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Al~traet--The interaction of the muscarine receptor partial agonist (4-m-chlorophenylcarbamoyloxy). 
2-butynyltrimethylammonium chloride (MeN-A-343) was investigated at muscarine receptors in the atria 
and taenia caeei of the guinea-pig to compare its interaction at the muscarine M2 receptor in the two 
tissues. In the smooth muscle, the muscarine M3 receptor subtype is responsible for the contractile 
response but the major subtype detected in binding or antibody experiments is the M2 subtype. In guinea 
pig atria the dissociation constant of McN-A-343 at muscarine receptors was 15.2/~M determined in 
functional experiments on left atria in McEwen's solution or 14.8/~M in binding experiments with [3H]- 
(-)-quinuclidinyl benzilate ([3H]ONB) in the same medium containing 5'-guanylylimidodiphosphate 
(50/~M). In the taenia eaeci, the dissociation constant estimated for MeN-A-343 at the M3 receptor from 
functional experiments based on the contractile response to the agonist in McEwen's solution was 
4.6/AM. This value was similar to the dissociation constant (6.2/~M) estimated from binding studies 
versus [3H]ONB conducted in the same medium although studies with 11-[[2-[(diethylamino)methyl]-l- 
piperidinyl]acetyl]-5,11-dihydro-6H-pyfido[2,3-b][1,4]benzodiazepine 6-one (AF-DX 116) versus [3H]- 
(-)-N-methylscopolamine suggested that 70% of the receptors were the M2 subtype. The presence of 
the M2 subtype in the taenia caeei was also confirmed by the ability of oxotremorine to inhibit the 
increase in cAMP produced by isoprenaline (10 ~uM) since apparent pKa values for AF-DX 116 and 
hexahydrosiladiphenidol were 6.95 and 6.75, respectively. McN-A-343 (100/~M) failed to inhibit the 
response to isoprenaline and did not antagonize the inhibitory response to oxotremorine. It is concluded 
that the apparent affinity of MeN-A-343 for muscarine M2 receptors in the atria and the taenia caeci 
differs and a number of explanations are discussed. 

Smooth muscle in the intestinal tract contains a 
mixture of Me and M3 muscarine receptors, the bulk 
of the receptors being the M 2 subtype although the 
M3 receptor is the subtype responsible for the 
contractile response to muscarine receptor agonists 
[1-3]. 

As a consequence, 11-[[2-[(diethylamino)methyl]- 
1-piperidinyl]acetyl]-5,11-dihydro-6H-pyrido[2,3-b]- 
[1,4]benzodiazepine 6-one (AF-DX 116t) and other 
muscarinic receptor antagonists with higher affinity 
for M2 than for M3 receptors, appear to bind to two 
sites in displacing (-)-N-methylscopolamine [3H] 
NMS from ileal smooth muscle. The high affinity 
site, constituting ca. 70-80% of the total sites, 
corresponds to the M2 receptor, while the lower 
affinity site (20-30%) appears to correspond to the 
muscarine M 3 receptor site that activates contraction 
of the smooth muscle or salivary gland secretion [1- 
41. 

In support, studies using in situ hybridization have 
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bis-(fl-aminoethylether)N,N'-tetra acetic acid; Gpp(NH)p, 
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detected mRNA for the M2 receptor in ileal smooth 
muscle [5] and investigations with antibodies raised 
against cloned receptors have demonstrated that 65- 
70% of the muscarine receptors in the ileum are of 
the M2 subtype [6, 7]. Some inconsistencies persist; 
in many cases the absolute affinities of antagonists 
for the binding sites in the studies with [3H]NMS do 
not agree with the affinity determined in functional 
studies [1, 4] but this may be due to the variations 
in the composition of the incubation mediums used 
in binding and functional studies [8,9]. Also, 
immunological studies have determined that the 
proportion of M 3 receptors in the ileum is < 4 %  
[6, 7], a far lower estimate than that determined in 
binding studies. Stable GTP analogues are known 
to produce a greater decrease in agonist affinity in 
binding studies in cardiac tissue than in intestinal 
muscle [10], a finding which suggests that the M2 
receptor in the two tissues may be coupled differently. 
Further, the muscarine receptor antagonist UH-AH 
37 shows high affinity for M 3 receptors in functional 
studies in ileum [11, 12] and in binding studies on 
cloned m3 receptors [12] but low affinity for glandular 
M 3 receptors [11] suggesting that M 3 receptors in 
ileum and glandular tissue may not be identical. 

Recently, displacement studies with the partial 
agonist (4-m-chlorophenylcarbamoyloxy)-2-butyn- 
yltrimethylammonium chloride (MeN-A-343) versus 
(-)-quinuclidinyl benzilate ([3H]QNB) binding 
detected only a single binding site for the agonist in 
smooth muscle from the guinea pig taenia caeci and 
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the Ki value was of a similar order to the KA or KB 
values found in functional experiments on this tissue 
with McN-A-343 [13]. Consequently a more detailed 
investigation of the affinity of the agonist in cardiac 
and smooth muscle was undertaken to determine 
whether studies with an agonist would support the 
hypothesis, based on studies with antagonists, that 
a major population of ME muscarine receptors exists 
in intestinal smooth muscle similar to M2 receptors 
in cardiac muscle. 

