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General introduction 
Pathophysiology of chronic obstructive pulmonary disease  
Worldwide, more than 64 million people suffer from chronic obstructive pulmonary 

disease (COPD) (1). COPD is a chronic inflammatory disease characterized by 

persistent, not fully reversible, and usually progressive airflow limitation. COPD is 

characterised by chronic pulmonary inflammation that may cause irreversible breakdown 

of alveolar tissue (emphysema), small airway wall remodelling and mucus 

hypersecretion (2) (Figure 1). In the western world, COPD is caused primarily by 

cigarette smoke exposure, but in low-income countries also by job-related exposures to 

dust and fumes and wood or charcoal smoke (3-5). Presently, COPD contributes to ~3 

million deaths per year, and is still increasing in incidence (1, 6). By 2030, COPD is 

predicted to be the fourth leading cause of death worldwide (7).  

COPD is divided in different stages, stages I – IV using the Global Initiative for 

Chronic Obstructive Lung Disease (GOLD) definition of chronic airflow obstruction (6). 

COPD is characterised by a post-bronchodilator ratio of forced expiratory volume in 1 s 

(FEV₁) to forced vital capacity (FVC) of 0.7, the various GOLD stages being defined by a 

progressive decline in FEV1 (% predicted) (Table 1) (6). The GOLD classification was 

recently updated in 2013, using categories A – D, also including severity of symptoms 

and number of exacerbations (8). In this classification categories A-B represent the early 

stages of the disease (FEV1 >50% of predicted comparable to stages I-II), whereas 

categories C-D are associated with the highest mortality risk and high morbidity rates 

(FEV1 <50% of predicted comparable to stages III-IV) (8). In this thesis we adhere to the 

GOLD stages I-IV, due to the use of samples obtained prior to the new classification 

(Table 1). 
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Figure 1: Cigarette smoke-induced changes found in COPD, with a focus on inflammation. After exposure 

to cigarette smoke, the neutrophil attractant IL-8 is released by the epithelium, airway smooth muscle and/or 

macrophages. The cigarette smoke-induced inflammatory effects lead to damage of the alveolar tissue 

(emphysema). In addition, structural cells change their primary functional outcomes leading to hypercontractility 

and to responses such as increased contraction, small airway remodeling, including increased airway smooth 

muscle mass, peribronchial fibrosis and mucus cell hyperplasia. 
 

Table 1: Classification of COPD stages according to the Global Initiative for Chronic Obstructive Lung 
Disease until 2013. COPD stages based on lung function, with all having an FEV1/FVC ratio below 0.7, with 

decreasing FEV1 as the severity progresses. FEV1: Forced expiratory volume in 1 s (post-bronchodilator); FVC: 

forced vital capacity. *respiratory failure: arterial pressure of oxygen <8.0 kPa (60 mm Hg) with or without arterial 

pressure of carbon dioxide >6.7 kPa (50 mm Hg) while breathing air at sea level (6).  

Stage: Description FEV1/FVC FEV1 

I Mild COPD <0.70 ≥ 80% predicted 

II Moderate COPD <0.70 50-80% predicted 

III Severe COPD <0.70 30-50% predicted 

IV Very severe COPD <0.70 
<30% predicted , or <50% 
predicted with chronic 

respiratory failure present* 

	

	

Inflammation 
Inhalation of cigarette smoke generates a local and systemic inflammatory response, 

involving both the innate and the adaptive immune system (9, 10) (Figure 1). Although 

all smokers have an inflammatory response in the lung (9) those susceptible to develop 

COPD show an amplification of this inflammation (11, 12). In COPD, lung inflammation 

is characterized by increased numbers of neutrophils, macrophages, dendritic cells and 

lymphocytes, varying with disease severity, and increasing during exacerbations (10, 13-

15). This is accompanied by an increased release of proteases and a variety of 

inflammatory mediators. Importantly, interleukin-8 (IL-8 (CXCL8); KC (CXCL1) in mice), 

a neutrophil chemoattractant, is markedly increased in sputum from COPD patients, 

which is associated with considerable infiltration of neutrophils in the lung, which 

importantly drives the pathology of this disease (16, 17). The pulmonary inflammation 

persists long after smoking cessation and the inflammatory pathways lead to tissue 

remodelling such as fibrosis of the small airways and/or goblet cell hyperplasia leading 

to mucus hypersecretion (9, 18) and destruction of the lung parenchyma (emphysema) 

(19) (Figure 1). 

