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THE INTERACTION OF AMINE
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1 Amine local anaesthetics inhibited the binding of (-['3H]-quinuclidinyl benzilate
((-_ 3H]-QNB) to muscarinic receptors in crude synaptosomal preparations from guinea-pig brain.
The order of potency was SKF 525A > tetracaine > procaine - quinidine > procainamide >
bupivacaine > lignocaine > prilocaine.
2 The concentration of tetracaine or prilocaine causing 50% inhibition of the receptor-specific
binding of [3H]-QNB varied linearly with the concentration of [3H]-QNB present for the range of
concentrations of prilocaine used and at lower concentrations of tetracaine, thus providing evidence
for a competitive interaction. The affinity constant for tetracaine was 2.6 + 0.2 x 105 M-1 and that
for prilocaine 2.6 + 0.8 x 103 M- . At higher concentrations of tetracaine the interaction appears to
diverge from simple competitive kinetics.
3 The log dose-response curve for the contractile response of longitudinal muscle strips from guinea-
pig intestine to carbachol was shifted in a parallel fashion by low concentrations of tetracaine, but
flattened by higher doses. A similar effect was observed for both lignocaine and prilocaine. The
affinity constants for tetracaine and prilocaine calculated from the parallel shifts, 1 x 105 M-1 and 4 x
103M- 1, respectively, were in reasonable accord with the binding data.
4 The curve for the inhibition of [3H]-QNB binding by carbachol was not significantly altered,
either in position or shape, in the presence of I mM prilocaine. Thus there is no evidence that
prilocaine, which increases the affinity of nicotinic acetylcholine receptors for agonists, has any similar
effect on agonist binding to muscarinic receptors.

Introduction

There have been a number of studies of the effects of
local anaesthetics on responses mediated by muscar-
inic acetylcholine receptors in a variety of tissues.
While some of these have described only non-
competitive effects (Feinstein & Paimre, 1967; Bury &
Mashford, 1976) and have drawn the conclusion that
the primary site of action is on some membrane con-
stituent other than the receptor, others have observed
competitive effects at low doses (Fleisch & Titus,
1973; Richelson, Prendergast & Divinetz-Romero,
1978; Weinstock & Weiss, 1979). However, a recent
study has shown that the binding of [3H]-scopo-
lamine to neuroblastoma cells is inhibited in a non-
competitive manner by tetracaine (Burgermeister,
Klein, Nirenberg & Witkop, 1978).
The nature of the interaction between local anaes-

thetics and the muscarinic receptor is of some interest,
since in the case of the nicotinic acetylcholine recep-
tor, which can exist in more than one conformational
state, certain local anaesthetics, such as prilocaine,
stabilize a conformation which has a high affinity for
agonists (Cohen, Weber & Changeux, 1974) and
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which may represent the desensitized receptor (Heid-
mann & Changeux, 1978).

In an attempt to clarify the nature of the inter-
action of tetracaine and prilocaine with the muscar-
inic receptor, we have examined their effect and that
of certain other amine anaesthetics on the binding of
[3H]-quinucidinyl benzilate ([3H]-QNB) (Yama-
mura & Snyder, 1974) to muscarinic receptors in a
membrane-fraction from guinea-pig brain. The results
of this study, which indicate a competitive action of
both tetracaine and prilocaine at low doses, are de-
scribed here.

Metods

Measurement of binding of [3H]-QNB

A crude synaptosomal fraction was prepared from
guinea-pig cerebral cortex essentially following the
method of Hebb & Whittaker (1958). The cortex was
homogenized in 10 volumes of 320 mm sucrose con-
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taining 5 mm Na-K phosphate buffer, pH 7.6, and
then centrifuged at 1,000 g for 5 min. The pellet was
discarded and the supernatant centrifuged at 17,000 g
for 30 min. The pellet, the P2 fraction of Hebb &
Whittaker (1958), was resuspended in 320 mm su-
crose: 5 mm Na-K phosphate buffer and stored at
-10°C.
For measurement of the inhibition of the binding of

