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Abstract

There is a deep conviction that the generation of the action potential
is one of the most fundamental biological activities. According to the
membrane theory, active ion transport and its flow variations across the
plasma membrane are responsible for generating the action potential.
However, in contrast to the living model, an in vitro model based on the
adsorption-desorption process of ions could equally well explain the gen-
eration of the action potential. The authors constructed such a model
and mathematically related it using the stochastic differential equation
(SDE). This SDE model is consistent with the kinetics of the reaction
and explains the generation of the action potential. Therefore, it is phys-
iologically important to re-examine the mechanism of action potential
generation from the perspective of the ion adsorption-desorption model.
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1 Introduction

An elucidation of the generation mechanism of action potential was a physio-

logically attractive and important research topic last century. At present, all

physiology textbooks refer to the membrane theory to explain the mechanism

of action potential generation [1–5]. It states that the change in the rate of

ion flow across the plasma membrane is responsible for generating the action

potential. Therefore, researchers agree that the generation of the action poten-

tial is fully explained by the membrane theory. Several decades ago, researchers

believed that they had already identified the functional proteins that regulate

transmembrane ion flow. These proteins are called ion channels and ion pumps.

In particular, the operation of the pump is seen as an indication of life since

it consumes ATP energy. Thus, the generation of the action potential would

inevitably be accompanied by a basal metabolic rate. However, some research

groups have objected to such a conventional view of the principle of action

potential generation. A leader of these researchers is Gilbert Ling [4–6]. Ling

presented his physiological theory called the association-induction hypothesis

(AIH). In short, the AIH attributes the generation of the action potential to

the process of adsorption-desorption of ions. Therefore, the phenomenon of

action potential generation is not limited to living systems but can also occur

in non-living systems. Fox et al. observed a spontaneous electrical signal with

artificially created microspheres.[7–14]. In particular, the electrical signal of

the ref.[13, 14] seems indistinguishable from the action potential of a real liv-

ing cell. It is therefore only natural to ask certain questions: ”Is the action

potential caused by transmembrane ion flow?” and ”Is the action potential

a consequence of vital activity?” Fox’s microspheres are mainly composed of

amino acids. It can therefore still be argued that the microsphere is artificially

created but is composed of biological substances. Therefore, some might say
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that the generation of an action potential is still an indication of life. But in

the field of nonlinear dynamics research, the generation of action potentials

of non-living systems in aqueous solution is well known and has been studied

intensively. Yoshikawa’s works are typical ones [15–22]. They made measure-

ments of the potential generated across the different artificial separators (a sort

of membrane) separating two different electrolyte solutions. They observed a

frequent generation of potential peaks. Similar studies have been carried out

several times to date by other research groups [23–28]. As another type of arti-

ficial system, it has been known that corrosion causes a regular potential spike

generation [29–31]. Thus, the generation of potential peaks in the aqueous sys-

tem is a quite ordinary and common natural phenomenon in non-physiological

fields of science, it does not seem to require a sophisticated system.

In this paper, the generation of peak potentials observed in the metal-

aqueous solution system, which is an inanimate system, is first shown. Then,

the observed peak potential will be formulated using the stochastic model.

Finally, the mechanism of action potential generation is discussed.

2 Experimental observation

First, we performed the following experiments. A metal wire was immersed

in an aqueous solution of KCl and its surface potential was measured as a

function of time using the set-up shown in Fig.1.
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Fig. 1: Experimental setup for measuring the wire surface potential A
metal wire is submerged in a KCl aqueous solution.

Two types of metal wire, a nickel wire and a gold wire, were used, and

Fig. 2 shows the experimentally measured surface potential profiles. The nickel

wire surface showed continuous potential peaks, while the gold wire surface

did not. These potential characteristics are mathematically theorised step by

step in the following sections.

Fig. 2: Experimental surface potential of a wire submerged in a 10−4M KCl
aqueous solution The wire used was (a) a nickel wire and (b) a gold wire

3 Potential generation

Previous work suggests that the potential characteristics are governed by the

adsorption of ions on the wire surface [32, 33]. In other words, the mobile ions

i adsorb onto the s ion adsorption sites of the metal surface, as illustrated

in Fig. 3. As the ion carries a non-zero charge, the association-dissociation

between i and s results in the generation of a non-zero surface potential and
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its variation. This is the mechanism of membrane potential generation based

on ion adsorption.

