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Stopped-flow study of anesthetic effect on water-transport kinetics through
phospholipid membranes. Interfacial versus lipid core ligands
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We have compared ligand effects between polar and apolar anesthetic molecules upon water transport across
phospholipid membranes by kinetic analysis of the osmotic swelling rate, using a stopped-flow technique.
Chloroform and 1-hexanol were used as interfacial ligands, and carbon tetrachloride and n-hexane were used
as their counterparts, representing lipid core action. Because anesthetics transform the solid-gel membrane
into a liquid-crystalline state, and because phospholipid membranes display an anomaly in permeability at the
phase transition, dimyristoylphosphatidylcholine vesicles were studied at temperatures above the main phase
transition to avoid this anomaly. All these molecules increased the osmotic swelling rate. However, a
significant difference was observed in the activation energy, AE,, between polar and apolar molecules; AE,
was almost unaltered by the addition of polar molecules (chloroform and 1-hexanol), whereas it was
decreased by apolar molecules (carbon tetrachloride and n-hexane). The obtained results were analyzed in
terms of the dissolution-diffusion mechanism for water permeation across the lipid membrane. It is suggested
that polar molecules affect water permeability by altering the partition of water between the membrane
interior and water phase, and apolar molecules affect it by altering both the partition and the diffusion of
water within the membrane interior.

Introduction

Anesthetics affect the physical properties of
membranes, such as the phase transition between
the solid-gel and liquid-crystalline states. It is gen-
erally agreed that membrane perturbation caused
by anesthetic molecules 1s directly or indirectly
related to the state of anesthesia. A number of
studies have been reported about interactions be-
tween anesthetics and model membranes to eluci-
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date molecular mechanisms of anesthesia.

Permeability to small molecules is one of the
important properties of membranes, and several
studies have been reported about the effect of
anesthetics on permeability in model membrane
systems [1,2]. In the present communication, we
report the effect of anesthetics on water permeabil-
ity of phospholipid vesicle membranes by measur-
ing the vesicle swelling rate induced by osmotic
shock. We used dimyristoylphosphatidylcholine
membranes at above the phase-transition temper-
ature because the permeability anomaly associated
with phase transition is amply emphasized [3-5]
and anesthetic binding to the membrane trans-
forms the solid-gel membrane to a liquid-crystal-
line state.



394

The osmotic swelling or shrinking technique has
been frequently applied to the study of water
transport across phospholipid vesicle membranes
[6-14] (see also a review 1n Ref. 15). Because lipid
bilayers are poorly permeable to solutes such as
morganic electrolytes, sucrose and other polar
molecules, and are relatively permeable to water,
phospholiptd vesicles undergo swelling or shrink-
g when the osmolarity of the external solution is
changed. It has been empirically established that
the vesicle volume change associated with swelling
or shrinking is directly proportional to the change
i the reciprocal of absorbance at appropriate
wavelengths [6]. The spectrophotometric method
can be used to monitor the time-course of vesicle
volume change after a sudden osmotic shock using
a stopped-flow apparatus.

In general, it is difficult to determine the abso-
lute value of the water permeability coefficient
from the osmotic shock experiment in phospholi-
pid vesicle systems, because of several unknown
factors involved. Nevertheless, this technique is
useful for comparative purposes, i.e., to study the
difference 1n permeability between the absence
and presence of anesthetics.

It was of interest to compare two types of
anesthetics which have similar molecular structure
but different polarity. We have reported [16-20]
that polar anesthetic molecules accumulate at the
membrane /water interface at chnical concentra-
tions. On the other hand, it has been established
[21} that apolar molecules, such as alkanes,
penetrate into the hydrophobic core. Chloroform
and 1-hexanol are used to represent interfacial
action, and carbon tetrachloride and n-hexane are
used to represent lipid core action. It will be
shown that there 1s a significant difference be-
tween these two classes of ligands in activation
parameters for water permeation across the mem-
brane.

Materials and Methods

Synthetic dimyristoylphosphatidylcholine
(DMPC) was obtained from Sigma. Chloroform
(MCB), carbon tetrachloride (Fisher), 1-hexanol
(Sigma), n-hexane (Fluka) and sodium chloride
(Mallinckrodt) were all reagent grade and used
without further punfication. Water was triply dis-

tilled, once from alkaline potassium permanganate
solution.