[3H]-QNB each incubation in 4.1 ml Krebs-
bicarbonate or Krebs-phosphate solution contained
0.96 nm (± -[3H]-QNB (i.e. 0.48 nm of the active
(-Y)isomer), 0.15 to 0.20 mg protein and an appro-
priate concentration of inhibitor. Incubation at 30°C
was for 1 h. At the end of this period a 1 ml sample
was filtered rapidly under vacuum (approx. 200
mmHg) through a Whatman GF/B glass-fibre filter
and the filter then washed 3 times with 5 ml of ice-
cold Krebs-bicarbonate or Krebs-phosphate solution.
Triplicate measurements were made on duplicate
incubations at each inhibitor concentration. The fil-
ters were transferred to a scintillation vial, 10 ml of
scintillator (0.6% butyl PBD in ethoxyethanol-
toluene, 1:2, v/v) added, the vial shaken vigorously
and then allowed to stand overnight before counting
in a liquid scintillation spectrometer.
For the series of experiments with tetracaine and

prilocaine where the IC50 (concentration of inhibitor
giving 50% inhibition of the methylatropinium-
sensitive [3H]-QNB binding) was measured at differ-
ent concentrations of [3H]-QNB), the volume of the
incubation medium was increased proportionately as
the final concentration of [3H]-QNB decreased, while
maintaining the amount of protein added constant, in
order to minimize problems of depletion of the
free[3H]-QNB at low concentrations. The size of the
sample filtered was increased in proportion to the in-
crease in the total incubation volume.

In all experiments on the local anaesthetics the
level of non-specific (non-receptor) binding was deter-
mined from three incubations containing 1 gM methyl-
atropinium bromide. In most cases the binding of
[3H]-QNB insensitive to inhibition by the local an-
aesthetic was determined independently from the inhi-
bition curve (see below).
The Krebs-bicarbonate (Krebs-Henseleit) solution

contained (mM): NaCl 116, KCI 4.7, MgSO4 1.2,
KH2PO4 1.2, NaHCO3 25, CaCl2 2.5 and -glucose
5.5. The Krebs-phosphate solution contained (mM):
NaCl 116, KCI 4.7, MgSO4 1.2, CaCl2 2.5, Na2HPO4
5. The Na2HPO4 stock solution (100 mM) was
adjusted to pH 7.4 with HCI prior to addition.

Analysis of inhibition curves

Curves of the percentage of the uninhibited binding of
[3H]-QNB versus concentration of inhibitor, were
analyzed by assuming that the binding of the inhibi-

tor followed a Hill equation, fractional occupancy of
antagonist, AR = An.K/(An.K + 1), where A is the
concentration of inhibitor, n is the Hill coefficient and
K is the equilibrium association constant (affinity
constant). The actual equation fitted was:

% of uninhibited binding

of[3H]-QNB = An l + NS
All.K + 1

where NS is the level of binding insensitive to the
inhibitor and Kapp is apparent affinity constant, since
competition with the [3H]-ligand shifts the inhibition
curve to higher concentrations of inhibitor by a factor
D.KQNB + 1, where D is the concentration of
(-_[3H]-QNB and KQNB its affinity constant, from
the position it would occupy if it represented binding
of the inhibitor alone. The best-fit values of n, Kapp
and NS and their estimated standard errors were
obtained by a Marquardt non-linear regression tech-
nique, as implemented in the Harwell library pro-
gramme VBOIA on the Cambridge IBM 370/165. All
points were weighted according to the reciprocal of
the variance associated with them.
The affinity constant of the inhibitor, Ka was deter-

mined from the IC50 using the relationship Ka =
(D.KQNB + 1)/IC50. KQNB was taken to be 1.3 x
100 M- 1, the mean of the two determinations made.

Variation of IC5o with [3H-QNB]

Rearrangement of the relationship above leads to the
expression:

C50 = D.KQNB 1
Ka Ka

where D is the concentration (-}[3H]-QNB. Thus
for a competitive interaction, which the derivation of
the relationship assumes, if IC50 is plotted against D a
straight line should result from which Ka is obtained
as the reciprocal of the intercept on the ordinate and
KQNB from slope/intercept.

Organ-bath experiments

Longitudinal muscle strips from guinea-pig small
intestine, prepared by the method of Rang (1964),
were suspended in 10 ml Krebs-bicarbonate (Krebs-
Hanseleit) solution at 30°C in a conventional organ-
bath. Contractions to carbachol were recorded isoto-
nically. Doses of the agonist were added every 3 min
and allowed to act for 20 to 30 s. Where appropriate,
tetracaine, prilocaine or lignocaine was present in the
Krebs solution. The affinity constant of the antagonist
was determined from the parallel shift of the log dose-
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response curve, using the relationship: Dose-ratio =
A.Ka + 1, where the dose-ratio is the ratio of the dose
of carbachol required for a given response in the pres-
ence of antagonist to the dose needed for the same
response in the absence of antagonist.

pK. values

Values of pKa for the amines were obtained from
potentiometric titration of the amine salt (1.4 to 8.6
mM) in 110 mm NaCl at 22 to 24°C with 50 mM
NaOH using a Radiometer automatic titrator. The
PKa was taken to be the pH at half-equivalence. The
free-base of SKF-525A was insufficiently soluble, even
at 0.4 mm, for accurate determination by this method.
Bupivacaine was not measured.

