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Introduction: Spinal cord stimulation (SCS) is an emerging intervention used to treat neuropathic pain by inducing depolarization 
mediated by ion channels. According to the principles of classical electrophysiology, SCS will fail to induce depolarization if the 
barrier height of potassium channels is lower than that of sodium channels; moreover, the SCS seems to add more energetic burden on 
the neurons which may worsen the neuropathic pain. Therefore, our research question is “does quantum physics offer an alternative 
mechanism that may solve these two problematic concerns?”.
Methods: In the present study, a mathematical model of quantum tunneling is applied on two-pore domain potassium channel K2P 
and sodium leak channel NALCN channels. The equations that describe the relationship between the external electric field produced 
from SCS and the membrane potential are stated clearly. Then, these equations are inserted in the MATLAB software to be solved for 
the membrane potential.
Results and discussion: Our results indicate that quantum tunneling model predicts the occurrence of depolarization induced by SCS 
even in the case that potassium channels have lower barrier height because the quantum model predicts that extracellular potassium 
ions have higher kinetic energy and higher tunneling probability compared to the intracellular potassium ions. As a result, net inward 
potassium current is generated and is able to depolarize the membrane potential. Hyperpolarization is predicted by the quantum model 
only in the case in which the influence of the external electric field on the kinetic energy of ions is considered and its direction is 
opposite to the direction of the electric field of the neuronal membrane. In addition, quantum tunneling-assisted depolarization utilizes 
lower energy compared to the depolarization induced by the classical opening of closed channels because the quantum tunneling of 
ions requires lower energy than the barrier height for the transport to occur.
Keywords: quantum tunneling, chronic pain, ion channels, spinal cord stimulation

Introduction
Chronic neuropathic pain is a common and disabling health problem.1,2 Several etiologies lead to pain symptoms 
including diabetic neuropathy, post-herpetic neuralgia, trigeminal neuralgia, traumatic neuropathy, demyelinating dis
eases, chemotherapy-induced neuropathic pain, stroke, complex pain regional syndromes, fibromyalgia and many 
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others.3,4 Chronic neuropathic pain is characterized by peripheral and central sensitization due to hyper-excitability of 
neurons.5 The hyperexcitability of neurons is attributed to three main mechanisms that include membrane depolarization, 
ectopic neuronal firing, and ephaptic coupling between neurons.1,6–12 All these mechanisms lead to an increase in the 
pain signals coming from the periphery to the central brain regions.1,6–12 The state of hyperexcitability of neurons results 
from the interaction of neurons, glia and immune cells to release various cytokines, chemokines, monoamines, and 
neuropeptides. In addition, the inflammation, trauma, ischemia and hypoxia affect the integrity of the neuronal membrane 
and their integral proteins including ion channels.13 All these mediators and pathological changes alter the functions of 
several ion channels including sodium and potassium channels, which depolarize the membrane potential making 
neurons more excitable with a lower pain threshold.14,15 Given the complexity of the chronic neuropathic pain, its 
treatment still poses a great challenge to physicians in the clinical practice even though several drugs are available 
including tricyclic antidepressants, serotonin-norepinephrine reuptake inhibitors (SNRIs), gabapentin, pregabalin and 
opioids such as tramadol and morphine.16 Unfortunately, not all patients who are prescribed these analgesic agents 
achieve satisfactory outcomes; hence, other treatment modalities such as spinal cord stimulation (SCS) were 
introduced.17

SCS is a new emerging technique used to treat chronic pain by inserting electrodes in the epidural space that deliver 
electric impulses with certain frequency and amplitude, which elicit further excitation in the peripheral nerves.17,18 This 
excitation generates antidromic and orthodromic action potentials that have segmental and supra-segmental therapeutic 
effects.17,18 The basic mechanism of SCS seems paradoxical as the injured neurons implicated in the chronic pain show 
high levels of excitability. Therefore, researchers proposed several mechanisms of action that can explain the therapeutic 
effects of SCS. The gate theory, which is proposed by Ronald Melzack and Patrick Wall, states that activation of non- 
nociceptive fibers interferes with the pain signals via the antidromic action potentials.17,18 In addition, orthodromic action 
potentials can activate supra-segmental anti-nociceptive pathways including noradrenergic and serotonergic neurons that 
have analgesic effects.17,18 Furthermore, SCS can modulate the function of glial cells and the release of inflammatory 
mediators mitigating the inflammation that plays a role in maintaining pain.17,18 Furthermore, the antidromic signals 
stimulate the segmental inhibitory neurons by releasing more GABA neurotransmitters.17,18 Moreover, the stimulation 
provided by SCS via depolarization increases the release of other analgesic neurotransmitters such as endocannabinoids, 
acetylcholine and opioids.17,18 In addition, SCS attenuates the activation of microglial cells which leads to the reduction 
in the release of the pro-inflammatory cytokines.17,18 Interestingly, depolarization in the membrane of microglial cells is 
responsible for shifting these cells from the pro-inflammatory state to the ant-inflammatory state.19,20 Therefore, the 
depolarization induced by SCS may represent the central mechanism that is responsible of the analgesic effects mediated 
by the chemical, electrical and cellular modulation.

There are several modes of nerve stimulation at the level of the spinal cord and these include Dorsal Root Ganglion- 
Stimulation (DRG-S), Paresthesia-Spinal Cord Stimulation (P-SCS) and paresthesia free-spinal cord stimulation (PF- 
SCS), which includes High Frequency-SCS (HF-SCS), Burst-SCS (B-SCS) and Evoked Compound Action potential- 
SCS.18 The delivery of electric pulses by several methods of stimulation produces electric charges that distribute through 
the targeted area of the spinal cord. These charges induce electric fields (EFs) that can modulate the neuronal activity.18 

The amount of charge and thus the strength of the EF are related to the pulse width, the frequency of the pulses and the 
amplitude of the current.18 P-SCS delivers a larger amount of charge that can produce a stronger EF if it is compared 
with PF-SCS. This explains the occurrence of paresthesia as a side effect of P-SCS due to the stronger EF that can elicit 
the generation of action potentials in A-beta neurons.17,18 Therefore, EFs generated by PF-SCS are not strong enough to 
stimulate A-beta fibers; hence, the gate theory in this regard cannot explain the analgesic effects of PF-SCS.17,18 P-SCS 
induces both orthodromic and antidromic action potentials that lead to segmental and supra-segmental mechanisms that 
result in pain relief; however, PF-SCS has not been shown to induce such analgesic mechanisms raising the quest to 
search for the specific mechanisms through which PF-SCS mediates the analgesic effects.17,18 Reversible depolarization 
blockage and neuronal-glial modulation have been hypothesized as possible analgesic mechanisms of PF-SCS.18

The discussion of the mechanism of action of SCS is entirely based on the classical behavior of ions and their 
channels. However, an important aspect of ions’ behavior needs to be addressed to complement our understanding of the 
mode of action of SCS, which is the quantum mechanical behavior of ions. Recently, it has been proposed that the 
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quantum behavior of sodium and potassium ions may contribute to the hyperexcitability in chronic neuropathic pain.21 

Focusing on the quantum phenomena within biological systems is a major aim of a new emerging field called quantum 
biology.22 Quantum biology is a scientific area that represents the intersection between biology and quantum mechanics 
exploring the theoretical and experimental applicability of the principles of quantum mechanics on biological systems.22 

It provides quantum mechanical tools to investigate the quantum wave behavior of particles such as electrons, protons, 
ions and even molecules and their role in the biological processes.22 One particular consequence of quantum mechanics, 
which will be implemented in this study, is quantum tunneling which is defined as a quantum transport of a particle 
through an energy barrier that its energy is higher than the energy of the particle. Quantum tunneling has been used to 
explain the mechanism of action of enzymes, the point DNA mutation and the transport of ions.22 Moreover, several 
works provided evidence on the importance of the quantum effects in consciousness and neurotransmitter release in 
neurons.23,24

In the present study, we aim to extend the application of principles of quantum biology, particularly quantum 
tunneling, to provide a more comprehensive understanding of the mechanisms of SCS. Quantum tunneling transport 
implies that ions use energy less than the barrier height for the transport to occur,22 while the classical transport implies 
that ions must have energy equals or higher than the barrier height for the transport to occur. On the other hand, quantum 
tunneling transport follows the rules of the quantum probability which is based on the Schrodinger equation and Max 
Born rule,25 while the classical transport will be based on the principles of thermodynamics and Boltzmann distribution 
of energy. Besides, several mechanisms have been proposed to explain how the quantum behavior of particles such as 
ions can be sustained in the hot noisy biological environment.26–31 These include environment-assisted quantum 
transport, the de-coherence-free subspace such as hydrophobic pockets and gates, the electromagnetic fields augmenta
tion of the quantum fluctuations, the non-markovian dynamics and environmental memory, the quantum Zeno effect, 
topological protection and other mechanisms.26–31

If the electric fields produced by the SCS activate both sodium and potassium channels, then according to the classical 
electrophysiology, a depolarization is not expected to occur or even a hyperpolarization occur particularly at the resting 
state at which potassium ions have higher permeability, which comes in conflict with the basic mechanism of SCS. 
Moreover, inducing action potentials in neurons is an energy-consuming process from a classical point of view that puts 
neurons at the risk of ATP production failure, oxidative stress, inflammation, or even cell death which might worsen the 
neuropathic pain.32–34 Hence, our research question is “does the quantum model provide more advantageous mechanisms 
that guarantee the occurrence of depolarization but with lower energetic burden on neurons?” Therefore, we aim to show 
that quantum tunneling of ions can explain the depolarization induced by the SCS in the resting state of neurons and with 
lower energy demand on them. Up to the authors’ knowledge, this is the first study that explores the quantum mechanical 
aspects in the mechanism of spinal cord stimulation to treat chronic neuropathic pain by studying the influence of the 
electric field on the hydrophobic gate and its consequence on the quantum tunneling probability.

Materials and Methods
Several types of ion channels are involved in the pathophysiology of chronic neuropathic pain including two-pore 
domain potassium K2P channels and NALCN sodium channels.35–38 In the present study, the mathematical model of the 
quantum tunneling of ions is applied to these ion channels which possess a hydrophobic gate39,40 to explore and 
investigate the therapeutic effects of SCS. This model states that ions can behave wave-like while passing through the 
closed gates of ion channels. Specifically, ions can have a non-zero probability to pass through the closed gates via 
a quantum tunneling.39,40 The quantum tunneling allows ions to pass through barriers whose potential energy is higher 
than the kinetic energy of ions, while the classical transport occurs only when the kinetic energy of ions is higher than the 
energy of the barrier. See Figure 1. Therefore, the tunneling of extracellular ions will be from the extracellular 
compartment to the intracellular one, while the intracellular ions tunnel from the intracellular compartment to the 
extracellular one.

