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Effect of local anesthetics on the electrical characteristics of an excitable
model membrane composed of dioleyl phosphate

I. Static and steady-state response

Satoru liyama 2, Yukio Suezaki ®, Kiyoshi Toko ¢, Takuya Murata % *,
Hiroshi Kamaya ¢, Issaku Ueda ¢ and Kaoru Yamafuji °

¢ Department of Home Economics, Kyushu Junior College of Kinki University, lizuka 820, 5 Physics Laboratory, Saga Medical School,
Saga 840-01, © Department of Elecironics, Faculty of Engineering, Kyushu University 36, Fukuoka 812, Japan
and ¢ Department of Anesthesia, University of Utah School of Medicine, Salt Lake City, UT 84132, U.S.A.

Received 23 August 1989
Revised manuscript reccived 23 November 1989
Accepted 19 December 1989

Local anesthetic; Excitable lipid membrane; Membrane potential; Membrane resistance; Hydrophobicity; Diffusion constant

The local anesthetics, tetracaine, procaine and lidocaine, interacted with a negatively charged lipid membrane composed of dioleyl
phosphate (DOPH), which exhibited a self-sustained oscillation of the membrane potential. The anesthetics depolarized the
membrane potential when present in increasing concentrations, whereas they increased the membrane resistance at low concentra-
tions and decreased it at high concentrations. The above results were analyzed on the basis of electrochemical theory taking into
account ion flux across the membrane. The electrical characteristics are affected by both the hydrophobicity and the diffusion

constant of local anesthetics within the membrane,

1. Introeduction

The site of action of anesthetics is considered
to be nerve cell membranes. The mode of action
on the membrane is still unclear despite numerous
investigations [1-11]. Long-chain alcohols with
carbon number exceeding 12 increase the phase-
transition temperature of the membrane, and at
the same time reduce the effect of anesthetics [12].
This fact suggests a close relationship between the
fluidity of membranes and the anesthetic effect.
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The purpose of the present paper is to study
the effect of local anesthetics on the electrical
characteristics of an excitable model membrane
constructed from a porous filter and lipid ana-
logue, dioleyl phosphate (DOPH). We have in-
vestigated the interaction of taste substances with
excitable artificial membranes including the
DOPH membrane [13-15]; four kinds of taste
substances, namely, sour, salty, bitter and sweet,
were found to affect the electrical characteristics
in different fashions. The three local anesthetics,
tetracaine, procaine and lidocaine, were applied
on the DOPH membrane, and the effects on the
static properties such as membrane potential and
resistance were investigated. An electrochemical
theory was proposed to explain the results ob-
tained. It was pointed out that both the hydro-
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phobicity and the diffusion constant of anesthetics
affect the electrical properties of the membrane.
The following paper [16] deals with the dynamic
response where a self-sustained electrical oscilla-
tion generated by the DOPH membrane is af-
fected by the anesthetics.

2. Materials and methods

Tetracaine, procaine hydrochloride and lido-
caine free base were obtained from Sigma, the
latter being used as a salt with hydrochloric acid.

The membranes were processed as reported
previously [13,14,17]. DOPH was synthesized by
hydrolysis of the reaction product of oleyl alcohol
and phosphorus oxychloride. A filter (Millipore
Corp.) of cellulose ester with an average pore size
of 5 pm was immersed for 1 min in a solution of
DOPH in benzene, then dried in air. The quantity
of DOPH adsorbed within the filter was adjusted
to about 3 mg/cm’® by regulating the concentra-
tion of the DOPH-benzene solution. The DOPH
Millipore membrane was conditioned in 100 mM
Kl solution for over 12 h, and then immersed in
1 mM KCI solution for a few more hours.

A DOPH membrane was placed between two
cells, as shown in fig. 1. One cell was filled with
100 mM KCIl and the other with 1 mM KCl: Both
cells had a circular opening so that each solution
could come into contact with the membrane. The
membrane potential was detected with Ag/AgCl
electrodes via two salt bridges, and was recorded
with an XY recorder (Riken Denshi F-42CP)
through a high-impedance transducer with a gain
of unity. The 1 mM KCl side was grounded. The
membrane resistance was measured by the poten-
tial change accompanying the application of 0.01
pA d.c. electric current for 1 s.