DMPC vesicle suspension in NaCl solution was
prepared by sonication in a cup-horn of a Branson
Sonifier Model 185 (Danbury, CN) above the
phase-transition temperature. After sonication,
vesicle suspension was maintained at 4°C to fuse
into homogeneous size according to the method
reported by Wong et al. [22]. The concentration of
DMPC was 0.4 mM. Anesthetics were added to
the vesicle suspension by a microsyringe which
was calibrated by the weight of delivered water
measured by a Perkin-Elmer electronic ultramicro-
balance.

A Durrum Model D-110 stopped-flow spectro-
photometer was used for kinetic meaurements.
DMPC vesicle suspension in NaCl solution was
mixed with hypotonic solution with a mixing ratio
of 1:1. The swelling process of the vesicle after
muxing was followed by the absorbance change at
450 nm. The output signal was stored in a Nicolet
Model 3091 digital oscilloscope with a time resolu-
tion of 1 us, and recorded on a Hewlett-Packard
X-Y recorder. The temperature of the sample solu-
tion was mantained at 30.0 + 0.1°C.

Fig. 1. shows a typical tracing of absorbance
change 1in the time domain. At the initial stage
after mxing, absorbance instability was observed.
A similar response has been reported by others
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Fig. 1 Typical ume-course of absorbance change at 450 nm
due to osmotic swelling for DMPC vesicle suspension DMPC
m 005 M NaCl was mixed with water at 300°C DMPC
concentration after mixing was 0.21 mM Curve a was recorded
by expanding the time-scale of curve b



[9,11], but the origin of this instability is not
known.

The rate was analyzed in terms of the relative
initial change (after the instability) in the recipro-
cal of absorbance with time, i.e.,

_ (d(1/4)/dt), _ (d4/de), 1
Vo = 1/AO - AO ( )

where A4 is the absorbance and subscript 0 indi-
cates t=0. From the slope of the initial linear
portion of curve (a) in Fig. 1, (d4/dr), was
obtained. 4, was estimated by extrapolating the
same line to ¢ = 0. The experiment was repeated at
least four runs. All data points were stored in an
Apple Ile microcomputer interfaced with a PDP
11 /23 muinicomputer, and linear and polynomial
curve fittings were performed according to the
least-squares method.

Results and Discussion

If the phospholipid membrane is impermeable
to the solute, NaCl, the rate of volume increase
resulting from water influx, dV/d¢, is expressed as
[23]):

& = p.sRTAC @)
where P, is the permeability coefficient for water,
S is the membrane area, R is the gas constant, T is
the absolute temperature, and Ac is the concentra-
tion difference in the impermeable solutes between
the inside and outside of the vesicle. Since v, 1s
proportional to the initial rate of volume change,
the following relation holds [12]:

vO=k(i—lt/) = kP, ,SRTAc 3)
0

where k is a proportionality constant. The relation
expressed in Eqn. 3 has been used to analyze the
osmotic behavior. The existence of linearity be-
tween v, and Ac has been taken as an indication
that the membrane is impermeable to the solute
[12].

In many osmotic shock experiments [9,10,12-
14], a small amount of phosphatidic acid or other
charged lipids was added to pure phosphati-
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dylcholines to enhance osmotic response. In these
systems, linearity between v, and Ac has been
reported. We favored, however, a simpler system
for analysis, and pure DMPC vesicles were used.

Fig. 2 shows the vanation of v, as a function of
Acy,q at different temperatures above and below
the phase transition temperature. (Although Ac in
Eqn. 3 is the difference in ionic concentration, the
abscissa of Fig. 2 is expressed as the concentration
difference of NaCl; Ac = 2Acy,c)- As shown in
Fig. 2, the linear relationship holds between v, and
Ac . for pure DMPC vesicles. Hence, 1t may be
safely assumed that DMPC vesicle membranes are
practically impermeable to NaCl and k, P,, and S
in Eqn. 3 can be regarded to be dependent only on
temperature in the present experimental condition.

