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Sarah Jean Morgan, Doctor of Philosophy, 2013 

 

Dissertation Directed by: Dr. Raymond B. Penn, Director, Center for Translational 

Medicine, Director of Pulmonary Research, Thomas Jefferson University; Adjunct 

Professor, Department of Medicine, University of Maryland Baltimore 

 

 

Inhaled beta-agonists are effective at reversing bronchoconstriction in asthma but exhibit 

significant side effects including tachyphylaxis and possibly increased asthma-related 

mortality. The mechanisms by which beta-agonists exert both their beneficial and 

detrimental effects are controversial and poorly understood. The cAMP-dependent 

protein kinase (PKA) is the historically accepted effector of beta-agonist-mediated 

bronchorelaxation, though this assumption is based on associative and not direct 

evidence. Recent studies have asserted that exchange protein activated by cAMP 

(Epac)—and not PKA—mediates the relaxation of ASM observed with beta-agonist 

treatment. This study aims to clarify the role of PKA in the pro-relaxant effects of beta-

agonists on airway smooth muscle as well as the ability of the kinase to exert negative 

feedback on this signaling. Inhibition of PKA activity via expression of the PKI and 

RevAB peptides results in increased beta-agonist-mediated cAMP release, abolishes the 

inhibitory effect of isoproterenol on intracellular calcium flux, and significantly 

attenuates histamine-stimulated MLC-20 phosphorylation. Analyses of ASM cell and 

tissue contraction demonstrate that PKA inhibition eliminates most, if not all, beta-

agonist-mediated relaxation of contracted smooth muscle. These findings demonstrate 

that PKA is the predominant and physiologically relevant effector through which beta-



agonists exert their bronchorelaxant effects. To investigate compartmentalized cAMP and 

PKA signaling and regulation related to beta-agonists, analyses of mRNA and protein 

expression identified 11 A-kinase anchoring proteins (AKAPs) in human ASM. 

Disruption of AKAP-PKA interactions via peptides AKAP-IS or Ht31 has minimal 

effects on whole cell cAMP signaling stimulated by beta-agonist, but significantly 

increases the duration of plasma membrane-delineated cAMP (= 251 ± 51 s for 

scrambled peptide control vs. 399 ± 79 s for Ht31).  Thus PKA, in addition to its effector 

function, significantly contributes to homologous desensitization of the β2AR in ASM 

through mechanisms dependent on its localization near the plasma membrane. While the 

role of specific AKAPs in ASM remains undefined, these findings clearly demonstrate 

the importance of targeted PKA activity in beta-agonist-mediated signaling. Specific 

manipulation of PKA activity or AKAP complexes may provide a means to improve 

upon current bronchodilator therapies for the treatment of asthma. 
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Chapter I.  Introduction 

 

 

Asthma is a chronic inflammatory disease of the airways affecting over 300 

million people worldwide. Pathogenesis of the disease includes airway inflammation, 

airway remodeling (including increased smooth muscle mass), and bronchoconstriction. 

Together, these features lead to narrowing of the airway (resulting in coughing, wheezing 

and difficulty breathing) as well as airway hyperresponsiveness (AHR), which is a major 

contributor to asthma exacerbations.  Airway tone is regulated by a combination of neural 

reflexes and local signaling inputs to optimize gas exchange (1). G protein-coupled 

receptors (GPCRs) expressed on various cells of the airway respond to extracellular 

inputs, resulting in physiological as well as pathophysiological functional changes in the 

lung. These responses occur primarily through two main sets of GPCRs, those coupled to 

Gαq and those coupled to Gαs, though some Gαi-coupled receptors have been shown to 

promote bronchoconstriction. Due to the importance of these receptors in the airway, 

GPCR signaling constitutes the primary therapeutic target for treating acute exacerbations 

in asthma.  

In the normal lung, the primary influence regulating airway tone is 

parasympathetic release of acetylcholine (ACh) acting on Gq-coupled m3 muscarinic 

ACh receptors (mAChRs) expressed on airway smooth muscle (ASM). In asthma, the 

airway overreacts to environmental stimuli, resulting in the characteristic symptom of 

bronchoconstriction (wheezing) as well as maladaptive responses that drive remodeling 

and further hyperresponsiveness. These events are mainly driven by inflammation which 

causes increased levels of various signaling molecules including cytokines, chemokines, 

growth factors, and other inflammatory products, some of which activate Gq-coupled 
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receptors (1-3). The balance of contractile (mediated by Gαq-coupled receptors) and 

relaxant (mediated by Gαs-coupled receptors) inputs determines airway diameter by 

affecting the contractile state of ASM located in the wall of the airways. 

Contractile (Gq-coupled) signaling is described in Figure 1.1.  An agonist such as 

ACh binds to its target GPCR and causes a conformational change in the receptor. GDP 

is exchanged for GTP on the heterotrimeric G protein, allowing Gαq to dissociate from 

Gβγ.  Gαq activates phospholipase C (PLC) to convert PIP2 to IP3 and DAG, both of 

which initiate further downstream signaling. The functional outcomes of such signaling 

in the airway are bronchoconstriction, ASM growth (both hypertrophy, an increase in cell 

size, and hyperplasia, an increase in cell number), and the synthesis of various eicosanoid 

products, many of which are Gαq agonists and therefore further drive the asthmatic state 

(1). While GPCR signaling is required for normal airway physiology, dysfunction arises 

when the balance of various agonists and their associated signaling is altered. Asthmatic 

airways exhibit increased presentation of many contractile agonists, including histamine 

 

Figure 1.1. Contractile signaling in ASM is mediated by Gq-coupled receptors. 
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and leukotriene D4 (LTD4) (1). Additionally, airway inflammation promotes calcium 

sensitization, resulting in an increased calcium-driven response to a contractile agonist in 

asthmatic ASM (1).  Together, the altered presentation of and increased response to Gq-

coupled agonists promote the hypercontractility seen in asthmatic airways. 

Given the importance of GPCR signaling in both normal and pathological lung 

function, it is not surprising that the various therapies available for control of asthma 

symptoms all target GPCR signaling either directly or indirectly. There are three main 

categories of therapy: antagonists of Gq- coupled GPCRs, corticosteroids, and beta-2-

adrenoreceptor (β2AR) agonists (beta-agonists). While all forms of treatment play an 

important role in the control of asthma symptoms, this work focuses on the action of 

beta-agonists, which are the only current therapy capable of rapidly reversing acute 

bronchospasm. 

 

1.1. Beta-agonists mediate their effects via Gαs and cAMP. 
   

Beta-agonist binding to the Gαs-coupled β2AR leads to activation of adenylyl 

cyclase (AC) and generation of the ubiquitous second messenger 3’-5’-cyclic adenosine 

monophosphate (cAMP) from ATP (Figure 1.2).  As cAMP accumulates, it induces 

downstream functional changes through a limited set of effector proteins: the cAMP-

dependent protein kinase (PKA) (4), exchange proteins activated by cAMP (Epac) (5,6), 

and cyclic nucleotide gated (CNG) ion channels (7).  

Cyclic AMP and its effectors regulate numerous functions in a vast array of cell 

types. In the airway, cAMP signaling modulates ciliary beat frequency in airway 

epithelial cells (8), regulates the production/secretion of inflammatory products (9), and 

controls a wide array of ASM functions.  In addition to the clinically critical ability of 



4 

 

 
Figure 1.2. Relaxant signaling in ASM is mediated by Gs-coupled receptors. 

 

cAMP to relax ASM, this messenger also regulates ASM proliferation, migration, 

extracellular matrix production, secretion of inflammatory products, and ability to 

undergo phenotype switching (from contractile to proliferative/secretory) (9).  

 

1.1.1. PKA as an effector of cAMP signaling 

 

PKA is a serine/threonine kinase targeting substrates with the sequence R-R-X-

S/T-X, where X is a hydrophobic amino acid (10).  This common sequence results in the 

targeting and regulation of a wide variety of molecules including enzymes (other kinases, 

phosphatases), ion channels, chromosomal proteins (i.e. histone H1), and transcription 

factors (i.e. the cAMP response element-binding protein, CREB) (11).  PKA has been 

extensively studied in a wide variety of cell types and organ systems and has been 

implicated in the regulation of numerous cellular processes including the cell cycle, 

proliferation, differentiation, microtubule dynamics, chromatin structure, nuclear 

envelope dynamics, intracellular transport mechanisms and ion fluxes (11).  
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Inactive PKA is a heterotetramer composed of two catalytic (PKA-C) and two 

regulatory (PKA-R) subunits (R2C2) (12). Two classes of PKA with differing expression 

and properties are defined by their regulatory subunit, RI or RII, each of which has α and 

β isoforms (RIα, RIβ, RIIα, RIIβ) (13). Type I PKA (RI) has historically been considered 

primarily cytosolic and has an activation constant (Kact) of 50-100 nM of cAMP; in 

contrast, ~75% of type II PKA (RII) is membrane-associated and is less sensitive to 

cAMP than type I with a Kact = 200-400 nM cAMP (11). RIα and RIIα are ubiquitously 

expressed, RIβ is found mostly in the brain, while RIIβ is expressed in endocrine, brain, 

adipose, and reproductive tissues. PKA-C also exhibits multiple isoforms (Cα, Cβ,Cγ, 

and PRKX) (13). Differences in tissue and subcellular localization of various isoforms as 

well as affinity for cAMP provide specificity to PKA signaling.  

Each regulatory subunit contains an N-terminal docking and dimerization (D/D) 

domain, a site for inhibiting PKA-C, and two cooperative cAMP-binding domains (A and 

B) (11). PKA-R subunits dimerize via interaction of the D/D domains to form an X-type 

four helix bundle (14). The D/D domain motif is highly conserved among different PKA-

R isoforms, while the linker region (containing the autoinhibitory sequence as well as 

regulatory phosphorylation sites) is highly variable in both length and sequence (11).   

The PKA tetramer is catalytically inactive and has only the B site exposed for 

cAMP binding to PKA-R. Elevation of intracellular cAMP leads to occupation of this B 

site, producing an intramolecular rearrangement that exposes and enhances cAMP 

binding to the A site.  Occupation of all four binding sites (A and B on each subunit of 

the dimer) results in a conformational change releasing two active PKA-C monomers 
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(15). Thus elevation of intracellular cAMP in response to agonist is able to activate PKA 

and initiate downstream signaling and functional changes. 

 

1.1.2. Epac as an effector of cAMP signaling 

 

For many years, PKA was the only known cAMP effector, though the use of 

pharmacological inhibitors suggested the presence of cAMP-dependent yet PKA-

independent signaling in various cell types including ASM (5,16-19). The Epac family of 

cAMP-regulated guanine-exchange factors (GEFs) was discovered in 1998 as the 

mechanism of cAMP-dependent but PKA-independent activation of the small GTPase 

Rap (5). Elevation of intracellular cAMP leads to Epac GEF activity, which initiates GDP 

to GTP exchange on Rap1 and Rap2 and thereby activates these Ras family proteins. Rap 

activity is capable of initiating a host of downstream effector cascades including PLC-ε, 

phospholipase D (PLD), extracellular signal-regulated kinases 1 and 2 (ERK1/2), Akt, 

suppressor of cytokine signaling-3 (SOCS-3), CCAAT/enhancer-binding protein 

(C/EBP), and nuclear factor (NF)-κB (20).  Additionally, Epac can initiate signaling 

independent of its Rap-GEF activity through other cascades including c-Jun N-terminal 

kinase (JNK), the small GTPase Rit, and pathways  regulating microtubule networks 

(21). Through these diverse actions, Epac proteins play a role in cell differentiation, 

proliferation, survival, apoptosis, regulation of intracellular calcium and the actin-

microtubule cytoskeleton (5).  

The two major isoforms of Epac, Epac1 and Epac2, are both expressed in a 

variety of human tissues and cell types (21). Epac1 is most prevalent in heart, kidney, 

blood vessels, adipose tissue, and central nervous system, while Epac2 is concentrated in 

the central nervous system, adrenals, and pancreas (21). Epac1 and Epac2 are both 
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expressed in human bronchial epithelial cells (21) as well as ASM cells (22), piquing 

interest in these proteins in the context of airway function and associated diseases. 

Development has been shown to alter the relative expression of Epac isoforms in some 

tissues, such as brain and lung where Epac2 becomes more highly expressed relative to 

Epac1in adult as compared to the fetal organs (23). Both Epac1 and Epac2 contain a high 

affinity cAMP-binding domain, while Epac2 has an additional low affinity binding site 

(24). These cAMP binding domains share significant sequence identity with those found 

in PKA-R (5). Interestingly, PKA is activated at lower concentrations of cAMP than is 

Epac (half-maximal concentration for activation, AC50: PKAI AC50 = 0.09 µM, PKAII 

AC50 = 0.08 µM, Epac1 AC50 = 45 µM) (25).  

Defective Epac signaling has been implicated in the pathogenesis of several 

diseases including cardiac hypertrophy and heart failure, Alzheimer’s disease, and 

diabetes (21). Lung tissue obtained from COPD patients exhibits reduced Epac1 

expression compared to healthy tissue (26). Cigarette smoke extract, which is utilized to 

study chronic obstructive pulmonary disease (COPD), reduces expression of Epac1 in 

cultured ASM cells (27).  

 

1.1.3. Regulation of cAMP signaling 

 

Regulation plays a critical role in the ability of cAMP to exert its diverse 

functional effects. The two main components of this regulation are AC, which 

synthesizes cAMP, and phosphodiesterases (PDEs), which degrade the second 

messenger.  Measurement of mRNA indicates expression of AC types I, II, IV–VII and 

IX in human ASM; however, based on protein expression, AC V and/or VI are found to 

be the predominant isoforms (2). Phosphorylation of AC V/VI by PKA is inhibitory, thus 
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providing negative feedback on cAMP generation (2). On the other hand, Gq-coupled 

signaling can result in activation of protein kinase C (PKC), which is capable of 

phosphorylating AC V to result in sensitization (2). Thus both Gq- and Gs-coupled 

receptor signaling pathways participate in the regulation of cAMP synthesis.  

As the maximal rate of cAMP degradation is more than 10-fold greater than the 

maximal rate of synthesis, it is not surprising that the regulation of PDE activity is often 

more quantitatively important than regulation of AC (28). Twenty-one genes encode 11 

subfamilies of PDEs, and the result is over 200 unique gene products due to extensive 

alternative splicing (29). PDE4 family members are responsible for the majority of 

cellular PDE activity in ASM (30-32), and selective PDE4 inhibition modulates many Gs-

coupled receptor functions in cultured ASM cells (33). The PDE4 family is cAMP-

specific and cGMP-insensitive, and consists of 4 genes (PDEA-D) producing over 20 

isoforms (34). Each subfamily contains a catalytic core and shared C-terminus, coupled 

to an isoform-specific N-terminal region (35). Long form PDE4 family members contain 

two upstream conserved regions (UCRs), UCR1 and UCR2. Short forms contain only 

UCR2, super-short forms have a truncated UCR2, and dead-short forms have no UCR 

regions and an inactive catalytic unit (36). These N-terminal variations allow for 

differential intracellular targeting and regulation (35). 

One such mechanism of regulation is via PKA, which is capable of 

phosphorylating long-form PDE4s (which include PDE4D3 and D5). In the case of 

PDE4D3, PKA-mediated phosphorylation has been documented at two sites: Ser13 and 

Ser54.  Phosphorylation of Ser54 results in a 3-fold increase in Vmax (37), while 

phosphorylation of Ser13 alters intracellular targeting by increasing the affinity of 
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PDE4D3 for the scaffolding protein muscle-specific A-kinase anchoring protein 

(mAKAP) (35,38). In addition to PKA-mediated regulation, subfamilies PDE4B, C and 

D can be phosphorylated by ERK to alter activity and expression. The effects of this 

phosphorylation depend on the specific isoform; ERK phosphorylation inhibits long 

forms, activates short forms, and weakly inhibits super-short forms (35,38). In long form 

PDE4s, ERK phosphorylation is opposed by PKA, with the combination resulting in PDE 

activation (39). Thus the activities of various kinases act cooperatively with PDEs to 

tightly regulate the magnitude and time course of cAMP accumulation within a cell. 

The importance of PDEs, specifically PDE4D, in asthma has been underscored by 

a series of recent findings. A recent genome-wide association study (GWAS) has 

identified PDE4D as an asthma-susceptibility gene (39), and it has been established that 

PDE4 expression is upregulated in asthmatics (40). PDE4D-/- mice are insensitive to 

challenge with methacholine (MCh, a non-selective mAChR agonist) (41). As responses 

to the pro-contractile stimuli serotonin (41), arginine vasopressin, and KCl (32) were 

unaffected, it appears that ASM function in these mice is not directly impaired. In fact, 

PDE4D-/- mice exhibit increased sensitivity to the bronchodilatory agonist prostaglandin 

E2 (PGE2) (32).  

PDE4 inhibitors are anti-inflammatory and anti-fibrotic, two traits which have 

made them interesting therapeutic options for obstructive airway diseases such as asthma 

and COPD (42). These agents present an interesting alternative to traditional 

corticosteroids which are not well tolerated or sufficiently effective in a subset of 

asthmatics (42). Despite widespread research and development, roflumilast is the only 

PDE4 inhibitor which has successfully reached the clinic; its effects include increased 
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lung function and inhibition of airway inflammation (42), though unfortunately no direct 

effect on ASM relaxation has been conclusively demonstrated (42). Use of PDE4 

inhibitors including roflumilast has been severely limited by side effects including weight 

loss, psychiatric changes, and gastrointestinal  distress (including nausea, vomiting and 

diarrhea), making it intolerable in up to 15% of subjects (42); this has resulted in its 

clinical use currently being limited to patients with severe, uncontrolled COPD (43). The 

frequency and severity of side effects with PDE4 inhibition is believed to be due to the 

lack of isoform specificity (as current drugs target all PDE4 subfamilies), though these 

agents are clearly superior to first generation PDE inhibitors such as theophylline, which 

has serious cardiovascular and CNS side effects (29). Sequence homology among various 

PDE isoforms has made therapeutic targeting difficult and has affected progress of these 

drugs to the clinic (2). 

