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Abstract

The physiological mechanism of membrane potential generation relies on the passage of mobile ions across the plasma membrane, which is
selectively permeable to mobile ions. The existence of a membrane and the transport of ions across it are essential for the generation of membrane
potential. However, a long-forgotten theory, Association-Induction Hypothesis, asserts that the heterogeneous distribution of charges in space,
because of the localized charges of heterogeneously distributing ions due to the ion adsorption/desorption, is the true cause of membrane potential
generation. Using an artificial living cell model consisting of a viscous aqueous solution, the mechanism of membrane potential generation is
restudied in this work. The results indicate that membrane potential can be generated even in the absence of a plasma membrane and that ion
adsorption leading to a heterogeneous spatial charge distribution is an essential factor for membrane potential generation. Consequently, the
authors invite people to reconsider the Association-Induction Hypothesis as a genuine mechanism for generating membrane potential.
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Abbreviations: PVA: polyvinyl alcohol; AIH: Association-Induction Hypothesis; IER: Ion-Exchange Resin; AER: Anion-Exchange Resin (DOWEX,
Cl form, Dow Chemical Company, Michigan, USA); CER: Cation-Exchange Resin (DOWE X, H form, Dow Chemical Company, Michigan, USA); I[EM: Ion-
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Introduction

The cell potential, called the membrane potential, has been
studied for decades. Today, all textbooks describe that passive
and active transmembrane ion transport governed by ion chan-
nels and sodium pump is responsible for the generation of mem-
brane potential [1,2]. This is called membrane theory. The plasma
membrane is an essential element in the generation of membrane
potential. In fact, it is widely accepted that ion transporters, such
as ion channels and sodium pumps, are integrated into the plas

@ @ This work is licensed under Creative Commons Attribution 4.0 License [MCMS.MS.ID.000632.

ma membrane. The absence of a plasma membrane means the ab-
sence of these ion transporters (ion channels and sodium pump).
Consequently, the absence of the plasma membrane means that
the membrane potential is an unimaginable event. However, it has
been repeatedly reported that membrane potential-like potentials
are observed in various artificial systems that do not contain ion
transporters. Therefore, the mechanism of membrane potential
generation remains a controversial topic in some research groups.
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The Association-Induction Hypothesis (AIH) is a long-forgotten
physiological theory proposed by the late Gilbert Ling [1-3]. AIH
suggests that the membrane potential can be generated withoution
transport across the plasma membrane. The key factor in generat-
ing the membrane potential is the heterogeneous spatial distribu-
tion of the ions caused by ion adsorption. Charges of ions inevitably
generate potentials around them. Superimpose of these potentials
are observed as the membrane potential in a living cell. The hetero-
geneous ion distribution inevitably results in a heterogeneous po-
tential circumstance, regardless of whether the system in question
is a living cell or an artificial system. This is merely a consequence
of electromagnetism. Consequently, no ion channels or pumps are
required for the generation of membrane potential from living cells.
In fact, one of the authors of this article, Tamagawa, previously suc-
cessfully derived a membrane potential formula using the AIH [4,5].
AlH is a quite comprehensive physiological theory that is applicable
for theorizing the potential characteristics of both living and non-
living systems. At this moment, there is no rational reason to rule
out AIH as the mechanism of membrane potential generation of
living cells, though AIH contradicts the currently widely accepted
membrane theory. This work was carried out with the aim of dis-
proving the membrane theory and proving that ion adsorption is
the mechanism of membrane potential generation, as suggested by
the AIH.

Theory

First, two conflicting mechanisms of membrane potential gen-
eration - the membrane theory and the Association Induction Hy-
pothesis (AIH) - are detailed here.

Membrane Theory and Some Experimental Observa-
tions Contradicting It

Membrane theory is the best-known and most widely accepted
physiological theory. It states that membrane potential is caused by
transmembrane ion transport governed by ion transporters called
ion channels and pumps. This mechanism is intuitively well under-
stood and even mathematically formulated with precision [6-8].
The Goldman-Hodgkin-Katz equation (GHK eq.) is a typical exam-
ple. Eq. 1 is an example of a GHK equation.

kT . P |:Na+ :'in + Iy I:K+ :'in + [Cli :|aut
¢=——In
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P (i = Na*, K*, CI') is the permeability of the membrane to mo-
bile ions. If the membrane is impermeable, P, = 0. Then, the GHK
eq. of Eq. 1 collapses [1,6-8]. Therefore, the GHK eq. states that the
membrane potential is unthinkable unless the membrane is perme-
able. Now what if the membrane is freely permeable to any mobile
ions? Free ions would eventually distribute equally everywhere,
which is represented by [Na*], = [Na']_, [K'], = [K"], [CI'], .= [CI]
., Therefore, ¢ of Eq. 1 would result in zero potential, but the ions

out

never evenly distribute in the real living cell. The membrane theory
states that the sodium-potassium pump is one of the key players in
achieving the disparity between the concentrations of extracellular
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and intracellular ions [1,2,9]. The pump functions by consuming
the energy of ATPs and maintaining the ion concentration gradient
across the membrane. Therefore, the disparity between the intra-
and extra-cellular ion concentrations is one of the proofs that the
cell is in the living state. The GHK eq. of membrane theory is a quite
effective tool for reproducing the membrane potential quantita-
tively. Even the complex dynamics of the membrane potential, the
so-called action potential, is quantitatively well associated with the
GHK eq. on the ground that the potential variation is due to the vari-
ation of P, [10-14]. The variation of P, is physiologically attributed
to the variation of the degree of functionality of the ion transporters
[15,16]. Namely, the role of the ion transporter is ingeniously incor-
porated into the GHK eq. as P, in the GHK eq. (see Eq. 1). Although
significant efforts have still been made even today to develop the-
ories that accurately predict membrane potential [12,17,18], the
foundations of membrane theory have remained solid for decades.
In fact, researchers in classical physiology recognized that the exis-
tence of ion channels had been predicted and then experimentally
discovered [1,2,19]. This is the most important triumph of mem-
brane theory. The discovery of the sodium pump is also another
well-known proof of the support for membrane theory [1-3,20,21].
Currently, virtually no one has questioned the membrane theory.
However, it has been known that even nonliving systems containing
no ion transporters can generate the action potential.

