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Abstract 

Muscarinic M 2 receptors account for more than half the muscarinic receptor population in smooth muscles of a number of 
species and yet it is the smaller M 3 receptor population that mediates contraction of many of these tissues. The role of the 
majority of M 2 receptors in the control of smooth muscle tone is unclear. In guinea-pig ileal smooth muscle, an indirect 
contractile role (re-contraction) for M 2 receptors has been demonstrated in tissues subjected to M 3 receptor alkylation and 
stimulation of adenylyl cyclase. The present studies have employed the technique of irreversible receptor alkylation in order to 
investigate the role of muscarinic M2 and M 3 receptors in the control of guinea-pig tracheal smooth muscle tone. Experiments 
were performed to determine (i) whether an indirect contractile role for M 2 receptors can be demonstrated in tracheal smooth 
muscle as described for ileum, and (ii) whether stimulation of M 2 receptors can inhibit isoprenaline-induced relaxations of 
histamine pre-contracted trachea after selective M 3 receptor alkylation. Our results suggest (i) that there is no evidence of M e 
receptor-mediated re-contraction of tracheal smooth muscle after M 3 receptor alkylation and stimulation of adenylyl cyclase, but 
(ii) that activation of M 2 receptors, after M 3 receptor alkylation, has a small inhibitory effect on relaxant responses to 
isoprenaline in guinea-pig tracheal smooth muscle. Therefore, it appears that the major role of postjunctional muscarinic M 2 
receptors in guinea-pig trachea remains to be determined. 
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1. Introduction 

Activation of M 3 receptors causes contraction of 
guinea-pig isolated trachea and ileum, even though 
approximately 70% of the muscarinic receptors present 
are of the M 2 subtype (Ford et al., 1991; Haddad et al., 
1991). The role of the predominant M 2 receptor popu- 
lation in the control of smooth muscle tone is unclear. 
Muscarinic agonists inhibit adenylyl cyclase activity in a 
number of smooth muscles, including guinea-pig tra- 
chea and ileum (Pyne et al., 1992; Thomas et al., 1993; 
Reddy et al., 1995) via activation of M 2 receptors 
(Zhang et al., 1991; Reddy et al., 1995). Since /3- 
adrenoceptor relaxations of both of these tissues are 
mediated via stimulation of adenylyl cyclase activity, 
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M 2 receptor activation may inhibit /3-adrenoceptor- 
mediated relaxations (Thomas et al., 1993; Watson and 
Eglen, 1994; Reddy et al., 1995). This has been demon- 
strated functionally in guinea-pig trachea as inhibition 
of relaxant responses to isoprenaline in tissues pre- 
contracted with muscarinic agonists (Watson and Eglen, 
1994). Since contractile responses to muscarinic ago- 
nists in ileum are not sustained long enough to perform 
relaxation response curves to isoprenaline, functional 
demonstration of the inhibition of adenylyl cyclase by 
M 2 receptors has taken a different approach. Thomas 
and colleagues (1993) and, more recently, Reddy et al. 
(1995), have shown that when M 3 receptors are selec- 
tively alkylated in ileal smooth muscle, stimulation of 
M 2 receptors causes an indirect contraction (re-con- 
traction) by inhibiting the relaxant effect of isopre- 
naline on histamine-induced contractions. 

The present work describes a series of studies using 
the technique of irreversible receptor alkylation to 
investigate the role of M 2 and M 3 receptors in control 
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of guinea-pig tracheal smooth muscle tone. Selective 
alkylation of M 3 receptors was achieved using 4-DAMP 
mustard (N-(2-chloroethyl)-4-piperidinyldiphenylace- 
tate), a moderately M 3 selective alkylating agent, in 
conjunction with M 2 receptor protection by methoc- 
tramine to improve selectivity of the alkylation process. 
Methoctramine was used to protect M 2 receptors, since 
this shows the highest M 2 / M  3 receptor selectivity of 
the muscarinic M 2 antagonists available (Melchiorre et 
al., 1993). Our aims were to determine whether, after 
M 3 receptor alkylation, (i) a contractile role for M 2 
receptors could be demonstrated, as has been reported 
in ileum of this species, and (ii) stimulation of M 2 
receptors could inhibit isoprenaline-induced relax- 
ations of histamine pre-contracted trachea. Attempts 
to investigate the effect of selective M 2 receptor alky- 
lation on the relaxant potency of isoprenaline in (+) -  
cis-dioxolane pre-contracted tissues are also discussed. 

