted along nerves. However, there is a
less generally accepted description of these physical processes. We studied changes in the transmembrane ionic flux and the
resulting two types of electromagnetic signals by simulating the Na™ transport across a bionic nanochannel model simplified
from voltage-gated Na™ channels. The results show that the Na™ flux can reach a steady state in approximately 10 ns due to
the dynamic equilibrium of the Na* ion concentration difference between both sides of the membrane. After characterizing
the spectrum and transmission of these two electromagnetic signals, the low-frequency transmembrane electric field is
regarded as the physical quantity transmitting in the waveguide-like lipid dielectric layer and triggering the neighboring
voltage-gated channels. Factors influencing the Na™ flux transport are also studied. The impact of the Na™ concentration
gradient is found to be higher than that of the initial transmembrane potential on the Na™ transport rate, and introducing the
surface-negative charge in the upper third channel could increase the transmembrane Na™ current. This work can be further
studied by improving the simulation model; however, the current work helps to better understand the electrical functions of

voltage-gated ion channels in neural systems.
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1. Introduction

In recent years, brain science has received increasing at-
tention, and many countries have launched brain’science re-
search projects and made great progtess in the field.!'~*! How-
ever, the basic question of how neural signals are transmit-
ted and encoded in the nervous system remains very con-
troversial. Several different hypotheses and models were
proposed, including the cable model,[>®! electromechanical
soliton model,!”8] electromagnetic field model,*~'!) quantum
communication model!'?! and quantum confinement super-
fluid model.["¥ Their main differences lie in the physical na-
ture of neural signals. The classic cable model described in
textbooks considers these signals as the ionic current along the
axons, %! and this description has been widely debated.!-!413]
Other models like the electromechanical soliton model and
quantum confinement superfluid model claim that the neural
signals act as mechanical waves.!”%13] The electromagnetic
field model has demonstrated that the neural signals are elec-
tromagnetic signals originating from the transmembrane Na*
flux across the ion channels.!!!-1>1%] The electromagnetic field
model is the most popular view right now, although its de-
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scription on the spectrum characteristics of the neural electro-
magnetic signals is unconvincing now. The key to making the
physical nature of the neural electromagnetic signals clear lies
in deciphering the generation processes of neural signals: that
is, physical changes after opening the Na™ or Ca>* channels.

The Na* and Ca®>* channels across the membranes play
the vital role in generating electromagnetic signals in the
nervous, cardiovascular, and muscular systems.[”‘lg] These
channels formed by proteins enable Na* or Ca>* ions to pass
across the membrane to generate nerve signals once activated
by the local voltage change or other chemicals.I'® Here, the
voltage-gated Na™ channel is used as an example. The func-
tion and structure of the sodium-ion channels have been stud-
ied for nearly a century. In 1952, in the classic voltage-clamp
experiment on squid axons, Hodgkin and Huxley found that
changes in the permeability of a membrane to Na* and K*
were the main source of action potentials. The Na™ conduc-
tance of the cell membrane was found to determine the spe-
cific form of action potentials in nerves and muscles. More-
over, based on this, they proposed a mathematical model for
activating and deactivating voltage-dependent channels.!®! In
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1973, Keynes and Rojas studied the asymmetric displace-
ment current in the giant axon of squid and concluded that
this current was produced by the movement of the charge
in the Na™ channel gate system under the electric field; this
movement of charge was called the gated current.?"! In the
1990s, the protein components of Na™ channels were sepa-
rated and purified, and more attention was paid to the associ-
ation between voltage-dependent activation, inactivation, se-
lectivity, and receptor sites in voltage-gated channels and their
structures.[?!-?? Recently, many researchers have committed
to the study of the structure of activated Na™ channels in cells
and eukaryotes.>»?*! In 2017, Yan’s group first reported the
structure of Na™ channels in electric eels’ electroplax using a
cryoelectron microscope.!?>! Another study published in Cell
in 2019 analyzed voltage-gated channels in bacteria and pro-
vided a reference for the structural study of Na™ and Ca’*
channels in the resting state in eukaryotes. 6]