 
Airway smooth muscle  
COPD patients suffer from chronic airflow obstruction. One contributing factor to airflow 

obstruction is an increase in airway smooth muscle (ASM) mass found in the small 

airways of patients suffering from moderate to severe COPD (20). Indeed, an increased 

smooth muscle area in the peripheral airways is found in smokers with a decreased lung 

function (21). In addition, peripheral ASM preparations obtained from obstructed 

patients, from a mixed population of COPD an asthma patients, exhibited an increased 

isometric force ex vivo compared to preparations obtained from control subjects, which 

inversely correlated with lung function (22). This is in agreement with the model of 

Lambert and colleagues (23) which found that increased smooth muscle mass was the 

only structural change likely to affect maximal airway contraction by allowing greater 

smooth muscle shortening in response to bronchoconstricting stimuli. Besides 

determining airflow by contraction, ASM cells are also known to release inflammatory 

mediators (e.g. IL-8), growth factors and extracellular matrix proteins in response to 

cigarette smoke or inflammatory mediators (24). Together, this suggests that alterations 

in the ASM functioning may be involved in the development of COPD.  

Since ASM plays an important role in the regulation of airflow obstruction in 

COPD, it represents a key target for pharmacological intervention with bronchodilators 
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as a cornerstone treatment. Better understanding of the processes that regulate ASM 

function in COPD will help to improve current - and develop novel - strategies of 

targeting the disease.  

 
Pharmacological interventions 
In COPD, targeting the ASM for bronchodilation is a crucial part of the available 

therapies, preferentially using short- or long acting β2-agonists (e.g. salbutamol, 

olodaterol) or anticholinergics (e.g. ipratropium, tiotropium), individually or in combination 

(25-28). In addition, the non-selective phosphodiesterase (PDE) inhibitor theophylline 

can be used as a bronchodilator (Figure 2). Additional treatment options are inhaled 

glucocorticoids (with or without long-acting β2-agonists) and PDE4 inhibitors 

(roflumilast), depending on exacerbations and the severity of the disease (29).  

Although both PDE4 inhibitors and β2-agonists increase the cellular cAMP 

content, PDE4 inhibitors are mainly used for their anti-inflammatory – and not their 

bronchodilatory - properties, as the required dosage to induce bronchodilation causes 

adverse events, such as gastrointestinal symptoms and headache (30). β2-Agonists are 

not used for anti-inflammatory purpose, likely due to rapid β2-adrenoceptor 

desensitization in inflammatory cells, and because of a relatively low expression β2-

adrenoceptors on these cells (31) (Chapter 2).  

Resting airway tone is maintained by acetylcholine (ACh) released from 

cholinergic nerves (32), primarily by activation of muscarinic M3 receptors (33-35). 

Activation of M3 receptors induces a Gq-dependent stimulation of phospholipase C, 

which hydrolyzes phosphatidylinositol-4,5-biphosphate into inositol triphosphate (IP3) 

and diacylglycerol (DAG). IP3 elevates intracellular calcium levels, in the ASM causing 

activation of the calcium/calmodulin-dependent myosin light chain kinase leading to 

phosphorylation of myosin light chain, actin-myosin interaction and contraction DAG 

activates protein kinase C (PKC), which is involved in ASM contraction via Ca2+-

dependent and –independent mechanisms (36-39) (Figure 2).  

