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Abstract

Since the pioneering work of Onuchic, Beratan, and Hopfield (OBH) [Onuchic, J. N.
et al. The Journal of Physical Chemistry, v. 90, n. 16, p. 3707-3721, 1986.], it has
been well established that electron transfer in chemical reactions can be modeled by
the decaying probability of excitation dynamics in the spin—boson system. In analogy
to the OBH framework, we propose a model wherein electric current generation in
a neuron is equally described through population inversion in a spin—boson system.
Building on this connection, we extend our approach to model the collective firing
activity characteristic of seizures by representing the neuronal network as a set of cou-
pled spin—boson units. We demonstrate that under specific circumstances our model
releases electric current in a comb of superpulses which bears similarity with the phe-
nomenon of superradiant radiation emission in atomic optics. Our model seems to be
in perfect agreement with the multiple synchronized firings observed in a convulsive
seizure. With the normal current transfer regime being the analog to the fluorescence
emission in atomic optics, we thus model seizure as a fluorescence- to superradiance-
like phase transition. Furthermore, our model also provides us an understanding of
the mechanism by which we can disarm seizure, protecting the brain from sequelae
resulting from the ictal stage of the process. We finally observe that from the input
of experimentally measured and theoretically estimated parameters, our model is able
to deliver reasonable results, in accordance with the neuroscience literature, for the
rate of energy produced by a neuron in the normal current transfer regime, the energy
released per neuron in a 1 minute seizure and the time interval for a single comb of

supercurrents.
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1 Introduction

Understanding the complex behavior of neuronal dynamics has become one of the most
important topics in modern neuroscience and biophysics since it is directly connected with
neuronal disorders [2-5]. The brain is responsible for controlling multiple processes such as
emotions, vision, motor skills, breathing, and memory [6-10]. The main structure that makes
possible this accurate level of control is the neuronal network [11], capable of sending and
receiving electrical stimuli along the whole body, where different signals are interpreted as a

specific sensation or command.

Based on the intensity of received electrical stimulation, a neuron can either become
excited and generate a firing response or remain at rest [12,13]. When the stimulus is
sufficiently strong, reaching an electrical potential threshold of approximately —55 mV, the
neuron’s cell membrane depolarizes due to an influx of sodium ions, generating a signal
known as action potential [14]. Information is propagated within the neuronal network
through electrical synapses, which are gap junctions allowing direct communication, and
chemical synapses, involving the release of neurotransmitters [15,16]. These synapses can
result in excitatory or inhibitory responses in postsynaptic neurons [17]. The balance between
excitation and inhibition is crucial for normal brain function [18]. However, when this balance
is disrupted and excitation prevails over inhibition, neurons may begin to fire synchronously,
leading to partial or generalized seizures, involving a specific or total area of the brain,

respectively [19-21].

The precise mechanism underlying seizures involves a complex interplay of various
molecular and cellular changes that are not completely understood [22-25]. However, the
main factors contributing to seizures include pyramidal neurons activity [26,27], astrocytes
[28,29], interneurons [30], alterations in synaptic connections, gap junctions [31,32], and ex-
tracellular ion concentrations [33]. These factors are directly connected with the development

of seizures [34-36]. Intense excitatory activity in pyramidal neurons triggers an abnormal
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depolarizing phase known as the paroxysmal depolarizing shift [37-40]. This phenomenon
primarily arises from the activation of glutamate-mediated receptors, specifically AMPA and
NMDA receptors [41,42], in conjunction with voltage-gated calcium channels [43,44]. The
intense firing of action potentials leads to a reduction in inhibitory synaptic transmission
mediated by GABAergic interneurons [45-48]. Additionally, chronic changes in dendritic
structure [49,50], receptor density [51], and extracellular potassium ion levels [52] also con-
tribute to the loss of surround inhibition, which may lead to the synchronous firing process
observed during seizures. Neurodegenerative disorders such as Alzheimer’s, Parkinson’s, and
Huntington’s disease can sometimes be accompanied by seizures [53-57]. They are charac-
terized by the progressive degeneration and loss of nerve cells in the brain, leading to a wide

range of cognitive, motor, and behavioral symptoms.

In the past decade, numerous experiments have been conducted for a deeper under-
standing of crucial mechanisms that are activated during seizures. These investigations have
focused on various aspects, including the role of the brain glucose transporter [58,59], the
changes in the serum blood-brain barrier following tonic-clonic seizures [60-62], the signal-
ing pathways involving the NLRP3 regulator [63-65], and the alterations in bioenergetics
[66-68]. These findings have provided evidence that disruptions in cellular or mitochondrial
metabolism can serve as primary factors in the initiation of seizures and the subsequent
development of spontaneous recurrent seizures. Such discoveries hold immense potential in
advancing the development of therapeutic interventions for pharmacoresistant epilepsy and

neurodegenerative disorders.

