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1 Airway smooth muscle (ASM) cells are known to switch from a contractile to a proliferative and
synthetic phenotype in culture in response to serum and growth factors. Phenotype switching in
response to contractile agonists, however, is poorly characterised, despite the possible relationship
between ASM phenotype and airway remodelling in asthma.

2 To investigate the effects of muscarinic receptor stimulation on ASM phenotype, we used organ-
cultured bovine tracheal smooth muscle (BTSM) strips, in which contractile responsiveness,
contractile protein expression and proliferation were measured after pretreatment with methacholine.

3 Long-term methacholine pretreatment (8 days) decreased maximal contraction and sensitivity to
methacholine as well as to histamine and KCl. This decrease was dose-dependent (pEC50¼ 5.270.1).
Pretreatment with the highest concentration of methacholine applied (100 mM) could suppress
maximal histamine-induced contraction to 871% of control. In addition, contractile protein
expression (myosin, actin) was downregulated two-fold. No concomitant increase in proliferative
capacity was observed.

4 The M3/M2 muscarinic receptor antagonist DAU 5884 (0.1 mM) completely inhibited the observed
decrease in contractility. In contrast, the M2/M3 muscarinic receptor antagonist gallamine (10 mM) was
ineffective, demonstrating that M2 receptors were not involved.

5 Pretreatment (8 days) with 60mM KCl could mimick the strong decreases in contractility. This was
completely prevented by pretreatment with verapamil (1 mM).
6 Regulation of contractility was not affected by protein kinase C inhibition, whereas inhibitors of
phosphatidyl inositol 3-kinase and p42/p44 mitogen activated protein kinase were partially effective.

7 These results show that long-term methacholine pretreatment (8 days) induces an M3 receptor-
dependent decrease in BTSM contractility without increased proliferative capacity.
British Journal of Pharmacology (2004) 141, 943–950. doi:10.1038/sj.bjp.0705709

Keywords: Airway smooth muscle; contractility; phenotype; bovine; muscarinic M3 receptor; phosphatidylinositol 3-kinase;
mitogen activated protein kinase; protein kinase C; proliferation

Abbreviations: ASM, airway smooth muscle; BTSM, bovine tracheal smooth muscle; DMEM, Dulbecco’s modification of
Eagle’s medium; DMSO, dimethylsulphoxide; FBS, foetal bovine serum; GPCR, G-protein coupled receptor;
KH, Krebs-Henseleit; MAPK, mitogen-activated protein kinase; MHC, myosin heavy chain; MLCK, myosin
light chain kinase; PBS, phosphate buffered saline; PDGF, platelet-derived growth factor; PI-3 kinase,
phosphatidylinositol-3 kinase; PI-turnover, phosphoinositide turnover; PKC, protein kinase C; SRF, serum
response factor; TCA, trichloroacetic acid

Introduction

Serum and growth factors are known to induce a switch in

airway smooth muscle (ASM) phenotype, which is associated

with a decreased contractile responsiveness and an increased

proliferative capacity (Halayko & Solway, 2001; Gosens et al.,

2002). Recently, we showed that long-term pretreatment up to

8 days of organ-cultured bovine tracheal smooth muscle

(BTSM) strips with growth factors decreases contractility in a

time-dependent manner. In addition, it was shown that the

extent to which growth factors modulate contractility is

linearly related to their proliferative response, which is in

agreement with the concept that phenotypic changes occur in

intact smooth muscle (Gosens et al., 2002). The mechanisms

involved in this phenotypic shift are still not fully clear,

although considerable evidence exists to support the hypoth-

esis that the p42/p44 mitogen-activated protein kinase

(MAPK)-pathway is involved in modulation toward a less

contractile phenotype (Hayashi et al., 1999; Roy et al., 2001;

Gosens et al., 2002). PI 3-kinase activity, however, has both

been associated with a decrease in contractility (Gosens et al.,

2002) and an increase in contractility in smooth muscle cells

(Hayashi et al., 1998).

