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Abstract—The local anesthetic dibucaine, and the diuretic agent, amiloride, both decrease
the negative surface charge of phospholipid membranes composed of phosphatidylcholine
and dicetylphosphate. However, whereas dibucaine decreases the 22 Na permeability of these
structures, amiloride brings about an increase. The incorporation of cholesterol into such
membranes normally reduces cation permeability. primarily through alterations in mem-
branc viscosity. However, amiloride becomes even more effective in increasing 2?Na move-
ment in cholesterol-rich membranes; dibucaine, rather than reducing sodium permeability,
actually causes an increase under these circumstances. It is proposed that dibucaine is bur-
ied in the membrane with its positively charged end anchored at the interface. The resultant
alteration in surface charge reduces cation movement. On the other hand, amiloride is prob-
ably confined to the interfacial region, bound there by the electrostatic attraction between
its positively charged amidino group and the phosphate ion of the phospholipid. The exact
means by which this agent increases cation permeability is unclear, but probably involves
changes localized to the interface.

LocaL ANESTHETICS block nerve conduction by interfering with the increased sodium
conductance associated with the rising phase of the action potential.!*> In addition,
these same agents can effectively reduce the cation permeability of model phospho-
lipid bilayer membranes.* Since the phospholipids of biological membranes are also
arranged in bilayer form.* the study of these model systems could conceivably give
useful information on the action of these agents at the molecular level.

Bangham et al.” observed that cationic anesthetics could neutralize the negative
surface charge of membranes composed of phosphatidylcholine and the long-chain
anion, dicetylphosphate. This change in surface charge was associated with a reduc-
tion in the movement of **K across these same structures. This association was not
surprising in view of the known relationship between surface charge and cation per-
meability previously described for this system.®

Structurally the useful local anesthetics are usually composed of a hydrophilic
amino group connected by an intermediate chain to a lipophilic aromatic residue.”
The structure of dibucaine is illustrated in Fig. 1. In this same figure, the structure

CONHCHZCHZ_N(CzngqE jCONHc-NH

N HaN
N/

OC4H,

Dibucaine, pK8-5 Amiloride, pK 8'7

F16. . Structures and pK values of the local anesthetic dibucaine and the diuretic agent amiloride.
2939



2940 M. A. SINGER

of the diuretic agent, amiloride, is compared to that of dibucaine. The pK of these
two molecules is approximately 85 (Fig. 1) so that both will be predominantly
ionized (positive charge) at pH 7-5.

In view of their structural similarities, it was anticipated that amiloride might also
decrease the negative surface charge of phosphatidylcholine-dicetylphosphate mem-
branes and reduce cation permeability. Initial experiments indicated that amiloride
did have the expected change on surface charge. However, in the presence of this
agent, cation permeability was found to be increased rather than decreased. In view
of their opposing effects on cation movement these two drugs must interact with the
model membrane in quite dissimilar ways. The nature of these interactions is
explored more fully in this paper.

MATERJALS AND METHODS

Materials. Phosphatidylcholine or lecithin was extracted from fresh eggs and puri-
fied by Alumina and silicic acid chromatography.® The phosphatidylcholine was
stored as a chloroform solution under N, at —20°. Cholesterol and dicetylphosphate
were obtained from Sigma Chemical Co., St. Louis Mo. Dibucaine was purchased
from K & K Laboratories, Plainview, N.Y., whereas amiloride and its analogues
were kindly supplied by Dr. W. D. Dorian of Merck, Sharp & Dohme Canada Ltd.
22Na as the chloride salt was obtained from Amersham/Searle. All other chemicals
were of reagent grade wherever possible. Twice-distilled water was used for all exper-
iments.

Preparation of membranes. Since the preparation of lipid vesicles has been pre-
viously described,”® only a brief outline will be presented. Appropriate aliquots of
the chloroform solutions of phosphatidyicholine + dicetylphosphate + cholesterol
were dried under vacuum in a glass tube. A small volume (approximately 1 ml/15
umoles of lipid) of the required salt solution containing 2 uCi >*Na was pipetted into
the tube and the mixture mechanically shaken on a Rotamixer (at room temperature)
until all of the lipid was suspended. The resulting milky dispersion was left overnight
under N, at room temperature.

