
Biophysical Chemistry, 45 (1992) 91-100 

Elsevier Science Publishers B.V., Amsterdam 
91 

BIOCHE 01700 

Cutoff effect of n-alkanols in an excitable model 
membrane composed of dioleyl phosphate 

Satoru Iiyama ‘, Kiyoshi Toko b, Takuya Murata ‘, Hiroyuki Ichinose d, Yukio Suezaki d, 
Hiroshi Kamaya ‘, Issaku Ueda ’ and Kaoru Yamafuji b 

a Department of Home Economics, Kyushu Junior College of Kinki University, Iizuka 820 (Japan) 
h Department qf Electronics, Faculty of Engineering, Kyushu University 36, Fukuoka X12 (Japan) 
’ Department of Anesthesia. Unioersity of Utah School of Medicine, Salt Lake City, UT 84132 (USA) 

and d Physics Laboratory, Saga Medical School, Saga 840-01 (Japan) 

(Received 5 April 1992; accepted in revised form 8 July 1992) 

Abstract 

A series of n-alkanols from ethanol to tridecanol interacted with a negatively charged lipid membrane 
composed of dioleyl phosphate, which exhibited a self-sustained oscillation of the membrane potential. A 
cutoff effect was observed in the electrical characteristics of the membrane; e.g., alkanols with carbon atoms 
less than 11 decreased the membrane resistance and alkanols with more than 12 carbon atoms increased it. 
n-Alkanols usually depressed the oscillation of the membrane potentials as it has been observed in biological 
systems. Electrochemical theory provided a quantitative explanation of the observed electrical charactersitics. 
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1. Introduction 

The anesthetic potency of n-alkanols is en- 
hanced by increasing the chain length of alkanols, 
but the potency loses suddenly at about 12 carbon 
atoms. This fact is known as a cutoff effect [l-3]. 
Historically, a general correlation between the 
anesthetic potency and the solubility in olive oil 
led to the conclusion that the site of anesthetic 
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action has a hydrophobic nature to interact with 
hydrocarbon parts of lipids [4]. In an early, 
comprehensible lipid theory [51, the cutoff has 
been accounted for in terms of an abrupt de- 
crease in adsorption into the lipid bilayer. It has 
been shown, however, that the adsorption of n-al- 
kylmethyl ammonium ions to liposomes continues 
up to the alkanol with 18 carbon atoms [6]. Hence, 
it is difficult to explain the cutoff with a failure of 
large molecules to bind with lipids. Recently, 
several hypotheses on the cutoff effect have been 
proposed; those are based on a hydrophobic vol- 
ume change [3], a lipid disorder [2], a lipid phase 
transition [7,8] or a lipid surface potential [9]. 

In previous papers [lo,1 11, effect of local anes- 
thetics was examined using an excitable lipid 
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membrane composed of dioleyl phosphate. This 
lipid membrane reproduced well responses of 
biological nerve membranes to anesthetics [12,13] 
such as the decrease in the membrane resistance 
and the repression of nerve excitation. We have 
now investigated, thereby, systematically the ef- 
fect of homologous series of n-alkanols on the 
electrical characteristics of this lipid membrane. 
The membrane resistance and the membrane po- 
tential showed the cutoff effect; for example, 
alkanols with carbon atoms less than 11 de- 
creased the membrane resistance and those with 
more than 12 carbon atoms increased it. In gen- 
eral, n-alkanols dcprcsscd the oscillation of the 
membrane potential. The observed electrica 
characteristics were explained quantitatively us- 
ing an electrochemical theory taking account of 
adsorption of alkanols to lipid membranes. 

DOPH MI&e 
Membrane 

Ag.A;CI El&de 

Fig. 1. Schematic illustration of experimental apparatus. A 
DOPH-adsorhed Millipore membrane was placed between 
two cells containing 1 mM and 100 mM KC1 solutions. The 
membrane potential was measured with Ag/AgCI electrodes 
via salt bridges and was recorded with an XY recorder (R). 
The membrane resistance was measured by the potential 
change accompanying the application of d.c. electrical cur- 
rmt, which wab imposed with a current supply (CS). In 
experiments for electrical oscillations, a pressure application 
device was provided. The electrical oscillation of the mem- 
brane potential was induced by imposing the electrical current 
and the pressure difference on the membrane from the 100 

2. Materials and methods m M KCI side to the 1 m M KC1 side. 

The n-alkanol is abbrcviatcd by C, hereafter. 
n-Alkanols from C, to C,, except C,, were ob- 
tained from Kanto Chemical Co., while C,, was 
from E. Merck A.G. 

potential change accompanying the application of 
0.01 PA d.c, electrical current from 100 mM KC1 
side. 