Let us see the process of generating potential peaks based on the

adsorption-desorption mechanism of ions. The non-zero surface potential of

the wire when in contact with the demineralised water was observed experi-

mentally (there are no mobile i ions). Therefore, to treat these experimental

systems mathematically, we hypothesised that the hypothetical charges were

created on the surface of the wire when it was in an aqueous solution. We

introduce ρ which represents the density of the hypothetical surface charge

formed on the surface of the wire when it is immersed in deionised water.

Fig. 3: Association and dissociation between the metal wire surface site s and
mobile ion i in the electrolytic solution i encircled by the dotted line
represents the free i in the vicinity of the metal surface. is encircled by the
dashed line represents the is created by the binding between i and s.

According to electromagnetism, it is easy to imagine that the charge sepa-

ration between i and s generates a non-zero potential and that the combination

of i and smore or less neutralises their charges, causing the potential to change.

If the ion adsorption-desorption process shown in Fig. 4 occurs endlessly, the

potential spike could be generated repeatedly.
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Fig. 4: Adsorption-desorption process between i and s

We have assumed that the adsorption site s carries the opposite charge to

that of the free ion i. Therefore, the adsorption of an i on an s results in the

creation of an is which carries the zero charge. In other words, the charge on

s is neutralised by the charge on i due to the creation of is. Assuming further

that the adsorption site of a single s ion carries a charge whose absolute value

is |e| (e: elementary charge), the number site density of the total adsorption

site, ST , can be given by Eq.1.

ST =
|ρ|
|e| (1)

We introduce here Ss and Sis which represent the number densities of the

unoccupied adsorption site s and the occupied site s (i.e. is), respectively. Ss

and Sis suffice Eq.2. In summary, an occupied s (i.e. is) carries a zero charge,

while an unoccupied s carries a non-zero charge. Thus, Ss (or ST - Sis) governs

the characteristics of the metal surface potential.

ST = Ss + Sis (2)
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4 Mathematical formula

Based on the concept introduced in the previous section, we have mathemati-

cally theorised the potential spike generation mechanism as follows.

Assuming that the ion adsorption-desorption phenomenon on the metal

wire surface is a stochastic process, a formula representing the quantity of s

is derived. The association and dissociation between s and i is given by Eq.3.

Hence, Eq.4 is derived from the view of reaction kinetics [34].

i+ s
kf−−⇀↽−−
kb

is (3)

dSs

dt
= −kfSsC

o
i + kbSsi (4)

Fig.5 is the experimental data shown as Fig. 2(a).

Fig. 5: Nickel wire surface potential vs. time The horizontal dotted line
represents the hypothetical equilibrium potential.

We speculate that these potential spikes are caused by the repetitive

adsorption-desorption process of i to s and such repetitive adsorption-

desorption could be theorized in view of the stochastic process. Assuming that
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Co
i consists of the equilibrium constant part, < Ci >eq, and the Brownian

motion part, < Ci >Br, C
o
i is given by Eq. 5.

Co
i =< Ci >eq + < Ci >Br (5)

Given that ϕo represents the equilibrium metal surface potential in refer-

ence to the potential at the bulk phase of KCl solution, < Ci >eq is given by

Eq. 6 according to the Boltzmann distribution [32–37] where C∞

i and zi rep-

resent the concentration of i at the bulk phase of KCl solution and the valency

of i, respectively. β represents e
2kBT

(e: elementary charge, kB : Boltzmann

constant, T : solution temperature). We hypothesized that < Ci >Br obeys

the normal distribution N(µ, σ2) (µ: average, σ: standard deviation). We have

to add a comment on ϕo. The nickel wire surface potential always fluctuates.

Therefore, an equilibrium surface potential does not exist when the nickel wire

is used in reality. Therefore, in such a case, ϕo is hypothetical but corresponds

to the potential represented by the dotted line in Fig. 5

< Ci >eq≡ C∞

i exp(−2ziβϕ
o) (6)

Eq. 4 can be arranged into Eq. 7 using Eq. 5.

dSs

dt
= −kfSsC

o
i + kbSsi

= −kfSs(< Ci >eq + < Ci >Br) + kb(ST − Ss)

= −(kf < Ci >eq +kb)Ss − kfSs < Ci >Br +kbST (7)
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Since all the quantities, kf , kb, < Ci >eq and ST are positive and constant,

Eq. 7 can be arranged into Eq. 8 by employing P , Q, R and W defined by Eqs.

