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SUMMARY

LEe, A. G. (1977) Local anesthesia: the interaction between phospholipids and
chlorpromazine, propranolol, and practolol. Mol. Pharmacol., 13, 474-487.

Chlorpromazine and propranolol have been shown to reduce the temperature of the gel
to liquid-crystalline phase transition in dipalmitoylphosphatidylcholine and dipalmi-
toylphosphatidylethanolamine, at concentrations comparable to those that block sodium
conductance in nerve. Effects on the transition temperatures with increasing concentra-
tion are nonlinear because of the buildup of positive charge on the liposomes. Addition of
myristic acid to the liposomes reduces this charge effect and so increases the binding of
chlorpromazine and propranolol; the effect of myristic acid is masked by addition of
Ca?*. In contrast, practolol at concentrations up to 20 mm has no effect on lipid phase
transition temperatures, and has little local anesthetic activity. These anesthetic effects
are discussed in terms of the annular transition model; the sodium channel is postulated
to be surrounded by an annulus of lipid in the gel state, the rigid lipid microenvironment
ensuring maintenance of the optimum configuration for the channel. Addition of anes-
thetics triggers a change in the lipid annulus from the gel to the liquid-crystalline state,

with concomitant relaxation of the protein and reduction in the size of the channel.

INTRODUCTION

A large variety of organic molecules
show local anesthetic activity. This sug-
gests that local anesthesia must result
from a relatively nonspecific interaction,
rather than from specific binding of the
drug to a receptor in the membrane. A
possible mechanism has been suggested
elsewhere (1): the sodium channel in nerve
is embedded in a rigid lipid environment,
and addition of local anesthetics causes a
transition of the lipid into the liquid-crys-
talline state, allowing relaxation of the
sodium channel with concomitant reduc-
tion in the sodium conductance. This pa-
per reports on the correlation between the
local anesthetic effects of two antihyper-
tensive agents and chlorpromazine, and
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their effects on the phase transition tem-
perature of lipids.

Chlorpromazine is a major tranquilizer,
and acts to suppress hallucinations in con-
ditions such as schizophrenia, probably by
interfering with dopaminergic transmis-
sion in the limbic system of the brain. The
effects of chlorpromazine could be due
either to nonspecific blockade of the dopa-
mine-releasing neurons or to the specific
inactivation of dopamine receptors. There
is evidence in favor of both modes of ac-
tion. Thus the dopamine receptor is
thought to activate an adenylate cyclase,
and chlorpromazine does indeed block the
dopamine-sensitive adenylate cyclase (2-
4). However, there is a poor correlation
between the concentrations of the major
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tranquilizers required for blocking the
adenylate cyclase and the clinical dosages
used in the control of acute schizophrenia.
Seeman et al. (5) found a much better cor-
relation between clinical dosages and the
concentrations required for nerve block-
ade. Chlorpromazine and related com-
pounds have been shown to be very potent
local anesthetics, blocking sodium con-
ductance in nerve at a concentration of
approximately 10-100 um (5-10), which
makes chlorpromazine a more potent local
anesthetic than, for example, dibucaine or
tetracaine.

In a number of papers Seeman and co-
workers have demonstrated the strong,
nonspecific hydrophobic interaction be-
tween chlorpromazine and biological
membranes (see ref. 11). Since local anes-
thesia results from such low concentra-
tions of chlorpromazine, it seems unlikely
that blockade of sodium conductance could
follow simply from a general increase in
“fluidity” for the lipid component of the
membrane resulting from the binding of
chlorpromazine. This is particularly so
since lipid in the liquid-crystalline state is
already highly fluid: the “microviscosity”
at the center of a bilayer of dimyristoyl-
phosphatidylcholine in the liquid-crystal-
line state is about equal to that in n-
decane at 31°, and the viscosity near the
glycerol head group of the lipid is only
approximately 15 times greater than for n-
decane (12). A study has therefore been
carried out on the effects of chlorproma-
zine on the temperatures of the phase
transitions in bilayers of phosphatidylcho-
lines and phosphatidylethanolamines, and
on mixtures of these lipids.

Antihypertensive agents have also been
shown to possess local anesthetic activity.
Although it is thought that beta adrener-
gic blockers such as propranolol block the
catecholamine stimulation of adenylate
cyclase by binding to the catecholamine
receptor (13), nonreceptor site binding of
labeled propranolol in most tissues is ap-
proximately 60-80% of the total (14, 15). It
has been suggested (13) that the nonrecep-
tor binding could be connected with the
local anesthetic effects of propanolol (16,
17). Interestingly, however, the beta
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blocker practolol has practically no local
anesthetic activity (17). These two drugs
therefore constitute an interesting pair of
compounds with which to test any theory
of local anesthetic action. Their structures
are shown in Fig. 1.