However, physical events during the open state of the
channels have not been extensively studied. Information per-
taining to these events can deepen our understanding of the
generation of neural signals to determine the physical nature
of neural electromagnetic signals, and provide us with clues to
solve the mystery of the opening mechanism of voltage-gated
channels. It can provide a solid reference for the transmis-
sion mechanism of electrical signals. To date, it is generally
believed that voltage-gated Na™ channels have a diameter of
~ 1 nm after being activated to open,*’! can remain open for
approximately 100 us—500 us,?%2°1 and the first half of the
action potential (rising phase) mainly results from the opening
of Na™ channels.

Here, to study the spectrum characteristics of the neural
electromagnetic signals, we constructed a bionic nanochannel
to simulate physical events occurring after a Na™ channel is
opened. The events include the evolution of the ion concen-
tration and transmembrane ionic current over time, as well as
the changes induced in the transmembrane electric potential,
electric field, and electromagnetic waves. We also discussed
this influence of the process on the adjacent sodium-ion chan-
nels, thus providing a unique perspective on the in-depth un-
derstanding of voltage-gated ion channels and the neural sig-

nal transmission mechanism.

2. Materials and methods

2.1. Geometric model of the sodium-ion channel

The COMSOL Multiphysics 5.4 modeling system based
on finite element analysis was selected to conduct most of this
work. In view of the amount of calculation needed, in the
present study, a bionic ion nanometer channel was simulated.

As shown in Fig. 1, we constructed a geometric model of a

Na™' channel, where the length (/) and diameter (d) of the
nanochannel were set as 10 nm and 1 nm, respectively.[?7-30]
The reservoirs above and below the channel had both a radius
and height of 1 pm and were filled with high-concentration
(150 mmol/L) and low-concentration (15 mmol/L) NaCl so-
lutions, respectively.!'3-31] The diffusion coefficient (D) of the
Na* cation had a value of 2.46 x 10~° m?/s.[3!]

As the Na™ channels allowed Na*t only to pass through,
the bionic nanochannels should allow Na™ to pass but pro-
hibit anions from passing. Thin diffusion barrier layers with a
thickness of 0.5 nm were therefore placed at both ends of the
channel to achieve this. The diffusion coefficient of the CI~
anion was then zero, whereas that of Na™ was still D.
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Fig. 1. A geometric model of the sodium-ion channel. (a) A diagram of trans-
membrane sodium channels and a simplified model of a channel. (b) The
two-dimensional axisymmetric model used in the simulation with COMSOL
Multiphysics 5.4.

2.2. Physical fields and boundary conditions

Considering the diffusion and migration of anions and
cations in the biomimetic nanochannel under the concentra-
tion gradient, the transport of dilute species (TDS) module was
selected to describe the diffusion and migration behavior de-
scribed above. Simultaneously, a voltage of 70 mV between
the areas of high and low Na™ concentration was set across the
dielectric layer to mimic the resting transmembrane potential
in neurons. The electrostatic field module (ES) was then in-
cluded to describe the influence of the transmembrane current
and voltage on the transport of Na*. The coupling parameter
between the two physical fields (modules) — TDS and ES —
was the electric potential (V).

The basic formulas and settings in the ES module include
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the following:

v.D=p, (1)
E=-VV, 2
pV:FX(Cp_Cn)v (3)

where py is the net charge density in space and F is the Fara-
day constant. Here, ¢ and ¢, are the cation and anion concen-
trations, respectively.

The basic formulas and settings in the TDS module in-
clude the following:

d¢;

<5 TV (DVe—zitm FaVV) +uVe =Ri, - (4)
N; = —D;Vc¢i — zilim iF¢iVV +ucy, ©)
Hm,i = Di/RT, ©

where U, ; is the mobility, u is the flow velocity, z; is the net
number of charges, c; is the ion concentration, and D; is the
diffusion coefficient of Na™. Here, R; and N; represent the rate
of change of the ion concentration and molar flux, respectively.

