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The physical essence of neural signals: reconciling action potentials and electromagnetic pulses
Proposed model suggests electromagnetic pulses (us scale) as true information carriers, with action potentials (ms scale) as macroscopic manifestations

Traditional view: action potential (AP) as neural signal Proposed model: electromagnetic pulse (EMP) as neural signal
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AP (1-2 ms duration) is considered the primary neural signal, EMP (10-100 ps duration) is the fundamental neural signal. AP is a macroscopic
propagating via ionic currents electrophysiological manifestation of successful EMP activation
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Abstract  Although global brain science research has progressed rapidly in recent decades, several fundamental questions in
neuroscience remain unresolved. In particular, the physical mechanism underlying neural signal transmission remains controversial,
and the carriers responsible for neural information storage and retrieval have not yet been fully clarified. These unresolved issues
motivate us to re-examine the processes of neural information generation, transmission, integration, storage, and retrieval from
multiple perspectives. A key observation is that neural electromagnetic activities are closely associated with time. Their duration,
temporal structure, and dynamic evolution play crucial roles in neural information processing. In this work, we analyze neural
electromagnetic activities from the perspective of temporal scales (referred to here as the “time course”). By reviewing and
integrating findings from previous studies, we examine the characteristic time requirements and dynamic features of neural processes
occurring at different stages of information processing. These stages include neural signal generation, signal transmission along
axons, synaptic integration, synaptic plasticity, and memory formation and retrieval. Based on this temporal analysis, we outline a
framework describing neural electromagnetic activities across a wide range of time scales, spanning from microseconds to minutes,
hours, or even longer periods associated with long-term memory, which suggests that neural information processing involves
multiple physical processes operating at different time levels. Rapid electromagnetic events may occur on microsecond scales,
whereas electrophysiological phenomena such as action potentials typically last on the order of milliseconds. Longer time scales are
associated with synaptic plasticity and memory-related processes. From this perspective, we propose that the physical carrier of
neural information may be transient electromagnetic pulses with durations on the microsecond scale. In this framework, action
potentials can be interpreted as the macroscopic electrophysiological manifestation of underlying electromagnetic processes triggered
by ionic currents across neuronal membranes. Rather than being the fundamental neural signal itself, the action potential may
represent a measurable membrane-level response associated with the successful activation of these electromagnetic events.
Moreover, we discuss a possible mechanism for long-term memory storage. Considering the apparent temporal contradiction
between the millisecond-scale excitation of neurons and the long-term persistence of memories, we believe that long-term memory
information may be stored within neural network topologies formed by electrical synapse coupling. Such structures, referred to as
electrically coupled memory networks (ECMNs), may enable neurons within the same network to respond rapidly and synchronously
to stimuli, thereby facilitating efficient memory retrieval. Overall, this study emphasizes the importance of considering the temporal
organization of neural electromagnetic activities when interpreting neural signaling mechanisms. It may provide new insights into the
physical nature of neural information carriers and the mechanisms of memory storage and retrieval. Furthermore, highlighting the
potential role of electromagnetic interactions in neural activity may contribute to the development of new theoretical frameworks and
experimental approaches in neuroscience. Such perspectives may also offer valuable references for future research on neural coding,
brain function mechanisms, and neuromodulation technologies.
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Time is an important reference or even widely present in various living systems, not only the

determining quantity in many fields. Just as the
ancient Greek philosopher Heraclitus said, “one can
never step into the same river”!!. Time means
germination, growth and aging in living organisms,
but it’s more than that. From the perspectives of
ecology and species, the control over time of a species
basically decides the way of its perception and
reaction to the outside world, which largely
determines its behavior pattern and its level in the
ecosystem™. From the perspective of biological
individuals, one’s ability to grasp time represents
one’s speed of acquisition, processing and feedback
for external information, i. e., its adaptability to the
environment, which usually determines the
individual’s survival rate and the probability of
genetic inheritancel®®.

There are still many unsolved mysteries in
neurocommunication, or more broadly, in electrical
communication which exists in most organisms, even
those without a nervous system. Researchers have
long found that electrical signal communication is

well-known nervous system, but also the non-neural
tissues of animals, plants, and even single-celled
organisms” ', Some vital issues related to
bioelectrical communication, like the biological basis
of consciousness and the storage and retrieval of
memory in the special section “What don’t we know”
raised in 2005, have not yet been fully elucidated',
and were emphasized in 2021 once again by
Science!™.  Even regarding the transmission
mechanism of electrical signals, the most basic issue
in biological electrical communication, there is not
even an established theory, with numerous
hypotheses, such as the widely accepted Hodgkin-
Huxley (HH) model*" and the electromechanical
soliton model developed in the same era'™'”), the
neural soft-matter waveguide model which has
received increasing attention during the past
decade!"™", and alternative hypotheses***%.
Reorganizing the various processes in neural
signal communication from a temporal perspective is
believed to be capable of providing new insights into
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bioelectrical communication, neuroscience, and
related brain sciences. Most reported literature mainly
focuses on the temporal characteristics of some
specific behaviors, functions and physiological
processes in electrical communication in biological
individuals. For example, the duration of action
potentials was measured as about 1-2 ms on nerves in
animals'*>?®! but several seconds on plants?”). There is
also a large body of articles devoted to discussing the
importance of time scales in certain behaviors and
functions, such as the determining role of temporal
intervals in synaptic types™?' the simultaneity
requirement in synchronous responses’ Y, the
constricted time window in Venus flytrap’s
hunting®>%, and so on. Obviously, in the
electromagnetic communication of living individuals,
the time of information acquisition, processing and
reaction has a far-reaching influence on the survival
and adaptation of organisms, including animals and
plants.