Each of the vesicles or liposomes, referred to above, consists of a series of concen-
tric bimolecular phospholipid membranes. On the basis of theoretical consider-
ations, it is probable that each bimolecular membrane forms an unbroken sheet,®
thus creating within the liposome a series of discrete and isolated internal aqueous
compartments. Several experimental observations support this contention. First,
anions diffuse out of liposomes faster than cations.® Second, valinomycin has been
shown to facilitate selectively the diffusion of potassium over sodium from liposomes
containing equal concentrations of these two cations.” These observations strongly
suggest that ion efflux out of these vesicles occurs across intact membranes. Further-
more, these observations would be very difficult to reconcile with any model depict-
ing ion efflux as occurring through rupture of vesicles or via large aqueous channels
across broken membranes.

The outermost membrane separates the whole vesicle from the continuous bulk
aqueous phase. In the process of formation of these liposomes, solutes (e.g. 2*Na)
originally present in the bulk aqueous phase will become sequestered within the in-
ternal aqueous compartments of the vesicles. The subsequent leakage of such solutes
from these structures can be used as a. measure of permeability of the phospholipid
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bimolecular membranes. A fuller description of the liposome model system is given
in several recent review articles.”*!?

Measurement of 22 Na fluxes. The mechanics of measuring efflux rates in this sys-
tem have been previously described.® Briefly, the lipid dispersion is passed down a
column of Sephadex G-50 coarse (Pharmacia, Montreal) to remove excess tracer not
trapped within the lipid vesicles.® One-ml portions (approximately 2 umoles) of the
eluted lipid are pipetted into dialysis bags which are dropped into stoppered glass
tubes containing 10 ml of aqueous solution. After a 30-min “wash period,” the bags
are transferred to a new set of identical tubes for a 24-hr period. All tubes are placed
in a shaking water bath maintained at 25°. The 24-hr period was chosen since the
liposome displays a low leakage rate for trapped isotope and over this time interval
sufficient counts appear in the external medium to give reproducible results.

The efflux kinetics for the liposome system have been described in a previous pub-
lication.® Briefly, these structures display first-order kinetics until about 50-80 per
cent of initial trapped isotope has been lost.

At the termination of the 24-hr period, the ?Na content of the various tubes and
bags was measured on a Nuclear-Chicago gamma scintillation counter. Fluxes are
expressed as the percentage of initial trapped radioactivity lost over the 24-hr time
interval.

Electrophoretic measurements. Surface charges may arise from the presence of a net
charge on the polar head group of the phospholipid or through selective adsorption
onto the membrane surface of anions or cations from the bulk aqueous phase.

Phospholipid vesicles possessing surface charges will migrate under the influence
of an electric field toward the electrode of opposite polarity. As each particle
migrates, it carries with it a variable layer of counter ions and water molecules. The
zeta potential represents the electric potential at the hydrodynamic slip plane of the
lipid particle and under most circumstances will be less than the electrostatic poten-
tial at the actual membrane-water interface.'! Within this limitation, the zeta poten-
tial can be used both as an approximate measure of the magnitude of the surface
charge density and of any changes that it may undergo.*

The electrophoretic mobility of the lipid particles was measured at 25° in a cylin-
drical microelectrophoresis chamber.!? The zeta potential was calculated according
to the following relation:!?

&= 129VE
where I = electrophoretic mobility in usec™!, E = applied voltage in V cm™
¢ = the zeta potential in mV.

1 and

RESULTS

Figure 2, upper half, illustrates the effect of dibucaine, amiloride and calcium on
the zeta potential of phosphatidylcholine—dicetylphosphate membranes. Amiloride
and calcium appear to have equivalent effects on surface charge as measured by com-
parable reductions in zeta potential. Dibucaine actually causes a reversal of surface
charge, the liposomes becoming positively charged at anesthetic concentrations in
excess of (-4 mM.

* The relationship between zeta potential and the electrostatic potential at the actual interface is sche-

matically illustrated in Fig. 3-3, p. 115, of reference 13. The discrepancy between these two parameters
is more pronounced in the presence of high surface charge densities.
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FiG. 2. Effects of calcium, dibucaine and amiloride on **Na efflux and zeta potential. Liposomes com-
posed of 80 per cent phosphatidylcholine, 20 per cent dicetylphosphate (mole ratio) were formed and dis-
persed in 50 mM NaCl, 6 mM Tris (hydroxymethyl) aminomethane, pH 7-5. Dibucaine, CaCl, or amilor-
ide was added to the bulk aqueous phase at the concentrations indicated on the abscissa. Experimental

points represent means + S.E.(n = 10for CaCl,, n = 20 for dibucaine and amiloride). The zeta potentials
are the means of at least 20 measurements with the data being reproducible to within 10 per cent.