Fox had been involved in the investigation of the electrical
characteristics of the proteinoid microsphere [22-26]. Fox’s micro-
sphere is not a living system, and it does not contain any ion trans-
porter. However, it exhibited a potential that is indistinguishably
similar to the action potential of living cells. In fact, action-poten-
tial-like potentials are observed in various non-living systems. For
example, Yoshikawa et al. observed the oscillatory potential gener-
ated across an artificial membrane that separates two electrolytic
solutions [27-33]. Flasterstein reported a spontaneous fluctuation
of the potential at the metal-electrolytic solution interface, which
is a non-living system, although the magnitude of the potential is
quite small compared to the membrane potential of a living cell
[34,35]. Therefore, potential changes with time in electrolytic solu-
tion systems must naturally occur regardless of whether the sys-
tem in question is a living system or not. One may think that one
needs to consider living systems and non-living systems separately
and independently. However, for example, the GHK eq. never distin-
guishes the living systems from the nonliving systems. In the deri-
vation process of GHK eq., we do not have to use any constraint that
the concept of GHK eq. is applicable only to living systems [7]. How-
ever, non-living systems can generate the membrane potential-like
potential as mentioned above. These matters inevitably give us the
impression that membrane theory is wrong or at least incomplete.
Relating this thought, we would like to show one of Ling’s works,
called the EMOC experiment (effectively membrane-pumpless
open-ended cell), which is quite suggestive for this work [1,36]. A
frog muscle was suspended vertically. The lower end of this mus-
cle had the cut end and the cut end was exposed to the electrolytic
solution containing K* and Na*. Since the cut end was not covered
by the plasma membrane, the channels and pumps were not in con-
tact with the solution containing K* and Na*. He maintained this ex-
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perimental state for tens of hours and found that the intracellular
level of K* increased rapidly over time, while that of Na* did not.
The disparity between the extracellular and intracellular ion levels
can be achieved even in the absence of the ion transporters. The ion
disparity of living cells may not be a consequence of the function-
alities of ion transporters. We may have to reconsider the origin of
the membrane potential from the clean slate.

Association-Induction Hypothesis (AIH)

The Association-Induction Hypothesis (AIH) is a theory com-
pletely different from the membrane theory. According to the AIH,
the membrane potential is generated by the heterogeneous spatial
distribution of the charges as a result of ion adsorption. It is ex-
plained in detail here using Figure 1. Assume that the mobile cat-
ions and anions are homogeneously distributed, as shown in Figure
1(a). Because of the homogeneity of the charge distribution, the
potentials generated by the positive charges of the cations and neg-
ative charges of the anions cancel each other out, and a homoge-
neous potential is formed everywhere. On the other hand, once im-
mobile charges, such as electrolytic polymer chains bearing anions,
are introduced into the cell as illustrated in Fig. 1(b), the immobile
anion adsorbs the mobile cation and their charges become neutral-

ized. However, some of the immobile anions on the fixed polymer
chains remain unadsorbed with cations because of the mass action
law. Therefore, the cell contains anions in the mobile and immobile
states, although the cell contains mobile cations only. This hetero-
geneous state of the ion distribution results in a totally different
potential than the cell potential when the ions distribute homoge-
neously, as illustrated in Figure 1(a) (A more mathematical treat-
ment about potential generation in aqueous solution systems con-
taining immobile charges and mobile charges is given in ref. [37]).
This is the membrane potential based on AIH. This AIH-based ex-
planation is just the idea of electromagnetism and thermodynamics
in basic physics.

The degree of heterogeneity of the ion distribution depends on
the degree of ion adsorption. Consequently, ion adsorption governs
the membrane potential. The living cell is full of proteins and lipids
that carry immobile charges, and these immobile charges can serve
as adsorption sites for mobile ions. Adsorption (or desorption) can
occur wherever there are adsorption sites for mobile ions. There-
fore, the AIH asserts that membrane potential generation does not
require the transport of ions across the plasma membrane and that
even ion channels and pumps are not necessary [1-3]. lon adsorp-
tion is not a phenomenon limited only to living systems.
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Figure 1: lon distribution in a cell (a) homogeneous ion distribution (b) heterogeneous ion distribution due to the adsorption of cations on the
anions of the polymer chains.
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From a theoretical point of view, ion adsorption is governed by
the mass action law, and it takes place in various non-living sys-
tems. The mass action law is utilized in various applications, and
water purification using ion exchange resin is a good example. lon
adsorption takes place in the living cell, and scientists often dis-
cuss ion adsorption even within the range of the membrane the-
ory [38-40]. Namely, the physiologists, of course, do not deny the
occurrence of the ion adsorption in the living cell. However, when
the membrane potential is computed theoretically and numerically,

the ion adsorption facet is completely missing in the formula. For
example, the GHK eq. does not contain any term that takes into con-
sideration ion adsorption. Similarly, the influence of charges, which
can vary by the adsorption among ions, on the potential generation
is disregarded in the GHK eq., too. Physiologists often discuss the
influence of these effects (ion adsorption and charge) on potential
generation, but have never successfully associated them with a po-
tential formula such as the GHK eq. In the old days, Ohki discussed
the membrane potential taking into account the membrane sur-
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face charge effect [38]. But he did not deny the membrane theory,
though he did not provide any explicit formula in which the charge
influence on the membrane potential is incorporated and, at the
same time, which is in line with the membrane theory mathemati-
cally. Banarroch et al. discuss the dynamics of membrane potential
from various aspects [41]. They stressed the fundamental impor-
tance of the consideration of charge separation effect on membrane
potential generation, though they did not abandon membrane
theory. Hughes approaches the membrane potential study from
a new angle [42]. He attempted to integrate both the influence of
conventionally considered ion diffusion and the influence of charge
on the membrane potential though he has yet to show us any ex-
plicit potential formula. His work may drastically change the the-
oretical treatment of membrane potential generation. The AIH is
based on the principle of physics. It does not require the existence
of ion channels or pumps. Only the basic principles of physics are
required. To date, a small number of researchers have performed
this kind of physics-based theorization of the mechanism of mem-
brane potential generation without ion transporters [21,43-52].
They believe that physiology should exist alongside physics. How
can we ignore physiology based on physics and how can we support
physiological study in the absence of physics? We performed the
investigation on the membrane potential mechanisms in mind both
the membrane theory and the AIH.

Experiments and the Ideas Behind Them

The protoplasm is viscous in nature. The idea of the protoplasm

Table 1: Experimental setup and materials used.

as an ordinary highly fluidic electrolytic solution would idealize the
living cell system too much. By treating the living cell in this way,
we could miss out on the fundamental nature of living cells. Not
only protoplasm, but also the various facets of a living cell must be
over-idealized in today’s physiology. A realistic view of the living
cell must be necessary to truly theorize the characteristics of the
living cell [1,2,20,21,43-53]. The authors of this paper therefore de-
cided to focus on the viscous aqueous solution as an experimental
model of protoplasm. The authors measured the potential of vis-
cous aqueous solutions to elucidate the mechanism of membrane
potential generation. In Section 4.1, the potential characteristics
generated by the interaction between immobile charges and mobile
charges (K* and CI") in highly fluid electrolytic solution were inves-
tigated. In Section 4.2, basically the same experiments described in
section 4.1 were performed, but the highly viscous aqueous solu-
tion containing PVA was used in place of the highly fluidic solution.
In section 4.3, the influence of the existence of a membrane that
carries immobile charges (ion exchange membrane) on the genera-
tion of solution potentials is discussed. In Section 5.1, the influence
of the interaction between the highly viscous charged solution and
the mobile ions on the generation of potential in the absence of the
membrane was studied, while the same potential characteristics
were investigated in the presence of the membrane in Section 5.2.
The primary points of the experimental setup and material used in
the above-described experiments are summarized in Table 1. The
experimental procedure is also detailed in the individual experi-
mental sections.