Particularly, the two-pore domain potassium K2P channels and NALCN sodium channels block the passage of ions 
by posing an energy barrier made by hydrophobic amino-acids at the intracellular end.41–46 However, the intracellular 
gate of K2P channel is formed by hydrophobic residues, while the intracellular gate of NALCN channel is not only 
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Figure 1 The figure represents a schematic illustration of the classical and quantum tunneling transports through the closed hydrophobic gate (shown in yellow) at the 
intracellular constriction of two alpha helices of an ion channel (two of them are shown for the sake of simplicity by the black helices) (a) In the classical transport, when the 
barrier height G is higher than the kinetic energy of the ion, the transport is not allowed because the energy requirement is not met, which is represented by the black 
reflected arrows. (b) In the quantum tunneling transport, when the barrier height is higher than the kinetic energy of extracellular ion, transport is allowed due to the 
quantum mechanical behavior of ions. (c) In the quantum tunneling transport, when the barrier height is higher than the kinetic energy of intracellular ions, transport is 
allowed due to the quantum mechanical behavior of ions. However, the tunneling probability of extracellular ions is higher than that of intracellular ion, which is represented 
by the higher wave amplitude for extracellular ions if it is compared with the wave amplitude of intracellular ions after passing the hydrophobic gate.

https://doi.org/10.2147/JPR.S566042                                                                                                                                                                                                                                                                                                                                                                                                                                                                           Journal of Pain Research 2026:19 4

Abdallat et al                                                                                                                                                                        

Powered by TCPDF (www.tcpdf.org)Powered by TCPDF (www.tcpdf.org)



formed by hydrophobic residues but also by the hydrogen bonding between III–IV linker with II–III linker and S6 
helix,44–46 which indicates that the gate of NALCN channel is more tightly sealed off. See Figure 2. This discrepancy in 
the gating mechanism may explain why the resting conductance of potassium ions is higher than that of sodium ions, thus 
generating a potential that is negative inside with respect to the outside of the neuron.

These channels are also called leak channels that are responsible for the leaky conductance of potassium and sodium 
ions at the resting state of neurons. Hence, they are vital for establishing the neuron’s resting membrane potential of – 70 
mV. The negative sign indicates that it is negative inside with regard to the outside of the neuron. Therefore, these 
channels are suitable and reasonable molecular targets to study the influence of the electric field induced by SCS on the 

Figure 2 (a) A schematic representation of the intracellular gate of K2P channel which is sealed off by hydrophobic residues shown in yellow. (b) A schematic 
representation of the intracellular gate of NALCN channel which is not sealed off only by hydrophobic residues but also by a short alpha helix of III–IV linker (shown in 
Orange) which is stabilized by forming hydrogen bonds with the hydrophobic residues and another linker called II–III linker (shown in green). These channels are embedded 
within phospholipids (yellow heads with black tails as in the Figure) of the neuronal membrane. The potential of the membrane is negative (-) inside the neuron with respect 
to outside the neuron, which is positive (+).
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excitability of neurons. Based on the studies using the potential mean forces (PMFs),41–44,47 the shape of the hydrophobic 
barriers can be approximated using the symmetrical Eckart barrier, which can be given by the following equation:48–50

where G is the barrier height, x is the position of the ion within the closed gate while passing through the barrier, and L is 
the barrier width at which UðLÞ ¼ 0:42G. This equation tells us how difficult it is for ions to cross the closed gate at each 
point in terms of energetic cost. Thus, as U(x) value increases, it becomes harder for ions to cross that point and vice 
versa.

The symmetrical Eckart barrier can be represented as in Figure 3.
The symmetrical Eckart barrier is one of the widely used barriers to investigate the quantum tunneling probability of 

particles.48–50 Particularly, the probability of quantum tunneling TQ of ions through the symmetrical Eckart barrier can be 
calculated by the following equation:48–50

where α ¼
ffiffiffiffiffiffiffiffi
8π2M
p

�h in which M is the mass of the ion and �h is the reduced Planck constant and KE is the kinetic energy of 
the ion.Based on equation (2), four physical factors can determine the value of tunneling probability TQ. These include 
the mass of the ion, the length of the barrier, the barrier height and the kinetic energy of the ion. The relationship between 
TQ and the four physical factors is exponential and is represented by the base of e, the Euler’s number, which is 
approximated by the value of 2.718. This means that the value of TQ is very sensitive to changes in the four physical 
factors. As the values of gate length, the mass of ion and the barrier height increase, the tunneling probability decreases 
and vice versa, while as the kinetic energy of the ion increases, the tunneling probability increases.

The kinetic energy of ions varies according to their compartments. Since the closed gate is located at the intracellular 
end (See Figure 2), the extracellular ions while passing through the neuronal membrane acquire kinetic energy because 
the electric potential of the membrane is negative inside with regard to outside, while intracellular ions hit the gate before 
going through the membrane potential. See Figure 1. Therefore, the kinetic energy of extracellular ions KEo and 
intracellular ions KEi can be calculated by the following equations, respectively:

Figure 3 A schematic diagram that illustrates the potential energy of the closed gate U(x), the position of the ions within the hydrophobic gate x, the barrier height G and 
the length of the gate L at which U(x) = 0.42 G.
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where q is the charge of ion, Vm is the neuron’s membrane potential, and 1
2 KBT is the average thermal kinetic energy of 

ions in which KB is the Boltzmann constant and T is the absolute body temperature in the unit of Kelvin (K). Here, 12 KBT 
is used instead of 32 KBT because ions are moving in one dimension (1D). The influence of the internal electric field on the 
kinetic energy of intracellular ions is not considered in Equation (4) because the length of the gate is small compared to 
the thickness of the membrane making the contribution of the internal electric field to the kinetic energy of intracellular 
ions small compared to extracellular ions yielding negligible impact on the values of the membrane potential since the 
tunneling probability is exponentially sensitive to the kinetic energy of the ions. Therefore, we neglect the influence of 
the internal electric field on the intracellular ions to make the framework simple without affecting the numerical results 
and their corresponding conclusions. Based on Equations (3) and (4), the extracellular ions are expected to have higher 
kinetic energy and thus higher tunneling probability if they are compared with the intracellular ions. See Figure 1.

The external electric fields produced from SCS induce wetting in the hydrophobic gate of channels.51 This wetting 
decreases the energy barrier of the gate making the passage of ions more permitted. This effect is demonstrated in 
serotonin receptor-3 (5-HT3) receptor, which possesses a hydrophobic gate, under the influence of an external field.51 

K2P and NALCN channels also have a hydrophobic gate and thus they are candidate targets to be influenced by SCS. 
Interestingly, both directions of electric field (the same and the opposite of the direction of the internal electric field of 
neuronal membrane) can hydrate the hydrophobic pore and increase the permeability of ions.51 However, the one with 
the same direction of the electric field of neuronal membrane induces wetting with a higher probability of hydration.51 

See Figure 4.
The influence of the external electric field on the barrier height of the gate can be evaluated by the following 

equation:51

where G� is the decreased barrier height under the influence of the external electric field, m refers to the strength of the 
coupling between hydration probability and the strength of the external electric field with a unit of (10� 20� J.m2.V−2), so 
this factor quantifies the extent to which the electric field lowers the energy barrier, thus facilitating ion entry through the 
gate, E is the external electric field induced by SCS, and EINT is the intrinsic electric field arising from the charged amino 
acids of the channel protein,51 which counteracts the electric field induced by SCS. According to this equation, three 
physical factors contribute to the magnitude of the decrease in the barrier height of the closed gate. As the coupling 
factor m and the external electric field E increase, the drop in the barrier height increases, and thus the hydration 
probability increases, while as the intrinsic electric field increases, it becomes more difficult for the external electric field 
to decrease the barrier height and to increase the hydration probability.

Based on equation (5), the differential effect of the direction of the external electric field can be explained 
by m values. The external electric field with the direction of the internal electric field of the neuronal membrane may 
have higher m value compared with the electric field with the opposite direction. Hence, it has higher coupling between 
hydration probability and the strength of the electric field.45 In both cases, the electric field reduces the barrier height of 
the gate by the magnitude of mðE � EINTÞ

2. See Figure 5.
In this study,52 the focus was the influence of the external electric fields on the selectivity filter of voltage-gated 

channels, which is different from our molecular target studied in our work. In the same study,52 the external electric fields 
increase the rigidity of the selectivity filter, which is made by several carbonyl oxygens. The increase in the rigidity is 
attributed to the decrease in the radius of the selectivity filter. As a consequence, the depth of the energy barrier increases 
and the flow of ions decreases. However, in our work, we focused on the influence of the electric fields on the energetics 
of the hydrophobic gate of the major leaky channels, which do not have selectivity filter. Our work is based on the idea 
that the external electric field can decrease the barrier heights of the hydrophobic gate, which is the opposite outcome 
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found in the selectivity filter. The difference in the final outcome is related to the changes in the molecular structures 
between the selectivity filter and the hydrophobic gate; hence, the interaction with the external electric field will be 
different. The external electric field increases wetting (hydration) within hydrophobic particles.53 This statement was 
supported because the external electric fields decrease the thickness of the hydrophobic layer near hydrophobic particles 
weakening the adsorption between the hydrophobic particles and the gas molecules and making the H2O molecules more 
mobile. The thinning hydrophobic layer means that the range of hydrophobic attraction becomes small, which is 

Figure 4 The figure represents a schematic representation of wetting (hydrating) the hydrophobic pore under the influence of the external electric field. The probability of 
hydration is higher when the direction of the external electric field goes with the direction of the electric field of the neuronal membrane as in (a) compared when it is in 
opposite direction as in (b). The figure shows two conditions for the angle between the electric field and membrane potential, which are 0 and 180 in (a) and (b) respectively. 
The effect when the angle is between them needs to be verified by experimental studies. The blue dots refer to water molecules and their number indicates the hydration 
probability. The higher is the number of the blue dots, the higher is the hydration probability. The external electric field is represented by the red arrows and the electrical 
pulses by the black stepwise lines.
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disadvantageous for the adhesion of the dissolved gas on the hydrophobic surface.53 The accumulative evidence indicates 
that dewetting (dehydration) increases the energy burden on ion passage while wetting decreases the barrier energy by 
adopting the aqueous state which facilitates the passage of ions.42,54

The influence of the external electric field on the kinetic energy of ions can be calculated according to two conditions:
1) when the direction of the external electric field is with the direction of the electric field of the neuronal membrane 

and in this case the kinetic energy of ions can be investigated according to these equations:

Equation (6) refers to the kinetic energy of extracellular ions under the influence of the external electric field and the 
internal electric field of the neuronal membrane.

