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Abstract
Membrane theory makes it possible to compute the membrane potential of living cells accurately. The principle is that the 
plasma membrane is selectively permeable to ions and that its permeability to mobile ions determines the characteristics 
of the membrane potential. However, an artificial experimental cell system with an impermeable membrane can exhibit a 
nonzero membrane potential, and its characteristics are consistent with the prediction of the Goldman–Hodgkin–Katz eq., 
which is a noteworthy concept of membrane theory, despite the membrane’s impermeability to mobile ions. We noticed this 
troublesome facet of the membrane theory. We measured the potentials through permeable and impermeable membranes 
where we used the broad varieties of membranes. Then we concluded that the membrane potential must be primarily, although 
not wholly, governed by the ion adsorption-desorption process rather than by the passage of ions across the cell membrane. 
A theory based on the Association-Induction Hypothesis seems to be a more plausible mechanism for the generation of the 
membrane potential and to explain this unexpected physiological fact. The Association-Induction Hypothesis states that 
selective ion permeability of the membrane is not a condition for the generation of the membrane potential in living cells, 
which contradicts the prediction of the membrane theory. Therefore, the Association-Induction Hypothesis is the actual cause 
of membrane potential. We continued the theoretical analysis by taking into account the Association-Induction Hypothesis 
and saw that its universality as a cause of potential generation mechanism. We then concluded that the interfacial charge 
distribution is one of the fundamental causes of the membrane potential.

Keywords Membrane potential · Membrane theory · Goldman–Hodgkin–Katz equation · Permeability coefficient · 
Association-Induction Hypothesis · Ion adsorption-desorption · Surface charge density · Interface

Introduction

Membrane theory suggests that the passage of mobile ions 
across the plasma membrane causes the membrane poten-
tial. On the other hand, our previous works indicate that the 
cause of the membrane potential is the heterogeneous charge 
distribution caused by the spatial fixation of mobile ions 
governed by the mass action law (ion adsorption-desorption) 

(Tamagawa and Ikeda 2018; Tamagawa 2018; Tamagawa 
et al. 2021a, b). This outcome was originally proposed by 
Ling more than a half century ago in his own theory of the 
Association-Induction Hypothesis (abbreviated by AIH), 
(Ling 1992; Ling 1997; Ling 2001, Ling 2007). It is a long-
dismissed physiological theory, but we have pointed out that 
AIH is a more plausible theory than membrane theory for 
explaining the cause of membrane potential generation, and 
we have no rational reasons to exclude AIH as an alternative 
to membrane theory.

The Goldman–Hodgkin–Katz equation (GHK eq.) is 
believed to accurately predict the resting potential (Ling 
1992; Ling 1997; Ling 2001; Ling 2007; Cronin 1987; 
Keener and Sneyd 2008; Ermentrout and Terman 2010). It 
suggests that the membrane permeability to the individual 
mobile ions governs the resting potential. The GHK eq. 
is even used to discuss the pattern of the action potential. 
The generation of action potentials is often attributed to the 
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change in cell membrane permeability to mobile ions. Equa-
tion 1 is a typical GHK eq. that computes the membrane 
potential when the  Na+,  K+ and  Cl− exist in the cell system 
as mobile ions. L and R in Eq. 1 represent cell-interior and 
cell-exterior, respectively, in this case.

Eq. 1 is based on an almost plausible mechanism of mem-
brane potential generation, and it can provide the membrane 
potential in accurate agreement with the experimentally 
measured membrane potential. However, another theory 
based on AIH leads to another mathematical formula repre-
sented by Eq. 2 (Tamagawa and Ikeda 2018). Although Eq. 2 
looks the same as Eq. 1, its physiological meaning is totally 
different from Eq. 1. Ki is an association constant, while 
Pi of Eq. 1 is a permeability coefficient. The foundation of 
Eq. 1 lies in the membrane permeability to ions, while that 
of Eq. 2 lies in the ion adsorption-desorption (association-
dissociation). Our previous work suggests that Eq. 2 appears 
to have broader applicabilities to the experimental fact, and 
eventually the AIH which is the foundation of Eq. 2 was 
suggested to be a more plausible physiological theory than 
membrane theory (Tamagawa and Ikeda 2018; Tamagawa 
2018; Tamagawa et al. 2021a, b). Nevertheless, the AIH is 
still unknown to the scientific community and the objection 
to the AIH is by far prevailing compared with the mem-
brane theory. We will discuss the origin of the membrane 
potential here again using fairly simple but broad variety of 
experimental systems and a simple theoretical analysis in 
this work. Then we will see the universality of AIH.

Issues to be addressed

Before moving on to the explanation of our experimental 
work and theoretical discussion, we would like to clarify our 
questioning and how we answered it.

What is the purpose of the Goldman–Hodgkin–Katz 
equation?

GHK eq. can compute the experimentally measured 
membrane potential quite precisely. GHK eq. indicates 
that plasma membrane permeability governs the mem-
brane potential, and the plasma membrane permeability to 

(1)
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kT

e
ln

PNa[Na
+]L + PK[K

+]L + PCl[Cl
−]R

PNa[Na
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Pi ∶ permeability coeff icient to the ion i
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Ki ∶ association constant of the ion i with its adsorption site

the mobile ions is usually represented by “ Pi ” as in Eq. 1. 
However, usually Pi is not experimentally determined, but 
rather estimated so that the GHK eq. can reproduce the 
potentials measured in the experiment as to be touched upon 
in Sect. 4.1 as well (Tamagawa and Ikeda 2018; Wright and 
Diamond 1968; Olschewski et al. 2001; Uteshev 2010). It is 
always possible to choose Pi so that the GHK eq. can repro-
duce the given potential data. For example, imagine a cell 
system immersed in an electrolyte solution. Given that  K+, 
 Na+, and  Cl− account for most of the ions in the system, the 
membrane potential is given by Eq. 1 of course. Given that 
all ion concentrations and membrane potentials are experi-
mentally known, it is easy to find Pi that mathematically 
satisfy the GHK eq. even if Pi is experimentally unknown. 
In this case, the total number of suitable Pi must be almost 
infinite, but these Pi ’s cannot represent the real permeability 
coefficients. Such Pi ’s are the arbitrary parameters that allow 
us to associate the experimental potential and the potential 
calculated from the GHK eq., which may have no physi-
ological meaning (Tamagawa and Ikeda 2018).

Let us now consider a slightly more complex case. Imag-
ine a cell immersed in an electrolytic solution. We then 
assume that  Na+,  K+, and  Cl− represent virtually all the 
ions in the system. When the ion concentration of the cell-
exterior is varied, say the concentration of KCl is varied and 
the cell-interior concentration is kept constant, the experi-
mentally measured membrane potential generally behaves 
as indicated by the symbols “○” in Fig. 1.