MATERIALS AND METHODS 

Materials 
Materials were obtained from the following 

suppliers: McN-A-343, Research Biochemicals Inc. 
(Natick, MA, U.S.A.); [3H]QNB and [3H]NMS, 
Amersham (Sydney, Australia); AF-DX 116, 
Thomae (Biberach an der Riss, Germany); hexa- 
hydrosiladiphenidol (HHSiD), Profs E. Mutsehler 
and G. Lambrecht (Frankfurt, Germany); carbon 
tetrachloride, British Drug House (Poole, U.K.); 
tetrodotoxin, Calbiochem (La Jolla, CA, U.S.A.); 
methanol (HPLC grade), Mallinckrodt (Paris, 
TX, U.S.A.); oxotremorine, ICN Pharmaceuticals 
(Plainview, NY, U.S.A.); atropine sulphate, car- 
bamylcholine chloride (carbachol), 5'-guanylyl- 
imidodiphosphate (Gpp(NH)p), polyethylenimine, 
3-isohutyl-l-methyl-xanthine (IBMX), isopre- 
naline, tri-N-octylamine, and ethylene glycol-bis-(fl- 
aminoethylether)N,N'-tetra acetic acid (EGTA), the 
Sigma Chemical Co. (St. Louis, MO, U.S.A.). 

Isolated tissue experiments 
Left atria. Guinea pig left atria were suspended 

between two platinum wire electrodes (approx. 5 mm 
apart) under 1 g tension in a 10mL organ bath 
containing McEwen's solution [14], gassed with 5% 
CO2, 95% 02, at 32 ° and stimulated at a frequency 
of 3 Hz, a duration of 2 msec, and 1.5 x the voltage 
producing a maximal contractile response. Responses 
were recorded using an isometric transducer 
(Neomedix Systems) connected to a Neotrace 
Model NEO200ZEF recorder. After a 30-45 min 
equilibration period a concentration-response curve 
for the negative inotropic effect of carbachol (50- 
400 nM) was obtained. Each single dose was given 
a 90-120 sec contact time to establish the response 
fully followed by a 5 min rest between washout and 
addition of the next concentration. 

After a 15 min incubation with McN-A-343 (50, 
100 or 300/~M) the concentration-response curve to 
carbachol was re-established, McN-A-343 being 
replaced in the organ bath after each washout. 

Analysis of results. The KB for McN-A-343 in the 
atria was estimated by the method described by 
Kaumann and Blinks [15], which utilizes the 
inhibitory action of a partial agonist on the responses 
to a full agonist. Equiactive concentrations of 
carbachol in the absence and presence of McN-A- 
343 were plotted as the ordinate and abscissa, 
respectively to give a linear plot. The slope of the 
plot was then used to estimate KB according to the 
equation: 

[A] 
K B  = -  [A] (1) 

1 - slope 

where [A] denotes the concentration of McN-A-343 
used, and "slope" is the slope of the regression line 
fitted through the data points of the plot of the 
equiactive concentrations of carbachol in the absence 
versus the presence of McN-A-343. In this method 
the responses to all concentrations of carbachol were 
expressed as a per cent inhibition of the maximum 
inotropic response (contraction) of the tissue with 
no drug present. All lines of best fit through the 
data points were obtained using the computer 
program Fig. P. (Elsevier-Biosoft). 

A second method of estimating the K8 value was 
also employed which ignored the negative inotropic 
effect of McN-A-343. Each response to carbachol 
was expressed as a per cent inhibition of the inotropic 
response immediately prior to its addition. The 
resulting dose-ratios from the parallel shifts in 
the concentration-response curves were used for 
Arunlakshana-Schild (A-S) plots [16] of log (dose- 
r a t i o -  1) vs log [McN-A-343] with concentrations 
of McN-A-343 in the range of 50-300 ~M. The pA 2 
value was calculated from the regression line together 
with a K B estimate when the slope of the plot was 
constrained to unity. 

Taenia caeci. Lengths of guinea pig taenia caeci 
(2-3 cm) were dissected from the medial section of 
the caecum and suspended under 0.5 g tension in a 
10 mL organ bath containing McEwen's or Tyrode's 
solution gassed with 5% CO2, 95% 02 at 32 ° . 
Contractile activity was recorded on a Neotrace 
Model NEO200ZEF recorder via an isotonic 
transducer (Ugo Basile 7006). After an equilibration 
period of 30-60 min, carbachol (1 nM to 5 pM) and 
McN-A-343 (0.1/xM to 0.1 mM) were administered 
as single concentrations with an interval of 10-20 min 
between each washout and addition. 

Analysis of results. Data point obtained from the 
concentration-response relationship were fitted to a 
logistic function [17] by the method of least squares. 
The affinity of McN-A-343 (Kp) was estimated from 
a modified double reciprocal plot [18] using the 
equation: 

KA Ke [AI 
[A] = (eA/ef) _ 1 + (ee/eA) - 1" IV--] (2) 

where [A] and [P] are equiactive concentrations, eA 
and ee are intrinsic effieacies, and KA and Ke are 
equilibrium dissociation constants of carbaehol and 
McN-A-343, respectively. 

Kp was estimated from the slope of the regression 
line of the plot [A] vs [A].[P] -j since: 

( - )  K p = s l o p e  ~-A--1 . (3) 

The correction factor ee/e a was estimated using the 
method devised by Furchgott [19] by plotting 
responses to agonists against receptor occupancy. 
The relative intrinsic efficacy was estimated from 
the relationship: 

Ep PA 
- ( 4 )  

eA Pp 

where effeA is the relative intrinsic efficacy of McN- 
A-343 to carbachol and PA/Pp is the relative receptor 
occupancy of carbachol to McN-A-343. 



McN-A-343 on muscarine receptors in cardiac and smooth muscle 

Radioligand binding experiments 

Radioligand binding experiments were carried out 
using McEwen's solution pre-gassed with 5% CO2, 
95% 02 prior to experiments. 

