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A model membrane constructed from a Millipore filter, whose pores are filled with dioleyl phosphate molecules, exhibits a 
self-oscillation of the electric potential with a period of about a few seconds in the presence of a salt-concentration difference, 
pressure difference and/or electric current across the filter. In this paper, the effects of chemicals such as KCI, CaCl,, pH and 
sucrose on the self-oscillation are investigated experimentally. These chemical substances are shown to alter the characteristic 
properties as the frequency of oscillation. Theoretical consideration of electrochemical interaction between these substances 
and DOPH molecules gives a fairly good explanation of the observed results. 

1. Introduction 

A dioleyl phosphate (DOPH)-Millipore mem- 
brane is a model membrane composed of a Milli- 
pore filter whose pores are choked up with a lipid 
analogue, DOPH. This model membrane shows a 
self-sustained oscillation of membrane potential 
under an electric current I, and pressure dif- 
ference A Pa in the presence of a salt-concentration 
difference, An,. Previous papers have revealed 
that the self-sustained oscillation appears as a 
result of the repeat of an accumulation and release 
of salt in a pore where the repetition process is 
coupled strongly with the phase transition of 
DOPH molecules [1,2]. 

Oscillatory behavior in another type of artificial 
membrane was found by Teorell [3]. Those kinds 
of oscillations are analogous to the nerve excita- 
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tion in real systems. Chemical reception in biologi- 
cal systems is made by translating the d.c. change 
in membrane potential to the periodic response of 
excitation [4]. Therefore, the study of self-oscilla- 
tion in model membrane systems has a biological 
significance. 

In the present paper, we pursue detailed prop- 
erties of self-oscillations by studying the effects of 
various chemicals such as KCl, CaCl,, pH and 
sucrose on the frequency of oscillation. From the 
viewpoint of taste sensation, salt, Ca’+, Hf and 
sucrose correspond to salt, bitter, sour and sweet, 
respectively. Consideration of electrochemical in- 
teraction between these chemicals and DOPH 
molecules gives a fairly good explanation of the 
obtained experimental results. Section 2 is con- 
cerned with the experimental procedure and re- 
sults, and the theoretical description based on the 
previously presented theory [1,2] is made in sec- 
tion 3. Discussion of the possibility of self-sus- 
tained oscillations in model membranes using other 
kinds of lipids than DOPH is made in section 4. 
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2. Experimental 

2.1. Materials and methods 

DOPH-Millipore membranes used in the pre- 
sent experiments were prepared by the same meth- 
ods as reported previously [1,2,5]. Millipore filters 
of cellulose ester with a normal pore size of 8 pm 
were immersed for a few minutes in a solution of 
DOPH in benzene, and then dried in air. The 
quantity of DOPH adsorbed within the filter paper 
was adjusted to about 3 mg/cm2 by controlling 
the concentration of the DOPH-benzene solution. 
The DOPH-Millipore membranes were condi- 
tioned in 100 mM KC1 aqueous solution over 12 h, 
and later immersed in 5 mM KC1 solution for a 
few hours. Each membrane was placed between 
two cells with two pairs of Ag-AgCl electrodes, 
one of which was used for the measurement of 
membrane potential, and the other for the con- 
stant current supply. The cells were also manufac- 
tured so that a pressure difference could be im- 
posed on the membrane. 

One cell is occupied by the 5 mM KC1 solution 
and the other by the 100 mM solution for investi- 
gating the influence of chemicals such as CaCl,, 
pH and sucrose on the oscillation in DOPH-Milli- 
pore membranes. Chemicals were added to the 5 
mM KC1 solution, which was stirred throughout 
the experiment. The temperature of the solution 
was kept at 25 + OS’C. KCl, CaCI,, HCl and 
sucrose were purchased from Nakari Chemicals, 
Ltd. In the pH experiment, dilute HCl was added 
stepwise and the concentration of H+ was mea- 
sured with a pH electrode (Iwaki Glass, model 
IW202). The effect of KC1 in the cell with the 
lower concentration was also studied by increasing 
it. The measurements were made for at least three 
samples, and similar properties were obtained for 
the effect of one chemical species on the self-oscil- 
lation. The pH in the aqueous solution was ap- 
prox. 5.8 unless states otherwise. Chemicals are 
added in the 5 mM solution because the self-oscil- 
lation occurs within a pore near the side of the 5 
mM solution, as mentioned later. 

