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Membrane theory prediction is fully against experimental facts
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Abstract: Accurate prediction of the membrane potential by membrane theory is possible on the
basis that the plasma membrane is selectively permeable to ions and that permeability determines
the characteristics of the membrane potential. However, an experimental and artificial cell system
with an impermeable membrane serving as a model plasma membrane has a non-zero membrane
potential, and this potential generated across the membrane is somehow consistent with the potential
characteristics predicted by the membrane theory, despite the impermeability of the membrane to
ions. A long-forgotten theory, called the association-induction hypothesis (AIH), has emerged as
a more plausible mechanism for generating the membrane potential than the membrane theory to
explain this unexpected behavior. The AIH asserts that ion-selective membrane permeability is not
necessary for the generation of the membrane potential, which is contrary to the membrane theory.
Although such an idea is not easy to accept, the experimental results clearly suggest the correctness
of the AIH.

Keywords: membrane theory; Association-Induction Hypothesis; ion transport, ion adsorption;
membrane potential

1. Introduction

There is a fairly common notion that the membrane potential is generated by trans-
membrane ion transport [1]. This physiological notion is even formulated mathematically
with the Goldman-Hodgkin-Katz equation (GHK eq.) [1–3]. The GHK equation contains a
property called the permeability coefficient. It represents the degree of permeability of the
membrane to mobile ions. For more than half a century, countless reports have been pub-
lished on the experimentally observed membrane potential, which could be quantitatively
theorised by the GHK equation. But what about the behaviour of the membrane potential
when the permeability of the membrane is zero, i.e. when the membrane is impermeable.
Eq. 1 is a typical GHK eq. that every textbook presents. If the membrane is impermeable,
all Pi are zero. This means that Eq. 1 is no longer valid.

φ = − kT
e

ln
PNa[Na+]i + PK[K+]i + PCl [Cl−]o
PNa[Na+]o + PK[K+]o + PCl [Cl−]i

(1)

The author has previously found that the potential across the impermeable wire sepa-
rating two aqueous KCl solutions obeys the prediction of GHK eq. by giving hypothetical
non-zero values in the Pi of GHK eq. [4] although Pi should be zero when the impermeable
separator is used. It could be argued that introducing a hypothetical value in Pi is an
inappropriate use of the GHK eq. and that only the experimentally determined value can
be used as Pi. Hence, one may say that GHK eq. should not be used when the impermeable
separator is used. However, Pi is often the case determined so that the GHK eq. such as
Eq. 1 can reproduce the experimentally measured potential. Thus, usually, Pi is estimated
rather than experimentally determined. This point is discussed in our previous paper ref.
[4], too. Apart from the GHK equation and electrophysiology, electrostatics suggests that
there should be a non-zero potential as long as there is a non-zero charge, and non-zero
charges exist in a living cell in the form of ions. This means that a non-zero potential is
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inevitably generated even if the ions never cross the plasma membrane, and this non-zero
potential should also be called the "membrane potential". If it is not the membrane poten-
tial, how can we interpret this non-zero potential generated by ions that do not cross the
plasma membrane? Experimental evidence and theoretical considerations suggest that the
generation of the membrane potential does not require non-zero membrane permeability.
However, when it comes to the membrane potential in current electrophysiology, non-zero
membrane permeability is a fundamental precondition. There is something that does not
work or is absent in current electrophysiology, and yet we have continuously questioned
the validity of the membrane theory until today [4–7]. This doubt, not only about the mech-
anism of generation of the membrane potential, but also about the actual electrophysiology
itself, has been continuously raised by some research groups even today [8–14].

Although all physiology textbooks state that transmembrane ion transport is the origin
of the membrane potential, we believe that there is a fundamental need to re-examine this.
It is by no means a finished research topic, even today. Because of this background, we
have studied the mechanism of generation of the membrane potential by using a rather
simple experimental work.

2. Materials
2.1. Preparation of electrolytic solutions

A 1M KCl solution was prepared by dissolving KCl in deionized water. Then a 10−1M
KCl solution was prepared by diluting the 1M KCl solution by a factor of 10. In the same
way, 10−2 M, 10−3 M and 10−4M KCl solutions were prepared. Similarly, 1M and 10−4M
solutions of NaCl and CaCl2 were prepared.

