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Abstract

Until now, nerve conduction has been described on the basis of equivalent circuit model and cable theory,
both of which supposed closed electric circuits spreading inside and outside the axoplasm. With these con-
ventional models, we can simulate the propagating pattern of action potential along the axonal membrane
based on Ohm’s law and Kirchhoff’s law. However, we could not fully explain the different conductive
patterns in unmyelinated and myelinated nerves with these theories. Also, whether we can really suppose
closed electrical circuits in the actual site of the nerves or not has not been fully discussed yet. In this
report, a recently introduced new theoretical model of nerve conduction based on electrostatic molecular
interactions within the axoplasm will be reviewed. With this new approach, we can explain the different
conductive patterns in unmyelinated and myelinated nerves. This new mathematical conductive model
based on electrostatic compressional wave in the intracellular fluid may also be able to explain the signal
integration in the neuronal cell body and the back-propagation mechanism from the axons to the den-
drites. With this new mathematical nerve conduction model based on electrostatic molecular interactions
within the intracellular fluid, we may be able to achieve an integrated explanation for the physiological
phenomena taking place in the nervous system.
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Introduction

In the nervous system, conduction of the signals has been
described as a form of electrical current with membrane
potential change. To explain the propagation of membrane
action potential in the axon, the conventional cable theory
assumed closed electric circuits that fulfill Ohm’s law and
KirchhofF’s law, spreading inside and outside the axoplasm
(Hodgkin and Huxley, 1952; Koch, 1984).

These conventional theories can theoretically explain the
physiological phenomena of the nerve conduction and can
also predict some potential-related properties like the anod-
al break (Guttman and Hachmeister, 1972; Daly et al., 2015).
The following equation is the famous “cable equation”, with
which we can describe and simulate the membrane potential
at the location of “x” at a specific time of “t” (V,(x,t) ) by us-
ing the space constant of “A” and the time constant of “r,”.

82V (x,0) V(%0
P = Ty~ V() =0 (1)

Though these conventional theories are certainly sophisti-
cated, there are some issues in their premises that have not
been fully addressed yet. First, whether we can really sup-
pose closed electric circuits in the actual site of the nervous
system or not from the viewpoint of electrostatic molecular
interactions has not been fully discussed yet. Another issue
is that we cannot explain the different relationships between
axonal diameter and conduction velocity in unmyelinated
and myelinated nerves. The cable theory explains the two-di-
mensional propagation of membrane action potential across
the axonal membrane, but whether we can also apply the

model to saltatory conduction in myelinated nerves or not
is not clear. The conduction velocity is proportional to the
axonal diameter in myelinated nerves, but it is proportion-
al to the square root of diameter in unmyelinated nerves.
However, until now, there is no mathematical model that
can explain the saltatory conduction.

From before, the membrane action potential has known to
be accompanied by some mechanical changes in axonal pa-
rameters like radius, length, pressure, and heat (El Hady and
Machta, 2015). Based on this fact, some axonal structures
like neurofilament, lipid bilayer, or axoplasm have been
supposed to play some roles in nerve conduction (Shrivas-
tava and Schneider, 2014). Though the exact mechanism of
saltatory conduction is still unknown, these recent findings
imply that we are better to consider not only the two-dimen-
sional signal propagation along the axonal membrane but
also three-dimensional mechanical signal conduction as the
nature of nerve conduction.

In this report, a new model of nerve conduction from
a viewpoint of molecular interaction between electrical-
ly-charged particles in the axoplasm will be presented. Dif-
ferent from the conventional theories that focused to the
two-dimensional propagation of membrane potential, the
new conduction model focuses to the three-dimensional
ionic/molecular interaction within electrolytes like axo-
plasm. With this new conductive model, we do not need
to assume closed electric circuits in the intracellular or
extracellular fluid and we can just focus on the density and
distribution of voltage-gated sodium (NaV) channels in the
membrane.
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Figure 1 Illustrations of the
neural structures in
unmyelinated and myelinated
nerves.
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Actual Scale of the Structures in Nervous
System