Despite their qualitatively similar effects on surface charge, these three cations
have dissimilar effects on 2?Na efflux (Fig. 2, lower half). Calcium and dibucaine both
decrease the rate of loss of “*Na from these negatively charged liposomes, whereas
amiloride brings about an increase.

Amiloride consists of a substituted pyrazine ring linked to a guanidine group. A
series of analogues were tested to determine the structural features responsible for
its properties. The design of these experiments was as follows. Liposomes composed
of phosphatidylcholine-dicetylphosphate were formed in an NaCl solution. After
elution from the Sephadex column, the lipid was divided into nine equal portions
and pipetted into dialysis bags as described under Methods. Three of these portions
served as a control in that the loss of trapped *2Na was measured with the vesicles
bathed by the NaCl solution only. Three portions were exposed to the salt solution
containing 1-73 mM amiloride, while the remaining three samples were dialyzed
against the salt solution containing an analogue of amiloride. In this way, the effects
of amiloride and one of its analogues could be compared within the same lipid prep-
aration. Comparison between lipid preparations was facilitated by arbitrarily assign-
ing the control 2?Na efflux in each experiment the value one. Other effluxes were
normalized to this value. The data are summarized in Table 1.



Amiloride and dibucaine on phospholipid membrane 2943

Guanidine, pyrazinamide and pyrazinecarboxylic acid have no effect on surface
charge and little if any effect on 2*Na permeability. Examination of the properties
of the other analogues leads to several general observations. First, small modifica-
tions in the substituticns on the pyrazine ring, such as replacement of the chlorine
atom {NOI) or R, amino group (HO6) by hydrogen, markedly reduce the capacity
of the resulting molecule to increase 22Na efflux. Second. the two analogues (TO2,
RO1) which are capable of increasing sodium permeability are also capable of de-
creasing surface charge. On the other hand, analogue GO2. which has a modification
in the R, group only, possesses neither of these two properties. It would appear then,
that although the capacity to decrease surface charge can be separated from the per-
meability effect (e.g. analogue NOI), the converse is not true. The three molecules
which enhance ??Na efflux (amiloride, TO2, RO1) all reduce the magnitude of the
surface charge.

Tentatively it is proposed that the positively charged guanidine moiety functions
to anchor the molecule electrostatically to the negatively charged membrane, allow-
ing the ring portion to increase cation movement. This hypothesis is supported by
the results of experiments using analogues as noted above and by two additional
observations. First. when liposomes composed only of the neutral lipid phosphati-
dylcholine were exposed to amiloride, no significant increase in **Na permeability
occurred. In this case, the lack of negative surface charge prevents the initial electro-
static interaction between amiloride and the membrane. Without this initial interac-
tion, no increase in permeability is observed. Second, when both calcium and amilor-
ide are present, *Na efflux is decreased, the membrane behaving as if calcium alone

TARBLE 1. EFFFECT OF ANALOGUES OF AMILORIDE ON 22 Na EFFLUX AND ZETA POTENTIAL®

R, VN Ra
|
R,” N7 TR,
Analoguc Conen R, R, R, R, Normalized **Na Al
(mM) efflux {mV)
Amiloride 1-73 Cl NH. NH, CONHC (=NH)NH. 1-84(1-54 2-3) 22
Inactive analogues
Pyrazinamide 1-73 H H H CONH. 093077 1-17) 0
Pyrazinecarboxylic acid 1-73 H H H COOH [O8 (078 1-36) 0
L 590-154-00A01 1-73 H H NH., CONH(C(==NH)NH. (03 (102 1-04) not tested
L 590-481-01H06 -84 Cl H NH. CONHC(=NH)NH. G-O5(0-8% 1) not tested
L 593-791-01N01 1-50 H NH, NH., CONHC(==NH)NH, OO 121 22
L. 591-260-01P06 1-62 Cl H NH. CONHNH C{(=NH) NH ORT(O-R-093) 4
L 594-173-01G02 1-28 Cl NH- NH, CONHNH C(=NH) NH. FO(O-85 1-16) O
Guanidine 5 0098 1-01) 0
Active analogues
L 591-605-01T02 1-45 Cl N(CH;); NH. CONH ({=NH) NH, 1dd1-38-1-31 25
L 593-652-00R01 I-56 Cl NH, NH, CONH Cl=NH) NiC.
Ha). 1371136 1:39) 12

