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ABSTRACT 

 

 We investigated the subtypes of the muscarinic receptor mediating short-term 

heterologous desensitization in the isolated ileum.  Treatment of the ileum from C57BL/6 mice 

with acetylcholine (30 µM) for 20 min caused a subsequent decrease in contractile sensitivity to 

both PGF2α and the muscarinic agonist, oxotremorine-M.  This subsensitivity was characterized 

by seven- and three-fold increases in the EC50 values of the agonists, respectively, with no 

significant effect on the maximal response.  The subsensitivity to PGF2α was prevented in both 

M2 and M3 muscarinic receptor knockout mice. Similarly, the subsensitivity to oxotremorine-M 

was also prevented in M2 knockout mice.  Acetylcholine-mediated desensitization of histamine-

induced contractions in the guinea pig ileum was inhibited by both M2 and M3 selective 

muscarinic antagonists with high potency, although careful analysis of the data suggested 

behavior more consistent with an M2 antagonistic profile.  Modeling studies showed that the 

competitive antagonism of response contingent upon activation of two receptor subtypes should 

exhibit a pharmacological profile similar to that of the least sensitive signaling pathway.  Our 

results demonstrate that muscarinic agonist-mediated short-term heterologous desensitization of 

intestinal smooth muscle is contingent upon activation of both M2 and M3 muscarinic receptors 

and that activation of either receptor by itself is insufficient to cause desensitization. 

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on October 16, 2003 as DOI: 10.1124/jpet.103.055327

 at A
SPE

T
 Journals on M

ay 22, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


 -4- 

 It has long been known that the sensitivity of gastrointestinal smooth muscle to the 

contractile effects of muscarinic agonists decreases following incubation of the tissue with 

moderate to high concentrations of agonist for relatively short periods of time (i.e., 5 to 30 min) 

(Cantoni and Eastman, 1946; Dale, 1958; Paton, 1961).  The mechanism for this short-term 

desensitization appears to be at a locus downstream from the muscarinic receptor because 

muscarinic agonist-mediated desensitization is characterized by a decrease in sensitivity to other 

spasmogens as well.  Such a generalized subsensitivity is not surprising considering the 

metabolic costs required to maintain tonic muscle contraction for several minutes.  Thus, 

prolonged contraction caused by continuous exposure to a muscarinic agonist causes a decreased 

responsiveness of the contractile machinery to subsequent activation by muscarinic as well as 

other heterologous agents.  It seems likely, therefore, that the muscarinic receptor subtypes 

mediating heterologous desensitization may be the same as those eliciting contraction.  

 In isolated ileum, subtype-selective muscarinic antagonists inhibit the contractile 

response to agonists in a manner consistent with an M3 mechanism (Eglen et al., 1996; Ehlert et 

al., 1997b; Lambrecht et al., 1989).  Such behavior is consistent with the coupling of M3 

muscarinic receptors to phosphoinositide hydrolysis and the mobilization of Ca2+ in smooth 

muscle (Candell et al., 1990; Lazareno and Roberts, 1989).  However, it is known that the most 

abundant muscarinic receptor subtype expressed in smooth muscle is the M2, outnumbering the 

M3 by a ratio of at least four to one (Choo et al., 1985; Choo and Mitchelson, 1988; Giraldo et 

al., 1987; Michel and Whiting, 1987; Michel and Whiting, 1988).  The M2 subtype has been 

shown to mediate pertussis toxin-sensitive responses including an inhibition of adenylyl cyclase 

(Candell et al., 1990; Peralta et al., 1988; Thomas and Ehlert, 1994) and Ca2+ activated 

potassium channels (Kotlikoff et al., 1992) and an activation of non-selective cation channels 
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(Bolton and Zholos, 1997; Unno et al., 1995).  It has been argued that the contribution of the M2 

receptor to contraction through these signaling mechanisms is conditional upon Ca2+ 

mobilization through another receptor, like the M3 (Ehlert, in press; Ehlert et al., 1997a; Ehlert et 

al., 1999; Ehlert et al., 1997b).  Accordingly, M2 receptor activation in smooth muscle has been 

shown to inhibit the relaxant effects of forskolin and isoproterenol on contractions mediated by 

M3 muscarinic and H1 histamine receptors (Matsui et al., 2003; Ostrom and Ehlert, 1998; Ostrom 

and Ehlert, 1999; Thomas et al., 1993; Thomas and Ehlert, 1994) and to potentiate contractions 

mediated by M3 receptors at high concentrations of muscarinic agonists (Sawyer and Ehlert, 

1998; Sawyer and Ehlert, 1999).  Thus, both M2 and M3 receptors appear to mediate contraction, 

albeit through different mechanisms, and this conclusion is consistent with recent studies on M2 

and M3 receptor knockout (KO) mice (Matsui et al., 2000; Stengel et al., 2000).  Modeling 

studies have shown that the competitive antagonism of a muscarinic response mediated through 

an interaction between M2 and M3 receptors should resemble the pharmacological profile of the 

directly acting receptor (i.e., the M3) and not that of the receptor causing a conditional 

potentiation (i.e., M2) (Ehlert, in press; Ehlert et al., 1999; Sawyer and Ehlert, 1999).  This theory 

can explain why subtype-selective muscarinic antagonists competitively inhibit the contractile 

response to muscarinic agonists in a manner consistent with an exclusive M3 mechanism even 

though contraction may be mediated through an interaction between both M2 and M3 receptors. 

 The involvement of both M2 and M3 muscarinic receptors in contraction is consistent 

with a recent report suggesting that muscarinic receptor-mediated heterologous desensitization in 

guinea pig ileum is conditional upon activation of both M2 and M3 receptors (Ehlert et al., 2001; 

Shehnaz et al., 2001).  Inactivation of M2 receptor signaling by pertussis toxin-treatment largely 

prevented acetylcholine-mediated desensitization of histamine-induced contractions.  Also, 
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selective inactivation of M3 receptors with (N-2-chloroethyl-4-piperidinyldiphenylacetate) (4-

DAMP mustard) was found to prevent heterologous desensitization by acetylcholine.  In this 

report, we have found that acetylcholine-mediated desensitization of prostaglandin F2α (PGF2α) 

induced contractions in ileum is prevented in both M2 and M3 muscarinic receptor KO mice.  We 

also investigated the pharmacological antagonism of muscarinic agonist-mediated heterologous 

desensitization in guinea pig ileum and found evidence for a role of both M2 and M3 receptors.  

