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The cffects of dilute salts and anesthetics were studied on the imped: di in the dipalmitoylphosphatidylch
{DPPQC) i Below the p it lcmpcmlurc. the ivation energy for ¢ in DPPC-H,0 without
salts was cquivalent to pure water, 18, 2 kI mol~". This suggests that the mobile ions (H;0' and OH ") interact ncghglhly with

the lipid surface below the pi Al pre- ition , the energy of the
conductance decreased by the increase in the DPPC concentrations. The cffeets of various salls (L|Cl NaCl, KCl, KBr, and KD
on the apparent activation energy of the conductance were studied. Changes in anions, but not in cations, affected the activation
cnergy. The order of the effect was Cl™< Br~ < I™. Cations appear to be highly immobilized by hydrogen bonding to the
phosphate moicty of DPPC. The smaller the ionic radius, the more ions arc fixed on the surface at the exvensc of the
frec-moving species. The apparent activation energy of the transfer of ious at the vesicle surface was estimated from the
temperaturc-dependence of the diclectrie constant, and was 61.0 kJmol ™! in the absence of clectrolytes. In the presence of
clectrolytes, the order of the activation energy was F~> Cl~> Br~> 1. When the ionic radius is smaller, these anions interact

with the hydration layer at the vesicle surface and the ionic transfer may become sluggish. In the

absence of clectrolytes, the

apparent activation energy of the diclectric conﬁtdnl dccrcascd by the i increase in halott i Inthe p of

clectrolytes, however, the addition of haloth d the

energy. We propose that the adsorption of
BY- pi

halothanc on the vesicle surface produces two effects: (1) destruction of the hydration sheil, and (2) increase in lhc bmdmg of

. In the presence of clectrolytes, the latter effect

Introduction

The interaction of anesthetics with lipid membranes
has attracted a number of researches to elucidate the
anesthesia hanisms [1-3). The i in the fluid-
ity of lipid membranes has been advocated for the
mechanisms of anesthesia. The fluidizing theorics,
however, were questioned [3-5] because the increased
fluidity by clinical concentrations of anesthetics can bz
achieved by raising the temperature only 0.2 C° [4]. It
was suggested that the depression of the temperature
of the main phase transition by anesthetics may have
closer rel to the I hani [4]. Al-
though the anesthetic effects on the transition temper-
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to the vesicle surface. In the absence of clectrolytes, the fi st effect p

and thc

energy
:md the ¢

p activation cnergy & i

ature are amplified, the temperature depression by
clinical concentrations of anesthetics is about 2 C°.
Because raising the body temperature in this magni-
tude does not induce anesthesia, it is difficult to impli-
cate these pk directly for h mecha-
nisms [5]. The membrane fluidity is 2 membrane core
property, expressed by the order parameter of the
hydrocarbon tails of lipid membranes. The main phase
transition from solid to fluid states is also a core
property, expressed by the trans-gauche isomerism of
the hydrocarbon chain.

In , the p: ition t L, and P
phases is related to the thermal motion of the hy-
drophilic headgroup, and is an interfacial property.
The pre-transition is a low enthalpy event, and is highly
susceptible to anesthetics with the temperature depres-
sion in the range of 6°C at the clinical concentration of
anesthetics [6-11]. In our knowledge, the change in the
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surface property associated with the pre-transition has
not been reported. This study is intended to analyze
the change in the interfacial properties associated with
the pre-transition and the anesthetic cffects upon thew.

We have shown that the lateral conductance parallel
to the b surface, i d by i
dispersion, showed peaks at the pre- and main transi-
tion temperatures in DPPC vesicles [12,13]. Halothane
inhibited the ionic flow at the DPPC membrane sur-
face and decreased the lateral conductance, predomi-
nantly at the pre-transition temperature [13]. The pre-
sent study measured the effects of electrolytes on the
lateral cond of the h DPPC system.
The major effects of clectrolytes were observed with
anious in the order of the Hofmeister lyotropic series.
Cations showed little cffect.

Method

Synthetic DPPC (1,2-dit i l-sn-glycero-3-

Results and Discussion

Temperature and conductatice
Electric condaciance, o, is written as

a=enp 1)

where n is the concentration of the carrier of charge
(ion), u is its mobility, and e is the clementary charge.