The absolute values of v, at 30.0°C were smaller
than the results of osmotic shrinking reported by
Blok et al. [12], who used DMPC vesicle
membranes doped with 4 mol% egg phosphatidic
acid, and glucose as the impermeable solute. The
difference may be caused in part by the presence
of the charged lipid. All subsequent experiments
were performed at fixed Acy,e of 0.025 M, i,
DMPC vesicle suspension in 0.05 M NaCl was
mixed with water.
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Fig. 2. Plot of the mitial swelling rate for DMPC vesicle, vy,
against the NaCl concentration difference, Acy,c;, at various
temperatures. 30°C, 0O; 24°C, O, 18°C, a. DMPC mn 0.1 M
NaCl (open symbols) or 1n 0.05 M NaCl (filled symbols) was
mixed with water or NaCl solution of lower NaCl concentra-
tion to give the Acy, value shown on the abscissa. Vertical
bars indicate the standard deviation estimated from four re-
peated runs.



396

Effect of anesthetics on v,

To avoid osmotic differences due to anesthetics
between vesicle suspension and diluting fluid, an
equal amount of anesthetics was added to the
vesicle suspension and diluting fluid, except for
n-hexane, because its water solubility is negligible.
In this case, DMPC suspension was mixed with
water saturated with n-hexane.

Fig. 3a shows the plot of v, against anesthetic
concentration at 30.0°C. In all cases, v, increased
almost linearly with anesthetic concentrations. To
compare the effectiveness of each anesthetic, the
bulk anesthetic concentration was converted to the
mole fraction of anesthetics in the phospholipid
membrane, using the following reported values of
the partition coefficient [24]: CHCl, = 1060, 1-
hexanol = 960 and CCl, = 6910. For n-hexane, 1t
was assumed that all n-hexane molecules are incor-
porated into the lipid phase because of the low
solubility 1in water. The result 1s shown 1n Fig. 3b
where the anesthetic concentration is expressed by
x\. where superscript | indicates the lipid phase.
The amount of anesthetic molecules incorporated
into the membrane may vary with temperature
because partition coefficients depend on tempera-
ture. Generally, however, the enthalpy change as-
sociated with the transfer of such molecules as
used here have a small positive value, typically less
than 1 kcal - mol "'. Simon et al. [25] found A H°
for ['*CJhalothane binding to the dipalmitoylphos-
phatidylcholine vesicle membranes from water to
be 0.0 + 0.2 kcal - mol~'. Assuming the enthalpy
change of 1 kcal - mol™!, it is estimated that the
partition coefficient varies about 8% over the
temperature range 25-40°C, and this leads to the
variation of the mole fraction of anesthetics in the
lipid phase by a similar extent. However, the re-
sults variation of v, due to the change in the
partition coefficient is less than 2% (see Fig. 3b).
Hence, the contribution of the variation of
anesthetic content in the membrane to the change
1n v, may safely be neglected.

It is seen m Fig. 3b that polar 1-hexanol is
much more effective for increasing v, than apolar
n-hexane. Also, polar CHCI, is more effective than
apolar CCl,, although the difference 1s not as
distinct as in the case of the hexanol-hexane pair.
If we assume that the parameters k, the optical
coefficient relating the absorbance change to the
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Fig. 3 Plot of the imtial swelling rate for DMPC vesicle, v,
agamst (a) anesthetic concentration and (b) mole fraction of
anesthetics 1n the lipid phase, x,L, at 30 0°C CHCl,, ®; CCl,,
O, 1-hexanol, O, and n-hexane, @ DMPC vesicle suspension 1n
0.05 M NaCl with anesthetics was mixed with water containing
an equal amount of anesthetics Error bars are omutted for
clarnty, because the scatter was small and 1n many cases within
the size of the symbol.

volume change, and S, the vesicle surface area, are
constant and independent of the presence of small
amounts of anesthetics (because anesthetics are
mixed with vesicle suspension and diluting fluid
before the osmotic shock), then v, can be regarded
to be directly proportional to P, at fixed Acy,
and T (Eqn. 3). Although anesthetics increase
membrane area, S is constant in the present study,
because the anesthetic concentration is identical
before and after the osmotic shock. Thus, the



results in Fig. 3b indicate that the water permea-
bility of the DMPC vesicle membrane is increased
by incorporation of anesthetic molecules into the
membrane, and the extent of the increase 1s larger
for polar molecules than for apolar molecules.

It is generally accepted that water permeability
through phospholipid membranes is controlled
mainly by two factors: partition of water mole-
cules between the bulk water phase and membrane
phase, and the diffusion rate of water molecules
through the membrane [15]. A more detailed anal-
ysis about how anesthetics alter the water permea-
bility may be obtained by examining the tem-
perarure dependence of the swelling rate.

