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Abstract

Electrical characteristics in 2 membrane constructed from a porous filter adsorbed with a lipid analogue, dioleyl
phosphate (DOPH), were investigated in a situation interposed between 100 mM NaCl + 3 mM CaCl, and 100
mM KCl. Calcium ions affected significantly the membrane characteristics. The membrane potential was
negative on the KCl side, which implies the higher permeability to K* than Na*; this tendency was increased
by a tiny amount of Ca?*. While the membrane showed a low electrical resistance of several k&2 - cm? under
K*/Na* gradient, it showed several M- co® by Ca®*. The surface structure of the membrane exhibited many
voids in the low-resistance state, but the surface was covered by oil droplets in the high-resistance state.
Oscillations of the membrane potential appeared spontaneously with application of the electrical current from
the KCl side to the NaCl + CaCl, side. The frequency was increased with the electrical current. All these results
were explained comprehensively using an electrochemical kinetic model taking account of the Ca®* binding
effect, where DOPH assemblies make a phase transition between oil droplets due to Ca?* and multi-bilayers
with excess K*. The oscillation arises from coupling of the phase transition to accumulation and release of K*
or Ca?*, This membrane can be used as an excitable element regulated by Ca®* in neuro-computer devices.
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1. Introduction

A DOPH-adsorbed porous membrane is com-
posed of a Millipore filter, the pores of which are
choked up with a lipid analogue, dioleyl phos-
phate (DOPH). This membrane shows a self-sus-
tained oscillation of the membrane potential un-

* To whom correspondence should be addressed.

der a d.c. electrical current and pressure difference
across the membrane depending on the concentra-
tion gradient or a salt such as KCl [1-6]. This
phenomenon is attributed to a repeated phase
transition of DOPH assembly formed in pores,
where the transition occurs at some critical con-
centration of the salt (= 30 mM) between hydro-
phobic oil droplets at lower salt concentrations
and hydrophilic micelles or bilayer {or multilayer)
leaflets at higher concentrations [7,8].

0301-4622,/91 /503.50 © 1991 - Elsevier Science Publishers B.V. All rights reserved



144 T. Toko et al. / Electrical characteristics of lipid membrane elements

Biological systems contain mainly K* ions in-
side the cell, and outside mainly Na* ions and
low concentration of Ca* ions, which are ad-
sorbed to the surface of the cell membranes to
maintain the membrane potential and resistance
at resting levels [9]. Electrical or chemical stimuli
elicit a transient change in the membrane poten-
tial or repetitive firing, i.e., excitation. Develop-
ment of an artificial nerve membrane may require
a study of excitable model membranes under ex-
perimental conditions close to the biological sys-
tem. These kinds of Ca**-regulated artificial nerve
membranes can be useful for elements in neuro-
computer devices, which have been recently
studied vigorously from the viewpoint of software
(101

No experiments, however, where conditions are
essentially the same as in the biological situation
have been performed so far. For example, experi-
ments were made by placing the DOPH mem-
brane between 100 mM KCl and 5 mM KCl
solutions [1-5). Oscillations were reported for the
same membrane under the 100 mM Na*/100
mM K" gradient [6] and 100 mM K*/100 mM
K* with approximately 1 mM Ca®* [11-13].
Oscillatory behaviors in other types of artificial
membranes were also studied in a concentration
gradient of ions between K™ and Na* [14].

In the present paper, we study a mechanism of
oscillations under 100 mM Na*/100 mM K*
gradient with Ca®*. Although previous work [11-
13] showed an important role of Ca’* on the
excitability of lipid membranes, no theoretical
analysis has been made so far. It seems, therefore,
better for the detailed theoretical comparison to
perform systematic experiments on the static and
dynamic properties of the DOPH membrane un-
der Na*, Ca’* /K™ gradient. In addition, we ob-
served the surface structure of the membrane in
relation to the membrane resistance, because the
aggregation state of DOPH molecules may be
essential in the electrical change in the membrane.
Whereas the membrane resistance may be sup-
posed to decrease in the excitation in oscillations
[4,5,11,12], it is necessary to measure directly the
change in membrane resistance during the oscilla-
tion; hence we measured it by superimposing the
sine wave on the d.c. current applied on the mem-

brane. The membrane potential under Na™,
Ca’*/K* gradient was also measured to study
effect of each ion on the membrane.

All these experimental results were explained
based on a theoretical model constructed from
three equations for the state of DOPH assemblies
and the ion concentrations. The mechanism of the
oscillation was discussed from the point of view
that Ca** ions affect a phase transition of DOPH
molecules in the pores.