Fig. 1. An example of short-period self-sustained oscillations. 

2.2. Results 

Fig. 1 shows an example of self-oscillation with 
a period of about 7 s, when a pressure difference 
of 35 cmH,O and an electric current of 0.3 PA are 
imposed on the membrane from the 100 mM to 5 
mM side. Under constant conditions, these oscil- 
lations continued stably for a few hours. The 
frequency of oscillation in one membrane, how- 
ever, usually differs from that in the other ewn if 
the quantities of adsorbed DOPH are equal to 
each other. This may reflect a semi-macroscopic 
local property of self-oscillation rather than the 
average characteristics of a membrane, as pointed 
out previously [l]: DOPH molecules in only one 
pore repeat phase transitions and are responsible 
for the self-oscillation of the membrane potential. 
The assembled form of DOPH molecules in each 
pore cannot be regarded as uniform in each mem- 
brane, as it leads to different frequencies of oscil- 
lation. 

0.20 - -0.70 

2 + -2 

ga15- 
‘\*, v a 

‘* a 
-MOE 

. I\ *MO 

‘r I- 
‘. 
l j * 

‘\ 
O.lO- ‘b.. .30 

45 50 5.5 SO 
PH 

Fig. 2. Effect of pH on self-oscillation. Experimental data 
(O- 0) for AP,= 22 cmH,O and 1. = 0.28 PA are 
shown, and data (o------m) for AP, 3 39.9 cmH,O and 
I. = 0.66 CA are from ref. 8. 
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Fig. 3. Effect of KC1 on self-oscillation. Cunditions: A P, = 30 
cmH,O and I, = 0.25 pA. 

The oscillation is attributable to the phase tran- 
sition of DOPH molecules between hydrophobic 
oil droplets and hydrophilic multilayers [1,2,6,7]. 
The change in hydrophobicity or hydrophilicity 
surrounding DOPH molecules may affect the 
oscillation. Fig. 2 shows the frequency f as a 
function of the pH of 5 mM KC1 solution, when 
the pH is changed from 6 to 4.5 under AP, = 22 
cmH,O and Z, = 0.28 PA. The increase in H+ 
enhanced the frequency; this result supports the 
tendency of previous observations [8] shown by 
black circles for the membrane with the quantity 
of adsorbed DOPH being 2.8 mg/cm2 for A P, = 
39.9 cmH,O and Z, = 0.66 PA. Excess H+ below 
pH 4.5 stopped the oscillation. While the oscil- 
lation in fig. 2 ceased at pH 4.5, the change in 
external forces such as pressure and/or electric 
current can cause a renewed oscillation. 

As shown in fig. 3, the increase in KC1 also 
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Fig. 4. Effect of CaCl, on self-oscillation. A Pa = 30 cmH,O, 
I, = 0.1 PA. 
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Fig. 5. Effect of sucrose on self-oscillation for A P, = 40 cmH,O 
and I, = 0.18 pA. 

accelerated the oscillation. Further addition of salt 
stopped the oscillation. This result suggests a par- 
ticipating role of the phase transition of DOPH 
molecules, because the critical concentration of 
KC1 for the occurrence of the phase transition is 
30 mM [5-71. 

CaCl, exerted a pronounced effect as shown in 
fig. 4, It stopped the oscillation at very low con- 
centration (20 PM) at which only a slight increase 
in frequency was observed. This may be brought 
about by the strong adsorption or bridging ability 
of Ca2+ to lipids such as DOPH [9,10] causing the 
formation of spherical inverted micelles rather than 
a multilayer. Thus, the phase transition between 
oil droplets and multilayers can hardly occur. 

The effect of sucrose distinctly differed from 
those of the above-mentioned chemicals. It sup- 
pressed the oscillation resulting in a decrease n 
frequency (see fig. 5). However, the self-oscillation 
continued stably while the concentration of sucrose 
was changed over 2 orders of magnitude. Even at 
256 mM, the oscillation did not stop. The carbo- 
hydrate ring of sucrose apparently slows the repeat 
of the phase transition of DOPH. 

