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Acetylcholine: a novel regulator of airway smooth muscle remodelling?
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Abstract

Increased airway smooth muscle mass is a pathological feature that asthma and chronic obstructive pulmonary disease (COPD) have in

common. This increase has gained renewed interest in view of recent developments showing that airway smooth muscle, instead of solely

being a contractile partner, is capable of interacting dynamically with its environment, especially under inflammatory conditions. Airway

smooth muscle cells are able to proliferate, to migrate, and to secrete chemokines, cytokines, extracellular matrix proteins and growth factors,

and most importantly, to adapt to these functions by changing its phenotype from contractile to proliferative/synthetic. Conversely, switching

to a (hyper)contractile phenotype may also occur. A vast number of inflammatory stimuli regulate these functions and exert their effects via

excitatory Gq or Gi-coupled receptors. Since acetylcholine activates muscarinic M2 and M3 receptors in the airway smooth muscle cell

membrane, which are coupled to Gi and Gq proteins, respectively, and since acetylcholine release may be enhanced in airway inflammation, a

pathophysiological role of acetylcholine related to the above processes and exceeding contraction could be envisaged. In this review,

evidence in favour of this hypothesis, based on recent data that show a role for muscarinic receptors in modulating airway smooth muscle

proliferation, contractility and contractile protein expression is discussed. Based on these findings, we postulate that endogenous

acetylcholine contributes to airway remodeling in asthma and COPD.

D 2004 Elsevier B.V. All rights reserved.
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1. Introduction

Airway remodelling is a pathological feature observed

both in asthma and in chronic obstructive pulmonary disease

(COPD). The nature of this airway remodelling is different,

however, as is the palette of inflammatory cells that are

involved in the pathophysiology of these diseases. Compa-

rative studies have demonstrated a prominent role for CD8+

lymphocytes, neutrophils and macrophages in COPD;

asthma on the other hand is best characterised by eosinophilic

inflammation and CD4+ lymphocytes (Jeffery, 2000, 2001).

Nevertheless, all of the mentioned inflammatory cells are

potential sources of growth factors, proteases, cytokines and

chemokines that generate structural changes in the airways

(Hirst, 2000; 2003). In COPD, these structural changes

include destruction of the lung parenchyma (leading to

emphysema), fibrosis, epithelial metaplasia, mucus gland

hypertrophy and increases in vascular and airway smooth

muscle mass (Jeffery, 2001). As for COPD, asthma is

characterised by mucus gland hypertrophy, subepithelial

fibrosis and increases in airway smooth muscle mass.

However, in asthma, the epithelium is fragile, the basement

membrane is thickened and there is no emphysema. In

addition, the increased airway smooth muscle mass in asthma

may be more pronounced in the larger airways, whereas in

COPD this smooth muscle thickening occurs more prom-

inently in the small airways (Barnes et al., 1998; Jeffery,

2000, 2001).

Despite of differences in the pattern of airway smooth

muscle thickening, the observation that airway smooth

muscle mass is increased in both inflammatory diseases is

interesting in view of its putative role in airway hyper-

reactivity and chronic airways obstruction. In addition,

recent findings have shown that airway smooth muscle is

not only involved in contraction, but is also capable of

dynamically interacting with its environment, especially in

inflammatory conditions. Thus, airway smooth muscle cells

can proliferate, migrate, secrete substances such as chemo-

kines, cytokines, extracellular matrix proteins and growth

factors and, importantly, adapt to these functions by

changing its phenotype from contractile to proliferative/

synthetic or even hypercontractile (Halayko and Amrani,

2003; Halayko and Solway, 2001; Hirst, 2000, 2003;

Panettieri, 2003). As such, airway smooth muscle is now

considered to play an active role in the regulation of airway

remodelling in inflammatory airway diseases. The functions

mentioned above are induced by growth factors and

inflammatory mediators from the local environment and

support the inflammatory response. Interestingly, a vast

number of the acute inflammatory mediators (e.g. bradyki-

nin, leukotrienes, histamine) exert their effect through G

protein-coupled receptors (GPCRs) present in the airway

smooth muscle cell membrane (Billington and Penn, 2003).

Since contractile neurotransmitters, including acetylcholine,

also activate GPCRs present in airway smooth muscle, their

regulatory role in the airways is likely to exceed contraction.
Nevertheless, the potential role of increased cholinergic

activity in airway remodelling in asthma and COPD has thus

far received little attention.
2. Acetylcholine release in airway inflammation

The primary source of acetylcholine in the airways is the

vagal nerve. The release of acetylcholine from the vagal

nerve is regulated by a variety of prejunctional receptors,

including autoinhibitory muscarinic M2 receptors (Aas and

Maclagan, 1990). In animal models of allergic airway

inflammation and asthma, muscarinic M2 autoreceptor

dysfunction has been found to contribute to exaggerated

acetylcholine release from the vagal nerve both in vivo and ex

vivo (Fryer and Wills-Karp, 1991; Larsen et al., 1994; Ten

Berge et al., 1995). This muscarinic M2 receptor dysfunction

is thought to be mediated by eosinophils that migrate to

cholinergic nerves and release major basic protein, which acts

as an allosteric muscarinic M2 receptor antagonist (Adamko

et al., 1999; Costello et al., 1997; Jacoby et al., 1993).

Muscarinic M2 receptor dysfunction may also be relevant in

humans. Thus, muscarinic M2 autoreceptor function has been

reported to be impaired in some, but not all patients with

asthma (Minette et al., 1989; Okayama et al., 1994). Taken

into consideration that muscarinic M2 autoreceptor function

is more prominent in the larger airways (Ten Berge et al.,

1996) and that muscarinic M2 receptor dysfunction is

mediated by eosinophils, this mechanism may be more

prominent in asthma when compared to COPD. Indeed,

muscarinic M2 autoreceptors have been reported to be still

functional in patients with stable COPD (On et al., 2001),

although it should be noted that this does not exclude a

dysfunction in acute exacerbations.

In addition to effects on autoinhibition, eosinophil-

derived polycations like major basic protein are known to

cause epithelial shedding, exposing sensory nerve endings

to the airway lumen (Gleich et al., 1988). Together with

muscarinic M2 autoreceptor dysfunction, this may lead to

increased cholinergic reflex activity in response to inhaled

stimuli and contribute to allergen-induced airway hyper-

reactivity (Santing et al., 1995). Afferent sensory nerve

endings are also involved in central reflex bronchoconstric-

tion upon stimulation by inflammatory mediators such as

histamine, bradykinin, serotonin, adenosine and endothelin

(Coleridge et al., 1989; Riccio et al., 1995; Undem and

Myers, 2001). Tachykinins (neurokinin A, substance P) that

originate from non-myelinated C-fibres are also involved in

peripheral reflex mechanisms by enhancing ganglionic

cholinergic transmission (Undem and Myers, 2001). Fur-

thermore, substance P can possibly induce major basic

protein release from eosinohils, causing M2 dysfunction as

described above (Evans et al., 2000). In addition to reduced

M2 autoreceptor function, inflammation-derived prostanoids

including prostaglandin D2, prostaglandin F2a and throm-

boxane A2 can augment acetylcholine release from chol-
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inergic nerve endings by prejunctional facilitation (Undem

and Myers, 2001). Interestingly, airway smooth muscle

itself also represents a potential source of prostaglandin D2,

prostaglandin F2a and thromboxane A2 (McKay and

Sharma, 2001).

