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Cyclic AMP 

Cyclic adenosine monophosphate (cAMP) is a universal second messenger which is 
produced in response to a wide range of extracellular signals and regulates pivotal 
processes in distinct cell systems [1]. cAMP modulates a variety of cellular functions, 
including metabolism, gene expression, cell growth, apoptosis and secretion 
(reviewed in [1]) upon engagement of diverse intracellular signaling pathways. 
Formation of cAMP is initiated by the stimulation of Gs-protein-coupled receptors 
(GsPCR), such as β2-adrenergic and prostanoid receptors (Fig. 1).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1. Model of cAMP signaling in airway smooth muscle. Stimulation of Gs-coupled 
receptors for example by β2-agonists or prostaglandin E2, activates adenylyl cyclase (AC), 
which in turn produces cAMP from ATP. Intracellular cAMP levels are regulated by 
phosphodiesterase (PDE), which degrades cAMP in 5'-AMP. cAMP regulates cellular 
functions, including contraction, inflammation and cell proliferation, presumably via 
activation of protein kinase A (PKA) and exchange protein directly activated by cAMP 
(Epac). Membrane clustering of GsPCR, AC and PDE to caveolae seems to play a role in 
cAMP signaling regulation. cAMP signaling specificity is mediated by the formation of A-
kinase anchoring protein (AKAP)-dependent complexes, which bind Epac and PKA, and 
target them to specific cellular effectors. See text for further details. 
 
After receptor ligand binding, the α subunit of the Gs-protein activates adenylyl 
cyclases (ACs) which results in the generation of cAMP from adenosine 
triphosphate (ATP) (Fig. 1) [2]. Cellular levels of cAMP are tightly controlled by the 
action of phosphodiesterases (PDEs), which degrade cAMP to 5'-AMP (Fig. 1) and 
thereby terminate signaling by cAMP [3]. Membrane clustering of ACs and PDEs to 
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lipid rafts and caveolae (Fig. 1) [4, 5] and (co)localization of distinct cAMP effectors 
to specific cellular compartments [6] causes a dynamic regulation of cAMP 
signaling [7]. Indeed, spatiotemporal organization of cAMP signals in the heart has 
provided new insights for the development of specific therapeutic strategies [8]. 
Until recently, most cAMP effects have been attributed to the activation of protein 
kinase A (PKA) [9]. However, several cAMP-mediated cellular events appeared to 
be insensitive to PKA inhibition, and have prompted investigators to look for novel 
cAMP targets [10, 11].  
In 1998, exchange protein activated by cAMP (Epac) was identified upon a database 
search aimed to unravel cAMP-dependent, but PKA-independent activation of the 
small GTPase Rap1 [12]. Epac is a cAMP-regulated guanine nucleotide exchange 
factor (GEF) that favors GDP/GTP exchange on small Ras-like GTPases, thereby 
inducing their activation [12]. Although our knowledge of Epac signaling properties 
has substantially increased over the last decade, studies on the functional role of 
Epac in organ systems such as the respiratory system are lacking and require further 
investigation. 
 
cAMP effectors: Epac and PKA 

PKA 

PKA is composed of two catalytic (C) and two regulatory (R) subunits, the latter 
known to sequester the C subunits in an inactive heterotetrameric holoenzyme [13]. 
Based on their regulatory subunits (RI and RII), PKA is subdivided into two classes: 
type I and type II [14]. The R subunits bear two cAMP-binding domains (CBDs): A 
and B [15]. Upon cAMP binding to the B site, an intramolecular steric change 
allows the domain A to interact with cAMP, causing the dissociation of the enzyme 
into an R subunit dimer and two C subunit monomers [16]. Once released, the C 
subunit is fully active and affects a wide range of cellular processes upon 
phosphorylation of cytoplasmatic and nuclear enzymes and transcription factors, on 
serine and/or threonine residues [17]. Distinct genes encode for three catalytic 
subunits (α, β and γ) and four regulatory subunits (RIα, RIβ, RIIα, and RIIβ) which 
are differentially expressed in tissues and exhibit distinct subcellular localization [18, 
19]. Whereas RIα and RIIα subunits are ubiquitously expressed , RIIβ is primarily 
expressed in endocrine tissues, brain, fat and reproductive tissues, and RIβ is mainly 
found in the brain (Reviewed in [20]). 

 
Epac 

Two isoforms of Epac (Epac1 and Epac2) encoded by two distinct genes have been 
identified. Moreover, Epac2 exists in two splice variants, Epac2A and Epac2B [21]. 
Epac is a multi-domain protein consisting of an N-terminal regulatory region and a 
C-terminal catalytic region. The N-terminal region contains a Dishevelled - Egl-10 - 
Pleckstrin (DEP) domain responsible for membrane association, and a CBD site 
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homologous to the B domain of PKA, which is required for Epac activation by 
cAMP. Only Epac2A contains an additional low-affinity CBD site, which confers 
plasma membrane localization and has been associated with Epac2A-mediated 
hormone secretion [21]. A Ras-exchange motif domain localizes between the 
regulatory and the catalytic region and may confer stability to the CDC25 homology 
catalytic domain, which in turn promotes the GDP/GTP exchange on GTPases. A 
Ras association domain allows specifically Epac2 to directly interact with Ras [22]. 
Cristallographic studies showed that the CBD domains exert auto-inhibitory effects 
by maintaining the protein in a closed structure, thereby hindering GTPases-binding 
to the catalytic site [23, 24]. Binding of cAMP relieves the catalytic domain from the 
inhibitory constraints, allowing GTPases interaction and activation [23, 24].  
Epac1 and Epac2 exhibit distinct tissue and cellular expression patterns. Epac1 is 
ubiquitously expressed in all human tissues as well as pheripheral blood cells 
(reviewed in [25]); Epac2A is mainly – but not exclusively - expressed in pancreatic 
islets and the cerebral cortex, whereas Epac2B is restricted to adrenal glands [21]. 
Alterations of Epac1 and Epac2 expression in the heart, brain, kidneys and lungs of 
mice at different stages of development [26], suggest that Epac proteins 
differentially contribute to fetal and adult organ function. Distinct subcellular pools 
of Epac1 are present at the plasma membrane, the nucleus and nuclear membrane, 
the microtubule cytoskeleton, the mitochondria and the cytoplasm (reviewed in [25]). 
Epac2A is mainly localized at the plasma membrane, the cytosol, the Golgi 
apparatus and the actin cytoskeleton [25], whereas Epac2B is predominantly 
cytosolic [21]. In particular, studies in HEK293 and COS1 cells demonstrated that 
subcellular distribution of Epac1 is subject to cell-cycle and cytoskeleton-dependent 
dynamics [27]. Recently, Epac-based fluorescence resonance energy transfer cAMP 
sensors visualized the dynamic nature of cAMP elevations and Epac activation [28, 
29]. In addition, redistribution of Epac1 to specific cellular compartments upon 
cAMP-binding seems necessary for its activation and the maintenance of its specific 
functions [30].  
Although Epac and PKA can act independently [31, 32], most cAMP-dependent 
processes driven by Epac are also modulated via PKA, suggesting interconnectivity 
between these two effectors. Indeed, Epac and PKA have been shown to antagonize 
[33] as well as synergize with each other [34, 35]. As Epac and PKA exhibit similar 
affinities for cAMP (Kd~2.9 µM) [36], cellular compartmentalization of cAMP 
formation and relative abundance, distribution and localization of its effector 
proteins may contribute to Epac and/or PKA activation in response to moderate 
cellular cAMP increases. In this regard, A-kinase anchoring proteins (AKAPs) have 
been identified as cAMP-responsive multiprotein complexes, able to locate cAMP 
signaling to specific cellular microdomains by binding distinct enzymes such as ACs 
and PDEs as well as cAMP effector proteins, including Epac and PKA (Fig. 1) [20, 
37-40]. Such tightly controlled spatio-temporal regulation of cAMP formation 
allows cAMP to integrate specific signals into unique cellular responses. 
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Tools to study Epac and PKA signaling 

Cell-permeable cAMP analogs, such as 8-pCPT-2'-O-Me-cAMP and 6-Bnz-cAMP, 
are generally accepted as specific pharmacological tools to study Epac- and PKA-
driven biological effects. Thus, N6-derivatives of cAMP, such as the 6-Bnz-cAMP, 
have been shown to selectively activate PKA (Table 1) [41]. On the other hand, 
structural studies showed that substitution of the oxidrilic group in the 2' position of 
the cAMP ribose structure with a methoxy group increases nucleotide selectivity 
towards Epac. Introduction of a phenylthio group to the 8’ position of the purine ring 
further increases the affinity for Epac and also renders these cAMP derivatives more 
membrane permeable (Table 1) [42]. These considerations resulted in the 
development of 8-pCPT-2’-O-Me-cAMP, nowadays the most widely used Epac 
activator [23, 43]. As a negative control for 8-pCPT-2’-O-Me-cAMP, a cGMP 
analog with identical substitutions, namely 8-pCPT-2’-O-Me-cGMP, has been 
developed (Table 1), which neither activates PKG, PKA nor Epac [31]. To further 
increase membrane permeability, an acetoxymethyl (AM)-esther was introduced, 
generating 8-pCPT-2’-O-Me-cAMP-AM (Table 1) [44]. As recent studies indicated 
that 8-pCPT-2’-O-Me-cAMP may act via its metabolic products generated by PDE 
hydrolysis [45], the PDE-resistant and cell permeable Epac activator Sp-8-pCPT-2’-
O-Me-cAMP has been developed (Table 1) [41, 45].  
Studies on Epac-driven signaling suffer from evident limitations as the currently 
available Epac activators do not differentiate between Epac1 and Epac2. In addition, 
the read-outs for Epac activation measuring GTP-loading of Ras-like GTPases using 
pull-down techniques are still characterized by technical limitations when studying 
primary cell cultures and whole organ systems. Moreover, a recent publication 
showed that various cyclic nucleotides, including 6-Bnz-cAMP and 8-pCPT-2’-O-
Me-cAMP, might cause secondarily elevations of cAMP or cGMP upon inhibition 
of PDEs [41]. Hence, caution should be taken into consideration in the interpretation 
of dissected Epac- and PKA-driven signaling by solely using cyclic nucleotides and 
such strategy should be accompanied by additional specific approaches to selectively 
inhibit the two cAMP-routes. Indeed, PKA inhibitors such as Rp-8-CPT-cAMPS, 
Rp-cAMPS and Rp-8-Br-cAMPS allowed to demonstrate that Epac analogs act 
independently of PKA (Table 2) [41, 46, 47].  
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Table 1. Cyclic nucleotides used to study Epac- and PKA-driven signaling 

Compound Characteristics References 
 

N6-benzyladenosine-3',5'-cyclic 
monophosphate (6-Bnz-cAMP), 
selective and membrane-
permeable PKA activator 

[41, 42, 51, 186] 

 
8-(4-chlorophenylthio)-2'-O-
methyl-cAMP (8-pCPT-2'-O-
Me-cAMP), selective and 
membrane-permeable Epac 
activator 

[41, 51, 69, 186] 

 

Acetoxymethyl 8-pCPT-2'-O-
Me-cAMP (8-pCPT-2’-O-Me-
cAMP-AM), see above 

[44] 

 
8-(4-chlorophenylthio)-2'-O-
methyladenosine-3',5'-cyclic 
monophosphorothioate, Sp-
isomer (Sp-8-pCPT-2'-O-Me-
cAMPS), selective and 
membrane-permeable Epac 
activator, insensitive to PDEs 

[41, 45] 

 

8-(4-chlorophenylthio)-2'-O-
methyl-cGMP (8-pCPT-2'-O-
Me-cGMP), negative control for 
8-pCPT-2'-O-Me-cAMP 

[31] 
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Table 2. Cyclic nucleotides used to antagonize PKA-driven signaling 

Compound Characteristics References 
 

8-(4-chlorophenylthio)-
adenosine-3',5'-cyclic 
monophosphorothioate, Rp-
isomer (Rp-8-CPT-cAMPS), 
site selective inhibitor* of PKA 
type I and type II 

[41, 42, 47] 

 
 
 

Adenosine-3’,5’-cyclic 
monosphopshorothiorate, Rp 
isomer (Rp-cAMPS),  
competitive inhibitor of PKA 
type I and type II 

[46] 

 

 
 
 

8-Bromoadenosine-3’, 5’-
cyclic monophosphorothiorate,  
Rp-isomer (Rp-8-Br-cAMPS), 
site selective inhibitor* of PKA 
type I, 2 times more liphophilic 
compared to Rp-cAMPS 

[47] 

 

*Site-selective inhibitors occupy cAMP binding sites on PKA regulatory subunits and 
prevent the kinase holoenzyme from dissociation and thus from activation. 
 