3. Theory 

3.1. Theoretical model 

In this section, we mention a previously pre- 
sented model [1,2], and improve it slightly so as to 
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describe the electrochemical effect of H+, KC1 and 
CaCl, on self-sustained oscillations. 

3.1. I, Phase transition of DOPH molecules 
Fig. 6 illustrates possible conformations of 

DOPH molecules and salt concentration within a 
pore for the salt-concentration difference An, ( = 

nt, - n ,), pressure difference A P, and electric cur- 
rent 1,. The salt concentration inside a pore in- 
creases gradually from the side of the left cell with 
a lower salt concentration, n,, to that of the right 
cell with a higher concentration, nh. A phase-tran- 
sition region is defined as that in which the sta- 
tionary concentration is lower than the critical 
concentration n, (= 30 mM), above which the 
major fraction of DOPH is transformed into mul- 
tilayers. The length of this region I is given by [l] 

i=L+-&ln[(I -2) exp( -y) +$I. 

(1) 

Mic 

A ____---- -- nn 
--- 

n H-4,, 
,r- 

nl -’ 

Phase-Transition 
Region 

Fig. 6. Theoretical model. The dashed line in the lower figure is 
the average KC1 concentration calculated from the stationary 
equations for flux [I]. The phase-transition region is defined by 
the region where the average concentration is below nr ( = 30 
mM). The region near the right cell with high salt concentration 
( = 100 mM) contains a higher concentration than n , on aver- 
age, and hence is mostly composed of the multilayer phase. 
This region does not play a significant role in the self-oscilla- 
tion. The salt concentration in each region is approximated as a 
uniform distribution shown by the solid line. 

where L is the thickness of the filter paper, b the 
effective diffusion constant of salt, and An, is 
defined by 

An, = n, - n,. (2) 

The effective diffusion constant b arises from the 
combination of three equations for mass flow, 
electric current and salt flow [l]. It concerns the 
average behavior of salt flow within one pore. The 
value can be estimated as about 10 ~6 cm*/s; this 
is a little smaller than that in aqueous solution of 
1O-5 cm*/s. The mass flow U, is expressed by 
AP, and the electric voltage difference V with the 
relevant phenomenological positive coefficients L, 
and L,, respectively: 

u,, = - L,AFa - L,V. (3) 

Eqs. l-3 show that the length I decreases for 
increasing AP, or V. 

DOPH molecules make an assembly form of 
hydrophobic oil droplets at lower salt concentra- 
tions but hydrophilic micelles or multilayers at 
higher salt concentrations [5-71. Oil droplets can 
be considered as large aggregates composed of 
many loosely packed lipids in random phase. 
Spherical micelles are, on the other hand, formed 
from about 100 lipids, and multilayers have planar 
lamellar structures with tight packing, while all 
polar head groups are in contact with the aqueous 
phase. 

As shown in fig. 6, the major fraction of DOPH 
in the phase-transition region is oil droplets be- 
cause of the lower salt concentration. The repeat 
of the phase transition among three kinds of con- 
formations occurs in this region, where salt accu- 
mulation and release occur [ 11. The region of higher 
salt concentration does not contribute to the oscil- 
lation due to the impossibility of transformation 
from multilayers or micelles to oil droplets. Even if 
the majority of DOPH molecules remain in the 
oil-droplet phase for several hours after the mem- 
brane has been placed between two cells, they 
cannot repeat phase transitions among three 
phases; they tend to change slowly to multilayers 
in the presence of high salt concentration. 

Let us then give kinetic equations for the phase 
transition of DOPH molecules in the phase-transi- 
tion region (see fig. 7). We define 7, v,,, and qls as 
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Fig. 7. Illustration of the phase-transition region. This region 
touches the left cell with low salt concentration ( = 5 mM), and 
is mainly composed of the oil-droplet phase. Salt flow causes 
self-oscillation of the phase transition of DOPH molecules in 
this region. 

the fractions of DOPH molecules in micelles in the 
inner bulk layer far from the pore wall, multilayers 
near and parallel to the wall and micelles in the 
equilibration layer in contact with each phase, 
respectively: 

7j = [ micelles in inner layer] /fi, 

1, = [multilayers]/fi, 

v> = [ micelles in equilibration layer]/fi, (4) 

where [M] denotes the number of DOPH mole- 
cules with the structure specified by M, and i? is 
the total number of DOPH in the phase-transition 
region. 

