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Abstract

are also discussed.

This paper presents a short selective review of the non-thermal weak microwave field impact on a nerve fiber. The
published results of recent experiments are reviewed and analyzed. The theory of the authors is presented, according
to which there are strongly pronounced resonances in the range of about 30-300 GHz associated with the excitation of
ultrasonic vibrations in the membrane as a result of interactions with the microwave radiation. These forced vibrations
create acoustic pressure, which may lead to the redistribution of the protein transmembrane channels, thus changing
the threshold of the action potential excitation in the axons of the neural network. The problem of surface charge on
the bilayer lipid membrane of the nerve fiber is discussed. Various experiments for observing the considered effects
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Introduction

Studies of the effects of a weak (non-thermal) microwave radiation
on the cellular structures began in the sixties-seventies of the last
century with the pioneering work of Devyatkov et al. in Soviet Union
[1-3] and Frohlich on the west [4-6]. In these pioneering studies have
clearly shown that the reaction of cells to microwave radiation is highly
selective. At certain frequencies the reaction of cells becomes extremely
strong. Although various investigators reported different values of the
resonant frequencies obtained in experiments, all these frequencies
were in the range of tens of GHz [7,8].

The reason for the resonant interaction of the microwave with the
cells was explained by either natural oscillations which are inherent
to the cells themselves, as well as to separate molecular structures or
individual molecules [1-6]. However, a clear understanding of the
mechanism of interaction of microwave with the cells has not been
achieved. As example, let us quote from a recent review [9]: “The
energy of Mili Meter Wave radiation is too low to directly disrupt any
biochemical interaction, such as van der Waals or hydrogen bonds. Only
a resonance-type interaction might lead to an appreciable biological
effect. However, the existence of such a resonance at the cellular level is
still unknown. According to the literature, cell membranes represent a
promising potential target and this topic requires further experimental
investigations in the coming years.”

It should be noted that many experiments revealed the threshold
character of the microwave influence. Starting with a certain minimum
power the effects of radiation on the living organisms did not change,
even if the power is increased by 10° times and the local temperature
increased by 0.1 degrees Celsius [8,10,11].

As an example of stimulated cell activity, was presented in [8], in
which the effect of microwave radiation on the synthesis of colicin E-coli
C600(E1) was studied. It was shown that the effect of the microwave
has a pronounced threshold, a resonance nature and depends on the
exposure time. At a certain minimum intensity the saturation was
reached: the impact of radiation on the organism did not change, even
if the intensity was increased in ~1000 times.

Apparently, Frohlich was the first to call attention to the coincidence
of the resonance frequencies of microwave radiation with frequencies
of natural oscillations of the cell membrane. Indeed, considering the

cell membrane as thin plate of thickness d =9 nm, in which the speed
of sound ¢ = 1500m/s, then the frequency of N*acoustic harmonics in
it is equal to:
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(2N-1)=41.6-10°-(2N -1),Hz. )

The exact value of the speed of sound in the membrane is not
known, it is assumed to be close to the speed of sound in water
[12,13]. Membrane thickness is also not equal for different nerve fibers
and varies from 7 to 10nm [14-16]. In addition to purely transverse
oscillations, a shear oscillations, corresponding to the azimuthal
vibrations of thin-walled cylinder, can be excited in the membrane.

Frohlich supposed in his works that the relationship between
the natural oscillations of the membrane with microwave irradiation
is carried out by proteins having a dipole point and "floating" in the
membrane. He proposed a hypothesis of Bose condensation of sound
waves in the membrane [4], which not been confirmed experimentally,
since free oscillations at ultrasound frequencies are strongly damped.
However, Frohlich’s theoretical papers attracted the attention of
physicists to the problem of the interaction of microwaves with
the membrane and stimulated the search for mechanisms of this
interaction.

Another natural mechanism of interaction of microwave radiation
with cellular membranes is the interaction of the electric field of the
microwave with the charges sitting on the surfaces of the membrane.
Therefore, the question of the charge of the membrane surface is key
to understanding the interaction of cells with electromagnetic fields.
Indeed, if the membrane is electrically neutral, the electromagnetic
field can have only a negligible effect on the membrane due to the
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Figure 1: Influence of Na activation characteristics on spike threshold.
Threshold as a function of the ratio g, /g, for the 9 types of voltage-gated sodium
channels [27] with characteristics reported in [28]. For each channel type,
threshold obtained across the dataset is plotted. Nav1.[1-3,6] are expressed
in the central nervous system, Nav1.[4,5] are expressed in cardiac and muscle
cells and Nav1.[7-9] are expressed in the peripheral nervous system. Nav1.6
is expressed at the action potential initiation site [29-31] (Figure taken from
[26]: J. Platkiewicz and R. Brette, A Threshold Equation for Action Potential
Initiation, PLoSComput. Biol. 6, 1000850, (2010)).

interaction with the dipole heads of phospholipids and proteins in
it that have a dipole moment. If the membrane is charged and ions
are bound to its surface strongly enough, the electrical component of
the electromagnetic field will result in the membrane deformations. If
the ions are bound to the surface is relatively weak, the ions on the
membrane surface will move freely along its surface without causing
any effect on it.

The question of the value of the surface charge of cell membranes
has been studied in many experimental works. We will not go into
all the papers, we refer only to [17] and [18], where the experimental
data of the surface charge of cell membranes obtained by different
methods; Range of obtained values of the surface charge density
is quite 6_=0.3-0.002C/m’. The review [18] states that an average of
about 10% of lipids apenegatively charged.

In [13,19,20] Krasil'nikov considered several model problems
related to the oscillations of a charged thin shell, that mimics the cell
membrane located in aliquid electrolyte, under influence of the periodic
electric field. The resonant frequency and Q-factor, corresponding to
natural oscillations of the membrane of spherical vesicles are found in
[21]. The obtained results were used for evaluation the displacement

of the free ions in the vicinity of the shell. However, major questions
were remained unanswered: what is the value of the surface charge of
the membrane (it was assumed to be given)? How strongly the surface
charge is bounded with the membrane? and what the mechanism of
action of weak electromagnetic fields on the cellular processes?

Recently, several experimental studies had been performed, which
showed that a relatively weak microwave radiation with intensities
of 0.01-1W/m? in the range of 50-100 GHz leads to the spontaneous
excitation of neural activity (see, for example, [17]). The interaction
of microwave radiation with a nerve fiber was studied in [21] on the
example of the mouse cerebral cortex, placed in the cerebrospinal fluid
(CSF) solution and illuminated by plane-polarized microwaves at a
frequency of 60.125 GHz. A periodic rectangular current pulse of a
small amplitude was initiated in the nerve tissue sample to stimulate the
action potential. With increasing of the microwave radiation intensity
a significant increase in the frequency of the membrane self-excitation
after the exposure to microwave radiation, as well as, the shortening
of the recovery time of the resting membrane potential was observed
in the experiments. The results obtained in [21] seem to be surprising.
For example, at microwave intensity of 492 nW/cm?, the frequency of
the action potential self-excitation was higher than at the intensity of
71 nW/cm?’but, at the intensity of 737 nW/cm?, the action potential did
not excited at all. In other words, with the intensity of the microwave
radiation increasing the threshold for the action potential excitation
decreases, but at a certain critical value of the microwave intensity the
action potential is blocked. This and other results cannot be explained
in terms of thermal effect, since the intensities of the microwave
are too small to change the temperature of the membrane and CSF
solution. Note that, as shown below, the frequency of the microwave
source selected in [21] is close to the resonant frequency of the natural
oscillations of the membrane.

This raises the following question: what physical processes other
than temperature may affect the threshold of the action potential
excitation? In our opinion, such a reason could be the changing of the
local surface density of transmembrane ion channels, in particular the
sodium channels. It is known that these channels are not fixed in any
specific locations of the membrane and can be displaced as a result
of so-called lateral diffusion (the corresponding coefficients of lateral
diffusion lie within D,= 10"*-10"*m?*/ S [22-24]).

As shown in [25,26] on the basis of the analysis of the equations of
Hodgkin - Huxley, the surface density changing of sodium channels
(oc g,,/8,)decreases (increases) the threshold of the action potential
(Figure 1).The values g, and g, are respectively, the maximum Na and
leak membrane conductances [27-31].

At present time there are special actuality of studies exploring
the microwave radiation impact on living organisms is associated
with increasing levels of electromagnetic pollution of the human
environment (related to the development of mobile communications,
computers, radio, television, etc). The permissible standards of
radiation power of electronic devices, depending on their frequency,
been developed by joint efforts of scientists, engineers and physicians.
An example of American standards of radiation safety at different
frequencies [32] is shown in Figure 2. These standards are based on
calculations of the thermal effects of microwave radiation on the human
body (Figure 3). The allowable power of microwave radiation increases
linearly in the range of 20 MHz - 20GHz and then remains constant,
as can be seen from Figure 4. A plateau at frequencies above 20 GHz
is due to the fact that at these frequencies the penetration ability of
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Figure 2: Acceptable safety standards of power electronic devices, depending
on the frequency (Taken from: [32] IEEE Standard for Safety Levels with
Respect to Human Exposure to Radio Frequency Electromagnetic Fields, 3
kHz to 300 GHz (2006)). Arrows indicate the resonant frequencies observed
in the experiments [39,40]

the microwave falls to the level of hundreds microns and radiation is
almost completely absorbed in the skin [2].