he illustrations of neuronal structures with approximate
measures in unmyelinated nerves and in myelinated nerves
are shown in Figure 1. To be noted, the absolute scale of
the figures in unmyelinated nerves (Figure 1A) and in my-
elinated nerves (Figure 1B) are totally different. As can be
seen, the distance between two adjacent NaV channels in
unmyelinated nerves is less than one-thousandth of that
between two adjacent Ranvier’s nodes in myelinated nerves.
This simple scale-related issue would result in different
conductive pattern in unmyelinated and myelinated nerves;
the forefront of the signal in unmyelinated nerves would
proceed along the internal surface of the axonal membrane
but the forefront of saltatory conduction in myelinated
nerves would proceed across the whole cross-section of the
axoplasm. Previously, this scale-related issue between un-
myelinated nerves and myelinated nerves has not been fully
considered and all of the nerve conduction has been ex-
plained from the viewpoint of two-dimensional propagation
of membrane action potential across the axonal membrane.
In this report, for the nerve conduction in unmyelinated
nerves, we consider a micro-scale three-dimensional prop-
agation of an electrostatic compressional wave with hemi-
spheric surface along the internal surface of axonal mem-
brane. For the saltatory conduction in myelinated nerves,
we consider a macro-scale one-directional internodal prop-
agation of an electrostatic compressional wave with plane
surface across the whole cross-section of the axoplasm.
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Electrostatic Mechanism of NaV Channel

Activation

When a NaV channel is activated, a specific rate of sodium ions
influx will be triggered and a mass of positive electric charges
will appear in the intracellular fluid. The extracellular space
where the transferred cations originally located will be instantly
supplied by other numerous cations existing in the extracellu-
lar fluid. As a result, we can assume a situation that a mass of
positive electric charges has gradually appeared on the internal
surface of the NaV channel. This newly appeared positive-
ly-charged mass would exert electrostatic force for both intra-
cellular and extracellular electric charges. Here, NaV channel
is known to be negatively-charged and attracting cations on its
surface (Hille et al., 1975; Dani, 1986; Yin et al., 2013). Then,
we can estimate that the distribution of electric charges are dif-
ferent between the internal and external surfaces of the axonal
membrane in unmyelinated nerves (Figure 1A) and in Ranvi-
er’s nodes in myelinated nerves (Figure 1B).

From before, voltage-gated ion channels have been re-
garded to open by responding to the decrease in potential
difference between the internal and external sides of the
membrane. To produce such difference in the potential
gradient across the membrane, actual drift of some electri-
cally-charged substances (i.e., intracellular ions, membrane
protein, or membrane itself) as a chain reaction is required.
To create such changes in the potential gradient across the
membrane at the next NaV channel, the conducted signal
needs to alter the horizontal (i.e., parallel to the membrane)
potential gradient across the internal surface of the next
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Table 1 List of variables used in the conduction model

Variable Description

Aipternode Attenuation ratio of electrostatic wave per internodal
length

Cd NaV channel density on the axonal membrane [/um’]

D Axonal diameter [pum]

flxt) Transmitted electrostatic force from the preceded
depolarized NaV channel to the next NaV in the
resting state at the distance of “x” and the time of “t” in
unmyelinated nerves [N].

F(x,t) Transmitted electrostatic force from the whole proximal
axoplasm to the axoplasm at the longitudinal location of
“x” from the previous node.

Sotreshold Minimum received strength of electrostatic force for
each NaV channel to be activated [N].

) Internodal length of myelinated nerves [pm].

q(x.t) Accumulated amount of Na+ influx from a NaV channel
at the distance of “x” from the focused NaV channel in
the resting state [C].

Q(x,t) Amount of electrical charges on the whole cross section
of myelinated axons at the distance of “x” from the
adjacent depolarized node.

T Conductive time lapse for an inter-channel in
unmyelinated nerves (T,,,,.,,) or an internodal length
(Tpternode ) in myelinated nerves.

\%4 Conduction velocity in unmyelinated (V) and

myelinated nerves (V)

channel. The separation of cations on the internal surface of
the NaV channel depends on the horizontal component of
the transmitted electrostatic force, which would be transmit-
ted directly or as an electrostatic compressional wave within
the axoplasm. Because the transmitted electrostatic force
originally results from the sodium ion influx at the preceded
depolarized NaV channels in unmyelinated nerves and from
the influx at the preceded depolarized Ranvier’s nodes in
myelinated nerves, the distance between NaV channels and
the amount of NaV channels in each Ranvier’s node would
be important. However, both of these variables have not
been fully taken into considerations in the conventional the-
ories. In the new conduction model, these variables will be
incorporated as the essential components of the nerve con-
duction. The list of the abbreviations of the variables used in
this mathematical conduction model and their theoretical
roles are listed in Table 1 in the alphabetical order.