On the other hand, the influence made by the external electric field on the intracellular ions can be calculated by this 

mathematical expression KEi ¼

1
2KBTþ 1

KBT

ð 1

ELq

ðZ� ELqÞe
� Z

KBT dZ

2 . However, when we solve the integral 1
KBT

ð1

ELq
ðZ � ELqÞe

� Z
KBTdZ 

using MATLAB, it will be reduced to KBTe
� ELq
KBT ; and the mathematical expression becomes:

where Z is the thermal energy, d is the thickness of the neuronal membrane, q is the charge of the ion, and L is the length 
of the gate. The thermal energy Z refers to all possible values of kinetic energy at certain body temperature and 1

2 KBT is 
the average value of all these values. In equation (7), the kinetic energy of the intracellular ion is calculated as the 
average of the two values at the beginning and the end of the gate.

2) When the direction of the external electric field is the opposite of the direction of the electric field of the neuronal 
membrane and in this case the kinetic energy of ions can be calculated by the following equations:

Figure 5 The figure represents a schematic diagram that illustrates the drop in the barrier height of the hydrophobic gate under the influence of the electric field. The drop 
in the barrier height is by the magnitude of mðE � EINT Þ

2 .

Journal of Pain Research 2026:19                                                                                                     https://doi.org/10.2147/JPR.S566042                                                                                                                                                                                                                                                                                                                                                                                                       9

Abdallat et al

Powered by TCPDF (www.tcpdf.org)Powered by TCPDF (www.tcpdf.org)



In equation (9), the kinetic energy of the intracellular ion is calculated as the average of the two values at the beginning 
and the end of the gate. At the beginning of the gate, the kinetic energy of intracellular ions is 12 KBT and at the end of the 
gate, their kinetic energy is 1

2 KBT þ ELq: Taking the average of these two expressions, this gives Equation (9).
The term qVm reflects the influence of the internal electric field of the neuronal membrane on the kinetic energy of 

ions, while the term Edq or ELq reflects the influence of the external electric field on kinetic energy of ions.
In our paper, we are going to investigate the relationship between the external electric field and the membrane 

potential when the effect of the external electric field on the kinetic energy of ions is not considered in the calculations 
and then when this effect is considered in the calculations. The former case occurs when the external electric field is 
applied for a sufficiently long time than the time required to reach a new steady state for the neuronal membrane 
potential, while the latter case occurs when the external electric field is applied for a time shorter than the time required to 
reach the new steady state. We will address both cases to provide more comprehensive understanding of the quantum 
mechanical mechanisms of the SCS.

The quantum tunneling of ions through the closed ion channels results in quantum flow of ions, which can be 
quantified by the quantum conductance. The quantum unitary conductance Cq of ions of single channel can be calculated 
by the following equation:50

where h is the Planck constant, q is the charge of the ion and TQ is the tunneling probability. The unit of CQ will be 
Siemens (S). The quantum unitary conductance tells us how permeable this channel is to a particular ion via quantum 
tunneling. The quantum membrane conductance MCQ due to quantum tunneling in a certain number of ion channels can 
be calculated by the following equation:55

where D is the density of ion channels within the membrane with a unit of m� 2. Thus, the unit of the quantum membrane 
conductance is S.m−2. The quantum membrane conductance tells us how permeable the membrane is to a particular ion 
via quantum tunneling.

Moreover, the quantum unitary conductance and the quantum membrane conductance depend on the value of 
tunneling probability, thus they will be very sensitive to the changes in the length of the barrier, the mass of the ion, 
the barrier height, and the kinetic energy of the ion as we explained before.

To evaluate the interplay between the quantum tunneling probability, the strength of the electric field and the resting 
membrane potential of neurons, the quantum version of the Goldman-Hodgkin-Katz (GHK) equation can be used:56

where Na½ �o is the extracellular concentration of sodium ions, K½ �o is the extracellular concentration of potassium ions, 
Na½ �i is the intracellular concentration of sodium ions, K½ �i is the intracellular concentration of potassium ions, MCNa is 

the leaky membrane conductance of sodium ions, MCK is the leaky membrane conductance of potassium ions, MCQ� NaðoÞ

is the quantum membrane conductance of extracellular sodium ions, MCQ� KðoÞ is the quantum membrane conductance of 
extracellular potassium ions, MCQ� NaðiÞ is the quantum membrane conductance of intracellular sodium ions, MCQ� KðiÞ is 
the quantum membrane conductance of intracellular potassium ions, Vm is the resting membrane potential, KB is the 
Boltzmann constant, and T is the absolute body temperature in the unit of Kelvin (K). The standard form of the GHK 
equation contains one value of conductance for potassium and sodium ions. However, since quantum conductance is 
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introduced and is calculated by different equations from the classical (leaky) conductance, we modified the equation so 
that the total conductance is the sum of the classical and quantum conductance values.

On the other hand, the influence of the electric fields induced by SCS on the classical transport of ions through open 
channels and its relation to the resting membrane potential can be assessed by the following equation:55

where CNa is the unitary conductance of the sodium channel when it is open and CK is the unitary conductance of the 
potassium channel when it is open. A value of 1� 10� 12 S will be used for both sodium and potassium channels.50 

Equation (13) is similar to equation (12) except that we evaluate the effect of the drop in the barrier height on the 
classical conductance of potassium and sodium channels based on the Boltzmann distribution of the thermal energy and 
thus the effect on the resting membrane potential. In other words, we evaluate the ability of the thermal biological 
environment to affect the classical conductance in response to the drop in the barrier height by providing sufficient 
energy to open the closed channels.

Results
In this section, we are going to explore the relationship between the strength of the external electric field produced by 
SCS and the neuron’s membrane potential according to the quantum and classical transports. This will enable us to reveal 
the quantum mechanical aspects of the therapeutic effects of SCS to treat chronic neuropathic pain. Six different values 
of m are used to study the quantum mechanical aspects of SCS, which are 200, 210,220, 300, 310, and 320 based on the 
results obtained in this reference.51 According to this reference, the m parameter takes a wide range of values depending 
on the water model and the level of pore hydration, hence we choose several values to capture the wide range and provide 
a comprehensive understanding of the influence of the m parameter on quantum tunneling. These values have the unit of 
10� 20 J nm2 V−2. Moreover, EINT values take the range between (1–2) �107 V/m according to the same reference, which 
will be considered in the following analyses. In addition, we will use the values of the physical parameters described in 
the previous section, which can be found in Table 1. The values of the constants in the table above are universal and have 
been used in the biological environment of neurons.55 The values of ions concentrations and their conductance have been 
validated and used across many physiological studies and are applicable to neurons. They are set to yield a neuronal 

Table 1 The Values of the Physical Parameters Used in the Present Study

Parameter Value

The thickness of neuronal membrane d 7� 10� 9 m

The length of the closed gate L 1� 10� 9 m

The mass of sodium 3:8� 10� 26 Kg

The mass of potassium 6:5� 10� 26 Kg

Extracellular sodium concentration Na½ �o 142 mmol/L

Intracellular sodium concentration Na½ �i 14 mmol/L

Extracellular potassium concentration K½ �o 4 mmol/L

Intracellular potassium concentration K½ �i 140 mmol/L

The charge of sodium ion 1:6� 10� 19 C

(Continued)
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membrane potential of 0.07 V,55 which will be used as a reference point to observe any depolarization or hyperpolariza
tion. The length of the closed gate ranges between several angstroms up to one nanometer, hence we chose one 
nanometer as the maximum value because it would be more feasible to apply the conclusions on the lower values 
since the quantum behavior and quantum tunneling is more evident on the smaller scale.41

Using MATLAB software, all the equations described in the previous section are inserted in the software and the 
values presented in the above mentioned table are substituted. The software will solve Equation (12) for the dependent 
variable, the membrane potential Vm, with respect to the intensity of the external electric field E that is expected to alter 
the potential at different values of m, G and EINT . Then, the relationship between the membrane potential and electric 
field is plotted. The plots obtained will represent the influence of the external electric field on the membrane potential 
mediated by the quantum tunneling through the closed gate. The same methodological approach will be applied on 
Equation (13) to obtain the plots for the classical model. To ensure computational accuracy, the steady state of the net 
flow of ions for both classical and quantum models is found by solving the GHK equation as an implicit function using 
the MATLAB fimplicit function and tracing its zero-contour. In addition, we used the parameter MeshDensity to be 500 
to get high-resolution trace of the zero-level curve of GHK equations.

The influence of the electric field induced by SCS on the neuron’s membrane potential according to the quantum 
tunneling transport without considering its influence on the kinetic energy of ions

Because the external electric field will affect both potassium and sodium channels, it is important to assess the 
relationship between the strength of the electric field and the neuron’s membrane potential under the influence of the 
quantum tunneling of both potassium and sodium ions together. Figure 6 will assess such relationship when the barrier 
height GNa;K ¼ 5� 10� 20 J and GNa;K ¼ 10� 10� 20 J41–44 based on Equation (12).

We are interested in investigating the situation in which the barrier height of the closed gate of potassium channels is 
lower than that of sodium channels. This assumption is rationalized because the leaky membrane conductance of 
potassium ions is higher than that of sodium ions and the closed gate of potassium K2P channels is less strictly sealed 
off if they are compared with NALCN channels as we explained before. We will study two cases:

1. GK ¼ 5� 10� 20 J and GNa ¼ 10� 10� 20 J and,
2. GK ¼ 8� 10� 20 J and GNa ¼ 10� 10� 20 J.
The relationship between the strength of the electric field and the neuron’s membrane potential under the influence of 

the quantum tunneling of both potassium and sodium ions according to the both cases can be investigated. See Figure 7.
The influence of the electric field induced by SCS on the neuron’s membrane potential according to the quantum 

tunneling transport considering its influence on the kinetic energy of ions

Table 1 (Continued). 