A preliminary account of this work was presented to 
the British Pharmacological Society (Eglen et al., 1994). 

2. Materials and methods 

2.1. Tissue preparation 

Male Dunkin Hartley guinea-pigs (250-350 g) were 
killed by CO 2 asphyxiation. Tracheae were isolated 
and placed in oxygenated (95% 0 2 : 5 %  CO 2) modified 
Krebs solution (composition mM: KCI 4.6, K H 2 P O  4 
1.2, MgSO 4 1.2, NaCI 118.2, glucose 10.0, NaHCO 3 
24.8 and CaC12 2.5) and cleaned of extraneous tissue. 
Tracheae were opened along their ventral surface and 
strip preparations were cut transversely, with each strip 
containing 3-4  cartilaginous rings. Silk (4-0) sutures 
were attached to the cartilaginous portions on either 
side of the smooth muscle bands and the preparations 
were suspended, at a resting tension of 1 g, in 10 ml 
organ baths containing aerated modified Krebs solu- 
tion (pH 7.4, 37 ° C). Indomethacin (1 p~M) was present 
throughout ,  to inhibit prostaglandin synthesis. 
Tetrodotoxin (0.1 /zM) was present throughout, to 
eliminate possible pre-junctional effects of muscarinic 
agonists. Corticosterone (30/zM) was present in stud- 
ies with /3-adrenoceptor agonists, to inhibit extraneu- 
ronal monoamine uptake. All preparations were al- 
lowed 60 min to equilibrate before beginning experi- 
mental protocols. Concentration-effect curves were 
performed in a cumulative manner using incremental 
concentrations spaced at half log m intervals. 

2.2. Responses to oxotremorine M after M~ receptor 
alkylation 

The selective alkylating agent 4-DAMP mustard was 
used in conjunction with M 2 receptor protection by 
methoctramine, to inactivate M~ receptors irreversibly 

while leaving M 2 receptors functionally intact. Cumu- 
lative concentration-effect curves to oxotremorine M 
were compared before and after alkylation. The highly 
efficacious, non-selective muscarinic agonist ox- 
otremorine M was used for these studies, since this was 
the agonist of choice in the ileal studies (Thomas et al., 
1993; Reddy et al., 1995). The nature of the receptor 
subtype mediating contractions after this procedure 
was investigated using 0.3 /zM para-fluoro-hexahydro- 
siladifenidol (p-F-HHSiD).  These studies were per- 
formed to establish the degree of M 3 receptor alkyla- 
tion. 

Concentration-effect curves to oxotremorine M were 
performed at the start of the experiment to establish 
control responses. Tissues were then washed and re- 
equilibrated in the presence of 1 FzM methoctramine 
for 20 rain before and then during a 60 min exposure 
to 40 nM 4-DAMP mustard. After this time, tissues 
were washed twice at 10 min intervals in the presence 
of 1 p,M methoctramine, to wash out the 4-DAMP 
mustard while maintaining M 2 receptor protection. 
After this, tissues were washed at 10 rain intervals for a 
further 60 min to eliminate both the methoctramine 
and remaining 4-DAMP mustard. Following this, con- 
centration-effect curves to oxotremorine M were re- 
peated in the absence or presence of 0.3 /~M p-F- 
HHSiD. 