Muscarinic receptor stimulation may also play a role in

phenotypic modulation. Both the Gi-coupled M2 receptor and

the Gq-coupled M3 receptor are known to activate p42/p44
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MAP kinase (Wylie et al., 1999) and PI 3-kinase (Murga et al.,

1998) and may as such modulate ASM phenotype. ASM

proliferation is dependent on the same pathways (Ammit &

Panettieri, 2001), yet muscarinic receptor agonists are poor

mitogens (Ediger & Toews, 2000; Gosens et al., 2003). Since

proliferative response and modulation of contractility are

linearly correlated, this would imply a relatively small role for

nonmitogenic GPCR agonists in phenotypic modulation.

However, proliferation synergy between growth factors and

GPCR agonists has been reported on multiple occasions

(Panettieri et al., 1998; Ediger & Toews, 2000; Krymskaya

et al., 2000; Gosens et al., 2003). Hence, it can be imagined that

muscarinic receptor agonists may augment growth factor-

induced phenotypic modulation to a proliferative, less

contractile state without large effects on phenotype by

themselves. It has been reported, however, that the Rho/

Rho-kinase pathway is involved in the activation of smooth

muscle specific gene transcription through regulation of the

nuclear localisation of serum response factor (SRF) (Liu et al.,

2003). By activating RhoA, muscarinic receptor agonists might

increase contractility or reduce the growth factor-induced

decrease in contractility.

It has been postulated that ASM phenotype switching may be

involved in airway remodelling in patients with chronic asthma,

characterised by increased smooth muscle mass and irreversible

airflow obstruction (Hirst, 1996). Since exaggerated cholinergic

reflex mechanisms contribute to bronchial hyperreactivity in

asthmatics (Adamko et al., 2001) and in allergen challenged

guinea pigs (Santing et al., 1995), and since dysfunctional

inhibitory M2 autoreceptors contribute to increased vagal

acetylcholine in asthmatics (Adamko et al., 2001) and in guinea

pigs (ten Berge et al., 1995), the long-term effects of muscarinic

receptor agonists on ASM phenotype may be relevant for

asthma. Since extracellular matrix proteins may influence ASM

phenotype (Hirst et al., 2000; Gosens et al., 2002; Tao et al.,

2003), we used organ-cultured BTSM strips with intact

endogenous matrix. It was found that pretreatment with the

muscarinic receptor agonist methacholine induces a less con-

tractile phenotype with no concomitant increase in proliferative

capacity, which was mediated by muscarinic M3 receptors.

Methods

Tissue preparation and organ-culture procedure

Bovine tracheae were obtained from local slaughterhouses

and rapidly transported to the laboratory in Krebs-Henseleit

(KH) buffer of the following composition (mM): NaCl 117.5,

KCl 5.60, MgSO4 1.18, CaCl2 2.50, NaH2PO4 1.28, NaHCO3
25.00 and glucose 5.50, pregassed with 5% CO2 and 95% O2;

pH 7.4. After dissection of the smooth muscle layer and

careful removal of mucosa and connective tissue, tracheal

smooth muscle strips were prepared while incubated in

gassed KH-buffer at room temperature. Care was taken

to cut tissue strips with macroscopically identical length

(1 cm) and width (2mm). Tissue strips were washed once

in sterile Dulbecco’s modification of Eagle’s medium

(DMEM), supplemented with NaHCO3 (7mM), HEPES

(10mM), sodium pyruvate (1mM), nonessential amino-acid

mixture (1 :1 00), gentamicin (45 mgml�1), penicillin

(100Uml�1), streptomycin (100mgml�1) and amphotericin B

(1.5 mgml�1). Next, tissue strips were transferred into suspen-
sion culture flasks and a volume of 7.5ml serum-free medium

was added per tissue strip. Drugs were added in a small volume

(7.5 ml). Strips were maintained in culture in an incubator

shaker (371C, 55 rpm) for 8 days, refreshing the medium

on day 4.

