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Abstract The intensive experimental and theoretical research into the nerve signalling, which lasts for
more than 230 years, has provided many valuable pieces of knowledge but no definite, really satisfying
solution. Such an unfavourable state is due to the extraordinary complexity of this phenomenon and
enormous technical difficulties encountered by experiments. Therefore, the problem till now persists as a
challenging subject of research, being opened to various approaches. In the present contribution we are
thus trying to summarize the accessible experimental findings and compare them critically with existing
alternative theories. Finally, we attempt to compile a minimal model of the signal transmission in nerves,
intentionally based only on well turned-out physically transparent arguments. The model combines two
types of diffusion processes, microscopic and macroscopic ones, which act simultaneously and ensure nerve
signalling. The full-time evolution of the corresponding action potential, from its emergence, increase,
decrease and recovery phase, is controlled by the two types of membrane channels: by dissipative protein-
based channels of Hodgkin—Huxley type and randomly created non-dissipative fissures in membranes. This
approach could be useful for the efforts aiming to the improvement of the current models.

1 Introduction

From the end of eighteenth century, when the astonishing results of experiments made by Galvani and Galeazzi
were published [1], the conviction gradually prevailed in scientific and medical community that just the electrical,
i.e., physical, and not some exclusively biological, unspecified phenomena, are behind the life processes in living
creatures. In the following century the science of nerve and muscle stimulation was almost identified with some
special branch of theory of electricity and the research into animal electricity became one of the recognized
foundations of physiology. In the following decades, the idea, that biological objects should be investigated by
physical methods and not in compliance with the paradigm of wvitalism, appeared to be very useful and fertile.
Leading personality representing these trends (physicalism) was E. du Bois-Raymond [2] who devoted his whole
active life to the research into bioelectricity. His most significant achievement was the introduction of reliable
physical experimental methods into electrophysiology. For solving a particular problem experimentally, the rule
was first to look for the most advanced methods, improve them or construct a completely new measuring device [3].
Such a philosophy and modus operandi were typical also for du Bois-Raymond’s followers, H. von Helmholtz [4], J.
Bernstein [5], L. Hermann [6] and many others and, in some sense, persists till our days. The application of the most
advanced physical techniques in medicine and bioresearch, which has resulted into the huge contemporary progress
of these disciplines, simultaneously generates new demands, extremely stimulating for building new instruments.

The studies of animal electricity have represented not the only research direction into the neuroscience. There
were also several path-breaking discoveries concerning the anatomy, morphology and histology of nervous tissues
supported especially by the development of optical microscopy and photography. After the clear microscopic
identification of nervous network — reticulum, its typical structural patterns, such as axons and dendrites were
discovered. As the whole nervous system seemed to be a continuous network penetrating the whole body, the
influential reticular doctrine, which considered the nervous system as a single morphological entity, was established.
Many important discoveries in the second half of nineteen century were enabled by C. Golgi’s invention of the new
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histological method for the tissue impregnation [7]. Microscopic specimens made by this technique have excellent
contrast and revealed the tiniest details of the bio-structures. In this way important organelles (e. g. Golgi’s
apparatus) and structural patterns inside the cells were discovered [8]. Taking full advantage of Golgi’s method,
S. Ramén y Cajal proved by means of careful extensive anatomical investigations that the nervous tissue is not
continuous, but that it consists of many individual cells interconnected via special coupling devices, known now as
the synapses [9]. Incidentally, at almost the same time von Waldeyer—Hartz suggested for a specialized cell forming
a building block of neural network a term neuron [10]. In addition, based on the studies into the morphology of
neural networks, Ramoén y Cajal was also able to formulate general rules governing the nerve ramifications and
the one-way, dynamically polarized, directions of nerve signalling [11]. Finally, he established the neural doctrine
denying the above mentioned reticular one. This doctrine now provides a base for all modern views of neural
networks.

Another, probably the most important part of the contemporary physiology, is biochemistry [12]. The advanced
microanalytic and spectroscopic methods enabled one to identify chemical reactions and their products taking
part in life processes with incredible sensitivity. In the frame of this discipline, the long-lasting imbroglio, namely,
whether the signal transmission in nervous system is of electrical or chemical nature was solved [13] among
others. Whereas the question of signal transfer via the neurons was decided in favour of the electric theory, the
processes taking place within the gap between two terminations of individual neurons, for which C. Sherrington
coined the term synapse [14], were, by J. Eccless [15], convincingly proved to be of chemical nature. At present,
hundreds of specialized complex chemical compounds called neurotransmitters are identified. These enable the
signal transfer over the synaptic gap between two neurons [16]. In the meantime, however, the transport of the
electric signals through the nervous filaments and individual neurons has been very intensively studied, too.
Monumental experimental and theoretical research of E. Adrian [17], B. Katz, A. L. Hodgkin, A. F. Huxley [18,
19], I. Tasaki [20], W. Rall [21] and many others, culminated at 1950’s to the formulation of consistent model,
accounting for the electric signal transfer through the neurons, which till now has serve as a textbook standard [22]
in medical faculties all over the world (Hodgkin—Huzley paradigm). During the last 15 years a concurring model,
the so-called soliton model, of T. Heimburg et al. [23] has appeared. Accordingly, the nervous signal is primary
not of the electric but of the mechanical (acoustic) nature and the observed electric effects are only secondary
manifestations, due to the electromechanical coupling within the cell membrane. The more detail comparison of
both these leading models is given in Sect. 6.

The very aim of this paper is to support macroscopic approach to the processes taking place in biological neural
networks, entirely in the gist of “physicalism”. Of course, we are aware of the importance of detailed knowledge of
biochemical reactions controlling life processes on molecular level. It is, however, the matter of non-disputable fact
that all these complex biochemical reactions are inevitably governed by very general physical laws belonging to
the domains of thermodynamics, electromagnetism, or quantum mechanics. What is thus missing, is the unifying
picture based directly on these physical theories, the conceptual basis of which is reliable and relatively simple. In
this work, we develop a simple physical model of neural stimulation based on experimental facts. There is a hope
that it can contribute to more general models of life processes which might be simple and objective, too.

The present paper is organized as follows: we begin with a brief description of the electric properties of extra-
cellular and intracellular somatic fluids. Then basic physical properties and constitution of lipid bilayers and real
cell membranes are overviewed. In the next section a thought experiment elucidating some not generally known
aspects of charging of cellular structures is discussed. The following section is devoted to the very fact, with far-
reaching consequences, that the cations contained in somatic fluids behave at physiological conditions as quantum
particles. In the next section leading theories of the action potential (AP) are compared and the empirical facts
to be explained are surveyed. Then the section representing the core of the paper, in which our minimal model of
AP is presented, follows. Our conclusions are then briefly summarized in the last section.

