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Abstract: Hodgkin and Huxley showed that even if the filaments are dissolved, a neuron’s membrane
alone can generate and transmit the nerve spike. Regulating the time gap between spikes is the brain’s
cognitive key. However, the time modula-tion mechanism is still a mystery. By inserting a coaxial
probe deep inside a neuron, we have re-peatedly shown that the filaments transmit electromagnetic
signals ~200 µs before an ionic nerve spike sets in. To understand its origin, here, we mapped the
electromagnetic vortex produced by a filamentary bundle deep inside a neuron, regulating the nerve
spike’s electrical-ionic vortex. We used monochromatic polarized light to measure the transmitted
signals beating from the internal components of a cultured neuron. A nerve spike is a 3D ring of the
electric field encompassing the perimeter of a neural branch. Several such vortices flow sequentially to
keep precise timing for the brain’s cognition. The filaments hold millisecond order time gaps between
membrane spikes with microsecond order signaling of electromagnetic vortices. Dielectric resonance
images revealed that ordered filaments inside neural branches instruct the ordered grid-like network
of actin–beta-spectrin just below the membrane. That layer builds a pair of electric field vortices, which
coherently activates all ion-channels in a circular area of the membrane lipid bilayer when a nerve spike
propagates. When biomaterials vibrate resonantly with microwave and radio-wave, simultaneous
quantum optics capture ultra-fast events in a non-demolition mode, revealing multiple correlated
time-domain operations beyond the Hodgkin–Huxley paradigm. Neuron holograms pave the way to
understanding the filamentary circuits of a neural network in addition to membrane circuits.
Keywords: neuron; microtubule; optical vortex; clocking model; coaxial atom probe; scanning
dielectric microscope

iations.

1. Introduction
1.1. Can the Neuron’s Membrane Alone Generate and Transmit Nerve Spikes?
Copyright: © 2021 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses/by/
4.0/).

In 1907, Lapicque proposed that the neuron cell surface passes an electric current
following a large electric potential burst in its cell body, or soma [1,2]. In 1928, Katz
continued this work in order to understand the communication between neuron fibers by
blocking the cells’ ionic transmissions [3]. The fully disconnected neurons can communicate
and trigger firing in the other neurons. Hodgkin and Huxley melted the filaments inside a
neuron using chemicals and showed that the neuron fires [4,5]. The experiment proved
the absoluteness of the neuron membrane. It was concluded that everything inside a
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neuron remains silent, and its membrane, which is akin to a life form’s skin, is the only
active material. However, experiments that were started in 1928 to find alternate forms
of communications in a neural network have never stopped. In the last hundred years,
researchers have found several instances of wireless communication between neurons [6,7].
If the rate of spike timing changes, at certain values, the endogenous electric field undergoes
significant changes, and information edits itself in a neuron [8]. Neuron’s non-synaptic
firing responses, like a living life form, have been reported repeatedly [9], and even epileptic
seizure-like uncontrolled firing has been attributed to it [10]. One route to understanding
alternate forms of signal transmission was to probe the membrane using different forms of
energy. For example, electromagnetic radiation is able to initiate or stop a neuron’s firing.
Nerves emit infrared bursts [11–13]. In short, optical flashing, thermal fluctuation, and
electric potential changes in the environment around a neuron trigger a neuron’s firing. Subthreshold communications play a significant role in spike time modulation [14,15]. While
reports of radically distinct non-ionic communication such as heat flow have continued for
nearly a century [16–20], no specific neuron component has been identified as responsible
for such unorthodox neural responses. Questions have been raised regarding the validity
of the Hodgkin–Huxley paradigm. However, so far, a material that resides in the neuron to
assist alternate forms of energy transmission has yet to be proposed or observed.
1.2. Communication of Electromagnetic Signals through the Filamentary Bundle
Two major discoveries regarding subcellular neuron structures [21] have not been
correlated with signal transmissions and information processing in neuroscience. First, the
Hirokawa group used cryo-mapping to discover an ordered internal filament structures
all along the neural branches [22–25]. In the field of contemporary neuroscience [26], it is
widely believed that cytoskeletal filaments only provide strength and assist in transport.