 

1.2. Beta-agonists are critical to the management of asthma. 

 

Beta-agonists are a cornerstone of asthma therapy, serving as both a maintenance 

therapy and the most effective means of reversing the acute bronchoconstriction 

associated with an asthma attack. Despite clear therapeutic benefit, beta-agonist use has 

clear disadvantages which have been the focus of continued scrutiny since their 

introduction nearly 50 years ago.  Chronic use of beta-agonist has been shown to result in 

tachyphylaxis (44-46), decreased efficacy and deterioration of asthma control (47,48), 

events which have long been attributed to desensitization of the β2AR (1). Long-term 

clinical trials and meta-analyses have also raised concerns regarding long-acting beta-

agonists (LABAs) and severe exacerbation of asthma symptoms possibly leading to an 

increase in asthma-related deaths among users (49-51). Of particular note, the findings of 
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the Salmeterol Multi-center Asthma Research Trial (SMART) study included a small but 

statistically significant increase in asthma-related deaths with a LABA (salmeterol) vs. 

placebo (52). While the true clinical significance of this effect is controversial (53),  these 

findings coupled with the results of other studies recently led the FDA to add a black box 

warning on LABAs and to implement more stringent guidelines for their clinical use 

(reviewed in (54)). Mechanistic understanding of these adverse effects, as well as the 

need for improved or alternative bronchodilatory agents, represent key problems in the 

fields of asthma and airway biology (55). 

1.2.1. Receptor desensitization following beta-agonist treatment 

 

A confusing clinical observation is that acute use of beta-agonists is beneficial, 

while chronic use may be harmful. Aside from direct modulation of cAMP levels, the 

β2AR and its downstream signaling intermediates also undergo several levels of 

regulation following agonist stimulation. This occurs via well-characterized mechanisms 

including altered receptor density, uncoupling of the receptor and G protein, and 

trafficking of the receptor away from the plasma membrane (56).  

Agonist-specific or homologous desensitization (that effected on the β2AR after 

activation with beta-agonist) begins with phosphorylation of the agonist-bound receptor 

by G protein-coupled receptor kinases (GRKs). This phosphorylation partially uncouples 

the β2AR from interaction with the G protein, limiting further signaling and leading to the 

recruitment of β-arrestin to the receptor. β-arrestin binding fully uncouples receptor/G 

protein interactions and facilitates internalization of the desensitized β2AR via clathrin-

coated pits.  The receptor can then be recycled to the membrane or degraded by the 

lysosome (either directly or via ubiquitination) (2). 
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Heterologous desensitization, or that initiated by signaling of receptors other than 

the β2AR, primarily occurs via PKA- or PKC-mediated receptor phosphorylation. This 

regulation is possible with any agonist leading to activation of these kinases, including 

PGE2, IL-1β, TNFα, and TGFβ (2). While phosphorylation of the receptor by PKA/PKC 

also interferes with β2AR / G protein interaction, the effect is not as profound as that seen 

with homologous desensitization, nor does it promote β-arrestin binding and 

internalization (2). Recently it has been appreciated that PKA can also participate in beta-

agonist-mediated desensitization of the of β2AR, especially at low agonist concentrations 

(57).  

In addition to desensitization, it is also possible for the receptor to uncouple from 

the expected or “favorable” signaling pathway without downregulation of the receptor 

itself (55); for example, coupling of the β2AR can switch from Gαs (pro-relaxant) to Gαi 

(generally considered to inhibit various Gαs-mediated mechanisms) (58,59). Altered 

effect of beta-agonist therapy may also be attributable to changes in expression of various 

effector and regulatory components.  Such possible changes include increased expression 

or activity of PDEs (31) and reduced expression or activity of Gαs or AC (2,57). 

Additionally, asthma-related inflammation is unaffected or even increased by beta-

agonists in vivo (reviewed in (60)). While no specific mechanism underlying the adverse 

effects of beta-agonist therapies have been established, it is likely that one or all of these 

factors plays a role. 

1.2.2. Beta-agonist regulation of Gq- and Gs-coupled signaling 

 

Numerous mechanisms have been described to account for the action and 

regulation of β2AR signaling, many of which have been (indirectly) attributed to PKA 
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activity (Figure 1.3). Broadly, beta-agonists initiate relaxation of the airway by inhibiting 

contractile signaling and the related machinery (pro-contractile GPCRs, Gαq, effectors). 

Specifically, regulation of receptor / Gq coupling reduces the overall ability of the 

receptor to initiate signaling; phosphorylation of PLC inhibits its activity and constrains 

lipid signaling; inhibition of the IP3R results in decreased calcium release from the 

sarcoplasmic reticulum (SR); and, finally, alteration of the balance between myosin light 

chain kinase (MLCK) and myosin light chain phosphatase (MLCP) activity results in 

 
Figure 1.3. Proposed mechanisms of PKA-mediated regulation of Gq-coupled 

receptor signaling in ASM. 
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decreased MLC-20 phosphorylation. All of these events oppose the ability of Gq-coupled 

signaling to initiate or sustain contraction of ASM. 

In addition to proposed mechanisms of Gq-coupled signaling regulation, beta-

agonist-activated PKA exerts negative feedback on β2AR signaling via multiple 

mechanisms, some only recently elucidated in ASM (Figure 1.4). As previously 

mentioned, PKA can inhibit β2AR / Gαs coupling (via regulation at both the receptor and 

G protein loci) (3). In systems outside the airway, PKA activity has been shown to inhibit 

AC isoforms V and VI (61). The potential for PKA-mediated activation of long-form 

PDE4s may also contribute to feedback on cAMP-based signaling in ASM.  While the 

physiological importance of these mechanisms in β2AR signaling is not yet understood, 

the possibility of multi-level feedback mediated by PKA is of considerable interest given 

the problem of desensitization associated with beta-agonist use. 

 

 
Figure 1.4. Proposed mechanisms of PKA-mediated feedback on Gs-coupled 

receptor signaling in ASM. 
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1.3. The mechanism of β2AR / beta-agonist action is controversial.   

 

Canonical signaling paradigms identify PKA as the primary effector molecule of 

GPCR signaling via Gαs, such as the β2AR activated by beta-agonists.  This notion has 

historically been accepted in the field of airway biology despite a lack of direct evidence. 

A tenant of early GPCR research, based on the work of Sutherland and Krebs in the early 

1970s, held that the biological response evoked by a certain drug/receptor should be 

reproduced by use of the suspected cyclic nucleotide through which it signals (16). 

Following this guideline, if treatment of cells with forskolin (FSK; known to initiate AC 

activity, and thus cAMP accumulation, independently of receptor activation) produced 

the same outcome as treatment with agonist, that receptor was deemed to act via PKA. 

Indeed these methods were used to “establish” PKA as the primary mechanism by which 

beta-agonists exert their bronchodilatory and anti-proliferative effects in ASM.  In fact, 

direct demonstration that PKA is mechanistically invovled in regulatory features of ASM 

contraction is limited to studies of heat shock protein-20 (HSP-20) (62) and K+ channel 

regulation (63,64). While this may have been an acceptable assumption at the time, the 

current appreciation of Epac and CNG channels as alternate mechanisms activated by 

cAMP calls into question these previously “established” pathways.  

Because experimental approaches enabling selective activation of Epac or PKA 

by endogenous cAMP have been problematic to date, a series of cAMP-derived 

analogues have been developed to circumvent this issue. The most commonly employed 

analogues designed to specifically activate PKA, inhibit PKA, or activate Epac are 

described in Table 1.1. These tools have been utilized to investigate the role of Epac in 

various organ systems and cell types, including ASM. Recent publications using Epac-
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selective analogues have challenged the historical acceptance of PKA as the effector of 

beta-agonist therapies and instead implicated Epac in several ASM functions including 

relaxation (17-19,65). Selective activation of both Epac and PKA was capable of 

modulating phenotype switch in human and bovine ASM strips in a similar fashion 

(18,19). In cultured human ASM (HASM) cells, β2AR-mediated signaling was able to 

inhibit cell proliferation through Epac but independently of PKA (65). In guinea pig 

ASM, the anti-spasmogenic activity of the beta-agonist isoprenaline was shown to be 

PKA independent (16). Selective Epac activation (by 8-pCPT-2’-O-Me-cAMP) was 

shown to inhibit the phosphorylation of MLC-20 and was capable of relaxing contracted 

guinea pig tissue; Epac-mediated relaxation was PKA-independent as this effect was still 

observed with inclusion of the PKA inhibiting analogue, Rp-8-CPT-cAMPs (17). The 

Epac-dependent inhibition of MLC-20 phosphorylation was reported to be via inhibition 

of RhoA and activation of Rac1 (19,66). 

 

Table 1.1. Commonly used cAMP analogues for the study of PKA and Epac. 
 

Analogue Described Action Notes / Issues Reference(s) 

cAMP (endogenous) PKA and EPAC 

PKAI AC50 = 0.09 µM 

PKAII AC50 = 0.08 µM 

Epac1 AC50 = 45 µM 

(25) 

8-bromo-cAMP Selectively activates PKA PDE substrate; also activates EPAC (67) 

N6,2’-O-dibutyryl cAMP Selectively activates PKA  (67) 

6-Bnz-cAMP Selectively activates PKA PDE resistant (67) 

Rp-cAMPS and  

Rp-8-Br-cAMPS 
PKA inhibitors PDE inhibitor (67) 

8-pCPT-2′-O-Me-cAMP Selectively activates Epac 

PDE substrate; inhibits PDE1, 2, 6; 

bioactive metabolites inhibit 

proliferation independently of Epac 

activation 

(67,68) 

Sp-8-pCPT-2′-O-Me-

cAMPS 
Selectively activates Epac 

PDE resistant; can indirectly activate 

PKA/PKG signaling via inhibition 

PDEs 

(67) 
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1.3.1. Limitations of tools to study Epac 

 

Recent studies implicating Epac in various aspects of ASM function draw their 

conclusions predominantly from the use of cAMP analogues, as described. Though these 

analogues are described as “selective agonists” for Epac or PKA, serious concerns 

regarding the specificity and off-target effects of these tools remain.  Several commonly 

used analogues have effects on PDE function by acting as inhibitors or substrates.  For 

those that are PDE substrates, there is concern that interaction of the analogues with 

PDEs may alter the metabolism of endogenous cAMP and thus artificially elevate or 

prolong its intracellular concentration (68,69). The actual specificity of these analogues is 

also questionable, especially at the concentrations used experimentally (i.e. 8-bromo-

cAMP, which is “selective” for PKA, also activates Epac) (67). Additionally, certain 

analogues, including 8-bromo-cAMP and 8-pCPT-2’-O-Me-cAMP, have been shown 

capable of activating CNG channels, introducing the possibility that results are due to 

cAMP-specific but Epac-independent effects (67).  

Additional avenues for targeted study of Epac are limited. No cell-permeable, 

specific inhibitors of Epac activity are currently available, though they are being actively 

pursued (21). Finally, no assay for directly determining Epac activity has been developed; 

instead, Rap activation can be measured using a pull-down-based Rap GTPase assay (70) 

and is used as a proxy for Epac activity.  However, demonstrating Rap activity is not a 

clear indicator of Epac activation, as PKA is capable of phosphorylating and thus 

activating Rap1 in an Epac-independent manner (71). 
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1.3.2. Limitations of tools to study PKA 

 

As with tools used to indicate the ability of Epac to effect cAMP functional 

changes, approaches for demonstrating the PKA-dependent effects of cAMP 

accumulation have significant limitations. Unfortunately, the genetic strategies employed 

to date for manipulating PKA activity in vivo are generally lethal. Thus most studies 

suggesting the PKA dependence (or independence) of various functional changes in ASM 

cells involve the use of pharmacological tools with documented limitations (57,72,73).  

Many “potent” PKA inhibitors (which also affect the activity of innumerable 

other kinases) fail to sufficiently attenuate PKA activity when used on cultured cells or 

tissues. Studies using human ASM cells revealed that the isoquinalone H-89 as well as 

staurospoine are both potent inhibitors of PKA activity, but other common 

pharmacological tools including KT5720, H-7, and Bis IX were not effective in this 

context (73). In another study of human ASM, several pharmacological inhibitors (TAT-

PKI, myristoylated PKI, KT5720, Rp-cAMPS) failed to significantly attenuate PKA 

activity stimulated by 1 µM isoproterenol (ISO; a beta-agonist) or 10 µM FSK; only H-

89 and to a lesser extent H-7 inhibited PKA activation (57). Not surprisingly, H-89 is the 

inhibitor commonly utilized in studies of ASM to determine the effects of Epac activation 

and to show that actions of various drugs are PKA-independent.  However, H-89 in 

human ASM has actually been proven a potent and selective antagonist of the β2AR (73).  

The high concentration of pharmacological inhibitors required for treatment of 

cultured cells (often 100 – 1000 times those necessary for cell-free assays) also raises 

concerns regarding toxicity; indeed, incubation of human ASM or human bronchial 

epithelial cell (BEAS2B) cultures with 10 μM H-89 for prolonged periods (>2h) results 
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in decreased FSK-stimulated cAMP accumulation and loss of cells by detachment (73). 

High concentrations also increase the possibility of off-target effects.  For these reasons, 

data produced utilizing any of these pharmacological tools, particularly H-89, requires 

stringent controls and must be viewed with caution.  

1.3.3. An alternative strategy for investigating PKA 

 

Unfortunately, our current understanding of PKA—in ASM as well as many other 

cell types—is based primarily on associative data, due to the difficulty of inhibiting PKA 

activity in cells or tissue. The weakness of this evidence, coupled with the limitations of 

tools for studying both PKA and Epac, has led to considerable disagreement over which 

effector is responsible for the actions of beta-agonists in ASM. Despite the capability of 

Epac to modulate a variety of functional changes relevant to ASM and asthma, a 

physiologically relevant role for Epac in ASM has not been demonstrated. The evidence 

for PKA, while arguably obtained under more physiological conditions, is equally limited 

due to the associative rather than direct demonstration of its effects. A clear resolution to 

the question of how each effector contributes to beta-agonist-mediated bronchorelaxation 

requires the use of an alternative strategy that allows for physiological experiments and 

minimizes non-specific effects. 

To overcome the limitations of current techniques for targeting the role of PKA in 

ASM function, we have developed molecular rather than pharmacological approaches. 

Two PKA inhibiting peptides, PKI and RevAB, have been expressed in ASM cells 

utilizing several viral vectors. The PKA inhibitor peptide PKI is an endogenously 

expressed protein which binds to free PKA-C, acting as a competitive inhibitor of kinase 

activity (74). This interaction occurs regardless of the subcellular localization of PKA-C, 
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and PKI contains a nuclear export signal that facilitates export of nuclear PKA-C back to 

the cytosol where it is able to reassociate with PKA-R (74). The mutant type I regulatory 

PKA subunit RevAB contains mutations in both the A and B sites for cAMP binding, 

resulting in a subunit that does not bind cAMP and therefore is incapable of releasing 

active PKA-C (75). Together, these peptides provide complementary strategies for 

determining the role of PKA activity in ASM.  

Expression of PKI and RevAB has already been successfully implemented to 

demonstrate the role of PKA in other functional characteristics of ASM (57,72). Studies 

by Guo et al. utilizing stable expression of the PKI and RevAB peptides in HASM 

suggested for the first time that PKA could participate in both homologous and 

heterologous desensitization of the β2AR in this primary cell type (57). These peptides 

were also used by Misior et al. to demonstrate that PKA is required for the mitogenic 

effects of cytokines on ASM. Their findings suggest that commonly used asthma 

therapies including corticosteroids or cyclooxygenase inhibitors may in fact exacerbate 

ASM growth and thus potentiate the pathogenesis of asthma in users (72). 

Most recently, Yan et al. utilized PKI and RevAB expression to clarify the 

requirement for PKA in effecting the anti-mitogenic properties of beta-agonists (76). 

These findings call into question several studies (described previously) which reported 

PKA-independent bronchorelaxation using selective cAMP analogues for Epac activation 

and PKA inhibition. The success of PKI and RevAB expression in providing direct 

evidence of PKA-mediated effects in ASM suggests that they may be a useful approach 

for addressing the role of PKA in effecting beta-agonist-mediated bronchorelaxation.  
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1.4. AKAPs confer specificity to cAMP-dependent signaling. 

 

Regardless of the particular effector(s) and regulatory mechanisms that contribute 

to the functional effects of beta-agonists on ASM contractile state, it is clear that these 

actions are mediated by cAMP. Further progress related to therapeutic targeting of the 

β2AR via beta-agonists or other agents is critically dependent on resolving the details of 

cAMP signaling and regulation in ASM. 

The concept of compartmentalized signaling has added a new level of complexity 

to canonical enzymatic pathways by suggesting that intracellular signaling can be 

spatially constrained. How one messenger, produced through the activation of myriad 

receptors but acting through limited effectors, can participate in such a diverse series of 

cellular processes has been a source of speculation for decades. Recently it was 

demonstrated that cAMP accumulation within the cytoplasm is restricted rather than 

freely diffusible (77). Several mechanisms have since been proposed to explain this 

spatial restriction, including physical barriers such as the endoplasmic reticulum (78), 

PKA-mediated buffering (79), shaping of local gradients by PDEs, and assembly of 

localized cAMP-sensitive signaling complexes.  

In addition to physical restriction of cAMP, compartmentalization of downstream 

signaling and feedback mediated by this broad second messenger also contributes to its 

targeted effects. This level of compartmentalization can be attributed to various 

influences: the relative (tissue-, cell-, or context-specific) stoichiometry of various 

signaling components, the proximity of regulatory factors, and the assembly of targeted 

signaling complexes in distinct subcellular compartments (11,80). Recent studies in a 

variety of cell and organ systems have demonstrated the importance of A-kinase 
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anchoring proteins (AKAPs) in organizing cAMP-responsive signaling complexes and 

their ability to participate in diverse physiological and pathophysiological events. 

Unfortunately, no studies to date have investigated the role of compartmentalized cAMP 

signaling or AKAP proteins in ASM signaling or function. 

 

1.4.1. AKAP structure and isoforms  

 

AKAPs are a collection of functionally related but structurally diverse scaffolding 

molecules, with more than 50 isoforms identified to date including the many resulting 

from alternative gene splicing (13) (Table 1.2).  Inclusion in the “family” is defined by 

the ability of these scaffolds to bind PKA-R. This interaction is most commonly achieved 

via a 14 -18 amino acid amphipathic helix within the AKAP scaffold which binds PKA-R 

on the exposed hydrophobic face (81-84). A loose consensus sequence 

(X[L,I,V]XX[L,I,V][L,I,V]XX[L,I,V][L,I,V]XX[A,S][L,I,V], where X is any amino 

acid) has been proposed for the PKA-docking motif in AKAPs (85), though there is 

considerable variation among family members.  Interestingly, introduction of a proline 

(Pro) residue into the sequence disrupts the helical pattern and abolishes docking of 

PKA-R (81,86), suggesting that secondary structure is critical to the function of this 

domain. 