Unfortunately, pharmacological inhibitors of (individual) Epac isoforms are not 
available. In vitro, suppression of Epac protein expression using silencing RNA has 
been successfully utilized to elucidate several Epac-related functions [31, 32]. In 
addition, Epac1 and Epac2 knock-out mice have recently been developed and 
revealed a novel crucial role for Epac2 in the regulation of insulin release and the 
development of pancreatic β-cells [48]. Future investigations in this direction would 
definitely help to elucidate Epac-specific functions in vivo and to address the 
contribution of Epac in organ development, physiology and pathophysiology. 
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Biological functions of Epac and PKA 

Since its discovery in 1998, numerous Epac-mediated pathways and targets have 
been identified and Epac has been associated with several PKA-dependent and -
independent functions induced by cAMP [25, 43, 49-52]. In particular, novel Epac-
driven signals are described to mediate the cAMP-induced regulation of 
inflammation, contractility, cell proliferation and differentiation in several cell types. 
 
Inflammation 

cAMP modulates several steps of the inflammatory process, including vascular 
permeability, immune-cell adhesion, inflammatory mediator release and immune 
defence-cell phagocytosis [25, 52]. Vascular permeability depends on the formation 
of cell-cell junctions and on the contractile force generated by the actin cytoskeleton, 
and is essential in the regulation of extravasation of leukocytes during inflammation 
[53]. cAMP strenghtens the endothelial barrier by activating PKA, which inhibits 
actin-myosin contractility by inhibiting Rho [54]. Recent evidence suggest that Epac 
signaling may also regulate endothelium integrity upon recruitment of junctional 
protein to sites of cell-cell contacts and suppression of vascular cadherins-mediated 
adhesion and redistribution in response to inflammatory stimuli [55-57]. Moreover, 
in the presence of permeability-increasing agents, Epac reduces endothelial 
permeability upon activation of the small GTPase Rac and inhibition of Rho [58]. As 
the actin cytoskeleton functionally interacts with the microtubule network, the 
described interplay between Epac and microtubules may also account for its effects 
on endothelial permeability [59].  
Besides regulating the vascular permeability, cAMP also modulated the release of 
inflammatory cytokines, a response being previously solely assigned to PKA [60, 
61]. This response appear cell-type and stimulus-dependent and similar actions have 
been reported for Epac. In fact, in vascular endothelial cells, Epac1-Rap1 inhibited 
activation of the interleukin-6 (IL-6) receptor trans-signaling complex [62]. 
Moreover, Epac seems to trigger the prostaglandin E2 (PGE2)-mediated inhibition of 
lipopolisaccaride (LPS)-induced interferon-β (IFN-β) expression from macrophages 
and the PGE2-mediated inhibition of cytokine expression and production from 
activated dendritic cells [63, 64]. On the other hand, activation of Epac resulted in 
the up-regulation of interleukin 1-β (IL-1β) and IL-6 transcripts in a murine 
macrophage cell line [65]. 
Epac1 and Rap1 are also involved in the recruitment and migration of leukocytes 
and in their adhesion to the endothelium and subsequent transmigration towards the 
site of inflammation [66, 67]. Leukocyte transmigration relies on the stimulation of 
integrin-mediated cell-adhesion, which in turn occurs through increased affinity and 
avidity of integrins [68]. Recent studies reported that activation of Epac enhances 
integrin-mediated monocyte adhesion to the extracellular matrix components (ECM) 
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laminin [69] and fibronectin [66], and promotes chemotaxis in a human 
promonocytic cell line and primary monocytes [66].  
Finally, elevation of cAMP inhibits the activation and phagocytic activity of distinct 
leukocytes, a process which requires cell-type specific activation of Epac and/or 
PKA [60, 70]. In human monocytes, PKA inhibits Fc receptor-mediated 
phagocytosis and subsequent respiratory burst activity [70]. Differentiation into 
macrophages, however, was paralleled by increased Epac expression and suggest a 
contribution of Epac in macrophage responses [70].  
 
Contractility 

Elevations in cAMP dramatically alter contractile responses of cardiomyocytes and 
smooth muscle (ASM) cells. Until recently, cAMP-dependent positive 
ionotropic/chronotropic effects in the heart and relaxant effects in the airways have 
been assigned to activation of PKA. In the heart, cAMP effects are driven by PKA-
dependent increase in intracellular Ca2+ upon phosphorylation of L-type Ca2+ 
channels, the type II ryanodine receptor, myofilament proteins and phospholamban, 
an inhibitor of Ca2+ reuptake in the sarcoplasmatic reticulum (reviewed in [71]). 
Recent findings in cardiomyocytes revealed that Epac may affect excitation-
contraction coupling via direct interaction with the type II ryanodine receptors and 
the Ca2+-ATPases on the sarcoplasmatic reticulum [72, 73]. Epac-driven 
phospholipase C-ε (PLCε) activation and subsequent increase in intracellular Ca2+ 
have also been reported in cardiomyocytes [72, 74, 75]. Furthermore, Epac may 
trigger accumulation of connexin 43, a process known to be required for gap 
junction formation, proper ion transfer and for the generation of contractile force 
[76].  
Contraction of the ASM depends on Ca2+, which activates myosin light chain (MLC) 
kinase. [77]. MLC kinase-dependent phosphorylation of the 20 kDa regulatory MLC 
is crucial for smooth muscle contraction, and this process is counterbalanced by 
MLC phophatase (MLCP) [78]. Inhibition of MLCP by the small GTPase Rho and 
subsequent MLC phosphorylation promotes ASM contraction [79]. cAMP-relaxant 
properties have been attributed to PKA-dependent effects on K+ channels, Na+/K+ 
ATPases, Ca2+ sequestration, sensitivity of myosin and IP3 formation (reviewed in 
[80]). However, a study in intact guinea pig ASM reported on cAMP relaxant 
properties independent of PKA [11]. Given these obervations, Epac might represent 
a novel cAMP relaxant factor in the airways.   
 
Cell proliferation  

cAMP plays an important role in cell proliferation. Several studies demonstrated the 
ability of cAMP to stimulate as well as inhibit cell division, depending on the 
cellular context [81]. Cell proliferation is triggered by Ras-mediated activation of 
mitogen activated protein kinase (MAPK) family members, such as extracellular 
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signal regulated kinases (ERKs), c-Jun N-terminal kinases (JNKs) and 
phosphoinositide-3-kinase (PI3K) effectors protein kinase B (PKB)/Akt and p70S6 
kinase (p70S6K) [82]. The anti-proliferative role of PKA is underpinned by inhibition 
of the Ras/Raf1/ERK1/2 pathway, a process being both dependent and independent 
of Rap1 [83, 84]. In addition, PKA inhibits mitogen-induced JNK and p70S6K 
phosphorylation [85, 86]. Furthermore, cAMP and PKA interfere with more distal 
signaling targets, such as cell-cycle regulators. Thus, PKA inhibits cyclin D1 
expression by acting on its promoter region and by enhancing its proteosomal 
degradation [87, 88] and in Jurkat-T cells, PKA increases expression of the cell-
cycle inhibitor p27Kip1 and favors cell-cycle arrest in the G1 phase [89]. Recent 
evidence suggests that at least some of the cAMP-mediated effects also involve 
activation of Epac. Rap1 appears to be the key effector of Epac in these responses, 
due to its ability to modulate ERK activity [84]. Rap1 can inhibit and activate 
ERK1/2 via Raf-1 and B-raf, respectively [84]. Epac modulates ERK1/2 
phosphorylation and cell proliferation in a cell-type specific manner, probably due to 
the availability of distinct effectors and the targeting to distinct cellular 
compartments. In particular, Epac drives pro-proliferative processes in thyroid cells, 
macrophages, endothelial cells and osteoblasts (reviewed in [25]), whereas it inhibits 
proliferation of ASM cells and lung fibroblasts [31, 32, 90]. Activation of pro-
mitogenic signals including Ras and ERK1/2 by Epac has also been associated with 
Rap2-dependent activation of PLCε in HEK293T and N1E-115 neuroblastoma cells 
[91]. In addition, Epac has been associated with the microtubule network in 
interphase and mitotic cells, suggesting a role for Epac in microtubule-dependent 
cell division [27]. 
 
Cell differentiation and phenotypic regulation 

Cell differentiation plays an important role in development, but also contributes to 
pathogenic alterations of cells and such processes are often accompanied by 
characteristic cellular phenotypical and functional changes. cAMP is required for 
normal development and differentiation of the Drosophila eye disc, ovary and 
embryo in vivo and this process seems to involve Epac and Rap1 [92, 93]. In 
addition, activation of PLCε mediated by the Epac effector Rap2 participates in 
Wnt-β-catenin signaling pathway in the early development of Xenopus [94]. 
Importantly, Rap1 is able to reverse morphology and hyperproliferative phenotype 
of a Ras-tranformed subline of NIH/3T3 cells [95] and cAMP/Epac/Rap1 activation 
seems to drive similar actions in pancreatic cancer cells [96]. cAMP stimulates 
specialized functions in thyroid cells, melanocytes, neuronal cells and adipocyte 
(reviewed in [49]). Recent work on the adipose conversion of a pre-adypocitic cell 
line has demonstrated a role for Epac in this process [35]. In neuronal PC12 cells, 
Epac converts the cAMP effect from proliferation to differentiation, resulting in 
neurite outgrowth [97]. Furthermore, the novel Epac effector Rit regulates neurite 
outgrowth and terminal differentiation in pheochromocytoma PC6 cells [98]. 
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Given the substantial contribution of Epac to pivotal cAMP-dependent processes, it 
is not a surprise that attention has been focused on Epac as a potential effector in 
lung physiology and as a possible future therapeutical target of intervention in 
airway diseases.   
 
