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1. Introduction

During the early 20th century, Julius Bernstein concentrated on investigating the
membrane potential and action potential [1]. He introduced a hypothesis (BH)
suggesting that the membrane potential arises from the disparity in potassium ion
concentration between the cell’s interior and exterior. This concentration gradient
was identified as the basis of the membrane potential. Concurrently, Walther
Nernst developed a significant electrochemical equation [2], which too depended
on a concentration difference.

In the latter part of the 20th century, Goldman, Hodgkin, and Katz sought to

develop a more accurate and comprehensive explanation, based on Bernstein’s
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potassium hypothesis [3]. Goldman specifically examined non-living experimental
models comparable to a living cell and formulated an equation akin to the Gold-
man-Hodgkin-Katz equation. However, the physiological interpretation of this
equation that is widely recognized today was introduced by Hodgkin and Katz
[4].

Their ionic theory incorporated new variables into the Nernst equation, specif-
ically the permeability coefficients. When a permeability is presumed to adjust to
a stimulus, or if there is a shift in concentration, the ionic flux can consequently
change, leading to a modification in the membrane potential as determined by the
equation. The foundational theoretical framework established by Hodgkin and
Huxley has been tremendously influential in current electrophysiology and even
allows computation of the permeability of potassium and sodium during an action
potential by applying the GHK equation. This led to the establishment of the fa-
mous HH model. In addition, the set of studies conducted by Hodgkin and Katz
in 1952 is believed to anticipate the discovery of the ion transporter, currently

referred to as the ion channel, which is fully understood at present [5]-[9].

2. Material
2.1. Definitions Used in the Text

Table 1 below presents all the variable and constant names referenced in this ar-

ticle that are shared between the Nernst equation and the GHK equation.

Table 1. Shared variables and constants.

Variable Definition
R universal ideal gas constant: R=8.31J-K™' -mol™'
T temperature in Kelvins
n number of electrons transferred in the cell reaction or half-reaction
F Faraday’s constant: F =96485C-mol ™'

Table 2 provides explanations for the variables unique to the Nernst equation.

Table 2. Variables and constants used in the Nernst equation. When the electrodes are

constructed from identical metals, then E°, equals 0.

Variable Definition
E’, standard half-cell reduction potential.
E., cell potential (electromotive force) at the temperature of interest.
[A]m y reducing component concentration
[A]UX concentration of the oxidizing component

Table 3 provides explanations for the variables unique to the GHK equation.
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Table 3. Variables and constants used in the GHK equation.

Variable Definition
Eoux membrane potential
P, potassium permeability
[K * JM internal potassium concentration
[K N :Lm external potassium concentration
P, sodium permeability
[Na* ln internal sodium concentration
[Na+ lul external sodium concentration
E, chlorine permeability
[Cl - lﬂ internal chlorine concentration
[Cl - lm external chlorine concentration

2.2. The Nernst Equation

One of the most common forms of the Nernst Equation (2) is shown below.

The Nernst equation connects the actual concentrations, or activities, of sub-
stances involved in a cellular reaction with the standard cell potential.

This is applicable for a straightforward reduction of the type;

M"™ +ne” > M (1)

The principle indicates that a half-cell potential will vary by 59/nmV for every
ten-fold modification in ion activity. When the total ion concentration remains
below approximately 0.0014, ionic concentrations can usually replace activities.

Equation (2) can be modified to Equation (3) under the conditions described
above, specifically when the electrode pair is composed of identical materials.

Here, the value of E;, isOV.

T  |4],
Ecell = Elged _n—Fln _[[A]fed (2)
RT . [4]
o ], ¥

The Nernst equation possesses a number of significant limitations. The poten-
tial is determined entirely by the concentration gradient, relying solely on this dif-
ference in concentration.

Calculating the electron flow in redox reactions is not feasible. The flow rate or
current is inherently dependent on the specific setup. Although augmenting the
electrode surface area or altering the involved volumes could be considered, the
potential remains constant, being solely determined by the concentration gradient.

As a result, the current values have to be obtained through experimental meas-
urement because they cannot be computed.

In an experiment utilizing the Nernst equation, tracking the potential value
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changes over time is not feasible, as there is no time variable involved.
The Nernst equation cannot be used when an oxidation-reduction reaction is

absent.

2.3. The GHK Equation

The Goldman Hodgkin and Katz Equation (4) takes the following form:

Eq =7 In f[[zfj]ln+PNG[Na+l"+Pa[Cll’"’ )
K

4P, [Nwlm +P, [Cr]

out

in

The Nernst equation is adjusted by incorporating permeability coefficients for
each pair of internal and external concentrations.