Isometric tension measurements

Tissue strips, collected from suspension culture flasks, were

washed with several volumes of KH-buffer pregassed with 5%

CO2 and 95% O2, pH 7.4 at 371C. Subsequently, strips were

mounted for isometric recording (Grass force-displacement

transducer FT03) in 20ml water-jacked organ baths, contain-

ing KH-buffer at 371C, continuously gassed with 5% CO2 and

95% O2, pH 7.4. During a 90-min equilibration period, with

washouts every 30min, resting tension was gradually adjusted

to 3 g. Subsequently, muscle strips were precontracted with 20

and 30mM isotonic KCl solutions. Following two washouts,

basal smooth muscle tone was established by the addition of

0.1mM isoprenaline and tension was readjusted to 3 g,

immediately followed by two changes of fresh KH-buffer.

After another equilibration period of 30-min cumulative

concentration response curves (CRCs) were constructed to

stepwise increasing concentrations of histamine

(10 nM100mM), isotonic KCl (5.6–50mM) or methacholine
(1 nM–100mM). Only one CRC was constructed per tissue strip.
When maximal tension was obtained, the strips were washed

several times and basal tone was established using isoprenaline

(10mM).

[3H]thymidine-incorporation

To obtain a proper comparison with functional responses of

tissue-cultured strips (with intact extracellular matrix), we used

tissue slices instead of cells for [3H]thymidine-incorporation

experiments, following essentially the same procedure as in

BTSM cells (Gosens et al., 2003). After dissection of the

smooth muscle layer, the muscle was chopped three times at a

setting of 500 mM and three times at a setting of 100 mM
(McIlwain tissue chopper). Tissue slices were then transferred

to suspension culture flasks containing medium, supplemented

as mentioned above. Methacholine (10 mM) was included in the
medium for 8 days, refreshing the medium on day 4. Tissue

slices were then washed extensively by centrifugation with

phosphate-buffered saline (PBS, composition (mM) NaCl,

140.0; KCl, 2.6; KH2PO4, 1.4; Na2HPO4 � 2H2O, 8.1; pH 7.4)

and transferred into six-well cluster plates at 50mg wet

weightml�1 well�1. Slices were stimulated with medium with

or without PDGF (10 ngml�1) for 48 h in the presence of

[3H]thymidine. After incubation the slices were washed twice

with PBS at room temperature and once with ice-cold 5%

trichloroacetic acid (TCA). Slices were treated with this TCA-

solution on ice for 30min and subsequently the acid-insoluble

fraction was dissolved in 1ml NaOH (1M). Incorporated

[3H]thymidine was quantified by liquid-scintillation counting

using a Beckman LS1701 b-counter.

Western analysis of contractile protein expression

After pretreatment of tissue strips as described under organ

culture procedures, homogenates were prepared by pulverising
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tissue under liquid nitrogen and subsequent sonification in

homogenisation buffer (composition in mM: NaCl 150.0,

Tris HCl 10.0, 2-glycerophosphoric acid 5.0, EGTA 2.0,

DTT 2.0, PMSF 1.0, Na3VO4 1.0, NaF 1.0, pH 7.5,

supplemented with 10 mgml�1 leupeptin, 10mgml�1 aprotinin
and 1% Triton X-100). Homogenates were stored at –801C

until further use. Protein content was determined according

to Bradford (1976). In total, 20mg of protein per lane

was separated by SDS/PAGE on 6% (for sm-myosin

heavy chain, sm-MHC) or 10% (for sm-a-actin) polyacryla-
mide gels. Proteins in the gel were then transferred

onto nitrocellulose membranes, which were blocked overnight

in blocking buffer (composition: Tris 50.0mM; NaCl

150.0mM; Tween-20 0.1%, dried milk powder 5%). After

two washes in wash buffer (composition: Tris 50.0mM; NaCl

150.0mM; Tween-20 0.1%), membranes were incubated for 1 h

at room temperature in primary antibodies (anti-sm-MHC or

anti-sm-a-actin, both diluted 1 : 200 in blocking buffer). After
three washes, membranes were incubated in horseradish

peroxidase labelled secondary antibodies (dilution 1 : 1000 in

blocking buffer) at room temperature for 1 h, followed by

another three washes. Antibodies were then visualised by

enhanced chemiluminescence. Blots were analysed by densito-

metry (Totallab tm).