Asthma and COPD 

Asthma and chronic obstructive pulmonary disease (COPD) are among the leading 
causes of morbidity and mortality worldwide and their prevalence is expected to 
increase due to lifestyle factors and occupational or environmental exposure to 
various pollutants [99, 100]. Both diseases are chronic inflammatory disorders. 
Although distinctive patterns of inflammation are associated with the two diseases, 
the degree of inflammation correlates with decline in lung function and disease 
severity in both asthma [101] and COPD [102, 103]. Asthma is further characterized 
by variable and reversible airway obstruction, whereas in COPD airway obstruction 
is only partially reversible and lung function progressively declines. Both diseases 
are associated with increased responsiveness of the airways to environmental stimuli 
(airway hyperresponsiveness) as well as structural changes in the airways (airway 
remodeling) [103, 104].  
Chronic inflammation in asthma and COPD is the result of massive infiltration of the 
airways and/or peripheral lung tissue by distinct activated inflammatory cells, which 
in turn amplify inflammation by releasing inflammatory mediators such as cytokines 
and growth factors [105]. Beside inflammation, cytokines and growth factors affect 
other cellular functions, such as contraction and proliferation of structural cells, and 
contribute to airway remodeling [106]. Airway remodeling encompasses epithelial 
changes, goblet cell and submucosal gland hyperplasia and increased airway smooth 
muscle mass [103]. Although the nature and the anatomic site of the alterations 
differ between asthma and COPD, remodeling in both diseases eventually impairs 
lung function and sensitizes the system to react to external insults [107, 108]. Indeed, 
structural alterations - such as increased ASM mass - play an important role in the 
severity of the disease and in the development of airway hyperresponsiveness (AHR) 
[109]. Although with distinct mechanisms and expression, AHR is present in both 
asthmatics and COPD patients, defined as exaggerated responsiveness of the airways 
to non specific stimuli, resulting in airway obstruction [110]. AHR has been 
associated with the development of respiratory symptoms and is considered an 
important risk factor in subjects with established asthma and COPD [110, 111]. 
Severe AHR is associated with a more rapid decline in lung function in asthma [112, 
113] and in both asthma and COPD a relationship exists between the degree of 
airway inflammation and the severity of AHR [110, 114].  
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Pathogenic features of asthma 

Asthma symptoms encompass wheezing, cough, chest tightness and dyspnea, which 
are intermittent and variable and caused by exposure to environmental allergens, 
cold or exercise. Indeed, IgE-mediated response to common allergens represent the 
most widespread form of asthma [115]. Asthma is characterized by an early onset 
(often in childhood) and shows potential inheritance patterns [116, 117]. 
 
Inflammation 

Allergen-induced athma attacks are underpinned by an acute inflammatory response 
which encompasses an early-phase and a late-phase reaction. The early stage is 
initiated by activation of mast cells, bearing allergen-specific IgE and by the release 
of pro-inflammatory mediators, which cause ASM contraction, mucus production 
and vascular leakage with exudation of plasma in the airways [118], thereby 
contributing to airway obstruction. The late phase involves the recruitment and 
activation of eosinophils from the peripheral blood [119]. Eosinophils amplify 
inflammation, and together with other inflammatory and structural cells, contribute 
to airway obstruction and airway remodeling by releasing cytokines and growth 
factors [107, 120, 121]. In addition, CD4+ T lymphocytes are believed to play a 
pivotal pathogenic role in asthma. They elicit a Th2-driven inflammatory response 
with up-regulation of cytokines such as IL-4, IL-5, IL-13, eotaxin and monocyte 
chemoattractant protein 1, which collectively result in allergic sensitization and 
inflammatory cell recruitment [122]. 
 
Airway obstruction 

In asthma, airway narrowing is due to the exagerated contraction of the muscle, and 
is mostly associated with eosinophilic airway inflammation [105]. In fact, the 
presence of enhanced eosiniphilic inflammation in the asthmatic airways correlates 
with the increased  airway resistance and increased airway responsiveness [123]. 
Moreover, the walls of the conducting airways in asthma are significantly thicker 
compared to normal and this contributes to the airflow limitation, further 
compromised by excessive mucus admixed with inflammatory exudates [103]. 
Increased ASM mass is believed to be the most important abnormality responsible 
for the increased airflow resistance observed in response to bronchoconstricting 
stimuli [109] and correlates with the severity of AHR [124] and the need of therapy 
[125]. 
 
Airway remodeling 

In asthma, airway remodeling may start early in the childhood [103, 126] and 
involves both large and small airways. Remodeling encompasses mucus cell 
hyperplasia, deposition of ECM underneath the airway epithelium (subepithelial 
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fibrosis) and within the smooth muscle layer, increased ASM mass, and 
angiogenesis [103, 127]. The increased ASM mass is caused by both hypertrophy 
and hyperplasia [128]. The main consequence of remodeling are airway wall 
thickening, mucus hypersecretion and airway smooth muscle hypercontractility, 
which profoundly affects airway function [129].  
 
Pathogenic features of COPD 

In COPD, respiratory symptoms such as wheezing, cough, chest tightness and 
dyspnea are slowly progressive and partially reversible, not necessarily associated 
with inhalation of noxious particles [130]. COPD has a very slow progressive onset, 
and afflicts middle-aged and elderly people [131], who usually bear a history of 
heavy smoking [132, 133]. Indeed, long-term exposure to smoke (especially 
cigarette smoke) represents the main risk factor in the development of COPD 
although less than 25% of smokers develops COPD and at least 15% of COPD-
related mortality occurs in never-smokers, suggesting that other factors may be 
important as well [132-134]. 
 
Inflammation 

The pathogenesis of COPD is related to a chronic abnormal inflammatory response 
to inhaled toxic particles and gases [102]. Inflammation in COPD patients 
predominantly affects small airways and lung parenchyma [105]. The main 
inflammatory cells in COPD are neutrophils, macrophages, natural killer cells, 
dendritic cells as wells as CD4/CD8 T cells [102], which promote release of an 
impressive array of pro-inflammatory cytokines, including IL-8, IL-1, tumor 
necrosis factor-α (TNF-α), leukotriene B4 and interferon γ (IFN γ). Thus, 
inflammation leads to vascular leakage, mucus hypersecretion, ASM contraction, 
epithelial damage, AHR and airway structural alterations [105, 120].  
 
Airway obstruction 

In COPD, airway obstruction is mostly driven by the ongoing structural changes in 
the small airways and disruption of the alveolar attachments (emphysema), which 
result in increased airway resistance and air trapping [135]. Moreover, the reduced 
expiratory flow that defines COPD [114], results from reduction of the lumen by 
peribronchiolar fibrosis, thickening of the small-airway walls and occlusion of the 
lumen of the small conducting airways by exudates containing mucus [102]. 
Although the occurrance of AHR in COPD is debated, a considerable amount of 
COPD patients have been shown to exhibit higher responsiveness to contractile 
stimuli and the severity of AHR appears to be a good predictor of the rapid decline 
in lung function in patients with COPD [110, 136, 137]. ASM mass increases 
significantly in the small airways in COPD [138-141] and this increase is believed to 
be a main contributor to AHR [109]. Data from animal models and humans also 
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support the hypothesis that in COPD, changes at the level of cholinergic 
parasympathetic control of the smooth muscle result in increased 
bronchoconstriction in response to vagal stimulation, leading to AHR [142]. 
 
Airway remodeling 

In COPD, airway remodeling appears later in adult life [103, 126] and 
predominantly affects small airways and lung parenchima [103, 126]. Airway 
remodeling in COPD is inextricably linked to the inflammatory cell infiltration into 
lung tissue and encompasses emphysema, enlargement of the bronchial mucus 
glands, increased mucus content in the airway lumen, fibrosis, increased epithelial 
cell proliferation, increased mucous, squamous cell metaplasia and increased ASM 
mass [102]. In COPD, there is excessive activity of proteases and an imbalance 
between proteases and endogenous antiproteases [143]. Several proteases, including 
matrix metalloproteinases (MMPs) are likely to be involved in the development of 
emphysema [144, 145], which seriously contributes to the airflow limitations by 
decreasing the elastic recoil pressure available to drive air out of the lung during 
forced expiration. This tissue destruction begins in the respiratory bronchioles in 
very close proximity to the small conducting airways that indeed become the major 
site of obstruction in COPD [102]. Fibrosis around the small airways is also believed 
to play a major role in the irreversible airway narrowing in COPD [146]. Moreover, 
in surgically resected lung tissues, increased accumulation of inflammatory exudates 
with mucus in the small airways was noted to correlate with the severity of disease 
[147]. In COPD, ASM mass increases only in the small airways [103, 127] but may 
represent an important determinant of disease severity [109]. Vascular remodeling 
due to inflammatory infiltration of the vessels, is also a characteristic feature of 
COPD and may generate pulmonary hypertension [148]. 
 
Airway smooth muscle phenotype and function  

Due to their intrinsic contractile capability, ASM cells regulate the airway luminal 
diameter and respiratory function and represent the main players of AHR in asthma 
and COPD (Fig. 2) [149]. New evidence suggests that next to contraction, ASM 
cells may also exert synthetic and proliferative functions, thereby participating in 
inflammation and development of airway remodeling in airways diseases (Fig. 2) 
[150, 151]. Regulation of ASM functions is provided by cytokines and growth 
factors secreted from inflammatory cells. Alternatively, cellular and structural 
components of the airway wall, including the airway epithelium, the airway nerves 
and the ECM, interact with the ASM bundle and control its functions under 
inflammatory conditions (Reviewed in 152). ASM cells are multifunctional cells 
capable of expressing dynamic phenotypic plasticity. This term refers to the 
(co)existence of distinct phenotypic states characterized by specific cellular 
functions, such as contraction, proliferation and synthesis of pro-inflammatory 
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molecules (Fig. 2) [153]. The effect of contractile agonists, inflammatory mediators, 
growth factors and ECM components on ASM phenotype has been extensively 
studied in vitro and ex-vivo.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2. Airway smooth muscle phenotype plasticity. In a healthy state, airway smooth 
muscle cells have a contractile phenotype, which is involved in the regulation of airway tone. 
Chronic stimulation by inflammatory mediators and growth factors in airway diseases may 
reversibly shift airway smooth muscle cell phenotype to a more proliferative and synthetic 
phenotype, causing increased airway smooth muscle mass, inflammation and fibrosis. Hence, 
such phenotypic plasticity may underpin the role of airway smooth muscle cells in the 
development of airway hyperresponsiveness, airway remodeling and inflammation. See text 
for further details. 
 