In the early 1960s, physicists proposed that quantum effects were present in biological
systems. During this period, Lowdin [69] presented the first quantum biological model to
explain the occurrence of spontaneous tautomeric mutations in DNA molecules through the
proton tunneling mechanism. Since then, quantum mechanics has proven to be essential for

understanding several topics in biology such as quantum effects in bacterial photosynthetic
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energy transfer [70,71], photosynthesis [72,73], electron transfer in proteins [74,75], quantum
biology of retinal [76] and vibrationally assisted transport in transmembrane proteins [77].
Moreover, a model for tautomeric mutations in DNA based on the amplificative-dissipative

tunneling mechanism has recently been presented in Ref. [78].

Many contributions have been devoted for developing mathematical and computational
models for seizure dynamics [79-82]. In Ref. [82], invariant properties are identified to char-
acterize seizures under different physiological and pathological conditions. An explanation
for different features of seizure onset patterns using the bifurcation analyses of a dynamical
brain model is given in Ref. [79]. In Ref. [81], a computational model is considered to char-
acterize focal or generalized seizure based on the pattern of connection in brain networks.
We finally mention a mathematical model constructed to analyze how interrelated dynamics

of sodium and potassium affects the occurrence of seizure [80].

In 1996, Penrose and Hameroff [83] proposed the hypothesis that microtubules present
in neurons could exhibit quantum behavior in a state of superposition. Despite this proposal,
no observations confirming the existence of quantum coherence in brain microtubules were
obtained. Thus, the idea of quantum effects in the brain had not been widely accepted and
remained an open topic of investigation. However, recent experimental evidence presented
by Kerskens and Pérez [84], who collected signals through nuclear magnetic resonance, may

indicate entanglement mediated by consciousness-related brain functions.

Here, we approach seizure by modeling the neuronal generation of electric current in
analogy to the Onuchic, Beratan and Hopfield (OBH) [1] treatment for the electron transfer
in chemical reactions. In the OBH model it is demonstrated that under reasonable approxi-
mations, the complex mechanism of electron transfer between two trapped sites, the electron
donor and acceptor, is approximated by the decaying probability of the excitation dynamics
in the spin—boson model [85]. Reasoning by analogy with Ref. [1], it seems reasonable to

conjecture that the electric current generation along the axon of a neuron may also be de-
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scribed by the population inversion in a spin-boson system. While we cannot assume that
the OBH model can be directly applied to describe electric current generation in neurons,
which primarily use ion flow instead of electron transfer to fire action potentials, its theo-
retical constructs could inspire analogous modeling in neurobiological contexts. In favor of
our conjecture is the argument that a neuron presents unambiguously the rest and firing
states —the absence or presence of electric current— which we associate with the donor and
acceptor states in the OBH model. Furthermore, through this approach we have in advance
the parameters given in the neuroscience literature for the well-known bias transition energy
between the rest and firing states of the spin—boson system, as well as the energy associated

with synaptic transmissions, which provides the coupling frequency between neurons.

It could be argued that the macroscopic dimension of the neuron would invalidate the
quantum tunneling process associated with the spin—boson model. On this regard, we ob-
serve that a spin—boson model adopted to describe the generation of current in the neuron
can be linked to the non-local tunneling process described in Ref. [86]. In this non-local
tunneling there is no direct overlap of the wave functions in the energy wells associated with
the rest and firing states. The rest state represents the electrons trapped in the negative ions
within the soma (cellular body), while the firing state represents the electrons after tunneling
to the dendrites. These rest and firing wells can be distant from each other, connected by
a chain of quantum systems, which in the neuron would be the voltage-gated ion channels.
The overlap between the wave functions of the rest and firing states occurs indirectly through
the wave function of the entire chain of voltage-gated channels. In this case, the tunneling
of electrons between the rest and firing states will occur in such a way that these electrons
should only virtually populate the myelin sheaths between the voltage-gated channels. This
virtual occupation of the myelin sheaths makes non-local tunneling a high-probability pro-
cess, practically free from the dissipation effects of the environment. Here, it is important
to emphasize two points: (i) the spin—boson model based on the non-local tunneling can

effectively be described by the local tunneling as illustrated in Fig. 1; (ii) the demonstration
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of our conjecture that the firing process in a neuron can be described by the spin—boson

model is by itself a most interesting and challenging work.

Under our conjecture, the neuronal network is then modeled as coupled spin-boson
systems, and we then demonstrate that the synchronous firing characterizing seizures, the
rapid oscillations in electroencephalogram (EEG), is a comb of superradiant-like current
pulses. The Dicke [87] superradiance predicted in 1954, is a collective effect that occurs
when a moderately dense sample of N atoms with decay rate v interacts with both its
environment and the electromagnetic radiation it emits. Instead of emitting independently
and randomly, in a fluorescence pulse of duration and intensity proportional to 1/ and N,
the atoms synchronize their emissions to release energy in a highly coherent pulse of duration
and intensity proportional to 1/Nv and N?. Analogously, it follows from our network that
a synchronized emission of multiple supercurrent pulses is generated when the neurons are
strongly coupled to each other, corroborating that the intensity of this comb of pulses is a
distinctive feature of seizures. Remarkably, this entire comb of supercurrents is enveloped
within the typical emission time 1/N+ of a single Dicke superradiant pulse, the time width
of each of our supercurrent being around 1/N"~, and their intensities reaching NV, with real
u,v > 1. The comb of supercurrents emerging from our model seems to reasonable explain
the multiple synchronized firings observed in seizures with the normal neuronal activity being

described in analogy to the fluorescence emission in atomic physics.