2. Materials and methods

The DOPH-adsorbed membranes were pre-
pared by the same method as reported previously
[3-5]. The amount of DOPH adsorbed on a filter
paper (average pore size ~ 5 pm) was adjusted to
about 3.5 mg/cm’. Whereas the membranes were
immersed in 100 mM KCI solution and then in 1
mM KCl solution before measurements in the
previous work [6], they were immersed in only 100
mM KCI solution over 12 hours in the present
work to make the membrane resistance as low as
several kQ. As shown in Fig. 1, each membrane
was interposed between two cells with two pairs of
Ag-AgCl electrodes, one of which was used for
the measurement of membrane potential or volt-
age difference across the membrane, the other

I

Fig. 1. Schematic of experimental apparatus. A DOPH-Milli-
pore membrane (DM) was placed between two cells, each
containing an NaCl+CaCl, or a KCl solution. An area of
about 1 cm? of the membrane was exposed to the solutions.
The membrane potential was detected with Ag-AgCl elec-
trodes (E) and recorded on a pen-type X-T recorder (XT). The
pressure and electrical current were applied by means of a
manometer (M) and an oscillator-controiled current source
(CS), respectively.



T. Toko et al. / Electrical characteristics of lipid membrane elements 145

being for the current supply. One cell contained a
100 mM KCI solution and the other a 100 mM
NaCl solution. CaCl, was added to the cell which
contained NaCl.

The membrane potential was recorded on an
X-T recorder (XT) by grounding one electrode in
the cell occupied by the NaCl solution. When the
d.c. electrical current and the pressure were neces-
sary for occurrence of electrical oscillations, they
were applied using a current source (CS) and a
manometer (M), respectively.

The membrane resistance R,, when the oscilla-
tion occurs was measured by superimposing the
sine wave on the d.c. component using the oscilla-
tor-controlled current supply. The resistance can
be evaluated from the amplitude.

The surface structure of the membrane was
observed by use of a scanning electron microscope
(SEM). The membranes were desiccated overnight
with silica gel beads and sputtered with gold ions
at 1 kV X 5 mA for 25 minutes by an ion sputter
(JEOL F-1100). These gold-sputtered membranes
were scanned at ~ 10-15 kV and photographed
by a JOEL JSM-T300 SEM apparatus.

3. Experimental results

3.1 Effect of Ca’* on membrane resistance

The membrane resistance showed low values
when the membrane was placed between 100 m M
KCl and 100 mM NaCl, as shown in Fig. 2.
Addition of Ca(l, to the 100 mM NaCl solution
suddenly increased the resistance to several M
above a critical concentration, in agreement with
the previous report [11]. The solid line in Fig. 2
was theoretically obtained.

When the membrane was placed between 100
mM KCl and 100 mM NaCl, the membrane
potential showed a negative value as small as
approximately —10 mV (Fig. 3), which implies
that the membrane is a little more permeable to
K* than Na*. While the membrane resistance
became higher with addition of approx. 1 mM
CaC(l,, the membrane potential was still negative
and further decreased. At the higher CaCl, con-
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Fig. 2. Increase in the membrane resistance, R, caused by
addition of Ca?*, Experimental data are denoted by circles (0)
and the theoretical curve of egs. (4) and (5) is shown by a solid
line (—). The parameter values are summarized in Table 1. A
membrane was placed between 100 mM KCl and 100 mM
NaCl solution, to which CaCl, was added. The resistance
without CaCl, was the same as that with 107> mM CaCl,.

centration of approx. 5 mM, however, the mem-
brane potential became positive.

3.2 Effect of KCl on {Ca].

Figure 4 shows the dependence of the critical
Ca’* concentration to cause the high resistance,
[{Ca]_, on the KCl concentration, the theoretical
curve being shown by a solid line. The KCl con-
centration in one cell was increased with 100 m M
NaCl and an arbitrary CaCl, concentration in-
cluded in the other cell. Further increasing the
KCI concentration resulted in an abrupt decrease
of the membrane resistance. This result suggests
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Fig. 3. Change in the membrane potential, ¥,,, caused by
Ca?*. Experimental situation is the same as in Fig. 2. ()
Experimental data, (—) theoretical curve of eq. (2) using
parameter values listed in Table 1.
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Fig. 4. Dependence of [Ca], on K* concentration. The Na*

concentration was kept at 100 mM. (O) Experimental data,

(—) theoretical curve of eq. (5) with 7= 0.5 using parameter
values listed in Table 1.

that more Ca?" ions are required for maintaining
a high membrane resistance when more K™ ions
are included in the cell. This is a well-known
antagonistic phenomenon observed also in other
kinds of lipid phase transitions taking place in the
presence of Ca’* (or H") and K™ (or Na*) ions
[15-17]. Binding of Ca®** to DOPH can be in-
hibited by the coexisting monovalent cations.