Taken together, the above data indicate that vagal release

of acetylcholine during periods of airway inflammation may

be increased by various mechanisms. Although the above

data suggest an important role for exaggerated acetylcholine

release in asthma, anticholinergics are primarily used by

patients with COPD, since in contrast to asthma, vagal tone

appears to be the only reversible component of airways

obstruction in these patients (Gross, 1988; Chapman, 2001).

Nevertheless, mechanisms of increased cholinergic activity

are thus far unclear, although it could be envisaged that

airway inflammation in COPD augments vagal neurotrans-

mission as well.

Acetylcholine, excreted from non-neuronal tissues has

been less well explored. Nevertheless, bronchial epithelial

cells, T and B lymphocytes, mast cells, monocytes,

granulocytes, alveolar macrophages and airway smooth

muscle cells all contain acetylcholine and/or express its

synthesizing enzyme, choline acetyltransferase (ChAT)

(Kawashima and Fujii, 2003; Wessler et al., 2003a; Wessler

and Kirkpatrick, 2001). At present, the role of acetylcholine

as an autocrine or paracrine hormone in inflammatory

airways diseases has not yet been established. However,

patients with atopic dermatitis, a condition often associated

with bronchial asthma, express increased levels of acetyl-

choline in non-neuronal cells in the skin, which may suggest

a primed role for non-neuronal acetylcholine in allergic

inflammation (Wessler et al., 2003a,b).
Fig. 1. Methacholine-induced p42/p44 MAPK activation in bovine

tracheal smooth muscle is concentration- and PKC-dependent. (A) Intact

strips were stimulated with increasing concentrations of methacholine (5

min, 37 8C), homogenised and immunoblotted against phosphorylated

p42/p44 MAP kinase. Unstimulated strips were used as a control (C).

Shown is the densitometric analysis of four blots. (B) Intact strips were

stimulated with methacholine (10 AM) or vehicle for 5 min, after 30 min

preincubation with GF109203X (10 AM) or vehicle (C). Subsequently,

proteins were separated using electrophoresis and immunoblotted for

phosphorylated p42/p44 MAP kinase. Shown is the densitometric analysis

of six blots. *Pb0.05 compared to unstimulated; #Pb0.05 compared to the

absence of GF109203X.
3. Cholinergic signalling in airway smooth muscle

In order to better understand the established and potential

effects of acetylcholine on airway smooth muscle, insight in

the signal transduction that underlies muscarinic receptor

activation is essential. Airway smooth muscle expresses

both Gi-coupled muscarinic M2 and Gq-coupled muscarinic

M3 receptors, the former being the predominant population,

comprising ~80% of the total muscarinic receptor popula-

tion (Roffel et al., 1988, 2001). Gq-coupled muscarinic M1

receptors are not present, whereas the presence of Gi-

coupled muscarinic M4 receptors may be species specific.

Thus, muscarinic M4 receptor mRNA and protein have been

observed in bronchiolar airway smooth muscle in the rabbit

lung, but not in human bronchiolar as well as bronchial

smooth muscle (Mak and Barnes, 1990; Mak et al., 1992,

1993). Therefore, a selective focus on signalling induced by

muscarinic M2 and M3 receptors seems appropriate. These

receptors are part of complex intracellular signalling net-

works that allow cross-talk with a variety of signalling

cascades, including those primarily activated by growth

factors, such as mitogen-activated protein (MAP) kinase and
phosphatidyl inositol 3-kinase (PI3-kinase) pathways, rele-

vant for airway remodeling.

Gq-coupled muscarinic M3 receptors in airway smooth

muscle activate phospholipase C, causing hydrolytic con-

version of phosphatidylinositol 4,5-biphosphate (PIP2) into

inositol 1,4,5-trisphosphate (InsP3) and sn-1,2-diacylgly-

cerol (DAG) (Meurs et al., 2001). InsP3 is involved in the

mobilization of Ca2+ from intracellular stores, which gen-

erates a rapid and transient increase in [Ca2+]i. DAG

generated through muscarinic M3 receptor activation acti-

vates protein kinase C (PKC). Both Ca2+ and PKC are

involved in the regulation of airway smooth muscle

contraction. Different PKC isozymes exist, most of which

being expressed in airway smooth muscle. The precise

functions of these individual isozymes are not fully known,

but they may relate to receptor-specific effects (Webb et al.,

2000). PKC can activate the p42/p44 MAP kinase signalling

cascade through direct phosphorylation of the MAP kinase

kinase kinase Raf-1 (Kolch et al., 1993). This PKC-depend-

ent pathway may be involved in muscarinic agonist-induced

p42/p44 MAP kinase activation in bovine tracheal smooth

muscle, as shown by its sensitivity to the PKC inhibitor 2-[1-

(3-dimethylaminopropyl)indol-3-yl]-3-(indol-3-yl)malei-

mide (GF109203X; Fig. 1). Nevertheless, methacholine-

induced p42/p44 MAPK activation is not fully inhibited in

the presence of GF109203X, which indicates that additional

signalling pathways induced by the muscarinic receptor

agonist activate the MAP kinase cascade independently of

PKC. In this regard, activation of the Ca2+-dependent non-

receptor protein tyrosine kinase Pyk2 could play a role,

presumably by inducing transactivation of growth factor



2+

Fig. 2. Putative mechanisms of activation of p42/p44 MAP kinase, Rho and

PI3-kinase by muscarinic M2 and M3 receptors in airway smooth muscle.

These signalling pathways provide potential mechanisms for muscarinic

receptors to cross-talk with growth factor-induced signal transduction,

relevant for airway remodelling.
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receptors (receptor tyrosine kinases) (Della-Rocca et al.,

1997; Lev et al., 1995) (Fig. 2).

In addition, p42/p44 MAP kinase activation in response

to muscarinic M2 receptor activation has been reported in

canine tracheal smooth muscle (Hedges et al., 2000).

Presumably, this occurs via ai-mediated activation of Ras

(Emala et al., 1999) or through hg-mediated activation of

PI3-kinase, which can transactivate receptor tyrosine

kinases (Koch et al., 1994; Lopez-Ilasaca et al., 1997; van

Biesen et al., 1995) (Fig. 2). PI3-kinase can also modulate

transcriptional regulation through activation of protein

kinase B (PKB) (Burgering and Coffer, 1995). Activation

of PI3-kinase is also achieved by activation of Rho in

smooth muscle (Wang and Bitar, 1998). This could imply

the involvement of both muscarinic M2 and M3 receptors in

the activation of PI3-kinase, since both receptor subtypes

are known to activate the RhoA/Rho-kinase signalling

pathway (Fukata et al., 2001). Therefore, both Rho-depend-

ent, PI3-kinase-dependent and MAP kinase-dependent path-

ways may be activated in response to muscarinic agonists in

airway smooth muscle. As elaborated on below, all of these

pathways are involved in effects that could underlie airway

remodelling, including the regulation of airway smooth

muscle contractility and contractile protein expression,

proliferation, secretory function and migration.
4. Cholinergic regulation of airway smooth muscle