Drugs

[3H]-quinuclidinyl benzilate ([3H]-QNB), specific ac-
tivity 13 or 16 Ci/mmol, was obtained from the
Radiochemical Centre, Amersham, and its radio-
chemical purity checked by high-voltage electro-
phoresis (50 V/cm) on Whatman No. 1 paper in 60
mm citric acid-phosphate buffer, pH 3.0. As supplied
[3H]-QNB is a racemate, only one isomer of which
has appreciable antimuscarinic activity (Kloog &
Sokolovsky, 1977). Concentrations of [3H]-QNB
given throughout are those calculated for the active
(- )isomer.

Drugs were obtained from the sources indicated:
lignocaine hydrochloride (Pharmaceutical Manufac-
turing Co.); tetracaine hydrochloride, methylatropi-
nium bromide and procaine hydrochloride (Sigma)
and quinidine sulphate (B.D.H.). Bupivacaine hydro-
chloride was kindly donated by Duncan-Flockhart,
SKF-525A (Proadifen, 2-diethylaminoethyl diphenyl-
propylacetate hydrochloride) by Smith, Kline &
French and prilocaine hydrochloride and procaina-
mnide hydrochloride by Astra Pharmaceuticals.

Results

Inhibition of [3H]-QNB binding by amine anaesthetics

Curves for the inhibition of the binding of 0.48 nM
(-}[3H]-QNB by tetracaine, procainamide and pri-
locaine are shown in Figure 1. Similar curves were
obtained for the other amine anaesthetics examined
and the values of the Hill coefficient, obtained by
weighted non-linear regression and the affinity con-
stants calculated from the concentration required for
50% inhibition are set out in Table l, with the values
for methylatropinium for comparison. For tetracaine,
procainamide, lignocaine and SKF-525A the Hill
coefficients are close to unity, the value expected for a
simple mass-action equilibrium between inhibitor and
receptor. In contrast for procaine, quinidine and,
most notably, prilocaine the values appear to be sig-

Table I Hill coefficients, affinity constants and levels of inhibitor-insensitive binding for the inhibition of
(- [-3H]-quinuclidinyl benzilate ([3H]-QNB) binding by local anaesthetics

pKa

Methylatropinium
Methylatropinium*
SKF 525A*
Tetracaine
Procaine
Quinidine
Procainamide
Bupivacaine*
Lignocaine
Prilocaine

§
8.5
9.0
8.7
9.2
8.2¶
7.9
8.0

Hill
coefficient

1.04 + 0.14
0.91 + 0.07
0.98 + 0.12
1.01 + 0.19
1.18 + 0.05
1.25 + 0.09
1.03 + 0.04

1.00 + 0.15
1.45 + 0.09

n

(24)
(16)
(7)

(13)
(21)
(20)
(21)
(4)

(14)
(19)

Affinity
constant
(M ')

1.5 x 109
1.5 x 109
2.3x 106
1.1 x 105

(8.8 x 104)
(6.7 x 104)
1.2x 104
9.7x 103
3.7x 103
(1.6 x 103)

