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ABSTRACT. The involvement of the M, muscarinic receptor in contractile responses of the guinea pig 

trachea, guinea pig esophagus, and rat fundus was investigated. In the standard assay, oxotremorine-M elicited 

contractions of the trachea with an EC,, value of approximately 73 nM. [[2-[(Diethylamino)methyl]-l-piperid- 

inyl]acetyl]-5,l l-dihydro-6H-pyrido[2,3-b1[1,4]b enzodiazepine-6-one (AF-DX 116) at 1 and 10 FM antagonized 

these contractions by 2.1s and 9.0-fold increases in the EC,, value for oxotremorine-M. These effects are 

consistent with antagonism of an M,-mediated contractile response. In subsequent experiments, the M, recep- 

tors were first inactivated selectively by incubation with N-(2-chloroethyl)-4-piperidinyl diphenylacetate (4- 

DAMP mustard) (40 nM) for 1 hr in the presence of AF-DX 116 (1 PM) followed by extensive washing. In 

4-DAMP mustard treated trachea, oxotremorine-M elicited contractions with an EC,, value of 0.31 PM in the 

presence of histamine (10 PM) and forskolin (4 PM). Under these conditions, AF-DX 116 at 1 and 10 PM 

antagonized contractions to oxotremorine-M by S- and 59afold increases in the EC,,, respectively, while para- 

fluorohexahydrosiladiphenidol (p-F-HHSiD) (0.1 FM) h a no effect. These effects are consistent with a con- d 

traction being mediated by an M, receptor. In the guinea pig esophagus and rat fundus, AF-DX 116 and 

p-F-HHSiD blocked contractions measured under similar conditions with magnitudes intermediate between 

what would be expected from an M, and an M, receptor, suggesting that perhaps both subtypes contribute to 

the overall contractile response under these conditions. In addition, contractions of the guinea pig trachea 

measured in the presence of histamine and forskolin were pertussis toxin sensitive. These results indicate that, 

in the trachea, M, receptors can dominate the contractile response after a majority of the M, receptors have 

been inactivated, whereas in the guinea pig esophagus and rat fundus, M, receptors may contribute to, but do 
not play a dominant role in the overall response. BICCHEM PHARMACOL 51;6:779-788, 1996. 
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contractions 

In smooth muscle containing tissues, activation of muscarinic 
receptors causes a stimulation of phospholipase C as well as 
inhibition of adenylate cyclase. The former response is medi- 
ated by the M, muscarinic receptor, which makes up approx- 
imately 20% of the total population of muscarinic receptors 
[l-3], whereas the latter response is mediated by the more 
abundant M, receptor, which accounts for roughly 80% of the 
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muscarinic receptors [Z-4]. Previous studies from our labora- 
tory [5-71 as well as those of Reddy et al. [8] have demonstrated 
that contraction of the guinea pig ileum can be mediated by 
either the Mz or the M, receptor, depending on the conditions 
of the assay. The M, receptor mediates contraction under 
standard assay conditions as discussed previously by a number 
of groups [l, 2, 9, lo]. Alternatively, when M3 receptors are 
inactivated by treatment with 4-DAMP mustard,9 the M, re- 
ceptor can elicit an indirect contraction of ileal smooth muscle 
by inhibiting the relaxant effect of isoproterenol or forskolin 
on histamine-induced contractions [5-7, 81. Presumably, the 
mechanism for this indirect contraction involves an Mz-me- 
diated inhibition of the cyclic AMP accumulation elicited by 
isoproterenol or forskolin. Like the ileum, numerous other 
smooth muscles contain a majority of M, receptors [II-191; 
thus, the question remains whether M, receptors can also in- 
fluence contraction in these other tissues. 

An important tissue that has been the focus of research for 
many years is tracheal smooth muscle. In trachea from various 
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species, it has long been noted that isoproterenol is less potent 
in relaxing tissues contracted with muscarinic agonists than 
other agonists such as histamine or leukotrienes [20-221. This 
phenomenon could be explained by a muscarinic-induced in- 
hibition of B-adrenergic receptor stimulation of adenylate cy- 
clase resulting in a decreased relaxation [20, 231, although 
other mechanisms have been proposed (see Roffel et al. [24]). 
In more recent studies, it has been demonstrated that the M, 
selective antagonists AF-DX 116 and methoctramine, as well 
as pertussis toxin, can enhance isoproterenol-induced relax- 
ation of canine and guinea pig trachea that have been con- 
tracted with muscarinic agonists [25, 261, indicating that M, 
receptor activation can prevent the relaxing effects of isopro- 
terenol. It should be noted, however, that similar studies have 
not demonstrated a functional antagonism between the M, 
receptor and the B-adrenergic receptor in bovine trachea [24]. 