A few years ago, it has been proposed to increase the frequency of
the electromagnetic radiation used for telecommunications up to 30-
300 GHz. [33,34]. This is based on the fact that at such frequencies, it is
possible to transmit signals at a rate higher than 2 gigabits per second,
which has enormous potential both for civilian purposes, as well as
for the military. On the other hand, the increase in frequency makes
it possible to use low-power energy sources that essentially reduce the
electromagnetic radiation flux down to lower than 1 W/m” At such
power of the incident radiation, the thermal effect on the nerve fiber is
insignificant and cannot affect the vital functions of the human brain
and nervous system. In 2013 the first Wi-Fi routers operating at a
frequency of 60-80 GHz appeared on the market [35,36].

However, as noted above, there are resonance effects in addition
to the thermal effect associated with the microwave absorption in
the tissues of the body, (the nature of which, until recently, remained
unclear). This can lead to physiological implications with much lower
intensities than the permitted safety standards. These resonances are
shown schematically in Figure 2 and highlighted with a question mark.

The dielectric constant of water depends on microwave frequency
and is a complex function: ¢ =¢'+i¢”. Corresponding values of the
refractive index n, the attenuation coefficient k and the attenuation
length a, are determined by the expressions [37]

nz\/(\/$‘2+g"2+g')/2, K=\/(\/5’2+£"2—g')/2 2

a,=——.
‘2rfx (3)

The corresponding wavelength of the microwave in a medium
A =X,/ n(@,=c/f), cthe wavelength and speed of light in vacuum).
The amplitude of the electric field in the medium is attenuated as: E(z)
~ exp(-z/ a,), where z it the depth of penetration of a plane microwave
incident normal to the surface. An example of dependencies on the
frequency of the microwave of the real and imaginary parts of the
dielectric constant, the refraction index and the attenuation coefficient
tx and the characteristic attenuation length a, in water at a temperature

of T=25° C are shown in Figure 3.The calculations are made on the
basis of the data of [38-41].

Let us formulate the questions that we will try to respond to the
main part of the article.

. How the microwave radiation leads to a redistribution
of transmembrane ion channels? Why microwave interaction with
membranes has a resonant character and what is the dependence of
the characteristics of interaction on the intensity of the microwave
radiation?

. What are the typical values of the surface charge of the
membrane, and how strong the surface charges are bounded with the
membrane?

. What are the biological consequences of redistribution of the
surface density of the ion channels in the axon membrane?

. What experiments and theoretical studies should be done
to make clearer the understanding of non-thermal interaction of low
intensity microwaves with the nerve cells?

Impact of low intensity microwave radiation on the
neuron. Qualitative picture

A schematic view of a neuron is presented in Figure 4. Arrow
shows the direction of incidence of the microwave. Assume that the
microwave wave is polarized such a way that electric field is directed
along the axon. It is also shown myelin portion of the axon. The
thickness of the membrane, as mentioned above, lies within 7-10 nm
[14-16]. The length and diameter of the axons in different organisms
and different elements of the nervous system varies widely (Figure 4).
Thus the length of inhibitory interneuron axons is shorter than 1 mm,
while the length of the peripheral nervous system axons may reach one
meter and more [41]. The largest axons in the mammalian peripheral
nervous system (PNS) reach a diameter of ~ 20 pm [42]. However, the
greatest diameter has the squid giant axon with a diameter close to 1
mm [43], whereas the diameter of unmyelinated cortical axons in the
mammalian brain varies between 0.08 and 0.4 um [44,45].

L;=10-50 um, L, = 1-2.5 ym, L, = 100-1000 um, L= 10 -2000 pm.

Initiation of the action potential (AP) is the subject of a large
number of studies (see for example [46,47] and references therein).
At present it is generally accepted that the initiation in myelined
fiberbegins with the appearance of spikes in axon initial segment (AIS)
(Figure 4), which lead to the excitation of the action potential in the
axon. Typically the size of AIS is in the range 20-50 um, but it can
reach 75 um and even, 200 pm. To initiate an action potential, it is
necessary that the amplitude of the spike was higher than the excitation
threshold V., =V +8V , where V,=-70 mV is the resting potential,
and 6V, ~5-10 mV is the perturbation voltage [26,46]. The amplitude
of the voltage required for the initiation of the AP lower for a spike with
longer time duration. In general, the conditions for the excitation of the
action potential depend on the length of the AIS and the distribution of
the surface density of transmembrane ion channels [46,47].

Typical dimensions of AIS for all types of axons are much smaller
than the microwave wavelength in the range of tens-hundreds GHz, so
we can assume that the electric field acting on the charged surface of
the AIS membrane, uniform in space and varying only in time. (The
surface charge of the membrane is discussed in Forced vibrations of the
membrane in a microwave field section [48]. Since the AIS are bordered
at one end by hillock and at the other by a myelin sheath (Figure 4),
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Figure 4: Scheme of a neuron with the characteristic elements of the myelinated axon.

Axon Terminal

we can consider the charged AIS membrane as a plate clamped on the
ends (Figure 5). This is valid because the membrane thickness is several
orders of magnitude thinner than the diameter of the thinnest neuron.
Displacements of the membrane in the case when the charges on the
inner and outer sides of the membrane have different signs are shown
in Figure 5a; and the case when charges of surfaces have the same sign
is shown in Figure 5b. Forced oscillations of a charged elastic plate in an
alternating electric field have pronounced resonances. Corresponding

characteristic resonant frequencies are ;- = npc f /b, where, p =1,2,..
(Part V, [49])

Forced longitudinal vibrations of the plate-membrane lead to
a redistribution of transmembrane proteins (ion channels) due to
acoustic radiation pressure [49,50]. In the case of excitation of the
longitudinal standing acoustic wave in the membrane, ion channels are
shifted to the edges and a rarefied area is formed at the center (Figure
6).

The redistribution of sodium transmembrane channels caused by
longitudinal acoustic vibrations leads to a decrease in the excitation
threshold of the action potential (or spike) in the areas with enhanced
surface density of ion channels. And, with a significant rarefaction and

sufficiently long rarefied region is possible to block the action potential
propagation [50].

Note that since the dimensions of non-myelined axon terminals
(AT) can reach several tens of microns, there also may be a significant
redistribution of protein channels, which also can lead to physiological
effects.

Lateral diffusion and drift of transmembrane proteins
in an acoustic field [49,50]

In this section we will try to answer questions about the reason of
redistribution transmembrane channels and how long it takes.

We will not consider numerous experimental works related to the
diffusion of transmembrane proteins in biological membranes and
will restrict ourselves to a statement of fact that the transmembrane
proteins not fixed and are subject to the so-called lateral
diffusion. Typical values of the lateral diffusion coefficient are
within D, = 10"°-1014m?/s [22-24].

A well-known fact in acoustics that suspended particles in the
field of a traveling wave are displaced either to the region of maximum
intensity of the acoustic oscillations or to the minimum intensity. In
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Figure 5:Membrane deformations causes by the microwave electric field directed. The edges of the membrane (unlimited in y direction) are clamped. The blue
arrows indicate the elastic displacements inside the membrane. (a) corresponds to the charges of opposite sign on the membrane surfaces, (b) — the same sign.

the field of the standing wave suspended particles are collected in the
antinodes in the nodes regions [51,52]. The direction of the suspended
particles displacement is determined by their relative density with the
density of the medium.

We will consider transmembrane proteins in the membrane as
suspended particles in the medium in which the acoustic vibrations can
be excited. For simplicity of analysis and without a loss of generality, we
will assume the proteins as spherical particles of radius a=d/2 (d is the
thickness of the membrane) and having a density approximately equal
to the density of the membrane p = 900 kg/m’.According to [53] the
forces F,and F acting on the suspended spherical particles by a plane
traveling sound wave

F =Y s @)
or, in a plane standing sound wave:
F = ZT” -a’k, Esin(2k x) 5)

Here, E is the energy density in the wave; w = 2nf is the angular
frequency of ultrasound, A is the amplitude of the oscillatory
displacements in the wave; k =27/ A =c/wis the wave number; In (5)

n

x is the position of a particle in the standing wave, &, = % n=123..,1
is the size of the area where a standing wave exists.

Aninitialhomogeneous distribution of the transmembrane proteins
is disturbing in the field of the acoustic wave. The transmembrane
proteins will drift under the influence of the acoustic radiation pressure
until their forced drift will not compensate by the reverse diffusion flux.
The continuity equation for the density ., of protein per unit surface
area of the membrane in the acoustic wave field is:

" y.R=0; A ©)
E-‘—V.A: 0; A=y n F-D/Vn,

Here, Feitherand F or F,, , is the lateral mobility of transmembrane
protein channels, which is associated with the lateral diffusion and the
local temperature by the Einstein relation u, = D, / k,T.

As it was shown in [49], the most favorable areas for the excitation
of longitudinal vibrations in the membrane in the myelined nerve fiber
are AIS and AT (Figure 4), since the amplitude of these oscillations
~1/ P, where [ is the length of non-myelined area. Therefore, we can
assume that all the results obtained below are related to the AIS or AT.