A ding to the law, p is d to have
the following temperature characteristics:
r=pgexp(= A, /kT) )

where & is the Boltzmann constant, 7 the absolute
temperature, A, the activation cnergy of the ion mo-
hility. In pure water, n can be assumed to be constant.
Hence, from Eqns. 1 and 2, A, is estimated from the
plot between 1/7 and Ine. The value of A4, for pure
water, estimated from the plot (a) in Fig. 1, was 18.2
kJmol . This value is similar to the activation energy
of deuterated water estimated from the spin-lattice

phosphocholine) was obtained from Sigma and was
triply recrystallized from cthanol /water. After recrys-
tallization, DPPC was dricd ir. vacuo and mixed with
water in a tightly capped glass vial. The preparation of
the single-shelled liposome by sonication was described
previously [13,14). Halothane (Takeda Pharmaceutical,
Osaka, Japar) was treated with activated aluminum
oxide columns for several times to remove the water
and the stabilizer (0.01% thymol). Halothane was added
to the DPPC suspension in a glass vial with a Teflon-
lined cap by a microsyringe. The added amount was
then verified by weighing the vial. The conductance
and capacitance was measured by an AC bridg: t TR-IC,
Ando Denki, Tekyo) at 10 kHz in a custom-built plat-
inum concentric cell. The cell volume was 1.2 cm®. The
cell was immersed in a water bath with a temperature
stability of +0.05 C°. All experiments were repeated at
least four times, and expressed by the mean and stan-
dard error (Tables I and t1).

The electrical e of DPPC dispersion was

i d at the freq range b 60 Hz and
1.0 MHz. One dispersion was observed between 60 Hz
and 30 kHz, and another between 30 kHz and 300 kHz.
The dispersion at the lowest frequency range is caused
by the electrode polarization. Between 1.0 kHz and 30
kHz, both conductance and capacitance were constant
without di d The di ion in this
f range S 1 of counterions
close to the vesicle surface [15). For this reason, the
cond and i were d at 10 kHz
to estimate the movemcnts of counterions ncar the
vesicle surface avoiding the polarization near the elec-
trodes. The resolutions were 0.03 uS for the conduc-
tance and 1.0 pF for the capacitance.

times of 2H-NMR, and is equal to the en-
ergy of breaking a one molc hydrogen bond {16).

The perature dependence of the cond at
various DPPC/water ratios is shown as plots b-f in
Fig. 1. For clarity, cach curve in the figure is displaced
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Fig. 1. Effects of ipid ions on the

dependence of the electric condustance. a, Distilled water. b-f,

DPPC/H ;O (w/w): b, 1:99 (original vertical value); ¢, 2:98 (+0.1);

d, 6:94 (+0.4); e, 10:90 (+0.6), and f, 15:85 (+1.3). The lines are

shifted vertically to avoid overlaps for cla the numbers in paren-

thesis represent the shift of the set of points aiong the vertical axis.
The broken lines signify the pre- and main transition,




on the vertical axis to avoid overlaps, Breaks are ob-
served at the pic- and main transition temperatures.
The phase transition of DPPC vesicles changes the

| The 1 at the temg be-
low the pre-transition showed an identical slope to that
of pure water (plot a), The activation energy, thercfore,
was identical to the pure water. This means that the
mobility of the current-carrying ions in the vesicle
suspension was identical to pure water. The current-
carrying ions that determined the conductance inter-
acted little with the lipid memhrane at temperatures
below the pre-transition. Hence, the increase in the
DPPC concentration did not affect the slope in this
temperature range.

V/hen the temperature reached the pre-transition,
the DPPC/water ratio strongly influenced the conduc-
tance. The activation energy for the apparent mobility
of the current-carrying ion, A,,,, estimated by Eqns. 1
and 2, decreased consistent with the increase in the
DPPC concentration (Fig. 2).

At temperatures below the pre-transition, the hy-
drophilic head of DPPC is oriented parallel to the
membrane surface. The effective charge density is small
due to the intermolecular interactions. When the tem-
perature is raised above the pre-transition, the thermal
agitation on the mobility of the hydrophilic head dis-
turbs the parallel orientation [17-19]. The resulting
random orientation prcsumably increases the cffective
surface ct and i the lombic force
between the surface and the counterions. Because the
mobility of the bound counterions is restricted, the
temperature dependence of mobility must be less than
the free-moving ions in the bulk. The weighted average
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Fig. 2. Dependence of the activation energy of electric conductance
on the lipid concentrations. Open circles: the activation energy
i d from the of the vlectric conduc-
tance at below the pi i ifying the mobil-
ity of free-moving ions, A,,. Closed circles: the activation energy at
temperatures betwe cn the pre- and main transition, 4,

anne
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The apparent activation encegy, A, estimated from the temperature
dependence of electric conductance at temperatures between pre- and
mein transiion: cffects of electrolytes

DPPC/H,0 ratio was 10:90 (w/w), The values were average of
n =4, with standard error.