2 Electrical properties of somatic fluids

Somatic fluids, which are substantial components of any living organism, are composed of aqueous solutions of
various inorganic salts, dissolved gases and of rich blend of organic molecules. Morphologically we can distinguish
intracellular and extracellular fluids (ECF). The most significant components, which are in fact controlling the
overall electrical properties of somatic fluids, are aqueous solutions of NaCl and KCl, that is electrolytes. For
typical warm-blooded animals the mean concentrations of sodium and potassium cations at T = 310 K (~37 °C) in
extracellular fluid are [Na*] = 150 mol m~3, [K*] = 5.5 mol m™3, whereas in the intracellular fluid — cytoplasm,
[Nat] = 15 mol m~3, [K*] = 150 mol m~3 [24]. There are, however, some important exceptions, where ion
concentrations in cytoplasm differ from these figures appreciably, e.g. endolymph in inner ear or fluid in capsules
in lateral line of fishes [25], see Table 1.

Interestingly enough, the composition of the extracellular fluid resembles to that of Global Ocean Sea water in
Precambrian era where the first animals started to develop. This is probably because for these organisms the sea
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Table 1 Comparison of ionic compositions of various physiologically active fluids. Concentrations are given in mol/ m?.
(Endolymph corresponds to the inner ear.)

Ion Cytoplasm ECF Endolymph Vincentka
Nat 15 150 1.3 106

K+ 150 5.5 157 34
Misc.™ ~0 4.5 0.1 5.9

Cl™ 9 125 170 46

Misc.™ 156 30 0.5 5.0

water played the role of an extracellular system and the intracellular one had to accommodate to this situation.
For further development the retaining of the same composition of somatic fluids was thus very “economic”. The
traces of primeval Global Ocean water are preserved to our days in the form of juvenile waters. For example, in
mineral water “Vincentka” from the spa Luhacovice, Czech Republic, we encounter [Na®] = 106 mol m~—3, [K*]
= 3.4 mol m~3, so that the cations ratio is ~ 31.2, i.e., within the physiological limits is the same as that in the
extracellular fluid, ~ 27.3. These facts thus support the idea that the waters of Global Ocean, being the common
cradle of all living creatures over the world, is preserved in our bodies in the form of a life-giving extracellular
fluid.

As it has been shown in the literature [26] already many times, for the specification of electrical properties of
somatic fluids the two-component model of aqueous electrolyte is adequate and sufficient. The influence of other
components, even though they may be of decisive importance for the chemical and biological behaviour of the
fluid, can be neglected. Among phenomenological parameters used for the description of effects of external electric
fields on the electrolyte there are crucial quantities such as conductivity -y, dielectric constant e, cavity potential
¢ and screening length A. These quantities can, in principle, depend on the concentration of dissolved salts, their
degree of dissociation or on corresponding cation concentrations [XT]. Since the concentrations of dissolved salts
are small, we can classify these electrolytes as weak, so that the ingredients are fully dissociated. The difference of
cavity potentials ¢ measured between two points in one-component inhomogeneous electrolyte or between two
homogeneous electrolytes in electric contact (contact potential), describes the Nernst equation [27]

X
YN = — 10
<€ (X3]

(1)

where z is ionic valence and k the Boltzmann constant. In the case of monovalent sodium and potassium cations
for which is z = + 1, we obtain for normal body temperature 7" = 310 K (~ 37 °C) contact potential differences
between cytoplasm and extracellular fluid induced by Nat and K* cations, — 6.15 x 1072 V and + 8.83 x 102
V, respectively. The sum of these two Nernst’s potentials, equal to ~ + 2.68 x 1072 V, has a simple physical
meaning. [t measures the energy (in eV) necessary for exchange of a pair of Nat and K* ions between both
somatic fluids. Notice that just this process, the transfer of identifiable cations between somatic fluids, is the core
of electric stimulation (Obviously, the indistinguishable chlorine anions Cl~, being common part of both somatic
fluids, are for such a purpose useless). For the stimulation to be a causal and not a random process, the energy
per cation must necessarily fall out of the (k7/e)-band, the half of which defines thermal excitation threshold (=
13.5 mV). It is a remarkable empirical fact that the numerical value of this quantity at physiological conditions
amounts ~ + 2.67 x 1072 V which is almost the same as the difference of Nernst’s potentials mentioned above.
Such a coincidence is hardly accidental. Taking into account the formula (1) above, we immediately obtain for
validity of such a coincidence a condition In ([Na™ cyt.]/[KT ECF]) = 1, which preserves unchanged the pre-factor
in (1). Actually, we have In(15/5.5) = 1.003, so that the cation concentrations in both somatic fluids are tuned
with appreciable accuracy. This is probably rather a result of the long-lasting evolution of living organisms aiming
to distinguish between causal and random excitations than of simple accidence.

The important macroscopic parameter controlling the response of somatic fluids to external electric fields is the
background free charge density py corresponding to the total concentration of distinguishable cations, i.e.

po = ze [XTZ] Ny, (2)

where [X*Z] is overall cation concentration and N 4 the Avogadro constant. For monovalent cations is again z =
+ 1. From Table 1, it is obvious, that the background free charge density is almost the same in both somatic fluids.
Putting then for cytoplasm [X*] = 165 mol/m?® we obtain an estimate py &~ 1.59 x 107 C/m3. The knowledge
of the background free charge density enables one to compute, among others, the Debye—Hiickel screening length
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A [28], a parameter characterising the damping of external electric field in the environment containing movable
charge carriers. The corresponding formula reads

kT
A= 2 (3)
€po

where ¢ is dielectric constant of environment, which is, as a rule, in aqueous solutions equal to that of water, € =
81. Considering then all relevant figures above, we immediately obtain for the screening length an estimate A =
1.1 x 1072 m which is under the physiological conditions valid practically for both somatic fluids.

It should be noticed that the ECF is not a single agent fully determining the overall electrical properties of the
extracellular tissue. This tissue contains, namely, a huge number of solid and gel components having fibrous or
flake-like structure. Since, for example, the oriented collagen fibres revealing an appreciable piezoelectric effect [29]
are responsible for electromechanical activity of the extracellular tissue, the presence of organic flakes increases
its tortuosity and Maxwell-Wagner polarisation. As a result, a typical tissue reveals a giant frequency dependent
relative permittivity ¢ ~ 10*—10° at kilohertz range (see e.g. [30]). Whereas the piezoelectricity may play an
important role in mechanically induced phenomena such as injury healing [31], the giant frequency dependent
permittivity is decisive for the penetration of electromagnetic radiation into living tissues and for ephaptic cou-
pling within the grey matter. On the other hand, the traditional empirical observation, that in vitro experiments
with nerve fibres immersed into a simple electrolyte substituting the extracellular tissue closely reproduce the
corresponding in vivo behaviour, supports the idea that for such a type of experiments the approximation based
exclusively on somatic fluids is a good one. That is why, in this paper we have restricted our considerations to the
case, where the cytoplasm and exoplasm are represented by the reservoirs of proper somatic fluids.