The membrane potential shows an almost straight line 
with a slope of +kT∕e (or −kT∕e ) against the cell-exterior 
ionic concentration, while the variation of the membrane 
potential becomes indifferent to the variation of the ionic 
concentration in the low ionic concentration range. Such a 
membrane potential behaviour is quite typical (Tamagawa 
et al. 2021a; Hodgkin and Howrowicz 1959; Diamond and 
Harrison 1966; Moreton 1968; Shinagawa 1976; Chang 
1983; Zhang and Wakamatsu 2002). Even in this somewhat 

Fig. 1  Membrane potential vs. cell-exterior ion concentration. The 
horizontal axis represents the logarithm of cell-exterior ion concen-
tration whose concentration is varied
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complex case, the membrane potential is usually consid-
ered by Eq. 1. Calculating such a membrane potential pro-
file using the GHK eq. is not at all difficult. The membrane 
potential profiles can be explained qualitatively as follows: 
Eq. 1 is transformed by Eq. 3.

In Eq. 3, Cn and Cd are considered virtually constant. Hence, 
the controllable quantities are only  [K+]R and  [Cl−]R . Then, 
of course  [K+]R =  [Cl−]R . Therefore, Eq. 3 is given by Eq. 4.

If we are allowed to choose PNa , PK and PCl as is usually 
done, reproducing the data curve of Fig. 1 is not difficult. 
Assuming the following three equations, Eqs. 8 and 9 estab-
lish as long as Z is high enough.

Using Eqs. 8 and 9, Eq. 4 can be approximated by Eq. 10. 
Equation 10 exhibits straight line with a slope of +kT∕e . 
Therefore, the solid straight line in the higher ion concentra-
tion range in Fig. 1 is reproducible.

When the ion concentration, Z, is lower, Eq. 8 still estab-
lishes and Eq. 11 establish.
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(11)PKZ + Cd ∼ Cd

Using Eqs. 8 and 11, Eq. 4 can be approximated by Eq. 12 
and the last equation suggests that the potential change 
becomes indifferent to the change in ion concentration, Z, 
in the lower region of ion concentration, as indicated by the 
dashed line in Fig. 1.

Therefore, the GHK eq. can reproduce all physiological 
potentials measured experimentally if one is allowed to 
determine the value of Pi at will. But can we rely on such 
values of Pi as an index showing the degree of membrane 
permeability to free ions? Shouldn’t we refrain from using 
the GHK eq. so freely? The GHK eq. can reproduce the 
experimental membrane potentials, but it does not necessar-
ily suggest that the membrane is ion permeable or that the 
membrane actually carries the same permeability coefficient 
as the estimated values.

The association‑induction hypothesis interpretation

We mainly insist that the phenomenon of ionic adsorption 
cannot be neglected as a cause of membrane potential gen-
eration, and it is one of the main objectives of AIH (Ling 
1992; Ling 1997; Ling 2001; Ling 2007). The AIH states 
that ion adsorption-desorption is governed by the law of 
mass action, and it leads to a heterogeneous three-dimen-
sional ion distribution. Consequently, it results in a certain 
level of potential, which is called the membrane potential. 
Therefore, the membrane potential is generated as long as 
ion adsorption-desorption can take place, and the membrane 
permeability has almost nothing to do with the generation of 
the membrane potential according to the AIH.

Taking into account what is described in Sect. 2, we per-
formed the experiments of membrane potential measure-
ments and theoretical analyses described below (Fig. 2).

Experiment

The basic structure of the experimental setup we used for 
the membrane potential measurements in this work is illus-
trated in Fig. 3. The setup represents a cell, and both the left 
and right phases are the electrolytic solutions separated by 
an artificial membrane. The left phase and the right phase 
are filled with KCl (or LiCl) solutions and correspond to 
the cell-interior and the cell-exterior, respectively, and the 
(artificial) membrane corresponds to the plasma membrane. 
Then the membrane potential was measured.

(12)
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KCl and LiCl solutions were prepared by the following 
procedure: A 1M KCl solution was prepared by dissolving 
KCl in deionized water. Then a  10−1M KCl solution was pre-
pared by diluting the 1M KCl solution by a factor of 10 with 
deionized water. In the same way,  10−2M,  10−3M,  10−4M 
and  10−5M KCl solutions were prepared. In the same man-
ner, LiCl solutions ranging from 1 M–10−5M were prepared.

The actual experimental setup structures and the experi-
mental conditions are detailed in Sect. 4.

Results and discussion

Potential across the solid permeable membrane

The experimental setup is shown in Fig. 3 and is detailed 
first. An AgCl plate with a hole (diameter = 0.3 mm) was 
fabricated by the following procedure: A 0.3-mm-diam-
eter hole was created on a thin Ag plate. This plate was 
immersed in bleach for an hour, resulting in a plate coated 
with AgCl and will serve as a permeable membrane. We call 
it “0.3AgCl membrane” from now on. We also prepared two 
AgCl coated Ag wires by immersing two fine Ag wires in 
bleach for an hour. The resulting wire is to be called “AgCl 
wire”. The left phase of the setup was filled with  10−4M KCl 
solution, and right phase was filled with 1M KCl solution. 
Then the membrane potential, which is represented by “V” 
in Fig. 3 was measured as a function of time. Similarly, AgCl 
wire potentials in both left and right phases were also meas-
ured as a function of time. These potentials are represented 
by “ vL ” and “ vR ”, respectively, as in Fig. 3. These wires were 
used to indirectly measure the ion concentration in the left 
and right phases as detailed in the following.

The AgCl wire exhibits a certain potential in relation 
to the Ag/AgCl electrode, and the potential is susceptible 
to the KCl concentration (Cheng 2002). There is a fairly 
clear one-to-one relationship between the potential and the 
concentration of the bathing KCl solution. Therefore, it is 
possible to estimate the concentration of the KCl solution 
by directly measuring the AgCl wire potential “ � ”. Figure 4 
represents the potential of AgCl wire submerged in the KCl 
solutions. A clear one-to-one relationship exists between the 
potential and log[KCl]. Denoting - log[KCl] by x, �  is given 
by Eq. 13.

(13)� = −0.0025x2 − 0.0642x + 0.03004

Fig. 2  The basic structure of setup employed to measure the potential 
difference across a membrane

Fig. 3  Experimental setup with a 0.3AgCl membrane which has a 
0.3-mm-diameter hole

Fig. 4  AgCl wire potential vs. 
concentration of KCl solution
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Figure 5a shows the time dependence of the membrane 
potential generated across the 0.3AgCl membrane, which 
was measured using the setup shown in Fig. 3. Figure 5b 
shows the time dependence of KCl concentration in the 
left and right phases. Obviously, the membrane potential 
changes with time. The concentration of the left phase KCl 
increases with time and is undoubtedly caused by the diffu-
sion of the right phase KCl into the left phase through the 
0.3-mm-diameter hole of 0.3AgCl membrane. Since the con-
centration of the right phase KCl was originally quite high 
at 1M, the diffusion of KCl from the right phase to the left 
phase did not result in a visible change in the concentration 
of KCl in the right phase as seen in Fig. 5b.

It is quite natural to perceive that the change in membrane 
potential shown in Fig. 5a must be caused by the KCl dif-
fusion across the 0.3 AgCl membrane. It is to be analysed 
using the GHK eq. Equation 14 is the GHK eq. for the poten-
tial profile shown in Fig. 5a.

