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Abstract Current view about cell is that the cell is a watery
solution coated with semi-permeable membrane and there
exists nonzero potential, so-called membrane potential, across
the semi-permeable cell membrane. Goldman-Hodgkin-Katz
equation and Donnan theory are the fundamental existing
theories for explaining the cause of membrane potential gen-
eration. However, the observations of membrane potential
inexplicable by these existing theories have been repeatedly
reported by a small number of researchers for more than the
past half century. Hence, it is needless to say important to
reconsider the membrane potential generation mechanism.
Based on the experimental result shown in this paper, it was
concluded that the existing theories were not genuinely right
for the explanation of membrane potential generation. Ad-
sorption theory is only a genuinely right theory instead. The
adsorption theory describes that the adsorption of the mobile
ions on the adsorption sites on the membrane generates the
membrane potential. This work introduces the experimental
observation inexplicable by Goldman-Hodgkin-Katz equation
or Donnan theory but is in harmony with the adsorption
theory.

Keywords Membrane potential - Goldman-Hodgkin-Katz
equation - Donnan theory - Ion adsorption

Introduction

Membrane potential is the potential generated across a cell
membrane [1-3]. It changes in accordance with the cell activ-
ity. Thus, the membrane potential is one of the indications of
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the cell’s biological activities. Goldman-Hodgkin-Katz equa-
tion (GHK equation) [1-3] and Donnan theory [1, 2, 4-6] are
well-known concepts of membrane potential generation
mechanisms. GHK equation describes the permeation rate of
mobile ions through the cell membrane, and individual ion
concentrations are fundamental factors in determining the
membrane potential. Donnan theory describes that the mem-
brane potential is generated by asymmetric ion distribution
between cell inside and outside due to the existence of immo-
bile ions to which the cell membrane is impermeable [1, 2,
4-6]. Both theories—GHK equation and Donnan theory—
have been successfully employed in predicting the membrane
potential behaviors in the recent past [1-6]. Virtually, no one
has doubted these existing theories of membrane potential
generation mechanism. However, a small number of re-
searchers outside mainstream have continuously objected to
these theories [1, 2, 6-8]. The leading scientist among those
researchers is a physiologist, Dr. Gilbert Ling. He has ex-
plained the drawbacks of existing theories and advocated his
own theory of membrane potential generation mechanism.
According to his theory, the membrane potential is generated
by the immobilization of mobile ions [1, 2, 6]. Mobile ions are
immobilized because of their adsorption on the surfaces of
substances constituting the cell, resulting in the nonzero mem-
brane potential.

Independently of Dr. Ling, Dr. Kan Lu Cheng, an electro-
chemist, proposed a quite similar theory of potential genera-
tion mechanism of ion selective electrode such as a glass
electrode [9—13]. Dr. Cheng’s theory describes that the poten-
tial detected by the electrode is caused by the adsorption of
ions on the electrode surface. He emphasized that the
adsorbed ions (immobilized ions) forms a capacitor on the
electrode surface, resulting in the potential generation.

In this paper, the author raises a question again against
the existing theory of membrane potential generation
mechanism and introduces some experimental evidences

@ Springer



1632

Ionics (2015) 21:1631-1648

in harmony with the theories advocated by Drs. Ling and
Cheng [1, 2, 6, 9-13].

Theories for membrane potential generation

In this section, the existing theories of the membrane potential
generation mechanism and an alternative theory advocated by
Drs. Ling and Cheng are introduced. The existing theories to
be described are GHK equation [1-3] and the Donnan theory
[1, 2, 4-6], and the alternative theory is called the adsorption
theory [1, 2, 6, 9-13].

Existing theory
Goldman-Hodgkin-Katz equation

Considering that two aqueous solutions are separated by a
semi-permeable membrane as illustrated in Fig. 1, both left
and right compartments contain the ions X" and Y. Potential
of V, which is the potential in the left compartment in refer-
ence to the right compartment, across the semi-permeable
membrane, is represented by the GHK equation of Eq. (1).

y_ _RT[Px[X'], +Py[Y'],
F o [Px[XT] +Py[Y'],

(1)

V: potential, R: gas constant, T: absolute temperature, F:
Faraday constant, [m],: Concentration of m in n-compart-
ment, when m is X or Y, and n is Z(left) or r (right), Pp,:
Permeability constant of m, which represents the degree of
semi-permeable membrane permeability to m.

The GHK equation implies that the potential generated
across the semi-permeable membrane is dominated by the
degree of ion transport through the semi-permeable membrane
and the ion concentration [ 1-3]. Without ion transport through
the membrane, the GHK equation is invalid for any system.

It is widely accepted that the ion transport through the cell
membrane is caused not only by passive transport but also by

active transport [1-3]. The current and widely accepted con-
cept of cell biology implies that ions are transported through
the cell membrane by way of ion channels and pumps embed-
ded in the cell membrane [1-3, 6, 7]. The passive ion transport
through the cell membrane is caused by the diffusion of ions
passing through the ion channels. The pump transports the
ions through the cell membrane against the gradient of ion
concentration, that is, the active transport [1, 2, 6, 7]. Regard-
less of whether passive or active transport, GHK equation
precisely predicts the membrane potential behavior as long
as the ion transport through the cell membrane is induced.

Donnan theory

Considering that the two aqueous solutions are separated by
semi-permeable membrane as illustrated in Fig. 2a. Initially,
the left compartment contains ions A" and B”, while the right
compartment contains " and 3. The semi-permeable mem-
brane is impermeable to A" but permeable to the rest of ions.
Because of the entrapment of A* within the left compartment,
the disparity of ion concentration between the left and right
left compartments is caused over time by the passive transport
of ions of B", oc”, and B~ through the semi-permeable mem-
brane. Such ion concentration disparity causes the electrical
potential gradient—membrane potential—between the left
and right compartments. Individual ion concentrations and
electrical potential gradient come to settle at constant level,
and such a state is the equilibrium state and illustrated in
Fig. 2b. According to the Donnan theory, membrane potential
across the semi-permeable membrane is the consequence of
the asymmetric ion distribution between the left and right
compartments caused by the existence of A" impermeable to
the semi-permeable membrane [1, 2, 4-6].

Basically, the abovementioned two existing theories re-
quire ion transport through the semi-permeable membrane
more or less. The GHK equation given by Eq. (1) clearly
contains P, indicating the existence of ion transport. Even
though the ion concentration in the left compartment is same
as that in the right compartment, ion transport can take place
as the equilibrium state ion transport. Hence, GHK equation is

Fig. 1 Two ionic solutions
separated with a semi-permeable
membrane. Both left and right
compartments contain the ions X
and Y , but the concentration of
X" (Y") in the left compartment is
not necessarily the same as the
concentration of X (Y") in the
right compartment
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Fig. 2 Two ionic solutions
separated by a semi-permeable
membrane. a Initially, the left
compartment is filled with a
solution containing substance AB
which can dissociate into A™ and
B, while the right compartment
is filled with substance o3 which
can dissociate into oc" and 3. The .
semi-permeable membrane is

impermeable to A™ but permeable
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valid. However, without ion transport, P,,=0, GHK equation
collapses. Donnan theory does not require continuous ion
transport through the membrane. According to the Donnan
theory, the nonzero potential across the membrane is caused
merely by the asymmetric ion distribution as illustrated in
Fig. 2b. As long as such an asymmetric ion distribution is
achieved, the Donnan theory is valid, even though P,,=0.
However, ion transport through the membrane should be
induced at least once to realize the asymmetric ion distribution
state (Fig. 2b) from the initial state of symmetric ion distribu-
tion (Fig. 2a). Therefore, the above two existing theories
require more or less the ion transport through the membrane.