2.2. Preparation of AgCl−wire

A polished Ag wire was submerged in bleach and left untouched for 1 hour, resulting
in a AgCl-coated Ag wire. Then it was washed with deionized water. This AgCl-coated
Ag wire is to be called AgCl−wire.

2.3. Preparation of membranes

Three types of separators made of Ag plate coated with silver oxide were prepared.
The following procedure prepares the one: a silver plate 1cm×1cm was submerged into
bleach and left untouched for 1 hour to form the silver oxide coat on the Ag plate. Then,
we washed it with deionized water. We prepared the next one by the same procedure
using a 1cm×1cm silver plate, but it has a 0.3mm-diameter hole at its center. Finally,
we prepared the last one by the same procedure using a 1cm×1cm silver plate, but it
has a 2mm-diameter hole at its center. These three silver plates are denoted by Nohole-
memb, 0.3hole-memb and 2hole-memb, respectively. These separators cannot, of course,
be considered as real membranes. But to facilitate the discussion from now on, it is better
to call them "membranes".

3. Measurements
3.1. Calibration curve preparation

Once the AgCl−wire is immersed in a KCl solution, the Cl− will be adsorbed at its
surface [15], the AgCl−wire will generate a non-zero potential which depends on the
KCl concentration, and this potential, as a function of the KCl concentration, presents a
proportional relationship [16]. Therefore, it is possible to know the concentration of KCl by
measuring the potential of the AgCl−wire immersed in the solution. The aim is to obtain
a calibration curve “Potential of AgCl−wire as a function of [KCl]”. We carried out the
measurement of the potential of the AgCl−wire immersed in the KCl solutions, which are
prepared in the section 2.1, using the set-up illustrated in Fig. 1.
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Figure 1. Experimental setup for measuring the KCl solution potential

3.2. Potential and ion concentration measurement

Two KCl solutions (1M KCl and 10−4M KCl) were separated by a Nohole-memb
as shown in Fig. 2, and the potential difference, VKCl , between the two KCl solutions
was measured as a function of time. The same potential measurement was performed
using a 0.3-hole memb and a 2-hole memb. VL and VR in Fig. are the potentials of the
AgCl− wires immersed in the left KCl solution and the right KCl solution, respectively.
The experimental system shown in Fig.2, when KCl solutions are used, is designated
by KCl−sys. The potentials measured in the KCl−sys reflect the Cl− concentration as
described in section 3.1. We performed the same measurements using NaCl solutions and
CaCl2 solutions. When NaCl or CaCl2 solutions are used, the system is designated by
NaCl−sys or CaCl2−sys, respectively.

Figure 2. Experimental setup for measuring the potential difference across a membrane (Nohole-
memb, 0.3hole-memb, 2hole-memb)

4. Results and Discussion
4.1. Calibration curve for [KCl] and AIH

The relationship AgCl−wire potential vs. − log10[KCl] was obtained experimentally
by the method described in section 3.1, and the result is shown in Fig. 3. Figure 3 suggests
that there is a virtually proportional relationship between the potential of the AgCl−wire
and − log10[KCl]. Therefore, the KCl concentration of any KCl solution is predictable by
measuring the potential of the AgCl−wire immersed in that KCl solution.

Association-Induction Hypothesis (AIH) is a theory of living cell activity but long-
forgotten. Unlike membrane theory, AIH attributes the origin of membrane potential to
the spatial fixation of mobile ions by their adsorption to the adsorption sites [1]. Firstly,
we dare to explain the experimental observation of Fig. 3 using the AIH. The Cl− in
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the KCl solutions could adsorb on the AgCl−wires in the Left and the Right phase KCl
solutions in KCl−sys. According to the AIH, the Cl− adsorbed on the AgCl−wire must
be responsible for the AgCl−wire potential generation, and K+ has basically nothing to
do with the potential generation. However, the electroneutrality should hold. Therefore,
the horizontal axis of Fig. 3 can be interpreted as − log10[Cl−] (and − log10[K+]) as well as
− log10[KCl]. The data in Fig. 3 is approximated by the second-order equation as Eq. 2. It
is the calibration curve which can relate the AgCl−wire potential to [Cl−] (= [K+] = [KCl])
mathematically.