Our results are generally consistent with, but not identical to, a mathematical model predicting 

that the competitive antagonism of heterologous desensitization should resemble the 

pharmacological profile of the least sensitive signaling pathway (i.e., the M2) (Ehlert et al., 

1999). 
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MATERIALS AND METHODS 

 

Isolated ileum:  Segments (approximately 2.5 cm) of ileum from male guinea pigs (Hartely, 300 

– 450 g) were set up in organ baths and bathed in 50 ml of Krebs Ringer Bicarbonate (KRB) 

buffer (124 mM NaCl, 5 mM KCl, 1.3 mM MgSO4, 26 mM NaHCO3, 1.2 mM KH2PO4, 1.8 mM 

CaCl2, and 10 mM glucose) at 37°C and gassed with O2/CO2 (19:1) as described previously 

(Thomas et al., 1993).  Indomethacin (1.0 µM) was present in the KRB buffer at all times.  The 

tissues were connected to force-displacement transducers, and isometric tension was recorded 

using either a Polygraph (Grass Instruments, Quincy, MA) or PowerLab (ADInstruments, Grand 

Junction, CO) recording system.  Resting tension was equivalent to that generated by a load of 

0.5 g.  The tissues were allowed to equilibrate for at least 60 min before the initiation of 

experiments. 

For experiments on desensitization in guinea pig ileum, three test doses of histamine (40 

nM) were applied sequentially.  After the first two test doses, the tissues were washed with fresh 

KRB buffer and allowed to rest for approximately 5 to 10 min. After the last test dose, the tissues 

were allowed to rest for 20 min, and then a cumulative concentration-response curve to 

histamine was measured, with the agonist concentrations being spaced three-fold.  Only the tonic 

phase of contraction was used in the calculation of the data for concentration-response curves.  

The tissues were washed extensively and allowed to equilibrate for 30 min.  In some experiments 

a muscarinic antagonist was included during this incubation period.  After 30 min, acetylcholine 

was added to the bath without changing the buffer, and the ensuing contractile response was 

measured.  After 20 min of exposure to acetylcholine, the tissues were washed three times, and 

resting tension was restored within one to two min.  Five min after the removal of acetylcholine, 
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a cumulative concentration response curve to histamine was measured.  In a given experiment, a 

total of four different concentrations of acetylcholine were used.  Each concentration of 

acetylcholine was tested under two conditions in separate ilea.  These conditions corresponded to 

the absence (control) and presence of a muscarinic antagonist.  Thus, in a single experiment, a 

total of eight segments of ileum were used from a single guinea pig. 

In some experiments on guinea pig ileum, the contractile response to acetylcholine was 

measured in the absence and presence of the muscarinic antagonists, [[2-[(diethylamino)methyl]-

1-piperidinyl]acetyl]-5,11-dihydro-6H-pyrido[2,3b][1,4]-benzodiazepine-6-one (AF-DX 116) 

and N,N-dimethyl-4-piperidinyldiphenylacetate (4-DAMP).  For these experiments, three test 

doses of acetylcholine were first applied to the ileum as described above for histamine.  The 

ileum was allowed to equilibrate for 20 min, and then a cumulative concentration-response curve 

to acetylcholine was measured with the concentrations spaced three-fold.  The tissues were 

washed extensively and allowed to equilibrate for 30 min in the presence of muscarinic 

antagonist.  A subsequent concentration-response curve to acetylcholine was measured. 

M2 muscarinic receptor knockout (M2–/–) and M3 muscarinic receptor knockout (M3–/–) 

mice were generated in a mixed background between 129/SvJ and C57BL/6 as described in 

Matsui et al (2002) and Matsui et al (2000), respectively.  These hybrid lines were backcrossed 

with C57BL/6 mice to yield an N3 generation of M2-/- muscarinic receptor knockout mice and 

an N8 generation of M3-/- muscarinic receptor knockout mice, which were used in the 

pharmacological studies described in this report.  Only male knockout mice were used as well as 

male wild type (M2+/+, M3 +/+) C57BL/6 mice.  The mice were euthanized by CO2 asphyxiation 

and segments of the whole ileum (1.5 – 2 cm in length) were excised starting at a point 

approximately 5 cm rostral from the ileoceacal junction.   The ilea were mounted in organ baths 
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containing KRB buffer as described above. Resting tension was equivalent to that generated by a 

load of approximately 0.35 g.  The tissues were allowed to equilibrate for at least 60 min, and 

then three test doses of agonist were applied sequentially.  The agonist used for the test doses 

was that same as that used in the experiment on desensitization (i.e., PGF2α or oxotremorine-M).  

After the first two test doses, the tissues were washed with fresh KRB buffer and allowed to rest 

for approximately 5 to 10 min. After the third test dose, the tissues were allowed to rest for 20 

min, and then a non-cumulative concentration-response curve to the agonist was measured, with 

the agonist concentrations being spaced three-fold and applied in increasing order.  Only the 

tonic phase of contraction was used in the calculation of the data for concentration-response 

curves.  After each concentration of agonist, the tissues were washed with fresh KRB buffer and 

allowed to rest for approximately 10 min.  After the last concentration of agonist, the tissues 

were washed extensively and allowed to equilibrate for 20 min.  Acetylcholine (30 µM) was 

added to the bath, and the ensuing contractile response was measured.  After 20 min of exposure 

to acetylcholine, the tissues were washed extensively.  Five min after the removal of 

acetylcholine, the contractile response to a single concentration of agonist was measured, and the 

tension was ultimately expressed as a percentage of the maximal response measured before 

acetylcholine treatment.  In a given experiment, a total of four ileal segments were used from the 

same mouse.  Since the contractile response to only a single concentration of agonist was 

measured in each ileum after acetylcholine treatment, this strategy enabled us to measure four-

point concentration-response curves after acetylcholine-treatment. 

 

Radioligand binding:  Chinese hamster ovary cells expressing the human M2 (CHO M2) and M3 

(CHO M3) muscarinic receptors were obtained from Mark Brann (Acadia Pharmaceuticals).  
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These two cell lines were cultured and harvested in growth media (DMEM, high glucose plus L-

glutamine, 7% fetal calf serum and 100 units/ml penicillin and streptomycin) supplemented with 

225 µg/ml neomycin (G 418 sulfate) as described previously (Ehlert et al., 1996).  The specific 

binding of the muscarinic antagonist, [3H]N-methylscopolamine ([[3H]NMS), to homogenates of 

these cell lines was measured as described previously (Griffin et al., 2003).  Briefly, cellular 

homogenate was incubated at 37°C for one hr with [3H]NMS (0.5 nM) and various 

concentrations of 4-DAMP in a final volume of 1 ml containing modified KRB buffer (124 mM 

NaCl, 5 mM KCl, 3 mM MgSO4, 26 mM NaHCO3, 10 mM Na/HEPES, pH 7.4).  Binding in the 

presence of atropine (10 µM) was defined as non-specific.  Bound [3H]NMS was trapped by 

filtration of the incubation mixture over glass fiber filters (GF-B; Whatman) using a cell 

harvester (Brandel; Gaithersburg, MA).  All assays were run in triplicate. 

