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We review the experimental and computational data about the propagation of neural signals in myelinated axons in
mice, cats, rabbits, and frogs published in the past five decades. In contrast to the natural assumption that neural signals
occur one by one in time and in space, we figure out that neural signals are highly overlapped in time between neighboring
nodes. This phenomenon was occasionally illustrated in some early reports, but seemed to have been overlooked for
some time. The shift in time between two successive neural signals from neighboring nodes, defined as relay time 7, was
calculated to be only 16.3 us—87.0 s, i.e., 0.8%—4.4% of the average duration of an action potential peak (roughly 2 ms).
We present a clearer picture of the exact physical process about how the information transmits along a myelinated axon,
rather than a whole action potential peak, what is transmitted is only a rising electric field caused by transmembrane ion
flows. Here in the paper, T represents the waiting time until the neighboring node senses an attenuated electric field reaching
the threshold to trigger the open state. The mechanisms addressed in this work have the potential to be universal, and may
hold clues to revealing the exact triggering processes of voltage-gated ion channels and various brain functions.

Keywords: neural signal relay, propagation velocity, electromagnetic field model, ion channels

PACS: 87.19.1b, 87.19.1q, 87.19.rp, 87.19.L—

1. Introduction

Myelinated axons have much longer distances (~ 1 mm)
between neighboring nodes of Ranvier than unmyelinated ax-
ons. Individual neural signals, known as “action potentials”
(APs), can be measured locally at these nodes along the myeli-
nated axons, which appear as voltage peaks, using sophisti-
cated instruments with manmade circuits and amplifiers. In
a living biosystem, however, it is unclear exactly what exact
physical information is transmitted when an AP propagates
along an axon. And to physicists in particular, how such an
electric signal can be transmitted in a complicated matrix of
water and bio-materials. These fundamental questions have
attracted increasing attention in recent years. New models and
hypotheses, such as the quantum information model based on
neural microtubule structures,!!" the electromechanical soli-
ton model,?* and the electromagnetic field model,’~71 have
been presented. These new models not only represent the
development of the widely accepted Hodgkin—Huxley (HH)

5,189 which faces difficulties in explaining the phe-

equation
nomena of saltatory conduction, but also offer alternative ap-
proaches to better understanding the brain functions and even
create novel artificial intelligence.

When a neural signal propagates along a myelinated
axon, the total time spent can be divided into two parts: the

delay time on the transmission path, and the delay time in the

DOI: 10.1088/1674-1056/abc0d2

signal relay process, which is usually referred to as relay time.
There are two perspectives for explaining the relay: saltation
with respect to space, and saltation with respect to time. With
respect to space, the transmission time of neural signals is
mainly spent along the path of internodal segments.!'% This
point has been further developed to support the electromechan-
ical soliton model, in which neural mechanical dense waves
propagate via the density change of axonal membrane. [*!112]
However, other models like the classical cable model and elec-
tromagnetic field model support the electrical nature of nerve
signals,[®1 which transmit at a fraction of the speed of light
(c) according to Maxwell equations. Therefore, the delay time
on the transmission path is negligible as compared with the
relay time.

The cable model emphasizes the low-frequency property
of neural signals, which propagate via the local transverse cur-
rent field along the inner surface of cable-like axons.!”! For
myelinated axons, the distance between two neighboring sig-
nal sources, i.e., Ranvier nodes, can be as long as several mil-
limeters. This distance is much longer than the extent of the
local transverse electric field resulting from sodium ions (posi-
tive ions), which is calculated to be on the order of only 10 um
due to the screen effect in an electrolyte solution.!!*14] New
experimental evidence recently published does not support this
model, either.[?!
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117:15.16] gtates that neu-

The electromagnetic field mode
ral signals are electromagnetic wave-like pulses, propagating
via the naturally formed dielectric waveguides in biosystem.
These neural waveguides follow the structure of “intracel-
lular fluid — lipid membrane (e.g., myelin sheath in myeli-
nated axons) — extracellular fluid”.[”! Compared with con-
ventional metal waveguides, these neural softmaterial waveg-
uides have limited transmission efficiency for electromagnetic
fields, resulting in an attenuated electric field strength over
distance. > This model could explain the conduction of neu-
ral signals in both unmyelinated and myelinated axons, and
even non-neural biological structures, such as endoplasmic
reticulum,['”! vascular bundle in plants,“g’lg] and singlecell
organisms, such as the paramecium.?"’