Assuming that the external force F is oriented along the axis of the
axon and taking into account that the membrane thickness is much
smaller than the radius of the axon, the equation (6) for the density of
the transmembrane channels can be rewritten as:

on, 0 o
ai;h +a(_DL anch + /‘Lanj =0. )

The steady-state distribution of the protein channels density
satisfies the Boltzmann distribution:

n,, =n,exp(-=U / k,T) (8)

with the potential

U(x)=— j F(x)dx - )
0

The factor n, can be easily found from the condition of conservation

of the total number of ion channels along the length of the membrane.
n — Ry

n, (x) — ch,0 e U(x)/kgT

1 ) (10)
J‘efl/(x)/kBde
0

~ —

Where 7,  is the undisturbed density of ion channels per unit
membrane surface.

The dimensions of the initial segment L_vary between 10-50 um,
which is much smaller than the wavelength of ultrasonic vibrations.
Since the initial segment on the one side is bordered with the myelin
covered area, and on the other - with hillock, the longitudinal
displacement of the ends of the initial segment membrane is suppressed.
Thus, only standing waves with wave numbers k, =nn /L, n=1,2,3...
can exist in the membrane of the initial segment (Figure 6).

For the case of a standing wave from the formula (10) follows:

T 3x oy
¢ E,(1-cos 2k, x) /kyT e'; cos(2kyx) 3E

M: e _ gzﬁ_ s
Io(ég:) , L3 kT » (1)

dx

nch,O 1 ]‘Y ’%‘”}E\(l’couku")”kﬂ
e
s 0
where n_, is the density of the ion channels in the case of the
. o 7 _1 . .
standing ultrasound wave, £, =2 p@’A’is the energy density of the

standing ultrasonic wave, and I, is the modified Bessel function [54].
Figure 7 shows the dependence of the equilibrium density of sodium
channels along the initial segment.

The difference between the maximum and minimum densities
of ion channels referred to the average density of the channels in the
membrane is:

An, _ 2sinh(¢))
ch,0 10 (5:)

(12)

n
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Figure 6: An example of the transmembrane ion channels redistribution under
the influence of the acoustic radiation pressure. The arrows show the direction
of the forces acting on ion channels protein. It is assumed that the protein
density is close to the density of the membrane

Note that, at ES> 1, the sodium channels are almost completely
shifted to the edges of the initial segment. On the one hand, this may
lead to the blockage of the action potential. On the other hand, this may
reduce the excitation threshold of the action potential, as there are areas
in which the channel density is much higher than at the unperturbed
equilibrium. Examples of forced redistribution of transmembrane
channels which lead to the blockage of the action potential and to self-
excitation are considered in the following sections [55].

Figure 8 shows the density of sodium channels at different moments
in time obtained through numerical solution of Equation (7). It can
be seen that the channel redistribution happens quite quickly. At =2,
it takgs approximately 5% of the lateral diffusion characteristic time,
ty= L /D, .

It follows from Figure 7 that for §=2, the formation of a new
equilibrium distribution of ion channels happens very quickly in the
time interval of order 0.03 t,. In other words, the initial formation stage
of the regions with reduced or increased density of ion channels is
much shorter than the channel density restoration time after turning
off the ultrasound.

For the case of a traveling wave, we must take into account that the
density of energy of the acoustic waves is decaying due to the viscosity
as

E, :]:7’“0 exp(—2x/aw), (13)

Where a, =c} /(@) is the attenuation length of sound waves, v=v,/
(1+w?t ) is the kinematic viscosity in water [55], v,=10°m?/s, T ~8.10""s
[56], ¢ =1450 m/s is assumed speed of sound in the membrane. Figures
9a and 9b show the dependencies of the attenuation length a and
kinematic viscosity v on the sound frequency in water.

Forced vibrations of the membrane in a microwave field
[49]

Geometrical and mechanical properties of nodes Ranvier, the
initial segment, are very different from the terminal region and the
areas covered by the myelin (Figure 4). Therefore, their vibrations
(longitudinal and transversal), arising due to the action of the electric
component of the electromagnetic field can be treated independently,
assuming that the ends of the vibrating areas are fixed. Since the
thickness of the axon membrane in the nerve fiber is much smaller
than its radius, we will consider each part of axon as a plate,
unlimited in the y-direction, with uniformly distributed surface
charge o_[C/m?], which is firmly fixed to the membrane surface. A key

issue how rigidly ions are fixed on the membrane surface and what is
the value of the surface charge will be briefly discussed in the surface
charge of the phospholipid membrane section.

As mentioned earlier, the wavelength of the electromagnetic wave
in a medium is equal to A = A /n. In the frequency range f~50-100 GHz,
the refraction index n~5-3 (the frequency dependence n(f) is shown
in Figure 5) and, respectively, A(f) is in the range 1-2mm.That is, the
microwave wavelength is much greater than the length of any element
of the myelined nerve fiber (shown in Figure 4) Therefore, we can
assume the electric field acting on the charged membrane is spatially
uniform and varies only in time. Figure 5a shows the displacement of
the membrane in the case where the charges on the inner and outer
sides of the membrane have a different sign, 5b - a sign of the surface
charges is the same. The force acting per unit area of the charged surface
of the membrane is equal:

F=0 E (14)

Here E is the electric field of the microwave acting on the surface
charges, o is the surface charge density. For the electromagnetic wave
of the intensity I, , the amplitude of the electric field in the medium

w>
[57]:
21 E
o] L B 09
gnc N
Here, I, is the microwave intensity in the vicinity of the

membrane and E_is the corresponding amplitude of the electric field in
vacuum. In the frequency range of 50-100 GHz, n'?~ 2 (Figure 3b), i.e.,
the electric field acting on the membrane, is only half than the electric
field in vacuum. Since, as shown in [47], the normal to the membrane
component of the electric field practically does not contribute to the
displacement of transmembrane proteins, we will consider only the
case when the microwave electric field component is directed along the
axon. Hereinafter, for simplicity, we will assume that n? = e=¢’. It does
not lead to a significant error in the frequency range of our interest
(Figure 3b).

The system of equations describing the longitudinal vibrations of a
membrane, such an elastic bar under the influence of external driving
forces, have the form [58]:

A2 A2 2 2 2
Ou, ,0u, zaux+vﬁ[0uxj+(lz 2)614:
ot

Lo¢ c ¢ —c|—=
ot T e o " pzox
Pu. 0w Lu o(dw) [, \Fu
L=, =+c L4y — = |+l —c | —
o T e ol o (d ’)azax
Here u, u_are displacements along axes x and z; C, C are the

longitudinal (along the x-axis) and transverse (along the z-axis) speed
of sound. In our model, we assume that o=,

(16)

Since, as we assumed, that the charges are only on the surface of
the membrane, there are no terms associated with the electric field in
the equations (16). The boundary conditions corresponding to the
longitudinal electric field, in the case where the surface charges on the
inner and outer surfaces of the membrane ¢, are equal in absolute value
but are opposite in sign (Figure 5a):

au)( p— F\'
ozl <py

- 17
ul_, = 0 ( )
Uy =0

and, when the sign of the surface charge of are equal (Figure 5b):
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i 5 ’ wcos(Sh) p, N (25)
[kn
3.0i 4 A, 2_"0TA,JI
25 / / Taking into account that
1 3 oh ,vkzh] fon)  [vih) (26)
o 20- // ‘cos(fhj— co C—I+t 2, ) cos o +sh e,
c’ J
\é- 15— / % we can find from (26) the frequencies and the widths of resonances.
c | e . vkh . .
10 , Since << 1, the resonant cyclic frequencies are
e I
. ~ ]
1 - | = a4 . 27
0.0 1 ——— : and the width of the resonances is:
700 01 02 03 04 05 06 0.7 08 09 1.0

x/L
Figure 7:The relative densities of sodium channels along the initial segment
interacting with the main mode of ultrasound standing wave (n =1) for
different values of the parameter. 1 — £=0, 2 - £=0.5, 3 - £=1, 4 - £=1.5,
5-¢=2"

Ou, F,

oz |, B ¢y

Ou, (18)
=l

u“ x=0,x=L = O

Here F is the force tangential to the membrane surface

21, . E, .
— — MW jiot _ 0,a iot
F.=0,E,=0, € =0, ¢ (19)
gne £

It is not obvious what value should be substituted in (17). If the
surface charge is on the surface of the membrane, it should be taken ¢ =
n’, but if it is "deepened"” into the membrane then & =¢_= 2. [59].

We will look for a solution of equations (14), in accordance with
the boundary conditions (17), in the form:

u, = A,e sin(k,x)sin(&z)

u, = A, cos(k,x)cos(&z) , (20)
kll = ﬂ
L

and, in the case of boundary conditions (18), in the form:
u, = A,e"" sin(k,x)cos(&z)

u, = 4, cos(k,x)sin(&z) | (1)
k="
L

Substituting (20) and (21) into (16) we obtain the expressions:
(0 —kic] —iwvk; —c!&) A4, +k, (¢} —c] )é4, =0 (22)
(0" —kic] —iovk] —c/&) A, +k, (] =) &4, =0

Substituting (20) into (17) we obtain the amplitude for the shear
vibrations (Figure 5a):
F
- n,x 23
€} P& cos(Eh) @)
Substituting (23) into (22) and taking into account that we are
interested in the frequencies w >> k ¢k c,

A[[

& ~(0 —iovk! )/ ¢ (24)

we obtain:

So=vkl 2. (28)

Substituting w_ in (25), we find the resonant amplitudes A, and A
2 F

T wvkh p, (29)
CI*I{“ Ar‘,[l
(0]

).