MATERIALS AND METHODS

Dipalmitoylphosphatidylcholine was ob-
tained from Koch-Light; dipalmitoylphos-
phatidylethanolamine, from Fluka; and
myristic acid, from Sigma. Chlorophyll a
was prepared as reported previously (18).
Samples were prepared by dissolving lip-
ids (0.6 umole) plus chlorophyll a (1.6
nmoles) in chloroform in 10-ml stoppered
flasks and evaporating them to dryness
under a stream of nitrogen. Buffer (0.01 m
Tris-HCI) was added together with the ap-
propriate volume of a stock solution of
drug in buffer to give a final volume of 4
ml at the required pH (usually 7.2). The
mixture was shaken on a Vortex mixer.

Fluorescence measurements were made
on an Aminco-Bowman SPF fluorometer,
exciting chlorophyll a fluorescence at 420
nm and recording at 670 nm. The tempera-
ture of the sample was continuously moni-
tored with a thermocouple inserted into
the fluorescence cell.

Propranolol and practolol were gifts
from ICI Pharmaceuticals.

RESULTS

Effects on uncharged lipid bilayers. In
previous studies (18, 19) it was shown that
chlorophyll a incorporated into liposomes
at a chlorophyll to lipid molar ratio of 1:400
did not affect the observed temperature of
the gel to liquid-crystalline phase transi-
tion. As shown in Fig. 2, plots of the fluo-
rescence intensity of chlorophyll a in lipo-
somes as a function of temperature showed
abrupt decreases in magnitude at temper-
atures corresponding to the calorimetri-
cally determined phase transition. This
has been attributed to the formation of
nonfluorescent, aggregated species of chlo-
rophyll a (18). If the transition tempera-
ture is defined as the midpoint of the fluo-
rescence transition curve, the transition
temperature for dipalmitoylphosphatidyl-
choline was observed to be 40.5°, agreeing
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F1G. 2. Fluorescence intensity at 670 nm for
chlorophyll a in liposomes of dipalmitoylphosphati-
dylcholine plus 11 mole % myristic acid (curve 1),
dipalmitoylphosphatidylcholine (curve 2), and di-
palmitoylphosphatidylcholine plus 11 mole % myris-
tic acid in the presence of 0.22 mM chlorpormazine
(curve 3)

Fluorescence intensity (F) is shown in arbitrary
units.

exactly with that obtained by an electron
spin resonance technique measuring the
partition of the spin label tempo (20) and
being close to the value of 41.75° obtained
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calorimetrically (21). As well as the mid-
point temperature, the actual range of the
transition is important, and this was read-
ily determined from the intersections of
the straight lines drawn through the three
distinct portions of each curve. Immedi-
ately below the main transition, there was
a second, more gradual transition, cen-
tered at approximately 29° and usually re-
ferred to as the pretransition.

Addition of chlorpromazine at pH 7.2
to dipalmitoylphosphatidylcholine shifted
the temperature of the main lipid phase
transition to lower values, in a nonlinear
fashion (Fig. 3A). The width of the transi-
tion remained fairly constant, and there
was relatively little effect on the pretransi-
tion. The effects of chlorpromazine on di-
palmitoylphosphatidylethanolamine were
significantly smaller than on dipalmitoyl-
phosphatidylcholine (Fig. 3B).

Addition of propranolol at pH 8.5 to lipo-
somes of dipalmitoylphosphatidylcholine
also caused a marked decrease in the tem-
perature of the phase transition, defined
as the midpoint of the transition (Fig. 4A).
As with chlorpromazine, the effects of in-
creasing concentrations of propranolol
were nonlinear, presumably because of the
buildup of positive charge on the lipo-
somes. Addition of propranolol at pH 7.0
had a slightly smaller effect than at pH
8.5: thus, at pH 7.0, 2 mm propranolol
lowered the lipid transition temperature to
35°, whereas at pH 8.5 it lowered it to 34°.

Effects of pH were more marked for the
interaction of propanolol with dipalmitoyl-
phosphatidylethanolamine (Fig. 4B). At
pH 7.2 propanolol had relatively little ef-
fect on the temperature of the phase tran-
sition, even in the presence of 11 mole %
myristic acid. At pH 8.5 the effects of
propanolol on the transition temperature
of dipalmitoylphosphatidylethanolamine
were considerably greater than for dipal-
mitoylphosphatidylcholine.

