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Based on the transmembrane-electrostatically localized protons/cations charges
(TELCs) theory, neural transmembrane potential including both resting and action
potential is now well elucidated as the voltage contributed by the TELCs-
membrane-anions capacitor biophysics in a neuron. Accordingly, neural
transmembrane potential has an inverse relationship with TELCs surface
density, which may represent a substantial progress in bettering the
fundamental understanding of neuroscience. In this article, I will present a
review on the latest development of the TELCs neural transmembrane
potential theory and address Silverstein’s interesting arguments regarding the
TELCs model that may constitute a complementary development to both the
Hodgkin-Huxley classic cable theory and the Goldman-Hodgkin-Katz equation.
A series of predictions from the TELCs model regarding crucial ion channels have
exactly been experimentally observed in many well-established
electrophysiological phenomena including (but not limited to): 1) The
tetrodotoxin (TTX) sensitivity shows the complete blockade of action
potentials by TTX; 2) Genetic knockout or mutation of critical ion channels
abolishes action potential spike; and 3) The precise clustering of ion channels
at the axonal initial segment and nodes of Ranvier underlies the ability to fire
action potential spikes and the saltatory conduction along amyelinated axon. This
indicates that the TELCs model can be well predictive and provide new
opportunities as a theoretical tool for further research to better understand
neurosciences.
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GRAPHICAL ABSTRACT

The TELCs theory shows: Neural transmembrane potential has an inverse relationship with TELCs surface density.

Highlights

• Neural transmembrane potential is now elucidated as the
voltage contributed by the TELCs membrane
capacitor activity.

• The TELCs model is complementary to the Hodgkin-Huxley
classic cable theory and the Goldman-Hodgkin-Katz equation.

• Application of the TELCs model enables calculation of TELCs
surface density as a function of transmembrane potential.

• Action potential spikes can now be constructed through
TELCs-based integral equations using transmembrane ion
current data.

Introduction

The recently developed transmembrane-electrostatically
localized proton(s)/cation(s) charge(s) [TELC(s)] model (Lee,
2019a; Lee, 2020a; Lee, 2021) provides a theoretical framework
that can help explain protonic cell energetics including many
experimental observations and elucidate bioenergetic systems
including both delocalized and localized protonic couplings (Lee,
2023a; Lee, 2020b; Lee, 2020c). The term TELCs represent the “total
transmembrane-electrostatically localized positive charges”
including the “charges of both the transmembrane-
electrostatically localized proton(s) (TELP(s)) and the associated
transmembrane-electrostatically localized non-proton cations after
the proton-cation exchanging process reaching equilibrium”. TELCs
are immediately related to transmembrane potential that is now

known as a function of TELCs population density within a TELCs-
membrane-anions capacitor (Lee, 2019a; Lee, 2020c). Consequently,
the excess positive charges of TELCs at one side of the membrane are
balanced by the excess negative charges of transmembrane-
electrostatically localized hydroxides anions (TELAs) at the other
side of the membrane. The formation of a TELCs-membrane-
TELAs capacitor has been experimentally demonstrated using a
biomimetic anode water-Teflon membrane-water cathode system
(Saeed and Lee, 2015; Saeed and Lee, 2018; Lee, 2025a) through two
PhD thesis research projects (Saeed, 2016; Kharel, 2024).

The TELCs (TELPs) model (Lee, 2019a; Lee, 2020a; Lee, 2021),
which may represent “a complementary development to Mitchell’s
chemiosmotic theory”, is highly useful in helping to elucidate “real-
world bioenergetic systems with both delocalized and localized
protonic coupling”. For instance, the TELPs model has been
successfully employed in “elucidating the decades-longstanding
energetic conundrum (Guffanti and Krulwich, 1984; Krulwich
et al., 1998; Krulwich et al., 2011) of ATP synthesis in
alkalophilic bacteria” (Lee, 2020b; Lee, 2015; Lee, 2017a; Lee,
2019b; Lee, 2018; Lee, 2017b) and in “bettering the
understanding of energetics in mitochondria” (Lee, 2020a; Lee,
2021). Its application has recently led to the discovery of the
TELPs “thermotrophic function” as the “Type-B energetic
process” (Lee, 2022a; Lee, 2022b; Lee, 2023b; Sheehan et al.,
2023; Lee, 2024) which can isothermally utilize environmental
heat energy to do useful work in helping drive the synthesis of
ATP (Lee, 2021a; Lee, 2021b).

Consequently, it is now understood that neural transmembrane
potential has an inverse relationship with TELCs surface density,
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which may represent a transformative progress in bettering the
fundamental understanding of neuroscience (Lee, 2020c; Lee,
2023c). Application of the TELCs model enables calculation of
TELCs surface density as a function of transmembrane potential
(Lee, 2023c), which may represent a complementary development to
both the Hodgkin-Huxley classic cable theory and the Goldman-
Hodgkin-Katz equation. Using the TELCs model, the neural touch
signal transduction responding time required to fire an action
potential spike has now, for the first time, been calculated to be
as short (fast) as 0.3 ms (Lee, 2025b), which led to a better
understanding on the question of how the transient ion transport
activity of touch receptors (PIEZO) could change the graded
potential to stimulate an action potential firing.

However, probably due to the subtlety of the TELCs theory and
due to the complexity of the neural systems and their associated
energetics, currently, not necessarily everyone could easily
understand the TELCs-based neural transmembrane potential
theory and its implications (Lee, 2020c; Lee, 2023c). For example,
Todd Silverstein previously presented his critiques (Silverstein,
2023a; Silverstein, 2025) on the TELCs model (Lee, 2020c; Lee,
2023c). The author (Lee) welcomes critiques and discussions as that
can also be a part of the process for scientific progress and learning.
As we recently discussed in a review article published in the current
trends of neurology (Lee, 2023c), Silverstein’s critiques (Silverstein,
2023a; Silverstein, 2025) were largely stemmed from his own errors,
misunderstanding, and/or mischaracterization of the TELCs model
(Lee, 2025a). Certain independent researcher has now also pointed
out that “Silverstein’s critiques are untenable” (Tamagawa, 2025).
Since misunderstanding or mischaracterization could potentially
cause confusions in the field, it is necessary to clarify here for the
scientific community. Especially, Silverstein’s critiques (Silverstein,
2023a; Silverstein, 2025; Silverstein, 2024a; Silverstein, 2022)
typically do not accurately describe the TELCs model and its
associated equations.

Therefore, in this article, I will present a review on the latest
development of the TELCs neural transmembrane potential theory
and then address Silverstein’s interesting claims and arguments
(Silverstein, 2025) point-by-point. I will also comparatively
present some of the key tenets between the classic Goldman-
Hodgkin-Katz (GHK) model vs the TELCs theory. Finally, we
will discuss the opportunities and directions for further research
on TELCs-based neuroscience.

Results and discursions

Neural TELCs-membrane-TELAs capacitor
transmembrane potential model

The TELCs-based neural transmembrane potential theory (Lee,
2020c; Lee, 2023c) is built on the knowledge that liquid water can
serve as a protonic conductor (Figure 1A), which well agrees with the
fact that protons can use the “hops and turns” mechanism and
quickly translocate among water molecules as first outlined by
Grotthuss (de Grotthuss, 1806; Marx et al., 1999; Pomès and
Roux, 2002; Marx, 2006) who developed this model to explain
the enormous mobility of the H+ ion relative to other ions. This
protonic conduction (Figure 1A) is much faster than the diffusive

movement of a non-proton cation such as Na+ which tightly binds
with water molecules. For a non-proton cation to move through
liquid water, it must carry its bound water molecules and physically
plough through the molecular array of liquid water. Consequently,
protonic conduction is much faster that the movement of non-
proton cations such as Na+, K+, and Mg2+.

According to certain neuroscience knowledge (Hammond,
2015) and the TELCs neural transmembrane potential theory
(Lee, 2020c; Lee, 2023c), as illustrated in Figure 1B, an ATP-
driven sodium/potassium (3Na+/2K+) pump transports every
3 sodium cations across the neuron cytoplasmic membrane from
inside the cell to the outside while co-transports every 2 potassium
cations across the membrane from the outside into the cell per ATP
consumption (Hammond, 2015). Two of the 3 sodium cations
transported out of the cell are charge-balanced by the
2 potassium cations transported into the cell whereas one of the
3 sodium cations (positive charges) is not charge-balanced,
becoming an excess (extra) positive charge at the extracellular
side. Consequently, this 3Na+/2K+ transporting process per ATP
consumption results in a net translocation of one positive charge
(e.g., Na+) across the cytoplasmic membrane from inside the
neuronal cell to the outside leaving its countering anion (e.g.,
Cl−) inside the cell. As the electrogenic 3Na+/2K+ transporting
process continues, it results in the accumulation of excess
positive charges (cations) outside the neuron cell while
accumulating excess anions (negative charges) inside the cell,
which is important also in setting up and/or maintaining the ion
concentration gradients of Na+ (high outside), K+ (high inside), and
indirectly, Cl− (high outside). By “excess cations” (or excess positive
charges), it means that their positive charges are not balanced by
their countering anions since their countering anions (excess
negative charges) are on the other side of the membrane. The
excess positive charges and the excess negative charges across the
neural membrane will form a TELCs-membrane-TELAs capacitor
(Figure 1B) which follows the principle of total charge neutrality.

During TELCs formation, any transmembrane-electrostatically
localized excess non-proton cations may be exchanged out by the
protons from the liquid phase. Any excess cations that are
exchanged out of the TELCs layer into the bulk-liquid phase will
fully interact (such as hydration) with water molecules and
electrostatically repel protons (parts of water molecules) from the
bulk aqueous phase through the “hops and turns”mechanism to the
liquid-neural membrane interface to be transmembrane-
electrostatically localized along the outside surface of the neuron
cell membrane where the localized protons/cations transmembrane-
electrostatically attract the excess anions such as hydroxide anions at
the other side of the cell membrane as illustrated in Figure 1B.