Therefore, the distinctive features of our model lies in the characterization of seizures as
a fluorescent- to superradiance-like phase transition; with the time width of each pulse that
make up the supercurrent comb, around 1/N*7, being a unique phenomenon in many-body

physics.

Although the classical framework introduced by Hodgkin and Huxley remains a cor-
nerstone for modeling the electrical excitability of individual neurons through voltage-gated

ionic currents, it does not, in its original form, account for the emergence of synchronized
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activity across neuronal populations. To overcome this limitation, researchers have devel-
oped extended models that embed the Hodgkin—-Huxley equations within neural networks,
incorporating synaptic interactions, extracellular ion dynamics, and modulatory biochemical
pathways. For example, Bazhenov et al. [88] simulated thalamocortical oscillations linked to
absence epilepsy using a network of coupled neurons; Frohlich and Bazhenov [89] examined
how changes in synaptic strength can drive transitions between normal and pathological brain
states. Although our model does not explicitly accounts for the ionic conductance dynamics
described by the Hodgkin and Huxley equations, it captures the fundamental process of
neuronal excitation —the sodium influx in Hodgkin—Huxley model— through the transition
between rest and firing states, with the resulting supercurrents reflecting the propagation of
action potentials. Rather than modeling the electrophysiological mechanisms, our approach

retains a microscopic analysis emphasizing collective neuronal synchronization.

2 The model

Based on the discussion in the Introduction, we then model our neuronal network by

the Hamiltonian (A = 1)

1(2Mm e ) 2<+ i)

where the first term describes the set of N neurons as asymmetric double-well potentials,
with o., 0, and o4 being Pauli spin operators. As shown in Fig. 1, hwy is a positive bias

energy between the lower and upper wells corresponding to the rest and firing eigenstates |J)
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and [1) of 0,. A is a tunneling frequency associated with the spontaneous neuronal activity.
The second term models the interconnection between the neurons, where g is the coupling
between pre— and post—synaptic excitatory (g # 0) and inhibitory (¢ = 0) neurons, related
to glutamate and GABAergic neuronal responses respectively. We consider a symmetric
network where all the neurons interact with each other based on the knowledge that a
neuron has thousands of synaptic connection with the others. Moreover, this symmetric
network makes it simpler to approach the problem via mean-field and Holstein—Primakoff

transformations.

A

PN

Rest State Firing State

Potential

Degree of freedom (a.u.)

Figure 1: Modeling a neuron as a spin—boson system with two unbiased rest and firing states,
connected by the tunneling rate A.

We assume that each neuron is coupled to its own reservoir, with strength A}, as
described by the fifth term of the Hamiltonian. The reservoirs, representing the cerebrospinal
fluid, are described by the third term as a collection of independent harmonic oscillators with
frequencies wy", masses M;", positions R}", and momenta P;". We have also considered an

anti-reservoir, given by the fourth term of the Hamiltonian, to describe either an internal
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or external multimodal amplification source, or even both simultaneously, which, as we
show, is able to disarm the seizure mechanism. This possibility, by means of an external
multimodal source, has been suggested in Refs. [90,91]. Here, we observe that the neuronal
network itself, with the exception of the epileptic focus, may also act to suppress seizure as
an internal amplification source associated with the residual excitation of the network. The
amplification character of the anti-reservoir follows from the negative sign of its coupling A\,

with the network, as given by the sixth term of the Hamiltonian.

In order to derive a master equation for our system, we first diagonalize the network rep-
resented by the second term in the Hamiltonian (1) using the collective Holstein—Primakoff
[92] transformations, a mapping from spin operators to boson creation and annihilation

operators, given by

S, =+VN—-AtAA~ VN A, (2a)

S_=AN/N — AtA ~ /N AT, (2b)

@:%—NA (2¢)

where the approximations in (2a) and (2b) are valid in the limit N > (ATA), with S, =

Somor/2and Sy =) o Inserting Egs. (2a), (20) and (2¢) in (1), we get

10



174

175

177

178

179

180

181

182

183

184

185

’H:QATA+A\/N(A+AT)
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k
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+VN (4+47) (Z ZA?R}?“—ZAkRk), (3)
k=1

m=1 /=1

where we neglected constant terms and corrections of order O (1/N) in the limit of large N.