The up-to-date unclear relay process in neural conduction
is important for better understanding the transmission mech-
anism of neural signals. In this study, previously published
experimental data on neural signal conduction speed in myeli-
nated axons are reanalyzed, and show that a very short relay
time occupies only a small portion of the whole peak duration,
indicating that neural signals along a myelinated axon overlap
temporally. Accordingly, we schematically develop the physi-
cal process of neural electromagnetic signals’ relay on nodes,
and explain the relationship between neural signals and APs,
and that between relay time and superficial propagation speed
by using the electromagnetic filed model. Furthermore, neural
signals’ transmission on unmyelinated axons can be explained
well with this mode, and the distribution of Na™t ion channels
is guessed, too. We conclude that the electromagnetic field
model is useful.

2. Materials and methods
2.1. Calculation method

It is assumed that neural signals are presented in the form
of electromagnetic fields, and they transmit at nearly the speed
of light ¢ (roughly ~ c¢/+/€, where € is the dielectric con-
stant of the transmission path medium).!?!! Therefore, the time
spent on the transmission path is negligible. The propagation

speed v of action potential is calculated from
v=AL/AT, (1

where AL is the distance and AT is the total relay time between
two testing points. The AL can be rewritten as

AL=N-Li,, ()

where L;, is the average internode length in a myelinated axon,
and N is the number of Ranvier nodes between the two testing

points. Similarly, AT can be rewritten as

AT =N-1, 3)

where 7 is the average relay time spent at each node. Thus, 7
can be expressed as

T=Lin/v. “

2.2. Data sources

All data used in the present study were obtained from the
papers published between 1966 and 2018 to minimize the data
bias. Studies were performed on myelinated axons in different
animals, namely the vagus and aortic nerves in cats, sciatic-
gastrocnemius in frogs, tibial nerves in white rabbits, the L5
motor, and sensory roots in mice. These experiments were per-
formed in Delhi, Maryland, Edinburgh, California, and Mis-

222271 In one of the papers, two

souri University, respectively.!
sets of data seemed to be confused and the original authors’

clarification supported their validity.

3. Results
3.1. Relay time of neural signals in myelinated axons

Using Eq. (4), the general values of 7 from reported

[22-27] were calculated, and the results are

experimental data
listed in Table 1. The calculated values of 7 range from 16.3 ps
to 87.0 us.

and/or computational results, where a relay time in a range

These values are consistent with experimental

of 1 us—100 us was termed interval time,!?®! internodal con-

duction time,?*3% elapsed time, ! or latency.[3?]
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Fig. 1. (a) Schematic diagram of myelinated fibers and their action potentials
in the same timeline, and (b) time shift of two neighboring action potentials.

Two experimental observations are recorded. One is that
the APs recorded at different nodes are almost identical along
the same axon, with a duration of about 2 ms;33 the other
is that the relay time is less than 100 ps per node as shown
in Table 1. These two observations unambiguously indicate
that the APs measured at neighboring nodes were temporally
overlapping as shown schematically in Fig. 1. The enlarged
box (Fig. 1(b)) provides a close look at two peaks from two
neighboring nodes, where the shift from the blue curve to the
previous green curve represents the relay time 7. The calcu-
lated 7 shown in Table 1 is only ~ 0.8%—4.4% of the measured
average duration ¢t of APs (= 2 ms).
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Table 1. Calculation results of average signal relay time 7 per node.

