Open Access Library Journal
2021, Volume 8, e7379

ISSN Online: 2333-9721

ISSN Print: 2333-9705

Another Train Paradox:
May the Myelin Be with You!

Bernard Delalande?, Hirohisa Tamagawa?, Vladimir Matveev3

"NeuroDynamique.fr, La Verpilliere, France

“Department of Mechanical Engineering, Faculty of Engineering, Gifu University, 1-1 Yanagido, Gifu, Japan
*Laboratory of Cell Physiology, Institute of Cytology, Russian Academy of Sciences, St. Petersburg, Russia

Email: bernard@somasimple.com

How to cite this paper: Delalande, B., Ta-
magawa, H. and Matveev, V. (2021) Another
Train Paradox: May the Myelin Be with
You! Open Access Library Journal, 8: €7379.
https://doi.org/10.4236/0alib.1107379

Received: April 1, 2021
Accepted: May 8, 2021
Published: May 11, 2021

Copyright © 2021 by author(s) and Open
Access Library Inc.

This work is licensed under the Creative
Commons Attribution International
License (CC BY 4.0).
http://creativecommons.org/licenses/by/4.0/

Abstract

For more than 70 years, biologists and biophysicists have been trying to un-
ravel the mystery surrounding the saltatory conduction of so-called myeli-
nated neurons. This conduction is indeed very different and faster than for
fibres “without” myelin. Many theories have been developed. Albert Einstein
used the metaphor of the train to explain the theory of relativity. It is also
possible to use a similar metaphor to better understand this transient func-
tioning of the neuron: the transmission of the action potential in myelinated
fibres. By studying the various theories that have been put forward and con-
fronting them with physics, mathematics and microscopic anatomical obser-
vations, it is possible to refute or confirm certain hypotheses. It is easy and
simple, then, to demonstrate unequivocally that the action potential cannot,
in any way, jump from node of Ranvier (noR) to node of Ranvier as has been
assumed and taught until now. It is possible to describe that the neuron uses
an elegant and very simple method to increase the speed of transmission of
the neuronal message. It is also important to conclude that this increase in
speed, contrary to common belief, has an energetic cost that is greater than
expected and that is proportional to the speed and in perfect agreement with
the laws of thermodynamics.
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1. Introduction

For centuries, scientists have been fascinated by the nervous system and how
messages are exchanged and transmitted between the various types of neurons.
The nature of the message itself is still controversial because the best known and
most widely shared theory, the Hodgkin and Huxley model (HH model), is una-
ble to describe all aspects of the signal. This animal “electricity” has been and
remains the subject of intense research and theorising. It can even be said that
the mechanism of nerve transmission remains mysterious, and several contra-
dictory hypotheses are still under the spotlight today.

Here are the most common functional theories:

“This nerve impulse propagates electrically” is a common notion among most
physiologists [1] [2], while some propose that it is a mechanical soliton [3]. Fi-
nally, some attempt to link all the theories to unify them while others return to
more plausible bases [4]. Some hypothesise a waveguide [5] of the order of one
or more Mhz, but this has so far escaped all our measuring devices and the geo-
metrical configuration imposes a drastic functional limitation.

To complete their explanations and hypotheses, biologists have separated
neurons into two categories: the so-called myelinated neurons and those that are
not. Of course, neurocytologists do not entirely agree with this last distinction
[6]. All axons (with very, very rare exceptions) are surrounded by a myelin
sheath. The myelin sheath may be compact and spiralling around the axon or it
may be non-compact and form a simple envelope around the axon. The use of
the term unmyelinated would suggest that the membrane of some axons is in
direct contact with the external environment which would favor the functioning
of certain theories.

In recent years, biologists and biophysicists have revived a debate linked to
this anatomical distinction: is the propagation of the action potential, for myeli-
nated neurons, saltatory or not?

It is obviously not the purpose of this study to point out all the contradictions
that might exist in all the proposed models. The subject remains limited to sal-
tatory conduction and the problems it poses which do not seem to be resolved.

The HH model has always been unable to overcome the contradiction be-
tween the position of the AP on the axon and the observed speed. The notion
and circulation of local currents, also called electrotonus, seem to be wrong and
do not respect the current knowledge about ionic movements in electrolytes.