 

Calculations:  The EC50 value (concentration of agonist eliciting half-maximal contraction) and 

the maximal response (Emax) to agonists were estimated from the concentration-response data by 

nonlinear regression analysis using an increasing logistic equation as described previously 

(Candell et al., 1990). For each experiment, the estimates of EC50 were converted to negative 

logarithms (pEC50), and the effect of acetylcholine on the EC50 value was calculated as the 

difference in pEC50 values (i.e., Log EC50 shift).  To assess whether acetylcholine-treatment had 

a significant effect on the EC50 value, a t-distribution was used to determine if the Log EC50 shift 

values were significantly different from zero.  A paired t-test was used to determine if 

acetylcholine-treatment had a significant effect on the Emax.  To determine if these Log EC50 shift 

values or changes in Emax in muscarinic receptor knockout mice were significantly different from 

those measured in wild type animals, an unpaired t-test was used.  The dissociation constants of 
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muscarinic antagonists (KB values), measured by competitive antagonism of functional 

responses, were estimated using the following equation (Arunlakshana and Schild, 1959): 

 KB =
B

CR −1
 1 

in which B denotes the concentration of antagonist, and CR denotes the ratio of the EC50 value of 

the agonist measured in the presence of the antagonist divided by that measured in its absence. 

 The IC50 value (concentration of inhibitor causing 50% displacement of specific 

[3H]NMS binding) and Hill coefficient for the competitive inhibition of [3H]NMS binding by 4-

DAMP were estimated by nonlinear regression analysis using a decreasing logistic equation as 

described previously (Candell et al., 1990).  The IC50 values were corrected for the competitive 

effect of [3H]NMS using the standard equation for competitive inhibition: 

 Ki =
IC50

1+ [[3 H]NMS]
 2 

in which Ki denotes the dissociation constant of the competitive inhibitor, and [[3H]NMS] 

denotes the molar concentration of [3H]NMS used in the binding assay. 

 

Mathematical modeling: Mathematical simulations were carried out to model the competitive 

antagonism of a response mediated through an interaction between two different types of 

receptors.  The nature of the interaction was defined such that the response under consideration is 

contingent upon activation of both receptor types, and that activation of either type by itself does 

not cause the response.  This type of interaction was evaluated because agonist mediated 

heterologous desensitization can be considered to be a response, and the results described below 

indicate that this response is conditional upon activation of both M2 and M3 muscarinic 

receptors.  In our analysis we assumed that occupation of M2 and M3 receptors by a muscarinic 
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agonist generates a stimulus as defined by Stephanson (1956) and Furchgott (1966).  

Competitive antagonists were assumed to interfere with the stimulus in the standard fashion as 

described by Arunlakshana and Schild (1959). We used a logistic function to describe the 

relationship between the signaling effect and the stimulus because this type of function yields the 

typical sigmoid relationship between effect and Log concentration of agonist (see Furchgott 

(1966), Kenakin and Beek (1982) and Black Leff (1983)).  To simulate the interaction between 

receptors, we multiplied the two independent signals from each receptor together to obtain the 

combined response.  We used multiplication as the mathematical equivalent of the interaction 

because if either independent signaling effect had a value of zero, then the product of the two 

effects would be equal to zero, and hence the combined response would equal zero.  In other 

words, the combined response is conditional upon activation both types of receptors.  The details 

of our calculations are described in the Appendix. 

 

Drugs and chemicals:  The reagents used in this study were obtained from the following sources.  

DMEM, Gibco BRL, Grand Island, NY; G 418 sulfate, Omega Scientific, Tarzana, CA; 

[3H]NMS, Dupont New England Nuclear, Boston, Massachusetts; AF-DX 116, Boehringer 

Ingelheim Pharmaceutical, Ridgefield, CT; oxotremorine-M, Research Biochemicals 

International, Natick, MA; atropine, histamine, PGF2α, Sigma Chemical Company, St. Louis, 

MO; 4-DAMP was synthesized in our laboratory using a method similar to that described by 

Barlow et al. (1976). 
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RESULTS 

 

Contractility measurements in muscarinic receptor knockout mice: In our prior studies on the 

guinea pig ileum, we investigated the effects of acetylcholine-treatment on the contractile 

sensitivity of the ileum to the heterologous agonist, histamine.  However, histamine does not 

contract the mouse ileum, consequently, we used PGF2α as the heterologous agonist in our 

studies in mice.  PGF2α elicited contractions in ilea from wild type, M2 KO and M3 KO mice 

with mean pEC50 values ± SEM of 6.89 ± 0.13, 7.38 ± 0.054 and 7.18 ± 0.11 and Emax values, 

expressed relative to the contraction elicited by KCl (50 mM) of 140 ± 18, 191 ± 26 and 249 ± 

34 %, respectively.  Both the potency and maximal effect of PGF2α were greater in M2 and M3 

receptor KO mice compared with wild type mice (see Table 1).  These differences reached 

statistical significance with regard to the pEC50 in M2 KO mice (P = 0.015) and the Emax in M3 

KO mice (P = 0.030), but not in with regard to the pEC50 in M3 KO mice (P = 0.15) and the Emax 

in M2 KO mice (P = 0.16).  Following exposure of the isolated ileum from wild type mice to 

acetylcholine (30 µM) for 20 min, the potency of PGF2α decreased about seven-fold when the 

EC50 value was estimated five minutes after washout of acetylcholine (see Figure 1A).  

Acetylcholine treatment was without effect on the maximal response. Similar results were 

obtained in the presence of tetrodotoxin (1 µM) (data not shown).  In contrast, treatment with 

acetylcholine (30 µM) for 20 min had no effect on the contractile activity of PGF2α in M2 and M3 

receptor KO mice (see Figure 1a and b, respectively).  These results are summarized in Table 1. 