In contrast to the effects of propranolol,
addition of practolol to liposomes of dipal-
mitoylphosphatidylcholine produced vir-
tually no change in the temperature of the
phase transition. In the presence of 20 mm
practolol at pH 7.4, the temperature of the
phase transition was 39.5°, a decrease of
only 1°, and in the presence of 11 mole %
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Fi1c. 3. Effect of chlorpromazine on phase transition temperatures
A. - - -, dipalmitoylphosphatidylcholine; ——, dipalmitoylphosphatidylcholine plus 11 mole % myristic
acid. B. - - -, dipalmitoylphosphatidylethanolamine; ——, dipalmitoylphosphatidylethanolamine plus 11
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Fi1G. 4. Effect of propranolol on phase transition temperatures

A. - - -, dipalmitoylphosphatidylcholine; ——, dipalmitoylphosphatidylcholine plus 11 mole % myristic
acid, both at pH 8.5. B. Dipalmitoylphosphatidylethanolamine at pH 8.5 (line 2) and pH 7.2 (line 4) and
dipalmitoylphosphatidylethanolamine plus 11 mole % myristic acid at pH 8.5 (line 1) and pH 7.2 (line 3).

myristic acid (see below) the transition effect on the temperature of the phase
temperature was 40°, again a decrease of transition in dipalmitoylphosphatidyl-
1°. Practolol at this concentration had no ethanolamine.
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As described elsewhere (19), plots of the
fluorescence of chlorophyll a as a function
of temperature when incorporated into
lipid mixtures provide a series of tempera-
tures corresponding to the onset and com-
pletion of gel phase formation. These can
then be plotted to give what can be loosely
termed “phase diagrams” (22). The effects
of chlorpromazine on the transition tem-
peratures in mixtures of dipalmitoylphos-
phatidylcholine and dipalmitoylphosphati-
dylethanolamine are presented in Fig. 5.

Effects on charged lipid bilayers. The
nonlinear effects of increasing chlorproma-
zine concentrations on lipid transition
temperatures can be attributed to the
buildup of charge on the liposomes, caused
by binding of the positively charged chlor-
promazine. Incorporation of negatively
charged lipid into the bilayers should neu-
tralize some of this charge, and thus in-
crease the effect of chlorpromazine. Figure
2 shows that incorporation of 11 mole %
myristic acid into liposomes of dipalmi-
toylphosphatidylcholine caused a slight in-
crease in the temperature of the main
phase transition to 41°, and also removed
the pretransition. The pretransition has
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Fi1G. 5. Temperatures of onset and completion of
solid-lipid separation in mixtures of dipalmitoyl-
phosphatidylcholine and dipalmitoylphosphatidyl-
ethanolamine as a function of the mole fraction
(X pepe) of dipalmitoylphosphatidylethanolamine
, no chlorpromazine; - - -, in the presence of
0.06 mm chlorpromazine.
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been attributed to a change in the orienta-
tion of the lipid fatty acid chains from
being tilted with respect to the plane of the
bilayer to being oriented perpendicular to
the bilayer plane (23), thus allowing rota-
tion about their long axes (24), and has
previously been shown to be removed by
long-chain alcohols (25). Addition of my-
ristic acid to dipalmitoylphosphatidylcho-
line or dipalmitoylphosphatidylethanol-
amine caused a considerable increase in
the effect of chlorpromazine on the phase
transition temperatures (Fig. 3). The ef-
fect of the negatively charged fatty acid
could be reversed by the addition of diva-
lent metal ions. Addition of more than
about 0.5 mm Ca?* to dipalmitoylphospha-
tidylcholine containing 11 mole % myristic
acid in the absence of monovalent metal
ions caused an increase in temperature of
the phase transition in the presence of 0.22
mM chlorpromazine from 32.2° to 34.5°.

Similar results were obtained with pro-
pranolol, the effect of propranolol being
much increased by addition of myristic
acid (Fig. 4), with masking by approxi-
mately 0.2 mm Ca?*.

DISCUSSION

Theories of local anesthetic action. A
relationship between local anesthetic po-
tency and lipid solubility has been ob-
served so often that it is generally believed
that the primary effect of local anesthetics
is on the lipid component of the mem-
brane, and that direct effects on mem-
brane proteins are irreversible and occur
only at high, lytic concentrations (26). It
has been observed that for most local anes-
thetics, anesthesia results when either a
certain critical concentration or molar vol-
ume of anesthetic is reached within the
membrane (27). However, although this
might represent a useful correlation, it
does not constitute a theory of anesthetic
action.

One possibility that has been suggested
is that local anesthetics increase the
“fluidity” of the membrane lipids, thereby
somehow interfering with passage of so-
dium ions through the sodium channels of
the nerve. However, although membrane
proteins involved in ion transport are
known to be sensitive to the nature of their
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lipid environment, in all cases so far re-
ported it seems that activity increases
with increasing lipid fluidity (28). Fur-
thermore, although there is no doubt that
high enough concentrations of anesthetics
can disturb membrane structure, it is, of
course, essential to demonstrate that ef-
fects occur at concentrations comparable to
those used clinically. This generally ap-
pears not to be so. Thus, for example, us-
ing spin label techniques, Boggs et al. (29)
have shown that alcohols and other anes-
thetics have no detectable effect on lipid
fluidity at concentrations which block
nerve conduction. Similarly, Miller and
Pang (30) have recently reported that 46
mM 1l-octanol causes a decrease in order
parameter of 0.02 for 5-doxylstearic acid
incorporated into bilayers of lecithin.
Since the effects were reported to be linear
with temperature, this means that at its
anesthetic concentration of approximately
1 mM, l-octanol would cause a change in
order parameter of about 0.0004. To put
this in context, the same change in order
parameter is caused by an increase in tem-
perature of about 0.06° (31). As pointed out
by Boggs et al. (29), the concentration of
anesthetic at which significant increases
in fluidity occur corresponds more closely
to those causing lysis of erythrocyte ghosts
than to anesthesia.