Data analysis

All data represent means7s.e. mean from n separate

experiments. The statistical significance of differences between

data was determined by the Student’s t-test for paired

observations or one-way ANOVA, where appropriate. Differ-

ences were considered to be statistically significant when

Po0.05.

Materials

DMEM and methacholine hydrochloride were obtained from

ICN Biomedicals (Costa Mesa, CA, U.S.A.). Foetal bovine

serum, NaHCO3 solution (7.5%), HEPES solution (1M),

sodium pyruvate solution (100mM), nonessential amino-acid

mixture, gentamycin solution (10mgml�1), penicillin/strepto-

mycin solution (5000Uml�1/5000mgml�1) and amphotericin B
solution (250mgml�1) (Fungizone) were obtained from Gibco

BRL Life Technologies (Paisley, U.K.). Mouse monoclonal

anti sm-MHC was from Neomarkers (Fremont, CA, U.S.A.).

Platelet-derived growth factor AB (PDGF-AB, human re-

combinant), insulin (from bovine pancreas), mouse mono-

clonal anti sm-a-actin, rabbit anti-mouse IgG (peroxidase

conjugate), sodium-dodecyl sulphate, aprotinin, leupeptin,

apotransferrin (human), soybean trypsin inhibitor, gallamine

triethiodide, histamine dihydrochloride and (�)isoprenaline
hydrochloride were from Sigma (St Louis, MO, U.S.A.).

Enhanced chemiluminescence reagents were from Pierce

(Rockford, IL, U.S.A.). PD 98059 and LY 294002 were

obtained from Tocris Cookson Ltd. (Bristol, U.K.). DAU

5884 was a kind gift from Dr HN Doods (Dr Karl Thomae

GmbH, Biberach, Germany). L(þ )ascorbic acid was from

Merck (Darmstadt, Germany). [methyl-3H]thymidine (specific

activity 25Cimmol�1) was obtained from Amersham (Buck-

inghamshire, U.K.) All other chemicals were of analytical

grade.

Results

Effects of pretreatment with methacholine on BTSM
phenotype

Long-term pretreatment (8 days) of BTSM strips with 10mM
methacholine resulted in a decline in contractility, as

determined using both KCl, histamine and methacholine-

induced contraction (Figure 1, Table 1). Apart from a

diminished maximal contraction (Emax), sensitivity (pEC50) to

all agonists used was decreased as well. This decrease in

sensitivity was the most profound for methacholine itself

(Table 1). Pretreatment with 10 ngml�1 PDGF also induced a

decline in Emax of histamine, though considerably smaller as

compared to methacholine pretreatment, but no effect on

sensitivity was observed (Figure 2). Remarkably, combined

pretreatment with 10mM methacholine and 10 ngml�1 PDGF

depressed maximal contraction in an additive rather than

synergistic manner (Figure 2).

The decrease in contractile capacity after pretreatment with

methacholine was not accompanied by an increase in

proliferative capacity. Basal incorporation of [3H]thymidine

was not changed after pretreatment with methacholine.

Interestingly, stimulated (PDGF-induced) incorporation of

[3H]thymidine was decreased rather than increased (Po0.05,
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Figure 1 Effect of 8-day methacholine pretreatment on BTSM
contractility. BTSM strips were organ cultured for 8 days in the
absence (open symbols) or presence (closed symbols) of 10 mM
methacholine, after which contraction to (a) KCl, (b) histamine
and (c) methacholine-induced was determined. Data represent
means7s.e. mean from four (methacholine) to eight (KCl,
histamine) experiments, each performed in duplicate.