Concentrated solutions of each anesthetic were
prepared. 1 mM KCl was added to the solutions,
and the pH was adjusted to a neutral value. The
anesthetics were added to the 1 mM KCl side,
which was stirred throughout the experiments. The
concentration of each anesthetic was increased
stepwise at 30-min intervals. The membrane
potential was recorded continuously, and the
membrane resistance was determined at the end of
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Fig. 1. Experimental apparatus. A DOPH Millipore membrane
was placed between two cells containing 1 and 100 mM KCl
solutions. The electrical potential was measured with Ag/AgCl
electrodes via two salt bridges, and was recorded on an XY
recorder (XY). The membrane resistance was evaluated from
the potential change accompanying the application of a weak
current with a current sweeper (CS). When d.c. current (/)
and/or pressure (A P) were necessary to induce electric oscilla-
tion, they were applied using the current sweeper and a
manometer, respectively. Anesthetics were added to the 1 mM
KCl solution.

each treatment. The temperature was maintained
at 25 +2°C,

3. Results

3.1. Response of the DOPH membrane to anesthet-
ics

Tetracaine, procaine and lidocaine were used as
representative local anesthetics, the equimolar
concentration of effectiveness of anesthesia being
as follows: tetracaine > lidocaine > procaine [3,
10]. Fig. 2 shows the response of the membrane
potential to each anesthetic. Experiments were
carried out about five times for each substance.
The electrical potential of the untreated mem-
brane was about —118 mV, although the value
varied between —110 and —125 mV for each
membrane preparation. The negative value for the
potential indicates that the membrane is permea-
ble to cations due to the negatively charged phos-
phate group in the lipid DOPH.
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tetracaine

procaine

lidocaine

Fig. 2. Transient profiles of electrical potential. The time of

addition of 0.3 mM anesthetic is shown by the arrow. Since the

electrical potential was originally negative, the upward poten-
tial changes indicate depolarization.

The anesthetics increased the membrane poten-
tial, i.e., they resulted in depolarization. At con-
centrations between 0.1 and 1 mM, the response
of the membrane potential displayed two phases;
one fast, the other slow.

The rates of depolarization were about 100 and
1 mV /min, respectively. Above 1.0 mM anesthetic,
the slow phase of the membrane potential re-
sponse disappeared.

3.2. Effect of anesthetics on the membrane potential

Fig. 3 shows the potential change as a function
of each anesthetic concentration. The averages
and the standard deviations are shown by theoret-
ical curves (discussed later). The anesthetic effects
are presented as relative to the control. With in-
creasing concentration of each anesthetic, the
potential was shifted upwards. At higher anesthetic
concentrations, the membrane potentials were
shifted to positive values. Of these anesthetics, the
action of tetracaine was the strongest, since its
effect could be observed evemn at 107¢ M. Al-
though procaine and lidocaine appear to be ap-
proximately equal in strength, quantitative adjust-
ment of the experimental data by the electrochem-
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Fig. 3. Depolarization of electrical potential with anesthetics,
The potential (V,,,) of the untreated membrane differed slightly
for each membrane, and the values were normalized to a
relative value of 100. (X) Tetracaine, (@) procaine, (O)
lidocaine. The standard deviations are denoted by vertical bars,
and the theoretical results are shown by unbroken lines.

ical theory shows that lidocaine is slightly stronger
than procaine.

3.3. Effect of anesthetics on the membrane resis-
tance

The change in membrane resistance caused by
anesthetics is shown in fig. 4, where the averages
and the standard deviations are shown together
with theoretical curves. The resistance of un-
treated membranes was 4-6 MJ2. The effects of
the anesthetics on the membrane resistance were
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Fig. 4. Change in membrane resistance with anesthetics. The

membrane resistance (R ,,) was normalized in the same manner

as that in fig. 3. () Tetracaine, (®) procaine, (0O) lidocaine.