remodelling

4.1. Phenotype, contractility and contractile protein

expression

Accommodating the elements that comprise the contrac-

tile machinery, has for a long time been considered the

prominent function of airway smooth muscle. This does not

imply incapability to self-regulation, however, considering

recent findings focusing on plasticity in airway smooth

muscle function under pathophysiological conditions

(Halayko and Amrani, 2003; Halayko and Stephens, 1994;
Halayko and Solway, 2001; Hirst et al., 2000a,b). Airway

smooth muscle may be induced to change its phenotype to

hypercontractile in response to prolonged growth arrest or in

response to insulin (Gosens et al., 2002, 2003b; Halayko et

al., 1999; Ma et al., 1998). This hypercontractile phenotype

is characterised by more rapid and extensive shortening and

by increased expression of contractile and contraction

regulatory proteins, such as smooth muscle-specific actin,

myosin and myosin light chain kinase (MLCK). In addition,

muscarinic M3 receptor expression is thought to increase

under these conditions, since reconstitution of the contrac-

tile phenotype in culture also induces functional re-coupling

of muscarinic M3 receptors in canine airway smooth muscle

cells (Mitchell et al., 2000). Conversely, airway smooth

muscle can also switch to a less contractile phenotype,

characterised by decreased contractility, decreased contrac-

tile protein expression and decreased muscarinic M3

receptor expression (Gosens et al., 2002, 2004b; Halayko

and Solway, 2001; Hirst et al., 2000a,b). Switching to a less

contractile phenotype generally occurs when airway smooth

muscle is stimulated to proliferate in response to growth

factors or fetal bovine serum and is dependent on p38 and

p42/p44 MAP kinase and on PI3-kinase (Gosens et al.,

2002, 2004c). Thus, the less contractile phenotype is

thought to be associated with an increase in proliferative

capacity and could as such contribute to the increase in

airway smooth muscle mass, seen in asthma and COPD.

Contractility of airway smooth muscle preparations

obtained from patients suffering from asthma and/or COPD

has been reported increased in some (Bramley et al., 1994; De

Jongste et al., 1987a,b; Saez et al., 2000), but not all patients

(Armour et al., 1984; Cerrina et al., 1986, 1989; Taylor et al.,

1985). Moreover, isolated cells obtained from asthmatics are

hypercontractile (Ma et al., 2002), yet proliferate faster in

culture (Johnson et al., 2001). Passive sensitization of human

airway smooth muscle in vitro is also known to increase

contractility (Schmidt et al., 2000). Furthermore, passively

sensitized human airway smooth muscle cells have been

found to produce more extracellular matrix proteins when

compared to cells obtained from healthy controls and may

therefore be considered hypersecretory (Johnson et al., 2000).

These seemingly paradoxical results may be explained by the

dynamics of phenotype switching, dependent on the inflam-

matory conditions in the airways, which can be controlled in

vitro, but not in lung tissue obtained from patients.

The effects of acetylcholine on airway smooth muscle

phenotype are complex as muscarinic receptors may both

induce and reduce contractility. As described above,

muscarinic receptor stimulation activates RhoA and Rho

kinase, which may be involved in induction of contrac-

tility. Thus, Rho-kinase has been found to be important

in maintaining bovine tracheal smooth muscle contrac-

tility (Gosens et al., 2004c) and is known to direct serum

response factor to the nucleus, which regulates smooth

muscle specific gene expression in airway smooth muscle

(Camoretti-Mercado et al., 2000; Liu et al., 2003a).
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Indeed, carbachol has been noted to increase smooth

muscle specific myosin heavy chain and SM22 protein

expression in M3 transfected cultured canine airway

smooth muscle cells through Rho- and Rho-kinase-

dependent pathways (Liu et al., 2002). Cholinergic

activation of PKC on the other hand has been found to

temper carbachol-induced expression of SM22 and

myosin in the same cells (Liu et al., 2003b), which

implies a role for PKC in reducing contractility, possibly

as an autoinhibitory feedback mechanism.

However, prolonged (8-day) exposure of organ cultured

bovine tracheal smooth muscle strips to high concentra-

tions of methacholine results in strongly reduced contrac-

tility and contractile protein expression (actin, myosin),

which is dependent on muscarinic M3 receptors, but

independent of PKC and only partially dependent on

p42/p44 MAP kinase and PI3-kinase (Gosens et al.,

2004b). This does not represent a phenotypic change

comparable to that induced by growth factors, however,

since the proliferative capacity of the tissue was not

concomitantly increased. Importantly, this also demon-

strates that changes in contractility or contractile protein

expression do not necessarily have to be interpreted as

phenotype dswitchingT. The mechanism responsible for this

decreased contractility most probably is the prolonged rise

of intracellular Ca2+ (Gosens et al., 2004b), which is

known to negatively regulate contractility in the organ

cultured rat tail artery and guinea pig ileum (Gomez and

Sward, 1997; Hellstrand, 1998; Lindqvist et al., 1997). It is

not clear how the balance of this inhibitory mechanism and

the above described Rho/Rho-kinase-dependent stimulatory

mechanism relates to cholinergic regulation of contractility

in vivo. The phenotypic starting-point may be of critical

importance to the outcome, as the highest serum response

factor-mediated smooth muscle specific gene transcription

is observed in synthetic, not contractile smooth muscle

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

Very recently, we found evidence showing that tracheal

smooth muscle contractility and contractile protein expres-

sion in lung homogenates has been increased in repeatedly

allergen-challenged guinea pigs, which could indicate a

role of allergen-induced phenotype-switching in the devel-

opment of (chronic) airway hyperresponsiveness. Impor-

tantly, the increase in contractility and contractile protein

expression was reduced by treatment with tiotropium

bromide, a long-acting muscarinic receptor antagonist used

for the treatment of COPD as well as for asthma (Gosens

et al., 2004a). These results for the first time indicate that

endogenous acetylcholine may be involved in allergen-

induced airway remodelling in vivo. Further experimenta-

tion is required to find out whether the muscarinic

contribution to allergen-induced airway remodelling is

caused by affecting contractility and/or by inducing

increased airway smooth muscle mass. Also, the effects

of tiotropium bromide on airway remodelling in asthma

and COPD warrants investigation.
4.2. Airway smooth muscle proliferation

The increases in airway smooth muscle mass observed in

asthma and COPD could in part be mediated by peptide

growth factors such as platelet-derived growth factor

(PDGF), epidermal growth factor (EGF), insulin-like growth

factor-1 (IGF-1) and basic fibroblast growth factor (bFGF)

(Stewart, 2001). These growth factors have all been

implicated in airway inflammation as they can be released

from inflammatory cells, such as eosinophils and macro-

phages. In addition, they can be derived from the epithelium,

extravasated plasma and the airway smooth muscle itself

(Hirst, 2000; McKay and Sharma, 2001). Mechanistically,

these growth factors rely on activation of MAP kinases and

PI3-kinase (and downstream targets) for their proliferative

responses (Karpova et al., 1997; Kelleher et al., 1995;

Krymskaya et al., 1999; Walker et al., 1998), which can be

activated by muscarinic receptor agonists as well (Fig. 2).