2.3. Responses to oxotremorine M after M s receptor 
alkylation in the presence of histamine and isoprenaline 

After selective alkylation of M 3 receptors as de- 
scribed above, tissues were exposed to histamine (3 
/zM) and isoprenaline (10 nM) before performing cu- 
mulative concentration-effect curves to oxotremorine 
M. The purpose of this was to provide the necessary 
conditions for activation of M 2 receptors to cause an 
indirect contraction (re-contraction) by reversing the 
relaxant effect of isoprenaline on the histamine con- 
tracture (Thomas et al., 1993; Reddy et al., 1995). The 
nature of the receptor subtype mediating contractions 
after this procedure was investigated using 1 /zM 
methoctramine, at a concentration predicted to block 
98% of M 2 receptors (Melchiorre et al., 1993). 

2.4. Responses to oxotremorine M in the presence of 
histamine and isoprenaline but absence of M~ receptor 
alkylation 

These studies were performed in tissues not exposed 
to 4-DAMP mustard, to establish the degree of func- 
tional antagonism of contractile responses to oxotrem- 
orine M by the exposure to histamine (3 ~M) and 
isoprenaline (10 nM). Tissues were treated exactly as 
above (Section 2.3) but were not exposed to 4-DAMP 
mustard. 
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2.5. Effect of oxotremorine M and histamine on the 
relaxant potency of isoprenaline 

These studies were performed to verify that oxo- 
tremorine M was capable of activating M2 receptors in 
this system and thereby reducing the relaxant potency 
of isoprenaline in tissues pre-contracted with ox- 
otremorine M as compared to histamine. 

Concentration-effect curves to oxotremorine M and 
histamine were established to determine the maximum 
response and the concentration of each agonist re- 
quired to increase isometric tension by approximately 3 
g. Tissues were then washed and re-equilibrated for 60 
min in the absence or presence of methoctramine (0.3 
/xM). The resting tension was then raised to approxi- 
mately 3 g by the addition of either oxotremorine M (1 
#M)  or histamine (30 p.M) and, once a stable contrac- 
ture was achieved, concentration-effect curves to iso- 
prenaline (0.1 nM-1 #M)  were performed. 

2.6. Effect of ( + )-cis-dioxolane on the relaxant potency 
of isoprenaline after M~ receptor alkylation 

This study was performed to investigate the effect of 
selective activation of M 2 receptors on the relaxant 
potency of isoprenaline in tissues pre-contracted with 
histamine. Since there are no subtype-selective mus- 
carinic agonists, the non-selective agonist (+)-cis-di- 
oxolane was used in preparations in which M 3 recep- 
tors were inactivated by irreversible alkylation using 
4-DAMP mustard. M 3 receptor alkylation was verified 
in these preparations by the absence of contraction to 
( + )-cis-dioxolane (0.1 gM). This concentration of ( + )- 
cis'-dioxolane (0.1 /xM)was shown previously to inhibit 
isoprenaline-induced relaxations via activation of M, 
receptors (Watson and Eglen, 1994). 

Concentration-effect curves to (+)-cis-dioxolane 
were obtained in all tissues prior to performing M~ 
receptor alkylation as outlined above. After the alkyla- 
tion procedure tissues were equilibrated in the pres- 
ence or absence of methoctramine (0.3 /xM), prior to 
increasing the isometric tension to approximately 3 g 
using histamine (30 /xM). Once a stable histamine 
contracture was achieved (+)-cis-dioxolane (0.1 #M)  
was applied and cumulative concentration-effect curves 
to isoprenaline were performed. 

2. 7. Analysis" of data 

All results were recorded as changes in isometric 
tension (g). Contractile responses were normalized to 
the maximal contractile response to agonist in each 
tissue. Relaxation responses were expressed as a per- 
centage of the isometric tension induced by the agonist 
before application of isoprenaline. Data were analysed 
by the relationship of Parker and Waud (1971), using a 

non-linear iterative curve fitting procedure (Kaleida- 
graph, Synergy Software, Reading, PA 19606, USA). 
The potency (pD 2) and maximal response were deter- 
mined by this procedure and, from these, apparent 
antagonist affinities (pK B) were determined using the 
method of Furchgott (1972). 