Table 1 Maximal contraction (Emax) and sensitivity
of BTSM strips for KCl, histamine and methacholine
after 8-day pretreatment in the absence or presence of
10mM methacholine

Control Methacholine (10mM) pretreated
Sensitivity Emax (%) Sensitivity Emax (%)

KCl 20.871.1 100 25.770.9* 3775**
Histamine 5.970.1 100 5.770.1* 4673**
Methacholine 7.370.1 100 6.570.1* 4876*

Sensitivity to KCl expressed as EC50 (mM); sensitivity to
histamine and methacholine expressed as pEC50 (�logM).
Data represent means7s.e.mean from four (methacholine) to
eight (KCl, histamine) experiments, each performed in
duplicate. *Po0.05; **Po0.001 compared to control.
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Figure 3). It should be noted that methacholine was

present during pretreatment only and was washed

away thoroughly before the start of the [3H]thymidine-

incorporation experiment, to prevent a functional interaction

with PDGF.

A concentration response curve could be constructed for the

inhibitory effect of methacholine pretreatment on maximal

histamine-induced contraction, that was characterised by a

pEC50 of 5.270.1. The maximal contraction to histamine was
almost abolished by pretreatment with the highest concentra-

tion of methacholine tested (Figure 4). A similar concentration

dependency was observed for contractile protein expression in

BTSM strips, pretreated with methacholine (Figure 5). Both

sm-a-actin and sm-MHC were considerably downregulated to
41712 and 50713% of control, respectively, at the highest

concentration of methacholine applied (100 mM).

Role of M2 and M3 receptors

To establish the muscarinic receptor subtype(s) involved in

these responses to methacholine, we measured the inhibitory

effects of selective receptor antagonists DAU 5884 and

gallamine. Since tracheal smooth muscle expresses M3 and

M2 muscarinic receptors only (Zaagsma et al., 1997), DAU

5884 was applied in a concentration selective for M3 over M2

receptors and gallamine in a concentration selective for M2
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Figure 3 Basal and PDGF-stimulated (10 ngml�1) [3H]thymidine
incorporation in BTSM tissue slices, organ cultured for 8 days in the
absence or presence of 10 mM methacholine. After the culture period,
tissue slices were thoroughly washed and stimulated thereafter. Data
represent means7s.e. mean from four experiments, each performed
in duplicate. *Po0.05 compared to control.
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Figure 2 Interaction of methacholine and PDGF pretreatment on
histamine-induced BTSM contraction. BTSM strips were organ
cultured for 8 days in the absence or presence of methacholine
(10 mM), PDGF (10 ngml�1) and the combination hereof. Data
represent means7s.e. mean from five experiments, each performed
in duplicate.
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Figure 4 Concentration dependency of the methacholine-induced pretreatment effects. (a) Histamine-induced contraction of
BTSM strips, organ cultured for 8 days in the absence or presence of increasing concentrations of methacholine. (b) Maximal
contraction (Emax) of histamine of BTSM strips, organ cultured with increasing concentrations of methacholine. Data in (b)
represent maximal contractions measured under (a). Data represent means7s.e. mean from four experiments, each performed in
duplicate.
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over M3 receptors (Roffel et al., 1988; Gosens et al., 2003). The

antagonists were applied during the entire pretreatment

period. Interestingly, combined pretreatment with DAU 5884

could completely prevent the strong methacholine (10 mM)-
induced decline in Emax of histamine. In contrast, gallamine

was fully ineffective (Figure 6).

Effect of prolonged [Ca2þ]i increases

Long-term pretreatment with methacholine may induce a

prolonged rise in intracellular [Ca2þ ]. To investigate a possible

role for Ca2þ in long-term regulation of contractility, strips

were pretreated for 8 days with medium suppplemented with

CaCl2 (2.5mM) and KCl (60mM) to induce a prolonged

increase in intracellular [Ca2þ ] by opening of L-type Ca2þ -

channels. This pretreatment strongly decreased histamine-

induced contraction when compared to control strips. Com-

bined pretreatment with the Ca2þ -entry blocker verapamil

(1 mM) completely prevented this 60mM Kþ -induced decrease

(Figure 7).