The standard deviations are denoted by vertical bars with the
unbroken theoretical lines.
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found to be biphasic. With increasing concentra-
tion, the resistance was slightly increased up to a
maximum point and further increase in the con-
centration decreased the resistance. This char-
acteristic held for all the anesthetics investigated.
For each anesthetic, the concentration at which
the resistance began to decrease agrees approxi-
mately with that which affected the potential, as
shown in fig. 3. Despite the decrease in membrane
resistance, the function of the membrane as an
ionic diffusional barrier is considered to be re-
tained, since the magnitude of the resistance was
as high at 2-3 MQ even at 1072 M.

4. Theory

We shall analyze the experimental results of
membrane potential and resistance in figs 3 and 4.
Based on constant field theory [18], we express the
diffusion potential V; within the membrane by
taking the lower salt-concentration side (II) as the
reference:

Va=~—"F ]n{[DKPKCKs(I) + Dy PC (D)
+ D¢, P c1CC15(II)]
X[ Dy Py Cy (I0) + D P Cy (1)
-1
+DC]chCc1s(I)] }’ @)

where R, T and F denote the gas constant, ab-
solute temperature and Faraday constant, respec-
tively. The diffusion constants within the DOPH
membrane are designated D; where i represents
K* (K), anesthetics (L) and C1~ (Cl). The parti-
tion coefficient between the lipids and water is
denoted by P.. The concentrations C,, (I) and C,
(II) correspond to those of species i (=KT,
anesthetics and Cl17) at the membrane surface in
contact with the aqueous solutions I and 1I, re-
spectively, defined by

Cis(j) = C,(J) exp(—z,.FV;(j)/RT)
(i=K,L,Cl; j=1,1I) (2)

where z, is the valency of species i, C;(j) being
the bulk concentration of species i in the aqueous

phase, j =1, II. The surface electrical potential,
which is formed in the aqueous phase near the
membrane surface, is expressed by V() for each
phase.

The membrane potential V,, is composed of the
sum of ¥, and the surface-potential difference
across the membrane, V(II) — V,(I):

Vo= Va+ V,(ID) = V(D). (3)

The membrane resistance R can be expressed
as (see the appendix):

__RTd
™ F2D(1)

1-(D,(1)/D,(11)) exp(~ FV,/RT)
[1—exp(—FV,/RT)|(1 + V/V,) °
(4)

where ¥V, is the induced increment of voltage on
application of d.c. electric current for measuring
the membrane resistance, and 4 the membrane
thickness. D_(i) for i =1 or II is defined by

D, (i) = Dy PyCy (i) + Dy P, C, (i)
+ Dy PoyCys(7), 5)

where 7 signifies the other side of i (if i = I, then
i =II). Since the relation between the electric cur-
rent and the electrical potential across the mem-
brane is nonlinear, the membrane resistance de-
pends on the potential. R, must be solved
numerically from eq. 4, which includes V.

In the present experimental situation, Cy (I) =
100 mM, C, (II) =1 mM and C (I) = 0. Since the
DOPH membrane is negatively charged, Cl™
scarcely penetrates into the membrane; then we
can put P = 0. Eq. 3 with eqs 1 and 2 is reduced
to

R

RT C (D
Vo= —"F Il e + sC. (D) |’ (©)

where the relative parameter g, which expresses
the hydrophobicity multiplied by the diffusion
constant, is defined by

g=D_P /Dy P,. (7)

Note that the surface potentials F,(I) and ¥V (II)
disappear in ¥V, and that eq. 6 does not corre-



S. Iiyama et al. / Effect of local anesthetics on the electrical characteristics of DOPH membranes: I 145

spond to the concentrations of K* and anesthetics
at the membrane surface but in the aqueous solu-
tion.

Similarly, the membrane resistance R, is re-
duced to

R - RTd
" FIDy PG (D)

x {exp( F¥,(1)/RT)

—[Ck (1) /(Ck (10) + gC, (ID))]

xexp| F(V,(ID) - ¥,) /RT]}

x {[1 - exp(~ FV,/RT)] (1 + ¥,/ ¥.)} .