In the simulation, different grid sizes were used inside
and outside the channel: the grid size inside the channel was
set to 0.01 nm—1 nm, whereas the size outside the channel was
set using the ultrafine grid in the software. The total number
of grid cells used in the solution process was 2 million.

2.3. Calculation of transmembrane voltage/electric field
and electromagnetic waves resulting from the trans-
membrane ionic current
By integrating the transmembrane ion current flux

through the biomimetic nanochannel over time, the total

charge transported from the area of high Na™ concentration to
that of low concentration under the ion concentration gradient
and electrostatic field could be obtained as follows:

Q:/I(t)-dt, (7

where [(¢) is the transmembrane ionic current, which is a func-
tion of time. Considering that the entire system — the di-
electric layer and the solutions above and below this layer —
constituted a biological capacitance,?>33! the change in the
transmembrane potential (AV) and electric field (AE) caused
by the charge transport could be calculated using the following

equations:
1
AQ = 5Cul?, (8)
AV
AE = R )

where Cy, is the membrane capacitance, which had a value of
0.01 F/m?,B3431 and [ is the length of the channel, which was
also equal to the thickness of the dielectric layer (10 nm).

AnsysEM 19.2 was used to simulate the spectrum of elec-
tromagnetic fields induced by the ionic currents, and their elec-
tromagnetic distribution during transmission.

2.4. Validation of the settings used in the nanochannel
model

After taking into account how the data were to be pre-
sented, the regions within 5 nm of the upper and lower ends
of the channel were selected for observation. At the initial
time (¢ = 0), the anion and cation concentrations inside the ion
channel are both shown as zero, and the Nat concentrations
in the upper and lower regions of the channel are 150 mM
and 15 mM, respectively. At ¢ = 10 ns, the distribution of the
Na™ concentration changes (Fig. 2(a)), whereas the concentra-
tion of C1™ anions inside the channel remains zero (Fig. 2(b))
due to the existence of the thin diffusionsbarrier layer. These
results confirm that the settings used for the initial boundary
conditions and the use of the barrier layer were reasonable.

3. Results

3.1. Change in the distribution of the sodium-ion concen-
tration and transmembrane ionic current

When activated, ion channels open, and Na™ ions move
from regions of high concentration to regions of low con-
centration, driven by both the concentration gradient and the
transmembrane electric field. The Na™ ions will redistribute
themselves, thus affecting the subsequent transport of Na™
ions. The simulated results for the Na™ distribution show that
the Na™ concentration rapidly changes when the channel is
opened and reaches equilibrium status within about 10 ns, pro-
ducing a region where there is a slow and continuous decrease
in concentration from high to low (see the inset in Fig. 2(a)).
At the same time, the Cl~ distribution will tend to be dynam-
ically stable, as shown in the enlarged part of Fig. 2(b). A
dynamic change in the Na* concentration with time in the
diametral plane was observed in the simulation. Figure 2(c)
shows a graph of the distribution of the Na™ concentration at
dynamic equilibrium.

To gain a clearer understanding of the changes in the
physical fields at different timescales after the opening of the
sodium-ion channel, we simulated the channel current result-
ing from the transmembrane transport of Na*t ions under the
action of the concentration gradient and electrostatic field. The
results are illustrated in Fig. 3(a), in which the inset is an en-
larged detail showing the transmembrane ionic current during
the first 50 ns of the simulation. The figure shows that af-
ter the opening of the channel, a peak current of 0.68 pA at
t = 2.5 ns is produced due to the large concentration gradient
between the two sides of the dielectric layer. Subsequently,
the current rapidly drops to 0.45 pA within 10 ns—15 ns and
remains at this level. This result is consistent with the condi-
tion that, after the channel is opened, the distribution of Na™

rapidly reaches dynamic equilibrium.
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Fig. 2. The initial and later concentrations of (a) Nat and (b) Cl~ along the axis of the channel. The nanochannel was located between L = 5 nm and

L =15 nm. (c) The Na* concentration distribution at dynamic equilibrium.

