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Abstract: The potential between two electrolytic solutions separated by a membrane impermeable to
ions was measured and the generation mechanism of potential measured was investigated. From the
physiological point of view, a nonzero membrane potential or action potential cannot be observed
across the impermeable membrane. However, a nonzero membrane potential including action
potential-like potential was clearly observed. Those observations gave rise to a doubt concerning the
validity of currently accepted generation mechanism of membrane potential and action potential of
cell. As an alternative theory, we found that the long-forgotten Ling’s adsorption theory was the most
plausible theory. Ling’s adsorption theory suggests that the membrane potential and action potential
of a living cell is due to the adsorption of mobile ions onto the adsorption site of cell, and this theory
is applicable even to nonliving (or non-biological) system as well as living system. Through this
paper, the authors emphasize that it is necessary to reconsider the validity of current membrane
theory and also would like to urge the readers to pay keen attention to the Ling’s adsorption theory
which has for long years been forgotten in the history of physiology.

Keywords: membrane potential; action potential; ion permeation; Goldman-Hodgkin-Katz;
ion adsorption; Ling’s adsorption theory

1. Introduction

A cell generates nonzero potential across the plasma membrane, which is called membrane
potential [1-16]. Cell exhibits vehement change of membrane potential in the active state, and such a
potential is called action potential. According to the Goldman-Hodgkin-Katz equation (GHK equation),
membrane potential is generated by the mobile ion passage through the plasma membrane [1,7,17,18].
Membrane potential is determined by the ion concentration inside and outside of cell and the ion
flux through the plasma membrane. It is broadly acknowledged that the GHK equation precisely
predicts the actual membrane potential behavior. This successful outcome is interpreted as the ion
passage through the plasma membrane is actually one of the fundamental factors for the nonzero
membrane potential generation of the cell. However, nonzero potential is even generated across an
artificial impermeable membrane separating two electrolytic solutions [19-22]. Colacicco’s report is
a typical example [19,20]. Colacicco observed the nonzero potential generation across oil membrane
impermeable to ions.

Tamagawa, one of authors of this paper, and Morita also reported that the membrane potential
across the membrane impermeable to ions was virtually identical to the membrane potential across
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a permeable membrane, and the those experimentally obtained membrane potentials were identical
to the membrane potential theoretically obtained by the use of GHK equation [21,22]. Tamagawa
and Morita basically dispute the currently accepted mechanism of membrane potential generation
of cell. They take side with the adsorption theory advocated by Dr. Gilbert Ling [1,7,21,22]. Ling has
emphasized that the membrane potential of cell is basically caused by the adsorption of mobile ions
onto the membrane adsorption sites not by the ion permeation through the membrane. The Ling’s
adsorption theory is applicable to the nonliving system as well as living system. In fact, Ling carried
out some experiments many years ago, and confirmed that his theory is applicable to the nonliving
system [1].

The authors would like to briefly comment on Dr. Ling as a scientist and his accomplishments
a little, since the authors employ his theory in this paper. Ling made a historical accomplishment
in his young days. He perfected a microelectrode technique, which has greatly advanced the
electrophysiology, when he was a Ph.D. candidate in University of Chicago. Later, he advocated
his own theory of cell metabolic activity. Since his own theory was completely in conflict with the
existing theory, his fame once established in his young days has been declining gradually, and now he
is completely left out of science world. Nowadays, nobody knows his accomplishments or people who
know his accomplishments think that what he has advocated is a silly talk. However, the authors of
this paper do not care about the label put on him and his accomplishments, and the authors employ
his theory throughout this work. The authors had to add some more comments as follows: Basically
the same idea as the Ling’s adsorption theory was put forth by the late K. L. Cheng independently of
Ling, though decades after Ling [23-27]. Cheng was an electrochemist and had studied the electrode
mechanism. He reached a conclusion that the potential measured by the electrode is caused by the ion
adsorption onto the electrode surface adsorption sites.

Existing theory of cell biology attributes the action potential induction to the function of ion
channels and pumps embedded in the plasma membrane [1,4,5,7,13-16]. Hence, the induction of
action potential is one of manifestations of biological activity. Therefore, it is quite natural to believe
that the action potential is not observed in the artificial system having neither ion channels nor pumps.
Contrary to such a quite natural thought, action potential-like potential has been repeatedly observed
in the artificial systems in which no ion channels or pumps were embedded [28-50].

Proteinoid is a tiny sphere consisting of amino acids. It was first created by Sidney Fox [31,32,34,35,40].
Scientists regard it as a protocell or something similar to the protocell. Although the proteinoid was
artificially created and it did not contain any ion channel or pump, it generated action potential-like
potential [31,32,34,35,40]. Yoshikawa et al. reported a number of even more intriguing observations. They
separated two electrolytic aqueous solutions with an artificially created liquid membrane. The experimental
systems they used did not contain any biological material unlike Fox’s. However, Yoshikawa ef al. observed
continuous generation of action potential-like potential [33,34,37-39,41,42], and other research groups also
observed similar phenomena [43—49]. Yoshikawa et al. did not seem to have so strong interest in pursuing
the physiological meaning of their observations. Their interest seemed to primarily lie in the physical and
mathematical analysis of their observations. We think that those observations by Yoshikawa ef al. imply a
grave physiological meaning. That is, generation of membrane potential including action potential may not
be a characteristic particular only to living system, and no ion channel or pumps are needed for generating
action potential. The membrane potential generation of cell may not represent the biological activity,
and it may be merely a consequence of physical chemistry-based nature of electrolytic solution systems.
i.e., generation of membrane potential including action potential has nothing to do with life and death.
According the GHK equation, ion transfer through the plasma membrane is essential for the membrane
potential and action potential generation [1,7,17,18], but it might be possible to generate them without
ion transfer through the membrane. Therefore, in this work, the authors attempted to achieve membrane
potential generation and action potential-like potential generation between two electrolytic solutions
without ion transfer through the membrane, then the authors discussed the physiological implication of
the experimental observations.
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2. Preparation of Membranes and Solutions