Most AKAPs described to date bind type II PKA (via PKA-RII), though some 

dual-specific (D-AKAP1, AKAP10, AKAP11, ezrin (87-90)) or RI-selective (merlin, 

PAP7 (91,92)) AKAPs have been identified. Dual AKAPs are reported to bind RI with a 

10- to100-fold lower affinity than RII (7). PKA-RII typically binds to AKAPs with low 

nanomolar affinity, whereas RI binding is in the high nanomolar to sub-micromolar range 

(93).  
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The more common and better characterized type II PKA docking requires 

dimerization of the regulatory subunits and occurs via an N-terminal hydrophobic groove 

formed by the D/D domains (83,84,107,108). Residues 1-23 of the D/D domain of RII 

facilitate AKAP binding while residues 24-44 are responsible for dimerization (11). 

Dimerization is required for PKA-AKAP interaction as it allows for proper formation of 

the AKAP docking surface (109). Additionally, residues 1-5 are critical for tethering with 

positions 3 and 5 containing isoleucines that are required for proper interaction with the 

hydrophobic groove of AKAPs (110,111). 

 While the D/D domains of PKA-RI and RII are highly conserved, this region on 

RI slightly removed from the N-terminus, comprising residues 12-61 (112-114). This 

extra extreme N-terminal segment has been proposed as the mechanism distinguishing RI 

from RII binding. The N-terminus of RI is helical (115), whereas RII is extended (114).  

The RI dimer is relatively compact, with a maximum diameter of 14 nm and presents an 

AKAP-binding groove which is considerably deeper than that of the RII dimer (12), 

which is much more extended with a maximum diameter of approximately 20 nM (14). 

Together, these differences seem to favor binding of RII over RI to the PKA-binding 

domain of most AKAPs. However, the recent discovery of the RI specifier region (RISR)  

in the dual-specific AKAP ezrin suggests that alternate mechanisms may exist to 

facilitate RI docking to some scaffolds (116).  This 13 amino acid RISR sequence 

(ESKRRQEEAEQRK) is located outside the amphipathic helix region and has also been 

identified in other dual-specificity AKAP family members (116). 

Aside from the ability to dock PKA-R, AKAPs share two other general 

characteristics: targeting to a specific subcellular location (plasma membrane, 
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sarcoplasmic/endoplasmic reticulum, nucleus, cytoskeleton) and the ability to bind other 

signaling molecules.  Thus individual AKAPs produce specific and targeted multivalent 

signaling complexes by interacting with different combinations of effectors, regulatory 

enzymes, and substrates (117). Examples of (direct and indirect) AKAP complex 

members include Epac, PDEs, other kinases (PKC, PKD, MAPK family members), 

phosphatases, receptors and ion channels.   

 

1.4.2. Tools to study AKAPs 

 

The ability to bind PKA-R, the defining characteristic of AKAPs, is commonly 

exploited to screen for novel AKAPs or to identify those AKAPs expressed in a given 

tissue. The first AKAP was discovered by running tissue extracts through agarose affinity 

columns containing RII bound 8-azido adenosine 3’,5’-[32P]monophosphate (8-AHA-

cAMP) (118). These columns allowed for the resolution of different PKA-RII binding 

proteins into separate fractions based on differences in affinity (119). Based on the same 

principals, AKAPs are often identified using a far-western blot, also known as an RII 

overlay assay, where 32P-labeled PKA-RII is utilized to probe protein extracts blotted to a 

nitrocellulose membrane (120). These techniques, while useful, often result in false-

positive and false-negative results; additionally, they fail to detect RI-binding proteins 

(119) or those in which autophosphorylation of PKA-R (by PKA-C) is critical for the 

interaction (119,121,122). More physiological and high-throughput techniques have since 

been developed, including yeast two-hybrid, T7 phage display, and mass spectrometry-

based assays (reviewed in (123)). 

A widely utilized approach for the study of AKAPs involves blocking of AKAP-

PKA interactions via disruptor peptides. These peptides mimic the amphipathic helix 
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found in AKAPs, binding to PKA-R and thus preventing its association with the scaffold. 

Several commonly used disruptor peptides are described in Table 1.3. The peptides 

AKAP-IS and Ht31 will be utilized to investigate the role of targeted PKA activity in 

ASM signaling. 

 

Table 1.3. Affinities of various AKAPs and AKAP disruptor peptides for Type I and 

Type II PKA. 
 

Peptide/AKAP Sequence RIIα KD RIα KD Reference(s) 

AKAP-IS  AMAQIEYLAKQIVDNAIQQAKA 0.45 ± 0.07 nM 227 ± 55 nM (124) 

Ht31 LIEEAASRIVDAVIEQVK 2.2 ± 0.03 nM 1 - 1.2 µM (84,93,122) 

Super-AKAP-IS QIEYVAKQIVDYAIHQA ~0.11 nM ~2.8 µM (108) 

RIAD LEQYANQLADQIIKEATE 1760 ± 290 nM 1.0 ± 0.2 nM (125,126) 

D-AKAP1 QIKQAAFQLISQVILEAT 0.5 nM 185 nM (93) 

AKAP5 LLIETASSLVKNAIQLSI 1.5 nM >> 1 nM (93) 

mAKAP IIDMASTALKSKSQ 119 ± 8 nM Not measured (93) 

 

 

Ht31 is a 24 amino acid peptide representing the PKA-binding amphipathic helix 

of AKAP-Lbc (81) which inhibits PKA docking to AKAPs with low nanomolar affinity 

for RII (84) and sub-micromolar affinity for RI (93). Another disrupting peptide, AKAP-

IS (In Silico), was designed using computer-aided optimization of the PKA-binding 

helices of several AKAPs and also binds preferentially to PKA-RII (124). While Ht31 

and AKAP-IS have been used extensively to characterize PKA-AKAP interactions and 

importance, a recent effort has been made to distinguish more specifically between the 

actions of type I and type II PKA.  This has resulted in the generation of novel peptides 

such as Super-AKAP-IS (10,000-fold more selective for RII over RI (125)) and the RI 

anchoring disruptor (RIAD) (>1,000-fold selective for RI versus RII (116)). Finally, the 

discovery of RISR led to the development of a hybrid RIAD-RISR peptide, which 

exhibits a 75% increase in binding of RIα versus that of RIAD alone (127). 

As more and more AKAPs have been discovered, an emerging problem in the 

field is discrepancy in nomenclature.  Many AKAPs are identified by the apparent 
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molecular weight, a naming system which is complicated by size differences among 

orthologues, products of alternative splicing and other modifications (i.e. glycosylation, 

myristoylation). Other names have been assigned to AKAPs when discovered in an 

alternative context, as is the case with gravin which was first identified in the serum from 

myasthenia gravis patients (128,129). Finally, the gene names of several AKAPs have 

been recently changed to codify these proteins in an arbitrary but numerical order; 

however, this system currently faces the reality that some numbers have already been 

assigned based on the molecular weight nomenclature, and thus the codification of 

AKAPs cannot continue in this fashion. Confusingly, most AKAPs are identified by 

several names due to the lack of a single naming convention. AKAPs mentioned in this 

work will be identified by (what the Author considers) the most commonly used or 

representative name for each, deferring to the gene name when there is no clear 

consensus.  These names are identified in Table 1.2 with bold text. 

1.4.3. Physiological and pathophysiological roles of AKAPs 

 

AKAPs have been extensively studied in a variety of systems including heart 

(128,129), brain (130), and T cells (131), and various family members have been 

identified in virtually every human tissue type (reviewed in (13)). PKA overexpression is 

a hallmark of several types of human tumors and is associated with a poor prognosis in 

several tumor types, including breast cancer (132-134). Additionally, it has been shown 

that docking of PKA-R to AKAPs is decreased in human heart failure (122). These 

findings and other reported roles of PKA signaling in disease make it logical that AKAPs 

play an important role in normal and/or patho-physiological mechanisms. 
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The signalosome assembled by mAKAP in cardiac myocytes has recently been 

well-characterized (37,95,135).  Through a multifaceted and highly regulated series of 

signaling events, mAKAP coordinates several levels of PDE regulation. As PDE species 

are known to promote vasodilation of pulmonary arteries, leading to cardiac 

inefficiencies (136),  the ability of the mAKAP complex to tightly regulate PDE4D3 

activity may have important implications in heart failure progression and treatment.  

mAKAP also affects calcium transients in cardiac myocytes via binding to the type 2 

ryandodine receptor (Ry2R) (137) and facilitating  a PKA-mediated increase in the open 

probability of the channel (129).  Via colocalization of the kinase and other regulatory 

molecules with Ry2R, the mAKAP complex may be critical to facilitating normal cardiac 

contractile signaling.  In fact, downregulation of mAKAP in rat neonatal cardiomyocytes 

has been shown to inhibit α- and β-adrenergic-stimulated hypertrophy, potentially by 

preventing activation and nuclear translocation of the transcription factor NFATc1 

(37,138).  Finally, in skeletal muscle, mAKAP facilitates MEF-2 transcription and 

myogenic differentiation (97,139).  

AKAP-Lbc is a rather unique AKAP in that it has been shown to have intrinsic 

enzymatic activity, acting as a guanine exchange factor (GEF) for the small GTPase Rho 

(140). AKAP-Lbc is anchored to the actin cytoskeleton and facilitates NF-κB-mediated 

transcription. Expression of AKAP-Lbc, which is critical for cardiac development in 

mice (141), is also required for α-adrenergic-induced hypertrophy in cardiac myocytes 

and its expression is upregulated by hypertrophic stimuli (142,143). Additionally, AKAP-

Lbc has been characterized as a cofactor for the estrogen receptor which augments 
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receptor-mediated gene activation (144), and the polymorphism K526Q is associated 

with familial breast cancer (145). 

The majority of studies characterizing AKAP5 have been performed in the brain, 

where the scaffold is associated with AMPA and NMDA receptors (146). Loss of 

AKAP5 in mice results in memory deficits in the Morris water maze (147) as well as 

reduced motor coordination (81).  A genetic mutation specifically abolishing PKA-

AKAP5 interactions disrupts long-term potentiation in adult mice (148). In the heart, 

AKAP5 coordinates PKC-mediated phosphorylation to increase persistent Cav1.2 

activity, thus leading to angiotensin II-induced hypertension (149,150). 

The intracellular distribution of the AKAP gravin is dynamic. In unstimulated 

cells, gravin is localized to the plasma membrane (151), but the scaffold appears to 

redistribute following the addition of various agents. Treatment of HEC-1-A cells with 

phorbol ester results in translocation of gravin to an unidentified, juxtanuclear vesicular 

compartment (152), while treatment of A293 cells with the calcium ionophore A23187, 

resulted in redistribution of gravin to the cytosol (153). Redistribution also occurs during 

various points in the cell cycle (154). Gravin is upregulated by a number of growth 

factors (155) and overexpression causes cell cycle arrest (156). Not surprisingly, gravin 

has been identified as a class 2 tumor suppressor (133,134,157). The AKAP12 gene 

encoding gravin is located in a hot spot region (6q24-25.2) often deleted in prostate, 

breast and ovarian cancers (158). Gravin is also downregulated in many cancers due to 

promoter hypermethylation, and decreased expression of the scaffold correlates with 

progression to malignancy and metastasis (159).  Several oncogenes (including Src, Ras, 

Myc) have been shown capable of downregulating gravin in cancer cell lines and human 
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cancers (159).  Conversely, gravin is upregulated by treatments that cause arrest of cancer 

cell growth, and forced re-expression suppresses oncogenic growth in vitro and in vivo 

(159). Other studies have explored the importance of gravin in normal brain function and 

behavior. Selective loss of the gravin-α isoform results in impaired β2AR-mediated 

synaptic plasticity in mice, and the maintenance phase requires PKA anchoring to the 

scaffold (160). Loss of gravin-α also impairs cued fear conditioning and long-term 

memory formation without affecting motor coordination, anxiety, exploratory behavior or 

hippocampal architecture (160). 

Ezrin is an ezrin-radixin-moesin (ERM) family protein that connects cell 

membrane and actin cytoskeleton (161). Ezrin has been implicated in human 

tumorigenesis, especially metastatic processes in tumors of both epithelial and non-

epithelial origin. Upregulation of ezrin correlates with the invasiveness of malignant cell 

lines, as well as with malignancy, metastatic behavior and poor clinical outcome of 

diverse cancers (162). Ezrin is the only ERM protein shown to be directly phosphorylated 

by the Src family kinases Lck and Src (163-165). Src and ezrin function cooperatively in 

deregulation of cell–cell contacts and scattering of carcinoma cells (166), and Y477 Src-

phosphorylated ezrin specifically regulates local invasion and metastasis of breast 

carcinoma cells  (167). Finally, ezrin is the essential link between cytoskeletal F-actin 

and a lipid raft-associated multiprotein complex shown to negatively regulate immune 

responses upon T cell activation (168). 

The roles of other AKAPs in diseases have recently been reported. AKAP9 has 

been shown to be a critical regulator of the slowly activating potassium current channel 

KCNQ1 (169), with a single amino acid mutation (G589D) being sufficient to disrupt 
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interaction with the channel; this specific mutation has been found in patients with long 

QT syndrome (170,171). Polymorphisms in AKAP9 (M463I) and AKAP10 (I646V) are 

associated with increased breast cancer risk (172-174). The same AKAP10 

polymorphism (I646V), resulting in altered affinity for PKA, is associated with an 

increased P-R interval in electrocardiography and has been suggested as a predictor of 

sudden cardiac death (175,176).  Finally, AKAP15/18 knockdown in cardiomyocytes has 

been shown to affect calcium re-uptake (177). Clearly, AKAP coordination of cAMP-

related signaling events is a major factor in both normal physiological function and 

disease progression in many tissue types, although the expression and role of AKAPs in 

ASM or asthma is not known. 

 

1.5. AKAPs may coordinate execution and regulation of β2AR signaling in ASM. 

 

Despite the rich literature regarding AKAPs, their presence in ASM and potential 

implications for physiological and pathophysiological airway function is just being 

contemplated.  The allure of compartmentalized signaling in asthma and ASM is clear—

the ability to manipulate cAMP-mediated signaling (strength, duration, repeatability) 

without directly inhibiting PKA has the potential to address current issues in the field.  

Although not directly investigated in the airway, there is ample suggestion in the 

literature that AKAPs could be relevant to β2AR signaling in ASM.  Several AKAPs, 

including AKAP5, gravin, and ezrin, are known to interact with the β2AR, thus targeting 

PKA near the receptor to participate in downstream signaling and potentially effect 

feedback.  AKAP5 is constitutively associated with the receptor and has been shown to 

facilitate switching of the β2AR from cAMP-based signaling to the MAPK pathway 

(specifically ERK1/2) (178).  Gravin is recruited to the β2AR upon beta-agonist 
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stimulation (with some basal level of association) and plays an important role in the 

recycling and resensitization of the receptor (178).  Loss of gravin-facilitated, PKA-

mediated phosphorylation of the β2AR may hamper switching of the receptor to ERK1/2 

signaling (100). Ezrin is phosphorylated by GRK2, and this activated form is required for 

endocytosis of the desensitized β2AR (179).  The substantial literature on these and other 

AKAPs suggest that these scaffolds may not only coordinate PKA in effecting the 

therapeutic benefits of beta-agonists, but also localize the kinase to participate in 

feedback on this signaling.   

Recently it was identified that long isoform PDE4 family members (which 

include PDE4D3 and 4D5) undergo PKA-mediated activation (36).  PDE4D5 appears to 

be the predominant physiological regulator of β2AR-mediated cAMP in HASM, 

suggesting that PKA-induced activation of PDEs is an important feedback mechanism in 

the airway (30). As mentioned previously, application of PDE4 inhibition to treat asthma 

has thus far been unsuccessful; perhaps modulation of PDE activity, via an AKAP-

mediated mechanism, may allow for increased targeting and specificity and thus provide 

a better therapeutic option. 

Several AKAPs have been described as binding PDEs; for example, gravin 

directly binds PDE4D members (102) and ezrin interacts with PDE4Ds via binding of β-

arrestins (180).  The colocalization of PKA and PDEs, given the documented ability of 

PKA to increase PDE activity, may be a key mechanism by which the magnitude and 

time course of cAMP induced by beta-agonists is regulated. Additionally, AKAP5 

interacts with AC V/VI and facilitates the localized PKA activity responsible for 

inhibitory phosphorylation of AC V/VI (181). The notion that PKA plays an important 
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feedback role in β2AR / beta-agonist signaling in addition to its possible role in effecting 

the associated therapeutic benefits only further increases interest in AKAPs as a means to 

study and manipulate this signaling. 

Many characteristics of AKAP family members make them a topic of extreme 

interest in regards to asthma, ASM function and β2AR / beta-agonist signaling. Via the 

ability of these scaffolds to interact with the β2AR, provide targeted responses to 

elevations in intracellular cAMP, and coordinate diverse feedback mechanisms, AKAPs 

could serve as useful tools to increase our understanding of beta-agonist-mediated 

signaling and functional effects as well as provide potential targets for new asthma 

therapies. Unfortunately, there is no evidence regarding AKAP expression or functional 

relevance in ASM. 

 

1.6. Specific Aims 

 

Inhaled beta-agonists are critical components of asthma therapy, but the success 

of these drugs is limited as indicated by clinical studies suggesting that prolonged use 

results in tachyphylaxis, loss of disease control, and possibly increased asthma-related 

mortality. While beta-agonists have long been held to effect bronchorelaxation and other 

beneficial outcomes through PKA, these assertions have never been directly 

demonstrated; indeed, several groups now contest the role of PKA in β2AR / beta-

agonist-mediated signaling and instead name Epac as the principal effector of these 

drugs. Due to concerns regarding the methods and physiological relevance of these 

findings, we assert that PKA is the principal and required effector of β2AR / beta-agonist 

signaling and seek to demonstrate that using expression of PKA-inhibiting peptides. 
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In vivo methods and the diversity of PKA-mediated signaling have clearly 

demonstrated that outright PKA inhibition is not a viable therapeutic option. Thus, it is 

critical not only to understand the basic mechanism underlying beta-agonist action, but 

also the potential ways in which this signaling can be manipulated to emphasize desired 

outcomes (bronchorelaxation) while minimizing negative side effects. A potential forum 

for this manipulation lies in the concept of compartmentalized signaling, which suggests 

that intracellular signaling can be spatially and temporally constrained to result in a 

specific outcome. One such mechanism of compartmentalization is that mediated by 

AKAPs, a diverse family of scaffold proteins which organize cAMP-responsive signaling 

complexes which include PKA. Since we assert that the role of PKA in beta-agonist-

mediated signaling is critical and required, understanding the significance of 

compartmentalized PKA in ASM is likely to have considerable impact on future 

therapeutic strategies.  

The overall hypothesis of this work is that PKA is the predominant 

physiological effector of beta-agonist-mediated relaxation of ASM and that 

localization of this PKA activity is critical for action of these agents.  This hypothesis 

will be addressed in two specific aims: 

Specific Aim 1. To establish PKA as the predominant, physiologically relevant 

effector of β2AR-mediated ASM relaxation.  