One way of magnifying the effect of the
anesthetic has been suggested by Trudell
et al. (32). If the nerve membrane contains
lipids in both the gel and liquid-crystalline
phases, the addition of anesthetic could, by
lowering the lipid phase transition tem-
perature, trigger a change from the gel
phase to the liquid-crystalline state. This
would result in an increase in fluidity of
the membrane. If, however, anesthesia
followed simply from a general increase in
the proportion of liquid-crystalline phase
lipid in the membrane, it would be difficult
to explain the selective effects of anes-
thetics. Thus the majority of anesthetics
affect the sodium channel at concentra-
tions lower than those required to affect
potassium currents, and the (Na* + K+)-
ATPase of red blood cells(33) and synapto-
somes (34) is unaffected at high, almost
lytic, concentrations of anesthetics. Fur-
thermore, the lipids of nerve plasma mem-
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branes contain an unusually high percent-
age of unsaturated lipid (35, 36), so that
the proportion of gel phase lipid in the
membrane at ambient temperatures will
be low. Addition of anesthetic can there-
fore produce only a relatively small in-
crease in the general fluidity of the mem-
brane, even if it does trigger lipid phase
transitions.

Many of these problems can be overcome
if it is assumed that, rather than interact-
ing with membrane lipids, anesthetics in-
teract directly with the sodium channel.
However, this creates new problems,
largely because of the surprising unselec-
tivity that has to be attributed to the inter-
action between the protein and anes-
thetics. Thus neutral, positively charged,
and negatively charged molecules (37), to-
gether with inert gases (38), can all act as
local anesthetics. Also surprising are the
observations that long-chain alkyl com-
pounds such as 1-octanol (26) and neutral
detergents (39) are very potent local anes-
thetics at concentrations below those that
lyse the membrane. Since the sodium
channel presumably spans a lipid bilayer
section of the nerve membrane, it might be
expected to be relatively insensitive to
lipid-like molecules; it has already been
mentioned that very high anesthetic con-
centrations have no effect on the (Na* +
K*)-ATPase (33, 34). In contrast to the
lack of selectivity that would have to be
postulated for interactions with anes-
thetics, very minor changes in the struc-
tures of tetrodotoxin, which is known to
bind specifically to the outside surface of
the sodium channel, cause complete loss of
activity (40).

To overcome these difficulties, a new
model for the action of local anesthetics
was recently proposed (1). It was suggested
that the lipid surrounding the sodium
channel in nerve was in the gel state, and
that it was the rigidity of its environment
which maintained the sodium channel in
an open condition. Addition of local anes-
thetics might then trigger a change in the
surrounding lipids to the liquid-crystalline
phase, the new fluid environment then al-
lowing the sodium channel to relax into a
more stable state, in which the sodium
channel is effectively closed (1). This
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model was designed to incorporate the best
features of the previous theories of local
anesthesia. First, the relatively unselec-
tive nature of local anesthetics is ex-
plained, since the anesthetic is postulated
to interact with the lipid component of the
nerve membrane. Second, by postulating
that the anesthetic interacts with gel
phase lipid, the effect of the anesthetic will
be magnified, as suggested by Trudell et
al. (32). Third, the anesthetic will have a
large effect only on proteins surrounded by
gel phase lipid: for metal ion pumps to
work effectively, the surrounding lipid has
to be in the liquid-crystalline state (28),
and so anesthetics would be expected to
have relatively little effect. Fourth, if the
sodium channel has the structure postu-
lated by Hille (41), the model provides, for
the first time, a simple picture of how a
local anesthetic might block the sodium
current through nerve.

Effects of anesthetics on lipid phase
transitions. One obvious requirement of
the above model is that local anesthetics
should be able to produce a significant de-
crease in lipid transition temperatures, at
concentrations that produce local anesthe-
sia. In a previous paper it has been shown
that alcohols up to 1-octanol produce a de-
crease in phase transition temperature of
approximately 3° at the concentration re-
quired for local anesthesia (25).