The adsorption theory

Basic concept of the adsorption theory is shown in this
section. For the purpose of showing its essential part and
achieving easy understanding, Dr. Cheng’s explanation is
employed [9-13]. Imagine a glass membrane surface in
contact with an aqueous solution containing protons,
where the glass is the same type used for a glass elec-
trode. Figure 3 illustrates the interfacial region between the
glass surface and the aqueous solution containing protons.
Protons are adsorbed onto the negatively charged sites of
silanol groups on the glass membrane surface and form a
positively charged layer as represented by the thin solid
line in Fig. 3. Namely, silanol groups serve as adsorption
sites for protons. The negatively charged adsorption sites
of silanol groups form a negatively charged layer

represented by a dashed line in Fig. 3. The positively
and negatively charged layers form a capacitor and poten-
tial ® is generated (see Fig. 3). This potential is detected
by a glass electrode. So, the immobilization of protons
due to their adsorption on the membrane surface is the
origin of (membrane) potential. Furthermore, the glass
membrane does not need to be permeable to ions for the
membrane potential generation, the glass membrane only
needs to bear adsorption sites on its surface. This alterna-
tive theory is hereafter called the adsorption theory.
According to the adsorption theory, even though two aque-
ous solutions are separated by an impermeable membrane
such as the glass membrane, nonzero potential is generated

—
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Fig. 3 Interfacial structure between the glass membrane and an aqueous
solution containing protons
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across the glass membrane. Considering the two aqueous
solutions containing protons separated by an impermeable
glass membrane as illustrated in Fig. 4. Assuming that the
proton concentration in the right solution is less than that in
the left solution (see again Fig. 4), the capacitor formed on the
right surface of the glass membrane is totally different from
that formed on the left surface. Hence, the magnitude of
potential generated on the right surface, @', is different from
that on the left surface, ®. Hence, the consequently generated
potential across the glass membrane is the nonzero potential
of @ - d' (#0 V). So, the adsorption theory does not require the
ion transport at all for the nonzero potential induction.
Author of this paper, Tamagawa, and his collaborator,
Morita, investigated the potential behavior across the imper-
meable membrane which separated two KCI solutions [14].
The potential behavior they observed was analyzed by their
own theory. They prepared high and low concentration KCl
solutions separated by a silver wire both ends of which were
covered with AgCl serving as the adsorption sites for Cl as
illustrated in Fig. 5. Because of the adsorption of CI” on the
left surface of silver, the left surface of silver became nega-
tively charged. Due to the negative charge, the ions of K" and
CI' in the left KCl solution came to inhomogeneously distrib-
ute by obeying the Boltzmann distribution. Hence, the poten-
tial represented by the dotted line drawn in the left KCl
solution in Fig. 5 must have been generated. The same must
be true for the right KCI solution, but the disparity of KCI
concentration between the left and right KCI solutions caused
the adsorption of larger quantity of C1™ on the right surface of
silver than on the left surface. It could consequently result in
the potential in the right KCI solution, which was different
from that in the left KCI solution as illustrated in Fig. 5.
Potential in the left KCl solution at the immediate neighbor
of silver abruptly changes in “Cl adsorption phase” (see
Fig. 5). The potential reaches the bulk phase potential, by,
only a bit away from the left surface of silver. The same is true
for the right KCI solution. When measuring the potential
across a membrane, usually two electrodes are placed in the
bulk phase of two solutions. One electrode is inserted into the
bulk phase in the left solution, and another electrode is

inserted into the bulk phase in the right solution. Therefore,
the potential in the system represented by Fig. 5 must be given
by d-dr according to Tamagawa and Morita’s theory [14].
They successfully reproduced the experimentally observed
potential behavior by the use of their theory. They concluded
that the membrane potential was generated not by the perme-
ation of ions through the membrane but by the inhomoge-
neous ion distribution, which obeyed the Boltzmann distribu-
tion, caused by the ion adsorption.

Dr. Ling’s idea of cell membrane potential generation
mechanism is basically the same as Dr. Cheng’s [1, 2, 9—13],
and Tamagawa and Morita’s theory largely draws on the
theories advocated by Drs. Ling and Cheng. Thus, Tamagawa
and Morita concluded that the adsorption theory Drs. Ling and
Cheng had advocated was a valid theory as the membrane
potential generation mechanism.

A number of researchers might say that if the existing cell
membrane potential generation mechanism is wrong, the
foundation of contemporary concept of cell biology collapses.
Therefore, it is quite natural for them to think that the adsorp-
tion theory is quite unlikely to be right. However, Dr. Ling’s
research results already provided the answers to such an issue
and defied such doubts cast on the adsorption theory [1, 2,
5-7]. To introduce those Dr. Ling’s answers is not the topic
this paper deals with. This paper shows some experimental
results contradicting the existing theory of membrane poten-
tial generation mechanism but in harmony with the adsorption
theory advocated by Drs. Ling and Cheng.

Experimental

In this paper, the author especially doubts the necessity of ion
transport for the membrane potential generation. As described
in the “Existing theory”, GHK equation is an explanation of
membrane potential generation. It states that the potential
generation is caused by the ion transport through the semi-
permeable membrane. Donnan theory is another explanation
of membrane potential generation mechanism, and it says that

Fig. 4 Two aqueous solutions . D’
containing protons separated by > < > <
an impermeable glass mehmbraﬁe. ‘ —(:)Si_ _SiQ— ‘
Proton concentration in the right —Aa: o s
solution is less than that in the left . . @Sl_ g _Slq ‘ ‘ e
solution. @' and @ (P'#P) ~OSi— B -Si0O~ . . H
represent the potential generated . . —(:)Si_ = —SiO:_
on the right surface and left ‘ . Do g L . . : OH-
surface of the glass membrane, (:)Sl_ 7 _SIO:
respectively . . ~OSi— L@ -SiO~ . . ‘
“OSi— b -Si0~
[ T

aqueous solution
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Fig. 5 Two KCl solutions
separated by a silver at both ends
of which were covered with AgCl
serving as the adsorption sites for
CI'. Dotted line represents the
potential profile expected T """""""""" . .............

CI adsorption phase CI- adsorption phase
—> —> —
Boltzmann distribution | | . 1 Boltzmann distribution
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the membrane potential is generated by the occurrence of
asymmetric ion distribution as the consequence of ion trans-
port through the semi-permeable membrane. Without the ion
transport, neither GHK equation nor Donnan theory is appli-
cable for explaining the membrane potential generation.
Hence, in this study, the author especially focuses on the role
of'ion transport through the semi-permeable membrane for the
membrane potential generation.