From Eq. (3), we derive the master equation for the collective bosonic mode given by

o () = =i [Hs, o] = 17 (@ LK, (P = @) coth () DX Xl (0

where Hs = QATA + AVN (A+ AT, 7(Q) = X, I (Q) — J2(Q), with JJ* (w) and Jo (w)
representing the spectral density of the m-th reservoir and of the anti-reservoir, respectively,
while X = (A+A") and P = —i(A— AT). Assuming Ohmic spectral densities for both
the counter-acting baths, such that J(w) = nw, where n = /2wy, v being an effective
relaxation rate [93], it follows that ¢ (w) = (3_,, " — 1m2) w. Switching back to the spin
representation, after diagonalizing the Hamiltonian (1), we rewrite the master equation for

the reduced density operator of the neuronal network as

pN (t) = —1 [Hs,,ON] + Z (EmpN + ZﬁmnpN> 9 (5)

where Hs = > (07" + Aol") /2, noting that the couplings between neurons was absorbed

by the effective frequency Q = wp + 2Ng. The diagonal dissipative channels, describing the

energy decay of each neuron, are given by

11
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N (0% pxa™] = [o™ 0 px] = [0 o pn] + [0 pno™]) (6)

while the non-diagonal channels, resulting from the coupling between neurons, obey

([0, pvot] = [0, ol pn] = [0 ot pn] + [0, pivo]) . (7)

Regarding Eq. (5), we first observe (i) that the non-diagonal channels are evidently
suppressed for g = 0, once Q = wp. In this case, the master equation reduces to the expected
form for NV independent dissipative neurons. (ii) In the regime of strong coupling between the
neurons, 2Ng 2 wy, when the non-diagonal channels are strengthened, all the independent

reservoirs act as a single one for all the network, such that

ZﬁmnpN =T ([S-HpNS—] - [S—v S—l-pN] - [S-H S+pN] + [S—’pNS—])7 (8)

where I' = 2¢ (3, n{" — n2), which simplifies to I = (Ng/wo) v — 2gn2 when considering, from
here on, the same damping constant for all the reservoirs: n* = 5. In this regime, the master
equation leads to emergent collective effects analogously to the Dicke superradiance where,
as anticipated above, a moderately dense atomic sample interacts with a single reservoir. We
can draw a parallel between our model and Dicke’s superradiance by associating each atom in
the moderately dense sample with a spin—boson unit in a network in which they are strongly
coupled. (iii) We finally stress that the non-diagonal channels can be weakened when the
spectral density function of the anti-reservoir emulates that of the reservoirs, with n, = aNn
and 0 < a < 1. Under this condition, I' = (1 — a) (Ng/wp) v, with the suppression of the

non-diagonal channel for @ = 1. The observations (i)-(iii) are in agreement with Ref. [94],

12
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where a general treatment is given for a network of coupled dissipative systems.

Next, under the assumption of the strong coupling regime, we approach Eqgs. (5) and
(8) through the mean-field approximation [95], tracing out the degrees of freedom of N — p
neurons, such that Zi]\;pH Tipia,.., NaﬁtpN = (N —p) Trpt1... notpn fori > p. We are left with
a remaining network of p strongly-coupled neurons under the action of a common reservoir,

described by

. P
. Q m m
pp (t) = 5 Z [Qo7" + Aoy, py)

m=1

+T ) ([oF.ppo”] = [T, 0 pp] — [0 0 pp] + [0, ppo™ ])

n

+I' (N —p) Z ([JTaTTp—I—lUIi_‘_lpp—f—l} — [UT,TTpHPpH UTFI}

m

- [UT>T7“p+1pp+1 UTI] + [UT,T?”pHUIiHPpH]) : 9)

E

For p = 1, and assuming ps = pj ® p?, the one-body master equation becomes

p1(t) = —i[Hsr,p1] + T {[o4, pro-] = [0-,04p1] = [04,04p1] + [0—, pr0_]}, (10)
where
) A
Hsp = §UZ+§JQU+F(N—1) (oy) Oz, (11)

is a nonlinear mean-field Hamiltonian. The Von Neumann term of Eq. (10) describes
the dynamics of the network representative neuron while the remaining terms, related with
dissipative effects coming only from the non-diagonal channels, can be neglected for collective
processes that occur in a time interval much shorter than I'"'. The mean field approximation

then applies only to short-time phenomena, and in this case, the master equation (10)

13



215 reduces to a nonlinear Schrédinger equation for the Hamiltonian Hgg. It can be solved
26 through the Lewis and Riesenfeld [96] method, by proposing the dynamical invariant I () =
a7 (0g) 0z + (0y) 0y + (02) 0. satistying

dl 01

— = — —1[I,Hgg| = 0. 12

= S [l He (12)
218 Noting that (I)? = (0,) + (0,)> + (0.)® = R? is a constant of motion, we define the mean
20 values in a Bloch sphere of radius R: (0,) = Rsinfcos¢, (o,) = Rsinfsing, (0.) = Rcosb,

20 from which we derive the two-state solution

[ (6)) = €0 (cos [0t) /2] [1) + €O sin [0 (1) /2] 1)) (13)