Similarly, the resonant frequencies for the boundary conditions
(18) (vibrations in Figure 5b):

r 1

A4 =—

7L

., :(7Z'+7Tp)%, p=0,1,2,... (30)
and the vibration amplitudes:
A* 2 Ez,x 2 F:z,x
o a)*rijh pO - w*rVk:h pO
k (31)
A, = e Ay
. o, "

The resonance width for the vibrations shown in Figure 5b is the
same as for the case shown in Figure 5a.

Let us choose for example the following parameters of the lipid
membrane of the nerve fibers: d=2h=10 nm; ¢, = ¢,~ 1450m/s. Then,
the resonant frequencies corresponding to vibrations shown in Figure
5a, are

2 _75(142p) GHz » (32)

Jon = 2z

and, in Figure 5b:

for, =22 2150(1+ p) GHz (33)

r.p 20

It should be noted that due to the existence of natural statistical
variations of geometrical parameters of the nerve fiber regions - their
length and the membrane thickness - the response of the ensemble of
neurons on the microwave will have a much broader spectral range
of in the vicinity resonances. Let us estimate a spectral width of the
resonance for the initial segment. From (22) it follows:

@ =clE +kc} . (34)
Since for the vibrations shown in Figure 5a, the minimum value
98:%, and for the vibrations (Figure 5b) - §=%, then, at ¢, = it
follows from the dispersion equation(34)
e 35
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o :%[HZ"LJ (36)

If there are many neurons in the sample with the lengths of the
axon initial segments varying between 10-50 um, then Af, = 22 kHz
I/IAf,yZ 5.5 kHz. In fact, the resonance can be even more broadened if
we consider sub harmonics kﬁ nn/l, and also that the thickness of the
membrane may vary within the limits 6-10 nm.

4

Assuming E:%pszz and a = h = d/2, from (27), (29) and (5),
the force acting on ion channels by the forced longitudinal vibrations
of the membrane:
4z h , E;

FS T kEVZ O-m ﬁSin (anx) (37)

m

113

For the first resonance k= 7 / L, the relative difference between
maximum and minimum densities of the transmembrane ion channels
&, defined by (11):

1,
¢ ~aholL'E,, =2aho. [} 12

m s 0. m*s 172
Ogm

c
38
5 (38)

a=———5—
t 37 pvik,T
The microwave radiation, apparently, does not affect the nodes of
Ranvier because £ depends on the length of non-myelined area in the
fourth degree.

Let us estimate the redistribution time under the influence of the
longitudinal force F, taking into account the lateral mobility 4, =D, /k,T:
L L kT _ £ele

S S (39)
2V, 2D, F, 8aDho,Ll,

Itis assumed that the surface charges through which the microwave
interacts with the membrane a firmly bonded to the surface. The value
of the surface charge density is a critical parameter of the problem. In
the simplest model case, considering the charged membrane as a planar
capacitor with the potential difference equal to the rest potential AU, =~
-70 mV, for the membrane thickness d=10 nm, the surface charge
density can be estimated as o, =&y, ‘AUm /d~124-10" C/m* 'The
charges on surfaces of the membrane are considered equal in magnitude
and opposite in sign. In this case, under the action of microwave
radiation, the mechanical vibrations occur in the membrane, such as
shown in Figure 5a.

Table 1 shows the calculated values An,, / <nc,,!0> and At at
different microwave intensities for the initial segment L = 50 um, o, =
1.24.10* C/m*and the kinematic viscosity v (Figure 9b) corresponding
to the resonant frequency.

Note that the results shown in Table 1 represent the lower estimate
of the effect. For a more realistic surface charge density (see next
section), it can be expected that a significant redistribution of ion
channels occurs more rapidly and at a much lower intensity of the
microwave.

L [W/m?] An /<n, > At [minutes]
0.1 7.44 102 4.4510?
1 7.35 10" 4.45 10"
10 4.64 4.45
100 15.2 0.445

Table1. The calculated values Ansych/<nchyo>, and At_ at different |, ,

The surface charge of the phospholipid membrane [48]

The problem of spatial distribution of electrical field in the vicinity
of the biological membranes surface has been considered in many
TeopeTndeckux papers (see, example [60-64]). In all these works, the
near-surface potential of the membrane was considered under the
Gouy-Chapman theory [65,66] or its later modification by Stern [67],
in which the charge on the membrane surfaces is considered to be
given. In these theories, the membrane was considered as a continuous
dielectric, without taking into account its fine structure, and a surface
charge was determined on the basis of the electrochemical properties of
the dielectric surface (see, for example, [68,69]).

In fact, It is known that the phospholipid molecules of cell
membrane are forming a mosaic (matrix) structure in which dipole
heads are directed towards the liquid (positively charged head faces
outward membrane) [70]. The average surface area per molecule of the
lipid is = 0.5nm?, the length of the polar head is ~0.5 - 1 nm, the radius
of the head is ~0.2 - 0.3 nm, and the distance between the hydrophilic
heads of the membrane is in the range of 5-7 nm [15,16].The dipole
moment of the phospholipid head is 18.5-25 D [71] (1 D =3.34.10"%
Cm), i.e. more than 10 times greater than the dipole moment of
water molecules. On the basis of geometrical dimensions of the cell
membrane and the size of water molecules, it can be concluded that
the free space between the head does not exceed the size of a water
molecule (~ 0.2nm). That is, the membrane, interacting with the ions of
surrounding liquid, cannot be considered as a dielectric medium with
an infinitesimal dipoles size.

These facts allow the consideration of the following simplified
model of the ion interaction with the membrane:

1. The membrane represents a matrix (Figure 10) with a mesh
size ax a. In the nodes of cells the dipoles are located; the dipole charge
is g; the distance between the charges (the dipole length), d; the distance
between the dipoles along the axis z, 1.

2. An ion is a classical particle and cannot approach a dipole
at a distance less than the sum of the radii of the head and the size
of the ion. It is important that the ion can approach the membrane
dipole heads close enough that would be "captured" by the potential
well. This is a standard assumption in the theory of the interaction of
ions with the surface of the dielectric [67]. Since the dipole moment
of water is 10 times less than the dipole moment of the phospholipid
head molecule and near the head cannot be more than one-two water
molecules, the interaction between the ions located near the surface of
the membrane and the water molecules can be neglected, as compared
with the interaction of the ions with the dipoles of the membrane.

The model of the phospholipid membrane (Figure 10) in saline was
considered in [46], on the basis on the assumptions 1, 2.Issues of the
passage of ions through the cell membrane was not considered in [46],
because the main question the authors were interested in was: how
strongly the surface charges are connected to the membrane, and what
is the corresponding bounded surface charge density. It was shown that
ions are firmly bounded to the surface of the membrane, the membrane
surface is negatively charged, and the binding energy of the ions with
the membrane U is essentially higher than the thermal, U/ k,T>>1.
Therefore, the electric component of the microwave field, interacting
with ions, transfers energy and momentum directly to the membrane.
This interaction leads to forced mechanical vibration of the membrane
and, as a result, to a redistribution of transmembrane protein ionic
channels.
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Figure 8: The relative densities of sodium channels along the initial
segment interacting with the main mode of ultrasound standing wave (n =1)
for parameter £ =2 at different moments in time. 1 corresponds to 1- t/,=0.01
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Figure 9:Sound attenuation length (a) and viscosity (b) versus frequency in
water
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Figure10: A simplified mosaic model of a membrane: the membrane is a
matrix with dipoles in the nodes. a is the mesh size of the matrix, d is the
distance between the charges of the dipolehead, / is the distance between
the dipoles along the z axis. .

The compositions of negative ions inside and outside of the
axon are different. The main negative ions inside are anion groups of
macromolecules and phosphates, and the outside - the chlorine ions.
Therefore, the binding energy of the ion with the membrane and the
surface charge density will be different for the inner and outer surfaces
of the membrane.

A self-consistent theory of the potential near the phospholipid
membrane was developed in [48]. On the basis of this theory the
surface charge density on the membrane was calculated. The results
[48] e in agreement with the experimental data presented in [17,18],
according to which the surface charge density on the membrane

|gm| ~0.3—0.002 C/m? Thus, the surface charge densities on both
sides of the membrane significantly exceed their difference that
determines the resting potential, i.e.|Ac,|~10" C/m® <<|o}|,|o,]
Figure 11 shows the potential distribution inside and outside the
membrane where the inner and outer sides of the membrane have
different surface charges. Apparently, the forced vibrations of the
membrane under the influence of the electric component of the
microwave are corresponding to Figure 5b and the possible effect of
the microwave is much stronger than presented in Table 1.

In [72,73], the distribution of ions near the surface of the
phospholipid membrane is calculated by the method of molecular
dynamics (MD)., However, these studies did not refer the ion-dipole
binding energy with phospholipid dipole heads. Therefore, it would
be interesting to compare the results of the model [48] with the
calculations performed by the MD. .