The highly ordered parallel network of microtubule and neurofilaments that form the
core part of the axonal and dendritic branches could exist for several reasons other than
providing strength. Moreover, spiral arrangements of tubulins in a microtubule have a
rotational direction, and all microtubules have an identical rotational direction in a neural
branch [27–29]. Similarly, rotational directions have been found for all filamentary structures. Again, a singular orientation has nothing to do with providing strength, therefore,
there are probably various other reasons. Second, Xu et al. have shown that just beneath
the membrane, there are ordered cross-wires, similar to a checkerboard, made of actin,
beta-spectrin, and other associated proteins [30–34]. Such a 4–5 nm wide grid-like architecture, which is sandwiched between the membrane and the filamentary core, is likely
to have a certain purpose. The entire internal structure of axonal or dendritic branches
has higher-ordered architectures of different symmetries. The relationships between these
structures and functional origins are unknown.
Nerve spikes tune the time for cognition, and thus, neurons’ incredible time management has been the subject of rigorous investigations [35–37]. In 2016, we published two
back-to-back works detailing coaxial probe technology, which has been used for more than
half a century to study the dielectric properties of nanomaterials [38,39]. We also introduced
dielectric resonance microscopy for imaging neurons for the first time. Using these two
distinct tools together, we investigated different ultrafast communications of electromagnetic signals through the filaments by using a coaxial probe. The filamentary transmissions
saturate 200 microseconds before a neuron fires, a time-domain that is 1000 times faster
than nerve spikes. We also have recently detailed rigorous theoretical works on coaxial
probe measurements of filaments and single ion channels [40]. There have been multiple
reports on single ion channel measurements; however, building an ion channel sensor at the
nanoscale has been a critical challenge. It is not easy to optimize ion neutralization at the
nano-pore, which is key to estimating ionic current analogous to a patch-clamp edge. One
can set three frequencies in the coaxial probe and simultaneously study three time-domains:
milliseconds, microseconds, and nanoseconds [41]. The orthogonal, transistor-like measurement of transmissions across tubulin protein, microtubules, and neurons shows that all

Symmetry 2021, 13, 821

3 of 14

these elements have a similar, favorable time-domain pattern. Discrete-time zones group in
a triplet of triplet arrangement. Such a scale-free triplet of triplet temporal relationship [41]
suggests that the current thrust in spatial mapping may be incomplete, and we need spatiotemporal mapping of the biomaterials. Topographic organization of nerve information
was proposed some time ago but will be visualized here [42,43]. Most importantly, we
review the feasibility of several studies that have proposed communications beyond the
Hodgkin–Huxley paradigm [44–47].
2. Experimental Details
2.1. Neuron Culture
Following the Lonza company manual, we cultured embryogenic neuron cells as
described previously [38–41]. The cells were incubated in CO2 (5%) at 37 ◦ C temperature
for 4 h. After that, we added a fresh, pre-heated medium. On the fifth day, we changed
the initial medium and the 50% growth media was changed every four days. A suitable
amount of medium was heated at 37 ◦ C in a sterile container. After that, we removed 50%
of the medium from the cell culture and replaced it with the warm and fresh medium.
Finally, the cells were returned to the incubator. The neural branch adjustment of the grid
was continuous with the electrode for 8 to 9 days. We used the rat hippocampal neurons
cultured for 6–14 days for dielectric resonance and optical vortex studies. The medium was
removed from the cells before exposure to microwave, radio-wave, and monochromatic
light (633.5 nm He-Ne light source). Furthermore, we left a small amount of medium to
ensure that the cells were not dry. Neurofaschin was used to melt the filaments and obtain
the membrane’s optical vortex projection without the filament. Pure membrane’s optical
vortex acted as a control measurement for the neuron’s holographic response.