Studies investigating the functional role of muscarinic re- 
ceptors in mediating whole tissue responses are beset by the 
lack of highly selective agonists and antagonists for receptor 
subtypes. To overcome this problem, we developed a protocol 
in guinea pig ileum where the M, receptors are irreversibly 
alkylated so that the remaining M, receptors can be activated 
preferentially with a non-selective muscarinic agonist [5]. 
Also, we have characterized the muscarinic response in these 
tissues using the standard pharmacological null method for 
competitive antagonism so that it was possible to estimate the 
dissociation constants of antagonists (i.e. K, values) from their 
ability to interfere with the response [5, 71. From these quan- 
titative estimates of affinity, it was possible to assign a receptor 
subtype to the response with greater certainty. In the present 
report, we describe the results of a study in which the approach 
described above was used to investigate whether M, receptors 
elicit indirect contractions in the guinea pig trachea and 
esophagus by inhibiting the relaxant effect of forskolin on 
histamine-induced contractions. We also investigated whether 
M, receptors could inhibit the relaxant effect of isoproterenol 
on serotonin-induced contractions of the rat fundus. This 
group of tissues was selected in order to get some idea of how 
widespread the Mz modulation of contraction might be. Our 
results indicate that, in the trachea, M, receptors can domi- 
nate the contractile response when cyclic AMP levels are 
elevated with forskolin and a majority of the M, receptors 
have been inactivated, whereas in the guinea pig esophagus 
and rat fundus, M, receptors may contribute to, but do not 
play a strong role in the overall response. Recently, Watson et 
al. [27] have used similar techniques to inactivate M, receptors 
in the guinea pig trachea and have shown a lack of involve- 
ment of the M, receptor in preventing the relaxant effect of 
isoproterenol on histamine-induced contractions. As discussed 
below, these results may suggest that the M, receptor is less 
effective at preventing the relaxant effects of isoproterenol, as 
comnared with forskolin, on histamine-induced contractions 

ach, or esophagus was rapidly removed and placed in warm 
KRB buffer (124 mM NaCl, 5 mM KCl, 1.3 mM MgCl,, 26 
mM NaHCO,, 1.2 mM KH,PO,, 2.5 mM CaCl,, 10 mM 
glucose) gassed with O,/COZ (19:l). Tracheal tubes were cut 
free of adhering connective tissue, and the epithelium was 
removed by rubbing the inner surface with a cotton swab. The 
tubes were cut longitudinally on the ventral side to form a 
rectangular shape and then cut in a zigzag manner as described 
by Emmerson and Mackay [28]. The zigzag strips were sus- 
pended under a resting tension of 1.0 g. The longitudinal 
fundic strip was prepared from the stomach essentially as de- 
scribed by Coleman [29]. Strips (10 x 3 mm) were cut from the 
fundus along the longitudinal muscle and were suspended un- 
der 1 .O g of resting tension. The isolated esophagus muscularis 
mucosae was prepared as described by Kamikawa et al. [30]. 
The outer striated muscle coat was cut longitudinally and 
gently peeled away leaving an inner smooth muscle tube. The 
tube (approximately 15 mm), which included the muscular 
mucosae, was suspended under 0.5 g of resting tension. All 
tissues were mounted in a 50-mL organ bath containing KRB 
buffer at 37” gassed with O,/COZ (19:l). Isometric contrac- 
tions were measured with a force displacement transducer and 
recorded on a polygraph. After a 30- to 60-min equilibrium 
period, three test doses of the muscarinic agonist, oxotremo- 
rine-M, were added to the bath to ensure reproducibility of the 
preparation. The tracheal strips equilibrated 3-4 hr before 
contractile responses were measured to avoid any time-depen- 
dent increases in contraction [3 11. Concentration-dependent 
responses to oxotremorine-M were measured by adding in- 
creasing concentrations (0.3 log units) of oxotremorine-M in 
a cumulative manner and measuring the responses relative to 
resting tension. Indomethacin (1 /tM) was included in all the 
experiments in which contractions of the isolated trachea were 
measured. Indomethacin is often included in in vitro tracheal 
tissue bath experiments for a variety of reasons including re- 
moval of the influence of endogenous prostaglandins [32, 331, 
dissipation of spontaneous tracheal tone [34], and mainte- 
nance of tracheal tone [35], although the explanation for 
many of these reasons is unclear. When present, AF-DX 116 
and p-F-HHSiD were added 30 min prior to measuring con- 
tractions. In some experiments, tissues were incubated with 
the aziridinium ion of 4-DAMP mustard (40 nM) for 1 hr in 
the presence of AF-DX 116 (1 yM) and then for an additional 
10 min in the presence of Na,S03 (0.5 mM). Tissues were 
washed extensively to remove AF-DX 116 and inactivated 
4-DAMP mustard. 4-DAMP mustard (10 PM) was preacti- 
vated to form the reactive aziridinium ion by incubation in 10 
mM phosphate buffer (pH 7.4) for 30 min at 37” and used 
immediately. 

Pertussis Toxin Treatment 
1 

in the guinea pig trachea. 