The events of the transmembrane-electrostatically localized
protons/cations (i.e., TELCs) occur beneath the membrane
molecular backgrounds: the membrane-fixed surface charge-
attracted ions including the “electrical double layers” along the
membrane surfaces that exist even before the membrane is
energized. One must not confuse the membrane fixed-charge-
attached protons/cations with the TELCs at the water-membrane
interface. It is the TELCs that are relevant to the transmembrane
potential. Therefore, the fixed surface-charges-attracted ions
including their associated electrical double layers that can be well
described by the Gouy-Chapman theory (Mclaughlin, 1989) are not
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FIGURE 1
Illustration of liquid water as a protonic conductor in relation to neural membrane capacitor formation. (A) Protons can quickly transfer amongwater
molecules by the “hops and turns”mechanism [also known as the Grotthuss mechanism Marx (2006)] so that a microscopic water body may be thought
as a protonic conductor (Adapted from Lee 2012 Bioenergetics 1: 104, 1–8); (B) Illustration of ATP-driven sodium/potassium (3Na+/2K+) pump in relation
to TELCs-membrane-TELAs capacitor formation in a neuron: an ATP-driven sodium/potassium (3Na+/2K+) pump transporting 3 sodium cations
across the cytoplasmic membrane from inside the cell to the outside while co-transporting 2 potassium cations across the membrane from the outside
into the cell, which results in a TELCs-neural membrane-TELAs capacitor as illustrated by the TELCs at the liquid-membrane interface along the
extracellular sidewhile localized anions along the intracellular side. “E = 0”means the electric field in the liquid is zero.R and r are polar coordinates. dS is a
surface differential element. The extracellular and intracellular bulk-liquid phase Na+, K+, Cl−, Ca2+ concentrations shown in the drawing are based on
Hammond (2015). Reproduced from Lee (2025b).
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FIGURE 2
Illustration of protonic capacitor in relation to action potential in a neuron (“E = 0” means the electric field in the liquid is zero. R and r are polar
coordinates. dS is a surface differential element.): (A) an opening of V-gated sodium (Na+) channels is triggered, resulting in the flow of the excess Na+

cations from the outside into the neuron cell so that the transmembrane-electrostatically localized protons/cation population density is dramatically
reduced until becoming a state of “depolarization” as illustrated by the localized protons/cations at the liquid-membrane interface along the
cytoplasmic (intracellular) side while anions at the liquid-membrane interface along the periplasmic (extracellular) side. (B) When the “depolarization”
process reaches the membrane potential level of about +30mV, the V-gated potassium (K+) channels open to allow the K+ cations flow out of the neural

(Continued )
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the focus of this paper and thus not shown in Figure 1B, which
focuses on illustrating the fundamental concept of a TELCs-
membrane-TELAs capacitor that is relevant to the neural
transmembrane potential known also as the “resting and
action potential”.

Also, unlike the charge-balanced “free protons” as reported
previously in a bulk liquid volume (Bal et al., 2012), the
transmembrane-electrostatically localized protons (TELPs) at the
liquid-membrane interface are not entirely free (Lee, 2019a): they
can move quickly along the membrane surface in a way somewhat
similar to those postulated previously (Williams, 1988; Nagle and
Tristramnagle, 1983; Mulkidjanian et al., 2005); but, they are not
entirely free to move away from the membrane surface because of
the transmembrane-electrostatic attraction between the excess
positive charges (protons/cations) and the excess negative charges
(anions) across the membrane as reported previously (Lee, 2020c;
Lee, 2023c).

Since neural transmembrane potential is measured typically
from a reference electrode outside a neuronal cell to a measuring
electrode inside the cell, its calculation convention
(Vm � Vcytosol − Vout, Azzone et al., 1993; Bertl et al., 1992) is
opposite to the standard Mitchellian protonic bioenergetics
convention for transmembrane potential calculation
(Δψ � Δψ p − Δψ n). Therefore, based on the TELC theory (Lee,
2020c; Lee, 2023c), the neural transmembrane potential (V)
including the neural resting and action potential is
mathematically expressed in relation to the TELCs density which
is the sum of the steady-state TELP and transmembrane-
electrostatically localized non-proton cations concentrations
([H+

L] + ∑n
i�1[Mi+

L ]) after cation exchange with TELPs as shown
in the following equation with a voltage unit (V in volts):

Neuraltransmembranepotential V( )�−S · l ·F · H+
L[ ]+∑n

i�1 Mi+
L[ ]( )

C
(1)

where S is the membrane surface area; C is the membrane
capacitance; l is the thickness of TELC layer; F is the Faraday
constant; [H+

L] is the TELP concentration and ∑n
i�1[Mi+

L ] is the sum
of transmembrane-electrostatically localized non-proton cations
(e.g., Na+ and K+) concentrations [Mi+

L ] at the liquid-membrane
interface on the extracellular membrane surface after the proton-
cation exchange reaching equilibrium.

With this TELCs-based neural transmembrane potential
equation (Equation 1), the biophysics of action potential can now
be better understood. For example, as reported previously (Lee,
2020c), upon stimulation by neurotransmitters, the neuron
membrane potential may change positively and/or negatively
resulting in a “graded potential”. When the graded potential
reaches the threshold of −55 mV, an opening of voltage-gated
sodium channels is triggered (Figure 2A), resulting in an flow of

excess Na+ cations from outside into the neuronal cell so that the
TELCs density ([H+

L] +∑n
i�1[Mi+

L ]) at the extracellular membrane
surface is reduced until becoming a negative value that represents a
state of “depolarization”, thus dramatically changing the value of
action potential according to the TELCs neural transmembrane
potential equation (Equation 1). This explains the formation of an
action potential spike: a rapid “depolarization” up to about +30 mV
where the voltage-gated sodium channels rapidly inactivate, and the
voltage-gated potassium channels will open (Figure 2B, Cook
et al., 2016).

Note, the voltage-gated potassium channels (threshold potential
around −40 mV) are believed to act as a type of “delayed rectifiers
which activate after a delay following membrane depolarization and
inactivate slowly” (Hammond, 2015). Consequently, the exit of K+

ions through the voltage-gated “delayed rectifier” potassium
channels responsible for action potential repolarization does not
occur at the same time as the entry of Na+ ions through the voltage-
gated sodium channels. This enables the neural membrane to first
depolarize in response to the entry of Na+ through voltage-gated
sodium channels and then to repolarize as a consequence of the exit
of K+ through open voltage-gated potassium channels.

As illustrated in Figure 2B, the opening of the voltage-gated
potassium channels allows K+ cations flow out of the cell, which
increases the population of excess cations (K+) charges outside the
cell so that the TELCs density ([H+

L] +∑n
i�1[Mi+

L ]) on the
extracellular membrane surface will increase in accordance of
Equation 1. This explains the rapid “repolarization” in returning
to the polarized neural cell state followed by an “undershoot”. Then,
the activities of other channels including certain leaky channels and
the ATP-driven sodium/potassium (3Na+/2K+) pumps will
equilibrate and re-establish a resting potential (Figure 1B) as
commonly observed in neurons.

Therefore, with the TELCs neural transmembrane potential
equation (Equation 1), the origin of the resting and action potential
is now much better understood as a TELCs capacitor-related behavior
that is driven by the activities of the ion transporters and channels
across the neuron membrane. That is, as shown by Equation 1, the
neural transmembrane potential (V) is a function of the TELCs density
([H+

L] +∑n
i�1[Mi+

L ]) at the liquid-membrane interface in a neural
membrane capacitor (Figures 1, 2). Consequently, it is the TELCs
density ([H+

L] +∑n
i�1[Mi+

L ]) at the liquid-membrane interface of the
neural protonic-cationic capacitor system that biophysically constitutes/
manifests the “neural resting and action potential”.

TELCs held by transmembrane-electrostatic
attraction force with TELAs

As reported in our latest publication (Lee, 2025c), in a TELCs-
membrane-TELAs capacitor, most of the TELCs (TELPs) are likely

FIGURE 2 (Continued)

cell resulting in a rapid “repolarization” followed by a “undershoot” and then the activities of the leaky channels and the ATP-driven sodium/
potassium (3Na+/2K+) pumps will equilibrate and re-establish the polarized state with a resting potential as commonly observed in a neuron as shown in
Figure 1B. The extracellular and intracellular bulk-liquid phase Na+, K+, Cl−, Ca2+ concentrations shown in the drawing are based on Hammond (2015).
Reproduced from Lee (2025b).
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to be held within the first layer of water molecules on the alkane
(hydrophobic) core membrane surface beneath lipid head groups.
This is because TELCs are held on the alkane core membrane surface
by the transmembrane-electrostatic attraction force with TELAs on
the other side of the membrane. Note, the lipid head groups and the
membrane lipids compositions have little to do with the
transmembrane potential (Lee, 2025c).

Figure 3 illustrates a protonic capacitor (TELPs-membrane-
TELAs) across the fully dehydrated alkane core membrane in a
typical lipid bilayer which has three distinct regions: the fully
hydrated headgroups (0.7–1.0 nm), the fully dehydrated alkane
core membrane (2.5–3.5 nm thick) and a short (0.3 nm)

intermediate region with partial hydration. As illustrated in
Figure 3, transmembrane-electrostatically localized protons (H+,
TELPs) are located likely within the 0.3-nm “intermediate”
region with partial hydration on the surface of the fully
dehydrated alkane core membrane; Meanwhile, their
corresponding transmembrane-electrostatically localized
hydroxide (OH−) anions (TELAs) are at the other side of the
dehydrated alkane core membrane.

Accordingly, TELPs and TELAs are held together across a fully
dehydrated alkane core membrane (2.5–3.5 nm thick) by their
mutual transmembrane-electrostatic attractive force as shown in
a TELPs-membrane-TELAs capacitor (Figure 3). As reported in our

FIGURE 3
Schematic illustration of a protonic capacitor (TELPs-membrane-TELAs) across a fully dehydrated alkane core membrane in a typical lipid bilayer.
There are three distinct regions in a typical lipid bilayer: a fully hydrated headgroups (0.7–1.0 nm), a fully dehydrated alkane core membrane (2.5–3.5 nm
thick) and a short (0.3 nm) intermediate region with partial hydration. Transmembrane-electrostatically localized protons (H+, TELPs) are located within
the 0.3 nm intermediate region with partial hydration on the surface of the fully dehydrated alkane core membrane while transmembrane-
electrostatically localized hydroxides (OH−) anions (TELAs) are at the other side of the dehydrated alkane core membrane. Note, at a typical resting
transmembrane potential of −70 mV, the separation distance between two adjacent TELPs is about 16 nm. The drawing of TELPs density here is not in
scale. Adapted and modified from MDougM (2008), Lee (2025c).
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latest publication (Lee, 2025c), the total transmembrane attractive
force (F) of a transmembrane-electrostatically localized proton (H+)
is from the transmembrane interactions with its multiple
transmembrane-electrostatically localized hydroxide (OH−)
anions (TELAs).