β2-Adrenoceptors on ASM cells are activated by the endogenous agonist 

adrenaline. The signal is transduced to adenylyl cyclases via Gs, which leads to an 

increase in the production of the second messenger cyclic AMP (cAMP) (40). cAMP in 

turn can activate several proteins, including protein kinase A (PKA) and exchange-

protein directly activated by cAMP (Epac), eventually leading to smooth muscle 

relaxation by controlling the phosphorylation status of the myosin light chain (41, 42) 

(Figure 2). Degradation of cAMP occurs upon hydrolysis by PDEs, in the ASM PDE3 

	

	

and PDE4, in neutrophils, macrophages and T-cells particularly through PDE4, which 

has been shown to have an increased activity in COPD patients (43, 44). 

 

		

Figure 2: β-Adrenergic and cholinergic signaling in the ASM. The β2-adrenoceptor (β2-AR) signaling pathway 

causing bronchorelaxation and inhibition of inflammatory signaling through its effectors Epac and PKA. β2-

Agonists used in this author’s studies presented in this thesis are fenoterol and isoprenaline. cAMP is also 

enhanced by inhibition of phosphodiesterases (PDEs). The muscarinic M3 receptor (M3)mediates intracellular 

calcium (Ca2+) signaling leading to an increased MLC phosphorylation causing bronchoconstriction (e.g. via 

myosin light chain (MLC) phosphorylation) and pro-inflammatory signaling. Therefore, the M3 receptor is the key 

target for anticholinergics. A-kinase anchoring proteins (AKAPs) organize cAMP-dependent multiprotein 

complexes. Airway smooth muscle (ASM) expresses several AKAPs with yet to be defined functions. . For 

references see text. 

 

Despite the fact that β2-agonists are generally well tolerated (45, 46), long term 

use of β2-agonists may cause variations in the treatment outcome in COPD patients, 

eventually providing no improvement mortality (47, 48). None of the current therapies, 

including bronchodilators and glucocorticosteroids, significantly affect disease 

progression, indicating a necessity to find alternatives (23, 28). 

Already around 40 years ago, it has been shown that different Gs-coupled 

receptor agonists, despite their ability to elevate intracellular cAMP to a comparable 

level, induce distinct functional outcomes (49-52). Such findings represented the 

rationale for the concept of cAMP compartmentalization, where different cellular 
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compartments of cAMP control distinct cellular functions. In search for novel drug 

targets, it is highly attractive to start looking beyond activating or blocking receptors and 

enzymes, and to investigate the intracellular organization of signaling events by 

intracellular macro-complexes and how disruption of these complexes potentially affect 

the efficacy of current drugs.  

A-kinase anchoring proteins (AKAPs), a superfamily of scaffolding proteins that 

function to be bring proteins to the right place at the right time and the one feature they 

all all share is a PKA-anchoring domain (Figure 3), provide such a new avenue worthy 

of exploration. The defining feature of an AKAP is its ability to bind PKA; however, 

AKAPs also form complexes with other signaling molecules, e.g. kinases, phosphatases 

and are part of macromolecular complexes with receptors or other networking proteins 

(i.e. adaptor, docking or scaffolding proteins), including in some cases other AKAPs. 

Each AKAP has a unique localization that guarantees targeting signals to different 

intracellular sites, such as the membrane, the cytoskeleton or nucleus and (53, 54). 

 

	
Figure 3: AKAP-PKA interaction. PKA RII subunits (purple and green) form a groove with their docking and 

dimerization domain on which the AKAP amphipathic helix of the A-kinase binding domain (blue) can bind. (A) 

Side view, (B) top view. Molecular Modeling database ID:41011 (65). Figures made using Cn3D v4.3.1. 

 
AKAPs 
The first member of the AKAP superfamily was MAP2, discovered in 1982 (55). 

Subsequently in 1984, a protein of 75 kDa (p75) was co-purified from bovine cerebral 

cortex cytosol together with the 55 kDa PKA type II regulatory subunit (56). A 150 kDa 

protein orthologue to the bovine p75 was found in rat brain and dubbed p150 (57). The 

p150 and p75 proteins were shown to have structural and functional similarities such as 

binding PKA in the brain (58). After introducing the term A-kinase anchoring protein 

(AKAP) for this group of PKA-binding proteins, human AKAP79 (previously known as 

Ht21) was found to be highly similar to bovine p75 (aka AKAP75, 79% homology) and 

	

	

murine p150 (aka AKAP150, 93% homology). The latter difference in molecular weight is 

a consequence of repeated sequences being present in AKAP150 (59, 60). The overall 

gene name for all species – human AKAP79, bovine AKAP75 and murine AKAP150 - 

became AKAP5.  