The membrane was processed as reported pre- 
viously [14-161. Lipid analogue, dioleyl phosphate 
(DOPH), was synthesized by hydrolysis of the 
reaction product of oleyl alcohol and phosphorus 
oxychloride. It has two hydrophobic hydrocarbon 
chains and one hydrophilic group of phosphoric 
acid. A DOPH-adsorbed membrane was pre- 
pared by immersing a fiIter (Millipore Corp., pore 
size 5 pm> into a solution of DOPH in benzene 
and then drying it in air. The adsorbed DOPH 
quantity was adjusted to about 3 mg/cm*. The 
membrane was preconditioned in 100 mM KC1 
solution over 12 h. 

The d.c. component of the membrane poten- 
tial is not important in studying the electrical 
oscillation. Thus, the salt bridges were removed, 
and a pressure application device was provided 
on the cell as usual [l&14-161. Electrical oscilla- 
tions were induced by imposing an electrical cur- 
rent and a pressure difference on the membrane 
from the 100 mM KC1 side to the 1 mM KC1 
side. Although some fluctuations or oscillations 
appeared even when the electrical current was 
imposed from 1 mA4 side, the stable regular 
oscillation continuing for over one hour was ob- 
tained only under the above condition. 

The DOPH membrane was placed between 
two cells, as shown in Fig. 1. One cell was filled 
with 100 mM KC1 and the other with 1 mM KCl. 
The membrane potential was detected with 
Ag/AgCl electrodes via salt bridges and was 
recorded with an XY recorder (Riken Denshi 
F-42CP) through a high-impedance transfer with 
a gain of unity. The 1 mM KC1 side was grounded. 
The membrane resistance was measured by the 

n-Alkanols were added to the 1 m M KCI side, 
which was stirred throughout experiments. In 
most of experiments, alkanols without dilution 
were used. Sometimes alkanoIs were diluted with 
the same volume of ethanol. A significant differ- 
ence between two methods was not found, be- 
cause ethanol had little effect on the membrane 
characteristics up to 100 mM. The temperature 
was usually maintained at 25 k 1°C. In experi- 
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ments with C,, and C,3, the temperatures were 
kept at 26 f 1°C and 33 + l”C, because the melt- 
ing points are 24°C and 31”C, respectively. The 
concentration of each alkanol was increased step- 
wise at 15-min intervals. The membrane potential 
was recorded continuously, and the membrane 
resistance was determined at the end of each 
treatment. 

3. Results 

3.1 Effect of n-alkanols on the membrane potential 

The electrical potential of the DOPH MiIli- 
pore membrane was measured for a series of 
n-alkanols from C, to C,,. Experiments were 
carried out about five times for each alkanol. 
Figure 2 shows one example of the transient 
response of the membrane potential to nonano1 
CC,). 

The electrical potential of the untreated mem- 
brane was ca. - 118 mV, arthough the value 
differed between - 110 and - 125 mV for each 
membrane preparation. The negative value for 
the potential indicates that the membrane has a 
fine permeability to cations due to the negatively 
charged phosphate group in the lipid DOPH. 
Vigorous stirring of the solution of 1 mA4 KC1 
decreased the potential by ca. 5 mV, compared 
with no stirring. The potential was fairly stable 
under constant stirring. 

Alkanols of two to eleven carbon atoms de- 
creased the magnitude of the membrane poten- 
tial; i.e., they resulted in depolarization. As shown 
in Fig. 2, the membrane potential was degolar- 

Fig. 2. Transient profile of the electrical potential. The time 
of addition of 7.0 mM nonanol is shown by the arrow. The 
upward change in the potential indicates the depolarization, 

because the potential was originally negative. 

