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SUMMARY

The pressure-area curves were determined for synthetic L-a-(dipalmitoyl)lecithin
monolayers on subsolutions containing the minimum blocking concentrations of the
local anesthetics 8-naphthol thymol, ephedrine, procaine, tetracaine, phenyltoloxamine,
quinine, and dibucaine. It is shown that there is an approximately linear relationship
between the log of the rate of change of the surface pressure with concentration of these
anesthetics and the product of the mole refraction and ionization potential. This corre-
lation is related to a partition function based upon the London interaction energy.

INTRODUCTION

This paper is an extension of previous
work (1) on techniques of investigating
the action of local anesthetics. A semi-
theoretical expression for the partition
function for local anesthetics distributed
between the cell membrane surface and the
adjacent extracellular solution was pre-
sented. The relation is

In (MBC) = In C, — KRyl 1)

where MBC is the minimum blocking con-
centration defined as the minimum concen-
tration in the external solution necessary
for block of excitability (1). C, is the mini-
mum blocking concentration of molecules
at the surface, B, the mole refraction, and
I the ionization potential. K is primarily
a function of interaction distances and was
considered as a first approximation to be a
constant.

This approach is based upon the differ-

! Present address: Research and Development
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*The values for (MBC) and the product Ro/
are taken from a previous paper (1). In the case
of the anesthetics which have tertiary amine
groups, (MBC) represents the concentration of
the nonionized base.

ence in the London interaction energy of
the local anesthetic molecule in the aqueous
solution and at the cell membrane surface.

There is evidence that phospholipid mole-
cules play a role in biological membrane
structure (2, 3). Therefore it seems appro-
priate to investigate the nature and extent
of interaction between the local anesthetic
and phospholipid molecules. One way of
studying this interaction is by measuring
the surface tension at the phospholipid
monolayer/aqueous solution interface in
the presence of local anesthetic molecules
(4, 6).

In this work the pressure-area curves
were determined for synthetic L-a-(dipal-
mitoyl) lecithin monolayers on subsolutions
which contained 5 mM phosphate buffer,
pH 6.8, and the minimum blocking con-
centration of 8 local anesthetics.

We wish to thank Dr. D. P. Agin for
suggesting this problem to us and for as-
sistance with the design of the experimental
setup.

METHOD AND MATERIALS

A 1 mum solution of synthetic L-a-lecithin-
(dipalmitoyl) in n-hexane/ethyl alcohol
4:1 (V:V) was quickly dripped onto a
solution containing a 5 mmM phosphate buf-
fer, pH 6.8, and various concentrations of
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local anesthetic. A Roger Gilmont preci-
sion microsyringe was used to dispense the
monolayer solution. The subsolution was
contained in a Teflon-coated aluminum
surface tray (24.1 X 14.0 X 1.6 e¢cm) and
compressed with a Lucite barrier. The en-
tire tray was immersed in a water bath at
25.3 + 0.3° which had a Lucite cover.

The surface pressure was determined by
the Wilhelmy plate method (7). The sur-
face tensions of the anesthetic solutions
without monolayer were measured by using
the plate-detachment technique (8). A glass
coverslip was suspended from a Statham
Microscale accessory which was attached
to a Statham universal transducing cell
(Model UC2). The output of the cell was
measured with a Keithley 149 millimicro-
voltmeter. Surface areas were measured to
1%. Surface pressures were measured to
+0.05 dyne/cm at about 100% relative
humidity. Calibration was achieved by add-
ing known weights to the transducer.

Compression of the film was performed
manually at a rate of about 4 A% per mole-
cule per minute. Reduction of the area
was started after a steady value of the
surface tension was noted. This usually
occurred after 30 min to 1 hr. The value of
the surface pressure was taken at the end
of 2 min at each area. An increase in the
surface tension with time was noted in
most cases below areas of 60 A? per mole-
cule of lecithin. Any rate of increase greater
than 0.5 dyne/cm min was regarded as
“collapse” and the experiment was halted.

Each pressure-area curve presented in
the Results section is the average of at
least two measurements. The curve where
the 5 mmM phosphate solution was employed
is the average of 6 experiments. The stand-
ard error is about =+0.05 dyne/cm for the
phosphate solution and about +0.3 dyne/
cm for the anesthetic solutions.