21 where @ (t) is the well-known Lewis and Riesenfeld phase, while the coupled Bloch angles

22 and ¢ follows from Eq. (12) as

§=—Asing+TI (N —1)sinf sin’ ¢, (14a)
d=Q—A cotf cosp — T (N — 1) cos b sin ¢ cos ¢. (14b)
223 From Eq. (13), we compute the mean energy for the representative neuron
1 Q A
e(t) = 5 (Qo, + Ao,) = 5 cosf (t) + 5 sinf (t) cos ¢ (t), (15)

24 and consequently the supercurrent comb intensity

14
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Iy (t) = —Nd;—(tt) =TN (N —1)siné (t) sin? ¢ (% sinf (t) — Acos@ (t) cos ¢ (t)) . (16)
In the superradiance phenomenon there are two time intervals associated with the co-
herently emitted pulse: the characteristic emission time and the delay time, the former being
the time width of the emitted pulse and the latter the time interval to attain its maximum
intensity. Another distinctive feature of superradiance is the N? dependence of the intensity,
as shown in Eq. (16). Here, we take advantage of these two time intervals together with

the non-linear dependence on N of the intensity to characterize the supercurrent pulses, as

analyzed below.

3 Physical parameters and solutions

Recently, Yu et al. [97], have estimated the energetic budgets of human neurons by
combining metabolic measurements of gray and white matter with morphological data. For
excitatory neurons, the energetic demand for maintaining the rest and firing states were
quantified as 6.82 x 10° ATP/s and 33.2 x 10® ATP/s, respectively, while the energetic
demand of synaptic transmission process was determined to be 15.8 x 10® ATP/s, where
ATP /s represents the number of ATP molecules consumed per second. Based on the values
presented above and considering a paroxysmal depolarizing shift of 50 milliseconds and a
synaptic delay time of 1 millisecond [21], the energy gap between the rest and firing states
is given by 8.3 x 10713 J, while the energy associated with synaptic transmissions becomes
10~ J. We then verify that, in our model, the neuron natural frequency is around wy = 1.25
ZHz, whereas the neuronal coupling is around ¢ = 15 EHz. From these values we obtain
g/wo ~ 1072 with the strong coupling regime obeying the condition N > wy/2g ~ 50, which

seems unexpectedly easily to satisfy given the exceedingly large number of neurons in the

15
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Under the above considerations and disregarding the anti-reservoir (ne = 0), we next
analyze the seizure spiking by plotting the dimensionless scaled mean energy € (t) /wy and
intensity Zy (t) /ywo against ¢, in the reasonable limit of weak spontaneous firing activity
A/g = 1072. By fixing A = 107, what also seems to be a reasonable assumption, and
N = 102, we assume that the representative neuron is initially near the firing state, with
0o ~ 1/N and ¢y = 0, since the (excited Bloch) state 8y = ¢y = 0 represents a metastable
solution as occurs in Dicke superradiance. In Fig. 2(a) we observe the oscillatory decay of the
mean energy to the rest state, as seem from the inset, where the superradiance-like delay time
is exactly that in which the energy equals zero: 7p = 1.1 x 10~1y~!. This oscillatory decay
causes the energy in the network to be released as a comb of supercurrent pulses, as shown
in Fig. 2(b) where we plot Zy (t) /ywp. This comb of pulses is all contained in an envelop
whose scaled duration is around v7y & 1/N, while its scaled intensity is proportional to N2.
However, the scaled time interval of each internal pulse goes as ¥7T =~ 1/N?7  as indicated
in Fig. (2c), where we have pinched off a single supercurrent pulse located at the maximum
of the envelope in Fig. 2(b). The comb of supercurrent pulses, with high intensity and
short duration, seems to describe very appropriately the rapid oscillations characteristic
of the seizure phenomenon. Evidently, these supercurrent envelope, which is remarkably
distinguished from Dicke’s superradiant pulse, comes basically from the interacting neurons

in the strong coupling regime.
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Figure 2: Plot of the (a) scaled mean energy €(t) /wy and (b) intensity Zy (t) /ywo against ~yt,
disregarding the anti-reservoir (72 = 0), and considering the weak spontaneous firing activity A /g =
1072, with g/wg ~ 1072, A = 10y, N = 10%, 6y ~ 1/N and ¢y = 0. The oscillatory decay of
the mean energy to the rest state causes the energy in the network to be released as a comb of
supercurrent pulses all contained in an envelop whose scaled duration and intensity are around
¥Tn =~ 1/N and N2. In (c) we plot the intensity Z (t) /ywo against vt for a single supercurrent
pulse located at the maximum of the envelope in Fig. 2(b), showing that the scaled time interval
of each superpulse goes as yT ~ 1/N?%7.