1 10 
Concentration CmM) 

Fig. 3. Alteration of the membrane potential caused by n-al- 
kanols. The membrane potential (E) of the untreated mem- 
brane slightly differed for each membrane, and the values 
were normalized to a relative value of 100 as the initial value. 
(0) Propanol, (ml undecanol, and (0) tridecanol. Lines with- 
out symbols indicate theoretical results. The numerical figure 

of n is attached to each curve. 

ized slowly with addition of alkanol; the rate of 
depolarization is about 1 mV/min. 

The dependence of the potential change on 
the concentration of alkanols is shown in Fig. 3, 
where some typical data are shown by lines with 
symbols, while theoretical results mentioned af- 
terwards are shown by the same kinds of lines 

without symbols. The potential is presented as a 
relative value by taking the initial value without 
alkanols as 100%. 

Propanol CC,> had little effect, although it 
tended to decrease the magnitude of the mem- 
brane potential, i.e., depolarized the potential. 
Undecanol (C,, ) significantly decreased the mag- 
nitude of the membrane potential even at the low 
concentrations. On the contrary, tridecanol (C,,) 
increased slightly the magnitude of the potential 
at higher concentrations, i.e., hyperpolarized the 
potential. 

Effects of all alkanols on the membrane poten- 
tial are summarized in Fig. 4. The potential 
change at 3 mM of each alkanol is plotted against 
the number of carbon atoms, although the extent 
of changes caused by alkanols depends on their 
concentrations. The depolarization increased with 
the number of carbon atoms up to 11. Alkanols of 
more than 12 carbon atoms abruptly lost their 
actions. It resembles the cutoff effect. 
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Fig. 4. Effect of n-alkanols on the membrane potential. Rela- 
tive potential change (AE) at 3 mM of each alkanol is plotted 
against the number of carbon atoms, dashed and solid lines 
indicating experimental and lheoretical results, respectively. 
Whereas all the experiments were not made at 3 mM, the 
values were determined by interpolating the neighboring mea- 

sured two points (e.g., 2 mM and 5 mM). 

3.2 Effect of n-alkanols on the membrane resis- 
tance 

Figure 5 shows effects of several alkanols on 
the membrane resistance. The untreated resis- 
tance value was 4 to 6 ML& depending on the 
membrane preparation; hence the membrane re- 
sistance is displayed as a relative value. Propanol 
(C,) increased the resistance above about 0.5 

01 
0.1 10 

koncentration CmMl 
100 

Fig. 5. Alteration of the membrane resistance caused by 
n-alkanols. The membrane resistance (R) was normalized in 
the same manner as that in Fig. 3. (0) Propanol, (0) unde- 
canal, and (0) tridecanol. Lines without symbols indicate 

theoretical results. 
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Fig. 6. Effect of n-alkanols on the membrane resistance. The 
relative resistance change (AR) at 3 mM of each alkanol is 
plotted against the number of carbon atoms, dashed and solid 
lines indicating experimental and theoretical results, respec- 

tively. 

mM and then decreased it at higher concentra- 
tions, i.e., showed a biphasic behavior. Undecanol 
(C,,> markedly decreased the resistance with its 
threshold value about 0.2 mM. At higher concen- 
trations, the resistance increased a little. Tride- 
canal (C,,) increased the resistance about 1 mM, 
but later decreased it above about 20 mM. The 
changes of membrane resistance were generally 
larger than those of membrane electrical poten- 
tial. 

Changes of the membrane resistance plotted 
against the number of carbon atoms are shown in 
Fig. 6 for each alkanol at 3 mM. The membrane 
resistance was scarcely affected by alkanols from 
C2 to C,, whereas it decreased with the increase 
in the number of carbon atoms up to 10 or 11. 
Alkanols of more than 12 carbon atoms had no 
effect, or increased slightly the resistance. Thus, a 
series of n-alkanols also displayed a cutoff-like 
action on the membrane resistance as well as the 
membrane potential. 

3.3 Effect of n-alkanols on the electrical oscillation 
of the membrane 

The DOPH-adsorbed Millipore membrane ex- 
hibits a self-sustained oscillation of the mem- 
brane potential [14-191. The frequency is usually 
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Fig. 7. Depression of the oscillation by nonanol in (a) 0.6 mM, 

(h) 7.0 mA4, and (cl 23.0 mM. 