3.3 Observation of the surface structure of mem-
brane

The SEM photographs of the surface structure
of the membrane are shown in Fig. 5. For the

Fig. 5. SEM photographs of the surface structure of the membrane. (a) and (b) 100 mM NaCl; (c) 100 mM NaCl+3 mM CaCl,;
(d) 100 m M NaCl+3 mM CaCl, + 300 mM KCL. The horizontal bars imply 10 um in length in (a), (c), (d) and 3 pm in (b).
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DOPH membrane in 100 mM NaCl solution (Figs.
5a and b), the pores of about 5 pm in diameter
can be seen as shaded domains. This observation
agrees with the result in Fig. 2 that the membrane
electrical resistance is low due to the formation of
micelles and a bilayer structure, which is a com-
pact state {7,8]. On the contrary, the oil droplets
entirely covering the filter pores can be seen in
Fig. 5c under the condition of 100 mM NaCl + 3
mM CaCl,.

Figure 5d shows the photograph obtained for
the DOPH membrane treated with a mixed solu-
tion of 100 mM NaCl, 3 mM CaCl, and 300
mM KCl. Many pores can be seen; this result
supports the result in Fig. 4, where the membrane
resistance is low under this condition of highly
concentrated monovalent cations.

3.4 Self-oscillation of the membrane potential

The membrane exhibited a seif-oscillation of
the electrical potential with a period of ~1-10 s
and an amplitude of ~ 50-100 mV, which con-
tinued stably for about 1 hour, when external
forces such as pressure and electrical current were
imposed under Na*, Ca’*/K" gradient. Figure
6a shows an example of self-oscillations with a
period of approximately 3 s observed when a
pressure difference, AP, of 20 cm H,O (2 kPa)
and a d.c. electrical current, J, of 0.56 uA were
imposed on the membrane from the 100 mM KCl
side to the 100 mM NaCl+3 mM CaCl, side.
The pulses of the oscillation were in a downward
(or depolarized, excited) direction. The oscillations
appeared usually beyond some value of electrical
current, which was ~0.2-0.4 pA under 20 cm
H,0, different for each membrane.

In Fig. 6b, the dependence of the oscillation
frequency on the imposed d.c. electrical current is
shown with a curve designating a theoretical re-
sult, mentioned below. The frequency increases
with the electrical current.

3.5 Change of the membrane resistance during oscil-
lation

Figure 7 shows an example of oscillations when
the a.c. current was superimposed on the mem-
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Fig. 6. Experimental data on seif-osciilations. (a) A self-oscilla-
tion in the membrane placed between 100 mM KCl and 100
mM NaCl+3 mM CaCl, under I = 0.56 pA and AP =20cm
H,0. (b) Dependence of the oscillation frequency on the
imposed d.c. electical current. (O) Experimental data, (—)
theoretical curve using parameter values listed in Table 1.

brane. When the potential stays at the higher
resting level, the membrane resistance is estimated
at 3.0 MQ. At the lower excited (depolarized)
level, its resistance decreases to 2.1 MQ.

The resistance did not fall, however, down to a
few k2, which is the value in the absence of Ca®™,
as seen in Fig. 2. This suggests that not all pores
are open but only one certain pore or a certain
domain of the membrane is open. This interpreta-
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Fig. 7. Change in the membrane resistance during self-oscilla-

tion. The d.c. applied current was 0.2 pA with the sine wave of

full amplitude 0.01 xA under 30 cm H,O. The self-oscillation

is given by the narrow downward deflections while the resis-

tance measurement is superimposed on the oscillation by the
small sine wave.
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tion is conmsistent with our theory, which insists
that only one single pore is responsible for the
oscillation [4], and a recent experiment in which a
fine minute pore was used for fixing DOPH mole-
cules [18].

4. Theoretical model
4.1 Equivalent electrical-circuit model

The total system can be simulated by the equiv-
alent electrical circuit shown in Fig. 8, where the
DOPH membrane is represented by the circuit
depicted on the left-hand side. This part is com-
posed of a single pore with C, R and E par-
ticipating in the oscillation, all the other pores
being represented by C;, R, and £

The part showing the oscillation can be consid-
ered as one pore or several nearest pores behaving
cooperatively. One reason is that we have often
observed coexistent appearance of two kinds of
oscillations with different amplitudes and periods
[4]. Another reason is that an estimation of the
electrical resistance of one open pore leads to a
good match with observed data: Using the con-
ductivity of 100 mM KCl (=150 cm’/Q per
equiv.), an open pore with the radius 2.5 pm and
the length 100 pm gives the electrical resistance of
about 3.4 MQ. Since the membrane resistance R,
is several M or more at high-resistance state, we
get 5 X 10° MQ as the electrical resistance of one
“closed” pore because of 10¢ pores by adopting a
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Fig. 8. Equivalent electrical-circuit model. The electrical quan-
tities in the external aqueous solutions are denoted by C, and
R,. The electrical characteristics of the membrane are ex-
pressed by the electrical circuit composed of the oscillating
part (C, R, E)and non-oscillating part (G, R, £y).

value of, e.g. 5 M@ for R . The electrical resis-
tance of “one pore” can largely change from 5 X
105 M2 to 3.4 M{2. In this case, R, decreases to
5% 3.4/(5+ 3.4)= 2.0 M when one pore opens.
We can conclude that the membrane resistance
R, can change between 5 MQ and 2 MQ while
one pore is closed and then opens. This result is
consistent with the result shown in Fig. 7.

