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col. 10, 35-40 (1974).

Local anaesthetics block noncompetitively the depolarisation ()f Llectiop/ioius electroplax

by cholinergic agonists applied in the bathing medium. The most Potent local anaesthetics

tested are dimethisoquin (apparent dissociation constant 150 = 2 � and dibucaine (150 =

5 js�i). In addition, local anaesthetics decrease the initial rate of the binding of a tritiated

a-neurotoxin from Xaja ii igrieollis to membrane fragments purified from Elect rophorus and
Torpedo electric tissues. They also inhibit competitively the binding of [6H]acetylcholine

to the cholinergic receptor site from Torpedo. As in the case of cholinergic effectors, the

concentrations of local anaesthetics which decrease by half the initial rate of [‘Hja-toxin

binding are very similar to their dissociation constants for the receptor site determined by
inhibition of [3H]acetylcholine binding. However, these dissociation constants are one to

two orders of magnitude larger than their apparent dissociation constants, ‘so, measured

with the isolated electroplax. It is concluded that local anaesthetics bind to the cholinergic
receptor site with a low affinity, but that they inhibit the depolarisation ()f the electroplax
by binding at different sites situated on or near the chohnergic receptor protem.

INTRODUCTION

The main pharmacological effect of local

anaesthetics is to block the propagation of

action potential, but they also interfere w-ith
the response to cholinergic agonists of a
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variety of subsvnaptic membranes. As
$l�#{231}�\\.nby Podleski and Bartels (1) and

Bartels (2) with Electrop/wrus electroplax
and by 1’�asai and Changeux (3) with excit-

able rnicrosacs, the inhibition by several of
them (procaine and tetracaine in particular)

strikingly differs from the “competitive”

antagonism observed between typical cholin-

ergic ligands. The fractional inhibition of

the response to cholinergic agonists by these

local anaesthetics does not significantly vary

with the concentration of agonist. In other

words, the maximal response decreases, but
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the concentration of agonist which gives a
half-maximal response does not change. This
phenomenon thus resembles the strictly
noncompetitive inhibition described with

enzymes.
In order to obtain some information on

the site of action of local anaesthetics in the
excitable membrane and in particular to de-

termine whether these compounds interact
directly with the cholinergic receptor pro-

tein, a study of the effect of local anaesthetics
on [3H]a-toxin and cholinergic ligand binding
to Elect rophorus and Torpedo membrane

fragments was undertaken. The results

strongly suggest that the local anaesthetics
block the response to cholinergic agonists by

binding at the level of the receptor protein
at a site distinct from the binding site of

cholinergic agonists.

MATERIALS AND METHODS

Procedures were the same as described in
the preceding papers of this series (4, 5). All
experiments were done at pH 7.0.

Sources of chemicals. Procaine hydrochlo-

ride was purchased from Sigma, and tetra-
caine hydrochloride and dibucaine hydro-
chloride, from K & K Laboratories. Prilo-
caine hydrochloride and dimethisoquin

[1-(fi-dimethvlaminoethoxy)3 - ii -butyliso-

quinoline hydrochloridej were a gift from the
Laboratoire Roger Bellon (France).

RESULTS

Effects of local anaesthetics on Elect rophorus
electropla.r in vivo. The early results of Pod-
leski and Bartels (1) and Bartels (2) were
confirmed for procaine and tetracaine and

extended to three other local anaesthetics:
prilocaine, dibucaine, and dimethisoquin.

They all noncompetitively inhibited the

depolarisation of the electroplax by deca-
methonium or carbamyicholine applied in
the bathing medium. The concentrations

(I��) of these anaesthetics which decrease by
0110-half the response to the agonists are

listed in Table 1. The most potent were di-

methisoquin (1�� = 2 �i) and dibucaine
(I�� = 5 �i).

Effects of local anaesthetics on initial rate
and equilibrium of [3HJa-toxin binding to

Electrophorus membrane fragments. As in the

case of cholinergic agonists and antagonists,
we attempted to measure protection con-

stants, K�, by following the decrease in ini-

tial rate of [3Hla-toxin binding as a function

of local anaesthetic concentration. The mem-

brane fragments were initially incubated for

10 mm with the designated concentration of

T.�BLE 1

Comparison between physiological effects of various local anaesthetics and their protective effects against

[‘HJa-to.rin binding to Elect rophorus membrane fragments

K,. is the concentration of local anaesthetics which decreases by half the initial rate of [‘H]a-toxin

binding. � is the concentration which decreases by half the depolarisation of the eel electroplax by

bath application of the agonist as indicated in parentheses, or the permeability change of membrane

fragments to nNa+ produced by the agonists. The response was followed in the presence of: 3 X 10�’ M

carbamyicholine (a), 10� st carbamyicholine (b), 4 X 10#{176}M carhamylcholine (c), 2 X 10� si decameth-
onium (d), 4 X 10’ M decamethonium (e).