(14)

� = −
kT

e
ln

PK[K
+]L + PCl[Cl

−]R

PK[K
+]R + PCl[Cl

−]R

[i]j ∶ Concentration of i (i = K+, Cl−)

in j phase (j = L(ef t), R(ight))

Since the 0.3-mm-diameter hole of the 0.3AgCl plate does 
not have any function to selectively let the ions pass through, 
so no ion selectivity. Hence, PK = PCl is derived and Eq. 14 
results in � ≡ 0 at any time. However, the experimentally 
measured potential is nonzero (see Fig. 14a). There must be 
something to be amended about the GHK eq.

For comparison, we performed potential measurements 
on an impermeable plate AgCl using the setup illustrated 
in Fig. 3, where the AgCl plate without a hole was sim-
ply prepared by immersing a thin Ag plate without holes 
in bleach for an hour. The resulting AgCl plate is called a 
AgCl membrane. The measured potential across the AgCl 
membrane is shown in Fig. 6. The membrane potential is 
constant, and the ion concentration is constant. These are 
natural consequences. (This experiment was discontinued 
in the shorter period compared to Fig. 5 since no potential 
change and no change in ion concentration are expected, 
as intuitively understood.) Ion diffusion across the AgCl 
membrane never occurred. Hence, PK = PCl = 0 , and con-
sequently results in the GHK eq. represented by Eq. 15, and 
it means the collapse of GHK eq. for this system. It could 
be argued that the GHK eq. should not be used when an 
impermeable separator is used. However, typically Pi ’s are 
not determined experimentally but rather are estimated, so 

Fig. 5  a Membrane potential vs. Time; b KCl concentration vs. Time       -log[KCl] of left (right) phase was obtained by solving Eq. 13 with 
respect to x after plugging the experimentally measured v

L
 ( v

R
 ) into �

Fig. 6  a Membrane potential vs. Time; b KCl concentration vs. Time
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that the GHK eq. reproduces the experimental membrane 
potentials without much considering the actual permeability 
of membranes (Tamagawa and Ikeda 2018; Wright and Dia-
mond 1968; Olschewski et al. 2001; Uteshev 2010).

Therefore, whether AgCl membrane is permeable or not, 
the GHK eq. appears to be fundamentally incomplete if not 
wrong. Instead, our previous work suggests that the mem-
brane potential is governed by the ion adsorption-desorption 
rather than the ion passage through the membrane. There-
fore, we suggest that Eq. 2 is the most plausible equation 
for representing a membrane potential rather than the GHK 
eq. of Eq. 1.

Membrane potential under the AIH

AIH states that the ion adsorption-desorption process 
governs the generation of membrane potentials, while the 
membrane theory states that the flux of ions through the cell 
membrane governs it (Ling 1992; Ling 1997; Ling 2001, 
Ling 2007; Cronin 1987; Keener and Sneyd 2008; Ermen-
trout and Terman 2010). The AIH-based membrane potential 
formula is given by Eq. 2, where the derivation procedure 
of Eq. 2 is detailed in the ref. (Tamagawa and Ikeda 2018), 
and some of the derivation processes is to be touched upon 
in the Sect. 5 of this paper, too. This section explains the 
membrane potentials measured experimentally between two 
electrolyte solutions through the permeable and imperme-
able membranes. The experimental setup is the same as that 
shown in Fig. 3, but measurements of vL and vR were not 
made. Two types of membranes were used: One is an AgCl 
membrane (no holes) and another is a Li ion-conducting 
glass, LICGC TM AG-01 plate which was purchased from 
OHARA INC., (Kanagawa, Japan). From now on, the latter 
membrane will be called “Li membrane”. According to the 
work done by Katoh et al. (Katoh et al. 2010), Li membrane 
is a permeable membrane. Then, we attempted to theorize 
those experimentally measured potentials from the point of 
view of the AIH.

Membrane potential across a AgCl membrane   First, we 
measured the membrane potential across the AgCl mem-
brane separating two KCl solutions. The KCl concentration 
in the right phase was maintained constant  10−4 M, while 
the KCl concentration in the left phase varied from  10−5 to 
1 M. The experimental results are shown in Fig. 7. Although 
the AgCl membrane is impermeable, the GHK eq. can repro-
duce the experimental results using the hypothetical Pi as 

(15)
� = −

kT

e
ln

PK[K
+]L + PCl[Cl

−]R

PK[K
+]R + PCl[Cl

−]R

= −
kT

e
ln

0 ⋅ [K+]L + 0 ⋅ [Cl−]R

0 ⋅ [K+]R + 0 ⋅ [Cl−]R
= −

kT

e
ln

0

0

shown in Eq. 16. However, such a theoretical analysis has 
no physiological significance since all Pi for this experimen-
tal system should be zero, and this means that the GHK 
eq. breaks down and has no scientific basis. However, Pi 
is usually estimated as that the GHK eq. can reproduce the 
experimental result by disregarding the actual membrane 
permeability to ions as touched upon in Sect. 1 (Tamagawa 
and Ikeda 2018; Wright and Diamond 1968; Olschewski 
et al. 2001; Uteshev 2010). It is a highly questionable sci-
entific treatment.

On the other hand, AIH suggests that membrane potential 
arises from the spatial fixation of mobile ions at their adsorp-
tion sites (Ling 1992). Tamagawa and Ikeda performed the 
theoretical analysis based on physical chemistry. They sug-
gested that the permeability coefficient Pi of the GHK eq. 
can be replaced by the association constant Ki between the 
mobile ion and the ion adsorption site (Tamagawa and Ikeda 
2018). Regardless of the membrane permeability, the ion 
adsorption-desorption process based on the mass action law 
governs the membrane potential generation. It is detailed 
here in the following.

Although the AIH is in total contradiction with the mem-
brane theory, its scientific soundness has increased con-
siderably in recent times (Chang 1983; Pollack 2013; Pol-
lack 2014; Hwang et al. 2018; Kowacz and Pollack 2020; 

(16)
VMP
KCl

= −
kT

e
ln
PK[K

+]L + PCl[Cl
−]R

PK[K
+]R + PCl[Cl

−]L

PK = 1 PCl = 10000

(17)
� = −

kT

e
ln
KK[K

+]L + KCl[Cl
−]R

KK[K
+]R + KCl[Cl

−]L

Ki ∶ the association constant between the mobile ion,

i, and its adsorption site

Fig. 7  Membrane potential across the AgCl membrane when the right 
phase solution =  10−4 M KCl       ◦ : Experimental, ⋯   : Theoretical 
(computed using Eq. 16)       Standard deviation of individual data is 
not shown here since it is invisibly small
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Bagatolli and Stock 2021; Bagatolli et al. 2021; Schneider 
2021; Wang and Pollack 2021; Wnek 2015; Jaeken 2017; 
Jaken 2021; Matveev 2019). The membrane potential in 
Fig. 7 is explainable using AIH here. First, we would like 
to analyse the slope of the data curve in Fig. 7, which is 
∼ +kT /e. Why is the slope ∼ +kT /e? The AgCl membrane 
surface is AgCl. Therefore, adsorption of  Cl− to the mem-
brane surface can take place (Temsamani and Cheng 2001). 
The AIH states that only the ions involved in the adsorption-
desorption are involved in the potential generation. Since 
 Cl− adsorbs on the AgCl membrane surface and  K+ does not, 
KCl ≠ 0 and KK = 0 are derived. Hence, Eq. 17 is transformed 
into Eq. 18, and it suggests that the slope of the potential 
curve is ∼ +kT∕e . Then, Eq. 18 can reproduce the virtually 
straight-line membrane potential profile in Fig. 7.