Electrolytes (0.5 mM) Ay (kImol ™)
LiCl 86+0.5
NaCl 86404
K<l 87406
KCl 8710.6
KBr 104+05
Ki 110405

mobility of the free and bound ions determines the

depend of the J The in-

crease in the vesicle concentration increases the num-

bcr of bound ions, thercby decreasing the temperature

d of the cond The decrease in the

DPPC concentration may be tie origin of the decrease
in the A,

The effects of electrolytes (LiCl, NaCl, KCl, KBr,
and Ki 0.5 mM) on the A4, are listed in Table I. The
difference among cations was negligible, but the differ-
ence among anions was evident. Apparently, cations do
not function as an effective current-carrier because
they are immobilized by the strong hydrogen-bonding
to the phosphate moiety of DPPC [20,21]. The order of
the potency in increasing the Awp was CI"<Br-<1-,
and it follows the order of their ionic radius. The
temperature dependence of the apparent ionic mobility
decreased consist . with this order. It may be con-
cluded that the effective current-carrying ions interact-
ing with the DPPC surface charges are anions, and the
smaller the ionic radius, the stronger they are fixed at
the surface. The salt effect on A, supports the model
that the vesicle surface interacts with mobile ions in
the temperature range between pre- and main transi-
tion.

The main binding site of the current-carrying anions
is the cationic choline head, This result is in contrast to
the surface hydration by hydrogen bonding, where the
main hydrogen bonding site of interfacial water is the
anionic phosphate moiety [20-22).

Temy and diel

When the electric field is applied to the system, the
distribution of the surfacc-adsorbed ions is rearranged
and induces dipole moments [23), The induced dipoles
increase the dielectric constant, de, as shown in the
next equation:

e =(9/P/(1+ P/2)'(¢*rq/e,kT) )
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where P is the volume fraction occupied by the vesicle,
e is the elemental charge, r the radius of the vesicle, g
the counterion surface densit, (ions per unit area), e,
the absolute diclectric constant of free space, k the
Boltzmann constant, and 7 the absolute temperature.

For the counterions to move at the vesicle mem-
brane surface, it is necessary to break the ion-pair
interactions between the counterion and the h -

TABLE Il

The apparent adivation encrgy of the adsorbed ions, A,, estimated
from the tempera dependence of dielectric constant at temperatures
between pre- and wwin transition: effects of electrolytes
DPPC/H;0 ratio was 10:90 {(w/w). The values were averz,
1 = 4, with standard error.

e of

bic moiety of DPPC. For the first approximation, the
temperature dependence of the number of counteri-
ons, n, that can move along the membrane surface is
written according to the activation law,

n=nyexp(— A, /kT) @)

o Electrolytes (0.5 mM) A, (k] mol ™)
- Licl 4322
NaCl 40+1
KCl 4213
KF 5044
KCl 4243
KBr 2642
Ki 1642

where A, is the activation energy. The capacitance of
the vesicle suspension at a particular temperature was
invariable at frequencies below 30 kHz. It indicates
that the counterions move fully complying with the
change in the direction of the electric field and that the
polarization induced at the surface is saturated. In
other words, the movement of the ccunterions at the
vesicle surface is not the rate-limiting step. The exient
of the induced polarization is dependent on tiie num-
ber of the movable counterions.

Under such condition, the g term in Eqn. 3 shows
the temperature dependence approximately similar to
Eqn. 4. The apparent activation energy, 4,, necessary
for the movement of the counterion by breaking the
ion-pair interaction with the vesicle surface can be
estimated from the slope between In(4e - T) and 1/7.

The value at DPPC/H,0 (1:9, w/w) without elec-
trolyte was 61.0 kJ mol~!, which was more than thrice
the apparent activation energy (A upp) for the mobility
of free ions. The mobility of the adsorbed ions is
strongly restricted and they form a relatively hard shell
around the membrane surface [24).

The effects of elcctrolytes on the A, are listed in
Table II. Similar to A,pps the apparent activation en-
ergy depended on the anion spccies. The order of A,
was F~> CI~> Br~> 1. This follows the reciprocal of
the ionic radius. The hydration energies of thesc an-
jons at 25°C are 406, 272, 239, and 197 kmol™',
respectively, for F~, Cl7, Br~, and 1™ [25]. The value
increases with the decrease in the ionic radius. Because
the hydration energy is the force attracting water
molecules, the smaller the ionic radius, the stronger
these ions interact with the surface hydration shell,
Hence, the mobility of small anions bound to the
membrane surface is more restricted than that of larger
anions.