As reported in our latest publication (Lee, 2025c), we have
recently calculated the associated TELCs surface density, the specific
membrane area (nm2) per TELC, the mean separation distance
between adjacent TELCs, and the transmembrane attractive force
(F) of a transmembrane-electrostatically localized proton (H+)
interacting with multiple transmembrane-electrostatically
localized hydroxide (OH−) anions. As presented in Table 1, at a
typical neural resting transmembrane potential with its absolute
value of 70 mV, the transmembrane attractive force (F) was
calculated to be in range from 2.03 × 10−11 to 1.10 × 10−11 N for
a typical lipid bilayer, respectively with its alkane core membrane
thickness in a range from 2.5 nm to 3.5 nm (Figure 3).

Accordingly, to move such a localized proton away from the
membrane-liquid interface by 1 nm (say from 2.03 × 10−11 N of
2.5 nm to 1.10 × 10−11 N of 3.5 nm), it would require 1.56 × 10−20 J of
energy (=10−9 m × (2.03 × 10−11 + 1.10 × 10−11 N)/2), which is
equivalent to 3.6 times as much as the Boltzmann kT thermal kinetic
energy at a physiological temperature of 37 °C (310 K). These results
(Table 1) again indicate that a TELPs-membrane-TELAs capacitor
(Figure 3) can be quite stable. Thus, TELCs (TELPs) formation does
not require any of the putative “potential well/barrier” proposed by
Junge and Mulkidjanian (Cherepanov et al., 2003; Mulkidjanian
et al., 2006) and recently advocated by Silverstein (Silverstein,
2023b) in liquid phase.

According to the understanding with the TELC(s) model (Lee,
2019a; Lee, 2020a; Lee, 2025c), TELCs (TELPs) activities “are likely

to be local and dynamic”: TELPs can rapidly migrate along the
membrane surface and they are also in dynamic communication
with the bulk aqueous liquid phase through the cation-proton
exchange process. Meanwhile (Lee, 2025c), most of the TELPs
are likely to stay within the first layer of water molecules on the
alkane core membrane surface which is beneath the membrane’s
lipid head groups” (Figure 3). That is, TELPs likely are just hiding on
the alkane core membrane surface beneath the lipid head groups.

As listed in Table 1, at a typical neural resting transmembrane
potential with its absolute value of 70 mV, the calculated TELCs
density (3.93 × 103 TELCs per µm2) indicates that TELCs (TELPs)
are quite sparsely distributed with an average separation distance of
15.9 nm between any two adjacent TELCs on the alkane core
membrane surface. The current imaging and spectroscopy tools
(e.g., AFM, SERS, cryo-EM) could not visualize such dynamic and
sparsely distributed TELPs or TELCs on biological membrane
surface for at least two reasons: 1) All of those imaging and
spectroscopy tools do not have the required resolution to “see” a
proton or sodium cation that is dynamic and sparsely distributed
with an average separation distance of 16 nm; and 2) TELCs (TELPs)
could hardly be retained in any conventional membrane sample
preparation since they are dynamic and dependent on
transmembrane potential. Currently, we are not aware of any
artificial pH sensor that could be used to directly measure TELPs
in in-vivo biomembrane systems; that probably could also explain
why the existence of TELPs was never uncovered during the last
7 decades of the “delocalized vs. localized proton coupling debates”
since the early 1960s (Mitchell, 1961; Mitchell and Moyle, 1965;
Williams, 1978; Slater, 1967; Williams, 1975; Williams, 1988;
Heberle et al., 1994; Dilley et al., 1987; Dilley, 2004;
Mulkidjanian et al., 2006).

TABLE 1 Transmembrane-electrostatically localized charges (TELCs/TELPs or TELAs) surface density, mean separation distance (b) between adjacent
transmembrane-electrostatically localized hydroxide (OH−) anions, and the integrated protonic transmembrane attractive force (F) calculated as a function
of transmembrane potential Δψ for a typical lipid bilayer assuming its hydrocarbon core membrane dielectric constant (κ) of 1.88 using the calculation
method reported in Lee (2025c). TELCs density was calculated from transmembrane potential in a range from 10 to 100 mV through Equations 1, 2 using
specific membrane capacitance C/S of 9.2 mF/m2 based on measured experimental data (Gentet et al., 2000). Mean separation distance b (nm) between
adjacent transmembrane-electrostatically localized hydroxide (OH−) anions was calculated from the square root of 1/TELC density. Adapted and modified
from Lee (2025c).

Transmembrane
potential Δψ (mV)

Transmembrane-
electrostatically
localized charges

per µm2

Membrane
area (nm2)
per TELC

Separation
distance
b (nm)

Across 2.5-nm thick
membrane:

Transmembrane
attractive force

(Newton)

Across 3.5-nm thick
membrane:

Transmembrane
attractive force

(Newton)

10 5.62 × 10+2 1780 42.2 1.96 × 10−11 1.01 × 10−11

20 1.12 × 10+3 890 29.8 1.97 × 10−11 1.02 × 10−11

30 1.69 × 10+3 593 24.4 1.98 × 10−11 1.03 × 10−11

40 2.25 × 10+3 445 21.1 1.99 × 10−11 1.04 × 10−11

50 2.81 × 10+3 356 18.9 2.00 × 10−11 1.06 × 10−11

55 3.09 × 10+3 324 18.0 2.01 × 10−11 1.07 × 10−11

60 3.37 × 10+3 297 17.2 2.02 × 10−11 1.08 × 10−11

70 3.93 × 10+3 254 15.9 2.03 × 10−11 1.10 × 10−11

80 4.49 × 10+3 223 14.9 2.05 × 10−11 1.12 × 10−11

90 5.06 × 10+3 198 14.1 2.06 × 10−11 1.14 × 10−11

100 5.62 × 10+3 178 13.3 2.08 × 10−11 1.16 × 10−11
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Only recently, TELPs were, for the first time, discovered through
experimental demonstration of a protonic capacitor in a biomimetic
cathode water-Teflon membrane-water anode system using an
aluminum (Al) metal film as a protonic sensor (Lee, 2025a).
Teflon (Tf) membrane which is an insulator with a dielectric
constant of 2.1 is a reasonable mimic of the biological alkane
core membrane, which is in the same way as how our
bioenergetics founding Father Peter Mitchell had treated
biological membrane as an insulator in his pioneering
Chemiosmotic Theory (Mitchell and Moyle, 1967; Mitchell,
1985). The experimentally demonstrated TELPs activities with
the Al metal film surface in comparison with the Tf membrane
surface (Lee, 2025a) is well in line with the TELPs capacitor model.
The experimental results indicate that most of the TELPs are indeed
held within the first layer of water molecules on the hydrophobic
surface of the Al-Tf-Al membrane system so that TELPs can directly
react with the Al film atoms as part of the protonic sensing
corrosion process.

TELCs model-based biophysics equations to
enable better mathematical description of
neural transmembrane potential

Application of the TELCs model can mathematically better
describe neural transmembrane potential (Lee, 2020c; Lee,
2023c). Briefly, based on the neural transmembrane potential
equation (Equation 1), the molar concentration of total
transmembrane-electrostatically localized protons/cations charges
[TELC], which are the sum of the transmembrane-electrostatically
localized protons and non-proton cations such as sodium ([H+

L] +∑n
i�1[Mi+

L ]) at the liquid-membrane interface along neuronal
extracellular membrane surface, was calculated using the
following equation:

TELC[ ] � H+
L[ ] +∑n

i�1
Mi+

L[ ]
� −Neural transmembrane potential V( ) · C

S · l · F (2)

Where S is the neural extracellular membrane surface area; l is the
TELC layer thickness; F is the Faraday constant; C is the neural
membrane capacitance; and V is the neural
transmembrane potential.

Using a givenmolar TELC concentration [TELC]with extracellular
membrane surface area (S) and TELC layer thickness (l), the TELC
surface population density was calculated as the amounts (numbers) of
transmembrane-electrostatically localized protons/cations charges
(TELC) per extracellular membrane surface area (S, or per cell)
according to the following equation:

TELC numbers � S · l ·NA · TELC[ ]

� S · l ·NA · H+
L[ ] +∑n

i�1
Mi+

L[ ]⎛⎝ ⎞⎠ (3)

where NA is the Avogadro constant (6.02205 × 1023 mol−1).
The TELC numbers essentially represent the localized excess

proton and cation charges (TELCs) population density per surface

area (S). From here, one can also quite clearly understand that it is
the localized excess proton and cation charges (TELCs but not the
bulk phase ion concentrations) that physically form the instant
transmembrane potential through the membrane capacitor effect as
expressed in Equations 1–3.

Based on the understanding of TELCs-associated action
potential theory (Lee, 2020c; Lee, 2023c), the TELC density
change per cell surface area (S) as a result from an ionic flow
across the neuronal membrane (such as the PIEZO-channel cationic
conduction current) was calculated using the following equation:

TELC change/S � I · t/ e · S( ) (4)
Where I is a given transmembrane cationic-conduction current
(outward: positive; inward: negative) in Amps across the neuronal
membrane; t is the transmembrane cationic-conduction time; e is
the elementary charge (1.60219 × 10−19 C); and S is the neuronal
extracellular membrane surface area.

Based on the TELCs action potential theory (Lee, 2020c; Lee,
2023c), the time-dependent transmembrane-electrostatically
localized charge density (TELCt) with net time-dependent
transmembrane current I(t) was mathematically described by the
following integration equation:

TELCt � NA

S · F∫
t

0
I t( )dt + TELC0 (5)

where S is the extracellular membrane surface area; F is the Faraday
constant; NA is the Avogadro constant; I(t) is the net time-
dependent transmembrane cation conduction current (in Amps),
which has a positive sign when cation flows out of the cell (negative
sign when cation flows into the cell); and TELC0 is the initial TELC
surface density at time t = 0.

