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ABSTRACf 

The traditional approach to treating asthma includes the use of 

bronchodilator drugs, in particular P2-adrenergic agonists and anti-

cholinergics. It has been shown clinically that regularly scheduled 

use of both types of bronchodilators may result in a worsening of 

asthma. This dissertation evaluates the pulmonary effects of long­

term bronchodilator administration in our animal model, the rabbit, 

at the level of the p-adrenergic receptor (PAR) and muscarinic 

cholinergic receptor (mAChR) located on airway smooth muscle. A 

four week infusion of the P2 agonist bronchodilator, albuterol (6 

mg/kg/day), resulted in a desensitization (lower affinity) and down-. 
regulation of the PAR in tracheal smooth muscle (predominantly P2 

PAR subtype), mainstem bronchial smooth muscle (predominantly P2 

PAR subtype), and peripheral lung (predominantly PI PAR subtype) 

with no change in either affinity or PAR number m heart 

(predominantly PI PAR) as determined by radioligand binding 

analysis usmg the radioligand dihydroalprenolol ([3 H] D H A) . 

However, the PAR were not desensitized functionally in that 

isoproterenol-induced relaxations were not significantly different 

from control. In contrast, the functional response of the mAChR was 

increased significantly as compared to control in that the efficacy of 

methacholine-induced contractions was increased in mainstem 

bronchial and similarly in tracheal rings. However, the affinity and 

density of mAChR were not significantly different from the control 
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values as determined by radioligand binding analysis USing the 

radioligand quinuclidinyl benzilate ([3H]QNB). 

Chronic anti-cholinergic bronchodilator exposure using atropine 

(4 mg/kg/day) resulted in an increase in the efficacy of 

methacholine-induced contractile response of mainstem bronchial 

and tracheal rings with a concomitant increase in mAChR density in 

both tissues. Differential regulation of the mAChR may be occurring 

as demonstrated by experiments which show that chronic atropine 

exposure increased the M3 mAChR subtype density to a greater 

extent than the M2 mAChR subtype. This suggests that the 

methacholine-induced hyperresponsiveness seen clinically with 

chronic anti-cholinergic bronchodilator therapy may be due to an up­

regulation of the M3 mAChR in airway smooth muscle involved in 

bronchoconstriction. 
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INTRODUCfION 

The airways of the lung are regulated by three divisions of the 

autonomic nervous system: the sympathetic, parasympathetic and 

the non-adrenergic non-cholinergic (NANC) divisions (reviewed in 

Barnes, 1986). The sympathetic division primarily regulates the 

airways via the adrenal medulla. Stimulation of the adrenal medulla 

promotes the release of epinephrine which interacts with the P­

adrenergic receptors (PAR) located on the airway smooth muscle. 

This interaction at the PAR results in the relaxation of the smooth 

muscle and ultimately dilatation of the aIrways. Studies have shown 

that sympathetic fibers do not directly innervate the airway smooth 

muscle in humans and rabbits. The only reported contact that the 

sympathetic neurons have with auway smooth muscle IS 

demonstrated in the cat. Here, it is shown that noradrenergic 

terminals are In direct association with the bronchial smooth muscle 

as determined by fluorescence histochemical analysis (reviewed in 

Barnes, 1986). A few studies show that sympathetic neurons may 

innervate cholinergic ganglia and decrease release of acetylcholine 

from the neuron by activating prejunctional inhibitory PI PA R 

(Danser et aI., 1987) or prejunctional inhibitory P2 PAR (Rhoden et aI., 

1988). Primarily, though, the regulation of the airways via the 

sympathetic division occurs indirectly by circulating epinephrine and 

its interaction with P2 PAR on airway smooth muscle (Hawthorn and 

Broadley, 1982). 
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In contrast, the parasympathetic division of the autonomic 

nervous system directly innervates airway smooth muscle and 

primarily regulates the airways vIa the vagus nerve (reviewed In 

Richardson, 1979). Stimulation of the vagus promotes release of 

acetylcholine onto ganglia containing nicotinic acetylcholine receptors 

(nAChR) (reviewed In Barnes, 1987a) or muscarinic acetylcholine 

receptors (mAChR) of the Ml subtype (Barnes et aI., 1988). The 

physiological role of the Ml mAChR in airway regulation is unclear. 

In the rabbit, it is shown that vagally-induced bronchoconstriction is 

blocked by pirenzepine (Ml mAChR antagonist) in vivo (Bloom et aI., 

1987a) and In vitro (Bloom et aI., 1988). It has always been thought 

that nAChR were responsible for ganglionic transmission, but 

perhaps excitatory Ml mAChR are facilitating nAChRs by closing K+ 

channels, resulting In a slow depolarization of the ganglion cell (Ashe 

and Yarosh, 1984). Ml mAChRs might be involved in the chronic 

regulation of cholinergic tone whereas the nAChRs may be involved 

in the more rapid signalling pathway like reflex activation of the 

cholinergic pathway (Barnes et aI., 1988). The interaction of 

acetylcholine with either of these receptors promotes release of 

acetylcholine from ganglionic neurons directly onto the airway 

smooth muscle causing contraction of the smooth muscle and 

ultimately airway constriction. The cholinergic neurons within the 

auways have been shown to contain presynaptically located M2 

mAChR or autoreceptors (Faulkner et aI., 1986). Stimulation of these 

receptors by acetylcholine or a muscarinic agonist has been shown to 
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excessIve bronchoconstriction. Also, VIP-ergic neurons may be the 

only neuronal system responsible for airway dilatation that directly 

innervates airway smooth muscle (reviewed in Barnes, 1986). 

Recent studies are even suggesting that nitrous oxide (NO) and not 

VIP may be the substance mediating aIrway smooth muscle 

relaxation in the NANC division of the autonomic nervous system 

(Barnes, 1992; Lammers et aI., 1992). Because the discovery of 

peptidergic neurons are novel, much more needs to be learned about 

their role In regulation of the airways. All further discussions 

regarding the airways will focus solely upon the role of adrenergic 

and cholinergic regulation of the airways. 

Beta-adrenergic receptor diversity exists within the airways. 

B eta-adrenergic receptors are found in the smooth muscle of trachea 

all the way down to the bronchioles and their stimulation by ~ A R 

agonists cause airway smooth muscle relaxation in vitro (reviewed In 

Barnes, 1986) by increases in cyclic AMP levels {reviewed in Stiles et 

aI., 1984). Beta-adrenergic receptor density has been shown to be 

distributed in a non-uniform manner with the lower airways 

containing a greater density of ~AR than the upper airways (Barnes 

et aI., 1983a). 

There is consensus as to co-existence of ~AR subtypes (~1 and ~2) 

on airway smooth muscle (Rugg et aI., 1978; Dickinson and Nahorski, 

1981; Popovich et aI., 1984; Carstairs et aI., 1985). However, there 

are differences regarding the proportionality of ~ AR subtypes 

present within the airways between species. For example, in rabbit, 
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it has been proposed that rabbit peripheral lung contains 

predominantly the /31 /3AR subtype but there are discrepancies as to 

the proportion of /31:/32 /3AR subtypes (Rugg et al., 1978; Dickinson 

and Nahorski, 1981). Discrepancies in the /3 AR subtype identity 

within the lung exist because the past studies were performed on 

whole lung homogenates and not on the individual regions of the 

lung. Because /3AR diversity exists throughout the different lung 

regions and that accurate /3AR subtype characterization in rabbit lung 

was essential for our study, we wanted to characterize rabbit 

peripheral lung and tracheal smooth muscle for /3 AR subtype 

identity. In contrast, the peripheral lung of other species, including 

the rat (Rugg et al., 1978), the guinea-pig (Carswell and Nahorski, 

1983), the dog, (Barnes et al., 1983b), the pig (Popovich et al., 1984) 

and human (Carstairs et al., 1985), predominantly contains the /32 

/3AR subtype. Even though the primary mode of airway smooth 

muscle relaxation is via stimulation of /3 2 /3 AR receptors by 

circulating catecholamines, the /31 /3AR also have been shown to serve 

a functional role in airway smooth muscle. In canine tracheal smooth 

muscle, /31 /3 AR has been shown to cause tracheal smooth muscle 

relaxation via sympathetic nerve stimulation and not by exogenous 

/3AR agonists (Barnes et al., 1983b). Unlike the cat, both the rabbit 

and humans do not have adrenergic innervation of the airway 

smooth muscle (reviewed in Richardson, 1979). Therefore, the 

hypothesis that the /3 1 but not the /3 2 /3 AR are innervated by 

sympathetic neurons (Ariens and Simonis, 1983) may hold true for 
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some species, but for rabbits and humans, this seems unlikely. In 

the rabbit and in humans, the primary mode of sympathetic 

regulation of airway dilatation occurs through stimulation of f32 f3A R 

by circulating epinephrine, resulting in an increase in smooth muscle 

relaxation by increasing cAMP levels (Barnes, 1986). 

In addition to f3ARs, airway smooth muscle contains mAChRs as 

determined by radioligand binding analysis. Muscarinic 

acetylcholine receptors have been found in the rabbit (Bloom et aI., 

1987b), canine (Murlas et aI., 1982), porcine (Chuen Mao Yang et aI., 

1986), bovine (Cheng and Townley, 1982; Rothberg et aI., 1987) and 

human airway smooth muscle (van Koppen et aI., 1985). A non­

uniform density of muscarinic receptors within aIrway smooth 

muscle IS also observed. In contrast to the f3AR density, mAChR 

density is highest in the upper airways (trachea) as compared to the 

lower airways (bronchioles) (Cheng and Townley, 1982; Barnes et aI., 

1983a) and highest in the outer layers of the smooth muscle as 

compared to the inner layers (Basbaum et aI., 1984). Stimulation of 

aIrway smooth muscle mAChR causes contraction of the smooth 

muscle in vitro (reviewed in Barnes, 1987a; Bloom et aI., 1988) and 

constriction of the airways In vivo (Bloom et aI., 1987a). 

Muscarinic acetylcholine receptor subtype diversity also exists 

within the airways. By using relatively selective mAChR antagonists: 

pirenzepine (Ml-selective), AF-DX 116 (M2-selective) and 4-DAMP 

(M3-selective) (Doods et aI., 1987), it has been found that tracheal 

smooth muscle contains both M2 and M3 mAChR (Roffel et aI., 1988; 
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Fryer and EI-Fakahany, 1990; Roffel et aI., 1987; Mahesh et aI., 

1992). Even though the M2 mAChR sUbtype predominates In this 

tissue (Roffel et aI., 1988; Fryer and EI-Fakahany, 1990; Lucchesi et 

aI., 1990; Mahesh et aI., 1992) and is inversely coupled to adenylyl 

cyclase (Fernandes et aI., 1992), it is the M3 mAChR subtype that 

mediates the contraction induced by cholinergic agonists (Roffel et 

aI., 1988; Mahesh et aI., 1992). This contractile response of the 

airway smooth muscle elicited by cholinergic agonists has been 

shown to be linked to the phosphoinositide transduction pathway 

(Barnes, 1986). It has been shown that antagonism of the M3 mAChR 

but not the M2 mAChR subtype blocks methacholine-induced 

contraction of tracheal smooth muscle in the rat (Post et aI., 1991), 

the rabbit (Mahesh et aI., 1992), and the dog (Brichant et aI., 1990; 

Itabashi et al., 1991). Therefore, it has been suggested that 

methacholine-induced contraction of airway smooth muscle is via the 

M 3 mAChR SUbtype. The M2 mAChR may be involved in a 

mechanism other than airway smooth muscle contraction. Functional 

antagonism of the relaxation properties of the muscle has been 

shown to occur. Here, it is demonstrated that mAChR stimulation of 

canine tracheal smooth muscle functionally antagonizes the relaxant 

responses to ~AR agonists (Torphy et aI., 1983) and decreases cAMP 

levels which may result in a suppressIOn of cAMP-dependent protein 

kinase activity (Torphy et al., 1985). This mAChR-induced 

antagonism of the relaxant responses to ~ AR agonists may be 

mediated through the M2 mAChR. It is shown that stimulation of the 



21 

M 2 mAChR in camne airway smooth muscle reduces the ability of a 

~ AR agonist to relax the tissue in vitro and blockade of the M2 

mAChR enhances ~AR-induced relaxation of the airway (Fernandes et 

al., 1992) 

Different mAChR subtypes have been shown to co-exist in 

different regions of the lung as well. For example, in rabbit 

peripheral lung, it is found that high affinity pirenzepine mAChRs are 

present (putative MI subtype) (Bloom et aI., 1987b) as well as high 

affinity AF-DX 116 mAChRs (putative M2 subtype) (Bloom et al., 

1987c). However, one major drawback to using ligands for mAChR 

subtype determination is in the selectivity of these antagonists for 

their respective mAChR sUbtypes. It has been shown that both 

pirenzepine (M I-selective) and 4-DAMP (M3-selective) demonstrate 

high affinities for the M I mAChR (Lazareno et aI., 1990). Also, 

tissues that exhibit M I-like antagonist profiles may contain either 

the M I or M4 mAChR subtype or a mixture of these two mAChR 

subtypes (Dorje et al., 1991a). Therefore, because no antagonists 

have been developed for the M4 and M5 mAChR and the antagonists 

currently used to characterize the M I, M2 and M3 mAChRs are only 

relatively selective for their respective subtypes, the purported MI 

and M2 mAChR characterized in rabbit peripheral lung (Bloom et al., 

1987b; Bloom et al., 1987c) may prove to be other mAChR subtypes 

(M2 and M4 mAChR subtypes) when more selective pharmacological 

tools are made available. Therefore, other pharmacological tools like 

mRNA probes or mAChR subtype selective antibodies are much more 



22 

selective for the mAChR subtypes since they identify either mAChR 

gene transcripts or better yet the actual mAChR protein, respectively, 

that exist within tissues. By use of mRNA probes specific for the ml­

m5 mAChR mRNA, it was found that both the m2 and m3 mAChRs co­

existed in the rat and porcine tracheal smooth muscle (Maeda et al., 

1988) and M4 mAChR in rabbit peripheral lung (Lazareno et al., 

1990). Using antibodies selective for the Ml-M5 mAChR subtypes, it 

was found that rabbit peripheral lung contains about 40% M2 mAChR 

and 40% M4 mAChR (Dorje et al., 1991b). So, perhaps the putative 

M 1 mAChR identified in rabbit peripheral lung (Bloom et al., 1987b) 

was actually M4 mAChR as supported by the antibody and mRNA 

analyses. 