Kinetic equations for DOPH may be given by 
LW 

ds -'k,(1-9-~~-~m)ni-k~~~+k-~~s-kD~I dt 

dq,_ 
dt - -k-,v, + k,,v f k-,v, - kzvs, 

m = -k-g,,, + kg)7s, 
dt 

where the coefficients, k,, k_,, k,, k_,, kD and 
k-,, designate the relevant rate constants. These 

depend on the length of the phase-transition re- 
gion I, and their explicit forms are given in ref. 1. 
The fraction of DOPH in oil droplets corresponds 
to (1 - 17 - v5 - q,,,). The salt concentration n, re- 
fers to that in the phase-transition region. 

An expression for the rate constant k *, which 
concerns the multilayer stability, can be obtained 
by taking account of the electrochemical free en- 
ergy of multilayers in the presence of cations such 
as K+, Ca2+ and H+ and anions like Cl-. Since 
DOPH is negatively charged under normal condi- 
tions, the electrochemical interaction with cations 
proves to be significant. The effects of KCl, CaCl, 
and pH on self-oscillations can be considered as 
being caused by cations such as K+, Ca2+ and H+, 
respectively. 

When Ca” is not contained in the aqueous 
solution, the electrochemical energy per DOPH 
molecule is given by [5,9,11] 

F,r = k,T 

(6a) 
where the surface charge density u is given by 

u = -(e,‘A)a (7) 

with a designating the degree of dissociation of 
H + given by 

a = - 2( A/q)fiL sinh( +/2); +=e$/k,T. 

@a) 

In eqs. 6-8, [H+] is the proton concentration in 
the left cell, K, the dissociation constant of H+, 
A the molecular surface area of DOPH, J, the 
surface electric potential, e the positive elementary 
charge, k, the Boltzmann constant, T the ab- 
solute temperature and q is defined by 

q = {2ae2,4,k,T, (9) 

where E* is the dielectric permeability of water. A 
high potential approximation of e-‘#’ B 1 at a = 1 
and n, 2 1 mM gives an approximate expression 
for the electrochemical energy as 

F,r = k,T{ ln([Hf]/K,ni) ~ ln( ,4*/q’) - 2 

+4,4&/q}. (10) 
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Since the rate constant k_, is proportional to 
exp& and the last term is much smaller than 
unity, k_2H (=k_,) is given by 

k -2n =k_*[H+]/Kdni = k!!,,[H+]/n,, (lla) 

with k_, and kf,, the numerical constants. This 
expression is improved by taking account of the 
effect of H+ in that used previously [l]. 

When Ca2+ exceeding about 10 PM is con- 
tained in the cell, on the other hand, the effect of 1 
uM H+ (pH 6) can be disregarded. Hence the 
electrochemical energy is given by [9,10] 

Fra=kBT el ) da’+Ai#do’, 

(6b) 
where K, is the adsorption constant of Ca2+ and 
nz the Ca2+ concentration in the cell. The relation 
between 1y and 4 is expressed by [9-111 

LY= -2(A/q) sinh(+/2)[ni+ti2(e-++2)]1’2. 

(gb) 

Through a procedure similar to the above, we can 
obtain k 2Ca as a function of n, and n2: 

k -2Ca =k_,~/n;=k”,c,~/ni, (lib) 

with k!!,,., the numerical constant. 
The rate constants k_,, and k_ 2Ca should be 

used for the respective absence and presence of 
Ca2+ in the KC1 aqueous solution within the cell. 

We now simplify eqs. 5 for the convenience of 
numerical calculation. Since the values of k, and 
k _z are much larger than those of other rate 
constants, we can adopt a quasi-stationary ap- 
proximation or an adiabatic elimination. Thus eqs. 
5 lead to [1,2] 

d,-=k,(‘-r-rl,)ni-k-,[T-(k-2/k2)ll,], 

dn 
~=k,[(k,/k-,)~-(1+~)9,]. (12) 

where 5 is the total fraction of spherical micelles 
defined by 

s =? 11, f V. (13) 

The volume ratio u of the equilibration layer to 

the inner one appears in eq. 12 through the rela- 
tion uk, = k D. 