Parameter Value

The charge of potassium ion 1:6� 10� 19 C

The leaky membrane conductance of sodium MCNa 0:22 S/m2

The leaky membrane conductance of potassium MCK 5 S/m2

The Planck constant h 6:6� 10� 34 Js

The reduced Planck constant �h 1:05� 10� 34 Js

The Boltzmann constant KB 1:38� 10� 23 J/K

The Body temperature T 310 K

The gas constant R 8.314 J/mol.K

The Faraday’s constant F 96485 C/mol

The density of channels D 100 channels per μm2
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Figure 6 (a–c) and (g–i) The relationship between the strength of the external electric field E and the resting membrane potential under the influence of the quantum 
tunneling of both sodium and potassium ions at EINT ¼ 1� 107 V/m for (a) and (g), EINT ¼ 1:5� 107 V/m for (b and h) and EINT ¼ 2� 107 V/m for (c and i) and at three 
different values of m which are m ¼ 200, m ¼ 210 and m ¼ 220. (d–f) and (j–l) The relationship between the strength of the electric field E and the resting membrane potential 
under the influence of the quantum tunneling of both sodium and potassium ions at EINT ¼ 1� 107 V/m for (d and j), EINT ¼ 1:5� 107 V/m for (e and k) and EINT ¼ 2� 107 V/ 
m for (f and l) and at three different values of m which are m ¼ 300, m ¼ 310 and m ¼ 320. The relationship is assessed at GNa;K ¼ 5� 10� 20 J for (a–f) and at 
GNa;K ¼ 10� 10� 20 J for (g–l) according to the quantum model without considering the influence of the external electric field on the kinetic energy of ions.
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Figure 7 (a–c) and (g–i) The relationship between the strength of the external electric field E and the resting membrane potential under the influence of the quantum tunneling of both 
sodium and potassium ions at EINT ¼ 1� 107 V/m for (a and g), EINT ¼ 1:5� 107 V/m for (b and h) and EINT ¼ 2� 107 V/m for (c and i) and at three different values of m which are 
m ¼ 200, m ¼ 210 and m ¼ 220. (d–f) and (j–l) The relationship between the strength of the external electric field E and the resting membrane potential under the influence of the 
quantum tunneling of both sodium and potassium ions at EINT ¼ 1� 107 V/m for (d and j), EINT ¼ 1:5� 107 V/m for (e and k) and EINT ¼ 2� 107 V/m for (f and l) and at three 
different values of m which are m ¼ 300, m ¼ 310 and m ¼ 320. The relationship is investigated at GK ¼ 5� 10� 20 J and GNa ¼ 10� 10� 20 J for (a–f) and at GK ¼ 8� 10� 20 J and 
GNa ¼ 10� 10� 20 J for (g–l) according to the quantum model without considering the influence of the external electric field on the kinetic energy of ions.
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For the purpose of comparison, the same investigation conducted in the previous section will be applied here, but in 
this case the influence of the external electric field on the kinetic energy of ions will be considered according to Equations 
(6)–(9) along with its influence on the barrier height of the hydrophobic gate. Accordingly, there are two cases:

1. If the direction of the external electric field is with the direction of the electric field of the neuronal membrane, the 
results will be as the following:

The relationship between the external electric field and the membrane potential at GNa:K ¼ 5� 10� 20 J and 
GNa:K ¼ 10� 10� 20 J can be evaluated. See Figure 8.

The relationship between the electric field and the membrane potential at:
1. GK ¼ 5� 10� 20 J and GNa ¼ 10� 10� 20 J and,
2. GK ¼ 8� 10� 20 J and GNa ¼ 10� 10� 20 J can be evaluated. See Figure 9.
Each subplot in the figures above contains three graphs but they appear as one graph because they have very close 

values of membrane potential at each value of electric field.

1. If the direction of the external electric field is opposite to the direction of the internal electric field of the neuronal 
membrane, the results will be as the following:

The relationship between the external electric field and the membrane potential at GNa;K ¼ 5� 10� 20 J and 
GNa;K ¼ 10� 10� 20 J can be evaluated. See Figure 10.

The relationship between the external electric field and the membrane potential at:
1. GK ¼ 5� 10� 20 J, and GNa ¼ 10� 10� 20 J, and
2. GK ¼ 8� 10� 20 J and GNa ¼ 10� 10� 20 J can be evaluated. See Figure 11.
The influence of the electric field induced by SCS on the neuron’s membrane potential according to the classical 

transport.
Classical transport of ions through open channels is another mode of transport which occurs when the kinetic energy 

of ions is sufficient to overcome the barrier height of the closed gate. Based on the classical electrophysiology, the 
opening of sodium channels results in membrane depolarization, while the opening of potassium channels results in 
membrane hyperpolarization. In this section, we are going to study the influence of the external electric field on the 
classical transport of potassium and sodium ions and its effect on the neuron’s membrane potential. This will aid in 
elaborating the differences between the quantum and classical transports and thus providing quantum mechanical aspects 
of the therapeutic effects of SCS to treat chronic neuropathic pain.

Based on Equation (13), the relationship between the strength of the external electric field and the membrane potential 
under the influence of opening the closed channels of both sodium and potassium ions can be investigated at 
GNa;K ¼ 5� 10� 20 J and GNa;K ¼ 10� 10� 20 J as in Figure 12.

Furthermore, the same relationship can be investigated when there is discrepancy between the values of the barrier 
height of potassium and sodium channels according to two possible cases:

1. GK ¼ 5� 10� 20 J and GNa ¼ 10� 10� 20 J and,
2. GK ¼ 8� 10� 20 J and GNa ¼ 10� 10� 20 J, which are assessed as in Figure 13.

To perform an objective comparison between the quantum and classical models in terms of energy efficiency, the 
following equation can be used:

Journal of Pain Research 2026:19                                                                                                     https://doi.org/10.2147/JPR.S566042                                                                                                                                                                                                                                                                                                                                                                                                      15

Abdallat et al

Powered by TCPDF (www.tcpdf.org)Powered by TCPDF (www.tcpdf.org)



Figure 8 (a–c) and (g–i) The relationship between the strength of the external electric field and the resting membrane potential under the influence of the quantum 
tunneling of both sodium and potassium ions at EINT ¼ 1� 107 V/m for (a and g), EINT ¼ 1:5� 107 V/m for (b and h) and EINT ¼ 2� 107 V/m for (c and i) and at three 
different values of m which are m ¼ 200, m ¼ 210 and m ¼ 220. (d–f) and (j–l) The relationship between the strength of the external electric field E and the resting 
membrane potential under the influence of the quantum tunneling of both sodium and potassium ions at EINT ¼ 1� 107 V/m for (d and j),EINT ¼ 1:5� 107 V/m for (e and 
k) and EINT ¼ 2� 107 V/m for (f and l) and at three different values of m which are m ¼ 300, m ¼ 310 and m ¼ 320. The relationship is assessed at GNa;K ¼ 5� 10� 20 J for 
(a–f) and at GNa;K ¼ 10� 10� 20 J for (g–l) according to the quantum model and considering the influence of the external electric field on the kinetic energy of ions, which 
its direction is the same as the direction of the internal electric field of the neuronal membrane.
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Figure 9 (a–c) and (g–i) The relationship between the strength of the external electric field E and the resting membrane potential under the influence of the quantum tunneling 
of both sodium and potassium ions at EINT ¼ 1� 107 V/m for (a and g), EINT ¼ 1:5� 107 V/m for (b and h) and EINT ¼ 2� 107 V/m for (c and i) and at three different values 
of m which are m ¼ 200, m ¼ 210 and m ¼ 220. (d–f) and (j–l) The relationship between the strength of the external electric field E and the resting membrane potential under 
the influence of the quantum tunneling of both sodium and potassium ions at EINT ¼ 1� 107 V/m for (d and j),EINT ¼ 1:5� 107 mV/m for (e and k) and EINT ¼ 2� 107 V/m 
for (f and l) and at three different values of m which are m ¼ 300, m ¼ 310 and m ¼ 320. The relationship is investigated at GK ¼ 5� 10� 20 J and GNa ¼ 10� 10� 20 J for (a–f) 
and at GK ¼ 8� 10� 20 J and GNa ¼ 10� 10� 20 J for (g–l) according to the quantum model and considering the influence of the external electric field on the kinetic energy of 
ions, which its direction is the same as the direction of the internal electric field of the neuronal membrane.
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Figure 10 (a–c) and (g–i) The relationship between the strength of the external electric field E and the resting membrane potential under the influence of the quantum 
tunneling of both sodium and potassium ions at EINT ¼ 1� 107 V/m for (a and g), EINT ¼ 1:5� 107 V/m for (b and h) and EINT ¼ 2� 107 V/m for (c and i) and at 
three different values of m which are m ¼ 200, m ¼ 210 and m ¼ 220. (d–f) and (j–l) The relationship between the strength of the external electric field E and the 
resting membrane potential under the influence of the quantum tunneling of both sodium and potassium ions at EINT ¼ 1� 107 V/m for (d and j), EINT ¼ 1:5� 107 V/m 
for (e and k) and EINT ¼ 2� 107 V/m for (f and l) and at three different values of m which are m ¼ 300, m ¼ 310 and m ¼ 320. The relationship is assessed at 
GNa;K ¼ 5� 10� 20 J for (a–f) and at GNa;K ¼ 10� 10� 20 J for (g–l) according to the quantum model and considering the influence of the external electric field on the 
kinetic energy of ions, which its direction is the opposite of the direction of the internal electric field of the neuronal membrane.
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Figure 11 (a–c) and (g–i) The relationship between the strength of the external electric field E and the resting membrane potential under the influence of the quantum tunneling of 
both sodium and potassium ions at EINT ¼ 1� 107 V/m for (a and g), EINT ¼ 1:5� 107 V/m for (b and h) and EINT ¼ 2� 107 V/m for (c and i) and at three different values 
of m which are m ¼ 200, m ¼ 210 and m ¼ 220. (d–f) and (j–l) The relationship between the strength of the external electric field E and the resting membrane potential under the 
influence of the quantum tunneling of both sodium and potassium ions at EINT ¼ 1� 107 V/m for (d and j), EINT ¼ 1:5� 107 V/m for (e and k) and EINT ¼ 2� 107 V/m for (f and l) 
and at three different values of m which are m ¼ 300, m ¼ 310 and m ¼ 320. The relationship is investigated at GK ¼ 5� 10� 20 J and GNa ¼ 10� 10� 20 J for (a–f) and at 
GK ¼ 8� 10� 20 J and GNa ¼ 10� 10� 20 J for (g–l) according to the quantum model and considering the influence of the external electric field on the kinetic energy of ions, which its 
direction is the opposite of the direction of the internal electric field of the neuronal membrane.
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Figure 12 (a–c) and (g–i) The relationship between the strength of the external electric field E and the resting membrane potential under the influence of the opening of 
both sodium and potassium channels at EINT ¼ 1� 107 V/m for (a and g) EINT ¼ 1:5� 107 V/m for (b and h) and EINT ¼ 2� 107 V/m for (c and i) and at three different 
values of m which are m ¼ 200, m ¼ 210 and m ¼ 220. (d–f) and (j–l) The relationship between the strength of the external electric field E and the resting membrane 
potential under the influence of the opening of both sodium and potassium channels at EINT ¼ 1� 107 V/m for (d and j), EINT ¼ 1:5� 107 V/m for (e and k) and 
EINT ¼ 2� 107 V/m for (f and l) and at three different values of m which are m ¼ 300, m ¼ 310 and m ¼ 320. The relationship is assessed at GNa;K ¼ 5� 10� 20 J for (a–f) 
and at GNa;K ¼ 10� 10� 20 J for (g–I) according to the classical model.
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Figure 13 (a–c) and (g–i) The relationship between the strength of the external electric field E and the resting membrane potential under the influence of the opening of 
both sodium and potassium channels at EINT ¼ 1� 107 V/m for (a and g), EINT ¼ 1:5� 107 V/m for (b and h) and EINT ¼ 2� 107 V/m for (c and i) and at three different 
values of m which are m ¼ 200, m ¼ 210 and m ¼ 220. (d–f) and (j–i) The relationship between the strength of the external electric field E and the resting membrane 
potential under the influence of the opening of both sodium and potassium channels at EINT ¼ 1� 107 V/m for (d and j), EINT ¼ 1:5� 107 V/m for (e and k) and 
EINT ¼ 2� 107 V/m for (f and i) and at three different values of m which are m ¼ 300, m ¼ 310 and m ¼ 320. The relationship is assessed at GK ¼ 5� 10� 20 J and 
GNa ¼ 10� 10� 20 J for (a–f) and at GK ¼ 8� 10� 20 J and GNa ¼ 10� 10� 20 J for (g–l) according to the classical model.
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where r is the average energy (in Joule) needed to change the membrane potential 0.01 V per 1� 107 V/m intensity of 
external electric field, ΔQ is the difference in the energy demand between the initial and final states, ΔV is the difference 
in the membrane potential between the initial and final states, and ΔE is the difference in the intensity of the external 
electric field between the initial and final states.