 We also investigated the ability of acetylcholine-treatment to cause a desensitization of 

contractions elicited to the muscarinic agonist, oxotremorine-M, in wild type and M2 receptor 

KO mice.  Oxotremorine-M elicited a potent contractile response in the isolated ileum of wild 
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type mice with a mean pEC50 value ± SEM of 6.84 ± 0.084.  The estimate of the Emax value 

expressed relative to the contractile response to KCl (50 mM) was 241 ± 30 %, respectively.   In 

M2 receptor KO mice, the potency of oxotremorine-M was significantly less, corresponding to a 

2.6-fold increase in the EC50 value (P = 0.009).  There was no significant difference in the Emax 

value of oxotremorine-M in M2 KO mice relative to wild type (P = 0.34).  Following exposure of 

the isolated ileum from wild type mice to acetylcholine (30 µM) for 20 min, the potency of 

oxotremorine-M decreased about three-fold when the EC50 value was estimated five minutes 

after washout of acetylcholine (see Figure 2a).  Acetylcholine-treatment was without effect on 

the maximal response.  In contrast, treatment with acetylcholine (30 µM) for 20 min had no 

effect on the contractile activity of oxotremorine–M in M2 receptor KO mice (see Figure 2b).  

These results are summarized in Table 2. 

 

Competitive antagonism of heterologous desensitization:  We have previously shown that 

acetylcholine-mediated desensitization of histamine-induced contractions in the guinea pig ileum 

is prevented by pertussis toxin-treatment or by selective inactivation of M3 receptors with the 

irreversible antagonist, 4-DAMP mustard.  Since pertussis toxin-treatment has been shown to 

inactivate M2 muscarinic receptor signaling mechanisms in the ileum, our prior results in the 

guinea pig are consistent with those described above in mice, indicating that heterologous 

desensitization is conditional upon activation of both M2 and M3 muscarinic receptors.  

Consequently, we investigated the nature of the competitive inhibition of this response with M2- 

and M3-selctive muscarinic antagonists.  In these experiments, the ability of various 

concentrations of acetylcholine to cause desensitization of histamine-induced contractions was 

investigated.  The contractile activity of histamine was measured before and after treatment with 
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acetylcholine for 20 min.  It can be seen in Figure 3 that acetylcholine caused a concentration-

dependent shift to the right in the histamine concentration-response curve without affecting the 

maximal response (see Figure 3a-d).  These experiments were repeated with the M3 selective 

muscarinic antagonist, 4-DAMP (10 nM), being present during the treatment phase with 

acetylcholine (see Figure 3e-h).  It can be seen that 4-DAMP partially blocked the desensitizing 

effects of acetylcholine treatment.  To examine the potency of acetylcholine for causing 

desensitization, we plotted the log shift in the EC50 value of the histamine concentration-response 

curve against the log concentration of acetylcholine as shown in Figure 4a.  It can be seen that 

acetylcholine caused a maximal 4.9-fold shift in the histamine concentration-response curve.  

The pEC50 value of acetylcholine for causing this desensitization was 6.32 ± 0.26.  The M3 

selective antagonist, 4-DAMP, shifted the acetylcholine concentration-response curve for 

desensitization to the right 8.4-fold.  The calculated pKB value of 4-DAMP for antagonizing 

desensitization was 8.83 ± 0.25 (see equation 1).  The Hill coefficient of the acetylcholine 

concentration-response curve for desensitization was unaffected by 4-DAMP.  The Hill 

coefficient in controls was 0.68 and that in the presence of 4-DAMP was 0.66. 

 We also carried out similar experiments with AF-DX 116 to investigate the ability of this 

M2 selective muscarinic antagonist to inhibit acetylcholine-mediated desensitization of 

histamine-induced contractions.  The results of these experiments are summarized in Figure 4b.  

In this set of experiments, acetylcholine caused a maximal 5.0-fold shift in the histamine 

concentration-response curve, with the pEC50 value of acetylcholine for this effect being 7.07 ± 

0.17.  These effects are similar to those observed in Figure 4a, though not identical, presumably 

because of experimental variation.  The M2 selective muscarinic antagonist, AF-DX 116 (1 µM), 

caused a 54-fold shift in the acetylcholine concentration-response curve for desensitization 
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without affecting the maximal response.  The calculated pKB value of AF-DX 116 for blocking 

desensitization was 7.73 ± 0.16.  The estimates of the pKB values of AF-DX 116 and 4-DAMP 

determined in these experiments on the competitive antagonism of desensitization are listed in 

Table 3.  The Hill coefficient of the acetylcholine concentration-response curve for 

desensitization was reduced by AF-DX 116 from a control value of 0.99 to a value of 0.49 in the 

presence of AF-DX 116.  Analysis of variance showed that this change was almost significant 

(F1,48 = 3.77; p = 0.058).  We have no explanation for this effect of AF-DX 116 but assume that 

it may be related to experimental error, given the difficulties in measuring accurate EC50 ratios at 

the extremes of the curves.  It is also possible that the decrease in the Hill coefficient caused by 

AF-DX 116 is the result of a disequilibrium between acetylcholine and AF-DX 116 as described 

below under “Discussion.” 

 

Competitive antagonism of contraction:  We investigated the competitive inhibition of 

acetylcholine-mediated contractions of the isolated guinea pig ileum by 4-DAMP and AF–

DX 116.  Acetylcholine elicited a potent contractile response in the ileum characterized by a 

pEC50 value of  7.44 ± 0.046 and a maximal response of 3.0 ± 0.18 g.  The M3 selective 

antagonist, 4–DAMP (10 nM), caused a 20-fold increase in the EC50 value of acetylcholine, 

yielding a calculated pKB value of 9.28 ± 0.046 (see Figure 5a).  The M2 selective antagonist, 

AF-DX 116 (1 µM), caused a 3.5-fold increase in the EC50 value of acetylcholine, which yields a 

calculated pKB value for AF-DX 116 of 6.41 ± 0.057 (see Figure 5b).  Comparison of these 

estimates of antagonist affinity with those made in the desensitization experiments shows that 

AF-DX 116 exhibited 40-fold greater selectivity for antagonizing desensitization as compared 

with contraction.  4-DAMP exhibited the converse selectivity although the difference in potency 
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was not as great.  Table 3 shows a comparison of the pKB values of the antagonists together with 

their binding affinities at recombinant human M2 and M3 muscarinic receptors. 

 

Radioligand binding:  We measured the binding affinity of 4-DAMP for human M2 and M3 

muscarinic receptors expressed in CHO cells using the specific muscarinic antagonist, [3H]NMS.  

Binding assays were run in a modified KRB buffer similar to that used in our functional assays.  