3.1.2. Suit concentration ni 
If a salt-concentration difference An, is im- 

posed across a Millipore membrane, the KC1 con- 
centration ni becomes dependent on the confor- 
mational states of DOPH [1,2]. When the greater 
part of the DOPH molecules form multilayers, n, 
may be reduced to nearly n,. This phase may be 
packed compactly to result in empty space in the 
pore, and hence the phase-transition region ad- 
joins the left cell with n, in fig. 6. In fact, the 
DOPH-Millipore membrane at higher salt con- 
centrations shows lower electric resistance [5-71. If 
micelle and oil-droplet phases develop as a conse- 
quence of depletion of the multilayer phase, n, 
may increase almost to n,,; this is because the 
phase-transition region and the left cell break off 
by the interruption through hydrophobic oil drop- 
lets, so that salt is accumulated in the hydrophilic 
micelle phase by penetration from the side of the 
right cell with n,,. 

The equation for ni can therefore be written as 
PI 

where b is the diffusion constant and A is defined 

by 

fi=X,[X*+(l-X*)f;(Y)l 

x [I -(I - XEJ&Ll)l~ (15) 

with X,, X, and X, denoting parameters depen- 
dent on n, and nh_ We have omitted the term 
expressing salt accumulation by the electric cur- 
rent, since it has only negligible values in the 
relevant self-oscillation [l]. The diffusion constant 
b refers only to the phase-transition region in one 
pore, different from 5 concerning the average 
flow through the pore. Therefore, b depends 
strongly on the conformational states of DOPH 
molecules in this region. 

The functions i, and f, are given by 

00 = (S/LY/[l +(UL>‘j* 

jz(%J= (1,/1,,Y/[l +(%/V,JY’]r (16) 
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where y, y’, {c and q,, are numerical constants. 
The functions 1, and _$* are constructed so as to 
express the property that the multilayer phase 
releases salt while the spherical-micelle phase accu- 
mulates salt. The numerical constants y and y’ 
express the nonlinearity of salt accumulation and 
release. The phase transition occurs cooperatively 
coupled with the electrochemical interaction be- 
tween salt and DOPH molecules. Therefore, we 
can expect a drastic change in salt concentration 
within the pore. The selection of values of y and 
y’ can affect the details of the oscillatory wave 
form significantly. We chose y = 3.5 and y’ = 3.0 
so that they might not result in an unreasonably 
strong cooperativity. 

For describing the effect of lower salt con- 
centration n, on self-oscillations in fig. 3, we must 
express X,, X, and X, in terms of n,. A maxi- 
mum value of it is X, and a minimum is X,X,X,. 
We can, therefore, roughly estimate X, and 
X,X,X, as nh and n,, respectively. It may be 
adequate to assume the following relation: 

x*=x& x,=xB”fi, (17) 

where X,” and Xi are the numerical positive 
quantities. 

3.1.3. Self-sustained oscillations 3.2. Results 
Since eq. 1 for I contains the electric voltage 

difference V, a strict consideration of self-oscilla- 
tion in DOPH-Millipore membranes requires the 
electric circuit for connecting the internal variables 

37 77”) and ni with the electric characteristics as V. 
Consideration of the electric circuit, however, is 
not essential in understanding the mechanism of 
self-oscillation, when the discussion is limited to 
short-period oscillations under An,, A P, and Ia; 
hence we shall discuss the electric circuit no longer, 
which is detailed elsewhere [1,12]. It becomes im- 
portant in discussing a relationship between long- 
period oscillations appearing under only An, and 
short-period oscillations under An,, A P, and Z,. 