2.2. Dielectric Resonance Imaging and Optical Vortex Study: Simultaneous Measurement of the
Membrane, Beta-Spectrin, and Microtubule-Neurofilament Core
In neurons, we have frequently used singular or an array of coaxial probes for capturing various modes of signal transmissions. One singular probe can only study one
mode of signal transmission. However, a coaxial probe can send and receive three pairs of
distinct signals simultaneously via Au, Pt metal wires and a glass-filled cavity between
Au and Pt (Figure 1). Dielectric resonance imaging is achieved by wirelessly pumping
electromagnetic signals to the culture plate. The EM wave is mainly reflected from the
metal disc kept below the neuron culture plate. A 2D map dielectric resonance image is
produced from the reflection and transmission coefficients. Simultaneously, the control
software delivers three images. The synchronous signal transmitting through the three
elementary structures of a neuron was measured using various instruments such as a vector
analyzer, impedance analyzer, and spectrum analyzer. 3D dielectric resonance images of
axon initial segment (AIS) generates at its resonance peaks in KHz-MHz frequency domain
(Figure 2). In the optical study, the antenna was no longer a coaxial probe, instead it was a
wide-range antenna (Figure 3A,B) that applies suitable resonance frequencies, as observed
by the coaxial probe study of resonance.
2.3. Microtubule Reconstitution from Tubulin for Deconvolution of Neuron’s Optical Vortex
To reconstitute the microtubule, porcine brain-extracted tubulin protein was purchased from Cytoskeleton Inc. (Denver, CO, USA). The tubulin subunit was protected at a
temperature of −80 ◦ C. To polymerize tubulin into microtubule (6.5 um long), microtubule
cushion buffer was added to normal tubulin buffer (830 uL), and guanosine 5’-triphosphateGTP solution (10 uL) was added to the solution. The entire mixture was put into an ice bath
for 10 min. The 200 uL solution was added to the mixture and then incubated in an ice bath
for 10 min. The mixture was then placed in an incubator for 40 min at 35–37 ◦ C. To stabilize
the microtubule, paclitaxel (20 uL) was dissolved in dimethyl sulfoxide methyl sulfoxide
(DMSO) and added to the solution. Subsequently, it was incubated at 37 ◦ C for 10 min.
The length of the microtubule was between 4–20 µm. The composition of the microtubule
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cushion buffer and general tubulin buffer was 80 mM PIPES pH 6.8, 1 mM MgCl2 , 1 mM
EGTA (ethylene glycol tetra-acetic acid), 60% v/v glycol and 1 mM EGTA, 80 mM Pipes
pH 7, 2 mM MgCl2 , respectively.
2.4. Actin Filament Reconstitution from Actin and Tubulin Solution for Deconvolution of
Neuron’s Optical Vortex
A microtubule solution mixed with beta-spectrin and tubulin protein solution was
prepared following the instructions of Lonza Inc. (Basel, Switzerland) to find the elementary
optical vortices in the vortex assembly. We only obtained a few vortices for optical studies of
tubulin; at GHz resonance frequencies, the vortices are modulated. Here, we used tubulin
and microtubules to confirm that the optical setup delivered light rings of different shapes
and sizes. We prepared solutions independently, and carried out repeated measurements
to build a database of optical vortices for the elementary components of a neuron so that
neuron’s optical vortices were recognized.

Figure 1. (A) More than a century-old model for neuron signal transmission is shown using a snapshot.
(B) Our model for filamentary (EM) communication modes complementary to the ionic communication
mode. In six steps, left to right, distinct features of the electromagnetic communication modes are shown.
(C) Experimental setup, schematic for dielectric resonance imaging of a neuron membrane and its internal
structures. Coaxial atom probe (Au-glass-Pt system) is used as three distinct signal sensors operating
simultaneously. Au captures membrane signal (∆2), Pt core is used for a lock-in or filtering/amplifying
the signal from the microtubule–neurofilament core deep inside the axonal or dendritic branches (∆1).
Phase-locked-loop (PPL) differential amplifier captures signal from the beta-spectrin–actin rectangular
grid (∆3). Diff. Amp. = differential amplifier, Inv Micro = inverted microscope, Piezo = piezo resonator.
(D) Scanning tunneling microscope-based dielectric resonance scanner. (E) Fully homemade dielectric
resonance scanner (frequency range works between kHz to 178 GHz).