This approach enabled us to compare the dissociation constants of 4-DAMP measured in 

functional assays (KB values) with those measured in binding assays (KD values) under 

essentially identical conditions.  4–DAMP caused a concentration-dependent inhibition of the 

binding of a fixed concentration of [3H]NMS (0.5 nM) in both CHO M2 and CHO M3 cells.  The 

pIC50 values of 4-DAMP in CHO M2 and CHO M3 cells were estimated at 7.60 ± 0.028 and 8.24 

± 0.064, respectively.  These values were corrected for the competitive effect of [3H]NMS to 

yield the calculated Ki values shown in Table 3.  The Hill coefficients of the competition curves 

were estimated at 0.88 ± .091 and 0.90 ± 0.040, in CHO M2 and CHO M3 cells, respectively.  We 

previously estimated the Ki values of AF-DX 116 in competition experiments with [3H]NMS 

using a modified KRB buffer (Esqueda et al., 1996).  These Ki values of AF-DX 116 for CHO 

M2 and CHO M3 cells are also listed in Table 3 together with those for 4-DAMP. 

 

Mathematical modeling:  During heterologous desensitization, prolonged receptor activation 

generates a stimulus that ultimately causes a deficit in contractile function.  This deficit can be 

assessed at some later time after the period of stimulation.  So long as the agonist or both agonist 

and antagonist are at equilibrium during the stimulation phase, then it should be appropriate to 

apply Schild’s null method (Arunlakshana and Schild, 1959) for competitive antagonism to 
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estimate the dissociation constant of the antagonist for blocking desensitization.  Such an 

approach is unaffected by the complex relationship between stimulus and response.  

Consequently, we used a mathematical modeling technique based on receptor theory to generate 

agonist concentration-response curves that should simulate acetylcholine-mediated 

desensitization.  As described in the Appendix, the response was considered to be conditional 

upon activation of both M2 and M3 receptors.  In these simulations, the dissociation constants of 

4-DAMP and AF-DX 116 were assigned values equivalent to those estimated in binding assays 

at recombinant human M2 and M3 receptors (see Table 3).  Acetylcholine was assumed to bind 

with equal affinity to both the M2 and M3 muscarinic receptors; however, the sensitivity or 

potency of the signaling pathways for M2 and M3 receptors were varied relative to each other. 

 The results of some of our simulations are shown in Figure 6.  In Figure 6a, the 

competitive antagonism of the response to acetylcholine by 4-DAMP (10 nM) and AF-DX 116 

(1 µM) is shown when the signaling pathway of the M2 receptor is 30-fold more sensitive than 

that of the M3 receptor (i.e., KE-M3/KE-M2 = 30; see Appendix, equation 2).  Under these 

conditions, 4-DAMP causes a 6.7-fold dextral shift in the acetylcholine concentration-response 

curve, whereas that caused by AF-DX 116 is only 3.2-fold.  These shifts yield calculated pKB 

values of 8.74 and 6.34 for 4-DAMP and AF-DX 116, respectively, very similar to those 

expected for an M3 response (i.e., 8.77 and 6.10, respectively; see Table 3).  In Figure 6c, the 

competitive antagonism is shown when the signaling pathway of the M3 receptor is 30-fold more 

sensitive than that of the M2 receptor (i.e., KE-M3/KE-M2 = 0.033). Under these conditions, 4-

DAMP causes a 2.0-fold dextral shift in the acetylcholine concentration response curve, whereas 

that caused by AF-DX 116 is 19-fold.  These shifts yield calculated pKB values of 8.02 and 7.24 

for 4-DAMP and AF-DX 116, respectively, very similar to those expected for an M2 response 
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(i.e., 7.85 and 7.27, respectively; see Table 2). Figure 6b, shows the competitive antagonism 

when the signaling pathways of the M2 and M3 receptors are the same (i.e., KE-M3/KE-M2 = 1.0). 

Under these conditions, 4-DAMP causes a 4.1-fold dextral shift in the acetylcholine 

concentration response curve, whereas that caused by AF-DX 116 is 9.7-fold.  These shifts yield 

calculated pKB values of 8.49 and 6.94 for 4-DAMP and AF-DX 116, respectively.  These values 

are midway between those expected for M2 and M3 receptors. 

 Figure 7 shows how the antagonist induced-shift in the acetylcholine concentration-

response curve is affected by the relative sensitivities of the signaling pathways of M2 and M3 

receptors.  In Figure 7a, the shift in the agonist concentration response curve caused by 4-DAMP 

(10 nM) is plotted against the sensitivity of the M2 signaling pathway relative to the M3.  It can 

be seen that when the sensitivity of the M2 signaling pathway is much less than that of the M3, 

the shift caused by 4-DAMP is relatively small and is consistent with that expected for an M2 

receptor-mediated response.  However, as the sensitivity of the M2 pathway increases relative to 

that of the M3, the shift caused by 4-DAMP increases and attains a value expected for an M3 

receptor-mediated response when the sensitivity of the M2 pathway is much greater than that of 

the M3.  In contrast, the shifts caused by AF-DX 116 (1µM) show the opposite dependence on 

the relative sensitivities of the M2 and M3 signaling pathways (see Figure 7b).  When the 

sensitivity of the M2 signaling pathway is much less than that of the M3, the shift caused by AF-

DX 116 is relatively large and is consistent with that expected for an M2 receptor-mediated 

response.  However, as the sensitivity of the M2 pathway increases relative to that of the M3, the 

shift caused by AF-DX 116 decreases and reaches a minimum value equivalent to that expected 

for an M3 response when the sensitivity of the M2 pathway is high relative to M3.  The results 

shown in Figures 6 and 7 show that the competitive antagonism of a response conditional upon 
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activation of two receptors has a tendency to resemble that expected for the less sensitive 

receptor-signaling pathway. 

 In the simulations just described, the absolute sensitivity of the M3 signaling pathway was 

kept constant at a high value corresponding to a KE-M3 value of 0.003.  In order to investigate 

how the absolute sensitivity of the M3 signaling pathway might influence the pharmacological 

antagonism, we carried our additional simulations in which the sensitivity of the M3 pathway 

was reduced by one-tenth and one-hundredth (i.e., KE-M3 = 0.03 and 0.3, respectively).  In these 

simulations, the sensitivity of the M2 pathway was set to values 30-fold greater, the same, and 

one-thirtieth that of the M3 pathway.  The results of this analysis showed that the antagonist-

induced shifts in concentration-response curves were essentially identical to those shown in 

Figures 6 and 7.  Thus, the pharmacological antagonism of a response contingent upon activation 

of two receptor subtypes depends on the relative sensitivities of the two receptor signaling 

pathways, but not on their absolute sensitivity. 
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DISCUSSION 

 

We have investigated heterologous desensitization because it may provide indirect 

evidence for the receptors mediating contraction (see Introduction) and because the phenomenon 

is more amendable to experimental manipulation as compared to homologous desensitization.  In 

heterologous desensitization, the receptors that are activated to produce a desensitizing stimulus 

are different from those that are activated to monitor the degree of desensitization.  Therefore, it 

is possible to modify the receptors activated in stimulation phase covalently, competitively or 

genetically without affecting the receptors whose response is desensitized. 