The authors made measurements of potential between two electrolytic solutions separated by an
impermeable material. Those potential measurements were categorized into two measurements. Exp. I:
Measurement of potential between two electrolytic solutions separated by an impermeable membrane
and Exp. II: Measurement of oscillating potential between two electrolytic solutions separated by
a silver wire & liquid membrane, where the silver wire and liquid membrane is of course impermeable
to ions.

2.1. Fabrication of Impermeable Membrane

Two types of impermeable solid membranes were employed for carrying out Exp. I. One was
a thin urethane film, MG90 (25 um thick), manufactured by Takeda Sangyo Co., Ltd. (Tokyo, Japan).

Another membrane was fabricated by attaching two sheets of MG90 to each other with an
electrically conductive adhesive. The electrically conductive adhesive was prepared simply by mixing
carbon (Ketjen black) and epoxy. This membrane fabricated is hereafter called KBMG90. The structure
of KBMG90 is shown in Figure 1.
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Figure 1. Side view of KBMG90.

2.2. Liquid Membrane

Two types of liquid membranes were prepared for carrying out Exp. I and II. One liquid membrane
was prepared by mixing 0.086 g of surfactant SDS with 24 g 1-pentanol. This liquid membrane is
hereafter called S-penta. S-penta looked saturated with SDS.

Another one was prepared by mixing 0.11 g of surfactant CTAB with 24 g 1-pentanol. This is
hereafter called C-penta.

2.3. Electrolytic Solutions

Various concentrations of KCI solution were prepared simply by dissolving KCI into deionized
water, and lower concentration of KCI solutions were prepared by diluting the high concentration KCI
solution with deionized water. These KCl solution were used for both Exp. I and II. Concentration of
those KCl1 solutions ranged from 0.00001 to 3.4 M.

For Exp. II, two kinds of NaCl aqueous solutions were prepared. One was 0.3 M NaCl aqueous
solution, which was prepared by dissolving NaCl into deionized water. Another one was the mixture
of 0.3 M NaCl & 1 M ethanol aqueous solution, and it was prepared simply by dissolving NaCl and
ethanol into the deionized water.

3. Potential Measurement

3.1. Exp. I

Figure 2 illustrates the setup for the measurement of potential across a membrane of MG90 coated
with a liquid membrane. Two Ag wires served as Ag/AgCl electrode, and their ends were coated with
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AgCl. Two KCl solutions were supplied in the left and right compartments, respectively, where these
KCl1 concentrations were denoted by C;, and Cg, respectively. Voltmeter shows the stable potential
within a few minutes, and that potential was registered.
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Figure 2. Experimental setup for measuring the potential across a membrane. Cp, and Cg represent the
KClI concentration of left and right KCI solutions, respectively.

Another experiment was carried out by using the KBMG90 in place of MG90 coated with a liquid
membrane. Procedure of making a measurement was same as when MG 90 was used, but it took
longer for the potential to stabilize.

3.2. Exp. II

Figure 3 illustrates the setup for the measurement of potential across the membrane—a silver
wire & S-penta—. NaCl and KClI solutions were supplied in the left and right glass tubes, respectively.
Left and right solutions were denoted by Sol-L and Sol-R, respectively. Their KCI concentrations were
denoted by Cr. and Cg, respectively. Two Ag wires connected to the voltmeter served as an Ag/AgCl
electrode, and their ends were coated with AgCl. Voltmeter showed the stable potential within a few
minutes after completing the preparation of potential measurement. That potential was registered.
Sol-L and Sol-R were electrically connected with the membrane of a silver wire & S-penta. However,
ion transfer never took place between Sol-L and Sol-R. Another experiment was carried out by using
the C-penta in place of S-penta.

Agwire

AgClcoat

S-penta

L

Sol-L Sol-R

@

Figure 3. Experimental setup for measuring the potential across the membrane of a silver wire &
S-penta. Cy, and CR represent the concentration of left NaCl and right KCI solutions, respectively.
The end of Ag wire which was connected to the voltmeter was coated with AgClL
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4. Results and Discussion
4.1. Potential Measurement