Conversely, the time-dependent transmembrane potential (Vt)
was mathematically described by the following integral equation:

Vt � − S · F
C ·NA

TELCt � − 1
C
∫t

0
I t( )dt + V0 (6)

where C is the membrane capacitance and V0 is the initial
transmembrane potential at time t = 0.

Note, the net real-time transmembrane ion conduction current
(I(t)) is the summation of all the time-dependent transmembrane
ion currents including the time-dependent sodium current (INa(t))
from V-gated sodium channels, the time-dependent potassium
current (IK(t)) from the V-gated potassium channel, and the
time-dependent other ions currents (Il(t)) which is also known
as the “leaky currents” including (but not limited to) certain “leaky”
inward Cl− flow through Cl− channels (positive sign when anion
(Cl−) flow into the cell; negative sign when anion (Cl−) flow out of the
cell), ions current through certain mechanotransduction channels
(such as PIEZO, Coste et al., 2010;Wu et al., 2017; Coste et al., 2012),
and/or the miscellaneous other ions “leaky currents”. Note, when the
net (Il(t)) current value <0, it may be regarded as an excitatory
(stimulation) current; On the other hand, when the net (Il(t))
current value >0, it can be regarded as an inhibitor (suppression)
current. Anyhow, real-time neural transmembrane action potential
(Vt) can be further described by the following integral equation:

Vt � − 1
C
∫t

0
INa t( ) + IK t( ) + Il t( ){ }dt + V0 (7)
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TELCs density on membrane surface
calculated

Table 2 lists the TELCs surface population density with the units
of charges per µm2 as calculated through Equations 2 and 3 using
specific membrane capacitance C/S of 9 mf/m2 based on measured
experimental data (G et al., 2000), in relation to the resting potential
(−70 mV), stimulation threshold (−55 mV), and action potential
peak level (about +30 mV) in a neuron.

At the resting neural membrane potential of −70 mV, the TELCs
density on extracellular membrane surface is now calculated to be
3,900 positive charges (protons + cations) per μm2 meanwhile an
equal amount (3,900) of transmembrane-electrostatically localized
anions charges (negative charges) on cytoplasmic
membrane surface.

At the stimulation threshold level (−55 mV), the calculated
results (Table 2) show that the extracellular membrane surface
typically has a TELCs density of 3,100 (protons + cations)
per μm2 while the cytoplasmic membrane surface has
3,100 transmembrane-electrostatically localized anions per μm2.

These are significant results since they show, for the first time,
that the change of neural membrane potential from the resting
potential (−70 mV) to the stimulation threshold level (−55 mV)
requires a change of TELCs density by −800 charges (protons +
cations) per μm2 from 3,900 to 3,100 TELC per μm2 on the
extracellular membrane surface, which is the TELCs density level
to induce the firing of an action potential spike. This indicates that a
TELCs density of 3,100 charges per μm2 is required to trigger the
V-gated sodium (Na+) channels for their opening (Figure 2A) to fire
an action potential spike (Figure 4).

TABLE 2 TELCs density: The number of transmembrane-electrostatically localized charges (TELCs) perμm2ofmembrane surface area as calculated through
Equations 2, 3 from the resting membrane potential (−70 mV), stimulation threshold (−55 mV), and action potential peak level (+30 mV) in a typical neural
cell using specific membrane capacitance C/S of 9 mf/m2 based on measured experimental data (Gentet et al., 2000). Reproduced from Lee (2023c).

Neural transmembrane
potential

TELC per μm2 on extracellular
membrane surface

TELC per μm2 on cytoplasmic
membrane surface

Resting potential
level

−70 mV 3,900 protons + cations 3,900 anions

Stimulation
threshold level

−55 mV 3,100 protons + cations 3,100 anions

Action potential peak
level

+30 mV 1,700 anions 1,700 protons + cations

FIGURE 4
Transmembrane-electrostatically localized protons/cations charges (TELC) density is expected to appear as an inverse mirror image of an action
potential spike in neurons. Reproduced from Lee (2023c).
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The time-dependent TELCs and
transmembrane potential better elucidated
with integration equations

In this example, the time-dependent TELC (Equation 5) and
time-dependent transmembrane potential (Equations 6 and 7) are
employed to better explain an action potential spike. As shown in
Figure 4, the initial TELCs surface density at time t = 0, TELC0, is
3,900 (protons + cations) per µm2 with its corresponding rest
potential level (−70 mV). During the period from the time (t) of
0–1.1 ms at the resting state, the net transmembrane ion conduction
current I(t) is zero so that its integral as the first term of Equation 5
is zero and thus the TELCt remains as a flat curve at the TELC0 level
of 3,900 (protons + cations) per µm2. Correspondingly, the neural
transmembrane potential Vt remains as a flat curve at the V0

level of −70 mV.
During a “graded potential” period from time (t) of 1.1–2.1 ms,

the net transmembrane ion conduction current I(t) is the net leak
current (Il(t)) to serve as a stimulation current which has a negative
“−” value owning to certain cation current “flows into the cell” as
defined in Equation 6. The integration of I(t) (=Il(t)) at
about −120 mA/m2 (a reasonable number previously employed
by Zeberg et al. (2010), equivalent to −0.12 pA/μm2 or −7.5 ×
105 charges/s•µm2) with dt (the first term of Equation 7) for the
period from time (t) of 1.1–2.1 ms yields a TELC density change
of −800 charges (protons + cations) per µm2, thus reducing the
TELCt level from the resting level of 3,900 to the stimulation level of
3,100 per µm2 as shown in Figure 4. Correspondingly, in accordance
with Equations 6 and 7, the transmembrane potential Vt curve now
as a “graded potential” rises from the resting level of −70 mV to the
simulation level of −55 mV, which triggers an opening of voltage-
gated sodium channels, resulting in an action potential
firing (Figure 4).

During the “action potential firing depolarization” period from
2.1 to 2.4 ms, in this example, the transmembrane channel ion
conduction current I(t) is now the INa(t) of −3,700 mA/m2

(−3.7 pA/μm2) which is within a range employed in Wang and
Liu (2019) and equivalent to −2.3 × 107 Na+/s•µm2 (−38 μmol/s/m2)
from the opening of voltage-gated sodium channels that results in a
substantial sodium (cation) conduction from the extracellular side to
the intracellular side as illustrated in Figure 2A. Consequently, its
integral from the time (t) from 2.1 to 2.4 ms as the first term of
Equation 5 (for the TELC density change) is a large negative number
(−4,800 charges per µm2) for TELCt to go down from
3,100 to −1,700 charges per µm2 while the integral of Equation 7
(for the neural transmembrane potential change) is a large positive
number (+85 mV) for Vt to rise from −55 mV to 30 +mV. This
result shows that it is the integration of INa(t) with dt over the
period (from 2.1 to 2.4 ms) that drives the rising phase of an action
potential spike. This also mathematically explains the inverse
relationship between the TELCt curve and the Vt curve as
shown in Figure 4. As a result, the TELCt curve (Figure 4)
shows a dramatic decline (corresponding to “depolarization”) in
the TELCs density to a negative number well below zero (−1700,
corresponding to the action potential peak of about +30 mV at
the time of 2.4 ms) where the voltage-gated sodium channels will
be shut and the voltage-gated potassium channels will
open (Figure 2B).

During the “repolarization” period from the time of
2.4 ms–3.0 ms for the falling phase of the action potential spike,
the transmembrane ion current I(t) is now the IK(t) of about
+2,200 mA/m2 which is within a range employed in Wang and Liu
(2019) and equivalent to 1.4 × 107 K+/s•µm2 (23 μmol/s/m2) from
the opening of the V-gated potassium channels that allows K+

cations to flow out of the cell as shown in Figure 2B.
Consequently, its integral from the time (t) of 2.4 ms–3.0 ms in
the first term of Equation 5 (for TELC density change) is a large
positive number (+5,600 charges per µm2) for TELCt to return
from −1700 to 3,900 charges per µm2; while the integral of Equation
7 (for the transmembrane potential change) accumulates a
substantial negative number (−100 mV) for Vt to return from
+30 mV to −70 mV by the time at 3.0 ms.

The repolarization is then followed by an “undershoot” (to
about −90 mV with TELC density reaching as much as
+5,100 charges per µm2) at the time of 3.6 ms and subsequently re-
equilibrate to −70 mV (+3,900 charges per μm2) at the time of 4.9 ms.
This phenomenon typically corresponds to the process of
“repolarization” followed by re-equilibrating with the activities of the
leaky channels of other ions likely including chloride channels and the
ATP-driven sodium/potassium (Na+/K+) pumps (Figure 1B) to re-
establish a TELCs surface density to about 3,900 per μm2

(corresponding to a resting potential of −70 mV where the net
transmembrane ion current I(t) may return to zero) at the time of
4.9 ms. Subsequently, both TELCt and Vt remain as flat curves for the
re-established resting state thereafter from 4.9 to 5.9 ms as shown
in Figure 4.

This example (Figure 4) explains the time-dependent TELC and
transmembrane potential with the integral equations (Equations
5–7) for an action potential spike from its beginning to its end. It
shows that our newly developed time-dependent TELC-based
transmembrane potential integral equations (Equations 5–7) can
be helpful to construct and analyze neural action potential spikes.

The TELC model predicts that if the V-gated sodium channel
activity (INa(t)) is not temporally separated from the V-gated
potassium channel activity (IK(t)), their effect to drive the rising
and falling phases of an action potential may cancel each other
since the sign (−) of V-gated sodium channel activity (INa(t)) is
opposite to that (+) of the V-gated potassium channel activity
(IK(t)). This feature as predicted by the TELC model (Equations
5–7) was observed exactly in the independent experimental study
(Carter and Bean, 2009): “in fast-spiking GABAergic neurons
(cerebellar Purkinje cells and cortical interneurons), twice as much
sodium enters as the theoretical minimum. The extra entry occurs
because sodium channel inactivation is incomplete during the falling
phase of the spike”. Therefore, the TELCmodel (Equations 1–7) is well
in line with the independent study of (Carter and Bean, 2009) on
sodium entry during action potentials of mammalian central neurons
and is in line also with the latest experimentally measured ion currents
of human cortical pyramidal neurons (Beaulieu-Laroche et al., 2021).