Figure 3. Experimentally obtained relationship, AgCl−wire surface potential vs. − log10[Cl−]

V = −0.003(− log10[Cl−])2 + 0.066(− log10[Cl−]) + 0.034 (2)

Figure 3 suggests that the lower KCl concentration elevates the AgCl−wire potential.
If there exist no ions in an aqueous solution, the potential of AgCl−wire is positive and
maximal, but the increase of ion concentration lowers the potential of AgCl−wire. The
maximal potential state corresponds to the state of “zero [KCl]” in Fig. 4. We can interpret
this state as the AgCl−wire surface bears a certain quantity of “hypothetical” positive
charge in pure water and the maximal voltage “V0” (see Fig. 4) is generated [4]. Then, once
the KCl concentration elevates, a small quantity of Cl− comes to adsorb on the AgCl−wire
surface as shown in the state of “low [KCl]” in Fig. 4. The negative charges of Cl−’s
neutralize the hypothetical positive charges. Therefore, a bit lower voltage “V`” (see Fig. 4)
generates. Further increase of KCl concentration promotes the Cl− adsorption, resulting in
further neutralizing the hypothetical positive charge of AgCl−wire. Consequently, even
lower potential “Vh” generates as illustrated as the state of “high [KCl]” in Fig. 4.

Figure 4. Expected potential profiles (represented by solid curved) around the AgCl−wire when the
experiment shown in Fig. 1 is performed Bulk phase potential sufficiently far away from the
AgCl−wire is defined as zero potential.

4.2. Potential across the impermeable membrane

Dashed line in Figure 5 (A), (B) and (C) show the potentials across a Nohole-memb,
a 0.3hole-memb and a 2hole-memb in KCl−sys, respectively. Solid and dotted curves in
Fig. 5 (A), (B) and (C) represent the AgCl−wire potentials in the Left phase and Right
phase, respectively. These potentials are converted into [Cl−] using Eq. 2. Although Eq.
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2 provides with [Cl−], the calculated [Cl−] can be interpreted as [KCl], too. The same
experiments for obtaining Fig. 5 were performed using NaCl−sys, and the experimental
outcomes are shown in Fig. 6. Fig. 6 (A), (B) and (C) can provide with the time course of
[Cl−] as shown in Fig. 6 (a), (b) and (c), respectively, and it can be further interpreted as
the time course of [NaCl]. Another same experiments were performed using CaCl2−sys.
The experimental outcomes are shown in Fig. 7. Fig. 7 (A), (B) and (C) can be interpreted
as the time course of [Cl−] as shown in Fig. 7 (a), (b) and (c), respectively, and it can be
further interpreted as the time course of the CaCl2 concentration. But we have to bear in
mind that the calculated [Cl−] can be interpreted as 1/2[CaCl2] rather than [CaCl2], since
CaCl2 dissociates into Ca2+ and Cl− as expressed by Eq. 3.

CaCl2 ←−→ Ca+2 + 2Cl− (3)

Prior to discussing the experimental data in Fig. 5 ∼ Fig. 7, we have to make the
following comments by taking up Fig. 5 as an example: Fig. 5 (b) shows that −log10[Cl−]
at t = 0s is greater than 10−4M, and it is against the experimental initial condition. But it
is not false data because of the following reason: Before starting the actual measurement,
KCl solutions were supplied into both Left and Right phases. Immediately after that, these
solutions inevitably diffused to the other phase through the hole of membrane. Therefore,
the KCl concentration at t = 0s comes to differ from the concentration of KCl solutions
prepared. It is true for Fig. 5 (c), too, and this explanation is true for both Fig. 6 (b), (c) and
Fig. 7 (b), (c), too.