3 Constitution and physical properties of cell membrane

Other basic components of any living organism are membranes [26]. The bio-membranes consist prevailingly of
lipids (phospholipids) which are amphiphilic compounds composed of polar hydrophilic head molecule group with
attached pair of fatty acid molecules forming non-polar hydrophobic chains [32]. In the case where the phospholipids
are placed in the water, or generally into the aqueous solution, they spontaneously form relatively stable bilayer
with the hydrophilic heads oriented to the water and with the hydrophobic chains pointing to the interior of the
bilayer. While the head molecule groups are, as a rule, hydrated, creating together with adjacent layer of water an
integral part of membrane, the hydrophobic chains inside the bilayer interact by van der Waals forces, determining
the mechanical strength of the system.

The present knowledge of real bio-membranes is in a large part based on studies of model lipid bilayers [32].
Pure artificial lipid bilayers, consisting only of one sort of lipids, reveal interesting thermodynamic properties.
Their significant feature is that they melt at certain melting temperature T j; which is typically slightly below
~37 °C. Above melting temperature the bilayers are in the state of two-dimensional disordered liquid (fluid), while
below this temperature they solidify into ordered gel phase. In disordered liquid state the molecular packing is
quite irregular and individual lipid molecules can freely laterally move across the whole surface of the bilayer.
In addition, the chains of fatty acid are thermally randomized, so that the van der Waals attraction between
neighbouring molecules is weakened. In contrast, the molecular packing of ordered gel phase is almost regular
(hexagonal) and tight, with parallelly well oriented hydrophobic chains, what leads to the enhanced layer cohesion.
It is evident that such a large structural difference must be macroscopically associated with appreciable enthalpy
and entropy changes. Indeed, thermal analysis of artificial lipid bilayers systematically reveals sharp specific heat
capacity peak at melting point Ty, [33].

Besides numerous analogies existing between model lipid bilayers and bio-membranes encountered in living
organisms, they also differ in many aspects, which are not omissible. For example, any living cell membrane,
cytolemmoa, controlling the matter exchange between environment and interior of the cell’s soma, must inevitably
contain many specific molecules ensuring such specialized life-preserving functions. Their addition, however, must
naturally change the structural, mechanical, and electrical properties of the membrane. Among macromolecules
frequently embedded in the bio-membranes the most important are sterols (e.g. cholesterol) and various pro-
teins. They can be incorporated either into one lipid leaflet or they can go through the whole structure as the
transmembrane molecules. Incorporation of further molecules into lipid bilayer brings about important structural
consequences. The functionalized lipid bilayer is no more either in ordered gel state or disordered liquid state, but
both these phases coexist and in a certain relatively wide temperature range around 7Tjs, are forming a special
third phase, called ordered liquid phase. This phase has the following peculiar properties. The fatty acid chains
of lipid molecules remain perfectly ordered even above original T ;, because the admixture of foreign macro-
molecules diminishes the free space in the core of layer. At temperatures below T, however, the same foreign
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macromolecules, due to their incommensurability with lipid molecules, prevent the development of perfectly regu-
lar crystal-like structure of ordered gel phase. As a result, the structures of ordered liquid phases above and below
Ty are indistinguishable and the membranes are more rigid than those in disordered liquid phase, but without
impeding the molecular migration across the membrane, intrinsic to ordered gel system. The real membranes,
however, are obviously not homogeneous. More different phases can thus simultaneously coexist in a typical bio-
membrane under physiological conditions. Indeed, lipid molecules of the same kind tend, according to general
rules of thermodynamics, to segregate and create domains of pure lipid bilayers and the domains, having extension
~10-200 nm, called membrane rafts, which are enriched with cholesterol and proteins. Naturally, domains of pure
lipid bilayers can undergo phase transitions regardless of other parts of the membrane. Therefore, even though
the phase transition is absent in the majority of the membrane, the entropy change in the vicinity of T, is still
experimentally observable [34].

Another fundamental property of bio-membranes is that in living cells the cytolemma must be inevitably asym-
metrical, i.e., that its inner and outer leaflets are different, particularly, the inner leaflet is more fluid than the
outer one. The main reason for such an asymmetry is the fact that the cytolemma separates domains of different
biochemical composition and different physical properties, namely, cytoplasm and extracellular fluid. In addition,
there is another reason, purely geometrical, represented by the difference of curvatures of inner and outer layer.
Cytolemma must let in nutrition and signalling macromolecules and let out the waste of life processes. Besides, it
also must exchange various ions to keep homeostatic composition of the cytoplasm. It is thus under the physio-
logical conditions permanently in flux, ensuring many essentially selective one-way processes. Therefore, the loss
of the cell membrane asymmetry would be very harmful, likely resulting in cell’s death.

Among the physical properties of bio-membranes and their precursor, lipid bilayers, electrical parameters play
significant role. As we have seen, the main component of bio-membranes are lipid bilayers having a non-conductive
hydrophobic core of thickness a ~ 2-3 nm and polarized interface layers of hydrated hydrophilic lipid head groups.
The electrical properties of such a system are determined mainly by the hydrophobic core, whereas the hydrated
layers behave rather as parts of somatic fluids. The dielectric constant €4 and the conductivity y4 of typical
bio-membrane can be thus identified with the parameters which are characteristic for the hydrophobic core of lipid
bilayer, i.e. €4 ~ 2 and v4 ~ 10~ S/m [35].

4 Charging of the cellular structure—thought experiment

Let us make an instructive thought experiment with an idealized model of a living cell and its response to the
electric stimulation (see Fig. 1). The cell is considered to be a prolonged cylindrical enclosure of inner diameter d
filled with the electrolyte of composition corresponding to cytoplasm and the boundary consisting of impermeable
membrane, cytolemma, of thickness a and relative permittivity € 4. The whole cell is then surrounded by the
electrolyte, the composition of which is identical with that of somatic fluid in extracellular tissue (ECF). Since
the electrolytes inside and outside the cell are different and the membrane itself is assumed to be permanently
polarized, a cavity potential difference between ECF and interior of the cell must exist. This potential difference
brings about in the vicinity of the membrane charged screening Gouy’s layer [36] of thickness corresponding to
the Debye-Hiickel screening length A = 1.1 x 107% m, see Eq. (3). Simultaneously, a similar layer consisting of
counterions is built-up on the outer boundary of the cell.

If we introduce into the soma of the cell a capillary point sonde S filled with aqueous solution of KCI and
biased with respect to the resting potential of ECF, the sonde will start to inject into the cytoplasm potassium
cations. How is such a temporary point disturbance relaxed by the cell? At the beginning, the ions injected into
the close vicinity of the sonde tip generate radial electric field, crossing the nearest parts of the cytolemma. This

VB
T +:+ cytoplasm d > —

ECF

Fig. 1 Arrangement of idealized thought experiment elucidating basic principles of electric stimulation in model living cell
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field immediately initiates the local reconstruction of Gouy’s layer adjacent to the cytolemma which continues till
the external bias Vg is fully compensated by the increase of the local cavity potential drop. The extra charge
carriers supplied from the bulk of disturbed cytoplasm into Gouy’s layer then cancel on its inner boundary the
normal component of electric field, what enables injected cations to proceed to the more distant parts of the cell.
This process also known as a sphondyloid (= flow tube) formation [37, 38] which electrically decouples charge
carriers inside the conductor from the surrounding, is in fact sine qua non for electric transport via conductors at
all. The reconstruction of space charge Gouy’s layer adjacent to the cytolemma is controlled by the diffusion of
ions toward the cell boundary. Such a transport is described by diffusion correction term to the Ohm-Kirchhoff’s
law with microscopic diffusion constant given by a formula [39]

_

DQ y
EEp

(4)

where v and ¢ are conductivity and dielectric constant of cytoplasm, respectively, and X is the screening length
(3), measuring the length to be, in average, passed by charge carriers diffusing to establish new Gouy’s layer.