Majority of neural TELCs are likely to
be TELPs

Based on the TELCs model (Lee, 2020c; Lee, 2023c), the steady-
state neural TELP concentration [H+

L] after cation-proton exchange
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with each of the cation species Mi+
pB of the bulk liquid positive (p)-

phase is,

H+
L[ ] � TELC[ ]

∏n
i�1 {KPi

Mi+
pB[ ]

H+
pB[ ]⎛⎝ ⎞⎠ + 1}

(8)

Where [TELC] is the concentration of total transmembrane-
electrostatically localized protons and cations ([H+

L] +∑n
i�1[Mi+

L ]); [Mi+
pB] represents the concentrations of non-proton

cations in the bulk liquid p-phase, and KPi is the equilibrium
constant for the cation to exchange with TELP. The equilibrium
constant KPi is defined as the ratio of the delocalized proton
concentration [H+

pB] to the cation concentration [Mi+
pB] in the

bulk aqueous p-phase when the cation-proton exchanging
process reaches the midpoint at an equilibrium state where the
steady-state TELP concentration [H+

L] is equal to the
transmembrane-electrostatically localized cation concentration
[Mi+

pL] at the liquid-membrane interface.
Accordingly, the composition of neural TELCs in relation to

TELPs is determined by the effect of the cation-proton exchange
process as described mathematically in Equation 8. Based on the
neural cell data from Hammond (2015), the concentrations of the
extracellular cation species Na+, K+ and Ca2+ are the 140 mM Na+,
3 mM K+, and 1.5 mM Ca2+ in the neural extracellular liquid as
shown in Figure 1B. The product of the cation-proton exchange
reduction factors (the denominator of Equation 8) is now calculated
to be 1.22 (see Table 3). As shown in Table 3, the cation-proton
exchange reduction factors were calculated from the extracellular
pH 7.3 and the Na+, K+ and Ca2+ concentrations, using the
previously reported cation-proton exchange equilibrium constants
KPi of 5.07 × 10−8 and 6.93 × 10−8 for Na+ and K+, respectively (Saeed
and Lee, 2018); and 2.26 × 10−6 for Ca2+ recently determined
experimentally by the Lee team in the lab. This calculation for
the product (effect) of the cation-proton exchange reduction factors
employed the same method as previously reported (Lee, 2019a).

Using the calculated value of 1.22 for the product of the cation-
proton exchange reduction factors with Equation 8, the ratio of
TELPs to TELCs was calculated to be 1/1.22 = 0.82. This indicates
that TELPs represent about 80% of TELCs in the neural cell. That is,
the majority of neural TELCs is likely to be TELPs at the resting state
with a neural transmembrane potential of −70 mV. Note, the ratio of
TELPs to TELCs is merely a characteristics of TELCs, but it does not
change the total TELCs since neural TELPs are also part of the
neural TELCs population. It is the TELCs that represent the basis for
the TELCs-charged membrane capacitor which gives rise to neural

transmembrane potential as shown in the TELCs transmembrane
potential equation (Equation 1).

TELCs-membrane-TELAs capacitor
experimentally demonstrated

Recently, the formation of a TELC-membrane-TELAs capacitor
has been experimentally demonstrated using a biomimetic anode
water-Teflon® membrane-water cathode system (Saeed and Lee,
2015; Saeed and Lee, 2018) through two PhD thesis research
projects (Saeed, 2016; Kharel, 2024). In his “critiques”
(Silverstein, 2023a; Silverstein, 2025; Silverstein, 2024a),
Silverstein repeatedly claimed he (Silverstein, 2024b) has
“challenged” our major conclusions on the experimental
demonstration of TELPs (Saeed and Lee, 2015; Saeed and Lee,
2018). As shown in the latest peer-reviewed journal publication
(Lee, 2025a), we have now found out that Silverstein’s “critiques”
(Silverstein, 2023a; Silverstein, 2025; Silverstein, 2024a) were
misconceived largely because of his own errors or
misunderstandings such as his misconception on the aluminum
(Al) film protonic sensing limit and his fallacy in distinguishing Al
protonic (acidic) corrosion and Al hydroxide (alkaline) corrosion.
The experimental demonstration and characterization of TELPs [29,
78] have now been affirmed successful (Lee, 2025a).

The “diffusion coefficients” and “radius of
ionhydrate complex” may not be applicable
to the excess protons in liquid water

In his “critiques” (Silverstein, 2023a; Silverstein, 2025; Silverstein,
2024a), Silverstein repeatedly applied “diffusion coefficients” and
“radius of ionhydrate complex”, without any justification, to the
conduction of excess protons in liquid water. For example,
Silverstein used the diffusion coefficients listed in his “Table 1” of
Silverstein, 2025 to argue: “the aqueous proton diffuses 4 to 13 times
faster than other ions, due to its small size and the de Grotthuss
mechanism”. . .“even with DH+ = 9.3 nm2/ns, the aqueous proton’s
diffusion speed is orders of magnitude slower than the velocity of an
electron in an electrical circuit”. His “diffusion coefficients” argument
there is questionable since he blindly treated “aqueous proton’s
diffusion” (a concentration-driven random walk process) as a
vectorial conduction of excess protons (driven by electric field of
excess charges) in liquid water.

TABLE 3 The calculation for the product of cation-proton exchange reduction factors for the TELPs of TELCs in a neural cell with extracellular liquid pHpB =
7.3. Adapted and updated from Lee (2023c).

Cation species
Mi+

pB

Extracellular cation species concentration
[Mi+

pB]
Exchange equilibrium constant KPi KPi([M

i+
pB]

[H+
pB]) + 1

Na+ 140 mM 5.07 × 10−8 1.14

K+ 3 mM 6.93 × 10−8 1.00

Ca2+ 1.5 mM 2.28 × 10−6 1.07

Product of cation-proton exchange reduction factors: ∏n

i�1 {KPi([M
i+
pB ]

[H+
pB ]) + 1} 1.22
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In his critique (Silverstein, 2025), Silverstein further argued:
“Compared to the proton, the charge/radius ratio of the hydrated
monovalent cations (Na+, K+) is only 25 – 30% lower; for the divalent
cations (Ca2+, Mg2+), the ratio is actually 50 – 60% higher (Table 1).
Hence, electrostatic considerations suggest that cation-proton
exchange Keq values should be 10−2 or higher for Na+ and K+,
and >1 for Ca2+ and Mg2+”. Silverstein’s argument there was again
misconceived since he apparently treated the charged-balanced
protons (such as those in a HCl solution) as excess protons and
improperly compared the excess protons with the non-proton
cations. In accordance of the TELC theory and experimental
demonstrations, excess protons can readily conduct into the first
layer of water molecules on the membrane surface because the
transmembrane attraction by the excess hydroxide anions on the
other side of the membrane in forming a protonic (TELPs)
capacitor. In contrast to Silverstein’s argument, it is now affirmed
(Lee, 2025a): the sodium/TELPs exchange equilibrium constant
KpNa+ was experimentally measured to be (5.07 ± 0.97) × 10−8

and the potassium/TELPs exchange equilibrium constant KpK+ was
determined to be (6.93 ± 1.23) × 10−8.

Notably, excess protons have been studied in water with excess
electric charge by independent laboratory research groups (Santos
et al., 2011; Fuchs et al., 2016). Based on the TELCs theory (Lee,
2019a; Lee, 2020a; Lee, 2021) with liquid water as protonic
conductor, it is expected that the excess protons will appear on
the liquid water surface because of the mutual repulsion of excess
protons that is known also as the Gauss law effect of electrostatics
(Lee, 2023a; Lee, 2012; Lee, 2023d). This feature as expected was
shown also by independent studies where the migration of excess
protons to the liquid/air interface has been simulated (Petersen and
Saykally, 2005) and observed experimentally (Fuchs et al., 2019).

The electrogenic process of 3Na+/2K+

ATPase

Since the activity of 3Na+/2K+ ATPase is electrogenic which
actively pumps a positive excess charge from the intracellular side to
the extracellular side per ATP consumption, it can help to generate
and/or maintain a resting transmembrane potential in accordance of
the TELC model; at the same time, the activity of 3Na+/2K+ ATPase,
of course, can also generate and maintain the bulk liquid phase ion
concentration gradients of Na+ (high outside), K+ (high inside), and
indirectly, Cl− (high outside) across the membrane. Once the
electrochemical gradient is established, it can also be utilized to
drive all kinds of ion transporting processes. For example, “adult
mammalian central neurons maintain a low intracellular Cl−

concentration. Cl− extrusion is achieved by K+–Cl− cotransporters
(KCC) fueled by K+. As all transporters, it does not directly consume
ATP but derives its energy from ionic gradients, here the K+ gradient
generated by the Na/K/ATPase” (Hammond, 2015).

Previously (Silverstein, 2023a), by repeatedly making his
misconceived claim of “Cl− flows out through channels, following
the excess Na+”, Silverstein tried to deny the fact that the process of
3Na+/2K+ ATPase is electrogenic which can help to generate and/or
maintain a resting transmembrane potential. His point was that
“3Na+/2K+ ATPase pumping electrogenically pumps one net
+1 charge out, but that one Cl− follows this charge out through

separate channels, thus neutralizing the excess +1 export”. In trying
to defend his claim, Silverstein made another argument in his latest
article (Silverstein, 2025): “plasma membrane ClC-1 channels are
voltage-gated open above −100 mV (Stolting et al., 2014), and carry
about 80% of the ionic current accounting for the neuronal resting
membrane potential (Stauber et al., 2012; Stolting et al., 2014;
Pedersen et al., 2016). This substantial Cl− resting permeability of
the neuronal plasma membrane (10–100% of the resting K+

permeability (Kuffler et al., 1984; Junge, 1992; Aidley, 1989),
depending on tissue) has been known for more than half a
century. The result is that Cl− anions are exported through the
open CLC-1 channels along with the excess Na+ cation, counter-
balancing the +1 charge export of the Na/K ATPase pump”.