Our studies on M2 and M3 muscarinic receptor knockout mice are consistent with our 

previous work on heterologous desensitization in the guinea pig ileum.  We have shown that 

acetylcholine-mediated desensitization of histamine-induced contractions is inhibited by 

pertussis toxin-treatment (Shehnaz et al., 2001).  We have shown that pertussis toxin-treatment 

inhibits a variety of M2 responses in smooth muscle without inhibiting those of the M3 receptor 

(Ehlert et al., 2001; Ostrom and Ehlert, 1999; Sawyer et al., 2000; Thomas and Ehlert, 1994).  

We have also shown that acetylcholine-mediated heterologous desensitization of histamine-

induced contractions in the guinea pig ileum is prevented by selective inactivation of M3 

muscarinic receptors with 4-DAMP mustard (Shehnaz et al., 2001).  Thus, collectively, our data 

from the guinea pig ileum show that acetylcholine-mediated desensitization of histamine-induced 

contractions is conditional upon activation of both M2 and M3 muscarinic receptors.  Our present 

findings utilizing muscarinic receptor knockout mice are consistent with our prior conclusions 

from work on wild type guinea pigs. 
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 Responses to postjunctional, muscarinic stimulation in the isolated ileum can be 

attributed to two muscarinic subtypes - M2 and M3.  These receptors are the most abundant 

muscarinic subtypes expressed in the ileum, and second messenger responses to muscarinic 

stimulation of the smooth muscle can be attributed to M2 and M3 receptors, but not other 

muscarinic subtypes (Candell et al., 1990; Ehlert et al., 1997b).  Finally, the contractile response 

to muscarinic agonists is completely eliminated in ileum from mice lacking both M2 and M3 

muscarinic receptors (Matsui et al., 2002).  Consequently, we have interpreted our competitive 

antagonism studies within the confines of a two-receptor system.  When considered from this 

perspective, the potency of 4-DAMP for antagonizing desensitization (pKB = 8.83) is in good 

agreement with its binding affinity at M3 receptors (pKD = 8.81), which suggests an M3 

mechanism (see Figure 8a).  Nevertheless, the potency of the M2 selective antagonist, AF-DX 

116, for antagonizing desensitization (pKB = 7.73) is actually three-fold higher than its binding 

affinity at the M2 receptor (pKD = 7.27), for which it exhibits highest affinity among muscarinic 

subtypes (see Figure 8a).  Thus, these data show that both M2 and M3 selective agents 

antagonized desensitization with high affinity.  This behavior conflicts with the model for a 

response conditional upon activation of both M2 and M3 receptors.  The model predicts high 

affinity for either M2 or M3 selective antagonists, but not both.  Thus, our data may indicate that 

either the model is inaccurate or else that the conditions upon which the model is based were not 

met under the conditions of our assays. 

 This latter interpretation seems reasonable considering the potential for a lack of 

equilibrium due to the inherent constraints of the desensitization assay.  In our experiments, the 

smooth muscle was first incubated with antagonist for 30 min to allow the antagonist to reach 

equilibrium with receptors, and then acetylcholine was added for 20 min to elicit desensitization.  
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The problem is, once acetylcholine is added, it takes the system a while to reach a new 

equilibrium in the presence of both acetylcholine and 4-DAMP.  If stimulation of M2 and M3 

muscarinic receptors by acetylcholine during the entire 20 min incubation is important for 

desensitization, then acetylcholine would need to compete the antagonist off muscarinic 

receptors quickly if equilibrium is to be achieved during most of the 20 min stimulation phase.  

Since highly potent muscarinic antagonists, like 4-DAMP, dissociate slowly from the muscarinic 

receptor, it seems unlikely that equilibrium was achieved quickly.  Thus, one might expect the 

pKB values to be over-estimated in the desensitization assay and that the degree of over-

estimation should be proportional to antagonist potency.  This latter relationship is expected 

because slower dissociation is correlated with higher potency.  Since the errors in the estimates 

of the pKB values of both antagonists are likely to be in the same direction (i.e., too high), one 

might expect that the error in the estimate of their ratio would be less.  Consequently, we 

compared the ratio of binding affinities of the antagonists at M2 and M3 muscarinic receptors 

with their corresponding ratio of KB values for antagonizing desensitization.  We estimate a 3.8-

fold higher binding affinity of 4-DAMP relative to AF-DX 116 at recombinant M2 muscarinic 

receptors whereas a 470-fold ratio was estimated at M3 receptors (see Figure 8b).  With regard to 

desensitization, we found that 4-DAMP exhibited 12.6-fold greater potency at blocking 

desensitization relative to AF-DX 116.  Thus, this potency ratio is in much closer agreement with 

an M2 profile than an M3, particularly when one considers that there is a greater propensity to 

over-estimate the antagonistic potency of the higher affinity 4-DAMP as compared to that of the 

lower affinity AF-DX 116.  This relationship also suggests that the data are consistent with a 

model based on the assumption that heterologous desensitization is conditional upon activation 
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of both M2 and M3 receptors and that the sensitivity of the M2 pathway is less than that of the 

M3.   

 Since the incubation conditions of the contractile assay were the same as those of the 

desensitization assay, it might be argued that the pKB values of 4-DAMP (9.28) and AF-DX 116 

(6.41) for antagonizing contraction are also over-estimated.  However, this situation is unlikely 

because of the high potency of acetylcholine for eliciting contraction (EC50 value = 36 nM).  It 

only requires less than one percent receptor occupancy of M3 receptors for acetylcholine to elicit 

a half-maximal contraction in the guinea pig ileum.  Thus, at the concentration used, 4-DAMP 

should occupy about the same number of receptors at equilibrium in the absence of acetylcholine 

as it does in the presence of the low concentrations of acetylcholine used in the contractile assay.  

In contrast, the potency of acetylcholine for eliciting desensitization was much less, particularly 

in those experiments where we examined the antagonistic effects of 4-DAMP (control EC50 

value = 0.48 µM).  This situation implies a greater level of receptor occupancy by acetylcholine, 

and hence, a greater potential for disequilibrium for the reasons described above. 