Role of protein kinase C, PI 3-kinase and p42/p44 MAP
kinase

To investigate the contribution of protein kinase C (PKC),

PI 3-kinase and p42/p44 MAP kinase to the methacholine-

induced decline in contractility, selective inhibitors were used:

GF 109203X (10 mM) for PKC, LY 294002 (10 mM) for
PI 3-kinase and PD 98059 (30 mM) for p42/p44 MAP

kinase. All kinase inhibitors were dissolved in dimethylsulph-

oxide (DMSO) at a final concentration of 0.1% (vehicle),

which did not affect the effect of methacholine pretreatment

(Emax¼ 34711 and 39711% in the absence and presence

of DMSO, respectively). With GF 109203X present during

the culture period, no reduction in the methacholine-

induced effects was observed. In contrast, both PD 98059

and LY 294002 were partially but significantly effective

(Figure 8).
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Figure 5 Western analysis of contractile protein expression (sm-
MHC, sm-a-actin) in BTSM strips, organ cultured for 8 days in the
absence (C) or presence of increasing concentrations of methacho-
line. Blots shown are representative for four experiments. Graph
shows the means7s.e. mean obtained after densitometry scans of
the blots.
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Figure 6 Role of M2 and M3 receptors in the methacholine-induced
effects on BTSM contractility. BTSM strips were organ cultured for
8 days in the absence (open bars) or presence (closed bars) of 10 mM
methacholine. During the entire culture period, BTSM strips were
also incubated with DAU 5884 (0.1 mM, DAU) or gallamine (10 mM,
Gall) where indicated. Untreated preparations served as controls
(C). Data shown represent maximal contractile responses to
histamine and are means7s.e. mean from four experiments, each
performed in duplicate. *Po0.05.
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Figure 7 Effects of prolonged increases in intracellular [Ca2þ ] on
BTSM contractility. BTSM strips were organ cultured for 8 days in
serum-free medium (open circles), in medium supplemented with
CaCl2 and KCl to produce final concentrations of 2.5mM Ca2þ and
60mM Kþ , respectively (closed circles), or in medium supplemented
with verapamil (1 mM) and CaCl2 and KCl (open triangles). Data
shown represent contractile responses to histamine and are means7
s.e. mean from three experiments, each performed in duplicate.
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Discussion

In the present study we found that pretreatment with

methacholine dramatically decreases contractile responsive-

ness of organ-cultured BSTM strips towards both receptor-

and nonreceptor-mediated stimuli. Since contractility of 8 days

serum-free pretreated strips is only slightly higher compared to

fresh tissue (Gosens et al., 2002), it can be concluded that the

methacholine-induced phenotype is also less contractile when

compared to fresh tissue. This less contractile state induced by

methacholine appeared to be different of nature from that

induced by growth factors and serum: pretreatment with

methacholine could almost completely abrogate contractile

responses, whereas maximal modulation of contractility

induced by the highly mitogenic growth factor PDGF amounts

only 33–37% (Gosens et al., 2002).

Furthermore, sensitivities (EC50/pEC50) to KCl, histamine

and methacholine were all decreased after pretreatment with

methacholine, which is not observed after pretreatment with

serum and growth factors. Not surprisingly, this shift in

sensitivity was the largest for methacholine itself, indicating

homologous desensitisation of muscarinic M3 receptors as

well. Hypothetically, histamine H1 receptors and voltage-

dependent Ca2þ channels may also have been downregulated

or desensitised, since Gq coupled receptors may induce both

homologous and heterologous desensitisation (Bundey &

Nahorski, 2001). Nevertheless, it is unlikely that changes in

receptor density or coupling efficiency account for the

observed decreases in maximal contraction. First, maximal

KCl, histamine and methacholine-induced contraction were

influenced similarly by methacholine pretreatment, both

qualitatively and quantitatively. This implies the involvement

of a common mechanism. However, methacholine and

histamine induce contraction through stimulation of PI-

turnover and subsequent release of Ca2þ from intracellular

stores followed by capacitative Ca2þ -entry (Zaagsma et al.,

1997). In contrast, KCl-induced contraction is fully dependent

on voltage-dependent Ca2þ -influx and does not require

GPCRs. Therefore, quantitative similarities between KCl,

histamine and methacholine can be achieved only by affecting

contraction downstream of intracellular Ca2þ -increases.

