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Airway smooth muscle and asthma 
Asthma is an inflammatory airway disease characterised by exaggerated 
bronchoconstriction to neurotransmitters, inflammatory mediators and inhaled 
contractile stimuli [1-5]. Stimuli that are bronchoconstrictive for asthmatics, may even 
be hardly effective or ineffective in healthy individuals [6-8]. This airway 
hyperresponsiveness may in part be explained by increased shortening of the airway 
smooth muscle (ASM) layer in the airway wall, caused by the presence of 
inflammatory mediators that augment ASM contraction to other contractile agonists 
[4]. These inflammatory mediators can be released in the airways following the 
recruitment of inflammatory cells, but can also be released from structural cells, 
including ASM itself, providing a mechanism to adapt acutely to the pro-inflammatory 
environment.  
 
Asthma is, however, chronic of nature. Chronically inflamed airways are subjective 
to structural changes (airway remodeling), which are thought to play an important 
role in the development of chronic airway hyperreactivity and decline of lung function. 
These include thickening of the basement membrane, subepithelial fibrosis, 
epithelial damage, increases in ASM mass, bronchial microvascular remodeling and 
mucus gland hypertrophy [9;10] (Figure 1.1). 
 
 

 
 
 

ASM

Normal Remodeled 
Figure 1.1 Schematical cross-sections of a normal and a remodeled airway. 
Shown are increases in ASM mass, fibrosis of the subepithelial layer, mucus 
hyperplasia and bronchial microvascular remodeling, all characteristic for airway 
remodeling in asthma. (after Jeffery, [1]). 
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Due to airway remodeling, the elastic forces of the tissue surrounding the airway are 
diminished through uncoupling of ASM from its parenchymal recoil, which may 
contribute to exaggerated constriction [9;11]. In contrast, fibrosis of the subepithelial 
layer may stiffen the airway and protect against excessive airway narrowing [9]. The 
benefits of thickening of the airway wall are limited, however, as this will result in 
changes in airway diameter, sufficient to limit airway capacity to the extent seen in 
asthmatics [12]. In addition, myofibroblasts have been observed in the subepithelial 
layer in patients with chronic and severe asthma [13], which may contribute to 
constriction of the airway as a whole. The deposition of extracellular matrix proteins 
can be mediated by subepithelial fibroblasts, but recent reports suggest that ASM 
cells are also capable of producing matrix proteins such as fibronectin and collagen 
[14-16]. It is not completely clear whether matrix protein production by ASM 
represents a significant contribution to the subepithelial fibrosis seen in asthmatics. 
Nevertheless, the composition of matrix proteins in which the ASM is embedded may 
have a major impact on its contractile function [17;18]. 
 
Increased ASM mass may increase the force produced by bronchoconstrictor agents 
and therefore increase airway responsiveness to these stimuli. The physical 
obstruction of inward growing tissue may also contribute to changes in airway 
reactivity. Importantly, these changes in airway structure worsen with duration of 
disease, which could add to disease-induced chronic increase in severity of airway 
narrowing [19]. Studies in animal models of asthma have shown that the increase in 
ASM mass is most prominent in the larger airways and declines progressively 
towards the periphery [20]. Increased ASM mass may be explained in part by 
increases in cell number (hyperplasia), as confirmed in studies that determined 
changes in ASM cell number after repeated allergen challenge [21;22]. In asthmatics, 
however, both hyperplasia and increases in cell size (hypertrophy) have been noted 
[23]. The increase in ASM mass caused by either hypertrophy or hyperplasia is 
considered sufficient to comprise a major cause of exaggerated airway narrowing 
[24;25]. Thus, the increase in ASM in the central airways of allergen challenged rats 
was found to correlate with the increase in hyperreactivity to methacholine [20]. 
Although this would suggest a central role for ASM growth in chronic airway 
hyperreactivity, others have shown that the time-profile of  the progressive increase 
in airway hyperreactivity does not match the time-profile of the increase in ASM 
mass [26]. It should also be noted that these studies do not take into account that 
ASM can adapt its phenotype, which may superimpose on changes in ASM mass. 
 
Airway smooth muscle phenotype 
Accommodating the elements that comprise the contractile machinery, has for a long 
time been considered the prominent function of ASM. However, recent findings have 
focused on plasticity in ASM function under pathophysiological conditions [27-30]. 
By changing its phenotype to hypercontractile, ASM shortens more rapidly [31;32], 
which may result in exaggerated airway narrowing [33]. In vitro, this 
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(hyper)contractile phenotype can be induced by growth arrest and is characterised 
by increases in contractile protein expression, such as smooth muscle-specific actin 
and myosin [34]. Also, muscarinic M3 receptor expression and contraction regulatory 
protein expression (e.g. myosin light chain kinase, calponin) are known to increase 
under these conditions [34;35]. 
 
Nevertheless, it should be noted that the occurrence of a hypercontractile ASM 
phenotype in asthma is still subject of debate. In favour, isolated asthmatic ASM 
cells have been reported to contract more profound and more rapidly in vitro [36]. 
Furthermore, passive sensitization of human bronchi with atopic serum increases 
maximal contractility and agonist-sensitivity in vitro [37]. Interestingly, this effect is 
associated with serum IgE [38], suggesting a relationship between allergic 
sensitization and increased contractile responsiveness. Studies using a canine 
model of allergic sensitization have revealed similar effects after active sensitization 
[39;40]. This increase in contractility is accompanied by increases in MLCK 
expression [41], which has been demonstrated in sensitized human ASM as well 
[42]. However, although some have reported increased contractility or agonist-
sensitivity of asthmatic ASM in vitro, a vast amount of reports on this subject suggest 
no major changes in contractility in vitro (cf. [43] for review). At the moment, it is 
therefore not certain whether hypercontractility to some extent is an artefact, caused 
by extremely favorable culturing conditions, or (patho)physiologically relevant indeed. 
 
Paradoxically, switching to a less contractile phenotype may also be relevant in the 
pathophysiology of asthma and this may in part explain the controversy that exists 
about contractility changes in asthmatic ASM in vitro. As in other smooth muscle cell 
types, ASM is able to switch to a less contractile phenotype in a reversible fashion 
[27;29;44]. Switching to a less contractile phenotype generally occurs when smooth 
muscle cells, kept in culture, are exposed to high concentrations of fetal bovine 
serum. Under these conditions, ASM cells reduce their ability to contract due to 
diminished contractile protein expression [34]. In addition, M3 receptor expression is 
strongly reduced [45]. Although a less contractile phenotype may seem favourable in 
airway diseases such as asthma, it is important to note that smooth muscle cells in 
culture proliferate faster and growth factor receptor expression is increased [46-49]. 
Also, organelles involved in synthesis and secretion such as the Golgi apparatus are 
increased under these conditions [50]. This has led to the hypothesis that smooth 
muscle cells reversibly switch between a contractile and a proliferative/secretory 
phenotype [46]. The latter state may contribute to the increase in ASM mass, seen in 
asthmatics. Indeed, cultured ASM cells obtained from asthmatics proliferate faster in 
response to the same mitogen and cannot be made quiescent by deprivation of fetal 
bovine serum [51].  
 
Increases in ASM secretory function have also been postulated to contribute to 
airway inflammation and airway remodeling as ASM are potent producers of 
cytokines, chemokines and extracellular matrix proteins [52-56]. Moreover, passively 
sensitized ASM cells produce more extracellular matrix when compared to cells 
obtained from healthy controls and can therefore be considered hypersecretory [57]. 
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Furthermore, the profile of extracellular matrix proteins produced by asthmatic ASM 
cells supports the induction of a hyperproliferative ASM phenotype [58]. Therefore, 
ASM phenotype switching may contribute to the pathophysiology of asthma by 
augmenting inflammation and proliferation during periods of allergen exposure and 
by augmenting contractile responses in the periods in between. This could increase 
ASM mass and contractile function in a cumulative fashion.  
 
Recently, Moir et al. have shown an increase in ASM mass in bronchioli of 
repeatedly allergen challenged rats 24 h after the last allergen challenge which was 
accompanied by a reduction in contractility of the muscle, when corrected for 
changes in ASM cross-sectional area [59]. Conversely, 35 days after the last 
allergen challenge this increase in ASM mass was no longer present, whereas 
corrected ASM contractility was increased. This could indeed indicate switching of 
proliferative and contractile ASM phenotypes, although it should be noted that the 
observed contractile protein expression profiles do not completely match this 
hypothesis. Even 35 days after the last allergen challenge, reductions in contractile 
protein expression were observed, which is not easily explained. Nevertheless, this 
study provided evidence for the first time that phenotypic plasticity of ASM relates to 
airway remodeling in vivo. 
 
In view of this potentially important role for phenotypic plasticity in the regulation of 
ASM function in asthma, insight into the mechanisms that control these processes is 
warranted. Multiple stimuli have been considered responsible. Mechanical strain for 
instance is known to increase contractile protein expression in cultured ASM cells 
and to trigger ASM cells into the cell cycle [60-63]. Strain may also change 
extracellular matrix composition as both cardiac fibroblasts and rabbit aortic smooth 
muscle cells produce collagen in response to mechanical forces [64;65]. It is 
uncertain however what role this strain-induced remodeling plays in the 
pathophysiology of asthma [63].  
 