MATERIALS AND METHODS 
Contractile Responses 

Male Hartley guinea pigs (300-350 g) or Sprague-Dawley rats 
(175-225 g) were asphyxiated with COZ. The trachea, stom- 

Tracheal strips, with epithelium removed, were incubated in 
an enclosed organ chamber with a continuous flow of OJCO, 
(19:l) in Eagle’s Minimum Essential Medium supplemented 
with streptomycin (100 pg/ml), penicillin (10,000 U/mL) and 
calf serum (5”/0), in the presence of HEPES (25 mM). Pertussis 
toxin was activated with 25 mM dithiothreitol for 30 min at 
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37”. Pertussis toxin (IO pg/mL) or an equal volume (0.5 mL) 
of saline (0.9%) was then added, and the strips were incubated 
for 18 hr at 35”. 

C&a&ions 

The EC50 values of oxotremorine-M for contraction were esti- 
mated by nonlinear regression analysis of the data according to 
a logistic equation, as described previously [2]. The KB values 
for the selective antagonists were calculated using the follow- 
ing relationship: 

K,= 
WI 

concentration ratio - 1 
(1) 

where KB denotes the dissociation constant of the antagonist 
for the receptor eliciting the response, [B] denotes the con- 
centration of antagonist in the organ bath, and concentration 
ratio represents the EC50 value measured in the presence of 
antagonist divided by that measured in the absence of antag- 
onist. To determine whether the estimate of the K, value of an 
antagonist was different when measured at different concen- 
trations of the antagonist, Student’s t-test was used. The per- 
cent of receptors irreversibly bound by 4-DAMP mustard (% 
occupancy) was determined using the relationship described 
by Paton [36]: 

concentration ratio - 1 
Occupancy = 

concentration ratio 
x 100 (2) 

compounds 

4-DAMP mustard was synthesized in our laboratory as de- 
scribed previously [37]. Compound p-F-HHSiD was provided 
by Dr. Gunter Lambrecht, University of Frankfurt, F.R.G., and 

A 
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Dr. Reinhold Tacke, University of Karlsruhe, F.R.G.; AF-DX 
116 was provided by Boehringer Ingelheim Pharmaceuticals, 
Inc., Ridgefield, CT. 

RESULTS 
Contractions Measured Under Standard Conditions 

Previous studies have shown that the M, receptor mediates 
contractions of isolated smooth muscle tissues under standard 
conditions (“basal conditions, ” i.e. when no other heterolo- 
gous agonists are present) [I, 2,9, 10, 15,38,39]. To establish 
the lack of involvement of the M, receptor in contraction of 
the guinea pig trachea, esophagus, and rat fundus under stan- 
dard conditions, we measured the potency with which the 
M,-selective antagonist AF-DX 116 blocked contractions elic- 
ited by the highly efficacious muscarinic agonist oxotremo- 
rine-M. Oxotremorine-M caused concentration-dependent 
contractions of the guinea pig trachea with half-maximal con- 
traction occurring at a concentration (ECSO) of 73 f 15 nM. In 
this tissue, AF-DX 116 at concentrations of 1 and 10 PM 
shifted the concentration-effect curve to the right by 2.1- and 
9.0-fold, respectively (Fig. 1). In guinea pig esophagus, AF-DX 
116 at 1 and 10 PM antagonized oxotremorine-M-induced 
contractions by 3.2s and 13.5-fold increases in EC50, respec- 
tively, and 1 FM AF-DX 116 caused a 2.1-fold increase in the 
EC5o for oxotremorine-M in the fundus. The K, values for 
AF-DX 116 in each of these tissues were calculated using 
equation 1, defined in Materials and Methods, and are sum- 
marized in Table 1. These values correspond well with the 
reported affinity of AF-DX 116 for the M, receptor (KB = 1 
PM) [2,40,41], with the exception of the KB value of 0.45 PM 
for the esophagus, which is approximately Z-fold lower. The 
two values for the esophagus (0.45 and 0.80 FM), however, 
were not significantly different from each other (P > 0.05), 
and previous studies have shown that the M, receptor medi- 

B 
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FIG. 1. Effects of AF-DX 116 on the contractile response to oxotremorine-M in the guinea pig trachea under 
standard conditions. (A) Contractile responses were measured in the absence (0 ) and presence (0) of 1 pM 
AF-DX 116. Contractile responses were measured in the absence (0) and presence (A) of 10 pM AF-DX 
116. Data points represent the means + SEM of five experiments. 
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TABLE 1. Estimates of the dissociation constants (K,) of AF-DX 116 for blocking oxo- 
tremorine-M-induced contractions measured under standard, basal conditions 

AF.DX 116 
Trachea Fundus Esophagus 

concentration Concentration K, Concentration KB Concentration K, 

(PM) ratio (PM) ratio (PM) ratio (PM) 

1 2.1 0.90 2.1 0.90 3.2 0.45 
10 9.0 1.25 ND* 13.5 0.80 

* ND = not determmed. 

ates contraction of the esophagus under standard conditions 
[15, 30, 421. The M, receptor, therefore, appeared to be me- 
diating the contraction in all three tissues. 