Anaesthetic In zitro In ViVO

Protection Etilux of SSNa+ Membrane potential K,./150
against [‘HJa-toxin from microsacs at of isolated

binding (K,.) 22#{176} electroplax (Is,.)

Tet racaine

Procaine

I )ibucaine

I )iniethisoquin

Prilocaine

26

20

56



anaesthetic, and the reaction was started by crease it by half (see Fig. 13 of ref. 5). B�’

adding the toxin. comparison, 0. 1 m�i decamethonium (which
Figure 1 shows the protection curves ob- acts in rico at the same concentrations as

tamed with a series of five local anaesthetics. dimethisoquin) decreased [1H]a-toxin bind-

As with cholinergic agonists and antagonists, ing 90% under the same conditions.

the initial rate tended toward zero at high Effect of local anaestheties on direct binding

concentrations of effector. However, for of f3Hlaeetylcholine to Torpedo membrane

instance with procaine and tetracaine, the fragments. Additional information on the

protection curves significantly deviated from affinity of local anaesthctics for the cholin-

a hyperbola. As the concentration increased, ergic receptor site was gained by studying

the initial rate decreased much more slowly the displacement of [3H]acetylcholine bound

than expected from a rectangular hyperbola. to Torpedo membrane fragments. The experi-

Nevertheless, we still regarded as a valid mental conditions used were such that bind-

empirical K,, the concentration of anaesthe- ing of [3H]acetylcholine occurred almost cx-
tic which reduced by half the initial rate of
[3H]a-toxin binding. The K,, values of the

five local anaesthetics tested were always
larger than 500 �i, and therefore were

I

�

�‘1

systematically higher than those measured
with the cholinergic agonists and antagonists

tested (Table 1).

-�

�
�

I

Similar results were obtained at equilib- .�

rium. Very high concentrations of local

anaesthetics were required to displace

400

�

bound {3H]a-toxin. In the presence of about
0.1 mi concentrations of both [3Hla-toxin 200

and binding sites, little or no effect was seen
up to 10 mM prilocaine; with dimethisoquin
(the most potent local anaesthetic we have 0 � � � �

tested) a 0.1 m� concentration decreased by
only 20% the amount. of [3H]a-toxin bound,
and about 1 m�i would be necessary to de-

��pr.locarne

d�.t�soqoEo�\ \�_rsc.’o
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�\ �
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FIG. 1. Effect of local anaesthetics on initial

rate of [‘H}a-toxin binding to Electrophorus niem-

i0±KD = 2t K�(i+ J�/K1)

brane fragments

Membrane fragments were diluted in Ringer’s

solution and incubated for 10 mm with the desired
concentration of local anaesthetic. The reaction

was started by adding [‘H]a-toxin. The concen-

trations of [‘H]a-toxin and binding sites varied
between 1 and 3 nso.

dmethooqwn
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-40

� -20
so

Fiu. 2. Inhibition by (limethisoquin of I’ll-

acetylcholine binding to 7’orpedo membrane frag-

ments

0 I’M lO5M

Torpedo membrane fragments were incubated

for about 30 mm with tile indicated concentration

of dimethisoquin in Torpedo Hinger’s solution.

Binding of [‘H]acetylcholine in the presence of

0.1 m� 0,0-diet hyl 5- (/3-diethylaniino)et hyl

phosphorot hiolate was then measured as described

previously (3). Tile total concentration of [‘HI-
acetylcholine was 53 n�o, and that of [‘illacetyl-

choline binding sites was 114 I1M (1730 nmoles/g

of protein). The dissociation constant. K1 for

lO’M OM dimethosiquin was calculated from tile formula

where ‘50 is the concentration of dimcthisoquin

which reduces by half the amount of I’Hlacetyl-
choline bound, A0 is the concentration of free

[‘H]acetylcholine in the absence of dimeth-

isoquin, and A50 is that in the presence of Iso

dimethisoquin. KD is the dissociation constant

for acetvlcholine (8.0 n�i).
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elusively at the level of the cholinergic re-
ceptor site. High concentrations of the local

anaesthetics tested (procaine, tetracaine, and
dimethisoquin) completely inhibited this
binding (Fig. 2).

Figure 3 shows that. tet.racaine displaces
[‘Hjacetylcholine in a competitive manner.