An altered composition of the extracellular matrix may cause altered contractile and 
proliferative characteristics of ASM. This is matrix protein-specific, as some (eg 
fibronectin, collagen type I) facilitate proliferation of cultured human ASM cells and 
induce proliferative marker protein expression such as the Ki67 nuclear antigen [17]. 
In agreement with the induction of a proliferative and less contractile phenotype by 
these matrix proteins, contractile markers such as calponin, smooth muscle specific 
myosin heavy chain and actin are reduced. In contrast, laminin as well as matrigel (a 
solubilized basement membrane matrix) can reduce proliferation of human ASM 
cells and increase contractile protein expression [17]. Similar results have been 
obtained with matrigel in vascular smooth muscle cells [66]. In view of the focus of 
this thesis, the possible role of growth factors and GPCR agonists in the regulation 
of ASM contractility and proliferation are of specific importance. Their potential role 
in airway remodeling and the signal transduction mechanisms involved will be 
dicussed below. 
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Peptide growth factors 
As mentioned above, both ASM proliferation and the induction of a switch to the less 
contractile phenotype can be stimulated by treatment with fetal bovine serum. In 
contrast, deprivation of serum induces growth arrest and return to a contractile 
phenotype or even a hypercontractile phenotype. Peptide growth factors, which bind 
to receptors with intrinsic tyrosine kinase activity are major constituents of serum and 
are considered capable of inducing both ASM proliferation and ASM phenotype 
switching [30]. Furthermore, the >10 kD fraction (suggesting the presence of peptide 
growth factors) of dialysed broncho-alveolar lavage (BAL) fluid obtained from 
asthmatics, induces ASM proliferation and activates signaling pathways critcial for 
proceeding the G1 phase of the cell cycle [67]. For this reason, it has been 
hypothesized that peptide growth factors are, at least in part, responsible for the 
increase in ASM mass in airway remodeling in asthma [29;68].  
 
Epidermal growth factor (EGF), vascular endothelial growth factor (VEGF), basic 
fibroblast growth factor (bFGF) and transforming growth factor-ß (TGF-ß) have all 
been implicated in asthma based on increased immunoreactivity in lung tissue slices 
or protein expression in airway biopsies [69-72]. Although mitogenic for endothelial 
cells, the role of VEGF in ASM remodeling is not well characterised. EGF and bFGF, 
however, are considered mitogenic for ASM. The role of TGF-ß in ASM mitogenesis 
is less certain, as it has been associated both with induction and inhibition of ASM 
proliferation. Rather, TGF-β is generally linked to the production of extracellular 
matrix (ECM) proteins and fibrosis (Table 1.1).  
 
Interestingly, EGF induces contraction of guinea pig tracheal smooth muscle, 
presumably through the production of lipid mediators, such as leukotrienes, 
thromboxane A2 and prostaglandins [76;100]. Similar actions of EGF and other 
growth factors have been noted in vascular smooth muscle [101-103]. This suggests 
the possibility that growth factor-induced smooth muscle contraction is a general 
physiological event and raises questions regarding the direct contribution of growth 
factor-induced ASM contraction to allergen induced bronchoconstriction. Despite of 
being of interest to vascular biologists as early as 1986 [102], growth factor-induced 
contraction of human ASM still remains to be established. 
 
Insulin-like growth factor-1 (IGF-1) may also be relevant for asthma, although its 
levels have not been reported to be increased. The bioavailability of IGF-1 is 
negatively regulated through binding to IGF binding proteins (IGFBPs), the 
availability of which in turn is negatively regulated by IGFBP proteases. Together, 
these proteins constitute the IGF-axis [104]. In asthmatic airways, increased levels of 
the IGFBP protease MMP-1 have been demonstrated, which could increase the bio-
availability of IGF-1 [105]. Although effects other than mitogenesis have not been 
studied in ASM [91;92], IGF-1 has profound effects on migration, phenotypic 
modulation and ECM production in vascular smooth muscle [104;106;107].  
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Table 1.1 Sources and ASM effects of growth factors. 
Growth 
factor 

Source Effect on ASM References 

EGF ASM 
Epithelium 
Macrophage 
Plasma 

Proliferation 
Contraction 
ECM protein production 
 
 

[54;70;73-77]   

VEGF ASM 
Epithelium 
 

ECM protein production 
 

[78-80] 
 

bFGF ASM  
ECM 
Macrophage 

Proliferation 
Migration 
PDGFR expression ↑ 
 

[54;73;81-83] 

TGF-ß ASM 
Fibroblast ECM 
Macrophage 
Plasma 
T cell 
Eosinophil 

Proliferation (↑↓) 
Hypertrophy 
ECM protein production 
Cytokine production 
(IL-6, IL-8, IL-11, LIF) 
Growth factor production (VEGF) 
COX-2 expression ↑ 
ß-adrenergic responsiveness↓ 
PDGFR expression ↓ 
 

[54;73;81;84-
90] 

IGF-1 ASM 
Macrophage 
Plasma 

Proliferation 
 
 
 

[73;91;92] 

PDGF ASM 
Epithelium 
Macrophage 
Plasma 

Proliferation 
Phenotypic modulation  
Migration 
Cytokine production 
 

[17;54;73;93-
96] 
 

CTGF ASM 
 

ECM protein production [56;97] 

AngII Plasma Contraction 
Hypertrophy 
Growth factor production (TGF-ß) 
 

[85;98] 

Insulin Plasma Proliferation [99] 
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Platelet-derived growth factor (PDGF) is one of the most effective growth factors for 
ASM proliferation [92] and its effects are well characterised (Table 1.1). Although 
BAL fluid levels of PDGF are not increased in asthmatics when compared to healthy 
controls [108], increased PDGF and PDGF receptor expression have been reported 
in airway biposies in asthma [109]. In additon, strongly synergistic mitogenic 
interactions with other peptide growth factors have been reported [99]. The dominant 
mitogenic signaling induced by PDGF may therefore still be relevant to asthma 
pathology whether or not expression levels of the growth factor are increased. 
Although fetal bovine serum is an established stimulus with regard to the induction of 
ASM phenotype switching, surprisingly, PDGF is the only purified growth factor 
directly associated with phenotype switching of ASM to a less contractile phenotype 
[17].  
 
Less well studied growth factors putatively relevant to asthma and other airways 
diseases include connective tissue growth factor (CTGF), angiotensin II and insulin. 
Recently, CTGF was found to be expressed in human ASM cells in culture and in 
human ASM cells in tissue slices in situ. Interestingly, TGF-ß induced a 70-fold 
increase in CTGF expression in asthmatic human ASM cells, compared to only 3-
fold in healthy controls [56;97]. This mechanism may be very relevant to asthma, as 
CTGF is linked to ECM protein production by ASM cells [56].  
 
Angiotensin II may also be of interest in view of increased plasma levels in acute 
severe asthma [110]. Moreover, intravenous administration of angiotensin II to mild 
asthmatics in concentrations similar to those endogenously present in severe 
asthmatics causes acute bronchoconstriction [98]. Also, antigen-induced airway 
hyperresponsiveness in guinea pigs has been found in part AT1 receptor dependent 
[111]. Angiotensin II can also act as a hypertrophic growth factor in human ASM 
cells, presumably through the endogenous production of TGF-ß [85].  
 
A potential role for insulin as a mediator in asthma is still under investigation: a lower 
prevalence of asthma and atopy symptoms in patients with type I diabetes mellitus 
has been reported in epidemiological studies [112;113] and has been a topic of 
discussion for many years [114]. Also in animal models of experimental diabetes, 
allergen-induced airway inflammation and dysfunction of inhibitory neuronal M2 
autoreceptors can be strongly reduced [115-117]. Although this does not prove a 
direct role for insulin, it is considered mitogenic for ASM [99] and activates signaling 
pathways also activated by other growth factors [118]. It could therefore be involved 
in airway remodeling. 
 
Growth factor receptors 
Most growth factors couple to and signal through single membrane-spanning 
receptors with intrinsic tyrosine kinase activity. Upon binding of the receptor with a 
peptide growth factor, dimerization of receptor subunits occurs, which is required to 
induce cellular signaling [119]. The intrinsic kinase activity, which is localized 
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intracellularly, then allows the receptor subunits to cross-phosphorylate each other at 
tyrosine residues, which is referred to as receptor autophosphorylation. The 
phosphorylated tyrosine residues act as docking sites for other kinases, such as the 
non-receptor tyrosine kinase Src and phosphatidyl inositol (PI) 3 kinase [119]. These 
kinases allow further downstream signaling as described below.  
 
Platelet-derived growth factors signal through a similar, though slightly distinct 
mechansim. PDGF is not a single growth factor molecule but exists in multiple 
isoforms, the most studied being the A and B monomers. These form dimers, i.e. 
PDGF-AA, -AB or –BB. PDGF-AB is the most prevalent dimer and most commonly 
used in PDGF studies. Both the PDGF-A and -B isoforms are capable of coupling to 
receptors, which allows a single PDGF molecule to induce PDGF receptor 
dimerization [120]. The PDGF receptor also exists in two monomeric forms: α and β. 
The α monomer binds both the PDGF A and B isoforms, whereas the β monomer is 
selective for PDGF-B [121;122]. This causes PDGF-AB and PDGF-BB to be more 
effective as mitogens for ASM, when compared to PDGF-AA [123].  
 
Receptors binding insulin and insulin-like growth factors can exist in two disulfide 
bond-linked single membrane spanning proteins even in the inactive state. Signaling 
through these receptors is different from the other growth factors, requiring tyrosine 
phosphorylation of insulin receptor substrate (IRS) proteins [104;118]. 
Phosphorylated IRS proteins can act as docking sites for non-receptor tyrosine 
kinases and PI 3-kinase which are involved in downstream signaling events. 
Although these signaling events seem comparable to those induced by the other 
growth factor receptors mentioned, cellular signaling is usually growth factor-specific. 
For instance, insulin treatment increases actin and myosin expression in chick 
gizzard smooth muscle cells, whereas PDGF decreases their expression [107;124]. 
It is not clear whether such differential signaling is relevant to ASM.  
 