0.3 w 2.0 Hz with an amplitude of 100 N 300 mV 
under the condition of a pressure difference of 
about 30 cm H,O and an electrical current of 
0.05 _ 0.5 PA imposed on the membrane from 
the 100 mM to the 1 mM KC1 side. The rnem- 
brane can be considered as a model of the ex- 
citable nerve membrane. In the biological system, 
anesthetics depress the nerve excitation [12,131. 

In some cases, alkanols depressed the oscilla- 
tion (Fig. 7), whereas other times they disturbed 
the wave form, causing a sudden, nearly ten-fold 
increase in the frequency (Fig. 8). This fast, aperi- 
odic oscillation has been also observed when 
treated with some chemicals such as bitter sub- 
stances and local anesthetics; it has been referred 
to as a burst [11,16]. Further increase in alkanol 
concentration stopped even the burst. 

Table 1 summarizes the effect of alkanols on 
the oscillation of the membrane potential. While 
alkanols with carbon atoms less than eight tended 
to cease the oscillation, alkanols with carbon 
atoms more than nine often induced the burst. 

b 
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Fig. 8. Induction of the burst by (a) 2.1 m M decanol, (b) 21.6 
mM decanol, (c) 2.0 mM undecanol, and (d) 6.2 mM unde- 

canal. 

The increase of frequency, however, in short- 
chain alkanols was small. 

An example of the cessation of the oscillation 
caused by nonanol (C,) is shown in Fig. 7, where 
the membrane displayed the electrical oscillation 
of 1.3 Hz before the treatment. The alkanol did 
not affect the oscillation between 0.2 and 0.6 
mM, whereas it prolonged the oscillation period 
between 2.2 and 7.0 mM; it finally stopped the 
oscillation at 23 mM. Subsequently, the concen- 
tration of nonanol was raised to 71 and 231 mM; 
however, the oscillation did not reappear. 

All treatments with hexanol (C,) depressed 
the oscillation and finally stopped it (Table 11, six 
examples being shown in Fig. 9, where the fre- 
quency is presented relative to that in the un- 
treated membrane (control). Whereas the con- 

Table I 

Effect of n-alkanols on the oscillation of the membrane potential. Occasionally the burst appeared after at temporary cessation of 
the oscillation; this case was counted in “burst”. The frequency increase in C, and C, was much smaller than that in C, - C,,. 
Further addition of alkanols on the membrane showing the burst often stopped it. 

Effect Alkanol 

C2 c3 c4 c5 cc2 c7 G G %I c,, Cl, 

Cessation 4 6 3 5 6 6 6 4 2 2 2 

Burst 0 0 2 1 0 0 0 2 4 4 3 
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Fig. Y. Depression of the oscillation by hexanol (six experi- 
ments). The frequencies of the oscillation of the untreated 

membrane were normalized to a relative value of 100. 

centrations which stopped the oscillation were 
not constant, the frequency decreased with the 
increased concentration of hexanol. 

The upper half of Fig. 8 shows an example of 
the burst induced after the cessation of the oscil- 
lation. When decanol (C,,) was added to the 
membrane showing the oscillation with 0.7 Hz, 
the oscillation was gradually suppressed and 
stopped at 2.1 mM. Successive addition of 6.6 
mM decanol did not cause any change. Treat- 
ment with 21.6 mM decanol, however, decreased 
the base line of the membrane potential and 
subsequently evoked the burst. 

The burst without cessation of the oscillation 
is shown in the lower half of Fig. 8, concerned 
with the undecanol CC,,) treatment. The succes- 
sive addition of 0.1 to 2.0 mM undecanol gradu- 
ally decreased the frequency from 2.0 Hz to 1.0 
Hz, and then 6.2 mM undecanol abruptly in- 
duced the burst. 