The KD for tet.racaine determined from this

plot is 1.4 ± 0.5 m�i. The protection con-
stant measured with the same membrane
preparation is K,, = 5 ± 1 m�i. Thus there

is close agreement between the equilibrium
dissociation constant of tetracaine estimated
by protection against [‘H]a-toxin binding

(K,,) and that measured by following cholin-
ergic ligand binding. However, the agree-
ment is not as exact as observed with typical

cholinergic agonists and antagonists. With
the three local anaesthetics studied the KD

seems always 2-4-fold larger than the K,,

(Table 2). The reasons for this minor but
significant difference are not known.

Hi
0 I 0.2 0.3 0.4 0.5

(nMi’

[free ‘H-acetyIchoI�ne]

FIG. 3. Competitive dis placement by tetracaine

of [‘Hjacetylcholine front Torpedo membrane frag-

ments (double-reciprocal plot)

Torpedo membrane fragments were incubated

for 30 mm with 0.92 rn�o tetracaine in Torpedo

Ringer’s solution, and the binding of [‘Hlace-

tylcholine was mea.sured. The solid lines represent

a least-squares fit of the data, and indicate a total
number of binding sites of 73 tIM (598 nmoles/g
of protein) in the absence of tetracaine and 67

nM (550 nmoles/g of protein) in the presence of

0.92 mms tetracaine. The calculated dissociation

constants for acetyicholine and tetracaine are

10.7 flM and 1.38 m�o, respectively, #{149}-�,no

tetracaine; +-+, 0.92 mos tetracaine.

Comparison between data front Electro-
phorus in vivo and in vitro. In Fig. 4 are
plotted the protection curves measured in

vitro with procaine and tetracaine and the

dose-response curves recorded either with
the isolated electroplax or with excitable

microsacs by following the noncompetitive

inhibition of the response to carbamylcholine

TABLE 2
Comparison, of protection (-onstants K,. and (us-

sociation constants KD of local anaesthetics for

Torpedo membrane fragments

The results of two series of independent experi-
nlents performed on different preparations of

membrane fragments are given for K,, values.

Anaesthetic K,. against
[‘H]a-toxin

binding

KD for
displacement of

[‘H}acetylcholine
binding

m� mM

Procaine t).95 ± 0.3

1.5 ± 0.3
5 ± 1

Tetracaine 0.5 ± 0.1
0.62 ± 0.26

1.4 ± 0.5

1)imethisoquin 0.01 0.055 ± 0.01
0.015 ± 0.004

.00 .i�

23L \�.. �

P4 0 �P4 ‘0 ‘P4 1O’M ‘SM

FIG. 4. Comparison of effects of two local an-
aesthetics on initial rate of [‘Hla-toxin binding to

excitable membrane fragments from Electrophorus

and on response of elect roplax to cholinergic agonists

O-O, initial rate of [‘H]a-toxin binding

(same data as for Fig. 1); � noncompetitive

blockade of depolarisat ion of isolated electroplax

by bath-applied 30 MM carbamyicholine (for pro-

caine) or 4 sM decamethonium (for tetracaine);

-4------+, 2 MM decamethonium, A-A, non-

competitive blockade of permeability response
of excitable microsacs to 200 MM carbamylcholine.
The data are from Kasai and Changeux (3).
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FIG. 5. Comparison of protection constants (K,,)

measured in vitro by following [‘H]a-toxin binding

and of apparent dissociation constants measured
in vivo with isolated elect roplax

The abscissa represents the apparent dissocia-

tion constants for the cholinergic agonists and

antagonists and iso values for the local an-

aesthetics, as in Table 1.

or decamethonium. It is clear that the dose-
response curves do not agree with the pro-
tection curves. The response is reduced 50%
at 100 .ui procaine and 20 � tetracaine,

while 50% reduction of the initial rate of
[3H]a-toxin binding is seen at 1 m� procaine

and 200 /h�I tetracaine. In both cases the
protection curves are shifted towards t.he

high concentrations of anaesthetic.

The same phenomenon is observed with

all local anaesthetics tested: the protection

constants K,, are one to two orders of mag-

nitude larger than the concentrations (I��)

which decrease by half the physiological re-

sponse of the electroplax (Table 1).
One of the most striking examples is di-

methisoquin: 10 �i dimethisoquin blocks
88% of the depolarisation of the electroplax
by 2 �i decamethonium, but decreases by
only 10% the initial rate of [3HIa-toxin
binding to Electrophorus microsacs.

The correlation between “protection con-
stants” and “apparent dissociation con-

stants” found with typical cholinergic ef-
fectors is thus not observed with local anaes-

thetics (Fig. 5).