(8)

By taking a limit of V, =0, we obtain

RT?d
R_= FV(1)/RT
m F3D1(P](CK (I)V:! exp( s( )/ )
Cx (D ‘
~ E(0) + 2C_ () exp( FV,(I1)/RT)|.

(9)

Comparisons with the experimental data are
made in figs 3 and 4 using eqs 6 and 8. The values
of g are 17.3, 21.1 and 116.4 for procaine, lidocaine
and tetracaine, respectively. This order is in agree-
ment with those of the degree of hydrophobicity
[19,20] and anesthetic potency [3,10]). Dependence
of the surface potential on the anesthetic con-
centration has not been observed, and hence we
assumed V,(j) =0in R, of eq. 8 for simplicity in
order to observe the overall trend.

Although the agreement between the theoretical
and experimental results is excellent for the mem-
brane potential, it is poor in the case of the
membrane resistance. In the experiment, the resis-
tance increases once and then decreases, but a
monotonic decrease is expected according to the
theory. This discrepancy may be due to three
factors. The first is neglecting to account for the
surface potential (discussed later). The second is
concerned with an unstirred layer formed near the
membrane, which affects the membrane electrical
characteristics [21]. The third may be the assump-
tion that D, and P, for i=K, L stay constant

during the variation of the concentration of
anesthetics. These quantities may be altered with
the adsorption of anesthetics into the, membrane,
leading to changes in the states of aggregation of
DOPH molecules.

5. Discussion

We investigated the action of local anesthetics
on the static and steady electrical properties of the
DOPH Millipore membrane. The electrical poten-
tial of the membrane under the condition of no
oscillation was observed to increase in proportion
to the logarithms of the concentration of anesthet-
ics. Increase in anesthetic concentrations up to
1072 M increased the potential to zero and above.
For artificial lipid membranes, changes in mem-
brane potential have been reported by Papa-
hadjopoulos [22] and McLaughlin [10]. Neverthe-
less, membrane potentials do not change in nerve
membranes [23]. On gustation, the electrical re-
sponse of the DOPH membrane [13,14] resembles
that of biological membranes [24,25]). The DOPH
membrane might also reproduce the strength of
the anesthetic effects for changing the membrane
electrical properties in accordance with that for
blocking the nerve.

The effect of the anesthetics on membrane re-
sistance was biphasic; these substances increased
it at low concentrations but lowered it at high
concentrations. The biphasic action of anesthetics
is not an uncommon observation. Inhalation
anesthetics such as halothane increase the order
parameter of synaptic membranes at low con-
centrations and decrease it at high concentrations
[26]. Various authors have suggested that halothane
fluidizes [27], rigidifies [28] or has no effect [29] on
the internal motion of probes incorporated into
lipid bilayers at the chinical concentration of 1
mM.

The surface electrical potentials V,(I) and V,(II)
disappeared formally in the expression for the
membrane potential, V. The same situation oc-
curs in the taste cell [30]. This result implies that
the surface potential cannot be ignored even if the
membrane potential apparently obeys the equa-
tion for the diffusion potential. In fact, the mem-
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brane resistance remained unchanged soon after
the application of anesthetics on the DOPH mem-
brane (see fig. 5 in ref. 16) in spite of the alter-
ation in membrane potential shown in fig. 2. This
result is in support of a large contribution of the
surface potential to the membrane potential.

The explicit expression for the surface potential
¥, may include the Donnan potential or some-
times the Gouy-Chapman double-layer potential
according to the conditions actually existing, as
shown theoretically [31]. We assumed ¥V, to be
zero in the estimation of R, . The surface poten-
tial is a function of the fixed charge density of the
membrane, but in the present case the manner in
which anesthetics affect the charge density is un-
known. Qualitatively, the anesthetics may decrease
the magnitude of the charge density, which is a
negative quantity due to the phosphate group of
the DOPH molecule. This process leads to a de-
crease in magnitude of V (II). The membrane re-
sistance R, therefore, is increased as indicated by
eq. 9 even when the diffusion potential ¥, (< 0) is
constant. This results in an improvement in the
theory for R_. It is necessary to consider an
adsorption equilibrium between the membrane and
anesthetics for discussing quantitatively the effect
of the surface potential, as has been carried out in
other systems composed of bilayers and Ca®*
[32-34].