Moreover, contractile protein expression (sm-a-actin, sm-
MHC) was dramatically decreased after methacholine pre-

treatment with a similar concentration dependency as observed

for the decrease in contractility. Taken together, this clearly

indicates that changes in contractile protein expression rather

than changes in receptor density are responsible for the

observed decrease in maximal contraction.

Basal incorporation of [3H]thymidine was not changed after

pretreatment with methacholine, whereas stimulated (PDGF)

incorporation of [3H]thymidine was decreased, which might

indicate desensitisation of receptor tyrosine kinases. Pre-

viously, we showed that acute costimulation with similar

concentrations of methacholine and PDGF synergistically

increases [3H]thymidine incorporation (Gosens et al., 2003).

Note that the present experiments were performed in tissue

slices rather than in cells to avoid loss of cell culture-induced

muscarinic receptor expression (Widdop et al., 1993). How-

ever, PDGF-induced incorporation of [3H]thymidine produced

quantitatively similar results in tissue slices and cells. The

observation that the decrease in contractility induced by

methacholine was not accompanied by an increase in

proliferative capacity further indicates that the phenotype

change induced by methacholine is different from the classical

switch induced by serum and growth factors. The decline in

contractility induced by growth factors is accompanied by an

increase in proliferation, which represents a shift in smooth

muscle function for optimal adaptation to a mitogenic

environment.

Given the inability of methacholine to induce BTSM cell

proliferation by itself, and the strong correlations found for

loss of contractility and proliferative responses induced by

growth factors (Gosens et al., 2002), methacholine and growth

factors are not likely to rely on the same mechanism to induce

phenotype changes. Indeed, although PI 3-kinase and p42/p44

MAP kinase are involved, at least in part, in the growth factor-

induced phenotype shift (Gosens et al., 2002), inhibitors of the

p42/p44 MAP kinase pathway and PI 3-kinase only modestly

inhibited the methacholine-induced decline in contractility.

Inhibition of PKC using GF 109203X was even completely

ineffective. It is noteworthy that the applied concentrations of

GF 109203X and LY 294002 are known to almost completely

inhibit PKC and PI 3-kinase, respectively (Walker et al., 1998),

whereas the applied concentration of PD 98059 is known to

fully inhibit p42/p44 MAPK activation in BTSM cells

(Karpova et al., 1997). Therefore, it appears that p42/p44

MAPK, PI 3-kinase and PKC do not play a key role in the

methacholine-induced effects, although p42/p44 MAPK and

PI 3-kinase may contribute to some extent. (Togashi et al.,

1998; Camoretti-Mercado et al., 2000; Mack et al., 2001)

The observed effects of methacholine pretreatment are

dependent on muscarinic M3 receptors as determined using

DAU 5884. In contrast, M2 receptors are not relevant in view

of the lack of effect of gallamine. Importantly, BTSM

contraction is fully dependent on M3 receptors (Roffel et al.,

1988). Therefore, it could be envisaged that the presented

regulation of contractility by methacholine is dependent on the

contractile state of the muscle during the pretreatment period.
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Figure 8 Role of PKC, p42/p44 MAP kinase and PI 3-kinase in the
methacholine-induced effects on BTSM contractility. BTSM strips
were organ cultured for 8 days in the absence (open bars) or
presence (closed bars) of 10 mM methacholine. During the entire
culture period, GF 109203X (10mM, GF) PD 98059 (30 mM, PD) or
LY 294002 (10 mM, LY) were also present where indicated. Vehicle
treated (0.1% DMSO) preparations served as controls. Data shown
represent maximal contractile responses to histamine and are
means7s.e. mean from four experiments, each performed in
duplicate. *Po0.05 compared to controls, # Po0.05 compared to
methacholine (10mM) and DMSO (0.1%)-pretreated.
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Pretreatment with 1 mM methacholine has no effect at all,