Nevertheless, muscarinic receptor stimulation alone is not

sufficient to induce an increase in cell proliferation or

[3H]thymidine uptake in bovine (Gosens et al., 2003a) and

human (Krymskaya et al., 2000) airway smooth muscle cells.

This may be explained by the incapability of cholinergic

agonists to induce prolonged p42/p44 MAP kinase activa-

tion, which is required to induce proliferative responses

(Kelleher et al., 1995; Orsini et al., 1999). However,

muscarinic receptor stimulation has been described to interact

with peptide growth factor signalling, causing synergistic

induction of mitogenesis in bovine (Gosens et al., 2003a) and

human (Krymskaya et al., 2000) airway smooth muscle cells.

This potentiation can be quite effective, as combined

administration of non-mitogenic concentrations ofmethacho-

line and PDGF induce approximately 45% of the maximal

control response to PDGF. Despite the complex signalling

network that may be activated by muscarinic M2 and M3

receptors, this potentiation was found to be mediated solely

bymuscarinicM3 receptors in bovine tracheal smoothmuscle

cells (Gosens et al., 2003a).

Mechanistically, the synergistic induction of mitogene-

sis by methacholine and PDGF in bovine tracheal smooth

muscle could be explained by synergistic activation of p70

S6 kinase but not of p42/p44 MAP kinase, as reported for

the combination of carbachol and EGF in human airway

smooth muscle cells (Krymskaya et al., 2000). Even

though PKC activity has been associated with p42/p44

MAP kinase activation (as described above), PKC may

still be functionally involved in the observed synergism,

however, by activating other pathways. For instance, we

have recently demonstrated that activation of Gq-coupled

bradykinin B2 receptors induces synergistic activation of

mitogenesis when combined with EGF, which was depend-

ent on conventional PKC isozymes (Grootte Bromhaar et

al., 2004). In addition, the G protein-coupled receptor

agonist lysophophatidic acid is synergistic with EGF by

activating Rho (Ediger et al., 2003). Since muscarinic M3

receptors activate both Rho and conventional PKC



Fig. 3. Proposed mechanisms by which acetylcholine could affect airway

smooth muscle remodelling. Acetylcholine has been shown to affect airway

smooth muscle contractility, contractile protein expression, pro-mitogenic

signalling and proliferation. In addition, like several other G protein-

coupled receptor agonists, acetylcholine could also be involved in airway

smooth muscle cell migration, extracellular matrix protein production and

secretion of cytokines and chemokines. Altogether, these effects could

contribute to airway remodelling in asthma and COPD.
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isozymes, these pathways may be important in muscarinic

receptor-induced synergism with growth factors. Addi-

tional research is therefore needed to clarify the role of

these pathways.

4.3. Airway smooth muscle secretory function

Airway smooth muscle secretory function has important

implications for airway inflammation, as the number of

molecules that can be secreted by airway smooth muscle

cells is considerable. As a potential source of pro-

inflammatory cytokines (e.g. interleukin-5, interleukin-6,

interleukin-13) and chemokines (e.g. eotaxin, interleukin-8),

airway smooth muscle cells could modulate inflammation in

the airways, both directly and indirectly by affecting

chemokinesis of inflammatory cells and the mediator

production by these cells. In addition, airway smooth

muscle cells can produce inflammatory mediators (mainly

prostanoids), growth factors (e.g. PDGF, IGF, bFGF),

proteases (e.g. matrix metalloprotease I) and extracellular

matrix proteins (e.g. pro-collagen, fibronectin, laminin)

(Hakonarson and Grunstein, 2003; Hirst, 2003; Johnson

and Knox, 1997; McKay and Sharma, 2001). In turn, these

secretory components may have effects on airway smooth

muscle proliferation and phenotype. Extracellular matrix

proteins for instance can affect airway smooth muscle

proliferation and contractility. Thus, human airway smooth

muscle cells coated on collagen I or fibronectin exhibit a

proliferative phenotype, whereas cells coated on laminin

switch to a more contractile phenotype (Hirst et al.,

2000a,b). Thus, airway smooth muscle may contribute to

various aspects of airway remodelling in asthma and COPD

by dynamically interacting with its environment through

both direct and indirect mechanisms.

Although the majority of studies has focussed on the

regulation of airway smooth muscle secretory function by

cytokines (e.g. interleukin-4, interleukin-13, tumor necrosis

factor a), some have addressed the possibility that these

functions can be regulated by GPCR agonists (McKay and

Sharma, 2001). Bradykinin for instance is capable of

inducing interleukin-6 and interleukin-8 release from human

airway smooth muscle (Huang et al., 2003; Pang and Knox,

1998). Importantly, bradykinin-induced interleukin-6 pro-

duction by these cells is dependent on the short-lived p42/

p44 MAPK activation by bradykinin, which could indicate

that other GPCR agonists are capable of inducing inter-

leukin-6 release as well. Indeed, histamine and endothelin-1

have been reported to induce interleukin-6 release in human

airway smooth muscle cells (McKay et al., 2001). Remark-

ably, cholinergic regulation of airway smooth muscle

secretory function has not been addressed, possibly because

the Gq-coupled muscarinic M3 receptor loses its expression

rapidly in culture (Widdop et al., 1993). Nevertheless,

cholinergic regulation of airway smooth muscle secretory

function may be of great importance and warrants future

investigation.
4.4. Airway smooth muscle migration

Recent studies have demonstrated that airway smooth

muscle cells in culture have the capacity to migrate. By

migrating to a more pro-mitogenic environment, for

instance to the collagen-rich matrix in the subepithelial

region, airway smooth muscle migration has been postulated

to contribute to hyperplasia (Stewart et al., 2004). Indeed,

human airway smooth muscle cell migration can be

stimulated by pro-mitogenic stimuli, such as PDGF and

bFGF (Goncharova et al., 2003). However, the G protein-

coupled receptor agonist thrombin was without effect in

these cells, even though this agonist is a highly effective

mitogen. This would imply that GPCR agonists do not

affect migration by themselves. Nonetheless, leukotriene E4

can augment PDGF-induced migration of human airway

smooth muscle cells in which PI3-kinase is the key

signalling event (Parameswaran et al., 2002). Likewise,

acetylcholine could potentially have effects on airway

smooth muscle cell migration, although this has not yet

been studied.
5. Concluding remarks

Muscarinic receptor antagonists such as ipratropium

bromide and tiotropium bromide are often used for the

treatment of COPD and represent an important co-

treatment in severe asthmatics (Barnes et al., 1995).