It is then important to know the amount of charge which must be supplied into Gouy’s layer to increase the cavity
voltage drop about V. Let pgp be the mean density of extra charge deposited within Gouy’s layer of thickness
A, then the product pgA has obviously the meaning of surface charge per unit area. This charge accommodated
on the inner side of the membrane having per unit area capacitance = eegg/a should induce a desired voltage drop
V. As a result, we obtain a simple relationship

B VBEAEO
PE = T

(5)

This formula provides for bias voltage Vg &~ 75 mV, which is the typical amplitude of AP of warm-blooded
animals, an estimate pr ~ 6.05 x 10° C/m3. If we compare it with the equilibrium background free charge density
po ~ 1.59 x 107 C/m?, we see that the charge transferred during the electric activation of the cell to its boundary
performs only a small fraction =~ 3.8% of free charge, which is locally in disposal. The electric stimulation can be
thus classified as a “tiny effect”.

From the macroscopic point of view the spreading of the boundary of the cytolemma domain, where the spho-
ndyloid is already formed, is of primary interest. The main idea of the cable diffusion theory of action potential may
be briefly presented as follows. Building-up of the sphondyloid structure in the narrow strip of width Az encircling
the cell, requires supplying into this zone extra charge carriers, the amount of which is directly proportional to
the product of cytoplasm conductivity v and the cell cross section wd2/4. On the other hand, the spreading of
the boundary is indirectly proportional to the capacitance to be charged, which is obviously given by a term € 4¢¢
wd Az/a. Combining these expressions, we immediately obtain a macroscopic diffusion constant controlling the
kinetics of charging of the surface of the cell

yad
Dg = . 6
E dep €9 ( )

This formula, reflecting macroscopic features of the spreading of the electric stimulation throughout the tube-like
living cells, is in full agreement e.g. with the modified cable theory of AP in nervous filaments [40]. Accordingly,
the traveling of quasi-wave across the surface of the cell have a character of diffusion and not of movement with
constant speed.

The final state of the cell in our thought experiment may be thus described as follows. The whole surface of the
cell is charged by ions which diffused from the bulk of the cytoplasm toward the cytolemma, the transmembrane
potential difference is everywhere increased about the bias voltage V g and the supply of potassium cations from the
sonde is stopped. Such a state is stable with the proviso that cytolemma is an ideal insulator. For real membranes
where the rest membrane conductivity v4 ~ 10713 S/m [35], the Maxwell relaxation time ~geg/v4, possibly
controlling the discharge of the cell, is of the order of hundreds of seconds (~ 180 s). Since in real living systems
relaxations times are typically in milliseconds, it is quite clear that the electric stimulation of real cells cannot
work without some additional devices, controlling exchange of ions through the membrane.

The fact that the spreading of electric stimulation in living organisms is controlled by the diffusion and not by
regular wave-like electric impulses is not generally accepted. Therefore, we add the following notice. For a diffusion
process, its speed (velocity) is not well-defined quantity; instead, the diffusion constant is used as a characteristic
parameter. However, the instant speed u of diffusion front, satisfying classical relation

ur = DE (7)
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can be defined. Obviously, the observed instant speed is thus dependent on the distance z from the point of initial
disturbance. This important fact, supported also by the experimental evidence [41], explains inconsistency of
numerous time-of-flight determinations of “conduction velocity” of nervous signals performed by different authors
using arbitrary lengths of nerve filaments. From this point of view the common textbook concept, conduction
velocity (speed), cannot be regarded as a good characteristic of signalling in living structures.

It is further apparent from formula (6) that the traveling of quasi-wave across the surface of the cell is “quicker”
if the inner diameter of the cell and the thickness of the cytolemma are larger. Both these conclusions are for the
case of nervous cells confirmed experimentally many times [42]. It is worth noticing that the increase of cytolemma
thickness a is extremely effective mean for increasing the constant Dg. For example, the so called myelinization,
i.e. the thickening of nerve walls due to specialized Schwann’s cells wrapped around the nerve, shorten the reaction
times of e.g. efferent nerves many times, even if their diameter d is preserved. In this connection it is worth
stressing that the “speeding up” of signal transfer via myelinated nerves can be accounted solely for by thickening
of cytolemma, without reference to other models, as to e.g. very popular saltatory theory [43]. This theory, which
is a standard item of medical syllabus, was inspired by the experimental observation of equalizing currents flowing
during neuron cell excitation in the extracellular tissue between gaps in myelin coverage (Ranvier nodes). These
were identified, in the gist of philosophical proposition “Causa equat effectum”, with the actual and quickest
carriers of nervous signal. Of course, the equalizing currents flowing in the vicinity of the nervous cell through
the conductive ECF inevitably do exist, being consequences of potential differences appearing between different
points on the outer surface of the cell during the construction of the sphondyloid (see above). On the other hand,
how to causally explain the active will of the current to jump from the one Ranvier node to the next one, in
order to induce there AP necessary for information transfer? The existence of such currents which is essential e.g.
for ephaptic coupling between neighbouring cells [44] is, however, for “speeding-up” of electric signals themselves
unsubstantial, what makes the saltatory theory somewhat misleading.

As we have already seen, during electric stimulation of a cell two diffusion processes are active: one microscopic
controlled by diffusion constant Dg and the other one macroscopic controlled by diffusion constant Dg. Both
these processes operate simultaneously and are causally correlated. Whereas the microscopic diffusion transfers
ions from the bulk of the cytoplasm toward the membrane, which is then charged, the movement of the front
of charged domain across the membrane has a character of macroscopic diffusion. These two processes differ in
prevailing directions of diffusion, these directions are orthogonal, and in addition in numerical values of diffusion
constants. Taking the figures given above, v = 1.44 S/m, e = 81 and A = 1.1 x 10~? m, we obtain, from Eq. (4), an
estimate D ~ 2.43 x 107 m?/s. Remarkably, since the values of v, € and \ are almost the same for all animals
over the world, this constant is also practically universal. In contrast, macroscopic diffusion constant D g being
dependent on geometrical dimensions of the cell can change appreciably. Its numerical value is, as a rule, about
many orders of magnitude larger than that of Dq. For example, if we take for the thickness a = 2 x 107? m, for
the typical cell diameter d = 2 x 107° m and for e4 = 2 we obtain from Eq. (6) an estimate Dg ~ 8.1 x 1074
m?/s. Covering the cell with myelin layer of thickness a = 2 x 107% m and dielectric constant ¢4 = 7 [35], the
diffusion constant will be much larger, Dg ~ 2.3 x 10~! m?/s.