Binding (%) insensitive
to

Inhibitor Me atrl

18 + 2
13+ 1
8 + 4
8 + 4
12 + 1
7 + 2
6+ 1

t
11+ 3
9 + 2

17 + 5
14+ 1
20 + 1
22 + 2
17 + 1
14+ 1
17 + 3
23 + 2
19 + 2
19 + 2

Hill coefficients and the % of the binding of 0.48 nm (-}[3H]-QNB insensitive to inhibitor were obtained by
weighted non-linear regression analysis as described under Methods. Affinity constants were calculated from the
concentration of inhibitor giving 50% inhibition of the inhibitor-sensitive binding, using the formula given under
Methods. The values in parentheses are derived from inhibition curves where the Hill coefficient is significantly > 1.
n is the number of points on each curve.
*Measured in Krebs-phosphate. All other measurements were made in Krebs-bicarbonate. tI pM methylatropi-
nium bromide. §Not determined (see Methods & Discussion). ¶Value cited by Bury & Mashford (1976). tLimited
solubility prevented measurement of the whole of the inhibition curve.
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Figure I Inhibition of [3H]-quinuclidinyl benzilate
([3H]-QNB) binding by tetracaine, procainamide and
prilocaine. Measurements of the inhibition of the bind-
ing of 0.48 nM (-_ )[3H]-QNB were made in Krebs-
bicarbonate solution. For the sake of clarity where
more than one measurement was made at a given con-
centration the weighted mean + s.e. has been plotted.
The curves drawn are the best-fit lines obtained from
weighted non-linear regression (see Methods). (0)
Tetracaine; (0) procainamide; (-) prilocaine.

nificantly greater than unity. However, for all the
amines the best-fit value for the percentage of
inhibitor-insensitive binding was less (Table 1) than
the level of binding in the presence of 1 lgM methyla-
tropinium, a concentration sufficient to reduce
receptor-specific binding to negligible levels. In part
the inhibition of the non-receptor binding may reflect
the high concentrations of the amines necessary for
maximum inhibition, but even with SKF-525A, the
most potent of the series examined, the discrepancy
was apparent at 10-4M.

In the first series of experiments Krebs-bicarbonate
solution was generally used, in order to have a salt
solution as close to physiological as possible, but in
subsequent experiments measurements were made in
Krebs-phosphate, where there is a better control of
pH. There was no significant difference in the binding
of methylatropinium measured in Krebs-bicarbonate
or Krebs-phosphate (Table 1).

Variation of IC50 for amine anaesthetics with
[[3H]-QNB]
Hill coefficients near unity do not necessarily mean
that the inhibition of [3H]-QNB binding is competi-
tive. To test for competition a series of experiments
was carried out with two of the amines, in which the

0

I 2 3

[( - )-[3H1-QNBR (nM)

Figure 2 The variation of IC50 for tetracaine with
[(-)-[3H]-QNB]. Measurements in Krebs-phosphate
solution were made as described under Methods. IC50
is the concentration of tetracaine which gives 50%o inhi-
bition of the binding of [3H]-QNB sensitive to inhi-
bition by I lpM methylatropinium.

variation of the concentration of inhibitor for 50%
inhibition of the receptor-specific binding of
[3H]-QNB was measured as a function of the concen-
tration of [3H]-QNB. For a competitive interaction a
plot of IC50 against [3H]-QNB should give a straight
line from which Ka is obtained as the reciprocal of the
intercept on the ordinate and KQNB, the affinity of
[3H]-QNB, from slope/intercept (see Methods).
The two amines which were examined in this way

were tetracaine, since this compound had been found
to inhibit [3H]-scopolamine binding non-competiti-
vely in neuroblastoma cells (Burgermeister et al.,
1978), and prilocaine, which showed the biggest devi-
ation from a Hill coefficient of unity (Table 1) and
which was one of the amines shown to have allosteric
effects on the nicotinic receptor (Cohen et al., 1974).
The need to obtain only the IC50 value has the par-
ticular advantage in the case of prilocaine of avoiding
the very high concentrations of the drug which were
necessary to define the foot of the inhibition curve
(Figure 1). However, the difficulty which was encoun-
tered with both tetracaine and prilocaine in applying
this IC50 method was that when the concentration of
(± )[3H]-QNB was increased much beyond about 1
nM (i.e. beyond c. 0.5 nM (-_[3H]-QNB) the increas-
ing proportion of binding insensitive to 1 gM methyla-
tropinium, but still largely sensitive to inhibition by
the amine, increased the uncertainty in the determi-
nation of the IC50.

c , I a I
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Figure 3 The variation of IC50 for prilocaine with
[(-_}3H]-QNB]. Measurements in Krebs-phosphate
solution were made as described under Methods. IC50
is the concentration of prilocaine which gives 50% inhi-
bition of the binding of [3H]-QNB sensitive to inhi-
bition by 1 gM methylatropinium. The line drawn was
fitted by linear regression analysis.