4.1.1. Exp. 1

The potential measurement described in the Section 3.1 was carried out. Membrane preparation
should be finalized right before starting the measurement by the following procedure: A few drops of
the liquid membrane of S-penta was spread on both surfaces of a MG90, resulting in a MG90 coated
with S-penta, and hereafter the resultant membrane is called SMG90. Side view of SMG90 is illustrated
in Figure 4. Both surfaces were covered with negatively charged planes, since head group of SDS was
negatively charged in the dissociated state. A SMG90 was mounted to the setup in Figure 2. Cr was
maintained constant at 3.4 M for all the potential measurements. Potential in the left compartment
in reference to the right compartment was measured for various Cy. Figure 5a shows potential vs.
—log[Cy ]. Potential increases with the decrease of Cy. Another potential measurement was carried out
using another membrane. Another membrane used was the MG90 coated with C-penta. Hereafter, the
resultant membrane is called CMG90. Both surfaces were coated with the positively charged planes,
since head group of CTAB was positively charged in the dissociated state. Potential measurement
was carried out by following the same procedure as described above. Figure 5b shows potential vs.
—log[Cy]. Potential decreases with the decrease of Cy.. It is opposite potential behavior to Figure 5a.
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Figure 4. Side view of SMG90 and the structure of SDS.
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Figure 5. Membrane potential generated across (a) SMG90 and (b) CMG90 against —log[Cy ].
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Both SMG90 and CMG90 are impermeable to ions. However, nonzero potential across the
membrane (membrane potential) was observed. It was in conflict with the basic concept of membrane
potential generation mechanism [1-22]. More concretely, it is widely acknowledged that nonzero
membrane potential is generated due to the passage of ions through the membrane according to the
GHK equation [1,7]. However, nonzero potential across the impermeable membrane was actually
generated as shown in Figure 5. Some people may argue that both SMG90 and CMG90 had a number
of pinholes which were invisibly small but large enough for ion passage. Hence, the authors carried
out further potential measurements in order to eliminate such a doubt.

The same potential measurement was carried out by the use of a membrane KBMG90, which
was completely impermeable to the ions, in place of SMG90 and CMG90. Both surfaces of KBMG90
were coated with S-penta, and the resultant membrane was denoted by SKBMG90. The structure of
SKBMGY0 is illustrated in Figure 6. Both surfaces were covered with negatively charged planes.

Another potential measurement was carried out using another membrane. The membrane used
was the KBMG90 coated with C-penta in place of S-penta. Hereafter the resultant membrane is called
CKBMGY90. Both surfaces were covered with the positively charged planes. Measured potential
profiles are shown in Figure 7. The potential data shown in Figure 7 is virtually quantitatively same
as that in Figure 5. Hence, it is concluded that even the use of impermeable membrane induces the
nonzero membrane potential against the prediction by the existing theory of membrane potential
generation mechanism.
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Figure 6. Side view of SKBMG90 coated with S-penta.
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Figure 7. Membrane potential generated across (a) SKBMG90 and (b) CKBMG90 against —log[Cy ].
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412. Exp. 1I

Potential measurement described in the Section 3.2 was carried out. The potential between 0.3 M
NaCl and 0.5 M KCl solutions separated by a silver wire & S-penta was measured as a function of time.
Spontaneous potential oscillation was observed as shown in Figure 8a.

Potential oscillation between various two electrolytic solutions has been observed and analyzed
by a number of research groups up to date [33,36-39,41-49]. Although the oscillation mechanism has
not been fully elucidated yet, the occurrence of potential oscillation sometimes is attributed to the
transmembrane ion transfer between two electrolytic solutions just like indicated by the concept of
GHK equation [33,36-39,41-49]. If not fully attributed to the ion transfer, it has been believed that
the ion transfer between two electrolytic solutions plays a role of potential oscillation induction to
some extent. Our experimental setup illustrated in Figure 3 never allowed ion transfer, but potential
oscillation was induced. Use of a silver wire & C-penta as a separator intervening 0.3 M NaCl and
0.5 M KCl solutions also resulted in the spontaneous induction of potential oscillation as shown in
Figure 8b.

Potential oscillation became more obvious by the use of the new solution—mixture of NaCl, EtOH
and deionized water—in place of 0.3 M NaCl, where the concentration of NaCl and EtOH in the new
solution was 0.3 M and 1 M, respectively. Potential vs. time between the new solution and 0.5 M KCl
across the separator of a silver wire & S-penta and of a silver wire & C-penta are shown in Figure 9a,b,
respectively. As stated, the oscillation became more clearly induced. We noticed in Figures 8 and 9
that the potential peaks were negative going, when a silver wire & S-penta was employed, while the
potential peaks were positive going, when a silver wire & C-penta was employed.
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Figure 8. Membrane potential generated across (a) a silver wire & S-penta and (b) a silver wire & C-penta.
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Figure 9. Membrane potential generated across (a) a silver wire & S-penta and (b) a silver wire & C-penta.
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4.2. Mechanism of Potential Generation across the Impermeable Membrane

The potential behaviors in Exp. I'and II. Exp I are discussed and explained using a proposed model.
Experimental results shown in Figures 5 and 7 are all membrane potential across an impermeable
membrane. According to the GHK equation, the nonzero membrane potential is generated only
across the semi-permeable membrane, since the GHK equation states that the membrane potential is
determined by the concentration of individual ions in the electrolytic solutions and the membrane
permeability to those ions [1,7]. Without the membrane permeability to ions, the GHK equation
collapses and it implies that the nonzero membrane potential cannot be generated. However, the
nonzero potential was undoubtedly induced as shown in Figures 5 and 7. Figure 10 shows the
experimentally measured membrane potentials shown in Figures 5 and 7 and the membrane potentials
computed by employing GHK equation by appropriately choosing the membrane permeability of Pk
and P, where the GHK equation employed is given by Equation (1). Concerning Equation (1), [K*]
and [K*]g represent K* concentration in the left and right solutions, respectively. [C1™ ], and [C1™ ]r
represent CI~ concentration in the left and right solutions, respectively. Px and P¢; represent the
membrane permeability to K* and CI~, respectively. Data shown with an “x” mark represents
the computed membrane potential. Figure 10 indicates that appropriately choosing membrane
permeability Px and P¢; can reproduce the experimentally obtained membrane potential, even though
the membrane actually used for the experiment is impermeable to ions. Some scientists acknowledged
that the quantity of permeability of P does not necessarily mean the actual membrane permeability
to ion [29], or the quantity of permeability of P is not necessarily constant but is dependent on ion
concentration [30], but such a treatment for theoretical evaluation of membrane potential is sort of
makeshift evaluation for obtaining the desired theoretical membrane potential without any reasonable
justification. Therefore, the authors doubt the validity of GHK equation. The authors thus believe the
GHK equation is a wrong concept. Now, they need to find out a theory alternative to the GHK equation.
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Figure 10. (a) Membrane potential shown in Figure 5a (O mark) and Figure 7a (® mark) and the
computed membrane potential based on the GHK equation assuming Px = 1 and P¢; = 0.008 (x mark);
(b) Membrane potential shown in Figure 5b (O mark) and Figure 7b (® mark) and the computed
membrane potential based on the GHK equation assuming Px = 0.008 and P¢; = 1 (x mark).