To demonstrate that the power-law scaling of the emission time and the intensity de-
pends on N, in Fig. 3(a,b) we plot again the scaled mean energy and intensity for N = 10?
—the so far estimated minimum number of neurons in a seizure focus [21]— considering all
other parameters as defined in Fig. 2. In this case, the comb of pulses is contained in an
envelope of scaled time width 7y =~ 1/N'! and intensity around N*7, with the width of
the internal superpulses scaling as v7 ~ 1/N?, as shown in Fig. 3(c), where we have again
pinched off the supercurrent pulse located at the maximum of the envelope in Fig. 3(b).
Therefore, as N increases, the intensity also increases while the time width of the envelope
decreases. The width of the superpulses remains basically the same, 77 ~ 1079, so that the

total number of pulses at half height, about 2.5 x 10?, is significantly smaller than that for

18



o N = 102, around 1.2 x 10*. This decrease in the number of superpulses with increasing N
is another interesting feature of our model, which seems to indicate a brain mechanism to
o7 compensate the substantial increase in intensity, for large epileptic focus, in order to avoid

s possible sequelae from seizures.
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Figure 3: Plot of the (a) scaled mean energy e (t) /wo and (b) intensity Zy (t) /ywo against ¢,
considering the same parameters as in Fig. 2, except for N = 10%. The comb of supercurrent
pulses are now within an envelop of scaled duration and intensity around 7y ~ 1/N!!
and N%7. From the (c) intensity Z (t) /ywo against vt of a single supercurrent pulse at the

maximum of the envelope in Fig. 3(b), we compute the scaled time interval of each internal
superpulse as 77T ~ 1/N2.
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The same compensation mechanism occurs when we increase the coupling strength to
g/wo ~ 107!, keeping the same parameters as in Fig. 2. In this case, as shown in Fig. 4, the
scaled time width of the envelope, 7Ty =~ 1/N'2 decreases relative to Fig. 2, whereas the
scaled intensity increases to N3. However, as can be verified from Fig. 4(c), we again have
around the same width of the estimated 2.5 x 10% internal superpulses at half high, with
yT ~1/N*? ~ 107°.
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Figure 4: Plot of the (a) scaled mean energy € () /wy and (b) intensity Zy (t) /ywo against
~t, considering the same parameters as in Fig. 2, except for g/wy ~ 107!, The scaled time
duration and intensity of the envelope of supercurrent pulses goes as 7Ty ~ 1/N12? and N3.
From the (c) intensity Z (t) /ywo against 7t of a single supercurrent pulse located at the
maximum of the envelope in Fig. 4(b), we derive the scaled time interval of each internal
superpulse as 7T ~ 1/N?9.
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When increasing both N and the ratio g/wy, considering the values N = 10% and
g/wo = 107, keeping all other parameters of Fig. 2, we verify in Fig. 5 that the envelope
width decreases more pronouncedly to v7Txy &~ 1/N'5 while the scaled intensity reaches N33,
In this case, we observe only 235 internal superpulses at half high with v7 ~ 1/N?3 ~ 1077,
corroborating the brain compensation mechanism by which an increase in the scaled intensity

results in fewer supercurrent pulses.
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Figure 5: Plot of the (a) scaled mean energy € () /wp and (b) intensity Zy (t) /ywo against
yt, considering the same parameters as in Fig. 2, except for g/wy ~ 107! and N = 103.
The scaled time duration and intensity of the envelope of supercurrent pulses goes as 77Ty &
1/N15 and N33. From the (c) intensity Z (t) /ywo against vt of a single supercurrent pulse
at the maximum of the envelope in Fig. 5(b), we verify that the scaled time interval of each
internal superpulse goes as ¥T ~ 1/N?3.
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Our seizure model based on a network of spin—boson systems, reviews therefore the
emergence of a new collective phenomenon characterized by a comb of supercurrent pulses,
all contained inside an envelope whose time width, around 1/N+, is basically that of Dicke’s

superradiance.

Considering the relaxation time 1/ = 10 ms, as computed in Ref. [21], we can estimate
the duration of a single comb of pulses, which for the case of Fig. 3(b), with N = 103,
leads to the result Ty = 2.5 ps. This time interval is considerably shorter than that of
seizures (between 10 s up to 5 min), which leads us to conclude that in a crisis we have
the occurrence of a whole sequence of supercurrent combs. Assuming that the time interval
between consecutive envelopes is around 107y, we verify that for a seizure of 10 seconds,
the number of envelopes is approximately 4 x 10°, while for a 5 minutes crisis we have the

occurrence of 1.2 x 107 envelopes.

From Fig. 3(a), we also compute the energy released per neuron in a single comb of
supercurrents as around 8.7 x 1071 J, such that in a seizure of around 1 minute, the energy

released in 2.4 x 10% combs is around 2 x 107® J, in good agreement with Refs. [21,98,99].