We have previously used the irreversible, M,/M, selective 
antagonist 4-DAMP mustard to inactivate M, receptors selec- 
tively in the guinea pig ileum [5,37]. To test the effectiveness 
of 4-DAMP mustard at inactivating M, receptors in the guinea 
pig trachea, contractile responses were measured under stand- 
ing conditions before and after 4-DAMP mustard treatment. 
Tracheal strips were incubated with 4-DAMP mustard (40 
nM) for 1 hr at 37” in the presence of AF-DX 116 (1 PM) and 
then for an additional 10 min in the presence of Na,SO, (0.5 
mM). Tissues were washed extensively to remove AF-DX 116 
and inactivate 4-DAMP mustard. Incubation in the presence 
of AF-DX 116 has been shown previously to protect the M, 
receptors from alkylation by 4-DAMP mustard, thereby en- 
abling a more selective alkylation of M, receptors by 4-DAMP 
mustard [37]. This technique, therefore, was used throughout 
the remainder of the experiments to inactivate the M, recep- 
tors selectively and is referred to as “4-DAMP mustard treat- 
ment.” This treatment shifted the oxotremorine-M concen- 
tration-effect curve to the right SO-fold (see Fig. 2; ECSO con- 
trol, 0.096 PM; EcSO after 4-DAMP mustard treatment, 4.8 
FM). The magnitude of this shift corresponded to a 98% in- 
activation of the M, receptors (see equation 2 in Materials and 
Methods). These results suggest that 4-DAMP mustard treat- 
ment inactivated a large percentage of the M, receptors, and 
that contractile responses can still be mediated by the residual 
2% of the receptors at greatly reduced potency. Although we 
did not characterize the nature of the response that persisted 
after 4-DAMP mustard treatment under standard conditions, 
it is likely that the M, receptor mediates the response for the 
following reasons. First, the F+, value for the response is still 

less than the dissociation constant of oxotremorine-M for M, 
muscarinic receptors (5-10 PM; see Ringdahl [43]; Thomas et 
al. [5]). Second, in the guinea pig ileum, we have shown that 
the residual response to oxotremorine-M after 4-DAMP mus- 
tard treatment under standard conditions has a pharmacolog- 
ical profile consistent with an M, response [5]. Finally, in order 
to detect an M, response, it is necessary to carry out the 
contractile assay under special conditions (i.e. elevated levels 
of cyclic AMP; see Thomas et al. [5]; Ehlert and Thomas [7]). 

Contractions Measured under 
Conditions of Elevated Cyclic AMP 

To test the hypothesis that M, receptors can influence con- 
traction in the guinea pig trachea by preventing the relaxing 

effects of adenylate cyclase stimulating agents, we first inacti- 
vated the M, receptors by 4-DAMP mustard treatment (see 
above). Next, we contracted the tracheal strips with histamine 
(10 PM), relaxed the tissues back to resting tension with the 
direct adenylate cyclase stimulating relaxant forskolin (4 PM), 
and then measured contractile responses to oxotremorine-M 
while these agents remained in the organ bath. In the remain- 
der of the text, contractions measured under these conditions 
are referred to as “contractions measured after 4-DAMP mus- 
tard treatment and under conditions of elevated cyclic AMP.” 
The contractile response to oxotremorine-M under these con- 
ditions cannot be attributed to a time-dependent decrease in 
the effectiveness of forskolin because we showed in prelimi- 
nary studies that the relaxant effect of forskolin was constant 
for up to 30 min (data not shown). After 4-DAMP mustard 
treatment and under conditions of elevated cyclic AMP, oxo- 
tremorine-M elicited contractions of the guinea pig trachea 
with an average ECSO value of 0.3 1 PM. AF-DX 116 at con- 
centrations of 1 and 10 PM shifted the concentration-effect 
curve to the right 8- and 59-fold, respectively (Fig. 3A and B). 

Log [Oxotremorine-M] 
FIG. 2. Effect of 4.DAMP mustard treatment on the contractile 
response to oxotremorine.M in the guinea pig trachea under 
standard conditions. Contractile responses were measured in 
control (0) and 4-DAMP mustard treated (0) tissue. Tracheal 
strips were incubated with 4-DAMP mustard as described in 
Materials and Methods. Each point represents the mean + SEM 
of four experiments. 
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FIG. 3. Effects of APDX 116 (A and B) and p-PHHSiD (C) on the contractile response to oxotremorine-M in the guinea pig 
trachea measured after 4*DAMP mustard treatment under conditions of elevated cyclic AMP. (A) Control (0) and 1 PM AF-DX 
116 (0). (B) Control (0) and 10 PM AF-DX 116 (0). (C) Control (0) and 0.1 PM p*F#HHSiD (A). In all experiments, tissues were 
treated with 4eDAMP mustard as described in Materials and Methods. Also, tissues were contracted with histamine (10 (LM) and 
relaxed back to resting tension with forskolin (4 PM) before oxotremorine.MGnduced contractions were measured. The histamine* 
induced contraction was approximately 70-80% of the maximal contraction elicited by oxotremorine-M. The data points represent 
the means f SEM of five experiments. 