It is apparent that the lung is a complex and diverse array of 

many systems operating in conjunction with one another. For 

example, in addition to regulating airway smooth muscle, the 

autonomic nervous system also regulates secretion of mucus, fluid 

transport across airway epithelium, permeability and blood flow 

within the pulmonary circulation, and release of mediators from 

mast cells and other inflammatory cells (Barnes, 1986). Any 

imbalance with this delicate system can lead to such abnormalities as 

bronchial hyperresponsiveness which is characteristic of asthma; a 

disease that is characterized by reversible bronchoconstriction due to 

contraction of airway smooth muscle. Salter, over 100 years ago, 

once wrote that in asthma: 
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There is no peculiarity in the stimulus, the aIr breathed in is the 
same in the asthmatic and the non-asthmatic. . . nor, probably, is 
there any peculiarity in the irritability of bronchial muscle; the 
peculiarity is confined to the link that connects these two - the 
nervous system - and consists in its perverse sensibility, in its 
receiving and transmitting on to the muscle, as a stimulus to 
contraction, that of which it should take cognizance. . . it is clear that 
the vice in asthma consists, not in the production of any special 
irritant, but in the irritability of the part irritated. (SaIter, 1868). 

Salter was almost correct except that the "irritability" of the 

bronchial muscle may be peculiar in the asthmatic as compared to 

the non-asthmatic. These differences may be due to epithelial 

damage, differences in smooth muscle morphology or an impairment 

of the neural control and/or the receptors involved with the 

contraction and relaxation mechanisms within the smooth muscle 

(reviewed in Ingram, 1991). 

An impairment within the contractile and relaxation receptor 

mechanisms can produce an exaggerated contractile response to 

cholinergic agonists. This idea is supported by the observation that 

wheezing is induced by a cholinergic agonist in an asthmatic and not 

in a normal subject which is then relieved by a dose of epinephrine 

(reviewed in Barnes, 1986). Today, it is believed that the neural 

mechanisms and not the airway smooth muscle may be abnormal in 

an asthmatic. This idea is supported by the findings that an agonist 

(methacholine) that causes contraction in vitro does not correlate 

with the agonist's effects in vivo (Roberts et al., 1984). Our studies 

are one of the first to potentially demonstrate a link between in vivo 

drug-induced hyperresponsiveness observed In asthmatics 
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(Newcomb et aI., 1985; Sears et aI., 1990) with in vitro drug-induced 

smooth muscle contraction. Bronchial hyperresponsiveness due to an 

alteration of the airway smooth muscle receptors (in particular the 

~ARs and mAChRs) will be the focus of this dissertation from this 

point forward. 

Bronchial hyperresponsiveness may be the result of an 

abnormality of either the ~AR or the mAChR. Tachyphylaxis of ~A R 

response to ~ 2 ~ AR agonist bronchodilators or mAChR 

supersensitivity to cholinergic agonists could cause an exaggerated 

bronchoconstrictor response. Symptomatic treatment of asthma 

involves the use of bronchodilators: the anti-cholinergic 

bronchodilators (e.g. ipratropium bromide) and the ~2 ~AR agonist 

bronchodilators (e.g. albuterol or terbutaline). Another 

bronchodilator treatment includes the use of theophylline, a 

phosphodiesterase inhibitor (Goldie et aI., 1986) which enhances the 

second messenger cAMP associated with ~AR-induced airway smooth 

muscle relaxation. For all intents and purposes, the studies 

surrounding this dissertation analyze the effects of chronic 

bronchodilator therapy utilizing the bronchodilators belonging to 

either the anti-cholinergic or ~2 ~AR agonist classes. 

As stated previously, the most prevalent form of symptomatic 

treatment of asthma occurs by use of the anti-cholinergic or ~2 ~A R 

agonist bronchodilators. Controversy exists as to the prescribed 

treatment regimen of asthma. Some reports suggest that continuous 

use of bronchodilators would improve the control of asthma 
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(reviewed in Lofdahl and Svedmyr, 1991). In contrast, other studies 

suggest that regular use of bronchodilators not only worsen the 

control of asthma (Newcomb et aI., 1985; Sears et aI., 1990; van 

Schayck et aI., 1991) but could increase the likelihood of death 

(reviewed in Pearce et aI., 1991; Spitzer et aI., 1992). These studies 

suggest that the use of bronchodilators should be prescribed "on 

demand" and for symptomatic relief of bronchoconstriction only. In 

the studies utilizing the ~2 ~AR agonist bronchodilators, regular use 

of this class of bronchodilator in patients with asthma has been 

associated with a worsening of symptoms and an increase in 

bronchial responsiveness (Kraan et aI., 1985; Sears et aI., 1990; van 

Schayck et aI., 1991). In another study utilizing the anti-cholinergic 

bronchodilator, withdrawal from chronic use of this class of 

bronchodilator results in methacholine-induced hyperresponsiveness 

in human stable asthmatics (Newcomb et aI., 1985). 

Some explanations for the worsening of asthma upon regular ~2 

~AR use may (Kraan et aI., 1985; Cheung et aI., 1992; O'Connor et aI., 

1992) or may not (van Schayck et aI., 1990) involve a decrease in 

~AR function or may be caused by an increase in mAChR function 

(Sears et aI., 1990). Also, chronic anti-cholinergic bronchodilator 

therapy may involve an increase in the mAChR (Newcomb et aI., 

1985). It has been shown that ~AR agonists are able to regulate 

~ARs (Mukherjee et aI., 1975; Homburger et aI., 1980; Su et aI., 1980) 

and mAChR antagonists are able to regulate mAChRs (Takeyasu et aI., 

1979; Majocha and Baldessarini, 1984; Chevalier et aI., 1991) (a term 
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referred to as homologous regulation). In addition, it has also been 

shown that ~AR agonists are able to regulate mAChRs (Eschenhagen 

et aI., 1991) (a term referred to as heterologous regulation). 

Perhaps regulation of the airway smooth muscle receptors is 

occurring upon chronic bronchodilator exposure. Since the 

mechanisms underlying this supersensitivity to methacholine after 

chronic ~2 ~AR agonist or anti-cholinergic exposure remains unclear, 

we questioned whether regulation of the ~AR and mAChR occurs 

within the airways after chronic bronchodilator therapy. Hence, the 

hypotheses of this dissertation are: (1) chronic exposure to a f32 f3A R 

agonist bronchodilator alters both the f3ARs and mAChRs functional 

response by desensitizing and down-regulating the f3ARs while up­

regulating the mAChRs and (2) chronic exposure to the anti­

cholinergic bronchodilator increases the mA ChR response by an up­

regulation of the mAChRs. 
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METHODS AND MATERIALS 

Implantation of the Osmotic Mini-pumps 

New Zealand White specific pathogen free rabbits of either sex 

weighing between 1.7 to 2.0 kg were anesthetized with 40 mg/kg 

ketamine HCI (Aveco Co., Fort Dodge, Iowa) and 4 mg/kg xylazine HCI 

(Lloyd Laboratories, Shenandoah, Iowa) and implanted with Alza 

osmotic mini-pumps (model 2ML4; ALZA Corporation, Palo Alto, CA) 

filled with either water (control), albuterol or atropine sulfate (Sigma 

Corporation, St. Louis, MO). The pumps were designed to deliver a 

volume of 2.34 Illlhr at a concentration that was adjusted to the 

weight of the rabbit to yield a drug concentration delivery of 6 

mg/kg/day and 4 mg/kg/day respectively. The pumps were 

implanted subcutaneously in the midline of the back at the level of 

the shoulder. The wound was closed with 18 mm wound clips. Blood 

was drawn from the central ear artery of the rabbits 2 weeks after 

the beginning of the infusion and plasma was analyzed for either 

albuterol or atropine concentrations by high performance liquid 

chromatography separation and gas chromatography/mass 

spectroscopy detection by National Medical Services, Willow Grove, 

Pennsylvania. On day 28, the rabbits were sacrificed by overdose 

with 390 mg sodium pentobarbital (Vet Labs Limited, Inc., Lenexa, 

Kansas) and the heart and lungs were removed en bloc from the 

rabbit and immediately submerged in Krebs buffer (NaCI, 120 mM; 

KCI, 4.8 mM; MgS04, 1.2 mM; CaCh, 1.3 mM; NaH2P04, 20.3 mM; HCI, 
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3.2 mM; D-Glucose, 10 mM; pH 7.4) bubbled with 95% 02 and 5% C02. 

The trachea, mainstem bronchi, peripheral lung and the heart were 

dissected away and cleaned of all connective tissue and used 

immediately or frozen at -70oC until use (within one month). For the 

atropine-infused rabbits, the pumps were removed on day 27 of the 

infusion and the wounds were sutured closed. On day 28, the rabbits 

were then sacrificed as described above and the tissue harvested 

accordingly. 

Functional Tissue Bath Analysis 

Methacholine Dose-Response Curves 

The distal portion of the trachea (nearest the carina) was cut into 

two 2 mm-sized rings whereas the mainstem bronchial rings were 

cut into two 1 mm-width rings. The rings were suspended between 

two stainless steel wires in a 10 ml water jacketed organ bath 

containing Krebs buffer bubbled with 95% 02, 5% C02 and maintained 

at 370 C (See Figure 1). The rings were stretched with an isometric 

tension of 1.0 g until a steady baseline was reached which was 

approximately one hour. After stabilization of the flngs was 

achieved, increasing concentrations of methacholine (10-9 to 10-3 M 

final concentration) were added to the baths cumulatively and the 

amount of contraction in g tension developed was determined using a 

Soltec 1242 recorder. The dose-response curves were expressed as 

percent maximum contraction of each individual tissue. An 

individual methacholine-induced dose-response curve was 
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Figure 1: Schematic Diagram of the Tissue Bath Analysis 
Set-yo. The tissue is placed in a 10 ml organ bath between two 
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platinum plate electrodes and suspended in Krebs buffer bubbled with 9Sro 
02 ad sro C02 and maintained at 37 C. The tissue is stretched with a I g 
tension until stabilization is reached. Increasing concentrations of drug 
are added directly to the baths and the force of contraction or relaxation 
is measured on a Soltec recorder. 
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constructed for each ring from the same rabbit and the ECso and EC7 s 

value was calculated for each and then averaged together yielding an 

"n" of 1 per rabbit. The ECso and EC7S values were expressed as the 

geometric mean xl; SEM whereas the efficacy values were expressed 

as the arithmetic mean + SEM. All data were analyzed by ANOV A by 

the App-Stat statistical package (StatSoft, Tulsa, OK) and significance 

was defined as p < 0.05. 

Isoproterenol Dose-Response Curves 

After stabilization of the rings was achieved, the nngs were 

contracted by adding increasing concentrations of methacholine (10- 9 

to 10-3 M final concentration) to the baths cumulatively. When the 

maximum contraction for each ring was achieved, the tissue was 

washed five times and allowed to stabilize for 15 minutes at which 

time half maximal contraction and stabilization was achieved. 

Increasing doses of isoproterenol (10-9 to 10-3 M final concentration) 

were added to the baths cumulatively and the amount of relaxation 

m g force reduced was determined usmg a Soltec 1242 recorder. 

Because isoproterenol is unstable in Krebs buffer alone, 0.5% 

bismetabisulfite (an antioxidant) (Sigma Chemical Co., St. Louis, MO) 

was used to dissolve the isoproterenol before adding it to the tissue 

baths. The dose-response curves were expressed as percent 

maximum relaxation of each individual tissue. An individual 

isoproterenol-induced dose-response curve was constructed for each 

ring from the same rabbit where the ICso and the maxImum 

relaxation values were calculated. The two ICso values obtained 
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from the isoproterenol relaxation curve for the tracheal rings were 

averaged together yielding an "n" of 1 for that rabbit. The ICs 0 

values for the mainstem bronchial rings and the maximum relaxation 

for both the tracheal and mainstem bronchial rings were averaged in 

the same manner. The ICso values were expressed as the geometric 

mean with the range of the SEM in parentheses whereas the efficacy 

values (% maximum relaxation) were expressed as the arithmetic 

mean + SEM. All data were analyzed by ANOV A by the App-Stat 

statistical package and significance was defined as p < 0.05. 

KCf-Induced Dose-Response Curves 

KCI (10- 3 to 5 x 10- 1 M final concentration) was added to the 

baths cumulatively, and the amount of force developed was 

determined isometrically USlOg a Soltec 1242 transducer and 

recorder. The dose-response curves were expressed as percent 

maxImum contraction of each individual tissue. An individual KCI­

induced dose-response curve was constructed for each mainstem 

bronchial ring from the same rabbit and the ECs 0 values were 

calculated from each curve. Values for each pair of tissues were 

averaged yielding an "n" of 1 per rabbit. The ECso values were 

expressed as the geometric mean with the range of the S.E.M. in 

parentheses. The efficacy values were expressed as the arithmetic 

mean + S.E.M.. All data were analyzed by Student's unpaired t-test 

where significance was defined as p < 0.05. 
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RadioIigand Binding Analysis 

[3HJQNB and [3HJDHA Saturation Isotherms 

Radioligand binding assays using quinuclidinyl benzilate, L­

[benzilic-4,4'_3H(N)] ([3H]QNB) (44.9 Ci/mmol) and dihydroalprenolol 

hydrochloride, L-[ring, propyl_3H(N)] ([3H]DHA) (107.0 Cilmmol) 

(NEN Research Products, Boston, MA) were performed on heart, 

peripheral lung, tracheal smooth muscle and mainstem bronchi from 

both the control and albuterol-treated rabbits or atropine-treated 

rabbits. Control and treated tissues were analyzed in parallel to 

mInImIze interexperimental variability. The tracheal smooth muscle 

was excised from the trachea by cutting out the posterior band that 

ran the length of the trachea. The remainder of the trachea was then 

discarded. Two tracheal smooth muscle and mainstem bronchial 

preparations each from two different rabbits per treatment group 

were required per total binding experiment due to the small amount 

of tissue obtained from the tracheal smooth muscle and mainstem 

bronchial preparations. The heart, peripheral lung, tracheal smooth 

muscle and mainstem bronchi were mixed separately with ice-cold 

modified Krebs phosphate buffer (Nael, 120 mM; KCI, 4.8 mM; MgS04, 

1.2 mM; CaCh, 1.3 mM, NaH2P04, 20.3 mM; D-Glucose, 10 mM, pH 7.4) 

to yield a 5% (w/v) solution which was then homogenized with two 

15-sec pulses separated by a 30 sec pause while kept on ice, on a 

Polytron (Brinkmann Instruments, Inc., Westbury, NY) at setting 8. 

The homogenates were continuously kept on ice. The homogenates 

were centrifuged at 1200 x g for 10 min at 40 C after which the 
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pellet was discarded. The supernatant was agam centrifuged but at 

40,000 x g for 15 min and the resulting pellet was resuspended in a 

volume of the ice-cold modified Krebs phosphate buffer to yield a 5% 

solution (w/v). Protein concentration was determined using the 

Pierce BCA Protein Assay Kit using BSA as the standard (Pierce, 

Rockford, IL). 