Dissected atria and taenia caeci were homogenized 
separately in 35 and 100vol. (w/v) of ice-cold 
McEwen's solution, respectively, using an Ultra 
Turrax homogenizer (Medium setting, 2 × 30 sec) 
and centrifuged at 1000g for 10min, at 0 °. The 
resulting supernatant was decanted and used for the 
radioligand binding assay. 

Competition assays between [3H]QNB (60pM) 
and McN-A-343 (20 nM to i raM) were performed 
in duplicate at 32 ° for 3 hr in the presence and 
absence of Gpp(NH)p (50 #M) in a total incubation 
volume of i mL (using 50/~L of tissue aliquot 
(equivalent to ca. 75/~g protein in atria, 25/~g protein 
in taenia). Incubations were terminated with the 
addition of 5mL ice-cold McEwen's solution, 
followed by rapid aspiration through glass fibre filters 
(Whatman GF/B) using a Brandel cell harvester. 
Filters were washed with two additional 5 mL of 
McEwen's solution, dried by suction, and following 
addition of 5 mL Filtercount (Packard), binding of 
the [3H]QNB to the filter membranes was determined 
by liquid scintillation counting. Non-specific binding 
(ca. 5% in both tissues) was determined using 
atropine (10/~M). All filters used in the assay were 
presoaked for at least 15 hr in a solution containing 
polyethylenimine (0.5%,v/v) and atropine (10/tM) 
prior to the assay. In some experiments 50 mM Na- 
phosphate buffer (pH7.4) was used in place of 
McEwen's solution. 

The binding of AF-DX 116 was investigated in 
the taenia caeci using both [3H]NMS and [3H]QNB 
as the ligand in McEwen's solution with a 60- and 
180-min incubation period, respectively. Non-specific 
binding with [3H]NMS was ca. 15%; other details 
as above. 

All data were analysed using the computer 
program EBDA [20] to obtain initial equilibrium 
dissociation parameter estimates followed by 
LIGAND [21] for final estimates based on the [3H]- 
QNB Ko value of 41.1 pM or the [3H]NMS Ko value 
of 0.28 riM. 

EBDA converted the dpm output data of the 
liquid scintillation counter into per cent binding and 
into a file compatible with the input format of 
LIGAND. Initial equilibrium dissociation par- 
ameters of single or multiple binding sites were 
estimated by EBDA based on the Eadie-Hofstee 
plot. Using a non-linear iterative curve fitting 
technique and the initial estimates obtained from 
EBDA, LIGAND estimated final equilibrium 
dissociation constants for single or multiple binding 
sites. The appropriateness of a one or two site model 
fit was compared by a one way analysis of variance 
of the sum of squares of the two models. P < 0.05 
was deemed significant. 

Statistical analysis 

Comparison of group geometric mean values was 
undertaken by the program MULTCOMP based on 
a multiple comparison test [22]. 
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Cyclic AMP accumulation 

Assays were carried out at 32 ° in physiological salt 
solution (PSS) gassed with 5% CO2 and 95% 02. 
Pieces of taenia caeci (10-25 mg) were incubated 
with IBMX (0.25 raM) and where appropriate, an 
antagonist or McN-A-343, for 30min prior to 
addition of isoprenaline (10/~M) or isoprenaline plus 
oxotremorine (3 nM to 3/~M) for 5 min. In some 
experiments McN-A-343 (10 nM to 3 mM) was tested 
as an agonist in place of oxotremorine. To terminate 
the incubation, the tissue was frozen rapidly in a 
clamp, cooled in liquid nitrogen. The tissue was then 
homogenized in 9 vol. of ice-cold 5% trichloroacetic 
acid, and centrifuged at 10,000g for 10min at 0 °, 
The acidic supernatant was neutralized using a 
mixture of tri-N-octylamine in carbon tetrachloride 
(1:3), before injection (50/~L) into the HPLC 
column. 

The HPLC instrument from Bioanalytical Systems 
(BAS) consisted of a PM-60 pump, an LC-22A 
temperature controller, a UV-116 ultraviolet/visible 
light detector, a Rheodyne 7125 injector mounted 
within a CC-4 column heater cabinet, and a Phase- 
II ODS 3 #m (100 x 3.2mm) reverse phase type 
column. The mobile phase consisted of 1-2% 
methanol in 100mM sodium phosphate buffer 
(pH 6.8). Peaks were monitored at 254 nm wave- 
length (0.001 AUFS). Using a pump flow rate of 
1.0 mL/min retention time was maintained around 
12 min as the column aged by varying the temperature 
of the column from 32 ° to 38 °. Apparent pKB values 
for antagonists were calculated from induced 
shifts of the concentration-response curve for 
oxotremorine (dose-ratios) using the relationship: 

Apparent pK B = - l og  [B/(dose-ratio - 1)] (5) 

where B is the concentration of antagonist. 

Solutions (mM) 

McEwen's solution: NaCl 130; KCI 5.6; CaCl 2 2.2; 
NaH2PO 4 1.0; NaHCO325; glucose 11.1; sucrose 
13.1. 

Tyrode's solution: NaCl 137; KCl 2.7; CaCI2 1.8; 
MgCl2 1.0; NaH2PO4 0.4; NaHCO3 11.9; glucose 
5.6. 

PSS: NaCl 116; KCl 5.7; CaC12 1.26; MgSO4 2.33; 
NaH2PO 4 1.17; NaHCO3 25; glucose 11.0; EGTA 
0.03. 

Sodium phosphate buffer: Na2HPO4 50; pH 7.4 
(HCI acid). 

RESULTS 

McN-A-343 in the atria 

In McEwen's solution, McN-A-343 (50-300 #M) 
produced a negative inotropic response which did 
not always reach 50% inhibition of maximum 
contraction over the concentration range studied. 
The geometric mean EC30 was 71 ~uM (43-120, N = 
7) (95% confidence limits) (Fig. 1). The response to 
McN-A-343 was inhibited by atropine (10-50 nM) 
but not by tetrodotoxin (0.2/zM). 