Thus, mitogenic stimuli shift the ASM contractile phenotype to a 
proliferative/synthetic phenotype, characterized by high proliferative rates and low 
contractile abilities, accompanied with low contractile marker and caveolae 
expression [154]. In agreement with the reversibility of such processes, removal of 
growth factors results in the formation of a contractile phenotype of ASM cells with 
elongated morphology, higher shortening capability and increased expression of 
contractile markers and caveolae [155]. Moreover, ASM cells can even be pushed 
towards a hypercontractile phenotype upon prolonged serum deprivation or in the 
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presence of insulin or laminin-2 [155-157]. Although phenotypic plasticity has not 
yet been demonstrated in vivo, it is likely to play an important role in physiological 
processes, such as development, tissue repair and inflammation, as well as in the 
pathogenesis of asthma and COPD [158]. These phenotypic states (contractile, 
synthetic and proliferative) may coexist in vivo and such heterogeneity of ASM cells 
might contribute to the altered airway responsiveness and inflammation (Fig. 2) 
[159]. In fact, several studies have indicated that differences in contractile and 
proliferative responses exist between ASM cells from asthmatic compared to healthy 
subjects. Thus, asthmatic ASM cells contract with greater velocity and maximum 
shortening capacity compared with healthy ASM [160], probably due to the higher 
expression of contractile markers, which also correlates with methacholine 
responsiveness in subjects with asthma [161]. Asthmatic ASM cells also proliferate 
faster compared with healthy control cells [162], but the exaxt mechanisms which 
regulate these responses are still not completely defined. 
Obviously, ASM cells importantly participate in the development of asthma and 
COPD and therefore represent a key therapeutic target for both diseases. 
 
cAMP-elevating agents in the treatment of airway diseases 

Given the ability of cAMP to regulate crucial cellular functions (Fig. 1), is not a 
surprise that pharmacological manipulation of cAMP levels has been therapeutically 
exploited in a wide range of diseases. Based on their ability to induce ASM 
relaxation, β2-agonists represent central medications in the management of asthma 
and COPD [114]. However, responses to β2-agonists vary among patients and this is 
partially associated with the severity of the disease [163]. Multiple mechanisms may 
modulate clinical responses to β2-agonists. In general, asthmatic airways have a 
reduced capacity to dilate following administration of β2-agonists both in vitro and 
vivo [164]. Decreased responsiveness of the β2-adrenergic receptor (β2-AR) – known 
as receptor desensitization - is mediated by phosphorylation of the receptor with 
subsequent uncoupling from signal transduction, internalization of cell-surface 
receptor and down-regulation of the production of new receptor (reviewed in [165]). 
These mechanisms have been shown to occur in human ASM and are initiated by 
agonist-binding to the β2-AR (homologous desensitization) as well as by substances 
which (in)directly enhance cAMP intracellular levels, such as inflammatory 
cytokines, contractile agonists and prostanoids (heterologous desensitization) 
(reviewed in [165]). Mechanistic studies have shown that β2-AR desensitization in 
ASM is mediated by PKA- and/or G-protein coupled receptor-kinases (GRKs)-
dependent phosphorylation on serine/threonine residues on the receptor [166, 167]. 
In addition, a variety of inflammatory and contractile agonists counteract β2-AR 
response by activating the inhibitory G-protein subunit Giα, which inhibits adenylyl 
cyclase and impairs cAMP formation and signaling [168]. Furthermore, genetic 
and/or epigenetic factors that affect the β2-agonist receptor function and/or its 
downstream signaling may account for altered responsiveness. Single nucleotide 
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polimorphisms (SNPs) in the coding region of the β2-AR may impact asthma 
severity and response to therapy and influence receptor desensitization [165, 169, 
170]. Genetic alterations of cAMP signaling regulatory molecules such as PDEs, 
may also contribute to altered β2-agonists responsiveness [170]. The downstream 
molecular mechanisms by which β2-agonists elicit their effects are still not 
completely defined and recent studies in vitro indicate that activated β2-AR might 
couple to Gi-proteins, resulting in inhibition of ACs and subseqent cAMP production 
and stimulation of the MAPK pathway [171].  
Next to their bronchodilatory properties, β2-agonists have been reported to have anti-
proliferative and anti-inflammatory effects in vitro, mainly associated with PKA-
dependent phosphorylation of cAMP responsive element binding protein (CREB) 
and subsequent regulation of gene transcription [165]. However, only minimal 
effects of β2-agonists on airway remodeling and inflammation in vivo have been 
reported so far [172, 173], probably due to the cytokine-dependent desensitization of 
the β2-AR. β2-agonists may also cause pharmacologically predictable side effects 
including mild tachycardia, rhythm disturbancies, tremor and metabolic effects 
mainly observed with prolonged high-level dosing and due to activation of 
secondary targets (reviewed in [174]). Moreover, several studies have confirmed that 
chronic use of β2-agonists can result in increased AHR [174-176] and frequency of 
exacerbations, which are related to the epidemics of morbidity and mortality 
associated with β2-agonists therapy [177]. Treatment with β2-agonists for 7 days has 
also been shown to have adverse effect on the late asthmatic response to allergen, 
with increased sputum eosiniphilic content [178, 179], suggesting that β2-agonists 
may potentiate allergic inflammation in the airways. Hence, alternatives have been 
considered for the therapeutic treatment of airway diseases. Some of the beneficial 
effects of β2-agonists are mimicked by other cAMP-elevating agents, such as PDE 
inhibitors and prostaglandin E2 (PGE2) [180, 181]. However, PGE2 has been shown 
to cause ASM contraction at low dose and to enhance release of some inflammatory 
cytokines [182, 183]. On the other hand, selective PDE inhibitors have entered 
clinical trials to determine their efficacy/usefulness in the treatment of asthma and 
COPD although their usage is limited by their systemic side effects [184, 185]. 
Hence, given the importance of cAMP signaling in the (patho)physiology and 
treatment of airway diseases, investigations into its mechanisms of action is of 
scientific and clinical relevance. 
 
Epac in the lung 

As a newly discovered effector in the cAMP signaling cascade able to modulate 
universal pivotal processes [186], researchers have started to speculate on the 
importance of Epac in lung physiology and its contribution to disease development. 
In the last years, expression of Epac1 and Epac2 in several lung cell types has been 
successfully evaluated. Epac1 and Epac2 mRNA expression was found in lung 
mesenchyme and airway epithelium of mouse embryos at different developmental 



Chapter 1 
 

 24 

stages [25]. In human pulmonary fibroblasts, mRNA and protein expression for 
Epac1, but not Epac2, was detected [31, 32]. Epac1 is also expressed in human and 
rat alveolar macrophages and mice dendritic cells [187]. Studies of Epac expression 
under pathophysiological conditions are limited although the COPD-associated 
fibrogenic factor transforming growth factor-β (TGF-β) was shown to down-regulate 
Epac1 expression in human lung fibroblast, which leads to the induction of fibrosis 
[188]. Importantly, recent studies have shown an anti-proliferative effect of Epac in 
both ASM cells and pulmonary fibroblasts, via yet unknown mechanisms [31, 32, 
90].  
Furthermore, Epac positively regulates endothelial barrier function in pulmonary 
artery endothelial cells via Rap-induced activation of Rac and inhibition of Rho [58]. 
Epac/Rap also regulates cell adhesion to the ECM protein laminin-5 [69], which acts 
as an adaptor for growth factor-induced invasive growth in lung cancer [189]. In 
models of inflammation, Epac was shown to mediate the anti-inflammatory effects 
of the Gs-coupled A2a adenosine receptor [190]. This response involved Epac-
dependent inhibition of nuclear factor-κB and modulation of gene expression upon 
activation of the ECM protein hyaluronan [190]. Finally, activation of Epac 
suppressed phagocytosis in alveolar macrophages and inhibited the release of 
inflammatory chemokines by lipopolisaccaride upon activation of PKB/Akt and 
subsequent inhibition of glycogen synthase kinase-3 (GSK3) [60, 63, 64]. 
Importantly, activation of Epac in a mouse macrophage cell line increased the 
production of pro-inflammatory mediators [65], indicating that effects of Epac might 
be cell type-dependent.  
Despite the growing body of data on Epac signaling in the lung, only few reports 
have addressed the role of Epac in β2-agonists/cAMP mediated responses such as 
regulation of inflammation and cell proliferation. Moreover, no studies have 
unraveled the potential role of Epac in ASM contraction. In fact, although Spicuzza 
et al. described the relaxant effect of the β2-agonist isoproterenol in intact guinea pig 
ASM as PKA-independent, the authors did not address the contribution of Epac in 
this effect [11]. Compartmentalization and/or clustering of Epac to cAMP-signaling 
complexes in the airways has not been studied yet and the role of Epac in ASM 
phenotype and function remains mostly unexplored. Hence, such studies are 
warranted to identify novel pathways of cAMP signaling which may mediate β2-
agonists effects in the lung, and might eventually help to obtain a safer and more 
targeted intervention in airway diseases. 
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Scope of the thesis 

Based on the above-mentioned observations, we started to characterize Epac 
signaling in ASM, its role in ASM phenotype and function and its interconnectivity 
with PKA. To this aim, we used a combination of in vitro and ex-vivo settings. 
Cellular and tissue effects of Epac and PKA in ASM contractile, proliferative and 
secretory functions and phenotypic regulation in different species including human 
were compared to the effects of intracellular or extracellular cAMP-elevating agents. 
Dissection of Epac and PKA-driven signaling was achieved upon specific 
activation/inhibition of the two effectors, by using various pharmacological and 
molecular tools. The distinct roles of Epac and PKA in the regulation of ASM 
responses were embedded into physiological and pathophysiological settings using 
human primary ASM cells and tissues and airway samples from COPD patients. 
 
Chapter 2 highlights the multi-faceted effectors and diverse biological functions 
driven by Epac proteins that might explain certain controversial signaling properties 
of cAMP in inflammation and cell proliferation. 

Chapter 3 provides the characterization of Epac expression and signaling properties 
in human ASM and bronchial epithelial cells. Activation of Rap GTPases and other 
downstream effectors, such as ERK1/2, JNK, and MMP-9, by Epac was also 
evaluated in both cell types, and phoshorylation of PKB/Akt and GSK-3 was 
analyzed in ASM cells. Moreover, the capability of Epac to signal to regulators of 
inflammatory, proliferative and contractile responses was evaluated by kinome 
peptide microarray analysis. These findings delineate the potential contribution of 
Epac to lung physiology and pathophysiology. 

Potential contributions of Epac and PKA to airway inflammation in asthma and 
COPD are described in chapters 4 and 5, respectively. To this aim, human ASM 
cells were stimulated with the asthma-associated inflammatory mediator bradykinin 
or with with the COPD-associated pathogenic factor cigarette smoke, both known to 
induce IL-8 from ASM cells [191, 192]. The role of the two cAMP effectors was 
investigated by pharmacological inhibition (PKA) and by silencing RNA (Epac), and 
the effects of Epac and PKA were assessed by using selective activators. Moreover, 
the potential signaling mechanisms involved were investigated as well as the 
interconnectivity between the two cAMP effectors. The effect of cigerette smoke on 
mRNA and protein expression of Epac and PKA in immortalized and primary 
human ASM cells was also assessed (chapter 5). Importantly, these latter findings 
were translated into a pathophysiological context, by using lung samples derived 
from COPD patients and asymptomatic smokers. 

In chapter 6, the issue of cAMP-signal compartmentalization in human ASM cells 
was addressed. Subcellular localization and (re)distribution of Epac was 
characterized in resting and stimulated ASM cells. The involvement of AKAPs and 
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caveolae in cAMP compartmentalization and potential functional consequences on 
IL-8 release from ASM cells were investigated. 

Chapter 7 describes the anti-spasmogenic role of Epac in pre-contracted guinea pig 
tracheal preparations. Molecular mechanisms of this effect were investigated by 
studying the activation of Rac1 and RhoA and the phosphorylation of MLC upon 
methacholine treatment in the absence or presence of the Epac activator 8-pCPT-2′-
O-Me-cAMP. Importantly, the functional role of Epac in regulating ASM tone and 
the molecular mechanisms involved were also studied using human ASM strip 
preparations and cultured immortalized and primary human ASM cells. 

Chapters 8 and 9 address the roles of Epac and PKA in regulating PDGF-induced 
modulation of ASM phenotype and function, characterized by reduced contractility 
and contractile protein expression and increased cell proliferation [154]. In chapter 
8, the effects of Epac and PKA on PDGF-induced phenotypic modulation of bovine 
tracheal smooth muscle (BTSM) were evaluated. To this aim, BTSM strips were 
cultured for 4 days with or without  PDGF in the presence of selective Epac and 
PKA activators, and contractility and contractile protein expression were determined. 
In addition, cultured BTSM cells were treated under similar conditions, to study the 
impact of Epac and PKA on mitogen-induced cell proliferation. Moreover, potential 
signaling mechanisms involved (ERK1/2 and p70S6K) in the phenotypic changes 
were investigated. In chapter 9, some of the findings observed in bovine 
preparations were translated into human preparations. Thus, the effect of prolonged 
treatment of isolated human tracheal smooth muscle preparations with the selective 
Epac and PKA activators in the presence of PDGF was evaluated, and contractile 
and proliferative functions were assessed.  
 