Blocking and initiation of the action potential [50]

As shown in the preceding sections, the ultrasound can lead to a
redistribution of sodium channels. As a result, the regions in the axon
membrane of high density and low density of the transmembrane
sodium channels may be formed. Since the generation of an action
potential in a neuron happens in the initial segment, non-myelinated
part of the axon between the axon hillock and the first myelinated
section, all the calculations below were done on the basis of the
standard model of Hodgkin and Huxley for the squid axon [74].This
model was chosen because it is well studied.The experiments on self-
excitation or blocking of the action potential propagation in the axon
of the squid can be relatively easily carried out and the squid’s axon is
non-myelinated. That is, the numerical and experimental results will be
qualitatively valid also for initial segments in neurons. Since the system
of equations of Hodgkin and Huxley is well known, we do not present
it here. Note that all the coefficients in the presented model calculations
are taken for the temperature T = 6.3°C.

The redistribution of sodium channels was specified in calculations
by the model function (Figure 12), so that the distribution of the sodium
surface conductivity is g (x)= g](zla .(1 +&,( x))- The length of the
model axon was equal to =40 cm. Here, g, gy, - are the x-dependent
and the x-averaged maximum sodium conductances, respectively. All
gating variables depend only on the local potential difference on the
membrane.

The excitation of the axon in the model was determined by
a local increase in the potential in the point x;=I / 2 for the time
interval 7, = 1ms:

Vo(%,) =V 440V Ot —17,) =V +a|V |61 —7,), (40)

Whered(t-7,)) = {(1)

>

<z, . .
" is the step function
TU

Here parameter a characterizes the amplitude of perturbation of
action potential. When a=0, the perturbing potential §V=0 and the
potential at the point x,is equal to the unperturbed potential of the
membrane. The dependence parameter o on fa (ly,=9em, x,=1/2=
20cm) is shown on Figure 13.

It is seen that when increasing the parameter &, the threshold value
for the action potential excitation decreases, and the self-excitation
takes place in the axon at § = 0.331.

By increasing the parameter £, the conditions of propagation to
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Figure 11: Potential distribution inside and outside the membrane when the
inner and outer sides of the membrane have different surface charges.
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Figure 12: The model function & and the size of the redistribution channels, /.
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Figure13: Dependence of the parametero.on & at/, =9 cm, x=20 cm.

the right, i.e. in the region of low density of ion channels in the signal,
deteriorates, and at {’0 = 0.787, the action potential does not extend to
the right, e.g., in this direction, the blocking of the axon takes place.
Figure 14 shows the dependence of the action potential on time at §, =
0.81. In this case, at x=20 cm the spontaneous excitation of the action
potential propagating to the left occurs. In this example, the signal does
not propagate to the right due to blockage of the axon.

Figure 15 shows the dependence of the coefficient ¢, at which

the action potential propagation is blocked, on the size of the region
where the protein channels redistribution takes place, [ . These results
correspond to the perturbation amplitude of the resting potential

0V =0 (parameter a=0).

In [50] it is shown that for ultrasonic acoustic waves, both standing
and traveling, their intensities, at which effects of redistribution of ions
channels can be observed in the membrane of the axon of squid, are very
high and leads to the irreversible change in the membrane properties,
related to the membrane heating and the cavitation development in
the surrounding liquid, are occurring at much lower intensities of
ultrasound. As regards the effects of the microwave exposure, then all
estimates for squid axon are apparently greatly overestimated and were
presented only to illustrate the effect, since the microwave radiation
cannot be considered spatially uniform at the characteristic scales of
squid axon, as it takes place for the case of AIS.

Discussion

Let us check that the linear elasticity theory is valid for the
description of the forced vibrations of the membrane in a microwave
field. Substituting (19) into (29), we obtain the expression for the
amplitude of the displacement of the membrane for the first resonant
harmonic:

2 o , | 21,
4=t [P )
7" o, vhp, Eoy €

AL:_%“‘H:_iAH (42)
,

r s

Since the longitudinal displacement of the membrane A should
be much less than L, and the transversal displacement, A , is much
less than h,

4
K=A_A 2 % g 18107 LT, << (43)

A w0
L h T yepfeelc

The constraint (43) imposes a condition on the microwave intensity.
In the calculation of the constant in (43) we used the same parameters of
the membrane, as in the surface charge of the phospholipid membrane
section. Following (39) we obtain:

A ~13107 1 (44)
s Mw
In the calculation of the constants in (43), (46) we used the
same parameters of the membrane, as in the surface charge of the
phospholipid membrane section.

For a real initial segment length L = 50 um << A at the resonant
microwave radiation with intensity I, = 1Watt/m’ we obtain
respectively K, = 9.10® (i.e., elongation of the membrane is small
enough to have been valid for the linear elasticity theory), and At, =
5.4.10° s. Corresponding energy density of induced resonant standing

- 1
wave is quite small: £ = 5,0(034‘2 ~5.7-10° J/m’.

As shown in this study, the redistribution of transmembrane
channels, caused by standing or traveling ultrasonic waves in the
membrane of the initial segment, leads initially to a decrease in the
excitation threshold of nerve impulses, and then, with increasing
amplitude of the channel density perturbations, to the possibility of
spontaneous excitation of the action potential. However, the effect of
purely mechanical ultrasonic vibrations is not as effective as the action
of the forced electromechanical oscillation at the resonant frequencies,
excited by the interaction of charged membranes with the microwave.
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Figure 14:Time dependence of the action potential at various points in the
axon. The excitation potential perturbation is d¥, =0, & = 0.81, a = 0. A)
Corresponds to points lying to the left of the center of the axon (where the
action potential is excited), line 1 — corresponds to x=2cm, 2 -15.5cm, 3-17.5
cm, 4 — 20 cm. B) Corresponds to points lying to the right of the center of the
axon.1- x=22.5cm, 2 —24.5¢cm, 3 — 30cm.
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Figure 15 :The dependence of the coefficient & in the axon of squid on the
size of the protein channels redistribution region /, at o =0

Further increases in the amplitude of the transmembrane channel
density perturbations can block the propagation of a pulse in areas
with rarefied density of channels. This effect was likely observed in
experiments [21], where the frog nerves were irradiated for 70s with the
microwave pulse of the frequency 60.125 GHz at a very weak intensity
70-770 nW/cm?. At the minimum microwave power, a spontaneous
excitation of the action potential was observed. With increasing
microwave power, the spontaneous excitation stopped and occurred
again after switching off power. These results are fully qualitatively
consistent with our model. In [21], a change in the shape of the action
potential and shortening of the duration of the refractive period
with increasing of the microwave power was also observed. All these
experimental effects may be associated with the density variation of the
transmembrane ion channels, induced by ultrasound [49]. It should be
noted that the microwave frequency 60.125 GHz, used in [21], is likely
to be close to the resonance frequencies of longitudinal vibrations of
the axon membrane [49].

This raises the following question: how for effective interaction of
charged particles attached to the membrane with the external field, the
value of the field (the intensity of the microwave) may be very small.
Regardless of the magnitude of the field, the energy and the momentum
are transferred from the field to the charged particles. Thus, the random
thermal motion is superimposed on a small ordered motion. This
occurs, for example, in an electrolyte (plasma), when the drift velocity
of the charged particles is a million times less than their average thermal

velocities. The micro wavefield is interacting with the charges on the
membrane and transmits the momentum to them, which, in turn, is
transmitted to the membrane and causes forced oscillations. The same
holds for a weak ultrasonic wave interacting with suspended particles
(protein channels). As a result, an acoustic drift appears, superimposed
on the average thermal motion, even at an ultrasound with a very low
intensity. In this case, the potential of the acoustic force acting on the
particles can be much smaller than the thermal energy, as it happens in
the hydrodynamic or gas flows where the directional velocity is much
smaller than the averaged thermal velocity, and the corresponding
pressure drop is much lower than the unperturbed static pressure.

It should be noted that the resonant frequencies [32,33], at which
the displacement of the membrane is maximal, is proportional to the
speed of sound in the membrane. In our estimations, we choose ¢ =
1500 m/s, equal to the velocity of sound in the oil. It is difficult to know
the exact value of the longitudinal speed of sound in the membrane at
high frequencies, which could be much lower [75]. Since the resonance
is very narrow [21], the experimentally measured frequencies, at
which there is a blocking or self-excitation of the action potential,
enable the determination of the velocity of sound in the membrane.
It appears that the best experimental methods to observe the effect of
transmembrane channel redistribution described in this paper and
in [49], correspond to the measurements of the spatial distribution
of sodium channels along the axon membrane, including electro-
optical measurements [76,77], since they allow one to directly measure
the density distribution of the transmembrane channels prior to the
ultrasound (or microwave) pulse and immediately after. An indirect
confirmation of transmembrane channel redistribution would be the
observation of the action potential excitation and propagation (or
blocking) dependence on the amplitude of the ultrasound. This can be
done using conventional probe techniques [78], as well as nonintrusive
optical methods, e.g., observing the dynamics of the second-harmonic
generation of laser radiation scattered by the nerve fibers [79,80].