The variation of the IC50 for tetracaine, defined as
the concentration of tetracaine required for 50% inhi-
bition of the methylatropinium-sensitive binding, as a
function of the concentration of [3H]QNB is shown
in Figure 2. There is a linear relationship up to circa
0.8 nM (-}[3H]-QNB, but thereafter the curve flat-
tens suggesting a transition from competitive to more

complex kinetics. For prilocaine there was no indica-
tion of anything other than a linear relationship in the
concentration range studied (Figure 3), implying a
competitive interaction.
The affinity constants for the competitive inter-

action, obtained from linear regression analysis of the
data at concentrations of [3H]-QNB below 0.8 nM,
were 2.6 + 0.2 x I05 M-1 for tetracaine and 2.6 +
0.8 x 103 M-1 for prilocaine. The corresponding
values of the affinity constant for [3H]-QNB were 1.8
+ 1.2 x 10'0 M` and 0.8 + 0.3 x 1010 M-', the
much larger uncertainty arising from the fact that
KQNB comes from the ratio slope/intercept, both of
which have an error associated with them.

Inhibition by amine anaethetics of the contractile re-

sponse of longitudinal muscle strips

To seek further evidence for a competitive interaction
at lower concentration of the amines, measurements
were made of the inhibition of the contractile re-

sponse to carbachol of longitudinal muscle strips
from guinea-pig small intestine. In addition to tetra-
caine and prilocaine, lignocaine was also included in
this study since the -value determined for the affinity
constant (Table 1) differs markedly from those of

0.C
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Figure 4 Inhibition by tetracaine of the contractile re-
sponse of the longitudinal muscle from guinea-pig small
intestine to carbachol. Tetracaine concentration: (0)
nil; (0) 2 x 105 M; (-) 4 x 10' M; (A) 8 x 10 5M.

Richelson et al. (1978) and Fields, Roeske, Morkin &
Yamamura (1978).
The dose-response curves obtained in the presence

of increasing concentrations of tetracaine are shown
in Figure 4. The initial shift with 2 x 10-5M tetra-
caine appears to be parallel, but increasing the con-
centration of tetracaine to 4 x 10 - SM and then 8 x
10-M causes an increasing flattening of the curves.
All the shifts were readily reversible and the control
curve reobtained on washing. The affinity constant for
teracaine calculated from the first parallel shift was
1 x 105 M-1, in good agreement with the values
obtained from the other two methods.
With both lignocaine and prilocaine (Figure 5 a

and b) the lowest dose applied, 2 x 10' M, produced
a parallel shift of the log dose-response curve, but
increasing the concentration to 5 x 10-4 M caused a
flattening of the curves with both amines, although
with prilocaine it seemed that the maximum response
was still obtained. The higher concentration, 5 x
10-4M, of both lignocaine and prilocaine induced
small spontaneous contractions of the muscle strip.
This effect was reversed rapidly on washing. The affi-
nity constants calculated from the first parallel shift
were 3 x 103 M-1 for lignocaine and 4 x 103 M-1 for
prilocaine. The value for prilocaine is in reasonable
agreement with that, 2.6 x 103 M- , determined from
the variation of IC50 with [3H-QNB] (Figure 3).

Effect of prilocaine on the inhibition of [3H]-QNB
binding by carbachol

The interaction between prilocaine and the muscar-
inic antagonist [3H]-QNB appears to be competitive,
but the possibility remains open that the binding of
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Figure 5 Inhibition by lignocaine and prilocaine of the
contractile response of the longitudinal muscle from
guinea-pig small intestine to carbachol. (a) Lignocaine,
(b), prilocaine. Concentration of local anaesthetic
present: (0) nil; (0) 2 x 10- M; (A) 5 x 10-4 M.

muscarinic agonists, which in general appear to dis-
tinguish at least two independent binding sites (Bird-
sall & Hulme, 1976; Birdsall, Burgen & Hulme, 1978),
might be affected in a more complex manner by prilo-
caine, in analogy with its effects on the nicotinic
acetylcholine receptor (Cohen et al., 1974; Heidmann
& Changeux, 1978). To test this, the inhibition of the
binding of 0.49nM (-)[3H]-QNB by carbachol was
measured in Krebs-phosphate solution in the pres-
ence and absence of 1 mM prilocaine. This concen-
tration of prilocaine on its own produced a 24% inhi-
bition of [3H]-QNB binding, but had no significant
effect on the shape or position of the inhibition curve

for carbachol.
The mean Hill coefficient for carbachol binding was

0.41 + 0.04. Analysis of the combined data as binding
to two independent sites using the weighted non-
linear regression technique (see Methods) yielded affi-
nity constants of 1.4 + 0.7 x 106 and 8.2 + 1.5 x

10'3 M-1, in reasonable agreement with previous
measurements on rat brain (Birdsall & Hulme, 1976;

Birdsall et al., 1978) and guinea-pig ileum (Ward &
Young, 1977). The percentages of the high and low
affinity sites were 25 + 3 and 67 + 3, respectively.