Growth factors and signal transduction 
As mentioned above, receptor tyrosine kinases can activate PI 3-kinase upon 
docking at tyrosine residues. This is an important signaling mechanism in smooth 
muscle as it is associated with cell proliferation, differentiation, migration and 
contraction [94;106;107;125-127]. In ASM, PI 3-kinase is less well studied and, 
surprisingly enough, associated with proliferation and migration only [94;125;128]. 
Further studies have indicated that different classes of PI 3-kinase are expressed by 
ASM (IA, II and III), of which class IA PI 3-kinase may be involved in ASM 
proliferation [129].  
 
PI 3-kinase phosphorylates phospho-inositides at the 3-position of the inositol ring, 
which leads to the formation of PI3P, PI(3,4)P2 and PI(3,4,5)P3. The PI(3,4,5)P3 
phospholipid appears to act as the most important of these second messengers 
[130]. These phospholipids can bind to and activate protein kinase B (PKB) either 
directly [131] or through activation of PIP3 dependent protein kinase (PDK), which 
phosphorylates PKB [132]. PKB, in turn, is an upstream inhibitor of glycogen 
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synthase kinase 3 [133] and an activator of p70 S6 kinase [134]. Both activities are 
associated with transcriptional activation and protein synthesis leading to 
proliferation. PI 3-kinase activity may activate transcription and protein synthesis 
through other mechanisms as well: PI 3-kinase can activate the non-receptor 
tyrosine kinase Src directly [135], which in turn can activate other signaling pathways 
activated by receptor tyrosine kinases, such as the mitogen activated protein kinase 
(MAPK) pathway [136]. This PI 3-kinase mediated activation of the MAPK pathway 
has been shown to be important in the activation of MAPK by growth factors 
specifically at weakly mitogenic concentrations [137]. 
 

 
 
 
 
 
Mitogen activated protein kinases are a superfamily of serine/threonine directed 
protein kinases involved in transcriptional regulation in response to a variety of 
extracellular stimuli, including growth factors [68]. Upon activation of receptor 
tyrosine kinases, an adaptor protein Shc binds phosphorylated tyrosine residues and 
recruits the nucleotide exchange factor Sos to the membrane which is involved in 
the activation of Ras, a monomeric G protein [119]. These events are followed by 

Figure 1.2 Signal transduction pathways activated by growth factors and 
interactions with GPCRs. Both RTKs and GPCRs are involved in a variety of 
signaling cascades, which are linked through complex signaling networks. Shown 
are pro-mitogenic interactions at the level of p42/p44 MAP kinase, PI 3-kinase and 
PKB.  
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the activation of a cascade of kinases that result in the activation of p42/p44 MAP 
kinase, also referred to as extracellular signalling regulated kinase (ERK) 1/2. 
p42/p44 MAP kinase is well studied and known to be involved in ASM proliferation, 
migration, cytokine and chemokine-production and contraction [95;138-140]. In 
addition, studies in vascular smooth muscle have shown its involvement in the 
regulation of smooth muscle phenotype [141]. Taken together, p42/p44 MAP kinase 
is considered a key signaling event in the regulation of smooth muscle function.  
 
G protein coupled receptor agonists  
Although receptor tyrosine kinases are potently and effectively coupled to signaling 
pathways involving PI 3-kinase and p42/p44 MAP kinase, G protein coupled 
receptors (GPCRs) are capable of regulating these pathways as well [142;143] 
(Figure 1.2). GPCRs are receptors with seven transmembrane spanning peptide 
chains and couple primarily to heterotrimeric G proteins. The subtype composition of 
the α, β and γ subunits which are associated to form the heterotrimeric G protein is 
critically important for the capacity of GPCRs to activate these mitogenic signaling 
pathways, as well as for the mechanisms involved. 
 
Gs coupled receptors such as the β2 adrenoceptor and the PGE2 EP2 receptor, 
activate adenylyl cyclase which increases the cytosolic cyclic AMP concentration 
[144;145]. By activating protein kinase A (PKA), cyclic AMP is capable of inhibiting 
p42/44 MAP kinase activity through inhibitory phosphorylation of Raf-1 [146]. Gs 
coupled receptors can also inhibit the expression of cell cycle regulatory proteins 
such as cyclin D1, resulting in diminished progression through the cell cycle [147]. 
On the other hand, cell cycle inhibitory proteins such as p21Cip1 and p27Kip1 are 
induced by cAMP [148]. Not surprisingly therefore, β2 agonists and PGE2 are anti-
mitogenic for ASM [149-151] and can inhibit ASM migration [83]. In addition, 
cytokine and chemokine production by ASM cells in culture can be inhibited by β2 
agonists and PGE2 [152-154]. 
 
Agonists acting on Gi and Gq coupled receptors on the other hand can favour airway 
remodeling. Thrombin for instance, which activates both Gi and Gq through 
activation of protease activated receptors (PARs) is highly mitogenic for ASM, which 
is dependent on both PI 3-kinase and p42/p44 MAP kinase [94;155]. In addition, 
thrombin induces ASM cytokine and growth factor production [156;157]. In contrast, 
muscarinic receptor agonists acting on both Gi coupled M2 and Gq coupled M3 
receptors are usually ineffective or nearly ineffective as mitogens [99;158]. This is 
not an exception since GPCR agonists such as histamine, LTD4, endothelin-1, 
bradykinin and serotonin have all been described to be at most modestly mitogenic 
[14;92;159-163]. It is not yet fully clear what causes this discrepancy, since both Gi 
and Gq are capable of activating PI 3-kinase and p42/p44 MAP kinase. The βγ 
subunits released by the dissociation of Gi for instance are capable of directly 
activating PI 3-kinase, which in turn may activate p42/p44 MAP kinase through 
activation of receptor and non-receptor tyrosine kinases as described above [143] 
(Figure 1.2). Gq proteins which increase intracellular Ca2+ and activate protein kinase 
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C (PKC) may also activate these pathways either through transactivation of receptor 
tyrosine kinases by the Ca2+ dependent protein tyrosine kinase Pyk2 or through PKC 
mediated phosphorylation and activation of Raf-1 [164-167] (Figure 1.2).  
 
One possible explanation for why GPCR agonists are generally not mitogenic by 
themselves is that GPCR-induced PI 3-kinase or p42/p44 MAP kinase signaling is 
often too weak or too short-lived to induce ASM proliferation [92;155]. In support of 
this hypothesis, GPCR agonists can be aided by growth factors that act on receptor 
tyrosine kinases. When combined with EGF for instance, LTD4, endothelin-1 and 
histamine are potent mitogens [14;159;162]. The mechanisms involved in this cross-
talk, however, are largely unknown. Nevertheless, insight in this cross-talk is 
warranted since it may have significant pathophysiological implications. When 
synergistically interacting with growth factors that are increased under inflammatory 
conditions, GPCR agonists may be important as modulators of the increase in ASM 
mass in airway remodeling. 
 
In addition to effects on ASM cell number, GPCR-induced effects on ASM 
phenotype could be envisaged as well. Studies on this subject are not available, 
however, let alone those describing interactions with growth factors. Isolated 
components of ASM phenotypic regulation on the other hand have been described, 
such as the regulation of smooth muscle specific gene expression (e.g. actin, 
myosin). This regulation appears to be dependent on the activation of the small 
monomeric G protein Rho, which causes activation and translocation of serum 
response factor (SRF) to the nucleus [168-170]. SRF acts as a transcription factor 
for smooth muscle specific genes [171]. Since GPCR agonists are capable of 
activating Rho and Rho-kinase [171], GPCR agonists may be involved in the 
regulation of SRF. In addition, Rho and Rho-kinase are involved in contraction, 
predominantly through calcium-independent mechanisms. Therefore activation of 
Rho-kinase may be an important regulatory mechanism both in the acute and long-
term regulation of contraction.  
 
Aims of the studies 
Based on the above mentioned observations and mechanisms, GPCR agonists and 
peptide growth factors are potentially important in the regulation of airway 
remodeling. The purpose of this thesis is to gain insight in the regulation of ASM 
phenotype and proliferation by growth factors, GPCR agonists and combinations 
hereof, and to investigate the potential contribution of this cross-talk in airway 
remodeling. For this purpose we used cell culture, organ culture, as well as ex vivo 
approaches. This broad methodological approach allows both the investigation of 
cellular and molecular biological mechanisms in cell culture as well as the relevance 
of these mechanisms to more intact physiological systems. 
 
The majority of the studies was conducted on bovine tracheal smooth muscle 
(BTSM), based on the consideration that human ASM is available occasionally from 
resection material from patients undergoing surgery for lung carcinoma and only in 



Chapter 1 
 

 19

very limited amounts. The specific use of BTSM is based on its well characterised 
physiology, which is representative for human tissue as regards the parameters of 
interest. Thus, ASM obtained from both species proliferates in response to growth 
factors, including PDGF, EGF and IGF-1, with similar concentration dependencies 
and similar mechanisms involved (i.e. p42/p44 MAP kinase and PI 3-kinase; 
compare [92;94;138] with [99;125;155]), although the magnitude of the proliferative 
effects may differ between the species, possibly because of subtle signaling 
differences [92;172]. Also, BTSM expresses GPCRs relevant for human airway 
physiology, e.g. Gi coupled muscarinic M2 and Gq coupled muscarinic M3, histamine 
H1 and bradykinin B2 receptors [4;45;173-177].  
 