Exp. 1 Fig. 2 DI? 10, 10°* M KCI® none Table 2
Exp. 2 Fig. 2 DI 10-* M KCl, CER? none Table 3
Exp. 3 Fig. 2 DI 10~* M KCl, AER'® none Table 4
Exp. 4 Fig. 2 PVA? 104,10 M KCl none Table 5
Exp.5 Fig. 2 PVA 10 M KCl, CER none Table 3
Exp. 6 Fig. 2 PVA 10+ M KCl, AER none Table 4
Exp.7-1 Fig. 17 two PVAs* 107! M KCI, AER AMV! Table 6
Exp. 7-2 Fig. 17 two PVAs 10" M KCl, AER CMV*2 Table 6
Exp. 7-3 Fig. 17 two PVA 10" M KCl, CER AMV Table 6
Exp. 7-4 Fig. 17 two PVA 107 M KCl, CER CMV Table 6
Exp. 8 Fig. 2 gelatin® 10" M KCl none Table 7
Exp.9 Fig. 2 PVA 10 M KClI none Table 7
Exp. 10 Fig. 17 gelatin 10" M KCl AMV/CMV Table 7
Exp. 11-1 Fig. 17 Lé: gelatin, R”: PVA 10-* M KCl DM?® Table 7
Exp. 11-2 Fig. 17 L: PVA, R: gelatin 10" M KClI DM Table 7

1. the solution that fills the container of the experimental setup

2. deionized water

3. 16wt% aqueous solution of PVA
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4. two 16 wt% PVA aqueous solutions

5. 16wt% aqueous gelatin solution

6. left phase of the setup

7. right phase of the setup

8. 10" M and/or 10"'"M KCI aqueous solution

9. cation exchange resin particles

10. anion exchange resin particles

11. anion exchange membrane called Selemion AMV (Asahi Glass Co., Ltd, Tokyo)

12. cation exchange membrane called Selemion CMV (Asahi Glass Co., Ltd, Tokyo)

13. dialysis membrane permeable to mobile ions and water and impermeable to PVA and gelatin

Potential Characteristics of The Electrically Neutral
Viscous Solution Systems

Potential in Aqueous Solution Without PVA
Exp.1 Potential Generated by the Addition of KCI Solution

Figure 2 represents the experimental setup. The container of
this setup is filled with a solution. Two Ag/AgCl electrodes (an indi-
cator electrode and a reference electrode) are placed in the solution
with a 6.5 cm gap between them. The potential generated between
the two electrodes was measured as a function of time following
the experimental procedure summarized in Table 2. Figure 3 shows
the time dependence of the potential generated between the indi-

cator and reference electrodes (see Figure 2). Although momentary
potential perturbations were observed when the KCl solution was
dropped close to the electrodes, the potential remained basically at
0 V. According to membrane theory, selective ion transport across
the plasma membrane is responsible for generating a non-zero
membrane potential. In this experiment, Exp.1, no ion-selective
membrane was used. Therefore, the non-zero potential cannot be
expected at all. Therefore, the observation of the experimentally
observed zero potential is in perfect agreement with the membrane
theory. However, at the same time, the zero potential is explicable
by the AIH since no heterogeneity of ion distribution is expected
due to the occurrence of no ion adsorption.

( N
5 o
O o
FF 5 ¥
O NS
O X &S
& &
2 >
6.5cm
solution
Figure 2: Experimental setup for measuring the solution potential.
N )
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Figure 3: Exp.1 Time dependence of the potential between the indicator and the reference electrodes.

Table 2: Procedure of potential measurement.

0 onset time of the potential measurement
45 addition of a few drops of 10~* M KCl solution near the indicator electrode
90 addition of a few drops of 10~ M KCI solution near the indicator electrode
135 addition of a few drops of 10~* M KCI solution near the reference electrode
180 addition of a few drops of 10! M KCI solution near the reference electrode
11t time

T2 The solution that fills the container of the experimental setup is deionized water.

Exp.2 Potential generated by the addition of Cation Ex-
change Resin

The same potential measurement as Exp.1 was performed ac-
cording to the experimental procedure summarized in Table 3. In
this measurement, the Cation-Exchange Resin solution was used,
which is the mixture of Cation-Exchange Resin (DOWE X, H form,
Dow Chemical Company, Michigan, USA) and deionized water (see
Figure 4). Figure 5 shows the potential vs. time (see Figure 2) un-
der the experimental condition in Table 3. There is no ion-selective
membrane between the indicator and reference electrodes. How-
ever, the negative potential was clearly observed after t = 90 s. This
non-zero potential cannot be explained by membrane theory. How-
ever, the characteristics of this potential can easily be explained by
electromagnetism. There were K* and CI" near the indicating elec-
trode after t = 45 s, but the total charge of K* and CI" is undoubtedly
zero, and these ions are in the thermal motion state. Consequently,
the zero potentials generated by the individual ions are canceled,
giving zero even after adding KCl at t = 45 s (see Figures. 6(a) and
(b)). However, the Cation Exchange Resin solution (CER solution)
added in the vicinity of the indicator electrode at t = 90 s is a pow-
dery macroscopic solid (see Figure 4(c)), and the CER dissociates

into a mobile cation and an immobile anion, as shown in Figure
6. The non-zero potentials generated by these mobile cations are
largely canceled out by the potentials of all other mobile anions in
thermal motion. However, the negative charges on the CER are vir-
tually immobile because the CER is a visibly large particle. These
charges cannot be fully neutralized according to the law of mass
action [54]. The quantity of adsorbed ions on the CER determines
the quantity of immobile charges on the CER. It means that the het-
erogeneity of spatial ion distribution is governed by the ion adsorp-
tion/desorption. Therefore, a negative potential is generated in the
vicinity of the indicator electrode. Consequently, the negative po-
tential is generated after t =90 s. The addition of 10~* M KCl near the
reference electrode at t = 135 s did not cause the potential change
till t = 180 s. It is due to the same reason for the occurrence of no
potential change from t = 45 s through t = 90 s. The potential began
to increase when CER was added near the reference electrode att =
180 s. This phenomenon can be explained for the same reason that
was used to explain the potential drop at t = 90 s. That is, the poten-
tial drop att = 180 s is due to immobile negative charges of the CER
added near the reference electrode, as illustrated in Figure 7. This
is in full line with the AIH prediction.
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Table 3: Procedure of potential measurement

0 onset time of the potential measurement
45 addition of a few drops of 10~* M KCl solution near the indicator electrode
90 addition of a few drops of CER solution? near the indicator electrode
135 addition of a few drops of 10~* M KCl solution near the reference electrode
180 addition of a few drops of CER solution™ near the reference electrode
11t time

2 The solution in the container of the set-up (see Fig. 2) is a deionized water.’

T 3 CER solution: The mixture of CER and deionized water

(~ R
(b) droplet
(a) ion-exchange resins mixed with a deionized water  (c¢) microscope images
Figure 4: lon-Exchange Resins (IERs) {Cation-Exchange Resin (CER) in a deionized water (DI) and Anion-Exchange Resin (AER) in a
deionized water (DI)} (a) Left bottle: CER in a DI, Right bottle: AER in a DI (b) Left droplet: CER in a DI, Right droplet: AER in a DI (c) Left
photo: CER in a DI, Right photo: AER in a DI
k J
(~ R
0.10
-
- 0.00
=
=
s -0.10 f
[=]
=
-0 ')0 L 1 1
0 60 120 180 240
time /s
Figure 5: Exp.2 Time dependence of the potential between the indicator and the reference electrodes
k J
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o mobile cation
o mobile anion

. CER powder (negatively charged)
o cation adsorbed in the CER

()

Figure 6: Exp.2 CER nearby the indicator electrode when (a) 0 s <t<45s, (b)45s<t<90 s, (c) 90 s £t < 135 s “potential” suggested by two
vertical arrows represents the experimentally measured potential.