For the quantum model and according to Figures 6–9, the initial state is the beginning of the graph to drop from 0.07 
V until 0 V, which represents the final state. According to Equation (2), the energy needed ΔQ to induce depolarization is 
the kinetic energy of the ion KE ¼ qVm þ

1
2 KBT .

For the classical model and according to Figure 12, the shape of the graph by which the membrane potential changes 
with the electric field is different from the quantum model. The shape of the line in the classical model is a sigmoid shape 
while it is inverse linear relationship in the quantum model. Therefore, the initial and the final states in the sigmoid shape 
are less demarcated since there are two plateaus in which the membrane potential changes by very small values with 
respect to the electric field. Hence, we choose the initial and final states so that they include the majority of the change in 
the potential without including a major proportion of the two plateaus. The initial state will be 0.069 V and the final state 
will be 0.005 V. Moreover, the energy needed to induce depolarization is G�, which is the barrier height of the closed gate 
under the influence of the external electric field.

Tables 2–5 contain the r values for the quantum model without considering the influence of the external electric field 
on the kinetic energy and Tables 6–9 contain the r values for the quantum model considering the influence of the external 
electric field on the kinetic energy of ions, while Tables 10 and 11 contain r values for the classical model.

Figures 10, 11 and 13 were not included in the tables above because their outcome was hyperpolarization instead of 
depolarization because our major interest in the present study is depolarization as it reflects the stimulation effect of SCS. 
Comparing these tables together, the r values of the quantum model are 4 to 30 times lower than the r values of the 
classical model. This is due to two reasons: 1) for the same set of m and EINT values, G� values are always higher than 
the kinetic energy of the ion KE and 2) for the same set of m and EINT values; the range of electric field required for 
depolarization is narrower in the quantum model compared to the classical model.

In the previous plots, we performed sensitivity testing focusing on how the membrane potential changes by varying 
the range of the external electric field at different conditions and at specified values of other parameters. However, we are 
going to perform several sensitivity analyses to investigate how the membrane potential changes by varying the range of 
one parameter while holding other parameters at their average value. We determined the ranges of each parameter based 
on the minimum and maximum values used in the model and the average value is calculated as the average value of the 
minimum and maximum values. Additionally, we are going to conduct the sensitivity analysis for the four cases we 
discussed before, which are: 1) The quantum model in which the effect of the external electric field on the kinetic energy 

Table 2 It Contains the r Values When 
GNa;K ¼ 5� 10� 20 J at Different Values 
of m and EINT According to Figure 6. 
The r Values in the Table are in the Unit 
of 10� 20 J/0.01V/107 V.m−1

m Value EINT

1 1.5 2

200 0:34 0:30 0.32

210 0:29 0.32 0.32

220 0:37 0.32 0.30

300 0.26 0.26 0.26

310 0.27 0.26 0.26

320 0.26 0.24 0.26
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Table 4 It Contains the r Values When 
GK ¼ 5� 10� 20 J and GNa ¼ 10� 10� 20 J at 
Different Values of m and EINT According to 
Figure 7. The r Values in the Table are in the 
Unit of 10� 20 J/0.01V/107 V.m−1

m Value EINT

1 1.5 2

200 0.32 0.32 0.32

210 0.34 0.32 0.32

220 0.32 0.32 0.32

300 0.26 0.26 0.26

310 0.26 0.26 0.26

320 0.24 0.26 0.26

Table 5 It Contains the r Values When 
GK ¼ 8� 10� 20 J and GNa ¼ 10� 10� 20 J at 
Different Values of m and EINT according to 
Figure 7. The r Values in the Table are in the 
Unit of 10� 20 J/0.01V/107 V.m−1

m Value EINT

1 1.5 2

200 0.24 0.24 0.24

210 0.26 0.26 0.24

220 0.22 0.22 0.24

300 0.19 0.19 0.19

310 0.19 0.21 0.19

320 0.19 0.19 0.19

Table 3 It Contains the r Values when 
GNa;K ¼ 10� 10� 20 J at Different Values 
of m and EINT According to Figure 6. 
The r Values in the Table are in the Unit 
of 10� 20 J/0.01V/107 V.m−1

m Value EINT

1 1.5 2

200 0.22 0.21 0.22

210 0.22 0.22 0.22

220 0.22 0.22 0.21

300 0.19 0.19 0.19

310 0.18 0.19 0.18

320 0.19 0.18 0.18
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Table 7 It Contains the r Values when 
GNa;K ¼ 10� 10� 20 J at Different Values 
of m and EINT According to Figure 8. The 
r Values in the Table are in the Unit of 10� 20 

J/0.01V/107 V.m−1

m Value EINT

1 1.5 2

200 0.15 0.15 0.15

210 0.15 0.15 0.15

220 0.15 0.15 0.15

300 0.14 0.13 0.14

310 0.14 0.13 0.14

320 0.14 0.13 0.14

Table 8 It Contains the r Values When 
GK ¼ 5� 10� 20 J and GNa ¼ 10� 10� 20 J at 
Different Values of m and EINT according to 
Figure 9. The r Values in the Table are in the 
Unit of 10� 20 J/0.01V/107 V.m−1

m Value EINT

1 1.5 2

200 0.15 0.16 0.17

210 0.15 0.16 0.17

220 0.15 0.16 0.17

300 0.16 0.15 0.16

310 0.16 0.15 0.16

320 0.16 0.15 0.16

Table 6 It Contains the r Values When 
GNa;K ¼ 5� 10� 20 J at Different Values 
of m and EINT According to Figure 8. The 
r Values in the Table are in the Unit of 10� 20 

J/0.01V/107 V.m−1

m Value EINT

1 1.5 2

200 0.16 0.16 0.16

210 0.16 0.16 0.16

220 0.16 0.16 0.16

300 0.15 0.16 0.16

310 0.15 0.16 0.16

320 0.15 0.16 0.16
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Table 11 It Contains the r Values When 
GNa;K ¼ 10� 10� 20 J at Different Values 
of m and EINT According to Figure 12. The 
r Values in the Table are in the Unit of 10� 20 J/ 
0.01V/107 V.m−1

m Value EINT

1 1.5 2

200 2.20 2.25 2.19

210 2.06 2.06 2.26

220 2.06 2.06 2.06

300 1.98 1.72 1.88

310 1.75 1.75 1.75

320 1.77 1.73 1.73

Table 10 It Contains the r Values When 
GNa;K ¼ 5� 10� 20 J at Different Values 
of m and EINT According to Figure 12. The 
r Values in the Table are in the Unit of 10� 20 J/ 
0.01V/107 V.m−1

m Value EINT

1 1.5 2

200 3.89 4.21 3.13

210 3.74 3.74 3.86

220 3.63 3.62 3.63

300 3.35 3.02 3.35

310 3.01 3.04 3.34

320 3.05 3.01 3.05

Table 9 It Contains r Values When 
GK ¼ 8� 10� 20 J and GNa ¼ 10� 10� 20 J at 
Different Values of m and EINT according to 
Figure 9. The r Values in the Table are in the 
Unit of 10� 20 J/0.01V/107 V.m−1

m Value EINT

1 1.5 2

200 0.15 0.15 0.16

210 0.15 0.15 0.16

220 0.15 0.15 0.16

300 0.16 0.14 0.15

310 0.16 0.14 0.15

320 0.16 0.14 0.15
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of ions is not considered. 2) The quantum model in which the effect of the external electric field on the kinetic energy of 
ions is considered and its direction is the same as the direction of the internal electric field of the neuronal membrane. 3) 
The quantum model in which the effect of the external electric field on the kinetic energy of ions is considered and its 
direction is opposite to the direction of the internal electric field of the neuronal membrane. 4) The classical model.