The rapid filtration assay as described by Yamamura and Snyder 

(1974) was utilized to separate either [3H]QNB or [3H]DHA bound 

ligand from unbound ligand to obtain specific binding. The 

saturation studies were carried out lfi duplicate whereas the total 

binding assays were carried out lfi quadruplicate. The final 

concentrations of [3H]QNB used in the saturation experiments ranged 

from 10-1000 pM and the [3 H]DHA used lfi the saturation 

experiments ranged from 100-5000 pM. The total binding assays 

were carried out in 0.5 ml final volumes. The final concentration of 

[3H]QNB used in the total binding experiment was 1 nM and 5 nM for 

[3H]DHA. Six point [3H]QNB and [3H]DHA saturation curves were 

constructed. Non-specific binding of [3H]QNB was defined as the 

amount of radioligand bound in the presence of 1 J..lM atropine sulfate 

(Sigma Chemical Co., St. Louis, MO) and for [3H]DHA as the amount of 

radioligand bound in the presence of 10 J..lM (S)-( - )-propranolol 

(Sigma Chemical Co., St. Louis, MO). The incubations were carried out 

in modified Krebs phosphate buffer, pH 7.4, at 370 C for 1 hour The 

binding reactions were terminated by rapidly filtering the 

radioligand binding assays over a Whatman GF/B glass fiber filter 



34 

using a Brandel cell harvester apparatus (Gaithersburg, MD). The 

filters were presoaked in distilled water alone for the [3 H ] Q N B 

binding assays and in distilled water containing 0.5% 

polyethylenimine (Sigma Chemical Co., St. Louis, MO) for the binding 

assays using [3H]DHA to minimize non-specific binding to the filter. 

Each filter was immediately washed 3 times with 4 ml of ice-cold 

Modified Krebs Phosphate buffer, pH 7.4. The filters containing the 

bound radioactivity after the washings were extracted into 8 ml of 

Cytoscint Scintillation Cocktail (lCN Biomedicals, Irvine, CA) for 12-16 

h. The radioactivity of each sample was counted in a liquid 

scintillation counter (Beckman LS 5000CE). The saturation data was 

analyzed by the GRAFIT program using a one-site fit model 

(Erithacus, Software Limited, 1989) All data was analyzed by I-way 

ANOV A using the App-Stat statistical package and significance was 

defined as p< 0.05. 

Inhibition of [3H1DHA Binding by Atenolol 

Inhibition of [3H]DHA (1 nM) by increasing concentrations of 

atenolol (10- 9 to 10-3 M.) (Sigma Chemical Co., St. Louis, MO) was 

performed on tracheal smooth muscle (Pelfreez, Rogers, Arkansas) 

with and without epithelium, tracheal smooth muscle epithelium, 

peripheral lung and heart. The posterior band of the tracheal smooth 

muscle was removed as described above. Tracheal smooth muscle 

was denuded of epithelium mechanically with forceps. To ensure 

that the tracheal smooth muscle was devoid of epithelium, tissue 

sections were prepared and histological analysis was performed (Dr. 
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Clark Lantz, University of Arizona, Tucson, AZ) (Figure 2). The 

epithelium removed from the tracheal smooth muscle was also used 

In the inhibition analysis. 

The inhibition studies were carried out in duplicate Non-specific 

binding of [3 H]( -)DHA was defined as the amount of radioligand 

bound in the presence of 10 JlM (S)-( -)-propranolol. Nine to 18-

point inhibition curves were constructed and the incubations were 

carried out in Modified Krebs Phosphate buffer, pH 7.4, at 370 C for 1 

hour The binding reactions were terminated by rapidly filtering the 

radioligand binding assays over a Whatman GF/B glass fiber filter 

using a Brandel cell harvester apparatus. The filters were presoaked 

in distilled water containing 0.5% polyethylenimine to minimize 

nonspecific binding to the filter. Each filter was washed 3 times with 

4 ml of ice-cold modified Krebs phosphate buffer, pH 7.4. The filters 

containing the bound radioactivity after the washings were extracted 

into 8 ml of Cytoscint Scintillation Cocktail for 12-16 h. The 

radioactivity of each sample was counted in a liquid scintillation 

counter. The inhibition data were analyzed by nonlinear regression 

by the GRAFIT program using a two-site fit model for the inhibitions. 

Immunoprecipitation Analysis of Tracheal Smooth Muscle 

Solubilization of the Muscarinic Acetylcholine Receptor 

The immunoprecipitation assays were carried out using 

antibodies specific for the MI-M5 muscarinic cholinergic receptors 
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Figure 2: Histological Analysis of Rabbit Tracheal Smooth 
Muscle Denuded of Epithelium and with E pit h eli u m 
Attached. Depicted here are cross-sections of rabbit trachea. In (a) 
rabbit tracheal smooth muscle contains epithelium as indicated by 
the arrow whereas in (b), the tracheal smooth muscle is denuded of 
epithelium. These figures ensure that our method of denuding 
tracheal smooth muscle of epithelium for the inhibition experiments 
(atenolol inhibition of [3H]DHA binding) is sufficient. 
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(a gift from Dr. Barry Wolfe, Georgetown University). 
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For the 

experiments characterizing tracheal smooth muscle for mAChR 

subtype identity, the tracheas were obtained from Pelfreez (Rogers, 

Arkansas). As for the set of experiments comparing control versus 

atropine-treated tracheal smooth muscle, a control tissue was run in 

parallel with atropine treated tissue. The tissue was obtained from 

rabbits that were infused with either vehicle (control) or atropine 

(treated) as described previously. Eight tracheal smooth muscle 

strips were required for each experiment. Therefore, eight rabbits 

tracheas from each group (control and atropine-treated) were used 

per experiment and prepared as described previously except that 

they were homogenized in TE buffer (Tris HCI, 10 mM, pH 7.5; EDTA, 

1 mM) instead of Krebs buffer. Total [3H]QNB binding and protein 

analysis were performed on this receptor homogenate. All binding 

conditions were identical to that already described for the total 

binding assays using the radioligand [3H]QNB. The remaining 

receptor homogenate was then solubilized in TEDC(O.4%) (TE + 0.4% 

Digitonin; 0.04% cholic acid) for two hours at 40C and centrifuged at 

12,000 x g for 10 min. The solubilized fraction was divided into two 

equal portions and total [3H]QNB binding was performed on one 

fraction and non-specific [3H]QNB binding on the other fraction. 

Non-specific binding was defined as the amount of radioactivity 

bound in the presence of I ~ M atropine. The concentration of 

[3H]QNB used was 1 nM final concentration. These fractions were 

then incubated overnight at 4oC. The following day, the total and the 
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non-specifically bound [3H]QNB fractions were analyzed for the 

percent solubilization efficiency. 

Percent Solubilization Efficiency 

Chromatographic Analysis oj Solubilization Efficiency 

Percent solubilization efficiency was determined by 

overlaying 200 III of the total [3H]QNB fraction and 200 III of the non-

specifically bound [3H]QNB fraction over separate 3 ml Sephadex G-

25 (Pharmacia LKB Biotechnology Inc., Piscataway, NJ) columns pre­

equilibrated with 3 column volumes of TEDC(O.1 %) (TE + 0.01 % 

digitonin; 0.01 % cholic acid) maintained at room temperature. 

Thirty-fi ve 100 III fractions were collected and analyzed for 

radioactivity by liquid scintillation counting. The solubilized mAChR 

bound with [3 H]QNB usually eluted in fractions 8-17 whereas the 

unbound [3 H]QNB in fractions 22-35 as depicted in Figure 3. 

Chromatograms were then constructed for both solubilized fractions 

(total and non-specific) and specific [3H]QNB binding for the 

solubilized fraction was defined as (total-nonspecific). All of the 

fractions that contained the specific counts for the solubilized mAChR 

bound with [3H]QNB were summed and converted to fmoles using the 

conversion factor of 99.7 dpm/fmole (44.9 Ci/mmol x 2.22 x 1012 

dpm/Ci). This value then represented the actual amount of mAChR 

(fmoles of receptor protein) that was solubilized. 
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Figure 3: Chromatographic Analysis of Mus car i n i c 
Acetylcholine Receptor Solubilization E ffi c i e n c y. 
Chromatographic analysis was performed on 200 ,.11 aliquots of both 
the total and non-specific(+atropine) [3H]QNB-bound solubilized 
fractions. The 200 ,.11 aliquots were overlayed on a 3 ml Sephadex G-
25 column pre-equilibrated with TEDC(O.1 %) at room temperature. 
In this representative chromatogram, [3H]QNB-bound mAChR elutes 
in fractions 9-13 whereas unbound [3H]QNB ligand elutes in fractions 
22-35. The specific chromatogram is calculated by subtraction of the 
non-specific chromatogram from the total chromatogram. 
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Calculation of the Percent Solubilization Efficiency 

Percent solubilization efficiency was calculated by 

determining the theoretical amount of solubilized mAChR that should 

have eluted if 100% recovery of the solubilized mAChR was achieved. 

The equation used was: 

[actual amount of mAChR eluted (fmoles)] x( 100) = %solubilized 

[theoretical amount of mAChR eluted (fmoles)] mAChR 

To determine the theoretical amount of solubilized mAChR, the 

following calculations were used. In this example, an initial mAChR 

receptor homogenate contained 50 fmoles of mAChR in a 0.1 ml 

volume as determined by total [3H]QNB binding performed in a 0.5 

ml volume assay. In order to accurately calculate the theoretical 

amount of solubilized mAChR (assuming 100% recovery in the 

solubilization step), it was first necessary to account for the loss of 

mAChR due to the aliquots taken for the total [3H]QNB and non­

specific [3H]QNB binding assays as well as for the protein assay. A 

receptor homogenate of 0.1 ml contained 50 fmoles of mAChR of 

which there was a total volume of 5 ml: 

50 fmoles x (5 ml) = 2500 fmoles of mAChR 

0.1 ml homogenate 

Since the total and non-specific binding assays required 0.8 ml and 

the protein assay 0.1 ml, a 0.9 ml volume of mAChR loss must be 
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taken into account. Therefore, the sample volume now contained 4.1 

ml of mAChR homogenate and the amount of mAChR that remained 

was: 

2500 fmoles x (4.1 ml/5.0 ml) = 2050 fmoles 

mAChR remaining 

The solubilized fraction was then divided into two equal portions and 

total [3H]QNB binding was performed on one fraction and non-specific 

[3H]QNB binding was performed on the other fraction. Again, the 

mAChR loss due to volume loss must be accounted for. Since the 

volume of detergent that the mAChR was solubilized in was 6 ml, the 

divided fractions now contained 3 ml of solubilized mAChR: 

2050 fmoles x (3 ml/6 ml) = 1025 fmoles mAChR 

remaInIng 

The chromatographic analysis required that 0.2 ml from each 

fraction was to be overlayed on the Sephadex 0-25 columns, 

therefore, the amount of mAChR loss due to a loss in volume must be 

considered: 

1025 fmoles x (0.2 ml/3.0 ml) = 68 fmoles mAChR 

remaInIng 

Therefore, if no loss of the mAChR occurred throughout all of the 

solubilization steps, then the amount of mAChR eluted in fractions 8-

17 should be 68 fmoles. In this example, the amount of solubilized 
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mAChR that eluted in fractions 8-17 was 45 fmoles. Therefore, the 

percent solubilization efficiency was: 

45 fmoles x 100 = 66% mAChR 

68 fmoles solubilization efficiency 

Immunoprecipitation of the MJ-M 5 Muscarinic Acetylcholine 

Receptor 

On the same day of the chromatographic studies, the 

immunoprecipitation of the Ml- M s mAChR was begun. The 

immunoprecipitation analysis was performed in duplicate using 250 

JlI fractions of the total and non-specific [3H]QNB solubilized fractions. 

Each antibody (MI-Ms) was initially diluted in TE buffer and added 

to the 250 JlI fractions to yield a 0.5 mg/ml final concentration and 

incubated for 2 hours at 4oC. A 1:2 [goat anti-rabbit IgG (Pelfreez, 

Rogers, Arkansas):TE] dilution was made and 70 JlI was added to each 

tube containing the primary antibody and incubated for 16-24 h at 

4 oC. The resulting precipitate was then centrifuged at 2000 x g for 

10 min at 40C and the supernatant which contained unbound and/or 

non-precipitated [3H]QNB mAChR was aspirated off. The pellet was 

then resuspended in 300 JlI TEDC(O.I %) and centrifuged at 10,000 x g 

for 10 min and the supernatant again was aspirated off. The pellet 

was superficially washed with TEDC(O.I %) and then resuspended in 

100 JlI TE plus 1% SDS. This was then warmed to 370C for 30 min 

and counted. All data was analyzed by Student's unpaired t-test 

where significance was defined as p< 0.05. 
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Rabbit tracheal smooth muscle was characterized for mAChR 

subtype identity by converting the amount of radioactivity ([3H] QNB) 

precipitated by each individual antibody including a control antibody 

(which controlled for non-specific immunoprecipitation of the 

mAChRs) into percentages of the total amount of specific counts. In 

this example, the amount of [3H]QNB that was precipitated by each 

antibody was as follows: 

Total Non-specific Specific 

( -atropi ne) (+atropine) (Total- N onspeci fic) 

Control antibody 75 dpm 72 dpm 3 dpm 

M1 mAChR antibody 90 dpm 70 dpm 20 dpm 

M2 mAChR antibody 600 dpm 200 dpm 400 dpm 

M3 mAChR antibody 220 dpm 90 dpm 130 dpm 

M4 mAChR antibody 170 dpm 90 dpm 80 dpm 

M5 mAChR antibody 82 dpm 74 dpm 8 dpm 

After the specific counts for each antibody were calculated, the 

specific control counts were then subtracted from each of the specific 

counts calculated for each mAChR antibody (M1-M5): 



45 

Specific Specific - control Ab 

Ml mAChR antibody 20 20 - 3 = 17 dpm 

M2 mAChR antibody 400 400 - 3 = 397 dpm 

M3 mAChR antibody 130 130 - 3 = 127 dpm 

M4 mAChR antibody 80 80 - 3 = 77 dpm 

M5 mAChR antibody 8 8 - 3 = 5 dpm 

The values in the (specific - control antibody) column were then 

summed and each mAChR antibody's (M 1- MS) value was taken as a 

percentage of the total value: 

Specific - Control antibody %mAChR subtype 

Ml mAChR antibody 17 dpm 17dpm/623dpm 3% 

M2 mAChR antibody 397 dpm 64% 

20% 

12 % 

M3 

M4 

M5 

mAChR antibody 127 dpm 

mAChR antibody 77 dpm 

mAChR antibody 5 dpm 1% 

623 dpm 

Calculation of Muscarinic Acetylcholine Receptor Percent 

and Amount (jmoleslmg protein) in Control and Atropine­

treated Tracheal Smooth Muscle 

The calculation of the percentages for each mAChR subtype 

(M 1- M 5) was performed as described above. However, in order to 

determine whether each individual mAChR subtype was up­

regulated upon chronic atropine exposure, mAChR amount 
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(fmoles/mg protein) needed to be determined. This was determined 

by first calculating the percentage of each mAChR subtype in the 

control and atropine-treated tissues. Once the percentages for each 

mAChR subtype were calculated, each percentage was then 

multiplied by the total mAChR amount which was previously 

determined by the total [3H]QNB binding assay performed on the 

receptor homogenate at the beginning of the immunoprecipitation 

experiment. In this example, the control animals had a mAChR 

amount of 250 fmoles/mg protein and the atropine-treated animals 

had a mAChR amount of 320 fmoles/mg protein. The percentages 

that were determined for each mAChR subtype for both groups were: 