N
@ CER powder (negatively charged)
e cation adsorbed in the CER
Figure 7: Exp.2 Potential profile change by the CER solution addition nearby the indicating electrode at t = 180 s “potential” suggested by two
vertical arrows represents the experimentally measured potential.
\ J

Exp.3 Potential generated by the addition of Anion Exchange ter (see Figure 4). Figure 8 shows the potential versus time. There
Resin is no ion-selective membrane between the indicator and reference
electrodes. However, the positive potential was clearly observed
after t = 90 s. This nonzero potential cannot be explained by the
membrane theory as no membranes are used in this potential mea-
surement. However, these potential characteristics can easily be
explained by the same cause as Exp.2 as follows: There were K* and

The same potential measurement as Exp.2 was performed
according to the experimental procedure summarized in Table 4
where Anion Exchange Resin (AER) was used instead of CER, and
the AER solution is the mixture of anion exchange resin (DOWE X,
Cl form, Dow Chemical Company, Michigan, USA) and deionized wa-
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CI near the indicator electrode after t = 45 s (see Figure 9). The to-
tal charge of K and CI" is zero, and they are in thermal motion state.
Consequently, the potentials generated by the individuals cancel
out, resulting in a zero potential up to t = 90 s. However, the AER
solution added in the vicinity of the indicator electrode att =90 s
dissociates into a mobile anion and an immobile cation, as shown
in Figure 9(c). The non-zero potentials generated by these mobile

Table 4: Procedure of potential measurement.

anions are largely canceled out by the potentials of all other mobile
cations in thermal motion. However, the positive charges of the AER
are virtually immobile, which explains why the positive potential
is generated in the vicinity of the indicator electrode. That is, ion
adsorption (or desorption) governs potential generation as the AIH
states.

0 onset time of the potential measurement
45 addition of a few drops of 10~* M KClI solution near the indicator electrode
90 addition of a few drops of AER solution' near the indicator electrode.
135 addition of a few drops of 10~* M KCl solution near the reference electrode
180 addition of a few drops of AER solution' near the reference electrode
71t time

T 2 The solution in the container of the set-up (see Figure 2) is a deionized water.

T 3 AER solution: The mixture of AER and deionized water.

e )
0.06
= 004
002 f
=
£ 0.00
3
2 -002
-0.04 A . .
0 60 120 180 240
time /s
Figure 8: Time dependence of the potential between the indicator and the reference electrodes.
- J

The potential was 0.02 V from t = 90 s to t = 180 s. When the
AER solution was added close to the reference electrode at t = 180
s, the potential suddenly decreased. This phenomenon can be ex-
plained by the same cause as the increase in potential at t = 90 s.
In fact, the decrease in potential at t = 180 s is due to the immobile
positive charges of the AERs added in the vicinity of the reference
electrode, as illustrated in Figure 10. But the potential gradually in-
creases, reaching around 0.02 Vat t = 190 s. This must be due to the
dispersion of AER. That is, the potential plunged just after the ad-
dition of AER solution at t = 180 s, but the AER particles dispersed
and their influence on the potential was unable to reach the refer-
ence electrode. Furthermore, the AER must be largely neutralized
by mobile anions. Consequently, the potential gradually returned
to around 0.02 V after t = 190 s. In this connection, we would like

to show an experimental result in the section Potential generat-
ed by the CER and AER. Potential profiles caused by adding a CER
(AER) solution in Exp.2 (Exp.3) are fully understandable from an
electromagnetism point of view. Before showing the experiments in
section Potential in PVA aqueous solution we would like to per-
form a simple theoretical analysis as follows: Let us consider the
simplest analytical case of a solution potential in which immobile
charges are surrounded by mobile ions. Imagine a plate that con-
tains immobile functional atomic groups —~COOH. Once this plate is
immersed in an electrolytic solution, a certain amount of ~-COOH
dissociates and the plate carries negative charges of -COO~ (see Fig-
ure 11). This system was discussed in an earlier work by H.T. (one
of the authors of this paper) [4,5]. Plate surface charge density, o
, and surface potential, ¢, are associated with each other by Eq. 2.
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The derivation process of Eq. 2 is shown in the references. [4] and _ \/— .

[5] where €: relative permittivity of water, Ep: dielectric constant T =242 EE“" QDkT sinh (ﬁ@ } (2)

of vacuum, @, : ion concentration in the bulk phase, k : Boltzmann

constant, T : temperature, e: elementary charge and 3 =e/2kT . O is negative due to the negative charge of -CO0", and and

Eq. 2 conforms to the Boltzmann distribution of ions and guaran- £ = g,g” k.T and e are positive quantities . Hence, ¢ of Eq. 2 is

tees macroscopic electroneutrality. Consequently, the full contribu-  negative. Therefore, the negative immobile charge of CER can gen-

tion of ions to potential generation is taken into account in Eq. 2  erate a negative potential and is clearly seen in Figure 5. Similarly,

thermodynamically. the positive immobile charge of AER can generate positive potential
and is clearly seen in Figure 8.

o mobile cation
o mobile anion

@

o mobile cation
o mobile anion

(O AER powder (positively charged)
- anion adsorbed in the AER

(c)

Figure 9: AER nearby the indicator electrode when (a) 0s<t<45s, (b)45s<t<90s, (c) 90 s <t < 135 s “potential” suggested by two vertical
arrows represents the experimentally measured potential.

(O AER powder (positively charged)
. anion adsorbed in the AER

Figure 10: Potential profile change by the AER solution addition nearby the indicator electrode at t = 180s “potential” suggested by two vertical
arrows represents the experimentally measured potential.
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-COOIT groups into an electrolytic solution
O0H
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o: mobile cation
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phase solution potential as zero.
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Figure 11: A plate bearing ~-COOH groups is submerged into an electrolytic solution. Due to the negative charges generated by the dissociation
of ~COOH, the potential profile represented by the dotted line is expected. The surface potential of this plate is negative by defining the bulk

J

Potential generated by the CER and AER

We prepared a 10* M KCl solution in petri dish in which a tiny
amount of ion exchange resins (IER), CER and AER, was placed as
illustrated in Figure 12. Then, the potential between the two elec-
trodes was measured by changing the gap of the electrodes, x cm.
The position of the reference electrode was fixed while the posi-
tion of the indicator electrode was moved from x = 6.5 cm to 1.5
cm and then returned to x = 6.5 cm. The result is given in Figure 13.
Figure 13 obviously suggests that the potential depends on the IER

species (CER or AER) near the reference electrode and the distance
between the IER and the reference electrode. To be precise, the po-
tential profiles shown in Figs. 5 and 8 are strongly influenced by the
distance between the indicator electrode and the IER (CER or AER).
Consequently, sometimes the potential cannot be kept constant, as
observed in Figure 8 after t = 180 s. The significant potential drop
was induced at t = 180 s. But it gradually became nullified by t = 190
s, since the widening the gap between the AER and the reference
electrode tip took place over time due to the AER dispersion.