Let us formulate the primary experimental tasks that arise in
the light of the proposed mechanism of interaction of low intensity
microwave with membranes of nerve fibers.

1. The redistribution of channels. It is necessary to obtain data on
the redistribution of transmembrane ion channels in the AIS or
non-myelinated terminal fibers (Figure 6) when exposed to low
intensity microwave. For example, for this purpose, fluorescently
marked proteins can be used.

2. Measurement of the sound velocity in the membrane. From
the observation of the resonance frequencies of the microwave
interaction with membrane, the speed of sound can determined,
because of w occ,.

Conclusions

(1) The non-thermal microwave field can cause the ultrasonic
mechanical vibrations in the nerve fibers.

(2) The presence of the resonances in the range of tens of GHz is in
good agreement with known experimental data. Resonant frequencies
are different for different membranes. This explains the contradictory
experimental results obtained by different groups that investigated the
influences of weak microwave radiation on cells. In our opinion, the
success of the experiments4 is associated with the chosen frequency
of microwave radiation 61.125 GHz, which is apparently close to one
of the mechanical resonances of the nerve membrane. Furthermore,
this frequency is close to the first resonance of forced longitudinal
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oscillations (74.6 GHz) obtained in the present study.

(3) The interaction with the ultrasound vibrations could change
the density of transmembrane protein sodium channels. As a result,
it could also change the resting potential in the nerve fibers and,
therefore, it may induce or, conversely, suppress the excitation of the
action potentials.

(4) The most effective component of the microwave electric field is the
tangential component to the surface of the membrane, and the most
effective region in the myelined axon is the initial segment, e.g., the
section between the neuron and the first portion covered with a myelin
sheath.

(5) Despite the encouraging results, our analysis is preliminary and
requires further in-depth experimental and theoretical study. First
of all, this analysis concerns with issues related to the density of the
surface charges, the longitudinal and transverse sound velocities of in
the membrane and the surrounding fluid, and viscous losses at GHz
frequencies range, where the amplitude of ultrasonic vibrations is
comparable to, or less than, the intermolecular distance in the liquid
and membrane.

(6) Weconsideredonlytheinfluence ofultrasonicstandingwavesexcited
by microwave radiation on the distribution of Na‘transmembrane
protein channels. However, similar effects should be expected for other
kinds of membrane proteins (such as transmembrane ion channels,
as well as the peripheral surface proteins) affected by lateral diffusion.
This, in principle, could significantly increase the effects caused in the
nerve fibers by the weak microwave radiation.

References

1. Devyatkov ND, Golant MB (1983) On the mechanism of the effect of
electromagnetic radiation in the millimeter range of the nonthermal intensity on
the vital activity of the body. In: The effects of non-thermal effects of millimeter
wave radiation on biological objects. ed. N.D. Devyatkov, Moscow, IRE
Academy of Science, USSR: 18-33.

2. Betski OV, Golant MB, Devyatkov ND (1988) Millimeter Waves in Biology.
(Physica, Znanie, Moscow) (in Russian).

3. Devyatkov ND, Golant MB, Betski OV (1991) Millimeter Waves and Their Role.
In: Vital Processes (Radio and Communications Moscow). (in Russian)

4. Frohlich H (1968) Bose condensation of strongly excited longitudinal electric
modes. Physics Letters A 26: 402-403.

5. Froéhlich H (1968) Long-Range Coherence and Energy Storage in Biological
Systems. Int J Quantum Chem 11: 641-649.

6. Frohlich H (1980) The Biological Effects of Microwaves and Related Questions.
In Advances in Electronics and Electron Physics, Marton L and Marton C,
Editors, Academic Press 85-152.

7. Betski OV (1999) Microwave radiation passage through the barriers. The
interaction of microwaves with the human body. Radio N 10: 47-53

8. Smolyanskaya FZ, Vilenskaya RL (1973) Effect of Electromagnetic Radiation
of a Millimeter Range on Functional Activity of Genetic Elements of Bacterial
Cells. UspekhiFizicheskikhNauk 110: 458-460.

9. Le Drean Y, Yonis SoubereMahamoud YS, Le Page Y, Habauzit D, Le
Quement C, et al. (2013) State of knowledge on biological effects at 40-60
GHz. Comptes Rendus Physique 14: 402—-411.

10. Grundler W,Keilmann F (1983) Sharp Resonances in Yeast Growth Prove
Nonthermal Sensitivity in Microwaves. Phys Rev Lett 51: 1214-1216.

11. Webb SJ Factors (1979) Affecting the Induction of Lambda Prophages by Milli-
Millimeter Microwaves. Phys Letters 73A: 145-148.

12. Norris AN, Rebinsky DA (1994) Acoustic coupling to membrane waves on
elastic shells. J Acoustic Soc Am 95: 1809-1829.

13. Krasil'nikov PM, Fisun Ol (1994) Natural oscillations of a charged spherical
membranes. Biofizika (Russia) 39: 876-880.

20.

21.

22.

23.

24,

25.

26.

27

28.

29.

30.

31.

32.

33.
34.
35.
36.
37.

38.

39.

40.

41.

42.

.Heimburg T

. Volkenstein MV (1983) General Biophysics (Elsevier Science & Technology

Books).

. Nagle JF, Tristram-Nagle S (2000) Structure of lipid bilayers. Biochim Biophys

Acta 1469: 159-195.

. Saiz L, Klein ML (2001) Electrostatic interactions in a neutral model phospholipid

bilayer by molecular dynamics simulations. J Chem Phys 116: 3052-3057.

. Lakshminarayanaiah N, Murayama K (1975) Estimation of surface charges in

some biological membranes. J Membr Biol 23: 279-292.

(2009)
arXiv:0902.2454v2

Physical Properties of Biological Membranes.

. Krasil'nikov PM (1999) [Resonance interactions of surface charged lipid

vesicles with the microwave electromagnetic field]. Biofizika 44: 1078-1082.

Krasil'nikov PM (2001) [Effect of the surface charge on deformation dynamics
in lipid membranes]. Biofizika 46: 460-466.

Pikov V, Arakaki X, Harrington M, Fraser SE, Siegel PH (2010) Modulation of
neuronal activity and plasma membrane properties with low-power millimeter
waves in organotypic cortical slices. J Neural Eng 7: 1-9.

Jacobson K, Ishihara A, Inman R (1987) Lateral diffusion of proteins in
membranes. Annu Rev Physiol 49: 163-175.

Almeida PFF, Vaz WLC (1995) Lateral Diffusion in Membranes. In: R. Lipowsky
and E. Sackmann, editors. Handbook of Biological Physics, 1: 305-340.

Ramadurai S, Holt A, Krasnikov V, van den Bogaart G, Killian JA, et al. (2009)
Lateral diffusion of membrane proteins. J Am Chem Soc 131: 12650-12656.

Colwell LJ, Brenner MP (2009) Action potential initiation in the hodgkin-huxley
model. PLoS Comput Biol 5: €1000265.

Platkiewicz J, Brette R (2010) A threshold equation for action potential initiation.
PLoS Comput Biol 6: €1000850.

. Catterall WA, Goldin AL, Waxman SG (2005) International Union of

Pharmacology. XLVII. Nomenclature and structure-function relationships of
voltage-gated sodium channels. Pharmacol Rev 57: 397-409.

Angelino E, Brenner MP (2007) Excitability constraints on voltage-gated
sodium channels. PLoS Comput Biol 3: 1751-1760.

Ogawa Y, Rasband MN (2008) The functional organization and assembly of the
axon initial segment. Curr Opin Neurobiol 18: 307-313.

Hu W, Tian C, Li T, Yang M, Hou H, et al. (2009) Distinct contributions of
Na(v)1.6 and Na(v)1.2 in action potential initiation and backpropagation. Nat
Neurosci 12: 996-1002.

Kress GJ, Mennerick S (2009) Action potential initiation and propagation:
upstream influences on neurotransmission. Neuroscience 158: 211-222.

D'Andrea JA, Ziriax JM, Adair ER (2007) Radio frequency electromagnetic
fields: mild hyperthermia and safety standards. Prog Brain Res 162: 107-135.

Marcus M, Pattan B (2005) Millimeter wave propagation. IEEE Micro, 6: 54—-63.
Lawton G (2008) Wireless HD video heats up. Computer 41: 18-20.

Brown M, Meet 60GHz Wi-Fi, the insanely fast future of wireless networking.
http://www.e-band.com/70-80-GHz-Overview

Landau LD, Lifshitz EM (1960) Electrodynamics of Continuous Media, v. 8:
Course of Theoretical Physics, (Pergamon Press)

Buchner R, Barthel J, Stauber J (1999) The dielectric relaxation of water
between 00C and 350C. Chem Phys Letters 306: 57-63.

Pakhomov AG, Akyel Y, Pakhomova ON, Stuck BE, Murphy MR (1998) Current
state and implications of research on biological effects of millimeter waves: a
review of the literature. Bioelectromagnetics 19: 393-413.

Rojavin MA, Ziskin MC (1998) Medical application of millimetre waves.QJM
91: 57-66.

Wang SS, Shultz JR, Burish MJ, Harrison KH, Hof PR, et al. (2008) Functional
trade-offs in white matter axonal scaling. J Neurosci 28: 4047-4056.