The M, selective antagonist p-F-HHSiD (0.1 PM) had no 
effect on contraction measured under these conditions (Fig. 
3C). The Ka values for AF-DX 116 are shown in Table 2 and 
correlate well with the dissociation constant of AF-DX 116 for 
the M, receptor determined by ligand binding (i.e. Ko = 0.1 

/.tM) [2, 40, 411. I' resumably, oxotremorine-M is acting at Mz 
receptors to inhibit adenylate cyclase, which prevents the re- 
laxing effects of forskolin and allows histamine to contract the 
trachea. This mechanism can be referred to as an “Mz-medi- 
ated disinhibition of histamine-induced contractions.” The ef- 
fects of AF-DX 116 and p-F-HHSiD on the contractile re- 
sponses to oxotremorine-M were also measured in the guinea 
pig esophagus and rat fundus under conditions similar to those 
used in the trachea except that, in the fundus, serotonin and 
isoproterenol were used in place of histamine and forskolin, 
respectively. The calculated Ka values for AF-DX 116 and 
p-F-HHSiD in these two tissues are summarized in Table 2. It 
can be seen that the KB values for the esophagus and fundus 

are intermediate between those expected for M, and M, re- 
ceptors. 

Effects of Pertussis Toxin 

To investigate the influence of the M, receptor on contraction 
in the guinea pig trachea further, the effect of pertussis toxin 
on the contractile response was examined. Pertussis toxin 
causes an uncoupling of Gi, from the M, receptor [44], thereby 
preventing Mz-mediated responses but not M,-mediated ef- 
fects [45, 461. Tracheal strips were incubated with pertussis 
toxin (10 /_tg/mL) in organ culture for 18 hr before contractile 
responses to oxotremorine-M were measured. Control trachea 
were incubated in the same manner except for exposure to 
pertussis toxin. This lengthy incubation of control tissue re- 
duced the potency of oxotremorine-M for eliciting contrac- 
tions under standard conditions by one-half (i.e. 2-fold in- 
crease in EC&), but had no effect on the maximal contractile 

TABLE 2. Estimates of the Dissociation Constants (Kn) of Muscarinic Antagonists for Blocking Oxotremorine-M-Induced Contrac- 
tions Measured in the Presence of Histamine (Trachea and Esophagus) or Serotonin (Fundus) and Forskolin (Trachea and Esoph- 
agus) or Isoproterenol (Fundus)* 

Antagonist 

AF,DX 116 
AF,DX 116 
p-F-HHSiD 

Trachea Fundus Esophagus MZS M,S§ 
- ___ 

Concn. Concn. Concn. 

(PM) CR? &% (ELM) CR (z% (PM) CR (ZU rz% (ZQ 

1 8 0.14 1 3.8 0.36 1 5.7 0.21 0.1 1.0 
10 59 0.17 10 27 0.38 10 27 0.38 
0.1 1 -II 0.5 2.8 0.28 0.1 2.5 0.07 1.0 0.01-0.07 

* All tissues had been treated wth 4-DAMP mustard before contractile response to oxotremorine-M was measured. Details of contractile measurements xc given m Mater& and Methods. 

t “CR” denotes concentration-ratio. 

$ K, values were taken from Candell et al. [2]. 

I KR values were taken from Eglen et al. [49]. 

” KB values could not be determmed due to lack of effect of antagonist. 
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response (2 to 2.5 g). Pertussis toxin treatment had no inhib- 
itory effect on the contractions measured under standard con- 
ditions, but actually caused a slight increase in the maximal 
response to oxotremorine-M (Fig. 4A). We have no explana- 
tion for this increase. When measured after 4-DAMP mustard 
treatment and under conditions of elevated cyclic AMP, the 
contractile responses to oxotremorine-M were greatly attenu- 
ated by pertussis toxin treatment as manifested by a 76% re- 
duction in the maximum response (Fig. 4B). These results are 
consistent with the postulate that the M, receptor elicits con- 
traction under conditions of elevated cyclic AMP because pre+ 
vious studies have shown that pertussis toxin blocks ML-me- 
diated responses but not MS-mediated responses [45, 461. The 
effect of forskolin alone on the standard contractile responses 
of tissues that had not been treated with +-DAMP mustard was 
also investigated to see if M, receptors could potentiate M,- 
mediated contractions in addition to disin~~ibiting histamine- 
induced contractions as observed above. In control tissues, 
forskolin caused a 5-fold shift in the concentration-effect 
curve of oxotremorine-M {Fig. 5A), whereas in pertussis toxin 
treated tissues, forskolin had a 2-fold greater effect, namely, a 
IO-fold decrease in potency (Fig. 5B). These results suggest 
that, when cyclic AMP levels are elevated, M, receptors can 
act to potentiate M3-mediated contractions. 