The values of C, R and E vary temporarily
with the change in the conformational structure of
DOPH assemblies. The change in the voltage
across the condenser C is much faster than the
rate of conformational change in DOPH [4]. Be-
cause of small values of C, and R,, we can safely
approximate the membrane potential ¥, by

R

Vo= g g (Rl —E) - gagE ()
in the presence of applied electrical current I.
Equation (1) can be derived because [ is divided
into two elements R, and R. Dependence of R on
the conformational state of DOPH will be dis-
cussed in the next section. As for Ej, the sum of
the diffusion potential within the membrane and
the surface electrical potentials leads to (see Ap-
pendix A) [19,20]

P [X™];
Pya[Na* ]+ PE[Ca*"

E,=5921log (2a)
where E, is in mV at 25°C, [i] ; 1s the concentra-
tion of species i (K*, Na* and Ca*") in the bulk
phase j (=1,2) and P& is defined by

Pce§f=Pca exp(—eVs,/kyT). (2b)

The K™ side is termed ‘phase 1’ and the Na*+
Ca®* side is termed ‘phase 2’ for convenience.
The absolute temperature, the elementary charge
(> 0) and the Boltzmann constant are designated
7, e and kg, respectively. ¥y, denotes the surface
electrical potential at the Na'+ Ca’" side, as
detailed in Appendix A. Py, Py, and P, are the
coefficients of permeability of K*, Na* and Ca®*
through the membrane, respectively.

The experimental situation in Fig. 3 leads to
R=R, and E=E,, because no external forces
are applied on the membrane and the oscillation
does not occur (i.e., the oscillating part R and E
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disappears). The membrane potential V,,, there-
fore, is reduced to — E,. The theoretical curve of
eq. (2a) is shown in Fig. 3 by a solid line with
Py/Pna=147, PE /Py, =105 below 0.3 mM
CaCl, and Py /Py, = 3.55, P& /Py, = 35.2 above
it. The ratio Py /Py, below 0.3 mM CaCl, was
chosen as equal to the ratio of conductivity in the
aqueous solution [21]. The reason of different val-
ues of the parameters between the low and the
high Ca®* concentrations is the transition from
the low-resistance state to the high-resistance state
(see Fig. 2). At present, however, it seems difficult
to express the parameter values quantitatively by
the state of DOPH assemblies.

4.2 Equations for phase transition of DOPH and ion
concentration

Figure 9 illustrates the conformational states of
DOPH in a pore under AP and I, where a DOPH
molecule is illustrated as a small circle with two
zigzag tails. K* and Ca* have an antagonistic
effect with each other, as obtained in Fig. 4. At
lower K™ concentrations in the presence of Ca®~,
DOPH molecules make the hydrophobic phase
but at much higher K* concentrations the hydro-
philic phase. Binding of Ca** to DOPH molecule

Pore wal
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is affected greatly by the K* concentration. The
length { of a ‘phase-transition region’, where re-
peated phase transitions could occur [3-5], is de-
termined by diffusion of KCl which is enhanced
by electrical current and pressure.

We simplify the situation by assuming homo-
geneities of both the state of DOPH assemblies
and the ion concentration along the longitudinal
axis of pore in the phase-transition region. Thus
we consider the averaged quantities such as the
fraction of micelles. Introduction of the phase-
transition region simplifies the situation very
much, because the longitudinal variation along the
pore (i.e., perpendicular to the membrane surface)
does not need to be considered [4,22,23]. The
remaining region except for the phase-transition
region is composed of multilayers due to the pres-
ence of over 100 m M KCl, and hence, this region
may show the low electrical resistance and small
potential difference.

Oil droplets are large aggregates composed of
many loosely packed lipids in a random phase,
which are shown schematically by the amorphous
shapes occupied by dots in Fig. 9. Spherical
micelles are, on the other hand, formed from
approximately 100 lipids, and multilayers have
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Fig. 9. Mlustration of conformations of DOPH molecules within a pore. In the phase-transition region, the homogeneities are assumed

for the ion concentrations and the conformational states of DOPH assemblies. The remaining region within the pore is not related to

the oscillation, because the DOPH molecules tend to become multi-bilayers by high KCl concentrations. The length / of the

phase-transition region is much shorter than the filter paper width L. The relevant rate constants are attached to reaction and
conversion steps of DOPH assemblies.
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planar lamellar structures with tight packing, while
all polar head groups are in contact with the
aqueous phase. A direct transformation, however,
from oil droplets to multilayer may not occur so
easily under usual conditions because of the large
size of oil droplets. In the model, therefore, oil
droplets are supposed to be transformed to many
small micelles at the first stage of increasing K*
concentration. Thereafter some of them diffuse
into an equilibration layer, inside which they can
make electrical and Van der Waals interactions
with multilayer.