3.2. The low-frequency electric field and high-frequency
electromagnetic waves resulting from the transmem-
brane Na™ flux

The redistribution of Na™ ions leads to the changes in the
transmembrane potential and transmembrane electric field, de-
scribed using Eqgs. (7)—(9). The results shown in Fig. 3(b) il-
lustrate that the transmembrane voltage changes from the orig-
inal value of —70 mV to'—50 mV over a period of 50 us after
the nanochannel is opened, and then reaches +30 mV, equal
to the action potential most frequently measured by electro-
physiological instruments, at # = 220 ps. The increased trans-
membrane potential time is consistent with the reported open
duration of Na™ channels, i.e., 100 us—500 us.?$%1 As ex-
plained in detail in the discussion section, these two repre-
sentative times are also consistent with many reported exper-
imental results of the signal delay time.I'>! The change in the
transmembrane electric field change is illustrated in Fig. 3(b),
where a rapid rate of change of 4.4 x 10'° V/(m-s) is shown.

According to Maxwell’s equations, 337 this changing
transmembrane current / in Fig. 3(a) generates two kinds of
electromagnetic field signals. In the first 10 ns, the current
changes rapidly and leads to a high-frequency electromagnetic
wave. For the whole pulsed current within 0 us—200 ps (tak-

ing 200 ps as the open time of nanochannels), it generates a
low-frequency electromagnetic field. Using AnsysEM 19.2,
the frequency spectra of these two signals are calculated. As
shown in Fig. 3(c) and 3(d), the frequency ranges of two elec-
tromagnetic fields are 0.01 GHz-0.1 GHz and 0.001 MHz—
1 MHz, respectively.
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Fig. 3. The electromagnetic field change resulting from the Na* flux. (a) The
transmembrane Na™ current (/) passing through the nanochannel, (b) the re-
sulting changes in the transmembrane potential (¢) and electric field (AE), (c)
the spectrum distribution of the transmembrane current / in the first 10 ns, and
(d) the spectrum distribution of the overall transmembrane current / (0 pm—
200 pm).
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To thoroughly understand the electromagnetic field dis-
tribution and transmission of these two kinds of signals, an
unmyelinated-axon model was constructed using a 10-nm
thick cylindrical dielectric layer with NaCl solutions on both
sides and an inner diameter of 1.14 pum in AnsysEM 19.2,
as shown in Fig. 4(a). The relative dielectric constants of
the dielectric layer and solution are considered to be 10.3
and 136, respectively, and their conductivities are 0 S/m and
1.454 S/m.38:3% Eight current sources polarized in the radial
direction are uniformly placed across the dielectric layer at the
same cross-section to mimic the transmembrane ionic currents
around axons, as shown in Fig. 4(b). Two sine currents corre-
sponding to the transmembrane currents within two periods
are chosen as the current sources to generate the stable elec-
tromagnetic field distribution. One current has an amplitude
of 0.68 pA and a frequency of 50 MHz because of the half pe-
riod of 10 ns, and the other has a peak value of 0.63 pA, i.e.,
the effective of 0.45 pA and the frequency of 2.5 kHz due to
the half period of 200 us.
two electromagnetic signals with the same frequency as them,

These two currents will generate

respectively. Figure 4(c) illustrates the stable distribution of
both the electric field and magnetic field of these two electro-
magnetic signals when they transmit 1 nm and 10 pm away.
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Fig. 4. Simulation of electromagnetic field distribution resulting from the
two kinds of currents: (a) the applied unmyelinated axon model, (b) the set-
ting of the eight currents, (c) the stable distribution of both the electric field
and magnetic field of these two signals when they transmit 1 nm and 10 pm
away.
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Note that the electromagnetic fields, especially the elec-
tric field components, are mainly restricted in the dielectric
layer under both conditions with different currents, support-
ing the point that the soft-material waveguide made of the
dielectric layer and the solution on both sides contributes to
the electromagnetic field transmission. 1911401 Furthermore,
although its initial intensity is lower, the electric fields from
the low-frequency signals (2.5 kHz) transmit more effectively
in the dielectric layer compared with that from the high-
This indicates that the low-
frequency electromagnetic signals propagate better in the soft-

frequency signals (50 MHz).