e N
CER AER T
A petri dish filled with KCI solution
Figure 12: Experimental setup for measuring the KCI solution potential in the presence of CER and AER Be aware that the direction of x-axis
is in the left.
k J
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Figure 13: Potential between the indicator and the reference electrodes vs. the gap between the electrodes (x cm) in the presence of CER and
AER The indicator electrode moves from x = 6.5 cm to 1.5 cm (o), then it returns from x = 1.5 cm to x = 6.5 cm (e)
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Potential in PVA Aqueous Solution pendence of the potential generated between the indicator and the
reference electrodes under the experimental conditions in Table 5.
Although a momentary disturbance of the potential was observed
when the KClI solution was dropped near the electrodes, the poten-
tial remained basically at 0 V. According to membrane theory, se-
lective ion transport across the plasma membrane is responsible
for generating a non-zero membrane potential. In this experiment,
no ion-selective membrane was used. Therefore, the generation of

Exp.4 Potential Generated by the Addition of KCI Solution in  a nonzero potential cannot be expected, and the experimental ob-
the PVA Aqueous Solution servation of the zero potential in Figure 14 is in perfect agreement
with membrane theory. But as mentioned earlier in the section
Exp.1 Potential generated by the addition of KCI solution no
ion adsorption inevitably results in the zero potential by the AIH
as well.

The same potential measurement as described in Section 4.1
was performed here in the presence of a 16 wt% PVA aqueous solu-
tion. The experimental setup is the same as that illustrated in Fig-
ure 2, but the 16 wt% PVA aqueous solution was used instead of
deionized water. The aqueous solution of PVA is highly viscous and
is an appropriate material for the simulation of the protoplasm.

The container of the experimental setup was filled with the 16
wt% PVA aqueous solution. The potential generated between the
two electrodes was measured as a function of time following the
experimental procedure in Table 5. Figure 14 shows the time de-

Table 5: Procedure of potential measurement.

0 onset time of the potential measurement
45 addition of a few drops of 10~* M KCI solution near the indicator electrode
90 addition of a few drops of 10~ M KClI solution near the indicator electrode
135 addition of a few drops of 10~* M KCl solution near the reference electrode
180 addition of a few drops of 10~ M KCI solution near the reference electrode
T 1t time

T 2 The solution in the container of the set-up (see Figure 2) is a 16 wt% PVA aqueous solution.
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Figure 14: Exp.4 Potential between the indicator and the reference electrodes vs.time A 16 wt% PVA aqueous solution is used.
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Exp.5 Potential Generated by the CER

The same potential measurement as Exp.2 was carried out. The
experimental procedure was basically the same as in Table 3 but
the container of the experimental setup was filled with a 16 wt%
aqueous PVA solution in place of deionized water. The solid line
in Fig. 15 shows the potential vs. time of Exp.5. The potential pro-
file of Exp.5 in Figure 15 is to be analyzed step by step as follows:
From t =0 to 45 s, the potential is 0 V. This is normal and nothing to
mention. From t = 45 to 90 s, no change in potential was induced,
even with the addition of a 10™* M KCI solution near the indicator
electrode. This potential characteristic is also quite natural, since
the electroneutrality of the K* and CI" ions applies in this system
and no ion-selective membrane is used in this system. However, the
addition of CER solution in the vicinity of the indicator electrode at

t =90 s induced an abrupt drop in potential. This drop in potential
cannot be explained by the membrane theory since there are no
ion-selective membranes in this experimental system. However, the
use of common electromagnetism may explain this. Indeed, the in-
terpretation used in Exp.2 can be applied to this experiment Exp.5,
that is, the immobile negative charge of the CER generated a nonze-
ro negative potential. A slow and continuous decrease in potential
was observed from t =90 s to t = 135 s. This must be a slow process
of descent of the CER solution from the aqueous surface of PVA to
the bottom of the Petri dish where the tip of the indicator electrode
was inserted (see Figure 16). The CER solution droplets from the
pipette slowly reached the tip of the indicator electrode because of
the high viscosity of the PVA aqueous solution, resulting in a slow
decrease in potential.

~
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—
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=
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_0 0"} L 1 L
0 60 120 180 240
time /s
Figure 15: Exp.5 & Exp.6 Potential between the indicator and the reference electrodes vs. time A 16 wt% PVA aqueous solution is used.
Solid line: Exp.5 Dotted line: Exp.6
J
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The addition of a 10™* M solution of KCl in the vicinity of the
reference electrode at t = 135 s caused virtually no discontinuous
change in the downward potential trend. The steady and continu-
ous decrease in potential continued until t = 180 s. However, the
addition of CER in the vicinity of the reference electrode at t = 180
s triggered a discontinuous change in potential. This potential
change is due to the same reason as the potential change observed
att=90s.

Volume 6-Issue 2

To sum up, the potential generation does not require an ion-se-
lective permeable membrane, but a heterogeneous spatial charge
distribution by the CER bearing the immobile charges. These
charges involve the ion desorption/desorption characteristics
which governs the potential characteristics is necessary for nonze-
ro potential generation, and this must be the mechanism of mem-
brane potential generation. This mechanism is in harmony with the
AIH described in the section Association-Induction Hypothesis
(AIH).

( N
: B )
t
t=90s
PVA solution
t=135s |§
Figure 16: CER dropped from the tip of the pipette in the process of sinking from the surface of PVA agueous solution to the petri dish bottom
where the tip of the indicator electrode is placed.
N )

Exp.6 Potential Generated by the AER

The same potential measurement as Exp.3 was performed. The
experimental procedure was basically the same as in Table 4, but
the solution that filled the container was the 16 wt% PVA aqueous
solution in place of the deionized water. The dotted line in Figure 15
shows the potential vs. time of Exp.6. The potential profile of Exp.6
in Figure 15 is virtually opposite to that Exp.5 in Figure 15 about
the x-axis. This is due to the use of the AER solution instead of the
CER solution, namely, the sign of a fixed charge of AER is opposite
to that of the CER. Therefore, such an opposite potential profile in
Figure 15 is basically explicable by the use of the same discussion
employed for Exp.5 with the opposite charge of AER in mind.
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Potential Across a Membrane Separating two Solutions

It is well-known that the potential across an lon Exchange
Membrane (IEM) separating two electrolyte solutions is theoret-
ically predictable quantitatively using the membrane theory. Let
us imagine that two KCl solutions are separated by an anion ex-
change membrane that is largely permeable to anions but not very
permeable to cations; Figure 17 roughly illustrates such a system.
The GHK eq. is a well-known physiological equation that has been
widely used to predict the membrane potential of a living cell. The
GHK eq. is even applicable to nonliving systems such as the one
shown in Figure 17. Tamagawa (one of the authors of this article)
and Morita previously performed potential measurements across
an anion-exchange membrane separating two KCl solutions and
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found that the measured potentials obeyed the GHK eq. [55]. If the
membrane theory is correct, then selective ion transport across the
ion exchange membrane should have taken place in the experiment.
Thus, the diffusion of ions across the membrane is necessary for
the generation of the membrane potential. For further discussion,