The first part of the thesis focusses on the long-term regulation of ASM contractility 
through changes in smooth muscle phenotype. Chapter 2 describes the occurrence 
of these phenotype changes at the level of contractility in intact BTSM. Organ 
cultured strips were used in this study instead of cultured cells, since cell to cell and 
cell to matrix interactions are preserved in intact tissue. This may be very relevant as 
extracellular matrix has been described to regulate ASM phenotype [17]. Moreover, 
extracellular matrix may influence or even determine the responses of ASM to 
therapeutic intervention [178]. The organ culture model was evaluated using fetal 
bovine serum and a panel of purified growth factors to establish a potential 
relationship between the mitogenic strength of the growth factor and the change in 
contractility. In Chapter 3, these studies are extended to the induction of 
hypercontractility. Cultured canine tracheal smooth muscle cells are known to 
become hypercontractile upon prolonged exposure to serum-free medium containing 
insulin. The induction of hypercontractility by serum deprivation and insulin exposure 
were therefore compared in our organ culture model.  
 
In view of potential effects of GPCR agonists on ASM phenotype, establishing the 
role of Rho-kinase in the regulation of contraction, phenotype and proliferation is an 
important consideration, since phenotypic parameters like actin and myosin have 
very recently been described to be regulated by Rho/Rho-kinase-dependent 
pathways. Chapter 4 addresses the involvement of Rho-kinase in proliferation and 
phenotype changes both in BTSM cells and organ cultured BTSM strips. In addition, 
the acute effects of Rho-kinase inhibition on both growth-factor and GPCR agonist 
induced contraction were measured in human bronchial smooth muscle, the results 
of which are described in Chapter 5. Finally, in Chapter 6, the involvement of GPCR 
agonists in the regulation of phenotype was investigated directly by long-term 
exposure of organ cultured BTSM strips to methacholine. Both contractility, 
proliferative capacity and contractile protein expression were used as parameters. 
The role of Gi coupled M2 receptors, Gq coupled M3 receptors and the signaling 
mechanisms involved (p42/p44 MAP kinase, PI 3-kinase, PKC) were determined 
using selective inhibitors. In addition, the possible interaction with PDGF-induced 
phenotype changes were studied. 
 
The second part of the thesis involves the regulation of ASM proliferation by GPCR 
agonists and growth factors. The effects of the GPCR agonist methacholine and the 
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peptide growth factor PDGF on proliferation of BTSM cells were studied in Chapter 
7, with particular focus on their interaction. This interaction was characterised and 
the role of Gi coupled M2 receptors and Gq coupled M3 receptors was determined in 
this study. The studies described in Chapter 8 further explore the mechanisms 
involved in the interaction of GPCR agonists and growth factors, using the GPCR 
agonist bradykinin and the peptide growth factor EGF. The involvement of p42/p44 
MAP kinase was measured using selective inhibitors and measurement of p42/p44 
MAP kinase activation by Western analysis using phospho-specific antibodies. In 
addition, the role of PKC isozymes was studied using subtype selective inhibitors. 
 
Finally, the functional implications of interactions between growth factors and GPCR 
agonists for ASM phenotype changes and proliferation in vivo were studied in 
Chapter 9 using a guinea pig model for ongoing allergic asthma. Repeated allergen 
exposure-induced alterations in phenotype and ASM mass were studied by 
measurement of contractility, contractile protein expression, increases in cell number 
as well as morphometric analysis of total ASM mass. In addition, the involvement 
muscarinic receptors in the development of ASM remodeling was studied by treating 
the animals with the long-acting muscarinic antagonist tiotropium bromide. 
 
References 

1. Jeffery PK, Remodeling in Asthma and Chronic Obstructive Lung Disease. 
Am.J.Respir.Crit.Care Med. 164: 28S-38, 2001, 

2. Arm JP, Spur BW, and Lee TH, The Effects of Inhaled Leukotriene E4 on the Airway 
Responsiveness to Histamine in Subjects with Asthma and Normal Subjects. 
J.Allergy Clin.Immunol. 82: 654-660, 1988. 

3. Sterk PJ, Timmers MC, and Dijkman JH, Maximal Airway Narrowing in Humans 
Invivo - Histamine Compared with Methacholine. Am.Rev.Respir.Dis. 134: 714-718, 
1986. 

4. Barnes PJ, Chung KF, and Page CP, Inflammatory mediators of asthma: an update. 
Pharmacol.Rev. 50: 515-596, 1998. 

5. Arm JP, Ohickey SP, Hawksworth RJ, Fong CY, Crea AEG, Spur BW, and Lee TH, 
Asthmatic Airways Have A Disproportionate Hyperresponsiveness to Lte4, As 
Compared with Normal Airways, But Not to Ltc4, Ltd4, Methacholine, and Histamine. 
Am.Rev.Respir.Dis. 142: 1112-1118, 1990. 

6. Polosa R and Holgate ST, Comparative Airway Response to Inhaled Bradykinin, 
Kallidin, and [Des-Arg9]Bradykinin in Normal and Asthmatic Subjects. 
Am.Rev.Respir.Dis. 142: 1367-1371, 1990. 

7. Fuller RW, Dixon CMS, Cuss FMC, and Barnes PJ, Bradykinin-Induced 
Bronchoconstriction in Humans - Mode of Action. Am.Rev.Respir.Dis. 135: 176-180, 
1987. 

8. Joos G, Pauwels R, and Vanderstraeten M, Effect of Inhaled Substance-P and 
Neurokinin-A on the Airways of Normal and Asthmatic Subjects. Thorax 42: 779-783, 
1987. 

9. McParland BE, Macklem PT, and Pare PD, Airway wall remodeling: friend or foe? J 
Appl Physiol 95: 426-434, 2003. 

10. Martin JG and Ramos-Barbon D, Airway smooth muscle growth from the perspective 
of animal models. Respir.Physiol. & Neurobiol. 137: 251-261, 2003. 



Chapter 1 
 

 21

11. Bramley AM, Thomson RJ, Roberts CR, and Schellenberg RR, Hypothesis: 
excessive bronchoconstriction in asthma is due to decreased airway elastance. 
Eur.Respir.J. 7: 337-341, 1994. 

12. Moreno RH, Hogg JC, and Pare PD, Mechanics of Airway Narrowing. 
Am.Rev.Respir.Dis. 133: 1171-1180, 1986. 

13. Brewster CEP, Howarth PH, Djukanovic R, Wilson J, Holgate ST, and Roche WR, 
Myofibroblasts and Subepithelial Fibrosis in Bronchial-Asthma. Am.J.Respir.Cell 
Mol.Biol. 3: 507-511, 1990. 

14. Panettieri RA, Tan EML, Ciocca V, Luttmann MA, Leonard TB, and Hay DWP, 
Effects of LTD4 on human airway smooth muscle cell proliferation, matrix expression, 
and contraction in vitro: Differential sensitivity to cysteinyl leukotriene receptor 
antagonists. Am.J.Respir.Cell Mol.Biol. 19: 453-461, 1998. 

15. Coutts A, Chen G, Stephens N, Hirst S, Douglas D, Eichholtz T, and Khalil N, 
Release of biologically active TGF-{beta} from airway smooth muscle cells induces 
autocrine synthesis of collagen. Am J Physiol 280: L999-1008, 2001. 

16. Palmans E, Kips JC, and Pauwels RA, Prolonged allergen exposure induces 
structural airway changes in sensitized rats. Am.J.Respir.Crit Care Med. 161: 627-
635, 2000. 

17. Hirst SJ, Twort CH, and Lee TH, Differential effects of extracellular matrix proteins on 
human airway smooth muscle cell proliferation and phenotype. Am.J.Respir.Cell 
Mol.Biol. 23: 335-344, 2000. 

18. Tao F, Chaudry S, Tolloczko B, Martin JG, and Kelly SM, Modulation of smooth 
muscle phenotype in vitro by homologous cell substrate. Am J Physiol Cell Physiol 
284: C1531, 2003. 

19. Bai TR, Cooper J, Koelmeyer T, Pare PD, and Weir TD, The effect of age and 
duration of disease on airway structure in fatal asthma. Am.J.Respir.Crit Care Med. 
162: 663-669, 2000. 

20. Sapienza S, Du T, Eidelman DH, Wang NS, and Martin JG, Structural changes in the 
airways of sensitized brown Norway rats after antigen challenge. Am.Rev.Resp.Dis. 
144: 423-427, 2000.  

21. Panettieri RA, Murray RK, Eszterhas AJ, Bilgen G, and Martin JG. Repeated allergen 
inhalations induce DNA synthesis in airway smooth muscle and epithelial cells in vivo. 
Am.J.Physiol. 274: L417-L424, 1998.  

22. Salmon M, Walsh DA, Huang TJ, Barnes PJ, Leonard TB, Hay DWP, and Chung KF. 
Involvement of cysteinyl leukotrienes in airway smooth muscle cell DNA synthesis 
after repeated allergen exposure in sensitized Brown Norway rats. Br.J.Pharmacol. 
127: 1151-1158, 1999.  

23. Ebina M, Takahashi T, Chiba T, and Motomiya M, Cellular Hypertrophy and 
Hyperplasia of Airway Smooth Muscles Underlying Bronchial-Asthma - A 3-D 
Morphometric Study. Am.Rev.Respir.Dis. 148: 720-726, 1993. 

24. Lambert RK, Wiggs BR, Kuwano K, Hogg JC, and Pare PD, Functional-Significance 
of Increased Airway Smooth-Muscle in Asthma and Copd. J Appl Physiol 74: 2771-
2781, 1993. 

25. Macklem PT, A theoretical analysis of the effect of airway smooth muscle load on 
airway narrowing. Am.J.Respir.Crit.Care Med. 153: 83-89, 1996. 

26. Xu KF, Vlahos R, Messina A, Bamford TL, Bertram JF, and Stewart AG, Antigen-
induced airway inflammation in the Brown Norway rat results in airway smooth 
muscle hyperplasia. J Appl Physiol 93: 1833-1840, 2002. 