Control Atropine-treated 

% Ml mAChR 3% 2% 

% M2 mAChR 60% 61% 

% M3 mAChR 18% 20% 

% M4 mAChR 15% 16% 

% M5 mAChR 4% 1% 

These percentages were then multiplied by the total amount of 

mAChR as determined by the total [3H]QNB binding experiment 

performed on the tracheal smooth muscle receptor homogenate. This 

was calculated as follows: 
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Control Atropi ne- tre ated 

Ml mAChR amount: (O.03)(250fmollmg protein)= (0.02)(320 fmollmg protein)= 

8 fmollmg protein 6 fmoIlmg protein 

M2 mAChR amount (0.60)(250 fmoIlmg protein) = (0.61)(320 fmoIlmg protein)= 

150 fmoIlmg protein 195 fmollmg protein 

M3 mAChR amount (0.18)(250 fmollmg protein) = (0.20)(320 fmoIlmg protein)= 

45 fmoIlmg protein 64 fmoIlmg protein 

M4 mAChR amount (0.15)(250 fmollmg protein) = (0.16)(320 fmollmg protein)= 

38 fmoIlmg protein 51 fmoIlmg protein 

M5 mAChR amount (0.04)(250 fmoIlmg protein) = (0.01)(320 fmollmg protein)= 

10 fmoIlmg protein 3 fmollmg protein 

In order to compare the percentage increase of the mAChR subtypes 

over the control values, the following calculation was used: 

atropine-treated value (fmoles/m~ protein) x 100 

control value (fmoles/mg protein) 

% increase 

over 

control 

One point worthy of mention IS that a control tissue was always 

tested in parallel with a tissue treated with atropine. Each 

comparison (control vs. atropine-treated) was made on an individual 

daily basis. 
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RESULTS 

Beta-adrenergic and Muscarinic Acetylcholine Receptor 

Characterization in Rabbit Airway 

The Determination of Beta-adrenergic Receptor Subtypes in the 

Airway by Radioligand Binding Analysis 

Discrepancies exist as to the proportion of BAR subtypes in the 

airway because binding analyses were performed on whole lung 

homogenates. Our studies indicate that BAR sUbtype diversity exists 

throughout the various lung regions and therefore each lung region 

needs to be analyzed for BAR subtype identity separately. Inhibition 

analysis of rabbit airway tissue revealed a dual population of the 

BAR subtypes. Atenolol (B 1 BAR antagonist) inhibition of PH] D HA 

(non-selective BAR antagonist) binding on rabbit tracheal smooth 

muscle (with and without epithelium attached) and epithelium alone 

demonstrated a receptor population (putative B2 BAR) unlike heart 

(predominantly B 1 BAR) (Figure 4). These data suggest that rabbit 

tracheal smooth muscle and epithelium contain predominantly B2 

BAR. In contrast, rabbit peripheral lung revealed an inhibition curve 

similar to heart suggesting the predominance of B 1 BAR (Figure 5). 

However, in all cases, the inhibition analysis revealed the presence of 

both BAR subtypes (B 1 and B2 BAR) in each tissue tested. See Table 1 

for the calculated percentage values, Hill coefficients, ICSO values and 

Ki values for all tissues. 
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Figure 4: Atenolol Inhibition of [3H1DHA Binding to Rabbit 
Heart. Tracheal Smooth Muscle and Epithelium. In 
comparison to heart (predominantly 131 J3AR), tracheal smooth muscle 
denuded of epithelium (TSM-epi) and epithelium alone contain a 
majority of the low affinity 131 J3AR (putative 132 J3AR) (%131: % 132 for 
TSM-epi=40:64 and %131: % 132 J3AR for epith=26:76). Each point 
represents the arithmetic mean + (S.E.M.) from 3-5 experiments, each 
performed in duplicate. These data are best fit by a 2-site binding 
model by nonlinear regression analysis. For calculated values, refer 
to Table 1. 
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Figure 5: Atenolol Inhibition of [3H1DHA Binding to Rabbit 
Heart. Peripheral Lung and Tracheal Smooth Muscle. Similar 
to heart, rabbit peripheral lung (PL) contains predominantly ~ 1 ~A R 
(% ~ 1: % ~2 = 68:31) whereas tracheal smooth muscle with epithelium 
(TSM+epi) contains a majority of the low affinity ~ 1 ~AR (putative ~2 
~AR) (%~ 1: % ~2 ~AR = 33:72). Each point represents the arithmetic 
mean + S.E.M. from 3-5 experiments, each performed in duplicate. 
These data are best fit by a 2-site binding model by nonlinear 
regression analysis. For calculated values, refer to Table 1. 
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Table 1: Composite Inhibition Data Analysis of [3H]DHA Inhibition 
by Atenolol in Rabbit Heart, Peripheral lung (PL), Tracheal smooth 
muscle + epithelium (T + epi) and epithelium (epith). 

%~1: 

(±S.E.M.): 

%fu: 

(+S.E.M.): 

Heart 

(n=5) 

77 

(5) 

26 

(4) 

ICSO~l (oM): 869 

(± S.E.M.): (198) 

1Cso ~2(I1M): 258 

(+ S.E.M.): (183) 

Ki ~1 (oM): 426 

(± S.E.M.): (107) 

Ki ~2 (11M ): 8 1 

(+ S.E.M.): (47) 

Hill: 0.69 

(± S.E.M.): (0.08) 

PL 

(n=3) 

68 

(4) 

3 I 

(4) 

679 

(130) 

20 

(4) 

352 

(72) 

1 1 

(3) 

0.71 

(0.05) 

T+epi 

(n=5) 

33 

(9) 

72 

(9) 

1131 

(823 ) 

108 

(83) 

604 

(501) 

33 

(19) 

0.64 

(0.07) 

T-epi 

(n=3) 

40 

(17) 

64 

(15) 

epith 

(n=3) 

26 

(2) 

76 

(4) 

5719 958 

(3054) (257) 

1357 93 

(1226) (48) 

2552 380 

(20) (163) 

346 

(296) 

0.52 

(0.02) 

28 

(11 ) 

0.61 

(0.1) 
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The Determination of Muscarinic Acetylcholine Receptor 

Subtypes in Rabbit Airway by Immunoprecipitation Analysis 

Immunoprecipitation analysis of rabbit tracheal smooth muscle 

using antibodies selective for the MI-Ms mAChR subtypes revealed a 

diversity of mAChR subtypes. In agreement with the binding values 

published by Mahesh and co-workers (1992), the tracheal smooth 

muscle contained predominantly the M2 mAChR (51 %) subtype with 

a minority of the M3 mAChR subtype (19%). However, what was not 

found in the study by Mahesh and co-workers was that rabbit 

tracheal smooth muscle also contained 13% of the M4 mAChR (Figure 

6). There were no detectable amounts of either the Ml or the Ms 

mAChR subtypes. 

The Effect of Chronic Albuterol Bronchodilator Therapy on Rabbit 

Airway 

The Detection of Albuterol Levels In Plasma 

Thirty-five rabbits (22 control and 13 albuterol-treated) were 

implanted with pumps and 33 rabbits survived and completed the 

study (20 control and 13 treated). The mean plasma level for 

albuterol at 2 weeks after the beginning of the infusion in treated 

rabbits was 24 + 1.4 nglml (National Medical Services, Inc., Willow 

Grove, P A) and was comparable to the peak plasma level following a 

single 4 mg oral dose in humans (Powell et aI., 1985). 
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Figure 6: Detection of Muscarinic Acetylcholine Receptor 
Subtypes in Rabbit Tracheal Smooth Muscle. 
Immunoprecipitation analysis using antibodies selective for the Ml­
M 5 mAChR subtypes demonstrates that rabbit tracheal smooth 
muscle contains predominantly the M2 mAChR subtype (51 % + 4%), a 
minority of the M3 mAChR subtype (19% + 2%) and also a minority of 
the M4 mAChR subtype (13% + 1 %). Each graph represents the mean 
+ S.E.M. from 6 individual experiments utilizing 8 rabbit tracheas per 
experiment. Significance (*) is defined as p < 0.05 where the mean of 
each mAChR subtype is compared to the control immunoprecipitate 
by Student's unpaired t-test. 



The Effect of Chronic Albuterol Exposure on the Functional 

Response of the Muscarinic Acetylcholine Receptor and Beta­

adrenergic Receptor. 

Muscarinic Acetylcholine Receptors 
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The functional response of the mAChR was measured by 

determining its response to methacholine (non-selective mAChR 

agonist). The efficacy (maximum contraction) of methacholine­

induced contraction of the rabbit mainstem bronchial ring was 

increased in albuterol-treated rabbits by 36% over the control value 

(p < 0.05) and a similar trend (19% Illcrea·se over control) was 

observed III tracheal smooth muscle though it was not significantly 

different than control (Figure 7). The potency (EC7S) in albuterol­

treated bronchi was increased (68% more potent) as compared to 

control (p < 0.05) (Figure 8) and a similar trend (66% more potent) 

was observed for tracheal smooth muscle though significance was not 

reached (p = 0.1) (Figure 9). The ECso values for the albuterol­

treated group demonstrated a trend towards an increase in potency 

of the methacholine-induced contraction but neither mainstem 

bronchi (66% more potent than control, p = 0.09) nor tracheal smooth 

muscle (69% more potent than control, p = 0.1) was significantly 

different than control (refer to Table 2 for calculated values). The 

increase in efficacy and potency of the albuterol-treated airway as 

compared to control was a mAChR-dependent event in that the 

maximum contraction (control = 0.8 g + 0.2 g vs. albuterol-treated = 



55 

3 - • Control en -
c II Albuterol-treated 
0 
+= 2 u 
~ 
"-... 
c 
0 
0 

E 1 
:::J 
E .->< 
~ 

:E 
0 

Mainstem bronchi Trachea 

Figure 7: The Effect of Chronic Albuterol Exposure on 
Efficacy of Response of Rabbit Mainstem Bronchi and 
Trachea to Methacholine in Vitro. Chronic exposure to albuterol 
«(32 (3AR agonist) significantly increases the maximum contractile 
response to methacholine in mainstem bronchi (control = 1.1 g + 0.1 g 
VS. albuterol-treated = 1.5 g + 0.1 g, P < 0.03) and a similar trend is 
observed in trachea (control = 1.6 g + 0.2 g VS. albuterol-treated = 1.9 
g + 0.2, p = 0.3). Each point on the graphs represents the arithmetic 
mean + S.E.M.. (*) denotes p < 0.05 where all data are analyzed by 1-
way ANOVA. 
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Figure 8: The Effect of Chronic Albuterol Exposure on the 
Potency of Response of Rabbit Mainstem Bronchi to 
Methacholine in VitrQ, Chronic exposure to albuterol significantly 
increases the potency (EC7S) of methacholine-induced contraction in 
mainstem bronchi [(EC7S in 11M) control = 5.6 (0.79-8.7) vs. albuterol­
treated = 1.8 (1.4-2.2), p < 0.05]. A similar trend is observed for the 
ECso value [(ECso in 11M) control = 1.4 (0.86-2.4) vs. albuterol-treated 
= 0.47 (0.38-0.57), P = 0.09]. Each potency value (ECso and EC7S) 
represents the geometric mean with the range of the S.E.M. in 
parentheses. Each point on the graphs represents the arithmetic 
mean + S.E.M.. Significance (*) is defined as p < 0.05 and all data are 
analyzed by I-way ANOV A. 
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Figure 9: The Effect of Chronic Albuterol Exposure on the 
Potency of Response of Methacholine on Rabbit Trachea in 
VitrQ, Chronic exposure to albuterol increases the potency (EC50 and 
E C 75) of methacholine-induced contraction but significance is not 
reached [(EC50 in 11M): control = 1.6 (0.89-2.7) vs. albuterol-treated 
0.49 (0.43-0.55), p = 0.1; (EC75 in 11M): control = 6.5 (0.8-11) vs. 
albuterol-treated = 2.2 (1.8-2.6), p = 0.1]. Both potency values (EC50 
and EC75) represent the geometric means with the range of the S.E.M. 
in parentheses. Each point on the graphs represents the arithmetic 
mean + S.E.M.. All data are analyzed by I-way ANOVA where 
significance (*) is defined as p < 0.05. 



Table 2: A Comparison of Methacholine-induced Contraction in Rabbit Airway Between Control 
and Albuterol-treated Animals. 

ECso (ll·M) 

Mainstem Bronchial 
Smooth Muscle 

Control(n=20) 1.4 (0.S6-2.4) 

Albu terol-treated(n=13 )0.47 (0.3S-0.57) 

Tracheal Smooth Muscle 

Control (n=17) 1.6 (0.S9-2.7) 

Al bu terol-trea ted (n=9) 0.49 (0.43-0.55) 

EC7S (11M ) 

5.6 (0. 79-S. 7) 

*1.S (1.4-2.2) 

6.5 (O.SO-ll) 

2.2 (1.S-2.6) 

Maximum 
Contraction(g) 

1.1 ±. 0.1 

*1.5 + 0.1 

1.6 ±. 0.2 

1.9 ±. 0.2 

All ECsO values represent the geometric means with the range of the S.E.M. in parentheses. The 
maximum contraction values represent the arithmetic means + S.E.M.. All data are analyzed by 1-
way ANOVA where significance (*) is defined as p < 0.05. 

VI 
00 
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0.8 g + 0.2 g) and potency of the mainstem bronchial rings to KC1, a 

receptor-independent contractile stimulus,' was not significantly 

different between the groups [(ECsO in mM): control= 12 (6-23) vs. 

albuterol-treated 19 (18-19)] (Figures 10 and 11). 

Beta-adrenergic Receptors 

No statistically significant difference in either potency (ECso) 

or efficacy (maximum relaxation) of isoproterenol-induced relaxation 

in both mainstem bronchial smooth muscle and tracheal 

smooth muscle was seen between the control and albuterol-treated 

rabbits (Figures 12, 13 and 14, Table 3). 