4 Brain mechanisms for disarming seizure

As anticipated above, we thus conclude from our model that seizure is a phenomenon
that could occur frequently, since the condition for strong coupling between neurons, 2Ng =
wy, is easily achieved. In this regime, the epileptic focus effectively interacts with a single
reservoir, a necessary condition for the occurrence of seizures. However, and this is an-
other important conclusion from our model, the action of the anti-reservoir —the remaining
neurons around the focus or an external amplification source— becomes decisive to pre-

vent seizure and maintain the normal regime of current transfer. To this end, the coupling
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s strength between the anti-reservoir and the seizure focus must be strong enough such that

su 1y = alNn with a approaching unity.

315 We can simulate the seizure disarming, leading to the normal current transfer regime, by
26 considering the whole master equation (10) without neglecting the dissipative effects coming
sz only from the non-diagonal channels. Indeed, in the normal current transfer regime we do
us 1ot expect for collective processes occurring in a time interval much shorter than I'"!. Now,

3

-

o from Eq. (10), computing the time-evolving mean values

<Ux> = -0 <0y> -r <Uw> ) (17)
(o) = Q {0,) = A (0.) =T (N — 1) {0,) {0.) = [ {0,), (18)
(0.) = Aoy +T (N = 1) (0,) =T ({0.) — 1), (19)

20 and assuming the state |1 (t)) of Eq. (13), we obtain, instead of Eqs. (14), the solution

=—Asing+TI (N —1)sind sin? ¢+ I' (cot § — csc ), (20a)
d=0—A cotf cosp —I' (N — 1) cosf sin ¢ cos ¢. (20b)
321 In Fig. 6, we plot Zy (t) /ywo against ¢, considering the same parameters as in Fig. 2

2 with = 0.4 (a), « = 0.8 (b) and o = 0.996 (c). We still observe seizure for v = 0.4, with
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scaled intensity and time duration around N? and y7y ~ 1/N. For a = 0.8, the seizure
intensity decreases to around N'® while the time width increases to v7Tx ~ 1/N°%4. This
weakened seizure scenario persists until around o = 0.996, when we reach the normal current
transfer regime —analogous to the fluorescence emission in atomic optics— with the scaled
intensity and time width being N and 1/+. Similarly to the seizure regime, we also have a
comb of pulses each with time width 47 ~ 1/N?® = 107°, an order of magnitude greater
than the time width of the pulses in Fig. 2(b). However, the number of pulses in Fig. 6(c),
approximately 10°, is about two orders of magnitude higher than in Fig. 2(b); this increase
arises because the time width in Fig. 6(c) is five orders of magnitude larger than that in
Fig. 2(c). Finally, we note that in the seizure regime, the comb of pulses occurs at time
intervals at least an order of magnitude shorter than the relaxation time 1/v. In contrast,
in the normal current transfer regime of Fig. 6(c), the comb of pulses is released at a time

interval approximately 50 times longer than the relaxation time.

We emphasize that our analogy between the seizure and normal current transfer regimes
with the phenomena of fluorescence and superradiance considers only the envelopes of the
combs of currents. The internal pulses occurring in both regimes represent a new phe-

nomenon, emerging as a consequence of strong coupling between neurons.
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Figure 6: Plot of the scaled intensity Zy (t) /ywo against vt, considering the same parameters
as in Fig. 2 with a = 0.4 (a), a = 0.8 (b) and a = 0.996 (c). The normal current transfer
regime is reached in (¢) when the scaled intensity and time width becomes proportional to
N and 1/7.

For the relaxation time 1/ = 10 ms advanced above, we obtain from the maximum
intensity per neuron in Fig. 6(c), the value Z,,,, = 7 X 1078 J/s, which lies in the range
1072 — 107% J/s in accordance with Refs. [21,98,99]. In fact, from the input of experimental
data —as the transition energy between the rest and firing states (wp) and the energetic
demand of synaptic transmission process (g)— together with the theoretically computed
value for the relaxation rate (), our model is able to provide a quite reasonable result for

the rate of energy produced by a neuron in the normal current transfer regime.

By defining a “quality factor” for the neuron similar to that of a resonator, Q@ = wy/7,
we compute from our input parameters the remarkable value @ ~ 10'7, which seems to cor-
roborate our above hypothesis that the non-local tunneling may indeed be the phenomenon

supporting the description of the firing process in a neuron by the spin—boson system.

In the case where the coupling strength between the neurons inside and outside the
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seizure focus is not strong enough to disarm seizure, an external anti-reservoir can be con-
sidered as suggested in Ref. [91], in a technique known as epidural dorsal column stimulation
(DCS). The DCS represents a potential non-invasive therapeutic approach for neurological
disorders, distinct from conventional drug-based treatments, and has demonstrated promis-
ing results [100]. For individuals with Parkinson’s disease, numerous clinical investigations
have identified abnormal elevations in synchronized oscillatory neuronal activity in the basal
ganglia [90,101]. In 2017, the effects of DCS for Parkinson’s disease were reported by Ya-
dav et al. [91], suggesting that electrical stimulation of the dorsal column fibers could lead
to the desynchronization of cortico-striatal activity. Human trials were conducted utilizing
this technique, which reported favorable clinical effects of DCS [102,103]. These effects ex-
tend beyond the amelioration of motor symptoms associated with akinesia, bradykinesia,
and tremor, offering substantial relief for axial symptoms, impairments in gait and posture,

which present significant challenges when using existing therapeutic options.