A numerical result concerning the pH effect is 
shown in fig. 10. The values of the numerical 

Salt accumulation i Salt release 

Eqs. 12 and 14 are relationships describing the 
phase transition of DOPH and salt concentration 
under An,, A P, and I,. A numerical example of 
self-sustained oscillations is shown in fig. 8. It can 
be seen that q, and ni change periodically so as 

Fig. 9. Schematic illustration of self-oscillation. Repeat of 
phase transitions among oil droplets, micelles and multilayers is 
brought about by intimate coupling to salt accumulation and 
release. 

lOSK 

Fig. 8. A numerical example of self-oscillation of membrane 
potential for An, = 95 mM, AP, = 20 cmHzO and I, = 0.3 

PA. 

to produce the oscillation of the membrane poten- 
tial V, the wave form of which resembles quite well 
the observed data in fig. 1. The amplitude also 
agrees with experimental data, usually amounting 
to one to several hundred millivolts. 

Fig. 9 gives a schematic illustration of the con- 
formational states of DOPH coupled with salt 
release and accumulation. 

Mkelle Multi layer 
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Fig. 10. Theoretical result of pH effect. Conditions as in fig. 8. 
The self-oscillation stopped at pH 5.325. 

parameters adopted here are mostly due to the 
previous results [l] and are summarized in table 1. 
The tendency of the frequency f to decrease for 
decreasing pH agrees with the observed data in fig. 
2. The observed property that too low pH values 
stop the oscillation is also described. The enhance- 
ment of frequency can be understood as being due 
to the increase in the rate constant k_,, given by 
eq. lla: It raises the rate of the phase transition to 
result in an increase in the repeating rate of phase 
transition among multilayers, micelles and oil 
droplets. The too large rate constant k_,,, how- 

0 5 10 15 
K concn. (mM) 

Fig. 11. Theoretical result of KCI effect. The oscillation stopped 
at13mMKCIforAP,=25cmH,OandI,=0.6pA. 

ever, may deviate from the condition adequate for 
the self-oscillation, since the delicate balance of 
these kinetic rates related to the phase transition 
and salt flow is essential for the occurrence of 
oscillation. 

Fig. 11 shows the numerical result of the theo- 
retical model concerned with KCI. The experimen- 
tal tendency may be explained well by the present 
theory: The increase in frequency is accompanied 
by a decrease in the length of the phase-transition 
region I, as expressed by eq. 1, for decreasing An, 
and An,. This reduces the number of DOPH 
molecules participating in the self-oscillation. Rate 
constants such as k, and k_, are decreasing func- 

Table 1 

Values of numerical parameters adopted in the theory 

Symbols as in ref. 1, from which most of the parameter values were chosen. Parameters 0; and & are coefficients independent of 
both the length pf the phase-transition region and the conformational states of DOPH [l]: k, = D,’ exp[ - d,/(l + d,&)]/(//L), 
D = 02 exp( - d,/[l+ d,([ + q,)21)/(1/L)2. The diffusion constant of salt in the phase-transition region amounts to approx. 10eR 
cm2/s for the value shown here, which is acceptable if we note the order of 10e5 cm*/s for KCI in the aqueous solution. The value of 
k, for expressing diffusion of DOPH is chosen by considering the results obtained on the kinetics of the phase transition [S] with the 
large adsorbed quantity of DOPH as 3 mg/cm2 in the experiment for self-oscillation. Kinetic parameters k; are defined by 
k, = k;/(I/l.). etc. [l]. The values are based on previous experiments on kinetics [S], showing a slow phase transition amounting to 1 
h or more. 

Kinetics of DOPH molecules 

Do’ 1om4 (s-1) 

d, 4 

d, 50 

kf 2.63 x lo-’ (s-l) 
ki, 0.526 (s- ‘) 
k,/kFzH 4.2 x 1O-5 (M-l) 

k,/ko,c, 3.97x10-’ (M-l’*) 
” 100 

Kinetics of salt 

& 2.1 x 1o-4 (s-l) 

2, 4 

2, 50 

Lp/fi lOO(cmH,O-‘cm-‘) 

L/B 1000 (v-1 cm_‘) 

xI: 
324 (mM) 

2 
1.79~10~~ (mM_‘/*) 
8.94~10~’ (mMm”2) 

Y 3.5 
3.0 
0.105 
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Fig. 12. Theoretical result of CaCl, efftxt. Same conditions as 
in fig. 8, and addition of 20 gM CaCl, stopped the self-oscilla- 

tion. 

tions of 1. Addition of KC1 to reduce I, therefore, 
results in enhancement of the frequency of self- 
oscillation due to the facilitated phase transition of 
DOPH. 