 The competitive antagonism of desensitization suggests a role for the M2 receptor, and 

that the sensitivity of the M2 component of desensitization is less than that of the M3 receptor.  

Since several studies on heterologous desensitization suggest that a deficit in contractile function 

downstream from the receptor arises because of depletion in the requirements for contraction 

(Hishinuma and Uchida, 1988), it seems likely that the receptors that mediate contraction might 

also mediate desensitization.  In this regard, we have previously shown that M2 receptors mediate 

a conditional potentiation of the contractile response to M3 receptor activation (Sawyer and 

Ehlert, 1999).  We have also shown that the potency of muscarinic agonists for eliciting this 

conditional potentiation via the M2 receptor is less than that of the direct M3 receptor mediated 
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contractile response.  Thus, it is not surprising that both M2 and M3 receptors mediate 

heterologous desensitization and that the M2 receptor mediates its desensitizing action through a 

less potent mechanism than that of the M3 receptor. 

Although we have not addressed the mechanism for desensitization, prior studies on 

smooth muscle have described mechanisms that could be involved in the interaction between M2 

and M3 receptors in eliciting heterologous desensitization.  It is well known that Ca2+-activated 

K+ channels are abundantly expressed in smooth muscle and are activated indirectly upon 

muscarinic stimulation due to the rise in intracellular Ca2+ (Carl et al., 1995; Cole et al., 1989; 

Kume et al., 1992; Wade and Sims, 1993).  These channels represent an inhibitory feedback 

mechanism that limits contraction and Ca2+ influx, and this inhibitory action may be responsible 

for preventing heterologous desensitization caused activation of M3 receptors only.  Activation 

of M2 receptors causes an inhibition of Ca2+-activated K+ channels (Kotlikoff et al., 1992), and 

thus, enhances the response to M3 receptor activation.  This synergistic interaction between M2 

and M3 receptors may cause excessive cellular activation and Ca2+ mobilization that ultimately 

results in heterologous desensitization.  
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APPENDIX 

 

The equations for simulating the data shown in Figures 6 and 7 were derived using an 

approach similar to that described previously (Ehlert et al., 1999).  It is assumed that the 

desensitizing response (RDes) is equivalent to the product of the responses to M2 and M3 

muscarinic receptor stimulation: 

 RDes = R2 × R3  [1] 

In this equation, R2 and R3 denote the responses to stimulation of M2 and M3 receptors, 

respectively.  The response (R) to stimulation of the individual receptors was expressed as a 

logistic function of the stimulus (S) as previously shown by Furchgott (1966), Kenakin and Beek 

(1982) and Black Leff (1983): 

 R =
Sn

Sn + KE
n  [2] 

In this equation KE denotes a constant representing the sensitivity of the signaling pathway, and n 

denotes an exponent influencing the slope of the concentration-response curve.  In the text and 

Figure legends, we use subscripts to the KE value to discriminate between the sensitivities of the 

M2 (KE-M2) and M3 (KE-M3) muscarinic receptor signaling pathways.  The value of KE-M3 was set 

equal to 0.003 for the simulations shown in Figures 6 and 7.  The value of KEM2 is described in 

the text and figure legends.  To simplify matters, n was assigned a value of 1 in all of our 

simulations.  The stimulus (S) was calculated as the product of receptor occupancy and intrinsic 

efficacy as described by Furchgott and Bursztyn (Furchgott and Bursztyn, 1967): 

 S = ε • Occupancy [3] 
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For the simulations, the value of ε for acetylcholine was assigned a value of 1 for both M2 and 

M3 receptors.  Receptor occupancy by acetylcholine (A) in the presence of antagonist (I) was 

described by: 

 Occupancy =
A

A + KD 1+ I

KI

 
  

 
  

 [4] 

in which, KD denotes the dissociation constant of acetylcholine and KI denotes the dissociation 

constant of the antagonist.  The KD value of acetylcholine was set to 10 µM for both M2 and M3 

receptors.  The KI values of AF-DX 116 for M2 and M3 muscarinic receptors were set to 0.054 

and 0.79 µM, respectively, whereas the corresponding values for 4-DAMP were 14.2 nM and 

1.69 nM, respectively.  These values were estimated in ligand binding assays on Chinese hamster 

ovary cells transfected with human M2 and M3 muscarinic receptors (see Table 3).  The 

simulated data shown in Figures 6 and 7 where calculated using equation 1 with the variables 

defined as in equations 2 - 4 described above.  The maximum of the concentration-response 

curve was normalized to the maximal response of the curve in the absence of the antagonist. 
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Table 1: Effects of acetylcholine-treatment on the contractile response to PGF2α in the isolated 

mouse ileum. a 

 
 Emax 

 
(% KCl) 

 

EC50 
b 

 
(µM) 

 

Shift c 

Wild Type (n = 4) 
 
   Control 

 
 

140 ± 12.2 

 
 

0.13 
(6.89 ± 0.13) 

 

 
   Desensitized 

 
132 ± 12.0 

 
0.91 d 

(6.04 ± 0.11) 

 
7.1  

(0.85 ± 0.14) 
 
M2 KO (n = 4) 
 
   Control 

 
 
 

191 ± 25.7 

 
 
 

0.042 
(7.38 ± 0.054) 

 

 
   Desensitized 

 
189 ± 3.0 

 
0.039 

(7.40 ± 0.051) 

 
0.94 e 

(-0.028 ± 0.076) 
 
M3 KO (n = 4) 
 
   Control 

 
 
 

249 ± 34 

 
 
 

0.067 
(7.18 ± 0.11) 

 

 
   Desensitized 

 
249 ± 3.6 

 
0.088 

(7.06 ± 0.058) 
 

 
1.32 f 

(0.12 ± 0.053) 
 

 
a The data were calculated from the experiments shown in Figure 1.  Mean values ± SEM from 

four wild type, four M2 KO and four M3 KO mice are shown. 

b The values in parentheses beneath each EC50 estimate represent the mean -Log EC50 value ± 

SEM. 
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Table 1 continued 

 

c Denotes the EC50 value of PGF2α measured after acetylcholine-treatment divided by that 

measured before.  The values in parentheses beneath each estimate represent the mean Log 

EC50 shift values ± SEM. 

d Significantly different from control, P = 0.0091 

e Significantly different from the shift observed in wild type mice, P = 0.0015. 

f Significantly different from the shift observed in wild type mice, P = 0.0028. 
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Table 2: Effects of acetylcholine-treatment on the contractile response to oxotremorine-M in 

the isolated mouse ileum. a 

 
 Emax 

 
(% KCl) 