A few years after the discovery of AKAP5, AKAP12 was isolated from a patient 

with myasthenia gravis resulting in it originally being termed Gravin (61) and the murine 

orthologue SSeCKS (pronounced essex) was later discovered by the group of Gelman 

as a v-Src repressed gene in NIH/3T3 fibroblasts (62, 63). Gravin and SSeCKS share 

83% sequence similarity over the first ∼1000 amino acids, <20% similarity over the next 

∼500, and identity in two 15 amino acids stretches at the C-terminus, one of which 

encodes a PKA anchoring site (Figure 3). The finding that Gravin/SSeCKS binds PKA 

caused a change of its name to AKAP250 and later AKAP12. However, the names 

AKAP12, AKAP250, Gravin and SSeCKs are all still used throughout literature.  

In 2012, the group of Penn showed that ASM expresses several AKAPs, 

AKAP1 – AKAP13, Ezrin and MAP2B (64). By disrupting the interactions between 

AKAPs and PKA with the dominant interfering peptide st-Ht31 (described in more detail 

in chapter 2) the authors showed a prolonged cAMP signaling at the membrane after 

stimulation ASM cells with a β-agonist (64). Much remains to be explored about the 

functional roles of AKAPs in their respective compartments. AKAP12 was found by Penn 

and colleagues to be highly expressed in ASM cells, whereas AKAP5 was found to a 

much lower extent (64). In the context of COPD, it is interesting that AKAP5 is reported 

to increase the affinity of GPCR kinase 2 (GRK2) for βγ subunits of the G-protein leading 

to β2-adrenoceptor internalization. In addition, it has been reported in human epidermoid 

carcinoma cells that AKAP12 causes dephosphorylation and recycling of the β2-

adrenoceptor back to the membrane (Chapter 2). 

 

Scope of the thesis 
The scope of this thesis is to unravel the role of AKAPs in ASM functioning with a focus 

on AKAP5 and AKAP12 as known interaction partners of the β2- adrenoceptors. In 

chapter 2, the role of AKAP5 and AKAP12 in the internalization and recycling of the β2-

adrenoceptors will be discussed. As a novel target in the lung, there is little known about 

AKAPs in the pulmonary system, therefore chapter 2 will first discuss the numerous 

studies dealing with AKAPs, in particular AKAP5 and AKAP12 in intensively studied 

model systems for neuronal diseases in order to translate these findings to the role of 

AKAPs in pulmonary diseases.  
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binding PKA in the brain (58). After introducing the term A-kinase anchoring protein 

(AKAP) for this group of PKA-binding proteins, human AKAP79 (previously known as 

Ht21) was found to be highly similar to bovine p75 (aka AKAP75, 79% homology) and 

	

	

murine p150 (aka AKAP150, 93% homology). The latter difference in molecular weight is 

a consequence of repeated sequences being present in AKAP150 (59, 60). The overall 

gene name for all species – human AKAP79, bovine AKAP75 and murine AKAP150 - 

became AKAP5.  

A few years after the discovery of AKAP5, AKAP12 was isolated from a patient 

with myasthenia gravis resulting in it originally being termed Gravin (61) and the murine 

orthologue SSeCKS (pronounced essex) was later discovered by the group of Gelman 

as a v-Src repressed gene in NIH/3T3 fibroblasts (62, 63). Gravin and SSeCKS share 

83% sequence similarity over the first ∼1000 amino acids, <20% similarity over the next 

∼500, and identity in two 15 amino acids stretches at the C-terminus, one of which 

encodes a PKA anchoring site (Figure 3). The finding that Gravin/SSeCKS binds PKA 

caused a change of its name to AKAP250 and later AKAP12. However, the names 

AKAP12, AKAP250, Gravin and SSeCKs are all still used throughout literature.  