Distribution of the Product of Two Variables

with Normal Distribution

Before starting to build up a mathematical conduction mod-
el, we need to consider about the distribution of the product
of two variables each of which shows normal distribution.
Here, we prepare two independent random variables of “A”
and “B”, which independently follows normal distributions
of N (44, 0,) and N (uy, 0), respectively. Here, we describe
their probability densities with f,(a) and f;(b).

The distribution of the product A-B is known not to follow
the normal distribution; thus, its mode is not equal to A-B.
On the other hand, the expected value of A-B (i.e., IE(A-B))
tulfills the following equations, because f,;(a,b) is equal to
the product of f,(a) and f,(b) .

EA-B) = JJAB fuz(a,b) da db
= JA fy(a) da- /B fz(b) db 2)
=E(A)-EB)

Thus, if the sample sizes of “A” and “B” are enough large, the
mean of the product A-B can be expected to match the value
of the product 1, -y

AB = E4+B) = E4)E(B) = iy tp (3)
Based on similar considerations, the relationships below also
holds.

(4B)" = EHABY' = HAY-EB™) = (uamws)  (4)
These facts will be applied to the following proportional ex-
pressions as their rationales.

Mathematical Model for Three-Dimensional
Electrostatic Interaction within Electrolyte

Solution
The strength of electrostatic force between two spots with
electrical charges can be described as below.

Electrostatic force = — 0.1_;22 (5)
4T X

In this equation, Q, and Q, are the strength of electrical
charges [C], “x” is the distance between the two spots [m],
and “¢” is the permittivity of the medium [N-m*/C*]. Next,
we apply the above-mentioned equation to the electrostatic
force working in electrolyte solution like intracellular fluid
or axoplasm. If we suppose that a mass of electrical charges
appeared in an electrically-charged medium, the charged
mass would exert electrostatic force to the surrounding
charges. The strength of electrostatic force that the ion par-
ticles at the distance of “x” [m] from the center of the mass
would receive from the inner solution can be described as
below (Akaishi, 2018).

F(x,t):limn_mo Z}cl=1 (ﬁ) [(Q(x,t) 'Q(%x't) / ((1 - %) X '10_6)2] (6)

In this equation, F, , stands for the strength of electrostatic
force [N] that the electrical charges with the distance of “x”
[m] from the charged mass at the time of “#” receive from
the inner solution and Q, , stands for the amount of posi-
tive electric charges [C] at the location of “x” [m] from the
mass at the time of “t”. Because this equation holds in all the

infinitesimal time, the following equation would also hold.
90 k 2

e S ()| (2 ) / (1 -9x0)| )
These concepts hold no matter of the dimension of the elec-
trostatic force propagation (e.g., one-dimensional propaga-
tion with plane surface or three-dimensional propagation
with hemispheric surface) as shown in Figure 2. No matter
of unmyelinated nerves or myelinated nerves, the most im-
portant regulators for nerve conduction would be the dis-
tance from the depolarized NaV channels to those in resting
state and the Na" inflowing rate in the depolarized segments.

More detailed figure explaining the mathematical basis
of three-dimensional electrostatic interaction in myelinat-
ed nerves is shown in Figure 3. This figure shows that the
strength of the electric field in the axoplasm at the longi-
tudinal distance of “X” created by the change of electrical
charges in the k-th previous portion (Eg_g proximaosy [N/C])
would be proportional to the total amount of NaV channels
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Previous Ranvier’s node
(x=0: n-th segment)

Next Ranvier’s node

Figure 2 Overview of the saltatory
conduction model based on
electrostatic interaction.

If we separate the internodal segment
with the length of “x” into equal “n” seg-
ments, each partial segment possess the
width of x/n. The transmitted strength
of an electrostatic compressional wave
at a specific location in the axoplasm
can be described as the total sum of the
electrostatic forces between the focused
location and all of the separated proxi-
mal “n” segments. C,: Channel density
in the membrane; D: axonal diameter;
F ,: The sum of transmitted electro-
static forces to the ions on the whole
cross-section of axoplasm at the loca-
tion of “x” at the time of “¢” from the
proximal axoplasm; NaV: voltage-gated
sodium ion channel; Q, ,; Amount of
positive electric charges on the whole
cross section of the axoplasm at the lo-
cation of “x” at the time of “#”