The discrepancy in the values of the membrane
resistance R between theory and observation
may be due to two factors in addition to neglect-
ing of the surface electrical potential as discussed
above, i.e., the effect of the unstirred layer formed
near the membrane surface and the assumption of
constant D; (and P,) for i =K, L. The effect of
the unstirred layer may require further study, al-
though preliminary experiments showed that the
membrane potential increased by several millivolts
and the membrane resistance decreased by a few
percent when a 1 mM solution was stirred vigor-
ously.

If we assume that decreases in Dy and D
occur with successive addition of anesthetics, the
membrane resistance R, in eq. 9 can increase, as
observed experimentally (fig. 4). Whereas R
changes directly in this way, the membrane poten-
tial ¥ in eq. 6 is scarcely altered because the ratio

g=D_ P, /Dy Py remains constant when D; is
decreased -almost in proportion to Dg. Further-
more, the decrease in D, is not necessary at such
low anesthetic concentrations as C; (II) <« C, (1I):
V,, of eq. 6 is unaltered due to Cy (11) + gC, (ID) =
Cy (1) even if we assume the decrease to occur in
Dy only. We can therefore expect a substantial
improvement by considering such decreases in Dy
(and in Dy) in the theory, whereas a reliable
expression for the dependence of Dy on anesthetic
concentration has not been derived as yet. These
variations in the diffusion constants may occur
due to conformational changes in DOPH assem-
blies on the adsorption of anesthetics on the mem-
brane, as observed using scanning electron mi-
croscopy to study the adsorption of monosodium
glutamate, where the membrane resistance was
also increased [35].

At concentrations where the membrane resis-
tance was decreased by the anesthetics, the mem-
brane potential was changed (figs 3 and 4). This
suggests that the anesthetics act on the diffusion
potential of the membrane. Since the hydro-
phobicity of the anesthetics facilitates the penetra-
tion of anesthetic molecules into the DOPH mem-
brane, the anesthetics can also affect the diffusion
potential.

The theory gave a quantitative explanation of
the observed membrane potential. As can be seen
from eq. 6, the membrane potential is determined
not only by the partition coefficient P, but also by
the diffusion constant D, within the membrane.
The kinetic parameter reflecting diffusion may
also have an effect on the anesthetic potency,
although previous works have dealt solely with the
hydrophobicity [5-10].

Appendix

The electric current I, flowing across the mem-
brane from phase I to phase II is given by [18]
[ = — DiPinVma
i RTd
Cis(l) — Cls(II) CXP(—Z‘FVm/RT) |
1= exp(—2,FVp/RT)
fori=K,L,Cl, (A1)
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where z, is the valency of species i and ¥V, is
defined by

Vaa=Vat+ V., (A2)

with ¥V designating the diffusion potential within
the membrane without an applied d.c. electric
current and ¥V, the increase in potential brought
about by the applied current. The concentration at
the membrane surface C, (7) is given by eq. 2. Eq.
1 is readily obtained from the condition where the
total electric current I, which is the summation of
1, with respect to i, equals zero when there is no
applied current. The membrane resistance R, is
given by ¥V, /I. By using eqs 1 and Al, we obtain
eq. 4.

Let us evaluate the magnitude of membrane
resistance without application of anesthetics by
assuming V,(I)=V,(I)=0 in eq. 9. The mem-
brane thickness d is about 10™* m and the diffu-
sion constant within the membrane Dy approx.
107°% em?/s [17). Assuming the partition coeffi-
cient P to be of the order of 0.1, we estimate the
numerical value of R in eq. 9 at 3.1 MQ cm’,
This agrees well with the observed value.
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