The amine anesthetics have also been
shown to reduce the temperatures of lipid
phase transitions (42). Again, for the neu-
tral benzocaine, the concentration re-
quired for a 3° drop in phase transition
temperature is comparable to that re-
quired for local anesthesia. For the
charged amines, the relationship is more
complex because of the buildup of positive
charge on the liposomes. However, incor-
poration of negatively charged lipid mark-
edly increases the binding of the amines in
the absence of Ca?*. The anesthetic effect
of the amines can then be explained if the
annular ring of lipid around the sodium
channel includes negatively charged lipid.
The presence of negatively charged lipid
close to the sodium channel has been con-
cluded from electrophysiological studies
(43), and approximately 10% of the lipid in
the nerve membrane is phosphatidylserine
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(35, 44). It has also been shown that the
charged form of the amine anesthetics is
most active when applied to the inside sur-
face of the nerve (37). This can be ex-
plained since, although it seems that neg-
atively charged lipid is present on both
sides of the membrane close to the channel
(43), the concentration of Ca?* inside the
nerve has been estimated (45) to be only a
few micromolar, whereas it is present at
typically 2 mM on the outside. This simple
picture is complicated somewhat by the
presence of Mg?**, which has been esti-
mated to be present at about 3 mM inside
the nerve (46). However, there is much
evidence for differences between the ef-
fects of Mg?** and Ca?* on negatively
charged lipids, significant effects com-
monly appearing at about 0.5 mm Ca?* and
5 mm Mg?* (47, 48). It has also been shown
that barbiturates lower the phase transi-
tion temperatures of lipids at concentra-
tions comparable to those causing local an-
esthesia, and that the barbiturates are
more effective at lower pH values, where
more of the barbiturate is present in un-
charged form (49).

Last, it has been shown that n-alkanes
such as decane and dodecane have no ef-
fect on the temperature of the gel to liquid-
crystalline phase transition,! and these
compounds appear to have no local anes-
thetic effects (50). These studies have now
been extended to include chlorpromazine
and the beta adrenergic blockers propra-
nolol and practolol.

Effects of chlorpromazine, propranolol,
and practolol. Chlorophyll a has been
shown to be a convenient probe for detect-
ing phase transitions in lipid bilayers.
Both a monomeric,: fluorescent form and
an oligomeric, nonfluorescent form of chlo-
rophyll a are present in the bilayers, the
proportion of oligomeric chlorophyll a in-
creasing when the lipid is transformed
from the fluid, liquid-crystalline phase to
the crystalline, gel phase (18). Addition of
chlorpromazine to lipid bilayers in the lig-
uid-crystalline state produces no signifi-
cant change in fluorescence intensity (Fig.
2). This suggests that the ratio of mono-
meric and oligomeric forms of chlorophyll

! A. G. Lee, unpublished observations.
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a is little affected, so that the fluidity of
the lipid bilayer in the liquid-crystalline
state is not changed by the addition of
chlorpromazine.

Addition of chlorpromazine does, how-
ever, have a very marked effect on the
phase transition temperatures of phospha-
tidylcholines and phosphatidylethanola-
mines. For uncharged molecules such as
the alcohols (25) and benzocaine (42), plots
of anesthetic concentration against transi-
tion temperature are linear, as expected
for ideal or close-to-ideal behavior. For
chlorpromazine, effects are clearly nonlin-
ear (Fig. 3) because of the buildup of posi-
tive charge on the liposomes: the pK, of
chlorpromazine is approximately 8.2 (6), so
that at the pH of 7.2 used in these experi-
ments, chlorpromazine will be present pre-
dominantly in a charged, protonated form.
The binding constant for chlorpromazine
can be written as

K = K, exp(Fy5o/kT) 1)
where K, is the binding constant at high
ionic strength, F is the Faraday constant,
and y, is the surface potential. Buildup of
positive charge on the liposomes will thus
cause a reduction in the binding constant
K. It follows from the above equation that
incorporation of negatively charged lipid
into the bilayer should increase the bind-
ing of chlorpromazine. The data presented
in Fig. 3 show that this does indeed occur.
Furthermore, addition of 0.5 mm Ca?* has
been shown to “mask” effectively the effect
of the negatively charged lipid. The mech-
anism of the masking effect has not been
definitely established, but the low concen-
tration of Ca®** required suggests direct
binding of Ca?* to the negative charges in
the bilayer, rather than a simple screening
effect.