One of the authors of this paper, Tamagawa, has studied the membrane potential across the
impermeable membrane for the past 10 years. He reached the conclusion that the GHK equation is a
wrong concept and the adsorption theory advocated by G. Ling is the right theory as the membrane
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potential generation mechanism [1,7,21,22]. As described in the introduction, Ling has emphasized that
the membrane potential of cell is basically caused by the adsorption of mobile ions onto the adsorption
sites of a cell. The authors would like to propose a mechanism about this nonzero membrane potential
generation across the impermeable membrane by employing the Ling’s adsorption theory.

First of all, the membrane potential behavior shown in Figure 5a is explained by employing
the Ling’s adsorption theory. The adsorption theory states that the adsorption of mobile ions in the
electrolytic solution on the membrane surface causes the nonzero membrane potential [1,7]. Figure 11
shows the ion distribution in the two electrolytic solutions separated by SMG90, where the KCl
concentration in the right solution is assumed to be higher than that in the left solution in this
illustration. Since K* concentration in the right solution is quite high, most of the negative charge
of the SDS plane (hereafter called R-SDS plane) at the interface between SMG90 and the right KCI
solution is neutralized by the adsorption of K* (see Figure 11). On the other hand, most of the negative
charge of the SDS plane (hereafter called R-SDS plane) at the interface between SMG90 and the left
KCl solution is not neutralized, since K concentration in the left solution is low (see Figure 11).

The mobile ions in the right solution distributes in accordance with the Boltzmann distribution
under the influence of slightly negatively charged R-SDS plane, while the mobile ions in the left
solution distributes in accordance with the Boltzmann distribution under the influence of greatly
negatively charged L-SDS plane. Therefore, the potential profile must be given as drawn in Figure 11
with dotted line. Membrane potential is experimentally measured using two electrodes. Those two
electrodes are inserted into the bulk phases of left and right solutions, respectively. Hence, the potential
measured is indicated by “observe potential” in Figure 11, where the potential detected by the electrode
in the right solution is the reference potential of 0 mV. As long as the K* concentration in the left
solution is lower than that in the right solution, the observed potential is expected to be positive, since
the mobile ions distribute in accordance with Boltzmann distribution under the influence of greatly
negatively charged L-SDS plane and slightly negatively charged R-SDS plane. In fact, the potential
experimentally observed was basically positive as shown in Figure 5a. The more negative the charge
density of L-SDS plane becomes, the higher the potential observed is expected to be. The experimental
result is in line with the expectation as shown in Figure 5a. Just opposite phenomenon is induced,
when CMG90 was used in place of SMG90 as shown in Figure 5b, since the head charge of CTAB
is positive.
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Figure 11. Ion distribution of two electrolytic solutions separated by a SMG90.

Ling’s adsorption theory suggests that the entire structure of membrane is not the primary factor
in the nonzero membrane potential generation. Ling’s adsorption theory suggests that the mobile
ion adsorption on the membrane adsorption sites plays a central role for the induction of nonzero
membrane potential, i.e., even though the differently structured membranes are used for separating
two electrolytic solutions, the membrane potentials observed across those membranes must be the
same, as long as the structure of adsorption sites on those membranes are same each other. The surface
structure of SKBMG90 was same as that of SMG90 (see Figures 4 and 6), although the entire structure
of SKBMG90 was totally different from that of SMG90. As expected, following the Ling’s adsorption
theory, the actual potential behavior across the SKBMG90 was virtually same as that across the SMG90
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as shown in Figure 10a. This concept is also true for the potentials across the CKBMG90 and CMG90
as shown in Figure 10b. However, one may still argue that the GHK equation is applicable only
to the system employing a semipermeable membrane not an impermeable membrane (SKBMG90
and CKBMG90 are completely impermeable), hence, the argument so far described is meaningless
from the beginning. However, Tamagawa and Morita already clarified that point in their previous
reports [21,22]. They found that the actual potential between two KCI solutions separated by the
impermeable membrane was virtually same as the experimentally measured potential separated by
the semipermeable membrane. They confirmed that the latter potential (across the semipermeable
membrane) was quantitatively well reproducible by the GHK equation, and this confirmation suggests
that even the former potential (across the impermeable) is reproducible by the GHK equation as well.
This consequence made us wonder if the ion permeation through the membrane was the primary
cause of membrane potential generation. Instead, Tamagawa and Morita proposed an alternative
mechanism of potential generation across the impermeable material as well as the semipermeable
membrane [21,22]. The mechanism proposed was based on the Ling’s adsorption theory [1,7], and it is
basically the same theory explained above using Figure 11, i.e., the ion adsorption on the membrane is
induced, even when the membrane is not impermeable but semipermeable. Consequently, it results
in the nonzero membrane potential generation. This mechanism was in harmony with the potential
behaviors for both impermeable and permeable membrane cases.