material waveguides, consistent with reported findings.!'!! For
the high-frequency signals, the electric and magnetic fields at-
tenuate to almost nothing at 10 um away; thus it does not seem
to be the high-frequency electromagnetic signals that transmit
effectively in unmyelinated axons on which the distance be-
tween two adjacent channels is ~ 10 um. 8]

4. Discussion

4.1. Factors influencing the Na™ flux through the
nanochannel

The geometrical structure and physical properties of the
channel and its surroundings can influence the Na™ flux across
the channel to adjust the formation of neural signals.

4.1.1. Concentration gradient and transmembrane po-
tential

To explore the specific impacts of the main factors on the
transmembrane ion current, we simulate the changes in the
transmembrane current when the Na™t concentration gradient
across the dielectric layer and the initial transmembrane po-
tential are reduced by 50%. The results are shown in Fig. 5(a).
When the concentration gradient is reduced by half, the current
This
drop percentage is very close to the previous electrophysiol-

decreases to 0.3 pA (gray line), with a drop of 33.3%.

ogy experimental results of about 25% presented by Palmer et
al. in 1998.1411 Conversely, the transmembrane current is re-
duced to 0.42 pA (orange line), which represents a decrease of
6.7% compared with the original current (blue line) when the
transmembrane voltage decreases by 50%. However, we have
not found a consistent relationship reported between the Na™
current and the resting potential to evaluate the simulation re-
sults because of the interference of the clamping voltage. [4>43]
Our simulation results indicate that the change in the
Na™ concentration gradient has a significant effect on the Na™
transport across the nanochannel, while the transmembrane
potential has a relatively small impact. This result implies
the importance of maintaining the surrounding solution envi-
ronment, especially the concentration range and gradient of
Na*/Ca** for the normal discharge function of nerves. This is
also believed to be in line with the self-protection principle in
biological evolution: reducing the influence of external elec-
tromagnetic radiation on the functions of the nervous system.

4.1.2. Na™' reservoir size

Meanwhile, the volume of the reservoir in the simulated
model of the Na™ channel is concluded to have an influence
on the transmembrane current by influencing the Na™ distribu-
tion change over time. Therefore, the transmembrane currents
in the nanochannel with different-sized reservoirs are simu-
lated, and the results are shown in Fig. 5(b). The transmem-
brane currents across the nanochannel with a Na™ reservoir
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diameter of 0.03 pm—1 wm all reach the same stable value of
0.45 pA, although the Na™ reservoir size can influence its early
fluctuation. This diameter range corresponds to the density of
the Na™ channels in both the myelinated and unmyelinated
nerves. In myelinated axons, the density of Na™ channels at
the Ranvier nodes has been reported to be 1000 um=2,!1] im-
plying that the average diameter of a reservoir for an individual
channel is 30 nm (purple line), whereas it is approximately 0.3
pum (orange line) in unmyelinated axons, where the reported

channel density is 10 pum—2-15 pum~2.['228] The density of
Na™ channels has almost no effect on low-frequency electric
fields, but seems to be able to fine tune the intensity and spec-
trum of the high-frequency electromagnetic waves. For ex-
ample, the intensity of a high-frequency electromagnetic wave
in the nerve signal generated by a single Nat channel on an
unmyelinated nerve seems slightly higher. Further research
is needed to determine whether this phenomenon can regulate
neurological function.
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Fig. 5. (a) The influence of the Na* concentration gradient and initial transmembrane potential on the transmembrane current. (b) The effect of the
reservoir volume on Na™ transport across. the nanochannel. (c) The effects of the geometry of the nanochannel.