Experimental setup

The author scrutinized the membrane potential generation
mechanism theoretically as well as experimentally. An exper-
imental setup constituted of five compartments divided by
four membranes, as illustrated in Fig. 6, was fabricated. The
five compartments are denoted by N-compartment (North
compartment), S-compartment (South compartment), W-
compartment (West compartment), E-compartment (East
compartment), and C-compartment (Center compartment),
respectively. N-compartment and C-compartment are separat-
ed by the membrane denoted by N-C as in Fig. 6. Similarly, S-
compartment and C-compartment, W-compartment and C-
compartment, and E-compartment and C-compartment are
separated by the membrane, S-C, W-C, and E-C, respectively.
Figure 6 illustrates the setup for the measurement of potentials
between N- and S-compartments by the voltmeter A and
between W- and E-compartments by the voltmeter B.

Preparation of solutions and membranes
Solution in N-, S-, W-, E-, and C-compartments

In the experiments carried out, N-, S-, W-, and E-compartment
were filled with KCl aqueous solutions. KCl solutions were
prepared by dissolving KCl into deionized water. The condi-
tion for C-compartment is to be described in the “Results and
discussion”.

Membrane of N-C, S-C, W-C, and E-C

Semi-permeable membrane The ion exchange membrane
Selemion CMV was used for N-C, S-C, W-C, and E-C. It is
manufactured by Asahi Glass Co. Ltd. (Tokyo) and commer-
cially available. Selemion CMV contains fixed atomic group
of —=SO;H. Since —SO;H creates immobile anions of —SO5; in
the hydrated state, Selemion CMV works as a cation exchange
membrane. It is used for the water purification, and the cations
in the water are adsorbed on the Selemion CMV surface.
Since Selemion CMV is a cation exchange membrane, it is
quite obvious that anions hardly pass through Selemion CMV
because of repulsive electrostatic force between the —SOs3
and the anions, while cations are adsorbed on Selemion CMV
or easily pass through it because of attractive electrostatic

voltmeter B

voltmeter A

Fig. 6 Experimental setup. The setup constitutes five compartments
separated by four membranes. N, S, W, E, and C represent North-,
South-, West-, East-, and Center-compartment, respectively. N-C, S-C,
W-C, and E-C represent the membranes, respectively, separating neigh-
boring two compartments. In this illustration, voltmeter A registers the
potential between the N- and S-compartments, while voltmeter B regis-
ters the potential between the W and E-compartments
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force between the —SO; and the cations. Namely, Selemion
CMYV is a semi-permeable membrane. Thus, Selemion CMV
was employed in this work as a model of semi-permeable
membrane.

Impermeable membrane According to the adsorption theory,
even though the membrane is impermeable to ions, the poten-
tial across the impermeable membrane is generated as long as
the membrane surface has adsorption sites (see Fig. 4) [1, 2, 7,
9-14]. Therefore, it is important to experimentally study the
behavior of potential across an impermeable membrane, too.
In order to verify this concept of adsorption theory, the mem-
branes to which K" and CI” solution were impermeable and
bearing surface adsorption sites for those ions were prepared.
Using such membranes, the potential across the impermeable
membrane was investigated. Similar experiment was already
carried out by Colacicco about 50 years ago [1, 2, 14-16]. In
the Colacicco’s experiment, two ionic solutions were separat-
ed by an oil membrane. His membrane contained a minute
quantity of detergent. Figure 7 illustrates the interface between
the aqueous solution and oil membrane. Hydrocarbon tail of
the detergent was anchored in the oil phase because of its
hydrophobicity, while the charged head of the detergent pro-
truded into aqueous solution because of its high affinity to
water. Hence, the detergent molecules formed a monolayer as
illustrated in Fig. 7. The charged head served as adsorption
site for the ions bearing the charge of opposite sign to the head
charge of the detergent. The oil membrane served as an
impermeable membrane to ions. So, this membrane was an
impermeable membrane bearing ion adsorption sites. With the
Colacicco’s experiments in mind, the author attempted to
prepare oil membranes impermeable but bearing surface ad-
sorption sites.

Two kinds of impermeable liquid membranes were pre-
pared for this study. One was prepared by dissolving poly(-
ethylene glycol) 4-nonylphenyl 3-sulfopropyl ether potassium
salt (hereafter called PEG-K) into 1-pentanol, where this
liquid membrane is denoted Im-N. Once PEG-K dissociates,
one end of PEG-K comes to have negative charge. Another
one was prepared by dissolving 1-decyl-3-methylimidazolium

- aqueous solution
phase

JL

charged head {

hydrocarbon
tail oil membrane

detergent [ phase

Fig.7 Detergent molecules forming a charged monolayer at the interface
between aqueous solution and oil membrane

@ Springer

chloride (hereafter called DMIC) into 1-pentanol, where this
liquid membrane is denoted Im-P. Once DMIC dissociates,
one end of DMIC comes to have positive charge.

PEG-K and DMIC were chosen because of their long
hydrocarbon tails and the charge at their heads. Owing to such
long hydrocarbon tails, it was strongly expected that the
monolayer of them were easily formed at the interface be-
tween the aqueous solution and the liquid membrane. It was
expected that PEG-K would form a monolayer bearing nega-
tively charged adsorption sites, while DMIC would form a
monolayer bearing positively charged adsorption sites. So, the
PEG-K monolayer would adsorb cations, while the DMIC
monolayer would adsorb anions.

Experimental procedure—potential measurement

Typical experimental procedure is explained as follows: All
the compartments shown in Fig. 6 were filled with KCI
solutions. Neighboring KCl solutions were separated by the
membranes N-C, S-W, W-C, and E-C. Which membrane,
Selemion CMV or Im-N or Im-P, is used as N-C, S-W, W-C,
and E-C depends on the experimental purpose. Potential was
measured at room temperature in any experiment shown in
this paper.

Results and discussion
Membrane potential across the semi-permeable membrane
Membrane potential in equilibrium state

Four pieces of Selemion CMV sheet were placed in the
experimental setup (Fig. 6) as N-C, S-C, W-C, and E-C,
respectively. All the compartments were filled up with KCl
aqueous solutions, and their initial concentrations are shown
in the row of “before” in Experiment 1 in Table 1. Then, the
potentials, Pn_s, Pc.s, Pw.g, and Pc_g, in the equilibrium state
were measured, where P; ; represents the potential of i-
compartment in reference to j-compartment. Right after filling
all the compartments with KCl solutions, the potentials were
unstable. But after a while, say after 10 s, the potentials settle
at certain level, and this state is referred to as equilibrium state
in this measurement. The potentials, Py_s, Pc.s, Pw.g, and Pcg
are summarized in the row of “before” of Experiment 1 in
Table 1. Then, the concentration of KCI solution in the W-
compartment was disturbed on purpose by replacing the initial
KCl solution in the W-compartment with a new KCl solution,
and the potentials in the equilibrium state were measured
again after the disturbance, where the concentration after the
KCI solution replacement is shown in the row of “after”
of Experiment 1 in Table 1. It was impossible to replace the
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Table 1  Concentration of KCl solution and potential generated before and after disturbance
Experiment 1*
Concentration of KCI (M) Potential® (mV)
Compartment N S \W% E C Pnes Pcs Pw.r Pck
Before® 0.001 Sat.! 0.001 Sat. 1 140 27 139 28
After® 0.001 Sat. Sat. Sat. 1 139 27 4 27
Experiment 2°
Concentration of KCI (M) Potential® (mV)
Compartment N S w E C Pnss Pcs Pw.e Pce
Before 0.001 Sat. 0.01 Sat. 1 129 27 121 27
After 0.001 Sat. Sat. Sat. 1 127 27 30 27
Experiment 3¢
Concentration of KCI (M) Potential” (mV)
Compartment N S \\% E C Pns Pcs Pw.e Pce
Before 0.001 Sat. 0.01 Sat. 1 - - - -
After 0.001 Sat. Sat. Sat. 1 - - - -
Experiment 4'
Concentration of KCI (M) Potential (mV)
Compartment N S w E C Pns Pcs Pw.e Pck
Before 0.001 Sat. 0.01 Sat. 0.00001 - - - -
After 0.001 Sat. Sat. Sat. 0.00001 - - - -
Experiment 5%
Concentration of KCI (M) Potential' (mV)
N S w E C Pns Pcs Pw.r Pck
0.001 Sat. 0.01 Sat. 0.00001 - - - -