Responses to carbachol were inhibited by McN- 
A-343 (50-300 #M) (Fig. 2) and the resulting KB 
value for McN-A-343, determined by the method of 
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Fig. 1. Concentration-response curve to carbachol (O) and 
McN-A-343 (0) in electrically stimulated guinea pig left 
atria. Ordinate: response to the two agonists expressed as 
per cent inhibition of the maximal contraction to carbachol. 
Abscissa: Logarithm of molar concentration of agonist. 
Data points represent the mean-+ SEM from seven 

experiments. 
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Fig. 2. Trace recording showing the effect of carbachol 
(CCh) and McN-A-343 (McN) in an electrically stimulated 
guinea pig left atrium 60-90 sec after addition (0) of drug. 
(A) Carbachol (0.2/~M) produced a 63% inhibition of 
contraction. (B) McN-A-343 (300/~M) caused 34% 
inhibition of contraction initially. (C) In the continued 
presence of McN-A-343, which after 15 min produced only 
19% inhibition, the concentration of carbachol was raised 
to 5/~M to produce a comparable response (74%) to that 
in (A). Vertical scale: 0.5 g tension, time marker: 5 sec. 

Kaumann and Blinks [15] was 15.20/~M (12.28- 
18.81, N = 16) (Fig. 3). 

The atria showed a partial recovery for the peak 
negative inotropic response to McN-A-343 over  the 
course of  15 min (Fig. 2). The percentage inhibition 
produced by McN-A-343 (50, 100 or 300/~M), just 
prior to addition of  carbachol was 5% (N = 2), 
17 --- 4% (N = 6), 33 --- 8% (N = 6), respectively. 
The pK B was also est imated by a second method 
which ignored the residual negative inotropic 
response of  McN-A-343 (Fig. 4 and Materials and 
Methods).  With this technique,  the concent ra t ion-  
response curve to carbachol in the presence of McN- 
A-343 appeared parallel to the control.  The Schild 
plot constructed from the dose-ratios obtained gave 
a pA2 value of 4.99 and had a slope of  0.90 --- 0.10 
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Fig. 3. Estimation of KB for McN-A-343 in atria using the 
method described by Kaumann and Blinks [15]. (A) Effect 
of McN-A-343 on the negative inotropic response to 
carbachol. Ordinate: response to carbachol expressed as 
per cent inhibition of maximal contraction. Abscissa: 
logarithm of molar concentration of carbachol. Horizontal 
dotted lines (---) show the equiactive concentrations used 
to estimate KB. Data points represent the mean -+ SEM 
from a single representative experiment. (B) Plot of the 
equiactive concentration of carbachol in the absence 
(ordinate) vs presence (abscissa) of McN-A-343 100/~M 
(0) and 300pM (&,). The slope of the curve is used to 
estimate KB according to equation l (see Materials and 

Methods). 

(N = 16) which was not significantly different from 
unity (P > 0.05). The KB value obtained from the 
constrained plot was 13.30/~M (9.33-18.94, N = 16). 

McN-A-343 in the taenia caeci 

The geometr ic  mean ECs0 for the contraction 
produced by McN-A-343 in McEwen ' s  solution was 
1.21~M (0.97-1.52, N = 4 )  and the maximum 
response was 72.3-+ 4.0% of that produced by 
carbachol indicating that McN-A-343 was a partial 
agonist. The K,~ value for McN-A-343,  est imated by 
comparing equiactive responses of McN-A-343 to 
those of the full agonist, carbachol (Fig. 5 and 
Materials and Methods) was estimated as 4.57/~M 
(3.79-5.51, N = 4). This value was not corrected for 
the relative intrinsic efficacy of McN-A-343 to 
carbachol (ee/eA) (see Materials and Methods)  as it 
was only 0.009-+ 0.002, N = 4 (Fig. 6) and thus 
could be ignored. Exper iments  conducted in Tyrode ' s  
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Fig. 4. Estimation of Ka for MeN-A-343 in atria based on 
the parallel displacements of the negative inotropic response 
to carbaehol. (A) Effect of MeN-A-343 on the negative 
inotropic response to carbachol. Ordinate: response to 
carbachoi expressed as per cent inhibition of the inotropic 
response immediately prior to its addition, Abscissa: 
Logarithm of molar concentration of carbachol. Data 
points represent mean +- SEM from a single representative 
experiment. (B) Arunlakshana-Schild plot. Ordinate: 
logarithm of dose.ratio minus one ( d r -  1). Abscissa: 
Logarithm of molar concentration of MeN-A-343. The 
number of experiments associated with each data point are 
shown inside brackets. The resulting slope has a value of 
0.90 -+ 0,10 and was not significantly different from unity 

(P > 0.05). 
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Fig. 5. Estimation of K~ for MeN-A-343 in taenia caeci by 
comparison of equiactive concentrations against carbachol. 
(A) Concentration-response curve to carbachol (Q) and 
MeN-A-343 (&). Ordinate: response to both agonists 
expressed as a per cent of the maximal response to 
carbachol. Abscissa: logarithm of molar concentration of 
agonist. Horizontal dotted lines (---) show the equiactive 
concentrations used to estimate Ka. Data points represent 
the mean - SEM from a single representative experiment. 
(B) Plot of the equiactive concentrations according to 
equation 2 (see Materials and Methods). Ordinate: 
concentration of carbachoi. Abscissa: ratio of equiactive 
concentrations of carbachol to MeN-A-343. The resulting 
slope of the regression line is used to estimate KA of MeN- 
A-343 according to equation 3 (see Materials and Methods). 

solution gave a similar KA value of 5.85/zM (3.68-- 
9.28, N = 7). 