Figure 3 Mathematical basis of the
electrostatic compressional wave in

myelinated nerves.
Strength of electric field at a specific

location of axoplasm can be described as
the summation of electric field created
by each of the n-portions of the proxi-
mal axoplasm. With this mathematical
basis, we can estimate that the strength
of electric field at a specific longitudinal
location in the axoplasm of a myelinated
axon with a specific size would be pro-

portional to the amount of NaV chan-
nels in the adjacent depolarized Ranvi-

Axoplasm k-th 2nd 1st
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AE(k—t‘hprwrimal -X,t) N/Cl = 4me W
n,

o Ext) = D=1 AE(k—th proximal »x, ) ° Amount of NaV in one node

in the adjacent depolarized Ranvier’s node. Thus, in a my-
elinated axon with a specific D and L,,,,,,.> We can say that
the strength of the electric field in the axoplasm at a specific
distance of “X” from the previous node would be propor-
tional to the amount of NaV channel in one Ranvier’s node.

Conduction Model in Unmyelinated Nerves

Propagation of electrostatic compressional wave along the
internal surface of axonal membrane in unmyelinated axons
In unmyelinated nerves, we can ideally assume that the NaV
channels in the axonal membrane would be almost homo-
geneously dispersed across the membrane. Certainly, the
transmitted depolarized “excitation” segment on the axonal
membrane would have variable ranges depending on the
channel density (C,) and conduction velocity (V) in unmy-
elinated nerves. As shown below, the estimated longitudi-
nal (i.e., direction from the proximal to distal of the axon)
width would be more than 100 times larger than the average
distance of adjacent NaV channels (d,c,qame)> if We assume
the conduction velocity of unmyelinated nerves (V) to be
around 1.0 m/s and the channel density (C,) to be around
100 channels/pm’.
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oc Q(EX t) o< Amount of NaV in one node
2

er’s node. E, ,;: Strength of electric field

at the longitudinal location of “x” and
the time of “#’, created by the inflowing
sodium ions at the adjacent depolarized
Ranvier’s node; X: specific longitudinal
location in the internodal segment of
myelinated nerves.

Duration of sodium conductance (gy,) in each NaV> 1072 ms
Conductive time lapse in each NaV =~ 107* ms (8)

. Width of depolarized segment > 107 *diptercnannet

Though the depolarized axonal segment in one signal con-
duction has a variable width with multiple NaV channels
in the longitudinal direction, the most important factor
that regulates the conduction velocity would be the average
distance between each adjacent NaV channels in the mem-
brane, because the proceeding of the depolarized segment to
the distal side is resulted from the electrostatic interaction
between the depolarized segment and the adjacent next NaV
channel on the minimally distal side (Figure 1A). Here, we
define the electrostatic force from the depolarized “exci-
tation” segment of axonal membrane to the closest adjacent
NaV channel on the distal side as “f o oiarizedonest nav) > Which
can be described as below.

f(depolarized — next NaV’)

— I n
- llmn% co Ek:l f(k—th preceded NaV — next NaV)

)

. af(depﬂlarizedanextNaV) = lim Zn af(k—thprece[iedN(LVanextNaV)
’ at n— o Lk=1 at
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Here, based on (5), 0f g, preceded Nav-next nary/ OF €an be described
as below by using the NaV channel density of “C,” and the
amount of positive charges at the longitudinal location of “X”

as g -

aQ(k—thpreceded Nav) |
Of (k—th preceded NaV —» next Nav) _ 1 ar d(next Nav) (10)
at 523 ( 1 k)z
VCa

Here, the section of 0 preceded navy/0t would be almost con-
stant in the depolarized segment, especially in NaV channels
with smaller values of “k” (i.e., closer to the next NaV). Thus,
based on (9) and (10), the following relation would hold.

(11)

2,
0f (depolarized — next Nav) o C 'Z @ (1Y _ ™,
ot d k=1 \[2 - 6

Strictly speaking, 09y i precedea navy/9t cannot be regarded
as constant in the later phase of depolarization state and
other electrical states; thus, the upper limit range of “k” in
the above relationship would not oo, but around 100-1000.
However, the section of (1/k”) can be negligible with enough
large values of “k”, and the segment of Y,_,(1/k°) can still be
regarded as constant. Thus, the following relationship would
be derived.