The fact that the microscopic and macroscopic diffusions are simultaneous and closely cooperating processes
has some far-reaching consequences. If we construct dimensionless ratio of both diffusion constants, we obtain a
useful scaling parameter which can be decomposed either into two dimensionless monomials or, alternatively, into
two dimensional monomials, the first one of which is universal and the second one is characteristic for geometry
and electric constitution of the cell membrane. Indeed, from (4) and (6) we obtain

DQ 4)\2 €A _47>\2 €A

DiE_E>< c N ad

(8)

Other similar relationships can be constructed. These enable one to follow the general trends and changes
encountered in living organisms during their ontogeny or phylogeny [45], or to quantify the characteristic differences
among species.

5 Quantum diffusion of ions

Epistemologically, the numerical value of the phenomenological diffusion constant Dg, is of a special concern. As
we have seen above, this constant, being practically universal, has a numerical value ~ 2.43 x 102 m?/s. Let
us then examine the mechanical action ¢ corresponding to the diffusion of principal cations through the somatic
fluid. The mechanical action can be defined as a product of diffusion constant and particle mass

¢ = Do M(XT). (9)
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Applying this formula to sodium and potassium cations, the masses of which are M (Na®) = 3.82 x 10726 kg,
M(KT) = 6.49 x 10726 kg, respectively, we obtain the following estimates of corresponding actions

((Na™) = Dg x 3.82 x 107*°kg = 9.28 x 107°Js,

C(KT) = Dgq x 6.49 x 107%°kg = 1.58 x 107**Js. 10)

At first glance it is apparent that both these values are in the rank of Planck’s quantum of action, = A 1.05
x 10734 Js. This simple truth has, however, far-reaching consequences. According to the fundamental quantum
criterion [46], the constant Dg and cation mass M (X™) have to play, in this case, the role of quantum-mechanical
conjugate variables. For the correct description of the diffusion process the recourse to the quantum theory is
inevitable. Particularly, for conjugate variables the Heisenberg uncertainty relation

Do M(XT) >

Do St

=5.25 x 1073%Js (11)

should take place. Inspecting the estimates (10) we immediately see that (11) is actually quantitatively valid, so
that we have to do with genuine quantum effect. For the quantum-mechanical treatment of diffusion process,
it is further advantageous to use the remarkable fact that the Schrédinger equations are isomorphous with the
generalized diffusion equations. These equations can be mapped one onto another using, in diffusion equations,
formally the Filirth Ansatz ~ih/2M [47] instead of the diffusion constant. The purpose of imaginary unit in this
term is to label and decouple quantities related to the configuration and momentum space. If one is satisfied,
however, with quantum description of the diffusion in configuration space only, it is sufficient to introduce just one
real diffusion constant D ¢ [48]

(12)

which can be then inserted into the classical diffusion equation instead of the phenomenological constant Dg.

How can the quantum diffusion be then interpreted? What is the physical mechanism behind? As we are
convinced, the most straightforward interpretation is provided by stochastic electrodynamics (SED) [49], a working
theory alternative to quantum mechanics, which is conceptually based on the existence of zero-point electromagnetic
fluctuations of vacuum (ZPF). These fluctuations are assumed to be omnipresent, universal, and independent of
temperature. Their characteristic property is, that the action per mode is the lowest possible one, i.e. i/2. If
thus the action bounded to any mechanical or electromagnetic system is lowered to the value comparable with
this lowest unsurmountable limit, its interaction with ZPF became observable as the quantum behaviour. For
example, in the case of quantum diffusion, a particle, due to the random interaction with the background ZPF
radiation, reveals the so-called quantum jiggling (“zitterbewegung”) [48], a stochastic movement of the particle
without participation of molecular collisions. Consequently, such a type of diffusion, where Dg — D g, has much
lower energy dissipation rate and entropy production then classical thermal molecular diffusion.

In this connection it should be pointed out, that the sodium and potassium ions are not the only ions fulfilling
the quantum criterion (11), so that the quantum diffusion may play decisive role in much wider class of transport
phenomena in living creatures then one usually expects. Indeed, practically all chemical reactions taking place
between environment and living organism or among functional parts inside the organism, the concentrations of
reactants or products are not the only parameters determining the reaction rates. It is mainly because of the
presence of numerous membranes and tissues of appreciable tortuosity which strongly limits the transport of
reactants. The chemical reaction rates are then actually controlled by diffusion processes which correspond to the
so-called Nernst—Brunner kinetics [50]. In this limit, the intuitive traditional view on chemical kinetics as the natural
tendency to reach the state of equilibrium by the shortest possible way is violated, and the adequate mathematical
description in this situation provides Turing’s reaction—diffusion model [51]. Moreover, the exchange of reactant
molecules is appreciably slowed down. Such an intrinsic “slowness” of diffusion kinetics, is, however, crucial for
dumping of sudden spurious excitation events, preventing the chaotic behaviour of the system. In addition, the
chemical reactions submitted to the quantum version of the Nernst—Brunner kinetics have a tendency to create
periodic space-time patterns [52, 53], often interpreted as the manifestations of self-organisation or even as the
precursors of life processes [54].

From the diffusion constant D g, the time constant 7 characteristic for redistribution of charge carriers within
Gouy’s layers during the sphondyloid construction can be further computed. Using the Einstein—von Smolu-
chowski’s square root diffusion formula [55], we can immediately write

M

TS

(13)
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For sodium cation this relation yields a value 7 /= 4.4 x 10719 s which is evidently much shorter than the typical
integral response of bio-systems to stimulation (~ 0.1 ms). The quantum kinetics of ions in somatic fluids is thus,
despite of its intrinsic “slowness”, not a limiting factor for processing of stimulations in living systems.

All these quantitative coincidences lead to the conclusion, that in theoretical considerations concerning the
kinetics of cation exchange in somatic fluids the quantum diffusion constant D¢ can be freely substituted for
phenomenological macroscopic diffusion constant Dg. This also reflects the remarkable fact that the physiological
processes taking place in all living creatures over the world are probably controlled by ZPF, the fundamental
constituent of the Universe.

6 Comparison of leading theories of action potential

It is a matter of fact that the sensitivity to electric stimulation is proper to any living cell. However, the electro-
physiology focuses mainly on neurons, cells constituting the nervous tissue, which are specialized for information
transfer in organisms. These cells are distinct among the other animal cell types, because of their unique shapes,
sinuous and elongated structure, sometimes of enormous size. The peculiar manifestation of their activity is the
so-called action potential (AP), the specifically formed electric pulse, apt to transmit the controlling signals. The
typical shape of AP as depicted at Fig. 2 reveals a rather sharp peak having an amplitude of order of ~100 mV and
width of ~1 ms, followed by a shallow minimum of much longer duration. Interestingly enough, such a form of AP
is at physiological conditions almost universal, with only small differences encountered between various species.