Taking the nervous system of animals as the
example, this paper summarizes and analyzes the
information processing events on various time scales
(microseconds-years) and the corresponding impacts,
and tries to depict the bioelectromagnetic
communication framework on different time scales, in
order to fully understand the physical essence of neural
signal generation and transmission mechanisms.

1 Electrical communication processes on
time scales

In different stages of the electromagnetic
communication processes in living organisms, the
time duration corresponding to a specific event varies
greatly, ranging from 10 ps to several minutes, or
even years. The basic, typical but not necessarily the
latest discovered electromagnetic signal
communication events that occur on various time
scales in the brain are summarized.

1.1 Generation of neural signals—the biological
electromagnetic signals (#=10-100 ps)

The well-accepted view is that the neural
electromagnetic signals are action potentials whose
duration is usually measured as 1-2 ms!"**73% and
even longer, including 4 ms“**, and shorter
sometimes. For instance, the discharge frequency of a
weak electric fish in South America was found to
reach 1 500 Hz, with the duration of 0.67 ms for one
action potential™*,  This recognition has been
gradually determined by biologists since the 1940s,
due to the application of voltage clamps invented by
Marmont*! and Cole!*! for measuring neural

signals'®“*%, Hodgkin and Huxley’s measurement of
the central axon of the squid revealed that the
transmembrane voltage across the axonal membrane
was reversed and lasted for about 2.0 ms when the
neural signal was generated'!, which established the
idea that the action potential is the physical nature of
neural signals that propagates in the form of ionic
currents. Besides, several new models have been
proposed in succession to complement the views of
neural signals’ nature. The electromechanical soliton
model stateds that the mechanical sparse waves
transmitting in membranes are truly neural signals''”
while the emerging electromagnetic field model and
neural soft-matter waveguide model demonstrated
that the neural signals are electromagnetic waves with
frequency higher than kHz level®*®, which can
efficiently propagate in waveguide structures formed
by the membrane and solutions on both sides.

Considering the electromagnetic signals, no
matter in the form of currents or waves, travel at a
speed close to that of light (~10° m/s), the time
consuming on the internode section can be
overlooked, thus neural conduction spends most on
the signal relay process at the nodes of Ranvier. With
the conduction time (7) and the number of Ranvier
nodes (signal relay stations) () on the unit length of
the myelinated axons, the time for ion channels at
nodes to generate a new neural signal is calculated as
7=T/N. Our simulation results of ion transport after
opening the sodium ionic channel also confirmed that
it takes about 20 ps for the sodium ionic channel to be
activated to generate effective neural signals that can
be transmitted down!*”, taking only 5% of the
duration (~2 ms) of action potentials for neural signals
to be generated*”. According to the above method,
the time for a group of ion channels to generate a new
relay signal was calculated within the range of 10—
100 ps, as listed in Table 1. This range was reported in
some other work with either experimental or
calculational methods***¥. Considering the collection
effect of thousands of channels at one node, it could
be deduced to 1-10 ps for a single ion channel and
even less. The difference in this t value across
different nerves is likely dependent on the gating
mechanisms and structures of different types of ion
channels.

The above results were based on a large number
of experimental measurement data, which did not
depend on any neural communication model. In
practice, this phenomenon can be explained with the
neural soft-matter waveguide model very well. The
mechanism of neural electromagnetic communication
bears a resemblance to that of beacon communication.
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Table 1 Calculation results of average signal relay time () per node
Animal Nerve name Measurement method ~ Conduction speed (v)/ Internode Calculated
(m-s™") length (L; )/pm relay time (7)/ps

Cat!®! Vagus nerve in vitro 16 313 19.6
Cat!®! Vagus nerve in vitro 64 1092 17.0
Cat!*! Vagus nerve in vitro 80 1344 16.8
Cat!*! Vagus nerve in vitro 100 1634 16.3
Cat™ Aortic nerve in vitro 8 200 25.0

White rabbits!"! Tibial nerve in vivo & vitro 43 930 21.6

White rabbits™!! Tibial nerve in vivo & vitro 36.0 1270 353
Micel®? Optic nerve in vitro 2.64 74.39 28.2
Micel™ Optic nerve in vitro 1.85 63.55 34.4
Mice! L5 motor root in vitro 50 940 18.8
Mice! L5 motor root in vitro 46 840 18.3

Sodium ion channels (groups) act as beacon towers,
responsible for being stimulated by previous neural
signals and generating new neural signals, which
process takes 10-50 ps. It is stated in the neural soft-
matter waveguide model that the downward neural
signals are electromagnetic waves caused by the
instantaneous influx of sodium ions, rather than the
change in transmembrane potential. That is to say, the
action potential is an additional semblance in the
neural signals’ generation process. Therefore, the
generation time for neural electromagnetic signals is
more likely to be 10-50 ps. The current measurement
of action potential is  achieved through
electrophysiological techniques such as voltage clamp
or patch clamp, which are designed for low-frequency
(almost direct current (DC)) signal acquisition and
cannot detect the electromagnetic waves generated
simultaneously. There seems currently no available
technology reported that can detect weak
electromagnetic ~ signals in  ionic  solution
environments. Regarding the transmission of neural
electromagnetic signals, neural soft-matter
waveguides formed by the membrane and solutions
on both sides serve as the pathway for efficient
directional transmission of neural electromagnetic
waves, as shown in Figure 1.