A. Determine the effects of PKA inhibition on beta-agonist-mediated 

signaling 

B. Determine the effects of PKA inhibition on beta-agonist-mediated 

relaxation of ASM 
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Specific Aim 2. To investigate the role of compartmentalized PKA activity in the 

regulation of signaling by beta-agonists in ASM.  

A. Characterize AKAP expression in human airway smooth muscle tissue 

and cultures  

B. Investigate how AKAP disruption affects beta-agonist-mediated 

signaling in HASM 

 

Through these aims, we seek to increase our understanding of airway biology and 

a vital component of asthma therapy. We will clarify the mechanism by which beta-

agonists act to reverse ASM contraction and identify, for the first time in the airway, the 

role compartmentalization plays in this signaling. Such findings will identify a means 

through which beta-agonist signaling might be manipulated in order to improve upon 

current treatment options.   
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Chapter II.  General Methods 

 

Materials.  

Constructs. The open reading frames of PKI (from pcDNA3-PKI, provided by Tung 

Chan, Thomas Jefferson University) and RevAB (provided as pcDNA3RevAB by G. 

Stanley McKnight, University of Washington) were PCR-cloned into the HindIII/SalI 

sites of pEGFP-N1 to generate pEGFPN1-PKI and pEGFPN1-RevAB, encoding the GFP 

chimeras PKI-GFP and RevAB-GFP. HindIII/NotI fragments of pEGFPN1-PKI and 

pEGFPN1-RevAB, containing sequences encoding PKI-GFP and RevAB-GFP, 

respectively, were each subcloned into the retroviral vector pLNCX2 (Invitrogen, 

Carlsbad, CA, USA) as well as the lentiviral vector pLenti (Invitrogen, Carlsbad, CA, 

USA). Constructs encoding AKAP-IS and Ht31 were provided by Carmen Dessauer 

(University of Texas Houston) and Meredith Bond (University of Maryland, Baltimore), 

respectively. YFP chimeras of scrambled peptide (SCR), AKAP-IS (182), and Ht31 were 

subcloned into pLNCX2. The rat olfactory CNG channel α-subunit was expressed using 

the adenoviral shuttle vector pACCMV as described previously (183). 

Antibodies. The antibodies against vasodilator-stimulated phosphoprotein (VASP), 

MAP2B and AKAP79 were from BD Biosciences (San Jose, CA, USA); against 

phospho-p42/p44 and phospho-MLC-20 were from Cell Signaling Technology (Beverly, 

MA, USA); against phospho-HSP-20 was from Abcam (Cambridge, MA, USA); and 

against beta-actin was from Sigma (St. Louis, MO, USA). The AKAP2 antibody was 

purchased from Novus Biologicals (Littleton, CO, USA).  The antibody for ezrin was 

purchased from Neo Markers (Fremont, CA, USA). The antibody for gravin was 

provided by Irwin Gelman (Roswell Park Cancer Institute).  The antibody for AKAP3 



37 

 

was provided by Sarah Fielder (Portland VA Medical Center) and the AKAP9 antibody 

provided by Carmen Dessauer. IRDye 680 or 800 secondary antibodies were from Life 

Technologies / Invitrogen (Carlsbad, CA, USA).  

Other. Purified RII and catalytic PKA subunits were provided by Susan Taylor 

(University of California San Diego). All other materials were obtained from Sigma (St. 

Louis, MO, USA) or from previously identified sources (72,184). 

 

Cell culture. Human ASM cultures were established from human tracheae as described 

previously (185). Third- to fifth-passage cells, naive or stably selected after retroviral 

infection as described below, were plated at a density of 104 cells/cm2 in either 24-well 

(cAMP radioimmunoassay) or 12-well plates (immunoblots) and maintained in Ham’s F-

12 medium supplemented with 10% fetal bovine serum (FBS).  At 24 h prior to 

stimulation, cells were arrested in Ham’s F-12 medium supplemented with 0.1% bovine 

serum albumin (BSA).  

 

Retroviral expression of peptides. Stable expression of the indicated constructs was 

achieved by retroviral infection as described previously (186). Briefly, retrovirus for the 

expression of each was produced by cotransfecting GP2–293 cells with pVSV-G vector 

(encoding the pantropic VSV-G envelope protein) and the appropriate pLNCX2-based 

construct. At 48 h after transfection, supernatants were harvested and used to infect early 

(second or third) passage human ASM cultures. Cultures were selected to homogeneity 

(typically >95% GFP-positive, as demonstrated in (186)) with 250 µg/ml G418. Stable 

lines expressing GFP or YFP exhibited properties similar to those of uninfected naive 
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cells with respect to mitogen-stimulated DNA synthesis and cell proliferation, as reported 

previously (72).  

 

Immunoblotting. Tissue lysates were prepared by grinding whole tissue samples in a 

glass homogenizer cooled with liquid N2.  RIPA buffer was added and the tissue ground 

again to further homogenize.  Samples were sonicated thoroughly and a portion of this 

lysate was removed as the “whole tissue lysate.”  The remainder was centrifugated at 

5,000 rpm for 5 min at 4°C.  The supernatant was removed and stored in separately from 

the pellet.  Pellets were resuspended in RIPA buffer prior to electrophoresis and 

immunoblotting as below. 

Cultured HASM cells were grown to near confluence in 12-well plates, and 

growth was arrested for 24 h in serum-free Ham’s F-12 with 0.1% BSA.  Media was 

changed to plain Ham’s F-12 4 h prior to stimulation. Cells were lysed as reported 

previously (186), sonicated briefly, then electrophoresed on 10%, 4-15% or 4-20% SDS-

polyacrylamide gels, transferred to nitrocellulose membranes, and subsequently probed 

with the indicated primary and secondary antibodies conjugated with infrared 

fluorophores as per (187).  

 

Cellular cAMP accumulation. HASM cells were grown to near confluence in 24-well 

plates as above and growth was arrested for 24 h in serum-free Ham’s F-12 with 0.1% 

BSA. Stimulation was terminated by aspiration of medium and quenching with 100% 

cold ethanol, after which cAMP was isolated and quantified by radioimmunoassay as 

reported previously (73). Individual wells were stimulated at 37°C for 10 min with 500 μl 
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PBS containing 1% DMSO (vehicle), 1 mM RO-20-1724, or 1 mM 

isobutylmethylxanthine (IBMX) in the absence (basal) or presence of either 50 nM or 

1µM ISO or 100 μM FSK. Reactions were stopped by placing the plates on ice, 

aspirating the media, and adding 400 μl of ice-cold ethanol. After a 1-h incubation at 

room temperature, the ethanol from each well was transferred to an Eppendorf tube and 

allowed to evaporate over several days. Pellets were resuspended in 300 µL (vehicle, ISO 

conditions) or 1 mL (FSK conditions) 50 mM sodium acetate, pH 6.2. Samples were 

assayed for cAMP content on the following day with a radioimmunoassay using a 

[125I]cAMP tracer (Biomedical Technologies, Stoughton, MA, USA) and cAMP antibody 

(provided by Dr. M. Ascoli, University of Iowa). cAMP concentrations were determined 

by interpolation from a standard curve. 

 

Single-cell Ca2+ mobilization. HASM cells stably expressing GFP, PKI-GFP, or 

RevAB-GFP were washed and loaded with 5 μM Fura-2 AM for 30 min at 37°C. The 

cells were washed and maintained in Hank’s Balanced Salt Solution containing 10 mM 

HEPES, 11 mM glucose, 2.5 mM CaCl2, and 1.2 mM MgCl2 (HBSS; pH 7.4). The 

coverslips were mounted onto an open slide chamber and [Ca2+]i flux was assessed using 

a dual excitation fluorescence photomultiplier system (Metafluor, Molecular Devices, 

Sunnyvale, CA, United States) as described previously (188). The fluorescence 

intensities were converted into absolute calcium concentration using a calibration curve 

derived from maximum (ionophore) and minimum (EGTA) calcium flux in these cells, as 

per the software. The cells were stimulated with 10 μM HIST in HBSS to determine basal 

[Ca2+]i. The cells were subsequently stimulated with 10 µM HIST ± 5 minute 
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pretreatment with 1 µM ISO. The net calcium response was calculated by subtracting the 

basal from peak [Ca2+]i on agonist stimulation. Experiments were repeated using HASM 

cells obtained from different donors. 

 

Magnetic Twisting Cytometry. Dynamic changes in baseline cell stiffness were 

measured as an indicator of contraction and relaxation of isolated human ASM cells 

using magnetic twisting cytometry as described in detail previously (189). In brief, an 

RGD-coated ferrimagnetic microbead functionalized to the cytoskeleton (CSK) through 

cell surface integrin receptors was magnetized horizontally (parallel to the surface on 

which cells were plated) with a brief 1,000-Gauss pulse and twisted in a vertically 

aligned homogenous magnetic field (20 Gauss) that was varying sinusoidally in time; 

measurements were performed at a single frequency of 0.75 Hz. The sinusoidal twisting 

magnetic field caused a rotation and a pivoting displacement of the bead: As the bead 

moves, the cell develops internal stresses that resist bead motion (190). Lateral bead 

displacements in response to the resulting oscillatory torque were detected optically (in 

spatial resolution of ~5 nm), and the ratio of specific torque to bead displacements was 

computed and expressed as the cell stiffness in units of Pascals (Pa) per nanometer. 

For each individual ASM cell, stiffness was measured for the duration of 300 s; 

baseline stiffness was measured for the first 0–60 s, and changes in cell stiffness in 

response to HIST and ISO (alone or following contraction with HIST) were measured 

continuously. For each cell, stiffness was normalized to its baseline stiffness before the 

agonist stimulation.  
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Lentiviral expression of peptides. Lentivirus for the expression of each was produced 

by cotransfecting HEK 293T cells with Lentivirus Packaging Mix (Applied Biological 

Materials, Richmond, BC, Canada) and either pLenti-GFP or pLenti-PKI-GFP using 

LentiFectin (Applied Biological Materials) as described by the manufacturer. Media was 

changed after 24 h and virus was collected at 48 and 72 h. These collections were pooled 

and concentrated using 100,000 MW cut-off cellulose filters (Millipore, Billerica, MA, 

USA).  

 

Ex vivo ASM tension development. Tracheae were excised from C57BL6 mice after 

euthanasia by CO2 inhalation and cleaned of surrounding connective tissue. Rings were 

isolated and washed in HBSS containing amphotericin, penicillin and streptomycin 

before being treated with 0.05% trypsin for 5 minutes.  Rings were washed and plated in 

24w plates containing DMEM with antibiotics.  Concentrated lentivirus (pLenti) 

encoding GFP or PKI-GFP was added to each well along with 10 µg/mL polybrene.  

Rings were incubated with virus for 48 hours. Prepared rings were mounted in a 

multiwire myograph (ADInstruments, Colorado Springs, CO, USA) in Krebs-Henseleit 

solution (pH 7.40 –7.45) maintained at 37°C with 5% CO2 and 95% O2, with frequent 

changing of the solution. The chambers were mounted onto the Myo-Interface (model 

610 M) and connected to the transducer and PowerLab (ADInstruments, Colorado 

Springs, CO, USA) for data transferring and recording. Chart5 software for Windows 

(ADInstruments) was used to collect and analyze the data.   A basal tension of 0.5 g was 

set, and the tracheal rings were stimulated with 10 μM methacholine (MCh) for 5 min. 

Rings were then washed, stimulated with 60 mM KCl, washed, and again stimulated with 
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10 µM MCh and allowed to contract for 10 min.  Stimulation of the rings with 10 μM 

MCh produces ~80% maximum tension in the rings, as determined previously (191). 

After steady state tension was achieved, rings were treated in a dose-dependent manner 

with ISO (10 nM – 10 µM) and tension was recorded. The net contractile responses were 

determined by subtracting the basal tension from that of the peak tension on agonist 

stimulation, and the change in the tension was normalized to the change in tension in 

response to KCl. Relaxation responses were calculated as percentage change in MCh-

induced tension on stimulation with different concentrations of ISO. 

 

Assessment of AKAP mRNA. Microarray data previously generated in (192) was 

analyzed for relative expression of various AKAPs.  In addition, AKAP expression in 

HASM cells was analyzed by real-time PCR.  Briefly, HASM cells were grown to near 

confluence in 60mm dishes and washed before isolation of  RNA using TRIzol 

(Invitrogen, Grand Island, NY, USA) followed by chloroform addition.  RNA was 

resuspended in nuclease free water, converted to cDNA, and real-time PCR (RT-PCR) 

performed using the Taqman system (Applied Biosystems, Carlsbad, CA, USA). The Ct 

(cycle threshold) was calculated with Applied Biosystems 7300 Software. 

 

RII-overlay assay. Radiolabeling of purified bovine brain RII-B subunits was achieved 

by incubation of 1 µg RII-B with 1 µg C subunit in 25 µl (final volume) of 50 mM 

MOPS pH 6.8, containing 5 µl [γ-32P]ATP (3000 Ci/mmol), 20 mM NaCl, 2 mM MgCl2, 

and 1 mM dithiothreitol. After incubation for 15 minutes at 37oC, the reaction was 

stopped by placing the tube on ice and separating the free-ATP from the bound ATP 
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using a pre-packed disposable PD-10 desalting column (GE Heathcare, Piscataway, NJ, 

USA).  The 32P-labeled RII-B was labeled to a specific activity of ~1 mol 32P 

incorporated to each mol of RII-B.  The 32P-labeled RII preparation contained a single 

radiolabeled polypeptide with an apparent MW of 55,000.  

Proteins in cell lysates were separated by SDS-PAGE, transferred to a 

nitrocellulose membrane and blocked overnight at 4°C.  The membranes were then 

incubated with 32P-labeled RII-B (0.3x106 cpm/ml) in fresh Blotto/PBS for 4-6 h at room 

temperature. Next, membranes were washed three times with Blotto/BSA for 15 min.  

Binding of 32P-labeled RII-B to proteins was visualized by autoradiography using Kodak 

XAR-5 film.   

 

Adenoviral expression of CNG channels. Expression of CNG channels was achieved 

using adenoviral constructs as described previously (78). HASM cultures were infected 

with adenovirus expressing either green fluorescent protein (AdGFP) or a mutant CNG 

channel containing the double mutation C460W/E583M (AdCNG). This double mutation 

enhances both the selectivity and sensitivity of the channel to cAMP (193). Viral titer 

was determined on all stocks using the Adeno-X kit (BD Biosciences). HASM cells were 

infected at matched multiplicities of infection of 20 for patch clamp recordings.  

Experiments were performed 2-3 days after infection.  

 

CNG channel measurement of compartmentalized cAMP.  Near-membrane cAMP 

signals were measured as described previously (78,194,195).  Briefly, measurements 

were made using an HEKA EPC10 patch-clamp amplifier in whole cell configuration. To 
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ensure adequate voltage control pipette resistance was limited to 4 MΩ and averaged 2.5 

± 0.1 MΩ and access resistance was 5.7 ± 0.3 MΩ (n = 31). Voltage offsets were zeroed 

with the pipette in the bath solution; no additional corrections were made for the liquid 

junction potential difference. After achieving whole cell configuration the preparation 

was allowed to equilibrate > 10 min. Current records were sampled at 10 kHz and filtered 

at 2 kHz, and recorded during 400 ms steps to a membrane potential of +30 mV from a 

holding potential of 0 mV. Cells in which the baseline current was above 200 pA were 

not included in the analysis.  Baseline current was most likely due to both leak current 

and current through CNG channels induced by basal cAMP levels near the plasma 

membrane.  The pipette solution contained (mM): 140 KCl, 0.5 MgCl2, 10 HEPES, 5 

Na2ATP, 0.5 Na2GTP, pH 7.4.  In indicated experiments either 20 nM PKI or 10 M st-

Ht31 were added to the pipette solution. This approach allowed us to precisely control the 

intracellular concentrations of these peptides (not possible with overexpression or 

treatment with membrane permeant peptides). The bath was continually perfused with 

solution containing (mM): 140 NaCl, 4 KCl, 10 D-glucose, 10 HEPES, and either 0.1 or 

10 MgCl2, pH 7.4, with an exchange time of ~ 30 s. Extracellular solutions containing 

isoproterenol or  a PDE inhibitor cocktail (PDE-I, containing 100 M (final) 8-

methoxymethyl-3-isobutyl-1-methylxanthine (8MM-IBMX, relatively selective for 

PDE1), 10 M cilostamide (PDE3), and 10 M rolipram (PDE4)) were applied using the 

SF-77B fast-step solution switcher (Warner Instruments), with an exchange time between 

0.06 and 0.1 s. Electrophysiological data presented are representative of at least 4 

experiments.  Data were converted to formats compatible with MATLAB software using 

a custom script provided by Bruxton Corporation (Seattle, WA, USA). 
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Equations describing the β2-adrenergic signaling pathway in ASM cells. In order to 

better understand the effects of localization of PKA and thus localized PKA activity we 

have modeled β2AR mediated signaling in ASM cells. We used a model framework 

developed previously (194,195) with two important extensions: (i) the model presented 

here incorporates both low and high affinity PDEs and incorporates PKA-mediated 

inhibition of  cAMP production.  The latter may be due to either PKA-mediated receptor 

desensitization or inhibition of AC activity; however, for parsimony we have modeled 

inhibition of AC activity because at the high (saturating) agonist concentrations used in 

this study GRK-mediated receptor desensitization is more prevalent (196). These 

modifications resulted in the following changes to the system of equations: 
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PDEAC

tot EE
dt

cAMPd
  (7) 

 

where, AC0 represents basal AC activity, AC0p represents phosphorylated basal AC 

activity,   kPKA is the rate constant of PKA-mediated phosphorylation, kppAC, is the rate 

constant of AC dephosphorylation,  [PKI] is the concentration of PKA inhibitory peptide, 

KI-PKI is the inhibition constant for PKI, ACsyn represents the rate of isoproterenol-

mediated AC activity,  ACsynp represents phosphorylated AC activity, [C] is the 

concentration of free (activated) PKA catalytic subunit, [GsGTP] is the concentration of 

activated G protein, KGsAC is the equilibrium constant between activated G protein and 

AC, EAC is the cAMP synthesis rate, EPDE is the total cAMP hydrolysis rate, [PDEha] and 

[PDEla] are the concentrations of high and low affinity PDEs, Kmha and Kmla are the 

Michaelis constants for the high and low affinity PDEs, KI is the inhibition constant for 

both PDEs, kPDEha and kPDEla are the hydrolysis rate constants for unphosphorylated high 

and low affinity PDEs, and kPDEhap and kPDElap are the hydrolysis rate constants for 

uphosphorylated high and low affinity PDEs. 