9a ∼ 9c. Since dW is burdened with all the Brownian motion characteristics

of < Ci >Br dt, Q is inevitably considered as a negative constant quantity.

dSs

dt
= −(kf < Ci >eq +kb)Ss − kfSs < Ci >Br +kbST

↔ dSs = −(kf < Ci >eq +kb)Ssdt+QSsdW + kbST dt

↔ dSs = PSsdt+QSsdW +Rdt = (R+ PSs)dt+QSsdW (8)

P ≡ −(kf < Ci >eq +kb) (P < 0) (9a)

QdW ≡ −kf < Ci >Br dt (Q < 0) (9b)

R ≡ kbST (R > 0) (9c)

Now, the calculation is performed using the Milstein scheme [38] where the

time step is 0.001s. Figure 6 shows the Ss obtained by calculation. To obtain

these diagrams, the numerical values of the parameters must be determined,

but it is technically impossible to do this. Therefore, as a test, we have used

Brownian motion obeying N(0, 3.0) (for Fig. 6 (a)) and N(0, 1.0) (for Fig. 6

(b)). But what numerical values are appropriate for the parameters P , Q and

R? It is not permissible to choose the parameter values as one wishes, but the

parameter values must be thermodynamically acceptable. As a test, we would

like to use simple parameter values. For example, if Eq. 10 is established, Eq.
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11 could be achieved thermodynamically.

kf >> kb (10)

|P | ∼ |Q| (11)

Eqs. 9b and 9c suggest that Eq. 12 can be sufficed thermodynamically

since Eq. 10 establishes and the relationship between < Ci >eq and < Ci >Br

can determine the relationship between P and Q. Therefore, we consider the

simplest parameter relationship given by Eq. 13 for the following computation.

|P | ∼ |Q| (12)

|P | ∼ |Q| ∼ |R| (13)

We employed the parameters P , Q, and R which are given by the con-

stants -0.1, -0.1, and 0.05, respectively, for both Fig. 6(a) and (b). As stated

at the end of the previous section “Ss (or ST - Sis) governs the metal sur-

face potential characteristics,” Ss shown in Fig. 6 can qualitatively reflect the

potential characteristics shown in Fig. 2. Quite intriguingly, Fig. 6 suggests

that the standard deviation can rule the induction frequency of potential spike.

We performed the same computation by choosing other σ numerical values

and confirmed that the potential spike frequency increases by the increase of

σ. Of course, there are many combinations of values for parameters (P , Q,
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R, µ, σ), we cannot derive the conclusion that the potential spike is in prin-

ciple governed by the standard deviation σ. However, our stochastic model

appears to be able to reproduce the high frequency of spike induction and the

low frequency of spike induction as well. It is not against our intuition and it

is not unthinkable that the surface properties of metal wire have significant

influences on σ. Therefore, it is not inappropriate to say that σ is one of the

governing parameters for the potential spike induction characteristics.

Fig. 6: Computationally calculated Ss vs. time (a) N(0, 3.0) (b) N(0, 1.0)
Attention: The vertical axis does not represent the quantity of Ss but the ratio
of Ss.

5 Ss and potential

How is are the characteristics of Ss related to the potential behavior math-

ematically? Based on prior works described in the refs. [32, 33], the surface

potential (we denote it here by Φ) and the surface charge (we denote it here by

Σ) can be mathematically associated with each other as given by Eq. 14 where

ϵ, ϵo, Uo, kB , and T represent relative permittivity of water, vacuum permittiv-

ity, bulk phase ion concentration, Boltzmann constant, and the environmental

temperature, respectively.

Σ = 2
√

2ϵϵoUokBT sinh(βΦ) (14)
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Eq. 14 can be arranged into Eq. 15.

Φ =
1

β
ln





Σ

2
√
2ϵϵoUokBT

+

√

(

Σ

2
√
2ϵϵoUokBT

)2

+ 1



 (15)

Tamagawa and Ikeda previously studied the relationship between the sur-

face potential of AgCl-coated Ag wire and its surface charge density when

AgCl-coated Ag wire was submerged into the electrolytic solution, and they

found that Eq. 16 was established [33]. Although the experimental conditions

employed in their study were different from those employed in this study, we

assume that Eq. 16 is applicable to this study, too, as a test. Therefore, Eq.

15 can be approximated into Eq. 17.