Note, based on the understating with the TELCs model, when a
neural cell has a low plasmic chloride concentration [Cl−]int, an
opening of a chloride channel such as CLC1 (in some tissue) could
allow some Cl− flow into the neural cell, resulting in somewhat
hyperpolarized transmembrane potential (about −80 mV) so that its
graded potential could not be too easy to reach the stimulation
threshold (−55 mV) to prevent from triggering an unwanted action
potential spike. This is physiologically important to prevent from
causing myotonia congenita or epilepsy (Adrian and Bryant, 1974;
Stölting et al., 2014). When a neural cell has a high plasmic chloride
concentration [Cl−]int and/or under certain overly polarized state
(such as in the “under shoot” phase when transmembrane potential
is as negative as about −100 mV), an opening of a chloride channel
such as CLC2 could allow Cl− to flow out of the cell to help restore
the transmembrane potential from an overly polarized state to the
resting level of about −70 mV (Scholl et al., 2018). That is, both
CLC1 and ClC2 are regulated chloride channels. Their activity
could utilize their Cl− electrochemical potential including the
transmembrane potential, but none of them would change the
transmembrane potential from the resting level (−70 mV) all the
way to 0 mV. Therefore, Silverstein’s claim of “Cl− flows out
through channels, following the excess Na+” is again
not supported.

Readers probably can also understand that a relative Cl−

permeability accounting for “about 80% of the ionic current” at
the neuronal resting membrane potential does not necessarily have
to translate to a large Cl− flow, since the total ionic current at a
neuronal resting membrane potential is typically quite small. Xu and
Adams (Xu and Adams, 1992) reported: “The contribution of Na+,
K+ and Cl− to the resting membrane potential was examined and
relative ionic permeabilities PNa/PK = 0.12 and PCl/PK < 0.001 were
calculated using the Goldman-Hodgkin-Katz voltage equation” in
rat intracardiac neurons.

Zero “excess charges” in the bulk
liquid phase

According to the TELCs capacitor model, “excess charges” will
stay on membrane surface but not in the bulk liquid phase.
Therefore, the TELCs-membrane-TELAs capacitor model predicts
zero “excess charges” in the bulk liquid phase at the equilibrium
state. This predicted feature is well in line with the contemporary
textbook (Hammond, 2015) knowledge: “In spite of the unequal
distribution of ions across the plasma membrane, intracellular and

Frontiers in Biophysics frontiersin.org13

Lee 10.3389/frbis.2025.1648934

https://www.frontiersin.org/journals/biophysics
https://www.frontiersin.org
https://doi.org/10.3389/frbis.2025.1648934


extracellular media are neutral ionic solutions: in each medium, the
concentration of positive ions is equal to that of negative ions”.

Silverstein’s claim of “large positive value of excess charge in
both internal and external phases of squid giant axon (≈+ 30 mM)
and in muscle neuron cytoplasm (+150 mM)” (Silverstein, 2025) is
just misguided, since that would violate the principle of total charge
neutrality.

The contemporary neuroscience textbook (Hammond, 2015)
teaches clearly: “In the intracellular compartment, anions other than
chloride ions are present and compensate for the positive charges.
These anions are HCO3

−, PO4
2−, amino acids, proteins, nucleic acids,

etc. Most of these anions are organic anions that do not cross
the membrane”.

Tamagawa and others identified the
limitation and deficiency of the
GHK equation

Although the Goldman-Hodgkin-Katz (GHK) equation is one
of the most widely used equations in electrobiology (Xu and
Adams, 1992; Huang et al., 2015; Perram and Stiles, 2010; Clay,
2009; Clay et al., 2008; Barry, 2006; Martin and Harvey, 1994;
Weiss et al., 1992; Ohki, 1984; Bowman and Baglioni, 1984; Salas
and Lopez, 1982), it also has certain limitations. Independent
studies by the Tamagawa team (Tamagawa and Morita, 2014;
Tamagawa and Ikeda, 2017; Tamagawa and Ikeda, 2018;
Tamagawa, 2015; Tamagaw, 2019) have recently concluded
that “the Goldman-Hodgkin-Katz equation is no reliable tool
to determine permeabilities” (Tamagawa and Ikeda, 2018;
Heimburg, 2018). That means, its relative membrane
permeability coefficients (PK, PNa and PCl) could not be
measured directly through independent experiments without
using the GHK equation per se. As Tamagawa and Ikeda
pointed out (Tamagawa and Ikeda, 2018), “the permeability
constant is not necessarily obtained by the direct
measurement of membrane permeability to ions” (Wright and
Diamond, 1968; Olschewski et al., 2001; Uteshev, 2010); They
(Tamagawa and Ikeda, 2018) further explicated: “these
permeability coefficients do not have any substantial meaning,
but serve merely as a parameter matching the potential computed
using the Goldman-Hodgkin-Katz equation and the
experimentally measured potential”. Tamagawa’s another
study (Tamagawa, 2019) also concluded that the GHK
equation “does not necessarily provide us with a trustworthy
enough membrane potential generation mechanism”.

Salas and Lopez (Salas and Lopez, 1982) reported: “The
Goldman-Hodgkin-Katz equation has been extensively used to
determine cationic/anionic permeability ratios in the paracellular
pathways of the gallbladder epithelium. Nevertheless, new
experimental evidence suggests that none of the theoretical
assumptions of the equation hold for these pathways. In order to
assess the experimental validity of the Goldman equation the
permeability ratios were calculated from zero-current diffusion
potentials by means of the Goldman equation and compared
with the cationic/anionic permeability ratios measured by
simultaneous determinations of cation and anion tracer fluxes in
the same membranes. The results indicate that the Goldman

equation is empirically valid for the tested salts (KCl and RbCI)
within the experimental range of concentrations (25–200 mM) at an
electrochemical-potential difference of zero”.

Chang (1983) noticed: “although the GHK equation can fit theV
vs [K+]o data well, it has difficulty explaining the observed
dependence of V on [Na]o when the axon is bathed in K+-free
artificial sea water” and also showed “the GHK equation can fit the
observed data only partially. Some of the ionic dependence of the
resting potential is difficult to explain”.

Independent study by Bowman and Baglioni (1984) pointed out
another deficiency of the GHK equation: “If the IV (current-voltage)
curve involves more than one ion, then each ion must be replaced
with a relatively impermeant ion in a systematic study to test the
validity of use of the GHK current equation”.

In a review article (Clay, 2009), Clay 2009 also pointed out: “One
final point concerning the utility of the GHK equation for models of
membrane excitability is that it permits a straightforward
determination of IK when Ko

+ = 0, conditions which are
problematic for IK ~ (V − EK) since EK is undefined for Ko

+ = 0”.
Therefore, the Tamagawa team (Tamagawa and Ikeda, 2017;

Tamagawa and Ikeda, 2018; Tamagawa, 2015; Tamagaw and a,
2019) and other independent researchers (Clay, 2009; Bowman and
Baglioni, 1984; Salas and Lopez, 1982; Chang, 1983) have made
substantial scientific contributions to rightly identifying the
limitation and deficiency of the GHK equation.

In his critique (Silverstein, 2025), Silverstein commented “Lee
cited four papers (Heimburg, 2018; Wright and Diamond, 1968;
Olschewski et al., 2001; Uteshev, 2010) that he claimed ‘concluded
that the Goldman-Hodgkin-Katz equation is not a reliable tool to
determine permeabilities. That is, its relative membrane
permeability coefficients (PK+, PNa+, and PCl-) could not be
measured directly through independent experiments (Lee,
2023a)’”. Readers can probably now see, Silverstein’s comment
again appears to be improper, since it seems to have an
appearance in trying to improperly credit the valuable
contribution made by the Tamagawa team (Tamagawa and
Ikeda, 2017; Tamagawa and Ikeda, 2018; Tamagawa, 2015;
Tamagawa, 2019) to someone else (Lee); and since the three
references “(Wright and Diamond, 1968; Olschewski et al., 2001;
Uteshev, 2010)” were originally cited by Tamagawa and Ikeda
(Tamagawa and Ikeda, 2018) to show examples (Wright and
Diamond, 1968; Olschewski et al., 2001; Uteshev, 2010) of “the
permeability constant is not necessarily obtained by the direct
measurement of membrane permeability to ions” (Tamagawa and
Ikeda, 2018).

Silverstein’s “pHsurface” may not
represent TELPs

Silverstein’s “Table A1” of his article (Silverstein, 2025) lists
“pHsurface” as “pH values reported within 1.5 nm of a water/
hydrophobic interface, either measured experimentally with lipid-
fluorophore proton sensors or calculated from molecular dynamics
simulations or electrostatics”. However, none of them has any
relevance to TELPs (transmembrane-electrostatically localized
protons). For example, many of his numbers are apparently from
some molecular dynamic simulations for the fixed interface
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property-enriched protons (at the liquid-decane interface or air-
water interface) without any transmembrane potential and its
membrane capacitor-associated TELP(s), thus having little
relevance to the TELP(s) model.

According to the TELCs neural transmembrane potential
equation (Equation 1), TELPs are instantly associated with the
transmembrane potential (V). Many of the systems listed in
Silverstein’s “Table A1” (Silverstein, 2025) have no
transmembrane potential (V) and are thus irrelevant. For
example, Silverstein’s “pHsurface” of “5.0 ± 0.2” in his “Table A1”
as he claimed from the “lipid bilayer” system (Weichselbaum et al.,
2017) without any transmembrane potential (V) obviously does not
represent any TELPs. Similarly, the “lipid bilayer” of reference
(Tocanne and Teissié, 1990) talking about “ionization of
phospholipids” and surface potential (but not transmembrane
potential) also has little relevance to TELPs either. Silverstein
claimed “pHsurface” of “4.7” from his reference “5 (Wolf et al.,
2014)” is also irrelevant to the TELCs (TELPs) model since the
“molecular dynamic simulation study of (Wolf et al., 2014)” (Wolf
et al., 2014) did not involve any transmembrane potential.

Xu et al. (2016) reports a quite interesting study of protonation
dynamics on lipid nanodiscs with sophisticated fluorescence
correlation spectroscopy using fluorescein-5-Maleimide (CAS
number 75350-46-8) and DOPE-Flu (CAS number 799268-49-8),
but without any transmembrane potential. Therefore, the “pHsurface”

of “5.5” that Silverstein claimed from this Xu et al. (2016) is also
irrelevant to TELPs.

Readers probably also know that a lipid fluorophore like
fluorescein DHPE (CAS number 87706-98-7) or DOPE-Flu (CAS
number 799268-49-8) whose fluorescent active site (polar
carboxyfluorescein which is expected to stay in the bulk liquid
phase) is located at a position above the lipid headgroup, likely
more than 1.5 nm away from the first layer of water molecules
(where most of the TELPs reside) on the alkane core membrane
surface. Consequently, any of the “pHsurface” that Silverstein claimed
from “lipid fluorophore”-based studies may not represent
TELPs either.