 

EC50 
b 

 
(µM) 

 

Shift c 

Wild Type (n = 5) 
 
   Control 

 
 

241 ± 30.5 

 
 

0.15 
(6.84 ± 0.084) 

 

 
   Desensitized 

 
235 ± 11.8 

 
0.42 d 

(6.37 ± 0.089) 

 
2.9 

(0.46 ± 0.069) 
 
M2 KO (n = 4) 
 
   Control 

 
 
 

237 ± 14.2 

 
 
 

0.39 
(6.41 ± 0.083) 

 

 
   Desensitized 
 
 

 
231 ± 16.2 

 
0.38 

(6.42 ± 0.12) 

 
0.94 e 

(-0.0063 ± 0.052) 

 
a The data were calculated from the experiments shown in Figure 2.  Mean values ± SEM from 

five wild type, and four M2 KO are shown. 

b The values in parentheses beneath each EC50 estimate represent the mean -Log EC50 value ± 

SEM. 

c Denotes the EC50 value of oxotremorine-M measured after acetylcholine-treatment divided 

by that measured before.  The values in parentheses beneath each estimate represent the 

mean Log EC50 shift values ± SEM. 

d Significantly different from control, P = 0.0026 

e Significantly different from the shift observed in wild type mice, P = 0.00098 
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Table 3: Comparison of the dissociation constants of AF-DX 116 and 4-DAMP estimated by 

competitive antagonism of contraction and desensitization and by inhibition of 

[3H]NMS binding to CHO M2 and CHO M3 cells. 

 
 
Antagonist 
 

 
Desensitization 

 
(pKB) 

 

 
Contraction 

 
(pKB) 

 
CHO M2 

 
(pKD) 

 
CHO M3 

 
(pKD) 

     
AF-DX 116 7.73 ± 0.16 6.41 ± 0.057 7.27 ± 0.05 a 6.10 ± 0.06 a 
     
4-DAMP 8.83 ± 0.25 9.28 ± 0.046 7.87 ± 0.031 8.81 ± 0.052 
     
 
a The pKD values for AF-DX 116 are from Esqueda et al. (1996). 
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Legend to Figures 

 

Figure 1:  Effects of acetylcholine-treatment on the contractile response to PGF2α in the isolated 

ileum from wild type (a), M2 KO (b) and M3 KO (c) mice.  The contractile responses to 

PGF2α before (E) and after (J) treatment with acetylcholine are shown.  The data 

represent mean values ± SEM from four experiments on each strain of mouse. 

Figure 2:  Effects of acetylcholine-treatment on the contractile response to oxotremorine-M in 

the isolated ileum from wild type (a) and M2 KO (b) mice.  The contractile responses to 

oxotremorine-M before (E) and after (J) treatment with acetylcholine are shown.  The 

data represent mean values ± SEM from five wild type and four M2 KO mice. 

Figure 3:  Effects of 4-DAMP on acetylcholine-mediated desensitization of the contractile 

response to histamine in the guinea pig ileum. The contractile responses to histamine 

before (E) and after (J) treatment with acetylcholine are shown.  Isolated ilea were 

treated with acetylcholine at concentrations of 0.03 µM (a, e), 0.3 µM (b, f), 3.0 µM (c, 

g) and 30 µM (d, h).  Acetylcholine-treatment was carried out in the absence (a, b, c and 

d) and presence (e, f, g and h) of 4-DAMP (10 nM). The data represent mean values ± 

SEM from six experiments. 

Figure 4:  Competitive antagonism of acetylcholine-mediated desensitization of the contractile 

response to histamine by 4-DAMP (a) and AF-DX 116 (b) in the guinea pig ileum.  The 

Log shift in the EC50 value of histamine for eliciting contraction is plotted against the 

concentration of acetylcholine.  The shift in the EC50 value is defined as the ratio of the 

EC50 value of histamine measured after acetylcholine-treatment divided by that measured 

before acetylcholine-treatment.  Acetylcholine-treatment was carried out in the absence 
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(E) and presence of 4-DAMP (J) and AF-DX 116 (H).  The data represent mean values ± 

SEM from six experiments with 4-DAMP and five experiments with AF-DX 116.  

Figure 5:  Competitive antagonism of the contractile response to acetylcholine by 4-DAMP (a) 

and AF-DX 116 (b) in the guinea pig ileum. The contractile responses to acetylcholine in 

the absence (E) and presence of 4-DAMP (J) and AF-DX 116 (H) are shown. The data 

represent mean values ± SEM from six experiments with 4-DAMP and five experiments 

with AF-DX 116. 

Figure 6:  Simulation of the competitive antagonism of a response that is conditional upon 

activation of two different receptors.  The theoretical concentration-response curves were 

calculated as described under “Appendix” for control conditions (E) and in the presence 

of 4-DAMP (10 nM) (J) and AF-DX 116 (1.0 µM) (H).  a: The M2 signaling pathway is 

30-fold more sensitive than that of the M3 receptor (KE-M3/KE-M2 = 30).  b: The signaling 

pathways of the M2 and M3 receptors are the same (KE-M3/KE-M2 = 1.0).  c: The M2 

signaling pathway is only one thirtieth as sensitive as that of the M3 receptors (KE-M3/KE-

M2 = 0.033). 

Figure 7:  Simulation of the competitive antagonism of a response that is conditional upon 

activation of two different receptors.  The theoretical data were calculated as described 

under “Appendix.”.  The shift in the agonist concentration response curve caused by the 

M3 selective antagonist, 4-DAMP (a) and the M2 selective antagonist, AF-DX 116 (b) are 

shown as a function of the sensitivity of the M2 signaling mechanism expressed relative 

to that of the M3 receptor.  The shift value denotes the EC50 of the agonist measured in 

the presence of the antagonist divided by that measured in its absence.  The dotted lines 

in a and b denote the shifts expected for a response mediated by only one of the two 
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receptor subtypes.  The M2 sensitivity is expressed relative to that of the M3 receptor and 

is defined as KE-M3/KE-M2. 

Figure 8:  Comparison of the dissociation constants of AF-DX 116 and 4-DAMP determined in 

binding assays and in functional assays on desensitization and contraction in the guinea 

pig ileum.  a: The estimates of the negative logarithm of the dissociation constants are 

taken from Table 3.  b: The dissociation constants of AF-DX 116 in the various assays is 

expressed relative to those of 4-DAMP. 
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Figure 1 
 
 
 
 

 
Figure 2 
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Figure 3 
 
 

 
Figure 4 
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Figure 5 
 
 

 
Figure 6 
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