They are used as bronchodilators and are generally not

considered to have beneficial effects on airway remod-

elling. Nevertheless, there is evidence that prolonged

treatment with these anticholinergics may improve lung

function in patients with COPD (Rennard et al., 1996;

Tashkin and Kesten, 2003). Although no direct evidence

exists to suggest that these effects are due to improve-
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ment of airway remodelling, these studies are partic-

ularly interesting in view of the recently discovered

effects of acetylcholine on airway smooth muscle

remodeling. Thus, prolonged stimulation of muscarinic

receptors on airway smooth muscle may affect contrac-

tility, contractile protein expression, pro-mitogenic sig-

nalling and proliferation. In addition, other effects of

acetylcholine on airway smooth muscle, including

regulation of secretory function and migration, may be

envisaged (Fig. 3). Since prolonged neuronal and non-

neuronal release of acetylcholine may be induced by

several inflammatory processes as observed in asthma

and COPD, a role for acetylcholine in airway remod-

elling could be postulated, a contention confirmed by

recent observations using tiotropium bromide inhalations

that muscarinic receptor signalling is involved in airway

remodelling in allergen challenged guinea pigs.
Acknowledgements

Sophie Bos, Dedmer Schaafsma, Sue McKay, Manne

Krop, Annet Tonkes and Maartje Hiemstra are all greatly

acknowledged for their contributions to some of the

studies described in this paper. We wish to thank the

Netherlands Asthma Foundation for financial support (NAF

grant 99.53).
References

Aas, P., Maclagan, J., 1990. Evidence for prejunctional M2 muscarinic

receptors in pulmonary cholinergic nerves in the rat. Br. J. Pharmacol.

101, 73–76.

Adamko, D.J., Yost, B.L., Gleich, G.J., Fryer, A.D., Jacoby, D.B., 1999.

Ovalbumin sensitization changes the inflammatory response to sub-

sequent parainfluenza infection: eosinophils mediate airway hyper-

responsiveness, M2 muscarinic receptor dysfunction, and antiviral

effects. J. Exp. Med. 190, 1465–1477.

Armour, C.L., Lazar, N.M., Schellenberg, R.R., Taylor, S.M., Chan, N.,

Hogg, J.C., Pare, P.D., 1984. A comparison of in vivo and in vitro

human airway reactivity to histamine. Am. Rev. Respir. Dis. 129,

907–910.

Barnes, P.J., Belvisi, M.G., Mak, J.C.W., Haddad, E.B., Oconnor, B., 1995.

Tiotropium bromide (Ba-679-Br), a novel long-acting muscarinic

antagonist for the treatment of obstructive-airways-disease. Life Sci.

56, 853–859.

Barnes, P.J., Chung, K.F., Page, C.P., 1998. Inflammatory mediators of

asthma: an update. Pharmacol. Rev. 50, 515–596.

Billington, C.K., Penn, R.B., 2003. Signaling and regulation of G protein-

coupled receptors in airway smooth muscle. Respir. Res. 4.

Bramley, A.M., Thomson, R.J., Roberts, C.R., Schellenberg, R.R., 1994.

Hypothesis: excessive bronchoconstriction in asthma is due to

decreased airway elastance. Eur. Respir. J. 7, 337–341.

Burgering, B.M.T., Coffer, P.J., 1995. Protein-kinase-B (C-Akt) in

phosphatidylinositol-3-Oh inase signal-transduction. Nature 376,

599–602.

Camoretti-Mercado, B., Liu, H.W., Halayko, A.J., Forsythe, S.M., Kyle,

J.W., Li, B., Fu, Y., McConville, J., Kogut, P., Vieira, J.E., Patel,

N.M., Hershenson, M.B., Fuchs, E., Sinha, S., Miano, J.M.,

Parmacek, M.S., Burkhardt, J.K., Solway, J., 2000. Physiological
control of smooth muscle-specific gene expression through regulated

nuclear translocation of serum response factor. J. Biol. Chem. 275,

30387–30393.

Cerrina, J., Le Roy, L.M., Labat, C., Raffestin, B., Bayol, A., Brink, C.,

1986. Comparison of human bronchial muscle responses to histamine in

vivo with histamine and isoproterenol agonists in vitro. Am. Rev.

Respir. Dis. 134, 57–61.

Cerrina, J., Labat, C., Haye-Legrande, I., Raffestin, B., Benveniste, J.,

Brink, C., 1989. Human isolated bronchial muscle preparations from

asthmatic patients: effects of indomethacin and contractile agonists.

Prostaglandins 37, 457–469.

Chapman, K.R., 2001. The role of anticholinergics in asthma and

COPD. In: Zaagsma, J., Meurs, H., Roffel, A.F. (Eds.), Muscarinic

Receptors in Airways Diseases. Birkh7user, Basel, pp. 203–220.
Coleridge, H.M., Coleridge, J.C.G., Schultz, H.D., 1989. Afferent pathways

involved in reflex regulation of airway smooth-muscle. Pharmacol.

Ther. 42, 1–63.

Costello, R.W., Schofield, B.H., Kephart, G.M., Gleich, G.J., Jacoby, D.B.,

Fryer, A.D., 1997. Localization of eosinophils to airway nerves and

effect on neuronal M2 muscarinic receptor function. Am. J. Physiol.

273, L93–L103.

De Jongste, J.C., Mons, H., Block, R., Bonta, I.L., Frederiksz, A.P.,

Kerrebijn, K.F., 1987a. Increased in vitro histamine responses in human

small airways smooth-muscle from patients with chronic obstructive

pulmonary-disease. Am. Rev. Respir. Dis. 135, 549–553.

De Jongste, J.C., Mons, H., Bonta, I.L., Kerrebijn, K.F., 1987b. In vitro

responses of airways from an asthmatic patient. Eur. J. Respir. Dis. 71,

23–29.

Della-Rocca, G.J., Van Biesen, T., Daaka, Y., Luttrell, D.K., Luttrell, L.M.,

Lefkowitz, R.J., 1997. Ras-dependent mitogen-activated protein kinase

activation by G protein-coupled receptors: convergence of G-i- and G-

q-mediated pathways on calcium/calmodulin, Pyk2, and Src kinase.

J. Biol. Chem. 272, 19125–19132.

Ediger, T.L., Schulte, N.A., Murphy, T.J., Toews, M.L., 2003. Transcription

factor activation and mitogenic synergism in airway smooth muscle

cells. Eur. Respir. J. 21, 759–769.

Emala, C.W., Liu, F., Hirshman, C.A., 1999. Gialpha but not Gqalpha is

linked to activation of p21ras in human airway smooth muscle cells.

Am. J. Physiol. 276, L564–L570.

Evans, C.M., Belmonte, K.E., Costello, R.W., Jacoby, D.B., Gleich, G.J.,

Fryer, A.D., 2000. Substance P-induced airway hyperreactivity is

mediated by neuronal M(2) receptor dysfunction. Am. J. Physiol. 279,

L477–L486.

Fryer, A.D., Wills-Karp, M., 1991. Dysfunction of M2-muscarinic receptors

in pulmonary parasympathetic nerves after antigen challenge. J. Appl.

Physiol. 71, 2255–2261.

Fukata, Y., Amano, M., Kaibuchi, K., 2001. Rho-Rho-kinase pathway in

smooth muscle contraction and cytoskeletal reorganization of non-

muscle cells. Trends Pharmacol. Sci. 22, 32–39.

Gleich, G.J., Flavahan, N.A., Fujisawa, T., Vanhoutte, P.M., 1988. The

eosinophil as a mediator of damage to respiratory epithelium-A

model for bronchial hyperreactivity. J. Allergy Clin. Immunol. 81,

776–781.

Gomez, M., Sward, K., 1997. Long-term regulation of contractility

and calcium current in smooth muscle. Am. J. Physiol. 273,

C1714–C1720.