The solitonic model supported by Heimburg, Jackson and Winlow is much
better and proposes to address the mechanical aspects that are totally neglected
by the former. The ionic aspect seems to be only a consequence of the wave and
this is perhaps one of its weaknesses.

Akaishi’s model is based on the known interactions between ions and the
forces that can drive them. Unfortunately the computed and observed ionic ve-
locities are lower than required for propagation.

The Jacak’s model proposes a propagation based on a waveguide which could
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perhaps answer the problem but the necessary frequencies are beyond anything
that has been observed. Occam’s razor simply dictates that we discard a theory
where the workings have not been verified in practice at this time.

Our approach is very different because we have tried to reconcile the theory
with observations on the one hand and physical or mathematical validation on
the other. Simple mathematical calculations can, in fact, formally exclude certain
hypotheses, even if these are still considered as pillars of biology and biophysics.
It is normal to question theories because many branches of science have evolved
in parallel with biology, rendering obsolete explanations that were taken for
granted. Yesterday’s explanations still have their merits, but it is legitimate to
find solutions based on current knowledge, while waiting, of course, to be re-
placed by better theories. Table 1 shows the symbols and definitions used in this
study.

2. A Little Physics in a Short Time

An observer, Albert, sees a train passing by at a known speed v.

He can see it for a duration ¢ The length of the train is
I=v-t (1)

Namely, the train has covered a distance /during this period
These few sentences may take us back to the algebra problems of our child-

hood, of course, but they contain the very principles of applied science. The

Table 1. Table of symbols and definitions.

Symbols and definitions

Symbol Definition
t, start of the AP spike
t end of the AP spike and begin of recovery period
t, end of recovery period
d,. action potential duration
e spike duration
[ length of the spike for myelinated axons
lce internode length
(I node length =1 _,
gt length of the spike for unmyelinated axons
Vol conduction velocity for myelinated axon
Vi conduction velocity for unmyelinated axon
d, distance covered by the AP at ¢time
noR, noR reached at ftime
noR node of Ranvier acronym
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30.00 mV

10.00 mV

observation of a banal phenomenon, in this case the passage of a train, gives us
food for thought. Albert, the observer, applies his knowledge of the speed and
duration of an observation to compute the length of the train.

Conversely, he is perfectly able, knowing the duration of an event and the
speed of the train, of finding the distance travelled by the train.

The most important conclusion is that if an observer at a given location is able
to observe a phenomenon for a specified period of time, then that phenomenon

exists at that location and for that specified period of time.

3. Important Concepts on Neurons

We will examine the different common and particular properties that make it
possible to differentiate neurons.

3.1. Common Properties for All Neurons

Considering the electrical component of the action potential (see Figure 1): it
has a duration that depends on the type of neuron being considered.

dAP =t -4 )

The duration of the effective signal of the action potential, the spike, is almost
constant regardless of the type of neuron considered.

dspike =t1 _tO (3)

There is only one spike at any given time ¢ and at a location x on the axon.

Action Potential

to t2 T

0.0 ms 0.5 ms
-10.00 mV

30.00 mV

Amplitude

-50.00 mV

-70.00 mV ‘_/

-90.00 mV

.0 m 1.5ms 2.0 ms 2.5 ms 3.0 ms 3.5ms 4.0 ms 4.5 ms 5.0 ms

duration =t

Figure 1. Graphic representation of the electrical component of an action potential.
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This uniqueness suggests that its purely electrical nature may be already ques-
tionable. This is particularly true since it is constantly stated that a tiny fraction
of the locally available jons are used. What is the phenomenon that prevents
most of the unused ions from reacting and neutralizing the action potential at
this place?

On the other hand, it is possible to have several action potentials on the same
axon and at the same time but of course located at different locations. This pri-
mordial and undeniable concept, which has been observed time and again, is not
in favor of an electrical propagation.

Each AP is electrically independent of the others that may be present on the
axon. Even when there is a pulse train, electrical interference only occurs during
the refractory period.

The AP moves (usually) along the axon in only one direction. Its speed of dis-
placement or conduction velocity v depends on the nature of the surrounding
myelin.

The conduction velocity is always higher for myelinated neurons. The excep-
tion concerning giant axons is very controversial: Most would be a fusion of
several hundred of axons, which suggests a very different functioning that may

involve neurons selection.