Discussion

On the evidence of the linear relationship between the
concentration of tetracaine and prilocaine required to
reduce the receptor-specific binding of [3H]-QNB by
50% and the concentration of [3H]-QNB present, it
seems very probable that the interaction between
these amines and the muscarinic receptor at lower
concentrations of the amines is competitive. This con-
clusion is in accord with that of Richelson et al. (1978)
who investigated the effect of tetracaine and other
local anaesthetics on muscarinic receptor-mediated
cyclic guanosine 3', 5'-monophosphate (cyclic GMP)
formation by Nl E- 115 neuroblastoma cells. In con-
trast, Burgermeister et al. (1978), who used the same
neuroblastoma clone, found that the inhibition by
tetracaine of [3H]-scopolamine binding by these cells
was non-competitive. Their method of analysis was by
double reciprocal plots of the binding of the
[3H]-ligand in the presence of 0, 10-5 and 5 x
10-M tetracaine, but examination of their data for
10-5M tetracaine suggests that the divergence from
the pattem expected for a competitive interaction is
probably not statistically significant. Consequently at
low concentrations of the amine there may be no dis-
crepancy. At the higher concentration of tetracaine
the interaction with [3H]-scopolamine was more
clearly not competitive , but this concentration, 5 x
10-5M, is only slightly less than that at which we
observed a divergence from competitive kinetics, so
that there is quite probably no real difference in the
conclusions to be drawn from the two binding studies.
The difficulty in making a more detailed investigation
of the kinetics at higher concentrations is that tetra-
caine, in common with the other amines, causes a
significant inhibition of the methylatropinium-
insensitive, and therefore presumably non-receptor,
binding of [3H]-QNB. Burgermeister et al. (1978)
noted a similar effect on the binding of [3H]-scopo-
lamine. The higher the concentration of [3H]-QNB
present, the greater the proportion of non-receptor
binding and consequently the greater the uncertainty
in the determination of the IC50 for the receptor-
specific component.
The effect of tetracaine on the contractile response

of longitudinal muscle strips from intestine is consis-
tent with an initial competitive interaction. The effect
on the log dose-response curve observed, a parallel
shift at low dose but flattening at higher concen-
trations, is very similar to that reported by Fleisch &
Titus (1973) for inhibition of the contractile response
to carbachol of rat spiral tracheal smooth muscle
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strips. Further, the affinity constant calculated from
the initial parallel shift in our experiments, I x 105
M 1, is closely similar to that, 1.3 x 10 M- 1, deter-
mined on tracheal muscle. The parallel shift of the log
dose-response curve alone is not conclusive evidence
for a competitive interaction, since in the intact
guinea-pig ileum and isolated longitudinal muscle
carbachol needs to occupy only a small fraction of the
receptors to produce a response and consequently an
antagonist which is effectively irreversible on the time
scale on which the response is obtained, circa 15 s,
will still produce a parallel shift. The affinity constant
calculated on the assumption of equilibrium kinetics
is still correct (Rang, 1966), although the interaction
need not be at the agonist site. However, the simi-
larity of the value for tetracaine obtained from the
shift of the log dose-response curve, 1 x 10' M-1,
with that obtained from the [3H]-QNB inhibition
study and with that, 1.6 x 105 M-1, from the inhibi-
tion of the cyclic GMP response in neuroblastoma
cells (Richelson et al., 1978) gives some confidence
that the interaction is indeed competitive. This con-
clusion is strengthened by the observation of Fleisch
& Titus (1973), using the test of Paton & Rang (1965),
that the combined dose-ratio with both atropine and
tetracaine present was consistent with the values de-
termined for the two antagonists acting alone.
The depressign of the log dose-response curve with