Goncharova, E.A., Billington, C.K., Irani, C., Vorotnikov, A.V.,

Tkachuk, V.A., Penn, R.B., Krymskaya, V.P., Panettieri Jr., R.A.,

2003. Cyclic AMP-mobilizing agents and glucocorticoids modulate

human smooth muscle cell migration. Am. J. Respir. Cell Mol. Biol.

29, 19–27.

Gosens, R., Meurs, H., Grootte Bromhaar, M.M., McKay, S., Nelemans,

S.A., Zaagsma, J., 2002. Functional characterization of serum- and

growth factor-induced phenotypic changes in intact bovine tracheal

smooth muscle. Br. J. Pharmacol. 137, 459–466.

Gosens, R., Nelemans, S.A., Grootte Bromhaar, M.M., McKay, S.,

Zaagsma, J., Meurs, H., 2003a. Muscarinic M3-receptors mediate



R. Gosens et al. / European Journal of Pharmacology 500 (2004) 193–201200
cholinergic synergism of mitogenesis in airway smooth muscle. Am. J.

Respir. Cell Mol. Biol. 28, 257–262.

Gosens, R., Nelemans, S.A., Hiemstra, M., Grootte Bromhaar, M.M.,

Meurs, H., Zaagsma, J., 2003b. Insulin induces a hypercontractile

airway smooth muscle phenotype. Eur. J. Pharmacol. 481, 125–131.

Gosens, R., Bos, I.S.T., Nelemans, S.A., Zaagsma, J., Meurs, H., 2004a.

Effects of the long-acting muscarinic receptor antagonist tiotropium on

airway smooth muscle remodeling in a guinea pig model of ongoing

asthma. Am. J. Respir. Crit. Care Med. 169, A700.

Gosens, R., Grootte Bromhaar, M.M., Tonkes, A., Schaafsma, D., Zaagsma,

J., Nelemans, S.A., Meurs, H., 2004b. Muscarinic M3 receptor-

dependent regulation of airway smooth muscle contractile phenotype.

Br. J. Pharmacol. 141, 943–950.

Gosens, R., Schaafsma, D., Meurs, H., Zaagsma, J., Nelemans, S.A., 2004c.

Role of Rho-kinase in maintaining airway smooth muscle contractile

phenotype. Eur. J. Pharmacol. 483, 71–78.

Grootte Bromhaar, M.M., Gosens, R., Meurs, H., Zaagsma, J., Nelemans,

S.A., 2004. Differential activation of proliferation and p42/p44 MAP

kinase by novel and conventional PKC isozymes in airway smooth

muscle. Am. J. Respir. Crit. Care Med. 169, A449.

Gross, N.J., 1988. Drug-therapy-ipratropium bromide. N. Engl. J. Med.

319, 486–494.

Hakonarson, H., Grunstein, M.M., 2003. Autocrine regulation of

airway smooth muscle responsiveness. Respir. Physiol. Neurobiol.

137, 263–276.

Halayko, A.J., Amrani, Y., 2003. Mechanisms of inflammation-mediated

airway smooth muscle plasticity and airways remodeling in asthma.

Respir. Physiol. Neurobiol. 137, 209–222.

Halayko, A.J., Solway, J., 2001. Molecular mechanisms of pheno-

typic plasticity in smooth muscle cells. J. Appl. Physiol. 90,

358–368.

Halayko, A.J., Stephens, N.L., 1994. Potential role for phenotypic

modulation of bronchial smooth muscle cells in chronic asthma. Can.

J. Physiol. Pharm. 72, 1448–1457.

Halayko, A.J., Camoretti-Mercado, B., Forsythe, S.M., Vieira, J.E.,

Mitchell, R.W., Wylam, M.E., Hershenson, M.B., Solway, J., 1999.

Divergent differentiation paths in airway smooth muscle culture:

induction of functionally contractile myocytes. Am. J. Physiol. 276,

L197–L206.

Hedges, J.C., Oxhorn, B.C., Carty, M., Adam, L.P., Yamboliev, I.A.,

Gerthoffer, W.T., 2000. Phosphorylation of caldesmon by ERK MAP

kinases in smooth muscle. Am. J. Physiol. 278, C718–C726.

Hellstrand, P., 1998. Long-term effects of intracellular calcium and growth

factors on excitation and contraction in smooth muscle. Acta Physiol.

Scand. 164, 637–644.

Hirst, S.J., 2000. Airway smooth muscle as a target in asthma. Clin. Exp.

Allergy 30, 54–59.

Hirst, S.J., 2003. Regulation of airway smooth muscle cell immunomo-

dulatory function: role in asthma. Respir. Physiol. Neurobiol. 137,

309–326.

Hirst, S.J., Twort, C.H., Lee, T.H., 2000a. Differential effects of extracellular

matrix proteins on human airway smooth muscle cell proliferation and

phenotype. Am. J. Respir. Cell Mol. Biol. 23, 335–344.

Hirst, S.J., Walker, T.R., Chilvers, E.R., 2000b. Phenotypic diversity and

molecular mechanisms of airway smooth muscle proliferation in

asthma. Eur. Respir. J. 16, 159–177.

Huang, C.D., Tliba, O., Panettieri Jr., R.A., Amrani, Y., 2003. Bradykinin

induces interleukin-6 production in human airway smooth muscle cells:

modulation by Th2 cytokines and dexamethasone. Am. J. Respir. Cell

Mol. Biol. 28, 330–338.

Jacoby, D.B., Gleich, G.J., Fryer, A.D., 1993. Human eosinophil major

basic-protein is an endogenous allosteric antagonist at the inhibitory

muscarinic M2-receptor. J. Clin. Invest. 91, 1314–1318.

Jeffery, P.K., 2000. Comparison of the structural and inflammatory features

of COPD and asthma. Chest 117, 251S–260S.

Jeffery, P.K., 2001. Remodeling in asthma and chronic obstructive lung

disease. Am. J. Respir. Crit. Care Med. 164, 28S–38S.
Johnson, S.R., Knox, A.J., 1997. Synthetic functions of airway smooth

muscle in asthma. Trends Pharmacol. Sci. 18, 288–292.

Johnson, P.R., Black, J.L., Carlin, S., Ge, Q., Underwood, P.A., 2000.

The production of extracellular matrix proteins by human passively

sensitized airway smooth-muscle cells in culture: the effect of

beclomethasone. Am. J. Respir. Crit. Care Med. 162, 2145–2151.

Johnson, P.R., Roth, M., Tamm, M., Hughes, M., Ge, Q., King, G., Burgess,

J.K., Black, J.L., 2001. Airway smooth muscle cell proliferation is

increased in asthma. Am. J. Respir. Crit. Care Med. 164, 474–477.

Karpova, A.Y., Abe, M.K., Li, J., Liu, P.T., Rhee, J.M., Kuo, W.L.,

Hershenson, M.B., 1997. MEK1 is required for PDGF-induced ERK

activation and DNA synthesis in tracheal myocytes. Am. J. Physiol.

272, L558–L565.

Kawashima, K., Fujii, T., 2003. The lymphocytic cholinergic system and its

biological function. Life Sci. 72, 2101–2109.

Kelleher, M.D., Abe, M.K., Chao, T.S.O., Jain, M., Green, J.M., Solway, J.,

Rosner, M.R., Hershenson, M.B., 1995. Role of MAP kinase activation

in bovine tracheal smooth muscle mitogenesis. Am. J. Physiol. 268,

L894–L901.