4. Theory 

We shall analyze the experimental results of 
the membrane potential and resistance in Figs. 
3-6. Since n-alkanols have no electrical charge, 
they do not directly affect the membrane charac- 
teristics even if they are adsorbed to the lipid 
membrane, but may indirectry affect the mem- 
brane permeability to ions as K+ by change in 

order of lipids. According to the previous theory 
for local anesthetics based on a constant-field 
theory [lo], the membrane potential is given by 

RT D P’C’ + D P”C” 
v,=-_[n K K K Cl Cl Cl 

D,P;C:’ + D P’C’ Cl Cl Cl 
(1) 

where R, 7’ and F denote the gas constant, 
absolute temperature and Faraday constant, re- 
spectively. The potential is measured at the 
higher-salt-concentration side (I) from the lower- 
salt-concentration side (II) as the reference. The 
diffusion constants of K’ ions and Cl- ions within 
the DOPH membrane are designated D, and 
D,,, respectively. The partition coefficients of 
both ions between the lipids and water are de- 
noted by Pi and Pi, for i = I, II due to the 
penetration of ions from the aqueous phase to 
the membrane phase. The K+ and Cl- concen- 
trations in the aqueous solution of ith side are 
denoted as Ci and CA,, respectively. Because 
noncharged n-alkanols do not contribute to the 
electrical current, their concentrations disap- 
peared in eq. (1) contrary to the case of local 
anesthetics [lo]. 

Whereas n-alkanols themselves do not con- 
tribute to the electrical conductivity within the 
membrane, they can change physical characteris- 
tics as the packing density of DOPH molecules 
within pores. Therefore the permeability of K+ 
ions to membrane (i.e., the partition coefficient) 
can be changed. Chloride ions are not partici- 
pated in the membrane because of the negative 
charge of DOPH, as understood from the nega- 
tive membrane potential. Therefore we can put 
P,& = 0. We express the indirect effect of n-al- 
kanols on K+ permeability as a simple linear 
function of the concentration of n-alkanol C, by 

Pg/P:, = 1+ KC,, (2) 
where K is a constant characteristic to each 
n-alkanol, which will be determined so as to fit 
the experimental data in Figs. 3-6, In usual cases 
of alkanols with less than 11 carbons, we can 
expect that the partition coefficient Pg of IL+ at 
the side II, to which n-alkanols are added, is 
increased because the lipid membrane becomes 
disordered by adsorption of n-alkanols to lipid 
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assemblies. Equation (2) expresses such an intu- 
itive situation if K is positive. 

The membrane resistance is given by [lo] 

X [ 1 - exp( -FV,/RT)] _ ’ 

x [1+ pi,- KW) Jr KW)/v,] -‘s (3) 

We omitted the constant coefficient because we 
are interested only in the ratio of the membrane 
resistance, as shown in Fig. 5. In eq. (3), l$i) 
refers to the surface potential of the membrane 
at the ith, I$ implying the increase in potential 
brought about by the applied current (= 0.01 
PA) for measuring R,. The term, V, - I$II) + 
V,(I), corresponds to the diffusion potential inside 
the membrane, denoted by I(, [lo]. For this weak 
electrical current, V, takes about 50 mV. Whereas 
the change in the membrane resistance causes 
the change in V,, we assume I!, as constant (= 50 
mV> as a first approximation. 

The surface potential can be considered as 
almost constant with addition of n-alkanols, be- 
cause they have no electrical charge. The expres- 
sion for R,, therefore, can be rewritten after 
omission of the trivial constant coefficient as 

R, = 
( 

P#?:, 
I - p”c” exp[(l/;(II) - v,(I) - I/,)F,‘RT] 

K K 

The surface potential difference I/,(D) - I/,(I) 
can be regarded as equal to V, without applica- 
tion of n-alkanols, because the diffusion potential 
within the membrane may be zero, as understood 
from the following facts: (i) the membrane poten- 
tial is changed by ca. 59 mV logarithmic slope 
with increasing KC1 or NaCl concentration while 
the membrane resistance is as high as several 
ML?, the permeability of 22Na being nearly zero 
[ 18,24-261; (ii) the membrane potential is changed 
rapidly by application of NaCl, which implies the 

t 1,e 

2 4 6 8 10 12 
No of carbon atoms 

Fig. 10. Dependence of K on the number of carbon atoms to 

fit the theoretical results to the experimental data in Figs. 3 
and 5. 

direct effect of NaCl on the surface potential 
[25,261; (iii) a recent electrochemical theory for 
liquid membranes shows the diffusion potential is 
nearly zero by taking account of both possibilities 
of changes in electrical charge density of mem- 
brane and diffusion of ions within the lipid as- 
semblies 1271. Thus, I/,(D) - I/,(I) can be regarded 
as - 118 mV, which is the membrane potential 
observed under 1 m M KCl/lOO m M KC1 differ- 
ence. 