Here {,, 7 and ¢, are defined as the fraction of
DOPH in micelles in inner bulk layer far from the
pore wall, that in multilayers and that in micelles
in equitibration layer, respectively. We designate §
and n the total fraction of micelles (= ¢, + {,) and
the monovalent-cation concentration (=ng +
ny, ), respectively, where nyg designates the aver-
age concentration of K* in the phase-transition
region, a1y, being the Na* concentration.

Because the theoretical scheme is almost the
same as that presented previously [3-5], the full
description is made in Appendix B. The only
difference is the explicit inclusion of the Ca®*
effect. After the parameter values are determined
by explaining the static data in Figs. 2 and 4,
self-oscillations are described using the equations
for the phase transition of DOPH.

Equations (BS) and (B10) describe kinetics of
phase transition of DOPH and K™ concentration
in the phase-transition region. We must connect ¢,
1 and r to the observed quantities.

5. Comparison with observed data

The membrane electrical resistance decreases as
the multilayer is formed. It may be reasonable,
therefore, to regard R in Fig. 8 as a decreasing
function of the fraction of multilayer :

R=rl—r2(n~nmin)a’ (33)

with 7, r5, g, and a denoting the numerical
parameters. Since V,, directly reflects R, selection
of the values of 7 _,, and « is important to
express the wave form of membrane potential.

Equation (3a) concerns one pore participating the
oscillation, and hence treats a small variation.
Whereas the lengthy expression for R can be
obtained using a constant field theory [19,20], eq.
(3a) is sufficient for describing the behaviors of
the DOPH membrane. The membrane resistance
is given by

R,= . 3b
m R+RD ( )

Now let us discuss the static property in Fig. 2.
1n this case, a large vanation of membrane electri-
cal resistance occurs due to the contribution from
many pores. This can be acknowledged as follows:
An open pore has an electrical resistance of about
3 MQ while the membrane resistance R, takes a
value of about 10 M{} in its high-resistance state
(i.e., when all pores are closed). If one pore is
open, then R becomes 10X 3/(10+3)=2.3
ME. If 10 pores are open, R, becomes 10 X
0.3/(10+0.3) =291 kQ; R, decreases to 10 x
0.03 /(10 + 0.03) = 30 k2 for 100 open pores. This
result implies that only if 100,/10%=0.01% of all
pores are open, will R decrease drastically (by
three orders) from 10 MQ to 30 k§. Because we
try to express R, we must consider the change in
the number of open pores quantitatively in ad-
dition to consideration of R in one pore by eq.
(3a). It requires another stochastic approach. In
the experimental situation of Fig. 2, therefore, we
had better reconsider that % reflects the average
behavior of all pores by adopting directly the
sharp decreasing function of 7 as R,

Rth
Ro=r7r——F55—5, 4a
" (1—n)R1+nRh ( )
where 1) is given by
f=nu(n-17.), (4b)
with u(x) being a step function:
_ {0 :x<0,
u(x)—{l S (40)

In the above expressions, R, and R,, provide the
measures of membrane resistance at lower and
higher Ca** concentrations, respectively. The step
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function with one parameter ). is introduced to
describe the sharp variation of R,

The results in Figs. 2 and 4 can be explained
quantitatively using the above expressions: The
static solution of 9 is obtained from egs. (BS) as a
function of ion concentrations »n(=[K*], +
[Na®],) and n, (=EC32+]2)1

n=|1

v M(1+ "“1) _1, 5)

+ —-=— — —_—
KZO n kln

where v (> 1) and K,, are introduced by eqgs.
(B3) and (B7), respectively. Since eq. (5) contains
Jny /n, K* and Na* compete with Ca’*. Sub-
stitution of eq. (3) into eq. (4a) gives a theoretical
curve shown in Fig. 2, which explains the observed
data well with the parameters in Table 1.

The relation between n, =[Ca], and n =[K*),
+[Na™], is given by the curve of eq. (5) by
putting 1= 0.5, because the membrane electrical
resistance must change around 5 = 0.5. Agreement

Table 1

Values of numerical parameters. The rate constants such as &
in eqgs. (B8) for kinetics of DOPH assemblies were chosen
almost equal to the previously adopted values [4,5). The diffu-
sion constant estimated from D* for K* amounts to ap-
proximately 107 cm?/s, which is reasonable within pores
containing DOPH because of the smaller values than approx.
107 cm®/s in water. Parameters for the electrical resistances
such as r, were chosen sc as to express the observed values.
The value of v in parentheses was chosen for good explanation
of Fig. 4. The parentheses values for Py /Py, and P& /Py,
indicate the values above 0.3 mM CaCl,, as detailed in text

Parameter Value Parameter Value

k¥ 244x107% 57!