Volume 6-Issue 2

we would like to further explain the GHK eq. hypothesizing that the
membrane theory is valid, although Tamagawa and Morita conclud-
ed that the potential they measured was caused by the heteroge-
neous spatial ion distribution caused by the adsorption of ions onto
the membrane rather than by transmembrane ion transport [55].
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solution solution
ion exchange membrane
Figure 17: Experimental setup for measuring the potential between the two electrolytic solutions separated by a permeable ion exchange
membrane.
N )

Imagine that the two KCl solutions are separated by an ion ex-

change membrane (IER) as shown in Figure 17 and that the ion ex-
change membrane used is a cation exchange membrane. Its permea-
bility to K*is much higher than that to CI". In this case, the membrane
potential is given by Eq. 3. Denoting membrane permeability at K*
and CI" by P, and P, respectively, and denoting the concentrations of
ions in the left and right phases by [ilrand[I]z (1=K CI)
, respectively, Eq. 3 is derived using the GHK equation. Since the
membrane permeability to K* is much greater than to CI', Eq. 5 is
derived. Thus, Eq. 3 can be approximated by Eq. 4. Now, if the cation
exchange membrane is replaced by an anion exchange membrane,
what are the characteristics of the potential? The anion exchange
membrane is highly permeable to the anion CI, but not very per-
meable to K*. Consequently, Eq. 6 is derived, and the GHK equation
for this system can be given by Eq. 7, which gives Eq. 8. Since Egs.
9 and 10 are valid, Eq. 11 is derived, that is, the cation or anion for
which membrane permeability is higher determines the sign of the
potential [56]. With the discussion described so far in this section,
we will show another experiment in the following sections.

o P [K*]L +P, [Cl' ]R
¢ =——1In
e P [K*]R +P, [cr ]L
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Exp.7 Potential Across an IEM Generated by the Addition of
AER

The potential across the ion exchange membrane (IEM) was
measured using the experimental setup identical to the illustra-
tion in Figure 17, but two 16 wt% aqueous PVA solutions were

used instead of the two electrolyte solutions. We followed the pro-
cedure given in Table 6. Note that KCI solutions and IER solutions
were dropped close to the indicator electrode and never dropped
in the vicinity of the reference electrode, unlike the other experi-
ments presented so far. The IER solutions used in this experiment
were AER and CER, which are the same as those used in the ex-
periments described earlier. The IEMs used were Selemion AMV
and Selemion CMV (Asahi Glass, Co. Ltd. Tokyo) shown in Figure
18. Selemion AMV is an anion exchange membrane that bears fixed
positive charges, whereas the Selemion CMV is a cation exchange
membrane that bears fixed negative charges. Henceforth, Selemion
AMYV and Selemon CMV will be referred to simply as AMV and CMV,
respectively.

)
1

I L )
_______ X _L_,..r..i.-u'_;'[‘l

Figure 18: lon Exchange Membranes (IEM) Left: Selemion AMV Right:

Selemion CMV.

Since AMV is positively charged, it must be much more perme-
able to mobile anions than to mobile cations. On the other hand,
CMV must be far more permeable to mobile cations than to mobile
anions because the CMV is negatively charged. Consequently, the

Table 6: Exp.7 (Exp.7-1 ~ Exp.7-4) Procedure of potential measurement across an IEM

sign of the membrane potential across the AMV must be opposite to
that across the CMV according to the discussion made using Eqgs. 4
~ 11 as long as the membrane theory is valid.

T]

0 onset time of the potential measurement
45 addition of a few drops of 10~ M KCI solution near the indicator electrode
90 addition of a few drops of IER solutio™ near the indicator electrode

T 1 IEM: lon Exchange Membrane (AMV = anion exchange membrane that has positive

charges, CMV = cation exchange membrane bearing negative charges)
-{-2 t: time

T 3 Two solution are the 16 wt% PVA aqueous solutions.

T4 IER solution: lon Exchange Resin solution (AER solution, CER solution)

Citation: Hirohisa Tamagawa*, Bernard Delalande, Wenyi Lin and Minoru Sasaki. Immobile Charges Play an Essential Role for
Membrane Potential Generation. Mod Concept Material Sci. 6(2): 2024. MCMS. MS.ID.000632. DOI: 10.33552/MCMS.2024.06.000632

Page 16 of 24


http://dx.doi.org/10.33552/MCMS.2024.06.000632

Modern Concepts in Material Science Volume 6-Issue 2

Exp.7-1 Potential across AMV caused by AER We carried out the
potential measurement following the procedure shown in Table 6
under the conditions of using AMV as [EM and AER as IER. The solid
line in Figure 19 represents the experimental curve of the potential
data. 107! M KCI was added in the vicinity of the indicator electrode
at t = 45 s, but it did not cause such an obvious change in potential
and virtually no change in potential was induced. Assuming that the
membrane theory is correct, this phenomenon can be interpreted
as the fact that CI” could not cross the AMV since CI could not reach
the AMV due to the high viscosity of the PVA aqueous solution.
However, once the AER solution was added in the vicinity of the
indicator electrode at t = 90 s, the potential immediately plunged
and began to increase. Of course, it is unlikely that mobile ions

would reach the AMV so quickly because of the high viscosity of
PVA aqueous solution. This experimental finding indicates that ion
movement through the membrane does not play a role in the cre-
ation of the membrane potential. AMV has nothing to do with the
generation of the membrane potential and that the heterogeneous
distribution of ions resulting from the immobile charge of the AER
is responsible for the generation of the membrane potential, as sug-
gested by the AIH. The potential drop at t = 90 s is a fluctuation
due to the momentary collision between the aqueous solution of
PVA and the AER solution. However, after a while, this fluctuation
gradually subsided and the potential began to increase because of
the immobile positive charge of the AER solution.
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Figure 19: Exp.7-1 & Exp.7-2 Change of membrane potential across the IER caused by the addition of AER Solid line: Exp.7-1, An AMV
was used as an IEM. Dotted line: Exp.7-2, ACMV was used as an IEM.
N\ J

Exp.7-2 Potential across CMV caused by AER The same poten-
tial measurement as Exp.7-1 in Figure 19 was performed using the
CMV in place of the AMV while the IER used was the AER which is
the same type of IER used in the Exp.7-1. The CMV carries nega-
tive charges whose sign is opposite to that of the charge carried by
the AMV. Consequently, the CMV must be highly permeable to K*
and only slightly permeable to CI". Therefore, the potential change
expected by the addition of AER at t = 90 s is the decrease in po-
tential assuming that the membrane theory is correct. The actual
membrane potential observed is given by the dotted curve in Figure
19.In contrast to the expected potential profile, the actual observed
potential showed an increase att = 90 s by adding the AER solution.
Consequently, this experimental result confirms the hypothesis that
the heterogeneous ion distribution caused by the immobile charge
of the AER is responsible for the generation of the membrane po-
tential, as suggested by the AIH.