The full set of equations describes GRK-mediated desensitization of β2-

adrenoceptors, as well as receptor turnover. The equations also describe PKA-mediated 

stimulation of both high and low affinity PDE4 activities and PKA-mediated inhibition of 

AC activity. The effects of AKAP disruptors (Ht31) on PKA-mediated regulation of AC 

and PDE activities were described by lowering the local PKA concentrations (analogous 

to dislodging R subunits from AKAPs). Initial conditions were obtained by setting the 

basal adenylyl cyclase activity and letting the system run to equilibrium (without 
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stimulating receptor activity).  Equations were coded and simulations conducted in the 

MATLAB programming environment using Runge Kutta solvers. 

 

siRNA transfection. SMARTpool ON-TARGETplus siRNA reagents were purchased 

from Dharmacon (Thermo Scientific, Waltham, Massachusetts, USA). AKAP12 siRNA 

consisted of 4 pooled oligos targeting accessions NM_005100 and NM_144497. Ezrin 

siRNA consisted of 4 pooled oligos targeting accessions NM_001111077 and 

NM_003379.  

Cultured HASM cells were plated at 1.25x104 cells/cm2 in either 60mm or 10cm 

dishes.The following day, cells were transfected the indicated siRNA using 

DHARMAFECT1 as prescribed by the manufacturer (Dharmacon / Thermo Scientific, 

Waltham, Massachusetts, USA).  Twenty-four hours following transfection, cells were 

replated for experiments as required.  Experiments were conducted at 96 h following 

transfection. The extent of downregulation was ascertained by immunoblotting. 

 

Statistical analysis. Data are presented as mean ± SE values from n experiments, in 

which each experiment was performed using a different culture derived from a unique 

donor. Individual data points from a single cAMP radioimmunoassay experiment were 

calculated as the mean value from duplicate or triplicate observations.  Statistically 

significant differences among groups were assessed either by ANOVA with Fisher’s post 

hoc analysis, t-test, or by t-test for paired samples (as appropriate) with P < 0.05 

sufficient to reject the null hypothesis.  
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Chapter III.  Beta-Agonist-Mediated Relaxation of ASM is PKA-Dependent 

 

 

3.1. Introduction 

 

Canonical signaling paradigms identify PKA as the primary effector molecule of 

GPCRs signaling via Gαs, such as the β2AR activated by beta-agonists. This notion has 

historically been accepted in the field of airway biology despite a lack of direct evidence. 

Our current understanding of PKA—in ASM as well as many other cell types—is based 

on associative data, with PKA implicated as effector when both stimulation of a GPCR 

and treatment with forskolin (known to initiate PKA activity independent of receptor) 

yield the same outcome. The general lethality of genetic strategies for manipulating PKA 

activity in vivo, non-specific properties of most pharmacologic PKA inhibitors, and 

difficulty in characterizing intracellular PKA activity and confirming its inhibition, have 

contributed to the difficulty in implicating a mechanistic role for PKA in signaling and 

functional outcomes in primary cell types (72,73,186). To date, the most compelling data 

implicating PKA in regulation of contraction is limited to studies of HSP-20 (62) and K+ 

channel regulation (63,64). No published evidence currently exists directly linking PKA 

with the relaxant effects of beta-agonists on ASM. 

To date, the capacity of beta-agonists, and other agents known to activate PKA, to 

mediate bronchorelaxation as well as growth inhibition of ASM has been used as 

evidence of the role of PKA in these events. However, recent studies have implicated 

Epac as a potentially important cAMP effector in smooth muscle cells. Published 

findings include the capability of Epac to mediate relaxation (17,66), inhibit mitogen-

stimulated growth (65), and modulate phenotype switching in ASM (18,197). However, 

studies to date have not established Epac as a critical or physiologically relevant effector 
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of beta-agonist-mediated relaxation in human ASM. Further progress related to 

therapeutic targeting of the β2AR via beta-agonists or other agents is critically dependent 

on resolving the question of whether or not PKA comprises the required or dominant 

mechanism of action for these agents. 

Having previously determined the unreliability of many commonly used 

pharmacological tools for inhibiting PKA activity in ASM cells (73,186), we have 

developed molecular approaches for accomplishing this task.  The PKA inhibitor peptide 

PKI or the mutant regulatory PKA subunit RevAB (which does not bind cAMP) can be 

expressed as GFP-chimeras utilizing viral infection of cultured cells or tissue.  

Expression of these proteins has already been successfully implemented to study the role 

of PKA in cytokine regulation of β2AR signaling (72,186) as well as the requirement for 

PKA in mediating the anti-mitogenic properties of multiple agents, including beta-

agonists (76).  Using these tools, the present study sought to clarify the role of PKA as a 

cAMP effector mediating the relaxant effect of beta-agonists on ASM. 

 

3.2. Results 

3.2.1. Effects of PKA inhibition on beta-agonist regulation of contractile signaling 

  

To examine the role of PKA in beta-agonist-mediated relaxation of the airway, 

HASM cultures stably expressing GFP, the PKA inhibiting peptide PKI-GFP or mutant 

regulatory subunit RevAB-GFP were generated as described in the methods.  Expression 

was verified by visualization of green fluorescence (not shown) and via immunoblotting 

(Figure 3.1A).  Inhibition of PKA activity is easily confirmed by immunoblotting for 
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Figure 3.1. Beta-agonist regulation of VASP, phospho-HSP-20, phospho-p42/p44 

and phospho-MLC-20 levels and effect of PKA inhibition. GFP-, PKI-GFP- or 

RevAB-expressing HASM cells were plated into 12-well plates and stimulated with Veh, 

ISO (50 nM or 1 µM) or FSK (100 µM) ± HIST (1 µM) as described in the methods. 

After 5 min of stimulation, cell lysates were harvested, and expression levels of various 

proteins were assessed by immunoblotting; representative blots are shown. Band 

intensities for VASP phosphorylation (A), phospho-HSP-20 (A), phospho-p42/p44 (B), 

and phospho-MLC-20 (C) were quantified as described in Materials and Methods, 

adjusted for beta-actin levels, and normalized as indicated. (A) VASP bands present as 

either a 46- or 50-kDa species, the latter representing VASP in which Ser-157 is 

phosphorylated by PKA (57,198). HSP-20 phosphorylation has also previously been 

shown to be PKA-dependent  (62). Quantified phospho-HSP20 was normalized to the 

GFP + FSK value. B and C) phospho-p42/p44 (B) and phospho-MLC-20 (C) levels are 

quantified as the ratio of HIST-stimulated to basal (left) and as the percent of HIST alone 

(right). The HIST alone value (not shown) was set to 100%. Data are presented as mean 

± se values. * p<0.05, † p<0.0001 PKI/RevAB vs. GFP; # p<0.05 versus HIST alone (n = 

5).
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total VASP, which undergoes phosphorylation by PKA at Ser 157 to cause a mobility 

shift (46 to 50 kDa); this shift correlates with the efficacy of beta-agonists in promoting 

intracellular cAMP (199) and has been used previously as a marker for PKA activity 

(76,186,200). Compared to control cells, PKI-GFP and RevAB-GFP HASM cells 

stimulated with the beta-agonist isoproterenol (ISO, 50 nM or 1 µM) or FSK (100 µM) 

exhibited significantly (P < 0.0001) less VASP shift (stimulated with FSK, 23 ± 2.3 and 

21 ± 2.4%, versus 77 ± 3.0% for GFP), indicating greatly attenuated PKA activity. 

Phosphorylation of HSP-20 in ASM was previously demonstrated to be directly 

dependent on PKA activity (62). As expected, stimulation of PKI-GFP and RevAB-GFP 

HASM resulted in virtually no phosphorylation of HSP-20, while in GFP cells the protein 

undergoes significant phosphorylation (Figure 3.1A). Together with the inhibition of 

VASP shift, these results indicate a strong inhibition of PKA activity in PKI- and 

RevAB-expressing cells. 

We then investigated the role of PKA in beta-agonist-mediated inhibition of 

signaling events induced by the contractile agonist histamine (HIST). There was no 

significant difference between lines in the ability of HIST to induce p42/p44 (ERK1/2) 

phosphorylation, and this induction was attenuated by addition of ISO or FSK in control 

(GFP) cells (Figure 3.1B). This inhibitory effect of ISO was not seen in PKI- or RevAB-

expressing cells as there was no significant reduction in phospho-p42/p44 from treatment 

with HIST alone. 

The phosphorylation state of MLC-20 is one mechanism by which contraction of 

ASM cells is regulated (2).  There was no difference between lines in the ability of HIST 

to stimulate MLC-20 phosphorylation (Figure 3.1C).  In GFP cells, addition of ISO or 
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FSK significantly reduced HIST-stimulated MLC-20 phosphorylation; ISO had no 

significant effect on phospho-MLC-20 levels when PKA activity was inhibited. 

3.2.2. Effects of PKA inhibition on second messenger signaling by beta-agonists 

 

Next we investigated the role of PKA activity in second messenger generation in 

HASM (Figure 2). PKA inhibition via PKI-GFP or RevAB-GFP expression resulted in 

increased ISO-mediated cAMP accumulation compared to GFP cells.  This effect was 

also seen in the presence of the broad PDE inhibitor IBMX (1 mM).   

 

Figure 3.2. Effect of PKI-GFP, RevAB-GFP expression on beta-agonist-mediated 

cAMP accumulation. GFP-, PKI-GFP- or RevAB-expressing HASM cells were plated 

into 24-well plates and stimulated with Veh, ISO (50 nM or 1 µM) or FSK (100 µM) ± 

the broad PDE inhibitor IMBX (1 mM). Whole-cell cAMP accumulation was measured 

after 10 min stimulation and plotted as A) raw values (pmol/mL) or B) % of the FSK-

stimulated value. Data are presented as mean ± se values. * p<0.05 PKI/RevAB vs GFP 

(n = 6). In panel A, RevAB treated with 1 µM ISO in the presence of IBMX was not 

statistically significant versus GFP, but trended higher (p = 0.064). 
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The ability of ISO to attenuate HIST-stimulated calcium release under conditions 

of PKA inhibition was also determined (Figure 3.3). No differences were observed in 

HIST-stimulated, single-cell calcium release between GFP- and PKI-GFP-expressing 

cells.  ISO pretreatment significantly reduced HIST-stimulated calcium flux in GFP cells 

(79 ± 8.0% versus 37 ± 13% with pretreatment, P < 0.05).  However, no effect of ISO 

pretreatment was seen in PKI-expressing cells. 

 

 

Figure 3.3. Effect of PKI-GFP, RevAB-GFP expression on beta-agonist inhibition of 

HIST-stimulated Ca2+ mobilization. HASM cultures expressing GFP or PKI-GFP were 

loaded with Fura-2 AM. Ca2+ mobilization was assessed in response to stimulation with 

HIST (10 µM).  Cells were then washed and re-stimulated with HIST ± ISO (1 µM) 

pretreatment. Data are presented as mean ± se values. * p<0.05 vs HIST alone, # p<0.05 

vs matched GFP (GFP HIST, n = 82; PKI HIST, n = 93; GFP ISO+ HIST, n = 187; PKI 

ISO+ HIST, n = 170). 

 

3.2.3. Effects of PKA inhibition on beta-agonist-mediated relaxation of ASM 

 

To link the observed changes in signaling to functional outcomes, the effect of 

PKA inhibition on contraction of cultured HASM cells was investigated using Magnetic 

Twisting Cytometry (MTC) (189). MTC utilizes ferromagnetic microbeads bound to the 

cytoskeleton of ASM cells, and changes in cell stiffness elicited by either ASM 

contraction or relaxation can be measured as the pivoting displacement of beads. Using 
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this technique, PKA inhibition via PKI expression resulted in significantly lower baseline 

cell stiffness (Figure 3.4A).  Treatment with ISO significantly reduced the stiffness of 

GFP-expressing HASM from baseline while no effect was observed with PKI or RevAB 

expression (Figure 3.4B). All three lines exhibited increased stiffness in response to 

addition of HIST, though PKI and RevAB lines exhibited a slightly lesser response than 

did control cells.  Addition of ISO reduced stiffness in GFP cells pre-contracted with 

HIST, but failed to alter the stiffness of PKI- or RevAB-expressing cells under these 

conditions (Figure 3.4C and D).  

 

Figure 3.4. Effect of PKA inhibition on beta-agonist-induced changes in cell 

stiffness. HASM cultures stably expressing GFP, PKI-GFP or RevAB-GFP and changes 

in cell stiffness in response to HIST and ISO were measured via Magnetic Twisting 

Cytometry as described in the methods. A) baseline stiffness; B) response to ISO (1 µM) 

from baseline; C) response to HIST (10 µM) from baseline; D) ability of ISO (1 µM) to 

alter stiffness in cells pre-stimulated with HIST (10 µM). * p<0.0001 PKI/RevAB vs 

GFP. 
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To complement our cell-based assay of contraction, we assessed contractile 

regulation of ASM tissue using murine tracheal rings.  Rings were isolated and infected 

with lentivirus encoding GFP or PKI-GFP as described in the methods.  Expression was  

observed  throughout the tissue by direct visualization of GFP (Figure 3.5A) and was 

confirmed by western blotting of whole tissue lysates (Figure 3.5B).  There was no 

significant difference in the ability of methacholine (MCh, 1 µM) to contract GFP versus 

PKI-GFP rings (Figure 3.5C). Rings were pre-contracted with MCh, then treated with  

 

 

Figure 3.5. Effect of PKA inhibition on the ability of beta-agonist to relax pre-

contracted murine tracheal rings.  Tracheal rings were isolated from C57BL6 mice and 

infected for 48 h with lentivirus encoding GFP or PKI-GFP. A) GFP images of control, 

GFP- or PKI-GFP-infected murine tracheal rings. The control ring was maintained in 

culture for 48 hours but not infected with virus. B) Representative immunoblot for GFP 

expression in lysates from GFP- and PKI-GFP-infected murine tracheal rings. C) KCl-

normalized contraction of rings stimulated with MCh (1 µM). D) Tracheal rings were 

pre-contracted with MCh (1 µM), then changes in contractile force measured in response 

to treatment with increasing doses of ISO. * p<0.05, † p<0.0001 vs. GFP (GFP n =9, PKI 

n=12). 
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increasing concentrations of ISO.  Significantly less relaxation was observed for PKI-

GFP rings than for their matched GFP counterparts at each concentration of beta-agonist 

(Figure 3.5D). 

 

3.3. Discussion 

 

Although the effects of beta-agonists have traditionally been attributed to 

activation of PKA, recent studies have demonstrated that β2AR signaling can initiate 

numerous other downstream events. cAMP-dependent but PKA-independent activation 

of Epac by the β2AR has been demonstrated in many cell types (reviewed in (20)). Other 

mechanisms of G protein-independent signaling by β2ARs, including that mediated by 

arrestins, have been described in various systems (3). The combination of these findings 

with the lack of direct evidence tying PKA activity to the action of beta-agonists 

challenges the validity of many long-held assumptions regarding the physiological 

relevance of PKA in effecting the functional changes mediated by beta-agonists.  

Recent studies have reported a role for cAMP-dependent yet PKA-independent 

activation of Epac in mediating the bronchorelaxant effects of beta-agonists. In guinea 

pig trachea, the activity of the beta-agonist isoprenaline was proposed to be PKA 

independent, as treatment with the PKA inhibiting cAMP analogue Rp-8-cPT-cAMPs 

failed to alter the ability of isoprenaline to antagonize contraction (16). In both guinea pig 

ASM cultures and the immortalized human ASM (hTERT) cell line, Epac activation by 

the selective analogue 8-pCPT-2’-OMe-cAMP completely inhibited the MCh-induced 

phosphorylation of MLC-20 (17),  reportedly via inhibition of RhoA and activation of 

Rac1 (17,66). Finally, selective activation of Epac with 8-pCPT-2’-OMe produced dose-
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dependent relaxation of MCh-contracted guinea pig tracheal rings that was not affected 

by pretreatment with the PKA inhibitory analogue Rp-8-cPT-cAMPs (17).  

While these studies suggest the capability of specific Epac activation to relax 

ASM, the non-physiological nature and questionable specificity of these selective cAMP 

analogues raise concerns over the meaning of these findings. Development of analogues 

was necessary simply because PKA and Epac activation by cAMP cannot be uncoupled 

in a physiological setting. Several commonly used analogues, including 8-pCPT-2′-O-

Me-cAMP, are potent PDE inhibitors and/or substrates (67,68), raising the concern that 

interaction of the analogues with PDEs may alter the metabolism of endogenous cAMP 

and thus artificially elevate or prolong its intracellular concentration (68,69). The ability 

of these agents to specifically activate one effector is also questionable, as at least one 

commonly used “selective” analogue (8-bromo-cAMP) has been shown to activate both 

PKA and Epac at normal concentrations (67). Finally, PKA is capable of activating Rap1 

in an Epac-independent manner (71) and thus Rap1-dependent effects attributed to Epac 

may in fact be a product of PKA activity. While cAMP analogues are currently the best 

available tools to study the role of Epac in various systems, these issues suggest that 

findings made using these agents regarding the capability of Epac to exert the described 

effects may not be helpful in understanding the role of Epac in mediating physiological, 

cAMP-dependent actions. 

In this study we have attempted to circumvent the limitations of current 

techniques to clarify the question of whether or not the functional effects of beta-agonists 

on ASM are truly PKA-independent. We have previously utilized retroviral expression of 

PKI and RevAB to demonstrate the role of PKA in regulating pro-inflammatory cytokine 
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expression and functional consequences (72,186) as well as the requirement for PKA in 

effecting the anti-mitogenic properties of beta-agonists (76). The current study extends 

our findings to the role of PKA in beta-agonist-mediated relaxation of the airway.  

Expression of the PKI and RevAB peptides inhibited a significant portion of PKA 

activity within the cell as indicated by a marked attenuation in VASP shift and HSP-20 

phosphorylation. These peptides were then utilized to determine the effect of PKA 

inhibition on beta-agonist-mediated regulation of several signaling events. PKI or RevAB 

expression significantly attenuated the ability of ISO to reverse HIST-stimulated MLC-20 

phosphorylation, indicating the importance of PKA in regulating the phosphorylation 

state of MLC-20. PKA inhibition also resulted in increased beta-agonist-mediated cAMP 

release, suggesting that PKA activity plays an important role in regulating cAMP 

signaling initiated by beta-agonists. Finally, PKI expression abolished the inhibitory 

effect of ISO on intracellular calcium flux, confirming the critical role of PKA in the 

regulation of intracellular calcium handling. Since force development in ASM is 

preceded by a rapid increase in MLC-20 phosphorylation and intracellular Ca2+ (201), 

together these findings suggest the importance of PKA activity in regulating ASM 

contractile state. 