27. Halayko AJ and Solway J, Molecular mechanisms of phenotypic plasticity in smooth 
muscle cells. J.Appl.Physiol 90: 358-368, 2001. 



Chapter 1 
 

 22 

28. Halayko AJ and Amrani Y, Mechanisms of inflammation-mediated airway smooth 
muscle plasticity and airways remodeling in asthma. Resp.Physiol.&Neurobiol. 137: 
209-222, 2003. 

29. Hirst SJ, Walker TR, and Chilvers ER. Phenotypic diversity and molecular 
mechanisms of airway smooth muscle proliferation in asthma. Eur.Respir.J. 16: 159-
177. 2000.  

30. Hirst SJ, Airway smooth muscle cell culture: application to studies of airway wall 
remodelling and phenotype plasticity in asthma. Eur.Respir.J. 9: 808-820, 1996. 

31. Ma X, Wang Y, and Stephens NL. Serum deprivation induces a unique 
hypercontractile phenotype of cultured smooth muscle cells. Am.J.Physiol. 274: 
C1206-C1214.1998..  

32. Halayko AJ, Camoretti-Mercado B, Forsythe SM, Vieira JE, Mitchell RW, Wylam ME, 
Hershenson MB, and Solway J. Divergent differentiation paths in airway smooth 
muscle culture: Induction of functionally contractile myocytes. Am.J.Physiol. 276: 
L197-L206.1999.  

33. Halayko AJ and Stephens NL. Potential role for phenotypic modulation of bronchial 
smooth muscle cells in chronic asthma. Can.J.Physiol.Pharmacol. 72: 1448-1457.  
1994.  

34. Halayko AJ, Salari H, MA X, and Stephens NL, Markers of airway smooth muscle cell 
phenotype. Am.J.Physiol 270: L1040-L1051, 1996. 

35. Mitchell RW, Halayko AJ, Kahraman S, Solway J, and Wylam ME, Selective 
restoration of calcium coupling to muscarinic M(3) receptors in contractile cultured 
airway myocytes. Am.J.Physiol Lung Cell Mol.Physiol 278: L1091-L1100, 2000. 

36. Ma X, Cheng Z, Kong H, Wang Y, Unruh H, Stephens NL, and Laviolette M, 
Changes in biophysical and biochemical properties of single bronchial smooth 
muscle cells from asthmatic subjects. Am J Physiol Lung Cell Mol Physiol 283: 
L1181-L1189, 2002. 

37. Schmidt D, Ruehlmann E, Branscheid D, Magnussen H, and Rabe KF, Passive 
sensitization of human airways increases responsiveness to leukotriene C-4. 
Eur.Respir.J. 14: 315-319, 1999. 

38. Schmidt D, Watson N, Ruehlmann E, Magnussen H, and Rabe KF, Serum 
immunoglobulin E levels predict human airway reactivity in vitro. Clin.Exp.Allergy 30: 
233-241, 2000. 

39. Antonissen LA, Mitchell RW, Kroeger EA, Kepron W, Tse KS, and Stephens NL, 
Mechanical alterations of airway smooth muscle in a canine asthmatic model. 
J.Appl.Physiol 46: 681-687, 1979. 

40. Jiang H and Stephens NL, Isotonic relaxation of sensitized bronchial smooth muscle. 
Am.J.Physiol 262: L344-L350, 1992. 

41. Jiang H, Rao K, Halayko AJ, Liu X, and Stephens NL, Ragweed sensitization-
induced increase of myosin light chain kinase content in canine airway smooth 
muscle. Am.J.Respir.Cell Mol.Biol. 7: 567-573, 1992. 

42. Ammit AJ, Armour CL, and Black JL, Smooth-muscle myosin light-chain kinase 
content is increased in human sensitized airways. Am.J.Respir.Crit Care Med. 161: 
257-263, 2000. 

43. Meurs H and Zaagsma J, Pharmacological and biochemical changes in airway 
smooth muscle in relation to bronchial hyperresponsiveness. In: Inflammatory cells 
and mediators in bronchial asthma. CRC Press, Florida, USA, 1991. 

44. Li S, Sims S, Jiao Y, Chow LH, and Pickering JG, Evidence from a novel human cell 
clone that adult vascular smooth muscle cells can convert reversibly between 
noncontractile and contractile phenotypes. Circ.Res. 85: 338-348, 1999. 



Chapter 1 
 

 23

45. Widdop S, Daykin K, and Hall IP, Expression of muscarinic M2 receptors in cultured 
human airway smooth muscle cells. Am.J.Respir.Cell Mol.Biol. 9: 541-546, 1993. 

46. Chamley-Campbell JH, Campbell GR, and Ross R, Phenotype-dependent response 
of cultured aortic smooth muscle to serum mitogens. J.Cell Biol. 89: 379-383, 1981. 

47. Lindqvist A, Nilsson BO, Ekblad E, and Hellstrand P, Platelet-derived growth factor 
receptors expressed in response to injury of differentiated vascular smooth muscle in 
vitro: effects on Ca2+ and growth signals. Acta Physiol Scand. 173: 175-184, 2001. 

48. Terracio L, Ronnstrand L, Tingstrom A, Rubin K, Claesson-Welsh L, Funa K, and 
Heldin CH, Induction of platelet-derived growth factor receptor expression in smooth 
muscle cells and fibroblasts upon tissue culturing. J.Cell Biol. 107: 1947-1957, 1988. 

49. Sjolund M, Rahm M, Claesson-Welsh L, Sejersen T, Heldin CH, and Thyberg J, 
Expression of PDGF alpha- and beta-receptors in rat arterial smooth muscle cells is 
phenotype and growth state dependent. Growth Factors 3: 191-203, 1990. 

50. Palmberg L, Sjolund M, and Thyberg J, Phenotype modulation in primary cultures of 
arterial smooth-muscle cells: reorganization of the cytoskeleton and activation of 
synthetic activities. Differentiation 29: 275-283, 1985. 

51. Johnson PR, Roth M, Tamm M, Hughes M, Ge Q, King G, Burgess JK, and Black JL, 
Airway smooth muscle cell proliferation is increased in asthma. Am.J.Respir.Crit 
Care Med. 164: 474-477, 2001. 

52. Hirst SJ, Regulation of airway smooth muscle cell immunomodulatory function: role 
in asthma. Respir.Physiol.Neurobiol. 137: 309-326, 2003. 

53. Johnson SR and Knox AJ, Synthetic functions of airway smooth muscle in asthma. 
Trends Pharmacol.Sci. 18: 288-292, 1997. 

54. McKay S and Sharma HS, Autocrine regulation of asthmatic airway inflammation: 
role of airway smooth muscle. Respir.Res. 3: 2001. 

55. Panettieri RA, Airway smooth muscle: immunomodulatory cells that modulate airway 
remodeling? Respir.Physiol.Neurobiol. 137: 277-293, 2003. 

56. Black JL, Burgess JK, and Johnson PRA, Airway smooth muscle - its relationship to 
the extracellular matrix. Respir.Physiol.Neurobiol. 137: 339-346, 2003. 

57. Johnson PR, Black JL, Carlin S, Ge Q, and Underwood PA, 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, 2000. 

58. Moir LM, Leung SY, Eynott PR, McVicker CG, Ward JP, Chung KF, and Hirst SJ, 
Repeated allergen inhalation induces phenotypic modulation of smooth muscle in 
bronchioles of sensitized rats. Am.J.Physiol 284: L148-L159, 2003. 

59. Smith PG, Moreno R, and Ikebe M. Strain increases airway smooth muscle 
contractile and cytoskeletal proteins in vitro. Am.J.Physiol. 272: L20-L27, 1997. 

60. Smith PG, Tokui T and Ikebe M. Mechanical strain increases contractile enzyme 
activity in cultured airway smooth muscle cells. Am.J.Physiol.1995, 268: L999-L1005, 
1995.  

61. Smith PG, Roy C, Zhang YN, and Chauduri S, Mechanical Stress Increases RhoA 
Activation in Airway Smooth Muscle Cells. Am.J.Respir.Cell Mol.Biol. 28: 436, 2003. 

62. Stewart AG, Airway Wall Remodelling and Hyperresponsiveness: Modelling 
Remodelling in Vitro and in Vivo. Pulm.Pharmacol.Ther. 14: 255-265, 2001. 

63. Butt RP and Bishop JE, Mechanical Load Enhances the Stimulatory Effect of Serum 
Growth Factors on Cardiac Fibroblast Procollagen Synthesis. J.Mol.Cell.Cardiol. 29: 
1141-1151, 1997. 

64. Li Q, Muragaki Y, Hatamura I, Ueno H, and Ooshima A, Stretch-induced collagen 
synthesis in cultured smooth muscle cells from rabbit aortic media and a possible 



Chapter 1 
 

 24 

involvement of angiotensin II and transforming growth factor-beta. J.Vasc.Res. 35: 
93-103, 1998. 

65. Li X, Tsai P, Wieder ED, Kribben A, Van P, V, Schrier RW, and Nemenoff RA, 
Vascular smooth muscle cells grown on Matrigel. A model of the contractile 
phenotype with decreased activation of mitogen-activated protein kinase. 
J.Biol.Chem. 269: 19653-19658, 1994. 

66. Naureckas ET, Ndukwu IM, Halayko AJ, Maxwell C, Hershenson MB, and Solway J, 
Bronchoalveolar lavage fluid from asthmatic subjects is mitogenic for human airway 
smooth muscle. Am.J.Respir.Crit Care Med. 160: 2062-2066, 1999. 

67. Zhou LM and Hershenson MB, Mitogenic signaling pathways in airway smooth 
muscle. Respir.Physiol.Neurobiol 137: 295-308, 2003. 