8 x 10-5M and possibly to some extent with 4 x
10-M could well represent antagonism of the func-
tion of depolarization-sensitive calcium channels on
the smooth muscle membrane, as observed by Fein-
stein & Paimre (1967), who demonstrated that the
action of tetracaine at this site was competitive with
an affinity constant of 3.8 x 104 M- . These authors,
observed only flattening of the log dose-response
curve for carbachol by tetracaine even at low concen-
*trations in the guinea-pig ileum, even though in
guinea-pig taenia coli a parallel shift was observed. It
is possible that the difference between this observa-
tion and our own could be explained by the fact that
whereas Feinstein & Paimre (1967) used whole ileal
segments, where electrical coupling between the longi-
tudinal and circular muscle layer is intact (Connor,
Kreulen & Prosser, 1977), we used longitudinal
muscle strips that are essentially free of circular
mutcle. This might similarly account for the discrep-
ancy between our observation of an initial parallel
shift with lignocaine and the report of Bury & Mash-
ford (1976) that 1.7 x 10-4M lignocaine depressed the
maximum response of segments of guinea-pig ileum
to acetylcholine.
The other amine, in addition to tetracaine, which

we examined in detail, prilocaine, also seems to act
competitively at lower concentrations as indicated by
the linear plot of IC50 versus [3H-QNB]. For this
amine the very high concentrations necessary for inhi-

bition of higher concentrations of [3H]-QNB,
coupled with the problem of inhibition of non-
receptor binding discussed above, have discouraged
us from making any attempt to see whether non-
competitive effects eventually appear. The initial
parallel shift of the log dose-response for carbachol
on longitudinal muscle strips is again consistent with
a competitive antagonism and the values for the affi-
nity constant obtained by the two methods, 2.6 + 0.8
x 103 and 4 x 103 M-l, are in satisfactory agree-
ment.

The Hill coefficient for the inhibition of [3H]-QNB
binding by prilocaine measured in Krebs-bicarbonate
solution was significantly greater than unity, but some
caution is necessary in interpreting measurements
made in this medium, particularly where very high
concentrations of inhibitor are present. Krebs-
bicarbonate solution has the advantage of having an
ionic composition similar to that of extracellular fluid
in man, but has the disadvantage that if it is not
gassed continuously with 95% CO2 and 5% 02, as is
the case in the capped vials in our incubations, it is
difficult to ensure that the pH has not drifted to more
alkaline values during the course of an incubation.
Since several of the tertiary amines have pKa values
not greatly different from pH 7.4 (Table 1) it is poss-
ible that the proportions of protonated and
uncharged amine present vary. However, unless there
were uneven variation through the experiment this
should not affect the shape of the curve but would
decrease the potency, on the assumption that the pro-
tonated form binds with higher affinity than the
uncharged amine. The data for both prilocaine and
tetracaine appear to support this supposition, since
the IC50 values against 0.49 nm (-}[3H]-QNB in
Krebs-bicarbonate (Figure 1) are greater than in
Krebs-phosphate, where there is effective pH control
(Figures 2 and 3). It is possible that prilocaine does
show apparent positive cooperativity with the very
high concentrations required to obtain high levels of
inhibition in Krebs-bicarbonate but it would require
a more extensive investigation to be sure that this is
not simply a pH effect. In the case of procaine, which
is a substrate for cholinesterase, the Hill coefficient
> 1 might be accounted for by the absence of an anti-
cholinesterase in the incubation medium.
One point which may be noted is that none of the

amines give Hill coefficients significantly < 1 and thus
show no evidence of any selectivity between the two
states of the muscarinic receptor which are apparently
distinguished by the binding of muscarinic agonists
(Birdsall & Hulme, 1976; Ward & Young, 1977; Bird-
sall et al., 1978).
The pKa values for the amines given in Table I are

in good agreement with other determinations
recorded in the literature or quoted by manufacturers
(see e.g. Bury & Mashford, 1976; Hille, 1977). How-
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ever, the low solubility of the free base of SKF-525A
prevented us from making any accurate determi-
nation with this compound. Suarez-Kurz & Bianchi
(1970), from a titration curve with 40 mM SKF-525A,
reported a value of 5.7 for the pKa which seems much
too low for this type of structure. In our measure-
ments, even at 0.4 mm SKF-525A the titration curve
was clearly not parallel to that of ligocaine or the
other amines and consequently the estimate of pKa
from this determination, 7.6, is probably still low.
More concentrated solutions of SKF-525A, where in-
solubility on partial neutralization was very apparent,
gave lower estimates and it seems very likely that this
is the reason for the low value of Suarez-Kurz &
Bianchi (1970).
The number of determinations of affinity constants