Vammyel < Vinyel (4)

unmyel

The electrical component of the action potential is incompletely recorded. It
does not reflect in any way its spatial dimension related to its geometry. He is
also unable to give us back a major notion, his conduction velocity.

Because it has a duration d and also because it has a velocity (v, or

spike myel

vV

unmyel )

The spike occupies a finite surface on the axon. It can therefore be said that it

, it is possible to say that the spike has a length.

has a rather cylindrical shape that has a length | or |

myel unmyel *

It should be noted, however, that while the length appears to be proportional
to the conduction velocity for unmyelinated fibres, the spike length appears to
be fixed for myelinated axons.

This raises more questions about the electrical nature of the AP, a second

time.

ImyeI = Const (5)

Iunmyel = Vunmyel : dspike (6)

All axons are myelinated [7]. They are all surrounded by specialized cells that
produce a myelin barrier that may or may not be compact [8]. It is interesting to
ask the question of the existence of so-called unmyelinated fibers since neuro-
cytology dispels this myth through anatomical evidence [6] [9] (Figure 2).

The worst example is the giant squid axon [10] used as a model in the HH
model: It is surrounded by the thickest (0.7 to 1.3 pm) myelin layer in the animal
kingdom and yet we are taught that it is not myelinated and it is a fusion of mul-

tiple axons [11].
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Figure 2. Eight unmyelinated axons surrounded by myelin (in light green). The Schwann

nucleus takes the major area. 3D reconstruction from a microscopy by courtesy of Ennio
Pannese.

Most of the electrical component of the AP is negative. It is only at the mo-
ment of the peak that the voltage becomes very transiently positive before re-

turning to negative again.

3.2. Unique Properties of the Unmyelinated Neuron

The propagation of the action potential on the unmyelinated axon is continuously
observable.
It is therefore possible to know the position at a time # of the AP by simple

computation, with X, the position of the AP ata time {;:
dt = Vunmyel o+ X (7)

We have seen that for unmyelinated fibers, the action potential has a physical
length on the axon. The usual cylindrical shape of the neuron extension allows

us to conclude that the AP occupies a surface proportional to the speed.

S=2m- runmyel ’ (V“nmy9| ) dSpike) ®
SocV

unmyel (9)

It is therefore also possible to assume that energy consumption is proportional
to speed. It is also likely that the ionic quantities and their counterparts, the ion
channels involved, will become too large to ensure any propagation.

It is also perfectly understandable that this operating mode for signal trans-
mission, robust for low speeds, becomes a candidate for failure because it is ex-
posed to possible mechanical obstacles.

The speeds normally observed for this type of neurons are between 0.2 and 3
m-s™.

The spike has a more or less constant duration, this length varies between 2 x
10*and 3 x 107 m.
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3.3. Special Properties of the Myelinated Neuron

In myelinated neurons, conduction is called saltatory although this statement is
not yet clear-cut [12] [13] [14] [15]. It is stated, without irrefutable evidence,
that the action potential seems to jump from noR to the next one [16] [17]. The
process would of course be linked to the presence of myelin, which would im-
prove electrical conduction while reducing energy costs [18].

It can be said that it is not possible to increase the transmission speed of a
signal without increasing the energy expenditure. This goes beyond the thermo-
dynamic principles and all the theories we apply and therefore successfully test
every day on electrical signals.

We will demonstrate this without any uncertainty or ambiguity.

As mentioned above, the action potential, for myelinated fibers, is observed
over a constant length related to the anatomy of the myelin surrounding the
axon. This is the size of the noR which is about 1.0 pm. The small surface area
suggests a better robustness.

However, the AP is continuously observable, in time, at this same noR.

On the other hand, the surface area occupied on the axon is greatly reduced
and it could therefore be assumed that there is a reduction in the energy and
physical resources (ion channels) involved.

This configuration contradicts any possible electrical propagation.

If we know the internode length, it is perfectly possible to know both the dis-
tance covered since the instant t; but also the number of jumped nodes noR, .

In the same way, we calculate the distance covered, which will then be divided
by the length of the internode and the length of the node itself.

Let us not neglect any length because all of them seem to be more crucial than
they appear [19] [20] [21].

d, =V, -t (10)

myel
noR, :L (11)

IinoR + InoR

This gives us with a |, ; valueof 10?and | ; of 10 m and a speed between
4 and 150 m-s™":

This gives already extraordinary numbers for our neurons of 4000 and 149,850
noR jumpedin only 1 second.