Statistical analysis of data was performed using 
paired and unpaired Student's t-tests where appropri- 
ate, with P < 0.05 being considered significant. All 
values quoted are the mean_+ S.E.M. for at least 5 
animals, unless otherwise stated. 

2.8. Drugs" and chemicals' used 

( + )-cis-Dioxolane (L-( + )-cis-2-methyl-4-trimethyl- 
ammoniummethyl- l ,3-dioxolane iodide, a 60 : 40 
cis : trans mixture), methoctramine,  p -F -HHSiD 
(para-fluoro-hexahydrosiladifenidol), 4-DAMP mus- 
tard (N-(2-chloroethyl)-4-piperidinyldiphenylacetate), 
oxotremorine M and histamine were obtained from 
Research Biochemicals (Natick, MA, USA). Tetrodo- 
toxin, indomethacin, corticosterone, isoprenaline and 
ascorbic acid were obtained from Sigma Chemical Co. 
(St. Louis, MO, USA). 4-DAMP mustard was acidified 
with dilute acetic acid following solubilization in dis- 
tilled water. Indomethacin was prepared as a 1 mg 
ml - l  solution in propylene glycol and solubilized by a 
brief period (2-3 rain) of sonication. Corticosterone 
was prepared as a 0.1 M solution in dimethyl sulphox- 
ide. Tetrodotoxin was prepared as a 1.0 mM solution in 
0.01 M acetic acid. Ascorbic acid (22 /xM) was added 
to solutions of histamine and isoprenaline as an anti- 
oxidant and these solutions were kept on ice for the 
duration of the experiments. 

3. Results 

3.1. Responses to oxotremorine M after M~ receptor 
alkylation 

4-DAMP mustard was used in conjunction with 1 
# M  methoctramine to selectively alkylate M 3 recep- 
tors. Under these conditions there was a 43 _+ 2-fold 
rightward shift in the concentration-effect curves to 
oxotremorine M with no significant decrease in the 
maximum response, p-F-HHSiD (0.3 /xM) caused a 
significant additional rightward shift in the concentra- 
tion-effect curves to oxotremorine M with an apparent 
affinity (pK B) value of 6.9 _+ 0.1 (Table 1, Fig. 1). 

3.2. Responses to oxotremorine M after M~ receptor 
alkylation in the presence of h&tamine and isoprenaline 

After selective alkylation of M 3 receptors, tissues 
were contracted with histamine (3 ~M) and relaxed 
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Table 1 
The potency (pD 2) of oxotremorine M in guinea-pig trachea under control conditions and after exposure to histamine (3/zM) and isoprenaline 
(10 nM) in the absence and presence of M 3 receptor alkylation by 4-DAMP mustard 

Treatment conditions Before treatment After treatment Ratio " 

4-DAMP mustard 

4-DAMP mustard + p-F-HHSiD (0.3 #M) 

4-DAMP mustard + Hist + Iso 

4-DAMP mustard + Hist + Iso + methoctramine (1 /zM) 

Histamine and isoprenaline 

Histamine and isoprenaline + methoctramine (1 /zM) 

7.41 +_ 0.04 5.77 + 0.04 ~ NA 

/ 
7.45 + 0.04 5.41 + 0.07 NA 

7.33 ± 0.02 6.01 4-_ 0.02 ~ 0.97 -t-_ 0.02 

/ NS 
7.33 ± 0.06 5.97 +_ 0.08 0.73 _+ 11.07 

7.48 + 0.05 7.25 + 0.07 ~ 1.03 + 0.02 
NS 

7.49 + 0.03 7.49 _+ 0.10 1t.94 +/).//4 

" The ratio of the relaxation response to isoprenaline (10 nM) over the contractile response to histamine (3 /xM). Hist, histamine; lso, 
isoprenaline; NA, not applicable, since these tissues were not exposed to histamine or isoprenaline. Values are the mean + S.E.M., n = 6 per 
treatment group. * P < 0.05; NS, not significant. 

with isoprenaline (10 nM) before performing cumula- 
tive concentration-effect curves to oxotremorine M. 
Under these conditions there was a 21 _+ 1-fold right- 
ward shift in the concentration-effect curves to oxo- 
tremorine M with no significant decrease in the maxi- 
mum response. Methoctramine (1 /zM) caused no ad- 
ditional shift in the concentration-effect curves to oxo- 
tremorine M (Table 1, Fig. 2). There was a significant 
depression in the maximum response to oxotremorine 
M in tissues treated with methoctramine (1 /zM) when 
compared to pre-alkylation responses. Contractions in- 
duced by histamine were completely reversed by iso- 
prenaline in control tissues but not in those treated 
with methoctramine (Table 1). 