Binding experiments 
Atria. Displacement experiments (Fig. 7) con- 

ducted in McEwen's solution containing Gpp(NH)p 
(50/tM) with [3H]QNB as the ligand gave a Kt for 
MeN-A-343 of 14.8/~M (10.81-20.31, N = 6). In the 
absence of Gpp(NH)p the Ki was slightly lower 
(Table 1). In phosphate buffer (50 raM) the Kt values 
for MeN-A-343 changed little on addition of 
Gpp(NH)p (Table 1). 

Taenia caeci. The KI values obtained with the 
taenia did not alter irrespective of the incubation 
medium and whether Gpp(NH)p was present or not 
(Table 1). Simultaneous comparative analysis of the 
KI values obtained in binding experiments showed 
the /(i value of MeN-A-343 in the presence of 
Gpp(NH)p in McEwen's solution in atria was 
significantly different to all other Kt values obtained 

in the atria or taenia in the presence of Gpp(NH)p 
(P < 0.01) (Table 1). 

Displacement experiments with AF-DX 116 
(20pM to 50#M) vs [3H]NMS (400pM) in the 
presence of Gpp(NH)p (50 #M) gave a two site fit 
with a K H value of 17.1nM and a KL value of 
245.5 nM. Respective receptor population fractions 
for the two sites were 0.70 and 0.30 (Table 2). With 
[3H]QNB as the ligand, AF-DX 116 displaced from 
only one site with a Kt of 75.1 nM (Table 2). 

Cyclic AMP accumulation 
Oxotremorine (0.1-3#M) produced little inhi- 

bition of the increase in cyclic AMP induced 
by isoprenaline (10#M) when experiments were 
conducted in McEwen's solution (Fig. 8). For 
this reason experiments involving the effect of 
oxotremorine on adenylyl cyclase in taenia caeci 
were conducted in PSS (see Materials and Methods). 

In taenia caeci oxotremorine (3 nM to 3 #M) (Fig. 

BP 46:6 .0  
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Fig. 6. Occupancy-response curve for estimating the 
relative intrinsic efficacy of McN-A-343 to carbachol. 
Ordinate: Response to carbachol (0) and McN-A-343 (A) 
expressed as per cent of the maximal response to carbachol. 
Abscissa: Logarithm of receptor occupancy. Data points 
represent mean-+ SEM from a single representative 
experiment. Independently obtained KA values used to 
calculate receptor occupancy were: 7.6/~M (carbachol) and 
2.5/,M (McN-A-343) [13]; both values were determined 
after irreversible inactivation of receptors with phenoxy- 
benzamine. Using linear regression curves fitted through 
data points, the relative intrinsic efficacy was calculated 
from the occupancy of agonists producing 50% of the 
maximal contraction to carbachol (see Materials and 

Methods). 

8) and carbachol (0.1/~M to 0.1 mM) (not shown) 
produced a similar maximal inhibition (ca. 45%) of 
the isoprenaline-induced increase in cyclic AMP. 
For carbachol, this effect was maximal in the range 
of 0.3--1/~M, higher concentrations being less 
effective. McN-A-343 (10 nM to 3 mM) had little or 
no effect on the response to isoprenaline, only at a 
concentration of 3mM was there a significant 
inhibition of the response to isoprenaline (Fig. 8). 
Similar findings with McN-A-343 (10/~M to 3 mM) 
were obtained in McEwen's solution (Fig. 8). McN- 
A-343 (100#tM) had no effect on the response to 
oxotremorine (Fig. 9). Increasing the concentration 
of McN-A-343 to 300 tiM (1 experiment) or 1 mM 
(1 experiment) did not further antagonize responses 
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Fig. 7. Competitive inhibition of specific [3H]QNB binding 
by McN-A-343 in atria (A and B) and taenia caeci (C and 
D) in the presence of Gpp(NH)p 50/~M using phosphate 
buffer 50 mM or McEwen's solution. Data points in each 

panel are from single representative experiments. 

to oxotremorine (not shown). AF-DX 116 (1-3 ~uM) 
and HHSiD (1-3~M) antagonized oxotremorine 
induced inhibition of adenylyl cyclase with apparent 
pKB values of 6.95 and 6.75, respectively (Table 3). 

D I S C U S S I O N  

In both guinea pig atria and taenia caeci, McN- 
A-343 was a partial agonist. In atria McN-A-343 

Table 1. Displacement of [aH]QNB binding in atria and taenia caeci by McN-A-343 in McEwen's solution [14] and 
phosphate buffer (50 mM) with and without Gpp(NH)p (50 #M) 

Atria Taenia 
Gpp(NH)p Kt:~ K F~ 

(50/.tM) nH ( -  SEM) (pM) n H (-+ SEM) (/~M) 

McEwen's + 0.97 (0.05) 14.8 (6) (10.8-20.3)* 0.91 (0.05) 6.22 (6) (5.21-7.43) 
- 0.98 (0.04) 10.9 (3) (8.48-14.0) 0.92 (0.08) 7.24 (3) (5.89-8.95) 

Na2HPO4 + 0.92 (0.06) 7.01 (4) (5.52-8.92) 0.96 (0.06) 5.69 (3) (3.76-8.59) 
- 0.83 (0.09) 6.97 (3) (4.47-10.9)* 1.00 (0.03) 6.74 (3) (4.07-11.2) 

g,t 0.30 (0.001-6.64) 27%t 
Kt_ 10.3 (3.68--28.8) 73% 

* P < 0.01 ; value significant compared with other KI values in the presence of Gpp(NH) p. 
t The two site model was a better fit over the one site model (P < 0.05). 
$ First values in parentheses represent the number of experiments (N), the range of values in parentheses are 95% 

confidence limits. 
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Table 2. Displacement of [3H]NMS or [3H]QNB by AF-DX 116 from taenia caeci in 
McEwen's solution [14] at 32* with Gpp(NH)p (50 ~tM) 