The incorporation of these coefficients provides an elegant explanation for the
changes in membrane potential throughout an action potential. These permeabil-
ity factors might account for the preference of potassium over sodium in swaps
that occur during the resting potential, which is also known as the membrane po-
tential. The permeabilities are perfectly aligned with the conductance (g ) de-
scribed in the HH model. A variation in permeability results in a corresponding
adjustment in conductance, which consequently affects the resistance to the pas-

sage of ions. Applying the well-known equation:

UzE =Li—prr (5)
g

completes the explanation. With a reduction in resistance paired with an increase
in current, there is an inevitable alteration in potential.

The authors emphasize that a negligible number of ions is required to deter-
mine a potential equivalent to the membrane potential. They point out that this
minuscule amount is inadequate to alter the existing concentrations.

It is important to observe that frequently, the membrane potential or the dif-
ferent values observed in the action potential are computed based on a charge ¢

and a capacitance C, as demonstrated below:

q:CU:Uz% (6)

The authors noted that, while ionic theory partially clarifies the electrical as-
pects of membrane potentials and the generation of action potentials, it does not
fully account for all observed phenomena. Despite this limitation, the theory re-
mains widely accepted and is still a topic of debate and discussion. Its enduring

appeal can be attributed to its simplicity.

3. Discussion

Although it is conceivable to assume that Bernstein might have employed the
Nernst equation due to a lack of knowledge, as it was the sole equation he had
access to that appeared to support his hypothesis, it is improbable to think he was

unaware of the redox reactions identified since Lavoisier’s era over a century ago.
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3.1. Potassium Flows in the Wrong Direction

Conversely, Bernstein overlooks a critical question: Given that the membrane po-
tential results from the leakage of potassium out of the cell, which was almost 30
times higher inside compared to the external environment, how can it accumulate
within the cell if its source is the same external environment?

Indeed, implementing a hypothesis in which diffusion serves as the optimal so-
lution is not feasible. Certain observations substantiate this exception: although
hyperkalemia can result in critical disorders and cell death, such a fatal effect takes
place well before the external concentration matches the cell’s internal environ-
ment level. Why?

A singular logical deduction is clear: As the potassium level in the surrounding
medium increases, it enters the cell through a method that deviates from simple
diffusion. This has been repeatedly validated by Gilbert Ling [10] [11]. The reluc-
tance of biologists to acknowledge this is due to its potential to disrupt a signifi-
cant sector of biological study.

Additional evidence is derived from the expansion of living organisms. As im-
plied by the term itself, growth indicates an enlargement in size, volume, and,
consequently, surface area. Furthermore, considering that the various elements of
the cell are sourced from the external environment, it is necessary to acknowledge
that potassium should infiltrate the cell throughout its growth, even when faced
with a plasma concentration that challenges the diffusion theories we have pro-
posed for such transmembrane transport [12]. Our famous Na/K pump cannot
perform miracles, as it only accounts for a small proportion of the generation of
membrane potential, and we have known for a very long time that the amount of
ATP available is not sufficient for such a task [4] [13] [14].

Bernstein should have sought an alternative hypothesis that more accurately
described the observed facts, given the lack of an oxido-reduction chemical equa-
tion in his original proposal.

Indeed, the Nernst equation marked a significant breakthrough in chemistry
and electrochemistry. It could even be argued that its impact was so substantial
that it might have overshadowed the constraints inherent in its assumptions and
the potential conditions under which it can be applied.

This finding sparked a significant debate that persisted for more than 50 years.
Known as the great Nernstian hiatus [15] [16], it was the starting point for nu-

merous transformative changes in the fields of chemistry and electrochemistry.

3.2. Exceeding Limits for Concentrations

The Nernst equation is accurate primarily for total concentrations less than one
millimole, that is, 0.001 A4 This significant limitation has led to discrepancies be-
tween the experimental results and the theoretically predicted outcomes, which
the chemists presumed to be flawless. There was an undetected factor, perhaps
even multiple, that could explain the observed phenomena.

Our biological metrics clearly indicate total concentrations that exceed 150
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times the norm. At the time, the concentration constraints of the Nernst equation
were widely recognized. Like many other biologists of their era, Goldman Hodg-
kin and Katz did not attempt to stay abreast of contemporaneous chemical ad-
vancements, a decision made justifiably given Nernst’s established reputation.

Therefore, it’s understandable not to fault them, considering that the counter-
verse is still operating in the 2000s.

By 1977, Healy [17] was already writing:

“When the material is not an electrode but an isolated particle of an aqueous
colloidal dispersion or when the material is an insulator such as SiO, or a clay
particle, or when the solid part of the interface is a monolayer of ionic surfac-
rants or a membrane with exposed ionizable groups, then the validity of the elec-
trochemical approach to interface potentials is not certain.”