however, on any of the tested phenotype parameters (cf

Figures 4 and 5), whereas BTSM strips acutely exposed to this

concentration of methacholine contract almost maximally

(8876% of maximum). More specifically, the sensitivities of

methacholine for the long-term effects on contractility

(pEC50¼ 5.2) and acute effects on BTSM contraction

(pEC50¼ 7.0) are too deviant. It could be envisaged that

methacholine may have underwent some degree of metabolism

during the incubation period, which would (in part) explain

the difference in pEC50 values for contraction and for

contractility changes. However, even the strips exposed to

1 mM methacholine were still contracted on day 4 when

refreshing the medium and on day 8 when preparing for the

experiment, demonstrating that a causal relationship between

contractile status and regulation of contractility can be

excluded. A better match is observed with the potency of

methacholine on phosphoinositide metabolism (pEC50¼ 5.6,
Hoiting et al., 1996). Moreover, prolonged increases in [Ca2þ ]i
are known to attenuate contractility in the organ-cultured rat

tail artery (Hellstrand, 1998; Lindqvist et al., 1999) and of the

organ-cultured guinea pig ileum (Gomez & Sward, 1997). In

addition, induction of a sustained increase in [Ca2þ ]i using

medium containing 60mM Kþ and 2.5mM Ca2þ strongly

decreased contractility of BTSM, which was fully dependent

on Ca2þ -entry in view of the effect of combined pretreatment

with verapamil. Therefore, it seems reasonable to assume that

the prolonged increases in [Ca2þ ]i caused by long-term M3

receptor stimulation is the cause of the observed decrease of

contractility. The mechanisms behind these effects of [Ca2þ ]i
remain to be established, however.

A regulatory mechanism in smooth muscle cells to adjust for

prolonged increases in [Ca2þ ]i may be physiologically relevant.

However, activation of the Rho/Rho-kinase/SRF-pathway

may act as an opposing mechanism to increase contractility

(Liu et al., 2003). It is not clear how the balance in

these mechanisms relates to long-term regulation of contrac-

tility. The phenotypic starting-point may be of critical

relevance: the highest SRF-mediated smooth muscle specific

gene transcription is observed in synthetic, not contractile

smooth muscle cells (Camoretti-Mercado et al., 2000).

Since intact BTSM was used in our present study, which

consists of contractile cells, studies using cultured synthetic

cells may observe other effects of GPCR stimulation. The

phenotypic status may therefore be very relevant for the effects

of long-term stimulation with GPCR agonists and ultimately

determining the effect on contractility in vivo. In addition, load

applied to the muscle during culture may also interact with

GPCR-induced effects on smooth muscle contractility or

phenotype since mechanical strain is known to increase RhoA

activation and ASM contractile protein expression (Smith

et al., 1997, 2003). Since ASM is subjected to (some) load

under physiological conditions, the in vivo response to

prolonged GPCR agonist exposure may therefore be some-

what more complex.

In conclusion, prolonged treatment with methacholine

strongly decreases BTSM contractility without a concomitant

increase in proliferative capacity. The decreased contractility is

explained by diminished contractile protein expression and

depends on M3 receptor stimulation and subsequent increases

in intracellular [Ca2þ ]. Since muscarinic M3 receptor stimula-

tion is nonmitogenic by itself, this indicates that the phenotype

change induced by methacholine is different from the classical

switch induced by serum and growth factors.

This work was financially supported by the Netherlands Asthma
Foundation, grants NAF 99.53 (RG) and 01.83 (DS).
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