References 

 1.  Beavo JA, Brunton LL: Cyclic nucleotide research -- still expanding after half a century. 
Nat Rev Mol Cell Biol 2002, 3: 710-718. 

 2.  Johnson M: The beta-adrenoceptor. Am J Respir Crit Care Med 1998, 158: S146-S153. 
 3.  Houslay MD: Adaptation in cyclic AMP signalling processes: a central role for cyclic 

AMP phosphodiesterases. Semin Cell Dev Biol 1998, 9: 161-167. 
 4.  Patel HH, Murray F, Insel PA: G-protein-coupled receptor-signaling components in 

membrane raft and caveolae microdomains. Handb Exp Pharmacol 2008, 167-184. 
 5.  Patel HH, Insel PA: Lipid rafts and caveolae and their role in compartmentation of redox 

signaling. Antioxid Redox Signal 2009, 11: 1357-1372. 
 6.  Di BG, Zoccarato A, Lissandron V, Terrin A, Li X, Houslay MD, Baillie GS, Zaccolo M: 

Protein kinase A type I and type II define distinct intracellular signaling compartments. 
Circ Res 2008, 103: 836-844. 

 7.  Zaccolo M, Pozzan T: Discrete microdomains with high concentration of cAMP in 
stimulated rat neonatal cardiac myocytes. Science 2002, 295: 1711-1715. 

 8.  Zaccolo M: cAMP signal transduction in the heart: understanding spatial control for the 
development of novel therapeutic strategies. Br J Pharmacol 2009, 158: 50-60. 

 9.  Tasken K, Aandahl EM: Localized effects of cAMP mediated by distinct routes of protein 
kinase A. Physiol Rev 2004, 84: 137-167. 



General introduction 
 

 27 

 10.  Giembycz MA, Newton R: Beyond the dogma: novel beta2-adrenoceptor signalling in the 
airways. Eur Respir J 2006, 27: 1286-1306. 

 11.  Spicuzza L, Belvisi MG, Birrell MA, Barnes PJ, Hele DJ, Giembycz MA: Evidence that the 
anti-spasmogenic effect of the beta-adrenoceptor agonist, isoprenaline, on guinea-pig 
trachealis is not mediated by cyclic AMP-dependent protein kinase. Br J Pharmacol 2001, 
133: 1201-1212. 

 12.  de RJ, Zwartkruis FJ, Verheijen MH, Cool RH, Nijman SM, Wittinghofer A, Bos JL: Epac is 
a Rap1 guanine-nucleotide-exchange factor directly activated by cyclic AMP. Nature 
1998, 396: 474-477. 

 13.  Scott JD: Cyclic nucleotide-dependent protein kinases. Pharmacol Ther 1991, 50: 123-145. 
 14.  Reimann EM, Walsh DA, Krebs EG: Purification and properties of rabbit skeletal muscle 

adenosine 3',5'-monophosphate-dependent protein kinases. J Biol Chem 1971, 246: 1986-
1995. 

 15.  Heller WT, Vigil D, Brown S, Blumenthal DK, Taylor SS, Trewhella J: C subunits binding 
to the protein kinase A RI alpha dimer induce a large conformational change. J Biol 
Chem 2004, 279: 19084-19090. 

 16.  Kopperud R, Christensen AE, Kjarland E, Viste K, Kleivdal H, Doskeland SO: Formation of 
inactive cAMP-saturated holoenzyme of cAMP-dependent protein kinase under 
physiological conditions. J Biol Chem 2002, 277: 13443-13448. 

 17.  Shabb JB: Physiological substrates of cAMP-dependent protein kinase. Chem Rev 2001, 
101: 2381-2411. 

 18.  Hofmann F, Bechtel PJ, Krebs EG: Concentrations of cyclic AMP-dependent protein 
kinase subunits in various tissues. J Biol Chem 1977, 252: 1441-1447. 

 19.  Pariset C, Feinberg J, Dacheux JL, Oyen O, Jahnsen T, Weinman S: Differential expression 
and subcellular localization for subunits of cAMP-dependent protein kinase during ram 
spermatogenesis. J Cell Biol 1989, 109: 1195-1205. 

 20.  Pidoux G, Tasken K: Specificity and spatial dynamics of protein kinase A signaling 
organized by A-kinase-anchoring proteins. J Mol Endocrinol 2010, 44: 271-284. 

 21.  Niimura M, Miki T, Shibasaki T, Fujimoto W, Iwanaga T, Seino S: Critical role of the N-
terminal cyclic AMP-binding domain of Epac2 in its subcellular localization and 
function. J Cell Physiol 2009, 219: 652-658. 

 22.  Li Y, Asuri S, Rebhun JF, Castro AF, Paranavitana NC, Quilliam LA: The RAP1 guanine 
nucleotide exchange factor Epac2 couples cyclic AMP and Ras signals at the plasma 
membrane. J Biol Chem 2006, 281: 2506-2514. 

 23.  Rehmann H, Schwede F, Doskeland SO, Wittinghofer A, Bos JL: Ligand-mediated 
activation of the cAMP-responsive guanine nucleotide exchange factor Epac. J Biol 
Chem 2003, 278: 38548-38556. 

 24.  Rehmann H, Das J, Knipscheer P, Wittinghofer A, Bos JL: Structure of the cyclic-AMP-
responsive exchange factor Epac2 in its auto-inhibited state. Nature 2006, 439: 625-628. 

 25.  Grandoch M, Roscioni SS, Schmidt M: The role of Epac proteins, novel cAMP mediators, 
in the regulation of immune, lung and neuronal function. Br J Pharmacol 2010, 159: 265-
284. 

 26.  Ulucan C, Wang X, Baljinnyam E, Bai YZ, Okumura S, Sato M, Minamisawa S, Hirotani S, 
Ishikawa Y: Developmental changes in gene expression of Epac and its upregulation in 
myocardial hypertrophy. Am J Physiol Heart Circ Physiol 2007,  

 27.  Qiao J, Mei FC, Popov VL, Vergara LA, Cheng X: Cell cycle-dependent subcellular 
localization of exchange factor directly activated by cAMP. J Biol Chem 2002, 277: 
26581-26586. 

 28.  DiPilato LM, Cheng X, Zhang J: Fluorescent indicators of cAMP and Epac activation 
reveal differential dynamics of cAMP signaling within discrete subcellular 
compartments. Proc Natl Acad Sci U S A 2004, 101: 16513-16518. 



Chapter 1 
 

 28 

 29.  Ponsioen B, Zhao J, Riedl J, Zwartkruis F, van der KG, Zaccolo M, Moolenaar WH, Bos JL, 
Jalink K: Detecting cAMP-induced Epac activation by fluorescence resonance energy 
transfer: Epac as a novel cAMP indicator. EMBO Rep 2004, 5: 1176-1180. 

 30.  Ponsioen B, Gloerich M, Ritsma L, Rehmann H, Bos JL, Jalink K: Direct spatial control of 
Epac1 by cyclic AMP. Mol Cell Biol 2009, 29: 2521-2531. 

 31.  Haag S, Warnken M, Juergens UR, Racke K: Role of Epac1 in mediating anti-proliferative 
effects of prostanoid EP(2) receptors and cAMP in human lung fibroblasts. Naunyn 
Schmiedebergs Arch Pharmacol 2008, 378: 617-630. 

 32.  Huang SK, Wettlaufer SH, Chung J, Peters-Golden M: Prostaglandin E2 Inhibits Specific 
Lung Fibroblast Functions Via Selective Actions of PKA and Epac-1. Am J Respir Cell 
Mol Biol 2008, 39: 482-489. 

 33.  Huston E, Lynch MJ, Mohamed A, Collins DM, Hill EV, MacLeod R, Krause E, Baillie GS, 
Houslay MD: EPAC and PKA allow cAMP dual control over DNA-PK nuclear 
translocation. Proc Natl Acad Sci U S A 2008, 105: 12791-12796. 

 34.  Hochbaum D, Hong K, Barila G, Ribeiro-Neto F, Altschuler DL: Epac, in synergy with 
cAMP-dependent protein kinase (PKA), is required for cAMP-mediated mitogenesis. J 
Biol Chem 2008, 283: 4464-4468. 

 35.  Petersen RK, Madsen L, Pedersen LM, Hallenborg P, Hagland H, Viste K, Doskeland SO, 
Kristiansen K: Cyclic AMP (cAMP)-mediated stimulation of adipocyte differentiation 
requires the synergistic action of Epac- and cAMP-dependent protein kinase-dependent 
processes. Mol Cell Biol 2008, 28: 3804-3816. 

 36.  Dao KK, Teigen K, Kopperud R, Hodneland E, Schwede F, Christensen AE, Martinez A, 
Doskeland SO: Epac1 and cAMP-dependent protein kinase holoenzyme have similar 
cAMP affinity, but their cAMP domains have distinct structural features and cyclic 
nucleotide recognition. J Biol Chem 2006, 281: 21500-21511. 

 37.  Beene DL, Scott JD: A-kinase anchoring proteins take shape. Curr Opin Cell Biol 2007, 
19: 192-198. 

 38.  Dodge-Kafka KL, Soughayer J, Pare GC, Carlisle Michel JJ, Langeberg LK, Kapiloff MS, 
Scott JD: The protein kinase A anchoring protein mAKAP coordinates two integrated 
cAMP effector pathways. Nature 2005, 437: 574-578. 

 39.  McConnachie G, Langeberg LK, Scott JD: AKAP signaling complexes: getting to the heart 
of the matter. Trends Mol Med 2006, 12: 317-323. 

 40.  Nijholt IM, Dolga AM, Ostroveanu A, Luiten PG, Schmidt M, Eisel UL: Neuronal 
AKAP150 coordinates PKA and Epac-mediated PKB/Akt phosphorylation. Cell Signal 
2008, 20: 1715-1724. 

 41.  Poppe H, Rybalkin SD, Rehmann H, Hinds TR, Tang XB, Christensen AE, Schwede F, 
Genieser HG, Bos JL, Doskeland SO, Beavo JA, Butt E: Cyclic nucleotide analogs as 
probes of signaling pathways. Nat Methods 2008, 5: 277-278. 

 42.  Christensen AE, Selheim F, de RJ, Dremier S, Schwede F, Dao KK, Martinez A, Maenhaut C, 
Bos JL, Genieser HG, Doskeland SO: cAMP analog mapping of Epac1 and cAMP kinase. 
Discriminating analogs demonstrate that Epac and cAMP kinase act synergistically to 
promote PC-12 cell neurite extension. J Biol Chem 2003, 278: 35394-35402. 

 43.  Holz GG, Chepurny OG, Schwede F: Epac-selective cAMP analogs: new tools with which 
to evaluate the signal transduction properties of cAMP-regulated guanine nucleotide 
exchange factors. Cell Signal 2008, 20: 10-20. 

 44.  Vliem MJ, Ponsioen B, Schwede F, Pannekoek WJ, Riedl J, Kooistra MR, Jalink K, Genieser 
HG, Bos JL, Rehmann H: 8-pCPT-2'-O-Me-cAMP-AM: an improved Epac-selective 
cAMP analogue. Chembiochem 2008, 9: 2052-2054. 