3.3. Responses to oxotremorine M in the absence of M~ 
receptor alkylation but presence of histamine and iso- 
prenaline 

In tissues not exposed to 4-DAMP mustard, pre- 
contracting with histamine (3 ~M)  and then maximally 
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Fig. 1. Concentration-effect curves to oxotremorine M before (0  and 
c3) and after (e and • )  selective M 3 receptor alkylation in the 
absence (0,  • and []) and presence ( I )  of p-F-HHSiD (0.3 /,tM). 
Contractions are expressed as a percentage of the maximum control 
response and are the mean + S.E.M., n = 6. 

relaxing with isoprenaline (10 nM), prior to performing 
concentration-effect curves to oxotremorine M, did not 
significantly alter responses to this agonist. The pres- 
ence of 1 /zM methoctramine had no significant effect 
on contractile responses to oxotremorine M under these 
conditions and contractions induced by histamine were 
completely reversed by isoprenaline in all tissues (Ta- 
ble 1). 

3.4. Effect of oxotremorine M and histamine on the 
relaxant potency of isoprenaline 

Oxotremorine M and histamine caused concentra- 
tion-dependent contractions of trachea with potencies 
(pD 2) of 7.05 _+ 0.11 and 5.54 _+ 0.15, respectively. The 
relaxant potency of isoprenaline in tissues pre-con- 
tracted to approximately 3 g using 30 /zM histamine 
was greater than in tissues pre-contracted to the same 
level of isometric tension with 1 /zM oxotremorine M 
( p D  2 = 8.43 +_ 0.07 and 7.83 _+ 0.10, respectively). 
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Fig. 2. Concentration-effect curves to oxotremorine M before M 3 
receptor alkylation (0  and El) and after selective M 3 receptor 
alkylation in the presence of histamine and isoprenaline (e and • )  
with ( I )  and without (el methoctramine (1 ~M). Contractions are 
expressed as a percentage of the maximum control response and are 
the mean+ S.E.M., n = 6. 
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Fig. 3. ]soprenaline-induced relaxation of guinea-pig trachea con- 
tracted to approximately 3 g with oxotremorine M (circles) or his- 
tamine (squares) in the absence (open symbols) and presence (closed 
symbols) of 0.3 IzM methoctramine.  Relaxations are expressed as a 
percentage of the developed tension induced by either oxotremorine 
M (1 /xM) or histamine (30 IzM). The relaxant potencies and levels 
of developed tension for all four groups are given in the text. Values 
are the mean -+ S.E.M., n = 6 per t reatment  group. 
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Fig. 4. Isoprenaline-induced relaxation of guinea-pig trachea, after 
selective M 3 receptor alkylation, in tissues pre-contracted with his- 
tamine (30 tzM) under  the following conditions; in the absence of 
(+)-cis-dioxolane or methoctramine (o),  in the presence of 0.1 ~ M  
(+)-cis-dioxolane (o) and in the presence of 0.1 ~ M  (+)-cis-di- 
oxolane and 0.3 /~M methoctramine (D). Relaxant potencies and 
levels of developed tension are given in Table 2. Values are the 
mean + S.E.M., n = 6 per t reatment  group. 

Methoctramine (0.3 tzM) had no significant effect on 
the relaxant potency of isoprenaline in tissues pre-con- 
tracted with histamine (pD 2 = 8.36 _+ 0.06). However, 
in tissues pre-contracted with oxotremorine M, 
methoctramine (0.3 IzM) caused a significant 2-fold 
increase in the relaxant potency of isoprenaline (pD 2 = 
8.11 _+ 0.06) (Fig. 3). 