The effect of CaCl, is shown in fig. 12, which 
explains the experimental observation in fig. 4. 
While K+ stops the self-oscillation near 30 mM, 
Ca2+ is effective only by 20 PM. This quantitative 
difference may originate in the strong ability of 
Ca2* to bind or bridge DOPH molecules, as in 
other lipid molecules [9]. In fact, addition of Ca2+ 
drastically increases the electric resistance of 
DOPH-Millipore membranes [ 131. The bridging 
ability of Ca*+ IS incorporated into the rate con- 
stant k_2ca in eq. 1 lb for the phase transition. 

While the experimental tendencies concerned 
with pH, KC1 and CaCl, can be explained directly 
by the theoretical model, description of the effect 
of sucrose on the self-oscillation may be beyond 
the present theory. Therefore, we can only suggest 
a probable mechanism: Sucrose may be considered 
to interact with the hydrocarbon chains of DOPH 
molecules. The phase transition of DOPH can be 
broadened thus becoming obscure because of the 
weakened cooperativity. Furthermore, the pres- 
ence of sucrose in the aqueous solution may pre- 
vent the smooth diffusion of K+ and Cl-. Conse- 
quently, the values of the rate constants included 
in the present theory are expected to decrease on 
average. We can therefore anticipate that the self- 
sustained oscillation is retarded on addition of 
sucrose. 

4. Discussion 

In the present paper, the effects of chemicals 
such as KCl, CaCl,, pH and sucrose on the self- 
oscillation were studied. Theoretical consideration 
of electrochemical interaction between these and 
DOPH molecules was shown to give a fairly good 
explanation of the experiments. Self-sustained 
oscillations are typical nonequilibrium, nonlinear 
phenomena: The phase transition of DOPH mole- 
cules is intimately coupled with salt flow. A repeat 
of the phase transition is induced by accumulation 
and release of salt within the pore. In relation to 
this fact, the effective charge density [14] within 
the pore is expected to oscillate synchronously. 
This point will be discussed in a separate paper 

[121. 
As for the effects of HC and Ca*+, we must give 

an explanation for the parameter values of k!,, 
and k!,,, in eqs. 10. The value of k!,,, is chosen 
so that k_, may nearly equal that adopted previ- 
ously [l] when the pH is 6. The ratio k!,,/k!,,, 
is calculated as l/K,& from eqs. 11; if we 
adopt 1O-2 and 10-‘-l as K, and K, [9,15,16], 
respectively, we obtain the value 102-103. The 
parameter k!,,, in fig. 12 is chosen within this 
range. 

The self-sustained oscillations studied here are 
caused by the phase transition of the lipid ana- 
logue, DOPH in connection with salt accumu- 
lation and release within the filter pore. As is well 
known, a phase transition showing macroscopic 
conformational changes can be induced electri- 
cally by ions in other lipids [17,18]. Self-sustained 
oscillations of membrane potential are therefore 
expected to occur in systems containing these kinds 
of lipids. In fact, a recent experiment [19] demon- 
strates the self-oscillation of the electric potential 
in a porous membrane doped with glycerol a- 
monooleate under an Na+/K+ concentration 
gradient. A self-oscillation caused by a phase tran- 
sition strongly coupled with salt flow can also be 
observed in biological membranes reconstituted on 
a Nitellu protoplasmic droplet [20,21]. We can 
therefore infer that self-oscillations occur in a wider 
range of simple model systems or biological sys- 
tems [22]. 

The chemicals studied here such as KCl, CaCl 2, 
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Ht and sucrose may correspond to salt, bitter, 
sour and sweet, respectively, from the viewpoint of 
taste sensation. The DOPH-Millipore membrane 
transforms the change in each concentration to 
that in the frequency of self-oscillation of the 
membrane potential. This model membrane can be 
considered as a prototype of a taste sensor. While 
the actual use as a sensor requires further improve- 
ment of membrane systems, a basic property may 
rely on the phase transition with nonlinear cou- 
pling to salt flow. 
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