Temperature dependence of v,

Swelling rates of DMPC with and without
anesthetics were measured as a function of temper-
ature above the phase transition. Again, we as-
sume that both k and S are nearly independent of
small amounts of additives or temperature. Then
the temperature dependence of v,/ T may be caused
by the change in P,. Assuming that the permeabil-
ity coefficient has the following form:

P, =Pl exp(—AE,/RT) (4)

where AE, is the activation energy for water
permeation and P is a constant, we obtain from
Eqn. 3:

vo/T=CPg exp(—AE, /RT) (5)

where C is a constant at fixed Ac o (C = kSRAc).
According to Eqn. 5, AE, can be obtained from
the plot of log(v,/T) vs. 1/T.

In Fig. 4, the logarithms of v,/T are plotted
against 1/T for chloroform (a) and carbon tetra-
chloride (b). Data for 1-hexanol and n-hexane are
omitted for brevity, but they are essentially simil-
lar to those of chloroform and carbon tetrachlo-
ride. For pure DMPC systems, the deviation from
linearity is seen at low temperature, which coin-
cides with the phase transition between the gel and
hquid-crystalline states. In the presence of
anesthetics, the linearity holds for the whole
temperature range examined. This is caused by
anesthetic-induced depression of the transition
temperature; the DMPC vesicles are in a liquid-
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crystalline state at the measured temperature range.
The values of AE, were estimated from the slopes
of the straight lines in Fig. 4 and are shown in
Table 1.

The value of activation energy for water
permeation of a pure DMPC vesicle membrane
has not been reported to our knowledge. Values
for other phosphatidylcholine vesicles, obtained
from osmotic shock experiments at above the tran-
sition temperature, scatter from 6.6 + 0.4 to 14.1
+ 2.6 kcal - mol ™! [8,12,26]. The present value for
the pure DMPC vesicle is close to the lower limit
of the reported values.
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Fig. 4 Plot of log(vy/T) against 1/T. (a) DMPC-CHCI,
system. CHCIl; concentrations are 0, O; 3.95 mM, ®; and 7.90
mM, O (b) DMPC-CCl, system. CCl, concentrations are 0,
O; 0.83 mM, @; 1.65 mM, O; and 2.47 mM, M. The standard
deviations of all data points were within the size of the symbol
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An interesting finding 1n the present study is
the demonstration of the distinct difference in
activation energies between polar and apolar
ligands. As shown in Fig. 4 and Table I, AE,
remained almost unchanged with the addition of
chloroform and 1-hexanol, whereas AEp de-
creased dose-dependently with the additon of
carbon tetrachloride and n-hexane. This results
indicates that the mechanism of modification of
the water permeation across the vesicle membrane
1s different between the two groups.

Water permeation across the lipid membrane 1s
generally interpreted in terms of the dissolution-
diffusion mechanism, where the membrane core is
assumed to be a homogeneous layer in which
water dissolves and moves by diffusion [8,15,26].
According to this model, P, is expressed by the
following equation [27):

Ax 2/

1
7. %D, ' D, ®)

m

where K 1s the partition coefficient of water, D,, 1s
the diffusion coefficient of water within the hydro-
carbon core of the membrane, Ax 1s the core
thickness, / 1s the width of the interfacial region
containing the polar headgroup of the lipid, and

TABLE 1

ARRHENIUS ACTIVATION ENERGY (4E,, kcal mol 1)
FOR WATER PERMEATION ACROSS DMPC VESICLE
MEMBRANES

Anesthetics Concn. Mole Activation energy
(mM) fraction AE, (kcal mol 1)
xh
None - - 589+010
CHCl, 395 0075 5834015
7.90 0.15 582+£023
CCl, 082 0099 5124023
165 020 403+023
247 030 351+019
1-Hexanol 2.40 0.041 590+012
480 0083 597+£010
960 0165 6031034
n — Hexane 0.099 020 4704032
0176 0.30 4254033
0412 0.40 3.27+£026

D, 1s the diffusion coefficient across the interfa-
cial region from the bulk aqueous phase to the
membrane.