 45.  Laxman S, Riechers A, Sadilek M, Schwede F, Beavo JA: Hydrolysis products of cAMP 
analogs cause transformation of Trypanosoma brucei from slender to stumpy-like forms. 
Proc Natl Acad Sci U S A 2006, 103: 19194-19199. 



General introduction 
 

 29 

 46.  Botelho LH, Rothermel JD, Coombs RV, Jastorff B: cAMP analog antagonists of cAMP 
action. Methods Enzymol 1988, 159: 159-172. 

 47.  Gjertsen BT, Mellgren G, Otten A, Maronde E, Genieser HG, Jastorff B, Vintermyr OK, 
McKnight GS, Doskeland SO: Novel (Rp)-cAMPS analogs as tools for inhibition of 
cAMP-kinase in cell culture. Basal cAMP-kinase activity modulates interleukin-1 beta 
action. J Biol Chem 1995, 270: 20599-20607. 

 48.  Shibasaki T, Takahashi H, Miki T, Sunaga Y, Matsumura K, Yamanaka M, Zhang C, 
Tamamoto A, Satoh T, Miyazaki J, Seino S: Essential role of Epac2/Rap1 signaling in 
regulation of insulin granule dynamics by cAMP. Proc Natl Acad Sci U S A 2007, 104: 
19333-19338. 

 49.  Borland G, Smith BO, Yarwood SJ: EPAC proteins transduce diverse cellular actions of 
cAMP. Br J Pharmacol 2009, 158: 70-86. 

 50.  Bos JL: Epac: a new cAMP target and new avenues in cAMP research. Nat Rev Mol Cell 
Biol 2003, 4: 733-738. 

 51.  Bos JL: Epac proteins: multi-purpose cAMP targets. Trends Biochem Sci 2006, 31: 680-
686. 

 52.  Gloerich M, Bos JL: Epac: defining a new mechanism for cAMP action. Annu Rev 
Pharmacol Toxicol 2010, 50: 355-375. 

 53.  Mehta D, Malik AB: Signaling mechanisms regulating endothelial permeability. Physiol 
Rev 2006, 86: 279-367. 

 54.  Yuan SY: Protein kinase signaling in the modulation of microvascular permeability. 
Vascular Pharmacology 2002, 39: 213-223. 

 55.  Cullere X, Shaw SK, Andersson L, Hirahashi J, Luscinskas FW, Mayadas TN: Regulation of 
vascular endothelial barrier function by Epac, a cAMP-activated exchange factor for 
Rap GTPase. Blood 2005, 105: 1950-1955. 

 56.  Fukuhara S, Sakurai A, Sano H, Yamagishi A, Somekawa S, Takakura N, Saito Y, Kangawa 
K, Mochizuki N: Cyclic AMP potentiates vascular endothelial cadherin-mediated cell-
cell contact to enhance endothelial barrier function through an Epac-Rap1 signaling 
pathway. Mol Cell Biol 2005, 25: 136-146. 

 57.  Kooistra MR, Corada M, Dejana E, Bos JL: Epac1 regulates integrity of endothelial cell 
junctions through VE-cadherin. FEBS Lett 2005, 579: 4966-4972. 

 58.  Birukova AA, Burdette D, Moldobaeva N, Xing J, Fu P, Birukov KG: Rac GTPase is a hub 
for protein kinase A and Epac signaling in endothelial barrier protection by cAMP. 
Microvasc Res 2010, 79: 128-138. 

 59.  Sehrawat S, Cullere X, Patel S, Italiano J, Jr., Mayadas TN: Role of Epac1, an exchange 
factor for Rap GTPases, in endothelial microtubule dynamics and barrier function. Mol 
Biol Cell 2008, 19: 1261-1270. 

 60.  Aronoff DM, Canetti C, Serezani CH, Luo M, Peters-Golden M: Cutting edge: macrophage 
inhibition by cyclic AMP (cAMP): differential roles of protein kinase A and exchange 
protein directly activated by cAMP-1. J Immunol 2005, 174: 595-599. 

 61.  Zidek Z: Adenosine - cyclic AMP pathways and cytokine expression. Eur Cytokine Netw 
1999, 10: 319-328. 

 62.  Sands WA, Woolson HD, Milne GR, Rutherford C, Palmer TM: Exchange protein 
activated by cyclic AMP (Epac)-mediated induction of suppressor of cytokine signaling 
3 (SOCS-3) in vascular endothelial cells. Mol Cell Biol 2006, 26: 6333-6346. 

 63.  Jing H, Yen JH, Ganea D: A novel signaling pathway mediates the inhibition of CCL3/4 
expression by prostaglandin E2. J Biol Chem 2004, 279: 55176-55186. 

 64.  Xu XJ, Reichner JS, Mastrofrancesco B, Henry WL, Jr., Albina JE: Prostaglandin E2 
suppresses lipopolysaccharide-stimulated IFN-beta production. J Immunol 2008, 180: 
2125-2131. 



Chapter 1 
 

 30 

 65.  Tan KS, Nackley AG, Satterfield K, Maixner W, Diatchenko L, Flood PM: Beta2 adrenergic 
receptor activation stimulates pro-inflammatory cytokine production in macrophages 
via PKA- and NF-kappaB-independent mechanisms. Cell Signal 2007, 19: 251-260. 

 66.  Lorenowicz MJ, van GJ, de BM, Hordijk PL, Fernandez-Borja M: Epac1-Rap1 signaling 
regulates monocyte adhesion and chemotaxis. J Leukoc Biol 2006, 80: 1542-1552. 

 67.  Shimonaka M, Katagiri K, Nakayama T, Fujita N, Tsuruo T, Yoshie O, Kinashi T: Rap1 
translates chemokine signals to integrin activation, cell polarization, and motility across 
vascular endothelium under flow. J Cell Biol 2003, 161: 417-427. 

 68.  Bos JL: Linking Rap to cell adhesion. Curr Opin Cell Biol 2005, 17: 123-128. 
 69.  Enserink JM, Price LS, Methi T, Mahic M, Sonnenberg A, Bos JL, Tasken K: The cAMP-

Epac-Rap1 pathway regulates cell spreading and cell adhesion to laminin-5 through the 
alpha3beta1 integrin but not the alpha6beta4 integrin. J Biol Chem 2004, 279: 44889-
44896. 

 70.  Bryn T, Mahic M, Enserink JM, Schwede F, Aandahl EM, Tasken K: The cyclic AMP-
Epac1-Rap1 pathway is dissociated from regulation of effector functions in monocytes 
but acquires immunoregulatory function in mature macrophages. J Immunol 2006, 176: 
7361-7370. 

 71.  Lohse MJ, Engelhardt S, Eschenhagen T: What is the role of beta-adrenergic signaling in 
heart failure? Circ Res 2003, 93: 896-906. 

 72.  Oestreich EA, Malik S, Goonasekera SA, Blaxall BC, Kelley GG, Dirksen RT, Smrcka AV: 
Epac and phospholipase Cepsilon regulate Ca2+ release in the heart by activation of 
protein kinase Cepsilon and calcium-calmodulin kinase II. J Biol Chem 2009, 284: 1514-
1522. 

 73.  Pereira L, Metrich M, Fernandez-Velasco M, Lucas A, Leroy J, Perrier R, Morel E, 
Fischmeister R, Richard S, Benitah JP, Lezoualc'h F, Gomez AM: The cAMP binding 
protein Epac modulates Ca2+ sparks by a Ca2+/calmodulin kinase signalling pathway 
in rat cardiac myocytes. J Physiol 2007, 583: 685-694. 

 74.  Oestreich EA, Wang H, Malik S, Kaproth-Joslin KA, Blaxall BC, Kelley GG, Dirksen RT, 
Smrcka AV: Epac-mediated activation of phospholipase C(epsilon) plays a critical role 
in beta-adrenergic receptor-dependent enhancement of Ca2+ mobilization in cardiac 
myocytes. J Biol Chem 2007, 282: 5488-5495. 

 75.  Wang H, Oestreich EA, Maekawa N, Bullard TA, Vikstrom KL, Dirksen RT, Kelley GG, 
Blaxall BC, Smrcka AV: Phospholipase C epsilon modulates beta-adrenergic receptor-
dependent cardiac contraction and inhibits cardiac hypertrophy. Circ Res 2005, 97: 
1305-1313. 

 76.  Somekawa S, Fukuhara S, Nakaoka Y, Fujita H, Saito Y, Mochizuki N: Enhanced 
functional gap junction neoformation by protein kinase A-dependent and Epac-
dependent signals downstream of cAMP in cardiac myocytes. Circ Res 2005, 97: 655-662. 

 77.  Deshpande DA, Penn RB: Targeting G protein-coupled receptor signaling in asthma. Cell 
Signal 2006, 18: 2105-2120. 

 78.  de Lanerolle P., Paul RJ: Myosin phosphorylation/dephosphorylation and regulation of 
airway smooth muscle contractility. Am J Physiol 1991, 261: L1-14. 

 79.  Gosens R, Schaafsma D, Nelemans SA, Halayko AJ: Rho-kinase as a drug target for the 
treatment of airway hyperrespon-siveness in asthma. Mini Rev Med Chem 2006, 6: 339-
348. 

 80.  Scheid CR, Honeyman TW, Fay FS: Mechanism of beta-adrenergic relaxation of smooth 
muscle. Nature 1979, 277: 32-36. 

 81.  Ribeiro-Neto F, Urbani J, Lemee N, Lou L, Altschuler DL: On the mitogenic properties of 
Rap1b: cAMP-induced G(1)/S entry requires activated and phosphorylated Rap1b. Proc 
Natl Acad Sci U S A 2002, 99: 5418-5423. 

 82.  Ammit AJ, Panettieri RA, Jr.: Invited review: the circle of life: cell cycle regulation in 
airway smooth muscle. J Appl Physiol 2001, 91: 1431-1437. 



General introduction 
 

 31 

 83.  Cook SJ, McCormick F: Inhibition by cAMP of Ras-dependent activation of Raf. Science 
1993, 262: 1069-1072. 

 84.  Stork PJ, Schmitt JM: Crosstalk between cAMP and MAP kinase signaling in the 
regulation of cell proliferation. Trends Cell Biol 2002, 12: 258-266. 

 85.  Bornfeldt KE, Krebs EG: Crosstalk between protein kinase A and growth factor receptor 
signaling pathways in arterial smooth muscle. Cell Signal 1999, 11: 465-477. 

 86.  Hsueh YP, Lai MZ: c-Jun N-terminal kinase but not mitogen-activated protein kinase is 
sensitive to cAMP inhibition in T lymphocytes. J Biol Chem 1995, 270: 18094-18098. 

 87.  Musa NL, Ramakrishnan M, Li J, Kartha S, Liu P, Pestell RG, Hershenson MB: Forskolin 
inhibits cyclin D1 expression in cultured airway smooth-muscle cells. Am J Respir Cell 
Mol Biol 1999, 20: 352-358. 

 88.  Stewart AG, Tomlinson PR, Wilson JW: Beta 2-adrenoceptor agonist-mediated inhibition 
of human airway smooth muscle cell proliferation: importance of the duration of beta 2-
adrenoceptor stimulation. Br J Pharmacol 1997, 121: 361-368. 

 89.  Fuld S, Borland G, Yarwood SJ: Elevation of cyclic AMP in Jurkat T-cells provokes 
distinct transcriptional responses through the protein kinase A (PKA) and exchange 
protein activated by cyclic AMP (EPAC) pathways. Exp Cell Res 2005, 309: 161-173. 