? The membrane used is Selemion CMV

®“Before” means before replacing the KCl solution in the W-compartment

€ “After” means after replacing the KCl solution in the W-compartment
9Sat. means saturated KCI concentration

¢ Pi-j represents the potential of i-compartment in reference to j-compartment

"The membrane used was Selemion CMV, same as the Experiment 1

€ Concentration of KCl in individual compartments were the same as those employed in Experiment 2

" Time course of Py.g and Py.g are shown in Fig. 9

I Concentration of KCI in individual compartments were the same as those employed in Experiment 3

I Time course of Pn.s and Py are shown in Fig. 10

¥ Individual compartments had KCI solutions concentrations of which were as shown in Experiment 5, which was the same as the KCI concentration

before the disturbance induction in Experiment 4

'Time course of Px_g and Py, are shown in Fig. 11

entire KCI solution in the W-compartment with new one due
to the experimental difficulty, but most of the KCI solution in
the W-compartment was replaced with new one. Experimental
results of Experiment 1 in Table 1 suggest that only Pw.g
exhibited significant change after the disturbance, while the
others were virtually not disturbed at all. Another experiment
of Experiment 2 was carried out basically by the same proce-
dure of Experiment 1. The exact experimental condition
of Experiment 2 is summarized in Experiment 2 in Table 1.
0.01 M KCl solution was filled in the W-compartment before

the disturbance, while 0.001 M KCl solution was filled in the
W-compartment in Experiment 1. Similar to the experiment 1,
only Py g exhibited significant change after the disturbance as
shown in Experiment 2 in Table 1.

In Experiments 1 and 2, the potential of Py_s was generated
through three compartments of N-, C-, and S-compartment,
where this structure is hereafter called N-C-S system. The
potential of Py_g was generated through three compartments,
too, to be called W-C-E system in the same manner. Both
systems had C-compartment in common. Since the
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membranes of N-C and S-C are Selemion CMYV, they are
semi-permeable membranes. Therefore, the ion transport be-
tween N- and S-compartments as indicated by a fine solid
arrow in Fig. 8 must have taken place for the generation of
nonzero Py_g. It suggests that GHK equation is applicable for
explaining the potential generation of Py_g. It is true for Py.g,
that is, the ion transport between W- and E-compartment must
have taken place as indicated by a thick solid arrow in Fig. 8,
and furthermore, it was expected that GHK equation could
explain the potential generation of Py_g. In this experimental
system, ion fluxes indicated by fine and thick solid arrows
must have existed. Thus, it was speculated that the ion fluxes
of N-C-S system collided with those of W-C-E system in the
C-compartment. Therefore, the disturbance of KCl solution
condition in the W-compartment in both Experiments 1 and 2
had been the cause of the alteration of not only Py but also
Pn.s. However, Py only was significantly altered after the
induction of disturbance. Hence, it might be possible to derive
a conclusion that the experimental observation in Experiments
1 and 2 were not explicable by an existing theory of GHK
equation.

One might argue that the KCI condition of C-compartment
has nothing to do with Py_g and Py._g, because of the following
explanation based on existing theory of GHK equation. Equa-
tions (2) and (3) are derived by the use of GHK equation.

_RT, [Pg[K*]y +PaCl]

Pee = e e )
__RT, [Pg[K]c +Pa[CT]

Pos =51 [PK[K+]§+P01[CWj ®)

Fig. 8 lon transport passage. Fine arrow represents the ion transport
passage for the generation of Pn.g. Thick arrow represents the ion
transport passage for the generation of Py._g

@ Springer

Pn.s is given by Eq. (4) using Egs. (2) and (3).

RT. [Px[K* Pq[ClT
Pnos = Pnoc +Pc—s:—?ln{ k[K"]y + Pal }C}

P K] + Pai[Cl ]y

_RFT {PK [K']e + PCI[Cﬂs]

F PK[K+]S + Pl [Cl_]c

Selemion CMV is a cation exchange membrane. Thus, it is
almost impermeable to anion, C1 . Since Selemion CMV was
used as a membrane of N-C and S-C, the relation of Px >>P¢
must be valid about Eq. (4). This kind of assumption was not
uncommon in the electrophysiology field [17]. Hence, Eq. (4)
is simplified as Eq. (5).

RT [PK[K*JN}:_RT [[K”N} (5)

R VSN Ry S

Equation (5) is interpreted as the concentration of C-
compartment had nothing to do with Py.g. With the same
discussion, the concentration of C-compartment had nothing
to do with Py._g. Because of this explanation, it is possible to
conclude at this moment that the membrane potential behavior
summarized in Table 1 is explicable by GHK equation. Now,
the author carried out the computation of potential Py,._g under
the condition of Experiment 1 by employing the Eq. (6)
derived by the same manner for deriving Eq. (5).

(6)

It turned out that the Py._g’s before and after the disturbance
were ~210 and ~0 mV, respectively. Former computational
potential was significantly different from the experimental
value of 139 mV, but the latter computational potential was
quite close to the experimental value of 4 mV. The same
computational analysis was carried out under the experimental
condition of Experiment 2. It turned out that the computation-
ally obtained Pw._g’s before the disturbance and after the
disturbance were ~150 and ~0 mV, respectively. Former com-
putational potential was a bit different from the experimental
value of 121 mV, and similarly, the latter computational po-
tential was a bit different from the experimental value of
30 mV.

So, it was impossible to derive a firm conclusion about the
membrane potential generation mechanism. Therefore, it was
necessary to further proceed with some experiments to derive
a firm conclusion. For the purpose of it, the experiment
described in the “Membrane potential in the middle of distur-
bance” was carried out.
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Membrane potential in the middle of disturbance

The potential behavior described in the “Membrane potential
in equilibrium state” was scrutinized further by carrying out
another experiment under the same experimental condition as
Experiment 2 in Table 1. But in this experiment, Py_g and Py._g
were measured simultaneously as a function of time. Hereaf-
ter, this experiment is called Experiment 3, and its experimen-
tal condition is shown as Experiment 3 (same as Experiment
2) in Table 1. Figure 9 shows the experimentally obtained data
curved of Pn.g and Py.g vs. time, where the KCl solution in
the W-compartment was replaced at the moment indicated by
the arrow.