We will analyse in more detail the membrane potential 
behaviour. The dotted lines in Fig. 8 represent the expected 
potential profiles. It has been experimentally confirmed 
that the surface potential of the membrane AgCl submerged 
in deionized water is around 0.3 V compared to the bulk 
phase potential of deionized water (Tamagawa and Ikeda 
2018; Tamagawa 2018). But once the  Cl− concentration of 
the bathing solution increases, the  Cl− adsorption on the 
AgCl surface increases, causing the decrease of AgCl sur-
face potential due to the negative charge of adsorbed  Cl−. 
Since the amount of  Cl− adsorbed on the AgCl membrane 
right surface is greater than that of AgCl membrane left 
surface, |VL| > |VR| is derived as in Fig. 8. AIH suggests 
that potential profiles in the left phase and right phase are 

(18)
� = −

kT

e
ln
KK[K

+]L + KCl[Cl
−]R

KK[K
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−]L

∼ −
kT

e
ln
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−]R

KCl[Cl
−]L

= +
kT

e
ln
[Cl−]L

[Cl−]R

determined independently of each other. Therefore, the 
membrane potential is given simply by Eq. 19.

 
According to Eq. 19, membrane potential shown in 

Fig. 7 (denoted by VMP
KCl

 ) can be mathematically represented 
by Eq. 20. That is, VMP

KCl
 (= VMP

KCl
(CL,CR) ) is merely the dif-

ference between two potentials VL (= VL(CL) ) and VR (= 
VR(CR) ) which were independently determined mutually, 
and V(CR) remains constant throughout the measurement 
since CR is maintained 10−4 M. Therefore, VMP

KCl
(CL) is a 

function of CL only.

The same membrane potential measurement was performed 
by using  10−2 M KCl solution as the right phase in place of 
 10−4 M KCl solution. As long as the cause of membrane 
potential generation is attributed to the ion adsorption-des-
orption as AIH states, the same discussion above is avail-
able and the measured membrane potential, VMP

KCl
(C�

L
) , can be 

given by Eq. 21, and of course VR(C
�
R
= 10−2M) maintained 

constant throughout the measurement.

In the context of this discussion based on the ion adsorp-
tion-desorption phenomenon, V(CL) = V(C�

L
) estab-

lishes when CL = C′
L
 . The potential difference between 

VMP
KCl

(CL,CR = 10−4M) and VMP
KCl

(C�
L
,C�

R
= 10−2M) is given 

by Eq. 22 as �VMP
KCl

 , and it is constant as long as CL = C′
L
 as 

given by Eq. 23.

Therefore, the potential data curve of VMP
KCl

(CL,CR = 10−4M) 
vs. log[CL ] must be parallel to that of VMP

KCl
(C�

L
,C�

R
= 10−2M) 

vs. log[C′
L
 ]. In fact, they are in the parallel relationship as 

in Fig. 9a. It validates the AIH. But GHK eq. of Eq. 16 also 
reproduces the experimental potential data as represented 
by the straight dotted and dashed lines in Fig. 9b, although 
physically meaningless Pi ’s are in use. Equation 16 can be 
transformed as shown by Eq. 24. The last term is identical 
to the Nernst equation. Nernst equation results in straight 
lines in Fig. 9b.

(19)VKCl = VL − VR

(20)

VMP
KCl

(CL,CR) = VL(CL) − VR(CR), CR = 10−4M

CL, CR ∶ the KCl concentration of Left phase, of Right phase
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(C�
L
,C�

R
) = VL(C

�
L
) − VR(C

�
R
), C�

R
= 10−2M

C�
L
, C�

R
∶ the KCl concentration of Left phase, of Right phase

(22)

�VMP
KCl

= VMP
KCl

(CL, 10
−4M) − VMP

KCl
(C�

L
, 10−2M)

=
[
VL(CL) − VR(CR = 10−4M)

]
−
[
VL(C

�
L
) − VR(C

�
R
= 10−2M)

]

(23)= − VR(10
−4M) + VR(10

−2M)) = const.

Fig. 8  Ion adsorption and expected potential profiles (Dotted curves)     
If the membrane surface potential is defined as zero, V

L
 and V

R
 are 

negative
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Membrane potential across a Li membrane   The same 
experiments for obtaining the diagrams in Fig. 9 were per-
formed using the Li membrane in place of the AgCl mem-
brane and using LiCl solutions in place of KCl solutions. 
The results are shown in Fig. 10 together with the theoretical 
results obtained using Eq. 25. The parallel experimental data 
validates the AIH, but GHK eq. of Eq. 26 can reproduce 
the experimental potential data. It is explained in detail as 
follows.

(24)

VMP
KCl

= −
kT

e
ln
PK[K

+]L + PCl[Cl
−]R

PK[K
+]R + PCl[Cl

−]L
∼ −

kT

e
ln
PCl[Cl

−]R

PCl[Cl
−]L

= −
kT

e
ln
[Cl−]R

[Cl−]L

According to the specification of Li membrane (Li con-
ducting glass plate) and the report by Katoh et al. (Katoh 
et al. 2010), Li membrane is permeable only to  Li+. Hence, 
it appears to be possible for us to believe PLi >> PCl with-
out any violation of the law of physics. Hence, Eq. 25 can 
be approximated by Eq. 26. The last term is identical to 
the Nernst eq. (just like Eq. 24). Nernst eq. results in the 
straight lines in Fig. 10b.

(25)
VMP
LiCl

= −
kT

e
ln
PLi[Li

+]L + PCl[Cl
−]R

PLi[Li
+]R + PCl[Cl

−]L

PLi = 1000, PCl = 1

Fig. 9  Membrane potential across the AgCl membrane (a) Experi-
mental data of VMP

KCl
(C

L
) vs. log[C

L
 ] when [ C

L
 ] =  10−4 M (○) and its 

linear trend line obtained by the least square method (—),    Experi-
mental data of VMP

KCl
(C�

L
) vs. log[C′

L
 ] when [ C′

L
 ] =  10−2 M (×) and 

its linear trend line obtained by the least square method (—)          b 
Experimental data of VMP

KCl
(C

L
) vs. log[C

L
 ] when [ C

L
 ] =  10−4 M (○) 

and the theoretical linear line obtained by Eq. 16 (…),   Experimental 
data of VMP

KCl
(C�

L
) vs. log[C′

L
 ] when [ C′

L
 ] =  10−2 M (×) and the theo-

retical linear line obtained by Eq. 16 (- - -)          Standard deviation 
of individual experimental data is not shown here since it is invisibly 
small

Fig. 10  Membrane potential across the AgCl membrane a Experi-
mental data of VMP

LiCl
(C

L
) vs. log[C

L
 ] when [ C

L
 ] =  10−4 M ( ∙ ) and its 

linear trend line obtained by the least square method (—),    Exper-
imental data of VMP