Koch, W.J., Hawes, B.E., Allen, L.F., Lefkowitz, R.J., 1994. Direct

evidence that Gi-coupled receptor stimulation of mitogen-activated

protein kinase is mediated by G beta gamma activation of p21ras. Proc.

Natl. Acad. Sci. U. S. A. 91, 12706–12710.

Kolch, W., Heidecker, G., Kochs, G., Hummel, R., Vahidi, H., Mischak, H.,

Finkenzeller, G., Marme, D., Rapp, U.R., 1993. Protein kinase C alpha

activates RAF-1 by direct phosphorylation. Nature 364, 249–252.

Krymskaya, V.P., Penn, R.B., Orsini, M.J., Scott, P.H., Plevin, R.J.,

Walker, T.R., Eszterhas, A.J., Amrani, Y., Chilvers, E.R., Panettieri,

R.A., 1999. Phosphatidylinositol 3-kinase mediates mitogen-induced

human airway smooth muscle cell proliferation. Am. J. Physiol. 277,

L65–L78.

Krymskaya, V.P., Orsini, M.J., Eszterhas, A.J., Brodbeck, K.C., Benovic,

J.L., Panettieri, R.A., Penn, R.B., 2000. Mechanisms of proliferation

synergy by receptor tyrosine kinase and G protein-coupled receptor

activation in human airway smooth muscle. Am. J. Respir. Cell Mol.

Biol. 23, 546–554.

Larsen, G.L., Fame, T.M., Renz, H., Loader, J.E., Graves, J., Hill, M.,

Gelfand, E.W., 1994. Increased acetylcholine-release in tracheas from

allergen-exposed Ige-immune mice. Am. J. Physiol. 266, L263–L270.

Lev, S., Moreno, H., Martinez, R., Canoll, P., Peles, E., Musacchio, J.M.,

Plowman, G.D., Rudy, B., Schlessinger, J., 1995. Protein tyrosine

kinase PYK2 involved in Ca(2+)-induced regulation of ion channel and

MAP kinase functions. Nature 376, 737–745.

Lindqvist, A., Nilsson, B.O., Hellstrand, P., 1997. Inhibition of calcium

entry preserves contractility of arterial smooth muscle in culture. J. Vasc.

Res. 34, 103–108.

Liu, H.W., Kassiri, K., Vfrfs, A., Hillier, C.T., Wang, L., Solway, J.,

Halayko, A.J., 2002. Gaq-receptor coupled signaling induces RHO-

dependent transcription of smooth muscle specific genes in cultured

canine airway myocytes. Am. J. Respir. Crit. Care Med. 165, A670.

(Abstract).

Liu, H.W., Halayko, A.J., Fernandes, D.J., Harmon, G.S., McCauley, J.A.,

Kocieniewski, P., McConville, J., Fu, Y., Forsythe, S.M., Kogut, P.,

Bellam, S., Dowell, M., Churchill, J., Lesso, H., Kassiri, K., Mitchell,

R.W., Hershenson, M.B., Camoretti-Mercado, B., Solway, J., 2003a.

The RhoA/Rho kinase pathway regulates nuclear localization of serum

response factor. Am. J. Respir. Cell Mol. Biol. 29, 39–47.

Liu, H.W., Wang, L., McNeill, K., Tam, J., Al-Hariri, Z., Halayko, A.J.,

2003b. Inhibition of serum response factor (SRF)-dependent smooth

muscle gene expression by protein kinase C. Am. J. Respir. Crit. Care

Med. 167, A328. (Abstract).

Lopez-Ilasaca, M., Crespo, P., Pellici, P.G., Gutkind, J.S., Wetzker, R.,

1997. Linkage of G protein-coupled receptors to the MAPK signaling

pathway through PI3-kinase gamma. Science 275, 394–397.

Ma, X., Wang, Y., Stephens, N.L., 1998. Serum deprivation induces a

unique hypercontractile phenotype of cultured smooth muscle cells.

Am. J. Physiol. 274, C1206–C1214.



R. Gosens et al. / European Journal of Pharmacology 500 (2004) 193–201 201
Ma, X., Cheng, Z., Kong, H., Wang, Y., Unruh, H., Stephens, N.L.,

Laviolette, M., 2002. Changes in biophysical and biochemical proper-

ties of single bronchial smooth muscle cells from asthmatic subjects.

Am. J. Physiol. 283, L1181–L1189.

Mak, J.C.W., Barnes, P.J., 1990. Autoradiographic visualization of

muscarinic receptor subtypes in human and guinea-pig lung. Am.

Rev. Respir. Dis. 141, 1559–1568.

Mak, J.C.W., Baraniuk, J.N., Barnes, P.J., 1992. Localization of muscarinic

receptor subtype messenger-Rnas in human lung. Am. J. Respir. Cell

Mol. Biol. 7, 344–348.

Mak, J.C.W., Haddad, E.B., Buckley, N.J., Barnes, P.J., 1993. Visualization

of muscarinic M4 and M4 receptor subtype in rabbit lung. Life Sci. 53,

1501–1508.

McKay, S., Sharma, H.S., 2001. Autocrine regulation of asthmatic airway

inflammation: role of airway smooth muscle. Respir. Res. 3.

McKay, S., Grootte Bromhaar, M.M., de Jongste, J.C., Hoogsteden, H.C.,

Saxena, P.R., Sharma, H.S., 2001. Pro-inflammatory cytokines induce

c-fos expression followed by IL-6 release in human airway smooth

muscle cells. Mediat. Inflamm. 10, 135–142.

Meurs, H., Roffel, A.F., Elzinga, C.R., Zaagsma, J., 2001. Muscarinic

receptor-beta-adrenoceptor cross-talk in airways smooth muscle. In:

Zaagsma, J., Meurs, H., Roffel, A.F. (Eds.), Muscarinic Receptors in

Airways Diseases. Birkh7user, Basel, pp. 121–157.
Minette, P.A.H., Lammers, J.W.J., Dixon, C.M.S., Mccusker, M.T., Barnes,

P.J., 1989. A muscarinic agonist inhibits reflex bronchoconstriction in

normal but not in asthmatic subjects. J. Appl. Physiol. 67, 2461–2465.

Mitchell, R.W., Halayko, A.J., Kahraman, S., Solway, J., Wylam, M.E.,

2000. Selective restoration of calcium coupling to muscarinic M(3)

receptors in contractile cultured airway myocytes. Am. J. Physiol. 278,

L1091–L1100.

Okayama, M., Shen, T., Midorikawa, J., Lin, J.T., Inoue, H., Takishima, T.,

Shirato, K., 1994. Effect of pilocarpine on propranolol-induced

bronchoconstriction in asthma. Am. J. Respir. Crit. Care Med. 149,

76–80.

On, L.S., Boonyongsunchai, P.E.T.C., Webb, S.A.M.A., Davies, L.I.S.A.,

Calverly, P.M.A., Costello, R.W., 2001. Function of pulmonary neuro-

nal M2 muscarinic receptors in stable chronic obstructive pulmonary

disease. Am. J. Respir. Crit. Care Med. 163, 1320–1325.