The chemicals were reagent grade and
were used without further purification. The
synthetic lecithin (dipalmitoyl) was pur-
chased from Mann Research Laboratory
as a chromatographic standard. The water
used was redistilled in a Pyrex® distilla-
tion unit.
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RESULTS AND DISCUSSION

The pressure-area (=-A) curve for syn-
thetic L-a-(dipalmitoyl)lecithin on a 5 mm
phosphate buffer, pH 6.8, is consistent with
the recent work of Shah and Schulman
(9). This curve and the =-A plots for the
same monolayer on solutions containing
the MBC of 8 local anesthetics are shown
in Fig. 1. We have plotted the surface pres-
sure, x, against the area per molecule of
lecithin. The surface pressure in these
curves is defined as

r=v—79

where y is the surface tension of the 5 mm
phosphate solution without the monolayer
of lecithin and y’ is the value of the surface
tension of the monolayer covered solution.

Figure 1 demonstrates the striking simi-
larity of the =-A curve of each anesthetic.
The MBC of the anesthetic lowers the sur-
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FiG. 1. Plot of the surface pressure = of lecithin
monolayers versus the area per molecule of
lecithin on subsolutions containing the mintmum
blocking concentration (Table 1, column 4) of 8
local anesthetics with § mm phosphate buffer,
pH 638, at 263 £ 0.3°

face tension of the lecithin/water interface
by approximately the same amount, and
the #-A curve follows a similar relation
between the surface tension and surface
area of the lecithin monolayer. This is in
accord with the work of Skou (5). Skou’s
results cannot be quantitatively compared
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to ours since he worked with a monolayer
of unidentified lipids extracted from periph-
eral nerve. However, the changes in = that
he noted are of the same order of magni-
tude and were also independent of the area
of the monolayer.

These changes in surface tension can be
dealt with in a semiquantitative manner
by using the thermodynamic analysis of
Skou (5) and the relationship between the
MBC and the molecular parameters R, and
I in Eq. (1). Only the change in = due to
the addition of local anesthetic at a con-
stant area per molecule of lecithin mono-
layer will be considered.

Following Skou’s use of Gibbs’ adsorp-
tion theorem in the case of a lipoid mono-
layer in equilibrium with an aqueous solu-
tion of the local anesthetic, we have

- C o
~ RTaC

where T is the apparent surface concentra-
tion of the local anesthetic in moles per
square centimeter of surface, C is the con-
centration of the anesthetic in the subsolu-
tion in mM/l, = is the surface pressure in
dynes/cm, R the gas constant, and T the
absolute temperature. In the derivation of
Eq. (2) the usual substitution of concen-
trations for activities is made and the term
for the virtual change in the free energy of
the insoluble monolayer is considered negli-
gible.

By multiplying both sides of Eq. (2) by
the factor d!, where d is some arbitrary
depth of the surface phase, we have

r (2)

®3)

where C, represents the surface concen-
tration of the local anesthetic in mm/l.
This equation may be combined with Eq.
(1) to obtain
or

In —

3C = KRol + IndRT

“)

Since the minimum blocking concentra-
tions of local anesthetic are generally quite
low, we can approximate the term on the
left in Eq. (4) with the relations

Ar

or Ax
C= MBC

lna— NInE =In

Ar is defined as

(4a)

Ar=x"—7x=v"—-4%"

where = and y’ refer to the monolayer on
the 5 mM phosphate buffer alone. =* and y*
are the values of the surface pressure and
tension, respectively, of the monolayer-
phosphate buffer-local anesthetic system.
Assuming that all the gross approxima-
tions made so far are reasonable, Eq. (4)
requires a linear relationship between In
ow/0C, which has been approximated by
the ratio of increments In Ar/MBC, with
the product RoI. For Ar we consider the

TaBLE 1
Surface activity-structure correlations
of local anesthetics

Decrease in surface tension caused by the mini-
mum blocking concentration (MBC) of local
anesthetic without lecithin monolayer (column 2);
decrease in surface tension caused by MBC of the
local anesthetic at 100 A?/molecule of lecithin
monolayer (column 3); The MBC of the local
anesthetic from reference (1) (column 4); the
product of mole refraction R, and ionization
potential I from reference (1) (column 5).