Effect of halothane

The effects of halothane on the conductance of the
liposome (DPPC/H ,0 (1:9, w/w) are shown in Fig. 3.
The two breaking points in the conductance tersus

temperature plot correspond to the pre-and main tran-
sition. Halothane depressed the temperature of the
pre-transition break more than the main transition
break. The high temperature break that corresponds to
the main transition was affected only when the
halothane concentrations were higher (Fig. 4).
Halothane also affected the dielectric constant of
the DPPC vesicle suspension. Below the pre-transition
temperature, the dielectric constant did not show any
temperature dependence. The mobile ions did not

o 110
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-11.5
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Fig. 3. Effect of L on the d of elec-
tric dh Haloth lipid mole ratio [hal 1/[DPPC]

4, 0 (original vertical value); b, 0.014 (+0.1); ¢, 0.029 (+0.4) d, 0.059

(+0.4%; e, 0.083 (+0.7), and f, 0.140 (+0.7). DPPC/H,0 1:9 (w/w).

The lines are vertically shifted to avoid overlaps, and the numbers in

parenthesis represent the shift of the set of points along the vertical
axis. The broken lines signify the pre- and main transition.
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Fig. 4. Effect of haloth on the de \ of dielec-

tric constant. Lines a--f correspond to Fig. 3 for the [halothanel/
[DPPC] mole ratios. The lines are shifted vertically to avoid averlaps,
and the numbers in parenthesis represent the shil
vertical value), b (+0.2), ¢ (+0.8), d (+1.2) ¢ (+ 1.4)

‘The broken lines signify pre- and main transition.

appreciably interact with the vesicle surfaces. The di-
electric constant at the temperature range between the
pre-and main transition was temperature-dependent
and influenced by halothane. The effect of halothane
on the apparent activation energy, A, was estimated
by Eqns. 3 and 4, and is shown in Fig. 5.
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HALOTHANE / DPPC
Fig. §. Effect of halothane on the activation energy of the lateral
movement of counterions bound to the vesicle surfaces. Open circles:
without clectrolytes, Closed circles: with 16 mM KCl. DPPC/H,0
1:9 (wyw),
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The halothane effect on the A, for surface-bound
current-carriers differed in the presence and absence
of a small amount of electrolytes. In the absence of
RC, the A, dually decreased i with the
increase in halothane concentration. Probably, this is
because halothane breaks the hydrogen bonds among
water molecules in the hydration shell, and increases
the mobility of OH™.

In the presence of KCl, the A, was slightly in-
creased by halothane. During the study on the counte-
rion (Na*) binding to anionic surfactant micelles, we
have shown [26], by ®*Na-NMR, that the half-heigat
width of the Na signal increased about 15% by the
clinical cf ion of hal This i in
the half-height width was interpreted as: the mobility
of Na* decreased due to the increase in the coulombic
force induced by the decrease in the surface dielectric
constant through the adsorption of halothane mole-
cules. We hypothesize that the cause of the increase in
the A, by halothane in the presence of KCl is the
stronger binding of the counterions to the surface
charges. This was induced by the decrease in the local
dielectric consiant, hence, the coulombic interaction
force increased. The adsorption of halothane on the
vesicle surface pro:luces two actions: (1) destruction of
the hydration shell, and (2) increase in the binding of
electrolytes to the vesicle surface. When the salt is
omitted - the mobile ions are H,;0* and OH~ - the
effect on the hydration shell predominates and the A,
decreases.

The preferential effect of anesthetics on the pre-
transition suggests that the primary action site of anes-
thetics is the surface of the membrane. The amphi-
pathic property of anesthetics is exemplified by the
QSAR (Quantitative Structure-Activity Relationship)
study of Hansch and co-workers [27], showing that the
anesthetic potency correlates best with its solubility in
the weakly polar solvent, octano!, The correlation dete-
riorates 'vhen apolar sol , such as hyd: t
are used for the organic phase. Thesc data suggest that
the anesthetic action site is not similar to that of
hydrocarbons, Accordingly, modern inhalation anes-
thetics are designed to weakly polar conformations
[28]. it is known that apolar molecules are less puiem
for anesthesia than their dipolar counterparts [28].

By 'H- a=d ""F-NMR spectrometry, it was shown
[29,30] that the hydrophilic end of anesthetic molecules
penetrated into surfactant micelles, but did not lose
contact with the aqueous phase. Using the inhalation
anesthetic methoxyflurane, the interfacial localization
of ihetics was visualized by the two-di ional
nuclear Overhauser effect 'H-NMR, where the pro-
tons of the hydrophobic methoxy end showed a cross-
peak with the protons of the hydrophilic choline head
of DPPC vesicle [31]. The hydrophobic end
of the anesthetic interacted with the surface of the
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lipid membrane, and the hydrophilic end remained in
the aqueous phase. Anesthetics intcract with the hy-
drophilic interface of the lipid membranc and destruct
the hydration shell [3). The relaxation of the structure
of the hydration shell increases the moiion of the
hydrophilic moiety and decreases the pre-transitice
temperature. The present study revealed the effect of
the anesthetic localization at the interface on the mem-
brane surface property, and the relation between the
pre-transition and the lateral ion conductance.
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