Orsini, M.J., Krymskaya, V.P., Eszterhas, A.J., Benovic, J.L., Panettieri Jr.,

R.A., Penn, R.B., 1999. MAPK superfamily activation in human airway

smooth muscle: mitogenesis requires prolonged p42/p44 activation.

Am. J. Physiol. 277, L479–L488.

Pang, L.H., Knox, A.J., 1998. Bradykinin stimulates IL-8 production in

cultured human airway smooth muscle cells: role of cyclooxygenase

products. J. Immunol. 161, 2509–2515.

Parameswaran, K., Cox, G., Radford, K., Janssen, L.J., Sehmi, R.,

O’Byrne, P.M., 2002. Cysteinyl leukotrienes promote human

airway smooth muscle migration. Am. J. Respir. Crit. Care Med.

166, 738–742.

Rennard, S.I., Serby, C.W., Ghafouri, M., Johnson, P.A., Friedman, M.,

1996. Extended therapy with ipratropium is associated with improved

lung function in patients with COPD. A retrospective analysis of data

from seven clinical trials. Chest 110, 62–70.

Riccio, M.M., Reynolds, C.J., Hay, D.W.P., Proud, D., 1995. Effects of

intranasal administration of endothelin-1 to allergic and nonallergic

individuals. Am. J. Respir. Crit. Care Med. 152, 1757–1764.

Roffel, A.F., Elzinga, C.R., Van Amsterdam, R.G., de Zeeuw, R.A.,

Zaagsma, J., 1988. Muscarinic M2 receptors in bovine tracheal smooth

muscle: discrepancies between binding and function. Eur. J. Pharmacol.

153, 73–82.

Roffel, A.F., Meurs, H., Zaagsma, J., 2001. Identification, localization and

function of muscarinic receptor subtypes in the airways. In: Zaagsma,

J., Meurs, H., Roffel, A.F. (Eds.), Muscarinic Receptors in Airways

Diseases. Birkh7user, Basel, pp. 63–85.
Saez, A.M.O., Seow, C.Y., Pare, P.D., 2000. Peripheral airway smooth

muscle mechanics in obstructive airways disease. Am. J. Respir. Crit.

Care Med. 161, 910–917.

Santing, R.E., Pasman, Y., Olymulder, C.G., Roffel, A.F., Meurs, H.,

Zaagsma, J., 1995. Contribution of a cholinergic reflex mechanism to

allergen-induced bronchial hyperreactivity in permanently instru-

mented, unrestrained guinea-pigs. Br. J. Pharmacol. 114, 414–418.

Schmidt, D., Watson, N., Ruehlmann, E., Magnussen, H., Rabe, K.F., 2000.

Serum immunoglobulin E levels predict human airway reactivity in

vitro. Clin. Exp. Allergy 30, 233–241.

Stewart, A.G., 2001. Airway wall remodelling and hyperresponsiveness:

modelling remodelling in vitro and in vivo. Pulm. Pharmacol. Ther. 14,

255–265.

Stewart, A.G., Bonacci, J.V., Quan, L., 2004. Factors controlling airway

smooth muscle proliferation in asthma. Curr. Allergy Asthma Rep. 4,

109–115.

Tashkin, D., Kesten, S., 2003. Long-term treatment benefits with tiotropium

in COPD patients with and without short-term bronchodilator

responses. Chest 123, 1441–1449.

Taylor, S.M., Pare, P.D., Armour, C.L., Hogg, J.C., Schellenberg, R.R.,

1985. Airway reactivity in chronic obstructive pulmonary disease.

Failure of in vivo methacholine responsiveness to correlate with

cholinergic, adrenergic, or nonadrenergic responses in vitro. Am. Rev.

Respir. Dis. 132, 30–35.

Ten Berge, R.E., Santing, R.E., Hamstra, J.J., Roffel, A.F., Zaagsma, J.,

1995. Dysfunction of muscarinic M2 receptors after the early allergic

reaction: possible contribution to bronchial hyperresponsiveness in

allergic guinea-pigs. Br. J. Pharmacol. 114, 881–887.

Ten Berge, R.E.J., Zaagsma, J., Roffel, A.F., 1996. Muscarinic inhibitory

autoreceptors in different generations of human airways. Am. J. Respir.

Crit. Care Med. 154, 43–49.

Undem, B.J., Myers, A.C., 2001. Cholinergic and noncholinergic para-

sympathetic control of airway smooth muscle. In: Zaagsma, J., Meurs,

H., Roffel, A.F. (Eds.), Muscarinic Receptors in Airways Diseases.

Birkh7user, Basel, pp. 1–24.
van Biesen, T., Hawes, B.E., Luttrell, D.K., Krueger, K.M., Touhara, K.,

Porfiri, E., Sakaue, M., Luttrell, L.M., Lefkowitz, R.J., 1995. Receptor-

tyrosine-kinase- and G beta gamma-mediated MAP kinase activation by

a common signalling pathway. Nature 376, 781–784.

Walker, T.R., Moore, S.M., Lawson, M.F., Panettieri Jr., R.A., Chilvers,

E.R., 1998. Platelet-derived growth factor-BB and thrombin activate

phosphoinositide 3-kinase and protein kinase B: role in mediating

airway smooth muscle proliferation. Mol. Pharmacol. 54, 1007–1015.

Wang, P., Bitar, K.N., 1998. Rho A regulates sustained smooth muscle

contraction through cytoskeletal reorganization of HSP27. Am. J.

Physiol. 275, G1454–G1462.

Webb, B.L.J., Hirst, S.J., Giembycz, M.A., 2000. Protein kinase C

isoenzymes: a review of their structure, regulation and role in regulating

airways smooth muscle tone and mitogenesis. Br. J. Pharmacol. 130,

1433–1452.

Wessler, I., Kirkpatrick, C.J., 2001. Role of non-neuronal and neuronal

acetylcholine in the airways. In: Zaagsma, J., Meurs, H., Roffel, A.F.

(Eds.), Muscarinic Receptors in Airways Diseases. Birkh7user, Basel,
pp. 25–62.

Wessler, I., Kilbinger, H., Bittinger, F., Unger, R., Kirkpatrick, C.J., 2003a.

The non-neuronal cholinergic system in humans: expression, function

and pathophysiology. Life Sci. 72, 2055–2061.

Wessler, I., Reinheimer, T., Kilbinger, H., Bittinger, F., Kirkpatrick,

C.J., Saloga, J., Knop, J., 2003b. Increased acetylcholine levels

in skin biopsies of patients with atopic dermatitis. Life Sci. 72,

2169–2172.

Widdop, S., Daykin, K., Hall, I.P., 1993. Expression of muscarinic M2

receptors in cultured human airway smooth muscle cells. Am. J. Respir.

Cell Mol. Biol. 9, 541–546.


	Acetylcholine: a novel regulator of airway smooth muscle remodelling?
	Introduction
	Acetylcholine release in airway inflammation
	Cholinergic signalling in airway smooth muscle
	Cholinergic regulation of airway smooth muscle remodelling
	Phenotype, contractility and contractile protein expression
	Airway smooth muscle proliferation
	Airway smooth muscle secretory function
	Airway smooth muscle migration

	Concluding remarks
	Acknowledgements
	References