Right after the KCI solution replacement, Py._g started
lowering down and attained the stable potential in 11 s. During
this 11 s, C-compartment was in transition state, and it was
speculated that the solution condition such as ion fluxes of N-
C-S system as well as W-C-E system were significantly al-
tered. Therefore, it was expected that Py.g would be disturbed
to some extent at least in the period of the transition state,
though the N-C-S system does not have the W-compartment.
However, the data curve of Py_g in Fig. 9 did not exhibit such a
phenomenon but maintained a constant potential. This obser-
vation again cast a doubt on the validity of GHK equation.
Still, one might argue that only a minute quantity of the
saturated KCl solution filled in the W-compartment must have
permeated through the membrane W-C into the C-
compartment and such a minute quantity of saturated KCI
concentration could not cause any influence on the condition
of KCl solution in the C-compartment, since the concentration
of C-compartment was as high as 1 M (see Experiment 3 in
Table 1). Hence, still it is hard to derive some meaningful
conclusion about the membrane potential generation mecha-
nism. For compensating the shortcoming of Experiment 3,
another experiment was carried out as described: The same
experiment as Experiment 3 was carried out by intentionally
employing quite low concentration 0.00001 M KCl solution
for initially filling the C-compartment instead of 1 M KCI
solution. Hereafter, this experiment is called Experiment 4,
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Fig. 9 Time dependence of Py (fine curve) and Pyw.g (thick curve)
under the experimental condition of Experiment 3 shown in Table 1.
KCI solution replacement in the W-compartment was carried out at the
moment indicated by the arrow

and its experimental condition is shown as Experiment 4 in
Table 1. Even if the quantity of KCl solution permeating from
the W-compartment into the C-compartment was quite small,
KCI solution replacement in the W-compartment must have
significant influence on the condition of the KCl solution in
the C-compartment, since the initial concentration of KCI
solution in the C-compartment was extremely low. Figure 10
shows the experimental result. Still, no variation of Py_g was
observed even at the transition state.

The experimental result of Experiment 4 again raises a
doubt on the existing theory of GHK equation. But it needs
to be careful for deriving a conclusion. If the experimental
results of Experiments 3 and 4 could be interpreted as the
quantity KCI solution permeating from the W-compartment
into the C-compartment through the membrane of W-C was
too small to induce the potential disturbance of Py_g even in
the transient state, those experimental results can be regarded
as the phenomena within the range of existing theory of GHK
equation. In order to clarify this point, the following experi-
ment was carried out: The KCI concentrations of individual
compartments in the experiment were initially the same as
those of Experiment 4 before the replacement of KCI solution
in the W-compartment. Hereafter, this experiment is referred
to as Experiment 5, and the experimental condition is shown
as Experiment 5 in Table 1. In Experiment 5, instead of
replacing the KCl solution in the W-compartment, only a drop
of saturated KCI solution was added into the C-compartment
at the immediate neighbor of the membrane W-C. Then, the
potentials Py_g and Py were measured as a function of time.
Figure 11 shows the experimental result. Both Py_yw and Pyw.g
after the addition of only a drop of saturated KCI solution were
significantly disturbed. The addition of a drop of KCI was
done at #=0 s. So, even the slight change of KCl concentration
in the C-compartment could cause significant disturbance of
Pn_s as well as Py._g. Hence, a minute quantity of KCI solution
migration into the C-compartment from the W-compartment
might have caused a significant disturbance of potential in the
experiments in Experiments 3 and 4, but actually, no potential

150

100

50

potential / mV

0 | |
0 20 40 60
time / s

Fig. 10 Time dependence of Pyn_g (fine curve) and Pyw.g (thick curve)
under basically the same experimental condition as Fig. 9, but the KCl
concentration in the C-compartment was 0.00001 M not 1 M KCI
solution; replacement in the W-compartment was carried out at the
moment indicated by the arrow
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Fig. 11 Time dependence of Py_g (fine curve) and Py.g (thick curve)
after the addition of a drop of saturated KCl solution into the C-
compartment at the immediate neighbor of the membrane W-C. The
initial KCI concentration in the individual compartments and the mem-
branes used were the same as those for Fig. 10

disturbance was observed about Py_g. Therefore, it is strongly
speculated that the membrane potential across the ion ex-
change membrane was caused not by ion transport through
the membrane. This conclusion is in conflict with the predic-
tion by GHK equation. The author does not say “lon transport
never took place in the experiments so far described”. What
we would like to emphasize is “lon transport must have taken
place in any experiment described above, but the ion transport
might not be the cause of potential generation. The potentials
of Pn.s and Py must have exhibited significant alteration by
the disturbance, as long as the ion transport was the cause of
potential generation”.

To sum up the experimental results introduced in the
“Membrane potential across the semi-permeable membrane”,
the potential generation mechanism between two compart-
ments is not necessarily within the range of existing theory
of GHK equation. Any theory as well as the GHK equation
cannot account for the nonzero potential generation across the
membrane, as long as the theory attributes the nonzero poten-
tial generation to the transmembrane ion transport. However,
still, some may argue that all the above described experimen-
tal results are explicable by an existing theory of Donnan
theory [1, 2, 4-6]. Since all the membranes, N-C, S-C, W-C,
and E-C, were not as thin as actual cell membrane, even those
membranes could be regarded as a phase with large enough
thickness for ions such as K*, CI, ... . Selemion CMV used as
those membranes are not as thin as the actual cell membrane,
and the thickness of Selemion CMV is around 120 pum by far
thicker than the actual cell membrane. In addition to that,
Selemion CMV contains —SO3H groups, which can dissociate
into immobile fixed charge of —SO5;~ and mobile charge of
H'. Namely, Selemion CMV forms a phase containing fixed
negative charge in it. Therefore, disparity of K and CI”
concentration must have taken place among all the compart-
ments and all the membranes according to the Donnan theory.
It suggests that the generation of nonzero potential between
any two compartments shown in Figs. 9, 10, and 11 is quite
natural and nothing new from the standpoint of the Donnan

@ Springer

theory. However, in all the experiments so far described, there
existed ion concentration gradient between any two compart-
ments the author focused on. It suggests that there existed ion
fluxes in the experimental systems. Applying Donnan theory
to such a system with ion fluxes is inappropriate, but GHK
equation should be used, as long as the existing theories are
right. It is concluded that neither GHK equation nor Donnan
theory can explain the experimental results so far shown.

Membrane potential across the impermeable membrane

Potential across a liquid membrane containing either
negatively or positively charged molecule

Potential between two compartments separated by a liquid
membrane was measured using the setup shown in Fig. 6.
Im-N introduced in the “Membrane of N-C, S-C, W-C, and E-
C” was prepared and was used as membranes of N-C, S-C, W-
C, and E-C shown in Fig. 6. N-, S-, W-, and W-compartments
were filled with the KCI solutions; the concentrations of
which are shown in Experiment 6 in Table 2, where hereafter,
this experiment is called Experiment 6. C-compartment was
filled up with Im-N not KCl solution. Since all the membranes
and the solution in the C-compartment were the same solution,
they virtually formed a single membrane separating N-, S-,
W-, and E-compartments to one another. Py.g and Py were
measured as a function of time, and the result is shown in
Fig. 12. Im-N is impermeable to water nor KCI. However,
nonzero potentials, Py.g and Pyw._g, were generated and main-
tained constant. GHK equation is not applicable for explaining
those nonzero potentials because of impermeability of Im-N to
KCl.