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Figure 2. (A) Microscopic image of a single rat hippocampal neuron, 8–10 days old in cultured media,
scale bar, is 1.5µm (first from left). The axon initial segment (AIS) is zoomed and three dielectric
resonance images (S21(x,y)) of the membrane (S21(1 Hz–10 kHz, scale bar 200 nm), actin-spectrin
layer (10 kHz to 100 kHz, scale bar 150 nm) are shown. The neurofilament, microtubule layer (1
MHz–200 MHz, scale bar 100 nm) is shown in the center (B). The dielectric resonator architecture
of membrane, actin–spectrin layer, and neurofilament, microtubule layer in the center are shown
in an integrated structure. This structure, created in CST is used for solving Maxwell’s equations,
wherein the used materials’ dielectric constants were set as experimentally derived (membrane’s
lipid bi-layer, 3.5D; actin–beta-spectrin layer, 7.6D; microtubule-neurofilament bundle, 13.2D, D =
Debye). The dimensions and widths of the structure were kept similar to the biological structure.
Membrane 6 nm, actin–beta-spectrin-adducin layer 3.5 nm, neurofilament-microtubule layer 200
nm. (C) The axon structure is theoretically designed in the CST simulator (CST, computer simulation
technology is a 3D EM analysis software for the design, analysis, and optimization of electromagnetic
systems and components), as revealed in the extreme right panel of panel C. Electric and magnetic
fields generated in the structure at resonance are plotted, which represent wave-like interference.
Simulation details: selected solver: time domain; simulation frequency range: 0–10 THz; boundary
condition: open space; applied energy source dimension: 35 µm × 35 µm.

Figure 3. (A) Experimental setup for combined patch-clamp and our coaxial probe measurement on a cultured plate. The
patch clamp’s glass-tube is supplied with buffer salt solution to maintain the pressure of the membrane-glass patch. The
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atomic resolution tip is connected to a GHz amplifier for instant signal amplification. Patch clamps only sense ion flows that
resonate ~1 ms, read only one piece of data, and cannot sense anything below 50–100 nm. In contrast, our recently invented
coaxial atom probe senses several time domains at a time, even below 0.5 nm. Its cavity is between a Pt metal needle and an
Au metal cylinder and traps (10−20 watt) vibrations in its vicinity, the cavity’s conical geometry amplifies that signal. The
embedded dielectric resonator (glass) increases Q factor (~105 ) at all frequencies that its conical geometry allows (3 kHz to
40 GHz. Probe geometry needs to be changed for different frequency range). Unlike the patch-clamp, an atom probe reads
four signals simultaneously, filters the noise, measures four distinct vibrations of protein complexes, noise-free (S/N~105 ),
deep inside a neuron. (B) Experimental setup for simultaneous microwave-radio wave combination with quantum optics.
Monochromatic laser (633.5 nm) passes through vortex lens to generate optical vortex, that is shone on the axon region. A
semiconductor camera images the reflected or transmitted vortex assembly. (C) The schematic of three dynamic model
controls for precise ionic firing time. (D) Two panels show that at the first step, beta-spectrin-actin Ring 1, Ring 2 are active,
ions release in the circular pathway between them. Then Ring 1 switches off, Ring 2 and Ring 3 are active. Ion channels in
between them are activated for ion release.

3. Results and Discussion
3.1. Ionic Nerve Spike Is Not a 1D Gaussian Packet but a 3D Ring of Electric Field
Classical neuroscience textbooks and research papers show a nerve spike as a linear
propagating 1D perturbation. While propagating on the membrane surface, a nerve spike
is never shown as a 3D Gaussian wave packet. In reality, a nerve spike is a ring of electric
fields around the circular perimeter of an axonal branch, as shown in Figure 1A. The ringlike feature of a nerve spike has never been presented in the scientific literature. However,
reliable transmission without dissipation is a major problem for long axonal branches.