Hursch JB (1939) Conduction velocity and diameter of nerve fibers. Am J
Physiol 127: 131-139.

J Phys Chem Biophys
ISSN: 2161-0398 JPCB, an open access journal

Volume 4 -+ Issue 5 » 1000164


http://www.sciencedirect.com/science/article/pii/0375960168902429
http://www.sciencedirect.com/science/article/pii/0375960168902429
http://onlinelibrary.wiley.com/doi/10.1002/qua.560020505/abstract;jsessionid=BB1786EBDCEAC55CBA6432384A5033B3.f04t02
http://onlinelibrary.wiley.com/doi/10.1002/qua.560020505/abstract;jsessionid=BB1786EBDCEAC55CBA6432384A5033B3.f04t02
http://www.em-consulte.com/en/article/815229
http://www.em-consulte.com/en/article/815229
http://www.em-consulte.com/en/article/815229
http://journals.aps.org/prl/abstract/10.1103/PhysRevLett.51.1214
http://journals.aps.org/prl/abstract/10.1103/PhysRevLett.51.1214
http://scitation.aip.org/content/asa/journal/jasa/95/4/10.1121/1.408688
http://scitation.aip.org/content/asa/journal/jasa/95/4/10.1121/1.408688
http://www.ncbi.nlm.nih.gov/pubmed/11063882
http://www.ncbi.nlm.nih.gov/pubmed/11063882
http://scitation.aip.org/content/aip/journal/jcp/116/7/10.1063/1.1436077
http://scitation.aip.org/content/aip/journal/jcp/116/7/10.1063/1.1436077
http://www.ncbi.nlm.nih.gov/pubmed/1195348
http://www.ncbi.nlm.nih.gov/pubmed/1195348
http://arxiv.org/abs/0902.2454
http://arxiv.org/abs/0902.2454
http://www.ncbi.nlm.nih.gov/pubmed/10707283
http://www.ncbi.nlm.nih.gov/pubmed/10707283
http://www.ncbi.nlm.nih.gov/pubmed/11449545
http://www.ncbi.nlm.nih.gov/pubmed/11449545
http://iopscience.iop.org/1741-2552/7/4/045003
http://iopscience.iop.org/1741-2552/7/4/045003
http://iopscience.iop.org/1741-2552/7/4/045003
http://www.ncbi.nlm.nih.gov/pubmed/3551795
http://www.ncbi.nlm.nih.gov/pubmed/3551795
http://www.ncbi.nlm.nih.gov/pubmed/19673517
http://www.ncbi.nlm.nih.gov/pubmed/19673517
http://www.ncbi.nlm.nih.gov/pubmed/20628619
http://www.ncbi.nlm.nih.gov/pubmed/20628619
http://www.ncbi.nlm.nih.gov/pubmed/16382098
http://www.ncbi.nlm.nih.gov/pubmed/16382098
http://www.ncbi.nlm.nih.gov/pubmed/16382098
http://www.ncbi.nlm.nih.gov/pubmed/17892320
http://www.ncbi.nlm.nih.gov/pubmed/17892320
http://www.ncbi.nlm.nih.gov/pubmed/18801432
http://www.ncbi.nlm.nih.gov/pubmed/18801432
http://www.ncbi.nlm.nih.gov/pubmed/19633666
http://www.ncbi.nlm.nih.gov/pubmed/19633666
http://www.ncbi.nlm.nih.gov/pubmed/19633666
http://www.ncbi.nlm.nih.gov/pubmed/18472347
http://www.ncbi.nlm.nih.gov/pubmed/18472347
http://www.ncbi.nlm.nih.gov/pubmed/17645917
http://www.ncbi.nlm.nih.gov/pubmed/17645917
http://ieeexplore.ieee.org/xpl/login.jsp?tp=&arnumber=4712494&url=http%3A%2F%2Fieeexplore.ieee.org%2Fxpls%2Fabs_all.jsp%3Farnumber%3D4712494
http://www.pcworld.com/article/2030041/meet-60ghz-wi-fi-the-insanely-fast-future-of-wireless-networking.htm
http://www.e-band.com/70-80-GHz-Overview
http://www.sciencedirect.com/science/article/pii/S0009261499004558
http://www.sciencedirect.com/science/article/pii/S0009261499004558
http://www.ncbi.nlm.nih.gov/pubmed/9771583
http://www.ncbi.nlm.nih.gov/pubmed/9771583
http://www.ncbi.nlm.nih.gov/pubmed/9771583
http://www.ncbi.nlm.nih.gov/pubmed/9519213
http://www.ncbi.nlm.nih.gov/pubmed/9519213
http://www.ncbi.nlm.nih.gov/pubmed/18400904
http://www.ncbi.nlm.nih.gov/pubmed/18400904
http://ajplegacy.physiology.org/content/ajplegacy/127/1/131.full.pdf
http://ajplegacy.physiology.org/content/ajplegacy/127/1/131.full.pdf

Citation: Shneider MN, Pekker M (2014) Non-thermal Influence of A Weak Microwave on Nerve Fiber Activity. J Phys Chem Biophys 4: 164. doi:

10.4172/2161-0398.1000164

Page 13 of 13

43

44,

45.

46.

47.

48.

49.

50.

51.

52.
53.

54.

55.

56.

57.

58.

59.

60.

61.

62.
63.

. Young JZ (1936) The giant nerve fibres and epistellar body of cephalopods. Q

J Microsc Sci 78: 367—386.

Westrum LE, Blackstad TW (1962) An electron microscopic study of the
stratum radiatum of the rat hippocampus (regio superior, CA 1) with particular
emphasis on synaptology. J Comp Neurol 119: 281-309.

Berbel P, Innocenti GM (1988) The development of the corpus callosum in cats:
a light- and electron-microscopic study. J Comp Neurol 276: 132-156.

Debanne D, Campanac E, Bialowas A, Carlier E, Alcaraz G (2011) Axon
physiology. Physiol Rev 91: 555-602.

Bender KJ, Trussell LO (2012) The physiology of the axon initial segment.
Annu Rev Neurosci 35: 249-265.

Pekker M, Shneider MN (2014) The surface charge of a cell lipid membrane.
Physics biophar Xiv:1401.4707.

Shneider MN, Pekker M (2013) Non-Thermal Mechanism of Weak Microwave
Fields Influence on Nerve Fiber. J Appl Phys 114: 1-11.

Shneider MN, Pekker M (2014) Initiation and blocking of the action potential in
an axon in weak ultrasonic or microwave fields. Phys Rev E 89: 1-10.

Mednikov EP (1966) Acoustic Coagulation and Precipitation of Aerosols,
English translation by Consultation Bureau, New York.

Fuch NA (1964) The mechanics of Aerosols, Pergamon Press, Oxford.

King LV (1934) On the Acoustic Radiation Pressure on Spheres. Proc R Soc
Lond A 147: 212-240.

Korn GA, Korn TM (1968) Mathematical Handbook for Scientists and
Engineers: Definitions, Theorems, and Formulas for Reference and Review,
2nd ed. (McGraw Hill, New York).

Mandelshtam LI, Leontovich MA (1937) To the theory of the absorption of
sound in liquids Zh. Eksp Teor Fiz 7: 438-449.

Nimtz G, Weiss W (1987) Relaxation Time and Viscosity of Water Near
Hydrophilic Surfaces. Z Phys B Condensed Matter 67: 483-487.

Panofsky WKH, Phillips M (1962) Classical Electricity and Magnetism
(Cambridge, Addison-Wesley Pub. Co).

Landau LD,Lifshitz EM (1970) Theory of elasticity, v.7: Course of theoretical
physics, 2nd ed. (Oxford, New York, Pergamon Press)

Gramse G, Dols-Perez A, Edwards MA, Fumagalli L, Gomila G (2013)
Nanoscale measurement of the dielectric constant of supported lipid bilayers
in aqueous solutions with electrostatic force microscopy. Biophys J 104: 1257-
1262.

Craig J, Franklin JG, Cafiso DS, Flewelling RF, Hubbell WL (1993) Probes
of membrane electrostatics: synthesis and voltage dependent partitioning of
negative hydrophobic ion spin labels in lipid vesicles. Biophys J 64: 642-653.

Khalid MAA (2013) Membrane electrochemistry: electrochemical processes in
bilayer lipid membrane. INTECH, Open Science, Open minds.

Cevc G (1990) Membrane electrostatics. Biochim Biophys Acta 1031: 311-382.

McLaughlin S (1989) The electrostatic properties of membrane. Annu Rev
Biophys Biophys Chern 18:113-36.

64.

65.
66.

6

J

68.

6!

©

70.

7

N

72.

73.

74.

75.

76.

7

~

78.

7

o

8

o

Flewelling RF, Hubbell WL (1986) Hydrophobic ion interactions with
membranes. Thermodynamic analysis of tetraphenylphosphonium binding to
vesicles. Biophys J 49: 531-540.

Gouy G (1909) Comt Rend 149: 654.

Chapman DL (1913) A Contribution to the theory of electrocapillarity. Phil Mag
6: 475-481.

.Stern OZ (1924) Z Elektrochemieand AngewandtePhysikalischeChemie30:

508-516.