As we have already mentioned above (in Introduction), there are two main competing theories of signal propa-
gation via neurons [56, 57]: 1. The standard, exclusively electric Hodgkin—Huzley quantitative model. It reproduces
a wide range of associated experimental data; 2. The alternative theory of AP, proposed by T. Heimburg and
his co-workers, which is known as the soliton model (theory). It explains the signal propagation through the
nerve as a purely mechanical (acoustic) effect, whereas the accompanying electric AP is only a by-product of
electromechanical properties of cell membrane.

The Hodgkin-Huxley model is based on many careful experiments made from 1930 to 1950s, which were accom-
panied with exceptionally creative theoretical work. Among experiments, worth of mentioning, are the evidence
for electrical signal transmission in nerve and its persistence even if the nerve fibre is mechanically blocked [58],
the first reliable record of AP from inside of nerve fibre [59], the demonstration that the flows of ions across the
axolemma determine the shape of AP pulse [60] and that the resistivity of extracellular fluid influences the velocity
of AP pulse [61]. The precursor of their theory was likely somewhat vague observation of the large increase (more
than 30 times) of membrane conductance during the passage of AP by J. Bernstein [5], later conclusively confirmed
by K. S. Cole and H. J. Curtis [62]. Since this temporal membrane breakdown involved the change of the sign of
transmembrane potential (“overshoot”), the mechanism behind remained unclear.

For the establishment of the Hodgkin—-Huxley model, voltage-clamp experiments with giant axons of the squid
Loligo pealeii [63] were important. This technique enabling one to measure the ion currents across the membrane

40 T T T T
inflection
< 0Or point 4
E \
)
° ) .
=) resting potential
= threshold
& -40 f voltage .
© \
[ W (RN SN B
<
80 F i
1 1 1 1
0 4 6
time (ms)

Fig. 2 Typical shape of the action potential (AP), adapted according to [39]. The threshold voltage ~ kT /2e (= 13.4 mV)
above resting potential, which is necessary for the onset of signal spreading through the nerve, is simultaneously sufficient
to supress the spurious stimulations due to the thermal noise
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at a given constant transmembrane potential difference, inspired the idea of selective voltage-gated ionic channels.
Authors showed further that the stepwise depolarization of the membrane by external bias voltage can trigger fast
inward current carried mainly by Na' ions, which is immediately followed by an opposite much slower outward
current carried by K+ ions [64], explaining in this way the peculiar result of Cole-Curtis experiment. They were
later able to demonstrate that the identical process took place also during the spreading of AP (“ionic hypothesis”
[65]). The results of these studies then provided quantitative parameters for voltage-dependent conductance of
selective protein-based channels. These parameters then entered the differential equations describing the shape
and time evolution of AP. The electrical transport through the tubular structure immersed into the conductive
fluid is mathematically described by the theory of submarine telegraph cable worked out by Kelvin and Heaviside
[66, 67]. Hodgkin and Huxley making then somewhat arbitrary teleological assumption, i.e. that the AP pulse
propagates with constant speed, reduced the original telegraph equation to the differential equation of the wave
type, in which the empirical parameters of gated channels were substituted. The reduced equation, however, was
not solvable analytically, so that there was the necessity to solve it numerically (The authors were the pioneers in
this domain of science). The resulting quantitative model, being able to correctly fit a wide range of experimental
data, was exceptionally successful, and became a governing paradigm in electrophysiology, which has persisted for
more than 70 years. As an example of the continuation of the Hodgkin—Huxley approach to solving problems in
bioelectricity by numerical simulations may serve the application of the “BioElectric Tissue Simulation Engine”
(BETSE) [68], currently used for evaluation of electric interactions between large cellular clusters, which is of
primary importance for the research into treatment of injuries, genetic defects, and cancer.

The main flaw of the Hodgkin—-Huxley quantitative model is that it pays only a marginal attention to the
energy dissipation and to the mechanical structural changes during the propagation of AP. Such an oversight of
experimental observations might be justified by the fact, that these phenomena, for a long time already known,
are extraordinary weak [69, 70] in comparison with dominating and much easily detectable electric effects. Indeed,
experimental data [71, 72] and theoretical estimates [73] provides for heat released per unit area of membrane
during the transit of AP signal values typically ~(5-20) x 10~° J/m? and for free energy bound to AP pulse value
~3 x 107 J. Analysing then the Hodgkin-Huxley mechanism of AP from the point of view of thermodynamics,
it can be shown that it is very inefficient, because it dissipates, in a typical nerve fibre with resistive protein-based
gated channels, two orders of magnitude more energy than what corresponds to the energy of signal itself [74, 75].

In 2005 T. Heimburg and A. D. Jackson [23] proposed an alternative thermodynamic theory of nerve pulse,
generally known as a soliton theory, in which the AP is interpreted not as a primary effect but rather because
of propagation of mechanical soliton wave through the membrane, having an intrinsic internal electromechanical
coupling. The key point of this model is an assumption that the real membrane preserves most of essential
thermodynamic properties of lipid bilayer, especially that the melting (gel-fluid) phase transition takes place only
few degrees below normal body temperature. The volume and area compressibility of lipid bilayer reveals at the
point of phase transition the non-linearity and frequency dispersion, i.e. the properties which are necessary for
generation and propagation of solitary waves—solitons [76].

The soliton model correctly describes non-electric properties observed in experiments during AP propagation,
such as the production of heat during lipid transition from fluid to gel phases and the reabsorption of heat as the
system reversibly returns to its original state. It also nicely reproduces minute mechanical deformations encountered
by the nerve excitation [74]. During the passage of soliton through the membrane, its thickness (in other words
its specific capacitance) is changed. Since the membrane is polarized, a localized transmembrane voltage pulse,
having properties of AP, appears simultaneously. In addition, the theory accounts for the effects of anaesthetics
and of the pressure on nerve activity in a very natural way. The presence of anaesthetic in the membrane, namely,
shifts the gel-fluid phase transition to the lower temperature, supressing in denser phase the generation of soliton.
Summarizing, the soliton model, having a good predicative power, is explaining many puzzling phenomena.

On the other hand, in the frame of this model some hardly solvable problems have appeared. First, the proposed
equation for acoustic waves in tubular structure is somewhat artificial. For example, in order to make the acoustic
wave create a genuine soliton traveling with constant speed and without shape distortion throughout the whole
nerve fibre, there was inserted a special ad hoc dispersion term [77]. Besides, the estimate for AP velocity in non-
myelinated fibre is too high, ~ 175 m/s, whereas for myelinated fibres is paradoxically lower, ~ 80 m/s, being thus
quite non-realistic for plausible explanation of myelination effect. Second, as the real axolemma contains many
membrane rafts, i. e. the domains enriched with cholesterol and proteins, its mechanical properties must inevitably
differ from those of ideal lipid bilayer. It is inhomogeneous, and in domains with ordered liquid phase (see Sect. 3)
is more rigid and mechanically linear. Generation of stable solitary waves in such a system is not likely. Therefore,
it can be concluded that the theory of solitons in nervous systems is not well-founded with sufficient rigor. The
most serious objection against the soliton model is, however, the experimental evidence that electric AP precedes
the acoustic signal by about ~250 ps and not vice versa [78]. That is why the AP cannot be the by-product of
soliton deformation wave but just the observed minute displacements of axon membrane are direct consequence
of passage of electric pulse.