Similar effects have been observed with
propranolol (Fig. 4). The pK, of proprano-
lol is 9.45 (28), so that 70% and 100% are
present in the protonated, charged form at
pH 8.5 and 7, respectively. The smaller
effect of propranolol on the temperature of
the phase transition for dipalmitoylphos-
phatidylcholine at pH 7 than at pH 8.5 is
also most probably due to a more rapid
buildup of charge on the liposomes at pH 7.
An alternative explanation, suggested by
a reviewer, is that only the uncharged
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form of propranolol binds to the mem-
brane, and that at pH 7 no uncharged base
is available to produce an effect. However,
for the following reason this seems very
unlikely for a neutral bilayer. For an un-
charged bilayer, the pH at the membrane
surface should be very close to that in the
bulk solution. The proportion of ionized
[AH*] and un-ionized [A ] base is given as
a function of pH by the Henderson-Hassel-
balch equation,

(A]
[AH"]

This equation must hold both for the bulk
phase and for the drug bound to the mem-
brane, with possible differences between
the pK, and pH values between the two
environments.

To say that only the uncharged form of
the base binds to the membrane must then
imply that the pH at the membrane sur-
face is at least 2 pH units higher than the
pK, value of the drug. This means that if
the pK, of propranolol is unchanged at
9.45, the pH at the surface of the neutral
phosphatidylcholine bilayer must be about
11.5, which is clearly unreasonable. Also,
of course, this surface pH would have to be
independent of the bulk pH, so that there
would no longer be any obvious explana-
tion for the larger effect of propranolol at a
bulk pH of 8.5 than at one of 7. Alterna-
tively, if the pH at the surface were equal
to the bulk pH, the pK, value of proprano-
lol bound to the membrane would have to
decrease to be approximately 2 units lower
than the bulk pH. The implication of this
would be a continual variation of the pK,
value of the bound drug in order for it to
remain at least 2 units lower than the bulk
pH, at whatever value chosen for the lat-
ter. There is no obvious mechanism for
such a process. Furthermore, it again
would mean that there is no obvious expla-
nation for the observed increased effect of
propranolol at pH 8.5. In conclusion, and
as is always assumed, it seems that both
charged and uncharged forms of the drug
must bind to the membrane, the relative
proportions being dependent both on the
pK, of the drug when bound to the mem-
brane and on the pH at the membrane
surface. If both charged and uncharged

log = pK, - pH



482 A. G.

forms of the drug bind, a positive charge
will build up on the surface, resisting fur-
ther binding, as expressed in Eq. 1.
Interestingly, the effect of pH was much
more marked for bilayers of dipalmitoyl-
phosphatidylethanolamine than for dipal-
mitoylphosphatidylcholine. At pH 7.2 pro-
pranolol had less effect on the transition
temperature than for dipalmitoylphospha-
tidylcholine, whereas at pH 8.5 it had a
greater effect. The relatively small effects
at pH 7.2 can be attributed to tighter pack-
ing of the phosphatidylethanolamine mol-
ecules in the bilayer as compared with
phosphatidylcholine molecules, caused by
strong interaction between the phosphati-
dylethanolamine head groups, with the
positively charged amine group of one mol-
ecule interacting electrostatically with the
negatively charged phosphate group of an
adjacent molecule. The greater effect of
propranolol at pH 8.5 can be attributed to
a partial negative charge on the phospha-
tidylethanolamine at this pH: although
the pK, of phosphatidylethanolamine does
not.seem to have been measured, Michael-
son et al. (51) observed effects in nuclear
magnetic resonance spectra that could be
attributed to ionization at approximately
pH 9. Effects attributed to ionization were
also observed in a study of the interaction
between barbiturates and dipalmitoyl-
phosphatidylethanolamine at pH 8.5 (49).
The effect of chlorpromazine on mix-
tures of dipalmitoylphosphatidylcholine
and dipalmitoylphosphatidylethanola-
mine is presented in the form of a “phase
diagram” in Fig. 5. Although, as discussed
elsewhere (22), there are problems in
equating these diagrams of the tempera-
tures of onset and completion of gel phase
formation with phase diagrams as defined
for macroscopic systems, the analogy can
be helpful. Thus the primary effect of
chlorpromazine is to shift the upper, flui-
dus curve and the lower, solidus curve to
lower temperatures. The over-all effect is
to increase the amount of fluid lipid pres-
ent. Thus, for example, in an equimolar
mixture of dipalmitoylphosphatidylcho-
line and dipalmitoylphosphatidylethanol-
amine at 45° all of the lipid is in the gel
state in the absence of chlorpromazine, but
in the presence of 0.06 mM chlorpromazine

LEE

30% of the lipid is in the fluid state.

It has therefore been shown that the
anesthetic effect of chlorpromazine can be
explained by the same model used for the
other anesthetics. Addition of chlorproma-
zine lowers the temperature of the lipid
phase transition, and so triggers a change
in the annulus of lipid around the sodium
channel from the gel state to the liquid-
crystalline state. The sodium channel can
then relax to a lower-energy state, with
closing of the oxygen-lined slit through
which the sodium ions pass, and a reduc-
tion of the sodium current. The concentra-
tion of chlorpromazine required for a drop
of approximately 3° in the phase transition
temperature of dipalmitoylphosphatidyl-
choline is 0.05 mMm, the concentration re-
quired for nerve blockade (5-10).