Functional measurements using both HASM cultures and murine tracheal rings 

indicated that ISO-mediated relaxation of contracted smooth muscle is highly dependent 

on PKA activity. Using MTC measurements of cultured HASM cells, PKA inhibition 

was shown to cause a significant (P < 0.05) reduction in baseline cell stiffness (Figure 

3.4A). While the exact mechanism of this effect was not determined, this finding suggests 

that PKA plays a role in the maintenance of basal cell stiffness, perhaps through 
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regulation of contractile machinery. The increase in cell stiffness seen with HIST 

stimulation was also attenuated in PKI and RevAB expressing HASM (Figure 3.4C). This 

finding is not surprising given the decrease in baseline stiffness, as the length-tension 

relationship in ASM is qualitatively similar to that of striated muscles (201); since cells 

expressing PKA inhibiting peptides are less stiff initially, they are less able to contract 

upon stimulation. Whether this decreased contractile response is directly related to PKA 

activity and not just a reflection of reduced basal stiffness is unclear.  Finally, PKA 

inhibition significantly attenuated the ability of ISO to reduce stiffness in unstimulated 

(Figure 3.4B) or HIST-contracted (Figure 3.4D) HASM as well as MCh-contracted 

murine tracheal rings (Figure 3.5D), indicating the critical role of PKA in mediating the 

bronchorelaxant effects of beta-agonists.  

Despite the highly significant level of PKA inhibition achieved with PKI and 

RevAB expression, some residual PKA activity was present in the cultures. The 

limitations of this are not clear. While the level of PKA inhibition shown here was 

sufficient to significantly alter ISO-mediated regulation of signaling and functional 

changes in cultured HASM, the effects of beta-agonist treatment were not completely 

eliminated. The remaining effects in studies of cultured HASM cells can potentially be 

attributed to expression levels that were stoichiometrically insufficient to inhibit all PKA 

activity, or the failure to express the inhibitory peptides in 100% of the cells despite 

rigorous antibiotic selection of cultures. 

Ex vivo measurements of murine tracheal rings show a clear decrease in 

responsiveness to beta-agonist when PKA is inhibited (Figure 3.5).  However, a total loss 

of beta-agonist-mediated relaxation is not observed.  This is explained by several 
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possibilities, including the complex nature of infecting intact tissue.  While we have 

successfully demonstrated the ability to express GFP and PKI-GFP in murine rings via 

lentiviral infection, it is unclear just to what extent PKA activity is inhibited.  Another 

complicating factor is the contribution of non-ASM cell types, such as the epithelium, to 

both the overall effects of PKA inhibition as well as the ability of the virus to infect ASM 

cells within the tissue. Alternatively, this residual ability of ISO to relax PKI-expressing 

tracheal rings may be real, suggesting that another mechanism also participates in the 

bronchorelaxant actions of beta-agonists. Nevertheless, it remains clear that in both 

cultured HASM cells and murine tracheal rings, PKA activity is the predominant effector 

of pro-relaxant signaling and functional effects of beta-agonists. 

 As discussed, recent studies have suggested that Epac plays an important role in 

several functional characteristics of ASM including beta-agonist-mediated relaxation 

(17,18,65,197).  However, as PKA inhibition results in increased cAMP generation 

following beta-agonist treatment (Figure 3.2), cAMP-dependent Epac activity would be 

expected to increase under these conditions. Thus, while the data presented here do not 

exclude the capability of Epac to relax ASM, they do indicate that any role of Epac in 

mediating the relaxant effect of beta-agonists is minimal at best.   

 Although beta-agonists are critical to the management of asthma symptoms, 

issues with long-term efficacy and adverse events associated with current formulations 

leave considerable room for improvement. Mechanistic understanding of both the 

beneficial and problematic effects of beta-agonists is essential to the development of 

better or alternative bronchodilator therapies. Our findings that PKA activity is the 

predominant mechanism by which beta-agonist-mediated signaling and 
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bronchorelaxation occur provide clear direction for the design of new therapeutic agents 

for asthma.  
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Chapter IV.  AKAPs Regulate Compartmentalized cAMP Signaling in ASM 

 

 

4.1. Introduction 

 

 Mechanisms regulating the function of the β2AR and other Gs-coupled receptors 

have been an area of intense investigation for over 30 years.  Recently, studies have 

demonstrated that cAMP generation as well as its downstream signaling can be highly 

compartmentalized within the cell (77).  Although several cellular mechanisms underlie 

cAMP compartmentalization, A-kinase anchoring proteins (AKAPs) appear to play a 

central role (102,194,195). AKAP-mediated localization of receptors, AC, PDEs, PKA, 

and phosphatases ensures both speed and fidelity within the cAMP signaling pathway 

while limiting the spatial spread of cAMP signals. Thus, AKAPs represent a potential 

therapeutic target given their important role in regulating Gs-coupled receptor signaling 

and function. 

Previous studies of AKAPs have been conducted in a variety of cell and tissue 

types, including heart (128,129), brain (130), and T cells (202).  In addition to 

information on individual AKAP family members (of which there are currently more than 

50 known (203)), these studies all support the conclusion that specific AKAPs are 

important in specific cell types.  Unfortunately, no studies have investigated the 

expression or importance of AKAPs in ASM. In this study, we have identified those 

AKAPs expressed in human ASM and assessed their role in β2AR-mediated cAMP 

accumulation. 
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4.2. Results 

4.2.1. AKAP expression in human ASM 

 

AKAP expression was first assessed utilizing microarray data previously 

generated from three different HASM cultures (Table 4.1) (192).  D-AKAP1, AKAPs 2, 

10, 11, gravin, AKAP-Lbc, and ezrin all generated consistent present calls; the strongest 

signals were observed for D-AKAP1, AKAP2, gravin, and ezrin. AKAP3, AKAP4, and 

AKAP5 were consistently absent.  Those AKAPs with positive array signals and others 

of interest in HASM were investigated further using real-time PCR (Table 4.2).  Gravin 

and ezrin were the most readily detected based on these data, though message was 

detected for all of the targeted AKAPs. The combination of microarray and real-time 

PCR data identified 8 total AKAPs expressed in human ASM (D-AKAP1, AKAPs 2, 10, 

11, gravin, AKAP-Lbc, ezrin, and MAP2B). 

As a first means of assessing AKAP protein expression in HASM, RII-overlay 

assays (120) were performed using tissue and cell lysates derived from three different 

donors.  Tissue lysates were prepared and run as whole tissue lysates, supernatant or 

pellet; corresponding cultures of cells derived from the tissue were also run.  A 

representative overlay (Figure 4.1A) suggested ≥9 different AKAPs present in HASM.  

The molecular masses of the various overlay bands suggested the presence of AKAP9 

(350 kDa), gravin (250 kDa), AKAP3 (110 kDa), ezrin (81 kDa), AKAP5 (79 kDa), and 

AKAP2 (42 kDa).  Based on this information, combined with the array and PCR data, 

expression of selected AKAPs was investigated via immunoblotting of HASM 

cell lysates derived from three separate cultures (Figure 4.1B).  AKAP2, AKAP3, 

AKAP5, AKAP9 (each of the 250, 350, and 450 kDa isoforms), gravin, and ezrin were  
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Table 4.1.  Signal, absent/present calls for AKAP gene expression in 3 different 

human ASM cell cultures. In silico analysis of data culled from GEO repository 

(accession #GSE13168). Specific probes present on the U133A microarrays (Affymetrix, 

Santa Clara, CA) are listed in column 1. Abbreviations: A= absent; P= present; M = 

marginal.  

 

 
 

 

ID Name Line1 Signal Detection Line2 Signal Detection Line3 Signal Detection

201674_s_at D-AKAP1 566.4 P 286.6 P 431.2 P

201675_at D-AKAP1 559.6 P 643.3 P 487.2 P

210625_s_at D-AKAP1 175.3 P 273.8 P 247.5 P

210626_at D-AKAP1 41.4 A 31.1 A 78.2 A

202759_s_at AKAP2 2284.4 P 3050 P 2266.8 P

202760_s_at AKAP3 2377.6 P 3188.7 P 3236.6 P

207344_at AKAP3 16 A 25.7 A 16.7 A

207019_s_at AKAP4 74.3 A 18.1 A 115.6 A

207800_at AKAP5 64.4 A 8 A 87.5 A

205359_at mAKAP 73 A 88.2 A 93.1 A

217669_s_at mAKAP 4 A 3.6 A 3.8 A

205771_s_at AKAP15/18 101.1 P 109.1 P 138.7 P

205772_s_at AKAP15/18 42.2 A 26.2 A 52.2 A

211172_x_at AKAP15/18 170.7 P 99.1 A 137.3 A

203847_s_at AKAP8 290.9 A 328.8 A 430.8 A

203848_at AKAP8 295.8 A 384.4 P 373.1 P

215742_x_at AKAP8-like 53.6 A 33.6 A 20.3 A

218064_s_at AKAP8-like 270.4 A 333.1 P 265.3 P

222160_at AKAP8-like 13.1 A 120.3 A 108 A

207870_at AKAP9 9.7 A 33.7 A 68 A

210962_s_at AKAP9 220.2 P 78 P 117.7 P

215483_at AKAP9 32.9 A 43.5 A 78.1 A

205045_at AKAP10 58.2 A 60.3 P 114.1 M

213396_s_at AKAP10 207.6 P 224.9 P 323.9 P

203156_at AKAP11 328.7 P 673.3 P 459.4 P

215336_at AKAP11 73.6 A 13.3 A 83 A

210517_s_at Gravin 2586.7 P 2700.7 P 3065.3 P

208324_at AKAP-Lbc 26.3 A 46 A 48.2 A

208325_s_at AKAP-Lbc 70.3 A 115 A 101.2 P

209534_x_at AKAP-Lbc 347.3 P 281.5 P 480.3 P

213516_at AKAP-Lbc 10.3 A 13.4 A 44.9 A

221718_s_at AKAP-Lbc 351.5 P 251.9 P 773.3 P

222023_at AKAP-Lbc 16 A 70.2 P 47.5 A

222024_s_at AKAP-Lbc 285.4 P 243.8 P 441.5 P

208621_s_at Ezrin 197.1 A 414.1 P 283.2 A

208622_s_at Ezrin 412.2 P 640.2 P 213.1 A

208623_s_at Ezrin 846.4 P 1097.2 P 721.1 P

215200_x_at Ezrin 11.1 A 11.2 A 6.9 A

217230_at Ezrin 6.3 A 3.6 A 23.6 A

217234_s_at Ezrin 183 A 357.7 P 268.1 P

http://ajrcmb.atsjournals.org/cgi/external_ref?access_num=GSE13168&link_type=GEN
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readily identified.  MAP2B was also present in at least one of the lysates, though at very 

low levels. 

  

Table 4.2.  Investigation of AKAP isoforms expression by real-time PCR.  Multiple 

HASM cultures were analyzed for mRNA levels of the indicated AKAPs.  Data are 

presented as mean ± SE values. 

 
Isoform Ct Ct GAPDH ΔCt n 

D-AKAP1 26.40 ± 1.10 18.18 ± 1.24 8.22 ± 1.66 10 
AKAP2 25.00 ± 1.14 18.18 ± 1.24 6.82 ± 1.68 10 
AKAP10 24.09 ±  0.56 17.37 ± 0.84 6.72 ± 1.01 6 
AKAP11 25.53 ± 1.14 18.18 ± 1.24 7.35 ± 1.68 10 
Gravin 20.80 ± 1.29 18.18 ± 1.24 2.62 ± 1.79 10 
AKAP-Lbc 24.34 ± 1.34 18.18 ± 1.24 6.16 ± 1.83 10 
Ezrin 23.06 ± 1.44 18.18 ± 1.24 4.88 ± 1.90 10 
MAP2B 25.16 ± 1.02 17.37 ± 0.84 7.79 ± 1.32 6 

 

 

 

 

 

 
Figure 4.1.  AKAP identification in HASM by RII-overlay assay and 

immunoblotting. (A) Identification of AKAPs in HASM by RII-overlay assay of 

primary cultures (lanes 1 and 2; passage 3 and 4, respectively), whole tissue lysate (lane 

3), tissue supernatant (lane 4) and tissue pellet (lane 5) fractions.  Bands that were likely 

to be AKAPs and their approximate molecular weight are indicated.  (B)  Identification 

of various AKAPs by Western blot analyses in cell lysates prepared from three different 

HASM lines.  Positive controls used for each AKAP are indicated. 
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4.2.2. Effects of PKA/AKAP disruption on whole-cell signaling 

 

The signaling consequences of AKAP disruption were investigated utilizing 

HASM cultures stably expressing the peptides AKAP-IS or Ht31.  AKAP-IS was 

designed using computer-aided optimization of the binding helix based on the PKA-

binding regions of several AKAPs (204).  This peptide binds preferentially to PKA-RII 

and thus prevents PKA docking on various AKAP scaffolds.  Ht31 is a short peptide 

derived from the PKA-binding amphipathic helix of AKAP-Lbc (205) and inhibits PKA / 

AKAP interactions similarly to AKAP-IS. The nonspecific nature of these peptides 

results in displacement of PKA-R from all AKAPs. 

Whole cell cAMP accumulation was assessed in response to FSK (an activator of 

adenylyl cyclase independent of receptor activation) and approximate EC50 (50 nM) and 

maximal (1 M) concentrations of ISO, each in the presence of vehicle, the broad PDE 

inhibitor IBMX, or the PDE4-specific inhibitor RO-20-1724 (Figure 4.2).  No significant 

effect of AKAP-IS or Ht31 expression on vehicle-, ISO-, or forskolin-stimulated cAMP 

accumulation was observed versus control cells (expressing scramble peptide, SCR) 

under any conditions.   

The effect of pan-AKAP disruption on phosphorylation of PKA targets VASP and 

CREB was also investigated.  No difference was seen between SCR-, AKAP-IS- or Ht31- 

expressing lines in the ability of ISO or FSK to induce VASP shift (46 to 50 kDa) or 

CREB phosphorylation (data not shown). 
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Figure 4.2.  Agonist-induced whole-cell cAMP accumulation and effects of AKAP 

disruption.  Multiple HASM lines were infected with retrovirus enabling expression of 

scramble peptide (SCR) or the AKAP disrupting peptides AKAP-IS or Ht31.  Whole-cell 

cAMP accumulation was measured after 10 minute stimulation with vehicle, 

isoproterenol (ISO, 50 nM or 1µM), or forskolin (FSK, 100 µM).  Experiments were 

done in the absence or presence of the broad PDE inhibitor IMBX (1 mM) or the 

selective PDE4 inhibitor RO 20-1724 (1 mM).  Data are presented as mean ± SE values, 

n = 5. 

 

4.2.3. Effects of PKA/AKAP disruption on plasma membrane cAMP 

 

Recent studies have provided data indicating that AKAP-mediated localization of 

PKA is critical for the proposed regulation of near-membrane cAMP signals in HEK-293 

cells (206).  To investigate the roles of AKAP-PKA interactions in regulation of near-

membrane cAMP signals in HASM cells we utilized adenovirus-mediated expression of 

C460W/E583M CNG channels as described previously (207). Cyclic AMP binding 

triggers a conformational change that leads to an increase in CNG channel activity, which 

was monitored using the whole cell patch clamp technique. This approach allows 

detection of cAMP signals with minimal impact on the cAMP signals being measured.  

Specifically, near membrane cAMP levels are readily detected by 100-2000 ion channels.  

At these low expression levels, CNG channels have minimal cAMP buffering capacity 



68 

 

 

and therefore do not substantively alter free cAMP levels (208).  Also, under the 

experimental conditions used in this study, little or no Ca2+ influx occurs through CNG 

channels (209).  In addition, CNG channels do not appear to be localized by protein-

protein interactions. Rather, they appear to preferentially sequester into lipid rafts via 

lipid interactions (186).  Thus, it is unlikely that overexpression of CNG channels 

substantively altered the composition of localized signaling complexes in ASM cells. 

We observed that stimulation of ASM cells with 1 M ISO triggered a transient 

increase in CNG channel activity (width at half height of 251 ± 51 s, n = 10) (Figure 

4.3A). This increase in CNG channel activity reflects an underlying transient increase in 

near-membrane cAMP levels. To investigate the roles of localized PKA in regulating 

cAMP signals, we included either 10 M stearated Ht31 (st-Ht31, Figure 4.3B) or 20 nM 

PKI (Figure 4.3C) in the patch pipette.  We observed that ISO-induced cAMP signals 

remained transient with the inclusion of st-Ht31 in the patch pipette.  However, the 

durations of transient signals (width at half height of 399 ± 79 s, P < 0.05) were 

significantly longer than those observed in control cells.  In contrast, direct inhibition of 

PKA with 20 nM PKI (a saturating concentration included in the patch pipette) 

completely ablated the decay of cAMP signals over the observed timeframe. Little or no 

ISO-induced current was observed in control cells (Figure 4.3D). In a subset of 

experiments, the control peptide st-Ht31p was included in the patch pipette solution. St-

Ht31p is a peptide similar to st-Ht31, except that it contains an isoleucine to proline 

substitution which disrupts the amphipathic helix motif and thus does not block 

PKA/AKAP interactions (186).  Under these conditions the responses were similar (data 

not shown) to those from experiments with standard solution in the patch pipette 
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Figure 4.3.  Effect of altering localized PKA activity of ISO-induced near membrane 

cAMP signals in HASM cells.  Localized cAMP signals were measured using 

C460W/E583M CNG channels as described in the text. (A) 1 M ISO triggered transient 

activation of CNG channels, indicating a transient increase in near membrane cAMP 

signals. The width at half height of this experiment is 167 s. (B) Inclusion of 10 M st-

Ht31 in the patch pipette slowed the decay of transient cAMP signals.  The width at half 

height of this experiment is 292 s. (C) Inclusion of 20 nM PKI effectively prevented 

decays in cAMP signals.  (D)  Response of a cell transfected with adenovirus encoding 

GFP to ISO.  Little or no current was observed.  This trace is representative of 7 

experiments. 

 

 

(e.g., Figure 4.3A). These data suggest that PKA activity contributes to the decline in 

transient, ISO-induced cAMP signals, and that this decline is at least in part regulated by 

an AKAP-localized pool of PKA.  

Previous studies from our group (210) suggest that PKA-mediated inhibition of G 

protein-coupled receptor and AC activities regulate the rate of cAMP production in 
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HASM cells.  Thus, we sought to determine whether localization of PKA activity 

contributed to the rate of near-membrane cAMP accumulation using the following 

experimental protocol: C460W/E583M channel-expressing HASM cells were exposed to 

1 M ISO (Figure 4.4A). Following ISO-triggered transient cAMP responses, cells were 

exposed to both ISO and the PDE inhibitor cocktail, PDE-I, and little or no effect on 

CNG channel activity or the underlying cAMP signal was observed. Similarly, 

subsequent exposure to 10 M FSK in combination with the PDE inhibitor cocktail 

triggered little or no increase in CNG channel activity.  However, when 10 M st-Ht31 

was included in the pipette solution (Figure 4.4B), exposure of cells to the PDE inhibitor 

cocktail triggered an increase in CNG channel activity which was further augmented by 

subsequent exposure to 10 M FSK.  As PDE inhibitors have no direct effect on CNG 

channel activity (211,212), the observed increase in current was attributable to an 

increase in near membrane cAMP levels.   