Therefore, readers probably can also understand that
Silverstein’s “critique” (Silverstein, 2025) with his largely
irrelevant “Table A1” again seems to reflect his error or
misunderstanding of the TELPs model.

As recently discussed (Lee, 2023a; Lee, 2025c) according to the
size of the pH-sensitive GFP (Rieger et al., 2017) and its associated
protein linker used in the mitochondrial pH measuring experiments
(Rieger et al., 2014; Rieger et al., 2021; Toth et al., 2020), “the active
site of its pH-sensitive chromophore is likely to be at least about
2–3 nm away from the membrane surface”. This separation distance
(2–3 nm away from the mitochondrial membrane surface) is good to
detect bulk-liquid phase pH; but too far away to sense TELPs on the
alkane core membrane surface. Therefore, according to the TELPs
model (Figures 1B, 3), we predict that the pH-sensitive GFP sensors
can see the protons in the bulk liquid phase (around pH 7), but could
not detect TELPs that stay primarily within the first layer of water
molecules on the hydrophobic alkane core membrane surface. This
TELPs-model-based prediction for the pH-sensitive GFP bulk-
liquid phase pH measurement was observed exactly in the
measured mitochondrial “pH 6.8–7.0” (Rieger et al., 2014) and
“pH 7.0–7.1” (Toth et al., 2020) that Silverstein listed in his

“Table 1” of his 2022 critique (Silverstein, 2022). Therefore,
readers can now probably also see that the data listed in
Silverstein’s “Table 1” of his 2022 critique (Silverstein, 2022) and
his “Table A1” of his 2025 critique (Silverstein, 2025) are actually in
line with the TELPs-model prediction.

According to our understanding with the TELC(s) model (Lee,
2019a; Lee, 2020a; Lee, 2021), TELCs (TELPs) activities are likely to
be local and dynamic. Although they are in dynamic communication
with the bulk aqueous liquid phase through the cation-proton
exchange process, most of the TELPs are likely to stay within the
first layer of water molecules on the hydrophobic core membrane
surface which is beneath the membrane’s lipid head groups
(Figure 3). That is, TELPs likely are just hiding on the alkane
core membrane surface beneath the lipid head groups. Currently,
we are not aware of any artificial pH sensor that could be used to
directly measure TELPs in biomembrane systems, that probably
could explain why the existence of TELPs was never uncovered
during the last 7 decades of the “delocalized vs. localized proton
coupling debates” since the early 1960s (Mitchell, 1961; Mitchell and
Moyle, 1965; Williams, 1978; Slater, 1967; Williams, 1975; Williams,
1988; Heberle et al., 1994; Dilley et al., 1987; Dilley, 2004;
Mulkidjanian et al., 2006). Only recently, TELPs were, for the
first time, discovered through experimental demonstration of a
protonic capacitor in a biomimetic cathode water-membrane-
water anode system using an Al metal film as a protonic sensor
(Lee, 2025a). However, the Al film-based protonic sensor would be
not easy for use in micro/nanometer-scale biomembrane systems.
Therefore, it is now important to develop “a new type of protonic
sensors to directly observe TELPs within the first layer of water
molecules on hydrophobic core membrane surface in biological
membrane systems”. According to our analysis, two natural
membrane protein complexes are now known to sense and use
TELPs: the FoF1-ATP synthase (Lee, 2023a) and the melibiose
transporter MelB (Hariharan et al., 2024). Therefore, I hereby
encourage researchers “to take cue and inspiration from the
natural TELPs-sensing biomolecules to better design and make
the needed protonic probes for more direct detections of TELPs
in biomembrane system”.

The transmembrane ion currents employed
by Lee in teaching the applications of the
TELCs model equations are valid

In contrast to Silverstein’s claims in his last five paragraphs of his
article (Silverstein, 2025), the examples of transmembrane ion
currents employed by Lee in teaching the applications of the
TELCs neural transmembrane potential model (Lee, 2023c) are
valid and the calculations were all correct. For example, the
stimulation current values (e.g., Istim of −120 mA/m2) employed
by Lee (2023c) was proper, since the values were within a range from
0 to 1,200 mA/m2 that had been well employed by other experts in
theoretical studies [the stimulation current density values and their
range can be found in the “Figures 1, 3, 8A and 10” of the cited
Zeberg et al. (2010)]. For example, Istim of −120 mA/m2 was
employed by Zeberg et al., 2010 in their “Figure 1B” and the
vertical axis of their “Figure 8A” (Zeberg et al., 2010) shows a
range from 0 to 1,200 mA/m2 in a hippocampal neuron model.
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Therefore, our use of the “Istim of −120 mA/m2” as one of the
numbers within a range from 0 to 1,200 mA/m2 in testing use of the
newly developed TELCs-based time-dependent neural
transmembrane potential integration equations (Equations 5‒7)
was completely legitimate to numerically construct an action
potential spike, for the first time. Similarly, the information
about the “potassium and sodium channel current density in a
range from −5 to +5 A/m2” (that Silverstein apparently missed) is
provided in the vertical axis of “Figure 3B” and “Figure 5A” of the
cited Wang and Liu (2019). Therefore, Silverstein’s unnecessary
claims and arguments in his last five paragraphs of his article [16]
were misconceived purely by his own errors or misunderstanding. It
is now quite clear that the TELCs-membrane-TELAs capacitor-
based transmembrane potential biophysics equations (Equations 1‒
8) are indeed valid (Lee, 2020c; Lee, 2023c).

The dynamic and local nature of the TELCs
capacitor model

Neural TELCs-membrane-TELAs capacitor is dynamic and
local in nature. The entire surface of the cell membrane is not
necessarily equipotential, and, especially, the action potential spike
propagates along an axon. Therefore, the TELCs capacitor model is
not necessarily identical to the technical concept of just simply a
capacitor—namely, two equipotential surfaces separated by a
dielectric insulating membrane. A live neuron is a dynamic (not
necessarily static) system. As recently discussed in the application of
the TELCs capacitor model to calculate for a neural touch signal
transduction time (Lee, 2025b), “it may require a ‘graded potential’
only at a small specific area of neuronal membrane such as at an
axon hillock (the initial segment of an axon) or a node of Ranvier to
reach the stimulation threshold level (−55 mV, equivalent to
3,100 TELCs per μm2 on extracellular membrane surface) to fire
an action potential spike”. Action potential spikes can propagate
along a myelinated axon which could be more than a meter long
(such as the neural cell with its axon extended from brain to foot).
The known saltatory propagation of action potential spikes along an
axon indicates that the entire surface of the cell membrane is not
necessarily equipotential since the neural TELCs-membrane-TELAs
capacitor is local and dynamic in nature. That is, neural
transmembrane potential including action potential can be local
such as at the axonal initial segment and nodes of Ranvier where
dense clusters of ion channels underlie action potential generation
and rapid conduction (Hill et al., 2008; Elvira and Jenkins, 2025).
Meanwhile, it can also be dynamic (migrating) along membrane
surface in line with the saltatory conduction along an axon. Only
under certain calm condition when the resting transmembrane
potential is fully equilibrated throughout a neural cell, the entire
surface of the cell membrane may be in an equipotential state.
Therefore, the TELCs capacitor model is illustrated as a across
section of an idealized neuron (Figure 1B), which represents a highly
idealized model, especially when it is contrasted with the actual
morphology of a neuronal cell.

Notably, the local specific membrane capacitance may vary
dramatically along a myelinated axon and non-myelinated axon.
As previously discussed (Lee, 2020c), the specific membrane
capacitance at a myelinated section of an axon can be 40 times

less than that at a node of Ranvier which is not myelinated.
Consequently, according to the TELCs-based transmembrane
potential equation (Equations 1 and 2), even at the same fully
equilibrated resting transmembrane potential of 70 mV, the
TELCs density (3,900/40 = 97.5 TELCs per μm2) at the neural
liquid-membrane interface along a myelinated axon segment
may be 40 times less than that (3,900 TELCs per μm2) at the
node of Ranvier or non-myelinated axon segment. That is, a
myelinated axon requires much less TELCs density (less ATP
energy cost) to deliver the action potential spike signal than a
non-myelinated axon. Therefore, based on the TELCs capacitor
model (Equations 1 and 2), “the biological significance of axon
myelination is now also elucidated as to provide protonic/
cationic insulation and prevent any ions both inside and
outside of the neuron from interfering with the action
potential signal, so that the action potential can quickly
propagate along the axon with minimal (e.g., 40 times less)
energy requirement” as previously reported (Lee, 2020c). This
also shows that the TELCs density (Equation 2) is not necessarily
equal along the entire surface of the cell membrane either, since it
depends not only on the local transmembrane potential but also
on the local specific membrane capacitance.

Comparison of key tenets from Goldman-
Hodgkin-Katz model vs TELCs theory

Table 4 lists a comparison of the key tenets from the classic
Goldman-Hodgkin-Katz (GHK) model vs the TELCs Theory. As
listed in Table 4, according to the classic GHK Model, the source of
transmembrane potential is believed to be “somehow” generated by
bulk-liquid phase ions concentration differences across the
membrane with the selective ions permeability (Na+, K+, Cl−),
apparently assuming excess charges staying in liquid as part of
the bulk liquid phase ions concentrations. On the other hand, the
TELCs model explains that the transmembrane potential is
generated by the TELCs-membrane-TELAs capacitor formation
as a result of transmembrane ion transport as shown in the
integral equation (Equation 7) for the real-time neural
transmembrane action potential (Vt), assuming excess positive
changes as TELCs at one side of the membrane and excess
negative charges as TELAs at the other side of the membrane as
illustrated in Figures 1B, 2.

Both the classic GHK model and the TELCs model agree that
neuron depolarization is due to the opening of Na+ channels. The
difference between the two models here is somewhat subtle.
According to the GHK-equation model, neuron depolarization
seems to be driven by the opening of Na+ and K+ ion channels
with the selective ions permeability (Na+, K+, Cl−) to the bulk-liquid
phase ions concentration differences across the membrane. On the
other hand, the TELCs Theory can more clearly explain how
neuronal cell depolarization occurs: by “discharging of TELCs-
membrane-TELAs capacitor because of cation transport from
outside into the cell as a result from the opening of Na+ ion
channel” (Figure 2A; INa(t) of Equation 7). The TELCs model
further explains that neuron repolarization is through recharging
the TELCs-membrane-TELAs capacitor as a result from the opening
of K+ channels as shown in Figure 2B and IK(t) of Equation 7.
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This understanding from the TELCs model with its integral
equations (Equations 5–7) conceptually (Figures 1–3) and
mathematically (Equation 7) affirms that ion channels are
certainly part of the molecular basis in addition to the membrane
capacitor property for action potential generation in neurons.