LiCl
(C�

L
) vs. log[C′

L
 ] when [ C′

L
 ] =  10−2 M (+) and 

its linear trend line obtained by the least square method (—)          b 
Experimental data of VMP

LiCl
(C

L
) vs. log[C

L
 ] when [ C

L
 ] =  10−4 M ( ∙ ) 

and the theoretical linear line obtained by Eq. 25 (-  ·  -  ·  -),    Exper-
imental data of VMP

LiCl
(C�

L
) vs. log[C′

L
 ] when [ C′

L
 ] =  10−2 M (+) and 

the theoretical linear line obtained by Eq. 25 (– – –)          Standard 
deviation of individual experimental data is not shown here since it is 
invisibly small
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The use of Eq. 26 can quantitatively predict the experimen-
tal membrane potential shown in Fig. 10b. Therefore, there 
appears to be nothing wrong with the membrane theory. 
However, how can we justify Eq. 16 physically? Pi of Eq. 16 
should be zero, and it collapses Eq. 16. As we say repeat-
edly, Pi of Fig. 16 is physically wrong, while mathemati-
cally valid. Now we would like to discuss the following two 
intriguing points. 

1. The GHK eq. of Eq. 16 can be approximated by Eq. 24 
by employing Pi ’s (given in Eq. 16 as well). Equation 24 
can quantitatively predict the experimental membrane 
potential shown in Fig. 9. Similarly, the GHK eq. of 
Eq. 26 perfectly reproduces the experimental mem-
brane potentials in Fig. 10. However, Eq. 16 and its 
approximation Eq. 24 are both originally wrong since 
their Pi ’s should be zero. However, the use of hypotheti-
cal nonzero Pi ’s reproduces the experimental results in 
Eq. 16. Even more intriguingly, Eq. 24 is a function 
of the anion concentration, while Eq. 26 is a function 
of the concentration of ions. These two equations are 
symmetric about the sign of an ion, and both can repro-
duce the experimental results. It makes us envision that 
there must be some common mechanism of membrane 
potential generation for both systems for Figs. 9 and 
10, though Eq. 16 and its approximation Eq. 24 both 
appear to be originally wrong, as mentioned above. The 
previous work by Tamagawa and Ikeda could answer 
such a query. Their work suggested that the GHK eq. 
(Eq. 16) can be reinterpreted as Eq. 17 using the AIH 
(Tamagawa and Ikeda 2018). Ki in Eq. 17 is a binding 
constant between the mobile ions and the adsorption 
sites. The silver oxide of the AgCl membrane must serve 
as  Cl− adsorption sites (Temsamani and Cheng 2001), 
KK = 0 and KCl = nonzero are naturally derived. Hence, 
Eq. 27 is derived. 

 Similarly, assuming the Li membrane serves as  Li+ 
adsorption sites, KLi = nonzero and KCl = 0 are easily 
derived. Hence, Eq. 28 is derived. 

(26)
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 These two equations are symmetric in terms of the sign 
of ion charge. On top of that, the last terms of Eqs. 27 
and 28 are identical to the Nernst equation. Further 
analysis suggests that the absolute experimental mem-
brane potential shown in Fig. 10 is even quantitatively 
the same as those in Fig. 9. So, the membrane potentials 
in Fig. 10 and those in Fig. 9 are symmetric about the 
x-axis even quantitatively. The AIH-based equations 
for potentials, Eqs. 27 and 28, provide the symmetric 
potential profile of the horizontal axis when VMP

salt
 vs. 

log10[(salt)L] is considered.
2. All membrane potentials in the lowest ion concentra-

tion region, which are indicated by arrows in Figs. 9b 
and 10b, deviate from the theoretical straight mem-
brane potential lines predicted using the GHK equation. 
Namely, the change in membrane potential becomes 
indifferent to the change in ion concentration in the 
lowest ion concentration milieu. Such a deviation of the 
membrane potential from the straight line (Nernst equa-
tion type) has often been observed in the region of very 
low ion concentrations (Tamagawa et al. 2021b; Hodg-
kin and Howrowicz 1959; Diamond and Harrison 1966; 
Shinagawa 1976; Chang 1983; Zhang and Wakamatsu 
2002). As stated in the Sect. 2.1 employing Fig. 1, such 
a membrane potential behaviour is easily explained by 
the GHK eq. if any numerical value is allowed to use as 
Pi . But such Pi does not have any physiological meaning. 
On the other hand, the ion adsorption-desorption mecha-
nism based on AIH can explain this reaction without any 
unusual assumption. Firstly, see Fig. 8 and assume that 
the KCl concentration in the left phase is quite low. Due 
to the relatively low concentration of KCl, the quan-
tity of  Cl− on the left surface of the membrane must 
be quite small. The further decrease in KCl concentra-
tion in the left phase must be unable to cause a further 
decrease in the amount of adsorbed  Cl− since the quan-
tity of adsorbed  Cl− is quite small at first. Therefore, the 
change in membrane potential becomes indifferent to the 
ion concentration change at the lowest ion concentration 
milieu.

The two above points are explainable by attributing mem-
brane potential generation to the ion adsorption suggested 
by AIH.

Membrane potential across the combinatorial membrane   
From what has been described so far, it is not unreasonable 
to assume that VL and VR are governed by ionic adsorption 

(28)
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= −
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independently of each other and that the membrane poten-
tial is simply the difference between VL and VR . We made 
measurements using the setup illustrated in Fig. 11. The left 
phase is filled with a LiCl solution, while the right phase is 
filled with a  10−4 M KCl solution. The membrane used is a 
combination of a Li membrane and a AgCl membrane. The 
Li membrane is in contact with the left phase LiCl solution, 
while the AgCl membrane is in contact with the right phase 
KCl solution. The membrane potential across this combina-
torial membrane was measured by varying the concentration 
of the left phase LiCl from  10−5 to 1 M along with main-
taining the right phase KCl concentration at  10−4 M. The 
variation of LiCl concentration must result in the experimen-
tal membrane potential graph parallel to the graphs shown 
in Fig. 10, and the membrane potential at [LiCl] =  10−5 
M is expected to deviate from the straight trend line of the 
membrane potential data. Figure 12 shows the experimen-
tal membrane potential here obtained ( △ ) and its straight 
trend line (…) along with the data shown in Fig. 10a, where 
the horizontal axis represents the logarithm of [LiCl]L . The 
parallel relationship and the data deviation indicated by an 
arrow are observed. This result is in line with the AIH pre-
diction and can justify the AIH, while it is inexplicable by 
the membrane theory due to the impermeable property of 
the combinatorial membrane (the membrane part AgCl is 
obviously impermeable). 

Potential across the liquid permeable membrane

We found in Sect. 4.2 that the “Potential vs. log[ion conc.]” 
profiles exhibit a parallel relationship one another as long as 
the left solution is used and the left surface characteristics of 
the membrane are unchanged. In order to see the universality 

of such phenomena, we performed the same experiment: We 
made measurements of potential across the liquid membrane 
instead of the solid membrane. It is more like a living cell.