Often in the literature, non-dissipative neural transmissions are analyzed as a 1D spike,
which does not reveal what truly happens in the network in a real-world scenario. The
ring shape is geometrically more stable than a 1D point perturbation or a 2D Gaussian
wave packet. Therefore, even a simple conceptual transition from the 3D Gaussian shape
of a nerve spike to a ring could have changed the direction of the debate on this issue. In
other words, the reasons for the stability of the nerve spike for a ring would differ from
concerns explored in 1D or 2D spike-related research. A vortex is defined as a ring of field,
and therefore, a nerve impulse is a vortex that covers the perimeter of axonal or dendritic
branches in a closed loop. However, the absence of topological features in this case has
restricted researchers from investigating the wider implications of a ring of fields. For the
first time, we concentrated on the ring shape and aimed to understand how a neuron holds
the ring shape of a nerve spike when electric fields travel a long distance. At the same time,
we tried to understand the nature of transmissions by microtubule or tubulin proteins. Do
they also create vortices made of an electromagnetic field? Then, how do the filaments
work together with the ionic vortices?
In summary, in this study we used dielectric resonance microscopy and pumped
artificial vortices to the filamentary bundles. We found a one-to-one correlation between
the filamentary vortices and membrane vortices. That relationship forms a pair of giant
rings of electromagnetic vortices just below the membrane. These two rings allow only
the ion channels inside, emits the ions as a nerve spike that travels through the membrane
post-firing, as shown in Figure 1B.
3.2. Wirelessly Imaging Internal Neural Components Using Scanning Dielectric Microscope
Operating at Selected Frequencies
Our experimental setup is shown in Figure 1C. We shone electromagnetic signals
at resonance frequencies onto the axon bundle. Under electromagnetic field exposure,
we carried out two independent experiments. First, we scanned the surface and the
image reflected and transmitted signals through the neuron at different frequencies [48].
We used those signals to create a surface image. The inner components of neurons that
selectively resonate at certain frequencies are visible in the images. Such imaging is
popularly known as dielectric resonance imaging [49], and imaging neurons using this
technique has been used to understand filamentary resonance. However, thus far, the
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actual correlation between three ordered structures inside a neural branch has not been
shown. The first ordered structure of a neural branch comprises 90% of its volume and
includes microtubules and a neurofilament bundle-based core located at the center. Second,
beta-spectrin and actin-based grid-like cylindrical wrap around the core that interfaces
the top lipid bilayer of the neuron membrane, which is the third structure. We created
two different versions of the scanning dielectric microscope. One of them was STM-based,
where we could scan molecular-scale materials (Figure 1D). The other version was a coarse
scanner (Figure 1E). Depending on the biomaterial dimensions, we changed the scanner.
Using dielectric resonance imaging, we showed the lipid bilayer surface or the membrane when we set the scanner tip at kHz frequency. In the fourth panel of Figure 2A, a
high electron density of states horizontal transmission channels at selective frequencies
are visible transmitting longitudinally all along the neural core. At MHz resonance, we
see the structure. Sections of the neurofilament–microtubule bundle acquire resonating
electromagnetic energy, and due to its dielectric resonance and local symmetries of the 3D
arrangement of filaments, selectively transport quantized energy [50,51]. However, given
the low resolution of dielectric resonance imaging technology, we cannot record events at
the nanometer resolution.
Moreover, they contribute to the endogenous field of a neuron [52]. In the third
panel, Figure 2A, we selectively resonated the beta-spectrin-actin grid by choosing a proper
resonance frequency that shows the formation of bright rings in the dielectric resonance
images. These electromagnetic vortices created beneath the membrane transmit the rings.
The existence of rings of fields beneath the membrane is interesting because they shift
location. The pair of rings has a purpose, and we need to understand why horizontal
transmissions along the filamentary bundles at the core transform into a pair of rings in the
beta-spectrin–actin grid. The synchronization of actin and microtubule is widely used by a
neural network [53]; however, both structures are closely packed.
Hence, the probability of energy transfer is more profound as we can find it theoretically
in the CST structure by solving the Maxwell equation (Figure 2B). Here we used the design tool
to create the structure. There are various geometric options such as a cube, sphere, cylinder,
cone, torus, etc. We assigned the solid components as dielectric resonators and the hollow
components as the cavity resonator. A simulation study of its replication was performed under
the time domain solver. To obtain the actual resonance behaviour of biomaterials, a suitable
selection of simulation parameter conditions is required. We need to scan the entire frequency
range (Hz-THz) with appropriate boundary conditions and explore the potential distribution
on the model at resonant frequencies. The axon showed the major interference effect in the
overall length (Figure 2C). Additionally, the simulation study showed the clocking nature
of the electric and magnetic fields, which appears in a node and antinode form, as shown
in the left two plots of the panel in Figure 2C. The conversion of the electromagnetic field’s
geometric distribution is due to the symmetry breaking in filaments’ arrangement. Horizontal
arrays of neurofilaments and microfilaments form a nearly 200 nm × 200 nm square grid.