For propranolol, the concentrations re-
quired to produce a 3° drop in transition
temperature at pH 8.5 are approximately
0.7 and 0.2 mMm in the absence and pres-
ence, respectively, of 11 mole % myristic
acid. Sasa et al. (17) found that 0.2 mm
propranolol was required to block conduc-
tion in lobster giant axon at pH 9. This
correlates very well with the lipid transi-
tion data, particularly if positively
charged propranolol is postulated to inter-
act with negatively charged lipid close to
the sodium channel on the inside surface
of the membrane.

The effect of propranolol on both phos-
phatidylcholine and phosphatidylethanol-
amine is greater at pH 8.5 than at pH 7. It
is therefore of interest that Sasa et al. (17)
found that 0.6 mMm propranolol is required
to block nerve conduction at pH 7.2, com-
pared with 0.2 mM required at pH 8.5. This
correlation may, however, prove to be arti-
factual, since it has been suggested that
the primary effect of decreasing external
pH is to decrease the amount of uncharged
drug, which alone is able to permeate the
membrane to the site of action on the in-
side surface (52).

Sasa et al. (17) have also shown that
increasing the external Ca** concentration
antagonizes the local anesthetic effect of
propranolol in lobster giant axon. Al-
though the effects of varying Ca’** concen-
tration around excitable membranes are
complex (53), an increase in external Ca**
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concentration is expected to lead to an in-
crease in internal Ca2?* (45), which would
serve to mask negative charges around the
sodium channel on the inside surface of
the membrane.

In contrast to these effects of propra-
nolol, 20 mM practolol at pH 7.4 produces
only a 1° drop in lipid transition tempera-
ture, in both the presence and absence of
myristic acid. This is most likely due to a
smaller partitioning of practolol into the
lipid bilayer, caused by the presence of a
hydrophilic amide group. However, differ-
ences in partitioning into the bilayer are
not the only sources of differences in effect.
Specific charge-charge interactions be-
tween the drug and the lipid molecules
might be important. Differential solubility
in gel phase lipid could also be important,
since Hill (54) has shown that the greatest
decrease in transition temperature will be
caused when the drug is completely insolu-
ble in gel phase lipid. Interactions with gel
phase lipid have been postulated to involve
insertion of the foreign molecules into va-
cancies present in gel phase lipid (55). Jain
et al. (56) have shown that there is no
simple correlation between the effects of
adamantane derivatives on phase transi-
tion temperatures of lipids and calculated
hydrophobicities.

The important observation for our pur-
poses, however, is the finding by Sasa et
al. (17) that practolol at concentrations up
to 15 mm at pH 7.2 did not block conduc-
tion in lobster giant axon.

Although racemic propranolol was used
in these and the electrophysiological ex-
periments (16, 17), both optical isomers
would be expected to have similar poten-
cies as local anesthetics, since the nonre-
ceptor binding of propranolol to various
tissues has been shown not to be stereospe-
cific (13, 15). In general, optical isomers of
local anesthetics do not seem to differ in
potency (57), although small differences, of
a factor of about 2, have been found for the
local anesthetic potencies in vitro of the
enantiomers of N-aminoalkyl derivatives
of Tetralin 1-spirosuccinimide (58) and of
aminoacylephedrines (59). This is consist-
ent with a lipid binding site for the anes-
thetics, since protein receptor binding of-
ten shows absolute stereospecificity
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whereas binding to the simpler lipids
would be expected to show no stereospeci-
ficity and binding to more complex lipids,
such as the cerebroside sulfates, has been
shown to exhibit small stereospecific ef-
fects (60).

The greater effect of chlorpromazine
than of the amine anesthetics on phase
transition temperatures presumably is the
result of a greater hydrophobicity for
chlorpromazine. Molecular models of chlor-
promazine and dibucaine are shown in
Fig. 6. Cerbon (61) has shown that tet-
racaine interacts with phospholipids, with
the positively charged amine group lying
close to the lipid head groups and the re-
mainder of the molecule buried within the
membrane, parallel to the fatty acid
chains. Interactions of both chlorproma-
zine and dibucaine with phospholipids
should be similar: the distances between
the charged amine and the aromatic rings
in the two compounds are equal. The
greater effect of chlorpromazine is proba-
bly related to its lower water solubility.
Hill (59) has shown that for ideal behavior
the product of the anesthetic concentration
at aqueous saturation S and the partition
coefficient P should be equal to 2. Thus, for
ideal behavior, the lower the water solu-
bility of an anesthetic, the greater its par-
tition coefficient into the membrane and
thus the greater its effect on lipid phase
transition temperatures.