DISCUSSION 

Two different strategies have been used to uncover a contrac- 
tile role for the M, receptor in preventing the relaxant effect 
of the P-adrenergic receptor in the trachea. First, Fernandes et 
al. [25] and Watson and Eglen [26] showed that M, selective 
antagonists [i.e. AF-DX 116 (0.1 to 1.0 PM) and methoctra- 

43 -i -6 
Log ~Oxotremo~ne-~ J 

mine (0.3 PM)] enhanced the potency of isoproterenol for 
inhibiting the contractile response to a fixed concentration of 
a muscarinic agonist, whereas an M, selective antagonist 
(HHSiD) was ineffective. The simplest interpretation of these 
data is that, in the presence of is[~proteren[~l, the contractile 
response to muscarinic agonists in the trachea is mediated 
through both the M, and M, receptor [24, 251. The M, re- 
ceptor causes a direct contraction through calcium mobiliza- 
tion, whereas the MZ receptor causes an indirect contraction 
by inhibiting the increase in cyclic AMP elicited by isopro- 
terenol [24, 251. Thus, when M, receptors are competitively 
blocked, isoproterenol is more potent at inhibiting the con- 
tractile response of muscarinic agonists. It is important to note 
that this strategy tests for the ability of the M, receptor to 
potentiate or disinhibit M,-mediated contractions. When this 
strategy was applied in bovine trachea, no evidence for a role 
of the M, receptor in contraction was found [26], suggesting 
species differences in the ability of the M, receptor to inhibit 
the relaxant effect of isoproterenol on M, contractile re- 
sponses. However, we suggest caution in the interpretation of 
negative results from this type of experiment. It is possible that 
the potency of agonists for inhibiting cyclic AMP accumula- 
tion in the presence of isoproterenol is much greater than that 
for eliciting contraction through the M, receptor in bovine 
trachea. Thus, even in the presence of an M, selective antag 
onist (e.g. AF-DX 116), a muscarinic agonist could still cause 
an effective inhibition of adenylate cyclase over the same con- 
centration range required to elicit an M, contractile response. 
This situation could yield results consistent with no effect of 
an MZ selective antagonist on the relaxant potency of isopro- 
terenol even though the M, receptor may still contribute to 
the contractile response. We have described this hypothesis in 

-7 -6 -5 -4 
Log ~Oxotremorjne-~~ 

FIG. 4. Effects of pertussis toxin treatment on the contractile responses to oxotremorine-M measured under 
standard conditions (A) and after 4.DAMP mustard treatment under conditions of elevated cyclic AMP 
(B). Contractile responses were measured in control (0) and pertussis toxin treated (0) tissues. Tracheal 
strips were incubated with activated pertussis toxin (10 FglmL) for 18 hr at 35”. (A) Standard conditions. 
(B) M, receptors were inactivated by treatment with 41DAMP mustard as described in Materials and 
Methods. Contractile responses to oxotremorine-M were measured in the presence of histamine (10 (*M) 
and forskolin (4 CM). Data points represent the means f SEM of six experiments. 
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FIG. 5. Effects of forskolin on oxotremorine#M induced contractions under standard conditions in control 
(A) and pertussis toxin treated (B ) trachea. (A) Contractile responses were measured in the absence (0) and 
presence (0) of forskolin (4 p-M). (B) Contractile responses were measured in pertussis toxin treated trachea 
in the absence (0) and presence (0) of forskolin (4 PM). Tracheal strips were incubated with activated 
pertussis toxin (10 (*g/mL) for 18 hr at 35”. Data points represent the means 2 SEM of six experiments. 

greater detail previously with regard to muscarinic responses in 
the guinea pig ileum (see Thomas and Ehlert [6]). 

The second strategy that has been used to investigate the 
role of the M, receptor in the contractile response of the 
trachea is that used in the present study. With this method, 
the ability of a muscarinic agonist to elicit contraction in the 
presence of histamine and a cyclic AMP stimulating agent 
(e.g. forskolin or isoproterenol) is tested in tissue that has been 
treated previously with 4-DAMP mustard to inactivate M, 
muscarinic receptors. An advantage of this strategy is that it is 
possible to estimate the dissociation constants of antagonists 
for blocking the response (i.e. Ka values) and to compare these 
estimates with the binding affinities of the M, and M, recep- 
tors so that it is possible to determine with greater certainty 
which receptors contribute to the contractile response. A lim- 
itation of this technique is that it only measures the ability of 
the M, receptor to potentiate or disinhibit the contractile 
response of a heterologous receptor, like the Hi histamine 
receptor, but not that of the M, muscarinic receptor. Using 
this strategy, Watson et al. [27] found no role for the M, 
receptor in inhibiting the relaxant effect of isoproterenol on 
histamine-induced contractions in the guinea pig trachea. 
However, in the present report, we found that the Mz receptor 
was able to inhibit the relaxant effect of forskolin on hista- 
mine-induced contractions in the trachea. Thus, it appears as 
though the M, receptor is active at inhibiting the relaxant 
effect of forskolin, but not isoproterenol, on histamine-in- 
duced contractions of the guinea pig trachea. Previously, we 
reported a greater contribution of the M, receptor at inhibit- 
ing the relaxant effect of forskolin, as compared with isopro- 
terenol, on histamine-induced contractions of the guinea pig 
ileum [5]. This conclusion is based on the greater potency of 

oxotremorine-M at eliciting contractions in 4-DAMP mus- 
tard-treated ilea in the presence of histamine and forskolin 