For example, the TELCs model with its integral equation
(Equation 7) for the real-time neural transmembrane action
potential (Vt) can make a series of experimentally testable
predictions regarding ion channels: a) the voltage-gated Na+

channels (INa(t) of Equation 7) are required to fire action
potential spikes and a blockage of the required voltage-gated Na+

channels by an inhibitor like tetrodotoxin (TTX) would completely
blockade action potentials; b) Genetic knockout (deletion) or
mutation of critical ion channels such as required voltage-gated
Na+ channels (INa(t) of Equation 7) and/or the voltage-gated K+

channels (IK(t) of Equation 7) would abolish and/or affects action
potential firing which in return could result in neurological disease
(or conditions) such as certain neuropathic pain and epilepsy; and c)
The genetic expression for the precise clustering of ion channels
(such as the voltage-gated Na+ channels (INa(t) of Equation 7) and
the voltage-gated K+ channels (IK(t) of Equation 7) at the axonal
initial segment and nodes of Ranvier would lay the biomolecular
foundation for the ability to fire action potential spikes and saltatory
conduction along a myelinated axon. All these predictions from the
TELCs model have recently been experimentally observed exactly in
many well-established electrophysiological phenomena including
(but not limited to): 1) The tetrodotoxin (TTX) sensitivity shows
the complete blockade of action potentials by TTX, which targets
voltage-gated Na+ channels (Bean, 2007; Blair and Bean, 2002; Zou
et al., 2024; Lee and Ruben, 2008; Harty and Waxman, 2007; Theile
and Cummins, 2011; Hille, 2001); 2) Genetic knockout (deletion) or
mutation of critical ion channels abolishes (or affects) action
potential firing which in return may result in neurological disease
(or conditions) such as certain neuropathic pain and epilepsy
(Martinez-Espinosa et al., 2015; Oyrer et al., 2018; Veerman
et al., 2015; Pinto et al., 2025; Derangeon et al., 2012; Ma et al.,
2017; Quraishi et al., 2020; Hill et al., 2023; Eijkelkamp et al., 2012;
Raouf et al., 2010; Yogi et al., 2025); and 3) The precise clustering of
ion channels at the axonal initial segment and nodes of Ranvier
underlies the ability to fire action potential spikes and saltatory
conduction along a myelinated axon (Freeman et al., 2016; Freeman
et al., 2015; Rasband and Peles, 2016; Feinberg et al., 2010; Rasband
et al., 1999; Hill et al., 2008; Elvira and Jenkins, 2025; Arancibia-

Carcamo and Attwell, 2014; Amor et al., 2017). Therefore, the
TELCs model (with its Equations 1‒8) can well be predictive and
may now provide universal applicability across cell types.

On energy efficiency, the GHK model appears to require
continuous ions (Na+, K+, Cl−) pumping across membrane, which
would be energy intensive. The TELCs model appears to be energy-
efficient owing to TELCs-membrane-TELAs capacitor energy
storage, without requiring continuous ions pumping
across membrane.

Opportunities and directions for
future research

Better computational and experimental
demonstration of protonic capacitor and
TELPs activity

So far, we have shown the existence of TELCs capacitor and
TELPs activity through bioenergetic analyses based on physical
sciences and experimental demonstrations using biomimetic
membrane systems and protonic sensing aluminum (Al) films. It
is now highly desirable to better visualize protonic capacitor and
TELPs activity through both computational and experimental
approaches to help better understand TELCs-based neuroscience.
Future research for better experimental demonstration of TELCs-
membrane-TELAs capacitor activity should be particularly
encouraged. In addition to the protonic sensing Al films,
innovative development and utilization of new tools and methods
including proton-sensitive dye molecules and/or ratiometric pH-
sensitive fluorescent proteins could make the visualization of TELPs
activity on biological membrane possible. The technical challenges
are to place an active site of a protonic probe within a quite sparsely
distributed TELPs molecular layer that is likely to be mostly in the
first layer of water molecules on the biological alkane core
membrane surface. Both protonic probe and methodology
development to overcome the technical challenges shall be
encouraged. Hereby, I also encourage the development of proper
computer simulation models such as molecular dynamics
simulations for certain TELCs-membrane-TELAs capacitor
comprising excess protons on one side of the membrane and
excess hydroxide anions on the other side of the membrane to
better understand protonic bioenergetics and neuroscience. The

TABLE 4 Comparison of key tenets between Goldman-Hodgkin-Katz (GHK) Model vs TELCs Theory. Adapted and modified from Alharbi (2025).

Key tenets Classic GHK model TELCs theory

Source of Transmembrane
Potential

Believed to be “somehow” generated by bulk-liquid phase ions
concentration differences across the membrane and selective ions
permeability (Na+, K+, Cl−); Assuming excess charges staying in liquid
as part of the bulk liquid phase ions concentrations.

Generated by TELCs-membrane-TELAs capacitor formation as a result
of transmembrane ion transport (Equation 7); Assuming excess
positive changes as TELCs and excess negative charges as TELAs.

Mechanism of Neuron
Depolarization

Driven by the opening of Na+ and K+ ion channels. Depolarization by discharging of TELCs-membrane-TELAs capacitor
because of cation transport from outside into the cell as a result from
the opening of Na+ channel (Figure 2A; INa(t) of Equation 7);
Repolarization by recharging of TELCs-membrane-TELAs capacitor as
a result of the opening of K+ channels (Figure 2B; IK(t) of Equation 7).

Energy Efficiency Appears to require continuous ions (Na+, K+, Cl−) pumping across
membrane, energy intensive.

Energy-efficient owing to TELCs-membrane-TELAs capacitor energy
storage, without requiring continuous ions pumping across membrane.
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computational approach could be particularly important before
more effective experimental methods and tools to analyze TELPs
can become available.

Need a new generation of protonic sensors
to directly observe TELPs on biological
alkane core membrane surface

As mentioned previously, we currently are not aware of any
artificial pH sensor that could be used to directly measure TELPs
within the first layer of water molecules on the hydrophobic core
biomembrane surface beneath the lipid head groups (Figure 3). Only
recently, TELPs were, for the first time, discovered through
experimental demonstration of a protonic capacitor in a
biomimetic cathode water-membrane-water anode system using
an Al metal film as a protonic sensor (Lee, 2025a). However, the
Al film-based protonic sensor would be not easy for use in micro/
nanometer-scale biomembrane systems. Therefore, it is now highly
important to develop “a new type of protonic sensors” to directly
observe TELPs within the first layer of water molecules on biological
alkane core membrane surface. According to our analysis, two
natural membrane protein complexes are now known to sense
and use TELPs: the FoF1-ATP synthase (Lee, 2023a) and the
melibiose transporter MelB (Hariharan et al., 2024). Therefore, I
hereby again encourage researchers “to take cue and inspiration
from the natural TELPs-sensing biomolecules to better design and
make the needed protonic probes for more direct detections of
TELPs in biomembrane system”.

Measuring the speed of excess proton
conduction through liquid water

In liquid water, protonic conduction is through the Grotthuss
“hops and turns” mechanism, which is substantially different from
the non-proton cation (e.g., Na+) diffusion that must physically
plough through liquid water molecular array. Recently, our
calculation using the known diffusion coefficient D of 9.31 ×
10−9 m2/s showed that the root mean square distance �x traveled
by excess protons produced by anode water electrolytic process in a
10-h experiment is only about 26 mm, which is apparently
inadequate to explain the fast conduction of excess protons
through liquid water as measured by the water electrolysis
current in the experiments (Lee, 2025a). Recently, we noticed the
excess protons can very quickly conduct through a large chamber
liquid to an impermeable membrane to form a protonic capacitor in
a time scale of seconds in the experiments (Saeed and Lee, 2015;
Saeed and Lee, 2018). The evidences for such fast conduction of
excess protons in liquid water are: 1) the measured water electrolysis
current displays an “RC” protonic charging characteristics when a
Teflon membrane was used (Saeed and Lee, 2015); 2) Observed
excess protons-enabled Aluminum (Al) corrosion when Al films
were used as a part of an impermeable membrane; and 3) the
measured water electrolysis DC current is very substantial (about
50 µA) when the excess protons-enabled Al film corrosion is in
progressing (Saeed and Lee, 2018). This indicates that the classic
diffusion model is inadequate to describe the conduction of excess

protons through liquid water. Therefore, it is important to physically
measure the speed of excess proton conduction through liquid
water, which is imperative to better understand neuroscience,
especially the saltatory conduction of action potential spikes
along a myelinated axon.

Further application of the TELCs model to
better understand neuroscience

As shown above, the TELCs model (with its Equations 1‒8) can
well be predictive and may now provide universal applicability
across cell types. That is, the TELCs theory can be highly useful
to better analyze and understand neural cell activities. For example,
the TELCs model with Equation 7 may be applied to better elucidate
how a stimulation by touch (Lee, 2025b) or a spicy chili taste can
change the graded transmembrane potential to induce an action
potential spike firing in a neural cell. Another fundamental
neuroscience question to be answered is how an action potential
spike can quickly propagate along a myelinated axon from brain to
hand. It is now known that conventional ions (Na+, K+ and Cl−)
diffusion is too slow to account for the fast saltatory conduction of
action potential along a myelinated axon. Analysis with the TELCs
model has suggested that the saltatory propagation of action
potential spike may be through protonic conduction using liquid
water along the axon as a protonic wire (Lee, 2020c; Lee, 2023c).
Accordingly, human brain may be made of “protonic circuits” with
neural cells that may communicate with their TELCs (TELPs)
activities (Lee, 2020c; Lee, 2023c). Further research in this
direction may help to address a centrally important question:
What is the fundamental element of human memory? Could the
TELCs-associated activities be part of the brain function and
memory process? Therefore, the author hereby encourage more
research efforts on TELCs-associated neuroscience.
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