* Liposomes composed of 80 per cent phosphatidylcholine, 20 per cent dicetylphosphate (mole ratio)
were dispersed in 50 mM NaCl, 6 mM Tris (hydroxymethyl) aminomethane, pH 7-5. The lipid dispersion
was divided into three portions to measure **Na efflux in the presence of NaCl only (control), NaCl plus
173 mM amiloride or NaCl plus an analogue (concentration given in table). The control efflux in each
experiment was arbitrarily assigned the value one; other effluxes were normalized to this value. All exper-
iments were performed in triplicate. The numbers for normalized effluxes represent means with the range
of values given in parentheses. AZ is the difference between the zeta potential of control liposomes ( — 36
mV) and the zeta potential of these same liposomes measured in the presence of amiloride or one of its
analogues. In the text, the analogues beginning with an L are referred to by their last three letters (e.g.
HO06).
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F1G. 3. Effect of CaCl, plus amiloride on ??Na efflux. The experimental design was similar to that de-
scribed in the footnote to Table 1. Liposomes composed of 80 per cent phosphatidylcholine, 20 per cent
dicetylphosphate (mole ratio) were dispersed in 50 mM NaCl, 6 mM Tris (hydroxymethyl) aminomethane,
pH 7-5. The dispersion was divided into four portions to measure **Na efflux in the presence of NaCl
only (control), NaCl plus 1-73 mM amiloride, NaCl plus 3 mM CaCl,, and NaCl plus 1-73 mM amiloride
and 3 mM CaCl,. The experiment was performed in triplicate. The control efflux was given the value
one. Other effluxes were normalized to this value. The results illustrated represent means; error bars indi-
cate the range of values.

were present (Fig. 3). The two cations calcium and amiloride, will both “compete”
for negative sites on the membrane surface. Since **Na permeability is decreased
when both agents are present, the calcium effect must be predominant. In terms of
the proposed hypothesis, the calcium ions would prevent or at least significantly
reduce the electrostatic binding of amiloride to the membrane, thus interfering with
its effect on permeability.

It is possible that the non-ionized form of amiloride is responsible for the increased
cation efflux. The observations already cited are probably inconsistent with this
explanation, since the non-ionized species would be incapable of electrostatically
binding to the membrane. Furthermore, the effect of amiloride was found to be
enhanced by lowering the pH, a result opposite to that which would be expected if
the non-ionized form was the active one. At pH 9-0 amiloride increased **Na efflux
by a factor of 1-4 and by 25 times at pH 59.*

Alterations in the composition of the lipid vesicles have a striking influence on the
properties of dibucaine and amiloride. Liposomes composed of 20 per cent dicetyl-
phosphate (mole ratio) and various proportions of cholesterol and phosphatidylcho-
line were dispersed in either buffered sodium chloride solution (control), a sodium
chloride solution containing amiloride, or a sodium chloride solution containing
dibucaine. The results are illustrated in Fig. 4.

The ??Na efflux rate in “control” liposomes decreases considerably as the mem-
brane becomes enriched with cholesterol. The zeta potential of these vesicles, how-
ever, remains essentially unchanged, as noted in the upper half of Fig. 4. Dibucaine,
which decreases 22Na permeability in cholesterol-free membranes, actually increases
22Na efflux as the proportion of cholesterol present in the vesicle increases. Incorpor-

* Phosphatidyicholine and dicetylphosphate themselves display no changes in ionization over this pH
range.
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ation of this sterol into the bilayer in excess of 20 per cent (mole ratio) also enhances
the effect of amiloride on sodium permeability. The pattern illustrated in Fig. 4
appears quite complex. However, by replotting the data, as is done in Fig. 5, the in-
fluence of cholesterol becomes more apparent. The ?*Na efflux in the presence of
sodium chloride only was assigned the value of one for each cholesterol con-
centration. Effluxes in the presence of the two pharmacologic agents were normalized
to this value. In the absence of cholesterol, the efflux in the presence of dibucaine
is about 0-5 of control, rising to a value eight times that of control at a sterol con-
centration of 45 per cent. Over the same cholesterol concentration range, amiloride
increases 22 Na efflux from a value of 1-8 to approximately 22. Both of these agents,
however, still reduce the negative surface charge of these cholesterol-rich vesicles, as
measured by a fall in their zeta potential (Fig. 4), although the magnitude of this
change is smaller than that which occurs with cholesterol-free liposomes.