mM™! n 22 MQ
k* 205" r 6.0 G2
Ky 1o0mM ™12 Tmin 0.32
kg 15%x107%s7!  a 3.0
D* 95x107%s™! R, 3.0k
v 45.0 (101) R, 7.0 MG
A .01 e 06
B 0.5 Ry 10 M@
N 10xX10° mM Py /Py, 1.47 (3.55)
¢ e 02 P& /Py, 105(35.)
¥ 35 Iy 2.37nA
A 3.0 I, 0.064 pA

Va(V)

1.2E
:

08
1.9@
1.6

0.3

RA{MR)

10s
Fig. 10. Theoretical resuits of a self-oscillation under 100
mM +3 mM CaCl, /100 mM KCl with the electrical current,
0.56 pA. The numerical parameters are given in Table 1. The
NaCl and CaCl, concentrations were fixed at ny, =100 mM
and ny,=3mM.

between the experimental data and the theoretical
result in very good, as seen in Fig. 4.

The coupled egs. (BS) and (B10) concerning §,
n and ny were solved numerically for explanation
of oscillations, and the results were substituted to
eq. (1) for V. Because the electromotive force E
is as small as E, compared with the change in V
occurring in Fig. 6a, a difference between E and
E, can be neglected safely in oscillations; E and
E, were put to 10 mV from Fig, 3. The electrical
oscillations can be analyzed using egs. (B5) and
(B10) with the parameter values, which were al-
ready determined to explain quantitatively the
steady-state curves in Figs. 2 and 3.

Figure 10 shows the simulation results of ¥ of
eq. (1), R, of eq. (3b), {, n and ng. The numen-
cal parameters are listed in Table 1. The wave
form of relaxation-oscillation type and the
frequency of ¥V, reproduce well the measured
electrical voltage showing a sharp spike in Fig. 6a.
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The membrane resistance R, decreases when I,
is depolarized, in agreement with the observed
data in Fig. 7. The phase transition of DOPH is
repeated synchronous with accumulation and re-
lease of K* ions.

The dependence of the oscillation frequency on
the imposed d.c. electrical current is compared
with the experimental data in Fig. 6b. The agree-
ment may be fairly good. The increasing frequency
is due to both the decreasing DOPH molecules
concerned with oscillations and the accelerated
K™ diffusion, which are expressed by egs. (B8)
and (B12) through eq. (B9), respectively.

6. Discussion

The membrane resistance of the DOPH mem-
brane was increased drastically by addition of
Ca®* under the 100 mM NaCl/100 mM KCl
gradient. This phenomenon was explained quanti-
tatively by binding of Ca?* to DOPH molecules.
Calcium ion bound to DOPH was detached by
application of highly concentrated monovalent ca-
tions.

The present theory takes into account this
antagonistic effect, as revealed by Fig, 4, and can
explain the oscillation based on this fact. While
the phase transition previously studied [1-3] is
caused by the electrostatic screening due to K™ or
Na™ cations leading to the low-resistance state,
the transition studied here is concerned with the
Ca’* binding to DOPH, which leads to the high-
resistance state. This situation was visualized by
the surface structure of the membrane in Fig. §;
i.e., we can understand intuitively that the low-re-
sistance state is de to opening of pores.

The values of Py /Py, and P& /Py, above 0.3
mM CaCl, were chosen to be larger and smaller
than those below it, respectively, in Fig. 3. The
reason of larger values of Py /Py, above 0.3 mM
CaCl, is that the relative permeability to K* is
increased due to the increase in the membrane
resistance, as in Fig, 2. In fact, the membrane
potential showed a large negative value, which
implies the higher K* permeability, in the high-re-
sistance state [6]. It is noticeable that the permea-
bility to K* was increased by tiny amounts of

Fig. 11. Illustration of states of DOPH and ion concentration

within a pore during self-oscillation. Dots denote DOPH with

the low resistance, the shaded part implying high-resistance

DOPH. The solid and the broken lines show the K* and the

Na* concentrations, respectively. External forces such as elec-

trical current and pressure are imposed from the KCl side to
the NaCl+ CaCl, side.

Ca**. The smaller value of P&T/P, above 0.3
mM CaCl,, on the other hand, is due to the
decrease in the magnitude of the surface potential
Vs, in eq. (2b). Adsorption of Ca®* on the DOPH
membrane causes the decrease in the surface
charge density, which leads to the decrease in
[ V52!, as is well known [15-17].

Figure 11 illustrates the mechanism of the self-
sustained oscillation of the membrane potential
based on Fig. 10. The external forces are imposed
on the membrane from the K* side to the Na*+
Ca’* side. When the membrane is placed between
ImM CaCl, + 100 mM NaCl and 100 mM KC|,
the membrane resistance indicates the high value
due to the binding of Ca®* to DOPH, which may
occur near the Na*+ Ca®* side (Fig. 11a). The
numerical simulation in Fig. 10 shows that ny is
low while R, is high. In Fig. 11, the K* con-
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centration is illustrated by a solid line, while that
of Na* by a broken line. The shaded part implies
the lipids which maintain the high resistance, the
dotted part showing the low resistance. Potassium
ions penetrate into the membrane driven by the
electrical current and pressure difference. As a
result, K™ accumulates near the Na*+ Ca®* side
composed of lipids bound by Ca?* (Fig, 11b).