We prepared four types of electrolytic sols and used them 
as liquid membrane. Figure 13 illustrates the actual experi-
mental setup and the four types of liquid membranes which 
are indicated by C-sol, A-sol, CA-sol and AC-sol, respec-
tively. C-sol is a cationic sol, while A-sol is an anionic sol. 
CA-sol and AC-sol consist of both the C-sol and A-sol but 
the position arrangement of the C-sol and A-sol is opposite 
to each other.

These sols were prepared by the following procedure: 
To 50 ml of deionized water, monomers, polymerization 
accelerator (N,N,N’,N’tetramethylethyldiamine, 0.005g) and 
polymerization initiator (ammonium persulfate, 0.04 g) were 
added in a systematic and homogeneous manner where the 
monomers used for the synthesis of C-sol and A-sol were 
“acrylamide (4.26g) and allylaminehydrochloride (1.80g)” 
and “acrylamide (4.26g) and acrylic acid (1.44g)”, respec-
tively. The resulting mixture was heated in 65 °C water bath 
for one hour. After completion of the sol synthesis, a large 
quantity of ethanol was mixed with the sol. The sol was pre-
cipitated, retrieved, and mixed again with deionized water. 
Ethanol was added, resulting in precipitated sol. By this eth-
anol/deionized water solvent exchange, the sol was washed. 
Then the sol was fully dried in the oven. This fully dried sol 
was mixed with deionized water in a weight ratio of 1:4.

The membrane potential across the C-sol and CA-sol 
was measured by varying the left phase KCl concentration 
while maintaining the right phase KCl concentration at  10−4 
M. The left phase KCl solutions are in contact with C-sol 
whichever C-sol or CA-sol is used. Hence, the expected 
membrane potential generated across the C-sol must be dif-
ferent from that across the CA-sol by a constant value as 
long as the concentration of left phase KCl in contact with 

Fig. 11  Membrane potential across the combinatorial membrane con-
sisting of a Li membrane and an AgCl membrane       The Li mem-
brane is in contact with the left phase solution, while the AgCl mem-
brane is in contact with the right phase solution

Fig. 12  ∙ , +: The membrane potentials shown in Fig. 10a along with 
their straight trend lines    △ : The membrane potential across the 
combinatorial membrane (see Fig.  11) and its dotted straight trend 
line          Standard deviation of potential represented by △ is shown 
here only, since the others are invisibly small.       All the trend lines 
were obtained by the least square method
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the C-sol is the same as that in contact with the CA-sol, as 
clearly understood by the discussion in the Sect. 4.2. Fig-
ure 14(a) shows “the membrane potential vs. log [KCl] in 
the left phase” and their trend lines. As expected, the dif-
ference between the membrane potentials across the C-sol 
and the CA-sol is almost constant, even though the KCl 
concentration varies by more than the factor of thousands. 
Figure 14b shows the membrane potential profiles in the 
A-sol and the AC-sol. The difference between the membrane 
potentials is, as expected, almost constant regardless of the 
ion concentration.

Membrane potential characteristics 
and formula

One of the authors of this article (H.T.) derived a formula of 
membrane potential in the ref. (Tamagawa and Ikeda 2018). 
We again scrutinize the computational results described in 
the ref. (Tamagawa and Ikeda 2018) and discuss the fun-
damental facet of membrane potential profiles, especially 
typified by the parallel potential profiles shown in Sect. 4.2. 
First, we introduce the summary of the essential part of the 
ref. (Tamagawa and Ikeda 2018) as below.

Fig. 13  Experimental setup for 
measuring the membrane poten-
tial across the liquid membranes 
denoted by C-sol, A-sol, CA-so 
and AC-sol. The checkered 
pattern represents the dialysis 
membrane used to prevent the 
flow of sol

Fig. 14  Membrane potential across the sol vs. log[KCl] in the left 
phase          a membrane potential across the C-sol ( △ ) and the CA-
sol ( ▴ ) and their trend lines (a solid and a dashed lines)    The gap 
between the two trend lines is virtually constant.       b membrane 

potential across A-sol (○) and AC-sol ( ∙ ) and its trend links (a solid 
and a dashed lines)   The gap between the two trend lines is virtually 
constant
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Tamagawa and Ikeda measured the potential generated 
between two electrolytic solutions, both of which consist 
of KCl and KBr. These two solutions were electrically con-
nected by an Ag wire coated with AgCl. Assuming that the 
membrane potential obeys AIH and that  Cl− and  Br− are 
prone to be adsorbed on the surface of AgCl, the surface 
charge density of AgCl surface of Ag wire (σ|x=0) was cal-
culated and found that the surface charge density was kept 
almost constant unless the electrolytic solution ion concen-
tration was extremely high or extremely low. The actual for-
mula from which they derived is given by Eq. 29, where the 
definitions of individual physical quantities in Eq. 29 are 
given in the ref. (Tamagawa and Ikeda 2018).

As long as the ion concentration of the electrolytic solution 
was moderate - greater than  10−5 M but less than 1M -, the 
computationally obtained �|x=0 was found to be constant. 
Therefore, Eq. 29 was arranged into Eq. 30.

Solving Eq. 30 with respect to �|x=0 resulted in Eq. 31.

Essential part of what Eq. 30 suggests is simplified and 
explained by Fig. 15. The surface charge density is virtu-
ally constant as long as the ion concentration is moderate. 
However, the screening in accordance with the ion concen-
tration determines the potential profiles in the left and right 
solutions independently of each other.

As clearly seen in Fig. 15, the membrane potential, � , is 
given by Eq. 32. Plugging Eq. 31 into Eq. 32 results in Eq, 
33, and it can be further arranged into Eq. 34. Equation 34 
is identical to the GHK eq., but its physiological meaning 
is completely different from the GHK eq. Equation 34 is 
derived on the premise that the membrane potential is gov-
erned by the ion adsorption, as clearly understood by the fact 
that Eq. 34 contains the binding constant Ki.

(29)
��x=0 = 2

√
2��0Q0kT sinh (e��x=0∕kT)

= �0 − e[s]T
(KClQCl + KBrQBr) exp(e��x=0∕kT)

1 + (KClQCl + KBrQBr) exp(e��x=0∕kT)
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To reach Eq. 34, Eq. 31 is the key equation. But the theo-
retical treatment requires the use of ion adsorption. In the 
chemical, biological, and physiological process, the ion 
adsorption is inevitable. No chemical, biological and physi-
ological processes are responsible for the absence of ion 
adsorption (or association). Therefore, it is not unnatural 
to speculate that the ion adsorption-desorption process is 
involved in the membrane potential generation process. 
In view of thermodynamics, ion characteristics should be 
viewed as thermodynamically real rather than ideal ones. In 
fact, such a thermodynamic treatment was proposed decades 
ago even in the biological and physiological studies (Ling 
1992; Ling 2001; Lewis and Randall 1961).