4.1.3. Geometrical structure of channels

In some reported articles, voltage-gated Na™ channels are
described as being wide on both sides and narrow in the mid-
dle, similar to inverted funnels.[**! The transmembrane Nat
current across this type of channel is related to the length of
the narrowest channel, L, and the radius of the channel, d
(Fig. 5(c)). Their effects, shown in Figs. 5(d) and 5(e), in-
dicate that the ionic current is positively related to the radius
of the channel with L of 1 nm, and negatively related to the
length-of the narrowest channel when d is fixed at 0.5 nm.
Small changes in channel geometry have little effect on the

stable value of the transmembrane ionic current.

4.1.4. Channel charge

The channel model here is designed to have the simplest
form, considering that the physical process after the opening of
Na™ channels is the key issue in the generation of neural sig-
nals. However, there is no diffusion barrier layer for anions, as
designed in the simple model of Na™ channels in living organ-
isms. It was reported that the filter group with negative charges

in real Na™ channels prevents the anions, such as C1~, from

(25441 To study the differences stem-

passing through channels.
ming from the structures of the model and the real channel, an
improved model is constructed. In this model, the element of
diffusion barrier layers is replaced with negative charges dis-
tributed on the inner surface of the upper third channel,?! as
shown in Fig. 6(a).

The simulation shows that the anion-blocking effect of
the channel is related to the charge density. As shown in
Fig. 6(b), the transmembrane current caused by Cl~ transport
decreases with the charge density. When the surface charge
density is set to —0.14877 e/nm?, the transmembrane C1~ cur-
rent decreases to zero; this Na™ channel model meets its bio-
logical function of selective permeability only for Na™. In this
model, the transmembrane ionic current (Fig. 6(c)) increases
to a peak value of 8.88 pA at r = 1.0 ns and subsequently de-
creases to a stable value of 7.57 pA after 15 ns. Compared with
the original simple model, this model provides higher current
values but shows the same change trend in the current change

over time.
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Fig. 6. Simulation results of the improved nanochannel model. (a) The improved model considering negative charges as the filter. (b) Currents from CI1~
anions and Na™ cations versus negative charge density on the inner surface. (c) The transmembrane ionic current simulated in this model.

The introduction of negative charges in the channel can
significantly facilitate the flow of Na™ across the membrane.
Correspondingly, the transmembrane voltage can reach up to
430 mV—+50 mV within approximately 20 ps: 10 times that
in the original simple model. There are possible reasons for
this difference. For example, the heterogeneity in the inner di-
ameter of the Nat channel, where the diameter is less than 1
nm in some positions>#* and leads to alower Na™ transport
speed, is ignored in the improved model. Consequently, we
prefer the conjecture that for real sodium channels, the trans-
membrane current has a peak in the beginning 10 ns—15 ns and
the value decreases and becomes stable, which corresponds to
the stable values in'the two models with 0.4 pA-2 pA, consis-

4142451 The previously reported

tent with the reported values.|
increasing time of 100 us?®2%! for the transmembrane poten-
tial from —70 mV to +30 mV is between these two simula-
tion results, 20 ps from the improved model and 200 ps from
the simple model. This is predictable, because the simulation
models study the main variables, such as channel size, Na™*
selective permeability, Na™ concentration, etc., ignoring some
minor factors like the non-uniformity of the channel and the
effects from other ions.

In summary, although the transmembrane Na™ currents
passing through the nanochannels change with some factors,
such as the Na™ concentration gradient, transmembrane po-
tential, Na™t reservoir size, geometrical structure and electri-
cal properties of the channel, they have the same change trend,
i.e., increasing to a peak about at = 1.0 ns—2.5 ns and drop-
ping back to a stable value within 10 ns—15 ns. As a result,
the neural electromagnetic signals resulting from these trans-

membrane currents should have similar spatial-temporal and
spectral characteristics to Figs. 3(c) and 3(d).