9f (aepolarized — next Nav) C
ar d

. — o af(depula.ﬂ'zenl — next NaV) d
. f(clepolarized —next Nav) — fg It t

(12)
o< €,

Then, the time lapse of the depolarized “excitation” segment
in the axonal membrane to activate the closest adjacent NaV
channel on the distal side (T poiarizedsnext navy) €an fulfill the fol-
lowing relationship.

o L (13)

Ca

Because the longitudinal numbers of NaV channels on a
specific length of axon is proportional to /C4, the conduc-
tion velocity of unmyelinated nerves (V) would fulfill the
following relationship, which is compatible with the estab-

lished fact.
Vy o Cq

Derived simultaneous equations in unmyelinated nerves
Based on the theories described above, the nerve conduction
in unmyelinated nerves can be described with the following
simultaneous equations.

T(depolarized segment - next NaV)

(14)

94(x,t)
“ q(x=ne>
[af(x,r) v (1 )[ 9t ly—k—th preceded Nav (x=nextNav.t) (15)
0t ly=next Nav k=1\4me (k'10_6)2
Vea
Tinter-Nav [af(xt) d
0 L = fenresnola (16)
fo 0t lx=next Nav f resho

vy = —t (17)

- Tinter-Nav “v/Ca

In the equation (16), fi,emoq Stands for the minimum
strength of received electrostatic force for each NaV channel
to be activated. Here, though not described in detail in this
report, the theoretical relationship between C, and axonal
diameter (D) can be theoretically supposed to be linear as
shown in the previous reports (Akaishi, 2017, 2018). This is
based on the previous reports describing that the amount
of axonal transport to be proportional to the cross-sectional
area (S) of the axon (Wujek et al., 1986). If we can suppose

this assumption, combined with the relation (14), the fol-
lowing relationship can be deduced, which is compatible
with the already known fact.

VU oc \/C—d oc \/5
Conduction Model in Myelinated Nerves

Propagation of electrostatic compressional wave on the
whole cross-section of internodal axoplasm

Different from the propagation of nerve signal in unmyelin-
ated nerves, signal conduction based on electrostatic inter-
actions would proceed evenly on the whole cross-section of
the internodal axoplasm in myelinated nerves. This is mostly
because the internodal length between adjacent Ranvier’s
nodes (300-2000 pm) is much larger than the axonal diame-
ter (1-20 pm) in myelinated nerves (Akaishi, 2018).

In this section, for convenience, we focus to one internod-
al segment between two adjacent Ranvier’s nodes and regard
the focused axoplasmic segment as a closed physical system,
in which the total of mechanical energy is ideally preserved.

(18)

Significance of internodal length in the saltatory conduction
When we consider about the saltatory conduction in myelin-
ated nerves, we need to define how to treat the internodal
length (L;,;,100.)- We need to decide whether to treat L as
constant irrespective of D or as a covariate related to D. To
prove that we should not regard to be constant and that the
correlation between and D is important, we will tentatively
assume L,,,..... to be constant irrespective of D and will show
the deduced conclusion is in conflict with the observed facts.
Here, we define F,, , as the electrostatic force working
from the whole proximal axoplasm to the ions on the whole
axonal cross section at the longitudinal location of “x” (i.e.,
distance from the proximally adjacent depolarized node) at
the time of “¢”. If we tentatively regard L,,,.,.q. to be constant
at “X”, the following relationship would hold based on (7).

OF x=nextnodet) _ 9Fxp
at at

90 k 2
_ 1 n (_L\[{%9xn ,__GXD —KBx.10-¢
= LMy e Xiemy (41‘[s) [( at at ) / ((1 n) X10 ) ]

From the viewpoint of ionic drift based on electrostatic
interactions and ionic diffusion based on concentration gra-
dient, the partial derivative of 0Q,, , would be proportional
to the change rate of ionic amount at the infinitesimally
proximal location at the preceding infinitesimal time (At). If
we can ignore the longitudinal (i.e., from proximal to distal)
mechanical energy loss from friction with the internal sur-
face of axonal membrane, the following equations hold by
using the proportionality constant of “C” (0 < C < 1), which
is specific to the width of x/n and the type of the medium.

internode

(19)

a
3Qx.e) _c Q(X—%X,t—At)
at at (20)
aQ(%x,t) _ aQ(%x,Ht)
at at

Because we are now regarding L,,.,,.. @S being constant at
“X”, these relations would hold irrelevant of the axonal di-
ameter and the infinitesimal time of “Af” can be regarded as
a medium-specific constant. Combining (19) with (20), the
following relationships can be derived.
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OF (x=nextnodet) _ 9Fx)

at at

20 k 2
=1 n_ ()| 28xa , _GXO _EYx.10-6
= limy e Zk:l (41'r£) [( at ant ) / ((1 n) X-10 ) ]
9Q, ., 1 0Q k-1 2 (21)
X n (L% (X=X t=An "X -AD LAY _6)
l”n"%mzl‘:l(zlns) [( at at ) / ((1 n)X 10

aF(X—%X,z—Az)

=C?
Thus, if we regard Li,...o to be constant at “X’ ’, the follow-
ing relations can be derived by applying the mathematical
induction.
23 xX=next node, oF X=0,[=n. OF x=previous node,t=n.