To sum up, there is not a firm reason to justify the GHK equation which states that the membrane
potential is generated by the ion permeation through the semipermeable membrane. Nonzero potential
is generated even across the impermeable membrane, and even the membrane potential across the
semipermeable membrane is explicable by the theory based on the Ling’s adsorption theory instead
of GHK equation [1,7]. We do not have a decisive reason to rule out Ling’s adsorption theory as a
membrane potential generation mechanism at all.

4.3. Mechanism of Potential Oscillation

Ling’s adsorption theory can explain the potential oscillation across the impermeable membrane
shown in Figures 8 and 9 as well [1,7]. Typical profile of oscillating potential generated between 0.3 M
NaCl and 0.5 M KCl solutions separated by a silver wire & S-penta is illustrated in the dashed square
in Figure 12, and this oscillating potential profile is analyzed here.
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Figure 12. Typical potential profile between 0.3 M NaCl and 0.5 M KCl solutions separated by a silver
wire & S-penta is illustrated in the dashed square and the molecular level mechanism of potential
oscillation induced at the interface between S-septa and Sol-L is illustrated in dotted square.
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It is speculated that the potential oscillation is induced at the interface between S-penta and Sol-L.
Therefore, molecular level electrochemical phenomenon at the interface is discussed. Once S-penta
and Sol-L comes into contact with each other, SDS molecules tend to form a monolayer at the interface
between them, and K* in Sol-L are adsorbed on the negative head charge of SDS molecule as illustrated
in (1) in the dotted square in Figure 12, i.e., a capacitor is formed at the state (1). Therefore, the
potential slightly increases as indicated by (1) in the potential profile in the dashed square in Figure 12.
As time goes by, SDS molecules come to form a more densely charged capacitor as illustrated in the
dotted square in Figure 12, the state (1) — the state (2) — the state (3). Consequently, the potential
increases as indicated by (1) — (2) — (3) in the potential profile in the dashed square in Figure 12.
SDS concentration at the interface between S-penta and Sol-L increased further as time went by, and
once SDS concentration reached critical micelle concentration (CMC), the capacitor collapsed and a
micelle formed as illustrated in the state (4) in the dotted square in Figure 12. At the very same moment
when the capacitor collapses, the potential abruptly plunged as indicated by (4) in the potential profile
shown in Figure 12. Since this process (the state (1) through (4)) repeated, the potential oscillation was
observed. It is speculated that the potential oscillation, when C-penta was used, is induced basically
by the same mechanism. Since the sign of head charge of CTAB contained in C-penta is just opposite
to the sign of head charge of SDS, the potential peaks went positive going, while the potential peaks
went negative going, when S-penta was used.

Potential oscillation mechanism we proposed is basically same as the widely and currently
accepted mechanism [38-49]. It suggests that the ion transfer between two aqueous solutions across
the membrane is not needed at all for the generation of oscillating potential (action potential-like
potential), and potential oscillation is caused merely by the mobile ion adsorption-desorption process
occurring at the surface of surfactant monolayer, and that mechanism is basically within the concept
of Ling’s adsorption theory [1,7]. In the electrochemistry research field, people involved in the
investigation on the potential oscillation phenomena have employed the fundamentally same theory
as Ling’s adsorption theory without knowing it.

From the standpoint of nonlinear dynamics, Yoshikawa et al. proposed a mathematical model
of the potential oscillation, which was induced between two electrolytic solutions separated by oil
membrane [41]. They emphasized that the repetition of surfactant monolayer formation-destruction
process at the interface between electrolytic solution and oil membrane caused the potential oscillation.
Their theory was mathematics- and physics-based rigid theory. Although they employed some
assumptions for building the mathematical model such that van der Waals equation for the surface
pressure vs. surfactant concentration was expressed by — Z + Z3 (Z: surfactant concentration), those
assumptions are quite plausible from the standpoint of chemistry and physical chemistry. Although
their theory did not offer the molecular level mechanism of how the repetition of surfactant monolayer
formation-destruction process induced the nonzero potential, it is quite reasonable theory, as long
as the repetition of surfactant monolayer formation-destruction process can be interpreted as the
repetition of capacitor formation-destruction process as illustrated in Figure 12. Hence, the molecular
level model in Figure 12, which is based on the Ling’s adsorption theory, is quite plausible from the
standpoint of mathematics, physics, chemistry and physical chemistry.

We would like to raise a question again. Why do we have to use the GHK equation instead of
Ling’s adsorption theory in physiology, despite the fact that the successful outcomes have been realized
in the electrochemistry research field by the fundamentally same theory as the Ling’s adsorption theory
as so far described? What is the primary reason to attach more importance to the GHK equation than
to the Ling’s adsorption theory in physiology research field? As described in at the end of Section 4.2,
we do not have a decisive reason to rule out the Ling’s adsorption theory as a membrane potential
generation mechanism at all. It is necessary to put forth a firm explanation to rule out the Ling’s
adsorption theory, if someone would like to fully justify GHK equation: We need scientific reasons why
the Ling’s adsorption theory is not that suitable as a membrane potential generation mechanism or why
we have to use distinct two theories—GHK equation and another theory fundamentally same as Ling’s
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adsorption theory—in accordance with the research field physiology or electrochemistry. We believe
that Ling’s adsorption theory is a simpler, more comprehensive and more suitable theory than GHK
equation for explaining membrane potential behavior. Even though still people think that the GHK
equation is a valid theory, we at least need to find a reason to rule out the Ling’s adsorption theory.