The Effect of Chronic Albuterol Exposure on Beta-adrenergic 

and Muscarinic Acetylcholine Receptor Affinity and Density 

Beta-adrenergic Receptor 

Chronic albuterol exposure produced an exaggerated response to 

methacholine in the asthmatic (Sears et aI., 1990). Potentially this 

increase in response was due to a decrease in the ~AR number or an 

increase in the mAChR involved in airway smooth muscle relaxation 

and contraction, respectively. Through radioligand binding analysis 

using [3H]DHA, chronic exposure to a ~2 ~AR agonist bronchodilator, 

albuterol, markedly decreased both the affinity (Kd) and receptor 

density (Bmax) of the ~AR within the airway [albuterol-treated 

mainstem bronchi was decreased by 36% as compared to control (p = 

0.02); albuterol-treated tracheal smooth muscle was 413% lower 

affinity (p = 0.04) and decreased by 53% (p = 0.003) as compared to 
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Figure 10: The Effect of Chronic Albuterol Exposure on the 
Potency of Response to KCI-Induced Contraction of Rabbit 
Mainstem Bronchi in Vitro. Chronic exposure to albuterol does 
not significantly increase the potency of KCl-induced contraction as 
compared to control [(ECso in mM: control = 12 (6-23) VS. albuterol­
treated = 19 (18-19), p > 0.05]. The ECsO value represents the 
geometric mean with the range of the S.E.M. in parentheses. Each 
point on the graphs represents the arithmetic mean + S.E.M. of 3-4 
experiments. All data are analyzed by Student's unpaired t-test and 
significance (*) is defined as p < 0.05. 
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Figure 11: The Effect of Chronic Albuterol Exposure on 
Efficacy of Response to KCI-induced Contraction of Rabbit 
Mainstem Bronchi in Vitro. Chronic exposure to albuterol does 
not significantly increase the efficacy (maximum contraction) of KCI­
induced contractile response in main stem bronchi as compared to 
control [(maximum contraction in g): control = 0.8 + 0.2 VS. albuterol­
treated = 0.8 ±. 0.2, p > 0.05]. Each bar graph represents the 
arithmetic mean + S.E.M. from 3-4 individual experiments. All data 
are analyzed by Student's unpaired t-test and significance (*) is 
defined as p < 0.05. 



62 

120 
0 Control 

c 100 • Albuterol-treated 
0 .--as 
>< 80 as 
Cl) 

a: 
60 

E 
::l 
E 40 ')( 
as 
:E 

20 
~ 0 

O~---T--~----~--~--~--~--~~~ 
-10 -8 -6 -4 -2 

Log Concentration of Isoproterenol (M) 

Figure 12: The Effect of Chronic Albuterol Exposure on 
Potency of Response to Isoproterenol-induced Relaxation of 
Rabbit Mainstem Bronchi in VitrQ, Chronic exposure to 
albuterol does not significantly alter the potency of isoproterenol­
induced relaxation of mainstem bronchi as compared to control [(ECS 0 
in nM); control = 457 (339-617) vs. albuterol-treated 708 (525-
955), p = 0.3]. The ECsO value represents the geometric mean with 
the range of the S.E.M. in parentheses. Each point on the graphs 
represents the arithmetic mean ±. S.E.M. from 8-9 individual 
experiments. Significance (*) is defined as p < 0.05 and all data are 
analyzed by I-way ANOV A. 
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Figure 13: The Effect of Chronic Albuterol Exposure on 
Potency of Response to Isoproterenol-induced Relaxation of 
Rabbit Trachea in Vitro. Chronic exposure to albuterol does not 
significantly change the isoproterenol-induced relaxation response of 
trachea as compared to control [(EC50 in nM): control = 304 (195-
490) vs. albuterol-treated = 525 (380-724), p = 0.4]. The EC50 value 
represents the geometric mean with the range of S.E.M. in 
parentheses. Each point on the graphs represents the arithmetic 
mean + S.E.M.. Significance (*) is defined as p < 0.05 and all data are 
analyzed by I-way ANOV A. 
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Figure 14: The Effect of Chronic Albuterol Exposure on 
Efficacy of Response to Isoproterenol-induced Relaxation of 
Rabbit Mainstem Bronchi and Trachea in Vitro. Chronic 
exposure to albuterol does not significantly alter the efficacy 
(maximum relaxation) of response of either main stem bronchi or 
trachea to isoproterenol-induced relaxation as compared to control 
[(maximum relaxation (g relaxed): control MSB = 0.7 + 0.1 vs. 
albuterol-treated MSB = 0.8 + 0.1, p = 0.6; control TSM = 1.0 + 0.08 vs. 
albuterol-treated TSM = 1.4 ±. 0.3, p = 0.1)] Each bar graph 
represents the arithmetic mean + S.E.M. All data are analyzed by 1-
way ANOV A and significance (*) is defined as p < 0.05. 
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Table 3: A Comparison of Isoproterenol-induced Relaxation 10 

Rabbit Airway Between Control and Albuterol-treated Animals. 

Mai1lstem Bro1lchial 
Smooth Muscle 

E.C.so (nM) 

Control(n=9) 457 (339 to 617) 

Albuterol-treated 708 (525 to 955) 
(n=8) 

Tracheal Smooth Muscle 

Control (n=9) 304 (195 to 490) 

Albuterol-treated 525 (380 to 724) 
(n=8) 

Maximum 
Relaxation (g) 

0.7 + 0.1 

0.8 ±.. 0.1 

1.0 ±.. 0.08 

1.4 + 0.3 

All ECso values represent the geometric means with the range of the 
S .E.M. in parentheses. The maximum relaxation values represent the 
arithmetic means + S.E.Moo There are no significant differences in 
isoproterenol-induced relaxation upon chronic albuterol exposure as 
compared to control as analyzed by I-way ANOV A where 
significance (*) is defined as p < 0.05. 
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control; albuterol-treated peripheral lung was 45% lower affinity (p = 

0.01) and decreased by 27% (p = 0.02) as compared to control] and 

did not significantly alter the PAR affinity or density located on 

heart as compared to control (Figure 15 and Table 4). For 

representative [3H]DHA saturation isotherms of tracheal smooth 

muscle and peripheral lung, see Figures 16 and 17. The lower 

affinity (larger Kd) value for both the tracheal smooth muscle and 

peripheral lung tissues was not the result of residual albuterol within 

the airways. A wash-dependent experiment was performed on 

tissue treated with albuterol (Figure 18). An increase in the number 

of washes on the tissue resulted in no change in the affinity (Kd: 0 

washes = 2500 pM; 2 washes = 2000 pM; and 4 washes = 2500 pM) 

indicating that no residual albuterol was affecting the albuterol­

treated Kd value and therefore, the decrease in the affinity was the 

result of desensitization of the PA R. 

Muscqrinic Acetylcholine Receptors 

Chronic albuterol exposure did not significantly alter either 

the affinity (Kd) or density (Bmax) of the mAChR in airway or heart 

using the non-selective mAChR radioligand [3H]QNB. (Figure 19 and 

Table 5). 

The Effect of Chronic Anti-cholinergic Bronchodilator Therapy on 

Rabbit Airway 

The Detection of Atropine Levels In Plasma 
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Figure 15: The Effect of Chronic Albuterol Exposure on 
L3H1DHA Binding in Rabbit Airway. Chronic exposure to 
albuterol (~2 ~AR agonist) decreases the ~AR density (Bmax) in 
mainstem bronchi (MSB), tracheal smooth muscle (TSM) and 
peripheral lung (PL) as compared to control [(Bmax (fmoles/mg 
protein): control MSB = 374 + 17 vs. albuterol-treated = 241 + 43, P = 
0.02; control TSM = 254 + 41 VS. albuterol-treated = 120 + 22, P = 
0.003; and control PL = 781 + 50 VS. albuterol-treated = 572 + 59, P = 
0.02]. Beta-adrenergic receptor density is not significantly different 
than albuterol-treated heart (Bmax in fmoles/mg protein: control = 
173 + 22 VS. albuterol-treated = 214 + 49, P= 0.3). Each bar graph 
represents the arithmetic mean + S.E.M. from 4 total binding 
experiments performed in quadruplicate. All data are analyzed by 
I-way ANOV A where significance (*) is defined as p < 0.05. 
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Table 4. A Comparison of B eta-adrenergic Receptor Density and 
Affinity Between Control and Albuterol-treated Rabbits. 

Maillstem BrOilchial 
Smooth Muscle 

Control 

AI bu terol- trea ted 

Kd (pM) 

Tracheal Smooth Muscle 

Control 863 (625 to 1202) 

Albuterol-treated *4426 (2924 to 6761) 

Peripheral LUllg 

Control 871 (776 to 977) 

Albuterol-treated **1265 (1180 to 1355) 

Heart 

Control 1318 (1154 to 1514) 

AI bu terol- trea ted 1514 (1352 to 1698) 

Bmax 
(fmoIlmg 
protein) 

374 ±. 17 

*241 ±. 43 

254 ±. 41 

**120 ±. 22 

781 ±. 50 

*572 ±. 59 

173 ±. 22 

214 ±. 49 

All Kd values represent the geometric means with the range of the 
S.E.M. in parentheses. The Bmax values represent the arithmetic 
means + S.E.M. where (*) p < 0.05 and (**) p < 0.02. The saturation 
experiments are the sum of 3-6 individual experiments in duplicate. 
The total binding experiments are the sum of 4 individual 
experiments in quadruplicate. All data are analyzed by I-way 
ANOVA. 
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Figure 16: A Representative Saturation Isotherm of 
L3H1DHA Binding to Control and Albuterol-treated Rabbit 
Tracheal Smooth Muscle. Data of one experiment are shown. 
Specific [3H]DHA binding was determined as the difference between 
total binding and non-specific binding in parallel assays in the 
absence and presence of 10 J.lM propranolol for both groups. The 
inset shows a Rosenthal plot of specific [3H]DHA binding between 
control (0) and albuterol-treated (t) tissue. For this experiment, the 
values derived by nonlinear regression analysis of the saturation 
data are control dissociation constant (Kd) = 625 pM; receptor density 
(Bmax) = 201 fmoles/mg protein; correlation coefficient (r)= -0.94 and 
albuterol-treated Kd= 2500 pM; Bmax= 169 fmoles/mg protein; (r)= -
0.63. Bound/Free in milliliters per milligram of tissue. For 
calculated values of all experiments (n=3), refer to Table 4. 
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Figure 17: A Representative Saturation Isotherm of 
. L3H1DHA Binding to Control and Albuterol-treated Rabbit 

Peripheral Lung. Data of one experiment are shown. Specific 
[3H]DHA binding was determined as the difference between total 
binding and non-specific binding in parallel assays in the absence 
and presence of 10 ~M propranolol for both groups. The inset shows 
a Rosenthal plot of specific [3H]DHA binding between control (0) and 
albuterol-treated (') tissue. For this experiment. the values derived 
by nonlinear regression analysis of the saturation data are control 
dissociation constant (Kd) = 857 pM; receptor density (Bmax) = 1043 
fmoles/mg protein; correlation coefficient (r)= -0.99 and albuterol­
treated Kd= 1261 pM; Bmax= 935 fmoles/mg protein; (r)= -0.98. 
Bound/Free in milliliters per milligram of tissue. For calculated 
values of all experiments (n=9-11). refer to Table 4. 
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Figure 18: The Effect of Repeated Tissue Washings on 
Albuterol-treated Rabbit Peripheral Lung. Depicted here are 
representative saturation isotherms of [3H]DHA binding to albuterol­
treated rabbit peripheral lung demonstrating that repeated washings 
of albuterol-treated tissue does not alter either the affinity (kct) or 
PAR density (Bmax) of [3H]DHA binding. This suggests that no 
residual albuterol is present in the tissue and therefore not the 
reason for the decrease in both affinity and PAR density in albuterol­
treated tissues as compared to control tissues. For this experiment, 
the results derived from nonlinear regression analysis are: (no wash 
Kct= 2500 and Bmax= 528 fmoles/mg protein; 2 washes Kct= 2000 pM 
and Bmax= 473 fmoles/mg protein; and 4 washes Kct= 2500 pM and 
B max= 528 fmoles/mg protein). 
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Figure 19: The Effect of Chronic Albuterol Exposure on 
L3H10NB Binding in Rabbit Airway. Chronic exposure to 
albuterol (~2 ~AR agonist) does not significantly alter the mAChR 
density (Bmax) in mainstem bronchi (MSB), tracheal smooth muscle 
(TSM) and peripheral lung (PL) as compared to control [(Bm a x 
(fmoles/mg protein): control MSB = 210 + 19 vs. albuterol-treated = 
201 + 22, p > 0.05; control TSM = 641 + 40 vs. albuterol-treated = 675 
+ 42, p > 0.05; and control PL = 129 + 37 vs. albuterol-treated = 77 + 
4, P = 0.1]. As a comparison, heart was measured and like the 
airways, there is no significant change in mAChR density (control 
B max in fmoles/mg protein = 131 + 21 vs. albuterol-treated = 208 + 
27, P = 0.07). Each bar graph represents the arithmetic mean + S.E.M. 
from 4 total binding experiments performed in quadruplicate. All 
data are analyzed by I-way ANOVA where significance (*) is defined 
as p < 0.05. For calculated Kd and Bmax values, refer to Table 5. 
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Table 5: A Comparison of Muscarinic Acetylcholine Receptor 
Density and Affinity between Control and Albuterol-treated Rabbits. 

Maillstem BI'OIlchial 
Smooth Muscle 

Control 

AI bu terol-treated 

Kd (pM) 

Tracheal Smooth Muscle 

Control 

Al bu terol- treated 

Peripheral LUlIg 

Con trol 28 (20 to 38) 

Albuterol-treated 27 (19 to 39) 

Heart 

Control 19 (17 to 22) 

Albuterol-treated 25 (23 to 28) 

Bmax 
«(mol/mg protein) 

210 ±.. 19 

201 ±.. 22 

641 ±.. 40 

675 ±.. 42 

129 ±.. 37 

77 ±.. 4 

131 + 21 

208 + 27 

All Kd values represent the geometric means with the range of the 
S.E.M. in parentheses. The Bmax values represent the arithmetic 
means + S .E.M.. The saturation experiments are the sum of 3-6 
individual experiments in duplicate. The total binding experiments 
are the sum of 4 individual experiments in quadruplicate. There is 
no statistically significant (p < 0.05) change in either affinity or 
density of [3 H]QNB binding in all tissues examined upon chronic 
albuterol exposure as compared to the control tissues. All data are 
analyzed by I-way ANOVA and significance (*) is defined p < 0.05. 
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The mean plasma levels for atropine in the atropine-treated 

animals, 2 weeks after the beginning of the infusion, was 22 + 9 

ng/ml and were comparable to a I mg i.v. dose (National Medical 

Services, Inc., Willow Grove, PA). Twenty-seven rabbits (18 control 

and 9 atropine-treated) were implanted with pumps and 25 rabbits 

survived to complete the study. 