(

Σ

2
√
2ϵϵoUokBT

)2

>> 1 (16)

Φ ∼ 1

β
ln

Σ√
2ϵϵoUokBT

(17)

Σ is proportional to Ss. Hence, Σ can be expressed by Eq.18 by introducing

a constant κ. Therefore, Eq. 17 can be further arranged into Eq. 19.

Σ = κSs (18)
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Φ ∼ 1

β
ln

Σ√
2ϵϵoUokBT

=
1

β
ln

κSs√
2ϵϵoUokBT

=
1

β
lnSs + const. (19)

Setting const. = 0 for Eq.19, Φ was computed by plugging the numerical

data of Ss of Fig. 6(a), and the outcome is shown in Fig. 7. So, the spike is

generated and commented on Fig. 7. Although the experimental data shown

in Fig. 5 shows that the potential spikes are all negative going, the computa-

tionally obtained spikes shown in Fig. 7 look positive going. It appears to be

a serious mismatch between the experiment and the theory. However, the sign

of potential is not an essential factor in this work at all. Whether the poten-

tial spikes are positive going or negative going depends merely on the sign of

charges i bears and s bears. Once the sign of their charge becomes opposite,

the sign of potential becomes opposite.

Fig. 7: Computationally obtained potential by converting the data of Ss in
Fig. 6(a) Attention: The vertical axis does not represent the potential but
the ratio of potential.

One may say that the potential profile shown in Fig. 7 exhibits too high

a potential spike frequency compared with the actual experimental data in

Fig. 2(a). But as stated earlier, we found that the potential spike frequency

can change in accordance with the numerical value of σ. Our emphasis here

does not lie in that our theoretical model can quantitatively reproduce the
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experimental potential profiles but in that the potential characteristics could

be stochastically determined. Figure 8 shows the potential profiles of the time

t = 100s ∼ 250s (time range was chosen unintentionally) when N(µ,σ) =

N(0,3.0), N(0,1.0) and N(0,0.5), is a clear example that the frequency of the

articulate potential spikes increases with the increase of σ, though all the

profiles exhibit the small fluctuation continuously (No fluctuation cannot take

place in nature).

Fig. 8: Computationally obtained potential profiles for (a) N(0,3.0) (b)
N(0,1.0) (c) N(0,0.5) The profiles for N(0,1.0) and N(0,0.5) are shifted
upward by +1.5 and +3.0, respectively, so that the profiles overlap one another.

Furthermore, we even observed that the high frequency of potential spike

can be experimentally achieved by employing a different experimental con-

dition than the condition employed for obtaining the experimental potential

shown in Fig. 2(a). Fig. 9 shows the potential profile of nickel wire submerged in

a 1M NaCl solution. It exhibited a higher potential spike frequency compared

with the potential profile shown in Fig. 2(a). In other words, the potential char-

acteristics predicted by our theoretical model exist in the actual experimental

system.
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Fig. 9: Experimentally measured surface potential of nickel wire submerged
in a 1M NaCl solution.

The spike generation mechanism could be explained by the inanimate

model based on the stochastic process. The induction of potential spikes in

the living system could also be explained by this type of inanimate stochastic

model. No life activity is required even for the induction of the cell’s poten-

tial peak. Although the computationally obtained potential profiles are not

quantitatively the same as the real experimental potential profiles, the quali-

tative aspects are similar to each other. Therefore, we cannot exclude the ion

adsorption-desorption mechanism as a mechanism for the generation of the

action potential.

6 Conclusion

The inanimate experimental system showed potential spikes and the stochastic

model reproduced the induction of potential spikes. The laws of physics never

distinguish between living and non-living systems. Therefore, it is not abnor-

mal to think that the potential spikes of a living cell can also be explained

by the stochastic model. Stochastic processing of neuron activity is not a new

work, but such a mathematical tool has been used in the study of neuroscience

[39–41] although it is not so popular. However, our way of incorporating the

stochastic process into neurodynamic analysis is quite distinct from others,

such as conventional work. Conventional work is a combination of ordinal
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neurodynamic theory and the stochastic process. On the other hand, the repet-

itive occurrence of the ion adsorption-desorption process is responsible for the

generation of potential peaks in our model, and we have incorporated the

stochastic process into the kinetics of the ion adsorption-desorption reaction.

Our result explains relatively well the characteristics of the generation of the

cellular action potential. From our stochastic model for neurodynamics, we

believe that the inanimate model should not be excluded as a mechanism for

action potential generation.

Declaration of COI: All the authors state that there is no conflict of

interests.
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