5. Conclusions

Membrane potential can even be generated across the impermeable membrane and action
potential-like potential can be induced in nonliving system containing no ion channels or pumps.
The membrane potential generation including the induction of action potential does not appear to
be a phenomenon particular to the living system only. Without living or biological matters, such a
phenomenon can be induced. The authors of this paper disagree with the current theory of membrane
potential generation mechanism. The most simple and plausible explanation of those observations is
the Ling’s adsorption theory. Electrical properties of cell are explicable without the functionalities of ion
channels and/or pumps. Therefore, it is not fully nonsensical to speculate that the electrical properties
of living system are governed by the same mechanism as what governs the electrical properties of
nonliving system. Ling’s adsorption theory is a quite comprehensive theory and, it is applicable to
both living and nonliving systems as an explanation of their electrical behavior.

People might argue that because Ling’s adsorption theory can explain the membrane potential
behavior, it does not follow that the GHK equation is doubtful. However, the reverse is also true. i.e.,
because GHK equation can explain the membrane potential behavior, it does not follow that the Ling’s
adsorption theory is doubtful.

Ling’s adsorption theory attributes the membrane potential generation to the mobile ion
adsorption on the adsorption sites, and undoubtedly the mobile ion adsorption on the adsorption site
of membrane takes place whether the membrane is permeable or not. Therefore, it is necessary at least
to find a mechanism of eliminating the potential generated by ion adsorption on the adsorption sites
of “semipermeable” membrane, as long as they believe the full validity of GHK equation.

The readers of this paper might feel more or less uneasy with the discussion described in this
paper, since the authors did not show any explicit mathematical expression of Ling’s adsorption theory.
However, the authors are now in the middle of more comprehensive and quantitative study of Ling’s
adsorption theory by developing the mathematical formulas of Ling’s adsorption. Hopefully, we can
publish it within a few months.

Acknowledgments: The authors would like to express our gratitude to The MIKIYA Science and Technology
Foundation for the financial support for conducting this work. We also would like to express our gratitude to
Takeda Sangyo Co., Ltd. (Tokyo, Japan) for providing us with thin urethane films MG 90.

Author Contributions: Tamagawa designed whole study described in this study. Funatani is a student Tamagawa
supervises. Ikeda contributes to the theoretical analysis part of this paper.

Conflicts of Interest: The authors declare no conflict of interest.

References

Ling, G.N. A Revolution in the Physiology of the Living Cell; Krieger Publishing Co.: Malabar, FL, USA, 1992.
Sachs, F,; Qin, F. Gated, ion-selective channels observed with patch pipettes in the absence of membranes:
Novel properties of a Gigaseal. Biophys. ]. 1993, 65, 1101-1107. [CrossRef]

3.  Bogner, P; Nagy, E.; Miseta, A. On the role of Na, K-ATPase: A challenge for the membrane—Pump and
association-induction hypotheses. Physiol. Chem. Phys. Med. NMR 1998, 30, 81-87. [PubMed]

4. Ling, G.N. Explaining on request a correlation between membrane Na, K-ATPase and K* content in
erythrocytes and other findings in the preceding paper. Physiol. Chem. Phys. Med. NMR 1998, 30, 89-97.
[PubMed]

5. Erisir, A.; Lau, D.; Rudy, B.; Leonard, C.S. Function of specific K* channels in sustained high-frequency firing
of fast-spiking neocortical interneurons. J. Neurophysiol. 1999, 85, 2476-2489.


http://dx.doi.org/10.1016/S0006-3495(93)81149-4
http://www.ncbi.nlm.nih.gov/pubmed/9807236
http://www.ncbi.nlm.nih.gov/pubmed/9807237

Membranes 2016, 6, 11 13 of 14

10.

11.

12.
13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.
28.

29.

30.

31.

32.

33.

34.

35.

Clay, J.R.; Shrier, A. Action potentials occur spontaneously in squid giant axons with moderately alkaline
intracellular pH. Biol. Bull. 2001, 201, 186-192. [CrossRef] [PubMed]

Ling, G.N. Life at the Cell and Below-Cell Level: The Hidden History of a Fundamental Revolution in Biology;
Pacific Press: New York, NY, USA, 2001.

Sahin, A.; Cengelogu, Y.; Ersoz, M. The membrane potentials of periderm and cuticular membranes.
Turk. J. Chem. 2002, 26, 777-782.

Schumacher, M.; Adelman, J.P. An open and shut case. Nature 2002, 417, 501-502. [CrossRef] [PubMed]
Jiang, Y.; Lee, A ; Chen, ].; Cadene, M.; Chalt, B.T.; MacKinnon, R. The open pore conformation potassium
channels. Nature 2002, 417, 523-526. [CrossRef] [PubMed]

Jiang, Y.; Lee, A.; Chen, ]J.; Cadene, M.; Chalt, B.T.; MacKinnon, R. Crystal structure and mechanism of
a calcium-gated potassium channel. Nature 2002, 417, 515-522. [CrossRef] [PubMed]

Clapham, D.E. TRP channels as cellular sensors. Nature 2003, 426, 517-524. [CrossRef] [PubMed]

Bernard, C.; Johnston, D. Distance-dependent modifiable threshold for action potential back-propagation in
hippocampal dendrites. |. Neurophysiol. 2003, 90, 1807-1816. [CrossRef] [PubMed]

Bean, B.P. The action potential in mammalian central neurons. Nature 2007, 8, 451-465. [CrossRef] [PubMed]
Liu, PW.,; Bean, B.P. Kv2 Channel regulation of action potential repolarization and firing patterns in superior
cervical ganglion neurons and hippocampal CA1 pyramidal neurons. J. Neurosci. 2014, 34, 4991-5002.
[CrossRef] [PubMed]

Goaillard, J.-M.; Dufour, M. A. The pros and cons of degeneracy. eLife 2014, 3, €02615. [CrossRef] [PubMed]
Cronin, J. Mathematical Aspects of Hodgkin-Huxley Neural Theory; Cambridge University Press: Cambridge,
UK, 1987.