Figure 5. Potential vs. Time and [Cl−] vs. Time in the KCl−sys. (A) and (a): Nohole-memb in use
(B) and (b): 0.3hole-memb in use (C) and (c): 2hole-memb in use [In (A), (B) and (C)] Dashed
curve: membrane potential across the membrane Solid curve: AgCl−wire surface potential in Left
phase Dotted curve: AgCl−wire surface potential in Right phase [In (a), (b) and (c)] Solid curve:
[Cl−] in the left phase Dotted curve: [Cl−] in the right phase

Potential across the Nohole-memb First of all, we analyze the data in Fig. 5 (a). Since
KCl solutions in the Left and Right phases never diffuse into the other phase due to the
membrane impermeability, it is intuitively acceptable that the potential across Nohole-
memb is constant as shown in Fig. 5 (A). Figure 5 (A) can provide the time course of
ion concentration in both Left and Right phases as in Fig. 5 (a). It is quite interesting
that the GHK eq. can reproduce the potential between these two phases by using the ion
concentration data in Fig. 5 (a) and assuming PCl >> PK. The GHK eq. is given by Eq. 4 in
this case.
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Figure 6. Potential vs. Time and [Cl−] vs. Time in the NaCl−sys. (A) and (a): Nohole-memb in use
(B) and (b): 0.3hole-memb in use (C) and (c): 2hole-memb in use [In (A), (B) and (C)] Dashed
curve: membrane potential across the membrane Solid curve: AgCl−wire surface potential in Left
phase Dotted curve: AgCl−wire surface potential in Right phase [In (a), (b) and (c)] Solid curve:
[Cl−] in the left phase Dotted curve: [Cl−] in the right phase

Figure 7. Potential vs. Time and [Cl−] vs. Time in the CaCl2−sys. (A) and (a): Nohole-memb in use
(B) and (b): 0.3hole-memb in use (C) and (c): 2hole-memb in use [In (A), (B) and (C)] Dashed
curve: membrane potential across the membrane Solid curve: AgCl−wire surface potential in Left
phase Dotted curve: AgCl−wire surface potential in Right phase [In (a), (b) and (c)] Solid curve:
[Cl−] in the left phase Dotted curve: [Cl−] in the right phase
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VKCl = −
kT
e

ln
PK[K+]i + PCl [Cl−]o
PK[K+]o + PCl [Cl−]i

∼ − kT
e

ln
PCl [Cl−]o
PCl [Cl−]i

= − kT
e

ln
[Cl−]o
[Cl−]i

(4)

Of course, taking into account a non-zero permeability of the membrane to ions does
not make sense, since the Nohole-memb is impermeable. However, the GHK eq. can
reproduce the −0.223V potential. Thus, Eq. 4 can reproduce the experimental potential by
adjusting the permeability coefficient, even though it is a physically meaningless permeabil-
ity coefficient. It could be argued that the use of the GHK eq. when using an impermeable
membrane is inappropriate from the start. However, even if the permeable membrane is
used, the actual measured permeability coefficient is not necessarily used to calculate the
GHK eq. [4,17–19]. Often, the permeability coefficient is simply estimated so that the GHK
eq. can reproduce the experimentally measured potential, as discussed in the section 1.
Therefore, one cannot help but doubt the foundation of the GHK eq., or rather of membrane
theory.

As described earlier, the AIH is an alternative but long-forgotten theory to the mem-
brane theory, but its scientific soundness has accumulated in recent times [10,13,20–22].
Here, we explain the behaviour of the membrane potential in Fig. 5 (a) using the AIH. The
membrane surfaces of Nohole-members are coated with AgCl. Therefore, adsorption of
Cl− on the membrane surface can take place and the expected potential profile is in the
illustration in Fig. 8. Consequently, the nonzero potential at the membrane left surface in
reference to the bulk phase, VL, generates and the nonzero potential at the membrane right
surface, VR, generates, too, in Fig. 8. Therefore, AIH predicts that the potential across the
membrane, VKCl , by Eq. 5.

Figure 8. Ion adsorption and expected potential profiles (Solid curves) Membrane surface
potential is defined zero.