O atf ded) — o2n , G aﬂtf AD — o2n (e=p n de,t=nAo) (22)
Because L;,,.,.q. is tentatively supposed to be constant at “X”
here, the transmitted force to the next node would be always
proportional to the total amount of NaV channels in each
node, irrespective of the axonal diameter.

— — r2n,
F(x:next nodet) — F(X,r) =C F(x:preuiuusnode,t—nAt)

23
o< Total amount of NaV channels in the previous Ranvier’s node ( )
Here, based on the above mentioned previous report (Wujek
et al., 1986), the total amount of expressed NaV channels in
the full length of an axon would be proportional to the area
of axonal cross section. Then, if we regard L,,,,,.q. to be con-
stant irrespective of axonal diameter (D), the total amount
of NaV channels in one Ranvier’s node would fulfill the fol-
lowing relation.

Total amount of NaV channels in one Ranvier’s node

(if Linternoae 15 constant) (24)
o« Cross-sectional area of the axon
oc D2

Thus, the transmitted electrostatic force to each of the NaV
channels on the next node (f;,evious nodesnext node, )» Which can
be described as below, would wrongly come to be constant
irrespective of D.

_ AF (x=next node,t)
f(preuious node — next node,t) — AS

oc Z—z = constant (irrespective of D) (25 )

If this relationship is true, the conduction velocity in my-
elinated nerves would wrongly be always constant irrespec-
tive of D, which is incompatible with the already established
knowledge of “VM « D”. This result means that we must not
assume L;,.,.... to be constant irrespective of D. As a conclu-
sion of this section, the linear relationship between D and
L, iermoe WoOuld be the key factor realizing the faster saltatory
conduction in larger myelinated axons.

Simultaneous Equations for the Saltatory

Conduction in Myelinated Nerves

Based on the theories described above, we need to incorpo-
rate the variable of L,,,,,... into the simultaneous equations.
By using A, as the attenuation ratio of the electrostatic
force per each internodal length, the conduction model for
the saltatory conduction in myelinated nerves can be de-
scribed with the following simultaneous equations.

F(x:next nodet) — F(x:previous node,t) 'Ainternode (26)

Tinternode i([ap(x,t)] ) —
fo AS ot ly—next node dt fthreshold (27)
VM = Linternode (28)

Tinternode
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In the equation (26), F(,_pevious nod., » WOUld be proportional to
the total amount of NaV channel in the previous Ranvier’s
node. In the equation (27), AS stands for infinitesimally
small cross-sectional area of an axon at Ranvier’s nodes.

Relationship between Internodal Length and

Conduction Velocity in Myelinated Nerves
Based on the results of the previous section that the inter-
nodal length, rather than axonal diameter, would be essen-
tial for the accelerated saltatory conduction, in this section,
we consider how the observed linear relationship between
L iermoqe and D may affect the transmitted electrostatic com-
pressional wave in the axoplasm.

First, based on the two below-mentioned linear relations,
the required conductive time lapse in each internode be-
tween two Ranvier’s nodes (T},.,..q.) is always constant irre-
spective of axonal diameter (Akaishi, 2018).

Vy o D
(29)

Linterrwde e D

Linter . .
= %’”’d" = constant (irrespective of D)
M

Also, based on this fact, if we consider about one Ranvier’s
node which has just turned to depolarization state, the elec-
trical states of the proximal and distal Ranvier’s nodes in
each signal conduction are to be automatically determined
irrespective of the axonal diameter.

Because T,,q is always constant irrespective of D, f...
ous node> next node,n WOULd be also constant irrespective of D. Now,
Sprevious node> next node, » €0 be described as below.