Ermentrout, G.B.; Terman, D.H. Mathematical Foundations of Neuroscience; Springer: New York, USA, 2010.
Colacicco, G. Electrical potential at an oil/water interface. Nature 1965, 207, 936-938. [CrossRef]

Colacicco, G. Reversal of potential across a liquid non-aqueous membrane with regard to membrane
excitability. Nature 1965, 207, 1045-1047. [CrossRef] [PubMed]

Tamagawa, H.; Morita, S. Membrane potential generated by ion adsorption. Membranes 2014, 4, 257-274.
[CrossRef] [PubMed]

Tamagawa, H. Membrane potential generation without ion transport. lonics 2014. published online.
Cheng, K.L. Capacitor theory for nonfaradaic potentiometry. Microchem. J. 1990, 42, 5-24. [CrossRef]
Huang, C.-M.; Jean, Y.C.; Cheng, K.L. Isotopic evidence disproving Ion exchange reaction between H* and
Na* in pH glass electrode. . Electrochem. Soc. 1995, 142, L175-L176. [CrossRef]

Cheng, K.L. Explanation of misleading Nernst slope by Boltzmann equation. Microchem. J. 1998, 59, 457-461.
[CrossRef]

Temsamani, K.R.; Cheng, K.L. Studies of chloride adsorption on the Ag/AgCl electrode. Sens. Actuators B
2001, 76, 551-555. [CrossRef]

Cheng, K.L. Recent development of non-faradaic potentiometry. Microchem. J. 2002, 72, 269-276. [CrossRef]
Teorell, T. Electrokinetic membrane processes in relation to properties of excitable tissues I. experiments on
oscillatory transport phenomena in artificial membranes. |. Gen. Physiol. 1959, 42, 831-845. [CrossRef]
Kishimoto, U. Hodgkin-Huxley riron no mondaiten (problems around Hodgkin-Huxley theory).
Seibutubutsuri (Biophysics) 1968, 8, 8-15. (In Japanese).

Shinagawa, Y. Makudeni no butsuriteki kiso (physical basis of membrane potential). Maku (Membrane) 1976,
1,176-183. (In Japanese).

Ishima, Y.; Przybylski, A.T.; Fox, S.W. Electrical membrane phenomena in spherules from proteinoid and
lecithin. Biosystems 1981, 13, 243-251. [CrossRef]

Przybylski, A.T.; Stratten, W.P,; Syren, RM.; Fox, S.W. Membrane, action, and oscillatory potentials in
simulated protocells. Naturwissenschaften 1982, 69, 561-563. [CrossRef] [PubMed]

Yoshikawa, K.; Matsubara, Y. Spontaneous oscillation of electrical potential across organic liquid membranes.
Biophys. Chem. 1983, 17, 183-185. [CrossRef]

Przybylski, A.T.; Fox, S.W. Excitable artificial cells of proteinoid. Appl. Biochem. Biotechnol. 1984, 10, 301-307.
[CrossRef] [PubMed]

Przybylski, A.T. Excitable cell made of thermal proteinoids. Biosystems 1985, 17, 281-288. [CrossRef]


http://dx.doi.org/10.2307/1543333
http://www.ncbi.nlm.nih.gov/pubmed/11687390
http://dx.doi.org/10.1038/417501a
http://www.ncbi.nlm.nih.gov/pubmed/12037552
http://dx.doi.org/10.1038/417523a
http://www.ncbi.nlm.nih.gov/pubmed/12037560
http://dx.doi.org/10.1038/417515a
http://www.ncbi.nlm.nih.gov/pubmed/12037559
http://dx.doi.org/10.1038/nature02196
http://www.ncbi.nlm.nih.gov/pubmed/14654832
http://dx.doi.org/10.1152/jn.00286.2003
http://www.ncbi.nlm.nih.gov/pubmed/12966178
http://dx.doi.org/10.1038/nrn2148
http://www.ncbi.nlm.nih.gov/pubmed/17514198
http://dx.doi.org/10.1523/JNEUROSCI.1925-13.2014
http://www.ncbi.nlm.nih.gov/pubmed/24695716
http://dx.doi.org/10.7554/eLife.02615
http://www.ncbi.nlm.nih.gov/pubmed/24692452
http://dx.doi.org/10.1038/207936a0
http://dx.doi.org/10.1038/2071045a0
http://www.ncbi.nlm.nih.gov/pubmed/5866307
http://dx.doi.org/10.3390/membranes4020257
http://www.ncbi.nlm.nih.gov/pubmed/24957176
http://dx.doi.org/10.1016/0026-265X(90)90023-X
http://dx.doi.org/10.1149/1.2050034
http://dx.doi.org/10.1006/mchj.1998.1624
http://dx.doi.org/10.1016/S0925-4005(01)00624-4
http://dx.doi.org/10.1016/S0026-265X(02)00092-9
http://dx.doi.org/10.1085/jgp.42.4.831
http://dx.doi.org/10.1016/0303-2647(81)90004-6
http://dx.doi.org/10.1007/BF00396351
http://www.ncbi.nlm.nih.gov/pubmed/7162535
http://dx.doi.org/10.1016/0301-4622(83)87002-1
http://dx.doi.org/10.1007/BF02783764
http://www.ncbi.nlm.nih.gov/pubmed/11536591
http://dx.doi.org/10.1016/0303-2647(85)90044-9