VKCl = VL −VR (5)

AIH states that VL depends only on the Left phase condition and VR depends only on
the Right phase condition. Namely, VL and VR are independently determined each other.
So the VL is under the influence only of spatially fixed Cl− adsorbed on the left surface
of the membrane, and the VR is under the influence only of spatially fixed Cl− adsorbed
on the right surface of the membrane, too. We measured the membrane potential VKCl
directly, and the outcome is shown in Fig. 5 (A). But can we know VL and VR individually?
Yes, it is possible. We made measurement of AgCl−wire potential shown in Fig. 5 (A) for
obtaining the time course of KCl concentration shown in Fig. 5 (a). Fig. 9 illustrates the
potential profiles of the membrane and those at the immediate neighbor of AgCl−wires.
Since the membrane surface and the AgCl−wire surface are made of same substance silver
oxide, the potential Vele

L of AgCl−wire surface in the Left phase must be same as −VL as
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illustrated in Fig. 9, and Vele
R must be also same as −VR owing to the same reason. These

relationships are of course given by Eqs. 6 and 7. Hence, Eq. 5 can be further arranged into
Eq. 8. Plugging the experimental data of Vele

L and Vele
R shown in Fig. 5 (A) into Eq. 8, the

membrane potential, VKCl , is computed. This computed potential and the experimental
membrane potential which is shown in Fig. 5 (A) are shown in the same diagram Fig. 10
(a), and they are in perfect agreement with each other.

Figure 9. Profiles of membrane potential and the potential at the immediate neighbor of AgCl−wires
in the experimental setup shown in Fig. 2

VL = −Vele
L (6)

VR = −Vele
R (7)

VKCl = VL −VR = (−Vele
L )− (−Vele

R ) = Vele
R −Vele

L (8)

Figure 10. Membrane potential vs. Time where the solutions contain KCl. Dashed curve: Experi-
mental Circle: Calculated (a) Nohole-memb in use (b) 0.3hole-memb in use (c) 2hole-memb
in use

The discussion so far described is fully applicable to the potential characteristics of
NaCl−sys shown in Fig. 6 (A) and (a). Namely, the Cl− adsorbed on the Nohole-plate is
responsible for the potential generation. The potential across the Nohole-plate also can be
reproduced computationally using Eq. 8 as shown in Fig. 11 (a) perfectly. Exactly the same
discussion is applicable to the CaCl2−sys, too, as shown in Fig. 12 (a). We have to make a
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comment on these two diagrams, Figs. 11 (a) and 12 (a), more. The experimentally used
solution for obtaining these diagrams was not KCl but NaCl and CaCl2. However, the
characteristics of the experimental outcomes are basically all explicable by the adsorption
of Cl−, and the cations are not involved at all. Nevertheless, everything appears to be in
harmony with each other. Such characteristics are all fully in harmony with the AIH.

4.3. Potential across the permeable membrane

Figure 11. Membrane potential vs. Time where the solutions contain NaCl. Dashed curve:
Experimental Circle: Calculated (a) Nohole-memb in use (b) 0.3hole-memb in use (c)
2hole-memb in use

Figure 12. Membrane potential vs. Time where the solutions contain CaCl2. Dashed curve:
Experimental Circle: Calculated (a) Nohole-memb in use (b) 0.3hole-memb in use (c)
2hole-memb in use

Potential across the 0.3hole-memb The same experiment described so far was performed
using the 0.3hole-memb in place of the Nohole-memb as a membrane of KCl−sys. The
result is shown in Fig. 5 (B) and (b). Since the K+ and Cl− in the Left phase into the Right
phase through the tiny hole of 0.3hole-memb by following the law of diffusion, the Left
phase KCl concentration was expected to increase, and it was confirmed as shown in Fig.
5 (b). Since the Right phase KCl concentration is extremely high, the visible change of
KCl concentration in the Right phase was not observed. We found that it was unable to
computationally reproduce the membrane potential VKCl in Fig. 6 (B) using Eq. 8. But
the AIH can explain again such a disagreement between the experimental and theoretical
membrane potential in the KCl−sys as follows: K+ and Cl− diffuse little by little through
the tiny hole of 0.3hole-memb from the Right phase to the Left phase as illustrated in Fig.
13 till the concentration of both phase reaches the same each other. During the potential
measurement, we did not agitate the KCl solution in both phases. Since the diffusion is not
the fast process, the KCl concentration gradient inevitably takes place in the Left phase,
that is, the most of K+ and Cl− coming from the Right phase into the Left phase stay in the
vicinity of left surface of 0.3hole-memb as indicated by the solid arrows in Fig. 13. These
ions don’t so immediately diffuse far away against the indication by the dashed arrow in
Fig. 13. Therefore, [Cl−] at the bulk area of Left phase where the AgCl−wire potential was
measured was by far lower than [Cl−] at the left surface of the 0.3hole-memb. However,
the [Cl−] is calculated using the potential data measured by the AgCl−wire. Hence, [Cl−]
at the immediate neighbor of 0.3hole-memb left surface must be totally different from the
calculated [Cl−]. Therefore, VL must be totally different from −Vele