The advantage of the neural soft-matter
waveguide model lies in the rational explanation for
the difference in neural signals transmission speed on
unmyelinated and myelinated nerves!” 4. As
electromagnetic pulse signals, the neural signals’
transmission pathway in the living body is the soft-
matter waveguides composed of a cell lipid
membrane and its internal and external solutions.
Both experimental and computational results proved
that the transmission efficiency of the electromagnetic

signal is proportional to the thickness of the dielectric
layer of the cell membrane in the soft-matter
waveguide!'” >, The thicker membrane could
improve the transmission efficiency of the signal,
reduce the signal attenuation speed, thus lengthen the
distance of the signal relay station, i.e., ion channels.
As a result, the number of signal relay required in the
transmission of unit length decreases, resulting in a
shorter delay and the following higher propagation
speed of neural signals. This model has attracted the
attention of numerous research groups, and has been
followed up and discussed™>%. Recently, the high
consistency in neural conduction characteristics
between our simulation results and the biological
experiments  supports the neural soft-matter
waveguide model indirectly®”). Nevertheless, it should
be noted that the neural soft-matter waveguide model
remains a hypothesis due to the lack of direct
measurement evidence in vivo. This limitation is
largely due to the constraints of current experimental
techniques: no existing technology (such as
electrophysiological recordings, optical imaging and
magnetic sensing) can detect microsecond-scale
electromagnetic signals in ionic environments?®* ¢,
while no available technology can directly resolve or
isolate weak transient electromagnetic signals on the
microsecond timescale within highly conductive and
ion-rich biological environments. Therefore, current
support for the soft-matter waveguide model is

necessarily indirect, relying on the consistency
between theoretical predictions, numerical
simulations, and  macroscopic  physiological
observations.

1.2 Integration of neural signals—the neural
output (r=1-100 ms)
Although the

generation of  neural
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Fig.1 The relationship and difference between neuroelectromagnetic signals and action potentials (in the proposed model)

Electromagnetic signals resulting from transmembrane ionic currents are the carrier of neural signals, while action potentials are accompanying

effects in the neural signals’ generation process. Action potentials remain the primary measurable electrophysiological signal, while the proposed

model suggests they may be accompanied by underlying electromagnetic pulses.

electromagnetic  signals only takes tens of
microseconds, the processing time of the carried
information is much longer than the generation time
by up to three orders of magnitude. Many research
results have shown that the primary information
processing requires time at the level of 1-100 ms!®'%%,
Furthermore, the sensing and integration of neural
information are graded in terms of energy and closely
related to the integration of time and space. For
instance, excitatory postsynaptic potentials (EPSPs)
result from the quantal release of neurotransmitter and
usually have a value of only a few millivolts, far
below the amplitude of the action potential considered
a neural signal®*®! which is the physiological basis
for most neurons to perform more precise
calculations. The most representative behavior is the
synaptic integration, such as the synaptic integration
and synaptic plasticity.
1.2.1 Synaptic integration (/=1-10 ms)

The dendrites of a neuron are usually the input
ports of information, and the axon synapses are often
the information outputs of the neuron. The received

neural signals from the dendrites determine whether
there is a signal output on the axon, and the form of
the output neural signal. This decision process is
called synaptic integration or EPSP integration, the
process by which multiple synaptic potentials
combine within a single postsynaptic neuron. The
result of synaptic integration determines whether the
neuron outputs new signals.

EPSP summation represents the simplest form of
synaptic integration in the central nervous system
(CNS). There are two types of summation-spatial and
temporal (Figure 2). Spatial summation is the addition
of EPSPs generated simultaneously at many different
synapses on a dendrite. Temporal summation is the
addition of EPSPs generated at the same synapses if
they occur in rapid succession. The integration
window was (5.3£1.8) ms (#n=12) in the bushy cells in
which the dV/dy, ., was characterized, and found to
be (1.4£0.3) ms (n=7) for octopus cells!®"%). This
indicates the integration time window of neural
signals from dendrites at the level of 1-15 ms™ ®*7!,
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Fig.2 The summation of excitatory postsynaptic potentials (EPSP)"
Illustration of EPSP generation and summation in a postsynaptic neuron. A single presynaptic input evokes an individual EPSP (“EPSP alone”).

When a presynaptic neuron fires repeatedly in rapid succession, EPSPs overlap in time, resulting in temporal summation. When multiple presynaptic

inputs are activated simultaneously, their EPSPs overlap across different synaptic sites, leading to spatial summation.

1.2.2 Synaptic plasticity (=10-100 ms)

EPSP summation, especially temporal synaptic
integration, plays a vital role in synaptic plasticity.
This influence stems from the sensitivity of synapses
to spike timing. Temporary changes in synaptic
transmission efficiency on a time scale of tens to
hundreds of milliseconds play an important role in
information encoding and processing in the brain'”"*,
As shown in Figure 3, the following specific
mechanisms are common.