Next, the Donann theory could explain the nonzero poten-
tial generation. N-C-S system and W-C-E system had C-
compartment in common, and KCI concentration in S-
compartment is the same as that in E-compartment. Difference
between those two systems lied only in the KCI concentration
difference between N-compartment and W-compartment.

Table 2  KCI concentration and the membrane used

Concentration of KCI (M)

N S W E C

Experiment 6

0.00001 Sat.’ 1 Sat. Im-N?
Experiment 7¢
0.00001 Sat.’ 1 Sat. Im-P°

#The membrane used was Im-N. Im-N is a mixture of poly(ethylene
glycol) 4-nonylphenyl 3-sulfopropyl ether potassium salt and 1-pentanol

® Sat. means saturate KCI concentration

¢ The membrane used was Im-P. Im-P is a mixture of 1-decyl-3-
methylimidazolium chloride and 1-pentanol
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Fig. 12 Time dependence of Pn.g (fine curve) and Pyw.g (thick curve),
where all the KCI solution was separated to one another with a liquid
membrane Im-N

According to Fig. 12, the N-C-S system exhibited about
130 mV, while the W-C-E system exhibited about 0 mV.
The potential difference between them was 130 mV—
0 mV=130 mV and was caused undoubtedly by the KCI
concentration difference between N-compartment and
W-compartment. Potentials in the N- and C-
compartments in reference to the S-compartment are
denoted Vy and V, respectively, and those in the W-
and C-compartments in reference to the E-compartment
are denoted Vyw and V', respectively. Since the KCl
concentration in S-compartment was the same as that in
W-compartment, their electrochemical conditions were
virtually the same in each other. Therefore, it is possible
to derive the relationship of Vc=V('. Let’s focus on the
concentration of K* in each compartment. Though the
C-compartment was filled with 1-pentanol impermeable
to KCI, an extremely low quantity of K* could exist as
a counter ion of PEG-K of Im-N. Based on the Donnan
theory, [K']n: [K']c is given by Eq. (7), and [K']w:
[K']c is given by Eq. (8), where e and k represent
elementary charge and Boltzmann constant.

K]y [KT]c =exp [—?—TN}  exp [—?—TC] (7)
KTy : (K] = exp [—kVW] - exp [—m
— exp {—‘J’;’—TW} : oxp H:’—TC] (8)

Equation (9) is derived by the use of Eqgs. (7) and (8).

(5]

Ky P - kT

(V-Vw)] 9)

condition of Experiment 6, [K']n/[K Tw=0.00001, [C] ]n/
[Cl lw=0.00001, T=300 K, and Vy—Vw=130 mV. Right
hand side of Eq. (9) is 0.0066 and that of Eq. (10) is 152 by
computation, and they are totally different from the experi-
mental conditions of [K']\/[KJw=0.00001 and [Cl ]n/
[CI Tw=0.00001, respectively. These results suggest that the
Donnan theory is inappropriate as the explanation of potential
generation cause. The computational results of [K' Jn/[K Jw=
0.0066 and [Cl |n/[Cl Jw=152, which was derived based on
the Donnan theory, is invalid in terms of macroscopic electro-
neutrality, too. It is detailed as follows: The liquid membrane
is impermeable to water and KCI, [K']y and [Cl ]y must
have been constant, 1 M, throughout the experiment as de-
scribed already. Thus, [K ' Jy=0.0066 M and [C] Jy=152 M,
as long as the Donnan theory is valid. The equation of elec-
troneutrality in the N-compartment is given by Eq. (11).

e[K ]y + e[H ]y —e[CI Jy—e[OH ] = 0 (11)

At the standard condition for temperature and pressure,
proton concentration of water is around 10°~10"> M. Hence,
[H ]x~10"°=10"> M. Since the ionization constant of water is
107", [OH-1~10"8-10"" M. [K']x=0.0066 M as shown
above, while [Cl Jy=152 M. So, plugging those quantities
([K"n=0.0066 M, [Cl ]x=152 M, [H [x~10"°=107 M,
[OH ]~10 *~10"° M) into the left hand side of Eq. (11)
cannot result in zero. The Donnan theory does not fulfill the
requirement of macroscopic electroneutrality. Hence, the
Donnan theory cannot be validated. This problem is well
discussed by Dr. Ling as the violation of macroscopic electro-
neutrality of Donnan theory [1, 2, 5, 6].

To sum up, neither GHK equation nor Donnan theory can
explain the experimental result shown in Fig. 12. The same
experiment was carried out by using a liquid membrane of Im-
P, which was introduced in the “Membrane of N-C, S-C, W-C,
and E-C”, in place of Im-N. The exact condition is given in
experiment 7 in Table 2, where hereafter this experiment is
called experiment 7. The experimental result is shown in
Fig. 13. Im-P is impermeable to water and KCI as well. How-
ever, nonzero potentials, Pn.g and Py.g, were generated and
maintained constant. By the same argument for Fig. 12, neither
GHK equation nor Donnan theory can explain the experimental
result shown in Fig. 13. Therefore, a new concept is in need as a
potential generation mechanism.
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Fig. 13 Time dependence of Py_g (fine curve) and Py.g (thick curve),
where all the KCI solution was separated to one another with a liquid
membrane Im-P

Potential across the liquid membrane bearing both negative
and positive charges

Another potential measurement was carried out. In this exper-
iment, all the compartments but C-compartment were filled up
with KCI solutions and their concentration is summarized
in Experiment 8 in Table 3. The membranes N-C and S-C
were Im-P, while those of W-C and E-C were Im-N. All four
membranes were connected with quite fine cotton thread as
illustrated in Fig. 14. A small quantity of Im-P (of N-C and W-
C) and a small quantity of Im-N (of W-C and E-C) were
absorbed into the cotton thread autonomously. Therefore, all
four membranes became electrically connected to one another
through those fine threads. If thick threads had been used
instead of fine threads, a large quantity of Im-N and Im-P
would have been absorbed into the threads, and it could cause
the heavy mixing of all four liquid membranes to one another,
resulting in the contamination of membranes, N-C, S-C, W-C,
and E-C. Therefore, fine threads were used.

Figure 15 shows the time dependence of Pn.g and Py.g.
Obviously, nonzero potentials were generated. Liquid mem-
brane was primarily composed of 1-pentanol. Since both K*
and C1~ were virtually insoluble to 1-pentanol, neither K nor
CI' could be transported through the liquid membranes. Con-
sequently, the generation of nonzero potentials of Pn_g or Pyw.g
is inexplicable by the GHK equation. The applicability of
Donnan theory to this experimental result was considered next.

W-compartment was electrically connected with E-
compartment using a fine thread, and this system is denoted
W-T-E system from now, where T of W-T-E represents the fine
thread containing Im-N and Im-P. W- and E-compartments
and T-phase all contained K*.! Potentials between W-
compartment and T-phase and between T-phase and E-
compartment are represented by Py.t and Pr.g, respectively.
According to the Donnan theory, the concentration ratio of K

! Readers might think that T-phase did not contain K™ at all, since the
author describes that 1-pentanol is impermeable to K*. What the author
emphasizes is that an extremely small quantity of K* could exist into 1-
pentanol, but virtually, it could be regarded that no K existed in 1-
pentanol.