Exp.7-3 Potential across AMV caused by CER The same poten-
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tial measurement was again carried out following the procedure
shown in Table 6, with the provision that AMV was used as IEM and
CER solution was used as the IER solution in place of AER solution.
If the membrane theory is correct, the expected potential change
should exhibit an increasing potential, which is the same potential
trend as Exp.7-1 in which the AMV was used (see the solid line data
curve of Exp.7-1 in Figure 19). On the other hand, if the heteroge-
neous ion distribution is responsible for generating the membrane
potential, the potential must start to decrease with the addition of
CER, since the sign of the immobile charge of CER is opposite to that
of AER used in both Exp.7-1 and Exp.7-2. The actual potential pro-
files of Exp.7-1 and Exp.7-2 in Figure 19 exhibit the increase with
the addition of the AER solution regardless of the type of IERs used.
The actual trend in potential for Exp.7-3 is a decrease as represent-
ed by the solid line in Figure 20. This strongly confirms that the
membrane potential is generated by the heterogeneous ion distri-
bution due to ion adsorption and not by membrane theory.
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Figure 20: Exp.7-3 & Exp.7-4 Change of membrane potential across the IER caused by the addition of CER  Solid line: Exp.7-3, An AMV
was used as an IEM Dotted line: Exp.7-4, ACMV was used as an IEM.
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Exp.7-4 Potential across CMV caused by CER The same potential

measurement was again carried out following the procedure shown
in Table 6, with the provision that the CMV was used as the IEM and
the CER solution as the IER solution. As can be easily expected from
the above discussion, the potential change occurs at the time when
the CER solution was added, t = 90 s, while no potential change
is expected only by adding the KCl solution at t = 45 s. In fact, the
dashed potential profile in Figure 20 represents the experimentally
measured potential for Exp.7-4 and is in full agreement with the
expected potential profile based on AIH. Therefore, the membrane
potential of living cells must be caused by the heterogeneous spa-
tial distribution of ions (charge) through the ion adsorption.

Potential Characteristics in a Realistic Living Cell
Model

On the basis of the experimentally observed potential charac-
teristics and the discussions so far described, the spatial charge
distribution resulting from the adsorption/desorption of mobile
ions onto immobile charges plays a fundamental role in generating
the membrane potential. This is fully in line with the AIH. In fact,
a living cell contains many charged substances, such as lipids and
proteins, and the adsorption of mobile ions onto these substanc-
es is inevitable. With this in mind, we focused on a more realistic
model of a living cell and carried out measurements of its potential.

Potential in a Charged Solution in the Absence of a Mem-

brane

Exp.8 Potential Generated in the Gelatin Aqueous Solution
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An illustration of an experimental setup was used in Figure 2,
but 16 wt% gelatin aqueous solution was poured into it. The gelatin
aqueous solution used is charged and has a highly viscous proto-
plasm. Therefore, the aqueous solution of gelatin is a quite suitable
model for a living cell. Using this experimental system, the potential
measurement was carried out following the procedure in Table 7.

The 16 wt% gelatin aqueous solution is a highly viscous
charged solution. Therefore, the fixed charges of the gelatin mol-
ecules are practically immobile, and their counterions are the mo-
bile ions. Figure 21 illustrates the macroscopic particles of IER in an
aqueous solution and a viscous solution highly congested with the
gelatin molecules. IER particle dimension is the macroscopic level
as illustrated in Figure 4. The charges on the IER particles are in the
immobile state. Gelatin solution 16 wt% gelatin aqueous solution is
highly viscous. Therefore, the motion of gelatin molecules is signifi-
cantly restricted. Therefore, the charges on the gelatin molecules
are virtually immobile. Once deionized water or 10! M KCI solu-
tion is poured into the 16wt% gelatin aqueous solution, the degree
of dissociation of the gelatin molecule can be affected. This means
that the degree of adsorption of ions on immobile charges will be
altered. Therefore, a change in potential can be expected.

Figure 22 represents the potential measured experimentally
according to the experimental procedure in Table 7. Although the
potential change induced by the addition of deionized water at t
=45 s is unclear, the potential change induced by the addition of a
solution of 10* M KCl at t = 90 s is quite clear. Consequently, AIH is
strongly supported.
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Figure 21: Immobile state Left: IER particles in a aqueous solution are in the immobile state Right: Gelatin molecules in the viscous
solution state Gelatin molecules are virtually in the immobile state.
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Figure 22: Exp.8 Potential generated in a gelatin aqueous solution vs. time.
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Table 7: Exp.8 Procedure of potential measurement in a gelatin aqueous solution Tt

0 onset time of the potential measurement

45

addition of a few drops of deionized water near the indicator electrode.

90

addition of a few drops of 10~' M KCI near the indicator electrode

T 1 The solution is an aqueous 16 wt% gelatin aqueous solution.

T2t time

Exp.9 Potential Generated in the Aqueous Solution of PVA

For comparison, the same measurement as Exp.8 was carried
out following the procedure in Table 7 using the 16 wt% PVA aque-
ous solution instead of the 16 wt% gelatin aqueous solution (note:
this experiment is basically the same as Exp.4). The PVA aqueous
solution is a neutral solution, unlike the gelatin aqueous solution.
Consequently, no net change in potential can be expected from the

addition of aqueous solutions.

Figure 23 shows the potential profile measured experimentally.
Compared to the profile in Figure 22. It is no exaggeration to say
that no potential change was induced from the beginning to the
end. Therefore, the potential generation or the potential change
must be induced by the spatial fixation of ions by the ion adsorption
(or desorption) as suggested by the AIH.
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Figure 23: Exp.9 Potential generated in a PVA aqueous solution vs. time.
S J
Potential in a charged solution across a membrane fundamentally the same. In fact, the experimentally obtained po-
tential profiles are fundamentally the same regardless of the mem-
Exp.10

brane species used, as shown in Figure 24. Furthermore, this po-
The potential measurement was carried out using the setup il-  tential profile is quite similar to the potential profile of Figure 22 of
lustrated in Figure 17 following the procedure in Table 7. The gela-  Exp.8. Their similarity is quite understandable as long as the AIH is
tin aqueous solutions were poured into both sides of a membrane  valid, since the AIH states that membrane permeability to ions does
in place of the electrolyte solution. The membranes used were an  not contribute to membrane potential generation [1-3,53]. Namely,
AMV and a CMV. As described above, the membrane does not playa  the experimental system of Exp.10 is the same as that of Exp.8 oth-
fundamental role in potential generation. Consequently, regardless  er than the presence / absence of the membrane.
of which membrane is used, the potential characteristics should be
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Figure 24: Exp.10 Potential generated across a membrane separating two gelatin aqueous solutions vs. time Solid line: potential across
the CMV Dotted line: potential across the AMV.
N )
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Exp.11

The same potential measurement as Exp.10 was then per-
formed using the procedure shown in Table 7, but in this experi-
ment two types of solution were used instead of one. One is a gel-
atin aqueous solution, and the other is a PVA aqueous solution. A

dialysis membrane was used as the membrane. Figure 25 illustrates
the setup used for Exp.11. A dialysis membrane is impermeable to
gelatin and PVA molecules but is permeable to K*, CI and water
molecules, that is, the dialysis membrane (size 8, Wako, Japan) is
not an ion-selective membrane.