Spike timing-dependent plasticity (STDP) is an
embodiment of the Herbie Learning Law. Studies on
this were first proposed by Dan and Poo in 199207,
STDP is a phenomenon in the neural network that
regulates the weight of synaptic connections through
the timing of the continuous pulses at synapses, and
considered to be one of the basic principles of brain
learning and memory. Neuroscientists observed STDP
phenomenon in many brain regions, such as
neocortical sections, hippocampal slices, cultured
neurons’*%. The STDP is manifested by the long-
term potentiation (LTP) of synaptic connection
weights observed when the presynaptic action
potential is triggered approximately 50 ms earlier than
the trigger of the postsynaptic action potential. The
shorter the interval triggering time between the two
synaptic action potentials, the stronger is the
enhancement of the long-term potentiation. When the
presynaptic action potential is triggered later than the
trigger of the postsynaptic action potential, the

synaptic connection weights will be reduced.
Similarly, the shorter the two potentials triggering
interval, the more pronounced this attenuation. The

process can be fitted using the following
mathematical equation'’”":
Ae™, ifAt<0
F(At) = ) (1)
-Ae*, ifAt>0

where F(Af) represents the time window of measured
STDP for isolated spike pairs, A¢ is the interval
between two spikes, A is the scaling factor, 7 is the
time constant, “+” means LTP and “-" means long-
term depression (LTD).

Markram et al.'>®'" found that the case that the
pre-synaptic impulse is ahead of post-synaptic
impulse within 10 ms can lead to LTP, while the case
that the post-synaptic impulse be ahead of pre-
synaptic impulse within 10 ms will produce long-term
depression. Bi and Poo®™ showed that the
deterministic time window of STDP is +20 ms in
cultured hippocampal neurons. There are also other
experimental data for the deterministic time window.
For instance, Pawlak and Kerr™®, mentioned that the
deterministic time window of —30 — +10 ms in STDP
when studying dopamine receptor activation and a
deterministic time window of 40 ms in STDP has
been proposed in the primary visual cortex of adult
cats’®™. Anyway, they have the timescale of tens of
milliseconds.

Action potentials are the determining factors in
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STDP of physiological coding events that induce
synaptic plasticity. However, synaptic transmission
does not necessarily trigger postsynaptic action
potential, subthreshold depolarization dependent
plasticity (SDDP) addresses whether transient
subliminal polarization signals that do not cause long-
term changes in synaptic efficacy can still induce
synaptic modification™ ™ Studies on rat brain
cortical striatal slices indicated that postsynaptic
subthreshold polarization is sufficient to induce
bidirectional long-term plasticity at a very high
occurrence (81%) for time intervals between
pre- and postsynaptic stimulations (A¢) ranging from
~110 to +110 ms"™. SDDP greatly expands the long-
term coding ability of neurons, surpassing action
potentials, making neurons truly analog components.
In short, postsynaptic subthreshold polarization is
sufficient to induce bidirectional long-term plasticity
in 100 ms, while postsynaptic action potentials play a
decisive role in the strict orientation of plasticity and
the accuracy of time windows with the scale of tens of
milliseconds.

The synaptic weights can be regulated by the
discharge frequency, which is called spike-rate-
dependent plasticity (SRDP). According to the
Bienenstock-Cooper-Munro (BCM) learning rule!’,
presynaptic pulses with a frequency greater than the
threshold frequency 6, will cause LTP, while
presynaptic pulses below 6, will lead to LTD. 6_,
ranging within tens of HzP"® is related to the
previous synaptic activities and changes according to
learning experience. For example, when Dudek
et al.® explored the patterns in the CA1 region of
hippocampal slices from rats, they found that LTD
was produced within the frequency range of 1-3 Hz,
but no lasting change at 10 Hz, and LTP could be
produced under 50 Hz pulse stimulation. Additionally,
for neurons in the visual cortex of rats, 6 is
approximately 10 Hz (+10 ms), and firing (+10 ms) at
frequencies of 10 Hz and above can induce LTP, with
the enhancement being more pronounced at higher
frequencies®. This process will put the brain in an
effective dynamic equilibrium state and play an
important role in the brain's cognitive behavior®***,

@  sTDP STDP () sppp SDDP (©  srpP SRDP
Post-pre Pre-post Post-pre Pre-post High rate Low rate
1 Hz 1 Hz 1 Hz 1 Hz n Hz 1 Hz
| } } ', — N
Synaptic change/% Synaptic change/% Synaptic change/%
LTP LTP LTP

. _

N 50 Ar/ms —1“

LTD

Fig.3 Schematic representations of STDP, SDDP, and SRDP protocols and the synaptic changes they produc

m

/1'1'0 Atfms of /9 Hz

LTD LTD

e[87, 89-90, 96]

(a) An illustration of post-pre and pre-post STDP protocols, its deterministic time window is within £50 ms. Typically, synaptic potentiation occurs

when A>0, while synaptic depression occurs when At<0. (b) An illustration of post-pre and pre-post SDDP protocols, the deterministic time window

within +£110 ms can induce synaptic changes. (c) The protocol schematic for SRDP and the curve graph showing synaptic changes at different

frequencies.