The orthogonal transformation of the field vector leads to the formation of topological rings.
The vector plots shown in Figure 2C suggest that the orthogonal transformation selects only
the pathways perpendicular to the neurofilament–microfilament arrangements. The square
grid’s cross-pathways are therefore selected, which is a ring. Finally, by changing the setup
frequency for scanning, we can resonate the top of the membrane with ionic transmissions by
tuning the imaging tip to the kHz frequency domain. Actin filaments are known to modulate
voltage-gated ion channels [54].
3.3. Optical Vortex: Angular Momentum Modulation, Composition and Superposition
The dielectric resonance imaging reveals the possible key steps of neuron firing;
however, it delivers a static image. To learn the dynamic process involved in the three
structures noted above, we set up a culture plate, as shown in Figure 3A, that shines a
rotating polarized light 633.5 nm wavelength on the neurons using the same setup as
in Figure 3B. Our objective was to probe the three primary ordered structures of neural
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branches, as noted in Figure 3C,D. The shift in the optical angular momentum L under
electromagnetic resonance is used to detect proteins [55], but here we used rotating light
as shown in Figure 4a. Rotating light is an optical vortex, its angular momentum changes
due to light–matter interactions. Figure 4a shows that there could be three primary layers
of axonal branches interacting with each other and generating an optical vortex exclusive
to the mutual interaction. Here, in this panel, we see that the top membrane layer (L3 )
and beta-spectrin–actin layer (L2 ) interacts and generates a new light ring with angular
momentum L2 + L3 . Similarly, the microtubule–neurofilament core vortex with angular
momentum L1 interacts with the beta-spectrin–actin layer (L2 ) and generates a new vortex.
Apart from individual ordered structures editing the diameter of the input optical vortex,
an integrated system vibrating together generates additional vortices for each interactive
→

mode. The largest singular clock regulating the entire system is given by | E >= c1 eim1 ∅ +
c2 eim2 ∅ + c3 eim3 ∅ , where, m is the topological charge, ∅ is the azimuthal angle, 1,2,3 are
three layers L1 , L2 , and L3 , respectively. A neuron is an extremely complex system because
ci values are a composition of other elements. We have taken an individual microtubule,
actin, and protein solutions and by applying the optical vortices, we attempted to decode
the vortex assembly generated by a neuron cell.

Figure 4. (a) Schematic experimental setup of generating vortex assembly side by side from different components of a
neuron. Here, polarized laser light (632 nm) passes through a beam splitter (BS1, HP 10701A Beam Splitter), beam benders,
and used to see the vortex (VL) image (with and without sample); inset shows an optical vortex. (b) Optical vortices
generated by the system, current results belong to microtubule-neurofilament core, beta-spectrin–actin layer and finally the
membrane layer when a neuron is triggered by 1 to 10 GHz frequency, using a function generator.

The application of different resonance frequencies to the dielectric material when
an optical vortex interacts with it affects the charge density distribution on the surface.
As shown in Figure 4a, larger changes in the charge density distribution would affect a
larger shift in the diameter of the light ring. Charge density regulates the reflection and
transmission properties of a material. Therefore, each resonating material in the neuron
structure would modify the optical vortex, change its diameter and or rotational direction.
The vortex beam, containing many vortices, falls on the neuron and creates an ensemble
of vortices interacting with various components. A statistical distribution of different
electron density distributions in various components is reflected in the projected beam as
the composition of vortices of different diameters.
Particularly for the three primary structures of neurons, the vortex’s angular momentum gets modified in three statistically dominating sets, while interacting with the lipid
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bilayers of neurons, ions and resonating filaments, and the rectangular grid. We carried out
several optimizations and background error corrections to identify the structural origin of
several distinct vortices as an assembly in the output vortex assembly, as shown in Figure 5.