 90.  Kassel KM, Wyatt TA, Panettieri RA, Jr., Toews ML: Inhibition of human airway smooth 
muscle cell proliferation by beta 2-adrenergic receptors and cAMP is PKA independent: 
evidence for EPAC involvement. Am J Physiol Lung Cell Mol Physiol 2008, 294: L131-
L138. 

 91.  Keiper M, Stope MB, Szatkowski D, Bohm A, Tysack K, Vom DF, Saur O, Oude Weernink 
PA, Evellin S, Jakobs KH, Schmidt M: Epac- and Ca2+ -controlled activation of Ras and 
extracellular signal-regulated kinases by Gs-coupled receptors. J Biol Chem 2004, 279: 
46497-46508. 

 92.  Asha H, de Ruiter ND, Wang MG, Hariharan IK: The Rap1 GTPase functions as a 
regulator of morphogenesis in vivo. EMBO J 1999, 18: 605-615. 

 93.  Dupuy AG, L'Hoste S, Cherfils J, Camonis J, Gaudriault G, de GJ: Novel Rap1 dominant-
negative mutants interfere selectively with C3G and Epac. Oncogene 2005, 24: 4509-
4520. 

 94.  Choi SC, Han JK: Rap2 is required for Wnt/beta-catenin signaling pathway in Xenopus 
early development. EMBO J 2005, 24: 985-996. 

 95.  Kitayama H, Sugimoto Y, Matsuzaki T, Ikawa Y, Noda M: A ras-related gene with 
transformation suppressor activity. Cell 1989, 56: 77-84. 

 96.  Lorenz R, Aleksic T, Wagner M, Adler G, Weber CK: The cAMP/Epac1/Rap1 pathway in 
pancreatic carcinoma. Pancreas 2008, 37: 102-103. 

 97.  Kiermayer S, Biondi RM, Imig J, Plotz G, Haupenthal J, Zeuzem S, Piiper A: Epac 
activation converts cAMP from a proliferative into a differentiation signal in PC12 cells. 
Mol Biol Cell 2005, 16: 5639-5648. 

 98.  Shi GX, Rehmann H, Andres DA: A novel cyclic AMP-dependent Epac-Rit signaling 
pathway contributes to PACAP38-mediated neuronal differentiation. Mol Cell Biol 2006, 
26: 9136-9147. 

 99.  Masoli M, Fabian D, Holt S, Beasley R: The global burden of asthma: executive summary 
of the GINA Dissemination Committee report. Allergy 2004, 59: 469-478. 

 100.  Pauwels RA, Rabe KF: Burden and clinical features of chronic obstructive pulmonary 
disease (COPD). Lancet 2004, 364: 613-620. 

 101.  Louis R, Lau LC, Bron AO, Roldaan AC, Radermecker M, Djukanovic R: The relationship 
between airways inflammation and asthma severity. Am J Respir Crit Care Med 2000, 
161: 9-16. 

 102.  Hogg JC, Timens W: The pathology of chronic obstructive pulmonary disease. Annu Rev 
Pathol 2009, 4: 435-459. 



Chapter 1 
 

 32 

 103.  Jeffery PK: Remodeling in asthma and chronic obstructive lung disease. Am J Respir Crit 
Care Med 2001, 164: S28-S38. 

 104.  Guerra S: Overlap of asthma and chronic obstructive pulmonary disease. Curr Opin 
Pulm Med 2005, 11: 7-13. 

 105.  Barnes PJ: The cytokine network in asthma and chronic obstructive pulmonary disease. 
J Clin Invest 2008, 118: 3546-3556. 

 106.  Holgate ST, Davies DE, Lackie PM, Wilson SJ, Puddicombe SM, Lordan JL: Epithelial-
mesenchymal interactions in the pathogenesis of asthma. J Allergy Clin Immunol 2000, 
105: 193-204. 

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

 108.  Cockcroft DW, Davis BE: Mechanisms of airway hyperresponsiveness. J Allergy Clin 
Immunol 2006, 118: 551-559. 

 109.  Lambert RK, Wiggs BR, Kuwano K, Hogg JC, Pare PD: Functional significance of 
increased airway smooth muscle in asthma and COPD. J Appl Physiol 1993, 74: 2771-
2781. 

 110.  Postma DS, Kerstjens HA: Characteristics of airway hyperresponsiveness in asthma and 
chronic obstructive pulmonary disease. Am J Respir Crit Care Med 1998, 158: S187-S192. 

 111.  Xu X, Rijcken B, Schouten JP, Weiss ST: Airways responsiveness and development and 
remission of chronic respiratory symptoms in adults. Lancet 1997, 350: 1431-1434. 

 112.  Peat JK, Woolcock AJ, Cullen K: Rate of decline of lung function in subjects with asthma. 
Eur J Respir Dis 1987, 70: 171-179. 

 113.  Van Schayck CP, Dompeling E, Van Herwaarden CL, Wever AM, van WC: Interacting 
effects of atopy and bronchial hyperresponsiveness on the annual decline in lung 
function and the exacerbation rate in asthma. Am Rev Respir Dis 1991, 144: 1297-1301. 

 114.  Pauwels RA, Buist AS, Calverley PM, Jenkins CR, Hurd SS: Global strategy for the 
diagnosis, management, and prevention of chronic obstructive pulmonary disease. 
NHLBI/WHO Global Initiative for Chronic Obstructive Lung Disease (GOLD) 
Workshop summary. Am J Respir Crit Care Med 2001, 163: 1256-1276. 

 115.  Platts-Mills TA, Wheatley LM: The role of allergy and atopy in asthma. Curr Opin Pulm 
Med 1996, 2: 29-34. 

 116.  Holgate ST: Asthma genetics: waiting to exhale. Nat Genet 1997, 15: 227-229. 
 117.  Bartlett NW, McLean GR, Chang YS, Johnston SL: Genetics and epidemiology: asthma 

and infection. Curr Opin Allergy Clin Immunol 2009, 9: 395-400. 
 118.  Liu MC, Hubbard WC, Proud D, Stealey BA, Galli SJ, Kagey-Sobotka A, Bleecker ER, 

Lichtenstein LM: Immediate and late inflammatory responses to ragweed antigen 
challenge of the peripheral airways in allergic asthmatics. Cellular, mediator, and 
permeability changes. Am Rev Respir Dis 1991, 144: 51-58. 

 119.  De Monchy JG, Kauffman HF, Venge P, Koeter GH, Jansen HM, Sluiter HJ, De VK: 
Bronchoalveolar eosinophilia during allergen-induced late asthmatic reactions. Am Rev 
Respir Dis 1985, 131: 373-376. 

 120.  Cornwell WD, Kim V, Song C, Rogers TJ: Pathogenesis of inflammation and repair in 
advanced COPD. Semin Respir Crit Care Med 2010, 31: 257-266. 

 121.  Humbles AA, Lloyd CM, McMillan SJ, Friend DS, Xanthou G, McKenna EE, Ghiran S, 
Gerard NP, Yu C, Orkin SH, Gerard C: A critical role for eosinophils in allergic airways 
remodeling. Science 2004, 305: 1776-1779. 

 122.  Barnes PJ: Immunology of asthma and chronic obstructive pulmonary disease. Nat Rev 
Immunol 2008, 8: 183-192. 

 123.  Kuwano K, Bosken CH, Pare PD, Bai TR, Wiggs BR, Hogg JC: Small airways dimensions 
in asthma and in chronic obstructive pulmonary disease. Am Rev Respir Dis 1993, 148: 
1220-1225. 



General introduction 
 

 33 

 124.  Carroll N, Elliot J, Morton A, James A: The structure of large and small airways in 
nonfatal and fatal asthma. Am Rev Respir Dis 1993, 147: 405-410. 

 125.  Kerstjens HA, Overbeek SE, Schouten JP, Brand PL, Postma DS: Airways 
hyperresponsiveness, bronchodilator response, allergy and smoking predict 
improvement in FEV1 during long-term inhaled corticosteroid treatment. Dutch 
CNSLD Study Group. Eur Respir J 1993, 6: 868-876. 

 126.  Jeffery PK: Comparison of the structural and inflammatory features of COPD and 
asthma. Giles F. Filley Lecture. Chest 2000, 117: 251S-260S. 

 127.  Postma DS, Timens W: Remodeling in asthma and chronic obstructive pulmonary 
disease. Proc Am Thorac Soc 2006, 3: 434-439. 

 128.  Ebina M, Takahashi T, Chiba T, Motomiya M: Cellular hypertrophy and hyperplasia of 
airway smooth muscles underlying bronchial asthma. A 3-D morphometric study. Am 
Rev Respir Dis 1993, 148: 720-726. 

 129.  Pare PD, Roberts CR, Bai TR, Wiggs BJ: The functional consequences of airway 
remodeling in asthma. Monaldi Arch Chest Dis 1997, 52: 589-596. 

 130.  Doherty DE: The pathophysiology of airway dysfunction. Am J Med 2004, 117 Suppl 12A: 
11S-23S. 

 131.  Briggs DD, Jr.: Chronic obstructive pulmonary disease overview: prevalence, 
pathogenesis, and treatment. J Manag Care Pharm 2004, 10: S3-10. 

 132.  Barnes PJ, Shapiro SD, Pauwels RA: Chronic obstructive pulmonary disease: molecular 
and cellular mechanisms. Eur Respir J 2003, 22: 672-688. 

 133.  Rabe KF, Hurd S, Anzueto A, Barnes PJ, Buist SA, Calverley P, Fukuchi Y, Jenkins C, 
Rodriguez-Roisin R, van WC, Zielinski J: Global strategy for the diagnosis, management, 
and prevention of chronic obstructive pulmonary disease: GOLD executive summary. 
Am J Respir Crit Care Med 2007, 176: 532-555. 

 134.  Mannino DM: COPD: epidemiology, prevalence, morbidity and mortality, and disease 
heterogeneity. Chest 2002, 121: 121S-126S. 

 135.  Barnes PJ: Against the Dutch hypothesis: asthma and chronic obstructive pulmonary 
disease are distinct diseases. Am J Respir Crit Care Med 2006, 174: 240-243. 

 136.  Tashkin DP, Altose MD, Bleecker ER, Connett JE, Kanner RE, Lee WW, Wise R: The lung 
health study: airway responsiveness to inhaled methacholine in smokers with mild to 
moderate airflow limitation. The Lung Health Study Research Group. Am Rev Respir 
Dis 1992, 145: 301-310. 

 137.  Tashkin DP, Altose MD, Connett JE, Kanner RE, Lee WW, Wise RA: Methacholine 
reactivity predicts changes in lung function over time in smokers with early chronic 
obstructive pulmonary disease. The Lung Health Study Research Group. Am J Respir 
Crit Care Med 1996, 153: 1802-1811. 

 138.  Bosken CH, Wiggs BR, Pare PD, Hogg JC: Small airway dimensions in smokers with 
obstruction to airflow. Am Rev Respir Dis 1990, 142: 563-570. 

 139.  Cosio MG, Hale KA, Niewoehner DE: Morphologic and morphometric effects of 
prolonged cigarette smoking on the small airways. Am Rev Respir Dis 1980, 122: 265-21. 

 140.  Saetta M, Di SA, Turato G, Facchini FM, Corbino L, Mapp CE, Maestrelli P, Ciaccia A, 
Fabbri LM: CD8+ T-lymphocytes in peripheral airways of smokers with chronic 
obstructive pulmonary disease. Am J Respir Crit Care Med 1998, 157: 822-826. 