68. Hirst SJ, Airway smooth muscle as a target in asthma. Clin.Exp.Allergy 30: 54-59, 
1996. 

69. Ruocco S, Lallemand A, Tournier JM, and Gaillard D, Expression and localization of 
epidermal growth factor, transforming growth factor-alpha, and localization of their 
common receptor in fetal human lung development. Pediatric Research 39: 448-455, 
1996. 

70. Amishima M, Munakata M, Nasuhara Y, Sato A, Takahashi T, Homma Y, and 
Kawakami Y, Expression of epidermal growth factor and epidermal growth factor 
receptor immunoreactivity in the asthmatic human airway. Am.J.Respir.Crit.Care 
Med. 157: 1907-1912, 1998. 

71. Redington AE, Madden J, Frew AJ, Djukanovic R, Roche WR, Holgate ST, and 
Howarth PH, Transforming growth factor-beta 1 in asthma - Measurement in 
bronchoalveolar lavage fluid. Am.J.Respir.Crit.Care Med. 156: 642-647, 1997. 

72. Hoshino M, Takahashi M, and Aoike N, Expression of vascular endothelial growth 
factor, basic fibroblast growth factor, and angiogenin immunoreactivity in asthmatic 
airways and its relationship to angiogenesis. Journal of Allergy and Clinical 
Immunology 107: 295-301, 2001. 

73. Hirst SJ, Airway smooth muscle as a target in asthma. Clin.Exp.Allergy 30 Suppl 1: 
54-59, 2000. 

74. Ruocco S, Lallemand A, Tournier JM, and Gaillard D, Expression and localization of 
epidermal growth factor, transforming growth factor-alpha, and localization of their 
common receptor in fetal human lung development. Pediatric Res 39: 448-455, 1996. 

75. Stewart AG, Grigoriadis G, and Harris T, Mitogenic Actions of Endothelin-1 and 
Epidermal Growth-Factor in Cultured Airway Smooth-Muscle. 
Clin.Exp.Pharmacol.Physiol. 21: 277-285, 1994. 

76. Nasuhara Y, Munakata M, Sato A, Amishima M, Homma Y, and Kawakami Y, 
Mechanisms of epidermal growth factor-induced contraction of guinea pig airways. 
Eur.J.Pharmacol. 296: 161-168, 1996. 

77. Potter-Perigo S, Baker C, Tsoi C, Braun KR, Isenhath S, Altman GM, Altman LC, and 
Wight TN, Regulation of Proteoglycan Synthesis by Leukotriene D4 and Epidermal 
Growth Factor in Bronchial Smooth Muscle Cells. Am.J.Respir.Cell Mol.Biol. 30: 101-
108, 2004. 

78. Maniscalco WM, Watkins RH, Finkelstein JN, and Campbell MH, Vascular 
Endothelial Growth-Factor Messenger-Rna Increases in Alveolar Epithelial-Cells 
During Recovery from Oxygen Injury. Am.J.Respir.Cell Mol.Biol. 13: 377-386, 1995. 

79. Knox AJ, Corbett L, Stocks J, Holland E, ZHU YM, and Pang L, Human airway 
smooth muscle cells secrete vascular endothelial growth factor: up-regulation by 
bradykinin via a protein kinase C and prostanoid-dependent mechanism. FASEB J. 
15: 2480-2488, 2001. 



Chapter 1 
 

 25

80. Kazi AS, Lotfi S., Goncharova E. A., Tliba Omar, Amrani Y., Krymskaya V. P., and 
Lazaar A. L. Vascular endothelial growth factor-induced secretion of fibronectin is 
ERK-dependent. Am.J.Physiol Lung Cell Mol.Physiol . 2004.  

81. Bonner JC, Badgett A, Lindroos PM, and Coin PG, Basic fibroblast growth factor 
induces expression of the PDGF receptor-alpha on human bronchial smooth muscle 
cells. Am.J.Physiol 271: L880-L888, 1996. 

82. Stewart AG, Fernandes D, and Tomlinson PR. The effect of glucocorticoids on 
proliferative of human cultured airway smooth muscle. Br.J.Pharmacol. 116: 3219-
3226. 1995. 

83. Goncharova EA, Billington CK, Irani C, Vorotnikov AV, Tkachuk VA, Penn RB, 
Krymskaya VP, and Panettieri RA, Jr., Cyclic AMP-Mobilizing Agents and 
Glucocorticoids Modulate Human Smooth Muscle Cell Migration. Am.J.Respir.Cell 
Mol.Biol. 29: 19, 2003. 

84. Black PN, Young PG, and Skinner SJ, Response of airway smooth muscle cells to 
TGF-beta 1: effects on growth and synthesis of glycosaminoglycans. Am.J.Physiol 
271: L910-L917, 1996. 

85. McKay S, de Jongste JC, Saxena PR, and Sharma HS, Angiotensin II induces 
hypertrophy of human airway smooth muscle cells: expression of transcription factors 
and transforming growth factor- beta1. Am.J.Respir.Cell Mol.Biol. 18: 823-833, 1998. 

86. Cohen MD, Ciocca V, and Panettieri RA, Jr., TGF-beta 1 modulates human airway 
smooth-muscle cell proliferation induced by mitogens. Am.J.Respir.Cell Mol.Biol. 16: 
85-90, 1997. 

87. Elias JA, Wu Y, Zheng T, and Panettieri R, Cytokine- and virus-stimulated airway 
smooth muscle cells produce IL-11 and other IL-6-type cytokines. Am.J.Physiol 273: 
L648-L655, 1997. 

88. Fong CY, Pang L, Holland E, and Knox AJ, TGF-beta1 stimulates IL-8 release, COX-
2 expression, and PGE(2) release in human airway smooth muscle cells. 
Am.J.Physiol. 279: L201-L207, 2000. 

89. Wen FQ, Liu X, Manda W, Terasaki Y, Kobayashi T, Abe S, Fang Q, Ertl R, 
Manouilova L, and Rennard SI, TH2 Cytokine-enhanced and TGF-beta-enhanced 
vascular endothelial growth factor production by cultured human airway smooth 
muscle cells is attenuated by IFN-gamma and corticosteroids. J.Allergy Clin.Immunol. 
111: 1307-1318, 2003. 

90. Bousquet J, Jeffery PK, Busse WW, Johnson M, and Vignola AM, Asthma - From 
bronchoconstriction to airways inflammation and remodeling. Am.J.Respir.Crit.Care 
Med. 161: 1720-1745, 2000. 

91. Noveral JP, Bhala A, Hintz RL, Grunstein MM, and Cohen P, Insulin-like growth 
factor axis in airway smooth muscle cells. Am.J.Physiol 267: L761-L765, 1994. 

92. Kelleher MD, Abe MK, Chao TSO, Jain M, Green JM, Solway J, Rosner MR, and 
Hershenson MB. Role of MAP kinase activation in bovine tracheal smooth muscle 
mitogenesis. Am.J.Physiol. 268: L894-L901.  1995.  

93. Hirst SJ, Barnes PJ, and Twort CH, Quantifying proliferation of cultured human and 
rabbit airway smooth muscle cells in response to serum and platelet-derived growth 
factor. Am.J.Respir.Cell Mol.Biol. 7: 574-581, 1992. 

94. Walker TR, Moore SM, Lawson MF, Panettieri RA, Jr., and Chilvers ER, 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, 1998. 

95. Carlin SM, Roth M, and Black JL, Urokinase potentiates PDGF-induced chemotaxis 
of human airway smooth muscle cells. Am.J.Physiol. 284: L1020-L1026, 2003. 



Chapter 1 
 

 26 

96. McKay S. Platelet derived growth factor-AB upregulates the expression and 
secretion of interleukin-6: role of NF-IL6.  Dissertation. 2001.  

97. Burgess JK, Johnson PR, Ge Q, Au WW, Poniris MH, McParland BE, King G, Roth 
M, and Black JL, Expression of connective tissue growth factor in asthmatic airway 
smooth muscle cells. Am.J.Respir.Crit Care Med. 167: 71-77, 2003. 

98. Millar EA, Nally JE, and Thomson NC, Angiotensin II potentiates methacholine-
induced bronchoconstriction in human airway both in vitro and in vivo. Eur.Respir.J. 8: 
1838-1841, 1995. 

99. Ediger TL, and Toews ML. Synergistic stimulation of airway smooth muscle cell 
mitogenesis. J.Pharmacol.Exp.ther. 294: 1076-1082. 2000. 

100. Patel P, Itoh H, Lederis K, and Hollenberg MD, Contraction of guinea pig trachea by 
epidermal growth factor-- urogastrone. Can.J.Physiol Pharmacol. 66: 1308-1312, 
1988. 

101. Berk BC and Alexander RW, Vasoactive effects of growth factors. 
Biochem.Pharmacol. 38: 219-225, 1989. 

102. Berk BC, Alexander RW, Brock TA, Gimbrone MA, Jr., and Webb RC, 
Vasoconstriction: a new activity for platelet-derived growth factor. Science 232: 87-90, 
1986. 

103. Berk BC, Brock TA, Webb RC, Taubman MB, Atkinson WJ, Gimbrone MA, Jr., and 
Alexander RW, Epidermal growth factor, a vascular smooth muscle mitogen, induces 
rat aortic contraction. J.Clin.Invest 75: 1083-1086, 1985. 

104. Bayes-Genis A, Conover CA, and Schwartz RS, The insulin-like growth factor axis: A 
review of atherosclerosis and restenosis. Circ.Res. 86: 125-130, 2000. 

105. Rajah R, Nachajon RV, Collins MH, Hakonarson H, Grunstein MM, and Cohen P, 
Elevated levels of the IGF-binding protein protease MMP-1 in asthmatic airway 
smooth muscle. Am.J.Respir.Cell Mol.Biol. 20: 199-208, 1999. 