I)ISCUSSION

Local anaesthetics constitute a chemically

heterogeneous group of compounds which,

in general, contain tertiary amities and

hydrophobic residues, and block the propa-

gation of the action potential (6). They also
reduce, in a noncompetitive manner, the
effects of cholinergic agonists on vertebrate

neuromuscular junctions (7-9) and on
Elecirophorns electroplax (1 , 2). Finally,
some of them also modify the permeability

of lipid bilayers and, in a more general man-
ncr, interact in vitro with lipids (10).

We have been concerned here with the
effect of local anaesthetics on the response of

the electroplax membrane to cholinergic
agonists. First, we confirmed the results of
Podleski and Bartels (1 ), Bartels (2), Bartels
and Nachmansohn (11), and Kasai and

Changeux (3), obtained with procaine and
tetracaine and Electrophorus electroplax or

microsacs, and extended them to three addi-

tional local anaesthetics: dimethisoquin,

prilocaine, and dibucaine. All the local
anaesthetics tested block the response to
cholinergic agonists in a strictly noncom-

petitive manner. The apparent dissociation

constants 15Q found are also consistent with
those reported previously with both Eke-

trophorus electroplax and frog neuromuscu-

lar junction (7, 9).
In order to gain additional information

about the noncompetitive inhibition by local
anaesthetics, we studied their effect in vitro

on the binding of either [3H]a-toxin or [3H]-

acetyicholine to the cholinergic receptor
site. With procaine, tetracame, dimethiso-

quin and Torpedo membrane fragments, we

found that the equilibrium dissociation con-
stants for the cholinergic receptor site,
measured by following the displacement of

[3H}acetylcholine, are close although sys-

tematically larger than the constants meas-
ured by protection against [3H]a-toxin

binding. Interestingly, the protection and
dissociation constants were always one to

two orders of magnitude larger than the

corresponding “apparent” dissociation con-

stants estimated on the electroplax. The
five local anaesthetics tested bind to the
cholinergic receptor site at concentrations

much larger than those at which they block
the response to cholinergic agonists.

The simplest interpretation of these re-
sults is that, although they bind to the
cholinergic receptor site, the local anacs-
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thetics do not block the response to cholin-

ergic agonists by their interaction with the
cholinergic receptor site. In agreement with

Steinbach (8), the sites for their pharma-
cological action are therefore distinct from

the cholinergic receptor site but nevertheless

are located on or near the receptor protein.
For all the compounds tested, the affinity for

the “local anaesthetic receptor site” was
higher than that for the cholinergic receptor
site. It is possible t.hat with different com-
pounds the reverse situation occurs. This
might be the case with benzoylcholine, for
instance, which acts both as a partial agonist

and as a noncompetitive blocking agent (2,
3). Binding of benzoylcholine to the cholin-

ergic receptor site would then trigger a
response while its binding to the “local

anaesthetic recept.or site” would block this
effect.

The blocking effect of local anaesthetics

on the response to agonists may be inter-
preted in various ways: for instance, they
may bind to the ionophore and directly

block cation transport (see ref. 9), or they
may interfere with the coupling mechanism
between receptor site and ionophore, either
by blocking the conformational transition of

the cholinergic protomer or by modifying
its close envIronment, such as its interaction
with membrane lipids.

The first hypothesis might be tested with
excitable microsacs by studying an eventual
competition with permeant cations. Com-

parative studies of the specific binding
of local anaesthetics and of the conforma-
tional transitions of the receptor protein in
the biological membrane, in detergent solu-
tion or integrated in lipid bilayers, should

lead to unequivocal tests of the second
hypothesis. If it happens to be the correct
one, local anaesthetics might become ade-

quate probes for monitoring the conforma-

tional transitions of the receptor protein.’
Note added in proof: The validity of this pre-

diction is supported by recent findings with a

fluorescent cholinergic ligand and Torpedo mem-

brane fragments (Cohen, J. B. and Changeux,

J.-P., 1973, C. H. Hebd, Acad. Sc. 277, S#{233}rie I),

603-605; Cohen J. B. and Changeux, J.-P., 1973,

Biochemistry in press; Cohen, J. B., Weber, M. &

Changeux, J-P., in preparation)

Nothing can be said yet concerning the re-
lation of the effects we see at the level of the
cholinergic receptor protein and the phar-

macological action of the local anaesthetics
on the action potential.

Finally, it is worth emphasizing that

snake venom a-toxin has enabled us to dis-
tinguish unambiguously the site of action of
local anaesthetics from the cholinergic recep-

tor site, although anaesthetics and cholin-
nergic ligands ()ften present striking simi-

larities in structure. This is additional evi-
dence for the particulary high selectivity of

binding of these toxins to the nicotinic re
ceptor Sit(’.
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