When the K concentration becomes higher
than some critical concentration, shown in Fig, 4,
Ca>* bound to DOPH can be replaced by K.
Thus, Ca’t leaves from the DOPH membrane
and the membrane resistance becomes lower (Fig.
11¢). In the numerical simulation of Fig. 10, R
drastically decreases with the abrupt increase in
ny. The threshold concentration of K™ which
causes release of Ca*>* is about 200 mM (Fig. 4).
This value is easily attainable due to the external
forces of electrical current and pressure difference.
Due to the change to the low-resistance state, K*
which has accumulated within the pore is released;
then the K* concentration within the pore be-
comes low. The membrane resistance, therefore,
becomes high again because of the binding of
Ca’* to DOPH. This is the first step shown in
Fig. 11a. Therefore the repetition of this process
gives rise to the electrical oscillation through the
change in electrical resistance.

Previous studies show [24,25] that this lipid
membrane can respond to various taste substances
(flavours). Such functions of the biological mem-
brane as excitability and taste perception will be
realized by using only artificial lipid membranes.
The DOPH-adsorbed membrane, however, lacks
quantitative reproducibility; e.g., the oscillatory
frequency differed from each sample and the
duration of the oscillation diverged from a few
minutes to a few hours. Development of artificial
nerve cells, which can be used as neuro-computer
elements, may need new artificial lipids and new
fixation materials.

Recent study has shown that a thin film com-
posed of cationic lipids and membranes compris-
ing DOPH or other lipid species respond to
flavours in different fashions [23,26]. From our
experience we know that the electrical oscillation
can easily be triggered when oleyl alcohol is mixed
with DOPH and the blend is allowed to become

oxidized to some extent. The surface structures
were found to be also different in these mixed
lipid membranes. The mixing and oxidizing proce-
dures, therefore, seem to be important for useful
membrane preparation. A set of different kinds of
lipid membranes will be effective for artificial
nerve cells, which respond to flavours or work as
information-processing elements in neuro-com-
puter devices. Electrical behaviors in coupled
lipid-membrane elements might be very interest-
ing.

Appendix A

We introduce Vg, and ¥, defined by the surface
potentials formed near the boundary surfaces of
the membrane at phase 1 containing 100 mM KCl
and phase 2 containing 100 mM NaCl with an
arbitrary concentration of CaCl,, respectively. The
surface potential is either of the Donnan or
Gouy-Chapman double-layer type depending on
the charged state near the surface of the mem-
brane [27]. The membrane potential V2 measured
taking phase 2 as the origin is given by summation
of the diffusion potential within the membrane ¥
and the surface-potential difference Vg, — Vg

VO=Vi+ Vo — Vy. (A1)

The steady-state diffusion potential V; (in mV)
is calculated using the constant field theory [19}:

PyIK¥ s+ Po[Cl ]s2
PraNa* Jsa+ Po[Cl Jsi+ P [Ca%* 152
(A2)

Vy=-592log

at 25°C. The permeabilities are denoted by P, for
i=K*, Cl~, Na* and Ca’*. Whereas the permea-
bility to Ca?” is modified by a coefficient, 4/[1 +
exp(eV,/kT)), the value of P, does not change
so much because the membrane potential (and
diffusion potential) is small, as seen in Fig. 3. The
surface ion concentrations [i]; are defined by

[ils; =[], exp(—zeVs;/ksT)  for j=1,2,

(A3)

where [i] ; and z; are the concentration of the bulk
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phase j experimentally controlled and the valence
of species i, respectively.

The DOPH membrane is charged so negatively
that under a KCl concentration gradient it has a
negative membrane potential on the side of the
higher KCI concentration. This membrane poten-
tial shows a Nernst-type variation with KCl con-
centration [2,4]. Therefore P can be safely put to
zero. Because the electromotive force — E, in Fig.
8 produced by the pore without contribution to
oscillations does not change temporarily, it can be
regarded as equal to V2. Thus E, is given by eq.
Q).

It is difficult to estimate the relative magni-
tudes of ¥, and Vg, — V5, as is the case in usual
membrane systems too. In the DOPH system,
however, we can consider that Vg, — V5, largely
contributes to V,, because effects of chemical sub-
stances on the membrane appeared fast, i.e. within
a few minutes [24,25]. If the diffusion potential
inside the membrane would be effective, the re-
sponse might have been slower,

Appendix B

We describe the behavior of DOPH in the
phase-transition region. Here {;, % and {, are
defined as the fraction of DOPH in micelles in
inner bulk layer far from the pore wall, that in
multilayers and that in micelles in equilibration
layer, respectively. While the symbols used here
are different from those used in previous papers
[3-5], micelles are now unified to ¢, and multi-
layers are denoted by n only for simplicity. The
fraction of DOPH in oil dropletsis 1 — §; — {. — 1.
Kinetic equations for DOPH may have the same
form as published previously [3-5]:

ds,
- =k1(1_§i_§c—n)n_k—l§i

+ k—Dg‘e - kD . (Bla)
dg.
35 = ~kooletkpl +k kg,  (Blb)
d
T SR A (Ble)

where the coefficients k), k_,, k,, k_,, kp and

k_p designate the relevant rate constants, and n
is the monovalent-cation concentration:

n=nyg+ny,, (BZ)

where ny and ny, designate the average con-
centrations of K* and Na® in the phase-transi-
tion region, respectively.