106. Duan C, Bauchat JR, and Hsieh T, Phosphatidylinositol 3-kinase is required for 
insulin-like growth factor-I-induced vascular smooth muscle cell proliferation and 
migration. Circ.Res. 86: 15-23, 2000. 

107. Hayashi K, Takahashi M, Kimura K, Nishida W, Saga H, and Sobue K, Changes in 
the balance of phosphoinositide 3-kinase/protein kinase B (Akt) and the mitogen-
activated protein kinases (ERK/p38MAPK) determine a phenotype of visceral and 
vascular smooth muscle cells. J.Cell Biol. 145: 727-740, 1999. 

108. Chanez P, Vignola M, Stenger R, Vic P, Michel FB, and Bousquet J, Platelet-Derived 
Growth-Factor in Asthma. Allergy 50: 878-883, 1995. 

109. Aubert JD, Hayashi S, Hards J, Bai TR, Pare PD, and Hogg JC, Platelet-Derived 
Growth-Factor and Its Receptor in Lungs from Patients with Asthma and Chronic Air-
Flow Obstruction. Am. J. Physiol. 266: L655-L663, 1994. 

110. Millar EA, Angus RM, Hulks G, Morton JJ, Connell JM, and Thomson NC, Activity of 
the renin-angiotensin system in acute severe asthma and the effect of angiotensin II 
on lung function. Thorax 49: 492-495, 1994. 

111. Myou S, Fujimura M, Kita T, Watanabe K, Hirose T, Tachibana H, Ishiura Y, and 
Nakao S, Effect of intranasal administration of CV-11974, a type 1 angiotensin II 
receptor antagonist, on airway hyperresponsiveness and airway inflammation 
induced by antigen inhalation in guinea pigs. Int. Arch. Allergy Immunol. 129: 86-92, 
2002. 

112. Meerwaldt R, Odink RJ, Landaeta R, Aarts F, Brunekreef B, Gerritsen J, Van 
Aalderen WM, and Hoekstra MO, A lower prevalence of atopy symptoms in children 
with type 1 diabetes mellitus. Clin.Exp.Allergy 32: 254-255, 2002. 



Chapter 1 
 

 27

113. Douek IF, Leech NJ, Gillmor HA, Bingley PJ, and Gale EA, Children with type-1 
diabetes and their unaffected siblings have fewer symptoms of asthma. Lancet 353: 
1850, 1999. 

114. Abrahamson EM. Asthma, diabetes mellitus and hyperinsulinism. J.Clin.Endocrinol. 1, 
402-406. 1941.  

115. Belmonte KE, Fryer AD, and Costello RW, Role of insulin in antigen-induced airway 
eosinophilia and neuronal M2 muscarinic receptor dysfunction. J.Appl.Physiol 85: 
1708-1718, 1998. 

116. Belmonte KE, Jacoby DB, and Fryer AD, Increased function of inhibitory neuronal M2 
muscarinic receptors in diabetic rat lungs. Br.J.Pharmacol. 121: 1287-1294, 1997. 

117. Vianna EO and Garcialeme J, Allergen-Induced Airway Inflammation in Rats - Role 
of Insulin. Am.J.Respir.Crit.Care Med. 151: 809-814, 1995. 

118. Leroith D and Roberts CT, The insulin-like growth factor system and cancer. Cancer 
Lett. 195: 127-137, 2003. 

119. Zwick E, Hackel PO, Prenzel N, and Ullrich A, The EGF receptor as central 
transducer of heterologous signalling systems. Trends Pharmacol.Sci. 20: 408-412, 
1999. 

120. Kelly JD, Haldeman BA, Grant FJ, Murray MJ, Seifert RA, Bowen-Pope DF, Cooper 
JA, and Kazlauskas A, Platelet-derived growth factor (PDGF) stimulates PDGF 
receptor subunit dimerization and intersubunit trans-phosphorylation. J.Biol.Chem. 
266: 8987-8992, 1991. 

121. Seifert RA, Hart CE, Phillips PE, Forstrom JW, Ross R, Murray MJ, and Bowen-Pope 
DF, Two different subunits associate to create isoform-specific platelet-derived 
growth factor receptors. J.Biol.Chem. 264: 8771-8778, 1989. 

122. Hart CE, Forstrom JW, Kelly JD, Seifert RA, Smith RA, Ross R, Murray MJ, and 
Bowen-Pope DF, Two classes of PDGF receptor recognize different isoforms of 
PDGF. Science 240: 1529-1531, 1988. 

123. Hirst SJ, Barnes PJ, and Twort CH, PDGF isoform-induced proliferation and receptor 
expression in human cultured airway smooth muscle cells. Am.J.Physiol 270: L415-
L428, 1996. 

124. Hayashi K, Saga H, Chimori Y, Kimura K, Yamanaka Y, and Sobue K, Differentiated 
phenotype of smooth muscle cells depends on signaling pathways through insulin-
like growth factors and phosphatidylinositol 3- kinase. J.Biol.Chem. 273: 28860-
28867, 1998. 

125. Krymskaya VP, Penn RB, Orsini MJ, Scott PH, Plevin RJ, Walker TR, Eszterhas AJ, 
Amrani Y, Chilvers ER, and Panettieri RA Jr. Phosphatidylinositol 3-kinase mediates 
mitogen-induced human airway smooth muscle cell proliferation. Am.J.Physiol 277: 
L65-L78.  1999.  

126. Reusch HP, Zimmermann S, Schaefer M, Paul M, and Moelling K, Regulation of Raf 
by Akt controls growth and differentiation in vascular smooth muscle cells. 
J.Biol.Chem., 2001. 

127. Komalavilas P, Mehta S, Wingard CJ, Dransfield DT, Bhalla J, Woodrum JE, 
Molinaro JR, and Brophy CM, PI3-kinase/Akt modulates vascular smooth muscle 
tone via cAMP signaling pathways. J.Appl.Physiol 91: 1819-1827, 2001. 

128. Parameswaran K, Cox G, Radford K, Janssen LJ, Sehmi R, and O'Byrne PM, 
Cysteinyl Leukotrienes promote human airway smooth muscle migration. 
Am.J.Respir.Crit.Care Med. 166: 738-742, 2002. 

129. Krymskaya VP, Ammit AJ, Hoffman RK, Eszterhas AJ, and Panettieri RA, Jr., 
Activation of class IA PI3K stimulates DNA synthesis in human airway smooth 
muscle cells. Am J Physiol Lung Cell Mol Physiol 280: L1009, 2001. 



Chapter 1 
 

 28 

130. Toker A and Cantley LC, Signalling through the lipid products of phosphoinositide-3-
OH kinase. Nature 387: 673-676, 1997. 

131. Franke TF, Kaplan DR, Cantley LC, and Toker A, Direct regulation of the Akt proto-
oncogene product by phosphatidylinositol-3,4-bisphosphate. Science 275: 665-668, 
1997. 

132. Alessi DR, James SR, Downes CP, Holmes AB, Gaffney PRJ, Reese CB, and 
Cohen P, Characterization of a 3-phosphoinositide-dependent protein kinase which 
phosphorylates and activates protein kinase B alpha. Current Biology 7: 261-269, 
1997. 

133. Frame S and Cohen P, GSK3 takes centre stage more than 20 years after its 
discovery. Biochem. J. 359: 1-16, 2001. 

134. Burgering BMT and Coffer PJ, Protein-Kinase-B (C-Akt) in Phosphatidylinositol-3-Oh 
Inase Signal-Transduction. Nature 376: 599-602, 1995. 

135. Rameh LE, Chen CS, and Cantley LC, Phosphatidylinositol (3,4,5)P-3 Interacts with 
Sh2 Domains and Modulates Pi-3-Kinase Association with Tyrosine-Phosphorylated 
Proteins. Cell 83: 821-830, 1995. 

136. Hu QJ, Klippel A, Muslin AJ, Fantl WJ, and Williams LT, Ras-Dependent Induction of 
Cellular-Responses by Constitutively Active Phosphatidylinositol-3 Kinase. Science 
268: 100-102, 1995. 

137. Duckworth BC and Cantley LC, Conditional inhibition of the mitogen-activated protein 
kinase cascade by wortmannin. Dependence on signal strength. J.Biol.Chem. 272: 
27665-27670, 1997. 

138. Karpova AY, Abe MK, Li J, Liu PT, Rhee JM, Kuo WL, and Hershenson MB. MEK1 is 
required for PDGF-induced ERK activation and DNA synthesis in tracheal myocytes. 
Am.J.Physiol. 272: L558-L565.  1997.  

139. Hallsworth MP, Moir LM, Lai D, and Hirst SJ, Inhibitors of Mitogen-activated  Protein 
Kinases Differentially Regulate Eosinophil-activating Cytokine Release from Human 
Airway Smooth Muscle. Am.J.Respir.Crit.Care Med. 164: 688-697, 2001. 

140. Gerthoffer WT, Yamboliev IA, Pohl J, Haynes R, Dang S, and McHugh J. Activation 
of MAP kinases in airway smooth muscle. Am.J.Physiol. 272: L244-L252.  1997.  

141. Roy J, Kazi M, Hedin U, Thyberg J. Phenotypic modulation of arterial smooth muscle 
cells is associated with prolonged activation of ERK 1/2. Differentiation. 67:50-58. 
2001.  

142. Lopez-Ilasaca M. Signaling from G-protein-cuopled receptors to Mitogen activated 
Protein (MAP)-Kinase Cascades. Biochem.Pharmacol. 56: 269-277. 1998.  

143. Lopez-Ilasaca M, Crespo P, Pellici PG, Gutkind JS, and Wetzker R, Linkage of G 
protein-coupled receptors to the MAPK signaling pathway through PI 3-kinase 
gamma. Science 275: 394-397, 1997. 