Cheng wrote in 1998 [16]:

“The mechanism is most important for understanding the electrode process
and potential origin. The thermodynamics shows only the DG, the energy change,
not the mechanism. In the textbooks of quantitative analysis and electroanalytical
chemistry, the thermodynamics has been overemphasized, neglecting the mecha-
nism.”

and further in this article:

“First of all, the Nernst equation is not related to the capacitance potential. Sec-
ond, a common slope, 59 mV, may be calculated from other equations from dit-
ferent mechanisms.”

and even further in this article,

“The potential origin of membrane electrodes comes from the adsorption of
charged ions or particles on the electrode surface, following the Boltzmann distri-
bution, capacitance law, E = q/C, and Fruendlich isotherm. Contrary to what s
shown in the Nernst equation, that the slope is infinitely linear, E = q/C is linear
only in a limited range depending on the nature of ions, the electrode surface and
thickness, etc.”

In 2002, Cheng continues with; [18]:

“The non-tfaradaic potentiometry may be classified as faradaic and non-faradaic.
The former deals with the redox reactions using the Nernst equation to explain
the potential mechanism. The latter deals with the non-redox reactions using the
Boltzmann and modified Boltzmann equation to explain the potential origin. The
non-faradaic potentiometry has been neglected in the literature”

Similarly, it is unfair to hold the authors of the GHK equation entirely respon-
sible for not being completely informed of the complex debates, contradictions,
and discussions associated with the Nernst equation, as these issues arose practi-
cally at the same time as their research.

The problems discussed earlier are likely the result of several factors. In partic-

ular, one factor is the limited scientific understanding available during that period,
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and another is probably the underdeveloped state of experimental technology.

In contrast, researchers possessed advanced scientific instruments early in this
field, including thermodynamics, which is applicable to real systems. Certain so-
lution systems, such as colloidal solutions, exhibit non-ideal behavior [19], a char-
acteristic shared by living cells [4] [20]. From a thermodynamic standpoint, living
cells function as real solution systems rather than ideal ones. Consequently, the
thermodynamic principles for ideal systems are inadequate for analyzing these
systems. Instead, an understanding of thermodynamics for real systems is essen-
tial to conceptualize the properties of living cells.

In fact, Gilbert Lewis laid down this theoretical groundwork for physical chem-
istry in the early 20th century [21]. However, it remains unintegrated into physi-
ological studies even now. Physiological researchers still conceptually model liv-
ing cells as if they were simple plasma membrane sacs containing a thermody-
namically ideal aqueous electrolyte. Such an approach has resulted in physiologi-
cal paradoxes comparable to the use of epicycles in ancient geocentric models [4]
[13] [20] [22].

3.3. Possible Mathematical Error

While it may be considered a minor mistake to apply the Nernst equation with
concentrations beyond the limits set by its initial conditions, the same cannot be
claimed regarding the inclusion of permeability coefficients and, especially, their
application within the equation.

Equation (3) can be written as follows:

RT a
E , =———I|Z 7
cell l’lF n(bj ( )
with
a=(a,+a,+a,) and b=(b+b,+b,) (8)

Within mathematics, every element of a fraction can be scaled by p, as demon-

strated by the subsequent equation:

Ecell :_Eln ﬂ (9)
nF \ pb
And by replacing the values of @ and b by the values defined in (8), we fi-
nally obtain:
Ecell = _Eln ! +pa2 +pa3 (10)
nF \ pb + pb, + pb,

However, it is not possible to obtain Equation (4), which is the common form
of GHK, from Equation (10):

RT
E., :__ln(pﬂl + D4, +p3a3J (11)
nF b+ pb, + psb;

The GHK equation cannot be derived because the concentrations cannot be
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multiplied by ion-specific numbers that vary.
From a mathematical perspective, differentiating the permeability coefficients
appears impractical.

Furthermore, the GHK equation lacks a rigorous demonstration.

3.4.No Current in a Capacitor

It makes sense that scientific research should be based on the achievements of its
predecessors. Maintaining an open mindset and a keen critical eye is essential to
the essence of scientific inquiry. However, challenging the foundational elements
of science is not a simple task, but it is crucial to advance and expand our under-
standing. It is unavoidable.

However, one aspect that remains puzzling about this group of exceptional bi-
ologists is their model. In their theoretical framework, Goldman, Hodgkin, and
Katz introduced a membrane with capacitance; they computed it and somewhat
incorporated it into the equations governing action potential propagation.