Although the presence of negative
charge in the bilayer increases the effect of
chlorpromazine on transition tempera-
tures, the effect is not seen in bilayers of
dipalmitoylphosphatidylcholine until a
concentration of about 0.1 mMm is reached.
The effect of negatively charged lipids,
however, is seen more clearly in bilayers
of dipalmitoylphosphatidylethanolamine,
presumably because of the tighter packing
that has been suggested in bilayers of this
lipid (22). The effects of negatively charged
lipid are reversed by a Ca?* concentration
of approximately 0.5 mM. In general, the
effects of negatively charged lipid on the
binding of chlorpromazine are less marked
than for dibucaine, for example. Thus, al-
though chlorpromazine might be expected
to be more active as a local anesthetic
when applied to the inside surface of a



3 r R

nerve, where the Ca?* concentration is
lowest, the difference between internal
and external application should be less
than for dibucaine. This was indeed found
to be the case. Gruener and Narahashi (9)
showed that the quaternary methyl deriv-
ative of chlorpromazine (which presum-
ably cannot pass from one side of the mem-
brane to the other) is a better local anes-
thetic when applied to the inside of the
nerve, but is also active from the outside.

The annular transition model can there-
fore account successfully for the anesthetic
action of chlorpromazine. The alternative
model that has been proposed for the ac-

Fi1G. 6. Molecular models of chlorpromazine (lower) and dibucaine (upper)
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tion of the charged amine anesthetics,
such as dibucaine, involves specific inter-
action between the anesthetic and a recep-
tor in the membrane, probably the sodium
channel itself. If the same receptor site
were postulated to be involved in the ac-
tion of dibucaine and chlorpromazine, it
would have to be surprisingly unselective,
since the only obvious common feature be-
tween these two drugs is the sequence hy-
drophilic region-spacer region-hydropho-
bic region. If, on the other hand, separate
binding sites for dibucaine and chlor-
promazine were postulated, it would be
surprising that the effects of the two drugs
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are so similar: this second binding site for
chlorpromazine could not be postulated to
be the lipid phase of the membrane, since
if it were allowed that chlorpromazine
could affect the sodium channel from the
lipid phase, so could dibucaine, and there
would then be no need for the postulated
specific receptor site for dibucaine.
Effects of temperature. It has now been
shown that the anesthetic action of a wide
variety of molecules can be explained in
terms of the model outlined above. One
consequence should perhaps be discussed
further, and that is the effect of tempera-
ture. Since the sodium channel is postu-
lated to be surrounded by lipid in the gel
phase, the actual channel through the
membrane should be affected relatively
little by a decrease in temperature, but
should be inactivated by an increase in
temperature. However, the effect of de-
creasing temperature must necessarily be
complicated, because there is more to the
channel than simply the “slit” through the
membrane. In particular, if the channel
gates fail to open, no current will flow,
whatever the state of the slit through the
membrane. Since even rates of water-solu-
ble enzymes have large temperature coef-
ficients (62), it is likely that there will be a
relatively small temperature “window”
within which to work. Nevertheless, there
is much evidence that decreasing tempera-
ture has less effect on sodium conductivity
than on many membrane proteins. Thus it
has been shown in squid axon that de-
creasing temperature has very little effect
on the Na* influx during an action poten-
tial, whereas there is a marked effect on
the sodium pump (63-65). Again, in frog
nerve the spike amplitude increases
slightly on cooling from 25° to 0°, even
though spin label studies have shown a
considerable decrease in fluidity for the
bulk lipids within the same temperature
range (66, 67). In contrast, increasing tem-
perature produces a reversible conduction
block, whose temperature depends on the
animal (68, 69). If a suitably small de-
crease in temperature is sufficient, it
might be possible to reverse the effects of
anesthesia by decreasing temperature: by
lowering the temperature of the nerve be-
low that of the phase transition in the
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presence of anesthetic, the lipid will be
transformed to the gel phase with com-
plete or partial exclusion of the anesthetic.
Whether or not this exclusion of anesthetic
by the annular lipid is detected as a de-
crease in the bulk partition coefficient into
the membrane depends, of course, on the
proportion of total lipid that is in the annu-
lus surrounding the sodium channel
(likely to be small) and on the effect of
temperature on the rest of the membrane.
Thus, although reversal of anesthesia by
decreasing temperature is consistent with
the model of anesthesia presented here, it
can also easily be made to be consistent
with the other theories as well. In fact, the
partitioning of alcohols into red blood cells
has been shown to decrease with decreas-
ing temperature (70, 71), and Spyropoulos
(72) has reported that the anesthetic effect
of ethanol on squid axon at 22° was re-
versed completely by lowering the temper-
ature to 4°. However, effects of tempera-
ture should, in general, be expected to be
very complex. Thus Wang et al. (73) ob-
served that decreasing temperature en-
hances the nerve-blocking action of alleth-
rin, through effects on, for example, potas-
sium conductance and the rate of sodium
inactivation.
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