DISCUSSION

Phosphatidylcholine is a zwitterion and forms lipid vesicles (or liposomes) which
have an electrophoretic mobility of zero over a wide pH range. This lack of a measur-
able zeta potential has led to the conclusion that the ionic head group of phosphati-
dylcholine is co-planar, i.e. the phosphate and quaternary ammonium ions lie within
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FI1G. 4. Effects of dibucaine and amiloride on 2?Na efflux and zeta potential in the presence of cholesterol.

Liposomes composed (by mole ratio) of 20 per cent dicetylphosphate, cholesterol (concentration indicated

on abscissa) and phosphatidylcholine (to make 100 per cent) were dispersed in 50 mM NaCl, 6 mM Tris

(hydroxymethyl) aminomethane, pH 7-5 (control). Amiloride or dibucaine was added to the bulk aqueous

phase at a concentration of 1-73 mM and | mM respectively. Experimental points represent means + S.E.

(n = 6). The zeta potentials are the means of at least 20 measurements with the data being reproducible
to within 10 per cent.
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FIG. 5. The data of Fig. 4 were replotted as follows. For each cholesterol concentration, the control >?Na
efflux was given the value one. Effluxes in the presence of dibucaine or amiloride (at each cholesterol con-
centration) were normalized to this value.

the same plane normal to the membrane-solution interface.!® Liposomes composed
only of phosphatidylcholine display a low permeability to cations, as measured by
the leakage rate of trapped radioactive markers.® A negative surface charge can be
added to these vesicles by the incorporation of a long-chain anion such as dicetyl-
phosphate into the bilayer structure. Such negatively charged vesicles are also more
permeable to cations, leakage rates increasing as the surface charge density in-
creases.® Such a relationship might be expected for several reasons. First, cations will
accumulate in the electrical double layer adjacent to the negatively charged surlace.
This higher cation concentration will result in a larger flux across the membrane,
which would be measured as an increased diffusion rate, since the bulk aqueous
cation concentration would be unchanged. However, as Bangham et al. have noted.®
the cation diffusion rate increases more with increments in surface charge density
than can be accounted for by calculated changes in cation concentration adjacent
to the interface. Second, the presence of a negative surface charge will increase the
intermolecular electrostatic energy of repulsion, resulting in a greater membrane sur-
face area and perhaps to a time average increase in the size of molecular “pores”
existing normal to the plane of the interface. Agents which decrease the magnitude
of the surface charge of phosphatidylcholine-dicetylphosphate vesicles should reduce
cation permeability. Such is the case for calcium ions and the local anesthetic dibu-
caine (Figs. 2 and 3).

The effect of calcium is most likely due to the screening of surface charges by cal-
cium ions present in the electrical double layer,'* although a more specific binding
of calcium ions to the phosphate group of dicetylphosphate cannot be entirely
excluded. Dibucaine has a more pronounced effect than calcium on both surface
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charge and cation permeability. In the presence of anesthetic concentrations exceed-
ing 0-4 mM, liposomes demonstrate a reversal of charge, indicating a strong interac-
tion between dibucaine and the membrane. Recently, Cerbon!® has examined the in-
teraction between tetracaine and purified phospholipids using NMR spectroscopy.
The butylene “tail” of tetracaine is capable of penetrating a lipid membrane. The
methyl terminal of this residue may reach the level of the seventh or eighth methylene
group on the fatty acid chains of the phospholipids. Dibucaine also has a four-carbon
tail at the nonpolar part of the molecule. In addition, it possesses an extra aromatic
ring and, as Cerbon!® suggests, should have a stronger hydrophobic interaction with
a phospholipid membrane than tetracaine. By analogy with tetracaine, one might
expect the methyl terminal of the butoxy group of dibucaine to also penetrate to the
level of the seventh or eighth methylene group of the fatty acid chains. Figure 6 shows
Corey--Pauling space-filling models of lecithin and dibucaine. When the anesthetic
molecule is oriented parallel to the phospholipid with its tertiary amine group adja-
cent to the phosphate end of the lipid head group. then its methyl terminal does lie
at about the level of the eighth methylene group of the fatty acid residue.