It is apparent that both these theories account more-or-less successfully for various aspects of information
transfer in living organisms. Moreover, the realms of phenomena covered by these models are partially disjunctive
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and both of these approaches have their own flaws. Therefore, there appears a natural question, namely: Can be
both these theories reconciled? The answer is negative. Indeed, whereas the Hodgkin—-Huxley model is based on
dissipative processes within the resistive protein channels in the membrane, being thus strongly irreversible, the
soliton theory of AP is nearly reversible or adiabatic, because the heat production during the signal transmission is
immediately followed by re-absorption of equal quantity of heat. Evidently, such processes are thermodynamically
incompatible.

Nevertheless, if we cannot combine the whole theories as building blocks, we can combine singular pieces of
knowledge achieved in the frames of these theories. As an example of such an approach may serve an attempt
published by A. El Hady and B. B. Machta [79].

7 An attempt at the scenario of action potential

In this section, we are presenting a sketch of a “physical” scenario of AP in nerve fibres, with endeavour to
incorporate in it the most of non-disputable experimental facts. The crucial points and ingredients of the proposed
scenario can be outlined as follows.

e First it is assumed that the nervous signal is primarily of electric nature. This agrees with the observation that
electric pulse precedes mechanical deformations of neuron membrane [78]. Such an assumption is thus direct
consequence of principle of causality in the sense, “Post hoc ergo propter hoc”.

e The initiation of AP, i.e. the sudden increase of local transmembrane potential at the membrane of entry synapse
is assumed to be equivalent to the injection of KT ions there. The spreading of such electric disturbance across
the whole neuron membrane has then, in accordance with experiment [41] and with arguments given in Sect. 4,
the character of diffusion, corresponding to the parabolic time dependence [39].

e The voltage-gated ionic channels of otherwise non-specified kind must be involved for the realistic shaping
of genuine AP (in contrast to our thought experiment in Sect. 4, where only a quasi-stationary diffusion of
charging front is discussed). Experimentally the existence of such devices operating in the neuron membrane
was conclusively proved by K. S. Cole and H. J. Curtis [62].

e As we suggest below, the spontaneous operation of these voltage-gated ionic channels is likely due to the electro-
mechanical coupling within the axon membrane, particularly to the reversible flezoelectric effect [30]. Moreover,
it can be shown that these channels, having a character of simple temporal fissures, behave like partly selective
channels for quantum ionic fluxes of Na™ and K+ ions. These selective channels are responsible for the formation
of the main depolarization AP peak.

e Finally, the recovery phase of the AP pulse is controlled by the almost continuously operating selective protein-
based channels of Hodgkin—-Huxley type, strategically dispersed over the surface of nervous cell. Their main
task is to keep, by means of Na™/K* pumping [81], the internal homeostasis of nervous cell, what requires
appreciable energy and oxygen costs [82].

To make this scenario a minimal model, it is necessary to discuss some of these points in more detail.

After the injection of K* ions into the cytoplasm of the cell, the cytolemma is locally charged revealing a
corresponding transmembrane potential drop there, as it was already explained in Sect. 4 (where the thought
experiment with model of tubular cell was discussed). The progress of the boundary of the charged domain over
the cytolemma is controlled by macroscopic diffusion constant D g, given by formula (6). The resulting long-lasting
charging of the whole surface of the cell is, however, e.g. for effective electric signalling by nervous cells practically
useless. Neuron must be, namely, prepared for further action in a short time after the pulse transmission. It is
thus necessary, immediately after the passage of the boundary of charged domain, to discharge this part of the
sphondyloid locally and effectively. The most effective way how to do it, is to interconnect temporarily Gouy’s
layers existing on both sides of the cytolemma (axolemma) by an ionic channel. The evidence for such temporarily
operating ionic channels provides just the experiment made by K. S. Cole, H. J. Curtis [62].

Since the results of this experiment are quite crucial for any theory of AP, it worth of a short description. In the
trough made in insulating material, circulating sea water substituted extracellular somatic fluid. Non-myelinated
giant nerve axon taken from squid Loligo pealeii was then inserted into this trough. The axon was provided with
standard exciting and measuring electrodes on both its ends. Besides, electrodes for membrane transverse AC
impedance measurements were added. The measuring signal of the AC bridge, operating at kHz frequencies, was
kept well below ~kT/e, to not influence the shape of AP. While the membrane AC conductance increased during
the passage of AP from its resting value of 10 S/m? to 360 S/m? the membrane capacitance decreased about less
than < 2%. The onset of the AC resistance and capacitance changes coincided quite closely with the inflection point
on the rising phase of AP curve (see Fig. 2). The experiment thus clearly indicates, that at voltages of ~ 45 mV
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above the resting potential, there exists the electrical connection between both sides of axolemma, accompanied
by a small reduction of its chargeable area.

How can sudden appearance of such channels be plausibly accounted for? As we believe, a promising candidate
for the mechanism of temporal creation of non-selective voltage-gated channels is the flexoelectric activity of the
axolemma. Flexoelectricity, a mechano-electric phenomenon responsible for curvature-induced polarization of lipid
bilayer-based bio-membranes, can be described as follows [80]. The main, purely geometrical characteristics of
curved surfaces, is the mean curvature of a surface which is defined as

1/1 1 1
H=-(—+=)=—=di 14
<T1+7“2> 2 s ( )

where 71 and 75 are principal radii at a given point of the surface and v is the unit normal vector. Deviation of the
membrane curvature from its relaxed equilibrium value measures the splay deformation of lipid chains, inducing,
in the core of the lipid bilayer, the additional electric field E = E v. The basic constitutive relation defining then
the flexoelectric effect reads