L . Nevertheless, the
potential represented by “◦” in Fig. 10(b) was obtained assuming VL = −Vele

L . Therefore,
there is a significant disagreement between the Experimental and Calculate potentials as
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in Fig. 10(b). The same explanation is true for the potentials of NaCl−sys and CaCl2−sys
respectively shown in Figs. 11(b) and 12(b).

Figure 13. Ion diffuse through the tiny hole from the Right phase to the Left phase

Potential across the 2hole-memb Potentials, when the 2hole-memb in use as a membrane
for the KCl−sys, are shown in Fig. 10(c). Although the 2hole-memb has a hole at its
center like the the 0.3hole-memb, the calculated potential is in good agreement with the
experimental potential as shown in Fig. 10(c). Such a good agreement is similar to the
potential when the Nohole-memb in use as shown in Fig. 10(a) unlike the potential when
the 0.3hole-memb in use. It is explicable by the AIH again. Since the diameter of 2hole-
memb is so large that the large quantity of K+ and Cl− in the Right phase can diffuse to
the Left phase immediately. Namely, the flux of K+ and Cl− is by far greater when the
2hole-memb is used compared with the flux when the 0.3hole-memb is used. Hence, [KCl]
is approximately same everywhere in both phases. Hence, the degree of Cl− adsorption on
the left surface of 2hole-memb is basically same as the degree of Cl− on the AgCl−wire
in the Left phase. Therefore, Eq. 6 is basically right, and of course Eq. 7 is valid. Hence,
the calculated potential is in good agreement with the experimental potential when the
KCl−sys is employed, as shown in Fig. 10(c). The same discussion is applicable for the
potential profiles shown in Figs. 11(c) and 12(c).

4.4. Potentials in the AIH purview

What we have shown here says that even the use of impermeable membrane causes
the highest magnitude of membrane potential. In contrast, the membrane theory suggests
the membrane permeability is fundamentally necessary for nonzero membrane potential
generation. So, there is a disagreement between the membrane theory and the experimental
observation. There is one other disagreement: The membrane theory states that the ion
selectivity of the membrane permeability is necessary for the nonzero membrane potential
generation. Both 0.3hole-memb and 2hole-memb are permeable to ions but they cannot
exhibit the ion selectivity at all. Nevertheless, the nonzero membrane potentials were
generated across them as shown in Figs. 5(b) (c), 6(b) (c) and 7(b) (c).

To sum up, the membrane theory states that the membrane permeable to mobile ions
with the ion selectivity can exhibit the clear nonzero membrane potential, but the experi-
mental observation suggests that the greater magnitude of membrane potential is achieved
by using a less permeable and non-ion-selective membrane. This disagreement can be
amended only by the AIH as we describe for every experimental potential behavior earlier.
So, the potential generation by the spatial fixation of charges of ions by ion adsorption is
the primary cause of membrane potential.

5. Conclusions

It is broadly acknowledged that the cause of membrane potential generation lies in the
membrane selective permeability to mobile ions. It is the membrane potential generation
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mechanism taking root in the membrane theory. However, the experimental facts shown
in this paper are fully conflict with the prediction by the membrane theory. On the other
hand, the membrane potential generation mechanism based on the AIH is in full harmony
with the experimental fact. Why do we need to neglect the AIH? Experimental fact says
that that the AIH can serve as a membrane potential generation mechanism. We believe it
worthwhile reinvestigating the membrane potential generation mechanism, and at least,
the membrane theory is incomplete.
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