@ Springer

Table 3  Concentration of KCl solution and liquid membranes used

Experiment 8

Concentration of KCI (M) Liquid membrane

N S W E Cc NC SC Ww-C  E-C

0.001 Sat. 0001 Sat. - Im-P ImP Im-N Im-N

# C-compartment was not filled with solution, but a cotton thread was
placed in it

among individual compartments and phase is given by
Eq. (12).

KTy T 67 = o -SSP STE g

(12)

Employing the experimental result of Py.r+Pr.g=100 mV
shown in Fig. 15, [K"]w/[K ]g=0.02 was obtained computa-
tionally. According to the data shown in Table 3, actual initial
concentration ratio of K™ between W- and E-compartments
was less than 0.0003, which is by far less than 0.02 computa-
tionally obtained. Of course, the initial concentrations of K in
W- and E-compartments had been maintained throughout the
potential measurement, since 1-pentanol is virtually imperme-
able to K. Therefore, the Donnan theory was ruled out as a
cause of nonzero potential generation between W- and E-
compartments. Since the GHK equation was ruled out, too,
it was concluded that new concept was needed for the poten-
tial generation mechanism explanation.

N:0.001 M KCI

a knot: Both threads
are tied here.

W-: 0.001 MKCI nﬂ E: saturated KCI

S: saturated KCl1

cotton thread

Fig. 14 Experimental setup. All the compartments were separated by Im-
N or Im-P as illustrated. All the membranes were connected with two fine
cotton threads tied each other at the center of C-compartment
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Fig. 15 Time dependence of Pn_s (dashed line) and Py (solid line)

Alternative theory as the membrane potential generation
mechanism

Potential across the liquid membrane

The experimental result of Fig. 15 was considered first. No
existing theories appear to explain the results. Drs. Ling and
Cheng have emphasized that the ion adsorption is the origin of
membrane potential [1, 2, 5, 6, 9-13]. The interfacial molec-
ular structure between the KCl solution and the liquid mem-
brane can be illustrated as Fig. 16. Since DMIC in Im-P has a
long hydrocarbon tail, a monolayer consisting of DMIC must
have been formed at the interface between the KCl solution

Fig. 16 Interfacial molecular
structure imagined between the
KCl solution and the liquid
membrane of Im-P

aseyd -,
A

and the liquid membrane. Its hydrocarbon chain was anchored
in the membrane phase and the positively charged head of
DMIC located in the KCl solution. So, the positively charged
monolayer was formed at the interface between the KCl
solution and liquid membrane as in Fig. 16.

CI" in the KCI solution is adsorbed on the positively
charged monolayer. According to the adsorption theory, the
conditions (I) and (IT) shown below must be established
concerning the potential generation of Py [1, 2, 5, 6, 9—13].

(I) Anion, CI', adsorption on the positively charged sites at
the interface obeys the Langmuir isotherm.
(I) Ion distribution in KCI solution phase obeys the
Boltzmann distribution.

Then, the potential profile represented by the dotted curve
shown in Fig. 17 was expected to form. ¢y in Fig. 17 repre-
sents the potential in N-compartment at the position sufficient-
ly away from the N-C in reference to the potential to the
membrane phase. ¢g in Fig. 17 represents the potential in S-
compartment at the position sufficiently away from the S-C in
reference to the potential to the membrane phase. Py_g is given
by the difference between ¢y and ¢g as shown in Fig. 17, Py
s=bn—bs.

The author of this paper already derived a formula
representing the potential by taking the Langmuir isotherm

N:0.001 M KCI

magnified

W:0.001 M KCl E: saturated KCI

S: saturated KC1

Molecular model of DMIC (1-decyl-
3-methylimidazolium chloride)

} counter anion
} positively charged head
hydrocarbon tail
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Fig. 17 Potential profile from S-
compartment to N-compartment

aseyd -,
\
Juounedwos-)

and the Boltzmann distribution into consideration under the
constraint condition of electroneutrality [14]. Such an ap-
proach for deriving the formula of potential is the same as
Drs. Ling’s and Cheng’s [1, 2, 5, 6, 9—13]. Applying the
formula the author derived, for instance, to the system illus-
trated in Fig. 17 results in the potential expression given by
Ad, Ab=dn—bs, where Py and g are respectively given

below.
by = _2 K[s]t eFCN s]T 2 eFCy ]
B 2 1+KCyY 2££0RT 2 1+ KCN 2e¢,RT
e KCy[sly
Elow501 +KCN (13)

2
¢S _ —2RTln _l K[S]T eFCS S]T eFCg +1
F 21+KCg 2£aORT 21 + KCS 2eeoRT
_ KCs|s]y
Elow€o 1 + KCsg (14)

R: gas constant, T: absolute temperature, F: Faraday con-
stant, C;: concentration of CI™ at the bulk phase in the i-
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potentlaI\
V.

N-compartment

S-compartment

compartment (i=N or S), [s]: concentration of the adsorption
site (positively charged monolayer) formed at the interface
between T-phase and i-compartment (i=N or S), K: associa-
tion constant between the adsorption site and CI, e: elemen-
tary charge, €,: vacuum permittivity, €: relative permittivity of
water, €10y relative permittivity of water at the immediate
neighbor of adsorption site, d: width of water phase with the
relative permittivity €jow-

Based on the above equations, Egs. (13) and (14), the
potential in the KCI solution at the position sufficiently away
from positively charged monolayer in reference to T-phase
becomes lower as the KCl solution concentration decreases.
As illustrated in Fig. 17, KCl concentration in N-compartment
was lower than that in S-compartment. Therefore, it is expect-
ed that ¢y is lower than dg. Hence, Py g is negative as in
Fig. 15 as expected. The same must be true for Py_g and Py.g
in Experiment 7, since Im-P was used. In fact, both Py_g and
Pw.g were negative as in Fig. 13. The same discussion so far
described is applicable to Py.p in Fig. 15. The interfacial
molecular structure imagined between the KCl solution and
the liquid membrane is illustrated as Fig. 18. Since PEG-K in
Im-N has long hydrocarbon tail, a monolayer consisting of
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Fig. 18 Interfacial molecular
structure imagined between the
KCl solution and the liquid N: 0.001 M KCI
membrane of Im-N

W: 0.001 MKCI H' E:
magnified magnified
@

S: saturated KCI1

4-nonylphenyl 3-sulfopropyl ether potassium salt)

‘ } counter cation (K*)

Molecular model of PEG-salt (poly (ethylene glycol) T F negatively charged head

]— hydrocarbon tail

PEG-K must have been formed at the interface. Its hydrocar-
bon chain was anchored in the membrane phase, and its
negatively charged head of the anchored PEG-K protruded
in the KCl solution. So, the negatively charged monolayer was
formed at the interface between the KCl solution and liquid
membrane. K* in the KCI solution was adsorbed on those
negatively charged monolayer. The conditions (I) and

Fig. 19 Potential profile from E- A
compartment to W-compartment =
8 |-
5]
(¥

W-compartment

(II) must be fulfilled concerning the potential generation of
Pw.r in Fig. 15. Then, the potential profile represented by
the dotted curve showed Fig. 19 is expected to form. Based
on the formula derived by the author [14], the potential in
the KCI solution at the position sufficiently away from
negatively charged monolayer in reference to T-phase be-
comes higher as the KCI solution concentration decreases.