Animal Nerve name Measurement method Propagation  Internode Calculéted References

speed v (m/s) length L;, (um) relay time T (us)
Cat Vagus nerve in vitro 16 313 19.6 Paintal ??!
Cat Vagus nerve in vitro 64 1092 17.0 Paintal(??]
Cat Vagus nerve in vitro 80 1344 16.8 Paintal(>?]
Cat Vagus nerve in vitro 100 1634 16.3 Paintal ??!
Cat Aortic nerve in vitro 8 200 25.0 Paintal >3]
Frog (Rana esculenta) Sciatic-gastrocnemius  in vitro 23 2000 87.0 Marks and Loeb?*!
‘White rabbits Tibial nerve in vivo & vitro 43 930 21.6 Simpson, Gillingwater!?>!
White rabbits Tibial nerve in vivo & vitro 36.0 1270 353 Simpson, Gillingwater!23!
Mice$ Optic nerve in vitro 2.64 74.39 28.2 Etxeberria, Hokanson 0]
Micel!l Optic nerve in vitro 1.85 63.55 344 Etxeberria, Hokanson!2%]
Mice L5 motor root in vitro 50 940 18.8 Villalén, Barry?7!
Mice LS5 sensory root in vitro 46 840 18.3 Villalén, Barry!?7]

$The authors confirmed via email that the test results are obtained at the largest value v. The measured v values from another peak are 1.4 m/s and 1.2 m/s
for fibers listed in these two lines from Ref. [26], which are, respectively, corresponding to 53.1 ps and 53.0 ps for the values of 7, within the range of

16.3 us—87.0 ps.

The overlap of two successive APs indicates that at the
rising edge of the initial period of one AP, the voltage-gated
ion channels of the neighboring node are already activated and
open to generate a new AP. It is determined that the fastchang-
ing electric fields are responsible for transmitting the signals
to the next node to activate the gated ion channels.

3.2. Signal relay process at Ranvier nodes

The electromagnetic field model emphasizes the tran-
sient, pulsed characteristics of neural signals, and supports the
concept of softmaterial waveguides as the transmission path-
way. Based on the above calculations, the relay of neural sig-
nals along the myelinated axons can be described schemati-
cally by the electromagnetic field model.

Figure 2 illustrates the origin of signal relay time T be-
tween two neighboring nodes, named node 1 and node 2. A

typical AVt curve measured at node 1 is plotted in Fig. 2(a).
As is well known, there exists a threshold point Vipreshold at
t = ty, beneath which the local ion channels at node 1 are
closed.[331 At this time, the ion channels at node 2 are also
closed, but it is worth noting that the ion channels at node
2 have sensed an attenuated electric field from node 1. Due
to the limited transmission efficiency of neural softmaterial
waveguides, the electric field rising at node 1 attenuates a lot
by the time it reaches node 2.

Figure 2(b) illustrates this attenuated signal at node 2. As
the transmembrane ion current increases its strength at node
1, resulting in an abrupt increase of the local electric field, the
signal amplitude sensed at node 2 increases rapidly at the same
time. When it reaches the threshold, the ion channels at node 2
open (t = 1) and subsequently generate their own local pulsed
signal as shown in Fig. 2(c). Note that the curve in Fig. 2(b)

(a) to node 1 (b) , tots node 2
+30+ +307 i1
—~ +10- ~ +104 i
£ —10- E 109
S 307 S —301 i)
< i i
=501l threshold -
=707 L
3 ot 1 2 3
. ——
Time (ms) Time (ms)
(©) | tots
+304 i.i \ <o --- threshold
—~ 4104 iif :
o 0 .
B —107 il 3
= aof
< _50'---§ é—i .: -------- threshold
— 70 ~HHh b
0t t31 2 3

Time (ms)
Fig. 2. Schematic diagram of the origin of delay time per node, showing (a) measured transmembrane potential change at node 1, (b) attenuated potential
change at node 2, which is transmitted from node 1, (c) transmembrane potential change due to opening of ion channels at node 2, (d) shape of action
potential at node 2, a small portion of which is caused by pulse generated by ion channels at node 1 (b), a large portion of which is caused by pulse from
local ion channels (c) once attenuated pulse reaches the threshold.

028701-3



Chin. Phys. B Vol. 30, No. 2 (2021) 028701

starts from time #, while the curve in Fig. 2(c) starts from time
ty. Therefore, the whole AV—¢ curve in Fig. 2(d), recorded as
action potential at node 2, is actually an overlap of two curves:
one is from the attenuated signal transmitted from node 1, and
the other is generated by local ion channels at node 2, which is
almost identical to that at node 1. In short, T = t, — #;, where
t; and 1, are the opening times for node 1 and node 2, respec-
tively.