Comparisons of eqs. (1) and (4) with the exper- 
imental data are made in Figs. 3-6. The adopted 
values of K are shown in Fig. 10. The agreement 
is fairly good for both V, and R, in their depen- 
dences on the alkanol concentrations (Figs. 3 and 
5) and also on the number of carbon atoms (Figs. 
4 and 6). 

5. Discussion 

n-Alkanols with carbon atoms from five to 
eleven decreased the membrane resistance and 
the magnitude of the membrane potential. The 
concentrations which affected both of the mem- 
brane potential and resistance were nearly the 
same for each alkanol. The velocity of the change 
of the membrane potential was about 1 mV/min, 
which is very slow compared with 100 mV/min 
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obtained for quinine [16]. Since quinine is posi- 
tively charged, it reacts directly with the nega- 
tively charged head groups of lipids on the sur- 
face of the membrane. The slow change in the 
mcmbranc potential caused by aIkanols indicates 
their penetration into the membrane as suggested 
[10,16]. 

While the short-chain n-alkanols decreased the 
membrane resistance with increasing number of 
carbon atoms, those with more than 12 carbon 
atoms had no effect or slightly increased it. This 
result is similar to the cutoff effect. On the other 
hand, the solubilities of n-alkanols continue to 
increase up to hexadecanol (C,,) [2]. Hence, the 
abrupt change in the effect of n-alkanols on the 
DOPH Millipore membrane suggests that the 
packing efficiency of alkanol in a matrix of hydro- 
carbon chains is changed as the length of the 
alkanol alkyl chain [13]. 

Alkanols whose alkyl moiety differs from that 
of membrane lipids are likely to disorder the 
membrane, whereas alkanols similar to that of 
membrane lipids may order it. In practice, short- 
chain alkanols with an alkyl-chain length less 
than ca. 10 carbon atoms decreased the phase- 
transition temperature of a phospholipid mem- 
brane, whereas longer alkanols increased it 
[7,8,20-221. The theoretical analysis [221 ex- 
presses this situation by treating the hydrophobic 
interactions between lipids and alkanols, Numeri- 
cal results in Fig. 10 by use of eq. (2) implies that 
the penetration of K + ions from the aqueous 
phase to the lipid membrane is increased with 
increasing number of carbon atoms of alkanoIs, 
but is abruptly decreased above 11 carbon atoms. 
This result is quite reasonable because the lipid 
membrane becomes so disordered as to allow the 
penetration of ions in coexistence of short-chain 
alkanols. The long-chain alkanols, on the other 
hand, can behave similarly to the lipids them- 
selves, to result in increasing order of lipid mem- 
brane to inhibit the ion penetration. By plotting 
the natural logarithm of K as a function of the 
carbon number of alkanols from four to eleven in 
Fig. 10, we obtained the slope to be approxi- 
mately unity. This agrees well with the cohesive 
energy change, w, transferring one mole of meth- 
ylene group from a hydrocarbon environment to 

an aqueous medium which is approximately RT 
[28,29]. 

For alkanols C,, C, and C,3, the biphasic 
behavior was observed in the membrane resis- 
tance (see Fig. 5): after the resistance increased 
once, it decreased at the higher concentrations. 
The same tendency was also obtained for local 
anesthetics [lo]. However, this biphasic behavior 
did not appear for the other alkanols. On the 
contrary, the increase occurred after the decrease 
for C,, and C,,, as seen in Fig. 5. The extent of 
increase was not so large as to induce more 
increase than the initial value without alkanols. 
The initial-phase increase of the membrane resis- 
tance for C, and C, may be due to the decrease 
in ion permeability accompanied with the tight 
adsorption of alkanols to the surface of the mem- 
brane: at the phase, the lipid order is not dis- 
turbed so much as at the main later phase, as 
mentioned above in short-chain alkanols. The 
later-phase decrease for the long-chain alkanol 
C,, with high concentrations may originate from 
disturbance of the tightly packed structure due to 
over-adsorption, to result in the slightly disor- 
dered state. For C,, and CI1, the disordered 
structure due to adsorption of alkanols may be 
condensed with the further adsorption at high 
concentrations, to prevent the ion penetration to 
result in increasing membrane resistance. 