Another way to disarm seizure is to increase the tunneling rate A to around the coupling
g. Back to Eq. (16) and considering the same parameters as in Fig. 2, except for A/g =1,
in Fig. 7 we plot the scaled intensity Zy (t) /ywo against vt. We observe that this intensity
decreases from around N to around zero in a time interval of about 1/107. Therefore, a high
tunneling frequency, which increases the population inversion rate of each neuron, gets rid
of the synchronized exchange of excitation in the network, and consequently of the collective

effects leading to the supercurrents.
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Figure 7: Plot of the scaled intensity Zy (t) /ywo against vt, considering the same parameters
as in Fig. 2, except for A/g = 1, showing that the enhanced tunneling mechanism may
disarm seizure.

A set of factors contribute to enhance the tunneling frequency A, driving the neuron’s
spontaneous activity in the absence of direct external stimuli. Random synaptic inputs and
channel noise as well as membrane potential fluctuations [104,105], driven by the balance of
ion flows, can bring the neuron to a threshold that triggers spontaneous activity. Moreover,
neuromodulators like dopamine, serotonin, and acetylcholine also play a role by altering
the neuron’s excitability, making it more prone to firing [106]. We finally mention that
the reservoir temperature can affect membrane properties and ion channel kinetics, while
metabolic factors, such as fluctuations in ATP levels, can disrupt ionic gradients and lead

to spontaneous action potentials [98].
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Conclusions

Reasoning by analogy to the OBH model for electron transfer in chemical reactions, here
we present a quantum description of the firing process in a neuron. To this end, we conjecture
that the firing mechanism, as well as the electron transfer in the OBH treatment, can be
described by the spin-boson model. We support our conjecture by means of reasonable
physical arguments and by considering the phenomenon of non-local tunneling [86], a highly
probable process effectively shielded from dissipation effects. With this, we describe the
neural network as a set of interconnected spin—boson units, to obtain the master equation
ruling the network dynamics using the Holstein-Primakoff and mean-field approximations.
A convulsive crisis occurs when the coupling between neurons is strong enough so that the

entire seizure focus interacts effectively with a single thermal reservoir.

Our main result consists in the description of seizure as an emergent collective effect
by which the network emits a sequence of supercurrents envelopes. The time width and
intensity of these envelopes, of the order of 1/N%y, and intensity proportional to NV, with
real u,v > 1, bears a strong resemblance to the time width of a superradiant pulse in atomic
optics. However, in superradiance we do not have the internal pulses inside these envelopes,
so that these superpulses, whose width is of the order of N times smaller than that of the

envelope, seem to be a singular effect characterizing seizure.

We note that in the absence of seizure, or in the normal current transfer regime, the
intensity and the time width of the envelope becomes proportional to N and 1/7, which
is equivalent to the phenomenon of fluorescence in atomic optics where the internal pulses
are also absent. Therefore, we describe seizure as a phase transition that bears similarity
to the second-order transition between fluorescence and superradiance in atomic optics. We
believe that this characterization of seizure as a phase transition contributes to justify our
quantum approach as much as the results we have estimated in good agreement with the

experimental data presented in neuroscience literature. From the input of experimental data,

32



406

408

409

410

411

412

413

414

415

416

417

418

419

420

421

422

423

424

425

426

such as the energy gap between the rest and firing state, the energy associated with synaptic
transmissions, and the relaxation time of a neuron, we are able to estimate the maximum
intensity produced per neuron in the normal current transfer regime, the energy released by

a neuron in a 1 minute seizure, and the time interval of a single comb of supercurrents.

We stress that our quantum model for seizure is not based on the phenomenon of phase
coherence of superposition states, which is readily eliminated by the noise introduced by
both the reservoir and the anti-reservoir [107]. However, our approach demands the quantum

coherence of the emergent collective effects leading to superradiance-like phase transition.

Another worthy conclusion from our model is that the seizure mechanism can be dis-
armed through the action of an anti-reservoir which can be played by the remaining neurons
around the focus or an external amplification source. The enhancement of the tunneling rate
A associated with the spontaneous neuronal activity can also be used to disarm seizure, and

we have listed some factors that can stimulate this spontaneous activity.

Finally, we observe that our neural network model allows us to describe the mechanism
of seizure within a framework that is considerably broader than that offered by conventional
biophysical models, such as those based on the Hodgkin—Huxley formalism. Indeed, in our
quantum mechanical framework, the seizure is understood as a phase transition from an inco-
herent process to a coherent collective one. Within this phase transition, we have access to a
wide range of analytical tools that enable a more precise characterization and deeper under-
standing of the seizure, including the average energy, intensity, and characteristic timescale

of the supercurrent pulses.
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