The Effect of Chronic Atropine Exposure on the Muscarinic 

Acetylcholine and Beta-adrenergic Receptor Functional Response 

Muscarinic Acetylcholine Receptors 

After 28 days of atropine treatment In vivo, aIrway smooth 

muscle contraction was studied in vitro. The efficacy for the 

atropine-treated mainstem bronchial rings was increased by 60% 

over control (p = 0.04) and a similar trend was observed in tracheal 

tissues (31 % increase in efficacy over control, p = 0.1) (Figure 20). In 

contrast, the potency of the methacholine-induced contractions was 

not significantly different between the groups for both the mainstem 

bronchial and tracheal rings (Figures 21 and 22). For calculated 

values, refer to Table 6. The increase in efficacy to methacholine in 

the atropine-treated tissues as compared to control was a mAChR­

dependent event 10 that the efficacy (maximum contraction) 

(control= 0.9 g + 0.1 g vs. atropine-treated= 1.0 g + 0.2 g) and potency 

of the mainstem bronchial rings to KCI, a receptor-independent 

contractile stimulus, was not significantly different between the 
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Figure 20: The Effect of Chronic Atropine Exposure on 
Efficacy of Response of Rabbit Mainstem Bronchi and 
Trachea to Methacholine in Vitro. Chronic exposure to atropine 
significantly increases the maximum contractile response to 
methacholine in mainstem bronchi (control = 1.0 g + 0.1 g vs. 
atropine-treated = 1.6 g + 0.2 g, P = 0.04) and a similar trend is 
observed in trachea (control = 1.6 g + 0.2 g vs. atropine-treated = 2.1 
g + 0.4, p = 0.1). Each bar graph represents the arithmetic mean + 
S .E.M. of 8-17 individual experiments. Significance (*) is defined as p 
< 0.05 where all data are analyzed by I-way ANOV A. 
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Figure 21: The Effect of Chronic Atropine Exposure on the 
Potency of Response of Rabbit Mainstem Bronchi to 
Methacholine in VitrQ, Chronic exposure to atropine does not 
significantly increase the potency (ECSO) value [(ECSO in IlM) control = 
1.4 (0.85-2.2) vs. atropine-treated = 0.59 (0.39-0.89), P = 0.3]. The 
potency (ECSO) value represents the geometric mean with the range 
of the S.E.M. in parentheses. Each point on the graphs represents the 
arithmetic means + S.E.M.. Significance (*) is defined as p < 0.05 and 
all data are analyzed by I-way ANOV A. 
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Figure 22: The Effect of Chronic Atropine Exposure on the 
Potency of Response of Methacholine on Rabbit Trachea in 
VitrQ, Chronic exposure to atropine does not significantly increase 
the potency (ECSO) of methacholine-induced contraction [(ECSO in IlM): 
control = 1.5 (0.90-2.7) vs. atropine-treated 0.56 (0.32-1.0), p = 0.3]. 
The potency (ECso) value represents the geometric mean with the 
range of the S.E.M. in parentheses. Each point on the graph 
represents the arithmetic mean + S.E.M.. All data are analyzed by 1-
way ANOV A. Significance (*) is defined as p < 0.05. 
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Table 6: The Effect of Chronic Atropine Exposure on Methacholine­
induced Contraction in Rabbit Mainstem Bronchi and Trachea in 
Vitro. 

Mainstem Bronchial 
Smooth Muscle 

Control 
(n=20) 

A tropine- treated 
(n=12) 

EC50 (11M) 

1.4 (0.85 to 2.2) 

0.59 (0.39 to 0.89) 

Tracheal Smooth Muscle 

Control 
(n=17) 

A tropine- trea ted 
(n=8) 

1.5 (0.89 to 2.7) 

0.56 (0.32 to 1.0) 

Maximum 
Contraction(g) 

1.0 ±.. 0.1 

*1.6 ±.. 0.2 

1.6 ±.. 0.2 

2.1 ±.. 0.4 

All ECso values represent the geometric means with the range of the 
S.E.M. in parentheses. The maximum contraction values represent 
the arithmetic means + S.E.M.. (*) denotes p < 0.05 as determined by 
I-way ANOVA. 
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groups [(EC50 in mM) for control = 19 (17-20) vs. atropine-treated = 

14 (14-16)] (Figures 23 and 24). 

Beta-adrenergic Receptors 

Chronic atropine exposure did not significantly alter either the 

potency or the efficacy of isoproterenol-induced relaxation response 

in the mainstem bronchi and trachea (Figures 25, 26 and 27). Refer 

to Table 7 for the calculated values. 

The Effect of Chronic Atropine Exposure on the Affinity and 

Density of the Muscarinic Acetylcholine and Beta-adrenergic 

Receptors. 

Muscarinic Acetvlcholine Receptors 

Radioligand binding saturation isotherms and total binding 

assays with [3H]QNB were performed to determine the dissociation 

constant (Kd) and receptor density (Bmax) to compare the control 

animals to the atropine-treated animals. There was a significant 

increase in [3H]QNB binding (Bmax) to the atropine-treated mainstem 

bronchi (44% increase over control, p = 0.0006), tracheal smooth 

muscle (62% increase over control, p = 0.01), and peripheral lung 

(59% increase over control, p = 0.02) as compared to control (Figure 

28). In all tissues tested, the affinity of [3H]QNB for the muscarinic 

receptors was not significantly different (Table 8). A representative 

saturation isotherm comparing control peripheral lung to atropine­

treated peripheral lung is depicted in Figure 29. As a comparison, 

the mAChR on heart tissue were tested (primarily M2 subtype) and 

chronic atropine exposure also increased mAChR density by 94% 
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Figure 23: The Effect of Chronic Atropine Exposure on the 
Potency of Response to KCI-Induced Contraction of Rabbit 
Mainstem Bronchi in VitrQ. Chronic exposure to atropine does 
not significantly increase potency of KCI-induced contraction as 
compared to control [(ECSO in mM: control = 19 (17-20) vs. atropine­
treated = 14 (14-16)]. The ECso value represents the geometric mean 
with the range of the S.E.M. in parentheses. Each point on the graphs 
represents the arithmetic mean + S.E.M. of 4 experiments. All data 
are analyzed by Student's unpaired t-test and significance (*) is 
defined as p < 0.05. 
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Figure 24: The Effect of Chronic Atropine Exposure on 
Efficacy of Response to KCI-induced Contraction of Rabbit 
Mainstem Bronchi in VitrQ, Chronic exposure to atropine does 
not significantly increase the efficacy (maximum contraction) of KCI­
induced contractile response in main stem bronchi as compared to 
control [(maximum contraction in g): control = 0.9 + 0.1 vs. atropine­
treated = 1.0 + 0.2]. Each bar graph represents the arithmetic mean + 
S.E.M. from 4 individual experiments. All data are analyzed by 
Student's unpaired t-test where significance (*) is defined as p < 0.05. 
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Figure 25: The Effect of Chronic Atropine Exposure on 
Potency of Response to Isoproterenol-induced Relaxation of 
Rabbit Mainstem Bronchi in Vitro. Chronic exposure to atropine 
does not significantly alter the potency of isoproterenol-induced 
relaxation of mainstem bronchi as compared to control [(ECSO in nM): 
control = 457 (339-617) vs. atropine-treated 178 (62-513), p = 0.3]. 
The ECso value represents the geometric mean with the range of the 
S.E.M. in parentheses. Each point on the graphs represent the 
arithmetic mean ±.. S.E.M. from 6-9 individual experiments. 
Significance (*) is defined as p < 0.05 and all data are analyzed by 1-
way ANOVA. 
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Figure 26: The Effect of Chronic Atropine Exposure on 
Potency of Response to Isoproterenol-induced Relaxation of 
Rabbit Trachea in Vitro. Chronic exposure to atropine does not 
significantly change the isoproterenol-induced relaxation response of 
trachea as compared to control [(ECSO in nM): control = 309 (195-
457) vs. atropine-treated = 309 (162-589), p = 0.9]. The ECso value 
represents the geometric mean with the range of S.E.M. in 
parentheses. Each point on the graphs represents the arithmetic 
mean + S.E.M.. Significance (*) is defined as p < 0.05 and all data are 
analyzed by I-way ANOVA. 
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Figure 27: The Effect of Chronic Atropine Exposure on 
Efficacy of Response to Isoproterenol-induced Relaxation of 
Rabbit Mainstem Bronchi and Trachea ill Vitro. Chronic 
exposure to atropine does not significantly alter the efficacy 
(maximum relaxation) of response of either main stem bronchi or 
trachea to isoproterenol-induced relaxation as compared to the 
control tissue [maximum relaxation (g relaxed): control MSB = 0.7 + 
0.1 vs. atropine-treated MSB = 0.6 + 0.08, p = 0.5; control TSM = 1.0 + 
0.08 vs. atropine-treated TSM = 1.1 + 0.1, P = 0.4] Each bar graph 
represents the arithmetic mean + S.E.M. All data are analyzed by 1-
way ANOV A and significance (*) is defined as p < 0.05. 
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Table 7: The Effect of Chronic Atropine Exposure on Isoproterenol­
induced Relaxation of Rabbit Mainstem Bronchi and Trachea in Vitro. 

Mainstem Bronchial 
Smooth Muscle 

EC50(nM) 

Control (n=9) 457 (339 to 617) 

A tropine-treated 
(n=6) 178 (62 to 513) 

Tracheal Smooth Muscle 

Control (n=9) 309 (195 to 457) 

Atropine-treated 309 (162 to 589) 
(n=6) 

Maximum 
Relaxation 
(I: relaxed) 

0.7 ±. 0.1 

0.6 ±. 0.1 

1.0 ±. 0.1 

1.1 ±. 0.1 

All ECso values represent the geometric means with the range of the 
S.E.M. in parentheses. The maximum relaxation values represent the 
arithmetic means + S.E.M.. There are no significant differences in 
either the ICso or maximum relaxation values in tissues treated with 
atropine as compared to control tissues. All data are analyzed by 
Student's unpaired t-test where significance (*) is defined as p < 0.05. 
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Figure 28: The Effect of Chronic Atropine Exposure on 
[3H10NB Binding in Rabbit Airway. Chronic exposure to atropine 
increases the mAChR density (Bmax) in mainstem bronchi (MSB), 
tracheal smooth muscle (TSM) and peripheral lung (PL) as compared 
to control [Bmax (fmoles/mg protein): control MSB = 267 + 10 vs. 
atropine-treated = 385 + 14, p = 0.0006; control TSM = 641 + 39 vs. 
atropine-treated = 1040 + 125, p = 0.01; and control PL = 129 + 37 vs. 
atropine-treated = 205 + 28, p = 0.02]. As a comparison, heart tissue 
was also measured. Chronic atropine exposure also significantly 
increases mAChR density as compared to control (Bmax in fmoles/mg 
protein: control = 131 + 21 vs. atropine-treated = 254 + 28, p = 0.03). 
Each bar graph represents the arithmetic mean + S .E.M. from 4-6 
total binding experiments performed in quadruplicate. All data are 
analyzed by Student's unpaired t-test where significance (*) is 
defined as p < 0.05. 
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Table 8: A Comparison Between Control and Atropine-treated 
[3H]QNB Binding to Rabbit Airway. 

Kd (pM) 

Mainstem Bronchial Muscle 

Control 

Atropine-treated 

Tracheal Smooth Muscle 

Control 

A tropine-treated 

Peripheral LUIlt: 

Control 28 (20 to 38) 

Atropine-treated 26 (20 to 33) 

Heart 

Control 19 (17 to 22) 

Atropine-treated 29 (25 to 33) 

Bmax 

(fmoles/mg protein) 

267 .±.. 10 

**385 .±.. 14 

641 .±.. 39 

*1040 ±. 125 

129 ±. 37 

*205 .±.. 28 

131 .±.. 21 

*254 .±.. 28 

All Kd values represent the geometric means with the range of the 
S.E.M. in parentheses. The Bmax values represent the arithmetic 
means + S .E.M.. The saturation experiments are the sum of 4-6 
individual experiments in duplicate. The total binding experiments 
are the sum of 4 individual experiments in quadruplicate. All data 
are analyzed by I-way ANOVA and significance (*) is defined as p < 
0.05 and (**) as p < 0.01. 
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Figure 29: A Representative Saturation Isotherm of 
[3H10NB Bindin&: to Control and Atropine-treated Rabbit 
Peripheral Lung. Data of one experiment are shown. Specific 
[3H]QNB binding was determined as the difference between total 
binding and non-specific binding in parallel assays in the absence 
and presence of I Jl.M atropine for both groups. The inset shows a 
Rosenthal plot of specific [3H]QNB binding between control (0) and 
atropine-treated (I) tissue. For this experiment, the values derived 
by nonlinear regression analysis of the saturation data are control 
dissociation constant (Kd) = 47 pM; receptor density (Bmax) = 127 
fmoles/mg protein; correlation coefficient (r)= -0.88 and atropine­
treated Kd= 17 pM; Bmax= 250 fmoles/mg protein; (r) = -0.99. 
Bound/Free in milliliters per milligram of tissue. For calculated 
values of all experiments (n=4-6), refer to Table 8. 
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(p = 0.03) without a change In affinity. 
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For a representative 

saturation isotherm comparing control heart to atropine-treated 

heart, refer to Figure 30. For all of the calculated K<i and Bmax values, 

refer to Table 8. 

Beta-adrenergic Receptors 

Radioligand binding saturation isotherms and total binding 

assays using the radioligand [3H]DHA were performed on mainstem 

bronchi, tracheal smooth muscle, peripheral lung and heart. On all of 

the tissues tested, there was no significant change in either the 

affinity (Kd) or the total ~AR density (Bmax) (Figure 31 and Table 9). 

The Effect of Chronic Atropine Exposure on the (M1-MS) 

Muscarinic Acetylcholine Receptor Subtypes 

To determine whether each muscarinic cholinergic receptor 

subtype (M 1- M 5) was up-regulated to the same extent upon chronic 

atropine exposure, the individual subtypes were measured using 

antibodies selective for the M 1- M 5 mAChR subtypes. Of all the 

subtypes measured, only the M2 and M3 mAChR subtypes were 

significantly up-regulated compared to control upon chronic atropine 

exposure (Figure 32). Even though the amount of atropine-induced 

up-regulation of the M2 and M3 mAChR appeared to be similar (35 

fmoles/mg protein of new M2 mAChR and 24 fmoles/mg protein of 

new M3 mAChR), a replot of the data as percent increase over control 

demonstrated that the M3 mAChR were up-regulated to a greater 

extent than the M2 mAChR (66% for M3 and 27% for M2 mAChR) 

(Figure 33). Refer to Table 10 for actual values. 
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Figure 30: A Representative Saturation Isotherm of 
[3H1QNB Binding to Control and Atropine-treated Rabbit 
Heart. Data of one experiment are shown. Specific [3H]QNB Binding 
was determined as the difference between total binding and non­
specific binding in parallel assays in the absence and presence of 1 
IlM atropine for both groups. The inset shows a Rosenthal plot of 
specific [3H]QNB binding between control (0) and atropine-treated (I) 
tissue. For this experiment, the values derived by nonlinear 
regression analysis of the saturation data are control dissociation 
constant (Kd) = 18 pM; receptor density (Bmax) = 85 fmoles/mg 
protein; correlation coefficient (r) = -0.80 and atropine-treated Kd= 
19 pM; Bmax = 217 fmoles/mg protein; (r) = -0.80. BoundlFree in 
milliliters per milligram of tissue. For calculated values of all 
experiments (n=4-6), refer to Table 8. 
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Figure 31: The Effect of Chronic Atropine Exposure on 
[3H1DHA Binding in Rabbit Airway. Chronic exposure to 
atropine does not significantly alter the ~AR density (Bmax) in 
tracheal smooth muscle (TSM) and peripheral lung (PL) as compared 
to control [(Bmax (fmoles/mg protein): control TSM = 254 + 41 vs. 
atropine-treated = 350 + 34, p = 0.1; and control PL = 781 + 50 vs. 
atropine-treated = 799 + 48, p = 0.8]. As a comparison, heart was 
measured and like the airway, there is no significant change in ~A R 
density (control Bmax in fmoles/mg protein ::: 173 + 22 vs. atropine­
treated = 276 ±.. 52, P = 0.1). Each bar graph represents the 
arithmetic mean + S.E.M. from 4-5 experiments performed in 
duplicate or quadruplicate. All data are analyzed by Student's 
unpaired t-test where significance (*) is defined as p < 0.05. For 
calculated Kd and Bmax values, refer to Table 9. 