The rate constants kp, and k_p, reflect a rela-
tion between a diffusion constant and a free
volume:

kp=k_p/v, (B3)

where v designates the volume ratio of the equi-
libration layer to the inner one. The free volume,
within which DOPH can move freely, is increased
with the developing multilayer phase.

If we consider an electrochemical free energy of
the system comprising the charged multilayer and
aqueous solution, where monovalent ions form an
electrical double layer near the lipid bilayer and
Ca®* is bound to two lipid molecules, then we get
(5,17

koy =k /n, (B4)

where n, denotes the Ca** concentration and £°,
is a constant. The phase transition of DOPH is
affected by Ca’* through k_,. Equation (B4)
expresses the antagonistic effect between monova-
lent and divalent cations.

Because k, and & _, are much larger than other
rate constants, the reaction given by eq. (Blc) is
much faster than the reactions of egs. (Bla) and
(B1b). We can therefore safely approximate dn/d¢
={ in eq. (Blc). As a result, the temporal change
in 7 is attributed to those in {; and {, described by
eqs. (Bla) and (B1b). Adding eq. (Bla) to eq.
(B1b), we obtain

d
& =t =m)n— k(¢ =z Koan)

(B5a)
where { is the total fraction of micelles defined by
§=6+¢, (B6)

and K ,n/ ‘/n—2 refers to the rate constant for the
transformation between micelles and multilayer:

Kaon/ifny =ky/k_y=kon/\ny k2, (B7)
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Furthermore, eq. (B1b) can be approximated by

80— ko Kaont/fr; —vm), (Bsb)
where (v + 1) was replaced by » (> 1). Since eq.
(B5b) describes a slow change in 9 resulting from
eq. (Blb), it does not contradict with the ap-
proximation du/dt=0 of eq. (Blc), which
eliminates the fast component of change in 7.

Because egs. (Bl) or (BS) represent overall
sequential reactions of DOPH assemblies inside
the phase-transition region of the length /, the rate
constants should depend on the number of DOPH
molecules contributing to self-oscillations in this
region. The values of such rate constants may,
therefore, increase with the decrease in the num-
ber of concerning molecules. The number of mole-
cules may decrease while the length / does: the
rate constants are considered as decreasing func-
tions of /. Thus we assume the following simple
relation between them:

ky=ki/(/L),  k_y=k2%/(i/L)
and k= k%/(I/L), (B8)

where L is the filter width and the quantities with
an asterisk are constant.

Equations (BS) with the rate constants of eqs.
(B3), (B7) and (BB8) are the basic equations to
describe kinetics of phase transition of DOPH in
the presence of electrical current I and pressure.
Dependence of //L on I can be assumed as a
decreasing form similar to a previous one [3-5]:

I/L=1o/(1-1), (B9)

with /, and J, denoting numerical parameters.
Equation (B9} is applicable to I > I, because I, is
smaller than the value of I (usually larger than 0.2
pA) to cause the oscillation.

Next, let us mention a kinetic equation for the
monovalent-cation concentration n, which is the
average quantity in the phase-transition region.
The width of this region is very narrow [4,5,22].
We can, therefore, assume that the Na® con-
centration n, in this region is close to that of the
bulk solution, i.e., ny, =100 mM. The K* con-

centration, on the other hand, depends on diffu-
sion from the KCl side to the NaCl + CaCl, side:
dny R

T=D(nx+nk), (B10)
where D is the diffusion constant of K* and #g
is the stationary concentration given by {4,5,18]

N[44 (8)7] [1+B(2/2.)"]
[+ )1+ (am)]

where N, 4 (< 1) and B (< 1) are the numerical
parameters for expressing the magnitude of ng.
The maximum of eq. (B11) is N, and may reach
about 1 M due to accumulation forced by electri-
cal current and pressure. While the minimum is
NAB, the K* concentration may decrease to 1
mM or so. The functional form with the numeri-
cal constants y, A, . and 7, is adopted so as to
express the property that the multilayer phase
releases cations while the spherical-micelle phase
accumulates cations.

The diffusion constant D depends on the square
of the length of the concerning region in the usual
way:

Ay . (B11)

D=D*/(I/LY, (B12)

with D* denoting the numerical constant depen-
dent on the amount DOPH adsorbed.
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