However, it was not possible to detect all light rings. The superposition of many rings in the
emitted vortex assembly from the neuron could be observed in Figure 5. Here we provide
a generic rule on the protocol for identifying the vortex origin. Three distinct structures
in the neural branches have three distinct assemblies of optical vortices that are spatially
different in their assembly of optical vortices. Figure 5 shows four of many important
ordered sub-structures inside a neuron. We were able to isolate and recreate them separately
in the solution and observe the optical vortices produced. The vortex assembly of individual
sub-structures appears nearly similar. However, the diameter, angular momentum, and
the number of dark spots on the rings help match the database of Figure 5 with the final
hologram of a complete neuron in Figure 6. Additional confirmation of proper deconvolution of vortex rings can be done by resonating the sub-parts differently and identifying the
modified regions of light rings.

Figure 5. Optical vortices generated by four neuron components, membrane (control experiment,
where filaments are all dissolved), microtubule and neurofilament composition (control experiment
by removing neuron membrane), beta-spectrin–actin composition in solution and tubulin protein
solution. Along the row, four different experiments for four different batches of materials are
demonstrated. At various frequencies, the membrane mechanically vibrates with the passing of
polarized laser light through the solution, so we see differences in the repeated measurements.
However, noisy peaks are temporary, they appear momentarily and disappear, therefore, do not
affect deconvolution as shown Figure 6.
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Figure 6. Panels (A–C) show optical vortex output under thermal noise at 37 ◦ C with no electromagnetic signal by the
antenna (Panel (A)), actin–beta-spectrin resonated (10 kHz to 100 kHz; Panel (B)) and microtubule–neurofilament resonated
(1 MHz–200 MHz, Panel (C)). Below each panel, we demonstrate the simple circular presentation with arrowed changes.
Green arrows of panel B depict the addition of new clocks in the assembly of panel A. The green arrows of panel C show
changes in clock diameters as actin–beta-spectrin layer are resonated. (D,E) These two panels attempt to identify two distinct
regions of vortex assembly as indicated by arrows. Clocks are identified by perturbing particular regions by modulating the
antenna frequency as obtained from CST-based theoretical studies.

The scheme of the experiment is shown in Figure 3B, while the propagation path
of the electromagnetic wave is shown in Figure 4b. Both the setups are integrated into
a practical device characterization unit. The concept of the experiment is that we shine
an optical vortex into the neuron’s ring exchange system shown in Figure 3C,D. Several
neural components change the angular momentum of the input vortex differently. Even
the resonantly interactive modes involved in the energy transfer interact and generate a
new vortex.
Therefore, the first step to understanding the optical vortices reflected from the neural
component is to identify the origin of each ring in the vortex assembly. Using a database
of optical vortices, we have shown how elementary components generate optical vortices
or holograms in Figure 5. The experimental setup for control experiments remained the
same as the neuron’s setup. We replaced the culture plate of the neuron with the solutions
of tubulin protein, microtubule, and actin–beta-spectrin mixture so that the materials
modified the input optical vortices. In the table of Figure 5, we have listed multiple
repeated measurements by preparing the solutions independently. We found standard
vortex filtering and sorting of vortices based on angular momentum and rotational direction
of angular momentum in the literature. This is a routine task in quantum optics. Each
vortex ring or light ring has a distinct signature for angular momentum, rotational direction,
and diameter, and dark spots as vector notation.
As demonstrated in Figure 5, the database of the control experiments reveals a few interesting observations. First, the membrane has two-fold symmetries, generating two distinct
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optical rings. Figure 5 is a phase hologram, and the relative ring locations suggest the possible
phase coupling between various dynamic components in the solution, which depends on the
applied frequency. The microtubule–neurofilament system generates vector vortex beams,
which we can determine from the dark spots along the perimeter of a light ring. Surprisingly,
the beta-spectrin–actin grid network also generates vector vortex beams. The implications
of vector vortex beams are manifold. They suggest phase coupling with probabilistic relationships in the statistical ensembles of various component dynamics. Phase coupling
means two distinct dynamics happening at two different time domains (say milliseconds and
microseconds) would have a phase lag, adjusting the time gap more precisely.