Table 9: The Effect of Chronic Atropine Exposure on [3H]DHA 
Binding in Rabbit Airway and Heart. 

Kd (nM) 

Tracheal Smooth Muscle 

Control(n=4) 

A tropine-trea ted 
(n=4) 

Peripheral LUlll: 

Control(n=9) 0.87 (0.78 to 0.98) 

A tropine- treated 
(n=5) 0.91 (0.89 to 0.93) 

Heart 

Control(n=5) 1.3 (1.1 to 1.5) 

Atropine-treated 1.6 (1.4 to 1.9) 
(n=5) 

Bmax 
(fmol/mg prot) 

254 ±. 41 

350 ±. 34 

781 ±. 50 

799 ±. 48 

173 ±. 22 

276 ±. 52 

96 

All Kd values represent the geometric means with the range of the 
S.E.M. in parentheses. The Bmax values represent the arithmetic 
means + S.E.M.. There are no significant differences in either the 
affinity or ~AR density in atropine-treated tissues as compared to 
control as determined by Student's unpaired t-test. 
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Figure 32: The Effect of Chronic Atropine Exposure on 
Muscarinic Acetylcholine Receptor Subtypes in Rabbit 
Tracheal Smooth Muscle. Chronic exposure to atropine increases 
the mAChR density of the M2 and M3 subtypes as compared to 
control [M2 mAChR amount (fmoles/mg protein) control = 126 + 10 
vs. atropine-treated = 161 + 3; M3 mAChR control = 36 + 4 vs. 
atropine-treated = 60 + 5]. Each bar graph represents the arithmetic 
mean + S.E.M. from 3 individual experiments utilizing 8 tracheas 
from 8 individual rabbits per experiment. Control atropine-treated 
tissues were always run in parallel with one another. All data are 
analyzed by Student's unpaired t-test and significance is defined as p 
< 0.05. For all values, refer to Table 10. 
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Figure 33: The Percent Increase of Atropine-treated 
Muscarinic Acetylcholine Receptors Oyer Control Receptors 
in Rabbit Tracheal Smooth Muscle. In this figure, the receptor 
density data (Figure 32) are replotted to reflect the degree to which 
the levels of the individual subtypes are altered. Chronic atropine 
exposure up-regulated the M2 mAChR by 127% of control (p < 0.05) 
and the M3 mAChR by 166% of control (p < 0.05). 



Table 10: The Effect of Chronic Atropine Exposure on Muscarinic Acetylcholine Receptor 
Subtypes in Rabbit Tracheal Smooth Muscle. 

Subtype 2nd Messenger 

ml 
Control 

PI hydrolysis 

A tropine-treated 

m2 Adenylyl cyclase 
Control 
A tropine-treated 

m..J PI hydrolysis 
Control 
A tropine-treated 

m4 Adenylyl cyclase 
Control 
A tropine-treated 

m5 
Control 

PI hydrolysis 

A tropine-treated 

Amount of 
Receptor (fmolesl 

mg protein) 

13 ±. 6 
11 ±. 1 

126 ±. 10 
*161 ±. 3 

36 ±. 4 
*60 ±. 5 

25 ±. 6 
24 ±. 13 

17 ±. 9 
24 ±. 6 

% New Receptors 

o 

*27 

*66 

o 

41 

All values represent the arithmetic means + S.E.M. 
denotes p < 0.05. PI, phosphoinositide. 

All data are analyzed by Student's t-test where (*) 
\0 
\0 
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DISCUSSION 

The Effect of Chronic Albuterol Exposure on Rabbit Airwa~ 

Chronic use of ~2 ~AR bronchodilators has been shown to worsen 

control of asthma (Kraan et al., 1985; Sears et al., 1990; van Schayck 

et al., 1991). We questioned whether this worsening of asthma 

control was the result of some change in the airway smooth muscle, 

in particular the receptors that participate in contraction and 

relaxation of the smooth muscle. Because these studies revealed that 

the patients' response to methacholine (a non-selective mAChR 

agonist that causes contraction of airway smooth muscle resulting In 

airway constriction) increases, we questioned whether chronic In 

vivo exposure to a ~2 ~AR agonist (albuterol) could alter the response 

of airway smooth muscle to the cholinergic agonist, methacholine, in 

vitro. 

Our study indicates that a 28 day subcutaneous infusion of 

albuterol increases the response of isolated rabbit airway smooth 

muscle to methacholine in vitro. Studies have shown that cross­

regulation of mAChR by ~ AR occurs (Motomura et al., 1990). 

Consistent with our results is a study by Eschenhagen and co­

workers (1991) who found that a 4 day subcutaneous infusion of 

isoproterenol resulted in an increase in carbachol potency in 

inhibiting electrically stimulated rat heart papillary muscle. They 

attributed the sensitization of the mAChR response in heart by 

prolonged ~AR stimulation to cross-talk between G-protein-mediated 

pathways. In a similar way, chronic stimulation of ~AR on airway 
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smooth muscle by albuterol could alter cholinergic mechanisms 

involved with airway contraction. 

Cross-talk or heterologous up-regulation may explain the increase 

In methacholine-induced contraction upon chronic albuterol 

exposure, but other mechanisms including homologous down­

regulation of the f3 AR associated with aIrway smooth muscle 

relaxation or a thickening and/or shortening of the smooth muscle 

are other possibilities. 

Albuterol could affect airway smooth muscle contraction by 

decreasing f3 AR function, involved with airway smooth muscle 

relaxation, by a desensitization or down-regulation of the f3 A R - - a 

term referred to as homologous down-regulation. Even though 

[3H]DHA is a non-selective f3AR antagonist (ie. all f3AR subtypes were 

detected) and also that the airway contain both the f31 and f32 f3A R 

subtypes, the down-regulation that occurred in the presence of 

albuterol was probably due to down-regulation of the f3 2 f3 A R 

subtype and not the f31 f3AR subtype for the following reasons: (1) 

the amount of albuterol that was infused was low enough to affect 

only the f3 2 f3 AR and not the f3 1 f3 AR, (2) the f3 2 f3 AR is the 

predominant subtype in rabbit tracheal smooth muscle, and (3) 

down-regulation of the f3AR in albuterol-treated heart (majority of f31 

f3AR) did not occur. Thus, we conclude that the desensitization and 

down-regulation of the f3AR following chronic exposure to albuterol 

resulted from a down-regulation of the f32 f3AR in the airway. 
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A decrease in the PAR function by chronic albuterol treatment 

could cause a direct decrease in the baseline relaxation of the airway 

smooth muscle mediated by the PAR system. This effect would cause 

an imbalance in the contraction/relaxation capabilities of the airway 

leading to an exaggerated response to methacholin~. A 

desensitization of PAR function in the airways has been shown to 

occur upon chronic PAR agonist bronchodilator therapy in vivo which 

may be attributed to a decrease in adenylyl cyclase activity (Nelson 

et al., 1977; Jenne et aI., 1977; Larsson et aI., 1992). Other studies 

have even shown that in vivo P2 PAR agonist exposure was correlated 

with a decrease in PAR number on human lymphocytes (Krall et aI., 

1980) and on polymorphonuclear leukocytes (Zahniser et aI., 1992) 

in vitro. Another In vitro study has shown that chronic PA R 

stimulation resulted In a desensitization and down-regulation of the 

PAR in cardiomyocytes (Reithmann et aI., 1992). In our study, 

however, no change in PAR function occurred upon chronic P2 PA R 

agonist exposure even though down-regulation of the PAR density 

and a decrease in affinity (Kd) did occur. This lack of correlation 

between PAR function and receptor number has been observed in 

human airway tissue (Duncan et aI., 1982; Spina et aI., 1989; Whicker 

et aI., 1991). This may suggest that the PARs being down-regulated 

by chronic albuterol exposure are "spare" PAR or PAR that do not 

function in airway smooth muscle relaxation. Proof for "spare" PA R 

has been shown to exist in heart tissue where it was found that full 

(100%) inotropic responses to isoproterenol was achieved with less 
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than 10% of the total ~AR in an accessible form (Venter, 1979). It 

was hypothesized by Tolkovsky and Levitski (1978) that over time 

single ~AR can activate multiple units of adenylyl cyclase enabling a 

few ~AR the ability to produce 100% function of the tissue. 

Besides homologous down-regulation of ~AR, chronic albuterol 

exposure may be responsible for heterologous up-regulation of the 

mAChR. It is possible that chronic exposure to a ~2 ~AR agonist may 

be altering the function of either the M2 and/or the M3 mAChR in 

rabbit tracheal smooth muscle. 

An increase in the M2 muscarinic receptor could cause an indirect 

increase III smooth muscle contraction by decreasing baseline 

relaxation of the smooth muscle mediated through the ~AR pathway. 

Albuterol may also be increasing the G-inhibitory proteins linked to 

the M2 mAChR which may produce an increase in the efficiency of M2 

mAChR signal transduction mechanism. Because ~2 ~AR have been 

shown to be positively coupled to adenylyl cyclase in the airway 

(Bruynzeel et al., 1982) and M2 mAChR negatively coupled 

(Fernandes et al., 1992), an up-regulation of the M2 receptor 

pathway could inhibit more effectively the activation of adenylyl 

cyclase by ~AR stimulation (Figure 34). This change could alter the 

response of airway smooth muscle to methacholine. This possibility 

is supported by a number of studies. In an in vivo study by 

Eschenhagen and co-workers (1991), it was demonstrated that a 

subcutaneous infusion of isoproterenol in rats resulted in an increase 

in Gi mRN A and the Gi protein. The increase in the Gi protein was 
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Figure 34: A Schematic Diagram of the Effects of Chronic 
Bronchodilator Therapy on the Beta-adrenergic and 
Muscarinic Acetylcholine Receptors in Rabbit Airway 
Smooth Muscle. 

Depicted here are the various mechanisms that may be responsible 
for the increase in methacholine responsiveness due to chronic 
bronchodilator therapy. Compared to normal airway smooth muscle 
(a), chronic anti-cholinergic bronchodilator therapy could increase 
methacholine-induced airway smooth muscle contraction by (b) an 
up-regulation of the M3 mAChR which is involved with airway 
smooth muscle contraction or (c) an up-regulation of the M2 mAChR 
which is involved with the inhibition of the relaxation mechanisms of 
airway smooth muscle or (d) an up-regulation of both the M2 and M3 
mAChR. If chronic 131 ~AR agonist bronchodilator therapy resulted in 
a decrease in ~AR function by a down-regulation of the ~AR, then (e) 
may also serve to explain the increase in methacholine-induced 
contraction of airway smooth muscle upon chronic ~2 ~AR agonist 
exposure. Since our results indicate that a loss of ~AR number is not 
associated with a loss of ~AR function, then the ~AR that are lost 
must be "spare" ~AR or ~AR without a function associated with 
airway smooth muscle contraction. The figure in (f) depicts airway 
smooth muscle and the possible interconnections between the 
different receptor/second messenger systems; AC= adenylyl cyclase, 
PLC= phospholipase C. 
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functionally intact and resulted in an increase in carbachol-induced 

inhibition of electrically stimulated papillary muscle. Thus, f3A R 

stimulation increased the function of the M2 mAChR and Gi protein in 

cardiomyocytes without changing the mAChR density. 

In our studies, we also found that chronic albuterol exposure 

increased the function of the mAChR to methacholine but did not 

increase mAChR affinity or density. The increase in airway smooth 

muscle contraction probably was due to an Increase in the function of 

the M3 mAChR and not an increase in the function of the M2 mAChR. 

Since chronic albuterol exposure did not change either the potency or 

the efficacy of isoproterenol-induced relaxation of isolated rabbit 

airway in vitro. then this suggested (1) that the function of the f3A R 

was not significantly different than control and (2) that the M2 

mAChR function probably was not significantly altered either. If the 

M 2 mAChR function was enhanced by an increase in coupling 

efficiency, for example, then one would expect the potency of the 

isoproterenol-induced relaxation curve to decrease. Since M2 

mAChRs inhibited f3AR-dependent stimulation of adenylyl cyclase in 

trachea in vitro (Fernandes et aI., 1992), then an up-regulation of the 

M 2 mAChR would inhibit more effectively the relaxation of the 

airway by isoproterenol. Therefore, more isoproterenol would be 

required to achieve the same relaxation state as a normal airway 

resulting In an increase in the ECsO value (decrease In potency) of 

isoproterenol-induced relaxation of the smooth muscle. Since there 

was no significant decrease in the potency (increase in ECSO) of the 
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isoproterenol-induced relaxation curves, then M2 mAChR up­

regulation probably did not occur upon chronic albuterol exposure. 

Since our studies demonstrate that chronic a1buterol exposure 

resulted in an increase in methacholine-induced contraction of rabbit 

airway in vitro and other studies have shown that methacholine­

induced contraction of the airway was mediated via the M3 mAChR 

in vitro (Mahesh et aI., 1992), then this suggests that the increase in 

mAChR function may occur by an increase in the M3 mAChR function. 

Albuterol may affect the M3 mAChR subtype involved with 

airway smooth muscle contraction in many ways. An enhanced 

affinity of methacholine for the M3 mAChR, an increase in the M3 

mAChR number, or a change in the M3 mAChR:G-protein ratio are all 

possible mechanisms that may contribute to the increase III 

methacholine response after chronic treatment with albuterol. 