Physiological activity and physics 
and physical chemistry

Some example of potential generation by ion 
adsorption

Our work suggests that the generation of membrane poten-
tial must be caused by the ion adsorption-desorption of ions 
rather than by the transmembrane ion transport. But such 
a mechanism of potential generation is not really new in 
a research field other than physiology. A typical example 
is the ion-selective electrode (ISE). The ISE can detect a 
particular ionic species dissolved in solution. Although it is 
not appropriate to say that the ISE working mechanism is 
fully elucidated, researchers must agree that adsorption of 

(34)= −
kT

e
ln

KClQ
R
Cl
+ KBrQ

R
Br

KClQ
L
Cl
+ KBrQ

L
Br

Fig. 15  A membrane intervenes between two electrolytic solutions 
(ions are represented by ○ and ∙ )   The concentrations of two electro-
lytic solutions are moderate.   Regardless of the concentration of ions, 
the quantity of ions adorbed on the surface of the left membrane is 
the same as that on the surface of the right membrane. Consequently, 
the membrane left surface charge density is the same as the right sur-
face charge density
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ions onto the ISE selective membrane could explain its func-
tionality (Cheng 1998; Cheng 2002; Covington 1981; Durst 
1969; Rechnitz  1973; Fischer 1974; Radu et al. 2013; Naik 
2016; Berg 2021; Criscuolo et al. 2021). Above all, Cheng’s 
emphasis on the ISE mechanism is quite intriguing. Cheng 
suggests that the entire function of ISE is attributed to the 
adsorption of analyte ions on the surface of the ISE mem-
brane (Tamagawa et al. 2021b; Cheng 1998; Cheng 2002). 
That is, the ISE potential depends on the affinity of the ana-
lyte ion to the ISE membrane. Therefore, the ISE can detect 
the concentration of a particular ionic species in the solution 
as an electrical signal. This mechanism is in harmony with 
physical chemistry and physics. Up until today, there have 
been countless reports on ISE mechanisms whether all ISE 
functionality mechanisms can be attributed to ion adsorption 
or not (Cheng 1998; Cheng 2002; Covington 1981; Durst 
1969; Rechnitz 1973; Fischer 1974; Radu et al. 2013; Naik 
2016; Berg 2021; Criscuolo et al. 2021). The potential gen-
eration by the ion adsorption is a fairly commonly accepted 
notion in the ISE research field. Ion adsorption is a thermo-
dynamically treatable phenomenon. In fact, thermodynamic 
analysis of ion adsorption has been one of the primary topics 
in physical chemistry. Thermodynamics never distinguishes 
non-living systems from living systems. Therefore, the ther-
modynamics which is right in a certain research field such 
as the ISE research is also right in physiology. However, 
such an intimate correlation between the potential genera-
tion and the ion adsorption is completely ignored in current 
physiology.

Is it possible to explain the potential profile in Figs. 5a 
and 6a by the AIH? Yes, it is possible as below. Figure 16 
represents the state of the ions adsorbed on the membranes. 
Ion adsorption inevitably takes place according to the mass 
action law whether or not the membrane is permeable 
(Tamagawa and Ikeda 2018; Tamagawa 2018; Barrow 1979). 
According to the discussion described in Sect. 5, the quan-
tities of ions adsorbed on the left and right surfaces of the 
membrane are basically the same as each other regardless of 

the concentration of the solution ions. However, the degree 
of screening depends on the ion concentration, and it deter-
mines the potentials in the left and right solutions indepen-
dently of each other. Therefore, the potential profile in the 
left solution can be different from that in the right solution. 
Therefore, various nonzero membrane potentials can be 
generated regardless of the membrane permeability to ions. 
The ion adsorption-desorption is a quite plausible cause of 
membrane potential generation (Ling 1992; Ling 1997; Ling 
2001; Ling 2007).

Interfacial charge distribution

One author, Tamagawa, reported that the GHK eq., for 
example, Eq. 1, should be rewritten by Eq. 2 (Tamagawa and 
Ikeda 2018). If  K+ and  Cl− account for all mobile ions in the 
system in question, Eq. 2 can be written in Eq. 17. With this 
equation in mind, we consider the potential profile generated 
across a permeable membrane. Imagine a system consisting 
of two electrolytic solutions separated by a permeable mem-
brane illustrated in Fig. 17. If a nonzero membrane potential 
is generated, a heterogeneous spatial mobile ion distribution 
should occur. However, mobile ions in the bulk phase cannot 
distribute autonomously in a heterogeneous way. How does 
the heterogeneous ion distribution take place?

Heterogeneously structured biological environments 
such as the interface between the plasma membrane and 
the protoplasm of living cells can serve as heterogeneously 
distributing adsorption sites for mobile ions regardless of 
the membrane permeability and can lead to the heterogene-
ous ion distribution. It is illustrated more clearly in Fig. 17. 
Local positive (nonzero) charges are generated on the mem-
brane surface. Although the microscopic electroneutrality 
is violated at the interface between the left solution and the 
membrane encircled by the dashed line (it is true at the inter-
face between the right phase solution and the membrane as 
well), the macroscopic electroneutrality is sufficient in the 
entire left phase circled by the dotted line (it is true for the 

Fig. 16  a experimental setup 
employing a permeable mem-
brane   b experimental setup 
employing an impermeable 
membrane ○: ions adsorbed on 
the membrane surface
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entire right phase). The violation of microscopic electro-
neutrality can be fully allowed thermodynamically and can 
lead to nonzero potential generation. A capacitor is a typical 
example: The total sum of charges the capacitor holds is 
zero, while the positive and negative charges exist separately 
from each other in the capacitor in microscopic view. As 
immediately and intuitively understood by considering the 
functionality of a capacitor, the localized charge distribu-
tion illustrated in Fig. 17 inevitably leads to the generation 
of nonzero potential. Such a nonzero potential must be the 
membrane potential. It has nothing to do with the membrane 
permeability. So, the localized charge generates the nonzero 
potential as predicted by electromagnetism; that is all. Isn’t 
it rational to believe the membrane potential is generated by 
such a mechanism that is in line with basic physics, thermo-
dynamics and electromagnetism? Given that the membrane 
potential is generated by the transmembrane ion transport, 
as predicted by membrane theory, how is the influence of the 
plasma membrane surface charges on the membrane poten-
tial nullified? Is physiology in conflict with thermodynam-
ics and electromagnetism? Something important is missing 
from membrane theory. Membrane theory should be at least 
amended, if not wrong.

We can speculate that the generation of nonzero mem-
brane potentials may not take advantage of the selective 
permeability of the plasma membrane. We measured the 
potential of meat sold in an ordinary supermarket. The 
cell of this meat has a plasma membrane, but the sodium 
pump embedded in it does not function because the cells 
of the sold meat are dead cells. However, we observed 
that the meat submerged in the electrolytic solution exhib-
ited a nonzero potential. Therefore, we raise the ques-
tion of whether the sodium pump is truly needed for the 

generation of membrane potential. Sodium pumps and ion 
channels may not be needed to explain the generation of 
membrane potential. But how was the nonzero potential 
generated without a membrane? This could be attributed 
to the ion adsorption at the interface. Pollack’s reports are 
typical examples. Pollack and his associates directly meas-
ured the potential of an electrolytic hydrogel submerged 
in an aqueous solution (Zheng and Pollack 2006; Shklyar 
et al. 2008). They observed the significant potential change 
only at the interface between the hydrogel and the bath-
ing solution. Figure 18 illustrates the experimental system 
and the potential profile observed. Pollack et al. observed 
a drastic change in potential at the interface between the 
hydrogel and the electrolytic solution phase. The greater 
amount of cations must be adsorbed at the interface indi-
cated by a dotted arrow in Fig. 18 and the greater number 
of positive charges of those cations must neutralize the 
immobile negative charges at the surface of the anionic 
hydrogel, and consequently, it must cause a drastic drop 
in potential at the interfacial region of the hydrogel. Of 
course, this hydrogel does not have any membrane, but its 
potential profile is explicable by ordinary thermodynamics 
and electromagnetism.