999 

Kt (nM) (95% C.L.) N = 3* 
Ligand nH (--- SEM) One site Two site 

[aH]NMS 0.73 (0.03) 46.8 (31.0-70.7) Kn 17.1 (0.25--114) (70%)¢ 
KL 245.5 (12.5--4163) (30%) 

[3H]QNB 0.95 (0.04) 75.1 (62.2-90.6) 

* Kt values shown are the mean from pooled data taken from three experiments. 95% 
C.L., 95% confidence limits. 

t The two site model resulted in a more significant fit than the one site model (P < 0.01). 
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Fig. 8. Level of cyclic AMP accumulated over a period of 
5 min in guinea pig taenia caeci in response to oxotremorine 
and McN-A-343 in two different solutions as indicated. 
Cyclic AMP production was induced by isoprenaline 
(10/~M) in the presence of IBMX (250/tM). Ordinate: 
cyclic AMP level as per cent of the response to isoprenaline 
(10/~M) alone. Abscissa: logarithm of molar concentration 
of agonist. Data points represent mean -+ SEM; the number 
of experiments associated with each curve is shown in 

brackets. 
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Fig. 9. Level of cyclic AMP accumulated over a period of 
5 min in guinea pig taenia caeci in response to oxotremorine 
in absence (&) and presence (O) of McN-A-343 (100 #M 
30min). Cyclic AMP production was induced by 
isoprenaline (10/~M) in the presence of IBMX (250/~M). 
Ordinate: cyclic AMP level as per cent of the response to 
isoprenaline (10/~M) alone. Abscissa: logarithm of molar 
concentration of oxotremorine. Data points represent 

mean +-- SEM from three experiments. 

Table 3. Apparent pKB values of AF-DX 116 and HHSiD 
in antagonizing oxotremorine induced adenylyl cyclase 

inhibition 

Concn 
Antagonist (/~M) pKA (95% C.L., N)* 

AF-DX 116 1-3 6.95 (6.67-7.23, 5) 
HHSiD 1-3 6.75 (6.41-7.08, 4) 

* Values in parentheses represent 95% confidence limits 
and the number of experiments (N). 

produced an atropine-sensitive, negative inotropic 
response only in high concentrations; the EC~ value 
being 71/uM. Muscarine Ml receptors from vagal 
ganglia were not involved as the response was 
unaffected by tetrodotoxin. Low potency of McN- 
A-343 on muscarine receptors in guinea pig atria has 
been reported previously [23-25] and Pappano and 
Rembish [26] found McN-A-343 produced a 
weak, atropine-sensitive, negative chronotropic and 
inotropic effect in spontaneously beating guinea pig 
fight atria. 

In the taenia caeci McN-A-343 was more potent 
than in the atria; the ECs0 was 1.2/~M and the 
maximum response to McN-A-343 reached only 72% 
of that to carbachol, in agreement with previous 
findings that McN-A-343 was a partial agonist in this 
tissue [13,27]. The action of McN-A-343 was 
mediated via muscarine M 3 receptors since the 
contraction has been found to be unaffected by 
tetrodotoxin, with a pKB value of inhibition by 
pirenzepine of 6.8 [13] and an apparent pKB value 
for AF-DX 116 of 5.8 (Darroch, unpublished). 
Similar pKB values have been obtained in the taenia 
with carbachol as the agonist [28]. 

In left atria, the ability of McN-A-343 to act as 
an antagonist to carbachoi was exploited to obtain 
an affinity constant using two methods. The first, 
described by Kaumann and Blinks [15], took into 
account the weak partial agonist activity of McN-A- 
343 and gave a KB value of 15.2 ~tM. A similar value 
was obtained with an Arunlakshana-Schild analysis 
for competitive antagonism [16]. 

In taenia caeci, because the agonist activity of 
McN-A-343 was greater than in atria, a direct 
measure of the dissociation constant (KA) was chosen 
to estimate the interaction of McN-A-343 with the 
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Table 4. Summary of estimates of the dissociation constants for McN-A-343 obtained in guinea 
pig taenia caeci or left atria in McEwen's solution [14] 

Parameter Technique 

Taenia Atria 
(#M) (#M) 

(95% C.L.)* (95% C.L.)* 

KA Comparison of agonist/partial agonist 4.6 - -  
(3.8-5.5) 

KB Antagonism of carbachol - -  15.2 
(12.3-18.8) 

K~ [3H]QNB, Gpp(NH)p 6.2 14.8 
(5.2-7.4) (10.8-20.3) 

* 95% confidence limits. 

M 3 receptor. The plot, [A] vs [AI" [p]- l ,  suggested 
by Kenakin [18], was used to estimate KA and gave 
a value of 4.57 #M. This value was similar to the 
apparent Ka value of 3.35 #M obtained for McN-A- 
343 in the taenia at 18 ° in Tyrode's  solution [13]. At  
18 °, the response to McN-A-343 was abolished and 
the drug could be used as an antagonist to carbachol. 
The results obtained from the functional studies in 
McEwen's solution indicate the ability of McN-A- 
343 to discriminate between muscarine M2 and M 3 
subtypes from guinea pig atria and taenia caeci, 
respectively. Although the difference in affinity was 
small (ca. 3-fold) it was highly significant (P < 0.01). 
Previous estimates of the affinity of McN-A-343 for 
muscarine M 2 and M 3 receptors have not revealed 
this difference, possibly because of the various media 
employed in different experiments [25, 28]. 