e 7
gelatin solution PVA solution PV A solution gelatin solution
Left solution T Right solution Left solution T Right solution
dialysis membrane dialysis membrane
(a) (b)
Figure 25: Setup for measuring the potential across a dialysis membrane separating a 16wt% gelatin aqueous solution and a 16wt% PVA
aqueous solution (a) Left: 16wt% gelatin aqueous solution, Right: 16wt% PVA aqueous solution (b) Left: 16wt% gelatin aqueous solution,
Right: 16wt% gelatin aqueous solution For both experimental systems shown in (a) and (b), the indicator electrode is always inserted in the
Left solution while the reference electrode is always inserted in the Right solution.
- J

Exp.11-1 Potential generated when the system in Figure 25(a)  On the other hand, the potential profile, when the system in Figure
25(b) is used, is expected to be similar to Figure 23 since the ad-
dition of water and 107 M KCI are performed in the left solution
of PVA (electrically neutral molecule). As expected by AIH, the po-
tential change was not observed even when the 10~ M KCl solution
was added at t = 90s, as indicated by the dotted line in Figure 26.
Therefore, both profiles in Figure 26 are in line with the AIH pre-
diction.

isused The potential profile is expected to be similar to Figure 22
since the addition of water at t = 45 s and the addition of 10* M
KCl at t = 90 s are applied to the left aqueous solution of gelatin
(containing immobile charges). As expected, a potential change was
observed when the 10-' M KCI solution was added at t = 90 s, as
indicated by the solid line in Figure 26.

Exp.11-2 Potential generated when the system in Figure 25(b)

( N
> 0015 F
T
=
£ 0000 }
=
s
c -0.015 F
n‘ _]
-0.030 . . 4
0 35 70 105
time /s
Figure 26: Exp.11 Potential generated across a dialysis membrane separating two solutions vs. time Solid line: Exp.11-1 (Left phase =
16wt% gelatin aqueous solution, Right phase = 16wt% PVA aqueous solution) Dotted line: Exp.11-2 (Left phase = 16wt% PVA aqueous
solution, Right phase = 16wt% gelatin aqueous solution)
N )
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Viscous Nature of Living Cell and the Membrane
Potential

Mobile ions cannot move as quickly through a viscous solution
such as PVA and gelatin aqueous solutions. The same must apply to
the living cell system. Consequently, mobile ions in the protoplasm
cannot easily reach the inner surface of the plasma membrane.
Therefore, transmembrane ion transport is not expected to occur
with ease in living cells. Therefore, at least the fast change in mem-
brane potential is an unimaginable event, although membrane the-
ory attributes the generation of membrane potential in the living
cell to transmembrane ion transport.

It can be argued that transmembrane ion transport occurs only
in the vicinity of the plasma membrane, as illustrated in Figure 27.
Thus, the viscous nature of the protoplasm does not affect the gen-
eration of the membrane potential. However, common theoretical
treatments performed to estimate the membrane potential always
relate to the entire cell body. For example, when the GHK equation
is used to estimate cell potential, the local ion concentration is gen-
erally not taken into account, but the ion concentration in the entire
cell is [6-8]. If transmembrane ion transport is to be considered a
local event, much of the theoretical treatment for estimating the
membrane potential must be reconsidered, even in the widely ac-
cepted membrane theory.

( 7
flow in and flow out of mobile ions
across the plasma membrane
Figure 27: lllustration of the flow in and flow out of mobile ions across the plasma membrane.
- J

Before moving on to the last section, we would like to touch
on the reproducibility of the data of the experimentally measured
potentials so far shown in this paper. In this work, we investigate
the dynamic potential characteristics. It is not the potentials in the
equilibrium state. The experimental procedure is basically as fol-
lows: A minute quantity of electrolytic solution (or ion-exchange
resin particles) is manually dropped into a large amount of aque-
ous solution in a container using a pipette. The dropped electrolytic
solution (or ion-exchange resin particles) disperses into the solu-
tion in the container randomly. Then, the potential induced in this
solution was measured as a function of time. Since this dispersion
process is a random process, not an equilibrium process, the quan-
titative reproducibility of the potential data cannot be expected. In
fact, we could not observe the reproducibility of the quantitative
potential data. It is a fairly natural consequence. However, we could
repeatedly confirm that the reproducibility of the qualitative poten-
tial data is excellent. Therefore, our experimental data are reliable
enough.

Conclusion

Living cells contain many charges of ions, lipids, and proteins.
Therefore, it is quite natural to believe that these ions have more
or less an effect on membrane potential generation. However, in
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membrane theory, which is the central concept of current physiol-
ogy, the generation of membrane potentials has been attributed to
the passage of mobile ions across the plasma membrane [1,2]. The
influence of ion adsorption on the generation of membrane poten-
tial is completely missing. Physiologists sometimes consider ion ad-
sorption in membrane potential investigation and even discuss the
influence of charges, which can vary according to the degree of ion
adsorption, on membrane potential [38,41,42]. However, such an
influence of the charges created by the ion adsorption (and/or de-
sorption) has never been incorporated into the commonly accepted
membrane potential formula such as the GHK eq. as touched upon
earlier. Somehow, the influence of ion adsorption on the membrane
potential is not considered in current physiology when it comes to
numerical calculation of the membrane potential. This work indi-
cates that the ion adsorption (and/or desorption) plays a funda-
mental role for membrane potential generation and even indicates
that the ion passage across the membrane has nothing to do with
the membrane potential generation. This conclusion is in harmony
with the long-forgotten physiological theory of AIH [1,2]. Although
AlH is not accepted in the field of mainstream physiological scienc-
es, we should not rule out AIH as a membrane potential generation
mechanism. Through this work on the elucidation of the membrane
potential generation mechanism, what is important for the pursuit
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of genuine physiology in the future also emerges on its own. To pur-
sue genuine physiology, we have to view the living cell in a more
realistic way. For example, our experimental work described in this
paper suggests that the viscous nature of protoplasm affects the
characteristics of the electrolytic solution system in question and
could drastically alter the individual ion characteristics. The diffu-
sivity of the ions, their degree of adsorption/desorption, and their
activities when they are in the viscous solution must be totally dif-
ferent from those of the ions in free water. In addition, the activity of
water in the protoplasm must also be greatly diminished compared
to that of free water [1,2]. In physical chemistry, it has even been
known that the thermodynamical characteristics of the actual elec-
trolytic solution are far from the ideal characteristics [57]. Physical
chemists came to the theoretical tools, thermodynamics for the real
system, to analyze these unideal characteristics of the actual elec-
trolytic solution more than a half century ago [54]. Therefore, the
unideal characteristics of electrolytic solution systems have been
scrutinized in detail for many decades, and colloid chemistry is a
typical example of the use of thermodynamics for the real system
[48,58]. Colloid chemistry has revealed the unique characteristics
of the mass of a long-hydrocarbon-chain molecule such as lipids,
which are a component of the plasma membrane. The exhibition of
the phase transition of the lipid bilayer is one of such characteris-
tics. It is quite natural to believe that the dynamic characteristics of
the membrane potential, in other words, the action potential, must
be under the heavy influence of the phase transition of the plasma
membrane [58-60]. Therefore, colloid chemistry could serve as a
useful tool for analyzing the generation of action potentials. Fur-
thermore, the thermodynamics of the real system can elucidate the
genuine mechanism of functions of living cells, including the mem-
brane potential generation mechanism. The Association-Induction
Hypothesis must be a key concept for achieving it since its foun-
dation lies in the view of seeing the living cell system realistically.
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