In view of the NMR spectroscopic data, one could postulate that dibucaine would
penctrate the phosphatidylcholine—dicetylphosphate bilayer. The positively charged
amine group of the anesthetic would lie in close proximity to the lipid head groups,
while the remainder of the molecule would be buried within the membrane parallel
to the fatty acid chains. An approaching cation would be clectrostatically repelled
by the positive surface potential generated by the tertiary amine group of the anes-
thetic. In this way, the cation diffusion rate across the membrane would be reduced.

Amiloride, like calcium and dibucaine, also reduces the magnitude of the negative
surface potential of phosphatidylcholine—dicetylphosphate vesicles, but yet leads to
an increasc in cation permeability. Unfortunately, little information is available con-
cerning the nature of the molecular interaction between amiloride and biomem-
branes. A space-filling model of this molecule is also illustrated in Fig. 6. Comparison
with dibucaine leads to several observations. First, amiloride is only about 60 per
cent as long as dibucaine and, if oriented parallel to lecithin (Fig. 6), would extend
only to the level of the first or second methylene group of the fatty acid chain.
Second. dibucaine possesses a more “hydrophobic” surface. Amiloride lacks both the
second aromatic residue and the four-carbon tail of the anesthetic molecule. In addi-
tion, the chlorine atom attached to the pyrazine ring would probably be in a lower
free energy state if kept within the water phase. As a tentative hypothesis, it is pro-
posed that amiloride is largely confined to the interfacial region. The amidino group,
bearing a positive charge, would lie close to a negatively charged head group, thus
accounting for the reduction in surface potential. The remainder of the molecule,
rather than penetrating into the hydrophobic interior of the membrane, like dibu-
caine, would also be confined to the interfacial region surrounding the lipid head
groups. The predominant force holding the molecule in this region would be the elec-
trostatic attraction between the positively charged amidino group and the phosphate
(ion) of the phospholipid. By virtue of this electrostatic attraction, amiloride mole-
cules would become concentrated at the bilayer interface. Analogues (Table 1) which
do not decrease surface charge (i.e. are not electrostatically bound to the surface)
would not be so concentrated. These analogues might be thought of as possessing
a lower “partition coeflicient” than amiloride between bilayer interface and water.
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On the basis of this model, amiloride could conceivably increase cation permeability
through several mechanisms. First, the presence of this molecule might disrupt water
structure at the interface, which in turn might interfere with the packing arrangement
of lipid head groups. Alternatively, a layer of oriented amiloride molecules might
generate a dipolar potential such that the membrane interior became more negative
with respect to the bulk aqueous phase. Such a dipolar field would increase the
cation diffusion rate.® Unfortunately, the data are insufficient either to exclude these
possibilities or to choose between them. Regardless of its mechanism of action, how-
ever, minor modifications in molecular structure such as removal of an amino group
or chlorine atom can destroy its capacity to increase cation permeability (Table 1).

When cholesterol is incorporated into the bilayer structure, 2*Na efflux falls by
an order of magnitude (Fig. 4). The presence of cholesterol in egg lecithin bilayers
has been demonstrated to decrease membrane fluidity by increasing the degree of
extension of the fatty acid chains and reducing the amplitude of motion of their long
axes.'® In addition to inducing these changes in hydrocarbon packing, cholesterol
also alters the dipolar field at the membrane—solution interface such that the mem-
brane interior becomes more positive with respect to the bulk aqueous phase.'’
Lipid bilayers* containing this sterol demonstrate a reduced permeability to
anions,'® Rb-valinomycin complex'® and nonelectrolytes,?® consistent with the
changes in membrane “viscosity” and dipole potential noted above.