The sensitivity analysis focusing on the changes in the membrane potential with respect to all parameters is 
investigated for the first case. See Table 12 and Figure 14.

The sensitivity analysis focusing on the changes in the membrane potential with respect to all parameters is 
investigated for the second case. See Table 13 and Figure 15.

The sensitivity analysis focusing on the changes in the membrane potential with respect to all parameters is 
investigated for the third case. See Table 14 and Figure 16.

The sensitivity analysis focusing on the changes in the membrane potential with respect to all parameters is 
investigated for the fourth case. See Table 15 and Figure 17.

Table 12 The Changes in the Membrane Potential According to the Range of One Parameter While Holding Other Parameters 
Constant at Their Average Values and for the First Case

Parameter Range Average Value Vm Range

External electric field E ð11:5 � 24Þ � 107 V/m 17:75� 107 V/m 0:07 V to � 7:96� 10� 5 V, see Figure 14a

Intrinsic electric field EINT ð1 � 2Þ � 107 V/m 1:5� 107 V/m 0.05 V to � 9:68� 10� 5 V, see Figure 14b

Barrier height for potassium channels GK ð5 � 10Þ � 10� 20 J 7:5� 10� 20 J 0:025 V to 8:87� 10� 5 V, see Figure 14c

Barrier height for sodium channels GNa ð5 � 10Þ � 10� 20 J 7:5� 10� 20 J 0:026 V to � 0:013 V, see Figure 14d

Coupling factor m ð200 � 320Þ � 10� 20 J.nm2.V−2 260� 10� 20 J.nm2.V−2 0:07 V to � 8� 10� 5 V, see Figure 14e

Figure 14 The changes in the membrane potential across the range of one parameter while holding other parameters constant at their average value for the first case. (a) 
The sensitivity analysis is done according to the range of the external electric field while holding other parameters constant at their average values. (b) The sensitivity 
analysis is done according to the range of the intrinsic electric field while holding other parameters constant at their average values. (c) The sensitivity analysis is done 
according to the range of the barrier height of potassium channel while holding other parameters constant at their average values. (d) The sensitivity analysis is done 
according to the range of the barrier height of sodium channel while holding other parameters constant at their average values. (e) The sensitivity analysis is done according 
to the range of the m value while holding other parameters constant at their average values.
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Discussion
SCS delivers electric charges to the regions in the spinal cord, and they generate electric fields that can influence the 
neuronal excitability. One of the most important molecular targets that are affected by electric fields is ion channels 
which are central in determining the excitability of neurons by controlling the electric membrane potential of neurons. 
K2P and NALCN channels are two crucial types of ion channels which are key players in determining the resting 
membrane potential by setting the leaky or background conductance of potassium and sodium ions, respectively. 
Therefore, exploring the impact of electric fields on these channels and their therapeutic effect to treat chronic 
neuropathic pain is promising in order to understand the mechanism of action of SCS. There are two major approaches 
to investigate the influence of electric fields on these channels, which are the classical and quantum approaches. In the 
present study, we used the mathematical model of ions quantum tunneling through closed gates to search for possible 
mechanisms of SCS. In addition, the classical transport of ions through open channels is investigated to delineate the 
differences between the quantum and classical approaches.

According to the present model, when the electric field decreases the energy barrier of the hydrophobic gate, the 
probability of quantum tunneling increases. As a result, the quantum unitary conductance and quantum membrane 

Table 13 The Changes in the Membrane Potential According to the Range of One Parameter While Holding Other Parameters 
Constant at Their Average Values and for the second Case

Parameter Range Average Value Vm Range

External electric field E ð3 � 8Þ � 107 V/m 5:5� 107 V/m 0.07 V to – 0.18 V, see Figure 15a

Intrinsic electric field EINT ð1 � 2Þ � 107 V/m 1:5� 107 V/m 0.046 V to 0.033 V, see Figure 15b

Barrier height for potassium channels GK ð5 � 10Þ � 10� 20 J 7:5� 10� 20 J 0.04 V to - 0.11 V, see Figure 15c

Barrier height for sodium channels GNa ð5 � 10Þ � 10� 20 J 7:5� 10� 20 J 0.042 V to −0.11V, See Figure 15d

Coupling factor m ð200 � 320Þ � 10� 20 J.nm2.V−2 260� 10� 20 J.nm2.V−2 0.046 V to 0.034 V, see Figure 15e

Figure 15 The changes in the membrane potential across the range of one parameter while holding other parameters constant at their average value for the second case. 
(a) The sensitivity analysis is done according to the range of the external electric field while holding other parameters constant at their average values. (b) The sensitivity 
analysis is done according to the range of the intrinsic electric field while holding other parameters constant at their average values. (c) The sensitivity analysis is done 
according to the range of the barrier height of potassium channel while holding other parameters constant at their average values. (d) The sensitivity analysis is done 
according to the range of the barrier height of sodium channel while holding other parameters constant at their average values. (e) The sensitivity analysis is done according 
to the range of the m value while holding other parameters constant at their average values.
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conductance of sodium and potassium ions will also increase. There are several factors that determine the relationship 
between the electric field induced by SCS and the probability of quantum tunneling and the quantum conductance. These 
factors include the strength of the external electric field E,EINT , and the m value. As the strength of the external electric 
field E and the m value increase, the hydration probability of the pore increases and the potential energy barrier of the 
hydrophobic gate decreases. On the other hand, as EINT increases, the hydration probability decreases, and the drop in the 
potential energy barrier will be attenuated. Furthermore, the tunneling probability and the quantum conductance of 
extracellular cations, including potassium and sodium ions, are much higher than these of intracellular cations. This is 
attributed to the higher kinetic energy of extracellular cations while passing across the membrane potential of neurons, 
which is negative inside with regard to outside, until reaching the intracellular hydrophobic gate. Consequently, in the 
case that the influence of the external electric field on the kinetic energy of ions is not considered it is expected that an 
inward cationic flow of both potassium and sodium ions is generated and this influx can depolarize the membrane 
potential of neurons. According to Figures 6 and 7, the quantum tunneling of both sodium and potassium ions can 
depolarize the resting membrane potential under the influence of electric fields generated by the SCS. The strength of the 

Table 14 The Changes in the Membrane Potential According to the Range of One Parameter While Holding Other Parameters 
Constant at Their Average Values and for the Third Case

Parameter Range Average Value Vm Range

External electric field E ð11:5 � 22Þ � 107 V/m 16:75� 107 V/m 0.07 V to 1.3 V, see Figure 16a

Intrinsic electric field EINT ð1 � 2Þ � 107 V/m 1:5� 107 V/m 0.07 V to 1.25 V, see Figure 16b

Barrier height for potassium channels GK ð5 � 10Þ � 10� 20 J 7:5� 10� 20 J 1.251 V to 1.256 V, see Figure 16c

Barrier height for sodium channels GNa ð5 � 10Þ � 10� 20 J 7:5� 10� 20 J 1.251 V to 1.256 V, see Figure 16d

Coupling factor m ð200 � 320Þ � 10� 20 J.nm2.V−2 260� 10� 20 J.nm2.V−2 0.07 V to 1.25 V, see Figure 16e

Figure 16 The changes in the membrane potential across the range of one parameter while holding other parameters constant at their average value for the third case. (a) 
The sensitivity analysis is done according to the range of the external electric field while holding other parameters constant at their average values. (b) The sensitivity 
analysis is done according to the range of the intrinsic electric field while holding other parameters constant at their average values. (c) The sensitivity analysis is done 
according to the range of the barrier height of potassium channel while holding other parameters constant at their average values. (d) The sensitivity analysis is done 
according to the range of the barrier height of sodium channel while holding other parameters constant at their average values. (e) The sensitivity analysis is done according 
to the range of the m value while holding other parameters constant at their average values.
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electric field required to depolarize the membrane potential varies based on several factors as we mentioned before. As 
the barrier height of the closed gate increases, the required strength of the electric field increases. In addition, as 
the m value increases, the required strength of the electric field decreases, while as EINT value increases, the required 
strength of the electric field increases. Generally, the range of the external electric field generated by SCS should be 
within ð11:5 � 24Þ � 107 V/m to depolarize the membrane potential via quantum tunneling of ions. The ability of 
potassium ions to depolarize the membrane potential may be unique to the quantum approach if it is compared with the 
classical approach which predicts the occurrence of hyperpolarization instead of depolarization. However, when the 
influence of the external electric field on the kinetic energy of ions is considered, there are two effects on the membrane 
potential that can be observed according to Figures 8–11. The first effect is depolarization and the second effect is 
hyperpolarization. The depolarization is expected to occur when the direction of the external electric field is the same as 
the direction of the internal electric field of the neuronal membrane according to Figures 8 and 9. In this case, the 
depolarization occurs at lower values of electric field intensity compared with the case in which only the influence of the 
electric field on the barrier height of the gate is considered. In this case, the range of electric field values at which 

Table 15 The Changes in the Membrane Potential According to the Range of One Parameter While Holding Other Parameters 
Constant at Their Average Values and for the Fourth Case

Parameter Range Average Value Vm Range

External electric field E ð8 � 25Þ � 107 V/m 16:5� 107 V/m 0.07 V to 0.001 V, see Figure 17a

Intrinsic electric field EINT ð1 � 2Þ � 107 V/m 1:5� 107 V/m 0.041 V to 0.016 V, see Figure 17b

Barrier height for potassium channels GK ð5 � 10Þ � 10� 20 J 7:5� 10� 20 J 0.092 V to 0.019 V, see Figure 17c

Barrier height for sodium channels GNa ð5 � 10Þ � 10� 20 J 7:5� 10� 20 J 0.075 V to −0.059 V, see Figure 17d

Coupling factor m ð200 � 320Þ � 10� 20 J.nm2.V−2 260� 10� 20 J.nm2.V−2 0.064 V to 0.0036 V, see Figure 17e

Figure 17 The changes in the membrane potential across the range of one parameter while holding other parameters constant at their average value for the fourth case. (a) 
the sensitivity analysis is done according to the range of the external electric field while holding other parameters constant at their average values. (b) The sensitivity analysis 
is done according to the range of the intrinsic electric field while holding other parameters constant at their average values. (c) the sensitivity analysis is done according to 
the range of the barrier height of potassium channel while holding other parameters constant at their average values. (d) the sensitivity analysis is done according to the 
range of the barrier height of sodium channel while holding other parameters constant at their average values. (e) The sensitivity analysis is done according to the range of 
the m value while holding other parameters constant at their average values.
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depolarization occurs is ð3 � 8Þ � 107 V/m. On the other hand, hyperpolarization occurs when the direction of the 
external electric field is opposite to the direction of the internal electric field of the neuronal membrane as observed in 
Figures 10 and 11. The range of electric field values at which hyperpolarization up to 0.5 V occurs is ð11:5 � 22Þ � 107 

V/m. On the other hand, according to Figure 12, the drop in the barrier height of the closed gates mediated by the electric 
fields can increase the number of open ion channels to permeate both sodium and potassium ions based on the Boltzmann 
distribution of thermal energy. In this case, a classical transport is prominent because open channels mean that the barrier 
height is lower than the kinetic energy of ions. This may indicate that quantum tunneling transport is more energetically 
favorable because the energy requirement is lower. The range of the required electric field to depolarize the membrane 
potential by the classical transport through open channels is generally within ð8 � 25Þ � 107 V/m.