The first and second terms on the right-hand-
side of Eqn. 6 represent the contributions from the
hydrocarbon core and the interfacial region of the
membrane, respectively. There are two possibilities
for the rate-determuining step for the water permea-
tion, i.e., diffusion in the lipid core and diffusion
across the interfacial region. If both of these diffu-
sion processes are rate-limiting, then the Arrhenius
plot in Fig. 4 will be in a nonlinear form.

Although there is no conclusive evidence that
explicity shows which is the rate-determining step,
the fact that the water permeability of black lipid
membranes formed from the lipids with the same
headgroups can be altered by varying the hipid
chain composition [28,29] suggests that the hydro-
carbon core may be the primary site that de-
termines water permeability.

If we assume that the rate-determining step for
water permeation is diffusion within the mem-
brane core, the second term in the right-hand-side
of Eqn. 6 can be neglected. Then,

Pw=KD, /Ax 6]

According to the absolute reaction rate theory
[30], a diffusional flow 1s treated as a series of
successive jumps from one equilibrium position to
another, and the diffusion coefficient 1s given by:

D, = (NkT/h)exp(AS*/R)exp(— AH*/RT) (8)

where AH* and AS* are the activation enthalpy
and the activation entropy for the diffusion
process, respectively; A is the distance between
successive equilibrium positions along the path of
diffusion; k 1s the Boltzmann constant, and 4 is
Plank’s constant. Also, from the thermodynamic
relation

— RTInK = AG® = AH° — TAS®
K is expressed as:
K =exp(AS°/R)exp(— AH®/RT) 9)

where AH° and AS° are the standard enthalphy
change and the standard entropy change, respec-



tively, accompanied by the transfer of water mole-
cules from the water phase into the hydrocarbon
core. From Eqns. 7-9, we obtain:

P, = (NkT/Axh)exp[(S* + A5°)/R]
xexp| - (AH*+ AH®)/RT] (10)

Comparing Eqn. 4, and according to the definition
of Arrhenius activation energy [30],

AE,=AH*+AH°+RT (11)
P2 = (NkT/Axh)exp[(AS*+ AS°)/R] (12)

Thus, 4 E, obtained from the slopes of the straight
lines in Fig. 4 corresponds to the sum of the
activation enthalpy for diffusion of water in the
membrane core and the standard enthalpy change
for partition of water. Also, information on the
entropy change can be obtained from the intercept
of the straight line in Fig. 4.

Although the absolute value of AS* + AS® can-
not be estimated because of the presence of un-
known constant C 1n Eqn. 5, one can estimate the
change in AS* + AS°, i.e., A(AS* + AS®), by tak-
ing the difference in the intercepts between DMPC
systems with and without additives, under the
assumption C, A and Ax are independent of the
presence of a small amount of additives. In Fig,. 5,
obtained AH*+ AH° and A (AS*+ AS°) are
plotted as a function of the mole fraction of
anesthetics in the lipid membranes.

For chloroform and 1-hexanol, AH* + AH® re-
mained almost constant in the presence of addi-
tives. It may be reasonably concluded that neither
AH* nor AH® are altered by the presence of
additives, because the possibility is remote that
each of them changes without changing the sum.
The activation enthalpy of solute (water) diffusion
in a solvent (membrane core) is closely related to
the viscosity of the solvent [30]. The present result
that AH* is unaffected by the presence of polar
anesthetics indicates that these molecules do not
significantly perturb the hydrocarbon core of the
membrane, at least in the concentration range
employed in the present study. It has now been
recognized that the anesthetic effect on the order
of the lipid tail is modest [31].
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Fig. 5 Plot of (a) AH* + AH® and (b) A(AS* + AS°) agarnst
the mole fraction of anesthetic molecules 1n the hipid phase, x).
Pure DMPC, A, CHCl,, ®, CCl,, O; 1-hexanol, O, and
n-hexane, B. Vertical bars indicate the standard error estimated
from the least-squares analysis.

2(28%+48%) (cal mol~ldeg-")

On the other hand, A(AS* + AS®) for chloro-
form and 1-hexanol were slightly increased. Be-
cause the membrane core is little affected by the
addition of these molecules, AAS* should be close
to zero. Then, the increase in AS* + AS°® is attri-
butable to the increase in AS® induced by the
incorporation of these molecules. This means that
the entropy of water molecules dissolved in the
hydrocarbon core is increased by the presence of
chloroform or 1-hexanol, because the entropy of
water in the bulk phase may be regarded to be
unchanged. Presumably, relaxation of the mem-
brane structure by low anesthetic concentrations
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may be enough to increase the free space for water
molecules in the lipid core, but may not induce
trans-gauche totation of the lipid tail, because the
membrane is already in the liquid-crystalline state.
It is concluded that polar molecules, chloroform
and 1-hexanol, increase the water permeability of
the DMPC vesicle membrane, primarily by in-
creasing the partition coefficient of water through
increased AS® rather than increasing diffusion of
water molecules across the membrane core.