Paired-pulse facilitation (PPF) is a specific
manifestation of temporal synaptic integration, that is,
the postsynaptic potential caused by the posterior
pulse is greater when it follows the previous pulse in a
hundred-millisecond scale interval, and the shorter the
interval, the greater the postsynaptic potentiall™ "%,

Similarly, paired-pulse depression (PPD) is another
manifestation of temporal synaptic integration-
synaptic inhibition!'”"'°!!, They are both generalized
short-term synaptic plasticity phenomenon!'**'%!,
1.2.3 Synfire chains

Synfire chain models describe information
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transmission via temporally synchronized spike order prefrontal and parietal cortices generate more
volleys in  hierarchically  organized neuron abstract predictions over several seconds to tens of
groups!'”'"l " Each layer of neurons fires nearly  seconds!"”.  This hierarchical, —multi-timescale

simultaneously upon receiving synchronous input,
propagating a discharge wave. The propagation speed
depends on synaptic weight distributions and input
synchrony!'®. Typically, individual synfire events last
within tens of milliseconds, with interlayer delays
around 1-6 ms!'”"%  enabling rapid, reliable
sequential activation crucial for temporal coding.

1.3  Sustenance of neural signals—information
processing (7=0.1-10 s)

Information consolidation manifests in the
changes of synaptic type and synaptic strength. It can
also be called information enhancement. This process
cannot be realized during the short time like several
milliseconds when one single electrical pulse come
across at the synapse, because the synthesis and
migration of related proteins required in information
solidification takes time. It is necessary logically to
increase the numbers of stimulation to change the type
and/or strength of the synapses, i. e., enhancing the
information. The relevant process is probably related
to  self-oscillating  behaviors like interlayer
reverberation, which usually have an oscillation
frequency magnitude of 0.1-10 Hz, corresponding to
a single information solidification time of 0.1-10 s.
Sustenance of neural signals is regarded as necessary
process for short-term memory formation as well as
long-term memory solidification. The well-known
brain wave oscillation are to some extent the
presentation of cortical current signals triggered by
them!'"",

1.3.1 Predictive coding

Predictive coding theory posits that the brain
continuously generates predictions of sensory inputs
through a hierarchical structure and compares these
predictions with actual inputs to compute prediction
errors, which are then used to update internal
models""*""), Early studies in the cat visual cortex
proposed the microcircuit basis of this theory,
consisting of superficial and deep pyramidal cells as
well as a common pool of inhibitory interneurons!''¥,
Subsequent research revealed that intracortical
connections are most frequent within the same layer,
while interlaminar feedforward projections primarily
run from layer 4 to layer 3, and then to layer 5!''°)
consistent with the mechanism of bottom-up
propagation of prediction errors and top-down
transmission of predictions. Predictive coding
operates across multiple timescales, with early
sensory cortices processing predictions and errors
within approximately 100-300 ms!"'®, while higher-

predictive mechanism has been demonstrated in
sensory, auditory, and language processing,
underscoring its universality and significance in
perception and cognition.

1.3.2 Interlayer reverberation

A new memory mechanism proposed by Xu
et al."™ posits that in addition to the self-oscillation
in the same neuron layer, there is also the
reciprocating oscillation between layers of the
cerebral cortex. As mentioned earlier, the excitation of
neurons is maintained for only 1 ms which is not
enough to change the connection mode between
neurons. However, interlayer reverberation enables
excitation to oscillate back and forth across cortical
layers, prolonging effective excitation duration by
increasing the number and/or frequency of excitations
and promoting the formation of stronger chemical or
electrical synapses'™®® %),

The cerebral cortex has a six-layer structure in
the radial direction in which external information is
converted into neural electrical pulses through sensory
cells and transmitted via axons to specific layers,
forming a two-dimensional neuron array. In the
present work, we define these two-dimensional
neuronal assemblies that are strongly connected
through electrical synapses as electrically coupled
memory networks (ECMNs). ECMNs represent
memory-related neural networks in which neurons are
coupled through electrical synapses to form a two-
dimensional topological structure capable of storing
and retrieving neural information. Figure 4 illustrates
the conceptual structure of such ECMNs and their
potential role in memory representation and retrieval.
Excitatory neuronal activity is repeatedly propagated
between layers via vertical axons, forming temporary
memory. They also mentioned that the cerebellar
cortex is similarly organized into three layers from the
outside to the inside: molecular layer, Purkinje cell
layer and granulosa cell layer, where motor memory is
formed. This is the first time that the concept of
interlayer resonance has been proposed, which is
worthy of further study. Recent research indicates that
during memory tasks in macaques, the neuronal
population activity in the frontal cortex can be
decomposed into a series of subspaces for exchange,
transfer, and storage!'””. These subspaces function
analogously to neuronal layers, with each subspace
independently storing specific information about the
activity states of prefrontal neuronal groups.

In addition to the perspective of oscillations
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Fig. 4 Conceptual schematic of multilayered ECMNs (electrically coupled memory networks) involved in memory

formation and retrieval (adapted from [118])
(a) Schematic diagram of the formation, storage, and retrieval of memory information stored in two-dimensional codes. Memory data is formed into a

strongly connected neural network through interlayer projection, oscillation, and repetitive learning. Once triggered subsequently, the memory data

can be retrieved. (b) During the information retrieval process, the two-dimensional code in the storage layer is projected onto the analysis layer.