144. Tilley SL, Hartney JM, Erikson CJ, Jania C, Nguyen M, Stock J, McNeisch J, 
Valancius C, Panettieri RA, Jr., Penn RB, and Koller BH, Receptors and pathways 
mediating the effects of prostaglandin E2 on airway tone. Am J Physiol Lung Cell Mol 
Physiol 284: L599-L606, 2003. 

145. Barnes PJ, Beta-adrenergic receptors and their regulation. Am.J.Respir.Crit Care 
Med. 152: 838-860, 1995. 

146. Wu J, Dent P, Jelinek T, Wolfman A, Weber MJ, and Sturgill TW, Inhibition of the 
Egf-Activated Map Kinase Signaling Pathway by Adenosine-3',5'-Monophosphate. 
Science 262: 1065-1069, 1993. 

147. Stewart AG, Harris T, Fernandes DJ, Schachte LC, Koutsoubos V, Guida E, 
Ravenhall CE, Vadiveloo P, and Wilson JW, Beta2-adrenergic receptor agonists and 
cAMP arrest human cultured airway smooth muscle cells in the G(1) phase of the cell 



Chapter 1 
 

 29

cycle: role of proteasome degradation of cyclin D1. Mol.Pharmacol. 56: 1079-1086, 
1999. 

148. Rao S, Gray-Bablin J, Herliczek TW, and Keyomarsi K, The Biphasic Induction of 
p21 and p27 in Breast Cancer Cells by Modulators of cAMP Is Posttranscriptionally 
Regulated and Independent of the PKA Pathway. Exp.Cell Res. 252: 211-223, 1999. 

149. Belvisi MG, Saunders M, Yacoub M, and Mitchell JA. Expression of cyclo-
oxygenase-2 in human airway smooth muscle is associated with profound reductions 
in cell growth. Br.J.Pharmacol. 125: 1102-1108.  1998.  

150. Tomlinson PR, Wilson JW, and Stewart AG. Salbutamol inhibits the proliferation of 
human airway smooth muscle cells grown in culture: relationship to elevated cAMP 
levels. Biochem.Pharmacol. 49: 1809-19 . 1995 

151. Tomlinson PR, Wilson JW, and Stewart AG. Inhibition by salbutamol of the 
proliferation of human airway smooth muscle cells grown in culture. Br.J.Pharmacol. 
111: 641-647. 1994.  

152. Lazzeri N, Belvisi MG, Patel HJ, Chung KF, Yacoub MH, and Mitchell JA, RANTES 
release by human airway smooth muscle: effects of prostaglandin E2 and fenoterol. 
Eur.J.Pharmacol. 433: 231-235, 2001. 

153. Hallsworth MP, Twort CHC, Lee TH, and Hirst SJ, {beta}2-Adrenoceptor agonists 
inhibit release of eosinophil-activating cytokines from human airway smooth muscle 
cells. Br J Pharmacol 132: 729-741, 2001. 

154. Lazzeri N, Belvisi MG, Patel HJ, Yacoub MH, Fan Chung K, and Mitchell JA, Effects 
of Prostaglandin E2 and cAMP Elevating Drugs on GM-CSF Release by Cultured 
Human Airway Smooth Muscle Cells . Relevance to Asthma Therapy. 
Am.J.Respir.Cell Mol.Biol. 24: 44-48, 2001. 

155. Orsini MJ, Krymskaya VP, Eszterhas AJ, Benovic JL, Panettieri RA, Jr., and Penn 
RB, MAPK superfamily activation in human airway smooth muscle: mitogenesis 
requires prolonged p42/p44 activation. Am.J.Physiol 277: L479-L488, 1999. 

156. Tran T and Stewart AG, Protease-activated receptor (PAR)-independent growth and 
pro-inflammatory actions of thrombin on human cultured airway smooth muscle. Br J 
Pharmacol 138: 865-875, 2003. 

157. Shimizu S, Gabazza EC, Hayashi T, Ido M, Adachi Y, and Suzuki K, Thrombin 
stimulates the expression of PDGF in lung epithelial cells. Am. J. Physiol.  279: L503-
L510, 2000. 

158. Billington CK and Hall I. P. The effects of carbachol and PDGF-BB on DNA synthesis 
and the proliferation of human cultured airway smooth muscle cells. Br.J.Pharmacol. 
123, 34P. 1998.  

159. Krymskaya VP, Orsini MJ, Eszterhas AJ, Brodbeck KC, Benovic JL, Panettieri RA, 
and Penn RB, 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, 2000. 

160. Panettieri RA, Yadvish PA, Kelly AM, Rubinstein NA, and Kotlikoff MI. Histamine 
stimulates proliferation of airway smooth muscle and induces c-fos expression. 
Am.J.Physiol. 259: L365-71. 1990.  

161. Panettieri RA, Hall IP, Maki CS, and Murray RK, Alpha-Thrombin Increases Cytosolic 
Calcium and Induces Human Airway Smooth-Muscle Cell-Proliferation. 
Am.J.Respir.Cell Mol.Biol. 13: 205-216, 1995. 

162. Panettieri RA Jr, Goldie RG, Rigby PJ, Eszterhas AJ, and Hay DWP. Endothelin-1-
induced potentiation of human airway smooth muscle proliferation: An ET-A receptor-
mediated phenomeno. Br.J.Pharmacol. 118: 191-197. 1996.  



Chapter 1 
 

 30 

163. Malarkey K, Chilvers ER, Lawson MF, and Plevin R. Stimulation by endothelin-1 of 
mitogen-activated protein kinases and DNA synthesis in bovine tracheal smooth 
muscle cells. Br.J.Pharmacol. 116: 2267-2273. 1995.  

164. Della-Rocca GJ, Van-Biesen T, Daaka Y, Luttrell DK, Luttrell LM, and Lefkowitz RJ. 
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 . 1997.  

165. Lev S, Moreno H, Martinez R, Canoll P, Peles E, Musacchio JM, Plowman GD, Rudy 
B, and Schlessinger J, Protein tyrosine kinase PYK2 involved in Ca(2+)-induced 
regulation of ion channel and MAP kinase functions. Nature 376: 737-745, 1995. 

166. Kolch W, Heidecker G, Kochs G, Hummel R, Vahidi H, Mischak H, Finkenzeller G, 
Marme D, and Rapp UR, Protein kinase C alpha activates RAF-1 by direct 
phosphorylation. Nature 364: 249-252, 1993. 

167. Hawes BE, van Biesen T, Koch WJ, Luttrell LM, and Lefkowitz RJ, Distinct pathways 
of Gi- and Gq-mediated mitogen-activated protein kinase activation. J.Biol.Chem. 
270: 17148-17153, 1995. 

168. Mack CP, Somlyo AV, Hautmann M, Somlyo AP, and Owens GK, Smooth muscle 
differentiation marker gene expression is regulated by RhoA-mediated actin 
polymerization. J.Biol.Chem. 276: 341-347, 2001. 

169. Camoretti-Mercado B, Liu HW, Halayko AJ, Forsythe SM, Kyle JW, Li B, Fu Y, 
McConville J, Kogut P, Vieira JE, Patel NM, Hershenson MB, Fuchs E, Sinha S, 
Miano JM, Parmacek MS, Burkhardt JK, and Solway J, Physiological control of 
smooth muscle-specific gene expression through regulated nuclear translocation of 
serum response factor. J.Biol.Chem. 275: 30387-30393, 2000. 

170. Liu HW, Halayko AJ, Fernandes DJ, Harmon GS, McCauley JA, Kocieniewski P, 
McConville J, Fu Y, Forsythe SM, Kogut P, Bellam S, Dowell M, Churchill J, Solway J, 
and Remaining A, The RhoA/Rho kinase Pathway Regulates Nuclear Localization of 
Serum Response Factor. Am.J.Respir.Cell Mol.Biol., 2003. 

171. Fukata Y, Amano M, and Kaibuchi K, Rho-Rho-kinase pathway in smooth muscle 
contraction and cytoskeletal reorganization of non-muscle cells. Trends 
Pharmacol.Sci. 22: 32-39, 2001. 

172. Wylam ME, Gungor N, Mitchell RW, and Umans JG, Eosinophils, major basic protein, 
and polycationic peptides augment bovine airway myocyte Ca2+ mobilization. 
Am.J.Physiol 274: L997-L1005, 1998. 

173. Roffel AF, Elzinga CR, Van Amsterdam RG, de Zeeuw RA, and Zaagsma J, 
Muscarinic M2 receptors in bovine tracheal smooth muscle: discrepancies between 
binding and function. Eur.J.Pharmacol. 153: 73-82, 1988. 

174. Roffel AF, Meurs H, Elzinga CR, and Zaagsma J, Characterization of the muscarinic 
receptor subtype involved in phosphoinositide metabolism in bovine tracheal smooth 
muscle. Br.J.Pharmacol. 99: 293-296, 1990. 

175. Roffel AF, Elzinga CR, and Zaagsma J, Muscarinic M3 receptors mediate contraction 
of human central and peripheral airway smooth muscle. Pulm.Pharmacol. 3: 47-51, 
1990. 

176. Pype JL, Dupont LJ, Mak JC, Barnes PJ, and Verleden GM, Regulation of H1-
receptor coupling and H1-receptor mRNA by histamine in bovine tracheal smooth 
muscle. Br J Pharmacol 123: 984-990, 1998. 

177. Marsh KA and Hill SJ, Characteristics of the bradykinin-induced changes in 
intracellular calcium ion concentration of single bovine tracheal smooth muscle cells. 
Br J Pharmacol 110: 29-35, 1993. 

 