A novice learning about electricity may incorrectly perceive the functioning of
a capacitor. Numerous textbooks describe the process of a capacitor’s charging
and discharging. However, it is essential to remember that the current does not
pass through an electric capacitor.

It is undeniable that the potential increases across the terminals as a result of
variations in the electric field between the armatures. For an ionic capacitor, as
considered in our model, chemistry [15] [16] [23] and biology [4] [14] [20] [24]-
[28] have long established—and repeatedly confirmed—that voltage can change
by ion adsorption even without current flow. A complete electrical circuit is
needed for the current to exist, and at the cellular level, such a circuit has not been
verified.

Chemistry has acknowledged its mistakes and now encourages chemists, along
with individuals planning to utilize chemical knowledge, to adopt this concept as
it provides a clearer explanation of the facts observed and measured. Conse-
quently, the Nernst equation can no longer be misused to account for fluctuations

in the membrane potential in biology.

3.5. Non-Logical Transformation

The Nernst equation expresses the potential in terms of concentration differences,
highlighting both its elegance and its necessity. It represents the conversion of
chemical energy to electrical energy through redox reactions within the frame-
work of thermodynamics.

Faced with a hypothesis where diffusion appeared to be the dominant factor,
biologists reasoned that altering ion flow would similarly affect ion current (the
rate of flow), since resistance—which is the reciprocal of conductance—changes
correspondingly.

Our application of Ockham’s razor often leads us to form hypotheses that ap-

peal to our intellect, though they may occasionally deviate considerably from true
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accuracy.

This method is unaffected by flow, as it does not consider volumes, and dis-
misses the concept of time travel due to its lack of practical use. The key factor is
that the potential stays constant, regardless of fluctuations in flow rate or altera-
tions in resistance. This claim is validated in the production of our batteries. Alt-
hough they may vary in capacity, resulting in differing flow rates (electric current)
and internal resistances, the voltage at their terminals remains consistent as they
adhere to the same principle.

When Goldman, Hodgkin, and Katz introduced arbitrary parameters to alter
the result of an equation intended to remain nearly constant concerning its origi-
nal parameters, they overlooked the theoretical principle at the foundation of the
Nernst equation.

Moreover, the key aspect here is that a constant potential value can be achieved
using two variables, R and 7. The authors emphasized this crucial differentia-
tion: conductance and current have variability. Since these two unknowns are not
related to a constant E,  , endless solutions can be derived.

Below are several numerical instances;

U=FE =ll:RI=100-2=2025~0.0987=1M~0.0002 etc (12)
g

mem

Consequently, one could assert that the theoretical rationale for the GHk equa-
tion lacks validity and empirical support. Additionally, the values have been de-
rived from variations in concentrations within both external and occasionally in-
ternal media. Thus, it cannot be conclusively determined that diffusion occurs, as
these concentration changes also result in altered adsorption at the membrane,
which has numerous available binding sites. This hypothesis is universally
acknowledged by chemists and is undeniable by biologists.

To summarize, the GHK equation does not align with the core principles of
Nernst’s original theory. It is now recognized that generating a potential does not
rely on a current. Instead, this potential is directly achieved through the adsorp-
tion of ions onto the numerous sites found in proteins of various forms, including
IDPs (intrinsic disordered proteins), globular proteins, and ion channels, whose
structures and functions are still subjects of discussion. We are moving beyond
the simplistic view of the cytosol, acknowledging that the cytoplasm houses nu-
merous organelles and fluid environments, with the cell frequently transitioning
through different phases to precisely release the ions contained within.

It is evident that potential variations can be achieved by altering the phases,
shapes, and binding of ion-bearing structures. Proteins represent a significant area
of investigation for understanding not only electrical behavior but also structural
and thermal aspects [29]-[31]. Some early pioneers had already highlighted this
area [20]; it is regrettable that such a forward-thinking theory was neglected, even
as chemists and physicists persist in questioning and proposing more precise hy-
potheses that elucidate observed phenomena and address the deficiencies in past

theories.
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4. Conclusions

For more than a century, biology has incorrectly employed the Nernst equation
from chemistry despite its inapplicability due to the fact that the necessary condi-
tions for its application are not met in either strict or biological terms.

Consequently, Bernstein’s theory lacks a solid foundation, as the underlying
hypothesis is flawed.

Bernstein’s hypothesis contradicts the principle of electroneutrality found
in all biological specimens.

In addition, no chemical equation has an electrogenic role.

Moreover, there is no metal suitable for a phase transition that donates elec-
trons.

This also means that the GHK equation, which depends on Bernstein’s hypoth-
esis, cannot be considered valid. According to standard scientific principles, biol-
ogy should reevaluate one of its foundational tenets when it is broadly called into

question.
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