Delgado AV, Gonzalez-Caballero F, Hunter RJ, Koopal LK, Lyklema J, et al.
(2005) Measurement and interpretation of electrokinetic phenomena. J Colloid
Interface Sci 309:194-224.

. Korobeynikov SM, Melekhov AV, Furin GG, Charalambakos VP, Agoris DP

(2002) Mechanism of surface charge creation due to image forces. J Phys D:
Appl Phys 35: 1193-1196

Alberts B, Johnson A, Lewis J, Raff M, Roberts K, et al. (2002) Molecular
Biology of the Cell, 4-th edition (New York, Garland Science).

.Mashaghi A, Partovi-Azar P, Jadidi T, Nafari N, Maass P, et al. (2012)

Hydration strongly affects the molecular and electronic structure of membrane
phospholipids. J Chem Phys 136: 114709.

Walther D, Kuzmin P, Donath E (1996) Brownian dynamics simulation of the
lateral distribution of charged membrane components. Eur Biophys J 24: 125-
135.

Vacha R, Berkowitz ML, Jungwirth P (2009) Molecular model of a cell plasma
membrane with an asymmetric multicomponent composition: water permeation
and ion effects. Biophys J 96: 4493-4501.

Hodgkin AL, Huxley AF (1952) A quantitative description of membrane current
and its application to conduction and excitation in nerve. J Physiol 117: 500-
544.

Griesbauer J, Bossinger S, Wixforth A, Schneider MF (2012) Propagation of
2D pressure pulses in lipid monolayers and its possible implications for biology.
Phys Rev Lett 108: 198103.

Angelides KJ, Elmer LW, Loftus D, Elson E (1988) Distribution and lateral
mobility of voltage-dependent sodium channels in neurons. J Cell Biol 106:
1911-1925.

. England JD, Gamboni F, Levinson SR, Finger TE (1990) Changed distribution

of sodium channels along demyelinated axons. Proc Natl Acad Sci U S A 87:
6777-6780.

Malmivuo J, Plonsey R (1995) Bioelectromagnetism: Principles and Applications
of Bioelectric and Biomagnetic Fields (Oxford University Press, New York).

. Shneider MN, Voronin AA, Zheltikov AM (2010) Action-potential-encoded

second-harmonic generation as an ultrafast local probe for nonintrusive
membrane diagnostics. Phys Rev E Stat Nonlin Soft Matter Phys 81: 031926.

. Shneider MN, Voronin AA, Zheltikov AM (2011) Modeling the action-potential-

sensitive nonlinear-optical response of myelinated nerve fibers and short-term
memory. J Appl Phys 110: 094702.

J Phys Chem Biophys
ISSN: 2161-0398 JPCB, an open access journal

Volume 4 -+ Issue 5 » 1000164


http://jcs.biologists.org/content/s2-78/311/367.full.pdf
http://jcs.biologists.org/content/s2-78/311/367.full.pdf
http://www.ncbi.nlm.nih.gov/pubmed/14000149
http://www.ncbi.nlm.nih.gov/pubmed/14000149
http://www.ncbi.nlm.nih.gov/pubmed/14000149
http://www.ncbi.nlm.nih.gov/pubmed/3192762
http://www.ncbi.nlm.nih.gov/pubmed/3192762
http://www.ncbi.nlm.nih.gov/pubmed/21527732
http://www.ncbi.nlm.nih.gov/pubmed/21527732
http://www.ncbi.nlm.nih.gov/pubmed/22443507
http://www.ncbi.nlm.nih.gov/pubmed/22443507
http://arxiv.org/abs/1401.4707
http://arxiv.org/abs/1401.4707
http://scitation.aip.org/content/aip/journal/jap/114/10/10.1063/1.4821027
http://scitation.aip.org/content/aip/journal/jap/114/10/10.1063/1.4821027
http://journals.aps.org/pre/abstract/10.1103/PhysRevE.89.052713
http://journals.aps.org/pre/abstract/10.1103/PhysRevE.89.052713
rspa.royalsocietypublishing.org/content/147/861/212.full.pdf
rspa.royalsocietypublishing.org/content/147/861/212.full.pdf
http://link.springer.com/article/10.1007/BF01304117#page-1
http://link.springer.com/article/10.1007/BF01304117#page-1
http://www.ncbi.nlm.nih.gov/pubmed/23528085
http://www.ncbi.nlm.nih.gov/pubmed/23528085
http://www.ncbi.nlm.nih.gov/pubmed/23528085
http://www.ncbi.nlm.nih.gov/pubmed/23528085
http://www.sciencedirect.com/science/article/pii/S0006349593814231
http://www.sciencedirect.com/science/article/pii/S0006349593814231
http://www.sciencedirect.com/science/article/pii/S0006349593814231
http://www.intechopen.com/books/electrochemistry/membrane-electrochemistry-electrochemical-processes-in-bilayer-lipid-membrane
http://www.intechopen.com/books/electrochemistry/membrane-electrochemistry-electrochemical-processes-in-bilayer-lipid-membrane
http://www.ncbi.nlm.nih.gov/pubmed/2223819
http://www.annualreviews.org/doi/abs/10.1146/annurev.bb.18.060189.000553?journalCode=biophys.2
http://www.annualreviews.org/doi/abs/10.1146/annurev.bb.18.060189.000553?journalCode=biophys.2
http://www.ncbi.nlm.nih.gov/pubmed/3006814
http://www.ncbi.nlm.nih.gov/pubmed/3006814
http://www.ncbi.nlm.nih.gov/pubmed/3006814
http://www.tandfonline.com/doi/abs/10.1080/14786440408634187?journalCode=tphm17#.VEd0jKz2Xmg
http://www.tandfonline.com/doi/abs/10.1080/14786440408634187?journalCode=tphm17#.VEd0jKz2Xmg
http://www.ncbi.nlm.nih.gov/pubmed/17368660
http://www.ncbi.nlm.nih.gov/pubmed/17368660
http://www.ncbi.nlm.nih.gov/pubmed/17368660
http://www.sermir.narod.ru/tryd/physd01.pdf
http://www.sermir.narod.ru/tryd/physd01.pdf
http://www.sermir.narod.ru/tryd/physd01.pdf
http://www.ncbi.nlm.nih.gov/pubmed/22443792
http://www.ncbi.nlm.nih.gov/pubmed/22443792
http://www.ncbi.nlm.nih.gov/pubmed/22443792
http://www.ncbi.nlm.nih.gov/pubmed/8852559
http://www.ncbi.nlm.nih.gov/pubmed/8852559
http://www.ncbi.nlm.nih.gov/pubmed/8852559
http://www.ncbi.nlm.nih.gov/pubmed/19486672
http://www.ncbi.nlm.nih.gov/pubmed/19486672
http://www.ncbi.nlm.nih.gov/pubmed/19486672
http://www.ncbi.nlm.nih.gov/pubmed/12991237
http://www.ncbi.nlm.nih.gov/pubmed/12991237
http://www.ncbi.nlm.nih.gov/pubmed/12991237
http://www.ncbi.nlm.nih.gov/pubmed/23003093
http://www.ncbi.nlm.nih.gov/pubmed/23003093
http://www.ncbi.nlm.nih.gov/pubmed/23003093
http://www.ncbi.nlm.nih.gov/pubmed/2454930
http://www.ncbi.nlm.nih.gov/pubmed/2454930
http://www.ncbi.nlm.nih.gov/pubmed/2454930
http://www.ncbi.nlm.nih.gov/pubmed/2168559
http://www.ncbi.nlm.nih.gov/pubmed/2168559
http://www.ncbi.nlm.nih.gov/pubmed/2168559
http://www.ncbi.nlm.nih.gov/pubmed/20365789
http://www.ncbi.nlm.nih.gov/pubmed/20365789
http://www.ncbi.nlm.nih.gov/pubmed/20365789
http://ieeexplore.ieee.org/xpl/login.jsp?tp=&arnumber=6099060&url=http%3A%2F%2Fieeexplore.ieee.org%2Fxpls%2Fabs_all.jsp%3Farnumber%3D6099060
http://ieeexplore.ieee.org/xpl/login.jsp?tp=&arnumber=6099060&url=http%3A%2F%2Fieeexplore.ieee.org%2Fxpls%2Fabs_all.jsp%3Farnumber%3D6099060
http://ieeexplore.ieee.org/xpl/login.jsp?tp=&arnumber=6099060&url=http%3A%2F%2Fieeexplore.ieee.org%2Fxpls%2Fabs_all.jsp%3Farnumber%3D6099060

	Title
	Corresponding author
	Abstract 
	Keywords
	Introduction 
	Corresponding author
	Impact of low intensity microwave radiation on the neuron. Qualitative picture 
	Lateral diffusion and drift of transmembrane proteins in an acoustic field [49,50] 
	Forced vibrations of the membrane in a microwave field [49] 
	The surface charge of the phospholipid membrane [48] 
	Blocking and initiation of the action potential [50] 
	Discussion
	Conclusions 
	Figure 1
	Figure 2
	Figure 3
	Figure 4
	Figure 5
	Figure 6
	Figure 7
	Figure 8
	Figure 9
	Figure 10
	Figure 11
	Figure 12
	Figure 13
	Figure 14
	Figure 15
	References 