4.2. Possible activation mechanism of voltage-gated Na™
channels

It is seen that the physical processes occurring after the
Na™ channel is activated mainly comprise the transmembrane
ionic current, and the following high-frequency electromag-
netic waves resulting from the rapidly changing current within
the first 10 ns and the later low-frequency electric field, i.e.,
linear rapid change (4.4 x 10'° V/(m-s)) in the local transmem-
brane electric field. The viewpoint that the neural signals are
high-frequency electromagnetic waves seems to be inconsis-
tent with the simulation results in Fig. 4(c), where its electric
and magnetic components both attenuate too much at 10 um
away to activate the neighboring Na™ channels. The reported
experimental results also disagree with the view, because of
time mismatch. The delay time between two neighboring
channel groups was reported as 10 us—100 ps:[31 3-4 orders
higher than the total time of generation and transmission of
the electromagnetic waves, 10 ns, considering its near-light-
speed transmission. Consequently, the low-frequency trans-
membrane electric field is more likely to be the physical nature
of neural signals.

In fact, the change in the transmembrane electric field oc-
curs at the local channel as well as the neighboring channels
due to the near-light-speed transmission of the field. Because
of the waveguide structure made of lipid dielectrics, i.e., the
membrane in unmyelinated axons or myelin sheath in myeli-
nated axons, together with the intracellular and extracellular
fluids, the change in the transmembrane electric field can be

068701-7
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transmitted more effectively than that in fluids, as explained

1011461 A g shown in

using the electromagnetic field model.!
Fig. 7, the local electric field variation at the first channels
attenuates remarkably when arriving at the second channel
(t = 0 us). With time, the electric field variation around the
second channel will increase to the threshold to activate the

channel to open to generate a new neural signal (r = 50 ps).

Transmembrane
electric field

W " " 0 us

Node number — 1 2 3 4
- = = -
—st
" H H 50 ps
1
Na™
Status of channel
i Open e :
R y D
Activated i i i 100 us
5 Closed N f
Na Na®

Fig. 7. The transmembrane electric field variation versus the status of the
voltage-gated Na™ channels.

This conclusion also provides clues for the understand-
ing of the activation mechanism of voltage-gated ion channels.
Currently, there are many models describing the activation of
the channels, including the sliding helix,#7*8! paddle, %]

SL52) models. Based on the above results and

and transporter!
analysis, we propose that the physical factor activating the
adjacent Na™ channel is the low-frequency electric field per-
pendicular to the lipid membrane. We also derive a physical
model for the voltage-gated Na™ channel, which consists of
an antenna-like charge group that can be displaced by changes
in the local electric field to open the channel. A similar model
was previously proposed.!>’!

In this work, a simple bionic nanochannel model with
continuous media is constructed to study the physical events
and resulting neural electromagnetic signals after the chan-
nel is activated. . Although there is scope to further improve
the Na* channel model, the results presented here support the
electromagnetic field model, in which the neural signals trans-
mit in the form of the low-frequency transmembrane electric
field which is perpendicular to the dielectric layer and propa-
gates along the neural waveguide structure. In the future, the
model could be improved to study more physical effects in de-
tail in the generation process of neural signals.

5. Conclusion

We examined the transport of Na™ across bionic
nanochannels and the influencing factors and found the con-
centration gradient had a decisive impact on the transmem-

brane Na™ current. The simulation results showed that the
Na™ distribution reached equilibrium within 10 ns after the
channel was opened, leading to a high-frequency electromag-
netic wave in 10 ns and a low-frequency transmembrane elec-
tric field in 200 ps. The result that the high-frequency elec-
tromagnetic wave was found to attenuate rapidly in transmis-
sion, together with the reported experimental phenomenon,
showed that the low-frequency transmembrane electric field
was considered as the neural electromagnetic signals which
could propagate effectively in the waveguide-like structure. At
last, an antenna-like activation mechanism may exist in the
voltage-gated channels. Although the model developed in this
study was simple and can be further improved, the findings of
this study are still significant for understanding the generation
and transmission mechanisms of neural signals in the nervous
system and brain.
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