2 3 4
—Ay A —log 5
(dyne/ (dyne/ (MBC) Rol
1 cm) cm) (mypM)  (cmdeV)
B-Naphthol 0.6 7.8 0.0 368
Thymol 00 56 0.52 412
Ephedrine 1.3 11.7 0.8 457
Procaine 1.0 12.8 1.67 543
Tetracaine 0.9 12.6 2.9 619
Phenyl- 0.3 14.5 3.2 703
toloxamine

Quinine 1.8 14.7 3.6 750
Dibucaine 2.0 13.4 4.2 855

values of = and =* at the initial area of
100 A%/molecule of lecithin. These values
of A= and those of the product R,I and the
log (MBC) are presented in Table 1.2 Also
included in Table 1, for comparison, are
the values of —Ay, the decrease in the
surface tension of 5 mM phosphate solution
caused by the minimum blocking concen-
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tration oi the local anesthetic without the
lecithin monolayer.

Figure 2 presents the plot of log An/
MBC versus R,I. It appears from this plot
that the molecules presented in Table 1
follow the relation described by Eq. (4).

Equation (4) supports the previous
model which resulted in Eq. (1). In other
words, the partition function for the distri-
bution of local anesthetic between the

6
"o

st o .
— '/
£ o
N

’
3r 0 b
g s
4
2r o’ b
S
IF e"° b
/
/
G 1 1 1 1 1 1 1 1

1
500 600 700 800 900
R,I

0 100 200 300

Fi16. 2. Plot of the logarithm of the ratio (Az/
MBC) (Table 1, columns 3 and 4) of 8 local
anesthetics (Table 1, column 1) versus the prod-
uct of the mole refraction R, and tonization po-
tential I (Table 1, column 6)

lecithin/water interface and the adjacent
subsolution can be correlated with a
molecular model which is based on the
London interaction energy.

This suggests that the mode of interac-
tion which causes the lowering of the sur-
face tension involves the London interac-
tion energy. There are many possible
models consistent with this approach. Two
primary examples are interaction between
the nonpolar segments of the lecithin and
anesthetic molecules to form a mixed mono-
layer (10), and interaction between the
local anesthetic molecule and water mole-
cules at the lecithin/water interface [e.g.,
clathrate formation (11, 12)] which in
turn causes a decrease in the attraction
between the polar groups of the lecithin
molecule and the adjacent subsolution.

One partition function describes the dis-
tribution of the local anesthetic molecules
in two different systems: (a) the distribu-
tion of local anesthetic molecules between

Mol. Pharmacol. 3, 581-585 (1967)

LEROY HERSH

the lecithin/water interface and the sub-
solution, and (b) the distribution between
the site of local anesthetic activity and the
extracellular solution. Namely, the results
of this report lend support to the hypothe-
sis that the site of local anesthetic activity
is at the cell membrane and that interac-
tion between nonpolar groups is of primary
importance.

There is further evidence that ionic in-
teraction is also involved in the blocking of
nerve excitability. Many polyvalent ions
such as Fe®t, Al**, La%*, Cr%, Co?%, and
Cd* reversibly block the action potential
of nerve cells (13); and after the initial
exposure of nerve to tertiary amine local
anesthetics, lowering the pH of the external
solution increases the effectiveness of these
agents (14, 15). There are also reports de-
scribing ionic interaction between tertiary
amine local anesthetics and phospholipids
(13, 16).

A model incorporating both nonpolar and
ionic interactions between local anesthetics
and the site of activity has been suggested
by Blaustein and Goldman (13). Inhibition
of electrically induced changes in a phos-
pholipid membrane system is caused by
penetration of the lipid section by non-
polar agents (or segments) and by ionic
interaction between local anesthetic and
the phospholipid’s polar head. A test of this
model would be to examine the additivity
of local anesthetic potency of cations such
as Fe®t, Al* etc. and molecules such as
toluene or B-naphthol.
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