Comparing the data stored in the neural body pattern between the sensory layer (grey) and the memory layer (dark blue), the result can be stored in an

additional memory layer. The solid curved lines with arrows represent the projection of the 2D pattern through dendrites or axons to the analysis layer.

between layers to sustain excitement, some studies
have shown that the excitation of neuronal networks
can be self-sustaining for a period of time!'*''**!. This
is considered to be the formation stage of strong
connections between neurons within the layer via self-
sustaining oscillations that could speed up the
consolidation of memory. There are even studies
showing that even after a single neuron is excited, its
self-sustained oscillation can be maintained for about
30 s or even longert'*),

1.3.3 Brain wave oscillation-electroencephalogram
(EEG)

Brain waves are electrical activities in the brain,
and evaluate the functional activities of the brain.
Researchers in Germany first observed oscillations in
the visual cortex of cats!'*®. In recent years, by use of
techniques such as functional magnetic resonance
imaging (fMRI), synchronous oscillations have been
extensively studied in terms of cognition and
memory!'?'*! Five kinds of oscillations are often
discussed: delta (5, 0.05-5 Hz), theta (6, 5-8 Hz),
alpha (o, 8-12 Hz), beta (B, 12-30 Hz), and gamma
(v, >30 Hz). The first three (delta, theta, alpha) are
also called EEG slow waves and the latter two (beta,
gamma) are called EEG fast waves.

EEG slow waves (usually o, 6 and & waves with

0.5-15 Hz) originate mainly from thalamic and
neocortical neurons and are commonly seen during
sleep. They are closely related to the consolidation of
memory traces and the inhibition of cortical and
subcortical structures'*”). Delta waves occur during
deep sleep, and the resulting synaptic neural
oscillations can solidify information and transfer it to
the neocortex. It has been shown to consolidate motor
memory ", Theta waves are closely associated with
the interference process, and considered to provide a
dynamic neural marker indicating that the memory
process is encountering a higher level of
interference!"*!!. Alpha waves are generally thought to
be related to the filtering of irrelevant information.
Alpha activity produces a pulse signal repeated every
100 ms, which corresponds to pulsed inhibition!"**,
reflecting cortical inhibition!'3],

EEG fast waves, including B and y waves (15—
60 Hz), are typically observed during wakefulness and
rapid eye movement (REM) stage and enhance the
temporal coherence of responses and the firing
probability of cortical neurons!**. Beta waves have a
generalized control related effect!* "%,  Gamma
oscillation is related to cognitive processes related to
learning and memory!®”, such as sensation and
perception'**'* " information storage and retrieval,
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and encoding. Gamma-synchronous oscillations play
an important role in the communication across
different brain regions!"**'*!! and are therefore usually
inactive in Alzheimer’s patients. Furthermore, fast
waves are probably serving as the “background
refresh signals” to maintain information updating. For

example, vy oscillations can be divided into
spontaneous oscillations occurring in the brain
without external stimuli or tasks and induced

oscillations. Wherein, spontaneous y oscillations are
found to improve the coherent fluctuations of
excitability in the visual cortex, ensuring faster and
more reliable information transmission'*?, and
transient gamma oscillations may provide a refresh
mechanism to  ensure coordinated memory
activation!'**!,

1.4 Consolidation of neural signals—long—term
potentiation (LTP) (seconds—years)

The short-term potentiation of synapses is
closely related to the critical computational functions
of spatiotemporal information processing in biological
systems, while long-term potentiation is believed to
be associated with learning and memory functions.
This process needs the synthesis and migration of
related proteins and is regulated by chemical signals,
which usually takes at least several seconds. Positive
chemical signals will facilitate the formation of strong
links"¥, speed up the storage of memory information,

Presynaptic terminal

and then enhance the strength of memory information.

Memory is a temporal segmented process in
which new information is stored and consolidated!**.,
Memory is usually divided into three stages!'* ',
The short-term memory (STM) stage lasts seconds to
hours, usually independent of protein and RNA
synthesis, and lacking cellular and molecular
mechanisms. It is characterized by highly
synchronized discharge of primary and secondary
associated neurons!’!!. The second stage is long-term
memory (LTM), lasting hours to days, weeks, or even
months. This process typically takes 3-6 h and
involves a series of specific molecular processes like
synthesis and migration of RNA and proteins in the
hippocampal CA1 region and its connections!'*?. The
third stage is long-lasting memory, lasting years or
even a lifetime.

The formation and training of both STM and
LTM are immediately dependent on the integrity of
AMPA, NMDA and metabotropic glutamate receptors
(Figure 5)1**%%1 and their modulatory on cholinergic
muscarinic,  B-norepinephrine  (stimulant)  and
GABAA receptors!”7'%). The distinction lies in that
the formation of STM does not involve gene
expression and protein synthesis, whereas that of
LTM includes bimodal cAMP-dependent protein
kinase activity, followed by CREB phosphorylation,
gene expression, and the transport of the newly
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Fig. 5 The biological molecular mechanisms involved in the transformation of short—term memory to long—term memory

MAPKAPKZ 33
MSK]

AMPAR m

Signaling
cascade

1

c
Nuclear membrane

[156]



2026; 53 (6)

MER, % BNERENHEEED

<1551-

synthesized proteins to the appropriate location to
constitute new synapses!'>'*'1?l Therefore, there are
evident synaptic morphological changes in the LTM
stage, such as an increase in postsynaptic surface area,
spine number, and spine density!'®”. Additionally,
studies have reported changes in the distribution and
quantity of synaptic vesicles and alterations in
synaptic curvature associated with LTPU*161 AJl
these processes require sufficient time like several
hours and even longer, as well as repetitive stimuli
which may be ensured by the aforementioned

F N
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interlayer reverberation and self-sustaining in
neuronal networks.