Both approaches of investigation (the quantum and classical approaches) predict that electric fields generated by SCS 
can depolarize the membrane potential. However, when the parameters of potassium and sodium channels such as the 
barrier height of the hydrophobic gate G differ from each other, the classical approach fails to predict the stimulation 
effect mediated by SCS. When the barrier height of potassium K2P channels is lower than that of sodium NALCN 
channels, hyperpolarization is expected to occur instead of depolarization according to the classical transport, see 
Figure 13. This discrepancy is explained in the literature based on molecular structure of these channels and conductance 
values at the resting state of neurons. The molecular structure of NALCN channels reveals that the intracellular gate is 
sealed off by hydrophobic residues and by two other gates, while the intracellular gate of K2P channels is composed 
mainly by hydrophobic residues. Moreover, the resting conductance of potassium ions is 10–20 times higher than that of 
sodium ions. Such discrepancy in the values of the barrier height can hyperpolarize the membrane potential larger than 
0.07 V, which decreases the excitability of neurons. Consequently, the proposed segmental and supra-segmental 
therapeutic effects of stimulating A-beta and descending fibers cannot exist. In this case, the quantum approach can 
explain the therapeutic effects of stimulation because quantum tunneling of potassium ions can depolarize the membrane 
potential regardless of the discrepancy in the values of barrier height between potassium and sodium channels. In the 
context of energetic requirement, we are referring to the energy needed to initiate or elicit the depolarization and not the 
energy required in restoring the electrical potential and the related metabolic processes such as upregulation proteins and 
signal transmission. So, if both models share the same energetic demand in terms of restoring the potential and the other 
metabolic costs, our study shows that the quantum model uses less energy to elicit the depolarization. This adds the 
advantage for the quantum model over the classical one and may reduce the energetic demand on the neuronal cells at 
least from this aspect. We compared the two models using the r values described in the results section. They are used to 
measure the average energy required to change the membrane potential by 0.01 V by using 1� 107 V/m electric field. 
Close observation to the Tables 2–11, the r values for the quantum tunneling-assisted depolarization is between 4 to 30 
times lower than the classical depolarization. This means quantum tunneling utilizes average energy less than the 
classical model by 4 to 30 times, which may give quantum tunneling the energetic advantage to occur over the classical 
transport. Moreover, given the mitochondrial dysfunction and the impairment in the energy production in the neurons of 
chronic neuropathic pain,32–34 it seems that quantum tunneling can stimulate neurons without exacerbating the mito
chondrial dysfunction by adding lower energetic burden on mitochondria. On the other hand, depolarization induced by 
classical transport may add larger energetic demand on mitochondria and worsen the mitochondrial dysfunction which in 
turn results in poor therapeutic outcome of SCS. Furthermore, the results showed that quantum tunneling can induce 
large membrane depolarization as the strength of the electric field increases. This large depolarization can be remarkable, 
dropping below 50 mV, which is represented in the previous figures. This can lead to depolarization blockade which 
arrests the initiation of action potentials, which in turn decreases the pain signals coming from the periphery to the brain 
centers. Eventually, this contributes to the analgesic effect made by SCS. Again, quantum tunneling guarantees the 
occurrence of such large depolarization regardless of the discrepancy between the barrier height values of potassium and 
sodium channels.

In the Table 16 below, a comparison between the quantum and classical model with regard to the pain modulation is 
shown. Based on this comparison in Table 16, clinical implications can be provided. Even though SCS is a reasonable 
alternative intervention when the pharmacological interventions fail to manage neuropathic pain, not all patients benefit 
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from SCS and may not achieve satisfactory pain relief. Accordingly, the quantum approach suggests explanations for 
such nonresponse to SCS. If the classical behavior of ions is dominating, then the two explanations are: 1) failure to 
induce depolarization can weaken the analgesic effect of SCS due to the absence of the segmental and supra-segmental 
mechanisms which are dependent on frequent depolarizations. 2) even when depolarizations occur, the higher energetic 
demand posed on mitochondria may offset the therapeutic effects by depolarizations since overwhelming mitochondria 
result in more oxidative stress and more inflammation which may worsen the pathological processes underlying the 
chronic neuropathic pain. Therefore, if these quantum effects are proven to contribute significantly to the therapeutic 
mechanisms of SCS, then optimizing the techniques of SCS to overcome the limitations of the classical model would be 
an interesting research area. Quantum bioinformatics is an intriguing multidisciplinary field that helps researcher to 
develop, design and model computational tools and techniques by optimizing the quantum principles.57 Therefore, 
experts in the field of quantum bioinformatics may optimize the SCS techniques so that they can sustain the quantum 
behavior of ions within ion channels in the biological environment, which is hot and noisy that may collapse the quantum 
waves of ions. By doing so, these modified techniques may guarantee the occurrence and maintenance of the quantum 
tunneling and thus taking the advantage of the depolarization with less energetic costs.

Even though the model is not yet experimentally validated, the values of physical parameters are chosen to fit the 
scale of ion channels, and the model showed reasonable flexibility, especially regarding the major implications of the 
study when the parameters of the model change. Our analysis in the results section involved a wide range of values 

Table 16 A Comparison Between the Quantum and Classical Models

The quantum Model The classical Model

It can explain depolarization when the barrier heights of sodium and 
potassium channels are the same.

It can explain depolarization only when the barrier heights of sodium 
and potassium channels are the same.

It can explain depolarization by SCS even when the barrier heights of 
potassium channels are lower than these for sodium channels

It can NOT explain depolarization when the barrier heights of potassium 
channels are lower than these of sodium channels

Hyperpolarization is expected by the model only if the influence of the 
electric field on the kinetic energy of ions is considered and when the 

external electric field is in opposite direction to the electric field of the 
neuronal membrane. Small and large depolarization can occur. Small 

depolarization refers to the depolarization that increases the excitability 

of neurons but not large enough to cause blockade. Large one is the 
depolarization that leads to block in signal transmission.

Hyperpolarization, small and large depolarizations are expected to 
occur.

If hyperpolarization occurs, it is much larger than that observed in the 
classical model. Hence, it is more likely to inhibit the neuronal electrical 

activity and to contribute to the analgesic effect of SCS.

Hyperpolarization is lower than that observed in the quantum model.

If the influence of the external electric field on the kinetic energy of ions 

is not considered, then across all the ranges of G, m and, EINT , the range 

of electric field used to induce depolarization is between 

ð11:5 � 24Þ � 107 V/m, while the range is ð3 � 8Þ � 107 V/m when the 

influence of the external electric field on the kinetic energy of ions is 

considered along with its influence on the barrier height of the gate. 

Hence, the net range is ð3 � 24Þ � 107 V/m.

Across all the ranges of G, m and, EINT ,the range of electric field used to 

induce depolarization is between ð8 � 25Þ � 107 V/m.

For the same values of m, G and EINT , the range of the external electric 

field required for depolarization is narrower than that of the classical 

model.

For the same values of m, G and EINT , the range of the external electric 

field required for depolarization is wider than that of the quantum 

model.

The quantum tunneling-assisted depolarization requires less average 

energy to change the potential. This may minimize the energetic burden 
on mitochondria.

The depolarization induced by opening ion channels requires more 

average energy to change the potential. This may increase the energetic 
burden on mitochondria.
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consistent with the physical plausibility reported in the references, including a range of the coupling factor m between 
ð200 � 320Þ�10� 20 J nm2 V−2, a range of EINT between ð1 � 2Þ � 107 V/m, and a range of barrier height G between 
ð5 � 10Þ � 10� 20 J, and the two main conclusions of the study remain validated across these ranges. In addition, the 
ranges of external electric fields E of both the quantum and classical models were near each other as explained in 
Table 16. The two main conclusions are depolarization induced by quantum tunneling is expected to occur regardless of 
the discrepancy in the values of the barrier height between sodium and potassium channels and it requires less energy if it 
is compared with depolarization induced by opening the channels. Based on the sensitivity analysis in Tables 12–15 and 
Figures 14–17, the first case predicts depolarization in the membrane potential below 0.07 V and may fall below zero 
when the barrier height of sodium channels is lower than that of potassium channels with no observation of membrane 
potential above 0.07 V that leads to hyperpolarization. When the membrane potential falls below zero and becomes 
negative value, this means that it is positive inside the neuron with respect to outside, which is the reversed polarity of the 
resting state of the neuron. In the second case, depolarization is expected to occur below 0.07 V and may fall below zero 
both when the barrier height of sodium channels is lower than that of potassium channels and when the barrier height of 
potassium channels is lower than that of sodium channels, with no observation of membrane potential above 0.07 V that 
leads to hyperpolarization. In the third case, depolarization is not expected to occur but hyperpolarization above 0.07 V is 
predicted and may reach large values up to 1.3 V. In addition, another distinctive pattern is observed in this case, which is 
not present in other cases. The low sensitivity of the membrane potential is found to change in response to the changes in 
the barrier height of potassium and sodium channels. In the fourth case, depolarization is observed and may fall below 
zero only when the barrier height of sodium channel is lower than that of potassium channels, while hyperpolarization 
can be predicted only when the barrier height of potassium channels is lower than that of sodium channels. This 
hyperpolarization does not exceed 0.1 V, which is 10 times lower than the hyperpolarization predicted by the quantum 
model.