Because our studies showed that no increase in either affinity or 

density of the mAChR occurred upon chronic albuterol exposure then 

this increase in mAChR functional response must be due to some 

change III the G-protein coupled second messenger system. An 

Illcrease in coupling efficiency could occur through an increase in the 

G-protein and/or phospholipase· C (PLC) ratio. This cross-regulation 

of mAChR by the ~ AR may also be regulated through specific 

phosphorylation mechanisms (Iwasa and Hosey, 1983). Studies have 

shown that regulation of the m2 mAChR (Kwatra et aI., 1987; 

Richardson and Hosey, 1992) and m3 mAChR (Tobin et aI., 1992; 

Tobin and N ahorski, 1993) by cholinergic agonists occurs via 
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phosphorylation of the mAChR. One study has demonstrated that a 

kinase (PARK) previously believed to be specific for PAR is able to 

phosphorylate mAChR as well (Kwatra et aI., 1989). Therefore, 

phosphorylation or dephosphorylation of the M3 mAChR by a PARK-

like enzyme may serve as one explanation for the increase in 

functional response of the airway smooth muscle to methacholine 

upon chronic albuterol exposure. 

Besides affecting the receptors involved with airway smooth 

muscle contraction and relaxation, albuterol may affect the smooth 

muscle directly. An increase in the contractile state of the smooth 

muscle, either biochemically or morphologically, may also increase its 

response to methacholine in vitro. Consistent with the increase in 

the slope of our albuterol-treated curve IS a previous study by 

Hargreave and co-workers (1981). In that study, the dose-response 

curve to inhaled methacholine in asthmatics compared to non­

asthmatic subjects demonstrated an increase in the slope in addition 

to a leftward shift with 
. . 

an IOcrease 10 the maximum response. 

Jongejan and co-workers (1991) suggested that mediator-induced 

hypersensitivity to cholinergic stimuli and thickening of the airway 

wall may have contributed to the leftward positional change in the 

curve and the increase in the slope of the inhaled methacholine dose­

response curve for the asthmatics. However, the biochemical state of 

the smooth muscle was probably not significantly altered upon 

chronic albuterol exposure because our results demonstrated that 

contraction induced by a receptor independent mechanism (KCI-
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induced contraction of the airway smooth muscle) revealed no 

significant difference between control and albuterol-treated groups. 

This suggested that no change in the contractile machinery within 

the airway smooth muscle occurred. This does not exclude the 

possibility that chronic albuterol exposure may be changing the 

smooth muscle morphologically as suggested by J ongejan and co­

workers (1991), but further studies of this nature are required to 

examine this possibility. 

In conclusion, our studies revealed that chronic exposure to the 

bronchodilator, albuterol, resulted in an increase in mAChR function 

in the airway. This increase in methacholine-induced contraction in 

vitro probably was due to an 
. . 
Increase In the second messenger 

transduction pathway of the M3 mAChR since no increase in mAChR 

density was observed. This enhanced methacholine response is a 

mAChR-dependent event in that no biochemical change took place in 

the airway smooth muscle itself and no change in the relaxation 

mechanisms via ~AR occurred. These data may begin to explain the 

clinical observation that chronic treatment with a ~ 2 agonist 

bronchodilator (albuterol) worsens the control of asthma (Kraan et 

aI., 1985; Sears et aI., 1990; van Schayck et aI., 1991). 
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The Effect of Chronic Atropine Exposure on Rabbit Airway 

Withdrawal from the chronic use of an anti-cholinergic 

bronchodilator (ipratropium bromide) has been shown to make 

asthma worse (Newcomb et aI., 1985; van Schayck et aI., 1991) by 

increasing the potency (PC20; provocative concentration that results 

in a 20% decrease in the forced expired volume of air) of 

methacholine-induced constriction of the airway In asthmatics 

(Newcomb et aI., 1985). We questioned whether this increase in 

methacholine response was the result of some change in the 

receptors that modulate contraction and relaxation of the airway 

smooth muscle. We wanted to determine whether chronic exposure 

to an anti-cholinergic (atropine) in vivo resulted in an increase in 

methacholine response in vitro. 

In our study, the plasma level achieved from a continuous 

subcutaneous atropine infusion of 4 mg/kg/day, a level that 

produced 100% inhibition of vagally-induced bronchoconstriction in 

rabbits (Bloom et aI., 1987a), resulted in a plasma level that was 

comparable to a 1 mg l.V. dose in humans (Berghem, et aI., 1980). 

Our study has shown that an increase in efficacy of methacholine­

induced contraction of isolated rabbit airway in vitro had occurred at 

this dose of atropine. Consistent with our findings are other studies 

that have demonstrated an increase in mAChR function in vivo after 

chronic anti-cholinergic exposure. These studies have shown that 

withdrawal from in vivo anti-cholinergic exposure resulted in a 

supersensiti vity to cholinergic agonists in sali vary gland cells 
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(Emmelin and Muren, 1951), in the CNS (Friedman and Jaffe, 1966) 

and in the airway (Newcomb et aI., 1985). 

There are many mechanisms that may be altered in response to 

chronic anti-cholinergic exposure. Homologous up-regulation of the 

mAChR by atropine may be occurring, but heterologous down­

regulation of the PAR and/or a morphological change in the aIrway 

smooth muscle itself may also serve as other explanations. 

Heterologous down-regulation of the PAR would result In a 

decrease in the baseline relaxation mechanism in the airway smooth 

muscle resulting in an exaggerated contractile response of the 

smooth muscle to methacholine. However, this probably does not 

occur in the airway because our study showed that neither the 

functional response (isoproterenol-induced relaxation of the airway 

in vitro), the affinity (Kd) nor the density (Bm a x) of the PA R 

decreased in response to chronic anti-cholinergic exposure 

A morphological change in the airway (thickening or a shortening 

of the airway smooth muscle) or a biochemical change (increase in 

contractile response via a receptor-independent mechanism) could 

also increase the response of the isolated airway to methacholine. 

Since our study demonstrated that the contractile response of the 

atropine-treated tissue to KCI (a receptor-independent contractile 

stimulus) was not significantly different from control, then this 

suggested that the functional increase to methacholine was the result 

of some change in the mAChR itself. 
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Homologous up-regulation of the mAChR by anti-cholinergics 

would be a viable explanation for the increase in methacholine 

response because an increase in "functionally-intact" mAChR would 

result in an increase in the contraction of the smooth muscle. This 

probably occurred SInce our studies demonstrated that chronic 

exposure to atropine resulted in an increase in mAChR density in the 

aIrway. 

It has been well-established that treatment with anti-cholinergics 

leads to up-regulation of mAChR in other tissues like brain; (Ben­

Barak and Dudai, 1980; Goobar and Bartfai, 1988; Lee and Wolfe, 

1989; Pietrzak et aI., 1989; Wall et aI., 1992) and in heart (Wise et aI., 

1980; Chevalier et aI., 1991). This up-regulation of mAChR by anti­

cholinergics has been shown to be associated with an increase III 

mAChR function. In rat brain, chronic atropine exposure resulted in 

an increase in mAChR number and an increase in sensitivity of an 

atropine-induced behavioral response in rats (Takeyasu et aI., 1979). 

Similarly, Majocha and Baldessarini, (1984) demonstrated that 

chronic anti-cholinergic exposure resulted in an increase In 

cholinergic-induced behavioral response that was paralleled by an 

increase In brain mAChR. Perhaps the increase in the mAChR 

response to methacholine in airway smooth muscle following chronic 

atropine exposure was due to an Increase in mAChR density. In 

contrast to our findings, however, chronic anti-cholinergic treatment 

did not increase mAChR in guinea-pig airway (Suzuki et aI., 1985). 
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This discrepancy may be a species-related difference and/or 

difference in the type and method of drug administration. 

Muscarinic receptor subtype diversity exists within the tracheal 

smooth muscle. Radioligand binding analyses demonstrates that 

tracheal smooth muscle contains predominantly the M2 mAChR 

subtype with a minority of the M3 mAChR subtype (Roffel et aI., 

1988; Fryer and EI-Fakahany, 1990; Lucchesi et aI., 1990; Mahesh et 

aI., 1992). However, it is the minority receptor (M3 mAChR subtype), 

linked to the phosphoinositide transduction pathway (Barnes, 1986), 

that is responsible for cholinergic-induced contraction of the aIrway 

smooth muscle (Roffel et aI., 1988; Mahesh et aI., 1992). 

The M2 mAChR has been shown to play an indirect role 10 airway 

smooth muscle contraction by functionally antagonizing the 

relaxation properties of the muscle. Torphy and co-workers (1983), 

have demonstrated that mAChR stimulation of canine tracheal 

smooth muscle functionally antagonized the relaxant responses to 

PAR agonists and blockade of these M2 mAChR enhanced PA R-

induced relaxation of the airway (Fernandes et aI., 1992). This 

mAChR-induced antagonism of the relaxant responses to PAR 

agonists may be mediated through the M2 mAChR located on the 

smooth muscle itself. Airway smooth muscle epithelium has also 

been shown to influence the potency of response of airway smooth 

muscle to cholinergic agonists via the M2 mAChR (Lev et aI., 1990) 

and enhance response to PAR agonists (Goldie et aI., 1986). Since all 

of our assays were performed on airway smooth muscle containing 
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epithelium, then perhaps airway epithelial mAChR played a role in 

influencing airway smooth muscle response to methacholine in the 

atropine-treated rabbits. Since it has been shown that the potency of 

response and not the efficacy of response to cholinergic agonists was 

affected by tracheal smooth muscle epithelium, then an up­

regulation of epithelial M2 mAChR could, in effect, mask any 

increases in the potency of response of smooth muscle M2 mAChR to 

methacholine. This is plausible since the potency of response of 

methacholine-induced contraction in our atropine-treated rabbits did 

not differ significantly from control whereas efficacy of response did. 

In agreement with the binding data and by use of antibodies 

selective for the MI-Ms mAChR subtypes, our studies demonstrated 

that rabbit tracheal smooth mu~cle contained predominantly the M2 

mAChR subtype, a minority of the M3 mAChR subtype but also 

revealed the presence of the M4 mAChR subtype. Because of the 

development of a pharmacological tool that permitted selective 

detection of all of the mAChR subtypes (MI-Ms), our study was able 

to determine the effects of chronic atropine exposure on the 

individual mAChR subtypes in the airway. Our studies indicated that 

chronic exposure to an anti-cholinergic (atropine) up-regulated only 

the M2 and M3 mAChR subtypes and not the M4 mAChR subtype in 

tracheal smooth muscle. However, differential up-regulation of the 

M 2 and M3 mAChR may have occurred. A replot of these data 

suggested that the percent increase in atropine-induced M3 mAChR 

up-regulation was two fold higher than the percent increase in the 
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atropine-induced M2 mAChR up-regulation. Consistent with our 

findings are those findings of Wall and co-workers (1992). Their 

study demonstrated that a chronic and subcutaneous infusion of 

atropine in rats resulted in a preferential up-regulation of those 

mAChR in the brain that were linked to phosphoinositide hydrolysis 

(M 1, M3 and MS mAChR subtypes) compared to those linked to 

adenylyl cyclase (M2 and M4). 

Since chronic atropine exposure resulted In an increase in mAChR 

function and mAChR number In rabbit airway and 

immunoprecipitation analysis revealed that the M3 mAChR was 

preferentially up-regulated as compared to the M2 mAChR, then 

perhaps the increase in methacholine-induced contraction In the 

isolated airway in vitro was the result of an up-regulation of the M3 

mAChR SUbtype. More support for this idea comes from our 

functional studies. Since Fernandes and co-workers (1992) have 

demonstrated that stimulation of the M2 mAChR SUbtype in isolated 

canine airway smooth muscle inhibited isoproterenol-induced 

relaxation of the airway then atropine-induced up-regulation of 

functional M2 mAChR would theoretically result in a more effective 

inhibition of isoproterenol-induced relaxation precontracted with 

methacholine (Figure 34). Since our isoproterenol-induced relaxation 

curves precontracted with methacholine were similar for both 

groups, then the up-regulation of the M2 mAChR that we did observe 

(through the immunoprecipitation analysis) was not contributing to 

the methacholine-induced hyperresponsiveness that was 
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demonstrated in the airway zn vitro. If M2 mAChR were involved 

with this enhanced methacholine response observed in vitro, then we 

would have observed a decrease i~ the potency (or an increase in the 

E C 50 value) of the isoproterenol-induced relaxation curve for the 

atropine-treated group as compared to control. Therefore, we 

hypothesize that the atropine-induced increase tn methacholine­

induced contraction of airway smooth muscle was the result of an 

up-regul~tion of the M3 mAChR involved with airway smooth muscle 

contraction. These data may begin to explain the clinical observation, 

(Newcomb et al., 1985), of increased methacholine-induced 

hyperresponsiveness in asthmatic patients response upon 

withdrawal from chronic anti-cholinergic treatment. 

In conclusion, continuous use of bronchodilators was the 

prescribed treatment for asthmatics with the belief that patients 

would have better control over their asthma (reviewed tn Lofdahl 

and Svedmyr, 1991). However, studies have shown that regular use 

of ~2 ~AR agonist and anti-cholinergic bronchodilators appears to 

worsen asthma (van Schayck et al., 1991) and may even cause death 

(reviewed in Pearce et al., 1991; Spitzer et al., 1992). The 

mechanisms underlying these phenomena remain unclear. While 

some believe that tachyphylaxis to the inhaled ~2 PAR bronchodilator 

occurs (Kraan et al., 1985; Cheung et al., 1992; O'Connor et al., 1992) 

resulting from a desensitization of PAR involved with airway smooth 

muscle relaxation (Ingram, 1991), others have proved otherwise 

(van Schayck et al., 1990). Still, others believe it to be the result of 
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an enhanced response to cholinergic stimuli (Sears et aI., 1990) 

possibly due to an up-regulation of the mAChR pathway involved 

with airway smooth muscle contraction (our results). Also, since 

other clinical studies indicate that chronic use of the anti-cholinergic 

bronchodilator, ipratropium bromide, results III a rebound 

hyperresponsive effect to methacholine once withdrawn from the 

anti-cholinergic drug (Newcomb et aI., 1985), this, too, may be due to 

an up-regulation of the M3 mAChR involved with airway smooth 

muscle contraction (our results). Besides attempting to explain the 

mechanisms underlying the clinical observations of worsening 

asthma control due to chronic bronchodilator treatment, our studies 

link clinical in vivo studies with in vitro studies. The result of this 

link is the development of a model system that would provide for a 

highly controlled and discrete method of analysis of airway smooth 

muscle receptor regulation by chronic drug therapy. Since morbidity 

and mortality of asthma IS on the rise (Sly, 1984) and effective 

bronchodilator therapy today IS not without deleterious side effects 

(reviewed in Pearce et aI., 1991; Spitzer et aI., 1992), an attempt to 

discover the underlying mechanisms involved with worsening 

asthma control upon chronic bronchodilator treatment would prove 

to be quite vital. Not only would these studies result in more 

selective drug development, but the quality of life for those 

individuals who suffer from bronchial hyperresponsiveness would 

improve. 
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