Therefore the cutoff effect is also evident from 
the biphasic behavior. The reversed biphasic be- 
havior for C,, is suddenly changed to the biphasic 
behavior for C,,. The present theory does not 
express this situation because the assumption of 
eq. (2) is very simple, but can reproduce the 
abrupt changes in membrane resistance (and 
membrane potential) from the largely decreased 
value to almost the initial value without alkanols 
at the threshold around C,,. 

The changes in V, and R, are caused by the 
change due to ion permeability to the membrane, 
which are reflected by the diffusion potential V,. 
We can rewrite V, in eq. (1) using eq. (2) as 
follows: 

V,=59log,,(l+KC,)-118. (5) 

The first and second terms are the diffusion 
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potential I(, and the surface-potential difference 
@I) - v&I) in mV units, respectively. 

Equation (5) states that the observed decrease 
in I V, 1 for short-chain alkanols originates from 
the increase in the diffusion potential due to ion 
penetration, which results from the increasing 
disorder of lipid membrane. The increase in V, 
causes the decrease in R,, as can be understood 
from eq. (3) (note I$ = V, - L$II) + I/,(I)). 

Alkanols with about 10 carbon atoms affected 
the electrical charactersitics of the DOPH mem- 
brane above ca. 0.1 mM. Lee [71 also found that 
alkanols were effective on the phase transition of 
lipid membranes at about 1 mM. These threshold 
values are larger by about one to two orders than 
those obtained in biological systems 121. The clini- 
cal concentration of alkanols did not significantly 
affect lipids [23]. Proteins which exist in the bio- 
logical membrane might amplify the action of 
alkanols on lipids. 

The hyperpolarization occurred for C13, as 
seen in Fig. 3. Equation (5) shows that this phe- 
nomenon originates in the negative value of K 
(see also Fig. 10). Whereas the present theory 
assumed PC, = 0, the increase in PC, may be 
possible when the membrane resistance is largely 
decreased because DOPH assemblies take the 
disordered phase. 

The alkanols suppressed the oscillation of the 
membrane potential or induced an aperiodic, 
rapid one. The first effect implies that this model 
membrane is capable of reproducing the charac- 
teristic property of the nerve membrane; i.e., the 
excitability is inhibited by alkanols. In fact, l/f 
fluctuations are observed in the DOPH mem- 
brane in a similar way to nerve membranes [301. 
While several kinds of excitable model mem- 
branes have been proposed so far [31-331, study 
of anesthetics using these membranes is impor- 
tant. Study with plant materials eliciting action 
potentials or oscillations 134,351 is also necessary. 

Both the cessation of oscillation and the burst 
originated from the decrease in the membrane 
resistance except for C13, which showed the in- 
crease in membrane resistance when the oscilla- 
tion stopped. In the previous study on local anes- 
thetics [ll], the membrane resistance did not 
decrease at the cessation of oscillation. This con- 
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tradiction may arise because n-alkanols have no 
electrical charge while local anesthetics have a 
plus charge. The cessation was mainly induced by 
the change in surface charge density of the DOPH 
membrane with local anesthetics [ll]. The de- 
tailed mechanism of the decreased membrane 
resistance to cause both the cessation and the 
burst is not clear at present. Nevertheless, only a 
slight change of some external parameter shifted 
a chaotic state to an entrained state of the DOPH 
membrane [36], and hence the above phe- 
nomenon very sensitive to the membrane resis- 
tance and other internal factors may be possible 
to occur. The oscillation, however, seems not to 
reflect the cutoff effect, as also seen from Table 
1. It only appears in the following fact: the cessa- 
tion was caused by the increase in membrane 
resistance for C,, and the decrease for the other 
alkanols. 
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