There was no significant difference in the magni- 
tude of the developed tension in any of these treat- 
ment groups prior to performing concentration-effect 
curves to isoprenaline (2.82 _+ 0.29 g oxotremorine M 
alone, 2.83 _+ 0.14 g with methoctramine and 2.88 _+ 0.11 
g histamine alone, 2.70 _+ 0.16 g with methoctramine). 

3.5. Effect of (+)-cis-dioxolane on the relaxant potency 
of isoprenaline after M 3 receptor alkylation 

After irreversible alkylation of M 3 receptors using 
4-DAMP mustard, all tissues were contracted to ap- 
proximately 3 g with 30 /xM histamine. Addition of 
(+)-cis-dioxolane (0.1 IzM)caused  no additional in- 
crease in isometric tension. However, the relaxant po- 
tency of isoprenaline was significanlty reduced in tis- 

sues pre-contracted with histamine and exposed to 
(+)-cis-dioxolane, when compared to tissues pre-con- 
tracted with histamine but not exposed to (+)-cis-di- 
oxolane. This effect was reversed by 0.3 tzM methoc- 
tramine (Table 2, Fig. 4). 

4. Discussion 

The aim of the present studies was to investigate the 
role of M e and M 3 receptors in the control of guinea- 
pig tracheal smooth muscle tone. We have previously 
reported that (i) antagonism of M e receptors increases 
the relaxant potency of isoprenaline in guinea-pig tra- 
chea pre-contracted with (+)-cis-dioxolane, and (ii) 
stimulation of M 2 receptors in tissues pre-contracted 
with histamine reduces the relaxant potency of isopre- 
naline (Watson and Eglen, 1994). The lack of highly 
selective M e receptor agonists or M 3 receptor antago- 
nists makes it difficult to draw firm conclusions with 
respect to the magnitude of the M e effect in guinea-pig 
trachea from this earlier work. The present study has 
utilized the technique of irreversible receptor alkyla- 

Table 2 
The effect of ( + )-cis-dioxolane (0.1 p,M) alone and in the presence of methoctramine (0.3/zM) on the relaxant potency of isoprenaline in tissues 
pre-contracted to histamine (30 tzM) after selective M 3 receptor alkylation by 4-DAMP mustard 

Control With ( + )-c/s-dioxolane With ( + )-cis-dioxolane and methoctramine 

Developed tension (g) 2.94 _+ 0.18 3.06 + 0.24 2.62 _+ 0.15 

Potency (pD 2) 8.37_+0.02 8.20 _+ 0.06 8.43 + 0.04 

NS 

Control tissues received neither (+)-cis-dioxolane nor methoctramine.  In all three groups the developed tension was achieved by histamine (30 
/xM) and addition of (+)-cis-dioxolane (0.1 ~M )  had no significant effect on the developed tension. Values are the mean + S.E.M., n = 6 per 
t reatment  group. * P < 0.05; NS, not significant. 



200 N. Watson et aL /European Journal of Pharmacology 278 (1995) 195-201 

tion in an effort to overcome this problem and better 
characterize the role of muscarinic receptors in control 
of guinea-pig tracheal smooth muscle tone. 

Selective M 3 receptor alkylation has been used suc- 
cessfully in guinea-pig ileum to demonstrate an in- 
hibitory role for M 2 receptors on/3-adrenoceptor  func- 
tion (Thomas et al., 1993; Reddy et al., 1995). After 
alkylation of a proportion of the M 3 receptor popula- 
tion with 4-DAMP mustard, activation of M 2 receptors 
by oxotremorine M inhibits isoprenaline-induced relax- 
ations. This manifests itself as a re-contraction of ileum 
exposed to histamine and isoprenaline. This approach 
has been used in the present studies to investigate 
whether M 2 receptor-mediated re-contraction occurs 
in trachea. Also, to follow previous work (Watson and 
Eglen, 1994), the effect of selective M 3 receptor alkyla- 
tion was investigated on the relaxant potency of isopre- 
naline. 