To assess the data we compared the ratio of the peak current following treatment 

with both ISO / FSK and the PDE inhibitor cocktail to the peak current in the presence of 

ISO alone.  When st-Ht31 was included in the pipette solution, the ratio of peak currents 

was 0.16 ± 0.04 and 0.39 ± 0.09 for ISO and FSK, respectively; yet when st-Ht31 was 

absent from the pipette solution the ratio of peak currents was significantly smaller (0.003 

± 0.002 and 0.03 ± 0.02 for ISO and FSK, P < 0.05).  Little or no response was observed 

in control cells (cells expressing GFP rather than CNG channels) in response either 

agonist in the presence of PDE inhibitors (data not shown). These data using the PDE 

inhibitor cocktail revealed a sustained AC activity observable when PKA-AKAP  
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Figure 4.4.  Effect of disruption of AKAP-PKA interactions and PDE inhibitors on 

ISO-triggered near-membrane cAMP signals in HASM cells.  Near-membrane cAMP 

signals were monitored using C460W/E583M CNG channels as described in the 

Materials and Methods.  (A) Rapid exposure of a single cell to ISO triggered a transient 

cAMP signal. Subsequent application of a PDE inhibitor cocktail (PDE-I: 100 M 8-

methoxy methyl IBMX (8MM-IBMX), 10 M cilostamide, and 10 M rolipram) 

triggered little or no increase in cAMP levels.  Similarly, exposure to both 10 M FSK 

and PDE-I triggered a further increase in CNG channel activity.  (B) ISO-triggered 

response of a single cell with 10 M st-Ht31 in the whole cell patch pipette solution.  

Subsequent exposure to isoproterenol and PDE-I caused an increase in cAMP levels that 

reached a steady plateau.  Exposure to 10 M forskolin and PDE-I caused an additional 

increase in CNG channel activity. 

 

 

interactions are disrupted.  As such, these data indicate that β2AR activity, AC activity, or 

both are inhibited by a localized pool of PKA. 

4.2.4. Mathematical modeling of β2AR signaling in human ASM 

 

To examine potential contributions of localized PKA activity on cAMP synthesis 

and hydrolysis in ASM cells, we adapted computational models developed to describe 

prostaglandin- and β2AR-mediated cAMP signals (152). These models considered the 

roles of PKA-mediated stimulation of PDE4 activity and β2AR desensitization in 

providing negative feedback in the cAMP pathway.  The model presented here has been 

expanded to include PKA-mediated inhibition of cAMP production and hydrolysis by 

both high and low affinity PDEs. A schematic of the model is depicted in Figure 4.5A. In 
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this model, stimulation of β2ARs with 1 M ISO triggers activation of Gαs and 

subsequent activation of AC. AC produces cAMP, and increasing cAMP concentrations 

activate localized PKA activity.  PKA stimulates both low and high affinity PDE 

activities (solid green arrows) and inhibits AC activity (solid red arrows). GRK-mediated 

phosphorylation triggers β2AR desensitization (red arrow).  PKA may also inhibit β2ARs 

by direct phosphorylation (dashed red arrow) or by stimulating GRK/arrestin-mediated 

receptor desensitization (dashed green arrow).  The latter reactions are not considered in 

this model because their potential contributions to the time course of cAMP signals 

cannot be differentiated from PKA-mediated inhibition of AC activity and GRK-

mediated β2AR desensitization.  

Model simulations (Figures 4.5B-F) well describe the transient time course of 

ISO-induced cAMP signals reflected in data from Figures 4.3 and 4.4. The decay in the 

transient cAMP response is due to a decrease in the rate of cAMP synthesis–receptor 

desensitization and PKA-mediated inhibition of AC activity–as well as an increase in the 

rate of hydrolysis–a PKA-mediated increase in the Vmax of both high and low affinity 

PDE activities.  To better understand how localization of PKA activity potentiates 

inhibition of cAMP synthesis and stimulation of cAMP hydrolysis, we modeled the 

effects of the AKAP disrupter Ht31 by decreasing local concentrations of PKA.  

Simulations indicate that reductions in local PKA (due to increasing Ht31 concentrations) 

cause a broadening of the cAMP response.  This broadening is due to reduced PKA-

mediated feedback onto both AC and PDE activities, and is consistent with the increase  
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Figure 4.5. Mathematical modeling of β2AR-mediated cAMP signaling in ASM cells. (A) Schematic of 

β2AR signaling pathway. Ligand binding to β2ARs triggers activation of Gαs, subsequent activation of AC, 

and increased cAMP production.  Increased cAMP levels activate PKA, which in turn phosphorylates AC 

and both low and high affinity PDEs. Phosphorylation triggers a reduction in AC activity and an increase in 

both PDE activities.  GRK-mediated desensitization lowers β2AR activity. It is likely that PKA activity 

triggers β2AR desensitization, and it may also trigger increased GRK activity (dashed arrows). The latter 

reactions are not described in the models because their effects are not readily distinguished from PKA-

mediated inhibition of AC activity.  Red lines indicate inhibitory reactions and green lines indicate 

stimulatory reactions.  Simulations of cAMP-mediated CNG channel activity are presented in panels (B)-

(F).  (B) Response of an ASM cell to stimulation with 1 M ISO.  The CNG channel response is similar to 

the response depicted in Figure 4.3A. (C) Simulated response to 1 M ISO with 10 M Ht31 in the patch 

pipette. The solid, dotted and dashed lines represent simulations in which there is a 2-fold, 3-fold, and 5-

fold reduction in local PKA activity, respectively. Based upon these simulations we estimate that 10 M 

Ht31 causes a 2- to 3-fold reduction in local PKA activity. (D) Simulated response to 1 M ISO with 20 

nM PKI in the patch pipette. The presence of 20 nM PKI causes a marked increase in cAMP accumulation 

and saturation of the CNG channel response.  In simulations presented in panels (E)-(F), ISO was present 

throughout the simulation and PDE inhibitors (PDE-I) were at concentrations 10-fold KI.  (E) In the control 

condition, PDE-I induced small currents through CNG channels.  (F) However, when the local PKA 

activity was reduced 3-fold (analogous to including Ht31 in the patch pipette), PDE-I caused a substantial 

cAMP-mediated increase in currents through CNG channels.  In this model, the peak of the PDE-I induced 

currents is primarily dictated by the level of GRK activity.  These simulations describe the experimental 

data presented in Figure 4.5.  Parameter values used to describe near-membrane cAMP signals: [βtot], total 

β2AR concentration, 1.4 M; ACsyn, stimulated cAMP synthesis rate, 15 nM s-1; Vmax1-PDE and Vmax2-PDE, 

maximal hydrolysis rate of unphosphorylated high and low affinity PDEs, 50 nMs-1, Vmax1-PDEp and Vmax2-

PDEp, maximal hydrolysis rate of phosphorylated high and low affinity PDEs, 150 nMs-1, Km1 and Km2, 

Michaelis constants for high and low affinity PDEs, 0.2 and 2.0 M; kPKA, rate constant of PKA-mediated 

phosphorylation, 0.01 M-1s-1; kppAC, rate constant of AC dephosphorylation, 0.0005 s-1; kppPDE, rate 

constant of PDE dephosphorylation, 0.005 s-1.  Parameters were manually fit to data. Other model 

parameters are as described in (194,195) and the references therein. 
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in the width at half height observed in Ht31 treated ASM cells (Figure 4.3B). 

Interestingly, model simulations indicate that a 3-fold reduction in the local concentration 

of PKA is required to describe the observed increase in the width at half height of cAMP 

signals in the presence of Ht31. Stated simply, this indicates that AKAP anchoring of 

PKA causes a 3-fold increase in the local PKA concentration in ASM cells.  This 

estimated increase in local PKA concentration is similar to the experimentally estimated 

4-fold increase in local PKC concentration caused by binding to AKAP79 (213). 

Simulations also indicate that PKI-mediated inhibition of PKA activity allows ISO-

induced cAMP levels to accumulate to levels that saturate CNG channels, similar to the 

data presented in Figure 4.3C.   

We next used the model to examine effects of PDE inhibitors on ISO-induced 

cAMP signals.  Simulations indicate that following transient, ISO-induced cAMP signals,  

application of PDE inhibitors at intracellular concentrations of 10*KI (the concentration 

of inhibitor required to decrease the maximal rate of the reaction to half of the 

uninhibited value) caused a minimal increase in cAMP induced current through CNG 

channels, indicating that little cAMP synthesis remained following a ten minute exposure 

to 1 M ISO (Figure 4.5E).  This was primarily due to GRK-mediated receptor 

desensitization as well as PKA-mediated inhibition of cAMP production and residual 

PDE activity (competitive PDE inhibitors were used).  In contrast, when the local 

concentration of PKA was reduced (analogous to treatment with Ht31), treatment with 

PDE inhibitors caused a substantial increase in cAMP-mediated CNG channel activity 

(Figure 4.5F).  In the presence of Ht31, the peak of the PDE inhibitor-induced signal was 

lower than the initial ISO-induced peak, primarily due to GRK-mediated receptor 
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desensitization. These simulation results are similar to the experimental results presented 

in Figure 4.4. 

While model simulations faithfully describe most experimental observations, they 

underestimate the slowing of time course of the decay in transient cAMP signals in the 

presence of increasing concentrations of Ht31 (Figure 4.5C). Specifically, Ht31 causes a 

parallel shift in the decay rather than a shift and a slowing of the time course. In the 

simulations, the parallel shifts in the decay in cAMP signals due to Ht31 are primarily 

due to the level of GRK-mediated receptor desensitization required to blunt residual AC 

activity in response to isoproterenol and PDE inhibitors (Figure 4.5E). This level of 

GRK-mediated desensitization shifts the balance of AC and PDE activity such that cAMP 

signals rapidly decline to baseline.  Other feedback mechanisms not considered in the 

models presented here are also likely to be involved in the regulation of cAMP signals, 

including feedback from Gαi- and Ca2+-mediated signaling pathways.  Thus, a careful 

balance between multiple feedback mechanisms is required to modulate near membrane 

cAMP signaling in ASM cells.  

4.2.5. Effects of AKAP knockdown by siRNA 

 

 From the 11 AKAPs identified in HASM, a review of the literature identified 3 

that were of particular interest in ASM / β2AR signaling: AKAP5, gravin and ezrin. 

Because there are no strategies currently available to effect targeted disruption of PKA 

docking to an individual AKAP, we decided to investigate the role of these scaffolds in 

HASM using siRNA-mediated knockdown. siRNAs (ONtargetPLUS SMARTpool, 

Dharmacon) targeting AKAP5, gravin and ezrin were therefore transfected into human 

ASM as per our previous studies of siRNA-mediated knockdown in these cells (214). 
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 Despite several attempts, consistent and demonstrable knockdown of AKAP5 in 

HASM was not achieved. However, siRNAs targeting gravin and ezrin were successful in 

knocking down the indicated AKAP (Figure 4.6). Maximal knockdown was achieved at 

72 h and was sustained through 120 h post-transfection. Over four attempts, the average 

knockdown for gravin at 96 h was 95.9 ± 5.3% while knockdown of ezrin was 88.2 ± 

11.5%. Interestingly, knockdown of one AKAP affected expression of the other. A >50% 

increase in ezrin protein expression was observed with gravin siRNA; and, while 

significant variability occurred, gravin protein expression more than doubled following 

ezrin knockdown. 

 

 
Figure 4.6.  Downregulation of AKAPs gravin and ezrin in HASM. Cultured HASM 

cells were plated in 60mm or 10cm dishes and transfected the following day with pooled 

siRNAs targeting the indicated AKAP (NS = non-silencing, G = gravin, Ez = ezrin). A) 

Representative immunoblot of AKAP expression 96 hours following knockdown. B) 

Quantification of multiple knockdowns as % expression in cells transfected with NS 

siRNA (n = 4).  

 

 

 Because of the observed increase in plasma membrane-delineated cAMP 

observed with global PKA-AKAP disruption (Ht31, Figures 4.3 and 4.4), we investigated 

the effect of gravin or ezrin knockdown on whole-cell cAMP accumulation (Figure 4.7).  

At 96 h post-knockdown, HASM cells were treated with Veh, ISO (50 nM or 1 µM) or 

FSK (100 µM) in the presence or absence of IBMX (1 mM). Although no differences  
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Figure 4.7.  Effect of AKAP downregulation on whole-cell cAMP accumulation in 

HASM. Multiple HASM lines were transfected with non-silencing (NS) siRNA or 

siRNA targeting gravin or ezrin. 24 h post-transfection, cells were replated in 24 well 

plates.  Whole-cell cAMP accumulation was measured 96 h post-knockdown after 10 

minute stimulation with vehicle, isoproterenol (ISO, 50 nM or 1µM), or forskolin (FSK, 

100 µM).  Experiments were done in the absence or presence of the broad PDE inhibitor 

IMBX (1 mM).  Data are presented as mean ± SE values. * p<0.05 vs matched NS (n = 

5). 

 

 

were seen with gravin knockdown, ezrin knockdown resulted in significantly increased 

cAMP with the 1µM ISO treatment both with and without PDE inhibition. 

4.3. Discussion 

 

The current study demonstrates that multiple AKAPs are expressed in HASM and 

disruption of AKAP binding with the regulatory subunit of PKA affects membrane-

delineated cAMP accumulation mediated by beta-agonist. This disruption translates into 

a reduction in compartmentalized PKA activity that in turn regulates multiple elements of 

β2AR-mediated cAMP accumulation, including receptor, AC, and PDE activities.  

Accordingly, AKAPs represent a novel pharmacological target for manipulating β2AR 

signaling and function in ASM. 

Using a combination of mRNA analyses, overlay assays, and immunoblotting, 11 

AKAPs were observed to be expressed in HASM, including D-AKAP1, AKAPs 2, 3, 5, 9 

- 11, gravin, AKAP-Lbc, ezrin, and MAP2B (Tables 4.1 and 4.2, Figure 4.1).  Disruption 
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of AKAP-RII association by peptides did not significantly increase beta-agonist-

stimulated total (whole cell) cAMP accumulation (Figure 4.2), VASP- or CREB- 

phosphorylation. The modest effect of AKAP disruption on whole-cell cAMP 

accumulation may be explained by the compartmentalized nature of AKAP-related 

signaling.  Although not statistically significant, differences in beta-agonist-stimulated 

whole cell cAMP accumulation between control and AKAP-IS or Ht31 –expressing cells 

were greatest under conditions of no phosphodiesterase inhibition.  This is potentially 

attributable to the loss of PKA-activated PDE activation in AKAP-disrupted cells, as 

PKA is known to phosphorylate and activate certain long-form PDE4 family members in 

other cell types (215,216).  Gravin specifically has been implicated in the activation of 

sub-plasma membrane PDE in HEK293 cells (102).  Although AKAPs may serve to 

localize PDE to reduce cAMP accumulation in specific subcellular domains, cAMP that 

diffuses away or escapes the spatial constraint is not necessarily subject to degradation. 

Thus, the net effect of AKAP disruption on total cellular cAMP accumulation may be 

rather modest, as suggested by our data. 

We next examined the effects of AKAP disruption on local cAMP flux, 

specifically constrained near the plasma membrane.  AKAP disruption (by inclusion of 

st-Ht31, Figure 4.3B) caused a prolonged beta-agonist induced cAMP signal within this 

compartment.  A more profound effect was observed with direct inhibition of PKA (by  

PKI, Figure 4.3C), which resulted in a sustained level of membrane-delineated cAMP 

with no decay observed over the examined time frame. These findings indicate the 

importance of localization (rather than simple activity) in the ability of PKA to regulate 

beta-agonist-mediated cAMP signaling. 
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The effects of disrupting AKAP/PKA interactions on the rate of cAMP synthesis 

were particularly evident when cells were exposed to PDE inhibitor cocktail following 

the ISO-induced transient cAMP responses (Figure 4.4).  Increased cAMP synthesis was 

likely due to decreased β2AR desensitization and decreased negative feedback on AC 

activity (186).  Disruption of AKAP/PKA interactions is also likely to have reduced 

PKA-mediated stimulation of PDE4 activity. It is likely that both an increase in cAMP 

production and a decrease in cAMP hydrolysis contribute to the prolonged cAMP signals 

observed when st-Ht31 was included in the pipette solution.   

The results presented here are markedly different than findings of previous studies 

using HEK-293 cells (102,194,195).  In previous studies, little or no agonist-induced 

reduction in the rate of cAMP production was observed in 10 min following stimulation 

of EP prostanoid receptors, and primarily GRK-mediated inhibition of β2AR activity was 

observed following stimulation of β2ARs. Here we conclude that both GRK-mediated 

desensitization and PKA-mediated feedback onto AC and possibly β2AR activity 

contribute to the observed time course of cAMP signals. Similar to the previous studies, 

localization of components of the signaling pathway via AKAPs is critical for ensuring 

signaling fidelity. 

The high expression of gravin and ezrin is of particular interest due to the 

potential roles of these AKAPs in β2AR internalization and recycling.  Association of 

gravin with the β2AR is dynamic and is induced upon agonist binding of the receptor; 

gravin is then internalized with receptor and dissociates upon recycling of the receptor 

(217).  Knockdown of gravin in HEK293 and A431 cells abolishes recycling of the β2AR 

and largely blunts recovery of the cAMP response to ISO following agonist washout 
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(218).  Ezrin is a known substrate for GRK2 and this phosphorylated, active form of ezrin 

colocalizes with internalized β2AR (219).  Ezrin is also required for agonist-induced 

endocytosis of the receptor (220). Thus, gravin and ezrin possess multiple qualities 

capable of regulating β2AR signaling, recycling and resensitization in ASM. 

For these reasons, we attempted to investigate the role of gravin and ezrin in beta-

agonist signaling in ASM. Whereas no major role of these AKAPs was uncovered in our 

limited studies, knockdown resulted in several interesting findings. Knockdown of gravin 

or ezrin resulted in an increase in protein expression of the other AKAP. This 

upregulation was observed in unstimulated cells (Figure 4.6A) as well as under 

conditions of ISO, FSK or PGE2 treatment (data not shown). The reason for this altered 

expression is unclear. Because both gravin and ezrin link the cytoskeleton with the 

plasma membrane, it is possible that some compensatory mechanism is at play. An 

interesting possibility centers on the oncogenic tyrosine kinase Src, which has been 

shown to regulate gravin expression (159) as well as ezrin function (168). This idea is 

particularly appealing given the recent identification of Src as a potential drug target for 

asthma due to its documented role in ASM proliferation and airway remodeling (221). 