In 2012, the group of Penn showed that ASM expresses several AKAPs, 

AKAP1 – AKAP13, Ezrin and MAP2B (64). By disrupting the interactions between 

AKAPs and PKA with the dominant interfering peptide st-Ht31 (described in more detail 

in chapter 2) the authors showed a prolonged cAMP signaling at the membrane after 

stimulation ASM cells with a β-agonist (64). Much remains to be explored about the 

functional roles of AKAPs in their respective compartments. AKAP12 was found by Penn 

and colleagues to be highly expressed in ASM cells, whereas AKAP5 was found to a 

much lower extent (64). In the context of COPD, it is interesting that AKAP5 is reported 

to increase the affinity of GPCR kinase 2 (GRK2) for βγ subunits of the G-protein leading 

to β2-adrenoceptor internalization. In addition, it has been reported in human epidermoid 

carcinoma cells that AKAP12 causes dephosphorylation and recycling of the β2-

adrenoceptor back to the membrane (Chapter 2). 

 

Scope of the thesis 
The scope of this thesis is to unravel the role of AKAPs in ASM functioning with a focus 

on AKAP5 and AKAP12 as known interaction partners of the β2- adrenoceptors. In 

chapter 2, the role of AKAP5 and AKAP12 in the internalization and recycling of the β2-

adrenoceptors will be discussed. As a novel target in the lung, there is little known about 

AKAPs in the pulmonary system, therefore chapter 2 will first discuss the numerous 

studies dealing with AKAPs, in particular AKAP5 and AKAP12 in intensively studied 

model systems for neuronal diseases in order to translate these findings to the role of 

AKAPs in pulmonary diseases.  
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Chapter 1	

	

In chapter 3 we investigate the expression of AKAPs in ASM and the effect of 

cigarette smoke extract on this expression profile. We focus on the expression of AKAP5 

and AKAP12 in COPD patients. We study functional consequences of disrupting AKAP-

PKA interactions using st-Ht31 on IL-8 secretion in cigarette smoke extract treated ASM 

cells and how st-Ht31 affects β2-agonist-induced reduction of cigarette smoke extract-

induced IL-8 release. The in vivo relevance of AKAP-mediated regulation of IL-8 release 

is studied in chapter 4, where we use AKAP5-/- and AKAP12-/- mice exposed to cigarette 

smoke for four days to measure the release of the murine IL-8 homologue, KC. In 

addition, we look into infiltration of inflammatory cells into the airways of these mice.  

Chapter 5 uses the AKAP5-/- and AKAP12-/- mice to study the effect these 

AKAPs have on β2-agonist induced relaxation of tracheal smooth muscle. Chapter 6 

tries to place our findings in the context of COPD patients by investigating the role of 

genetic variants of AKAP5 and AKAP12 in β2-agonist-induced improvement of lung 

function in these patients. Finally, Chapter 7 offers a general discussion of all data 

presented in this thesis and provides some insights into future perspectives for the field 

of compartmentalized signaling in COPD.   
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cells and how st-Ht31 affects β2-agonist-induced reduction of cigarette smoke extract-

induced IL-8 release. The in vivo relevance of AKAP-mediated regulation of IL-8 release 

is studied in chapter 4, where we use AKAP5-/- and AKAP12-/- mice exposed to cigarette 

smoke for four days to measure the release of the murine IL-8 homologue, KC. In 

addition, we look into infiltration of inflammatory cells into the airways of these mice.  

Chapter 5 uses the AKAP5-/- and AKAP12-/- mice to study the effect these 

AKAPs have on β2-agonist induced relaxation of tracheal smooth muscle. Chapter 6 

tries to place our findings in the context of COPD patients by investigating the role of 

genetic variants of AKAP5 and AKAP12 in β2-agonist-induced improvement of lung 

function in these patients. Finally, Chapter 7 offers a general discussion of all data 

presented in this thesis and provides some insights into future perspectives for the field 
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