Carbon tetrachloride and n-hexane showed quite
different results from chloroform and 1-hexanol.
Both AH*+ AH® and A(AS* + AS°) decreased
significantly with the increase in the mole fraction
of these molecules in the membrane. Unfor-
tunately, AH* and AH° or AAS* and AAS®° can-
not be estimated separately; therefore, detailed
analysis is difficult. However, some qualitative
conclusions can be drawn.

It may be reasonably assumed that carbon te-
trachloride and n-hexane perturb the membrane
core because they resitde in the bilayer center [21].
It is likely that the presence of these molecules
disorder the phospholipid hydrocarbon chains and
lower AH*. On the other hand, the activation
entropy for the diffusion process is generally small
(close to zero) regardless of the property of the
medium, except 1n associated liquids [30]. Hence,
AAS* 1s considered to be small and the decrease in
AS* + AS° may be mostly attributable to the de-
crease in AS°. This indicates that the entropy of
water in the hydrocarbon core 1s reduced by the
presence of these additives. If the decrease in
entropy of water results from some interaction
between water and carbon tetrachloride or n-
hexane in the membrane, A H° may also be de-
creased by the presence of these additives.

It 1s suggested that apolar molecules, carbon
tetrachloride and n-hexane, affect water permea-
bility through DMPC vesicle membrances by alter-
ing both the diffusion coefficient of water within
the membrane core and the partition coefficient of
water. These changes in D, and K may be mainly
due to perturbation of the membrane core induced
by the presence of these molecules.

Effect of anesthetics on the relative volume change of
DMPC vesicles
From the linear relationship between the change

in the vesicle volume and the change in the re-
ciprocal of the absorbance, one can estimate the
relative volume change of DMPC vesicles, which 1s
a measure for the extent of swelling, according to
the following equation:

AV 1/4,—1/4, A4

V, T 4, 4, (13)

where 44 =A4,— A, 1s the absorbance at equi-
librium (see curve b 1n Fig. 1). AV /V}, and hence
AA/A_, may be used as measure for the ‘strength’
of the lipid membrane.
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Fig 6 Plot of the relative absorbance change, 44 /4, against
(a) temperature and (b) mole fraction of anesthetic molecules
in the hpid phase. Pure DMPC, a, CHCI,, @, CCl,, O,
1-hexanol, O, and n-hexane, B. Concentrations of anesthetics in
(a) are CHCl; = 7.90 mM, CCl, =165 mM, 1-hexanol = 4.8
mM, and n-hexane = 0 099 mM



Because the osmotic swelling experiments were
performed at fixed AC, it may be inferred that the
stronger the association forces between membrane
Lipids. the smaller the relative volume change of
the vesicle.

Fig. 6a shows the plots of A4 /A as a function
of temperature. Notice that A4/A4_ is almost
constant at the measured temperature range. With
pure DMPC vesicles, however, the plots deviate
from linearity at the low temperature range, due to
the gel-to-liquid-crystalline phase transition of the
membrane. A similar finding has been reported
with phosphatidylcholine vesicles containing phos-
phatidic acid [12].

The values of A4/A4_, averaged over the tem-
perature, are plotted against the mole fraction of
anesthetics in the lipid phase in Fig. 6b. In all
cases, AA/A, increases with increasing x), and
this indicates that the strength of the vesicle mem-
brane is weakened by the presence of anesthetics
in the membrane. Again, a significant difference 1s
seen in the extent of the increase of A4/A4
between polar and apolar groups. The increment
in AA/A_, is much larger for polar molecules than
for apolar molecules. The molecules incorporated
into the interfacial region and affecting
water /membrane association are more effective in
weakening the strength of the membrane than
those incorporated into the membrane core. The
present result shows the importance of the interfa-
cial property for membrane stability and supports
our view that polar anesthetic agents are mem-
brane destabilizers as well as nonpolar anesthetics.
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