.
‘ Tinternode

_ AF(Jc:next node,t)
f(previous node - next node,t) — AS

o (Amount of NaV channels in the previous node) *Ainternode
— (30)

F(x:next node,t)

F(x:next node,t)

minternode =

F(x:previous node,t—nAt) F(x:previous node,t)

On the premise of “L,,,.,.... X D”, the total amount of NaV
channels in each Ranvier’s node would fulfill the following
relation.

Total amount of NaV channels in each Ranviers node

— Transported NaV by axonal transport o D3 (31)
Number of Ranvier's node in a specific length of axon
Based on (30) and (31), the following relation holds.
A oc oc 1
internode D Lintornode (32)

As conclusions of this section, based on the already estab-
lished knowledge, the time lapse per each internode (T},..04.)
would be always constant, irrespective of the axonal diame-
ter. Combined with the theoretical premise of “C; o« D”, the
attenuation ratio of the electrostatic force per each internode
(Ajermoqe) Was suggested to be proportional to the internodal
length (L)

Supposed Electrostatic Compressional Wave
in Signal Integration and Neural
Backpropagation

In the previous sections, we considered electrostatic com-
pressional wave within the axoplasm in myelinated nerves.
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Though we did not suppose such conductive mechanism in
unmyelinated nerves because the forefront of the signal con-
duction would proceed along the internal surface of axonal
membrane, the total number of NaV channels in a specific
length of axon is estimated to be larger in unmyelinated
nerves than in myelinated nerves. More specifically, though
the length of Ranvier’s node is about one-thousandth of that
in the internodal segment (L,,;...q.)> the channel density (C,)
in Ranvier’s nodes of myelinated nerves is no more than 100
times higher than that in unmyelinated nerves (Arancib-
ia-Carcamo et al.,, 2017). Thus, we can estimate that, though
the forefront of conducted signals would proceed along the
internal surface of axon, electrostatic compressional wave it-
self seems to exist even in unmyelinated axons and dendrites.

The dendrites are known to be normally unmyelinated
and widely express voltage-gated potassium channels (Kv
channel) on them, not NaV channels as seen in the axons
(Johnston et al., 2000, 2003). Though the type of the volt-
age-gated ion channels are different between dendrites and
axons, the basic theoretical mechanism of signal conduction
can be regarded as almost similar between them. Thus, in
this section, we also apply the above-described conductive
model in unmyelinated nerves to the dendritic signal con-
duction and assume a delayed electrostatic compressional
wave on the cross-section of the dendrites.

The density of NaV channels and Kv channels in the mem-
brane of neural cell body has known to be significantly low
(= 1.0 channel/um?®), and a previous study reported that an
attempt to produce action potential in the soma failed even
with a normal proper stimulating procedure (Safronov et
al., 1997; Wolff et al., 1998). This fact suggests that we are
better to think about the signal conduction, integration, and
back-propagation in the neuronal cell body to spread not on
the two-dimensional internal surface of the membrane of cell
body but across the cytoplasm with three-dimensional extent.

We do not have much information about the signal con-
duction, integration, and back-propagation in the neural cell
body yet. Three-dimensional propagation of electrostatic
compressional wave not only in the axon but also in the neu-
ral cell body may be a promising candidate of the element re-
alizing the above-mentioned neural physiological functions.

Limitations

The biggest problem of this new model at present is that the
theoretical relationship of “C, & D” has not been experimen-
tally confirmed yet. This will be evaluated by applying the
immunofluorescent staining for the ion channels and mea-
suring the luminescence and the axonal diameter. Another
limitation is that we do not fully consider about the possible
factors that can affect the conduction velocity in this model.
Some of such factors are the full length of axon, extracel-
lular electrolytic concentrations, and temperature. The last
limitation is that, though we only considered intracellular
ions to be the carrier of electric charges in this model, there
are some other possible carriers like membrane protein, cell
surface sugar chain, and the membrane itself. Whether we
can really ignore these factors as electric carriers in nerve
conduction or not is still to be verified.

Conclusions

In this review, the newly introduced conductive model based
on intracellular electrostatic interactions was described.
Based on this model, in unmyelinated nerves, the channel
density in the membrane (C,) was suggested to be important
to realize the faster conduction. In myelinated nerves, the in-

ternodal length (L;,.,,...) and the total amount of NaV chan-
nels in each Ranvier’s node were suggested to be important
for the faster conduction. The proposed three-dimensional
propagation of electrostatic compressional wave within the
intracellular fluid may be associated with the physiological
mechanisms of signal integration and back-propagation in
the neural cell body.
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