Once we understood the elementary neural component’s optical vortices and their
distinguishable character, we further deconvoluted the neuron-generated hologram using
the elementary component tables of Figure 5. Here, we could only identify those few
rings that perturb by selectively changing frequencies for definitive components (as shown
in Figure 6A–C). Every component in a neuron structure has a specific set of resonance
frequencies, and we tried all our previously reported frequencies to correlate each optical
ring with a certain component. Those elements that were identified are noted in Figure 6D,E.
The map is an approximation, and in the future, once the technology is more developed,
we will identify more components more accurately.
In the emitted vortex assembly, we first identified three key structural components.
Then, we supplied external energy to perturb the system, allowing a selective energy
exchange. We had three hardware elements under consideration here that could undergo
multiple modes of communication. When the neurofilament–microtubule bundle was resonated artificially from external energy input, it directly transferred the vertical projection
of field vector to the beta-spectrin–actin grid as an obvious possibility. Neurofilaments
have 5–15 nm diameters. They all interact with the incoming optical vortices distinctly and
leave their geometric signature on the reflected vortices. Changes in the geometric shape
of reflected vortices, such as an increase or decrease in diameter, were obvious. However,
neurofilaments interact with microtubules that are 25 nm in diameter, and resonant interactions created a beating of signals, which act as a new neuron component. We could see the
birth of a new light ring in the assembly of optical vortices, denoted with a green arrow.
3.4. Light–Matter Interaction
Therefore, while resonating those elements or hindering resonance using antennas
wirelessly, we observed the vortex assembly changes. Using an antenna, we sent selective
resonating signals to manipulate the light–matter interactive modes as we desired. We
de-resonated or suppressed the resonating signals through the microtubule core by sending
suitable frequencies through the antenna. We could see the birth of new light rings around
mechanical rhythms, periodic ionic oscillations. On the other hand, when beta-spectrin–
actin grids were resonated, the rings arising from the axon initial segment got new neighbor
rings in the vortex assembly. Some of the rings changed in diameter. Therefore, if we
perturb any component resonantly, the local components that are dielectrically coupled
vibrate and give rise to new clocks. This is a fundamental property of composite materials.
The optical vortices of the membrane’s ionic conduction part do not change diameter
if either grid is silent or has a microtubule core. Both the actin–spectrin grid and the
microtubule core complement each other, and the change in spike rate is largely affected
by inhibiting the microtubule core or actin grid. We expect that by pumping soma above
the threshold at different resonant frequencies (time gap between pulses differ), we should
see systematic changes in the optical vortices (Figure 6). We observed that when the core
and grid are operating, but not when either of them is inactivated.
By combining two results, the quantum optics and dielectric resonance imaging,
we have proposed the time-tuning mechanism shown in Figure 3C. The electromagnetic
vortices move randomly along the core and store a pair of EM field rings in the actin grid.
The pair moves, and ion channels in between release ions. Thus, the electric vortex passing
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through the membrane does not dissipate in shape and holds precise millisecond timing
via microsecond vortex operators in a two-step mechanism.
4. Conclusions
Our findings explain why several-feet-long axons hold the typical shape of ionic impulse. The existence of a filamentary conduction mechanism does not prove that Hodgkin
and Huxley were wrong. It simply adds a value whereby there is an advanced state-ofthe-art control mechanism operating beneath the membrane. A millisecond ionic clock
that fine tunes its spike time gap for human cognition and consciousness has a superior
controller with a microsecond resolution regulation of time. The map of periodic oscillations of neurons has been analyzed theoretically [56,57], and we attempted to find phase
correlations between different clocks. The interconnected clocks that represent our experimental findings are depicted in Figure 5. However, there is another aspect of the finding.
The ordering and arrangement of clocks reveals symmetry in the information structure
of a neuron. In future we would estimate how the combination accounts for the entropy
and thermodynamic response of a neuron [58,59]. Optical vortex assembly is a geometric
structure and by linking them with different symmetries of the neural architecture, a hardware perspective has been added to the observations of the collective signaling process in
filamentary circuits [60].
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