The irreversible M 3 receptor antagonist, 4-DAMP 
mustard (Barlow et al., 1990) was used in conjunction 
with M 2 receptor antagonism by methoctramine (1 
~M) to alkylate M 3 receptors selectively and irre- 
versibly while leaving M2 receptors functionally intact. 
M 3 receptor alkylation under these conditions caused 
approximately a 40-fold rightward shift in the concen- 
tration-effect curve to oxotremorine M with no depres- 
sion in the maximum response. This is a greater shift 
than achieved in guinea-pig ileum under these condi- 
tions (20-fold shift, Thomas et al., 1993; 16-fold shift, 
Reddy et al., 1995). The reasons for this are unclear, 
but would be advantageous for observing M 2 
receptor-mediated re-contractions (Thomas et al., 1993; 
Reddy et al., 1995). Despite irreversible antagonism, by 
4-DAMP mustard, of a large proportion of M 3 recep- 
tors, the receptor reserve associated with contraction 
in trachea was maintained (Eglen and Whiting, 1988). 
In support of this, contractions to oxotremorine M 
were surmountably antagonised by p-F-HHSiD, with 
an apparent affinity value (6.9) consistent with the 
activation of M 3 receptors. This value is low when 
compared to M 3 receptors in other smooth muscles, 
including guinea-pig ileum (7.8-8.0, Lambrecht et al., 
1988), but consistent with previous findings in guinea- 
pig trachea (Eglen et al., 1990; Watson and Eglen, 
1994). 

To reveal M 2 receptor-mediated re-contractions af- 
ter M 3 receptor alkylation, tissues were exposed to 
histamine and isoprenaline (Thomas et al., 1993; Reddy 
et al., 1995). Under these conditions the concentra- 
tion-effect curve to oxotremorine M was shifted to the 
right 21-fold, but was not shifted further by M 2 recep- 
tor antagonism using methoctramine. Therefore,  it ap- 
pears that these contractions were not mediated by M 2 
receptors and that M 3 receptors probably mediated 
this response. There was a significant depression of the 
maximum response to oxotremorine M in tissues 

treated with methoctramine (1 /zM) after exposure to 
4-DAMP mustard. This concentration of methoc- 
tramine did not appear to have significant M 3 receptor 
antagonist activity in control experiments (see below). 
The depression of maximum responses after alkylation 
may suggest that, with the M 3 receptor reserve re- 
duced by alkylation, further occupation of M 3 recep- 
tors by methoctramine reduces the maximum contrac- 
tion. However, in these tissues isoprenaline (10 nM) 
did not completely reverse the contraction induced by 
histamine (3/xM). The reasons for this are unclear, but 
may also have contributed to the depression in maxi- 
mum contraction to oxotremorine M. 

In the absence of M 3 receptor alkylation, contractile 
responses to oxotremorine M were unaltered by the 
presence of histamine and isoprenaline and there was 
no significant effect of the M 2 receptor antagonist, 
methoctramine. These data suggest that there was no 
functional antagonism of contractile responses to oxo- 
tremorine M under these conditions of histamine and 
isoprenaline. It is interesting to note, therefore, that 
the rightward shift in responses to oxotremorine M 
after M 3 receptor alkylation when histamine and iso- 
prenaline were present was reduced (20-fold versus 
40-fold). The reasons for this are unclear. It is possible 
that, under conditions of reduced functional M 3 recep- 
tor number, stimulation of inositol phosphate produc- 
tion by histamine lowers the threshold for M 3 recep- 
tor-mediated contractions. 