(EC so = 0.059 PM) as compared with that measured in the 
presence of histamine and isoproterenol (EqO = 0.46 PM)). 
Also, the K, value of AF-DX 116 was in closer agreement to 
the dissociation constant of the M, receptor (I$ = 0.1 PM) 
when forskolin was used (I& = 0.1 PM) as compared with 
isoproterenol (KB = 0.17 l.tM). In addition, we have observed 
recently that forskolin causes a greater stimulation of cyclic 
AMP in the guinea pig ileum as compared with isoproterenol 
and that oxotremorine-M causes a greater inhibition of for- 
skolin-stimulated cyclic AMP accumulation as compared with 
that elicited by isoproterenol (Ostrom RS and Ehlert FJ, un- 
published observations). Thus, when forskolin is used to stim- 
ulate cyclic AMP, the M, receptor causes a greater inhibition 
of a greater response as compared with that observed with iso- 
proterenol. This condition might explain why the M, receptor is 
more effective at preventing the relaxant effects of forskolin as 
compared with isoproterenol in the guinea pig ileum. It is con- 
ceivable that a similar situation exists in the trachea; however, 
additional work is needed to sort out this question. 

A comparison of our present study on the role of the M, 
receptor in the guinea pig trachea with our previous work on 
the guinea pig ileum reveals some important differences. In the 
guinea pig ileum, treatment with 4-DAMP mustard (40 nM) 
and AF-DX 116 (1.0 l.tM) caused a 20-fold increase in the EC& 

value of oxotremorine-M for eliciting contractions [5], 
whereas in the present report, the same treatment caused a 
50-fold increase in the ECsO value of oxotremorine-M. The 
greater effect of 4-DAMP mustard in the trachea may be re- 
lated to the smaller size of the trachea as compared with the 
ileum. We have noted previously that the alkylating ability of 
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4-DAMP mustard in brain homogenate is inhibited by rela- 
tively low tissue concentrations in a manner that cannot be 
explained by the depletion in the aziridinium ion concentra- 
tion by receptor binding [37]. Thus, it appears that the aziri- 
dinium ion of 4-DAMP mustard is readily inactivated by tissue 
nucleophiles which are more abundant in a relatively large 
segment of ileum as compared with a rather small strip of 
trachea. 

Another difference between our studies in the ileum and 
trachea is related to the EC50 values of oxotremorine-M for 
eliciting M, and M, muscarinic responses. Our results showed 
that in the guinea pig trachea, 4-DAMP mustard treatment 
inactivated 98% of the M, receptors; however, oxotremo- 
rine-M could still elicit a contraction under standard condi- 
tions via the M, receptor but with greatly reduced potency 

(EC50 = 2.6 yM). In contrast, when contractile responses were 
measured in 4-DAMP mustard treated trachea in the presence 
of forskolin, oxotremorine-M elicited contractions with ap- 
proximately lo-fold greater potency (ECSO = 0.31 PM). Under 
these conditions, AF-DX 116 and p-F-HHSiD antagonized the 
contractile response with pK, values consistent with those 
expected for an M, response (Fig. 3, Table 2). Nevertheless, 
the ECsO value of oxotremorine-M measured in 4-DAMP mus- 
tard treated trachea in the presence of forskolin was approxi- 
mately 4-fold greater (i.e. less potent) than that observed for 
the standard M, mediated contraction (ECjO = 73 nM). In 
contrast, in the guinea pig ileum, the ECsO values of oxotrem- 
orine-M for eliciting standard contractions and those mea- 
sured in the presence of histamine and forskolin after 4-DAMP 
mustard treatment were approximately the same. Thus, the M, 
receptor in the guinea pig ileum elicits a more potent contrac- 
tile response in the presence of forskolin as compared with that 
observed here in the trachea. This less prominent role for the 
M, receptor in the trachea may contribute, in part, to the 
observations of Watson et al. [27] who observed no role for the 
M, receptor at inhibiting the relaxant effect of isoproterenol 
on histamine-induced contractions in the trachea. This situ- 
ation also explains why it is essential to inactivate M, recep- 
tors in the trachea in order to observe an M, effect on con- 
traction. 

Our studies with pertussis toxin provide further support for 
the role of the M, receptor in the contractile response of the 
guinea pig trachea. Following 4-DAMP mustard treatment, 
the contractions measured in the presence of histamine and 
forskolin were pertussis toxin sensitive, whereas those mea- 
sured under standard conditions were insensitive to pertussis 
toxin (Fig. 4). These results strongly indicate that the M, 
receptor elicits contraction under conditions of elevated cyclic 
AMP because previous studies have demonstrated that pertus- 
sis toxin prevents ML-mediated responses, but has no effect on 
M,-mediated responses [45, 461. 