The quantum model predicted that SCS can depolarize or hyperpolarize the membrane potential. Interestingly, recent 
experimental studies conducted on mouse spinal cord and retinal ganglion cells showed the same pattern of membrane 
potential changes predicted by the quantum model providing empirical evidence on the validity of the model.58,59 In 
addition, they argued that small to moderate depolarizations increase the neuronal excitability, while large depolarizations 
lead to suppression of the neuronal excitability.58,59 Hyperpolarization was also observed and it can modulate the 
neuronal activity.58,59 All of these electrical changes can contribute to the therapeutic mechanisms of SCS, which 
were consistently predicted by the quantum tunneling model. Moreover, there is a paradoxical observation has been 
reported in the literature that can support our model.60,61 This observation is that the gain-of-function (GOF) mutations of 
potassium channels result in neuronal hyperexcitability and seizure,60,61 which is a paradoxical outcome because this 
type of mutation means that the flux of potassium ions to outside the neurons increases, which results in hyperpolariza
tion that represents a state of hypoexcitability. Several explanations have been proposed to solve this paradoxical effect 
which includes: 1) the hyperpolarization of inhibitory interneurons results in the disinhibition of excitatory neurons.62 2) 
the increase in the activity of potassium channels results in an increase in the repolarization phase of action potential and 
its frequency.63 3) hyperpolarization can result in depolarization indirectly via the activation of hyperpolarization- 
activated cationic currents.64 In this context and in the context of SCS, the activation of potassium channels either by 
GOF mutations or by the electric fields of SCS decreases the energy cost for the permeation of potassium ions thus 
increasing the tunneling probability of extracellular potassium ions over intracellular ions because they have higher 
kinetic energy. As a consequence, an inward cationic current of potassium ions instead of an outward current is generated 
to depolarize the neuron’s membrane potential. As a result, the quantum tunneling model can explain the stimulatory 
effects of SCS and the paradoxical effect of GOF mutations. Another biological phenomenon related to our results is 
paradoxical hypokalemic depolarization in which a decrease in extracellular potassium concentration results in mem
brane depolarization instead of hyperpolarization.65 To explain this paradoxical outcome, they proposed that the drop in 
the concentration of extracellular potassium ions alter the selectivity of the selectivity filter of K2P channels enabling 
them to conduct inward sodium current which is responsible for the paradoxical depolarization. All the attempts to 
explain the paradoxical behavior of potassium channels are based on the classical rules of electrophysiology, and none of 
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the proposed mechanisms were able to attribute the depolarization effect to potassium ions directly. Therefore, in the next 
section, we will provide concrete experimental approaches that can be used to validate the role of potassium ions 
tunneling in the paradoxical depolarization and the role of quantum tunneling of ions in the function of ion channels and 
the stimulatory effects of SCS.

Up to the authors’ knowledge, there is not yet concrete and direct experimental evidence on the tunneling of ions 
through the closed gates of channels but the theoretical and mathematical frameworks and assumptions do not pose any 
limitation for such type of transport to occur within ion channels. The reason behind the lack of experimental evidence is 
the difficulty of measuring the quantum tunneling behavior in a hot and noisy environment using classical methods such 
as single channel patch clamp experiments which result in collapsing the quantum waves of ions. In other words, the 
quantum wave behavior, which allows ions to tunnel, will be lost as a consequence of experimental measurement. 
Another reason is that the field of quantum biology of ion channels particularly at the level of the closed gate is still in the 
infancy stage. Hence, our research group tries to implement mathematical tools to reveal the potential of quantum 
mechanics of addressing important topics in the fields of medicine and biology and encourages researchers to come up 
with new measurement techniques that can capture the quantum wavy behavior of particles. Recently, a group of 
researchers developed what is called the THz-trapped ion model that enables them to investigate the quantum tunneling 
transport in the selectivity filter of ion channels66 by using electromagnetic waves in the level of Terahertz to trap ions in 
the zero point energy. They concluded that quantum transport can achieve higher values of conductance with lower 
kinetic energy requirements for ions, which is similar to the conclusions that we report here in our study. Interestingly, 
two other proposed experimental methods including THz resonance fluorescence and the intense field non-resonant are 
suggested by the same authors to study the quantum tunneling transport. Other experimental methods that have the 
potential to measure the quantum tunneling of ions include Nitrogen-Vacancy (NV) centers and the patch-clamp 
amplifier.67,68 Here, we will provide several concrete experimental approaches to validate the role of quantum tunneling 
and to distinguish it from the classical transport using the appropriately designed methods and technology to measure 
quantum tunneling:

1. One of the major distinguishing features of quantum model that is expected to observe is detecting an electric 
current through the closed gate which is not classically expected to conduct any current or permeate ions. In 
addition, by applying external electric field on ion channels, and detecting the tunneling current along with the 
applied voltage, the experimental findings should show a slope (I/V) as in the following equation:

Interestingly, this equation predicts certain feature that can be used to test the quantum model experimentally, which is 
the exponential dependence of the slope on the length of the closed gate, the mass of the ion, the barrier height of the 
gate, the coupling factor m, the external and the intrinsic electric fields, and the kinetic energy of the ion. If the 
experimental findings prove such a relationship, it will be supportive evidence on the role of quantum tunneling in the 
function of ion channels.

2. Another experimental approach to test the quantum model is to measure isotopic differences in the electrical 
current using the kinetic isotope effect (KIE). Potassium has two stable isotopes K39 and K41. These two isotopes 
have different masses. So, experimental measurement may show a difference in the quantum electrical current 
between these two isotopes as in the following equation:
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Based on Equation (16), the tunneling current of the isotope 39 is larger than the current of the isotope 41 because as the 
mass of the particle increases, the tunneling probability decreases exponentially.

3. At physiological parameters, the quantum model predicts the ability of potassium ions to depolarize the membrane 
potential due to discrepancy between extracellular and intracellular potassium ions in terms of quantum con
ductance and tunneling current. As a consequence, experiments may show a ratio higher than one between the 
tunneling current of extracellular potassium ions and the tunneling current of intracellular potassium ions as in the 
following equation:

4. A more complex experimental approach is observing a depolarization in the membrane potential mediated via 
quantum tunneling, especially in the case in which the energy barrier of potassium channels is lower than that of 
sodium channels or where potassium channels are the dominant channels in the membrane, which is not predicted 
to occur under the rules of classical electrophysiology. In this approach, changing the residues of the closed gate 
of potassium channels to change their barrier height can provide further details on the relationship between the 
energy of the barrier, the tunneling current and the degree of membrane depolarization. Additionally, observing an 
inward tunneling current of potassium ions along with depolarized membrane potential provides evidence on the 
role of quantum tunneling in affecting the excitability of neurons. Moreover, utilizing different intensities of 
external electric field and applying it on potassium channels to alter their barrier height is another promising 
approach to investigate the quantum tunneling-induced depolarization of the membrane.

The present study predicts the values of electric field to be within the magnitude of 107 V/m to alter the neuronal 
membrane potential. However, up to authors’ knowledge and based on the present literature, there is no reporting for the 
intensity of the electric field produced by SCS by experiments. Hence, our article is the first to predict the range of 
electric field values required for neuronal stimulation based on quantum and classical models. However, the values of 
electric field induced by SCS can be predicted and calculated based on the parameters of SCS using the following 
equation:

where E is the electric field generated by electrical charges, ε0 is the electrical permittivity of vacuum, εr is the relative 
permittivity of neuronal membrane, r is the distance between charges and neurons and q is the charge generated by SCS.

For r = 3–5 mm,69,70 ε0 ¼ 8:85� 10� 12 F/m, εr ¼ 2 � 5 for lipid bilayer neuronal membrane,71 electrical current (I) 
values used by SCS equal to ð0:1 � 5Þ mA72,73 and time (t) or pulse width equals to 50 � 500μs,72,74 the electric field 
calculated from these parameters can yield the obtained range of electric field stated in the study, which is within the 
magnitude of 107 V/m. The charges q generated by SCS can be calculated by the following equation q ¼ It.

Our model focuses on ion channels involved in determining the resting membrane potential, and theoretically 
speaking every type of ion channel is a candidate for quantum tunneling. However, in the context of our study, there 
are certain requirements must be met in the type of ion channels to be included. First, these channels must be involved 
primarily in determining the resting membrane potential. Second, these channels must possess a hydrophobic gate so that 
the electric field can affect its energetics. For example, voltage-gated ion channels are an important type of ion channels 
that are involved in action potential initiation and propagation and some types have a hydrophobic gate. In this case, 
electric fields can affect the barrier height of their gates but whether this can affect the dynamics of the action potential or 
have any therapeutic effects in the context of SCS in neuropathic pain is a major research question that needs further 
analysis and investigation in future papers. In addition, a recent study investigated the tunneling time of potassium ions in 
G-quadruplex structures75 and found that it was within the scale of picoseconds, which is a sufficiently short time to 
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induce depolarization and action potential. However, further investigation is required to explore the tunneling times of 
sodium and potassium ions in specific situations such as ion channels under the influence of external electric field.

Limitations
In this section, we would like to mention the limitations of our work so that they can be addressed in future works to 
increase the validity of the quantum tunneling model. First, detailed graphs for the mean potential forces should be 
obtained for the closed gates of K2P and NALCN channels so that the present conclusions can be replicated with greater 
credibility. Second, in vivo neurons are not uniformly aligned, and membrane orientations vary hence the angle between 
the electric field and the neuronal membrane might not be 0 or 180 degree. Therefore, exploring the conditions in which 
the angle is between 0 and 180 is necessary to validate the results to real biological environment. Third, our model 
requires experimental testing to verify the significance of quantum tunneling in ion channels and its role in determining 
the excitability of neurons and in the therapeutic mechanisms of SCS.

Conclusions
The quantum tunneling model predicts that depolarization between 0.07 V until 0 V induced by SCS occurs even when 
the barrier height of potassium channels is lower than that for sodium channels, unlike the classical model that fails to 
make such a predication. Furthermore, quantum tunneling-assisted depolarization induced by SCS utilizes less energy by 
4 to 30 times compared with the classical model. However, providing experimental evidence on the significance of 
quantum tunneling in inducing depolarization by SCS is vital to add a greater validity to the quantum model. Therefore, 
we provided several experimental approaches that are reasonable and feasible and can be used to test the quantum 
tunneling model.
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