P 2H
E=——5 7 7 (15)
acp €o EAE0

where Pg is value of dipole moment per unit area of the membrane in C/m and f is the flezoelectric coefficient
measured in charge units, C (coulombs). In addition to direct flexoelectric effect, there exists also a converse
thermodynamically complementary effect, which is due to the Maxwell’s reciprocal relations controlled by identical
formula with the same coefficient f. Accordingly, the external electric field can change curvature and dimensions of
the membrane. Applying formula (15) to the case of cylindrical tube-like membrane, the following working formula
can be derived immediately

f
dR 16
ac A EoR() ’ ( )

dp =
where Ry is the equilibrium axon radius (Notice, d = 2Rg). For axolemma, some of the values used for lipid
bilayers, which are ranging from f ~ 2 x 107 to 2 x 10717 C [83], can be taken for flexoelectric coefficient.
Similar value, f = 1.2 x 10717 C, is also reported in [80] for converse flexoelectric coefficient of neurons from
bovine brain measured at 500 Hz (i.e. period ~2 ms). Inserting then into (16) this figure together with other
variables, the representative values of which were already given above, dR = 107 m [84], a =2 x 107 m, ¢4 =
2, Ry = 7 x 1075 m, we obtain for corresponding change of depolarization potential an estimate dy ~ 48 mV,
which is obviously comparable with the typical amplitude of AP (see Fig. 2). The flexoelectric effect can thus
realistically account for observed swelling of axolemma during the passage of AP. The local area exposed to the
action potential peak is also obviously changed in the same ratio as dR/Ry. Lipid bilayer-based membranes, which
behave nearly as the perfect soft matter [85], where the increase of the area is fully compensated by the thickening
of the layer, have very low stretch modulus kg = 0.25 N/m, so that their critical rupture strain is only of order of
~ 1% [32]. Therefore, it is very likely that the deformation due to the transit of AP may cause temporary fissures in
the membrane, in fact the non-selective ionic channels, through which the spontaneous diffusion flows of Na™ and
K™ ions start (see Fig. 3). These ionic flows equalize the Nernst potentials existing between osmotically unbalanced
electrolytes inside and outside of the axon. It is clear that the spontaneous appearance of such channels, triggering
in both sides of axolemma the onset of reversion of ionic flows, should correspond to the inflection point on the
AP curve.
The permeation of ions through the fissure (pore) made in the axolemma is facilitated by the fact, that the
solvation self-energy of an ion inside the membrane with small € 4, surrounded by aqueous environment with high
dielectric constant ey = 81, is electrostatically lowered by an amount [86]
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Fig. 3 Illustration of the flexoelectric swelling and the appearance of the temporary fissures in the axolemma during the
passage of action potential (AP)
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From this formula we immediately obtain for ¢ = 2 x 107° m and €4 = 2 an estimate Eg =~ 4 x 10720 J =
0.249 eV ~ 9 kT'. Such a lowering of self-energy inside the pore, which thus represents a negative potential barrier,
permits the ions to cross the membrane without an appreciable energy dissipation. Naturally, resulting cationic
flow locally reverts the increase of AP, which then starts to decrease. If the AP decreases again approximately
below the potential of the said inflection point, the fissures are closing, so that the potential decrease is slowed
down.

Let us inspect the spontaneous redistribution of Na™ and K™ cations during the appearance of these channels
in more detail. The concentration drops of the cations between ECF and cytoplasm are A[X*]. Using for diffusion
constant D o (X™) formula (12), the modified “quantum” Fick’s law [87, 88] may be written as

h AXY]
J(XT) = ——/— 18
(x) = o0 2, (15)
where J(X*) is the density of ion flux measured in mol/m? s. For sodium and potassium ions we have then
following concentration drops (see Table 1): A[Na®] = 150 — 15 = 135 mol/m?3, A[KT] = 5.5 — 150 = — 144.5
mol/m? and corresponding diffusion constants Dg(Na®™) = 1.37 x 1072 m?/s, Dg(K™) = — 8.09 x 10719 m?/s.

The resulting flux densities computed from (18) thus are
J(Na™) =92.5 mol/m?s and J(K") = —58.3 mol/m?s. (19)

These two flux densities have opposite signs (plus sign corresponds to the direction from ECF to cytoplasm),
i.e. the cations Na™ and K+ are simultaneously flowing in opposite directions through the non-selective channel.
Since the Na* flux density absolutely prevails over the K+ flux density, i.e.

|[J(Na®)| > [J(K), (20)

any non-selective channel thus effectively behaves as a partially selective one. This fact nicely accounts for the fact
that in the first phase of AP characterized by a sharp peak, strictly selective highly resistive protein-based channels
are not necessary; the observed difference in fluxes of Nat and K™ ions is a direct consequence of their different
masses. Moreover, since the opening and closing of the channels is reversible and the selection of ions requires no
extra energy costs, the processes in this phase of AP should be practically dissipationless. It makes a contrast with
the process encountered in the recovery phase of AP. The decrease of signal amplitude is there eventually stopped
and reverted very probably by almost continuously operating selective protein-based sodium/potassium adenosine
triphosphatase (ATP) pumps (or “protein selective gated channels” known e. g. from Hodgkin—Huxley theory [81]).
They operate till they reach on both sides of the membrane, equilibrium ion concentration values, establishing
resting potential, which is characteristic for homeostasis. This process, which is common for practically all cells in
the living organisms, is simultaneously the most energy- and oxygen- consuming phase of AP. In this connection it
should be stressed that there is an essential difference between the channels realized by the fissures in the membrane
and the protein-based channels of the Hodgkin—-Huxley type. The simple fissures are only temporary and appears
during every new passage of AP at different places, having for spontaneous quantum flow of ions almost negligible
resistance. In contrast, the selective protein-based channels which are permanently localized within the membrane
and are working against the ion concentration gradients on the costs of extra chemical energy provided by ATP,
reveal a rather high effective resistance. These facts thus can account for the qualitative difference between energy
dissipation during initial and recovery phases of AP.

8 Conclusions

In this paper we have made a brief critical, partially historical review of empirical facts and main theories concerning
the propagation of nervous signals in biological neural networks. Finally, we have worked out a simple scenario
and sketch of physical minimal model of progression of the action potential (AP) in nervous fibres. The key points
of this scenario and model may be summarized as follows.

After the stimulation (i.e. electric charging) of a synapse, the electric disturbance starts to diffuse across the
neuron membrane, inducing there the transmembrane potential difference, AP.

Due to the flexoelectric effect, the increase of transmembrane potential has two consequences, namely, the local
increase of diameter of the nervous fibre and the appearance of temporary membrane fissures there.

The fissures then serve as channels for the spontaneous flows of Na™ and KT ions striving to equalize the
ion concentration differences existing between extracellular fluid and cytoplasm. Since the sodium and potassium
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cations are quantum particles of different masses, the fissures effectively behave as gated, partially selective, non-
dissipative channels.

The decrease of transmembrane potential, due to the equalization of cation concentrations on both sides of
membrane, then lead to the decrease of AP amplitude and finally to the shutting down of fissures.

The following recovery phase establishing the homeostasis conditions, is then controlled by the operation of
dissipative protein-based channels with Na* /K™ ion pumps of Hodgkin—Huxley type.

In summary, our minimal model, being far from to be perfect or complete, reflects most of the non-disputable
facts. It may thus provide a starting point for further development of the theory of stimulation in living creatures.
In future, we would like to study the proposed model in more details, especially:

—

The creation mechanism of membrane fissures using the approach based on the fluctuation—dissipation theorem.

2. Modeling of ionic patterns likely arising in the vicinity of the cell membrane and ionic channels because of
reaction—diffusion kinetics.

3. The entropy production due to the quantum diffusion of cations passing through the temporary fissures in the

membrane.
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