E-compartment

cotton thread in
C-compartment

|
T- phase
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Therefore, Py in Fig. 19 is positive, and actual Py shown in
Fig. 15 was positive as expected. The same should be true for Py
s and Py in Fig. 12. In fact, Py_g in Fig. 12 was positive, but
Pw.g was not and slightly negative. Py.g in Fig. 12 was gener-
ated, when KCl concentrations in W- and E-compartments were
quite high of 1 M and saturated, respectively. Hence, there was
not so large difference between those two KCl concentrations.
Therefore, Py.r slightly below zero was explicable by the ad-
sorption theory as it was within the range of acceptable experi-
mental error.

Reconsideration of potential across the ion exchange
membrane

The potentials shown in Figs. 9 and 10, which were generated
across ion exchange membranes, are reconsidered in this
section employing the adsorption theory. The experimental
result of Fig. 9 (Experiment 3) is reinvestigated under the
adsorption theory. The ion exchange membrane used contains
fixed —SOzH. It dissociates into an immobile atomic group of
—S05” and a mobile cation of H'". Based on the adsorption
theory, the interfacial region between KCI solution and mem-
brane is illustrated as Fig. 20. K is adsorbed to —SO5~ of
membrane of Selemion CMV at the interface between the KCl
solution and membrane by obeying the Langmuir isotherm,
and all the ions distribute according to the Boltzmann distri-
bution [1, 2, 6, 9-14, 18-26].

Hence, prior to the induction of disturbance, the potential
represented by the dotted line in Fig. 21a must have
been generated between N- and S-compartments. The same
argument is true for the potential generated between W- and E-
compartments, and the dotted line in Fig. 21b represents the

Fig. 20 Interfacial structure
imagined between N-
compartment and N-C of
Selemion CMV
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magnified

expected potential profile before the induction of
disturbance. After the induction of disturbance, the condition
(concentration of KCl and degree of ion adsorption) of indi-
vidual compartments of N-C-S system was unaltered. How-
ever, the condition of W-compartment of W-C-E system was
significantly altered, resulting in the diminish of potential in
the W-compartment as illustrated in Fig. 21b, while the po-
tential profiles in C- and E-compartments remain unaltered,
where the solid curve in W-compartment represents the po-
tential profile expected after the disturbance. Consequently,
Pw.g diminishes after the induction of disturbance as illustrat-
ed in Fig. 21b. Eventually, Py._g decreases as clearly seen in
Fig. 21b. Therefore, the potential behavior shown in Fig. 9
was observed. Although the KCl concentration in the C-
compartment in Fig. 10 (Experiment 4) was different from
that in Fig. 9, basically, the same phenomenon as Fig. 9 must
have occurred for Fig. 10.

To sum up, the adsorption theory appeared to be by far
plausible than the existing theories for explaining the cause of
membrane potential generation especially owing to the fol-
lowing points: (i) ion transport is not needed at all; (ii) elec-
troneutrality is fulfilled; (iii) Boltzmann distribution, which is
a quite basic concept of thermodynamics, is employed; and
(iv) Langmuir isotherm, which is a quite basic concept of
physical chemistry, is employed.

Validity of the foundation of this study

So far, we have emphasized that both GHK equation and
Donnan theory have shortcomings for explaining the mem-
brane potential generation behavior, and the author has advo-
cated the adsorption theory as an alternative. It is known that
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Donnan theory is applicable to the artificial system as well as
living system (a cell) for explaining the potential generation
behavior in those systems [1, 2, 4-6], although the use of
Donnan theory was proved to be unsuitable for the artificial
systems described in this study. Concerning the GHK equa-
tion, however, some readers of this paper might have a con-
cern that the use of GHK equation for the analysis of potential
behavior generated in the artificial system such as the setup
employed in this study might be inappropriate, since the GHK
equation is a strong mean for the prediction of real cell
potential analysis in the physiology research field [1-3]. It is
quite natural that such a concern is raised, since all the mem-
branes employed in this work did not contain any functional
molecule serving as an ion transporter at all, while it is usually
explained that the cell potential is a consequence of trans-
membrane ion transport caused by the biological functional
molecules embedded in the cell membrane such as an ion
channel protein [1-3, 5-7]. Therefore, some readers might
think that some part of the foundation of this work—to dis-
prove the GHK equation by analyzing the potential behavior
across the artificial membrane—is wrong in the first place.
But the author of this paper would like to defy this kind of
concern by the following discussion.

Contrary to our intuition, membrane potential-like phenome-
non is observed not only in the living system of cell but also in the

nonliving artificial system. For example, Teorell reported the
observation of action potential-like transmembrane potential in
the artificially built system as early as 1959 [27]. He observed
such a potential generated between 100 mM NaCl solution and
10 mM NaCl solution separated by a porous porcelain membrane
after the imposed constant electric current across the membrane.
Appropriately adjusting the magnitude of electric current imposed,
even undamped action potential-like oscillatory potential was
induced. Proteionoid-based microsphere is another artificially cre-
ated system which exhibits membrane potential-like characteris-
tics [28-31]. Proteinoid-based microsphere consists primarily of
biological molecules of amino acids, but it is artificially created in
a laboratory and it does not contain any molecule playing a role of
an ion transporter. However, the proteinoid-based microsphere
bears the characteristics of potential similar to the real cell mem-
brane potential. Similar to the observation by Teorell described
above, Ishima et al. observed action potential-like oscillatory
potential in the proteinoid-based microsphere system [28]. What
is quite intriguing is that such an action potential-like oscillatory
potential was spontaneously induced without any external stimu-
lation unlike Teorell’s observation. The study done by Yoshikawa
et al. is even more intriguing [32, 33]. They made measurement of
potential between 0.5 M NaCl solution and 0.5 M KCI solution
separated by a porous membrane doped with Span-80. They
experimentally observed that the action potential-like potential
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oscillation spontaneously started without any external stimulation.
On top of that, their experimental system used no biological
materials unlike the proteinoid-based microsphere. Therefore, no
functional molecules of ion transporter were employed in the
study done by Yoshikawa et al.

It is not extreme to say that the membrane potential-like
characteristics are not phenomena particular only to a real cell,
but it is rather commonly observed phenomena even in artificially
created systems. Therefore, the author believes that GHK equation
should be applicable even to the artificial system, as long as it is
applicable to a real cell system. As a matter of fact, there are no
theoretical reasons that the GHK equation applicability is limited
to the system consisting of biological living materials such as a
living cell.

Conclusion

Existing theories of the GHK equation nor the Donnan theory
are not enough to fully explain the membrane potential be-
havior observed in the experiments shown in this paper. On
the other hand, the adsorption theory is in harmony with those
observations, and it is strongly backed by the quite fundamen-
tal scientific concepts in the thermodynamics and physical
chemistry fields. It is strongly speculated that the adsorption
theory provides with the real cause of membrane potential
generation.
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