Finally, both the gravin and ezrin genes are localized to chromosome 6q25, suggesting a 

mechanism of chromosomal regulation may be involved in the compensatory changes in 

expression. Although this mechanism is outside the scope of this work, the dual 

regulation of these AKAPs is an interesting topic for future studies. 

Together, the findings presented here demonstrate the importance of AKAP-

localized PKA activity in subplasmalemmal cAMP dynamics and regulation of β2AR 

signaling in ASM. AKAP complexes present an interesting possibility for modulating 
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PKA activity mediated by beta-agonists to favor the kinase effector function and 

minimize feedback on and desensitization of the β2AR and associated signaling 

machinery. Future studies clarifying the role of AKAP-targeted PKA activity in effecting 

beta-agonist-mediated functional changes (including bronchorelaxation) may provide 

additional insight into how this characteristic of PKA can be exploited to inform the next 

generation of bronchodilators for asthma.     



82 

 

 

Chapter V.  Discussion 

 

 

Bronchodilatory agents are critical for the management of asthma symptoms, with 

beta-agonists being drug of choice for reversing acute bronchospasm associated with an 

asthma attack as well as for long-term maintenance of the disease. Unfortunately, use of 

these agents is currently limited by concerns regarding negative effects including 

tachyphylaxis and a possible increase in asthma-related deaths.  These issues as well as 

only moderate efficacy clearly underline the need to develop improved or novel 

bronchodilators for the treatment of asthma. 

One factor limiting the design of new therapies is lack of knowledge and 

disagreement regarding the mechanisms by which beta-agonists cause relaxation of the 

airways as well as the underlying causes of detrimental effects. While PKA has long been 

held as the primary effector of beta-agonist-mediated bronchorelaxation, this assumption 

is based on associative data and has never been directly demonstrated.  The accumulation 

of studies describing PKA-independent signaling and functional changes resulting from 

GPCR activation in ASM have called this historically accepted role of PKA into question 

and suggested that other cAMP-dependent effectors, including Epac, may be responsible 

for these effects. In this work, we attempted to clarify the mechanism by which beta-

agonists relax ASM as well as the effects of compartmentalization on the effector and 

feedback components of this signaling. 

 

5.1. PKA is the predominant and physiologically relevant effector of beta-agonist-

mediated bronchorelaxation. 

 

We first attempted to clarify the role of PKA in the bronchorelaxant effects of 

beta-agonists using stably transfected HASM cultures expressing the PKA inhibiting 
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peptides PKI or RevAB. These peptides significantly attenuated kinase activity as 

measured by phosphorylation of PKA substrates VASP and HSP-20. PKA inhibition 

reversed the ability of ISO to attenuate p42/p44 and MLC-20 phosphorylation stimulated 

by HIST, and the ability of ISO to attenuate HIST-stimulated calcium release was 

abolished. cAMP accumulation at 10 minutes, with or without PDE inhibition, was 

significantly higher in PKI and RevAB cells.  

The significant alterations in signaling seen with PKA inhibition led us to 

investigate the effect of these peptides on the ability of beta-agonists to relax ASM. 

Using MTC, beta-agonist failed to reduce cell stiffness in PKI- or RevAB-expressing 

HASM either from baseline or following stimulation with HIST. Finally, PKI expression 

significantly reduced the ability of ISO to relax murine tracheal rings contracted with 

MCh. The combination of signaling and functional studies demonstrates—directly and 

for the first time—that PKA is the predominant and physiologically relevant effector of 

beta-agonist-mediated bronchorelaxation. 

The increased understanding of mechanisms related to beta-agonist-mediated 

signaling described in this work provides a foundation upon which to develop improved 

or alternative bronchodilator therapies. The role of PKA as the predominant effector of 

beta-agonist-mediated bronchorelaxation, as demonstrated here, suggests that future 

therapies should seek to enhance PKA activation over that achieved with current 

formulations. However, simple targeting of PKA activity will likely not be effective due 

to the ability of PKA to effect feedback regulation of the β2AR and associated signaling 

machinery (as suggested in Figure 1.4). These negative feedback mechanisms, which 

have been suggested in other systems, are unfortunately poorly understood in ASM. Our 
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findings that PKA inhibition results in increased cAMP regardless of PDE inhibition 

suggest that PKA does indeed negatively regulate β2AR signaling and that this feedback 

includes targeting of machinery other than PDEs. Further understanding of these 

regulatory signaling events, as well as a means to uncouple them from signals regulating 

ASM contractile state, is necessary to produce a viable strategy for improving upon 

current bronchodilators. 

 

5.2. AKAP-targeted PKA regulates cAMP dynamics at the plasma membrane. 

 

The emergence of compartmentalized signaling as a means of effecting a specific 

outcome following activation of broad signaling events has drastically altered canonical 

views of intracellular signaling pathways. Identification in recent years of the AKAP 

family of protein scaffolds has led to a wealth of information on the ability of these 

complexes to provide specificity to cAMP- and PKA-based signaling. The importance of 

cAMP in mediating β2AR signaling, coupled with our findings that PKA is the 

predominant effector of these events in ASM, suggested that AKAPs could play a role in 

the action of beta-agonists and provide a potential mechanism for improved therapeutics.  

As no published evidence was available regarding the importance of AKAPs in 

ASM, we began by investigating the expression of these scaffolds in HASM cultures and 

tissue. Combined analyses of message and protein identified 11 AKAPs expressed in 

HASM: D-AKAP1, AKAPs 2, 3, 5, 9 - 11, gravin, AKAP-Lbc, ezrin, and MAP2B. 

Global disruption of AKAP-PKA interactions using stable expression of peptides AKAP-

IS or Ht31 did not alter whole-cell signaling events including cAMP accumulation, 

VASP shift and CREB phosphorylation. However, specific measurement at the plasma 

membrane revealed a prolonged cAMP time course with AKAP disruption.  Application 
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of PDE inhibitor and FSK revealed continued cAMP synthesis due to residual AC 

activity. 

The results of studying compartmentalized cAMP were incorporated into an 

existing mathematical model describing the signaling and regulation of the β2AR. This 

revised model indicates that application of 10 µM Ht31 resulted in a 3-fold reduction in 

localized PKA activity.  Reduced local activity resulted in decreased PKA-mediated 

inhibition of AC and activation of PDEs, as well as possibly reduced β2AR 

desensitization. Finally, both GRKs and PKA initiate negative feedback signaling which 

contributes to the time course of cAMP accumulation at the plasma membrane of HASM. 

Previous studies by our group and others (186,222-227) have demonstrated that 

beta-agonist-stimulated cAMP accumulation in ASM cells is subject to multiple modes of 

regulation.  GRKs (223,225,227) and arrestins (222,224) participate in agonist-specific 

desensitization of the β2AR in ASM, whereas PKA appears capable of attenuating beta-

agonist-stimulated cAMP accumulation by targeting both the β2AR and AC (186). Data 

in the present study suggest that AKAPs are critical in the localization of PKA to the near 

membrane space in order to provide the negative feedback required to reduce (primarily) 

membrane-delineated cAMP accumulation. The mathematical simulations presented here 

further strengthen this conclusion. The model clearly indicates that both inhibition of AC 

activity and stimulation of PDE activity are required to describe the data depicted in 

Figures 4.3 and 4.4. These findings indicate the physiological relevance of and the 

importance of localization in PKA-mediated feedback on β2AR signaling in ASM.  

 

  



86 

 

 

5.3. Beta-agonist action in ASM likely involves specific AKAPs. 

 

A recurring finding in studies of AKAPs is that specific scaffolds are important in 

specific cell types. Based on the extensive literature on individual AKAP complexes and 

function, we identified 3 AKAPs expressed in HASM which were of particular interest 

due to their ability to regulate the β2AR, localization near β2AR signaling machinery, and 

role in orchestrating PKA regulation of AC and/or PDE activity. While siRNA-mediated 

knockdown of AKAP5 was unsuccessful, both gravin- and ezrin-specific siRNAs were 

able to consistently achieve >80% knockdown. Depletion of ezrin resulted in increased 

cAMP accumulation both with and without addition of PDE inhibitor. Most interestingly, 

knockdown of gravin or ezrin resulted in upregulation of the other AKAP, due to an 

unknown mechanism. 

These limited studies did not identify which AKAP(s) may be responsible for the 

prolonged time course of plasma membrane cAMP seen with Ht31 addition in HASM 

stimulated with beta-agonist. The substantial literature on AKAP5, gravin and ezrin, as 

well as other AKAP family members, suggests that these scaffolds may not only 

coordinate PKA in effecting the therapeutic benefits of beta-agonists, but also localize the 

kinase to participate in feedback on this signaling. There is ample evidence that these 

AKAPs could be relevant to β2AR signaling in ASM, including the ability to interact with 

the β2AR and critically participate in receptor recycling.  As reduced efficacy of beta-

agonists is postulated to be due to desensitization of the receptor (228), AKAPs involved 

in this process may be able to modulate the level of desensitization seen with a given 

agonist by altering PKA-mediated uncoupling of receptor and G protein or promoting 
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receptor recycling over degradation. Additionally, AKAP5 and gravin may affect beta-

agonist efficacy by influencing coupling of the β2AR to Gs over Gi. 

Gravin and AKAP5 share other characteristics that make them of particular 

interest in ASM and asthma. In addition to PKA, both scaffolds also bind PKC and PP2B. 

Suppression of PKC but not PKA or GRKs led to increased agonist-induced 

desensitization of the β2AR in several non-ASM cell lines (229), and PKC has been 

shown to be required for β2AR resensitization and recycling (229,230). In A431 cells, 

β2AR-associated PKA activity requires PKC expression (230). While performed in other 

systems, these studies suggest that AKAP5 and gravin may coordinate complimentary 

signaling events that affect the ability of beta-agonists to oppose Gq-coupled (PKC-

activating) signaling. Additionally, both knockdown and pharmacological inhibition of 

PP2B prevented β2AR resensitization and recycling in A431 cells, suggesting that 

AKAP5 and/or gravin may coordinate β2AR dynamics via this mechanism. 

Regulation of cAMP signaling initiated by beta-agonists is likely coordinated by 

AKAPs as indicated by our findings (Figures 4.3-5) as well as published evidence of 

AKAP-mediated feedback on PDE and AC. Long isoform PDE4 family members (which 

include PDE4D3 and 4D5) undergo activation via phosphorylation by PKA (13) to 

significantly increase the rate of cAMP hydrolysis (36). As PDE4D5 appears to be the 

predominant physiological regulator of β2AR-mediated cAMP in HASM (95,231), this 

PKA-induced activation of PDEs may be an important feedback mechanism in the 

airway. Several AKAPs bind PDE4 family members directly including mAKAP (232), 

AKAP15/18 (233), AKAP9 (135), and gravin (234); the ezrin complex also includes β-

arrestin-associated PDE4D (179). Gravin specifically has been identified as the AKAP 
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responsible for localized regulation of cAMP by PKA/PDE4 at the plasma membrane in 

HEK293 cells stimulated with the Gs-coupled agonist prostaglandin E1 (PGE1) (102). 

Although broad PDE4 inhibition has thus far shown little success in the treatment of 

asthma (30), increased isoform and tissue specificity may be possible by targeting 

AKAP-bound PDEs.  

Although there is ample suggestion that beta-agonist-mediated bronchorelaxation 

may involve PKA-based scaffolds, it is likely that AKAPs also participate in other 

aspects of normal or pathological airway function. Dekkers et al. recently reported 

preliminary data suggesting that both bronchial epithelial barrier function and the 

inflammatory properties of airway smooth muscle are regulated by a small number of 

AKAPs (160). Various AKAPs have also been implicated in immune cell function, 

including ezrin which has been shown to regulate T cell-mediated immune responses 

(168). Clearly, additional work is also necessary to identify what, if any, role various 

AKAPs have in ASM or airway signaling and function.  

 

5.4. Dual effector and feedback roles of PKA can be exploited for novel therapies.   

 

Means of improving PKA activation in ASM cells have physiological relevance 

in airway biology and the clinical management of airway disease. Although inhaled beta-

agonists have proven useful as bronchoprotective and bronchodilatory drugs in the 

treatment of asthma and COPD, their chronic use can be associated with tachyphylaxis 

and possibly increased mortality (reviewed in (2,55)). Inhibition of GRK/arrestin-

mediated β2AR desensitization improves beta-agonist-stimulated cAMP accumulation 

and bronchorelaxation in ASM cell- and tissue-based models and in vivo (198,235), 

although beta-agonist regulation of more chronic ASM functions such as proliferation are 



89 

 

 

unaffected by GRK/arrestin inhibition. Presumably, other mechanisms serving to 

attenuate cAMP accumulation or PKA activity in ASM are invoked to limit the 

functional consequences of GRK/arrestin inhibition. Our findings demonstrate—directly 

and for the first time—that PKA is the predominant and physiologically relevant effector 

of beta-agonist-mediated bronchorelaxation. Additionally, we have shown that PKA 

activity related to beta-agonist action has localized effects at the plasma membrane due to 

docking to AKAP scaffolds. Together, these findings demonstrate that PKA is both a 

critical effector and feedback regulator of β2AR signaling. As such, global targeting of 

PKA activity is not a feasible approach to improving β2AR function and selective 

targeting of PKA functions or associated signaling appears required.   

Manipulation of localized PKA activity and AKAP function to selectively 

augment β2AR-mediated cAMP accumulation while preserving events important in 

mediating bronchomotor control, cell proliferation, and other ASM synthetic functions 

represents an intriguing therapeutic approach. The finding that at least 11 different 

AKAPs, several of which have documented roles in β2AR function, are expressed in 

HASM suggests a variety of mechanisms which could be targeted to produce a more 

effective bronchodilator. Alteration of localized PKA activity itself may provide a means 

to favor events which result in clinically beneficial functional changes while minimizing 

regulatory events promoting receptor desensitization. Alternatively, a specific AKAP 

scaffold or individual complex member (such as PDE4s) could be targeted to alter the 

complement of signaling events, thus promoting receptor resensitization/recycling, 

limiting the effects of PDE activation or AC inactivation, or preventing the favorable 

coupling of the β2AR to Gi rather than Gs.  
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5.5 Future directions 

 
In these studies we have determined that PKA is the predominant and 

physiologically relevant effector of beta-agonist-mediated signaling in ASM. This work 

has not excluded the role of Epac in bronchorelaxation, nor have we determined what if 

any other role Epac may play in normal or pathophysiological ASM function. 

Interestingly, studies in several systems, including heart, brain and kidney, have shown 

Epac and PKA to play independent or even opposing roles with the same cell type 

(236,237), suggesting that Epac is likely to contribute to ASM functions other than 

contractile state. As discussed, the current tools for the isolated study of Epac are limited; 

however, the recent development of Epac1, Epac2, and dual Epac null mice (238-241) 

may be able to provide new insight into the role of Epac in ASM signaling and function. 

The main objective of studies building on this work should be to determine the 

importance and role of compartmentalized PKA signaling in ASM function including 

bronchorelaxation. We have determined the importance of PKA docking to AKAPs in 

regulation of beta-agonist-mediated cAMP signaling at the plasma membrane. Future 

studies should aim to quantify the extent to which AKAPs coordinate these effects by 

localizing β2AR or AC proteins, facilitating PKA phosphorylation and desensitization of 

β2AR, inhibiting AC, or activating PDEs. Additionally, more work is required to 

demonstrate the regulation of PDE4 by AKAP-localized PKA activity and subsequent 

effects on localized cAMP signals in HASM.      

Future studies of specific AKAPs in the airway should continue to pursue siRNA-

mediated knockdown of these scaffolds, particularly AKAP5, gravin and ezrin for the 

reasons discussed. Investigations should include the ability of these AKAPs to regulate 
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near-membrane signaling as well as functional assays investigating beta-agonist 

regulation of ASM contraction. Additionally, knockout mice have been developed for a 

variety of commonly studied AKAPs including D-AKAP1, AKAP5, AKAP8, gravin 

(SSeCKS) and ezrin. While no published studies of these mice have focused on the role 

of these AKAPs in airway and ASM, the SSeCKS-/- mouse (analogous to loss of human 

gravin) exhibits a pulmonary phenotype, with increased cell size and vascularization in 

the lung (100). Pulmonary studies in these mice could provide invaluable instruction on 

the importance of various AKAPs in ASM and airway function. Clearly, additional 

studies are required to determine which AKAP or AKAPs represent viable targets for 

improved regulation of ASM contractile state as well as what component(s) of these 

signaling complexes should be targeted. 

 

5.6. Summary and conclusions 

 

Using a physiologically relevant system, we have provided the first direct 

evidence that PKA is the predominant effector of beta-agonist-mediated 

bronchorelaxation. Though the mechanisms underlying this effector function were not 

exhaustively investigated, it is clear that beta-agonist-stimulated PKA mediates a variety 

of downstream signaling events, including MLC-20 phosphorylation state and calcium 

release from the SR following HIST stimulation. In addition to this effector role, beta-

agonists induce PKA-mediated regulation of β2AR signaling machinery. PKA activity 

results in uncoupling of the β2AR and Gαs, inhibits AC, and activates PDEs to terminate 

cAMP signaling. All of these factors are dependent on increased PKA activity near the 

plasma membrane facilitated by anchoring of the kinase to one or more AKAP family 

members. A summary of these events is depicted in Figure 5.1. 
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Figure 5.1. PKA has both an effector and feedback role in beta-agonist signaling in 

ASM. 

 

Though it is still unclear which AKAPs are most relevant to β2AR / beta-agonist 

signaling in ASM, the importance of PKA in beta-agonist-mediated bronchorelaxation 

and the ability of membrane-localized PKA to regulate β2AR  signaling suggest that 

manipulation of AKAP complexes may be the key to improved bronchodilators. Further 

understanding of the dual effector and feedback roles of PKA may provide new insight 

into the clinical issues currently limiting the success of beta-agonist therapies and allow 

for the development of novel therapies. Through localization of PKA activity and the 

assembly of coordinated signaling complexes, AKAPs may determine the balance 

between PKA-mediated bronchorelaxation and desensitization of β2AR signaling 

machinery. Targeting these complexes may allow for cell type- and context- specific 

manipulation of PKA activity well beyond what is possible with current tools. The 
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possibility of emphasizing PKA-mediated bronchorelaxation while minimizing 

desensitization through targeting of AKAPs makes these scaffolds an interesting target 

for improving upon current bronchodilator therapies for asthma. 
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