Membranes 2016, 6, 11 14 of 14

36. Yoshikawa, K; Sakabe, K.; Matsubara, Y.; Ota, T. Oscillation of electrical potential in a porous membrane
doped with grycerol a-monoolate induced by an Na* /K" concentration gradient. Biophys. Chem. 1984, 20,
107-109. [CrossRef]

37.  Yoshikawa, K.; Sakabe, K.; Matsubara, Y.; Ota, T. Self-excitation in a porous membrane doped with sorbitan
monooleate (Span-80) induced by an Na*/K* concentration gradient. Biophys. Chem. 1985, 21, 33-39.
[CrossRef]

38. Yoshikawa, K.; Omochi, T.; Matsubara, Y.; Kourai, H. A possibility to recognize chirality by an excitable
artificial liquid membrane. Biophys. Chem. 1986, 24, 111-119. [CrossRef]

39. Yoshikawa, K.; Omochi, T.; Matsubara, Y. Chemoreception of sugars by an excitable liquid membrane.
Biophys. Chem. 1986, 23, 211-214. [CrossRef]

40. Vaughan, G.; Przybylski, A.T.; Fox, S.W. Thermal proteinoids as excitability-inducing materials. Biosystems
1987, 20, 219-223. [CrossRef]

41. Yoshikawa, K.; Shoji, M.; Nakata, S.; Maeda, S. An Excitable liquid membrane possibly mimicking the
sensing mechanism of taste. Langmuir 1988, 4, 759-762. [CrossRef]

42. Nakajo, N.; Yoshikawa, K.; Shoji, M.; Ueda, 1. Spontaneous oscillation of artificial membrane: Equivalence in
effects of temperature and volatile anesthetic. Biochem. Biophys. Res. Commun. 1990, 167, 450-455. [CrossRef]

43. Yagisawa, K.; Naito, M.; Gondaira, K.; Kambara, T. A model for self-sustained potential oscillation of lipid
bilayer membranes induced by the gel-liquid crystal phase transitions. Biophys. ]. 1993, 64, 1461-1475.
[CrossRef]

44. Li, H.; Wang, M. Design of oscillations across the artificial liquid membrane between water and oil phases.
Chem. Phys. Lett. 2000, 330, 503-508. [CrossRef]

45. Srividhya, J.; Gopinathan, M.S. Modeling experimental oscillations in liquid membranes with delay equations.
J. Phys. Chem. B 2003, 107, 1438-1443. [CrossRef]

46. Kumar, A.; Pradeep, T. Stabilization of monolayers by metal nanoparticles manifested in oscillations of
interfacial potentials. Mater. Sci. Eng. C 2004, 24, 535-539. [CrossRef]

47. Gao, J.; Wang, L.; Yang, W.; Yang, F. Electrical potential oscillation in an anionic surfactant system with
barbitone in octanol as an oil phase. J. Iran. Chem. Soc. 2005, 2, 71-77. [CrossRef]

48. Ogawa, T.; Shimazaki, H.; Aoyagi, S.; Sakai, K. Electrical oscillation at a water/octanol interface in
a hydrophobic container. J. Colloid Interface Sci. 2007, 305, 195-197. [CrossRef] [PubMed]

49. Gao, ].Z,; Dai, HX,; Chen, H.; Ren, J.; Yang, W. Study on the oscillating phenomena of electrical potential
across a liquid membrane. Chin. Chem. Lett. 2007, 18, 309-312. [CrossRef]

50. Kovalchuk, N.M. Spontaneous non-linear oscillations of interfacial tension at oil/water interface. Open Chem.
2015, 13, 1-16. [CrossRef]

@ © 2016 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons by Attribution

(CC-BY) license (http:/ /creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1016/0301-4622(84)80010-1
http://dx.doi.org/10.1016/0301-4622(85)85004-3
http://dx.doi.org/10.1016/0301-4622(86)80004-7
http://dx.doi.org/10.1016/0301-4622(86)85005-0
http://dx.doi.org/10.1016/0303-2647(87)90028-1
http://dx.doi.org/10.1021/la00081a046
http://dx.doi.org/10.1016/0006-291X(90)92044-Z
http://dx.doi.org/10.1016/S0006-3495(93)81513-3
http://dx.doi.org/10.1016/S0009-2614(00)01134-9
http://dx.doi.org/10.1021/jp021240z
http://dx.doi.org/10.1016/j.msec.2004.02.001
http://dx.doi.org/10.1007/BF03245783
http://dx.doi.org/10.1016/j.jcis.2006.09.039
http://www.ncbi.nlm.nih.gov/pubmed/17064723
http://dx.doi.org/10.1016/j.cclet.2006.12.025
http://dx.doi.org/10.1515/chem-2015-0009
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/

	Introduction 
	Preparation of Membranes and Solutions 
	Fabrication of Impermeable Membrane 
	Liquid Membrane 
	Electrolytic Solutions 

	Potential Measurement 
	Exp. I 
	Exp. II 

	Results and Discussion 
	Potential Measurement 
	Exp. I 
	Exp. II 

	Mechanism of Potential Generation across the Impermeable Membrane 
	Mechanism of Potential Oscillation 

	Conclusions 