Figure 2 illustrates the differences among three temporal
terms: the relay time per node, the opening time of the ion
channels, and the duration of the AP. This is helpful in under-
standing the propagation process of neural signals. The relay
time per node, 7, includes two parts: a negligible transmis-
sion time along the internodal segment, and the waiting time
prior to node 2 sensing an attenuated field higher than its ac-
tivation threshold. Note that the calculated range of 16.3 pus—
87.0 ps for 7 is close to the reported activation time constant
of voltage-gated sodium channels at 100 kHz, 64 4 6 ps.[34
This indicates the correlation between the relay process and
the activation of ion channels.

The opening time of ion channels, i.e., 13—, in Fig. 2, re-
ferring to the duration that the channels remain open, is es-
timated at 0.4 ms—1.0 ms.?31 A full AP peak includes the
below-threshold period, the depolarization period (i.e., activa-
tion of sodium channels and the following inwards ion flux),
the repolarization period (i.e., inactivation of sodium channels
and activation of potassium channels), and the recovery period
(i.e., returning to normal permeability via sodium-potassium
ATPase pumps).

4. Discussion

Our data indicate that the “signal” that transmits along an
axon is not a full peak of “action potential”, but an electric
field perpendicular to the membrane surface variable in space.
This scenario of neural signal propagation was occasionally il-
lustrated by data in early reports, but seems to have been over-
looked for a long time. It is possible that protein ion channels
respond to this field like a dipole in a shock wave, twisting or
shifting their chain of peptides, resulting in an open conforma-
tion of the central nano-channel, but this is beyond the scope
of this study. We discuss below how the relay process affects
the speed of the propagation of neural signals, how this speed
differs in different axons, and whether this model is applicable
to unmyelinated axons.

4.1. Relay time and superficial propagation speed on
myelinated axons

The measured propagation speeds of the neural signals,
e.g., 30 m/s—100 m/s in myelinated axons, are actually nomi-
nal speeds, rather than the true transmission speeds of electro-
magnetic fields that are the real physical form of neural sig-

nals. It is well clarified that the measured propagation speed
of APs on a myelinated axon is determined by the number of
Ranvier nodes per unit length. For an axon with fixed length,
a longer internode length L, results in a smaller number of
nodes, thus a smaller total signal delay. [2423-33-36]

However, when L, is too large, the electric field at-
tenuates too much to reach the threshold for triggering the
ion channels at neighboring nodes. Therefore, in a live
biosystem, these elements must be in balance. As a re-
sult, longer Li, values are usually observed in systems with
thicker myelin sheaths, which increases the transmission effi-
ciency of signal,’! or larger number/density of ion channels
(~ 1000/ umz) at Ranvier nodes,*’! which leads to stronger
signals, or both. The lengthening of the internode length
is primarily achieved by thickening the myelin sheath. Ac-
cording to the electromagnetic field model, the myelin sheath
serves as the guide layer in the pathway of softmaterial di-
electric waveguides; thicker dielectric layers have been ex-
perimentally proven to lead to lower attenuation, and thus
longer effective transmission length (the distance of propaga-
tion when the signal’s intensity attenuates to 1 /e of its original
value), for the electromagnetic signals.!! In practice, the pos-
itive correlation between internode length and fiber diameter,
in which the myelin sheath plays a decisive role, is also widely
reported. 3831

As a result, myelinated nerves usually adjust the thick-
ness of the myelin sheath to change the internode length for
determining the speed of neural signal transmission, from the

perspective of electromagnetic field model.

4.2. Is electromagnetic field model valid in describing
transmission of neural signals along unmyelinated ax-
ons

In the evolution of living organisms, myelinated axons
develop from unmyelinated axons. Therefore, it is reason-
able to hypothesize that the propagation of neural signals in
both unmyelinated and myelinated fibers share some common
mechanisms.