The difference between the dissociation constants 
for McN-A-343 obtained in atria and taenia caeci 
was also detected in binding studies conducted in 
McEwen's solution in the presence of Gpp(NH)p 
( P < 0 . 0 1 )  but was not apparent when binding 
experiments were conducted in phosphate buffer 
(Table 1). Using McEwen's solution, a higher ionic 
strength medium, in place of the phosphate buffer 
the affinity of McN-A-343 for cardiac muscarine 
receptors was decreased by 2-3-fold but the affinity 
of McN-A-343 for binding sites in the taenia caeci 
was unaffected. Watson et al. [29] noted that 
changing the binding medium from phosphate buffer 
to a Krebs solution had a similar effect with McN- 
A-343 in rat heart to that observed in the present 
experiments; in the presence of Gpp(NH)p the K0.5 
of McN-A-343 was increased from 2.9#M in 
phosphate buffer to 14 #M (indicating a decrease in 
affinity) when modified Krebs solution was used. 

Thus the Kt values of McN-A-343 in atria and the 
taenia caeci obtained from binding studies in 
McEwen's solution containing Gpp(NH)p cor- 
responded to the respective dissociation constants 
obtained functionally in the same medium (Table 
4). This result appeared inconsistent with other 
findings that suggested the majority of muscarine 
receptors in ileal smooth muscle to be the M2 subtype 
(see the introduction). Failure to see two site binding 
with McN-A-343 in the presence of Gpp(NH)p was 
considered due to the small difference (ca. 3-fold) 
in the dissociation constant of McN-A-343 for M2 vs 

M 3 receptors since ligands must have a 6-10-fold 
selectivity to resolve a mixture of receptors where 
the minor component accounts for at least 20% of 
the mixture [1, 30]. Consequently, McN-A-343 may 
not be a suitable ligand for the detection of two site 
binding because of its low selectivity for M 3 over M2 
receptors. 

Nevertheless, the higher affinity shown by McN- 
A-343 in the taenia caeci appeared to be opposite 
to that expected if the majority (ca. 70%) of sites 
were of the M2 subtype and this was confirmed by 
computer simulation of the binding experiments 
using a dissociation constant of 5 #M for the high 
affinity site and 15/~M for the low affinity site (Table 
5). These values corresponded to the dissociation 
constants for McN-A-343 obtained experimentally 
for the M 3 and M2 receptors, respectively. The 
simulation showed that the expected K/ value for 
McN-A-343 would be l l . 4 # M  for a tissue with a 
30:70 ratio of M3:M2 receptors. The experimentally 
obtained Kt of 6.2/tM would only be obtained when 
M 3 receptors were in the majority (80%). With the 
introduction of random errors, ranging from 1 to 
8%, comparable to that obtained experimentally, 
L I G A N D  was unable to resolve the simulated 
experimental data into two site binding but the 
estimated Kt was still 11.0/~M. 

It was considered unlikely that the receptor 
population in the guinea pig taenia caeci differed 
from that in ileal longitudinal muscle but recently 
rat colon has been reported to contain 61% of M 3 
receptors [3i], the converse of that reported for rat 
ileum (18%) [1]. Binding studies with AF-DX 116 
in the taenia confirmed a similar heterogeneity to 
that reported in rat ileum. Using [3H]NMS as the 
binding ligand for comparison with data from ileal 
longitudinal muscle [1], AF-DX 116 bound to two 
sites in displacing [3H]NMS, 70% of the sites 
exhibiting high affinity (pK~7.76). With [3H]QNB 
only a single high affinity binding site for AF-DX 
116 was detected (Ki75.1nM) suggesting the 
majority of the receptors in the taenia caeci were 
the M2 subtype. The proportion of M 3 subtype would 
appear too low to be detected with [3H]QNB. 

Binding of full agonists to cardiac muscarine 
receptors is strongly influenced by the presence of 
Gpp(NH)p,  suggesting that a large proportion of 
the M2 receptors are present in a high affinity state 
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Table 5. EBDA/LIGAND computer analysis of affinity constants for McN-A-343 based on theoretical competition 
binding curves 

Proportion of binding sites (high/low affinity) 
K, (/~M) 

0/100 10/90 20/80 30/70 40/60 50/50 80/20 100/0 

*No variance 
1 site 15.2 13.9 12.6 11.4 10.3 9.25 6.51 
2 sites 
Kn(%) 3.47 (4) 4.70 (15) 5.07 (27) 5.23 (39) 5.32 (51) 5.38 (85) 
KL(%) 14.5 (96) 14.5 (85) 14.6 (73) 14.7 (61) 14.9 (49) 16.6 (15) 

~'1-8% 
1 site 13.6 12.3 11.0 10.2 8.89 6.63 
2 sites 
Kn(%) 14.2 (34) 10.1 (64) 10.9 (23) 4.43 (20) 6.89 (42) 5.74 (92) 
KL(%) 13.3 (66) 17.0 (36) 11.1 (77) 12.1 (80) 10.5 (58) 26.1 (8) 

5.06 

The above data show affinity constants for various proportions of a mixed receptor population with theoretical 
dissociation constants of 5 and 15/~M for the high and low affinity sites, respectively. 

* The upper part of the table shows estimates based on simulated data generated without any variance about the data 
points. All two site fits derived from the analysis were significant over the one site fit (P < 0.01). 