It is also perfectly possible to state without any doubt with Equation (10) and
Equation (11) that the number of noRs crossed is both proportional to the dura-

tion fand the conduction speed V.

4. Let’'s Watch the Trains

It is possible to solve the mystery of saltatory conduction by using “trains” in-
stead of APs. A single but important distinction is that unlike a real train, the
AP, in unmyelinated fibres, does not travel but is rebuilt from place to place. Is it

not the case for myelinated fibres?
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4.1. The Train Metaphor

Our trains have a length determined by their speed and type. They are more or
less long as described above for unmyelinated neurons. A train, on the opposite,
appears relatively compressed (it should be even more so) and reflects the length
of the AP at a noR (see Figure 3).

The axons will look like rails, of course.

We add tunnels to represent, as it should be, the compact myelin because in

fact much of the riddle lies in the darkness of their understanding.

4.2. An Observer Looking at His Watch

Our observer is asked to position himself at location X and start his stopwatch as
soon as he sees the headlights of a train and stop it when he sees the taillights.

He is certain: the transit time was almost identical for all 3 trains.

He noted that the farthest train seemed to go the fastest. Anyway, faster than
the one on the central line.

He has a doubt about the last one: it seems that he appeared directly between
the two tunnels and disappeared in the same way. He even had the impression
that the train was running well in front of him but more like a movie than a real

train, weird.

4.3. Trains Don’t Jump

Let’s twist the neck once and for all to this saltatory conduction.

We have been led to believe for too long that the action potential jumps from
noR to noR and that is what explains its increased speed [12] [22].

Let’s place a second observer at the exit of the first tunnel and ask him to per-

form the same measurements at the same time as the first one.

Figure 3. 3 action potentials: Axons are shown as rails. 2 APs on unmyelinated fibers at

the top, the fastest is the longer one but its duration is similar. The tunnels are like com-
pact myelin. The AP at noR seems compressed and looks quite stationary. Its duration is
the same as the others.
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The second observer must see the train’s headlights while the first observer
must see the rear lights: there would then be an unequivocal saltatory conduc-
tion (see Figure 4).

That is not what is being witnessed [23]!

Otherwise, the observation time should necessarily decrease as the speed in-
creases.

There is only one solution that can satisfy our observation: There are two
trains.

It can be said that the number of APs existing on the axon is proportional to

the conduction speed (see Figure 5).

Figure 4. Conventional saltatory conduction: the train jumps at the next node when it
ends at the current one.

Numbers of activated nodes

vs speed and AP durations
300 nodes
250 nodes
200 nodes
150 nodes

100 nodes

50 nodes

0 nodes
15m/s 25m/s 35m/s 45m/s 55m/s 65m/s 75m/s 85m/s 95m/s 105m/s 115m/s 125m/s 135m/s 145 m/s

—03ms —0.5ms ——1.0ms —13ms —1.5ms —2.0ms

Figure 5. Numbers of noRs activated vs conduction velocity (4 to 150 m-s™') and internode
length, and AP duration (0.3 to 2 ms). The energetic cost is higher with myelinated neurons.
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We already knew this truth from the beginning of this article with the Equa-
tions (1), (10) and (11).

Some of us cannot of course be convinced by this evidence. It doesn’t matter
because mathematics is always uncompromising.

Let us take an easy and uncontroversial example to satisfy potential critics.

A myelinated fiber with an internode length of 2 x 107 m, an AP (spike) of 5
x 107 s and an average velocity of 40 m-s™.

If it is true that it is only at the end of the action potential that the signal
jumps to the next noR then we should be able to confirm by computation the
speed of 40 m-s™.

1

inoR

=;74><2><1073=4.0m'571 <40m-s™ (12)
d 5x10

spike
Or by the opposite method of calculation;

vood... =40x5x10™ =2.0x102 m>2x10° m (13)

myel ~ spike

It is also possible to check that the system reaches its low operating limit of 4.0

m-s™ which is well over the length of the internode.

v -d_. =40x5x10"* =2.0x10° m (14)

myel ' spike

The system therefore only works when;
meel : dspike 2 IinuR (15)

It is only logical that it is the front of the train that triggers the departure of
the next train. It is unlikely that the rear would be able to trigger an event that
would be in front of the head of the train.