for the amines available in the literature for compari-
son with our own values is limited, coming as they do
from those studies in which a competitive action has
been proposed (Fleisch & Titus, 1973; Richelson et
al., 1978; Weinstock & Weiss, 1979). The generally
good agreement for tetracaine is noted above. Pro-
caine was observed by Tjioe & Bianchi (1969) to have
a potent anti-muscarinic action on the frog isolated
ventricle and the apparent affinity in Table 1, 8.8 x
104 M- , is in reasonable agreement with the value of
Richelson et al. (1978), 1.6 x 105 M- , although
rather higher than the value of circa 7 x 103 M-1
found by Weinstock & Weiss (1979) as an antagonist
of the contractile response of rat fundic strips to
acetylcholine. The affinity for procainamide, 1.2 x
I04 M 1, compares with the value of 2.1 x I04 M-1
reported by Fields et al. (1978) from the inhibition of
the binding of [3H]-QNB to rabbit heart, but their
values for quinidine, 4.9 x 105 M- 1, and lignocaine,
5.5 x 10' M- , were both much higher than our own.
This discrepancy may in part be due to the different
medium they employed, 50 mm Na-K phosphate
buffer, pH 7.4, which contains no divalent cations, in
particular no Ca2 . Differences in the characteristics
of muscarinic receptor binding in phosphate buffer
and Krebs have been observed by Hedlund & Bartfai
(1979), who emphasised the importance of using solu-
tions approximating to physiological. In addition, the
higher affinity constant for [3H]-QNB, 3.7 x 101"
M-1 determined by Fields et al. (1978), nearly 3 fold
greater than our mean value, will serve to give higher
affinities for inhibitors, since the correction to the
IC50 to take account of competition with the
[3H]-ligand will be larger. This assumes, of course,
that the interaction of these amines is simply competi-
tive, which neither study tested. However, even bear-
ing these factors in mind and the problem of pH con-

trol in Krebs, it does seem possible that for lignocaine
there is some discrepancy, notwithstanding the con-
sistency of our binding and organ-bath determi-
nations, since the value of Fields et al. (1978) for lig-
nocaine is similar to that (5 x 10 M- 1) of Richelson
et al. (1978), who measured the antagonism of the
muscarinic agonist stimulated formation of cyclic
GMP.
The very high affinity of (- )QNB for the muscar-

inic receptor, with the consequent ease with which
depletion of the free drug concentration can occur, is
probably responsible for the wide spread of values for
the affinity constant which have appeared in the
literature. The values from the IC50 studies, 8.3 x 10'
M-1 (Figure 3) and 1.8 x 100' M-1 (Figure 2) are in
the range of recently reported values (all M- 1): 5.6 x
109 in rat brain (Kloog & Sokolovsky, 1977), 7.1 x
109 in rat brain (Hulme, Birdsall, Burgen & Mehta,
1978), 1.0 x 1010 and 1.7 x 1010 in clones of neuro-
blastoma cells (Burgermeister et al., 1978), 2.3 x 1010
in rat striatum (Kruk & Smith, 1978), 2.5 x 1010 in
rat striatum and 4 x 1010 in rat hippocampus (Gil-
bert, Hanley & Iversen, 1979), 2.5 x 1010 in mouse
neuroblastoma cells (Strange, Burgen & Birdsall,
1978), 3.7 x 1010 in rat brain and 5.0 x 1010 in rat
striatum (Fields et al., 1978).
One of our aims in commencing this work was to

look for possible effects on muscarinic acetylcholine
receptors analogous to those observed on the nicoti-
nic acetylcholine receptor with histrionicotoxin, prilo-
caine and certain other local anaesthetics (Cohen et
al., 1974; Heidmann & Changeaux, 1978; Krodel,
Beckman & Cohen, 1979). Burgermeister et al. (1978)
looked for such an effect of dihydrohistrionicotoxin
on acetylcholine inhibition of [3H]-scopolamine
binding, but failed to find any evidence of an enhance-
ment of agonist affinity. We have similarly investi-
gated the effect of prilocaine, which seemed the most
likely candidate as an allosteric effector, on the bind-
ing of carbachol, as mirrored by the inhibition of the
binding of [3H]-QNB. The lack of any significant
effect of 1 mm prilocaine on the position or shape of
the carbachol inhibition curve is in accord with the
observations of Burgermeister et al. (1978) and sug-
gests that prilocaine, and by extension probably other
amine anaesthetics, cannot readily induce an inter-
conversion between low- and high-affinity forms of
the muscarinic receptor.

Our thanks are due to Dawn Ward and Alison Paul for
their excellent technical assistance at different stages of this
project.
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