5" The lower part of the table shows estimates when an error of 1-8% is introduced randomly to each data point. All 
LIGAND calculations were based on pooled data taken from three simulated experiments. The two site models, where 
resolvable, are shown but none were significant over the one site model (P > 0.05). 

and this is converted to a lower affinity state in the 
presence of the stable GTP analogue [29, 32-34]. In 
binding studies in rat heart, the K0.5 for oxotremorine 
was increased 10-fold in phosphate buffer (10 raM) 
in the presence of Gpp(NH)p [29]. Partial agonists 
were affected to a much smaller extent; the K0.5 for 
McN-A-343 increased only 2.4-fold. In a modified 
Krebs solution, the corresponding changes were 25- 
fold for oxotremorine and 5-fold for MeN-A-343 
[29]. In the present experiments, the binding of 
MeN-A-343 in guinea pig atria was converted from 
two site binding in phosphate buffer to binding at a 
single site with the addition of Gpp(NH)p (50 #M). 
In McEwen's solution the binding curve was little 
affected by the presence of Gpp(NH)p and could be 
described by one site binding. The Kt value 14.8/~M 
agreed well with the value obtained in functional 
experiments but was significantly different to that 
obtained in the low ionic strength phosphate buffer 
in the presence of Gpp(NH)p, demonstrating the 
importance of performing functional and binding 
studies in the same medium whenever possible. 
Other workers have noted the importance of the 
bath medium for determining the activity of McN- 
A-343 in functional [35] or binding studies [29]. It 
should be noted that the KI values for McN-A-343 
in binding experiments conducted in the taenia caeci 
were not influenced by either Gpp(NH)p or by the 
change in medium indicating a further difference 
from atrial tissue. 

The affinity of agonists is dependent on the extent 
of receptor coupling with G proteins. The muscarine 
M2 receptor subtype in cardiac tissue appears to be 
capable of interacting with more than one G protein 
or transduction system [36--39]. The possibility of 
different proportions of various G proteins being 
associated with M2 receptors in the taenia would not 
account for the different affinity values obtained 
from the binding experiments with atria and taenia 

caeci conducted in McEwen's solution as the presence 
of Gpp(NH)p would have minimized association of 
the receptor to G proteins [40]. 

In cardiac tissue one of the second messenger 
systems negatively coupled to the muscarine M2 
receptor is the adenylyl cyclase-cyclic AMP pathway. 
In the taenia caeci the M2 receptor also appeared to 
be coupled negatively to adenylyl cyclase; the 
apparent pKB values obtained for AF-DX 116 
and hexahydrosiladiphenidol against oxotremorine- 
induced inhibition of cyclic AMP production were 
within the ranges reported for interaction at an M2 
receptor in functional studies on cardiac muscarinic 
receptors [4, 41]; or in binding studies on cloned m2 
receptors [42], Recently Candell et al. [43] have 
suggested that the muscarine receptor negatively 
coupled to adenylyl cyclase in rat ileal longitudinal 
muscle is the M2 subtype. 

McN-A-343 (<~100#M) failed to exhibit any 
inhibition of the increase in cyclic AMP produced 
by isoprenaline and was not effective at antagonizing 
the inhibitory action of oxotremorine. These 
experiments were conducted in a different medium 
to the binding studies, as oxotremorine had little 
effect on the action of isoprenaline in McEwen's 
solution but a similar lack of effectiveness of McN- 
A-343 has been reported for cardiac tissue [44]. In 
rat ventricle oxotremorine-induced inhibition of 
forskolin-stimulated adenylyl eyclase activity was 
found to be unaffected by McN-A-343 except at high 
concentrations (>-- 0.3 mM). Thus the present findings 
suggest that M2 receptors are present in the taenia 
caeci and are coupled to adenylyl cyclase as in 
cardiac tissue. However, the apparent affinity of 
MeN-A-343 for the M2 receptors in the taenia differs 
slightly from that found in cardiac tissue. 

It is possible that M2 receptors in cardiac tissue 
are not homogeneous. Mizushima et al. [45] have 
suggested that there are two M2 binding sites in 
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cardiac muscle, designated M2,~ and M2a and 
muscarine M2 receptors in heart that were GTP- 
insensitive have been detected as well as GTP- 
sensitive receptors [46, 47]. Recently Ford et al. [48] 
have suggested a possible heterogeneity of cardiac 
muscarine receptors based on the dissociation 
constants found for antagonists blocking the increase 
in phosphatidyl inositol produced by muscarinic 
agonists in the heart. Another possibility is that the 
M2 receptor agonist complex may exist in two states, 
activated and non-activated [49], and this proportion 
varies in the two tissues. This could influence the 
apparent affinity estimated in binding studies 
although the KA values of McN-A-343 for the two 
states are identical in the two tissues. 

Alternatively, since McN-A-343 is a muscarinic 
agonist that has been suggested to act allosterically 
with cardiac M2 muscarine receptors [50], it is 
possible that binding to an allosteric site on the M2 
receptor may be influenced by the lipid environment 
of the membrane and differences between the 
microenvironment of ileal and cardiac tissue rather 
than the M2 receptor per se could account for 
the findings. Muscarine receptor binding may be 
influenced by lipids [51] or the general micro- 
environment of the receptor [52]. 

In summary, the findings in this paper re- 
emphasize that the activity of McN-A-343 both in 
functional studies [24, 35] and in binding studies [29] 
appears to be dependent on the medium employed. 
Nevertheless, when the same medium was employed 
in both functional and binding studies there was 
good agreement between estimates of its affinity for 
muscarine M2 receptors in cardiac tissue. A small 
but significant difference in its affinity for the putative 
muscarine M2 receptor in smooth muscle suggests 
the possibility of at least functional M2 receptor 
heterogeneity that may be amenable to therapeutic 
exploitation. 
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