Figure 6 illustrates summarily the role of time in
different levels of biological neural communication.
Although derived from the mammalian neural
electromagnetic communication system, the diagram
is actually applicable to the electromagnetic
communication  behaviors in  nervous and
neuromorphic systems of other organisms, in line with
the continuity of biological evolution.

Short-term memory
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-

Long-term memory
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Fig. 6 Multiscale temporal hierarchy of bioelectromagnetic signaling events

The figure illustrates events in bioelectromagnetic signaling occurring on time scales ranging from several microseconds to days and even longer.

Arranged in order of increasing time requirements, the events include signal generation, synaptic integration

long-term potentiation (LTP)!!33134 1661,

2 Conclusion and future perspectives

2.1 Carrier of neural information
Action potentials have always been considered as

[98 [87,89-90,96]

1, short-term potentiation (STP) R

neural signals involved in information encoding and
synaptic plasticity. However, the discovery and
reports of some phenomena have provided different
perspectives on the physical essence of neural signals.
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Neural soft-matter hypothesis not only corresponding to a transmembrane potential
comprehensively explains the generation and increment with tens of millivolt and the rise rate of

transmission properties of neural signals, but also
supplements the electromagnetic nature of neural
information’s carriers to a certain extent.

Point 1. Previous experimental studies have
reported that the action potentials measured at
adjacent Ranvier nodes on myelinated axons overlap
highly, with the delay of only about 10 ps between
adjacent action potentials!'*”. Considering that the
neural electromagnetic signals propagate at nearly the
speed of light, the time required for a neural signal to
be generated by induction could be calculated as only
about 10 ps. This indicates that, when the action
potential at a certain node has not yet completed (it is
actually not long after the node is activated), the new
neural signal at the next node has already been
generated. From this perspective, we propose that the
physical essence of neural signals cannot be action
potentials that last 1-2 ms.

Point 2. The reported simulation results of neural
electromagnetic signal generation at the sodium ion
channel exhibited that, when the channel is opened for
about 10-100 ps (Figure 7), there will be a significant
change of 10° V/m in transmembrane electric field*”,
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Fig.7 The changes of transmembrane current and potential resulting from sodium ionic flux

transmembrane potential with ~100 V/s. This is
consistent with the rate of change in transmembrane
potential, i. e., action potential, measured by patch
clamp!'®. Based on these observations and point 1,
we propose that after only 10-100 ps since the current
channels were opened, the ion channels on the next
node may have already sensed the neural signal and
been successfully activated. This once again supports
the view that the physical essence of neural signals is
more likely to be electromagnetic signals caused by
transient sodium ion currents.

Point 3. Synaptic integration and SDDP
phenomena both show that the subthreshold
depolarization can also be involved in spatial and
temporal integration, and regulate synaptic plasticity.
Subthreshold depolarization does not form an action
potential, yet it is accompanied by changes in
transmembrane electrical activity that may generate
electromagnetic signals. This also indicates that
compared  with  action  potentials,  neural
electromagnetic signals may also serve as carriers of
neural information.
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[47]

(a) Transmembrane Na* current (/) diagram. (b) Diagram of changes in transmembrane potential (¢) and electric field (AE).

In summary, a viewpoint proposed here is that
the physical essence of neural signals is more likely to
be electromagnetic pulses with a duration of tens of
microseconds. In this framework, action potentials
can be interpreted as the  macroscopic
electrophysiological manifestation associated with the
successful activation of neural electromagnetic pulse
signals, rather than the neural signal itself. This
viewpoint has also been developed and discussed in
theoretical work conducted by other research
groups''®!. Of course, this basically does not affect

most discoveries, inferences and applications in
neuroscience that have been made using action
potentials as neural signals before, because the
presence or absence of action potentials usually
correspond to whether the neural signal is
successfully activated, which has played a significant
role in evaluating the function of nerve fibers,
encoding mechanisms, and so on. But this does not
mean that the viewpoint that neural signals are
electromagnetic pulses is meaningless. The new
viewpoint is expected to lead to more efficient and
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reliable brain function research and regulation
technologies. For instance, it can provide the latest
ideas for the exploration of neural coding
mechanisms, and give a new theoretical basis for the
principles and controllable use of commonly used
neural regulation technologies such as light!'7*!7,
sound!"!  electricity!"™'7), and especially
frequency technology!'"*'""),

2.2 Hodgkin—Huxley (HH) model and the soft—
matter waveguide model

The classical HH model and its extensions have
provided a remarkably successful phenomenological
description ~ of  action  potential  generation,
propagation, and synaptic integration in neurons, and
have underpinned decades of experimental and
theoretical neuroscience. Within this framework,
neural information is generally interpreted as being
encoded and transmitted through ionic currents,
membrane potentials, and spike timing. Importantly,
the present electromagnetic pulse viewpoint in soft-
matter waveguide model does not contradict these
well-established electrophysiological observations;
rather, it seeks to provide a deeper physical
interpretation of their origin.