Based on apparent antagonist affinity values (pK u) 
of 7.8 and 6.3 for methoctramine at M: and M 3 recep- 
tors, respectively (Melchiorre et al., 1993), 98% and 
67% of these receptors were occupied by 1 p.M 
methoctramine, during the alkylation procedure. It 
might be argued that insufficient M 3 receptor alkyla- 
tion was achieved in these studies since a number of 
M3 receptors were occupied with this concentration of 
methoctramine. However, this is unlikely to be the 
case, since studies were also performed using 0.3 /~M 
methoctramine to protect M z receptors during alkyla- 
tion. Under these conditions 37% M 3 receptor occu- 
pancy would be predicted and, as might be anticipated 
by such a change in alkylation conditions, the concen- 
tration-effect curves to oxotremorine M were further 
shifted to the right (approximately 100-fold) and exhib- 
ited a significant reduction in the maximum response, 
indicating a loss of receptor reserve for contraction. 
Despite these changes in alkylation conditions, no M 2 
receptor-mediated re-contraction could be detected af- 
ter exposure to histamine and isoprenaline. 

One explanation for the lack of a n  M 2 receptor- 
mediated re-contraction in this tissue could be that 
oxotremorine M had a low efficacy and did not stimu- 
late M 2 receptor-mediated inhibition of isoprenaline 
relaxations (Watson and Eglen, 1994). To determine if 
this was the case, experiments were performed compar- 
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ing the relaxant potency of isoprenaline in tissues pre- 
contracted with oxotremorine M and histamine in both 
the absence and presence of methoctramine (0.3 #M).  
These results suggest that this is unlikely to be the 
explanation for the lack of M 2 receptor-mediated re- 
contraction, since (i) the relaxant potency of isopren- 
aline was significantly reduced in tissues pre-con- 
tracted with oxotremorine M when compared to his- 
tamine, and (ii) M 2 receptor antagonism by methoc- 
tramine significantly increased the relaxant potency of 
isoprenaline in tissues pre-contracted with oxo- 
tremorine M but not with histamine. It is unlikely that 
M 3 receptor antagonist properties of methoctramine 
account for the effect observed, since we have previ- 
ously found this concentration (0.3 p.M) to be without 
significant M~ receptor antagonist activity in this tissue 
(Watson and Eglen, 1994). It should be noted that 
methoctramine did not increase the relaxant potency of 
isoprenaline to the same level as seen in tissues pre- 
contracted with histamine. This is consistent with pre- 
vious observations using ( + )-cis-dioxolane (Watson and 
Eglen, 1994) and suggest that activation of M 2 recep- 
tors does not entirely explain the difference in relaxant 
potencies. 

Attempts to stimulate M2 receptors in the absence 
of M 3 receptor activation in order to investigate the 
influence of M 2 receptors on isoprenaline relaxant 
potency have been reported previously (Watson and 
Eglen, 1994). These studies were hindered by the lack 
of selective M~ receptor antagonists. This difficulty has 
been overcome in the present study by using selective 
alkylation of M~ receptors with 4-DAMP mustard. 
Under these conditions, stimulation of M 2 receptors 
using (+)-cis-dioxolane (0.1 # M ) c a u s e d  a small but 
significant reduction in the relaxant potency of isopre- 
naline in histamine pre-contracted tissues. The reversal 
of this effect by methoctramine suggests that activation 
of M 2 receptors, by (+)-cis-dioxolane, was responsible 
for the reduction in potency. 

The findings from this study and our previous work 
(Watson and Eglen, 1994) suggest that, while activation 
of M 2 receptors can be shown to reduce directly the 
relaxant potency of isoprenaline in guinea-pig trachea, 
the effect is small and does not appear to be demon- 
strable by the indirect approach used in ileal smooth 
muscle (Thomas et al., 1993; Reddy et al., 1995). Taken 
together these data suggest that activation of M 2 re- 
ceptors has only a minor contribution to the functional 
antagonism of fi-adrenoceptor responses. A more 
physiologically significant role may be played by differ- 
ences in the level of phosphoinositide metabolism in- 
duced by different spasmogens, as suggested by Zaags- 
ma and colleagues (Van Amsterdam et al., 1989; Meurs 
et al., 1993). Therefore, it would appear that the major 
role of postjunctional muscarinic M 2 receptors in 
guinea-pig trachea remains to be determined. 
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