Saltatory conduction is not verified but we then have a major new problem: If
there are several APs on the axon how, on arrival, there is only one left? Time is
the obvious answer! If an AP starts at an noR #1 then it always ends before the

one at noR #2. There is no possibility of it being transmitted a second time.

4.4. Electric Trains without Catenary Cables

It is undeniable that the cells contain ions. It is also not disputed that the move-
ment of these ions creates an electric field and also a potential difference.

It is perfectly possible to elicit an AP with an electrical stimulus, but where is
the generator of this impulse in the neuron? A few ions that have changed plac-
es, nothing more but nothing less.

Nevertheless, in the absence of an electrical circuit, these movements remain
governed by the laws of electrostatics.

Of course, we must try to prove it, whereas an abundance of articles use, for
example, an “electric” neuron model, the Hodgkin and Huxley model. It’s a kind
of reference, but is it accurate?

While it is true, and why contest it, that the action potential is closely linked to
the presence of ion channels, it is also perfectly proven that myelin damage,

compact or not (as in multiple sclerosis) leads to a slower conduction rate for all
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types of fibres. The action potential is even eliminated when the compact myelin
disappears consecutively over a tiny length of the axon [24].

It is therefore also perfectly possible to state that conduction can only be car-
ried out correctly when ion channels are present (which is why unmyelinated fi-
bres are less affected in MS). And, it is undeniably known that the internodal
zone has an area where ion channels are completely absent. If the conduction
stops then it cannot be electric in the sense that we mean it.

We will explain why the para-nodal zone, on the other hand, has totally essen-

tial ion channels.

4.5. You Shall not Pass!

It is accepted that the axon membrane undergoes a slight vertical deformation in
unmyelinated fibers. We also know that there is no doubt that the membrane
undergoes a phase transition during the AP. Nor can we dispute the essential
presence of ion channels.

There are also many references [25]-[30] showing that the compression of axons,
myelinated or not, leads to a slowing down and then the disappearance of APs.

As it is also known that the optimal conduction rate depends on the quality of
the myelin.

We have enough evidence to understand that the basic propagation system is
based on a vertical force associated with horizontal translation (see Figure 6).
This process is repeated throughout the axon, which obviously wastes time and
energy.

If we accept that increased speed is linked to an improvement in the basic sys-
tem, then we must admit that by reducing the presence of action potential at
noR, it leads to a summation of the forces we have described. We have a larger
but slower vertical and horizontal component. The solution being of course to
transform this large quantity gathered at the noR into a faster horizontal com-
ponent than usual.

The best way to change the speed of a system that is too slow is to replace it
with a faster one.

If the neuron membrane is prevented from deforming by surrounding it with
a sufficiently rigid envelope made of layers, reinforced by tight junctions, the
mechanical wave is then sent to the next node in a liquid medium without much
loss.

And it works: We use this kind of device every day in the industry.

It is quite easy to verify because the available speed can go up to more than
1500 m-s™.

We need to solve our last problem.

The AP that activates the next noR is not transmitted because the ion channels
under the myelin activate as soon as the “liquid” wave passes. These firm locks
provide better strength and pressure transmission and limit ionic movements at

the noR (see Figure 6).
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Figure 6. Propagation methods of APs in unmyelinated vs myelinated neurons.

It becomes clear that the minimal functional unit of the nervous system is not,
and has never been, the neuron alone.

It is always associated with myelin and cannot function without it.

It is therefore possible to state that there are several APs on the myelinated
axon located, in sequence, at the nodes of Ranvier. It is therefore mandatory that
they are electrically isolated. It is impossible for two consecutive APs, whose
speed is very slow, to be electrically linked with an electrical phenomenon of
higher speed.

This paradox is only solved if the APs are electrically insulated (the electro-

magnetic and electric fields persist even in the absence of an electric circuit).

5. Conclusions

We have shown that conduction is not saltatory as some people thought. We
provide mathematical evidence that can be verified but is not questionable and
confirm our theory, which sheds new light on events that seemed obscure and
complex.

This does not detract from the precursors who have tried to give a “truth” but
which is too incomplete, limited to a single aspect but pleasant.

We provide an elegant and straightforward solution that better explains the
facts observed.

This vision, which is based on scientific observations, restores the nobility of
this essential couple of the nervous system: the neuron and its companion, the

myelin.
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