From this perspective, action potentials can be
regarded as the macroscopic electrophysiological
manifestation of underlying fast electromagnetic
processes generated by transient ionic fluxes across
the membrane. The HH model effectively captures the
averaged, millisecond-scale dynamics of these
processes, whereas the electromagnetic pulse model
focuses on the microsecond-scale physical events that
may trigger and shape them. At present, due to the
limited temporal and electromagnetic sensitivity of
available in vivo measurement techniques, these two
descriptions cannot yet be directly reconciled
experimentally. Therefore, the electromagnetic pulse
hypothesis should be viewed as a complementary,
physically motivated framework that extends, rather
than replaces, the classical HH-based description of
neural signaling.

2.3 Carriers of memory information

During the formation and storage of memory,
changes in synaptic types may occur. As widely
recognized, the transmission speed of electrical
signals far exceeds that of chemical signals whose
transmission relies on substance transport, whether it
originates from diffusion under concentration
gradients or drift motion under a certain electric field.
There is a reported delay of 1-2 ms for chemical
synapses compared to electrical synapses, which was

radio

detected in mixed synapses (Figure 8a)!7*'”). This
conforms to the general laws of neural activities that
processes like neural information conduction
primarily driven by electrical signal transmission
occur rapidly, while information processing and
storage involving the formation of chemical synapses
happen comparatively slowly. However, once
information is formed and stored as memory, its
retrieval is exceptionally swift, which is more like a
characteristic dominated by electrical synapses. For
example, the memory of the four distinct locomotion
modes of Hydra vulgaris are stored respectively in
four non-overlapping neural networks!"*”. When any
neuron within a certain network is stimulated,
excitations in all neurons of that network are triggered
simultaneously, leading to the corresponding
locomotion expression (Figure 8b). The phenomenon
of neurons simultaneously excited in the same
network was regarded as the behavior dominated by
electrical synapses that connect neurons in the same
network together!'®!-1%3],

This aligns with our hypothesis on memory
network proposed previously!''®. Given the temporal
contradiction between the extremely brief excitation
time of neurons (several milliseconds) and the long-
term storage of memories (lasting for hours or even
decades), we conducted an extensive literature review
from the perspectives of the rationality, formation
conditions, and retrieval methods of neural networks
connected by electrical synapses as carriers of
information and memory. And we suggest that neural
information is stored within neural networks joined by
electrical synapses, constituting the two-dimensional
topological structure, namely as ECMNs. Because
electrical synapses, as opposed to chemical synapses,
are better suited for ensuring that a large number of
neurons in the same memory network can
simultaneously respond to stimuli to recall memory
scenes.

Some reports found that there are mutual
conversions between electrical synapses, mixed
synapses, and chemical synapses!**'*7, offering the
possibility of transforming the abundant chemical
synapses into electrical synapses during memory
consolidation. This hypothesis is mutually supported
and complemented by the interlayer reverberation
mechanism in 1.3.2 that assists in the synaptic
plasticity. This hypothesis requires further in vivo
validation, such as through synchronous recording of
electrosynapse-specific labeling and memory retrieval
behavior.



1554~ EMUESEYWIEH#RE  Prog. Biochem. Biophys. 20265 53 (6)
b
@ Mixed ®) Electrical ~ Mauthner cell
synapse Chemical
Neuro-
transmitter |%
\
Club ending
i yryrapeey
QHF\HWUUUUW E
Receptors |c>
\ Gap “
junction

/7

| Depolarizing curent pulse

Fig. 8 Schematic diagram of mixed synapses in the goldfish brain
(a) Schematic illustration of a mixed synapse, where signals are transmitted through both neurotransmitter release and gap junction couphing!'”®.

178]

(b) Mixed synaptic transmission at club endings, showing a fast electrical response followed by a slower chemical response after presynaptic

activation!'”®,

2.4 Controversy between the Hodgkin—Huxley

framework and the electromagnetic pulse
viewpoint
In summary, this article comprehensively

reviews the events occurring in the neural information
processing across various time scales, ranging from
10 ms to years, including the generation of neural
electromagnetic signals, the formation of action
potentials, neural signal integration, short-term and
long-term  synaptic  plasticity, and memory
maintenance. We have noticed that the neural soft-
matter waveguide model can comprehensively explain
the phenomena and characteristics of neural signal
generation and transmission, and supports that the
carriers of neural signals are fundamentally more
likely to be electromagnetic pulses with a duration on
the order of microseconds, rather than action
potentials. Here, we emphasize that the role of
electromagnetics in the transmission and processing
of neural signals should be highly valued, which may
provide a new theoretical model for research on
neural coding mechanisms and neural regulation.
Nevertheless, direct experimental validation of neural
electromagnetic pulse dynamics in complex biological
systems remains limited, and further studies
combining high-speed electrophysiological recording,
advanced imaging, and multi-physics modeling are
still required. In addition, how microsecond-scale
electromagnetic events are coupled to millisecond
neural spiking and long-term plasticity deserves
deeper investigation. From an application perspective,
an electromagnetic view of neural signaling may offer
new insights for the optimization of neuromodulation
and neural interface technologies.
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