 141.  Saetta M, Turato G, Baraldo S, Zanin A, Braccioni F, Mapp CE, Maestrelli P, Cavallesco G, 
Papi A, Fabbri LM: Goblet cell hyperplasia and epithelial inflammation in peripheral 
airways of smokers with both symptoms of chronic bronchitis and chronic airflow 
limitation. Am J Respir Crit Care Med 2000, 161: 1016-1021. 

 142.  Belmonte KE: Cholinergic pathways in the lungs and anticholinergic therapy for chronic 
obstructive pulmonary disease. Proc Am Thorac Soc 2005, 2: 297-304. 

 143.  Barnes PJ: Mechanisms in COPD: differences from asthma. Chest 2000, 117: 10S-14S. 



Chapter 1 
 

 34 

 144.  Finlay GA, Russell KJ, McMahon KJ, D'arcy EM, Masterson JB, FitzGerald MX, O'Connor 
CM: Elevated levels of matrix metalloproteinases in bronchoalveolar lavage fluid of 
emphysematous patients. Thorax 1997, 52: 502-506. 

 145.  Ohnishi K, Takagi M, Kurokawa Y, Satomi S, Konttinen YT: Matrix metalloproteinase-
mediated extracellular matrix protein degradation in human pulmonary emphysema. 
Lab Invest 1998, 78: 1077-1087. 

 146.  Matsuba K, Thurlbeck WM: The number and dimensions of small airways in 
emphysematous lungs. Am J Pathol 1972, 67: 265-275. 

 147.  Hogg JC, Chu F, Utokaparch S, Woods R, Elliott WM, Buzatu L, Cherniack RM, Rogers RM, 
Sciurba FC, Coxson HO, Pare PD: The nature of small-airway obstruction in chronic 
obstructive pulmonary disease. N Engl J Med 2004, 350: 2645-2653. 

 148.  Barbera JA, Peinado VI, Santos S: Pulmonary hypertension in chronic obstructive 
pulmonary disease. Eur Respir J 2003, 21: 892-905. 

 149.  Chung KF: The role of airway smooth muscle in the pathogenesis of airway wall 
remodeling in chronic obstructive pulmonary disease. Proc Am Thorac Soc 2005, 2: 347-
354. 

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

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

 152.  Dekkers BG, Maarsingh H, Meurs H, Gosens R: Airway structural components drive 
airway smooth muscle remodeling in asthma. Proc Am Thorac Soc 2009, 6: 683-692. 

 153.  Halayko AJ, Tran T, Gosens R: Phenotype and functional plasticity of airway smooth 
muscle: role of caveolae and caveolins. Proc Am Thorac Soc 2008, 5: 80-88. 

 154.  Gosens R, Meurs H, Bromhaar MM, McKay S, Nelemans SA, Zaagsma J: Functional 
characterization of serum- and growth factor-induced phenotypic changes in intact 
bovine tracheal smooth muscle. Br J Pharmacol 2002, 137: 459-466. 

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

 156.  Dekkers BG, Schaafsma D, Tran T, Zaagsma J, Meurs H: Insulin-induced laminin 
expression promotes a hypercontractile airway smooth muscle phenotype. Am J Respir 
Cell Mol Biol 2009, 41: 494-504. 

 157.  Schaafsma D, McNeill KD, Stelmack GL, Gosens R, Baarsma HA, Dekkers BG, Frohwerk E, 
Penninks JM, Sharma P, Ens KM, Nelemans SA, Zaagsma J, Halayko AJ, Meurs H: Insulin 
increases the expression of contractile phenotypic markers in airway smooth muscle. Am 
J Physiol Cell Physiol 2007, 293: C429-C439. 

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

 159.  Chung KF: Airway smooth muscle cells: contributing to and regulating airway mucosal 
inflammation? Eur Respir J 2000, 15: 961-968. 

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

 161.  Slats AM, Janssen K, van SA, van der Plas DT, Schot R, van den Aardweg JG, de Jongste JC, 
Hiemstra PS, Mauad T, Rabe KF, Sterk PJ: Expression of smooth muscle and extracellular 
matrix proteins in relation to airway function in asthma. J Allergy Clin Immunol 2008, 
121: 1196-1202. 

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

 163.  Sears MR, Taylor DR: The beta 2-agonist controversy. Observations, explanations and 
relationship to asthma epidemiology. Drug Saf 1994, 11: 259-283. 



General introduction 
 

 35 

 164.  Barnes PJ, Pride NB: Dose-response curves to inhaled beta-adrenoceptor agonists in 
normal and asthmatic subjects. Br J Clin Pharmacol 1983, 15: 677-682. 

 165.  Shore SA, Moore PE: Regulation of beta-adrenergic responses in airway smooth muscle. 
Respir Physiol Neurobiol 2003, 137: 179-195. 

 166.  Penn RB, Panettieri RA, Jr., Benovic JL: Mechanisms of acute desensitization of the 
beta2AR-adenylyl cyclase pathway in human airway smooth muscle. Am J Respir Cell 
Mol Biol 1998, 19: 338-348. 

 167.  Penn RB, Pascual RM, Kim YM, Mundell SJ, Krymskaya VP, Panettieri RA, Jr., Benovic JL: 
Arrestin specificity for G protein-coupled receptors in human airway smooth muscle. J 
Biol Chem 2001, 276: 32648-32656. 

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

 169.  Hawkins GA, Weiss ST, Bleecker ER: Clinical consequences of ADRbeta2 
polymorphisms. Pharmacogenomics 2008, 9: 349-358. 

 170.  Israel E, Drazen JM, Liggett SB, Boushey HA, Cherniack RM, Chinchilli VM, Cooper DM, 
Fahy JV, Fish JE, Ford JG, Kraft M, Kunselman S, Lazarus SC, Lemanske RF, Martin RJ, 
McLean DE, Peters SP, Silverman EK, Sorkness CA, Szefler SJ, Weiss ST, Yandava CN: 
The effect of polymorphisms of the beta(2)-adrenergic receptor on the response to 
regular use of albuterol in asthma. Am J Respir Crit Care Med 2000, 162: 75-80. 

 171.  Daaka Y, Luttrell LM, Lefkowitz RJ: Switching of the coupling of the beta2-adrenergic 
receptor to different G proteins by protein kinase A. Nature 1997, 390: 88-91. 

 172.  Howarth PH, Beckett P, Dahl R: The effect of long-acting beta2-agonists on airway 
inflammation in asthmatic patients. Respir Med 2000, 94 Suppl F: S22-S25. 

 173.  Wang ZL, Walker BA, Weir TD, Yarema MC, Roberts CR, Okazawa M, Pare PD, Bai TR: 
Effect of chronic antigen and beta 2 agonist exposure on airway remodeling in guinea 
pigs. Am J Respir Crit Care Med 1995, 152: 2097-2104. 

 174.  Sears MR: Adverse effects of beta-agonists. J Allergy Clin Immunol 2002, 110: S322-S328. 
 175.  Mazzoni L, Naef R, Chapman ID, Morley J: Hyperresponsiveness of the airways following 

exposure of guinea-pigs to racemic mixtures and distomers of beta 2-selective 
sympathomimetics. Pulm Pharmacol 1994, 7: 367-376. 

 176.  Page CP, Spina D: Beta2-agonists and bronchial hyperresponsiveness. Clin Rev Allergy 
Immunol 2006, 31: 143-162. 

 177.  Taylor DR, Sears MR, Herbison GP, Flannery EM, Print CG, Lake DC, Yates DM, Lucas 
MK, Li Q: Regular inhaled beta agonist in asthma: effects on exacerbations and lung 
function. Thorax 1993, 48: 134-138. 

 178.  Cockcroft DW, O'Byrne PM, Swystun VA, Bhagat R: Regular use of inhaled albuterol and 
the allergen-induced late asthmatic response. J Allergy Clin Immunol 1995, 96: 44-49. 

 179.  Gauvreau GM, Jordana M, Watson RM, Cockroft DW, O'Byrne PM: Effect of regular 
inhaled albuterol on allergen-induced late responses and sputum eosinophils in 
asthmatic subjects. Am J Respir Crit Care Med 1997, 156: 1738-1745. 

 180.  Billington CK, Joseph SK, Swan C, Scott MG, Jobson TM, Hall IP: Modulation of human 
airway smooth muscle proliferation by type 3 phosphodiesterase inhibition. Am J Physiol 
1999, 276: L412-L419. 

 181.  Florio C, Martin JG, Styhler A, Heisler S: Antiproliferative effect of prostaglandin E2 in 
cultured guinea pig tracheal smooth muscle cells. Am J Physiol 1994, 266: L131-L137. 

 182.  Clarke DL, Belvisi MG, Smith SJ, Hardaker E, Yacoub MH, Meja KK, Newton R, Slater DM, 
Giembycz MA: Prostanoid receptor expression by human airway smooth muscle cells 
and regulation of the secretion of granulocyte colony-stimulating factor. Am J Physiol 
Lung Cell Mol Physiol 2005, 288: L238-L250. 

 183.  Tilley SL, Hartney JM, Erikson CJ, Jania C, Nguyen M, Stock J, McNeisch J, Valancius C, 
Panettieri RA, Jr., Penn RB, Koller BH: Receptors and pathways mediating the effects of 



Chapter 1 
 

 36 

prostaglandin E2 on airway tone. Am J Physiol Lung Cell Mol Physiol 2003, 284: L599-
L606. 

 184.  Fan CK: Phosphodiesterase inhibitors in airways disease. Eur J Pharmacol 2006, 533: 
110-117. 

 185.  Lipworth BJ: Phosphodiesterase-4 inhibitors for asthma and chronic obstructive 
pulmonary disease. Lancet 2005, 365: 167-175. 

 186.  Holz GG, Kang G, Harbeck M, Roe MW, Chepurny OG: Cell physiology of cAMP sensor 
Epac. J Physiol 2006, 577: 5-15. 

 187.  Aronoff DM, Carstens JK, Chen GH, Toews GB, Peters-Golden M: Short communication: 
differences between macrophages and dendritic cells in the cyclic AMP-dependent 
regulation of lipopolysaccharide-induced cytokine and chemokine synthesis. J Interferon 
Cytokine Res 2006, 26: 827-833. 

 188.  Yokoyama U, Patel HH, Lai NC, Aroonsakool N, Roth DM, Insel PA: The cyclic AMP 
effector Epac integrates pro- and anti-fibrotic signals. Proc Natl Acad Sci U S A 2008, 
105: 6386-6391. 

 189.  Kodama K, Ishii G, Miyamoto S, Goya M, Zhang SC, Sangai T, Yoshikawa T, Hasebe T, 
Hitomi Y, Izumi K, Ochiai A: Laminin 5 expression protects against anoikis at 
aerogenous spread and lepidic growth of human lung adenocarcinoma. Int J Cancer 
2005, 116: 876-884. 

 190.  Scheibner KA, Boodoo S, Collins S, Black KE, Chan-Li Y, Zarek P, Powell JD, Horton MR: 
The adenosine a2a receptor inhibits matrix-induced inflammation in a novel fashion. Am 
J Respir Cell Mol Biol 2009, 40: 251-259. 

 191.  Oltmanns U, Chung KF, Walters M, John M, Mitchell JA: Cigarette smoke induces IL-8, 
but inhibits eotaxin and RANTES release from airway smooth muscle. Respir Res 2005, 
6: 74- 

 192.  Pang L, Knox AJ: Bradykinin stimulates IL-8 production in cultured human airway 
smooth muscle cells: role of cyclooxygenase products. J Immunol 1998, 161: 2509-2515.