As illustrated in Figs. 4 and 5, dibucaine and amiloride actually increase the cation
permeability of cholesterol-rich vesicles. As already discussed, dibucaine probably
penetrates the membrane to a depth of the seventh or eighth methylene group of the
fatty acid chains. Cholesterol is oriented in the bilayer with the 38-hydroxyl group
at the membrane-water interface. Furthermore, a space-filling model of this sterol
indicates it has an overall length of 19 A, comparable to the length of dibucaine (Fig.
6). Finally, Seeman' has demonstrated that anesthetics expand biomembranes some
ten times more than can be accounted for by the actual volume occupied by the anes-
thetic molecules. Most of this expansion appears to be due to a “loosening” of inter-
ior membrane structure. In light of these observations and as a first approximation,
it is proposed that the buried portion of dibucaine interferes with the hydrophobic
interactions between cholesterol and the phospholipid fatty acid chains necessary for
the observed sterol-induced changes in membrane fluidity.

The 3B-hydroxyl group has also been found to be an essential structural require-
ment for the lipid sterol interaction.?’ Furthermore, it appears that hydration of this
group is important for this interaction.?! If amiloride, as suggested, is largely con-
fined to the interfacial region, it might very well disrupt proper hydration of this
group, thus reducing the sterol-induced changes in membrane structure and increas-
ing cation permeability.

It is of interest that the capacity of amiloride and dibucaine to increase 2?Na efflux
becomes greatly enhanced when the cholesterol concentration (by mole ratio)
exceeds 30 per cent (Fig. 5). Although the exact significance of this observation is

* Cholesterol has a rather complicated effect on hydrocarbon packing depending upon whether the
phospholipid is above or below its transition temperature (Tc). Membranes composed of phospholipids
below their Tec display an increase in permeability when cholesterol is added,?° as a result of an increase
in the mobility of their fatty acid chains.'® Phospholipids above their Tc behave as already described for
egg lecithin when cholesterol is added.
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Fig. 6 Corey-Pauling space-filling models of lecithin (phosphatidylcholine), dibucaine and amiloride.
For simplicity, two palmitic acid residues have been used to form the phospholipid. Lengths of these
molecules are: lecithin, 28 A; dibucaine, 19 A} amiloride, 11-5 A
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unclear, it may indicate the occurrence of some type of structural rearrangement in
the membrane when the mole ratio of cholesterol to phosphatidylcholine + dicetyl-
phosphate exceeds 1:2. Lecuyer and Dervichian?? have studied the structure of
aqueous mixtures of egg phosphatidylcholine or lecithin and cholesterol by X-ray
diffraction. The properties of this mixed system undergo a change when a cholesterol
to lecithin mole ratio of 1:2 is reached. The measured long spacing, corresponding
to the sum of the widths of the lipid and aqueous layers, goes through a maximum
at this ratio and then decreases. The mechanism is as follows. Cholesterol initially
causes an increase in the thickness of the hydrocarbon region due to “straightening”
of the fatty acid chains. This phenomenon reaches a maximum at a cholesterol to
lecithin mole ratio of 1:2. With greater proportions of cholesterol, the width of the
apolar region remains relatively constant, but there is a subsequent decrease in the
thickness of the water layers. Ladbrooke et al.?? studied the effect of cholesterol on
the gel to liquid crystal transition for several lipids. The addition of this sterol to
dipalmitoyl lecithin in water causes an abrupt lowering of the transition temperature
when the cholesterol concentration exceeds 20 moles/100%,. No transition at all is
observed with an equimolar ratio of lecithin and cholesterol.

Although the results of these two studies do not provide a ready explanation for
the marked increase in slope in the curves of Fig. 5, they do indicate that the proper-
ties of lecithin—cholesterol membranes will display dramatic changes at a cholesterol
to lecithin mole ratio of 1:2.

Many pharmacologic agents are thought to have their locus of action at the
plasma membrane. The initial step is often viewed as some type of interaction
between the drug and a membrane receptor. Such a receptor must have as one of
its properties the capacity to discriminate between structurally similar molecules. It
is of interest that simple phospholipid membranes can make such discriminations.
Salicylate (o-hydroxybenzoate) and its analogue p-hydroxybenzoate behave quite dif-
ferently in this system both in terms of their mechanism of permeation'® and their
capacity to increase >*Na permeability.® Furthermore, lecithin membranes exposed
to salicylate become negatively charged, indicating surface adsorption of this anion.
This property is not possessed by p-hydroxybenzoate.!® The results in Table 1 indi-
cate that phosphatidylcholine—dicetylphosphate vesicles can discriminate between
amiloride and structurally very similar analogues. Since phospholipids are important
components of biological membranes, it is not unreasonable to expect that they will
prove to be the actual “receptors” for many drugs.
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