A cell consists of a greater quantity of charges pos-
sessed by the plasma membrane and proteins. Therefore, 
the nonzero potential is inevitably generated by those 
charges. We wonder why the ion channels and sodium 
pumps are needed for the membrane potential generation 
and, at the same time, why are thermodynamics and elec-
tromagnetism not considered to explain the membrane 
potential generation in the current physiology?

Fig. 17  Two electrolytic solutions separated by a permeable mem-
brane where the left phase ion concentration is greater than that in the 
right phase ◦ mobile ion,   ∙ mobile counter ion

Fig. 18  Potential profile of anionic hydrogel (containing immobile 
negative charges) submerged in an electrolytic solution     ◦ : anion, ∙   
: cation   dashed line: potential profile
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Membrane theory in the absence of physics 
and physical chemistry

When it comes to discussing life, we often hear scientific 
terminologies such as colloid, bound water, interface, and 
solubility of water, especially when discussing the origin 
of life (Bagatolli and Stock 2021; Bagatolli et al. 2021; 
Jaeken 2017; Matveev 2017, 2019; Galassi and Wilke 2021). 
Undoubtedly, these concepts are fundamental to the life sci-
ences and every scientist must consider them as not negligi-
ble. However, they are not taken seriously in electrophysi-
ological analysis and arguments. For example, the behaviour 
of a colloidal solution must, of course, conform to thermo-
dynamics, but thermodynamics describes that the colloidal 
system is not in a thermodynamically ideal state, but in a 
thermodynamically real state (Katchalsky 1971). This is the 
same point of view as G. Ling, who is at the origin of AIH 
and has worked all his life to unify physiology and physics 
(Ling 1992; Ling 1997; Ling 2001; Ling 2007). However, it 
has not been well received by the mainstream physiological 
community until today because this view provides us with 
totally different physiological concepts that are in conflict 
with the membrane theory. Why cannot we be allowed to 
consider the physiological system as it is, i.e., as a thermo-
dynamically real system? The currently accepted electro-
physiological concepts are built on the thermodynamic view 
of the ideal system, but it is intuitively understandable that 
the thermodynamic view of the real system must be closer to 
the scientific truth. Ion adsorption is one element of activity 
change of the ion, and this theoretical treatment is within the 
conceptual range of a thermodynamically real system (Ling 
1997; Lewis and Randall 1961). So, the occurrence of ion 
adsorption per se suggests the need to view the physiologi-
cal system as a thermodynamically real system instead of a 
thermodynamically ideal system.

Recent physiological work by Bagatolli et al. is quite 
enlightening in that sense (Bagatolli and Stock 2021; Baga-
tolli et  al.  2021). They argue for a thermodynamically 
realistic view of physiology and criticize the separation of 
physiology from physics and chemistry. They warn against 
reductionist methodologies in physiology, i.e., the neglect of 
the structure created by the mass of molecules, the disregard 
of its environment, the lack of consideration of the biologi-
cal interface, the excess of plausible but thermodynamically 
unsupported physiological models, and the reliance on ther-
modynamically overidealized physiological experimental 
systems. Everything that Bagatolli et al. point out is per-
fectly rational as long as we researchers have a fair scientific 
mind. Schneider put forth a similar view, too, to the living 
system and attempted to unify the physiological facts and 
the foundation of physics, and his emphasis strongly roots, 
especially in thermodynamics (Schneider 2021). He does 
not necessarily criticise the current physiology but warns us 

about the absence of physics in physiology. Quite intrigu-
ingly, his warning and the view of Bagatolli et al. have some 
in common. For example, Schneider has paid much attention 
to the cooperative phenomena occurring in the environment 
of mass of molecules. He also urges us to have a deeper 
perception of physiological phenomena and suggests that it 
will reveal more complex and fundamental natures of even 
the simple substances such as water and not only the proteins 
to be focused and important for physiology. The anoma-
lous characteristics of water and its fundamental roles in 
the survival of life have been long discussed by Ling (Ling 
1992; Ling 1997; Ling 2001; Ling 2007) and even at present 
deeply and precisely discussed by Pollack and his associates 
from the point of view of physical chemistry and physiol-
ogy (Hwang et al. 2018; Pollack 2014; Wang and Pollack 
2021). Jaeken discusses the derailment of physiology on the 
right track (Jaeken 2021). Just like Ling in his book (Ling 
1997), Jaeken reflects on the history of physiology and 
touches upon the latest physiological work reported as early 
as 2020, then criticises the current physiology. So, he even 
more strongly warns us about the vulnerability of pressing 
forward physiological works unsupported by physics, such 
as Bagatolli et al. and Schneider warn (Bagatolli and Stock 
2021; Bagatolli et al. 2021; Schneider 2021).

It seems that a number of researchers must have an 
unpleasant thought about physiology in the absence of phys-
ics and have not been able to fully accept it for many years.

Conclusions for future biology

Experimental evidence and theoretical considerations based 
on the electromagnetism suggest that the membrane poten-
tial generation does not require a nonzero membrane perme-
ability. However, when it comes to the membrane potential 
in current electrophysiology, nonzero membrane permeabil-
ity is a fundamental prerequisite for the induction of the 
membrane potential. There is something that does not work 
or is missing and is not considered in current electrophysiol-
ogy. Yet, we have continually questioned the validity of the 
membrane theory until today (Tamagawa 2018; Tamagawa 
and Ikeda 2018; Tamagawa et al. 2021a, b). This doubt 
about the membrane potential generation mechanism, but 
also about electrophysiology itself, has been continuously 
raised by some research groups, even today (Hwang et al. 
2018; Kowacz and Pollack 2020; Bagatolli and Stock 2021; 
Bagatolli et al. 2021; Manoj et al. 2019; Manoj and Jacob 
2020; Manoj and Manekkathodi 2021). Although all physi-
ology textbooks state that transmembrane ion transport is the 
origin of the membrane potential, we believe that there is a 
strong need to re-examine this issue. This is an unfinished 
research topic even today. As some researchers still suggest 
the problematic facets of current physiology in the absence 
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of physics, thermodynamics, we need to rethink physiologi-
cal systems with the spirit of thermodynamics for a more 
real system. We believe that such an attitude allows totally 
new physiological results to emerge on their own.

AIH can explain the characteristics of potentials gener-
ated in a wide variety of systems even including the ISE and 
the dead cell. The AIH bears more universal facets than the 
membrane theory. The AIH foundation lies in the ordinary 
basic science such as thermodynamics, electromagnetism, 
statistical mechanics and physical chemistry. Compared 
with the membrane theory, the AIH is scientifically more 
rigid. Physiology has long been separated from the basic sci-
ence and is derailed from the right track. No natural science 
can violate the laws of physics and physical chemistry. We 
should reconstruct the new physiology by unifying physiol-
ogy and basic science.
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