The model of signal relay in myelinated axons may be ap-
plied to the propagation of neural signals in unmyelinated ax-
ons. According to the typical velocity (1 m/s) of neural signals
in unmyelinated axons, the conduction time is 1 second for a
one-meterlong fiber. If the relay time is 10 us, there would
need to be 10° nerve signal relay sites, i.e., 10° ion channels
or channel clusters distributed along this one-meterlong axon.
Therefore, the distance between two adjacent sites, [, can be
calculated to be 10 um, consistent with the reported values of
5 um—15 pm. 4041

Three distribution patterns are suggested for voltage-
gated ion channels along unmyelinated axons as shown in
Fig. 3. The first pattern is a uniform distribution, where the
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ion channels are separated approximately even spaced as re-
ported by Black et al.!*?! This spacing should be as long as
possible, thereby increasing the propagation speed of neural
signals, yet not be so long that the next channel cannot receive
a strong enough activation signal. Obviously, when the origi-
nal signal’s strength increases, a longer spacing between two
channels is favored. As a result, the clusters of ion channels
at the signal source very likely represent a better distribution
along the axons, such as point clusters or ring-like clusters.
More and more evidence has indicated a cluster distribution

43,441 for example, Johnston ef al. found that

of ion channels;!
Na™ ion channels are localized in clusters, and the distance
between them is about 5 pm—15 pum in the aplysia axonal

membrane. 4]

S
>

AN

Fig. 3. Three possible distribution patterns of voltage-gated ion channels
along unmyelinated axons, showing (a) uniform distribution, (b) point clus-
ter pattern, and (c) ring-like pattern.

Due to the uniform attenuation of neural electromagnetic
signals in unmyelinated axons where the dielectric layer is
only one single lipid bilayer, the average spacing 1 could only
be determined by the number, M, of ion channels at one signal
source. One feasible way to increase M is to enlarge the diam-
eter of the axon; previous experiments demonstrated that there
are usually more ion channels on thicker axons.[*®! Other stud-
ies have also reported that thicker axons usually have larger
clusters, *”] and thus more sodium ion channels occur at signal
sources. This may explain why thicker axons usually demon-
strate higher conduction speed of neural signal.

The empirical formula of conduction velocity vy, o< v/D
in unmyelinated axons*®! can be expressed as / o< /D when
equation (1) and the quasi-constant T are taken into consid-
eration, for the following reasons: ion channels that serve
as signal sources are locally arranged in rings with a narrow
width around unmyelinated axons, with an average density for
each ring of channels. The local electric field intensity and
the average distance / between these sources are both thought
to be proportional to the number M of the ion channels ring,
thus M o< v/D. This distribution was discovered by Pristera
et al."*9 and Pristera and Okuse!*3! in C-fibers, where Nat
channel (NaV1.8) clusters on 0.1-um diameter unmyelinated
axons are typically 0.1-um—0.3-pm long, and placed about 5-
pm—10-pm apart.

Although none of experimental data on the correlation
between the ion channel density (M) and axon diameter (D)
are available, the above assumption is consistent with previ-
ous experimental observations, which also indicates that there
are generally more ion channels on thicker axons.[*®4%1 This
assumption may be verified, if the experimental data demon-
strate the relationship: M o< v/D.

5. Conclusions

In this study, addressed is the exact physical information
that is transmitted when action potentials propagate along an
axon in a live biosystem. By revisiting the data obtained from
experiments on myelinated axons over the past five decades,
we conclude that the action potential peaks generated at neigh-
boring Ranvier nodes are highly overlap temporally for trans-
mission events in a myelinated axon, with a shift of only tens
of microseconds, a few percents of the average duration of an
action potential peak. The overlap of neural peaks directly in-
dicates that the exact physical information transmitting along
an axon is not a whole peak, but only the rising electric field,
E, caused by the transient transmembrane ion current. Before
this electric field reaches its maximum value, the neighboring
ion channel has already been opened and begun to generate its
own local peak of the electric field. The shift, defined as relay
time 7 in this work, is attributed to the waiting time for ion
channels of rising electric field to reach the threshold.

This mechanism can be used to explain the propaga-
tion process of neural signals in unmyelinated axons. It also
strongly argues for the modification of our models of the trig-
gering mechanism of so-called voltage-gated ion channels.
Furthermore, the whole picture may help to better understand
the working mechanisms of synapse connection among neu-
rons as well as various brain functions.
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