In the rat fundus and guinea pig esophagus, the involvement 
of the M, receptor in contraction appears to be less. When 
measured after 4-DAMP mustard treatment under conditions 
of elevated cyclic AMP, AF-DX 116 and p-F-HHSiD antag- 
onized the contractile responses to oxotremorine-M with pKB 
values that were intermediate between those expected for the 

individual M, and M, subtypes. This situation might be ex- 
pected if both the M, and the M, receptor subtypes contribute 
to the overall contractile response under these conditions. An 
area of ambiguity in our experiments is related to the pKB 
value of p-F-HHSiD. This antagonist has been suggested to be 
M,-selective on the basis of its high pA, value for antagoniz- 
ing M,-mediated contractions of the guinea pig ileum (8.0) 
relative to its lower pA, values for antagonizing M,-mediated 
inhibition of neuronal outflow of the rabbit vas deferens (6.7) 
and M,-mediated negative inotropic responses in the guinea 
pig heart (6.0) [9, 39, 471. It has been shown, however, that 
pA, values for p-F-HHSiD can vary with the agonist and the 
tissue [48, 491. For example, using carbachol as the agonist in 
the standard contractile assay, the pA, value of p-F-HHSiD in 
the guinea pig trachea (7.13) was reported to be much lower 
than that observed in the guinea pig ileum (7.85), whereas the 
pA, value in the esophagus was significantly higher (8.22). In 
each of these tissues, M, receptors are thought to mediate the 
standard contractile response. Eglen et al. [48, 491 have sug- 
gested a few explanations for this phenomenon. Despite this 
variability in the pA, values of p-F-HHSiD for the M, recep- 
tor, p-F-HHSiD still appears to distinguish between the M, 
and the M, receptors. The complete lack of effect that we 
observed for p-F-HHSiD (0.1 PM) in the trachea supports the 
postulate that the M, receptor elicits contraction when cyclic 
AMP levels are elevated after 4-DAMP mustard treatment. 
Under similar conditions in the fundus, the calculated pK, 
value of p-F-HHSiD is intermediate between those expected 
for M, and M, receptors, but closer to that of the M, receptor. 
Using the pA, value (8.22) reported by Eglen et al. [49] for the 
esophagus, one would predict that 0.1 ~_LM p-F-HHSiD would 
cause a 17sfold shift of the concentration-effect curve in the 
esophagus if contractions were elicited by the M, receptor. 
However, in our experiments, 0.1 PM p-F-HHSiD only caused 
a 2.5-fold shift of the concentration-effect measured in the 
presence of histamine and forskolin, which would indicate 
that the M, receptor was not solely responsible for the con- 
tractile response, even though the calculated pKB value (7.15) 
was closer to that expected for the M, receptor (8.22) as 
compared with the M, receptor (6.0) (Table 2). 

The variation in the extent to which M, receptors partici- 
pate in the contractile response in different tissues may be 
related to how well the M, receptor inhibits cyclic AMP lev- 
els. In the guinea pig ileum, M, receptors play a major role in 
contraction when cyclic AMP levels are increased, and we 
have shown that oxotremorine-M causes a complete inhibi- 
tion (101%) of isoproterenol-stimulated CAMP accumulation 
in this tissue [6]. In membranes and whole cells of the canine 
trachea, muscarinic agonists cause a 38-43% decrease in iso- 
proterenol-stimulated adenylate cyclase activity [50] and 
CAMP accumulation [4, 511, and a clear role for the M, re- 
ceptor in contraction when cyclic AMP levels are increased 
has been demonstrated in this report. In contrast, oxotremo- 
rine-M only caused a 13.5% reduction in isoproterenol-stim- 
mated CAMP accumulation in slices of the rat fundus (data not 
shown), which may account for the lack of an exclusive effect 
of the M, receptor on contraction in this tissue. To our knowl- 
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edge, the evidence for muscarinic agonist-induced inhibition 

of CAMP accumulation in the guinea pig esophagus is lacking; 
therefore, we are unable to correlate the size of the adenylate 
cyclase response in this tissue with the involvement of the M, 
receptor in contraction. Nevertheless, the available evidence 
suggests that M, receptors must be efficiently coupled to the 
inhibition of adenylate cyclase if they are to participate in the 
contractile response. 

10. 

In conclusion, our results show that, after M, receptors have 
been inactivated, the M, receptor can play a dominant role in 
the contractile response of the guinea pig trachea in the pres- 
ence of histamine when cyclic AMP levels are increased with 
forskolin. Other investigators have shown that the M, recep- 
tor is ineffective under similar conditions when isoproterenol 
is used as the relaxing agent instead of forskolin [27]. Our 
results also show that M, receptors can enhance M,-mediated 
contractions dampened by forskolin in trachea that has not 
been treated with 4-DAMP mustard. Similarly, other investi- 
gators [24, 251 have observed the same phenomenon when 
isoproterenol is used as the relaxing agent. Thus, the role of 
the M, receptor in contraction depends on both the primary 
contractile receptor (e.g. M, muscarinic or H, histamine) and 
the cyclic AMP generating, relaxing agent (e.g. forskolin or 
isoproterenol). The involvement of the M, receptor in con- 
tractions of the guinea pig esophagus and rat fundus, measured 
after 4-DAMP mustard treatment and under conditions of 
elevated cyclic AMP, is less because it appears that both the 
M, and the M, receptor contribute to the overall contractile 
response. 
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